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Outline of the talk

A bit of (pre-)history
A unified QCD description of color singlet quark states capable
of encompassing

ordinary mesons & baryons
multi-quark states→ “baryonium states” ∼ hidden baryon number

Some phenomenological consideration
Exotics
Pc & photoproduction
A crude mass formula

Conclusions
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A bit of (pre-)history
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S(1930) first narrow (Γ∼4) bump, a [2q 2q̄] state?
1974→ S(1930) qqq̄q̄ has today disappeared, but
2020→ X(pp̄) narrow structures just below pp thr.

newly born qqq̄q̄’s (H. Jiang, BES III)?

•A. S. Carroll et al., PRL 32 (1974) 247 •V. Chaloupka et al., Phys. Lett. 61B (1976) 487

“Observation of structure in p̄p and p̄d “Measurement of the total and partial p̄p

total cross-sections below 1.1 GeV/c” cross-section between 1901 and 1950 MeV”

@ BNL @ CERN
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•W. Bruckner et al., Phys. Lett. 67B (1977) 222 •S. Sakamoto et al., NP B 158 (1979) 410

“Observation of a narrow resonance “Observation of a narrow resonance with a

near the p̄p threshold” mass of 1930 MeV in p̄p total cross-section”

@ CERN @ BNL
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The roller-coaster of multi-quark states

Rise and fall of narrow multi-quark states
YES YES YES

NO NO
1974 2003 2013-15

LEAR
not seen @ BNL
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tetra-quarks
penta-quark
pp thresh.

Courtesy of Beijiang Liu (BESIII)
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X(ܘഥܘ) observed  in J/ɗ՜ɀܘഥܘX(૚ૡ૜૞) observed  in  J/ɗ՜ɀિᇱૈାૈି

Anomalous line shape of ɻ഻ʋ+ʋ- near �ത� mass threshold: 
connection between X(1835) and X(�ത�)   

Connection is emerging

X(1835)  JPC=0-- +

� ൌ ૚ૡ૝૝ േ ૢି૛૞ା૚૟ ���Ȁܿଶ

Ȟ ൌ ૚ૢ૛ି૚ૠି૝૜ା૛૙ା૟૛ ���Ȁܿଶ

X(ܘഥܘ) JPC=0-- +

� ൌ ૚ૡ૜૛ି૞ ି૚ૠ
ା૚ૢ ା૚ૡ േ ૚ૢ ���Ȁܿʹ

Ȟ ൌ ͳ͵ േ ͳͻ ���Ȁܿʹ
(൏ ૠ૟܄܍ۻȀ܋૛ @ 90% C.L.)

The anomalous line shape can be modeled two models with equally good fit quality
� Suggest the existence of a state, either a broad state with strong couplings to ࢖ഥ࢖ , 

or a narrow state just below the ࢖ഥ࢖ mass threshold

PRL 108, 112003 (2012)
PRL 115, 091803 (2015) 

PRL 106, 072002 (2011) 

PRL 117, 042002 (2016) 
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Figure 1: Distribution of D0D0⇡+ mass. Distribution of D0D0⇡+ mass where the contribu-
tion of the non-D0 background has been statistically subtracted. The result of the fit described
in the text is overlaid.

The function is built under two assumptions. Firstly, that the newly observed state has
quantum numbers JP = 1+ and isospin I = 0 in accordance with the theoretical expecta-
tion for the T+

cc ground state. Secondly, that the T+
cc state is strongly coupled to the D⇤D

channel. The derivation of FU relies on the isospin symmetry for T+
cc! D⇤D decays

and explicitly accounts for the energy dependency of the T+
cc! D0D0⇡+, T+

cc! D0D+⇡0

and T+
cc! D0D+� decay widths as required by unitarity. Similarly to the FBW profile,

the FU function has two parameters: the peak location mU, defined as the mass value where
the real part of the complex amplitude vanishes, and the absolute value of the coupling
constant g for the T+

cc! D⇤D decay.
The detector mass resolution, R, is modelled with the sum of two Gaussian functions

with a common mean, and parameters taken from simulation, see Methods. The widths
of the Gaussian functions are corrected by a factor of 1.05, that accounts for a small
residual di↵erence between simulation and data [39,104,105]. The root mean square of
the resolution function is around 400 keV/c2.

A study of the D0⇡+ mass distribution for selected D0D0⇡+ combinations in the region
above the D⇤0D+ mass threshold and below 3.9 GeV/c2 shows that approximately 90% of all

3

Tcc+(3875)

X(1835)pp-
Tcc+(3875)
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Experimental evidence for the Pc [2q q̄ 2q] state

R. Aaij et al. [LHCb Collaboration], 2015

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.

