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A Monte Carlo technique: is any technique making use

of random numbers to solve a problem
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A Conve rgence: L “This risk, that convergence is only given witha  §
0 A. certain probability, is inherent in Monte Carlo
2= Calculus: {A} converges to B = calculations and is the reason why this technique
/ y A if an n exists for which sy was named after the world’s most famous
{ i‘ |Ai>n - B| < €, for any € >0 : gambling casino. Indeed, the name 1s doubly
i appropriate because the style of gambling in the
2= Monte Carlo: {A} converges to B Monte Carlo casino, not to be confused with the
=1 if n exists for which noisy and tasteless gambling houses of Las
; the probability for Vegas and Reno, 1s serious and sophisticated.”

|Ai>n - B| < €, for any € > 0, F. James, “Monte Carlo theory and practice”,
is > P, for any P[O<P<I] Rept. Prog. Phys. 43 (1980) 1145
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Scatterlng Experlments

S R e L B v V. P

LHC detector
Cosmic-Ray detector
Neutrino detector
X-ray telescope

source

— Integrate differential cross sections over

specific phase-space regions

. do
Predicted number of counts Neount(AQ) /A ) 1029

= integral over solid angle df?

QCD
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Scatterlng Experlments
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LHC detector
Cosmic-Ray detector
Neutrino detector
X-ray telescope

source

— Integrate differential cross sections over

specific phase-space regions

. do
Predicted number of counts Neount(AQ) /A ) 1029

= integral over solid angle df?

In particle physics:
Integrate over all quantum histories

QCD
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Convergence

~uws T - T SR e

MC convergence is Stochastic! 233333 sodstes
e
L any dimens i
—— Inan IMmension SE- N~ .
NG
Uncertainty . Approx Approx
(after n function evaluations) Neval / bin Conv. Rate Conv. Rate
(in 1D) (in D dim)
Trapezoidal Rule (2-point) 2D | /n2 | /n2/D
Simpson’s Rule (3-point) 3D | /n4 | /n#/D
.. m-point (Gauss rule) mP | /n2m-| | /n@m-1)/D
Monte Carlo | |/n!2 |/n!/2

+ many ways to optimize: stratification, adaptation, ...
+ gives “events” — iterative solutions,
+ interfaces to detector simulation & propagation codes Lecture

QCD
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Monte Carlo Generators

———m— I .-

Calculate Everything = solve QCD — requires compromise!

Improve lowest-order perturbation theory,
by including the ‘most significant’ corrections
— complete events (can evaluate any observable you want)

Existing Approaches

PYTHIA : Successor to JETSET (begun in 1978). Originated in hadronization studies: Lund String.
HERWIG : Successor to EARWIG (begun in 1984). Originated in coherence studies: angular ordering.
SHERPA : Begun in 2000. Originated in “matching” of matrix elements to showers: CKKW.

+ MORE SPECIALIZED: ALPGEN, MADGRAPH, ARIADNE,VINCIA,WHIZARD, MC@NLO, POWHEG, ...

QCD

Lecture
1}

4




(PYTHIA) .
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PYTHIA anno 1978
(then called JETSET)

LU TP 78-18
November, 1978 I

A Monte Carlo Program for Quark Jet
Generation

9
T. Sjostrand, B. Soderberg
A Monte Carlo computer program is
presented, that simulates the

fragmentation of a fast parton into a

jet of mesons. It uses an iterative

scaling scheme and is compatible with
the jet model of Field and Feynman.

Note: Field-Feynman was an early fragmentation model

Now superseded by the String (in PYTHIA) and
Cluster (in HERWIG & SHERPA) models.

QCD
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PYTHIA anno 1978
(then called JETSET)

LU TP 78-18
November, 1978

A Monte Carlo Program for Quark Jet
Generation

T. Sjostrand, B. Soderberg

A Monte Carlo computer program is
presented, that simulates the
fragmentation of a fast parton into a
jet of mesons. It uses an iterative
scaling scheme and is compatible with
the jet model of Field and Feynman.
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Note: Field-Feynman was an early fragmentation model

Now superseded by the String (in PYTHIA) and

Cluster (in HERWIG & SHERPA) models.
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SUBROUTINE JETHEN(ND
COMMON /JET/ K(100:20s P:100452
COMMON /PAR/ PUDs PS1: SQIGMAs CXZ2.
COMMON /DATA1/ MESQ(?4+2) s CHMIXihL312)s
IFLEGN=(10-1FLBEG)Y/S
W=2.%EBEG
1=0
IPD=0

4 FLAVGUR AND PT FOR FIRST GUARK
IFL1=1ARSCIFLBEG?
PT1=SIGMA*S@RT(~ALOG{RANF{D)}J
PUIA=4,2832%RANF (D)
PY4=PT1#COS(PHI1?
PY{=PT1#8IN{PHI1)

100 I=1+1

= F1AVOUR AND PT FOR NEXT ANTIGUARK
IFLZ=1+INT{RANF (0} /RUD
PszSIGMA*SQRT(~ALOG{RANF(D)))
PHIZ=& . 2832%RANF (D2
PY2=PT2+COG{PHIZ)
PYZ=PTZ#8IN(PHIZ)

I MESON FORMED, SPIN ADDED AND FLAYVOUR MIXED
KCIs1}:NESQCS*{XFL1~13+IFL21IFLSGN3
ISPIN=INT{P31+RANF (022
KIT+2)=14F#IGPIN+K(I:1)
IFCK(Is1Y . LE. &Y GOTO 110
TMIX=RANF ({2}
KM=K (112 -5+3ISFIN o
H(I;2)=8+9*ISPIN+1NTiTMIX+cMIX(HMs1}3+1NT(TMIX+CM1X(NN;2})

4 MESON MASS FROM TABLE: PT FROM CONSTITUENTS

4140 P{I151=PMAS{(K{Is2)]
PCI1)=PX1+PX2
BP(1,21=PY1+PY2 ‘
PMTS=P{1s1)**2+P(I42}**E+P(155)**2

5 RANDOM CHOICE OF X=€E+PZ)MESON£{E+PE}AVAILABLE GIVES E AND PZ
X=RANF (03
IE(RANF(OY .LT.CXZD ¥, -X¥%(1,/3.3
PeIsT1=(XXW~PHTS/ (XEUII/Z,
Pelshr=CXRU+PHTE/ (X*UIY/ 2,

& IF UNSTABLE, DECAY CHAIN INTO STABLE PARTICLES

170 IPD=IPD+1 '
IF{K¢IPDs2).GE.B) CALL DECAY(IPD: 1D
IECIPD.LT.I.AND.2.LE.Z6) GoTo 120

7 TLAVOUR AND PT OF GUARK FORMED IN PAIR WITH ANTIQUARK ABOVE
IFL1=IFLZ '
PXt=-PXZ 3
EY4=-PYZ b

8 1F ENOUSH E+PZ LEFT: Go To 2
MESEIES SE 17 , QCD
IF(N.GT.NFIN.AND,I.LE.?S} GOTD 100
M=l
RETURN
END

EREGs WFIN: IFLBEG

PMAS{19)
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(PYTHIA)
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PYTHIA anno 2012
(now called PYTHIA 8)

LU TP 07-28 (CPC 178 (2008) 852)
October, 2007

A Brief Introduction to PYTHIA 8.1

T. Sjostrand, S. Mrenna, P. Skands

( The Pythia program is a standard tool
for the generation of high-energy
collisions, comprising a coherent set
of physics models for the evolution
from a few-body hard process to a
complex multihadronic final state. It
contains a library of hard processes
and models for initial- and final-state
parton showers, multiple parton-parton
interactions, beam remnants, string
fragmentation and particle decays. It
also has a set of utilities and
interfaces to external programs. [..]

