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O7 is a putative light pentaquark state of positive parity with minimal
quark content (uudds). It naturally emerges in chiral models for baryons,
but experimental evidence is uncertain. We review the theoretical foun-
dations of chiral models and their phenomenological applications to exotic
states. In particular, we discuss in detail the pentaquark widths with spe-
cial emphasis on the cancellations occurring in the decay operator. We
also discuss some experiments, mainly those whose positive evidence of OF
persists to this day. This review is dedicated to Dmitry Diakonov, Victor
Petrov, and Maxim Polyakov and their contribution to the ©% story.
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1. Prologue

In February 1987, I co-organized the Workshop on Skyrmions and Ano-
malies, which was held in a small palace in Mogilany near Krakéw. There
were 63 participants, among them Mitya Diakonov, whom I knew from his
groundbreaking work on perturbative QCD (the so-called DDT paper [1]),
but whom I did not have the opportunity to meet in person. Organizing an
international conference in Poland at that time was an unusual challenge.
The country was still recovering from martial law, and political pressure and
constant suspicion of the authorities accompanied us at every stage of the
workshop preparations. To this day, I do not know how it was possible that
participants from Israel and South Korea, countries with which communist
Poland had no diplomatic relations, were granted Polish visas, and citizen
Diakonov was allowed to travel to rebellious Poland.

Entirely immersed in administrative work, I completely forgot that I
also had to prepare a paper. More than two years earlier, we published an
article on SU(3) Skyrmion [2], but by community standards, it was an old
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result and I should have prepared something new. Browsing the literature,
I came across predictions of an exotic pentaquark belonging to the SU(3)
flavor antidecuplet. I realized that it was possible to constrain its mass in a
model-independent way based on non-exotic baryon data alone if one applied
the second-order perturbation theory in the chiral symmetry breaker. The
result was surprisingly low [3]: approximately 1535 MeV! At the time, I
believed that the antidecuplet was beyond the model’s area of applicability,
especially since it seemed that the decay width should be quite large, of
the order of 100200 MeV. This gradually changed after conversations with
Mitya, who invited me to Leningrad to discuss the SU(3) quantization of
the chiral quark-soliton model that he and his colleagues derived from the
instanton model of the QCD vacuum.

I went to Leningrad very quickly, meeting Vitya Petrov and also Pasha
Pobylitsa. While discussing SU(3) quantization of the chiral quark-soliton
model, I discovered that it had a much reacher structure than the Skyrmion,
and that some terms, non-leading in the large-N. expansion, arise in this
model naturally, while they had to be added by hand in the Skyrme model [4].
Years later, when such terms were calculated for the decay operator, it was
found that they make the width of the pentaquark close to zero [5]! However,
at the moment, SU(3) exotica were put on hold for 10 years and we worked
with Mitya and Vitya (who visited me in Krakow in spring 1988) on other
aspects of the chiral quark-soliton model.

In 1997, I was visiting Bochum University and met Maxim Polyakov, a
young student of Mitya and Vitya at the time, who was assigned to recal-
culate the pentaquark. I looked at the project with sympathy, but could
not get over my skepticism that the model might not apply to the higher
representations of the SU(3) flavor group. When they found that the width
was small, I immediately converted to the old “religion”. At the time, I did
not even realize how seriously Mitya took this result, urging experimental-
ists to confirm it experimentally. It must have been early spring 2003 when
I visited Bochum again, and Maxim dropped by my office to explain how
Fermi motion was estimated in Nakano’s paper [6] describing the observation
of ©F. “Mission accomplished” — we thought.

Over the years we have become friends with Mitya, Vitya, and Maxim,
both professionally and privately. In this review, which is an expanded
version of the Corfu 2023 proceedings [7], I try to bring back the story
of ©F, 21 years after its first experimental announcements.

2. Introduction

In 2003, two experimental groups, LEPS [6] and DIANA [8], announced
the discovery of a light, narrow, exotic baryon with a mass within the range
of 1540 MeV, which was later dubbed as ©F. Both groups concluded that
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the observed state may have been the lightest member of the antidecuplet
of exotic pentaquark baryons, namely a wudds state, which naively may
be viewed as a K-nucleon system. These experimental searches have been
motivated by chiral models, which almost two decades earlier predicted light
pentaquark 10 flavor multiplet of positive parity. The LEPS paper was
submitted to arXiv on January 14, but the results were presented earlier
at the PANIC Conference in Osaka in September/October 2002, and the
DIANA results were presented at the Session of Nuclear Division of the
Russian Academy of Sciences on December 3, 2002. Nevertheless, little
attention has been paid to these papers by the particle physics community
until July 2003. On July 1, The New York Times [9], and to the author’s
best knowledge, USA Today, published articles on the pentaquark discovery.
This is illustrated in Fig. 1, where we plot the number of pentaquark papers
in arXiv per month from January 2003 until September 2004.
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Fig.1. Number of pentaquark papers in arXiv per month in the first 21 months
after the publication of LEPS and DIANA. At the top in red, experimental papers
confirming pentaquark discovery, at the bottom in blue, no-observation experimen-
tal papers. The blue solid line is for eye-guiding.

We see that before July 2003 basically there was only one paper per
month submitted to arXiv, among them the diquark—triquark model by
Karliner and Lipkin [10] submitted in February, the paper on photoexci-
tation of antidecuplet by Polyakov and Rathke [11] (March), or the paper
from April by Walliser and Kopeliovich [12] on exotica in topological soliton
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models. For obvious reasons, most of the papers after the July explosion
were theoretical, although very soon experimental analyses were quickly,
sometimes too quickly, completed and submitted to arXiv. In Fig. 1 we dis-
play positive experimental papers in red (top) and the negative ones in blue
(bottom).

Obviously, none of these experiments, including LEPS and DIANA, were
designed to search for pentaquarks. People used data collected for other
purposes. Only later were dedicated experiments conducted with, however,
mixed results. In 2004, ©F paved its way to the Particle Data Group (PDG)
listings [13] as a three-star resonance, in 2005 its significance was reduced
to two stars, and in 2007, it was omitted from the summary tables. As of
2008, it is no longer listed by the PDG [14].

Clearly, most non-observation experiments do not really exclude the ex-
istence of ©F, but rather put an upper limit on its production cross section.
The cleanest and decisive experiment would be the so-called formation ez-
pertment where the resonance is directly produced in the K + N reaction.
DIANA is exactly this kind of experiment where the liquid xenon bubble
chamber was exposed to a separated K beam. On the contrary, LEPS was
a photoproduction experiment on the '?C carbon nucleus. In the follow-up
analyses, both DIANA [15-17] and LEPS in the dedicated photoproduction
experiment on deuteron [18, 19| confirmed their initial findings. We describe
both experiments in more detail in Section 6. An interesting analysis of why
OT could be observed in some experiments and not in others can be found
in Ref. [20].

The experimental searches were inspired mostly by Mitya Diakonov’s
long-term efforts [21] to convince various experimental groups to risk time
and reputation in search of the elusive pentaquark. Diakonov together with
Vitya Petrov and Maxim Polyakov co-authored a seminal paper on the mass
and width of ©F in the Chiral Quark-Soliton Model (yQSM) [5] that ap-
proaches 1000 citations in InSpire.hep'. The fact that exotic pentaquarks
are generically light in chiral models had been known already since the eight-
ies, however the small width reported in [5] was a real breakthrough. In fact,
the estimate of 15 MeV turned out to be too generous (today we know that
the width must be smaller than 0.5 MeV), however, it was within the accu-
racy range of the first experimental reports.

In the present paper, we want to recall the main theoretical and experi-
mental facts about ©F updating the analysis of Ref. [22] published 20 years
ago in 2004 and expanding a recent review from 2023 [7]|. This author firmly

L All three authors of this work published in Zeitschrift fiir Physik A died prematurely:
Diakonov in 2012 at the age of 63, Polyakov and Petrov in 2021 at the age of 55 and
66 respectively. Zeitschrift fiir Physik does not exist anymore as a separate journal.
In 1997, it became a part of the Furopean Physical Journal.



Odyssey of the Elusive ©F 3-A8.5

believes that O story is not closed and that the pendulum of history may
soon swing to the other side. And if so, these few comments may be useful
for those who are too young to remember how it all happened.

