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QUANTUM CHROMODYNAMICS QCD
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• We believe that QCD is the gauge theory that describes strong interactions. 

• CONFINEMENT  —  at large distances the coupling between quarks is large, 
resulting in confinement. Free quarks are not observed in Nature.  

• ASYMPTOTIC FREEDOM  —  at short distances the coupling decreases 
logarithmically: quarks and gluons appear to be quasi-free.   

• CHIRAL SYMMETRY, DYNAMICAL MASS GENERATION  —  QCD Lagrangian is 
symmetric under chiral transformation if quarks are massless. However, Higgs 
mechanism gives light quark a tiny mass. Dynamical Chiral Symmetry Breaking is 
at origin of large constituent quark masses.

QUANTUM CHROMODYNAMICS 
PARADIGMS  
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Quantum  
Chromo

Dynamics 

Description of interactions between quarks and gluons which form 
hadrons observed in Nature 

The formation of hadronic bound states via constituents is an 
inherently nonperturbative problem.  

It involves precise knowledge of the infrared (long distance) regime of 
QCD and the dynamical generation of a constituent quark mass. 
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The QCD Lagrangian
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The key to complexity in QCD lies the gluon field strength tensor.

It generates self-interactions with far-reaching consequences  
for hadron phenomenology.



This complexity also affects the bare quark-gluon vertex in a nonperturbative manner!
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Rela%vis%c*Quantum*Gauge*Field*Theory:*
!  Interac%ons*mediated*by*vector*boson*exchange*
!  Vector*bosons*are*perturba%vely?massless*

!  Similar*interac%on*in*QED*
!  Special*feature*of*QCD*–*gluon*self?interac%ons*
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• Asymptotic freedom : Perturbation theory is valid and accurate tool at large-Q2   
                             ⇒ chiral limit is defined. 

• Essentially nonperturbative for Q2 < 2 GeV2
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Light Quarks & Confinement

Common	Folklore	…				Hall-D	Conceptual	Design	Report:	
	 ‘‘The	color	field	lines	between	a	quark	and	an	an>-quark	form	flux	tubes’’			

A	 unit	 area	 placed	 midway	 between	

the	 quarks	 and	 perpendicular	 to	 the	

line	 connec:ng	 them	 intercepts	 a		

constant	 number	 of	 field	 lines,		

independent	 of	 the	 distance	 between		

the	quarks.			

This	leads	to	a	constant	force	between		
the	quarks	–	and	a	large	force	at	that,		
equal	to	about	16	metric	tons!

G.	Bali	et	al.,	PoS	LAT2005	(2006)	308
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No	flux	tube	in	a	theory	with	

light	quarks.			

Flux-tube	 is	 not	 the	 correct	
paradigm	for	confinement	in	
hadron	physics.	

In	 the	 presence	 of	 light	

quarks,	 pair	 crea;on	 seems	
to	 occur	 non-localized	 and	
instantaneously.

Light Quarks & Confinement
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Equation of motion: encoding observables

Classical Mechanics Quantum Field Theory

!4

Principle of Least Action

Equations of Motion (EoM)

Euler-Lagrange Equation Dyson-Schwinger Equations

NONPERTURBATIVE CONTINUUM TOOLS FOR QCD



The propagator can be obtained from QCD’s gap equation: the  Dyson-Schwinger equation (DSE) 

for the dressed-fermion self-energy, which involves the set of infinitely many coupled equations.

[
p

]−1 =
p

[ ]−1 +
p

q = p− k

k

12

S�1(p)|p2=�2 = i� · p + m(⇥)
where ⇥ is the renormalization point.

S�1(p) = Z2(i� · p + mbm) + ⇥(p) := i� · p A(p2) + B(p2)

⇥(p) = Z1

� � d4q

(2⇤)4
g2Dµ⇥(p� q)

⇥a

2
�µS(q)�a

⇥(q, p)

with the running mass function M(p2) = B(p2)/A(p2).