2

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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Need for confirmation
By the same collaboration, PRL 117, 082003 (2016)

weights and the efficiency folded into the signal probability
density function, as discussed in detail in Ref. [5].
Amplitude models for the Λ0

b → J=ψpπ− decays are
constructed to examine the possibility of exotic hadron
contributions from the Pcð4380Þþ and Pcð4450Þþ →
J=ψp states and from the Zcð4200Þ− → J=ψπ− state,
previously reported by the Belle Collaboration in B0 →
J=ψKþ π− decays [16] (spin parity JP ¼ 1þ , mass and
width of 4196þ 31

−29
þ 17
−13 MeV and 370 % 70þ 70

−132 MeV,
respectively). By analogy with kaon decays [17], pπ−

contributions from conventional nucleon excitations
(denoted as N&) produced with ΔI ¼ 1=2 in Λ0

b decays are
expected to dominate over Δ excitations with ΔI ¼ 3=2,
where I is isospin. The decay matrix elements for the
two interfering decay chains,Λ0

b → J=ψN&,N& → pπ− and
Λ0
b → Pþ

c π−, Pþ
c → J=ψpwith J=ψ → μþ μ− in both cases,

are identical to those used in the Λ0
b → J=ψpK− analysis

[5], with K− and Λ& replaced by π− and N&. The additional
decay chain, Λ0

b → Z−
c p, Z−

c → J=ψπ−, is also included.
Helicity couplings, describing the dynamics of the decays,
are expressed in terms of LS couplings [5], where L is
the decay orbital angular momentum, and S is the sum of
spins of the decay products. This is a convenient way to
incorporate parity conservation in strong decays and to
allow for reduction of the number of free parameters
by excluding high L values for phase-space suppressed
decays.
Table I lists the N& resonances considered in the

amplitude model of pπ− contributions. There are 15
well-established N& resonances [13]. The high-mass and
high-spin states (9=2 and 11=2) are not included, since they
require L ≥ 3 in the Λ0

b decay and therefore are unlikely
to be produced near the upper kinematic limit of mpπ .
Theoretical models of baryon resonances predict many
more high-mass states [18], which have not yet been
observed. Their absence could arise from decreased cou-
plings of the higher N& excitations to the simple production
and decay channels [19] and possibly also from exper-
imental difficulties in identifying broad resonances

and insufficient statistics at high masses in scattering
experiments. The possibility of high-mass, low-spin N&

states is explored by including two very significant,
but unconfirmed, resonances claimed by the BESIII Colla-
boration in ψð2SÞ → pp̄π0 decays [20]: 1=2þ Nð2300Þ
and 5=2− Nð2570Þ. A nonresonant JP ¼ 1=2− pπ− S-
wave component is also included. Two models, labeled
“reduced” (RM) and “extended” (EM), are considered and
differ in the number of resonances and of LS couplings
included in the fit as listed in Table I. The reduced model,
used for the central values of fit fractions, includes only the
resonances and L couplings that give individually signifi-
cant contributions. The systematic uncertainties and the
significances for the exotic states are evaluated with the
extended model by including all well-motivated resonances
and the maximal number of LS couplings for which the fit
is able to converge.
All N& resonances are described by Breit-Wigner

functions [5] to model their line shape and phase variation
as a function of mpπ , except for the Nð1535Þ, which is
described by a Flatté function [21] to account for the
threshold of the nη channel. The mass and width are fixed
to the values determined from previous experiments [13].
The couplings to the nη and pπ− channels for the Nð1535Þ
state are determined by the branching fractions of the
two channels [22]. The nonresonant S-wave component is
described with a function that depends inversely on m2

pπ ,
as this is found to be preferred by the data. An alternative
description of the 1=2− pπ− contributions, including the
Nð1535Þ and nonresonant components, is provided by
a K-matrix model obtained from multichannel partial wave
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FIG. 1. Invariant mass spectrum for the selected Λ0
b → J=ψpπ−

candidates.

TABLE I. The N& resonances used in the different fits.
Parameters are taken from the PDG [13]. The number of LS
couplings is listed in the columns to the right for the two versions
(RM and EM) of theN& model discussed in the text. To fix overall
phase and magnitude conventions, the Nð1535Þ complex cou-
pling of lowest LS is set to (1, 0).

