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A. Pich

1) General Aspects of Effective Field Theory

e Dimensional Analysis
e Relevant, Irrelevant and Marginal
e Quantum Loops

e Decoupling. Matching. Scaling

2) Chiral Perturbation Theory

e Goldstone Theorem
e Chiral Symmetry
o Effective Goldstone Theory

e Massive States

Effective Field Theory



The Euler-Heisenberg Lagrangian

Light-by-light scattering in QED at very low energies (E, < m.)
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The Euler-Heisenberg Lagrangian

Light-by-light scattering in QED at very low energies (E, < m.)

e Gauge, Lorentz, Charge Conjugation & Parity constraints

e Energy expansion (E,/m.)
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The Euler-Heisenberg Lagrangian

Light-by-light scattering in QED at very low energies (E, < m.)

e Gauge, Lorentz, Charge Conjugation & Parity constraints

e Energy expansion (E,/m.)

1 vV a v b v
Left = _ZFM w =+ mt (F" F,“,)2 + ma FrFuoF7P Fou + O(F°/mg)
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The Euler-Heisenberg Lagrangian

Light-by-light scattering in QED at very low energies (E, < m.)

e Gauge, Lorentz, Charge Conjugation & Parity constraints

e Energy expansion (E,/m.)
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The Euler-Heisenberg Lagrangian

Light-by-light scattering in QED at very low energies (E, < m.)
e Gauge, Lorentz, Charge Conjugation & Parity constraints

e Energy expansion (E,/m.)
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Why the sky looks blue?

Low-energy scattering of photons with neutral atoms

E, < AE ~ ~atme K 30 ~ame K My
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Why the sky looks blue?
Low-energy scattering of photons with neutral atoms
E, < AE ~ ~atme K 30 ~ame K My

e Neutral atom + gauge invariance FHy = (E, é)

e Non-relativistic description

A. Pich Effective Field Theory



Why the sky looks blue?

Low-energy scattering of photons with neutral atoms
E, < AE~a’me < agt ~ame < Mg

e Neutral atom + gauge invariance FHy = (E, é)

e Non-relativistic description

Cie = 39 (aB2+6B)+... ,  a~O()
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Why the sky looks blue?

Low-energy scattering of photons with neutral atoms
E, < AE ~ o?’m, < aal ~ame K My

e Neutral atom + gauge invariance FHy = (E, é)

e Non-relativistic description
Ling = 3yl (6152 + Czé2> oo ) ci ~O(1)
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Why the sky looks blue?

Low-energy scattering of photons with neutral atoms
E, < AE ~ o?’m, < aal ~ame K My

e Neutral atom + gauge invariance FHy = (E, é)

e Non-relativistic description
Ling = 3yl (6152 + Czé2> oo ) ci ~O(1)

A~ calE? o o a$E?

Blue light is scattered more strongly than red one
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Dimensions

S = [ d*xL(x) [£] = E*
Lkg = 9,0'0") — m*¢'¢ [¢] = V] = [A] = E
LDirac = ¥ (i7*8, — m) [v] = E3/

[o] = E72 : M = E
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Scalar Field Theory
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Scalar Field Theory
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Scalar Field Theory
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Scalar Field Theory

A
4 2
U(1+2—>3+4)N%{1+O</\?>+...}

. E.:—%w [\ = E°

o(1+2—-3+4) ~ §{1+O(A)+...}
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Fermi Theory of Weak Interactions

—guv + quay /M3y, A<M, gy
7 2 2
q° — My, My,
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Fermi Theory of Weak Interactions

—guv + quay /M3y, A<M, gy
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q° — My, My,
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Fermi Theory of Weak Interactions

2
—guv + quay /M3y, A<M, gy
2 _m2 - M2

q° — My, My,
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Fermi Theory of Weak Interactions

e = My Miy

GE— m,5
19273

o (I —ul'oy) =

f(m,2//m,2) f(x)
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Fermi Theory of Weak Interactions

2 2
—8uv + quau /ME, <MY, gy
Z8uy T Audv/Vw =7 G

P — Mj, Miy
GZm?
L rlﬂyllljl — Fl fm2 m2 f(x 1 — 8x + 8x3 — x* —
m2 T,
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Fermi Theory of Weak Interactions

2 2
—8uv + quau /ME, <MY, gy
i L Ay

P — Mj, M,
GZm®
° r(/ — 1/,/,17,/) = F f(m%/m2) f(x) =1—8x+8x3 — x* —12x%Inx
19273 "1
_ L _ L m> T, .
Br(tm —v,e 0) = (17 > vre b)) 7r = — == 17.80%
md, T
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. . G ~
Fermi Theory of Weak Interactions 2 _ 8

