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1.   The Standard Model of particle physics (and beyond)	

!
!
2.    From the Standard Model to predictions at the LHC	

!
!
3.   Event simulations	

!
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The Standard Model: matter (1)

✦ At the atomic scale, matter is composed of atoms:	
!!!
✤ A core: the nucleus, made of	


★ Protons  (      )	

★ Neutrons  (     )	


!
✤ Peripheral electrons  (  )

✦ Naively, protons and neutrons are composed objects:	
!!!
✤ Proton: two up quarks and one down quark 
✤ Neutron: one up quarks and two down quarks	
!!!!!!!!!!!

✦In reality, they are dynamical objects:	
!!
✤ Made of many interacting quarks and gluons	


 (see later)
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The Standard Model: matter (2)

✦ Elementary matter constituents	

!!!!!

✤ Up quarks	
!!!!!!!
✤ Down quarks	
!!!!!!!!!!!!
✤ Electrons

}
 Protons and neutrons } Atoms

Nucleus

✦ Neutrons can be converted to protons: the beta decay

The neutrino
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The Standard Model: matter (3)

✦ Elementary matter constituents: we have three families

✤ Three up-type quarks	

★ Up  (   u   )	

★ Charm  (   c   )	

★ Top  (   t   )	


✤ Three down-type quarks	

★ Down  (   d   )	

★ Strange  (   s   )	

★ Bottom  (   b   )	


✤ Three neutrinos	

★ Electron  (       )	

★ Muon  (       )	

★ Tau  (      )	


✤ There charged leptons	

★ Electron  (   e   )	

★ Muon  (      )	

★ Tau  (      )

⌫e
⌫µ

⌫⌧

µ
⌧

The only differences are the masses	

All other properties are identical
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The Standard Model: interactions

✦ Electromagnetism	
!
✤ Interactions between charged particles (quarks, charged leptons)	

✤ Mediated by massless photons

✦ Gravity	
!
✤ Not included in the Standard Model

�

✦ Weak interactions	
!
✤ Interactions between all matter fields	

✤ Mediated by massive weak W-bosons and Z-bosons

✦ Strong interactions	
!
✤ Interactions between colored particles (quarks)	

✤ Mediated by massless gluons g 
✤ Responsible for binding protons and neutrons within the nucleus
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The last pieces: the Higgs boson

✦ The masses of the particles	


✤ Elegant mechanism to introduce them 	

✤ Price to pay: a new particle, the so-called Higgs boson	
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The Standard Model: the full picture

✦ All the particles have been observed:	

✤ The last one: the Higgs (2012)	

✤ The next-to-last one: the top quark (1995)

✦ Tested over 30 orders of magnitude:	

✤ from 10-18 eV (photon mass limit)	

✤ to 10+13 eV (LHC energy)
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Beyond the Standard Model: the challenge

✦ This is where any new phenomenon would hide	


✤ Supersymmetry	

✤ Extra-dimensions	

✤ Grand-Unified Theories	

✤ etc.	
!!

✦ Cross sections = production rate	


✤ 1 possible new physics event (if any)	

✤ 1.000 Higgs events	


✤ 1.000.000.000.000 Standard Model events	


 = production rate: to be calculated
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Scattering theory

✦Cross sections can be calculated as	


!
!
!

✤ We integrate over all final state configurations (momenta, etc.).	

★The phase space (dPS) only depend on the final state particle momenta and masses	

★ Purely kinematical	

!

✤ We average over all initial state configurations	

★ This is accounted for by the flux factor F	

★ Purely kinematical	

!

✤ The matrix element squared contains the physics model	

★ Can be calculated from Feynman diagrams 
★ Feynman diagrams can be drawn from the Lagrangian	

★ The Lagrangian contains all the model information (particles, interactions) 

� =
1

F

Z
dPS(n)

��Mfi

��2
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Details on the Standard Model Lagrangian
✦ All the model information is included in the Lagrangian	
!!

✤Before electroweak symmetry breaking: very compact	

!
!
!
!
!
!
!

!
!!

✤After electroweak symmetry breaking: quite large	

 Example: electroweak boson interactions with the Higgs boson:	


L = � 1

4
Bµ⌫B

µ⌫ � 1

4
W i

µ⌫W
µ⌫
i � 1

4
Ga

µ⌫G
µ⌫
a

+
3X

f=1

h
L̄f

⇣
i�µDµ

⌘
Lf + ēRf

⇣
i�µDµ

⌘
efR

i

+
3X

f=1

h
Q̄f

⇣
i�µDµ

⌘
Qf + ūRf

⇣
i�µDµ

⌘
uf
R + d̄Rf

⇣
i�µDµ

⌘
dfR

i

+Dµ'
†Dµ'� V (')
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Feynman diagrams and Feynman rules (1)
✦ Diagrammatic representation of the Lagrangian	


✤ Electron-positron-photon (q = -1)	

!

!
!
!
!

