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Effective Field Theory Basics
Quantum Chromodynamics (QCD) in the u/d sector has approximate chiral

symmetry but this symmetry is broken in two ways:

• Explicitly broken, because the u and d quark masses are not exactly zero;

• Spontaneously broken

SU(2)L × SU(2)R ≈ SU(2)V × SU(2)A → SU(2)V ,

that is, in the QCD ground state axial symmetry is broken while isospin symmetry
is intact. We obtain 3 Goldstone bosons: the pion family!

Chiral Lagrangian
The chiral effective Lagrangian is given by an infinite series of terms with

increasing number of derivatives and/or nucleon fields, with the dependence of
each term on the pion field prescribed by the rules of broken chiral symmetry.
Applying this Lagrangian to NN scattering generates an unlimited number of
Feynman diagrams, which may suggest again an untractable problem. However,
Weinberg showed that a systematic expansion of the nuclear amplitude exists
in terms of (Q/Λχ)ν , where Q denotes a momentum or pion mass, Λχ ≈ 1 GeV
is the chiral symmetry breaking scale, and ν ≥ 0. For a given order ν, the
number of contributing terms is finite and calculable; these terms are uniquely
defined and the prediction at each order is model-independent. By going to
higher orders, the amplitude can be calculated to any desired accuracy.
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Chiral Lagrangian Scheme
The scheme just outlined has become known as chiral perturbation theory.

Therefore, we want to describe the low-energy scenario of QCD by an Effective
Field Theory (EFT). The steps to take:

• Write down the most general Lagrangian including all terms consistent
with the assumed symmetries, particularly, spontaneously broken chiral
symmetry.

• Calculate Feynman diagrams. Note: There will be infinitely many dia-
grams.

• Find a scheme for assessing the importance of the various diagrams, because
we cannot calculate infinitely many diagrams.

Effective Chiral Lagrangian
The starting point for the derivation of the NN interaction is an effective

chiral Lagrangian
L = LπN + Lππ + LNN ,

which is given by a series of terms of increasing chiral dimension,

LπN = L(1)
πN + L(2)

πN + L(3)
πN + . . . ,

Lππ = L(2)
ππ + . . . ,

LNN = L(0)
NN + L(2)

NN + L(4)
NN + . . . ,

where the superscript refers to the number of derivatives or pion mass insertions
(chiral dimension). Good review: Epelbaum, Prog. Part. Nucl. Phys. 57, 654
(2006).

Heavy Baryons
Common to apply the heavy baryon (HB) formulation of chiral perturbation

theory in which the relativistic Lagrangian is subjected to an expansion in terms
of powers of 1/MN (kind of a nonrelativistic expansion), the lowest order of
which is

L̂(1)
πN = N̄

(
iD0 −

gA
2 σ · u

)
N

≈ N̄
[
i∂0 −

1
4f2
π

τ · (π × ∂0π)− gA
2fπ

τ · (σ ·∇)π
]
N + . . .

For the parameters that occur in the leading order Lagrangian, we apply MN =
938.919 MeV,mπ = 138.04 MeV, fπ = 92.4 MeV, and gA = gπNN fπ/MN = 1.29,
which is equivalent to g2

πNN/4π = 13.67.
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Heavy Baryons Lagrangian
The chiral NN force has the general form

V2N = Vπ + Vcont,

where Vcont denotes the short-range terms represented by NN contact interac-
tions and Vπ corresponds to the long-range part associated with the pion-exchange
contributions Both Vπ and Vcont are determined within the low-momentum ex-
pansion.

Notice that the nucleon kinetic energy contributes to L(2). The above terms
determine the nuclear potential up to N2LO (with the exception of the NN
contact terms at NLO) in the limit of exact isospin symmetry.

Heavy Baryons Lagrangian
Consider now pion-exchange contributions to the potential

Vπ = V1π + V2π + V3π + . . . ,

where one-, two- and three-pion exchange (3PE) contributions V1π, V2π and V3π
can be written in the low-momentum expansion as

V1π = V
(0)

1π + V
(2)

1π + V
(3)

1π + V
(4)

1π + . . .

V2π = V
(2)

2π + V
(3)

2π + V
(4)

2π + . . .

V3π = V
(4)

3π + . . . .

Here, the superscripts denote the corresponding chiral order and the ellipses
refer to (Q/Λ)5- and higher order terms. Contributions due to the exchange
of four- and more pions are further suppressed: n-pion exchange diagrams
start to contribute at the order (Q/Λ)2n−2. Notice further that in addition to
isopin-invariant contributions there are isospin–breaking corrections.

The static 1PE potential at N3LO has the form

V
(0)

1π + V
(2)

1π + V
(3)

1π + V
(4)

1π = −
(
gA

2Fπ

)2
(1 + δ)2 τ1 · τ2

~σ1 · ~q ~σ2 · ~q
~q 2 +M2

π

.

The 2PE contributions are convenient to express as V2π in the form:

V2π = VC + τ1 · τ2 WC + [VS + τ1 · τ2 WS ] ~σ1 · ~σ2 + [VT + τ1 · τ2 WT ] ~σ1 · ~q ~σ2 · ~q

+ [VLS + τ1 · τ2 WLS ] i(~σ1 + ~σ2) · (~q × ~k)

+ [VσL + τ1 · τ2 WσL] ~σ1 · (~q × ~k)~σ2 · (~q × ~k) ,

where the superscripts C, S, T , LS and σL of the scalar functions VC , . . ., WσL

refer to central, spin-spin, tensor, spin-orbit and quadratic spin-orbit components,
respectively.
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Three-body forces
The first non-vanishing 3NF contribution appears at order ν = 3, i.e. at N2LO.

The contribution from graph (a)

V
(3)

2π =
∑
i6=j 6=k

1
2

(
gA

2Fπ

)2 (~σi · ~qi)(~σj · ~qj)
(~qi 2 +M2

π)(~qj 2 +M2
π)F

αβ
ijkτ

α
i τ

β
j ,

where ~qi ≡ ~pi ′ − ~pi; ~pi (~pi ′) is the initial (final) momentum of the nucleon i and

Fαβijk = δαβ
[
−4c1M

2
π

F 2
π

+ 2c3

F 2
π

~qi · ~qj
]

+
∑
γ

c4

F 2
π

εαβγτγk ~σk · [~qi × ~qj ] .

Further three-body contributions
The contributions from the remaining graphs (b) and (c) take the form

V
(3)

1π, cont = −
∑
i 6=j 6=k

gA
8F 2

π

D
~σj · ~qj
~q2
j +M2

π

(τi · τj) (~σi · ~qj), V
(3)

cont = 1
2
∑
j 6=k

E (τj · τk),

where D and E are the corresponding low-energy constants from the Lagrangian
of order ν = 1.

Chiral order 2N force 3N force 4N force
ν = 0 V1π + Vcont − −
ν = 1 − − −
ν = 2 V1π + V2π + Vcont − −
ν = 3 V1π + V2π V2π + V1π, cont + Vcont −
ν = 4 V1π + V2π + V3π + Vcont Established work in progress

4


