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Introduction
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Quantum Chromodynamics

QCD

m QCD is a SU(3)-gauge theory, which is very successful.
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Introduction
[ 1o}

Quantum Chromodynamics

QCD

m QCD is a SU(3)-gauge theory, which is very successful.

m Problem: sometimes no analytical prediction is possible even
if the theory is accurate.
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Effective Field Theories

IDEA OF EFT

Effective Field Theory is a low-energy approximation of a field
theory

We do not need quantum gravity to understand the hydrogen
atom.
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Introduction
©000

Effective Field Theories

IDEA OF EFT

Effective Field Theory is a low-energy approximation of a field
theory

We do not need quantum gravity to understand the hydrogen
atom. = Heavy degrees of freedom need not be included among
the quantum fields of an EFT

Construct an effective Lagrangian so that heavy fields do not
appear
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Effective Field Theories

CLASSIFICATION OF THE EFT

1. Complete decoupling of heavy fields

theory
“effective ‘-.amental “ level
A

The heavy fields with e.g. masses > A are "integrated out”
completely for < A: L depends only on light fields
Example: Fermi-Theory
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Effective Field Theories

EFT OF TYPE 2

m 2. Partial decoupling of the heavy fields:
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Effective Field Theories

EFT OF TYPE 2

m 2. Partial decoupling of the heavy fields:
Heavy fields do not disappear completely from EFT but their
high-momentum modes are integrated out
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Introduction
coeo

Effective Field Theories

EFT OF TYPE 2

m 2. Partial decoupling of the heavy fields:
Heavy fields do not disappear completely from EFT but their
high-momentum modes are integrated out

Application: HQET
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Effective Field Theories

EFT oF TYPE 3

m 3. Spontaneous symmetry breaking:
theory

symmetry break down
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Effective Field Theories

EFT oF TYPE 3

m 3. Spontaneous symmetry breaking:
theory

symmetry break down

m Goldstone Bosons
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Effective Field Theories

EFT oF TYPE 3

m 3. Spontaneous symmetry breaking:
theory

symmetry break down

m Goldstone Bosons
m Generally non-renormalizable
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Effective Field Theories

EFT oF TYPE 3

m 3. Spontaneous symmetry breaking:
theory

symmetry break down

m Goldstone Bosons
m Generally non-renormalizable
m Independent from specific physical realization (universality)

institut fir
I thearetische physik

Kai Walter Chiral Perturbation Theory



Introduction
oooe

Effective Field Theories

EFT oF TYPE 3

m 3. Spontaneous symmetry breaking:
theory

symmetry break down

m Goldstone Bosons
m Generally non-renormalizable
m Independent from specific physical realization (universality)

Applications: In condensed matter physics
Electroweak symmetry break down
Chiral perturbation theory 'qD
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Chiral perturbation theory
@00

Symmetries in QCD

SYMMETRIES OF QCD IN LIGHT QUARK SECTION

- N 1 a apr
ﬁocozqf(/m—m)qf—zcwc p f=1,2,3

Symmetries:
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Symmetries in QCD

SYMMETRIES OF QCD IN LIGHT QUARK SECTION

1
Locp = gr(i) — m)gr — ZGjl,Ga“” f=1,2,3
Symmetries:

m SU(3). gauge symmetry
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Locp = gr(i) — m)gr — ZGjl,Ga“” f=1,2,3
Symmetries:

m SU(3). gauge symmetry
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Symmetries in QCD

SYMMETRIES OF QCD IN LIGHT QUARK SECTION

1
Locp = gr(i) — m)gr — ZGjl,Ga“” f=1,2,3
Symmetries:

m SU(3). gauge symmetry
m P—, C—, T—-symmetry
m SU(3)F global symmetry (for m, = mg = m;)
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Chiral perturbation theory
@00

Symmetries in QCD

SYMMETRIES OF QCD IN LIGHT QUARK SECTION

Locp = gr(i) — m)gr — %Ggycaﬂ” f=1,2,3
Symmetries:
SU(3). gauge symmetry
P—, C—, T—-symmetry
SU(3)F global symmetry (for m, = myg = ms)
Chiral symmetry (for m — 0)

