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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” states→ Baryonium
(Rossi, Veneziano, 1977)

History (2003 - today)
More “stable” experimental data (after 2011)
A better understanding of Baryonium (Rossi, Veneziano, 2015)
Phenomenology of tetra-quarks, penta-quarks, . . .
(Yaffe, 1977 - Guerrieri, Maiani, Polosa, Riquer, . . . 2004 - 2015)
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The multi-quark saga

YES	 YES	 YES	

NO	 NO	
1980	 2003	 2015	

4q’s	&	5q’s	discovery	history	
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The evidence of 5q’s states - Experiments

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.

 [GeV]pKm
1.4 1.6 1.8 2 2.2 2.4 2.6

Ev
en

ts
/(1

5 
M

eV
)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

LHCb(a)

data
total fit
background

(4450)cP
(4380)cP
(1405)Λ
(1520)Λ
(1600)Λ
(1670)Λ
(1690)Λ
(1800)Λ
(1810)Λ
(1820)Λ
(1830)Λ
(1890)Λ
(2100)Λ
(2110)Λ

 [GeV]pψ/Jm
4 4.2 4.4 4.6 4.8 5

Ev
en

ts
/(1

5 
M

eV
)

0

100

200

300

400

500

600

700

800

LHCb(b)

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 evidence of 4q’s states - Experiments

G.T.	Bodwin,	E.	Braaten,	E.	Eichten,	S.L.	Olsen,	T.K.	Pedlar,	J.	Russ	
arXiv:1307.7425v3	[hep-ph]	

TABLE I: New cc̄ and bb̄ mesons above the open-heavy-flavor threshold. The bold states have been observed by at least two independent

experiments and with significance greater than 5σ. The masses M and widths Γ are weighted averages from the Experiments, with

uncertainties added in quadrature. In the JPC column, a question mark (?) indicates an unmeasured value. For charged states, C is that

of a neutral isospin partner. In the Process column, the decay modes are indicated in parentheses and ellipses (...) indicate an inclusive

measurement. For each Experiment, the statistical significance is given in standard deviations (#σ) unless it is not provided (np). These

Tables are adapted and updated from a table in Ref. [3] that was prepared in May 2012.

State M (MeV) Γ (MeV) JPC Process (decay mode) Experiment (#σ) 1st observation

X(3823) 3823.1±1.9 < 24 ??− B → K + (χc1γ) Belle [4] (3.8) Belle 2013

X(3872) 3871.68±0.17 < 1.2 1++ B → K + (J/ψ π+π−) Belle [5, 6] (12.8), BABAR [7] (8.6) Belle 2003

pp̄ → (J/ψ π+π−) + ... CDF [8–10] (np), DØ [11] (5.2)

B → K + (J/ψ π+π−π0) Belle [12]a (4.3), BABAR [13]a (4.0)

B → K + (D0D̄0π0) Belle [14, 15]a (6.4), BABAR [16]a (4.9)

B → K + (J/ψ γ) Belle [17]a (4.0), BABAR [18, 19]a (3.6)

B → K + (ψ(2S) γ) BABAR [19]a (3.5), Belle [17]a (0.4)

pp → (J/ψ π+π−) + ... LHCb [20] (np)

X(3915) 3917.5 ± 1.9 20±5 0++ B → K + (J/ψ ω) Belle [21] (8.1), BABAR [22] (19) Belle 2004

e+e− → e+e− + (J/ψ ω) Belle [23] (7.7), BABAR [13, 24](7.6 )

χc2(2P ) 3927.2 ± 2.6 24±6 2++ e+e− → e+e− + (DD̄) Belle [25] (5.3), BABAR [26] (5.8) Belle 2005

X(3940) 3942+9
−8 37+27

−17 ??+ e+e− → J/ψ + (D∗D̄) Belle [27] (6.0) Belle 2007

e+e− → J/ψ + (...) Belle [28] (5.0)

G(3900) 3943 ± 21 52±11 1−− e+e− → γ + (DD̄) BABAR [29] (np), Belle [30] (np) BABAR 2007

Y (4008) 4008+121
− 49 226±97 1−− e+e− → γ + (J/ψ π+π−) Belle [31] (7.4) Belle 2007

Y (4140) 4144.5 ± 2.6 15+11
− 7 ??+ B → K + (J/ψ φ) CDF [32, 33] (5.0), CMS [34] (>5) CDF 2009

X(4160) 4156+29
−25 139+113

−65 ??+ e+e− → J/ψ + (D∗D̄∗) Belle [27] (5.5) Belle 2007

a Not included in the averages for M and Γ.
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Narrow	states	are	below	the	BB	threshold		
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The evidence of 4q’s states - Experiments
G.T.	Bodwin,	E.	Braaten,	E.	Eichten,	S.L.	Olsen,	T.K.	Pedlar,	J.	Russ	

arXiv:1307.7425v3	[hep-ph]	TABLE II: New cc̄ and bb̄ mesons above the open-heavy-flavor threshold (continuation of Table I).