3. Quark model

Already Gell-Mann at the dawn of the quark model pointed out the
possibility of exotica: pentaquarks as well tetraquarks [23, 24]. Of course, no
dynamical calculations or phenomenological estimates of pentaquark masses
were performed at the time. One can, however, relatively easily perform
such an estimate. Assuming that the constituent light quark mass is 1/3 of
the nucleon mass, i.e. approximately M, = 313 MeV, and the constituent
strange quark mass is 1/3 of the 27 mass; i.e. approximately My = 557 MeV,
we arrive at a rough estimate of the lightest pentaquark state wudds of
1800 MeV. Alternatively, one could estimate the strange quark mass from
the Z—nucleon mass difference, which is equal to 380 MeV obtaining M, =
503 MeV, leading to ©T mass of 1755 MeV. Such states would, however, have
negative parity P, while chiral models predict P = +. More sophisticated
models of multiquark states were discussed within the framework of the
bag model already in the late seventies [25, 26]. However, to the best of
our knowledge, no antidecuplet positive parity states were considered at the
time.

A few searches of strangeness S = +1 baryonic resonances have been
carried out in the above mass range with the null result reported in the 1986
edition of the PDG listings [27] with the following comment: The evidence
for strangeness +1 baryon resonance was reviewed in our 1976 edition (...).
The general prejudice against baryons not made of three quarks and the lack
of any experimental activity in this area make it likely that it will be another
15 years before the issue is decided.

Ot decay modes are K% or KTn. For the masses given above, the
kaon momentum in the ©F rest frame is within the range of p = 490 +
530 MeV. If ©7 has the negative parity, we can take as a benchmark N (1535)
nucleon resonance of spin 1/2 and total width ~ 150 MeV. Since the pion
momentum in the decay of N(1535) to 7N is approximately 460 MeV, and
the decay is in s-wave, we naively expect the ©F decay width to be of the
same order, approximately 10% larger. If the parity of ©7 is positive, we can
use A resonance to estimate its width. A width is approximately 120 MeV,
and the pion momentum in the p-wave decay A — 7N is p = 227 MeV. In
this case, the width scales as a third power of p, so we expect the pentaquark
width to be 10 times larger than the one of A! In any case, the naive
quark model predicts heavy and wide exotica, which have not been confirmed
experimentally [27].
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The minimal quark content of ©% is uudds. Two quarks can be either
in flavor 3 or 6 B
33=306. (1)

Therefore, possible representations for 4 quarks are contained in the direct
product _ _ B
(396)® (306) >306a15®15'. (2)

Here, 15 = (2,1) and 15’ = (4,0). Adding a 3 antiquark yields

33=148,

623=8®10,

1503 =8®10 27,

15 ®3=10®35, (3)

Therefore, the |q4§> state can be in one of the following flavor representa-
tions:
l¢'7) €1, 8, 10, 10, 27, 35. (4)

Whether all representations (4) are allowed depends on the dynamics of a
specific model and on the constraints coming from the Pauli principle.

Out of allowed representations (4), the lowest one including explicitly
exotic states is 10 which appears in a direct product of 4 quarks in flavor 6
and an antiquark (3)

63— 8110

and is, therefore, inevitably accompanied by an octet (see Fig. 2). Unlike
in the case of the ordinary octet and decuplet, pentaquark symmetry states
(i.e. states which are pure octet or antidecuplet) do not have a unique quark
structure [28]. For example, a proton-like state in antidecuplet and octet
have the following quark content:

\/uudss x/\uuddd
Ips) = \/uudss x/‘uuddd> (5)

where it is implicitly assumed that four quarks are in a pure 6 state. Simi-
larly X-like pentaquarks, 59 and 5~ are mixtures of the pure quark states
analogous to (5), while ©F and 51 and £~ are the pure quark states (they
correspond to three vertices of the 10 triangle — see Fig. 2). The latter ones
are truly ezotic, because their quantum numbers cannot be obtained from
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three quarks only. The remaining states in Fig. 2, although consisting also
of five quarks®, are cryptoerotic because their quantum numbers can be
obtained from three quarks. Therefore, they can mix with regular baryons.

uudds

. . A)
ddsss udsss UUSST

ddsyl udsgdd ydsut yusdd
\\ II \\ ’/
\\. '/: \\ '/’

dssdtu dssdd ussdd usgui

dssull USSull

Fig. 2. Pentaquark multiplets 10 (solid triangle) and 8 (dashed octagon) that follow
from the quark model.

This observation led Jaffe and Wilczek [29] to propose a diquark model
for positive parity pentaquarks, where the physical states would correspond
to pure quark states. This scenario was dubbed as an ideal mizing. Group
theoretical considerations provide us with mass formulas with a number of
free parameters that have to be fixed from the data (see e.g. [28]). Jaffe
and Wilczek used obviously the reported mass of ©T, and two nucleon res-
onances, Roper N(1440) and N (1710), which were associated with |uuddq)
and |qudss) states, respectively, where ¢ = uw or d. The problem with this
assignment was, however, that Roper and N(1710) have very different par-
tial widths to 7N (~ 230 and 15 MeV, respectively [30]), while the ideal
mixing scenario predicts that these widths are nearly the same [28, 31].

If all quarks in wudds were in the ground state, the parity of © would
be negative. However, soliton models that prompted experimental searches,
predicted pentaquark parity to be positive. In the model of Jaffe and
Wilczek, the quarks were strongly correlated forming a spin-zero, and color
and flavor 3 diquarks: [ud], [ds], and [us]. In order to form a color singlet
with an antiquark, two diquarks have to be antisymmetric in color 3®3 (i.e.
in a triplet), symmetric in flavor (i.e. in 6 as mentioned above), and there-
fore antisymmetric in space, i.e. in the negative space-parity configuration.
When combined with an antiquark, the resulting pentaquark has, therefore,
positive parity.

2 Throughout this paper, we shall use the term quark both for quarks and antiquarks,
unless we explicitly need to distinguish the two.
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To circumvent the parity problem, Karliner and Lipkin [10] proposed a
model with a triquark® and a diquark correlations. In their model, the two
clusters, a [ud] diquark and a (uds) triquark were in a relative p-wave. They
argued that the s-wave configuration was suppressed due to the hyperfine
repulsion between the two clusters. In order to estimate the pentaquark
masses, they used the Zeldovich—Sakharov model [32], where quarks interact
through a color-magnetic force, and various phenomenological inputs both
from meson and baryon spectroscopy. Their mass estimate of ©T was in
rough agreement with LEPS and DIANA.

These quark pentaquark models were proposed after the announcement
of ©T. However, light, positive parity flavor 10 exotic multiplet was pre-
dicted much earlier within the framework of chiral models, which we discuss
in the next sections.

4. Chiral effective models for QCD

In this section, we introduce soliton models for baryons. We first discuss
the classical solution and identify its symmetries. Next, we show how the
soliton is quantized and which SU(3)gayor representations emerge. We de-
scribe how mass formulas and decay widths can be computed. The Reader
more interested in numerical predictions can skip ahead to Section 5.

Although there exists a fundamental theory of strong interactions, namely
Quantum Chromodynamics (QCD), its practical applicability to the low en-
ergy physics of hadrons is rather limited. One has to resort to computer
simulations, which are technically difficult, especially for five-quark opera-
tors and states above meson—baryon thresholds. Indeed, early lattice QCD
computations for ©F were rather inconclusive [33-36]. Therefore, instead of
solving QCD, one constructs effective models that share the symmetries of
QCD and are technically tractable.

The idea behind the effective models is to approximate the QCD La-
grangian for light quarks

Laon = (i + gA —m) b — [ TeF,, F* (6)

in terms of different degrees of freedom and different interactions. Here,
Vo = (Ua,da, So) is a flavor SU(3) vector constructed from the light quark
Dirac bispinors of color a = 1,2,..., N, A, = T*Aj, denotes an octet of
gluon fields, and Fy, = T*Fj, is the QCD field tensor. T stand for the
color SU(3) generators. The quark mass matrix m = diag(my, mgq, ms) is
considered to be a small perturbation and is set to zero in the chiral limit.

% In the case of ©F, the (uds).
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In the chiral limit, left- and right-handed quarks transform indepen-
dently under global SUp, g(3) transformations, and it is well known that this
symmetry is broken to the vector subgroup SUr4r1,(3) by the vacuum state.
The breakdown of chiral symmetry leads to the nonzero quark condensate
(0[1)]0), to the emergence of Goldstone bosons, and to the dynamical gen-
eration of a constituent quark mass M ~ 350 MeV.