State JP Mass (MeV) Width (MeV) RM EM

NR pπ 1=2− ' ' ' ' ' ' 4 4
Nð1440Þ 1=2þ 1430 350 3 4
Nð1520Þ 3=2− 1515 115 3 3
Nð1535Þ 1=2− 1535 150 4 4
Nð1650Þ 1=2− 1655 140 1 4
Nð1675Þ 5=2− 1675 150 3 5
Nð1680Þ 5=2þ 1685 130 ' ' ' 3
Nð1700Þ 3=2− 1700 150 ' ' ' 3
Nð1710Þ 1=2þ 1710 100 ' ' ' 4
Nð1720Þ 3=2þ 1720 250 3 5
Nð1875Þ 3=2− 1875 250 ' ' ' 3
Nð1900Þ 3=2þ 1900 200 ' ' ' 3
Nð2190Þ 7=2− 2190 500 ' ' ' 3
Nð2300Þ 1=2þ 2300 340 ' ' ' 3
Nð2570Þ 5=2− 2570 250 ' ' ' 3
Free parameters 40 106
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Evidence for Exotic Hadron Contributions to Λ0
b → J=ψpπ− Decays

R. Aaij et al.*

(LHCb Collaboration)
(Received 22 June 2016; published 18 August 2016; corrected 24 August 2016)

A full amplitude analysis of Λ0
b → J=ψpπ− decays is performed with a data sample acquired with the

LHCb detector from 7 and 8 TeV pp collisions, corresponding to an integrated luminosity of 3 fb−1.
A significantly better description of the data is achieved when, in addition to the previously observed
nucleon excitations N → pπ−, either the Pcð4380Þþ and Pcð4450Þþ → J=ψp states, previously observed
in Λ0

b → J=ψpK− decays, or the Zcð4200Þ− → J=ψπ− state, previously reported in B0 → J=ψKþ π−

decays, or all three, are included in the amplitude models. The data support a model containing all three
exotic states, with a significance of more than three standard deviations. Within uncertainties, the data are
consistent with the Pcð4380Þþ and Pcð4450Þþ production rates expected from their previous observation
taking account of Cabibbo suppression.

DOI: 10.1103/PhysRevLett.117.082003

From the birth of the quarkmodel, it has been anticipated
that baryons could be constructed not only from three
quarks, but also four quarks and an antiquark [1,2], here-
after referred to as pentaquarks [3,4]. The distribution of
the J=ψp mass (mJ=ψp) in Λ0

b → J=ψpK−, J=ψ → μþ μ−

decays (charge conjugation is implied throughout the text)
observed with the LHCb detector at the LHC shows a
narrow peak suggestive of uudcc̄ pentaquark formation,
amidst the dominant formation of various excitations of the
Λ ½uds% baryon (Λ&) decaying to K−p [5,6]. It was
demonstrated that these data cannot be described with
K−p contributions alone without a specific model of them
[7]. Amplitude model fits were also performed on all
relevant masses and decay angles of the six-dimensional
data [5], using the helicity formalism and Breit-Wigner
amplitudes to describe all resonances. In addition
to the previously well-established Λ& resonances, two
pentaquark resonances, named the Pcð4380Þþ (9σ signifi-
cance) andPcð4450Þþ (12σ), are required in themodel for a
good description of the data [5]. The mass, width, and
fractional yields (fit fractions) were deter-
mined to be 4380 ' 8 ' 29MeV, 205 ' 18 ' 86MeV,
ð8.4 ' 0.7' 4.3Þ%, and 4450 ' 2 ' 3 MeV, 39' 5'
19MeV, ð4.1 ' 0.5 ' 1.1Þ%, respectively. Observations
of the same two Pþ

c states in another decay would
strengthen their interpretation as genuine exotic baryonic
states, rather than kinematical effects related to the so-
called triangle singularity [8], as pointed out in Ref. [9].

In this Letter, Λ0
b → J=ψpπ− decays are analyzed, which

are related to Λ0
b → J=ψpK− decays via Cabibbo suppres-

sion. LHCb has measured the relative branching fraction
BðΛ0

b→J=ψpπ−Þ=BðΛ0
b→J=ψpK−Þ¼ 0.0824' 0.0024'

