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BSM phenomenology

Amplitudes

MARTY

Lagrangian

Cross-sections
Widths

Effective
coefficients

Model dependent 0
Analytical calculations .
Tedious and error-prone

. Numerical calculations
. Widely-used existing codes

(Mostly) model independent

Flavor physics

Precision
physics

Higgs physics

Dark matter
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Present ecosystem

FeynRules' ‘
w Lagrangian Il SARAH ! Feynman Rules
LanHEP
* Efficient and well-known codes
C Many diStinCt COdeS l Feynman Diagrams
e Several userinputs WFeY"ma" rules Tree amplitudes
* Mostly dependent on Mathematica 1-loop amplitude‘*
Operator data
Lagrangian

! Wilson coefficients |
FormFlavor
4




MARTY Generalities




The MARTY Pipeline
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P S » Automatic GRAFED Mz « Feynman diagrams !
USER ‘I « Symbolic XFeynman Diagram( « Amplitudes 1
i I e 1-loop Generation) « Cross-sections |
I )\ « Wilson coefficients
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M MARTY Script . 2 1
I (C++ language) MARTY's core .
Model Building 2 1
i Quantum Field Theory )
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,' Model-building “ " Calculations “
I I .
I« 4D Flat space-time (Minkowski) I |« Squared amplitudes, Wilson Coefficients |
: e Spin representations : :  Upto 1-loop (fully automated) :
|  Spin 0: (pseudo)-scalars | | |
I e Spin'2:Weyl, Dirac, Majorana I I + Indexcontractions I
: * Spin 1:Vectors : I« Dirac and gauge group algebra/traces :
i * Gauge groups | : * Equations of motion |
| e Semi-simple Lie groups SU(N), SO(N), Sp(N) |  * Tensorreduction, master integrals |
\\ * Exceptional Lie groupsE, F, G /I \\ * Abbreviations to speed up calculations /l
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Numerical libraries

Main output of MARTY

Translate analytical results into C++
functions

Only scalar expression

e Squared amplitudes
* Wilson coefficients

Self-contained library
* Spectrum generator
* Numerical phase-space integration

BSM
Lagrangian

Model-
independent
calculation

I

BSM scenario
(input parameters)

I

o4 %4
MARTY C++ pumerlcal
library

J,

Numerical 1-loop
theoretical quantities



Documentation https://marty.in2p3.fr

‘ MARTY e LEARN o DOWNLOAD e PUBLICATIONS e CONTACT

MARTY o LEARN o DOWNLOAD e PUBLICATIONS @ CONTACT

A Modern ARtificial Theoretical phYsicist

Basics of MARTY

Prmaple A user new to MARTY may get started with the code following a first sample program written with it. This
. . . . example is rather simple but also complete, as it demonstrates how to build a model from scratch, making a
x:ﬁz\z;ysy:ht;::'; cir:r:itjtt;gnztog;:zlistzzce::'“zec?ozt squared amplitude calculation in it and generate the C++ numerical library used to scan the parameter space.
sections, and Wilson coefficients in a large variety of Beyond m A
the Standard Model (BSM) models. All computations are ""':g: Symbolic Get started
automated and symbolic. y @ COMPULATION )
PN Learn the basics
MARTY is composed of three modules. Its core, containing all Group
the physics ; CSL (C++ Symbolic computation Library) that i
allows to manipulate mathematical expressions symbolically MARTY
; and GRAFED (Generating and Rendering Application for .
FEynman diagrams) that generates and displays Feynman E The phySICS Pa rt
diagrams.

. . . . . The manual is simple, comprehensive, and contains many sample codes that show how to use MARTY. The
Discover its features more in detail in the documentation. ; i 3 3 $ p 3 ! 2 e
documentation is more detailed and interactive. In particular, all main objects, functions and variables of
MARTY are discussed in it wheareas the manual presents more general features. A user new to MARTY should
start with the manual.

