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4 top - produzione

• Phys. Rev. D 99, 052009 (2019)

• Ricerca della produzione di quattro quark top usando dati 
di collisioni pp a √s=13 TeV raccolti dall’esperimento 
ATLAS tra il 2015 e il 2016 (ℒ = 36.1 fb-1) 
• Processo dominante di produzione: gluon-gluon fusion (94%)
• Processo secondario di produzione: annichilazione quark-

antiquark (6%)

• Processo estremamente raro: σ##̅##̅%& ≈ 9.2 fb calcolato al 
NLO in QCD[a]

• Sensibile a fisica oltre il Modello Standard
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[a] Alwall, J., Frederix, R., Frixione, S. et al. J. High Energ. Phys. (2014) 2014: 79. https://doi.org/10.1007/JHEP07(2014)079



4 top - decadimento
• Molteplici stati finali dovuti al decadimento 

del bosone W intermedio (da t → Wb)
• Focus sui canali Single Lepton e Opposite-Sign

Dilepton

08/04/2019 Jacopo Magro - IFAE 2019 4

Single
 Lepton

Dilep
ton OSsingle lepton 42.2% fully hadronic 31.1%

dilepton OS 14.3%

dilepton SS 7.2%

multi-lepton 5.3%



Selezione degli eventi

Jet:
• Algoritmo anti-kt con un parametro radiale di 0.4
• pT > 25 GeV
• |!| < 2.5
• Criteri per eliminare i jet non provenienti dalla 

collisione
• Overlap removal con i leptoni

b-tag jet:
• Algoritmo di b-tagging (efficienza del 77%)

Mass-tagged reclustered jet (RCLR jet):
• Jet con pT > 25 GeV che passano tutti i criteri di 

selezione
• Reclustering con un parametro radiale di 1.0
• pT > 200 GeV
• |!| < 2.0
• Massa > 100 GeV
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Table 1: Summary of pre-selection requirements for the single-lepton and dilepton channels. Here mW
T is the

transverse mass of the lepton and the Emiss
T vector, and m`` denotes the dilepton invariant mass in the ee and µµ

channels.

Pre-selection requirements

Requirement Single-lepton Dilepton

Trigger Single-lepton triggers
Leptons 1 isolated 2 isolated, opposite-sign
Jets �5 jets �4 jets
b-tagged jets �2 b-tagged jets
Other Emiss

T > 20 GeV m`` > 50 GeV
Emiss

T + mW
T > 60 GeV |m`` � 91| > 8 GeV

via the misidentification of a jet as an electron or the presence of a non-prompt electron or muon. These175

events are referred to as the “fake and non-prompt lepton” background in the remainder of this paper.176

MC simulation samples are used to model the expected distributions of the signal and most of the177

background processes. The fake and non-prompt lepton background in the single-lepton channel is178

estimated with a fully data-driven method. In regions with very high jet and b-jet multiplicities, the179

dominant tt̄+jets background is estimated via a dedicated data-driven method, with some correction180

factors taken from the MC simulation, as described in Section 6. The MC samples are processed either181

through the full ATLAS detector simulation [45] based on G����4 [46], or through a faster simulation182

making use of parametrized showers in the calorimeters [47]. To model the e�ects of pileup, events from183

minimum-bias interactions are generated using the P����� 8.186 [48] event generator and overlaid on to184

the simulated hard-scatter events according to the luminosity profile of the recorded data. The distribution185

of the number of additional pp interactions in the MC samples is weighted to match the distribution186

observed in data. All simulated samples are processed through the same reconstruction algorithms and187

analysis chain as the data. In the simulation, the top-quark mass is assumed to be mtop = 172.5 GeV. The188

heavy-flavor decays are modeled using the E��G�� 1.2.0 [49] program, except for processes modeled189

using the S����� generator [50].190

4.1 Signal modeling191

Simulated events for the main signal process, i.e. the four-top-quark production with SM kinematics,192

are generated at leading-order (LO) with the M�������5_aMC@NLO-2.2.2 [16] generator and the193

NNPDF2.3 LO PDF set [51], interfaced to P����� 8.186 using the A14 set of tunable parameters194

(tune) [52]. The SM tt̄tt̄ sample is normalized to a cross section of 9.2 fb (computed at NLO with195

M�������5_aMC@NLO [16]).196

This search also probes di�erent BSM models: in particular tt̄tt̄ production via an e�ective field theory197

(EFT) involving a four-fermion contact interaction among right-handed top quarks [9], and within a198

