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Outline of the talk

Pre-history (from 1968 to 2003: hints for tetra- & penta-quarks)
Motivation & Background

Duality (Rosner, 1968 )
MM → MM, MB → MB, BB̄ → BB̄

Large N-expansions
1/Nc @ g2Nc = const (’t Hooft, 1973)
1/Nf @ g2Nc = const and Nf/Nc = const (Veneziano, 1975)

Experiments (1975 -1980 & around 2003)
LEAR - S [M ∼ 1936, Γ ∼ 4− 8 MeV] & other candidates

A theoretical picture emerged from QCD predicting
“hidden baryon number” states→ Baryonium
(Rossi, Veneziano, 1977)

History (from 2003 to today)
More “stable” experimental data (after 2011)
A better understanding of Baryonium (Rossi, Veneziano, 2015)
Phenomenology of tetra-quarks, penta-quarks, . . .
(Yaffe, 1977 - Large number of papers . . . 2004 - 2018)
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This talk is mainly based on

G.C. Rossi and G. Veneziano, “A Possible Description of Baryon
Dynamics in Dual and Gauge Theories,” Nucl. Phys. B 123
(1977) 507.

G.C. Rossi and G. Veneziano, “Electromagnetic Mixing of Narrow
Baryonium States,” Phys. Lett. 70B (1977) 255.

L. Montanet, G.C. Rossi and G. Veneziano, Phys. Rept. 63
(1980) 149.

G.C. Rossi and G. Veneziano, “Isospin mixing of narrow
pentaquark states,” Phys. Lett. B 597 (2004) 338.

G.C.Rossi and G. Veneziano, “The string-junction picture of
multiquark states: an update,” JHEP 1606 (2016) 041.

The slides of my 1977 CERN seminar
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From where everything starterd
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The multi-quark states saga

YES	 YES	 YES	

NO	 NO	
1980	 2003	 2015	

4q’s	&	5q’s	discovery	history	
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The experimental evidence for 5q’s states

In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c , irrespective of
the internal binding mechanism. In order to ascertain if the structures seen in Fig. 2(b)
are resonant in nature and not due to reflections generated by the ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�p invariant mass mKp as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P+

c state, and when that was not su�cient we included a second state. The
two P+

c states are found to have masses of 4380 ± 8 ± 29 MeV and 4449.8 ± 1.7 ± 2.5 MeV,
with corresponding widths of 205 ± 18 ± 86 MeV and 39 ± 5 ± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4 ± 0.7 ± 4.2)% and (4.1 ± 0.5 ± 1.1)%, respectively. The best fit
solution has spin-parity JP values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both mKp and the peaking structure in mJ/ p are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) mKp and (b) mJ/ p for the reduced ⇤⇤ model with two P+
c states

(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the Pc(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the Pc(4380)+ state. Each ⇤⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.
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Introduction and summary

The prospect of hadrons with more than the minimal quark content (qq or qqq) was
proposed by Gell-Mann in 1964 [1] and Zweig [2], followed by a quantitative model for two
quarks plus two antiquarks developed by Ja↵e in 1976 [3]. The idea was expanded upon [4]
to include baryons composed of four quarks plus one antiquark; the name pentaquark was
coined by Lipkin [5]. Past claimed observations of pentaquark states have been shown to
be spurious [6], although there is at least one viable tetraquark candidate, the Z(4430)+

observed in B0 !  0K�⇡+ decays [7–9], implying that the existence of pentaquark baryon
states would not be surprising. States that decay into charmonium may have particularly
distinctive signatures [10].

Large yields of ⇤0
b ! J/ K�p decays are available at LHCb and have been used for

the precise measurement of the ⇤0
b lifetime [11]. (In this Letter mention of a particular

mode implies use of its charge conjugate as well.) This decay can proceed by the diagram
shown in Fig. 1(a), and is expected to be dominated by ⇤⇤ ! K�p resonances, as are
evident in our data shown in Fig. 2(a). It could also have exotic contributions, as indicated
by the diagram in Fig. 1(b), that could result in resonant structures in the J/ p mass
spectrum shown in Fig. 2(b).

