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Caveats

1. Mainly From a userlLs pol
2. Try to be practical.

3. Focusing on hadron collider

4. Not meant to be exhaustive

Refs: arXiv:1101.2599

MG School 2015 Shanghai
http://www.physics.sjtu.edu.cn/madgraphschool/

MadGraph School Shanghai 2015

MadGraph School on Collider Phenomenology
P . EN
Novermber 23-27, T-D Lee Library, SJTU ?‘., Sl




CMS MC page

Main generators: Other generators which could be of interest:
Pythia6z Herwige
............................. ThePEG (for Herwig++)
Pythias = ALPGENz
MadGraph5_aMCatNLO  uc@nLow
POWHEGH gg2VVer CompHEP =
SherpaNLOc7 s TopRex?
Hydjet
rygjeLe Charybdisz
wdetee =R
EDDER
Package
auene HELACz
LH‘E‘PDFEJ Cosmic Muon Generator
ExHUME o7
Pomwigez PHOJET
BCVEGPY Regge-Gribov Generators (EPOS, QGS.Jetll,
Photoscr HARDCOL 21V
e
Panlcle GU”E‘ ..... E‘F‘ng‘l"l'ﬁn



Outline
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Collider, Collision, Simulation

Hard Scattering: PDF, LO, NLO
Parton Shower: Pythia6(8), Herwig(++)
Event Format: LHE, HEP

MEPS Matching/Merging

Overview of Tools

New Physics

Detector Simulation: Delphes

Advanced Topics




The SM: 3 Iinteractions

mass - =2.3 MeV/c?

charge » 2/3

spin = 1/2 L‘j/
up
~4.8 MeVi/c?
13 d
12 /
down

0.511 MeV/c?
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12

electron
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112 €

electron
neutrino

LEPTONS

Found in 1995 Dby Fermilab Tevatron
CDF and DO
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tau
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tau
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0
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W boson

Found in 2012 by LHC ATLAS and
CMS. Nobel prize in 2013

World "Discovery” Map

Spin-1/2Fermions  Spin-0,1 Bosons
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The Nobel Prize in Physics
1957

by

Chen Ning Yang Tsung-Dao (T.D.) Lee
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 1957 was awarded jointly to Chen Ning
Yang and Tsung-Dao (T.D.) Lee "for their penetrating investigation
of the so-called parity laws which has led to important discoveries
regarding the elementary particles”



The Nobel Prize in Physics
1958 ® I

Pavel Alekseyevich II" ja Mikhailovich Igor Yevgenyevich
Cherenkov Frank Tamm
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Physics 1958 was awarded jointly to Pavel
Alekseyevich Cherenkov, II"ja Mikhailovich Frank and Igor
Yevgenyevich Tamm "for the discovery and the interpretation of
the Cherenkov effect".



The Nobel Prize in Physics
1959

r

s

Emilio Gino Segre Owen Chamberlain

Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 1959 was awarded jointly to Emilio Gino
Segré and Owen Chamberlain “for their discovery of the
antiproton”



The Nobel Prize in Physics
1960

Donald Arthur Glaser

Prize share: 1/1

The Nobel Prize in Physics 1960 was awarded to Donald A. Glaser
"for the invention of the bubble chamber".



The Nobel Prize in Phys1cs
1965 Z

\

Sin-Itiro Tomonaga Julian Schwinger Richard P. Feynman

Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Physics 1965 was awarded jointly to Sin-Itiro
Tomonaga, Julian Schwinger and Richard P. Feynman "for their
fundamental work in quantum electrodynamics, with deep-

ploughing consequences for the physics of elementary particles”.
10



The Nobel Prize in Physics
1968

"N

€l

Luis Walter Alvarez

Prize share: 1/1

The Nobel Prize in Physics 1968 was awarded to Luis Alvarez "for
his decisive contributions to elementary particle physics, in
particular the discovery of a large number of resonance states,
made possible through his development of the technigque of using

hydrogen bubble chamber and data analysis". 1



The Nobel Prize in Physics
1969

€D

w

Murray Gell-Mann

Prize share: 1/1

The Nobel Prize in Physics 1969 was awarded to Murray Gell-Mann
"for his contributions and discoveries concerning the classification
of elementary particles and their interactions”.

