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Summary. — The discovery of two pentaquarks by LHCb has reinforced the case
of exotic hadrons, which have diquarks and antidiquarks as basic units. I review
i) the cases studied until know, the so-called XYZ and pentaquark states, ii) the
theoretical basis for this concept and iii) the implications for the existence of further
states, in particular with baryon number equal to two (dibaryons).

Dedicated to Guido Altarelli, a friend for a lifetime.
We shared the privilege to see the unfolding of the Standard Theory.

1. – Introduction

For long, we lived with the simplest paradigm [1]

(1) mesons = (qq̄); baryons = (qqq).

This paradigm rested on the absence of I = 2, ππ resonances and of S > 0 baryons.
The case had to be revisited because the lowest-lying octet of scalar mesons f0(980),
a0(980), κ(800) and σ(600) does not fit in the picture. Later, in 2003, the X(3872), a
narrow width resonance, which decays into J/Ψ+2π/3π, was discovered by Belle [2] and
it was recognised that it does not fit into the charmonium sequence of states.

Since then, BaBar [3], CDF [4], D0 [5], CMS [6] and LHCb [7] have confirmed the
X(3872) and reported many other states that do not fit the charmonium picture, called
X(JPC = 1++) and Y (JPC = 1−−) states.

In 2007, Belle observed a charged charmonium [8], Z+(4430) decaying into ψ(2S)+π
that could not be interpreted as molecule, but later BaBar suggested [9] that it was
simply a reflection of K∗ states. LHCb, in 2014, has confirmed [10] the Z+(4430) while
other similar states, Z+(3900) and Z+(4020), have been discovered by BES III [11, 12]
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Fig. 1. – Quark diagram of the weak decay Bd → K−+Z+ with a four valence quark Z+ = cuc̄d̄.

and confirmed by BELLE [13] and by CLEO [14]. Two baryon resonances decaying in
ψ + p, promptly called “pentaquarks”, have been discovered by LHCb [15] in 2015.

Few words about the terminology of these exotic states. One distinguishes among X,
Y and Z states as follows:

• X, e.g. X(3872): neutral, typically seen in J/Ψ + pions, JPC = 0++, 1++, 2++;

• Y , e.g. Y (4260): neutral, seen in e+e− annihilation with Initial State Radiation,
therefore JPC = 1−−;

• Z, e.g. Z(4430): charged/neutral, typically positive parity, four valence quarks
manifest, mostly seen to decay in J/Ψ+π and some in hc(1P )+π; valence quarks:
c c̄ ud̄.

The existence of hadrons with a valence quark composition not fitting the
paradigm (1) is by now established and the list of “unanticipated” hadrons is, for sure,
bound to increase(1). The theoretical interpretation is still unclear.

I will mainly restrict to the compact tetraquark model, explored in refs. [18-22]. For
molecular and resonance models see refs. [23,24]. Unlike tetraquarks, the latter specula-
tions envisage effects due to the residual short-range forces generated by colorless meson
exchange between color neutral objects.

Some authors propose X, Y , and Z structures to be only kinematic effects due to the
opening of new channels, see e.g. [25]. However, it takes a lot of unconventional dynamics
to produce the X(3872) as a “cusp”. Also, as we shall see, the phase of Z(4430) seems
to go at 90◦ at the peak, like a text-book Breit-Wigner resonance.

2. – Latest in exotics

The quark diagram in B̄d = (bd̄) meson weak decay, to produce the four valence
quark state Z+(4430) recoiling against a K− is shown in fig. 1. The decay Z+(4430) →
ψ(2S)π+ should produce a line in the Dalitz plot of the energies of ψ(2S), π+ and K−,
corresponding to a peak in the invariant mass distribution Mψ(2S)π. With high statistics,
LHCb confirms BELLE’s observation of a bump that cannot be built as the reflection of
known K∗ resonances.

