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Die Elementarteilchenphysik im Kosmos der Physik
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Streuexperimente als Weg zur subnuklearen Physik
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Quarks and leptons
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§ „Matter fields“

§ Structureless, point-like.

§ Fermions, carry spin 0
1

§ Quarks carry electric, weak and colour 
charge.

§ Quarks form bound states: hadrons.

§ Quarks do not exist as free particles
(except for the top quark).



The Standard Model: a theory of interactions
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Most remarkable feature of the SM: 
Interactions (gauge fields) are predicted / derived as a consequence of local gauge symmetry!

𝜓 ⟶ exp 𝑖 𝜃⃗ 𝑥- ; 𝑎⃗ 𝜓 ⋯

Gauge symmetry: SU(3)C × SU(2)L × U(1)Y

Gauge bosons 
mediate 
interactions



The Higgs boson
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Potential of the Higgs field Discovery of the Higgs boson in 2012 and subsequent 
measurements confirm the Brout-Englert-Higgs mechanism 
as the source of the mass of elementary particles.



The top quark
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§ Weak-isospin partner of the b-quark.
§ Charge: +2/3 e
§ Spin: ½
§ By far the heaviest elementary particle: mt = 172.7 ± 0.5 GeV/c²     

0,3% precision!
® large loop corrections

§ Coupling to the Higgs boson: yt ≈ 1

§ No bound states:
Þ Top quark decays as a quasi free particle
Þ Spin information and polarisation are accessible

(Spin decorrelation time: 10?10 s for hadrons)
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Top-quarks in loops: Corrections to 𝑍 → 𝑏E𝑏
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Phys. Rept. 427 (2006) 257

𝑅GH =
IJKJ
ILMN

The parameter 𝑅GH depends strongly on 
the top-quark mass.



Top-quarks in loops: 𝐵P(R)H − E𝐵P(R)
H mixing
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𝐵P(R)H

§ Loops with top-quarks lead to main contribution.

§ If all quark masses were degenerate, the amplitudes would 
cancel each other.E𝐵P(R)H

Tagged mixed = 
different flavour at production and decay

Tagged unmixed = 
same flavour at production and decay  



The top-quark and the Higgs boson
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§ The Higgs self-coupling 𝜆 is not a constant.

§ Loop corrections ⟶ dependence on 
momentum scale 𝜇

§ Main contributions from top-quark

Top-quark loops contribute 
to the Higgs propagator.



Vacuum stability
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Degrassi et al., JHEP 1208 (2012) 098, arXiv:1205.6497 [hep-ph] . 

Top-quark mass is important parameter (value and uncertainty).

§ Condition for absolute stability of the
potential: 𝜆 𝑞1 > 0



High-𝑝Y interactions in proton-proton collisions …
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Proton A Proton B

𝑓[ 𝑥[, 𝑞1 𝑓] 𝑥], 𝑞1

… described in the parton model

Parton i Parton j

Parton distribution functions 

Partonic interaction
(hard process)

Perturbative regime
(asymptotic freedom)

Factorisation theorem

𝜎 𝑝𝑝 → 𝑋𝑌 = ∑[,] ∫ 𝑑𝑠̂ ℒ[] 𝑠̂; 𝑠, 𝜇h ; i𝜎[] 𝑖𝑗 → 𝑋𝑌; 𝑠̂; 𝜇h

With ℒ[] 𝑠̂; 𝑠, 𝜇h =
1
𝑠 kR̂
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Top-quark-antiquark pair production
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Gluon-gluon fusion Quark-antiquark annihilation

~90% ~10%

Total cross-section:         𝜎 = 832 ?qHr1H (scale) ± 35 (PDF and 𝛼R) pb
Relative uncertainty =   5.5%            

