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with JP = 1/2+, 3/2+, 5/2+ decaying via cascades would
strengthen the conjecture.

In Ref. [10] the three states are predicted to have masses
of 2099MeV; 2176MeV; 2150MeV. We suggest to search
first for the member of the 20-plet with JP = 3/2+ in the
reaction

KL p ! ⇡+⇤20 , ⇤20 ! ⇤(1520)⌘ or ⇤(1670)⌘ . (13)

This is an S wave decay to an intermediate state with or-
bital angular momentum excitation. The first decay mode
has the disadvantage that ⇤(1520) is dominantly a SU(3)
singlet, ⌘ dominantly SU(3) octet but the mixing angles
deviate significantly from pure SU(3) eigenstates. The sec-
ond mode might be forbidden kinematically if the mass of
the expected resonance is low. With L = 2 between ⌘ and
exciated hyperon, also the states with JP = 1/2+ and
5/2+ could be observed. Note that ⇤ excitations with a
total quark spin S = 3/2 exist only in the SU(6) 20-plet.

3.4 Pentaquark search

The concept of a nucleon composed of three constituent
quarks is certainly oversimplified, and the hadronic prop-
erties of nucleons cannot be understood or, at least, are
not understood in terms of quarks and their interactions.
Skyrme studied the pion field and discovered that by adding
a non–linear “� term” to the pion field equation, stable
solutions can result [59]. These solutions have half inte-
ger spin and a winding number identified by Witten [60]
as the baryon number. These stable solutions of the pion
field equation are called soliton solutions.

The chiral soliton model predicts the existence of a
full antidecuplet of states [61,62] with quantum numbers
JP = 1/2+. The antidecuplet is shown in Fig. 3; the
states are called pentaquarks [63]. Note that the three cor-
ner states have quantum numbers which cannot be con-
structed out of three quarks. In the minimum quark model
configuration, the flavor wave function of the state with
positive strangeness is given by ⇥+ = uudds̄. The strange
quark fraction increases from 1 to 2 units in steps of 1/3
additional s quark. The masses of the pentaquark states
were predicted in Ref. [63]. The increase in mass per unit
of strangeness is is 540MeV, instead of the 120MeV that
are derived when the ⇢ or ! mass is compared to the K⇤

mass. The splitting is related to the so–called �⇡N term
in low–energy ⇡N scattering. Its precise value is di�cult
to determine and has undergone a major revision [64].

Pentaquarks were highly discussed when the so-called
⇥+ was observed in di↵erent experiments [65,66,67,68]. It
has positive strangeness S = +1, its flavor wave function
has a minimal quark content uudds̄. However, in a series
of precision experiments, the evidence for pentaquarks has
faded away (see, e.g., Ref. [69,70,71]) even though some
evidence remains that a narrow state with JP = 1/2+

at 1720MeV might exist [72,73,74]. High-precision exper-
iments are mandatory to settle this important issue. Par-
ticularly convincing would be, of course, the discovery or
confirmation of one o the states having quantum numbers
that are incompatible with a qqq interpretation.

Attractive and easily accessible is the ⇥+. It is best
searched for in the reaction

KLp ! K+n . (14)

The reaction does not receive contributions from ⌃ res-
onances, nor from Pomeron exchange nor from the ex-
change of f0/f2 mesons. In this paper, we concentrate on
inelastic scattering processes and do not expand on reac-
tion (14).

Particularly interesting is the search for a member of
the quartet of ⌅ pentaquarks. The minimal quark content
of the ⌅+(2070) is uussd̄. It can be produced in the KLp
induced reaction

KLp ! KS⌅
+(2070) (15)

At the first moment, the reaction looks like an elastic scat-
tering process. However, the reaction (15) is more compli-
cated. The minimal quark flow is depicted in Fig. 4. The
process can be described as formation of a ⌃+ state be-
longing to the antidecuplet.

Evidence for an isospin partner of ⌅+(2070) with S =
�2, Q = �2 was reported [75] studying proton proton
collisions at the CERN SPS. Its mass of (1862±2)MeV
was a bit low when compared to the prediction [63]. The
state was not confirmed in later experiments [69].

The ⌅+(2070) is best searched for in its decay into
⌅0⇡+, predicted with 30% branching ratio, followed by
the decay ⌅0 ! ⇤⇡0 (⇠ 100%). Thus the reaction

KLp ! KS⇡
+⇡0⇤ ⇤ ! p⇡�;KS ! ⇡+⇡� (16)

needs to be studied. The K0 mass and momentum can
be reconstructed from the ⇡+⇡� pair. With a known KL

momentum, the ⌅+(2070) mass and momentum can be
determined. Then, using the ⇡+ four-vector, the ⌅0 mass
and momentum can be deduced. The ⇤ mass and momen-
tum can be deduced from its decay particles; the crossing
of the ⌅0 and ⇤ trajectories defines the decay point of the
⌅0. The ⌅0 has a mean free path c⌧ = 8.71 cm. Thus, the
reaction chain will be reconstructed with very little back-
ground. An alternative attractive decay mode is given by
⌅(2070) ! K⇤+⌃0. The threshold for this decay mode is
2084MeV.

The non-strange and strange partners in the anti-decu-
plet su↵er from the di�culty that their identification as
members of the anti-decuplet is model-dependent. Evi-
dence for the possible existence of two narrow states at
1685 and 1720MeV has been reported [72,73,74]. The
peak at 1685MeV is discussed extensively in the litera-
ture, see, e.g.,Refs. [76,77,78,79,80,81,82]. It seems to be-
long to the JP = 1/2� partial wave and to be unrelated
to pentaquark spectroscopy. The structure at 1720MeV
certainly requires further investigations but we do not see
a particular advantage to use a KL beam.

There is a triplet of ⌃ states in the antidecuplet. It
is predicted to mix with its nns-partners. In Ref. [83] the
mass of the additional mainly-1̄0 state is calculated to
fall into the range 1795 < M1̄0 < 1830MeV; its main
decay modes with estimated branching ratios of nearly
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Fig. 3. The antidecuplet and its quark model decomposition. The antidecuplet predicted by the chiral soliton model describes
nucleons in terms of the pion field and not by the number of quarks [63]. The three corner-states are incompatible with a qqq
assignment.

Fig. 4. (Color online)Left: Quark flow diagram for the reaction
KLp ! KS⌅

+(2070). s-quarks in red, s̄ in orange, d-quarks in
blue, d̄ in green, u-quarks in black. Right: Hadron representa-
tion of the scattering process.

60% (16%) are K̄N (⇡⇤). The ⌃+ decuplet state can be
searched for in a formation experiment. The main di�-
culty is to identify it against the expected nns states.
Quark models, e.g. the Isgur quark model, predicts six
JP = 1/2+ states in the second excitation band at 1720,
1915, 1970, 2005, 2030, 2105MeV. Given the uncertain-
ties with the calculation of Roper-like states in the quark
model and the uncertainty of the predictions using the
chiral soliton model, there is certainly a significant model-
dependence in any attempt to assign a specific state with
non-exotic quantum numbers to the antidecuplet.

4 The Regge trajectories

The masses of light-quark baryons fall onto Regge trajec-
tories. Figure 5 shows the Regge trajectory of � baryons;
plotted is the squared baryon mass M2 versus the to-
tal angular momentum J . The four states �(1232)3/2+,
�(1950)7/2+,�(2420)11/2+, and�(2950)15/2+ – all hav-
ing J = L + S with L = 0, .., 4 and S = 3/2 – are com-
patible with a linear trajectory. This trajectory is com-
pared with the mesonic trajectory, again for mesons with

Fig. 5. The Regge trajectories M2 versus J for mesons and
� baryons have the same slope. This observation suggests for
stretched states with J = L+ S a string excitation between a
quark and a diquark in baryons (from Ref. [20]).

J = L + S but S = 1 and for even and odd angular
momenta. (Note that the negative parity �(1700)3/2�,
�(2200)7/2� and likely �(2750)11/2� have spin S = 1/2.
Nevertheless, they fall onto the trajectory shown in Fig. 5
when the orbital angular momentum L instead of J is
considered.)

For ⌃ resonances, there are only two states that can be
considered at the moment:⌃(1385)3/2+ and⌃(2030)7/2+.
Their squared-mass di↵erence suggests an identical slope
as the one for � states. Nevertheless, it would be impor-
tant to increase our knowledge on high-mass⌃ resonances.

The ⇤ Regge trajectory could be extracted from an
analysis of KLn interactions. Here, ⇤ resonances in SU(3)
singlet and octet and ⌃ resonances in SU(3) octet and
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Fig. 5. The Regge trajectories M2 versus J for mesons and
� baryons have the same slope. This observation suggests for
stretched states with J = L+ S a string excitation between a
quark and a diquark in baryons (from Ref. [20]).

J = L + S but S = 1 and for even and odd angular
momenta. (Note that the negative parity �(1700)3/2�,
�(2200)7/2� and likely �(2750)11/2� have spin S = 1/2.
Nevertheless, they fall onto the trajectory shown in Fig. 5
when the orbital angular momentum L instead of J is
considered.)

For ⌃ resonances, there are only two states that can be
considered at the moment:⌃(1385)3/2+ and⌃(2030)7/2+.
Their squared-mass di↵erence suggests an identical slope
as the one for � states. Nevertheless, it would be impor-
tant to increase our knowledge on high-mass⌃ resonances.

The ⇤ Regge trajectory could be extracted from an
analysis of KLn interactions. Here, ⇤ resonances in SU(3)
singlet and octet and ⌃ resonances in SU(3) octet and
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-

6

I3

Antidecuplet

rw r r w
r rr

r r
w

A
A
A
A

A
A
A

A
A
A

A
A
A

�
�
�
�
�
�
�
�
�
�
�
�
�

⇥+(1530) S=+1

N0(1710) N+(1710) S=+0

⌃�(1890) ⌃0(1890) ⌃+(1890) S=-1

⌅��(2070) ⌅�(2070) ⌅0(2070) ⌅+(2070) S=-2

uudds̄

uud( 1p
3
dd̄ +

q
2
3 ss̄)

uus( 1p
3
ss̄ +

q
2
3 dd̄)

uussd̄

Fig. 3. The antidecuplet and its quark model decomposition. The antidecuplet predicted by the chiral soliton model describes
nucleons in terms of the pion field and not by the number of quarks [63]. The three corner-states are incompatible with a qqq
assignment.

Fig. 4. (Color online)Left: Quark flow diagram for the reaction
KLp ! KS⌅

+(2070). s-quarks in red, s̄ in orange, d-quarks in
blue, d̄ in green, u-quarks in black. Right: Hadron representa-
tion of the scattering process.

