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ABC resonance in thepp—ppX° reaction, or is the ABC effect made
of colored quark cluster configurations?
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The reactionﬁp—>pr was studied at two energie§ (=1520 and 1805 Me)Y and at several angles
between 0° and 17° in the laboratory. The analyzing powers and cross sections/B @enhancement
production were measured in the missing malss,(=Mx<M ). Several substructures were observed at
different angles and both energies. Substructurelgl g&=310 and 350 MeV were systematically extracted.
Substructures in the higher mass ranged®0,<500 MeV were observed but their masses were less stable.
These substructure masses have been associatediivith? (and q3—qg3) configurations, allowing a new
assumption for thé\B C effect description, as being colored multiquark clusters.

DOI: 10.1103/PhysRevC.63.014001 PACS nunierl3.60.Le, 13.75:-n, 13.90+i, 14.40.Cs

I. INTRODUCTION ical study of theNN— NN 7 reaction was performefB].
In this model, at low energy in thpp— ppX reaction, the

The ABC effect was observed for the first time more thanisoscalar two-pion state is dominantly excited through
35 years ago in thed—3HeX° reaction[1]. It was associ- N*(1440) followed by theN* deexcitation intdN 7. Such
ated with isospin 0, since the same large effect close to 328 picture explains thé&BC observation in experiments in-
MeV, was not—at first—observed in thed—3H X* reac-  volving only one nucleon. At energie$,=>1300 MeV,
tion. It was later confirmed by the observation of a similarwhen two nucleons participate in the reaction, the main pro-
effect in several other reactions. cess is the excitation of twa's, one on each nucleon.

This effect consists of a broad and nonsymmetric en- In this paper the theoretical studies will not be discussed.
hancement inside a two-pion system, between 300 and 5000 our knowledge, we quote all previous experiments per-
MeV. Its mass and width vary for different bombarding en-formed to study the meson production in the mass range
ergies and reaction angles. It is usually accepted that thiS00<M <500 MeV. We have to notice that a light and
enhancement is not an intrinsic two-pion property, sinceproad scalar-isoscalar meson—now called ,(400—1200)
there is no resonance structure in ther scattering ampli- [9]—was often anticipated and used in theoretical calcula-
tude in this energy region. It is generally believed that suchions as an useful exchange meson. Its mass was extracted
system has to be associated with two nucleons. In othehroughT-matrix pole. Different authors found it at different
words, theABC effect would be induced by the rescattering masses centered around 780 MeV. Its width was always
of both pions by two nucleonévhich must be presenbr  found as large as several hundred MeV. The GAMS Col-
induced by two elementargp— X reactions. The model laboration[10], in a study of the effective mass spectrum of
used by Anjos, Levy, and Santdj2], the one-pion exchange = pairs produced ipp central collisions at 450 GeV, gave
model, supposed that the production was dominated by twa mass of 980 MeV for thi$, meson. These authors ob-
A’s, produced on both nucleons. The same approch waserved a large concentration $fvave events below 1 GeV,
studied by Risser and co-workg3,4]. Considering this as- which interfered destructively with thi,. It is clear there-
sumption, it is preferable to perform the measurements dore that thisf, meson does not correspond to the physics of
incident kinetic energies larger than the threshold energy ofvariant masses in the 380M <500 MeV range discussed
the pp—AA reaction, which isT,=1359 MeV. in our paper.

Several calculations were performed in order to study the OQur paper is constructed in the following way. After the
ABC effect. They were discussed by Bar§] and other Introduction, in Sec. Il we will recall the results of several
authors. Total cross sections fbliN— NN reactions in  previous experiments. This is essential in order to establish
the proton energy rangg,<850 MeV were recently calcu- the observed facts and to discuss the conclusions extracted
lated[6]. The authors concluded the necessity to have morérom the observations. In Sec. lll our experiment will be
complete experimental data near the threshold. A new apdescribed. Section IV will describe the analysis performed in
proach was proposefl7] to describe the results of ap  order to obtain the final results. They will be presented in
—d(7m)° experiment. The model involves the excitation of Sec. V. We will also discuss the meaning of our experimen-
the N* (1440) Roper resonance. In the same way, a theoretal precisions. In Sec. VI, another possible outline of the

