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The quasifree pp — ppmtm~ reaction has been measured by means of pd collisions at 7, = 1.2 GeV using
the WASA detector setup at COSY enabling exclusive and kinematically complete measurements. Total and dif-
ferential cross sections have been extracted for the energy region 7, = 1.08-1.36 GeV (/s = 2.35-2.46 GeV)
covering thus the regions of N*(1440) and A(1232)A(1232) resonance excitations. Calculations describing
these excitations by 7-channel meson exchange as well as isospin relations based on the pp — ppn°z® data
underpredict substantially the measured total cross section. The calculations are also at variance with specific
experimental differential cross sections. An isotensor AN dibaryon resonance with I(J*) = 2(17) produced
associatedly with a pion is able to overcome these deficiencies. Such a dibaryon was predicted by Dyson and
Xuong [Phys. Rev. Lett. 13, 815 (1964)] and more recently calculated by A. Gal and H. Garcilazo [Nucl. Phys.

A 928, 73 (2014)].

DOI: 10.1103/PhysRevC.99.025201

I. INTRODUCTION

Early measurements of two-pion production initiated by
nucleon-nucleon (N N) collisions were conducted with bubble
chambers, where due to low statistics primarily only results
for total cross sections were obtained [1-7]. In recent years
the two-pion production has been measured from threshold
up to incident energies of 7, = 1.4 GeV with high accuracy
by exclusive and kinematically complete experiments con-
ducted at CELSIUS [8-16], COSY [17-24], GSI [25], and
JINR [26]. Whereas initially proton-proton (pp)-induced two-
pion production was the primary aim of these measurements
[8-15,17-19], the interest moved later to proton-neutron (pn)-
induced reaction channels, after the first clear-cut evidence for
a dibaryon resonance with I(J*) = 0(3%) had been observed
in the pn — dn%70 reaction [16,20,21]. Subsequent mea-
surements of the pn — dntn~ [22], pn — ppr'm~ [23],
np — nprn°n® [24], and pn — pnwtmx~ [25,27] reactions
revealed that all two-pion production channels, which contain
isoscalar contributions, exhibit a signal of this resonance, now
called d*(2380) after observation of its pole in pn scattering
[28-30].

Aside from the dibaryon resonance phenomenon the stan-
dard theoretical description of the two-pion production pro-
cess at the energies of interest here is dominated by #-channel
meson exchange leading to excitation and decay of the Roper
resonance N*(1440) and of the A(1232)A(1232) system
[31,32]. At lower incident energies the Roper excitation dom-
inates. At incident energies beyond 1 GeV the AA process
takes over. Such calculations [31,32] give quite a reasonable
description of the total cross-section data, with the exception
of the experimental pp — ppn°m® cross section [3,12,14]
above 1 GeV. After readjusting the decay branching of the
Roper resonance used in these calculations to that obtained
in recent analyses of data on pion- and photon-induced two-
pion production [33,34], a quantitative description of total
and differential cross-section data was achieved for both the
pp — ppr’7® and the pp — ppmt~ reactions at incident
energies below 0.9 GeV [8-11,19], where the Roper excitation
dominates.

For a quantitative description of the pp — ppn°7® data
above 1 GeV, however, the calculation of the AA process as
used originally in Ref. [31] had to be modified [14], in partic-
ular the p-exchange contribution had to be strongly reduced.
Also, the strength of the Roper excitation had to be reduced in
accord with data and isospin decomposition [12,14]. In order

to describe the pp — nnm T ™ reaction quantitatively, too, a
contribution from a higher-lying broad A resonance, e.g., the
A(1600), had to be assumed [15]. These calculations, called
now “modified Valencia” calculations give a good description
of all data in pp-induced and also of pn-induced channels—if
in the latter the d*(2380) resonance is taken into account—
with one striking exception: the pp — ppm+m~ total cross-
section data beyond 0.9 GeV are strongly underpredicted (see
dashed line in Fig. 4). This problem was already noted in
the isospin decomposition of pp-induced two-pion production
[12]. However, since all the pp — pprtmx~ data beyond
0.8 GeV originate from early low-statistics bubble-chamber
measurements, it appears appropriate to reinvestigate this re-
gion by exclusive and kinematically complete measurements.

There is yet another point of interest in this reaction at
energies above 0.8 GeV. Dyson and Xuong [35] were the first
who properly predicted the dibaryon resonances d*(2380)
(called D;; = D3 by Dyson and Xuong) and Dy, the latter
denoting a slightly bound AN threshold state with 1(J¥) =
1(2%). For a recent discussion about that state see, e.g.,
Ref. [36] and references therein. According to Dyson and
Xuong, as well as to recent Faddeev calculations performed
by Gal and Garcilazo [37], there should exist still another AN
threshold state with 1(J¥) = 2(17), called D5 in Ref. [35].
Very recently also another theoretical study appeared stating
that, if existent, D,; should have a somewhat larger mass
than D, based on the spin-isospin splittings observed for
baryons [38].

