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“The mathematics clearly called for a set of underlying elementary objects-at that time we needed three types of them-elementary objects that
could be combined three at a time in different ways to make all the heavy particles we knew. ... | needed a name for them and called them quarks,
after the taunting cry of the gulls, "Three quarks for Muster mark," from Finnegan's Wake by the Irish writer James Joyce”, Murray Gell-Mann

ka QCD is Empor%amﬁ?

Quantum Chromodynamics or QCD is a quantum

field theory which describes the strong interaction

between quarks (constituents of the hadrons) and

gluons.
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Hadronic collisions involve protons in the initial state

Even for electroweak physics, lepton and photon isolation depends on}
the QCD interaction (e.g. photons misidentitied as QCD jets). {
Searching for new physics beyond the SM does not exclusively involve §
eptons. |
New physics searches involves lots of backgrounds of QCD nature. 2

Higher order corrections are important to make the theory uncertaintiesf[
under control. However, the higher we go in perturbation theory the
more QCD is involved.
Dark-matter annihilation leads to final-states particles whose spectra

depend on QCD. }
The study of secondary cosmic rays depend on QCD and challenges.
existing models of fragmentation.
QCD is based on SU(3) which is the richest gauge group we have so far: 1
many studies are ongoing on unitarity properties, color structure, non—
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First Hint for colour charqge

The A™™ baryon discovered in 1951 has bring the first hint for color

| This configuration is |
 symmetric while the overall |
ifermionic wave function |
Ishould be anti-symmetric |

Almost fourteen years after the discovery of A™™, this puzzle has been solved by the introduction of a new quantum
number; the color charge. Each quark comes with three difterent colors (let's call them red, blue and green): N. = 3.
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Three-Triplet Model with Double SU(3) Symmetry™

M. Y. HAXN
Deparimert of Physics, Syracuse Umniverszty, Svyracuse, New Y ork

AND

Y. NAMBU

L hre Itnrico Fermi Institule for INwuclear Studies, and the Depariment of Physics,
1'7ze Universziy of Chicago, Chicago, Illirnois
(Received 12 April 1965)

With a view to avoiding some of the kinematical and dynamical difficulties involved in the single-triplet
quark model, a model for the low-lying baryons and mesons based on three triplets with integral charges is
pProposed, somewhat similar to the two-triplet model introduced earlier by one of us (Y. IN.). It is shown
that in a U (3) scheme of triplets with integral charges, one is naturally led to three triplets located sym-
metrically about the origin of 73-Y diagram under the constraint that the Nishijima—Gell-Mann relation
remains intact. A double SU (3) symmetry scheme is proposed in which the large mass splittings between
different representations are ascribed to one of the SU (3), while the other .SU (3) is the usual one for the mass
splittings within a representation of the fairst .SU (3).
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Further evidence for colour
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The QCD Lagrangian

Let's write the Lagrangian for the free quark field

9
Z = igiyt d,ah - mdidi,  wir gl =|da

Under the following transtformation under SU(3)

. with T are the generators of the SU(3)
U(x) = €T :

Lie group = |1, 1,] =1if, 1.

abc” c1
0 (x);a =1,...,8 are real parameters.

The Lagrangian Z transforms as Jabc @re the structure constants
L — iq'(0)r*0,q'(x) — m g (x0)q'(x) + g )y* U~ (x)(0,U(x)q'(x)

— L+ gi(x)y”U‘l(x)(aﬂU(x))qi(x) not invariant under local SU(3) transformations!!!
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The QCD Lagrangian

We introduce a spin-1 field %, which can be represented by a 8 X 8 matrix (in colour space).
Suppose that % (x) transtorms as

B,(x) = UXB, ) U™ (x) + U)(9,U™(x))
Now, the Lagrangian o . L
< =ig' (0, + B,)q' —mg'q',
transtorms as
Z — g 70,4’ ™) — mG (g’ + ig (U~ (60, U0))g ()

+iG' ()" B, (0)q'(x) + ig' ()" (0,U (x) U(x)g' (x)
= Z +ig )y U™ (0)0,U0))q () + ig )r(0,U ) Ux)g'x)
= Z +ig()r"9,(U" 0U)g'x) =Z  Invariant!
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The QCD Lagrangian

