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Disclaimer
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What this lecture will not do:

show you all measurements ever made in each channel

give you all the details like selection cuts etc

explain the differences of the various detectors

What this lecture will (hopefully) do:

give you an idea how the top was discovered

explain what the most important properties are

explain the general idea/approach to measure these properties

Ô hopefully convince you to work in top physics!
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What you probably heard countless times...

the top quark is the heaviest quark

↪→ ”almost the mass of a gold atom”

↪→ actually... mass between tungsten and rhenium nowadays ;)

”it plays a special role in the standard model”

↪→ discuss today why it is special

”the LHC is a top quark factory”

↪→ this very much depends on the production process!

Ô lets go back: how did we know that there had to be another quark?
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How many of these particles did we know when the top was postulated?
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Lets see what you think: Use Mentimeter App!

5/ 109 – Top quark physics – Andrea Knue
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How many of these particles did we know when the top was postulated?
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First question: Why do we have 3 generations and how do they differ?
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The first generation of fermions
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The second generation of fermions
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The third generation of fermions
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The bosons
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The electromagnetic interaction
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−→ electromagnetic interaction: mγ = 0

couples to all charged particles

photon does not carry charge itself

vector boson: spin = 1
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The weak interaction
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−→ neutral weak interaction: mZ ≈ 91 GeV

−→ charged weak interaction: mW ≈ 80 GeV

vector boson: spin = 1

couples to all fermions

boson self-interaction
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The strong interaction
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−→ strong interaction: mg = 0

vector boson: spin = 1

couples to all quarks

gluon self-interaction
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The Higgs boson
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−→ Higgs boson: mH ≈ 125 GeV

only scalar particle in the Standard Model

couples to particles with non-zero masses
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What is the Standard Model?
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is based on relativistic quantum field theory

the three fundamental forces are described by gauge groups

Lagrange density: L = T − V

L needs to be invariant under local gauge transformations:

ψ(x)→ e iqχ(x)ψ(x)

Aµ → Aµ − ∂µχ

If fermions and bosons have non-zero masses: breaks local gauge invariance

Where do the masses come from?

↪→ need the Higgs mechanism
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Higgs mechanism: more detail → lecture from Judith!
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Introduce doublet of complex, scalar fields φ:

φ =
1√
2

(
φ1 + iφ2

φ3 + iφ4

)
Lagrange density:

L = T − V = (Dµφ)†(Dµφ)− µ2φ†φ− λ(φ†φ)2

φ

V(φ)µ2 > 0
λ > 0

µ2 > 0: symmetric potential

↪→ ground state (vacuum) at φ = 0

↪→ non-zero masses still not allowed
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Higgs mechanism: more detail → lecture from Judith!
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Introduce doublet of complex, scalar fields φ:

φ =
1√
2

(
φ1 + iφ2

φ3 + iφ4

)
Lagrange density:

L = T − V = (Dµφ)†(Dµφ)− µ2φ†φ− λ(φ†φ)2

φ

V(φ)

v-v

µ2 < 0
λ > 0 µ2 < 0: non-vanishing

vacuum-expectation value: v =
√
−µ2

λ

↪→ non-trivial vacuum
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Higgs mechanism: more detail → lecture from Judith!
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Introduce doublet of complex, scalar fields φ:

φ =
1√
2

(
φ1 + iφ2

φ3 + iφ4

)
Lagrange density:

L = T − V = (Dµφ)†(Dµφ)− µ2φ†φ− λ(φ†φ)2

φ

V(φ)

v-v

µ2 < 0
λ > 0

H

µ2 < 0: non-vanishing

vacuum-expectation value: v =
√
−µ2

λ

↪→ non-trivial vacuum

In the unitary gauge:

φ =
1√
2

(
0

v + H(x)

)
↪→ spontaneous breaking of symmetry: mass!
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What about the masses?
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Gauge boson masses:

LGauge = M2
WW−µ W+µ +

1

2
M2

ZZµZ
µ + ...

Higgs self-coupling and mass term:

LHiggs =
1

2
(∂µH)(∂µH)− λv 2H2 − λvH3 − λ

4
H4

Fermion-Higgs coupling (Yukawa coupling):

LYukawa = − yfv√
2︸︷︷︸

mf

ψψ − yf√
2
ψψH
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Fermion coupling to the Higgs boson
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Fermion coupling to the Higgs boson
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Fermion coupling to the Higgs boson
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Fermion coupling to the Higgs boson
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Fermion coupling to the Higgs boson
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Why do we care about the top-quark mass and Yukawa coupling?
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Erler, Schott: arXiv:1902.05142D. Buttazzo et al: arXiv:1307.3536
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Why do we care about the top-quark mass and Yukawa coupling?
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Erler, Schott: arXiv:1902.05142D. Buttazzo et al: arXiv:1307.3536

dλ
dlog(µ) ∝ λ2−y4

t ∝ a ·m4
H−b ·m4

top. ⇒ If λren. negative: vacuum not stable!
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What have we learned so far?

