
Valparaiso, Chile  May 19-20, 2011 

c

    !

Novel Features of Quarkonium and Tetraquark Physics

Stan Brodsky  

c

c̄

P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u

p

Q

Q

p

QWG2016

June 6 - 10, 2016
Pacific Northwest National Laboratory
Richland, WA, USA

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]

QWG2016

June 6 - 10, 2016
Pacific Northwest National Laboratory
Richland, WA, USA

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]

June 8, 2016



General remarks about orbital angular mo-
mentum

⌃R�

xi
⌃R�+⌃b�i

�n
i
⌃b�i = ⌃0�

�n
i xi = 1

�n
i=1(xi

⌃P�+ ⌃k�i) = ⌃P�

xi
⌃P�+ ⌃k�i

�n
i

⌃k�i = ⌃0�

�n
i xi = 1

P+, ↵P+

xiP
+, xi

↵P⇤+ ↵k⇤i

ẑ
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composite systems in quantum field theory
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Fixed LF time
Higher Fock States of the Proton

Wavefunction at fixed LF time:  Arbitrarily Off-Shell in Invariant Mass

Eigenstate of LF Hamiltonian : all Fock states contribute
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Do heavy quarks exist in the proton at high x?$
!

Conventional wisdom:$
!

Heavy quarks generated only at low x $
via DGLAP evolution $
from gluon splitting

!

Conventional wisdom is wrong even in QED!
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Proton Self Energy  
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Collins, Ellis, Gunion, Mueller, sjb 
M. Polyakov, et al. 
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Rigorous OPE Analysis
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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)

 New Analysis:	
R.D. Ball, et al. [NNPDF Collaboration],	

  “A Determination of the Charm Content 
of the Proton,''	

  arXiv:1605.06515 [hep-ph].	

< xcc̄ >p' 1%
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R. Beuselinck,43 V. A. Bezzubov,39 P. C. Bhat,50 V. Bhatnagar,27 G. Blazey,52 F. Blekman,43 S. Blessing,49 K. Bloom,67

A. Boehnlein,50 D. Boline,62 T. A. Bolton,59 E. E. Boos,38 G. Borissov,42 T. Bose,77 A. Brandt,78 R. Brock,65

G. Brooijmans,70 A. Bross,50 D. Brown,19 X. B. Bu,7 N. J. Buchanan,49 D. Buchholz,53 M. Buehler,81 V. Buescher,22

V. Bunichev,38 S. Burdin,42,‡ T. H. Burnett,82 C. P. Buszello,43 P. Calfayan,25 B. Calpas,15 S. Calvet,16 J. Cammin,71

M.A. Carrasco-Lizarraga,33 E. Carrera,49 W. Carvalho,3 B. C. K. Casey,50 H. Castilla-Valdez,33 S. Chakrabarti,72

D. Chakraborty,52 K.M. Chan,55 A. Chandra,48 E. Cheu,45 D. K. Cho,62 S. Choi,32 B. Choudhary,28 L. Christofek,77

T. Christoudias,43 S. Cihangir,50 D. Claes,67 J. Clutter,58 M. Cooke,50 W. E. Cooper,50 M. Corcoran,80 F. Couderc,18
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Intrinsic Heavy-Quark Fock 

• Rigorous prediction of QCD, OPE 

• Color-Octet Color-Octet Fock State  

• Probability 

• Large Effect at high x 

• Greatly increases kinematics of colliders  such as 
Higgs production (Kopeliovich, Schmidt, Soffer, 
sjb) 

• Underestimated in conventional 
parameterizations of heavy quark distributions 
(Pumplin, Tung) 
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Produce J/ψ, Λc and other Charm Hadrons at High xF

X

Spectator counting rules 
dN

dxF
/ (1� xF )2nspect�1

Coalesece of comovers produces high xF heavy hadrons

⇤c  H(xi,
~

k?i,�i)

LFWF maximum at equal rapidity

maximum at minimal invariant mass  

High xF hadrons combine most of the comovers, fewest spectators

—> Asymmetries of leading hadrons 

Vogt, sjb
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Evidence for charm at large x



⇤c(cud)

(1� xF )p
, p = ns � 1

p(uudcc̄)

ns = 2

Phase space gives 
minimum power p
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• EMC data: c(x, Q2) > 30�DGLAP
Q2 = 75 GeV2, x = 0.42

• High xF pp⇤ J/�X

• High xF pp⇤ J/�J/�X

• High xF pp⇤ �cX

• High xF pp⇤ �bX

• High xF pp⇤ ⇥(ccd)X (SELEX)

Interesting spin, charge asymmetry, threshold, spectator effects
Important corrections to B decays; Quarkonium decays

Gardner, Karliner, sjb

Explain Tevatron anomalies: pp̄! �cX,ZcX
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1/16/2005 Mike Leitch 12

Nuclear modification of parton level structure & dynamics

Modification of parton momentum 
distributions of nucleons embedded in nuclei
• shadowing – depletion of low-momentum 
partons (gluons)
• coherence & dynamical shadowing 
• gluon saturation – e.g. color glass condensate, 
a specific/fundamental model of gluon 
saturation which gives shadowing in nuclei

800 GeV p-A (FNAL)   !A = !p*A"

PRL 84, 3256 (2000); PRL 72, 2542 (1994)

open charm: no A-dep

at mid-rapidity

= x
1
-x

2

Q = 2 GeV
5 GeV

10 GeV

Gluon shadowing

Gerland, Frankfurt, Strikman,

Stocker & Greiner (hep-ph/9812322)

Nuclear effects on parton “dynamics”
• energy loss of partons as they propagate 
through nuclei
• and (associated?) multiple scattering 
effects (Cronin effect)
• absorption of J/! on nucleons or co-
movers; compared to no-absorption for 
open charm production

Remarkably Strong Nuclear 
Dependence for Fast Charmonium

M. Leitch

 Violation of factorization in charm hadroproduction. 
P. Hoyer, M. Vanttinen (Helsinki U.) ,  U. Sukhatme (Illinois U., Chicago) . HU-TFT-90-14, May 1990. 7pp.  