ABC effect will be suggested. Of course it will remain an
assumption until it is confirmed, by other experiments and/or
*Electronic address: tati@ipno.in2p3.fr calculations. A general discussion of our experimental re-
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sults and the results of our attempt for an interpretation willmum position moved from 302 up to 352 MeV depending on
be presented in Sec. VII. Finally, the last part is devoted talifferent kinematical conditions.
conclusions. The same reaction was studied at Satuyr2® with the
emphasis put on spin degrees of freed@eruteron tensor
Il. PREVIOUS RESULTS analyzing power and slope of the vector analyzing powar
this last work, good agreement was found between the data
As already noticed, the effect was first observed at Berand the calculations performed in a model where each pair of
keley in pd—3HeX® andpd—tX* reactiong1]. The 7w p nucleons in the projectile and target undergoes pion produc-
— a7~ n reaction was studiefil1] at CERN. The authors tion through theNN— d reaction.
concluded that they have not observed the “anomaly” The ABC enhancement was observed in thp—dX°
around 310 MeV, seen before p— 3HeX? [1]. However,  reaction through the use dfp—dpX° [24]. A 1.88 GeVt
a small bump is not excluded around 325 M@¢ée their Fig. neutron beam at Saturi@5] and a 1.73 GeW neutron
14). The authors said that a two-pion resonance around 38@eam at Dubnd26] were also used. However, the experi-
MeV—or higher—is not excluded by deviation from phase mental mass resolution in these incident neutron beam ex-
space. periments was not sufficient to be able to extract structures
A structure around 310 MeV was observed in the two-and measure their masses. A more precise study oh the
pion system in ther p— 7°7°n reaction[12]. The pres- _.dx° reaction was performed at LAMPF afl,

ence of this structure, which can have isospir0 or 1,  =796.7 MeV[27]. In these data there are possible indica-
contradicts the explanation of teB C effect by a rescatter- tions for small structures around 305 and 350 MeV, struc-
ing of both pions by two nucleons. tures not pointed out by the authors.

A structure in the two-pion system was observed in the The (7%, 7" 7*) reactions on several nuclei froftH up
K™ p—K p7' 7 reaction[13]. Its mass and width are to 2°%h have been studied at TRIUMRS]. The authors
M,,~410=20 MeV (I'~70+25 MeV). It can have isos- observed a large enhancement in the two-pion invariant
pin 0 or 1. The presence of this structure contradicts thenass, around 340 MeV, and an enhancement with increasing
explanation of thé\B C effect by a rescattering of both pions A of the =7~ mass distribution in the threshold region.
by two nucleons. They associate this last enhancement with an effect of the

A structure in the two-pion system around 310 MeV wasnpuclear medium which modifies thew interaction. This
observed in thé'=0 channel, af,=991 MeV, in thepn  explanation is qualitatively in agreement with pions rescat-
—dmm reaction[14]. It was obtained by proton scattering tering on nucleons. They conclude that thé 7 invariant
on aD, target, after subtraction of th€=1 contribution  mass distributions display no evidence of strongly interacting
studied bypp—dmm reaction, in which no structure was pion pairs in either thé=J=0 or thel =2, J=0 channels
observed. (see alsd29)).

The ABC effect was observed idd—dd= "7~ [15]in a The invariant mass distributions for the’7® system of
bubble chamber experiment at Brookhaven. The data conhe yp— p#°#° reaction were studied at GRAA[30] be-
firmed the presence of a broad structure having iso3pin tweenE,=0.59 and 1.07 GeV. The author concluded that no
=0. No significant deviation from phase space was observegesonance was observed although an indication of a narrow
in the dd— amm reaction[16] in an experiment showing structure seemed to appear closeMqo,0=0.32 GeV for
poor statistical quality data. Note that the low deuton energyhe data integrated between 0.59 and 0.65 GeV. In this work,
(Tg=650 MeV) can explain thé\BC effect reduction, as the ¢ of the invariantM o0 mass peak equaled 11 MeV,
was already observed. The same remarks are valid for thghich is four times worse than our resolution. Moreover,
dd—aX reaction studied[17] 29 MeV above the 2°  their counting rate was lower than that of the experiment
threshold. described in this paper.

A broad structure was observed at 450 MeV in the The pd—°3He =7~ and pd—°3HeK"K~ experiments
neutral-meson systenX® produced inm p—= pX® at  have been studied at COS[81], and are presently being
13.4 GeVt [18]. Again the presence of this structure con- analyzed.
tradicts the explanation of th&BC effect by a rescattering A great number of experiments were performed at high
of both pions by two nucleons. energies in order to study the two-pion correlations or even-

However, the most systematic studies of hBC effect  tual exotic mesons, glueballs, or hybrig2] and more gen-
were performed at Saturne. Banaigsal, using thedp  erally to study meson spectroscopy between 1 and 2 GeV.
—3He(MM)? reaction at several energies, observed with arheir invariant two-pion mass resolutions were not accurate
better resolution than previously two structures around 31%nough in order to allow a study as it was done in our work.
and 450 MeV[19]. The structure at 450 MeV was called However, some experiments were performed with attention
DEF. The same authors observed also-al structure inthe to 77 invariant mass events below 1 G¢fér example, the
region close to 390 MeV using ép—°3H(MM) ™ reaction DM2 experiment[33] at the Orsay colliding ring(DCI)

