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What is QCD?

Quantum Chromodynamics

The theory describing the dynamics
and interactions of quarks and gluons.
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What is QCD?

Quantum Chromodynamics

The theory describing the dynamics
and interactions of quarks and gluons.

the ingredients of QCD high-energy collider relevance
@ quarks and anti-quarks @ strong-interaction processes
{u,d,s,c,b,t} come in 3 colors @ phenomena such as hadronic jets

@ gluons, bit like the photons in QED @ short-distance structure of hadrons
eight of them, carry colour charge

@ a coupling, as ~+ detailed understanding crucial

not so small, running fast
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Aims of this course

I'll try to give you a feel for:

How QCD works
How theorists handle QCD at hadron colliders

How hadron collisions get simulated
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Contents of this course

Basics of QCD

e The QCD Lagrangian
o Perturbation Theory & The running coupling

Soft & collinear singularities
The concepts of parton showers and jets
QCD for processes with incoming protons

Monte-Carlo event generators
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Disclaimer

These lectures are not exhaustive!

@ lacks most of the details, derivations, ...

Recommended reading:
e Ellis, Stirling & Webber
“QCD and Collider Physics”

Camb. Monogr. Part. Phys. Nucl. Phys. Cosmol. 8, 1 (1996)

@ Dissertori, Knowles & Schmelling T

1 Collider Physi
“Quantum Chromodynamics” ollissebEes

KK ELLIS. WA STIRLING
AND B WEBBER

International Series of Monographs on Physics - 115

@ ... papers cited on the way
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Basics of QCD
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Basics of QCD: the naive parton model

1st tenet: hadronic matter made of quarks )

@ the fermionic quarks carry fractional charges
Quect = +%, Qd,s,p = —%
o three-quark states form baryons: |B) =|q1 g2 g3)
~~ baryons are fermions, follow Fermi-Dirac statistics
~» wave functions must be totally anti-symmetric
@ mesons thought of as bound states of quark & anti-quark: |M) = | q1 @)
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Basics of QCD: the naive parton model

1st tenet: hadronic matter made of quarks )

@ the fermionic quarks carry fractional charges
Quect = +%, Qd,s,p = —%
o three-quark states form baryons: |B) =|q1 g2 g3)
~~ baryons are fermions, follow Fermi-Dirac statistics
~» wave functions must be totally anti-symmetric
@ mesons thought of as bound states of quark & anti-quark: |M) = | q1 @)
obstacle at the time: how to account for spin-3/2 baryons?
e consider the resonance |A1T) = | uy uy uy)
~~ symmetrical state in space, spin & flavour
@ introduce new degree of freedom: colour index a € {1,2,3}
~ |ATT) = €ape | Uat Ut Uct)
~» baryon wave-function totally anti-symmetric in that index
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Basics of QCD: the naive parton model

1st tenet: hadronic matter made of quarks )

@ the fermionic quarks carry fractional charges
Quect = +%, Qd,s,p = —%
o three-quark states form baryons: |B) =|q1 g2 g3)
~~ baryons are fermions, follow Fermi-Dirac statistics
~» wave functions must be totally anti-symmetric
@ mesons thought of as bound states of quark & anti-quark: |M) = | q1 @)
obstacle at the time: how to account for spin-3/2 baryons?
e consider the resonance |A1T) = | uy uy uy)
~~ symmetrical state in space, spin & flavour
@ introduce new degree of freedom: colour index a € {1,2,3}
~ |ATT) = €ape | Uat Ut Uct)
~» baryon wave-function totally anti-symmetric in that index

2nd tenet: hadronic matter must be colour-singlet states )
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Basics of QCD: colour degree of freedom

e consider the decay 7 — vy [|10> = 5 (lum) - \dB))} q !
2 1 ms ' h
[theo( 0 _ = ¢2 (g) T —76&%eV ! i
(m 1) =¢ 7w/ 64w f? &e

electric charge and colour factor £ given by

6)-C)

experimental value is P = 7.74 £ 0.55¢eV [PDG] ~» £ =1 ~» N, =3

Ne

3

§:Nc
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Basics of QCD: colour degree of freedom