Figure 1: Feynman diagrams for (a) ⇤0
b ! J/ ⇤⇤ and (b) ⇤0

b ! P+
c K� decay.
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Figure 2: Invariant mass of (a) K�p and (b) J/ p combinations from ⇤0
b ! J/ K�p decays.

The solid (red) curve is the expectation from phase space. The background has been subtracted.
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The emergence of Baryonium

• S-matrix approach
Duality in MM → MM, MB → MB, BB̄ → BB̄ amplitudes
Regge trajectories
Exchange degeneracy violation→ multi-quark states

• Field theoretical approach
The physically interesting limit of QCD is g2 & λ=g2Nc small
More or less good control of the theory (see figure)

in perturbation theory: g2 → 0 @ Nc fixed
in the ’t Hooft limit: 1/Nc →∞@ λ = g2Nc fixed
in the strong coupling limit: 1/g2 → 0 @ Nc fixed (possibly large)
in the AdS/CFT limit: 1/Nc → 0 @ λ fixed and large

As we shall see, “naturally”
mesons appear in the ’t Hooft and strong coupling limit
baryons & baryonia in the strong coupling limit

The key question is: can we get to real physics?
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S-matrix approach & duality

The problem
find a flavour and crossing symmetric simultaneous solution (for
coupling and masses) to the duality constraints coming from MM,
MB and BB̄ scattering

starting from some lowest order (planar) approx. with no loops
including higher order (non-planar) terms and loops

understand EXD breaking for both mesons and baryons
construct a Topological Expansion for strong amplitudes

We shall briefly examine
Duality in MM → MM amplitudes
Duality in MB → MB amplitudes
Duality in BB̄ → BB̄ amplitudes
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Duality in MM → MM amplitudes
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MM → MM amplitudes

• At planar level one has duality between planar s- and t-channels,
exact EXD and no exotic intermediate states (diagram (a))
• Understood in terms of large-N expansions (either ’t Hooft, 1974 or
topological Veneziano, 1974)
• Topological Expansion Veneziano, 1974 can be used to relate EXD
breaking to non-planar corrections

(a) (b)

• Duality connects glueball (Pomeron) exchange to a non-resonant
non-planar two-meson background (diagram (b))
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Okubo-Zweig-Iizuka rule

The OZI rule emerges

Large-N (and strong coupling) expansions support the usual OZI
rule suppressing decays that proceed via qq̄ annihilation wrt
decays by string breaking (with creation of a q-q̄ pair)
It suppresses flavour mixing in the mass matrix
It is well obeyed in vector mesons (“ideal” mixing)
Badly broken in light pseudoscalar sector. Reasons

Light masses of (pseudo)NG bosons
Large anomaly contribution (WV solution of the UA(1) problem)
OZI preserving decay of heavy quarkonia is often not allowed
kinematically, so the lightest ones (J/ψ,Υ, . . . ) are narrow
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Duality in MB → MB amplitudes
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Dolen-Horn-Smit duality - 1968

Dolen-Horn-Schmit duality (5BQCD)
 s-and t-channel descriptions of pion-nucleon charge 
exchange are, on average, equivalent, complementary, 

DUAL

4

π- π0

π- π0

p n
∼

n+Δ+.. ρ- +…

p n
More precisely, DHS suggested duality between Regge poles in the
t-channel and resonances in s- and u-channel
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s − t duality

DHS duality prompted Harari and Rosner to 
invent “duality diagrams”

5

π− π0

p n

d

u d

d
u

Δ0

ρ−

= OR

N.B. An exception:the Pomeron!

What about the u-channel→ u − t or s − u dualities?
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Anticipating, in green the colour flow of the baryon (junction)

a slide from my 1977 CERN seminar
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From the 1980 Rossi–Veneziano Physics Report
190 Barvonium physics

Is
+ +

X,x ~ ~

(a)

~ ~

(b)
Fig. 24. Duality relation between baryon Regge trajectories andmultiquark states. (a) In Kp—*Kp one has B in s-channel. M in f-channel and B~
in u-channel. (b) In a ~p—oK~~one has B in s-channel,M~in f-channel and B in u-channel.