1 useful to sort fermions into three generations/families

2 fermions get masses from Yukawa interaction with Higgs field

3 top quark seems rather special due to large mass

But: back in 1977, mass for top quark unknown!

From other quark masses:

↪→ would expect it to be a bit heavier than the b-quark, but no predicted value

↪→ need to search at all possible (and accessible) mass values

14/ 109 – Top quark physics – Andrea Knue
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What do we ”know” about the top quark in 1977?
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charge: +2/3 e

weak isospin: +1/2:

spin: 1/2

mass: not predicted

↪→ but most likely heavier than b-quark

Yukawa coupling: not predicted but proportional to mtop

when we know mtop: can calculate cross-sections and predict decay channels
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What do we ”know” about the top quark in 1977?

15/ 109 – Top quark physics – Andrea Knue

charge: +2/3 e

weak isospin: +1/2: strength of tZ coupling

spin: 1/2

mass: not predicted

↪→ but most likely heavier than b-quark

Yukawa coupling: not predicted but proportional to mtop

when we know mtop: can calculate cross-sections and predict decay channels
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What do we ”know” about the top quark in 1977?
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charge: +2/3 e

weak isospin: +1/2:

spin: 1/2

mass: not predicted

↪→ but most likely heavier than b-quark

Yukawa coupling: not predicted but proportional to mtop

when we know mtop: can calculate cross-sections and predict decay channels

Ô we actually don’t know any of these things, especially not mtop

Ô all predictions have to be tested carefully!
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particle collision with certain CME:
↪→ what are the decay channels?

select expected decay particles
↪→ calculate invariant mass
↪→ and calculate the cross-section

particle mass/property could influence other
particles/interactions we can measure

example: particle can appear in virtual loops

↪→ precision measurement of the accessible
particle/quantity allows to set limits

↪→ CME does not have to be high enough to
produce the particle we are searching for!
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Now a few examples for both categories!

(probably incomplete)
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Indirect limits from B-meson oscillations DESY review Physics Letters B 192, 1-2, 1987
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Mass difference between eigenstates depends on the top-quark mass:

Observation of B̄0 − B0 mixing by ARGUS experiment at DESY (paper 1987):

↪→ can set indirect limit of mtop > 50 GeV

http://www-library.desy.de/preparch/desy/proc/proc08-01.pdf
https://www.sciencedirect.com/science/article/pii/0370269387911774
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The two main experiments at the Spp̄S : for discovery of W /Z
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– UA1 experiment – – UA2 experiment –

UA1: general purpose detector, 5.8 m long, 4.6 m high Details

UA2: focused on electron detection, no muon detection Details

↪→ high-granularity calorimeters for very precise measurements

if mtop < mW : expect W → tb decay

https://home.cern/science/experiments/ua1
https://home.cern/science/experiments/ua2
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But remember: PDF distributions!
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gluons and quarks carry only a fraction of original proton energy
↪→ if top very heavy: cannot be produced directly
↪→ but easier to accelerate than electrons, less synchrotron radiation!

anti-protons costly to produce and difficult to focus (stochastic cooling)
↪→ limits the available luminosity

but: can produce and measure W and Z bosons
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Why does the measurement of mW and mZ constrain the top mass?

remember: top can appear in virtual corrections!

can now measure boson masses very precisely → get limits!

21/ 109 – Top quark physics – Andrea Knue
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More limits on the mtop mass Paper
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UA2 measured the ratio mW /mZ with very high precision

take now also into account high precision mZ measurement from LEP:

mZ (LEP)
mW

mZ
(UA1) = 80.35± 0.33± 0.17 GeV

Allows to set limit on mtop: mtop = 160+50
−60 GeV

https://lib-extopc.kek.jp/preprints/PDF/1988/8812/8812048.pdf
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Limits from e+e− collisions

advantage: clean final state, production via e+e− → Z/γ → tt̄

problem: large synchrotron radiation, cannot reach high CME

LEP, SLC:
√
s = 91 GeV ⇒ no direct search for mtop > 45 GeV

↪→ measure Z -mass (and other quantities) precisely, and set limit on mtop!

Corrections to the boson mass...

... depend on m2
top

... depend on ln(mH)

↪→ therefore need to make assumptions on mH in order to set limits on mtop

From mW and ΓW measurements LEP+Tevatron: Paper

mtop = 178+11
−9 GeV

23/ 109 – Top quark physics – Andrea Knue

https://arxiv.org/pdf/1302.3415.pdf
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The Tevatron collider at Fermilab (Chicago)
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colliding protons with antiprotons

from 1986 – 2001:
√
s = 1.8 TeV

after 2001: upgrade to 1.96 TeV

decommisioned in 2011

2 main experiments: CDF and D0

↪→ multipurpose detectors
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Top-Quark Pair Production via strong interaction

25/ 109 – Top quark physics – Andrea Knue

production mainly via qq̄-annihilation or gg -fusion

ratio gg/qq̄ changes with centre-of-mass energy

top-pair production has largest cross-section (discuss others later)
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Top production at the Tevatron

Ô Tevatron: centre-of-mass energy in Run I: 1.8 TeV

Ô but: not all energy available for production of tops!