12



The Nobel Prize in Physics
1976

w

W

Burton Richter Samuel Chao Chung

Prize share: 1/2 Ting

Prize share: 1/2

The Nobel Prize in Physics 1976 was awarded jointly to Burton
Richter and Samuel Chao Chung Ting "for their pioneering work in
the discovery of a heavy elementary particle of a new kind"

13



The Nobel Prize in Physics
1979

Sheldon Lee Glashow Abdus Salam Steven Weinberg
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Physics 1979 was awarded jointly to Sheldon Lee
Glashow, Abdus Salam and Steven Weinberg "for their
contributions to the theory of the unified weak and
electromagnetic interaction between elementary particles,

including, inter alia, the prediction of the weak neutral current”.
14



The Nobel Prize in Physics
1984 W Z

Carlo Rubbia Simon van der Meer

Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 1984 was awarded jointly to Carlo
Rubbia and Simon van der Meer "for their decisive contributions to
the large project, which led to the discovery of the field particles W
and Z communicators of weak interaction”

15



The Nobel Prize in Physics
1988

Leon M. Lederman Melvin Schwartz Jack Steinberger
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Physics 1988 was awarded jointly to Leon M.
Lederman, Melvin Schwartz and Jack Steinberger "for the neutrino
beam method and the demonstration of the doublet structure of
the leptons through the discovery of the muon neutrino”.

16



The Nobel Prize in Physics
1990 -

4
b\ -
L
P

‘ 1 o T | chim
Jerome I. Friedman Henry W. Kendall Phato: T. Nakashima

. : Richard E. Taylor
Prize share: 1/3 Prize share: 1/3 _
Prize share: 1/3

The Nobel Prize in Physics 1990 was awarded jointly to Jerome I.
Friedman, Henry W. Kendall and Richard E. Taylor "for their
pioneering investigations concerning deep inelastic scattering of
electrons on protons and bound neutrons, which have been of

essential importance for the development of the quark model in
particle physics".

17



The Nobel Prize in Physics
1992

K
¥

Drift Tube
Time Projection Chamber

Georges Charpak

Prize share: 1/1

The Nobel Prize in Physics 1992 was awarded to Georges Charpak
"for his invention and development of particle detectors, in
particular the multiwire proportional chamber”,

18



The Nobel Prize in Physics
1995

y | © University of
Martin L. Perl California R)egents
Prize share: 1/2 Frederick Reines

Prize share: 1/2

The Nobel Prize in Physics 1995 was awarded "for pioneering
experimental contributions to lepton physics” jointly with one half
to Martin L. Perl "for the discovery of the tau lepton” and with one
half to Frederick Reines "for the detection of the neutrino”.

19



The Nobel Prize in Physics
1999

%00

Gerardus 't Hooft Martinus J.G. Veltman
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 1999 was awarded jointly to Gerardus 't
Hooft and Martinus ).G. Veltman "for elucidating the quantum
structure of electroweak interactions in physics"

20



The Nobel Prize in Physics
2002 T

Raymond Davis Jr. Masatoshi Koshiba Riccardo Giacconi
Prize share: 1/4 Prize share: 1/4 Prize share: 1/2

The Nobel Prize in Physics 2002 was divided, one half jointly to
Raymond Davis Jr. and Masatoshi Koshiba "for pioneering
contributions to astrophysics, in particular for the detection of
cosmic neutrinos” and the other half to Riccardo Giacconi "for
pioneering contributions to astrophysics, which have led to the

discovery of cosmic X-ray sources".
21



CKM

The Nobel Prize in Physics
2008

Photo: University of © The Nobel S The Nobel

Chicago ) Foundation Photo: U. Foundation Photo: U.
Yoichiro Nambu Maatan . naan
., u Makoto Kobayashi Toshihide Maskawa
Prlzeﬁ'lare: 1/2 _ _
Prize share: 1/4 Prize share: 1/4

w
I}onbel @e in Physics 2008 was divided, one half awarded to
Yoichiro Nambu "for the discovery of the mechanism of
spontaneous broken symmetry in subatomic physics”, the other
half jointly to Makoto Kobayashi and Toshihide Maskawa "for the
discovery of the origin of the broken symmetry which predicts the
existence of at least three families of quarks in nature”. 22



The Nobel Prize in Physics
2013

Higgs Boson
BEH

p Noto: ,3'. f';' anmou 'j
Francois Englert Peter W. Higgs
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2013 was awarded jointly to Francois
Englert and Peter W. Higgs "for the theoretical discovery of a
mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed
through the discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN's Large Hadron Collider"

