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Introduction

•  Dynamical mass generation for massless quarks;Dynamical mass generation for massless quarks;
    (dynamical chiral symmetry breaking).(dynamical chiral symmetry breaking).

•  Strong interactions generate a multitude of Strong interactions generate a multitude of boundbound
    statesstates whose complete quantitative understanding whose complete quantitative understanding
    alludes us. alludes us. 

•    Color degrees of freedom (quarks and gluons) are notColor degrees of freedom (quarks and gluons) are not
    observable observable (confinement).(confinement).

•  Studying QCD: lattice, Studying QCD: lattice, Schwinger-Dyson and Bethe-Schwinger-Dyson and Bethe-
    Salpeter equationsSalpeter equations. Then there are effective models. Then there are effective models
    such as the such as the NJL modelNJL model..

•  QCDQCD is rich in its non perturbative domain. is rich in its non perturbative domain.
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Introduction
•  Pion occupies a special place among the hadrons in partPion occupies a special place among the hadrons in part
    because of its simple valence structure.because of its simple valence structure.

•  Moreover, at the same time it is a bound state ofMoreover, at the same time it is a bound state of
    quarks and the Goldstone mode associated with thequarks and the Goldstone mode associated with the
    dynamical chiral symmetry breaking.dynamical chiral symmetry breaking.

•  Its electromagnetic form factor FIts electromagnetic form factor Fem,em,ΠΠ is a much studied is a much studied
    and experimentally explored object.and experimentally explored object.

•  With the 12 GeV upgrade of the JLab, an exciting new With the 12 GeV upgrade of the JLab, an exciting new 
    era will unfold where a broad region of transition from era will unfold where a broad region of transition from 
    non perturbative to perturbative physics in a meson willnon perturbative to perturbative physics in a meson will
    be explored.be explored.
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The Gap Equation in an NJL Model
The SDE for the quark propagator in Euclidean spaceThe SDE for the quark propagator in Euclidean space

    wherewhere

A simple A simple 
ansatz ansatz ::

yields NJLyields NJL
model gapmodel gap
equation:equation:

    withwith



  

DefineDefine

The Gap Equation in an NJL Model

The gap equation gives the solution:The gap equation gives the solution:

And a constant mass:And a constant mass:

We use proper time regularization which guaranteesWe use proper time regularization which guarantees
confinement and is backed by phenomenology.confinement and is backed by phenomenology.

withwith



  

The Gap Equation in an NJL Model
With proper time With proper time 
regularization,regularization,

    With the phenomenology based values:With the phenomenology based values:

wherewhere

Constituent MassConstituent Mass Chiral CondensateChiral Condensate



  

The Bethe-Salpeter Equation

    In the NJL Model:In the NJL Model:

    k is the relative quark momentum and P the total boundk is the relative quark momentum and P the total bound
    state momentum.state momentum.



  

The Bethe-Salpeter Equation

NJL Model:NJL Model:

BS amplitude:BS amplitude:

BS amplitudeBS amplitude
fully definedfully defined



  

The Bethe-Salpeter Equation

Canonical NormalizationCanonical Normalization

We now have the canonically normalized BS-amplitudeWe now have the canonically normalized BS-amplitude
for our NJL-model. for our NJL-model. 



  

Axial Vector Ward Takahashi Identity

Dressed quark propagator:Dressed quark propagator:

GT-Relations:GT-Relations:

The axial vector WTI is given byThe axial vector WTI is given by

•      P. Maris, C.D. Roberts and P.C. Tandy, Phys. Lett. B420 267 (1998).P. Maris, C.D. Roberts and P.C. Tandy, Phys. Lett. B420 267 (1998).



  

Axial Vector Ward Takahashi Identity

Consequences:Consequences:

Pseudovector components dominate ultraviolet behaviour Pseudovector components dominate ultraviolet behaviour 
of the pion electromagnetic form factor.of the pion electromagnetic form factor.

