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Outline
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• what role do simulations play

• Typical simulation workflow

• The need for accuracy and how to get it

• State-of-the art tools and prospects
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“easy”
Background directly 
measured from data. 

Theory needed only for
parameter extraction

Peak
H ⇾ ɣ ɣ
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“easy”
Background directly 
measured from data. 

Theory needed only for
parameter extraction

Peak
H ⇾ ɣ ɣ

Shape
P P ⇾ Z H ⇾ l l + inv.

Background SHAPE needed. 
Flexible MC for both signal and 

background validated and 
tuned to data

“Hard”
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Simulation for discovery? 
The Higgs case

3

“easy”
Background directly 
measured from data. 

Theory needed only for
parameter extraction

Peak
H ⇾ ɣ ɣ

Shape
P P ⇾ Z H ⇾ l l + inv.

Background SHAPE needed. 
Flexible MC for both signal and 

background validated and 
tuned to data

“Hard”

Rate
P P ⇾ H ⇾ W+ W-

Relies on prediction for both 
shape and normalization. 

Complicated interplay of best 
simulations and data

“VERY HARD”
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Simulation for PDF 
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arXiv:1309.0025 [hep-ph]

Experimental data sets
used for fitting CTEQ10 NNLO 

• Parton distribution functions are physical 
observables crucial for any hadron collider 
programme

• Obtained via a fitting procedure to existing 
data sets (especially e+ p deep inelastic 
collisions)

• Simulation of all the experiments considered 
is indispensable for extracting these PDF
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Motivation: summary 
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• Accurate and experimental friendly predictions for collider physics range from 
being very useful to strictly necessary.

• Experimental analysis always involve a mixture of predictions and postdictions, 
and confidence in the findings rely on Monte-Carlo simulations. (i.e. PDFs)

• SM measurements and exclusions are particularly sensitive to the accuracy of the 
simulations

• New physics searches require predictions for both background and signal. 
SM and BSM simulations must be treated the same footing.
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No sign of new physics (so far)! 
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• Optimism: New Physics could be hiding there already, just need to dig it out.

• Democratization: No evidence of most beaten BSM proposals, means more and 
more room for diversification. Possibility for small teams to make a big discovery. 

• Ingenuity/Creativity: From new signatures to smart and new analysis techniques 
(MVA), and combination with non-collider searches (DM, Flavor...).

• BSM flexibility: We need MC that are able to predict the pheno of the Unexpected. 

• Mass distribution: MC’s in the hands of every th/exp might turn out to be the best 
overall strategy for discovering the Unexpected.

... but it has good aspects too!
(at least for some MC developers)
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We need accurate and flexible simulations, 
fine, but how do you get from

8

Exp. data

Theory

to                    ?
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pp

µFµF
x1E x2E

`+ `�

long distance
long distance

Phase-space 
integral

Parton density 
functions

Parton-level cross 
section

�
dx1dx2d�FS fa(x1, µF )fb(x2, µF ) ⇥̂ab�X(ŝ, µF , µR)

�

a,b

The master formula
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fixed order perturbative expansion

• The parton-level cross section can be computed as a series in perturbation 
theory, using the coupling constant as an expansion parameter

Parton-level cross section⇥̂ab�X(ŝ, µF , µR)

⇤̂ = ⇤Born

⇤
1 +

�s

2⇥
⇤(1) +

��s

2⇥

⇥2
⇤(2) +

��s

2⇥

⇥3
⇤(3) + . . .

⌅
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NLO 
corrections

NNLO 
corrections

NNNLO 
corrections

⇤̂ = ⇤Born

⇤
1 +

�s

2⇥
⇤(1) +

��s

2⇥

⇥2
⇤(2) +

��s

2⇥

⇥3
⇤(3) + . . .

⌅

LO 
predictions

Monday, May 5, 14



Valentin Hirschi, SLAC Pheno 2014 05.05.2014 10

fixed order perturbative expansion

• The parton-level cross section can be computed as a series in perturbation 
theory, using the coupling constant as an expansion parameter

Parton-level cross section⇥̂ab�X(ŝ, µF , µR)
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• The parton-level cross section can be computed as a series in perturbation 
theory, using the coupling constant as an expansion parameter

Parton-level cross section⇥̂ab�X(ŝ, µF , µR)
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corrections
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⇤
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⇥2
⇤(2) +

��s

2⇥

⇥3
⇤(3) + . . .

