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Universal Truths

a8 ¢ ® Form factors give information about distribution of hadron’s
/ J characterising properties amongst its QCD constituents.
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Universal Truths

'Y , \ ¥ ® Form factors give information about distribution of hadron’s

t e\ W/ J characterising properties amongst its QCD constituents.

B ® Calculations at Q2 > 1 GeV? require a Poincaré-covariant
approach.
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Universal Truths

2% \ s P#¢ e Form factors give information about distribution of hadron’s

: > A e _///J characterising properties amongst its QCD constituents.

® Calculations at Q2 > 1 GeV? require a Poincaré-covariant
approach. Covariance requires existence of quark orbital
angular momentum in hadron’s rest-frame wave function.
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Universal Truths

® Form factors give information about distribution of hadron’s
/ J characterising properties amongst its QCD constituents.

® Calculations at Q2 > 1 GeV? require a Poincaré-covariant
approach. Covariance requires existence of quark orbital
angular momentum in hadron’s rest-frame wave function.

® DCSB is most important mass generating mechanism for

) matter in the Universe.
Z&;‘ Off{ce of
-4 Science

. o
satter -

Argonne

Craig Roberts: Hadron Form Factors



Universal Truths

'Y , \ ¥ ® Form factors give information about distribution of hadron’s

t e\ W/ J characterising properties amongst its QCD constituents.

e ® Calculations at Q2 > 1 GeV? require a Poincaré-covariant
approach. Covariance requires existence of quark orbital
angular momentum in hadron’s rest-frame wave function.

® DCSB is most important mass generating mechanism for
matter in the Universe. Higgs mechanism is irrelevant to
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Universal Truths

® [Form factors give information about distribution of hadron’s
J characterising properties amongst its QCD constituents.

® Calculations at Q% > 1 GeV? require a Poincaré-covariant
approach. Covariance requires existence of quark orbital
angular momentum in hadron’s rest-frame wave function.

® DCSB is most important mass generating mechanism for
matter in the Universe. Higgs mechanism is irrelevant to
light-quarks.
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Universal Truths

® Form factors give information about distribution of hadron’s
/ J characterising properties amongst its QCD constituents.

® Calculations at Q2 > 1 GeV? require a Poincaré-covariant
approach. Covariance requires existence of quark orbital
angular momentum in hadron’s rest-frame wave function.

® DCSB is most important mass generating mechanism for
matter in the Universe. Higgs mechanism is irrelevant to
light-quarks.

Z&Zj Office of

Science
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e of Nuclear PR <

. Challenge: understand relationship between parton properties
e on the light-front and rest frame structure of hadrons. Problem
because, e.g., DCSB - an established keystone of low-energy
QCD and the origin of constituent-quark masses - has not
been realised in the light-front formulation.
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® Quark and Gluon Confinement

» No matter how hard one strikes the proton, one
cannot liberate an individual quark or gluon
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® Quark and Gluon Confinement

# No matter how hard one strikes the proton, one
cannot liberate an individual quark or gluon

® Dynamical Chiral Symmetry Breaking

» \Very unnatural pattern of bound state masses
& e.g., Lagrangian (pQCD) quark mass is small but . ..
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QCD'’s Challenges

THANKYouU }
FOR MNOT
. L ENQUIRING

® Quark and Gluon Confinement

# No matter how hard one strikes the proton, one
cannot liberate an individual quark or gluon

® Dynamical Chiral Symmetry Breaking

» \Very unnatural pattern of bound state masses
& e.g., Lagrangian (pQCD) quark mass is small but . ..
755, omce o no degeneracy between J¥=T and J¥=—
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® Neither of these phenomena is apparent in QCD’s
Lagrangian yet they are the dominant determining
characteristics of real-world QCD.
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QCD'’s Challenges

Understand Emergent Phenomena 1

I
® Quark and Gluon Confinement 'l
# No matter how hard one strikes the proton, onel'

cannot liberate an individual quark or gluon /I
/
® Dynamical Chiral Symmetry Breaking J

» \Very unnatural pattern of bound state masses /

& e.g., Lagrangian (pQCD) quark mass is sma/ll/but .

no degeneracy between J©=% and J©="/
/
# Neither of these phenomena is apparent in QGD’s

Lagrangian yet they are the dominant determining
/7
characteristics of real-world QCD. 7

7

7
-~

® QCD - Complex behaviour< — - -~
arises from apparently simple rules
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Why?