 Published in Phys.Lett.B246:217-220,1990

Violation of PQCD Factorization!

d⇥
dxF

(pA� J/⇤X)

d⇥
dxF

(�A� J/⇤X)

xF

A2/3 component

A1 component

Fits conventional PQCD subprocesses

IC Explains large excess of quarkonia at large xF,  A-dependence
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NA3: Badier et al. 
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Scattering on front-face nucleon produces color-singlet     paircc̄

u

Octet-Octet IC Fock State

!
Color-Opaque IC Fock state 

interacts on nuclear front surface  

d⇤
dxF

(pA ⇤ J/⌅X) = A2/3 � d⇤
dxF

(pN ⇤ J/⌅X)

fb

⇥q ⇤ �⇥q

�⇥

⇥

p

↵

J/�

p

c

c̄

No absorption of  
small color-singlet

g

Kopeliovich, 
Schmidt, Soffer, sjb

A

High xF



Production of Two Charmonia at 
High xF

X

pp� p + J/� + p

pp� p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

pp� p + J/� + p

pp� p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

pp� p + J/� + p

pp� p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

pp� p + J/� + p

pp� p + H + p

Also:

c

c̄

< xF >= 0.33

Minimize LF energy denominator

X

NA3: All events at high xF = xψ +  xψ !
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% 

Fig. 3. The fi# pair distributions are shown in (a) and (c) for the 

pion and proton projectiles. Similarly, the distributions of J/$‘s 

from the pairs are shown in (b) and (d). Our calculations are 

compared with the n-N data at 150 and 280 GeV/c [ I]. The 

x++, distributions are normalized to the number of pairs from both 

pion beams (a) and the number of pairs from the 400 GeV proton 

measurement (c) The number of single J/e’s is twice the number 

of pairs. 

x+ = ~it,/pt,~a~ in Fig. 3. The +$ pair distributions 

are shown in Fig. 3(a) and 3(c) and the associated 

the single J/I) distributions in pair events are shown 

in Fig. 3(b) and 3(d) . Both are normalized to the 

data with the single J/r/ normalization twice that of 

the pair. 

4. Other tests of the intrinsic heavy quark 

mechanism 

The intrinsic charm model provides a natural expla- 

nation of double J/e hadroproduction and thus gives 

strong phenomenological support for the presence of 

intrinsic heavy quark states in hadrons. While the gen- 

eral agreement with the intrinsic charm model is quite 

good, the excess events at medium xlfi~l suggests that 

intrinsic charm may not be the only @$ QCD produc- 

tion mechanism present or that the model parameteri- 

zation with a constant vertex function is too oversim- 

plified. The x,++,+ distributions can also be affected by 

the A dependence. Additional mechanisms, including 

an update of previous models [ 3-71, will be presented 

in a separate paper [ 81. 

The intrinsic heavy quark model can also be used to 

predict the features of heavier quarkonium hadropro- 

duction, such as YY, Y$, and (6~) (Eb) pairs. Using 

fib = 4.6 GeV, we find that the single Y and YY pair 

x distributions are similar to the equivalent I,& distri- 

butions. The average mass, (MYY), is 21.4 GeV for 

pion projectiles and 21.7 GeV for a proton, a few GeV 

above threshold, 2my = 18.9 GeV. The xy@ pair distri- 

butions are also similar to the +@ distributions but we 

note that (xy) = 0.44 and (xe) = 0.30 from a l&fcCbb) 

configuration and (xy) = 0.39 and (x$) = 0.27 from 

a luudc&) configuration. Here (MY@) = 14.9 GeV 

with a pion projectile and 15.2 GeV with a proton, 

again a few GeV above threshold, my + rn+ = 12.6 

GeV. 

It is clearly important for the double J/+ measure- 

ments to be repeated with higher statistics and also at 

higher energies. The same intrinsic Fock states will 

also lead to the production of multi-charmed baryons 

in the proton fragmentation region. It is also interesting 

to study the correlations of the heavy quarkonium pairs 

to search for possible new four-quark bound states and 

final state interactions generated by multiple gluon ex- 

change [ 71. It has been suggested that such QCD Van 

der Waals interactions could be anomalously strong at 

low relative rapidity [ 22,231. 

There are many ways in which the intrinsic heavy 

quark content of light hadrons can be tested. More 

measurements of the charm and bottom structure func- 

tions at large XF are needed to confirm the EMC data 

[ 151. Charm production in the proton fragmentation 

region in deep inelastic lepton-proton scattering is sen- 

sitive to the hidden charm in the proton wavefunction. 

The presence of intrinsic heavy quarks in the hadron 

wavefunction also enhances heavy flavor production 

in hadronic interactions near threshold. More gener- 

ally, the intrinsic heavy quark model leads to enhanced 

open and hidden heavy quark production and leading 

particle correlations at high XF in hadron collisions 

with a distinctive strongly-shadowed nuclear depen- 

dence characteristic of soft hadronic collisions. 
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[ 121. For soft interactions at momentum scale CL, the 

intrinsic heavy quark cross section is suppressed by a 

resolving factor cc &2/m; [ 131. 

There is substantial circumstantial evidence for the 

existence of intrinsic CL! states in light hadrons. For ex- 

ample, the charm structure function of the proton mea- 

sured by EMC is significantly larger than predicted by 

photon-gluon fusion at large XBj [ 151. Leading charm 

production in TN and hyperon-N collisions also re- 

quires a charm source beyond leading twist [ 13,161. 

The NA3 experiment has also shown that the single 

J/$ cross section at large XF is greater than expected 

from gg and q?j production [ 171. Additionally, intrin- 

sic charm may account for the anomalous longitudi- 

nal polarization of the J/+4 at large XF [ 181 seen in 

?rN -+ J/+X interactions. 

Over a sufficiently short time, the pion can contain 

Fock states of arbitrary complexity. For example, two 

intrinsic CC pairs may appear simultaneously in the 

quantum fluctuations of the projectile wavefunction 

and then, freed in an energetic interaction, coalesce 

to form a pair of I,!J’s. We shall estimate the creation 
-- 

probability of ~~vcccc) Fock states, where nv = &I for 

7~- and nv = uud for proton projectiles, assuming that 

all of the double J/I,~ events arise from these configu- 

rations. We then examine the x+$ and invariant mass 

distributions of the $$ pairs and the x,,+ distribution 

for the single $‘s arising from these Fock states. 

2. Intrinsic charm Fock states 

The probability distribution for a general n-particle 

intrinsic CC Fock state as a function of x and kr is 

written as 

(1) 

where N,, normalizes the Fock state probability. In 

the model, the vertex function in the intrinsic charm 

wavefunction is assumed to be relatively slowly vary- 

ing; the particle distributions are then controlled by the 

light-cone energy denominator and phase space. This 

form for the higher Fock wavefunctions generalizes 

for an arbitrary number of light and heavy quark com- 

ponents. The Fock states containing charmed quarks 

can be materialized by a soft collision in the target 

which brings the state on shell. The distribution of 

produced open and hidden charm states will reflect the 

underlying shape of the Fock state wavefunction. 

