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The novel observation of an exoti strangeness S = +1 baryon state at 1:54 GeV is to trigger an intensied
sear h for this and other baryons with exoti quantum numbers. This state was predi ted long ago in topologi al
soliton models. We use this approa h together with the new datum in order to investigate its impli ations for
the baryon spe trum. In parti ular, we estimate the positions of other pentaquark and septuquark states with
exoti and with nonexoti quantum numbers.

PACS: 12.39.D , 14.20.Jn, 14.20.Gk
1. INTRODUCTION

In a re ent paper [1℄, Nakano et al. report on an
exoti strangeness S = +1 baryon state observed as a
sharp resonan e at 1:54  0:01 GeV in photoprodu tion
from neutrons. The onrmation of this nding would
give formidable support to topologi al soliton models
[2, 3℄ for the des ription of baryons in the nonperturbative regime of QCD. Higher multiplets ontaining
states arrying exoti quantum numbers arise naturally in the SU (3) version of these models. These were
alled exoti be ause su h states annot be built from
only three valen e quarks within quark models, and
additional quarkantiquark pairs must be added. The
terms pentaquark and septuquark therefore hara terize the quark ontent of these states. Stri tly, there
is nothing exoti about these states in soliton models,
they just ome as members of the next higher multiplets.
Indeed, beyond the minimal f8g and f10g baryons,
a f10g baryon multiplet was also mentioned early
by Chemtob [4℄. Within a simple SU (3) symmetri
Skyrme model, Biedenharn and Dothan [5℄ estimated
the ex itation energy of the f10g multiplet with spin
J = 1=2 to be only 0:60 GeV (si !) above the nu leon.
Both this multiplet and the f27g multiplet with spin
* E-mail: walliserphysik.uni-siegen.de
** E-mail: kopelioal20.inr.troitsk.ru, kopelio p .inr.a .ru

= 3=2 ontain low-lying S = +1 states, alled Z
and Z  in what follows. First numbers for these exoti
states with the onguration mixing aused by symmetry breaking taken into a ount were given in [6℄,
although some 0:1 GeV is too high if the value found in
[1℄ proves orre t. Diakonov, Petrov, and Polyakov [7℄
postulated the experimental P 11(1:71) nu leon resonan e a member of the f10g multiplet, and hen e the
Z state again with a low ex itation energy (0:59 GeV).
Weigel [8℄ showed that similar low numbers (0:63 GeV)
an be obtained in an extended Skyrme model al ulation that in ludes a s alar eld.
J

It should be added that the ex itation energies of
similar exoti states have been estimated for arbitrary
baryoni numbers [9℄. All these states appear to be
above the threshold for the de ay due to strong intera tions. In general, the ex itation energies for the
B > 1 systems are omparable to those for baryons,
e.g., the S = 1 dibaryon state belonging to the f35g
multiplet was al ulated to be only 0:59 GeV above the
N N threshold [10℄.
In this paper, we address the following questions
on erning the B = 1 se tor. Is an exoti Z state at
1:54 GeV reported in [1℄ ompatible with soliton models
and the known baryon spe trum? If Z is a tually loated at this position, what does it imply for the other
exoti states?
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SU (3) SOLITON MODEL

There exists a large number of dierent soliton models: pure pseudos alar ones, models with s alar elds
and/or ve tor and axial-ve tor mesons, and even models that in lude quark degrees of freedom. There is
also a vast number of possible terms in the ee tive
a tion for ea h of these models, partly with free adjustable parameters. However, the SU (3)-symmetri
part always leads to the same olle tive Hamiltonian
with only two model-dependent quantities determining
the baryon spe trum (Se . 2.1). The situation with the
symmetry breaking part is less advantageous, unfortunately, but still there appears one dominating standard symmetry breaker, whi h is to be the third modeldependent quantity needed (Se . 2.2). Thus, instead of
referring to a spe i model (whi h also involves a number of free parameters), we adjust these three quantities
to the known f8g and f10g baryon spe tra and to the
re ently reported Z state [1℄. Using this input, we try
to answer the questions posed in the Introdu tion. We
also show that the values needed for the three quantities are not too far from what an be obtained in the
standard Skyrme model.
In the baryon se tor, the stati hedgehog soliton
onguration lo ated in the nonstrange SU (2) subgroup is olle tively and rigidly rotated in the SU (3)
spa e. There are other approa hes like the soft rotator approa h and the bound state approa h, but the
rigid rotator approa h is probably most appropriate for
B = 1.
2.1.