We need fields which propagate in space-time = construct the kinetic energy term tor % (x)

|
‘S/pkinetic = 2Tr (F IuyF IMU)?

| A
with >3 't is easy to check that
F,MI/ — aﬂ%V — OV%’M + [%ﬂ’ t@y] F,uy — U(X)FIMUU_l()C)
Remember that % (x) € SU(3) = can be expanded in terms of the generators (T,) ot SU(3)
—_ 7 aAa A, is the gauge field (there are 8 of
(%ﬂ)l] lgSZ]Aﬂ them) and g, is the coupling constant

1 . . L
L= — GG 4 ic—];(}/”)aﬁ(‘s"a — igSTl?A/f)qé — mqqlaq&

4 MY i
and a a a b Ac
G,w — aﬂAy — ayA,u T gSf;ZbCA//l v We constructed the QCD Lagrangian
Let us study its implications!!!
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Grell-Mann Mabrices

The generators of SU(3) are defined as (traceless and Hermitian) IMPORTANT NOTE: If you change this
Tr(TaTb) =g, = TFéab convention, you have to change the definition
of the coupling constant g, since g T, appears
in the QCD Lagrangian (see previous slide).
Cartan metric; 8., = — .t ponm
We can choose a parameterization of T, such that T, = 1/2; i.e. define T, = E/Ia
01 O 0 —1 O 1 0 O 0 0 1
0 0 O 0O 0 O O 0 O 1 0 O
0 0 —i 0 0 O 0 0 O 1 1 0 O
=00 0 )a=(00 1) 4={00 =i)ix=—1{0 1 o0
i 0 0 0 1 0 0 i 0 V3\o 0 -2
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Intkeractions i Colour SF?&&Q

g ) — (U D ] he matrix-element calculations involve two
qqg ° qa(ly )aﬁ( //t)l]qﬁ independent parts: color space and Lorentz space.

Let us focus on the color space first.

(D,); = 6,0, — ig,TIA!

ij
A, ] i
X = Egs da /14 s
j 0 0 1 0
—Egs (1 00) 0 0 O 0
q, 45 1 0 O 1

Gluon (adjoint) colour index € [1,8]

%ﬁluon Lorentz-vector index € [0, 3]

—ig T4* A4S |
ST yYlaB H Amplitudes Squared summed over colors —
// \\ traces over products of T, matrices
Quark colour indices € [1,3] Fermion spinor indices € [1,4] [udl @e] (o] g 2 Tog fo] &= (next slides)

| |
QCD and event generators Adil Jueid
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Interactions in Colour Space: Gluon self-interactions

Gluon self-interactions:

A A

588

a __ a a abc A b A ¢
GW = 0ﬂAy — 6yAﬂ + g.f AﬂAy

— —— — — 8, [ (ky — ky)PghY  —g2frac fybd(ghvgro — ghogip)

Abelian non-Abelian —gf "y = kg =gl (g " ~ g8 )

(Absent in QED) _gsfabc(kl _ k3)ygpy _ggfyabfycd(g,upgup _ g/wgyp)

Note about % :

Jizz =1
N147 = Joss = fas7 = faas = 1
: 1
J_szbc are cj‘alleol the §truF:ture constants of the SU(3) group. fiso=fir= 5
They unlquely.deﬂne its structu.re. J3
ney can provide a representation for SU(3) — called the Jass = Jors = ——
. : o : _ Jape = — Jpae 10T a, b, c € [1,8]
adjoint representation —, if we define (7)), if . We e torabelLs
have [T, T, =if ,.T, fraa =0 for a € [1,8'
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More about colour algebra

| Z Decay: (aka color-singlet decays) |

2 T =

colors
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More about colour algebra

{ . !
; —> 3 jebs: |
i -

Dl = 5,65 ToTS = TeT% = (T°T*
N7 . x oo Lyl = Tyl = ( )ii

= T Tr(6%) = (N* — DT

colors

‘c Quark sebfmemerg;

ik ki

.
N,

N? -1

C

QCD and event generators Konkuk University




Breal: An &vaorEam& relabion

, Let M be an arbitrary Hermitian N. X N, matrix. It can be expanded as:
| M = qly +a,T% ay,a, € R

