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• We know the nucleon is not a point-like particle but in fact is composed of quarks 
and gluons

• But how are these constituents distributed inside the nucleon?

• E.g. The neutron has zero net charge, but does it have a +/- core?

• How do they combine to produce its experimentally observed properties

• For example

• “Spin crisis”: quarks carry on ~30% of the proton’s spin

• gluons? orbital angular momentum?

• Understanding how the nucleon is built from its quark and gluon constituents 
remains one the most important and challenging questions in modern nuclear 
physics.
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Motivation



• Elastic scattering                  Electromagnetic form factors

• Neutron beta decay                Nucleon axial charge

• Deep Inelastic Scattering               Structure Functions and Parton Distribution Functions

• Generalised Parton Distribution Functions

• Hidden Flavour, e.g. strangeness content of the nucleon

• Focus on Nucleon and Pion

Topics to cover



• A short history

• Elastic scattering

• Form Factors

• Density distributions in the nucleon

• Lattice methods for computing hadronic matrix elements (3pt functions)

• A taste of some lattice results

Lecture 1



Structure of the Proton
• Until 1932, proton was considered to be an elementary particle

• In 1933, Otto Stern measured the proton’s magnetic moment

• Deviates significantly from unity - the magnetic moment of point-like particle 
described by Dirac’s theory of relativistic fermions

•   Proton is a composite particle

• The proton’s constituents were later “seen” in Deep-Inelastic Scattering experiments 
at SLAC (1968)
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Nucleon Structure
• Nucleon structure is studied experimentally by electron-proton scattering

• Electron is a good probe because:

• QED is a “well-understood” interaction

•                                       perturbation theory is valid

• Electrons are charged and so easily accelerated

• Two types of e-p scattering:

• Elastic scattering

• Deep-Inelastic Scattering (DIS)
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Elastic Scattering
• Final state nucleon remains intact, but with recoil

• Map out charge and density distributions inside the nucleon

• Dominated by single-photon exchange

• 4-momentum transfer

•     Power of the probe

• Compare cross-section with that of a point-particle
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Elastic Scattering
• When using a point target,                   and

• E, k - energy and momentum of electron

•     scattering angle

• But experimental cross-sections deviate from this 
description
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Figure 9.1: Probing a charge distribution

When probing a point (≡ spinless & structureless) target, F (q) ≡ 1 and one gets the
Mott cross section,
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where Z is the electric charge measured in units of the elementary charge, E and k =
|ki| = |kf | are respectively the energy and the momentum of the probing particle, and θ
is the scattering angle. One typically measures θ and E of the scattered electron.

Comparing the angular dependence of the differential cross-section of eletrons scattering
off protons with the Mott cross sections, measurements show that the two distributions
do not agree at large scattering angles as shown in Fig. 9.2.
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Figure 9.2: Mott cross section (dashed line) and compared to the experimental data form
electron-hydrogen scattering. The measurement disagrees with the point-linke cross sec-
tion at large scattering angles.
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Elastic Scattering
• Considering only one-photon exchange, justified because the fine structure constant 

is so small, the S-Matrix is then

• The electromagnetic current is

• Can write cross-section in terms of invariant amplitude

Invariant amplitude
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Elastic Scattering
• The invariant amplitude squared is

• Leptonic tensor

• Compute in QED

• Hadronic tensor

• with matrix element between nucleon states defining two Lorentz-invariant 
form factors
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Elastic Scattering
• Using the fact that both tensors are symmetric and conserved

• The elastic scattering cross-section in the lab frame becomes

• where

• are the Sachs electric and magnetic form factors

• Rewriting in terms of the virtual photon’s longitudinal polarisation

• Need cross sections at fixed Q2 but different scattering angle: Rosenbluth separation
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Elastic Scattering - Rosenbluth

• At fixed Q2, GE and GM determined 
from intercept and slope as a function 
of 

• Drawback - reduced sensitivity to GE 
at large Q2 

• Both form factors reasonably well 
described by the dipole form

• with
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4

Where Were We Ten Years Ago?

