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We present the implementation in MadAnalysis 5 of the CMS-TOP-18-003 search for
the production of four top quarks in the Standard Model, and detail the validation

of this implementation. This CMS analysis studies Standard Model four-top production

through the same-sign and multi-lepton plus jets channels, using a luminosity of 137 fb−1

of proton-proton collisions at a centre-of-mass energy of 13 TeV. We validate our im-

plementation work by studying various distributions and event counts describing the

properties of the signal in the context of the Standard Model: jet and b-jet multiplicities,
the hadronic activity HT , and the number of expected events populating the various

analysis signal regions. We then provide a small example of usage of this implementation

to constrain a toy new physics model.
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1. Introduction

In the Standard Model (SM), four top quark production at the LHC (pp → tt̄tt̄)

mainly proceeds through pure QCD contributions and the associated production

of a top-antitop pair with a Higgs boson in an s-channel-like topology. The total

production cross section is predicted, at the next-to-leading order accuracy in the

strong coupling, to be σSM
4t = 11.97+2.15

−2.51 fb [1]. By virtue of the size of the top

Yukawa coupling, Higgs-boson exchange diagrams contribute significantly. Four-top

probes, which have already been under deep scrutiny until now [2–4], have been

consequently expected to provide soon an alternative channel to measure the top

Yukawa coupling and more generally to play a key role at the upcoming third run

of the LHC.

The four-top channel is in addition expected to be important in the search for

new physics scenarios, as such a signature could be representative of a variety of new

physics scenarios featuring top-philic new scalar or vector particles [5–9]. Such parti-

cles arise for instance in composite Higgs solutions to the hierarchy problem [10–14],

in models featuring extended supersymmetry [15–22], in models derived from the

minimal flavour violation principle [23, 24], but also simply when the new physics

1



November 19, 2020 0:11 WSPC/INSTRUCTION FILE
ma5˙validation˙cms˙top˙18˙003˙v2
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interact with the SM via a scalar portal mechanism (for which the top Yukawa

coupling dominates the interactions). Furthermore, four-top production can often

be associated with a significant production of missing energy (although in that case

supersymmetry-driven searches are typically better suited [25]. While we will not

focus on this mass range in this note, the case of a top-philic particle with mass

below mt has been also considered in the literature [26]. Finally, the measurement

of the top Yukawa itself can be used to indirectly probe new physics.

New physics contributions generally lead to an enhancement of four-top produc-

tion, such an enhancement featuring kinematical properties significantly distinct

from the SM. It is therefore crucial to be able to extract reasonable bounds on

models under consideration from SM four-top production searches, as well as to

study the properties of the corresponding new physics signal to design a better

suited analysis strategy fully dedicated to the quest for beyond standard model

particles. The MadAnalysis 5 platform [27–30] is one of the public software aim-

ing at such an objective. It allows for the derivation of predictions detailing how

the different signal regions of a given LHC analysis are populated by an arbitrary

new physics signal. The analysis impact on the signal properties can furthermore

be estimated.

We present in this note the implementation of the latest CMS analysis targeting

the production of four top quarks in the Standard Model [4] in the MadAnaly-

sis 5 framework, briefly describing the analysis itself in Sec. 2. In Sec. 3, we provide

information on the procedure that we have followed in order to validate our im-

plementation, so that any potential user can check how robust is our work and to

which level any phenomenological outcome should be trusted. In this context, we

have verified the compatibility between a SM four-top signal as obtained with our

implementation and the official results as reported by the CMS collaboration, both

for event counts in the different signal regions of the analysis and various differential

distributions. A practical recasting example is shown in Sec. 4 and a summary of

our work is given in Sec. 5.

2. Description of the analysis

The production of four top quarks and their subsequent decay at the LHC typically

leads to final states featuring a large number of leptons and hard jets with an

important heavy-flavour content. In particular, a pair of leptons carrying the same

electric charge typically arises from 10% of the decays. In contrast to any other

channel, a same-sign di-lepton probe is known to enjoy a low SM background, and

is thus an excellent way to search for any new phenomenon. In order to increase

the signal efficiency, the analysis additionally considers a final-state with more than

two leptons, as the SM background is in that case is also known to be reducible to

a small enough level.
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2.1. Object definitions

The CMS-TOP-18-003 analysis [4] defines 14 signal regions that differ in the details

on the selection criteria on the leptons and jets reconstructed in the events. The

signal object candidates are required to satisfy mild kinematics requirements and

to be isolated. The latter criterion is particularly important as the analysis targets

the identification of events featuring a large multiplicity of isolated jets and leptons.

