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Example from electrostatics
The goal: compute electric potential generated 
by a localized charge distribution

- measure LECs & compute          via expansion in     (power counting, separation of scales) 
a
R

- expected natural size of the LECs (dimensional analysis):       q ! a0, P i ! a, Q ij ! a2, . . .

Getting the right answer without making calculations (and even without knowing        )

- write down the most general rotationally invariant (symmetry!) expression for      



!NN interaction at different resolutions 

Resolution 
scale << 1 fm: 

probing the structure
of the nucleonsÉ



!NN interaction at different resolutions 

Resolution 
scale << 1 fm: 

probing the structure
of the nucleonsÉ

nucleons

(virtual) pions

Resolution ~ 1 fm
(momenta ~ 200 MeV)
only ! Ôs are resolvable 

chiral EFT



!NN interaction at different resolutions 

Resolution 
scale << 1 fm: 

probing the structure
of the nucleonsÉ

nucleons

(virtual) pions

Resolution ~ 1 fm
(momenta ~ 200 MeV)
only ! Ôs are resolvable 

chiral EFT

Resolution ~ a few fm  
(nucl. momenta << M ! ):
cannot resolve pions

! -less EFT
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Chiral perturbation theory

Ideal world [                       ], zero-energy limit: non-interacting massless GBs 
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terms involving 
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Power counting (Naive Dimensional Analysis)

pion propagators:

momentum integrations:

delta functions:

derivatives: 

# of loops # of vertices with  
d derivatives

power of the soft scale Q for a given diagram

2. From effective Lagrangian to S-matrix
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dimensional
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!Summary of Chiral Perturbation Theory 

QCD features approximate SU(2)L x SU(2)R symmetry spontaneously broken 
down to SU(2)V. Pions are Goldstone Bosons of the broken axial generators. 

ChPT = EFT to describe QCD at low energy using GBs & matter Þelds as DOF. 
It provides perturbative (GBs!) expansion of the amplitude in powers of p ~ M!  
over " !  ~ M# ~ 1 GeV.
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QCD features approximate SU(2)L x SU(2)R symmetry spontaneously broken 
down to SU(2)V. Pions are Goldstone Bosons of the broken axial generators. 

ChPT = EFT to describe QCD at low energy using GBs & matter Þelds as DOF. 
It provides perturbative (GBs!) expansion of the amplitude in powers of p ~ M!  
over " !  ~ M# ~ 1 GeV.

Use DR to calculate Feynman diagrams. Connected diagrams scale as      , q!
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of type i
# of derivatives & M!

At each order     , a Þnite number of LECs contribute (exp., lattice, models, É)q!
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!Inclusion of nucleons
3. Inclusion of the nucleons

In the baryon sector, it is more convenient to work with     deÞned via                .  Then:=: u 2 U =: u 2, u

The so-called compensator Þeld K is a complicated SU(2)-valued function of ! L, ! R, U (and 
thus of space-time), K = K(L,R,U), except for isospin (i.e. vector) rotations with ! L = ! R = ! V:

K (V, V, U ) = V

u !" u ! =
#

RUL   =: RuK " 1 $ K = (
#

RUL   ) " 1R
#

U

Notice: the transformation property of     can also be written as                                  .u !" u ! = KuL  =: u 2
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!Inclusion of nucleons
Covariant derivatives of the nucleon and pion Þelds:

D µ N := ( ! µ + ! µ ) N, ! µ :=
1

2

#
u   ! µ u + u! µ u  
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u µ := iu   ( ! µ U ) u   [exercisesÉ]
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!Inclusion of nucleons
Making power counting manifest: The Heavy-Baryon approach 

Write the nucleon momentum as                            with               and pµ = mv µ + l µ v2 = 1 l µ ' m

Jenkins & Manohar Õ91;  Bernard, Keiser, Mei§ner Õ92;  Mannel, Roberts, Ryzak Õ92
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Making power counting manifest: The Heavy-Baryon approach 

Write the nucleon momentum as                            with               and pµ = mv µ + l µ v2 = 1 l µ ' m

Split the nucleon Þelds into                                                            withN v = eimv áx P +
v N, h v = eimv áx P !

v N P ±
v :=

1 ± v/

2

The HB propagator of the nucleon                               has an obvious interpretation:S(p) =
i

v áp + i !

