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A comprehensive approach for Monte Carlo simulations
Implementing models into Monte Carlo event generators
From models to hard-scattering events
Parton showers, hadronisation & underlying event
Summary
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4 Path towards the characterisation of new physics

*Fitting and interpreting deviations
“*Predictions of associated signatures/signals

4 Characterisation of new physics at the LHC
% Accurate measurements ® precision predictions
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" 4 Path towards the characterisation of new physics

“*Fitting and interpreting deviations , ,
o . . . Monte Carlo simulations
“*Predictions of associated signatures/signals play a key role

4 Characterisation of new physics at the LHC
% Accurate measurements ® precision predictions
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4 New physics simulations - a challenge
**No sign of new physics

¢*SM-like measurements
~ no leading candidate theory

¢*Plethora of models to consider
~ many implementations in tools

Little Higgs
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**No sign of new physics

¢*SM-like measurements
~ no leading candidate theory

% Plethora of models to consider

~ many implementations in tools =

. . .
UED DM
Dimensions

Little Higgs
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Despite of this, hew
physics is standard today

CEE s EEEEEEEE .-

---------------------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------------------

4 New physics is standard

¢ 20-25 years of developments ~ LO simulations are bread and butter

< Simulations at the NLO QCD accuracy easily achieved
* For any model/process (~ MADGRAPH5 aMC@NLO)
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4 Streamlining the connection of a physics models to events
» Any new physics model can be implemented
¢ Easy to validate and maintain

ldea Simulated Event
: > .. > .
Lagrangian collisions analysis
Chain of Other
tools tools

L= Lsm
+Tr[D,ATDFA]

~YAL AL+ He.

~V(p.A)
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4 Streamlining the connection of a physics models to events
» Any new physics model can be implemented
¢ Easy to validate and maintain

ldea Simulated Event
: > .. > .
Lagrangian collisions analysis
Chain of Other
tools tools

L= Lsm
+Tr[D,ATDFA]

~YAL AL+ He.

~V(p.A)
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---------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

4 Why a chain of several tools?

4

“*Phenomena at colliders occur at different scales ~ factorisation

---------------------------------------------------------------------------------------------------------------
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% Model-dependent (SM, BSM)

B 2 Hal;d ‘process (0. I/—I TeV)) |
¢ Perturbative QCD
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% Model-dependent (SM, BSM)

¢ Perturbative QCD

:'“4 Parton showers (1-100 eV) "
< Universal (QCD)

!
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yf# Hal;d ‘process (0. I/—I TeV)) |
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(/: -4 Hard process (0.1-1 TeV)
";g ¥ % Model-dependent (SM, BSM)
< | |  Perturbative QCD

<

| ,4 Parton showers (I—IO eV) |
| L & Universal (QCD)

| | —— . —
-4 Hadronisation (sub-GeV)

.. | < Model-based, universal

ﬁ 4 Underlying event

(sub-GeV)
L onu
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(/H/ -4 Hard process (0.1-1 TeV)
»';g X % Model-dependent (SM, BSM)
< | |  Perturbative QCD

,4 Parton showers '( 1-100 eV)
|, ¥ Universal (QCD)

-4 Hadronisation (sub-GeV)
| «% Model-based, universal

4 Underlying event
(sub-GeV)

¢ Model-based, non-universal
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4 Multi-scale problem ~ factorisation A U :
bt . %l ee r gt .
. . < SO T Y B :
< TeV scale: hard scattering (new physics?) VIR G4 P
: & -58%, % % % NV :
< Down to Agcp: QCD environment < .»..:%y,i% F R e :
SOl idte N R Y A e :
. . . e s N Do | =gz .
“*Down to sub-MeV:interactions with a detector A R LN
Tools and methods for each step AN :

- /»\ AL
Lty I\ N :
S — T E
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[ Christensen, de Aquino, Degrande, Duhr, BF, Herquet, Maltoni & Schumann (EPJC’I 1) ]

----------------------------------------------------------------------------------------------------------------------

’ .

4 Tools connecting an idea to simulated collisions

Idea / Lagrangian

\

FEYNRULES / SARAH / LANHEP / UFO

Matrix Parton Detector
Elements showers Reconstruction
Hadronisation

\/

Simulated collisions

\/

Analysis
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[ Christensen, de Aquino, Degrande, Duhr, BF, Herquet, Maltoni & Schumann (EPJC’I 1) ]
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’ .

4 Tools connecting an idea to simulated collisions

< Model building

Idea / Lagrangian

\

FEYNRULES / SARAH / LANHEP / UFO

/
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[ Christensen, de Aquino, Degrande, Duhr, BF, Herquet, Maltoni & Schumann (EPJC’I 1) ]
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’ .

4 Tools connecting an idea to simulated collisions

, < Model building
Idea / Lagrangian

1 < Hard scattering

* Feynman diagram / amplitude generation
FEYNRULES / SARAH / LANHEP / UFO * Monte Carlo integration
/ * Events

Matrix
Elements
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’ .

4 Tools connecting an idea to simulated collisions

, < Model building
Idea / Lagrangian

1 < Hard scattering

* Feynman diagram / amplitude generation
FEYNRULES / SARAH / LANHEP / UFO * Monte Carlo integration
/ * Events

“*QCD environment

Matrix _, ~ Parton * Parton showering
Elements showers ..
Hadronisation * Hadronisation
* Underlying event
S — E—
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’ .

4 Tools connecting an idea to simulated collisions

, < Model building
Idea / Lagrangian

1 < Hard scattering

* Feynman diagram / amplitude generation
FEYNRULES / SARAH / LANHEP / UFO * Monte Carlo integration
/ * Events

“*QCD environment

Matrix _, ~ Parton Detector * Parton showering
Elements showers Reconstruction ..
* Underlying event
* Detector simulation
* Simulation of the detector response
* Object reconstruction
S — E—
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’ .

4 Tools connecting an idea to simulated collisions

, < Model building
Idea / Lagrangian

1 < Hard scattering

* Feynman diagram / amplitude generation
FEYNRULES / SARAH / LANHEP / UFO * Monte Carlo integration
/ * Events

“*QCD environment

Matrix _, ~ FParton Detector * Parton showering
Elements showers Reconstruction ..
Hadronisation * Hadronisation

* Underlying event

\/

Simulated collisions

* Detector simulation
* Simulation of the detector response

) * Object reconstruction
Analysis * Event analysis
* Signal/background analysis
— — * LHC recasting
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[ Christensen, de Aquino, Degrande, Duhr, BF, Herquet, Maltoni & Schumann (EPJC’I 1) ]

----------------------------------------------------------------------------------------------------------------------
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4 Tools connecting an idea to simulated collisions

: <*Model building = Part |
Idea / Lagrangian

1 < Hard scattering

* Feynman diagram / amplitude generation
FEYNRULES / SARAH / LANHEP / UFO * Monte Carlo integration
Part 2
/ * Events

“*QCD environment

Matrix _, ~ Parton Detector * Parton showering
Elements showers Reconstruction .. Part 3
Hadronisation * Hadronisation

* Underlying event

\/

Simulated collisions

\/

Analysis
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A comprehensive approach for Monte Carlo simulations
Implementing models into Monte Carlo event generators
From models to hard-scattering events
Parton showers, hadronisation & underlying event
Summary
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4

4 Implementing new physics in Monte Carlo programs
% Definition: particles, parameters & vertices (= Lagrangian)
~ translated in some programming language

by F t-;v FN — "" '.
- T4 ‘5(5)('595%\(Q
‘@*W V(@) H

-------------------------------------------------------------------------------------------------------------
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"4 Implementing new physics in Monte Carlo programs
% Definition: particles, parameters & vertices (= Lagrangian)
~ translated in some programming language
< Tedious, time-consuming, error prone
< Beware of restrictions/conventions

e E EEEE RS EEE s s E e
| ———
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"4 Implementing new physics in Monte Carlo programs
% Definition: particles, parameters & vertices (= Lagrangian)
~ translated in some programming language

Ay
T L ‘5(5 Y'5¢*kc
Y@ Def —V(¢)

-------------------------------------------------------------------------------------------------------------

< Tedious, time-consuming, error prone
< Beware of restrictions/conventions

s E E EEEEEESEsEsEEEEEsEEE s e e

f*Systematlsatlon / automation
< Highly redundant (each tool, each model)
. “%*No-brainer tasks (from Feynman rules to code)

