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Why QCD?

• 99.97% of the visible mass of the Universe 
• Protons and neutrons: massive hadrons from (almost) massless quarks 

and gluons.
√ QCD at asymptotically short distances (collider physics)
√ QCD in the heavy quark sector
√ Numerical QCD on Euclidean lattices
X QCD in the light quark sector:  no physical, heuristic, first 

principles predictive description of light-quark hadrons!

QCD – uniquely — complete, consistent, and correct 

• No parameters!   𝛼s = 𝛼s(Q2)

• Light hadrons form where QCD is strong.
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Why multiquark hadrons?    (Again q.v.  J.-M. Richard)

• Are confining forces in QCD saturated at QQQ and Q̄Q?

Is light-hadron QCD merely extended meson-nucleon chiral e↵ec-
tive field theory or are multiquark hadrons required?

Age old question: Why are there no exotics among the light hadrons?

• Chromodynamic correlations

! Most attractive channel for QCD! ) Scalar, color singlet QQ̄

Dynamical chiral symmetry breaking

! Second most attractive channel? “Good” diquark correlation!

) absence of exotics among the light hadrons!

) possibly light tetraquark scalar mesons

) likely narrow/stable Tcc and Tbb states in the heavy quark
sector

<latexit sha1_base64="iDvqVNI6i3ZH9gRIBIrwySyLDUk="></latexit>
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Outline

• Multiquark hadrons ⇔ exotics

• Earliest history 

• False alarms

• Diquarks explain the absence of light exotics

• Diquarks predict light scalar mesons

• Tetraquarks or meson-molecules – a look at large Nc

• Light diquarks in the heavy quark sector
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1�+ meson?
<latexit sha1_base64="PQ9CMB9cBf+3PBpGefeS6Si5R+g="></latexit>

Exotics
<latexit sha1_base64="n7EQEsuRCWucG78Xxsy0/nmmPak="></latexit>

Multiquark

Hadrons
<latexit sha1_base64="JEM9qD14kT3fUjzk0rrAnYT8scI="></latexit>

Light
scalar

mesons?
<latexit sha1_base64="y+xKPv8gUgAxUKGyptKbRI5idt0="></latexit>

Eg. Hybrids at 
JLab

Tcc+
Tbb+

“Exotics” – Hadrons with quantum numbers 
not available to QQQ or QQ 

“Multiquark hadrons” – Hadrons with “valence” 
quark content beyond QQQ or QQ
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Prehistory:  absence of exotics was noted long 
before quarks —
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Assumed absence of light exotic hadrons — origins?

1964:  In the beginning there was Gell-Mann…
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No ⇡+⇡+resonance
<latexit sha1_base64="E9heLST68sX5A3LrZBZr5h8Z6Hg="></latexit>
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No ⇡+K+resonance
<latexit sha1_base64="tckh511czKC1Lz6Nwrc9o6OoEV8="></latexit>

⇡
+
K

+
p
h
as
e
sh
if
t

<latexit sha1_base64="obCgGVWMsvN1oJa45pedX5ukTeA="></latexit>

uud̄d̄
<latexit sha1_base64="T6zD/UQ4v9XbDgCBf+u8lw2V2Es="></latexit>

uud̄s̄
<latexit sha1_base64="bCh7mkU2m03Dnp4zNf68Ed1wsss="></latexit>

uudds̄
<latexit sha1_base64="DRpeJAdYuPqh2ZjtDOE9h+iARaI="></latexit>

No pK0/nK+ resonance
<latexit sha1_base64="CoakqqKB0lHgjIalvP92MWvrTaQ="></latexit>

Argand amplitude
full circle ! resonance

<latexit sha1_base64="O2EW+X79HMwGvinP/aptdXbcdac="></latexit>

More intense searches for exotics – 1960’s — 1970’s
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Q2Q̄2 “dual to”
ordinary meson exchange

QCD + duality ) Q̄Q̄QQ
<latexit sha1_base64="991Ve3M9UVSuYf66Ml8nNnUd1lM="></latexit>

Meson Resonance

Baryon Resonance

Exotic Resonance

Meson
Exchange

$
<latexit sha1_base64="o9xs/Jvu3qlUhaYtJ/tLV1fi1Rs="></latexit>!

<latexit sha1_base64="A98a36RmjozOEJJxQKR9euds92M="></latexit>

1968: Rosner & Harari
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B

B

Q2Q̄2 “dual to”
ordinary meson exchange

Example:  gamma spectrum observed in 
proton-antiproton annihilation at rest

S(1936), T(2200), U(2400), M(2020), ….

Probably broad states lost in the multi-meson continuum?