4.1. Chiral quark model

One can imagine that we integrate out gluon fields from (6) and are,
therefore, left with the quark degrees of freedom only. The quarks will still
have canonical kinetic energy and possibly a mass term, however, interac-
tion Lagrangian will consist of an infinite number of nonlocal many-quark
vertices which, however, will be chirally invariant. Typically, one truncates
this Lagrangian to the local four-quark interaction, the so-called Nambu-—
Jona-Lasinio model [37, 38|. To ensure chiral invariance, it is convenient to
introduce eight auxiliary pseudo-Goldstone fields ¢ (pions, kaons, and 7) in
a form of a unitary SU(3) matrix

U = exp (i”‘ﬁ;‘p) , (7)

where X are Gell-Mann matrices and F' is a pseudoscalar (pion) decay con-
stant that in the present normalization is equal to 186 MeV.

The simplest Lagrangian following from the above procedure, the chiral
quark model Lagrangian, is given by

Lyam =0 (i —m — MU, (8)
where 5 s
1 1-—
Us =U 27 +ut 27 : 9)

This remarkably simple Lagrangian was in fact derived [39, 40] in the
mid-eighties from the instanton picture of the QCD vacuum [41, 42]. Orig-
inal instanton-based calculations yield a momentum-dependent constituent
quark mass M (p) that vanishes for large momenta and tends to ~ 350 MeV
for p = 0.

Saturating multiquark chiral interactions with Goldstone fields only is
of course an approximation. A complete Lagrangian including scalar, pseu-
doscalar, vector, axial, and tensor fields was constructed in Ref. [43], but
was never used in practical calculations.
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A few comments concerning Lagrangian (8) are in order. Lyqum is color
diagonal, so it is formally proportional to N, when summed up over color
indices . Chiral interactions given by the last term in (8) do not confine,
so this very important feature of QCD has been lost. There is no kinetic
part for the Goldstone bosons, which are merely quark bilinears, as far as
the pertinent equations of motion are concerned.

4.2. Skyrme model

The kinetic part for the Goldstone bosons appears when we integrate out
quarks [44-47] ending up with a Lagrangian given in terms of the Goldstone
bosons alone. This Lagrangian is organized as a power series in Goldstone
boson momenta, i.e. in terms of d,U. Such Lagragians are used for precision
calculations in the chiral perturbation theory [48].

The first term in 0,U expansion, a quadratic term, is fully dictated by
the chiral symmetry and is known as the Weinberg Lagrangian [49]. Higher-
order terms of known group structure have, however, free coefficients that
are not constrained by any symmetry and have to be extracted from exper-
imental data. Obviously, once we have at our disposal a reliable Lagrangian
like (8), we can compute the effective Goldstone boson Lagrangian to any
order in 0,U.

In 1961, Skyrme [50, 51] proposed the effective Goldstone boson La-
grangian that was later generalized by Witten [52, 53], which takes the
following form:

F? 1 2
Ly = =T (9,U10"U) + T ([aﬂU vto,uut] > + L. (10)
16 32e
The first term in (10) is the Weinberg Lagrangian, the second one is called
the Skyrme term. Parameter e can be inferred from the pion scattering and
is of the order of e = 4 + 6. A possible 4*'-order term symmetric in ouU
derivatives, the so-called non-Skyrme term, has been also considered in the
literature [54]. Mass term Lagrangian

zm:aTr(U+UT—2)+bTr((U+UT) Ag) (11)

takes care of the chiral symmetry breaking. Coefficients a and b are given
as combinations of pseudoscalar meson masses and can be found e.g. in
Ref. [55].

Note that each term in (10) can be expanded in powers of ¢ generating
perturbative Goldstone boson interactions involving any even number of ¢,
fields. Therefore, at first glance, it appears that (10) has nothing to do with
baryons. However (10) admits nonperturbative solutions, known as solitons,
that can be interpreted as baryons. Similarly, soliton solutions also exist for
the system described by the chiral Lagrangian of Eq. (8).
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In the following, we will discuss how exotic baryons emerge in this frame-
work. Before that, let us add that in the case of SU(3) flavor symmetry the
chiral action corresponding to Skyrme’s Lagrangian (10) has to be supple-
mented by the Wess—Zumino—Witten term I'wz [56, 57]

Ssk = /dt Lsx + I'wz , (12)

which is related to the chiral anomaly and does not affect equations of mo-
tion. Iz is related to the topology of the ¢ field [52]. It was shown [44]
that it follows from the imaginary part of the action obtained by integrating
out the quark fields in (8). I'yz cannot be written in terms of a local La-
grangian density; instead, it is given as an integral over the 5-dimensional
manifold whose boundary is a 4-dimensional space-time

. N,
'940 72

Tz = drevemy (U Ut o,u Ut U Ut QU U O U UT)

(13)
In fact, the fifth, redundant coordinate, can be integrated out for the soliton
configuration.

4.3. Hedgehog symmetry and solitons

For massless free quarks (m = 0 and M = 0), left and right fermions can
be independently rotated by global SU(3) transformations

YL, — Ly, Yr — RyYr (14)

leaving (8) invariant. Here,

YLr =2 (1F7°) 9. (15)

| =

Transformations (14) leave the interaction term invariant (M # 0) if
U — LUR', (16)

which is nothing else but a nonlinear realization of chiral symmetry [48].
Vacum state corresponding to U = 1 (or ¢ = 0) breaks this SUL(3)®
SUR(3) symmetry to vector SU(3)

L=R. (17)

Matrix U is both time- and space-dependent, U = U(t,r). For static
configurations, U(r) can be viewed as a mapping R?* — SU(3). However,
if we require that at spacial infinity U(r — o0o0) = 1, i.e. that the system
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tends to the vacuum state, then all points at spacial infinity can be squeezed
into one point, changing the topology of R? to the one of a three-sphere S3.
Mappings of % — SU(3) are characterized by a winding number, since SU(3)
(or more precisely any SU(2) subgroup of SU(3), e.g. isospin) has also a
topology of a three-sphere. Indeed, any SU(2) matrix can be parametrized as

USU(Q) :a0+ia-7', (18)

where 3
D al=1. (19)
=0

Equation (19) is an equation for a three-dimensional sphere of radius one.
The winding number (or the topological number) counts how many times the
spacial three-sphere is wrapped around the SU(2) sphere. Such mappings
fall into distinct topology classes and one cannot go from one class to another
by a continuous deformation. The winding number of the U-mapping reads
as follows:

Ny = ﬁaiik / &3 Tr [(UT&U) (UTajU) (UTakUﬂ . (20)

and we can see a clear relation to the Wess—Zumino-Witten term (13).
The SU(2) mappings that have a nontrivial topological number can be
represented in the form of a hedgehog Ansatz

ug =exp (in -7 P(r)), (21)

where n = r/r. Function P(r) has to vanish at infinity, so that ug — 1.
For the hedgehog Ansatz (21) Ny, = P(0)/m. Thus, we conclude that for
a soliton of Ny, = 1, function P has to satisfy P(0) = w. The hedgehog
Ansatz (21) has a very special property: any spacial rotation of the unit
vector n can be undone by an internal SU(2) (isospin) rotation acting on
Pauli matrices 7. This property is called hedgehog symmetry. Exactly for
this reason, mapping (21) has a nontrivial winding number.

In a seminal paper from 1979, Witten suggested that baryons may emerge
as solitons in the effective theory of mesons [58|, which in turn emerges from
QCD in the large-N, limit. The simplest choice for such a theory is the
Skyrme Lagrangian (10), where U =wug of Eq. (21) and the winding number
Ny, is interpreted as a baryon number. Euler-Lagrange equations of motion
reduce in this case to a differential equation for P(r) [59]. As a result, we
end up with the solitonic static solution of mass Mg, ~ N, (expressed in
terms of space integrals over the function P(r) with the energy determined
by the meson decay constant F') and baryon number equal to one, which
we will call a classical baryon. The boundary condition P(0)=r is required
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not only to ensure that the winding number is equal to one, but it is also
necessary for the soliton energy to be finite. We will shortly explain how
flavor and spin emerge in this picture.

In the chiral quark model (8), the soliton is a more complicated object.
Here, in the limit of a large number of colors (N, — 00), N, relativistic va-
lence quarks generate chiral mean fields represented by a distortion of the
Dirac sea. Such distortion interacts with valence quarks changing their wave
function, which in turn modifies the sea until a stable configuration is
reached. This configuration, called chiral quark-soliton, corresponds to the
solution of the Dirac equation following from (8) in the mean-field approx-
imation where the mean fields respect the hedgehog symmetry, i.e. with
U= ug-

Due to the hedgehog symmetry of ug neither total angular momentum
(J = L+ S) nor isospin (T') are good symmetries of Lagrangian (8). In-
stead, eigenvalues of grand spin K = J 4+ T are good quantum numbers
for the soliton solution. The hedgehog quark state is intuitively described
in Hosaka’s article in this volume [60]. The hedgehog symmetry emerges
because it is impossible to construct a pseudoscalar field that changes a
sign under inversion of coordinates, which would be compatible with the
SU(3)fav ® SO(3) space symmetry. A smaller hedgehog symmetry leads, as
we shall see, to the correct baryon spectrum. Since the valence level has
K =0, the soliton solution carries no quantum numbers, except the baryon
number of the valence quarks. The number of valence levels depends on
the topological number of the mean field ug, however topological condition
P(0) = 7 is not necessary for the soliton energy to be finite [61].