Universal Extra Dimensions (UED) model with two extra dimensions that are compactified using the199

geometry of the real projective plane (2UED/RPP) [10, 14]. The samples with the EFT and 2UED/RPP200

models are generated with the M�������5_aMC@NLO LO generator and the NNPDF2.3 LO PDF set,201

interfaced to P����� 8 with the A14 tune. The EFT tt̄tt̄ sample is normalized assuming |C4t |/⇤
2 =202
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Figure 1: Schematic view of the di�erent analysis regions in (a) the single-lepton and (b) the dilepton channels. The
three axes represent the jet multiplicity, the b-tagged jet multiplicity and the mass-tagged RCLR jet multiplicity.
The e�ciency extraction region in each channel is defined inclusively in the mass-tagged RCLR jet multiplicity.

production cross section and kinematics, are referred to as signal regions. These regions are included283

in the simultaneous fit to extract the signal cross section and have high jet multiplicities (�9j and �7j284

for single-lepton and dilepton respectively) and high b-tagged jet multiplicities (�3b). Since background285

events are characterized by at most one hadronically decaying top quark in the single-lepton channel and286

no hadronically-decaying top quarks in the dilepton channel, the signal regions are split into 0, 1 and �2J287

in the single-lepton case, and into 0 and �1J in the dilepton case.288

12 validation regions in the single-lepton channel and 4 validation regions in the dilepton channel are289

defined. These regions do not overlap with the signal region selections and feature low expected signal-290

to-background ratios (less than 1%). They are not included in the fit nor used to extract information291

from the data. These regions are designed primarily to validate the data-driven estimate of the tt̄+jets292

background (introduced in Section 6) and to confirm the assumption that the tt̄+jets data-driven estimate293

can be extrapolated to the signal regions. The validation regions in the single-lepton channel contain294

exactly 7 or exactly 8 jets of which 3 or �4 are b-tagged. In the dilepton channel, the validation regions295

have exactly 6 jets of which 3 or �4 are b-tagged.296

With the goal of estimating the tt̄+jets background in the signal regions, data events with lower jet and297

b-jet multiplicities are used in the data-driven method described in Section 6. The 18 source regions are298

built using events with high jet multiplicity: 7, 8, 9, �10 for single-lepton channel, 6, 7, �8 for dilepton299

channel, and exactly 2 b-tagged jets.300

E�ciency extraction regions characterized by lower jet multiplicities (5 or 6 for single-lepton channel and301

4 or 5 for dilepton channel, out of which 2, 3 or �4 are b-tagged) are used to extract the per-jet b-tagging302

probabilities. These topologies provide a sample depleted of signal and dominated by tt̄+jets. Neither the303

e�ciency extraction regions nor the source regions are included in the final fit to data.304

Figure 2 shows the expected shapes of the jet and b-jet multiplicity distributions after pre-selection in the305

single-lepton and dilepton channels. The distributions shown are for the total predicted background (with306

the tt̄+jets background estimated via MC simulation) and for some of the considered four-top-quark signal307

scenarios, chosen to illustrate di�erences among various types of signals to which the search is sensitive.308

Figure 3(a, b) shows the same distributions but for the mass-tagged RCLR jet multiplicity.309
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Classificazione degli eventi

Gli eventi preselezionati sono classificati in diverse regioni a seconda della molteplicità dei jet.

08/04/2019 Jacopo Magro - IFAE 2019 6



Fondi

I principali processi di fondo sono i seguenti:

• t ̅t + jet          stimato con un metodo data-driven e con una simulazione MC  

• Produzione di top singolo

• W/Z + jet

• Produzione di dibosoni

• t ̅t + V e t ̅t + H

• Leptoni fake e non-prompt stimati con un metodo data-driven
08/04/2019 Jacopo Magro - IFAE 2019 7

Valutati con una simulazione MC
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Stima del fondo t ̅t + jet

Metodo # ̅# Tag Rate Function (TRF''̅): 
• La probabilità di identificare un jet come da quark b è 

indipendente dal numero di jet addizionali
• Estrarre le efficienze di b-tag εj dai dati con un basso 

numero di jet
• Ripesare i dati nelle regioni con 2 b-jet
• Predire la componente dovuta al processo t ̅t + jet nelle 

regioni con un maggior numero di b-jet
Questi passi sono applicati anche ad eventi simulati per 
derivare i fattori di correzione (inferiori al 20%).