0.0042 [10] with the same data sample as used here,
corresponding to 3 fb−1 of integrated luminosity acquired
by the LHCb experiment in pp collisions at 7 and 8 TeV
center-of-mass energy. The LHCb detector is a single-arm
forward spectrometer covering the pseudorapidity range
2 < η < 5, described in detail in Refs. [11,12]. The data
selection is similar to that described in Ref. [5], with the K−

replaced by a π− candidate. In the preselection a larger
significance for the Λ0

b flight distance and a tighter align-
ment between the Λ0

b momentum and the vector from the
primary to the secondary vertex are required. To remove
specific B̄0 and B̄0

s backgrounds, candidates are vetoed
within a 3σ invariant mass window around the corres-
ponding nominal B mass [13] when interpreted as B̄0 →
J=ψπþ K− or as B̄0

s → J=ψKþ K−. In addition, residual
long-lived Λ → pπ− background is excluded if the pπ−

invariant mass (mpπ) lies within ' 5 MeV of the known Λ
mass [13]. The resulting invariant mass spectrum of Λ0

b
candidates is shown in Fig. 1. The signal yield is
1885 ' 50, determined by an unbinned extended maximum
likelihood fit to the mass spectrum. The signal is described
by a double-sided crystal ball function [14]. The combi-
natorial background is modeled by an exponential function.
The background of Λ0

b → J=ψpK− events is described by a
histogram obtained from simulation, with yield free to vary.
This fit is used to assign weights to the candidates using the
sPlot technique [15], which allows the signal component to
be projected out by weighting each event depending on the
J=ψpπ− mass. Amplitude fits are performed by minimizing
a six-dimensional unbinned negative log likelihood,
−2 lnL, with the background subtracted using these

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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Not seen in photoproduction, 2020 (courtesy of M.R. Shepherd)

M. R. Shepherd 
Light Quark Exotics / Snowmass 

September 30, 2020

γp→J/ψ p

18

• Physics objectives:

• production dynamics encoded in the 
shape of cross section at threshold

• search for s-channel production of 
pentaquark candidates observed by 
LHCb

     S. Dobbs — HADRON 2019 — Aug. 18, 2019 — Photoproduction and Search for LHCb Pc+ States

• Can also study coupling of 
J/ψ+p resonances to photon 
• Kinematic effects from decay will not 

be reproduced
• Pc’s produced at E(ɣ) ≈ 9.5—10.3 GeV
• Assuming VMD, primary uncertainty is 

B(Pc → J/ψ p)

LHCb Pc States & J/ψ Photoproduction
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Theory papers: 
Wang, Liu, and Zhao, PRD 92, 034022 (2015).  
Kubarovsky and Voloshin, PRD 92, 031502 (2015). 
Karliner and Rosner, PLB 752, 329 (2016).  
Hiller Blin et al. (JPAC), PRD 94, 034002 (2016). 
and many more…
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A. Ali et al. [GlueX Collab.], PRL 123, 072001 (2019)
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Update with full GlueX-I data set: 
� More than 2000 events in e+e-

� Complementary decay to ȝ+ȝ-

� Detailed studies of differential
cross section near threshold

� Continue search for Pentaquarks

J/ȥĺH+e-
J/ȥĺȝ+ȝ-

N = 2091 � 46
M = 3.096GeV
ı = 9.5 0H9

N = 800 � 56
M = 3.092GeV
ı = 8.9 0H9
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A unified picture of hadrons
emerges from

QCD color string + “planarity”
encompassing

ordinary mesons & baryons

multi-quark states→ baryonium states
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“Topological” expansion of hadronic amplitudes
Multi-quark states emerge in a “topological” expansion
at the level of the leading planar and dual amplitudes

“Planarity” (dominance of “planar” diagrams) & “planar duality”
Duality (Rosner, 1968) can be extended to include

MM → MM, MB → MB, BB̄ → BB̄ amplitudes
Duality constraints require introducing notion of junction for B’s

“Planarity” emerges from theoretical as well as lattice results
Large N-expansions

from either large Nc @ λ = g2Nc fix ’t Hooft 1974
or topological expansion Veneziano 1976
Adding duality Rossi& Veneziano1977, Witten 1979
one gets→ Y-shaped baryons & multi-quark (baryonium) states

Large λ = g2Nc expansion Rossi & Veneziano 2016
equivalent in QCD lattice regularization to large g2 expansion
→ minimal “area” diagrams dominate scattering amplitudes

Lattice data confirm (see movie)
Y-shaped colour flux tube Bissey et al. 2006
with junction located at the solution of the Fermat–Torricelli problem,
which is the “locus” at minimal distance from N (= 3) given points
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Unified picture of hadrons→ QCD string + “planarity”

Lowest order building blocks we start with are

Meson→M (x1,x2 ) =
1

3
qk (x1)C(x1,x2 ) j

k q j (x2 )

											C(x1,x2 ) j
k = Pexp(ig Aµ (z)dzµ )

x1

x2

∫
j

k

x1

x2

Propagator→ M (x1,x2 )M
+(y1, y2 )

x1

x2

y1

y2

N
O
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I
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N
 