The best way to illustrate what happens (and in fact also for practical
calculations) is to use the variation principle. To this end, one uses an
Ansatz for the profile function P(r) [61]

P(r) = 2arctan [(7;0)1 . (22)

This function is equal to 7 at 7 = 0 and vanishes at r — co as r—2, which is
the asymptotics following from the pertinent Dirac equation. The variational
parameter ry is called the soliton size. Function P(r/rg) is plotted in Fig. 3.

In the xQSM, the soliton mass is given as a sum over the energies of the
valence quarks and the sea quarks computed with respect to the vacuum
and appropriately regularized (see e.g. [62])

Bur+ Y (B - E)

E,<0

Mo = N, . (23)

This is schematically illustrated in the upper panel of Fig. 4.
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Fig.3. Soliton profile function P(r) for 1o = 1/2 (short-dashed orange), ro = 1
(solid blue), 7o = 2 (long-dashed green) in arbitrary units.
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Fig.4. Schematic illustration of the calculation of the soliton mass, which is the
sum over the energies of the valence quarks, and the properly regularized sum
over the sea quarks with vacuum contribution subtracted, (23). The upper panel
corresponds to the configuration at the minimum. In the limit of rg — 0 (zero
soliton size), shown in the lower panel, valence quarks go back to the first positive
energy level over the mass gap, and the sea is not polarized. Therefore, the sea
contribution is canceled by the vacuum part (this cancellation is emphasized by
the pink box).
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Figure 5 illustrates how the energy of the soliton changes with increasing
ro [61]. We see that at some small 79 > 0, the valence energy levels fall into
the mass gap and the energy of the Dirac sea is increasing, however, the
total energy is decreasing. A stable configuration is reached for some rg®.
For ro > " the sea energy starts wining, and the total energy increases.

1500+

1000}

Energy [MeV]

500+

0.0 05 10 15
Mro

Fig. 5. Soliton energy (mass) in MeV for M = 345 MeV as a function of a dimension-
less variational parameter Mrg: solid (blue) — total mass, short-dashed (orange)
— energy of valence quarks, long-dashed (green) — sea contribution. Minimum of
~ 1200 MeV corresponds ro rg ~ 0.5 fm. Figure from Ref. [61].

As can be seen from Fig. 5, in the limit rg — 0, the sea energy goes to
zero, and the total energy is given by the valence levels only, see the lower
panel of Fig. 4. This is referred to as the Non-Relativistic Quark Model
(NRQM) limit. In this limit, many quantities can be computed analytically.
For ryg — oo, the valence level sinks into the Dirac sea, and the total soliton
energy is given by the sum over the sea levels only. This is called the Skyrme
model limit. We can see from Fig. 5 that the true minimum is halfway
between these two limits.

The advantage of the arctan Ansatz (22) is best seen in the case of the
Skyrme model where all integrals can be performed analytically. Introduc-
ing the new dimensionless variable g = Ferg, the soliton mass takes the



3-A8.16 M. PRASZALOWICZ

following form [55]:

F. 53v2 15
Mgy = —wQ—f <4x0 + > . (24)
e 16 o

The term linear in zg comes from the Weinberg Lagrangian, whereas term
~ 1/zo from the Skyrme term. The minimum is reached for z¢o = /15/4.

Unfortunately, the soliton minimum energy Mgy, =~ 1200 - 1350 MeV is
much higher than the nucleon mass*. This is a common feature of chiral
models including the Skyrme model |59, 63| and the chiral quark model as
well [61]. The soliton mass scales like M ~ N, it is, however, a subject to a
major O(NY) correction, which originates from the quantum fluctuations of
the meson field around the classical soliton configuration. The correspond-
ing mass shift is called a Casimir energy [64, 65] and is negative. Casimir
corrections are typically ignored in phenomenological applications. As we
will see, the mass splittings inside and between different baryon multiplets
are much better reproduced than absolute masses.

4.4. SU(8) soliton and the collective quantization

In the SU(3) case, the hedgehog Ansatz (21) is embedded in the “isospin
corner” (although other embeddings are also possible [66, 67])

0
Up=1| " 0. (25)
00 1

For the isospin embedding (25), the static solution does not change. In order
to provide the “classical” baryon with specific quantum numbers, one has to
consider an SU(3)-rotated pseudoscalar field

Ult,r) = A(t)Up(r) AT (t) (26)

and derive the pertinent Lagrangian expressed in terms of the collective
velocities daq (t)/dt defined as follows:

°L daa(t)
Z Aa dt ) (27)

N | .

a=1

At this point, it is important to note that A € SU(3)/U(1) rather than
full SU(3), since for the hedgehog Amnsatz (25), [As,Up] = 0. Therefore,

* In the SU(3) case, this value should be compared with the mean octet mass Ms =
1154 MeV.
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matrix A is defined up to a local U(1) factor h = exp(iAg¢), i.e. A and Ah
are equivalent. For this reason, the eighth coordinate ag(t) is not dynamical
and does not appear in the kinetic energy of the rotating Skyrmion. Indeed,
the collective Lagrangian for the rotating hedgehog reads (for a review, see
Ref. [68])

da;2 Iy ~day? | N. das
@ T2 dt 2¢/3 dt

Leon = — Mgl + + Am. (28)
im1

The linear term in dag/dt results in the constraint on the allowed Hilbert
space.

One can see that (28) resembles the well-known quantum mechanical
Lagrangian of a symmetric top. Here, My, is the soliton mass discussed in
the previous section, I 2 are moments of inertia, and Am ~ my is the SU(3)
symmetry-breaking piece, which we will treat as a perturbation.

In order to construct the collective Hamiltonian, we have to perform
the Legendre transformation, and — even more importantly — identify the
symmetries of (28) in order to associate collective momenta with the gener-
ators of these symmetries. There are two symmetry groups which leave Lo
invariant

A o AW, e e SUG, )
A) = A(Mgh,  greSU@RxUQ).

Since A belongs to the coset space SU(3)/U(1) rather than to SU(3),
the right symmetry splits into the product of SU(2)g and U(1). Left SU(3)
symmetry corresponds to flavor, right SU(2) to spin, and right U(1) factor
results in the constraint [2, 4, 69, 70]

N

37

where Y is a hypercharge corresponding to the right U(1).
Wave functions for a quantum mechanical symmetric top are given in

terms of Wigner D-functions [71] D((jbe)(A), where R = (p,q) labels the
SU(3) representation (in the case of a quantum mechanical top R is simply
the angular momentum) and indices a, b run over all states in representation
R. Here, however, due to the constraint (30) one index runs only over states
that have hypercharge equal to Y’. This means that only representations R
that have states of Y = Y” are allowed. In the present case, for N, = 3, we
have Y’ = 1 and the allowed representations are

R =8, 10, 10, 27, 35, 35, ... (31)
We see that in addition to the octet and decuplet of positive-parity baryons,

well known from the quark model, exotic representations, like 10, emerge,
all of positive parity.

Y = (30)
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Skipping technicalities [68], the baryon wave function takes the following
form?®:
(R) _(_\=Y'/2 /7 (R)*
V(5,05 (A) = (=) /2\/dim(R) Dy gy, g,—a)(A) - (32)
Here, B = (Y, T,T3) stands for the SU(3) quantum numbers of a baryon in
question, and the second index of the D function, (Y’,J, —J3), corresponds

to the soliton spin.
The pertinent rotational collective Hamiltonian takes the following form:

B 1 1 3.
Hrot—Msol+2IIJ(J+1)+ 50, Co(R) — J(J +1) 4Y . (33)

where C3(R) stands for the SU(3) Casimir operator and possible Rs are
given by (31). Note that the last term proportional to Y'? cancels out
the last term in C5(R) and therefore, as mentioned above, the rotational
Hamiltonian does not depend explicitly on Y.

The collective Hamiltonian and constraint (30) are exactly the same
in the chiral quark model and in the Skyrme model. The only obvious
difference is that the soliton mass and the moments of inertia are in the
Skyrme model expressed in terms of space integrals over some functionals
of the profile function P(r), while in the case of the quark model, they are
given as regularized sums over the one-particle energy levels of the Dirac
Hamiltonian corresponding to (8).