SU (3)-symmetri

part

The SU (3)-symmetri ee tive a tion leads to the
olle tive Lagrangian [11℄
LS

3
1 X
= M +  (
2 a=1

R )2 +
a

7
1 X
+ K (
2 a=4

R )2
a

NC B R
p 8

2 3

(1)

depending on the angular velo ities R
a , a = 1; : : : ; 8. It
is generi for all ee tive a tions whose nonanomalous
part ontains at most two time derivatives, the term
linear in the angular velo ity depends on the baryon
number B and the number of olors NC , and it appears due to the WessZuminoWitten anomaly.
The soliton mass M and the pioni and kaoni moments of inertia  and K are model-dependent quantities. The latter two are relevant to the baryon spe trum. The soliton mass M , subje t to large quantum
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orre tions, enters the absolute masses only. With the
right and left angular momenta
Ra

=

L0
;
 R
a

La

=

8
X
b=1

(2)

Dab Rb ;

whi h transform a ording to Wigner fun tions Dab depending on the soliton orientation, the Hamiltonian obtained by the Legendre transfomation
HS

1 2
R +
2 
1
+
C (SU (3))
2K 2

=M+

NC2 B 2

R2



12

(3)

an be expressed by the se ond-order Casimir operators
of the SU (3) group and its nonstrange SU (2) subgroup,
C2 (SU (3)) =

8
X
a=1

Ra2 ;

R2

=

3
X
a=1

Ra2 :

(4)

For a given SU (3) irrep (p; q ) with the dimension
N

= (p + 1)(q + 1)(p + q + 2)=2

the eigenvalues of these operators are given by
C2 (SU (3))jfN g(p; q ); (YR JJ3 )i =

 p2 + q2 + pq
+ p + q jfN g(p; q); (YR JJ3 )i;
=

3

R2 jfN g(p; q ); (YR JJ3 )i =
= J (J + 1)jfN g(p; q); (YR JJ3 )i;

(5)

where (YR JJ3 ) denote the right hyper harge and the
baryon spin. The latter relation is due to the hedgehog
ansatz that onne ts the spin to the right isospin. The
states are still degenerate with respe t to the left (avor) quantum numbers (Y T T3 ) suppressed here. The
onstraint
p
R8 = NC B=2 3
xes
YR

= NC B=3

(see [11℄) and is written as the triality ondition [5℄
Ymax

=

p + 2q

3

= B + m;

(6)

with Ymax representing the maximal hyper harge of
the (p; q ) multiplet. Thus, baryons belong to irreps
of SU (3)=Z3 . With the o tet being the lowest B = 1
multiplet, the number of olors must be NC = 3. We
also obtain the spinstatisti s baryon number relation

( 1)2J +B = 1;
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EXCITATION ENERGY [GeV]

{64}m = 2
{64}m = 2

2

{28}m = 1

f8g J = 12 ; f10g J = 23 ; f10g J = 12 ;

{81}m = 2

{35}m = 2
{35}m = 2

f27g J = 23 ; f35g J = 25 ; : : :

{64}m = 2

{35}m = 1

1

{10}m = 1

turns out to be unique within a large range of moments
of inertia  =3 < K <  =2, overing the realisti
ases. Diagrams for the lowest nonminimal baryon multiplets f10g and f27g that a omodate the interesting
S = +1 states are shown in Fig. 2.
So far, we have onsidered the SU (3)-symmetri
ase. To explain the splitting of baryon states within
ea h multiplet, we must take the expli it symmetry
breaking into a ount.

{35}m = 1

{27}m = 1
{27}m = 1
{10}m = 0

0

{8}m = 0
J = 1/2

J = 3/2

J = 5/2

J = 7/2

B = 1 baryon multiplets with the ex itation
energy less than 2:5 GeV for  = 5 GeV 1 and
K = 2:5 GeV 1 . The number m is also given

Fig. 1.

