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Introduction

e Main goal of these lectures:
o fill gap between theory and "real world" (actually collider experiments)

e Focusing on QCD effects in first part
o moving to EW boson experimental signatures in the second part
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QCD Lagrangian
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QCD Lagrangian

L:QCD — »C'quarks T »Cgluons + Egauge T »Cghost

Equarks — Z C_]a (in(Du)ab - mq) db
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(D,u)ab - a,ufsab G lgs,z::é A;‘
SU(3) generators: T4 = AA/2
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QCD Lagrangian

['QCD — »C'quarks 5 »Cgluons + £gauge T »Cghost
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A ~u
Lgluons — _Zgﬂng
\ gluon field tensor

generators' Qﬁv = 8MA'3 — 8\,./42 — gszBCAgAUC
commutation rules: _—

[TA, TB] _ ifABC(’]'C/structure constants of SU(3)
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QCD Lagrangian

LQCD — Equarks i Egluons gi ﬁgauge B Lghost

Local gauge invariance i.e. /
invariance under

simultaneous redefinition of q £gau _ L H AA)2

and g fields ge — 2 ( 7
= explicit choice of gauge S

needed to define g field A possible choice of gauge:
propagator generalisation of the covariant

Lorentz gauge 9" A} =0

Lehost = aun/ﬁ (DZBUB)

Ghosts: complex scalar fields following Fermi-Dirac statistics;
do not have a physical meaning, but should be considered as a
mathematical trick to cancel nonphysical degrees of freedom



Feynman rules
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What do Feynman rules mean physically?

A
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A gluon emission repaints the quark colour.
A gluon itself carries colour and anti-colour.
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What do Feynman rules mean physically?

—&sf*%[(p — q)7g""
Hg—ir)e”
+Hr—p)ie]

A gluon emission also repaints the gluon colours.

Because a gluon carries colour + anti-colour, it emits ~
twice as strongly as a quark (just has colour)
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Perturbative QCD

e Quantitative predictions:

o Lattice gauge theory (LGT)
o Perturbative QCD (pQCD)
m valid if a <1

e Perturbation theory:

o quantity calculable as (converging) series:

as+ of + ol +

small  smaller negligible?

coupling constant

as = g, /47r

¢
i

<
4

13



Renormalization and UV divergences

e Remember renormalization idea:
o infinites in "bare" quantities absorbed in redefinition of "renormalized" quantities

-4 -1 ,
e N Lo

A = 2
OO0 = Y0000 + uw@w + mm'\ /'fm + :"_...
/& i /i ) & ' fé%\ +0(")

o renormalization removes "ultra-violet" (UV) divergences:
o divergent part (separated with "cut-off", u.) k—>w =[5
absorbed by redefinition of quantity
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Running coupling

e Renormalization in QFT implies dependence of coupling constant on energy:

o e.g. electric charge depends on momentum with which is probed
o dependence via renormalization group equation

-
- -

® a5 = g?/4m dependence on Q?is:
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Running coupling

High Energy M,  Low Energy High Energy Low Energy
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Perturbative vs. non-perturbative regimes

e High-energy / short distance: oL

o small coupling ag <1 . QCD

o perturbation theory valid

e Low-energy (21 GeV)/long distance:
o Og > 1
o non-perturbative region
o confinement

High Energy

1GeV, al~1I

Low Energy
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Confinement

e Long distance = QCD interaction stronger and stronger
e In macroscopic world only colour-neutral states can exist
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Infrared Divergences in QCD



IR divergence - soft gluon emission

e Consider the process e*e” — y* — qq

e Emita gluon:

.-ieY "




IR divergence - soft gluon emission

e Some rewriting: D(Pl)/gs%tAmieqv,N(pz) = —igsa(pl)/( Pr

Use AB = 2A.B — BA:

;bl +m

u(p1) = u(0
(1) ©) 2m(E +m)

T

e Make gluon soft:

o k<p,, o —igsD(pl)[2€-P1](

p1 +
p1.€

— —/.
&

i(p1)eqyut v(p2)
e

pure QED spinor structure

+K

p1+ k)?

c . P1.€ P2.€
Mgg =~ U(pl)leq’y#,tAv(pg)gs ( as )

&gVt v(p2)

= —igst(p1)[2e.(p1 + k) — (P} + k)ﬂmeqwt“\/(pz)

Use i(p1)p; = 0 and k < p1 (p1, k massless)

1
—/()2%”/,1 tAV(P2)

pv(p) =0,
PK + K = 2p.k
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IR divergence - soft gluon emission

e Get squared amplitude:

FEEERE ' """ . ..... 2
T : LA P1.€ : P2i€ \
[Maagl = ) U(Pl)/eqmtAy(pz)gs( -y 2 )

A,pol

/ 2
sum on color comb. /: M2 Cr o2 Pl i P2 ) — IM2.|Cra? 2p1.p2
gives C_ | qqA%pl-k p2.k I Maa| Cre: (p1.k)(p2.k)

s NZ—1 4 r/
=P B3 sum on polarizations

e Include phase space:
d3k 2p1.p2
> S A2 2
d¢qag‘Mqag| = (d¢QQ|ch'7|) 2E(27T)3 Cng (Plk)(PQk)
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IR divergence - soft gluon emission

e Factorization into qq and gluon emission:

d¢q5g|Mc2,ag| = (dq)qa\Mga )

[ d*k = E%dé dcosf ]

do ‘ 205 Cp 2p1.p2 0 =0,k

dS = EdE dcosf
- U T (2p1k)(2p2.K) ¢ = azimuth
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IR divergence - soft gluon emission

Rewrite in terms of E, ) (of emitted gluon, in CM frame).

2p1.p2 _

912 =, e2k - ﬂ'ew
= Cose2k = —Cose1k

1

Crl2pmk)  E1

Final expression for soft gluon emission:

— cos? )

[dcos@ = —sinf dH}

_____ L 1

dS =

2a5Cri dE! dO |d¢

Soft divergence (E — 0)

r | Eisinf2r

—_———

Collinear divergence (6 — 0)

|
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Real-virtual cancellation

e Is this a problem of the theory?
o need to consider virtual / loop corrections as well!

P1

P1 )
-iey —leyu k
Mygrx = MM< + 3
[ P2
2
P4
_,'(_-_.,Yu
L +
Oqq+X =
P2

o< O

26



Real-virtual cancellation

e The total cross-section is / must be finite
o i.e. divergent integration in real part cancelled by divergent part in virtual contribution

200:C dE 25C dE
o1+ [ [ e 22 [ [ )
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Real-virtual cancellation

o = oug (14 222 [ [ 20 (RiE/Q.0) - V(E/Q.0))

e R(E/Q, 6) and V(E/Q, 8) should cancel for soft and collinear divergences:

=D gl e ST

e Consequences:
o emission of soft / collinear gluon cannot change total cross-section
(contribution cancelled by virtual correction)
o corrections to o tot come from hard & large-angle gluon emission
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P1
~iey L k .

Soft gluons don't matter...

P2

e Physics reason:
o soft gluons emitted on long timescale ~ 1/(EB) relative to collision (1/Q)
= cannot influence cross section

o transition to hadrons also on long time scale (- 1/A...,) = can also be ignored

QCD

e Correct renorm. scale for ag: p ~ Q = perturbation theory valid
o dependence of total cross section on only hard gluons
= ‘good behaviour’ of perturbation series

2 3
Otot = Oqg | 1+ 1.045aS(Q) +0.94 (aS(Q)) — 15 (aS(Q)) By

WN 7T ﬂ-
(for Q=M,)
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End of Lecture 1
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