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. 4> Path towards the characterisation of new physics

* Fitting and interpreting deviations

*Predictions of associated signatures/signals
~ Monte Carlo simulations play a key role

4 Final words on any potential new physics at the LHC

< Accurate measurements ® precision predictions (NLO QCD + PS)
: ~ Monte Carlo simulations play a key role

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

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

. 4 New physics is standard in the simulation tools

¢ 20-25 years of developments ~ LO simulations are bread and butter
. % Simulations at the NLO accuracy in QCD can be easily achieved
E * For any model/process ~ the MADGRAPH5 aMC@NLO framework :

-------------------------------------------------------------------------------------------------
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Idea / Lagrangian

|

FEYNRULES / UFO

Matrix
Elements

!

Collider observables

|

Phenomenology
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Idea / Lagrangian 4 Model building: from Lagrangian to tools
l * FEYNRULES @& MOGRE @& NLOCT ~ UFO @ NLO
| ¢ General on-shell renormalisation scheme

[ Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ; Degrande (CPC’15) ]
FEYN RULES / U Fo [ Degrande, Duhr, BF, Mattelaer & Reither (CPC’12) ]

[ Frixione, BF, Hirschi, Mawatari, Shao, Sunder & Zaro (JHEP 19) ]

Matrix
Elements

!

Collider observables

|

Phenomenology
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Idea / Lagrangian 4 Model building: from Lagrangian to tools
l * FEYNRULES @& MOGRE @& NLOCT ~ UFO @ NLO
| ¢ General on-shell renormalisation scheme

[ Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ; Degrande (CPC’15) ]
FEYN RULES / U Fo [ Degrande, Duhr, BF, Mattelaer & Reither (CPC’12) ]

[ Frixione, BF, Hirschi, Mawatari, Shao, Sunder & Zaro (JHEP 19) ]

4 Hard scattering

Matrix
Elements * Feynman diagrams, matrix elements
*MG5aMC ~ predictions at LO/NLO
l [ Alwall et al. (JHEP’14) ]

Collider observables

|

Phenomenology
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Idea / Lagrangian 4 Model building: from Lagrangian to tools
l * FEYNRULES @& MOGRE @& NLOCT ~ UFO @ NLO
| ¢ General on-shell renormalisation scheme

[ Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ; Degrande (CPC’15) ]
FEYN RULES / U Fo [ Degrande, Duhr, BF, Mattelaer & Reither (CPC’12) ]

[ Frixione, BF, Hirschi, Mawatari, Shao, Sunder & Zaro (JHEP'19) ]

4 Hard scattering

Matrix . .
Elements * Feynman diagrams, matrix elements
“*MG5aMC ~ predictions at LO/NLO
l [ Alwall et al. (JHEP’14) ]
Collider observables " 4 Collider phenomenology with MG5_aMC
| “* Matching matrix elements with parton showers
| < Simplified treatment of the resonances (MADSTR)
PhenomenOIOgy [ Frixione, BF, Hirschi, Mawatari, Shao, StEr:II::'a;: ;taztl; 8:::::;; }
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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)

N mEEEEEEEEEEEEEEEEEEEEEEEEEENEBESEESEEs =

---------------------------------------------------------------------------------------------------------------
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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)

N mEEEEEEEEEEEEEEEEEEEEEEEEEENEBESEESEEs =

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

4 Why a chain of several tools?

“*Phenomena at colliders occur at different scales ~ factorisation

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

ommEm---
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. 4 Hard process 5
: - “q . :
B . % Depends on the physics ;
g X model (SM, BSM,...) :
1 4 . 1
;g ®. ¥ < Perturbative QCD 5
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. 4 Hard process
g . \,"; ‘?/ ‘7‘7@7' % Depends on the physics
g ® '@ model (SM, BSM,...) 5
g & ¥ o Perturbative QCD
L« S - :
' 4 Parton showering
* Universal (QCD) :
>0
Proton
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"\ 4 Hard process
. < Depends on the physics
model (SM, BSM,...)

