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Today’s high energy colliders

Collider Process status current and upcoming
Hera etp ended 2006 experiments collide protons

Tevatron PP running

= all involve QCD

LHC PP starts this year

® Hera: mainly measurements of parton densities and diffraction
® Tevatron: mainly discovery of top and QCD measurements

® | HC designed to

@ discover the Higgs
@ unravel possible BSM physics
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Today’s high energy colliders

Collider Process status current and upcoming
Hera etp ended 2006 experiments collide protons

Tevatron PP running

= all involve QCD

LHC PP starts this year

® Hera: mainly measurements of parton densities and diffraction
® Tevatron: mainly discovery of top and QCD measurements

® | HC designed to

@ discover the Higgs
@ unravel possible BSM physics

= Aim: make sure that our ability to discover new particles and determine
their properties will not be limited by the quality of our understanding of QCD
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LHC early physics

Tevatron: |.8 TeV [run I], .96 TeV [runll]
LHC: 10 TeV [2008], |4 TeV [afterwards]

Tevatron: 4 fb"! [summer 2008] & 6-10 fb-' [2009] ?
LHC: 10-20 fb-! ['09-"10], 100 fb-! ['I1-'14], 1000 fb-' [after *16, SLHC?] ?

LHC: Highest energy & luminosity
operating regime such that even early data often sufficient for discoveries
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LHC early physics

Tevatron: |.8 TeV [run I], .96 TeV [runll]
LHC: 10 TeV [2008], |4 TeV [afterwards]

Tevatron: 4 fb"! [summer 2008] & 6-10 fb-' [2009] ?
LHC: 10-20 fb-! ['09-"10], 100 fb-! ['I1-'14], 1000 fb-' [after *16, SLHC?] ?

LHC: Highest energy & luminosity
operating regime such that even early data often sufficient for discoveries

Out of = 680 questions = 40 asked what one can do with early LHC data

The answer to this question very much depends on beam control,
detector understanding/performance and control over QCD
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LHC early physics

Previous fake discovery claims
e UAI| monojets (top? SUSY?) 1984
* sbottom production at the Tevatron 2002

Crucial to
|. understand how much a given approximation can be trusted

2. know how to improve on it if necessary 2 LHC Paint 5
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So why care about QCD

Essentially the driving motivation here will be that

(

only a solid understanding of QCD will guarantee that we won’t make

unjustified discovery claims & will be essential in identifying BSM physics
\_ J

Of course QCD is interesting for a variety of other reasons

hadron masses, protons & neutrons, confinement, hadron decays, lattice
QCD, nuclear physics, star formation and evolution, early universe
formation, heavy ion, quark-gluon plasma, chiral perturbaton theory,
connections to string theory, AdS/CFT ...
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Outline

This course: 4 X (Ih +15’) = not much time!

@ will only review/recall some basic QCD concepts (will not discuss in
detail things common to other QFTs)

@ will focus on peculiarities of QCD (asymptotic freedom, soft
divergences, ...)

@ will try to give you an idea/overview of where QCD is now (parton
densities, NLO, NNLO, parton showers, ...), i.e. last two lectures will

focus on active research topics
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Outline

First lecture

why do we care about QCD today
experimental evidence for color = SU(3)

QCD Lagrangian, gauge invariance, Feynman rules, gauge fixing & ghosts
the color algebra

Isospin symmetry

R-ratio & UV divergences = renormalization

the running coupling & the beta function

asymptotic freedom & confinement

soft & collinear divergences & infrared safety

Sterman-VWeinberg jets
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Motivations for QCD

Satisfactory model for strong interactions: non-abelian gauge theory SU(3)
U'U =UU"=1 det(U) =1
Hadron spectrum fully classified with the following assumptions
hadrons (barions,mesons): made of spin |/2 quarks
each quark of a given flavour comes in N.=3 colors
SU(3) is an exact symmetry

hadrons are colour neutral, i.e. colour singlet under SU(3)
D s — Y UsUntbyoe = Y vy
i ijk k

Zezjszijk — Z E’iiji’i’Ujj/Ukk’w’i/wj’wk’ p— Z ei’j’k’ det(U)wz/wjlwk/

ijk ii'§' kk’ il 'k’

