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Constraints on mediator-based dark matter and
scalar dark energy models using Vs = 13 TeV pp
collision data collected by the ATLAS detector
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Table 2: Details of the generation setup and Universal FeynRules Output (LFO) maodel used for the spin-1 mediator [1903.01400]
simplified models, for each signature considered in this paper.

Cross-

Modecl and Final S:atc UFO Generator and Parton Shower saction Additional dctails
Particle-leve! rescaling of lep-

Z(xx)+]j DMV |26, 170] PUWHEG-BUX V2 [171] + PyTHia 8.205 [172] NLO wphobic Z{  scenario  of
Ref. [26] (sez Appendix A.1)
Leptophobic Z, scenario sim-

' P) +y DMSimp [113, MG5_aMC@NLO24.3 (NLO) [174] + Pyiruia NLO ulated, other scenarios ob-
173] 8.212 tained by cross-section rescal-
ing (scc Appendix A.1)
Particle-level rescaling of LO
samples of Ref. [20] to each of
the four NLO scernarios (s2e
Appendix A.1)
Leptophaobic Z scenario sim-
nlated, other scenario oh-
Z"(qq) or Z'(gq)+ISK DMSimp MGS_aMC@NIL.O 223 (NLL) + Pyriwia 2100 NLO tained hy (ianssian resonance
limits and cross-section rescal-
ing [175]
Lepoplobic Z7, scenario si-
ulated, other scenario ob-
Z'(bh) DMSimp MG5_aMC@NLO 2.2.3 (NLO) + Pyrua 8.210 NLO tained by Gaussian resonance
limits and cross-section rescal-
ing [175]
Gaussian resonance l:mits and
cross section rescaling [175]
Particle level rescaling of
the topcolour assisted techni
colour samples of Raf. [176]
(se2 Appendix A.1)

Z'(x i) +V DMSimp MG5_aMC@NLO2.5.3 (NLO) 1 Pyria 8212 NLO

Z'(£6) DMSimp MG5_saMC@NLO 2.2.3 (NLO) NLO

Z' (1) DMSimp MG5_aMC@NLO 243 (LO) 1 Pyrmia 8.186  LO
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aaerm e take a BSM model (symmetry, particle contents,...), i.e. Lagrangian

+Re V@)
® derive the Feynman rules

® draw Feynman diagrams for interesting 2—2 processes
® compute the amplitude (squared)
® implement it into a generator manually
® generate events : :
° parton-shower/hadronisationHem& Lonn

® detector simulation

® analysis




® take a BSM model (symmetry, particle contents,...), i.e. Lagrangian
+ Rl V@) ,
® derive the Feynman rules
® make the model file (make subroutines to compute helicity amplitudes)
® draw Feynman diagrams for interesting any processes
e compute the amplitude (squared) MadGraph4
® generate events
® parton-shower/hadronisation Herwig, Pythia

® detector simulation

® analysis







The Hierarchy Problem and New Dimensions at a
Millimeter

Nima Arkani-Hamed*, Savas Dimopoulos** and Gia Dvalif

* SI AN Qitanfard TThnivraroitryr QtanfAard alifarnaa QOA2N0 TTQA

% Pvsilarge extra dimension model- 54
A\ €¢ ’»
~ ADD model
§ We propose a new framework for solving the hierarchy problem
which does not rely on either supersymmetry or technicolor. In this
: framework, the gravitational and gauge interactions become united at
the weak scale, which we take as the only fundamental short distance
v scale In nature. The observed weakness of gravity on distances > 1
lf>‘, mm 1s due to the existence of n > 2 new compact spatial dimensions
—_ large compared to the weak scale. The Planck scale Mp; ~ G&l/ % is
g‘ not a fundamental scale; its enormity 1s simply a consequence of the
d large size of the new dimensions. While gravitons can freely propa-
o0 gate in the new dimensions, at sub-weak energies the Standard Model
N (SM) fields must be localized to a 4-dimensional manifold of weak