[20]. This isovector enhancement was observed with &34]]. In these data, the bin width—20 MeV—did not allow
smaller cross section than the isoscalar enhancements quotaaly substructure extraction, although a slightly oscillating
before. The same authors studied ttie—*He(MM)° reac-  pattern seemed to be sometimes present. A scalar resonance
tion [21,27 for several incident beam energies and producwith a mass of 414 MeV was reported, but the authors con-
tion angles. They observed the enhancement whose maxituded that ‘the J assignement seems to vary with the
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] ] ] discuss the assumption that the enhancement is induced by
Pt two-proton—pion scatterings. As a matter of fact, there is no
: : : calculation with such assumption anticipating the existence
18— | ; ; ! of several structures.
! ‘ An experiment fulfilling such conditions was performed
and its results are presented in this paper. Pipe-ppX°
reaction was studied at different angles and energies.

Number

IIl. EXPERIMENT

The measurements were performed at the Saturne syn-
chrotron, using the SPES3 beam line and detection system.
The two energies used, 1520 and 1805 MeV, were both
above the energy of thep— AA threshold. The details of
the experimental properties have already been described
[37,38 and they will not be repeated here. Referefgg]
presented the results of the same experiment, but was de-
: : : voted to the study of known meson productimr?, 7, andw
K P | and also production of new narrow structures in the mass

200 300 400 500 rangeM ,<My<M,,.

M MeV The liquid H, target of 393 mg/cfhwas held in a con-
tainer with Ti windows having a thickness of 13@n. Ex-

FIG. 1. _Distributio_n of two-pion resonance masses pbtained _irternal heat shields comprised of 24n-thick Al were placed
some previous experiments. When the isospin was defined the ling the peam line on either side of the target. The effects of
is soll_d forT=0 an_d dotted folf=1. The line is dashed when the these windows was checked by regular empty target mea-
isospin was undefined. surements. The corresponding count rates were small, typi-

cally <5%. We concluded that the target windows were not
mass value, making it difficult to recognize the observed siga source of noticeable contamination. We concluded also that
nal as a well-define staté In this paper[33], many refer- the data were not contaminated by any hot area of incident
ences were quoted refering to works performed before 198%heam which could have been scattered by any mechanical
which will not be recalled here. structure at the entrance of the spectrometer. The beam flux

Antiproton annihilation in liquid hydrogen inter®7%7  varied between fburst and 5 10°/burst, depending on the
was studied35]. The invariant mass spectra fof 7° events  spectrometer angle and depending on the incident energy. It
do not display any structure in the threshold up to 500 MeWas fixed in order to keep the acquisition dead time to less
range, but the resolution and the bin wid20 MeV) were  than 10%. It was integrated with help of two scintillation
not appropriate for such observation. The study of naturatelescopes in direct view from the target and an ionization
parity resonances i7" 7~ system was recently performed chamber downstream the beam. The solid angle of the spec-
[36], again with 20 MeV bin width. A small bump is ob- trometer was £50 mrd) in both the horizontal and vertical
served(see their Fig. Lat 500 MeV inM _+ .- invariant  planes. The detection acceptances were determined using the
mass spectra. spectrometer magnetic field map and the caganT [39].

In Fig. 1 we have plotted the mass@nd widthg of the  The drift chambers, the trigger, and the acquisition code

ABC enhancements—when they were observed—resultingrere conceived in order to detect, to identify, and to measure
from the first generation experiments performed mainly bethe properties of two-particle reactions. The time of flight
fore 1973. The isospin 0 results, which are represented bwas measured on a 3-m basis, with a resolution for each
solid lines, were directly measured lyd—ddX or dd  scintillator equal typically too=180 ps. A particular prop-
— aX reactions or deduced in the other cases. The isospin @rty due to two particle detection was the second time of
results (dotted line$ were obtained from the study of the flight between both detected protons, used in order to elimi-
pd—tX* reaction. Dashed lines correspond to undefinechate the random coincidences and possible wrong identifica-
isospin results. tion coming from reapp— p7* X events. Since the reaction

Several observations can be drawn from these studies. was overidentified, a very good identification was obtained,

(i) For increasing resolution and statistical precision, theand no parasitic reaction could occur. A small contamination
observed spectra display structures. of three charged detected particles was observed, typically

(i) At least two structures at isospin 0 seem to appear=2%. These events were removed.
around 310 and around 450 MeV, and one structure at isos- The experimental mass resolution was determined using
pin 1 around 385 MeV observed with a smaller confidencghe pp—pp#° reaction. At T,=1520 MeV, at forward
level. angles, ther of the missing mass peak equals 9 MeV. We