v¥ % Perturbative QCD

[A SHERPA artist 1

' 4 Parton showering
b % Universal (QCD)

| | 4 Hadronisation

e« ll ¢ Model-based, universal

4 Underlying event

LY < Model-based, non-universal

l‘-:" = e

i
|
|
I

|
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¥ < Model-based, non-universal |

— =

4 L. \ 4 Hard process
f.g ,"; ‘4’/, "‘2/14'/.‘ P .« Depends on the physics
K Y 9% 7 @e '
E \-—/ /// : JZ&// “ m0d6| (SM, BSM,. . .) E
: " H7 % Perturbative QCD 5
< — — :
' 4 Parton showering :

¥ ¢ Universal (QCD) :

| 4 Hadronisation E

°*-@ i Doy, | 4 o | , :
u“ | \ ﬁ oy, 1T o.:%] * Model-based, universal :
| *-yVYJ Q0 | O . :
- ' f; 4 4 Underlying event 5
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= | . s tde 7
. <+ TeV scale: hard scattering (new physics?) A ,@ %ﬁ«\{h, :
+ %*Down to Agcp: QCD environment Talk by L. Gellersen R et NV SN
! P -”;%iw'* g/ A s | Ry S8 :
: . . . =t S Y 0@, /| —o '
. *#Down to sub-MeV:interactions with a detector  py pp i e | B
' .... ------ —. E
5 Tools and methods for each step "\\ NS :
: 5 ST e :

---------------------------------------------------------------------------------------------------------------
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Models Matrix elements

. 4 Multi-scale problem ~ factorisation g Wi l
: : : g Chomaatd O

. % TeV scale: hard scattering (new physics?) 5 e %’@%‘/\”

' G ey e N\ g2t

+ »Down to Aacp: QCD environment Talk by L. Gellersen S e ) A
: et e B et | e
i *#Down to sub-MeV:interactions with a detector 1, ,, gr T e
: - "" ....... e
: Tools and methods for each step “\\ﬁf Yo :
: T :

*Tools development: a very intense activity
< Matrix-element generation (CALCHEP, HERWIG, MG5_ AMC, SHERPA, WHIZARD, etc)

< Higher-order computation techniques (MC@NLO, POWHEG, NNLO)
< Parton showering / hadronisation (PYTHIA, HERWIG, SHERPA)

< Matrix element - parton shower matching
< Merging techniques (MLM, CKKW, FxFx, UNLOPS, etc.)
< Detector simulators (DELPHES, RIVET, MADANALYSIS 5) ;

Benjamin Fuks - 18.11.2019 - 7
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. 4 Standard Model simulations under good control
% Relevant LHC processes: known with a very good precision Talk by A.
. *#Further improvements expected in the next few years SEY

---------------------------------------------------------------------------------------------------------------
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. 4> Standard Model simulations under good control
% Relevant LHC processes: known with a very good precision Talk by A.
. “*Further improvements expected in the next few years Shivaji

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

T e e ss -

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

. 4 Different challenges for new physics e
**No sign of new physics 5

¢* SM-like measurements
~ no leading candidate theory

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

Despite of this, nhew
physics is standard today

Little Higgs

Talks by K. Mawatari, K. Mimasu & R. Ruiz

----------------------------------------------------------------------------------------------------------------
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¢ .

Idea / Lagrangian “* Model bu”ding

) * FEYNRULES, LANHEP, SARAH
. % UFO

FEYNRULES / SARAH / LANHEP / UFO
% Matrix element generation
/ * CALCHEP, HERWIG++, MG5  AMC, SHERPA,

WHIZARD, ...

Matrix _ Parton _, _ Detector 5
Elements showers Reconstruction = ¢ QCD environment
Hadronisation % HERWIG, PYTHIA, SHERPA
v <% Detector simulation
Simulated collisions % DELPHES / PGS

% RIVET / MADANALYSIS 5

v

Analysis ¢ Event analysis

* RIVET / MADANALYSIS 5

O E M R M R B R M RN BN RN BN RN M RN BN BN BN BN BN BN BN BN BN BN BN BN BN RN BN BN BN RN BN RN BN BN BN BN BN RN BN BN BN BN B M R RN M RN M M M M M M W oy
N o W M W M W M W M W M W M M M M M M M M M RN M RN M BN RN RN M RN M RN M BN M RN M M M M M M M M M M M M M M WM W Emmm
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L4 .