J
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2
3
P
_
0
4
1
6
 
v
1

(a) (b)

Figure 4: Two contributions to meson-meson scattering in the large-N limit.
Panel (a) is the leading OZI-preserving term; panel (b) is a non-planar OZI-
violating subleading correction. But at su�ciently high energy in the crossed
channel, (b) dominates over (a) because of the higher intercept of the flavor sin-
glet Regge pole.

and C(xJ , xk) is a curve joining the point xJ to xk. As in the mesonic case,
we have taken for simplicity very special space-time locations for the q fields.
The description of baryons as a triplet of flux tubes joining at a point dates
back to the work of ref. [49], where the word “junction” was first introduced
(see also [50]).

Single baryon intermediate states appear in the correlator

GB({~rk, k = 1, 2, . . . , N}, ~rJ ; t0 � t) =

= hB(C1, C2, . . . , CN)B†(C 0
1, C 0

2, . . . , C 0
N)i . (17)

We will now discuss how the treatment of this correlator simplifies in the
large-N and strong coupling limit of LQCD, starting with the latter.

C3

C1 C2
xJ

x1 x2

x3

Figure 5: The Y-shaped form of the baryon for N = 3.

10

Baryon→ B(x1,x2 ,x3) =

ε i1i2i3

3!
qk1 (x1)C(x1,xJ )i1

k1qk2 (x2 )C(x2 ,xJ )i2
k2 qk3 (x3)C(x3,xJ )i3

k3

Propagator→ B(x1,x2 ,x3)B
+(y1, y2 , y3)
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3.2 Strong coupling, large-� considerations

Putting xk = (~rk, t), k = 1, 2, . . . , N ; xJ = (~rJ , t) and similarly x0
k = (~rk, t

0),
k = 1, 2, . . . , N ; x0

J = (~rJ , t0), we want to evaluate GB in the strong coupling
limit. Following the strategy outlined in sect. 2.2.2 in the case of the meson
propagator leads to a new kind of Wilson loop, the baryonic Wilson loop
depicted in fig. 6, characterized by the presence of the Levi-Civita symbol.
It reads [51, 52]

GB({~rk, k = 1, 2, . . . , N}, ~rJ ; t0 � t)
���
large mass

=
1

N !
✏i1...iN ✏

i01...i0N · (18)

·hU [C1]
i1
j1U [~r1, t � t0]j1j01

U †[C 0
1]

j01
i01

. . . U [CN ]iNjN
U [~rN , t � t0]jN

j0N
U †[C 0

N ]
j0N
i0N

i ⌘ WJ .

U [C3]

U [C1]
U [C2]

U †[C0
3]

U †[C0
2]

U †[C0
1]

U [~r1, t
0 � t]

U [~r2, t
0 � t]

U [~r3, t
0 � t]

Figure 6: The N = 3 baryonic Wilson loop. The green dotted line does not
explicitly appear in the correlator (18) but it will come out from the calculation
outlined below.

We want to evaluate WJ in the lattice strong coupling limit 3. As a guide
for the general situation, let us consider the result of the partial calculation
in which in each sheet only two plaquettes from the action are inserted (see
fig. 7). In each sheet 4 the five (in general (2nt + 1)ns, with nt and ns the
number of plaquettes in the time and space direction, respectively, on each
sheet) group integrations, marked with a cross in the figure, give the following
product of Kronecker �-functions

�i1b1�k1a1 �k1a1�k2d1 �c1b2�d1a2 �d2k3�a2k2 �d2k3�c2j1 . (19)

3There has been quite a number of studies of the three-quark potential in the continuum
and on the lattice, starting with the seminal work of ref. [53]. Without pretending to be
complete, we may mention for the study of the q̄ q and qqq potential in the continuum the
work of ref. [51] and the review [54]. For the study of the qqq potential on the lattice see,
for instance [55, 56, 57, 58].