-

\

—

~ 80,000 lines of C++

What a modern MC generator has inside:

Hard Processes (internal, semi-
internal, or via Les Houches events)

BSM (internal or via interfaces)
PDFs (internal or via interfaces)
Showers (internal or inherited)
Multiple parton interactions
Beam Remnants

String Fragmentation

Decays (internal or via interfaces)
Examples and Tutorial

Online HTML / PHP Manual

Utilities and interfaces to
external programs

QCD

Lecture
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(Traditional) Monte Carlo Generators

D LT W T AERLAN Te T T T N e S _

LD T S AR

Perturbative Evolution Collider

Based on small-angle singularity of accelerated Observables
charges (synchrotron radiation, semi-classical)

C
Hard 5
Process &
i
P — (0),2 c . e
| My, 8 l
o
(g
Leading Order, > 5 L
. o X
Infinite Lifetimes, Q’é 4\0
C}\O
Altarelli-Parisi Splitting Kernels
Leading Logarithms, Leading Color, ...
+ Colour coherence
) QCD
: 2 : y
Factorization Scale

P. Skands 7



From leed to Inﬂnlte Order

S R e . B " T, N TR, T TTT———. P

Fixed Order :All resolved scales >> Aqcp AND no large hierarchies

Trivially untrue for QCD
We’'re colliding, and observing, hadrons — small scales

We want to consider high-scale processes — large scale differences

— A Priori, no perturbatively calculable
observables in hadron-hadron collisions

QCD

ture
1]
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From Fixed to Inﬂnlte Order
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Fixed Order :All resolved scales >> Aqcp AND no large hierarchies

Trivially untrue for QCD
We’'re colliding, and observing, hadrons — small scales

We want to consider high-scale processes — large scale differences

dO'a_><£Ea,£IJ,fQ Q)
——ZZ ol @l @) & d;f ! DX, - X.Q%Q%

PDFs: needed to compute FFs: needed to compute
inclusive cross sections (semi-)exclusive cross sections

QCD

Lecture
1}

P. Skands




From Fixed to Inﬂnlte Order
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Fixed Order :All resolved scales >> Aqcp AND no large hierarchies

Trivially untrue for QCD
We’'re colliding, and observing, hadrons — small scales

We want to consider high-scale processes — large scale differences

dO'a_>(iEa,£E,fQ Q)
——ZZ ol @l @) & d;f ! DX, - X.Q%Q%

PDFs: needed to compute FFs: needed to compute
inclusive cross sections (semi-)exclusive cross sections

Resummed: All resolved scales >> Aqocp AND X Infrared Safe

QCD

Lecture
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Jets and Showers

———m— I .- TN R Y - | T ————

Jet clustering algorithms

Map event from low resolution scale (i.e., with many partons/
hadrons, most of which are soft) to a higher resolution scale (with
fewer, hard, jets)

Jet Clustering

Many soft particles (Deterministic) > A few hard jets
(Winner-takes-all)
Q~A~mn Q ~ Qhad Q~ Ecm
1 ~ 150 Mev ~ | GeV ~Mx [
Hadronization < Parton Shf).wgring Born-level ME
(Probabilistic)
Parton shower algorithms

Map a few hard partons to many softer ones
Probabilistic = closer to nature, but normally not uniquely
invertible by any jet algorithm aco

Lecture

(see Lopez-Villarejo & PS [JHEP 1111 (2011) 150] for a shower that is invertible) i
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" Perturbative Evolutin: Brgmsstrahlung
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Bremsstrahlung

B B VN N - | T -———————n

For any basic process do x = ¥ (calculated process by process)

Recall: Factorization in Soft and Collinear Limits

P(z) : “Altarelli-Parisi Splitting Functions” (more later)

IM(...,pipi-. )| dg ( ) IM(...,pi+pi,.. )

“Soft Eikonal” : generalizes to Dipole/Antenna Functions
281 (more later)

2
‘M( 7pz7pk7)‘ QcD

Lecture
1}

2
‘M(noo’pi,pj’pk‘o-o)’ % g?c
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Bremsstrahlung

B B VN N - | T -———————n

For any basic process do x = ¥ (calculated process by process)
O/ ds 1 dSl '
o - dO‘X_|_1 ~ N029§ - J dO’X
+
— Si1  S1j

Recall: Factorization in Soft and Collinear Limits

P(z) : “Altarelli-Parisi Splitting Functions” (more later)

IM(...,pipi-. )| dg ( ) IM(...,pi+pi,.. )

“Soft Eikonal” : generalizes to Dipole/Antenna Functions
281 (more later)

2
‘M( 7pz7pk7)‘ QcD

Lecture
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2
‘M(noo’pi,pj’pk‘o-o)’ % g?c
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Bremsstrahlung

———m— I .- TN R Y - | T ————

For any basic process do x = ¥ (calculated process by process)
O’ ds;1 dsi;
2 11 19
O dO‘X_|_1 ~ N02gs do x v
Si1  S1j

Recall: Factorization in Soft and Collinear Limits

P(z) : “Altarelli-Parisi Splitting Functions” (more later)

IM(...,pipi-. )| dg ( ) IM(...,pi+pi,.. )

“Soft Eikonal” : generalizes to Dipole/Antenna Functions
281 (more later)

2
‘M( 7pz7pk7)‘ QcD

Lecture
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2
‘M(.oo’pi,pj’pk‘oco)’ % g?c
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Bremsstrahlung

———m— I .- TN R Y - | T ————

For any basic process do x = ¥ (calculated process by process)
(@ ds;1 dsi;
2 11 19
O dO‘X_|_1 ~ N02gs do x v
4% T Si1 81
‘Z dSZQ dSQ

\\ dO'X_|_2 ~ NCQQS dO'X_|_1
S$i2 525

Recall: Factorization in Soft and Collinear Limits

P(z) : “Altarelli-Parisi Splitting Functions” (more later)

IM(...,pipi-. )| dg ( ) IM(...,pi+pi,.. )

“Soft Eikonal” : generalizes to Dipole/Antenna Functions
281 (more later)

2
‘M( 7pz7pk7)‘ QcD

Lecture
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2
‘M(.oo’pi,pj’pk‘oco)’ % g?c
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Bremsstrahlung

- | T ————

For any basic process do x = ¥ (calculated process by process)

ds;1 dsi;

2 11 19
O’o dox+1 ~ Nc2g, dox

* —_— Si1  S1j

K
2 dSZQ dSQ

doxia ~ No2g? Ldoxi1

\\\ Sio  S2j

Recall: Factorization in Soft and Collinear Limits

P(z) : “Altarelli-Parisi Splitting Functions” (more later)

IM(...,pipi-. )| dg ( ) IM(...,pi+pi,.. )

“Soft Eikonal” : generalizes to Dipole/Antenna Functions
281 (more later)

2
‘M( 7pz7pk7)‘ QcD

Lecture
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2
‘M(.oo’pi,pj’pk‘oco)’ % g?c
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Bremsstrahlung

For any basic process dO’X = V (calculated process by process)
ds;1 dsq;
2 11 19
O’o dox+1 ~ Nc2g, dox
* —_— Si1  S1j
72
dSZQ dSQ
doxia ~ No2g? Ldoxi1
\\\ Si2 82
dSzg d83
dO'X+3 ~/ NCQQS dO'X_|_2
$i3 S35

Recall: Factorization in Soft and Collinear Limits

P(z) : “Altarelli-Parisi Splitting Functions” (more later)

IM(...,pipi-. )| L ( ) IM(...,pi+pi,.. )

“Soft Eikonal” : generalizes to Dipole/Antenna Functions
281 (more later)

2
‘M( 7pz7pk7)‘ QcD

Lecture
1}

2
‘M(ooo’pi,pj’pk‘ooo)’ % g?c




Bremsstrahlung

- ~

For any basic process do x = ¥ (calculated process by process)
ds;1 dsq;
2 11 19
O’o dox+1 ~ Nc2g, dox
* —_— Si1  S1j
72
dSZQ dSQ
doxia ~ No2g? dUX+1 v
dSzg d83
dO'X+3 ~/ NCQQS dO'X_|_2
$i3 S35

Recall: Singularities mandated by gauge theory
Non-singular terms: up to you

QCD

Lecture
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Bremsstrahlung

For any basic process dO’X = V (calculated process by process)
ds;1 dsq;
2 11 19
O’o dox+1 ~ Nc2g, dox
* —_— Si1  S1j
72
dSZQ dSQ
doxia ~ No2g? Ldoxi1
\\\ Si2 82
dSzg d83
dO'X+3 ~/ NCQQS dO'X_|_2
$i3 S35

Recall: Singularities mandated by gauge theory

Non-singular terms: up to you

SOFT COLLINEAR
IM(Z° = 4ig;qr)|?

28, 1 Siq S ;
22 1k | 19 | ik
] ’ ¢ [ ( >]
|M<ZO . QIQK)|2 SijS5k SIK \ Sjk Siyj

’M(HO — QIQK)P i SijSjk STK Sk Si; QCD
SOFT COLLINEAR  +F T

P. Skands




Bremsstrahlung

B B VN N - - ewT———T

For any basic process do x = ¥ (calculated process by process)
ds;1 dsq;
2 11 19
O’o dox+1 ~ Nc2g, dox
* —_— Si1  S1j
72
dSZQ d82
dox 2 ~ No2g: Ldoxi1
\\\ Si2 S92,
dSzg d83
dO'X_|_3 ~/ NCQQS dO'X_|_2
$i3 S35

Iterated factorization
Gives us an approximation to co-order tree-level cross sections.