-------------------------------------------------------------------------------------------------------------
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"4 The FEYNRULES platform (since 2009) [ Degrande] ) ;
. “*From Lagrangians to files in a programming language . kU
: * Few limitations (spin, colour representation, EFT) o~ 4{/4 E
: * Renormalisation in the on-shell scheme W e =W 5
: [ Christensen & Duhr (CPC ’09); Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ] \i/a_(éy;:;_k/ - _ \/ E
i [ Degrande (CPC’15); Frixione, BF, Hirschi, Mawatari, Shao, Sunder & Zaro (JHEP 19) ] — — :
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f*The FEYNRULES platform (since 2009) [ Degrande =3
. *¢From Lagrangians to files in a programming language @ 5
* Few limitations (spin, colour representation, EFT) 7
: * Renormalisation in the on-shell scheme "j/f\ o=
! [ Christensen & Duhr (CPC *09); Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ] | A :
E [ Degrande (CPC’15); Frixione, BF, Hirschi, Mawatari, Shao, Sunder & Zaro (JHEP 19) ] e ':
H i mj{?@é 4 Automation
E ' RS *Working environment: MATHEMATICA
* Flexibility, symbolic manipulations, design of new methods :
* Many built-in methods (superspace, spectrum, decays, NLO)
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"4 The FEYNRULES platform (since 2009) [ Degrande] = i
. % From Lagrangians to files in a programming language = 5
: * Few limitations (spin, colour representation, EFT) X E
: * Renormalisation in the on-shell scheme O e :
. [ Christensen & Duhr (CPC ’09); Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ] \E/a_;;_y;f;_:" E
E [ Degrande (CPC' 15); Frixione, BF, Hirschi, Mawatari, Shao, Sunder & Zaro (JHEP'19) ] ‘ e ,
4 Automation
E »Working environment: MATHEMATICA 5
: * Flexibility, symbolic manipulations, design of new methods :
: * Many built-in methods (superspace, spectrum, decays, NLO)
4 Interfaced to many tools | o | ]
i % CALCHEP, FEYNARTS,WHIZARD (more previously) i :
S UFO (HERWIGH++, MG5AMC, SHERPA, WHIZARD, ...) o) 5
E x\"‘;‘%a:%}\\ E
: q == :
1 N 1
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f*The FEYNRULES platform (since 2009) [ Degrande ] T3
. «*From Lagrangians to files in a programming language N 5
* Few limitations (spin, colour representation, EFT) (\
: * Renormalisation in the on-shell scheme /\ fo e fj?j
' [ Christensen & Duhr (CPC ’09); Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ] | A :
E [ Degrande (CPC’ 15); Frixione, BF, Hirschi, Mawatari, Shao, Sunder & Zaro (JHEP'19) ] e — :
4 Automation
: ¢ Working environment: MATHEMATICA
* Flexibility, symbolic manipulations, design of new methods :
* Many built-in methods (superspace, spectrum, decays, NLO)
"4 Interfaced to many tools [ Degrande | . P
i < CALCHEP, FEYNARTS, WHIZARD (more previously) - ‘ 5
*UFO (HERWIG++, MG5AMC, SHERPA, WHIZARD, ...) v
: 4 SARAH and LANHEP pursue a similar goal TE?
. 4*No NLO, different built-in methods, ...  — j
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4 Each interface dedicated to a given tool is specific

< Removal of vertices not compliant with the tool
* Colour structures
* Lorentz structures

< Translation to a specific format and programming language

~ not efficient
~ a unique translation and the tools parse it

---------------------------------------------------------------------------------------------------------------------
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4 Each interface dedicated to a given tool is specific

< Removal of vertices not compliant with the tool
* Colour structures
* Lorentz structures

< Translation to a specific format and programming language

~ not efficient
~ a unique translation and the tools parse it

---------------------------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------------------------

ldea Simulated

Event

Lagrangian

> . .
collisions
Chain of
tools

Other
tools

analysis
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----------------------------------------------------------------------------------------------------

L4

[ Degrande, Duhr, BF, Grellscheid, Mattelaer, Reiter (CPC’12) ]

* The U FO in a nutshe” [ Degrande, Duhr, BF, Hirschi, Mattelaer, Shao (in prep.) ]

¢ UFO = Universal FEYNRULES output ~ Universal Feynman Output
* Universal as not tied to any specific Monte Carlo program

< Set of PYTHON files to be linked to any code

'O-\

< This module contains all the model information .~
* All colour/Lorentz structures L™
* NLO ingredients (optional: need for FEYNRULES)

----------------------------------------------------------------------------------------------------

OB O M M O W O O W W S W N W NN W NN N W NN N E NN NN
EE R s s s s ssEsEE s s s s s e e e e e e e e
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[ Degrande, Duhr, BF, Grellscheid, Mattelaer, Reiter (CPC’12) ]

* The U FO N a nutshe” [ Degrande, Duhr, BF, Hirschi, Mattelaer, Shao (in prep.) ]

¢ UFO = Universal FEYNRULES output ~ Universal Feynman Output
* Universal as not tied to any specific Monte Carlo program

< Set of PYTHON files to be linked to any code

** This module contains all the model information
% All colour/Lorentz structures

* NLO ingredients (optional: need for FEYNRULES)

----------------------------------------------------------------------------------------------------

---------------.
EE R s s s s ssEsEE s s s s s e e e e e e e e

----------------------------------------------------------------------------------------------------

* The UFO is a standard

ALOHA GOSAM HERWIG ++ MADANALYSIS 5 SHERPA

MADGRAPH5 aMC@NLO VWVHIZARD LANHEP SARAH

---------------------------------------------------------------------------------------------------

o EEE e EEOEEEEEm .
- E E E e EEEEEEEE =
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New physics simulations at colliders

4 Decomposition in a spin x colour basis (coupling strengths = coordinates)

% Example the quartic gluon vertex

~
% 9§) arazb pbazas ([, pu1pa, p2p 11 L3 o 2
%y, igy forae? fraaas (phikaghats — piabaplais)
0\@9 + ig? fa1asbfba2a4 (n,u1,u4n,u2,u3 _ n,u1,u2n,u3,u4)
&%, gt s s gy
)
(S 2

--------------------------------------------------------------------------------------------------------------------

--------------’
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New physics simulations at colliders

4 Decomposition in a spin x colour basis (coupling strengths = coordinates)

% Example the quartic gluon vertex

23&\ 999) aiazb rbaszas (,p1pa, p2ps K13 0 12 foa
% e A
0@9 + 195 fa1a3bfba2a4 (77”1“477”2“3 - 77“1“277'“3'“4)
666 \eeg ajaqsb rbazasz (pips popa o H1H2 M3 M4
& %, +igg fret e (e )
2
(S 2

g )
% 99999 (fal azbfba3a4’ fal agbfba2a47 fal a4bfba2a3)
@\@39 Zgg O O nM1M4nM2M3 _ 77“1M377N2M4
6666 \eeeo X 0 g2 .()2 nHIRApH2Ia _ pH e i i
(666 \eep O O ’I,gs 77“1”377/12#4 _ n,ullu,g,rlluglj,4

* 3 elements for the colour basis
* 3 elements for the spin (Lorentz structure) basis
* 9 coordinates (6 are zero)

-------------------------------------------------------------------------------------------------------------------
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New physics simulations at colliders

4 Decomposition in a spin x colour basis (coupling strengths = coordinates)

% Example the quartic gluon vertex

’agg\ 999) aiazb rbaszas (,p1pa, p2ps K13 0 12 foa
% e A
a@g + 195 fa1a3bfba2a4 (77“1'u477'u2'u3 - 77“1“277'“3'“4)
666 \eeg ajaqsb rbazasz (pips popa o H1H2 M3 M4
& %, +igg fret e (e )
2
(S 2

% 99999) (fal agbfba3a4’ fal agbfba2a47 fal a4bfba2a3) § | |
@\@39 i2 0 0 PR i s phep Pfecycllr)g the dupllc.ates
666 2, y 0 ig2 0 phAA s _ i i i s : in the implementation

6666 % 0 0 ’ng 77#1#3 77,“2#4 _ anMQ 77#3#4 [across vertices]

( <

* 3 elements for the colour basis
* 3 elements for the spin (Lorentz structure) basis
* 9 coordinates (6 are zero)

-------------------------------------------------------------------------------------------------------------------
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' 4 Contributions to an NLO result in QCD

* Three ingredients: the Born, virtual loop and real emission contributions

ONLO = / d*®,B + / d*®, / Ay + / d*®,.1 R
loop

Virtuals: one extra power Reals: one extra power
of O and divergent of O and divergent

Born

o W M M M M M M O M M M M M M BN B M M M B B BN BN BN M M M B NN N M M M M M M M M M M W o
, O W O W O O N O O N N O N M N NN NN NN NN EEEENNNNSD®SSSSSs =
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4 Contributions to an NLO result in QCD

* Three ingredients: the Born, virtual loop and real emission contributions

ONLO = / d®, B + [ / d*®,, / d v
loop |

Virtuals: one extra power | Reals: one extra power
of O and divergent of O and divergent

+ /d4q)n_|_1 R

Born

Extra information
heeded

---------------------------------------------------------------------------------------------------------------

R o R N L R R R R R R NN
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4 Dimensional regularisation: calculations in d = 4 - 2¢
< Divergences explicit (1/€2, |/¢g)

“*Numerical methods work in 4 dimensions -~ R; / Ry terms
/ddf _ _N(E’ 2 with £ =

(+7
DoDy - Dyy—q Y ¥
D-dim 4-dim (-2€)-dim

oM E E O W EE W EE N EEEEEEEN
- E O E E O EOE e EEEEEEEEEE=E=*?

