B "ﬁ'ational Taiwan University

Event Generation at
Hadron Colliders

Johan Alwall (EX )

National Taiwan University

MG/FR School, Beijing, May 22-26,201 3

Lectures and exercises found at
https://server06.fynu.ucl.ac.be/projects/madgraph/wiki/SchoolBeijing



http://cp3wks05.fynu.ucl.ac.be/twiki/bin/view/Physics/NumSHEP2011
http://cp3wks05.fynu.ucl.ac.be/twiki/bin/view/Physics/NumSHEP2011

B rvfational Taiwan University

Outline of lectures

® Lecture | (Johan):

= New Physics at hadron colliders
= Monte Carlo integration and generation

= Simulation of collider events

® Lecture |l (Olivier):

= Simulations with MadGraph 5

= (and much more!)

® Lecture lll (Johan):
= MLM Matching with MadGraph and Pythia
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Aims for these lectures

® Get you acquainted with the concepts and tools used in
event simulation at hadron colliders

® Answer as many of your questions as | can
(so please ask questions!)
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New Physics at hadron colliders

® The LHC has taken over from the Tevatron!

® Significant luminocities

= Tevatron collected >10 fb"! in the last 10 years

Fantastic legacy, including several interesting excesses!
LHC has collected 23 fb! in its 8 TeV run!

[
[
= Allows ever-more stringent tests of the SM!
[

Found (what looks like) the Higgs boson in July 2012!

® How interpret excesses! How determine Standard Model
backgrounds!?

= Monte Carlo simulation! (combined with data-driven methods)
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Example: top-antitop asymmetry at Tevatron
CDF collaboration, arXiv:1211.1003, 1101.0034
D@ collaboration, arXiv: | 107.4995
£ 1 i 0.6
g 250 Wi _ DO, 5.41b <E ""| —e— CDF Data, 9.4 fb"
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Example: top-antitop asymmetry at Tevatron

® First: Look for Standard Model explanations
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Example: top-antitop asymmetry at Tevatron

® First: Look for Standard Model explanations
q t
>m< :
q f ——600000%———
W + w

——— (OO0 ——
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Example: top-antitop asymmetry at Tevatron

® First: Look for Standard Model explanations

A, of the Top Quark
V. Ahrens et. al., July 2011
arXiv:1106.6051v1 (2011)
(** submitted to a journal) m
[ ] W. Hollik and D. Pagani, L. q t
arXiv:1107.2606 (2011) (* preliminary)

CDF LJ —.—- 0.158 + 0.074 (+0.072+0.017) _ _
(53" q t —<00000% E

CDF DIL* P

0.420 + 0.158 (:0.150 0.050)

52 -1

(5.117) +
CDF combined* —@—  0.201= 0.067 (+0.065=0.018)

(+ stat + syst)

DO LJ** —@—  0.196=0.060 *337°
(541"
| | | | |
-0.4 -0.2 -0 0.2 0.4 0.6 0.8
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Example: top-antitop asymmetry at Tevatron

® First: Look for Standard Model explanations

A, of the Top Quark

V. Ahrens et. al., July 2011

arXiv:1106.6051v1 (2011)

(** submitted to a journal)

[ ] W. Hollik and D. Pagani, o q t %

arXiv:1107.2606 (2011) (* preliminary)

+ [
CDF LJ —0— 0.158 + 0.074 (:0.072+0.017) _ .
(5317 q t ——400000%—

(+ stat + syst)

CDF DIL* P
0.420 + 0.158 (:0.150 0.050)
52 -1

CDF combined* —@—  0.201= 0.067 (+0.065=0.018)

DO LJ** . —@—  0.196=0.060 *2018

(3415 = Need NLO and EWV contributions

-0.4 -0.2 -0 0.2 0.4 0.6 0.8
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Example: top-antitop asymmetry at Tevatron

® First: Look for Standard Model explanations

A, of the Top Quark

V. Ahrens et. al.,
arXiv:1106.6051v1 (2011)

[ J W. Hollik and D. Pagani,
arXiv:1107.2606 (2011)

July 2011
(** submitted to a journal)

(* preliminary)

CDF LJ —.—- 0.158 + 0.074 (0.072+0.017)
% (5317
CDF DIL* @
0.420 = 0.158 (+0.150 + 0.050)
(5.11")
CDF combined* —@— 0.201= 0.067 (=0.065 = 0.018)
(= stat = syst)
DO LJ** . —@— 0196 0.060 i
i (541"
0.4 0.2 -0 0.2 04 0.6 0.8

