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The Nπ0π0 decays of positive-parity N� and Δ� resonances at about 2 GeV are studied at ELSA by
photoproduction of two neutral pions off protons. The data reveal clear evidence for several intermediate
resonances: Δð1232Þ, Nð1520Þ3=2−, and Nð1680Þ5=2þ, with spin parities JP ¼ 3=2þ, 3=2−, and 5=2þ.
The partial wave analysis (within the Bonn-Gatchina approach) identifies Nð1440Þ1=2þ and the
NðππÞSwave (abbreviated as Nσ here) as further isobars and assigns the final states to the formation of
nucleon and Δ resonances and to nonresonant contributions. We observe the known Δð1232Þπ decays of
Δð1910Þ1=2þ, Δð1920Þ3=2þ, Δð1905Þ5=2þ, Δð1950Þ7=2þ, and of the corresponding spin-parity series in
the nucleon sector, Nð1880Þ1=2þ, Nð1900Þ3=2þ, Nð2000Þ5=2þ, and Nð1990Þ7=2þ. For the nucleon
resonances, these decay modes are reported here for the first time. Further new decay modes proceed via
Nð1440Þ1=2þπ, Nð1520Þ3=2−π, Nð1680Þ5=2þπ, and Nσ. The latter decay modes are observed in the
decay of N� resonances and at most weakly in Δ� decays. It is argued that these decay modes provide
evidence for a 3-quark nature of N� resonances rather than a quark-diquark structure.

DOI: 10.1103/PhysRevLett.114.091803 PACS numbers: 13.30.Eg

The proposition that mesons and baryons are composed
of constituent quarks [1,2] paved the path to an under-
standing of the particle zoo. Quark models were developed
that reproduced the masses of ground-state baryons and the
gross features of their excitation spectrum [3–6]. However,
important details remained unexplained, like the masses
of Nð1440Þ1=2þ [7], Nð1535Þ1=2− [8], and Λð1405Þ1=2−
[9]. These—and other—resonances can be generated
dynamically from the interaction between their decay
products, and no quark degrees of freedom are required
to understand their properties [10]. High-mass baryon
excitations fall onto linear Regge trajectories having the
same slope as mesonic Regge trajectories. This observation
has led to the suggestion that baryon excitations can be
interpreted as q-qq excitations where the diquark remains
in a relative Swave. Here, we use the concept of diquarks in
this limited sense even though in the literature any pair of

quarks is also often called a diquark. The quark-diquark
picture of baryons entails a much reduced number of
expected resonances and may thus explain the small
number of actually observed resonances, a fact known as
the missing-resonance problem. Indeed AdS/QCD [11],
based on the string nature of the strong interaction,
reproduces the N� and Δ� spectrum very successfully
[12]. Quark models are also incompatible with the exist-
ence of spin-parity doublets, pairs of resonances with
similar masses, identical spin, and opposite parities. It
has been suggested that chiral symmetry might be restored
when baryons are excited [13–16]. One question must find
an answer: Is one of these different approaches the correct
one, or do they just represent different legitimate views?
The distinctive feature of quark models of baryons as

compared to other concepts is the three-body nature of
the interaction. In quark models, the internal dynamics is
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described by two oscillators, usually denoted as ~λ and ~ρ. In
the simplest approximation, both oscillators are harmonic;
in more realistic cases, mixing of quark model states
occurs. Neglecting mixing, the four positive-parity Δ�
resonances form a spin quartet with intrinsic orbital
and spin angular momenta L ¼ 2 and S ¼ 3=2. Indeed,
four isolated positive-parity Δ� resonances with similar
masses exist: Δð1910Þ1=2þ, Δð1920Þ3=2þ, Δð1905Þ5=2þ,
Δð1950Þ7=2þ, with JP ¼ 1=2þ; 3=2þ; 5=2þ; 7=2þ. Quark
models predict an additional JP ¼ 3=2þ; 5=2þ spin doublet
at about the same mass for which no evidence exists. If the
doublet exists, it must have weak coupling to πN and γN
and can be neglected in the present discussion.
Neglecting mixing with the hypothetical JP ¼

3=2þ; 5=2þ spin doublet, the four positive-parity Δ�
resonances have a spin and a flavor wave function that
is symmetric with respect to the exchange of any pair of
quarks. The color wave function is completely antisym-
metric; hence, the spatial wave function ϕn;l must be
symmetric. It can be cast into the form