S(x ! y ) =
!

d4p

(2" )4

i

p0 + i !
e! ip á( x ! y ) = #(x 0 ! y0)$3(%x ! %y)

[Exercises:  verify the form of the HB propagator by performi ng 1/m expansion of the standard Dirac propagator 
                      for the fermion Þeld.]
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Power counting: %= 1 + 2 L +
#

i

Vi ! i , ! i = $ 2 +
n i

2
+ d i

# of nucleon Þelds

Perturbation theory works since GBs interact via derivativ e couplingsÉ

!Inclusion of nucleons

In the HB formulation, the nucleon mass does not appear in the nucleon 
propagator and contribute only through 1/m corrections to vertices

power counting is manifest!

[exercises]
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A M 3
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Pion-nucleon scattering
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!Summary of part I

QCD is approximately SU(2)L x SU(2)R invariant. The chiral symmetry is 
spontaneously broken down to SU(2)V (isospin group). Pions are Goldstone 
Bosons of the broken axial generators. They would be massless in the chiral 
limit. 

It is easy to write down the most general chiral invariant effective Lagrangian 
for pions. The choice of a particular realization of the chiral group is irrelevant 
(provided proper imbedding of the isospin group). Being Goldstone Bosons, 
only derivative interactions are allowed !  suppression at low energy! Can 
incorporate explicit breaking due to the quark masses. 

Feynman calculus with DR: every loop is suppressed by Q2 (power counting) 
!  can calculate quantum corrections! 

It is straightforward to extend the effective Lagrangian to nucleons. Because 
of the nucleon mass, loops calculated with just DR are not suppressed. Either 
use additional Þnite subtractions (EOMS) or perform nonrelativistic expansion 
of the Lagrangian (the HB approach). 



!(Some) topics in and beyond ChPT

Resummation of leading LogÕs 

Covariant baryon ChPT

Unitarized ChPT and resonance physics

Combining ChPT and dispersion theory

ChPT with explicit spin-3/2 degrees of freedom

ChPT and/for lattice QCD

Leading logs can be computed for higher loops, all orders possible in certain cases

Weinberg, Bijnens, Colangelo, Bissiger, Fuhrer, Kiv el, Polyakov, Vladimirov, É

Colangelo, Gasser, Leutwyler, Bernard, Mei§ner, Desco tes Genon, Knecht, Pelaez, Hoferichter, Kubis, Ruiz de Elvi ra,  É

HB expansion has a very limited convergence range for some types 
of diagrams          better to resum 1/m recoil corrections up to inÞnite 
order (IR-ChPT). Alternatively, use manifestly covariant framework + 
appropriate subtraction (EOMS) to enforce power counting

Becher, Leutwyler, Bernard, Mei§ner, Kubis, Gegelia, Scherer, Camalich, Geng, Ren, É

$ (1232) has low excitation energy ~ 300 MeV          better to include as an explicit DOFÉ

Hemmert, Bernard, Fettes, Mei§ner, Pascalutsa, Vanderhaeg hen, Kaiser, Gegelia, EE, Gasparyan, Krebs, Siemens, É

Chiral extrapolations, Þnite volume corrections, quenched ChPT, É

Colangelo, Beane, Savage, Jiang, Tiburzi, Procura, Wei se, Walker Loud, Bernard, Mei§ner, Rusetsky, Hemmert, É

Oeller, Mei§ner, Dobado, Pelaez, Oset, Hanhart, Llanes-Estr ada, Kaiser, Weise, ,É



!Adding more nucleonsÉ

0N, 1N: Perturbation theory works since GBs interact via 
              derivative couplingsÉ



!Adding more nucleonsÉ

" const "
!" 1 á!q !" 2 á!q

!q 2 + M 2
!

= O (1)

Low-energy nucleon-nucleon interactions are NOT 

suppressed in the chiral limit

No reason to expect perturbation theory to be valid
(indeed, there are shallow bound statesÉ)

0N, 1N: Perturbation theory works since GBs interact via 
              derivative couplingsÉ