(1) A four valence quark resonance, Z(5568) → Bs + π with open beauty and strangeness has
been reported by D0 [16], but later has not been confirmed by LHCb, with larger statistics; the
issue of its existence is still pending. LHCb has just reported observation of several states with
positive parity decaying into J/Ψ φ [17].
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Fig. 2. – The Argand plot of the Z(4430) amplitude, LHCb [10].

LHCb produces also the Argand plot of the phase of the resonant amplitude [10],
shown in fig. 2: Z(4430) looks definitely like a genuine resonance.

The molecular picture, proposed originally in [26], has been advanced to explain the
nature of the Z(4430) resonance. In this case, however, the loosely bound mechanism
does not work as there are no open charm thresholds with JPG = 1++ quantum numbers
at that mass. In [27] it is suggested that the Z(4430) might be a D∗(2010)D̄1(2420)
bound state in S-wave, but this has JP = 0−, 1−, 2−, not consistent with the recent
observations strongly suggesting JP = 1+. For the molecular picture see also [28, 29].
Other theoretical interpretations include ΛcΣ̄c baryonium [30], cusp effect [31], Ds radial
excitation [32], as well as sum rules calculations based on the D∗D̄1 molecule [33,34].

With a similar strategy, LHCb has focused on the weak decays of the baryon Λb(5620),
observing two pentaquark resonances in the mass distribution of the system ψ(1S) p,
recoiling against a K−.

The two observed resonances, P+
c (4380) and P+

c (4450), correspond to the pentaquark
composition [cu][ud]c̄ and parameters [15]

P+
c (4380) : M = 4380 ± 8 ± 29MeV,(2)

Γ = 205 ± 18 ± 86MeV
(

preferred fit: JP =
3
2

−)
;

P+
c (4450) : M = 4449.8 ± 1.7 ± 2.5MeV,

Γ = 39 ± 5 ± 19MeV
(

preferred fit: JP =
5
2

+)

A clear resonant behaviour is observed for the narrow state, P+
c (4450), but more statistics

will be needed to elucidate the other state.

3. – Attraction and repulsion in diquarks

In the non-relativistic limit, QCD forces and spin-spin interactions are attractive in
the completely antisymmetric diquark

(3) [qq′] : SU(3)color = 3̄, SU(3)flavor = 3̄, spin = 0.

This is the good diquark of Jaffe [35]. The result holds in perturbative QCD (one gluon
exchange) and non-perturbative QCD (one instanton exchange). Such diquarks make a
simple unit to form color singlet hadrons [36,37].
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Fig. 3. – Argand plots of the P+
c (4380) and P+

c (4450) amplitudes, LHCb [15].

An argument for the relevance of the antysimmetric diquark in baryon spectroscopy
goes back to Feynman [38]. In electron deep inelastic scattering at x → 1 what recolis
against the struck parton is the lowest mass configuration of two quarks. If one makes
the hypothesis that this is a [ud] diquark with J = 0, I = 0, the struck parton would be
a d quark for the neutron and a u quark for the proton, and the ratio of the structure
functions would simply be

(4)
Fn(x → 1)
Fp(x → 1)

=
Qd

Qu

2

=
1
4
,

in agreement with data. The lowest mass diquark of Feynman is indeed the good diquark
(taken literally, Feynman’s diquark conflicts with Fermi statistics, but this is solved by
antisymmetry in color). An early discussion based on the Dolen-Horn-Schmidt dual-
ity [39] applied to baryon-(anti)baryon scattering and annihilation channels [40] led to
the prediction of tetraquarks, called “baryonia”, discussed in [41].

In the light hadrons, one may suppose that bad diquarks, flavor and spin symmetric,
are dynamically unfavored (but they are needed to explain the difference between Σ and
Λ baryons).

If we go to heavy-light diquarks such as [cq], spin-spin interactions are reduced by the
ratio mq/mc, and one may assume the spin 1, bad diquarks, and spin 0, good diquarks,
to be on the same footing.

