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DISCLAIMER(S)

Purpose(s) of these lectures:

Introduction to QCD
Refresh your knowledge on QCD (another view)
Understand the vocabulary!

New developments in the field (Lectures 3 and 4)

PQCD.




» In the LHC era, QCD is everywhere!
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» In these lectures : pQCD as precision QCD for Colliders



» LHC was incredibly successful at 7 & 8 TeV

» Everything SM like (including Higgs)

LHC cross section measurements

Standard Model Total Production Cross Section Measurements siiws: Juy 2014
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No deviation from Standard Model observed so far.....
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» Next run at |3 TeV ... will find evidence of new physics or not!



discovery ...as for Higgs at LHC
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» Observe new particles: Need good understanding of background

* Involve High multiplicities at LHC



» Very likely: New physics might show up in the detail

* Flavor Physics
e Contribution from new particles at loop level WQ”‘

* Need to be precise on cross-sections and SM parameters

EW vacuum stability — mpg, my¢, o, ...

* Explore Higgs sector with precision

e Multiple Gauge boson and HQ production (gauge/couplings
to new physics)

Precision is the name of the game

These Lectures
Toolkit for precise TH predictions at the LHC




Outline of the lecture |

*3* Basics of QCD : Lagrangian and Feynman rules

** QCD at work: beta function and running coupling
¥ QCD at workin eTe™

** Infrared Safety in QCD

* Jetsin QCD



Outline of the lecture 2

*¢* Deep Inelastic Scattering

«¢* Parton Model

«¢* Scaling Violations and Evolution
*$* Factorization

®%* Parton Distribution Functions



Outline of the lecture 3

*%* QCD at Colliders

«¢* LO calculations : tools and recursions for amplitudes
** Why higher orders?

*¢* How to do NLO

o Automated tools at NLO
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Outline of the lecture 4

o NNLO

«¢* Higgs at NNLO and beyond

«¢* Resummation : when fixed order fails
«$* Parton Showers

** Matching Parton showers and NLO
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The eightfold way (1961)  Gell-Mann and Ne’eman

Everything starts by organizing hadron spectrum to show some pattern
of symmetry (such as Mendeleev did for atoms in periodic table)

s=10 n P
20
s=—1 > . »t
A
q=1
s = —2
== EO
q=—1 q=0

One still missing by that time, but predicted following pattern

Then one asks ... what is the reason for this pattern?
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Quarks (1964)

Gell-Mann and Zweig propose the existence of elementary (spin 1/2)
particles named quarks : with 3 of them (plus antiquarks) can explain the
composition of all known hadrons

A— AO 1 A++

cgid ddu —Or 1& uu Q,

\.1 \ o

‘-3/2 dd |2 usd/ 12_fuu ‘3/2 .

*— /1 yI*0 it I3

XN /

sd | su @

S 2 S
Chan \ / =

ss ()~
30 s

N

Bound states are only made by 3 quarks (baryon) ~ B2ryen qqgq
or by a quark+antiquark (meson). No other

structure observed. Meson ({
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\ @ J/WU = (cc)

(1974) Discovered at SLAC and

Brookhaven. Expected due to
\\ . Gomputer reconsiruction o strong theoretical arguments
f— a\p’ decay in the Markll .
e porfoct mage o the (GIM mechanism)

Greek letter @

2 The “bump” at 9.5 GeV
that lead to the discovery
of the bottom quark at

e T B r=w

myp ~ 4.0 — 4.4GeV

s (1977) Discovered at Fermilab (E288)
3rd family of quarks needed to account

[\ﬂl\ﬂ for CP violation
e TN T
Mass GeV
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m muon
p V,
w'

Jet 1(b) o

neutrino

antiproton beam proton beam

5 °
J
¢ \
w @
V.
neutrino o @
9 o
clectron Jet 2 (b)
o | A
10 F A up-type quarks n ;
-1 _ YV down-type quarks -
g 10 3 b 3
= [ \V4 ]
s e A E
&} : 3
S 107°F -
© N ]
X C ]
> 10_4 E _§
107° F -
= == proton
10~

t

my =~ 171GeV

(1995) Discovered at Tevatron
EWV precision measurements
predicted mass with accuracy

Several orders of magnitude in masses

quark charge mass (approx.)

u 2/3 ~4 MeV
d -1/3 ~ 7 MeV
C 2/3 ~ 1.3 GeV
S -1/3 ~150 MeV
t 2/3 ~171 GeV
b -1/3 ~4.4 GeV
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Spin-statistics issue

AT =ututu?