Exact in singular (strongly ordered) limit.
Finite terms — Uncertainty on non-singular (hard) radiation

QCD

Lecture
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Bremsstrahlung

. B " T, N

-~

For any basic process do x = ¥ (calculated process by process)
ds;1 dsq;
2 11 19
O’o dox+1 ~ Nc2g, dox
* —_— Si1  S1j
72
dSZQ d82
dox 2 ~ No2g: Ldoxi1
\\\ Si2 S92,
dSzg d83
dO'X_|_3 ~/ NCQQS dO'X_|_2
$i3 S35

Iterated factorization
Gives us an approximation to co-order tree-level cross sections.
Exact in singular (strongly ordered) limit.
Finite terms — Uncertainty on non-singular (hard) radiation

But something is not right ... Total O would be infinite ... Qcp

Lecture
1}
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Loops and Legs

L B v V. L. T TTTE————n. P

Coefficients of the Perturbative Series

X2  X+]®

X+ X+20) X+3(1)

Universality (scaling)

+] @ - X+20) xX+30-

—
Jet-within-a-jet-within-a-jet-...

Legs

QCD
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Loops and Legs

. B " T, N L. T TTTE————n. P

Coefficients of the Perturbative Series

The corrections from

Quantum Loops are
missing

X+ X+20) X+3(1)

Universality (scaling)

+] @ - X+20) xX+30-

—
Jet-within-a-jet-within-a-jet-...

Legs

QCD




The Resummatlon Idea

- N SIS

For any basic process do x = ¥ (calculated process by process)
ds;1 dsq;
2 11 19
O’o dox+1 ~ Nc2g, dox
* —_— Si1  S1j
72
dSZQ dSQ
doxia ~ No2g? dUX+1 v
dSzg d83
dO'X+3 ~/ NCQQS dO'X_|_2
$i3 S35

» Interpretation: the structure evolves! (example: X = 2-jets)
* Take a jet algorithm, with resolution measure “Q”, apply it to your events
e At a very crude resolution, you find that everything is 2-jets

QCD

Lecture
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The Resummatlon Idea
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For any basic process dO’X = V (calculated process by process)
ds;1 dsq;
2 11 19
O’o dox+1 ~ Nc2g, dox
* —_— Si1  S1j
72
dSZQ dSQ
doxia ~ No2g? Ldoxi1
\\\ Si2 82
dSzg d83
dO'X+3 ~/ NCQQS dO'X_|_2
$i3 S35

» Interpretation: the structure evolves! (example: X = 2-jets)
* Take a jet algorithm, with resolution measure “Q”, apply it to your events
e At a very crude resolution, you find that everything is 2-jets

* At finer resolutions > some 2-jets migrate > 3-jets = Oy, 1(Q) = Oy.ing— Ox-exci( Q)

QCD

Lecture
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The Resummatlon Idea

e R S 5, _ LT >

For any basic process dO’X = V (calculated process by process)
ds;1 dsq;
2 11 19
O’o dox+1 ~ Nc2g, dox
* —_— Si1  S1j
K
2 dSZQ dSQ
doxia ~ No2g? Ldoxi1
\\\ Si2 82
dSzg d83
dO'X+3 ~/ NCQQS dO'X_|_2
$i3 S35

» Interpretation: the structure evolves! (example: X = 2-jets)
* Take a jet algorithm, with resolution measure “Q”, apply it to your events
e At a very crude resolution, you find that everything is 2-jets
* At finer resolutions > some 2-jets migrate > 3-jets = Oy, 1(Q) = Oy.ing— Ox-exci( Q)
* Later, some 3-jets migrate further, etc > 0y, ,(Q) = Ox.ing— 2 Ox+menexcl(Q)

QCD

Lecture
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The Resummatlon Idea

e R S 5, _ LT >

For any basic process dO’X = V (calculated process by process)
ds;1 dsq;
2 11 19
O’o dox+1 ~ Nc2g, dox
* —_— Si1  S1j
72
dSZQ dSQ
doxia ~ No2g? Ldoxi1
\\\ Si2 82
dSzg d83
dO'X+3 ~/ NCQQS dO'X_|_2
$i3 S35

» Interpretation: the structure evolves! (example: X = 2-jets)
* Take a jet algorithm, with resolution measure “Q”, apply it to your events
e At a very crude resolution, you find that everything is 2-jets
* At finer resolutions > some 2-jets migrate > 3-jets = Oy, 1(Q) = Oy.ing— Ox-exci( Q)

* Later, some 3-jets migrate further, etc > 0y, ,(Q) = Ox.ing— 2 Ox+menexcl(Q)
* This evolution takes place between two scales, Q,, ~ s and Q.4 ~ Q.4

QCD
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The Resummatlon Idea

e R, 5. - LT

For any basic process dO’X = V (calculated process by process)
ds;1 dsq;
2 11 19
O’o dox+1 ~ Nc2g, dox
* —_— Si1  S1j
72
dSZQ d82
doxia ~ No2g? Ldoxi1
\\\ Si2 82
dSzg d83
dO'X+3 ~/ NCQQS dO'X_|_2
$i3 S35

» Interpretation: the structure evolves! (example: X = 2-jets)
* Take a jet algorithm, with resolution measure “Q”, apply it to your events
e At a very crude resolution, you find that everything is 2-jets
* At finer resolutions > some 2-jets migrate > 3-jets = Oy, 1(Q) = Oy.ing— Ox-exci( Q)

* Later, some 3-jets migrate further, etc > 0y, ,(Q) = Ox.ing— 2 Ox+menexcl(Q)
* This evolution takes place between two scales, Q,, ~ s and Q.4 ~ Q.4

> c)-X;’fo’t = Sum (0X+O,1,2,3,...;excl) = int(dO'X) QCD
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Evolution

T AN s

@ Leading Order B “Experiment”

100 100
75 75
® 50 50
25 25
0 0
Born +| +2 Born (exc) +I| (exc) +2 (inc)

QCD
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Evolu
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@ Leading Order B “Experiment”

100 100
75 75
® 50 50
25 25
0 0
Born +2 Born (exc) +I| (exc) +2 (inc)

QCD
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Evolu

T AN s

@ Leading Order B “Experiment”
400 100
300 75
* 200 50
100 25
0 0

Born + | Born (exc) + | (exc) + 2 (inc)

Cross Section Remains = Born (IR safe) e

Number of Partons Diverges (IR unsafe) Lecture
I

Cross Section Diverges

P. Skands




Evolutlon Equatlons

S R e L B v V. L TTTe—— PR g

What we need is a differential equation

Boundary condition: a few partons defined at a high scale (QfF)

Then evolves (or “runs”) that parton system down to a low scale (the
hadronization cutoff ~ | GeV) — It’s an evolution equation in QF

QCD

ture
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Evolutlon Equatlons

—— - R S 5, _ | T e——un P

What we need is a differential equation

Boundary condition: a few partons defined at a high scale (QfF)

Then evolves (or “runs”) that parton system down to a low scale (the
hadronization cutoff ~ | GeV) — It’s an evolution equation in QF

Close analogue: nuclear decay

Evolve an unstable nucleus. Check if it decays + follow chains of decays.

Decay constant Probability to remain undecayed in the time interval [#,,1;]
dP(t) b2
— = N A(ty,t3) =exp | — cydt | = exp(—cny At)
t1
Decay probability per unit time =1—-cnAl+ O(C?\T)
dPres(t —dA
res (1) = —— = ¢y A(ty, 1)

dt dt
(requires that the nucleus did not already decay)

[M:WW] =

Lecture
1}
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Nuclear Decay

. B v N, :
Nuclei remaining undecayed 2 dp
after time t = Altr,t2) = exp | — . dt ar

Secqqgl-@rdé—;‘—
50 % \\: S ———
\-\\ R :
. ¥ R e
| ~———_All Orders
\‘\\ Exponential-
o, I T- I \\
0% . Ime - : >
Early Times | I— % —r—
\\ Third Order
\
First\&rder
\\\
-50 %
N
e
N
\\
¥ QCD
-100 % o,

Lecture
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The Sudakcv Factor

. B " T, N S, -

N

In nuclear decay, the Sudakov factor counts:

How many nuclei remain undecayed after a time t

Probability to remain undecayed in the time interval [#,,1;]

L2
A(ty,t2) = exp (—/ CN dt) = exp (—cy At)
th

QCD

Lecture
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The Sudakov Factor

—— - R S 5, -

In nuclear decay, the Sudakov factor counts:

How many nuclei remain undecayed after a time t

Probability to remain undecayed in the time interval [7;,72]

L2
A(ty,t2) = exp (—/ CN dt) = exp (—cy At)
t1

In parton showers, we may also define a
Sudakov factor for the parton system. It counts

The probability that the parton system doesn’t evolve (emit) when
| run the factorization scale (~1/time) from a high to a lower scale

Evolution probability per unit time
replace cn by proper shower evolution kernels
(illl:zTEBE;(:i:) ‘-‘(jlzf!& F) )/ F) F)

v - @ - avaly

QCD

Lecture
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What's the evolutlon kernel?