Range 
allowed by 
e-d elastic

Proton Neutron

Elastic Scattering - Rosenbluth

• For a neutron:

•GE small, so extraction near impossible

• No neutron target so use deuterium and

• subtract proton contribution

• Model nuclear effects
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Elastic Scattering - Polarisation Transfer
• Difficulties with unpolarised scattering                      new techniques necessary

• Mid-‘90s brought 

• High luminosity, highly polarised electron beams

• Polarised targets (1H, 2H, 3He)

• Large, efficient neutron detectors 

• Polarisation transfer experiments provide access to the ratio GE/GM directly from 
ratio of polarisation transverse and parallel to the momentum of the nucleon

• Combine with previous accurate results for GM to also determine GE
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Elastic Scattering - Polarisation Transfer
• Precise results now available up 

to 8-9 GeV2

• Does         change sign?

• What is the origin of the linear 
fall-off? 

26

coupled integral equations for QCD’s Green functions
that provide access to emergent phenomena of non-
perturbative QCD, such as dynamical chiral symme-
try breaking and confinement [98]. The DSEs admit a
symmetry-preserving truncation scheme that enables a
unified description of meson and baryon properties. The
approach has already achieved considerable success in
the pseudoscalar meson sector [19]. The prediction of
nucleon form factors in the DSE approach involves the
solution of a Poincaré-covariant Faddeev equation. In
the calculations of [17], dressed quarks form the elemen-
tary degrees of freedom and correlations between them
are expressed via scalar and axial vector diquarks. The
only variable parameters in this approach are the diquark
masses, fixed to reproduce the nucleon and ∆ masses,
and a diquark charge radius r+1 embodying the electro-
magnetic structure of the diquark correlations. A dif-
ferent approach to DSE-based form factor calculations
effects binding of the nucleon through a single dressed
gluon exchange between any two quarks [18] without ex-
plicit diquark degrees of freedom. In this calculation, the
only parameters are a scale fixed to reproduce the pion
decay constant and a dimensionless width parameter η
describing the infrared behavior of the effective coupling
strength of the quark-quark interaction.

The predictions of several DSE-based calculations for
the proton Sachs form factor ratio R = µpG

p
E/G

p
M are

shown in Figure 16. The quark-diquark model calcula-
tion [17] underpredicts the data at low Q2 but agrees rea-
sonably well at higher Q2. The disagreement at low Q2 is
attributed to the omission of meson cloud effects. The ad-
dition of dynamically generated, momentum-dependent
dressed-quark anomalous magnetic moments [99] that be-
come large at infrared momenta improves the description
of R at low Q2. The three-quark model calculation [18]
agrees with the data at low Q2, but underpredicts the
data at higher Q2, becoming numerically unreliable for
Q2 ! 7 GeV2.

The deficiencies of the DSE approach, including the ap-
proximation schemes required to make the calculations
analytically tractable and the omission of meson-cloud
effects, are evident in the disagreement between the pre-
dicted form factors and the experimental data, which is
more severe than in the various models described above,
which have more adjustable parameters. The advantage
of the approach is that it provides a systematically im-
provable framework for the ab initio evaluation of hadron
properties in continuum non-perturbative QCD, that is
complementary to discretized lattice simulations. As fun-
damental measurable properties of nucleon structure, the
electromagnetic form factors are essential to the feedback
between theory and experiment required to make further
progress in this direction.
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FIG. 16. (color online) Predictions of DSE-based calcula-
tions for R = µpG

p
E/G

p
M compared to experimental data

from cross section [5, 80, 81] (empty circles) and polariza-
tion [1, 2, 25] (filled circles) experiments, where the results of
[2] are replaced by those of the present work. The results of
[17] (Cloët09) are shown for a particular choice of the diquark
charge radius. The curve from [99] (Chang11) is that of [17]
with the addition of dressed quark anomalous magnetic mo-
ments. The results of [18] (Eichmann11) are shown for two
values of η, showing the weak sensitivity of the form factor
results to this parameter.