= P
V2 8Mg,
—guv + quay /ME, qzﬁ"ﬁ/ guv.
e = My Miy
GZm®
- F™ 2 2 ) .
o r(l*) 7///,7///) = f(m///m,) f(x) =1—8x+8x3 — x* —12x%Inx
19273
_ - _ _ m> T, .
Br(tm —v,e 0) = (17 > vre b)) 7r = — == 17.80%
m, Ty

o o(ve” — puve) ~ GEs

Violates unitarity at high energies
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Relevant, Irrelevant & Marginal

£:ZC,'O,' e [Oi] = d;
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Relevant, Irrelevant & Marginal

ﬁIZC,'O,' 9 [Oi]:di — Ci ~

¢ Relevant (d; < 4):

I?¢2’¢3’/¢_}¢

e Marginal (d; = 4)

e Irrelevant (d; > 4):

/\CI,'—4

Enhanced by (A/E)*~¢

Suppressed by (E/N)9—*
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a(QF)

o(@) =
o Qg
T 1og (2/3)

1-p5

ﬁQED ZQf/vf >0 Qlinloa(Qz) =0

Quantum corrections make QED irrelevant at low energies
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a(QF)

o) = (@3)
1— 1 = log (Q%/Q3)
ﬁQED ZQfo >0 Qlimoa(Qz) £

Quantum corrections make QED irrelevant at low energies

2Ng — 11N
[31QCD - FTC <0 Qllmoas(Qz) = 00

Quantum corrections make QCD relevant at low energies
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QUANTUM LOOPS

£= (0 — m) ) — (T~ r (BO)() + -

5 0i 2 / d*k 1
M | nE k2 e
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QUANTUM LOOPS

£= (0 — m) ) — (T~ r (BO)() + -

5 0i 2 / d*k 1
m ~ — - -
"N Crr k- me

o Cut-off regularization: dm ~ % A’ ~m
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QUANTUM LOOPS

£= (0 — m) ) — (T~ r (BO)() + -

{ 2 . a d*k
om ~ 2Iﬁm/—(27r)4 P

q q m 5
o Cut-off regularization: dm ~ A2 N~ m
e Dimensional regularization:

Sm ~ 2 ar el log (47) + |
m am e M =+ 9 — log(4n og
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VACUUM POLARIZATION (mf # 0) T= e e

/q\/\JOW
Y
R

2e
w
€

I'l—lml(q) —_ i(iq2gu1/+ququ)

1 2 _ 2
m; — q°x(1 — x)
—&—6/0 dx x(1 — x) Iog(—2

I
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VACUUM POLARIZATION (mf # 0) T= e e
ﬂm@m inw(q) = i(-q°¢" +4q"q")

2 2e 1 2 _ 42 _
= _ ol {M + 6/ dx x(1 — x) log (—mf g x(1=x)
0

3

€

ao {1 ANe(p?) — Nr(¢*/1?)} =
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VACUUM POLARIZATION (mf # 0) T= e e

fq\/\JOW inw(q) =i (-q°g" +q"q")
(,MQ2 M2e 1 m2 — q2x(1 . X)
= —3—7:{ z +6/0 dxx(l—x)log(fT>}
ag {1 - AN(1?) = Nr(¢*/1?)} = {1-Ngr(¢*/1%)}
do «Q a2
“d_uaﬁ(a)a{51;+ﬂ2 (;) T }
o(@) ~ =)
1- 6 22 log (@2/ Q%)
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Mass-Dependent Scheme:

1
«
Ngr(q?/p?) = —Q%3—7T6/0 dx x(1 — x) log
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Mass-Dependent Scheme:

1
o)
Nr(q®/p?) = —Q§3—7T6/0 dx x(1 — x) log

12x3(1 — x)?

1
—4@? [ dx XX
hr Qf/o x m? + 112x(1 — x)
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Mass-Dependent Scheme:

1
o)
Nr(q®/p?) = —Q§3—7T6/0 dx x(1 — x) log

12x3(1 — x)?

1
—4@? [ dx XX
hr Qf/o x m? + 112x(1 — x)
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Mass-Dependent Scheme:

1
Nr(q%/p?) = Q,c o /0 dx x(1 — x) log

1
51240?/ dx
0

A. Pich

m? + 112x(1 — x)

m? — g°x(1 — x)

m? + pix(1 — x)

12x3(1 — x)?

2

b=3 Q. Ne(g®/iw?) = Qf 3 log (- q’ /1)
2 5 Hz 2, 2 g+ p?

P~ 75 QF & Nr(q™/u") ~ QF 1o P
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Mass-Dependent Scheme:

m? — g°x(1 — x)

1
a
Nr(q®/1?) = —Q§3—7T6/0 dx x(1 — x) log

m? + pix(1 — x)

12x3(1 — x)?

