Effects of o°~» mixing and dynamics of vector meson

production
N. N. Achasov and G. N. Shestakov

Institute of Mathematics, Siberian Division, USSR Academy of Sciences, Novosibirsk

Fiz. Elem. Chastits At. Yadra 9, 48-83 (January-February 1978)

Effects due to electromagnetic mixing of p° and  mesons are reviewed. Intensive experimental
investigations of these effects have recently become possible. The existing data on p"~o mixing and p°-o
interference in various reactions are reviewed. The main attention is devoted to effects of p’-o
interference in the reactions w*N—w(N,A), yN—a*m~A, and e *e ~——Vr—m*m—7° and the dynamics of
these processes. For the amplitudes of the reaction w*N—w(N,A), an appreciable violation of isotopic
invariance is predicted and in the reactions yN—#7*7~A and e te “—mwtmw " the existence is predicted of
much more appreciable effects of p’~w interference in the m*7~ mass spectra than in reactions already

studied.
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INTRODUCTION

Recently, more and more attention is being devoted
to experiments with high statistics at low and medium
energies. Undoubtedly, this tendency will persist. It
is not merely that accurate data always have great
value. The cross sections of many interesting process-
es, if not the majority, decrease rapidly with increas-
ing energy, so that they can actually be investigated
only if the accuracy of the experiment is increased.
When qualitative experiments are designed, it is very
important to know beforehand what new nontrivial infor-
mation could be obtained in them. Usually, the aim is
to elucidate various fine details of a reaction mechan-
ism known hitherto only in broad features. In such
investigations, a variety of interference experiments
play an important role. For example, the phase of the
forward scattering amplitude of strongly interacting
particles is measured by means of the interference with
the known Coulomb interaction.

In this review we consider vector-meson production
reactions, in which one can observe interference effects
due to the quantum-mechanical mixing of state accom-
panying electromagnetic interaction in the two-level
system of the p° and w mesons.

The phenomena of p°~w interference are currently
under intensive experimental investigation. The inves-
tigation of these phenomena makes it possible to obtain
qualitatively new information on the dynamics of
various processes in which vector mesons participate.
This information is very valuable for testing and making
more precise our existing theoretical ideas.

The literature contains some detailed reviews with
a description of experiments on p°-w interference and
comparison of the results with various theoretical
models.!*-%! Therefore, in Sec. 1 we first consider the
actual phenomenon of electromagnetic p’-w mixing and
then give merely the main experimental data on p°-w
interference. After that, we concentrate attention on
particularly interesting reactions in which dynamical
considerations suggest that there must be enhancement
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of the effects of p°~w interference. We shall consider
the processes 7*N=w(N,A), YN=7*7°A and e*e™= V7
- 7*7"7% The study of some of them has already begun,
and that of others is to be expected soon. Some of the
questions touched on here are discussed for the first
time.

In Secs. 2 and 3, we consider the reactions 7*N — wA
and 7*N — wN. Until recently, effects of the breaking
of isotopic symmetry in interactions of p° and w mesons
with hadrons due to electromagnetic p°—w mixing had
been observed only in 7°7" mass spectra. However, as
early as 1970 it was noted that in the reactions 7*N
—~ w(N, A) one must expect appreciable changes in the
amplitudes of w production as a result of p°~w mix-
ing.t* ™8 These changes mustbe manifested experimen-
tally as anomalous breaking of isotopic invariance. We
first describe the qualitative side of the effect and
give some initial quantitative estimates. We consider
here both reactions nN - wN and 7N - wA, which have a
complicated dynamics at high energies. However, the
approximate numbers that characterize the effect apply
primarily to the reactions #*N — wA. The point is that
hitherto the most complete information was on the
reactions 7'p—p°A** and 7'p - wA", and also on p°-w
interference in the 77" mass spectrum in the reaction
m'p—~n'n"A™, obtained by Goldhaber ef al.**° The direct
investigation of this possibility of appreciable breaking
of isotopic symmetry in the amplitudes of w production
in 7*N = w(N, A) due to admixture of the amplitudes of
p°® production in 7*N ~p°(N, A) through an electromag-
netic p®—w transition has become possible only recent-
ly. During the last few years, groups from the United
States and Canada have prepared an experiment on the
Argonne synchrotron with high statistics on the reac-
tions 7% = wn and 7' —wp. In 1976, they published the
hitherto best data on the reaction 77°p — wn at energy
6 GeV and preliminary data on the effect of p°~w inter-
ference with allowance for the charge-symmetric reac-
tion 7'z~ wp.™**? This has revealed a somewhat unexpec-
ted but very interesting circumstance (which we shall
go into in detail in Sec. 3). It has been found that the
new data on the reaction 77 - wn cannot be understood
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if only the known Regge trajectories are used to des-
cribe them. In the experiment pydo/dt (p;; are the
elements of the spin density matrix’ of the w meson)
does not vanish at very small momentum transfers,
-£50.02 (GeV/c)?, contradicting the theoretical expec-
tations (exchange of a Regge B pole). This has been
dubbed the Z effect!!*)because of the proposall*?-14lto ex-
plain it by the introduction of a new Regge trajectory Z
with quantum numbers (7,P,G,I)=(+1,-1,+1,1), where
T is the signature. However, it should be emphasized
that an explanation by means of simple Regge poles is
impossible unless the Z trajectory conspires with its
daughter trajectory Z,(-1,+1,+1,1) (Refs. 15 and 16),
which escaped notice in Refs. 12-14. Thus, we need
two new trajectories. However, the existence of such
trajectories must be doubted since heavy particles with
I%JP)=1*2") and 1%(1*) lying on the Z and Z, trajector-
ies, respectively, are unknown. We propose an altern-
ative explanation of this phenomenon by means of two-
reggeon cuts.[*”! The selection of the necessary cuts is
considered in detail. Estimates show that the main con-
tribution needed to explain the experimental data is
made by the 74, Regge cut. We predict a dip as =0

in pydo/dt with increasing energy. We then discuss
once more the effect of p°~w mixing in p,do/dt for the
reactions 7*N - wN and predict a more pronounced man-
ifestation of p°~w interference with increasing energy.

In Sec. 4, we consider the reactions yN —(p°, w)A
- 774 and e'e”— (p, w)7 = 7'r"7°. In these reactions,
considerations based on SU(3) symmetry lead one to
expect anomalous enhancement of p°~w interference
in the 77~ mass spectrum as compared with the reac-
tions already investigated experimentally.[*®-?*? The
study of this effect in the reaction yN = 7*7"A may serve
as a good test of the assumption of octet dominance of
Regge exchanges in the ¢ channel. Its investigation in
the reaction e*e”~ 7*7"7° makes it possible to elucidate
the SU(3) structure of the hadron electromagnetic cur-
rent in the timelike region, g>= 1 GeV®. It would be
very interesting to investigate the effect of p°~w inter-
ference in the region of the presumed new vector reso-
nances p’ and w', e*e”~(p’, w’)—= 7'7"7% where its in-
fluence could be particularly large. About half the
e'e” =37 reaction events in this region could be due to
p°~w interference.[2%2!

1. ELECTROMAGNETIC p?-w MIXING AND RELATED
INTERFERENCE EFFECTS

As early as 1961, Glashow!??! pointed out the possi-
bility of appreciable mixing of the p° and w resonances
as a result of electromagnetic interaction, and this has
recently been observed experimentally. A considerable
number of theoretical investigations have already been
made of this subject (see, for example, Refs. 23-28).

In the presence of the electromagnetic interaction,

Vg, =23 A A%/ 0 o | A |2, where A,; are the reaction am-
plitudes; i is the helicity of the vector meson; # is the set of

helicities of the other particles participating in the reaction.
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the physical states |p°) and |w) must be regarded as
superpositions of eigenstates |pj) and |w,) of isospin
I and G parity:

[0 =]ph—elwy; |0} =|wg)+e|p, (1)

with the complex mixing parameter
&=08/(my—ilp2 —mg, +iI'y:2) = i26,Ty; (2)

|e| «<1; 6=(pJ|M | w,) is the amplitude (“mass”) of the
electromagnetic p’ - w transition; & =i26/I‘p since
|ma— m, | =D

It follows from theoretical considerations!®¥-2") that
5 must be an almost purely real quantity, equal in
order of magnitude to the electromagnetic mass dif-
ference 26 =am ,~5.6 MeV of the vector mesons. In
fact, in all variants of broken SU(3) or SU(6) symmetry
considered in the literature rather similar, albeit ap-
proximate, values have been obtained!?*-2%2%3% for 5:

|6]~ 2.5~ 5MeV. (3)

To the transition p” — w there correspond electromag-
netic self-energy type diagrams (Fig. 1), which in the
region of the p° and w mesons have, of course, a non-
zero imaginary part. The estimates given above refer
only to the real part of such diagrams, which corres-
ponds to the contributions to & of virtual intermediate
states. Note that the contribution of the single-photon
intermediate state is small. An upper limit for the
imaginary part of the matrix element (pg|M | wy) can be
estimated by considering the transitions of p° and w into
real 27, 37, 7y, Ny, etc, intermediate states.[% 25271
The upper bound is small:

[Im §] = e (Cp =+ Tu}2 + (ToneTany) 224 ... € 0.6 — 0.8 MeV,
The main contribution is made by the 27 and 7y states.
Thus, the theoretical estimates indicate that & has a
small imaginary part. Therefore, the phase of the
mixing parameter ¢ for the states of the p° and w
mesons is ¢, =7/2 (or —7/2) [see (2)]. We note right
away that this circumstance, and also the estimate (3)
for |5, are confirmed in virtually all experiments on
p°~w interference in the 7'7" mass spectra.