The signal selection process considers leptons with properties fulfilling

pT > 20 GeV and |η| < 2.5 (electrons) or 2.4 (muons) . (1)

Jets are reconstructed using the anti-kT algorithm [31] with a distance parameter

R = 0.4, and the analysis is restricted to jets featuring

pT > 40 GeV and |η| < 2.4 . (2)

In addition, all jets that are overlapping with a lepton are discarded, the overlap

being defined by constraining the angular distance in the transverse plane ∆R so

that it is smaller than 0.4. The angular distance is defined in a standard way, with

∆R ≡
√

(ηj − η`)2 + (ϕj − ϕ`)2 > 0.4 , (3)

where ηj (η`) is the jet (lepton) pseudo-rapidity and ϕj (ϕ`) is the corresponding

azimuthal angle.

At the same time, lepton isolation requirements [32] restrict the amount of

hadronic activity around the leptons, this activity being evaluated by including

the contributions of all (isolated and non-isolated) jets and by ignoring any pT re-

quirement on the jets. Lepton isolation is enforced by means of three variables: first

the mini-isolation variable defined as the scalar sum of the transverse momenta of

all charged hadrons, neutral hadrons and photons within a cone of radius depending

on the lepton pT ; then the ratio of the lepton pT to the one of the closest jet within

a ∆R = 0.4 distance; and finally the prelT variable defined as the transverse mo-

mentum of the lepton relative to the residual momentum of the closest jet (within

a ∆R = 0.4 angular distance from the lepton), after having subtracted the lepton

momentum.

Since the analysis requires typically many jets and b-tagged jets (as much as at

least four in one of the analysis signal regions, for instance), controlling precisely

the performance of the b-tagging algorithm is critical. The considered CMS analy-

sis relies a deep neural network algorithm, named DeepCSV [33], with a medium

working point. The corresponding b-tagging efficiency Eb|b approximately reads

Eb|b(pT ) =



0.13 + 0.028 pT − 5.07·10−4 p2T + 4.07·10−6 p3T − 1.21·10−8 p4T

for 25 GeV < pT < 115 GeV ,

0.65 + 0.00143 pT − 1.03·10−5 p2T + 2.55·10−8p3T − 2.78·10−11

p4T + 1.11 · 10−14p5T for 115 GeV 6 pT < 950 GeV ,

0.50 for pT > 950 GeV ,

(4)
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and is associated with the mistagging rate of a charmed jet (Eb|c) and a light jet

(Ej|b) as a b-jet given by

Eb|c(pT ) =



0.0571 + 0.00603 pT − 1.74·10−4 p2T + 2.15·10−6 p3T − 1.20·10−8 p4T

+2.50·10−11 p5T for 25 GeV < pT < 155 GeV ,

15.8− 0.432 pT + 4.87·10−3 p2T − 2.88·10−5 p3T + 9.43·10−8 p4T

−1.62·10−10 p5T + 1.14·10−13 p6T for 155 GeV < pT < 318 GeV ,

0.119− 0.000225 pT + 1.36·10−6 p2T − 1.96·10−9 p3T + 7.38·10−13 p4T

+1.11·10−16 p5T for 318 GeV 6 pT < 950 GeV ,

0.14 for pT > 950 GeV ,

Eb|j(pT ) =



0.0194− 0.000344 pT + 3.66·10−6 p2T − 1.43·10−8 p3T + 1.27·10−11 p4T

+4.82·10−14 p5T − 8.56·10−17 p6T for 25 GeV < pT < 360 GeV ,

1.26− 0.0134 pT + 5.83·10−5 p2T − 1.30·10−7 p3T + 1.57·10−10 p4T

−9.79·10−14 p5T + 2.48·10−17 p6T for 260 GeV 6 pT < 950 GeV ,

0.035 for pT > 950 GeV .