4We ignore the fact that we cannot have N orthogonal planes for N > 3. This problem
will be solved when rotation invariance is recovered in the continuum limit.
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Unified picture of hadrons→ Tiling
In QCD lattice regularization, at large g2, planarity is leading topology
amplitudes span surfaces of minimal area
corrections are O((g2Nc)−1,N−1

c )

L

d

glueball
!r, t

!s, t

!r, t′

!s, t′

U †[Ct] U [Ct′]

U [!s, t′ − t]

U †[!r, t′ − t]

meson

glueball-meson mixing

Ui1k1

Uk1k2
Uk2k3

U †
k3j1

U †
d1a1

U †
a1b1

Ub1c1

Uc1d1
U †

a2b2
Uc2d2

U †
d2a2

Ub2c2

×

× ×

× ×

baryon

ej1 j2 j3ei1 i2 i3
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Scattering amplitudes

Gluing & stretching Meson sheets =⇒ MM → MM amplitude

s-channel mesons dual to t-channel mesons
leading dynamics proceeds via string breaking↔ string fusion
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Scattering amplitudes

Gluing Meson to Baryon sheets =⇒ MB → MB amplitude

B*	

J	

\\\\\\	

J	

BM	

\\\\\\v	

J	

BM	

\\\\\\v	

s-channel baryons dual to t-channel mesons
leading dynamics proceeds via string breaking↔ string fusion
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BB̄ → BB̄ amplitudes
Gluing together baryon sheets =⇒ BB̄ → BB̄ scattering

Junction flow↔ baryon number flow

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.
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Nc=3	

New intermediate s-channel states emerge→ Baryonium states
(states with hidden baryon number) MJ

4 ,M
J
2 ,M

J
0

t-channel intermediate states are 1, 2 and 3 qq-jets
BB̄ → BB̄ annihilation: just turn by 90◦ the above diagrams

Junction annihilation↔ baryon number annihilation
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Leading (planar) BB̄ → BB̄ scattering
q

q

q

q
q

q

q̄

q̄
q̄

q̄

q̄
q̄ MJ

4	
tetra-quark	

J	

J	

J	

J	

BB	

J	

J	

BB	

s-channel MJ
4 tetra-quark dual to a t-channel q q̄ meson

All sort of exotic s-channel MJ
4 states are predicted

Rossi Veneziano, 1977
By string breaking MJ

4 (baryonium) is coupled to B̄B

GCR (Roma - Tor Vergata) tetra-penta November 22, 2021 30 / 50



Leading (planar) BB̄ → BB̄ annihilation

Same flavour flow as before

q
q

q

q
q

q

q̄

q̄
q̄

q̄

q̄
q̄

J J-

s-channel 2 q q̄ jets dual to a t-channel MJ
2 baryonium meson
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Loop correction to BB̄ → BB̄ annihilation

q
q

q

q
q

q

q̄

q̄
q̄

q̄

q̄
q̄

J J- J-J

s-channel 2 q q̄ jets dual to a t-channel MJ
2 baryonium meson

insertion of two quark loops allows MJ
2 → BB̄ decay

(one quark loop→ mixing between MJ
2 and MJ

4 )
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Subleading (non-planar) BB̄ → MM annihilation

MJ
4	

tetraquark	

J	

J	

MM	

The (dynamically disfavoured?) MJ
4 → MM decay

with junction annihilation and color rearrangement
→ violation of what we may call the J-Zweig rule
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Scattering vs. annihilation

Following flavour flow is not enough ...

q
q

q

q
q

q

q̄

q̄
q̄

q̄

q̄
q̄

q
q

q

q
q

q

q̄

q̄
q̄

q̄

q̄
q̄

on
e
sh
ee
t

tw
o
sh
ee
ts

... need to specify topology, i.e. Junction flow (green sewing lines)
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Duality and multi-quark states

Multi-quark states are needed already at lowest order in MB → MB190 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].

K- p
à
K- p

p-
pà
S- p

B5
J in u-channel needed to account 

for exchange degeneracy violations
of strange Regge trajectories

3x3x3

3x3-

-

(figure taken from the 1980 Rossi–Veneziano Physics Report)
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A whole family of states is predicted
Other multi-quark, possibly exotic, states Rossi Veneziano, 1980

First time penta-quark states are mentioned
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

Pc	

Our conjecture
Fully baryonic decay (via string breaking) is dynamically favoured
If kinematics forbids it, baryonium states can be unusually narrow

Many other challenging interpretations are on the market
Jaffe 1977 - Jaffe & Wilczek 2003
Miyazawa, 1979
Maiani, Piccinini, Polosa & Riquer 2005
Matheus, Narison, Nielsen & Richard 2006
Karliner & Lipkin 2008 - Karliner & Rosner 2015
. . .
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The interesting limits of QCD
The limits we have good theoretical control of are

PT, small g2 fixed Nc
’t Hooft large-Nc limit (fixed Nf and fixed λ = g2Nc)
(lattice) strong coupling limit g2 →∞, fixed Nc
large λ limit with Nc large and g2 possibly small (AdS/CFT)

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		

Question to what extent
we can extrapolate

from large g2Nc
- strong coupling QCD
to small g2 & Nc
- continuum QCD
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Some phenomenological
considerations

Pc photoproduction in the baryonium picture

A mass formula for narrow baryonium states
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Experimental evidence for the Pc [qqq̄qq] state

R. Aaij et al. [LHCb Collaboration]

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.