---------------------------------------------------------------------------------------------------------------
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4 Dimensional regularisation: calculations in d = 4 - 2¢
< Divergences explicit (1/€2, |/¢g)

“*Numerical methods work in 4 dimensions -~ R; / Ry terms

/dd€ _ _N(E, 2 with ¢ = /
DoD1 -+ D1 'R

oM E E O W EE W EE N EEEEEEEN
- E O E E O EOE e EEEEEEEEEE=E=*?

---------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------
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----------------------------------------------------------------------------------------------------------------

4 Dimensional regularisation: calculations in d = 4 - 2¢
< Divergences explicit (1/€2, |/¢g)

“*Numerical methods work in 4 dimensions -~ R; / Ry terms

/dd€ _ _N(g’ 2 with ¢ = /
DoD1 -+ D1 'R

S W E OE E NN NN SN NN NN NN NN NN NN =N

---------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

4 The R| terms originate from the denominators
< Connected to the internal propagators

4 The R; terms originate from the numerator

02
“*Process-dependent contributions proportional to ¢

<*Renormalisable theory: finite number of R;'s
* Seen as extra diagrams with special Feynman rules (~ Rz Feynman rules)

* Connected to the UV structure of the integrals (like the UV counterterms)
* Can be derived from the bare Lagrangian ~ NLOCT

@ T M M E N M S W M S W M W NS W NN N NN NN NN NN NN NN

New physics simulations at colliders Benjamin Fuks - 30.01.2020 - 16



----------------------------------------------------------------------------------------------------------------

§ Dimensional regularisation: calculations in d = 4 - 2¢
< Divergences explicit (1/€2, |/¢g)

“*Numerical methods work in 4 dimensions -~ R; / Ry terms

/ddf_ _N(E’ 2 with ZZK—I—E
DoDy -+ Dy ¥ . |
D-dim 4-dim (-2€)-dim

-~

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

. 4 The R| terms originate from the denominators
< Connected to the internal propagators

4 The R; terms originate from the numerator _
“*Process-dependent contributions proportional to ¢ UFO @ NLO

<*Renormalisable theory: finite number of R;'s
* Seen as extra diagrams with special Feynman rules&» Rz Feynman ruIesi)

* Connected to the UV structure of the integrals (like the UV counterterms

* Can be derived from the bare Lagrangian ~ NLOCT
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-------------------------------------

Idea / Lagrangian

|

FEYNRULES / UFO

Matrix
Elements

|

Collider observables

|

Phenomenology

- WM W W W W N WM N EEEEEESES®ESESESESEEEEEEEE RS SR SR SRS RS-

----------------------------------------------------------------------------

4 Model building: from Lagrangian to tools

< FEYNRULES @ MOGRE ©& NLOCT ~ UFO @ NLO
**» General on-shell renormalisation scheme

[ Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ; Degrande (CPC’15) ]
[ Degrande, Duhr, BF, Mattelaer & Reither (CPC’12) ]
[ Frixione, BF, Hirschi, Mawatari, Shao, Sunder & Zaro (JHEP'19) ]

4 Hard scattering

% Feynman diagram, matrix elements
¢ MG5aMC ~ predictions at LO/NLO

[ Alwall et al. (JHEP’14) ]

N gm e B BN B BN BN BN BN BN B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN M M M BN M M M M M M MWW W Emm P
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---------------------------------------------------------------------------------------------------

A comprehensive approach for Monte Carlo simulations
Implementing models into Monte Carlo event generators
From models to hard-scattering events
Parton showers, hadronisation & underlying event
Summary

---------------------------------------------------------------------------------------------------

New physics simulations at colliders Benjamin Fuks - 30.01.2020 - 18



-----------------------------------------------------------------------------------------------------------------------

L4 .

4 Tools connecting an idea to simulated collisions

* Hard scattering process

Idea / Lagrangian * Feynman diagram / amplitude generation
*

v *

FEYNRULES / SARAH / LANHEP/ UFO

—1

&

Matrix
Element
Generator

R M M M M M M RN B M BN BN BN BN BN RN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN RN BN AN BN BN BN RN BN AN BN BN BN M RN AN NN M M M M M M M oy
N M M M M M M M M M M M M M M M M RN M RN R BN M RN N BN AN BN M M N RN M BN M RN M BN M M M M M M M M M M M M MW m O mm

-----------------------------------------------------------------------------------------------------------------------
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4 Distribution of an observable ®: the QCD factorisation theorem

d_a
dw

daab
dw

— Z/dxa dxp fa /p, (Xas 0F) Fb/p, (Xbi 1F) (..., F)
ab

EE—

< Long distance physics: the parton densities
% Short distance physics: the differential parton cross section docas

* Separation of both regimes ~ the factorisation scale pr
* Choice of the scale ~ theoretical uncertainties

M M M M o Mmoo o,
N W W W W OEOE W W N W W W NN NN NN NN EEEEEEEENN*®

---------------------------------------------------------------------------------------------------------------
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4 Distribution of an observable ®: the QCD factorisation theorem

d_a
dw

daab
dw

— Z/dxa dxp fa /p, (Xas 0F) Fb/p, (Xbi 1F) (..., F)
ab

e ———_l

< Long distance physics: the parton densities
% Short distance physics: the differential parton cross section docas

* Separation of both regimes ~ the factorisation scale pr
* Choice of the scale ~ theoretical uncertainties

---------------------------------------------------------------------------------------------------------------

T M mEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE R R SRR RS R R RS R RS E RS e R EE ..

4 Short distance physics: the partonic cross section
% Order by order in perturbative QCD: do = do©® + a;s do(l) + ...

T

* More orders ~ more precision
% Truncation of the series and s ~ theoretical uncertainties

Feynman diagrams (from UFOs)

---------------------------------------------------------------------------------------------------------------
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4 Long distance physics: parton densities
“*Relate hadrons to their content

’
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5 | 7 s 5
. 4 Long distance physics: parton densities | < com e e & i
5 **Relate hadrons to their content 107 | Tommumarpnin g ;
5 % Depend on the momentum fraction x Fidts :
: of the parton in the proton 14 Aoy .
E T 2 & L "ouong' g:f:lon ﬁ;;d:d: 4:4 E
: * Depend on a scale Q | o oo0 sy fiT P
: . 194 B DECOESORSDEEOEER B B PO B B By PO po%:;‘%&;uww :
: & > PP PERCERID O D:D:wbmbw e B+ :
1 L’b‘i b OO 0 O 0 :
E NO S ol’oO'c::ooOonOvo :
: 10° - coo0 0o ooooooo O :
" : . % "
1074 el
E 101‘-: R TR E
E 104 — 10_3 — 10_2 — 10_1 — 100 E
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Fixed target IS
4 Long distance physics: parton densities | = comter et et ;
< Relate hadrons to their content 10| | Tormeprm £
% Depend on the momentum fraction x frida
of the parton in the proton 1 Foadsd
| o 05008 R e T s
% Depend on a scale Q | o 0005 mib L S
. 19 L N T A S ) po@%&;uw
] . % > PR bmbb:b:ﬁ:ﬂ:ﬁ:bmbwbw =+
¢ Fitted from experimental data é SRR IYLY
. . . . o v
[in some kinematical regimes (x,Q)] - yS——

< Evolution driven by QCD .

. L v v
(DGLAP/BFKL) N fite
5 M PR
ST 3 v,
10! - Y .
] TR,
X
S — B ———
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* Direct squared matrix element computations
< Extraction of the amplitude from the Feynman rules

iM = ig’ {U2’7MU1} 778 [uw U4} Terer Tezes

‘-------------------------~
Vo mm m Em o EEE W OE N W W NN W W W N W E W EE NN EEEEEEEEEEEEE®SSSSs:?®

----------------------------------------------------------------------------------------------------------------
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* Direct squared matrix element computations
< Extraction of the amplitude from the Feynman rules

M = ig; | 'y‘.} [ . Te . Ta..