✤ Muon-antimuon-photon (q = -1)	

!
!
!
!
!
✦ The Feymman rules are the building blocks to construct Feynman diagrams	


e+

e�

µ�

µ+

From the Lagrangian

...
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two interactions

...
four interactions

Loops exist, but 
their contribution 

can usually be 
neglected



The Standard Model and Beyond                                                     Predictions                                                     Event simulations                                                   Challenge

CERN summer program 2014 - MADGRAPH Rikkert Frederix & Benjamin Fuks - July 2014 - 15

Feynman diagrams and Feynman rules (2)

✦ From Feynman diagrams to Mfi  :	

!

!
!

!
!
!

!
!
!
!
!
!
!
!
!
!
!

✤ We construct all possible diagrams with the set of rules at our disposal	

✤ We can then calculate the squared matrix element and get the cross section

e+

e�

µ�

µ+

Feynman rules

iMfi =
h
v̄sa(pa) (�ie�µ) usb(pb)

i �i⌘µ⌫
(pa + pb)2

h
ūs2(p2) (�ie�⌫) vs1(p1)

i

External	

particles

Interactions Propagator
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Feynman rules for the Standard Model

Almost all the building 
blocks necessary to draw 

any Standard Model 
diagrams

QCD coupling stronger 
than QED coupling	

→ dominant diagrams

CERN Summer Program Tim Stelzer 

J� QED 

Z QED 

W+- QED 

g QCD 

h 
QED 
(m) 

Feynman Rules! 

qq J l l J� �

qqg

W W J� �

qqZ llZ

qq Wc l WQ

ggg

W W Z� �

W W h� �
qqh llh

gggg

WWWW

Partial list from SM 
ZZh

38 
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J� QED 

Z QED 

W+- QED 

g QCD 

h 
QED 
(m) 

Feynman Rules! 

qq J l l J� �

qqg

W W J� �

qqZ llZ

qq Wc l WQ

ggg

W W Z� �

W W h� �
qqh llh

gggg

WWWW

Partial list from SM 
ZZh

38 
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Drawing Feynman diagrams (1)

✦ We can now combine building blocks to draw diagrams	

✤ This ensures to focus only on the allowed diagrams	

✤ We must only consider the dominant diagrams	

!

✦ Process 0. uū ! tt̄

QCD2

QED2 (subdominant)
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Drawing Feynman diagrams (2)

✦ Find out the dominant diagrams for	

!

✤ Process 1.	

!
!

✤ Process 2.	

!
!

✤ Process 3.  

!
✦  What is the QCD/QED order?	


(keep only the dominant diagrams)

gg ! tt̄

gg ! tt̄h

CERN Summer Program Tim Stelzer 

J� QED 

Z QED 

W+- QED 

g QCD 

h 
QED 
(m) 

Feynman Rules! 

qq J l l J� �

qqg

W W J� �

qqZ llZ

qq Wc l WQ

ggg

W W Z� �

W W h� �
qqh llh

gggg

WWWW

Partial list from SM 
ZZh

38 

uū ! tt̄ bb̄
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http://madgraph.phys.ucl.ac.be/

CERN2014

http://madgraph.phys.ucl.ac.be/
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u u~ > b b~ t t~
Initial state

Final state

u u~ > h > b b~ t t~
Required intermediate particles

u u~ > b b~ t t~, t~ > w- b~
Specific decay chain

u u~ > b b~ t t~ / z a
Excluded particles

u u~ > b b~ t t~ QED=2
Minimal coupling order
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✦ User requests a process	


✤ g g > t t~ b b~!
✤ u d~ > w+ z, w+ > e+ ve, z > b b~!
✤ etc.

CERN Summer Program Tim Stelzer 

MadGraph 

• User Requests:   
– gg > tt~bb~ 

– QCD Order = 4 

– QED Order =0 

 

• MadGraph Returns: 
– Feynman diagrams  

– Self-Contained Fortran Code for |M|^2 

 SUBROUTINE SMATRIX(P1,ANS) 
C 
C Generated by MadGraph II Version 3.83. Updated 06/13/05 
C RETURNS AMPLITUDE SQUARED SUMMED/AVG OVER COLORS 
C AND HELICITIES 
C FOR THE POINT IN PHASE SPACE P(0:3,NEXTERNAL) 
C 
C FOR PROCESS : g g -> t t~ b b~ 
C 
C Crossing   1 is g g -> t t~ b b~ 
      IMPLICIT NONE 
C 
C CONSTANTS 
C 
      Include "genps.inc" 
      INTEGER                 NCOMB,     NCROSS 
      PARAMETER (             NCOMB=  64, NCROSS=  1) 
      INTEGER    THEL 
      PARAMETER (THEL=NCOMB*NCROSS) 
C 
C ARGUMENTS 
C 
      REAL*8 P1(0:3,NEXTERNAL),ANS(NCROSS) 
C 

 

40 1:05 

page 1/1

Diagrams made by MadGraph5

u

1

d~

2

w+

e+

3

ve 4
w+

b~
6

b

5

z

 diagram 1 QCD=0, QED=4

e+

3

ve 4
w+

u

1

d

b~
6

b

5

z

d~

2

 diagram 2 QCD=0, QED=4

b~

6

b 5
z

u

1

u

e+
3

ve

4

w+

d~

2

 diagram 3 QCD=0, QED=4

✦ MADGRAPH returns:	

✤ Feynman diagrams	

✤ Self-contained Fortran code for |Mf i|2	


!
✦Still needed:	


✤ What to do with a Fortran code?	

