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Taken from Gell-Mann paper  
on quark model



Large Nc and Tetraquarks
Following E. Witten’s paper on 1/N and Baryons (see also S. Coleman’s lectures),  
tetraquarks should instantly fall apart into mesons.  
!
However, as pointed by S. Weinberg in a recent paper (PRL 110, 2013), this applies  
only at the leading order N2 disconnected diagram. The leading order connected  
diagram has only one color loop and excludes the leading order of free  
two meson propagation.
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Large Nc and Tetraquarks
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which implies that the 4q decay amplitude into two ordinary mesons can be 1/N1/2

This discussion has been enlarged by M. Knecht and S. Peris (arXiv:1307.1273) 
and discussed in three papers by T. Cohen and R. Lebed et al. (arXiv:1401.1815,                            
arXiv:1403.8090). According to them, tetraquark are not narrow because of 1/N 
counting but due to other effects.  
!
On the other hand tetraquarks appear in the spectrum of QCD in the Corrigan-
Ramond large N limit (‘larks’ in the antifundamental) as narrow hadrons.
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http://arxiv.org/abs/arXiv:1401.1815
http://arxiv.org/abs/arXiv:1403.8090


Z(4430)- at LHCb | April 2014

B ! K+( (2S)⇡�)JPG=1++

Signal: 13.9 σ 
Other assignments ruled out at 9.7σ

First observed by BELLE in 2007 and not confirmed by BaBar





G = G⇡CJ/ =

= �1(�1) = +1

P = +1 (S � wave)

) Z0
c has JPC = 1+�

IGJPC = 1+1+�

A Pilloni



Zc(3900)±0 



One or two Z’?
A Pilloni



Radial Excitations?

Z(4430) !  (2S) ⇡�

Z(3900) ! J/ ⇡�

m( (2S))�m(J/ ) ' m(Z(4430))�m(Z(3900))

 ‘A crucial consequence of a Z(4430) charged particle is that a charged state  
decaying into J/ψ + π± (or ηc + ρ±) should be found around 3880 MeV’

Taken from L. Maiani, A. D. Polosa and V. Riquer, arXiv:0708.3997 
[hep-ph] At that time there was no hint of Zc(3900) in data.

Zc(4025) ! hc(Scc̄ = 0)⇡�

Does this pattern fit in an any extended quark model?

See also the calculation by S. Brodsky, 

D. Hwang & R. Lebed in a diquark-
antidiquark model arXiv:1406.7281



Since 2003/4 new Charmonium-Like States



New Charmonium & Bottomonium Like States



Mass Matchings
⌥(5S) ! ⇡±Z⌥

b (10610) ! ⇡±⇡⌥⌥(nS) n = 1, 2, 3

⌥(5S) ! ⇡±Z⌥
b (10650) ! ⇡±⇡⌥hb(kP ) k = 1, 2

mB +mB⇤ ' 10604 MeV

2mB⇤ ' 10650 MeV

Belle ‘12

mD0 +mD⇤+ = 3875 MeV

mD⇤0 +mD⇤+ = 4017 MeV

+24 MeV

+8 MeV

Zc(3900) ! ⇡±J/ 

Z 0
c(4025) ! hc⇡

±

BES ‘13

Moreover: no molecular matchings for the Z(4430)



X(3872), JPC=1++

Discovered by Belle, and soon confirmed by CDF, BaBar, D0. Later observed at CMS  
and ATLAS. Both produced in B meson decays and prompt, in hadron collisions. 
Four-Quark matter as well? Its isospin seems to be I=0 — whereas the diquark model  
would naively predict I=1 (just change the flavors of light quarks q & q’).