Def: (with P. and Pg as the projection operators)

1—’}/5

1+
qL:=Pig= 5 4 qr = Prg=—"—"¢q

2

_ o 1 )
Locp = Gri(iP)agr + Gr r(iD)ar r — ZGS” G q:
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Chiral perturbation theory
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Symmetries in QCD

SYMMETRIES OF QCD IN LIGHT QUARK SECTION

1
Locp = gr(ilD — m)qr — > G2 G f=1,2.3

4
Symmetries:
m SU(3). gauge symmetry
m P—, C—, T—-symmetry
m SU(3)F global symmetry (for m, = mg = m;)

Chiral symmetry (for m — 0)

Def: (with P. and Pg as the projection operators)

1—’}/5

1+
qL:=Pig= 5 4 qr = Prg=—"—"¢q

2
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Chiral perturbation theory
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Symmetries in QCD

CHIRAL SYMMETRY IN QCD

m Continuous symmetry of massless QCD

SU3). x SU(3)r form— 0
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Chiral perturbation theory
oeo

Symmetries in QCD

CHIRAL SYMMETRY IN QCD

m Continuous symmetry of massless QCD
SU3). x SU(3)r form— 0

m 16 conserved currents for m =0
With the Definition of the vector and axialvector currents
=AM Aa _ = Aa
Vibe = gyt g, AT = g7t s 3

A A
0V = ig [M, ;] a oA =g {M, } 15
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Chiral perturbation theory
ooe

Symmetries in QCD

GOLDSTONE BOSONS

m For equal quark masses m, = my = ms the eight vector
currents are conserved.

m Axial symmetry is explicitly broken by the quark masses.
= 8 Goldstone bosons
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Symmetries in QCD

GOLDSTONE BOSONS

m For equal quark masses m, = my = ms the eight vector
currents are conserved.
m Axial symmetry is explicitly broken by the quark masses.
= 8 Goldstone bosons
Y
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Construction of an effective Lagrangian

CHIRAL PERTUBATION THEORY

S.WEINBERG: Physica A 96,327 (1979)

. if one writes down the most general possible Lagrangian,
including all terms consistent with assumed symmetry principles,
and then calculates matrix elements with this Lagrangian to any
given order of perturbation theory, the result will simply be the
most general possible S-matrix consistent with analyticality,
perturbative unitarity, cluster decomposition and the assumed
symmetriy principles. ..
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Construction of an effective Lagrangian

CHIRAL PERTUBATION THEORY

S.WEINBERG: Physica A 96,327 (1979)

. if one writes down the most general possible Lagrangian,
including all terms consistent with assumed symmetry principles,
and then calculates matrix elements with this Lagrangian to any
given order of perturbation theory, the result will simply be the
most general possible S-matrix consistent with analyticality,
perturbative unitarity, cluster decomposition and the assumed
symmetriy principles. ..

m Poincaré-invariant, C, P, T, isospin symmetry, chiral
symmetry...
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Construction of an effective Lagrangian

CHIRAL PERTUBATION THEORY

S.WEINBERG: Physica A 96,327 (1979)

. if one writes down the most general possible Lagrangian,
including all terms consistent with assumed symmetry principles,
and then calculates matrix elements with this Lagrangian to any
given order of perturbation theory, the result will simply be the
most general possible S-matrix consistent with analyticality,
perturbative unitarity, cluster decomposition and the assumed
symmetriy principles. ..

m Poincaré-invariant, C, P, T, isospin symmetry, chiral
symmetry...
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Construction of an effective Lagrangian

CHIRAL PERTUBATION THEORY

S.WEINBERG: Physica A 96,327 (1979)

. if one writes down the most general possible Lagrangian,
including all terms consistent with assumed symmetry principles,
and then calculates matrix elements with this Lagrangian to any
given order of perturbation theory, the result will simply be the
most general possible S-matrix consistent with analyticality,
perturbative unitarity, cluster decomposition and the assumed

symmetriy principles. ..

