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Outline
Overview of QCD modeling based on Dyson-Schwinger Eqns of QCD 

Emphasis is on small scales (quark-gluon content) as well as large scales

Model dependence unavoidable; still some exact results

Chiral symmetry at the level of quark dynamics---a Goldberger-Trieman 
relation, Goldstone theorem, consequences for hadron structure

Meson and Baryon masses, decay constants......

Elastic and transition form factors

Valence quark PDF of pion and kaon, pion distribution amplitude
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Landau gauge only
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Modern Context for Ladder-Rainbow Kernel
Landau gauge, lattice−QCD gluon propagator,
I.L.Bogolubisky etal .,PosLAT2007,290 (2007)

DSE Studyw/ modern n− pt fns
A.C.Aguilar etal ., arXiv : 1010.5815 (2010)
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Modern Context for Ladder-Rainbow Kernel

mG(0) ∼ 0.38 GeV

Identified enough stength for physical DCSB

! mG (k
2 )
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Modern Context for Ladder-Rainbow Kernel

KRL
BSE =

4πα̂eff(q2)

m2
G(q2) + q2

mG(0) ∼ 0.38 GeV

⇒ α̂eff(0.1)

π
≈ 3− 4

Identified enough stength for physical DCSB

gluon mass runs, gluon is confined

constant mass, unconfined gluon 

massless, perturbative gluon 

! mG (k
2 )

Landau gauge, lattice−QCD gluon propagator,
I.L.Bogolubisky etal .,PosLAT2007,290 (2007)

DSE Studyw/ modern n− pt fns
A.C.Aguilar etal ., arXiv : 1010.5815 (2010)
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In summary: 31 exptl data @ RMS error of 15%
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PCAC ⇒ � q̄(x)q(y) (∂µ J5µ = 2mq J5) � ⇒ AV −WTI :

Exact Mass Relation for Flavor Non-Singlet PS Mesons 

Maris,Roberts,PCT,Phys. Lett. B420,267(1998)
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Γπ(k;P) = γ5

�
iEπ(k;P)+�P Fπ(k;P)+�k k·PGπ(k;P)+σ : kP Hπ(k;P)

�

Γ5µ(k;P) = γ5

�
γµ FR(k;P) + �k kµ GR(k;P)− σµνkν HR(k;P)

�

+ Γ̃5µ(k;P) + Γπ(k;P) 2fπ Pµ

P2 +m2
π

FR(k;0) + 2fπ Fπ(k;0) = A(k2)

GR(k;0) + 2fπ Gπ(k;0) = 2A�(k2)

HR(k;0) + 2fπ Hπ(k;0) = 0

S(k) = 1
i �k A(k2) +B(k2)

fπ Eπ(k;P = 0) = B(k2)

DCSB

Gen axial vertex

Gen pion BS ampl

chiral+soft pi limits of AV-WTI give:

Roberts, Chang, Schmidt, 2012
⇒ gq

A(F) ≈ 0.81 (RL) + 6%(BRL)
gN
A
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Beyond LR 
Deficiencies of ladder-rainbow truncation:

Axial vector (a1, b1) and scalar mesons (L >0) are too light

This does not bode well for exotic/hybrid hadron states

Eg,            exotic soln of LR-BSE is at 0.9 GeV.   Expected to have L >0, so fix 
that.

Craig Roberts & Lei Chang have developed a semi-phenomenological extension of 
LR BSE kernel that is a major advance and performs well for L>0 u/d quark 
mesons.  

No hadronic decay widths of states--must calc independently

Any important chiral loop effects have to be added later---(however LR can’t be 
characterized as purely quenched either)

!1(1
!+ )
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DCSB-driven Transv q-g Vertex & BSE Kernel

Three dressed non-pert terms are explored in vertex

Including Quark Anom color magn mom

Zero for massless quarks, but DCSB makes it finite

14

Standard “Ball-Chiu” 
term from STI

Anom color mag. mom. term, 
strength comparable to lattice-
QCD: Skullerud, et al., hep-ph/

0303176

New term, recovers pQCD--
Davydyshev, et al., PRD63, 014022 

(2000).  Adds to acm.