4.5. Mass splittings and decay widths

In the Skyrme model the only term responsible for the nonzero meson
(= quark) masses is given by (11). For the rotating U field (26), the first
term proportional to a gives merely a constant, whereas the second term is
proportional to

Tr ((Uo + Ug) ATA8A> . (34)

Using the identity
AT A= DA, (35)

and the properties of the hedgehog Ansatz, we get that the symmetry break-
ing Hamiltonian is given by

My = aDP (A) . (36)

® One can find different representations of this wave function in the literature that are
equivalent to the one used here.
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Here, « is a known functional of the profile function P proportional to N,.
Index 8 of the Wigner D function corresponds to 8=(Y =0,7=0,73=0).
For massless light quarks u and d, the coefficient « is proportional to mg ~
m.

In the chiral quark model (8), the systematic expansion in rotational
velocities yields new terms not present in the Skyrme model [68]

day(t)
dt

where K,; denotes the tensor of the anomalous moments of inertia, which
originate from the anomalous (imaginary) part of the Euclidean quark model
action. While Ky, ~ N, the rotational velocities are day(t)/dt ~ 1/N.
(that is because velocities are proportional to collective momenta divided
by moments of inertia, which are O(N;)). One would, therefore, naively
expect that corrections (37) are of the order O(msN, ), while the leading
term (36) is of the order O(msN.).

With these new terms, the full symmetry-breaking Hamiltonian is of the
form [5]

ms D (A) Ko

(37)

My =a DB (A)+ Y + L ZDsa Ja, (38)

where a, 3, and 7y are proportional to the strange quark mass. Furthermore,
a scales as N, and 3 and v scale as N?. Y and J, are hypercharge and spin
operators, respectively.

In the large-N, limit, baryons consist of N. quarks and, therefore, the
hypercharge eigenvalue of the physical states is also Y ~ N.. This means
that the second term in (38), including Y, is of the order O(msN.) like (36)°.
It was Gudagnini [4] who argued that Y should be added to (36) in the
Skyrme model. In the chiral quark model, it arises naturally from the gra-
dient expansion.

Since we have identified the symmetries of the soliton, it is straightfor-
ward to compute the pertinent currents, in particular, the axial current [72].
The axial current is of interest here, since via the Goldberger—Treiman rela-
tion it can be related to strong baryon decays’. In the nonrelativistic limit
for the initial and final baryons, By and Bs respectively, the baryon—baryon—
meson coupling can be written in the following form:

_ (8) ®)¢ 8)¢ pi
_3Z[GODW—G1dszD Se — Ga—=D 3 S; T (39)

\/3

% Matrix elements of Dég) are O(N?).
7 This approach to the width calculations has been criticized in the literature, see e.g.
Ref. [73].
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where M 2 denote masses of the initial and final baryons and p; is the c.m.
momentum of the outgoing meson, denoted as ¢, of mass m

1
lpl=p= T% (M12 — (Ms + m)z) (M12 — (M3 — m)Z) . (40)
The factor of 3 in Eq. (39) is a matter of convenience because it cancels in
the averaged square of Oy, and the factor of Mj 4 Mj is a matter of choice
(see below).
The decay width is related to the matrix element of O, squared, summed

over the final, and averaged over the initial spin and isospin denoted as |. . )7,
see Appendix of Ref. [5] for details of the corresponding calculations
1 oo M
I'pi—Bare = 5_(B2|0p| B1) T (41)

Factor Msy/Mj, used already in Ref. [74], is the same as in heavy baryon
chiral perturbation theory (HBChPT); see e.g. Refs. [75, 76].

Here, some remarks are in order. While the mass spectra are given
as systematic expansions both in N. and mg, the decay widths cannot be
organized in a similar way. They depend on modeling and ‘educated’ guesses,
and hence are subject to additional uncertainties [22]. The most important
uncertainty comes from the fact that the baryon masses M; and M, are
formally infinite series in N, and mg. The same holds for the momentum
of the outgoing meson. It is a common practice to treat the phase factor
exactly rather than expand it up to a given order in N, and my, despite the
fact that in O, only a few first terms in 1/N. and m, are included. Here,
we have adopted a convention with M; + M in (39) and My/M; in (41),
for other choices, see e.g. [22]. Formally, in the large- N, limit and small-m
limit, My = M> and both conventions are identical. Nevertheless, if we
use physical masses for M o, different conventions will result in different
numerical results.

The leading term proportional to G ~ N, was introduced already in the
Skyrme model in Ref. [59], whereas the subleading terms Gy 2 ~ N2 were
derived in the chiral quark model [5, 72].

Since we know the collective wave functions (32), it is relatively straight-
forward to compute the matrix elements for the mass splittings and decay
widths. They are simply given in terms of the SU(3) Clebsch—Gordan coef-
ficients |77].

4.6. Heavy baryons

In the quark model, a heavy baryon consists of a heavy quark and two
light quarks. When the mass of the heavy quark mg — oo, the spin of
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the heavy quark S¢ is conserved, which indicates that the spin of the light-
quark degrees of freedom is also conserved: Si, = S — S [78-80]. Due
to this heavy-quark spin symmetry, the total spin of the light quarks can
be considered as a good quantum number. This suggests that in the first
approximation, a heavy baryon can be viewed as the bound state of a heavy
quark and a diquark.

In the large- N, limit, heavy baryons consist of a heavy quark and N, —1
light quarks rather than a diquark. In this limit, the N, — 1 valence quarks
produce the mean field which hardly differs from the one produced by N,
quarks. Therefore, the “diquark” system can be described as a quark-soliton
in close analogy to the light baryons [81]. Indeed, when the mass of one
quark is included® and the limit mq — oo is formally performed, then the
soliton energy (23) reads as follows:

Msol - (Nc - 1)

B+ Y (B - B

En<0
+ | Bai(mg) + Y (En(mQ) —E,(LO)(mQ))] L (42)
En,<0

It was argued in Ref. [62] that for large mq, the sum over the sea quarks
in the second line of Eq. (42) vanishes, and Ey,(mg) =~ mg. One copy of
the soliton ceases to exist; however, the remaining N, — 1 quarks still form
a stable soliton.

In the “diquark” case, the constraint (30) is modified Y' = (N, — 1)/3,
and the lowest allowed representations are 3 and 6 of spin 0 and spin 1,
respectively, exactly as in the quark model. Adding a heavy quark, one gets
one antitriplet and two sextets of the total spin 1/2 and 3/2. Therefore,
one has to introduce a spin—spin interaction [32] to remove spin 1/2 and
3/2 degeneracy of the sextet states. The hyperfine coupling — the only
parameter undetermined from the light sector — has to be fixed from the
experimental data.

This program was successfully carried over in Refs. 74, 82, 83|. Apart
from regular baryons, the model predicts exotic heavy baryons belonging to
15 representaion of SU(3) flavor of spin 1/2 and 3/2 |74, 84, 85]. Possible
candidates for exotic charm baryons are two (out of five) recently discov-

ered by the LHCD [86, 87| and confirmed by Belle [8§] 7 states, namely
293050 and 2V (3119).

8 Note that the soliton is formally calculated in the chiral limit, where the current
quark masses are equal to zero.
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5. Exotic phenomenology

5.1. O mass

Let us summarize the results of Section 4. In the chiral limit, the mass
formula for baryons resembles the one of a quantum mechanical symmetric
top with a constraint that selects allowed SU(3) representations (31). We
will be mostly interested in the exotic antidecuplet. Mass splittings between
different multiplets are related to the moments of inertia I o of the rotating

soliton
31 31

2[1’ 10_8_2[2.
We see that I, which is absolutely necessary for predicting the masses of
exotic baryons, cannot be constrained by experimental data on ordinary
baryons. The same is true for the symmetry-breaking terms and the decay
operatorg.

Chiral symmetry-breaking terms following from the fact that m, > my, 4
generate mass splittings within the SU(3)gayor multiplets [5]

Ajp-8 = (43)

AMg = % (2a + 37) +é (20 +37) +4(28—4)] Y
—% (20 + 37) [T(T +1) — iyﬂ :
MM = 1 [(2a+37) +8(28 =] Y,
AMyg — % (20 +37) +8(28 —7) + 4] Y, (44)

where parameters «, 3, and «y are proportional to ms — m, 4. Note that in
the Skyrme model, v = 0 and 8 = 0 if we do not take into account the
Guadagnini term [4]. Equations (44) are written in a form, from which one
can immediately see that the mass splittings of nonexotic baryons depend in
fact only on two combinations of parameters «, 3, and -, namely on 2a+ 3~y
and 23 — 7, whereas the mass splittings in exotic 10 depend additionally
on v. This means that we cannot predict mass splittings within 10 from the
spectrum of nonexotic baryons.