⌅

LO 
predictions

➡ Theoretical uncertainty systematically decreases

➡ Final description in fixed-order predictions is in terms of partons, 
so not directly useful for comparison with data

➡ Fixed-order predictions is what for ex. MCFM provides; it does 
not generate events, so only quite inclusive comparison with data.
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Fixed-order NLO contributions have two parts
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Fixed-order NLO contributions have two parts

Real emission part

z }| {
Z

m+1
d(d)�R+
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• One-Loop used to be the most challenging part, no longer!
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Born
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• One-Loop used to be the most challenging part, no longer!

• Virtuals and reals are separately divergent; sophisticated subtraction 
techniques necessary to regulate them (Dipoles, FKS)
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Computing NLO
Accuracy
[loops]

Complexity
[final state legs]

2

1

0

1 2 3 4 5 6 7 8 9 10

NLO is    +

LO
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Beyond fixed order

Jet in a fixed-order NLO simulation:
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Beyond fixed order

Jet in a fixed-order NLO simulation:

”Real” jet

”Ouch”
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Beyond fixed order

Jet in a fixed-order NLO simulation:

We need a more realistic picture...

”Real” jet

”Ouch”
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Beyond fixed order

Hard region correctly described 
by fixed order simulations.

Fixed-order computations give us only part of the picture:
What about the soft regions? ☞ Parton Shower Monte Carlo

Monday, May 5, 14
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Parton Shower Monte-Carlo
• Soft physics describing the radiation of the partons emitted in the hard region of 

the interaction can be simulated by Parton Shower Monte-Carlo (PSMC)
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Parton Shower Monte-Carlo
• Soft physics describing the radiation of the partons emitted in the hard region of 

the interaction can be simulated by Parton Shower Monte-Carlo (PSMC)

• Start from a 2⇾1 or 2⇾2 hard process and quasi-classically splits partons with 
probabilities given by the limiting behavior of QCD in the soft and/or collinear 
regime. Finally hadronize the many partons using a semi-empirical model.

d�(1,R) ' K
N

d�(0)(ka)

⇣
K = ↵s

2⇡

R
dk2T

R 1
0 dzCF

1+z2

1�z
1
k2
T

⌘

ka

kb

kc

dσ(0)(ka)

kb = zka + kT + �bn̂

kc = (1� z)ka � kT + �cn̂
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Parton Shower Monte-Carlo
• Soft physics describing the radiation of the partons emitted in the hard region of 

the interaction can be simulated by Parton Shower Monte-Carlo (PSMC)

• The final products are hadrons which are physical observable. Fully exclusive 
predictions can then be compared to data.

• Start from a 2⇾1 or 2⇾2 hard process and quasi-classically splits partons with 
probabilities given by the limiting behavior of QCD in the soft and/or collinear 
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ME with PSMC

 Matrix elements Parton Shower

1. Parton-level description

2. Fixed order expansion

3. Quantum interference exact

4. Valid when partons hard and 
well separated

5. Needed for multi-jet description

1. Hadron-level description

2. Resums large logs

3. Only partial quantum interference 
(via angular ordering)

4. Valid when partons are collinear 
and/or soft

5. Needed for realistic studies

Monday, May 5, 14
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ME with PSMC

 Matrix elements Parton Shower

1. Parton-level description

2. Fixed order expansion

3. Quantum interference exact

4. Valid when partons hard and 
well separated

5. Needed for multi-jet description

1. Hadron-level description

2. Resums large logs

3. Only partial quantum interference 
(via angular ordering)

4. Valid when partons are collinear 
and/or soft

5. Needed for realistic studies

Complementary approaches: “merge” them!
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merging ME with PSMC

Double counting of configurations  which can be obtained in different ways (i.e. A and B 
for ex.) is avoided by using matching algorithms (CKKW, MLM, ...) selecting only one 
possibility depending on the event kinematic and a merging scale µq. The exclusive 
samples can the be added together into an inclusive one. Distribution is accurate, but rate 
is still LO.

PSMC

ME A)

B)

kT < Qc

kT < Qc

Monday, May 5, 14
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Matching ME with PSMC at NLO
• At NLO one faces even more severe double-counting issues:

Parton shower

...