m Poincaré-invariant, C, P, T, isospin symmetry, chiral

symmetry...
m Causality
m Conservation of the Probability (> [(f|S|i)|*> = 1) q:
f in;titu\!ur
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Construction of an effective Lagrangian

CHIRAL PERTUBATION THEORY

S.WEINBERG: Physica A 96,327 (1979)

. if one writes down the most general possible Lagrangian,
including all terms consistent with assumed symmetry principles,
and then calculates matrix elements with this Lagrangian to any
given order of perturbation theory, the result will simply be the
most general possible S-matrix consistent with analyticality,
perturbative unitarity, cluster decomposition and the assumed

symmetriy principles. ..

m Poincaré-invariant, C, P, T, isospin symmetry, chiral

symmetry...
m Causality
m Conservation of the Probability (> [(f|S|i)|*> = 1) q:
f in;titu\!ur

m local field theory
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Construction of an effective Lagrangian

CoNTRUCT A xPT

To construct an effective Lagrangian, we need

m The most general effective Lagrangian
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Construction of an effective Lagrangian

CoNTRUCT A xPT

To construct an effective Lagrangian, we need

m The most general effective Lagrangian

m Counting scheme for perturbative description of a general
Lagrangian
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Chiral perturbation theory
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Construction of an effective Lagrangian

CoNTRUCT A xPT

To construct an effective Lagrangian, we need

m The most general effective Lagrangian

m Counting scheme for perturbative description of a general
Lagrangian

m Expression of Lagrangian via pion fields because degrees of
freedom are no longer quarks.
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Construction of an effective Lagrangian

CoNTRUCT A xPT

To construct an effective Lagrangian, we need

m The most general effective Lagrangian

m Counting scheme for perturbative description of a general
Lagrangian

m Expression of Lagrangian via pion fields because degrees of
freedom are no longer quarks.

m Invariance of Lagrangian under the chiral transformation for
m—0
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Chiral perturbation theory
0®000000000000000000

Construction of an effective Lagrangian

CoNTRUCT A xPT

To construct an effective Lagrangian, we need

The most general effective Lagrangian

m Counting scheme for perturbative description of a general
Lagrangian

Expression of Lagrangian via pion fields because degrees of
freedom are no longer quarks.

m Invariance of Lagrangian under the chiral transformation for
m—0

Mass terms that break the chiral symmetry
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Construction of an effective Lagrangian

CoNTRUCT A xPT

To construct an effective Lagrangian, we need

m The most general effective Lagrangian

m Counting scheme for perturbative description of a general
Lagrangian

Expression of Lagrangian via pion fields because degrees of
freedom are no longer quarks.

m Invariance of Lagrangian under the chiral transformation for
m— 0

Mass terms, that break the chiral symmetry
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Construction of an effective Lagrangian

PERTURBATIV PARAMETER

We need a small parameter to construct a perturbative theory
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Chiral perturbation theory
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Construction of an effective Lagrangian

PERTURBATIV PARAMETER

We need a small parameter to construct a perturbative theory

momentum, mass!
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Chiral perturbation theory
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Construction of an effective Lagrangian

PERTURBATIV PARAMETER

We need a small parameter to construct a perturbative theory
momentum, mass!

the most general effective Lagrangian in momentum dimension:

Legf=Lo+La+ Lo+ ...

There are no terms L5,+1 because of the Lorentz-invariance.
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Chiral perturbation theory
000®0000000000000000

Construction of an effective Lagrangian

PERTURBATIV PARAMETER

We need a small parameter to construct a perturbative theory
momentum, mass!
the most general effective Lagrangian in momentum dimension:

Legf=Lo+La+ Lo+ ...

