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THE "REAL" AND "IMAGINARY'" PARTS OF THE INCONSISTENCY
IN p%-w INTERFERENCE

D. G. Coyne

Lawrence Radiation Laboratory
. University of California
‘Berkeley, California 94720

January 1970
- ABSTRACT

The current status of experiments implying a G parity violating
w = 27 decay by virtue of an observed w-p? interference is discussed.
Some appreciablé part of the apparent inconsistencies in the various
sets of data can be trivially Vremoved. The possibility of real incon-
sistency between different experiments, and between experiments and
theory, leads to the need for specific experiments to resolve the

difficulties.
I. INTRODUCTORY REMARKS

| We're all familiar with the situation in experimental physics in
which the first few independent measurements of some quantity disagree,
then fina..l'ly converge to a stable answer., The p ? -w interference problem
seems to be an inversion of this process. Consider the announced
preliminary results of the Berkeley and Orsay groups (at Argonne last

spring) of the interference effect in the . spectrum:

Berkeley: %—:—g—: = a few % and 195 + 20 deg total relative phase;
.Orsay: (_*‘)__._:_Z.Ir =

P a few % and 195 + 30 deg total relative phase.
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Or consider the ratlo of the partial width for leptomc decay of p 0 found

by photoproductlon to that found by collldlng beams:

r -2 +£ B (photoproduction) _
P - = 4.2+ 0,2

.Pp ~h (colliding beams)

We'll see that these "ag-reements" turn into dilemmas (and perhaps
back again!). The typ'es‘ of questiohs we need to answer are

(a) Shoﬁid the TT+1T_ spectré look alike in different experiments?

(b) Should the 2 2 spe_cti'a similarly look alike (leading to equal
I g 1 )2 AR _ _ :

(c) Should the p look the same width in experiments unable to resolve
details- of interference? | ‘ _
All of these can be generally included in the rather ambitious question

(d) Are all experlments on p % 1nterference mutually consistent and

consistent with theory?

~ II. THEORY

We b"wil'l .not belabor any fundamentals here, but try to present the
theoretical conclusions of _inves'tig'alt_ors ha'vihg s-lightly: varying '
viewpoints., - » ‘ PR S

The firstv-gene'rafion p’a.pers1 on p°—w infeference (1965) pointed |
out that it could occur in a number of reactions, and made estimates
of the size of the effect _ '

+_- :
WM oy
w - 37

The seco.nd--_genera,‘tion'papers2 (1969) made exi)lieit parameteri-
zations of the effect, including phase, and that by A.. Goldhaber et al.
pushed the assumpfion's to the limit thaLt all parameters were determined
by theory for a varlety of exper1ments

Third- -generation papers (1970) appear to require considerably

more parameters, throwing conclusions based on the above into doubt.
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We'll come back to thlS later

A. Elements. of the Parameterization (1969)

Figure 1 shows the rnagmtude and phase parameters attached to

‘each kind of vertex that might enter into processes we will consider,

Using the propagators for internal lines, we can make each amplitude
(for V = p° or w) by compounding the appropriate factors. Since we ‘11
always be adding a p° amplitude to an w amplitude, we let B represent
the phas'e of the vertex for w relative to that for p . Also note that if -

++ . :
some other strong process than 1r+p - V°A" " is used, another ﬁ'SI

must be introduced,

B. Examples of Above Parameterization

The three major experiments giving phase information:

'Leptonic decay of p° photoproduced off carbon, If we break up

the photoproduction as shown in Fig. 2a, and make no assumptions
about time-reversal invariance at the y-V vertex, the relative magnitude

and phase of the interference term (at’mw, with m = mp and I‘w << Fp )

will be

r a ' .
_“3 : i !
e, Ti a °*p |:l(ﬁem +Pp 7 ﬂem]’
P ' -
where the primes 1nd1ca.te the vertex under time reversal, (Smaller

terms from the g-parity violating vertex letting p <+ w will also be
present. These have been neglected. The main reason to consider these
leptonic modes is to see if they give additional information on processes
in which the g-violating vertex dominates, )

Production of Tr+1r- from e+e- annihilation (Fig. 2b). Under

assumptions similar to those in 4, we get

GQ'(IQ
© |e

i lexp [i(pem + BD)] .

Lo
I T2

Production of n v~ A from 1-r+p (Fig. 2c). Similarly, we get
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A T o o ~
s

C. Theoretical Estimates VforiParameters

All theories assume that the SU(6) vector dominance prediction
B
3

will be approx1mately valld The phase appea‘ré to be even rnore
fundamental that SU(6), as it would follow from time reversal (if
assumed) for stable p ‘and w (as with Horn)

The w-B exchange degeneracy argument of A. Goldhaber et al..
| predicts Bgr = w/2 for = p, -n/2 for w p, and some other results. The
magnltude of the production amphtudes A /Ap , is taken. to be 0.5
for the = p experiment (using w — 3Tr, p — 2T).