To form hadrons, the good or bad diquarks need to combine with other colored objects
to form confined color singlets. The simplest possibilities are to combine:

• with one quark, to give a baryon, e.g. Λ;

• with an antidiquark, to give a tetraquark, e.g. [c̄ū][cd];

• with another diquark and an antiquark (both color 3̄) to give a pentaquark, e.g.
c̄[cu][ud];

• with two other diquarks to give a dibaryon, e.g. [cd][ud][ud].

We expect many tetraquark states since the color string joining, e.g., diquarks to
antidiquarks may have radial and orbital excitations. In a relativisti picture, tetraquarks



TETRAQUARKS, PENTAQUARKS AND DIBARYONS 5

Fig. 4. – Proton-proton cross sections for the production of light nuclei, obtained by rescal-
ing data in Pb-Pb collisions, compared to the X(3872) proton-proton cross sections by CMS.
Rescaling from Pb-Pb to proton-proton is done with: Glauber model (left panel) and blast-wave
function (right panel) (RAA or RCP =1 assumed). Note that collective effects in Pb-Pb (e.g.
quark-gluon plasma) that would give RAA, RCP > 1 would enhance nuclear cross sections and
therefore reduce the cross sections of light nuclei rescaled to p-p.

would have to be on rising Regge trajectories, due to the confining nature of QCD
forces [42].

We have already some evidence for the existence of orbital excitations in multiquark
states, from the parities of the X, Y, Z mesons, compared to qq̄ mesons, and from
pentaquark parities, compared to those of the baryons.

The lowest-lying tetraquarks, X and Z, have positive parities, as expected for the
S-wave diquark-antidiquark pair. Y states are higher in mass and have negative parities,
as appropriate to diquark-antidiquarks in the P -wave. This is the opposite of what
happens in normal mesons, where the lowest-lying qq̄ S-wave states (π, ρ) have negative
parity and the first orbital P -wave excitations (A1, A2, f2, etc.) have positive parity.

Normal baryons in the S-wave have only quarks, hence positive parity, with the first
excitations, e.g. N(1520), with negative parity, corresponding to one unit of orbital
momentum. On the other hand, the lowest pentaquark has negative parity, the signal of
the antiquark, with the next state, presumably the first orbital excitation, with positive
parity, the solution preferred by data.

Meson-meson molecules, on the other hand, are supposed to be bound by short-range
forces, due to color singlet meson exchange. If bound at all, they should have a limited
spectrum, in particular no orbital excitations.

4. – Light nuclei and antinuclei as candlesticks

Nuclei are obvious prototypes of hadronic molecules: color singlet protons and neu-
trons bound by short range forces, due to the exchange of color singlet pions and, to some
extent, vector mesons. The recent ALICE observation [43, 44] of deuterons, tritons and
hypertritons in high energy, high pperp, Pb-Pb collisions opens the way to an interesting
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test of molecular vs. tetraquark theories of exotic hadrons, of the X(3872) in particular.
In fig. 4, the light nuclei cross sections reported by ALICE [45] are rescaled to proton-

proton cross section by two different methods (Glauber method, left panel, and blast-wave
function method, right panel) and compared to the X(3872) proton-proton cross section
measured by CMS [46]. The difference in behavior of light nuclei vs. X(3872) at large
pperp is quite spectacular, and a good indication that indeed X(3872) is made of color
parts confined by long-range color forces, similarly to what happens in normal mesons.

5. – X, Y, Z tetraquarks

We consider heavy-light diquarks bound to a similar antidiquark in the S-wave. Such
states have I = 1, 0, positive parity, and angular momentum resulting from the compo-
sition on the diquark-antidiquark spins, s, s̄ = 1, 0. The neutral states are mixtures of
isotriplet and isosinglet.

5.1. L = 0, 1S states. – In the |s, s̄〉J basis we have the following states [18]:

JP = 0+ C = + X0 = |0, 0〉0, X ′
0 = |1, 1〉0,(5)

JP = 1+ C = + X1 =
1√
2

(|1, 0〉1 + |0, 1〉1) ,(6)

JP = 1+ G = + Z =
1√
2

(|1, 0〉1 − |0, 1〉1) , Z ′ = |1, 1〉1,(7)

JP = 2+ C = + X2 = |1, 1〉2.(8)

We identify

X(3872) = X1,(9)
Z(3900), Z(4020) = linear combinations of Z,Z ′ that diagonalize H,

X(3940) = X2 (??).