Because of its large isospin of I = 2, this state cannot
be excited directly by incident NN collisions, but only
associatedly—favorably by production of an additional pion,
which carries away one unit of isospin. By isospin selec-
tion the decay of an isotensor AN state will dominantly
proceed into the purely isotensor ppmr™* channel. Hence the
pp — ppm T~ reaction is the ideal place to look for the
process pp — Di**7x~ — pprnTn~, as already suggested
in Ref. [35]. The main results of this investigation have been
communicated recently in a Letter [39].

II. EXPERIMENT

Exclusive and kinematically complete measurements of
the pp — ppmntm~ reaction have been achieved by uti-
lizing the quasifree process in pd collisions. The experi-
ment was carried out with the WASA detector at COSY
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(Forschungszentrum Jiilich) having a proton beam of energy
T, = 1.2 GeV hit a deuterium pellet target [40,41]. By use of
the quasifree scattering process pd — pprntn™ + gpectator s
we can exploit the Fermi motion in the target deuteron and
cover thus the energy region 7, = 1.08-1.36 GeV (/s =
2.35-2.46 GeV) of the pp — ppm 7~ reaction.

The analysis used data that were taken with a hardware
trigger, which required two charged hits in the forward detec-
tor and two charged hits in the central detector. In the off-line
analysis the reaction pd — pprtm~ +n was selected by
requiring two proton tracks in the forward detector in addition
to one w+ and one 7~ track in the central detector. The
unmeasured neutron four-momentum could be reconstructed
that way by a kinematic fit with one overconstraint. The
achieved resolution in /s was about 20 MeV.

For the identification of the charged particles registered
in the segmented forward detector of WASA we applied
the AE — E energy loss method using all combinations of
signals stemming from the five layers of the forward range
hodoscope. In the central detector the charged particles have
been identified by their curved track in the magnetic field
as well as by their energy loss in the surrounding plastic
scintillator barrel and electromagnetic calorimeter.

The momentum distribution of the reconstructed neutron
is shown in Fig. 1. The dashed curve gives the expected
momentum distribution for a spectator neutron according to
the deuteron wave function based on the CD Bonn potential
[42]. Compared to previous measurements on dn%7° [20],
drntn~ [22], npn®x° [24], and ppr 7~ [23] channels we
find here a somewhat enhanced background from nonspecta-
tor contributions. In order to keep these background contribu-
tions smaller than 2%, we would need to restrict the spectator
momentum range to p < 0.10 GeV/c. But such a cut would
severely reduce the covered energy range to 1.15GeV < T, <
1.3 GeV (2.38 GeV < /s < 2.44 GeV). To reliably evaluate
the data up to p = 0.15 GeV/c for the quasifree reaction,
as done in our previous analyses, we decided to perform a
proper background correction by analyzing additionally the
nonspectator reaction process by evaluating the data in the
nonoverlap region p, > 0.25 GeV/c.

The instrumental acceptance has been 30% in case of the
quasifree process and about 5% in case of the nonquasifree
reaction due to the requirement that the two protons have to be
in the angular range covered by the forward detector and that
7™ and 7t~ have to be in the angular range of the central detec-
tor. The total reconstruction efficiency including all cuts and
conditions has been 1.1% for the quasifree process and about
0.2% for the nonquasifree process. In total a sample of about
26000 events has been selected meeting all cuts and con-
ditions for the quasifree process pd — pprTm~ + spectator -
For p > 0.25 GeV/c in the region of the nonquasifree process
this number is about 20 000.

Efficiency and acceptance corrections of the data have been
performed by MC simulations of reaction process and detector
setup. For the MC simulations both pure phase-space and
model descriptions have been used, which will be discussed
below. Since WASA does not cover the full reaction phase
space, albeit a large fraction of it, these corrections are not
fully model independent. The hatched gray histograms in
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FIG. 1. Distribution of the neutron momenta in the pd —
nppw T~ reaction (a) before and (b) after acceptance and efficiency
correction. Data are given by solid dots. The dashed line shows the
expected distribution for the quasifree process pd — pprtn~ +
Nspectaror Dased on the CD Bonn potential [42] deuteron wave function.
The vertical line indicates the region p < 0.15 GeV/c used for
the evaluation of the quasifree process. The dotted line gives the
modeling of the nonquasifree reaction process. The solid line is the
incoherent sum of both processes.

Figs. 2, 3 and 5-11 give an estimate for these systematic
uncertainties. As a measure of these we have taken the dif-
ference between model corrected results and those obtained
by assuming pure phase space for the acceptance corrections
in case of the nonspectator background reaction. In case
of the quasifree pp — pprtn~ + Rgpectator TEACHION We use
the difference between the results obtained with the final
model and those using the modified Valencia model for the
acceptance correction. Compared to the uncertainties in these
corrections, systematic errors associated with modeling the
reconstruction of particles are negligible.
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FIG. 2. Differential distributions of the nonspectator background
reaction pd — ppnmta~ for the invariant mass distributions (a)
Mpp’ (b) Mpna ©) Mpn‘*’a (d) Mz, (&) Mprr‘s () M+, (g) My+r-,
and (h) M, ;+,- for p, > 0.2 GeV/c. The shaded areas represent
pure phase-space distributions. The hatched areas indicate systematic
uncertainties due to the restricted phase-space coverage. The solid
curves give a modeling of the process pd — ppnr*tm~.