———m— I .- TN R Y . . . S P

Altarelli-Parisi splitting functions

Can be derived (in the collinear limit) from requiring invariance
of the physical result with respect to Qf = RGE

Altarelli-Parisi

1+ 22
(E.g., PYTHIA) p _
a—ag(?) F

B (1—2(1-2))?
s—ez(2) = Nc (1= 2) :

v

AP, = bz O;; Pype(2)dtdz .

_ 2 2
c Pyqg(z) = Tr(z"+(1—-2)7),
=b > 9 1+ 22
a Pomay(2) = € 1—2 :
pe = (1-2) pa Pron(2) = e 7—,
9 ... with Q2 some measure of event/jet resolution

Ji — dQ —d1 Q measuring parton virtualities / formation time / ... oco

o QQ — i Different models make different choices
But choice is not entirely free ... Lecture

P. Skands




Coherence

B B VN N - | T -———————n

lllustrations by T. Sjostrand

QED: Chudakov effect (mid-fifties)

— e‘l_
UVAVAVAVAVAVAVAVAVAY S
cosmic ray v atom
emulsion plate -reduced _normal
lonization lonization
QCD: colour coherence for soft gluon emission
2 2

— an example of an interference effect that can be treated probabilistically

QCD

More interference effects can be included by matching to full matrix elements = tomorrow

Lecture
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Coherence
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lllustrations by T. Sjostrand

QED: Chudakov effect (mid-fifties)
Approximations to

cosmic ray v atom Coherence:
Angular Ordering (HERWIG)
. . S S T Angular Vetos (PYTHIA)
Coherent Dipoles/Antennae
emulsion plate reduced _normal sy
lonization lonization

QCD: colour coherence for soft gluon emission
2 2

— an example of an interference effect that can be treated probabilistically

QCD

More interference effects can be included by matching to full matrix elements = tomorrow
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What |s t ?

. B " T, N

-~

t : Shower Evolution Measure

~ Jet Resolution Measure
~ Sliding Factorization Scale

d 2
dt = %zdlnéf

Sij.

PHASE SPACE FOR 2 — 3
KINEMATICS INCLUDING (E,P) CONS

Original Dipole-Antenna:
I . K

|

Collinear with K

QCD

Soft Collinear with | Sjk Lecture

P. Skands 24




What is 7

. B " T, N ' - . TR, LT, P

t : Shower Evolution Measure Parton Showers (PYTHIA & HERWIG)
~ Jet Resolution Measure

Virtuality—Ordering: side a
~ Sliding Factorization Scale

DFevo—Ordering: side a

Pou~Ordering: side b
10

Angular Ordering

o
®

& & N
| | |
2 I Il 0.6) imo.
o o o
d@
2 £0.4]] £o04f £o.
_— - — n I Il I
Q 2 =02 \ =0.2f ( =0.2f

0.75 ] 0.01K
0

0.0t n n n e 4 0.0t n n n ; : - n n n n =
00 02 04 06 08 1.0 00 02 04 06 08 1.0 0 02 04 06 08 10
Yar = Sar/Sarb = 1=Xp Yar = Sar/Saib = 1-Xp Yar = Sar/Sab = 1-Xp
Sij |
PHASE SPACE FOR 2 — 3 : :
PYTHIA: imposes angular vetos to obtain coherence
KINEMATICS INCLUDING (E,P) CONS
Original Dipole-Antenna: HERWIG:coherent (by angular ordering) but has dead zone
I . K

\V4
e
B
2
| -
()
(O)
=
Ie)
1 O

-] QCD

4 Collinear with | Lectur

SOft Sjk ecture

P. Skands
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What is 7

. B " T, N ' . TR, LT, P

t : Shower Evolution Measure Parton Showers (PYTHIA & HERWIG)
~ Jet Resolution Measure
~ Sliding Factorization Scale

dQ?
Q2

Virtuality—Ordering: side a DFevo—Ordering: side a Angular Ordering
T T T T T O m T T T T a| T T T T

T =l
Virtuality-Ordering: side b
1.0p 7

1-x,
1-x,
o
@
1-x,

o
)}

Sib/Sarb
Sto/Sarb

I

Stv/Sarb

dt = d1n Q2

Yio

Yio
o
Yio

e e s 0.0 MESSMER R, [075] ] 0 bmESESE B =]
00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0
Yar = Sar/Sarb = 1-Xp Yar = Sar/Saro = 1-Xp Yar = Sar/Sarp = 1-Xp

Sij.

PHASE SPACE FOR 2 — 3
KINEMATICS INCLUDING (E,P) CONS

Original Dipole-Antenna: HERWIG:coherent (by angular ordering) but has dead zone

PYTHIA: imposes angular vetos to obtain coherence

|

I . K
! l
<
k=
f Dipole/Antenna Showers (ARIADNE, SHERPA,VINCIA)
8 Mass-Ordering p, -ordering
é (mrQnin) (<m2 >geometric)
0
O

00 02 04 06 08 10
— ¥i QCD
. . . (@) Q% = m}H = 2min(yi;, Yjx)s (b) Q% = 2p1+/5 = 2/UiYjks
Collinear with | L
Soft Sik Intrinsically Coherent i

P. Skands
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Antennae

B B " VN Ce L., TTITNSERRRRRL. b TE—S

Observation: the evolution kernel is responsible
for generating real radiation.

— Choose it to be the ratio of the real-emission matrix element
to the Born-level matrix element

— AP in coll limit, but also includes the Eikonal for soft radiation.

Dipole-Antennae 2—3 instead of | =2
(E.g.,ARIADNE,VINCIA) (— all partons on shell)
dSidejk

—17k ™ T2 i7s 2]
APk —ijk = <=2 alSij, Sjk)

QCD
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Antennae

B B " VN Ce L., TTITNSERRRRRL. b TE—S

Observation: the evolution kernel is responsible
for generating real radiation.

— Choose it to be the ratio of the real-emission matrix element
to the Born-level matrix element

— AP in coll limit, but also includes the Eikonal for soft radiation.

Dipole-Antennae 2—3 instead of | =2
(E.g.,ARIADNE,VINCIA) (— all partons on shell)
dSidejk

—17k ™ T2 i7s 2]
APk —ijk = <=2 alSij, Sjk)

QCD
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Antennae

B B " VN Ce L., TTITNSERRRRRL. b TE—S

Observation: the evolution kernel is responsible
for generating real radiation.

— Choose it to be the ratio of the real-emission matrix element
to the Born-level matrix element

— AP in coll limit, but also includes the Eikonal for soft radiation.

Dipole-Antennae 2—3 instead of | =2
(E.g.,ARIADNE,VINCIA) (— all partons on shell)
dSidejk

—17k ™ T2 i7s 2]
APk —ijk = <=2 alSij, Sjk)

QCD
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1}




B B VN N

Antennae

L TR, TTAITTSSERRRLL. D TS—

Observation: the evolution kernel is responsible
for generating real radiation.

— Choose it to be the ratio of the real-emission matrix element
to the Born-level matrix element

— AP in coll limit, but also includes the Eikonal for soft radiation.

Dipole-Antennae
(E.g.,ARIADNE,VINCIA)

dSide 75
APk —ijk = <=2 alSij, Sjk)

P. Skands

2—3 instead of | =2
(— all partons on shell)

_ 20p _ 2 2
Q4G99 = 55550 (25005 + 57 + 53

Oy , 2 2 3

_ _Ca , 2 2 3 3
Agg—g99 = 5175k (28sz TS+ Si — S T Sjk’)

_ IR (¢ _9a.. 2
a/qg—>qq/q’ o Sk (S 28” + 28@])

a 10 =

99—97'q q9—q7'q' oo

Lecture

... ¥ non-singular terms i




Evc)lutlon — Unltarlty

LT R

— -~

For any basic process do x =  (calculated process by process)
dS'l d81 '
do dO‘X_|_1 ~ N029§ - J do x v
* —_— Si1  S1j
K
2 dSZQ d82
dO'X_|_2 ~ NC293 dO'X_|_1

\ S$i2 525

When (X) branches to (X+1):
Gain one (X+1). Loose one (X).