60% (16%) are K̄N (⇡⇤). The ⌃+ decuplet state can be
searched for in a formation experiment. The main di�-
culty is to identify it against the expected nns states.
Quark models, e.g. the Isgur quark model, predicts six
JP = 1/2+ states in the second excitation band at 1720,
1915, 1970, 2005, 2030, 2105MeV. Given the uncertain-
ties with the calculation of Roper-like states in the quark
model and the uncertainty of the predictions using the
chiral soliton model, there is certainly a significant model-
dependence in any attempt to assign a specific state with
non-exotic quantum numbers to the antidecuplet.

4 The Regge trajectories

The masses of light-quark baryons fall onto Regge trajec-
tories. Figure 5 shows the Regge trajectory of � baryons;
plotted is the squared baryon mass M2 versus the to-
tal angular momentum J . The four states �(1232)3/2+,
�(1950)7/2+,�(2420)11/2+, and�(2950)15/2+ – all hav-
ing J = L + S with L = 0, .., 4 and S = 3/2 – are com-
patible with a linear trajectory. This trajectory is com-
pared with the mesonic trajectory, again for mesons with

Fig. 5. The Regge trajectories M2 versus J for mesons and
� baryons have the same slope. This observation suggests for
stretched states with J = L+ S a string excitation between a
quark and a diquark in baryons (from Ref. [20]).

J = L + S but S = 1 and for even and odd angular
momenta. (Note that the negative parity �(1700)3/2�,
�(2200)7/2� and likely �(2750)11/2� have spin S = 1/2.
Nevertheless, they fall onto the trajectory shown in Fig. 5
when the orbital angular momentum L instead of J is
considered.)

For ⌃ resonances, there are only two states that can be
considered at the moment:⌃(1385)3/2+ and⌃(2030)7/2+.
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Table 6. The signs of the SU(6) amplitudes for
⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ and
⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥

⇤(1405) SU(3) structure: 1 8

⌃+(1670)3/2� ! ⇤(1405)⇡+ + +

,! ⌃±⇡⌥ + -

Sign of transition amplitude at pole: + -

⌃+(1670)3/2� ! ⌃0(1385)⇡+ + +

,! ⌃±⇡⌥ + +

Sign of transition amplitude at pole: + +

sis [56] required only one isoscalar resonance with a pole at
[(1421±3)-i((23±3)]MeV. The pole can be identified with
the ⇤(1405) at a slightly higher mass compared to the
nominal mass. The isovector interactions were described
by two resonances, one below, one above the considered
mass range (1300 - 1500MeV). The SU(3) structure was
determined to be consistent with a singlet but not with an
octet state. There was, however, a second solution with a
description of the data with similar quality. This second
solution was compatible with a second broader isoscalar
resonance with a fixed mass at 1380MeV. In this solu-
tion, the ⇤(1405) changed its SU(3) structure from being
dominant SU(3) singlet to dominant SU(3) octet. Obvi-
ously, the ⇤(1405) SU(3) structure cannot be determined
in a model-independent way from existing K�p scattering
alone, even when the CLAS data on photo-induced data
on ⇤(1405) production are included in the analysis.

TheK�p threshold is at 1432MeV, considerably above
the nominal ⇤(1405) mass. At present, data on di↵erential
cross sections forK�p ! ⇤(1405) ! KN exist only above
1470MeV, those for K�p ! ⇤(1405) ! ⇡⌃ only above
1530MeV. It will be important to repeat the BnGa anal-
ysis with data on K�p scattering covering a mass range
starting from close to the threshold to about 1540MeV.

In the reaction K�p ! ⇡�⇡+ ⇡±⌃⌥ studied in [50],
the full ⇤(1405) line shape can be investigated. In this re-
action, the SU(3) assignment follows from the correlation
in the production and decay dynamics. The derivation re-
lies on approximate SU(6) symmetry in baryon decays.
We consider the two decay sequences

⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ (4a)

⌃+(1670)3/2� ! ⇡+⌃(1385); ⌃(1385) ! ⌃±⇡⌥ (4b)

that are shown to contribute to this reaction [56].
The SU(6) amplitude for reaction (4a) depends on the

SU(3) structure of ⇤(1405) and on the primary ⌃+(1670)
3/2� (see Table 6). The sign of this amplitude is given
by the product of the signs for ⌃+(1670)3/2� ! ⌃⇡ and
⇤+(1405)1/2� ! ⌃⇡. The ⌃+(1670)3/2� belongs domi-
nantly to a spin-1/2 SU(3) octet in the SU(6) 70-plet; ↵ =
5/8. The sign of the SU(6) amplitude for ⌃+(1670)3/2�

! ⌃⇡ is given by 2
p
2 · ↵, hence +1; the sign for the

⇤+(1405) ! ⌃⇡ transition depends on the SU(3) struc-
ture of ⇤+(1405): if it is an octet with spin-1/2 in the

SU(6) 70-plet, it is given by 2(↵� 1) with ↵ = 5/8, hence
negative. If it is a singlet, it is

p
6/4 and positive. The sign

of the transition amplitudes for reactions (4a) and (4b)
are the same when ⇤(1405) is an octet, they are di↵erent
when ⇤(1405) is an octet.

3 The positive-parity states in the second
excitation band

3.1 Missing resonances

The second excitation band contains a number of repre-
sentations:

(56, 0+0 ); (70, 0
+
2 ); (56, 0

+
2 ); (70, 0

+
2 ); (20, 1

+
2 ) . (5)

In total, there are 8 � and 8 ⌦ resonances expected in
the 2nd excitation shell, 13 nucleon resonances, 19 ⇤ reso-
nances, and 21 ⌃ and 21 ⌅ resonances. The Particle Data
Group classifies baryon resonances with a star rating; 3*
and 4* resonances are considered to be established, 1* and
2* resonances not. Table 7 gives the number of predicted
states and compares this number with the number of es-
tablished and the number of 1* or 2* states.

Table 7. Number of expected and observed resonances
that can be assigned to the 2nd excitation shell for JP =
1/2+, .., 7/2+. The first number gives the expected number
of resonances, followed by the number of observed resonances
with 3* and 4*, 1* and 2* (in parentheses).

1/2+ 3/2+ 5/2+ 7/2+ Sum

seen N 4 (4,0) 5 (3,1) 3 (1,2) 1 (1,0) 13 (9,3)

seen � 2 (1,1) 3 (2,0) 2 (1,0) 1 (1,0) 8 (5,1)

seen ⇤ 6 (2,1) 7 (1,1) 5 (2,0) 1 (0,1) 19 (5,3)

seen ⌃ 6 (1,1) 8 (0,4) 5 (1,1) 2 (1,0) 21 (3,6)

seen ⌅ 6 (0,0) 8 (0,0) 5 (0,0) 2 (0,0) 21 (0,0)

seen ⌦ 2 (0,0) 3 (0,0) 2 (0,0) 1 (0,0) 8 (0,0)

In the nucleon spectrum, thirteen states are expected
in the second excitation level. Nine states are established,
three states need further confirmation, one state is miss-
ing. The number of JP = 1/2+ states seems complete; yet
the state with highest mass, N(2100)1/2+, may already
belong to the fourth excitation shell. (It could be low in
mass like the Roper resonance in the second excitation
shell, see Ref. [10].) Then, one state would be missing.
For JP = 3/2+, one state is missing. Below we will dis-
cuss the reasons why we might expect not to observe the
two nucleon states (with JP = 1/2+ and 3/2+) in the
20-plet. In the � spectrum, one state with JP = 3/2+,
one with JP = 5/2+ are missing, one further states with
JP = 1/2+ is seen with little evidence only. The situa-
tion is much worse in for ⇤ and ⌃ hyperons: only 17 of
42 states are seen, only 8 of them are established. No ⌅
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sis [56] required only one isoscalar resonance with a pole at
[(1421±3)-i((23±3)]MeV. The pole can be identified with
the ⇤(1405) at a slightly higher mass compared to the
nominal mass. The isovector interactions were described
by two resonances, one below, one above the considered
mass range (1300 - 1500MeV). The SU(3) structure was
determined to be consistent with a singlet but not with an
octet state. There was, however, a second solution with a
description of the data with similar quality. This second
solution was compatible with a second broader isoscalar
resonance with a fixed mass at 1380MeV. In this solu-
tion, the ⇤(1405) changed its SU(3) structure from being
dominant SU(3) singlet to dominant SU(3) octet. Obvi-
ously, the ⇤(1405) SU(3) structure cannot be determined
in a model-independent way from existing K�p scattering
alone, even when the CLAS data on photo-induced data
on ⇤(1405) production are included in the analysis.

TheK�p threshold is at 1432MeV, considerably above
the nominal ⇤(1405) mass. At present, data on di↵erential
cross sections forK�p ! ⇤(1405) ! KN exist only above
1470MeV, those for K�p ! ⇤(1405) ! ⇡⌃ only above
1530MeV. It will be important to repeat the BnGa anal-
ysis with data on K�p scattering covering a mass range
starting from close to the threshold to about 1540MeV.

In the reaction K�p ! ⇡�⇡+ ⇡±⌃⌥ studied in [50],
the full ⇤(1405) line shape can be investigated. In this re-
action, the SU(3) assignment follows from the correlation
in the production and decay dynamics. The derivation re-
lies on approximate SU(6) symmetry in baryon decays.
We consider the two decay sequences

⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ (4a)

⌃+(1670)3/2� ! ⇡+⌃(1385); ⌃(1385) ! ⌃±⇡⌥ (4b)

that are shown to contribute to this reaction [56].
The SU(6) amplitude for reaction (4a) depends on the

SU(3) structure of ⇤(1405) and on the primary ⌃+(1670)
3/2� (see Table 6). The sign of this amplitude is given
by the product of the signs for ⌃+(1670)3/2� ! ⌃⇡ and
⇤+(1405)1/2� ! ⌃⇡. The ⌃+(1670)3/2� belongs domi-
nantly to a spin-1/2 SU(3) octet in the SU(6) 70-plet; ↵ =
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2 · ↵, hence +1; the sign for the

⇤+(1405) ! ⌃⇡ transition depends on the SU(3) struc-
ture of ⇤+(1405): if it is an octet with spin-1/2 in the

SU(6) 70-plet, it is given by 2(↵� 1) with ↵ = 5/8, hence
negative. If it is a singlet, it is
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6/4 and positive. The sign

of the transition amplitudes for reactions (4a) and (4b)
are the same when ⇤(1405) is an octet, they are di↵erent
when ⇤(1405) is an octet.