Let us estimate the width of the decay w-7*7",
which takes place in accordance with the diagrams in
Fig. 2. The simplest estimate of the order of magnitude
for the width of the direct decay w,— 7*7r" (see Fig. 2a)
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FIG. 1. Diagrams of the electromagnetic p?<—w transition.
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FIG. 2. Dlagrams of the direct decay w— 7*r" (a) and the decay
w— 11" due to p’~w mixing (b).

is appreciably smaller than the experimental valuel!~8]
TMoma- 204~ 0.5 MeV. (4)

Therefore, the contribution of the diagram in Fig. 2a
is usually ignored. Allowance for p°-w mixing gives
a natural explanation of the value of I' ,.,_. In accor-
dance with (1) and Fig. 2b

Tuntn 2 |e P T, = 4| 8 PT,/T
22 Q2T (m/T,)? 7 30a2T, ~ 0.25 MeV. (5)

The principal reason for the significant enhancement
of the decay w— 7'r" through p°~w mixing is obviously
[see (2) and Fig. 2b] the nearly equal masses of the p°
and w resonances, which has the consequence that the
mixing parameter is

le|=~2|8|/T, = amy/T,>a.

Processes with production of 7*7° and 7* 77 7° in the
region of the p® and w resonances with electromagnetic
transitions w- 27 and p° - 37 due to p°~w mixing are
described by the diagrams of Fig. 3. The 77" and
77 m® production amplitudes with allowance for p®~w
mixing in the region of the resonances can be written
in the form

T = my, —“::1—'1:; nid ( "i_ Ap W) ; (6)

T(n*n“n“);ﬁgﬁrﬁ(l+;%m). (M
or

. oua ) ®)

Tty - o e e &)

FIG, 3. Processes for the production of 7' and 7*r"7° in the
region of the p" and w resonances with allowance for p—w mix-
ing.
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Here, A, are the amplitudes of p° and w production
(v=p" w); m is the invariant mass of the n'r” and 7*r"n°
systems in Eqgs. (6), (8) and (7), (9), respectively, We
ignorel®2%] the direct transitions wy~27 and pJ—~37. It
can be seen from (8) and (9) that the electromagnetic
p°~w mixing leads to effects of two kinds: First, it
changes the mass spectrum of the decay pions; second,
it changes the vector-meson production amplitudes [see
the terms proportional to € in the brackets in Eqgs. (8)
and (9)]. For reactions of the type (8), the change in the
mass spectrum due to the narrowness (I‘,/l"w =15) of
the w resonance is the most important. For reactions
of the type (9), in contrast, the change in the mass
spectrum is unimportant since it is difficult to detect
the low and broad p° resonance on the background of

the narrow and high w peak. For these reactions, there
can be an appreciable change in the amplitude of w pro-
duction in the cases when the amplitude of p° production
is appreciably greater than the w-production amplitude.
Such a situation obtains for the reactions 7*N - w(N, A)
(see Sec. 2).

In recent years, the effects of p°~w interference in
the 77" mass spectra have been investigated in about
30 different experiments on the reactions

aE*N —>a'nN;
a*N - n'nA; (10)
NN = 3n, 4x, 5z, 6a

et —ntnT;
yA— ntn4;
K-p—ata (A, 29;

(see, for example, the reviews Refs. 1-6, 31); new
data continue to appeart®-3*! with ever higher statistics.

The most attractive aspect of these investigations,
apart from the determination of the p°~w mixing para-
meters, is the possibility of determining the relative
phases of the p° and w production amplitudes, on which
the interference effect depends strongly. These new
data are extremely helpful for testing and making more
precise our theoretical ideas about the interaction mec-
hanisms of vector mesons.

For determining the magnitude and phase of the w
- 7'7" decay amplitude, the most convenient reac-
tionf31:321 jg e¢*e” — 77~ because of the purely electro-
magnetic mechanism of the p° and w meson production:
ete—y—(p°, w) =1

Data on do/dm,, for thie reactions 77—~ (p°, wln—~ 77"
and 7'n—~ (p°, w) = 7°7" pat4 GeV obtained by Argonne!363"
illustrate the influence of p°-w interference on the

*7~ mass spectra in the region of the p® resonance
(Fig. 4); namely, the breaking of charge symmetry in
reactions with the participation of strongly interacting
particles (see Sec. 2 for more detail on this). It
should be said that for the majority of reactions the
broad features of the p°~w interference in the 7*r~
mass spectra agree qualitatively with the theoretical
predictions on p°~w mixing and on the mechanisms of
the p° and w production reactions themselves (see, for
example, Ref. 39, in which an experiment on the
reaction K — 7' (A, % at 13 GeV is described, and
also Refs. 1, 2, 24, 40, 41). Of course, many data
[for example, on the reaction e'e™— (p°, w) — 7*7" (Ref.
32)] must be made more precise. In Table I we give
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the main results on p’~w interference obtained in the

experiments of Refs. 1, 9-11, 31-39, and 42-58 on
reactions (10).

As a commentary on Table I, let us say a few words
about the evaluation of the experimental data (details

can be found in the review Ref. 1 and in Refs. 9, 33,
42-44),

For the 7*r" mass spectrum in the region of the p°
and w resonances one usually uses the simple phenom-

enological expression

where D (m)=m —m,+il ,/2; m is the invariant mass

the of the 7*7~ system; N, is the total number of v-meson

production events; B=T_, /T ; & is the coherence
E<1), which is needed in the case when the
p°® and w production processes must be described by

factor (0 <

several independent amplitudes; ¢ is the total relative

phase of the p° and w contributions. The coherence
factor t and the phase ¢ have the form

t=|

] (1 4T7F) (2148 PN

LAY { Nolp + BNl
dm 2 D, VR .
%L [Da ) “] ! ?" :T; I @ = Gdecay + Pprod = Pgecay
e Y (BN TN, i
+ 2t Re SXRUOBNoTpValu) 77 ) (11) + tan™ (2] A2]] 49 |sin @;) /(3| AL|| AP | cos @),
Dig (m) D% (m) 1 3
TABLE I. Experimental data on p’—w interference.
@ .pﬂlf-ﬂl Assump-
Reaction Ejap GeV | B=Tynn/Te, % @, deg prod’ prod ’ tion [Literature
deg deg about £
ete~ — ntn- 5 ms 3.6+1.9 85.7+15.3 |[—16.3+15.3 0 1 131, 32]
A—=ntn- A " =
A1, C, Pb) 5.7 =1.2240,30 96415 —5415 0 1 [47]
TE e atel 2 gt0-28 | oy + 0 3
(see Fig. 11) 4. >0.87559 4+5.1 345.1 1 146]
yA—ta- A
{4=C, Pb, Al 9.4 >2.8+0,6 | 92.4%5.0 | —8.6+50| 0 1 148]
Yp—ratnmp 2.8 4.7 | >1.333-2 ~ 02 —9 0 1 149]
Atp > mhn-At 3.7—4.0 >1.5 192417 91417 3 9, 1]
5,45 >1.2 18231 81731 [3]
34—40 =15 ~ 180 79 90 1 {51]
71 - - — [52)
atn s mtaep 1.5 ) 1g40 s7Has 90 1 (7]
ap— w*a-(np) 3.9 e ~0 —101 —-00 1 [53]
ap—ntacn 2.3 =0.36+0.1 —15+30 —116+430 [54]
3—5 _ Sl —101 —H 1 [55]
1,67 = —4+20 —105+20 [56)
pp— 2302 1.26—1.65 > 1.4 60—90 —(41—11) [43]
1.63—2.20 =19 100 Sk 0 1 [44]
0.65—1.10 >1.3 ~ 100 — [34]
pr— (3a), (47), (5m), (Bn) Annihilation <4.3 Incoherent pro- - — | 145]
at duction of w
rest and p mesons
K-p-> wta~ (A, T) 1.5-2.6 =0.2 e =) o ' 142]
13 3.6+1.9 99411 —24+11 (39]
a~p—ata~n +2.8 - e o 0.6 < E <
p41 (m)da/dm 15 =>2. ‘I_U 9 80425 181425 =1 133]
nEN - nt-N * (see Fig. 4) 24,8 =1 @ () - - 1 [36, 37]
Ap— ntnTe 17 = @ (0 - - — 138}
Pij(m, t)d*afdm dt,
0<]t|<<0,4 (GeV{c)’
EN - 0N ** 6 R == ppgdo/dt (n=p — wn) n‘pwdo‘.fdt (n*n — wp) (1]
"-'fl 8 (Erehmmary) <|t|<<0.1 (GeV, 2/5)2
4 3+0.20, 0.05 <i¢ | <0.15 (GeV/e) [58]