P. Maris and C.D. Roberts, Phys. Rev. C58 3659 (1998).P. Maris and C.D. Roberts, Phys. Rev. C58 3659 (1998).



  

Axial Vector Ward Takahashi Identity

To check it, we start from inhomogeneous BS-equation:To check it, we start from inhomogeneous BS-equation:

Multiply by PMultiply by Pμμ and make use of WTI and make use of WTI::



  

Axial Vector Ward Takahashi Identity

Translational invariance of the regularization scheme and Translational invariance of the regularization scheme and 
the gap equation reveals:the gap equation reveals:

or:or:

1.1. Thus the axial vector WTI is not satisfied for Thus the axial vector WTI is not satisfied for 
arbitrary values of P.arbitrary values of P.

2. Goldberger-Treiman relations are not satisfied.2. Goldberger-Treiman relations are not satisfied.



  

Axial Vector Ward Takahashi Identity
Consequences for the pion leptonic decay constant:Consequences for the pion leptonic decay constant:

Canonically quantized:Canonically quantized:

Ward identity preserving:Ward identity preserving:

GT-relations:GT-relations:

Consequence:Consequence:



  

Axial Vector Ward Takahashi Identity

• We want to regularize the NJL model in such a fashion We want to regularize the NJL model in such a fashion 
that WTI is satisfied for all P.that WTI is satisfied for all P.

• We observe that WTI is satisfied if NJL model is We observe that WTI is satisfied if NJL model is 
regularized so as to ensure that there are no quadratic regularized so as to ensure that there are no quadratic 
or logarithmic divergences.or logarithmic divergences.

• RecallRecall

• then then 



  

Axial Vector Ward Takahashi Identity

BS amplitude:BS amplitude:

Symmetry conserving regularization changes the Kernel:Symmetry conserving regularization changes the Kernel:

so that:so that:



  

Axial Vector Ward Takahashi Identity
Checking the Goldberger-Treiman relation:Checking the Goldberger-Treiman relation:

Inhomogeneous BS Eq.Inhomogeneous BS Eq.



  

Pion Electromagnetic Form Factor Fπ
em(Q2)

In the chiral limit,In the chiral limit,

so that we can chooseso that we can choose

In the impulse approximation, we have In the impulse approximation, we have 



  

Pion Electromagnetic Form Factor Fπ
em(Q2)

Without the pseudo vector component.Without the pseudo vector component.



  

Pion Electromagnetic Form Factor Fπ
em(Q2)

Interplay of pseudo scalar and pseudo vector components.Interplay of pseudo scalar and pseudo vector components.



  

Pion Electromagnetic Form Factor Fπ
em(Q2)

With and without the pseudo vector component.With and without the pseudo vector component.



  

Pion Electromagnetic Form Factor Fπ
em(Q2)

NJL model deviates 20% from MT-curve for Q2=0.18 GeV2. 



  

Pion Electromagnetic Form Factor Fπ
em(Q2)

Q2 * Fπ
em(Q2) in the NJL Model



  

Pion Electromagnetic Form Factor Fπ
em(Q2)

Comparison with other models and experiments. 



  

Pion Electromagnetic Form Factor Fπ
em(Q2)

Comparison with other models and experiments. 



  

Conclusions

•  We added the pseudo vector component in theWe added the pseudo vector component in the
    description of the pion to study this NJL model.description of the pion to study this NJL model.

•  We then used this symmetry preserving NJL model to We then used this symmetry preserving NJL model to 
    calculate the pion form factor and compared it withcalculate the pion form factor and compared it with
    earlier theoretical and experimental results.earlier theoretical and experimental results.

•  We studied the electromagnetic pion form factor in anWe studied the electromagnetic pion form factor in an
    NJL model.NJL model.

•  We implemented symmetry preserving regularization whichWe implemented symmetry preserving regularization which
    ensures AV-WTI is satisfied for arbitrary values of P. ensures AV-WTI is satisfied for arbitrary values of P. 
    Consequently GT-relations are respected and we obtain Consequently GT-relations are respected and we obtain 
    consistent result for the pion’s leptonic decay constant.consistent result for the pion’s leptonic decay constant.


