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The measurements of reactioms p;— 7~ 7" n at 17.2 GeW¢ and #*'n;— 77 p at 5.98 and 11.85
GeVic on polarized targets at CERN provide model-independent and solution-independent evidence for a
narrow scalar state(750). The originaly? minimization method and the recent Monte Carlo method for the
amplitude analysis of data at 17.2 Ge\dre in excellent agreement. Both methods find that the mass distri-
bution of the measured amplitud&|?S with recoil transversity “up” resonates near 750 MeV while the
amplitude|S|23, with recoil transversity “down” is large and nonresonating. The amplitiglé> contributes
as a strong background ®wave intensityl 5= (|S|?+|S|?)> and distorts the determinations efresonance
parameters fronhs. To avoid this problem we perform a series of Breit-Wigner fits directly to the measured
distribution|S|23.. The inclusion of various backgrounds causes the widt(d50) to become very narrow.

Our best fit with a-averaged coherent background yiefds= 753+ 19 MeV andl’ ,=108+53 MeV. These

values are in excellent agreement with the Ellis-Lanik theorem for the width of scalar gluonium. The gluonium
interpretation ofr(750) is also supported by the absencer¢750) in reactionsyy— m. We also show how

data on polarized target invalidate essential assumptions of past determinatians pifiase shifts which
explains the absence of(750) in the conventional phase shﬂ@. We examine the interference of( 750)

with f,(980) and find it has only a very small effect on the determination ob#f%50) mass and width. The

data on the amplitudgS|?3, in the mass range of 1120-1520 MeV show the existence of a scalar resonance
fo(1300) with a mass of 128012 MeV and a width of 192 26 MeV. Our results emphasize the need for a
systematic study of production processes on the level of spin amplitudes measured in experiments with
polarized targetq.S0556-282(97)05409-X]

PACS numbd(s): 14.40.Cs, 13.85.Hd, 13.88e

[. INTRODUCTION done at CERN-PS. The data allowed to studyttlegolution
of the mass dependence of the moduli of amplitudes.
Amplitude analyses of pion production reactions such a®etailed amplitude analys¢$1,12 determined the mass de-
7N— 77N or KN— KN are important for two special rea- pendence of amplitudes at larger momentum transfers
sons. First, these reactions provide information about unnatu-t=0.2—0.4 (GeV¢)?2.
ral exchange amplitudes which are not accessible in two- All amplitude analyse$3—12] of pion production on po-
body reactions. Second, such amplitude analyses enable usltrized targets found clear evidence for large and nontrivial
study resonance production on the level of spin-dependeninnaturalA;-exchange amplitudes in the dipion mass range
amplitudes rather than spin-averaged cross sectiofrom 400 to 1800 MeV. This experimental finding is very
d2g/dmdt In 1978, Lutz and Rybicki showedd] that mea-  important since previously th&; exchange amplitudes were
surements of pion production in meson-nucleon scattering oassumed absent. In particular, all determinationsmof
transversely polarized target yield in a single experimenphase shifts from unpolarized data e p— 7~ 7" n are
enough observables that almost complete and modebased on the assumption of vanishiAg exchange ampli-
independent amplitude analysis can be performed. tudes[13-19. Without this assumption the determination of
The high statistics measurement ef p—=7~7"n at = phase shifts cannot even proceed. The existence of large
17.2 GeVt at CERN Proton SynchrotrofPS on an unpo-  and nontrivialA; exchange amplitudes imN— 7% 7N re-
larized targe{2] was later repeated with a transversely po-actions casts a serious doubt about the validity of the con-
larized proton target at the same eneri@~7]. Model- ventional7 phase shifts. The existence Af exchange is
independent amplitude analyses were performed for variouglso crucial for our understanding of the spin structure of the
intervals[3—6] of dimeson mass of small momentum trans- nucleon. All analyses of nucleon internal spin structure de-
fers —t=0.005-0.2 (GeW)? and over a large interv4lr] pend on the behavior of polarized structure function

of momentum transfert=0.2—1.0 (GeVk)?. g1(x,Q?) which is controlled byA; exchange fox— 0 [see
Additional information was provided by the first measure-Eq. (4.2.23 of Ref.[20]].
ment of 7" n— 7" 7 p andK n— K" 7 p reactiong8,9] Another important finding of measurements of

on polarized deuteron target at 5.98 and 11.85 Ge¥lso 7 p—a #'n and#"n—a" 7 p reactions on polarized
targets is the evidence for a narrow scalar state
=0 0" "(750). It is important to recognize that the discov-
*Electronic address: svec@hep.physics.mcgill.ca ery of this state was possible only because the measurements
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on polarized targets enable a model independent separati@xchange amplitudes and assumed that the mass dependence
of the S-wave andP-wave contributions to the reaction cross of pion production amplitudes is given bymr scattering am-
section>=d?s/dmdt Specifically, the _data on polarized plitudes. The partial wave expansion ofr amplitudes then
targets determine the modui§|?S and |S|%S of the two  directly leads to the additional factér. However, because
S-wave amplitudes with recoil nucleon spin “down” and of the existence of large and nontrivial exchange ampli-
“up,” respectively. There are two solutions f¢8|2%, and  tudes in 7N— 7" 7~ N reactions and because there is no

independently two solutions f36|23 . Hence, there are four Proof that the mass dependencesai— 77N production
independent  solutions  for the Swave intensity amplitudes is really described by the energy dependence of
I=(|SI2+[S[2)S which we labell (i.}), i.j=1,2 with the pa_rtlal waves mww_scattenng,_lt is us_eful tq perform Breit-
Wigner fits to thd S|23, mass distribution using the standard
[27] phenomenological shape formula in which theURis
Roos factor is absert.e., F=1) to see if there are differ-

) ences in the determination of resonance parameters of
nance o(750) from several previous analysE8l-24, a ;. (750). The comparison of fits using both shape formulas
new amplitude analysis of measurements  oOfg4s only small differences.

7 p—m @'n and 7 n—7 7 p on polarized targets  The third issue is the question of background in the reso-

was recently performef25]. To ascertain the existence of nant mass distributiorS|2S. Nonresonating background

the o(750) state, special attention was paid to error pmpabomes, e.g., from the isospin=2 contribution to|S[2S..

gation and sele_ctio_n of physical s_olutions for amplitudes. Awnile it is difficult to exactly parametrize the unknown
clear and solution-independent signal for a nare{¥50) background, we estimated the background contribution using

\C/jvas obtf;ngdGin\tt/his (ijmprO\I/Ied analysis. The ?EEN}]MuniChthree different approaches. In each case we find that inclu-
ata at 17.2 Ge\/and small momentum transfeé] show  qjon of hackground leads to a significant reduction of the
resonant behavior at 750 MeV in both solutions [8}S. width of ¢(750) to somewhere around 100 MeV. Back-
The Saclay data at 5.98 and 11.85 Ge'®ihd larger momen-  4round is obviously important for the width determination of
tum transfer48] show resonant behavior at 750 MeV in all ;(750) and thus to our understanding of the constituent
four solutions forS-wave intensity at both energies. How- strycture of ther(750) state. We also examine the interfer-
ever, only a tentative determination of the mass and width ofce of 7(750) with f,(980) and find it has only a small
the o(750) state was attempted in this study. effect on the mass and width of(750).

The aim of the present work is a more reliable determi-  The paper is organized as follows. In Sec. Il we review
nation of mass and width of the(750) resonance from the pasic formalism and two methods of amplitude analysis.
model-|nd£apendgnt+ampl|tude analyses of CERN-Munichp sec. 1] we derive the Pig-Roos shape formula and de-
data on7 p—m 7 n on polarized target at 17.2 G&d//  gcripe the phenomenological shape formula for Breit-Wigner
There are three important issues that we address in the prs_ n Sec. IV we present our fits to the measured resonating

Cess. . ol 2 . .
. . . . ... amplitude|S and describe our approaches to the inclu-
The first issue is the question of which mass distribution b S Pb

should be used for Breit-Wigner fits to determine the resoSion of a coherent background. In Sec. V we study the inter-
i , T fo(750) with f4(750) and al f fits in th
nance parameters af(750) state. The previous CERN- erence ofo(750) with f(750) and also perform fits in the

—1520 MeV which sh i f
Munich analyse$5-7] fitted a Breit-Wigner formula to par- broad mass range 600~1520 MeV which show evidence for

. . A . a scalar resonandg(1300). In Sec. VI we present our fits to
tial wave intensities, and we followed the same procedure Ik \vave intensityl s in 7 p— 7~ 7N at 17.2 GeVé and in
S .

?ef' t[25]- fHowet"fYr' ZthGes&‘/’:’;"e ntensity at 'OWertmfmet”' a7 p at 5.98 and 11.85 Gew/ In Sec. VIl we
um transters at 17.2 € OWS a clear resonant Struclure o, oy the assumptions of past determinationsraf phase

only in solutionslg(1,1) andlg(2,1) while the solutions shifts and show how the ; ;
- y are invalidated by the data on
15(1,2) andi5(2,2) lack sufficient decreases kf above 800 polarized targets. This explains the absence of the narrow

MeV to indicate a narrow resonance. This behavior |n0(750) state in conventional phase shigt In Sec. VIl we

— (g2 2\S i
Is=(|S°+[S[*)X is caused by the large and nonresonating,g\ver critical questions concerning the evidence for a nar-

amplitude |S|%3. The_amplitude|S|22 thus behaves as a o (750). In Sec. IX we propose to identify the(750)
Iargeir;d nonresonating background to the resonating amplis e with lowest mass gluonium'G(gg) and discuss the-
tude[S|*% and this distorts the determination of resonancepretical and experimental support for this interpretation of
parameters ofr(750) from Breit-Wigner fits td 5. To avoid o(750). The paper closes with a summary in Sec. X.

this problem, it is necessary to perform Breit-Wigner fits

directly to the resonant mass distributid®s.. Both solu-

indicesi andj referring to the two solutions folS|?S and
|S|23,, respectively.
Motivated by the emerging evidence for the scalar reso

tions for|S|%S resonate and the evidence @¢750) is thus Il. BASIC FORMALISM
entirely solution independent. .
The second issue is which resonance shape formula is A. Phase space and amplitudes
to be used in Breit-Wigner fits t9S|2S. The previous From the point of view of Breit-Wigner fits to various

analyses[2,5-7,29 used the Pig-Roos shape formula mass distributions inm"p—a 7" n it is necessary to
which multiplies the standard Breit-Wigner formulaith a  determine the part of the phase space which depends on the
phase spageby an additional mass-dependent factér dipion masan and contributes to the mass distribution. Con-
=(2J+1)(m/q)2. In their analysis offN— 7N reaction  sider reactiora+b—1+2+3 such ast~ p— = 7' n with
amplitudes26], Pidit and Roos assumed the absencé\pf four-momentum  conservation P=p,+ pp=p;+pP,+Ps
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=pg+P3, Wherepy=p;+p, is the dipion momentum. The
spin averaged cross section is given by

1 1

_ 2
do= Flux(s) (2s,+1)(2s,+1) an,xp |M)‘n'o)‘p| dXups,,
(2.)
where the flux
FIux(s) =4(papp) >~ MMy =4Mp iy (2.2

with m,= u mass of pion anagn,=M mass of proton. The
Ap and A, are the proton and neutron helicities. We will

Work With the usual kinematic variables of c.m. energy

squareds, momentum transfer, dipion masan, and angles
0,¢ describing the angular distribution ofr™ in the
-+
o T
18 and 19 of Ref[28] and usingdm?=2mdm we can write
the Lorentz-invariant phase space as
dXpps,(P,P1,P2,Ps) =a(M*)G(s)dmdtd), (2.3
whereq is the pion momentum in the c.m. systéaom.s) of
the dipion system,
2u\?

m
q(m?)=0.25m*— u?= > 1—( -

(2.9

andG(s) is the energy-dependent part of phase space:

1
R EZL N pry v oy perp VIR
(2.9
Hence
d K(s)
m 2, 2 My, on(s,t,m, 6, ®)|?,
(2.6
where
27G(s)

The dipion state does not have a definite spin and helicity.