can relate [116,117] the magnitude of EXD breaking for baryons to the values of the JOZI violating
couplings of (exotic) multiquark states to ordinary mesons and baryons (like gB~BMin fig. 24a and
gM~MM in fig. 24b). This is done by starting from some specific solution [114,115] of the duality
constraints in absence of exotics. After that, non planar unitarity corrections can be introduced
perturbatively.
Another approach has been recently proposed [118] in which a “planar” exchange degenerate limit

for MB -~ MB amplitudes is identified as the one in which one of the three quarks in the baryon acts as
spectator at the BBM vertex and the pattern of EXD for baryons is [10+ 8]~[8+ 1] of SU(3)1 for both
naturalities [32,113]. EXD breaking is attributed to “non-planar” corrections to the baryon wave
functions, leading to octet—decuplet and octet—singlet splittings.
It has to be noted [33] that, for consistency, in any model in which EXD breaking for baryons is

(even partly) attributed to the presence of multiquark intermediate states, B~must appear on the same
footing as M~in order to have EXD breaking effects on baryon trajectories independent of the reaction
taken to compute them (figs. 24).

6.4. Annihilation

From what we said in the previous sections it should be clear that a better experimental understand-
ing of BB-annihilation would be extremely important.* In particular the structure in impact parameter
and the energy behaviour of NN cross-sections and the average multiplicity in NN-annihilation are
crucial tests of the dual topological model for baryons.

* For a comprehensive review of the experimental and phenomenological situation, see ref. [9].

Multiquark states are needed already at “planar level”
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Duality in BB̄ → BB̄ amplitudes
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The systematics of
hadronic states
amplitudes

(in the QCD string language)
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Hadronic states - I

Hadronic states→ irreducible gauge invariant operators in QCD
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Hadronic states - II

G.C. Rossi and G. Veneziano, Theoretical aspects of baryonium physics 163

Table 2b
The three (N~= 3) baryonium families: colour structure and string picture. The symbol exp .f~is a shorthand for the path ordered

exponential used in table 2a

Hadron Gauge invariant operator String picture

SI 52 —
ej
3h112~d3[~(yt)exp J]°[~i(.ys~expJ]12

M4 = baryonium C 1 1
withqq~ *

quantum numbers I 11°1 1 1 1 1 1 x
~pjj~pJ q(xi)j 1exPJ q(x2)j q 2

rj3~253[t~(yl)expJ]’
M2 = baryonium
withq~
quantum numbers r 1112 1 11” i 1 ~ ~‘~-._.....——-‘e qx~expII jexp II Iexp I q~xi)~

L JJk1L Jjk2L j Jki

Mi=quarkless S1U,j,E1h15253 [exp fl’ [exp J]” [exp 113 y~ X

corresponds to an irreducible colour singlet, whose expression is given in table 2b. We shall denote this
state by M~(J for ~junctionand 4 for the total number of quarks and antiquarks). From the diagram of
fig. 7a one sees that M~states are dual to ordinary exchange degenerate q~-mesons,implying that
ordinary meson exchanges build up a binding potential in the BB channel as found in the nuclear
physics approach discussed in section 5.1.
Besides the diagram we have just considered, there are other contributions to s-channel scattering

(t-channel annihilation) which involve different rearrangements of the quark lines. These are shown (for
N~= 3) in figs. 7b, c and correspond to two or three q~-pairsannihilating in the s-channel. Cor-
respondingly two new kinds of baryonia appear in the s-channel with one or zero qi~pairs. These we
denote by M~and M~respectively (table 2b). It is clear from figs. 7b, c that M~resonances are dual to
two-meson exchange (Reggeon—Reggeon cut), whereas M~states are dual to three-meson exchange
(three Reggeon cut). We shall use later on (section 4.1) this fact to give estimates of the baryonium
trajectories.
Finally one can exchange the Pomeron (glueballs) in the t-channel as indicated in fig. 8a and one can

easily see that this is dual to s-channel background in agreement with the standard Harari—Freundduality
(table 3a). Fig. 8b represents Pomeron exchange in BB—*BB.

(a) (b)

B B B J_ L B

___________________ B ~ B

Fig. 8. (a) B~-, BR: Pomeron in t-channel, M~+M in s-channel, (b) BB —cBB: Pomeron in t-channel, B + B in s-channel.
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Hadronic states - III
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Hadronic states - IV

166 Baryonium physics

(a) (b) (c) (d)

M~ M~ B~ D~

Fig. 10. Other multiquark states: (a), (b) mesons, (c) baryon, (d) dibaryon.