7. AdS/QCD

In the past decade, theoretical activity has flourished
in modeling QCD from the conjecture of the anti-de
Sitter space/conformal field theory (AdS/CFT) corre-
spondence [133–135], a mapping between weakly coupled
gravitational theories in curved five-dimensional space-
time and strongly coupled gauge theories in flat four-
dimensional space-time. Since QCD is not a conformal
field theory, the symmetry of the anti-de Sitter space
is broken by applying a boundary condition. Brodsky
and de Teramond [136] have calculated F1 for the pro-
ton and neutron and emphasized the agreement of the
predicted Q2F1 dependence with the data. Abidin and
Carlson [137] have calculated both proton and neutron F1

and F2 along with the tensor form factors using both hard
and soft wall boundary conditions. This model predicts
the same asymptotic Q2 dependence as the dimensional
scaling of pQCD, but does not reproduce the detailed
features of the data in the presently measured Q2 region.
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JLab, Hall A, PRC85 (2012) 045203



Elastic Scattering - Polarisation Transfer
JLab, Hall A, PRC85 (2012) 04520327
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FIG. 17. (color online) Comparison of selected theoretical predictions to data for all four nucleon FFs at space-like Q2. Theory
curves are [15] (Diehl05), [18] (Eichmann11), [72] (Lomon06), [91] (Gross08) and [94] (Santopinto10). Gp

E data are from
[5, 80, 81, 100–105] (cross section data, empty circles) and [1, 2, 25, 49–53, 106] (polarization data, filled circles), where the
results of [2] have been replaced by the results of the present work (Table IV).Gp

M data are from [5, 80, 81, 100–102, 104, 105, 107–

109]. Gn
E data are from [20, 110–121]. Gn

M data are from [21, 122–132]. GD =
(

1 +Q2/Λ2
)−2

, with Λ2 = 0.71 GeV2, is the
standard dipole form factor.

8. World nucleon form factor data compared to theory

Figure 17 summarizes the theoretical interpretation
of the nucleon electromagnetic form factors, with rep-
resentative examples from each of the classes of models
discussed compared to the world data for all four nu-
cleon electromagnetic form factors. Published results for
R = µpG

p
E/G

p
M were converted to Gp

E values using the
global fit of Gp

E and Gp
M from [43], updated to use the R

values of the present work, a change that does not notice-
ably affect Gp

M . Except at very low Q2, the contribution
of the uncertainty in Gp

M to the resulting uncertainty in
Gp

E is negligible. At this juncture, it is worth recalling
that the Gp

E results extracted from cross section data are
believed to be unreliable at high Q2 due to incompletely
understood TPEX corrections, which have not been ap-
plied to the data shown in Figures 14-17. Except for the
DSE calculation of [18], all of the models shown describe

existing data very well, which is to be expected given that
the parameters of the models are fitted to reproduce the
data. However, their predictions tend to diverge when
extrapolated outside the Q2 range of the data. That
the DSE-based calculation of [18] fails to describe the
data as well as the other calculations is not surprising,
since it represents a more fundamental ab initio approach
with virtually no adjustable parameters, but requires ap-
proximations that are not yet well-controlled. Significant
progress in the quality of the predictions is nonetheless
evident, as the data expose the weaknesses of different
approximation schemes. Since the hard scattering mech-
anism leading to the asymptotic pQCD scaling relations
is not expected to dominate the form factor behavior at
presently accessible Q2 values, phenomenological mod-
els and the ambitious ongoing efforts in lattice QCD and
DSE calculations are of paramount importance to under-
standing the internal structure and dynamics of the nu-



Insights into Nucleon Structure
•                                     different charge and magnetisation distributions

• If                   initial and final nucleons are fixed at the same location 

• Initial and final states have same internal state

•      Fourier transformation of form factors are density distributions

• But M is finite so need to consider nucleon recoil effects

• Initial and final states now sampled in different frames               Lorentz contraction

• No model independent way to separate internal structure and recoil effects

• Work around: Breit frame or infinite momentum frame

GE 6= GM

M ! 1 Q2 ⌧ M2



Density Distributions
• Consider the Breit frame: 