1
—4@? [ dx XX
hr Qf/o x m? + 112x(1 — x)

2
e B = § Q%
2 o i 2,2 , a ¢+
O B 15 Qf m? ' Nr(q”/p%) ~ Qf 157 m?
DECOUPLING (Appelquist-Carazzone Theorem)
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MS Scheme:

2 (%

1 m? — ¢?x(1 — x
Me(q?/i) = ~QF 56 [ axx(1—x) og = 1=)
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MS Scheme:

Nr(q®/p?) =

A. Pich

1 2 2
_ 1—
2& /dxx(l—x) log my q);( x)
0 W

Independent of m¢

Heavy fermions do not decouple

Effective Field Theory
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MS Scheme:

1 2 _ 2
@ ms —qg°x(1 —x
MR(@/p?) = ~QF -6 [ dx(a—x) log | L= A=
0 I
2
o 3 = g Q7 Independent of m¢
Heavy fermions do not decouple
. Ne(q?/n?) = —@F 5 log (m?/n?)

Perturbation theory breaks down
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MS Scheme:

1 p) 2
@ ms —qg°x(1 —x
MR(@/p?) = ~QF -6 [ dx(a—x) log | L= A=
0 K
2 »
o 3 = g Qs Independent of m¢
Heavy fermions do not decouple
. Mr(q®/n?) = —QF - = log (m?/1?)

Perturbation theory breaks down

SOLUTION: Integrate Out Heavy Particles

A. Pich Effective Field Theory
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MATCHING

oA

EFT with heavy fermion By = % Q2+ ﬁiight
EFT without heavy fermion B, = ﬁiight

e Two different EFTs (with and without the heavy fermion f)

e Same S-matrix elements for light-particle scattering at
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EFFECTIVE FIELD THEORY

_1 21 2712271227
L= 5(00) + 5(00) — Zm?? — S M2

| { (VE)
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EFFECTIVE FIELD

_1( 2 1( 2712271227
L= 5(00) + 5(00) — Zm?? — S M2

o(66 - 60) ~ 25 X {

(VE)*

(A/M)*

— ]

A. Pich

THEORY

)‘2
4?0
4

(m< M < E)

(m E < M)

X

Le(0) =) ¢ 0i(9)

[0i] = dj

Effective Field Theory
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One—Loop: Log = % a(0¢)> — = bq52 +c—

A2 A2
it =M thgee
AZ
=1t fgame
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PRINCIPLES OF EFFECTIVE FIELD THEORY

¢ Low-energy dynamics independent of details at high energies

e Appropriate physics description at the analyzed scale
(degrees of freedom)

e Energy gaps: 0—m<E<KM—

e Non-local heavy-particle exchanges replaced by a tower of
local interactions among the light particles

log (1/¢)

jog (M/E)

e Same infrared (but different ultraviolet) behaviour than the
underlying fundamental theory

o Accuracy: (E/M)44 2 ¢ — oS4+

e The only remnants of the high-energy dynamics are in the
low-energy couplings and in the symmetries of the EFT
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Evolution from High to Low Scales

Large 1

L(¢i) + L(¢i, P) ¢i, ®

Renormalization Group

___________ u=M ------ Matching
L(pi) + L(¢i) o}

Renormalization Group

Y

Small
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QCD MATCHING
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(k< M)
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QCD MATCHING
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QCD MATCHING

o0 o))"
m{M)(u?) = mMD(?) ¢ 1+ ) Hi(L) [57]

e Matching conditions known to 4 (3) loops:

(Chetyrkin et al, Larin et al)

e [ dependence known to 4 loops:

e ag(u?) is not continuous at threshold

A. Pich Effective Field Theory
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Wilson Coefficients:
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Wilson Coefficients:

(0i)B = Zi(e, p) (Oi(1))r
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Wilson Coefficients:

(0i)B = Zi(e, p) (Oi(1))r

d _ : =&
(“m* )<O'>R—° I Ar
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Wilson Coefficients:

(0i)g = Zi(e, 1) (Oi(1))r

d N . _ ﬂ dZ;
(o) iom=0 + o=£
d
/Ld—MCi(M)<Oi>R =0
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Wilson Coefficients:

(0i)g = Zi(e, 1) (Oi(1))r
d _ _ pdzi
(w0 )tomn=0 s o=f 2=
1 diﬂ ci(p) (Oi)r =0 (F‘
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Wilson Coefficients:
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Evolution from High to Low Scales

Large 1

L(¢i) + L(¢i, P) ¢i, ®

Renormalization Group

___________ u=M ------ Matching
L(pi) + L(¢i) o}

Renormalization Group

Y

Small
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