The invariant mass of a c.? pair, M,, from such a 

Fock state is 

(2) 

where n = 4 and 5 is the number of partons in the 

lowest lying meson and baryon intrinsic CC Fock states. 

The probability to produce a J/(/I from an intrinsic 

CT state is proportional to the fraction of intrinsic ci? 

production below the Or, threshold. The fraction of 

CC pairs with 2m, < MC? < 2rno is 

The ratio fc~jr is approximately 15% larger than fc~iP 

for 1.2 < m, < 1.8 GeV. However, not all c?‘s pro- 

duced below the DB threshold will produce a final- 

state J/S. We include two suppression factors to es- 

timate J/q5 production, one reflecting the number of 

quarkonium channels available with McT < 2rno and 

one for the c and C to coalesce with each other rather 

than combine with valence quarks to produce open 

charm states. The “channel” suppression factor, s, z 

0.3, is estimated from direct and indirect J/$ produc- 

tion, including x1 and xz radiative and +’ hadronic 

decays. The combinatoric “flavor” suppression factor, 

of, is l/2 for a IEdcC) state and l/4 for a IuudcC) 

state. In Fig. 1 we show the predicted fraction of $‘s 

produced from intrinsic CC pairs, 

f@lh = s,sf.fE/h ) (4) 

as a function of m,. We take m, = I .5 GeV, suggesting 

f ur  M 0.03 and f e j p M 0.014. 

NA3 Data

πA! J/ψJ/ψX

µ2
R = CQ2

⌅(Q2) = C0 + C1�s(µR) + C2�2
s(µR) + · · ·

⇧ = 1
2x�P+

⇥p⌅ µ+µ�p

Oberwölz

All events have xF
⌃⌃ > 0.4 !

⇧(pp⌅ cX) ⇤ 1µb

Excludes PYTHIA 
‘color drag’ model

R. Vogt, sjb 
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Production of a Double-Charm Baryon

X

SELEX  high xF < xF >= 0.33

pp ⌅ p + H + p

H, Z0, �b

b⌃ ⇤ 1/Q

Must have �Lz = ±1 to have nonzero F2

Use charge radius R2 = �6F ⇧1(0)

and anomalous moment ⇥ = F2(0)
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Why is Intrinsic Heavy Quark 
Phenomena Important?

•Test Fundamental QCD predictions OPE, Non-Abelian 
QCD	

•Test non-perturbative effects	

•Important for correctly identifying the gluon distribution	

•High-xF open and hidden charm and bottom; discover 
exotic states	

•Explain anomalous high pT charm jet + γ data at 
Tevatron	

• Important source of high energy ν at IceCube

Non-Abelian: PQQ̄ / 1
M2

QQ̄

Abelian: PQQ̄ / 1
M4

QQ̄
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H

Higgs can have > 80% of Proton Momentum!

Also: intrinsic strangeness, bottom, top

pp� HXp

p

c
c̄

g

New production mechanism for Higgs at the LHC

AFTER: Higgs production at threshold!

Intrinsic Heavy Quark Contribution  
to Inclusive Higgs Production



Figure 3: The cross section of inclusive Higgs production in fb, coming

from the nonperturbative intrinsic bottom distribution, at both LHC

(
√

s = 14 TeV, solid curve) and Tevatron (
√

s = 2 TeV, dashed curve)

energies.

that the cross section for inclusive Higgs production from intrinsic bottom is much

higher than the one coming from intrinsic charm. Although it is true that the Higgs-

quark coupling, proportional to mQ, cancels in the cross section with PIQ ∝ 1/m2
Q,

the matrix element between IQ and Higgs wave functions has an additional mQ factor.

This is because the Higgs wave function is very narrow and the overlap of the two

wave functions results in ΨQQ(0) ∝ mQ. Thus, the cross section rises as m2
Q, as we

see in the results.

We can compare our predictions for inclusive Higgs production coming from

IB with our previous ansatz for the Higgs production gluon-gluon fusion process

xdN/dx = 6(1 − x)5. At the maximum (xF = 0.9) of the IB curve we get a value of

roughly 50 fb, while there gluon-gluon gives 0.067 fb. Thus this high-xF region is the

ideal place to look for Higgs production coming from intrinsic heavy quarks.

We obtain essentially the same curves for Tevatron energies (
√

s = 2 TeV) , al-

though the rates are reduced by a factor of approximately 3.

We also show in Fig.4 the results for Higgs production coming from the perturba-

tive charm distribution. The magnitude of the production cross section is considerably
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Intrinsic Heavy Quark Contribution  to 
High xF Inclusive Higgs Production

⌅ = t + z/c

d⇤
dxF

(pp ⇥ HX)[fb]

fb

⇥q ⇥ ��q

��

⇥

p
Goldhaber, Kopeliovich, 

Schmidt, Soffer, sjb

LHC :
�

s = 14TeV

Tevatron :
�

s = 2TeV

Need High xF Acceptance
Most practical: Higgs to 4 muons 
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J/ 
c

c̄
d̄

u

⇡+

⇢�

 ⇢�

cc̄ūd(xi,
~

k?,�i)

cc̄ flows into ⇢ IC LFWF

J/Ψ to ρ π  Puzzle

Suppressed for  0 ! ⇢⇡ because of node

Not OZI 
J/ ! ggg

J/ 

Not 13% 	
VP decay violates 

hadron 	
helicity conservation

NS62CH01-Brodsky ARI 17 September 2012 10:10

Karliner, sjb
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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) · · ·

discussions with M.  Williams



Update on Double Charm Baryons
My Personal List of Mysteries in Charm and Beauty

Other SELEX Charm Results
Summary

Beauty Mysteries – b in ISR

CERN-ISR R422 (Split Field Magnet), 1988/1991

0
b pD0 0

b c
Il Nuovo Cimento 104, 1787

Jürgen Engelfried DCB 43/64

Associated e+ Associated e-_

pp� �b(bud)B(b̄q)X at large xF

Create ⇤b at rest at LHCb at
p

s =
p

13000 = 115 GeV

p
s = 63 GeV

Discovery of ⇤b; Associated Production; Evidence for Intrinsic b¯b



JLab 12 GeV: An Exotic Charm Factory!