Dµ⇥ : dressed-gluon propagator
�a

⇥(q, p) : dressed quark-gluon vertex
Z2 : quark wave function renormalization constant
Z1 : quark-gluon vertex renormalization constant

Each satisfies  
it’s own DSE !

QCD’s Dyson-Schwinger Equations
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The  Dyson-Schwinger equation (DSE) for the dressed-fermion self-energy,  
which involves the set of infinitely many coupled equations; 

Kernel of the equation for the quark self-energy involves: 
Dµν(k) – dressed-gluon propagator and  Γν(q,p) – dressed-quark-gluon vertex 

Coupling between equations requires a truncation!

Truncation schemes and symmetries
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MASS FROM NOTHING ?
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Inflection point of mass function signals absence of Källen-Lehmann spectral 
representation  ⇒  violation of reflection positivity  ⇒  Confinement

A. Bashir, L. Chang, I. Cloët, B. E., Y. X. Liu, C.D. Roberts & P. Tandy (2012)

Gluon Propagator Behavior 

�µ⌫(q) =

✓
gµ⌫ � qµq⌫

q2

◆
�(q2)

Landau gauge:

IR-massive	but	UV-massless,	confined	

perturba;ve,	massless	

massive	,	unconfined	
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Running Quark Mass

In QCD a quark’s effective mass M(p2) depends 

on its momentum. Numerical simulations of 

lattice QCD (data in figure at two different bare 

masses) confirmed model predictions (solid 

curves) that the vast bulk of the constituent 

mass of a light quark comes from a cloud of 

gluons that are dragged along by the quark as it 

propagates. In this way, a quark that appears to 

be absolutely massless at high energies acquires 

a large constituent mass at low energies.

➪ For light quarks the Higgs mechanism is almost irrelevant!

12 GeV upgrade of Jefferson Lab Hadron scans this region 
with elastic and transition form factors for Q2 ∈ [2,9] GeV2.
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Dynamical Chiral Symmetry Breaking is not generated in Perturbation Theory !

⇒    you start with zero current quark mass, you end up with zero constituent mass.
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Why Jefferson Lab?
Nuclear Science Advisory Committee recommends  

continued investment in Jefferson Lab 

The Long Range Plan for nuclear physics research was developed by NSAC in 2007.  
In that plan, completion of the 12 GeV Upgrade at Jefferson Lab was the first of four 
recommendations. Construction on the 12 GeV Upgrade to expand the research capabilities 
of Jefferson Lab began in 2009. In 2015 the NSAC confirmed its recommendation! 

The committee noted this effort in discussing no-growth situations: "In developing this 
report, the subcommittee has considered the impact on the U.S. nuclear science 
program under three different budget scenarios. Two of them provide no growth. 

The third would provide modest growth. The recommendations that were made for these 
different scenarios must be viewed as a snapshot in time that reflects the state of the field 
today. This view led the subcommittee to conclude that under all scenarios we must 
capitalize on the investment that has been made to upgrade CEBAF."
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Motivation: Connection with Real World
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How does one incorporate the dressed-quark mass function M(p2)

in study of mesons and baryons? Behavior of M(p2) is essentially

a quantum field theoretical effect.

In quantum field theory a meson(nucleon) appears as a pole in

the four(six)-point quark Green functions amplitude.

Residue is proportional to meson’s Bethe-Salpeter or nucleon’s

Faddeev amplitude.

Poincaré covariant Bethe-Salpeter/Faddeev equation sum all

possible exchanges and interactions that can take place between

dressed-quarks (Q2 ≫ M2).