- observed hadrons are colour neutral = hadrons have integer charge
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First experimental evidence for colour

. Existance of A*" particle: particle with three up quarks of the same spin
and with symmetric spacial wave function. Without an additional
quantum number Pauli’s principle would be violated = color

ll. R-ratio: ratio of (e*e- — hadrons)/(e*e — pu™w)

_|_

ete~ — hadrons

2
ft ete” — putp~ e Zf: “r

Data compatible with N.=3 (r; g, b). Will come back to R later.

charge 2/3 up charm top
mass= few MeV ~1.25 GeV ~172 GeV

charge -1/3 down strange bottom
mass = few MeV ~100 MeV ~5 GeV
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The R-ratio: comparison to data

102

3 loop pQCD
Naive quark model

U \\HH‘

N Sum of exclusive Inclusive
measurements measurements

1

w

‘ T
Y(25)

Mark-I

Mark-I + LGW
Mark-II
PLUTO

DASP

Crystal Ball

\\‘\\\\‘\\\\‘\\\\‘\\\\
\\\P‘\\\\‘\\\\‘\\\\

:

%

}
A

f\;

-

1

g —k-
e e -

¥

+ ARGUS A CLEO
¢ Crystal Ball A CLEO I

10

Vs [GeV]

QCD — Hadron Collider Summer School ’'08 — G.Zanderighi




The QCD Lagrangian

1 vV 1a 7(f) /- f
Lacp = —7 4 FWJFZJ;% (iD)i; — mysdiy) Py

ij = 0"0;; + 1gst;; AL L, = 0, A7, — 0,,AZ — gsfabCAZAi

1747 a )

= covariant derivative = field strength
\

» only one QCD parameter gs regulating the strength of the interaction
(quark masses have EWV origin)

p setting gs = 0 one obtains the free Lagrangian (free propagation of
quarks and gluons without interaction)

» terms proportional to gs in the field strength cause self-interaction
between gluons (makes the difference wrt QED)

» color matrices tjare the generators of SU(3)
» QCD flavour blind (differences only due to EW)
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The generators of SU(N()

The fundamental representation of SU(Nc) has N.2-1 generators €
NXN. traceless hermitian matrices = N1 gluons

] — €i9a (z)t®

fabe are the structure constants of the SU(Nc) algebra, they generate a
represention of the algebra called adjoint representation

Definition:

[ta, tb] = ifabc te fabc — _facb — _fbac

One explicit representation: t* = /2 A* (\* : Gell-mann matrices)
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Local gauge transformations

The QCD Lagrangian is invariant under local gauge transformations, i.e.
one can redefine the quark and gluon fields independently at every point
in space and time without changing the physical content of the theory

[w — ' =U(x)y J [t“Aa — 1A = U(x)t" AU () + v (U (x)) Ul(x)J

s
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Local gauge transformations

The QCD Lagrangian is invariant under local gauge transformations, i.e.
one can redefine the quark and gluon fields independently at every point
in space and time without changing the physical content of the theory

[w — ' =U(x)y J [t“Aa — 1A = U(x)t" AU () + v (U (x)) Ul(x)J

s

It follows that
Dy — Dyt = U(z) Dyt (covariant = transform “with” the field)
Y — ' =U (2)

R, — P = Ux)t"Fo,U " (2) e.g.because  igit"F, = (D, D,]
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Local gauge transformations

The QCD Lagrangian is invariant under local gauge transformations, i.e.
one can redefine the quark and gluon fields independently at every point
in space and time without changing the physical content of the theory

[w — ' =U(x)y J [t“Aa — 1A = U(x)t" AU () + v (U (x)) Ul(x)J

s

It follows that
Dy — Dyt = U(z) Dyt (covariant = transform “with” the field)
Y — ' =U (2)
L'Fe, — 1"Fe = Ux)t"F,U '(z) e.g.because igst“F, =[D,,D,]

Therefore

1 / / 1 —/ . / — .
— B = = T S (i) = mygdiy) ) = S0 (D — mpsiy) v
7 7

= the QCD Lagrangian is gauge invariant
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Local gauge transformations

show that a gluon mass term (m? A, A?) is not gauge invariant

show that if one replaces the covariant with an ordinary partial
derivative the Lagrangian is invariant only under global gauge
transformations (global = same transformation in every point)
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Isospin symmetry

