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Discover the meaning of confinement 

Determine its connection with DCSB 
 (dynamical chiral symmetry breaking) 

 Expose and explain their signals in observables 
 … so experiment and theory together can map the 

nonperturbative behaviour of the strong interaction 

 In my view, it is unlikely that two phenomena, 
so critical in the Standard Model and tied to the 
dynamical generation of a single mass-scale, can 
have different origins and fates. 
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 Exploit opportunities provided by new data on  
 hadron elastic and transition form factors 

– Chart infrared evolution of QCD’s coupling and dressed-masses  

– Reveal correlations that are key to baryon structure 

– Expose facts & fallacies in modern descriptions of hadron structure 

 Precision experimental study of (far) valence region, and 
theoretical computation of distribution functions and 
distribution amplitudes 

– Computation is critical 

– Without it, no amount of data will reveal anything about the theory 
underlying the phenomena of strong interaction physics 
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Dressed-quark  

propagator 

 Starting point for the continuum bound-state problem. 

 Two crucial elements, derived from the contraction  

  Dμν(k-q) Γν (q,k)  

 Dressed gluon propagator 

 Dressed quark-gluon vertex 

 Qin-Chang interaction is a representation of the gluon propagator 
that is consistent with all available information on QCD’s gauge 
sector.   

– Maris-Tandy interaction fails that test in the far infrared. 

 Dressed-quark-gluon vertex 

– That is where the action is! 
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Interaction model for the gap equation 
Si-xue Qin, Lei Chang et al. arXiv:1108.0603 [nucl-
th], Phys. Rev. C 84 (2011) 042202(R) [5 pages] 
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Mesons in Quantum Field Theory 

 Mass and “Wave Function” are obtained from a Bethe-
Salpeter equation 

– Generalisation of the Lippmann-Schwinger equation 

 General structure is complicated, any truncation must 
preserve the crucial symmetries: Poincaré-covariance, 
vector and axial-vector Ward-Green-Takahashi identities 

 The pion … Nature’s strong-interaction messenger … is a 
critical example 
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Sketching the Bethe-Salpeter kernel, Lei Chang and Craig D. Roberts, 
arXiv:0903.5461 [nucl-th], Phys. Rev. Lett. 103 (2009) 081601 (4 pages) 
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Longitudinal Axial-Vector  

Ward-Green-Takahashi Identity 

 This class of identities have been known for more than 60 years  

 They have been used for 19 years in order to construct a symmetry-
preserving kernel for the Bethe-Salpeter equation 

 For the last 5 years we’ve known how to construct a symmetry 
preserving kernel given an arbitrary quark-gluon vertex 
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Axial-Vector vertex  
Satisfies an inhomogeneous 
Bethe-Salpeter equation 

Quark 
propagator 
satisfies a  
gap equation 

Kernels of these equations are completely different 
But they must be intimately related 

H.J. Munczek, Phys. Rev. D 52 (1995) 4736  
A. Bender, C.D. Roberts and L. von Smekal, 
Phys.Lett. B 380 (1996) 7  

 Lei Chang and C.D. Roberts,  
 Phys. Rev. Lett. 103 (2009) 081601 
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Ward-Green-Takahashi identities 

 Gauge principle is fundamental in formulating the Standard Model.  

 Fermion-gauge-boson couplings are the inescapable consequence 
and the primary determining factor for observable phenomena.  

 Vertices describing such couplings are simple in perturbation 
theory; yet existence of strong-interaction bound-states guarantees 
that many phenomena within the SM are nonperturbative.  

 Unified treatment and solution of the familiar longitudinal Ward-
Green-Takahashi identity and its less well known transverse 
counterparts.  


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Practical corollaries of transverse Ward-Green-
Takahashi identities, Si-xue Qin et al. arXiv:1302.3276 
[nucl-th], Phys. Lett. B 722 (2013) pp. 384–388 
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 Longitudinal WGT identity 
expresses properties of the 
divergence of the vertex 

 Transverse identities relate 
to its curl (as Faraday’s law 
of induction involves an 
electric field)  
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 The last two terms in each identity arise in computing the momentum 
space expression of a nonlocal axial-vector/vector vertex, whose definition 
involves a gauge-field-dependent line integral 

 But … practical progress can be made without knowing their precise forms 



 Using symmetries alone, it is readily established that DCSB 
demands that dressed fermions possess anomalous chromo- and 
electro-magnetic moments, which are large on the domain within 
which DCSB is effective 

 This is the “final” word.   

 Evidence had slowly been accumulating since 1985 
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 Simple vertex in perturbation theory   γμ  

 → 12 distinct terms when strong interactions are turned on 

 Amongst them, one with the unique structure; i.e., an 
anomalous magnetic moment term 

 

 

 

 

 Follows, algebraically, that gauge theories coupled to 
fermions with a dynamically generated mass MUST possess 
an anomalous (chromo/electro)-magnetic moment, whose 
magnitude is driven by the strength of DCSB 

Dynamically generated AMM 
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Dressed-quark anomalous magnetic moments 
Lei Chang, Yu-Xin Liu and Craig D. Roberts 
arXiv:1009.3458 [nucl-th], Phys. Rev. 
Lett. 106 (2011) 072001 
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Dressed-quark anomalous  

chromomagnetic moment 

 Lattice-QCD 
– m = 115 MeV 

 Nonperturbative result  is two orders-of-magnitude larger 
than the perturbative computation 

– This level of  
 magnification is 
 typical of DCSB 

– cf.  
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Skullerud, Kizilersu et al. 
JHEP 0304 (2003) 047 

Prediction from  
perturbative QCD  

Quenched  
lattice-QCD 

Quark mass function: 
M(p2=0)= 400MeV 
M(p2=10GeV2)=4 MeV 
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Modern Γμ(q,k) 

 Describes the best-informed vertex available today 

– Contains all the Ball-Chiu terms 

 They are unique as the kinematic-singularity-free solution of the 
longitudinal vector WGT identity 

– And two of the terms critical  

 for expressing the AMMs  

 

 

 

 

 The chromo AMM is crucial to explaining  the splitting between parity 
partners, such as a1-ρ mass splitting, and connecting it with DCSB 
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Pion’s Goldberger 

-Treiman relation 

Craig Roberts: Bethe-Salpeter Wave Functions on the light-front 
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 Pion’s Bethe-Salpeter amplitude 

 Solution of the Bethe-Salpeter equation 

 

 

 

 Dressed-quark propagator 

 

 Axial-vector Ward-Takahashi identity entails 

 

 

Pseudovector components 
necessarily nonzero.  