�⇤p! J/ + p threshold

at

p
s ' 4 GeV, E�⇤

lab ' 7.5 GeV.

�⇤d! J/ + d threshold

at

p
s ' 5 GeV, E�⇤

lab ' 6 GeV.

Produce [J/ + p] bound state

Produce [J/ + d] nuclear-bound quarkonium state

|uudcc̄ >

|uuddducc̄ >



Exclusive Open Charm  and Bottom Production

p

�⇤

⇤c

c̄

c
u

d

u

D0

�⇤p! D
0(c̄u)⇤c(cud)

c and u quark interchange 



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



Unexpected  

spin-spin 

correlation in pp  

elastic scattering

pp� �c(cud)D0(cu)p

p

⇥(pp� cX)

Total open charm cross section at threshold

⇥(pp� cX) ⇥ 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp� �(sud)K+(su)p

pp� �c(cud)D0(cu)p

p

⇥(pp� cX)

Total open charm cross section at threshold

⇥(pp� cX) ⇥ 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp� �(sud)K+(su)p

pp� �c(cud)D0(cu)p

p

⇥(pp� cX)

Total open charm cross section at threshold

⇥(pp� cX) ⇥ 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp� �(sud)K+(su)p

pp� �c(cud)D0(cu)p

p

⇥(pp� cX)

Total open charm cross section at threshold

⇥(pp� cX) ⇥ 1µb

needed to explain Krisch ANN

Compare with strangeness channels

pp� �(sud)K+(su)p

polarizations normal to scattering plane

⌅ ⌅

• Measure Elastic Proton-Proton Scattering

d�
dt (pp ⇤ pp) at large pT .

Test PQCD AdS/CFT conformal scaling:
twist = dimension - spin = 12

M(s, t) ⇥ F (t/s)
s4

d�
dt (pp ⇤ pp) ⇥ |F (t/s)|2

s10

⌅ ⌅

• Measure Elastic Proton-Proton Scattering

d�
dt (pp ⇤ pp) at large pT .

Test PQCD AdS/CFT conformal scaling:
twist = dimension - spin = 12

M(s, t) ⇥ F (t/s)
s4

d�
dt (pp ⇤ pp) ⇥ |F (t/s)|2

s10

Krisch, Crabb, et al 

RNN
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c– 
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c– 

d

p

p

u

u
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p

5-2005
8717A3

QCD  
Schwinger-Sommerfeld 
Enhancement at Heavy 

Quark Threshold

Hebecker, Kuhn, sjb

S. J. Brodsky and G. F. de Teramond, “Spin
Correlations, QCD Color Transparency And
Heavy Quark Thresholds In Proton Proton
Scattering,” Phys. Rev. Lett. 60, 1924 (1988).

Quark Interchange + 8-Quark Resonance

|uuduudcc̄ > Strange and Charm Octoquark!

M = 3 GeV, M = 5 GeV.

J = L = S = 1, B = 2

Production of   
uud c c uud  

octoquark resonance

J=L=S=1, C=-, P=- state

8 quarks in S-wave: odd parity

Ann = 1!

�(pp! cc̄X) ' 1 µb at threshold

�(�p! cc̄X) ' 1 nb at threshold

|uud uud cc̄i
B=2 Octoquark



Large RNN in pp! pp explained by

B = 2, J = L = 1 |uuduudcc̄ > resonance

at

p
s ⇠ 5 GeV

de Teramond and sjb

Ratio reaches 4:1

|uud uud cc̄i
B=2 Octoquark

p2
?(GeV2)

�("")/�("#)

plab(GeV/c)



Octoquark Production at Threshold

�⇤ c̄

c

d

Explains Krisch Effect!

M
octoquark

⇠ 5 GeV

�⇤d! |uududdcc̄ >



p

N A

J/ 

pA! J/ X

8C ⇥ 8C

(gg)8C + g8C ! J/ 

Digluon-initiated subprocess!

Higher-Twist but can dominate at forward rapidity, small pT



Two gluons at g(0.005) ⇠ 13
0.005 = 2600 vs. one gluon at g(0.01) ⇠ 8

0.01 = 800

xg(x,Q

2)⇥ 0.1

di-gluon

one gluon



p

N
A

J/ 

pA! J/ X

8C ⇥ 8C

(gg)8C + g8C ! J/ 

Strong shadowing of 
color-octet digluon

Front Surface 
dominated!

Crossing: Diffractive  
& pomeron exchange

Forward 
rapidity y ~4

Digluon-initiated subprocess!
 0

suppressed as it propagates through the nucleus



HQED

Coupled Fock states

Effective two-particle equation

 Azimuthal  Basis

Confining AdS/QCD  
potential!  

HLF
QCD

(H0
LF + HI

LF )|� >= M2|� >

[
�k2
� + m2

x(1� x)
+ V LF

e� ] �LF (x,�k�) = M2 �LF (x,�k�)

�,⇥

Semiclassical first approximation to QCD  

U(⇣) = 4⇣2 + 22(L + S � 1)

Light-Front QCD

AdS/QCD:

�2 = x(1� x)b2
�

x (1� x) �b⇥

⇤(x,�b⇥) = ⇤(�)

⇥(z)

� =
�

x(1� x)�b2⇥

z

z�

z0 = 1
⇥QCD

x (1� x) �b⇥

⇤(x,�b⇥) = ⇤(�)

⇥(z)

� =
�

x(1� x)�b2⇥

z

z�

z0 = 1
⇥QCD

x (1� x) �b⇥

⇤(x,�b⇥) = ⇤(�)

⇥(z)

� =
�

x(1� x)�b2⇥

z

z�

z0 = 1
⇥QCD

P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u

Sums an infinite # diagrams

LQCD

Eliminate higher Fock states              
and retarded interactions

⇥
� d2

d⇣2
+

1� 4L2

4⇣2
+ U(⇣)

⇤
 (⇣) =M2 (⇣)

mq = 0





Light-Front Holography  

AdS/QCD 
Soft-Wall  Model 

⇥
� d2

d⇣2
+

1� 4L2

4⇣2
+ U(⇣)

⇤
 (⇣) =M2 (⇣)

!
Conformal Symmetry 

of the action  

U(⇣) = 4⇣2 + 22(L + S � 1)

Exploring QCD, Cambridge, August 20-24, 2007 Page 9

Confinement scale:   

Light-Front Schrödinger Equation

�
� d2

d2�
+ V (�)

⇥
=M2⇥(�)

�
� d2

d�2 + V (�)
⇥
=M2⇥(�)

�2 = x(1� x)b2
⇥.

