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Mission impossib le:

how to keep students away from the beach

This is a very complex problem and the solutions are not going
to be easy and aren’t going to be realized overnight, but we are
putting mechanisms in place that we believe will have a major
impact on easing the tensions within the beach community
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Whic h option for these lectures?

Feynman quoting Gibbons:

Thepowerof instructionis seldomof
much efficacyexceptin thosehappy
dispositionswhere it is almost
superfluous

Gell-Mann on Feynman

no,Dick’s methodsarenot thesameasthemethodsused
here. Dick’smethodis this. Youwrite downtheproblem.
You think veryhard. Thenyouwrite downtheanswer
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THE GREAT SUCCESS of modern par tic le physics is based
on the possibility of describing the fundamental structure

and behavior of matter within a theoretical frame work
called the standar d model
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1 FromLagrangians
2 to renormalizationandHiggsPhysics,

what else, but the inevitable!
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(1, 2, 3,)
1 Our goal: New Physics
2 No SMbackgroundcangiverise to a sharppeak(but

for W � Z � t . all sourcesgiverise to a continuum
spectrum.

3 Cautionis demandedin assumingthatweknowall
that is neededin accuratelypredicttheproperties
of LHC final states.
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The New Standar d Model?

Fundamental theor y of TeV scale?

Thefirst stepin uncoveringtheNSMwill betherediscovery
of theOSMat 14 TeV. Manydiscrepanciesbetween
dataandSMpredictionswill likely beuncoveredmost
of which will notbesignalsof New Physics.Ultimately,
weseektheeffective

�
TeV but thisgoal will notbe

immediatelyattainable.



�

Motiv ations Intr oduction QED

Challeng e

Problem
HO perturbative QFT is a
rather challenging field
requiring:
clever ideas and algorithms

Example

�
� �

� �
� �

�

Solutions
importing new ideas
from twistor
developments into QCD

new ideas from QCD
into EW physics to
confront the practical
difficulties there,

especially as concerns
massive Feynman
diagrams.
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Comple xity of an NLO(NNLO) process

(1, 2, 3,)
1 A variety of important

processes will benefit
from NLO(NNLO)
computations

2 some in conjuction with
resummation of large
logs

3 Ideally, one would like a
NLO(NNLO) program
that mimic the
experimental situation

Comple xity: n � growth

Different amplitudes interfere

(a, b, c,)

1 virtual � tree
2 virtual � real
3 real � real

Example

(b) (c)(a)
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NNLO flo wchar t

Feynman
Rules

Feynman
Diagrams

One
Loop

Symbolic
Packages

One
Loop

Two
Loop

IR
Configurations

Full
Amplitude

Renormalization

Numerical
Integration

Tensor
Reduction

Monte
Carlo

Clever
Algorithms

Generalized
Smoothness Sector

Decomposition
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How to beat comple xity?

Problems
Memory

Performance

Software

Levels
Analytic (approximations?):
symbolic programs

Numerical:
stability  cancellations

3-loop 4-graviton ! 1021 terms / diag

Example

parallelization

automatization

standardization
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Concept of renormalization

Lagrangian�$#
x % � x & parameters

Born
no ambiguity

one data ' fix x

compare with
experiment(s)

Loops

x(experiment) more
complicated

xloops ( xtree &*)
upshot

Use dimensional regularization
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Counter - term I

Lagrangian

Because corrected x and tree x are so different

CT
one introduces the
notion of counter-term

L
in the Lagrangian
x ' x

#
1 -/. x %

upshot. x is chosen such that x remains in the neighborhood of the
tree x . The only thing that ever emerges in the confrontation
with the data is x

#
1 -0. x %
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Counter - term II

. x
In order to have meaningful communication it is necessary,
when talking about x , to specify what . x is used

Schemes
Stating one’s conventions is termed renormalization scheme

Example

prescribe what x is;

prescribe what . x is.
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Schemes

QED
In the older days of QED method 1 was preferred

The convention was to prescribe x and to use for that
some very well defined experimental quantity; . x is then
obtained from the data including radiative corrections

A case in point

Electron mass. m
#
1 -0. m % is the bare mass and m itself the

experimental mass

Example

Method 1 has the advantage of not being dependent on the
choice of RS, but it offers a problem when there is no clear,
precisely known experimental quantity that can play the role of
defining x .
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Renormalization I

The renormalization idea:
Experimentally one observes never the lowest order alone,
but the sum of all orders.

Up to first order, the mass in a propagator is m
#
1 -0. m %

and that is what the experimenter observes.

Therefore, m is the observed mass and the theory makes
no predictions about the mass. It is a free parameter, and it
must be fixed by comparing the results of the theory with
the observed data.

The most impor tant question is:

do all infinities of the theory appear in combination with a few
parameters? If this is the case we call the theory
renormalizable else, non-renormalizable.
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Renormalization II

Example

We start by assuming the existence of some cutoff 6 , above
which the theory eventually changes. The question now is what6 -depemdent effects could we expect at low energy,
characterized by some energy scale E 786 .

