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Novel Features of Quarkonium and Tetraquark Physics
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Introduction

The Pacific Northwest National Laboratory (PNNL) is pleased to host the 11th edition of the International Workshop on Heavy
Quarkonium from June 6-10, 2016. This workshop is the premier opportunity for experimentalists and theorists to gather to
discuss topics related to quarkonium physics. The past 15 years has seen a major renaissance in this field, with the discovery
and further understanding of many conventional quarkonium and new multi-quark states. This workshop will feature the latest
results from Run II at the LHC and ongoing/past e+e- collider experiments, planning for the next generation of experiments
including Belle-II, PANDA, and others, and the most up-to-date theoretical developments.

Established in 1965 and located in Richland, WA, USA, PNNL is a US Department of Energy national laboratory that
focuses on fundamental science, energy, environment, and national security.

QWG Convenors

Geoff Bodwin, ANL, USA

Nora Brambilla, TU Munich, Germany

Roberto Mussa, INFN Torino, Italy

Vaia Papadimitriou, FNAL, USA

Antonio Vairo, TU Munich, Germany

Subgroup Conveners [Theory / Experiment]

Spectroscopy [G.S. Bali, N. Brambilla, J. Soto / R. Mizuk, R. Mitchell, R. Mussa]

Decays [E. Eichten, A. Vairo / C. Patrignani, C.Z. Yuan]

Production [G. Bodwin, E. Braaten, J. Qiu / V. Kartvelishvili, V. Papadimitriou]

Standard Model Measurements [A. Kronfeld, A. Pineda / S. Eidelman]

Quarkonium in Media [P. Petreczky, R. Vogt / A.D. Frawley, E. Scomparin]
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J. J. Aubert et al. [European Muon Collaboration], “Pro-
duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

Evidence for Intrinsic Charm

Measurement of Charm Structure Function! 

DGLAP / Photon-Gluon Fusion: factor of 30 too small

factor of 30 !

Two Components (separate evolution):

c(x,Q

2) = c(x, Q

2)
extrinsic

+ c(x, Q

2)
intrinsic

gluon splitting 
(DGLAP)

< xcc̄ >p' 1%

Needs to be confirmed !
by COMPASS, EIC!
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Excitation of Intrinsic Heavy Quarks in a Fixed Target

Amplitude maximal at minimal invariant mass,  #
in target rapidity domain!

xi �
m�i�n
j m�j

g

Heavy states produced in  TARGET rapidity region

6.5 TeV  p 

Fixed 	
Gas Jet 
Target

Test at LHCb!!

d�

dyJ/ 
(pA! J/ X)

Produce J/ ,⌥,⇤c,⇤b, |ccu >, |cudc̄ >, |cuuddduc̄ >, · · ·

�y = y|QQ̄> � ytarget = log x|QQ̄> = O(1)

p
s =

p
13000 = 115 GeV

⇤b,⌅(ccu),⌅(bbu) · · ·
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Same slope!

M2(n,LB) = 42(n + LB + 1)
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Figure 1: The supersymmetric quadruplet {�M , B+, B�,�T }. Open circles represent
quarks, full circles antiquarks. The tetraquark has the same mass as its baryon partner in the
multiplet. Notice that the LF angular momentum of the negative-chirality component wave
function of a baryon  B� is one unit higher than that of the positive-chirality (leading-twist)
component  B+.

spinor wavefunction  B+ and  B�, plus two bosonic wave functions, namely the meson

�B and the tetraquark �T . These states can be arranged as a 2⇥ 2 matrix:

 
�M(LM = LB + 1)  B�(LB + 1)

 B+(LB) �T (LT = LB)

!
, (21)

on which the symmetry generators (1) and the Hamiltonian (17) operate 9.

According to this analysis, the lowest-lying light-quark tetraquark is a partner of

the b1(1235) and the nucleon; it has quantum numbers I, JP = 0, 0+. The partners of

the a2(1320) and the �(1233) have the quantum numbers I = 0, JP = 1+. Candidates

for these states are the f0(980) and a1(1260), respectively.