Ô proton is composite particle

↪→ quarks and gluons only carry small fraction x of orig. momentum

⇒ look now at effective centre-of-mass energy:

√
seff =

√
x1x2s

Assume now x1 = x2 = x and mtop = 172.5 GeV, then:

x ≤ 2 ·mtop√
s
≈ 0.19

26/ 109 – Top quark physics – Andrea Knue
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Remember: PDF distributions

27/ 109 – Top quark physics – Andrea Knue
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Question 2: Menti-Code: 1540 5841

Now:

Open a new tab in your browser, Go to: www.menti.com, Put in new code!

28/ 109 – Top quark physics – Andrea Knue
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How can we identify Top-Quark pairs?

29/ 109 – Top quark physics – Andrea Knue

Top-Quark Decay:

BR(t →Wb) ≈ 1

final state defined by W decay

W decays to lνl or qq̄′

Ô b-jet identification crucial!

dilepton:

signature: two jets, l+, l−,νl, ν̄l

pro: clean signal

con: kinematically underconstrained

all hadronic:

signature: six jets

pro: largest branching ratio

con: large multijet background

lepton+jets:

signature: four jets, l, νl

pro: good signal/background ratio

con: large jet/modelling uncertainties
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How can we measure the cross-section? Example: lepton+jets

30/ 109 – Top quark physics – Andrea Knue

select events: exactly one e or µ, Emiss
T , ≥ 4 jets

simulate background processes, W+jets is the dominant background here

estimate background from data if possible: Z+jets, fake/non-prompt leptons

σ =
Nsel − Nbkg

εsel A L

Nsel: number of selected events

Nbkg: number of expected background events

εsel: selection efficiency

A: acceptance

L: luminosity → precise knowledge important!
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How can we measure the cross-section? Example: lepton+jets
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select events: exactly one e or µ, Emiss
T , ≥ 4 jets

simulate background processes, W+jets is the dominant background here

estimate background from data if possible: Z+jets, fake/non-prompt leptons

σ =
Nsel − Nbkg

εsel A L

Nsel: number of selected events

Nbkg: number of expected background events

εsel: selection efficiency

A: acceptance

L: luminosity → precise knowledge important!

Cut-and-count:
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Top-quark discovery at the Tevatron in 1995!

use lepton+jets and dilepton events:

↪→ less physics background than in the allhadronic channel

use secondary vertex tagging to identify b-jets

Z+jets and fake lepton background: estimated from data

CDF collaboration: Discovery paper

Likelihood fit to data

mtop = 176± 8± 10 GeV, σtt̄ = 6.8+3.6
−2.4 pb

D0 collaboration: Discovery paper

unbinned Likelihood fit to data

mtop = 199+19
−21 ± 22 GeV, σtt̄ = 6.4± 2.2 pb

31/ 109 – Top quark physics – Andrea Knue

https://arxiv.org/abs/hep-ex/9503002
https://arxiv.org/abs/hep-ex/9503003
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But how many events actually survived the selection?

32/ 109 – Top quark physics – Andrea Knue

Used events for cross-section measurement:

CDF (left): 67 pb−1, 19 data events with ≥ 4 jets, Nbkg = 6.9+2.5
−1.9

D0 (right): 50 pb−1, 17 events with 4 jets, Nbkg = 3.79± 0.55

↪→ You do not need a huge signal, but need to understand your backgrounds well!
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What are the main production channels?

1Diagrams stolen from S. Mergelmeyer Here

33/ 109 – Top quark physics – Andrea Knue

already discussed tt̄ production via strong interaction

↪→ but not the only process!

single top-quark production via weak interaction1:

note: always at least one quark in initial state here!

even rarer production channels (tt̄ + Z/W /γ, tt̄H, tH, tt̄tt̄ etc): discuss later!

https://www.semanticscholar.org/paper/P-o-S-(-I-C-H-E-P-2-0-1-6-)-6-6-4-Single-Top-Quark-Mergelmeyer/0d59e93588e0188e023f138375a45fb5949a3c84
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How many of those events do we have available for measurements?

34/ 109 – Top quark physics – Andrea Knue

LHC, ATLAS experiment,
√
s = 13 TeV, 139 fb-1 data in 2015–2018

Process Cross-section [pb] Events before selection

tt̄ 832 115,648,000
t channel 217 30,163,000
tW -channel 71.7 9,966,300
s-channel 10.32 1,434,480
tt̄ + Z 0.88 122,320
tt̄ + W 0.60 83,400
tt̄ + γ 0.77 107,030
tt̄ + H 0.51 70,890
tt̄tt̄ 0.012 1,668

↪→ by far the largest statistics in tt̄ and single-top t-channel

↪→ but you will see, that we also have access to rare processes!