Y

e consider the decay 7 — vy [|10> = L () - \daw q
2 1 m ' 2
rtheo 0 _ 2 (g) =76 \Vs 7 M
(7= =E2) s 7 e

electric charge and colour factor £ given by

6)-C)

experimental value is P = 7.74 £ 0.55¢eV [PDG] ~» £ =1 ~» N, =3

Ne

:NC
¢ 3

o consider the ratio R = 3" oor(e*e™ — qq)/oor(eTe™ — pFu™)
wds oy R= N3 (37 + (3] =3

u,d,s,c,bonly R=N, {2 2)? +3><(—%)1:/\/C5

~~ data consistent with N. =3
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Basics of QCD: the SU(3) colour group

the group of unitary 3 x 3 matrices U with det(U) = +1

~» SU(3) generators, hermitian & traceless Gell-Mann matrices

010 0 —i 0
M=|10 0], X2=(i 0 0],N=
000 0 0 0
00 —i 000 00 0 5 0
N¥=[0oo0 o |, X¥=f0oo0 1|, XN=[00 —i|,X¥=|0
i 00 010 0 i 0 00

by convention we define t}, = A4~ U= exp{icat?}

S

o or

ol o

-

o oo
~

>

S

I
—

oo

o oo
Shoo corm
\_/v

[tA, tB] = ifagct® J

with fagc the SU(3) structure constants (anti-symmetric in all indices)
~> SU(3) is a non-abelian group

Note: The analogs of SU(2) you know well, the Pauli matrices & ejjc

Steffen Schumann Elements of QCD for hadron colliders


http://www.sherpa-mc.de

Basics of QCD: The Lagrangian

the free quark part

denote quark fields by 17, where a denotes a colour index a € {1,2,3}

Efree Dirac — Z 1/_}; i6ab7uau ws - qu/_J;i/Jf, with qgce {U, d7 s, G, b7 t}
q
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Basics of QCD: The Lagrangian

the free quark part

denote quark fields by 17, where a denotes a colour index a € {1,2,3}

Efree Dirac — Z 1/_}; i6ab7uau ws - qu/_J;i/Jf, with qgce {U, d7 s, G, b7 t}
q

the pure gluon part

denote the gluon fields by A%, with A € {1,..,8}

1 .
Lpure Gluon = —ZF:‘VFA’“’ with  F?, = 0,A) — 0, A% —g.fapc AL AS
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Basics of QCD: The Lagrangian

the free quark part

denote quark fields by 17, where a denotes a colour index a € {1,2,3}

Efree Dirac — Z 1/_}; i6ab7uau ws - qu/_J;i/Jf, with qgce {U, d7 s, G, b7 t}
q

the pure gluon part
denote the gluon fields by A%, with A € {1,..,8}

1 .
Lpure Gluon = —ZF:‘VFA’“’ with  F?, = 0,A) — 0, A% —g.fapc AL AS

coupling the quarks to gluons

minimal coupling of quarks with gluons, consistent with local gauge invariance

- ] )
Linteraction = Z gswz e t;bAZ ’lﬁg with g7 = 4mas
q
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Basics of QCD: The Lagrangian

the classical QCD Lagrangian

EQCD = ['free Dirac £interaction + »Cpure Gluon

qu ’6abry 8 +g5’y“t bAA) wq mqwqwq - ZF/:AVFAMV
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Basics of QCD: The Lagrangian

the classical QCD Lagrangian

EQCD = ['free Dirac £interaction + »Cpure Gluon

qu ’6abry 8 +g5’y“t bAA) wq mqwqwq - ZF/:AVFAMV

Zwa 7 (Du)ab — Sabme) 05 — 5 FAFA

with  (Dy,)ab = 0260, — igs t;‘bAﬁ the SU(3)c covariant derivative
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Basics of QCD: The Lagrangian

the classical QCD Lagrangian

EQCD = ['free Dirac £interaction + »Cpure Gluon

qu 527 Oy 87 L) W — malg —  FAFA

Z'l/)a /'Y ab - 5abmq) lbb - ZF;/LAVFAMU

with  (Dy,)ab = 0260, — igs t;‘bAﬁ the SU(3)c covariant derivative
~+ interacting field theory