Isospin SU(2) symmetry: invariance under u < d

Particles in the same isospin multiplet have very similar masses
(proton and neutron, neutral and charged pions)

The QCD Lagrangian has isospin symmetry if my = mq or my,mq = 0

The fermionic Lagrangian becomes
Lr =35 (00w + o i) = Somy (0 0 + 0 vid)
f f

(1Fs)

1
2

Y, =Py, Yr=PFPryY, Prpr=
So neglecting fermion masses the Lagrangian has the larger symmetry

SUL(Nf) X SUR(Nf) X UL(I) X UR(l)
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Feynman rules: propagators

Obtain quark/gluon propagators from free piece of the Lagrangian
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Feynman rules: propagators

Obtain quark/gluon propagators from free piece of the Lagrangian

Quark propagator: replace i0—p and take the i X inverse

Eq,free — Z ?Lz(f) (“7 o mf) 5z]¢§f)
f
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Feynman rules: propagators

Obtain quark/gluon propagators from free piece of the Lagrangian

Quark propagator: replace i0—p and take the i X inverse

Eq,free — Z ?Lz(f) (7/(7 o mf) 5z]¢§f)
f

Gluon propagator: replace i0—p and take the i X inverse ?

1
£g,free — _514# (Dg’uy — (‘9“3,,) Au

= inverse does not exist. How can one to define the propagator !
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Gauge fixing

Solution: add to the Lagrangian a gauge fixing term which depends on
an arbitrary parameter A
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Gauge fixing

Solution: add to the Lagrangian a gauge fixing term which depends on
an arbitrary parameter A

In covariant gauges:

1 2 A=1 Feynman gauge

o= (prAA

Lgange—fixing = 2\ ((9 Au) A=0 Landau gauge
A= unitary gauge
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Gauge fixing

Solution: add to the Lagrangian a gauge fixing term which depends on
an arbitrary parameter A

In covariant gauges:

1 2 A=1 Feynman gauge

R S Y Y gaug

Lgange—fixing = 2\ (8 Au) A=0 Landau gauge
A= unitary gauge

Gluon propagator:

k
a,)l ~oooooooo™ b,V

Check that the A dependence fully cancels at the end of your calculation
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Ghosts

In covariant gauges gauge fixing term must be supplemented with ghost
term to cancel unphysical longitudinal degrees of freedom which should
not propagate

Eghosts — ,unaTDanb

Nn: complex scalar field which obeys Fermi statistics

I
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Axial gauges

Alternative: choose an axial gauge (introduce an arbitrary direction n)

L axial gauge—fixing = _% (n” AZ>2

The gluon propagator becomes

:k2+ie n-k n- k)2
(n- k)

' k, Jk 2L Nk K
dMV : <_guu T Ml T Tbiy (n” ¥ ) M) Oab

Light cone gauge:n?=0and A =0

Axial gauges for k* — 0

Ak = dn* =0

i.e. only two physical polarizations propagate, that’s why often the term
physical gauge is used
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QCD Feynman rules: the vertices

3-gluon: £ = £ fab¢(9, A% — 8, A%) A AY

—ig® [ f**¢ % (ga~rgss — Gasdp~)
+ £ £ (g0pgvs — Gas9s)
+ FO%€ £ (garygps — gaﬁgvé)]
C,Y d,o ~
Quark-gluon: £ = —gip A% t% 1) Ghost-gluon: £ = —g [ape (977&142 n°
au a,u

— gt Y . — 19 qu(—ifabe)

b-=d-= -

QCD — Hadron Collider Summer School ’'08 — G.Zanderighi



Color algebra: fundamental identities

Fundamental representation 3:

Adjoint representation 8:

G ~oooTTTTO~ b = 04

Trace identities:

fm@mbTRm

tCL tb TR5CLb
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Color algebra: Casimirs & Fierz identity

Fundamental representation 3:

a a ch — 1
Z(tij)(tkj) — CF5ij Cr = IN.

a

Adjoint representation 8:

Z facdfbdc _ CA5ab
cd

Fierz identity:

1
2N,

1

i ol
010 IN.