3 The positive-parity states in the second
excitation band

3.1 Missing resonances

The second excitation band contains a number of repre-
sentations:

(56, 0+0 ); (70, 0
+
2 ); (56, 0

+
2 ); (70, 0
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2 ); (20, 1
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In total, there are 8 � and 8 ⌦ resonances expected in
the 2nd excitation shell, 13 nucleon resonances, 19 ⇤ reso-
nances, and 21 ⌃ and 21 ⌅ resonances. The Particle Data
Group classifies baryon resonances with a star rating; 3*
and 4* resonances are considered to be established, 1* and
2* resonances not. Table 7 gives the number of predicted
states and compares this number with the number of es-
tablished and the number of 1* or 2* states.

Table 7. Number of expected and observed resonances
that can be assigned to the 2nd excitation shell for JP =
1/2+, .., 7/2+. The first number gives the expected number
of resonances, followed by the number of observed resonances
with 3* and 4*, 1* and 2* (in parentheses).

1/2+ 3/2+ 5/2+ 7/2+ Sum

seen N 4 (4,0) 5 (3,1) 3 (1,2) 1 (1,0) 13 (9,3)

seen � 2 (1,1) 3 (2,0) 2 (1,0) 1 (1,0) 8 (5,1)

seen ⇤ 6 (2,1) 7 (1,1) 5 (2,0) 1 (0,1) 19 (5,3)

seen ⌃ 6 (1,1) 8 (0,4) 5 (1,1) 2 (1,0) 21 (3,6)

seen ⌅ 6 (0,0) 8 (0,0) 5 (0,0) 2 (0,0) 21 (0,0)

seen ⌦ 2 (0,0) 3 (0,0) 2 (0,0) 1 (0,0) 8 (0,0)

In the nucleon spectrum, thirteen states are expected
in the second excitation level. Nine states are established,
three states need further confirmation, one state is miss-
ing. The number of JP = 1/2+ states seems complete; yet
the state with highest mass, N(2100)1/2+, may already
belong to the fourth excitation shell. (It could be low in
mass like the Roper resonance in the second excitation
shell, see Ref. [10].) Then, one state would be missing.
For JP = 3/2+, one state is missing. Below we will dis-
cuss the reasons why we might expect not to observe the
two nucleon states (with JP = 1/2+ and 3/2+) in the
20-plet. In the � spectrum, one state with JP = 3/2+,
one with JP = 5/2+ are missing, one further states with
JP = 1/2+ is seen with little evidence only. The situa-
tion is much worse in for ⇤ and ⌃ hyperons: only 17 of
42 states are seen, only 8 of them are established. No ⌅
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sis [56] required only one isoscalar resonance with a pole at
[(1421±3)-i((23±3)]MeV. The pole can be identified with
the ⇤(1405) at a slightly higher mass compared to the
nominal mass. The isovector interactions were described
by two resonances, one below, one above the considered
mass range (1300 - 1500MeV). The SU(3) structure was
determined to be consistent with a singlet but not with an
octet state. There was, however, a second solution with a
description of the data with similar quality. This second
solution was compatible with a second broader isoscalar
resonance with a fixed mass at 1380MeV. In this solu-
tion, the ⇤(1405) changed its SU(3) structure from being
dominant SU(3) singlet to dominant SU(3) octet. Obvi-
ously, the ⇤(1405) SU(3) structure cannot be determined
in a model-independent way from existing K�p scattering
alone, even when the CLAS data on photo-induced data
on ⇤(1405) production are included in the analysis.

TheK�p threshold is at 1432MeV, considerably above
the nominal ⇤(1405) mass. At present, data on di↵erential
cross sections forK�p ! ⇤(1405) ! KN exist only above
1470MeV, those for K�p ! ⇤(1405) ! ⇡⌃ only above
1530MeV. It will be important to repeat the BnGa anal-
ysis with data on K�p scattering covering a mass range
starting from close to the threshold to about 1540MeV.

In the reaction K�p ! ⇡�⇡+ ⇡±⌃⌥ studied in [50],
the full ⇤(1405) line shape can be investigated. In this re-
action, the SU(3) assignment follows from the correlation
in the production and decay dynamics. The derivation re-
lies on approximate SU(6) symmetry in baryon decays.
We consider the two decay sequences

⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ (4a)

⌃+(1670)3/2� ! ⇡+⌃(1385); ⌃(1385) ! ⌃±⇡⌥ (4b)

that are shown to contribute to this reaction [56].
The SU(6) amplitude for reaction (4a) depends on the

SU(3) structure of ⇤(1405) and on the primary ⌃+(1670)
3/2� (see Table 6). The sign of this amplitude is given
by the product of the signs for ⌃+(1670)3/2� ! ⌃⇡ and
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! ⌃⇡ is given by 2
p
2 · ↵, hence +1; the sign for the

⇤+(1405) ! ⌃⇡ transition depends on the SU(3) struc-
ture of ⇤+(1405): if it is an octet with spin-1/2 in the

SU(6) 70-plet, it is given by 2(↵� 1) with ↵ = 5/8, hence
negative. If it is a singlet, it is

p
6/4 and positive. The sign

of the transition amplitudes for reactions (4a) and (4b)
are the same when ⇤(1405) is an octet, they are di↵erent
when ⇤(1405) is an octet.

3 The positive-parity states in the second
excitation band

3.1 Missing resonances

The second excitation band contains a number of repre-
sentations:

(56, 0+0 ); (70, 0
+
2 ); (56, 0
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In total, there are 8 � and 8 ⌦ resonances expected in
the 2nd excitation shell, 13 nucleon resonances, 19 ⇤ reso-
nances, and 21 ⌃ and 21 ⌅ resonances. The Particle Data
Group classifies baryon resonances with a star rating; 3*
and 4* resonances are considered to be established, 1* and
2* resonances not. Table 7 gives the number of predicted
states and compares this number with the number of es-
tablished and the number of 1* or 2* states.

Table 7. Number of expected and observed resonances
that can be assigned to the 2nd excitation shell for JP =
1/2+, .., 7/2+. The first number gives the expected number
of resonances, followed by the number of observed resonances
with 3* and 4*, 1* and 2* (in parentheses).

1/2+ 3/2+ 5/2+ 7/2+ Sum

seen N 4 (4,0) 5 (3,1) 3 (1,2) 1 (1,0) 13 (9,3)

seen � 2 (1,1) 3 (2,0) 2 (1,0) 1 (1,0) 8 (5,1)

seen ⇤ 6 (2,1) 7 (1,1) 5 (2,0) 1 (0,1) 19 (5,3)

seen ⌃ 6 (1,1) 8 (0,4) 5 (1,1) 2 (1,0) 21 (3,6)

seen ⌅ 6 (0,0) 8 (0,0) 5 (0,0) 2 (0,0) 21 (0,0)

seen ⌦ 2 (0,0) 3 (0,0) 2 (0,0) 1 (0,0) 8 (0,0)

In the nucleon spectrum, thirteen states are expected
in the second excitation level. Nine states are established,
three states need further confirmation, one state is miss-
ing. The number of JP = 1/2+ states seems complete; yet
the state with highest mass, N(2100)1/2+, may already
belong to the fourth excitation shell. (It could be low in
mass like the Roper resonance in the second excitation
shell, see Ref. [10].) Then, one state would be missing.
For JP = 3/2+, one state is missing. Below we will dis-
cuss the reasons why we might expect not to observe the
two nucleon states (with JP = 1/2+ and 3/2+) in the
20-plet. In the � spectrum, one state with JP = 3/2+,
one with JP = 5/2+ are missing, one further states with
JP = 1/2+ is seen with little evidence only. The situa-
tion is much worse in for ⇤ and ⌃ hyperons: only 17 of
42 states are seen, only 8 of them are established. No ⌅

Annika Thiel and Eberhard Klempt: Highlights of the Spectroscopy of Hyperons and Cascade Baryons 5

Table 6. The signs of the SU(6) amplitudes for
⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ and
⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥

⇤(1405) SU(3) structure: 1 8

⌃+(1670)3/2� ! ⇤(1405)⇡+ + +

,! ⌃±⇡⌥ + -

Sign of transition amplitude at pole: + -

⌃+(1670)3/2� ! ⌃0(1385)⇡+ + +

,! ⌃±⇡⌥ + +

Sign of transition amplitude at pole: + +

sis [56] required only one isoscalar resonance with a pole at
[(1421±3)-i((23±3)]MeV. The pole can be identified with
the ⇤(1405) at a slightly higher mass compared to the
nominal mass. The isovector interactions were described
by two resonances, one below, one above the considered
mass range (1300 - 1500MeV). The SU(3) structure was
determined to be consistent with a singlet but not with an
octet state. There was, however, a second solution with a
description of the data with similar quality. This second
solution was compatible with a second broader isoscalar
resonance with a fixed mass at 1380MeV. In this solu-
tion, the ⇤(1405) changed its SU(3) structure from being
dominant SU(3) singlet to dominant SU(3) octet. Obvi-
ously, the ⇤(1405) SU(3) structure cannot be determined
in a model-independent way from existing K�p scattering
alone, even when the CLAS data on photo-induced data
on ⇤(1405) production are included in the analysis.

TheK�p threshold is at 1432MeV, considerably above
the nominal ⇤(1405) mass. At present, data on di↵erential
cross sections forK�p ! ⇤(1405) ! KN exist only above
1470MeV, those for K�p ! ⇤(1405) ! ⇡⌃ only above
1530MeV. It will be important to repeat the BnGa anal-
ysis with data on K�p scattering covering a mass range
starting from close to the threshold to about 1540MeV.

In the reaction K�p ! ⇡�⇡+ ⇡±⌃⌥ studied in [50],
the full ⇤(1405) line shape can be investigated. In this re-
action, the SU(3) assignment follows from the correlation
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lies on approximate SU(6) symmetry in baryon decays.
We consider the two decay sequences
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that are shown to contribute to this reaction [56].
The SU(6) amplitude for reaction (4a) depends on the

SU(3) structure of ⇤(1405) and on the primary ⌃+(1670)
3/2� (see Table 6). The sign of this amplitude is given
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nantly to a spin-1/2 SU(3) octet in the SU(6) 70-plet; ↵ =
5/8. The sign of the SU(6) amplitude for ⌃+(1670)3/2�

! ⌃⇡ is given by 2
p
2 · ↵, hence +1; the sign for the

⇤+(1405) ! ⌃⇡ transition depends on the SU(3) struc-
ture of ⇤+(1405): if it is an octet with spin-1/2 in the

SU(6) 70-plet, it is given by 2(↵� 1) with ↵ = 5/8, hence
negative. If it is a singlet, it is

p
6/4 and positive. The sign
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when ⇤(1405) is an octet.
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In total, there are 8 � and 8 ⌦ resonances expected in
the 2nd excitation shell, 13 nucleon resonances, 19 ⇤ reso-
nances, and 21 ⌃ and 21 ⌅ resonances. The Particle Data
Group classifies baryon resonances with a star rating; 3*
and 4* resonances are considered to be established, 1* and
2* resonances not. Table 7 gives the number of predicted
states and compares this number with the number of es-
tablished and the number of 1* or 2* states.