To obtain dipion states of definite spihand helicity\, we
expand

M, 0N _Z Z V(2J+1) Mix O\, (s,t,m)d}o(0)e™?.
(2.9

We now integra‘te}Mxny%l2 overd{). Using orthogonality

relations for thed functions and spherical harmonics, we
obtain, for the reaction cross section,

d%o -
_ 2 J 2
Tt d(m )K(S)JEOA’EM) ML, on, (S M.
2.9
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In Eq. (2.9 it is the amplitudesl\/lﬂknyOxp or their combina-

tions which exhibit a resonant Breit-Wigner behavior. From
(2.9 we see that this behavior is modified by a phase space
factor q(m?) which is common to all mass distributions in
aN—az 7 N.

To introduce the amplitudes required for the amplitude
analysis we first define

=Jam) KM, o,

We will also consider only thel=0 (S-wave and J=1
(P-wave contributions for dipion masses below 1000
MeV. With a notation

(2.10

)\)\ O)\

3 =d2g/dmdt, (2.11)

rest frame. Following the procedure described on ppwe now define normalized helicity amplitudes with a definite

t-channel naturality

o+o+ =So\2, Ho+of SIVE,

Hé+,0+:|-o\/§u Hé+,07:|-1\/§-
Hi —i (No= Uo)\/g
140t s ,

1
HYq. o= (N;£Up VS, (2.12

In Eq. (2.12 n=|\,—\,/=0,1 is the nucleon helicity flip.
At large s, the unnatural helicity nonflip amplitudes
So,Lg,Up and the unnatural helicity flip amplitudes
S;,L;1,U; exchangeA; and = quantum numbers in the
channel, respectively. Both natural exchange amplitidigs
andN; exchangeA, at larges.

The amplitude analysis of data on polarized targets is per-
formed using normalized recoil nucleon transversity ampli-
tudes defined as

1 — 1
(Sy+iSy), S=— (Sy—iSy),
‘/2 (Spt+iSy) 7 (Sp—1Sy)
! (Lo+ily), L ! (Lo—iLy)
= — | y = — —| s
vi oot vi oot
! (Ug+iUy), U ! (Upg—iU,)
= — | , = — —| s
vaio oot va oot

1 1
— (Ng—iN,), — (Np+iN,). 2.1
\Q( 0 1) \Q( 0 0. (213

The amplitudess,L,U,N andS,L,U,N correspond to re-
coil nucleon transversity “down” and “up,” respectively
[9,11]. The “up” direction is the direction of normal to the
scattering plane defined according to Basel convention by
P.XP.-,» Wherep,, andp,,,. are the incident pion and dime-
son momenta in the target nucleon rest frame.

The normalized transversity amplitudes satisfy condition
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|S|?+ |§|2+ IL|%+ |L_|2+ U2+ |U_|2+ IN|2+ |N_|2= 1. MONTE CARLO METHOD
(214) Solution 1 Solution 2

The unnormalized transversity amplitudes a£4%3 and °E
|A|?S, whereA=S,L,U,N. Finally we define spin-averaged 4r
partial wave intensities for amplitudeés=S,L,U,N:

La=(|Agl2+|A DS = (|A2+|ADS. (215 2l w++m H,‘H Hu“

Obviously § e -
2_m_|5+|L+IU+IN (1@ g ST

B. Two methods of amplitude analysis 3. 1 -

For invariant masses below 1000 MeV, the dipion system 2.+
in reactionswN— 7" 7~ N is produced predominantly in

spin states)=0 (S wave andJ=1 (P wave. The experi- ! ,,LHW++M H,HH NH ,

ments on transversely polarized targets then yield 15 spin- 0 L AL )
density-matrix(SDM) elements describing the dipion angu- 500 600 700 800 900 500 600 700 800 900 1000
lar distribution [8,9]. The measured SDM elements are m (" w*) (MeV)

expressed in terms of twB-wave and sixP-wave normal- _
ized transversity amplitudd€q. (2.13] [1,11]. These rela- FIG. 1. Mass dependence of unnormalized amplitug®&s,

tions involve eight moduli and six cosines of relative phasesind |S|°S measured inw p;—7 7'n at 17.2 GeW at
of nucleon transversity amplitudg¢&q. (2.13]. Amplitude ~ —t=0.005-0.20 (GeVk)? using the Monte Carlo method for am-
analysis expresses analytically,11] the eight normalized Pplitude analysis(Ref. [25]). Both solutions for the amplitude
moduli and the six cosines of relative phases of nucleonS|° resonate at 750 MeV while the amplituff§*S. is nonreso-
transversity amplitudes in terms of measured SDM elementdating in both solutions.
There are two similar solutions in eachnt) bin. However,
in many (m,t) bins the solutions are unphysical: either a
cosine has magnitude larger than one or the two solutions f
moduli are complex conjugate with a small imaginary part.
Unphysical solutions also complicate the error analysis.
The occurrence of unphysical solutions is a common di
ficulty in all amplitude analyses. Two methods are used t
find physical solutions and determine their errors. They ar
(@) the x> minimization method andb) the Monte Carlo
method.
In the 2 method one minimizes a function

relative angles are retained only when all of them have
hysical values in both analytical solutions. Unphysical so-
utions are rejected. The distributions of accepted moduli and
cosines define the range of their physical values and their
saverage value in eactm(t) bin. The Monte Carlo amplitude
fnalysis of Ref[25] is based on 30 000 random variations of
éhe input SDM elements. The Monte Carlo method was first
used in 1977 in an amplitude analygi30] of pp elastic
scattering at 6 Ge\¢/and later in an amplitude analygi31]
of reactions 7 p—K'K™n and 7 p—KX3n at 63
GeVic. In his review papef32], James advocates the use of
Obs(meas— Obs(calg) |2 the Monte Carlo method as perhaps the only way to calculate
XZZE A ) (217 the errors in the case of nonlinear functions which produce
=1 ! non-Gaussian distributions. The method has the added ad-

. . vantage that it can separate the physical and unphysical so-
where Obs(mea are the experimentally measured quanti lutions and that it can retain the identity of the two analytical

ties, A; are their experimental errors, and Qlisalo are .
corresponding expressions in terms of the amplitudessomtlons' . .
The results for the two solutions for the unnormalized

(moduli and cosines of relative phageshe analytical solu- _ _ w2 2 .
tions for the moduli and cosines serve as initial values. Thignduli of Swave amplitude3S|°S and|S|*S obtained by
Monte Carlo amplitude analysis of CERN-Munich data at

x? method was used in all CERN-Munich analy$8s 7] of h - i h h soluti
7 p—m mp at 17.2 GeVé. Since the two analytical so- 17.2 GeVt are shown in Fig. 1. We find that both solutions

lutions (initial values are very close, thg? method leads to for the amplltude|S|22 resonate azround 750 MeV while

a unique solution in manyng,t) bins. A particular exception both solutions for the amplitudgS|”S show nonresonant

is the mass range below 900 MeV. More recently jfe  Pehavior and increase with dipion mass

method was used in direct reconstruction of amplitudes of The results foiS|?S and|S|?S obtained byy? minimi-

pp elastic amplitudes from 0.8 to 2.7 GeV using polarizedzation method using the same CERN-Munich data at 17.2

data obtained at SATURN Il at Sacl&99]. GeV are shown in Fig. 2. We again find that both solutions
The basic idea of Monte Carlo method is to vary ran-for the amplitudegS|23, resonate around 750 MeV and that

domly the input SDM elements within their experimental both solutions for the amplitudéS|?S show nonresonant

errors and perform amplitude analysis for each new set of theehavior and an increase with dipion massThe compari-

input SDM elements. The resulting moduli and cosines ofson of Fig. 1 and Fig. 2 shows that the Monte Carlo method

M




55 MASS AND WIDTH OF THE ¢(750 SCALAR MESON.... 5731

22 MINIMIZATION METHOD tial waves in elastic scattering of scalar particles. The
Solution 1 Solution 2 T-matrix amplitude of isospih has partial wave expansion
5. &z N o |
al T'(s,c080)=87 >, (2L+1)T|(s)P (cosh). (3.1)
L=0

3. F + 4

M* } l ‘Hl + 1+ The unitarity in elastic scattering then requitese Ref[28],
2.t d d T H * { ] pp. 38—40 thatT}_ has a form
1. | ) ‘+ 1 l 4

b Js 4oys 1

0 T:_(S)Z F Sin 5:_9' o= FW, (32)

whereq is the pion c.m.s. momentum aniﬂ is the corre-
sponding phase shift. Notice that the fact@/q is induced
3T T ] by the unitarity alone. At a resonaneceg, the relativistic
' Breit-Wigner formula forT| then reads
il

[1000 Events / (20 MeV/c2) ]

. TI=— . : (3.3
oLl Mo " Y (s-mp)+imgRI(s)
500 600 700 800 900 500 600 700 800 900 1000
m @ w+) (MeV) wherel'(s) is an energy-dependent width.

_ Let us now return to pion-production process
FIG. 2. Mass dependence of unnormalized amplitu®&&S, 7 p—a @ nandto amplitudest\)\ on (s,t,m) defined
2 TR -+ oonp
and |S°S measured inm p;—m m'n at 17.2 GeW at ) £q (> g In their analysig26], Pidit and Roos assumed

—t=0.005-0.20 (GeVt)? using they? minimization method for . : .
amplitude analysis. Based on Fig. 10 of Ref. 4 and Fig. VI-21 ofthat the following amplitudes vanish for alt

Ref. [3]. Both solutions for the amplitud&s|?S, resonate at 750 M2 -0
MeV while the amplituddS|23 is nonresonating in both solutions. O+,04 ™

The analysis used the same data as in Fi2QLMeV mass bins 3 3
M%i4 0+ =M%y o =0. (3.9

2 . - . . -
and thex“ minimization method are also in excellent nu- o conditions(3.4) mean that allA;-exchange amplitudes

merical agreement. However, the amplitudes obtained by the, ich and that the naturb-exchange amplitudes also van-
Monte Carlo method show a considerably smoother behavioigh Only pion exchange amplitudﬂdg ». contribute and
. +.0-

whif:h, e_ls we s_hall see later, give; much Iowé_ﬂalues in they have a general form
Breit-Wigner fits. The unnormalized moduliS|%S and
At this point we note that the Fig. 2 is based on Fig. 10 of '
Ref. [4] and Fig. VI-21 of Ref[3] (to resolve error bajs  whereT?(m) are thewm— r partial wave amplitudes with
The authors of these papers present only normalized moduospin decomposition
|S| and|S| and consequently did not see the resonant behav-
ior of unnormalized amplitudgs|?S. The resonant behavior
of amplitude| S|%3, at 750 MeV went also unobserved in the ) 1
subsequent analysis in Rgb] which was using polarized J_ J J
data ir? 40 MeV )t/)ins in thege ]mass range fromg())o to 1800 =3 Ti-ot 3 Ti-, forJ even, 3.6
MeV. It is possible to reconstruct the amplitud&®s, and
|S|23, from the information given in Ref5]. As we shall see
in Sec. V (Fig. 5 both solutions for{S|?%, resonate below
900 MeV while both solutions fofS|*S, are nonresonating, . . :
in agreement with Figs. 1 and 2. It is interesting to note thapractice one puts(m)=1. The functlJonQ(s,t)'factorlzes
the evidence for a narrow resonanet750) was hidden in 1€ S and t dependence. The termiz(s,t,m) is a back-

the very first analyses of CERN-Munich daRefs.[3], [4], ground. .
and[5]). Taking into account the factarK(s) in Eg. (2.9) and Eq.