We can, of course, compute multiplet splittings (43) and mass splittings
(44) in some specific model. A good example is decuplet — octet splitting
Aqo-s8 ~ 230 MeV. In the Skyrme model with the arctan Ansatz (22),
moments of inertia take a very simple form [55]

9 This is true in the first order of the perturbation theory.
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1,2
2ye

3
I1 = 63Fﬂ- 12 (6$0+25$0),
1 V2 4
Iy = SET 16 (4zj + 9zo) (45)

where zp = y/15/4 is obtained by minimizing the soliton mass (24). One
finds that for F' = 186 MeV, decuplet—-octet splitting Ajg_g of Eq. (43) is
reproduced for e ~ 4.45, well within the expected range.

Here, we are interested in the first exotic representation, namely 10
depicted in Fig. 2. Once e is fixed, we can compute antidecuplet—octet
splitting

~ 600 MeV . (46)

3
Aﬁ—s = B}

1
I
This is much less than the naive quark model expectations [89] and agrees
with an old estimate of Ref. [90] that led its authors to conclude: Since the
theory is a low energy effective theory, we believe that this gives an aposte-
riori excitation energy limit on the validity. Indeed, rigidly rotating soliton
predicts an infinite tower of exotic representations (31), and it is clear that
this picture has to break down at some point. The question is: does it break
already for 107

Although the formulas for the mass splittings and decay couplings have
been derived in some specific models, their general form is to a large ex-
tent model-independent, as it follows from the hedgehog symmetry. This
observation led Adkins and Nappi [91] to extract moments of inertia and
other quantities directly from the data rather than computing them in some
model. Here, as mentioned above, we immediately encounter a problem,
since we have no handle on the I, moment of inertia, as it does not enter
into any formula for nonexotic baryons. Similarly, parameter v cannot be
constrained from the nonexotic baryons alone (44).

One can, however, make a rough estimate of the ©T mass assuming
Skyrme model Aig_g value (46) and observing that the mass splittings in
10 are approximately equal to the ones in the decuplet, 140 =150 MeV. One
then obtains that © mass is as low as ~ 1460 MeV [92]. More detailed
analyses in the Skyrme model [3, 92] and in the quark-soliton model [5] led
to the mass 1530 + 1540 MeV, which was reinforced by the experimental
results of LEPS [6] and DIANA [8].

Interestingly, the mass of another truly exotic pentaquark state, namely
Z3/9 (see Fig. 2), was estimated Mz, , ~ 1785 MeV in the Skyrme model

Z3/2

[3, 92|, and M=,, ~ 2070 MeV in the quark-soliton model [5]. In 2004,

—3/2

the NA49 Collaboration at CERN reported an observation of S = —2 and
@) = —2 exotic baryon at 1862 MeV [93]. However, a more recent analysis
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of NA61/SHINE [94] did not confirm the NA49 result and no peak corre-
sponding to Z3/5 in =+ 7 spectra in the mass range 1700 <+ 2400 MeV was
found. We will further discuss this in Section 5.3.

5.2. O decay width

Calculations of the pentaquark decay widths retaining only the first lead-
ing term in (39) yield results that are of the same order as the width of A,
namely ~ 100 MeV [5, 95]. Tt is, therefore, essential to include the sublead-
ing terms G and G2 from Eq. (39) in order to account for the small width
of O7.

There are two possible strategies to constrain the decay parameters
Go,1,2: one can either try to employ directly data on strong decays, or use
the Goldberger—Treiman relation

My + My 1

{G07G1)G2} - 2F¢

{CLO, —CLQ} ) (47)
where constants ag1,2 enter the definition of the axial-vector current [72,
96, 97| and can be extracted from the semileptonic decays of the baryon
octet [98]. The relations of the constants ag 2 to the nucleon axial charges
in the chiral limit read as follows:

1
91(40)25(12,
@) _ T —a +1a +ia
QA—30 0 1 142 )
s) 1 3 >
—ag + a+ a . 48
9a 10f< 0 L+ 5a2 (48)

The final formula for the decay width in terms of the axial-vector constants
ap,1 2 takes the following form [5]:

3
p° My
I'Bi Byt ™~ ﬁﬁl R1—R2 * (49)
¥

Here, R 2 are the SU(3) representations of the initial and final baryons and
the omitted proportionality factor contains the SU(3) isoscalar factors and
the ratio of dimensions of representations R1 2 (see e.g. Eq. (8) in Ref. [74]).
The decay constants Gg,_R, are calculated from the matrix elements of
(39) and read as follows:

N.+1 1

1
G108 = —ag + 501> Gio_s = —G0 — 19T 5%, (50)

where we have explicitly displayed the N, dependence following from the per-
tinent N, dependence of the flavor SU(3) Clebsch-Gordan coefficients [99].
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As we discussed in Section 4.3, for small soliton size (the so-called Non-
Relativisic Quark Model limit, NRQM), one can compute constants ag 1,2
analytically [96]

(L()-)-(NC—I-Q), ar — 4, ag — 2. (51)

The reader may convince herself/himself that in this limit (for N. = 3),

— = 52
gA 3’ ( )
which is equal to the naive quark model result for g4. In this limit,

G108 = N.+ 4, Gﬁﬁg =0. (53)

We see that the decay constant of antidecuplet is zero! The cancellation
takes place for any N, [99]. This explains the smallness of @ width, which
for the realistic soliton size, is not equal to zero, but still very small (see
below). In contrast, the decuplet decay constant is large explaining the
large width of A resonance. For the N. dependence of the decay widths
including the phase-space factor p3, see Ref. [99)].

Unfortunately, it is not possible to extract all three couplings ag 12 from
the axial decays of hyperons, since they depend only on the linear combi-
nation —ag + a1/2 and as (48), while for Gy5_5, we need all three of them
separately. To get some insight into the numerical value of G35_,q, We can

use experimental data gf) = 1.25 and gg)) = 0.24 (48) yielding
1
—ag + ial =5.21, as = 0.48. (54)

Note that the first entry in Eq. (54) is equal to Gig—s (50). From Eq. (54),

one can predict gf) = 0.34 in good agreement with the experimental value
of 0.31. Now, we can compute a; as a function of ap (which is negative)
and plot G108 and Gig_g. This is shown in Fig. 6 where we also dis-
play the shaded area corresponding to the NJL model calculations [72] for
different constituent quark masses M. We see that G5_¢ is for a wide
range of ap much smaller than Gjp_s (including zero for ag = —3.55). A
rather involved fit to the hyperon decays with m, corrections included'’ of
Ref. [98] gives ag = —3.51 corresponding to Gig_,g = —0.23. In other words,
(Gloﬂg/GTO_)S)Q ~ 500. However, this result is strongly model-dependent
and subject to unknown systematic uncertainty.

10 Including m corrections allows to disentangle all three couplings ao,1,2.
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Fig. 6. Couplings G19—s (upper long-dashed line), Gi5_,s (middle solid line), and
Hi5_,1g (lower short-dashrd line) as functions of ag. The shaded area corresponds
to the NJL model range [72].

In any case, the message from this consideration is clear: the ©T decay
width is small irrespectively of the prefactors entering Eq. (49). Let us
remind that a misprint in a prefactor for the A decay in Eq. (42) of Ref. [5]
from 1997, triggered in 2004 a discussion [100-102] about the width of OF,
which was originally estimated to be 15 MeV. This anyway a relatively large
width followed from a rather conservative estimate of ag, which — as can
be seen from Fig. 6 — has no impact on the A decay width (i.e. on G1p8).
Today, it is clear that the ©" width must be much smaller, presumably
below 0.5 MeV.

Given the fact that the chiral limit gonx = Gig_g is very small, chi-
ral symmetry-breaking effects are of importance. There are two kinds of
m, corrections: corrections to the decay operator O, (39) and the wave
function mixing. Corrections to O, are rather complicated introducing five
new terms |[72] and we will not discuss them here. On the contrary, the
wave function mixing is relatively easy to estimate [103]. Indeed, cryptoex-
otic members of antidecuplet can mix with the ground-state octet, and the
mixing angle will be small due to the fact that Gell-Mann—Okubo mass for-
mulas are very well satisfied, leaving little space for mixing. Nevertheless,
the symmetry-breaking Hamiltonian (38) inevitably introduces the repre-
sentation mixing, which in the case of the nucleon, takes the following form:

|Nphy5>:Cosa]N8>+sina|Nﬁ>, (55)

where sina > 0 is small and therefore cosa ~ 1. Note that © does not
mix, and | OPYS) =| O ). Therefore, the decay of O to KN proceeds
either directly to | Ng) or through mixing with | Nyg), leading to a new
decay constant Hig_,15
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gQNK’:Gﬁ_@_'_SinO‘Hﬁ_)ﬁ; (56)
‘ 5 1
where [103] HTO—)E = —ap — 5&1 + 5&2 . (57)

We plot Hyj_,1g in Fig. 6. We see that in absolute value, it is larger than
G15_,5> and in a wide range of ag, has the opposite sign, leading to a further
suppression of gonyr. When discussing decay widths of other members of
antidecuplet, it is quite natural to include other mixing patterns that go
beyond the present model. We discuss one such possibility in the next
section.