The theorists (1969) generally agree that if one can neglect the
_ordinary electromagnetic diagrams contrlbutlng to w - 2mw--such as
Fig. 2d, which can be;roughly calculated and come out small compared
with the ® 1% branching ratio--then un'itarity"and p -dominance of the

wr amplitude imply

_ Bp = arg (Bre1t W1gner for )
or, in particular, near the w mass
' _ Bp 90 deg.

The magnitude of the vertex § is then attributable to an unknown process
and can be phenomenologically der1ved (A. Goldhaber et al.) or cal-
| culated:»(v1a scalar mesons in '"tadpole' diagrams, as in Coleman and
Glashow). These results all lead to a ratio %—}% of a few percent.
Our 6 = 3.MeV corresponds to ® 2.5%, a value near that phenomeno-
logically determined. ’

Finally, we need estimates of the parameters involved in photo-
production processes If the process (off: complex nuclei) is diffractive -
for both p and w, then ﬁp = 0. 'The p production looks consistent with

pure diffraction, but w production is less well known, so Bp = 0 is not

very reliable, Empirically it appears.a "% a .
. © w %
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- D. Prediction for the Major Experiments

Substituting the above values we get,

+ - + -
fore e > mww,

1. 3 i(04+90) = 16% relative effect in amplitude .
3 X 10X 7577 © -'
with phase 90 deg;

' ++ + -
forn+p—>A ™o

1 3 i(90+90) = 25% relative effect with phase
7 X 0 X 13577 ©
_ 180 deg;
for yC - C¢ +1- |

—1—X 10 X 1><_1;81(O~l~0+0) ~

3 3 100% relative effect with phase

0 deg.

- Horn has pointed out that the interference in this last reaction is
such a large effect that all calculations must be carried out to another
order beyond that for those processes invoiving only the G-parity-
violating vertex. He claims that the total relative amplitude can then
have an imaginary part up to ® 1/3 that of the real part, corresponding

to phases such as 20, 160, 200, and 340 deg for the sum
‘ 1 = | .
ﬁem * ‘3e'm + ﬁP a ﬁT .‘»_

E. Getting . from Leptonic Decays

Since until recently the experiments on leptonic decay were not
sensitive to fine structure (and hence not a direct phase determination),

several Yauthors4 developed formulae for
rp 19" (photoproduc’tion)
Fp g Ty - (colliding beams) ’

with the observation that the rate (iritegré.tedba'.;éé under the spectrum)

R =

would be different for different total phases. The denominator was taken
as derived from a colliding-beam experiment involving only puré p°.

We now know that this must be modified for iﬁterference with the o,

but since the expected interference effect in photoproduction is larger

by a‘factor of 6, the published results do not éhange much. The results

imply a numerically explicit form
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R = f(Bto"ca.l) :

which is, however, double -'Va._lued-. This ‘is shown in Fig. 3.
III. EXPERIMENTS

A ouick ‘summary of available experiments indicates that only a
‘few published ones offer phase information at this point. We quote total

relative phases (av01d1ng theoretical biases at this time).

'A. CEA-DESY-Orsay

Photoproduction of ) 1 and roduction of 1T+1T from e+e
( p P

annihilation. ) The determination of the R as given above is 1.417+0.2.

This gives

Pem * Bem tPp = 13'0.:!:'30 deg = (= 160-deg theory is
‘  or 260:!: 30 deg : clo'se.st)
There are two experlments measuring leptonic p decay from strongly
 produced p ,6 but no phase information was deduced from them. There
‘are also new higvh resolution results from DESY and D_a.resbury7 on the
photopr'oducie'd p .—f ‘e+e-, but at present_the se data support different
values of ptotal’ na.rriely, -about ZIO degA and 70 d_eg resPe_ctiv_ely._‘ v

B Berkeley :

Two groups at Berkeley8 have performed 17 p - A +1r+'n'-, and
the comb1ned result will be seen in Fig. 6 (upper left) (Combination.is
Just1f1ed because beam, incident rnomentum, chamber, and measuring

machines were identical.) The phase information is
Bsr + Bp = 190+ 17 deg - (180-deg theory).