An Ansatz to build BSE kernel from analytic Ansatz for q-g vertex 
has been developed and used: Lei Chang, C.D. Roberts, PRL103 

081601 (2009)
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Beyond Ladder-Rainbow Truncation

Same physics is expected to be important for hybrids/exotics, radial 
excitations......

15

Rainbow-Ladder

Full kernel/vertex with quark acm,
(one parameter)
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Quark Anom. Mag. Moms: Color & EM

16

Color

EM

---Lei Chang, Yuxin Liu, C.D. Roberts, PRL106 072001 (2011)

Quark
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Meson, Baryon Spectrum (DSE Contact Model)

17

---Lei Chang, Yuxin Liu, C.D. Roberts, PRL106 072001 (2011)

nucl-th/1102.4376

DSE contact model
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Now Back to Ladder-Rainbow....

PDFs and Form Factors....
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Q2  [GeV2]

0

0.1

0.2

0.3

0.4

0.5
Q

2  F
π(

Q
2 )  

[G
eV

2 ]

JLab 2001,6,8
DSE-LR (MT 2000)
VMD ρ pole
CERN '80s
JLab at 12 GeV pQCD Asym (BL)
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DSE gives Sum of standard analytic Feynman integrals

10-2 10-1 100 101 102

Q2  [GeV2]

10-3

10-2

10-1

100
F π

(Q
2 )  

DSE-BSE (LR: M-T 2000)
CERN '80s
pQCD (Brodsky-LePage)
JLab 2001,6,8
DSE-BSE with Γπ(k

2, k.P)

DSE-BSE with Γπ(k
2)

J.Cobos-Martinez & PCT 2012 
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Asymptotic Pion Transition Form Factor 
(Brodsky, Lepage...)
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Asymptotic Pion Transition Form Factor 
(Brodsky, Lepage...)

γ(Q2
1) γ(Q2

2)→ π0 F(Q2
1,Q2

2)→ 4π2f2π
� J(ω)

Q2
1+Q2

2
+ O(αs

π , 1
Q2

�
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Asymptotic Pion Transition Form Factor 
(Brodsky, Lepage...)

γ(Q2
1) γ(Q2

2)→ π0

ω = Q2
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The 2009 BaBar data

k-indepn gluon propagator : H.Roberts, C. Roberts, A. 
Bashir, L. Gutierrez-Guerrero, PCT: arXiv:1009.0067
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Pion Charge Form Factor
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Farrar-Jackson
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∼ 0.15 at 10 GeV2

VMD : F(Q2) ∼ M2/(Q2 + M2) → M2/Q2 ; M2
ρ >> 0.15

= 2 αs(Q
2)

π [8π2f2π ∼M2
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Nucleon Form Factors

25

--I. Cloet et al (2011)
is anom EM mag. mom. term! 5
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DSE-Faddeev Result for Neutron Form Factors

26

--- Cloet, Roberts, et al (2010)

Running mass effect on FFs
they fall faster: 
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Pion Distribution Amplitude

fπ φπ(x) =
�

dλ
2π e−ixP.nλ �0| q̄(0) γ5 �n q(λn) |π(P)�

ERBL pQCD evolution φπ(x) = 6x(1− x)
�
1 + Σn=2,4··· an(µ)C3/2

n (2x− 1)
�

fπ �xm�φ =
Z2Nc

P · n tr

�

k

(
k · n
P · n)m γ5 �n [S(k) Γπ(k− P

2
;P) S(k−P) ]

fπ φπ(x) = Z2 trcd

�

k

δ(k·n−xP·n) γ5 �n [Su(k) Γπ(k−P

2
;P) Sd(k−P) ]

BS wavefn χπ(k− P

2
)
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φπ(x)

φASY(x) = 6x(1-x)
DSE-LR (E+F, Dynamical quark)
DSE-LR (E+F, Constituent quark, 400 MeV)