CMS Collaboration arXiv:1302.3968



X: Mass and Isospin Problems

mD0 +mD⇤0 = 3872 MeV

Similarly to what happens to Zc, Zc’ and  Zb, also the X(3872) appears to be very 
close to the the closeby (and quantum numbers allowed) open charm threshold

This time the coincidence is really striking because the value is just exactly there.  
Actually in terms of mass there is another surprising ‘coincidence’ in the X case

The X decays in both channels, preferring the first one, and also decays  
into J/ψ ω 

B(X ! J/ ⇢)

B(X ! J/ !)
⇡ 1

which is an interesting hint of isospin violation

mJ/ +m⇢0 = 3872 MeV



Extreme Interpretations of X 
and of all other XYZ states

3̄c

3c

A compact ‘tetraquark’

1c

1c

A loosely bound molecule 

(R ~10 fm)

Jaffe & Wilczek 
Maiani, Piccinini, Polosa, Riquer ‘2005 
Terasaki, Ali, Ebert…

Tornqvist; Braaten, Kusinoki; Voloshin; Barnes; 
Swanson; Close; Mehen, Fleming; Hanhart, Guo, Meissner 
very long list…’2005 — 

Approach based on SU(3) symmetry Based on strong hadron dynamics



Diquarks



Diquarks

cq
3̄c c̄q̄(0)

3c

← space →

The spin interactions inside the diquark are assumed to dominate  
over all other possible pairings

H ⇡ 2qq̄(sq · sq̄) type I

H ⇡ 2qc̄(sq · sc + sq̄ · sc̄) type II

Maiani, Piccinini, Polosa, Riquer, PRD71 (2005)

Maiani, Piccinini, Polosa, Riquer, PRD89 (2014)

H =
X

i

mi +
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i<j

2ijSi · Sj
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SU(3) One-Gluon-Exchange



Diquark spin basis

JP = 0+ C = + X0 = |0, 0i0, X 0
0 = |1, 1i0

JP = 1+ C = + X1 =
1p
2
(|1, 0i1 + |0, 1i1)

JP = 1+ G = + Z =
1p
2
(|1, 0i1 � |0, 1i1) , Z 0 = |1, 1i1

JP = 2+ C = + X2 = |1, 1i2

|s, s̄iJ notation

X(3872)

Linear combi Z,Z’ to make Zc’s

X(3915), X(3940) ?

The Hamiltonian, of the ‘type I’ diquark model, turns out to be diagonal 
on 1++ and 2++ states but not on 1+- and 0++.  
In the ‘type II’ model the mass eigenvectors coincide with the listed 
states and M(X1)~M(Z), M(Z’) - M(Z)~134 MeV. 



Spectrum

type I

type II

Maiani, Piccinini, Polosa, Riquer, PRD89 (2014)

X(3940) ??

X(3916) 0++

X(3872) 1++
Z(3900) 1+-

Z(4020) 1+-

X? 0++



Since 2003/4 new Charmonium-Like States



New Charmonium & Bottomonium Like States



Y States: One Unit of L
Y1 = |0, 0; 0, 1i1

Y2 =
1p
2
(|1, 0; 1, 1i1 + |0, 1; 1, 1i1

Y3 = |1, 1; 0, 1i1
Y4 = |1, 1; 2, 1i1

|s, s̄;S,LiJ=1

Y1 : P (scc̄ = 1) : P (scc̄ = 0) = 3 : 1

Y2 : P (scc̄ = 1) = 1

Y3 : P (scc̄ = 1) : P (scc̄ = 0) = 1 : 3

Y4 : P (scc̄ = 1) = 1

hc(1P )

Y (4008)

Y (4260)

Y (4630)

Y (4290) or Y (4220)

Tentatively we identify Y(4360) and Y(4660) decaying into ψ(2S) as radial excitations 
of Y(4008) and Y(4260).

Y (4260) ! � +X(3872)

Y(4260) like X(3872)

1��



Charmed Baryonium
G. Cotugno, R. Faccini,  ADP, C. Sabelli Phys. Rev. Lett. 104, 132005 (2010)

One may easily suspect that Y(4660) and Y(4630) are one and the same particle 
(call it YB) showing how this hypothesis improves the fit to Belle data.

Under this hypothesis we found the remarkable ratio 
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Molecules





IS THE X(3872) SOME SORT  
OF DD* DEUTERON?
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Barely Bound States in TeV 
Hadron Collisions?  

