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Introduction

S. Bein, G. Chalons, E. Conte, B. Fuks, T. Kim, S.J. Lee, D. Sengupta and J. Sonneveld
The first MADANALYSIS 5 worskhop on LHC recasting has been held at High 1, in the Gangwon

province in South Korea on 20–27 August 2017. The workshop has brought together a very enthusiastic
group of students, postdoctoral fellows, junior as well as more senior researchers, all interested in the
development of public high-energy physics tools allowing for the reinterpretation of the LHC results
in generic particle physics theoretical contexts. Along with the main theme of the workshop (i.e., the
problematics of the reinterpretation of the LHC searches for new physics), various specialized lectures
on collider physics, statistics, dark matter and more formal aspects of beyond the standard model the-
ories have been offered, together with dedicated hands-on tutorial sessions on the MADGRAPH5 [1],
DELPHES [2] and MADANALYSIS 5 [3,4] packages. The main scope of the workshop has consisted in a
recasting exercise assigned to the participants. The intial group of students and postdoctoral researchers
has been divided into several subgroups of four or five people, and each subgroup has received the task
to implement, in the MADANALYSIS 5 framework [3–5], a particular ATLAS or CMS search for new
physics. On top of the reimplementation task, each subgroup has been required to assess the quality of
the reimplementation through a thorough validation procedure.

By the end of the workshop, almost all subgroups have managed to get a first version of a MAD-
ANALYSIS 5 analysis code mimicking the corresponding experimental search, along with some basic
validation of the work. For some analyses, the lack of technical information from the experimental side
has yielded slower progress, but answers to our questions have almost always been given by the ex-
perimental groups. During the months following the workshop, the participants have continued their
work enthusiastically, and most of the analyses have been validated and merged with the version 1.6 of
MADANALYSIS 5.

This document summarizes the activities of the workshop and addresses in particular the im-
plementation and the validation, in the MADANALYSIS 5 framework, of eight new ATLAS and CMS
searches for new physics. If relevant, issues that have been met are discussed, together with their impact
on the quality of the validation. The corresponding codes have been submitted to INSPIRE and are pub-
licly available both directly within MADANALYSIS 5 and from the MADANALYSIS 5 Public Analysis
Database,

http://madanalysis.irmp.ucl.ac.be/wiki/PublicAnalysisDatabase.
This document is divided into three parts according to the classes of analyses under consideration.

In the first of these parts, one focuses on LHC searches for dark matter in varied channels. We consider
two searches for a mono-Higgs signal, one from ATLAS [6] and one from CMS [7], in which a Higgs
boson is assumed to be produced with a pair of dark matter particles manifesting themselves as missing
energy in the detector. We moreover recast one ATLAS search dedicated to the production of a hard
photon in association with missing energy [8], one ATLAS search for dark matter production in associ-
ation with light jets [9] and heavy-flavor jets [10]. In the second part of this document, we detail a more
exotic CMS search for long-lived electrons and muons [11], which has required the development of new
features within MADANALYSIS 5. Finally, in the last part of these proceedings, we detail more classical
searches for supersymmetric particles, first in the multilepton plus jets plus missing transverse energy
channel [12], and next in the opposite-sign same-flavor dilepton case [13].
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Chapter 2

ATLAS-EXOT-2016-25: an ATLAS mono-Higgs analysis (36.1 fb�1)

S. Jeon, Y. Kang, G. Lee, C. Yu

Abstract
We present the MADANALYSIS 5 implementation and validation of the ATLAS-
EXOT-2016-025 analysis, which concerns a search for dark matter when it is
produced in association with a Higgs boson decaying into a bb̄ system. The re-
sults consider a dataset of proton-proton collisions at a center-of-mass energy
of 13 TeV corresponding to an integrated luminosity of 36.1 fb�1, as recorded
by the ATLAS collaboration during the LHC Run 2. The validation of our
reimplementation is based on a comparison of our predictions with official
ATLAS numbers in the context of a new physics scenario featuring two Higgs
doublets, an extra gauge boson and a dark matter particle. A good agreement
has been found for the light new physics case, but issues have occurred for
heavier new particles. The ATLAS collaboration has not provided any infor-
mation allowing us to understand the problems deeper.