State M (MeV) Γ (MeV) JPC Process (decay mode) Experiment (#σ) 1st observation

Y (4260) 4263+8
−9 95±14 1−− e+e− → γ + (J/ψ π+π−) BABAR [35, 36] (8.0), CLEO [37] (5.4) BABAR 2005

Belle [31] (15)

e+e− → (J/ψ π+π−) CLEO [38] (11)

e+e− → (J/ψ π0π0) CLEO [38] (5.1)

Y (4274) 4274.4+8.4
−6.7 32+22

−15 ??+ B → K + (J/ψ φ) CDF [33] (3.1) CDF 2010

X(4350) 4350.6+4.6
−5.1 13.3+18.4

−10.0 0/2++ e+e− → e+e− (J/ψ φ) Belle [39] (3.2) Belle 2009

Y (4360) 4361 ± 13 74±18 1−− e+e− → γ + (ψ(2S)π+π−) BABAR [40] (np), Belle [41] (8.0) BABAR 2007

X(4630) 4634+ 9
−11 92+41

−32 1−− e+e− → γ (Λ+
c Λ−

c ) Belle [42] (8.2) Belle 2007

Y (4660) 4664±12 48±15 1−− e+e− → γ + (ψ(2S)π+π−) Belle [41] (5.8) Belle 2007

Z+
c (3900) 3898 ± 5 51 ± 19 1?− Y (4260) → π− + (J/ψ π+) BESIII [43] (np), Belle [44] (5.2) BESIII 2013

e+e− → π− + (J/ψ π+) Xiao et al. [45]a (6.1)

Z+
1 (4050) 4051+24

−43 82+51
−55 ? B → K + (χc1(1P )π+) Belle [46] (5.0), BABAR [47] (1.1) Belle 2008

Z+
2 (4250) 4248+185

− 45 177+321
− 72 ? B → K + (χc1(1P )π+) Belle [46] (5.0), BABAR [47] (2.0) Belle 2008

Z+(4430) 4443+24
−18 107+113

− 71 ? B → K + (ψ(2S)π+) Belle [48, 49] (6.4), BABAR [50] (2.4) Belle 2007

Yb(10888) 10888.4±3.0 30.7+8.9
−7.7 1−− e+e− → (Υ(nS)π+π−) Belle [51, 52] (2.0) Belle 2010

Z+
b (10610) 10607.2±2.0 18.4±2.4 1+− Υ(5S) → π− + (Υ(nS)π+), n = 1, 2, 3 Belle [53, 54] (16) Belle 2011

Υ(5S) → π− + (hb(nP )π+), n = 1, 2 Belle [53, 54] (16)

Z+
b (10650) 10652.2±1.5 11.5±2.2 1+− Υ(5S) → π− + (Υ(nS)π+), n = 1, 2, 3 Belle [53, 54] (16) Belle 2011

Υ(5S) → π− + (hb(nP )π+), n = 1, 2 Belle [53, 54] (16)

aNot included in the averages for M and Γ.
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Narrow	states	are	below	the	BB	threshold		
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The emergence of Baryonium interpretation - Theory

• The physically interesting limit of QCD is g2 & λ=g2Nc small

•We have a (more or less) good control of the theory
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

• The overall situation is pictorially illustrated in the next figure

• 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 walk clockwise to real physics?

•With some optimism we shall argue that this is, indeed, the case
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The interesting limits of QCD

N
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Duality in MM → MM amplitudes

From my 1977 CERN seminar
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From my 1977 CERN seminar
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Duality in MB → MB amplitudes
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Duality in BB̄ → BB̄ amplitudes
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QCD string breaking & fusion
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QCD string breaking & fusion
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QCD string breaking & fusion
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Pre-historical phenomenology
Birth
Rise
Evaporation

of Baryonium states
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T.	Amirzadeh	et	al.	
CERN/EP	79-101	

September	18,	1979		

A	narrow	pentaquark?		
M	≈	3.17	GeV	

K-		

R+		

π-		

p		

K-	p	à	π-	R+	
	

R+à	ΣKK/ΛKK/ΞK	
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The systematics
of hadronic states and amplitudes
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Regge trajectories
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Approaching today’s phenomenology
Birth
Rise
Evaporation

of pentaquarks
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Back to 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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Recall ... the interesting limits of QCD
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Strong coupling
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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 | 〉

G.C. Rossi (Tor Vergata) Tetra- & penta-quarks December 10, 2015 49 / 69



MM → MM amplitude

MMM→MM(λ) ∝ λ−Amin
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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.

G.C. Rossi (Tor Vergata) Tetra- & penta-quarks December 10, 2015 52 / 69



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 Nc

∑
`k

ε`1`2...`Nc
ε`1`2...`Nc

=
1

Nc!
εi1 i2...iNc

εj1 j2...jNc
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BB̄ → BB̄ amplitude

q
q

q

q
q

q

q̄

q̄
q̄

q̄

q̄
q̄

Figure : Baryon-antibaryon scattering amplitude with MJ
4 intermediate states
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A hierarchical classification
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Pomeron		
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glueball				

One-sheet		
 λ-[2(N-1)A+B]	
								N					
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2(N-1)		
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 λ-[2(N-2)A+2B]	
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MJ
2(N-2)					

.	.	.	
N-sheets		
    λ-NB	
							NN			

MJ
0	

λ =	g2N	

B	
A	

Figure : Baryon-antibaryon scattering amplitudes
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From strong coupling to AdS/CFT

W (g2,Nc)→W (λ,Nc)

Large λ & Nc expansion O’ Brien Zuber

W (λ,Nc) = W0(λ)
[
1 + O(1/Nc)

]
W0(λ) =

∑
A=Amin

λ−AF (A) = λ−Amin

[
1 + O(1/λ)

]
Large g2 & Nc expansion

W (λ,Nc) = W0(λ,Nc)
[
1 + ∆

]
, ∆ = O(1/g2) = O(Nc/λ)

W0(λ,Nc) = Ŵ0(λ)
[
1 + O(1/Nc)

]
If we can say ∆ = O(1/λ) O’ Brien Zuber, then

W (λ,Nc) = Ŵ0(λ)
[
1 + O(1/Nc) + O(1/λ)

]
Thus in the large λ & Nc limit→ Ŵ0(λ) ∝ λ−Amin
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Conclusions and Summary
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Thanks for your attention
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Back-up slides
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