-3/2 dsd -1/2 'u,sd/l/2 usu 132
XN/
A
Wave function (flavor+spin) completely
sd | su . . . .
N | = symmetric : forbidden by Pauli exclusion
\ / principle
88 ()~
30s
Sy

Introduce new additional quantum number : color ‘ ‘ ‘

ATT = €ijk Uj Tuj Tug T

/

wave function becomes antisymmetric
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Will see that experiment directly confirms 3 colors

o(ete™ — hadrons)

olete” — ptu~)
Upgrade color to “charge of the strong interactions”

So strong that only hadrons observed in nature are those
combinations of quarks that result in color singlets!

Baryon {{{

Only states results in color singlets
Meson qq

3 colors explain observed spectrum of hadrons!

4 )

”1: color
SU(3)color 1S an exact symmetry of nature wf

flavor

- J
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QCD: non-abelian gauge theory under SU(3)

Simple recipe: take free Lagrangian for fermions

L =y o — myy

/

Force it to be invariant under non-abelian local transformation

with 8 generators obeying

tA

:1>\A
2

O =

o o

l‘(l) — (_,i(](, (I‘)Y‘a I'(l)
[ira7 Tb} _ ?:fabcTc

3x3 Gell-Mann matrices (| representation)
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Original Lagrangian not invariant due to derivative of ()

To correct for that change derivative to covariant derivative adding
extra spin-| fields (one per generator)

(Dﬂ)ij — 5@'3' 8;,5 — igSTg} AZ D transforms as the quark field

Add all gauge invariants! (F is not invariant in non-abelian theories, but..)
Fl9) = 0,A% — 0,A% + gs farc AL AS

QCD Lagrangian

1 n .
EQCD — _ZF;%)F(@MU + Z w@q (EWM(D#)%'J' - mq5ij) w;}
q
(*+ gauge fixing terms and eventually ghosts)
92
one single coupling constant Qg = 22
4

no mass term for gluon (gauge invariance) M
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Ny

L free + Lint Lint =9 1,5}7’““ t%Aﬁw} qqg vertex
f=1
Feynman rules — g feorAZAL AVC  ggg vertex
1
_ ZngabCfadeAiAsAﬂdAl/e 9999 vertex
4 v . )
|, fa1azasz | g2 _ ©s3 2 Z
gf [9 (p1 — p2) - ” N
H2 3 _ (251
+g"*"*(p2 — p3) . i
_|_g,u3,u1 (p3 _ pl)/@] N ﬁ
b1 D3 > > '
l J
—_q ay.  (~AHM
\_ M1 ax 3 agj \ Zg(t )’U (’}/ )Oéﬁ )
(M2 az M3 as )
P2 p3
p1 P4 —’i92 fba1a2 fba3a4 (gulusgmm _ gu1u4gu2u3)
+(2<-3)+ (2« 4)]

K1 a1 Ha a4
\
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Propagators

o p p ,
| - | WP+ mag s Quark
0 J p? —m? + ie
T p v |
SRR IR _ Y gwv(py e Gluon
. . . 1% 92 y*
spin polarization tensor A" (p) =Y el ()elny ()
A

Explicit expression depends on gauge
propagation of physical and
unphysical polarizations

( pr“ v .
—ght? 1 —« covariant gauges
9"+ ( )p2 + je gaug
d*” (p) = <
BV Vo M [T Y
—g" + P TP — n2p—p2 axial gauges
\ p-n (p ' n)

propagation of physical
(transverse) polarizations only
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In covariant gauges Lorentz invariance is manifest but ghosts must be
included to cancel effect of unphysical polarizations in propagator

2 2 2

77//
E T\’\mm)))))v — W\/ — g m‘mjjj})v
AN
é%h " A=t -1 %h
p

b )

]
’ S 4666666 b
e e _ [/ 5ab e o, gfach/,l,

5
P + 1€ - -y

Similar trick can be used to simplify calculations when gluon (initial
of final state) polarization enters in any amplitude?

E,U
)
PENMOEN W
3 f %&
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Example gg — Qqq do it!