23



QED vs QCD

4 _ 1 N - e 1
£ =9(r" Dy — m)yv — Fu F* Pem = 4 T 137
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O T ) apep(100GeV) = %~0.13
7
- {
'EQE!D — ")'irt' [:1(F:’FDP)13 — '5?.3) ")'irj _ EG;H Gﬁ 67 16 16% F{es::;iilgtion -[E;a
1 R S o S o S o T
. Gfiy _ aﬁﬂi - ayv’qvi‘l‘ﬂfﬂhcAiAEJ Strength|_ :
a=1¢g8, 100}
1=1,2,3 QCD colors
g
q 9 g g |
0 éz: ——
Self -interactions P e



The Nobel Prize in Physics
2004 QCD

David J. Gross H. David Politzer Frank Wilczek
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

The Nobel Prize in Physics 2004 was awarded jointly to David ).
Gross, H. David Politzer and Frank Wilczek "for the discovery of
asymptotic freedom in the theory of the strong interaction”.

25



QCD cutoff : Non -perturbative Region

0.5

'.';, April 2012
o (Q) I":::'.II v T decays (V’LO)
".15'-H B Lattice QCD (NNLO)
0.4 L "\ a DIS jets (NLO)
I\ 0 Heavy Quarkonia (NLO)
i o ¢¢ jets & shapes (res. NNLO)
"'-e%\ e Z pole fit W3LO)
\ N pp — jets (NLO)
0.3} _
Landan Pole Asymptotic Freedom
& Confinement & Grand Unification?
0.2
0.1}
=—QCD «ay(Mz)=0.1184 + 0.0007
1 D . 100

" Q [GeV]
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Anatomy of a LHC Collision

LHC collision: QCD machine

Factorization Theorem:
Separate Short Distance
Physics from Soft one

QCD Machine
Factorization

Multi -level




Why Generators?

Torbjorn Sjostrand

Evens10Gey o

= 5_ % o F LEP  di-neamce Tizht E: = I ATLAS fLd==3 10° pb™
3 : : E |
E" =T b+ o x = e = 175 GaV
aME 8T ] meckgrene S E—h—yr mdWhtth ek h
?11 3 ™ N EUTHIELAES = =
_I1! :— * + ':' ] E=
ol = H sl = 10F drai =
" B o4 s T} 1 " =
=] H tisciepd [T} 2 ; E
3 Hsigasl .49 12 a E
a: e 1552
T F = 3 = | B2 Ga¥
| }[ }[ } |2 = 130 b
i B
- 1
il : = A | ]
il b 40 Hal TR ! Hih — 1t
I T T

E1]

i 0
Top Mass (GaVc”)

top discovery
and mass
determination

mgre (GeVie')

Higgs (non)
discovery

i, [Eev)

Higgs and
supersymmetry
exploration

not feasible without generators



PT and (pseudo -)Rapidity

n=0
Yy = ! In Etm ]=
n(gz)- o)L
— 21 — —In|t
! 2“(|p|—pL e
pr = \/ﬁi +p:

(AR)* = (An)* + (Ag)’
Lorentz Invariant Distance

1L HC typical:
PT>20-30GeV

In|<2.5, 4.7

AR >0.3,0.4,0.5,0.7,0.8




Lightcone kinematics and boosts

Introduce (lightcone) p™ = E + p; and p~ = E — p,.

Note that p*p~ = E? — p2 = m?

J_.

Consider boost along z axis with velocity 3, and v = 1/+/1 — 32

P,
!

P
EJ’

Px.y
v(pz + B E)
Y(E + 3 pz)
1
v(1+B)p" = I;%P+=kﬁ%
- B
Y(1-B)p" = II%F_:%T
1. p*t 1, kp*

31



If experimentalists cannot measure m they may assume m = 0.
Instead of rapidity y they then measure pseudorapidity 7:

2
P VAL il N n=1 L lpl+pz _ Pl +p:
\/mz +p2—ps Pl — Pz pL
or
1 p+pcosf 1 1+ cosh
n = =In=/—= = —In

2 p—pcosf 2 1-—cost
1. 2cos’6/2 cos /2 0

= —lIn = In — = —Intan =
2 2sin%4/2 sinf@/2 2

which thus only depends on polar angle.

1 is not simple under boosts: 1, — 1] # m12 — N1

You may even flip sign!

Assume m = m; for all charged = y;; intermediate to y and 7.