It is therefore useful to perform a precise experiment in adeduced therefore that the corresponding values vary from 4
channel allowing both isospin values for the two-pion systento 2.4 MeV whenMy varies from 300 up to 500 MeV. The
and at an energy larger than 1359 MeV. It is also useful taesolution deteriorates for increasing angles. The values at

Reference

o
I
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FIG. 2. Typical cross section versus the missing mass, obtained F!C- 3. Cross section at 1520 MeV, 5°, aMl,,;<2M,+5
at 1520 MeV and 0° for all the eventa), with a selection for the MV (&) with two shapes of muiltipion phase spaee text for
invariant massM ,,<2M,+5 MeV (b), and the complementary explanatlon}‘ The results of the sgbtractlon of th_ese two_phase
part whenM . is =2M ,+5 MeV (c). space contributions are presented in pénsand (c) fitted by five
PP P Gaussians.

T,=1805 MeV have been extracted from thewidth ob- ) , . . )

served from thepp—ppy reaction, since thep— pp® would be for a reaqtlon having two particles |n'the flnal'state.

reaction was—at that energy and at forward angles—outsidi/€ have selected in our data such events by introducing soft

the SPES3 experimental acceptance. We deduced that theCUtS in order to keep events withVg, <M p,<2M,+5 MeV

of the missing mass peak for tHeBC effect, atT,= 1805 [see Fig. 2)]. These data correspond to a reaction with a

MeV, varies from 4.9 to 2.9 MeV whekl , varies fprom 300 Simpler final state: the quasibound two-nucleé@; state and

up tc; 500 MeV. the M .. missing mass. We can notice that this selection in
The beam polarizations were 0.78 and 0.74 for both indnvariant mass reduces notably theproduction. Such a re-

creasing energies. The polarities were reversed between eagHction can be associated with the large difference between

spill in order to avoid any bias due to slow polarization drift. the incident and the final c.m. momertt@spectively, 844
and 297 MeW¢ at T,=1520 Me\). When the two protons

V. DATA ANALYSIS have a zero angu'lar. momentuﬁeé){ the num'ber of partial
waves from the incident state which participates to #he
The trigger and drift chamber information was used toproduction is reduced. For increasing energy, the difference
identify the particles and to calculate their momenta andetween incident and final c.m. momenta decreases, and so
emission angles. Then, the missing maels{ and invariant  the » peak reappears. We present also the complementary
mass M,,) were computed. A simulation code was written eventgFig. 2(c)] which correspond t1,,=2M,+5 MeV.
in order to make corrections for lost events. These losses caVe have to notice that the normalizations on constant
be generated by the intersection of both trajectories in alAp;Ap, acceptances were performed for the same cuts as
detection planegeither an intersection on a drift chamber those used to select events. Thésg A p, acceptances dif-
plane or on a trigger planeThe losses also came from fer for different cuts. Therefore the cross sections for all data
events where the drift chamber trajectory information had nawithout a cut onM,, are not the sum of the cross sections
associated information from the trigger. Such trajectorieor Myp<2M,+5 MeV andM,,=2M +5 MeV events.
correspond to particles having fringing values in momenta To extract theABC enhancement, we have to remove the
and angles. The spectrometer momenta range was<p00 two-pion, the three-pion, and eventually the four-pi@t
<1400 MeVE, but each proton momentum partially covered T,= 1805 Me\) phase space contributions. In a first stage,
this domain, depending on the missing mass, and therefotde adjustement was done arbitrarily; the maximum contri-
on the incident energy and scattering angle. In order to studigution of the phase space of two and three pions is illustrated
the My cross sections, we have to normalize our data by thén the Fig. 3a) by the solid line. Then, doing the subtraction,
Ap,;Ap, range of the two detected protons. A typical distri- we obtained the distribution presented in Figh)3 We ob-
bution versusMy is presented in Fig.(2). serve that this distribution displays several oscillations. The
The theoretical analysis of three particle final stqte®  next step was to separate the corresponding structures.
protons andM ... missing mask is more complicated than it To take advantage of the fact that the experiment was
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FIG. 6. Results of the minimization after subtraction of the

_ _ e _ : phase space contribution, fdr,=1520 MeV and four laboratory
line) pions, and the sungsolid line) applied to the cross section angles. Four vertical lines are fixed at the mean values of the ex-

tracted peaks

of the polarized beam. In the lower part is the result of the fit after

subtraction of the phase space.

unpolarized. Such assumption has two consequefiiggbe
extracted cross sections values will be minimum, @ndhe

extracted analyzing powers will be maximum.
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other state of the proton beam polarization.