Motivation: Connection with Real World



Mesons
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Nonperturbative QCD based 
ansatz for interaction kernel

�(P, p) =

Z
d4k

(2⇡)4
K(P, p, k)S(k � P

2 )�(P, k)S(k + P
2 )

Bethe-Salpeter Equations for QCD Bound States 
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Rainbow-Ladder truncation:

Bethe-Salpeter Equations for QCD Bound States 
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Rainbow-Ladder truncation:

�Pn(p, P ) = �5
⇥
i IDEPn(p, P ) + � · P FPn(p, P )

+ � · p (p · P )GPn(p, P ) + �µ⌫pµP⌫ HPn(p, P )
⇤

General solution for Poincaré 
 invariant ground- and  

excited-state amplitudes

Bethe-Salpeter Equations for QCD Bound States 
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�(P 2)�Pn(P, p) =

Z
d4k

(2⇡)4
K(P, p, k)�Pn(k, P )

�Pn(k, P ) = S(k � P
2 )�(P, k)S(k +

P
2 ) : Bethe-Salpeter wave function

The kernel K(P 2
) has a complete set of real eigenvectors �i with eigenvalues

�i(P 2
) which are ordered as �0(P 2

) > �1(P 2
) > �2(P 2

) > .... > �i(P 2
).

�(P 2) |�i = K(P 2) |�i |�i =
1X

i=0

ai|�ii

|�ni := Kn(P 2) |�i =
1X

i=1

�n
i ai |�ii = �n

0

"
a0 |�0i+

1X

i=1

✓
�i

�0

◆n

ai |�ii
#

|�ni
n!1
= �n

0 a0 |�0i ' �0 Kn�1(P 2) |�i

The Bethe-Salpeter equation is an eigenvalue problem
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Examples of eigenvalue spectrum  —  Pion
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The two models correspond to different parametrizations of the gluon-dressing function. 

Neither model reproduces equally well ground and excited states.

E.	Rojas,	B.	El-Bennich	&	J.P.B.C.	de	Melo	(2014)

Model 1 Model 2 Reference

m⇡ 0.138 0.153 0.139

f⇡ 0.139 0.189 0.1304

m⇡(1300) 0.990 1.414 1.30± 0.10
f⇡(1300) �1.1⇥ 10

�3 �8.3⇥ 10

�4

mK 0.493 0.541 0.493

fK 0.164 0.214 0.156

mK(1460) 1.158 1.580 1.460

fK(1460) �0.018 �0.017
m⌘c(1S) 3.065 3.210 2.984

f⌘c(1S) 0.389 0.464 0.395

m⌘c(2S) 3.402 3.784 3.639

f⌘c(2S) 0.089 0.105

➪  Must go beyond rainbow-ladder truncation for simultaneous description of  
      light & heavy ground and excited states.
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So far, we have first results for the heavy-light systems: D mesons 
 
 
 
 
 
 
 
 
 

Problem: masses too large and degenerate 

This was expected, strong mass asymmetry doesn’t allow for 
simple quark-gluon vertex and rainbow-ladder truncation. 

E.	Rojas,	B.	El-Bennich	&	J.P.B.C.	de	Melo	(2014)

Open-Charm Mesons
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Electromagnetic Pion Form Factor

Corresponds to point-like  

(hard) interaction with  

constant mass function.

DSE calculation (Maris & Tandy 2000)
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Tagged electron emits  
highly off-shell photon.

Untagged almost real 
electron is scattered 
at small angle from 
collision axis.

B. Aubert et al. (BABAR Collaboration),
Phys. Rev. D 80, 052002 (2009). 

H. J. Behrend et al. (CELLO Collaboration),  
Z. Phys. C 49, 401 (1991). 
   
J. Gronberg et al. (CLEO Collaboration),  
Phys. Rev. D 57, 33 (1998).

γ∗γ → π0   Transition Form Factor
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γ∗γ → π0   Transition Form Factor

Corresponds to point-like 

(hard) interaction with 

constant mass function.

H. L. L. Roberts, C. D. Roberts, A. Bashir,  
L. X. Gutiérrez-Guerrero, and P. C. Tandy (2010)
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γ∗γ → π0   Transition Form Factor

K. Raya, L. Chang, A. Bashir, J. J. Cobos-Martinez, L. X. Gutiérrez-Guerrero, C. D. Roberts and P. C. Tandy (2015)



Nucleons
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The attractive nature of quark-antiquark correlations in a color-singlet meson 
is also attractive for 3̅c quark-quark correlations within a color-singlet baryon.