Particles

T—

&
~

‘-------------------------~
Vo mm m Em o EEE W OE N W W NN W W W N W E W EE NN EEEEEEEEEEEEE®SSSSs:?®

----------------------------------------------------------------------------------------------------------------
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* Direct squared matrix element computations
< Extraction of the amplitude from the Feynman rules

IM = ig? } [.Y chl 6304

Particles

—

|/

Vo mm m Em o EEE W OE N W W NN W W W N W E W EE NN EEEEEEEEEEEEE®SSSSs:?®

----------------------------------------------------------------------------------------------------------------
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* Direct squared matrix element computations
< Extraction of the amplitude from the Feynman rules

fz/\/lzz'g_ﬁ}{.v oo Loy

Particles

—

|/

Vo mm m Em o EEE W OE N W W NN W W W N W E W EE NN EEEEEEEEEEEEE®SSSSs:?®

----------------------------------------------------------------------------------------------------------------

New physics simulations at colliders Benjamin Fuks - 30.01.2020 - 22



4 Direct squared matrix element computations
.« Extraction of the amplitude from the Feynman rules

M = ng .’V).}[ ngclT%al

< Squaring with the conjugate amplitude
% Algebraic calculation (colour and Lorentz structures) \

< Sum/average over the external states Particles
2 1 293 5
M =52 T {pﬂ“pﬂ } [p?ﬂ“pﬁ”}
1692

— 052 {(pl pB)(PQ 'p4) + (p1 -p4)(p2 .p3)}

----------------------------------------------------------------------------------------------------------------
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4 Direct squared matrix element computations
.« Extraction of the amplitude from the Feynman rules

< Squaring with the conjugate amplitude
% Algebraic calculation (colour and Lorentz structures)

< Sum/average over the external states Particles
2 1 2g% 5
’M‘ 36 52 Tr{pﬂ“pﬂ } {?3’7u¢47v}
1693

~ 942 [(pl P3) (P2 - Pa) + (P1 - Pa) (2 'ps)}

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

< The complexity rises as N2

> Helicity amplitudes
< Any calculation beyond 2-to-3 becomes a problem 4 P
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----------------------------------------------------------------------------------------------------------------

4 Principle
: < Evaluation of the amplitude for fixed external helicities
< Add all amplitudes (we get complex numbers) :
% Squaring
< Sum/average over the external states

----------------------------------------------------------------------------------------------------------------
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----------------------------------------------------------------------------------------------------------------

4 Principle
: < Evaluation of the amplitude for fixed external helicities
< Add all amplitudes (we get complex numbers) :
% Squaring
< Sum/average over the external states

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------
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----------------------------------------------------------------------------------------------------------------

4 Principle
: < Evaluation of the amplitude for fixed external helicities
< Add all amplitudes (we get complex numbers) :
% Squaring
< Sum/average over the external states

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

|. External incoming particles (numbers) !
% For fixed helicity and momentum :
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sEEEEEEE DS SRR EE .,

New physics simulations at colliders

4 Principle
< Evaluation of the amplitude for fixed external helicities
< Add all amplitudes (we get complex numbers)
< Squaring
< Sum/average over the external states

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

|. External incoming particles (numbers)
% For fixed helicity and momentum

2.Wave function of the gluon propagator

N E E N E W N E NN NN NN NN NN EEEEEEEEEENSNSDSESSSSS==?
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----------------------------------------------------------------------------------------------------------------

4 Principle
: < Evaluation of the amplitude for fixed external helicities
< Add all amplitudes (we get complex numbers) :
% Squaring
< Sum/average over the external states

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

|. External incoming particles (numbers)
% For fixed helicity and momentum

2.Wave function of the gluon propagator

3. External outgoing particles
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4 Principle
< Evaluation of the amplitude for fixed external helicities
< Add all amplitudes (we get complex numbers)
< Squaring
< Sum/average over the external states

sEEEEEEE DS SRR EE .,

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

|. External incoming particles (numbers)
% For fixed helicity and momentum

| 2.Wave function of the gluon propagator
3. External outgoing particles

4. Full amplitude (complex number)

N E E N E W N E NN NN NN NN NN EEEEEEEEEENSNSDSESSSSS==?
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. 4> The buildine blocks of the amplitude are the so-called HELAS functions
! * HELAS = HELicity Amplitude Subroutine :
: e N < One specific routine for each Lorentz structure (1) :
ut = F(p1,my) % Not generic for any model :
E Vo = f(p% m2) * SM [ Murayama,Watanabe & Hagiwara (KEK-91-11) ] E
. Uz = f(p37 m3) * MSSM [ Cho, Hagiwara, Kanzaki, Plehn, Rainwater & Stelzer (PRD 06) ] .
vy = f(pa, ma) * HEFT [ Frederix (2007) ] :
E W = f(vg,u1,I'1) * Spin ) [ Hagiwara, Kanzaki, Li &Mawatari (EPJC 08) ] :
E iIM = Jf(/{,&g47 W, Fz) ) ¢ Spin 3/2 [ Mawatari & Takaesu (EPJC’I1) ] :
Sufficient for many models

---------------------------------------------------------------------------------------------------------------
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. 4 The building blocks of the amplitude are the so-called HELAS functions

5 ! * HELAS = HELicity Amplitude Subroutine

: e N < One specific routine for each Lorentz structure (1)

: ur = f(p1,mi) < Not generic for any model

. Vg = f(p% m2) * SM [ Murayama,Watanabe & Hagiwara (KEK-91-11) ]

E Uz = f(p37 m3) * MSSM [ Cho, Hagiwara, Kanzaki, Plehn, Rainwater & Stelzer (PRD"06) ]

v4 = f(pa, my) v HEFT [ Frederix (2007) ]

E W = f(vg,u1,I'1) Y Spin gl [ Hagiwara, Kanzaki, Li &Mawatari (EP)JC 08) ]

E iM — f(’l_lﬁv Vg, W, FQ) ) ¢ SPln 3/2 [ Mawatari & Takaesu (EPJC'I1) ]

5 Sufficient for many models
* Generalisation':ALOHA 1 [ de Aquino, Link, Maltoni, Mattelaer & Stelzer (CPC'12)] %

% Translation of any vertex present in a UFO into a HELAS subroutine
< Any model supported in MG5 aMC@NLO

----------------------------------------------------------------------------------------------------------------
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4 The buildine blocks of the amplitude are the so-called HELAS functions

! * HELAS = HELicity Amplitude Subroutine :
: e N < One specific routine for each Lorentz structure (1) E
5 ur = f(p1,mi) < Not generic for any model
E Vo = f(p% m2) * SM [ Murayama,Watanabe & Hagiwara (KEK-91-11) ] E
. Uz = f(p37 mg) * MSSM [ Cho, Hagiwara, Kanzaki, Plehn, Rainwater & Stelzer (PRD 06) ] :
vy = f(pa,ma) * HEFT [ Frederix (2007) ]
E W = f(772, U1, Fl) ) ¢ Sp|n gl [ Hagiwara, Kanzaki, Li &Mawatari (EPJC08) ] E
E IM = ( 13,04, W, FZ) ) ¢ SP|n 3/2 [ Mawatari & Takaesu (EPJC’I1) ] E
5 S Sufficient for many models |
4 Generalisation:ALOHA 1 [ de Aquino, Link, Malton, Mattelaer & Stelzer (CPC'12)] }
. % Translation of any vertex present in a UFO into a HELAS subroutine
i % Any model supported in MG5_aMC@NLO :

----------------------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------------------

4 Recycling: reusing pieces across diagrams
% Gain in computing time

~

---------.‘
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------------------------------------------------------------------------------

Analytical MeE (N!)? 109

Helicity M NI 2N 107

Recycling IV ) - A a0 :

------------------------------------------------------------------------------
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-----------------------------------------------------------------------------------------------------------------------

L4 .

4 Tools connecting an idea to simulated collisions

* Hard scattering process

Idea / Lagrangian *
E \ * Monte Carlo integration E
; * E
: FEYNRULES / SARAH / LANHEP/ UFO E
Matrix
' Element "
Generator
E | — e T — — E

-----------------------------------------------------------------------------------------------------------------------
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d_a
dw

2
— Z/dxadxbdq)nfa/pl (xa,/,LF) fb/p2 (,beHLLF) ‘M’ Ow((I)n)
a,b

< The evaluation of any observable requires the integral calculation

---------------------------------------------------------------------------------------------------------------
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d_a
dw

— Z/dxadxbdq)nfa/pl (xa,/,LF) fb/p2 (beuF) ‘M’2Ow((1)n)
a,b

< The evaluation of any observable requires the integral calculation

* The phase space ~ highly-dimensional integral (3n-2 integrals = n-body final state)
* The phase space structure ~ analytical calculations hopeless

“* The integrand is a very peaked function (propagators)

----------------------------------------------------------------------------------------------------------------
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d_a
dw

— Z/dxadxbdq)nfa/pl (xa,/,LF) fb/p2 (beuF) ‘M’2Ow((1)n)
a,b

< The evaluation of any observable requires the integral calculation

* The phase space ~ highly-dimensional integral (3n-2 integrals = n-body final state)
* The phase space structure ~ analytical calculations hopeless

“* The integrand is a very peaked function (propagators)

General and flexible numerical methods

----------------------------------------------------------------------------------------------------------------
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4 The 1D example: evaluate the integral |
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4 The 1D example: evaluate the integral |

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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----------------------------------------------------------------------------------------------------------------

§The |D example: evaluate the integral |

I:/abd:r; f(x)

|. Determine fmax > f(x) V x € [a,b]

2. At a given step i,
* pick a random point x; € [a,b]
* pick a random number y; < fmax

------------------------------.