Table 7. Number of expected and observed resonances
that can be assigned to the 2nd excitation shell for JP =
1/2+, .., 7/2+. The first number gives the expected number
of resonances, followed by the number of observed resonances
with 3* and 4*, 1* and 2* (in parentheses).

1/2+ 3/2+ 5/2+ 7/2+ Sum

seen N 4 (4,0) 5 (3,1) 3 (1,2) 1 (1,0) 13 (9,3)

seen � 2 (1,1) 3 (2,0) 2 (1,0) 1 (1,0) 8 (5,1)

seen ⇤ 6 (2,1) 7 (1,1) 5 (2,0) 1 (0,1) 19 (5,3)

seen ⌃ 6 (1,1) 8 (0,4) 5 (1,1) 2 (1,0) 21 (3,6)

seen ⌅ 6 (0,0) 8 (0,0) 5 (0,0) 2 (0,0) 21 (0,0)

seen ⌦ 2 (0,0) 3 (0,0) 2 (0,0) 1 (0,0) 8 (0,0)

In the nucleon spectrum, thirteen states are expected
in the second excitation level. Nine states are established,
three states need further confirmation, one state is miss-
ing. The number of JP = 1/2+ states seems complete; yet
the state with highest mass, N(2100)1/2+, may already
belong to the fourth excitation shell. (It could be low in
mass like the Roper resonance in the second excitation
shell, see Ref. [10].) Then, one state would be missing.
For JP = 3/2+, one state is missing. Below we will dis-
cuss the reasons why we might expect not to observe the
two nucleon states (with JP = 1/2+ and 3/2+) in the
20-plet. In the � spectrum, one state with JP = 3/2+,
one with JP = 5/2+ are missing, one further states with
JP = 1/2+ is seen with little evidence only. The situa-
tion is much worse in for ⇤ and ⌃ hyperons: only 17 of
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[(1421±3)-i((23±3)]MeV. The pole can be identified with
the ⇤(1405) at a slightly higher mass compared to the
nominal mass. The isovector interactions were described
by two resonances, one below, one above the considered
mass range (1300 - 1500MeV). The SU(3) structure was
determined to be consistent with a singlet but not with an
octet state. There was, however, a second solution with a
description of the data with similar quality. This second
solution was compatible with a second broader isoscalar
resonance with a fixed mass at 1380MeV. In this solu-
tion, the ⇤(1405) changed its SU(3) structure from being
dominant SU(3) singlet to dominant SU(3) octet. Obvi-
ously, the ⇤(1405) SU(3) structure cannot be determined
in a model-independent way from existing K�p scattering
alone, even when the CLAS data on photo-induced data
on ⇤(1405) production are included in the analysis.

TheK�p threshold is at 1432MeV, considerably above
the nominal ⇤(1405) mass. At present, data on di↵erential
cross sections forK�p ! ⇤(1405) ! KN exist only above
1470MeV, those for K�p ! ⇤(1405) ! ⇡⌃ only above
1530MeV. It will be important to repeat the BnGa anal-
ysis with data on K�p scattering covering a mass range
starting from close to the threshold to about 1540MeV.

In the reaction K�p ! ⇡�⇡+ ⇡±⌃⌥ studied in [50],
the full ⇤(1405) line shape can be investigated. In this re-
action, the SU(3) assignment follows from the correlation
in the production and decay dynamics. The derivation re-
lies on approximate SU(6) symmetry in baryon decays.
We consider the two decay sequences

⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ (4a)

⌃+(1670)3/2� ! ⇡+⌃(1385); ⌃(1385) ! ⌃±⇡⌥ (4b)

that are shown to contribute to this reaction [56].
The SU(6) amplitude for reaction (4a) depends on the

SU(3) structure of ⇤(1405) and on the primary ⌃+(1670)
3/2� (see Table 6). The sign of this amplitude is given
by the product of the signs for ⌃+(1670)3/2� ! ⌃⇡ and
⇤+(1405)1/2� ! ⌃⇡. The ⌃+(1670)3/2� belongs domi-
nantly to a spin-1/2 SU(3) octet in the SU(6) 70-plet; ↵ =
5/8. The sign of the SU(6) amplitude for ⌃+(1670)3/2�

! ⌃⇡ is given by 2
p
2 · ↵, hence +1; the sign for the

⇤+(1405) ! ⌃⇡ transition depends on the SU(3) struc-
ture of ⇤+(1405): if it is an octet with spin-1/2 in the

SU(6) 70-plet, it is given by 2(↵� 1) with ↵ = 5/8, hence
negative. If it is a singlet, it is

p
6/4 and positive. The sign

of the transition amplitudes for reactions (4a) and (4b)
are the same when ⇤(1405) is an octet, they are di↵erent
when ⇤(1405) is an octet.

3 The positive-parity states in the second
excitation band

3.1 Missing resonances

The second excitation band contains a number of repre-
sentations:

(56, 0+0 ); (70, 0
+
2 ); (56, 0

+
2 ); (70, 0

+
2 ); (20, 1

+
2 ) . (5)

In total, there are 8 � and 8 ⌦ resonances expected in
the 2nd excitation shell, 13 nucleon resonances, 19 ⇤ reso-
nances, and 21 ⌃ and 21 ⌅ resonances. The Particle Data
Group classifies baryon resonances with a star rating; 3*
and 4* resonances are considered to be established, 1* and
2* resonances not. Table 7 gives the number of predicted
states and compares this number with the number of es-
tablished and the number of 1* or 2* states.

Table 7. Number of expected and observed resonances
that can be assigned to the 2nd excitation shell for JP =
1/2+, .., 7/2+. The first number gives the expected number
of resonances, followed by the number of observed resonances
with 3* and 4*, 1* and 2* (in parentheses).

1/2+ 3/2+ 5/2+ 7/2+ Sum

seen N 4 (4,0) 5 (3,1) 3 (1,2) 1 (1,0) 13 (9,3)

seen � 2 (1,1) 3 (2,0) 2 (1,0) 1 (1,0) 8 (5,1)

seen ⇤ 6 (2,1) 7 (1,1) 5 (2,0) 1 (0,1) 19 (5,3)

seen ⌃ 6 (1,1) 8 (0,4) 5 (1,1) 2 (1,0) 21 (3,6)

seen ⌅ 6 (0,0) 8 (0,0) 5 (0,0) 2 (0,0) 21 (0,0)

seen ⌦ 2 (0,0) 3 (0,0) 2 (0,0) 1 (0,0) 8 (0,0)

In the nucleon spectrum, thirteen states are expected
in the second excitation level. Nine states are established,
three states need further confirmation, one state is miss-
ing. The number of JP = 1/2+ states seems complete; yet
the state with highest mass, N(2100)1/2+, may already
belong to the fourth excitation shell. (It could be low in
mass like the Roper resonance in the second excitation
shell, see Ref. [10].) Then, one state would be missing.
For JP = 3/2+, one state is missing. Below we will dis-
cuss the reasons why we might expect not to observe the
two nucleon states (with JP = 1/2+ and 3/2+) in the
20-plet. In the � spectrum, one state with JP = 3/2+,
one with JP = 5/2+ are missing, one further states with
JP = 1/2+ is seen with little evidence only. The situa-
tion is much worse in for ⇤ and ⌃ hyperons: only 17 of
42 states are seen, only 8 of them are established. No ⌅
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,! ⌃±⇡⌥ + +

Sign of transition amplitude at pole: + +
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with JP = 1/2+, 3/2+, 5/2+ decaying via cascades would
strengthen the conjecture.

In Ref. [10] the three states are predicted to have masses
of 2099MeV; 2176MeV; 2150MeV. We suggest to search
first for the member of the 20-plet with JP = 3/2+ in the
reaction

KL p ! ⇡+⇤20 , ⇤20 ! ⇤(1520)⌘ or ⇤(1670)⌘ . (13)

This is an S wave decay to an intermediate state with or-
bital angular momentum excitation. The first decay mode
has the disadvantage that ⇤(1520) is dominantly a SU(3)
singlet, ⌘ dominantly SU(3) octet but the mixing angles
deviate significantly from pure SU(3) eigenstates. The sec-
ond mode might be forbidden kinematically if the mass of
the expected resonance is low. With L = 2 between ⌘ and
exciated hyperon, also the states with JP = 1/2+ and
5/2+ could be observed. Note that ⇤ excitations with a
total quark spin S = 3/2 exist only in the SU(6) 20-plet.

3.4 Pentaquark search

The concept of a nucleon composed of three constituent
quarks is certainly oversimplified, and the hadronic prop-
erties of nucleons cannot be understood or, at least, are
not understood in terms of quarks and their interactions.
Skyrme studied the pion field and discovered that by adding
a non–linear “� term” to the pion field equation, stable
solutions can result [59]. These solutions have half inte-
ger spin and a winding number identified by Witten [60]
as the baryon number. These stable solutions of the pion
field equation are called soliton solutions.

The chiral soliton model predicts the existence of a
full antidecuplet of states [61,62] with quantum numbers
JP = 1/2+. The antidecuplet is shown in Fig. 3; the
states are called pentaquarks [63]. Note that the three cor-
ner states have quantum numbers which cannot be con-
structed out of three quarks. In the minimum quark model
configuration, the flavor wave function of the state with
positive strangeness is given by ⇥+ = uudds̄. The strange
quark fraction increases from 1 to 2 units in steps of 1/3
additional s quark. The masses of the pentaquark states
were predicted in Ref. [63]. The increase in mass per unit
of strangeness is is 540MeV, instead of the 120MeV that
are derived when the ⇢ or ! mass is compared to the K⇤

mass. The splitting is related to the so–called �⇡N term
in low–energy ⇡N scattering. Its precise value is di�cult
to determine and has undergone a major revision [64].

Pentaquarks were highly discussed when the so-called
⇥+ was observed in di↵erent experiments [65,66,67,68]. It
has positive strangeness S = +1, its flavor wave function
has a minimal quark content uudds̄. However, in a series
of precision experiments, the evidence for pentaquarks has
faded away (see, e.g., Ref. [69,70,71]) even though some
evidence remains that a narrow state with JP = 1/2+

at 1720MeV might exist [72,73,74]. High-precision exper-
iments are mandatory to settle this important issue. Par-
ticularly convincing would be, of course, the discovery or
confirmation of one o the states having quantum numbers
that are incompatible with a qqq interpretation.