Jz = Sz
p =

⇤n
i=1 Sz

i +
⇤n�1

i=1 ⌥z
i = 1

2

each Fock State

Jz
p = Sz

q + Sz
g + Lz

q + Lz
g = 1

2

Unique $
Confinement Potential!

!
de Tèramond, Dosch, sjb

 ' 0.6 GeV

1/ ' 1/3 fm

• de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM 	
without affecting conformal invariance of action!

(mq=0)

Single scheme-
independent fundamental 

mass scale 



Exploring QCD, Cambridge, August 20-24, 2007 Page 9

⌅(x,�b⇤) = ⌅(⇥)

⇤(z)

⇥ =
�

(x(1� x)|b⇤|

z

z�

z0 = 1
⇥QCD

�d⇥ np

General remarks about orbital angular mo-
mentum

�n(xi, k�i,�i)

�n
i=1(xi

 R�+ b�i) =  R�

xi
 R�+ b�i

�n
i
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�n
i xi = 1
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• Light Front Wavefunctions:                                   

AdS5:  Conformal Template for QCD

P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u

Duality of AdS5 with LF 
Hamiltonian Theory

•Light-Front Holography

Light-Front Schrödinger Equation
Spectroscopy and Dynamics

with Guy de Teramond and 	
Hans Guenter Dosch

HQCD
LF |ψ >=M2|ψ >
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Super-Conformal Algebra and QCD

• QCD Lagrangian is conformally invariant 

• Broken by quantum corrections and quark 
masses 

• Mathematical representations of conformal 
group: AdS5 and Superconformal algebra 

• AdS5 - Dilaton, soft wall model breaks conformal 
symmetry : Confinement potential,  
spectroscopy, LFWFs, distribution amplitude at 
αs(Q2) all scales 

• Superconformal algebra: Conformal symmetry is 
broken by dAFF mechanism: Confinement 
potential, supersymmetric meson-baryon 
relations; diquark clusters, tetraquarks 



Prediction from AdS/QCD: Meson LFWF
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Structure of the Vacuum in Light-Front Dynamics

• Compare invariant mass in the instant-form in the hadron center-of-mass system P = 0,

M2
qq

= 4m2
q

+ 4p

2

with the invariant mass in the front-form in the constituent rest frame, k
q

+ k

q

= 0

M2
qq

=

k

2
? + m2

q

x(1� x)

obtain

U = V 2
+ 2

q

p

2
+ m2

q

V + 2 V
q

p

2
+ m2

q

where p

2
? =

k2
?

4x(1�x) , p3 =

m

q

(x�1/2)p
x(1�x)

, and V is the effective potential in the instant-form

• For small quark masses a linear instant-form potential V implies a harmonic front-form potential U

and thus linear Regge trajectories

[A. P. Trawiński, S. D. Glazek, S. J. Brodsky, GdT, H. G. Dosch, arXiv: 1403.5651]
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Connection to the Linear Instant-Form Potential

A.P. Trawinski, S.D. Glazek, H. D. Dosch, G. de Teramond, sjb

U(⇣2) = 4⇣2 $ V (r) = �r



Superconformal Quantum Mechanics 

{ , +} = 1

{Q,Q+} = 2H, {S, S+} = 2K

two anti-commuting$
fermionic operators

Q =  

+[�@
x

+ W (x)], Q

+ =  [@
x

+ W (x)],
W (x) =

f

x

S =  

+
x, S

+ =  x

 =
1
2
(�1 � i�2),  + =

1
2
(�1 + i�2) Realization as Pauli Matrices$

Introduce new spinor operators$

Q '
p

H, S '
p

K

Fubini and 
Rabinovici 

de Teramond 
Dosch, Lorce, sjb

1+1

{Q,Q} = {Q+, Q+} = 0, [Q,H] = [Q+,H] = 0

(Conformal)

Haag, Lopuszanski, Sohnius (1974)



Baryon Equation

Meson Equation

Meson-Baryon Degeneracy for LM=LB+1

S=1/2, P=+

S=0, I=1 Meson is superpartner of S=1/2, I=1 Baryon

both chiralities 

Table 1: Orbital quantum number assignment for the leading-twist parameter ⌫ for baryon
trajectories according to parity P and internal spin S.

S = 1

2

S = 3

2

P = + ⌫ = LB ⌫ = LB + 1

2

P = – ⌫ = LB + 1

2

⌫ = LB + 1

4 Baryon-Meson Supersymmetry185

4.1 The Superpartner of the Nucleon Trajectory186

In the case of baryons, the assignment of the leading-twist parameter ⌫ in Eqs. (9,187

10), as given in Table 1 [12], successfully describes the structure of the light baryon188

orbital and radial excitations 7. The assignment ⌫ = LB for the lowest trajectory, the189

nucleon trajectory, is straightforward and follows from the stability of the ground state190

– the proton – and the mapping to LF quantized QCD.191

The bound-state equations for the nucleon trajectory are (cf. Eqs. (9, 10)):192

✓
� d2

d⇣2

+ �2

B ⇣
2 + 2�B(LB + 1) +

4L2

B � 1

4⇣2

◆
 +

J = M2  +

J , (42)

✓
� d2

d⇣2

+ �2

B ⇣
2 + 2�B LB +

4(LB + 1)2 � 1

4⇣2

◆
 �J = M2  �J . (43)

We will now search for the meson supersymmetric partners of the nucleon trajectory.193

We choose as starting point the leading-twist chirality component  +

J (⇣) which satisfies194

(42). With the identifications x = ⇣, f � 1

2

= LB and � = �B, the plus chirality195

component  +

J (⇣) is also an eigenfunction of G
22

, Eq. (40). On the other hand, the196

supersymmetric partner satisfies G
11

, (39), which should describe a meson trajectory.197

Indeed, the Hamiltonian G
11

with the above mentioned substitutions agrees with the198

bound-state equation (5) for mesons with J = LM , provided we identify f + 1

2

= LM =199

LB +1 and set �M = �B. The lowest state on the mesonic trajectory, with J = LM = 0 –200

the pion– is massless in the chiral limit. It corresponds to a negative value of f , namely201

7The ‘leading-twist’ assignment referred to here is the e↵ective twist of the baryonic quark-cluster
system; it is thus equal to two. This is in distinction to the usual application of twist for hard exclusive
processes which emerges when the baryon cluster is resolved at high momentum transfer and is thus
equal to the total number of components