Diquark correlations provide a tractable truncation of the Faddeev equation. 

We use non-pointlike color-antitriplet and fully interacting diquarks in the 
description of the Nucleon (and Δ, N*).

Scalar and axialvector diquarks: dominant right parity.

Typically, r0+ ~ rπ  &  r1+ ~ rρ  (actually 10% larger).

Pseudoscalar and vector diquarks: initially neglected, now included.  

The diquarks are not point-like, they have soft form factors. 

Covariant Fadeev Equation

6333
⊕=⊗

SU(3):
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Covariant Fadeev Equation

R.T. Cahill, C.D. Roberts, J. Praschifka (1989) 

M. Oettel, L. von Smekal, R. Alkofer (2001) 

I.C. Cloët, G. Eichmann, B. El-Bennich, T. Klähn and C.D. Roberts (2009) 

G. Eichmann, R. Alkofer, A. Krassnigg, D. Nicmorus (2010)  

G. Eichmann, C. Fischer, H. Sanchis-Alepuz (2016)

P
pd

pq

Ψa =
P

pq

pd

Ψb
Γ
a

Γb

Quark exchange  
ensures Pauli statistics Quark

Diquark (non point-like)

Linear homogeneous matrix equation yields Poincaré covariant Faddeev amplitude  
(wave function) that describes relative motion of quark-diquark within nucleon.
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Nucleon Electromagnetic Form Factors

Dressed quark propagator 
solutions of QCD’s Dyson-
Schwinger equations.

• Composite nucleon must interact with photon via 
nontrivial current constrained by Ward-Takahashi 
identities (EM gauge invariance).

• Coupling of the photon to the dressed quark. 

• Coupling of the photon to the dressed diquark:  
                        Elastic & induced transitions 

• Exchange and seagull terms.

One-loop diagrams Two-loop diagrams 
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Electric Sachs form factors: exposing the dressed mass function

Both CI and QCD-based frameworks predict a zero crossing in              .

The possible existence and location of the zero in               is a fairly direct measure of  
the nature of the quark-quark interaction.

µp
Gp

E

Gp
M

µp
Gp

E

Gp
M
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Revealing the effect of running quark masses

I.C.	Cloët,	C.D.	Roberts,	A.W.	Thomas,		arXiv:	1304.0855	[nucl-th]

Apparently small changes in M(p2) 
within the domain 1 GeV < p < 3 GeV  
have striking effect on proton’s 
electric form factor.

The possible existence and location 
of the zero is determined by 
behaviour of Q2F2p(Q2).	

Q2F2p(Q2)	measures the rate at which 
dressed quarks become parton-like:  
⇒ F2p(Q2)	=	0	for bare quark-partons.  

Therefore, GE
p can’t be zero on the 

bare-parton domain.
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Revealing the effect of running quark masses

I.C.	Cloët,	C.D.	Roberts,	A.W.	Thomas,		arXiv:	1304.0855	[nucl-th]

It follows that the possible existence 
and location of a zero in the ratio of 
the proton’s elastic form factors  
 
														[μpGEp(Q2)/GMp(Q2)]	  
 
are a direct measure of the nature of 
the quark-quark interaction in the 
Standard Model.  



Radially excited  
Nucleon
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EBAC (JLab) examined dynamical origins of two poles associated with 
the Roper resonance.

Both of them, together with the next higher resonance in the P11 partial 
wave have the same originating bare state. 

The meson cloud shields quark-core state and diminishes its mass 
considerably.

bare pole at 1.76 GeV seeds three physical states
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Kernels constructed in the rainbow-ladder  truncation do not contain any long-range 
interactions: these kernels are built only from dressed-quarks and -gluons. 

But, QCD produces a very potent long-range interaction; namely that associated with the 
pion and other mesons. 