There are no terms L5,+1 because of the Lorentz-invariance.

nv nv
ngg Puby }scalar Wif PuPvPp }vector. .
€ PrPvPpPo € PPy PpPoPr
theoretische physik
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Chiral perturbation theory
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Construction of an effective Lagrangian

WEINBERG’S COUNTING SCHEME

Analysis of a given diagram under a linear rescaling of all external
momenta p; — t - p;
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Chiral perturbation theory
0000®000000000000000

Construction of an effective Lagrangian

WEINBERG’S COUNTING SCHEME

Analysis of a given diagram under a linear rescaling of all external
momenta p; — t - p;

= M(tpi) = t° - M(p)

with D =2+ 2(n—1)Noy + 2N,

n=1

Na, : Number of vertices in the order O(p>")
Ni: Number of loops
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Chiral perturbation theory
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Construction of an effective Lagrangian

DIAGRAM SORTATION VIA POWER COUNTING SCHEME

D =2, O(p?) Noy =0, N =0 ____ . free propagator

D=4,0p"Y N=1 N =1 one loop
one vertex O(p?)

Ny=1, N, =0 @ no loop

one vertex O(p*)
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Chiral perturbation theory
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Construction of an effective Lagrangian

DIAGRAM SORTATION VIA POWER COUNTING SCHEME

D=6 No=1N; =2 two loops
one vertex O(p?)

No =2 N, =2 two loops
two vertices O(p?)

Ny=1N, =1 ;‘; one loop, 'q)
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Chiral perturbation theory
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Construction of an effective Lagrangian

CoNTRUCT A xPT

To construct an effective Lagrangian, we need

m The most general effective Lagrangian

m Counting scheme for perturbative description of a general
Lagrangian

m Expression of Lagrangian via pion fields because degrees of
freedom are no more quarks.

m Invariance of Lagrangian under the chiral transformation for
m— 0

m Mass terms, that break the chiral symmetry
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Chiral perturbation theory
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Construction of an effective Lagrangian
T

m Expression of Lagrangian with the meson-fields ¢, =

Problem: transformation matrix V| and Vg € SU(3)
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Chiral perturbation theory
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Construction of an effective Lagrangian

T
m Expression of Lagrangian with the meson-fields ¢, =
Problem: transformation matrix V| and Vg € SU(3)
m Solution: parametrize the fields with Gell-Mann-matrices

8 70+ %n V2rt V22K
00 =Y Nada(x) = | V2r =m0+ dan V2K
a=1

_ 0 2
V2K V2K —3"
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Chiral perturbation theory
00000000@00000000000

Construction of an effective Lagrangian

at
m Expression of Lagrangian with the meson-fields ¢, =

Problem: transformation matrix V| and Vg € SU(3)
m Solution: parametrize the fields with Gell-Mann-matrices

0+ Lyg V2nt V2K
8 V3
00 =Y Nada(x) = | V2r =m0+ dan V2K
a=1

_ 0 2
V2K V2K —3"

m Transformation of ¢(x)? — nonlinear!
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Chiral perturbation theory
00000000@00000000000

Construction of an effective Lagrangian
T

m Expression of Lagrangian with the meson-fields ¢, =

Problem: transformation matrix V| and Vg € SU(3)

m Solution: parametrize the fields with Gell-Mann-matrices
4o Vot V2KT

8
B(x) = Nada(x)= | V2r  —a%+ Jen V2KO
a=1 V2K=  VaRY 2y

m Transformation of ¢(x)? — nonlinear!
m Solution: Definition of a new field matrix U(x)

Ute) = o (1202 .

thearetische physik
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Chiral perturbation theory
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Construction of an effective Lagrangian

m Transformation of U(x):
U'(x) = VRU(X)V]

linear!
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Chiral perturbation theory
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Construction of an effective Lagrangian

m Transformation of U(x):
U'(x) = VRU(X)V]

linear!

This is a standard procedure for implementing a symmetry
transformation on Goldstone fields.
Further reading: (Coleman Phys.Rev.177:2239-2247,1969)
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Chiral perturbation theory
000000000®0000000000

Construction of an effective Lagrangian

m Transformation of U(x):

U'(x) = VRU(X)V]
linear!

This is a standard procedure for implementing a symmetry
transformation on Goldstone fields.