UV
In working out perturbation theory (in some coupling constant
g) we will encounter series in the variable g 6 2 9 E2. In a
non-renormalizable theory any measurable quantity will
correspond to a series that at sufficiently high order diverges as6:';) ,

g l a0 - a2g2 -0<=<=<>- akgk 6
E

2 - ak ? 2gk ? 2 6
E

4 -0<=<=< �
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Renormalization III

Example

consider the leptonic part of the Fermi theory of weak
interactions,

� & GF jA j BA � GF & g2

m2
p

� g2 C 10 D 5 �
JE &

l

F
l G E # 1 - G 5 % l H

Consider F ee elastic scattering.

Example

In lowest order the result is proportional to g2,

however in next order we have three diagrams proportional
to g4 6 2 9 E2.
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Renormalization IV

The 6 effect
is not measurable at low energies simply because through
renormalization of g this effect can be transformed away.

Example

Another amplitude suffering large corrections is that forJ -decay.

The situation is precisely as before but the series has
different coefficients and the renormalization of g on the
basis of F ee scattering will not neutralize the series forJ -decay.
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Renormalization V

1

Thus now the corrections become observable and we can rule
out the values of 6 larger than E 9 g.

2

In a renormalizable theory the cutoff dependence is not
observable and can be absorbed in the parameters of the
theory, e.g. coupling constants and masses.



M

Motiv ations Intr oduction QED

Renormalization V

1

Thus now the corrections become observable and we can rule
out the values of 6 larger than E 9 g.

2

In a renormalizable theory the cutoff dependence is not
observable and can be absorbed in the parameters of the
theory, e.g. coupling constants and masses.
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Gauge invariance

The quantum-mec hanical counterpar t

of the subsidiary condition that restricts the solutions in the
classical theory, e.g. OPA AA & 0, is that

OQA AA
is a free field that decouples, i.e. does not interact with matter.

To get rules for diagrams in a gauge theory, including the
abelian one, difficulties manifest in the fact that the matrix
that defines the propagator of the theory has no inverse.
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QED

ExampleS
Consider for instance the following Lagrangian:

� & ( 1
4

FAPT F AUT ( 1
2
� M2AA AA H

The propagator for the field AA is given by the inverse of
VAPT & ( # p2 - M2 %V. AUT - pA pT which has a simple solution

V D 1AUT & 1#
2WX% 4 i

1
p2 - M2 .YAUTZ- pA pT

M2 H
The gauge invariant theory corresponding to M & 0 is therefore
singular since V is singular.
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QED

If, due to gaug e invariance ,

a Lagrangian is singular, then a good Lagrangian can be
obtained by

adding a term ( 1 9 2 C2 where C behaves non trivially with
respect to the gauge transformation, C ' C - t 6 .

Here t is an operator that may contain derivatives and be
field-dependent.

C will appear to be a free field and successively we must
introduce the so-called Faddeev–Popov ghost fields to
compensate for its introduction.
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QED

A gaug e-fix ed

Lagrangian for QED is given by

�
QED & ( 1

4
FAUT FAUT ( 1

2
#^]

A % 2
(

f

_
f
# 9O ( ieQf

9A - mf % _ f �

FAPT & OPA AT ( OPT AA � ]
A & ( 1` OQA AA �

and where the sum runs over the fermion fields.
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QED

Each fermion has
a charge, eQf , e, being the charge of the positron,

and mass mf .

Within the SM we have leptons with charge Ql & ( 1,
up-quarks with Qf & 2

3 , and down-quarks with charge
Qf & ( 1

3 .



b

Motiv ations Intr oduction QED

FR

The Feynmanc rules of QED

are particularly simple. They can be summarized as follows:

p '
1#

2WX% 4 i
( i 9p - mf

p2 - m2
f ( i d �J F

1#
2WX% 4 i

1
p2 ( i d . AUT - ` 2 ( 1

pA pT
p2

�
J #

2WX% 4 i ieQf G AeH
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SM Lagrangian Confr onting with the infinities Renormalization again

Basic

EW
The electroweak theory is based on SU

#
2 %h� U

#
1 % and we must

discuss the field content of this theory in terms of
representations of the group itself.

YM

There is a triplet of vector bosons BaA , a singlet B0A , a complex
scalar field K , fermion families, and Faddeev–Popov
ghost-fields (hereafter FP) X i � Y Z � Y A. The physical fields Z
and A are related to B3A and B0A by a rotation in terms of the so
calledweak-mixing angle.
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SM

The scalark field
in the minimal realization of the SM is

K & 1l
2

m
l

2i n D � m & H - 2
M
g
- i n 0 �

where by H we denote the physical Higgs boson and moreover
M and g are Lagrangian parameters corresponding to the bare
W mass and to the SU