® The nucleon and pion hold special places in non-perturbative
studies of QCD.
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Why?

® The nucleon and pion hold special places in non-perturbative
studies of QCD.

® An explanation of nucleon and pion structure and interactions is
central to hadron physics — they are respectively the archetypes
for baryons and mesons.
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Why?

® The nucleon and pion hold special places in non-perturbative
studies of QCD.

® An explanation of nucleon and pion structure and interactions is
central to hadron physics — they are respectively the archetypes
for baryons and mesons.

® Form factors have long been recognized as a basic tool for
elucidating bound state properties. They can be studied from very

75, oice o low momentum transfer, the region of non-perturbative QCD, up to

e a region where perturbative QCD predictions can be tested.
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Why?

The nucleon and pion hold special places in non-perturbative
studies of QCD.

An explanation of nucleon and pion structure and interactions is
central to hadron physics — they are respectively the archetypes
for baryons and mesons.

Form factors have long been recognized as a basic tool for
elucidating bound state properties. They can be studied from very
low momentum transfer, the region of non-perturbative QCD, up to
a region where perturbative QCD predictions can be tested.

Experimental and theoretical studies of nucleon electromagnetic
form factors have made rapid and significant progress during the
last several years, including new data in the time like region, and
material gains have been made in studying the pion form factor.
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Why?

The nucleon and pion hold special places in non-perturbative
studies of QCD.

An explanation of nucleon and pion structure and interactions is
central to hadron physics — they are respectively the archetypes
for baryons and mesons.

Form factors have long been recognized as a basic tool for
elucidating bound state properties. They can be studied from very
low momentum transfer, the region of non-perturbative QCD, up to
a region where perturbative QCD predictions can be tested.

Experimental and theoretical studies of nucleon electromagnetic
form factors have made rapid and significant progress during the
last several years, including new data in the time like region, and
material gains have been made in studying the pion form factor.

Despite this, many urgent questions remain unanswered.
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Some Questions

# What is the role of pion cloud in nucleon
electromagnetic structure?

# Can we understand the pion cloud in a more

guantitative and, perhaps, model-independent
way?

7557 Office of
-~ Science
U.S. DEFARTMENT OF ENERGY

Argonne

Craig Roberts: Hadron Form Factors



factors?

7557 Office of
-4 Science
U.S. DEFARTMENT OF ENERGY

(e of Muclear py, "
(o)

Argonne

Some Questions

o Where is the transition from non-pQCD to pQCD In
the pion and nucleon electromagnetic form
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Some Questions

o Do we understand the high @? behavior of the
proton form factor ratio in the space-like region?

o Can we make model-independent statements
about the role of relativity or orbital angular
momentum in the nucleon?
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Some Questions

® Can we understand the rich structure of the
time-like proton form factors in terms of
resonances?

o What do we expect for the proton form factor ratio
In the time-like region?

.é: Office of
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#» What is the relation between proton and neutron
form factor in the time-like region?

® How do we understand the ratio between time-like
and space-like form factors?
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Some Questions

o What is the role of two-photon exchange
contributions in understanding the discrepancy
between the polarization and Rosenbluth
measurements of the proton form factor ratio?

55 o o What is the impact of these contributions on other
e form factor measurements?
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Some Questions

o How accurately can the pion form factor be
extracted from the ep — e’nm™ reaction?
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Status

® Current status is described in

# J. Arrington, C. D. Roberts and J. M. Zanotti
“Nucleon electromagnetic form factors,”
J. Phys. G 34, S23 (2007); [arXiv:nucl-th/0611050].

