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Abstract: A sample of ~ 70000 fitted cvents of the reaction " p — 7 n “a*p at 25 and 40 GeV/e
has been obtained with the CERN-THEP boson spectrometer at the Serpukhov aceelerator. A
partial-wave analysis shows that (1) Ay and A3 cannot be deseribed by a Breit - Wigner ampli-
tude, (i) the As can be well deseribed by a Breit Wigner amplitude, Gib) although Ay, A
and A ; have difterent properties, the energy dependence of their production cross section is

similar.

I. Introduction

The reaction 7~ p — a7~ 7~ 7" p has been measured at 25 and 40 GeV/e with the
CERN-HILP boson spectrometer at the proton accelerator at Serpukhov. We discus-
sed in previous publications [1.2] how the data were obtained and analysed, as well
as the general features of the reaction analysed by the partial-wave method .
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T The program to perfurm the partial-wave analysis was developed at the University of inois
by G. Ascoli, D.V. Brockway, L. Eisenstein, M.L. lotfredo, J.D. Hansen, U.E. Kruse and
P.EF. Schultz. In the papers of refs. [3,4] the authors applicd the method to data of the reaction
tTp~nTaTnp
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Here we present results about production and decay of the three spin-parity (/¥)
states which dominate the 37 system below 2 GeV: the I* state, known as the A,
system, the 2* state, known as the A, system, the 27 state, known as the Aj sys-
tem.

We emphasize the fact that most of the results shown below are based on two
samples of data at p,, = 25 and 40 GeV obtained by superposing data from runs
covering different r-intervals (see table 1 of ref. [1]). For the study of ¢-dependence
we use instead the result of a single run at 25 GeV/c[l¢]=0.10 —0.22 (GeV/c)? )
and a single run at 40 GeV/c [[+1=0.04 - 0.33 (Ge\//c)zl.

t9

. The A system
2.1 Mass, width, and differential cross scction

We define the Ay systemas the [* state which decays vig s-wave into a p meson
and a m meson (1S in our notation). and dominates the 37 system below 1.4 GeV.
Figs. la. b and tc show the 3m mass dependence of this state for the data measured
at 25 and 40 GeV/e as well as for the combined data. The mass ot the object is
roughly 1150 MeV, its width about 300 McV. In trying to get more accurate values
for width and mass of the Ay, one finds that the slope of the differential cross
section for Ay production [do/de «exp (b)) depends strongly on 37 mass. As we
see from table 1 and fig. 2 it deercases trom ~ 12 (GeV/e) 2 to ~ 7.5 (GeV/e) 2
between 1O and 1.4 GeV. As a result, the mass and the width of the A system
depend on the momentum transfer interval selected and their unique determination
is thus impossible. Tn table 1 we also list the integrated cross section for the reaction

T op- /\‘ P
[‘—»-p“n

obtained by extrapolating the exp (H0) dependence of the differential cross section
in the 37 mass intervals 1.0 - 1.2GeVand 1.2 - 1.4 GeV,

2.2 Inrerference witlt other partial waves and resonance interpretation

The Ay interferes strongly with all other partial waves of the 37 system. The
partial-wave method thus allows us to determine the mass dependence of the relative
phase between Ay and the other partial waves. The phase difference between the
production amplitudes for two partial waves @, b is given by the phase of the oft-
diagonal element of the 37 density matrix {1]:

Qap =arglp,p) .

If partial wave ¢ corresponds to a resonance, which can be described by a Breit -
Wigner amplitude (BW,). and b does not, the phase is expected to be
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Table

157

Slope of the differential cross section (da/dr = ¢Pf) and integrated cross section for production
of the 1*S state (the systematic error is given in the parentheses)

AMyg
(GeV)
1.0-1.2
1.2-1.4

25 GeV/e 40 GeV/e

b a(r\l’ b U(r\ll
[(GeViey ]  (uby [(GeV/ie) 2] (ub)

121 1.1 92+ 10(£10) 11.9+ 1.1 72«5(+7)
8.0¢1.0 59+ 4(2 6) 6.8+0.8 52+3




158 Yu.M. Antipovetal. A\. A: and Aj; production

L (np—4,p)
at oo
10<my <12 GeV 12< my, < 14 GeV

25 Gevic

1
I

i G mues Sus St ot S Sumn S S S
r
I

40 Gevic |

[ubriGevic)?]

o
dat

50

L_,,L 1 L -y  _— L.

o 02 03 01 02 03
Il [(Gevic )?)