#
2 % bare coupling constant.

Total
�

SM

The total Lagrangian will be the sum of various pieces.
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SM�
YM - � S

with the standard Yang–Mills terms given by

�
YM & ( 1

4
F aAPT F aAUT ( 1

4
F 0APT F 0APT �

The minimal Higgs sector

�
S & ( # DA K % ? DA K ( J 2K ? K ( 1

2
p

K ? K 2 �
where

prq
0 and SB requires J 2 s 0. SB is the mechanism of

introducing masses for the vector bosons through the shift in
the scalar field that allows for s H

q & 0. The remaining
degrees of freedom in K will be non-physical and connected
with the longitudinal polarizations of the spin 1 particles.



t

SM Lagrangian Confr onting with the infinities Renormalization again

SM

Moreo ver

F aAUT & O A BaT ( O T BaA - g u abcBbA BcT �
F 0AUT & OQA B0T ( OPT B0A �

and

DA K & O A ( i
2

gBaAwv a ( i
2

gg1B0A K �
with the standard Pauli matrices v a and g1 & ( sx 9 cx .



y

SM Lagrangian Confr onting with the infinities Renormalization again

SM

�
YM ( # DA K % ? DA K and

� I
S

�
YM ( # DA K % ? DA K & �

0 - M
ZA
cx OQAzn 0

- W ?A OQAznhD{- W DA OPAen ? �
where the charged fields have been introduced as

W iA & 1l
2

B1A}| iB2A � n i & 1l
2

n 1 | i n 2 � n 0 ~ n 3 H
This part of the Lagrangian contains Z ( n 0 � W i ( nh� mixing
terms; they are of � g0 and their contribution must be
summed up. There we disco ver the singularity of the
Lagrangian .
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SM

�
SM is invariant

under a set of transformations that are the generalization of the
well known QED example AA{' AA�-0OPA�6 .

BaA ' BaA - g u abc 6 bBcA ( OPA�6 a � B0A ' B0A ( OQA�6 0 �
K ' 1 ( i

2
g 6 a v a ( i

2
gg1 6 0 K � with g1 & ( sx

cx
H ' H ( i

2
g 6 3 - g1 6 0 H - 2

M
g
- i n 0 - 2i 6 ? nhD

n 0 ' n 0 ( 1
2

g 6 3 - g1 6 0 H - 2
M
g

- i
2

g 6XD�n ? ( 6 ? nhD
nhD ' nhD ( 1

2
g 6�D H - 2

M
g
- i n 0 ( i

2
g ( 6 3 - g1 6 0 nhD
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SM

add a gaug� e-fixing piece

to the Lagrangian (
�

gf) that cancels these mixing terms.

However
it breaks the gauge invariance and successively we must
introduce the so-called Faddeev–Popov ghost fields to
compensate for this breaking. The gauge-fixing term
transforms as ] i ' ] i - Mij - gLij 6 j H
Mij must have an inverse and we thus have a permissible
gauge. gLij defines the interaction with the gauge bosons.
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SM

Example

We now specify a set of gauges R� depending on a single
parameter

`
. We have

a renormalizable gauge for finite
`

and

the physical (unitary) gauge is obtained for
` '�) .

That these two gauges belong to the same family and are
connected through a continuous parameter is vital in proving
renormalizability and unitarity of the theory.
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SM

The gaug e-fixing piece is

�
gf & ( 1

2
] a ] a ( 1

2
] 0

2 & ( ] ? ] D ( 1
2

] 3
2 - ] 0

2 �
where we can write

] a & ( 1` OPA BaA - ` M n a H
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SM

Example

The various components are given in the following equations:
first

] i & ( 1` OPA W iA - ` M n i � ] 0 & ( 1` OQA B0A - ` sx
cx M n 0 H

Then, in the Z ( A basis, we obtain

]
A & ( 1` O A AA � ]

Z & ( 1` O A ZA - ` M
cx n 0 H

In the R� gauge we have that

�
YM ( # DA K % ? DA K ( ] ? ] D ( 1

2
] 2

Z ( 1
2
] 2

A
& �

prop - � bos � I H
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SM

�
prop, now reads

�
prop & ( O A W ?T O A W DT - 1 ( 1` 2 O A W ?A O T W DT

( 1
2
OPA ZT�OPA ZT�- 1

2
1 ( 1`

2

# OPA ZA�% 2
( 1

2
OPA AT�OPA AT�- 1

2
1 ( 1` 2

# OPA AA�% 2
( 1

2
OPA H OQA H ( OQAzn ? OPAen D ( 1

2
OPAen 0 OPAen 0

( M2W ?A W DA ( 1
2

M2

c2x ZA ZA
( ` 2M2 n ? nhD ( 1

2
` 2 M2

c2x n 0 n 0 ( 1
2

MH H2 H
The quadratic part of the Lagrangian allows us to derive
propagators.
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SM

Those for the gaug e fields are as follo ws:

�
prop ' W i 1

p2 - M2 .YAUTZ- ` 2 ( 1
pA pT

p2 - ` 2M2

& 1
p2 - M2 .YAPT�- pA pT

M2 ( pA pT
M2 # p2 - ` 2M2 %

& 1
p2 - M2 .YAUT ( pA pT

p2 - ` 2

p2 - ` 2M2

pA pT
p2

�
Z from W i by replacing M ' M

cx �
A

1
p2 .YAUTZ- ` 2 ( 1

pA pT
p2 H
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SM

The scalar field propagator s are

nhi 1
p2 - ` 2M2

�
n 0

1

p2 - ` 2 M2

c2x
H
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SM

Fermions will be arrang ed into isodoub lets
.