Pion Distribution Amplitude

J. Cobos-Martinez, C.D. Roberts, L. Chang, PCT, 2012, in progress
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To Leading Order in OPE
qf (x) =

1

4π

�
dλ e−ixP·nλ �π(P)| ψ̄f (λn) �n ψf (0) |π(P)�c

qf (x) = −1

2

�
d4k

(2π)4
δ(k · n− xP · n) trcd[ i�n G(k,P) ]

Γn(�;x) = i�n δ(� · n− xP · n) + · · ·

S2 ⊗ i�n δ(k · n− xP · n) = S(�) Γn(�;x) S(�)

uπ(x) = −1

2
trcd

�

�

Γ̄π Su(�)Γn(�;x)Su(�) Γπ Sd(�−P)

Nv
f =

� 1
0 dx [qf (x) − qf̄ (x)] = 1

2P+ �π(P )|J+(0)|π(P )�c = 1

An infinite subset of Fock space components
enter via use of LR dressed objects
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0.0 0.2 0.4 0.6 0.8 1.0
x
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0.2

0.3

0.4
xu
v(
x)

DSE-BSE, (Trang  et al.) 27 GeV2

DSE (Hecht et al.) 27 GeV2

E615  πN Drell-Yan 16.4 GeV2

E615 Aicher et al. 27 GeV2

Nguyen, Bashir, Roberts, PCT, PRC 83 062201 (2011); arXiv:1102.2448

Aicher, Schafer,  Vogelsang,  
arXiv:1009.2481

soft gluon resummation
(1− x)2.03

prev PDF expt parm
(1− x)1.5

QM, NJL, duality..

(1− x)1

DSE, pQCD
(1− x)2+γ(Q2)
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Environmental Dependence of Valence u(x)

• CERN-SPS data: J. Badier et al, PLB 93, 354 (1980)
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x
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1

1.2

uK/uπ
π-N Drell-Yan, <Q2> = 27 GeV2

Q2 = 27 GeV2, Full BSE
 Q2 = 27 GeV2 (Γ = γ5, γ5γ.P;  q.P=0)

Nguyen,Bashir,Roberts,PCT, arXiv : 1102.2448 (2011).

scale invariant pt

(valence is not isolated)
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 Valence PDFs via direct calcn of moments

Method can easily exceed the Lattice−QCD practical limit : m = 3

Note point limit : Γπ → const ⇒ < xm >pt =
1

1 + m

Euclidean, ladder− rainbow :

Only trivial analytic continuation needed : (k · n)m = (−ik4 + k3)
m

unamputated vertex : Γn(�) ≈ −[(� · n)m ∂nS(�)]

�xm�RL
v =

−Nc

2P · ntr

�

�

Γπ(� − P

2
) [(

� · n
P · n)m ∂nS(�)] Γπ(� − P

2
) S(� −P)

---with K. Khitrin, C.D. Roberts, J. Cobos-Martinez
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Results for Pion PDF moments

Valence q only

Rainbow-ladder results are good for valence-dominated x > 1/2

Some deficiencies of pure rainbow-ladder truncation show up

Not enough strength at low x:  u(x=0) = dbar(x=0) = 0

Too much momentum in valence q:   2<x> = 2x0.47 = 94%

Brings to mind an analogy with the pion charge form factor

Another class of diagram, eg chiral loop contribution to r^2
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Chiral loop contribution to charge radius^2
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2

1--loop Ch PT
Ch PT contact/core term 12 L9

r/fπ
2

Ch loop = 18% r2
expt

Need 82% RL-DSE result
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 Pion Loop in Pion Charge Form Factor 
Fπ(Q2) = (1− z)FRL

π (Q2) + F1−CPT

π (Q2)

Fπ(Q2) = (1− z)(1− Q2 r2
RL

6
+ · · · ) + z(1− Q2 r2

l

6
+ · · · )