2

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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Pc photoproduction & string breaking decays
Kinematically forbidden

Pc →/ Λ+
c + Λ−

c + p
Pc →/ Σ++

c + Σ−−
c + p

J

J
J

J

J

dynamically favoured, but kinematically forbidden
MPc ∼ 4450< 2MΛ+

c
+ Mp ∼ 2× 2286 + 938 = 5510 MeV

MPc ∼ 4450<2MΣ++
c

+ Mp ∼ 2× 2454 + 938 = 5846 MeV
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Pc photoproduction & Junction annihilation decay - I

Kinematically allowed
Pc → J/ψ + p
closed Junction loop (“bathtub” diagrams)

MPc ∼ 4450>MJ/ψ + Mp ∼ 3097 + 938 = 4035 MeV
This is the decay with the largest available phase-space
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Pc photoproduction & Junction annihilation decay - II

Kinematically allowed
Pc → Λ+

c /Σ+
c + D̄0

no Junction loops (“snake” diagrams)

MPc ∼ 4450>MΛ+
c

+ MD̄0
∼ 2286 + 1865 = 4151 MeV

MPc ∼ 4450>MΣ+
c

+ MD̄0
∼ 2454 + 1865 = 4319 MeV
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Pc photoproduction & Junction annihilation decay - III

Another kinematically allowed decay
Pc → Σ++

c + D−

no Junction loops (“snake” diagrams)

MPc ∼ 4450>MΣ++
c

+ MD− ∼ 2454 + 1865 = 4319 MeV
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The Gluex photoproduction experiment

We can only recall the recent negative result

M. R. Shepherd 
Light Quark Exotics / Snowmass 

September 30, 2020

γp→J/ψ p

18

• Physics objectives:

• production dynamics encoded in the 
shape of cross section at threshold

• search for s-channel production of 
pentaquark candidates observed by 
LHCb

     S. Dobbs — HADRON 2019 — Aug. 18, 2019 — Photoproduction and Search for LHCb Pc+ States

• Can also study coupling of 
J/ψ+p resonances to photon 
• Kinematic effects from decay will not 

be reproduced
• Pc’s produced at E(ɣ) ≈ 9.5—10.3 GeV
• Assuming VMD, primary uncertainty is 

B(Pc → J/ψ p)

LHCb Pc States & J/ψ Photoproduction
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 fit to the data at 11 -22 GeV

Theory papers: 
Wang, Liu, and Zhao, PRD 92, 034022 (2015).  
Kubarovsky and Voloshin, PRD 92, 031502 (2015). 
Karliner and Rosner, PLB 752, 329 (2016).  
Hiller Blin et al. (JPAC), PRD 94, 034002 (2016). 
and many more…
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Update with full GlueX-I data set: 
� More than 2000 events in e+e-

� Complementary decay to ȝ+ȝ-

� Detailed studies of differential
cross section near threshold

� Continue search for Pentaquarks

J/ȥĺH+e-
J/ȥĺȝ+ȝ-

N = 2091 � 46
M = 3.096GeV
ı = 9.5 0H9

N = 800 � 56
M = 3.092GeV
ı = 8.9 0H9

Pc → J/ψ + p
Pc → Λ+

c /Σ+
c + D̄0

Pc → Σ++
c + D−
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A mass formula for narrow baryonium states?

With an eye to the supposedly dynamically dominant hadronic
string breaking (HSB) decay mode of baryonium states, we are
led to conjecture the oversimplified mass formulae

MJJ
qqq̄q̄ + ∆HSB = MB1 + MB2

,

MJJJ
qqq̄qq + 2∆HSB = MB1 + MB2

+ MB3 ,

for narrow tetra- and penta-quark states with mass below their
BB or BBB threshold
∆HSB is the bit of energy one needs to provide to let the
multi-quark state decaying into baryons
We expect ∆HSB of the order of some QCD scale and somehow
“universal”, if the above mass formulae has to be of any use
Much more refined “mass formulae” have been elaborated by
e.g. Karliner & Rosner - see also references in slide 3
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A few applications - Narrow states
T +

cc(3875)[ccūd̄ ] - Γ = 0.409± 0.163 MeV
∆HSB =

(
MΞcc [ccu] + Mp̄[ūūd̄ ]

)
−MJJ

ccūd̄ =

= (3621 + 938)− 3875 = 4559− 3875 = 684 MeV
χc ≡ X (3872)[cuc̄ū] - Γ = 1.2± 0.2 MeV.