(3.3), Pidit and Roos arrive at a resonant parametrization of
the reaction cross section:

T=T/_, for J odd,

in reactionw" 7~ — a7 . In Eq. (3.5 the functionf(m)
is a phenomenological function that is supposed to account
for absorption, and initial-state and final-state interactions. In

[Il. RESONANCE SHAPE FORMULAS X

m)\? maI?
(m?—m3)2+mal?

g
—q(2J+1)

A. Pis(t-Roos shape formula
dmdt

q f(mMs,t)
Before we review the Pig-Roos derivation of their reso-

nance shape formula, we first recall some properties of par- +background terms. 3.7
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Averaging overt over an intervalt,,t,) gives a shape for- system and one can write for mass distributions in this reac-

mula for the mass distribution: tion a phenomenological resonance shape formula
m) 2 maI2 I(m)=Ng(m){|Agw|?+ B}, (3.14
lals,M)=0q(2J+1) —) 727, 22 [(MN(s)
q (m—mg)“+mgl’ . . .
whereN is overall normalization factor anB is the back-
+background terms, (3.8 ground term. We can takB=0 or B=constant. When
B=0, the phenomenological shape formu&14 is ob-
where tained from Pigt-Roos resonance shape formu&10 by
1 b 2 ¢ setting their shape factéf=1. We see from E¢3.11) that
| (S, m)= jz o(s,t,m) , Pidit-Roos formula(3.10 converges to phenomenological
@ t,—t; Jy;  dmdt formula (3.14) for largem when backgrounds=0.
1 t K(s t
N(S) = f > Ms.dt= (s) J' | Q(s.t)|dt. IV. THE MASS AND WIDTH OF (7500 FROM FITS
t—ty Jy t—ty Jyy TO THE S-WAVE AMPLITUDE |S|2%
(3.9

As seen in Figs. 1 and 2, the Monte Carlo method and the
Setting f(m)=1 and ignoring the background we get the I method yield very similar results for th&-wave ampli-
Pisit-Roos resonance shape form{i6] for the t-averaged tudes|S|?S and|S|?S in 7 p—# 7 'n at 17.2 GeV¢ and
mass distribution: for —t=0.005-0.20 (GeVkt)?. Both methods show that the
) amplitude|S|?3, resonates in both solutions while the ampli-
Lalm) =NgF(m)[Agw|*, (310 yde |S|2S is nonresonating in both solutions. The Monte
Carlo results appear to be smoother than ¢heesults. The
Monte Carlo method found no physical solution at mass bin
890 MeV. The solution found by? method at this mass is

whereN is the normalization constarn, is the phase space
factor, F(m) is the Pist-Roos shape factor,

m\2 4(2J+1) far off from the general trend of data in solution 1 for
F(m)=(2J+1) —) =52 (3.1)  |S%S. For these reasons the mass bin 880-900 MeV was
a7 (—) excluded from the fits t¢S|2S.
m To determine the best values of the mass and width of
andAg, is the Breit-Wigner amplitude 0(759) state from the mass distribut.io.n of the resonating
amplitude| S|23 we used four types of fitting approaches and
mgl’ used ay? criterion to determine the best fits. In the first
Asw= 75 - (3.12  approach we used a single Breit-Wigner fit. In the second

mg—m?—imgl’ ;
approach we added an incoherent constant background to the

The Piéit-Roos resonance shape form(@l0 has been ex- single Breit-Wigner. In the third and fourth approaches we
used two different versions of constant coherent background.

tensively used to fit partial wave intensities in previous am-I h h a4 bothi @i 4 oh
plitude analyses ofrN— 7" 7N on polarized targets N €ach approach we used bothwiRoos and phenomeno-

; : logical resonance shape formula and found they give very
Refs.[5], [6], [7], and[25]). Averaging experimental data '-2" . .
gver dgﬁgar([an]t i[nt]ervals[ot ]()e g., in gdjgcene bing will in similar results. The inclusion of background leads to the nar-
Y., . . 2 . .
general lead to mass distributiohg(m) with some differ-  'oWing of the width ofo(750). The besk” solution is ob-

ences in the experimental resonance shape. These differenég- eg b.y the fourth appro?“lf]h qugi?]g E)O a cggclusion tr?at
in I,, may result in differences in the values of resonance’(/20) iS a narrow state with a width about 100 MeV. The

parameters determined in differentintervals using Eq. fitting was done using the CERN optimization program

(3.10 to fit the averaged data. This problem was recognize(lj:u'vIILI [33].
already by Pist-Roos in their papef26].
A. Single Breit-Wigner fit

B. Phenomenological resonance shape formula In this approach the mass distributip§|23, is fitted to a

In general, the experimental distributibgm) in a certain ~ formula

mass region is fitted to a functional forf7] IS5 = qF Ngl Agyl?. @.1)
|(m)ZaRIR(m,mR,F)-i-aB|B(m), (313)
whereq is the phase space fact@.4). The factorF is equal

whereag and ag give the fractions of resonant contribution either
and incoherent background. Normally is taken as a square
of the Breit-Wigner amplitude multiplied by a phase space
factor. A coherent term may be added to the Breit-Wigner
amplitude, typically a constant term. In general, the back-
groundl g(m) is a polynomial. for Pisit-Roos shape formula or

In the case ofr " p— &~ 7" n reaction, the relevant phase
space factor is just the pion momentapnin the 7" 7~ c.m. F=1 4.3

m) 2
F=(2J+1) a) 4.2
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Solution Solution 2 TABLE |. Results of the fits to the mass distributid8|?3,
! o ! T j measured inm p—7 7 n at 17.2 GeVt using a single Breit-
5.l BE 1 Monte Carlo Method i Wigner formula(4.1). The notation MC ang,? indicates the solu-
tions obtained by the Monte Carlo and minimization methods,
4r T . respectively.
3. [ T ] |§‘22 mO’ 1_‘(7'
_ 2t 1 / | Solution (MeV) (MeV) N, X2/ Npe
ER 1 { ] Pisit-Roos shape formula
g 1(MC) 736+6 230+ 32 1.40:0.12 0.388
E 0 2(MC) 745+12 240+ 59 1.7x0.23 0.276
| S 1 %2 wethod | 103 738+4 191+16  1.50:0.11 0.662
g 1(x? 752+10  253t46  1.79-0.15 0.968
= ar T ] Phenomenological shape formula
sl 1 | 1(MC) 732+6 231+33 6.50-0.57 0.418
+ + 2(MC) 74011 24161 7.94-1.11 0.288
2.t 4 / 1 1(x? 733+4 19216  7.00+0.50 0.740
a { ] 2(x?) 747+10  256-47  8.29-0.74 0.986
o 1 1 i 1 1 1 1 1
S00 600 700 800 %00 500 €00 700 800 900 1000 range 730-750 MeV and a width in the range 230-250
m - nt) (MeV) MeV. Only the solution 1 of the/? method gives a lower
_ = _ ) ~ width around 190 MeV. o
FIG. 3. The fits to amplitudgS|*s using the single Breit- An important feature of the fits §8|°S with single Breit-

Wigner parametrizatiotd.1) with Pisit-Roos shape factqg.2) and
with phenomenological shape factére=1. The two fits cannot be
distinguishedsolid line). The fitted parameters are given in Table I.
The dashed lines represent fits [t§%3 using the Breit-Wigner
parametrizatior4.7) with constant incoherent background and with
phenomenological shape factér=1. The fitted parameters are
given in Table II.

Wigner formula noticeable in Fig. 3 is that all fits lie below
the maximum values of the mass distributions for each solu-
tion and the method of analysis. This inability of the single
Breit-Wigner formula to reproduce the resonant shape of the
amplitude| S|23 suggests that background contributions are
important and their effect on the mass and widthoo$tate
should be investigated, at least approximately.

for the phenomenological shape formukss,y, is the Breit-
Wigner amplitude B. Breit-Wigner fit with incoherent background

maT" In this case we fit the mass distribution ftSTZE to a

A= —————, 4.4 formula
BWT m&—m?—imgl 4.9 o
|SI% = qFNgf|Agw|*+ B}, 4.7
wheremg is the resonant mass. The mass-dependent width
I'(m) depends on spid and has a general form where B is the incoherent background added to the Breit-
Wigner formula(4.1). In general,B is a polynomial inm.
r=r.|3 271 Dy(gRr) 4 However, since we have only 14 data points in the resonant
TR ﬁ D,(qr) ° (4.5 mass range of 600—880 MeV, we will talB= const.

The results of the fit are shown in Fig. 3 for the phenom-
enological shape formulédashed lines The results with
Pisit-Roos shape formula are very similar. The numerical
results are given in Table Il. We notice a dramatic improve-
ment of the fit to the solution 2 for both methods which

In Eq. (4.5 gr=q(m=mg) and D, are the centrifugal bar-
rier functions of Blatt and Weiskogf34]:

Do(qr)=1.0, yields a bettery?/Npr and a narrow width of about 100
5 MeV. There is also some improvement of the fit to the solu-
Di(qr)=1.0+(qr)%, (4.6 tion 1 in particular for they? method solution. This improve-
ment is again associated with a lowg?Npe and a narrower
wherer is the interaction radius. width of 202 and 147 MeV for the Monte Carlo ang

The results of the fit are shown in Fig. 3 for the ®is methods, respectively. The mass of thetate remains in the
Roos and phenomenological shape formulas. The corrgange of 730—745 MeV.
sponding curvegsolid lineg for both shape formulas are  While the fits to solutions 2 are now much improved, the
nearly identical and cannot be distinguished in the figurefits to solutions 1 are still not satisfactory with the fitted
The numerical results are presented in Table |. The fits t@urves still below the maximum values of these mass distri-
|S|2S obtained byy? method have significantly higher val- butions. To make further progress we turn to coherent back-
ues ofy?/Npge. However, both methods giveemass in the  ground contributions.
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TABLE II. Results of the fits to the mass distributioigizz measured inT p—7 7' n at
17.2 GeVk using a Breit-Wigner formula with a constant incoherent backgrddrid. The notation MC and
x? as in Table 1.