2.2.

whi h allows only half-integer spins for B = 1 [5℄.
From the quark model standpoint, the integer m in
ombination with (p; q ) is related to the number of additional q q pairs present in the baryon state [9℄. When
B = 1, we obtain the minimal multiplets f8g and f10g
for m = 0, the family of penta- and septuquark multiplets f10g, f27g, f35g, and f28g for m = 1, and multiplets f35g, f64g, and f81g for m = 2 (Fig. 1). For the
masses of the multiplets f8g J = 1=2, f10g J = 3=2,
f10g J = 1=2, f27g J = 3=2, and f35g J = 3=2, simple
relations

= 3=2 ;
= 3=2K ;
Mf10g = 1=K ;
Mf10g = 15=4K

Mf10g
Mf10g

Mf8g

Mf8g

Mf27g

Mf35g

(7)

hold. We note that the mass dieren e of the minimal
multiplets depends on  only1) , whereas the mass differen es between minimal and nonminimal multiplets
depend on K and  . With the values   5 GeV 1
and K  2:5 GeV 1 from a naive Skyrme model, the
estimate Mf10g Mf8g  0:60 GeV [5℄ was obtained
in agreement with (7). The mass of f27g then lies approximately 0:10 GeV higher. In Fig. 1, we show the
spe trum of all baryon multiplets with the ex itation
energy up to 2:5 GeV using these moments of inertia for
illustration. The sequen e of the lowest baryon multiplets
1) It was shown for arbitrary

(3)

B

[9℄ that the fa tor at

R 3B2 =4 = 3B=2

2
C2 (SU (3))
with p + 2q = 3B ; N
,

=3

.

(8)

1=2K

in

for any minimal multiplet

SU (3) symmetry breaking

The dominant standard symmetry breaker omes
from the mass and kineti terms in the ee tive a tion that a ount for dierent meson masses and de ay
onstants, e.g., mK 6= m and FK 6= F ,
LSB

=

3
X
1
(1 D88 )  D8a
2
a=1

R +:::
a

(9)

(the rst term). There an be further terms of minor
importan e that depend on the spe i ee tive a tion
used. As an example, we optionally in lude su h a term
arising from  ! mixing in ve tor meson Lagrangians
(the se ond term). This an serve as a test for the
model dependen e of our results. The orresponding
Hamiltonian is
3
1
 X
H SB =
D R +:::
(10)
(1 D88 )
2
 a=1 8a a
The quantities and  are again model-dependent
quantities, they determine the strength of symmetry
breaking. We rst onsider only the standard symmetry breaker .
It was noti ed early that a perturbative treatment
of this symmetry breaker leads to the splitting

(M

MN ) : (M

M ) : (M

M ) = 2 : 2 : 1

for the f8g baryons [4, 11℄, in varian e with observation. Be ause symmetry breaking is strong, Eq. (10)
must be diagonalized in the basis of the unperturbed
eigenstates of H S . By this pro edure, the states of a
ertain multiplet a quire omponents of higher representations. We nevertheless address the mixed states
as f8g states, f10g states, et ., a ording to their dominant ontribution.
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Z 0

Z +

f10gJ = 1=2
The



T3 Y

f27gJ = 3=2

diagrams for the baryon multiplets

Moments of inertia and symmetry breakers
obtained from a t to the baryon spe trum in ludung
the novel Z datum

Table 1.

t A
t B

 , GeV 1

K , GeV 1

, GeV



5:61
5:87

2:84
2:74

1:45
1:34

0:40

ENERGY, GeV

1.8

1.7

Z



1.6

Z
1.5

1.4

2:2

2:4

2:6

2:8

KAONIC MOMENT OF INERTIA, 1/GeV

The masses of the S = 1 baryons Z
 depending on the kaoni moment of inertia.
 = 5:87 GeV 1 and = 1:34 GeV are kept xed

Fig. 3.

and

Z

The best values for the moments of inertia  and
are listed in Table 1
(t A). Optionally, the symmetry breaker  is also inluded (t B ). In Fig. 3, we show the dependen e of
the Z and Z  energies on the kaoni moment of inertia

K and the symmetry breaker

Z ++

T3

T3

Fig. 2.
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b

Y
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f10g and f27g that in lude the lowest = +1 states
S

