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We present an implementation of the CMS-EXO-17-015 analysis in the MADANALY-
si1s 5 framework. The analysis targets a search for dark matter in a channel in which
it originates from the production and decay of a pair of scalar leptoquarks. This search
considers a luminosity £ = 77.4 fb—! of CMS data collected in 2016 and 2017, in proton-
proton collisions at a centre-of-mass energy of 13 TeV. The final state signature is com-
prised of one isolated highly-energetic muon, one jet with a large transverse momentum
and a significant amount of missing transverse energy. We validate our re-implementation
in MADANALYSIS 5 for a specific leptoquark/dark matter benchmark scenario. In par-
ticular, we compare predictions obtained with MADANALYSIS 5 with the official CMS
results for various kinematical distributions relevant for the CMS-EXO-17-015 analysis,
as well as detailed cut-flow tables. We have found an excellent agreement.

1. Introduction

Since the discovery of the Higgs boson, the Standard Model (SM) of particle physics
is considered to be a good low energy approximation of a more complete, yet undis-
covered, theoretical framework. Such a theoretical framework may in particular be
able to address questions such as the nature of dark matter (DM) in the universe,
among many other interesting issues. Unfortunately, only little is known about the
true nature of DM, despite the extensive searches carried out both in laboratories
and astrophysical experiments.

At the LHC, one of the most known of and used strategies consists of looking
for the presence of a significant excess in the tail of the missing transverse energy
(|Pmiss|) distribution. A specific emphasis is put on a signature comprised of dark
matter particles recoiling against a visible hard SM object like a photon, a jet, an
electroweak gauge boson or even an SM Higgs boson or a top quark [1-8]. Multiple
associated searches have been conducted by the ATLAS and the CMS collabora-
tions, the most recent ones analysing data recorded during the LHC Run 2 [9-31].
Consequently to the absence of direct evidence for the existence of DM so far, these
results have been used to severely constrain the DM couplings and masses in large
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classes of new physics scenarios. In particular, the absence of any DM signal at
the LHC in the so-called thermal freeze-out mechanism has called for either going
beyond standard freeze-out, or investigating alternative models.

One of the most attractive of those contexts is the so-called co-annihilation
paradigm in which DM is produced in association with beyond-the-SM partners
very close in mass. In the framework developed in Ref. [32], the SM field content is
extended by a scalar leptoquark doublet M, a weak doublet of Dirac fermions X
and a Majorana fermion x that plays the role of dark matter. These new states have
the following assignments under the SM gauge group SU(3). ® SU(2)r, ® U(1)y,

MY X
M, = ( sd> :(3,2,7/3) X = ( u) :(3,2,7/3), x:(1,1,0), (1)
Ms Xd
and the relevant interaction Lagrangian Lyp can be written as

Lnp = — (yDYMsX + le@LMng + yLquMguR + h'C') . (2)

In parallel, the LHC collaborations developed search strategies dedicated to this
class of models. The CMS-EXO-17-015 analysis [33] considered in this proceedings
contribution is one of these. In this analysis, the CMS collaboration has focused on
one of the benchmarks detailed in Ref. [32]. It assumes that yr,, = 0, and the other
model parameters are chosen as

MXme

Yor = V2/10, yp = 0.1, and A = =0.1. (3)

my

In this note, we report on the implementation of this CMS-EXO-17-015 analysis
in the MADANALYSIS 5 framework [34-38]. The relevant code for the MADANAL-
Ysis 5 implementation can be found in https://doi.org/10.14428/DVN/ICOXGO.
In Sec. 2, we describe the analysis that we re-implemented, including a detailed
description of the object definitions and event selection strategy. We discuss the
validation of our re-implementation, focusing both on the Monte Carlo event gener-
ation necessary for this task and on a comparison of the MADANALYSIS 5 predictions
with the official CMS results, in Sec. 3. We summarise our work in Sec. 4.

2. Description of the analysis

In the considered theoretical framework, leptoquark (LQ) pair production and decay
lead to several signatures, their respective relevance depending on the LQ branch-
ing ratios. In the CMS-EXO-17-015 analysis, the final state under consideration is
comprised of one isolated muon, one jet and a large amount of missing transverse
energy. This process is illustrated by the Feynman diagram shown in Fig. 1.

2.1. Object definitions

As above-mentioned, the considered analysis relies on the presence of hard final-
state jets and muons, as well as on the one of a large amount of missing transverse
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Fig. 1. Representative parton-level Feynman diagram illustrating the class of processes probed
by the CMS-EX0O-17-015 analysis.

energy. In addition, a veto is imposed on the presence of final-state objects of a
different nature.