Further reading: (Coleman Phys.Rev.177:2239-2247,1969)
Further constituents in Lagrangian:

m D, U(x): Derivative of fields
m £, fL: Field strength tensor of external fields
m x = 2B - M: Mass matrix with parameter B
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Construction of an effective Lagrangian

LEGO-BRICKS OF CHIRAL PERTURBATION THEORY

= ¥ L =0(p?)

m
((
:(
-~
Tx
Il
o
—~
<
N
N—r

]
¢
)
®
<
Il
©
3
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Chiral perturbation theory
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Construction of an effective Lagrangian

CoNTRUCT A xPT

To construct an effective Lagrangian, we need

m The most general effective Lagrangian

m Counting scheme for perturbative description of a general
Lagrangian

Expression of Lagrangian via pion fields because degrees of
freedom are no longer quarks.

m Invariance of Lagrangian under the chiral transformation for
m— 0

Mass terms, that break the chiral symmetry
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Construction of an effective Lagrangian

we have lego-bricks and we know how the theory

- = s looks like (Symmetries)

C
(W4
(04
¢
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Chiral perturbation theory
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Construction of an effective Lagrangian

we have lego-bricks and we know how the theory

v o % = looks like (Symmetries)

approximate!
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Construction of an effective Lagrangian

TRANSFORMATION OF LEGO-BRICKS

Transformation of the pion-fields U(x) and D, U(x):

U'(x) = VRU(x) V] [D,U(X)) = Vr[D,U(X)]V/,
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Construction of an effective Lagrangian

TRANSFORMATION OF LEGO-BRICKS

Transformation of the pion-fields U(x) and D, U(x):

U'(x) = VRU(x) V] [D,U(X)) = Vr[D,U(X)]V/,

of the external field

(FRY = VaER VL, (L) = vifL vy,
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Chiral perturbation theory
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Construction of an effective Lagrangian

TRANSFORMATION OF LEGO-BRICKS

Transformation of the pion-fields U(x) and D, U(x):

U'(x) = VRU(x) V] [D,U(X)) = Vr[D,U(X)]V/,

of the external field

(FRY = VaER VL, (L) = vifL vy,

and of the mass matrix x with spurion analysis:

X = VexV]

institut fir
I thearetische physik

Kai Walter Chiral Perturbation Theory
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000000000000000 0000

Construction of an effective Lagrangian

TRANSFORMATION OF LEGO-BRICKS

element G C P order
U(x) VRU(X) V] uT ut | o(p°)
DLU(X) | VRIDLUIV] | (D,U)T | (DLU)T | O(pY)
X Vex V] x" X' o)
£ [ v [T e o6
f? A (f) f O(p*)
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Chiral perturbation theory
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Construction of an effective Lagrangian

TRANSFORMATION OF LEGO-BRICKS

element G C P order
U(x) VRU(X) V] uT ut | o(p°)
DLU(X) | VRIDLUIV] | (D,U)T | (DLU)T | O(pY)
X Vex V] x" X' o)
£ [ v [T e o6
f? A (f) f O(p*)

Possible combination
s Tr(UUY), Tr(UUDTr(UUY). ..,
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Chiral perturbation theory
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Construction of an effective Lagrangian

TRANSFORMATION OF LEGO-BRICKS

element G C P order
U(x) VRU(X) V] uT ut | o(p°)
D, U(x) | VRIDLU()V] | (D,U)T | (DU | O(pY)
X Vex V] x" X' o)
£ [ v [T e o6
f? A (f) f O(p*)

Possible combination

s Tr(UUY), Tr(UUDTr(UUY). ..,
Tr(U'U'T) = Tr(VRUV, VL UT VL) = Tr(UUY) v
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Chiral perturbation theory
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Construction of an effective Lagrangian

TRANSFORMATION OF LEGO-BRICKS

element G C P order
U(x) VRU(X) V] uT ut | o(p°)
D, U(x) | VRIDLU()V] | (D,U)T | (DU | O(pY)
X Vex V] x" X' o)
£ [ v [T e o6
f? A (f) f O(p*)

Possible combination
s Tr(UUY), Tr(UUDTr(UUY). ..,
Tr(U'U'T) = Tr(VRUV, VL UT VL) = Tr(UUY) v
= Tr(D,U(D*U)!), Tr(D,U(D*U)")Tr(D, U(D* U)T). ..
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Construction of an effective Lagrangian

