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We report on measurements of the differential cross section dσ/dΩ in the energy region of
√
s =

2.5–2.9 GeV of the reaction pp → {pp}sπ0 where {pp}s is a 1S0 proton pair. The experiment has
been performed with the ANKE spectrometer at COSY-Jülich. The data reveal a peak in the energy
dependence of the forward {pp}s differential cross section at the energy

√
s = 2.65 GeV with the

width Γ = 0.26 GeV, and also the cross section slope changes its sign in the region of the observed
peak. This is an indication for the excitation of a new D(2650) resonant state, that may be a
dibaryon resonance system consisting of two excited baryons ∆(1232) and N∗(1440).

I. INTRODUCTION

One of the striking phenomena of modern particle
physics is dibaryon resonances. In the broad sense of this
term, the dibaryon resonance means an enhancement of
interaction at a specific energy in a dibaryon system, i.e.,
a hadron system with the baryon number B = 2.

Currently, there is no unambiguous and generally
accepted understanding of the physical nature of the
dibaryon resonance phenomenon, and its interpretation
is developing in two main directions. One is the meson-
baryon approach (developed, e.g., in [1]), which assumes
that dibaryon resonances represent the resonant ampli-
fication of the interaction between a nucleon and an ex-
cited baryon, or between two excited baryons. Meson
fields are the carrier of interaction in this case. The other
approach assumes that the effective degrees of freedom
in the dibaryon resonances are quark degrees of freedom,
and the excited dibaryon system is a quasi-bound six-
quark state. The symbiosis of these approaches is the
idea of the dibaryon resonances as an ensemble of ex-
cited hadronic and quark components (for details see [2]
and refs. therein).

Regardless of the microscopic nature of dibaryon res-
onances, they can be classified by analysing purely sym-
metric properties of hadron systems in SU(6) theory.
This classification was proposed by Dyson and Nguyen
Xuong in [3]. The dibaryon states DIJ are defined in
this classification by the isotopic spin I and the total
momentum J .

The authors [3] had only three states for analysis: the
deuteron D01; the isotriplet state D10 of an np pair (or an
S-wave pp pair pps) and the S-wave N∆ resonance D12.
The latter was discovered shortly before in experiments
at the synchrocyclotron in Dubna under the direction of
M.G. Meshcheryakov [4, 5] in the form of an intense peak
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in the cross-section of the reaction

p+ p→ d+ π+, (1)

Partial wave analysis of reaction (1) and elastic NN
scattering determined the characteristics of the dibaryon
states forming the resonance in reaction (1) [6, 7]. The
same analysis showed that the observed dibaryon states
had the character of true resonances, exhibiting, in par-
ticular, adequate behavior on the Argand plane.

The classification [3] predicted the resonant state of
D03 with a mass of about 2350 MeV. The long-term
search for this resonance, described in Clement’s re-
view [8], led to its discovery at the WASA-at-COSY
setup [9] in reasonable agreement with the prediction [3].
The resonance was investigated not only in the process
of inelastic np collision,

n+ p→ D03 → d+ π0π0, (2)

but also in quasi-free np scattering [10]. Measurement of
the np analyzing power showed the presence of a pole in
3D3–3G3 waves, confirming the true resonant character of
the D03 dibaryon.

The isotensor dibaryon D21 was discovered relatively
recently [11], also at WASA-at-COSY.

The search for the not yet observed D30 dibaryon,
the last of those predicted in [3] for states with zero
strangeness, showed in the experiment [12] that the upper
limit of its excitation probability is three to four orders
of magnitude lower than the D03 excitation probability.
Such a low cross-section of the corresponding reaction is
due to the need to ensure the preservation of isospin in
the pp→ D30π

0π0 → pp process by an additional genera-
tion of pions. The small cross-section of such a generation
leads to a small probability of D30 observation.

Thus, modern data generally confirm the SU(6) sys-
tematization of the dibaryons with zero strangeness [3].
However, the limitations of this systematization should
not be neglected. Its development requires obtaining new
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data, in particular, the study of dibaryon resonances with
the formation of an S-wave diproton pps:

p+ p→ DIJ → {pp}s + π0, (3)

Investigation [13] of this process at the ANKE-COSY
facility revealed existence of two resonant states D10 and
D12 with a mass of 2.2 GeV and a decay mode of {pp}sπ0.

Theoretical analysis of the dibaryon resonance phe-
nomenon in the meson-baryon concept has shown that
in this approach, dibaryon resonances are systems that
are obviously more complex than pairs of non-interacting
baryons. The necessity of taking into account the inter-
action of baryons in the intermediate state was proved
quantitatively in the works of Gal and Garcilazo [1].