The rainbow-ladder kernel produces the hadron’s dressed-quark core. 

The contribution from mesons is omitted, and can be added without “double counting”. 

The pion contributions must be thoughtfully considered before any comparison can be 
made with the real world.

Pion Clouds
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RDSE

core

RContact

core

RDCCM

bare

Mass 1.73 1.72 1.76

DSE : Faddeev amplitude of 1st excited state with dressed quark propagators  
          J. Segovia, B. El-Bennich, E. Rojas, I.C. Cloët, C.D. Roberts, S.-S. Xu, H.-S. Zhong, Phys. Rev. Lett. (2015)

Contact : Faddeev amplitude of 1st excited state with contact interaction gap equation  
         D.J. Wilson, I. C. Cloët, L. Chang, C.D. Roberts, Phys. Rev. C (2012)

DCCM : Dynamical Coupled Channel Model  
         N. Suzuki, B. Julio-Díaz, H. Kamano, T.-S. H. Lee, A. Matsuyama, T. Sato, Phys. Rev. Lett. (2010)

						Experimental	mass:	1.44	GeV	!	
⇒		Meson-baryon	final-state	interac;ons	reduce	core	mass	by	20%

Roper Quark-Core Mass 
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γ p → R+  Dirac and Pauli Transition Form Factors

DSE-Faddeev 
Contact Interaction (NJL)

Meson Cloud Estimate 
Fit

DSE-Faddeev 
Contact Interaction (NJL)

Meson Cloud Estimate 
Fit

Our calculation agrees quantitatively 
in magnitude and qualitatively in trend 
with the data on x > 2.  

The mismatch between our prediction 
and the data on x = 2 is due to meson 
cloud contribution.  

The dotted-green curve is an inferred 
form of meson cloud contribution from 
the fit to the data.  

The contact-interaction prediction 
disagrees both quantitatively and 
qualitatively with the data. 

We observe:



Beyond Ups & Downs 
and Strange Characters



The large current-quark mass of the 
b quark almost entirely suppresses 
momentum-dependent dressing, 
so that Mb(p2) is nearly constant on 

a substantial domain. This is true to 
a lesser extent for the c quark. 

DSE mass functions

(M̂E)2 = {s|s+M2(s) = 0}

Euclidean mass definition 
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Extraction of effective heavy quark coupling

R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, R. Gatto,  
F. Feruglio and G. Nardulli, Phys. Rept. 281, 145 (1997)

Lheavy = �traTr[H̄aiv ·DbaHb] + ĝ traTr[H̄aHb�µA
µ
ba�5]

Dµ
baHb = ⇤µHa �Hb

1
2
[⇥†⇤µ⇥ + ⇥⇤µ⇥†]ba ;

Aab
µ =

i

2
�
⇥†⇤µ⇥ � ⇥⇤µ⇥†

�
ab

;

Ha(v) =
1 + /v

2
�
P �a

µ (v)�µ � P a(v)�5

�
;

⇥ = exp(i�/f0
�) ;

� is matrix of N2
f � 1 pseudo-Goldstone boson.

• Dynamics is constrained by heavy quark symmetry.

•  Blind to the heavy quark flavor and spin.

•  Heavy pseudoscalar and vector mesons are mass degenerate.

Heavy Quark Effective Theory

• Can be improved upon — take into account 

light degrees of  freedom, chiral symmetry 

breaking  ⇒  HMChPT.