S ¼ 1
ffiffiffi

2
p f½ϕ0sð~ρÞ × ϕ0dð~λÞ� þ ½ϕ0dð~ρÞ × ϕ0sð~λÞ�gðL¼2Þ: ð1Þ

Here, the ρ and the λ oscillators are coherently excited from
lρ ¼ lλ ¼ 0 (s wave) to lρ ¼ 2 or lλ ¼ 2 (d wave); the
oscillation energy fluctuates from ρ to λ and back to the ρ
oscillator. There is no radial excitation, nρ ¼ nλ ¼ 0.
There are as well four isolated positive-parity nucleon

resonances: Nð1880Þ1=2þ, Nð1900Þ3=2þ, Nð2000Þ5=2þ,
Nð1990Þ7=2þ. These resonances have a 2� rating only [17],
except for the 3� Nð1900Þ3=2þ [18], which is observed in
several partial wave analyses [19]. Here, we assume that all
four resonances exist and that they form a spin quartet [20].
Nucleon states with S ¼ 3=2 require spatial wave functions
of mixed symmetry. For L ¼ 2, the wave functions have
equal admixtures of

MS ¼ 1
ffiffiffi

2
p f½ϕ0sð~ρÞ × ϕ0dð~λÞ� − ½ϕ0dð~ρÞ × ϕ0sð~λÞ�gðL¼2Þ;

ð2Þ

MA ¼½ϕ0pð~ρÞ × ϕ0pð~λÞ�ðL¼2Þ; ð3Þ

and both parts need to be present to fulfill the Pauli
principle. The part MA describes a component in which
the ρ and the λ oscillator are both excited simultaneously.
The quark model also predicts a spin doublet of positive-

parity N� resonances with J ¼ 1=2 and 3=2 and a total
intrinsic orbital angular momentum L ¼ 1. Their spatial
wave functions are completely antisymmetric:

A ¼ ½ϕ0pð~ρÞ × ϕ0pð~λÞ�ðL¼1Þ: ð4Þ

In these two N� resonances, both oscillators are excited. It
has been argued [21] that these resonances cannot be
formed in a πN scattering experiment, that it is not possible
to excite both oscillators in a single step. If they are
produced, they cannot decay directly into πN. We call this
argument the Hey-Kelly conjecture.
We assume that the type (1) and (2) wave functions can

easily disintegrate into πN or into πΔð1232Þ or other
modes with a ground-state baryon and a pseudoscalar (or
vector) meson. The Hey-Kelly conjecture implies that the
type (3) component decays only by consecutive deexcita-
tions of the two oscillators. Hence in a first step, an
intermediate resonance with intrinsic orbital angular
momentum should be formed, either in the baryon or in
the meson part. A spin-parity quartet of positive-parity N�
resonances must have a type (3) component. Hence, we
expect nonvanishing branching ratios for decay modes like
Nð1535Þ1=2−π, Nð1520Þ3=2−π.
The situation is visualized in Fig. 1 using a classical

picture. The upper subfigures show the three configura-
tions: (1) where the ρ oscillator is in the ground state and
the diquark and the third quark rotate around the center of
mass, (2) where the two quarks of the diquark carry the
angular momentum, and (3) where all three quarks rotate
around the center of mass. According to the Hey-Kelly
conjecture, the configuration (3) does not deexcite directly
into a ground-state baryon, N or Δð1232Þ, plus a pseudo-
scalar (or vector) meson: configuration (3) deexcites into an
intermediate state carrying angular momentum in either the
λ or the ρ oscillator. These decay modes are depicted in the
two lower subfigures.
In this Letter we report decay modes of N� and Δ�

resonances produced in the reaction γp → π0π0p. The
results cover N� and Δ� resonances in the mass range
from 1500 to 2100 MeV, analysis and results are
documented in detail elsewhere [22]. Here we present
only results on positive-parity resonances in the 1900–
2100 MeV mass region.

FIG. 1 (color). Classical orbits of nucleon excitations with L ¼
2 (upper row) and L ¼ 1 (lower row). The first two pictures in
both rows show excitations of the ρ and λ oscillators, and in the
third picture in the first row, both ρ and λ are excited.
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The data were obtained using the energy-tagged photon
beam of the Electron Stretcher Accelerator (ELSA) [23]
and the CBELSA/TAPS detector setup [24,25]. The elec-
trons hit a bremsstrahlung target and their momenta
were analyzed in a dipole magnet in combination with a
scintillator hodoscope. The photons then impinged on a
5 cm long liquid hydrogen target [26], located in the center
of the electromagnetic calorimeter setup consisting of the
Crystal Barrel [27] with 1290 CsI(Tl) crystals and the
TAPS detector [28,29] in a forward wall setup with 528
BaF2 modules. The latter modules are covered with plastic
scintillators for charge information. The calorimeters cover
the complete azimuthal angle and polar angles from 6° to
168°. Further information on charged particles is provided
by a three-layer scintillating fiber detector [30] surrounding
the target. After a series of kinematic cuts, the data were
subjected to kinematic fits [31] to the γp → π0π0p hypoth-
esis, and about 1 600 000 events in the photon energy range
of 900 to 2500 MeV were retained with a background
contamination over the full energy range of below 1%. The
data were included in the BnGa database (see Refs. [32,33]
for recent additions) covering pion and photon-induced
reactions. Data on three-body final states were included in
the partial wave analysis in an event-by-event likelihood fit.
The fitted mass and angular distributions are compared to
data in Ref. [22].
The total cross section for two-neutral-pion photopro-