• initial and final states have momenta with equal magnitude, hence similar 
Lorentz contraction

•GE(Q2) can be interpreted as the Fourier transformation of the charge distribution

• expanding at small Q2 

• defines the charge radius of the nucleon
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•              discrepancy between muonic 
hydrogen and e-p scattering

• rp=0.84184(67) fm

• rp=0.875(8)(6) fm

Size of the Proton
> 5�

[arXiv:1102.0318]

[Nature 466, 213 (2010]



Transverse Spatial Distributions
• Model independent relation between form factors and transverse spatial distributions 

occurs in the infinite momentum frame

• Quark (charge) distribution in the transverse plane

R⊥

b⊥

Pz

Distance of (active) quark to the centre of 
momentum in a fast moving nucleon

q(b2
⇤) =

�
d2q⇤ e�i⌅b�·q�F1(q2)

Provide information on the size and 
internal charge densities



• Can some of these questions be answered by a calculation from QCD?

• Form factors are nonperturbative quantities

•     Lattice QCD

• Need to determine

Electromagnetic Form Factors
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�
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H,H � : �, K p, n, . . .

O : Vµ, Aµ, . . .

⇥H �|O|H⇤

Calculating Matrix Elements



Calculating Matrix Elements
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Lattice 3pt Functions

• Create a state (with quantum numbers of the proton) at time t=0
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Lattice 3pt Functions

• Create a state (with quantum numbers of the proton) at time t=0

• Insert an operator,   , at some time O ⌧
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Lattice 3pt Functions

• Create a state (with quantum numbers of the proton) at time t=0

• Insert an operator,   , at some time 

• Annihilate state at final time t

O ⌧
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Lattice 3pt Functions

• Create a state (with quantum numbers of the proton) at time t=0

• Insert an operator,   , at some time 

• Annihilate state at final time t

O ⌧



• Insert complete set of states

• Make use of translational invariance

• Evolve to large Euclidean times to isolate ground state

Lattice 3pt Functions
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Ĥt
e

�i ~̂P ·~x
�(0)ei

~̂P ·~x
e

�Ĥt

I =
X

B0,p0,s0

|B0, p0, s0ihB0, p0, s0|

G(t, ⌧, ~p, ~p 0) =
X

B,B0

X

s,s0

e�EB0 (~p 0)(t�⌧)e�EB(~p)⌧��↵

⇥ ⌦
⌦
���↵(0)

��B0, p0, s0
↵⌦
B0, p0, s0

��O(~q)
��B, p, s

↵⌦
B, p, s

����(0)
��⌦

↵

G(t, ⌧, p, p0) =
X

~x2,~x1

e

�i~p

0·(~x2�~x1)
e

�i~p·~x1�
�↵

⌦
⌦
��
T

�
�

↵

(~x2, t)O(~x1, ⌧)�
�

(0)
� ��⌦

↵

0 ⌧ ⌧ ⌧ t

G(t, ⌧, ~p, ~p 0) =
X

s,s0

e�E~p 0 (t�⌧)e�E~p⌧��↵

⌦
⌦
���↵(0)

��N(p0, s0)
↵⌦
N(p0, s0)

��O(~q)
��N(p, s)

↵⌦
Np, s)

����(0)
��⌦

↵



• Consider a pion 3pt function

• With interpolating operator

• And insert the local operator (quark bi-linear)

Lattice 3pt Functions pion
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• Consider a pion 3pt function

• With interpolating operator

• And insert the local operator (quark bi-linear)

Lattice 3pt Functions pion
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Lattice 3pt Functions

• all possible Wick contractions
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Lattice 3pt Functions

• all possible Wick contractions

• connected
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u⇤⌃(x2, x1)�⌃⌅S
bc
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Lattice 3pt Functions

• all possible Wick contractions

• connected

• disconnected
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Lattice 3pt Functions

• all possible Wick contractions

• connected

• disconnected
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• Use the following interpolating operator to create a proton

• And insert the local operator (quark bi-linear)