Pseudorapidity

32



Mandelstam variables

For process 1 +2 — 3+ 4
P2

s = (p+p2)®=(p3+pa)
(p1 — p3)? = (P2 — pa)?
u = (pm—p)=(p2—p)° m

In rest frame, massless limit: my = my = m3 = my = 0,

E'['ITL
F'l._2 — 2 (1,0,0.‘:&) P3
E{.‘m . " -
P34 = (1; +sin#,0, + cos ) g
| 2 P1 P2
S — E{?ﬂl
t = —2pip3 = —g(l —cosé) Pa
S ~
u = —2P2P4:—§(1+C059) s+t+u=0

33



s-, t- and u-channel processes

Classify 2 — 2 diagrams by character of propagator, e.g.

LK

s-channel t-channel u-channel

Singularities reflect channel character, e.g. pure t-channel:

do(qqf — qq') 74 ,s%+u?
= — -l
dt s29 t2

peaked at t - 0= u~ —s, so

do(qq’ — qq') _ 8maf 32ma’ 8ma?

8mra?

dt ~ot2 9s2(1 — cos )2 9s2sin*4/2 -

I.e. Rutherford scattering!

9p}

34



Parton, Jet

b Hadrons

Jets make this
correspondence

p c

,1.‘ |
What we calculate What we measure



Type of event 0
ete” — hadrons event on the Z pealk il

HERA direct photoproduction (dijet) or DIS 40
HERA resolved photoproduction (dijet ) 6l
Tevatron (/s = 1.96 TeV) dijet event 200
LHC (/s = 14 TeV) dijet event 400
LHC low-luminosity event (5 pileup collisions) 1000
RHIC AuAn event (/5 = 200 GeV /mucleon ) 3000
LHC high-luminosity event (20 pileup collisions) | 4000
LHC PhPb event (/s = 5.5 TeV /nucleon) 20000

Table 3: Orders of magnitude of the event multiplicities V (charged 4+ neutral) for various kinds
of event. The et e™, photoproduction, DIS and pp results have been estimated with Pythia 6.4[102,
100], LHC PbPb with Pythia + Hydjet [103] and RHIC has been deduced from [104]. Note that
experimentally, algorithms may run on calorimeter towers or cells, which may be more or less
numerous than the particle multiplicity.



Parton, Jet

K Jet Algorithm
* Form nredusters out of seed towers
% Had. cal cone with R = 0.4, R=0.7 or R=10
* : !
Calorimeter jet z
] % Em. cal. dij=mjn(E;i,Eij)% d; =E;;
o _ _ _
\ f —
Particle jet j ™ Kete ; Kr jet Cone jet
\
\ ! Move i to list of jets All clusters withr < D are merged
| i Clusters with r = D can he merged if AE > >()
- T3 - - 7 No
Parton jet
Jet Shapes are more naiural
* no arbitrary spl/mer param
> > - *1no Ry, param at parton leve
P P * Produce list of jets (AR=D)




Jet Algorithm

. Work out all the d;; and d;g according to eq. (8],
. Find the minimum of the d;; and d;p.

. If 1t 15 a d;;, recombine 1 and j into a single new particle and return to step 1.

. Otherwise, if it is a d;g, declare i to be a [final-state| jet, and remove it from the list
of particles. Return to step 1.

. stop when no particles remain.

Ky dj i, = —L= min (P75 PT.}.)

P=-10.,1 ( “

‘ambridge/Aachen d; ;.

ﬂl'lll-k}' l'f.-’l.l;_' =
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4-momenta, hits/deposits, digitalize
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Your study can be cut at some level, depending
on what you want



Simulation at all levels

Eve

‘real life”

nt Generator Position

“virtual reality”

Machine = events
Tevatron, LHC

produce
events

Event Generator
PYTHIA, HERWIG

\‘ observe & store events /

ATLAS,CMS LHC-B

Detector, Data Acquisition Detector Simulation

ALICE Geantd LCG

\\ ‘_‘,..-""'

what is
knowable?

Event Reconstruction
ORCA, ATHENA

and

r

compare real and

simulated data

Physics Analysis
ROOT, JetClu

'

conclusions, articles, talks, . ..