11

�2
M = �2

B = 4

M2
B(N,LB) = 4�B(n + LB + 1)

M2
M (N,LM , S = 0) = 4�M (n + LM )

�
� d2

d⇣2
+ �2

M⇣2 + 2�M (J � 1) +
4L2

M � 1
4⇣2

�
�J = M2�j

Superconformal Quantum Mechanics 
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Figure 2: Orbital and radial baryon excitation spectrum. Positive-parity spin-12 nucleons (a) and

spectrum gap between the negative-parity spin-32 and the positive-parity spin-12 nucleons families

(b). Minus parity N (c) and plus and minus parity ∆ families (d), for
√
λ = 0.49 GeV (nucleons)

and 0.51 GeV (Deltas).

cluster. The predictions for the daughter trajectories for n = 1, n = 2, · · · are also shown in

this figure. Only confirmed PDG [23] states are shown. The Roper state N(1440) and the

N(1710) are well accounted for as the first and second radial excited states of the proton.

The newly identified state, the N(1900) [23] is depicted here as the first radial excitation of

the N(1720). The model is successful in explaining the parity degeneracy observed in the

light baryon spectrum, such as the L = 2, N(1680)−N(1720) pair in Fig. 2 (a). In Fig. 2

(b) we compare the positive parity spin-12 parent nucleon trajectory with the negative parity

7

42S=1/2, P=+ S=1/2, P=+

S=3/2, P=-

S=1/2, P=- S=1/2, 3/2

Same slope in n and L!





Fit to the slope of Regge trajectories, 	
including radial excitations

Same Regge Slope for Meson, Baryons:  
Supersymmetric feature of hadron physics

Dosch, de Teramond, Lorce, sjb

mu = md = 46 MeV, ms = 357 MeV
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Solid line:  κ = 0.53 GeV

Superconformal meson-nucleon partners



Supersymmetry across the light and heavy-light hadronic spectrum
[H.G. Dosch, GdT, and S. J. Brodsky, Phys. Rev. D 92, 074010 (2015)]

• Introduction of quark masses breaks conformal symmetry without violating supersymmetry
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Supersymmetry across the light and heavy-light spectrum
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Supersymmetry across the light and heavy-light spectrum

LM = LB + 1LM = LB + 1

Bs,

[I ] b

[I ]

[I ]

b

B*s,
[I ] *b

Bs

M
2
  
(G

e
V

2
)

M
2
  
(G

e
V

2
)

B,Λb,Σb

Σb

0 1

26

30

34

38

26

30

34

38

b(5945)

B*s

0 1

B*,Σb*

B B*

B1 (5721)

Bs1 (5830)

Λb

Σb*

B*2 (5747)

B*s2 (5840)

4-2015
8880A2

(a) (b)

(c) (d)

Supersymmetric relations between mesons and baryons with beauty

Trinity College, Dublin, 20 October 2015
Page 24

Supersymmetric relations for mesons and baryons with b quarks



Using SU(6) flavor symmetry and normalization to static quantities
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�AdS
s (Q)/⇥ = e�Q2/4�2

�s(Q)
⇥

Deur,  de Teramond, sjb

 = 0.54 GeV

Analytic, defined at all scales, IR Fixed Point

Q (GeV)

�
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�g1/� (pQCD)
�g1/� world data
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�F3/�GDH limit
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Sublimated gluons below 1 GeVAdS/QCD dilaton captures the higher twist corrections to  effective charges for Q < 1 GeV

e' = e+2z2



Perturbative QCD

Holographic QCD

(asymptotic freedom)

Q0

Non−perturbative
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Transition scale Q0
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All-Scale QCD Coupling
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m⇢ =

p
2

mp = 2

� ⌘ 2

⇤MS = 0.341± 0.024 GeV

⇤MS = 0.339± 0.016 GeV

Expt:

 = 0.513± 0.007 GeV
Fit to Bj + DHG Sum Rules:

Q0 = 0.87± 0.08 GeV MS scheme



• Boost Invariant 

• Trivial LF vacuum! No condensate, but consistent with GMOR 

• Massless Pion 

• Hadron Eigenstates (even the pion) have LF Fock components of different Lz 

• Proton: equal probability 

!

• Self-Dual Massive Eigenstates: Proton is its own chiral partner. 

• Label State by minimum L as in Atomic Physics 

• Minimum L dominates at short distances                

• AdS/QCD Dictionary: Match to Interpolating Operator Twist at z=0.

Sz = +1/2, Lz = 0;Sz = �1/2, Lz = +1

No mass -degenerate parity partners!

Jz = +1/2 :< Lz >= 1/2, < Sz
q >= 0

Features of AdS/QCD Superconformal Equations

Meson-Baryon !
Mass Degeneracy !

for LM=LB+1



QWG2016

June 6 - 10, 2016
Pacific Northwest National Laboratory
Richland, WA, USA

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.
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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]

Novel Features of Quarkonium and Tetraquark Physics
QWG2016
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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.

12

Superconformal algebra 

2 X 2 Matrix Representations:                                     
Mass-Degenerate Hadronic Eigensolutions
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the b1(1235) and the nucleon; it has quantum numbers I, JP = 0, 0+. The partners of
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Baryon (q[qq])L+1 Tetraquark ([q̄q̄][qq])L

quark-diquark baryons
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New World of Tetraquarks

• Diquark: Color-Confined Constituents: Color$

• Diquark-Antidiquark bound states$

3C ⇥ 3C = 3̄C + 6C
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Bound!
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3̄C

2
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� [�(qN) + �(q̄N)] = [�({qq}N) + �({qq}N)]

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

+
, partner of proton

a1(1260)I = 0, JP
= 1

+
, partner of �(1233)

!
de Tèramond, Dosch, Lorce, sjb



Superconformal Algebra

• quark-antiquark meson (LM = LB+1))$

• quark-diquark baryon (LB)$

• quark-diquark baryon (LB+1)$

• diquark-antidiquark tetraquark (LT = LB)$

• Universal Regge slopes

2X2 Hadronic Multiplets

� = 2
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, 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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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.
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hadron mass spectrum is to leave the LF potential unchanged as a first approximation

and add the additional term of the invariant mass �m2 =
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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
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masses strongly break the conformal symmetry [18].