Cannot be ignored! 

Owing to DCSB 
& Exact in 
Chiral QCD 

Many Manifestations of Nonp. QCD under the 
Southern Cross. Ubatuba, 2014/04/09 (60pp) 

Miracle: two body problem solved, 
almost completely, once solution of 
one body problem is known 

Maris, Roberts and Tandy 
nucl-th/9707003, Phys.Lett. B420 (1998) 267-273  

B(k2) 
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 The quark level Goldberger-Treiman relation shows that DCSB has a 
very deep and far reaching impact on physics within the strong 
interaction sector of the Standard Model; viz., 

 Goldstone's theorem is fundamentally an expression of equivalence 
between the one-body problem  

 and the two-body problem in  
 the pseudoscalar channel.   

 This emphasises that Goldstone's theorem has a pointwise 
expression in QCD 

 Hence, pion properties are an almost direct measure of  
 the dressed-quark mass function.   

 Thus, enigmatically, the properties of the massless pion  
 are the cleanest expression of the mechanism that is  
 responsible for almost all the visible mass in the universe. 
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Dichotomy of the pion 

Mass Formula for 0— Mesons 

 Mass-squared of the pseudscalar hadron 

 Sum of the current-quark masses of the constituents;  

 e.g., pion = mu
ς + md

ς , where  “ς”  is the renormalisation point 
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Maris, Roberts and Tandy 
nucl-th/9707003, Phys.Lett. B420 (1998) 267-273  
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Dichotomy of the pion 

Mass Formula for 0— Mesons 

 Pseudovector projection of the Bethe-Salpeter wave function 
onto the origin in configuration space 

– Namely, the pseudoscalar meson’s leptonic decay constant, which is 
the strong interaction contribution to the strength of the meson’s 
weak interaction 
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Maris, Roberts and Tandy 
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Dichotomy of the pion 

Mass Formula for 0— Mesons 

 Pseudoscalar projection of the Bethe-Salpeter wave function 
onto the origin in configuration space 

– Namely, a pseudoscalar analogue of the meson’s leptonic decay 
constant 
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Maris, Roberts and Tandy 
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Dichotomy of the pion 

Mass Formula for 0— Mesons 

 Consider the case of light quarks; namely, mq ≈ 0 

– If chiral symmetry is dynamically broken, then 

•  fH5  → fH5
0 ≠ 0 

• ρH5 → – < q-bar q> / fH5
0 ≠ 0 

 both of which are independent of mq 

 Hence, one arrives at the corollary 
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Gell-Mann, Oakes, Renner relation 
1968 

mm 2



The so-called “vacuum 
quark condensate.”  It’s 
actually contained within 
hadrons. 

Maris, Roberts and Tandy 
nucl-th/9707003, Phys.Lett. B420 (1998) 267-273  
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Radial excitations of 

Pseudoscalar meson 

 Hadron spectrum contains 3 pseudoscalars [ IG(JP )L = 1−(0−)S ] 
masses below 2GeV: π(140); π(1300); and π(1800) 

    the pion 

 Constituent-Quark Model suggests that these states are  
 the 1st three members of an  n1S0  trajectory;  
 i.e., ground state plus radial excitations 

 But  π(1800)  is narrow (Γ = 207 ± 13); i.e., surprisingly long-lived  
 & decay pattern conflicts with usual quark-model expectations.   

– SQ-barQ = 1  ⊕  LGlue = 1  ⇒  J = 0 

  & LGlue = 1 ⇒ 3S1 ⊕ 3S1 (Q-bar Q) decays are suppressed 

– Perhaps therefore it’s a hybrid? 
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Radial excitations & Hybrids & Exotics 
⇒ wave-functions with support at long-range 
⇒ sensitive to confinement interaction 
Understanding confinement “remains one of  
The greatest intellectual challenges in physics” 

exotic mesons: quantum numbers not possible for 
quantum mechanical quark-antiquark systems 
hybrid mesons: normal quantum numbers but non-
quark-model decay pattern 
BOTH suspected of having “constituent gluon” content 



Radial excitations of 

Pseudoscalar meson 

 Valid for ALL Pseudoscalar mesons 

– When chiral symmetry is dynamically broken, then 

• ρH5 is finite and nonzero in the chiral limit, MH5 → 0 

– A “radial” excitation of the π-meson, is not the ground state, so 

  m2
π excited state ≠ 0 > m2

π ground state= 0 (in chiral limit, MH5 → 0) 

 Putting this things together, it follows that  

 fH5 = 0 
 for ALL pseudoscalar mesons, except π(140),  
 in the chiral limit 
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Höll, Krassnigg and Roberts 
Phys.Rev. C70 (2004) 042203(R) 

Dynamical Chiral 
Symmetry Breaking 
– Goldstone’s Theorem – 
impacts upon every 
pseudoscalar meson 

Flip side: if no DCSB, then 
all pseudoscalar mesons 
decouple from the weak 
interaction! 
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Radial excitations of 

Pseudoscalar meson 

 This is fascinating because in quantum 
mechanics, decay constants  of a radial 
excitation are suppressed by factor of 

roughly ⅟₃  
– Radial wave functions possess a zero 
– Hence, integral of “r Rn=2(r)2” is  
 quantitatively reduced compared to  
 that of “r Rn=1(r)2”  
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Lattice-QCD & radial excitations  

of pseudoscalar mesons 

 When we first heard about [this result] our first reaction was a 
combination of “that is remarkable” and “unbelievable”. 

 CLEO: τ → π(1300) + ντ 

 ⇒ fπ1 < 8.4MeV 

 Diehl & Hiller 

 hep-ph/0105194 

 Lattice-QCD check: 
 163 × 32-lattice, a ∼ 0.1 fm, 
 two-flavour, unquenched 

 ⇒ fπ1/fπ = 0.078 (93) 
 Full ALPHA formulation is required  
 to see suppression, because PCAC  
 relation is at the heart of the conditions imposed for improvement (determining 

coefficients of irrelevant operators) 
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McNeile and Michael 
Phys.Lett. B642 (2006) 244-247 

The suppression of fπ1 is a  
useful benchmark that can be used to tune and  
validate lattice QCD techniques that try to determine the properties of excited state mesons. 
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Some New Challenges 
 Heavy-light  systems using the DCSB-improved kernel 

– Rainbow-ladder kernel cannot work because cancellations required 
for its accuracy don’t happen. 