At the LHC at 
𝑠 = 13 TeV



... and more partonic top-quark processes

Wolfgang Wagner, Top-Quarks am LHC ... 15

t-channel
(tq production)

s-channel
(𝑡E𝑏 production)tW production

Single top-quark 
production
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ATLAS DRAFT

above is considered signal. However, selections are applied to reduce contributions by photons from top192

decays, and to enhance contributions which include the top-photon coupling.193

The strategy is to select a final state of tt̄, and request the presence of a photon. The full data set collected194

during the Run 2 data-taking period between 2015 and 2018 is employed to perform the measurements,195

corresponding to an integrated luminosity of 139 fb�1.196

The final state considered is the eµ channel, excluding electrons and muons from possible leptonic decays197

of ⌧ leptons. These are not considered as part of the signal to compare to the latest NLO tt̄� calculation by198

Bevilacqua et al. [16] who only consider the decay of W-bosons to electrons and muons as final state. The199

calculation constitutes the first full computation for top quark pair production with a final state photon in200

hadronic collisions at NLO in QCD and includes all resonant and non-resonant diagrams, interferences,201

and o�-shell e�ects of the top quarks and the W bosons. The inclusive and di�erential cross-sections are202

extracted. The di�erential cross-sections are presented as a function of the photon transverse momentum,203

the photon pseudo-rapidity, as well as angular variables related to the photon and the leptons and b-jets204

in the event. An unfolding procedure is performed, and the results are compared with the theoretical205

prediction.206

Compared to the previous tt̄� ATLAS analysis with 13 TeV data no multivariate analysis techniques to207

separate signal and background processes are applied owing to the clean final state in the eµ channel.208

Additionally, the di�erential cross-section are measured at parton level instead of at particle level to209

compare to the theory calculation in Ref. [16].210

The note is organised as follows. Section 2 provides a brief introduction to the ATLAS detector. Section 3211
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Figure 1: Feynman diagrams of tt̄� production where the photon is radiated during production (a, b, c) and radiated
from initial partons (d).
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Figure 2: Feynman diagrams of tt̄� production where the photon is radiated during top-quark decay.
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𝑡 ̅𝑡 + 𝑊 production 𝑡 ̅𝑡 + 𝑍 production 𝑡 ̅𝑡 + 𝛾 production



Chapter 2

The Large Hadron Collider and the ATLAS detector
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Der Large Hadron Collider (LHC)
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§ Der leistungsstärkeste Beschleuniger der Welt: 
im Tunnel am CERN mit 27 km Umfang

§ Zwei gegenläufige Protonenstrahlen machen 
10.000 Runden / Sekunde

§ Kollisionen an 4 Punkten mit Rekordenergie von 13 TeV

§ Jeder Strahl hat ca. 2500 Protonenpakete

§ 100 Milliarden Protonen pro Paket
(klingt viel, aber 1 mol = 6 � 1023) 



Peak luminosity in 2018
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L: Luminosity
σ: Cross section

Units: cm-2 s-1

Same units as a particle current 
density.

Design value 
exceed by a factor 

of two!!!



Number of 𝑝𝑝 interactions per bunch crossing
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§ Integrated luminosity „good for physics“ = 
139 fb-1

§ Pile-up: proton-proton collisions at the same 
bunch crossing



The ATLAS detector
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46 m long and 24 m high

Main components ( = sub-detectors)

§ Inner detector
⟶ tracks of charged particles

§ Calorimeters
⟶ photons
⟶ electrons
⟶ hadronic jets (quarks and 
gluons)

§ Muon system
⟶muons

§ Magnet systems
⟶ bending of charged particles



The ATLAS Pixel detector
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1.44m

3 barrel-layers 
(original installation)3 end-cap discs

§ 3 to 4 precise track hits up to |h|< 2.5:

§ RF resolution: 10 µm

§ h (or z) resolution: 115 µm

§ 92 million pixel cells

§ 4th layer installed in 2014.

§ Radiation hard up to 2.4×1016 p/cm2

0.
43

m

The ATLAS IBL Collaboration, Production and Integration of the ATLAS 
Insertable B-Layer, Journal of Instrumentation (JINST) 13 (2018) T05008, 
arXiv: 1803.00844. 