• Perform all possible (connected) Wick contractions u-quark (4 terms)
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• Use the following interpolating operator to create a proton

• And insert the local operator (quark bi-linear)
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• Use the following interpolating operator to create a proton

• And insert the local operator (quark bi-linear)

• Perform all possible (connected) Wick contractions u-quark (4 terms)
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• Use the following interpolating operator to create a proton

• And insert the local operator (quark bi-linear)

• Perform all possible (connected) Wick contractions u-quark (4 terms)
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• Use the following interpolating operator to create a proton

• And insert the local operator (quark bi-linear)

• Perform all possible (connected) Wick contractions
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• Use the following interpolating operator to create a proton

• And insert the local operator (quark bi-linear)

• Perform all possible (connected) Wick contractions
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• Pictorially:

• u-quark

• d-quark

• s-quark 

• quark-line disconnected contributions drop out in isovector quantities (u-d) if 
isospin is exact (mu=md)

protonLattice 3pt Functions



proton
at the quark level

Lattice 3pt Functions
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at the quark level

Lattice 3pt Functions

C�(t, ⌧ ; ~p
0
, ~p) =

X

~x1

e

i~q·~x1

D
Tr

⇥
⌃�(~0, 0; ~p

0
, t)O(~x1, ⌧)G(~x1, 0)

⇤E

{U}

G

G

u-quark d-quark 

t0 0 t

⌃�(~0, 0; ~x1; ~p
0
, t) =

X

~x2

S�(~x2, t;~0, 0; ~p
0)G(~x2, t; ~x1)

S

S



proton
at the quark level

Lattice 3pt Functions
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•                                                                                          can be computed from the 

linear system of equations

• so                              is a sequential propagator based on a source                            
constructed from two ordinary propagators at time t

Lattice 3pt Functions
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• First compute ordinary propagators

N(t, !p ′)N̄(0)

Sequential Source Technique
G(x, 0)
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• Compute sequential propagators

• via the second inversion
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• Tie everything together with an ordinary propagator
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N(t, !p ′)

O(τ, !q)

N̄(0, !p)

• Advantages: Free choice of 

• Momentum transfer

• Operator (vector/axial/tensor)

• Ideal for Form Factors, Structure Functions, GPDs

• Disadvantages: Separate 3-pt inversion for each

• Quark flavour

• Hadron eg. p,

• Polarisation

• Sink momentum

Sequential Source Technique

u, d

⌃, �, ⇡, N ! ��

through the sink



• Alternative method involves computing a sequential propagator “through the 
operator”

Sequential Source Technique
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• Advantages: Free choice of 

• Quark flavour

• Hadron e.g. p,

• Polarisation

• Sink momentum

• Ideal for studying flavour dependence in a hadron multiplet

• Disadvantages: Separate 3-pt inversion for each

• Momentum transfer

• Operator (vector/axial/tensor)

Sequential Source Technique

⌃, �, ⇡, N ! ��

through the operator
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00178       LatticePropagator di_quark;

00179       LatticeColorMatrix col_mat;

00180   

00181       /* "\bar u O u" insertion in NR proton, ie. 

00182        * "(u Cg5 d) u" */

00183       /* Some generic T */

00184 

00185       // Use precomputed Cg5

00186       q1_tmp = quark_propagators[0] * Cg5;

00187       q2_tmp = Cg5 * quark_propagators[1];

00188       di_quark = quarkContract24(q1_tmp, q2_tmp);

00189 

00190       // First term

00191       src_prop_tmp = T * di_quark;

00192 

00193       // Now the second term

00194       src_prop_tmp += traceSpin(di_quark) * T;

00195 

00196       // The third term...