The absolute normalization of the data has been obtained
by comparing the quasifree single-pion production process
pd — ppno + Ngpectator O previous bubble-chamber results
for the pp — ppm® reaction [3,5]. That way, the uncer-
tainty in the absolute normalization of our data is essentially
that of the previous pp — ppm® data, i.e., in the order of
5-15 %.

—1.5 —1.5
2 ge-m- (a) 2 c.m. (b
- p = en
< 9 < 4
[} (]
g . A 8
_805 e oeseZe- _80.5
%705 0 05 1 %705 0 05 1
cos 6, cos 9,
—1.5 —1.5
5 .
g [(© ec.m I 'g
® T —0 I_.;
D 1_ | D 1
» (]
: 8
) 3
IS £05

1 05 0 05 1
cos 0,

FIG. 3. Same as Fig. 2, but for the angular distributions of (a)
protons (©},™), (b) neutrons (®;""), (c) positive pions (O"), and
(d) negative pions (©2™).

II1. NONSPECTATOR BACKGROUND PROCESS
pd — ppartm™

The nonspectator background process pd — ppnmwtm™
was selected by a cut on the neutron momentum p, >
0.25 GeV/c. For an axially symmetric five-body final state
there are eleven independent differential observables. For
the nonspectator background reaction pd — ppnrTn~ we
show in Figs. 2(a)-2(h) and 3(a)-3(d) twelve differential ob-
servables: the invariant mass distributions M ,,, Mp,, Mpz+,
Mz, Mpz—, Myz+, Myiz—, and Mp,+7- as well as the
angular distributions for protons (@;m'), neutrons (™),
positive pions (®¢"), and negative pions (©").

The obtained differential distributions deviate partly sub-
stantially from pure phase-space distributions. This is the case
in particular for the distributions of the invariant masses M+
and M,,- exhibiting the excitations of AT and A~, as well
as of the angles ©¢", @™, ©." and O7}". However, all
differential distributions fit well to a modeling of the process
pd — NAA — ppnrtmw~. Since it proceeds dominantly
via the ATT A~ configuration due to isospin selection, the
M z+ and M, .- spectra peak at the A mass, as we observe in
Fig. 2. The pion angular distributions are as expected from the
p-wave decay of the intermediate A resonances. Proton and
neutron angular distributions are strongly curved as expected
from a peripheral collision. In comparison to the neutron
angular distribution, the proton angular distribution appears
to be less anisotropic, since only one of the two protons is
dominantly active.

The success of such a background modeling is of no great
surprise, since the pnmtmw~ channel has the by far largest
two-pion production cross section. Also we know from the
pd —3 Hemmr reaction, where the ppn system has fused to
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3He, that for T, > 1 GeV the t-channel AA process is by far
dominating [43]. As in the latter case we observe also here
the A signals in the invariant mass spectra to be somewhat
broadened, which may be traced back to the Fermi motion
of the participating nucleons and may be accounted for most
easily by increasing the A width from 120 MeV to 140 MeV
by a fit to the data.

Having achieved a quantitative description of the non-
quasifree background process for p, > 0.25 GeV/c, we may
extrapolate its contribution reliably also for p, < 0.15 GeV/c
and subtract it from the measured neutron momentum dis-
tribution (Fig. 1), in order to obtain the pure quasifree part,
which is of main interest here.

IV. QUASIFREE REACTION pp — ppr*mt~ + Rgpectator

A. Total cross section

For the determination of the energy dependence of total
and differential cross sections we have divided the background
subtracted data for the quasifree process into bins of 50 MeV
width in the incident energy 7,. The resulting total cross
sections are shown in Fig. 4, top (solid dots), together with
results from earlier measurements (other symbols) [2—4,8—
10,19]. Our data are in reasonable agreement with the earlier
measurements in the overlap energy region.

The pp — pprtn~ data exhibit a smoothly and mono-
tonically rising cross section, in contrast to the situation in
the closely related ppm°m® channel, where the experimental
cross section flattens out above 0.9 GeV followed by renewed
rise above 1.2 GeV, see Fig. 4, bottom. This different behavior
of both channels is discussed in the following.

For comparison to theoretical expectations we first plot in
Fig. 4 the results of the original Valencia calculations [31]
by the short-dashed lines. At first glance the agreement with
the data for the pps+ 7~ channel appears remarkable, though
they predict about 40% larger cross sections in the region of
our measurements. However, as mentioned already in Sec. I,
these calculations are far off for the ppm®n® channel, as
illustrated in the bottom panel of Fig. 4.