Kinoshita-Lee-Nauenberg;

Loob = - | — evolution equation with kernel dox-+1
p nt(Tree) + F dox
Neglect F — Leading-Logarithmic (LL) Evolve in some measure of resolution
Approximation ~ virtuality, energy, ... ~ fractal scale
QCD
— includes both real (tree) and virtual (loop) corrections ez

P. Skands



Bootstrapped Perturbatlon Theory

———m— I .- B B VN N T P

Resummation

Born

XX+ + Shower

T T Q)’eé/‘

W)X+ (X420 X+3() >

T\T\T T.ExPon.entiatic?n

+]©-X+20-X+3©@ .Unlversallty (scaling)

—
Jet-within-a-jet-within-a-jet-...

Loops

Legs =

P. Skands




Bootstrapped Perturbatlon Theory

———m— I .- B B VN N T P

Resummation

Born

XX+ + Shower

&

%
%,
€2

T Exponentiation

Universality (scaling)

—
Jet-within-a-jet-within-a-jet-...

P. Skands



The Shower Operator

———m— I .- B B VN N

H = Hard process

Born -5 Bom /chH M2 8(0 — O({p}r))

{p} : partons

But instead of evaluating O directly on the Born final state,
first insert a showering operator

QCD

Lecture
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The Showe

r Operator

Born S5

Born

_ /dch M2 60 — O({p}r))

H = Hard process

{p} : partons

But instead of evaluating O directly on the Born final state,
first insert a showering operator

Born doy
+ shower dO

_ / Ay My 1> S({p}u, )

{p} : partons

S : showering operator

QCD

Lecture
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The Shower Operator

~mws D | s R, 5.

H = Hard process

Born -5 = /dq’H M2 8(0 — O({p}r))

Born {p} : partons

But instead of evaluating O directly on the Born final state,
first insert a showering operator

{p} : partons

Born doy 0
— — /dq)[—_[ |M]({)|2 8({p}H70) S : showering operator

+ shower dO

Unitarity: to first order, S does nothing
S{ptu,0) =6(0—-0O({p}n)) + Olas)

ture
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The Shower Operator

. B " T, N TR T TTT———_———. 2 W WA .

"0y

To ALL Orders

S({prx; O) = Altstart; thaa)0(O—O({pix))

“Nothing Happens” — “Evaluate Observable”

thad d/\(t
_/ d ( start ) ({p}X+1, O)
tstart dt

“Something Happens” — “Continue Shower”

All-orders Probability that nothing happens

2 qp (Exponentiation)
A(tl, tz) — EXp | — dt — Analogous to nuclear decay
t N(t) = N(0) exp(-ct)

QCD

ture
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The Shower Operator

. B " T, N L. T TTTE————n. 2 W WA .

"0y

To ALL Orders (Markov Chain)

S({prx; O) = Altstart; thaa)0(O—O({pix))

“Nothing Happens” — “Evaluate Observable”

thad d/\(t
_/ d ( starts ) ({p}X+1, O)
tstart dt

“Something Happens” — “Continue Shower”

All-orders Probability that nothing happens

2 qp (Exponentiation)
A(tl, tz) — EXp | — dt — Analogous to nuclear decay
t N(t) = N(0) exp(-ct)

QCD
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A Shcwer Algorlthm

S R e B B " Vo, N N

. Generate Random Number, R € [(,]]

Solve equation R = A(t1,t) for t (with starting scale #;)

Analytically for simple splitting kernels, else numerically (or by trlal+veto)

— t scale for next branching

P. Skands

1

0.0l

.0f

00 02 04 06 08 1.0
Yi = Sii/Sik = 1-Xk

QCD
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A Shcwer Algorlthm

S R e B B " Vo, N N

. Generate Random Number, R € [(,]]

Solve equation R = A(t1,t) for t (with starting scale #;)

Analytically for simple splitting kernels, else numerically (or by trlal+veto)

— t scale for next branching

P. Skands

1

0.0l

.0f

00 02 04 06 08 1.0
Yi = Sii/Sik = 1-Xk

QCD

| Lecture
“ 1}




A Shcwer Algorlthm

S R e . B " T, N

1.07—€—

. Generate Random Number, R € [(,]]

~—

N 0.6t

Solve equation R = A(t1,t) for t (with starting scale 7;) %, ({8

= ) \
) O
0.2} {{ KN

Analytically for simple splitting kernels, else numerically (or by trial+veto)

0.01\ I 1 = 1 .'::'{‘”M" I8
00 02 04 06 08 1.0

— t scale for next branching 0= /s = 1%
2. Generate another Random Number, R; € [0, ]

To find second (linearly independent) phase-space invariant

I.(z,1)
Solve equation R, = Ak for z (at scale ¢
: * T Lloma(D),0) O < eseed
z /
With the “primitive function”  I,(z,t) = / dz dA(/t)
Zmin(t) dt t/ =t

QCD
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A Shcwer Algorlthm

S R e . B " T, N

1.07—€—

. Generate Random Number, R € [(,]]

~—

N 0.6t

Solve equation R = A(t1,t) for ¢ (with starting scale 1) %, (88

X ‘ :
) DO
0.2} (KN

Analytically for simple splitting kernels, else numerically (or by trial+veto)

0.01\ I 1 = 1 .'::'{‘”M" I8
00 02 04 06 08 1.0

— t scale for next branching 0= /s = 1%
2. Generate another Random Number, R; € [0, ]

To find second (linearly independent) phase-space invariant

I.(z,1)
Solve equation R, = Ak for z (at scale ¢
: * T Lloma(D),0) O < eseed
z /
With the “primitive function”  I,(z,t) = / dz dA(/t)
Zmin(t) dt t/ =t

QCD
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A Shcwer Algorlthm

T - B B VN N :

1.07—€—

. Generate Random Number, R € [(,]]

~—

Solve equation R = A(t1,t) for f (with starting scale #/) 71\’

*‘f_‘,‘
0.2— 9

Analytically for simple splitting kernels, else numerically (or by trial+veto)

0.0L o~
00 02 04 O

— t scale for next branching 1= sy = 1%,

o o
olll
o/l

|
-
o

2. Generate another Random Number, R; € [0, ]

To find second (linearly independent) phase-space invariant

I(z,1

(Z ) for z (at scale 1)

I (2max(1), t) A)
z t/

With the “primitive function”  I,(z,t) = / dz /
Zmin(t) dt

Solve equation R, =

t'=t

3. Generate a third Random Number, Ry € [0,1]

QCD

Solve equation R, = ¢/27 for (¢ = Can now do 3D branching




Amblgmtles

B B VN N

The final states generated by the shower
algorithm will depend on

1. The choice of perturbative evolution variable(s) ¢!’

2. The choice of phase-space mapping dCI)n L 1/dPs,.
3. The choice of radiation functions a;, as a function of the phase-space variables.
4. The choice of renormalization scale function u .

5. Choices of starting and ending scales.

QCD
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Amblgmtles
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The final states generated by the shower
algorithm will depend on

1. The choice of perturbative evolution variable(s) ¢!’

2. The choice of phase-space mapping dCI)n L 1/dPs,.
3. The choice of radiation functions a;, as a function of the phase-space variables.
4. The choice of renormalization scale function u .

5. Choices of starting and ending scales.

— gives us additional handles for uncertainty estimates, beyond just ur Qcp

Lecture
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(Phy5|cs Consequences)

S R e B B " Vo, N N S ew———T P P

Subleading Issues

Hard Jet Substructure (showers approximate | —3 by iterated | =2,
but full | =3 kernels have additional structure. Iterated | =2 only works when
successive emissions are strongly ordered (dominant) but not when two or
more emissions happen at ~ the same scale = hard substructure)

pTt kicks from recoil strategy (global vs local; | = 2 vs 2—3)
Gluon Splittings g—qq (less well controlled than gluon emission)
Mass Effects (example: b-jet calibration vs light-jet)

Subleading coherence (e.g.,angular-ordered parton showers vs pr-
ordered dipole ones, in particular initial-final connections...)

QCD

| Lecture
1}
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(PhyS|cs Consequences)

LT ) T

e R S 5, S

Subleading Issues

Hard Jet Substructure (showers approximate | —3 by iterated | =2,
but full | =3 kernels have additional structure. Iterated | =2 only works when
successive emissions are strongly ordered (dominant) but not when two or
more emissions happen at ~ the same scale = hard substructure)

pTt kicks from recoil strategy (global vs local; | = 2 vs 2—3)

Gluon Splittings g—qq (less Current “holy grail”:

Include full higher-order splitting kernels
Mass Effects (example: b-jet calibr | oS NI NP [RY PRSP P

. Active field of research.
Subleading coherence (cg,an

ordered dipole ones, in particular initial-JRESISS AN AR oloN VRNl ERYE
the uncertainties.

