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Do we understand the nucleon?

What is the nucleon made of? Where does it get its mass from?

Experiment: precise tests of the structure
(electromagnetic form factors, polarizabilities, N ! � 
 form factors... )

Theory: constituent quark models, pion cloud models, EFTs...
...good description of data.

Understanding hadron observables:

Chiral symmetry and D� SB.

Quark and gluon con�nement.

The nonperturbative solution of QCD Dyson-Schwinger equations
enables a study of hadrons as composites of quarks and gluons.
Review: C.S. Fischer. J.Phys.G 32, 2006.
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Bound-state equations

Bound-state poles in 4-point and 6-point Green functions lead to
bound-state equations for mesons and baryons.

Homogeneous Bethe-Salpeter Equation

Relativistic Three-Body Equation

K
P   = - M

2 2
Meson

T(2)

K
P   = - M

2 2
Baryon

T(3)

Homogenous integral equations.
Resulting hadron's amplitude and mass.

Used to calculate leptonic decay constants, electromagnetic form
factors, charge radii, magnetic moments...

If ingredients are known:
dressed-quark propagator, interaction kernel.
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Bound-state equations

Homogeneous Bethe-Salpeter Equation

Relativistic Three-Body Equation

K
P   = - M

2 2
Meson

T(2)

K
P   = - M

2 2
Baryon

T(3)

Mesons: Höll et:al: , PRC 71 2005 and

PRC 70, 2004.

Baryons: Eichmann et:al: ,

Ann.Phys.323, 2008.

Alkofer et:al: ,FB Syst. 37, 2005.

Oettel et:al: , EPJ A8, 2000.

Solution: covariant hadron amplitude.

�( q; P) =
P

i f i (q2; q̂_̂P)� i (q; P)

Pseudoscalar mesons: 4 covariants.
Nucleon: 64 covariants! Quark-diquark model: 8 covariants.

Depends on total hadron's momentum and relative momentum.

Review: C.D. Roberts et:al: , Eur. Phys. J. 2007.
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Bound-state equations

Dressed-quark propagator.

Interaction kernels.

Two-body:
� � � ������

��� �

Three-body:

�

�
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���
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� ���
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�
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�
����

Obtained from their DSEs.
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Rainbow-ladder truncation

DSEs are equations of motion for QCD's Green functions.

In�nite set of coupled integral equations.

Truncations are needed (must satisfy AVWTI).
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Rainbow-ladder truncation

  

Simple, nonperturbative
truncation of DSEs.

Correctly implements
chiral symmetry
and its dynamical breaking:
massless pion in chiral limit,
GMOR at �nite current-quark
mass.

Vector part of the quark-gluon vertex +
dressed-gluon ladder exchange.

Effective coupling � ef f (k2) = D(k2) �( k2).
Deep IR - con�nement.
IR enhancement - D� SB, mass generation.

UV - perturbation theory � ef f (k2)
1� loop
�! �
 m

ln k 2 =� 2
QCD

:
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Rainbow-ladder truncation

Model: � ef f (k2; m̂; ! ) = C � IR (k2; m̂; ! ) + � UV (k2)

(P. Maris, P.C. Tandy PRC 60, 1999)

Previously: coupling strength C �t to reproduce f � = 92 MeV,
results independent of ! ;
good description of basic meson observables.

Herein: assume RL results � quark-core contributions.

Adjust IR coupling to estimated mcore
� (m � ).

In chiral region:
Overestimated quark condensate,
hadron masses, decay constants...
(missing pion corrections!)
mcore

� � 0:99m̂ =0 GeV.
Eichmann et:al: , PRC 77, 2008.
Estimates: Pichowsky et:al: , PRD 60 (1999).
Bhagwat et:al: , PRC 70 (2004).
Matevosyan et:al: , PRC 75 (2007).
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Rainbow-ladder truncation

Dressed-quark propagator DSE.

S� 1(p) = S� 1
0 (p) +

R
q � ef f (k2) 
 � D f ree

�� (k) 
 � S(q)

p [GeV]

Solution of general form:
S(p) = 1

A ( p2 ) ( i 6p + M ( p2 ) )

Quark mass function re�ects quark dressing by gluons.

Dynamically generated enhancement at small momenta.
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Baryons in a quark-diquark model

Faddeev truncation: qqcorrelations dominant structure in baryons.
Color-singlet baryon �3qq

c � 3q
c .

K3
(2)

K1
(2) K2

(2)

Nonpointlike 'diquarks'.
Diquarks do not survive as asymptotic states (rainbow-ladder artifacts)!
Binding in the nucleon: quark-exchange between quark and diquark.

Quark-diquark BSE:

�( p; P ) =
R

k K (p; k; P ) S(kq ) �( k; P ) D (kd )
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Baryons in a quark-diquark model

Diquarks: separable pole ansatz in qqT-matrix.

= S D
T

diquarks

 G G

Diquark propagator: D (P2) �! 1
P 2 + M 2

diquark
.

Diquark amplitudes �( p; P) on mass-shell P2 = � M 2
diquark .