08/04/2019 Jacopo Magro - IFAE 2019 10
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Incertezze
Incertezze sistematiche:
• Modellizzazione dei fondi (in particolare del 

processo t ̅t + jet)
• Metodo TRF&&̅
• Jet (scala di energia/risoluzione, scala di 

massa e JVT)
• Efficienza dell’identificazione del sapore
• Leptoni (efficienze del trigger/ricostruzione/ 

identificazione/isolamento, risoluzione e 
scala dei momenti)
• Luminosità integrata

Incertezze statistiche:
• Stime data-driven (limitato numero di dati nelle 

regioni sorgente)
• Fattori di correzione MC (limitato numero di 

eventi simulati)

08/04/2019 Jacopo Magro - IFAE 2019 11
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Table 2: Breakdown of the contributions to the uncertainties of µ. The quoted uncertainties �µ in µ are obtained
by repeating the fit after having fixed a certain set of nuisance parameters corresponding to a group of systematic
uncertainty sources, and subtracting in quadrature the resulting total uncertainty of µ from the uncertainty from
the full fit. The total statistical uncertainty is evaluated by fixing all nuisance parameters in the fit. The total
uncertainty is di�erent from the sum in quadrature of the di�erent components due to correlations between nuisance
parameters built by the fit. The line “background-model statistical uncertainty” refers to the statistical uncertainties
in the MC events and in the data-driven determination of the tt̄+jets and the non-prompt and fake-lepton background
components. The contribution of the di�erent sources of uncertainty is evaluated after the fit described in Section 8.

Uncertainty source ±�µ

tt̄+jets modeling +1.2 -0.96
Background-model statistical uncertainty +0.91 -0.85
Jet energy scale and resolution, jet mass +0.38 -0.16
Other background modeling +0.26 -0.20
b-tagging e�ciency and mis-tag rates +0.33 -0.10
JVT, pileup modeling +0.18 -0.073
tt̄ + H/V modeling +0.053 -0.055
Luminosity +0.050 -0.026
Total systematic uncertainty +1.6 -1.4
Total statistical uncertainty +1.1 -1.0
Total uncertainty +1.9 -1.7

Table 2 shows the post-fit impact of the most influential sources of systematic uncertainty on the signal548

strength µ after the simultaneous fit on the single-lepton and dilepton channels. The leading sources of549

systematic uncertainty vary depending on the analysis region considered. The largest contributions are550

due to the uncertainty associated with the choice of tt̄+jets parton shower and hadronization model and551

that of the tt̄+jets NLO generator, as well as large statistical uncertainties associated with the background552

prediction.553

8.3 Limits on four-top-quark production in the single-lepton and dilepton channel554

No significant excess of events above the SM background prediction, excluding the SM tt̄tt̄ production, is555

found. In the case of tt̄tt̄ production with SM kinematics, an observed (expected) 95% CL upper limit on556

the production cross section of 47 fb (33 fb) is obtained, corresponding to an upper limit on �(tt̄tt̄) relative557

to the SM prediction of 5.1 (3.6). The SM fitted signal strength µ, after combination of the single-lepton558

and dilepton channels, is measured to be 1.7+1.9
�1.7.559

The search is used to set limits on BSM four-top-quark production by considering di�erent signal bench-560

mark scenarios (see Section 4 for details). For setting limits on these BSM models, the SM tt̄tt̄ sample is561

considered as a background. In case of tt̄tt̄ production via an EFT model with a four-top-quark contact562

interaction, an observed (expected) 95% CL upper limit on the production cross section of 21 fb (22 fb)563

is obtained. The cross section limit for the contact interaction case is lower than for the SM because564

the contact interaction tends to result in final-state objects with larger momenta. The upper limit on the565

production cross section can be translated into an observed (expected) limit on the free parameter of the566

model |C4t |/⇤
2 < 1.9 TeV�2 (1.9 TeV�2). In the context of the 2UED/RPP model, the comparison to567

June 15, 2018 – 22:42 25



Risultati

• Fit eseguito su H"#$% simultanemente 
nelle 20 regioni di segnale
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Risultati
• I dati sono in buon accordo con la 

previsione del Modello Standard 
all’interno delle bande di incertezza, 
ottenendo un limite superiore sulla 
sezione d’urto di 47 fb (5.1 σ""̅""̅$% ) e 
µ = ⁄)""̅""̅ )""̅""̅*+ = 1.7/0.120.3

• Combinazione con il canale Same-Sign
Dilepton/Trilepton: maggiori informazioni 
nel poster di Mohammed Faraj
«Combination of searches for the 
production of t ̅tt ̅t in the single lepton, 
opposite sign and same signs dileptons 
channels in pp collisions at √s=13 TeV
with the ATLAS detector»
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LHC

Large Hadron Collider:

• acceleratore sotterraneo

• 27 km di circonferenza

• 14 TeV nel centro di massa 

Quattro punti di collisione: 

• ATLAS (A Toroidal LHC ApparatuS)

• CMS (Compact Muon Solenoid)