In QED it is OK to use Z €; € = —Gpuu

pol
'1‘7/1 1‘71/ + ]‘-'1/ A7/1

But in QCD one needs to use Y e = g+

T 1

physical polarizations phys pol ok

Alternatively on could add ghosts in the Z e’ = —g,,

. . . ° I [
initial state and use again Dol
OO0 0 N
*
A Y + p
e 4
O ————  TO00000° ’
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Color algebra

Conventional normalization

TT(tatb) = TRéab TR = 1/2

Fundamental representation 3
N2 -1

tt);; = Crd; —
(29") i F 05l Cr ON.

Adjoint representation 8

fadCfbdc _ 5ab CA — Nc

Very useful Fierz identity (") (¢ ) — —525l

=

ij,..

a,b,..

2N

quark
gluon

5l
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Most relevant color structures

Compute those!

a 40— )

quark == gluon

Tr(t*t?) = Tréuw

gluon == quark

fudr:fhdr: — GA é‘ub

gluon ==y gluon

26



QCD at work

€ QCD can not be solved exactly: use perturbation theory

o =09 4+ a,(p) e +a?(p)o® + ...
¢ Coupling constant “large” : many orders needed for precision

& Several problems appear in the calculation of perturbative
corrections

Ultraviolet (UV) and InfraRed (IR) divergences

27



& QFT has problems with loops: ultraviolet divergences
originate from integration over very large momentum

> 11
2 4
M . k2 (p— k)2

A manifestation that QFT FAIL at very large energies!

To be able to use QFT, search for a procedure to isolate the “large”
energy regime were it fails =g renormalization

|. Regularize the divergency

2. “Absorb” it by redefinition of “bare” (g, m,A, D) parameters in
Lagrangian (thanks to gauge symmetry!)

28



o

A 4
cut d k
Regularization Acut ~ OzB{l + ozBﬁo/ +O(@2B)}
p

, (k2)2
A2 MZ
Renormalization ~ aB{l +  apfo(log C;‘t +log =) + 0(0432)}
scale [/ s b
2
Renormalization = oz(,uQ){l + @004(#2) log Z—Q + O(CYBQ)}

2

AV
a(h?) = o (1 + foan 109~ + O(a)

Renormalized (running) coupling constant :  [dependent

2
RGE =i iﬁ;glg = —((as) B(as) = BoaZ + ...

All order sum of logs ”mm@m + WO@W@WW + o
29




QED 3o = —% <20 ot
- T !
By>0
s .
H5 w2
TeTelele] ngurk o _%1 ']?*’\7F <0
qf
QCD Gross,Wilczek, Politzer
g
~9luon . 11
,136 — m(-z-&
g
110,4 - 2’np
QCD [y = >0 (np<16)

127

Coupling constant DEcreases with energy
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The two faces of QCD

N\
g a, ~| :
[/ 3 distance~|/energy
i >
II I |
confinement asymptotic freedom
large distances ~/| fermi short distances

Quarks do not show up as “free particles”
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Sept. 2013
o v T decays (N3°LO)
Q) Lattice QCD (NNLO)
a DIS jets (NLO)
03} 0 Heavy Quarkonia (NLO)
o e'e jets & shapes (res. NNLO)
® 7 pole fit (N3LO)
. v pp —> jets (NLO)
02|
3
01}
= QCD ag(M,)=0.1185 £ 0.0006
1 10 100 1000
Q [GeV]
T NN R
tT-decays HO~
Lattice o
DIS —0— |
_ e L |
ete™ annihilation +——Or——
|
Z. pole fits —=o—
N I L I
0.11 0.12 0.13
ags(Mz)

asymptotic freedom

It is a prediction of perturbation
theory and allows to use it at high
energies

confinement

Perturbation theory breaks down:
no rigorous proof yet ...

World Average

[aS(M%) = (.1185 =+ 0.0006 )

Dominated by Lattice =
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2
RGE das (1) = —B(a,) at leading order (LO)
d log p?

o O‘S(N%)
T 2
1 + Boas(ud) log Z—%

This expression allows to compute coupling at any scale by knowing
it at a reference value,e.g. (o = My

dos (1?)
d log 11?