< Model building

) % FEYNRULES, LANHEP, SARAH
. % UFO

FEYNRULES / SARAH / LANHEP / UFO
% Matrix element generation
/ % CALCHEP, HERWIG++,MG5_ AMC, SHERPA,

WHIZARD, ...

Idea / Lagrangian

Matrix _ Parton _, _ Detector 5
Elements showers Reconstruction : % QCD environment
Hadronisati |
seremanen % HERWIG, PYTHIA, SHERPA
v - % Detector simulation
Simulated collisions -~ % DELPHES / PGS

% RIVET /(MADANALYSIS 5

v

Analysis ¢ Event analysis

% RIVET /(MADANALYSIS 5

O E M R M R B R M RN BN RN BN RN M RN BN BN BN BN BN BN BN BN BN BN BN BN BN RN BN BN BN RN BN RN BN BN BN BN BN RN BN BN BN BN B M R RN M RN M M M M M M W oy
N o W M W M W M W M W M W M M M M M M M M M RN M RN M BN RN RN M RN M RN M BN M RN M M M M M M M M M M M M M M WM W Emmm
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L4 .

< Model building

) % FEYNRULES, LANHEP, SARAH
. % UFO

FEYNRULES / UFO
% Matrix element generation

— * CALCHEP, HERWIG++,MG5 AMC, SHERPA,
WHIZARD, ...

% QCD environment
% HERWIG, PYTHIA, SHERPA

Idea / Lagrangian

** Detector simulation
% DELPHES / PGS
% RIVET /(MADANALYSIS 5

< Event analysis
* RIVET /(MADANALYSIS 5

O E M R M R B R M RN BN RN BN RN M RN BN BN BN BN BN BN BN BN BN BN BN BN BN RN BN BN BN RN BN RN BN BN BN BN BN RN BN BN BN BN B M R RN M RN M M M M M M W oy
N o W M W M W M W M W M W M M M M M M M M M RN M RN M BN RN RN M RN M RN M BN M RN M M M M M M M M M M M M M M WM W Emmm
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5* How to implement a new physics model in a Monte Carlo program?
i % Definition: particles, parameters & vertices (= Lagrangian)
~ translated in some programming language
. * Tedious, time-consuming, error prone A
. * Beware of restrictions/conventions -V@'%‘F-V(@ :

--------------------------------------------------------------------------------------------------------------
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Introduction Matrix elements Summary

5* How to implement a new physics model in a Monte Carlo program?
. % Definition: particles, parameters & vertices (= Lagrangian) Vo LS
~ translated in some programming language e |
5 * Tedious, time-consuming, error prone QMMC-”
i * Beware of restrictions/conventions @*"?«F‘% :
* Highly redundant (each tool, each model) 5
: * No-brainer tasks (from Feynman rules to codes) :
Systematisation
5 Automation 5

--------------------------------------------------------------------------------------------------------------
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[ Christensen & Duhr (CPC ’09); Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ]

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

4 The FEYNRULES platform (since 2009) o

. . . [ Degrande ]
< From Lagrangians to files in a programming language

* Automatic

< Very few limitations
* Higher-dimensional operators all supported
* Spins: up to 2
* Colour structures: 1, 3,6,8

—--------------------------------
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[ Christensen & Duhr (CPC ’09); Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ]

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

4 The FEYNRULES platform (since 2009) ‘E
: [ Degrande ] [ \7”\ E
. *%*From Lagrangians to files in a programming language g - :
: * Automatic
< Very few limitations
: * Higher-dimensional operators all supported
: % Spins: up to 2 5
E * Colour structures: I, 3,6, 8
*Worklng environment: MATHEMATICA
: ~  Flexibility, symbolic manipulations, design of new methods, etc.
* Many built-in methods (superspace, spectrum, decays, NLO, etc.) :
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[ Christensen & Duhr (CPC ’09); Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ]