Raibow-ladder diquark BSE (analogy to meson sector):
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Baryons in a quark-diquark model

�( p; P) =
R

q K (p; q; P)
�
S(q1) �( q; P) ST (q2)

�

K (p; q; P) = � (k2) D f ree (k) ��
�
i 
 � � a

2

� �
i 
 � � a

2

�

The off-shell behaviour of the diquark BSA:
parametrized following requirements imposed by the correct
asymptotic power behaviour in UV of the quark-quark

scattering matrix (D � 1
diquark = �� T � 1 � ; T UV�! ct).
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Baryons in a quark-diquark model

Diquark masses.
 

•••

• !

•"

•#$  [%&'$]

[%&']

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

0.10.0 0.2 0.3 0.4 0.5 0.6

msc = 1 :08
mav = 1 :35
Largely sensitive to ! ...

max � msc

- decreases with increasing the current-quark mass.
- several hundred MeV in chiral limit.
P. Maris, FB Sys. 32 (2002); P. Maris, FB Sys. 35 (2004).
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Baryons in a quark-diquark model

Quark-core contributions to Nucleon and Delta masses.

At physical point m � = 140 MeV

M core
N = 1 :26 GeV

M core
� = 1 :73 GeV

D.N. et:al: ,PRD 80 (2009).

G. Eichmann et:al: , PRC79 (2009).

Lattice data;

chiral extrapolation methods.

Zanotti et al: , PRD 68 (2003).

Ali Khan et al: , Nucl.Phys.B 689 (2004).

Allton et al: , PLB 628 (2005).

Frigori et al: , PoS(LAT2007).
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Baryons in a quark-diquark model

Both curves approach full lattice QCD
predictions in the heavy quark-limit.

At small current-quark masses corrections
to rainbow-ladder truncation expected
to be large.

Nucleon: � 200-300 MeV.
Delta: too large
(only axial-vector diquarks; M � large
dependence on ! ; quark-diquark picture!)

Expected that missing contributions
will bend the curves closer to data.

– p.15/23



– p.16/23



The RL truncation of DSEs and hadronic structure...

To summarize...The Poincaré covariant Faddeev/BS equations
approach provides a suitable framework to study hadrons as relativistic
bound states of dressed-quarks and gluons and to explore QCD
emergent phenomena.

Baryon � core +clouds.

Core � quark+diquark �! Faddeev equations.

RL truncation ! Overestimated constituent quark mass scales,
baryon masses...

Clouds � 200-300 MeV.
ChEFT: Young et:al: , PRD 66 (2002).

ChEFFT and DSE: Thomas et:al: , PRC 66 (2002).

No baryon observables as input!
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Outlook

� electromagnetic form factors.
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Photon-quark coupling

Transition form factors N ! � 
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D

N

g

EMR (%) = E 2
M 1 = � 2:5 � 0:5 (MAMI)

CMR (%) = C 2
M 1 = � 4:81 � 0:27 (LEGS)

Pion corrections... Beyond RL...(scalar part of q-g vertex?)... – p.18/23



Parameterizing the IR part of� ef f (k2)

� (k2) = C(!; m̂) 4 � 2

! 7

�
k 2

� 2
0

� 2
e� k 2 =( ! 2 � 2

0 ) +
8 � 2 
 m

�
1� e� k 2 = � 2

0
�

ln
�

e2 � 1+
�

1+ k 2

� 2
QCD

� 2 �

c(!; m̂) = 0 :11 + 0:86 b(� ! )
1+0 :885 x q +(0 :474 x q )2 ;

where xq = m̂=(0:12GeV). At each value of the current-quark mass m̂,
the parameterization

b(� ! ) = 1 � 0:15 � ! + (1 :50 � ! )2 + (2 :95 � ! )3

�xes the result for m� to the same value in the range ! = �! (m̂) � j � ! j,
with the central value given by �! (m̂) = 0 :38 + 0:17=(1 + xq).

x2
� = 1 + x4

� =(0:6 + x2
� ); x � = m� =m0

� ; x � = m� =m0
�
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Faddeev equations

Quark-diquark BSE:

�( p; P )a =
P

b;c

R d4 k
(2 � ) 2 � b(kr ; kd ) ST (q) �� aT (pr ; pd ) S(kq ) D bc (kd )�( k; P )
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Nucleon electromagnetic ratio in the core scenario.
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– p.21/23



Diquark ingredients

Solve using rainbow-ladder truncation:
one gluon exchange + vector-like quark-gluon vertex.

=c c

The off-shell behaviour of the diquark BSA is parametrized
following requirements imposed by the UV behaviour of BSA.

The diquark propagator in ladder approximation.

•• •-•-±1 K(2)

-1

D � 1 = �� ( K � 1 � G0) �

The on-shell behavior is calculated, the off-shell behaviour is
parametrized consistently with
the off-shell BSA parametrizations.
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Axial-Vector WTI

Consequence: Gap and BSE kernels related;
residues f � m2

� = 2m < q �q >

Valid for every PS meson, valid for every current quark mass.

In chiral limit: massless Goldstone bosons.
At �nite mq: generalized GMOR.
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