We then applied this background distribution to the unpo-

_ _ _ larized cross sectiofdashed line of Fig. @)], and after sub-
done with a polarized beam, in a second stage we analyzgghtion we obtained the final distributidrrig. 3(c)]. We

separately the two polarization state data and adjusted thgyserve that nearly all spectra display an oscillatory shape,
samemaximun phase space contribution to both distributions; 4 therefore we decide to analyze all our data in the same
(Figs. 4 and % Such a choice corresponds to the assumptioRyay The difference between these two distributiffigs.

that the multipion production described by phase space 8() and 3c)] is only in the amplitude; the positions in miss-
ing massM  of the extracted peaks are the same. The mini-
mization done using several Gaussians gayg alose to 1.

We have to notice that a fit done with a unique Gaussian
after the subtraction of these two phase space backgrounds

gave, respectivelyy’=3.9 and 7.3.

The plotted vertical bars correspond to statistical errors,
before phase space extractions. There is also a systematic
error, not plotted, corresponding to uncertainties in two-,
three-, and eventually four-pion phase space subtractions. It
was estimated to vary between 20% and 40%. These errors
have to be understood as possible uncertainties on the data,
smoothly varying for increasiniyl ... They have little to do
with the oscillatory pattern of the subtracted data.

V. RESULTS

The phase space backgrounds were subtracted—using the
unpolarized assumption—as explained in the previous sec-
tion. Since several oscillations appear, the analysis was per-
formed with the aim to extract several substructures. The
idea was to look at their stability for different angles and
different energies, before deciding whether or not the decom-
position has a real meaning. Since our error bars—in this
step of the analysis—are rather large, the result of the mini-
mization depends a little on the input data. We have studied
FIG. 5. Same results as those presented in the Fig. 4, but for théée dispersion of the final substructures masses, and found
that it may vary between 1 MeV and 6 MeV.
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FIG. 7. The position in missing mass and the wichlorizontal . .
. " four laboratory angles. Vertical lines correspond to the mean value
line) of the decomposition peaks are presented for the four experi-

mental angles &t ,=1520 MeV, for all the eventsa), with a se- of the peaks.
lection for the invariant maskl ,,<2M,+5 MeV (b), and for the )
complementary part whell ,, is =2M,+5 MeV (o). B. Cross sections forT,;=1805 MeV

1. All data

A. Cross sections forT,=1520 MeV . .
P The same procedure was applied to the all data obtained

1. Al data at this energy. The results are presented in Fig. 8. Vertical

Here, we present the cross sections obtained for all oJf€S were drawn at the mean values where the peaks are

data and for allM, invariant masses. Figure 6 shows the p05|t|(_)ned. 324, 367 436, and 556 Mev. These_value_s af‘d

corresponding decompositions for the four forward angle§he widths describing these peaks are summarized in Fig.

0°, 2°, 5°, and 9° in the laboratory. Four substructuresg(a)'
were extracted at the following mean masses: 309, 344, 424,
and 552.8 MeV. The last one, which was very easy to sepa

rate, corresponds to the meson. We summarize the char- . ;3" °) -
acteristic¥mean value and widjtof these peaks in Fig.(&). 0 T er ¥
We can see a relative stability of the missing masses what® 37 %
ever the observation angle. The structure at 424 MeV is® * 078 Y
broader than the others: it is not excluded that it could be« 2
produced by the superposition of several substructures the e
were not extracted. R
200 250 300 a0 400 450 500 550 600
2. 2M;=<M,,<2M,+5 MeV events Mx (MeV)
Cuts were put on th#l ,, invariant mass in order to select .
the 1S, state of the two detected protons. The experiment :;;”' b) —a—
was therefore a two-particle reactipp— 1Sq[ pp]X° which o 467 —— *
should be more easily computédsing Feynman graphs for — :g;;. s
instanc. The results of the substucture extraction are pre- g -,
sented in the Fig.(B). The broad peak observed at 424 MeV < ——
was separated into two parts. The different substuctures ag -
pear at the following masses: 309, 351, 424, and 495 MeV. M
200 250 300 350 400 450 500 550 600
3. M,=2M,+5 MeV events Mx (MeV)

Figure 7c) shows the corresponding results obtained for FIG. 9. Position in missing mass and widthorizontal bay of
this selection in invariant mass. Here, again, the substructurge decomposition peaks obtainedgt= 1805 MeV for all dat&(a)
masses are stable Bty=310, 350, and 553 MeV. and with a selection iM ,,.<2M,+5 MeV (b).
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FIG. 10. Analyzing power versus the missing mass obtained at FIG. 11. Analyzing power fof,—1805 MeV and five labora-

Tp=1520 MeV and at the four experimental anglgs. Or} the left S'd.etory angles. All data were used for the results presented in the left
the results are presented for all the data, on the right side a selectl%rt and only events witM . <2M_+5 MeV were used for the
of events withM ,,<2M,+5 MeV was made. right’ hand distributions PP P