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

4 The FEYNRULES platform (since 2009) E
: . . . [ Degrande ] ! \7”\ E
. *%From Lagrangians to files in a programming language g :
: * Automatic
i+ Very few limitations
: * Higher-dimensional operators all supported
: % Spins: up to 2 5
E * Colour structures: I, 3,6, 8
*Worklng environment; MATHEMATICA :
: ~  Flexibility, symbolic manipulations, design of new methods, etc.
5 * Many built-in methods (superspace, spectrum, decays, NLO, etc.) :
5 sl
;% Interfaced to many Monte Carlo tools - I
: * CALCHEP, FEYNARTS, WHIZARD (more previously) O B v
: * More UFOs (HERWIG++, MG5AMC, SHERPA, VWHIZARD, ...) \(’i? 'S //A -
; 422 L = (EEEe gy :
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[ Christensen & Duhr (CPC ’09); Alloul, Christensen, Degrande, Duhr & BF (CPC’14) ]

Model
A
TEX output Feynman rules
— —
[Duhr, BF (CPC’11); BF (I]MPA’12) ]
[Alloul, D’Hondt, De Causmaecker, BF,
ofe Rausch de Traubenberg (EPJC ’13) ]
Translation

e [Alwall, Duhr, BF, Mattelaer, Oezturk, Shen
interfaces (CPC16)]

The UFO

[ Degrande, Duhr, BF, Grellscheid, Mattelaer, Reiter (CPC ’12) ] [Degrande (CPC15) ]

Computational tools

* Whizard interface: Christensen, Duhr, BF, Reuter, Speckner (EP)JC ’12)
A Support for spin 3/2: Christensen, de Aquino, Deutschmann, Duhr, BF, Garcia-Cely, Mattelaer, Mawatari, Oexl, Takaesu (EPJC’13)
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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

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

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

§One format to rule them all!

Simulated Event

collisions analysis
Chain of Other

tools tools

|dea
Lagrangian

T EE EE RS sEEEE S S S S S s S EE S 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

** This module contains all the model information
% Generic colour and Lorentz structures

e OE O E E EEEE NN NN W NN W NN NN NN W W EEE

% Consists of a set of PYTHON files to be linked to any code

% Can be employed for next-to-leading order calculations

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

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

" 4 The UFO is now a standard

ALOHA GOSAM HERWIG ++ MADANALYSIS 5 SHERPA

MADGRAPH5 aMC@NLO WHIZARD LANHEP SARAH

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

L L L E N R
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--------------------------------------------------------------------------------------------------------------------

4 The UFO is a set of PYTHON files

< Factorisation of the information: particles, interactions, parameters, NLO, etc.
4 Example

[fuks@Benjamins-MacBook-Pro-3 ~/Work/tools/FeynRules/trunk/models/SUSYQCD UF0$)/ 1s

CT_couplings.py SUSYQCD_UFO.log couplings.py i :
CT_parameters.py | __init__.py function_library.p ver't1ces py

CT_vertices.py coupling_orders.py) (lorentz.py particles.py write_param_card.py
L fuks@Benjamins-MacBook-Pro-3 ~/Work/tools/FeynRules/trunk/models/SUSYQUD_UF0$]

Interactions Particles

- E E E E W EEEEEEEEESEEEESESEE&DEDEEEEE DRSS E RS s

~-------------------------------------------

--------------------------------------------------------------------------------------------------------------------
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4 Particles = instances of the particle class e e
. . . . ti - ! |'

* Attributes: spin, colour representation, mass, width, etc. ST
color = 8,

% Antiparticles automatically derived mass = Param.Mgo,
width = Param.Wgo,
texname = 'go’,

. antitexname = 'go’,
4 Parameters = instances of the parameter class charge = 0)

% External parameters: Les Houches-like structure
* PYTHON-compliant formula for the internal parameters

aS = Parameter(name = 'aS’',
nature = 'external',
type = 'real’,
value = 0.1184,|
texname = '\\alpha _s',
lhablock = 'SMINPUTS',
lhacode = [ 3 ])

G = Parameter(name = 'G',
nature = 'internal’,
type = 'real’,
value = '2xcmath.sqrt(aS)xcmath.sqrt(cmath.pi)’,
texname = 'G")

~.-----------------------------------------------------

--------------------------------------------------------------------------------------------------------------------
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--- oy