...Born+Virtual:

Real emission:

• And also part of the virtual contribution is double counted 
through the definition of the Sudakov factor Δ

MC@NLO
1. PSMC dependent
2. Some negative weighted events
3. Quantum interference exact
4. Used by both MG5_aMC and 

Sherpa.

Powheg
1. PSMC independent
2. Only positive unit weight
3. Can use existing NLO results via 

the POWHEG-Box
4. Used by HELAC

Monday, May 5, 14
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Matching meets merging
PSMC

ME
A)

B)

Monday, May 5, 14
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Matching meets merging
PSMC

ME
A)

B)

C)

PSMC

...

...Born+Virtual:

Real emission:

B)
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Matching meets merging

NLO ME of different final state multiplicies interfaced to PSMC. In this 
case, both of the double counting issues presented before must be 
addressed together. ( A vs B and B vs C)

PSMC

ME
A)

B)

C)

PSMC

...

...Born+Virtual:

Real emission:

B)
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Matching meets merging

NLO ME of different final state multiplicies interfaced to PSMC. In this 
case, both of the double counting issues presented before must be 
addressed together. ( A vs B and B vs C)

Two main solutions implemented: 
    FxFx in aMC@NLO
    MEPS@NLO in Sherpa
Same philosophy and very similar performances

PSMC

ME
A)

B)

C)

PSMC

...

...Born+Virtual:

Real emission:

B)
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Matching meets merging

FxFx; [S.Frixione, R.Frederix]; arXiv:1209.6215  

NLO reduces merging scale uncertainties
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Matching meets merging

FxFx; [S.Frixione, R.Frederix]; arXiv:1209.6215  

Transition across descriptions of different multiplicities not 
necessarily sharp.
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Matching meets merging

 [M. Schönherr, S. Höche, F.Kraus, F.Siegert]; 
arXiv:1311.3634  

MEPS@NLO: 
   n={0,1,2} : NLO ME
   n={3,4} :    LO ME
   n>4 :          PSMC

p p ⇾ W+ + nj 

MEnloPS: 
   n=0 :          NLO ME
   n={1⇾4} :  LO ME
   n>4 :          PSMC

MC@NLO: 
   n=0 :          NLO ME
   n>0 :          PSMC

Monday, May 5, 14
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Matching meets merging

 [M. Schönherr, S. Höche, F.Kraus, F.Siegert]; 
arXiv:1311.3634  

MEPS@NLO: 
   n={0,1,2} : NLO ME
   n={3,4} :    LO ME
   n>4 :          PSMC

p p ⇾ W+ + nj 

MEnloPS: 
   n=0 :          NLO ME
   n={1⇾4} :  LO ME
   n>4 :          PSMC

MC@NLO: 
   n=0 :          NLO ME
   n>0 :          PSMC

NLO reduces scale uncertainties

NLO improves on normalization
and trees sculpt shapes !
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Matched and Merged 
predictionsAccuracy

[loops]

Complexity
[additional jets]

2

1

0

1 2 3 4 5 6 7 8 9 10
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Matched and Merged 
predictionsAccuracy

[loops]

Complexity
[additional jets]

2

1

0

1 2 3 4 5 6 7 8 9 10

NLO ME 1-jet
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Matched and Merged 
predictionsAccuracy

[loops]

Complexity
[additional jets]

2

1

0

1 2 3 4 5 6 7 8 9 10

NLO ME 1-jet

NLO ME 2-jet
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Matched and Merged 
predictionsAccuracy

[loops]

Complexity
[additional jets]

2

1

0

1 2 3 4 5 6 7 8 9 10

LO ME 4-jet

NLO ME 1-jet

NLO ME 2-jet

Monday, May 5, 14



Valentin Hirschi, SLAC Pheno 2014 05.05.2014 24

Higher ME multiplicities ?

• Better jet description

• Probing of new initial state channels opening up

• Most of the NLO impact on the shape of distributions 
comes from the real-emissions diagrams, i.e. trees

Monday, May 5, 14
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Adding Loops (i.e. using NLO ME)?

• Meaningful assessment of theoretical uncertainties 
with scales variation (                    )

• Credible total rates predictions

• Treat loop-induced processes without effective theories 

• Necessary for parameters extraction from measurements 
(i.e precision physics)

µR , µF , µQ

Monday, May 5, 14
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 Need for Automation
• Merging trees is easy comparatively to computing loops , and they bring 
most of the interesting higher order features: needs incentive for not 
sticking to them!
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 Need for Automation
• Merging trees is easy comparatively to computing loops , and they bring 
most of the interesting higher order features: needs incentive for not 
sticking to them!