(5)

We have accordingly designed a customised Delphes 3 [34] card, which should be

used for the simulation of the detector response associated with our implementation

(see below). The above performance corresponds to an average tagging efficiency

ranging 50% and 70%, for quite small associated false positive rates.

In the CMS-TOP-18-003 analysis, signal b-jet candidates are selecting by en-

forcing their transverse momentum to satisfy

pT > 25 GeV . (6)

2.2. Event selection

Strong selection cuts are then applied to unravel the signal from the large back-

ground. One first requires event final states to exhibit the presence of at least two

jets (Nj ≥ 2) and two b-tagged jets (Nb ≥ 2), and then constrains the sum of the

transverse momenta of all reconstructed jets to satisfy

HT =

Nj∑
i=1

> 300 GeV . (7)

As a sensible amount of missing transverse energy pmiss
T is expected to arise from

the leptonic top-quark decays for the considered signal, we ask events to satisfy

pmiss
T > 50 GeV . (8)
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Table 1. Preselection cuts as defined in the CMS-TOP-18-003 analysis [4]. We recall that the

sum of the transverse momenta of all jets is given by HT , as defined in Eq. (7).

Basic kinematic requirements

Electrons Muons Jets b-tagged jets
pT (GeV) > 20 > 20 > 40 > 25

η (GeV) > 2.5 > 2.4 > 2.4 > 2.4

Baseline selection
Jets HT > 300 GeV, pmiss

T > 50 GeV, at least two jets and two b-tagged jets

Leptons If same charge pair: pT (`1) > 25 GeV and pT (`i) > 20 GeV for i 6= 1

Isolation Jets and b-tagged jets ∆R > 0.4 w.r.t the selected leptons

Further vetoes

Vetoed Same sign electron pairs with pair mass below 12 GeV
Vetoed Third lepton with pT > 5(7) GeV for e (µ) forming an opposite-sign same-

flavour pair with an invariant mass mOS < 12 GeV or mOS ∈ [76, 106] GeV

Table 2. Definition of the signal regions of the CMS-TOP-18-003 analysis, together with the

expectation from SM tt̄tt̄ production as reported by the CMS collaboration (pre-fit results are
shown) [4].

N` Nb Nj Region tt̄tt̄ (SM - CMS)

2 2 6 SR1 1.89± 1.14

2 2 7 SR2 1.04± 0.57

2 2 ≥8 SR3 0.67± 0.38

2 3 5 SR4 1.51± 0.85
2 3 6 SR5 1.61± 0.90

2 3 7 SR6 1.14± 0.66

2 3 ≥8 SR7 0.85± 0.47

2 ≥ 4 ≥5 SR8 2.08± 1.23

N` Nb Nj Region tt̄tt̄ (SM - CMS)

≥ 3 2 5 SR9 0.66± 0.38

≥ 3 2 6 SR10 0.33± 0.21

≥ 3 2 ≥7 SR11 0.22± 0.13

≥ 3 ≥ 3 4 SR12 0.56± 0.32

≥ 3 ≥ 3 5 SR13 0.66± 0.38

≥ 3 ≥ 3 ≥6 SR14 0.76± 0.45

As usual pmiss
T denotes the magnitude of the projection of the negative sum of the

momenta of all reconstructed candidates in the event on the plane perpendicular to

the beams.

One then restricts the kinematical properties of the leptons and enforce that the

leading lepton has a transverse momentum pT (`1) > 25 GeV and that there exists

a trailing lepton of the same electric charge with a pT (`i) > 20 GeV (with i 6= 1).

In addition, events featuring more than two leptons are allowed, provided that no

other same-sign lepton pair can be formed with the leading lepton.

Extra selections are imposed to reject the possibility that a lepton pair originates

from a hadronic resonance or from a Z-boson decay. The invariant mass m`` of

any electron pair and any opposite-sign muon pair that can be formed from the

leptonic content of the event has to be larger than 12 GeV. Moreover, m`` has to

lie outside the Z-boson mass window in the case of an opposite-sign same-flavour

pair (m`` 6∈ [76, 106] GeV). Those preselection cuts are summarised in Table 1.