# C. F Perdrisat, V. Punjabi and M. Vanderhaeghen,
“Nucleon electromagnetic form factors,”
Prog. Part. Nucl. Phys. 59, 694 (2007);
[arXiv:hep-ph/0612014].
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Status

® Current status is described in

# J. Arrington, C. D. Roberts and J. M. Zanotti
“Nucleon electromagnetic form factors,”
J. Phys. G 34, S23 (2007); [arXiv:nucl-th/0611050].

# C. F Perdrisat, V. Punjabi and M. Vanderhaeghen,
“Nucleon electromagnetic form factors,”
Prog. Part. Nucl. Phys. 59, 694 (2007);
[arXiv:hep-ph/0612014].
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® Most recently:
“ECT* Workshop on Hadron Electromagnetic Form Factors”
Organisers: Alexandrou, Arrington, Friedrich, Maas, Roberts
Presentations, etc., available on-line
http://ect08.phy.anl.gov/
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Dichotomy of Pion
— Goldstone Mode and Bound state
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Dichotomy of Pion
— Goldstone Mode and Bound state

~ """ o How does one make an almost massless particle
........... from two massive constituent-quarks?

V; =5" Office of
é,z Science

Argonne

Craig Roberts: Hadron Form Factors



7557 Office of
-~ 4 Science
US. DEPARTMENT OF ENERGY

Argonne

Dichotomy of Pion

— Goldstone Mode and Bound state

"~ » How does one make an almost massless particle

........... from two massive constituent-quarks?

# Not Allowed to do it by fine-tuning a potential

Must exhibit

Current Algebra ... 1968
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Dichotomy of Pion
— Goldstone Mode and Bound state

""" o How does one make an almost massless particle
........... from two massive constituent-quarks?

# Not Allowed to do it by fine-tuning a potential

Must exhibit| m?2 o m,
Current Algebra ... 1968

The correct understanding of pion observables;
g&; « €.0. mass, decay constant and form factors,
reqguires an approach to contain a

o well-defined and valid chiral limit;

#® and an accurate realisation of
dynamical chiral symmetry breaking.
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Dichotomy of Pion
— Goldstone Mode and Bound state

""" o How does one make an almost massless particle
........... from two massive constituent-quarks?

# Not Allowed to do it by fine-tuning a potential

Must exhibit| m?2 o m,
Current Algebra ... 1968

The correct understanding of pion observables;
g&; « €.0. mass, decay constant and form factors,
reqguires an approach to contain a

o well-defined and valid chiral limit;

® and an accurate realisation of

dynamical chiral symmetry breaking.
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Pion Form Factors

o There is a sense in which it is easy to fabricate a
model that can reproduce the elastic
electromagnetic pion form factor
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Pion Form Factors

o There is a sense in which it is easy to fabricate a
model that can reproduce the elastic
electromagnetic pion form factor

# However, a veracious description of the pion will
simultaneously predict the elastic electromagnetic
form factor, F.(Q*) AND the ~v*m — ~ transition
form factor
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Pion Form Factors
Infidelity without simultaneity

o There is a sense in which it is easy to fabricate a
model that can reproduce the elastic
electromagnetic pion form factor

# However, a veracious description of the pion will
simultaneously predict the elastic electromagnetic
form factor, F.(Q?) AND the ~v*m — ~ transition
form factor

ZA%'Z:::::; # The latter is connected with the Abelian anomaly —

- therefore fundamentally connected with chiral
symmetry and its dynamical breaking — no mere
model can successfully describe this without fine
tuning
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Pion Form Factors
Infidelity without simultaneity

o There is a sense in which it is easy to fabricate a

model that can reproduce the elastic
electromagnetic pion form factor

However, a veracious description of the pion will
simultaneously predict the elastic electromagnetic
form factor, F.(Q?) AND the ~v*m — ~ transition
form factor

The latter is connected with the Abelian anomaly —
therefore fundamentally connected with chiral
symmetry and its dynamical breaking — no mere
model can successfully describe this without fine
tuning

Must similarly require prediction of v*nr — 7 and
all other anomalous processes

Craig Roberts: Hadron Form Factors
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What's the Problem?