Fπ(Q2) = (1− Q2 r2
TOT

6
+ · · · ), r2

TOT
= (1− z)r2

RL
+ [z r2

l ]

u
u

d

d

π+π+

uu

ππ

d
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Analysis of Pion Parton Momentum Sum Rule

using z = 20%Pion Parton Momentum Sum Rule

Analysis Valence q Sea q † Gluon Total
DSE RL+ (2012) 0.717 (0.026) (0.264) 1.00
ASV (2010) 0.649 (0.052) 0.300 1.00

GRS (1999) 0.559 0.141 0.300 1.00
†not well determined

�x1�π =

� 1

0

dx x {uv(x) + us(x) + ūs(x) + (u → d̄) + g(x)}

uv(x) = (1− z) uRL
v (x) + z uEX

v (x)

Preserve �x0�v = 1, minimize �xm�ex,m > 0
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Feyn Integral Method: z=20%, q0 = Mq(0)=0.5 GeV 
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DSE  (1-z)RL + z EX at 0.5 GeV
ASV at 5.2 GeV
DSE  (1-z)RL + z EX at 5.2 GeV

zwt-RL Fit C-mod , Apr 26, 2012
z=0.2, E+F, imp mom sum rule

valence <xm>π / <xm>pt
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Two In-Hadron Quantities within QCD:
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Two In-Hadron Quantities within QCD:

• Both are order params for DCSB. Chiral pion has a finite domain of q̄q support.
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Both cease to exist more than a strong interaction length from host meson .

Both are order params for DCSB. Chiral pion has a finite domain of q̄q support.

Chiral Dynamics  JLab2012
38



38

Two In-Hadron Quantities within QCD:

•

•

•

Both cease to exist more than a strong interaction length from host meson .

lim
m̂→0

fπ �0| q̄ γ5 q |π�µ = −Z4(µ,Λ) trcd

� Λ d4q

(2π)4
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Two In-Hadron Quantities within QCD:

•

•

•

•

Both cease to exist more than a strong interaction length from host meson .

lim
m̂→0

fπ �0| q̄ γ5 q |π�µ = −Z4(µ,Λ) trcd

� Λ d4q

(2π)4
S0(q; µ) = � q̄q �µ

There is no reason to interpret either one as a mass scale that fills the vacuum

• But,does �0 | q̄ γ5 q | π� play a role in hadron physics? Yes, because........

Both are order params for DCSB. Chiral pion has a finite domain of q̄q support.
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pole residues of AV-WTI exactly give:

New Perspectives on the Quark Condensate, S.J. Brodsky, C.D. Roberts, R.Shrock&P.C.Tandy, Phys. Rev, C82, 
022201 (2010); + 3 other papers
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022201 (2010); + 3 other papers
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In-hadron Condensate and Scalar Charge
Recall ⇒
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•

•

In-hadron Condensate and Scalar Charge

Scalar charge : Sπ(0) = � π(P) | q̄q |π(P) � = lim
Q2→0

FS,π(Q2)

∀mq ∼ 0, m2
π(mq) = 2mq � π(P) |q̄q |π(P) � = 2mq

∂

∂mq
m2

π = 2mq Sπ(0)

Recall ⇒
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Thus �q̄q�µ describes internal dynamics of the chiral π, not the vacuum
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Can show : lim
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In-hadron Condensate and Scalar Charge

Scalar charge : Sπ(0) = � π(P) | q̄q |π(P) � = lim
Q2→0

FS,π(Q2)

Thus �q̄q�µ describes internal dynamics of the chiral π, not the vacuum

invites unjustified conclusions 

Can show : lim
mq→0

f2
π Sπ(0) = Z4(µ,Λ) TrΛ S0 = −�q̄q�µ

∀mq ∼ 0, m2
π(mq) = 2mq � π(P) |q̄q |π(P) � = 2mq

∂

∂mq
m2

π = 2mq Sπ(0)

Can be extended to scalar charge of vector and scalar mesons, baryons

Recall ⇒
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Hadronic Charges �H(P) | q̄O q |H(P) �
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Hadronic Charges �H(P) | q̄O q |H(P) �

O = γµ, Qγµ ⇒ baryon number, electric charge
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Hadronic Charges �H(P) | q̄O q |H(P) �

O = γ5 γµ ⇒ axial charge

O = γµ, Qγµ ⇒ baryon number, electric charge
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Hadronic Charges �H(P) | q̄O q |H(P) �

O = γ5 γµ ⇒ axial charge

O = σµν ⇒ tensor charge

O = γµ, Qγµ ⇒ baryon number, electric charge

They are all properties internal to hadrons.