J

a\t (4104 1 )
(#)3()) = 5010} -

—_—
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Color algebra: Casimirs & Fierz identity

from the fact that the identity and t’ form a complete set and
using the trace relations for t* prove the Fierz identity

in a similar way show that

ifabc = 21r ([taa tb]tc)
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More on Color algebra

JaCObi |dent|t)’ fabefcde + fbcefade 4+ fcaefbde —

using cyclic identity for commutators prove the Jacobi identity

This one 1s a masterpiece. Giving a proof of the following
identity by mere reflection, without performing any calcula-
tions (and even drawings), will show that you have mastered
the graphic colour algebra: Yu. Dokshitzer
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The R-ratio: perturbative expansion

To lowest order the R-ratio is given by

oo(v* — hadrons) 5
Ry = =N.)» q
T oo(y = ) Zf: ! m\<

This is because common factors cancel in numerator/denominator
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The R-ratio: perturbative expansion

To lowest order the R-ratio is given by

oo(v* — hadrons) 5
Ry = =N.)» q
D ooy — ) Zf: ! m\<

This is because common factors cancel in numerator/denominator

First order correction virtual

e e

Real and virtual do not interfere: different # of legs

[A1]? = [Ao)® + as (JA1,.|* + 2Re{ Ao AT ,}) + O(a?)

First order result reads
Ry = Ry (1 +
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R-ratio and UV divergences

Including the second order correction one gets

B 11NC — 4nfTR

Ultra-violet divergences do not cancel. Result depends on UV cut-off.
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Renormalization and running coupling

The divergence is dealt with by renormalizing the coupling constant

2

are M are 2
as(p) = a2 + by In M(;V (ozlj )

R expressed in terms of the renormalized coupling is finite

P (1 Lol (as(u)>2 (HM . N_2> +@(&§(M)))

T T (Q)?

Renormalizability of the theory guarantees that the same redefinition of the
coupling removes all UV divergences from all physical quantities (massless case)

Will not cover renomalization in these lectures, but it suffices to know
that renormalization of S-matrix elements is achieved by replace bare
masses and bare coupling with renormalized ones

* the coupling = [3 function

* the masses = anomalous dimensions ynm
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Regularization

Regularization: a way to handle divergences, i.e. make divergent quantities
meaningful

In QCD dimensional regularization is today the standard procedure
Integrals which would diverge in D=4 are continued to D=4-2¢

Divergence show up us poles in ¢

This procedure works both for UV divergences and IR divergences (see
later)

Alternative regularization schemes: photon mass (EW), cut-offs, Pauli-Villard ...
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The beta-function

o (X

\
ren

S

We immediately get [ = —boa(p) + ...

So at lowest order

(1)

:bolﬂlu—z—l—

Ho
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The beta-function

o (X

We immediately get [ = —boa(p) + ...

2
So at lowest order 1 L 1 1

— 5
bo ID%

:boln—2+

as (1) ug o as(o) = o)

Naively: A is the scale at which the coupling becomes infinite? NO!
The coupling becomes large before and perturbation theory is unreliable

QCD — Hadron Collider Summer School ’'08 — G.Zanderighi



The beta-function

~

ren

QQS

We immediately get [ = —boa(p) + ...
1 2 1 1

— 2
bo ID%

So at lowest order —boln 4

as (i) o s(fio)

= as ()

Naively: A is the scale at which the coupling becomes infinite? NO!
The coupling becomes large before and perturbation theory is unreliable

Practically: A is the scale which effectively controls the hadron masses
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The beta-function

We immediately get [ = —boa(p) + ...
1 2 1 1

— 2
b() 1D%

So at lowest order

= by ln’u—2 + = o)

as (i) o s(fio)

Naively: A is the scale at which the coupling becomes infinite? NO!
The coupling becomes large before and perturbation theory is unreliable

Practically: A is the scale which effectively controls the hadron masses

Technically: A is the integration constant in the above formula for .
If one changes the formula, one must change A (e.g. if one goes from one
to two-loops or if one changes the number of active flavours)
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The beta-function

~

ren

2&8

We immediately get [ = —boa(p) + ...
1 14 1 1

— 2
bo 1D%

So at lowest order

:boln—2+

as () 2 o) i)

Naively: A is the scale at which the coupling becomes infinite? NO!
The coupling becomes large before and perturbation theory is unreliable

Practically: A is the scale which effectively controls the hadron masses

Technically: A is the integration constant in the above formula for .
If one changes the formula, one must change A (e.g. if one goes from one
to two-loops or if one changes the number of active flavours)

what is different in QED? Why does nobody talk about Agep !
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Renormalization Group Equation

The renormalization scale is arbitrary. Dependence on it must cancel in
physical observables up to the order to which one does the calculation.