Fig. 2. Ditterential cross section for the reaction 7 p -~ Ayp at 25 and 40 GeV/e in the mass
intervals 1.0 - 1.2 GeVand 1.2 - 1.4 GeV.

,p = ¢ targ(BW,),

where ¢, is constant or a slowly varying function of m 3, . From fig. | one sees that
the intensities of the dominant background waves (07S, 1*P, 27 P) are slowly vary-
ing over the Ay peak. We therefore expect that they provide reference phases to
measure the Ay phase. If the Ay is a usual Breit—Wigner resonance we expect its
phase to increase by 90° over one full width. From fig. | we find that none of the
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interference phases shows this belaviour. We thus conclude that the total 1*S state
cannot be described by a simple Breit—Wigner amplitude.

It may be useful to comment on the limits that our results place on the produc-
tion of a real, narrow A| resonance (A'f,JP = 1%, decay to 77 in addition to
the broad 1% (S— pn) effect (A?). We quote three crude upper limits (~95% con-
fidence level) on the cross section 7~ p = ARp(AR —p%7=) at p|,, = 2540 GeVi/e.
obtained from fig. 1¢ under different assumptions regarding the production and de-
cay of A*,{:

(a) Arf decays by s-wave, Af‘ and A? are coherently produced: o(AF ~o7)
<0.2 ub:

(b) A*} decays by s-wave, AF and A'l’ are incoherently produced:

o(A[l{ >~ )< 5 ub:
(¢) AR decays by d-wave: o(AR = p%71-) < 0.3 pb.

2.3 Polarization

With the partial-wave method we also determine the polarization density matrix
of the A| system in the Gottfried —Jackson system™. Table 2 shows the results for
the 25 GeV/e and 40 GeV/ce data in the mass bin 1.0 - 1.2 GeV. The element pgy,
dominates. being about 0.95. The element combination oy + o . which corre-
sponds to unnatural parity exchange [1] is compatible with zero. The interterence
element between the M = 0 and [M| =1 compouents pg, is real. and is compatible
with the maximum value allowed by the positivity condition of the density matrix.
This implies that the A is produced in a pure M = 0 state, in a system which can be
reached from the Gotttried -Jackson system by a rotation of the angle 0 around the
normal to the production plane. Figs. 3a and 3b show how @ depends on momentum
transfer and 37 mass. The value of 0 is close to 10(£3)°, which indicates a small but
significant deviation from ¢-channel helicity conservation,

Table 2
Ay polarization (JF = 1t my = 1.0-1.2GeV)
Plab = 25 GeVie  ppp = 40 GeVie

P00 0.94 + 0.02 0.95 » 0.02

A e T trE e o™ piL —PL-t 0.06 + 0.02 0.05 « 0.02
Natural parity exchange Re (5,0) 018 £ 0.02 013 002
Im(p0) 0.01+0.03 0.00 ¢« 0.03

“Unnatural parity exchange™ prLter 0.00 « 0.02 0.00 + 0.02

* As discussed inref. [ 1], we assume the same polarization for both 1*S(pr) and | *Plem) waves.



160 YuM. Antipovetal.. A\ A, and A, production

M, = 10-12 Gev M = 12-14 Gev
o 40 w0 | >
%
>
n
& 30 0+
=
>
20 2 r
10 10 P{—t__l__<
1 1 1 - A 1 1
01 02 03 o1 02 03

Momentum transtfer [(Gevic)]

Fig. 3. Polarization of the Ay system. The dependence of the rotation angle 6. between the
Gottfried - Jackson system and the system where the Ay is in pure M = 0 state, is shown as a
function of momentum transter £. 0 is the angle between the direction of the incident particle
and the direction opposite to the recoil proton in the 3 com system (erossing angle),

3. The A, system

We define the Ay as the 2% state, which decays via d-wave into pm (2*D in our
notation) and peaks around 1.3 GeV with a full width of roughly 100 MeV. We
notice that it is the only state with different naturality [1] [P( 1)/} from the inci-
dent m meson, which is strongly produced in the reaction n - p = n "7~ n'p. Fig. 4a
shows the mass dependence of the 2*D state. A fit of a relativistic d-wave Breit -
Wigner * without background to the data, yields the values for mass and width of
the A5:

My, = 1315 £ 5MeV, Fa, =115 15MeV .