 Computation of spectrum of hybrid and exotic mesons 

 

 

 

 

– It appears that this will need to be treated as a three-body problem 
(dressed-q+dressed-qbar+dressed-g) because best attempts so far 
using Bethe-Salpeter equation have failed. 

 Equally pressing, some might say more so, is the three-quark 
problem; viz., baryons in QCD.  
– Understanding that problem will help in making predictions for exotics 
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exotic mesons: quantum numbers not possible for 
quantum mechanical quark-antiquark systems 
hybrid mesons: normal quantum numbers but non-
quark-model decay pattern 
BOTH suspected of having “constituent gluon” content 
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Unification of  

Meson & Baryon Properties 

 Correlate the properties of meson and baryon ground- and excited-
states within a single, symmetry-preserving framework 

 Symmetry-preserving means:  

 Poincaré-covariant & satisfy relevant Ward-Takahashi identities 

 Constituent-quark model has hitherto been the most widely applied 
spectroscopic tool; whilst its weaknesses are emphasized by critics and 
acknowledged by proponents, it is of continuing value because there is 
nothing better that is yet providing a bigger picture. 

 Nevertheless,  

 no connection with quantum field theory & therefore not with QCD 

 not symmetry-preserving & therefore cannot veraciously connect 
meson and baryon properties 
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DSEs & Baryons 
 

 Dynamical chiral symmetry breaking (DCSB) 

 – has enormous impact on meson properties. 
Must be included in description  

 and prediction of baryon properties. 

 DCSB is essentially a quantum field theoretical effect.  

 In quantum field theory  
 Meson appears as pole in four-point quark-antiquark Green function  

 → Bethe-Salpeter Equation 

 Nucleon appears as a pole in a six-point quark Green function 

  → Faddeev Equation. 

 Poincaré covariant Faddeev equation sums all possible exchanges 
and interactions that can take place between three dressed-quarks 

 Tractable equation is based on the observation that an interaction 
which describes colour-singlet mesons also generates nonpointlike 
quark-quark (diquark) correlations in the colour-antitriplet channel 
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R.T. Cahill et al., 
Austral. J. Phys. 42 (1989) 129-145 
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Faddeev Equation 
 

 

 

 

 Linear, Homogeneous Matrix equation 

Yields wave function (Poincaré Covariant Faddeev Amplitude) 
that describes quark-diquark relative motion within the nucleon 

 Scalar and Axial-Vector Diquarks . . .  

Both have “correct” parity and “right” masses 

 In Nucleon’s Rest Frame Amplitude has  

  s−, p− & d−wave correlations 
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diquark 

quark 

quark exchange 
ensures Pauli statistics 

composed of strongly-
dressed quarks bound 
by dressed-gluons 
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R.T. Cahill et al., 
Austral. J. Phys. 42 (1989) 129-145 

S-wave contributes only 
37% to normalisation of 
wave function 
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 Why should a pole approximation produce reliable results? 

Faddeev Equation 
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quark-quark scattering matrix  
- a pole approximation is used to arrive at the Faddeev-equation 



                Consider the rainbow-gap and ladder-Bethe-Salpeter equations 

 

 

 

 

 In this symmetry-preserving truncation, colour-antitriplet quark-quark 
correlations (diquarks) are described by a very similar homogeneous 
Bethe-Salpeter equation 

 

 

 Only difference is factor of ½ 

 Hence, an interaction that describes mesons also generates 
diquark correlations in the colour-antitriplet channel  

Diquarks 
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Calculation of diquark masses  in QCD 
R.T. Cahill, C.D. Roberts and J. Praschifka 
Phys.Rev. D36 (1987) 2804 

http://inspirebeta.net/record/244781?ln=en
http://inspirebeta.net/record/244781?ln=en
http://inspirebeta.net/record/244781?ln=en
http://inspirebeta.net/record/244781?ln=en
http://inspirebeta.net/record/244781?ln=en


 

Sao Paulo: II Workshop on Perspectives in 
Nonperturbative QCD, 12-13 May 14 

Craig Roberts: Bound state problem in continuum QCD (87p) 

35 

SU(2) isospin symmetry of hadrons might 
emerge from mixing half-integer spin 
particles with their antiparticles. 

Faddeev Equation 

Remarks 

 Diquark correlations are not inserted by hand 

 Such correlations are a dynamical consequence of strong-
coupling in QCD 

 The same mechanism that produces an almost massless pion 
from two dynamically-massive quarks;  

 i.e., DCSB, forces a strong correlation between two quarks in 
colour-antitriplet channels within a baryon  

 – an indirect consequence of Pauli-Gürsey symmetry 

 Diquark correlations are electromagnetically active and non-
pointlike 

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

– They have soft form factors 
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Motivation 
 One method by which to validate QCD is  
 computation of its hadron spectrum and subsequent comparison 

with modern experiment.  Indeed, this is an integral part of the 
international effort in nuclear physics. 

 For example, the N∗ programme and the search for hybrid and exotic 
mesons together address the questions: 
– which hadron states and resonances are produced by QCD?  

– how are they constituted?  

 This intense effort in hadron spectroscopy is a motivation to extend 
the research just described and treat ground- and excited-state 
hadrons with s-quark content.  (New experiments planned in Japan) 

 Key elements in a successful spectrum computation are:  
– symmetries and the pattern by which they are broken;  

– the mass-scale associated with confinement and DCSB;  

– and full knowledge of the physical content of bound-state kernels.   

 All this is provided by the DSE approach. 
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 Vector-vector contact interaction 

 

 
 mG = 800MeV is a gluon mass-scale  

   – dynamically generated in QCD 

Gap equation: 

DCSB: M ≠ 0 is possible so long as αIR>αIR
critical =0.4π 

Observables require αIR = 0.93π 

 

Contact-Interaction  

Kernel 
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Contact 

Interaction  
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 Symmetry-preserving treatment of vector×vector contact 
interaction is useful tool for the study of phenomena characterised 
by probe momenta less-than the dressed-quark mass, M.   

 Because: For experimental observables determined by probe 
momenta Q2<M2, contact interaction results are not realistically 
distinguishable from those produced by the most sophisticated 
renormalisation-group-improved kernels. 