Candidate muons (the leading one being assumed to originate from the decay of
a LQ, as illustrated by the Feynman diagram of Fig. 1) are required to satisfy tight
selection criteria [39]. Moreover, their transverse momentum p#. and pseudorapidity
n* must fulfil

Pl > 60 GeV, and || < 2.4. (4)

In addition, those muons are enforced to be isolated to suppress any potential
contribution of muons arising from hadronic decays. This relies on an isolation
variable I defined by

I=—=% prs, (5)
br =
with the sum running over all photon, neutral hadron and charged hadron
candidates reconstructed within a distance, in the transverse plane, of AR =
(An)?2 4+ (A¢)? = 0.4 around the muon direction. This isolation variable is re-
quired to satisfy I < 0.15. On the other hand, the analysis also makes use of loose
muons to reduce the contribution of Z+jets background events (see below). Those

are required to satisfy I < 0.25 and p4. > 10 GeV.
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Reconstructed electron candidates are required to have a transverse momentum
p% > 15 GeV and a pseudorapidity |n°¢| < 2.5. Moreover, they are considered only if
they satisfy loose identification criteria [40]. Hadronically decaying tau leptons (74)
are also identify through loose criteria [41], their selection additionally enforcing
ph > 20 GeV and |n7| < 2.3.

Jets are reconstructed by means of the anti-kr algorithm [42], with a radius
parameter R = 0.4*. The signal jet collection is then comprised of all jets whose
pseudorapidity satisfies [/| < 2.4. The Combined Secondary Vertex (CSVv2) al-
gorithm is then used to identify the jets originating from the fragmentation of a
b-quark, the analysis making use of its tight working point [43]. The corresponding
b-tagging efficiency is given by

—0.033 4+ 0.0225 py — 3.5-10~% p2. + 2.586-10~C p3 — 9.096-109 p?,

+1.212-107 1 pf, for 20 GeV < ppr < 50 GeV
Gun(pp) — | 0169°+0013 pr - 1.9-10~% p2 + 1.373-10°6 pd. — 4.923.10~° p
p pry
PR 16.87-10712 p for 50 GeV < pr < 160 GeV

0.62 — 8.3-107* pr + 4.3078-10~7 pZ.
for 160 GeV < pr < 1000 GeV,

(6)
while the associated mistagging probabilities of a charmed jet (&) and a light jet
(&jpp) as a b-jet are given by

0.0234 — 8.417-107° pp + 1.24-1076 p2. — 5.5-107° p3. +9.96-10~12 p2.
—6.32:10715 p5  for 20 GeV < pr < 65 GeV
€c|b(pT> =
0.0218 + 2.46-107° py — 2.021-10~% p,
for 65 GeV < pr < 1000 GeV,
0.00284 — 8.63-107° pz + 1.38-107¢ p2. — 9.69-107° p3 + 3.19-107 1! pi
—3.97-107" p3.  for 20 GeV < pr < 150 GeV,
5j|b(pT) =
6.3-107% 4+ 4.51-107° py +2.83-107° p2.
for 150 GeV < pr < 1000 GeV.

(7)

Finally, one defines the missing transverse energy as the magnitude of the trans-
verse momentum imbalance (Pniss), which is computed as the opposite of the vec-

2In the CMS-EXO-17-015 search, jet clustering excludes the charged-particle tracks that are not
associated with the primary interaction vertex. This is irrelevant for our reimplementation as we
neglect any potential pile-up effects.
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torial sum of the transverse momentum of all reconstructed objects,

ﬁmiss:_ Z ﬁT+ ZﬁT+ Z ﬁT+ Z ﬁT

electrons muons photons hadrons

In our simulation setup, we have implemented the above parametrisations in a
customized DELPHES 3 card that has then been used for the simulation of the CMS
detector response.

2.2. Ewvent selection

The CMS-EXO-17-015 event selection strategy includes two stages, namely a pre-
selection and the definition of a signal region that we coin, in the following,
SignalRegion.

In the preselection procedure, events are first selected by requiring the presence
of at least one tightly isolated muon with pr > 60 GeV and |n| < 2.4. The leading
jet is then required to satisfy pr > 100 GeV and to be separated from the leading
muon in the transverse plane by AR > 0.5. Events satisfying those criteria are
assumed to be compatible with the production of a leptoquark that decays into
those leading jet and muon.

As a next step, several vetoes are applied to reduce the contamination of the
overwhelming tf, W+ jets and Z+ jets backgrounds. First, events are vetoed if at
least one b-tagged jet is present. Moreover, a veto on events featuring either a loose
electron candidate or a hadronic tau candidate is applied. These three vetoes are
necessary to jointly suppress the ¢ background, while the electron and tau vetoes
specifically suppress the W/Z+ jets contributions.