1 Introduction
In this note, we describe the validation of our implementation of an ATLAS dark matter search in the
MADANALYSIS 5 framework [3–5]. This analysis, dubbed ATLAS-EXOT-2016-25, performs a search
for dark matter production in association with a Higgs boson (h) decaying into a pair of b quarks [6].
It relies on 36.1 fb�1 of data recorded by the ATLAS detector from LHC proton-proton collisions at a
center-of-mass energy of 13 TeV. The search focuses on two regimes, respectively targetting a resolved
Higgs boson where its decay products can be distinguished and a merged regime in which the Higgs
boson decays into a single fat jet. We focus here only on the resolved regime due to a lack of experimental
information on the merged regime.

Our validation relies on a reinterpretation of the ATLAS results of the analysis in a dark matter Z 0-
Two-Higgs-Doublet model in which the Standard Model is supplemented by a dark matter particle �, a
Z 0 boson and a second Higgs doublet [14,15]. The signal under consideration corresponds to the resonant
production of a Z 0 boson that then decays into a Standard Model Higgs boson h and a pseudoscalar boson
A0. The latter play the role of a portal to the dark sector, and thus decays invisibly into two dark matter
particles. The process under consideration hence reads

pp ! Z 0 ! hA0 ! h�� . (2.1)

2 Description of the analysis
This analysis selection is strictly based on the considered signature and requires the presence of a signif-
icant amount of missing transverse energy (carried by the dark matter particle), well separated from the
jet activity associated with the Higgs boson. The analysis moreover asks for at least two hard jets that
are compatible with the decay of the Higgs boson, with at least one of them being b-tagged.
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2.1 Object definitions and preselection
The analysis mainly relies on jets, that are reconstructed following the anti-kT algorithm [16], with a
radius parameter set to R = 0.4. Jets with a transverse momentum pjT and pseudorapidity ⌘j satisfying

pjT > 20 GeV and |⌘j | < 2.5 (2.2)

are denoted as central jets and those for which

pjT > 30 GeV and 2.5 < |⌘j | < 4.5 (2.3)

are called forward jets. Whilst the analysis also makes use of jets reconstructed with the anti-kT algo-
rithm [16] and a radius parameter fixed to R = 1, these are connected to the merged regime where the
Higgs boson is boosted and that we were not able to validate by virtue of the lack of ATLAS information.
We have thus ignored them. Electron candidates are required to have a transverse momentum peT and
pseudorapidity ⌘e obeying to

peT > 7 GeV and |⌘e| < 2.47 , (2.4)

while muon candidates are similarly defined, although the thresholds are slightly looser,

pµT > 7 GeV and |⌘µ| < 2.7 . (2.5)

In both cases, loose isolation criteria have been imposed [17, 18]. Moreover, any jet lying at an angular
distance in the transverse plane �R  0.2 of an electron has been removed.

The missing transverse momentum vector Emiss
T is defined as the opposite of the vector sum of the

momenta of all reconstructed physics object candidates, and the missing transverse energy is defined by
its norm

Emiss
T = |Emiss

T | . (2.6)

2.2 Event Selection
We focus on the resolved Higgs regime for which a single signal region is defined. It requires

150 GeV < Emiss
T < 500 GeV, (2.7)

a criterion that also allows the missing-energy-only trigger to be fully efficient. In order to suppress the
multijet background, the missing transverse momentum is constrained to be well separated in azimuth
from the three leading jets (if relevant),

��(Emiss
T ,pj

T ) >
⇡

9
, (2.8)

and more or less aligned with the missing transverse momentum recontructed from the tracker informa-
tion only pmiss,trk

T ,
��(Emiss

T ,pmiss,trk
T ) <

⇡

2
. (2.9)

In addition, this last quantity is required to fullfil
��pmiss,trk

T

�� > 30 GeV. (2.10)

The analysis requires the presence of at least two jets,

Nj > 2 , (2.11)
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with either one or two of them being b-tagged, and at least one of them featuring a transverse momentum
larger than 45 GeV,

p
j1
T > 45 GeV. (2.12)