*In Refs. 36, 37, 41 and 38, 40 data are given with high statistics on p’~w interference in the
different amplitudes of =*r~ production. The ratios IA‘}/A'*’I and the phases ¢; are determined
as functions of ¢ and a comparison with theoretical models is made.
**In these reactions, a study is made of the influence of p’-w mixing on the w production

amplitudes (see Secs. 2 and 3).
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FIG. 4, gt=dl¢/dtdm (7tN—=7*r"N) for E;y=4 GeV and 0.08
<|t|=<0.2 (GeV/c)?. The curves are obtained with allowance
for the p" and w contributions to the 7*7" mass spectra.l37

where A? is the amplitude for production of a v meson
with definite configuration of the spins of the particles
participating in the reaction; ¢; is the relative phase
between the amplitudes A9 and AY;

N.,~§|A‘:|3. (14)

Since the w— 7*7~ decay amplitude has in accordance
with (1) the form

Sonn = Buann 1 ELpeans (15)

we can use the following expression for its phase ¢,
in various estimates [see (2)]:

Paecay = tan™! [p/2 (my,—my) = 101°, (16)

corresponding to the fact that the decay w— n'r~ pro-
ceeds predominantly through p°~w mixing (g0,

~ OZ 01y €Z0n), 2nd the amplitude & of the p’— w
transition is real,?*-2"

In Table I, we give the values of the relative phase
of p° and w meson production ¢, 4 obtained by means
of (13) and (16). For comparison, we give the values
of @tet which follow from simple theoretical models
of the p° and w production mechanisms (see, for

example, Refs. 1, 24, 40, 41).

The contribution of the background is usually taken
into account in the form of an additive correction to
the expression (11), this being a smooth function of
m in the region of the resonances. The coherence fac-
tor and the phase ¢ can be determined from the fitting
simultaneously in only a number of definite casegt! 3% %3]
if only N, is known. In order to find B=T,,, /T,
as well, it is nccessary to know N, and N, i.e., have
data on two reactions, for example, 7'p—p°A* and 7°p
- wA*, In addition, since the term in (11) quadratic
in 6 plays an unimportant role in all the above reac-
tions (it has no additional enhancement in the reactions
(10) compared with the interference term because the
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w production amplitudes are less than the p° production
amplitudes by about a factor 3 in the reactions ee”
—~w=7"17,e"e”~7"1" and YA - wA, yA-p°A and by
more than a factor 3 in 7*N -~ w(N,A), 7*N-p°(N, &)

or, in the best case, are the same, as, for example,

in the reactions K-~ w(A, T, K - p°(A, 39,3 123541
it is impossible to determined simultaneously £ and B,
which occur as a product in the fitting of data. Fre-
quently, £ is simply set equal to 1 and a lower limit is
obtained for B. An upper limit can be obtained for B

in reactions with incoherent production of p° and w
mesons (£=0), for example, in annihilations at rest
pn—(pm), (wm)—-3m" It should be noted that the phase
@ is the quantity most reliably determined by the fitting.

We give one further expression for the 7*7” mass
spectrum, which is also frequently used in fittings.™®
It is obtained directly from (6):

Ay TN Ny & Ny [ LA

T = =D, (1B i |z + 3 | ww | )
(17

¢ == gs+ tan*! [I'u/2 (my —m)] 4+ Fprods (18)

where ¢, is the phase of §; ¢4 and the coherence
factor ¢t are determined by Egs. (12) and (13).

If we know the p°~w mixing parameters, for
example, from the reaction e'e”—p° w-— 7'7r" (Ref. 32)
or if we use the theoretical estimates!®*-2%! for them,
we can, using the interference effects, estimate the
relative phase of the p° and w production amplitudes
and their relative values |4, /A,|=(N, /N2, In vir-
tually all the current experiments involving reactions
with p° and w production, the experimentalists attempt
to include effects of p°—w interference in order to
obtain new information.

We now turn to concrete reactions of vector meson
production.

2. ON THE POSSIBILITY OF “STRONG" VIOLATION OF
ISOTOPIC INVARIANCE IN THE REACTIONS 7* N-wA
AND 7* N->wN DUE TO ELECTROMAGNETIC p°?-MIXING

Electromagnetic p°~w mixing must be manifested
as a breaking of isotopic symmetry in the strong
interactions of p° and w mesons. Below, we consider
its influence on the w production amplitudes in the
reactions 7*N— w(N, A).

The influence of p°~w mixing in these reactions
was studied in detail in Refs. 7 and 8. Here, we des-
cribe the qualitative side of the effect, giving briefly
initial quantitative estimates and discussing the pre-
dictions of the simplest Regge pole models concerning
the nature of p°~interference

Qualitative Analysis of p°—w Interference. We re-
write (9), taking into account only the change in the
amplitude of w production:
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T (n*nn°) = guga (Ao + e4,) /(Mg — mag — iTu/2). (19)
For simplicity, we do not write out the spin indices.

It can be seen from (19) that the effect of p°~w
mixing depends on the relative magnitude and relative
phase of the p° and w production amplitudes in the
strong interactions and is maximal when the p° and w
contributions to (19) are coherent, i.e., their relative
phase is @3, =¢,+¢. - ¢, =0 or 7. In addition, the
effect may be enhanced dynamically if the amplitude of
p° production is greater than the amplitude of w pro-
duction: [A,[> |4, |. What is the real situation with
regard to the reactions 7N - w(N, A) and 7N - p°(N, A) ?

Information about the phases can be obtained from
experiments to determine the interference patterns in
the 77~ mass spectra. In these spectra, in the region
of the w resonance in the reactions 7'N— r*7°(N, A)
at energies 2-10 GeV and |¢|< 0.2 (GeV/c)® a dip is
observed™ ® % 363751 (degtructive p°~w interference;
see, for example, Fig. 4), i.e., the relative phase of
the p° and w contributions to (8) is @,, =@, +¢@.—@,=7.
In the reactions "N - 7'7°(N, A) at m,, #m,, a peak is
observed™: %% 353,54 (gonstructive p°-w interference,
so that ¢,, =0; see, for example, Fig. 4) since the
amplitude of p° production has changed sign. This is a
consequence of isotopic invariance for the reactions
7*N—p°N. For the reactions 7*N—p°A, this alsofollows
from isotopic invariance if the contribution of the #-
channel exotic exchanges with isospin 2 is negligibly
small, which is independently confirmed by other
experiments. Therefore, ¢, ~2¢. — 7 for the reactions
7'N—-w(N,4), and @, =2¢, for the reactions 7N
~w(N,A). But, as we have already said, it follows
from the experimental data and theoretical considera-
tions that the phase is ¢, = 7/2 (or —r/2).0%224-27,31)

We conclude from this that the cross sections of the
reactions 7N - w(N, A) are increased maximally by
the term linear in |¢:

dovjdt =| Ao| P+ 2| Au|| g+ 2] 4, |2, (20)

while the 7°N - w(N, A) cross sections are maximally
reduced:

doo/dt =| Ay P—2|e|| Au || 4ol + | | 4, % (21)

Note that deviation of ¢, from 7/2 (or —7/2) by A¢ leads
to a decrease of the term linear in || by a factor

cos 2A¢. Therefore, not too large values of A¢ do not
significantly affect the results. For example, if Ag
=0,25 (15°), the interference term in (20) and (21) is
multiplied by 0.88. Currently, the value of |¢| is in-
sufficiently well determined by the experiments. On

the basis of all the various experiments and the methods
of determination, and also on the basis of theoretical
estimates, we may assume that 0.03< |¢ < 0.06,[1-%25)
Below, to estimate the effect we shall use |&|=0.05.
Such a value of |¢| was obtained in the “cleanest” ex-
periment on p’—w interference in the reaction e‘e-

- 7*7" made at Orsay!® 321 (p0my =90°),

We now consider what are the relative values of the
amplitudes A oand A . It is well known experimentally
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that at medium energies and |¢|< 0.2 [here and below,

t is measured in units of (GeV/c)?] the 7*N - p°(N, A)
reaction cross sections have a pronounced forward
peak due to single pion exchange, and at the peak are
10-20 times greater than the 7*N- w(N, A) reaction
cross sections, which are approximately constant for
[¢] = 0.2 (see, for example, Refs. 9, 10, 50, 59-62).
Therefore, in this region of [tl it is natural to expect
that the most important change due to p°—w mixing in
the 7*N = w(N, A) reactions will occur in the amplitude
with the quantum numbers of the B meson in the ¢
channel because it has the same spin structure as the
amplitude of single-pion exchange in p° production.
Experimentally, this must be manifested in a difference
between p¥do® /dt and p¥ for the reactions 7N - w(N, A)
and 7°N- w(N, A) [see (20) and (21)]. Since p¥do®/d¢
~pf,do®/dt in the considered range of ¢, the other w
production amplitudes should not be appreciably changed
by p°-w mixing. :

Initial Quantitative Estimates of the Effect. We make
some approximate estimates that characterize the vio-
lation of isotopic invariance in these reactions.