D*

p

p

D

Xk

C. Bignamini, B. Grinstein, F. Piccinini,  ADP, C. Sabelli, Phys Rev Lett, 103, 162001 (2009)

C. Bignamini, B. Grinstein, F. Piccinini,  ADP, C. Sabelli, Phys Lett, B684, 228 (2010)

P.  Artoisenet and E. Braaten, Phys Rev D81, 114018 (2010)

A. Esposito,  F. Piccinini, A. Pilloni, A.D. Polosa,  J. Mod. Phys. 4, 1569, (2013)

F-K. Guo, U. Meissner and Wang, arXiv: 1308.0193, 1402.6236

Pythia !2!2 :: y part "2 :: !#100 nb $1"
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red: cc* HERWIG/PYTHIA 
green: cc*g(recoiling) ALPGEN + HERWIG/PYTHIA 
blue: full qcd HERWIG/PYTHIA

A. Guerrieri, F. Piccinini, A. Pilloni, ADP arXiv:1405.7929

Comparison to CDF data

+hard cc*

also shower cc*: tend to be collinear



Hadronization produces D mesons

Hadronization produces π mesons

D

How many π mesons in a spherical sector of 3 fm of base radius around D?  
Possible multiple interactions to correct the k0? Not many! Estimate ~3

Final state πD scatterings?



Complanar Pions

V

v0v θ0θ

Scattering angle in D COM

⇡ �D0

V D0 D⇤0

tan ✓ =

v0 sin ✓0
p
1� V 2

V + v0 cos ✓0

π



Any Improvements?
The mechanism works: feed down from higher bins —  but it does  
not help in the bins of  interest (up to 100 MeV for the com relative  
momentum in the wold-be-molecule, k0)
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Deuteron at LHC? 
Usual reply: A lot!! 
Indeed Alice has 30K antideuterons. 
— In which pT range though?

Recall that X has been observed with a pT>5.5 GeV!

|y| < 0.9
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Reverse MC Extrapolation

CMS cuts for the X: 10 < pT < 50 GeV
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Selection Rules



Hadronization must be 4q

— All ‘woud-be' loosely bound molecules do not form any bound state.  
— Sometimes a compact 4quark state is formed, but it could be that |α| < |β|,|ɣ| 
— An amplification mechanism might be at work when the closed channel level 
    matches the onset of the continuum spectrum of two mesons with the same  
    quantum numbers.

| i = ↵|[Qq]3̄c
[Q̄q̄]3ciC + �|(QQ̄)1c(qq̄)1ciO + �|(Qq̄)1c(Q̄q)1ciO

BTW observe that from an estimate by Ali & Wang

It would be very significant to directly measure this ratio.

Do we know ‘amplification’ mechanisms between open/closed channels?

�(pp ! Y (4260))

�(pp ! X(3872))
& 10�2



Another Mechanism
Borrow some ideas from cold atom physics. The Fano-Feshbach mechanism.



Another Mechanism
Borrow some ideas from cold atom physics. The Fano-Feshbach mechanism.

Red: diquark-antidiquark

Blue: loose moleculea ⇠ |C|
X

n

Ch[Qq]3̄c
[Q̄q̄]3c , n|HCO|(Qq̄)1c(Q̄q)1ciO

EO � En



Another Mechanism
Consider also that the J/ψ ρ+ is sensibly lower than the related open charm  
charged molecule. This could be why there is no charged X and I-violat.

Hybridization

Red: diquark-antidiquark

Blue: loose moleculea ⇠ |C|
X

n

Ch[Qq]3̄c
[Q̄q̄]3c , n|HCO|(Qq̄)1c(Q̄q)1ciO

EO � En
A. Guerrieri, F. Piccinini, A. Pilloni, ADP arXiv:1405.7929



Lattice



4-quarks from lattice?
Esposito, Papinutto, Pilloni, ADP, Tantalo Phys.Rev. D88 (2013) 054029  

On simulating a proton on the lattice, the interpolating operators  

O = ✏abcuaubdc, ✏abcuaubdcs̄dsd...

are equally good. One might wonder if  is there any chance of studying 
genuine tetraquark configurations on the lattice as they might turn out  
not to be distinguishable from standard charmonia. 
!
On the other hand states with two charm quarks cannot mix with  
standard chamonia.