Why use a different interpretation for the O = 1 case?
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Many Ways to Obtain the Chiral Quark Condensate 
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Many Ways to Obtain the Chiral Quark Condensate 

• � q̄q �µ = −Z4(µ,Λ) trcd

� Λ d4q

(2π)4
S0(q; µ)
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Many Ways to Obtain the Chiral Quark Condensate 

•

•

� q̄q �µ = −Z4(µ,Λ) trcd

� Λ d4q

(2π)4
S0(q; µ)

•

Via PS projn at r = 0 of PS bound state wfn : � q̄q �µ = lim
m̂→0

fπ �0| q̄ γ5 q | ps�µ
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•
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•

� q̄q �µ = −Z4(µ,Λ) trcd
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(2π)4
S0(q; µ)

•

Via PS or AV current− current correlators in lattice−QCD
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m→0

−2m

� ∞

0

dλ
ρ �D(λ)

λ2 + m2

Via PS projn at r = 0 of PS bound state wfn : � q̄q �µ = lim
m̂→0

fπ �0| q̄ γ5 q | ps�µ

Via scalar charge : �q̄q�µ = lim
mq→0

f2
M �M | q̄(0)q(0) | M�µ,M = PS, S Mesons

Chiral Dynamics  JLab2012
43



Condensate Summary

Condensates in QCD and the Cosmological Constant, S.J. Brodsky& R.Shrock, Proc. Nat. Acad. 
Sci., 108, 45 (2011).

New Perspectives on the Quark Condensate, S.J. Brodsky, C.D. Roberts, R.Shrock&P.C.Tandy, 
Phys. Rev, C82, 022201 (2010).

Expanding the Concept of In-hadron Condensates, L.Chang, C.D. Roberts&P.C. Tandy, 
Phys. Rev. C85, 012201 (2012)

Confinement Contains Condensates, S.J. Brodsky, C.D. Roberts, R.Shrock&P.C.Tandy, Phys. Rev, 
C85, 065202 (2012).
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Condensate Summary
Strong evidence exists that quark condensate is better thought of as a 
hadron property---explict ps & scalar meson matrix elements given

Would solve the QCD vac energy problem for the Cosmological Constant

Assumed confinement.   Consistent with the dynamically generated IR mass 
scale (max wavelength of confined fields in hadrons)

Confinement suggests all the “vac condensates” of QCD Sum Rule fame are 
really inside hadrons

A special thanks to my condensate of collaborators......

Condensates in QCD and the Cosmological Constant, S.J. Brodsky& R.Shrock, Proc. Nat. Acad. 
Sci., 108, 45 (2011).

New Perspectives on the Quark Condensate, S.J. Brodsky, C.D. Roberts, R.Shrock&P.C.Tandy, 
Phys. Rev, C82, 022201 (2010).

Expanding the Concept of In-hadron Condensates, L.Chang, C.D. Roberts&P.C. Tandy, 
Phys. Rev. C85, 012201 (2012)

Confinement Contains Condensates, S.J. Brodsky, C.D. Roberts, R.Shrock&P.C.Tandy, Phys. Rev, 
C85, 065202 (2012).
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• Ladder-rainbow truncated DSE modeling of QCD for hadrons

• Seeking systematics from large to small scales, wherein hadrons 
are not describable as point fields 

• Recent unified DSE treatment of light front quantities (PDFs, 
GPDs, DA) with other aspects of hadron structure:  masses, 
decays, charge form factors, transition form factors.....