MGI/FR School, Beijing, May 22-26,2013

PSPy

= Need NLO and EVV contributions

= Reduces discrepancy with SM
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Example: top-antitop asymmetry at Tevatron

® Second: Look for possible New Physics contributions
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Example: top-antitop asymmetry at Tevatron

® Second: Look for possible New Physics contributions

S-channel “gluon” q t 49 L
with axial vector : Ga
. + Mg =2 TeV
couplings and mass _ L ~
t q t

above the collider limit ¢
CDF collaboration, arXiv:1211.1003
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Example: top-antitop asymmetry at Tevatron

® Second: Look for possible New Physics contributions

S-channel “gluon” q t 49 L
with axial vector : Ga
. + Mg =2 TeV
couplings and mass _ L ~
t q t

above the collider limit ¢
CDF collaboration, arXiv:1211.1003

U t
T-channel Z’ with q t e anall
flavor-changing u-t + v M7, = 350-450 GeV
coupling y - 5

u t

Drobnak et al 1209.4354, Alvarez, Leskow 1209.4872
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Example: top-antitop asymmetry at Tevatron

® Check if the model can explain the data!
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Example: top-antitop asymmetry at Tevatron

® Check if the model can explain the data! How?
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Example: top-antitop asymmetry at Tevatron

® Check if the model can explain the data! How? Monte Carlo!
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Example: top-antitop asymmetry at Tevatron

® Check if the model can explain the data! How? Monte Carlo!

q t dq t
8 Ga
Axigluon >fm6®< + >mm<
q t q t
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Example: top-antitop asymmetry at Tevatron

® Check if the model can explain the data! How? Monte Carlo!

N ¢
Axigluon
q t
m 0.3 P
<|-'- L —e— CDF Data - Bkg, 9.4 fb

0.2 :_ - Powheg

. E _{,_ ----- Pythia
0.1F

O e i T 1T S
af -
: ---------- :
kT
-0.3%

0 10 20 30 40 50 60 70
Top Pair P, (GeV/c)

MGI/FR School, Beijing, May 22-26,2013

— QOctet A

R e PR PR L LR

20 30 40 50 60 70
Top Pair P, (GeV/c)
CDF collaboration, arXiv:1211.1003
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Example: top-antitop asymmetry at Tevatron
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Example: top-antitop asymmetry at Tevatron

q .
Flavor-changing Z’ >rmm< + vZ
q P

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 9
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Example: top-antitop asymmetry at Tevatron

u t
g t T

Flavor-changing Z’ >mm< + v
u t

= Consequence:

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 9
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Example: top-antitop asymmetry at levatron

Flavor-changing Z’

200 250 300 350 400 450 500 200 250 300 350 400 450 500
MZ’ [GCV] MZ’ [GCV]

t-channel charge asymmetry s-channel charge asymmetry
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Example: top-antitop asymmetry at Tevatron
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Example: top-antitop asymmetry at Tevatron

® Now, think of ways to test the model (at the LHC!)

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 11
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Example: top-antitop asymmetry at Tevatron

® Now, think of ways to test the model (at the LHC!)
_ N(Aly| >0) = N(Aly| <0)
N(Alyl > 0) + N(Aly| <0)

= Charge asymmetry Ac: Ac

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 11
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Example: top-antitop asymmetry at Tevatron

® Now, think of ways to test the model (at the LHC!)
_ N(Aly| >0) = N(Aly| <0)
N(Alyl > 0) + N(Aly| <0)

= Charge asymmetry Ac: Ac

= t+jet resonances
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Example: top-antitop asymmetry at Tevatron

® Now, think of ways to test the model (at the LHC!)
_ N(Aly| >0) = N(Aly| <0)
N(Aly| > 0) + N(Afy| < 0)

= Charge asymmetry Ac: Ac

= t+jet resonances

CMS5.0fb"at Vs = 7 TeV
§ 450 I | ) | | | | _; § Resonance (0.1 pb): _+_ Data 8.7 fb’!
e F T 11 . 3 300 GeV/c? W
S 400:— Bl W+jets = [ e - 500 GeV/c? t
> as0F B Single top quark = g 107 |y e 800 Gevic: [ WHets
2 F I Multijet events E 5 I Other Bk,
= 300 [ Z+jets = =
- Uncertainty on bkg
250 [ 1 w600 GeV/c? = 10E
200 Data - f ________
150 —
E . 1 [ | e
100 - o E TN
: : Q 1; ................
50 :_ _: ,.%0 0; T
0: _ ‘F.E:_‘Ti - _ . % _1; . . . . . L“‘W/ / /
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 T 100 200 300 400 300 600 700 800 900 12000
W' * reconstructed mass [GeV/c?] m,; [GeV/c”]