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

93\ 99)
@&&\ 9999 igg falagbfba3a4 (pfakaphais _ phips plzia)
Z@Z 4 ’L'gg falasbfba2a4 (pHaiaphats _ pHipz plisia)
666 \er + igg fa1a4bfba2a3 (nmmnuam _ nuluznusm)
Q %
(S 2

o W B M M M M M M M M M M M M M M M M M M M M M M M M M M M M W M WM MW EEEEEEEES-
-------------------------------
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E 4 Decomposition in a spin x colour basis (coupling strengths = coordinates) :
Db Example the quartic gluon vertex :
2 S
: @2&\ 9999 ig2 2 parazb phagas (nHiHapheis _ pHitsplzia) ]
E Z\@S + @gs falagbfba2a4 (nM1M4nM2M3 _ 77#1#2 n#B/M) E
1 ) !
E 6666 \Qeeo + igf fa1a4bfba2a3 (nM1M3nM2M4 _ n,ul,u2n,u3,u4) E
: (66 % :
b UFO version 5
2 Q) E
: %\ gggg (fal agbfba3a47 fal agbfba2a4, fal a4bfba2a3> :
@\@293 ig2 0 0 prkentets — gty
: 6666 \eeeo % 0 ig? .02 nHIRAH2Hs _ pH1R2plis i :
E (666 \eee’ 0 0 195 nul,u:s nM2M4 — nM1M2 n,u3,u4 E
: * 3 elements for the colour basis : :
. ) : Information encoded .
: * 3 elements for the spin (Lorentz structure) basis - :
: , in different files -
: * 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
§ /d4<1>n/ d vy + /d4<1>n+1 R i
: loop | E
i Virtuals: one extra power | Reals: one extra power :
: of O and divergent ) of O and divergent E
: Extra information :
! is needed E
: Talks by HS.Shao

---------------------------------------------------------------------------------------------------------------
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4 Dimensional regularisation: calculations in d = 4 - 2¢ :
% Divergences explicit (1/€2, |/¢) K,
< Reduction of tensor loop-integrals to scalar integrals '

4 The reduction must be performed in a d-dimensional sPace§

S W E EEEEEEEEEEEEEEEEEEE NN NS N &N

“* Numerical methods work in 4 dimensions -~ R; and R; terms S )
g T e :
/dde_ NEOD  ien T= 010 ;
DoD1 -+ Dy ¥ :
............................................................................ D-dim 4-dim  (-2¢)-dim [ Ossala, Papadopoulos, Pittau (NPB’07; JHEP’08) ]

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

Beyond the Standard Model physics - From Lagrangians to events Benjamin Fuks - 18.11.2019 - 20



Introduction Matrix elements Summary

4 Dimensional regularisation: calculations in d = 4 - 2¢ b :
% Divergences explicit (1/€2, |/¢) K,
< Reduction of tensor loop-integrals to scalar integrals '

4 The reduction must be performed in a d-dimensional spaceé ",

S W E EEEEEEEEEEEEEEEEEEE NN NS N &N

“* Numerical methods work in 4 dimensions -~ R; and R; terms . '
N g g B T
;/ddg__(’_) with £ =0 + /¢
DoDs -+ D1 Y ¥ o
............................................................................ D-dim 4-dm  (-2¢)-dim [ Ossala, Papadopoulos, Pittau (NPB’07; JHEP’08) ]
4 The R terms originate from the denominators Talk from O. Mattelaer

< Connected to the internal propagators

4 The R; terms originate from the numerator
“ Process-dependent contributions proportional to /2 UFO @ NLO
** Renormalisable theory: finite number of R;'s o ya "

* Seen as extra diagrams with special Feynman rules\(~ R, Feynman ru}lwesD

o

UV counterterms)

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

‘----------------‘
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Introduction Matrix elements Summary

Idea / Lagrangian

4 Model building: from Lagrangian to tools
! ~ *FEYNRULES @ MOGRE & NLOCT ~ UFO @ NLO

FEYNRULES / UFO ** 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) ]

Matrix 4 Hard scattering
Elements :