The capabilities of modern QCD-based quark mod-
els in quantitative interpretation of dibaryon resonances
were demonstrated in [2], where not only the relatively
small full width of the D03(2380) state was reproduced,
but also the experimentally known widths of several
modes of its decay. Calculations were carried out in the
model of coupled channels ∆∆ + CC, where the ∆∆
channel corresponds to the t-channel excitation of two
∆(1232) baryons, and the CC channel is a six-quark
configuration with a hidden color. The results indi-
cate the dominant contribution of the CC component,
which leads the authors to conclude that the D03(2380)
dibaryon resonance is an exotic state with six-quark dom-
inance.

The study of the mechanism for excitation of dibaryon
resonance is also of fundamental importance for under-
standing their physical nature. Historically, such a mech-
anism, in one form or another, was a nucleon-nucleon col-
lision with a total energy of

√
s equal to the mass of the

excited resonance. However, another mechanism is also
possible, which is coherent excitation of the deuteron to
resonant state. This possibility was shown in [14], where
a deuteron was excited by a meson exchange with a fast
proton inelastically scattered at small angles:

p+ d→ p+D03 → p+ d+ π0π0, (4)

Theoretical analysis of this experiment was done in [15]
in the frame of a theoretical model involving D(2380)
excitation in the intermediate state.

Fundamental importance of the dibaryon resonance
phenomenon for development of nuclear physics appeared
especially clear in the last two decades with the devel-
opment of a new QCD-motivated approach to the NN
intermediate energy scattering, a dibaryon model [16].
This novel model created by the physicists of Moscow
State University replaces the t-channel meson exchanges
in the traditional NN -potential models by the s-channel
mechanism of the dibaryon exchange between the over-
lapping nucleons together with the peripheral one-pion
t-channel exchange at long distances. It was shown in
a large set of calculations that the dibaryon degrees of
freedom are appropriate to effectively take into account
the inner structure of the nucleons in the NN scattering
processes.

The above shows that the study of dibaryon reso-
nances, which arose about 70 years ago, presents a wide
range of experimental and theoretical problems. At the
same time, the first stage of the study is always the dis-
covery of the very fact of the resonant behavior of the
differential sections of the inelastic NN interaction. This
behavior of reaction (1) has been studied in detail in nu-
merous experiments at energies

√
s = 2.1–2.4 GeV, and

the energy dependence of the differential cross-section
at small angles in the c.m.s. has been measured up to
5.0 GeV [17].

The reaction

p+ p→ {pp}s + π0 (5)

was studied at the ANKE-COSY setup in the energy
range

√
s = 2.1–2.4 GeV. The manifestation of heav-

ier baryon resonaces N∗ in the dibaryon structure can be
observed with increase of the dibaryon resonance mass,
so it seems appropriate to advance to higher energies in
this task. The aim of this work was to search for study
the resonant behavior of the isotriplet interaction of nu-
cleons (5) leading to the formation of a single pion and
an S-wave diproton in the range of

√
s = 2.48–2.91 GeV.

Experimental equipment and measurement procedure are
described in the next section. Further sections provide
an analysis of the data, obtained results and discussion.
The final section summarizes the above.

II. MEASUREMENTS

The reaction pp → {pp}sπ0 has been measured with
the ANKE-COSY spectrometer [18] at 5 proton beam
kinetic energies in the range Tp = 1.6 − 2.4 GeV. These
new data appreciably add to the previously published
results [13, 19, 20].

Figure 1 shows a scheme of the spectrometer: the beam
pipe, the main spectrometric magnet D2 and the ANKE
forward detector that was used in the experiment. The
proton beam interacts with a hydrogen cluster-jet tar-
get, the secondary protons produced by the interaction
are deflected by the spectrometric magnet and detected
by the multi-wire chambers and scintillation counters of
the ANKE forward detector. Track coordinates are mea-
sured by a set of multi-wire chambers, while scintillation
counters measure ionization losses and particle times of
flight. These data make it possible to measure particle
trajectories and momenta. The experimental setup is de-
scribed in more detail in our earlier papers [19, 21].

Data acquisition was activated by the registration of
at least one particle with a momentum above 0.6 GeV/c.
Various triggers were used in the experiment to pre-select
and record single-track and double-track events.
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Target (H2)

proton
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Figure 1. Scheme of the ANKE spectrometer.

III. ANALYSIS

The first step in identifying the pp→ {pp}sπ0 reaction
was to select two coincident protons from all detected
pairs of positively charged particles. The time-of-flight
method for identifying proton pairs is well suited for this
purpose. A more detailed description of the procedure is
given in [21].
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Figure 2. Distribution of missing mass squared, an example
for 1.6 GeV.