CMS collaboration, arXiv:1206.3921 CDF collaboration, arXiv:1203.3894
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Example: top-antitop asymmetry at levatron

Flavor-changing Z’

/ R
43 41 36/ 2. 31 26 25 15
38 29 : 16 12 .709 06

/
27 27

-05 408
267 18
7

200 250 300 350 400 450 500
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Explaining/modeling excesses

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 13



ational Taiwan University

Explaining/modeling excesses

|. An excess is discovered in data
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Explaining/modeling excesses

|. An excess is discovered in data

2. Exhaust SM explanations for the excess

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 13
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Explaining/modeling excesses

|. An excess is discovered in data
2. Exhaust SM explanations for the excess

3. Think of possible new physics explanations

= W/ithin or outside of conventional/high scale models

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 13
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Explaining/modeling excesses

|. An excess is discovered in data
2. Exhaust SM explanations for the excess

3. Think of possible new physics explanations

= W/ithin or outside of conventional/high scale models

4. Find range of model parameters that can explain excess

= Typically, using Monte Carlo simulations
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Explaining/modeling excesses

|. An excess is discovered in data
2. Exhaust SM explanations for the excess

3. Think of possible new physics explanations

= W/ithin or outside of conventional/high scale models

4. Find range of model parameters that can explain excess

= Typically, using Monte Carlo simulations

5. Find other observables (collider as well as flavor/EVVP/
cosmology) where the explanation can be verified/falsified

= Note that flavor/EWP/cosmology can typically be modified
by additional particles in the model spectrum

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall |3
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Processes at Hadron Colliders

proton - (anti)proton cross sections

First: Understand our processes!

Cross sections at a collider depend on:

Coupling strength

Coupling to what!
(light quarks, gluons, heavy quarks,
EW gauge bosons?)

Mass

Single production/pair production

MGI/FR School, Beijing, May 22-26,2013

10° g

10°

107 Tevatron

10°

o (nb)
S

0 (E;" > 100 GeV)

10° /
10° t o
o "(E,"' > v8/4)
Oo0e(M,=120 GeV)
200 GeV

500 GeV

0.1

1
Vs (TeV)

Event Generation at Hadron Colliders

LHC

10

Johan Alwall

10¥ em®s

events / sec for ¢

| 4
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Processes at Hadron Colliders

proton - (anti)proton cross sections

10° gre
First: Understand our processes! 10
10’ Tevatron LHC

Cross sections at a collider depend on:

10°

° b ob
Coupling strength 10
10°
Coupling to what!? o ) S
1 € 10' W ¢,
(light quarks, gluons, heavy quarks, I
EW gauge bosons?) . fouE" > 100GeV) {
10° pect
Mass - co / , =
10° o (E,™ > Vs/4) y v
Single production/pair production 10+ [Crem(Mi120 GeV

200 GeV
500 GeV

0.1 10

1
Vs (TeV)

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall
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Master formula
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Master formula

6-Cl,b—)X(§7 o o )

Parton level
Cross section

® Parton level cross section from matrix element

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall |5
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Master formula

Oab—sx (8, ..) fa(x1) fo(T2)

Parton level Parton density
Cross section functions

® Parton level cross section from matrix element

® Parton density (or distribution) functions:
Process independent, determined by particle type

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall |5
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Master formula

/ S (5, ) 1) fo2) dy dzed® pg

Parton level Parton density  Phase space
cross section functions integral

® Parton level cross section from matrix element

® Parton density (or distribution) functions:
Process independent, determined by particle type

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall
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Master formula

/ S (5, ) 1) fo2) dy dzed® pg

Parton level Parton density  Phase space
cross section functions integral

® Parton level cross section from matrix element

® Parton density (or distribution) functions:
Process independent, determined by particle type

® 5 =1x1725 (s = collision energy of the collider)

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall |5
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Master formula

/ Sonox (5 ) Fa(a) o () day darad® s

Parton level Parton density  Phase space
cross section functions integral

® Parton level cross section from matrix element

® Parton density (or distribution) functions:
Process independent, determined by particle type

® 5 =1x1725 (s = collision energy of the collider)

Difference between colliders given by parton luminocities

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 15
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Tevatron vs. the LHC

® Tevatron:2 TeV proton-antiproton collider™

= Most important: g-q annihilation (85% of t t )

