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Major theoretical tools in hadronic physics

Lattice QCDLattice QCD
ab initio

non-perturbative
calculations

ChiralChiral EFTEFT

dual roledual role

PerturbativePerturbative

QCDQCD

String String 

theorytheory
ab initio calculations of hadronic observables
e.g., masses, magnetic moments, polarizabilities, 
moments of parton distributions
chiral extrapolations to lighter pion (quark) 
masses required

QCD at low energies is a theory of nucleons and pions that 
interact “weakly” (chiral perturbation theory)
dual role : 1) model INdependent tool to extract low energy 
hadronic quantities from experiment (magnetic moments, 
polarizabilities,…); 
2) tool to complement lattice QCD: extrapolations in quark mass.

factorization : use as tool to separate a 
high-energy process into a perturbative
(PQCD) hard scattering part and a non-
perturbative part, encoding the structure 
information : e.g. (generalized) parton
distributions

DynamicalDynamical

modelsmodels



Topics

Relativistic spin-3/2 field: 

[VP, PRD 58 (1998);VP, PRD 58 (1998); VP & VP & TimmermansTimmermans, PRC 70 (1999);, PRC 70 (1999); DeserDeser, VP & , VP & WaldronWaldron, PRD 60 (2000), …, PRD 60 (2000), …]]

Power counting for the Δ resonance in chiral EFT (ChEFT):

[ VP & VP & PhillipsPhillips, PRC 67 (2003); ibid. 68 (2003), PRC 67 (2003); ibid. 68 (2003) ].

Chiral extrapolations in relativistic baryon ChPT

[ VP, VP, HolsteinHolstein & & VanderhaeghenVanderhaeghen, PLB (2004); PRD (2005), PLB (2004); PRD (2005) ]

Pion electroproduction and γ N Δ form factors in ChEFT:

[ VP & VP & VanderhaeghenVanderhaeghen, hep, hep--ph/0508060ph/0508060 ].

Radiative pion photoproduction and Δ’s magnetic moment in ChEFT:

[ VP & VP & VanderhaeghenVanderhaeghen, PRL 96 (2005, PRL 96 (2005)) ].

OU dynamical model for pion photo- and electroproduction on the nucleon:

[ VP & VP & TjonTjon, PRC 70 (2004);, PRC 70 (2004); CaiaCaia, VP, , VP, TjonTjon & & WrightWright, PRC 70 (2004), …, PRC 70 (2004), … ]. 

2-photon effects in γ N -> Δ transition: [ CarlsonCarlson, VP & , VP & VanderhaeghenVanderhaeghen, in preparation, in preparation ].



Chiral Effective Field Theory

Interaction of Goldstone bosons (of spontaneous chiral symmetry breaking in QCD), e.g. 
pions, is proportional to their 4-momentum, therefore is weak for small (relative to 
ΛχSB) momenta:         V» (gA/fπ) p
One can set up a systematic expansion in powers of  p/Λ − chiral PT.

Renormalization is done in the EFT sense  [Weinberg, Physica A (1979)] – most 
general Lagrangian consistent with all the symmetries, etc. 

Example:

after (on-mass-shell !) renormalization [Gegelia et al. (1999)],

i.e., not MS-bar as in [Gasser et al. (1989)].

= O( p3 )

renormalization



Power counting for the Δ(1232) (δ-expansion)

The excitation energy of the Δ resonance, Δ = MΔ – MN¼290 MeV resonance can 
also be treated as small:   δ = Δ/Λχ¿ 1. 

Feature of the “δ-expansion”: scale hierarchy mπ¿ Δ ¿ Λχ. => δ=Δ/Λ ,  mπ/Λ =δ 2

.

This distinguishes the low-energy (p » mπ) and the resonance (p » Δ ) regions. 

Crucial for correct counting of the One-Δ-reducible (OΔR) graphs:

OΔR propagator

»
p » mπ , 1/Δ = O(1/δ)             [c.f., SN» 1/p = O(1/δ2)]

p » Δ ,     1/(p-Δ-Σ )= O(1/δ3 )

Σ =                         + … = O(p3) = O(δ3 )



Compton scattering observables to NLO in δ-
expansion:

Ensures the decoupling of the spin-1/2 components

of the Rarita-Schwinger field -- correct spin d.o.f.

content of the theory.