• So, the advantage of having more precise results when also 
considering loops will only outweigh their considerable technical 
difficulties if their implementation is FULLY AUTOMATED (i.e. at 
zero human cost)
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 Need for Automation
• Merging trees is easy comparatively to computing loops , and they bring 
most of the interesting higher order features: needs incentive for not 
sticking to them!

• So, the advantage of having more precise results when also 
considering loops will only outweigh their considerable technical 
difficulties if their implementation is FULLY AUTOMATED (i.e. at 
zero human cost)

• Byproducts  of automating MC simulations :

* More time available for physics and phenomenology
* All-in-one software hence wide accessibility
* Reliability ( new results exploit the same elementary building   
blocks and are therefore correct almost by construction )

Monday, May 5, 14
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So what’s needed, really?

• Having the possibility of carrying on any collider study, in the SM and beyond, 
starting from the Lagrangian only

• To have these EXP/TH results directly usable by the TH/EXP colleagues. A 
framework suited for both then.

• Benefit from both the accuracy of NLO predictions and at the same time the 
flexibility of parton shower Monte-Carlo.

• Only physics input should be provided, the technicalities must be under the hood.

• A framework of flexible usage but retaining maximal simplicity.
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Prediction workflow

28

SymmetriesSU(3)⇥ SU(2)⇥ U(1) Gµ⌫Gµ⌫ + ıq̄(i)Dµ�
µq(i) + · · ·
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Prediction workflow

28

ModelGµ⌫Gµ⌫ + ıq̄(i)Dµ�
µq(i) + [· · · ] = ı�µtaij , ...

SymmetriesSU(3)⇥ SU(2)⇥ U(1) Gµ⌫Gµ⌫ + ıq̄(i)Dµ�
µq(i) + · · ·
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Prediction workflow

28

ModelGµ⌫Gµ⌫ + ıq̄(i)Dµ�
µq(i) + [· · · ] = ı�µtaij , ...

SymmetriesSU(3)⇥ SU(2)⇥ U(1) Gµ⌫Gµ⌫ + ıq̄(i)Dµ�
µq(i) + · · ·

Matrix Elementpp ! jj QCD = 2 M2
gg!dd̄ , ...

Partonic Eventsmatrix.f

Hadron level {⇡0,K+, e+, p, · · · }events.lhe

Detector levelevents.hep
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State of the art in
Accuracy
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[final state legs]
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Inclusive NLO and LO+PS was to the Tevatron era what ...
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Inclusive NLO and LO+PS was to the Tevatron era what ...

... inclusive NNLO and NLO+PS is to the LHC era
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The Feynrules project

31

Lagrangian

FeynArts

Interfaces or UFO

TeX Feynman Rules

Model-file
Particles, parameters, ...

FeynRules

Golem

MadGraph 5

Sherpa

[Alloul, Christensen, Degrande, Duhr, Fuks] 

Whizard

CalcHep

HERWIG
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The Feynrules project

31

Lagrangian

FeynArts

Interfaces or UFO

TeX Feynman Rules

Model-file
Particles, parameters, ...

FeynRules

Golem

MadGraph 5

Sherpa

[Alloul, Christensen, Degrande, Duhr, Fuks] 

Whizard

CalcHep

HERWIG

FeynArts

And at NLO:

Needed for the
computation of  UV 
(and R2) counterterms

In developm
ent
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[Alloul, Christensen, Degrande, Duhr, Fuks] 
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The Feynrules project

32

[Alloul, Christensen, Degrande, Duhr, Fuks] 

NLO models (100000) SOON!
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MadGraph5_aMC@NLO

aMC@NLO

MadLoop5

MadFKS5

MG5 v1.x
tree-level features

This separation is transparent to the users.
Publicly available since 8th Nov. 2012

[ J. Alwall, R. Frederix, S. Frixione, V. H, F. Maltoni, O. Mattelaer, H.-S. Shao, T. Stelzer, P. Torrielli, M. Zaro ]

(Reference paper came out today! [hep-ph/1405.0301] )
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madgraph5_aMC@NLO
friend of users

Process generation

With options specified:
>	  import	  model	  loop_sm-‐no_hwidth
>	  set	  complex_mass_scheme
>	  generate	  p	  p	  	  >	  e+	  ve	  mu-‐	  vm~	  b	  b~	  /	  h	  QED=2	  [QCD]
>	  output	  MyProc
>	  launch	  -‐f

 generate	  <process>	  <amp_orders_and_option>	  [<mode>=<pert_orders>]	  <squared_orders>	  
 import	  model	  <model_name>-‐<restrictions>

 output	  <format>	  <folder_name>
 launch	  <options>

Examples, starting from a blank MG5 interface.