 Symmetry-preserving regularisation of the contact interaction 
serves as a useful surrogate, opening domains which analyses using 
interactions that more closely resemble those of QCD are as yet 
unable to enter.  

 They’re critical in attempts to use data as tool for charting nature of 
the quark-quark interaction at long-range; i.e., identifying signals of 
the running of couplings and masses in QCD. 



Contact Interaction 
 arXiv:1212.2212 [nucl-th],  Phys. Rev. C 87 92013) 045207 [15 pages] 
 Features and flaws of a contact interaction treatment of the kaon 

Chen Chen, L. Chang, C. D. Roberts, S. M. Schmidt, Shaolong Wan and D. J. Wilson, 

 arXiv:1209.4352 [nucl-th], Phys. Rev. C87 (2013) 015205 [12 pages] 
 Electric dipole moment of the rho-meson 

M. Pitschmann, C.-Y. Seng, M. J. Ramsey-Musolf, C. D. Roberts, S. M. Schmidt and D. J. Wilson 

 arXiv:1204.2553 [nucl-th], Few Body Syst. (2012) DOI: 10.1007/s00601-012-0466-3  
 Spectrum of Hadrons with Strangeness,  
 Chen Chen, L. Chang, C.D. Roberts, Shaolong Wan and D.J. Wilson 

 arXiv:1112.2212 [nucl-th], Phys. Rev. C85 (2012) 025205 [21 pages]   
 Nucleon and Roper electromagnetic elastic and transition form factors,  
 D. J. Wilson, I. C. Cloët, L. Chang and C. D. Roberts 

 arXiv:1102.4376 [nucl-th], Phys. Rev. C 83, 065206 (2011) [12 pages] ,  
 π- and ρ-mesons, and their diquark partners, from a contact interaction,  
 H.L.L. Roberts, A. Bashir, L.X. Gutiérrez-Guerrero, C.D. Roberts and David J. Wilson  

 arXiv:1101.4244 [nucl-th], Few Body Syst. 51 (2011) pp. 1-25 
 Masses of ground and excited-state hadrons 

H.L.L. Roberts, Lei Chang, Ian C. Cloët and Craig D. Roberts 

 arXiv:1009.0067 [nucl-th], Phys. Rev. C82 (2010) 065202 [10 pages] 
 Abelian anomaly and neutral pion production 

Hannes L.L. Roberts, C.D. Roberts, A. Bashir, L. X. Gutiérrez-Guerrero & P. C. Tandy 

 arXiv:1002.1968 [nucl-th], Phys. Rev. C 81 (2010) 065202 (5 pages) 
 Pion form factor from a contact interaction, L. Xiomara Gutiérrez-Guerrero, A. Bashir, I. C. Cloët & C. D. Roberts 
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Symmetry-preserving treatment of vector-
vector contact-interaction: series of papers 
establishes strengths & limitations. 
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Spectrum of Hadrons 

with Strangeness 
 Solve gap equation for u & s-quarks 

 

 Input ratio ms /mu  = 24  is consistent with modern estimates 

 Output ratio Ms /Mu = 1.43 shows dramatic impact of DCSB, even 
on the s-quark: Ms-ms = 0.36 GeV = M0  

 … This is typical of all DSE and lattice studies 

 κ = in-hadron condensate rises slowly with mass of hadron 
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arXiv:1204.2553 [nucl-th],  Spectrum of hadrons with 
strangeness, Chen Chen, L. Chang, C.D. Roberts, 
Shaolong Wan and D.J. Wilson 
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Spectrum of Mesons 

with Strangeness 
 Solve Bethe-Salpeter equations for mesons and diquarks 
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arXiv:1204.2553 [nucl-th],  Spectrum of hadrons with 
strangeness, Chen Chen, L. Chang, C.D. Roberts, 
Shaolong Wan and D.J. Wilson 
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Spectrum of Mesons 

with Strangeness 
 Solve Bethe-Salpeter equations for mesons and diquarks 
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 Computed values for ground-states are greater than the  
 empirical masses, where they are known.  

 Typical of DCSB-corrected kernels that omit resonant  
 contributions; i.e., do not contain effects that may 
 phenomenologically be associated with a meson cloud. 

 

Perhaps underestimate radial-
ground splitting by 0.2GeV 

arXiv:1204.2553 [nucl-th],  Spectrum of hadrons with 
strangeness, Chen Chen, L. Chang, C.D. Roberts, 
Shaolong Wan and D.J. Wilson 
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Spectrum of Diquarks 

with Strangeness 
 Solve Bethe-Salpeter equations for mesons and diquarks 
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arXiv:1204.2553 [nucl-th],  Spectrum of hadrons with 
strangeness, Chen Chen, L. Chang, C.D. Roberts, 
Shaolong Wan and D.J. Wilson 
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Baryons & diquarks 
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 From apparently simple material, one arrives at a powerful 
elucidative tool, which provides numerous insights into 
baryon structure; e.g.,  
 There is a causal connection between mΔ - mN & m1+- m0+ 

mΔ - mN 

mN  

mΔ 

Physical splitting grows 
rapidly with increasing 
diquark mass difference 

Sao Paulo: II Workshop on Perspectives in 
Nonperturbative QCD, 12-13 May 14 

Masses of ground and excited-state hadrons 
Hannes L.L. Roberts, Lei Chang, Ian C. Cloët  
and Craig D. Roberts, arXiv:1101.4244 [nucl-th]  
Few Body Systems  (2011) pp. 1-25 
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Spectrum of Diquarks 

with Strangeness 
 Solve Bethe-Salpeter equations for mesons and diquarks 
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arXiv:1204.2553 [nucl-th],  Spectrum of hadrons with 
strangeness, Chen Chen, L. Chang, C.D. Roberts, 
Shaolong Wan and D.J. Wilson 

 Level ordering of diquark correlations is same as that for mesons.  
 In all diquark channels, except scalar, mass of diquark’s partner meson 
     is a fair guide to the diquark’s mass:  

o Meson mass bounds the diquark’s mass from below; 
o Splitting always less than 0.13GeV and decreases with 
    increasing meson mass 

Scalar channel “special” owing to DCSB 
Sao Paulo: II Workshop on Perspectives in 
Nonperturbative QCD, 12-13 May 14 
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Bethe-Salpeter  

amplitudes 
 Bethe-Salpeter amplitudes are couplings in Faddeev Equation 

 