The experimental ppr°7® cross section exhibits a
quite flat energy dependence in the energy range T, =
0.9-1.2 GeV. Thereafter it starts rising again producing thus
a kind of kink structure around 1.2 GeV. This behavior is
observed both in the WASA measurements [12,14] as well as
in the previous KEK bubble-chamber measurements [3]. As
demonstrated by isospin decomposition [12] of the various
two-pion production channels, the behavior observed in the
ppr®7® channel can be traced back to the dominance of the
Roper excitation at low incident energies followed by that of
the A A process at higher energies.

After readjusting the decay branchings of the Roper res-
onance used in the original Valencia calculations to those
obtained in recent analyses of pion- and photon-induced two-
pion production data [33,34] and by retuning the AA process
[14] a quantitative description of the total and in particular
also of the differential cross-section data was achieved for
the pp — ppm°n¥ reaction [11,14]. These so-called modified
Valencia calculations are shown in Fig. 4 by the long-dashed
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FIG. 4. Total cross section in dependence of the incident proton
energy 7, for the reactions (a) pp — ppr*n~ and (b) pp —
ppr°m®. The solid dots in (a) show results from this work. Solid
symbols in (b) display WASA results at different installations
[9,12,17]. Other symbols denote results from previous experiments
[2-4,8-10,19]. The short-dashed lines give the original Valencia
calculation [31], the long-dashed ones the so-called modified Va-
lencia calculation [14]. The solid line is obtained, if to the latter
an associatedly produced D,; resonance is added according to the
process pp — Dy~ — ppm ™ with the strength of this process
being fitted to the total cross section data. The grey shaded band
exhibits the results of Eq. (1) based on the ppz°7? channel.

lines both for the ppw*m~ (top) and the ppm®n® channel
(bottom).

These modified Valencia calculations do also very well for
the ppm ™7~ channel at low energies both for the total (Fig. 4,
top) and the differential cross sections [19], but yield a much
too low cross section at higher energies. The reason for this
failure is that by isospin relations the energy dependences
of ppr°n® and ppr*m~ channels have to be qualitatively
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similar, if only 7-channel Roper and A A processes contribute.

In that case the matrix element M,s, ,, = Mi11 (p channel
pplrmdpp

in the 77~ subsystem) vanishes [12,44]." So, if the kink
around T, ~ 1.2 GeV in the ppr°7® data [14] got to be re-
produced by such model calculations, then also the ppr 7~
channel has to behave similarly, if only these two processes
are at work.

In the total cross section the 7-channel Roper and AA
excitations interfere only weakly (see, e.g., Fig. 3 in Ref. [31],
where the cross sections of the individual processes are seen
to just add up in good approximation), since both excitations
act on quite different phase-space volumes. Hence we may
neglect their interference in good approximation and obtain
thus from isospin decomposition, Egs. (1)—(5) in Ref. [12] for
the total cross sections of ppmr°7® and ppmTm~ channels:

O ppr0gd N O’N* + ahA
pp M

A N, 9 _AA 1 2
Oppntn- X207 + 2077 + gIMinl”,

where o¥" and 02* denote the cross sections of -channel
Roper and AA processes, respectively. Since the relative
weight of the A A process is less than that of the Roper process
in 0ppz+z-, the kink near 7, ~ 1.2 GeV is smaller than in
0 ,pr970, but still present, because the AA process provides
a much bigger cross section than the Roper process does. In
Fig. 4, top, the isospin-based prediction according to Eq. (1)
is plotted by the gray shaded band. At low energies it agrees
perfectly with the modified Valencia calculation, which was
tuned to the data in the ppm®7® channel. At higher energies
the band deviates slightly from the model calculation. The rea-
son for this is that the model calculation includes interference
between Roper and A A processes, which is neglected in the
isospin result, and also includes contributions from A(1600)
not included in the isospin-based result.

We note in passing that in the article about isospin decom-
position [12] the missing strength in the ppsw ™7~ channel
appeared still less dramatic, since at that time full interference
between the isospin matrix elements for Roper and AA exci-
tations was assumed. But as later model calculations showed,
this interference is very small. For that reason interferences
between the various resonance excitations have been omitted
completely in the model calculations of Ref. [32].

The A(1600) excitation also contributes to M, albeit
much too little in order to heal the deficit in the cross section.
The modified Valencia calculations (dashed line in Fig. 4) do
include this contribution.

In this context we also have to ask whether possibly other
higher-lying N* and A resonances provide substantial contri-
butions in the energy region of interest here. This has been
comprehensively investigated in Ref. [32] with the result that
all of these [including also N*(1520)] give only negligible
contributions to the two-pion production cross sections.

'Neglecting a very small contribution from the Roper decay branch
N* — Am.

B. Differential cross sections

The differential distributions do not exhibit any particularly
strong energy dependence in their shapes, when binned into
T, bins of 50 MeV width, which is of no surprise, since the
energy region covered in this measurement is dominated by
AA and Roper excitations with very smooth energy depen-
dences due to their large decay widths. Hence we discuss the
differential distributions at first unbinned, i.e., averaged over
the full covered energy range.