_ & u
d

� _
L � R & 1

2
#
1 � G 5 % _ �

u & F
l
#
l & e � J � v % � u � c � t-quark and

d & l
#
l & e � J � v % � d � s � b-quark.

Furthermore, we distinguish between left and right fields since
a theory of weak interactions cannot be purely vectorial, in
contrast with QED (and QCD).
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SM

The covariantk deriv ative for the L-fields is

DA _ L & OQA�- gB iA T i _
L
� i & 0 � H�H�H � 3

T a & ( i
2
v a � T 0 & ( i

2
g2I H

DA _ R & OQA�- gB iA t i _
R
� i & 0 � H�H�H � 3 �

ta & 0 � t0 & ( i
2

g3 0
0 g4

H
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SM

This par t of the Lagrangian can be written as

� fer � I
V & ( _ L

9D _ L ( _ R
9D _ R

� gi & ( sx
cx p i H

The parameters g2 � g3 and g4 are arbitrary constants.

However, one can prove that g3 & g1 - g2.

In other words, these constants are not completely free if
we want to generate fermion masses with the help of the
Higgs system.
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SM

Thus_
L transforms as a doublet under SU

#
2 % and the_

R as a singlet.

The parameters
p

i are then fixed by the requirement that the
e.m. current has the conventional structure, iQf ef G A f , without
parity violating terms and with the right normalization. We put
e & gsx and derive the solution asp

2 & 1 ( 2Qu & ( 1 ( 2Qd � p
3 & ( 2Qu � p

4 & ( 2Qd �
where the charge is Qf & 2I � 3 �f �Qf � .
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SM

Example

� fer � I
V &

f

igsx Qf AA f G A f

- i
g

2cx ZA f G A I � 3 �f ( 2Qf s
2x - I � 3 �f G 5 f

-
d

i
g

2
l

2
W ?A u G A # 1 - G 5 % d

- i
g

2
l

2
W DA d G A # 1 - G 5 % u �
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SM

For the Higgs-f ermion sector ,

in the presence of quarks, we need not only the field K but its
conjugate K c too;

that is, we need both K and K c in order to give mass to the
up- and down-partner of the fermionic isodoublet. The K c

is

K c & ( 1l
2

l
2i n ?
m�¡ �
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SM

with the corresponding par t of the Lagrangian:

� fer
S & (}£ f

_
L
KuR (¥¤ f

_
L
K cdR - h H c H

The solution for the Yukawa couplings gives

£ f & 1l
2

g
mu

M
� ¤ f & ( 1l

2
g

md

M
H

The last part of the Lagrangian is now

� fer
S & (

f

mf f f - � fer � I
S
�
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SM

with an interaction Lagrangian given by

� fer � I
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SM

weak Lagrangian

Having fixed the propagators we can spell out the weak
Lagrangian, describing the vector bosons and their interactions
including interactions with the scalar system. The interested
reader should consult any textbook for further details.
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SM

This shor t section will be devoted
mainly to introducing some of the building blocks that are
needed in order to discuss radiative corrections in any field
theory. Beyond the Born-level loops will appear and they will
depend on several variables, internal and external masses.

To cope with the complications of the SM,

we must derive a complete set of formulas valid for arbitrary
internal and external masses. One has to deal with expressions
for scalar diagrams with one, H=H=H four external lines (or more).

Besides scalar functions
we also need tensor integrals with as many powers of
momentum as allowed in a renormalizable theory. They can be
reduced to linear combinations of scalar functions.
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One-point

m

Figure: The one-point Green function.
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Dimensional regularization

one-point scalar integrals

i W 2 A0
#
m %«& J 4 D n dnq

1
q2 - m2 ( i d �

J is an arbitrary mass scale and

we adopted DR defining an analytical continuation of the¬
-matrix in the complex n-plane.

Note the presence of a factor i as a consequence of a
Wick rotation.