 

 

 

 

 Magnitudes for diquarks follow precisely the meson pattern 
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arXiv:1204.2553 [nucl-th],  Spectrum of hadrons with 
strangeness, Chen Chen, L. Chang, C.D. Roberts, 
Shaolong Wan and D.J. Wilson 

Owing to DCSB, FE couplings in ½- channels 

are 25-times weaker than in ½+ ! 
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Spectrum of Baryons 

with Strangeness 
 Solved all Faddeev equations, obtained masses and eigenvectors of 

the octet and decuplet baryons.  
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arXiv:1204.2553 [nucl-th],  Spectrum of hadrons with 
strangeness, Chen Chen, L. Chang, C.D. Roberts, 
Shaolong Wan and D.J. Wilson 
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Spectrum of Baryons 

with Strangeness 
 Comparison with bare masses from ANL-Osaka Coupled Channels 

Collaboration 

 Searched for best fit, including (CCBARE-DSE)2 

 ANL-Osaka bare masses provide excellent description of enormous 
amount of data 

 

 

 

 

 

 rms |Rel. Err.| = 9.4 ± 5.7 % 

 This is remarkable, given that the DSE results have neither been 
optimised nor tuned in any way.  
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arXiv:1204.2553 [nucl-th],  Spectrum of hadrons with 
strangeness, Chen Chen, L. Chang, C.D. Roberts, 
Shaolong Wan and D.J. Wilson 
& Toru Sato, private communication. 

P11 S11 S11 P33 P33 D33 

ANL-Osaka 1.83 2.04 2.61 1.28 2.16 2.13 

DSE 1.83 2.30 2.35 1.39 1.84 2.33 

|Rel. Err.| 0 11.3% 11.1% 7.9% 17.4% 8.6% 
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Structure of Baryons 

with Strangeness 
 Baryon structure is flavour-blind 
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arXiv:1204.2553 [nucl-th],  Spectrum of hadrons with 
strangeness, Chen Chen, L. Chang, C.D. Roberts, 
Shaolong Wan and D.J. Wilson 

Diquark content 

http://inspirehep.net/record/1110694?ln=en
http://inspirehep.net/record/1110694?ln=en
http://inspirehep.net/record/1110694?ln=en
http://inspirehep.net/record/1110694?ln=en
http://inspirehep.net/record/1110694?ln=en


Structure of Baryons 

with Strangeness 
 Baryon structure is flavour-blind 
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arXiv:1204.2553 [nucl-th],  Spectrum of hadrons with strangeness, 
Chen, Chang, Roberts, Wan and Wilson & Nucleon and Roper em 
elastic and transition form factors,  D. J. Wilson, I. C. Cloët, L. 
Chang and C. D. Roberts, arXiv:1112.2212 [nucl-th], Phys. Rev. 
C85 (2012) 025205 [21 pages] 

Diquark content 

 Jqq=0 content of J=½ baryons is almost 
independent of their flavour structure 

 Radial excitation of ground-state octet 
possess zero scalar diquark content! 

 This is a consequence of DCSB 

 Ground-state (1/2)+ possess unnaturally 
large scalar diquark content 

 Orthogonality forces radial excitations to 
possess (almost) none at all! 

80% 

50% 

50% 

0% 
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Spectrum of Hadrons 

with Strangeness 
 Solved all Faddeev equations, obtained masses and eigenvectors of 

the octet and decuplet baryons.  
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arXiv:1204.2553 [nucl-th],  Spectrum of hadrons with 
strangeness, Chen Chen, L. Chang, C.D. Roberts, 
Shaolong Wan and D.J. Wilson 

(1/2)+ 

(1/2)+ 

(1/2)- 
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Spectrum of Hadrons 

with Strangeness 
 Solved all Faddeev equations, obtained masses and eigenvectors of 

the octet and decuplet baryons.  
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arXiv:1204.2553 [nucl-th],  Spectrum of hadrons with 
strangeness, Chen Chen, L. Chang, C.D. Roberts, 
Shaolong Wan and D.J. Wilson 

(1/2)+ 

(1/2)+ 

(1/2)- 

 This level ordering has long been a 
problem in CQMs with linear or HO 
confinement potentials 

 Correct ordering owes to DCSB 

 Positive parity diquarks have 
Faddeev equation couplings 25-
times greater than negative parity 
diquarks 

 Explains why approaches within 
which DCSB cannot be realised 
(CQMs) or simulations whose 
parameters suppress DCSB will both 
have difficulty reproducing 
experimental ordering 
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Charting the Interaction 
 Interaction in QCD is not momentum-independent 

– Behaviour for Q2>2GeV2 is well know; namely, renormalisation-group-
improved one-gluon exchange 

– Computable in perturbation theory 
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 Known = there is a “freezing” of the 
interaction below a scale of roughly 
0.4GeV, which is partly why momentum-
independent interaction works 

 Unknown  

 Infrared behavior of the interaction, 
which is responsible for 

 Confinement 

 DCSB 

 How is the transition to pQCD made and 
is it possible to define a transition 
boundary? 



DSE Studies  

– Phenomenology of gluon 
Wide-ranging study of π & ρ properties 
 Effective coupling 

– Agrees with pQCD in ultraviolet  

– Saturates in infrared 
• α(0)/π = 8-15  

• α(mG
2)/π = 2-4 
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Qin et al., Phys. Rev. C 84 042202(Rapid Comm.) (2011) 
Rainbow-ladder truncation 

 Running gluon mass 

– Gluon is massless in ultraviolet 

 in agreement with pQCD 

– Massive in infrared 
• mG(0) = 0.67-0.81 GeV 

• mG(mG
2) = 0.53-0.64 GeV 

http://link.aps.org/doi/10.1103/PhysRevC.84.042202
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Mass from nothing! 

Sao Paulo: II Workshop on Perspectives in 
Nonperturbative QCD, 12-13 May 14 

C.D. Roberts, Prog. Part. Nucl. Phys. 61 (2008) 50 
M. Bhagwat & P.C. Tandy, AIP Conf.Proc. 842 (2006) 225-227 

 quark’s mass depends on its 
momentum. 

 Mass function can be 
calculated and is depicted 
here. 