® LHC:8-14TeV proton-proton collider
= Most important: g-g annihilation (90% of t t )

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall



® Tevatron:2 TeV proton-antiproton collider™

= Most important: g-q annihilation (85% of t t )

® LHC:8-14TeV proton-proton collider
= Most important: g-g annihilation (90% of t t )
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Parton densities

i , ,
38 Q?=10000 GeV
E 1.6 — up
S 14§ — down
2 | — gluon/10
= 1.2 — bottom
£
s
08
S |
S 0.6
04
02
04 3 ) N
10 10 10 10

At small x (small S), gluon domination.
At large x valence quarks

MGI/FR School, Beijing, May 22-26,2013

1000 —

ratios of parton luminosities
at 7 TeV LHC and Tevatron

o 100t

©

2

[

o

<

S

3 l

—_
o

MSTW2008NLO

F-—————--

1
10

1

—
o
w

10°
M, (GeV)

LHC formidable at large mass —

For low mass, Tevatron backgrounds smaller

Event Generation at Hadron Colliders  Johan Alwall |7
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Back to the processes

proton - (anti)proton cross sections

10° 10°
1000 v J ] LJ L L}
E ' 1 E 10° 10°
ratios of parton luminosities 1 o i .
at 7 TeV LHC and Tevatron I 1
: - 10° 10°
: - 10’ / 10'
o 1 - 10* - 10° o
o 100 E e
© ! 10° 10° ;S
.t (=)
8 ?, 10' Ow 10' ;
- I 10° % 10° §
> I | -
= 10} - 0.(E;" > 100 GeV) =
: : E 10" 10" @
| -
i - 10° / o g
: 2qq - 10° s, 10°
| o Ll
I “ o (E,” > Vs/4) "
MSTW2008NLO | I o L i
1 A o . .l TN 104 OM(M“=120 GQV) 10°
10’ 10° 10° 5 200 GeV .
1 1
M, (GeV) ’ 500 GeV ’
X 10'7 10.’
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Back to the processes

proton - (anti)proton cross sections

T —————— ¢
1000 v L L L} L} L) L)
: ' : 10" = 10°
ratios of parton luminosities i - = ’
I 10 Tevatron LHC 10
at 7 TeV LHC and Tevatron 11—
| 10° 10°
: - 10° / 10°
. I 4 ob ".'m
o 100 | 1> 10 10° o
5 E ’ 3
© : 10 10°
> 1/ ot b OeE >V820) g
= 1/] - :
8 ?, 10' Ow 10' s
— ] P
- N I 10° % 10° §
S 10} ! - 0,(E,™ > 100 GeV) =
: : E 10" 10" @
I -
_Il I ] 10° / 10° §
— 1 7
: 2qq - 10° s, 10°
! y ™ > \s/4
| 4 o (E' > ) 4
MSTW2008NLO | I » 2 e "
1 2 1 [ 1 || 1 I_|_ 10" o"“‘( “g e ) 104
10’ 10° 10° e 200 GeV o
M, (GeV) 500 GeV
107 107
01 1 10
Vs (TeV)
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Back to the processes

proton - (anti)proton cross sections

T —————— ¢
1000 v L L L} L} L) L)
: ' : 10" = 10°
ratios of parton luminosities i - = ’
I 10 Tevatron LHC 10
at 7 TeV LHC and Tevatron 11—
| 10° 10°
: - 10° / 10°
. I 4 ob ".'m
o 100 | 1> 10 10° o
@© : 10° 10° 3"
.t o
: 2 . .
— ] e
- N I 10° " % 10° §
2 10 - : I__ 10.' o"(E-, > 100 GOV) 1°| -~
L I 1 N
- I -
! 8
i . 2 2
I 10 10
L 1 / :
= i 2qq9 : . 10° o, 10°
I . ™ > Vs/4
| 4 o (E' > ) 4
MSTW2008NLO | I W 2 e e
1 1 1 [ 1 || 1 I_|_ 10" o"“‘( “g e ) 104
10’ 10° 10° e 200 GeV o
M, (GeV) 500 GeV
107 107
0.1 1 10
Vs (TeV)
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Back to the processes

proton - (anti)proton cross sections

10" grer —r—rrrrry — v ——3 10°
1000 v L L L} L} LI
: | 10° & 10°
ratios of parton luminosities o o -y o -
at 7 TeV LHC and Tevatron 1 _— evalron
10. ’o‘
10° / N
. 4 cb ".'
o 100 | Q 10° @
© E
E 10’ r 103 ao
- (=)
-"(72; 10° "(E‘ > V8/20) i ';;
8 2 an' cw 10' ;
S = 5
E . ' I 10° oz 100 §
= 10} ' I- 0 .(E,™ > Y00 GeV) @
; I I 10" 10" @
i ] 2
_Il I ] 10° / 10° %
l-
= : 2q : ] 10° o, 10"
' T ™ > Vs/4
i <+ (4 (E' > ) <
MSTW2008NLO ! I 10 - 10
1 1 1 1 1 1 || N I_I_ 104 OM(M“=120 GGV) 104
10’ 10° 10° o 200 GeV o
M, (GeV) 500 GeV
107 107
0.1 10