In summary, there are many new interesting issues that emerge in our
framework. Our old ideas about unification, inflation, naturallness, the hi-
erarchy problem and the need for supersymmetry are abandoned, together
with the successful supersymmetric prediction of coupling constant unifica-
tion [12]. Instead, we gain a fresh framework which allows us to look at old

problems in new ways. Lagrangean parameters become parameters of solu-
tions and the phenomena that await us at LHC, NLC and beyond are even

more excitini and unforseen.
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HELAS and MadGraph/MadEvent with spin-2 particles

TKK = TKK - T12*(pvi(1)*pvZ(2) + pvi(2)*pv2(1))
T13*(ov1(1)*pv2(3) + pv1(3)*pv2(1))

- T14*(pvi(1)*pv2(4) + pvi(4)*pva(1))
123%(pv1(2)*pvZ(3) + pvi(3)*pvi(2))
124%(pv1(2)*pv2(4) + pvi(4)*pvi(2))
T34*(ov1(3)*pv2(4) + pvi(4)*pv2(3))

K. Hagiwara!, J. Kanzaki’*?, Q. Li*?, K. Mawatari*¢

'KEK., Theory Division and Sokendai, Tsukuba 305-0801, Japan
*KEK, Tsukuba 305-0801, Japan

3Institut fiir Theoretische Physik, Universitit Karlsruhe, Postfach 694
4School of Physics, Korea Institute for Advanced Study, Seoul 130-

Vertex Inputs Output Subroutine TKIVZ = TKIVZ - TI29CoviC1)*V2(2) & pvi(2)*V2(1))
SST SST Amplitude SSTXXX T13*(pviC1)*v2(3) + pvi(3)*v2(1))
ST S HSTXXX Ti4*(pvi(1)*v2(4) + pvi(H)*V2(L))
SS T USSXXX rZ3%(pvi(2)*v2(3) + pvi(3)*vi(2))
FFT FFT Amplitude I0TXXX T24*Cpvi(2)*v2(4) + pvi(a)*v2(2))
FT F PTIXXX, FTOXXX T34‘(nv1(3)‘v2(4) * pv1(4)‘v2(3))
— Fr il oLt TW = TW - T12*(VI(1)*V2(2) + vi(2)*v2(1))
VVT VVT Amplitude VVTXXX T13*(VICL)*V2(3) « vi(3)*2(1))
VT v JVTXXX T14*(vIC1)*v2(4) + vi(8)*v2(1))
\'AY T UVVIXX T23*(vi(2)*v2(3) + vi(3)*v2(2))
FFEVT FFVT Amplitude I0VTXX T24%(v1(2)*v2(4) + vi(8)*v2(2))
FVT F FVTIXX, FVTOXX T34*(V1(3)*v2(4) « vi(4)*v2(3))
i M JIOTXX TK2V1 = TK2V1 - T12%(v1i(1)*pv2(2) + vi(2)*pvZ(L))
VT VVVT Amprfit-udc TV Lo i
- , (vi(1)*pv2(4) « vi(4)*pv2(1))
VVT V JVVTXX T23*(v1(2)*pv2(3) + v1(3)*pv2(2))
\AAY T UVVVXX r24*(v1(2)*pv2(4) + vi(4)*pv2(2))
VVVWVWT | GGGGT | Amplitude GGGGTX T34*(vi(3)*pv2(4) + vi(4)*pv2(3))
GGGT G JGGGTX
felelele T UGCCCX vertex = (FE(1,1)-F4(2,2)-F£(3,3)-Ft(4,4))*( KIV2*K2V1 - VIV2*F )

+ F*TVV & VIVZ*TKK -

KZVI*TKIVZ - KI1VZ*TK2V1
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Graviton production with 2 jets at the LHC in large
extra dimensions

Kaoru Hagiwara,® Partha Konar,? Qiang Li,© Kentarou Mawatari? and Dieter
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monojet production at D@ (solid lines). The dashed curves
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scaling (TeV)

n 2 (3[4 ]5 |6 |7
Mp limit without K-factor [0.89]0.73]0.68]0.64(0.63 (0.62
scaling (TeV)
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® take a BSM model (symmetry, particle contents,...), i.e. Lagrangian
® derive the Feynman rules Model providers
® draw Feynman diagrams for interesting any processes