QCD

Lecture
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l. Fragmentation Tuning

Perturbative: jet radiation, jet broadening, jet structure

Non-perturbative: hadronization modeling & parameters

2. Initial-State Tuning

Perturbative: initial-state radiation, initial-final interference

Non-perturbative: PDFs, primordial kr

3. Underlying-Event & Min-Bias Tuning

Perturbative: Multi-parton interactions, rescattering

Non-perturbative: Multi-parton PDFs, Beam Remnant fragmentation,
Color (re)connections, collective effects, impact parameter dependence, ...

QCD

Lecture
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Example pQCD Shower Tunlng

e R S 5, LT >

Main pQCD Parameters

\) The value of the strong coupling at the Z pole

O(s(mz)

Governs overall amount of radiation

Os Running

.

) Renormalization Scheme and Scale for s
\ /'
-

|- / 2-loop running, MSbar / CMW scheme, pr ~ Q? or p1?

Matching

\; Additional Matrix Elements included?

At tree level / one-loop level? Using what scheme?

Subleading Logs . . .
- Ordering variable, coherence treatment, effective | —3

L. )

\\) (or 2—4), recoil strategy, etc

4

P. Skands




Need IR Correctlons

———m— I .- TN R Y . . N : P

PYTHIA 8 (hadronization off) vs LEP: Thrust

R Major
Zi pi - 11|
' = max — ‘ - -
7 D i Pl
7 - .
1-7T—=0 Minor
E—, - 1-Thrust (udsc) s - g - Minor % - Oblateness
s = s f z F
3 10k = |3 S 1o S 10 = Delphi 2 10 = Delphi
Sk — Pythia z S —— Pythia = F — Pythia
1 = 1 = 1 = 1 =
Tk '1; ‘1:— -1;
i T O°F 10 Mi 195 Oblateness
- - - B Inor - = Maij ;
i i = Major - Minor
102 107 102 f 102 J .
E Data from Phys.Rept. 399 (2004) 71 - Data from CERN-PPE-96-120 E Data from CERN-PPE-96-120 E Data from.CERN-PPE-96-120 ;2(
10° - ‘Pythia 8.165‘ 10° ; Pythia 8.16‘5 | 10° o ‘Pythia 8.165‘ # 10° o Pythia 8.165 g
1.4 1.4 1.4F 1.4F
ol o E S s S s
512 5120 g 120 5120
: 1 = 1F = F 2 1
e 0.8; e 0.8;— e 0.8;— s 0.8;
0.6 C 0.6 | | | | | | | | | | | | | 0.6 Eo0 | [ | | [ | | [ | [ 0.6 E | | | | | | | | | |
0 0 0.2 0.4 0.6 0 0.1 0.2 0.3 0.4 0. 0 0.2 0.4 0.6
Major Minor (0]
(] [ ] (] [ ] [ ] o
Significant Discrepancies (>10%)
QCD
for T < 0.05, Major < 0.15, Minor < 0.2, and for all values of Oblateness
Lecture

P. Skands 35




Need IR Corrections?

S R e . B " T, N ' L TR, LT, P

PYTHIA 8 (hadronization on) vs LEP: Thrust

| — —»| Major
T . Z’L p (O n
= max — . - -
—
i D |pil
¢ 1-T —
0 Minor
£k 5 F . 5 . o =k
- F 1-Thrust (udsc) T F Major £ - Minor S F Oblateness
T = L s I > [
E 10k = L3 S joL = Delphi S 101 = Delphi = 10 = Delphi
= H = H © - e H : -y :
2 F —— Pythia 2 g — Pythia z Pythia - —— Pythia
H3 e 1= 1=
10_1§ 10" 10'1; 10"
102 102k 102 107 .
= ¢ = = ©
B Data from Phys.Rept. 399 (2004) 71 ‘ R Data from CERN-PPE-96-120 Data from CERN-PPE-96-120 B Data from CERN-PPE-96-120 %
1 0-3 = ‘Pythla 8.165‘ 1 0-3 Pythia 8.16‘5 | 1 0-3 ‘Pythla 8-165‘ 1 0-3 = Pythia 8.165 ;
3 14F 14F . 1.4F 14F
I 4 E = - g
51'25 - s 512:‘ | | 51.2 e 31.2_
S 1= e 2 E et e 1 s 1 ESe T R e =S S S T
2 08f e 2 ‘ 208 o g
= Y :_ 'E 0.8 E’ = Y-OF |-E 0.8 =
06 E | | | | | | | | | | I . W Y B | 06 o i i i | i i i | i i i | i 06 E | | | | | | | | | | | | I | 06 :_ i i i | | | | | | 1 1
0.4 0. 0 0.2 0.4 0.6 0 0.1 0.2 0.3 0.4 0. 0 0.2 0.4 0.6
1-T (udsc) Major Minor (e}
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Need IR Corrections?
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_ Zz |pz n
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i\ Dbl
? 1-T — :
0 Minor
T E 5 F . 5 F . S E
- F 1-Thrust (udsc) T F Major £ - Minor S F Oblateness
St = = zZ
i: 104 = L3 S 1oL = Delphi S 1oL = Delphi 2 10k = Delphi
- . = . o - . : - .
2 F —— Pythia 2 g — Pythia z —— Pythia - —— Pythia
H3 e 1= 1=
10" 107 107" 10"
102 107k 10? 102 .
= ¢ = - o
B Data from Phys.Rept. 399 (2004) 71 ‘ R Data from CERN-PPE-96-120 Data from CERN-PPE-96-120 B Data from CERN-PPE-96-120 E
102 = Pythia 8.165 10° Pythia 8.16‘5 | 10° Pythia 8.165 10° = Pythia 8.165 g
L 14T 1.4F . 14F
o 9 I o
s 120 g 128 8 et g 12
g‘ 1 ;J._* et ﬂ \ 6>_~. 1 E, bS y’(’__.?—f’*mq_ \/ ﬂf# g‘ e - —T* - g. e o W‘ﬂ—%‘%
208 :_ o F 2 9] r
06 I T T | | | | | | 1 1 I | | I . W I T | 06 o i i i | i i i | i i i | i B | | | | | | | | | | | | I | 06 :_ i | | | | | | | | 1 1
0.4 0. 0 0.2 0.4 0.6 0 0.1 0.2 0.3 0.4 0. 0 0.2 0.4 0.6
1-T (udsc) Major Minor o

Note: Value of Strong coupling is
*s(Mz) = 0.14 QcD
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Value of Strc)ng Coupling

———m— I .- TN R Y . . —— : P

PYTHIA 8 (hadronization on) vs LEP: Thrust

Major
max — ‘ - -
i\ 2 |pil
? 1-T — ,
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- 1-Thrust (udsc) g B Major % C Minor s Oblateness
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<t —— Pythia > F —— Pythia > F —— Pythia - F —— Pythia
1 = 1 = 1 1 E
10" 10" 10" 10"
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- | C o
B Data from Phys.Rept. 399 (2004) 71 Data from CERN-PPE-96-120 Data from CERN-PPE-96-120 B Data from CERN-PPE-96-120 ;2(
10-3? ‘Pythia8.165‘ 10-3; Pythia8.16‘5 | 10-3? ‘Pythia8.165‘ i 10-3? | Pythia 8.165 | g
1.4F 1.4F o 141 1.4F
© ] C — E E
5 12 5 12F 512 g 12F
F F S L E F
3l e 1 ;| s
£ 0.8} £ 08F £ 08F £ 08f
O6F vl vl Ly L1 O6F , . 1 11 ] I I i el AV S o6F , . 11y
0.4 0. 0 0.2 0.4 0.6 0 0.1 0.2 0.3 0.4 0. 0 0.5 0.4 0.6
1-T (udsc) Major Minor (o)
Note: Value of Strong coupling is
— QCD
(Xs(MZ) - O. I 2
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‘Walt IS thls Crazy?

B B " Vo, N N L. T T P P

Best result
Obtained with &s(Mz) = 0.14 # World Average = 0.1176 + 0.0020

P. Skands




Walt . IS thls Crazy?
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Best result
Obtained with &s(Mz) = 0.14 # World Average = 0.1176 + 0.0020

Value of o

Depends on the order and scheme
MC = Leading Order + LL resummation
Other leading-Order extractions of &s =~ 0.13 - 0.14
Effective scheme interpreted as “CMW?” — 0.13; 2-loop running = 0.127; NLO — 0.12 ?
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Walt . IS thls Crazy?
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Best result
Obtained with &s(Mz) = 0.14 # World Average = 0.1176 + 0.0020

Value of o

Depends on the order and scheme

MC = Leading Order + LL resummation
Other leading-Order extractions of &s =~ 0.13 - 0.14
Effective scheme interpreted as “CMW?” — 0.13; 2-loop running = 0.127; NLO — 0.12 ?

Not so crazy

Tune/measure even pQCD parameters with the actual generator.