1
Vs (TeV)
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Monte Carlo Integration
and Generation
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Monte Carlo Integration and Generation

Calculations of cross section or decay widths involve
integrations over high-dimension phase space of very
peaked functions:

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 20
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Monte Carlo Integration and Generation

Calculations of cross section or decay widths involve
integrations over high-dimension phase space of very
peaked functions:

_ 1 2
;= 28/\/\/1\ 4 (n)
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Monte Carlo Integration and Generation

Calculations of cross section or decay widths involve
integrations over high-dimension phase space of very
peaked functions:

Dim|®(n)| ~ 3n
1 ,
;= Q—S/w\ 4 (n)

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall
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Monte Carlo Integration and Generation

Calculations of cross section or decay widths involve
integrations over high-dimension phase space of very
peaked functions:

Dim|®(n)| ~ 3n
1 , M
;= Q—S/w\ 4 (n)

General and flexible method is needed

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 20
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Integrals as averages

T2 N
Ve(o-m) [ fe)fde- I mm Vi = (02— 2Py SR - 1

=

Event Generation at Hadron Colliders  Johan Alwall
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Integrals as averages

I = f;f f(z)dx » IN:(332_371)%-
T2 N
Ve(o-m) [ fe)fde- I mm Vi = (02— 2Py SR - 1

[=1In++/VN/N

=
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= Convergence is slow but it can be easily estimated

== Error does not depend on # of dimensions!
= Improvement by minimizing V.
= Optimal/ldeal case: f(x)=C =VN=0
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Importance Sampling

n.ar

n.&f

n.4t

0.2t

In =0.637 +£0.307/vVN

n.2 0.4 n.& n.a2 1

1
I:/ dx cos zm
0 2
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Importance Sampling

n.ar
n.at

n.&f
n.&r

n.4t
0.4t

0.2t 0zl

In = 0.637 £0.031/

In =0.637 +£0.307/vVN

n.2 0.4 n.& n.a2 1

1 1 s

cos 2

I:/ dx cos —z [:/ dz(1 — z°) .
0 2 0 l -z
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Importance Sampling

n.ar
n.at

n.&f
n.&r

n.4t
0.4t

0.2t 0zl

In = 0.637 £0.031/

In =0.637 +£0.307/vVN

n.2 0.4 n.& n.a2 1

1 1 s

7 cos 2

I = | dxcos—=x = [ dx(l — z%)—2 :
0 2 0 l -z
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Importance Sampling

n.ar
n.at

n.&f
n.&r

n.4t
0.4t

0.2t 0zl

In = 0.637 £0.031/

In =0.637 +£0.307/vVN

oz 0.4 0.6 n.s 1 0.z 0.4 0.6 0.g 1

1 1 s
cos 2
I:/ dx cos —z :/ dr(l — %) —2
0 2 0
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Importance Sampling

but... you need to know a lot about f(x)!

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 23



-
" » » » »
B @'atlonal Taiwan University

Importance Sampling

but... you need to know a lot about f(x)!

Alternative: learn during the run and build a step-function
approximation p(x) of f(x) » VEGAS

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 23



e . wational Taiwan University

Importance Sampling

but... you need to know a lot about f(x)!

Alternative: learn during the run and build a step-function
approximation p(x) of f(x) » VEGAS

0}
1 p——
™,
0.2 H‘\-._
0.4 | \
0.2t
0.2 0.4 0.6 0.5 1
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Importance Sampling

but... you need to know a lot about f(x)!

Alternative: learn during the run and build a step-function

approximation p(x) of f(x) » VEGAS
M0

.

~ many bins where f(x) is

\ large

n.zr

n.2 0.4 n.& n.g 1
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Importance Sampling

but... you need to know a lot about f(x)!