↪→ I will mainly show ATLAS results, but CMS has the same wealth of measurements!
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Why do we want to measure the top properties precisely?

35/ 109 – Top quark physics – Andrea Knue

need to test theoretical predictions (top as signal)

↪→ enhanced cross-section possible if we have production of new physics

many BSM searches have similar final states (top as background)

↪→ top production has to be well understood to increase discovery potential

top quark plays a role in many standard model extensions

↪→ mass close to the scale of electroweak symmetry breaking

top quark special: very heavy, has a very short lifetime:

↪→ decays before it can form any bound states!

↪→ only ”bare” quark we can study

Ô Lets start with the measurement of production cross-sections!
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Example: inclusive t-channel cross-section (CMS) PLB 800 (2019) 135042

36/ 109 – Top quark physics – Andrea Knue

goal: measure t- and t̄-channel cross-sections in lepton+jets channel

due to different initial state: σt > σt̄

in addition: want to measure the cross-section ratio: Can you guess why?

first: define pre-selection - exactly one e/µ, Emiss
T , ≥ 2 jets, ≥ 0 b-tag

then: split into different groups depending on Njet and Nb−tag:

2 jets and 0 b-tags: used to estimate fake lepton background

3 jets and 1/2 b-tags: dominated by tt̄: background control region (CR)

2 jets and 1 b-tag: largest signal contribution: signal region (SR)

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-011/index.html
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What do we do with these different regions?

split the signal and control regions even further:

↪→ separately for electrons and muons

↪→ separately for positive and negative charge

↪→ different lepton channels have different background compositions

↪→ positive lepton: top-quark, negative lepton: antitop-quark

37/ 109 – Top quark physics – Andrea Knue
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Now: find discriminating variable and fit data distribution

38/ 109 – Top quark physics – Andrea Knue

in signal region: want good separation between signal and background

↪→ train boosted decision tree with 13 discriminating variables

BDT is applied also to control regions

↪→ binned likelihood fit, partially include uncertainties as nuisance parameters

σt = 130± 19 pb, σt̄ = 77± 12 pb

total: σ = 207 ± 31 pb, R = 1.68 ± 0.06

↪→ in good agreement with theory prediction

also obtain information about |Vtb| !
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Can we have more than 1 or 2 tops? ... 4 tops! Paper

39/ 109 – Top quark physics – Andrea Knue

Why is this process interesting?

very rare process: σtttt = 12.0± 2.4 fb

↪→ for each tt̄tt̄ event we get 69,333 tt̄ events!

in case of new physics: cross-section could be much larger:

↪→ for example: gluino pair production, scalar gluon pair production, etc

also sensitive to the top-Higgs Yukawa coupling! (right diagram)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-10/
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Split events into different groups (example: single lepton channel)

40/ 109 – Top quark physics – Andrea Knue

How do we get a dataset enriched in 4-top production?

here: focus on final states with 1 lepton or two leptons with opposite sign: ≈ 57 %

↪→ between 8 and 10 jets in final state, including 4 b-jets

split events in signal, control and validation regions (VR)

perform a combined template fit to signal and control regions
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Discrimination between signal and background

41/ 109 – Top quark physics – Andrea Knue

How do we distinguish signal from background?

train a boosted decision tree in six regions to discriminate signal and bkg

↪→ fit distributions in order to extract signal strength µ = σ/σSM

in combination with previous measurement:
↪→ 4.7 standard deviations away from null hypothesis

compatible within 2 standard deviations with SM prediction
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There are many many measurements like this...

42/ 109 – Top quark physics – Andrea Knue

Ô inclusive cross-sections: no sign of new physics so far!
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What is the next step?

once we have an inclusive cross-section measured at high precision

↪→ make differential measurements!

example: cross-section as function of top pT , η, etc

↪→ mostly we unfold the distributions → remove detector effects

↪→ allows to compare results from different experiments

Why are differential measurements interesting?

new physics might only appear in specific parts of the phase space

if data disagrees with prediction:
could lead to improved theoretical calculation (see examples later)

can be used to make better Monte Carlo tunes, reduce systematics

can also be used to constrain PDFs

43/ 109 – Top quark physics – Andrea Knue
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What kind of information do we use for unfolding?

44/ 109 – Top quark physics – Andrea Knue

detector level or
reconstruction level:
after full detector
simulation

stable particle level:

“stable” τpart. > 30ps

parton level
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How far can/may we rely on this ”truth” information?