The result of the fit is drawn as a solid line in fig. 4a. Fig. 4b shows the dependence

* . .
We use the parametrization

mMA2 ()

BW(m) = ron) = raLqlger .

(mz—/ili\z)2 h\lf\zl‘ztm)
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Fig. 4. (a) Intensity of the 2¥D wave at 40 GeV/e versus 3n mass. (b) Interference phase of the
2+D wave with the 1+ waves versus 3r mass.

of the interference phase between the 2* D state and the 1*S state (and the 1*P
state) on 37 mass. The solid line is the variation we expect from the phase of a Breit
—Wigner amplitude for the A, assuming constant phases for the 1% waves. The rapid
increase of 90° over one full width of the A, peak is clearly scen in the data, and we
thus conclude that the 2*D state resonates at the Ay mass.

In fig. 5 we show the differential cross section for the reaction

T p—>Ajp
pOn=
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Fig. 5. Differential cross section for A> production at 25 and 40 GeV/e in the 3n mass interval
1.2 - 1.4 GeV.

in the mass interval between 1.2 — 1.4 GeV. In the 40 GeV/c data which cover the
momentum transfer interval 0.04 to 0.33 (GeV/c)? there is a significant dip towards
small |¢] values. The parametrization

dU ht
— »
dt Itle

describes the data well and we obtain the parameters listed in table 3. Integration
over the full f-range gives the total cross section o(A5).

Table 3
Slope of the ditferential cross section (do/dz « 171 ¢P?) and integrated cross section for production
of the A, (2°D, 1.2 - L4 GeV).

olA ) h
(ubh) GeV/ie) *
25 GeV/e 15 3(:2)
2(+ 2y B.6 ¢ 1.2

40 GeV/e 18 ¢

The systematic ercror is indicated in parentheses, The momentum transter interval at 25 GeV/e
is tao smal! to determine b tfrom the data, For the extrapolation a value of 8.5 (GeV/e) 2 was

used.

Table 4 lists the density matrix elements for A, production. The combination
Pyt o) . whichis the [M] = 1 state produced by natural parity exchange, domi-
nates and is close to one. All combinations which can be produced by unnatural
parity exchange are zero within the statistical sensitivity of the data. For comparison
we also quote the matrix elements obtained from the 77~ decay mode at 40 GeV/e,
where the A signal appears with very little background {5].
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Table 4
Ay polarization UP = 2% myp = 1.2 - 1.4 GeV)

“Natural parity exchange” pln— I '~
Plab=25GeVic Plab=40GeVic Plab =40GeV/c

P+ g - 0.90:0.04  093:0.04 7097+ 006

P11~ P22 0.06 + 0.05 0.07 £ 0.04 0.03 + 0.05

Re(pzy) 0.12 £ 0.04 0.10 £ 0.03 0.02+0.07

Im(p;y) 0.01£0.12 -0.03+£0.03

Trace 0.96 £ 0.04 0.99 + 0.04 1.00 « 0.08

“Unnatural parity exchange”

Trace 0.04 + 0.04 0.01 £ 0.04 0.00 = 0.07

4. The A region

In this paragraph we discuss the partial-wave analysis in the 37 mass interval
1.5—-2.0 GeV. We concentrate on the 40 GeV/c data, for which the average accep-
tance of the magnetic spectrometer is 0.7 in the A5 region (see fig. I of ref. [1]).
(The acceptance for our 25 GeV data is about 0.3 only and the statistical sensitivity
of these data is lower. We note, however, that they show within errors the same
features as the 40 GeV/c data.)