Sanity check = consistency with other determinations at a similar

formal order, within the uncertainty at that order (including a CMW-like

scheme redefinition to go to ‘MC scheme’)
QCD
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Walt . IS thls Crazy?
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Best result
Obtained with &s(Mz) = 0.14 # World Average = 0.1176 + 0.0020

Value of o

Depends on the order and scheme
MC = Leading Order + LL resummation
Other leading-Order extractions of &s =~ 0.13 - 0.14
Effective scheme interpreted as “CMW?” — 0.13; 2-loop running = 0.127; NLO — 0.12 ?

Not so crazy

Tune/measure even pQCD parameters with the actual generator.

Sanity check = consistency with other determinations at a similar

formal order, within the uncertainty at that order (including a CMW-like
scheme redefinition to go to ‘MC scheme’)

Improve — Matching at LO and NLO ocP
Non-perturbative = Lecture on IR (S







‘The Tyranny ofvarlo
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‘ J. D. Bjorken
“‘Another change that I find clisturbing is the rising tyranny of

Carlo. No, | dor’t mean that fellow who runs CERN, but the other one, with first name
Monte.

QCD
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‘ J. D. Bjorken
“‘Another change that I find clisturbing is the rising tyranny of

Carlo. No, | dor’t mean that fellow who runs CERN, but the other one, with first name

Monte. , / , , /
T]ﬁe 51multaneou5 increase in cletector complexxtg ancl in

comPutation power has made simulation techniclues an essential feature of
contemporarg experimentation. The Monte Carlo simulation has become the major
means of visualization of not onlg detector Pemcormance but also of Plﬁgsics
Phenomena. So far so goocl.
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A J. D. Bjorken
“Another change that | find clisturbing is the rising tyranny of
Carlo. No, | dor’t mean that fellow who runs CERN, but the other one, with first name

Monte. , / , , /
Tne 51multaneous increase in cietector compieXitg anci in

comPutation power has made simulation tecnniclues an essential feature of
contemporarg experimentation. The Monte Carlo simulation has become the major
means of visualization of not onig detector Pertormance but also of Pngsics
Pnenomena. So far so goocl.

But it often naP ens that the Ph sics simulations Provicled bg the
the MC generators carry the autnoritg of data itself. Tneg look like data and feel like
data, and if one is not careful tneg are accePtecl as it tneg were data. All Monte Carlo
codes come with a GIGO (garbage in, garbage out) warning label. But the GIGO
warning label is%ust as easy fora Pngsicist to ignore as that little message on a Packet
of cigarettes istor a chain smoker to ignore. | see nowaclags exPerimental papers that
claim agreement with QCD (transiation: someone’s simulation labeled QCD) anci/ or
disagreement with an alternative Piece of Pngsics (translation: an unrealistic
simu%ation) ) without much evidence of the inPuts into those simulations.”
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The‘Tyranny ofvarlo
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‘ J. D. Bjorken
“‘Another change that I find clisturbing is the rising tyranny of

Carlo. No, | dor’t mean that fellow who runs CERN, but the other one, with first name

Monte. , / , , /
T]ﬁe 51multaneou5 increase in cietector compleXitg anci in

comPutation power has made simulation techniclues an essential feature of
contemporarg experimentation. The Monte Carlo simulation has become the major
means of visualization of not onig detector Pencormance but also of Pngsics
Pnenomena. So far so goocl.

But it often naP ens that the Ph sics simulations Provicled bg the
the MC generators carry the autnoritg of data itself. Tney look like data and feel like
data, and if one is not careful theg are accePtecl as it tneg were data. All Monte Carlo
codes come with a GIGO (garbage in, garbage out) warning label. But the GIGO
warning label is%ust as easy fora Pngsicist to ignore as that little message on a Packet
of cigarettes istor a chain smoker to ignore. | see nowada95 exPerimental papers that
claim agreement with QCD (transiation: someone’s simulation labeled QCD) ancl/ or
disagreement with an alternative Piece of Pngsics (translation: an unrealistic
simu%ation) ) without much evidence of the inPuts into those simulations.”

Account for parameters + pertinent cross-checks and validations Qcp
Do serious effort to estimate uncertainties, by salient variations V' Lecure

P. Skands 40




Uncertainty Estlmates

PR P

S e R B v W, N N T ew———T

b) One shower run
+ unitarity-based uncertainties = envelope

a) Authors provide specific “tune variations”
Run once for each variation— envelope

P. Skands

PS, Phys. Rev. D82 (2010) 074018

Giele, Kosower, PS; Phys. Rev. D84 (201 I) 054003

91 GeV ee Z (hadronic) ’I: =
L | i . - 1-Thrust (udsc)
. 1-Thrust (particle-level, charged) : B :
> o 10 L3
= " ALEPH > - Ving
° .. 5 - mcgla
— 10 E JE h . = - :
o2 “ . —r - zZ 1 =
-7 A . Pyth|36{353 mleI) . ~ -
h_f’ ‘6 @ Pythia 6 (354:n0CR) A -
-~ ‘ Pythia 6 (357:T16) B : :
4 6$ Pythia 6 (358:T32) 10 & | |
. R 3 VINCIA + PYTHIA 8 example
PYTHIA 6 example 102 B Vincia:uncertaintyBands =on
Perugia Variations S Vincia 1.027 + MadGraph 4.426 + Pythia 8
R, KMPI, CR, Ecm-scaling, PDFs . 3 —_ Data from Phys.Rept. 399 (200‘?) 71
'\ g . 1 O § | I | | I I | | | I | | | I L1 I [ |
< 8] 1
2 c
) =
€ ©
m R
©
©
(@]
...... E I
- S
1 — I'E 08 % %
7.
R S N N L1 QCD
, 0 0.1 0.2 0.3 0.4 0.5 o
037% 0.1 0.2 0.3 0.4 1-T (udsc) i
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Uncertainty Estlmates

PR P
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b) One shower run
+ unitarity-based uncertainties = envelope

a) Authors provide specific “tune variations”
Run once for each variation— envelope

PS, Phys. Rev. D82 (2010) 074018 Giele, Kosower, PS; Phys. Rev. D84 (2011) 054003

P. Skands

91 GeV ee Z (hadronic) ’I;\ =
L | i : - 1-Thrust (udsc)
— 1-Thrust (particle-level, charged) : B .
o S 10 L3 |
= << = :
© S Daa. Z : Vincia
< & © -
— 10 . = - :
- i “ . —== . Z 1 =
- 3 A - Pyth|36{353 mleI) R S~ =
h_f’ ‘6 @ Pythia 6 (354:ncCR) } — -
- - Pythia 6 (357:T16) B . .
4 6$ Pythia 6 (358:T32) 10" & f |
. Wy 3 VINCIA + PYTHIA 8 example
PYTHIA 6 example 102 B Vincia:uncertaintyBands = on
Perugia Variations § Vincia 1.027 + MadGraph 4.426 + P;ythia 8
IJR, KMPI, CR, Ecm-scaling, PDFs : 3 —_ Data from Phys.Rept. 399 (200451) 71
'\ g . 1 O § | I | [ I | | I I | | | I | | | I L1 |
< 8] 1
> _
£ o) = S 5
oc | —Def (—uR ) —Finite - QMatch —Ord o 1./Nc
© /
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...... } ) / %
- (@) 4‘1
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' = I Matching reduces uncertainty
O'6'_IIII|IIII|IIII|IIII‘ I QCD
| 0 0.1 0.2 0.3 0.4 0.5 oot
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Automatic Uncertainty Estimates

- W W N Bl S .
One shower run (VINCIA + PYTHIA)

+ unitarity-based uncertainties — envelope
Giele, Kosower, PS; Phys. Rev. D84 (201 1) 054003

LD T S AR

Number of events sigma +- delta
Tried Selected Accepted (estimated) (mb)

10000 10000 4.143e-05 0.000e+00
10000 10000 4.143e-05 0.000e+00

Number of nonunity-weight events
Number of negative-weight events none

weight(i) Avg Dev rms(dev) Expected effunw
1 = Isunw <w-1> Max Wt <w>/Maxwt
yes . 0.000
yes . 0.000
no . .89e-03
no . .99e-02
no . .61e-04
no . .33e-03
. 0.000

0.000

.48e-03

.25e-02

.37e-04

This run

User settings

var : VINCIA defaults

var : AlphaS-Hi

var : AlphaS-Lo

var : Antennae-Hi

var : Antennae-Lo

var : NLO-Hi

var : NLO-LoO

var : Ordering-Stronger

var : Ordering-mDaughter

var : Subleading-Color-Hi
: Subleading-Color-Lo

1.000 1.000
22.414 4.44e-02
43.099 2.37e-02

5.417 0.185
10.753 9.26e-02

1.000 1.000

1. 1.000
14. 7.06e-02

. 1.85e-02
0.665

ROWOWOLONOOUVIAWNREO

End VINCIA Statistics
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Introductlon to QCD