® Minimal requirements

» detailed understanding of connection between
Current-quark and Constituent-quark masses;

# and systematic, symmetry preserving means of realising
this connection in bound-states.
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What's the Problem?

® Minimal requirements

» detailed understanding of connection between
Current-quark and Constituent-quark masses;

# and systematic, symmetry preserving means of realising
this connection in bound-states.

® Means ... must calculate hadron wave functions
— Can’t be done using perturbation theory
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What's the Problem?

Minimal requirements

» detailed understanding of connection between
Current-quark and Constituent-quark masses;

# and systematic, symmetry preserving means of realising
this connection in bound-states.

® Means ... must calculate hadron wave functions

75, ot o — Can’t be done using perturbation theory
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o ® Why problematic? Isn’t same true in quantum mechanics?
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What's the Problem?

® Minimal requirements
» detailed understanding of connection between
Current-quark and Constituent-quark masses;
# and systematic, symmetry preserving means of realising
this connection in bound-states.

® Means ... must calculate hadron wave functions
— Can’t be done using perturbation theory
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® Why problematic? Isn’t same true in quantum mechanics?

® Differences!
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What's the Problem?
Relativistic QFT!

® Minimal requirements

» detailed understanding of connection between
Current-quark and Constituent-quark masses;

# and systematic, symmetry preserving means of realising
this connection in bound-states.

® Differences!

763, orice of o Here relativistic effects are crucial — virtual particles,
—~4 Science
guintessence of Relativistic Quantum Field Theory —

must be included
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What's the Problem?
Relativistic QFT!

® Minimal requirements

» detailed understanding of connection between
Current-quark and Constituent-quark masses;

# and systematic, symmetry preserving means of realising
this connection in bound-states.
® Differences!

o Here relativistic effects are crucial — virtual particles,
guintessence of Relativistic Quantum Field Theory —
must be included

» Interaction between quarks — the Interquark “Potential” —
unknown throughout > 98% of a hadron’s volume

Craig Roberts: Hadron Form Factors
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Intranucleon Interaction
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Intranucleon Interaction
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What is the
Intranucleon Interaction?

The question must be
rigorously defined, and the
answer mapped out using
experiment and theory.
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Dyson-Schwinger Equations
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Dyson-Schwinger Equations
Dressed-Quark Propagator
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Dyson-Schwinger Equations
Dressed-Quark Propagator
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Gap Equation
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Dyson-Schwinger Equations
Dressed-Quark Propagator
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Gap Equation
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Dyson-Schwinger Equations
Dressed-Quark Propagator
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Gap Equation
# Gap Equation’s Kernel Enhanced on IR domaln
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Dyson-Schwinger Equations
Dressed-Quark Propagator

-0 =

S

Gap Equation
# Gap Equation’s Kernel Enhanced on IR domaln
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. . o [ ]
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Argne Predictions confirmed in 107 100 2-1-00 2 10 10
wewon — NUMerical simulations of lattice-QCD| p (GeV)
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Hadrons

Established understanding
of two- and three-point functions
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Hadrons

» Established understanding
of two- and three-point functions

What about bound states?
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Hadrons

°/Without bound states,
Comparison with experiment is
Impossible
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Hadrons

Without bound states,
Comparison with experiment Is
Impossible

They appear as pole contributions
to n > 3-point colour-singlet
Schwinger functions

o) Stience

(e of Muclear py, "
(o)

Argonne

Craig Roberts: Hadron Form Factors



Hadrons

Without bound states,
Comparison with experiment Is
Impossible

Bethe-Salpeter [Equation
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QFT Generalisation of Lippmann-Schwinger Equation.
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Hadrons

Without bound states,
Comparison with experiment Is
Impossible

Bethe-Salpeter [Equation
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QFT Generalisation of Lippmann-Schwinger Equation.
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What is the kernel, K?
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Hadrons

Without bound states,
Comparison with experiment Is
Impossible

Bethe-Salpeter [Equation

15
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e o Bugear Fry o —
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QFT Generalisation of Lippmann-Schwinger Equation.

|

A

What is the kernel, K?
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What is the light-quark
Long-Range Potential?