 Continuum- and Lattice-QCD  

 are in agreement: the vast bulk of the light-quark mass comes from a 
cloud of gluons, dragged along by the quark as it propagates. 

http://inspirebeta.net/record/769609?ln=en
http://inspirebeta.net/record/769609?ln=en
http://inspirebeta.net/record/769609?ln=en
http://inspirebeta.net/record/769609?ln=en
http://inspirebeta.net/record/708248?ln=en
http://inspirebeta.net/record/708248?ln=en
http://inspirebeta.net/record/708248?ln=en


Nucleon Structure 

Probed in scattering experiments 

 Electron is a good probe because it is structureless 

 Electron’s relativistic current is 

 

 

 Proton’s electromagnetic current 
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F1 = Dirac form factor F2 = Pauli form factor 

GE = Sachs Electric form factor 
If a nonrelativistic limit exists, this 
relates to the charge density 

GM = Sachs Magntic form factor 
If a nonrelativistic limit exists, this 
relates to the magnetisation density 

                            

Lecture IB 



Nucleon form factors 
 For the nucleon & Δ-resonance, studies of the Faddeev equation 

exist that are based on the 1-loop renormalisation-group-improved 
interaction that was used efficaciously in the study of mesons 

– Toward unifying the description of meson and baryon properties 
G. Eichmann, I.C. Cloët, R. Alkofer, A. Krassnigg and C.D. Roberts 
arXiv:0810.1222 [nucl-th], Phys. Rev. C 79 (2009) 012202(R) (5 pages)  

– Survey of nucleon electromagnetic form factors 
I.C. Cloët, G. Eichmann, B. El-Bennich, T. Klähn and C.D. Roberts 
arXiv:0812.0416 [nucl-th], Few Body Syst. 46 (2009) pp. 1-36 

– Nucleon electromagnetic form factors from the Faddeev equation 
  G. Eichmann, arXiv:1104.4505 [hep-ph] 

 These studies retain the scalar and axial-vector diquark 
correlations, which we know to be necessary and sufficient for a 
reliable description 

 In order to compute form factors, one needs a photon-nucleon 
current 
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Photon-nucleon current 

 Composite nucleon 
must interact with 
photon via nontrivial 
current constrained by 
Ward-Green-Takahashi 
identities 

 DSE → BSE → Faddeev 
equation plus current → 
nucleon form factors 
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Vertex must contain the 
dressed-quark anomalous 
magnetic moment 

Oettel, Pichowsky, Smekal 
Eur.Phys.J. A8 (2000) 251-281 

Sao Paulo: II Workshop on Perspectives in 
Nonperturbative QCD, 12-13 May 14 

L. Chang, Y. –X. Liu and C.D. Roberts 
arXiv:1009.3458 [nucl-th] 
Phys. Rev. Lett. 106 (2011) 072001 

 NB. Diquarks are electromagnetically 
active.  Cannot ignore the photon-
diquark  coupling. 

http://inspirebeta.net/record/507994?ln=en
http://inspirebeta.net/record/507994?ln=en
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http://link.aps.org/doi/10.1103/PhysRevLett.106.072001
http://link.aps.org/doi/10.1103/PhysRevLett.106.072001
http://link.aps.org/doi/10.1103/PhysRevLett.106.072001
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Survey of nucleon electromagnetic form factors 
I.C. Cloët et al, arXiv:0812.0416 [nucl-th],  
Few Body Syst. 46 (2009) pp. 1-36 

 

Unification of meson 
and nucleon form 
factors. 

 

Very good 
description. 

 
Quark’s momentum-
dependent 
anomalous magnetic 
moment has 
observable impact & 
materially improves 
agreement in all 
cases. 

http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0812.0416
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0812.0416
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0812.0416
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0812.0416
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0812.0416


 Distribution of charge and magnetisation 

 within the proton 

Data before 1999  

– Looks like the 
structure of the 
proton is simple 

– Distribution of 
charge and 
magnetisation are 
the same 

– Always like that in 
particle-physics-
like pictures of 
hadrons 
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 Distribution of charge and magnetisation 

 within the proton 

 The properties of 
JLab (high 
luminosity) enabled a 
new technique to be 
employed.   

 First data released in 
1999 and paint a 
VERY DIFFERENT 
PICTURE 
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Which is correct? 
How is the difference 
to be explained? 
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http://www.jlab.org/highlights/phys.html 

Distribution of charge is 
different from distribution 
of magnetisation 

http://www.jlab.org/highlights/phys.html
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I.C. Cloët, C.D. Roberts, et al. 
arXiv:0812.0416 [nucl-th] 
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Highlights again the 
    critical importance of 
    DCSB in explanation of 
    real-world observables. 

DSE result Dec 08 

DSE result  
   – including the  
      anomalous  
      magnetic 
      moment distribution 

I.C. Cloët, C.D. Roberts, A.W. Thomas, 

Phys. Rev. Lett. 111 (2013) 101803 [5 pages] 

Sao Paulo: II Workshop on Perspectives in 
Nonperturbative QCD, 12-13 May 14 
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 DSE studies indicate 
that the proton has a 
very rich internal 
structure  

 The JLab data, 
obtained using the 
polarisaton transfer 
method, are an 
accurate indication of 
the behaviour of this 
ratio 

 The pre-1999 data 
(Rosenbluth) receive 
large corrections from 
so-called 2-photon 
exchange contributions 
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Proton plus proton-like resonances 



Origin of the zero  

& its location 
 The Pauli form factor is a gauge of the distribution of magnetization 

within the proton.  Ultimately, this magnetisation is carried by the 
dressed quarks and influenced by correlations amongst them, 
which are expressed in the Faddeev wave function.  

 If the dressed quarks are described by a momentum-independent 
mass function, M=constant, then they behave as Dirac particles 
with constant Dirac values for their magnetic moments and 
produce a hard Pauli form factor.  
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Origin of the zero  

& its location 
 Alternatively, suppose that the dressed quarks possess a 

momentum-dependent mass function, M=M(p2), which is large at 
infrared momenta but vanishes as their momentum increases.   

 At small momenta they will then behave as constituent-like 
particles with a large magnetic moment, but  their mass and 
magnetic moment will drop toward zero as the probe momentum 
grows. (Remember: Massless fermions do not possess a 
measurable magnetic moment) 

 Such dressed quarks produce a  
 proton Pauli form factor that is  
 large for Q2∼ 0 but drops rapidly  
 on the domain of transition  
 between nonperturbative and  
 perturbative QCD, to give a very  
 small result at large Q2.  
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Origin of the zero  

& its location 
 The precise form of the Q2 dependence will depend on the evolving 

nature of the angular momentum correlations between the dressed 
quarks.  