Let us consider, for example, the reactions 7%
- (w,p%A* at 3.7 GeV."™11 Tg a good approximation,
pdo®/di = const, and (pgdo®/dt)/(p&do® /dt) =10 exp (127)
for [¢|=0.14.1°7 Then using (20) and (21) for | |=0.05
and [t,=0, we obtain

Pp A0V fdt (2 p— wA*Y

~ 22, (22)

Pl d0Vjdt (v —wAT) |,

The integral effect is also large. The ratio of the
cross sections in the interval 0< [¢|<0.14 for these
two reactions is

ol (T p = wA*)

0 ST wAT
g e} (23)
0.14

" da®
(“l‘fﬁ“ ) Pﬂud|;|dl‘[)-
n

In the absence of p°-w mixing, the ratios (22) and (23)
must be equal to unity because of isotopic invariance,

Similar predictions can be obtained for the reactions
7*n—~wp and 17~ wn when 0,02 < [¢] < 0,02,[7841,63-66]

Note that the change in the cross section of w-meson
production in, for example, the reaction 7'p — wA™ due
to p°~w mixing can be estimated directly on the basis
of the number of events taken out of the two-pion mass
spectrum in the reaction 7'p -~ 7*7"A** as a result of the
destructive p°~w interference, because in this case,
with @, =+ 7/2, a similar number of events is added to
the reaction 7°p — wA™. An analysis of this kind was
made in Ref. 8 using the data of Goldhaber et ql.[% 193
It was assumed that the destructive p°~w interference
observed in the reaction #*p— 7*7"A™ takes place pri-
marily between the amplitudes of p° and w production
with longitudinal polarization, which have 7- and B-
meson quantum numbers in the # channel. The predic-
tions obtained for pYdo®/di(n"n~ wA*) are close to
the estimates (22) and (23); they are given in Fig. 5.
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FIG. 5. Influence of p’—¢ mixing on pgg do/dt (m*N — wA) (Ref.,
8): a) for pydo/dt (r*p — wA*™) inthe interval 0< |t |<0.14 the
mean value obtained in accordance with the data of Ref. 10 was
used; b) prediction for the reaction mn — wA" calculated in
accordance with Egs. (20) and (21) using the information!%1%7 on
p’—w interference in the reaction 7*p— r*r"A*', The amplitude
of p” production is taken from Ref. 10 in accordance with
pledor/dt; c) pfydo¥/dt in the absence of p’—w mixing
R=gqo(m*p =~ wA*™ /og(n™n —~ wA7) = 2; | £~ 0.06(g, =~ 1/2).

In 1973, an experiment was made®®3™ on p°~y
interference in the reactions 7*N - 7*7°N, and this
experiment measured directly the mass spectrum
peolm,)do®/dm .. An estimate of the change in the
cross section of w production with longitudinal polariza-
tion (pgdo® /df) from the number of events lost from
p&(m,,)do?/dt (7'n — 7*77p) by destructive p°—w inter-
ference agrees with the picture described above.

Until recently, a direct verification of breaking of
isotopic symmetry in the reactions 7*N — w(N, A) was
impossible since there were no good data on the
reactions 7N~ w(N, A) at small |¢].

In 1973, it was announced that experiments were
planned at Argonne with high statistics for the reactions
mp—=wn and 7'n - wp at 6 GeV with a view to making a
detailed study of the influence of p°-w mixing on the
w production amplitude.!®® This program has already
been partly completed.’!? We shall discuss the results
in Sec. 3. Various groups at CERN®%%"! are now also
studying p’~w interference in the reactions 7*N - wN.

Let us briefly discuss some aspects of the analysis.
Since there are several independent spin amplitudes
describing the reactions, the interference term in (20)
and (21), and also the interference term in the total
two-pion mass spectrum (11), must, in general, be
multiplied by the coherence factor £(0< £<1). If the
p’—w interference takes place primarily through the
longitudinal amplitudes of p° and w production with -
and B-meson quantum numbers in the ¢ channel, the
coherence factor is £=(p%pf,)' /2, and the phase ¢ [see
(13)] in the expression for the total 7'7” mass spectrum
(11) acquires the simple meaning of the relative phase
of the two interfering amplitudes.

We ignore the amplitudes of the reactions 7N - (p°, w)A
with the 7- and B-meson quantum numbers that change
the #-channel helicity at the baryon vertex. For small
|t], this is justified. For the reactions 7N - (o°, w)N,
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such an estimate of £ under the assumption made about
the p°~w interference is all the more valid because
here there is in each case just one amplitude with

zero helicity (of p° and w) and the 7- and B-meson
quantum numbers in the { channel. We calculate the
mean coherence factor in the region 0< [¢|<0.14 on the
basis of the data of Refs. 9 and 10 for the reaction

Tp - rtrath

& = (po) 08 ) =~ (0.56- 0.74)% ~ 0.64.

It is interesting that analysis of the data of Ref. 9 with
allowance for the coherence factor™ ®! gives 0.6 for
the lower limit of {&).

To estimate |€|, it is important to know in which
spin amplitudes the interference occurs. Evaluation of
the data of Ref. 9 with (£)=1 gives a lower limitt®? of
|e| ~0.034. The value (£)=0.64 corresponds to |&|
~0,053. Such a value of |¢| does not contradict the
existing theoretical estimates!!:24-28! and agrees with
the results obtained at Orsay on colliding e*e” beams,t32?
It should be noted that the estimate made for {£) is in
itself too large since the p°—w mixing increases the
value of {p&,(7'p — wA™)). In this case, a simultaneous
evaluation of the data on the reactions 7°p — 7*7"A™ and
7' — wA™ with allowance for p®—w interference is in
all respects helpful.

Regge Pole Models for the Reactions nN -V (N, A).
Hitherto, we have not had recourse to concrete theoret-
ical models for the amplitudes of the p° and w produc-
tion reactions. It is therefore now helpful to consider
the predictions of the simplest Regge pole models con-
cerning the nature of the p°~w interference and the
assumptions which are usually made in the theoretical
estimates.

The Regge pole model for the amplitudes of the reac-
tions 7*N - (p°, w)A and 7*N -~ (p°, w)N withthe 7- and B-
meson quantum numbers in the {/ channel gives the
relative phase of the amplitudes of p° and w production
with zero helicity in the f/ channel needed for destruc-
tive (or constructive, depending on the reaction) p®=w
interference.'**! Let us show this. The ratio of the
amplitudes A and A, with exchange of B and 7 poles,
respectively, has the form

4= o Biexp [in (ap (1) —on (1)/2] SE22Z OV, (24)
where B is the ratio of the residues of the 7 and B
poles; a,(f) is the trajectory of the i-th Regge pole;
the + refer to (p°, w) production in 7'N and 7N colli-
sions, respectively. It follows from the Chew-
Frautschi graph that the = and B trajectories are close
to one another: a,(f)=ayz(f). The model of 7 and B
Regge poles with similar trajectories is of course the
simplest acceptable variant. From the theoretical
point of view this model is good in that under the as-
sumption of exchange degeneracy'® the 7 and B tra-
jectories must in fact coincide. Then the relative phase
of the 7 and B contributions, which is determined by
the ratio of the signature factors [see (24)], is 7/2 (or
-1/2). Therefore, in (19) we have ¢,, = ¢, + 7/2=0 (or
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7), and we arrive at the expressions (20) and (21).

In the limit of so-called strong exchange degeneracy!*!]

it follows that, besides a,(f)= agz(¢), the value of B in
(24) cannot depend on ¢ and is equal to unity. Then

Agldo =i cot (motn (£)/2) ||ycyp = = 20/me’ (E—p?), (25)

where a,(f)=a'(t - u?); @' is the slope of the Regge
trajectory; p is the 7-meson mass. This prediction
is based on duality and SU(3) symmetry.t?%5°1 Let us
consider, for example, the reactions 7N - (p°, w, @)N
and KN-K*N. If we assume that in these reactions
t-channel exchanges with quantum numbers of an SU(3)
octet are predominant and there is “ideal” g-w
mixing, i.e., I'(¢ = pm)=T(B~¢n)=0, then the ampli-
tudes of these reactions can be expressed in terms of
the two amplitudes A, and A_, which correspond to ex-
change with G parity +1 and -1:

|A(K*'n—K*p)| =] A+ A-|i2;

|A(n*n—p°p)| =] A_|; |A (" n—o0p)| =] A.|;
(26)
| 4(K-p— E*n) | =| A: — A_|12.