~> non-abelian gauge field theory [to be quantized]

~» quark & gluon propagators
~~ quark—gluon & gluon self interactions
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Basics of QCD: The Feynman rules

_ , 1
Laco > T (~e L) E - gFEC(0, ARABHACY — L g2 XAR PXCD a0 ABY AC D

A!
: D,c A1
C,p
a b 9 B,v C.p B,v
—igstpt —g B (p - qug'w —ig2fXACFXBD[ghy gpo _
+(q—r)g”” g"7g"" + (C,7)
+(r—p)"g™] (D,p)+ (B,v) « (C.,7)

Steffen Schumann Elements of QCD for hadron colliders


http://www.sherpa-mc.de

Basics of QCD: The Feynman rules

A’u A!“'

B,v
x g FABC

@ gluon emission repaints the quark colour
@ gluon carries colour and anti-colour

@ gluon emission repaints the gluon colours
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Basics of QCD: Quick guide to colour algebra

some useful SU(N,) colour algebra relations

— appear when summing squared amplitudes colours

trace relation corresponding diagram

TI“{I‘AtB} =Tr §AB . Tr= % \(—mﬂA WB

NZ—1
ZA taAbt;‘c =Crlac, Cr= SNC a m c

Seo fFACDFBCD — C, 6AB  Cp= N, 2 é § B

QCD: Nc = number of colours =3~ (=3 & Cr=3 J
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Basics of QCD: Perturbation Theory |

given the Lagrangian we could start calculating, e.g. cross sections

@ numerical solution in discretized space time (lattice QCD)
~~ suitable for static properties of hadrons, e.g. hadron masses
~~ not practicable for dynamical LHC collision events
@ have to rely on perturbative techniques
~ relies on order-by-order expansion in small coupling, as < 1
O~ G+ Gas+ G C@ +G 012 +
~ ~~

M,
small smaller  nesligible?

~» calculational complexity grows extremely fast with powers of ag,

thus « better is smalll?
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Basics of QCD: The running coupling

as other couplings/parameters o is scale dependent fmomentum scale %)

dag(p?
dlsn(z2) - B(QS(”Z)) ) Blas) = *O@(bo + bias + b20¢§ +...)
where
_WCa-2n _ 17C3—5Cans —3Ceny _ 153 — 19n
T 127 ’ v 2472 - 2472

Note sign of 3: Asymptotic freedom, due to gluon self interaction

[Nobel prize in 2004 to Gross, Politzer & Wilczek]
~ at high scales u? coupling becomes small, quarks & gluons are almost free
interactions weak, perturbation theory works
~~ at low scales coupling becomes strong, quarks & gluons interact strongly

perturbation theory fails
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Basics of QCD: The running coupling cont'd

as other couplings/parameters o is scale dependent fmomentum scate %]

~ ignoring all terms other than by, we get for as(u?)

2 2
das(p?) by~ o« (NZ _ as(Kp) _ 1
2 = s - 2 2
dinp 1+ boas(pg) In B boln F
Ho QCD
0.5 July 2009
result expressed in terms of a Q)
0 ) 4 a Deep Inelastic Scattering
oe ¢'e” Annihilation
o reference scale ii°, e.g. M3 0.4 2% Heavy Quarkonia 1

@ non-perturbative constant
AQCD ~ 0.2 GeV 0.3
o fundamental scale of QCD

o sets scale for hadron masses 02

@ perturbation theory valid for p > AQCDJ

@ non-perturbative description >~ Aqcp

=QCD 0(My)=0.1184+0.0007

10 Q[GeV] 100
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Basics of QCD: Perturbation Theory Il

QCD perturbation theory for the LHC?

