3 Renormalization Group

e Running Coupling

e Asymptotic Freedom

e Running Mass

e Renormalization Group Equations
e Scaling

o Effective Field Theory

e Wilson Coefficients
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EFFECTIVE (RUNNING) COUPLING

e’ |1
ag (i* {1+ﬁ p [€+C’} +}

Beta Function:

da o a2
Hd—uzaﬁ(a) : Bla) = f1—+ 062 (;) + -
7 odp a(HQ) da
" <E> - S l_‘ - v/a(ué) a B(a)
One Loop:

a(Q?

a(Q?) = a(ozg o)
1— 0 2: log (Q%/@3)
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5 Increases with Q2 = —g°

Virtual ff Pairsin
QED Vacuum

Charge SCREENING at Large Distances

A. Pich Renormalization Group



QCD:

ASYMPTOTIC FREEDOM

o(Q2)
A9 10g (Q2/Q2)

2

Q%) =
1- 5

10 20 50 100 200
H(GeV)
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a(Q3)
0‘(03) |Og (Q2/Q§)

Q%) =

Quantum corrections make QED irrelevant at low energies

, 2Ng — 11N
JﬁPCD = F#C <0 Qllm as(Q?) = oo
20

Quantum corrections make QCD relevant at low energies
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a(Q?) Sums the Leading Logarithms
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2 Loops  (NLO)

sums the leading [a(p3) In (Q%/3)]" and

next-to-leading  a/(13) [(1(/1%) In (Qz//zgﬂn logarithms
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RUNNING MASS

p—— = —m~(a) = —m {’71%4—72((})2—#”}

s

A. Pich Renormalization Group 8



is a “renormalized” coupling

Depends on:

e The scale:
e The scheme:

e The QED/QCD Effective Field Theory

(the number of active flavours Ng)
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QCD:

Known to 4 loops:

NF:3Z

By =—45

st

A. Pich

2

)

)

Chetyrkin, Vermaseren-Larin-Ritbergen

Bo=—-8 , [B3=-2012 | [(,=-94.46

V=76 , 13=2484 , ~4=2388.53

Good perturbative convergence

mq(1 GeV?)

= 2.30 £ 0.05
mq(M%)

Renormalization Group 10



POLE MASS M = Pole of the renormalized propagator

QED:

QCD:

A. Pich

: m=
QED _ 4 , qcp 4
I’l = ’ rl = 5
Natural definition.
° Quarks are not asymptotic states

Is there any physical quark pole 7
° is defined perturbatively

e Bad convergence of perturbation theory

Renormalization Group
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QCD MATCHING

e Matching conditions known to 3 loops:

(Chetyrkin et al, Larin et al)

e [ dependence known to 4 loops:

e as(u?) is not continuous at threshold
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RENORMALIZATION GROUP EQUATION

dimensionless observable depending on a single scale (m=0)
e Naive scaling: R(Q@?) = constant
e Renormalizable QFT: R = R[Q?/ 12, a(11?)]

R does not depend on pu:

0 oo 0 0 0
: 0 (N ou T o (')(1) ( ' o () a 0(\)

i.e. RIQ?/1?, a(p®)] = R[1,a(@?)]
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A. Pich

Mlpi a(p?), m(p?)ip] =

Mlpis apd), m(kd)i o] exp {—

Renormalization Group
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SCALING:

{en

23

M pi; a(p?), m(p

A. Pich

£ exp {/
(

%) 1]

F(< pi; o, m; )

om

(&) da 7 (a)

1?)

o

pla)

= N T(pia, m/&; p/S)

5~ Be)a g+ k(@] m o — a5 (a)] | T(epiami) = 0

} Ml (&2 12), m(E2 1) /€ i)
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EFFECTIVE FIELD THEORY

1

A

_ 1 2 I 2 2,2 I 22 2
1 (NEY ., (m< M<E)
o(¢pp — ¢p) ~ 2 X
AM?* . (mE< M)

< [ -] - X

2 B A2 s
T WED e
n=0

A. Pich Renormalization Group
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2
¢4_|_...

One-Loop: Lg = 52(09)° — 5 b¢ T G 8?/,2

A2 A2
=ltaggoe =
2
=1t g
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Wilson Coefficients:

A. Pich

Renormalization Group
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