O1
T 0 = "ABCcBcC "ADE ūDūE

O2
T 0 = ūAcA ūBcB

O3
T 0 =

X

a

ūATAB
i cB ūCTCD

a cD

O4
T 0 = ūAcA ūBcB s̄CsC



More Exotic States
|T 0i = |Qu = �2, Qc = +2i
|T+i = |Qu = �1, Qd = �1, Qc = +2i
|T+

s i = |Qu = �1, Qs = �1, Qc = +2i
|T++i = |Qd = �2, Qc = +2i
|T++

s i = |Qs = �2, Qc = +2i

Production from heavy baryons



Lattice Spectrum Studies

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 0  5  10  15  20  25  30  35

ef
fe

ct
iv

e 
m

as
s 

in
 la

tti
ce

 u
ni

ts

x0

c1=(7.40e-01 +/- 1.1e-02)
data tetraquark state

c2=(6.560e-01 +/- 4.1e-03)
data meson meson state

A. Guerrieri, M. Papinutto, A. Pilloni, N.Tantalo

From tetraquark correlators ccq1*q2*

From meson(0-)-meson(1-) correlators

me↵ = � ln
C(x0 + 1)

C(x0)



• Multiquarks hadrons have been discovered! We need a coherent 
description which aims to explain the largest number/totality  of collected 
data.  

• Loosely bound molecules promptly produced at high energy hadron colliders 
require  a miracle in final state interactions. 

• Diquark-antidiquark states give an easy understanding of  prompt production 
but require a richer flavor structure induced by SU(3) symmetry. 

• Is the quantum mechanics of Feshbach resonances a possible solution? Not 
with standard charmonia vs open charm molecules. Most likely the closed 
hannel has to be diquark-antidiquark. 

Conclusions



Backup Slides



meson

baryon

4q

Can Alice add knowledge on X(3872)?
Let’s consider the recombination mechanism (Muller et al.)

The phase space is densely populated of partons. The soft part of the spectrum of 
produced hadrons is assumed to be formed by the decay of a deconfined state 
of constituent quarks which ‘recombine’. The hard part is instead described by pQCD 
with an implementation of the parton energy loss in medium. This simple picture 
turns out to be effective at explaining the observation of

#p

#�+
⇥ 1 for 1.5 GeV � p� � 4 GeV @ RHIC

this cannot be explained with fragmentation functions (fitted at e+e-) 
where the number of expected pions is much higher.



I  - The transverse momentum of partons is steeply falling with pT 
II - Fragmentation functions favor the situation where the energy of the 
fragmenting parton is not concentrated in a single hadron but distributed  
amid all radiated partons.

Thus fragmentation is inefficient at producing high pT hadrons in general. 
In particular pions are favored with respect to baryons .

But if th phase space is highly populated with partons, then it can simply 
happen that  

P⇡ = pu + pd̄

Pp = pu + pu + pd

Assume
pu ' pd ' pd̄ ' p

and assume also exponentially falling parton spectra: same yields at the 
same hadron transverse momenta

Prob(N-quark hadron(p)) / (Prob(quark(q)))N

#(protons) / (exp(�pT /3))
3 ' #(pions) / (exp(�pT /2))

2



As for the recombination mechanism, we might expect the X should be 
produced with similar yields as other charmonia/bottomonia (either 4q or 
molecule interpretations are assumed). Charm enhancemet at ALICE? Then 
X enancement as well!

Fragmentation functions should be modified for a tetraquark X as 
diquarks are produced whereas the hard part of the spectrum  
should be left  unchanged for the molecule.
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Exotic hadrons and HIC
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p + p̄

RCP =
N
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◆

RAA =
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N
coll
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◆

The numerators are dominated by  
the ‘coalescence’ mechanism (B. Muller 
et al). Molecule and tetraquark 
denominators should also be different 

L. Maiani, A.D. Polosa, V. Riquer, C. Salgado, Phys Lett B 2007 (light mesons)

Model the fragmentation functions of diquark-
antidiquark mesons. Confronted with data from 
ALICE. 