@ “New Physics" searched for at scales
o~ pr ~50GeV —5TeV

The coupling is certainly small!

@ but we're colliding protons m, ~ 0.94 GeV

=QCD  0(My) =0.1184+0.0007

10 QIGeV] 100

The coupling is large!
@ in the detectors we see hadrons
perturbation theory doesn't apply

lots of them — no one-to-one hadron-parton
correspondence, when limiting ourselves to 1 or
2 orders in perturbation theory
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Basics of QCD: Perturbation Theory Il

QCD perturbation theory for the LHC?

@ “New Physics" searched for at scales
o~ pr ~50GeV —5TeV

The coupling is certainly small!

@ but we're colliding protons m, ~ 0.94 GeV

The coupling is large!

@ in the detectors we see hadrons
perturbation theory doesn't apply
lots of them — no one-to-one hadron-parton

correspondence, when limiting ourselves to 1 or
2 orders in perturbation theory

PT only offers no full solution for QCD at colliders
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Basics of QCD: The way to proceed

use perturbative QCD + non-perturbative modelling
key ingredient:
factorization
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Basics of QCD: The way to proceed

use perturbative QCD + non-perturbative modelling
key ingredient:
factorization

Next items on the menue:
@ what perturbation theory tells us about the structure of QCD events

o soft- & collinear singularities & jets
e parton distribution functions (PDFs)

@ introduce methods available to carry out QCD predictions

o fixed-order perturbative calculations
o Monte-Carlo event generators
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Soft & Collinear Singularities
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Singularities: soft-gluon amplitude

consider the process (ete™ —)v* — qq

P
ey,
Mg =
P2
= Ua(p1)i€quabVs(P2)
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Singularities: soft-gluon amplitude

consider the process (ete™ —)v* — qq

P
ey,
Mg =
P2
= Ua(p1)i€quabVs(P2)

emit a gluon (momentum k, polarization vector €)

) Py ) 141
Mg = o ke + o ke
P2 P2
_|_
= —a(p1)igsf/tah ((;51 ++k;;2 ieqYuvs(p2) + Ua(p1)iegVu (('52 };) igs ¢t v(P2)
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Singularities: soft-gluon amplitude

consider the process (ete™ —)v* — qq

P
ey,
Mg =
P2
= Ua(p1)i€quabVs(P2)

emit a gluon (momentum k, polarization vector €)

) Py ) 141
Mg = o ke + o ke
P2 P2
_|_
= —a(p1)igsf/tah ((;51 ++k;;2 ieqYuvs(p2) + Ua(p1)iegVu (('52 };) igs ¢t v(P2)

make gluon soft= k < py, p2, ignore terms suppressed by powers of k

) ' p1.€  pa.€
Mazg ~ £ prk  pak
qag ua(pl)leq’y“ abe(pQ)gS <p1k p2k>
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Singularities: squared amplitude

2
- . P1-€ P2.€
(Magel> = D |Ta(pr)iegyut"abvs(p2) gs<k — k)
A,a,b,pol p1- p2.

2
2p1-p2
— IMAIC z<mpz) MR Cog? 2P1P2
Ma| Cres pi-k  pak Maa| Cres (p1-k)(p2-k)
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Singularities: squared amplitude

2
- . P1-€ P2.€
(Magel> = D |Ta(pr)iegyut"abvs(p2) gs<k — k)
A,a,b,pol p1- p2.

