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Intro to automated HEP calculations 
Martin White, Csaba Balázs 



outline 
   the physics of the toy model example  
   FeynRules (time/interest allowing) 
   Madgraph:  matrix element calculation 
    event generation at parton level 
   PYTHIA: parton shower and hadronization 
      event generation at hadron level 
   what goes on inside a Monte Carlo 
   Delphes 
   ROOT 

White,Balázs: Auto HEP calc page 4 of 30 7 Jul 2013 | Cairns 



from model to plots 
(over)simplified view 
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Lagrangian 
… 

lot of coding 
happens 

… 
event distributions 



from model to plots 
(over)simplified view 
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from model to plots 
simplified view 
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 “And then there's this column called `six'...  
   I have no idea what that is.”   
     Maxim Perelstein 
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φ1      φ2      Φ1     Φ2     U     E 
phi1 phi2  PH1  PH2  U   E.  

 

      φ1, φ2 interaction eigenstates 
      Φ1, Φ2, U, E mass eigenstates 

 
φ1
φ2

=   𝑐𝑐𝑐θ 𝑐𝑠𝑠θ
−𝑐𝑠𝑠θ 𝑐𝑐𝑐θ

Φ1
Φ2

 

 
 White,Balázs: Auto HEP calc page 11 of 30 7 Jul 2013 | Cairns 

model 
field content 



 
    model file: Cairns.fr 
  

    contains: 
      field definitions 
      Lagrangian 
      parameter specifications 
 
  
FeynRules source: http://feynrules.irmp.ucl.ac.be/downloads/feynrules-current.tar.gz 
installation: http://feynrules.irmp.ucl.ac.be/attachment/wiki/WikiStart/Installation_FR.pdf 
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model 
FeynRules input 



  

M$ClassesDescription = { 

 S[10] == { 

 ClassName -> phi1, 

 SelfConjugate -> True, 

 Indices -> {}, 

 Unphysical -> True, 

 Definitions-> {phi1 -> Cos[th] PH1 -  

    Sin[th] PH2} 

 },  

 ... 

} 

 White,Balázs: Auto HEP calc page 13 of 30 7 Jul 2013 | Cairns 

model 
field definitions 



  

M$ClassesDescription = { 

 ... 

 F[10] == { 

 ClassName -> U, 

 SelfConjugate -> False, 

 Indices -> {Index[Colour]}, 

 QuantumNumbers -> {Y -> 2/3, Q -> 2/3}, 

 Mass -> {mU, 500}, 

 Width -> {Wuv,1} 

 }, 

} 
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model 
field definitions 



  

𝐿𝑆 = 𝐿𝑆 𝑘𝑘𝑘𝑘𝑘𝑘𝑘 + 𝐿𝑆 𝑚𝑚𝑚𝑚  
  

 

𝐿𝑆 𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
1
2
∂µφ1∂µφ1 +

1
2
∂µφ2∂µφ2 

  

 

𝐿𝑆 𝑚𝑚𝑚𝑚 = −
1
2

 𝑚1
2φ12 −

1
2

 𝑚2
2φ22 − 𝑚12

2 φ1φ2 
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model 
scalar sector 



  

𝐿𝑆 = 𝐿𝑆 𝑘𝑘𝑘𝑘𝑘𝑘𝑘 + 𝐿𝑆 𝑚𝑚𝑚𝑚  
LS = LkS + LmS 

 

𝐿𝑆 𝑘𝑘𝑘𝑘𝑘𝑘𝑘 =
1
2
∂µφ1∂µφ1 +

1
2
∂µφ2∂µφ2 

LkS = 1/2 del[phi1,mu] del[phi1,mu] + … 

 

𝐿𝑆 𝑚𝑚𝑚𝑚 = −
1
2

 𝑚1
2φ12 −

1
2

 𝑚2
2φ22 − 𝑚12

2 φ1φ2 

LmS = - 1/2 m1^2 phi1^2 … - m12^2 phi1 phi2 

 
 

White,Balázs: Auto HEP calc page 16 of 30 7 Jul 2013 | Cairns 

model 
scalar sector 



  
𝐿𝐹 = 𝐿𝐹 𝑘𝑘𝑘𝑘𝑘𝑘𝑘 + 𝐿𝐹 𝑚𝑚𝑚𝑚  

  

 
𝐿𝐹 𝑘𝑘𝑘𝑘𝑘𝑘𝑘 = 𝑠𝑈�γµ∂µ𝑈 + 𝑠𝐸�γµ∂µ𝐸 

  

 
𝐿𝐹 𝑚𝑚𝑚𝑚 = −𝑚𝑈𝑈�𝑈 −𝑚𝐸𝐸�𝐸 
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model 
fermion sector 



  
𝐿𝐹 = 𝐿𝐹 𝑘𝑘𝑘𝑘𝑘𝑘𝑘 + 𝐿𝐹 𝑚𝑚𝑚𝑚  

LF = LkF + LmF 

 
𝐿𝐹 𝑘𝑘𝑘𝑘𝑘𝑘𝑘 = 𝑠𝑈�γµ∂µ𝑈 + 𝑠𝐸�γµ∂µ𝐸 

LkF = I Ubar.Ga[mu].DC[U,mu] + … 

 
𝐿𝐹 𝑚𝑚𝑚𝑚 = −𝑚𝑈𝑈�𝑈 −𝑚𝐸𝐸�𝐸 

LmF = -mU Ubar.U + … 
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model 
fermion sector 