We have restricted our reimplementation procedure to the case

Nb = 2 , (2.13)

as this region is expected to be the most sensitive to the signal. It additionally consists of the only signal
region for which validation material has been provided. These two b-jets are then considered as the Higgs
system. As the Higgs system lies in a configuration in which it is recoiling against a pair of dark matter
particle, one requires

��(Emiss
T ,pTh) >

2⇡

3
, (2.14)

where ph
T denotes the transverse momentum of the reconstructed Higgs boson. Moreover, the scalar sum

of the transverse momentum of the two and three leading jets (HT,2j and HT,3j) is imposed to satisfy

HT,2j > 120 GeV and HT,3j > 150 GeV , (2.15)

this last requirement being imposed only if at least three central jets are present.
In order to optimize the selection, the two jets j1 and j2 defining the Higgs system are enforced to

be not too separated,

��(j1, j2) <
7⇡

9
and �R(j1, j2) < 1.8 , (2.16)

and a tau lepton veto is imposed. As an additional selection, the scalar sum of the transverse momentum
of the j1 and j2 jets, as well as of the third jet if present, is required to satisfy

p
j1
T + p

j2
T (+p

j3
T ) < 0.63HT , (2.17)

where the hadronic activity HT in the event consists in the scalar sum of the transverse momentum of all
reconstructed jets.

3 Validation
3.1 Event generation
In order to validate our reimplementation, we consider two benchmark scenarios in which the Z 0-boson
mass mZ

0 is respectively fixed to 600 GeV and 1400 GeV. Correspondingly, the pseudoscalar mass m
A

0

is fixed to 300 GeV and 600 GeV. In all cases, the mass of the dark matter particle is taken vanishing.
We have made use of MADGRAPH5_aMC@NLO [1] for generating hard-scattering signal events,

relying on the UFO [19] model shared by the ATLAS collaboration. The generated matrix element
has been convoluted with the next-to-leading-order set of NNPDF 3.0 parton densities [20], and we
have handled the Higgs into bb̄ decay, parton showering and hadronization with PYTHIA 8 [21]. The
simulation of the response of the ATLAS detector is achieved via DELPHES 3 [2], that internally relies
in FASTJET [22] for object reconstruction, with an tuned detector configuration.

3.2 Comparison with the official results
In Figure 2.1, we present the relative difference between the MADANALYSIS 5 predictions and the AT-
LAS official results for the two considered scenarios, computed as

� = 1� ✏MA5
i

✏ATLAS
i

, (2.18)
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Fig. 2.1: Relative difference between the ATLAS official and MADANALYSIS 5 predictions for the efficiency of
each selection cut, for two benchmarks defined by (mZ

0 ,mA
0) = (600, 300) GeV (green) and (1400, 600) GeV

(orange). The solid horizontal line indicates a 6% difference reference line.

where the index i corresponds to the cut number, and where ✏MA5
i and ✏ATLAS

i indicate the predicted and
ATLAS efficiencies for the cut number i. The results include two extra cuts, available in the validation
material. The Higgs system invariant mass is firstly imposed to satisfy

50 GeV < mj1j2 < 250 GeV , (2.19)

so that it is loosely compatible with a Higgs boson, and one secondly imposes either one or two b-tag
requirements. For what concerns the last three cuts, only one of them is imposed at a time.

The large differences at the level of the trigger (first cut) is expected, as not all requirements, and
in particular the features at the level of the turn-on of the trigger efficiency curve near threshold, can be
implemented in DELPHES. Moreover, large discrepancies are also observed for the last selections that
strongly rely on jets. After discussions with ATLAS, it turned out that our reimplementation were not
matching well what ATLAS actually implemented. However, the corresponding information was lost
(within ATLAS) and we have never been able to understand the origins of the differences.

In general, our reimplementation nevertheless performs quite well, in particular in terms of the
total selection efficiencies and for benchmark scenarios featuring light particles. This is illustrated
in Table 2.1 (left), where we present the total selection efficiencies on a cut-by-cut basis. For the
(mZ

0 ,m
A

0) = (600, 300) GeV scenario, we observe that an agreement of order of 10-20% all along
the selection (left part of the table). However, for heavier scenarios, we have found larger discrepancies.
The ATLAS collaboration has however not been able to provide information allowing us to understand
these discrepancies, except that our DELPHES tuning may be incorrect in the large pT range. The collab-
oration has however not provided any additional information allowing us to fix the issue.