Attractive and easily accessible is the ⇥+. It is best
searched for in the reaction

KLp ! K+n . (14)

The reaction does not receive contributions from ⌃ res-
onances, nor from Pomeron exchange nor from the ex-
change of f0/f2 mesons. In this paper, we concentrate on
inelastic scattering processes and do not expand on reac-
tion (14).

Particularly interesting is the search for a member of
the quartet of ⌅ pentaquarks. The minimal quark content
of the ⌅+(2070) is uussd̄. It can be produced in the KLp
induced reaction

KLp ! KS⌅
+(2070) (15)

At the first moment, the reaction looks like an elastic scat-
tering process. However, the reaction (15) is more compli-
cated. The minimal quark flow is depicted in Fig. 4. The
process can be described as formation of a ⌃+ state be-
longing to the antidecuplet.

Evidence for an isospin partner of ⌅+(2070) with S =
�2, Q = �2 was reported [75] studying proton proton
collisions at the CERN SPS. Its mass of (1862±2)MeV
was a bit low when compared to the prediction [63]. The
state was not confirmed in later experiments [69].

The ⌅+(2070) is best searched for in its decay into
⌅0⇡+, predicted with 30% branching ratio, followed by
the decay ⌅0 ! ⇤⇡0 (⇠ 100%). Thus the reaction

KLp ! KS⇡
+⇡0⇤ ⇤ ! p⇡�;KS ! ⇡+⇡� (16)

needs to be studied. The K0 mass and momentum can
be reconstructed from the ⇡+⇡� pair. With a known KL

momentum, the ⌅+(2070) mass and momentum can be
determined. Then, using the ⇡+ four-vector, the ⌅0 mass
and momentum can be deduced. The ⇤ mass and momen-
tum can be deduced from its decay particles; the crossing
of the ⌅0 and ⇤ trajectories defines the decay point of the
⌅0. The ⌅0 has a mean free path c⌧ = 8.71 cm. Thus, the
reaction chain will be reconstructed with very little back-
ground. An alternative attractive decay mode is given by
⌅(2070) ! K⇤+⌃0. The threshold for this decay mode is
2084MeV.

The non-strange and strange partners in the anti-decu-
plet su↵er from the di�culty that their identification as
members of the anti-decuplet is model-dependent. Evi-
dence for the possible existence of two narrow states at
1685 and 1720MeV has been reported [72,73,74]. The
peak at 1685MeV is discussed extensively in the litera-
ture, see, e.g.,Refs. [76,77,78,79,80,81,82]. It seems to be-
long to the JP = 1/2� partial wave and to be unrelated
to pentaquark spectroscopy. The structure at 1720MeV
certainly requires further investigations but we do not see
a particular advantage to use a KL beam.

There is a triplet of ⌃ states in the antidecuplet. It
is predicted to mix with its nns-partners. In Ref. [83] the
mass of the additional mainly-1̄0 state is calculated to
fall into the range 1795 < M1̄0 < 1830MeV; its main
decay modes with estimated branching ratios of nearly
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Where ΘΘΘΘ+ was searched for?

Japan:
Since 2003 almost all particle and nuclear 
physics collaborations have been involved,

USA: CLAS, 
BABAR,D0, 
HyperCP, 
STAR, PHENIX

Europe:
SAPHIR, COSY,
HERMES, ZEUS, 
H1,HERA-B, 
NOMAD,ALEPH

Russia:
DIANA,
SVD,
Dubna, 
SPHINX

China:
BES

Japan:
SPRING-8
BELLE

physics collaborations have been involved,
About few thousand physicists !
~1000 (or more) papers are published!

A lot of negative results:

?

Pentaquark is really elusive!



The evidence for [pentaquark]1 resonances was reviewed in our 1976 edition
. . . However, the results permit no definite conclusion-the same story heard for
20 years. The standards of proof must simply be more severe here than in
a [scattering reaction] in which many resonances are already known to exist.
The skepticism about baryons not made of three quarks, and the lack of any
experimental activity in the area, make it likely that another 20 years will pass

1992 Particle Data Group Review

T.Bowen et al., Rev. D 2, 2599-2608 

K+d  Scattering Data from 



However, the possibility of a resonance peak would be more believable if a second 
set of data for K+d scattering in this mass range were available for confirmation. 
Unfortunately, no other data exist, and it will likely be years until new data are taken 
for this reaction since the only accelerator facility in the world
that could do this is J-PARC in Japan

K.Hicks, Eur. Phys. J. H 37, 1–31 (2012)

We’ll come back to this later in this talk



New Era

LEPS in Japan

Mass spectra for the reaction γC → K+K−X where X is the undetected recoil
nucleus, from reference [23]. A peak for the well-established Λ(1520) is shown in the dashed 
histogram of the left panel, and for the purported Θ+ by the solid histogram of the right panel.

T. Nakano et al. (LEPS), Evidence for a Narrow S = +1 Baryon Resonance in
Photoproduction from the Neutron, Phys. Rev. Lett. 91, 012002 (2003)
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Fig. 7. Mass spectrum of the K0p particles from the reaction of a low-momentum K+ beam
in a liquid Xe bubble chamber measured by DIANA. The dotted line gives an estimate of
the background from event mixing. The top panel is before any cuts, and the bottom is after
kinematic cuts (see Ref. [24] for details).

the Θ+ (or Z+). The reaction they studied was K+Xe → pπ+π−X where the π+π−

pair was selected to come from K0 decay (using energy and momentum conservation).
The DIANA results before and after additional cuts are shown in Figure 7. At first
glance, the bottom spectrum looks impressive, with a narrow peak at 1.54 GeV/c2

atop a quantifiable smooth background. However, before the additional cuts are ap-
plied to their data, the mass spectrum looks to be consistent with the background
shape, with only a hint of the Θ+ peak at 1.54 GeV/c2. While the event selections
(“cuts”) are perhaps justified to remove unwanted background due to rescattering of
kaons in the Xe nucleus, based on computer simulations of charge-exchange reactions,
it is difficult to reconcile the statistical significance of the peak before and after the
cuts. From discussions with colleagues in the USA, I know that many people were
uncomfortable with the DIANA results because of the need for these additional cuts.

The DIANA Collaboration paper [24] was submitted for publication after the
LEPS paper [23] but before the CLAS paper [25]. However, the DIANA analysis had

DIANA at ITEP 

V.V. Barmin et al. (DIANA), 
Observation of a baryon 
resonance with positive


strangeness in K+ collisions 
with Xe nuclei, Phys. Atom. 
Nucl. 66, 1715-1718 (2003);


Yad. Fiz. 66, 1763 (2003)

M(K0p)
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Fig. 6. Mass spectra for the reaction γd → K+K−p(n). where the invariant mass of the K+n
system has been plotted. The curves show various estimates of the background shape, along
with a Gaussian curve at the Θ+ peak. The dotted histogram is background associated with
a known resonance (the Λ(1520)).

because the correction for the Fermi motion was an approximation, and different
approximation methods gave mass spectra that looked somewhat different. In or-
der to avoid this problem with approximating the Fermi motion, a second analysis
was proposed by Stepanyan at CLAS to measure the kinematically complete reaction
γp → K+K−p(n) where the neutron is not detected. Instead, the technique of missing
mass is used, where conservation of momentum and energy is used to calculate the
neutron’s momentum and energy (and hence its mass). Stepanyan had briefly inves-
tigated this reaction prior to the PANIC2002 meeting, but with inconclusive results.
The discussions of the CLAS group after the PANIC2002 meeting prompted him to
revisit this line of analysis, which does not rely on approximations to correct for the
Fermi motion of the neutron. After intense discussions among the CLAS group, this
analysis seemed more robust, with the result shown in Figure 6. More will be said
about this result, which was quickly submitted for publication, in the next section.

To recap, at CLAS we first tried to repeat the same kind of analysis as done at
LEPS, and initially a peak was seen, but this line of analysis was abandoned because
the peak was sensitive to various approximation techniques used, so we could not
be confident it was a real resonance. This analysis was dropped in favor of a more
robust analysis developed by Stepanyan, using an exclusive reaction channel where
no approximation methods are necessary.

At the same time as the CLAS analysis was being done, other groups were also
looking for evidence of the Θ+. One group, the DIANA Collaboration, was looking
at 1970’s bubble-chamber data from K+ scattering experiments [24]. This Russian-
based group was similarly motivated by Diakonov to look for the possible existence of

CLAS at Jlab
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curve at the Θ+ peak. The dotted histogram is background associated witha known resonance (the 
Λ(1520)).
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Fig. 13. Mass of the Θ+ peak reported by various experiments (listed by collaboration
name) along with the quoted uncertainty shown by the error bar (figure reproduced from
Ref. [50]).

organizer, Alex Dzierba, who has since retired. Although this information is of his-
torical interest, it is possible that this website could disappear in the near future.

Rather than going into the details here of every experiment that reported positive
or null evidence, I refer the reader to two summary papers, both presented at the
GHP04 meeting, one giving a positive outlook on experimental status [49] and one
with a negative slant on the pentaquark evidence [50]. In both talks, it was shown that
there were ten or more experiments with positive evidence having statistical precision
exceeding typically 3 or more standard deviations. One example of the difficulties
arising with the positive evidence is shown in Figure 13, showing that the mass of
the Θ+ peak in various experiments was not consistent. Clearly, if the Θ+ was a
real resonance, its mass should be invariant. Although one could question whether
the calibrations of the detectors might be slightly off (which could result in slightly
different mass measurements) the uncertainties shown in Figure 13 are directly from
the experimental papers. The variation in mass was disturbing, and indicative of more
problems yet to come.

In addition, many experiments were listed [49,50] where the Θ+ was searched for
(and expected to be seen) but no peak was found at the Θ+ mass. Clearly, there was
great confusion about whether the positive evidence was correct, and if not, how so
many experiments could be wrong. Was it just statistical fluctuations, coupled with
the desire to see a new particle? Or did the null-evidence experiments simply have
too much background so that a small Θ+ peak was overwhelmed and hidden by the
background fluctuations?

The only way to sort out the experimental situation was to do more precise exper-
iments and show that the peaks at the Θ+ mass were reproducible. Reproducibility
is the hallmark of good science, and for this reason science is self-correcting.

More details from

 Hicks’s Review

Various Experiments
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Fig. 1 Missing mass of all
charged particles (left) and the
invariant mass pK− (right
panels). The data are shown for
two magnetic fields of CLAS
setup [19]
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In 2004 CLAS measured the same reaction on a deuteron 
with high statistics (~6 times higher) plotted as a histogram 

with no sign of the peak
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CLAS at Tampa 2005

Since then the fate of Θ was decided, but was it justified? 
This is the question.