NO MEED
To REPEnT
THE ENp OF
THE WeRLP 1§
NeT PoSsiBLe
AnD wE'RE NeT
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BURwM N HELL
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What is the light-quark
Long-Range Potential?

NO MEED
To REPEnT
THE EMPp OF
THE wWoRLp 1
NeT Possible
AnD wE'RE NeT
oG To
BURM v HELL
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A Potential between static (infinitely heavy) quarks
agonne Measured in simulations of lattice-QCD is not related

R imple way to the light-quark interaction......
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Bethe-Salpeter Kernel
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Bethe-Salpeter Kernel

#® Axial-vector Ward-Ta |identity

P, T (kP) = 8_1(k+) )\ #is + )\fz% S (k)
CR —Mcily(k; P) — iT'5(k; P) M

QFT Statement of Chiral Symmetry
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Bethe-Salpeter Kernel

#® Axial-vector Ward-Ta |identity

b b ()
Py Tgu(k; P) = §7H(ky) 50507 + 525075

DY —M¢ il (k; P) — iU (k; P) M

e of Nuclear PR <
(o)

Satisfies BSE Satisfies DSE

Argonne
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Bethe-Salpeter Kernel

® Axial-vector Ward-Ta

| ldentity

P, T (kP) = 8_1(k+) )\ #is + )\fw5 /\
I —M¢ il (k; P) — iU (k; P) M
Satisfies BSE Satisfies DS

Kernels very different
but must be intimately related

Argonne
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Bethe-Salpeter Kernel

#® Axial-vector Ward-Ta |identity

Ty
Py Tgu(k; P) = §7H(ky) 50507 + 525075
o et =M il (k; P) — il'5 (k; P) M
X ) Satisfies BSE Satisfies DS

Kernels very different
but must be intimately related
Relation must be preserved by truncation

Argonne
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Bethe-Salpeter Kernel

® Axial-vector Ward-Ta

| ldentity

P, T (kP) = 8_1(k+) )\ #is + )\fw5 /\
I —M¢ il (k; P) — iU (k; P) M
Satisfies BSE Satisfies DS

Kernels very different
but must be intimately related
Relation must be preserved by truncation

Nontrivial constraint
Craig Roberts: Hadron Form Factors
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Bethe-Salpeter Kernel

#® Axial-vector Ward-Takahashi identity

b b ()
Py Tgu(k; P) = §7H(ky) 50507 + 545075

— M ili(k; P) — ils (k; P) M

Satisfies BSE Satisfies DS
Kernels very different
but must be intimately related

. Relation must be preserved by truncation

Argonne T : ) :
ki = Explicit Violation of QCD’s Chiral Symmetry
l - - - - JLat?User Gr(;up, 16-18 June 08... 26 —p. 14/45




Pion Form Factor

Procedure Now Straightforward
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Pion Form Factor

#® Solve Gap Equation
— Dressed-Quark Propagator, S(p)
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.ce of Nuclear PR 5
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Pion Form Factor

#® Use that to Complete Bethe Salpeter Kernel, i

#® Solve Homogeneous Bethe-Salpeter Equation for Pion
Bethe-Salpeter Amplitude, 1",

7557 Office of
-~ Science
U.S. DEFARTMENT OF ENERGY

.ce of Nuclear PR
0“\“

Argonne
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Pion Form Factor

#® Use that to Complete Bethe Salpeter Kernel, i

#® Solve Homogeneous Bethe-Salpeter Equation for Pion
Bethe-Salpeter Amplitude, 1",

7557 Office of
-~ Science
U.S. DEFARTMENT OF ENERGY

e of Nuclear PR <
(o)

#® Solve Inhomogeneous Bethe-Salpeter Equation for
Dressed-Quark-Gluon Vertex, I',,

Argonne
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Pion Form Factor

# Now have all elements for Impulse Approximation to
Electromagnetic Pion Form factor

| Fu (]f ; P )

(e of Muclear py, 5
(o)