The coefticients (a, and ) can be estimated from the traces over M and T“M. We have:

| 1 1 1 1
2 = —Tr(M) and &, = ——Tr(MT) => M = —Tr(M)ly_+_Tr(T"M)T"
: C F C F

Now, let us take the (i, j) element of the matrix M

IM.. = —M,.6.. + —(T*M),, T¢ = —M,, 5., + —TM,, T¢

ij Nc kk™ij T kk= ij Nc kk™ij TF kI kT

OM—M L5 5.+ — 7T — TT% =T\ 6,6 L s s

0 V= M\ k% T itk = 1F\ Quk — 3%

, C F C

0iOi Tr(M) = aTrly) + @, Tr(T) = apNe == oo = - Tr(M) 1
= N, — (0 Tr(MT9) = ayTe(T%) + o, Tr(TT") = T8, —> @, = FTr(MTa)
QCD and event generators Adil Jueid Konkuk University ﬂ




Return to colour atg@.br&

| g — qq ok the one-loop Orc&@':

« T4TTIT, = Tr(TT°) Tr(T°T”)
= T 000 = TE(N; = 1)

abrbra _ cpaaybb
o I Iy Iy 1y = (L )Ty T )

5 1 1
= 1% 5jj5ik i k01 — Véilélk
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Can we calculate LHC processes NOW?

What are we really colliding?

Take a look at the quantum level

Hadrons are composite, with time-
dependent structure

u (illustration by T. Sjostrand)

Describe this mess statistically =» parton distribution functions (PDFs)

PDFs: f(x,Q7) i€ [g,u,d,s,c, (b)), ), )]

Probability to find parton of f

‘ as function of “resolution sca

QCD and event generators Adil Jueid

avour . with momentum frac

IoNn X = pi/phadron/

e” O ~ virtuality / inverse |i

Il

etime of fluctuation
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ij PDFs work 1: heuritstic @.xpi&ma&mm

, Litetime of typical tluctuation = r,/c (=time it takes light to cross a proton)

~ 10~% seconds; Corresponds to a frequency of ~ 500 billion THz

 To the LHC, that's slow! (reaches “shutter speeds” thousands of times faster)

' Planck-Einstein: E = hv = vy = 13 TeV/h = 3.14 million billion THz

} —> Protons look “frozen” at moment of collision

} But they have a lot more than just two “u” quarks and a “d"” inside

Difticult/impossible to calculate, so use statistics to parametrise the structure: parton distribution functions (PDFs)
Every so often | will pick a gluon, every so often a quark (antiquark)

Measured at previous colliders (+ increasingly also at LHC)

Expressed as functions of energy fractions, x, and resolution scale, Q2

| + obey known scaling laws df / dQ2: “DGLAP equations”. :

QCD and event generators Adil Jueid Konkuk University



Deep Inelastic Scattering (DIS)

K
K

Hard (i.e. high-energy) photon

ues|d
: 1ed oluoirde

q

\\ g* = (k — k')> < 0 (spacelike)

| : Iativisti .
ncoming relatvistic — Often use Q2 = — qz > O 1nstead

electron (or positron)

Assoaw
: Jed oiuoupeH

“Deep” = invariant mass of final

hadronic system > M,

roton
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Wl«v PDFs work 2: factorisation i DIS

Scattered
Lepton Lepton We assume* that an
Deep Inelastic >

Scattering (DIS)

analogous factorisation

works for
Scattered PP

Quark *caveats are beyond the scope

of this course

Ji/h =

— The cross section can be written in factorised form :

¢h __ | | N2 iy TfyXF
=3y [ | 2, il Q) T

remmnssesoanmmssssret | Differential partonic
= PDFs B i
i i Hard-scattering

Sum over initial (i) §

i

ﬁj,' @, = Final-state '

and final (f) parton '

lphase space  § §Assumption: 0?

o |
_‘ & | Matrix Element(s) at Q2 ‘,

§ flavors

Konkuk University
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Factorisabion = we can skill calculake!