+
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Fig. 4 Kolmogorov–Smirnov
tests performed for the “peak
hypothesis” and the “null
hypothesis” show the confidence
level of both assumptions
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Was the claim statistically significant?
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Abstract In this paper, I review the history and geography of the pentaquark searches and discuss the current situation surrounding
these searches performed at different facilities around the world. The possibility of the existence of multiquark states like tetraquarks
and pentaquarks was already predicted by Gell-Mann-Mann (Phys Lett 8: 214, 1964) based on the Constituent Quark Model (CQM);
however, more than half a century efforts in a wide range of experiments led to controversial situation, when the fate of the light
quark pentaquarks is almost decided to not exist. The recent LHCb results (R. Aaij, LHCb Collaboration et al. in Phys Rev Lett
115: 072001, 2015) on the observation of the charm pentaquarks in the invariant mass of pJ/ψ from the "b → K− pJ/ψ decay
created a new wave of excitement and rise the question about the existence of the light pentaquarks. The main question which still
remains to be clarified is whether already acquired evidences are sufficient to completely disregard the light pentaquarks and leave
it out as an example of the scientific curiosity or there are still rooms for further, more dedicated efforts and scrupulous analyses to
answer the question of the existence or nonexistence of the light pentaquarks made of u, d and s quarks.

1 Introduction

In his fundamental paper [1], Gell-Mann anticipated the existence of multiquark states including pentaquarks based on the Constituent
Quark Model. The existence of pentaquarks does not contradict any basic principles of the quantum field theory of strong interactions,
Quantum Chromodynamics (QCD) either. Although their spectra are hard to calculate due to the perturbative character of QCD.
However, for a long period of time the search for pentaquarks before 2003 was sporadic until people started paying attention to the
prediction of the chiral soliton model by Diakonov, Petrov and Polyakov [3]. In this paper, the entire new family of the anti-decuplet
pentaquarks was predicted. The lightest member of this multiplet the #+a with uudds̄ quark content decaying to K+n or K 0 p
attracted experimentalists due to a very narrow width of 15 MeV (or less) and the mass of 1530 MeV accessible at many facilities
around the world. It was naively expected to be relatively easy to discover. Alas, as will be discuss below, it was not to be the case
after all.

2 Positive claims

So, what happened in 2003? The LEPS Collaboration at SPring-8 in Japan published the paper [4] claiming an observation of #+

in a photoproduction experiment on the 12C target. The paper reported an observation of a resonance structure in the invariant mass
of K+n from the reaction γ + n → K+K−n with a mass of M(K+n)=1.54 ± 0.01GeV/c2 with a width less than 25 MeV. The
statistical significance of the observed structure was reported to be 4.6σ .

The paper published by DIANA collaboration [5,6] was done independently using K+ scattering in a bubble chamber filled with
a Xe. As it was reported, in the charge-exchange reaction K+Xe → K 0 pXe′ the spectrum of K 0 p shows a resonant enhancement
with M=1539± 2 MeV/c2 and & ≤ 9 MeV/c2. The statistical significance of the observed enhancement was quoted to be near 4.4σ .
Both these experiments associate their observed peaks with the lightest member of the anti-decuplet predicted by chiral soliton
model [3].

The next in a row was a paper by the CLAS collaboration [7]. In the abstract of this paper, it is written: “In the exclusive
measurement of the reaction γ d → K+K− pn, a narrow peak that can be attributed to an exotic baryon with strangeness S = +1
is seen in the K+n invariant mass spectrum.” The mass of the peak at 1.542 ± 0.005 GeV/c2 and FWHM width of 0.021 GeV/c2

was reported. The statistical significance of the peak was estimated to be 5.2 ± 0.6σ .
The CLAS Collaboration searched for #+ also in the photoproduction reaction γ p → π+K−K+n on a proton target [8]. An

observation of the peak in the invariant mass M(K+n)=1.55±10 MeV with a FWHM of &= 26MeV/c2 was reported. The statistical
significance of the signal was estimated at 7.8±1σ .

a e-mail: mamaryan@odu.edu (corresponding author)
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Where we 
stand?CLAS set up an upper limit for the 

photoproduction cross section of a few nb

 Many experiments do not see a signal,                   
but should they see it?

Some previous positive results still hold

Is the case closed?

Can we increase sensitivity to the tiny cross 
section ?

What must be done in order to convince ourselves 
in existence or in absence of the resonance ?

How to claim a discovery ?
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Where we stand?

We reported the signal via interference with ϕ (arXiv:110.3325)
Where we 
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    Can we observe it in the direct production?
Where we 
stand?CLAS set up an upper limit for the 

photoproduction cross section of a few nb

 Many experiments do not see a signal,                   
but should they see it?

Some previous positive results still hold

Is the case closed?

Can we increase sensitivity to the tiny cross 
section ?

What must be done in order to convince ourselves 
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(Slide from my talk at the CLAS Coll. Meeting in Feb. 2012)
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Fig. 4 Kolmogorov–Smirnov
tests performed for the “peak
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Fig. 4 Kolmogorov–Smirnov
tests performed for the “peak
hypothesis” and the “null
hypothesis” show the confidence
level of both assumptions
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Fig. 7 nK+. invariant mass
spectrum for the reaction
γ p → K̄ 0K+n after all cuts. For
details, see [20]
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mass of the proton above φ, with MM(p) > 1.04 GeV, and the possibility of M(π − p to make a ground state $ was excluded by
the cut M(πp) > 1.13 GeV. However, even in this case the fact that when searching for %+ in the missing mass of KS the excited
&∗’s in the invariant mass of pKS can be reflected on the M(pKL), which is MX (KS), and similarly excited &∗’s contribution in
the invariant mass M(pKS) was ignored and no measures have been taken to avoid such reflections. One has to mention that the
family of excited hyperon states is not well established both theoretically and experimentally which may result in a large uncertainty
when making a decision about reflections.

Although in this reaction there is no $∗s production possible, one could have applied a cut on M(pKS) and vice versa on
M(pKL) below 1.52 GeV or so, still having enough phase space for the %+ production. The final plot of M(pKS) and MX (KS)

is presented in Fig. 8. The reason of why %+ is seen in some experiments and not in others is also discussed in Ref. [21]. Another
review articles from different perspectives are presented in Ref. [22] and [23].

5 Interference

As we learned from previous sections, there are two main problems in the searches for %+. One of them is how to suppress reflections
in the 3-body (or 4-body) final states in the photoproduction reactions searching for a peak in the invariant mass of either K+n or
K 0 p. The second problem is how confidently reproduce the background. Both of these problems can be solved if one looks at the
interference between two reactions: γ p → pφ(KSKL) and γ p → KS(KL)%

+, which was proposed in Ref. [24]. The feynamn
diagrams for these two processes are presented in Fig. 9. By selecting events under the φ peak, we plotted the missing mass of KS
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The 2009 PDG Review rewritten by Wohl  states:

So the fate of the pentaquark was decided to not exist, but was it justified?

26 The European Physical Journal H

in any of the first four experiments. As for the experiments that followed (claiming
positive evidence for the Θ+), I will leave this question for others more familiar with
those analyses to comment on.

In the future, two key experiments have yet to be completed. First, the LEPS
Collaboration should try to reproduce their results for photoproduction of the Θ+

on a deuterium target. In fact, a ‘blind’ analysis of higher-statistics data is currently
in progress, although the results are not known at the present time. Second, an ex-
periment is planned for the JPARC facility for a K+ beam on a deuterium target.
Whether a Θ+ peak can or cannot be seen from this experiment, this is a deciding
factor.

In a sense, the jury has already decided the fate of the Θ+. In the 2009 issue of
the Particle Data Group [71], a review written by Wohl states:

The only advance in particle physics thought worthy of mention in the
American Institute of Physics “Physics News in 2003” was a false alarm. The
whole story–the discoveries themselves, the tidal wave of papers by theorists
and phenomenologists that followed, and the eventual “undiscovery” – is a
curious episode in the history of science.

Harsher words have seldom been written by the PDG with regard to this field, where
false signals are reported every year (and go away after better data is available).
However, this case of the Θ+ is unique in that it received a dozen confirmations
before later being ruled dead. Indeed, it is curious.

So what can one take away from this history? Perhaps the most important question
to answer is: when is a signal deemed to be sufficiently statistically significant to be
taken seriously? In the past, five standard deviations (5σ) has been thought to be
at the threshold of discovery. However, there are many factors which can conspire to
give peaks that look like 5σ over what might appear a reasonable background, but in
truth are closer to 3σ fluctuations if a different background shape were to be chosen.
In any case, the question of signal to noise in a measurement is a general phenomena
that should be studied more carefully by all scientists. Certainly, I can say without
reservation that I wish I had received more training in this area as a student.

Appendix: A primer on statistical fluctuations

Soon after evidence for the Θ+ was published, inconsistencies in the mass measured
by different experimental groups were noticed. In addition, the statistical significance
of the Θ+ peaks were questioned, due to uncertainties in the shape of the back-
ground under the “peaks”. A nice review of these uncertainties was presented by
Pochodzalla [72], where the data was plotted with error bars and without fitted curves,
shown in Figure A.1.

Here, my goal is to determine what level of statistical significance is sufficient
before one can reasonably claim that a new particle has been seen. The simplest case
to study is a Monte Carlo spectrum generated with a flat background, as shown in
Figure A.2. Your eye is drawn to the point in the middle, which is unusually high.
What is the statistical significance of this “peak”? This question is not well formed,
so let us examine two ways to ask a better question.

First, we will assume that the “peak” in Figure A.2 is a fluctuation of the uniform
background. A fit to the background gives a value of B = 15.0± 0.4 counts. The signal
above background is S = 36 − 15 = 21 counts. The significance of the background
fluctuation is [73, 74], in units of standard deviations:

S/
√

B + V
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Consequently papers were published by different collaborations [9–13] all claiming an observation of !+ with the mass around
∼1540MeV and the width about 20 MeV or less. The common feature of all experiments done in different countries in the world,
in Japan, Russia, United States, Germany, Switzerland, China at different facilities with different beams and energies was a low
statistics, which in some cases resulted in the observation of the peak and possibly overestimation of the statistical significance in
some of them.

3 Negative results

Even besides the high statistics measurement of the CLAS, which I will discuss below, there were reports on nonobservation
of !+ in some other experiments [14–18]. In 2004, the CLAS collaboration at Jefferson Laboratory performed new dedicated
photoproduction experiments both on a deuteron and hydrogen targets. The main goal of these experiments was to check whether
previous claims of the observation of !+ in a low statistics experiments will be confirmed or not with about 10 times higher statistics.
The first results on nonobservation at high statistics CLAS experiment in the reaction γ d → K+K− pn dismissing previous [7]
results were presented in April 2005 during the APS Meeting in Tampa, Florida. Results of this experiment were published in
[19]. Consequently, the results of !+ search in high statistics experiment on the hydrogen target were published in [20] with
nonobservation of !+.