They all failed to be 
confirmed in subsequent 

experiments

Multiquark/exotic states in baryon-antibaryon 
annihilation ?? –– circa 1974–1980
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DIANA (ITEP)
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Failed to be confirmed by later, 
high statistics experiments 

(!)

uudds̄ ?
<latexit sha1_base64="ziuf8InXtJ1UZsjv7SPeFqU3H6M="></latexit>

The 𝛩+ baryon in K+n scattering, etc. 2003-2005
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QQ1f 1c0s

QQ3̄f 3̄c0s
i!σ

j jλ̃ !σ

iλ̃

Chiral symmetry breaking

“Good diquark correlation”

“Good” diquark dominance 
⇒ no light-quark exotic mesons
⇒ “crypto-exotic” tetraquarks?

Meanwhile — (1977 - today)  
Diquarks:  strong correlations in QCD
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“Good” diquark correlation explains absence of exotics
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MASS
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Outline

• Multiquark hadrons ⇔ exotics
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• False alarms

• Diquarks explain the absence of light exotics

• Diquarks predict light scalar mesons

• Light diquarks in the heavy quark sector

• Tetraquarks or meson-molecules – a look at large Nc?
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Same spectral regularities stimulated Nathan 
Isgur and his students to examine a possible 
meson-meson molecule origin for light scalar 
nonet.  Based on Isgur – Karl quark model

Fundamental multiquark ⇔ molecule ambiguity that has 
plagued exotic/multiquark spectroscopy ever since

[Q2]� [Q̄2] or [QQ̄]� [QQ̄]
<latexit sha1_base64="RsK5nHiPCKDjCJpv7m5s7hwsF5k="></latexit>

The Scalar Nonet: 
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[Q2]� [Q̄2] or [QQ̄]� [QQ̄]
<latexit sha1_base64="RsK5nHiPCKDjCJpv7m5s7hwsF5k="></latexit>

• Lots of evidence of diquark correlations elsewhere in 
hadron spectrum and interactions

RLJ: https://arxiv.org/abs/hep-ph/0409065

?

• Hadronic molecule and multiquark ambiguities:
– Any bound state, no matter what the nature of 
the effects that bind it, becomes molecular as the 
binding energy goes to zero (at threshold)

RLJ: Nucl. Phys. A 804 (2008) 25-47

• Power counting in the Large Nc limit suggests that 
meson-meson molecules may in fact be bound by 
chromodynamic (eg. diquark) interactions:  

RLJ: Nucl. Phys. A 804 (2008) 25-47
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2

QCD interactions within a 
meson survive at large Nc 

O(1) as Nc ! 1
<latexit sha1_base64="6lGDFjWnmIU7gfcUpMLFknXlY9w="></latexit>
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Each meson becomes a pure 
quark-antiquark state since 
quark loops are suppressed as 

Nc → ∞

1

Nc

The          system at large NcQ2Q̄2

O(1/Nc) as Nc ! 1
<latexit sha1_base64="BUleVhMWcwf8lir5dTQN5O6RTMo="></latexit>
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2.  But also (non-planar) 
quark exchange off 
resonance  Distinct from 
t-channel meson exchange

Nc[
1√
Nc

]4
3{

→
2[

1
Nc

]

1/Nc {

1

Nc

Residual MM-interaction at large Nc?

O(1/Nc) as Nc ! 1
<latexit sha1_base64="BUleVhMWcwf8lir5dTQN5O6RTMo="></latexit>

1.  Quark – antiquark 
(meson) exchange, 
dual to s-channel 
meson resonances

1

Nc

O(1/Nc) as Nc ! 1
<latexit sha1_base64="BUleVhMWcwf8lir5dTQN5O6RTMo="></latexit>

1/Nc

Same, dominant order in Nc
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Quark exchange is the dominant force 
between mesons away from s-channel 
meson resonances at large Nc

• Quark exchange mixes color octet components into the QQ wave  
functions, so the force is fundamentally chromodynamic, and 
dominated (at lowest order) by diquark correlations

Implications

• Range of the force ⇔ hadron overlap, of order 1 fermi.

• Attractive, repulsive, capable of generating bound/virtual states .

• No coupling to confined channels, so the interactions are 
“potential-like”.  Non-relativistic analog would be simply 
the Schrödinger equation with an open channel potential. 

• In short:  Qualitatively, may generate meson-meson  
enhancements/molecules bound by diquark correlations at large Nc
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• Heavy diquark – light anti-diquark states:

[HH]3̄c [ūd̄]3c3f0s

• Today T+
cc Tetraquark or molecular DD⇤

bound state?

[cc]3̄c [ūd̄]3c3f0s or D0D⇤+ molecule

• Tomorrow! T+
bb Tetraquark predicted well below BB⇤

theshold?

[bb]3̄c [ūd̄]3c3f0sstable hadron!?
<latexit sha1_base64="yPl7o7+ll0lnO6EW+sf/I1ZWCmM="></latexit>

Present day:  Enter heavy quark exotics
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