ER3 m, Iy
Solution (MeV) (MeV) B Ns X2/ Npe
Phenomenological shape formula
1(MC) 731+ 6 202+110 0.15-0.55 5.75-2.54 0.416
2(MC) 744+ 14 103t 74 0.73t£0.49 5.11%*1.84 0.144
1063 736+ 4 147+ 43 0.19-0.17 6.13-0.84 0.696
2(x? 745+ 41 98+ 41 0.70-0.28 5.70-1.30 0.626
C. Breit-Wigner fit with coherent background and the moduli squared of E¢4.8) read
The nonresonant behavior of the amplity&?>. (recoil IFo+i€F4]2=|R.|2| Agw|2+ (REC )2+ (IMC,)2
nucleon transversity dowrstrongly suggest the presence of
a coherent nonresonating background. A part of coherent +2|R|{ReC, Re Agy+ImC, ImAgy}.
background also comes from the contribution of isospin 4.13
| =2 amplitudegsee Eq.(3.6)] which we neglected in the '
single Breit-Wigner fit. To understand the origins of the co-\we now recall that
herent background and to discuss its form for fit$SF. it X
is useful to express the unnormalized moduli $fvave ReA :(mR_m )|A 2= w|Agy|?
transversity amplitudes in terms of unnormalized helicity BW mgl’ BW BW
amplitudes. Using Eq2.13 we write
ImAgy=|Agw|?. (4.19

1 . .
|S|ZE:§ |So+iS1|*2=qF|Fo+iF4|%, Hence,

- 1 |F0+i6F1|2:{|R6|2+2|R6|R6C6W+2|Re|Imce}|ABW|2
AN i 2% — i 2

whereFq and F, are unnormalize®wave helicity ampli- ~ Since the amplitud¢S|*X (e=+1) does not show a clear
tudes. The termgF have the same meaning as in Eq_l) resonant behaV"ilFlgS. 1 an.d 2, we can conclude from Eqg.
and anticipate the use of E(ﬂ_s) for Breit_Wigner fits to (415) that the sum of terms in the parentheses must be small

mass distribution ofS|2S. Near the resonance with mass © 2€ro. This most likely means th&R. | is small or zero

Mg we assume the following form of the helicity amplitudes IMPIYing that the pole terms in helicity amplitudes are re-
lated approximately aBy~ —iR;.

Fn(s,t,m)=R,(s,t,m)Agw(m)+B,(s,t,m), (4.9 For the resonating amplitud&|?s.(e=—1) the second
and third terms in the parentheses in 415 represent the

wheren=0,1 is the nucleon helicity flipAg,y is the Breit-  effect of coherent background. In general the functions
Wigner amplitude(4.4), R,(s,t,m) is the pole term, and |R_| and C_ will depend on botht and m. Since these
Bn(s,t,m) is the nonresonating background which includesfunctions are not known and since we have only 14 data
the contribution from the nonresonating isospin2 ampli-  points in the resonance mass region 600—880 MeV, we will
tudes. The energy variabtis fixed and will be omitted in  work in the approximation of constant background. At this
the following. Since the experimental mass distributions arepoint there are two possibilities.
averaged over broadbins, we will eventually average also (1) We assume thdR_| andC_ are constants indepen-
over the momentum transfer variabie With the notation dent oft andm. In this case no averaging oveis necessary
e==1, we can then write Eq4.8) in a compact form as  and we can write Eq(4.15 in the form

FotieF;=R.(t,m)Agy(m+B(t,m), (4.10 5123 = qF Ng{[ 1+ 2WB, + 2B, ]| Agw|>+ B2+ B2},
(4.1
whereR,=Ry+ieR; andB,=Bg+ieB;. Itis useful to fac-
tor out the phase dR, and define where
R =|R i ReC_ ImC_
€ | e|e ' NS:|R,|2, 81: |R,| y 82: |R,| . (417}
C.=B_e % (4.11

This possibility is equivalent to assuming that the constant

Then Eq.(4.10 takes the form parts of|R_| and C_ dominate in the resonant mass range
600—880 MeV. We also notice that in this case the incoher-

FotieF;={|R|Agy+C.le% (4.12  ent partB5+ B3 is correlated with the coherent contribution
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Solution 1 Solution 2 pend on the mass. Since we do not know these functions,
oo T T we will assume constant values. But then there is no distinc-
5.1 BrE 1 Monte Cario Method i tion betweenr and 2 which can be combined into one
parameteMs=r+2b as they are two constants in a sum.
“r T 1 Then Eq.(4.18 has the form

|§|22:qFNS{[1+ 2wB, ]| Agw|?+ B}, (4.20

T g 1 1 whereB,;=a/Ng andB=c/Ng are the coherent and incoher-

§ ent contributions to the resonance shape formula. This ap-
% 0 — — proximation is equivalent to assumption that the functions
| T 1 22 Method ] [R_| and C_ depend mostly ort and only weakly onm.

8 Notice that in this case the incoherent contributi®ris not

= 4 . correlated with the coherent contribution as the parameters

B andB; are independent. We will refer to the first possibil-
ity (1) as Breit-Wigner fit with constant coherent background

2.} t i and to the second possibilit?) as the Breit-Wigner fit with
t-averaged constant coherent background.
“r The results of the Breit-Wigner fit with constant coherent
0 C L background are shown in Fig. @&olid lineg and Table III.
500 600 700 800 900 500 600 700 800 900 1000 The results of the Breit-Wigner fit with thieaveraged con-
m (X" T+ (MeV) stant coherent background are given in Figddshed lines

o where distinguishable from the solid lineand Table IV.

FIG. 4. The fits to amplitudéS|%S using the Breit-Wigner pa- Both figures and tables refer to the phenomenological shape
rametrization(4.16 with constant coherent background and with formula with F=1. The results with Pig-Roos resonance
phenomenological shape factbr=1 (solid lineg. The fitted pa- shape formuldF given by Eq.(4.2)] are very similar for the
rameters are given in Table lll. The dashed lines represent the fits thasses and widths although there are some differences in the
amplitude|S|23 using the Breit-Wigner parametrizati¢f.20 with fitted values of the constani,;, B,, or B; andB.
t-averaged constant coherent background and with phenomenologi- An inspection of Fig. 4 shows much improved fits to the
cal shape factoF = 1. The fitted parameters are given in Table IV. yata on mass distribution 98/23. The overall best fi(as

_ judged by the lowest values of*/Npg) is provided by the
(2wB, +2B;)|Agy|? in the formula(4.16 through the com-  Breit-wigner fit with thet-averaged constant coherent back-
mon parameter8; andB,. ground. However, the improvements y3/Npg appear only

(2) In the second possibility, we assume thBt| and iy solution 1 of Monte Carlo method and solution 2 of the
C_ are both dependent anandm. In this case we must 2 method. Again, the Monte Carlo method achieves better
average Eq(4.15 overt over the experimentally measured yg|yes ofx%/Npg compared to the? method of amplitude

interval(t,,t,). The averaging of Eq4.15 overt yields analysis.
e ) The improvements in the fits brought about by the inclu-
|SI“2 =aF{[r+2wa+2b]|Agw|*+c}, (418  gion of coherent background have important consequences
where for the fitted values of the mass and width ®f750) state.
From Tables Il and IV we find that the mass®fin solution
r=(|R_|?), a=(|R_|ReC_), 1 is about 30 MeV higher than the mass found in solution
2. The Monte Carlo method gives the best valuerahass
b=(|R_[ImC_), CZ((RGC_)ZJFUmC_)z). 774 MeV in solution 1 and 744 MeV in solution @ able

(4.19 V). The x? method gives the best value @fmass 761 MeV

in solution 1 and 733 MeV in solution @able V). The data
In Eq. (4.19 the symbok) represents averaging ovepver  on polarized target cannot distinguish these two solutions.
interval (t,,t,). In general, the functions,a,b,c will de-  Since the two masses are close, we can work with a solution

TABLE IIl. Results of the fits to the mass distributi¢§|22 measured int p— 7 7' n at 17.2 GeV¢ using a Breit-Wigner formula
with constant coherent backgroufdl16. The notation MC ang? as in Table .

|SI%X m, r,

Solution (MeV) (MeV) B, B, Ng x*/Npg
Phenomenological shape formula

1(MC) 770x19 114+17 0.90+0.43 1.34:0.84 1.09:0.61 0.136
2(MC) 745+ 31 10476 0.02:1.07 1.84r1.14 1.09:0.90 0.144
1(x?) 761+13 138-19 0.34-0.16 0.69:0.45 241114 0.362

2(x? 73820 103£112 —0.17+0.65 1.36-0.50 1.79:0.86 0.898
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TABLE IV. Results of the fits to the mass distributidﬂzi measured inmr p— 7 7' n at 17.2 GeV¢ using a Breit-Wigner formula
with t-averaged constant coherent backgro(h@0. The notation MC ang,? as in Table I.

|SI%X m, r,

Solution (MeV) (MeV) B B Ng x*INpg
Phenomenological shape formula

1(MC) 774+ 14 101+44 0.73:0.31 0.2%:0.14 3.99-0.96 0.108
2(MC) 744+ 31 103+79 0.73:0.54 0.0x-0.23 5.16-1.90 0.144
1(x?) 761+12 13441 0.25-0.17 0.15-0.07 5.74:0.82 0.362
2(x® 733+20 93+48 0.80+0.39 —0.12+0.19 5.31+1.53 0.592

average. The solution average fermass is 75822 MeV  to reconstruct the amplitud¢s|2s, and|S|%Y. The two so-
for Monte Carlo method and 74716 MeV for the x> lutions are shown in Fig. 5. The amplituf§23 resonates at
method. The average over the two methods giwemass 750 MeV in solution 1 and at 800 MeV in solution 2. It
753+ 19 MeV. shows a high value at 960 MeV and a pronounced dip at

The most significant effect of the inclusion of coherent1000 MeV, indicating an interference &§(980) with back-
background is the reduction of the value of the widthoof  ground in this mass region around 1000 MeV. The structures
The Monte Carlo method gives for the best valuerafiidth  are less dramatic if§|>S which does not shows(750) but
similar values of 101 and 103 MeV in solutions 1 and 2,a dip at 1000 MeV is still observable.
respectively(Table 1V). The x?> method gives for the best _ To proceed, we extend our parametrizatioh9 of
value of o width 134 MeV in solution 1 and 93 MeV in |S|%3 to include f,(980) resonance. Recall from E@.9)
solution 2(Table IV). The data on polarized target cannot that |S|2S =qF|F,—iF4|. Now we write, for the helicity
distinguish these two solutions, but the high values ofamplitudesF, andF,,
X2INpg for x? method tend to favor the values for width
from the Monte Carlo method which has low values of  F,=R\"(s,t,m)Agw,(m)+R{(s,t,m)Agws(m)
x?/Npe. The solution average for ther width is
102+ 61 MeV for Monte Carlo method. ThZe solution average
for the o width is 113+ 44 MeV for the y° method. Since .
the error on theo width is larger for the Monte Carlo \_?vrr]]ere indexcr refers too(750) andf refers t07,(980).