A difficulty of the partial-wave analysis of the Aj region is that the number of
weak but significant partial waves is large: it is therefore difficult to vary them all
simultancously. Our procedure is therefore to ask the following specific questions,
and to sec how stable the answers are when different sets of partial waves are chosen:

(i) which partial wave is responsible for the Ay enhancement?

(ii) is the Ay a resonance?

(iii) what are its production parameters (cross section, polarization)?

(iv) are there candidates for further resonances in the interval 1.5 — 2.0 GeV?

The data have been analysed using several different sets of partial waves. The
results shown in fig. 6 were obtained using the two sets listed in table 5. In both sets
we restrict the polarizations to states

[JPOY forJP =0, 1%, ..., MPD+|E—-DifordP=1" 2% ... .

The choice is based on the results obtained in my, = 1.0 — 1.4 GeV in this experi-
ment and in my, = 1.5~ 1.8 GeV in bubble chamber data (ref. [4]). Set 1 is the set
uscd in ref. [4]. Set 11 includes systematically all partial waves with /=0, 1, 2, for
em and pw decay and /=0, 1 for fr decay. In addition, set I includes the partial
wave 37 (D = fn).

A comparison of the result of the fit (hypothesis I) with the data is shown in figs.
7 and 8. We find that the fit describes the data well.
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Iig. 6. Partial wave analysis of the *

Ay
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for the reactionn p-on’n 'n+p at 40 GeV/e

For a detailed description of the difterent sets of partial waves (hypotheses) used, see table §

and the text. For completeness we have also included the 1.0

Table §

Sets of partial waves used in the analysis of the A region (see fig. 6)

Decay mode

Hypothesisl(-o )
Hypothesis il ¢ -0-)

cn pm

0 é lf'l'i?._[) ‘;'S a- ‘

0 0 0 0O 0 0 0

“.7\ X X X X
X X v,\ w;— X- hY 7.\ N

l’l“P’ Pt D"Ul()

0 1 0
XX
X X X

fr

1.4 mass region for hypotheses |

SITP2EIPICL

{o 0 1 0 1
x . s

|,
l\ X X X X

tHypothesis I coincides with the choice ot Ascoli et al. given in ref. (4]
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Fig. 6. See caption on opposite page.

In fig. 6. we note the following features.

The main partial waves [i.e. 07 S(em), 1*S(pn), 27 S(fr), 27 P(pn), 3*P(f1)] do
not significantly depend on how many additional weaker states are admitted in the
analysis. From this we conclude that hypothesis I, using 10 waves only, is as suit-
able as the more complete set of 15 waves of hypothesis [1 [the additional small
contributions such as, for example, 27 D(em), | “P(pn), 37 D(fr), 1 P(tn), etc.,
seem to take their events mostly from 1*P(em)).

In the 1.4 — 2.0 GeV region a clear enhancement is scen in the 27 S(f'r) wave at
amass M =1.65+0.03 GeV with a width ' =0.30 £ 0.05 GeV. We identify this
with the *"A3" peak observed near 1.7 GeV in the missing-mass spectrum and in the
3m effective-mass spectrum, since no other wave shows a peak of comparable strengtl
in this mass region.

In order to clarify the resonance nature of the A3 enhancement, we have measure
its phase with respect to other partial waves in the same region.
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fFig. 7. Comparison of the data measured at 40 GeV/e (hl\to%.l’..lm) with the partial wave tit
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(M mf,- e

This is possible as the Ay interferes strongly with all other partial waves. We show
in fig. 9 the phases of 2 7S(tn) relative to other states. The phases shown have been
chosen because they appear to be reasonably well measured. In all cases the relative
phase appears to be, within errors, independent of 37 mass. We conclude that the
A amplitude does not have the behaviour expected for a Breit - Wigner resonance.

As we have dunc for the A} we comment on the possibility that a real narrow
27 resonance (A3 ) is produced at 25 -40 GeV/e. We oht.nn the following upper
limits: (A} B L0727, by s-wave) € 0.05 ub (1 4ub) 1( /\3 is coherent (incoherent)
with the broad Z“S(tn) enhancement, and 0(A3 - p 717, by p-wave) < 1.4 ub.
The limits refer in all cases to the final state 7*7 777 only.