4 Discussion

Before making a verdict on the fate of !+, let us discuss what are the challenges and pitfalls of performed searches. First of all let us
mention that the results of [4] and [5,6] experiments have not been refuted. As the high statistics CLAS results had an undoubtfully
the most significant impact on the current status of essentially nonexistence of !+, let us discuss them in more details.

The common feature of all experiments with primary beams with no strange content unavoidably leads to at least three particle
final states. In the photoproduction experiments searching for !+ pentaquark, the following reactions can be studied

γ + d → K+K− pn (1)

γ + p → K+π+K−n (2)

γ + p → K̄ 0K+n (3)

γ + p → K̄ 0K 0 p (4)

The reaction of eq.1 studied in [7] and [19]. To avoid reflections, as the K+K− can make a φ meson, a cut was imposed on
M(K+K−) >1.06 GeV. On the other hand, the invariant mass of K− p system is very reach making not only %(1520) but also higher
mass %∗’s and &∗’s; however, only events under the peak of %(1520) were removed, by a cut 1.495 < M(K− p) < 1.545 GeV/c2

see Fig. 1. As one can see, the overlapping events above 1.545 GeV/c2 still remain in the invariant mass of M(K+n) see Fig. 2.
Finally, the obtained high statistics distribution was compared with the previously published one in [7], see Fig. 3

What can be concluded from this comparison? That previous distribution which looked like having a structure around 1.54 GeV
has not been reproduced. The fact is that the claim of the observation of the structure with high significance in a previously published
paper may have been ruled out if the log likelihood estimation of the significance would have been performed or Kolmogorov–
Smirnov test for the signal+background or the background only hypotheses could have been used.

In Fig. 4, results of such a test are presented. As one can see, the goodness of the fit of the “peak hypothesis” is about 90% while
for the “null hypothesis” is 72%, which is much too high to be excluded.

The fact that there are so much phase space for the high mass K− p to contribute to the final plot of K+n invariant mass, it is
premature to conclude that the existence of !+ is ruled out. It may have been interesting to see if other cuts like, for example, a cut
on a t-Mandelstam, could have suppressed higher mass K− p excited hyperons more than the possible pentaquark; however, such
studies were not performed.

The search for the !+ was also performed using reaction 2 above [8]. The final state in this reaction is even more complicated
with four particles in the final state. The authors of [8] removed the φ peak by the cut M(K+K−) > 1.06 GeV/c2. Here also the
significance quoted to be 7.8 ± 1 is clearly overestimated. However, besides this there was not any discussion in the paper how
much reflections could come from K ∗(890) → K−π+ and whether the reflections from the high mass &∗− decaying to K−n can
populate K+n spectrum. The K+n spectrum from [8] is presented in Fig. 5.

The search for the !+ was performed also in [20] using reactions 3 and 4 above on the proton. In the reaction γ + p → K̄ 0K+n,
the main source of the reflections on the invariant mass of K+n system is due to the excited hyperon states, in this case %∗’s as well
as &∗0’s. The missing mass of K+ is presented in Fig. 6 from Ref. [20], where there are clearly other states above %(1520). The
final structureless figure is presented in Fig. 7.

In the next studied reaction was number 4 above, γ p → KSKL p. Here the KL was a missing particle; the KS was reconstructed
in the invariant mass of oppositely charged pions. The possibility of KSKL making a φ was cut out by selecting events with missing
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What can be studied in photoproduction?

How about reflections? Did anybody care?


Only partially!
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Fig. 9 Two different sub
processes that could lead to the
same final state in the reaction
γ p → pKSKL . The left diagram
is for a "+ production and the
right for a φ production

Fig. 10 Missing mass of KS . The
dashed line is the result of the
photoproduction of the φ meson
Monte Carlo. The dashed–dotted
line is a modified Monte Carlo
distribution, and the solid line is
the result of a fit with a modified
Monte Carlo distribution plus
Gaussian function

presented in Fig. 10. The only cut we applied was a cut on a t-Mandelstam −t" < 0.45 GeV2. The photoproduction of the φ meson
was generated using Monte Carlo (MC) simulation and reconstructed using CLAS reconstruction software and is presented as a
dashed line. In order to take into account possible imperfections in the reconstruction program, we allowed the φ MC distribution
to vary presented as a dashed–dotted line in the figure. The solid line is the result of a fit with modified MC for the background
plus Gaussian function. The statistical significance of the peak was estimated as log likelihood ratio and was found to be 5.3σ [25],
corresponding to the ratio of the signal hypothesis over the background only hypothesis to be about 1.3M.

Although this analysis was under the review for almost five years, we produced thousands of plots per request of the CLAS
collaboration members. At then end, the collaboration as a whole didn’t sign the paper motivating it because of the narrow kinematic
range of the observed signal appearing at low t".

In this search, the background model is well under control and low-t" may select the most prominent region for the interference of
these two sub processes. The observed peak value is MX (Ks) = 1.543±0.001 GeV with a Gaussian width σ = 0.004±0.001 GeV.
For the completeness, let us mention Ref. [26], where quantum mechanical interference was discussed as a powerful tool to observe
hadron resonances.

6 Summary

As I tried to explain, there is no doubt that in some experiments the statistical significance of the observation of resonance structure
that could be associated with purported "+ pentaquark was overestimated. The high statistics experiments performed by the CLAS
collaboration showed it dismissing previous CLAS claims. Nevertheless, the analysis of the missing mass of KS for events under
the φ peak clearly shows that the peak of "+ is observed with statistical significance of 5.3σ . Besides these, as it was discussed, the
performed analyses of high statistics experiments with CLAS were mainly oriented to disprove previous claims and were not used
fully to make independent searches by eliminating reflections from other subprocesses in the same reactions. Finally, let me mention
that the most direct way to observe "+ would be by secondary beams of kaons, especially at the approved experiment with K-long
facility in Hall D at JLab [27] in a two-body reaction KL p → K+n with the M(K+n) resolution on the order of 1-2 MeV in the
range from almost the threshold up to 1.6 GeV measured simultaneously because of the broad momentum range of the secondary
KL beam impinging on the hydrogen target, contrary to the charged kaon beams with the fixed beam energy. Moreover, another
exotic member of anti-decuplet, the %+ could be observed in the reaction KL p → KS%

+.
In this paper, I critically reviewed the experimental searches performed so far to observe the "+ pentaquark. It is shown that

current status of nonobservation of this particle in some of them doesn’t allow to dismiss its existence as it is commonly accepted.
At the end, let me mention that recent results on pentaquarks [2], although in the heavy quark domain, may have reduced the

level of skepticism on the existence of pentaquarks and the Bayesian prior may not be assumed to be zero for the existence of the
light pentaquark, as it seems the majority in the community is inclined to believe.
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line is a modified Monte Carlo
distribution, and the solid line is
the result of a fit with a modified
Monte Carlo distribution plus
Gaussian function

presented in Fig. 10. The only cut we applied was a cut on a t-Mandelstam −t" < 0.45 GeV2. The photoproduction of the φ meson
was generated using Monte Carlo (MC) simulation and reconstructed using CLAS reconstruction software and is presented as a
dashed line. In order to take into account possible imperfections in the reconstruction program, we allowed the φ MC distribution
to vary presented as a dashed–dotted line in the figure. The solid line is the result of a fit with modified MC for the background
plus Gaussian function. The statistical significance of the peak was estimated as log likelihood ratio and was found to be 5.3σ [25],
corresponding to the ratio of the signal hypothesis over the background only hypothesis to be about 1.3M.

Although this analysis was under the review for almost five years, we produced thousands of plots per request of the CLAS
collaboration members. At then end, the collaboration as a whole didn’t sign the paper motivating it because of the narrow kinematic
range of the observed signal appearing at low t".

In this search, the background model is well under control and low-t" may select the most prominent region for the interference of
these two sub processes. The observed peak value is MX (Ks) = 1.543±0.001 GeV with a Gaussian width σ = 0.004±0.001 GeV.
For the completeness, let us mention Ref. [26], where quantum mechanical interference was discussed as a powerful tool to observe
hadron resonances.

6 Summary

As I tried to explain, there is no doubt that in some experiments the statistical significance of the observation of resonance structure
that could be associated with purported "+ pentaquark was overestimated. The high statistics experiments performed by the CLAS
collaboration showed it dismissing previous CLAS claims. Nevertheless, the analysis of the missing mass of KS for events under
the φ peak clearly shows that the peak of "+ is observed with statistical significance of 5.3σ . Besides these, as it was discussed, the
performed analyses of high statistics experiments with CLAS were mainly oriented to disprove previous claims and were not used
fully to make independent searches by eliminating reflections from other subprocesses in the same reactions. Finally, let me mention
that the most direct way to observe "+ would be by secondary beams of kaons, especially at the approved experiment with K-long
facility in Hall D at JLab [27] in a two-body reaction KL p → K+n with the M(K+n) resolution on the order of 1-2 MeV in the
range from almost the threshold up to 1.6 GeV measured simultaneously because of the broad momentum range of the secondary
KL beam impinging on the hydrogen target, contrary to the charged kaon beams with the fixed beam energy. Moreover, another
exotic member of anti-decuplet, the %+ could be observed in the reaction KL p → KS%

+.
In this paper, I critically reviewed the experimental searches performed so far to observe the "+ pentaquark. It is shown that

current status of nonobservation of this particle in some of them doesn’t allow to dismiss its existence as it is commonly accepted.
At the end, let me mention that recent results on pentaquarks [2], although in the heavy quark domain, may have reduced the

level of skepticism on the existence of pentaquarks and the Bayesian prior may not be assumed to be zero for the existence of the
light pentaquark, as it seems the majority in the community is inclined to believe.

Acknowledgements I am thankful to many collegues for over many years of conversations on a different aspects of pentaquarks, namely Dmitri Diakonov,
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K-long Facility at Jlab (KLF)

Figure 14: Schematic view of Hall D beamline on the way e ! � ! KL. Electrons first hit
the tungsten radiator, then photons hit the Be target assembly, and finally, neutral kaons hit the
LH2/LD2 cryotarget. The main components are CPS, Be target assembly, beam plug, sweep mag-
net, and pair spectrometer. See the text for details.

and the LH2/LD2 target (located inside Hall D detector) was taken as 16 m in our calculations It
can be increased up to 20 m.