<M <
2. 2M=Mpp=2M,+5 MeV events VI. ATTEMPT FOR AN INTERPRETATION

Using the same selection conditions as for the invariant h qi . h .
massM ,,, the peaks which describe the cross section have We showed in previous papers that narrow structures exist

masses and widths summarized in Figh)9We can notice N Paryonic stateg40] and in dibaryonic state437]. The
that the masses are relatively close to those obtained for thed b h . | d
same condition at lower incident energy. These masses apgreement between the experimental masses and a very

316 compared to 309, 353 to 351, 420 to 424, and 552 to 566|mple phenomenological mass relation. This mass formula
MeV for the 7 meson. was derived some years ago in terms of color magnetic in-

teractions[41], for two quark clusters at the end of a
) stretched bag:
C. Analyzing power

As the beam was polarized, it was possible to extract the M=Mgy+Mq[iq(i1+1)+iy(i,+21)+(1/3)s1(S;+1)
analyzing powers corresponding to the missing mass. The

method of subtraction of two- and threéer four-) pion +(13)sp(s2+ 1)1, @)
phase space was explained in the data analysis secten )
polarized background assumptjon whereM, andM ; are parameters deduced from mesonic and

The results are presented versus the missing idgsign ~ Paryonic mass spectra ang(i,) ands,(s,) are isospin and
Fig. 10 for 1520 MeV and in Fig. 11 for 1805 MeV. The SPin of the first(second quark cluster.
nonzero mean value at 0° is related to a small shift of the Here, we will also associate the observed substructures to
spectrometer angle. The real laboratory angle is smaller thagPlored quark clusters. We make the assumption that the
the nominal one by several 1/10 degrees. The analyzinglusters areg>—q? or q®—q®. We choose for our two pa-
power is negative for all angles but crosses the zero axis withameterdMy andM 4, the values found during the analysis of
the increasing missing maddy for the largest observation the higher mass rand@8] M,<My<M,,. Therefore, al-
angle. though our formula can be considered as being a phenom-

The oscillatory pattern of the analyzing power shows theenological one, we use it without any free parameter. These
presence of some—more than one—production processegaluesM =310 MeV andM ;=30 MeV allow us to obtain
Their variation with missing mass can be considered as athe calculated mass spectra shown in Fig. 12. The figure is
argument strengthening our decomposition of ARC ef-  divided into three parts: from left to right, the experimental
fect on some distinct states corresponding to our substusnasses found at,= 1520 MeV, the masses found by calcu-
tures. Indeed, we do not expect the different “classical” lation using the previous formula, and the experimental
N-N amplitudes to vary so fast with mass. masses found at,= 1805 MeV. As before, her@), (b), and
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553 5528 %0 ©@123/00)  __ 559 — 556 differe_nt gqantum numbe_rsl /(S), (0,0, (0,2, (2,Q), and
(120129 (2,2), justifying a posterioriour incoherant extractions.
- 520
wo- 495 L2100 VII. DISCUSSION
€©2/9%470 (1,2/0,1) . . .
— 460 Our separation of the measured cross sections into several
©2/0),5, ©01/0123) — 436 peaks was justified by the following considerations.
— 424 — 424 430 __ 40 (i) Some spectra display an oscillatory pattésee Fig.
3).
- (ll) The total spectra shape varies with an@ee Fig. &.
- sy 0702 353 (i) The analyzing power display an oscillatory pattern
— 344 (see Figs. 10 and 11
U V2 SN 38 % This separation waa posteriqrijustified by the stability
of the masses extracted from different data.
© © *) i e ®) © Our level spacing, experimental as well as calculated, is

of the order of 30—40 MeV. The error bars extracted for
2 and 3 pion final state . .. .
Exp. 1520 MeV Calculations Exp. 1805 MeV different substructure masses are rather large. This is mainly
FG. 12. E wal and calculated for 1 dth due to the phase space background lying below AlBC
ion substr ci(preersm:r??hzsg r;: ‘;‘ésaeg te”):fsTsﬁs ?J;r\:\tlﬁmar?um r€nhancement and to the separation between overlapping
P ubstructu 9 q states. We cannot exclude that some states would have the
bers for calculated levels aré/g). T .
same quantum numbers. The justification of the assumption
made implicitly that there is no interference between the dif-
(c) correspond, respectively, to all events, events With, ferent stategincoherent sum of cross sectignigs with the
<2M,+5 MeV, and events wittM,,=2M,+5 MeV. In  fact that the quark cluster substructures can be different.
the center of the figure, the calculated masses are displayed The widths extracted are of the order ak=20 MeV.
in two columns corresponding tg?—q2 and q3—q3 clus-  They are even less precise than the masses. It is possible that
other smaller states were not extracted in the range studied.
int i 2 f tions and for th ion disi The level scheme found does not contradict any previous
n egr(.el |ong _q conllgurallon an. orthree pion disin= ey periment. The previous studies have all been performed
tegration ¢°—g> configurations With our Mg and My with less precision(resolution and/or statistitsA special
values, they?— g? conf|gurat|0ns predict levels between 310 comment must be made concerning the=1 ABC en-

and 470 MeV. Theg®-q® configurations | predlct levels be- hancement observed in thp—>°H(MM)* reaction[20].

tween 370 and 610 MeV when the—q* configurations Our calculations predict possibl@=1 levels for masses
(not shown in the figuepredict levels up to 790 MeV. Two larger than those observed with a small contributioh2i.