CHARMED DIQUARKS

dq-dq*JPC

0++

1++

1+�

2++

[cq]0[c̄q̄]0 � ([cq]1[c̄q̄]1)0

[cq]1[c̄q̄]0 + [cq]0[c̄q̄]1�
2

[cq]1[c̄q̄]0 � [cq]0[c̄q̄]1⇤
2

⇥ ([cq]1[c̄q̄]1)1

([cq]1[c̄q̄]1)2

([ ]s[ ]s)J

i� = ⇥ijk⇥�⇥⇤ q̄j⇥
C

�5q
k⇤ = [qq]0

jk
� = ⇥�⇥⇤ q̄⇥(j

C
⌅�qk)⇤ = [qq]1

X+

X0

X-

Xs+

Xs-

Xs0

Xs0

The octet with diquarks -	

the ‘azimuthal approach’ 



ISOSPIN VIOLATIONS

At the charmonium scale we expect the annihilations to be small and 
quark mass to dominate - observed X -> ω/ρ isospin breaking 

We set in the flavor basis Xu, Xd

M =
�

2mu 0
0 2md

⇥
+ �

�
1 1
1 1

⇥

where the mixing matrix has a diagonal structure in the Isospin I = 0, 1
basis, its eigenvectors being

1⇥
2

�
1
1

⇥
1⇥
2

�
1
�1

⇥

G.C. Rossi, G. Veneziano; L. Maiani, F. Piccinini, ADP, V.Riquer PRD 2005



Learn from Hadron Multiplicity

1996 (4627 states) 

⇢(m) = # of states in (m,m+dm) =

X

m⇤

�(m�m⇤
) !

!
X

m⇤=mf ,m⇢,m!,...

gm⇤

�m⇤
p
2⇡

exp(�(m�m⇤
)

2/2�2
m⇤)

�m⇤
= �m⇤/2 ⇠ O(100) MeV

1966 
(1411 states)

⇢(m) ⇡ a

(m2 +m2
0)

3/2
e

m
TH

m0 = 660 MeV

TH = 157 MeV

1966 
(4627 states)



Hadron Gas
The partition function of a hot gas of hadrons could be written using the 
degeneracy factor as extrapolated by the exponential density of hadrons

Hadron matter cannot exist at temperature T>TH (the partition function would 
not be convergent). As T approaches TH, from below, heavier and heavier 
resonances enter in the sum — while their momenta do not increase. 
!
TH must be the ultimate temperature of hadronic matter, where relevant dof 
must change (N. Cabibbo & G. Parisi 1975)

Z =
X

E

g(E)| {z }
degeneracy of E

e�E/T =
X

m

⇢(m)
X

p

e�
p

p2+m2

T

' V

(2⇡)3

Z
dm ⇢(m)e�

m
T

Z
dp p2e�

p2

2mT

= V

✓
T

2⇡

◆
3/2 Z

dm
a

(m2 +m2

0

)3/2
m3/2e

m
⇣

T�TH
TTH

⌘

⇡ A+B|T � TH |1/2



LOW EQUATION

�
tot

=
2⇡}2
µ|Eb|

When shallow bound states  are allowed in low energy potential scattering it 
is possible a description of scattering leghts and phase shifts which does 
not require the precise knowledge of the scattering potential.

D

D*

D

D*

X

The coupling is extracted from the X decay width into DD* components; 
yet the binding energy is too low.
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X at LHCb
LHCb arXiv:1404.0275

B(X(3872) !  (2S) �)

B(X(3872) ! J/ �)
= 3.4± 1.4

“…The measured value agrees with expectations for a pure charmonium interpretation of 
the X(3872) state and a mixture of charmonium and molecular interpretations.  
However, it does not support a pure DD* molecular interpretation of the X(3872) state …”

yet I wuold continue, citing Eichten, Lane & Quigg hep-ph/0511179

 “ …but the mass of X (3872) is too low to be gracefully identified with the 23P1  
charmonium state, especially if Z(3931) is to be identified as the 23P2 level…”

btw charmonium violating isospin?…



Imperfect Matchings
The matchings shown above are valid only with neutral components though. 
We know that the two  following thresholds do not match

D±
¯D⇤0

(or D0
¯D⇤±

) 6= J/ ⇢±

being that 
mD± �mD0 ⇡ 4.8± 0.1 MeV

mD⇤± �mD⇤0 ⇡ 3.3± 0.3 MeV

Also the D+D*- threshold is pretty far away 

mD+D⇤� �mD0D̄⇤0 ⇡ 8 MeV

According to this last fact, we someone concluded e.g. that the dd* component in the X has to be 
suppressed so that the X cannot be a pure I=0 state and this might be the seed of observed isospin 
violations.  On the other hand the Zc should be a pure I=1 state and should not violate isospin as in Zc → J/
ψ η (not forbidden in 4q models).