After selecting candidates for the pp → ppX reac-
tion, we could use the information about the momenta
of both final protons to reconstruct the complete kine-
matics of the process for each event. In order to select
the 1S0 state of the pairs, only proton pairs with an ex-
citation energy Epp < 3 MeV were chosen. After that,
the candidates for further processing were selected based
on the missing mass criterion (see Fig. 2 as an example).
Events near the single-pion peak position were accepted
for further processing after subtracting a small contribu-
tion from the multi-meson production background. The

background contribution was evaluated by fitting vari-
ous shapes to the data: Gaussian or exponential double-
meson tail with or without constant random-coincidence
background. The resulting systematic error amounted to
3%. The kinematic fitting technique was applied to the
events within the single-pion peak to improve the mo-
mentum precision.
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Figure 3. Luminosity estimations for various angular intervals
fitted by a constant, an example for 1.6 GeV.

The luminosity was measured by parallel registration
of the single track events from the proton-proton elastic
scattering. For that, the forward detector angular accep-
tance for the pp→ pp reaction was split into 1◦ intervals
for θcmp , and the luminosity was estimated for each inter-
val using pp→ pp cross-sections from the SAID solution
SM16 [22], then the obtained anguar distribution was fit-
ted by a constant. An example of such a fit is presented
in Fig. 3. The resulting integral luminosities varied from
1.6 nb−1 to 36 nb−1 for various energies. The statistical
error was negligible due to a large number of pp-elastic
events, the SAID systematics was considered to be 4%,
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the systematics associated with the acceptance uncerain-
ties at the detector edges and registration inefficiencies
amounted to 1–3% at various energies.

IV. RESULTS
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Figure 4. Angular dependence of the differential reaction
cross-section for the pp→ {pp}sπ0 reaction

To estimate the angular dependence of the pp →
{pp}sπ0 differential cross-section, the events were divided
into four intervals by θpp: 0◦–5◦, 5◦–10◦, 10◦–15◦5, and
15◦–20◦ (Fig. 4) and fitted with the function

dσ

dΩ
=
dσ(0)

dΩ
(1 + k sin2 θcmpp ), (6)

where dσ(0)/dΩ is the differential cross-section at the
zero angle (also called forward cross-section), k is the
slope parameter. The fit results are presented in Fig. 5
and Table I.

The resulting values of dσ(0)/dΩ presented in Fig. 5
(a) form a peak around Tp = 1.9 GeV. Thus, we made
a combined fit of the forward cross-sections published
in [20] and the current data in the central part of the peak
(Tp = 1.6–2.2 GeV) to exclude the extreme points where
some contribution of interference with nearby peaks is
possible. The data were fitted by the Breit-Wigner func-
tion

dσ(0)

dΩ
=

N

(
√
s− E0)2 + Γ2/4

. (7)

where N is the peak magnitude, E0 is the peak position
and Γ is the peak width. This results in the magnitude
N of 0.30±0.03 µb/sr, the mass E0 of 2.654±0.013 GeV,
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Figure 5. Energy dependence of (a) the differential cross-
section at the zero angle dσ(0)/dΩ and (b) the slope of the
differential cross-section k for the pp → {pp}sπ0 reaction.
Open squares are experimental WASA values from [23], full
circles are ANKE values from [13, 19, 20], and open circles
are the current ANKE data.

and the width Γ of 0.26 ± 0.07 GeV. The observed new
resonance may be denoted as D(2650).

In Fig. 5 (b) the energy dependence of the slope of the
differential cross-section for the pp→ {pp}sπ0 reaction is
shown. Note that the slope changes its sign in the region
of the observed peak.

V. DISCUSSION

In the meson-baryon approach the dibaryon resonance
can be considered as a pair of interacting baryons of two
types NB∗ or B∗

1B
∗
2 , where N is the nucleon and B∗,

B∗
1 , B∗

2 are different excited baryons. Masses MR of the
quasi-bound resonant states are close to a sum of the
baryon masses and differ from them due to the attractive
interaction between the baryons and the kinetic energy
of their relative motion. These quantities depend on the
particular intermediate state and have values of the order
of tens of MeV.
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Table I. Values of the differential cross-section at the zero angle dσ(0)/dΩ and the slope of the differential cross-section k
measured at various energies.

Beam time Tp [GeV]
√
s [GeV] dσ(0)/dΩ [µb/sr] k

2008 data 1.4 2.48 0.053 ± 0.004 13.4 ± 1.7

1.97 2.69 0.277 ± 0.023 −5.2 ± 0.7

1.6 2.55 0.183 ± 0.019 −5.3 ± 0.7

1.8 2.63 0.293 ± 0.031 −6.7 ± 0.6

2013 data 2.0 2.70 0.266 ± 0.023 −6.7 ± 0.6

2.2 2.77 0.202 ± 0.063 −8.9 ± 1.1

2.4 2.83 0.055 ± 0.014 5 ± 5

pp (1S0)p1

p2

p3

p4π0, kπ

π0, qπ

Figure 6. The OPE mechanism of the reaction pp→ {pp}sπ0.