(a) (b)

(c)

ρ

(d) (e) (f)

ChiralChiral effective field theory calculation of the effective field theory calculation of the 
e p e p --> e p > e p ππ00 process in process in ΔΔ(1232)(1232) regionregion

calculation to NLO in δ expansion (powers of δ) [VP & Vdh, hep-ph/0508060]

LO

vertex corrections : unitarity & gauge invariance   
exact to NLO



γγ** N N ΔΔ vertexvertex

γγ**

N N ∆∆

vertex corrections : fully relativistic loop calculation : equivalent       
to a sideways dispersion relation

3 electromagnetic transitions :

M1 ->  GM
*

E2 ->  GE
*

C2 ->  GC
*

q : photon momentum in Δ rest frame

imaginary part is model 

independent prediction 

in chiral EFT framework



PhotoproductionPhotoproduction: : magnetic (M1) magnetic (M1) && electric (E2) N electric (E2) N –– ΔΔ transitiontransition
(resonant (resonant multipolesmultipoles))

2 free parameters to NLO

G*
M = 2.95 G*

E = 0.07 (E2/M1 = -2.4 %)

Δ pole

Δ pole + Born

Δ pole + Born

+ vertex corr.



Photoproduction: magnetic (M1) & electric (E2) N – Δ transition
(observables)

NLO calculation

DMT model



data  :  MIT-BATES  (2001, 2003, 2005)

e p e p --> e p > e p ππ00 in in ΔΔ(1232)(1232) region : observablesregion : observables

EFT calculation 

error bands due to

NNLO, estimated as:

Δσ ~ 2|σ| δ2
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QQ22 dependence of dependence of E2/M1 E2/M1 andand C2/M1 C2/M1 ratiosratios

EFT prediction for the Q2 dependence

data points :

MIT-Bates 
(Sparveris et al., 2005)

MAMI : 

REM (Beck et al., 2000), RSM (Pospischil
et al., 2001; Elsner et al., 2005)

EFT calculation 
error bands due to NNLO
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mmππ dependence of dependence of E2/M1 E2/M1 andand C2/M1 C2/M1 ratiosratios

linear extrapolation 
in mq ~ mπ

2

discrepancy with 
lattice explained 
by chiral loops
(pion cloud) ?!

Q2 = 0.1 GeV2

quenched lattice 
QCD results :

at mπ = 0.37, 0.45, 0.51 
GeV

Nicosia – MIT group 
Alexandrou et al., PRL 

94 (2005)

data points : MAMI, MIT-Bates

EFT calculation
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e p e p --> e p > e p ππ00 in in ΔΔ(1232)(1232) region : observablesregion : observables

EFT

-›

EFT (Δ only )

MAID03 (Δ+ Born)

MAID03 (full)



e p e p --> e n > e n ππ++ in in ΔΔ(1232)(1232) region : observablesregion : observables

-›

EFT

EFT (Δ only )

MAID03 (Δ+ Born)

MAID03 (full)



Motivation for  μΔ

Observation of the magnetic moment of a strongly unstable particle.
Δ-resonance is the best-studied example of such a particle.

Excitation energy of the Δ-resonance, MΔ-MN´ Δ ' 300 MeV is relatively 
low, which allows to treat it as a low-energy scale in an EFT expansion, the 
Δ can be incorporated in ChPT.



Power counting: δ=(MΔ-MN)/Λχ PT,  mπ/Λχ PT » δ2

To next-to-leading order in the resonance 
region
(counting ω’» mπ , ω» MΔ-MN)

γγp p ――›› γγ ππ00 pp : : ChEFTChEFT calculation calculation 



Lattice data points from 
[1] D.B. Leinweber, Phys. Rev. D (1992);
I.C. Cloet, D.B. Leinweber and 
A.W.Thomas, Phys. Lett. B563 (2003).
[2] F.X. Lee et.al., hep-lat/0410037

Real parts

Imag. parts

Δ++

Δ+

p

ChiralChiral behavior of the behavior of the ΔΔ++++ and and ΔΔ++ magnetic momentsmagnetic moments



Exp. data points from TAPS@MAMI 
2002

≤
≤ ≤

≤

γγp p ――›› γγ ππ00 pp : observables : observables 



CB/TAPS@MAMICB/TAPS@MAMI

TAPS forward wall
528 BaF2 - modules

Crystal Ball
672 NaI - modules

γ-Beam

2005: New Crystal Ball Collaboration dedicated expt
to improve statistics by two orders of magnitude.



γγ p p ――›› γγ ππ00 pp : : doubly polarized cross sectionsdoubly polarized cross sections



Pion production on nucleons by (real and virtual) photons

Other general constraints: e.m. gauge invariance, chiral symmetry
lead to low-energy theorems [de Baenst (1970), Vanshtein & Zakharov (1970)
Bernard, Kaiser, Gasser & Meissner (1991)]

Ohio-Utrecht dynamical model
Relation to the πN scattering: Watson’s theorem

At lower energies the phase of this amplitude is given by the πN phase shift:

[K. Watson (1954)]
In the Δ-resonance region this condition is fulfilled exactly to lowest order in e.