The polarization density matrix* of the A3(27 S wave) has been determined by
fitting the data in the 37 mass interval 1.5 - 1.8 GeV with all the spin projections
of the 2 S state, in addition to hypothesis I. The matrix clements obtained are
shown in table 6: pyy, is largest, close to 15 p and p|  are still measurable; while
pa3 and py 5 are compatible with zero, in agreement with bubble chamber data at

* Asdiscussed inret. [ 1], we assume the same polarization for both 2 7S(fr) and 2 P(pm) waves.
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Fig. 8. Comparison of the duata measured at 40 GeV/e (histogram) with the partial wave fit
(smooth curve) in the 3r mass interval 1.6 ~ 1.7 GeV. Distribution of the Euler-angles of the
3n system measured from the Gottiried - Jackson axes: a) a, azimuth of the a*:b) cos §. polar

angle of the n*;¢) v, angle between the decay plane and the plane formed by nm and mout

lower energies {4]. The interference term py has the components Rep () =
0.19+£0.02,Imp,=0.02 £ 0.03.

The slope b of the differential cross section do/dt of the A3(2°S.M=0) has
been determined by fitting the intensity of the 278 state (hypothesis 1) of the data
in the momentum transfer interval 0.04 < 1£] < 0.30 (GeV/c)? and in the mass in-
terval 1.5 <y, < 1.8 GeV with the expression dofds ~ exp (ht), as shown in fig.
10. Avalue of b =9.9 £ 1.2(GeV/e)™ 2 was obtained. For all the remaining events
we find b =64 £0.6 (GeV/e)~ 2 in the same interval. [t has been checked that the
slope is the same for 1.50 — 1.65 GeV and 1.65 — 1.80 GeV.

We measure a cross scetion of 15.6 £ 1.1 ub for the reaction

n p~Azp
.

ntn”
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Fig. 9. Intensity of the 2 “S(fr) partial wave and interference in the Ay region, measured at

40 GeV/e.

Table 6

Ay polarization (JF = 27, my, = 1.5 - 1.8 GeV) (40 GeV/e data)

“Natural parity exchange™

Puo

P~ P11
P2+t o2 -2
PLo

P20

(232

Trace

“Unnatural parity exchange”

Trace

0.88 ¢+ 0.04
0.10 £ 0.02
0.01 £ 0.02
0.19 + 0.02
~-0.06 ¢ 0.02
-0.02 + 0.01
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Fig. 10. [ti-dependence of the A 3278 wave, M = 0). The slope parameter b = 9.9 ¢ 1.2 was
determined by a fit with exp (). The upper points are for all remaining events in the same
mass interval 1.50 - 1L.80 GeV. They have aslope of b = 6.4 « 0.6, The data are taken at
Pine = 40 GeV/e.

in the intervals 1.5 <my_ < 1.8 GeV and 0.04 < || <0.30 (GeV/¢)? at 40 GeV/e.
When integrating the differential cross section with the above slope over all values
of ¢, we obtain a cross section of 25.1 * 1.8 ub with an estimated systematic error
of £3.0 ub. At 25 GeV/c an integrated cross section of 36 11 pb was measured
(see fig. 14).
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5. A possible further resonance

Concerning the question of further resonance effects in our data, we note the
presence of a small enhancement in the partial wave 2*P(f1) (see fig. 6). The enhan-
cement has a mass of M~ 1.75 GeV and a width I'~ 0.2 GeV. The relative phases
(sce fig. 1) are not inconsistent with a resonance interpretation®. We note, however
that this is a small effect {the ratio 27 P(fr) events/total events is 320/3700 events
in the binmy, = 1.7 - 1.8 GeV] and that — due to insutTicient statistics in this
mass region — we have not been able to include higher partial waves in our analysis.
We therefore feel that a definite resonance interpretation of the effect requires ad-
ditional data.

* The partial-wave analysis of fig. 11 has been done with the 2*Pifn) and the 2°Dipm) treated as
separate waves, e, they are notassumed to be fully coherent tasfor example, in the analy sis of
fig. 6).
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Fig. 12. Energy dependence of the integrated Ay cross section a(A ) tor the 3 mass interval
1.0 — 1.2 GeV. The solid linc isa fit (A ) « p’i'nc with n = -0.40 £ 0.06.