• ALICE (A Large Ion Collider Experiment)

• LHCb (Large Hadron Collider beauty)

08/04/2019 16Jacopo Magro - IFAE 2019

Credits: http://www.scienzagiovane.unibo.it/LHC/LHC-page1.html



ATLAS
L’esperimento ATLAS è un rivelatore multifunzione costruito per esplorare la fisica delle particelle elementari, dallo 
studio del bosone di Higgs e del quark top alla ricerca delle extra dimensioni e della materia oscura.
ATLAS ha una struttura cilindrica a strati, chiamata barrel, racchiusa da due estremità chiamate endcap: in questo 
modo il rivelatore circonda interamente il punto di interazione. 
• Inner Detector, usato per ricostruire le tracce e 

i vertici delle particelle cariche
• Calorimetro Elettromagnetico, usato per misurare

la traiettoria e l’energia rilasciata da fotoni ed elettroni
• Calorimetro Adronico, usato per misurare la direzione

e l’energia rilasciata dagli adroni 
• Spettrometro per i muoni, usato per misurare la traiettoria

e il momento dei muoni
L’Inner Detector è racchiuso in un magnete solenoidale (2T),
mentre lo Spettrometro è immerso in un campo magnetico toroidale.

1708/04/2019 Jacopo Magro - IFAE 2019
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Table 1: Summary of pre-selection requirements for the single-lepton and dilepton channels. Here mW
T is the

transverse mass of the lepton and the Emiss
T vector, and m`` denotes the dilepton invariant mass in the ee and µµ

channels.

Pre-selection requirements

Requirement Single-lepton Dilepton

Trigger Single-lepton triggers
Leptons 1 isolated 2 isolated, opposite-sign
Jets �5 jets �4 jets
b-tagged jets �2 b-tagged jets
Other Emiss

T > 20 GeV m`` > 50 GeV
Emiss

T + mW
T > 60 GeV |m`` � 91| > 8 GeV

via the misidentification of a jet as an electron or the presence of a non-prompt electron or muon. These175

events are referred to as the “fake and non-prompt lepton” background in the remainder of this paper.176

MC simulation samples are used to model the expected distributions of the signal and most of the177

background processes. The fake and non-prompt lepton background in the single-lepton channel is178

estimated with a fully data-driven method. In regions with very high jet and b-jet multiplicities, the179

dominant tt̄+jets background is estimated via a dedicated data-driven method, with some correction180

factors taken from the MC simulation, as described in Section 6. The MC samples are processed either181

through the full ATLAS detector simulation [45] based on G����4 [46], or through a faster simulation182

making use of parametrized showers in the calorimeters [47]. To model the e�ects of pileup, events from183

minimum-bias interactions are generated using the P����� 8.186 [48] event generator and overlaid on to184

the simulated hard-scatter events according to the luminosity profile of the recorded data. The distribution185

of the number of additional pp interactions in the MC samples is weighted to match the distribution186

observed in data. All simulated samples are processed through the same reconstruction algorithms and187

analysis chain as the data. In the simulation, the top-quark mass is assumed to be mtop = 172.5 GeV. The188

heavy-flavor decays are modeled using the E��G�� 1.2.0 [49] program, except for processes modeled189

using the S����� generator [50].190

4.1 Signal modeling191

Simulated events for the main signal process, i.e. the four-top-quark production with SM kinematics,192

are generated at leading-order (LO) with the M�������5_aMC@NLO-2.2.2 [16] generator and the193

NNPDF2.3 LO PDF set [51], interfaced to P����� 8.186 using the A14 set of tunable parameters194

(tune) [52]. The SM tt̄tt̄ sample is normalized to a cross section of 9.2 fb (computed at NLO with195

M�������5_aMC@NLO [16]).196

This search also probes di�erent BSM models: in particular tt̄tt̄ production via an e�ective field theory197

(EFT) involving a four-fermion contact interaction among right-handed top quarks [9], and within a198

Universal Extra Dimensions (UED) model with two extra dimensions that are compactified using the199

geometry of the real projective plane (2UED/RPP) [10, 14]. The samples with the EFT and 2UED/RPP200

models are generated with the M�������5_aMC@NLO LO generator and the NNPDF2.3 LO PDF set,201

interfaced to P����� 8 with the A14 tune. The EFT tt̄tt̄ sample is normalized assuming |C4t |/⇤
2 =202

June 15, 2018 – 22:42 8

Selezione degli eventi
• Muoni

• pT > 20 (26) GeV e isolamento
• O pT > 50 GeV e nessuna richiesta di isolamento
• |!| < 2.5
• Isolamento relativo IR/pT < 0.06
• Parametro di impatto longitudinale |z0sinθ| < 0.5 mm
• Parametro di impatto trasversale |d0/σ(d0)| < 3