. — . The authors commented on their results in the followin
states at 370 and 400 MeV predicted &3 g° configura- . ! uts | g

i td th | than th way: “The low mass bump .. could indicate a small |
ions are not drawn since their masses are lower than the 1 contribution to the ABC effect. However it is much

three pion mass. The 430 MeV state can be eitfferq? or wider, centered around 400 MeV, and could also indicate a
q°—q? clusters, depending on its parity. The state found atleviation from phase space of another sbrt.
550 MeV can have =S=0—that is, the mass and quantum  The presence of isospin 1 or 2 levels can be confirmed by
numbers of they meson. Also its parity is negative, as it precise comparisons of data fropp—ppX anddd—ddX
must be for thepy meson. reactions. The olddd—ddX experiment [15] from
We limited our discussion tb=0 orbital momenta be- Brookhaven had very small statistics and very large data bins
tween both quark clusters since our missing mass range (&0 MeV). The presence of eventual isospin 1 levels can be
limitated to less than 300 MeV. We have therefore positivestudied usingpp—dX reactions. Such an experiment was
total parity for all substructures in the case of two-pion dis-performed 30 years ago at Birmingham. No deviation from
integration. We need therefore an even orbital momentunT=1 phase space was observed, which is in agreement with
between both pions. Then the total two-pion isospin must b@ur analysis. No analysis has been done which could produce
even, since they obey Bose-Einstein statistics. All states witlpure T=2 mesonic final states. An experiment likgp
odd isospin or spin vanish and four states survived or 2~ —nnX"* would be imprecise.
andS=0 or 2. This is no longer true for three-pion disinte- The absolute cross sections for the first three separated
gration which is allowed foMy=410 MeV. We found the peaks M =310, 350, and 430 MeMwere extracted within
possibility to have an isovector enhancement in &BC  the assumption of the maximum nonpolarized pion phase
effect at masses larger than 410 MeV. This is somewhagpace distributions. They are imprecise since the multipion
more than the experimental result[@0]. Below 410 MeV, phase space is poorly defined, and therefore they are not
only two-pion disintegration is allowed, and such a disinte-shown. The relative variations of these cross sections versus
gration is forbidden by Bose-Einstein statistics, inside thethe angle are different. Such behavior explains the moving
scope of our model. position and width of the total enhancement observed in old
Therefore our four levels, from bottom to top, can haveexperiments. It can also explain the observafiég| of the

ters. The quantum numberk/ §) are given for two-pion dis-
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“isotropy within 10%—-20% of the low-massr# produc-  spectra display an oscillatory shape, we extended our ap-
tion, compatible with neither the double-baryon-excitationproach to all our data, even if in a few cases the total spec-
model nor the baryon-exchange motel. trum does not exhibit any oscillation. Is is noteworthy, by
Narrow structures in two-pion invariant masses have beefoking at Figs. 7 and 9, that the masses of the firstABC
studied at Dubnd43] usingnp—np7 "7 7 7 andnp  substructures were found—at all angles—at masses close to
—ppm’ 7 7 =° reactions. In spite of poor statistics, the 310 and 350 MeV. Such a stability justifiasposterioriour
authors insist that some separated peaks were extractegpproach_ After two- and three-pion phase space subtraction,
Among these masses, several are close to those we found i spectra have been analyzed with the superposition of sev-
a completely different experiment. Those which were moré, 5| Gaussians. The stability of the masses found allows us to
clearly extracted in this two-pion invariant mass experimentonyde the existence of several peaks, the masses of which
were at 368 and 479 MeV in th@ 77 +|n\£a'r|ant mass SyS- - are given below. Using the previous observations obtained
tem and at 388 and 652 MeV in ”?e 7 Invariant mass by various authors, and recalled in Sec. Il of this paper, it is
system. The structures observed in the quoted work WerSossible to suggest the following isospin valuest

narrower than our structures.
i _ - ~310 MeV(T=0), M=~350 MeV (T=0), M
+
A measurement of the yield of the " A—#w "7 7 A ~430 MeV, andM~550 MeV (; meson.