The structure of the hadronic mass generation obtained from the supersymmetric

Hamiltonian GS, Eq. (17), provides a frame-independent decomposition of the quadratic

masses for all four members of the supersymmetric multiplet. In the massless quark limit:

M2
H/� =

contribution from 2-dim

light-front harmonic oscillator

z }| {
(2n+ LH + 1)| {z }

kinetic

+(2n+ LH + 1)| {z }
potential

+

contribution from AdS and

superconformal algebra

z }| {
2(LH + s) + 2� . (25)

Here n is the radial excitation number and LH the LF angular momentum of the hadron

wave function; s is the total spin of the meson and the cluster respectively, � = �1 for the

meson and for the negative-chirality component of the baryon (the upper components

in the susy-doublet) and � = +1 for the positive-chirality component of baryon and

for the tetraquark (the lower components). The contributions to the hadron masses

squared from the light-front potential �2⇣2 and the light-front kinetic energy in the LF

Hamiltonian, are identical because of the virial theorem.

We emphasize that the supersymmetric features of hadron physics derived here from

superconformal quantum mechanics refers to the symmetry properties of the bound-

state wave functions of hadrons and not to quantum fields; there is therefore no need to

introduce new supersymmetric fields or particles such as squarks or gluinos.

We have argued that tetraquarks – which are degenerate with the baryons with the

same (leading) orbital angular momentum– are required to complete the supermulti-

plets predicted by the superconformal algebra. The tetraquarks are the bound states

of the same confined color-triplet diquarks and anti-diquarks which account for baryon

spectroscopy.

The light-front cluster decomposition [32, 33] for a bound state of N constituents

–as an “active” constituent interacting with the remaining cluster of N�1 constituents–

also has implications for the holographic description of form factors. As a result, the

form factor is written as the product of a two-body form factor multiplied by the form

factor of the N � 1 cluster evaluated at its characteristic scale. The form factor of the

N�1 cluster is then expressed recursively in terms of the form factor of the N�2 cluster,

and so forth, until the overall form factor is expressed as the N � 1 product of two-body

form factors evaluated at di↵erent characteristic scales. This cluster decomposition is

in complete agreement with the QCD twist assignment which leads to counting-rule

scaling laws [34, 35]. This solves a previous problem with the twist assignment for
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+ <

X

i

m

2
i

xi
>

�(mesons) = �1

�(baryons, tetraquarks) = +1



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)

Complete Regge 
spectrum in n, L

!
de Tèramond, Dosch, Lorce, sjb

Lebed, Hwang, sjb
1/10/2015 NeoFronteras » Confirman Z(4430) - Portada -

http://neofronteras.com/?p=4405 2/11

Los quarks tienen además de carga eléctrica una carga distinta que se ha llamado carga de color y que
puede ser roja, verde o azul (es una analogía, obviamente no tienen color real), con sus correspondientes
anticolores. Combinando quarks se consiguen partículas con carga de color neutra. Los leptones son
partículas de spin semientero, en concreto son el electrón, el muón y el tau con sus correspondientes
neutrinos asociados.
Además de todo ello, hay partículas de spin entero (bosones) que son los portadores de las fuerzas. Los
quarks y leptones interaccionan intercambiando bosones virtuales de fuerza, partículas que no tienen
consistencia real. Un electrón se ve atraído por otro porque se intercambian fotones virtuales (los bosones
de la fuerza electromagnética).

Esquema del modelo estándar. Foto: Fermilab.

Para crear un protón se necesitan tres quaks, dos quark up y uno down que se mantienen unidos gracias a que intercambian unos bosones
virtuales denominados gluones que son los portadores de la fuerza nuclear fuerte.
Los conjuntos de quarks, como el protón, se denominan hadrones. Los hadrones de dos quarks son los mesones (color y anticolor) y los de
tres (tres colores que dan neutro) se llaman bariones. Así que Z(4430) es un hadrón.
La cromodinámica cuántica predice la existencia de hadrones exóticos, además de los bariones y mesones conocidos, esta teoría de campos
predice la existencia de tetraquarks (dos colores y sus correspondientes anticolores), pentaquarks (tres colores y un color y anticolor),
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Fig. 16. Distributions of M
max

(J/ ⇡±), i.e. the larger one of the two M(J/ ⇡±) in each event,
according to BES III40 (left) and Belle41 (right) in the Y (4260) ! J/ ⇡+⇡� decay. The red
solid curve is the result of the fit, the blue dotted curve is the background component, the green
histogram shows the normalized J/ sideband events.

Since some theoretical papers82 cast doubts on the resonant nature of the peak,
in this analysis the complex value of the Z(4430) amplitude has been plotted as
a function of M( (2S)⇡) (Fig. 15). The behaviour is compatible with the Breit-
Wigner prediction with the fitted values of mass and width. The same analysis also
shows hints for a Z(4200) peak with quantum numbers likely JP = 0�, mass and
width M = (4239±18+45

�10

)MeV, � = (220±47+108

�74

)MeV; however, since the Argand
diagram is not conclusive about its resonant nature, LHCb has decided not to claim
the discovery of another state.

Recently, Belle published a similar analysis of the B ! J/ ⇡K decays.62 Hints of
a Z(4430) have been reported in M(J/ ⇡) invariant mass, with branching fraction

B �
B0 ! K+Z(4430)�

�⇥ B �
Z(4430)� ! J/ ⇡�� =

�
5.4+4.0

�1.0
+1.1
�0.6

�⇥ 10�6. (39)

The fact that the Z(4430) is found in di↵erent decay channels gives solidity to its
existence. In the same analysis, Belle claimed the discovery of a broad Z(4200) state
with quantum numbers likely JP = 1+, mass and width M = (4196+31

�29

+17

�13

)MeV,
� = (370+70

�70

+70

�132

)MeV, with a significance of 6.2�, possibly related to the LHCb
hint. The reported branching fraction is

B �
B0 ! K+Z(4200)�

�⇥ B �
Z(4200)� ! J/ ⇡�� =

�
2.2+0.7

�0.5
+1.1
�0.6

�⇥ 10�5. (40)

3.2. Charged states in the 3900-4300MeV region

In March 2013, BES III40 and Belle41 claimed the discovery of a charged resonance
in the channel J/ ⇡+ at a mass of about 3900MeV, i.e. slightly above the DD⇤

threshold (Fig. 16). BES III takes data at the Y (4260) pole, and analyzes the
process e+e� ! Y (4260) ! J/ ⇡+⇡�; Belle instead produces Y (4260) in addition
with initial state radiation (ISR), and analyzes the process e+e� ! Y (4260)�

ISR

!