‘quick
dirty”




Generator Landscape

General-Purpose Specialized
Hard Processes a lot
HERWIG
Resonance Decays HDECAY, ...
Parton Showers PYTHIA Ariadne/LDC, NLLjet

Underlying Event ISAJET

Hadronization
SHERPA

Ordinary Decays

DPMJET

none (7)

TAUOLA, EvtGen

specialized often best at given task

, but need General-Purpose core



Parton Distribution Function

parton interactions
o fin(x, ug ): parton density function
=t

Y x is momentum fraction
Y

o\
i 1
L

Parton Model Ug s factorization scale
Non-perturbative functions., from
global fit

The scattering particle only sees
the valence partons. At higher

energies, the scattering particles
also detects the sea partons.



PDF and LHAPDF

Many choices on the market

NNLO, a,=0.118, Q = 100 GeV

@88 CMC-PDFN_230d Default choice In
12f] %22 NNPDF3.0
N gt MG_aMC@NLO
i MMHT 14 | IS NNPDF2
S R It was CTEQG6L1 before
o N VS ° https://lhapdf.hepforge.org/

LHAPDHSs a general purpose C++ Interpolator, used
for evaluating PDFs from discretised data files.



Scale/PDF Uncertainties: PDF4LHC

UCL DEPARTMENT OF PHYSICS AND ASTRONOMY »

PDF4LHC

PDE4LHC http://www.hep.ucl.ac.uk/pdf4lhc/

Recommendation for LHC cross section calculations

The LHC experiments are currently producing cross sections from the 7 TeV data, and thus need accurate
predictions for these cross sections and their uncertainties at NLO and NNLO. Crucial to the predictions and
their uncertainties are the parton distribution functions (PDFs) obtained from global fits to data from
deep-inelastic scattering, Drell-Yan and jet data. A number of groups have produced publicly available PDFs
using different data sets and analysis frameworks. Given the necessity of having an official recommendation
from the PDF4LHC working group available on a short time frame, the prescription outlined at the the link
below has been adopted.

NLO Summary:

For the calculation ol uncertainties at the LHC, use the envelope provided by the central
values and PDV 4, errors from the MSTWOS, CTEQ6.6 and NNPDIF2.0 PDFs, using each
group’s prescriptions for combining the two types ol errors. We propose this definition of



Hard Scattering: Hard Scattering: ‘

LO, NLO, NNLO QCD, QED..

LO: Born term

1 1 . . . d(%;f ;
d”—hihz — Z [0 dax; /[; 'Cl;.'f-'j Z /d(I)f fiﬂll (*'F'i- 4“%:) fj,fhzti"j- 1“%:) Ao df:j{[}f
ij ' £ o

Factorization scale Ur
Penormalization Scale .
Phase Space do;



Hard Scattering: Higher order

loops (virtual corrections) or legs (real corrections)

2
-

A

@ effect: reducing the dependence on ur & ur

(NLO first order allowing for meaningful estimate of uncertainties)

@ additional difficulties when going NLO:
ultraviolet divergences in virtual correction
infrared divergences in real and virtual correction

= 3° | : : : : :
= B : i N : — NNLO
° L 8Tev LHC : -~ NLO
0 O
20" gmmmwmmhmfﬁ}mdmwm_ é ________________________________________________________ - -
S R N A e S
28— S S EEEL -
0.06 0.1 0.2 0.3 04 r 2 3



Next-to-leading order (NLO) calculations

|. Lowest order, l. First-order real, [ll. First-order virtual,
C](f_‘rem}: ﬂ(ﬂem&‘s)l {.:}{_{'hEﬂ]{"tE._}:
qq — ZU aqq — Zﬂg etc. qq — Z9 with loops

de/dp | do/dp |
lowest order
finite o
> o A8
virtual, —~c

48



ligher order Calculation Is not easy

pp 2 W + 0 jet 1978 Altarelli, Ellis, Martinelli
pp 2 W+ 1 jet 1989 Arnold, Ellis, Reno
pp 2 W + 2 jets 2002 Campbell, Ellis
pp =2 W + 3 jets 2009 BH+Sherpa

Ellis, Melnikov, Zanderighi
pp 2 W + 4 jets 2010 BH+Sherpa

pp ->W +5 jets 2013 BH+Sherpa



lard Scattering: Matrix Element

e~ (p) o
(VAVAVAVAVAY
Squared ->

et (o) po (k). "VT| (o(p’ }ﬁ’}‘u(pj u(p)y” L!['\pjj][ﬂf;:]’“,-}'1!{1:"]’5“6;}’}':,—““{']}

Feynman Rules ->

= 7% (p)(—ie*)u* (p) (_;g;f) " (k) (—iey”)o" (k) ,

Sum over spin, Trace

8¢l

1 1 ‘ .4 . , o ! ! ! /
325222 IMP = TP k] = [0 R K+ (oK) k)]

This works well for a few diagrams. however. for 2->n
process. there can be huge number of diagrams

0(n?)