The Insertable B-Layer (IBL)
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Installation in May 2014

1) Mechanical support structures made of carbon fibre 
compounds

Designed and produced with vital contributions of 
the Wuppertal HEP group:

2) Readout and data acquisition system
3) Monitoring and control system

4.1.1 Bare stave material

The constraints of low material budget and high structural reliability for the bare stave has resulted in
specific design and material choices. The stave is assembled from four main components (Figures 22 and
23), together with thermally conducting epoxy16: a 1.7 mm external diameter titanium T40 cooling tube;
a carbon foam section17 to drain the heat flux; carbon fibre laminates18 to reinforce the stave sti�ness; and
PEEK19 elements to fix the stave on the IBL support.

Each of the stave components requires special manufacturing and precise machining techniques. For
example, the carbon laminates require fabrication in an autoclave to obtain the required transverse thermal
conductivity (K). Because of the high critical pressure (73.8 bar at 31 �C) of the bi-phase CO2 cooling
system, the titanium cooling pipes must fulfill stringent pressure requirements, with a minimal 0.11 mm
wall thickness. The total material budget of the bare stave is 0.62 % X0. The contribution of each
component is detailed in Table 9 and the main properties of the materials used are summarised in
Table 10. Each stave has a length of 724 mm, measured between the end block fixation points, and a width
of 18.8 mm.

Central fixation pin

Cooling pipe Face plate

Carbon foam

End block

Back stiffener

End block

Figure 22: Exploded view of the bare stave with its main components: the cooling pipe, the carbon foam, the two
carbon laminates (the face plate where modules are loaded and the back sti�ener on the opposite side) and the PEEK
elements (the central fixation pin and the end blocks).

4.1.2 Bare stave quality control and production

The bare stave production is a 13-step process that requires careful QA to ensure a uniform quality.
The QA included a visual inspection to check for cracks or mechanical non-conformities, a weight and
metrology control, and a 150 bar pressure test and helium leak test for the cooling tubes. A total of 33 bare
16 Stycast 2850FT thermally conducting epoxy encapsulant, see http://www.henkel-adhesives.com/electronics.htm
17 K9 Carbon Foam, Allcomp Inc., see http://www.allcomp.net
18 RS-3/K13C2U uni-directional prepress, Tencate Advanced Composites, see https://www.tencate.com
19 Polyether-ether-ketone, VIRTEX® PEEK 450CA40, Victrex plc., see https://www.victrex.com/en/

37



Secondary vertex reconstruction
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§ Important for top quark (ℬ 𝑡 → 𝑊𝑏 ≈ 1) and Higgs boson physics
Identification of 
Ø b-quark jets
Ø t leptons

§ Long liftetime:       t (b-Hadron) » 1.5 ps ® ct » 450 µm
t (t-Lepton)  » 0.3 ps

impact parameter

Impact parameter resolution is limited by multiple 
scattering:

Distance of the first measurement layer

Amount of material

Requirement of a secondary vertex:

® strong reduction of the W + jets background in 
top-quark events 



Top-quark-antiquark pair candidate event …
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… with two reconstructed 
secondary vertices

CDF experiment at Fermilab



Flavour-tagging with multivariate techniques
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§ Use many discriminating features of b-jets, c-jets and light-jets to identify them.
§ ATLAS Collaboration, ATLAS b-jet identification performance and efficiency measurement with 𝑡 ̅𝑡 events in 𝑝𝑝

collisions at 𝑠 = 13 TeV, Eur. Phys. J. C 79 (2019) 970, arXiv:1907.05120.

https://arxiv.org/abs/1907.05120


B-tagging improvements due to the IBL
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The IBL also helps to maintain the tracking performance and to ensure robustness at high luminosity,
when the B-Layer starts to deteriorate from radiation damage, high pile-up occupancy or the irreparable
failures of its chips or modules.