∆HSB =
(

MΛ+
c [cud ] + MΛ−

c [c̄ūd̄ ]

)
−MJJ

cc̄uū =

= (2286 + 2286)− 3872 = 4572− 3872 = 700 MeV
Yb(10888)[bqb̄q̄] - Γ = 50± 10 MeV

∆HSB =
(

MΣ+
b [buu] + M

Σ
−
b [b̄ūū]

)
−MJJ

bub̄ū =

= (5810 + 5810)− 10888 = 11620− 10888 = 732 MeV
P+

c (4450)[ucc̄ud ] - Γ = 6.4± 4 MeV
2∆HSB =

(
MΣ+

c [cud ] + MΣ−
c [c̄ūd̄ ] + Mp[uud ]

)
−MJJJ

ucc̄ud =

= (2453 + 2453 + 938)− 4457 = 5844− 4457 = 1387 MeV

Note - ∆HSB ∼ 700 MeV is what you need to create a q̄q pair and a QCD
string bit, something that looks very much like a ρ (mρ ∼ 770 MeV)!
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A few more applications - Not so narrow states
Zsc(3982)[csc̄ū] - Γ ∼ 15± 5 MeV

∆HSB =
(

MΞ+
c [csu] + MΣ−−

c [c̄ūū]

)
−MJJ

[csc̄ū] =

= (2468 + 2454)− 3982 = 4922− 3982 = 940 MeV

X0(2900)[duc̄s̄] - Γ ∼ 57± 12 MeV

∆HSB =
(

Mp[duu] + MΞ−
c [ūc̄s̄]

)
−MJJ

duc̄s̄ =

= (938 + 2468)− 2866 = 3460− 2866 = 594 MeV

Z−(4430)[cdc̄ū] - Γ ∼ 180 MeV

∆HSB =
(

MΣ0
c [cdd ] + MΣ−

c [d̄ c̄ū]

)
−MJJ

cdc̄ū =

= (2455 + 2455)− 4430 = 4910− 4430 = 480 MeV

X (6900)[ccc̄c̄] - Γ ∼ 80÷ 168 MeV

∆HSB =
(

MΞ++
cc [ccu] + MΞ−−

cc [ūc̄c̄]

)
−MJJ

ccc̄c̄ =

= (3621 + 3621)− 6900 = 7242− 6900 = 342 MeV

Note - Zsc(3982)[csc̄ū] is lighter than Z−(4430)[cdc̄ū] despite s ↔ d
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A prediction

M. Karliner & J.L. Rosner in PRL 119 (2017) 20, 202001 predict
T[bbūd̄ ], JP = 1+, MT [bbūd̄ ] = 10389± 12 MeV

baryonic quarks MeV
2mb

b 10087.0
2mb

q 726.0
abb/(mb

b)2 7.8
−3a/(mb

q)2 -150.0
bb binding -281.4

Total 10389± 12

→ stable under strong interactions because
MT [bbūd̄ ] = 10389 lies

215 MeV below the B−B̄?0 threshold ∼ 10604 MeV
170 MeV below the B−B̄0γ threshold ∼ 10559 MeV

We suggest the (weaker) relation between MT [bbūd̄ ] and MΞ0
bb[bbu]

MT [bbūd̄ ] = MΞ0
bb[bbu] + Mp̄ − 700 = MΞ0

bb[bbu] + 238
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Conclusions
Starting from a planar approximation, a systematic expansion of
QCD is constructed, providing a unified picture of hadrons where

a new family of (possibly exotic) multi-quark hadrons emerges
based on the notion of Junction

tetra-quarks B = 0 J J̄
penta-quarks B = 1 J J̄ J
di-baryons B = 2 J J J̄ J
. . .

Conjectured dynamically favoured decay is by string breaking
(as opposed to J -J annihilation & colour rearrangement, J/-Zweig)
if kinematically forbidden, baryonium can be unusually narrow

opposite to X (4630), it’s above Λ+
c Λ−

c threshold & large Γ∼180 MeV
Photoproduction is a suitable tool to produce penta-quarks

the paradigmatic case of Pc(4450)

A crude mass formula for narrow baryonium states is proposed
Most probably multi-quark states are a superposition of

baryonium-like resonances Rossi Veneziano 1977
diquark–anti-diquark bound states Jaffe 1977, Maiani et al. 2005
molecular di-meson configurations Karliner Rosner 2005
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Thanks for your attention
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