TRANSFORMATION OF LEGO-BRICKS

element G C P order
U(x) VRU(X) V] uT ut | o(p°)
D, U(x) | VRIDLU()V] | (D,U)T | (DU | O(pY)
X Vex V] x" X' o)
£ [ v [T e o6
f? A (f) f O(p*)

Possible combination
s Tr(UUY), Tr(UUDTr(UUY). ..,
Tr(U'U'T) = Tr(VRUV, VL UT VL) = Tr(UUY) v
= Tr(D, U(D*U)T, Tr(D, U(D*UYHTH(D, U(D* U)) . ..
m Tr(xUT), Tr(UxT), ... _qa
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Chiral perturbation theory
000000000000000 0000

Construction of an effective Lagrangian

TRANSFORMATION OF LEGO-BRICKS

element G C P order
U(x) VRU(X) V] uT ut | o(p°)
D, U(x) | VRIDLU()V] | (D,U)T | (DU | O(pY)
X Vex V] x" X' o)
£ [ v [T e o6
f? A (f) f O(p*)

Possible combination
s Tr(UUY), Tr(UUDTr(UUY). ..,
U'U) = Tr(VRUV] VL UTVE) = Tr(UUT) v
= Tr(D,U(D*U)1), Tr(D, U(DU)")Tr(D, U(D* U)1) ...

Tr(
(
m Tr(xUT), Tr(UxT), ...
m Tr(£RFEY), Tr(URL UTEEY) Iqai”h;‘“"””h oo
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Chiral perturbation theory
0000000000000000e000

Construction of an effective Lagrangian

LOWEST ORDER CHIRAL LAGRANGIAN

O(p?)  Tr(D,U(D*V)T)
Tr(xUT), Tr(Ux')
Tr(UFLUT) =Tr(fL) =0

v

institut fir
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Chiral perturbation theory
0000000000000000e000

Construction of an effective Lagrangian

LOWEST ORDER CHIRAL LAGRANGIAN

O(p?)  Tr(D,U(D*V)T)
Tr(xUT), Tr(Ux')
Tr(UFLUT) =Tr(fL) =0

v

THE CHIRAL LAGRANGIAN AT LOWEST ORDER

Ly = FTiTr[D# U(D*U)1] + FT‘iTr(XUT + Uxh)
= Lmip,u(D* V)] + R T(MUT + UMb

institut fir
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Chiral perturbation theory
00000000000000000800

Construction of an effective Lagrangian

THE CHIRAL LAGRANGIAN AT NLO

O(p*):  Te(D.U(D,U))Tr(DHU(DY U)), Tr(£ £57), Tr(UFL UTELY)

andsoon ...

e physik
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Chiral perturbation theory
00000000000000000800

Construction of an effective Lagrangian

THE CHIRAL LAGRANGIAN AT NLO

O(p*):  Te(D.U(D,U))Tr(DHU(DY U)), Tr(£ £57), Tr(UFL UTELY)

andsoon ...

CHIRAL LAGRANGIAN AT NLO

Lo= Ly {Tr[DH u(D" U)T]}2 + LTe[D, U(D, U){TY[D" U(D* U)1]
LsTr[D, U(D"U)' D, U(D” U)'] + Ly Tr[D, U(D* U) | Tr(x U' + Ux'
+ LTDLUD U) (U + Ux )]+ Ls [Tr(UT + U]
v L [Tr(xuT - UXT)}2 + LeTr(Ux T UxT + xUTx U)
— iLeTr[fR D*U(D” U) + L, (D" U)' D" U] + LioTr(UFL, UT£2¥)
+  HTARL Y + o ] + HaTr[xx '] —
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Chiral perturbation theory
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Construction of an effective Lagrangian

CHIRAL LAGRANGIAN AT NNLO

LAGRANGIAN

m  tneoretische physik
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Chiral perturbation theory
00000000000000000080