Stable particle level

use ”dressed” leptons (add photons within ∆R < 0.1 to lepton):

↪→ generator/model independent

used e.g. also for jet calibration (jet response):

↪→ match the particle-level jet to a reconstructed jet

Parton level

allows to compare with fixed-order calculations

try to remove hadronisation and MPI effects, very model dependent!

some analyses use these spectra to reweight the MC... always dangerous

45/ 109 – Top quark physics – Andrea Knue
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Why should we make model-independent measurements?

When designing an analysis to test only one specific model:

↪→ measurement has very limited lifetime and information

↪→ cannot be reused in a few years, when other models come on the market!

You will never be able to verify a certain model and to exclude all others:

↪→ “All models are wrong, but some are useful” (George Box)

46/ 109 – Top quark physics – Andrea Knue



Introduction to the top quark... ... and its properties ... in searches ... as a tool

Test the Standard Model in different parts of the phase space JHEP 11 (2017) 191

47/ 109 – Top quark physics – Andrea Knue

Need for differential measurements:

1 new physics might manifest itself only in some corners of the phase space

2 allows to compare different MC generators and use for tuning
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Go even more differential: Predictions as function of Njets JHEP 10 (2018) 159

48/ 109 – Top quark physics – Andrea Knue
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Differential measurements in boosted regime

49/ 109 – Top quark physics – Andrea Knue

Ô at large transverse top momentum: decay products strongly collimated

Ô top can be identified as one large-radius jet

Ô allows to reduce combinatorial background

Ô especially important for BSM searches
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Differential measurement in boosted regime @13 TeV Eur. Phys. J. C 79 (2019) 1028

50/ 109 – Top quark physics – Andrea Knue

large-radius jet with R = 1.0, apply trimming (remove soft jets, likely from pileup)

top tagging: large jet mass, pT > 350 GeV, |y | < 2.0

other top candidate: lepton, b-tagged jet (away from large-R jet), Emiss
T

↪→ samples with more/less radiation: outside the total uncertainty!

https://arxiv.org/abs/1908.07305
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Extrapolation into different phase spaces

51/ 109 – Top quark physics – Andrea Knue
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Why do we need to be careful with extrapolation of results?

Example: Performance of Lionel Messi messivsronaldo.net

in spanish league:

Season goals per game
2013/14 0.90
2014/15 1.13
2015/16 0.79
2016/17 1.09
2017/18 0.94

Ô had always ≥ 0.79 goals per game

Extrapolation to 4 world cup matches 2018:

Ô at least 3 goals, maybe more!

52/ 109 – Top quark physics – Andrea Knue

http://messivsronaldo.net/
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Why do we need to be careful with extrapolation of results?

Example: Performance of Lionel Messi messivsronaldo.net

in spanish league:

Season goals per game
2013/14 0.90
2014/15 1.13
2015/16 0.79
2016/17 1.09
2017/18 0.94

Ô had always ≥ 0.79 goals per game

Extrapolation to 4 world cup matches 2018:

Ô at least 3 goals, maybe more!

BUT: World cup is a very different phase space...

↪→ actual performance: 1 goal → 0.25 goals per game

52/ 109 – Top quark physics – Andrea Knue

http://messivsronaldo.net/
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What do we do now with these differential measurements?

53/ 109 – Top quark physics – Andrea Knue

MC
prediction

compare
to data

unfold
distribution

publish in
Rivet /

HEP data

MC tuning/
share with

theory
community

Ô important: have knowledge update here!
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How can we measure the top-quark mass?

Present first strategy for direct reconstruction
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Why do we have to find out more about the top quark mass?

55/ 109 – Top quark physics – Andrea Knue

Top quark is special:

mtop fundamental parameter, important for many SM extensions

is the higgs potential stable/meta-stable? PRD 97 056 006

↪→ assuming no NP up to Planck scale: stability depends strongly on mH and mtop

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.056006
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56/ 109 – Top quark physics – Andrea Knue

General analysis strategy

Monte Carlo
simulation

Event
selection

Event
reconstruction

Template
parametrisation

Obtain mtop

from fit to data
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General analysis strategy

Monte Carlo
simulation

Event
selection

Event
reconstruction

Template
parametrisation

Obtain mtop

from fit to data
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General analysis strategy

Monte Carlo
simulation

Event
selection

Event
reconstruction

Template
parametrisation

Obtain mtop

from fit to data

lepton+jets signature:

at least four jets (2 light, 2 b-jets)

exactly one charged electron/muon

Emiss
T due to neutrino
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General analysis strategy

Monte Carlo
simulation

Event
selection

Event
reconstruction

Template
parametrisation

Obtain mtop

from fit to data

What jets and leptons come from which top quark?
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General analysis strategy

Monte Carlo
simulation

Event
selection

Event
reconstruction

Template
parametrisation

Obtain mtop

from fit to data
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General analysis strategy

Monte Carlo
simulation

Event
selection

Event
reconstruction

Template
parametrisation

Obtain mtop

from fit to data
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Extract top-quark mass from fit of templates to data.
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Refined analysis strategy