The flavour tagging performance expected with the addition of the IBL is evaluated using a more realistic
simulation of the ATLAS ID based on the final IBL geometry, an updated digitisation model and improved
reconstruction algorithms with respect to the IBL TDR. The latter include a refined neural network
clustering algorithm [17], a new tracking configuration which improves the treatment of shared clusters
in the core of a dense jet environment [18] and new flavour tagging algorithms. These results supersede
those presented in the IBL TDR. Results are based on fully simulated tt̄ production events at a collision
energy of 13 TeV. The average level of pile-up is approximately 20, reflecting the Run 1 luminosity profile.
Jets used for flavour tagging are reconstructed using the anti-kt algorithm [19] with radius R = 0.4.
ATLAS combines the discriminating variables obtained from impact parameter, inclusive secondary
vertex and multi-vertex reconstruction algorithms. A detailed description of these algorithms can be
found in reference [20].
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Figure 6: Comparison of (a) light-jet and (b) c-jet rejection as a function of b-jet tagging e�ciency for the Run 1
(without IBL) and Run 2 (with IBL) detector layouts under the same conditions, obtained with the MV2c20 algorithm.
The rejection is defined as the reciprocal of the tagging e�ciency. Results are derived from jets produced in tt̄
events, with jets passing the pT > 20 GeV and |⌘ | < 2.5 selection.

The combination of the input variables obtained from these algorithms is obtained using a boosted
decision tree (MV2c20) [21]) that returns a continuum variable peaked around 1 for jets likely to contain a
b-flavoured hadron and around �1 for those likely to originate from light-flavoured quarks. This MV2c20
is an evolution of the neural network algorithm used during Run 1 [20]. In order to perform an useful
comparison, the MV2c20 algorithm has been separately re-trained for the tt̄ sample generated using the
ATLAS Run 1 geometry, without the IBL, and the ATLAS Run 2 geometry, which includes the IBL.

Figure 6 shows the light and c jet rejection as a function of the b-jet purity obtained with the two
configurations. The addition of the IBL improves the light-jet (c-jet) rejection by a factor up to 4 (1.8) for
b-jet tagging e�ciencies up to 85%. Physics analyses will most often profit from the improved performance

14

Mis-identification of light-flavour jets and c-jets massively reduced for the same b-tagging efficiency.



Challenging the Standard Model with top quarks
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Top
quark

Direct searches
Supersymmetry

Leptoquarks

Vector-like quarks

Heavy Higgs bosons

Indirect searches
Flavour-changing neutral currents

CP violationRare decays

Lepton-flavour violation

Precision measurements
Differential and total cross-sections

Charge asymmetry

W helicity in top-quark decay
Top-quark mass

Spin correlations
Polarisation



Chapter 3

Direct searches for new particles
(So-called on-shell production)
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SM background Signal

𝑚�"�
1 = 𝑝-𝑝- = 𝐸1 − 𝑝⃗ ; 𝑝⃗

Bump search

𝑚�"��



Warum “brauchen” wir neue Teilchen?
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Offene Fragen der  Elementarteilchenphysik
§ Materie-Antimaterie-Asymmetrie im Universum

§ Neutrinos haben Masse (Neutrinooszillationen)

§ Natur der Dunklen Materie

§ Kommensurabilität (Gleichheit von Proton- und 
Elektronladung)

§ Große Vereinheitlichung der Kräfte

§ Das Hierarchieproblem
„Natürlichkeit“ der 
Higgs-Massen-Skala



Searches for vector-like top quarks
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Pair production of vector-like top quark partners (T)
§ T quarks have spin 0

1

§ Left-handed and right-handed states have 
the same electroweak coupling = no need 
to consider chiral states

§ Avoids exclusion of a simple sequential 4th

generation as obtained from Higgs 
production cross sections at the LHC.

§ Contributions by T quarks dampen large 
quadratic corrections to the Higgs boson 
mass (propagator).
à Solution to the naturalness problem 

§ Occur in Little Higgs or Composite Higgs 
models.

Pair production cross section does not depend on any 
BSM couplings. It is pure QCD.