✤ How to deal with hadron colliders?
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✦The master formula for hadron colliders	

!
!
!
✤ We sum over all proton constituents (a and b here)	

!

✤ We include the parton densities (the f-function)	

!
!
!
!
!
!
!
They represent the probability of having a parton a inside the proton carrying a fraction xa 
of the proton momentum	


� =
1

F

X

ab

Z
dPS(n)dxa dxb fa/p(xa) fb/p(xb)|Mfi|2

a

b
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Hadron colliders (2)
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✦ This is not the end of the story...	

✤ At high energies, initial and final state quarks and gluons radiate other quark and gluons	

✤ The radiated partons radiate themselves	

✤ And so on so forth...	

✤ Radiated partons hadronize	

✤ We observe hadrons in detectors
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1.   The Standard Model of particle physics (and beyond)	

!
!
2.   From the Standard Model to predictions at the LHC	

!
!
3.   Event simulations	

!
!
4.   Final challenge	
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✦ User requests a process (including hadron collider processes)	


✤ p p > t t~ b b~!
✤ p p > w+ z, w+ > e+ ve, z > b b~!
✤ etc.	


!
✦ MADGRAPH returns	
!!

✤ All sub processes and Feynman diagrams	

✤ A function that needs to be integrated:

� =
1

2s

Z
f(x1)f(x2) |M |2 d3p1 . . . d3pn �(P � p1 � p2 � . . .� pn)

✦ Bad news	
!!
✤ Integration is hard!	

✤ Large number of integrals to do:  3n - 4 + 2
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✦ Integrals can be approximated by sums!	
!!!!!!!!!!!!!!
!
!
✦ Advantages	
!!

✤ Works also for large number of dimensions	

✤ Can apply complicated cuts (integration limits)	

✤ It’s the only option...	

✤ Allows for event generation	


!
✦ Limitations	
!!

✤ Only works if f(x) ≈ 1	

✤ Error scales like 1/√N

Z b

a
f(x) dx ⇡ b� a

N

NX

i=1

f(xi)
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✦ Remember that we have 3n-4+2 dimensions...	
!
✦ Every phase-space point computed this way can be seen as an 
event (=collision) in an experiment	
!!!!!!
✦ However the events still carry the weight of the matrix 
elements	
!!

✤ Events with large weights where the cross section is large	

✤ Events with small weights where the cross section is small	
!

✦  In nature, events do not carry a weight (only a probability to 
occur)	
!!

✤ More events where the cross section is large	

✤ Less events where the cross section is small	

!

✦ Need to go from “weighted events” to “unweighted events”	
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Event generator

MC integrator

Acceptance-Rejection

O

dσ

dO

O

dσ

dO



The Standard Model and Beyond                                                     Predictions                                                     Event simulations                                                   Challenge

CERN summer program 2014 - MADGRAPH Rikkert Frederix & Benjamin Fuks - July 2014 - 

MADGRAPH so far (3)
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✦ User requests a process (including hadron collider 
processes) and cuts and parameters	
!!

✤ p p > t t~ b b~!
✤  with pT(b) > 20 GeV,    mtop = 172.5 GeV,    etc.	


!
✦ MADGRAPH returns:	
!!

✤ All sub processes and Feynman diagrams	

✤ A complete package for event generation	

✤ Events & Plots on-line!	
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Matrix element generators 
(MADGRAPH)

Parton showering, hadronization 
 (PYTHIA)

Parton level plots

Detector simulation 
(PGS)

Realistic plots

Your tasks are here

Let the fun begin!
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p p > a a
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!
✦ Generate subprocesses and diagrams	
!!!!!!!!!!!!!!!
✦ Generate events and Parton Level plots	
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p p > mu+ mu- e+ e-
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!
✦ Generate subprocesses and diagrams	
!

✤ Use HiggsEFT model to get the gg→H interaction 	
!!!!!!!!!!!!
✦ Generate parton level plots	
!!!!!!!!!!
✦ Generate detector level plots	
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p p > t t~ b b~ / w+ w- z a QED=2
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!
✦ Generate subprocesses and diagrams	
!!!!!!!!!!!!
✦ Generate parton level plots	
!

✤ Cut with m_bb > 80 GeV	
!!!!!!!!!!
✦ Generate detector level plots	
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!
✦ Wiki with these exercises	
!

✤ MadGraph → Wiki →Lectures&Tutorials → CERN Summer School 2014	
!!
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!
✦ Standard model is successful	
!!!!
✦ With the Higgs boson the final missing link in the model has been found	
!

✤ The discovery opens many questions	

!
✦ There are good motivations to study new physics	
!!!
!
✦ A person who can efficiently calculate cross sections can be useful to a 
collaboration 	

!
✦ A person who can efficiently calculate the CORRECT cross section is 
ESSENTIAL to a collaboration 	