~ **Feynman diagram, matrix elements
l ~ ¥*MG5aMC ~ predictions at LO/NLO

[ Alwall et al. (JHEP’14) ]
Collider observables

|

Phenomenology

- M M M M M M M M M M M M M M M M M M M M W M M M MMM MW E W N W WM EE gy
N e o o  E o W W M M M M R B B AN BN R M M MM M M M M M M M M M M M M M M M M W W E N EEEEEEEEm®

------------------------------------------------------------------------------------------------------------------
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Introduction Models Summary
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Introduction Models Summary

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

4 Tools connecting an idea to simulated collisions
, '!‘ Hard scattering process _ :
Idea / Lagrangian . :
g * Feynman diagram and amplltude generatlon )
\ % Monte Carlo integration
FEYNRULES / UFO K Event generation
k H
Matrix
Element -
Generator

O E M R M R B R M RN BN RN BN RN M RN BN BN BN BN BN BN BN BN BN BN BN BN BN RN BN BN BN RN BN RN BN BN BN BN BN RN BN BN BN BN B M R RN M RN M M M M M M W oy
.

S Em o M BN N B B BN BN B BN BN BN BN B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN M M M B M M M M M M W W
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----------------------------------------------------------------------------------------------------------------

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

% Separation of both regimes through the factorisation scale yur
* Choice of the scale > theoretical uncertainties Talk by . Malconi

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

S R A L R LN
N EmEmEEEEEEEEEEEEEEEEEEEEEEEE e e ==
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----------------------------------------------------------------------------------------------------------------

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

% Separation of both regimes through the factorisation scale yur
Talk by F. Maltoni

S R A L R LN
N EmEmEEEEEEEEEEEEEEEEEEEEEEEE e e ==

* Choice of the scale > theoretical uncertainties

. 4 Short distance physics: the partonic cross section
.+ Calculated order by order in perturbative QCD: do = do© + a5 do(!) + .
% The more orders included, the more precise the pré'&'i'éfiéh'é ______________________________________________________________
: * Truncation of the series and s > theoretical uncertainties :
: Feynman diagrams
: (from UFOs) :
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---------------------------------------------------------------------------------------------------------------

4 Direct squared matrix element computations
'!° Extraction of the amplltude from the Feynman rules

- W O W N W N N NN N NN NN NN NN EEEEESS="”

N EmEEEEEEEEEEEEEEEEEEE .-
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4 Direct squared matrix element computations
°!° Extractlon of the amplltude from the Feynman rules

- W O W N W N N NN N NN NN NN NN EEEEESS="”
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---------------------------------------------------------------------------------------------------------------

4 Direct squared matrix element computations

°!° Extraction of the amplitude from the Feynman rules
7,./\/1 = ng @} S [ ' ca2c1 0364 %M

Particles

- W O W N W N N NN N NN NN NN NN EEEEESS="”

N EmEEEEEEEEEEEEEEEEEEE .-
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4 Direct squared matrix element computations
°!° Extractlon of the amplltude from the Feynman rules
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Introduction

Models

Summary

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

4 Direct squared matrix element computations

'!° Extractlon of the amplltude from the Feynman rules

’!° Squarlng with the conjugate amplltude
% Algebraic calculation (colour and Lorentz structures)
< Sum/average over the external states

W—‘z 316 28928 1r [pl,},u%,yv} {pzﬂ#pzﬂ“}

169
952

(b1 p5)(2 1) + (01 - pa) (22 - p3)]

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

* Direct squared matrix element computations
'!° Extractlon of the amplltude from the Feynman rules

’!° Squarlng with the conjugate amplltude
% Algebraic calculation (colour and Lorentz structures)
< Sum/average over the external states

< The squared matrix element needs to be integrated  Talk by O. Mattelaer

----------------------------------------------------------------------------------------------------------------
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----------------------------------------------------------------------------------------------------------------
L4
[ ]
1
1
1