• Essentially one  RL parameter apart from current q masses 

• Can’t seek precision---BSE kernel is not known in closed form

• With no free parameters,          and                   agree with Drell-
Yan data 

• Chiral loops have to be added after the “quark core” of hadrons is 
computed                   

45

Overall Summary 

uv
π(x) uK(x)/uπ(x)
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Thank you !

The End
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Confinement Implies all QCD 
Condensates are within Hadrons
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47

Confinement Implies all QCD 
Condensates are within Hadrons

Lattice-QCD and DSE modeling find that the dynamically generated IR masses 
of the gluon and u/d quarks are about 0.4-0.6 GeV

Gives dynamical suppression of low momenta of these virtual fields in hadrons

Gives suppression of wavelengths > 1-2 fm of    ..       ..     ..      ..      ..

Vacuum fluctuations?   Casimir effect----interpretation under debate today: 

“No evidence for vacuum QCD fluctuations in absence of matter”---R. Jaffe, 
New Scientist, Feb 2012.

Quark and gluon “propagators” are non-observable intermediate elements of 
theory to be used in construction of color singlet observables

QCD Sum Rule approach:  color singlet current-current correlators involve 
finite size matter distributions at one vertex; params are fixed by observable 
hadron data

No virtual quark-gluon d.o.f. is needed more than a strong interaction distance 
from color singlet matter 

Lattice-QCD signal for quark condensate is pionic due to Goldstone/GT reln
Chiral Dynamics  JLab2012
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Doesn’t the pion get fat and fill all 
space in the chiral limit?
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Doesn’t the pion get fat and fill all 
space in the chiral limit?

(So its in-pion condensate of quarks is spread throughout the 
vacuum?)

Indeed the em charge radius of the pion does diverge in chiral limit 
due to virtual chiral meson loops

But, it’s due to the virtual tightly correlated PS qqbar pairs that 
fluctuate far from the pion’s qqbar core

There is no quark separated more than a strong interaction length 
from a qbar

The in-hadron condensate is the qqbar-projected bound state 
wavefunction at zero separation---it is never in the vacuum

The large distance fluctuations of virtual PS qqbar pairs carry their 
condensates inside them, the vacuum/void is left as is---empty

Chiral Dynamics  JLab2012
48



0 4 8 12 16

Λ/ΛQCD

0

0.1
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0.3
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(Tr S0)
1/3

mq = 50 MeV, mπ = 400 MeV

UV div: Tr S0 = 3/4π2 (mq Λ
2 ~ mq/a

2)
chiral limit, µ = 2 GeV

240 MeV

+25%

-25%

.

a ~ 0.25 fm ~ 1/2 mπ

.

a ~ 0.08 fm 
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51

ΠV −A(P 2) = 32παs�q̄qq̄q�
9 P 6

�
1 + αs

4π [ 2474π + ln( µ2

P 2 )]
�

+ O( 1
P 8 )

Model − < q̄q >µ=19 (GeV )3 < q̄qq̄q >µ=19 (GeV )6 R(µ = 19)
LR DSE (0.216)3 (0.235)6 1.65

• I: 1
4π2

�∞
0 ds[ρv(s)− ρa(s)] = [P 2 ΠV−A(P 2)]P 2→0 = −f2

π

• II: P 2 [P 2 ΠV−A(P 2)]|P 2→∞ = 0

• DGMLY:
�∞
0 dP 2 [P 2 ΠV−A(P 2)] = − 4πf2

π
3α [m2

π± −m2
π0 ]

Model f2
π (GeV 2) fπ (MeV ) fexp

π /fnum
π ∆mπ (MeV ) (∆mπ)exp

LR DSE 0.0081 90.0 1.03 4.88 4.43 ± 0.03

Weinberg et al Sum Rules:

OPE:

Physics from the V-A correlator:

—T. Nguyen, PCT, in prep (2010)
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Build Kernel from Ampls of q-g Vertex