Surprising Result: 

December 30, 2014 1:35 WSPC/INSTRUCTION FILE tetra-v2

Four-Quark Hadrons: an Updated Review 27

product branching fractions

B �
B0 ! K+Z(4430)�

�⇥ B �
Z(4430)� !  (2S)⇡�� = (4.1± 1.0± 1.4)⇥ 10�5.

(35)
BABAR reviewed this analysis,75 by studying in detail the e�ciency corrections

and the shape of the background, relying for the latter on data as much as pos-
sible. Hints of a structure near 4430MeV appeared, even though not statistically
significant, thus leading to a 95% C.L. upper limit on the production branching
fraction

B(B0 ! K+Z(4430)�)⇥ B(Z(4430)� !  (2S)⇡�) < 3.1⇥ 10�5. (36)

After that, Belle revised the analysis73 studying in detail the 3-body Dalitz plot,
and adding all known K⇡ resonances, both with and without a coherent amplitude
for the Z(4430) in the  (2S)⇡� channel. Belle confirmed the presence of a peak
with a statistical significance of 6.4�. The Breit-Wigner parameter from the Dalitz
analysis are M = (4443+15

�12

+19

�13

)MeV and � = (109+86

�43

+74

�56

)MeV. A more recent 4D
re-analysis by Belle74 shows that the JP = 1+ hypothesis is favored, modifying
mass and width values to M = 4485+22+28

�22�11

MeV and � = 200+41+26

�46�35

MeV (Fig. 14).
The production branching fraction is instead

B �
B0 ! K+Z(4430)�

�⇥B �
Z(4430)� !  (2S)⇡�� =

�
6.0+1.7

�2.0
+2.5
�1.4

�⇥ 10�5. (37)

LHCb confirmed this last result with a similar 4D analysis of the same decay
channel. The Z(4430)+ is confirmed with a significance of 13.9� at least, and the
fitted mass and width are M = (4475 ± 7+15

�25

)MeV and � = (172 ± 13+37

�34

)MeV.
Also the JP = 1+ signature is confirmed with high significance. The average à la

PDG of Belle’s and LHCb’s mass and width are:

M = (4478± 17)MeV, � = (180± 31)MeV. (38)
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Fig. 15. Invariant mass distributions in  (2S)⇡� channel (left) and resonant behaviour (right)
according to LHCb.76 In the left panel, the red solid (brown dashed) curve shows the fit with
(without) the additional Z(4430) resonance. In the right panel, the complex value of the Z(4430)
fitted amplitude for six bins of M( (2S)⇡) is shown. The red curve is the prediction from the
Breit-Wigner formula with a resonance mass (width) of 4475 (172)MeV.

Belle, BaBar:

Dominance of large size  0
(2S) vs. J/ decays



Diquark Anti-diquark Model$
!

Lebed, Hwang, sjb

Dominance of  overlap with large-size Ψ’ vs J/Ψ decays 

Formation of charmonium  at large separation:

d̄
u

c

c̄

Z+
c ⇡+

[c̄c]nS

Z+
c ([cu]3̄C [c̄d̄]3C)! ⇡+ 0

3̄C

3C



Hadronization at the Amplitude Level
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• Same principle as antihydrogen production: off-shell coalescence 

• coalescence to hadron favored at equal rapidity, small transverse 
momenta 

• leading heavy hadron production:  D and B mesons produced at 
large z 

• hadron helicity conservation if  hadron LFWF has Lz =0 

• Baryon AdS/QCD LFWF has aligned and anti-aligned quark spin

Features of  LF   T-Matrix Formalism 
“Event Amplitude Generator”
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xiP
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ẑ

L = R⇥ P

Li = (xi
R⇤+b⇤i)⇥ P



QWG2016

June 6 - 10, 2016
Pacific Northwest National Laboratory
Richland, WA, USA

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]

Novel Features of Quarkonium and Tetraquark Physics
QWG2016

 Stan Brodsky

ü

J êY: m1 = 1.25 GeV, m2 = 0

In[13]:=

Plot3D@psi@x, b, 1.25, 1.25, 0.375D, 8x, 0.0001, 0.9999<,

8b, 0.0001, 25 <, PlotPoints Ø 35, ViewPoint Ø 81.2, 1.4, 0.3<,

AspectRatio Ø 1.1, PlotRange -> 880, 1<, 80, 20<, 80, 0.3<<D

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20

0

0.1

0.2

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20

Out[13]= Ü SurfaceGraphics Ü

AdS Heavy Quark Masses.nb 6

LFWF peaks at 

xi = m�iPn
j m�j

where
m�i =

�
m2 + k2

�

J/�

ma = mb = 1.25 GeV

x

�J/�(x, b)
b[GeV�1]

minimum of LF 
energy 

denominator 

� = 0.375 GeV



QWG2016

June 6 - 10, 2016
Pacific Northwest National Laboratory
Richland, WA, USA

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]

Novel Features of Quarkonium and Tetraquark Physics
QWG2016

 Stan Brodsky

Summary

• Light-Front: Rigorous Frame-Independent Bound State 
Formalism	

• Unique Confinement Potential from AdS/QCD	

• Meson-Baryon Spectroscopy, Supersymmetry	

• Tetraquark partners of meson and baryons	

• Intrinsic Heavy Quark LF Fock States: 	

• High x, target rapidity at LHCb	

• Digluon-initiated reactions	

• Octoquark	

• Running coupling at all scales	

• J/\psi to rho pi puzzle
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Holography and Superconformal Algebra 
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Fundamental Hadronic Features of Hadrons 

• Partition of the Proton’s Mass: Potential vs. Kinetic Contributions	

• Color Confinement	

• Role of Quark Orbital Angular Momentum in the Proton	

• Quark-Diquark Structure	

• Quark Mass Contribution	

• Baryonic Regge Trajectory	

• Mesonic Supersymmetric Partners	

• Proton Light-Front Wavefunctions and Dynamical Observables	

• Form Factors, Distribution Amplitudes, Structure Functions	

• Non-Perturbative - Perturbative QCD Transition	

• Dimensional Transmutation: 	 Mp/⇤MS

�M2
LFKE = 2(1 + 2n + L)

�M2
LFPE = 2(1 + 2n + L)

Virial Theorem
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m
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x
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from the Yukawa coupling  
to the Higgs zero mode

M2(n,LB) = 42(n + LB + 1)p

MS schemeQ0 = 0.87± 0.08 GeV
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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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