® compute the amplitude (squared) Matrix-element generators

® generate events

DM physics tool ® parton-shower/hadronisation Shower MC
DM annihilation . .
(relic, indirect detection) ® detector simulation Detector simulation tools

DM-N cross section
(direct detection)

- Analysis tools
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® take a BSM model (symmetry, particle contents,...), i.e. Lagrangian
® derive the Feynman rules FeynRules
® draw Feynman diagrams for interesting any processes

® compute the amplitude (squared) MadGraph5_aMC@NLO

® generate events

MadDM ® parton-shower/hadronisation Pythia8
MicrOMEGAs

® detector simulation Delphes

- MadAnalsysi5
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® take a BSM model (symmetry, particle contents,...), i.e. Lagrangian
® derive the Feynman rules FeynRules+NLOCT
® draw Feynman diagrams for interesting any processes

® compute the amplitude (squared) MadGraph5_aMC@NLO

® generate events

MadDM ® parton-shower/hadronisation Pythia8
MicrOMEGAs

® detector simulation Delphes

- MadAnalsysi5
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hard scattering

((B)SM; perturbative) hadronization

(QCD; non-perturbative)

initial-state parton shower J’*%?*ﬁ: B S DAk
(QCD; Perturbative) w4

proton
(QCD:; non-perturbative)

underlying event gy :
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https://feynrules.irmp.ucl.ac.be

Alloul, Christensen, Degrande, Duhr, Fuks [1310.1921, CPC]
Degrande [1406.3030, CPC]

> a mathematica package that allows to
® calculate Feynman rules for any QFT models, i.e. Lagrangians

® output them to various event generators (CalcHEP, FeynArts,

MG5aMC, Sherpa,Whizard)
i gg@’
g @ v N
7, 4 FeynRules outputs
Input : model frI - T AN, -
l : . \yﬁ\fai‘“\ i i can be used
F. BN )’ P :_,J directly by event
' o iy : /S} /'/’ l"": é} ,3‘/‘/' A ,h\ ge nerators
g el — T

f};}' e { UFO : output with the
( full information
used by several
generators
C.Degrande

IOUtDUt . vertices ¥ Universal FeynRules Output
Degrande et al. [1108.2040, CPC]
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FeynRules

A Mathematica package to calculate Feynman rules

FeynRules is a Mathematica® package that allows the calculation of Feynman rules in momentum space for any QFT physics
model. The user needs to provide FeynRules with the minimal information required to describe the new model, contained in the
so-called model-file. This information is then used to calculate the set of Feynman rules associated with the Lagrangian. The
Feynman rules calculated by the code can then be used to implement the new physics model into other existing tools, such as MC
generators. This is done via a set of interfaces which are developed together and maintained by the corresponding MC authors.

FeynRules 2.0

4 »!

¢ Download FeynRules 2.3

V



http://arxiv.org/abs/1310.1921

< 2 ‘ = # teynrules.rmp.ucl.ac.be/wiki/ModelDatabaseMainlPaga % 0O

FeynRules model database

This page contains a collection of models that are already implemented in FeynRules. For each model, a complete model-file is available,
containing all the infermation that is needed, as well as the Lagrangian, as well as the references to the papers were this Lagrangian was
taken from. All model-files can be freely downlecaded and changed, serving like this as the starting paint for building new models. A TeX-file
for each model containing a summary of the Feynman Rules produced by FeynRules is also available.

The Standeard model model-file is already included in the distribution of the FeynRules, bul it can also be downloeded independently from the
corresponding link below.

We encourage model builders writing a FeynRules implementation of their model to make their model file(s) public in the
FeynRules model database, in order to make them useful to a community as wide as possible. For further information on how
to make your model implementation public via the FeynRules model database, please send an email to

neil@...
celine.degrande@...
claude,duhr@...
nenjamin.fuks@. ..