00197       q1_tmp = q2_tmp * Cg5;

00198       q2_tmp = quark_propagators[0] * T;

00199 

00200       src_prop_tmp -= quarkContract13(q1_tmp, q2_tmp) + transposeSpin(quarkContract12(q2_tmp, q1_tmp));

00201 

00202       END_CODE();

00203 

00204       return projectBaryon(src_prop_tmp,

00205                            forward_headers);

00206 

00207 #else

00208       LatticePropagator q1_tmp;

00209 

00210       q1_tmp = zero ;

00211       return q1_tmp ;

00212 #endif

00213     }

00214 

00215     

00216     // Compute the 2-pt at the sink

00217     Complex

00218     BarNuclUTCg5::twoPtSink(const multi1d<LatticeColorMatrix>& u,

00219                             const multi1d<ForwardProp_t>& forward_headers,

00220                             const multi1d<LatticePropagator>& quark_propagators,

00221                             int gamma_insertion)

00222     {

00223       check2Args("BarNuclUTCg5", quark_propagators);

00224       setTSrce(forward_headers);

00225       setBC(forward_headers);

00226 

00227       // Constructor the 2pt

00228       LatticeComplex b_prop = Baryon2PtContractions::sigma2pt(quark_propagators[0], 

00229                                                               quark_propagators[1], 

00230                                                               T, Cg5);

00231 

00232       // Constructor the 2pt

00233       SftMom sft(0, getTSrce(), getSinkMom(), false, getDecayDir());

00234       multi2d<DComplex> hsum;

00235       hsum = sft.sft(b_prop);

00236 

00237       // U-quark rescaling factor is 1 for this type of seqsource

00238       return Real(2) * hsum[0][getTSink()];

00239     }

00240 

00241 

00242     //! Nucleon-Nucleon D piece with general projector and Cg5

00243     LatticePropagator

00244     BarNuclDTCg5::operator()(const multi1d<LatticeColorMatrix>& u,

00245                              const multi1d<ForwardProp_t>& forward_headers,

00246                              const multi1d<LatticePropagator>& quark_propagators)

00247     {

00248       START_CODE();

00249       if ( Nc != 3 ){    /* Code is specific to Ns=4 and Nc=3. */

00250         QDPIO::cerr<<" code only works for Nc=3 and Ns=4\n";

00251         QDP_abort(111) ;

00252       }

00253 #if QDP_NC == 3

00254 

00255 

00256       check1Args("BarNuclDTCg5", quark_propagators);

00257 

00258       LatticePropagator src_prop_tmp;

00259       LatticePropagator q1_tmp;

00260       LatticePropagator q2_tmp;

00261 

00262       /* "\bar d O d" insertion in NR proton, ie. 

00263        * "(u Cg5 d) u" */

00264       /* Some generic T */

00265 

00266       // First term

00267       q2_tmp = quark_propagators[0] * Cg5;

00268       q1_tmp = T * q2_tmp;

00269 

00270       q2_tmp = Cg5 * quark_propagators[0];

00271       src_prop_tmp = -quarkContract14(q1_tmp, q2_tmp);
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00836         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("NUCL_D_UNPOL"), 

00837                                                                                       barNuclDUnpol);

00838       

00839         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("NUCL_U_POL"),

00840                                                                                       barNuclUPol);

00841 

00842         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("NUCL_D_POL"),

00843                                                                                       barNuclDPol);

00844       

00845         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("NUCL_U_UNPOL_NONREL"),

00846                                                                                       barNuclUUnpolNR);

00847       

00848         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("NUCL_D_UNPOL_NONREL"),

00849                                                                                       barNuclDUnpolNR);

00850 

00851         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("NUCL_U_POL_NONREL"),

00852                                                                                       barNuclUPolNR);

00853 

00854         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("NUCL_D_POL_NONREL"),

00855                                                                                       barNuclDPolNR);

00856       

00857         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("NUCL_U_MIXED_NONREL"),

00858                                                                                       barNuclUMixedNR);

00859 

00860         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("NUCL_D_MIXED_NONREL"),  

00861                                                                                       barNuclDMixedNR);

00862 

00863         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("NUCL_U_MIXED_NONREL_NEGPAR"),

00864                                                                                       barNuclUMixedNRnegPar);

00865 

00866         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("NUCL_D_MIXED_NONREL_NEGPAR"),

00867                                                                                       barNuclDMixedNRnegPar);

00868 

00869         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("XI_D_MIXED_NONREL"),   