Alternative: learn during the run and build a step-function
approximation p(x) of f(x) » VEGAS

Me1eq
4T
. many bins where f(x) is
\ large

n.2 0.4 n.& n.g 1

1
plx) = N Az r, — A\x; < x < x4
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Importance Sampling

can be generalized to n dimensions:

p(x)= p(x)*p(y)*P(2). .-
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Importance Sampling

can be generalized to n dimensions:

p(x)= p(x)*p(y)*P(2). .-

but the peaks of f(x) need to be “aligned” to the axis!
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Importance Sampling

can be generalized to n dimensions:

p(x)= p(x)*p(y)*P(2). .-
but the peaks of f(x) need to be “aligned” to the axis!

This is ok...
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Importance Sampling

can be generalized to n dimensions:

p(x)= p(x)*p(y)*P(2). .-
but the peaks of f(x) need to be “aligned” to the axis!

This is not ok...
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Importance Sampling

can be generalized to n dimensions:

p(x)= p(x)*p(y)*P(2). .-

but the peaks of f(;(') need to be “aligned” to the axis!

but it is sufficient to make
a change of variables!

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 26
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Multi-channel

What do we do if there
is no transformation that

aligns all integrand peaks
to the chosen axes!?
Vegas is bound to fail!

Event Generation at Hadron Colliders  Johan Alwall
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What do we do if there
is no transformation that

aligns all integrand peaks
to the chosen axes!?
Vegas is bound to fail!

Solution: use different transformations = channels
mn T
p(z) = Z a;p;i () with Z a; =1
i=1 i=1

with each pi(x) taking care of one “peak’ at the time

Event Generation at Hadron Colliders  Johan Alwall 27
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Multi-channel
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Multi-channel

p(r) = Z o p; ()

with n

D=

1=1

~
|
pag
=
S
S
|
S
8
pag
=
S
O
S
S
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Example: QCD 2 — 2 production

1 1
X — = X = = 0. ¢
5 (p1+p2)? t

Three very different pole structures contributing
to the same matrix element.

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 30
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Multi-channel based on single diagrams

Consider the integration of an amplitude |M|"2 at tree level which many
contributing diagrams.We would like to have a basis of functions,

f=) fi with fi>0, Vi
such that: =1

|. we know how to integrate each one of them,
2. they describe all possible peaks,

giving us the combined integral

Jz/dciif(q?) :Z/dcﬁgi(q?) gg; :ZIZ"

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall
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Multi-channel based on single diagrams

Consider the integration of an amplitude |M|"2 at tree level which many
contributing diagrams.We would like to have a basis of functions,

such that: =1

|. we know how to integrate each one of them,
2. they describe all possible peaks,

giving us the combined integral
. . n . . i (I—)’ n
I:/d<1>f(<1>) :Z/dwf@(@) fgq;; =Y I,
— gq .

Does such a basis exist?

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall
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Multi-channel based on single diagrams™
_ AP
2 |Ail?

YES! | Agot ]
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Multi-channel based on single diagrams™

|Ay]? )
YES' fz — Z |A‘2 ‘Atot‘

o Key Ildea

— Any single diagram is “easy” to integrate (pole structures/
suitable integration variables known from the propagators)

— Divide integration into pieces, based on diagrams
— All other peaks taken care of by denominator sum
e Get N independent integrals
— Errors add in quadrature so no extra cost
— “Weight” functions already calculated during |M|? calculation
— Parallel in nature
 What about interference!

— Never creates “new’ peaks, so we're OK!
*Method used in MadGraph

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 32
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Monte Carlo Event Generation
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Monte Carlo Event Generation

| pick x
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Monte Carlo Event Generation

| pick x

2. calculate f(x)

f(x) S
mm n.2 0.4 0.& n.a 1

MG/FR School, Beijing, May 22-26,2013

Event Generation at Hadron Colliders

Johan Alwall
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Monte Carlo Event Generation

| pick x

2. calculate f(x)

f(x)
3. pick 0<y<fmax

0.2t

=
uy]

n.z2 1

mm II I:I.IE III I:I.I-al ll
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Monte Carlo Event Generation

| pick x
2. calculate f(x)

3. pick 0<y<fmax

4. Compare:
if f(x)>y accept event,
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Monte Carlo Event Generation

| pick x
2. calculate f(x)

3. pick 0<y<fmax

4. Compare:
if f(x)>y accept event,

else reject it.
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Monte Carlo Event Generation

| pick x
2. calculate f(x)

3. pick 0<y<fmax

4. Compare:
if f(x)>y accept event,

else reject it.

accepted
|= = efficiency
total tries

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 33



Event generation

What’s the difference between
weighted and unweighted?