We remind that the ‘1 b-jet’ and ‘mj1j2’ validation regions have not been implemented into our the
code, as they correspond to additional cuts that have been implemented solely for validation purposes.
The signal region of interest focuses instead on the ‘Nb = 2’ case.

4 Conclusion
We have implemented in MADANALYSIS 5 a mono-Higgs analysis performed by the ATLAS collabora-
tion and have tried to validate our implementation in the context of a Two-Higgs-Doublet model featuring
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Cuts
(mZ

0 ,m
A

0) = (600, 300) GeV (mZ
0 ,m

A
0) = (1400, 600) GeV

MA5 Official error MA5 Official error

Emiss
T 0.772 0.89 13.3% 0.660 0.604 9.2%

pmiss,trk
T 0.757 0.711 6.5% 0.657 0.546 20.3%

��(Emiss
T ,pj

T ) 0.727 0.685 6.1% 0.592 0.497 19.1%

��(Emiss
T ,pmiss,trk

T ) 0.727 0.671 8.3% 0.592 0.480 23.3%

Nj 0.602 0.658 8.5% 0.523 0.460 13.7%

pjT 0.599 0.655 8.5% 0.522 0.459 13.7%

HT 0.572 0.651 12.1% 0.519 0.459 13.1%

��(j1, j2) 0.556 0.633 12.2% 0.494 0.441 12.0%

��(Emiss
T ,pTh) 0.544 0.620 12.3% 0.490 0.439 11.6%

tau veto 0.530 0.603 12.1% 0.476 0.424 12.3%

�R(j1, j2) 0.455 0.506 10.0% 0.434 0.385 12.7%

1  Nb  2 0.431 0.503 14.1% 0.421 0.383 9.9%
P

pjT 0.430 0.499 13.8% 0.421 0.382 10.2%

mj1j2 0.396 0.481 17.7% 0.404 0.376 7.4%

2 b-jets 0.252 0.246 2.4% 0.269 0.177 52.0%

1 b-jet 0.154 0.197 21.8% 0.135 0.165 18.2%

Table 2.1: Comparison of the cutflow predicted by MADANALYSIS 5 with the one provided by the ATLAS col-
laboration for the (mZ

0 ,mA
0) = (600, 300) GeV benchmark scenario (left) and (mZ

0 ,mA
0) = (1400, 600) GeV

benchmark scenario (right).

an extra neutral gauge boson and a dark matter particle. After having compared our results with the of-
ficial ones, we have found that our reimplementation was trustable for light new physics scenarios, but
not for heavier cases. We therefore recommend caution when using this analysis for phenomenological
purposes. As a fair agreement has been obtained in the light case, so that our reimplemented analysis
could be used for such scenarios, we have considered this reimplementation (partly) validated and have
made it available from MADANALYSIS 5 version 1.6 onwards and its Public Analysis Database.

11





References
[1] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, H. S. Shao, T. Stelzer,

P. Torrielli, and M. Zaro, The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations, JHEP 07 (2014) 079,
[arXiv:1405.0301]. 5, 9

[2] DELPHES 3 Collaboration, J. de Favereau, C. Delaere, P. Demin, A. Giammanco, V. Lemaître,
A. Mertens, and M. Selvaggi, DELPHES 3, A modular framework for fast simulation of a generic
collider experiment, JHEP 02 (2014) 057, [arXiv:1307.6346]. 5, 9

[3] E. Conte, B. Fuks, and G. Serret, MadAnalysis 5, A User-Friendly Framework for Collider
Phenomenology, Comput. Phys. Commun. 184 (2013) 222–256, [arXiv:1206.1599]. 5, 7

[4] E. Conte, B. Dumont, B. Fuks, and C. Wymant, Designing and recasting LHC analyses with
MadAnalysis 5, Eur. Phys. J. C74 (2014), no. 10 3103, [arXiv:1405.3982]. 5, 7