Quantum Numbers
Let’s refer to Zc0(3900). It is a 1+- particle. A simple way of building it is the 
following. Take two colored positive parity bosons (diquarks) in S-wave (L=0).

|sQq, sQ̄q̄, Si = |1cq, 1c̄q̄, 1i

Indeed exchanging coordinates, spins and charges, in this two boson system 
we can make C=-1

(�1)L(�1)2s+SC = +1 ) C = �1

Another C=-1 state can be formed by taking simply

|1cq, 0c̄q̄, 1i � |0cq, 1c̄q̄, 1i

Thus we got two JPC=1+- states, and automatically one JPC=1++ state

|1cq, 0c̄q̄, 1i+ |0cq, 1c̄q̄, 1i

The latter could simply be the X(3872) the first one; discovered back in 2003



Eightfold Way 
50 years of quark model

diagonalize simultaneously T 3
8 , T

8
8 diagonalize simultaneously T 3

10, T
8
10

Three quarks in the fundamental. The list of 
elementary particles gets much shorter…



Vcc̄ = �4

3

↵s

r
+ r + ↵sf(r)Sc · Sc̄
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Charmonium Levels
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Bottomonium Predictions
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Bottomonium Levels
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Diquarks
[cq]i = ✏ijk c̄

j
c�5q

k spin 0

[cq]i = ✏ijk c̄
j
c�q

k spin 1

|0, 1i1 :=
1

2
�2 ⌦ �2�i

|1, 0i1 :=
1

2
�2�i ⌦ �2

|1, 1i0 :=
1

2
p
3
�2�i ⌦ �2�i

|1, 1i1 :=
i

2
p
2
✏ijk�2�j ⌦ �2�k

...

|s, s̄iJ notation



Before Zc(4025) was found
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Fit with two resonances 
with no further constraints. 
The second structure is  
a fluctuation P=12%

Fit with two resonances 
with M(Z’)>M(Z). 
The second structure is  
a fluctuation P=53%

�2/dof = 41/65 �2/dof = 47/65

Maiani, Piccinini, ADP, Riquer, PRD 2013 — type I model



Spin problem in type I
In the type I diquark model we have two 1+- states the heavier, Z, at about 3880 MeV

|Z(0)i = ↵(0)(|10iu � |01iu) + �(0)|11iu + (u ! d)

`cc̄ = (3/2 + 2hZ(0)|Sc · Sc̄|Z(0)i)1/2

The expected spin of the cc* pair being computed as

equal to √2 if Scc*=1, and 0 if Scc*=0. Contrary to the experimental fact that  
the Z is observed to decay predominantly in J/ψ, we found

`cc̄(Z
0)| {z }

lighter

⇡ 3`cc̄(Z)

This problem is solved in the type II model in which the Sq.Sq* interaction is  
not the dominating one.



Quark-antiquark spin basis
|sqq̄, scc̄iJ

X0 =
1

2
|0qq̄, 0cc̄i0 +

p
3

2
|1qq̄, 1cc̄i0,

X 0
0 =

p
3

2
|0qq̄, 0cc̄i0 �

1

2
|1qq̄, 1cc̄i0

X1 = |1qq̄, 1cc̄i1

Z =
1p
2
(|1qq̄, 0cc̄i1 � |0qq̄, 1cc̄i1)

Z 0 =
1p
2
(|1qq̄, 0cc̄i1 + |0qq̄, 1cc̄i1)

X2 = |1qq̄, 1cc̄i2

decays into J/ψ

Seince in type II the mass eigenvectors correspond to those listed before,  
we can ‘Fierz’ them in the quark-antiquark spin basis, and realize that  
both Z and Z’ have also a spin 0 component in agreement with the observed

Z(4020) ! ⇡ + hc(1
1P1), seen

Z(3900) ! ⇡ + hc(1
1P1), seen (?)



The 1π Correction 
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Comparison to CDF data

Comparison to CDF data Comparison to CDF data

A. Guerrieri, F. Piccinini, A. Pilloni, ADP arXiv:1405.7929



X at LHC (CMS data) 

Braaten & Artoisenet arXiv:1007.2868