5.8. Exotic antidecuplet

The existence of ©F implies the existence of all members of antidecuplet,
see Fig. 2. As explained in Section 4.5, one cannot constrain the masses of
the remaining members of 10 using as input masses of nonexotic baryons, as
we have no handle on the strange moment of inertia I (33) and the splitting
parameter v (38). Definitely, apart from the ©1 mass, one needs yet another
input. In the pioneering work [5], the situation was similar, although the
goal was to predict the © mass.

One possible input is the pion—nucleon X, term related to the combi-
nation of parameters « and g [5]

_3mutma

by =
TN 2 s

(a+5), (58)

which is linearly-independent of the combinations entering the mass split-
tings (44). Unfortunately, the experimental value of the X, term varied
over the years from ~ 40 to ~ 80 MeV [104, 105] being, therefore, rather
useless for the precise determination of the antidecuplet masses. Moreover,
the ratio of the current quark masses in (58) is subject to ~ 25% error [22].

As already mentioned at the end of Section 5.1, in 2003, the NA49 Collab-
oration at CERN announced the observation of an exotic =~ pentaquark
(lower left vertex in Fig. 2) at 1.862 GeV [93]. If confirmed, it would be the
second input besides @ to anchor the exotic antidecuplet. Unfortunately,
17 years later, the successor of NA49, the NA61/SHINE Collaboration, did
not confirm the =~ peak around 1.8 GeV with 10 times greater statis-
tics [94]. One possible reason for this nonobservation might be the extremely
small width of =5~ ~. Indeed, in Ref. [22], it was argued that in the SU(3)
symmetry limit (i.e. without mixing effects), this width is up to a factor
of ~ 2 equal to the width of ©F, i.e. of the order of 1 MeV. The original
analysis of NA49 [93] reported the width =~ below detector resolution of
18 MeV, while NA61/SHINE [94] does not discuss their sensitivity to the
width of Z7.
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There exists, however, a potential candidate for a cryptoexotic pen-
taquark, namely the nucleon resonance N(1685) [106], which was initially
announced by the GRAAL Collaboration at the NSTAR Conference in
2004 [107]. N(1685) was observed in the quasi-free neutron cross section
and in the npn invariant mass spectrum [108, 109], and was later confirmed
by other groups: CBELSA /TAPS [110] and LNS-Sendai [111]. We refer the
Reader to the article by Strakovsky [112] in this volume to learn more about
N (1685). The observed structure can be interpreted as a narrow nucleon
resonance with the mass 1685 MeV, total width < 25 MeV, and the photo-
coupling to the proton much smaller than to the neutron. Especially, the
latter property is easily understood assuming that N(1685) is a cryptoexotic
member of 10 [11].

The argument for small proton coupling is based on the approximate
U-spin sub-symmetry of flavor SU(3). Both 7 and photon are U-spin sin-
glets and neutron and proton are U-spin triplet and doublet, respectively.
The neutron- and proton-like members of 10 are U-spin triplet and 3/2
multiplet, respectively. Therefore, in the SU(3) symmetry limit, proton
photo-excitation to pyg + 7 is forbidden, while neutron transition to nig+n
is allowed. For alternative explanations, see Refs. [113—115].

It was found that the width of N(1685) is in the range of tens of MeV
with a very small 7N partial width of I'xx < 0.5 MeV [116]. One should
stress that the decay to mN is not suppressed in the SU(3) limit and it
can be made small only if the symmetry violation is taken into account.
Therefore, in Ref. [117], masses and widths of exotic 10 were reanalyzed
taking into account the mixing of the ground-state octet with antidecuplet,
already discussed in Section 5.2, and antidecuplet mixing with the excited
Roper resonance octet. Taking into account all available data on different
branching ratios and some model input, it was possible to constrain the
mixing angles'! leading to

1795 MeV < My < 1830 MeV,
1900 MeV < M=_ < 1970 MeV (59)

with the decay widths

9.7 MeV < I's; - <26.9 MeV,
7.7 MeV < I's;. < 11.7 MeV. (60)

"1 Due to the accidental equality of the SU(3) Clebsch-Gordan coefficients, the mixing
angles of X and N states in octet and decuplet are equal, so only two mixing angles
were necessary for the discussed mixing pattern.
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These limits follow from the assumptions that ©T mass is 1540 MeV and
its width is 1 MeV, and that the decay width of N(1685) is smaller than
25 MeV. One sees that the decay width of 555 is still small, but larger than
in the SU(3) limit. Its mass is still in the range scanned by NA61/SHINE.

6. Experiments

The positive evidence for ©F by LEPS [6] and DIANA [8] has prompted
a number of searches by other experimental groups. At that time, only
data collected originally for searches other than @F was available. Only
later were dedicated experiments designed and conducted. For a complete
list of experiments, we refer the Reader to reviews from 2008 [118], from
2014 [119], to a general review of the strange baryon spectrum [120] and to
a recent paper [121].

Below, we will briefly recall only a few experiments, mainly those that
have so far upheld their initial positive results.

6.1. LEPS and photproduction experiments

Acronym LEPS stands for the Laser-Electron Photon facility at SPring-8,
which is an electron storage ring located approximately 10 km NW from
Himeji in Japan. The LEPS detector was optimized for measuring ¢-mesons
produced near the threshold energy from a photo-production on a hydrogen
target by detecting the K™K~ pairs from the ¢ decays. Interestingly, pho-
tons have been obtained from a Compton backscattering of electrons by a
laser beam. The photon energy used in the analysis was 1.5 GeV < F <
2.4 GeV.

Unfortunately, the hydrogen (proton) target was not an option for O
production'? with the KT K~ final state. Luckily, 9.5 cm behind the liquid
hydrogen target there was a so-called START counter (see Fig. 7), a 0.5 cm
thick plastic scintillator, which was composed of hydrogen and carbon nuclei,
C:H =1 : 1. The production of © took place on a neutron inside of a carbon
nucleus. The neutron (n’) from the pentaquark decay was not measured,
Fig. 8, so one looked for a signal in the missing mass M i~ = B, — E-
distribution, and — for comparison — in M, g+ = Ey—FEg+. No pentaquark
signal was detected in the latter case.

The main problem was, however, that the target neutron was inside
a carbon nucleus, and its momentum was smeared by the Fermi motion.
After applying the Fermi motion correction, the © peak was clearly visible
at Mg+ = 1.54 £0.01 GeV with 4.60 Gaussian significance. The width was
estimated to be smaller than 25 MeV.

12 Called Z* at the time.
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Fig. 7. Takashi Nakano and Dmitry Diakonov holding a 0.5 cm thick plastic scin-
tillator that was used as a target in the LEPS experiment. (Photo taken at the
Pentaquark Workshop at Spring-8 facility in 2004, courtesy to the unknown au-
thor.)

neutron’

neutron _
K

Fig.8. ©T photoproduction at LEPS.

Five years later, in 2008, LEPS published results from a dedicated photo-
production experiment, this time on a deuteron target [18]. Although the
measurement strategy was basically the same as in the case of carbon, the
deuteron setup offered a possibility to cross-check the pentaquark production
in a yn — K~O7 reaction with A(1520) production in vp — K+ A°(1520).
This was possible because the LEPS detector has a symmetric acceptance
for positive and negative particles. In the analysis, the LEPS Collaboration
paid special attention to the uncertainties related to the compositeness of
the deuteron: the Fermi motion and the role of the spectator nucleon. To
this end, they developed a so-called minimum momentum spectator approx-
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imation. The analysis confirmed the existence of a narrow ©7 signal at
Mg+ = 1.524 £ 0.002 £ 0.003 GeV. The significance was estimated to be
5.10 and the width was much smaller than 30 MeV.