Next, the transverse mass (mr) of the system comprised of the leading muon
and the missing momentum is used to further suppress the W+ jets background:
One imposes that mp > 100 GeV. In addition, the contribution of the Z+ jets
background is further reduced by rejecting events that contain one extra loosely
identified muon candidate with an electric charge that is opposite to the one of the
leading muon, and for which

|mu, — Mz| < 10 GeV. (8)

In this expression, m,, stands for the invariant mass of the system comprised
of this muon and the leading muon, such a system being thus constrained to be
incompatible with the decay of an on-shell Z-boson, if present in the event final
state.

Finally, the preselection ends by an extra requirement on the missing momentum
Pmiss that is enforced to be well separated in azimuth from the leading jet and the
leading muon. We require

Ap(jet, Pmiss) > 0.5 and  AP(, Priss) > 0.5, (9)
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Table 1. Selection cuts defining the unique CMS-EXO-17-015 signal region. The first column intro-
duces our naming scheme for each cut, as used in the cut-flow tables presented in the next section.

Basic requirements

SignalMuon At least one isolated muon with ppr > 60 GeV and || < 2.4.
SignalJet The leading jet should fulfil pr > 100 GeV, |n| < 2.4 and be separated by
AR > 0.5 from the leading muon.
Vetoes
b-Veto Veto of events featuring at least one b-jet with pr > 30 GeV and |n| < 2.4.
tau-Veto Veto of events featuring at least one hadronic tau with pr > 20 GeV and
In| < 2.3.
e-Veto Veto of events featuring at least one loosely reconstructed electron with pp >

15 GeV and |n| < 2.4.

Further preselection requirements

ZMassWindow No extra loose muon that could arise, together with the leading muon, from
a Z-boson decay (i.e. if |myu, — Mz| < 10 GeV).

PDmiss-threshold |Pmiss| > 100 GeV.
mp-threshold The transverse mass of the muon-pp,iss system must fulfil mp > 100 GeV.
Signal region
SignalRegion ‘ Extra mp requirement: mp > 500 GeV.

with A@(7,7) = |¢; — ¢;|. Whereas these last requirements have very minor effects
on the considered signal, they allow in particular for the suppression of the multijet
background. For this reason, while implemented in our recasting code, they will be
absent from the cut-flow tables presented in the next section.

After this preselection, the signal region is defined by a more stringent cut on
the mp variable,

my > 500 GeV. (10)

A summary of the full set of selection cuts is presented in Table 1.

3. Validation
3.1. FEvent generation

For the validation of our re-implementation of the CMS-EXO-17-015 analysis, we
generate events describing the dynamics of the signal of Fig. 1 in the context of
the model introduced in Sec. 1. We use MADGRAPH5_aMC@QNLO [44] to simulate
hard-scattering events at the leading order (LO) in the strong coupling, excluding
the potentially relevant ¢-channel leptonic exchange diagrams [45]. In our procedure,
we convolute the LO matrix elements with the LO set of NNPDF 3.0 parton dis-
tribution functions in the four-flavour-number scheme, and with a,(Mz) = 0.130.
Moreover, we set the renormalisation and factorisation scales to the average trans-
verse mass of the final-state objects.
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Table 2. Cut-flow charts associated with the CMS-EXO-17-015 analysis and the process depicted
in Fig. 1 for the two benchmark scenarios BP1 (upper panel) and BP2 (lower panel). We show results
obtained with MADANALYSIS 5 (second column) and those provided by the CMS collaboration (third
column). The numbers inside brackets correspond to the selection efficiency of each cut and the ratio
R depicting the differences between our predictions and the official CMS results is defined in Eq. (12).

Cut MADANALYSIS 5 CMS Ri
Initial events 99977 (100%) 99977 (100%) 0
SignalMuon 88583 (88.66%) 90104 (90.12%) 1.61 x 102
SignalJet 85594 (96.62%) 88100 (97.77%) 117 x 102
b-Veto 79367 (92.72%) 84282 (95.66%) 3.07 x 102
h-Veto 75572 (95.21%) 83373 (98.92%) 3.75 x 102
e-Veto 75534 (99.94%) 83175 (99.7%) 2.41 x 103
ZMassWindow 71795 (95.05%) 81344 (97.79%) 2.80 x 102
Pumiss-threshold 69957 (97.44%) 78665 (96.71%) 1.71 x 102
mp-threshold 65957 (94.29%) 74796 (95.08%) 8.30 x 103
SignalRegion 51151 (77.75%) 54849 (73.33%) 6.02 x 102
Cut MADANALYSIS 5 CMS Ri
Initial events 3996 (100%) 3996 (100%) 0
SignalMuon 3519 (88.07%) 3625 (90.71%) 2.90 x 102
Signallet 3441 (97.80%) 3586 (98.92%) 112 x 102
b-Veto 3185 (92.57%) 3433 (95.73%) 3.33 x 102
T-Veto 3026 (95.01%) 3401 (99.06%) 4.08 x 10~2
e-Veto 3024 (99.93%) 3392 (99.73%) 2.06 x 1073
ZMassWindow 2936 (97.11%) 3327 (98.08%) 9.88 x 10~3
Pumiss-threshold 2897 (98.69%) 3277 (98.49%) 2.07 x 103
mp-threshold 2678 (92.44%) 3160 (96.42%) 4.12 x 1072
SignalRegion 2162 (80.74%) 2611 (82.62%) 2.27 x 1072