6. Production of A, Ay and A

In this section we compare the results of this experiment with data from lower
energies. We first discuss the energy dependence of Ay A5 and Ay production.

We first note that the polarization of the Ay is fairly energy-independent. In the
momentum transfer interval 0 - 0.4 ((}cV/c)2 an analysis of bubble chamber data
at 5.7 and 7.5 GeV/e yields [3a], for the most significant density matrix elements
in the Gottfried -Jackson system,

Pup=093+0.02,  Re(py)=-0.09£002,

which are very close to the values found at 25 and 40 GeV/e (table 2).

Fig. 12 shows a compilation of integrated cross sections for A| production* from
bubble chamber data between S and 25 GeV/e [3b], and the data of this experi-
ment at 25 and 40 GeV/e.

Fitting the expression o “”'i'nc to the data we find

n=-040+0.06.

In the case of the Ay meson, the polarization density matrix changes with beam
momentum. Whereas the analysis of bubble chamber data at 5. 7 and 7.5 GeV/c
{3b] yields, for the most significant density matrix elements in the Gottfried ~Jack-
son, in the momentum transfer interval 0 - 0.4 (GeV/c)?,

* The A, is defined as the 1°S state in the 3a mass interval 1.0 - 1.2 GeV.
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lig. 13 Encrgy dependence of the natural oN(A ) and unnatural o(1tA 2) parity exchange con-
tributions to the A cross section in the 3oomass interval 1.2 L4 Ge V. The solid lines are fits
alAy )= /""nc withnyg = - 051 »0.05and gy = - 2.0 + 0.3,

Py =0.12£004,  py +p. [ =0.7820.05:
the analysis of this experiment at 40 GeV/¢ yiclds (see also table 4)
Py =0.01 £0.02 Prit P .1 =093£0.04.

In fig. 13 we therefore show the energy dependence [3c¢] of the cross section® for
the polarization states which can be produced by natural and unnatural parity ex-
change (in the high-energy limit) separately. Fitting the expression 0  p/' . to the
data we find

natural parity exchange: n=-0.51 £0.05, x2=84/NDF=9,

unnatural parity exchange:n= <20 03 , x2=09/NDF =4

* The A isalwaysdetined as the 2° D state in the 3r mass interval 1.2 - 1.4 GeV.
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Fig. 14, Encrgy dependence of the integrated Ay cross section g(A 3) for the 3r mass interval
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Fig. 15. Interference between Ay and Aj at 40 GeV/e. (a) Coherence between Ay and A; versus
momentum transter. (b) Interference phase between A and A, at the centre ot the A, versus
momentum transfer.

A comparison of the cross sections for A3 production* with lower energy data is

shown in fig. 14. When fitting the expression 0 « pf, . for the data above 11 GeV/c,
we obtain

n=-057%0.21.

* The Aj is defined as the 278 state in the mass interval 1.5 ~ 1.8 GeV.
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We obtain additional information on the A} and A, production from the results
about interference between the A} and Ay mesons. From fig. 15a we see that at
40 GeV/c the intensity of interference between A| and A is close to the maximum
value allowed by the positivity condition of the density matrix. suggesting the same
dependence of both processes on the spin variables of the proton. As the differen-
tial cross section of A production does not show any indication of a dip in the for-
ward direction, we guess that both A| and A, are produced by non-flip amplitudes
with respect to the proton spin.

Fig. 15b shows the dependence of the relative phase of A| and A, at the mass
of the A> meson*, as a function of momentum transfer. In the Regge pole model
this directly measures the difference in slope of the two Regge trajectories exchanged
Within the large errors the phase is independent of momentum transter.

7. Conclusions

The partial wave analysis of the 37 system in the reactionn p—7a~rn a*pat
25 and 40 GeV/e has yielded the following results on the A, Ay and Ay systems:
(i) the A5 can be well described by a Breit—-Wigner amplitude;
(i) Ay and A cannot be described by a Breit--Wigner amplitude:
(iii) the energy dependence of A, A, and Ay production are similar. and ap-
proximately like p, 5,

K
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