4. Baryonium: spectrum, production and decay properties

4.1. Spectrum

A first estimate of the baryonium spectrum was obtained a few years ago by Chew [34],who started
from the diquark—antidiquark (qq)—(44) picture of baryonium, stressed earlier in ref. [35]. Assigning
(qq) and/or (44) to spin and isospin singlet or triplet states (according to statistics) and drawing on
analogies with q4-mesons, Chew was able to get a rich spectrum of states with both exotic and non
exotic quantum numbers (I = 0, 1,2) and with both natural and unnatural parities. His results are
essentially confirmed, at least at the leading trajectory level, by the following analysis which is based on
an estimate of intercepts and slopes of baryonium trajectories coming from their dual relationship to
BB-annihilation.
Indeed as explained in ref. [5], the fact that annihilation into a single, double or triple multi-

peripheral chain builds up M~,M~or M~trajectories respectively gives via standard arguments [36, 37],
the following estimates for intercepts:

a(M~)= 2aB(0)— 1 + ~ (4.la)

a (M~) 2aB(0)— 1 +2~ (4.lb)

a(M~)= 2aB(0)— 1 +3~ (4.lc)

where 8 can be estimated, from the analogous mesonic problem, to be

8 l—a~(0)~*~0.5. (4.2)

It is interesting to note that these results saturate the general bounds found in ref. [38].With aB(O)=0
the outcome is

a(M~) —0.5, a(M~) 0, a(M~)’0.5, (4.3)

but one could imagine that a somewhat lower baryon intercept should be used if nucleon exchange
effectively dominates.

Other multiquark states  
(from G. C. Rossi & GV, Phys. Rep. 1982) 

!

pentaquark   dibaryon
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BB̄ → BB̄ amplitudes - Scattering164 Baryoniutn physics

Table 3a
Contributions to BR scattering (N~= 3)

BB-cBB
Junction duality diagrams s-channel t-channel~
annihilation formation Multiplicity~’~ exchange Slope

M~

5”R

1 ~~I/2 aRX d(s’)6~’~(s’) Regge pole

2 M~ ñ(s’)=2d~’.(s’/4) 2-Reggeon cut

S3~RS ._ 53/2 k3 ~ M~ ~(5’)36e+e(5’/9) 3-Reggeon cut

4 ___________
Non-resonant ñ(s)=26,+

1-(s’/4) s”~—stwo jet Pomeron
__________________ background

(a)~~is the invariant mass of the final state excluding the leading baryons.
(h~’0estimate the s-behaviour we have taken air = 0.5.

———5 ,-——- II I I
I I

I I_____ EI I

~1- -~- -j
(a) (b)

-i

(c)

Fig. 9. B~.-c B~annihilation diagrams: (a) three-jets, (b) two-jets, (c) one-jet.
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BB̄ → BB̄ amplitudes - AnnihilationG.C. Rossi and G. Veneziano, Theoretical aspects of baryoniumphysics 165

Table 3b
Contribution to BB annihilation (N~= 3)

BB-cBB
Junction duality diagrams s-channel t-channel~
annihilation formation Multiplicity exchange Slope

9jj 1q~—jet ti(s) = tie~e(5)
5*(M~)—I ~3/2 a’(M~)=ak
Regge pole

L_....

2 ______
11 f~r 2q~—jets ti(s)=

26
1+1-(s/4) 5*(M~)—I..~—I a’(M~)=~ak

Regge pole
L_

3 _____
— I ~ 3q~— jets ti(s) = 3tie”e(s/9) 5•CtMOH ~—1/2 a’(M~)—
________________ Regge pole

~1 ~ M0
~‘1fl~ hr f’~”\ ti(s)=2ti,+~-(s/4) ~2**—2...~~—2~~JJ [1~ 2-Reggeon cut

(a~ç0estimate the s-behaviour we have taken aB= 0.