Argonne
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Pion Form Factor

# Now have all elements for Impulse Approximation to
Electromagnetic Pion Form factor

7557 Office of
-4 Science
U.S. DEFARTMENT OF ENERGY

.ce of Nuclear PR
0“\“

® Evaluate this final,

three-dimensional integral
Argonne
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Calculated Pion Form Factor

Calculation first published in 1999; No Parameters Varied

Numerical method improved in 2005 | i
05—
04 —
L i
> i ]
O 03 _
(\Ig K ]
T ]
g Office of c\IO‘ 0.2 _|
iy ﬁmScrence - O Amendoliaetal. -
L O  Ackermannet al. _
L O Braud etd. i
- O Tadevosyanetd. |
0.1 & Hometal. ]
25 —— Marisand Tandy, 2005 |
| | | | | | | | | | | | | | | | | | | | | | ]
OO 1 2 3 4
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Calculated Pion Form Factor

Calculation first published in 1999; No Parameters Varied

Numerical method improved in 2005 ' ' = ' = ]
05—

0.4

Data puinshedF
in 2001. 3

o
w
T T 1 | T T 1 | T T 1 | T T T

Subsequently &
E
. LL
pas ortice of revised O 05
il O  Ackermannet al.
e of Nuclear pp, O Braud etal.
& QO Tadevosyanetal.
R il 0.1 5 Hornet al.
S —— Marisand Tandy, 2005
O P | | | | | | | | | | | | | | | | | | | | | |
0 1 2 3 4

Argonne
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Timelike Pion Form Factor
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Timelike Pion Form Factor

| Ab initio calculation into timelike region
Deeper than ground-state p-meson pole
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Timelike Pion Form Factor

g

. Ab initio calculation into timelike region
Deeper than ground-state p-meson pole

7 F T T T | T T T T T T T T T T T T | T T T T | T T -
6.5 E_ % O Amendoliaetal. _E
6 O Ackermannetal. T
- O Braud etal. -
E QO Tadevosyanetal. =
55 = Hornet al. -
5 E % O Bakovetd. =
C —— DSE - Krassnigg -
Z Office of 4.5 ;_ _;
-4 Science C -
U.S. DEFARTMENT OF ENERGY : 4 __ __
NO’ C .
< 35K —
o F E
3 —
25F =
15F =
Argonne 05 S
g o E 0 oo b N R R R N NN TR R SR N S S R
1

I
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‘ 1 =

Timelike Pion Form Factor

iy

| Ab initio calculation into timelike region

' Deeper than ground-state p-meson pole

p-meson not put in “by hand” — generated dynamically as a bound-
state of dresse7d-quark and dressed-antiquark

- T T T | T T T T | T T T T | T T T T | T T T T | T T -
6.5 =
- O Amendoliaet al. -
6E O Ackermannetal. T
- O Braud etal. -
= O Tadevosyanetal. =
55 = Hornetal. -
5 = % O Bakoveta. =
C —— DSE - Krassnigg -
r;/ Office of 45 =
-4 Science 4 = =
e of Nuclear py, o AN E E
> s € 35F E
L - -
atar - @ 3 -
25 —
2F —
15F —
1 —
Argonne 05E .
NATIONAL —
LABORATORY I R R N NN N N N N R R RN N T TR TR SR AN SN S S N B S
1

|
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Nucleon Challenge
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Nucleon Challenge

® Another Direction ...
three-quark systems

‘want/need information about

X6, Sciance \

(e of Muclear py, 5
(o)

b

Argonne
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Nucleon Challenge

#® Another Direction . . . _Also Wa‘ntfnaed iInformation about
three-quark sys)e/ms

® With this rLrobIem ....current expertise at approximately
. II .
X Sciance same point as studies of |

e of Nuclear Ph i
B '

Argonne
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Nucleon Challenge

Another Direction . . . _Also Wa‘ntfnaed iInformation about
three-quark sys)e/ms

9

.é: Office of
‘é_gl Scren:e

e of Nuclear Ep i
e '

roximately

® Namely ... Model-building and Phenomenology,
constrained by the DSE results outlined already.