 From this perspective, existence, and location if so, of the zero in
 μpGEp(Q2)/GMp(Q2)  

 are a fairly direct measure of the location and width of the 
transition region between the nonperturbative and perturbative 
domains of QCD as expressed in  

 the momentum dependence of  
 the dressed-quark mass function. 

 Hard,  M=constant 

 → Soft, M=M(p2) 
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Nucleon and Roper electromagnetic elastic and transition 
form factors, D. J. Wilson, et al., arXiv:1112.2212 [nucl-
th], Phys. Rev. C85 (2012) 025205 [21 pages] 
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Origin of the zero  

& its location 

 One can anticipate that a mass function which rapidly becomes 
partonic—namely, is very soft—will not produce a zero 

 We’ve seen that a constant mass function produces a zero at a 
small value of Q2 

 And also seen and know that a mass function which resembles that 
obtained in the best available DSE studies and via lattice-QCD 
simulations produces a zero at a location that is consistent with 
extant data.  

 There is opportunity here for very constructive feedback between 
future experiments and theory. 
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I.C. Cloët, C.D. Roberts, A.W. Thomas, 

Phys. Rev. Lett. 111 (2013) 101803 [5 pages] 

Nucleon and Roper electromagnetic elastic and transition 
form factors, D. J. Wilson, et al., arXiv:1112.2212 [nucl-
th], Phys. Rev. C85 (2012) 025205 [21 pages] 
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Visible Impacts  

of DCSB 
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 Apparently small changes in M(p) 
within the domain 1<p(GeV)<3 

 have striking effect on the proton’s 
electric form factor 

 The possible existence and location of 
the zero is determined by behaviour 
of Q2F2

p(Q2) 
 Like the pion’s PDA, Q2F2

p(Q2) 
measures the rate at which dressed-
quarks become parton-like: 
 F2

p=0 for bare quark-partons 
 Therefore, GE

p can’t be zero on 
the bare-parton domain 

I.C. Cloët, C.D. Roberts, A.W. Thomas: Revealing dressed-quarks via 
the proton's charge distribution,  
arXiv:1304.0855 [nucl-th], Phys. Rev. Lett. 111 (2013) 101803 

http://inspirehep.net/record/1226816?ln=en
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of DCSB 
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Leads to Prediction neutron:proton 

GEn(Q2) > GEp(Q2)  at Q2 > 4GeV2 

I.C. Cloët, C.D. Roberts, A.W. Thomas: Revealing dressed-quarks via 
the proton's charge distribution,  
arXiv:1304.0855 [nucl-th], Phys. Rev. Lett. 111 (2013) 101803 
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Flavor separation of proton form factors 

 

 

 

 

 

 

 

 

 

 

 

 Very different behavior for u & d quarks  

 Means apparent scaling in proton F2/F1 is purely accidental 
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Cates, de Jager,  

Riordan, Wojtsekhowski,  

PRL 106 (2011) 252003 

Q4F2
q/k 

Q4 F1
q 



Diquark correlations! 

 Poincaré covariant Faddeev equation  

– Predicts scalar and axial-vector 
diquarks  

 Proton's singly-represented d-quark 
more likely to be struck in association 
with 1+ diquark than with 0+ 

– form factor contributions involving  
 1+ diquark are softer 
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Cloët, Eichmann, El-Bennich, Klähn, Roberts, 

Few Body Syst. 46 (2009) pp.1-36 

Wilson, Cloët, Chang, Roberts, PRC 85 (2012) 

045205 

 Doubly-represented u-quark is predominantly linked with harder  
 0+ diquark contributions  

 Interference produces zero in Dirac form factor of d-quark in proton 

– Location of the zero depends on the relative probability of finding  
 1+ & 0+ diquarks in proton 
– Correlated, e.g.,  with valence  d/u  ratio at x=1 
 

d 

u 

=Q2/M2 



Diquark correlations! 
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Cloët, Eichmann, El-Bennich, Klähn, Roberts, 

Few Body Syst. 46 (2009) pp.1-36 

Wilson, Cloët, Chang, Roberts, PRC 85 (2012) 

045205 

 Adding dressed-quark AMM (sensibly 
modifying the current operator) can 
quantitatively improve the 
description of data 

 But it’s the presence of diquark 
correlations that explains the 
difference between u- and d-quark 
distributions within the nucleon 

AMM 

AMM 

AMM 
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Far valence domain  

x≃1 
 Endpoint of the far valence domain: x ≃ 1, is especially significant 

– All familiar PDFs vanish at x=1; but ratios of any two need not 

– Under DGLAP evolution, the value of such a ratio is invariant. 

 Thus, e.g.,  

– limx→1 dv(x)/uv(x)  

 is unambiguous, scale invariant, nonperturbative feature of QCD.   

   keen discriminator between frameworks  
       that claim to explain nucleon structure.   

 Furthermore, Bjorken-x=1 corresponds strictly to the situation in 
which the invariant mass of the hadronic final state is precisely that 
of the target; viz., elastic scattering.   

   Structure functions inferred experimentally on x≃1  
           are determined theoretically by target's elastic form factors. 
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Nucleon spin structure at very high-x 
Craig D. Roberts, Roy J. Holt and Sebastian M. Schmidt 
arXiv:1308.1236 [nucl-th], Phys. Lett. B in press 

http://inspirehep.net/record/1246790?ln=en
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Neutron Structure  

Function at high-x 

 Valence-quark distributions at x=1 

– Fixed point under DGLAP evolution 

– Strong discriminator between theories 

 Algebraic formula 

 

 

– P1
p,s = contribution to the proton's charge arising from diagrams 

with a scalar diquark component in both the initial and final 
state 

– P1
p,a = kindred axial-vector diquark contribution 

– P1
p,m = contribution to the proton's charge arising from diagrams 

with a different diquark component in the initial and final state.   