The absence of resonances in the reactions K'%n —K*%

. at low energies implies on the basis of duality that the
imaginary part of the amplitude of this reaction at
high energies is zero:

Im A(K*'n~» K*p) =Im (A + A)/2 = Tm (74 B) exch /2 = 0.

This is possible for a,(¢)=ay(f) and B=1 in (24).

The Regge pole model for the amplitudes of p® and w
production with transverse polarizations in the ¢ channel
(4, and 7 Regge poles for p° production and p and B
Regge poles for w production) also allows in principle
the correct relative phase needed for destructive (con-
structive) interference. However, the contributions of
all Regge poles to these amplitudes for the reactions
7N~V °(N, A) vanish at small |¢| and the A,P, 7P, pP,
and BP Regge cuts come into play (P is the Pomeran-
chuk pole). The picture becomes complicated. In this
situation, it is hard to expect the “correct” relative
phase of the p° and « production amplitudes. In addi-
tion, the interference terms between the contributions
with the quantum numbers of the 7 and B mesons may
partly cancel with the interference terms between
the contributions with the A,- and p-meson quantum
numbers to the amplitudes of p® and w production with
transverse polarizations. This can occur®™ for |¢|
< 0.5; for in the framework of strong exchange degen-
eracy for p and A, exchanges a relation analogous to
(25) for B and 7 exchanges is obtained. Then the rela-
tive sign of the p°~w interference between the contribu-
tions with the “natural” parity (p and A, Regge poles)
and between the contributions with “unnatural” parity
(B and 7 Regge poles) is fixed by the sign of the ratio,

14, (42)/Au ()14 (1)/ A, (B))
= [cotna, (1)/2]/[cot nos (1)/2] (27)

[in the curly brackets on the left-hand side of (27) we
have specified the type of {-channel exchange], which is
negative for |¢|<0.5 since a,(#)<0 for ¢<0 and o (f)
>0 for t=0.5.
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The predictions of Regge pole models undoubtedly
play an important role in our understanding of the ex-
perimental situation. Of course, they are not always
fulfilled in a pure form (we recall, for example, the
important role of the 7P Regge cut in the description
of the reaction 7N —p°N). In fact, in the following sec-
tion we shall have the possibility of considering a polar-
ization phenomenon observed in the reaction 77p - wn
that cannot be accommodated in the usual Regge pole
models.

3. EXPERIMENTS WITH HIGH STATISTICS IN THE
REACTIONS 7N = VN

A New Look at the Problem of Describing the
Reaction nN-~ wN. The Role of Two-Reggeon Cuts.
In Fig. 6, we give data for pydo/dt(1p - wn) obtained
recently at Argonne at g, =6 GeV/c in an experiment
with high statistics.[!'? The data refer to the center-of-
mass system of the s channel, As we already noted in
the introduction, these data cannot be understood on
the basis of known Regge trajectories. In the experi-
ment, py,do/dt does not vanish at very small transfers,
-£=0.02, contradicting the theoretical expectations
(exchange of a B Regge pole):

Poodo/dt =52 { | AT 2172 P+ AT 12123, (28)

where A;;’w,‘ﬂJlju are the helicity s-channel amplitudes; A,
A,, and A, are the helicities of the v meson, the neu-
tron, and the proton, respectively. According to the
quantum numbers, B exchange makes a contribution to
the amplitude A8 ,,_,,, proportional to (-¢)*/? as ¢t -0
(we ignore |t].;.).

Before this experiment, data on the reactions 7*N
~wN at small [{| had not made it possible to discern
a clear absence of a dip in pwdc/dt as { -0 (see, for
example, Refs. 58, 60, 61, 70, 71). The observed
effect means that the helicity-conserving amplitude
in the center-of-mass system, A{,,,,,,, is important,

This amplitude is described at high energies by ex-
change in the { channel with the quantum numbers
(r,P,G,I)=(+1,-1,+1,1), where T is the signature.
In principle, the observed effect can be explained by
Z exchange.['?-1%! It should, however, be emphasized
that an explanation by means of simple Regge poles is
possible only if the Z trajectory conspires with its

100 4

Ejmﬁﬁf‘ +

F ++++
w T Ty
Bk ki 4
=3 i
RS ++ FIG. 6. The dependence
- + pudo/dt(r p— wn)atE,
i B —i— =6 GeV.[u]
g [
'-"tz L.
<,

: I | ! ! (P
0 -02 -04 t,(GeVie)

N. N. Achasov and G. N. Shestakov 26



daughter trajectory Z,(-1,+1,+1,1).0%:% Otherwise,
it follows from the analyticity of the invariant ampli-
tudes that Af,,,,,,~f. A similar conspiracy for the
A, and A, trajectories in the reaction 7N -~ pN was
considered in Ref. 72.

Thus, we need two new trajectories with unnatural
parity, However, one must question the existence of .
such hypothetical trajectories since we do not know any
heavy particles with 79(J%)=1%2") and 1*(1*) that lie on
the Z and Z, trajectories, respectively; m?2 ==m§d2 2
(GeV).

Here, we consider an alternative explanation by
means of two-reggeon cuts,?

We predict the appearance of a dip in p,,do/dt at
small transfers, [¢|-0, with increasing energy.

We then discuss once more the effects of p®—w mix-
ing in poodc/dt for the reactions 7*N - wN and predict
a more pronounced manifestation of p°~w interference
with increasing energy.

First of all, we establish what cuts contribute to the
amplitude A, ,, ;.. It was shown in Ref. 73 that the
signature of the Regge cut is equal to the product of the
signatures of the Regge poles forming the cut. There-
fore, only two-reggeon cuts from poles with the same
signature are important: !

Teut =TyTa = + 1. (29)

One can show that for =0 only cuts from poles with
natural (TP=+1) and unnatural (TP=-1) parities con-
tribute to the amplitude Ag, ,,,,; for conservation of P
parity gives

AG e = —AF gz -2 (30)

The contribution of the cut generated by two-reggeon
exchange (Fig. 7) to the amplitudes is

AGerjparie ~ 3 <:i:'=_13-”“= @—ky)|2) <}"'Hl (k.L)li-l_:> ; (31)
’
g=p—pi L= —q

Here, A are the helicities of the intermediate state;

in addition, summation is assumed over all intermed-
iate states as well as integration with respect to k,

and s, =(k+p,)* along the right-hand (or left-hand,
since these integrals are equal) cut of the amplitude for
reggeon production.t™-"") For simplicity, we have
also omitted the upper block in Fig. 7, which is com-
mon to both amplitudes, since it is unimportant at this
juncture for our arguments. It follows obviously from
conservation of P parity that

AV vz oy~ 3 (—%| R, (q—l:;)|7u> <:‘-]Rx (ky) —%)
x

=Py (P 3, (7| Rela—k0) 1) (AIR (o)l ). (32)
A
We conclude from (30) that the observed effect can

2MThe results given below were obtained in collaboration with
A, A, Kozhevnikov.[1T]
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77y} N w(py)

FIG. 7. Diagram of two-
reggeon exchange in the re-
raction 7°p — wn.

kSR,
33
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explain the cuts formed by poles with

(T Py) (12Pg) = —1. (33)

Among the Regge poles known to us, the pairs 74,,
Bp, A,w satisfy the conditions (29) and (33). All these
cuts give approximately the same energy behavior:
A8 /2172~8" "% We shall not consider the cut A, w.
Since the A, Regge pole is not manifested anywhere,
we can hope that the contributions due to it are unim-
portant. In addition, we shall not consider the contri-
butions from the exchange of two strange Regge poles.

Their contribution to the amplitude is Ag,,,,,,~s™*

The contribution from the 74, cut is the most im-
portant because the 7 exchange has a pole at £=pu%, We
shall restrict ourselves to single-particle states in the
reggeon-production amplitudes, i.e., essentially we
shall operate within the framework of the absorption-
model approximations.l’ "1 Putting it more precisely,
we shall use the technique developed in Ref. 75 and
carry out the integration with respect to s, and s,=(p,
—Ek)? in (32) along the right-hand cut of the amplitudes
for the production of the reggeons R,=w, R,=A,. We
take into account the p% and p7p intermediate states:
7p = (0, pp)—~ wn. It follows from isotopic invariance
that these contributions are equal, so that the result is
doubled. At the A,NN vertex, we have taken into ac-
count only the spin-flipping residue since it is this one
that contributes to Ag ,,,,,. We have taken into the
account the amplitude of 7N~ pN - wN only with longi-
tudinal polarization of the p meson. The contribution
of the amplitudes with transverse polarization is 67
times smaller. Using the experimental and theoretical
information available on the residues of the Regge poles,
we have concluded that the contribution of the inter-
mediate states pA: 77p—(p°A%, pA%) = wn is 5-6 times
smaller than the contribution of the pN intermediate
states. At the same time, for the A,NA vertices we
have used the model of Ref. 78 and p—A, strong ex-
change degeneracy.