On the scale shown, the effeet should be mainly in one bin. Although
not justified by the resolution, finer bins are shown in Fig., 4 for com-
pleteness, A great deal of fitting with different assumptions about
mass calibration, coherence, etc., failed to change the phase result
given, Rho's produced by alternative mechanisms, such as'w p
(Selove, Blumenfeld "and Wenzel) or by: K- P (Fla.tte ) see hints of

peaking at w mass, but the = P results are still too prehrmnary to quote,
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and no phase information has been extracted on the K p work, A PP
annihilation re sultio will soon be released, and those data will be shown

later in this note.

C. Orsay
The Orsay group11 has reported fitted data as shown in Fig. 5
(solid line), giving -

(5em + 3D)Orsay = 195+ 28 deg.

.There is a trivial difference in notation (the Orsay group's propagators
- have poles of opposite sign to those in the theoretical papers) which is

equivalent to

Born T Bp = 360 deg - (B .+ Bplo,c,y * 165 + 28 deg

_ (90-deg theory).
Thus a slight problem has appeared,- If we relinquish the absolute
normalization, the fit is basically the same, and if we force Born © Bp
= 90 deg as theory would have it, the fit looks rather poor (Fig. 5,
dotted line), since the normalization is‘ deemed to be 30% off and the
fit still has problerhs with the peak points. If, however, we let every-
thing, including the mass calibration, go free, a new and slightly better
XZ minimum appears very close to the theoretical solution (Se.m + Bp
= 109+ 14 deg), with a fairly wide p (I‘%p = 145 MeV) almost degenerate
with the w. (See Fig. 5, dashed line,) It is difficult to justify this fit,
since the mass calibration would have to be = 5 MeV off, and the
"Orsayclaimof + 1 MeV looks well founded. This rensult,' however,
illustrates how critical the fits are to mass calibration, and how a
wide p seems to be accommodated even in collidihg—bear’n data.

{More on this later,)
IV, CONSISTENCY

A. Leptonic Modes

Whether one assumes time-reversal invariance and gets
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= 130+ 30 deg ~ (or the corresponding

Pp
or 260+ 30 deg ~ updated results of DESY
or one stays with the general . .. - or Daresbury),

Bom T em T PRp = 130+30 deg
- or 260+30 deg,
thls result decouples from the rest ef the reactions, s’irlce' no information
about Bem is forthcorrling i_n‘eilther case, This rn‘igl'lt not be true if in the
future ﬁém is measured not in additive combination with Bem' The old -

result for the total phase agrees with orie of the four approximate possi-

bilities suggested by Horn, but the n_ewl.results' indicate a still uncertain .

physical value.

B. Simultaneous Fittij of Remainder of Data‘

W1th a common 6, m , F but different phases we attempt to

s1multaneously f1t the Berkeley, Orsay,, and Argonne data with n(:)lodels

‘as used by the 1nd1v1dual experlmenters " Also 1ncluded 1s a 1-r+11- system

removed frorn N 1nterferences (so it should be a pure p ) and the

'rr+1r from A (subtracted) — 1T+1T+1T . ‘The latter two sets are from the
Berkeley data.» Figure 6 shows that this procedure converges on some -
thing close to fhe theoretmal solution, {(Note the phase chart, wh1ch
gives t‘hevproduction’phas'e. and also gives this phase plus the theoretlcal
100-deg decay phase. This sum is the fitted total phase which really
determine.s- the pattern.) However, the confidence level = 1% for the

~ fit is poor. The Orsay dal:a are especially poorly fitted. If we impose
' = 145, m = 782 on this system (it fits the Orsay data alone not
too badly), thpe fit degenerates because the other data are not con31stent
with such a hlgh p mass (Fig. 7). Our conclusion is that interference '
- effects are not solely respons1b1e for the differences of the T spectrum
‘seen in different experlments. Since other mechan1sms have been

13 .. . .
postulated , this is not too surprising.

C. Individual Fitting Consistency

If we ignore the problems above and simply take each experi-
menter's best values, we find a problem between Berkeley and Orsay.

Namely, if Bem = 0,
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25+ 33 deg - . (90-deg theory),

Bsr =

Bp = '165:!:28 deg. .. (90-deg theory),
“but if Bern = 65 deg (arb1trar1ly) | ( :

Bgr = 90+ 33 deg’ (90-deg theory),

Bp = 100£28 deg - (90- -deg theory),

However, Berh # 0 is frowned upon, so one is  temped to stretch the
errors and say that the "real part'' of the inconsistency equals 0.
.Suppose',v hdwever, we consider the fant_:é.sy Ithat these results
hold up. ‘What will that irnply‘> Let us construct.(Fig 8) a truth
table (which aids in examining the logical 1nterre1at10ns) for the state- -
ments - (i) Boy tBp = ™ {ii) 551 +_{3D ~ w, (iii) v-B exchange
degeneracy, (iv) T invariance and vector dominance, (v) Un1tar1ty,
p dominance of wm, 0 domlnant contrlbutlng vertex to w - wm.
The table assigns T (true) to a given statement, and then lists all con-
sistent combination of T, F for the other sfatements. If a statement
can consistently be either T or F, only the T combination has been
entered (ih keeping with the principle of assumed innocence). As ex-
pected, 1_1‘0 row has all T*s, One can put in his own a p'riori values on
these‘ statements, but it is interesting to pick the .roWs_ with ‘a. single F.