Complexity: factorial growth in e"e™ — gg + ng

n #diags " . ' '

0|1 :

12 £ 100k ]
2 |8 z

348 -E m-— .
4 | 384 z

| |
1 L E

Number of gluons



[MURAYAMA, WATANABE,

HELAS HAGIWARA, 1992]

Helicity Method. numerical way. sum over spin later:

O(n)

Basics: Helicity amplitudes

|dea: Evaluate 7% for fixed helicity of external particles

Numbers for given helicity and momenta

Calculate propagator wavefunctions
Finally evaluate amplitude (c-number)

CALL OXXZXA(P(0,1) ,ZERO,NHEL(1) ,-1*IC(1) ,W(1,1))
. . . CALL IXooL(P(0,2) ,ZERO,NHEL(2) ,+1*1IC{2) W(l,2))
HE|ICIt}f amPhtUdE calls CALL I¥AX(P(0,3),ZERO,NHEL(3),-1*1C(3) ,W(1,3)})
written b},« MadGraph CALL 0¥ (P (0,4) ,Z2ERO,NHEL (4) ,+1*1C(4) ,Ww(l,4))
CALL JIOXX(W(l,2),W(l,1),GAL,ZERO,ZERO,W(1l,5))
CATT IOV (W(l,3) W(l,4) ,w(l,5) , GAL,AMP (1))



Automation of ME

UNIp

43
~
x
=

2

'{J_‘Sa

sy’

—automatic Feynman Diagram generating and evaluating
* For 2->n processes, generating all possible topology

* Trying filling particles in the SM or new physics

* Writing down HELAS subroutine and codes

Wavefunctions

Run time

Process Amplitudes MG AT MG | MG 4 NG T

ut — e’ e 2 6 6 < bus < Gpus
uii = ete"ete 48 62 32 0.22 ms | 0.14 ms
uii > ete"ete ete” 3474 3194 301 46.5 ms | 19.0 ms
wit — dd 1 5 5 < 4us < 4pus

wit — ddg 5 11 11 27 ps 27 ps
uu — ddgg 38 47 29 0.42 ms | 0.31 ms
ut — dr?yyy 393 355 122 10.8 ms | 6.75 ms
Ut — UGy 76 84 40 1.24 ms | 0.80 ms
uil = uigqy 786 682 174 35.7 ms | 17.2 ms
utt — dddd 14 28 19 84 ps 83 us
utt — ddddg 132 178 65 1.88 ms | 1.15 ms
wit = ddddgg 1590 1782 286 141 ms | 34.4 ms
wit — dddddd 612 758 | 141 | 425 ms | 6.6 ms

Time for matrix element evaluation on a Sony Vaio TZ laptop

Alwall
2012



Hard Scattering: Phase Space

mn 4 _ T
d(ljn(P P1, --:pn} — [iitge(pgljﬁ(ng - ng}(QWTLé;L (-P - Zpi)
=1 i=1
n dE’p; ) mn
_ 11 (QW}SZE (Q }-1;j4 (P — ;Fﬁ) |
3n -4 o g
. . 2 D3
+2 =3n -2 dimension S T T
_____ ‘.

An example of Phase space factorization

-> Recursive In numerical

1 _
dtpﬂ{‘p!pla"'ﬁpﬂ) — —dQEd‘I’j(Q,pl,...,pj)d{bn—j+l(P:Q:ij+1,...,Pn)-
2m



MC Technigue

N
T2 . 1
I =/ dz f(x) = (xo — x1) (f(x)) [ = [IE—IIJEZﬂIr}

1 i—1

N points randomly distributed in [x1,x2]

Weight: Wi = (z2 — x1)f(xi)

N

. 1 )

Average of Weight: [=Iv=5>_ W,
i=1

-

Variance: vy=< Y W’ - [% > I-’H-] o

WS DMS Q@K - Imf,mr:tvf%NQDL’/zr



MC Technigue

Good convergence for high dimension integrals
We also got events randomly distributed
Vy should be small: importance sampling

Breit-Wigner distribution

M2 ]
= / dm?
M2 {m‘l — _IFH'E}E + _M?FQ

m? = MTtan p + M>

- 2
Pmaz Om? 1
I Zf Y5, | e =3 5 M
Pmin B B
1 Prmax
- dp

T MT J,.. Mass "



Unweighting

We often want events without weights as mother Nature produce

1. Monte Carlo integration and scanning are performed:
N points are picked randomly

2. The phasespace point which give the maximum weight,
Wmax Is stored

3. ‘hit-or-miss’: go through randomly chosen phase-space
points and compare the probability of each, given by
Wi/Wmax to a random number R in (0, 1).