So, for any observable A one can write a renormalization group equation

0 Odag O Q? Oo
1 9.2 + 912 an A (/ﬂ ;s ( )) 0 Blas) =upu op2 s = ag(p”)
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Renormalization Group Equation

The renormalization scale is arbitrary. Dependence on it must cancel in
physical observables up to the order to which one does the calculation.

So, for any observable A one can write a renormalization group equation

0 Odag O Q? Oo
[,u 9.2 + 1 912 an A (qu ;s ( )) 0 Blag)=u op2 s = ag(p”)

Introduce
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Renormalization Group Equation

The renormalization scale is arbitrary. Dependence on it must cancel in
physical observables up to the order to which one does the calculation.

So, for any observable A one can write a renormalization group equation

0 Odag O Q? Oo
[,u 9.2 + 1 912 an A (/ﬂ ;s ( )) 0 Blag)=u op2 s = ag(p”)

Introduce

/O‘a(QQ) dov
N as(pu?) 6(&)
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Renormalization Group Equation

The renormalization scale is arbitrary. Dependence on it must cancel in
physical observables up to the order to which one does the calculation.

So, for any observable A one can write a renormalization group equation

0 Odag O Q? Oo
[,u 9.2 + 1 912 an A (qu ;s ( )) 0 Blag)=u op2 s = ag(p”)

Introduce

O‘a(QQ)
— / da [—2 + ﬂ(ozs)a% Ale', a,) = 0

u2) Bla) ot

8048(622)
Oas(p4?)

Hence A(1, as(Q?)) is solution to the RGE equation
All scale dependence of A enters only through the running of the
coupling: knowledge of A(1,a,(Q?))allows one to compute the variation

of A with Q if the beta-function is known
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More on the beta-function

Expansion of the beta-function:

B function of QCD with 3 light flavours
(MS bar scheme)

6 — _C@ (:u) Z bz&z (:u) éjggg

4—-loop
0

B 11NC — 4nfTR

b
v 127

 17N2 = 5Nny — 3Cen; -5

2472 s

by

Today, the beta-function known up to four loops, but only first two
coefficients are independent of the renormalization scheme

NB:
(a) negative contribution to bo ~ ns

(b) positive contribution to bg ~ Nc W@ S é, Z?

(b) > (@) = bo>0 o e
while in QED (b) =0 = bo,gep <0
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Measurements of the running coupling

RS(ycut=0‘08) [%] o

B JADE x AMY ALEPH ] 3 PETRA
ﬂ + TASSO = VENUS DELPHI [

o MK-II L3 1 T aa Deep Inelastic Scattering '_ PEP

)/ , ¢ Hadron Collisions I TRISTAN
Abelian O(a B ® Heavy Quarkonia I LEP
/ﬁ/ elian O(a ) | y C i

/ OPAL 1 4| oe ¢'¢” Annihilation

AN

™

/

B \if[-+ {;/ _/-:'x (=const. |

R |
[ ’ f\&g\ :

QCD Ay =251 MeV

60 80 100
E. [GeV]

=QCD (M) =0.1189+0.0010
: o0 0 0.05 010 0.15 0.20 0.25 0.30 0.35
]%:/l%l E ./GeV)

1 10 Q [GeV]

. dm 0,25 T [ — T T T T T I
o JADE | | i
e OPAL B ® ZEUS (a) i
+ ALEPH ]

| . H1
= DELPHI |

World average )

0.15

as(Myo) = 0.1189 + 0.0010

o (M,) = 0.118 = 0.003

——  0g(M,)=0.1182 £ 0.0027
L

B T S VS = S VA 10 »
QI GeV B (GeV)
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Measurements of the running coupling

DIS [pol. strct. fetn.]  —o——
DIS [Bj-SR] ——
DIS [GLS-SR] —e—L

To remember: '

t-decays [LEP] 4
|

xF; [v -DIS] — O+

* overall consistent picture: &s from very F, le-, w-DIS) .