In the non-relativistic constituent quark model, mass differences inside the multiplet
are due to spin-spin interactions of the form

(10) H = 2Mdiquark + 2
∑
i<j

κij(�si · �sj).

A tentative mass spectrum for S-wave tetraquarks was derived in [18], assuming the
strength of the spin-spin interactions in tetraquarks to be the same as those in S-wave
mesons and baryons. However, if this was the case, light quark κqq̄ would dominate,
predicting one Z degenerate with X(3872), which is good news, but also M(Z ′) < M(Z),
which does not agree with the level ordering of X(3872), Z(3900) and Z(4020).

A new, simple ansatz can explain the observed spectrum, namely the hypothesis
that the dominant interactions in tetraquarks are the spin-spin interactions between
quarks (antiquarks) in the same diquark (antidiquark). In this case, the Hamiltonian (10)
becomes

Hnew ≈ 2Mdiquark + 2κqc (sq · sc + sq̄ · sc̄) =(11)

= 2Mdiquark + κqc [s(s + 1) + s̄(s̄ + 1) − 3] .
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Hnew is diagonal in the basis of eqs. (5) to (8) and it would simply count the number
of spin=1 diquarks in the hadron. We see from (6) and (7) that X(3872) and Z(3900)
have one spin-1 diquark, hence are degenerate, while Z(4020) has two spin-1 diquarks,
hence it is heavier. The multiplet mass spectrum is determined by just two numbers, in
this approximation, the diquark mass and the spin-spin coupling κcq. From the masses
of X(3872), Z(3900) and Z(4020) we find

(12) Mcq = 1980MeV; κcq = 67MeV.

We note that κcq in the diquark is about three times larger than the corresponding
spin-spin interaction obtained from a fit to the charmed baryon masses, given e.g. in [18].
Since κ is expected to be proportional to the overlap probability of the two quarks,
|ψ(0)|2, this could indicate a rather compact diquark, which would also go along with a
small value of the quark-antiquark overlap probability, since in this case the pair would
be made by particles in different bags.

In this approximation, X ′
0 and X2 would be almost degenerate with Z(4020), stretched

but not impossible for the spin-2 candidate X(3940), and the lightest scalar would be
around 3800 MeV.

Needless to say, with only three masses available, one cannot go beyond this, crude,
zeroth-order approximation. Determination of the other couplings inside tetraquarks will
be possible when more experimental information will be available.

5.2. L = 0, 2S states. – In 2007 we classified the Z(4430) as the radial excitation of an
S-wave tetraquark with JPC = 1+−, the almost degenerate companion of X(3872) [19].
This was because its mass is about 530 MeV larger than the X(3872) mass(2) and because
of its preference to decay into ψ(2S)+π, see also [47] for theoretical arguments supporting
the 2S assignment. We noted in [19] that a crucial consequence of a Z(4430) charged
particle is that a charged state decaying into ψ(1S)π± or ηcρ

± should be found around
3880 MeV, almost degenerate with X(3872). The Zc(3900) has been seen by BES III
few years later and confirmed by Belle and CLEO, with the anticipated decay

(13) Z+(3900) → ψ(1S)π+.

If the radial excitation hypothesisis of the Z(4430) is correct, one should find nearby
the radial excitation of X(3872) and the the other 2S Z, X0,X

′
0,X2 states, about which

we may advance now quite definite mass predictions.