If Wi/Wmax > R, we ‘accept’ the event, otherwise wereject
it. This is done until we have collected the desired number
of events, Nevents.



Les Houches Event File hep-ph/0609017

<LesHouchesEvents version="1.0">
<header>
#iAdditional information
-<[header>
<init>
2212 2212 0.40000000000E+04 0.40000000000E+04 @ 0 10042 10042 3 1
0.13448000000E+02 ©.11328000000E+00 0.26896000000E+01 0

. </init>
Jet <event>
. 8 0 0.2689600E+01 1000000E+04 0.7957747E-01 ©.9421117E-01

/ "n“ 2 -1 0 0 0 0.00000000000E+00 0.00000000000E+00 0.12216473395E+04 0.12216473395E+04 0.30000000261E-02 0. 1.
........ v -2 -1 0 0 0.00000000000E+00 0,00000000000E+00 -0,95840193959E+03 0.95840193960E+03 0.30000000261E-02 0. -1,
St 6100002 2 1 2 502 0.12085632485E+03 -0,21778312976E+03 0.82072277461E+03 0.11732307109E+04 0.80000000000E+03 0. O,
?H“ -6100002 2 1 2 0 502 -ON2085632485E+03 0.21778312976E+03 -0.55747737471E+03 0.10068185682E+04 0.80000000000E+03 6. 0.
et "2 1 3 3 502 0 -0. 441025E+02 -0,27383300132E+03 0.36569663377E+03 0.46454822740E+03 0.30000000261E-02 0. 1,
o 5100022 1 3 3 06 0 0. 0.56049871558E+02 0.45502614084E+03 0.70868248348E+03 0.50000000000E+03 0. 1.
'-__-Q::ffs, UTRTIIE -2 1 4 4 0 502 0.10854022 +03 0.26478799687E+03 -0.18273879961E+03 0.33953958975E+03 0.30000000261E-02 @, -1.
N4 510002 1 4 4 0 0 -0.22939655164E+83 -0.47004867115E+02 -0.37473857510E+03 0.66727897847E+03 0.50000000000E+03 0. 1.

jet </event>
<events>

et Weight:

Va 13.448 pb

/ HFevents
Mass Array:

N 1800 GeV, 500 GeV], [800 GeV, 500 GeV ]



Example: MG_aMC@NLO

PP>Z LO & NLO

madgraph.phys.ucl.acbe U@ Q 5=<Cilsk- B8 ¥ #

Center for Partmle Ph' :
v ok N
The MadGraph5 aMC@NLO —~——
> < homepage
UCL UIUC Launchpad e
by the MG/ME Development team

Downloads
Generate My  Cluster (needs Bug
Process Register Tools Database Status  account)  Wiki Answers reports

Generate processes online using MadGraph5_aMC@NLO



Example: PP>Z LO & NLO

@ qliphy@giangqiang: ~/Desktop/MG5_aMC_v2_3_0

VERSION 2.3.0 2015-07-01

The MadGraph5 aMC@NLO Development Team - Find us at
https://server06.fynu.ucl.ac.be/projects/madgraph
and
http://amcatnlo.web.cern.ch/amcatnlo/

Type 'help' for in-line help.
Type 'tutorial' to learn how MG5 works
Type 'tutorial aMCatNLO' to learn how aMC@NLO works
Type 'tutorial MadLoop' to learn how MadLoop works

* 0% F O ¥ O F ¥ F F*

*
*
*
*
*
*
*
*
*
*
*
* *
*

s e g e ok ke ok ke vk vk ke v ke ok ke ke ke sk ke ke e vk ke e e e ke ke ke ke ke ke e ke ok ok e ke ke ke ke ke ke ke ke e ke ok ke ke ke ok ke ke ke ok ke e ok

load MG5 configuration from input/mg5 configuration.txt

set fastjet to fastjet-config

set lhapdf to lhapdf-config

Using default text editor "vi". Set another one in ./input/mES_ponfiguration.txt

Using default eps viewer "evince". Set another one in ./input/mg5 configuration.txt
iR ifirefox". Set another one in ./input/mg5 configuration.txt

INFO: Restrict model sm with file models/sm/restrict_ﬁefault.dat .

