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The combined analysis of the pion-induced and photoproduction data
reveals evidences for unknown nucleon resonances in the fourth resonance
region. Two solutions with different pattern of high spin, positive parity
states were found. Although the first solution shows a rather large mass
gap between high spin baryons with positive and negative parities, the
second solution supports the idea of chiral symmetry restoration at high
energies. The new polarization data should provide a necessary information
to distinguish these two solutions.
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1. Introduction

In spite of the considerable successes of the quark model at low ener-
gies [1,2,3,4,5,6] it faces a set of serious problems at the mass region above
1900 MeV where it predicts much more nucleon states than have been ob-
served experimentally.

It is possible that our knowledge of the nucleon spectrum is too limited:
it is based almost completely on the analysis of the πN scattering data.
However, it is also possible that the quark model is too naive to calculate
the spectrum of the excited baryons. Then, the baryon spectrum can be
understood from some symmetry properties of the quark interaction. One
of the most interesting ideas is a possibility for a restoration of the chiral
symmetry at high masses [7, 8, 9]. Then the high mass baryons should be
produced as parity doublets. Such property is not predicted by existent
quark models.
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In this paper, we report properties of nucleon resonances with masses of
about 2 GeV from a coupled-channel partial wave analysis of a large number
of pion and photo induced reactions. The analysis methods are documented
in [10,11,12].

2. Data base

The reported coupled-channel partial wave analysis uses the πN elastic
amplitudes from SAID [13] and data on the reactions π−p → nη, πN →
ΛK, πN → ΣK, γp → pπ0, γp → nπ+,γp → ΛK+, γp → ΣK, π−p →
n2π0, and γp→ p2π0, γp→ pπ0η. Measurements of polarization variables,
with polarization in the initial or final state or with target polarization, are
included in the analysis whenever such data are available. A complete list
of the reactions and references to the data is given in Tables 1–5 of Ref. [14].

3. Negative parity nucleon resonances

Our fit of the high statistic data on theKΛ photoproduction demands, in
addition to the two-pole K-matrix parametrization of the low energy part of
the 1

2(1
2

−) partial wave, a further resonance at higher mass. A Breit–Wigner
amplitude optimized atM = 1880±10, Γ = 88±12 MeV which is in striking
agreement with the result of the KH84 analysis [15]. This resonance also
improves the description of the beam asymmetry and recoil polarization from
γp→ Σ+K0 [16], differential cross-section [17] and polarization observables
Ox,Oz and T [18] from γp → ΛK+. The mass scan of the S11 state for
the solution BG2010-02 is shown in Fig. 1 (a). The fit of our data base with
this state included as the third K-matrix pole demonstrated an excellent
agreement with the SAID energy independent solution for elastic amplitude
in the fitted mass region (up to 2.1 GeV).
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Fig. 1. The change of χ2 for the mass scan of (a) S11, (b) D13, (c) D15 and
(d) D17.

Our first analysis of data on photoproduction of π0, η, and of Λ and Σ
hyperons [19, 20] observed the 1

2(3
2

−) state with M = 1875 ± 25 MeV and
Γ = 80± 20 MeV. The present analysis uses a significantly richer data base,
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and the parameters of these state are defined with a much better accuracy.
In the present analysis the Breit–Wigner mass was found to be 1875±15 MeV
and width 185± 20 MeV. The mass scan of this state is shown in Fig. 1 (b).

The RPP [21] lists one high-mass resonance in the I(JP) = 1
2(5

2

−) par-
tial wave, the two-star N(2200)D15. It was reported by [15] at (M,Γ ) =
(2228 ± 30, 310 ± 50) MeV and by [22] at (2180 ± 80, 400 ± 100) MeV. In
our earlier analysis of the η photoproduction data [23] we reported the ob-
servation of a D15 resonance with a mass of about 2060 MeV. In the present
solution, we find, in addition, a significant contribution from this state to
γp → ΛK+. The mass scan of the Breit–Wigner state which optimized at
M = 2075± 12 MeV and Γ = 365± 20 MeV is shown in Fig. 1 (c). The fit
with the N5/2−(2060) state included as the secondK-matrix pole reproduces
perfectly the πN elastic amplitudes extracted by the SAID up to 2.5 GeV.
If the second pole is excluded from the fit, the high energy region cannot be
fitted well even after including energy dependent non-resonant terms.