  
𝐿𝑌 = 

λ1φ1𝑈�𝑃𝑅𝑢 + λ2φ2𝑈�𝑃𝑅𝑢 + λ1′ φ1𝐸�𝑃𝑅𝑒 + λ2′ φ2𝐸�𝑃𝑅𝑒 
  

 
𝐿 = 𝐿𝑆 + 𝐿𝐹 + 𝐿𝑌 

  

 
more details: 

http://feynrules.irmp.ucl.ac.be/attachment/wiki/WikiStart/Tutorial_FR.pdf 
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model 
interactions 



  
𝐿𝑌 = 

λ1φ1𝑈�𝑃𝑅𝑢 + λ2φ2𝑈�𝑃𝑅𝑢 + λ1′ φ1𝐸�𝑃𝑅𝑒 + λ2′ φ2𝐸�𝑃𝑅𝑒 
LY = lam1 phi1 Ubar.ProjP.U + … 

 
𝐿 = 𝐿𝑆 + 𝐿𝐹 + 𝐿𝑌 
L = LS + LF + LY 

 
more details: 

http://feynrules.irmp.ucl.ac.be/attachment/wiki/WikiStart/Tutorial_FR.pdf 
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model 
interactions 
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… what goes on inside a Monte Carlo generator 
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… what goes on inside a Monte Carlo generator 
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… what goes on inside a Monte Carlo generator 



   scattering process: 𝑝𝑝 → 𝑈𝑈� 
   parton level processes: 𝑢𝑢�  → 𝑈𝑈� 
  

   𝑢(p,s)                  𝑈(p’,s’) 
 

  

   𝑢�(q,r)                 𝑈�(q’,r’) 
  

𝐴𝑢𝑢�→𝑈𝑈� = −
λ𝑘𝑈�𝑝′

𝑚′ .𝑢𝑝𝑚   λ𝑘�̅�𝑞𝑟 .𝑉𝑞′
𝑟′

𝑝 − 𝑝′ 2 − 𝑚𝑘
2 − ⋯ 
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MadGraph 
scattering amplitude 

φ𝑠 



   parton level differential cross section 
𝑑σ𝑢𝑢�→𝑈𝑈�

𝑑Ω
=

1
64π2𝑐

|�⃗�′|
|�⃗�|

�
1
𝑁
𝐴𝑢𝑢�→𝑈𝑈�

2

φ𝑘,𝑚𝑝𝑘𝑘,𝑘𝑐𝑐𝑐𝑟 

 

       helicity amplitudes don’t interfere  
   parton level total cross section 

σ𝑢𝑢�→𝑈𝑈� = �
𝑑σ𝑢𝑢�→𝑈𝑈�

𝑑Ω
𝑑Ω

 

4π
 

   parton level events 
𝑁𝑈𝑈� = σ𝑢𝑢�→𝑈𝑈� 𝐿 
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MadGraph 
partonic events 



MC event generators evaluate the phase space 
integral numerically 

σ𝑢𝑢�→𝑈𝑈� = �
𝑑σ𝑢𝑢�→𝑈𝑈�

𝑑Ω
𝑑Ω

 

4π
 

They 
   generate the event kinematics (4-momenta) 
   calculate the differential cross section (weight) 
   sample the phase-space using algorithm: 

     random, importance sampling, Metopolis, etc. 
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MadGraph 
event generation 



 
 
 
𝑑σ𝑝𝑝→𝑈𝑈�

𝑑Ω

= � 𝑑𝑥1𝑑𝑥2
1

0
𝑓𝑢
𝑝

(𝑥1)𝑓𝑢�
𝑝

(𝑥2)
𝑑σ𝑢𝑢�→𝑈𝑈�(𝑥1, 𝑥2)

𝑑Ω
 

   𝑓𝑢
𝑝

(𝑥𝑘) parton distribution function 

   𝑥𝑘  longitudinal momentum fraction of u in p 
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PYTHIA 
hadronic cross section 

𝑓𝑢
𝑝

 

𝑓𝑢�
𝑝

 



 
 
 
 

   initial and finals state radiation 
   decays  
   hadronization: jet formation, fragmentation 
   hadronic cross section calculation 
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PYTHIA 
hadronic events 

𝑓𝑢
𝑝

 

𝑓𝑢�
𝑝

 



Delphes simulates an “LHC style” detector 
  in: hadronic events, out: reconstructed events 

𝑁 = ε σ 𝐿 
   calculates effeciencies 
     for tracking of charged hadrons, e ̶ , … 
   parameterizes momentum resolution 
   parametrizes (EM & hadronic) calorimeters 
        fraction of energy deposited by a particle 
   isolation settings for e ̶ , µ ̶ ; jet algorithms 

White,Balázs: Auto HEP calc page 29 of 30 7 Jul 2013 | Cairns 

Delphes 
detector events 
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   Global: collider, dark matter, flavor, … 
   And: cosmology, astrophysics, … 
   Modular: easily switch any1 modules  
   BSM: calculate for any2 models 
   Inference: built-in credibility assessment 
   Tool: observables, likelihoods, posteriors 
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GAMBIT 
Global And Modular BSM Inference Tool  
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