Within DR one obtains a consistent theory if it can be shown
that the poles for n & 4 can be removed, oder by order in
perturbation theory.
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Integrals

One-point integral

can be easily evaluated in terms of the Euler ® -function giving

A0
#
m %«& W n̄ 2 D 2 ® 1 ( n

2
m2 m2J 2

n̄ 2 D 2 H
If we introduce u°& 4 ( n and expand around n & 4, then the
following expression is derived:

A0
#
m %«& m2 ( 2u - G - ln W ( 1 - ln

m2J 2 -0� # u±%eH
where G & 0 H 577216 is the Euler constant.
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Integrals

It is customar y

to define a quantity 1 9�³u by

1³u & 2u ( G ( ln W �
and to write

A0
#
m %�& m2 ( 1³u ( 1 - ln

m2J 2 - � # u±%´H
Explicit expressions for two and higher point scalar functions
will not be discussed here. For the two-point function we have
an expression that contains logarithms at most while for three-
and four-point functions the final expression contains 12 and
108 (in the most general case) di-logarithms.
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Two-point

p '
m1

m2

Figure: The two-point Green function.
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Three-point

m1

m2

m3

p1

p3

p2

Figure: The three-point Green function.
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Four -point

m3

m2

m1

m4

p1

p2 p3

p4

Figure: The four-point Green function.
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What’s nec w?
If one thinks for a while, everything is in the old papers of ’t
Hooft and Veltman; however, translating few formal properties
into a working scheme is far from trivial; most of the times it is
not a question of how do I do it?, rather it is a question of
bookkeeping, namely

can I do it without exhausting the memory of my
computer?, or,

is there any practical way of presenting my results besides
making my codes public?.
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Renormalization flo wchar t

Feynman
Rules

Feynman
Diagrams

UV
Counterterms

IPS
Ren. Eq.

Green
Functions

(Pseudo)
Observables
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From modern 1 L to 2 L

1 L in a nutshell

Sn » N # f %«& J½¼
i W 2 dnq

f
#
q �¿¾ p ÀP%

i Á 0 � N D 1 Â i %�Ã
Â i %Ä& Â q - p0 -Å<=<=<X- pi % 2 - m2

i Æ

Sn Ç N Â f ÈÄÉ
i

bi B0 Â P2
i È½Ê

ij

cij C0 Â P2
i Ã P2

j È
Ê

ijk

dijk D0 Â P2
i Ã P2

j Ã P2
k È¿Ê R Ã
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From modern 1 L to 2 L

1 L in a nutshell

Sn Ç N Â f È«É Ì Í
i Î 2 dnq

f Â q Ã Ï p ÀPÈ
i Á 0 Ð N Ñ 1 Â i È�Ã

Â i ÈÄÉ Â q Ê p0 ÊÅÒ=Ò=ÒXÊ pi È 2 Ê m2
i Æ

Sn Ç N Â f ÈÄÉ
i

bi B0 Â P2
i È½Ê

ij

cij C0 Â P2
i Ã P2

j È
Ê

ijk

dijk D0 Â P2
i Ã P2

j Ã P2
k È¿Ê R Ã



Ó

SM Lagrangian Confr onting with the infinities Renormalization again

Technical problems

Although

HTF (usually) have nice properties,

expansions are often available with good properties of
convergence

the expansion parameter has the same cut of the function

where is the limit?
One - loop, Nielsen - Goncharov

Two - loop, one scale (s É 0 Ã m2 cuts) harmonic
polylogarithms

Two - loop, two scales (s É 4 m2 cuts) generalized
harmonic polylogarithms

next? New higher transcendental functions?
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Counter terms?
Then, there is the perennial question, with or without
counter -terms ? In a way, it is a fake question.

The two approaches are fully equivalent and we will
discuss the transition from bare parameter s to
renormaliz ed ones .

Finally we discuss the ultimate step in any renormalization
procedure: the transition from renormalized parameters to
a set of physical (pseudo-)observables.
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One should try

to make a clear vocabulary of renormalization in QFT; a
renormalization procedure is designed to bring you from a
Lagrangian to theoretical predictions;

it inc ludes,

regularization (nowadays dimensional regularization is
easy to understand),

a renormalization scheme and

an input parameter set.
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Comments
The scheme, being a transitory step, is almost irrelevant; it
can be on-mass-shell or MS or complex poles, but unless
you do something illegal (resummations that are not
allowed or similar things) it really does not matter.

One can define MS quantities as convenient landmarks but
it is the last step that matters, at least as long as we have a
convenient subtraction point (which we miss in QCD).
Renormalized quantities should always be expressed in
terms of a set of physical quantities.

One may indulge to the introduction of an MS running e.m.
coupling constant (importing from QCD to QED, which
sounds strange anyway) but, finally, only cross sections
matter.
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Steps

All the Green functions of the theory have to be made
finite, up to two-loops, by introduction of counter-terms and
all counter-terms are of non logarithmic nature, to respect
unitarity.

Renormalized Ward-Slavnov-Taylor identities must be
satisfied.

All ultraviolet finte parts must be classified and an
algorithm has to be designed for their evaluation at any
scale.