Construction of an effective Lagrangian

CHIRAL LAGRANGIAN AT NNLO

CHIRAL LAGRANGIAN AT NNLO

too many terms!

m  tneoretische physik
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Chiral perturbation theory
0000000000000000000e

Construction of an effective Lagrangian

NUMBER OF THE PARAMETER IN YPT

Order 2 flavour 3 flavour
parameter | number | parameter | number
p2 F, B 2 Fo, Bo 2
p* I7, h! 7+3 L7, Hf 1042
p° c/ 52+4 C’ 90-+4

there are two types of terms:

m Terms with low energy constant (LECs)

m Contact terms
contain no pion-fields = no physical relevance
required for the renormalization of the loop-contribution

institut fir
I thearetische physik

Kai Walter Chiral Perturbation Theory



Application
®0000

Pion masses

P1oN MASSES AT LLO

Lagrangian at leading order:
_F t i f
Lo = Tr[a U@*u)'"l + —Tr(MU" + UMT")

m=m, = md. mass of the up- and down quark
ms: mass of the strange-quark
expansion of U(x) in O(¢?)

2
U()-exp(é)-l—i—é—ﬁ__z with ¢ = A\,¢,
=L, =
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Application
®0000

Pion masses

P1oN MASSES AT LLO

Lagrangian at leading order:

Ly = _Fs Tr[é)ﬂU(é)“U)T] + L2Tr(MUT + UMT)

m=m, = md. mass of the up- and down quark
ms: mass of the strange-quark
expansion of U(x) in O(¢?)

2
) =ep (1f) SLHiE g viths =,
=Ly = %(Ouﬂﬁa)(a“qf)a)
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Application
®0000

Pion masses

P1oN MASSES AT LLO

Lagrangian at leading order:
_F t i f
Lo = Tr[a U@*u)'" + ——Tr(MU" + UMT")

m=m, = md. mass of the up- and down quark
ms: mass of the strange-quark
expansion of U(x) in O(¢?)

2
U()_eXp<lﬁ))_l+lﬁ)_2¢F2”' with ¢ = A\,¢,
S L2 = L (0,02)(0"6)

— mBy (2™ + 7%7°%) — (m+ m)BoK K,
070 1 2 wnnmgwh b
= (m+ ms)BoK°K® — =(m + 2ms) Bon
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Pion masses

P1oN MASSES AT LLO

2_ 2

M2 = 2Bym M% = Bo(m + ms) M, 3Bo(m +2mg)

7
These masses satisfy the Gell-Mann-Okubo relation:

4AMg = 3M3 + M3 v
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Application

0@000
Pion masses

P1oN MASSES AT LLO

2
M2 = 2Bym M% = Bo(m + ms) M2 = gBo(m +2mg)

These masses satisfy the Gell-Mann-Okubo relation:

4AMg = 3M3 + M3 v

Theoretical prediction of the quark masses is not possible because
of Bp, but the ratio:
Mg _ m+ms ms _ MZ _ 2me+m ms _
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Application
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Pion masses

P1oN MASSES AT NLO

Lp—q = L3+ L5
Mass at NLO: M? = M3 + £ (p?)
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Application
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Pion masses

P1oN MASSES AT NLO

Lp—q = L3+ L5
Mass at NLO: M? = M3 + £ (p?)

m Contact contribution:
taylor expansion of chiral Lagrangian £4 in O(¢?)

2
.= ay + b¢p
# institut fir
theoretische physik
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Application
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Pion masses

P1oN MASSES AT NLO

KON

m Loop contribution:
Taylor expansion of L5 in O(¢*) + loop integral of the form:

/d“k i
(2m)4 k2 — M2

Renormalization with the method of dimensional regularization +
redefinition of the low-energy constants

2) _ 2 p
2(p%) = As + Byp



Application
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Pion masses

PION MASSES AT NLO

PION MASS AT NLO

M? M? M? M?
2 2 T2 T2 7,2 7,2
M2, = M2, {1+32 2F2'”<M2>_96 2F2|n< 2)