5.3. JPC = 1−−, Y states as the first orbital excitations. – Several 1−− unexpected
resonances have been reported in the literature. Our survey [21] includes six candidate
states, some well established, like the Y (4260), the first one to be discovered, and others
still preliminary

• Y (4660) and Y (4360), decaying into ψ(2S) + π;

• Y (4630) decaying into ΛcΛ̄c;

(2) Radial excitation energies in S-wave quarkonia: M [ψ(2S)] − M [ψ(1S)] = 539 MeV,
M [Υ(2S)] − M [Υ(1S)] = 563MeV.
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Table I. – Spin composition of L = 1 tetraquarks with JPC = 1−−. In columns 2 and 3 the
probabilities of cc̄ spin = 1, 0.

Spin composition:|(s, s̄)S , L >J P (scc̄ = 1) P (scc̄ = 0) assign.

Y1 |(0, 0)0, 1〉1 0.75 0.25 Y (4008)
Y2

1√
2
{|(1, 0)1, 1〉1 + |(0, 1)1, 1 〉1} 1 0 Y (4260)

Y3 |(1, 1)0, 1〉1 0.25 0.75 Y (4230)
Y4 |(1, 1)2, 1〉1 1 0 Y (4630)

• Y (4220), narrow (and Y (4290), wide ???), observed by BES III in hc(1P )+2π and,
possibly, in χc(1P ) + ω;

• Y (4260) and Y (4008) decaying into J/ψ + π.

Tetraquark states with JPC = 1−− can be obtained with odd values of the orbital
angular momentum L = 1, 3 and diquark and antidiquark spins s, s̄ = 0, 1. We denote
these states as

(14) |s, s̄, L = 1〉J=1

Using charge conjugation invariance we get four states with L = 1, J = 1, as shown in
table I.

We have left aside the L = 3 state, which is presumably too heavy.
To identify the Y resonances corresponding to Y1–4, we proceed as follows.

• We discard Y (4360) and Y (4660), which are probably radial excitations of
Y (4008) and Y (4260): they decay into ψ(2S) and have mass differences ΔM ∼
350, 400 MeV, in the range of ΔM of L = 1 charmonia and bottomonia(3);

• the states Y1−4 are identified with the remaining Y (4008), Y (4260), Y (4220) (the
narrow structure in the hc channel) and Y (4630).

There would be no place for the wide structure Y (4290), should it exist at all.
In the third and fourth column of table I we give the probabilities to find the cc̄ pair

in the spin states scc̄ = 0, 1. In the limit mc → ∞, the heavy-quark spin is conserved
and the value of scc̄ provides a relevant selection rule. The assignment Y (4260) = Y2 is
compatible with the observed decay in J/Ψ + 2π and Y (4230) = Y3 is compatible with
the observation of both decays: hc π+π− [49] and χc ω [50].

The identical spin structure implied in the model for Y (4260) and X(3872) suggests
the observed decay [51]

(15) Y (4260) → X(3872) + γ

to be an unsuppressed E1 transition [52], with ΔL = 1 and ΔSpin = 0, similar to the
observed transitions of P -wave χ states.

(3) Radial excitation energies in P -wave quarkonia: χcJ(2P )−χcJ(1P ) ≈ 437 MeV, χbJ(2P )−
χbJ(1P ) ≈ 360 MeV, see e.g. [48].
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5.4. Mass formulae for L = 1. – In the spirit of a first exploration, we add to the
Hamiltonian of S-wave tetraquarks an orbital term proportional to L2 and a spin-orbit
interaction proportional to L · S. The restriction of the spin-spin couplings to the inter-
action within the same diquark, as discussed before, is more than justified here, due to
the angular momentum barrier, and we leave open the possibility that the coupling may
take a different value from the S-wave case.

We write

(16) M = M00 + Bc
L2

2
− 2a L · S + 2κ′

qc [(sq · sc) + (sq̄ · sc̄)].

Signs are chosen so that, for Bc, a, κ positive, energy increases for increasing L2 and S2.
With obvious manipulations, we obtain

M = M00 + Bc
L(L + 1)

2
+ a [L(L + 1) + S(S + 1) − 2](17)

+ κ′
qc [s(s + 1) + s̄(s̄ + 1) − 3] ,

namely

(18) M = M0 +
(

Bc

2
+ a

)
L(L + 1) + a S(S + 1) + κ′

qc [s(s + 1) + s̄(s̄ + 1)],

where

(19) M0 = M00 − 2a − 3κ′
qc.