K with the other parameters kept xed. The sensitive
dependen e expe ted from Eq. (7) persists when symmetry breaking is in luded. If the experimental datum
for Z proves orre t, a relatively large kaoni moment
of inertia (Table 1) is required.
We now ompare this with the impli ations of the
standard Skyrme model [2, 3℄ with only one adjustable
parameter e = 4:05. The mass and kineti symmetry breakers are in luded with mesoni parameters (the
only parameter of this model is e = 4:05). The kineti
symmetry breaker involves time derivatives that were
negle ted in [6℄ (in the adiabati approximation), in a ordan e with the argument that they are suppressed
by two orders in the 1=NC expansion and this order
must in lude many other symmetry breaking terms
that are not taken into a ount either. This leads to
 = 5:88 GeV 1 , = 1:32 GeV, and a relatively
small kaoni moment of inertia K = 2:19 GeV 1 ( onne ted with larger Z and Z  masses, Fig. 3). But the
nonadiabati terms in the kineti symmetry breaker are
not small a tually, and give a sizeable ontribution to
the kaoni moment of inertia K = 2:80 GeV 1 together with symmetry breaking terms and even terms
that are nondiagonal in the angular momenta. Be ause
the latter were never properly treated, these numbers
should be ompared with those in Table 1 with reservation. Nevertheless, it seems that the standard Skyrme
model an potentially provide values lose to t B . Relative to t A, the standard symmetry breaker from the
Skyrme model appears too weak, indi ating that an
important symmetry breaking pie e is missing in this
model. Con luding this dis ussion, we emphasize that
the nonadiabati terms in the kineti symmetry breaker
are of ourse not the only possibility to obtain larger
486
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A

B

exp
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A

B

exp

A

B

(Y T )

A

B

A

B

( 2 1)
( 1 1=2)

2.0

(0
(0
(
(1
(1
(0
(2

( 1 3=2)
(0 1)
ENERGY, GeV

(Y T )

(1 1=2)

(Y T )

(2 2)
(0 2)

0)
1)
1 3=2)
1=2)
3=2)
2)
1)

(1 5=2)

(2 0)

1.5

1.0

f8gJ = 1=2
Fig. 4.

f10gJ = 3=2

f10gJ = 1=2

f27gJ = 3=2

f35gJ = 5=2

The lowest rotational states in the SU (3) soliton model for ts A and B . The experimental masses of the
f10g baryons are depi ted for omparison. Not all states of f35g are shown

Table 2.

f8g and

Rotational states of nonminimal multiplets with exoti quantum numbers below 2 GeV in luding all members of
Z datum enters the ts. The lowest exoti Y = 3 baryon states are also in luded

f10g and f27g. The experimental
J

Y

De ay modes

T

Estimated energy, GeV
A

Z

Z
X

Z 

f10g
f27g
f27g
f35g
f10g
f27g
f35g
f35g
f27g
f35g
f35g

B

1=2

2

0

KN

1:54

1:54

3=2

2

1

KN

1:65

3=2

0

2

 ,   ,  

1:69
1:72

1:69

5=2

1

5=2

 , N

1:79

1:76

1:79

1:78

1:85

1:85

1:92

1:90

2:06

1:96

1:99

2:02

2:31
2:41

2:36
2:38

5=2

0

2


 ,   , K

 ,   , K
 ,  

5=2

2

2

K , KN

1=2

1

3=2

3=2

1

3=2

3=2

2

1

 , K 
 ,K

5=2
3=2

3
3

1=2
1=2

 , K K 
K
KKN , KK 
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kaoni moments of inertia. In lusion of other degrees
of freedom or of additional terms in the ee tive a tion
inuen es this quantity sensitively. In this respe t, the
position of the exoti Z baryon proves an important
onstraint on soliton models.
The resulting baryon spe trum is shown in Fig. 4.
It an be seen that for t A, with the standard symmetry breaker alone, the   mass dieren e is too large,
the splitting in the J = 1=2 multiplets relative to that
in the J = 3=2 multiplets is overestimated, and the
orresponding SU (2) symmetry breaker an a ount
for only half the neutronproton split (not shown here,
see, e.g., [6℄). All the three de ien ies an be ured
by in luding the se ond symmetry breaker, t B . Of
ourse, this does not mean that the additional symmetry breaker must be exa ly of form (10); other operator
stru tures are possible. As mentioned, we in lude t B
mainly to illustrate the model dependen e of our results. It seems that the levels of the f10g multiplet
are relatively stable in ontrast to the f27g multiplet,
whose states depend sensitively on the spe i form of
the symmetry breakers su h that even the ordering of
the levels is hanged.
All omponents of the f10g and f27g multiplets are
listed in Tables 2 and 3. We distinguish states with exoti quantum numbers from those with nonexoti quantum numbers 2  Y  1 and T  1 + Y =2. Generally, the former are  leaner, be ause they annot mix
with vibrational ex itations (apart from their own radial ex itations). Be ause additional vibrations on top
of these states an only enhan e the energy, these turn
out to be the lowest states with exoti quantum numbers starting with the S = 1 baryon states Z and Z  .
The latter are experimentally a essible via the rea tions

