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Introduction
New interactions with the top quark

Universidade do Minho (Braga, Portugal) - 2011-2021

● Bachelor in Physics - Final project on condensed matter physics

● Master in Experimental Physics also with Laboratory of 
Instrumentation and Experimental Particle Physics
○ Thesis on Flavour Changing Neutral Currents

 with data from the ATLAS Experiment 

● PhD on the search for new interactions in the top quark sector - 
Overview in this talk!
○ Stay at CERN in 2019 due to the ATLAS PhD Grant award
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Outline
New interactions with the top quark

● Motivation: Slide 4
● Interference studies with Flavour-Changing Neutral Currents (FCNCs): Slide 10
● Search for FCNC tZq processes with the ATLAS detector: Slide 11

○ Technical work with ATLAS Forward Proton: Slide 14
● Sensitivity study with FCNCs mediated by a new scalar particle at the electroweak scale: 

Slide 27
● Conclusions and current work: Slide 33

Useful links for more detailed information:
● PhD thesis: CERN-THESIS-2021-149
● ATLAS publication: ATLAS-CONF-2021-049
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https://cds.cern.ch/record/2782903/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-049/


Standard Model
New interactions with the top quark

● Standard Model (SM) of Particle Physics explains 
the fundamental interactions except gravity

● Why studying the top quark?
- Heaviest fundamental particle: ~ 173 GeV
- Only quark decaying before hadronisation:~ 5x10-25s
- Strongly interacting with the electroweak sector and 

the Higgs: yt ~ 1
- Inspiring to look beyond the Standard Model:

Hierarchy problem: corrections to the Higgs mass
First place to look for new particles coupling to mass
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Beyond the Standard Model
New interactions with the top quark

● Flavour changing neutral currents (FCNC) processes, where a fermion changes its flavour 
without alternating its charge, is a great example of a rare interaction in the SM 
framework (with a branching ratio of ~ 10-14) 
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Beyond the Standard Model
New interactions with the top quark

● Flavour changing neutral currents (FCNC) processes, where a fermion changes its flavour 
without alternating its charge, is a great example of a rare interaction in the SM 
framework (with a branching ratio of ~ 10-14)

● Many New Physics models lead to FCNC contributions, often at tree level, by introducing 
new particles or interactions (with expected branching ratios between 10-5 and 10-10):

● Searches for FCNC processes can be performed in a model independent way using an 
Effective Field Theory (EFT) approach, being the SM lagrangian extended by operators in 
higher-dimensions:
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Flavour Changing Neutral Currents
New interactions with top
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● Top quark decay via FCNC processes present a powerful probe of new physics and 
it can occur in two modes:
○ In production: t+X production with X = H, Z, g, γ
○ In decay: tt production (with t →qX) with q = u, c

Feynman diagram at Leading-Order 
for FCNC tZ production

Feynman diagram at Leading-Order 
for FCNC tt decay



Flavour Changing Neutral Currents
New interactions with top
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● Top quark decay via FCNC processes present a powerful probe of new physics and 
it can occur in two modes:
○ In production: t+X production with X = H, Z, g, γ
○ In decay: tt production (with t →qX) with q = u, c

Feynman diagram at Leading-Order 
for FCNC tZ production

Feynman diagram at Leading-Order 
for FCNC tt decay



Interference studies
New interactions with top

● Evaluation of the interference effects between 
production and decay modes for FCNC tZq and tγq 
anomalous couplings performed in collaboration 
with the University of Dortmund (Germany)

● Transverse momentum of Z and γ bosons were 
the most sensible variables

● Interference effects found to be smaller than 
variations of the renormalisation and 
factorisation scales

● Study published in The European Physical Journal 
Plus
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https://link.springer.com/article/10.1140/epjp/s13360-020-00346-3


Analysis strategy
Data analysis

● Data analysis searching for FCNC processes with couplings between the Z boson, the top 
quark and a light-quark (up- or charm-quark):
○ Combining production and decay modes
○ Split into two dedicated analyses with only tZu or tZc anomalous coupling
○ Trileptonic topology: three leptons + b-tagged jet + Missing Transverse Energy (MET)

 ⇒ Leptonic decays of the Z boson and top quark provides a clear signature in the 
detector with a low jet multiplicity

○ Main backgrounds: ttZ, diboson (mainly WZ and ZZ) and SM tZ production
○ Collaboration with other ATLAS institutes: Roma Tor Vergata (Italy), Milano (Italy), Tbilisi 

(Georgia) and Berlin (Germany)
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ATLAS detector
Data analysis