Craig Roberts: Hadron Form Factors

Argonne



Nucleon EM Form Factors: A Précis

al.: nu-th/0412046 & nu-th/0501033
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Nucleon EM Form Factors: A Précis
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Nucleon EM Form Factors: A Précis
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Nucleon EM Form Factors: A Précis

Cloét, et al.:
arXiv:0710.2059, arXiv:0710.5746 & larXiv:0804.3118

Z@ Office of

Science
MENT OF ENERGY

Argonne

NATIONAL

LABORATORY

Craig Roberts: Hadron Form Factors


http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0710.2059
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0710.5746
http://www.slac.stanford.edu/spires/find/hep/www?eprint=arXiv:0804.3118

Nucleon EM Form Factors: A Précis

Cloét, et al.:
arXiv:0710.2059, arXiv:0710.5746 & larXiv:0804.3118

e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
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Nucleon EM Form Factors: A Précis

Cloét, et al.:
arXiv:0710.2059, arXiv:0710.5746 & larXiv:0804.3118

e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—- Covariant dressed-quark Faddeev Equation
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Nucleon EM Form Factors: A Précis

Cloét, et al.:
arXiv:0710.2059, arXiv:0710.5746 & larXiv:0804.3118

e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—- Covariant dressed-quark Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easlly obtained:

1/2
exXp calc]2
I763, Office of 1 E [MH MH ] — 929
e it €XPp12
. N (M)

H
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Nucleon EM Form Factors: A Précis

Cloét, et al.:
arXiv:0710.2059, arXiv:0710.5746 & larXiv:0804.3118

e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—- Covariant dressed-quark Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easlly obtained:

1/2
exp calc]2
I763, Office of 1 [MH B MH ] — 29
A e N E : (MEPP2 - e
. H H

(Cettel, Hellstern, Alkofer, Reinhardt: nucl-th/9805054)
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Nucleon EM Form Factors: A Précis

Cloét, et al.:
arXiv:0710.2059, arXiv:0710.5746 & larXiv:0804.3118

e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—- Covariant dressed-quark Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easlly obtained:

1/2
exXp calc]2
I763, Office of 1 E [MH MH ] — 929
e it €XPp12
. N (M)

H
o BUt is that good?
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Nucleon EM Form Factors: A Précis

Cloét, et al.:
arXiv:0710.2059, arXiv:0710.5746 & larXiv:0804.3118

e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—- Covariant dressed-quark Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easlly obtained:

1/2
; | 1 Mexp o Mcalc 2
I, et — > My Py | = 2%
e Ng 5 My
@ o Bulis that good?

e e Cloudy Bag: 5M:[_l°°p = —300 to —400 MeV!
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Nucleon EM Form Factors: A Précis

Cloét, et al.:
arXiv:0710.2059, arXiv:0710.5746 & larXiv:0804.3118

e Interpreting expts. with GeV electromagnetic probes
requires Poincareé covariant treatment of baryons
—- Covariant dressed-quark Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easlly obtained:

1/2
1 MeXP . Mcalc 2
rLs (— > My i = 2%

Ny (M7
o BUt is that good?
» Cloudy Bag: M '°°" = —300 to —400 MeV!

o Critical to anticipate pion cloud effects
Roberts, Tandy, Thomas, et al., nu-th/02010084

Argonne
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Faddeev equation
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Faddeev equation

P
-

Dt #® Linear, Homogeneous Matrix equation

Science

(e of Nuclear Ep 5
— S

£ »# Yields wave function (Poincaré Covariant Faddeev
Amplitude) that describes quark-diquark relative motion
o within the nucleon

® Scalar and Axial-Vector Diquarks ... In Nucleon’s Rest
Argonne Frame Amplitude has ... s—, p— & d—wave correlations

LABO
Craig Roberts: Hadron Form Factors



Diquark correlations

PP——=S" Office of
.g,gj Science

U.S. DEFARTMENT OF ENERGY

Argonne
LaBoRATORY UAR K_Q UAR K
Craig Roberts: Hadron Form Factors
- - - - JLab User Group, 16-18 June 08... 26 —p. 22/45