We use PYTHIA 8 (version 8.432) [46] to match the fixed-order results with
parton showers and to deal with the hadronisation of the resulting partons, after
ignoring multi-parton interactions. The response of the CMS detector is then mod-
eled by means of the fast detector simulation toolkit DELPHES 3 (version 3.4.2) [47],
that internally relies on FASTJET (version 3.3.0) [48] for jet clustering. In this last
step, we have designed a customized DELPHES 3 parametrisation that accurately

matches the actual CMS performance working points of the analysis. This card
is available, together with our code, from the MADANALYSIS 5 Physics Analysis

Database (PAD)P.

For the results presented in the rest of this contribution, we have generated

bGee the webpage http://madanalysis.irmp.ucl.ac.be/wiki/PublicAnalysisDatabase.


http://madanalysis.irmp.ucl.ac.be/wiki/PublicAnalysisDatabase

8 Benjamin Fuks and Adil Jueid

200,000 events for two benchmark points BP1 and BP2 defined by
BP1: Mg = 1000 GeV, and m, =400 GeV,
BP2: Mg = 1500 GeV, and m, = 600 GeV,

with the other parameters fixed as in Eq. (3). About 102,326 (108,208) events pass
all the selection criteria of the CMS analysis in the framework of the BP1 (BP2)
scenario.

(11)

3.2. Results

In order to validate our re-implementation, we compare predictions obtained with
our implementation in MADANALYSIS 5 to the official results provided by the CMS
collaboration for the two benchmark scenarios BP1 and BP2 defined in Sec. 3.1. Our
comparison is performed in two stages. First, we study the resulting cut-flow tables.
Next, we investigate the shape of the distributions of several key observables.

To quantify the level of agreement between our results and the CMS ones at
each selection step of the cut-flow, we introduce a quantity R; defined by

i
R = ’1 — SMas | (12)
€cms
with € being the selection efficiency of the i*" cut 1,
e
€= (13)

In this notation, n,_; events survive before the 7" cut, and n; events survive after
this cut. We present the results in the two panels of table 2 for the BP1 and BP2
setup respectively, after normalising our results to the same cross section as the one
used by the CMS collaboration in their analysis. We obtain an excellent level of
agreement, reaching R ~ 1073 — 1072,

Moreover, we confront results at the differential level in Fig. 2 for different
observables relevant for the considered analysis. An excellent agreement is again
found.

4. Conclusions

In this note, we have made a detailed description of our re-implementation of the
CMS-EXO-17-015 analysis in the MADANALYSIS 5 framework. This analysis can
be used in particular to constrain models containing scalar or vector leptoquarks
that decay primarily into muons and jets. However, the signal region is not defined
by relying on the leptoquark invariant mass (to be reconstructed from the leading
muon and jet), so that the analysis can in fact be used to probe any model giving
rise to muons, jets and missing transverse energy. For given benchmark scenarios,
we have found an excellent agreement between our predictions with MADANAL-
vsis 5 and the official results provided by the CMS collaboration. This validated
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Fig. 2. Normalised distributions for some key kinematical quantities used in the CMS-EXO-17-
015 analysis. We show predictions for the scenario BP1 with My, = 1000 GeV. The MADANALY-
sis 5 predictions are shown in red while the CMS ones are given in blue. We consider the hadronic
tau multiplicity (upper left), the b-jet multiplicity (upper right), the transverse momentum of the
leading jet (centre left), the transverse momentum of the leading muon (centre right), the missing
transverse energy (lower left) and the transverse mass of the leading muon and missing momentum
system (lower right).

analysis is available on the public MADANALYSIS 5 database and can be found from
the MADANALYSIS 5 dataverse, at https://doi.org/10.14428/DVN/ICOXGY [49],
together with relevant validation material.
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