4 Direct squared matrix element computations

% Algebraic calculation (colour and Lorentz structures)
< Sum/average over the external states

f—— 1293 ___________________________________________ Lo

M= e [pn“%v } [pgmp 4%}

| B 169;1
- 9g2

[(P1 - p3) (P2 - p4a) + (1 - Pa) (2 'P3)}

< The squared matrix element needs to be integrated  Talk by O. Mattelaer

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

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

L d

< The complexity rises as N2

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

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

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

- - W WO OE W OEOEEEm O Om Wy

Beyond the Standard Model physics - From Lagrangians to events Benjamin Fuks - 18.11.2019 - 26



Introduction Models Summary

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

N mom Em E W W O E S O O M O O M O M M O M M M M MM MMM N EEEemmm 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

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

- - W WO OE W OEOEEEm O Om Wy

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

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

2.Wave function of the gluon propagator

N mom Em E W W O E S O O M O O M O M M O M M M M MM MMM N EEEemmm 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

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

- - W WO OE W OEOEEEm O Om Wy

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

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

2.Wave function of the gluon propagator

3. External outgoing particles

N mom Em E W W O E S O O M O O M O M M O M M M M MM MMM N EEEemmm 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

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

- - W WO OE W OEOEEEm O Om Wy

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

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

2.Wave function of the gluon propagator

3. External outgoing particles

N mom Em E W W O E S O O M O O M O M M O M M M M MM MMM N EEEemmm P
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: t~ 4 HELAS = HELicity Amplitude Subroutine :
: e N < One specific routine for each Lorentz structure (1) E
w1 = f(pr,ma) | < Not generic for any model :
. Vg = f(p27 m2) * SM [ Murayama,Watanabe & Hagiwara (KEK-91-11) ] E
E Uz = f(p37 mg) * MSSM [ Cho, Hagiwara, Kanzaki, Plehn, Rainwater & Stelzer (PRD 06) ] :
vy = [(pa,ma) * HEFT [ Frederix (2007) ]
E W = f(v2,u1,1'1) Y Spin gl [ Hagiwara, Kanzaki, Li &Mawatari (EP)JC 08) ] :
E ' : Y SP|n 3/2 [ Mawatari & Takaesu (EPJC’I1) ] "
L Sufficient for P— models .

---------------------------------------------------------------------------------------------------------------
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‘ < HELAS = HELicity Amplitude Subroutine :
: 7 N < One specific routine for each Lorentz structure (1) E
5 w1 = f(pr,ma) % Not generic for any model
E Vg = f(p27 m2) * SM [ Murayama,Watanabe & Hagiwara (KEK-91-11) ] E
" Uz = f(p3, m3) Y MSSM [ Cho, Hagiwara, Kanzaki, Plehn, Rainwater & Stelzer (PRD 06) ] E
: vy = [(pa,ma) * HEFT [ Frederix (2007) ] E
E W = f(v2,u1,1'1) * Spin ? [ Hagiwara, Kanzaki, Li &Mawatari (EPJC"08) ] :
. ' : Y SP|n 3/2 [ Mawatari & Takaesu (EPJC’I1) ] E
B Sufficient for many models |
" 4 Generalisation:ALOHA | [ de Aquino, Link, Malton, Mattelaer & Stelzer (CPC'12)] }
. < Translation of any vertex present in a UFO into a HELAS subroutine :
.« Any model supported in MG5_aMC@NLO E
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------------------------------------------------------------------------------

Analytical MeE (N!)? 109

Helicity M NI 2N 107

Recycling IV ) - A a0 :

------------------------------------------------------------------------------
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Introduction Models

Summary

4 Concrete BSM models

< Many additional new states
* Usually pair-produced
* Cascade-decaying into each other

% The lightest new state often stable
(cf. dark matter)

Is the simulation of 2-to-N processes
(with a large N) a problem?

T E EEEEEEEE S SRS SRR e e e ... e ==
N o m Em Em E OE OE W W W NN NN W NN EEEEEEENNNNNS S B
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Introduction Models Summary

4 Concrete BSM models

< Many additional new states
* Usually pair-produced
* Cascade-decaying into each other

% The lightest new state often stable
(cf. dark matter)

Is the simulation of 2-to-N processes
(with a large N) a problem?

.’
............................................................................................................