For an axially symmetric four-body final state there are
seven independent differential observables. But for a better
understanding of the underlying physics we decided to show
more, namely nine differential distributions. These are the
ones for the center-of-mass (c.m.) angles for protons and pions
denoted by @;m', O:1, and O, respectively, as well as
those for the invariant masses Mp,, Mz+z-, Mpz+, Mppz-+,
Mz~ and M, -. These distributions are shown in Figs. 5(a)-
5(f) and 6(a)-6(c).

There are no data to compare with from previous ex-
periments in the energy range considered here. Except for
©: ™ all measured differential distributions differ markedly
in shape from pure phase-space distributions (shaded ar-
eas in Figs. 5-6). With the exception of @, M-, and
M ,pr- spectra, the differential distributions are reasonably
well reproduced by the modified Valencia model calculations
(long-dashed curves). For the original Valencia calculation
(short-dashed lines), which contains substantial contributions
from the Roper excitation still in this energy region, large
discrepancies get apparent in addition for the M, +,- and
©%™ distributions. For better comparison all calculations are
adjusted in area to the data in Figs. 5—-11.

Because of identical particles in the entrance channel all
c.m. angular distributions have to be symmetric about 90°.
Within uncertainties this requirement is met by the data. The
proton angular distribution is forward-backward peaked as
expected for a peripheral reaction process. The 7~ angular
distribution is flat, in tendency slightly convex curved as also
observed in the other N Nmm channels at these energies. But
surprisingly, the 77 angular distribution exhibits a strikingly
concave shape. Such a strange behavior, which is in sharp
contrast to the theoretical expectation, has been observed so
far in none of the two-pion production channels.

Also the M- spectrum is markedly different from the
M pz+ spectrum. The same is true for the M,,,- spectrum
with respect to the M-+ distribution. In case of the #-channel
A A process, which is thought to be the dominating one at the
energies of interest here, A*" and AV get excited simulta-
neously and with equal strengths. Hence, the M+ (Mpz+)
spectrum should be equal to the M- (M ,,-) one and also
the 7 angular distribution should be identical to the 7~
angular distribution. So the failure of the modified Valencia
calculation to describe properly the total cross section and
the differential distributions underlines the suspicion that the
t-channel AA process is not the leading process here.

Since the total cross section is grossly underpredicted
above T, ~ 1.0 GeV, it appears that an important piece of
reaction dynamics is missing, which selectively affects the
ppx T~ channel. Furthermore, the discrepancy between data
and modified Valencia description opens up scissorlike around
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FIG. 5. Differential distributions of the pp — ppw ™7~ reaction
in the region T,, = 1.08-1.36 GeV for the invariant-masses (a) M,
(b) My+r—, () Mpy+, (d) Mypr+, (€) Myy- and (f) M,,,-. Filled
(open) circles denote the results from this work after (before) back-
ground subtraction. In most cases these symbols lie on top of each
other. The hatched histograms indicate systematic uncertainties due
to the restricted phase-space coverage of the data. The shaded areas
represent pure phase-space distributions, short-dashed (long-dashed)
lines represent original (modified) Valencia calculations [31] ([14]).
The solid lines include the process pp — Dyymr~ — pprta~. All
calculations are normalized in area to the data.

T, ~ 0.9 GeV, which suggests the opening of a new channel,
where a AN system is produced associatedly with another
pion. Such a state with the desired properties could be the
isotensor Dy, state with I(J”)=2(17) predicted already
by Dyson and Xuong [35] with a mass close to that of its
isospin partner Dy, with I(J©) = 1(2*). Whereas D;, can
be reached directly by the initial pp channel, D,; cannot be
reached that way because of its isospin /I = 2. However, it
can be produced in initial pp collisions associatedly with an
additional pion.

C. D;; resonance

In several partial-wave analyses of pp and md scattering
as well as of the pp — dn* reaction the D;, resonance has
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FIG. 6. The same as Fig. 5, but for the c.m. angles of positive and
negative pions (a) ©71" and (b) ®;", respectively, as well as protons
(c) ®™.

been identified at a mass of 2144-2148 MeV [45,46], i.e.,
with a binding energy of a few MeV relative to the nominal
AN threshold, and with a width compatible to that of the A
resonance. For a recent discussion about the nature of this D,
state see, e.g., Ref. [36] and references therein. Also recent
Faddeev calculations for the N Nz system find both D, and
D, dibaryon resonances with masses slightly below the AN
threshold and with widths close to that of the A resonance
[37]. The decay of the D;, resonance proceeds dominantly
into dmr and npmw channels, since there the np pair can reside
in the * S| partial wave, which readily couples with the p-wave
pion (from A decay) to J¥ = 2%, In contrast, its decay into
pp is heavily suppressed, since the pp pair can couple only
to 'Sy in relative s wave and hence needs at least relative d
waves for building a J¥ = 2+ state in the pp7 system. Since
it does not show up in the ppm system, it also will not appear
in the pp — ppmt7~ reaction.