The Bp cut is evidently 6-7 times smaller than the
mA, cut since the amplitude with B exchange does not
have a pole at ¢= u2,

Using the experimental information on 7 exchange in
the reaction 7N - pN,'®® on the spin-flipping A,NN
residue from the reaction 7N -nN,[" and the results
of analysis of the total cross section of hadron photo-
production on nucleonst®! to estimate the pN - wN
amplitudes, we found that at ¢, =6 GeV/c the 74, cut
gives

Poa do7dt (7~ p — i) |i—g == 45.5 ub/(GeV/c)®. (34)

The difference between the estimate and the experi-
mental value [70 pb /(GeV/c)?] can be explained by
assuming that the contributions of the other intermed-
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FIG. 8. Dependence
poodo’/dt (m"p —~wn) ob-
tained with allowance for
the 74, cut and the B Regge
pole (continuous curves);
the dashed curves show the
contribution of only the B
pole.
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iate states and also, possibly, the contributions of
the other cuts (Bp, etc) must be 24%. It is difficult to
judge whether this difference is to be attributed to the
contributions of other intermediate states or to inac-
curate calculation of the main contribution, especially
the amplitude of A, exchange in pN - wN. In Fig. 8,
our result for pydo/dt is compared with the experi-
ment; we give predictions for different energies. We
fixed py,do/dt="10 ub/(GeV/c)? at ¢=0. The contribution
of the B Regge pole was chosen in accordance with
strong 7—B exchange degeneracy. With increasing
energy, the cut contribution becomes small compared
with B exchange, and we predict the appearance of a
dip in pydo/dt at ¢t =0 (see Fig. 8).

A fuller exposition of the questions touched upon
here and details of the calculations can be found in
Ref. 17.

Estimates of the Effect of p°—w Interference in the
Reaclions m*N — wN. According to the preliminary data
obtained at Argonne'™? p,do/dt(m*n~ wp) is 20% larger
than pydo/di(mp = wn) for —£<0.1 at ¢, =6 GeV/c, i.e.,
the effect of p°~w interference in 7*N- wN (Refs. 1, 7,
8) is much smaller than predicted in Refs. 7 and 8 (see
Sec. 2). We shall see below that this can be explained
by the contributions of the zA4, cut.

We write down podo/dt for 7*N ~ wN with allowance
for the admixture of 7*N - p°N reaction amplitudes [see
(19) and (28)]:

d 12
pW?(tl (aEN - oN) =s2{| AV 212 [* (4

= |e| 2By/me’ (E—0))2+ | AS 12 12 2 (1 = | €] Bo/2)3. (35)

The signs + and — in (35) correspond to the reactions
mn=wp and 1°p -~ wn. In the w production amplitudes
we have taken into account the B pole and the 74, cut,
and in the p® production amplitudes the 7 pole and the
mp cut. We also used Eqgs. (25) and (27) and, as usual,
assumed that the mixing parameter ¢ is almost purely
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imaginary. The coeificients 8, and 8, take into account
the deviation from the predictions of strong exchange
degeneracy (which, naturally, cannot be absolutely
exact) for the 7, B, and 4,, p Regge poles, respec-
tively, The amplitude A, ,,,,, of the process 7N~ p°N
has the quantum numbers of the A, meson in the ¢
channel. We describe it by the mp Regge cut. In cal-
culating the 7A, cut, we took into account two inter-
mediate states p° and pp, 1p—~(pn, pP)=wn. In
contrast, in the reaction 7°p -~ p°n there is one analogous
intermediate state: 7p—pp—~p°. Therefore, for

B, =1 the amplitude A¥, ,,,,,(74,) is twice the ampli-
tude Af, /.., ,2(7p) [see (35)].

The influence of p°~w interference for 0= [¢[=0.1
on the amplitude Ag,,,_, ,,(7*N —~ wN) is large because
of the strong enhancement due to the exchange of the 7
Regge pole [see the first term in (35)]. For A¥,,,,,
there is no such enhancement. On the other hand, this
amplitude is important in the region of small |¢|. In
this connection, the influence of p°-w interference on
Pood0/dt(T*N —~ wN) is smaller for q,=6 GeV/c than
predicted earlier.[”®%) However, with increasing
energy the 1A, and 7p cuts die out in the background
of B and 7 exchanges, and we predict an enhancement
of the effect of p°~w interference as the energy in-
creases (Fig. 9). Whereas the integrated effect at g,
=6 GeV/c for [¢|<0.1 is 20%, as the preliminary data
of Ref. 11 indicate, at 12 GeV/c it will be [in accord-
ance with (35)] 30%, and at 18 GeV/c, 40% (see Fig. 9).
Note that the integrated effect of p°~w interference
in |Ag) 5,2 [|? for |£]<0.1 is at the same time about
70%, i.e., about the same as predicted in Refs. 7 and 8.

What can we say about the parameter & if we wish to
obtain a o,(7'n ~ wp) that is 20% larger than c,(7p
- wn) for |t|<0.1 and g, =6 GeV/c? Note that in the
model under consideration both the interference terms,
which are proportional to €|, have the same signs in
(35). If as usual®®:%2) we take |£]|=0.05, then we obtain
a 10% isotopic symmetry violation solely due to the

FIG. 9. Influence of pl—w
mixing on pgda/dt(T*N

— wN) atdifferentenergies:
the continuous curves cor-
respond to the reaction " p
- wn, the dashed curves to
T = wp.
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amplitude A, ,,,,,, assuming B,=1. Altogether,

0ol T~ wp) is approximately 1.45 times greater than
Ogolmp = wn) for B, =B,=1. Note that it follows from
simultaneous fitting of the data on pydo/dt for 77

- p°n (Ref. 59) and 7°p—~ wn for g, =6 GeV/c (Ref. 11)
that 7—B strong exchange degeneracy is satisfied
fairly well, i.e., 8;=1. A 20% effect is obtained for
|e|=0.03 (|e|~2]6]|/T,, |8]=~2.25 MeV). It is prob-
able that we shall soon have data with high statistics
on the reaction 7% — wp at 6 GeV/c (Ref, 11) and will
be able to make a more detailed analysis. In addition,
experiments are also being made on the reactions 7*N
~wN at g, =8.5 GeV/c.1**) An analysis of data with
lower statistics made in Ref, 58 shows that o,,(m*n

= wp)/ope(1p ~ wn) =1,5+0,5 for 0.05< || <0.15 and
35q,s6GeV/c.

Let us make a short comment about the reactions
7*N - wA. The amplitudes with longitudinal polarization
of the w meson have the B- and Z-meson quantum
numbers in the { channel, as in the reactions 7*N — wN.
However, the B Regge pole does not vanish in pmda/
di(m*N = wh) as {—0.t%°1 Therefore, the contribution
of the 7A, cut may not be so pronounced here. But,
on the other hand, the quantum numbers of the B and Z
mesons in the reactions 7N - wA contribute to the same
helicity amplitudes and may interfere. In contrast to
the 7N — wN reactions, the 74, cut may occur in the
expression for p,do/dt(nN - wA) linearly. This can
also affect the p°~w interference. Of course, these are
preliminary considerations and require a detailed theo-
retical analysis. In any case, the investigations of
p°’~w interference and searches for contributions to
poodo/dt for the reactions 7*N — wN over and above that
of the B pole are of undoubted interest.

4. EFFECTS OF p%-w) INTERFERENCE IN THE
7"~ MASS SPECTRA

The Reaction YN = 1*1"A and SU(3) Symmetry. Quasi-
two-particle channels of photoproduction of multipion
systems on nucleons and complex nuclei are currently
under intensive study in many experimental centers.
Besides the well known experiments on the reactions
¥N—= 12N, YN—-(p°, w, @), the more complicated photo-
production processess of two resonances such as, for
example, YN—pA-37N and YN~ wA—~47N are also
being investigated.[®'-®] Of these, the as yet least
studied reaction is yN—p°A — r*7"A. But, from our
point of view, this reaction is very interesting in
connection with the large p°~w interference effect to be
expected in the 7'7~ mass spectrum,t*

To determine what p°~w interference effect can be
expected in YN - 7"7"A reactions at high energies, let
us attempt to establish the relative magnitudes and
relative phases of the p°A and wA photoproduction
amplitudes. For this, let us consider the mechanisms
of the yN -—p”A and YN - wA processes. The yN-—- wA
reaction amplitudes are due to exchanges in the ¢
channel with the following quantum numbers: isospin
I=1, charge parity C=+1, and parity P=+1. In the
reaction yN - p°A, besides exchanges in the # channel
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with the same quantum numbers, one can also have
I=2 exchange. At high energies, it is natural to assume
that exchange with exotic quantum numbers (=2) is
asymptotically small compared with the I=1 contribu-
tion. In addition, interference between the amplitudes
with =2 and I'=1 can be eliminated by considering the
sum of the ¥p—p°A* and yn - p°A° reaction cross sec-
tions. In what follows, we shall ignore I =2 exchange
in the ¢ channel. Then the mechanisms of p°A and wA
photoproduction are entirely due to exchange of identi-
cal /-channel quantum numbers.