Manual The documentation
Detailed features and methods Interactive reference



https://marty.in2p3.fr/

Selection of results
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Validation principle

Gallery of the possible applications of MARTY

Only known examples from the literature

Squared amplitudes and Wilson coefficients

* Tree-level and one-loop results

Fully simplified results

* Straightforward generalization to other BSM scenarii

* Allthe code for these examples can be downloaded from MARTY’s website
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Vector boson scattering and Unitarity
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Conclusion

Clear and growing need for automated calculations in generic BSM scenarii
MARTY can contribute to this need

Unique C++ program, Mathematica-independent
High-level Model Building features

Fully automated one-loop, 5 legs calculations

Validated on very diverse examples

Embedding within broader pipelines

Dark matter : DarkPack
Flavor physics : Hyperiso (still in dev)



Thanks !
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Motivations

Problem:
How to verify if a given BSM model can describe some dark matter

observables...
...and how do cosmological assumptions influence dark matter prodution?
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observables...
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Motivations

Problem:

How to verify if a given BSM model can describe some dark matter
observables...

...and how do cosmological assumptions influence dark matter prodution?

At the very basis, we need: To compute:
. . . = Colliders
Cross sections Relic density 2
. - I N
Decay rates Direct and indirect 3
Matrix elements detection observables E X"
maybe at 1 Ioop Collider observables A Indirect detection
UNIVERSITY

OF OSLO



DarkPack’s philosophy
DarkPACK is conceived to have a unique and modular workflow

Unique
Lagrangian density — amplitudes,.. — DM observables
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DarkPack’s philosophy
DarkPACK is conceived to have a unique and modular workflow

Unique
Lagrangian density — amplitudes,.. — DM observables

Modular

Possibility of stopping at any point of the chain...

...to link it with external software

Object-oriented structure — more ease in writing custom functionalities
New: detailed documentation with doxygen from the next version

References: (M.P., A.Arbey, N.F.Mahmoudi, CPC) user manual
(M.P,, thesis) full reference
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MARTY (Recap)

With MARTY the user can:
Write a Lagrangian symbolically in a C++ source file
By defining the gauge symmetries of the model
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MARTY (Recap)

With MARTY the user can:
Write a Lagrangian symbolically in a C++ source file

By defining the gauge symmetries of the model
By defining the fields of the model

By adding potential terms

By performing SSB if that's in the model

Symbolically get quantities such as

¥ M), T
Wilson coefficients
Feyman diagrams
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MARTY (Recap)

With MARTY the user can:
Write a Lagrangian symbolically in a C++ source file

By defining the gauge symmetries of the model
By defining the fields of the model

By adding potential terms

By performing SSB if that's in the model

Symbolically get quantities such as

3 IMJ%, T
Wilson coefficients — up to 1 loop level
Feyman diagrams

Output those results in a numerical C++ library

UNIVERSITY
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How to get DarkPACK

DarkPACK and its documentation can be downloaded at
https://gitlab.in2p3.fr/darkpack/darkpack-public

(2211.10376 M.P., A.Arbey, N.F.Mahmoudi)

For this workshop, we'll use the pre-release of the next version here:

https://github.com/marco-palmiotto/darkpack-cmake-public

UNIVERSITY
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https://gitlab.in2p3.fr/darkpack/darkpack-public
https://github.com/marco-palmiotto/darkpack-cmake-public

How it works

y
(

DarkPACK's libraries

- Model-agnostic functions
- Model-dependent functions
- Programs source files

p

bsm.cpp lib_generat&sh’/ bsm2to2 )
1ib_copy.sh
- Model definition - barebone
- Symbolical expressions quantities
A

for amplitudes
- Symbolical expressions
for the decay widths

UNIVERSITY
OF OSLO

D\

Cmake

dp_bsm2to2

- Interactive structure to
compute basic quantities
- Improved input handling

- Additional ?Igorithms

- Computation of the relic density
- Computation of <ov>
- Running of the SM parameters

Link the library
with other tools



Capabilities’ overview
Observables:
SIMPAT —  @LOif< 1-loop
Wes (ov) — improved stability at low T

Qh?> — from SuperIso Relic
— well-tested, reliable in MSSM, NMSSM

— allows for modified cosmology
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Capabilities’ overview
Observables:
SIMPAT —  @LOif< 1-loop
Wes (ov) — improved stability at low T