= —Boas (,LLQ) Qs (MQ)

But it is convenient to introduce the fundamental parameter of QCD

Agep
- D
Such as o (12) = 1
1 s\H-) = 2
_ _ log —+
Agep = o exp[ 250%(“(2))] Bo log Mo
N J

*Scale at which coupling becomes large
eScale that control hadron masses Aocp ~ 200 MeV
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In real life:
w Dimensional regularization 4 == D dimensions,
w “divergences” appear as |/(D-4) poles

W Finite terms can be subtracted: renormalization scheme

Next-to-Next-to-Leading Order (NNLO) in MS scheme

M S scheme. Subtract % + In(47) — vg
B 4 | 261 In [ln (/,Lz/A2)} N 45%
R WAZ)[ G /A Gn?(u2/A%)

(o] -3+ 222
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(5

11 4

3 3

34 20

4 2857 . , 205

415 5, A4 o o 158

- n S n e mn

\ g7 AT g R TR T Sy AR

) ) (150653 44<j>_+(3371 ( 39L£34_136<,>
f— — n - TS
i A\ 486 97 AU s 37

7073
243

656

—I—CiCFTan <

7930
3 272 2
+46CLTrny + CATan < 31 9
17152 448 424
CaCrTin’

abed jabed
A2l g

- §3> + CuCoTrny (—

—C’ATgn?c + —243 CFTan

4204_+_352C )
27 9 °

224 1352 704
+ g3) + C;Tlgn? ( — C3>

27 9

1232 -

dabcddabcd 80 704
+-4 4 (— + @)+n
Na

Na 9 3

dabcddabcd 704 512
20p Op B
—1—nf—NA < 9 + 3 C3>

512 1664
- C3
9 3
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QCD at work
Observable computed as an expansion in strong coupling constant
0 =09 +a,(u)c®) +a?(u)o? + ...

+_

Example: e'"e  — hadrons

We can not compute “hadrons” but can assume that once there are
partons in the final state they will form hadrons. If we neglect some
hadronization effects then “hadrons ~ partons”

LO: o(e"e” — hadrons) ~ o(e"e~ — quarks)

N
Es
]
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2
q
q
Iu_ 2
N+

R is Sensitive to number of colors!

o(eTe~ — hadrons) 9.
Ryaq = N,
had olete™ — putpu) Z
@ Nc =3

M Quark Flavor thresholds

Compare TH to experimental data

‘F | | I | L DA B AR RARE
C ] 5
A i on { . bt
4 T MEA ity } Jf i MHﬂHﬁJ T . & #@n
R by Jrj J[“ | L1 . d5 '%en )14
3 i | = "
| ‘ + J[J[_I_ i il OCRYSTAL BALL 1 JADE 4 MARK J
E I{ ‘i 1t E SCELo  #CUS #LENA # PLUTO
2 "M MH J/,,,(]s) v(2S) :,,1;(1”22 ©CLEO  ADASPN %®MAC X TASSO
1 \\I“ ||I| |\\|\\|lw||i! [ 2—"”L"ll'“ll"‘LlllifIJ1I|J\|||l||||J\l‘i‘ll\\Vll
3 4 5 7 10 15 20 25 30 35 40 45 50 55 60
R 2 10/3 1 1/3
NF 3 4 5
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What about the next term in the expansion? O(as)

Coupling constant not so small : can lead to visible effect

Two contributions: real and virtual gluon emission

Real included because we are interested in inclusive cross section, not
in cross section with a fixed number of partons in final state (which by
the way can not be computed...see later..)

P1 P1
Q S Q
Real v 3
p2 P2
Virtual W‘{ + Wvé +

38



Real gluon emission (massless)

Best variables to describe the process

P1 P1
 2pi-Q _ 2E;
v P3
P2 P2
Exercise: compute this!
g T3 + a3

M;ea 2 9 220
Mrcar(w1,2, )" = Or g 5= 0

Some more kinematics (angles between final state partons)

1
1 —x1 = §x2x3(1 — cosb,4)

1
1 — a9 = §x1:1:3(1 — cos 0z4) r1+ o +x3 =2
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Integrate over phase space mmfjp- real contribution to cross-section
Exercise: do this!

1
— / dxidxodxs 5(2 — T — To — 333)‘Mreal(33lg $2,$3)|2 SingUIar at L, — 1
0

Qg a:% —I—:c%
2T (1 — $1)(1 — 332)

| Myeat (21,2, 23)]* = CF

Origin of singular contributions: soft and collinear emission

p 1 B 1 1
(p+k)2 2p-k 2E E, (1 —cosfy,)
k / \
soft collinear

1 @s 1 + a3 universal splitting kernel
|Mrea1($1,2 ,373)|2 > Cr 2 P 8
(1— :Eﬂ@ﬂ (1 —22) q— qg

r1 — 1
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P1

Virtual

P3
P2

1 00
O'V — / d;ljldxg 5(2 — 1 — CUQ) / dfCS |Mvirtual($17'x27 $3)|2
0 0

Different phase space due to virtual gluon (instead of real)

o0 00 1
0 1 0

IR finite IR divergent

Looks similar to Real contribution (different kinematics)

1
oft = f dridrodrs 6(2 —x1 — 10 — $3)‘Mreal($la 1172:333)‘2
0

and also divergent...not UV, again due to soft and collinear emission
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Looks bad: computing a physical quantity ...and diverges..