00870                                                                                       barXiDMixedNR);

00871 

00872       

00873         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("DELTA-DELTA_U"), 

00874                                                                                       barDeltaDeltaU);

00875 

00876         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("DELTA-DELTA_D"), 

00877                                                                                       barDeltaDeltaD);

00878 

00879         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("DELTA_U_UNPOL"),

00880                                                                                       barDeltaUUnpol);

00881       

00882         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("DELTA_D_UNPOL"),

00883                                                                                       barDeltaDUnpol);

00884 

00885         registered = true;

00886       }

00887       return success;

00888     }

00889 

00890   } // namespace BaryonSeqSourceCallMapEnv

00891 

00892 

00893 }  // end namespace Chroma

00894 
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00742       HadronSeqSource<LatticePropagator>* barDeltaDeltaU(XMLReader& xml_in,

00743                                                          const std::string& path)

00744       {

00745         // Determine the spin matrices

00746         SpinMatTsp_t spin;

00747         read(xml_in, path, spin);

00748     

00749         return new BarDeltaUTsp(Params(xml_in, path), spin.T, spin.sp);

00750       }

00751 

00752 

00753       //! "\bar d O d" insertion in delta-delta */

00754       /*!

00755        * \ingroup hadron

00756        *

00757        * This is a generic version

00758        */

00759       HadronSeqSource<LatticePropagator>* barDeltaDeltaD(XMLReader& xml_in,

00760                                                          const std::string& path)

00761       {

00762         // Determine the spin matrices

00763         SpinMatTsp_t spin;

00764         read(xml_in, path, spin);

00765     

00766         return new BarDeltaDTsp(Params(xml_in, path), spin.T, spin.sp);

00767       }

00768 

00769 

00770       //! "\bar u O u" insertion in Delta^+ "2*(u sp d) u + (u sp u) d" */

00771       /*!

00772        * \ingroup hadron

00773        * 

00774        * C gamma_- = sp = (C gamma_-)^T

00775        * T = (1 + gamma_4) / 2 = (1 + Gamma(8)) / 2

00776        *

00777        * Agghh, we have a goofy factor of 2 normalization factor here. The

00778        * ancient szin way didn't care about norms, so it happily made it

00779        * 2 times too big. There is a missing 0.5 in T_unpol guy.

00780        * Since nobody has used this code before, we are switching to a more

00781        * sane convention and breaking agreement with the old szin code.

00782        */

00783       HadronSeqSource<LatticePropagator>* barDeltaUUnpol(XMLReader& xml_in,

00784                                                          const std::string& path)

00785       {

00786         return new BarDeltaUTsp(Params(xml_in, path), BaryonSpinMats::Tunpol(), BaryonSpinMats::Cgm());

00787       }

00788 

00789 

00790       //! "\bar d O d" insertion in Delta^+ "2*(u sp d) u + (u sp u) d" */

00791       /*!

00792        * \ingroup hadron

00793        * 

00794        * C gamma_- = sp = (C gamma_-)^T 

00795        * T = (1 + gamma_4) / 2 = (1 + Gamma(8)) / 2

00796        *

00797        *

00798        * Agghh, we have a goofy factor of 2 normalization factor here. The

00799        * ancient szin way didn't care about norms, so it happily made it

00800        * 2 times too big. There is a missing 0.5 in T_unpol guy.

00801        * Since nobody has used this code before, we are switching to a more

00802        * sane convention and breaking agreement with the old szin code.