Then we have only two:

£0

Either B__ + By, # m if the Orsay result holds up, B, _

If this has an unacceptable taste, then one must accept the idea that
two or more of the statements (1) through (v) are false |

Reminding ourselves that these conjectures rest on preliminary
experiments in this field, let us look at what may turn out to be the flaw

in all of this reasoning.

D. Third-Generation Theories.

' Sachs3 has pointed out that considering the problem of the G-parity
violation as a result of mass mixing alone leaves out a number of

parameters, Rather than
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m -m-i(I" /2) 5
M = [ P/ S :
’ . 0 ' .mw—m_l(rw/;)
he would use (effectively) :
o M+ IDY2,
where. M" andf" are real nondiagvonal rnafrices This seems to._be
equlvalent to using a complex 6 and since we use ] exp (1581) for the
G parlty v101at1ng vertex, the parameterlzatlon is stlll adequate for

fitting purposes. However, the physical meanlng -and predlctmns for

0, 551, and BD would change Indeed, in Sachs' formulation the number
of parameters is such that no definite prediction is available. He finds,
however, that the Berkeley and Orsay results become consistent if a-
number of undetermined but 11m1ted ‘parameters are allowed to take on
their extrema and if the data errors are used to '"reach down" to these |
values-of the pa.rameters What seems fortnitous te'fhe theoretician -
seems susp1c1ous to the experlmentallst -

The parameterization §_e_e£s to be equ1valent to that by Horn,
(a one-to-one correspondence has not been shown), allowmg complex'ﬁ |
where ‘the tentatlve conclusion was that A, Goldhaber et al. were justified
‘in spec1a11z1ng (o] exp (1[381) to = 3 exp (190 deg) if the arguments (iii)
and (v) were correct Thus it appears that the Sachs result does not
alter the 1og1c presented in this note. It_dﬁ_s_present evidence (albeit
meager) that-the Berkeley- Orsay 1ncon51stency arises because theoret-

_ 1ca1 statements (111) and (v) are. both false.
V. PROPOSED EXPERIMENTS

A. Re eafs ‘

"As usual, all experimentsshould be done again with better statistics,
better re’solution, and careful attention to mass calibration. In partii ‘
cular, more precise dataon y+C - C + 'rr+1r_, not mentioned above
becau.se the old data were both limited and of poor resolution and not

useful for phase determinations, should show interference effects of v
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relative size »

v i(0+(0or #0) +90}
g a r [ N 3 120e }
E; T T ————7—Z F P D 12072 127

= '16% with phase 90 deg (like the
' prediction for Orsay),

or, if Pp # 0, a phase differing from that expected for Orsay by Bp-

B, New Experlments

+ +4
Reactions such as m p - { E A tH will presumably measure

AT, g Pl Pl 2 T x 5 exe [ipg + 01,

P
again a 100%-type effect but also sensitive to BSI. Although difficult this
~ fascinating reaction may also give information about the time-reversed

phase ﬁém

- C. Far- Out Experiments

If the proposed Macek-Maglié v c0111d1ng beam rnachlne“l2 is

built (at the Los Alamos n factory), the TT+1T spectrum should exhibit
a clean’p 0, since the iriterference is ffrom the sum shown in Fig. 9, or
s B

5 L. 5 ¢ D 3 3 Q0 .

T—7—ZX 8 >< /3 exp[1(;3D + ﬁD)]~ B—GX 10X?)_6_ . 2.5%, relative

P © e : phase O,

and the « peak in the interference is negligible  If the count rate would

e il o . . + - + -
ever render it feasible, the reaction T w7 - e e would measure
. + -+ -
(time reversal) (e e - w 7 ),

and the interference pattern would be a phase—s'ensitive test of T in
electromagnetic interactions, the result to be compared that seen

at Orsay.
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VvI. CONC LUSIONS

The trivial disagreements arising from conventions,(eigns of poles,.

factoring out p propagator) have been removed. There remains a
curious but contested result (effective pp # 0) for lepton decay of -
v photoproduced p. There alsqbremains an inconsisteney between

Berkeley and Orsay in the presence of three theoretical assumptions.