----------------------------------------------------------------------------------------------------------------
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----------------------------------------------------------------------------------------------------------------

§The |D example: evaluate the integral |

I:/abd:r; f(x)

|. Determine fmax > f(x) V x € [a,b]

2. At a given step i,
* pick a random point x; € [a,b]
* pick a random number y; < fmax

3. Compare with f(x))
* If yi> {(xi): reject the point
* If yi < f(x;): accept the point

----------------------------------------------------------------------------------------------------------------
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----------------------------------------------------------------------------------------------------------------

§The |D example: evaluate the integral |

I:/abd:r; f(x)

|. Determine fmax > f(x) V x € [a,b]

2. At a given step i,
* pick a random point x; € [a,b]
* pick a random number y; < fmax

3. Compare with f(x))
* If yi> {(xi): reject the point
* If yi < f(xi): accept the point

4. Evaluate the integral

N, accepted
Y
N. total

----------------------------------------------------------------------------------------------------------------
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4 The mean value theorem
< If f(x) is continuous:

e lab):T= [ do fla) = (b a)f(€) = (b a)(f

---------------------------------------------------------------------------------------------------------------
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----------------------------------------------------------------------------------------------------------------

4 The mean value theorem

L4
]
1
1
1

< If f(x) is continuous:
b

3 € ab] T = / de f(z) = (b— a)£(€) = (b— a) (/)

a

e

< We can approximate (f) by an averaged sum, so that:

b o N
= [ doga) ~ Iy =" flan)
a n=1

* (f) is calculated by sampling the integrand at random points

---------------------------------------------------------------------------------------------------------------
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* The mean value theorem
< If f(x) is continuous:

e lab):T= [ do fla) = (b a)f(€) = (b a)(f

e —————

< We can approximate (f) by an averaged sum, so that:

b o N
= [ doga) ~ Iy =" flan)
a n=1

* (f) is calculated by sampling the integrand at random points

---------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

§ The error is given by the variance (that can be calculated)

b —a
Vet (a1 v = S ) o n

< Independent from the number of dimensions
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---------------------------------------------------------------------------------------------------------------

4 Integrals are evaluated as averaged sums over randomly chosen points

b - N
I:/ de f(z) ~ Iy = bNaZf(a:n)
a n=1

L L L L L d

---------------------------------------------------------------------------------------------------------------
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---------------------------------------------------------------------------------------------------------------

4 Integrals are evaluated as averaged sums over randomly chosen points

~

b - N
[:/ de f(z) ~ Iy = bNaZf(a:n)
a n=1

L L L L L d

" 4 The error is connected to the variance :
. b (b . a)2 N
. _ 2 2 _ 2 2 :
V—(b—a)/a de f“(x) — 1 Vv = N 321:][ (xn) — Iy

---------------------------------------------------------------------------------------------------------------
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---------------------------------------------------------------------------------------------------------------

;4 Integrals are evaluated as averaged sums over randomly chosen points

~

b - N
[:/ dz f(x) %IN:bNaZf(:En)
a n=1

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

. 4 The error is connected to the variance

b ) (b—a)® <~ )
V:(b—a)/ dz f(z) - I = Vy = N Zf(:cn)—IN
a n=1

---------------------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------------------

. 4 Result

~

% The error can easily be estimated :
[=1Iy+ \@ % The error is independent from the number of dimensions
N < Improvement possible by minimising Vn '
* ldeal case: f(x) = cst (V=Vn=0)
* Change of variables to flatten the integrand
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1 _
1:/ dz cos 78] = 2 ~ 0.6366
0 2 T

0.307

; In =0.637+ —— ;
: VN :
. 4> Remarks _ | |
. < Convergence is slow
. % Precision = large N °'° - Tx T - oo
E T — T E

% Strength: scalability with ngim

----------------------------------------------------------------------------------------------------------------
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1 i
_ 2 [
1:/ dr cos |21 = % ~ 0.6366
0 2 Tr [

0.307

»-><\ 0.6

Iy = 0.637 + —— =

VN

1 S — e —— :

. 4 Remarks ol
. < Convergence is slow L
0.0 0.2 0.4 0.6 0.8 1.0

® Precision = large N X

% Strength: scalability with ngim

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

. 4 A clever change of variable helps to reduce the variance
< The ratio f(x)/g(x) = | so that this product is roughly constant (ideal case)

----------------------------------------------------------------------------------------------------------------
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1
I:/dxcos
0

0.307 = °°

Iy =0.637 + —— =

v N 04l

. 4> Remarks 2r
. < Convergence is slow 0L
¢ Precision = large N o v o e 10

% Strength: scalability with ngim

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

# A clever change of variable helps to reduce the variance
< The ratio f(x)/g(x) = | so that this product is roughly constant (ideal case)

mx(§)
1 COS |:7r_xi| 52 COS |: 5 :| 1
I= [ dz (1-2° 2::/ d with & =2 — =2°

---------------------------------------------------------------------------------------------------------------
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1 :

I:/ dx cos :

0 :

0. 307 = 06 !

In = 0.637 + — S| :

v/ N 0.4 | .

. 4 Remarks ol ;
. < Convergence is slow oof M
% Precision = large N . . Tx - Co
— — :

% Strength: scalability with ngim

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

# A clever change of variable helps to reduce the variance
< The ratio f(x)/g(x) = | so that this product is roughly constant (ideal case)
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1
I:/dxcos
0

0.307 = °°

Iy =0.637 + —— =

v N 04l

. 4> Remarks 2r
. < Convergence is slow 0L
¢ Precision = large N o v o e 10

% Strength: scalability with ngim

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

# A clever change of variable helps to reduce the variance
< The ratio f(x)/g(x) = | so that this product is roughly constant (ideal case)

1 T
I:/dx(l—azz)COS[Q}—
X T

1 — x2

In = 0.637 4 =
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1 i
_ 2 [
1:/ dr cos |21 = % ~ 0.6366
0 2 Tr [

0.307

»-><\ 0.6

Iy = 0.637 + —— =

VN

1 S — e —— :

. 4 Remarks ol
. < Convergence is slow L
0.0 0.2 0.4 0.6 0.8 1.0

® Precision = large N X

% Strength: scalability with ngim

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

T

1
I:/ dx (1—:132)608[2
0 1

— 2

In = 0.637 4 =
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----------------------------------------------------------------------------------------------------------------

i ; - g
SR I TE s
. L.Findg(x) sothat g(x) > fix) Vx € [ab] & g
x & |

---------------------------------------------------------------------------------------------------------------
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I:/abdx f(x)

|. Find g(x) so that 2(x) > f(x) V x € [a,b]

2. At a given step i,
* pick a random point x; distributed as g(x)
* pick a random number y; < g(x;)

—_ sl
=

---------------------------------------------------------------------------------------------------------------
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IZ/abdxf(x) W

08}

06}

|. Find g(x) so that 2(x) > f(x) V x € [a,b]

2. At a given step i, 0
* pick a random point x; distributed as g(x)
* pick a random number y; < g(x;)

T
&

02}

00}
1

3. Compare with f(x))
* If yi > f(xi): reject the point
* If yi < f(xi): accept the point

---------------------------------------------------------------------------------------------------------------
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I:/abdx f(x)

|. Find g(x) so that 2(x) > f(x) V x € [a,b]

2. At a given step i,
* pick a random point x; distributed as g(x)
* pick a random number y; < g(x;)

3. Compare with f(x))

* If yi > f(xi): reject the point
* If yi < f(xi): accept the point

: N.
4. Evaluate the integral 1, — -accepted )
Niotal

---------------------------------------------------------------------------------------------------------------
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I:/abdx f(x)

|. Find g(x) so that 2(x) > f(x) V x € [a,b]

2. At a given step i,
* pick a random point x; distributed as g(x)
* pick a random number y; < g(x;)

3. Compare with f(x))

* If yi > f(xi): reject the point
* If yi < f(xi): accept the point

: N.
4. Evaluate the integral 1, — -accepted )
Niotal
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*QCD factorisation theorem

d

o 2
o Z/dazadmbd@nfa/pl (Ta, i) fb/p2(mbmuF) }M‘ Ou(Pr)

“*For each point, we have a weight given by fa/p, (Za; tF) fo/p, (76, 1F) ‘/\/l‘2

* Interpretation: each momentum configuration yields a weight

---------------------------------------------------------------------------------------------------------------
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4 QCD factorisation theorem

L4
’
1
1
1

do 2
o Z/dazadxbd@nfa/pl (Ta, i) fb/p2(mbmuF) }M‘ Ou(Pr)
a,b

“*For each point, we have a weight given by fa/p, (Za; tF) fo/p, (76, 1F) ‘/\/l‘z

* Interpretation: each momentum configuration yields a weight

---------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

<*Random phase space points: very little chance to contribute
* Few points carry the bulk of the integral