D. D;; resonance

The hypothetical isotensor state D,;, on the other hand,
strongly favors the purely isotensor channel pprm™ in its
decay. In addition, J¥ = 17 can be easily reached by adding
a p-wave pion (from A decay) to a pp pair in the 'S, partial
wave. Hence, as already suggested by Dyson and Xuong
[35], the favored production process should be in the pp —
ppr T reaction.

If we use the formalism outlined in Ref. [47], then the
resonance process pp — Dym — Apm — pprmw can be
described by the transition amplitude

MR(m.”l’ Mmp,, Mp,, Mp,, kl, kz)

~ ~

=M1% ®R(m[’|’m[72’m173’m174’kl’kz)’ @)
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where the function ® contains the substate and angular-
dependent part, and

MY = Dp, % Dy 3)

with Dp, and D, denoting the corresponding resonance
propagators. Here p;, p» and ps3, ps denote the ingoing and
outgoing protons, respectively. k; is the momentum of the
associatedly produced pion and k, that of the pion resulting
from the decay D,; — Ap — ppm.

If the coordinate system is chosen to be the stan-
dard one with the z axis pointing in beam direction [im-
plying m; =0 and (®;, ®;) = (0,0)], then the function
Or(mp,, My, My, My, ki, ko) defined in Eq. (2) is built up
by the corresponding vector-coupling coefficients and spheri-
cal harmonics representing the angular dependence due to the
orbital angular momenta involved in the reaction:

®R(mp17 m])25 mp37 mp45 kla k2)

11
ZZ 53 p:

Sms> (SLm,0|J M)

31
X (JM|JD2]lmDZIm1) (.]1_)211’I1D21 EEmAmm)
3 1 N N
x| 5ma Elmmmz Y120(0,0) Yip, (k1) Yim, (ko).

“

The D, resonance can be formed together with an as-
sociatedly produced pion either in relative s or p wave. In
the first instance the initial pp partial wave is * Py, in the
latter one it is 'Sy or 'D,. The first case is special, since
here (SLO0|JM) = (1100/10) = 0. Only in this case Eq. (4)
yields a sin®, dependence for the angular distribution of the
pion originating from the D,; decay, exactly what is needed
for the description of the data for the £+ angular distribution.

In fact, if we add such a resonance with the processes

pp — Dyt — At prT — pprta”
pp — Dyt — Aprt — pprTaT 3)

with fitted mass mp, = 2140 MeV and width I'p, =
110 MeV, we obtain a good description of the total cross
section by adjusting the strength of the assumed resonance
process to the total cross-section data (solid line in Fig. 4). Si-
multaneously, the addition of this resonance process provides
a quantitative description of all differential distributions (solid
lines in Figs. 5-11), in particular also of the O, M-,
and M .- distributions. Due to isospin coupling the branch
via A is very small and yields only marginal contributions
to the observables. Since therefore the D,; decay populates
practically only A*™, its reflexion in the M, spectrum shifts
the strength to lower masses, as required by the data. The
same holds for the M,,,- spectrum. We are not aware of
any other mechanism that could provide an equally successful
description of the observables of the pp — ppm ™7~ reaction
at the energies of interest here.

We note that the only other place in pion production,
where a concave curved pion angular distribution has been
observed, is the pp — ppm” reaction in the region of single

0.6
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FIG. 7. The same as Fig. 6, but for the angles of positive pions in
the D, resonance subsystem either in (a) the Jackson frame (@ffi)
or in (b) the helicity frame (@fﬁ)A

A excitation [48-52]. Also in this case it turned out that the
reason was the excitation of resonances in the AN system
[52] causing a proton spin-flip situation. In general, #-channel
resonance excitations are connected with pions emerging in s
or p waves in non-spin-flip configurations and hence lead to
flat-to-convex shaped angular distributions.

Also the description of the w~ angular distribution im-
proves by inclusion of the D;; resonance scenario. Whereas
the modified Valencia calculations predict still a distribution,
which is significantly convex, the full calculations, which in-
clude the D, reaction amplitude with 7~ particles emerging
in relative s wave, predict a much flatter angular distribution
in agreement with the measurements.

1. D, subsystem representations

Next, we look at the differential distributions in the subsys-
tem of interest here, namely the D, resonance system. Since
the width of the A excitation is not small compared to the
available phase-space energy range, the Dalitz plot of invari-
ant masses in the resonance subsystem is just overwhelmingly
dominated by the AT excitation as already seen in its square-
root projections displayed in Fig. 5. Hence we do not need
to show the Dalitz plot here. However, since the 7* angular
distribution turned out to be special in the overall center-
of-mass system, we look at it once more in the resonance
subsystem by plotting it both in the Jackson and in the helicity
frame [53] in Figs. 7(a)-7(b).

In the Jackson frame the reference axis for the polar angle
©R/ is still the beam axis, i.e., the same as in the center-
of-mass system. That way entrance- and exit-channel sys-
tems stay connected in this representation. Since in addition
resonance and center-of-mass systems deviate only by the
additional 7, the mass of which is small compared to the
residual mass of the other ejectiles, the angular distributions
in these two frames are very similar.