: ! en

method, the two results are essentially compatible. The av-
erage over the two methods giveswidth 108-53 MeV. Fo—iF1=R,(s,t,m)Agy +R¢(s,t,m)Agy. +B(s,t,m).

In conclusion, we propose to adopt the solution and 7 f (5.2)
method averages from the best fit values of Table IV as the
standard values of mass and width of thestate. The ob- Assuming that the coefficien®, ,R; and the background
tained values are B are independent of and m, we get an extension of the

parametrizatior(4.16):

+B,(s,t,m), (5.0

m,=753+19 MeV, TI',=108+53 MeV. (4.21) _
|S2% = qFNs{[ 1+ 2w,B; +2B,]|Agw, |*+Bi+B3+[C]

V. THE INTERFERENCE WITH [o(980 IN FITS  CBll A+ 20, A+ B C
Tornquist suggested 35,36 that the interference of +(|Agw,|?+B2)(C1+wWiCp)]| Agw, |7}, (5.3
o (750) with f5(980) resonance could influence the determi- h
nation of resonance parametersaqf750). In the old phase where
shift analysegobtained using the invalid assumption of ab- mzR_ m2 q
sence ofA; exchangg the resonancé,(980) plays an im- WR=——F F=FR(q—), R=o,f. (5.9
R R

portant role of smoothly interpolating the “down” solution
{\;l)re\fg below 900 MeV with the results fosg above 1000 ¢\ o accume thaR, . R,, andB depend ort and perform
: t averaging, the extension of parametrizatigh20 then
We will now investigate the effect of interference of reads ging P 6h20
a(750) with f;(980) on the determination of resonance pa-

rameters ofc(750). We will find that the effect is very |§|2E=qFNS{[1+ 2w, B, ]| Agw |2+ B+ 2[w,(w;C;—Cy)
small. This is consistent with the fact thigf(980) is a very 7 v 7

narrow resonance and it is positioned sufficiently far away +(C1+wW;Cy) 1| Asw, |2 Asw |?
from the narrow and strong resonang€750). ! 7
The experimental data in th&,(980) mass region are +(D1+wa2)|ABWf|2}. (5.5

given in the CERN-Munich analysi®] of # p—# a'n
on polarized target at 17.2 Ged/for dipion masses 600— In the above parametrizatiofs.3) and(5.5) the coefficients
1800 MeV. From Fig. 2 and Fig. 6 of Rdb] it is possible  Ng, B4, B,, (B), C;, C,, D4, D, are real constants. The
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FIG. 6. The fits to amplitud¢S|2S using the Breit-Wigner pa-
rametrization(5.3) below 1120 MeV and a single Breit-Wigner
formula with incoherent background above 1120 MeV. The phe-
nomenological shape factér=1. The fitted parameters are given
in Tables V and VI.

The two parametrizationé.3) and (5.5 vyield virtually
identical fits from 600 to 1120 MeV and the same values for
mass and width o&(750). The fit for parametrizatio(d.3)
is shown in Fig. 6 and the numerical values of the parameters
are given in Table V. There is a small improvement of
X?/Npg in Solution 1 which shows a better fit with the
fo(980) interference. Comparison with the corresponding
Table Il shows a small increase in the massoofn both
solutions. There is a decrease of thewidth in solution 1
from 114 to 95 MeV and an increase énwidth in Solution
2 from 104 to 135 MeV. The solution averages are

m,=768+22 MeV, I',=115+38 MeV. (5.6
The effect off j(980) interference is thus a small increase of
average mass and width of as compared to values in Eq.

FIG. 5. Mass dependence of unnormalized amplitu@%E (4.2]). Itis nqt possible to claini3] that f[he low mass and
and |25 measured inm p—m mtn at 17.2 GeVé at thg narrow width ofo(750) can be explalned py the neglect
—t=0.005-0.20 (GeVt)? in 40 MeV mass bins from 600 to of interference ofr(750) with f,(980) in our fits.

1520 MeV. Based on Figs. 2 and 6 from RES). The amplitude Both fits reproduce well the resonance peaks below 880
|SI2S, resonates at 750 in solution 1 and at 800 MeV in solution 2MeV in both solutions and the interference patterns between
while the amplitude fofS|2S is nonresonating in both solutions in 920 and 1120 MeV. Particularly noteworthy in Fig. 6 is the
dramatic drop inS|?S between 960 and 1000 MeV due to

_ ) destructive interference ¢§(980) with the background. The
data between 900 and 1120 MeV exist only in 40 MeV masg;qq fit in this region suggests that the assumption of con-
bins. Thus there is not enough data to fit the resonance paiant coherent background and resonance couplings is a good
rameters off 3(980). Instead we fix the mass 6§(980) at approximation.

980 MeV and its width at 48 MeV in the Breit-Wigner am- * \ye have also attempted to fit the whole mass region of
plitude Agy, . Also, in our fits we took foS|? below 880 001520 MeV using a three resonance parametrization with
MeV the results from our Monte Carlo analygis 20 MeV  a constant background and resonance couplings. The fit was
bins) and between 900 and 1120 MeV we took the results ofiot successful as thig(1300) resonance was not well repro-
CERN-Munich analysigin 40 MeV bing from Fig. 5. duced. This indicates that the background above 1120 MeV

this mass range.
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TABLE V. Results of the fit to the mass distributi¢§|22 in the mass range from 600 to 1120 MeV taking into account the interference
of o(750) with f(980) using the parametrizatidf.3). The notation MC ang? as in Table .

[9)%2 m, r,

Solution (MeV) (MeV) B, B, Ng X2/ Npe

Phenomenological shape formula

1(MC,x?) 778+13 95+ 27 1.20+0.35 0.85:0.33 1.24-0.39 0.096

2(MC,x?) 758+ 32 135-49 0.54+0.69 1.06-0.28 1.85-0.83 0.162
C; C,

1(MC,x?) 0.42+0.52 1.25-0.39

2(MC,x?) —0.35+0.67 0.97-0.55

is different and the assumption of constant background foBince there are two independent solutions for the amplitudes

such a large mass range does not work. Next we fitted thgs|? and|S|?, there are four solutions for th®-wave inten-
fo(1300) resonance in the mass range of 1120 to 1520 Me¥ity. We label these four solutions ds(1,1), 15(1,2),

to a single Breit-Wigner with incoherent background. The| (2 1), andl(2,2), where

results are shown in Fig. 6 for the two solutidiuffering in o

values of|S|?3 at 1480 MeV. The Solution 1 above 1120 Is(i,j)=(S(H|?+|S(})|P2, i,j=12. (6.2
MeV connects smoothly with both solutions below 1120 . .

MeV while the Solution 2 shows a small discontinuity at The results for the four solutions 6f obtained by the Monte
1120 MeV. Surprisingly, the incoherent background in bothCarlo amplitude analysis are shown in Fig. 7. The results for
solutions is consistent with zero. This again indicates thats(1,1) andig(2,2) obtained by thg* minimization method
above 1100—1200 MeV the backgrougifiany) is different — are shown in Fig. 8. Again, there is a remarkable agreement
from the low mass region below 1100 MeV. The numericalbetween the results of these two different methods of analy-
results of the fit tof (1300) in the mass region 1120—1520 Sis. The solutiondg(1,1) andl(2,1) are clearly resonating
MeV are given in Table VI. We note the similarity of mass but the solutiond 5(1,2) andig(2,2) do not show a clear

and width of resonancefg(1300) andf,(1270). resonant behavior. This is due to the large nonresonating
contribution from the amplitud¢S|3, (see Figs. 1 and)2

The amplitude|S|?S represents a nontrivial nonresonating
VI. THE MASS AND WIDTH OF o(750 STATE background in all four solutions and is thus expected to dis-
FROM THE FITS TO S-WAVE INTENSITY Ig tort the results of Breit-Wigner fits tbs.
We first performed fits td g using a single Breit-Wigner

Previous amplitude analys§4—6,29 of # p—= «'n formula without any background

and7 n— " 7 p data on polarized targets fitted only cer-
tain partial wave intensities using the &idR00s resonance | s=qFNg|Agy|?. (6.3
shape formula without any background. It is of interest to
perform Breit-Wigner fits to theS-wave intensitylg and  In all fits to S-wave intensities we used the BifRoos shape
compare the results with the results of fits to resonating amfactor F=(2J+1)(m/q)?. The results are shown as solid
plitude|S|?S in #~p—= 7 'n at 17.2 GeVé¢. Because of lines in Figs. 7 and 8 and in Tables VIl and Tables VIII for
lower statistics, data forr*n— =" 7 p at 5.98 and 11.85 the Monte Carlo angt* methods, respectively. We notice in
GeVk allow fits only to S-wave intensityl 5. This is, thus, Figs. 7 and 8 that the single Breit-Wigner fit is well below
our primary aim in fitting theS-wave intensity: to extract the maximum values of the mass distributibg. In the
information about the mass and width of in Monte Carlo analysis the mass@fis around 766 MeV in all
atnonm" TP reaction measured at |arger momentumeUr solutions. The width is around 260 MeV for the first
transfers—t=0.2—0.4 (GeV¢)>2. three solutions and is larger at 303 MeV for the solutions
Let us recall that th&-wave intensityl 5 is defined as 15(2,2). In thex? method theo mass and width in solution
I5(1,1) is in agreement with the Monte Carlo results, but the
_ width of 14(2,2) is larger at 408 MeV and also the mass is
ls(s,t,m)=(|S%+|91)2=(]S|2+|S|H)=. (6.1  higher at 786 MeV.

TABLE VI. The results of the fit to the mass distributi¢§|22 in the f5(1300) mass region from 1120
to 1520 MeV using a single Breit-Wigner formula with incoherent constant background. The nogatien

in Table I.

ER> m r

Solution (MeV) (MeV) B N X2INpe
1(x?) 1284+ 12 209+29 0.001-0.32 5.96-0.62 1.393

2(x? 127611 175:£24 0.00x-0.09 6.2+ 0.70 1.738
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FIG. 7. Four solutions for th&wave intensityl ¢ measured in
the reacton = p;,—7 w'n at 172 GeW and
—t=0.005-0.2 (GeVk)? using the Monte Carlo method for am-
plitude analysigRef.[25]). The solid curves are fits to single Breit-
Wigner parametrizatiori6.3). The dashed curves are fits to Breit-
Wigner parametrization6.4) with incoherent background. The
fitted parameters are given in Table VII.

FIG. 8. Two of the four solutions for th&wave intensityl g
measured in the 7 p;—7 w'n at 17.2 GeW and
—t=0.005-0.2 (GeVk)? using they? minimization method for
amplitude analysis. The data are based on Fi¢gp)1ef Ref.[4] and
Fig. 12 of Ref.[2]. The solid and dashed curves are Breit-Wigner
fits as in Fig. 7. The fitted parameters are given in Table VIII.