With four masses and three parameters, we find the relation

(20) M2 =
3M1 + M3 + 2M4

6
.

The above formulae require M2 > M1 and M4 > M3, however the sign of the mass
difference M3 − M2 can take either sign, as it is determined by the difference of two
constants which are a priori of a similar size.

We keep fixed the assignments

(21) Y (4260) = Y2 =
1√
2
(|1, 0; 1, 1〉1 + |0, 1; 1, 1〉1)

and Y3 = Y (4220), see ref. [21] for more details.
From the mass relation above one obtains

(22) (M2)th = 4251MeV

and the value of the parameters

(23) a = 73, κ′
qc = 53
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The value found for κ′
qc is close to the value in (12), supporting the difference between

diquarks in tetraquarks and diquarks in baryons.
The spin structure of Y (4260) and X(3872) and their spin interactions being exactly

the same, we may obtain the energy of the orbital excitation directly from their mass
difference. Starting from eq. (17), neglecting the difference between κqc and κ′

qc and
using eq. (19) we obtain

M(Y2) = M(X) + Bc + 2a, i.e.(24)
Bc = 278MeV.

This value compares well with values found in normal hadrons.
Finally, a large separation between YL=3 and the states Y1–4 is implied

(25) ML=3 = M2 + 5Bc + 14a ∼ 6420 MeV.

6. – A closer look at pentaquarks

The discovery of pentaquarks has prompted a considerable flux of theoretical papers,
where ideas previously developed for X, Y and Z mesons have been extended to the new
particles: compact diquark-diquark-antiquark [53], diquark-triquark [54], molecules and
resonances [55], baryocharmonia [56].

The observed decay

(26) P+ → J/Ψ + p

indicates that the new particle features the valence quark composition

(27) P+ = c̄cuud.

Pentaquarks realizing the valence quark structure (27) are of two types,

Pu = εαβγ c̄α [cu]β,s=0,1 [ud]γ,s=0,1,(28)

Pd = εαβγ c̄α [cd]β,s=0,1 [uu]γ,s=1,(29)

where greek indices are for color, diquarks are in the color antisymmetric 3̄ configuration
and overall antisymmetry requires flavor symmetric light-light diquark to have s = 1.

There are two possible quark amplitudes leading to the pentaquark production in Λb

decay, see fig. 5.
In (a), the b-quark spin is shared between the kaon and the c̄ and [cu] components.

Barring angular momentum transfer due to gluon exchanges between the light diquark
and light quarks from the vacuum, the final [ud] diquark has to have spin zero, therefore
I = 0.

In diagram b, the [ud] diquark in Pu is formed from the original d quark and the u
quark from the vacuum. Angular momentum is shared among all final components and
the [ud] diquark may well have spin one and I = 1. In addition, in diagram (b) a [uu]s=1

diquark could also be formed, so both pentaquarks Pd and Pu can be produced in Λb

decay.
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Fig. 5. – (a) The [ud], spin-zero diquark in Λb is transmitted to the Pu-type pentaquark; (b) the
u quark from the vacuum participates in the formation of the light-light diquark: spin zero and
one are permitted; amplitude (b) may produce a [uu]s=1 diquark, giving rise to a Pd pentaquark.

6.1. The mass difference. – The discussion about production amplitudes has a bearing
on the issue of the mass difference between the two observed pentaquarks.

Positive parity indicates that the heavier pentaquark should be an L = 1 orbital
excitation.

At first sight, the 70 MeV difference does not go well with the energy associated
with orbital excitations. One orbital excitation in mesons and baryons carries an energy
difference which is typically of order 300 MeV, as exemplified by the mass difference
in Λ(1405) − Λ(1116) ∼ 290MeV. Mass formulae for the orbital excitation in X,Y,Z
mesons, as discussed in [21], lead to ΔM(L = 0 → 1) ∼ 280MeV, see eq. (24).