Search in the 𝑇E𝑇 → 𝑍𝑡 + 𝑋 with 𝑍 → 𝜈𝜈̅ channel
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Basic event selection:

§ 𝐸�#��� > 300 GeV

§ exactly 1 charged lepton (trigger)

§ ≥ 4 jets with (small) 𝑅 = 0.4

§ Re-cluster jets to large-R jets with 𝑅 = 1.0:
≥ 2 large-R jets

arXiv:1705.10751 JHEP 08 (2017) 052 𝑡 ̅𝑡 control region with 30 GeV ≤ 𝑚Y 𝑊 ≤ 90GeV

https://arxiv.org/abs/1705.10751


Signal region
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with 𝑚Y 𝑊 ≥ 170GeV

Region SR TCR WCR TVR WVR STVR

Observed events 7 437 303 112 131 143

Fitted bkg events 6.1± 1.9 437± 21 303± 17 109± 35 127± 31 125± 27

Fitted tt̄ events 2.5± 1.7 280± 40 38± 15 90± 40 15± 8 53± 23

Fitted W + jets events 1.1± 0.7 70± 28 224± 27 3.5± 2.0 77± 30 15± 7

Fitted singletop events 1.1± 0.7 63± 24 10± 5 4.2± 2.6 3.3+3.5
�3.3 46± 17

Fitted tt̄ + V events 0.91± 0.20 9.7± 1.6 1.03± 0.30 7.0± 1.4 1.9± 0.7 8.3± 1.4
Fitted diboson events 0.6± 0.6 11± 5 30± 12 1.3± 1.3 31± 9 1.7± 1.1

MC exp. bkg events 6.5 450 398 106 160 129



Exclusion limits on 𝑇E𝑇 → 𝑍𝑡 + 𝑋
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§ T quarks with 𝑚Y < 1.16 TeV are 
excluded if ℬ 𝑇 → 𝑍𝑡 = 100% is 
assumed.

§ Account for other decay modes 
(𝑇 → 𝐻𝑡 and 𝑇 → 𝑊𝑏):

o Singlet model:
𝑚Y < 0.87 TeV

o Doublet model:
𝑚Y < 1.05 TeV 



Indirect vs. direct Searches for New Physics
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§ No evidence (yet) for on-shell
production of new particles.

§ Lower limits are growing.

§ Will (soon) face steep drop in 
parton luminosity.

Access higher mass scales 
by deviations in coupling 
measurements and search 
for rare processes.
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Chapter 4

Indirect searches / searches for anomalous couplings

Parameterise new physics (full theory) by 
effective couplings at vertices.

à Recall Fermi theory of nuclear beta decay



Decays via flavour-changing neutral currents (FCNC)
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§ Do not exist at tree (Born) level in the SM 

§ Very strongly suppressed at next-to-leading order (loop level): GIM mechanism = CKM unitarity

§ Suppression is lifted by non-degenerate quark masses.

§ Branching ratios are extremely small.



FCNC in theories beyond the SM
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Branching ratios of top-quark decays in SM and BSM theories:

Strong enhancement!

Any FCNC signal is evidence for BSM physics!

Snowmass Workshop 2013, arXiv: 1311.2028



Even Hollywood knows: FCNC are exiting!
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The Big Bang Theory



Search for 𝑡 → 𝑞𝑍 in 𝑡 ̅𝑡 production
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ATLAS Collaboration, Search for flavour-changing neutral current top-quark decays 𝑡 → 𝑞𝑍 in proton-proton collisions at 𝑠 =
13 TeV with the ATLAS detector, Journal of High Energy Physics (JHEP) 07 (2018) 176. arXiv: 1803.09923. 

Signature and event selection

§ 3 high-pT, isolated charged leptons (𝑒± or 𝜇±) 
with 𝑝� > 15 GeV
§ One if them with 𝑝� > 27 GeV (trigger)

§ ≥ 2 jets with 𝑝� > 25 GeV
- Exactly one of them b-tagged

§ 𝐸�#��� > 20 GeV  

Main backgrounds:

§ 𝑡 ̅𝑡𝑍, 𝑡𝑍, 𝑊𝑍 and 𝑍𝑍 production
§ Non-prompt leptons from 𝑍 + jets and 𝑡 ̅𝑡 production 



Event reconstruction
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The missing transverse momentum p⃗miss
T is the negative vector sum of the pT of all

selected and calibrated objects in the event, including a term to account for soft particles

in the event that are not associated with any of the selected objects [72, 73]. To reduce

contamination from pile-up interactions, the soft term is calculated from inner detector

tracks matched to the selected primary vertex. The magnitude of the missing transverse

momentum is Emiss
T .