       

Strong decays:  D* → Dπ  
      

A(D� ⇥ D⇥) = ��D�
µ (pD�)Mµ(p2

D, p2
D�) := ��D�

µ (pD�)pµ
D gD�D⇤

Mµ(p2
D, p2

D�) = Nc tr
� � d4k

(2⇥)4
�̄D(k;�PD)Sc(k + PD�)i�µ

D�(k;PD�)Su(k)�̄⇤(k;�Q⇤)Su(k + Q⇤)

47

B. E., M.A. Ivanov and C.D. Roberts (2012)

CLEO DSE QCDSR Lattice
gD⇤D⇡ 17.9± 0.3± 1.9 16.5± 2 14.0± 1.5 20± 2

16.23 (1.71)
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B. E., M.A. Ivanov and C.D. Roberts (2012)

CLEO DSE QCDSR Lattice
gD⇤D⇡ 17.9± 0.3± 1.9 16.5± 2 14.0± 1.5 20± 2

Similarly: D⇤
s ! DK

gD⇤
sDK = 20+2.5

�1.7

B. E., M.A. Ivanov and C.D. Roberts (2012)

16.23 (1.71)



DSE:   B. E., M.A. Ivanov and C.D. Roberts (2011)
LQCD:   D. Bećirević, B. Blossier, E. Chang and B. Haas (2009)  

       

Strong decays:  B* → Bπ  (analogy) 
      

This amplitude can be used for               to extract    
at leading order in HMChPT:

m2
� � 0 ĝ
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ĝ =
gB�B�

2
�

mBmB�
f�

DSE model Lattice in static limit (nf = 2)

ĝ 0.37± 0.04 0.44± 0.03+0.07
�0.0

Lheavy = �traTr[H̄aiv ·DbaHb] + ĝ traTr[H̄aHb�µA
µ
ba�5]

Dµ
baHb = ⇤µHa �Hb

1
2
[⇥†⇤µ⇥ + ⇥⇤µ⇥†]ba ;

Aab
µ =

i

2
�
⇥†⇤µ⇥ � ⇥⇤µ⇥†

�
ab

;

Ha(v) =
1 + /v

2
�
P �a

µ (v)�µ � P a(v)�5

�
;

⇥ = exp(i�/f0
�) ;

� is matrix of N2
f � 1 pseudo-Goldstone boson.

The value obtained from  D* decay is:                                                          corrections are important! ĝc = 0.56+0.07
�0.03 ⇤QCD/mc
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X(3872)X(3872) X(3872)

X(3872)X(3872)X(3872)

Example:  decay of  recently the discovered resonance X(3872) (                    ) 

Main decay modes are X(3872)! D0D0⇤(D̄0⇡0), J/ ⇡+⇡�, J/ �, J/ ⇡+⇡�⇡+...

➪   clear isospin violation

JPC = 1++

LHCb
Why charming couplings?



D-meson interactions with nucleons

50

Antiproton annihilation on the deuteron  
(PANDA @ FAIR) 

Meson exchange — effective Lagrangians
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Flavor SU(3), SU(4), sensible symmetries?

Define ⇣⇢ :=
gD⇢D(q2)

gK⇢K(q2)

Ratio  measures the effect of 
SU(4) breaking ≈  300% 

gD⇢D 6= gK⇢K 6= 1

2
g⇡⇢⇡

SU(3) breaking ≈  20-30% 

B. E., G. Krein, L. Chang, C.D. Roberts and D. Wilson (2012)
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Lattice QCD:

K.U. Can, G. Erkol, M. Oka,T.Takahashi (2013)

gD⇢D = 4.84(34)



Consequences for DN cross sections?

The integrated DρD  interaction is enhanced by about 40% compared  
with an SU(4) prediction for the coupling/form factor. 

Large value value for the interaction strength entails an enhanced cross 
section in DN scattering (I = 1 cross section inflated by a factor 4–5). 

Possible novel charmed resonances or bound states in nuclei?



Form	factors	are	the	single	important	source	of	uncertainties	and	much	work	 
is	left	to	pin	down	theoretical	uncertainties	to	a	few	percent	in	charm	physics.	

One	aspect	learned	over	and	over	again	is:	heavy-quark	symmetry	is	not	 
applicable	in	charmed	mesons	and																							corrections	are	not	negligible.	

Other	(flavor)	symmetries	often	invoked	to	simplify	calculations	are	not	justified.

⇤QCD/mc

Lessons to be learned?



General Conclusions? 
Too many conclusions … but let’s insist again:

PER