16
= [2m+ my)B(2L; - L7) + mB(2L; — Lg)]}

<

. . . 2 . . .
w: renormalization scale, my In(mg): chiral logarithm

/4 is not a new parameter!!
2
dM; 4
= 0
dp :I:
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Application
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m-m-scattering

APPLICATION 2: m-m-SCATTERING AT LO

r xPT

s s

described by a contact
interaction
easy to calculate the scattering

amplitude
# institut for
theoretische physik

Kai Walter Chiral Perturbation Theory

loops, gluon propagator . ..
including nonperturbative
interactions




Application
oeo00

m-m-scattering

LAGRANGIAN AT LO

Lo = TTr (9uv0rut) + TTr (' + uxf)

3
_ B(x) _ . a0 V2rt
U(x) = exp <: =) ¢ = ;wa = o o
Lagrangian must contain four fields: Expand £; in O(¢*)

16 1 - T ou7 ™ Zoany M72r 52)2
o ks (5105505570509
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m-m-scattering

SCATTERING AMPLITUDE

2

1 Mz
£g¢ - ﬁ (Sab(scd(baau(ﬁbd)cau(ﬁd - 6ab5c‘d¢a¢bau¢ca“¢d)+ﬁ5ab5cd¢a¢b¢c¢d

to calculate the scattering amplitude
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Application
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m-m-scattering

SCATTERING AMPLITUDE

2

(Sab(scd(baau(ﬁbd)cau(ﬁd - (5ab5c‘d¢a¢bau¢cau¢d) +£6ab5cd¢a¢b¢c¢d

L3 =
2 24F2

1
6F?
to calculate the scattering amplitude

Fourier trasformation (0,¢; — ipj¢;i):

—02b0cd PbPdPaPbPcPd
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m-m-scattering

SCATTERING AMPLITUDE

2

(Sab(scd(baau(ﬁbd)cau(ﬁd - (5ab5c‘d¢a¢bau¢cau¢d) +£6ab5cd¢a¢b¢c¢d

L3 =
2 24F2

1
6F?
to calculate the scattering amplitude

Fourier trasformation (0,¢; — ipj¢;i):

—02b0cd PbPdPaPbPcPd
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m-m-scattering

SCATTERING AMPLITUDE

2

M,
s 6ab5cd¢a¢b¢c¢d

1
L= e (aabacmaamma%" - 6ab5cd¢a¢b3u¢fa”¢d) 24F>

to calculate the scattering amplitude

Fourier trasformation (0,¢; — ipj¢;i):

—0ab0cd PbPd PaPbPc P
Symmetrize the vertex:

1
— [(Pa + Pb)(Pc + Pd)dabdcd + (Pa + Pc)(Pb + Pd)dacObd + (Pa + Pa)(Pb + Pc)dadObc] Padbdcdd

12
. theoretische physik
for on-shell pion

Kai Walter Chiral Perturbation Theory
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m-m-scattering

SCATTERING LENGTH

Prediction of the s-wave scattering length:

7M?2 M2

0 T 2 s

= =0.156 = — = —0.045
0 327 F2 ’ 0 167 F2

For F =93.2 MeV and M, = 139.57 MeV
Calculation until order p°® done by Bijnens et al.

a3 = 0.156 4 0.044 4+ 0.017 = 0.217

oP?)  O(p*) O(p°)

data from experiment (M. Kermani et al. [CHAOS Collaboration])

{

ad = 0.216 + 0.013(stat) & 0.008(syst) 'l:P

titut for
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Conclusion

CONCLUSION

m xPT is a EFT with spontaneous breakdown of chiral
symmetry.

m Low-energy QCD described by the nonlinear realization of the
pion-fields U(x) = exp (i’\a¢3)

F2
m There are some lego bricks of the yPT.
U)o pux) P, R gy
m Weinberg's power counting scheme for sortation of Feynman
diagrams.

m Advantages:

m Analytical examination of the non-perturbative regime of QCD
m No complicated calculations
m Universality of Lagrangian

m Disadvantage ‘q) ,
Thearatiscno physik

m A lot of low-energy constants
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Conclusion

Thank you for your attention!
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