Monte Carlo
simulation

Event
selection

Event
reconstruction

Template
parametrisation

Obtain mtop,
JSF and bJSF

train BDT

KLFitter variables cut on
BDT output

Two main changes:

1 cut on BDT output to reject badly reconstructed events: loose events

2 extract also JSF and bJSF to reduce uncertainty on mtop:

↪→ larger statistical uncertainty, but reduces correlation with other channels
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Optimisation of event selection: Utilise Boosted Decision Tree

58/ 109 – Top quark physics – Andrea Knue
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Individual result and combination:

ml+jets,8 TeV
top = 172.08 ± 0.39 (stat) ± 0.82 (syst) GeV

mCombined
top = 172.68 ± 0.26 (stat) ± 0.48 (syst) GeV

↪→ reached a relative uncertainty of 0.29% !
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Question 3: Menti-Code: 3893 5654

  

How does the W mass depend on the top mass?

linear quadratic

logarithmic cubic

Now:

Open a new tab in your browser, Go to: www.menti.com, Put in new code!

59/ 109 – Top quark physics – Andrea Knue
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mtop measurement with special final states: Soft muons! ATLAS-CONF-2019-046

60/ 109 – Top quark physics – Andrea Knue

What did we learn from the previous measurement?

we have plenty of tt̄ events available for the measurement of mtop

largest uncertainties for jets and signal modelling

↪→ Question: can we get less sensitive to jets?

↪→ Idea: the B-hadrons decay, decay products can include muons!

⇒ calculate invariant mass using lepton from W decay and muon from B-hadron decay!

Result: mtop = 174.48± 0.40(stat.)± 0.67(syst.) GeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-046/
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What mass do we measure? Andre Hoang, TOP 2018

direct reconstruction mtop measurements:

↪→ measured mMC
top depends on renormalization scheme of MC generator

mtop from cross-section measurements: closer to pole mass

difference between mMC
top and e.g. mpole

top (and other mass schemes)

↪→ still subject of lively discussion

Not enough time to go into details today:

↪→ I will give one example for pole mass measurement (another one in backup)!

61/ 109 – Top quark physics – Andrea Knue

https://indico.cern.ch/event/690229/contributions/2935118/attachments/1717614/2771719/Hoang-Top-Plenary.pdf
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Interesting CMS result for mtop from σtt̄ Eur. Phys. J. C 80 (2020) 658

Analysis setup

perform triple-differential cross-section measurement to extract parameters

Combined extraction from αS and mpole
top

αS(mZ ) = 0.1135 ±+0.0021
−0.0017, mpole

top = 170.5 ± 0.8 GeV Ô very precise!

↪→ also combined fit of αS , mpole
top and the PDFs, impact on gluon PDF

62/ 109 – Top quark physics – Andrea Knue

https://arxiv.org/abs/1904.05237
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How much do we know now?

63/ 109 – Top quark physics – Andrea Knue
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How much do we know now?

64/ 109 – Top quark physics – Andrea Knue

Ô combine H → bb̄ results with more precise other decay channels: observation!
Ô measured top-quark yukawa coupling in good agreement with expectation
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How much do we know now? The fate of the universe

65/ 109 – Top quark physics – Andrea Knue

Ô Does this mean the universe is metastable? No, but no need to worry even if it was!

https://cerncourier.com/a/the-higgs-and-the-fate-of-the-universe/
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We said the top-quark has a short lifetime - but how short?

long b-hadron lifetime: O = 10−12s: CKM!

top-quark lifetime: ≈ 5 · 10−25s: large phase space for t →Wb

hadronisation time: 1
ΛQCD

≈ 3.3 · 10−24s

spin decorrelation time:
mtop

Λ2
QCD

≈ 3 · 10−21s

66/ 109 – Top quark physics – Andrea Knue
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We said the top-quark has a short lifetime - but how short?

long b-hadron lifetime: O = 10−12s: CKM!

top-quark lifetime: ≈ 5 · 10−25s: large phase space for t →Wb

hadronisation time: 1
ΛQCD

≈ 3.3 · 10−24s

spin decorrelation time:
mtop

Λ2
QCD

≈ 3 · 10−21s

↪→ the tops decay before the spins of the two top-quarks can decorrelate!