 ! KKN;

N ! KZ
 ! KKN;

N ! KZ
N N ! (; )Z ! (; )KN;

and in KN s attering. The novel measurement [1℄ was
a photoprodu tion experiment of the rst type. The
S 6= 1 exoti states are more di ult to measure, e.g.,
X in Table 2 via the rea tions
N ! X !  ;
N N ! X !  :

We also in luded the lowest exoti states with
strangeness S = +2 and S = 4 with the main omponents in the respe tive multiplets f35g and f35g. The
S = +2 state Z  an still be produ ed in binary rea tions, e.g.,
K 0 p ! K Z ;++ ;

ÆÝÒÔ,
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but the energy of this state is already quite onsiderable, approximately 2:4 GeV. On the other hand, the
S = 4 state is more di ult to produ e, but dete tion
seems to be simpler be ause nal
and K are easy
to see.
In ontrast, the states with nonexoti quantum
numbers in Table 3 mix strongly with vibrational ex itations of the f8g and f10g baryons. For example, the
N  rotational state, identied with the nu leon resonan e P 11(1:71) in [7℄, mixes strongly with a 2~! radial
ex itation, whi h an even lead to a doubling of states
found in [8℄. This situation renders an easy interpretation di ult. Probably the leanest of these states
with nonexoti quantum numbers is the one alled  ,
whi h predominantly ouples to the nonresonant magneti dipole mode. But even here, it is not ex luded
that the good agreement with the position of the experimental  resonan e P 03(1:89) is a idential. Also,
there is not even a andidate for the rotational state
alled  listed by the PDG in the required energy region with the empiri al  resonan e P 33(1:92) lying
approximately 0:1 GeV too high. On the other hand,
we do have andidates lose to the estimated energies
in ve ases. There is ertainly some eviden e that the
numbers presented are not unreasonable.
It should be added that the energies for the f10g
baryons presented here dier substantially from those
obtained in Ref. [7℄ using simple perturbation theory.
Their f10g total splitting is overestimated by a fa tor
greater than 2.

3. THE

S = 1 BARYON SPECTRUM

So far, we have onsidered only the rotational
states. The real situation is ompli ated be ause there
is an entire tower of vibrational ex itations onne ted
with ea h of these rotational states. We briey address
this issue on a quite qualitative level, parti ularly for
the S = 1 se tor. This may possibly be of help for
experimentalists in sear h for further exoti baryons.
The lowest states in the S = 1 se tor are the rotational states Z and Z  dis ussed in the previous se tion. As mentioned, we believe that the energies of
these two states must be lose to ea h other and the
energy of Z  somewhat larger (about 0.100.15 GeV).
Su h rotational states appear as sharp resonan es with
small widths relative to the broader vibrational states.
The width of Z was given in [1℄ to be smaller than
25 MeV, and that of Z  must be somewhat larger due
to phase spa e arguments. The Z  state will probably
be the next exoti state dete ted.
488
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Rotational states of higher multiplets with nonexoti quantum numbers below
of the f10g and f27g multiplets

J

Y

Candidate

T

2 GeV in

luding all members

Estimated energy, GeV
A

N

EXCITATION ENERGY, GeV

f10g
 f10g
 f27g
f27g
f27g
 f27g
f27g

1=2

1

1=2

1=2

0

1

3=2

1

3=2

3=2

1

1=2

3=2

0

1

3=2

0

0

3=2

KN S = 1

S01

D03

f27gP 13
0

Fig. 5.

f10gP 01

Tentative baryon spe trum for the
tor

 P 11(1:77)

N P 13(1:72)    