Just as Ball-Chiu & Curtis-Pennington developed an Ansatz 
to obtain 3-pt vertex from 2-pt fns, so now get 4-pt fn 
from 3-pt
Only longitudinal parts are controlled by symmetries of 
conserved & partially conserved currents
There exist transverse WTIs [He Hanxin, Beijing], not yet 
employed
Any important physics in the transverse parts?
Not for the meson observables that LR already gets right
Find Ansatz for DCSB-driven transverse parts of q-g vertex 
have strong influence on L > 0  bound states.....
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• Unify DSE treatment of PDFs with other aspects of hadron 

structure:  masses, decays, charge form factors, transition form 
factors.....

• PDFs have their own blend of hard and soft, perturbative and non-
perturbative, aspects of QCD.  

• E.g.

• Can a DSE approach to PDFs compete with a lattice-QCD 
approach ?   Eg, how difficult is it to calculate a lot of moments, 
enough to reproduce the distribution?

53

DSE Approach to QCD’s Parton Distributions 

�xm � : small m ∼ Fπ(Q2 ≈ 0), large m ∼ uv structure of bound state
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PDFs:   

Drell-Yan data exists 

Pion and Kaon/Pion Ratio

Employ LR DSE model

Bjorken limit fixes quark

Covariant formulation, explicitly integrate: 

Evolve from model scale via LO DGLAP

k

k’

q

P

Deep Inelastic Lepton Scattering

uπ(x), uK(x), sK(x)

k+

�
dk− Γ(k2,k · P)

PP

kk

k + q

qq

γµ γν
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DIS in Bjorken Kinematic Limit

PP

kk

k + q

qq

γµ γν

q · n ≡ q+ = −xP · n ⇒ z · p ≡ z− ∼ 1

Mπx

q · p ≡ q− = 2ν ⇒ z · n ≡ z+ ∼ 0

Tµν = i

�
d4z eiq·z �π(P) | T Jµ

H
(z) Jν

H
(0) | π(P)�c

DIS is hard & fast,

confinement is soft & slow

S(k + q) → γ · n
2(k · n− xP · n) + i�

Bjorken limit seeks out dominant singularity : z2 = 0+

Wµν ∝ {Tµν(�)− Tµν(−�)} ⇒ Euclidean model elements can be continued
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Valence quarks, handbag diagram

Data: Conway et al, PRD39, 92 
(1989).   

Prev DSE (phen): Hecht et al, 
PRC63, 025213 (2001),  

Large x behavior:  

T. Nguyen, PhD 2010, KSU,  

Wijesooriya, Reimer&Holt, PRC72, 
065203 (2005)

Mll̄ = 4.05 GeV

Γπ(k2, k · P = 0) ∼ iγ5B0(k2)/f0
π + · · ·

Sphen(k)

Valence uπ(x) from DSE-BSE solutions

Momentum Sum Rule: �x�Q2
0

= 0.76

0.0 0.2 0.4 0.6 0.8 1.0
x

0.0

0.1

0.2

0.3

0.4

xu
v(
x)

DSE-BSA, this work  27 GeV2

E615  πN Drell-Yan 16.4 GeV2

Expt NLO analysis 27 GeV2

DSE (Hecht et al.) 27 GeV2

Aicher et al. 27 GeV2

Nguyen,Bashir,Roberts,PCT, arXiv : 1102.2448 (2011).

(1! x)2.08

Chiral Dynamics  JLab2012
56



57
Chiral Dynamics  JLab2012

57



Large x Estimate of 

In a covariant and properly regularized formulation, (1−x)2 is due totally
to the divergence of the relative momentum argument of both ΓK/π(q2)
ie 1− gluon exchange binding in pQCD

uK(x)

uπ(x)

ΓK/π(q2) ∼ γ5 NK/π / (q2 + Λ2
K/π) S(k) ∼ 1/(i �k + Mq)• Approximations :

uK(x) = N

� ∞

0

dµ̂
a

1−x + b + µ̂

[ a
1−x + c + µ̂]2

(
a

1− x
+ d + µ̂)−2 , a = xM2

s

a

1− x
>> any other mass scale⇒ uK/π(x) ∝ N2

K/π

(1− x)2

M4
spect

⇒

cf 0.35 from DSE−BSEuK(1)
uπ(1)