One car_i get out of the difficulty by'having the éxperiments change by a
" total of & 2 standard deviations, or by relinquishing one or more of the
theoretical statements. There is a slight indication‘ if both experi= '
mental values are close to truth “that more than one theoretical argu-
ment w111 fall. Irrespective of the theory, however all available data
are not snnultaneously well fitted by a single p mass and w1dth indi-

cating other effects in this subtle partic le mlxture
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' Note added eubsgluently: While this report we.s in preparation,

some of the results referf_ed to in the text have been announced, _though
not pubiis,hed, In particular, the data of Hagopiah et al., 4 from

T p - * wih (at 2.3 GeV/.c) shows a strong peaking effect at the mass
of the_w: in the Tl_'_Tr+ distribution [‘for 0.06 - t - 0.24 (MeV/c)Z]. The

15) shows

. - ur

reaction . n - ?f+1'1‘ p as measured by Katz et al.
some evidence for a dip at the w mass. Interms of our logical analysis,
we would have to introduce (possibly) nevﬁ_r production phase angles for

each of‘these, and the total w-p relative phase would be BSI(ﬁ-p) + Bp
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and BSI(Tr n) + ﬁD respectlvely

A. Goldhaber et al. “ have pointed out that isospin invariance
alone, without reference to a part1cu1ar production mechanism, gives
the constraint ﬁSI(TT—p ) = (351(‘17+n) -m. G. C}old'haber16 has noted that the
exper1mental determination of the quantities BSI + ﬁD for each of the above
rea.ctlons is redundant in that they must satisfy this consistency check -
i.e., the sign of the interference term must reverse. At this early stage '

we  will not attempt fits to the unpubllshed data, but it is clear that the

'peak and d1p imply

ﬁSI(TT_P) tBp ® 0
+ ~
BSI('W n) + Bp ¥ T
= - . . 2
These results are self-consistent and since ﬁSI(Tr+n) is predicted” to be

the same as for the Bei’keley experiment, this lends weight to the cor-

rectness of that result and the implications thereof.
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FIGURE LEGENDS

1. Parameterization of the amplitude and‘relative phase of indivi-
dual vertices., V = either p or w; B = phése of vertex for w
relative to the phase of the same vertex for p (i.e., for 'diagrarns
with a V, only one B exists, and it relates V = wto V = p).

2. Processes'exhibiting p -w interference. S

3. Lepton pa1r—product10n ratio as a function® of Bt tal’ The exper -
imental result for R and its error are glven by the cross-hatched
band. .
4, The Tr+1r mass spectrum for the reaction 1r+p - A++ ¥ L

The top figure shows in detail the 1nterference region of the com-
plete spectrum shown in the bottom figuré. Both scaleé are in
MeV.

5‘.- The -rr+1r_ mass spectrum for the reaction e+e- - ﬁ+1r—. Solid
iin_e. is the fit by the Orsay experimenters. Dotted line is our fit
with normalization free but phase fixed ' Dashed line is our fit
with everythmg free including w mass. The difference between
the location m and m&) is the effectlve shift 1n mass calibration
necessary to accommodate this last fit.

6. Simultaneous fitting of the 1T+T\'— mass sp"ectrum from a variety

of reactions (' , m free). Here d means degrees of freedom.

- The values of the parameters are given at upper right, The data

are from the sources marked on each graph, ‘where the momentum

of the incident particle follows the reaction. Data at 3.8 GeV/c

~are from the Berkeley experiment. Backgrounds are shown with

a dashed line. At lower right a phase diagram giires the total

@-p phase for each reaction at m__ = m (marked by an arrow
and coded to match the corresponding plot). About 90 deg earlier
in phase on the diagram is shown the portion of this total phase
arising from the production process (marked by an appropriate
ﬁproduction) on the assumption that the unitarity al_'gument in the
text holds, The small figures near the points 0, 90, 180, and

270 deg show what the interference term will look like for these
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values of the total phaée 'Bprc.'duction + By Errors on the total
phase appear on the boundary of the circle, and also apply to
the value of the production phase. " o

Fig. 7. Same as Fig. 6, except (L , 1'np fixed). |

Fig. 8. Truth table for the consistency of theory and experiment on
p -w interference. o |

Fig. 9. Interference terms for a 1'r+1r_ colliding-beam experiment

(amplitudes pertinent tb,'po-w,interference in 1r+1r- - Tl'+1T_).
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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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