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

. 4 2-to-N matrix-element generation is possible
: ~ computationally challenging

. 4 The issue is the computing time
.+ Connected to the final-state multiplicity
% Diagrams with intermediate resonances dominate

4 Factorisation of the production from the decay
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Introduction Models Summary

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

§ Production and decay processes are factorised

% Propagators can be seen as sums of products of external wave functions

< Example for a vector resonance

. A
/ Propagation \

Production of Decay of the
. the resonance resonance

-------------------------.
Sy mm W BN NN BN BN BN BN BN BN BN BN BN BN BN NN BN BN BN BN BN BN BN BN BN BN BN BN B B I I I B B W S S S E E . W Emmm -
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---------------------------------------------------------------------------------------------------------------

§ Production and decay processes are factorised

% Propagators can be seen as sums of products of external wave functions

< Example for a vector resonance

. A
/ Propagation \

Production of Decay of the
. the resonance resonance

% Off-shell effects are lost (as a result of the factorisation)
* Resonance mass smearing: partial recovery [ Frixione, Laenen, Motylinksi, Webber (JHEP *07) ]

-------------------------.
Sy mm W BN NN BN BN BN BN BN BN BN BN BN BN BN NN BN BN BN BN BN BN BN BN BN BN BN BN B B I I I B B W S S S E E . W Emmm -
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-----------------------------------------------------------------------------------------------------------------

4 Case |:loss of spin correlations
¢ Helicity sums performed independently (production ® decays)

. PuPv - . * - . % Y
M = j* [mw - ;—2132 = il dye(N) {Z Jren(M D izes(N)|
A A

~--------------------------

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

4 Case |:loss of spin correlations
¢ Helicity sums performed independently (production ® decays)

. Pubv | s e , o
M=t [mw — —;2 ]92 =) jien(N) j¥en (M) {Z e D gxe. )]

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

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

| 4 Case 2:including spin correlations
5 % Keeping track of helicities 5
P % Reweighting according to decay matrix element (e.g. MADSPIN)'
M = Zjﬂg* ()\) Ve ()\) [Artoisenet et al. (JHEP’13) ]
P 1Ep\A) J28v A .
P \ * Using spin density matrices (e.g. HERWIG, SHERPA). :
' PR USSRRUROS: [ Richardson (JHEP ’01); Hoche et al. (EPJC’15) ] :

-----------------------------------------------------------------------------------------------------------------
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. 4 Two examples (dependent of the observable) 5
Angle between the leptons in the respective ~Invariant mass between decay products
; mother top rest frames originating from different cascade steps N
: — - : ;‘l T T 11 { T T l | ] T T 11 l T T I rrrrrrrri I T II—U E
' Spin correlations on ' 3 2 —— FullME 2; '
: * Soin ohin correlations off - @ | —— Correlated decays g
: pin correlations off (LO) A Uncorrelated decays . g :
: g L 16
: 5 055 2 b B
: & 3 T 1
: s | . 2 L ] :
: -8 0.5 =il U LTS T IR SO R S S Tt T . 2 — ] :
; b n ] :
" A 1 ] :
" 0.45 1 B . '
' Scalar Higgs My 5 '
: ol Lo Lo L e ey Ly L 90
. : : 0 50 100 150 200 250 300 350 400 '
: 0.4 ' : ' : m(d,u*) [GeV] |
: -1 -0.5 0 0.5 1 : ;
' cos(¢) :
: : : SHERPA @ LOJ LHCS8 ] :
: MADSPIN . pp—uu E
ttH production @ (N)LOQCD i — dxy — &AW = dxiuty,
[ LHCS, dileptonic tt decay] it = .. = aete {0 :
E [ Artoisenet, Frederix, Mattelaer & Rietkerk (JHEP’13) ] [ Héche, Kuttimalai, Schumann & Siegert (EPJC’15) ] E
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Introduction Models Matrix elements

Idea / Lagrangian

_ l 4 Event simulation is a complex process !
* Nature allows us to factorise it into pieces
* Event simulation is performed step-by-step
- | z
Matrix
: Elements
_ 4 This talk: Ist parts of the simulation chain |
l * Connecting models (Lagrangians) to tools
Collider observables % Generating squared matrix elements
l % Including the decays of heavy particles
Phenomenology
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