The situation is very different in the helicity frame, where
the reference axis for the polar angle @ffﬁ is given by the
direction of the 7~ momentum in the resonance subsystem.
Thus this reference frame has no longer a connection to
the initial system and is only based on the emitted particles
representing the opening angle between the two pions in the
resonance frame. In consequence the information about the
proton spin flip during the production process is absent in
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this representation and with it the sinus shape for the D;,
contribution. Instead, the D,; contribution is flat in this case,
since the resonance is in relative s wave with the associatedly
produced 7 ~ particle and hence the directions of the two pions
originating from two different sources appear to be uncorre-
lated. The situation is more complex for the background of
conventional 7-channel processes. For the AA process the
emerging pions originate again from two different largely
uncorrelated sources, since the well-known conventional ABC
effect causing large mm correlations and giving rise to an
enhancement near cos@)?’fﬁ =1 (and at low masses in the
M, spectrum) is only substantial if the nucleons in the exit
channel are bound in a nucleus [47,54]. In contrast, the ¢-
channel excitation and decay of the Roper resonance produces
a highly correlated pion pair originating from the same source.
Hence the distribution of the mm opening angle is strongly
anisotropic [11,14] in this case. And since in the original
Valencia model the Roper process is assumed to be still large
at the energies of interest here, this calculation predicts a
very anisotropic distribution for the helicity angle ® jfﬁ [short-
dashed line in Fig. 7(b)].

Whereas the original Valencia calculations (short-dashed
lines in Fig. 7) are grossly at variance with the data in both
reference frames, the calculations including the D,; resonance
process (solid lines) give a good description of the data both
in the Jackson and in the helicity frame. For the modified
Valencia calculations the situation is split. Whereas they are
again at variance with the data in the Jackson frame, they fit
even perfect to the data in the helicity frame, in particular at
small angles, i.e., near cos@ﬁ = 1, where the data show a
slight enhancement. This enhancement in the opening angle
is strictly correlated with a corresponding enhancement in the
M+~ distribution at low masses constituting the ABC effect.
Though this enhancement is small (see Fig. 5, top right) it is
not fully accounted for by the modified Valencia calculations,
as already apparent in the analysis of the pp — ppm°m®
reaction (Fig. 2 in Ref. [14]). So the small failure of the model
calculation including the D, resonance to describe the ABC
enhancement quantitatively could be traced back to the fact
that the background description by the modified Valencia
model is not perfect in the ABC effect region.

2. A subsystem representation

We now want to check, whether the concave shape of the
™ angular distribution really originates from A excitation
and decay associated with a proton spin flip. For this purpose
we boost the distribution farther from the D,; into the A
reference frame, see Fig. 8. The concave shape persists also
in this case though somewhat washed out due to the fact that
we do not know, which of the two emerging protons originates
from the A. The pure D, process gives a sinus-shaped distri-
bution due to the proton spin flip in the A excitation and decay
process, whereas the convex shaped results from original
(short-dashed) and modified (long-dashed) Valencia calcu-
lations provide a convex distribution due to the dominance
of the cosine-shaped non-spin-flip A process. The original
Valencia calculation is less anisotropic than the modified one,
since in the former the Roper process providing a flat angular
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FIG. 8. The same as Fig. 6, but for the angles of positive pions in
the A resonance subsystem.

dependence plays a larger role. That way, we have traced
back the origin of the concave shape of the 7 "-distribution
to the proton spin flip in the A process as required for the D5,
production process.
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FIG. 9. Same as Fig. 5, but for the differential distributions of the
invariant masses M- (left) and M.+ (right) for the energy bins at
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E. Energy dependence of differential distributions

At the low-energy side of the beam-energy interval covered
by our data the D, resonance contributes nearly 60% to the
total cross section shrinking slightly to less than 50% at the
high-energy end. Hence we expect to observe no substantial
changes in the differential distributions of %%, M,,-, and
M pz-, just a smooth transition from a more to a somewhat
less Djj-dominated scenario. In Figs. 9(a)-9(f) to 11(a)—
11(f) we plot the three crucial distributions together with
their counterparts for the bins at lowest, central, and highest
energy. For the w+ angular distribution we show also their Dy,
resonance subsystem representations for the three energy bins
in Figs. 12(a)-12(f).

Indeed, we observe no significant changes, just a smooth
transition of strength to higher masses in the M, and M,
spectra. Simultaneously we observe for the @ distribution
the transition from a pronounced concave shape at the low-
energy bin to a slightly flatter distribution at the high-energy
bin. The observed smooth energy dependence of differential
distributions is in accord with the D,; hypothesis (solid lines
in Figs. 9-12). Unfortunately, there are no such data available
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FIG. 11. Same as Fig. 5, but for the differential distributions of
the pion angles ®¢" (left) and 7™ (right) for the energy bins at
T, = 1.10 (top), 1.18 (middle), and 1.31 GeV (bottom).

for the energy region 7, = 0.9-1.0 GeV, where due to the
opening of the D,; channel the changes in these spectra are
expected to be much bigger.