To avoid double counting of single final-state objects, such as an isolated electron being

reconstructed as both an electron and a jet, the following procedures are applied in the

order given. Electron candidates which share a track with a muon candidate are removed.

If the distance in ∆R between a jet and an electron candidate is ∆R < 0.2, then the

jet is dropped. If, for the same electron, multiple jets are found with this requirement,

only the closest one is dropped. If the distance in ∆R between a jet and an electron is

0.2 < ∆R < 0.4, then the electron is dropped. If the distance in ∆R between a jet and a

muon candidate is ∆R < 0.4 and if the jet has more than two associated tracks, the muon

is dropped; otherwise the jet is removed.

5 Event selection and reconstruction

Events considered in this analysis meet the following criteria. At least one of the selected

leptons must be matched, with ∆R < 0.15, to the appropriate trigger object and have

transverse momentum greater than 25 GeV or 27 GeV for the data collected in 2015 or

2016, respectively. The events must have at least one primary vertex. The primary vertex

must have at least two associated tracks, each with pT > 400MeV. The primary vertex

with the highest sum of p2T over all associated tracks is chosen. Exactly three isolated

charged leptons with |η| < 2.5 and pT > 15 GeV are required. The Z boson candidate

is reconstructed from the two leptons that have the same flavour, opposite charge, and a

reconstructed mass within 15 GeV of the Z boson mass (mZ). If more than one compatible

lepton pair is found, the one with the reconstructed mass closest to mZ is chosen as the

Z boson candidate. According to the signal topology, the events are then required to have

Emiss
T > 20 GeV and at least two jets. All jets must have pT > 25 GeV and |η| < 2.5, and

exactly one of the jets must be b-tagged.

Applying energy-momentum conservation, the kinematic properties of the top quarks

are reconstructed from the corresponding decay particles by minimizing

χ2 =

(
mreco

jaℓaℓb
−mtFCNC

)2

σ2
tFCNC

+

(
mreco

jbℓcν
−mtSM

)2

σ2
tSM

+

(
mreco

ℓcν
−mW

)2

σ2
W

,

where mreco
jaℓaℓb

, mreco
jbℓcν

, and mreco
ℓcν

are the reconstructed masses of the qZ, bW , and ℓν

systems, respectively. For each jet combination, jb corresponds to the b-tagged jet, while

any jet can be assigned to ja. Since the neutrino from the semileptonic decay of the top

quark (t → bW → bℓν) is undetected, its four-momentum must be estimated. This is

done by assuming that the lepton not previously assigned to the Z boson and the b-tagged

jet originate from the W boson and SM top-quark decay, respectively, and that p⃗miss
T is

– 7 –

§ Reconstruction of the Z boson candidate (𝑍H = ℓ�rℓG?)
- Require opposite-sign (charge) same-flavour lepton pair (𝑒r𝑒? or 𝜇r𝜇?)
- 𝑚 ℓ�rℓG? − 𝑚� < 15 GeV
- If two combinations, choose the pair closest to 𝑚�

§ Reconstruction of top-quark candidates:
- Minimize

𝑚 ℓ�rℓG?

- Determine 𝑝� 𝜈
- Jet assignment

§ Selection cuts: 𝑚]�ℓ�ℓJ
�"�� − 172.5 GeV < 40GeV, 𝑚]Jℓ��

�"�� − 172.5 GeV < 40GeV, 𝑚ℓ��
�"�� − 80.4 GeV < 30GeV

𝑚�



Background estimate via control regions

Wolfgang Wagner, Top-Quarks am LHC ... 41

5 control regions are defined to determine the background rates 

For each region the distribution of a particular discriminant is included 
in the final maximum likelihood fit.