2
2
_ Mza|Cngz<PlP2> M| Cre 5([)%

q plk pzk )( Zk)
include phase-space factor d® gz, >~ dP g5 2E(Z3 § = dcbqu

[factorizes as well]

| Magg?d®ygg =~ [ Mggl?ddegdS J

~ factorization into hard qg piece & soft-gluon emission probability dS
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Singularities: squared amplitude

2
- . P1-€ P2.€
(Magel> = D |Ta(pr)iegyut"abvs(p2) gs<k — k)
A,a,b,pol p1- p2.

2
2p1-p2

— _IM2.|C 2<,Dlpz> M2, |Crg?—SE12

Mool Cots { ok~ o)~ IMeal o 0 (i)

include phase-space factor d®g5, ~ d®g5 2E(Z3 7= = d®y3 W

[factorizes as well]

| Magg?d®ygg =~ [ Mggl?ddegdS J

~ factorization into hard qg piece & soft-gluon emission probability dS

_ 2a5Cr dE df do¢ . _ )
ds = — Fnd o’ with 0 = 0p,« & ¢ azimuth
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Singularities: squared amplitude

2
- . P1-€ P2.€
(Magel> = D |Ta(pr)iegyut"abvs(p2) gs<k — k>
A,a,b,pol p1- p2.

2
2
_ Mza|Cngz<PlP2> — M| Cre s(pﬂ

q plk pzk )( Zk)
include phase-space factor d® gz, >~ dP g5 2E?3 § = dcbqu

[factorizes as well]

| Magg?d®ygg =~ [ Mggl?ddegdS J

~ factorization into hard qg piece & soft-gluon emission probability dS

_ 2a5Cr dE df do¢ . _ )
ds = — Fnd o’ with 0 = 0p,« & ¢ azimuth

gluon emission singularity structure (universal/process independent)

o diverges for E — 0 aka infrared/soft singularity
o diverges for § — 0 and 6 — 7 aka collinear singularity
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Singularities: Real-virtual cancellation

O(as) correction to total cross section, sum of real & virtual contributions

~ley, iey,
VD X

Total cross section must be finite. If real part it divergent, so must the virtual!
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Singularities: Real-virtual cancellation

O(as) correction to total cross section, sum of real & virtual contributions

~ley, iey,
VD X

Total cross section must be finite. If real part it divergent, so must the virtual!

ot = Tqg (1 2O‘SCF/dE/5m9 ( ) ) 2QSCF/dE/sm9 ( >)

R(E/Q,0) parametrizes full real-emission matrix element (E > 0)
l_!'[)no R(E/Q.0) =1

e V(E/Q,6) parametrizes virtual corrections for all momenta
o for every divergence R(E/Q,6) and V(E/Q,0) cancel

I|m(R V)=0 and Ilim (R-V)=0

0—0,m
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Singularities: The total cross section

The emerging picture

@ corrections to oot dominated by hard, large-angle gluons
@ soft gluons play no role for oo
o collision characterised by thara ~ 1/Q
o soft gluons emitted on long time scales t.o ~ 1/(E6?)
~~ cannot influence cross section
e transition to hadrons occurs on long time scales thaa ~ 1/AqcD
~~ can thus be ignored

@ with proper choice for scale of as, i = @, perturbation theory works well

2 2 2 2 3
Otot = Oqg 1 +1. 045 (Q ) +0.94 (@) —15 <$> NI

NLO NNLO NNNLO

[coefficients given for Q = M|

Total cross sections are inclusive quantities,

inclusive in the number of additional QCD partons!
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Summary 1st lecture

The QCD Lagrangian

@ gauge-field theory for the strong force

@ dynamics and interactions of strongly interacting particles

~> quarks & gluons carry colour charges

@ renormalized coupling runs fast
The two faces of QCD

@ confined phase: large coupling regime, physics of hadrons

@ asymptotic free phase: coupling small, perturbation theory applicable
Soft & collinear divergences

@ singularities associated with the emission of soft/collinear gluons

@ generic feature of massless gauge-field theories

o divergences cancel between real & virtual corrections
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