10.1.1 Compact Photon Source: Conceptual Design

An intense high-energy gamma source is a prerequisite for the production of the KL beam needed
for the new experiments described in this proposal. In 2014, Hall A Collaboration has been dis-
cussed a novel concept of a Compact Photon Source (CPS) [116]. It was developed for a Wide-
Angle Compton Experiment proposed to PAC43 [117]. Based on these ideas, we suggested (see
Ref. [118]) to use the new concept in this experiment. A possible practical implementation ad-
justed to the parameters and limitations of the available infrastructure is discussed below. The
vertical cut of the CPS model design, and the horizontal plane view of the present Tagger vault
area with CPS installed are shown in Fig. 15.

The CPS design combines in a single properly shielded assembly all elements necessary for the
production of the intense photon beam, such that the overall dimensions of the setup are limited
and the operational radiation dose rates around it are acceptable. Compared to the alternative,
the proposed CPS solution presents several advantages: much lower radiation levels, both prompt
and post-operational due to the beam line elements’ radio-activation at the vault. The new de-
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jected photon beam. We have instead considered adjustments to the existing Hall D final focus
optics to maximize the beam size at the CPS while maintaining required projected photon beam
convergence.

Reference [99] evaluates the existing Hall D final focus optics and quadrupole apertures for three
conditions: 95% full width horizontal beam sizes of 1.0 cm, 1.4 cm, and 1.7 cm. A 95% full width
vertical beam size of O(1 cm) is expected at the CPS; it cannot be smaller than this to maintain
reasonable projected photon beam convergence.

The 95% full width horizontal 1.0 cm beam size case is quite similar to existing optics for GlueX.
Under these conditions, KLF should expect similar beam size stability to that observed during
GlueX-II operations.

The 1.4 cm case requires more aggressive focusing that results in a maximum beam size in the
existing final focus quadrupoles that is ⇡65% of the existing aperture. At these beam sizes chro-
matic and nonlinear effects start contributing substantially to beam quality. It may be feasible to
run KLF with this beam size at the CPS face, but beam size stability and sensitivity of tune may be
problematic.

The 1.7 cm case requires substantially more aggressive focusing. The maximum beam size in the
existing final focus quadrupoles in this condition would be at least 75% of the existing aperture.
Here chromatic conditions and sensitivity of tune to energy fluctuations starts to dominate, and
there is very little room for orbit and beam size variation.

For 95% full width horizontal beam sizes on the CPS dump face above 1.5 cm, new final focus
quadrupoles would likely be required with larger apertures of 20–30 mm radius compared to the
existing radii of 16 mm.

5.2 KL Beam Overview

Figure 17: Schematic view of Hall D beam line with the production chain e ! � ! KL. The main
components are the CPS, KPT, sweep magnet, and KFM (see text for details). We do not need in pair
spectrometer [112]. Beam goes from left to right.

We propose to create a secondary beam of neutral kaons at Hall D at Jefferson Lab to be used with
the GlueX experimental setup for strange hadron spectroscopy. The superior CEBAF electron
beam will enable a flux on the order of 1 ⇥ 104KL/sec, which exceeds the kaon flux previously
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Figure 23: The KL and neutron momentum spectra on the cryogenic target. Left: Rate of KL (red) and
neutrons (blue) on the LH2/LD2 cryogenic target of Hall D as a function of their generated momenta, with
a total rate of 1 ⇥ 104 KL/sec and 6.6 ⇥ 105 n/sec, respectively. Kaon calculations were performed using
Pythia generator [110] while neutron calculations were performed using the MCNP transport code [103].
Right: Experimental data from SLAC measurements using a 16 GeV/c electron beam were taken from
Ref. [113] (Figure 3).

5.4.1 Kaon and Neutron Flux:
Neutral kaon production was simulated for a photon bremsstrahlung beam produced by the 12 GeV
electron beam in the Hall D CPS. The main mechanism of KL production in our energy range is via
�-meson photoproduction, which yields the same number of K0 and K̄0. Calculations of the KL

flux [109] are performed using the Pythia MC generator [110], while the neutron flux calculations
were performed using the MCNP radiation transport code [103].

The MCNP model simulates a 12 GeV 5 µA electron beam hitting the copper radiator inside of the
CPS. Electron transport was traced in the copper radiator, vacuum beam pipe for bremsstrahlung
photons, and Be-target. Neutrons and photons were traced in all components of the MCNP model.
The areas outside the concrete walls of the collimator alcove and bremsstrahlung photon beam
pipe was excluded from consideration to facilitate the calculations. Additionally, we ignore Pair
Spectrometer (PS) [112] and KFM magnets but took into account five iron-blocks around beam
pipe in front of the GlueX spectrometer.

Figure 23 demonstrates that our simulations for the KLF kaon and neutron flux (Fig. 23 (left)) are
in a reasonable agreement with the KL spectrum measured by SLAC at 16 GeV [113] (Fig. 23
(right)).

5.4.2 Target and Plug Materials:
The KL beam will be produced with forward emission kinematics due to the interaction of the
photon beam with a Be-target. Beryllium is used because lighter elements have a higher photo-
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Figure 29: Muon momentum spectrum for the Bethe-Heitler (see details in text).

and gamma fluxes and prompt dose rates for the KLF experiment are below the JLab RadCon
requirement establishing the radiation dose rate limits in the experimental hall.

5.7 KL Momentum Determination and Beam Resolution

The mean lifetime of the KL is 51.16 nsec (c⌧ = 15.3 m) whereas the mean lifetime of the K� is
12.38 nsec (c⌧ = 3.7 m) [1]. For this reason, it is much easier to perform measurements of KLp
scattering at low beam energies compared with K�p scattering.
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Figure 30: Left: Time resolution (�t) for KL beam as a function of KL-momentum. Middle: Momentum
resolution (�p/p) as a function of momentum (note, log scale). Right: Energy resolution (�W ) as a function
of energy. The dashed line shows approximate W resolution from reconstruction of the final-state particles.

The momentum of a KL beam will be measured using time-of-flight (TOF) - the time between the
accelerator bunch (RF signal from CEBAF) and the reaction in the LH2/LD2 target as detected by
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I refer to the following Fig.23 in KLF proposal. Here we have about 0.1K_L/s  
at 0.45 GeV/c in 1MeV bin. This means 0.9M K_L/100 days ~1M K_L/100 days

gammas, we used the MCNP6 N-Particle (MCNP) radiation transport code [102].

For the MCNP calculations (in terms of flux [part/s/cm2/MeV] or biological dose rate [mrem/h]),
many tallies (spots were we calculated a flux or dose rate) were placed along the beam at the
experimental hall and alcoves for neutron and gamma fluence estimation. Fluence-to-Effective
Dose conversion factors from ICRP 116 [106] were implemented to convert neutron and gamma
fluence to effective dose rate. We used the material composition data for the radiation transport
modeling from Ref. [107].

The realism of MCNP simulations is based on the advanced nuclear cross section libraries created
and maintained by several DOE National Laboratories. The physical models implemented in the
MCNP6 code take into account bremsstrahlung photon production, photonuclear reactions, neutron
and photons multiple scattering processes. The experimental hall, collimator alcove, and photon
beam resulting from the copper radiator within CPS were modeled using the specifications from
the layout presented in Figure 19, shown as a 3D graphic model of the experimental setup.

Figure 23: The KL and neutron momentum spectra on the cryogenic target. Left: Rate of KL (red) and
neutrons (blue) on the LH2/LD2 cryogenic target of Hall D as a function of their generated momenta, with
a total rate of 1 ⇥ 104 KL/sec and 6.6 ⇥ 105 n/sec, respectively. Kaon calculations were performed using
Pythia generator [109] while neutron calculations were performed using the MCNP transport code [102].
Right: Experimental data from SLAC measurements using a 16 GeV/c electron beam were taken from
Ref. [112] (Figure 3).

5.4.1 Kaon and Neutron Flux:
Neutral kaon production was simulated for a photon bremsstrahlung beam produced by the 12 GeV
electron beam in the Hall D CPS. The main mechanism of KL production in our energy range is via
�-meson photoproduction, which yields the same number of K0 and K̄0. Calculations of the KL

flux [108] are performed using the Pythia MC generator [109], while the neutron flux calculations
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Number of H atoms in the GlueX Target is 0.09x40x6.02x10^{23}~ 2.4x10^{24}

Total luminocity L,  in 100 days is: L=10^{6} x 2.4 x 10^{24}=2.4x10^{30}

Assuming cross section of K_Lp-> K^{+}n =5mb= 5x10^{-27} 

Number of expected events in 100 days in a 1MeV bin at P(K)=0.45 GeV/c is: 

N=5x10^{-27}x2.4x10^{30}=12x10^{3} ~10^{4} in 100 days 

Then for the Theta Peak at the width of 0.34 MeV we get:

Expected Number of Events
of ⇥+ Pentaquark with KLF at JLab

Moskov Amaryan

November 29, 2022

Below we assume that according to the MC simulation performed by Michail

Bashkanov with �=5 mb (below we ignore the di↵erence between 4.2 mb and

5 mb) for the reaction KLp ! K+n we expect 48 events in a 2 MeV bin.

Let us use eq.(1) from the paper by A. Dolgolenko et al., PRC 89, 045204

(2014)

� =
Npeak

Nbkgd
⇥ �CE

107 mb
⇥ �m0

BiBf
(1)

Here they used �m0 =18 MeV, which is the width of the interval of the

original mass m(pK0
populated by the Nbkgd = 1696 events, number of events

in the peak is equal to Npeak = 208 events. For the the charge exchange the

cross section �CE
= 4.2 mb, the Bi and Bf are branching ratios of the initial

and final states each equal to 0.5. From this equation they obtained the width

of ⇥
+
to be � = 0.34± 0.1 MeV.

If we use the obtained width of the ⇥
+
and using 48 events of the background

obtained by Mikhail Bashkanov and �m0 = 2 MeV we get number of events in

the peak in 100 days of running with KLF for � = 0.34 MeV

Npeak =
�⇥Nbkgd ⇥ (107 mb)⇥BiBf

�CE ⇥�m0
= 52 (2)

For the width of � =2 MeV the number of expected events is 305.

In both cases the Nbkgd=48. For the width of 0.34 MeV the significance

will be S/
p
Nbkgd = 52/

p
48 = 7.5 �. For the width of 2 MeV we will get

S/
p

Nbkgd = 321/
p
48 = 44 �.

Q.E.D.

1
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0.34⇥ 104 ⇥ 107⇥ 0.25

5⇥ 1
= 1.8⇥ 104



Summary

• Experimental Data with High Statistics show that some of previous claims on 
the observation of pentaquark were not reproducible. This created the notion 
that all previous reports were unjustified.


• However it is obvious that new wave of experiments was devoted to check 
previous claims and not necessarily all measures were taken to make a 
search.


• The new experimental program at Jlab with KLF facility will provide 
undoubtful evidence of either existence of non-existence of light pentaquark.