As discussed before, we have to add to these diagrams the s~*t crossed ones (figs. 9 and table 3b)
representing s-channel annihilation (t-channel scattering).
The diagrams selected in the N~—* (zero-width) limit for the meson sector (planar and cylindrical

topologies) correspond here to the eight (N~ 3) junction duality diagrams (with no quark loops) that
we have just described, although, as we have stressed, the selection of baryon diagrams is made on pure
topological (and not 1/N) grounds.
As in the meson case, when one turns on quark loops without altering the topology of the diagrams

(1/N topological expansion in the mesonsector), baryonium resonances acquire afinite width. At this level
besides the OZI rule, one has a new selection rule which holds true. Before discussing it in detail in the
next section, we wish to conclude with two observations:

(1) Even when baryons are present, it seems to be possible to implement perturbatively the full
unitary constraints by adding to lowest order diagrams, those with higher and higher topologies. The
study of their classification has been carried out in ref. [33], where one finds that various types of
junction loops are possible which all contribute to the breaking of the new selection rule.
(2) In the zero-width limit infinitely many mesonic, baryonic, dibaryonic,... multiquark states exist

in lowest order. Some of them are shown in fig. 10.
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BB̄ → BB̄ scattering - an artistic view

Keep track of the junction/colour/baryon number flow
Neglect for the moment meson and baryon loops

162 Baryoniumphysics

specify whether the s-channel qqq4 intermediate state should be seen as a two-meson continuum
(annihilation) or as a new set of BB resonances, which we shall refer to as baryonium.
This ambiguity is resolved when one introduces the baryonic junction as an extra line in the diagram.

As the baryon lines in the old-type diagrams of figs. 5, junction lines can either flow from the initial to
the final baryons or annihilate among the initial and final pairs.
We now indicate how the full BB -~ BB amplitude can be obtained in this topological approach to

QCD diagrams, insisting for the moment on excluding quark loops (zero-width limit). In order to keep
things as simple as possible we use the string language established for mesons. —

In analogy with MM -~MM, the process BB -+ BB has a contribution where the initial B and B strings
fuse by a q~-annihilationand successively break up again (fig. 7a). The s-channel intermediate state is a
new qq~system with two junctions and it is exactly stable, before we turn on quark loops since it also

(a) (b)

2

YyY
YYY

(c)

~~!~11111ii~
Fig. 7. Non-diffractive scattering diagrams for BB—cBB (N~= 3). The structure of the intermediate state in the dual string picture is shown below.G.C. Rossi (Tor Vergata) Tetra- & penta-quarks March 12, 2018 26 / 48



BB̄ → BB̄ annihilation

Solution of Rosner’ paradox→ just add 90◦ rotated diagrams!

G.C. Rossi (Tor Vergata) Tetra- & penta-quarks March 12, 2018 27 / 48



Field theory

The limits of QCD
from large g2 & fixed Nc . . .

Meson propagator and amplitudes
Baryon propagator and amplitudes

. . . to small g2 & Nc continuum QCD
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The interesting limits of QCD

N

g2 QCD @ strong  
coupling

continuum 
QCD continuum 

large-N QCD 

weak coupling 
large-lambda QCD 

strong coupling 
large-N QCD 

lambda = 10 

lambda = 1 

3

log	g2	

AdS/CFT	

QCD	@	strong		
coupling	

Nc=3	 Nc	

				 λ =	10	

λ =	1	

strong	
couplin

g		

large-Nc	QC
D	

weak	coupling		large-λ	QCD	

conBnuum		
QCD	

Ŵ0(λ)					

λ-Amin	

0 OK	

O(1/Nc)	

Naturally	born	
Baryons	&	
Baryonia	

Naturally	born		
Mesons		

We focus on the limits (we have good theoretical control of)
’t Hooft large-N limit (fixed Nf and fixed λ = g2N)
(lattice) strong coupling limit g2 →∞, fixed N
large λ limit with N large and g2 possibly small (AdS/CFT)
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Meson propagator and amplitudes

qq̄ mesons are intermediate states in the gauge invariant correlator

GM(Ct′ , Ct ) = 〈M(Ct′)M†(Ct )〉

where

M(Ct ) =
1√
Nc

q̄(~r , t)U[Ct ]q(~s, t) , U[Ct ] = P exp
[
ig
∫ ~s

~r
d~x ~A(~x , t)

]
Ct is a line joining the point (~r , t) with (~s, t)