Available models

Standard Model The SM implementation of FeynRules, included into the distribution of the FeynRules package.

Several models based on the SM that include one or more additiona| particles, like a 4th generation, a
secand Higgs doublet or additional colored scalars.

Simple extensions of the SM
Supersymmetric Models Various supersymmetric extensions of the SM, inclucding the MSSM, the NMSSM and many more.
Extra-dimensional Models Extensions of the SM including KK exdtations of the SM particles.

Strongly coupled and effective

field theories Inclucing Technicalor, Little Higgs, as well as SM higher-dimensional operators, vector-like quarks.

Miscellaneous

NLO Maodels ready for NLO computations
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Strongly-coupled models and effeclive field thearies

Model Short Description Contact Status
Axion-Like Farticles Cffective Theories for a light Axion-Like Particle L. Brivio Available
Anomalous Gauge Boson
Ceouplings

ASM Characterisation The SM EFT Lagrangian in the mass basis B. Fuks, K. Mawatarl Avallable
Complete top-quark EFT
mplementation

Model including anomalous couplings 2mcng gauge bosons 0.J.F. Eboli, M.C. Gonzalez-Garca Available

A complete top-quark EFT Implementation G. Durleux and C. Zhang Avallable

The effective Lagranglan describing the low-erergy interaction of

' "/ r i
Chiral perturbaticn theory e C. Degrande Available
EFT mass basis The SM LFT Lagrangian in the mass basis B. Fuks, <. Mawatari Available
Effective theory for 4 tap Dimension-six operators invariant under the SM symmetries affecting -~

production 4 top interactions C.Degrande Avallable
Effoctive ¢ . 2K Qauae / SM sy . .

; ffective .,hf_*'_.x'r_y. _f_wr weax gauge D!mertglon .slx qpe@torg Infaarlant under the SM symmetries affecting C.Degrande Available
noson producton triple gauge boson interactions

Cffective top-Higgs interacticns Dimension € Higgs-tog interactions. L. Salvioni and J. Dror Available
FCNC Higgs Interactions The SM

ptd [0 download models in the FR repository:
HlggsCharacrerisation displa'y mode”ist

impliementation con@aining e aimension

Hlggs Effective Lagranglan

An add-on far the

~ un y C.
Hlggs effective theory gluon fusion operator. _. Duhr Avallable
imima igasless Model (3-Site A higgsless ) i i he az' andaW' - -
Vlmmz.-. Higasless Model (3-Site A higgsless model, including new heavy fermions and a 2' and a W N. Christensen Available
Mocel) boscn.
- - . dimension-8 operatars invariant under the SM symmetries affecting -
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1. The automated computation of tree-evel and next-todeading order differential cross sections, and

their matching to parton shower simulations
J. Alwall (Talwan, Natl. Teiwan L), R. Frederx, S. Frixlone (CERN), V. Hirsch! (SLAC), F. Maltonl, O. Mattelaer (Louvain L,
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Johan Alwall (SLAC), Pavel Demin, Simon de Visscher, Rikkert Frederix, Michel Herquet, Fabio Maltoni (Louvain U., CP3),
liiman Plehn (Edinburgh U.), David L. Rainwater {Rochester U.), Tim Stelzer (lllinois U., Urbang). Jun 2007. 38 po.
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a Kentarou Mawalari (kentarou-mawaetari)* Log Cut

Registered 2009-09-15 by Michel Herquet = . .
g & i @ Subscribe to bug mail

MadGraph5_aMC@NLO is a framework that aims at providing all the elements # Edit bug mail
necessary for SM and BSM phenomenology, such as the computations of cross
sections, the generation of hard events and their matching with event
generators, and the use of a variety of tools relevant to event manipulation and
analysis. Processes cabesnmulatd to LO accuracy for any user-defined

Get Involved

Report a bug =
TGRS — prominent among these Ask a question —
* .
processes. Matrix elements at the tree-and one—loop -level can also be Registera blusprint =

obtained.