Once signal leptons, jets and b-tagged jets have been identified and selected, the

CMS analysis then splits all surviving events into 14 distinct signal regions (SR),

according to the number of leptons present in the event N`, as well as the number
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of b-jets Nb and jets Nj . This selection is summarised signal region by signal region,

in Table 2, along with the predicted number of SM tt̄tt̄ events that is expected for

each SR. The selection cuts are very stringent and typically retain only around 2%

of the cross section.

Very importantly, one should pay attention to how the numbers of SM four-top

events populating each signal region are reported by the CMS collaboration. The

final results are provided “post-fit”, i.e. after the cross section related to the four-

top SM signal has been fitted so that theory and measurement match. In order to

recover proper predictions, one needs to rescale the results by the theoretical cross

section σSM
4t . The obtained numbers of events, referred to henceforth as “pre-fit”, are

the values to be compared with our MadAnalysis 5 predictions when validation

is at stake.

3. Validation

3.1. Event generation

In order to validate our implementation, we generate SM four-top signal events

at the next-to-leading-order (NLO) accuracy in the strong coupling, convoluting

NLO matrix elements with the NLO set of NNPDF3.0 parton densities [35] that

is provided through the LHAPDF 6 library [36]. In our simulations, we set the

factorisation and renormalisation scales to the average transverse mass of the final-

state particles, and the corresponding scale variation uncertainties are obtained by

varying this choice by a factor of two up and down. Parton density uncertainties

are extracted using replicas sets.

After including the top quark decay with the MadSpin package [37] (so that

spin correlations are retained) and MadWidth [38], the hard-scattering fixed-order

results are matched with parton showers as described by Pythia 8 [39] that further

includes the simulation of the hadronisation effects. We finally model the response

of the CMS detector with Delphes 3 [34], which internally relies on FastJet [40]

for object reconstruction.

We have created our own Delphes 3 card for this analysis, in order to match

accurately the lepton and jet reconstruction efficiencies as required by the CMS-

TOP-18-003 analysis and the corresponding b-tagging performance [4] described in

Section 2.1.

Our validation relies on 2,500,000 simulated SM events, generated according

to the procedure described above. This leads to about 50,000 events passing all

selection cuts. Accordingly, this allows us to neglect the statistical uncertainties

with respect to the theoretical ones when validation histograms and cutflows are

extracted.

3.2. Comparison with the official results

We validate our implementation of the CMS-TOP-18-003 analysis by comparing

predictions obtained with our MadAnalysis 5 implementation and the SM four-
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Fig. 1. Validation figures of our implementation, in the MadAnalysis 5 framework, of the CMS

four-top analysis of Ref. [4]. We compare MadAnalysis 5 predictions (green) with the CMS official

results (dark grey) for the jet multiplicity (upper-left panel), b-jet multiplicity (upper-right panel)
and HT (central-left panel) spectra, as well as for the event counts populating each signal region

(lower right panel). The MadAnalysis 5 predictions include theoretical uncertainties (green error
bars) whilst the CMS numbers include both systematical and statistical errors (black dashed bands

and light grey error bars in the lower panel).

top events generated following the above strategy. We show in Fig. 1 the result of

such a comparison for various differential distributions, and display histograms rep-

resenting the jet multiplicity Nj (upper left), the b-jet multiplicity Nb (upper right)

and the hadronic activity HT (lower left). We find in all three cases a very good

agreement, after accounting for the errors, between the MadAnalysis 5 predictions

(green) and the CMS official results [4] (grey).

Moreover, we also present the event yields in the different signal regions (lower

right) and compare again the MadAnalysis 5 numbers (green) to the CMS results

(grey). A very good agreement is found, for all signal region.

We therefore consider our implementation as validated, so that it will be added

to the MadAnalysis 5 Public Analysis Database (PAD) in a close future.

4. A practical example: top-philic scalars

As a simple illustrative example, we consider a simplified (SU(2)-violating) model

in which a top-philic real scalar S of mass MS interacts with the Standard Model
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Table 3. Observed and limits on the considered new physics signal production rate, as obtained with

MadAnalysis 5 and by using the implementation of the CMS-TOP-18-003 analysis [4]. We consider two
scenarios for which MS = 600 GeV (upper row) and MS = 1000 GeV (lower row). We moreover also

show the projected limits at the HL-LHC.