Z’ Office of
-4 Science

U.S. DEFARTMENT OF ENERGY

Argonne

NATIONAL
LABORATORY

Same interaction that Diquark correlations

describes mesons also
generates three coloured
guark-quark correlations:
blue—red, blue—green,
green-red

Confined ... Does no
escape from within ba

Scalar is isosinglet,
Axial-vector is isotriple

DSE and lattice-QCD
Myd] , = 0.74 — 0.82

m(uu)1+ — m(U'd)1+ o m(dd)1+

......

UARK-QUARK

Craig RoBerts: Hadron Form Factors



Nucleon-Photon Vertex
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6 terms...

PP—==" Office of
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.ce of Nuclear PR 5
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Argonne

M. Oettel, M. Pichowsky
and L.von Smekal, nu-th/9909082

Nucleon-Photon Vertex

for on-shell nucleons described by Faddeev Amplitude

Craig Roberts: Hadron Form Factors
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M. Oettel, M. Pichowsky
and L.von Smekal, nu-th/9909082

6 terms . .. Nucleon-Photon Vertex

-
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Form Factor Ratio:
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Form Factor Ratio:
® Combine these elements . .. GE/GM

e -
- A precision Rosenbluth .
05| ® polarization transfer _
) ¢  polarization transfer
PP==" Office of B .
QA Science _ 1 ] 1 ] 1 l 1 ] 1
o 2 4 6 8 1
2 2
Q" [Gev7]
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o Dressed-Quark Core

2 1 | 1 | 1 | 1 | 1 J)
1.5( % 4
U Weap9,° & 2 # ; % i
- o - -
0.5F Fls, s -
! - _
o] = e -
B A precision Rosenbluth -
05| ® polarization transfer _

) ¢  polarization transfer
1 ] 1 1 1 ] 1

| Office of
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0“\\(3 of Muclear py,

Argonne

® Combine these elements ...

Form Factor Ratio:
GE/GM

2 8 A

7
Q
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o Dressed-Quark Core

» Ward-Takahashi
|ldentity preserving
current o =

® Combine these elements ...

Form Factor Ratio:
GE/GM

2

0  Rosenbluth

A precision Rosenbluth
5]

°

polarization transfer
polarization transfer

7
Q
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o Dressed-Quark Core

® Combine these elements ...

Form Factor Ratio:
GE/GM

2 1 | 1 | 1 |
» Ward-Takahashi 15'
ldentity preserving - g
current oz PRt 3 ¢ %
N L
s Anticipate and  %* O Y
Estimate Pion & 0Of s
- i r%cs?gitg#tgosenbl uth
Cloud’s Contribution | | a  poaizionvenster
) ¢ polarization transfer
] ] ] ]

7
Q
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o Dressed-Quark Core
» Ward-Takahashi 15'

® Combine these elements ...

2

Form Factor Ratio:
GE/GM

|ldentity preserving -

current o
s Anticipate and %3 5[
Estimate Pion = oL
Cloud's Contribution .|

s 1¥Weogo ® 5w # %
HH

covariant Fadeev result
Rosenbluth
precision Rosenbluth

polarization transfer
polarization transfer

2 4
Q” [Gev
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o Dressed-Quark Core

Argonne

® Combine these elements ...

Form Factor Ratio:
GE/GM

Craig Roberts: Hadron Form Factors
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o Dressed-Quark Core

» Ward-Takahashi
|ldentity preserving

2

current %E 1

P —~ 05

» Anticipate and %* ¥
19_

Estimate Pion
Cloud’s Contribution

0

® All parameters fixed in

Argonne

® Combine these elements ...

Form Factor Ratio:
GE/GM

0.5

covariant Fadeev result
Rosenbluth
precision Rosenbluth

polarization transfer

o
A
m  polarization transfer
23
1

other applications ... Not varied.

2 4 6 8
Q” [Gev?

» Agreement with Pol. Trans. data at Q? > 2 GeV?
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