An introduction of a 1
2(7

2)− state in the mass region 2100 MeV sig-
nificantly improves the description of the γN → KΛ differential cross-
section and recoil asymmetry [17]. The mass of the state was found to
be 2185 ± 20 MeV which is compatible with the RPP numbers [21], the
width was optimized at 290± 40 MeV. The mass scan is given in Fig. 1 (d).

3.1. Positive parity nucleon resonances

Above the Roper resonance, we observe a pole at (1690+25
−10, 210±25) MeV

or (1695 ± 15, 220 ± 30) MeV for BG2010-01 and BG2010-02 (Re,-2Im),
respectively, which we identify with the known 3-star N(1710)P11. A second
resonance is seen at (1860 ± 20, 110+30

−10) MeV or (1850+20
−50, 360 ± 40) MeV,

respectively, with a width which depends sensitively on the solution. We
call this resonance N1/2+ (1870).

In the 1
2(3

2

+) partial wave we observe above the well known N(1720)P13

at least one additional state: N(1900)P13 [24]. However, a better fit is
obtained when a two-pole structure is assumed. Future experiments will
have to decide if the splitting into two resonances is real. However, the
existence of at least one pole is mandatory to achieve an acceptable fit.

The lowest I(JP) = 1
2(5

2

+) state, N(1680)F15, is well established and
its properties are known with a good precision. At higher masses a rather
narrow state, with the mass 1882 ± 10 and width 95 ± 20, was observed in
the KH84 analysis of the elastic πN data [15] and confirmed by SAID [13],
although with a notably lower mass (1818 MeV). In contrary, an observation
of a rather broad state (M = 1903± 87, Γ = 490± 310 MeV) was reported
from the combined analysis of the πN elastic data and πN → 2πN data [25].
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Our fit of photoproduction data demands a second 5/2+ state at a con-
siderably higher mass. In a two-pole five-channelK-matrix parameterization
of the F15 partial wave, the position of the second pole was found to be at
2075 ± 15 − i290 ± 10 in solution BG2010-01, and at 2045 ± 20 − i260 ±
15 MeV in BG2010-02. The elastic πN amplitude is described with a modest
χ2/Ndata = 4.44(4.72) per data point for BG2010-01(02), see Fig. 2 (a).
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Fig. 2. (a) Real and (b) imaginary part of the 1
2 ( 5

2 )+ partial wave amplitude and fit
BG2010-2 with three poles (solid curves) and two poles (dashed curves). (c) Real
and (d) imaginary part of the 1

2 ( 7
2 )+ partial wave and fit BG2010-1 (solid curves)

and BG2010-02 (dashed curves).

The structure in the F15 elastic amplitude at about 1.9 GeV (Fig. 2 (a,b))
is not well described in the fit with twoK-matrix poles. Hence we introduced
a three-pole five-channelK-matrix to describe the F15 partial wave. The new
solutions reproduce the SAID F15 amplitude with χ2/Ndata = 1.88(1.77)
starting from BG2010-01(02). However, the pole position of this pole is not
well defined: it can be located anywhere in the mass region 1800–1950 MeV;
its imaginary part corresponds to a width of 120–300 MeV. In the three pole
K-matrix solution the pole situated above 2 GeV is shifted to higher masses
at about 40 MeV.