“*Flattening the integrand ~ change of variables (importance sampling)

----------------------------------------------------------------------------------------------------------------
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4 QCD factorisation theorem

L4
’
1
1
1

do

2
o Z/dazadxbd@nfa/pl (Ta, i) fb/p2(mbmuF) }M‘ Ou(Pr)
a,b

“*For each point, we have a weight given by fa/p, (Za; tF) fo/p, (76, 1F) ‘/\/l‘z

* Interpretation: each momentum configuration yields a weight

---------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

4 Problem: the integral is peaked (~ propagators)

<*Random phase space points: very little chance to contribute
* Few points carry the bulk of the integral

L4
I
1
1
1

“*Flattening the integrand ~ change of variables (importance sampling)

----------------------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------------------

. 4 Construction of an approximative function of the integrand

% Division of the integration domain in sub-domains (variable bin-size)
* Adjustment: identical variance in each bin
* Minimisation of the overall variance

<*More bins where the integrand fluctuates more
* This binned function provides an approximation of the integrand g(x)

~
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: 4 Separation of the integral among different channels

Z a;g;(xr) with Z a; =1

channels channels
R — E——

< Each channel takes care of one peak of the integrand at a time
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---------------------------------------------------------------------------------------------------------------

4 Top-antitop production: 3 diagrams

4

g(z) = Z @;g;(z)

channels

O T M O M W M MW WO MWW OE MWW WM EEEEE N
- W W WO NN NN NN EEEEEEEEs=”

---------------------------------------------------------------------------------------------------------------
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g(z) = Z @;g;(z)

channels

* f(@) [ g(@) = |

* The integration of one single diagram is easy (the pole structure is known)
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-----------------------------------------------------------------------------------------------------------------------

L4 .

4 Tools connecting an idea to simulated collisions

* Hard scattering process

Idea / Lagrangian *
*

* Event generation
FEYNRULES / SARAH / LANHEP/ UFO

—1

\

&

Matrix
Element
Generator

R M M M M M M RN B M BN BN BN BN BN RN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN RN BN AN BN BN BN RN BN AN BN BN BN M RN AN NN M M M M M M M oy
N M M M M M M M M M M M M M M M M RN M RN R BN M RN N BN AN BN M M N RN M BN M RN M BN M M M M M M M M M M M M MW m O mm
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---------------------------------------------------------------------------------------------------------------

4 Accepted points ~ event generation
* One point = one event
* Integrand value ~ event weight
< Not all events are equal

Weighted events

T M E MM EEEEEE ... ----y
A N I T R R R

---------------------------------------------------------------------------------------------------------------
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. 4 Accepted points ~ event generation o 1o
: % One point = one event o8} 1]
i % Integrand value ~ event weight = 1]
i % Not all events are equal = | 5
' 041 i "
: Weighted events 2 10
5 ool | | | | (N
E 0.0 0.2 0.4 .X‘ 0.6 0.8 1.0 E
:‘ S — ——————— ':

---------------------------------------------------------------------------------------------------------------
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4 Accepted points ~ event generation _
< One point = one event o8 f
* Integrand value ~ event weight
< Not all events are equal

o,gz.l Iarge-weight

Weighted events MNSVERESNR) is |arsc) |

R I R N N Y
N Em W E OEE W W W W W W NN NN NN NN EEEEEEEs®

---------------------------------------------------------------------------------------------------------------
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*Accepted points ~ event generation "CE' N Smén_weight 5
< One point = one event 08 ~events (f{x) is small) §

* Integrand value ~ event weight
< Not all events are equal

Iarge-weight )

Weighted events MNSVERESNR) is |arsc) |

R I R N N Y
N Em W E OEE W W W W W W NN NN NN NN EEEEEEEs®
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New physics simulations at colliders Benjamin Fuks - 30.01.2020 - 37



5 4 Accepted points ~ event generation | | Nsmallweight | |
* One point = one event 08 [ “events (f{x) is small)
i % Integrand value ~ event weight ’><\°'8:’ ’ |
i % Not all events are equal = 5
1 04k !
. . » Iarge-wit |
: Weighted events events (f(x) is larzc) | 5
. 0.0 |- e — e .
E OlO 1 1 1 C12 1 i 1 Ol ‘X. OIG 018 110 E

---------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

4 Enforcing equal-weight events
< Distributed as occurring in nature
< All events are equal
< Weight value: recovering the total rate

Unweighted events

M L L L L L R LR E R 4

----------------------------------------------------------------------------------------------------------------
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*Accepted points ~ event generation | | Nsmall-weight |
< One point = one event 08 ~events (f(x) is small)

* Integrand value ~ event weight
< Not all events are equal

Iarge-weight )

Weighted events SVERES ) is Iarsc) |

R I R N N Y
N Em W E OEE W W W W W W NN NN NN NN EEEEEEEs®

0 ?-1’ PR T . 1 1 1 L N

0.0 0.2 l‘ 0 X 0.6 0.8 1.0
: : : 10} T
. 4 Enforcing equal-weight events | o
.+ Distributed as occurring in nature 08 1
i % All events are equal o5 11
i +** Weight value: recovering the total rate % 5
. 0.4} ] "
5 Unweighted events =T [ 5
: OC:-I 1 1 1 , - :
E 0.0 0.2 0.4 ‘Xl 08 08 10 E
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4 Accepted points ~ event generation | . Nemallweight |
< One point = one event 08 f ~events (f(x) is small) &

* Integrand value ~ event weight
< Not all events are equal

N Iarge-weight 7

Weighted events MNSVERESNR) is |arsc) |

R I R N N Y
N Em W E OEE W W W W W W NN NN NN NN EEEEEEEs®

---------------------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------------------

4 Enforcing equal-weight events |
% Distributed as occurring in nature os
< All events are equal
< Weight value: recovering the total rate

. Vany events of given |

Unweighted events 1 weight (f(x) is large) {‘
- ;|L . 1 [ 7 W 1 1 1-
0.0 0.2 0.4 X 0.6 0.8 1.0

O E o EEE W MWW N RN EEEEEEEEEEEEE =,
N mEmEm E E EOEE WO N W W W NN NN NN NN EEEEEESNSs*®
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4 Accepted points ~ event generation

< One point = one event
* Integrand value ~ event weight
< Not all events are equal

Weighted events

4 Enforcing equal-weight events
< Distributed as occurring in nature

< All events are equal

< Weight value: recovering the total rate

Unweighted events

New physics simulations at colliders

---------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

| N small-weight

; events (f(x) is small) i

I N large-weight |

‘| events (f(x) is large) §

OID "‘12 Ol~- X CIG 018 1?0
R — E—

:"—»Many events of gie
1 weight (f(x) is large) §

| Few events of given
weight (f(x) is small) I
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4 Principle

: * We calculate the maximum weight during the MC integration phase ®max
¢ The desired number of events and the total rate yield the average weight (w)
< Each generated event is accepted with a probability w(®) / wmax

< Each event is assigned the weight (w)

do do
dO dO ]
1
> I
1
DDDDDDE
1

----------------------------------------------------------------------------------------------------------------
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* Principle

* We calculate the maximum weight during the MC integration phase ®max

* The desired number of events and the total rate yield the average weight (w)
< Each generated event is accepted with a probability w(®) / wmax

< Each event is assigned the weight (w)

do do

% A d(,) A

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

* Requirements
¢ The integrand has to be bounded from above (@wmax Mmust exist)
¢ The integrand has to be positive-definite (can however be by-passed)
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* Matrix elements can be generated automatically for any model

. 4 Monte Carlo integration
< Cross section
< Unweighted events distributed as in nature
< Any observable can be extracted
% Selection cuts can be imposed
4 Automated codes exist
< MADGRAPH5 aMC@NLO, SHERPA, WHIZARD, etc. J— —

----------------------------------------------------------------------------------------------------------------

'— --------------------------------------------------------------------------------------------------------------

Still far from a realistic
LHC collision...

---------------------------------------------------------------------------------------------------------------
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---------------------------------------------------------------------------------------------------

A comprehensive approach for Monte Carlo simulations
Implementing models into Monte Carlo event generators
From models to hard-scattering events
Parton showers, hadronisation & underlying event
Summary

---------------------------------------------------------------------------------------------------
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-----------------------------------------------------------------------------------------------------------------------

L4 .