L B v V. L. T TTTE————n. P

1. Fundamentals of QCD

2. Jets and Fixed-Order QCD

3. Monte Carlo Generators and Showers
4. Matching at LO and NLO

5. QCD in the Infrared

Note: Teach-yourself PYTHIA tutorial posted at:
www.cern.ch/skands/slides

P. Skands
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Hard Processes

B B " Vo, N N

Slide from T. Sjostrand

Wide spectrum from “general-purpose” to “one-issue”, see e.g.
http://www.cedar.ac.uk/hepcode/
Free for all as long as Les-Houches-compliant output.

|) General-purpose, leading-order:

e MadGraph/MadEvent (amplitude-based, < 7 outgoing partons):
http://madgraph.physics.uiuc.edu/

e CompHEP/CalcHEP (matrix-elements-based, ~< 4 outgoing partons)

e Comix: part of SHERPA (Behrends-Giele recursion)

e HELAC-PHEGAS (Dyson-Schwinger)

QCD
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Hard Processes

B B " Vo, N N

Slide from T. Sjostrand

Wide spectrum from “general-purpose” to “one-issue”, see e.g.
http://www.cedar.ac.uk/hepcode/
Free for all as long as Les-Houches-compliant output.

|) General-purpose, leading-order:

e MadGraph/MadEvent (amplitude-based, < 7 outgoing partons):
http://madgraph.physics.uiuc.edu/

e CompHEP/CalcHEP (matrix-elements-based, ~< 4 outgoing partons)

e Comix: part of SHERPA (Behrends-Giele recursion)

e HELAC-PHEGAS (Dyson-Schwinger)

Il) Special processes, leading-order:

e ALPGEN: W/Z+ < 6j, n\W +mZ + kH+4 < 3j, ...
e AcerMC: ttbb, ...

e VECBOS: W /Z4 < 4]

QCD
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Hard Processes

L B v V.

Slide from T. Sjostrand

Wide spectrum from “general-purpose” to “one-issue”, see e.g.
http://www.cedar.ac.uk/hepcode/
Free for all as long as Les-Houches-compliant output.

|) General-purpose, leading-order:

e MadGraph/MadEvent (amplitude-based, < 7 outgoing partons):
http://madgraph.physics.uiuc.edu/

e CompHEP/CalcHEP (matrix-elements-based, ~< 4 outgoing partons)

e Comix: part of SHERPA (Behrends-Giele recursion)

e HELAC-PHEGAS (Dyson-Schwinger)

Il) Special processes, leading-order:

e ALPGEN: W/Z+ < 6j, n\W +mZ + kH+4 < 3j, ...
e AcerMC: ttbb, ...

e VECBOS: W /Z4 < 4]

Ill) Special processes, next-to-leading-order: Note: NLO codes not yet
e MCFM: NLO W/Z+4 < 2j, WZ, WH, H+ < 1] generally interfaced ocn
e GRACE+Bases/Spring to shower MCs

P. Skands




Spllttlng Functlons
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4 )
Altarelli-Parisi
(Eg., PYTHIA) (t1,21)
o ﬂ/,
(jktl c ““|l==;_________ —
AP, =3 =2 P, 4.(2) dt dz (12.22)
» 2T
142
Pioqe(z) = CF 11—
(1—-2(1-2))
P, = N, :
z—eg(?) C 21— 2)
FPeqglz) = Tr(z"+(1-2)7),
I
Pomay(2) = €q 1_ 5’
1+ 22
Pron(2) = €7,
& _J

QCD
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4 )
Altarelli-Parisi
(Eg., PYTHIA) (t1,21)
o ﬂ/,
(jktl c ““|l==;_________ —
AP, =3 =2 P, 4.(2) dt dz (12.22)
» 2T
142
Pioqe(z) = CF 11—
(1—-2(1-2))
P, = N, :
z—eg(?) C 21— 2)
Poale) = To(+(1—2?), )
I
Pomay(2) = €q 1_ 5’
1+ 22
Pron(2) = €7,
& _J

QCD
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Splitting Functions %

———m— I .- TN R Y . . s

4l )\
Altarelli-Parisi
(Eg., PYTHIA) (t1,21)
O gbe tO ﬂ/ — —p
dP, =) —= P,_p(z)dtdz . (12.22)
» 2T
1+ 22

Pq—>qg(z) = (F

z(1—2)
Fyqa(?) = TR(Z2+2(1—Z)2)> ¢
Pr(s) = 400
Propy(2) = € 1141227
\ J

QCD
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Spllttlng Functions

~uws T - O SR e 7Y

Altarelli-Parisi
(E.g., PYTHIA)

be 2T
Pioqg(z) = Cr 11—|;Zz :
Pyge(z) = Ne L _Z(Zl<1_;)z>)2
FPeqglz) = Tr(z"+(1-2)7),
Pral() = s,
Pr(2) = ¢ 1141227

. TTIT———
i .

PR

\
Dipole-Antennae
(E.g., ARIADNE,VINCIA)
ds;;ds
dPIK—n]k BT CL(SZ], Sjk)
_ 2CF
Agq—q9q = sijsjk (23@7@3 + S T Syk)
_ 2 2 .3
Qgg—qgg = sw i (25Z ST 5 T S Sij)
_ C . 3 3
_ IR (¢ _9¢.. 2
Agg—g7q = Yqg—q7'q
. + non-singular terms
_J

QCD
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Splitting Functions

~uws T - B a0~ 5. N

- - e TR, TSNS

PR

N\ [ )
Altarelli-Parisi Dipole-Antennae
(E.g., PYTHIA) (E.g.,ARIADNE,VINCIA)
AP, = aabcp dt d dP ZMG(S”S')
a — Z 27_‘_ a—>bc( ) tdz [K—>’l]]€ 167T2S 1] jk
b,c
14 2 _ _ 20F
FPooqg(z) = Cr 1t 7 taa—agq = SiJSJk (282k8 i S a S]k)
_ _ 2 _ 2 2 3
z(l —=z
_ 3 3
Pol2) = Ta(2+(1—2)), Qog—ggg = 5,07 (251 s+ 85+ shy — 83— sh)
1 -+ 22 T
jpzqf_ﬁ(lfy ('2:) — 62(] ]_ — ) CL(Ify__é(Zéi,(ll — )Fz (:é; - :2é3217 '+" 2343 )
2
Py (2) = € 11+ ° Qgg—97d = Qag—aqd'¢
— 2
. + non-singular terms
L _J

NB:Also others, e.g., Catani-Seymour (SHERPA),
Sector Antennae, ....

QCD
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Initial-Final Interference

T - L B v V. . TR, LT, P

Who emitted that gluon?

\W w
* - * -
4 - 4 -
k4 -~ k4 -
4 -~ d -
k4 - k4 -
d -~ d -
4 - 4 -
, % . %
* - I'
4 - 4 -
4 - ’ -
* -~ 4 -~
4 - 4 -
* -~ d -~
4 - 4 -
. . . .
4 -~ 4 -~

Real QFT = sum over amplitudes, then square — interference (IF coherence)
Respected by dipole/antenna languages (and by angular ordering), but not by

conventional DGLAP

Separation meaningful for collinear radiation, but not for soft ... Qcp

' Lecture
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Initial- State VS Flnal State Evolution

S R e B B " Vo, N N

e L., TSSO - W

Virtualities are
Timelike: p2>0

Start at Q2 = Q¢f?
“Forwards evolution”

Separation meaningful for collinear radiation, but not for soft ...

P. Skands

Virtualities are
Spacelike: p?<0

Start at Q2 = Q¢f?
Constrained backwards evolution
towards boundary condition = proton

QCD
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(In|t|aI State Evolutlon)

~mws D | s R, 5. - P

DGLAP for Parton Density

U e (5)

— Sudakov for ISR

- \
[ [tmax da’ fo(@', 1) agpe(t) T
S _ / ! —
A(.CIL', tmax; t) - &P <\ /t dt %C:/ v folz,t) 2w Fa—te (x’)
( tmax abc t/ ! a /7 t/
— exp<—/ dt’Z/dzOgb()PaﬁbC(z)$f(x /)},
t a,c )
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DGLAP for Parton Density

U e (5)

— Sudakov for ISR

- \
[ [tmax da’ fo(@', 1) agpe(t) T
S _ / ! —_—
A(.CIL', tmax; t) - &P <\ /t dt %C:/ v folz,t) 2w Fa—te (QZ’)
( tmax abc t/ ! a /7 t/
— exp<—/ dt’Z/dzOgb()PaﬁbC(z)$f(x /)},
t a,c )