MadGraph5_aMC@NLO is the new version of both MadGraph5 and aMC@NLO
that unifies the LO and NLO lines of development of automated tools within

the MadGraph Family. It therefore supersedes all the MadGraphS5 1.5.x versions Downloads
and all the beta versions of aMC@NLO.

,'N

Latestversion is 2.6.x

The standard reference for the use of the code is: J. Alwall et al, "The
automated computation of tree-level and next-to-leading order differential
cross sections, and their matching to parton shower simulations”,

arXiv:1405.0301 [hep-ph]. In addition to that, computations in mixed-coupling
expansions and/or of NLO carrections in theories other than QCD (eqg NLO EW)

require the citation of: R. Frederix et al, "The automation of next-to-leading released on 2017-08-15

~order electroweak calculations”, arXiv:1804.10017 [hep-ph]. A more complete i |




U e < D R s | https:/lanswers.launchoed .netimgSamcnloj~acdaues: *= ™ M ! E

& Kentarou Mawatari (kentarou-mawatari) » Log Out

MadGraph5_aMC@NLO

. -f//
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Ask a question

These other quastions seem similar to yours. You may want to take a look at them.

&) 263917: bweutoff in top pair gluon gluon/ e~ e- praduction and decay (Answered)
posted cn 2015-03-20 in MadGraph5_aMC@NLC

@) 244869; 2- e+ Interactions (Sclved)

posted on 2014-03-03 in MadGraph5_aMC@NLO

@) 227310: |SR/FSR for e+ e- Interactions (Answered)
posted on 2013-04-23 in MadGraphS_aMC@NLO

@ 647442: including ISR In Collisions (Solved) . .
posted L:nZ'ISn1c7-0'."'-?1 illh':‘dtélflzo'::_d:g;NLo One can dlreCtly Communlcate

&) 224726: PhotonFlux subprocess (Answered) . :
Socted on 20130520 mmadorarns aveane  With the developers via Launchpad

@ 218770: 2>1 orocess issue? (Answered) (ask queStiOnS, repor‘t bugs, etC).

posted cn 2013-01-09 in MadGraphS_aMC@NLO

IF you did not find your prablem in these existing FAQs or questions, antar the details of your
problem to alert the MadGraphs_aMCU@NLO support community, so they can helz you resolve the
issue.

Change yaur preferrad languages :o madify the list of languages availahle For writing the
question.

Language:
" English (en) * & |

The language in which this question is written. The languages marked with 2 star (*) are the
languages spoken by at least one answer contact in the community.

Summary:
e+e- linear collider top
A one-line summary of the issue ar problem.

A /
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'KentarounoMacBook-Pro:demo mawatari$ cd MG5_aMC_v2 6 2/
'KentarounoMacBook-Pro:MG5 _aMC_v2 6 2 mawatari$ 1s
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PLUGI Welcome to INSPIRE, the High Energy Physics information system. Please

Kenta direct questions, comments or concerns to feedback@inspirashep.net.

m * HEPNAMES :: INSTITUTIONS :: CONFERENCES :: JoBS :: EXPERIMENTS :: JOURNALS :: NJLT

Information References (11) Citations (62)

HELAS: HELicity amplitude subroutines for Feynman
diagram evaluations

H. Murayama (Tohoku U.), l. Watanabe (Hiroshima U.), Kaoru Hagiwara (KEK, Tsukuba)
Jan 1992 - 184 pages

KEK-91-11

Keyword(s): INSPIRE: Feynman graph | helicity. scattering amplitude |
scattering amplitude: helicity | scattering: W W | W W: scatlering | electron
positron: interaction | interaction: electron positron | programming
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Conte, Fuks, Serret [1206.1599]
Conte, Dumont, Fuks,Wymant [1405.3982
Dumont, Fuks, Kraml, Bein, Chalons, Conte, Kulkarni, Sengupta, Wymant [1407.3278]
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Registered 2013-04-13 by a Eric Conte

MadAnalysis 5 is a new framework for phenomenological investigations at particle
colliders. Based on a C++ kernel, this program allows to efficiently perform, in a
straightforward and user-friendly fashion, sophisticated physics analyses of event
Files such as those generated by a large class of Monte Carlo event generators.