66/ 109 – Top quark physics – Andrea Knue
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Measurement of spin observables in the tt̄ dilepton channel JHEP 03 (2017) 113

67/ 109 – Top quark physics – Andrea Knue

tops decay before hadronisation: spin information transferred to top decay products

top quarks are produced almost unpolarised (QCD), but spins of tops are correlated:

1

σ

d2σ

d cos θ1d cos θ2
=

1

4
(1 + α1P1 cos θ1 + α2P2 cos θ2 − α1α2C cos θ1 cos θ2)−→

Correlation

Define quantisation axes:
What can we measure?

measure full spin density matrix

↪→ 15 values in total

use angular information of charged leptons

↪→ best spin analyser!

unfold distributions: can compare later
between experiments

https://arxiv.org/abs/1612.07004
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Spin correlation measurement @13 TeV Eur. Phys. J. C 80 (2020) 754

here: focus on azimuthal angle between leptons

interesting: have seen deviation between data/mc in 7 and 8 TeV data:

↪→ but still within overall uncertainty

What do we expect to see?

the two top quarks decay mainly in opposite direction

leptons fly in direction of top quarks: also opposite direction

↪→ opening angle between leptons: around 180 degrees

↪→ spin correlation: increases fraction of leptons with same direction

68/ 109 – Top quark physics – Andrea Knue

https://arxiv.org/abs/1903.07570
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Spin correlation measurement @13 TeV Eur. Phys. J. C 80 (2020) 754

69/ 109 – Top quark physics – Andrea Knue

see more spin correlation than expected in the standard model

look at the effect as a function of the mtt̄ system

descrepancy seems to vary with mtt̄ regions: how significant?

https://arxiv.org/abs/1903.07570
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How significant is this difference? Eur. Phys. J. C 80 (2020) 754

Effect in ∆Φ has been visible since Run I:

↪→ more significant now due to large dataset, but still not super large

What could cause this?

↪→ New physics, or something missing in our MC events?

↪→ But: new physics would normally manifest in a smaller value for fSM...

↪→ Need to check with our friends from CMS and from theory!

70/ 109 – Top quark physics – Andrea Knue

https://arxiv.org/abs/1903.07570
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Comparison with CMS and new theory calculations: LHC Top WG

71/ 109 – Top quark physics – Andrea Knue

CMS sees the same deviation with the MC prediction than ATLAS, but...

with different prediction (red line, right side): better agreement with data

CMS also measured full spin density matrix (c.f. paper): no descrepancy there

discussion with theorists lead to better calculations (see grey line left):

↪→ descrepancy now smaller, but not fully gone

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
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Top polarisation measurement at 13 TeV arXiv:2202.11382

72/ 109 – Top quark physics – Andrea Knue

in QCD: parity conserved, ≈ no polarisation of top quark in tt̄ events

weak interaction: V − A vertex structure: expect significant polarisation in single top!

octant variable Q:

↪→ slice phase space into eight quadrants

↪→ separately for leptons with neg./pos. charge.

extract: signal/bkg normalisation, 6 polarisation values

In top reference frame: define three orthogonal
directions:
ẑ′: direction of spectator quark
ŷ′: orthogonal to production plane

x̂′: lies in the production plane

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-10/
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Top polarisation: results and interpretation arXiv:2202.11382

73/ 109 – Top quark physics – Andrea Knue

measure strong polarisation in z-direction

↪→ limited by jet-energy resolution uncertainty

↪→ in agreement with NLO+PS prediction

also unfolded angular distributions

↪→ allows to set limits on EFT operators

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-10/
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NEW: First observation of the tqγ process ATLAS-CONF-2022-013

74/ 109 – Top quark physics – Andrea Knue
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 + jetsγW  + jetsγZ

γ → e γOther prompt 

γ → h Fake leptons

Uncertainty

scrutinize the top-photon interaction further

rare process: σtqγ = 406+25
−32 pb

identify forward jet and leptonic top decay

employ data-driven methods to model
fake-photon backgrounds

need NN to distinguish signal from large background processes

main systematic uncertainty: tt̄γ modelling

observed (expected) significance: 9.1 (6.7) standard deviations

fiducial parton (particle)-level cross-sections:

↪→ consistent with SM expectation within 2.5 (1.9) σ

↪→ CMS result: µ = 1.42± 0.43 PRL 121, 221802 (2018)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-013/
https://arxiv.org/abs/1808.02913
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Question 4: Menti-Code: 3893 5654

Which of the following statements is correct?

Ô You can choose more than one!

Now:

Open a new tab in your browser, Go to: www.menti.com, Put in new code!

75/ 109 – Top quark physics – Andrea Knue
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Charge asymmetry measurements

76/ 109 – Top quark physics – Andrea Knue

Tevatron: forward-backward asymmetry:

Tevatron:

qq̄ production dominates, anti-quarks are valence quarks

due to parity conservation in strong interaction:

↪→ forward-backward asymmetry in t, t̄ production from asymmetry in initial q, q̄
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Charge asymmetry measurements

76/ 109 – Top quark physics – Andrea Knue

LHC: charge asymmetry:

LHC:

no FB asymmetry due to pp collision, antiquarks from the sea from either proton

gg production dominates (symmetric)

at leading order: no charge asymmetry either

at NLO: small charge asymmetry due to interference of ISR and FSR diagrams as
well as interference between box and Born-diagrams
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Analysis procedure for 13 TeV measurement ATLAS-CONF-2019-026
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Select events in the lepton+jets channel: large statistics