Fit result and upper limits

Wolfgang Wagner, Top-Quarks am LHC ... 42

§ Use CLs method to set upper limits.

§ Test statistic: 𝑞- = −2 ln
� -,�� 

� ¡-, � 

ℬ 𝑡 → 𝑢𝑍 < 1.7 ; 10?£ and        ℬ 𝑡 → 𝑐𝑍 < 2.4 ; 10?£



Status of FCNC limits

Wolfgang Wagner, Top-Quarks am LHC ... 43

This analysis



Interpretation in an Effective Field Theory

Wolfgang Wagner, Top-Quarks am LHC ... 44

Use generic framework to parameterise Beyond the Standard 
Model contributions:

ℒ"¥¥ = ℒ¦§ +
1
Λ1

©
[

𝐶[ 𝒪[ + h. c.

Use MadGraph5_aMC@NLO and FeynRules2.0 with 
the TopFCNC model.

Relevant operators for 𝑡𝑞𝑍 coupling:

𝒪­o
(q[) = 𝑔¯ E𝑞[ 𝜎-� 𝑡 °𝜑 𝐵-� and

𝒪­²
(q[) = 𝑔² E𝑞[ 𝜎-� 𝜏´ 𝑡 °𝜑 𝑊-�´



FCNC analysis in preparation

Wolfgang Wagner, Top-Quarks am LHC ... 45

Search for single top-quark production via 
top-quark-gluon FCNC

Top	FCNC	processes	at	LHC
• Most	important	top	FCN	processes	at	LHC	
• Decay	processes	!	→	'(	(with	X=),Z,H)	
• Production	modes	'*	→	!(
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Top	FCNC	processes	at	LHC
• Most	important	top	FCN	processes	at	LHC	
• Decay	processes	!	→	'(	(with	X=),Z,H)	
• Production	modes	'*	→	!(

08/03/19 5Arunika	Sahu	 Group	Meeting

Production	ModeDecay	Mode

H

Search for top-quark-Higgs 
FCNC couplings in top-quark 
decay and single top-quark 
production



Chapter 5

Precision measurements of top-quark properties 

Wolfgang Wagner, Top-Quarks am LHC ... 46

Conclusion

Top Reconstruction and Modelling Weekly   19.09.2019     D. Hirschbühl         Bergische Universität Wuppertal 11

• A better understanding of the matching parameters to Pythia8 is neccessary

• Since many (new physics) processes can only be generated with 
MG5_aMC@NLO we should spend time into the understanding of the this! 

• The studies might also need some 
input from the authors

• Should also look again into
FxFx matching/merging

Reduce statistical and systematic 
uncertainties!



Pushing the frontiers of complexity

Wolfgang Wagner, Top-Quarks am LHC ... 47

𝑡 ̅𝑡 𝑡𝑞 𝑡𝑊 𝑡E𝑏 𝑡 ̅𝑡𝑊 𝑡 ̅𝑡𝑍 𝑡 ̅𝑡𝛾 𝑡𝑞𝑍 𝑡 ̅𝑡𝐻 𝑡 ̅𝑡𝑡 ̅𝑡 𝑡𝑊𝑍 𝑡𝐻

Total cross-
section

Fiducial
cross-

sections

Asymmetrie
s

Differential
cross-

sections

“rareness” of process
𝜎?0

Complexity of 
analysis



An example: t-channel single top-quark production

Wolfgang Wagner, Top-Quarks am LHC ... 48

parton distribution functions:
u-quark, d-quark, b-quark

weak coupling
Ø Vtb
Ø Lorentz structure

Observables

§ total cross-sections

�(tq) �(t̄q)

§ cross-section ratio

Rt =
�(tq)

�(t̄q)

§ differential cross-sections

d�(tq)

dpT(t)

d�(tq)

d|y(t)|
ATLAS Collaboration, Fiducial, total and differential cross-section 
measurements of t-channel single top-quark production in 𝑝𝑝 collisions at 8 TeV 
using data collected by the ATLAS detector, Eur. Phys. J. C 77 (2017) 531. 
arXiv: 1702.02859.