Contracting the quark fields, one finds

GM(Ct′ , Ct )=
1

Nc

∫ ∏
i dUi Tr

(
U†[Ct ]SF (~r , t ;~r , t ′)U[Ct′ ]SF (~s, t ′;~s, t)

)
e−

1
g2 SLYM (U)

∫ ∏
j dUje

− 1
g2 SLYM (U)
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In the static limit we replace the quark propagator with

SF (~s, t ′;~s, t)→ U[~s, t ′ − t ] =
∏

τ∈[t,t′]

U[~s, τ ]

GM(Ct′ , Ct ) =
1

Nc

∫ ∏
i dUi Tr

(
U†[Ct ]U†[~r , t − t ′]U[Ct′ ]U[~s, t ′ − t ]

)
e−

1
g2 SLYM (U)

∫ ∏
j dUje

− 1
g2 SLYM (U)

~r, t

~s, t

~r, t′

~s, t′

U †[Ct] U [Ct′]

U [~s, t′ − t]

U †[~r, t′ − t]

•GM(Ct ′ , Ct ) = 〈Wilson loop with sides |~s −~r | × |t ′ − t | 〉
• string tension κ = a−2 log g2N
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MM → MM amplitude
Dual s-t cross symmetric planar amplitude

MMM→MM(λ) =
∑

h

Wh(λ)N−2h ∝ λ−Amin , λ = g2N

Interestingly, for mesons the SCLE can be argued to become, at
large-N, a large λ = g2N expansion, valid even at small g2 Zuber
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Baryon propagator and amplitudes
In SU(Nc) QCD the (normalized) wave-function of the baryon reads

B(C1, C2, . . . , CNc )=
1√
Nc!

εi1 i2...iNc
U[C1]i1j1q(x1)j1 U[C2]i2j2q(x2)j2 . . .U[CNc ]

iNc
jNc

q(xNc )jNc

U[Ck ]ikjk = P exp
[
ig
∫
C(xJ ,xk )

dyµAµ(y)
]ik

jk
, k = 1,2, . . . ,Nc

with C(xJ , xk ) a curve joining the point xJ to xk .

C3

C1 C2
xJ

x1 x2

x3

We want to compute in the strong coupling limit the correlator

GB({~rk , k = 1,2, . . . ,Nc},~rJ ; t ′ − t)=〈B(C1, C2, . . . , CNc )B†(C′1, C′2, . . . , C′Nc
)〉
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The computational strategy outlined for the meson propagator leads
to a kind of “book” with pages sewed by a Levi-Civita symbol

U [C3]

U [C1]
U [C2]

U †[C ′
3]

U †[C ′
2]

U †[C ′
1]

U [~r1, t
′ − t]

U [~r2, t
′ − t]

U [~r3, t
′ − t]

Figure: The Nc = 3 baryon propagator.
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Tiling the pages of the book with plaquettes from the action

Ui1k1

Uk1k2 Uk2k3

U †
k3j1

U †
d1a1

U †
a1b1

Ub1c1

Uc1d1
U †

a2b2 Uc2d2

U †
d2a2

Ub2c2

×

× ×

× ×

Figure: Tiling each of the the Nc = 3 pages with two plaquettes.

The group integral on the links along the dotted lines gives∑
`k

∫
dUUi1`1Ui2`2 . . .UiNc `Nc

∫
dUUj1`1Uj2`2 . . .UjNc `Nc

=

=
1

Nc!2 εi1 i2...iNc
εj1 j2...jNc

∑
`k

ε`1`2...`Nc
ε`1`2...`Nc

=
1

Nc!
εi1 i2...iNc

εj1 j2...jNc
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BB̄ → BB̄ amplitudes

Scattering

q
q

q

q
q

q

q̄

q̄
q̄

q̄

q̄
q̄

Figure: BB̄ scattering at large λ, showing an s-channel MJ
4 baryonium

(tetraquark) state dual to a t-channel q q̄ meson.
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BB̄ → BB̄ amplitudes

Annihilation
q

q

q

q
q

q

q̄

q̄
q̄

q̄

q̄
q̄

Figure: BB̄ annihilation at large λ, showing a pair of s channel q q̄ mesons
dual to a t-channel MJ

2 baryonium.
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BB̄ → BB̄ amplitudes

We recover the diagrams of the previous topologically inspired picture
of BB̄ → BB̄ amplitudes. Recall our picture of scattering amplitudes

162 Baryoniumphysics

specify whether the s-channel qqq4 intermediate state should be seen as a two-meson continuum
(annihilation) or as a new set of BB resonances, which we shall refer to as baryonium.
This ambiguity is resolved when one introduces the baryonic junction as an extra line in the diagram.