Of course, there are preliminar steps – not always the easy
ones – but it is only the full control on the multi-scale level that
pays off.
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Multiplicative renormalization

c.t. not needed but useful

Zi Ù 1 Ú�ÛÜ
n Ý 1

Þ
g2

R

16 ß 2 à n á
Z â n ãi ä

Example

masses, parameters

m Ù Z1 å 2
m mR ä

p Ù Zp pR ä p Ù g ä c æ ä s æ

Example

Fields, gauge parameters

Z ç
AZ Ù ÛÜ

n Ý 1

Þ
g2

R

16 ß 2 à n á
Z â n ãç

AZè Ù Z1 å 2é è
R ê L ë R Ù Z1 å 2ì

L ë R ê L ë R
R

A í Ù Z1 å 2
AA A íR Ú Z1 å 2

AZ Z íR
Z1 å 2

AZ Ù ÛÜ
n Ý 1

Þ
g2

R

16 ß 2 à n á
Z â n ãAZ

FP ghost fields are not renormalized
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The two facets of renormalization

Step 1

promote bare quantities p to
renormalized ones pR

Step 2

fix the c.t. at 1 L 
 to
remove the UV poles
from all 1 L GF;

check that 2 L GF
develop local UV
residues;

fix the 2 L c.t. to remove
2 L local UV poles.

Finite renomalization
the absorption of UV poles
into local c.t. does not
exhaust the procedure; we
have to connect pR to POs,
thus making the theory
predictive.
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Ren in QED

The QED Lagrangian

in the Feynman gauge (
� É 1) is unambiguous at the tree level.

Moving to higher orders, we assume that it is made of

bare fields and parameters labelled with sup- or
sub-indices 0 and

specifies the renormalization constants for the two
fields—A� and � —and the two QED parameters—the
electron mass m and the charge e:

A0� É Z 1� 2
A A� Ã � 0 É Z 1� 2� � Ã

e0 É Ze e Ã m0 É Zm m É m Ê e2 � m Ê�� e4 Ã
Zi É 1 Ê e2 � Zi Ê�� e4 Æ
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Ren in QED

The Lagrangian

can now be rewritten, up to terms � e2 , as

� R

QED
É �

QED Ê � ct Ã
with a counter-term Lagrangian:

�
ct É e2 ��� 2 �

ct Ê�� e4 Ã� � 2 �
ct É � 1

4
� ZA F��� F��� � 1

2
� ZA Â! � A��È 2 � � Z� ��" �

� Â � Z� m Ê � m È �#�$� i � Ze Ê � Z� Ê 1
2
� ZA e�%"A� Æ
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Ren in QED

the counter' -term par t

of the Lagrangian generates a new set of QED Feynman rules
to be denoted by a cross. With their help we fix the
counter-terms. First, the � ZA counter-term:

A ( � e2 � ZA Æ
Then the � Z� and � m counter-terms:

e ( � e2 Â � Z� i "p Ê � Z� m Ê � m È Æ
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Ren in QED

And finall y, the remaining combination
:

A

Ì
e *

e Ñ
( � ie+,� e3 � Ze Ê � Z� Ê 1

2
� ZA Æ
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Ren in QED

After
a relatively simple calculation one derives the following
expressions:

� ZA É 1
12Î 2 � 1./ Ê ln

m2

Ì 2 Æ
� m É m

16Î 2 � 3./ Ê 3 ln
m2

Ì 2 � 4 Ã
� Z� É 1

16Î 2 � 1./ Ê 20/ Ê 3 ln
m2

Ì 2 � 4 Æ
� Ze


 � 1
2
� ZA Æ
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Ren in QED

At this point

the renormalization procedure can be carried through order by
order. With the one-loop renormalized Lagrangian and with the
one-loop counter Lagrangian we construct all two-loop
diagrams and introduce � e2 new counter-terms.

One obtains the correct result consistent with unitarity,
provided that one has shown that overlapping diagrams
contain new divergences behaving as local counter-terms.
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� � � � � � � � � � � � � � � � � � � � � � � �

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02768

mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1875

ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4957

σhad [nb]σ0 41.540 ± 0.037 41.477

RlRl 20.767 ± 0.025 20.744

AfbA0,l 0.01714 ± 0.00095 0.01645

Al(Pτ� )Al(Pτ� ) 0.1465 ± 0.0032 0.1481

RbRb 0.21629 ± 0.00066 0.21586

RcRc 0.1721 ± 0.0030 0.1722

AfbA0,b 0.0992 ± 0.0016 0.1038

AfbA0,c 0.0707 ± 0.0035 0.0742

AbAb 0.923 ± 0.020 0.935

AcAc 0.670 ± 0.027 0.668

Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481

sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314

mW [GeV]mW [GeV] 80.398 ± 0.025 80.374

ΓW [GeV]ΓW [GeV] 2.140 ± 0.060 2.091

mt
�  [GeV]mt
�  [GeV] 170.9 ± 1.8 171.3

� � � � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª « ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ · ¸ ¹ º » ¼
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ä å æ ç è é ê ë ì í î ï ð ñ ò ó ô õ ö ÷ ø ù ú û ü ý þ ÿ � � � � � � � � �
	 
 � � 
 � � � � � � � � � � � � � � � � � �  ! " # $ % & ' ( ) * + ,- . / 0 1 2 3 4 56 7 8 9 : ; < = > ? @ A B C D E F G H I J K L M N O P Q R S T U V W X