However, the mass difference between light-light diquarks with spin s = 1, 0 esti-
mated from charm and beauty baryon spectra [57], is of order 200MeV, e.g. Σc(2455)−
Λc(2286) � 170MeV, Σb(5811) − Λb(5620) � 190MeV.

If we assume the compositions

P(3/2−) = {c̄ [cq]s=1[q′q′′]s=1, L = 0},(30)

P(5/2+) = {c̄ [cq]s=1[q′q′′]s=0, L = 1},

the orbital gap is reduced to about 100 MeV, which brings back the mass difference in
the range of the mass difference indicated in (2).

6.2. Flavor SU(3) structure. – Extending to flavor SU(3) the structure in (28)
and (29), we generate two distinct series of pentaquarks according the light-light diquark
symmetry

PA = εαβγ {c̄α [cq]β,s=0,1 [q′q′′]γ,s=0, L}
= 3 ⊗ 3̄ = 1 ⊕ 8,(31)

PS = εαβγ {c̄α [cq]β,s=0,1 [q′q′′]γ,s=1, L}
= 3 ⊗ 6 = 8 ⊕ 10.(32)
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For S-waves, the first and second series give the angular momenta

PA(L = 0) : J = 1/2 (2), 3/2 (1),(33)

PS(L = 0) : J = 1/2 (3), 3/2 (3), 5/2 (1)(34)

(in parenthesis the multiplicity of each spin value). In consideration of (30), we propose
to assign the 3/2− and the 5/2+ states to the symmetric and antisymmetric series,
respectively.

A discussion of the production of octet and decuplet pentaquarks in the decays of
strange and doubly strange bottom baryons and of their possible decays into charmed
baryons and mesons can be found in [53].

7. – Dibaryons

As discussed previously, color antisymmetric diquarks can replace anti-quarks in a
color singlet hadron, to give conventional, but also unconventional new hadrons.

Starting from the pentaquark of the previous section, c̄[cq1][q2q3], and making the
substitution c̄ → [q4q5], we obtain a charm-one dibaryon, a B = 2 color bound alterna-
tive to the deuteron, and all its strange, doubly charmed, etc. variations. It seems a
reasonable possibility that tetraquarks, pentaquarks and dibaryons make the next layer
of hadron spectroscopy following the first layer made by the Gell-Mann–Zweig baryons
and mesons.

Dibaryons were envisaged by Jaffe [58,59] to bind 6 quarks in a stable 0+ flavor singlet
at a mass of about 2000 MeV (called a H-dihyperon, later dibaryon). For a recent lattice
QCD study of baryon-baryon interactions see [60].

Dibaryons at about 2 GeV have been considered in a number of papers, usually
as 6-quark states in a MIT bag, see [61, 62]. Diquarks have been used by Jaffe and
Wilczek [59] to describe complex hadron structures like the (later disproved) “old pen-
taquark”.

The lightest charmed dibaryon may be observed in Λb decay, already a source of
pentaquarks, see fig. 6. We start with the Cabibbo allowed decay, adding two light pairs
from the vacuum

Λb(bud) → cdū + ud + (uūdd̄)vac,

that gives

Λb → p̄ + [cd][ud][ud] = p̄ + D+
c ,(35)

M(D+
c ) < 4682MeV.(36)

The antiproton should be a good indicator to select the interesting events, and, judging
from the cq diquark mass given in (12), the phase space limit in (36) should be amply
satisfied for the single-charm dibaryon.

The decays of the dibaryon determine its visibility. The decay of the charmed
dibaryon, D+

c , may take different routes, according to its mass and in relation to pen-
taquark masses. The preferred decay would be by string breaking, into a baryon plus
a pentaquark. However it is possible that this route is forbidden by energy conserva-
tion, even for the lightest, spin-1/2 pentaquarks. Indeed, the known X,Y,Z, with the
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Fig. 6. – Quark diagram of the weak decay Λd → P̄ + D+ with a six valence quark dibaryon
D+ = [cd][ud][ud].

exception of Y (4630) [63], do not decay into baryon-antibaryon pairs (string breaking)
but rather into charmonium plus meson (quark rearrangement). Similarly, the observed
pentaquarks do not decay into the channels preferred by string breaking, such as X(Y )
plus proton, forbidden by energy conservation, but in the quark rearrangement channel,
J/Ψ + p.