12

12

Physics objects:
- Electrons
- Muons
- Jets
- Jets from bottom quarks
- Missing transverse energy



Technical work with AFP
Qualification task 
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● Qualification task performed 
in the ATLAS Forward Proton 
(AFP) sub-detector

● Evaluation of the hardware 
trigger efficiencies of the 
silicon tracker



Technical work with AFP
Qualification task

● Using data recorded in 2016, when only one arm was 
installed, studies on the interplane and global alignment of 
the four pixel layers were done, followed by the definition of 
acceptance of the interesting hits and tracks

● Depending on the selection implemented (with 
requirements on the number of tracks and hits in each 
layer), efficiencies on the hardware trigger are between 86% 
and 99%
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Track map of AFP C-side - With x slope cuts

Track map of AFP C-side - With x and y slope cuts



Data and Monte Carlo samples
Data analysis

● Search for FCNC tZq couplings analysed the full Run-2 dataset
collected between 2015 and 2018 by the ATLAS detector (139 fb-1±1.7%)
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Data and Monte Carlo samples
Data analysis

● Signal and background processes are modelled by Monte Carlo simulation samples

Signal: 
- Top quark FCNC interactions considered at NLO in QCD using the TopFCNC UFO model with 

MadGraph
- Most relevant EFT operators contributing for FCNC tZq processes evaluated with 

dimension-six operator coefficients CuB and CuW 
- Four signal scenarios: left-handed and right-handed couplings for tZu and tZc processes

Background: 
- With three prompt leptons: Diboson, ttZ, ttW, tWZ and SM tZ, among other minor samples
- With non-prompt/fake leptons: tt, Wt and Z+jets production

16

16



Reconstruction of top quarks
Data analysis
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● Two top quark candidates (SM: t ￫ bW, FCNC: t ￫ qZ ￫ qll) reconstructed under the FCNC tt 
decay signal hypothesis

● Decay objects to reconstruct: b-quark, W boson, q-quark and Z boson
○ Z boson reconstructed using the opposite-sign and same-flavour (OSSF) lepton pair 

with the closest invariant mass to 91.19 GeV
○ Lepton not used in Z boson reconstruction assumed to come from the W boson decay
○ MET assumed to be the transverse momentum of the neutrino
○ Minimisation of the 𝟀2  expression choose the jet to assign to the q-quark and it also 

determines the most probable value for the longitudinal momentum of the neutrino 
from the W boson decay:



Analysis strategy
Data analysis

● Two orthogonal signal regions focusing on: 
FCNC tt decay (SR1): >= 2 jets 
FCNC tZ production (SR2): = 1, 2 jets

● Suppression of Z+jets contribution by cutting on 
the transverse mass of the W boson (mT(ℓW,ʋ)):

● Kinematic variables as pT(Z) or mT(ℓW,ʋ) more 
important for FCNC tZ signal, while angular 
variables as ΔR(ℓ,Z) are better discriminants for 
the FCNC tt decay signal
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Data and Monte Carlo comparison
Data analysis

● Modelling of the dominant background processes tested 
through four dedicated control regions (CRs): 

● While ttZ and side-band CRs target the main 
backgrounds of both signal regions, the tt CR allows an 
estimate of the non-prompt/fake leptons contribution 
using a semi-data driven method
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tt CR

ttZ CR



Signal to background discrimination
Data analysis
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● Three multivariate discriminants defined using Gradient Boosted Decision Trees 
(GBDT): FCNC tZu and tZc in decay, FCNC tZu in production and FCNC tZc in decay and 
production

● All the signal and background events selected by the signal regions divided into five 
equal parts and used for the training (80%) or for the testing (20%)

● Choice of the input variables taking into account the separation power, the correlation 
with other variables and the performance loss



GBDT performance
Data analysis

● Detailed study of the variables 
separation power and its importance to 
the final discriminants provided a great 
performance for the three cases: 
80% for D1, 85% for D2

U and 69% for D2
C

● Optimisation of the GBDT 
hyper-parameters varying the number 
of threes and shrinkage, among others, 
with a total of 144 combinations 
⇒ Reference parameters produce a 
stable and optimal GBDT performance
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Training and test comparison for signal and background for the 
discriminant with tZu coupling on production



GBDT performance
Data analysis

● Detailed study of the variables 
separation power and its importance to 
the final discriminants provided a great 
performance for the three cases: 
80% for D1, 85% for D2

U and 69% for D2
C

● Optimisation of the GBDT 
hyper-parameters varying the number 
of threes and shrinkage, among others, 
with a total of 144 combinations 
⇒ Reference parameters produce a 
stable and optimal GBDT performance
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Validation regions
Data analysis
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● Validation regions used to assess the background estimation defined by the same cuts 
of the signal regions but inverting cuts on GBDT score, while:

- Minimising the effect on the expected limits (< 1%)
- Keeping the contribution from signal as low as possible (~ 2%)



Likelihood fit
Data analysis

● Profile likelihood fit performed under the 
signal-plus-background hypothesis using real data in all 
regions

● Several systematic uncertainties considered: background 
normalisation and modelling, objects resolution and 
efficiency, signal parton shower variations, among others

● Fitted nuisance parameters within their prior 
uncertainties 
⇒ Data well modelled with the Monte Carlo expectation
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Fit results
Data analysis

● Signal strength compatible with zero 
for both cases: 
tZu: μ = 0.08 ± 0.12 (stat) ± 0.08 (syst)
tZc: μ = 0.10 ± 0.17 (stat) ± 0.14 (syst)
⇒ Data and SM prediction are in 
agreement within uncertainties and no 
evidence of new physics is found

● Post-fit impact on the signal strength 
parameter of ~ 3% for tZu (from SM tZ 
normalisation) and ~ 6% for tZc case 
(from VV+Heavy-Flavour generator 
with 3 jets)
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tZc fit

tZu fit



Limits
Data analysis

● 95% Confidence Level (CL) upper limits on the BR(t →qZ) are extracted using the CLs 
method with profile likelihood ratio as test statistics, being later converted to limits on the 
Wilson coefficients and on the production cross-section

● Systematic uncertainties have an impact on the limits of 25 % for tZu and 35% for tZc
● Most stringent limits for the FCNC tZq anomalous couplings with an improvement by a 

factor of 3 (2) for the tZu (tZc) couplings compared with the limits from the previous analysis
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Scalar S particle
Phenomenology 

● Sensitivity study with FCNC in the top sector mediated by a new scalar particle at the 
electroweak scale performed in collaboration with theorists from LIP-Minho and from 
University of Granada (Spain)

● Such processes can easily arise in scenarios of new physics (in particular in composite 
Higgs models) and are poorly constrained by current experiments

● Study published in Journal of High Energy Physics
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https://link.springer.com/article/10.1007/JHEP10(2020)038


Scalar S particle
Phenomenology 

● Three independent channels (with leptonic or hadronic decays of the top quark 
considered for different cases): 
1) pp → tS + j with S→μ+μ−: a scalar S decaying into a pair of muons 
2) pp → tS + j with S→τ+τ− : a scalar S decaying into a pair of taus
3) pp → tSS + j with S → μ+μ−: two scalars S both decaying into a pair of muons

● Useful variables for the signal selection:
○ Jet multiplicity
○ Lepton multiplicity
○ Invariant masses requirement
○ Total mass of the system

28
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Scalar S particle
Phenomenology 

● Three independent channels (with leptonic or hadronic decays of the top quark 
considered for different cases): 
1) pp → tS + j with S→μ+μ−: a scalar S decaying into a pair of muons 
2) pp → tS + j with S→τ+τ− : a scalar S decaying into a pair of taus
3) pp → tSS + j with S → μ+μ−: two scalars S both decaying into a pair of muons

● Useful variables for the signal selection:
○ Jet multiplicity: ≥ 3 jets, = 1 b-jet
○ Lepton multiplicity: = 1 ℓ
○ Invariant masses requirement:

|mS
rec-mS| < 30 GeV

○ Total transverse mass of the system:
mT(total) < 500 GeV
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Scalar S particle
Phenomenology 

● Three independent channels (with leptonic or hadronic decays of the top quark 
considered for different cases): 
1) pp → tS + j with S→μ+μ−: a scalar S decaying into a pair of muons 
2) pp → tS + j with S→τ+τ− : a scalar S decaying into a pair of taus
3) pp → tSS + j with S → μ+μ−: two scalars S both decaying into a pair of muons

● Useful variables for the signal selection:
○ Jet multiplicity: ≥ 3 jets, = 1 b-jet
○ Lepton multiplicity: = 4 ℓ
○ Invariant masses requirement:

|mt
rec-mt| < 50 GeV and

|mS
rec-mS| < 30 GeV

○ Total mass of the system:
m(total) < 1 TeV 31



Scalar S particle - Expected limits
Phenomenology 
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Excluding at 95% CL:
- σ (pp → tS, S → μ+ μ−) > 10-3 pb
- BR (t→ Sq) > 5 (15) x 10-7 with 

            q = u (c) for a mS of 150 GeV

- σ (pp → tS, S → τ+ τ−) > 10-2 pb
- BR (t→ Sq) > 11 (12) x 10-6 with 

q = u (c) for a mS of 50 GeV

- σ (pp → tSS, S → μ+ μ−)> 10-3 pb
- BR (t→ Sq) > 5 (25) x 10-10 with 

q = u (c) for a mS of 80 GeV

1) pp → tS, S → μ+ μ− 2) pp → tS, S → τ+ τ− 3) pp → tSS, S → μ+ μ−



Conclusions
New interactions with the top quark

● Phenomenological studies of interference effects between production and decay modes 
with tZq and tγq anomalous couplings