Very simple one:
>	  generate	  p	  p	  >	  t	  t~	  [QCD]
>	  output
>	  launch

Monday, May 5, 14
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Total cross sections at NLO  for the various channels Trilinear coupling sensitivity

HH production at PP colliders

[Frederix et al. 1401.7340]
[See Eleni Vryonidou’s talk]
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You don’t believe this 
particular data point? Then just type:

>	  generate	  p	  p	  >	  z	  h	  h	  [QCD]
>	  output
>	  launch

[Frederix et al. 1401.7340]
[See Eleni Vryonidou’s talk]
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Automatic NLO in the SM (2014)
[J. Alwall et al. 1405.0301]
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Philosophy Different from MCFM

48

Downloadable general purpose NLO code [Campbell, Ellis, Williams+collaborators]
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Philosophy Different from MCFM

48

Downloadable general purpose NLO code [Campbell, Ellis, Williams+collaborators]

• overall 50+ processes
• First results implemented in 1998 ...this is 13 years worth of work of several people (~5M$)
• Cross sections and parton-level distributions at NLO are provided
• One framework, however, each process implemented by hand. 
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It’s not all about colliders:

[M.Backovic, K.Kong, M.McCaskey 1308.4955]
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It’s not all about colliders:

[M.Backovic, K.Kong, M.McCaskey 1308.4955]

MadDM can compute the freeze-out temperature

( by iteratively computing the dark matter number 
density at progressively lower temperatures )
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It’s not all about colliders:

[M.Backovic, K.Kong, M.McCaskey 1308.4955]

MadDM can compute the freeze-out temperature

( by iteratively computing the dark matter number 
density at progressively lower temperatures )

The dark matter relic density computed by MadDM (in black) is 
compared to the one obtained by MICROMEGAS (in red) for this 
case-study of the SM plus a real scalar of mass mS and coupling δ.
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It’s not all about colliders:

[M.Backovic, K.Kong, M.McCaskey 1308.4955]

MadDM can compute the freeze-out temperature

( by iteratively computing the dark matter number 
density at progressively lower temperatures )

The dark matter relic density computed by MadDM (in black) is 
compared to the one obtained by MICROMEGAS (in red) for this 
case-study of the SM plus a real scalar of mass mS and coupling δ.

• Model dependent piece are the annihilation 
process matrix elements by MG5_aMC:

➡ BSM flexibility comes “for free”
➡ Soon loop-induced annihilation supported 

too (or even NLO accuracy in decays :)
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• On-going developments :

• automatic BSM including EFT

• automatic computation of EW corrections 

• On a longer term perspective, NNLO is the big challenge.

• On-going applications (just a taste):

• PDF fits and extraction with NLO and NLO+PS (via APPLgrid)

• Study of loop-induced processes

• Dark Matter Pheno : loops and  NLO 

A look ahead

Monday, May 5, 14
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Back Up slides
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NLO+PS in a nutshell

This formula is valid both for both MC@NLO and POWHEG

d�NLO+PS = d�BB̄
s(�B)


�s(pmin

? ) + d�R|B
Rs(�R)

B(�B)
�s(pT (�))

�
+ d�RR

f (�R)

B̄s = B(�B) +


V (�B) +

Z
d�R|BR

s(�R|B)

�with

R(�R) = Rs(�R) +Rf (�R)

Full cross section (if F=1) at fixed Born 
kinematics

integrates to 1 (unitarity)

MC@NLO:

POWHEG:

Rs(�) = P (�R|B)B(�B) Needs exact mapping  (ΦB,ΦR) →Φ

F=1 = Exponentiates the Real. 
It can be damped by hand.Rs(�) = FR(�) , Rf(�) = (1� F )R(�)
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