DIS [ep —> jets] —O—

different observables compatible QQ + lattice QD —o-

Y decays ——

* (Xs is not so small at current scales AL el
] eie_[jets&shapes 14 GeV]  +——0——
* (Xs decreases very slowly at higher A urdennbipor e * il
. S 2 Lot .
energies (logarithmic only) e e o W

pp -->bb X —O0——

* higher order corrections are and will Ph.pp->yX o

o(pp --> jets)

|—(>—|
1
. . I'(z%--> had.) [LEP] h@—
re m al n I m PO rta nt et e [scaling. viol.] :| o
ete” [4-jet rate] +OH
jets & shapes 91.2 GeV '—:-O—'
World average |:iimus
g jets & shapes 161 GeV —O—
jets & shapes 172 GeV .—o_:_q
—Oo—
—o—
H-O—
o
—0—

jets & shapes 183 GeV
jets & shapes 189 GeV

jets & shapes 195 GeV
OzS(MZO) = 0.1189 4+ 0.0010 jets & shapes 201 GeV
jets & shapes 206 GeV
0.08 0.10 0.12 0.14
Qs (MZ)
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Asymptotic freedom & confinement

Asymptotic freedom:
- coupling smaller at higher energies (smaller distances). Theory

becomes effectively free
- a consequence of the sign of the beta function

- perturbation theory predicts asymptotic freedom

Confinement:
related to the fact that the coupling increases at small energies

however, the behavior is theoretically unknown because perturbation
theory breaks down

we do not have a rigorous explanation for confinement

we just observe that all partons are confined into color singlet

hadrons
we assume that confinement always holds. Proof worth a Nobel Price.

4 )
QCD often relies on unproven assumptions

\_ J
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The soft approximation

Let’s consider again the R-ratio. This is determined by v* — ¢q

At leading order:
—jeyH
My = u(p1)(—iey")v(p2)
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The soft approximation

Let’s consider again the R-ratio. This is determined by v* — ¢q

At leading order:

Emit one gluon:

= u(p1)(—igst®¢)

—  u(p1)(—iey")
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The soft approximation

Let’s consider again the R-ratio. This is determined by v* — ¢q

At leading order:

Emit one gluon:

= u(p1)(—igst®¢)

—  u(p1)(—iey")

— factorization
of soft part
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Soft divergences

The squared amplitude becomes

M 2 = S o) (—ien™) (—igato(p2)) (fj,{ - jj,{)

2p1p2
— ’MqQ’QCFgg

(p1k)(p2k)

QCD — Hadron Collider Summer School ’'08 — G.Zanderighi



Soft divergences

The squared amplitude becomes

M = S () (—ier®)(—iget*)o(pa) (fj,{ - jj,c)

2p1p2
— ’qu,20F9§

(p1k)(p2k)

Including phase space
A’k 2p1p2
WazslMaaol” = dbualMaal” 55555 Cr s 105 (ot
d¢ QOéSCF 1
2r m™  w?(1 — cos? 0)

dp,q|Mq|*wdwd cos
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Soft divergences

The squared amplitude becomes

M = S () (—ier®)(—iget*)o(pa) (fj,{ - jj,c)

2p1p2
(p1k)(p2k)

— ’quPCFgg

Including phase space
A’k 2p1p2
WazslMaaol” = dbualMaal” 55555 Cr s 105 (ot
d¢ QOéSCF 1
2r m™  w?(1 — cos? 0)

dp,q|Mq|*wdwd cos

The differential cross section is
200,Cp dw df do

T w sin @ 2w

do qqg — do qq
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Soft & collinear divergences

Cross section for producing a qg-pair and a gluon is c© (infrared divergent)!

200,Cp dw df do

T w sin@ 2w

doqqg = d0gq

w —0: soft divergence

O — 0: collinear divergence
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Soft & collinear divergences

Cross section for producing a qg-pair and a gluon is c© (infrared divergent)!