Qh?> — from SuperIso Relic
— well-tested, reliable in MSSM, NMSSM

— allows for modified cosmology
Implementation:

user-friendly

unique and modular framework

tailored performance

no external dependencies, except the ones of
MARTY

UNIVERSITY
OF OSLO



Capabilities’ overview

Observables: released MSSM
SIMAT — @LOif<1-loop performance
Weffz, (ov) — improved Stab.l|lty atlow T consistency
ihwelI-t—e>stecfi':?ererlliastl)llg?§Il\igSIP\l/léll\Tl\(;ISSM released "scalar” model
— allows for modified cosmology stability
Implementation: ease of use
Next:

user-friendly
unique and modular framework
tailored performance

no external dependencies, except the ones of
MARTY

UNIVERSITY
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new models
submodule for
parameter space
sampling



Example: W in the MSSM

Wea

10° ‘ ]

DarkPACK
SuperlIso

—_
S
Y
[T

0.5 0.6 0.7 0.8 0.9 1
VA(TeV)

UNIVERSITY
OF OSLO



Example: (ov) in the “scalar” model

my=2TeV, my = 4.4TeV, gy = gr=0.3

1.00e-08

LD
Jr

—g R+ ), ok o
fe{SMfermions} ; L00e12
¢ parity-even scalar mediator

x Dirac fermion

1.00e-16

1.00e-06 1.00e-05 1.00e-04 1.00e-03 1.00e-02 1.00e-01 1.00e+00 1.00e+01 1.00e+02
Timy

UNIVERSITY
OF OSLO



Questions we would like to answer

What is the impact of modified cosmology on DM relic density?

Can sampling the parameter space be easier if we know more about each
species’ abundance?

How much do thermodynamical assumptions influence the DM
abudance?
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Questions we would like to answer

What is the impact of modified cosmology on DM relic density?

Can sampling the parameter space be easier if we know more about each
species’ abundance?

How much do thermodynamical assumptions influence the DM
abudance?

N
ni + 3Hn; = — Z Z [(GVMm1>/j—>abninj - <GVMn1>ab—>/jnanb] +

Jj=1 ab

- Z Z [(OViadia—sjphifa = (OVaa)jp—ialip |+ = 1+ 3Hn = (GVy) (n2 + nfq)
Jj#i a,b

- Z Z [<ri—>jab> (ni —n%") — (E‘-ﬂab)(”j - nfq)]
Jj#i ab
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Modified cosmology: energy density

It is possible to modify the energy density:

P = Pacom + Pp

Among the various possibilities, pp(T) can be:

parametrised
taken from a table of values defined by the user

UNIVERSITY
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Modified cosmology: entropy density
It is possible to modify the entropy density:

S =SmnatTSD

With 3 scenarios:
1. Standard entropy injection (X, given)

rad - 3Hsrad + Zr

this modifies the relation betweentand T
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It is possible to modify the entropy density:

S =SmnatTSD

With 3 scenarios:
1. Standard entropy injection (X, given)

rad - 3Hsrad + Zr

this modifies the relation betweentand T
2. Dark entropy production (sp # 0 given, can overlap with 1)
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Modified cosmology: entropy density
It is possible to modify the entropy density:

S =SmnatTSD

With 3 scenarios:
1. Standard entropy injection (X, given)

rad - 3Hsrad + Zr

this modifies the relation betweentand T
2. Dark entropy production (sp # 0 given, can overlap with 1)
3. Dark entropy injection (£p # 0 given, can overlap with 1)

=-3HS.q + X+ Xp
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Development roadmap

Releasing new models

Improving the model-agnostic algorithms
Colliders

:X ~_ /SM
X ~ \SM

Indirect detection

Native functions for indirect searches
— required amplitudes already provided
— already possible to link it with external software

More general forms of the Boltzmann equation

— Solving a system of equations: one for every species
— Supporting models with multiple DM candidates

— Considering more general scenarios, i.e. freeze-in

Direct detection

Native functions for direct searches
— MARTY provides Wilson coefficients

UNIVERSITY
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Before the tutorial session

If you want to follow the tutorial session, and you have not installed the
dependencies yet, I recommend you to

Or go on the workshop’s github page and install them locally

Or proceed with the container-based setup. You will only need:

1. Docker
2. Visual Studio Code
3. The devcontainer extension for VScode
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Thank you for the attention!
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