4 Tools connecting an idea to simulated collisions

* QCD environment

Idea / Lagrangian *_Parton showering
*

v *

FEYNRULES / SARAH / LANHEP/ UFO

, 1
E « E
. Element — showers R "
: Generator Hadronisation :
; | — —— JE— — ;

-----------------------------------------------------------------------------------------------------------------------
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4 Accelerated charges radiate
** Large momentum transfers = lot of radiation

----------------------------------------------------------------------------------------------------------------
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4 Accelerated charges radiate
** Large momentum transfers = lot of radiation

4 QED
% Electrically-charged particles radiate photons
% Photons can split into a (charged) fermion-antifermion pair

---------------------------------------------------------------------------------------------------------------

L N T Il g
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*Accelerated charges radiate
** Large momentum transfers = lot of radiation

4 QED
% Electrically-charged particles radiate photons
% Photons can split into a (charged) fermion-antifermion pair

4 QCD is similar, but from the colour charge standpoint
 Quarks can radiate gluons
* Gluons can split into a quark-antiquark or a gluon pair (QCD is non-Abelian)

----------------------------------------------------------------------------------------------------------------
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*Accelerated charges radiate
** Large momentum transfers = lot of radiation

4 QED
% Electrically-charged particles radiate photons
% Photons can split into a (charged) fermion-antifermion pair

4 QCD is similar, but from the colour charge standpoint
 Quarks can radiate gluons
* Gluons can split into a quark-antiquark or a gluon pair (QCD is non-Abelian)

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

4 Highly energetic coloured particles radiate

* Each parton is dressed with an arbitrary number of partons (multiple radiation)
> Radiated partons also radiate

% One ends up with a cascade of radiations > parton showers

----------------------------------------------------------------------------------------------------------------
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Gluon emission Gluon emission
from the quark from the antiquark

o E O E W MW EEEEEEEEEEEEEE,
N W E W W OE W W N W W WO OE NN EEEEEEEE=®
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2 1 2
dog_3 x C’Fa 2 dcosf dz
27 sin®f 1—2z2

Gluon emission Gluon emission
from the quark from the antiquark

,--------------.
N W E W W OE W W N W W WO OE NN EEEEEEEE=®

---------------------------------------------------------------------------------------------------------------
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2 1 2
doo_s3 C’Fa T2 dcosf dz
21 sin’f 1—z

Gluon emission Gluon emission
from the quark from the antiquark

% [-z: energy fraction of the gluon
~ Divergent in the soft limit (z ~1)

---------------------------------------------------------------------------------------------------------------

_-------------------.
L L R R R I 4
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as 2 1422
27 sin?f 1— =z

doo_,3 x Cg dcosf dz

Gluon emission Gluon emission
from the quark from the antiquark

% [-z: energy fraction of the gluon
~ Divergent in the soft limit (z ~1)

% 0 is the gluon emission angle
~ Divergent in the collinear limit (0 = 0 or x)

---------------------------------------------------------------------------------------------------------------

W BN BN BN B BN BN BN B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B B M M M W
N mEE E EE N EE N EEEEEEEEEEEEEEEENNN®GSB®S & B & &N EEEEEEs=?
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doa_y5 o< Cp—f

Gluon emission Gluon emission
from the quark from the antiquark Separation of g/q collinear emissions

R

% [-z: energy fraction of the gluon
~ Divergent in the soft limit (z ~1)

% 0 is the gluon emission angle
~ Divergent in the collinear limit (0 = 0 or x)

---------------------------------------------------------------------------------------------------------------

W BN BN BN B BN BN BN B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B B M M M W
N mEE E EE N EE N EEEEEEEEEEEEEEEENNN®GSB®S & B & &N EEEEEEs=?
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doa_y5 o< Cp—f

Gluon emission Gluon emission
from the quark from the antiquark Separation of g/q collinear emissions

% [-z: energy fraction of the gluon
~ Divergent in the soft limit (z ~1)

% 0 is the gluon emission angle
~ Divergent in the collinear limit (0 = 0 or x)

---------------------------------------------------------------------------------------------------------------

W BN BN BN B BN BN BN B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B B M M M W
N mEE E EE N EE N EEEEEEEEEEEEEEEENNN®GSB®S & B & &N EEEEEEs=?

---------------------------------------------------------------------------------------------------------------

4 QCD radiation can be factorised (in the soft and collinear limit)

as dO? 1+ 22
doga_s3 X 0252 Z OF27T 21 dz
1=q,q

L L L L NN
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4 In the collinear limit, QCD emission factorises and is universal
< Small angle emission unresolved (long time scales)

® It does not change the hard process configuration ~ factorisation

----------------------------------------------------------------------------------------------------------------
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4 In the collinear limit, QCD emission factorises and is universal
< Small angle emission unresolved (long time scales)
® It does not change the hard process configuration ~ factorisation

° 12 . |2

a7 b
c 9—0 xa—‘<

dt s(t
dopy1 X oy Z " dz 2 (t) Pup(z)  with — = — = =

partons

o W M M M M M M M M M M M M M M M M M M M M M MM Eg
R I R R N L L L L

---------------------------------------------------------------------------------------------------------------
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4 In the collinear limit, QCD emission factorises and is universal
< Small angle emission unresolved (long time scales)
® It does not change the hard process configuration ~ factorisation

° 12 . |2

a7 b
c 9—0 "a"'—<

C

02 pr ¢

B ————

dt s(t de? d dg? dt
do,11 x oy Z - dz Oé27(r) Py (2) with A d —

partons

% The strong coupling is evaluated at the scale t

* t is the evolution variable (hardness of the branching, vanishes in the collinear limit)
* t controls the collinear behaviour

% Pab(z) consists in the QCD splitting kernels
% z controls the soft behaviour

o W M M M M M M M M O M M M M M BN BN M BN N B BN BN BN BN BN BN AN N BN BN BN BN BN BN AN N BN NN BN BN BN M AN N M M M M M M M M M M M g
M M B M M BN BN N RN BN BN RN BN BN BN BN N B RN BN BN BN BN BN BN BN BN B B BN BN BN BN BN BN BN BN N B BN BN BN M M M M M M mmomomom P

* Universal resummation of their higher-order corrections

---------------------------------------------------------------------------------------------------------------
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% 0’ <6:successive emission are ordered (ort < t)
% Leading contribution to the (n+2)-body matrix element

as(t)

dt
Onio X Opnil G%b - de — b(2)
dt o (t) dt’ , as(t’) )
X Unagb . [7 dz o Pab(z)] X [7 dz o Py (2")

----------------------------------------------------------------------------------------------------------------
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d
0.0 >0 X 2 x‘L<

<0 C e

% 0’ <6:successive emission are ordered (ort < t)
% Leading contribution to the (n+2)-body matrix element

as(t)

dopio X Opat Z — dz ;77 P.p(2)
a,b
dt . a(t) dt’ ., as(t') /
X O, azb:b, [ ; dz o Pab(z)] X [7 dz o Py (2

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

§ lterative sequence of ordered emissions

* The n+/ emission independent of the history ~ Markov chain (no mterferences)
% Leading contribution to the (n+k)-emission configuration: 8, > 6, » 63 » ...

’
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---------------------------------------------------------------------------------------------------------------

{4 Parton showers: building a radiation history
% A parton branches at t

~ It did no do it before
~ No-branching probability (Sudakov form factor)

---------------------------------------------------------------------------------------------------------------

~
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4 Parton showers: building a radiation history
% A parton branches at t

~ It did no do it before
~ No-branching probability (Sudakov form factor)

---------------------------------------------------------------------------------------------------------------

~

----------------------------------------------------------------------------------------------------------------

§ Derivation of the Sudakov form factor
< Based on the conservation of probability

1l = Pno emission (t + dt) + Pemission (t + dt)
— Pno emission U+ dt Z / dz O‘S ab )

---------------------------------------------------------------------------------------------------------------
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---------------------------------------------------------------------------------------------------------------

4 Parton showers: building a radiation history
% A parton branches at t

~ It did no do it before
~ No-branching probability (Sudakov form factor)

---------------------------------------------------------------------------------------------------------------

~

----------------------------------------------------------------------------------------------------------------

<4 Derivation of the Sudakov form factor
< Based on the conservation of probability

1l = Pno emission (t + dt) + Pemission (t + dt)
— Pno em1881on t"‘ dt Z / dz O‘S ab )

** Solution (probability a parton does not radiate between t; and t):

B 2 q¢ s (1)
Aa(tlyt2) = Pno emission(tlatZ) — €XP [_ /tl 7 ;/dz 9 Pab(z)]]

----------------------------------------------------------------------------------------------------------------
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§Sp||tt|ng kernels and the Sudakov yield an evolution equation

as(t')

da(t to) = Ag(t,to) +Z/ —dzAtt) S Pa(2) Gt 2to) de(t/, (1 = 2)to)

----------------------------------------------------------------------------------------------------------------
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§Sp||tt|ng kernels and the Sudakov yield an evolution equation

da(t to) = Ag(t,to) +Z/ —dzA (t, 1) 2(:)Pab(z) dp(t', 2t0)pe(t', (1 — 2)tg)

----------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------

*The parton shower algorithm
< Start:a parton a at a scale 1o
< We generate an emission scale t; according to the Sudakov probability Aq(to,t/)
* |f ) < teus, the algorithm stops (teue = breaking down of perturbative QCD)
* |f t) > tcy, we generate z) according to Pgy(z) ~ one extra final-state parton
% Iteration until stops for all partons