Sao Paulo: II Workshop on Perspectives in 
Nonperturbative QCD, 12-13 May 14 

Craig Roberts: Bound state problem in continuum QCD (87p) 

79 

I.C. Cloët, C.D. Roberts, et al. 
arXiv:0812.0416 [nucl-th], Few Body Syst. 46 (2009) 1-36 
D. J. Wilson, I. C. Cloët, L. Chang and C. D. Roberts 
arXiv:1112.2212 [nucl-th], Phys. Rev. C85 (2012) 025205 [21 pages]   
 
 

Measures relative strength 
of axial-vector/scalar 
diquarks in proton 
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Neutron Structure 

Function at high-x 
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d/u=1/2 

SU(6) symmetry 

pQCD, uncorrelated Ψ 

0+ qq only, d/u=0 

Deep inelastic scattering  

– the Nobel-prize winning 

   quark-discovery experiments 

 

Reviews:   

 S. Brodsky et al.  

 NP B441 (1995) 

 W. Melnitchouk & A.W.Thomas  

 PL B377 (1996) 11 

 N. Isgur, PRD 59 (1999) 

 R.J. Holt & C.D. Roberts 

 RMP (2010) 

d/u=0.28 

DSE: “realistic” 

Distribution of neutron’s  
momentum amongst quarks  
on the  valence-quark domain 

DSE: “contact” 
d/u=0.18 

Melnitchouk, Accardi et al.  
Phys.Rev. D84 (2011) 117501  

x>0.9 

Melnitchouk, Arrington et al.  
Phys.Rev.Lett. 108 (2012) 252001 

I.C. Cloët, C.D. Roberts, et al. 
arXiv:0812.0416 [nucl-th], Few Body Syst. 46 (2009) 1-36 
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Neutron Structure 

Function at high-x 
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d/u=1/2 

SU(6) symmetry 

pQCD, uncorrelated Ψ 

0+ qq only, d/u=0 

Deep inelastic scattering  

– the Nobel-prize winning 

   quark-discovery experiments 

 

Reviews:   

 S. Brodsky et al.  

 NP B441 (1995) 

 W. Melnitchouk & A.W.Thomas  

 PL B377 (1996) 11 

 N. Isgur, PRD 59 (1999) 

 R.J. Holt & C.D. Roberts 

 RMP (2010) 

d/u=0.28 

DSE: “realistic” 

Distribution of neutron’s  
momentum amongst quarks  
on the  valence-quark domain 

DSE: “contact” 
d/u=0.18 

Melnitchouk, Accardi et al.  
Phys.Rev. D84 (2011) 117501  

x>0.9 

Melnitchouk, Arrington et al.  
Phys.Rev.Lett. 108 (2012) 252001 
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Nucleon spin structure 

 at very high x 
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 Similar formulae for nucleon longitudinal 
structure functions. 

 Plainly, existing data cannot distinguish 
between modern pictures of nucleon 
structure 

 Empirical results for nucleon longitudinal 

spin asymmetries on x ≃ 1 promise to 
add greatly to our capacity for 
discriminating between contemporary 
pictures of nucleon structure. 

 NB. pQCD is actually model-dependent: assumes 

SU(6) spin-flavour wave function for the proton's 
valence-quarks and the corollary that a hard 
photon may interact only with a quark that 
possesses the same helicity as the target. 

 

Nucleon spin structure at very high-x 
Craig D. Roberts, Roy J. Holt and Sebastian M. Schmidt 

arXiv:1308.1236 [nucl-th],  
Phys. Lett. B 727 (2013) pp. 249–254 
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Tensor Charge: σμν current 

 h1T = distribution of transversely polarized quarks inside a 
transversely polarised proton 

 δq = Light-front number-density of quarks with transverse polarisation 
parallel to that of the proton minus that of quarks with transverse 
polarisation antiparallel 

– Bias in quark polarisation induced by polarisation of parent proton 

 Value of tensor charge places constraints on some extensions of the 
Standard Model <PRD85 (2012) 054512>  

 Current knowledge of transversity: SIDIS @HERMES, COMPASS, JLab 

 No gluon transversity distribution => transversity is suppressed at low-x, 
hence large-x behavior important => JLab12 a useful tool.  Transversity will 
be measured at JLab12 (Hall-A E12-09-018-SIDIS; CLAS12; and SoLID) 
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Direction of motion 

http://inspirehep.net/record/943731?ln=en


Tensor Charge: σμν current 

1. Jlab 12 Projection 

2. Anselmino et al., 1303.3822 [hep-ph] 

3. Pitschmann et al. (DSE) (2014) [including 
axial-vector diquarks but contact interaction] 

4. Hecht et al. (DSE),  PRC64 (2001) 025204 
[only scalar diquarks] 

5. Cloët et al., PLB659 (2008) 214 

6. Pasquini et al., PRD76 (2007) 034020 

7. Wakamatsu, PLB653 (2007) 398 

8. Gockeler et al., PLB627 (2005) 113 

9. Gamberg et al., PRL 87 (2001) 242001  

10. He et al., PRD52 (1995) 2960 

11. Bacchetta et al., JHEP 1303 (2013) 119 
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Direction of motion 

Big shift from including axial-
vector diquark correlations? 
d-quark can now be unpaired. 

Evolution to 4GeV2 
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 QCD is the most interesting part of the Standard Model and Nature’s 
only example of an essentially nonperturbative fundamental theory 

 Dyson-Schwinger equations:  

o Exact results proved in QCD, amongst them: 

 Quarks are not Dirac particles and gluons are nonperturbatively massive 

 Dynamical chiral symmetry breaking is a fact.   
 It’s responsible for 98% of the mass of visible matter in the Universe 

 Goldstone’s theorem is fundamentally an expression of equivalence between the 
one-body problem and the two-body problem in the pseudoscalar channel 

 Confinement is a dynamical phenomenon 
 It cannot in principle be expressed via a potential 

 The list goes on … 

 DSEs are a single framework, with IR model-input turned to advantage, 
“almost unique in providing an unambiguous path from a defined 
interaction → Confinement & DCSB → Masses → radii → form factors → 
distribution functions → etc.” 

 
Sao Paulo: II Workshop on Perspectives in 
Nonperturbative QCD, 12-13 May 14 

Craig Roberts: Bound state problem in continuum QCD (87p) 

87 

McLerran & Pisarski 
arXiv:0706.2191 [hep-ph] 

http://inspirebeta.net/record/753223?ln=en
http://inspirebeta.net/record/753223?ln=en
http://inspirebeta.net/record/753223?ln=en
http://inspirebeta.net/record/753223?ln=en