Weighted:

Same # of events in areas of
phase space with very
different probabilities:
events must have different
weights

MGI/FR School, Beijing, May 22-26,2013
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Event generation

What’s the difference between
weighted and unweighted?

Unweighted:

# events is proportional to
the probability of areas of
phase space:

events have all the same
weight ("unweighted”)

Events distributed as in nature
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Event generation

Improved by combining with importance sampling:

0.3t

|. pick x distributed as p(x)

n.&f

2. calculate f(x) and p(x)

0.4t

3. pick O<y<lI

n.2r

4. Compare:
RO if f(x)>y p(x) accept event,

else reject it.

much better efficiency!!!

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 36
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Event generation
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Event generation

%A
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Event generation

@A
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Event generation

%A

~ Acceptance-Rejection

~ Event generator
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Event generation

dO

Event generator

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 37



i ég}:r,htional Taiwan University

Event generation

%A

I
I
|
OOEEEEEEe

& This is possible only if f(x)<co AND has definite sign! O
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Simulation of collider events
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. High-Q Scattering 2. Parton Shower

3. Hadronization 4. Underlying Event
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. High-Q2 Scattering 2. Parton Shower

= where new physics lies

3. Hadronization 4. Underlying Event
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. High-Q2 Scattering 2. Parton Shower

= where new physics lies
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u
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= process dependent

3. Hadronization 4. Underlying Event
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. High-Q2 Scattering 2. Parton Shower

= where new physics lies

-8
Sty T ) - Is L
3 ol T

= process dependent

= first principles description

3. Hadronization 4. Underlying Event
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. High-Q2 Scattering 2. Parton Shower

= where new physics lies

e .' r B -- .
D __'__. o~ § =
[ ’- -

= process dependent

= first principles description

= it can be systematically improved

3. Hadronization 4. Underlying Event
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3. Hadronization

MG/FR School, Beijing, May 22-26,2013

2. Parton Shower

4. Underlying Event

Event Generation at Hadron Colliders  Johan Alwall
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3. Hadronization 4. Underlying Event
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. High-Q Scattering - 2.Parton Shower
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= B
= QCD -"known

&= universal/ process independent

physics”

3. Hadronization 4. Underlying Event
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|. High-Q Scattering 2. Parton Shower
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= QCD -"known physics”
= universal/ process independent

= first principles description

3. Hadronization 4. Underlying Event
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3. Hadronization 1 4. Underlying Event
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= universal/ process independent

= low Q2 physics

3. Hadronization 1 4. Underlying Event
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45_. = low Q2 physics ' =

= universal/ process independent

= model-based description

3. Hadronization :

Event Generation at Hadron Colliders

MG/FR School, Beijing, May 22-26,2013

4. Underlying Event

Johan Alwall

42



ational Taiwan University

. High-Q2 Scattering 2. Parton Shower

= low Q2 physics

3. Hadronization 4. Underlying Event
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. High-Q2 Scattering 2. Parton Shower

= low Q2 physics

= energy and process dependent

3. Hadronization 4. Underlying Event
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. High-Q2 Scattering 2. Parton Shower

= low Q2 physics
= energy and process dependent

= model-based description ,

3. Hadronization 4. Underlying Event
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5. Detector simulation
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. High-Q Scattering 2. Parton Shower

3. Hadronization 4. Underlying Event
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Event Generation at Hadron Colliders
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Automated Matrix Element Generators
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Automated Matrix Element Generators

® High-Q?2 scattering processes: In principle infinite number
of processes for innumerable number of models
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Automated Matrix Element Generators

® High-Q?2 scattering processes: In principle infinite number
of processes for innumerable number of models

® |Implementation by hand time-consuming, labor intensive
and error prone
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Automated Matrix Element Generators

® High-Q?2 scattering processes: In principle infinite number
of processes for innumerable number of models

® |Implementation by hand time-consuming, labor intensive
and error prone

® Instead: Automated matrix element generators

= Use Feynman rules to build diagrams
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Automated Matrix Element Generators

® High-Q?2 scattering processes: In principle infinite number
of processes for innumerable number of models

® |Implementation by hand time-consuming, labor intensive
and error prone

® Instead: Automated matrix element generators

= Use Feynman rules to build diagrams

® Given files defining the model content: particles,
parameters and interactions, allows to generate any
process for a given model!
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Automated Matrix Element Generators

® Automatic matrix element generators:
= CalcHep / CompHep
= MadGraph
= AMEGIC++ (Sherpa)
=  Whizard