Separating signal and background events with neural networks

Wolfgang Wagner, Top-Quarks am LHC ... 49

Signal purity after „regular“ event selection: 21% for 𝑡𝑞 and 14% for ̅𝑡𝑞
⇒ improve purity with multivariate methods

⋮



Determine yield of signal events

Wolfgang Wagner, Top-Quarks am LHC ... 50

+ channel (top-quarks) - channel (top-antiquarks)

Perform a maximum likelihood fit to the discriminant distributions.

Estimated event yields

Regular way to turn event yields into cross-sections: i𝜎·�·¸¹ =
𝜈̂

𝜀·�·¸¹ ℒ��·
Total event detection efficiency



Fiducial cross-sections

Wolfgang Wagner, Top-Quarks am LHC ... 51

Full phase space (parton level)
Selected phase space (reconstruction level)

Fiducial phase space (particle level)

§ Implement selection at the level of stable particles in samples of 
obtained with Monte Carlo event generators 
(NLO matrix-element generators matched to parton shower 
generators)

→ determine fiducial acceptance:    𝐴¼�½ =
¾¼¿N
¾ÀÁÀMÂ

§ Determine cross-section with respect to the fiducial phase 
space:

→ Extrapolation and associated uncertainties are reduced!

𝑁¼�½

𝑁·�·¸¹

𝑁�"¹



Fiducial 𝑡𝑞 and ̅𝑡𝑞 cross-section results

Wolfgang Wagner, Top-Quarks am LHC ... 52

Top-quark Top-antiquark

Comparison to predictions by NLO ME generators + different parton-shower programs.

Total uncertainty: 5.8 % (top-quark) Total uncertainty: 7.8 % (top-antiquark)



Total cross-sections

Wolfgang Wagner, Top-Quarks am LHC ... 53

Extrapolation to the full phase space:

Top-quark Top-antiquark

Comparison to fixed-order calculations

Total uncertainty: ?Ä.ÅrÅ.Ä % (top-quark) Total uncertainty: ?Æ.£rÇ.0 % (top-antiquark)

Done for different generator setups.



Cross-section ratio Rt of 𝑡𝑞 to ̅𝑡𝑞 production

Wolfgang Wagner, Top-Quarks am LHC ... 54

§ Total uncertainty: ± 5.0 %
§ Statistically limited 
§ Comparison to predictions with different 

PDF sets.
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https://arxiv.org/abs/1702.02859


Differential 𝑡𝑞 and ̅𝑡𝑞 cross-sections

Wolfgang Wagner, Top-Quarks am LHC ... 55

§ Enrich tq events by cut on 
NN discriminant

§ Particle level: 
use pseudo-top quark ( 𝑡̂ ), 
defined with stable particles

§ Parton level: 
compare unfolded data also 
to fixed-order calculations

Observe good agreement with predictions by NLO generators.



Combination with CMS and determination of  |fLV ∙ Vtb|

Wolfgang Wagner, Top-Quarks am LHC ... 56

JHEP 05 (2019) 088 |𝑓ÉÊ ; 𝑉ÌG| =
𝜎#"¸�
𝜎Í�"½

Using

§ Define the additional left-handed form factor 
fLV to parameterise deviations from the SM.

§ Assume V-A vertex structure to be unchanged. 



Zusammenfassung

Wolfgang Wagner, Top-Quarks am LHC ... 57

Die Rolle des Top-Quarks im Standardmodell

Der ATLAS-Detektor Einbau des IBL Identifikation von b-Quark-Jets



Summary: Challenging the Standard Model with top quarks

Wolfgang Wagner, Top-Quarks am LHC ... 58

Top
quark

Direct searches
Vector-like quarks

Indirect searches
Flavour-
changing neutral 
currents

Precision measurements
Total, fiducial and differential cross-sections of t-

channel single top-quark production