INFO: Run "set stdout_level DEBUG" before import for more information.

INFO: Change particles name to pass to MG5 convention

Defined multiparticle p =gu c d s u~ ¢~ d- s~

Defined multiparticle j = g u c d s u~ c~ d~ s~

Defined multiparticle 1+ = e+ mu+

Defined multiparticle 1- = e- mu-

Defined multiparticle vl = ve vm vt

Defined multiparticle vl~ = ve~ vm~ vt~

i i i =gucds u~- c~d~ s~ a ve vm vt e- mu- ve~ vm~ vt~ e+ mu+ t b t~ b~ z w+ h w- ta- ta+




Example: PP>Z LO & NLO

MG5 aMC:igenerate p p > mu+ mu-

INFO: Checking tor minimal oraders which gives processes.

INFO: Please specify coupling orders to bypass this step.

INFO: Trying process: g g > mu+ mu- WEIGHTED=4

INFO: Trying process: u u~ > mu+ mu- WEIGHTED=4

INFO: Process has 2 diagrams

INFO: Trying process: u c~ > mu+ mu- WEIGHTED=4

INFO: Trying process: ¢ u~ > mu+ mu- WEIGHTED=4

INFO: Trying process: c¢ c~ > mu+ mu- WEIGHTED=4

INFO: Process has 2 diagrams

INFO: Trying process: d d~ > mu+ mu- WEIGHTED=4

INFO: Process has 2 diagrams

INFO: Trying process: d s~ > mu+ mu- WEIGHTED=4

INFO: Trying process: s d~ > mu+ mu- WEIGHTED=4

INFO: Trying process: s S~ > mu+ mu- WEIGHTED=4

INFO: Process has 2 diagrams

INFO: Process u~ u > mu+ mu- added to mirror process u u~ > mu+ mu-
INFO: Process c~ c¢ > mu+ mu- added to mirror process c c~ > mu+ mu-
INFO: Process d- d > mu+ mu- added to mirror process d d- > mu+ mu-
INFO: Process s~ s > mu+ mu- added to mirror process s s~ > mu+ mu-
4 processes with 8 diagrams generated in 0.043 s

Total: 4 processes with 8 diagrams

MG5_aMC>| |



Example: PP>Z LO & NLO

diagram 1 QCD=0, QED=2 diagram 2 QCD=0, QED=2

You can choose QCD or QED vertex number



Example: PP>Z LO & NLO

* *
* * * *
* * * % * *
* * % * % 5 * % * * *
* * * % * *
* * * *
* *
K VERSION 2.3.0 2015-07-01 £
* *
B The MadGraph5 aMC@NLO Development Team - Find us at X
* https://server06.fynu.ucl.ac.be/projects/madgraph *
* *
k Type 'help' for in-line help. *
* *
kkkkkhkkhkhkkkhkhkkhkkkhkkhkhkhkhhkhhhkkhkhkhkkhhkhhhkhkkkhkhhkhhkhkhhkhkhhkhhkkkhkkkkkkkhk*x

INFO: load configuration from /home/qliphy/Desktop/MG5 aMC v2 3 0/LO-DY/Cards/me5 configuration.tx
INFO: load configuration from /home/qliphy/Desktop/MG5 aMC v2 3 0/input/mg5 configuration.txt
INFO: load configuration from /home/qliphy/Desktop/MG5 aMC v2 3 0/LO-DY/Cards/me5 configuration.tx
Using default text editor "vi". Set another one in ./input/mg5 configuration.txt

gjenerate_events run_ 01

The following switches determine which programs are run:

1l Run the pythia shower/hadronization: pythia=OFF
2 Run PGS as detector simulator: pPgs=0OFF
3 Run Delphes as detector simulator: delphes=NOT INSTALLED
4 Decay particles with the MadSpin module: madspin=0FF
5 Add weight to events based on coupling parameters: reweight=0FF

Either type the switch number (1 to 5) to change its default setting,
or set any switch explicitly (e.g. type 'madspin=ON' at the prompt)
Type '0', 'auto', 'done' or just press enter when you are done.
é%, 1, 2, 4, 5, auto, done, pythia=ON, pythia=OFF, ... ][60s to answer]
>



Example: PP>Z LO & NLO