Next we performed a Breit-Wigner fit with a constant  This situation does not occur in the data®mwave inten-

incoherent background using the formula sity in #'n—=7 7" p at larger momentum transfers
—t=0.2—0.4 (GeVk)2. The results from Monte Carlo am-
ls=QqFNg{|Agy|2+ B} (6.4) plitude analysis are shown in Figs. 9 and 10 at 5.98 and

11.85 GeVe, respectively. We note that all four solutions at
) both energies show clear resonant structures. This suggests
where B is the constant background term. The results argn,t the determination of resonance parameters from
shown as dashed lines in Figs. 7 and 8 and in Tables VI angrwave intensities at these momentum transfers should be

) ;
wlr:ilfotrhth?n Monteaf(r:?rlr(:] ?;'C:ﬁ mfr:hoctjﬁ’ rreispectlvilyé jmore reliable. However, this advantage is somewhat offset
€ the masses ema € same, nere IS a genera by the lower statistics of the data and large errors.

reduction of the width obr associated with improved fits to We have again performed fits using single Breit-Wigner

2
tmhgth(lagathznv?/idlgyv gfra \gll;:jugg d/TOD|:2.1(|)nM|\é|\C/)nit: ﬂ% a?i?st formula(6.3) and the Breit-Wigner fit with constant incoher-
. . ent background using formul&.4). The results are shown in
h I . H h -2 g -
three solutions tds. However, the most dramatic and unex Figs. 9 and 10 and in Table IX and Table X for incident

pected change occurs in the solutingf2,2) in both meth- : L
ods. There is a considerable improvement in the fit to thdnomenta of 5.98 and 11.85 Ge/respectively. The fit with

data and the width is drastically reduced to 188 MeV in bothtonstant backgrountashed linesis a clear improvement
methods indicating the existence of a narrevetate even in  OVer @ single Breit-Wigner figsolid lines. The improvement
the broad looking mass distribution. of the fit with the constant background is again associated

The best determination ofr width from the fits to  With lower values ofy?/Npe and with reduction of the width
S-wave intensityl g is still double the best value obtained in of o in all solutions at both energies. However, there are

fits directly to the amplitud¢S|ZS, (Table IV). This discrep-  differences in values for the mass and the widthoobe-

ancy shows that the determination of resonance parametef¥een the solutions as well as between energies. At 5.98
from the spin-averaged intensities is not fully reliable whenGeVlc, the mass ranges from 706 to 745 MeV and the width

there is a presence of a large nonresonating nontrivial backanges from 145 to 262 MeV. At 11.85 Gey/the mass is
ground as is the case of the amplity&?S,. The character- higher and ranges from 756 to 782 MeV while the width is
istic feature of this situation is that tif&wave intensity does lower ranging from 117 to 202 MeV. The differences are
not show a clear resonant structure in all four solutions.  probably due to lower statistics.
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TABLE VII. Results of the fits to the four solutions of ttf&wave intensity measured in”p— 7~ 7" n at 17.2 GeV¢ using the Monte
Carlo method for amplitude analysis. The fits are made with Breit-Wigner parametrizétRrand Eq.(6.4) with the Pigit-Roos shape

factor.

I m, r,

Solution (MeV) (MeV) B Ng X?INpg
Single Breit-Wigner fit

1,9 7665 258+19 1.98:0.07 0.450
1,2 769+12 263t 45 2.26+0.17 0.498
2,2 766:+10 255+ 37 2.19+0.15 0.240
2,2 768+12 303t49 2.48+0.16 0.816
Breit-Wigner fit with constant background

1,9 7675 210+431 0.19-0.17 1.69-0.23 0.365
1,2 768+12 209+99 0.20+40 1.92+0.61 0.470
2,1 766x9 208+ 82 0.17:0.32 1.91%0.47 0.218
(2,2 76510 188+76 0.41-0.34 1.85-0.42 0.700

The solution averages for the mass and widthrdiom
fits to | 5 are as follows. At 5.98 Ge¢/

m,=730=27 MeV, I',=195+81 MeV. (6.5
At 11.85 GeVt

m,=768+17 MeV, TI',=166+54 MeV. (6.6
At 17.2 GeVE

m,=767t9 MeV, I',=204t75 MeV. (6.7

The best values for the mass and widtheobbtained from

VIl. REMARKS ON THE DETERMINATIONS
OF =@ PHASE SHIFTS

The amplitude analyses of measurements of
7N;—7" 7 N on polarized targets provide model-
independent and solution-independent evidence for a narrow
scalar statd =0 0" *(750). The question of how to under-
stand the absence of such a state in the conventional
S-wave phase shifsg in 7 scattering arisef2,13—19.

Of course, there are no actual measurements of pion-pion
scattering and there is no partial-wave analysis of
ar— arar reactions in the usual sense. Ther phase shifts
are determined indirectly from measurements of
7 p—a w ' n on unpolarized targets using several strong
enabling assumptions. One of these crucial assumptions—the

fits to theS-wave intensities at the three energies are in genypsence oA\, exchange amplitudes—leads to predictions for
eral agreement. The_sma}ll differences are likely due to th‘foolarized spin density matrixSDM) elements and for the
fact that the approximation of constant incoherent backmeasured amplitudes, and it is thus directly testable in the
ground may work differently at various energies and mo-measurements on polarized targets. As we shall see below,

mentum transfers. The differences in massrdfom the fits

to |§|22 and tol g are small. The difference in the value of
the width from the best fits t¢S|%S with coherent back-

the assumption of an absence/f-exchange amplitudes is
totally invalidated by the data on polarized targets. The po-
larization measurements also cast some doubt on the funda-

ground and the fits tbg are somewhat large but the results mental assumption of factorization of massand momen-
are still consistent. At 17.2 GeWthey are due to large non- tum transfert in the crucial pion exchange amplitudes. We

resonating contributions from the amplituggl®s. The dif-

must use the results of the measurements on polarized targets

ferences also reflect the need for the inclusion of cohererb judge the validity ofr7 phase shifts, and not vice versa.
background and a better description than a constant. This We are thus led to the conclusion that the indirect and
turn would require more data of high statistics in the reso-model-dependent determinations @fr phase shifts cannot

nance region 600—900 MeV.

be correct. This explains the absencelef0 0" *(750)

TABLE VIII. Results of the fits to two of four solutions of th&wave intensity measured in
7 p—m ' n at17.2 GeVt using they? minimization method for amplitude analysis. The fits are made
with Breit-Wigner parametrizatior6.3) and (6.4) with the Pigit-Roos shape factor.

I m r

Solution (MeV) (MeV) B Ng X?INpg
Single Breit-Wigner fit

1,9 760+8 269+ 29 2.00:0.13 0.414
2,2 78621 408+ 90 2.24+0.16 1.140
Breit-Wigner fit with constant background

1,9 761+8 227+ 68 0.12£0.19 1.84:0.28 0.394
2,2 780+13 18777 0.63:0.31 1.5%0.31 0.864
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FIG. 9. Four solutions for th&wave intensityl ; measured in FIG. 10. Four solutions for th8-wave intensityl s measured in

m'n—x" 7 pat5.98 GeW and —t=0.2—-0.4 (GeVk)? using 7 n— a7 p at 11.85 GeW and —t=0.2-0.4 (GeVk)? us-

the Monte Carlo method for amplitude analy$Ref. [25]). The  ing the Monte Carlo method for amplitude analy@®ef.[25]). The
solid and dashed curves are Breit-Wigner fits as in Fig. 7. The fittedolid and dashed curves are Breit-Wigner fits as in Fig. 7. The fitted
parameters are given in Table IX. parameters are given in Table X.

resonance in thég phase shift from these analyses. wheret is the momentum transfer at the nucleon veriax,

We will now review the basic assumptions common to alland g are the dipion mass and the™ momentum in the
determinations ofr# phase shift$2,13—19. A priori, there 7 7" c.m. frame. The form factor§&,(t) describe thet
is no connection between the partial wave amplitudes irdependence and the functiofigm), J=0,1, describe the
ww— i Scattering and the production amplitudes inmass dependenc@l is a normalization constant. Further-
mN— 7" 7N reactions. We recall that imN— 7" 7N more, the function$;(m) are assumed to be the partial-wave
there are twoS-wave production amplitudeS(s,m,t) and  amplitudes inm~ 7" — 7~ 7" reaction at c.m. energy:
S(s,m,t) [or Sy(s,m,t) and S;(s,m,t)] while in 77— 77
there is oneS-wave amplitudgor phase shifﬁg) dependent
only on the energE. Also, in #N— 7" 7~ N _there are six
P-wave production amplitudes L,L,U,U,N,N (or
L,,U,,N,,n=0,1) which depend on variablesm,t while fo—fl=1 7.2
. . . . l . .
in wm— 7 there is again on®-wave amplitudgor phase
shift 5}) dependent only on the energy To make the con- ) ) L L .
nection between the production amplitudes inThg partial wave amplltudeSJ_ W|th_def|n|te isospinl are
aN—m*7 N and the partial-wave amplitudes in defined so that in thers elastic region
77— a the following assumptions of factorization and
identification are postulated in all determinations ofr f'stiné'Jei5IJ, (7.3
phase shifts from unpolarized data etN— 7 7~ N.

The starting point is the dimeson helicity=0 pion ex-  the phase shifts) are determined from the amplitud&s
change amplitudeS; andL, in thet channel_. Itis assum.ed and L, which are calculated from the data on
that thet andm dependence in these amplitudes factorizes 7~ p—m 7N on an unpolarized target. However, the cal-

culation of amplitudess; andL, from the 7 p—a« 7"n
S B V-t m ¢ data cannot be done without additional assumptions. There
1(s,m.t)=N t—u? Fo(t) Ja o(m), are simply more amplitudes than data. To proceed further all
determinations ofwm phase shifts must assume that all
A;-exchange amplitudes vanish:

1
fo=3 fo "+3 0 %

.
Lism =N =7 Fa(® 7 fo(m), (7.0 So=Lo=U,=0. 7.4
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TABLE IX. Results of the fits to the four solutions of th&wave intensity measured in
mtn—at 7 p at 5.98 GeVt using the Monte Carlo method for amplitude analysis. The fits are made with
Breit-Wigner parametrizatiof6.3) and Eq.(6.4) with the Pigit-Roos shape factor.

I m, r,

Solution (MeV) (MeV) B Ng X°Npe
Single Breit-Wigner fit

1,9 723+22 282+68 0.53t0.10 0.888
1,2 696+ 36 333128 1.13£0.34 0.118
2,2 740+ 32 296116 1.02£0.29 0.204
2,2 714+ 27 362102 1.52£0.30 0.194
Breit-Wigner fit with constant background

1,9 746+ 16 145+69 0.18+0.10 0.59-0.18 0.712
1,2 706+ 39 262+24 0.13-0.39 1.05-0.44 0.114
2,2 745+ 30 165112 0.23:0.21 0.970.42 0.094
2,2 724+ 25 211+117 0.25-0.20 1.4 0.42 0.124

With the assumption(7.4), two solutions for theS-wave  pronounced dependence of mass spectra of amplitiidés
phase shifs} are found15,16}: the “down” solution which  and |L|2 on momentum transfer. In particular, there is a

is nonresonating and the “up” solution which resonates atclear change of mass spectrum belew=0.25 (GeVE)?, a

the mass around 770 MeV with a width of about 150 MeV.region oft relevant to determinations of7 phase shifts.
The resonating solution was rejected because it disagreagfhile this change could be entirely dueAg@ exchange am-
with the 7%7° mass spectrum from a low-statistics experi- plitude Lo, this cannot be guaranteed. The factorization as-
ment[37] on 7~ p— m°7#°n at 8 GeVE. sumption(7.1) thus cannot be taken for granted and further

There is no theoretical proof of factorizati¢iq. (7.1)]  tests of this assumption are required in future high statistics
and identificatiof Eq. (7.2)] of functionsf ; with 77 partial- ~ measurements ofN— 7" 7~ N on polarized targets.
wave amplitudes. It is not obvious that ther phase shifts The assumptiori7.4) of the absence oh;-exchange am-
calculated fromm~p— =~ 7" n data using the assumptions plitudes has several consequences that can be directly tested
(7.2)—(7.3) would coincide withmrr phase shifts determined in measurements on polarized targets. From @dL3 we
directly from real pion-pion scattering. Only such compari-see that the absence Af-exchange amplitudes implies
son could test the assumpti¢n.2).