Observations of a 1
2(7

2)+ state in the 2 GeV mass region were reported
from set of analysis. Its Breit–Wigner mass and width were determined to
M = 2005 ± 150 MeV, Γ = 350 ± 100 in [15], to M = 1970 ± 50 MeV,
Γ = 350 ± 120 in [22], and to M = 2086 ± 28 MeV, Γ = 535 ± 120 in [25].
However, this state was not seen in the analysis [13] (or at least was not
reported). Indeed, the 1

2(7
2)+ amplitude (see Fig. 2 (c), (d)) shows no signif-

icant structure. At present we found two very different mass positions. In
the solution BG2010-01, the mass optimized for 1980 ± 25 MeV and width
for 190± 35 MeV. In the solution BG2010-2, mass and width were found to
be 2070± 30 MeV and 250± 35 MeV. These two solutions have very differ-
ent helicity couplings for the F17 state; therefore more precise polarization
experiments should distinguish between them.
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4. Interpretation

AdS/QCD is an analytically solvable “gravitational” theory simulating
QCD which is defined in a five-dimensional Anti-de Sitter (AdS) space em-
bedded in six dimensions [26, 27]. In a special variant of AdS/QCD, a two-
parameter mass formula was derived [28] which reproduces the baryon mass
spectrum from the solution BG2010-01 with a surprising precision. We men-
tion that the mass formula had been suggested before on an empirical ba-
sis [29].

The states observed in the BG2010-02 solution are collected in Table I.

TABLE I

Nucleon resonances as parity doublets.

N1/2+(1710) N1/2−(1650) N3/2+(1720) N3/2−(1700)
N5/2+(1680) N5/2−(1675) N1/2+(1880) N1/2−(1895)
N3/2+(1900) N3/2−(1875) N5/2+(2095) N5/2−(2075)
N7/2+(2100) N7/2−(2190) N9/2+(2220) N9/2−(2250)

The occurrence of parity doublets in the mass spectrum of mesons and
baryons is surprising. The harmonic oscillator states with positive and neg-
ative parity alternate, and in quark models, even in fully relativistic quark
models, this pattern survives. In meson spectroscopy many resonances also
have parity partners with exception of those situated on the leading Regge
trajectory. In [30] it is argued that formation of the spin-parity partners
of mesons on the leading Regge trajectory could be suppressed by angular
momentum barrier factors. In photoproduction of baryon resonances such a
suppression is not expected. Photoproduction experiments could thus be of
decisive importance to clarify the dynamics of highly excited hadrons. Un-
fortunately, the two solutions for the mass of the 5/2+ and 7/2+ resonances
prevent that a final decision can be made at present. Future experiments
with polarized beam and target which will help to distinguish between two
solutions are urgently required.

REFERENCES

[1] N. Isgur, G. Karl, Phys. Lett. B72, 109 (1977).
[2] N. Isgur, G. Karl, Phys. Rev. D18, 4187 (1978).
[3] N. Isgur, G. Karl, Phys. Rev. D19, 2653 (1979) [Erratum ibid. D23, 817

(1981)].
[4] S. Capstick, N. Isgur, Phys. Rev. D34, 2809 (1986).

http://dx.doi.org/10.1016/0370-2693(77)90074-0
http://dx.doi.org/10.1103/PhysRevD.18.4187
http://dx.doi.org/10.1103/PhysRevD.19.2653
http://dx.doi.org/10.1103/PhysRevD.23.817.4
http://dx.doi.org/10.1103/PhysRevD.23.817.4
http://dx.doi.org/10.1103/PhysRevD.34.2809


746 A.V. Sarantsev

[5] U. Loring, B.C. Metsch, H.R. Petry, Eur. Phys. J. A10, 395 (2001).
[6] L.Y. Glozman, W. Plessas, K. Varga, R.F. Wagenbrunn, Phys. Rev. D58,

094030 (1998).
[7] L.Y. Glozman, Phys. Lett. B475, 329 (2000).
[8] R.L. Jaffe, Phys. Rep. 409, 1 (2005) [Nucl. Phys. Proc. Suppl. 142, 343

(2005)].
[9] L.Y. Glozman, Phys. Rep. 444, 1 (2007).
[10] A.V. Anisovich, E. Klempt, A. Sarantsev, U. Thoma, Eur. Phys. J. A24,

111 (2005).
[11] A.V. Anisovich, A.V. Sarantsev, Eur. Phys. J. A30, 427 (2006).
[12] A.V. Anisovich et al., Eur. Phys. J. A34, 129 (2007).
[13] R.A. Arndt, W.J. Briscoe, I.I. Strakovsky, R.L. Workman, Phys. Rev. C74,

045205 (2006).
[14] A.V. Anisovich et al., Eur. Phys. J. A47, 27 (2011).
[15] G. Höhler, in: Landolt–Börnstein Numerical Data and Functional

Relationships in Science and Technology, New Series, Vol.I/9B2, Ed.
H. Schopper, Springer-Verlag, 1983.