∼ f2
π

f2
K
(Mu
Ms

)4 ∼ 0.3
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Feynman Integral Method/Representation
For triangle diagram, need all momentum integral variables to appear in 
denominators that are powers of quadratic forms, with necessary finite 
powers in numerator

[Could apply to BSE eqn]---see 1960-70s---Perturbation Integral Repn, and 
Nakanashi Repn of BSE amplitudes

Here we use it as a convenient fit/representation of existing numerical solns 
of DSE for q propagator, and of BSE for meson BSE ampls.

Momentum integrals done analytically, remaining Feyn parameter integrations 
done numerically

Only singularities in the resulting physical quantity come from true contour 
pinches demanded by unitarity and physical thresholds from open hadronic 
decays

Accommodates confining propagators via complex conjugate location of 
spectral properties--non-positive spectral densities

Trust in essential content of QFT: analyticity, unitarity, principal mass scales, 
causality.....etc.    
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A Note of Caution: Casher & Susskind (1974)

Chiral Magnetism (or 
Magnetohadrochironics)
A.	
  Casher	
  and	
  L.	
  Susskind,	
  Phys.	
  Rev.	
  D9	
  (1974)	
  436
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A Note of Caution: Casher & Susskind (1974)

Chiral Magnetism (or 
Magnetohadrochironics)
A.	
  Casher	
  and	
  L.	
  Susskind,	
  Phys.	
  Rev.	
  D9	
  (1974)	
  436

Authors argue that DCSB can be realized as a property of hadrons 

No need for a non-trivial vac exterior to the measurable d.o.f

Compatible with light-front field theory with its trivial vacuum

Infinite # d.o.f. is the essential element for DCSB

Brodsky and Shrock picked up this theme & advocate max 
wavelength for quarks and gluons (relative to matter) 

Brodsky and Shrock advocate LF-QCD gives cosmological const = 0 
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Condensates of Confined Fields
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lim
m̂→0

fπ �0| q̄ γ5 q |π�µ = −Z4(µ,Λ) trcd

� Λ d4q

(2π)4
S0(q; µ) = � q̄q �µ

Condensates of Confined Fields
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lim
m̂→0

fπ �0| q̄ γ5 q |π�µ = −Z4(µ,Λ) trcd

� Λ d4q

(2π)4
S0(q; µ) = � q̄q �µ

Condensates of Confined Fields

So-called vacuum chiral quark condensate is really a property of the 
Goldstone boson BSE wavefunction

Its a constant mass scale that does not leak outside of its containers 
(hadrons):  An in-hadron condensate.

Above relation is dictated by DCSB:

(1-body problem and 2-body problem coincide)

Removes the 46 orders of magnitude in QCD’s vacuum energy over-
estimate of cosmological constant
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DCSB in Pion in LF Field Theory & its Trivial Vacuum

d
γ5

π–

u
u– u–

u–
+

+

––

–

–

–

d

γ5

δm

π–

u–

(a)

(b)

New Perspectives on the Quark Condensate,
S.J.Brodsky,C.D.Roberts,R.Schrock&PCT, Phys.Rev. C82,022201 (2010). .
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DCSB in Pion in LF Field Theory & its Trivial Vacuum

Higher Fock state components & the LF instantaneous interaction 
can combine to simulate the required helicity non-conservation 

Effect would look like a dynamically generated mass function

Infinite # d.o.f. is the essential element for DCSB

Does this in fact happen?   Under investigation.

d
γ5

π–

u
u– u–

u–
+

+

––

–

–

–

d

γ5

δm

π–

u–

(a)

(b)

New Perspectives on the Quark Condensate,
S.J.Brodsky,C.D.Roberts,R.Schrock&PCT, Phys.Rev. C82,022201 (2010). .
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