----------------------------------------------------------------------------------------------------------------
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---------------------------------------------------------------------------------------------------------------

4 Limitations / improvements
®* Parton showers = collinear approximation of the leading corrections

* Matching with the hard-scattering matrix elements

o ... --—--—-—
Ves s smssssare s

* Multiparton matrix element merging

---------------------------------------------------------------------------------------------------------------
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4 Limitations / improvements
®* Parton showers = collinear approximation of the leading corrections

* Matrix exponentiation

* Matching with the hard-scattering matrix elements
* Multiparton matrix element merging

®* Parton showers = collinear approximation of the leading corrections

resummation (improved Sudakov)

* Higher-order corrections (not trivial)
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L4

4 Matrix elements
** Fixed-order calculations
** Full treatment of spin and colour
% Technical limit on the multiplicity
< Valid for hard and well-separated partons

T N N E E G EE S S S S S EEE oSS S S S E S S EE S EEEEEEEEEEE

s

Matrix element

Ve mmmE o EEE e EEEEEEEEEEEEEEEEEEES S EEEEE ==
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L4

4 Matrix elements
** Fixed-order calculations
** Full treatment of spin and colour
% Technical limit on the multiplicity
< Valid for hard and well-separated partons

4 Parton showers
<*Resummation calculations
< Approximate handling of spin and colour
< High final-state multiplicity
< Valid for soft and/or collinear partons

T N N E E G EE S S S S S EEE oSS S S S E S S EE S EEEEEEEEEEE

s
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Matrix element

Ve mmmE o EEE e EEEEEEEEEEEEEEEEEEES S EEEEE ==

----------------------------------------------------------------------------------------------------------------

New physics simulations at colliders

Benjamin Fuks - 30.01.2020 - 49



§ Matrix elements

Tt
* Fixed-order calculations £ E. Matrix element
** Full treatment of spin and colour i
* Technical limit on the multiplicity -
. 10
¢ Valid for hard and well-separated partons \ Matched result
§ Parton showers :

** Resummation calculations

< Approximate handling of spin and colour
< High final-state multiplicity

< Valid for soft and/or collinear partons ‘ 152 25 3 38

----------------------------------------------------------------------------------------------------------------

§ Matching prescription: the best of both worlds :
*® The matrix elements control hard radiation
* Parton showers control soft radiation
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" 4 Matrix elements -~
. % Fixed-order calculations =
** Full treatment of spin and colour %
* Technical limit on the multiplicity -
< Valid for hard and well-separated partons

Matrix element

-
o
5

10

x Matched result

# Parton showers '
** Resummation calculations

< Approximate handling of spin and colour
< High final-state multiplicity

< Valid for soft and/or collinear partons Lo B

----------------------------------------------------------------------------------------------------------------

§ Matching prescription: the best of both worlds :
*® The matrix elements control hard radiation
* Parton showers control soft radiation

----------------------------------------------------------------------------------------------------------------

* Multipartonic matrix element merging (prescription)

< Matrix elements containing 0, |, 2, ... N extra partons
% Parton showering of each event
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4 Different shower configuration leads to different predictions
% Loss of predictive power (especially in the hard regime)
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" 4 Different shower configuration leads to different predictions
% Loss of predictive power (especially in the hard regime)
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* Hadronisation (and hadron decays)

*

*

“* QCD environment
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---------------------------------------------------------------------------------------------------

4 Generalities

»» Perturbative QCD breaks down at scales around | GeV

% Non-perturbative models: from partons to hadrons
* Cannot be computed from first principles

---------------------------------------------------------------------------------------------------

- - E m m OEOEOm W Om = om
C e E e s s s E .
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4 Generalities

»» Perturbative QCD breaks down at scales around | GeV

% Non-perturbative models: from partons to hadrons
* Cannot be computed from first principles

---------------------------------------------------------------------------------------------------

C e E e s s s E .

---------------------------------------------------------------------------------------------------

4 Two main hadronisation models
’x‘ The Lund String mOdeI [ Andersson, Gustafson, Ingelmanm & Sjostrand (PR’83) ]

- E e Emm

®* The cluster model rwebber (NPB84)]
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New physics simulations at colliders Benjamin Fuks - 30.01.2020 - 52



---------------------------------------------------------------------------------------------------

4 Generalities

»» Perturbative QCD breaks down at scales around | GeV

% Non-perturbative models: from partons to hadrons
* Cannot be computed from first principles

---------------------------------------------------------------------------------------------------

- - E m m OEOEOm W Om = om
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---------------------------------------------------------------------------------------------------

4 Two main hadronisation models
’x‘ The Lund String mOdeI [ Andersson, Gustafson, Ingelmanm & Sjostrand (PR’83) ]

- mmomomom g,
- E e Emm

®* The cluster model rwebber (NPB84)]

---------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------

4 Hadron decays
* Thousands of different channels
% Based on form factors
¢ Large uncertainties (the sum of the branching fractions may not be |)
* Significant impact on the event shape

---------------------------------------------------------------------------------------------------
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§The QCD potential of a qq pair grows linearly with the distance
< As calculated by lattice QCD _
< As calculated from quarkonia masses > wE -

o

1 -

i F'.'I

New physics simulations at colliders

a

‘u"llFE'] = Vg + K - ‘-‘_.'.H + ‘i._"l-'-'!:

B

---------------------------------------------------------------------------------------------------------------
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§The QCD potential of a qq pair grows linearly with the distance

New physics simulations at colliders

< As calculated by lattice QCD R
. % As calculated from quarkonia masses F ok P |
E : P E
4 Linear growth ~ uniform string tension ol ﬂ#ﬁ
.« Connects the colour charges 07 | P
. <At large distance 05 i
* More favorable to create a new pair . s f
: * The string is broken into hadrons 74 :
o -?r O WR) =V, + KR —e/R + /R
E UJEI IHEI|H'1|:HI1|5H':I|:'”:-IJ E
i — —
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--------------------------------------------------------------------------------------------------------

4 Relies on pre-confinement

¢ Colour singlets formation

~ From partons close in phase space

~ Non-perturbative gluons splitting in qq pairs
< Clustering of colour-adjacent partons

D R R

--------------------------------------------------------------------------------------------------------
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4 Relies on pre-confinement

¢ Colour singlets formation

~ From partons close in phase space

~ Non-perturbative gluons splitting in qq pairs
< Clustering of colour-adjacent partons

4 Heavy clusters decay into light clusters

4 Clusters decay into / radiate hadrons
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-----------------------------------------------------------------------------------------------------------------------

. 4 Tools connecting an idea to simulated collisions :
“* QCD environment :
Idea / Lagrangian *
. * * :
: * Underlying event :
: FEYNRULES / SARAH / LANHEP/ UFO :
Matrix Parton
E Element — showers B ,
Generator Hadronisation
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4 Generalities: n independent secondary interactions

< n follows a Poisson distribution with mean given by

(n) = o(pr > pp™)

= with Oinc being the total inclusive cross section
Oincl

T E E E EE SRS .
L L L

-------------------------------------------------------------------------------------------------------
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4 Generalities: n independent secondary interactions

< n follows a Poisson distribution with mean given by

(n) = o(pr > pp™)

= with Oinc being the total inclusive cross section
Oincl

T E E E EE SRS .
L L L

-------------------------------------------------------------------------------------------------------
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. 4> Modelling of the secondary interactions :
: * Extra interactions = perturbative collision ® non-perturbative form factor :
< Factorised from the hard-scattering process 5
:‘ * Loss of colour correlations ;

------------------------------------------------------------------------------------------------------
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4 Generalities: n independent secondary interactions

< n follows a Poisson distribution with mean given by

_o(pr > pp™)
(n) = ,
Jincl

with Oinc being the total inclusive cross section

T E E E EE SRS .
L L L

------------------------------------------------------------------------------------------------------

. .

4 Modelling of the secondary interactions
* Extra interactions = perturbative collision ® non-perturbative form factor

< Factorised from the hard-scattering process
* Loss of colour correlations

I’/\ >
— | N
| > >

v

ISR

ISR dn/dy
jet
prim. int. mult. ints.
/ underlying |event \
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— p | . .
_ J
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---------------------------------------------------------------------------------------------------

A comprehensive approach for Monte Carlo simulations
Implementing models into Monte Carlo event generators
From models to hard-scattering events
Parton showers, hadronisation & underlying event
Summary
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ldea Simulated Event

Lagrangian collisions analysis
Chain of Other
tools tools

L= Lsm
+ Tr[D,ATDMA]

—YAL-AL+He.

= Vip,A)

4 Collider event simulation is a complex process

® Nature allows us to break it into factorisable pieces ~ simulations step-by-step
* Hard scattering
* Parton showers

* Hadronisation
* Underlying event Automated tools to handle
each piece, for any model

l
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* Detector simulation (not covered here)
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