Split into resolved and boosted regions, reconstruct top quarks

Calculate AC = N(∆|y|>0)−N(∆|y|<0)
N(∆|y|>0)+N(∆|y|<0)

with ∆|y | = |yt | − |yt̄ |
↪→ unfold distribution to parton level with a Bayesian unfolding technique

↪→ perform inclusive and differential measurements (mtt̄ , βtt̄ → longitudinal boost)

Inclusive measurement:
AC = 0.0060± 0.0015: 4 standard deviations away from zero: first evidence!

http://cdsweb.cern.ch/record/2682109/files/ATLAS-CONF-2019-026.pdf
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Charge asymmetry measurements: Differential Results

78/ 109 – Top quark physics – Andrea Knue

Why does AC increase with mtt̄?

high mtt̄ : produced by partons with high momentum fraction x ⇒ more qq̄

larger fraction of qq̄ ⇒ larger asymmetry!

same argument is true for βtt̄
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Search for new physics: Is there a better model?
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?Ô

Ô SM does not explain everything (Dark Matter, neutrino masses, hierarchy problem, etc)

Ô many SM extensions involve top quarks in one way or another

Ô today: only time for two examples, but there are many many more!
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Search for heavy Higgs → tt̄ at CMS JHEP 04 (2020) 171
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Φ is potential heavy scalar or pseudoscalar Higgs boson

↪→ for example predicted in super-symmetry

signal could be visible in mtt̄ spectrum

interference effects between two diagrams taken into account

↪→ expect peak/dip structure in spectrum, test 400-750 GeV masses

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-027/index.html
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Search for heavy Higgs → tt̄ at CMS
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again: angular distribution of particles in decay give info about spin of decaying particle

see slight deviation from background-only hypothesis around 400 GeV

↪→ with look-elsewhere-effect: 1.9 σ, not significant

need better theoretical prediction at tt̄ production threshold
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Note: We can use top quarks also as a tool/laboratory!
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Test of lepton flavour universality ATLAS News!
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We learned earlier: the Higgs boson couples differently to different fermions

Is this also true for other boson couplings?

In SM: lepton coupling to W /Z bosons: not mass dependent

↪→ lepton flavour universality, no fundamental physics reason!

What do we want to measure and why?

Measure ratio of W boson decays into muons/taus: R(µ/τ)

↪→ previous measurement by LEP: 1.070 ± 0.026 (2.7 σ deviation from SM)

↪→ fluctuation or new physics effect?

What does this have to do with tt̄ events?

BR(t →Wb) ≈ 100%: easy to select, large statistics, gives us two W bosons

W → µνµ: larger lepton pT , low impact parameter d0 (close to interaction vertex)

W → τντ → µνµντντ : lower lepton pT , larger d0 (decays 2mm from int. vertex)

https://atlas.cern/updates/briefing/addressing-long-standing-tension-standard-model
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What did we measure? Nature Physics vol 17, 813-818 (2021)
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Fit impact parameter distribution (left): measure for displacement of muon vertex

↪→ prompt muons have low impact parameter, muons from tau decays have high values

Result from ATLAS: compatible with the SM, and most precise result up to date

↪→ Here a nice Video by the two physicists who performed the measurement!

https://arxiv.org/abs/2007.14040
https://www.youtube.com/watch?v=JvHXn5xRH4I
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The big question: Why do we still care?
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The big question: Why do we still care?
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Top quarks are key to almost everything!
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The big question: Why do we still care?
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Top quarks are key to almost everything!

Search for rare SM processes
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The big question: Why do we still care?
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Top quarks are key to almost everything!

b-tagging calibration

Search for rare processes
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The big question: Why do we still care?
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Top quarks are key to almost everything!

Stability of the Universe

Search for rare processes b-tagging calibration
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The big question: Why do we still care?
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Top quarks are key to almost everything!

Search for new physics

Search for rare processes b-tagging calibration Stability of the Universe
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Summary

we know the top quark officially since 1995

↪→ had indirect information much earlier!

LHC is ”top factory” for tt̄ and some single-top processes

↪→ properties measured in these processes: often very precise, limited by
systematic uncertainties

↪→ so far: all couplings and properties in agreement with theoretical
predictions (within the uncertainties)

but: a lot of rare processes accessible now: need to scrutinise as well

↪→ looking forward to more data in Run III, the high-lumi LHC and
hopefully a new collider in the future!

86/ 109 – Top quark physics – Andrea Knue



Introduction to the top quark... ... and its properties ... in searches ... as a tool

Do you have more questions?

Send me questions any time!

at CERN: aknue@cern.ch

at Uni Freiburg: andrea.knue@physik.uni-freiburg.de

Twitter: @ParticleAndy
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https://twitter.com/ParticleAndy

	Introduction to the top quark...
	... and its properties
	... in searches
	... as a tool