 P 13(1:84)

 P 03(1:89)    
 ?? (1:95)  

1=2

D15
PP 13
01

0.5

1

N P 11(1:71)  

S

=1

se -

In soliton models, there ertainly exist radial exitations (breathing modes) for ea h rotational state.
For most of the f8g and f10g baryons, su h ex itations orrespond to the well-known resonan es, e.g.,
the Roper resonan e for the nu leon. The breathing
mode ex itation energy of Z al ulated in [8℄ is approximately 0.45 GeV, and that of Z  should be onsiderably
smaller be ause the latter obje t is more extended due
to entrifugal for es related to a larger spin (similarly
to the Roper and the  resonan e P 33(1:60)). We an
therefore expe t the ex ited P 01 and P 13 states to o ur lose to ea h other, as indi ated in Fig. 5 (the order
may be reversed!).
In addition, there must be strong quadrupole exitations, as those obtained in soliton models [12℄ and

B

1:66

1:65

1:77

1:75

1:83

1:75

1:78

1:76

1:90

1:86

1:88

1:87

1:97

1:97

seen empiri ally in the well-studied S = 0 and S = 1
se tors (with roughly 0:4 and 0:6 GeV ex itation energy). In these se tors, there also appear a num , K , K , and
ber of S -wave resonan es through KN
K  bound states just below the orresponding thresholds [12℄. Although su h an interpretation seems less
lear in the S = 1 se tor, a low-lying S 01 resonan e is
nevertheless expe ted, just by inspe tion of the other
se tors.
Tentatively, this leads to an S = +1 baryon spe trum depi ted in Fig. 5. The T -matrix poles P 01(1:83),
P 13(1:81), D03(1:79), and D15(2:07) extra ted from
early KN s attering experiments [13℄ qualitatively
t su h a s heme, but the spa ings are onsiderably
smaller than in Fig. 5. Therefore, if these T -matrix
poles prove orre t, a strong quen hing of the spe trum
shown in Fig. 5 has to be understood. The existen e
of su h poles, parti ularly in the D-waves, would likewise favor the lo ation of Z onsiderably below these
resonan es, ompatible with the datum 1:54 GeV.

4. CONCLUSIONS

We have shown that a low position of the exoti

= +1 baryon Z with quantum numbers J = 1=2
and T = 0 at the reported energy 1:54 GeV is ompaS

tible with soliton models and the known baryon spe trum. For all members of the f10g and f27g multiplets
with nonexoti quantum numbers, we nd andidates
lose to the estimated energies, with one ex eption:
the empiri al  resonan e P 33(1:92) lies approximately
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0.1 GeV too high. A strong mixing of these states
with vibrational modes of the f8g and f10g baryons
may lead to onsiderable energy shifts and even to a
doubling of states. Also the T-matrix poles of early
KN s attering experiments favor a low Z baryon suf iently below these resonan es, with the aveat that
when these poles are orre t, a strong quen hing of the
S = 1 baryon spe trum ompared to other se tors has
to be explained.
However, the soliton model by itself does not exlude a Z baryon at higher energies. Conrmation
of this datum, whi h proves a stringent onstraint on
these models, is therefore most important.
Under the assumption that the exoti Z baryon is
a tually lo ated at the reported position, we have estimated the energies of other exoti baryons. First of
all, there is a further S = +1 baryon Z  with quantum
numbers J = 3=2 and T = 1, some 0:10 0:15 GeV
above Z . This will probably be the next state to be
dis overed in similar experiments also as a sharp resonan e with a somewhat larger width. Moreover, there
will be a tower of vibrational ex itations built on these
two exoti states, whi h should appear as broader resonan es several 0:1 GeV above these energies.
There are also several low-lying S 6= 1 baryons
with exoti isospin, starting with a J = 1=2 state with
quantum numbers S = 0 and T = 2 at approximately
1.7 GeV. These states are more di ult to a ess
experimentally. The lowest S = +2 and S = 4
baryon states may also be of some interest, although
they are already expe ted at high energies about
2.32.4 GeV.
V. B. K. is indebted to B. O. Kerbikov, A. E. Kudryavtsev, L. B. Okun', and other parti ipants of the
ITEP Thursday seminar for useful questions and disussions; his work was supported by the RFBR (grant
 01-02-16615).
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