00803        */

00804       HadronSeqSource<LatticePropagator>* barDeltaDUnpol(XMLReader& xml_in,

00805                                                          const std::string& path)

00806       {

00807         return new BarDeltaDTsp(Params(xml_in, path), BaryonSpinMats::Tunpol(), BaryonSpinMats::Cgm());

00808       }

00809 

00810 

00811       //! Local registration flag

00812       bool registered = false;

00813 

00814     }  // end anonymous namespace

00815 

00816 

00817     //! Register all the factories

00818     bool registerAll() 

00819     {

00820       bool success = true; 

00821       if (! registered)

00822       {

00823         //! Register needed stuff

00824         success &= BaryonSpinMatrixEnv::registerAll();

00825 

00826         //! Register all the factories

00827         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("NUCL-NUCL_U"), 

00828                                                                                       barNuclNuclU);

00829 

00830         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("NUCL-NUCL_D"), 

00831                                                                                       barNuclNuclD);

00832 

00833         success &= Chroma::TheWilsonHadronSeqSourceFactory::Instance().registerObject(string("NUCL_U_UNPOL"), 

00834                                                                                       barNuclUUnpol);

00835 

simple_baryon_seqsrc_w.cc
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</elem>
<elem>
<Name>SINK_SMEAR</Name>
<Frequency>1</Frequency>
<Param>
<version>5</version>
<Sink>
<version>2</version>
<SinkType>SHELL_SINK</SinkType>
<j_decay>3</j_decay>
<SmearingParam>
<wvf_kind>GAUGE_INV_GAUSSIAN</wvf_kind>
<wvf_param>2.0</wvf_param>
<wvfIntPar>5</wvfIntPar>
<no_smear_dir>3</no_smear_dir>

</SmearingParam>
</Sink>

</Param>
<NamedObject>
<gauge_id>gauge</gauge_id>
<prop_id>sh_prop_1</prop_id>
<smeared_prop_id>sh_sm_sink_1</smeared_prop_id>

</NamedObject>
</elem>
<elem>
<annotation>; NUCL_U_UNPOL seqsource</annotation>
<Name>SEQSOURCE</Name>
<Frequency>1</Frequency>
<Param>
<version>1</version>
<seq_src>NUCL_U_UNPOL</seq_src>
<t_sink>13</t_sink>
<sink_mom>0 0 0</sink_mom>

</Param>
<PropSink>
<version>5</version>
<Sink>
<version>2</version>
<SinkType>SHELL_SINK</SinkType>
<j_decay>3</j_decay>
<SmearingParam>
<wvf_kind>GAUGE_INV_GAUSSIAN</wvf_kind>
<wvf_param>2.0</wvf_param>
<wvfIntPar>5</wvfIntPar>
<no_smear_dir>3</no_smear_dir>

</SmearingParam>
</Sink>

</PropSink>
<NamedObject>
<gauge_id>gauge</gauge_id>
<prop_ids>
<elem>sh_prop_1</elem>
<elem>sh_prop_1</elem>

</prop_ids>
<seqsource_id>seqsource_NUCL_U_UNPOL</seqsource_id>

</NamedObject>
</elem>
<elem>
<annotation>NUCL_U_UNPOL seqprop</annotation>
<Name>PROPAGATOR</Name>
<Frequency>1</Frequency>

Chroma xml for Sequential Source

u-quark in proton, unpolarised
sink timeslice
sink momentum

sink smearing}
ordinary quark props 

required for construction of 
seq source (2 for u, 1 for d)

tag (to be used as source for 
prop calculation)



• Using the following interpolating operator

perform the appropriate Wick contractions and write down the       3pt function and 
compare your result to the source implemented in Chroma

• Work out the sequential sources required for 

Exercise
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• Recall hadronic form of the nucleon 3pt function

• Need to remove time dependence and wave function amplitudes

•     Form a ratios with the nucleon 2pt function

• E.g.

Extracting matrix elements
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• Using the relation for spinors

• We can write the two point function as

• Use                         to maximise overlap with positive parity forward propagating state

• Similarly for the three-point function

• where

• and

Extracting matrix elements
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• So our ratio determines

R(t, � ; ⌥p �, ⌥p;O) =
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Other Useful Combinations

• Certain combinations of parameters and kinematics give access to the form factors

• It is possible to have several choices giving access to the form factors at a fixed Q2 

•       Overdetermined set of simultaneous equations that can be solved for

R(t, ⌧ ;~0, ~p;V4,�4) = F1(q
2)� E~p �M

2M
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Exercise: Prove them!
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More detailed look at lattice results for form factors tomorrow
Typical Examples
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