MadAnalysis 5 has been recently extended to allow fFor the recasting of existing LHC
analyses. These features are available from version 1.1.12 onwards (currently
available as beta version). For documentation on the MAS PAD (public analysis
database) and on instructions to implement new analyses, see http://madanalysis.
irmp.ucl.ac.be/wiki/PublicAnalysisDatabase

The latest stable version of the MadAnalysis 5 package can be obtained in two ways.
- directly from the Bazaar versioning system by typing in a shell:

bzr branch lp:madanalysis5
-as a tar-ball (to be downloaded from the right of this page).

More information on the program can be found on the wiki http://madanalysis.irmp.ucl.ac.be

If you use MadAnalysis 5, please cite

1. E. Conte, B. Fuks and G. Serret,
Comput. Phys. Commun. 184 (2013) 222
http://arxiv.org/abs/1206.1599

@ Subscribe to bug mail
£ Edit bug mail

Get Involved

Report abug =

Ask a question -
Downloads

Latest version isvi.3

MadAnalysis5_v1.3.tar.gg

released on 2016-03-01

@ Alldownloads



MadDM: Backovic, Kong, McCaskey [1308.4955]
MadDM2: Backovic, Kong, Martini, Mattelaer, Mohlabeng [1505.04190]
MadDM3: Ambrogi, Arina, Backovic, Heisig, Maltoni, Mantani, Mattelaer, Mohlabeng [1804.00044]
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4 Edit bug mail
ATTENTION: MadDM is naw a plugin for MadGraph 5. In order to install it and run it, start madgraph
and type
Get Invelved
install maddm
Report a bug —
in the command line. Then exit and start maddm with ./maddm.py. T =
M5G_aMC@NLO v.2.6.2 is required to be able to run MadDM v.3.0. Help translate -

MadDM v.3.0is & numerical tool to compute dark matter relic sbundance, dark matter nucleus

scattering rates and dark matter indirect detection predictions In a generlc model. The code s Downloads

based on the existing MadGraph 5 architecture and as such Is easily integrable int2 any MadGraph L
Latest addmv3.0

collider study. A simple PyLhon interface offers a level of user-friendliness cheracteristic of ittt il

MadGraph 5 without sacr ficing funclionelity.
MadDM_v3.0.beta.tar.gz 3
MadDM is able to calculate the dark matter rel'c abundance in models which incdlude a multi-

component dark sector, resonance anninilaticn channels and co-annihilaticns. M ad D M \'/ I releacad an 20718-03-29
The dirgd det.ed.ioq module of the MadDM code calculates spin independent / spin dependent o All downloads
dark matter-nucieon crass sectians and differential recoil rates as a function of recoil ener uy, angle
and time. The code provides a simplified simulation of detector effects Far 2 wide range of target M ad D M V2
materizls and volumes. Announcements B
The indiredt deleclion module of the MadDM code compules Lhe velocily averaged aoss-section M CI D M 3
or dark matler particles annihilating into n final stete particles. It further provides the energy d \'/ MadDM v.3.0 beta released on
2018-04-03

cpectra of pholens, neulrinos and cosmic-rays generaled by Lhese final stales aller decaying,
showering and hadronization. It automatically computes the flux of prampt neutrinas and gamma
rays at detection while 't provides a user friencly interfzce with the numerical DRAGON code fer
obtaining the Aux of cosmic rays at Earth. It also provides a user friendly interface with the nested
sampling PyMultiNest algorithm For efficient sampling of the model parameter space and zllows as
well Lo test the model egainst Lhe Fermi-LAT dwarf spheroidal galaxy likelihood.

We are plaased to release the v.3.0
of the MadDM cade, which is now a

MGS5_aMC...

Update For MadDM v.2.0 released on
2015-06-29
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