In [13] the dibaryon resonance at 2.2 GeV was in-
terpreted as a resonance in the P -wave state of the
∆(1232)N pair. It is reasonable to suppose that the new
D(2650) resonance is a resonant state of a pair consisting
of N and one of the heavier excited ∆ states: ∆(1620)
or ∆(1700). To check this assumption, the one-pion ex-
change (OPE) model can be used (see Fig. 6). This model
was suggested and succesfully applied for the reaction
pp→ dπ+ by T. Yao [24]. A proper modification of this
model for the reaction pp → {pp}sπ0 was done in [25].
This triangle diagram of the one-pion exchange does not
involve any excited baryon explicitly but supposes their
contribution through the corresponding resonance in the
pion-nucleon elastic scattering.

Figure 7 shows that the OPE model successfully de-
scribes the shape of the energy dependence of the differ-
ential cross section at the zero angle in the region of the
peak observed at Tp = 0.650 GeV corresponding to the
∆(1232)-isobar excitation in this reaction. However, it
completely disagrees with the data in the region of the
new peak at the energy of excitation of the higher ∆ and
N∗ baryons. It allows one to conclude that the contri-
bution of the NB∗-like structure in the observed peak is
negligible.

The dibaryon structure with two excited baryons at
the lowest excitations (higher than ∆(1232)∆(1232) as-
sumed for D(2380)) is ∆(1232)N∗(1440) pair. Accord-
ing to estimation of the resonance mass as a sum of the
masses of these excited baryons, it is MR ≈ 2.67 GeV
suitable for our resonance. Taking into account conser-
vation of the total angular momentum, P–parity and also
requirement of the Pauli principle for the pp state, one
should assume a P -odd state of the internal motion in

0.5 1 1.5 2 2.5
 [GeV]pT

2−10

1−10

1b/
sr

]
µ [

Ω
(0

)/
d

σd

2 2.2 2.4 2.6 2.8
 [GeV]s

Figure 7. The result of calculations of the pp → {pp}sπ0

differential cross-section at θ = 0 within the OPE model [25]
multiplied by the normalization factor 0.4 (full line). The
legend for the data points is the same as in Fig. 5.

this ∆(1232)N∗(1440) pair. The isospin of this state
is T = 1, as it is fixed by the isospin of the pp-state
and isospin conservation in this reaction. Here, for the
D(2650) state, only even values of the full angular mo-
mentum J = 0, 2, 4, etc. are allowed. The observed
change of sign of the slope parameter in the angular dis-
tribution definitely shows the cardinal difference in the
structure of the resonances at 2.20 GeV and 2.65 GeV.
Specific behavior of the slope parameter at 2.20 GeV
dibaryon resonance was explained in [26] by the inter-
ference between two states, 3P2d and 3P0s. The observed
behavior of the slope parameter in the D(2650) testifies
the absence of a similar effect. It is worth noting that
the assumed ∆(1232)N∗(1440) structure of the observed
resonance indicates a possibility of its significant decay
mode with the production of two and even three pions. It
is natural since the ∆(1232)-isobar has a more than 99%
branching ratio for the Nπ decay mode and the Roper
baryon N∗(1440) has a 60–70% branching ratio for the
Nπ decay mode and 30–40% for the Nππ mode [27].



6

VI. SUMMARY

The measured differential cross section of the single-
pion production in the proton-proton collisions accom-
panied by the 1S0 diproton forward emission reveals a
clear peak in the proton kinetic energy 1.9 GeV. This
peak may be attributed to excitation of the dibaryon res-
onance D(2650) with the mass of 2.652± 0.005 GeV and
width Γ of 0.26± 0.02 GeV. The angular dependence of
the differential cross-section has shown a change in the
sign of the slope parameter between the D(2220) and
D(2650) dibaryon resonances, so that in the D(2650) en-
ergy region the cross-section has a maximum instead of
a minimum at the zero angle. The calculations in the
frame of the one-pion-exchange model shows that the

observed cross-section behavior is inconsistent with the
NB∗-type structure. The resonance may be considered
to have the ∆(1232)N∗(1440) structure with the P -odd
state of the internal movement. The following study of
the resonance requires primarily the measurement of the
full angular distribution of the differential cross section,
the analyzing powers and the branching ratios for its two-
and three-pion decay modes.
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