200,Cp dw df do

T w sin@ 2w

doqqg = d0gq

w —0: soft divergence

O — 0: collinear divergence

But the full O(as) correction to R is finite, because one must include a
virtual correction which cancels the divergence of the real radiation

20,Cp dw df do

T w sin@ 27

-4

doggo ~ —dogg

NB: here we kept only soft terms, if we do the full calculation one gets the
as/T relative correction as before
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Soft & collinear divergences

w —0 soft divergence: the four-momentum of the emitted particle

approaches zero, typical of gauge theories, even if matter (radiating
particle) is massive

O — 0 collinear divergence: particle emitted collinear to emitter.
Divergence present only if all particles involved are massless

repeat the above calculation with massive fermions and show
that the fermion mass regulates the collinear divergences and that only
the infrared divergence survives
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Infrared safety (= finiteness)

So, the R-ratio is an infrared safe quantity.

In perturbation theory one can compute only IR-safe quantities, otherwise
get oo, which can not be renormalized away (by the way: why not?)

So, the natural questions are:

* are there other IR-safe quantities!?
* what property of R guarantees its |IR-safety?
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Sterman-Weinberg jets

First formulation of cross-sections which are finite in perturbation theory

and describe the hadronic final state

Introduce two parameters € and O:
a pair of Sterman-VVeinberg jets are
two cones of opening angle 0 that
contain all the energy of the event
excluding at most a fraction ¢

BEi+E+E;< el
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Sterman-Weinberg jets

First formulation of cross-sections which are finite in perturbation theory

and describe the hadronic final state

Introduce two parameters € and O:
a pair of Sterman-VVeinberg jets are
two cones of opening angle 0 that
contain all the energy of the event
excluding at most a fraction ¢

Why finite! the cancelation between
real and virtual is not destroyed in
the soft/collinear regions

BEi+E+E;< el
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Sterman-Weinberg jets

First formulation of cross-sections which are finite in perturbation theory
and describe the hadronic final state

Introduce two parameters € and O:
a pair of Sterman-VVeinberg jets are
two cones of opening angle 0 that
contain all the energy of the event
excluding at most a fraction ¢

Why finite! the cancelation between
real and virtual is not destroyed in Ey+Ee+Eq< eB
the soft/collinear regions

Kinoshita-Lee-Nauenberg (KLN) theorem:
final-state infrared divergences cancel in measurable quantities (transition
probabilities, cross-sections summed over indistinguishable states...)
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Sterman-Weinberg jets

show that the Sterman-Weinberg jet cross-section up to O(Xs) is

given by 9
o1 = 0g (1 — asCr Ineln 52>

/ T \
Effective expansion Xs-expansion enhanced by

parameter in QCD is a double log: left-over from
often XsCr/mt not s real-virtual cancellation

NB:
e if ¢ and/or O become too small the above result does not make sense

* if more gluons are allowed, one gets for each allowed gluon
- a power of XsCf/m
- a soft logarithm In¢
- a collinear logarithm Ino
if the logs are large, fixer order meaningless, one needs to resum large
infrared and collinear logarithms to all orders in the coupling constant
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Infrared safety: definition

An observable O is infrared and collinear safe if

On_|_1(]€1,]€2, .. .,ki,kj, : kn) — On(kl,kg, ook + /Cj, .. kn)

whenever one of the ki/'k; becomes soft or ki and k; are collinear

i.e. the observable is insensitive to emission of soft particles or to collinear
splittings
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Infrared safety: definition

An observable O is infrared and collinear safe if

On_|_1(]€1,]€2, .. .,ki,kj, : kn) — On(kl,kg, ook + /Cj, .. kn)

whenever one of the ki/'k; becomes soft or ki and k; are collinear

i.e. the observable is insensitive to emission of soft particles or to collinear
splittings

» multiplicity of the event
» cross section for producing one gluon with £ > Eyinand 0 > 0,y

» cross section for producing any number of gluons each with £ > E i,
and 0 > Hmin
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Recap

€ QCD is in principle a simple theory based on a simple Lagrangian
with gauge group is SU(3)

€ There are UV divergences but they are dealt with by renormalization
(coupling + masses)
€ The coupling runs = beta-function. Because the coupling is small-ish

at high energies we can use perturbation theory

€ The theory is asymptotically free and consistent with confinement

lh""f . ° . .

& There are potential infrared and collinear divergences = not all
quantities can be computed in PT, but we saw what is the property of
observables guaranties IR-finiteness
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