Lets regularize it by introducing a gluon mass m,

R _ 50 ¢ 1 '2+31 ""2+7 "
o [. og Qz og 02 3

Double (log) singularities due to soft and
collinear emission, one “log”per each

b) Add virtual contribution

+ + F(NLO) _ (0) (1 n

™

‘)

Same singularities but opposite sign!

2 2 2
vV _ _(0) & - g My rmq B E 7:_
o' =0 C1.2ﬂ_< log? 02 — 3 log 8 02 5 - 3
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Lets regularize by using dimensional regularization

Phase space and matrix elements computed in d = 4 — 2¢

L | 1(1—3:‘)_26 1
dr = _
/o l—2x v ’ 0 1l —=x da 2€
2 3 19
M= O (S5
2 3 2

different from previous slide
(unphysical), but sum must be the same

2 3 : /
0_0()C 27‘(‘ <——2———8‘|‘7T)

€ €

finite real and virtual terms very [
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Cancellation not by miracle

Since (Feynman, yes blame him!) we compute virtual and real separately:
regularization needed until achieve cancellation

IR much worse than UV!

Real and Virtual diagrams have very similar structure: cuts (dashed line)

<
&

In the infrared region: virtual and real are kinematically equivalent
(-1) from Unitarity

PS integration

Loop integration

/
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KLN Theorem

Cancellation is a general feature: Kinoshita-Lee-Nauenberg theorem

Infrared singularities in massless theory cancel out after a sum over
degenerate (initial and final) states

S

hard hard + soft gluon 2 collinear partons

Physically a hard parton can not be distinguish from a parton plus a
soft gluon or two collinear partons : degenerate states. One should
add over them (to some extent/resolution) to obtain a physically
sound observable

45



KLN Theorem

In QED: Bloch-Nordsieck (only needs sum over final states), proved to
all orders

: [_K_J-\J Solution of the well-known “infrared
S catastrophe” in QED (soft photon

/\ emission)

We can use QCD to compute observables corresponding “inclusive

enough” processes
==l [nfraRed safe (IRS)

[Observable “insensitive” to collinear and soft emission ]

ete — qq is not IRS while ete” — 2jets s

46



2 ALEPH ~

M AL

IR safe: KLN works
cancellation not as complete
as for fully inclusive: some
logs remain

aslog R
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Infrared observables (beyond total cross sections)

Definition insensitive to soft and collinear branching

Event shape variables in e+e-

Typical Value for:

| A%

MName of Definition QCD

Ohservable calculation

Thrust T= ' Z Zipii]| | 1 =73 /2  [(resummed)
' AN Ol a2

) . | Like T, however T__, and m__. in , P
Thrust major ~ ma] ma] 0 <113 <12 Ola2)

plane L L
. Like T, however T, and W, in [

. . 0 <]/2 loes
Thrust minor ditection L to T.pand Ty, 0 <1/2 Ol
Oblateness O =Ty~ Trin 0 <143 i) Ol
s 5=15 [QJ+Q2J:QJ£££(£3 éare o —

hericity - <3/4 =1 i

pheicity Eigenvalues of s = Sibi B (m[;;}g)md
% 13i2
e _ NONE (not
Aplanarity A=15Q 0 0 =12 |infrared safe)
(E’ E E pz IES
Jet (Hemis- (S:l: Henuspheres 1 mTi'T)
phere) masses | ME = max(M;.M2) 0 <3 212 fresummed)
MZ = IM3- M2 | 0 <13 0 Ola2)
X i
B =# Br=Bi+B_| 0 <U2V3) <VQVD)| eqummed)
Jet broadening 2 %6l . ;chtz]
B =max(B, B_)| 0 1A =124 s
Ax |-
Energy-Ener, '
Corrgl}m'mns SEEC(H)= Zu E, I JI &) |' /\J [18931|;n1;1led3
aven I _l:(s_
vis e w( ] b3
Asymmetry of i
EEC AEEC(y) = EEC(rn-y) - EEC(y) Ol
0 w20 w20 w2
Differential Daly) = Raly-Ay] - Ra(y) (resummed)
2-jet rate ' . 02
ﬂ} g
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Thrust to determine spin of the gluon