[16] R. Ewald et al., “Evidence for a negative-parity spin-doublet of nucleon
resonances at 1.88 GeV from γp→ Σ+K0

S and related reactions”, in
preparation.

[17] M.E. McCracken et al., Phys. Rev. C81, 025201 (2010).
[18] A. Lleres et al., Eur. Phys. J. A31, 79 (2007).
[19] A.V. Anisovich et al., Eur. Phys. J. A25, 427 (2005).
[20] A.V. Sarantsev et al., Eur. Phys. J. A25, 441 (2005).
[21] K. Nakamura et al. [Particle Data Group Collaboration], J. Phys. G 37,

075021 (2010).
[22] R.E. Cutkosky et al., “Pion–Nucleon Partial Wave Analysis”, 4th Int. Conf.

on Baryon Resonances, Toronto, Canada, Jul 14–16, 1980, published in
Baryon 1980:19 (QCD161:C45:1980).

[23] O. Bartholomy et al., Phys. Rev. Lett. 94, 012003 (2005).
[24] V.A. Nikonov et al., Phys. Lett. B662, 245 (2008).
[25] D.M. Manley, E.M. Saleski, Phys. Rev. D45, 4002 (1992).
[26] G.F. de Teramond, S.J. Brodsky, Phys. Rev. Lett. 94, 201601 (2005).
[27] For a survey on light-front dynamics, AdS/QCD see S.J. Brodsky,

G. de Teramond, PoS LC2010, 070 (2010) [arXiv:1010.4962 [hep-th]]
and references therein.

[28] H. Forkel, E. Klempt, Phys. Lett. B679, 77 (2009).
[29] E. Klempt, Phys. Rev. C66, 058201 (2002).
[30] L.Y. Glozman, A. Sarantsev, Phys. Rev. D82, 037501 (2010).

http://dx.doi.org/10.1007/s100500170105
http://dx.doi.org/10.1103/PhysRevD.58.094030
http://dx.doi.org/10.1103/PhysRevD.58.094030
http://dx.doi.org/10.1016/S0370-2693(00)00096-4
http://dx.doi.org/10.1016/j.physrep.2004.11.005
http://dx.doi.org/10.1016/j.nuclphysbps.2005.01.058
http://dx.doi.org/10.1016/j.nuclphysbps.2005.01.058
http://dx.doi.org/10.1016/j.physrep.2007.04.001
http://dx.doi.org/10.1140/epja/i2004-10125-6
http://dx.doi.org/10.1140/epja/i2004-10125-6
http://dx.doi.org/10.1140/epja/i2006-10102-1
http://dx.doi.org/10.1140/epja/i2007-10499-9
http://dx.doi.org/10.1103/PhysRevC.74.045205
http://dx.doi.org/10.1103/PhysRevC.74.045205
http://dx.doi.org/10.1140/epja/i2011-11027-2
http://dx.doi.org/10.1103/PhysRevC.81.025201
http://dx.doi.org/10.1140/epja/i2006-10167-8
http://dx.doi.org/10.1140/epja/i2005-10120-5
http://dx.doi.org/10.1140/epja/i2005-10121-4
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1103/PhysRevLett.94.012003
http://dx.doi.org/10.1016/j.physletb.2008.03.004
http://dx.doi.org/10.1103/PhysRevD.45.4002
http://dx.doi.org/10.1103/PhysRevLett.94.201601
http://dx.doi.org/10.1016/j.physletb.2009.07.008
http://dx.doi.org/10.1103/PhysRevC.66.058201
http://dx.doi.org/10.1103/PhysRevD.82.037501

	1 Introduction
	2 Data base
	3 Negative parity nucleon resonances
	3.1 Positive parity nucleon resonances

	4 Interpretation