● Data analysis searching for tZq anomalous coupling with both production and decay modes 
with full Run-2 dataset collected by the ATLAS detector
○ Most stringent limits set for the t →qZ processes with significant improvement with 

respect to previous analysis
● Sensitivity study on the search for a new particle with top quark decays via FCNC processes 

targeting distinct production modes and final states 
● Estimate of the hardware trigger efficiencies with the AFP silicon tracker 
● Strong engagement with the ATLAS and university communities through the CERN ATLAS 

team, expert on-call shifts, Early Career Scientist Board appointment, CERN guide to 
exhibitions and ATLAS cavern and International Masterclasses on Particle Physics
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Next steps
New challenges

Focusing now on jets:
● Calibration of the constituents of very small radius jets (with ΔR=0.2) by using 

Graph Neural Networks
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Next steps
New challenges

Focusing now on jets:
● Calibration of the constituents of very small radius jets 

(with ΔR=0.2) by using Graph Neural Networks
● Search for New Physics contributions in the dark QCD 

sector
○ Analysis targeting emerging jets with data 

recorded by the ATLAS detector during Run-3 
(2022-2024)

○ Validation of new Pythia 8 Hidden Valley module 
within the Dark Showers Snowmass project 
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Objects definition
Data analysis

● Electrons, muons, jets (that can be tagged as coming from a bottom-quark) are used in the 
analysis, as well as the missing transverse momentum

● Following a few optimisation studies, the criteria applied to these physics objects was 
defined as:
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Variable separation

Variable importance

FCNC tZq
Multivariate discriminant - D1
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Variable separation

Variable importance

FCNC tZq
Multivariate discriminant - D2

u input variables
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Variable separation

Variable importance

FCNC tZq
Multivariate discriminant - D2

c 



FCNC tZq
Multivariate discriminants
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● BDT hyper-parameters optimisation is performed with 
144 combinations of GBDT parameters: 
NTrees=[400,600,800,1000]; minNodSize=[2.0,4.0,6.0]; 
shrinkage=[0.025,0.05,0.1]; maxDepth=[1,2,3,4]

● Small difference between highest and lowest S/√B ⇒ 
Stable BDT performance



Systematic uncertainties
Data analysis

● Object energy scale/resolution and efficiencies: leptons, jets, 
b-tagged jets and missing transverse momentum 

● Luminosity and pile-up reweighting
● Parton shower variations for signal, ttZ, SM tZ and tt
● Normalisation uncertainty applied for all backgrounds
● Diboson systematic uncertainties split into light- and 

heavy-flavour contribution
● Diboson generator and tt non-prompt background (photon 

conversion and B-meson decay) split into jet multiplicities
● Normalisation of the tt+Wt background as a free-floating 

parameter
● Symmetrisation, smoothing and pruning (1% on the normalisation 

and 0.5% on the shape) are applied to all systematic uncertainties
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FCNC tZq
Systematic uncertainties
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Event yields
Data analysis

● Data and post-fit background prediction in all control and validation regions within the 
uncertainty ⇒ No evidence of instability in the fit
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FCNC tZq
Ranking plots
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tZu fit tZc fit



Scalar S particle
Phenomenology

Generation of signal and background events considering a center-of-mass energy of 13 TeV with 
full simulation through MadGraph, Pythia and Delphes:
● Signal events: UFO model implemented with Feynrules assuming seven benchmark masses 

of the scalar S - 20, 50, 80, 90, 100, 120 and 150 GeV
● Background processes: tW, ttV, VV, ZVV, tt, V + jets and tZ, with V = W,Z

Reconstruction of the top quark:
- Reconstruction of the top quark through a jet coming from a bottom quark and the W boson 

decayed into one lepton and missing transverse momentum.  The hadronic decay of the W 
boson is considered for the pp → tSS scenario. 

Limits on the branching ratios t →Sq at 95% CL were obtained through a tool using the CLs 
method and assuming an integrated luminosity of 150 fb-1

47

47