Y

Renormalization, once again Higgs tour

Z [ \ ] ^ _ ` a b c d e f g h i j k l m n o p q r s t u v w

x y z { | } ~ �� � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �

  ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª « ¬ ­ ® ¯
° ± ² ³ ´ µ ¶ · ¸ ¹ º » ¼ ½
¾ ¿ À Á Â Ã Ä Å Æ Ç È É Ê Ë Ì Í Î Ï Ð Ñ Ò Ó Ô Õ

Ö × Ø Ù Ú Û Ü Ý Þ ß à á â ã ä å
æ ç è é ê ë ì í î ï ð ñ ò ó ô õ ö ÷ ø ù ú û ü ý þ

ÿ � � � � � � � � � 	 
 � � 
 �
� � � � � � � � � � � � � � � �

0

1

2

3

4

5

6

10030 300

mH [GeV]

∆χ
2

Excluded Preliminary

∆αhad =∆α(5)

0.02758±
�

0.00035

0.02749±
�

0.00012

incl. low Q2 data

Theory uncertainty

mLimit = 144 GeV



 

Renormalization, once again Higgs tour

! " # $ % & ' ( ) * + , - . / 0 1

2 3 4 5 6 7 8 9 : ; < = > ? @ A B C D E F G H I J K L M N O P Q R S T U V W X Y Z [ \ ] ^ _ `

Γ(H) [GeV]

MH [GeV]
50 100 200 500 1000

10
-3

10
-2

10
-1

1

10

10 2

100
10

–5

10
–4

10
–3

10
–2

10
–1

10

bb

τ  τ

gg

Z 

Z 

0Z 0
W +

+ –

µ  µa

γ 
γ γ

+ –

W – 

ss

cc t t

0

150 200 250

Higgs Mass (GeV)

B
ra

nc
hi

ng
 R

at
io

300 350 400

b cde fd ghi jikilkm



n

Renormalization, once again Higgs tour

o p q r s t u v w x y z { | } ~ � � � � � � � � � � � � � � � � � � � � �

g�
p�

t

H
�

p�

X

X

p�

V H
�

p�

V

q

q� � � � � � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª « ¬ ­ ® ¯ ° ±

V

p� Hq

p�

_

q p�

H
�

_p� t

t

² ³ ´ µ ¶ · ¸ ¹ º » ¼ ½ ¾ ¿ À ÁÂ Ã



Ä

Renormalization, once again Higgs tour

Å Æ Ç È É Ê Ë Ì Í Î Ï Ð Ñ Ò Ó Ô Õ Ö × Ø Ù Ú Û Ü Ý Þ ß à á â ã ä å

σæ (pp 
ç

→ H + X) [pbè ]
é

√
ê

s = 14 TeVë
NLO / NNLO

MRST

gg ì →í  H (NNLO)

qq î →í  Hqq
qqî _

' →í  HW

qqî _
 →í  HZ

gg/qqì _
 →í  tt

_
H (NLO)

MH [GeV
ï

]
é

10
-4

10
-3

10
-2

10
-1

1

10

10 2

100 200 300 400 500 600 700 800 900 1000

ð ñ ò óô õ ö ÷ ø ù ú û ü ý

t
þ

t
þ
t

þ
H

ÿ

q�

q�
V

�
H

V
�

W
�

q� H

q�_ ,� Z

q�

t
�

_
t

�

q� _

H
�



�

Renormalization, once again Higgs tour

� 	 
 �

H
�g


g


γ�

γ�
W/t

�
t

�

� � � � � � � � � � � � � �
� �  ! " # $ % & ' ( ) * + , - . / 0 1 2 3 45 6 7 8 9 : ; < = > ? @

A B C D E F G H I J K L M N O P Q R S T U V W X Y Z [ \ ] ^ _ `
a b c d e f g h i j k l m n o p q r s t u v w x y z { | } ~ � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � �



�

Renormalization, once again Higgs tour

� �   ¡

A ¢ £ ¤ ¥ ¦ § ¨ © ª « ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ · ¸ ¹ º
» ¼ ½ ¾ ¿ À Á Â

A Ã Ä Å Æ Ç È É Ê Ë Ì Í Î Ï Ð Ñ Ò Ó Ô Õ Ö × Ø Ù Ú Û Ü Ý Þ
ß à á â ã ä å æ ç è é ê ë ì í î ï ð ñ ò ó ô õ ö ÷ ø



ù

Renormalization, once again Higgs tour

ú û ü ý þ ÿ � � � � � � �

� � 	 
 � � 
 � � � � � � � � � � �

H

g

g

l+

l-

l+

l-

Z

Z

A � � � � � � �  ! " # $ % & ' ( ) * + , - . / 0 1 2 3 4 5 6
7 8 9 : ; < = > ? @ A B C D E F G H I J K L M N O P Q

A R S T U V W X Y Z [ \ ] ^ _ ` a b c d e f g h i j k l m n o p q r s
t u v w x y z { | } ~ �� � � �

� � � � � � � � � � � � � � � � � � � � � � � � � �
� � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª « ¬ ­ ® ¯ ° ± ² ³