PDFs: connect incoming hadrons with the high-scale process
Fragmentation Functions: connect high-scale process with final-state hadrons

Both combine non-perturbative input + all-orders (perturbative) bremsstrahlung resummations

o dO_a—> s 0y
. - LL fCL xaa )fb(xva ) : f<$ b f Q Qf) (Xf _>X Qzan)

X 1X;
PDFs: needed to compute Hard Process FFs: needed to compute
inclusive cross sections Fixed-Order QFT (semi-)exclusive cross sections

In MCs — initial-state radiation + In MCs: resonance decays +
non-perturbative hadron (beam- Matching final-state radiation +

remnant) structure & Merging hadronisation + hadron decays
+ multi-parton interactions (+ final-state interactions?)

QCD and event generators Adil Jueid Konkuk University



Beyond trees: Infinities

The QCD Lagrangian is no-linear in the fields == Physical observables can only be computed approximatively.

Example

: d¢ 1 _[dg . |
k — 2 : ; — j AT (271-)4 q4 N 7 — hI_E] log(q) Clearly divergent
q— 100

o e e o o o > — o = R e A oo e o — B O 2P — o o = & e e o e e > — o e & & e 2 o e e — o & = & e AT el o e o e P il e — o o BNy DT~ v ¥ 73

Divergences (here called UV) mean that we cannot make predictions!

g ama = > 2 s o D sl T a4 s e | L O ABe e - D> i T A gvAM T e . L prama = i e PP NS Y, EIwy, IO P o Lo pABa e~ g - 50 SNl v L g posma ST B U P o e go - s TG T B Uy e - 0 Y
= el el Oy S = At Oy - = — S S Tty - = = SLeryy - AR == =t B G Ds e - —_ e DR =

—> J « log(A,)

Prescription leads to gauge dependent quantities + add some arbitrariness  } — { Define a better prescription;

to the theory predictions (dependence on an unknown parameter A ) aka renormalisation $
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Renormalization or infinities are not so scary

We say that the fields and parameter are just bare at a given order

—> At the quantum level, the fields and parameters are defined as Systematics of Renormalization
Z1/2g

l

pio — Zpipi and & T

+ suitable regularization scheme

In a nutbshell}

- Choose a set of independent parameters in the theory. In QCD, we have]
only one parameter g, (it we ignore quark masses). |

- Split the bar parameters (tields) into renormalised parameters (tields) and
counter-terms.

i+ Find renormalisation conditions to fix the counter-terms. ‘

- The final result should be free of UV infinities. |

NOTE: There are further divergences for momenta g — 0 (these are IR |

i divergences and should be treated separately)

QCD and event generators Adil Jueid




Application: the strong coupling constant

Let's return to the Lagrangian of qgg interaction (at the one-loop order)

R/

—(0 0 ,(0) _ —(0 0 0
107 TeqOA = g, 7O Teg VAL

z\f —

/dentical to the {
{ Lagrangian in slide (10)

§ to preserve the natural dimension |
fof £ in D space-time dimensions.

§ 11 is called the renormalisation scale §

g, 0 is independent of u ;

4
08 I/ 43

Konkuk University

— differentiating with respect to u gives B(g) = 2 gS
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Apptiaaﬁow the strong aouPLEMQ constank

17 =

We need to truncate at the one-loop order; we define 1 + k6, + O(5%) §

——> §; can be computed from explicit evaluation of one-loop integrals (see e.g. Peskin & Schroeder)

Lzr e o oy = o o Bl O g ey g Dy - PN o Ty O G oy - P ol o R - P e 0 e —

3 i 2

| 1 S 1

{6, =—(=2) |-2¢,-2C,+20 -5 +=(1 - 5)C,
| e \ 4n 2 _

4 )
1 [ g
b5, = — (g_> [ —2C, +2(1 — 5)CF]
5. = L (5 [0, _8 T, + (1 — &C

40y = — | — —C,——n —

If we define the stron
g d az

Coup“nzg constantas: —, U— O, = — —S,BO which can be solved to give OCS(//t) —
a, = S5 d//t 27T

S Ag
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The strong &QMF’LEMQ constank

The strong coupling is the main parameter of perturbative QCD calculations. It controls:

- The size of QCD cross sections (& QCD partial widths for decays).

- The overall amount of QCD radiation (extra jets + recoil effects + jet substructure).

- Sizeable QCD “K Factors” to essentially all processes at LHC, and ditto uncertainties.