duction (Fig. 2) shows very significant peaks in the second
and third resonance regions and a small shoulder at an
invariant mass of about W ¼ 1.9 GeV due to the fourth

resonance region. For comparison, we also show the total
cross section for γp → π0p from Ref. [34] with the tail of
Δð1232Þ and a more visible fourth resonance region.
Figure 3 shows the pπ0π0 Dalitz plot [22] for the range

of the proton-γ invariant mass from W ¼ 1820 to
W ¼ 2000 MeV. Since the two neutral pions are identical,
there are two entries per event, and the Dalitz plot is
symmetric with respect to the diagonal. The largest con-
tributions are seen at squared pπ0 invariant masses around
1.5 GeV2 stemming from the Δð1232Þ resonance as
intermediate state. A smaller band can be seen at M2 ≈
2.25 GeV2 orM ≈ 1500 MeV. A fit returns mass and width
compatible with the Nð1520Þ3=2− resonance.
The results on observed decay modes of positive-parity

resonances in the 1850–2000 MeV region are collected in
Table I. The table includes results on Nð1535Þ1=2−π decay
modes from Ref. [25]. All resonances have sizable Nπ and/
or Δπ branching ratios: for Δ� resonances, the sum of the
two decay branching ratios is 61% on average, for N�, it
is 51%. There are several allowed branching ratios into
intermediate resonances carrying one unit of intrinsic
orbital angular-momentum excitation [Nð1520Þ3=2−π,
Nð1535Þ1=2−π, Nσ]. Their mean contribution to the four
N�’s is 23%, and to the four Δ�’s a factor 10 smaller. In the
Nσ decay mode, we assume that first a qq̄ pair is created,
the q forms, together with the deexcited qq pair, the final
state baryon, and the q̄ picks up the third quark of the
primary baryon resonance (which still carries angular
momentum) and produces a qq̄ pair with JP ¼ 0þ, which
dresses to become a σ.
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FIG. 3 (color). The pπ0π0 Dalitz plot for 1300 < Eγ <
1650 MeV covering the fourth resonance region. There are
two entries per event. The largest contributions are due to cascade
processes with Δð1232Þ as intermediate state. Two further bands
are seen due to cascades via Nð1520Þ formation. In regions I
and II, the fractional contributions of Δð1232Þ and Nð1520Þ are
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FIG. 2 (color). The total cross section for γp → pπ0π0. The red
and blue full dots are from two running periods of this experi-
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The Nð1440Þ1=2þπ and Nð1680Þ5=2þπ branching
ratios are also given even though the intermediate state
does not carry one unit of orbital angular momentum as
Fig. 1 seems to imply. We assume that in the deexcitation
process part of the excitation energy can be transferred to
an oscillator in a single step transition. In atomic physics
this is known as the Auger effect.
The individual branching ratios have large errors bars.

Hence, we fitted the data with two assumptions. (i) We
forbade decays of the four Δ�’s into Nð1440Þπ, Nð1520Þπ,
Nð1535Þπ, and Nð1680Þπ. This has little effect on the fit
and the χ2 deteriorated by 692 units. We consider this to be
at the border of becoming statistically significant. Of
course, these decays are not forbidden, but obviously the
branching ratios for these decay modes from the four Δ�’s
are small. (ii) If decay modes into orbitally excited states
were forbidden for the four N� resonances, the χ2 change
became 3880 units and the fit quality deteriorated visibly.
The four N� resonances decay via orbitally excited inter-
mediate states with a significant decay fraction.
Why are the decays of the four N� resonances into

orbitally excited intermediate resonances so frequent
(≈23%), and why are these decay modes suppressed for
the four Δ� resonances? We assign the difference to the
component type (3) in the wave function of the four N�’s,
which is absent in the wave function of the four Δ�’s. The
type (1) and type (2) components disintegrate easily into
πN or πΔð1232Þ, a decay mode that is—according to the
Hey-Kelly conjecture—suppressed from the type (3) com-
ponent. The decays of the four N� resonances into orbitally
excited intermediate resonances thus provide evidence for a
three-body component in their wave functions and for a
significant coupling of this component to orbitally excited
intermediate resonances.
In summary, we have reported a study of photoproduc-

tion of two neutral pions off protons in a range of photon
energies covering the fourth resonance region and have
identified several new decay modes of known N� and Δ�
resonances. The N� resonances have nonvanishing branch-
ing ratios into the excited N� resonances Nð1520Þ3=2− and
Nð1535Þ1=2−, while for the Δ� these decay modes are

suppressed. The pattern suggests that N� resonances in the
fourth resonance region contain a sizable component in
their wave function in which two oscillators are excited.
This observation supports interpretations of baryon reso-
nances exploiting the full three-body dynamics and chal-
lenges models assuming a quark-diquark structure.
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