1/0 do/dI

30

10

| | I | I
Thrust distribution at LEP

——-— Vector gluon
—-— Scalar
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Event Fraction (%)

40 ———

10

Non-Abelian nature : 4 jets

L3

I T T

e Data

XBZ

Abelian
contribution

Non-Abelian
contribution

Bengtsson-Zerwas: angle between the planes containing the two
highest and lowest energy jets
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Color Factors

From combinations of 4-jet events & event shapes

25
. SU(5)
Combined result
I * SUB3)QCD
sStOM ) \ OPAL N
v DELPHI FF 1
1.5 / .
/~ OPAL 4-jet
CF g
/ / vent Shape
1 ALEPH 4-jet ~_//,
“a sue)
0.5 & vy
I 90% CL error ellipses
I Su(1)
0 L |-. | PRI R M R 1
0 1 2 3 4 5
C

] —r T T | T 1 T T | LI | T

QCD

1.33

51



Jets : several definitions available

|. How do you group particles together in a common jet? : jet algorithm
2. How do you combine the momenta of particles inside the jet? :
recombination scheme (E-scheme) add 4-vectors

. . same event!! _
2-jets 3-jets 4-jets

number of jets depends on algorithm
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First jet algorithm:  Sterman-Weinberg (1977)

To study jets, we consider the partial cross section
alE,B,R,c,8) For e'a” hadron production events, in which all but

a fraction € <<l of the total e'e” energy E is emitted within

some pair of oppositely directed cones of half-angle § <1,
lying within two fixed cones of s50lid angle 1 {with né? <<fi << 1)

at an angle & to the ¢+&_ beam line., We expect this to be measur-

0(E,8,8,¢,8) = {dU/dﬂl.ﬂ[l - (9;:/31{2){3111 6§+ 44n 6 n 2¢ i-'-‘:-;--

2-jets events if fraction 1 — ¢ of total energy
contained in 2 cones of opening angle

E1+E2+]E3< cE

Many since then, some with problems.... like infinities...
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Collinear Safe Collinear Unsafe
G.Salam

RN TN

|

jet1 jet1 jet 1 jet1 o
jet 2
n n n n
Og X (=) Og X (+%) Og X (=) Og X (+ )
Infinities cancel Infinities do not cancel

Don’t find infinities in experiment, but IR unsafety spoil
calculations from certain orders

[introduces large sensitivity on non-perturbative physics J

Last meaningful order

JetClu, ATLAS | MidPoint | CMS it. cone | Known at
cone [ic-swm] [1Cmp-SM] [IC-PR]
Inclusive jets LO NLO NLO NLO (— NNLO)
W/Z + 1 jet LO NLO NLO NLO
3 jets none LO LO NLO [nlojet++]
W/Z + 2 jets none LO LO NLO [MCFV]
Miex in 2j + X none none none LO
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Popular algorithms for hadron colliders: kr and anti-kr

Sequential recombination (bottom-up approach)

kT

d;; = min( 2 2 )A_R%J distance parameter for pairs
1] 1111 ptivptj RQ

AR;; = (Ang;)* + (Agy;)°
d;p = pfz- distance parameter to beam

Search for smallest distance among all possibilities
*if diz then particle i removed from list of particles and called a jet
eif djj then particles i and j are recombined in a single particle

Repeat until no particles remain
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.k.t, R=1 [FastJet]

G.Salam
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Jets irregular :s '
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>
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R :
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ustering sequence and look inside the jet
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anti-kT

“invert” distance measure

It. Cone (IC-PR), R=1 [FastJet]

| G.Salam
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Soft particles recombine early but preferably with hard particles : jets
grow in concentric circles (like cone)

Can not look inside jet
Implemented in FastJet : default algorithm
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Recap of first lecture
@ Color “explains” hadron spectrum : charge of QCD

®QCD Lagrangian derived from gauge principle with non-abelian
group SU(3) : Feynman rules for perturbative calculations

®There are UV divergences dealt by renormalization : as a
result running coupling constant

®@Two faces of QCD :asymptotically free and consistent with
confinement

®@There are also IR divergences that cancel when adding real and
virtual contributions

@®@]Jet algorithm is relevant to define IR safe observables

@®@QCD at work in ete- : test the nature of SU(3) OK!
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