One can invoke SU(3) symmetry to establish more
precisely the connection between the amplitudes A
and AY. Suppose that at high energies the intermediate
states of the # channel in the reactions YN -~ V°A are
only SU(3) octets. This is true, for example, in the
Regge pole model and the Regge pole model with
absorption. It is also one of the consequences of the
ordinary quark model. Applying now the standard SU(3)
technique, in which the hadronic electromagnetic cur-
rent is a number of an octet, to the two ¢{-channel yN
- V°A reaction amplitudes, we obtain the relations

A} = AT, ]
AP =3"2 (sin 047+ cos 0AT); | (36)
AP =3Y% (cos 0 AT —sin 0AT0), ]

where ¢, and ¢, are the states of the ¢ and w mesons
before mixing; @ is the angle of ¢~w mixing, They
can be represented in the form of the single equation

3242 — (cos BA? + sin BAL) = 0. (37)

Since the ¢ meson has virtually no coupling to non-
strange particles, the amplitudes of the reaction yN

- @A can be ignored. In addition, it is well known that
sin 8~(1/3)*/2 in the case of @-w mixing. Therefore,

AL (PN — pPA) &2 AY (3V — A )3, (38)

With allowance for (38), Eqs. (12) and (18) for the
coherence factor £ and the phase ¢ take the simple form

E= 1 9=gqs+ tan™ [T/2 (Mo —m)]; @proa =0. (39)

The number of events satisfies

Ny (PN = 04) 2 0N, (y¥ —p4). (40)
With allowance for (39) and (40), the expression (17)
for the 7*7~ mass spectrum takes a form analogous to

that of the expression for dN/dm in the case of reac-
tions described by a single amplitude:

dNdm = (1/2) | TV NY2/Dp ()] [4 + 38/ D, (m)] 2. (41)
Assuming 6~3.5 MeV (|¢|=0.05), which is obtained
in the experiment on the reaction e*e™~ (p°, w)

- 7*77,1%321 and also ', = 9.1 MeV,"*! we find for
m=m,

dNidm =~ (2 al) N, [ 14+i3-26T, P = (2 alp) ¥, (1 +3). (42)

Thus, the incoherent contribution of the w meson to
the 7°7~ mass spectrum at m =m,, is approximately
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FIG. 10, Mass spectrum of 7*r~ mesons in the reaction YN
— m*r"A with allowance for p’—w mixing. The dashed curve
shows the contribution of only the p” meson.

five times greater than the contribution of the p° reso-
nance. Figure 10 shows the general picture of the
expected p’-w interference.

We also compare the contributions of the p° and w
mesons to the total number of events:

c [ AN N Tk
N[ G dma N, (14500 ) & N, (140,39,
Toen 2 4| 8 [/T,.

(43)

It can be seen from (43) that a third of the yN - r*r"A
reaction events in the region of the p° resonance is due
to p°~w mixing. The integral containing the first power
of & in (43) is virtually equal to zero.

It is interesting to compare these predictions with
the effect of p°~w interference in the well studied reac-
tions YA - n*1"A. For these, as usual, itis assumed that
exchange of the vacuum quantum numbers in the ¢
channel is predominant, and that

A (1A p°A) 2 347 (yA—+0A). e

Therefore, in the reactions A~ #*7°A the distortion
of the p® meson mass spectrum is small and due solely
to the interference term in Eq. (17). As can be seen
from (38) and (44), the interference term in (17) for
yN ~7*'1°A is enhanced by a factor 9 compared with the
interference term for yA — 7'774, and the term quad-
ratic in 6 is enhanced accordingly by81 times. Figure
11 illustrates the effect of p°~w interference in the
reaction yC — 7*7"C.[48]
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FIG. 11. Effect of p’~w interference in the reaction ¥C
=5 K’W-C.“s]
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Let us consider briefly the problem of separating
the backgrounds (see, for example, Refs. 83 and 85).
In the study of quasi-two-particle reactions the problem
arises of separating the nonresonant processes. In the
present case, the most important of these at high
energies are evidently the nonresonant (in the region of
A) processes yN - (p°, w )N, in which the 7N system is
in a state with I=%, and exchange of the vacuum quan-
tum numbers takes place in the ¢ channel.®! In prin-
ciple, their admixture can smooth the picture we have
described of p°—w interference in the reactions ¥N
-~ 7'7"A = 7*7r"(7N) since the amplitudes of such nonreso-
nant processes satisfy the relation (44). If in the re-
gion of the A resonance we take the sum of the cross
sections of the processes yp— 7*7(n*) and yn -~ r*7(7p),
then the interference with the indicated background dis-
appears and it can be separated as incoherent. This
will occur automatically in an investigation of the reac-
tion yd -~ V°AN. The p°-w interference effect considered
above can be used as a background-separation criterion.

For the reactions yN - V°A there are as yet fairly
crude data, but an increase in the statistics is planned
for their further investigation,[®2 83,85

SU(3) Symmetry and the Reaction e'e”~ Vi— 11,
At the present time, single-photon annihilation into
hadrons is being intensively studied in colliding e’e-
beams at energies above 1 GeV. On many accelerators,
magnetic detectors have been set up that make it pos-
sible to determine the momenta of charged particles
with high accuracy. Increased luminosity and the use
of the magnetic detectors provide a possibility for
studying various specific properties of each particular
channel,

In the reaction e'e™~ (p, w)7—~ 7*r"1° at 2E,>1 GeV
considerable interest could attachtoan investigation of
p’~w interference in the 7*7~ mass spectrum due to
electromagnetic p”~w mixing,[t°-241

At e’e” ems energies greater than 1 GeV one can ob-
serve p-meson production in the reaction e*e” -~ 37 in
the two-pion mass spectra:

ete” — y*— (p*n 4 pat 4 pPa) - ntnn, (45)

where y* denotes a virtual y. It is natural to assume
that this is the main process, at least for m,, ~m, It
then follows from the usually assumed isotopic proper-
ties of the electromagnetic current that in this reaction
the three-pion system is in a state with zero isospin.
Then by isotopic invariance the 77~ and 7*7° mass
spectra must be the same. Electromagnetic p’-w
mixing violates this symmetry and can appreciably
affect the 7'7" mass spectrum. The process e’e”

—~ w7n®-1*1"7° corresponding to the contribution of

the w meson to the 7*7~ mass spectrum is shown in
Fig. 12, Why is this contribution important? The
point is that according to the predictions of SU(3) sym-
metry the amplitude (4,) of wn® production must be
approximately three times larger than the amplitude
A, of p°n° production:

Ay A,/3. (46)
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FIG. 12. Diagram of the process e'e”— y*— wr’— r*7 7 due to
electromagnetic p"—w mixing.

Here, as in the preceding section, we assume that the
electromagnetic current in the U-scalar term of the
SU(3) octet and that the sine of the ¢—w mixing angle is
(1/3)2, and we ignore the amplitude of the reaction
e’e"— @m since the ¢ meson has virtually no coupling
to particles that do not contain strange quarks.

We shall consider below what we are to conclude
about the approximate prediction (46) for SU(3) sym-
metry in the region of time-like momenta of the virtual
photon; here, let us say a few words about the effect
of p°~w interference.

The expected effect is analogous to the one consider-
ed in the previous section. The estimates (42) and (43)
hold for comparing the contributions of the processes
e'e = y*=p’r=(7*17)7° and e'e" = y* = wr’~ (7 777",
The main difference is that the process e‘e = pr—=37
proceeds through three channels [see (45)]. The
channels e‘e”— p*r"+ p 1"~ 3 7 constitute the natural
background of the process e*e~— (p°, w)r®~ (7*77) 7%
This, in particular, has the consequence that the con-
tribution of the process e*e”—= wn®~ (7*'17)7° to the total
number of e*e”- V- 37 reaction events is reduced
compared with (43) by about 3 times and is approxi-
mately 10%.

The mass spectrum of the 7°7" mesons in the reac-
tion e'*e” - r*7°n° with allowance for the contribution
of the w meson and all three charge channels of the
process e'e” = p°7°+p*r™+ p '~ 37 is given in Fig. 13
for s=4E%=1.5 GeV®. To obtain definite (but only
approximate) values of do/dm ~dN/dm, we use the
usual vector-dominance model for the ¥* - w#° and
y* - pm vertices, within the framework of which the
relation (46) is satisfied quite well.

S
=)

4/ goq-2 DIGEV
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P P | o e
065 71 077 Myey-,GeV

FIG. 13. The dependence do/dt,,,. for the process

ete™— (p'7%+ p*r”+ p 1Y+ wr?— 7t 7" with the allowance (con-
tinuous curve) and without allowance (dashed curve) for p’—w
mixing (the process e‘e™— pr— T*r"71%).
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The p’~w mixing in the reaction e*e”~ 7*7°7° has an
appreciable influence on only the 7*7~ mass spectrum.
The mass spectra of the 7°7° and 7°7° mesons are
hardly changed and are equal to one another by virtue
of conservation of C parity. Therefore, if we know
the 7*7" and 7*7° mass spectra, we can draw a vir-
tually model-independent conclusion about the wn®
production process in the reaction e*e™~ wn® - (7*r")1° by
taking the difference of such spectra.