As the baryon lines in the old-type diagrams of figs. 5, junction lines can either flow from the initial to
the final baryons or annihilate among the initial and final pairs.
We now indicate how the full BB -~ BB amplitude can be obtained in this topological approach to

QCD diagrams, insisting for the moment on excluding quark loops (zero-width limit). In order to keep
things as simple as possible we use the string language established for mesons. —

In analogy with MM -~MM, the process BB -+ BB has a contribution where the initial B and B strings
fuse by a q~-annihilationand successively break up again (fig. 7a). The s-channel intermediate state is a
new qq~system with two junctions and it is exactly stable, before we turn on quark loops since it also

(a) (b)

2

YyY
YYY

(c)

~~!~11111ii~
Fig. 7. Non-diffractive scattering diagrams for BB—cBB (N~= 3). The structure of the intermediate state in the dual string picture is shown below.G.C. Rossi (Tor Vergata) Tetra- & penta-quarks March 12, 2018 38 / 48



A few phenomenological observations
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I - JOZI rule

Large-N (Witten,1979) and strong coupling (GCR & GV, 2016)
expansions support a Junction OZI (JOZI) rule, suppressing
decays that proceed via junction-antijunction annihilation
(leading to mesonic decays) wrt decays by string breaking
(leading to baryonic decays)
We have “mesophobic tetraquarks” (unlike molecular tetraquarks
that should love mesons ... do we have a clear-cut distinction?)
We might expect tetraquark states lying below threshold for
baryonic decays to be unusually narrow.
Peculiar tetraquark coupling to meson pairs
A systematic analysis is missing (at least from our side)
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II - Hidden charm tetraquarks: a (dated) compilation

Figure: A (dated) compilation
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III - Hidden bottom tetraquarks: a (dated) compilation

Figure: A (dated) compilation
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IV - Pentaquarks: a (dated) compilation

Figure: A (dated) compilation
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V - Tetraquark coupling to meson pairs

q̄f1
i1

q̄f2
i2

[
∑

k

εki1i2εkj1j2 ]qg1
j1

qg2
j2

= q̄f1
i1

q̄f2
i2

[δi1j1δi2j2 − δi1j2δi2j1 ]qg1
j1

qg2
j2

=

= [q̄f1
i qg1

i ]× [q̄f2
j qg2

j ]− [q̄f1
i qg2

i ]× [q̄f2
j qg1

j ]

c	 u	

s	 d	

u	

d	

c	

s	

u	

s	

c	

d	

BJ4[c	u	-	s	d]					ßà					[D-
s	π-]						-	 				[D-	K-]		

J	

J	
J	J	ßà	0	
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Conclusions
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Conclusions - I

The prediction of baryonium states is almost 50 years old
We presented a Topological Expansion for baryon amplitudes
supported by (old) large-N and (recent) large-g2 arguments
Duality in BB̄ amplitudes is between annihilation & scattering
i.e. annihilation between 1, 2, 3 qq̄-jets and baryonia with qqq̄q̄,
qq̄ and no-quark content, respectively (N = 3)
Duality diagrams displaying “flavour flow” must be augmented by
“junction flow”→ impact on “exchange degeneracy” of baryons
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Conclusions - II

Including quark loops makes baryonia to decay into baryons plus
mesons, but not just into mesons→ JOZI-rule
Tetraquark states can be unusually narrow if near BB̄ threshold
Including baryon loops makes baryonia to mix with ordinary
mesons→ JOZI-rule violation
Baryonium Regge trajectory intercepts, slopes and mixings can
be estimated
BB̄ annihil. dominated by a I =0 flat trajectory with final states

consisting of three qq̄-jets,
multiplicity npp̄

ann : npp
scat : ne+e−

ann = 3 : 2 : 1

More work needed to separate baryonia from other exotic
multiquark states (e.g. molecules)
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Thanks for your attention
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