If this scenario is correct, then the D,; contribution of
nearly 50% should also persist to higher energies and impress
its specific features on the differential observables. Though
there are no high-statistics data, there exist at least two bubble-
chamber measurements at 7, = 1.37 [2] and 2.0 GeV [6],
which show a few differential distributions. Despite limited
statistics their M.+ and M .- spectra clearly exhibit the
same trend as we observe, namely, a strongly excited AT
resonance in combination with a much reduced A° excitation.

F. Resume

As we have demonstrated, the addition of an isotensor
dibaryon resonance is able to settle the shortcomings of
the modified Valencia calculations for the pp — pprwtm™
reaction. However, before we can take this as evidence for
the existence of an isotensor AN resonance, we have to
investigate whether this dibaryon hypothesis leads to incon-
sistencies in the description of other two-pion production
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channels. The reason is that such a state may decay also
into NN7 channels other than the ppm™ channel, albeit
with much reduced branchings due to their much inferior
isospin couplings. Consequently, such a resonance may also
contribute to other two-pion production channels. In particular
we have to consider, whether it can affect the pp — ppr°n®
reaction with its comparatively small cross section at the
energies of interest here. However, the D, production via the
3 P, partial wave leaves the two emitted pions in relative p
wave to each other. Therefore they must be in an isovector
state by Bose symmetry. Such a p-channel situation is not
possible for identical pions in line with the isospin relations
for the various two-pion production channels. Hence there are
no contributions from D»; in ppr®7® and nnz T+ channels,
i.e., there is no consistency problem.

From a fit to the data we obtain a mass mp, =
2140(10) MeV and a width I'p,, = 110(10) MeV. The mass
is in good agreement with the prediction of Dyson and Xuong
[35]. From their Faddeev calculations Gal and Garcilazo
[37] obtain slightly larger values for mass and width. Within
uncertainties the extracted mass and width of the D,; state

coincide with those for the Dj, state. This means that the
masses of this dibaryon doublet do not exhibit any particular
isospin dependence, just as assumed in the work of Dyson
and Xuong after having noted the near mass degeneracy of
the deuteron ground state Dg; with the virtual lSO state Djg.
Obviously, the spin-isospin splitting for dibaryons is different
from that of baryons [38].

Possibly this resonance was sensed already before in the pi-
onic double charge exchange reaction on nuclei. There the so-
called nonanalog transitions exhibit an unexpected resonance-
like behavior in the region of the A resonance [36,55,56]. For
its explanation the DINT mechanism [57-60] was introduced,
which in essence can be imagined as representing a AN
system with 1(JF) = 2(17) in the intermediate state [59].

V. SUMMARY AND CONCLUSIONS

Total and differential cross sections of the pp — ppr ¥t~
reaction have been measured exclusively and kinematically
complete in the energy range T, = 1.08-1.36 GeV (/s =
2.35-2.46 GeV) by use of the quasifree process pd —
ppr T + Tgpectator- 1he Tesults for the total cross section are
in good agreement with previous bubble-chamber data. For
the differential cross sections there are no data available from
previous measurements in the considered energy range.

The original Valencia calculations describing Roper and
AA excitations by f-channel meson exchange account well
for the total cross section, but fail badly for the differential dis-
tributions of the pp — ppm ™7~ reaction. These calculations
also have been shown to fail in other two-pion production
channels, both for total and differential cross sections.

The differential cross sections for the pp — ppmtm™
reaction are somewhat better accounted for by the modified
Valencia calculations, but still fail strikingly for the M,-,
Mppr-, and O distributions. These calculations, which
were tuned to the pp — ppr°n® and pp — nnw T+ reac-
tions, have been shown to provide a good description of the
other two-pion channels both in total and in differential cross
sections. However, these so far very successful calculations
predict also a much too small total cross section for the
ppr T~ channel at energies above T, ~ 0.9 GeV.

This failure can be cured, if there is an opening of a
new reaction channel near 7, ~ 0.9 GeV, i.e., near the AN7
threshold, which nearly exclusively feeds the ppmr* 7~ chan-
nel. Such a process is given by the associated production
of the isotensor AN state D,; with specific signatures in
invariant mass spectra and in the 7 angular distribution. We
have demonstrated that such a process provides a quantitative
description of the data for the pp — ppm ™7~ reaction, both
for the total cross section and for all differential distributions.

This Dy state has been predicted already in 1964 by Dyson
and Xuong [35] and more recently by Gal and Garcilazo
[37], who also calculated its decay width. It is remarkable
that five out of the six dibaryon states predicted in 1964
by considering SU(6) symmetry breaking have now been
verified with masses very close to the predicted ones. For
the sixth state, D3, only upper limits have been found so far
[61], but this subject deserves certainly further, more detailed
investigations.
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