SR1 SR2 SR3 SR4 SR5 SR6 SR7 SR8 SR9 SR10 SR11 SR12 SR13 SR14

MS = 600 GeV

σlim
obs (fb) 86 70 124 55 29 97 49 23 169 363 979 87 95 80

σlim
HL−LHC (fb) 26 29 34 19 13 16 19 12 58 65 351 26 23 21

MS = 1000 GeV

σlim
obs (fb) 74 49 61 50 25 74 25 17 125 175 189 100 78 45

σlim
HL−LHC (fb) 22 20 17 17 11 12 10 9 43 32 68 30 18 13

through the top-quark. The corresponding new physics Lagrangian reads

Ls0 ⊃
1

2
∂µS∂

µS − 1

2
M2
SS

2 + y0t̄t S + h.c , (9)

where y0 denotes the new Yukawa coupling. The main production mechanism of

the four-top signal induced by new physics, when MS > 2mt and MS is around or

below the TeV-scale proceeds via associated production,

pp→ tt̄S → tt̄tt̄ . (10)

For lower scalar masses, the on-shell production of the scalar S dominates, implying

that the cross section scales as y20 . On the contrary, for higher mass, the off-shell

contribution dominates instead, so that the cross section scales as y40 .

We present in Table 3 limits on the new physics signal cross section that we

derive with our MadAnalysis 5 implementation. We consider two scenarios in

which MS = 600 GeV and MS = 1000 GeV respectively, and show results for each

SR of the analysis. We observe that the strongest limits arise for the SR4, SR5 and

SR8 region. The lack of sensitivity of the SR6 region is associated with an observed

large upward fluctuation of events in CMS data. We moreover present projections

for the HL-LHC as derived with the machinery introduced in Ref. [41].

Next, we scan over the singlet mass in the [400, 1200] GeV range, and trans-

late the limits on the cross section as a direct constraint on the S coupling to the

top quark. We remind that tt̄S associated production typically dominates for such

mass values. We present limits derived from the CMS analysis under consideration

(blue), as well as projections for the HL-LHC (green) in Fig. 2. The regions above

the blue and green thick line in the figure correspond to a 95% confidence level ex-

clusion by the CMS-TOP-18-003 analysis when considering the run 2 and HL-LHC

luminosity respectively. In order to derive these limits, we use standard build-in fea-

tures from MadAnalysis 5 allowing for the calculation of the exclusion confidence

level associated with a given signal. These are extensively documented in ref. [30].

The large error bars (corresponding to the shaded regions in the figure) are related

to the significant theoretical uncertainties associated with our leading-order signal

simulations. We refer to ref. [42] for a more refined analysis.
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Fig. 2. Limit on y0 as a function of masses derived from the above procedure in MadAnaly-
sis 5 along with projections for the HL-LHC based on 3 ab−1 of data. The regions above the

curves are excluded, and the shaded areas show the associated theoretical uncertainties for both

limits.

At face value, the additional statistics provided by the HL-LHC imply a 50%

improvements in the limits. However, the new physics signal is expected to strongly

deviate from the SM background in various observables, such as the sum of the

transverse momenta of all reconstructed jets HT . One can therefore expect a sig-

nificant improvement on these limits from a dedicated search strategy, as already

mentioned in Ref. [22].

5. Conclusions

We have described in this work the implementation of the CMS-TOP-18-003 anal-

ysis in the MadAnalysis 5 framework. Such an analysis can be used to target new

physics expected to show up in four-top events at LHC. We have validated our work

by comparing predictions relying on the Monte Carlo simulations of SM four-top

production. We have found an agreement with the CMS official results, well within

their 1σ uncertainties. In particular, all the SR event counts agree with the CMS

tt̄tt̄ projection within 30%, as do the differential distributions in HT , Njets and Nb.

Consequently, the present work can be considered as validated and used without

restriction to probe and test novel new physics models.

As an illustrative example of usage, we have reintepreted the CMS-TOP-18-003

analysis to extract bounds on a simplified top-philic scalar model, together with

their projection at the HL-LHC.

The MadAnalysis 5 C++ code is available from the MA5 dataverse

(https://doi.org/10.14428/DVN/OFAE1G) [43].

https://doi.org/10.14428/DVN/OFAE1G
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