2.4 Inclusion of quark masses and comparison with experiment

We have argued in [11] that the natural way to include light quark masses in the

hadron mass spectrum is to leave the LF potential unchanged as a first approximation

and add the additional term of the invariant mass �m2 =
Pn

i=1
m2

i

x
i

to the LF kinetic

energy. The resulting LF wave function is then modified by the factor e�
1
2��m2

, thus

providing a relativistically invariant form for the hadronic wave functions. The e↵ect of

the nonzero quark masses for the squared hadron masses is then given by the expectation

value of �m2 evaluated using the modified wave functions. This prescription leads to

9It is interesting to note that in Ref. [20] mesons, baryons and tetraquarks are also hadronic states
within the same multiplet.
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Superconformal algebra 

2 X 2 Matrix Representations:                                     
Mass-Degenerate Hadronic Eigensolutions
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Meson ([q̄q]L)

Baryon (q[qq])L

Baryon (q[qq])L+1 Tetraquark ([q̄q̄][qq])L

quark-diquark baryons

diquark-diquark tetraquarks 



b1

π2

0

N
π

2 4

0

2

4

6

LM = LB + 11-2015
8872A1

M
2
 (

G
e

V
2
)

1
–
2

+

N
1
–
2 N

3
–
2

- -

N
3
–
2 N

5
–
2

+ +

N
9
–
2

+

0

2

4

6

ρ,ω

a2,f2

ρ3,ω3

a4,f4

0 2 4

LM = LB + 11-2015
8872A3

M
2
 (

G
e

V
2
)

Δ
3
–
2

+

Δ
1
–
2

-

,Δ
3
–
2

-

Δ
1
–
2

+

Δ
11
–
2

+

,Δ
3
–
2

+

,Δ
5
–
2

+

,Δ
7
–
2

+

Superconformal meson-nucleon partners: solid line corresponds to
p

� = 0.53 GeV

Trinity College, Dublin, 20 October 2015
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de Tèramond, Dosch, sjb

Solid line:  κ = 0.53 GeV

Superconformal meson-nucleon partners

Mass Degenerate Tetraquarks

Candidates f0(980)I = 0, JP
= 0

+
, partner of proton

Tetraquark  
Candidates a1(1260)I = 0, JP

= 1

+
, partner of �(1233)



Diquark Clusters: Building Blocks of Exotic Hadrons

• Diquarks: Spin S=0, 1, all L !

• Tetraquarks:                   Spin S =0,1,2, all L  !

• Regge trajectories, universal slope for mq=0!

• All flavors possible  !

• Pentaquarks  !

• Hexaquarks, Octoquarks!

[qq]3̄C , [q̄q̄]3C ,

([qq][q̄q̄])

⇥
([qq]3̄C

q̄3̄C
)3C [qq]3̄C

⇤
1C

([cu][c̄ū])

(uuduudcc̄)

!
de Tèramond, Dosch, Lorce, sjb

Lebed, Hwang, sjb

Candidates f0(980)I = 0, JP
= 0

+
, partner of proton

a1(1260)I = 0, JP
= 1

+
, partner of �(1233)

Tetraquark  
Candidates



n

�⇤

⇤c

c̄

c
u

d

u

D0

n

d

[⇤cn]

�⇤d! D
0(c̄u)[⇤cn](cududd)

Possible charmed B= 2 nucleus 

Nuclear binding at low relative velocity



Octoquark Production at Threshold

�⇤ c̄

c

d

Explains Krisch Effect!

M
octoquark

⇠ 5 GeV

�⇤d! |uududdcc̄ >



Wish List
• Double-Charmed Baryons, ccu-ccd Isospin separation!

• tetraquarks, multi-flavors, Regge excitations, Q=2 !

• Produce Heavy-Quark States at minimum y (Gas Jet 
Target LHCb)!

• JLab: Exotic Charm States!

• COMPASS: Charm Structure Function



 Stan Brodsky
Color Confinement and Hadron Dynamics from LF 

Holography and Superconformal Algebra 
!  June 7, 2016

• Anti-Shadowing is Universal 

• ISI and FSI are higher twist effects and universal 

• High transverse momentum hadrons arise only 
from jet fragmentation  -- baryon anomaly! 

• Heavy quarks only from gluon splitting 

• Renormalization scale cannot be fixed 

• QCD condensates are vacuum effects 

• QCD gives 1042 to the cosmological constant 

• Colliding Pancakes

QCD Myths
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