7.1. Quark rearrangement . – For analogy with the observed tetraquark and pen-
taquark decay, we put in the first line the quark rearrangement decays

D+
c = [cd][ud][ud] →
→ p + Σ0

c(→ p + Λ+
c + π−), or n + Λ+

c .(37)

Note the occurrence of Σ0
c in the first decay, necessary if a proton is required in the final

state, rather than a neutron, more difficult to see.

7.2. String breaking . – Breaking one color string by a uū pair, a possible decay path is

(38) D+
c → p + P0

c (ū[cd][ud]),

with the final charmed pentaquark decaying as

(39) P0
c → Λ+

c + π− or P0
c → n + D0.

Another experimental signature is obtained with a ss̄ pair from the vacuum, replacing
step (38) by

(40) D+
c → Λ + P+

cs̄(s̄[cd][ud]),

followed by

(41) P+
cs̄ → K0 + Λ+

c .
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7.3. Overall Λb decay chains. – Discarding decay channels with a neutron, the inter-
esting Λb decay chain in (37) and (39) is

(42) Λb → p̄ + p + Λ+
c + π−, M(D+

c ) > 3364MeV,

with (37) and (39) distinguished by the occurrence of a pentaquark resonance or of the
Σ0

c in the Λ+
c π− channel.

The case (40) leads to

Λb → p̄ + Λ + Λ+
c + K0,

M(D+
c ) > M(Λ) + M(P+

cs̄) > 3901MeV.(43)

7.4. Semileptonic decays. – For dibaryon mass below the limit in (42), the β-decay
of the charm quark allows the dibaryon to transform into uncharmed baryon pairs with
strangeness S = −1, 0 according to

D+
c → e+ + νe + Σ− + p,(44)

M(D+
c ) > 2136MeV (Cabibbo allowed)

or

D+
c → e+ + νe + Δ− + p,(45)

M(D+
c ) > 2174MeV (Cabibbo forbidden)

For lower masses, the lightest charmed dibaryon is stable.

8. – Outlook

New data from electron positron and high-energy hadron colliders have brought new
exotic resonances, more information and some clarification.

Coincidence of exotic hadrons with thresholds is less and less evident, in particular
with Z(4430) and pentaquarks. The simple molecular model is disfavoured by ALICE
data on light-nuclei production in Pb-Pb, compared to X(3872) production in proton-
proton as reported by CMS.

Diquarks seem to be a useful organising principle to classify the structure of exotic
mesons, pentaquarks and yet-to-be-discovered dibaryons;

Dibaryons can be searched for in Λb decays for a wide range of masses, from 4680 down
to 2135 MeV; if found, dibaryons would complete a second layer of hadron spectroscopy,
following the Gell-Mann–Zweig layer and complete the saturation possibilities of one and
three QCD strings.

Much remains to be done, in theory and experiments.
Many states are lacking. The shopping list includes the charged counterpart of the

X(3272), the radial excitation of X(3872), to be found near the Z(4430), and the b-quark
analog of X(3872). To a finer level, Y resonances should be doubled, similarly to the
ω0 − ρ0 complex. We do not know yet if the present ignorance reflects a substantial
failure of the model, or the action of some, still unidentified, selection rule [64] or simply
the lack of more precise data.
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The exotics seen until now all contain heavy-quark flavours: an experimental reex-
amination of the lack of existence of light exotic mesons (“bad” diquarks) and positive-
strangeness baryons is in order.

The goal of these studies is ambitious: to provide new clues to the understanding of
QCD in the fully non-perturbative regime. The continuing flux of new discoveries leads
to think that exciting times for hadron spectroscopy are still ahead of us.
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