The factorization(7.1) implies that the mass spectrum of
amplitudes|S;|? and |L,|? is independent of. This conse-
guence of factorization can be tested in measurements of
mN— 7"~ N on polarized targets. In Fig. 11 we show the The equality of moduli of amplitudes with the recoil nucleon
t evolution of the mass dependence of the lower and uppédransversity “down” and “up” is not observed experimen-
bounds[10] on normalized moduliL|?, |L|?, |U|?, and tally. We can see in Figs. 1 and 2 that tBevave amplitudes
|[U|2. The data at t=-0.068 (GeVt)? are from [|S| and |§ are clearly unequal at 17.2 GeV/and
7 p—m m'n at 17.2 GeVé, the rest are from —t=0.005-0.20 (GeW)? In Fig. 11 we see that the
m'n—=7" 7 p at 5.98 GeW. Figure 11 shows a clear and P-wave amplitudesL| and|L| are different in everyt bin

|A|=|A] for A=S,L,U. (7.5

TABLE X. Results of the fits to the four solutions of tewave intensity measured in*n— o+ 7 p at
11.85 GeV¢t using Monte Carlo method for amplitude analysis. The fits are made with Breit-Wigner param-
etrization(6.3) and (6.4) with the Pisit-Roos shape factor.

lg m T,

Solution (MeV) (MeV) B Ns X2/ Npg
Single Breit-Wigner fit

1,9 778+ 10 158+ 21 1.19+0.12 2.158
1,2 749+ 31 353+-88 1.47:0.25 0.430
2,2 752+ 20 23752 1.50+0.27 0.844
2,2 749+ 19 309+ 63 1.92£0.24 0.632
Breit-Wigner fit with constant background

1, 782+9 117+ 26 0.08-0.03 1.13-0.16 1.024
1,2 770x24 202+74 0.09-0.04 1.52:0.32 0.080
2,9 763+18 153+55 0.12-0.05 1.46-0.39 0.236

2,2 75615 200+59 0.1:0.05 1.93-0.33 0.212
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FIG. 12. The ratio of amplitudes with recoil nucleon transversity
“down” and “up” with dimeson helicity A =0. The deviation from
unity shows the strength @&;-exchange amplitudes. Based on Fig.
6 of Ref.[5]. In our notationgs=S, hg=S, gp=L, hp=L.

500 700 900 assumptiong7.4) lead to predictions for polarized SDM el-
m (%) [MeV] ements that can be directly compared with the data. The

. _predictions of Eq(7.4) are[25]
FIG. 11. Thet evolution of the mass dependence of moduli

squared oft-channel normalized transversity amplitudgs|?,
ILI%, JUJ% and|U]? in mw"n;—7" 7 p at 5.98 GeV¢ together
with the results for #"p,—7 7"n at 17.2 GeV¢ and
t=0.068 (GeVE)2. Rep) ;= Rep) = Rep{=0. (7.7

pistpbot 2= —2(pho— Pl =+2p 1, (7.6

from 0.005 to 0.60 (GeW)?, and that the difference is larg- The _da_ta for pola_rized SDM e_Iemer_1ts clearly rule out these
est at smalt, the region of most importance to the determi- Predictions as s shown in Figs. 13 and 14 for
nation of wm phase shifts. 7 p—a 7w n at 172 GeWw. We find that
The A,-exchange is large and nontrivial also above 900P%s+ Pdot 2p11 and —2(pgo—piy) have large magnitudes
MeV and in higher partial wave® andF. This finding of  but opposite signs while# _, has a small magnitude. The
the CERN-Munich analysiis] of # p—= 7" n dataon a interference terms R&,, Rep), and Rey are all dissimilar
polarized target in the mass range 600—1800 MeV is showand have large nonzero values. On the basis of this evidence
in Fig. 12. The figure shows the ratios of moduli of ampli- we again must conclude that the past determinationsof
tudes with recoil nucleon transversity “down” and “up” for phase shifts from unpolarized data eN— =7~ N are
S, P-, D-, and F-wave amplitudes with dimeson helicity questionable.
A =0 which are directly relevant for the determination of the The assumption of the absence Af-exchange ampli-
corresponding phase shifts. The deviations from 1 indicatéudes means that the pion productionshl— 77~ N reac-
the strength of theé\; exchange. We can see in Fig. 12 thattions does not depend on nucleon spin. What the measure-
the A, exchange is important in all waves up to 1800 MeV atments of /N— "7~ N on polarized targets found is that
small —t=0.005-0.20 (GeW)?2. The determinations of the pion production depends strongly on nucleon spin. The
mm phase shifts above 900 MeV also assumed the absenelynamics of the pion production is not as simple as has been
of A;-exchange amplitudes. We must conclude that the deassumed in the past determinationsmaf phase shifts. New
terminations ofr 7 phase shifts frons wave toF wave in  determinations ofrm phase shifts are now required that do
the mass region from 600 to 1800 MeV are not reliable.take into account the existence Af exchange. Since the
Theoretical calculations and analyses based on these phasentributions ofA;-exchange amplitudes are large and non-
shifts are therefore not reliable as well. trivial, the revisions ofra phase shifts will be significant.
Below 1000 MeV, where th& andP wave dominate, the The new reviseds-wave phase shif68 is then expected to



5744 M. SVEC 55

17.2 GeVic 17.2 GeVic
1.0 T T T T 3 T T T T

2(Ps-Pi) +

:e- H ] 1 H +++“*++ ]

1 WH‘

Re Pl

t .

t
t tere, g
AF

st
H +H++++ +

! this

Re P3
-8} + P+ Po+2Ph -3k + o 4
-1.0 1 1 1 1 -4 1 1 ] 1
500 600 700 800 900 1000 500 600 700 800 900 1000
m(n- Kt) (MeV) m(n- wt) (Mev)
FIG. 13. Test of predictions pl.+pbs+20), FIG. 14. Test of predictions R¥§=Rep};=Repl=0 due to
=—2(pbo—pl)=+2pj_; due to vanishingA; exchange in vanishingA; exchange inm p,—= ="n at 17.2 GeV¢ and
7 py— 7 mnat 17.2 GeVé and —t=0.005-0.2 (GeVk)2. —t=0.005-0.2 (GeVk)>2.
show evidence for narrow scalar stat€750) in agreement A;-exchange amplitud&,. However, as can be seen in Fig.
with the measurements on polarized targets. 7, the four solutions fotg are all very similar quantitatively.
Consequently the four solutions f(ﬁg are expected to be
VIIl. QUESTIONS CONCERNING EVIDENCE very close to each other and similar. This contrasts with the
FOR NARROW & (750) large differences between the old up and down solutions.
o . . Figure 15 shows th&-wave intensity normalized to 1 at the
A. Up-down ambiguity and analyticity constraints maximum for down(curve A and up(curve B solutions

Recently it has been claimd®6,38,39 that = phase from the typical analysis of Estabrooks and co-workers
shift 83 can be determined from th&-wave intensities [15,16]. The large differences between the up and down so-
obtained in our amplitude analysis af p—~#*n on a lutions contrast sharply with the small differences shown be-
polarized target at 17.2 Ged// and that it would show the WeenS-wave intensitieds(1,1) andig(2,2) in Fig. 15. On
old up-down ambiguity 058. Only the up solution indicates the bas,'s, of the similar behavior of all solutions fgrwe d9 :
a narrowo state and it is excluded because it is inconsistenf'®! antlc[pate th? emergence of the old up-down. ambiguity
with the Roy equationf40]. From this it was concluded that ProPlem in 5. It is even possible that the small differences
o(750) does not exisf38] or that the evidence must be between the four solutions fog can be explained entirely as
treated with reservatiof86,39. a small ambiguity imMA;-exchange amplitud&, leading to a

To answer this objection we first recall from E@.15 unigue determination 0158 from the data on polarized target.
that The above discussion applies also to the determination of

P-wave phase shif} from I, =(|Lo|?+|L,|?)2. The am-
ls=(1Sol*+[S1/)=. (8.)  plitude L, is connected tas} by Egs.(7.1) and (7.3 while
Lo is another unknowrA;-exchange amplitude. The four
Here the amplitudé, is connected t@5 through Eqs(7.1)  solutions forl, are again very close so we expect similar
and(7.3), andS; is the unknownrA;-exchange amplitude. It solutions foréi_
is obvious from this expression that the determinatiodf Assuming a model foA;-exchange amplitudeS§, and
from data onl s depends on the model used #y exchange L, the obtained phase shif8) and 67 can be tested for
amplitudeS,. The data on the polarized target require largeconsistency with dispersion relatiop#0] (Roy equation If
A;-exchange amplitudes. At present thg-exchange ampli- an inconsistency is found it means that we have to modify
tudes are not known. We must therefore conclude that theur model forA;-exchange amplitudeS, andL,, and try
phase shift 5y cannot be determined from the data onagain. It is important to realize that Roy equations do not test
S-wave intensityl 5 at present. the validity of the experimentally measured amplitudes
Nevertheless, the data di do tell us something very |S|2, |S|2, |L|?, |L|?, or intensitied s andl, . The Roy equa-
important about the solutions f@f. There are four solutions tions are constraints only on# phase shifts which follow
for Ig: 14(1,1),...,15(2,2). Consequently there will be a from the analyticity properties of partial wave amplitudes in
fourfold ambiguity in 58 for any given model of w@m— 7w scattering. However, the requirement of a consis-
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. . . . " : The reactionpp—ppnt 7~ was measured42] at the

15 (1,1) CERN Intersecting Storage Ring$R) in a search for scalar
101 Is(11) max 7T T gluonium. The structures reported in the moméhfd1) and
0s L ,,/’ A \H’T\\ | H(31) near m(7* 7~ )~750 MeV are consistent with
/ ,/'l i H \ a(750) andp®(770) interference.
06 | // ,“ i N Assuming parity conservation there are fisavave am-
Al ! ‘-\ } plitudes and 15P-wave amplitudes in this reaction. The
04 /.»I{B '\.\ T o(750) state may contribute only to songewave ampli-
02 L Vs \\ i tudes and not to the others, as it doesrinp— 7~ 7 n with
g S amplitudes|S|?S and |S|?S. As we see in Fig. 7, the
0 : t . ; ¢ t S-wave intensityl ¢(2,2) does not immediately suggest the
Is 22) existence of a narrow(750). With five S-wave amplitudes
T eams TN T in pp—ppat 7~ itis very likely thato(750) stays hidden.
s L /’ M 1 We can observe ¢(750) in @ p—a w'n and
' / /( HATAN 7 n—a* 77 p reactions only when these production pro-
06 L / y i \ cesses are measured on polarized targets, an&ttand
Al }/ ‘.\ \ P-wave amplitudes can be separated in a model-independent
0.4 | ,,.J[ 8 i . way. For the same reasons we may s€&50) in central
/'/ Y production pp—ppnm 7~ only when measurements with
02 4 el ] polarized initial protons are made and the resonating
0 L T S-wave amplitudes can be isolated. The ISR experiment does