• Elettroni
• pT > 24 (26) GeV e isolamento
• O pT > 60 GeV e nessuna richiesta di isolamento
• O pT > 120 (140) GeV e identificazione meno stringente
• |!| < 1.37 ⋁ 1.52 < |!| < 2.47 
• Isolamento relativo IR/pT < 0.06
• Parametro di impatto longitudinale |z0sinθ| < 0.5 mm
• Parametro di impatto trasversale |d0/σ(d0)| < 5
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Table 1: Summary of pre-selection requirements for the single-lepton and dilepton channels. Here mW
T is the

transverse mass of the lepton and the Emiss
T vector, and m`` denotes the dilepton invariant mass in the ee and µµ

channels.

Pre-selection requirements

Requirement Single-lepton Dilepton

Trigger Single-lepton triggers
Leptons 1 isolated 2 isolated, opposite-sign
Jets �5 jets �4 jets
b-tagged jets �2 b-tagged jets
Other Emiss

T > 20 GeV m`` > 50 GeV
Emiss

T + mW
T > 60 GeV |m`` � 91| > 8 GeV

via the misidentification of a jet as an electron or the presence of a non-prompt electron or muon. These175

events are referred to as the “fake and non-prompt lepton” background in the remainder of this paper.176

MC simulation samples are used to model the expected distributions of the signal and most of the177

background processes. The fake and non-prompt lepton background in the single-lepton channel is178

estimated with a fully data-driven method. In regions with very high jet and b-jet multiplicities, the179

dominant tt̄+jets background is estimated via a dedicated data-driven method, with some correction180

factors taken from the MC simulation, as described in Section 6. The MC samples are processed either181

through the full ATLAS detector simulation [45] based on G����4 [46], or through a faster simulation182

making use of parametrized showers in the calorimeters [47]. To model the e�ects of pileup, events from183

minimum-bias interactions are generated using the P����� 8.186 [48] event generator and overlaid on to184

the simulated hard-scatter events according to the luminosity profile of the recorded data. The distribution185

of the number of additional pp interactions in the MC samples is weighted to match the distribution186

observed in data. All simulated samples are processed through the same reconstruction algorithms and187

analysis chain as the data. In the simulation, the top-quark mass is assumed to be mtop = 172.5 GeV. The188

heavy-flavor decays are modeled using the E��G�� 1.2.0 [49] program, except for processes modeled189

using the S����� generator [50].190

4.1 Signal modeling191

Simulated events for the main signal process, i.e. the four-top-quark production with SM kinematics,192

are generated at leading-order (LO) with the M�������5_aMC@NLO-2.2.2 [16] generator and the193

NNPDF2.3 LO PDF set [51], interfaced to P����� 8.186 using the A14 set of tunable parameters194

(tune) [52]. The SM tt̄tt̄ sample is normalized to a cross section of 9.2 fb (computed at NLO with195

M�������5_aMC@NLO [16]).196

This search also probes di�erent BSM models: in particular tt̄tt̄ production via an e�ective field theory197

(EFT) involving a four-fermion contact interaction among right-handed top quarks [9], and within a198

Universal Extra Dimensions (UED) model with two extra dimensions that are compactified using the199

geometry of the real projective plane (2UED/RPP) [10, 14]. The samples with the EFT and 2UED/RPP200

models are generated with the M�������5_aMC@NLO LO generator and the NNPDF2.3 LO PDF set,201

interfaced to P����� 8 with the A14 tune. The EFT tt̄tt̄ sample is normalized assuming |C4t |/⇤
2 =202

June 15, 2018 – 22:42 8

Selezione degli eventi
• Small-R jet:

• Algoritmo anti-kt con un parametro radiale di 0.4
• pT > 25 GeV
• |!| < 2.5
• Criteri per eliminare i jet non provenienti dalla collisione
• Criteri addizionali sul Jet Vertex Tagger per i jet con basso pT

• b-tagged jet:
• Algoritmo di b-tagging (77% di efficienza)

• Reclustered (RCLR) jet:
• Small-R jet con pT > 25 GeV che passano i criteri di JVT e 

overlap removal
• Reclustering con anti-kt con un parametro radiale di 1.0
• Jet con pT < 0.05·pT(RCLR) sono rimossi

• Mass-tagged RCLR jet:
• pT > 200 GeV
• |!| < 2.0
• Massa > 100 GeV
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Risultati
I risultati sono stati combinati con quelli del canale Same-Signed Dilepton/Trilepton
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