A fuller analysis of this effect, details of the calcu-
lations, and a discussion of the possibility of its experi-
mental investigation can be found in Refs. 19-21. We
note only that, using magnetic detectors and the al-
ready existing luminosities, an investigation of the two-
pion mass spectra in the reaction e*e”— 7*r°7° is per-
fectly feasible.

The picture we have described above of influence of
electromagnetic p’—w mixing on the 7*7~ mass spectrum
in the reaction e'e”— 7*7"7° would be expected imme-
diately after s =1 GeV® if there are no contributions to
the electromagnetic current that significantly violate
the prediction of SU(3) [Eq. (46)] for the amplitudes of
the interaction y* - V7. Let us now consider more
closely the validity of the relation (46). At the present
time, realistic solution of this problem is possible
only in the framework of the orthodox model of vector
dominance. In this model the relation (46) takes the
form

(ems ) Qupn (s —miy -+ im, L) 4 (emi fe) @y pn (s — mi

+im,T,) =37 (em3'f,) Buwpn! (s —ms+ im,I',) (47)

(em?/f, are the constants of the y*~ V transitions), so
that in the resonance region it is not satisfied because
of the breaking of SU(3) for the particle masses and
their instability. Since g,, <&, ,, Since SU(3) is satis-
fied not too badly for the constants f,, and since f,
~f,/3,1::3%%7 one can hope for the relation (46) to be
correct for the amplitudes A, when s >mﬁ,, as follows,
for example, from (47). For s=1 GeV?, the main vio-
lation of (46) is due to the contribution of the ¢ meson,
but it decreases rapidly with increasing s since g, p,/
8., =1/15-1/20. The effect must be observed for s

> 1.2 GeV?,[1%20]

From the magnitude of the effect and the profile of the
7'7" mass spectrum one can draw conclusions about
the fulfillment of the SU(3) predictions for the relative
magnitudes and phases of the matrix elements {7V [j';’, fO)
of the electromagnetic current in the time-like region.
The main interest attaches to a study of the behavior
with varying energy. This will give information, for
example, about the s dependence of the relative phase
of the p7 and wr production amplitudes. The optimal
region for observations is 1.1s4E%+ 1 GeV®<2, simply
because with increasing energy the e*e”—= 37 reaction
cross section decreases. In addition, in this region
there may be an additional enhancement of the p’~w
interference effect. Let us consider this possibility
more closely. ‘
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The p°~w Interference in the Region of the p’ and w'
Resonances in the Reaction e’e”= Vr—n*r7° It is
interesting to consider how the picture of p°~w inter-
ference that we have described is changed if in the reac-
tions e'e”— p7 and e*e”— w7 not only the ordinary con-
tributions to the electromagnetic current from the w
and p mesons are important, but also the contributions
of the presumed heavy w’ and p’ resonances.

There are now a number of theoretical ideas and
experimental data on resonances of the type p’ (JP¢
=1"") (see, for example, Refs. 88-92). From the
reactions e'e” = wn’ = "1 7°7°, ¥p— wr° and pF
~ w7'7” data have been obtained indicating the existence
of a p’ meson with mass m ,~1250 MeV and decay
width T' , 150 MeV, the decay of p’ into wr being
apparently predominant.t®®-*2! The cross section o(s)
the reaction e'e”— w7° at s*m? is in the range 40-120
nb according to the estimates.'®’ For comparison, we
point out that the cross section of the reaction e*e-
—~p in this region of s, with allowance for the contribu-
tion of the w meson in the vector-dominance model, is
=4nb (e'e"~ w—pn), and the cross section of the reac-
tion e*e”— w7° from the contribution of the p meson is
~10nb (e’e"~p~wn®). If p’(1250) really exists, then
in accordance with the quark model there must also
exist w’(1250, 1) meson with width

T 2 3L, 2 450 MeV , (48)

since w’ decays through three channels: w’-p°r°
~p'm+p-r’. It is natural to assume that SU(3) sym-
metry works in the same way for the new vector nonet
as for the ordinary p, w, ¢, and K* mesons. For
example, M, *M 0, Zuoe=8rur o = Fur/3, etc.

Let us now consider what is the effect of p°~w inter-
ference in the reaction e'e”~3r at s'/?=m , =m . with
allowance for only the w’ and p’ contributions to A,
The relation (46) is violated in this region and has the

form

Ay (€€ > 0" PP A, (€€ — ' > 07) = (f/f o) (5—
+ impLge)/ (s — m + img Ta) ¢ 31Ty /Ty 22 1/9, (49)

where f, /f,. 1/3 according to SU(3) symmetry; em? /
F, are the constants of the y* -~ V' transitions.

From the expression for the total amplitude of the
processes e'e"~pr—37 and e'e"— wr— 37

T =gonndy {1/Dgs~+ 1/ D+ (/Do) (4 + (Au/ Ag) (2m,8/D,,)]} (50)

(D,=m%—m?, —im ) it follows that the ratio (49) is
significantly enhanced compared with (46) as a result
of p°~w mixing. Now it is not 10%, but approximately
half the total number of e'e”—~ 37 reaction events at
s*/?=m , which must be due to the process e'e"—p’

- w7—3m, which proceeds through electromagnetic
p°~w mixing. This can be seen from the estimate

0 (e*e"—31) = 0 (¢'e” — 0’ — pr—31) 40 (' —p’ — o —> 371)
~ 0 (€' 0" = pr— 3n) (1 + Donalar 5/ Tulp )
~ 20 (¢'e”— ' — pn— 3n).
Here, we have used Eq. (50) and for the ratio I',_ /T

wrrT
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FIG. 14. Comparison of the effects of p’~w interference for
the reaction e‘e™— pr+wn’— m*r" 1 outside (a) and inside (b) the
region of the p’ (1250) resonance.

~4 [8[*/T T, we have taken, as before, the value
3.6%.1*"7 Note that the channels hardly interfere at all.

It is obvious that the e*e~—- p’ -~ 37 contribution must
lead to a more rapid change of the e*e”= 37 reaction
cross section in the region of the w’ resonance—to an
effective reduction of the width I' , by 1.5-2 times.

Estimates for the cross section of the reaction e*e-
-3 in the region 1.1 < s <2 GeV? give values of order
5-15 nb.[*%2%) In Ref, 20 a detailed study is made of the
dependence of the p°~w interference effect in the 7*7
mass spectrum on the energy with allowance for the
w, p, ¢, w', and p’ contributions to the amplitudes
A, We shall not dwell on this general picture, but give
only one example that clearly indicates a possible
strong dependence of p’~w interference on the energy.
Figure 14a shows the 7n*7~ mass spectrum outside the
region of the w’ resonance, where the relation (46)
predicted by SU(3) symmetry holds. The enhancement
of the effect in the region of the w’ resonance (see Fig.
14b) due to the violation of (46) is due to the difference
between the widths of the p’ and w’ mesons [see (49)].
The dashed curves in the figures show the 7'7~ mass
spectrum without allowance for electromagnetic p’—w
mixing, which corresponds to the process e*e”~pr
-~ n'r"r% For clarity, we have plotted along the ordi-
nate the values of dN/dm,.,,. divided by the total number
of events N in the channel e*e~— pr— 37, In this ratio
the entire dependence on s is due to p°-w mixing. It
should be noted that the relative change of the effect at
different energies can be followed experimentally (in-
dependently of the normalization of the cross sections)
by comparing the 7*7~ and 7*7° mass spectra, since
the influence of electromagnetic p’~w mixing on the
latter is small. For a more complete analysis, we
require a simultaneous evaluation of the 7*7~ and 7*7°
mass spectra with allowance for p’-w interference.

Experimental investigation of p°—w interference in
the two-pion mass spectra in the reaction e*e~— 31
may give important information on the hadronic struc-
ture of the electromagnetic current—on what in fact
the amplitudes A, and A, are,
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CONCLUSIONS

In recent years, experiments with high statistics (for
example, on the reactions 7*N - (p°, w)N in Refs. 11,
36-38) have made it possible to use electromagnetic
p’-w mixing to obtain qualitatively new information
about the dynamics of vector-meson production pro-
cesses. Above, we have considered the interesting,
in our opinion, reactions 7*N - w(N,A), yN—-1'7"4,
e'e”= m'7"m°, in which the effects of p° and w inter-
ference can have a strong dynamic enhancement. We
have considered in detail the mechanisms of these
reactions and estimated the p°~w interference effects.
We believe that the experimental study of these reac-
tions at different energies will also be helpful for
determining more precisely the p°~w mixing para-
meters and for elucidating the vector-meson production
mechanisms.
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