´

Renormalization, once again Higgs tour

µ ¶ · ¸ ¹ º » ¼ ½ ¾ ¿ À Á

A Â Ã Ä Å Æ Ç È É Ê Ë Ì Í Î Ï Ð Ñ Ò Ó Ô Õ Ö × Ø Ù Ú Û Ü Ý Þ ß à á
â ã ä å æ ç è é ê ë ì í î ï ð ñ ò ó

m4e (GeV/c2)
100 110 120 130 140 150 160 170 180 190 200

E
ve

nt
s 

fo
r 1

00
 fb

-1
 / 

2 
G

eV
/c

2

0

5

10

15

20

25 H → ZZ* → 4e       
CMS, 100 fb -1        

mH = 130 GeV/c2    

mH = 150 GeV/c2    

mH = 170 GeV/c2    

b + Zbt
ô

ZZ* + t

õ ö ÷ ø ù ú û ü ý þ ÿ � � � � � � � � � 	 
 � � 
 � � � � � � � � � � � � � � � � � �  ! " #$ % & ' (
A ) * + , - . /0 1 2 3 4 5 6 7 8 9 : ; < = > ? @ A B C D E
A F G H I J K L M N O P Q R S T U V W X Y Z [ \ ] ^ _ ` a b c d e f g h i j k l m n o p q r s t u v w x y z {



|

Renormalization, once again Higgs tour

} ~ � � � � � �� � � �

H

g

g

ν�
l-

l+

ν�
W
� -

W+

A � � � � � � � � � � � � � � � � � � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨
A © ª « ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ · ¸ ¹ º » ¼ ½ ¾ ¿ À Á Â Ã Ä Å Æ Ç È É ÊË Ì Í Î Ï Ð Ñ Ò Ó Ô Õ Ö

× Ø Ù Ú Û Ü Ý Þß àá â ã ä å æ ç è é ê ë ì í
� î ï ð ñ ò ó ô õ ö ÷ ø ù ú û ü ý þ ÿ � � � � � � � � � 	 
 �

� 
 � � � � � � � � � � � � � � � � � �  ! " # $ % & '
( ) * + , - . / 0 1 2 3 4 5 6 7 8 9 : ; < =

> ? @ A B C D E

0

100

200

300

0 50 100 150 200 250

mT (GeV)
E

ve
nt

s 
/ 5

 G
eV

F G H I J K L M N
O P Q R S T U V W X Y Z [ \ ] ^ _ ` a b c d e f g h i



j

Renormalization, once again Higgs tour

k l m n o p q r s t u v w x y z { | } ~ � � �

�
� �

1

10

10
� 2

100 120 140 160 180 200

 mH (GeV/c2)
�

 S
ig

na
l s

ig
ni

fic
an

ce

 H  →  γ γ 
 ttH (H  →  bb)
 H   →  ZZ(*)   →  4 l
 H   →  WW(*)   →  lν� lν�
 qqH   →  qq WW(*)

 qqH   →  qq ττ

Total significance

  ∫
�
 L dt = 30 fb-1

 (no K-factors)

ATLAS


	
	Outlines
	Motivations
	Challenges in NLO - NNLO
	Complexity in N...NLO
	Flowcharting NNLO
	Computational challenge

	Introduction
	Counter-terms I
	Counter-terms II
	Renormalization Schemes
	Renormalization basic I
	Renormalization basic II
	Renormalization basic III
	Renormalization basic IV
	Renormalization basic V

	QED
	QED Lagrangian I
	QED Lagrangian II
	QED Lagrangian III
	QED Lagrangian IV
	QED Feynman rules

	SM Lagrangian
	SM Lagrangian I
	SM Lagrangian II
	SM Lagrangian III
	SM Lagrangian IV
	SM Lagrangian V
	SM Lagrangian VI
	SM Lagrangian VII
	SM Lagrangian VIII
	SM Lagrangian IX
	SM Lagrangian X
	SM Lagrangian XI
	SM Lagrangian XII
	SM Lagrangian XIII
	SM Lagrangian XIV
	SM Lagrangian XV
	SM Lagrangian XVI
	SM Lagrangian XVII
	SM Lagrangian XVIII
	SM Lagrangian XIX
	SM Lagrangian XX
	SM Lagrangian XXI

	Confronting with the infinities
	Diagrams I
	Diagrams II
	Diagrams III
	Integrals
	Diagrams III
	Diagrams IV
	Diagrams V

	Renormalization again
	In a nutshell I
	In a nutshell II
	In a nutshell III
	In a nutshell IV
	Renormalization constants

	Renormalization, once again
	QED renormalization I
	QED renormalization II
	QED renormalization III
	QED renormalization IV
	QED renormalization V

	Higgs tour
	Seightseeing I
	Seightseeing II
	Seightseeing III
	Seightseeing IV
	Seightseeing V
	Seightseeing VI
	Seightseeing VII
	Seightseeing VIII
	Seightseeing IX
	Seightseeing X
	Seightseeing XI
	Seightseeing XII
	Seightseeing XIII
	Seightseeing XIV