L ENE NS IR in the infrared

April 2012

T decays (N3L.O)

IL.attice QCID (NNLO)

IDIS jets (NLO)

Heavy Quarkonia (NLO)

ete jJjets & shapes (res. NNLO)
Z pole fit (ON3L.O)

PP — jets (NLO)

7 000D 3§ 4

e
g N ° ° °
‘P‘.q. = e
e O
T
IR >
I NS ]
RO T ——
e ey, S _
G = p—
dvgvar,, B4 >
A s
s,
SIS
Avv.s - =

| fast running at
low scales

0.1 |

— QCD as(M>) = 0.1184 = 0.0007

B | 10 QO [GeV] 100




Nobel prize citation (taken from . Salam's talike)

“What this year's Laureates Nobelprize.org
discovered was something that, at
first sight, seemed completely The Nobel Prize in Physics 2004

David J. Gross. H. David Politzer, Frank Wikczek

contradictory. The interpretation of
their mathematical result was that the
closer the quarks are to each other,
the weaker is the ‘colour charge’'.
When the quarks are really close to

‘' each other, the force'is so weak that
they behave almost as free particles.
This phenomenon is called |
‘ . ' David J. Gross H. David Politzer Frank Wilczek
asym ptOth fl'eedom . The Converse The Nobel Prize in Physics 2004 was awarded jointly to David J. Gross, H. David Politzer and Frank
|S true When the quarkS move apart, Wilczek or the discovery of asymptotic freedom in the theory of the strong interaction”.

- yotentia

2 the becomes stronger when the

distance increases.”

Photos: Copyright © The Nobel Foundation

as(r) "' The force still goesto @ asr — 0
(Coulomb potential), just less slowly

"2 The potential grows linearly as r— o, so the force actually becomes constant
(even this is only true in “quenched” QCD. In real QCD, the force eventually vanishes for r>>|fm)

1r
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Cross sectktions ab Fixed order

Now want to compute the distribution of some observable: O

In “inclusive X production” (suppressing PDF factors)

\

X + a?lglthing

Sum over identical
amplitudes, then square

Momentum
2 configuration
» Fixed Order dO- (6) 5 2
(All Orders) 10 — E dPx E :MX+k (O - O({p}X+k))
|eg Ieg ME k=0 /=0
|OOp Phase Space \
Matrix Elements Evaluate observable
Cross Section Sum over for X+k at (£) loops — ik @
differentially in O “anything” = legs

Truncate at k = 0, = 0 = Born Level = First Term
Lowest order at which X happens

QCD and event generators Adil Jueid Konkuk University




Loops ana Legs

2| 5@ || 4@
R N S B i
~oll @ ;0 | ;O | ,©
0 1 2 3
k (legs)
k=0, 7 =0
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(includes X+1 @ LO)

¢ (loops)




Cross sections abt NLO: a closer look

<

NLO /|M

0)*
/ \MXHF / 2Re[M< JYCN

IR smgulam’ues
(from poles of propagators going on shell)

_ gBom+Fimte{ / |M§?)+1\2}+Finite{ / 2Re[ My M@*]}

X2 X+1@

X X+10

Born X+10 X+20)

*for so-called IRC safe
observables: more later

ONLO (e+e_

— qq) = oLo(eTe” — qq

QCD and event generators
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Note on Observables

(example by G. Salam)

Not all observables can be computed perturbatively:

Collinear Safe Collinear Unsafe
Virtual and Real go into same bins! Virtual and Real go into different bins!
jet 1 jet 1 jet 1 jet 1 |
jet 2
8 8 8 8
Og X (=) Og X (+%) Og X (=) Og X (+)
Infinities cancel Infinities do not cancel

Invalidates perturbation theory




‘Per%urba&vebj Calculable <= “Infrared and Collinear Safe”

SOFT radiation:

Adding any number of infinitely soft particles (zero-energy)

should not change the value of the observable

COLLINEAR radiation:

Splitting an existing particle up into two comoving ones
(conserving the total momentum and energy)

should not change the value of the observable




Structure of NNLO calculation

X@) X+1?

1-Loop x 1-Loop

X({) X+

1-Loop x Real for (X+1)

Born X+1(0) X+2(0)

D

oy O = J§LO+/ (|.M)(§)|2 + 2Re| M

Everything we
had at NLO
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