03 04 05 06 07 08 09 10 not separate th& and P-wave amplitudes, and thus is not
m @ %) (GeV) conclusive.
FIG. 15. S'wave intensity normalized to 1 at maximum value. C. Comparison with other results for the o state

The data correspond to solutiong(1,1) andlg(2,2) at 17.2

. . .
(GeVk) from Ref.[25]. The smooth curves are predictions of phase The DM2 C0||ab0r§t|0[1 measurdd3] 7" 7~ mass dis-
shift analysis form* 7~ — 7+ 7~ from Ref.[15]. The dashed curve tribution in J/yy—wm 7~ decays and observed a quite

is the accepted solution down, the dot-dashed curve is the rejecté?foad low mass resoD?n{:eee Fig. l@) of Ref: [43]]- In-
solution up. terpreted as ah=0 0" " ¢ state, a single Breit-Wigner fit

givesm, = (414+20) MeV, I' ,=(494+58) MeV. There is
i f oh hifts with the R i b q tno indication for such a state in our data $nwave intensity
ency ot phase shilts with the Roy equations can b€ Usedtp ;, .+, , 7+ 5-p at 5.98 and 11.85 Gev/(see Figs. 9

constrain the possible models Ai-exchange amplitudes. and 10 above The reasons for the discrepancy are not clear
We conclude that the experimental evidence for the nary, o present

row states(750) is not in contradiction with analyticity and Several recent theoretical analy$éd—46 claimed exis-
dispersion relations fotr7r partial waves. The existence of tence of ac meson with a mass around 1000 MeV and a
A, exchange and narrow(750) are experimental findings pqaq width of 460880 MeV. These analyses use as an
from measurements on polarized targets independent of ti'l put the Swave phase shifs® and thus neglect thé

Roy equations. These experimental facts cannot be refute change and other spin effec(;s observed in pion prodluction

by comparisons with standard phase shifts because the ee, e.g., Eq5) in Ref.[44]). It is possible that when these

VAvefng?;igeed using an invalid assumption of absence 0analyses include in their fit&; exchange that they will find
1 .

a narrowo in agreement with the CERN data on polarized
targets.
B. The absence olo (750 in yy— oo~

. . . . o (7500 RESONANCE
Morgan and Pennington suggested discounting the evi-

dence for existence of narrow(750) in 7N— 77N be- In the usual quark model meson resonancisq%etates.
cause this state has not been observed inythes 7" 7~ The mass olr(750) is too low for it to be ajq state. The
reaction [38] and in central production [38,4]] massM of theqq state increases with its angular momentum
pp—pp7" 7 . However, there are good reasons why oneL asM=Mgy(2n+L), wheren is the degree of radial exci-
would not expect to observe narrow(750) in these pro- tation. The lowest mass scalar mesons 3Pg states with
cesses. masses expected to be around 1000 MeV or higher.

In the next section we shall argue that the narrow It was suggested that0 (700) could be a four-quark
o(750) is the lowest mass scalar gluoniumi*@gg). The  qqqg state in the MIT bag moddk7]. However, more de-
principal support for this proposal is precisely the fact thattailed studies o€ qgqq systems conclude that pure multiquark
the o(750) state is not observed in they— 7+ 7~ reaction.  hadrons do not exi$48,49 with 7+ 7~ decay[50]. We can
Since gluons do not couple directly to the photons, we expedilso exclude the possibility that(750) is a hybrid state
o(750) not to appear in the reactiony— =" 7~ ifitis pure  gqgg. The lowest mass hybrid state must be a"0or 1~ *
gluonium or if it has only a smalljq component. state. Calculations based on bag models, QCD sum rules,
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lattice QCD, and a string model all estimafel] the masses broken chiral symmetry and scale invariance, it is at variance
of 07 "(qqg) states to be above 1500 MeV. with the most recent lattice QCD calculations. It is necessary
Ellis and Lanik discussed the couplings of scalar gluo-to study this discrepancy and understand its origins and im-
nium o on the basis of the low-energy theorems of brokenplications.
chiral symmetry and scale invariance, implemented using a Finally we note that the anomalous energy dependence of
phenomenological Lagrangiam52]. They obtained for pp andnp elastic polarizations and the departure from the
o— w7~ decay the following partial width: mirror symmetry inmN elastic polarizations at intermediate
energies require a low-lying Regge traject¢il,72 corre-
_ (m,)° sponding too(750). These anomalous structures in the po-
487Gy’ larization data may have been the first evidence for a gluo-
nium exchange in two-body reactions.
where Go=(0|(as/7)F ,,F*’|0) is the gluon-condensate
term[53] parametrizing the nonperturbative effects in QCD.
The numerical values were estimated by the ITEP gi@3p
to beGy~0.012 (GeV} or up toG,~0.030 (GeV} in later The measurements of reactions p;—=~ 7" n at 17.2
calculationg54,55. Several recent estimates@f, all agree  GeV/c and 7 n;— 7 7 p at 5.98 and 11.85 Ge¥/on a
on the values aroun@,~0.020 (GeV} [56-58. It is very  polarized target provide model-independent and solution-
interesting to note, that when we ta@g=0.015 (GeV} the  independent evidence for a narrow scalar stg({@50). The
Ellis-Lanik  theorem (9.1) predicts partial width amplitude analyses of p;—a 7 "n at smallt using the
I'(c—a"7")=107 MeV for the massm,=753 MeV.  x? minimization method4] and the Monte Carlo method
This result is in perfect agreement with E@.21), where [25] yield very similar results for moduli of transversity am-
I',=108+53 MeV. When we use fom, the value 768 plitudes and cosines of their relative phases. In particular
MeV obtained in interference fits wittig(980) then the they agree that the transversity “upS-wave amplitude
Ellis-Lanik ~ theorem  predicts a partial  width |S|?S resonantes near 750 MeV while the transversity
I'(c—7" 7 )=118 MeV, again in perfect agreement with “down” amplitude |S|23 is nonresonating and constitutes a
Eq.(5.6), wherel',= 115+ 38 MeV. However]', is the full  Jarge background in the spin-averag&wave intensity
width of o(750) so these results di{o— " ") represent | —(|sj2+[S2)S. For this reason it is preferable to deter-
upper limits. When we us€,=0.020 (GeV}, which is the  mine resonance parametersaf750) directly from the mea-
average of the latest values fGr, [56-58, we get for the ¢, .aq mass distribution ¢§|22_
partial widthl"(o— =~ ") =0.78", with a very reasonable  \yio have performed several types of Breit-Wigner fits to

. - -+ H JR—
agroement wih the Elis.Lanik theorem we Gan condludd 3> We have shown that the TBisRoos resonance shape
that theo(750) is best understood as the lowest mass quo-ormUIa a'nd phenqmepologlqal shape fo.rmula give §|m|lar
nium state 0 (gg) results. Single Breit-Wigner fits yield a_W|dth of(750) in

The gluonium iﬁterpretation of(750) gathers further the range 192-256 MeV. We have_ studied the effect of back-
support from the lack of observation of 750) in the reac- ground in three approaches: the incoherent background, the
. i 0.0 o constant coherent background, and thaveraged constant
tions yy— a7~ and yy— = m". Since gluons do not

le directlv to ohot 750) not t _~ coherent background. The last method yields the best fit with
couple directly to photons we expac .) notto appearin - y,q lowesty?/Npe. The solution and method average for the
reactionsyy—m if it is a pure gluonium state or if it

) . o o mass and width from this best fit are
contains only a smalijq component. This conclusion is sup-
ported by the PLUTO and DELCO dat&9,60. However,
the more recent DM1/2 dafé1,62 show an excess over the
Born term expectation that is attributed to the formation of a
broad scalar resonance with a two-photon width of
(10=6) MeV. This would suggest somgq component in

+

INo—w"7") 9.1

X. SUMMARY

m,=753£19 MeV, I',=108+53 MeV. (10.])

We also performed the conventional fits to spin-averaged
S-wave intensityl . We found again that the inclusion of
the #(750) state. The most recent resuf83] are on backgroun_c{incohefent in thiszcaseeduces the fitted valu.e
yy— %7 which show no evidence for a scalar state nea f thg o width and improvesy*/Npr. Nevertheless, the di-
750 MeV. rect fits to|S|?S are preferable at 17.2 GeV. Due to lower
Lattice QCD calculations by several grous—67 ini- statistics at 5.98 and 11.85 Gey/we must use re_sults for
tially concluded that the gluonium ground state'dgg) has | s to obtaino resonance parameters. All four sollut|ons reso-
a mass near the® meson: 74640 MeV. The most recent nate at these larger momentum transfers but yield a broader
lattice QCD calculations predict a much higher mass of theZ Width: I',=195-81 MeV at 598 GeW and
lowest scalar gluonium: the UKQCD groujs8] predicts | o=166+54 MeV at 11.85 GeW. We conclude that the
1550+50 MeV while the IBM group [69,70 predicts best overall estimate of the mass and widtlwr¢750) are the
174070 MeV. However, it is important to remember that values in Eq(10.1) from the best fit tgS|?S (Table IV).
these calculations are for quenched QCD so there is no cou- We have also examined the interferenceo¢?50) with
pling of the primitive gluonium to quarks. The coupling of fo(980) and found that it has only a small effect on the mass
gluonium to two pseudoscalars may have a significant effecand width of #(750). A fit to amplitude|S|23 in the mass
on the gluonium mass and widf41]. range above 1120 MeV shows evidence for a scalar state
We conclude that while the gluonium interpretation of thewith average mass 128012 MeV and  width
o(750) state is in agreement with low-energy theorems ofl92+ 26 MeV.
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The conventionalS-wave phase shift$y show no evi- the more recent calculations of lattice QCD which predict
dence for the narrow(750) state. It must be reiterated, that masses of scalar gluonium above 1500 MeV.
the past determinations ef7 phase shifts from unpolarized Experiments with polarized targets have opened a whole
data on 7 p—a w'n assumed the absence of new approach to experimental hadron spectroscopy by mak-
Ai-exchange amplitudes. This assumption is invalidated byng accessible the study of hadron production on the level of
measurements ofr p—a 7w n, w n—x*7"p, and production spin amplitudes. We may expect that a new gen-
K*n—K*" 7 p on polarized targets which find large and eration of high statistics measurements of various pion pro-
nontrivial A;-exchange contributions. New determinations ofduction processd4.2,73,74 at different values of [10] will
mm phase shifts are required that do take into account theyrther develop hadron spectroscopy and our understanding
existence ofA; exchange. Sincé;-exchange contributions of hadron dynamics.
are large, the revisions af phase shifts will be significant
and should provide evidence for a narrev750) state in
agreement with the CERN data on polarized targets. ACKNOWLEDGMENTS
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