ππN equationN equation

= +V V GT T

k k’

p p’

Here covariant 3D reduction
of the Bethe-Salpeter equation – Salpeter equation. Other approaches 
[e.g., Pierce &Jennings NPA (1991) – “BbS, Thomson”, Gross & Surya PRC (1993) – “Spec
S.N. Yang et al. JPG (1994) – Cooper-Jennings ,  Lahiff & Afnan PRC (1999) – 4D BS].

Solved by Pade approximants for the following one-hadron-exchange potential:

V = + +
ΔN, N*, 

ρ, σ

Resulting solution fitted to KA86 and SM95 phase-shift analyses



Pion photo/electro-production

Tπγ =
q

p p’

k
Vπγ + Vπγ GπΝ Tππ

Vπγ =

Δ ρ,ω

Electromagnetic form factors are introduced via

This allows to use realistic form factors without loss of e.m. gauge invariance. E.g.,



Neutral Neutral pionpion electroproductionelectroproduction at at JLabJLab, diff. cross sections:, diff. cross sections:



vs. 

Consistent with principles of 
QCD, an EFT of QCD.
Systematic expansion in powers of 
soft scales and momenta –
perturbation theory
Quantum field theory: symmetries 
of the Lagrangian are satisfied at 
the level of amplitudes and 
observables (crossing, gauge-, 
chiral, relativistic-, unitarity).
Phenomenologically viable, 
provides connection of lattice 
QCD to observables
Very limited range of applicability

Unitarity, relativity are good
Possibilty to study dynamical 
resonances, pion cloud effects
Local symmetries are a problem
Systematic improvement ??
Control of model dependence ??
Useful phenomenologyUseful phenomenology: physics 
motivated (QCD-inspired) 
parametrization and extrapolation 
of experimental results in a wide 
range of kinematics

ChiralChiral EFTEFT DynamicalDynamical

modelsmodels



TwoTwo--photon exchange effectphoton exchange effect in nucleon form factorsin nucleon form factors

PartonicPartonic calculationcalculation

[Chen, Afanasev, Brodsky, Carlson, 
Vanderhaeghen, PRL (2004)]



Electromagnetic Nucleon to Delta 
transition

γ¤NΔ is specified by three form-factors: GM
¤ (Q2) [M1], GE

¤ (Q2) [E2], GC
¤ (Q2) [C2]

studied in pion electroproduction on the nucleon at the resonance kinematics, s=MΔ
2

= + +  …



EM nucleon to Delta transition:
general formalism

In general (any # of exchanged photons), the e N! e Δ transition can be described by 16 form 
factors, or, 16 independent helicity amplitudes: 

me=0, cuts this number down to 8:  

one-photon exchange approximation

const

PQCD

PQCD
PQCD

1

[Carlson, PRD (1986)]



EM Nucleon to Delta transition:
general formalism

At the Δ-resonance, these cross-sections are expressed in terms of e N! e Δ helicity amplitudes

The unpolarized pion electroproduction cross-section is, in general,  written as:



TwoTwo--photon exchangephoton exchange : : partonicpartonic calculationcalculation

“magnetic” GPD

“axial” GPD

ΔN
GPD

Hard scattering

amplitude

Large NC

Nucleon GPD’s



N N --> > ΔΔ transition form factors from transition form factors from GPDsGPDs

``modified Regge model”

large Nc



One + two-photon-exchange in observables

The unpolarized pion electroproduction cross-section:



Two-photon effects on observables



1γ result

1γ + 2γ result

Two-photon effects on cross sections



CLAS data 
corrected for RSM

2

Effect due to neglect of quadratic terms



Two-photon effects on the ratios 
(Q2 dependence)



Conclusions on 2-photon exchange

General formalism for the unpolarized pion electroproduction cross-sections 
in terms of  N!Δ helicity amplitudes. 

New responses σTTi and σLTi.

Parton-model calculation of two-photon exchange N!Δ helicity amplitudes. 

A first glance at two-photon effects on inelastic observables.

Corrections on REM are small, analogous to corrections in the nucleon 
polarization-transfer observables.

Substantial (up to 10%) corrections to the L responses (σL and σLT). 
Therefore, mainly RSM is affected. 

Effects increasing with increasing 1/ε and Q2



Summary

Relativistic spin-3/2 field: 

Power counting for the Δ resonance in chiral EFT (ChEFT):

Chiral extrapolations in relativistic baryon ChPT

Pion electroproduction and γ N Δ form factors in ChEFT:

Radiative pion photoproduction and Δ’s magnetic moment in ChEFT:

OU dynamical model for pion photo- and electroproduction on the nucleon:

2-photon effects in γ N -> Δ transition



Major theoretical tools in hadronic
physics

Lattice QCDLattice QCD
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