[5] B. Dumont, B. Fuks, S. Kraml, S. Bein, G. Chalons, E. Conte, S. Kulkarni, D. Sengupta, and
C. Wymant, Toward a public analysis database for LHC new physics searches using
MADANALYSIS 5, Eur. Phys. J. C75 (2015), no. 2 56, [arXiv:1407.3278]. 5, 7

[6] ATLAS Collaboration, M. Aaboud et al., Search for Dark Matter Produced in Association with a
Higgs Boson Decaying to bb̄ using 36 fb�1 of pp collisions at

p
s = 13 TeV with the ATLAS

Detector, Phys. Rev. Lett. 119 (2017), no. 18 181804, [arXiv:1707.01302]. 5, 7
[7] CMS Collaboration, A. M. Sirunyan et al., Search for associated production of dark matter with a

Higgs boson decaying to bb̄ or �� at
p
s = 13 TeV, JHEP 10 (2017) 180, [arXiv:1703.05236].

5
[8] ATLAS Collaboration, M. Aaboud et al., Search for dark matter at

p
s = 13 TeV in final states

containing an energetic photon and large missing transverse momentum with the ATLAS detector,
Eur. Phys. J. C77 (2017), no. 6 393, [arXiv:1704.03848]. 5

[9] ATLAS Collaboration, M. Aaboud et al., Search for dark matter and other new phenomena in
events with an energetic jet and large missing transverse momentum using the ATLAS detector,
JHEP 01 (2018) 126, [arXiv:1711.03301]. 5

[10] ATLAS Collaboration, Search for Dark Matter production associated with bottom quarks with
13.3 fb�1 of pp collisions at

p
s = 13 TeV with the ATLAS detector at the LHC,

ATLAS-CONF-2016-086. 5
[11] CMS Collaboration, Search for displaced leptons in the e-mu channel, CMS-PAS-EXO-16-022. 5
[12] CMS Collaboration, A. M. Sirunyan et al., Search for supersymmetry in events with at least three

electrons or muons, jets, and missing transverse momentum in proton-proton collisions at
p
s =

13 TeV, arXiv:1710.09154. 5
[13] CMS Collaboration, A. M. Sirunyan et al., Search for top squarks and dark matter particles in

opposite-charge dilepton final states at
p
s = 13 TeV, Phys. Rev. D97 (2018), no. 3 032009,

[arXiv:1711.00752]. 5
[14] A. Berlin, T. Lin, and L.-T. Wang, Mono-Higgs Detection of Dark Matter at the LHC, JHEP 06

(2014) 078, [arXiv:1402.7074]. 7
[15] D. Abercrombie et al., Dark Matter Benchmark Models for Early LHC Run-2 Searches: Report of

the ATLAS/CMS Dark Matter Forum, arXiv:1507.00966. 7
[16] M. Cacciari, G. P. Salam, and G. Soyez, The Anti-k(t) jet clustering algorithm, JHEP 04 (2008)

063, [arXiv:0802.1189]. 8
[17] ATLAS Collaboration, G. Aad et al., Muon reconstruction performance of the ATLAS detector in

proton–proton collision data at
p
s =13 TeV, Eur. Phys. J. C76 (2016), no. 5 292,

[arXiv:1603.05598]. 8
[18] ATLAS Collaboration, M. Aaboud et al., Search for dark matter in association with a Higgs

13



boson decaying to b-quarks in pp collisions at
p
s = 13 TeV with the ATLAS detector, Phys. Lett.

B765 (2017) 11–31, [arXiv:1609.04572]. 8
[19] C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer, and T. Reiter, UFO - The Universal

FeynRules Output, Comput. Phys. Commun. 183 (2012) 1201–1214, [arXiv:1108.2040]. 9
[20] NNPDF Collaboration, R. D. Ball et al., Parton distributions for the LHC Run II, JHEP 04 (2015)

040, [arXiv:1410.8849]. 9
[21] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai, P. Ilten, S. Mrenna, S. Prestel, C. O.

Rasmussen, and P. Z. Skands, An Introduction to PYTHIA 8.2, Comput. Phys. Commun. 191
(2015) 159–177, [arXiv:1410.3012]. 9

[22] M. Cacciari, G. P. Salam, and G. Soyez, FastJet User Manual, Eur. Phys. J. C72 (2012) 1896,
[arXiv:1111.6097]. 9

14