One should note that the analysis was performed using the data collected
with the LEPS detector in 2002-2003, where the statistics was improved by
a factor of 8 over the previous measurement [6]. It took, however, five years
to finally publish the results. The reason was probably that in the meantime,
a number of experiments reported negative results, and skepticism about the
existence of ©F was growing. Most importantly, in the analogous experi-
ment carried out by the CLAS (CEBAF Large Acceptance Spectrometer'?)
Collaboration, no narrow peak corresponding to ©1 was observed [122],
contradicting the earlier CLAS report from 2003 [123].

The CLAS ~d experiment was analogous to LEPS, but not identical.
CLAS observed all charged particles in the final state, including the spectator
proton. This required an elastic rescattering of K~ (see Fig. 8) off the proton
(not shown in Fig. 8), so that the proton would gain enough momentum to
allow detection. The probability of such a rescattering was an essential factor
in the CLAS analysis. Since LEPS assumed the proton to be a spectator, the
kinematic conditions of the two experiments were different. Moreover, the
angular coverage of both detectors was also different: less than 20 degrees
for LEPS and greater than 20 degrees for CLAS in the LAB system [124].

To clarify the situation, the LEPS Collaboration performed the search
for ©T in the vd — K™K np reaction with 2.6 times higher statistics. The
peak was still there. In 2013-2014, a new measurement was performed with
the improved proton acceptance. Partial results were published in different
conference proceedings [124-126] but to the best of our knowledge, a full-
fledged journal article has not yet been released.

At the end of 2022, the LEPS2 detector started to collect new data in
the search for ©F [127]. The LEPS2 detector has better angular coverage
than LEPS and will look for © in the following reactions [128]: (1) yn —
K=0% and (2) vp — K°*OT, where ©F will be reconstructed from the
following decays: O — ng — prtr~ and in the second case additionally
K% — K—n+. Apparently all four or five particles in the final state will be
identified, which means that the uncertainty of the previous measurements
due to the Fermi motion of the target neutron or proton will be removed.
We therefore look forward to future results.

To circumvent the problem of small gon i (56), Amaryan with Diakonov
and Polyakov [129] proposed in 2006 to look for © at CLAS in the interfer-
ence with the ¢ meson. The interference cross section is linear in gonx and
therefore is larger than the production cross section where the ¢ contribution

13 CEBAF stands for Continuous Electron Beam Accelerator Facility at Jefferson Lab-
oratory located in Newport News, VA, USA.
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is removed. The corresponding analysis was published six years later [130]
with a positive result. Nevertheless, this paper has not been formally ap-
proved by the entire CLAS Collaboration, which criticized kinematical cuts
applied in [130] and published an official disclaimer [131].

It is important to realize that the theoretical estimation of photopro-
duction is hampered by uncertainties that concern a yn — ©T K~ vertex
that in Fig. 8 is depicted as a large (blue) blob. The leading contribution
corresponds to photon dissociation into two kaons v — KT K~ followed by a
formation of a resonance K*n — ©T. The latter coupling can be estimated
from the ©F decay width, however, the photon dissociation is less known.
Moreover, a process involving K* is also possible: v — K1T*K~ followed
by K™*n — ©%. Arguments have been brought up that K* contribution
should be small, it however adds to an overall uncertainty. In the case of the
photoproduction on the proton, the same arguments apply to v — K%*K?Y.

7. DIANA — resonance formation

Unlike photoproduction, resonance formation is the cleanest experiment
possible in the search for ©T. The Breit-Wigner cross section for the pro-
duction of a resonance of spin J and mass M in the scattering of two hadrons
of spin s; and sy takes the following form (see e.g. Eq. (51.1) in Ref. [30]):

2J +1 L r?
251+ 1)(2s0 + ) K2 (B — M2+ I2/4°

opw(FE) = ( (61)
where F is the c.m. energy, k is the c.m. momentum of the initial state,
and I is the full width at the half maximum height of the resonance. The
branching fraction for the resonance into the initial-state channel is Bj, and
into the final-state channel is Byy; — in the present case for K Tn scattering
and one of the possible final states KTn or K%, we have By, = Boy =
1/2. Substituting the ©F mass, one gets that the cross section at the peak
opw(Mg+) ~ 15+ 20 mb. This is a model-independent prediction, and
we see that the cross section for the ©@F production in KN scattering is
large. A more detailed study of the ©F production in the K+td — K%p
reaction shows that the production cross section is in this case of the order
of 5 mb [132]. The pertinent feasibility study of searching for © in this
channel at J-PARC was recently performed in Ref. [128].

The formation process was used in the DIANA experiment where the
bubble chamber DIANA filled with liquid xenon was exposed to a K+ beam
from the ITEP proton synchrotron. In Ref. [8], the authors analyzed the K%p
effective mass spectrum in the KTn — K% reaction on a nucleon bound in
a xenon nucleus. A resonant enhancement with M = 1539 42 MeV/c? and
I' <9 MeV/c? was observed. The statistical significance of the enhancement
was estimated to be 4.40.
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The DIANA Collaboration continued analysis of the bubble chamber
films and in 2006 published new results from the larger statistics sample [15].
They confirmed their initial observation with the mass of M = 1537 £+
2 MeV /c? with, however, a much smaller estimate of the width: I" = 0.36 +
0.11 MeV/c2. Depending on the significance estimator, they obtained the
statistical significance of 4.3, 5.3 or 7.30. Three years later they increased
again statistics confirming the existence of © with approximately the same
mass and width, but higher statistical significance reaching 8o [16]. These
results were confirmed in their last publication from 2014 [17].

In 2006, the Belle Collaboration reported search results for ©F [133]. In
the Belle experiment located at the KEKB asymmetric collider, interactions
of secondary particles with detector material were used to search for O%.
Belle performed two different analyses. In the first one, they searched for
inclusive production of ©®F in the KN — ©T X reaction with a subsequent
decay ©T — pK?, using the signal from inclusive A(1520) production as a
reference. In the second one, they looked at exclusive ©F production in
the charge exchange reaction K n—©T —>ng . The latter one is directly
comparable with the DIANA experiment. No formation signal of the ©F
baryon was observed, and an upper limit on the ©F width was estimated:
I' < 0.64 MeV for Mg+ = 1539 MeV.

One of the reasons for the skepticism about ©T were the above results
for its unnaturally — as it seemed at the time — small width. In soliton
models, as explained in Section 5.2, there are natural mechanisms that lead
to very small pentaquark widths. Here, let us only mention that recently
found by the LHCb Collaboration at CERN excited §2.(3050) has a total
width I' = 0.8 40.240.1 MeV/c? [86]. In a later publication from 2021 [87]
the LHCb Collaboration concluded that: The natural width of the £2°(3050)
is consistent with zero. §2.(3050) was found in the decay to =Z.K~ [86],
where the kaon momentum is p = 275 MeV/c?>. This is approximately
~ 10 MeV/c? above the kaon momentum in the decay of ©F. From this
perspective, the small pentaquark width is not particularly “unnatural”. As a
consequence, the small width of £2.(3050) led to its interpretation as a heavy
charm pentaquark belonging to the exotic SU(3) 15 multiplet [74, 84, 85,
see Section 4.6.

The formation experiment with the K™ beam can be easily performed at
the J-PARC facility in Japan looking at the three-body final-state K pp [128].
Another very promising search for ©F will be possible at the already ap-
proved program at the Ki, facility at JLab [121, 134, 135]. Here, with a
secondary beam of kaons, one may look at a two-body reaction K Bp — K™n
on the hydrogen target. The plan is to measure the initial energy benefiting
from the design momentum resolution below 1 MeV rather than the invariant
mass of the K+ n system. According to the current schedule, data collection
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will start in 2026 [135]. Note that the two-body final state is much cleaner
than the three-body one, which is proposed to be studied at J-PARC. Fi-
nally, at the K7, facility, one will also be able to look for other members of
antidecuplet, like =+.

If O exists, it should be visible in partial wave analyses (PWA) of KN
scattering. In Ref. [112] in this volume, you may find a description of the
modifications needed to see a very narrow structure in the PWA and the
results.

8. Summary

The story of ©F is not only interesting for physics. It is like a detective
story with unexpected twists, where we do not know if the victim is alive
or dead, or even if it existed at all. It is a story about enthusiasm for an
epochal discovery, a story about fast and optimistic shortcuts, and a painful
return to reality. It is a story of emotions — positive and negative. While it
seems that ©F and light baryonic exotica research is presently on hold, we
should expect some new experimental results in not-so-distant future.

I owe a lot to Mitya, Vitya, and Maxim with whom I explored possi-
bilities for exotica. I am indebted to Hyun-Chul Kim for a longstanding
collaboration, and to Igor Strakovsky and Moskov Amaryan for keeping me
informed about experimental searches for ©T.
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