reaction was performed at Protvingld]. The invariant The superposition of these peaks, excited with variable

masses of two charged pions were extracted inside a 10 Me},/ross sections for different reactions, different incident ener-

bmmPg ;md Vt\”éh al low statlstlcial ﬁreﬁ'S'onidThM”’”’ gies or angles, leads to the previously observed result of the
spectra do not dispiay any structuenich would have cor- nonstability of mass and width for th&B C enhancement.

responded to isospin) 2TheM .- .- spectra display a struc- Further states could, of course, have been omitted. For

tur%?round 45,[? Mev \f[v'ih a W!?rioé) clozsel_;[(o 1ﬂ? Mev. masses larger than 550 MeV, the four-pion phase space and
€ mm scatlering states, wi or 2, llke the MESON  1ha |ower tail of thep meson contribute, and the same analy-

spectroscopy, are steadily studied in many places inside Valkis will be more difficult. The relative smallness of the struc-
ous collaborations: among them, at CER@Irystal Barrel

Collaboration, GAMS, OBELIX, DELPHI. L3, ALEPH. tures and the experimental resolution make it impossible to

OPAL, and others at Brookhaven, Fermilab, Novosibirsk, observe eventual doubling of the peaks due to both possible

BES, IHEP, Stanford, Cornell, and others. This is a very richmvarlant Mzozo and M+,- masses which differ by 10

field of particle physics entirely concentrated to the study oTM ev.

LT Within our assumption for thes&BC substructures, the
the meson mass range larger than 750 MeV. This field 0%onsistency between observations and explanation is note-

research IS re_Iated to the study of meson spectroscopy W'R/vorthy. This consistency is emphasized by the fact that it
special attention to the search of exotic mesons, scalar, and

tensor glueballs, hybrids, and multiquark std#s. The dis-  Was obtained without any adjustable parameter. Theq?
cussion of the related results is clearly outside the scope donfigurations predict levels between 310 and 470 MeV
the present work. The results—up to August 1997—can bavhile g*—q° predict levels between 370 and 610 MeV and
found in[46,47. Several papers have been published sincej*—q* predict levels between 370 and 790 MeV. The
that time,[32,48 for instance. Our interpretation of the sub- first two masses at 310 and 350 MeV are well separated
structures observed between threshold and 550 Me¥ss from the others and they are also experimentally observed
of the » meson, interpretation tentatively associated with close to these positions in all cases—see Figs. 7 and 9.
q%g® configurations, assumes that such states are already structure around 430 MeV is observed at both proton
present at masses lower than the usual assumption at arou@gergies. Such mass is close to the “excitation masd’; (
1.5 GeV. =411 MeV) between the three lightest pseudoscalar mesons
A natural question arises: why are these states relativelyr, 7, and»’. Above 430 MeV, where more levels are pre-
narrow? It is of course possible to think of non-normal quan-dicted by different configurations, the experimental situation
tum numbersIPC for qq states. However, the approximate IS more chaotic. ,
mean widtho~20 MeV of our structures is only 2.5 times  NOW let us try to comment on the usual assumption used
lower than the corresponding width of tdeand it may be to describe theABC enhancement. As long as physicists

ossible to speculate on such factor dugiq? nature of the believed in the presence ohe enhancemensince its posi-
P P a1q tion and width vary with kinematical conditions, one had to

Z;aggfi.rr;rehr?tztlav\cligjtr?sa;ﬁqgny&cal since the contribution of th|‘|:"1_troduce a dynamical explanation which was naturally two-
: pion production on two nucleons. Now, since we associate
the nonstability of the mass and width of the total enhance-
ment with the presence gkveral substructureshe previous
description is no longer essential. Does it mean that it is not
Our study of theABC enhancement, more precise than correct? Our work does not say anything about the produc-
experiments performed before, allowed us to observe spectt®dn mechanism. The common production mechanism al-
displaying oscillations. In a few cases, these oscillations allowed a good description of several observables. For ex-
low the extraction of structures with a large number of stan-ample, this was the case in a recent analysis of dlde
dard deviationg(s.d) (up to 6.77. In other cases, the ex- — aX reaction[49] described by two paralléNN—d re-
tracted structures have a small s.d. However, since nearly actions (doubleA mode). However, since theABC en-

VIll. CONCLUSION
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hancement was also observed in reactions implying only one=1 um. Two-pion interferometry, used to study the interac-
nucleon, this reaction mechanism may be important, but inion dimensions, concerns distances of the order of 1 fm,

no way it can be the only one.
The -7 phase shifts for massed ,,.<500 MeV were
obtained[50] by the analysis oK., branching ratio. They

AE~200 MeV. These are the characteristic dimensions of
excited baryons and mesons. The states observed in our work
have smaller widths, and therefore somewhat larger life-

are scarce, imprecise, and cannot be used to confirm or ifimes.

firm our interpretation.
It is not unnecessary to disentangle the different problem
in nuclear physics, studied with two-pion interactions, but
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