® Standard Model only, with fast matrix elements for high
parton multiplicity final states:

= AlpGen
= HELAC
= COMIX (Sherpa)
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3. Hadronization

MG/FR School, Beijing, May 22-26,2013

2. Parton Shower

4. Underlying Event
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Parton Shower basics

Matrix elements involving g ?qg (or g = gg) are
strongly enhanced when the final state particles are
close in the phase space:

1 1 1
(pp +pc)? 2Bl — cos ) Tt
soft and

divergencies

Collinear factorization:

dt g
‘Mp+1‘2dq)pll = ‘Mp‘qu)p r or

P(z)dzd¢

when 0 is small.
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Parton showers

MG/FR School, Beijing, May 22-26,2013 Event Generation at Hadron Colliders  Johan Alwall 51



/"
.

e
: -2 #National Taiwan University

Parton showers

* Factorization allows us to simulate QCD multi-particle final
states by performing many 2-particle splittings
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Parton showers

* Factorization allows us to simulate QCD multi-particle final
states by performing many 2-particle splittings

e The result is a“cascade” or “shower” of partons with ever
smaller virtualities.

Johan Alwall 51
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Parton showers

Factorization allows us to simulate QCD multi-particle final
states by performing many 2-particle splittings

The result is a “cascade” or “shower” of partons with ever
smaller virtualities.

The procedure stops when the scale of the splitting is

below some tcu: , usually close to | GeV, Leut
the scale where non-perturbative
effects start dominating over the
perturbative parton shower.
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Parton showers

e Factorization allows us to simulate QCD multi-particle final
states by performing many 2-particle splittings

e The result is a“cascade” or “shower” of partons with ever
smaller virtualities.

e The procedure stops when the scale of the splitting is
below some tcu: , usually close to | GeV,
the scale where non-perturbative
effects start dominating over the
perturbative parton shower.

e At this point, phenomenological "
models are used to simulate
how the partons turn into
color-neutral hadrons.
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From Parton Showers to Hadronization

® The parton shower evolves the hard scattering down to the scale of
O(1GeV).

e At this scale, QCD is no longer perturbative. some hadronization model is
used to describe the transition from the perturbative PS region to the
non-perturbative hadronization region.

¢ Main hadronization models:
= String hadronization (Pythia) [Andersson,Gustafson,Ingelman,Sjostrand (1983)]
= Cluster hadronization (Herwig) [Webber (1984)]

e Hadronization only acts locally, not sensitive to high-g? scattering.
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Parton Shower MC event generators

® General-purpose tools

® Complete exclusive description of the events: hard scattering,
showering, hadronization, underlying event

® Reliable and well tuned to experimental data.
most well-known: PYTHIA, HERWIG, SHERPA

® You will hear much more about Parton Showers in coming lectures,
including recent progress in taking PS to NLO in QCD
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Detector simulation

® Detector simulation

= Fast general-purpose detector simulators:
Delphes, PGS (“Pretty good simulations”), AcerDet

= Specify parameters to simulate different experiments

® Experiment-specific fast simulation
= Detector response parameterized

= Run time ms-s/event

® Experiment-specific full simulation
= Full tracking of particles through detector using GEANT
= Run time several minutes/event
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Summary of lecture |
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Summary of lecture |

® Despite the apparent enormous complexity of simulation
of complete collider events, nature has kindly allowed us
to factorize the simulation into separate steps
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Summary of lecture |

® Despite the apparent enormous complexity of simulation
of complete collider events, nature has kindly allowed us
to factorize the simulation into separate steps

® The Monte Carlo method allows us to step-by-step
simulate hard scattering, parton shower, particle decays,
hadronization, and underlying event
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Summary of lecture |

® Despite the apparent enormous complexity of simulation
of complete collider events, nature has kindly allowed us
to factorize the simulation into separate steps

® The Monte Carlo method allows us to step-by-step
simulate hard scattering, parton shower, particle decays,
hadronization, and underlying event

® Hard-working MC program developers have provided a
multitude of tools that can be used to simulate complete
collider events with a few keystrokes and the click of a
button
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Summary of lecture |

® Despite the apparent enormous complexity of simulation
of complete collider events, nature has kindly allowed us
to factorize the simulation into separate steps

® The Monte Carlo method allows us to step-by-step
simulate hard scattering, parton shower, particle decays,
hadronization, and underlying event

® Hard-working MC program developers have provided a
multitude of tools that can be used to simulate complete
collider events with a few keystrokes and the click of a
button

® Next lecture: Simulations with MadGraph 5
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