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q  Fermilab and the accelerator complex
q  Top discovery
q  W mass measurement at the Tevatron
q Top properties
q Top mass measurement (from LHC data)
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Fermilab and the accelerator complex

; then 800 GeV (1984) and 900 GeV (1986)

•  Run II (2001 – 2011)
- beam energy: 980 GeV
- main ring in another tunnel
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Timeline

1995
Top discovery

Main injector (warm magnets): Run I

Tevatron (superconducting magnets)
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Tevatron (Run II)

Main Ring

TevatronWilson Hall

Fermilab site

Fermilab is placed in natural areas, which are designated as a 
National Environmental Research Park. It is a federal area.
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The Tevatron

RUN-2 Collider Upgrade

Main Ring and Collider in the same tunnel

RUN-1 Collider: 1.8 TeV
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Some of Fermilab inhabitants
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How to get to Fermilab !
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Tevatron experiments: CDF and D0
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Early Tevatron results
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Tevatron Run I (1992-1996): “top” result
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Top Quark Discovery: February 24th 1995

Top reconstructed mass

CDF: the big cone is an electron from
a W decay.

D0: two muons (in blue, one inside 
a jet), 4 jets and the neutrino (pink)
identified as missing pT
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Tevatron Run II
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(chapter 1, second part in LHC slides)
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W boson mass: toward unprecedented precision
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W boson mass: calibration of the energy scale
Calibrating with well-know 
resonances: J/Ψ, Υ, Z at CDF; Z at D0 

Calibrating hadronic recoil with Z
(no neutrino)𝑚!!

𝑚""
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W boson mass: achieving unprecedented precision

Lepton transverse 
momentum

Invariant transverse
mass 

Tevatron better than LEP
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W boson mass: one final surprise?

Wait for the LHC lectures 
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Experimental results come from LHC data
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The ”needs” for top quark

The existence of the Top Quark
is predicted by the SM and it is 
required to explain a number
of observations.

Top quark has been discovered 
at the Tevatron in 1995

negligible BR of the decays 𝑩𝒔𝟎 ⟶𝝁#𝝁$ 

!𝐵!"
𝑏

All SM predictions without the top quark
wouldn’t agree with the experimental data
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Top quark mass
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Top (pair) production at the hadron colliders

At LHC the gluon fusion is the dominant channel

No competition in term of number of top pairs produced between LHC and Tevatron.
In what follows all results about top properties are coming from LHC.

Old calculation … just for comparison



q top quark, being heavier than W, decays mostly 
 into a W and a b quark:
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Top quark decay

q Due to the very high mass, the top quark 
lifetime is very short: 𝝉𝒕𝒐𝒑 	 ≈ 𝟓 ' 𝟏𝟎&𝟐𝟓	𝒔

q It is shorter than the typical hadronisation 
timescale: 𝝉𝒉𝒂𝒅𝒓 	 ≈ 𝟏𝟎&𝟐𝟑	𝒔 .

q Therefore top quark decays before hadronising 
(no topponium bound state); it offers a unique 
opportunity to study the properties of a “bare” 
quark which are transferred to its decays 
products, e.g. its information.  

q The final states dipends on the different W decays, but a 
b quark is always present:

q Very recently a new research line became very active: 
the entanglement between the two top.
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top pair signature 

Example: semi-leptonic topology
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Top quark physics
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Top pair production cross section at LHC

(Run-2)

(Run-3)
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Top pair production cross section measurements
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Top pair production cross section measurements
Ideal channel: very little background and enough statistics𝑡 ̅𝑡 	→ 𝑏𝑊./𝑏𝑊& 	→ 𝑏𝜇.𝜐!	 /𝑏𝑒&𝜐̅"	

Final state 
2 b-jets plus one electron and one muon
with opposite charge 

Event selection

Muon pT
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Single top production cross section



Claudio Luci – Collider  Particle Physics – Chapter 9 31

Experimental results come from LHC data



q Direct measurement:
Ø  rely on parton shower simulation;
Ø  build templates that depend on the top quark mass (mt) parameter in the simulation 
Ø  yield small uncertainties
Ø  relation to a theoretically well defined mass has an uncertainty of O(0.1 – 1 GeV)   
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top mass definition

q Indirect measurement through cross section measurement:
Øany quantitative statement about the value of a quark mass requires a precise reference to the mass 

scheme in which the mass is defined; 
Øthe most used is the pole-mass scheme, where the renormalised top-quark mass coincedes with the pole of 

the top quark propagator: 𝒎𝒕
𝒑𝒐𝒍𝒆  

§  it is extracted via differential cross sections
§  non perturbative corrections must be added
§  unfolding procedure yield typically bigger uncertainty than direct measurement
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Direct top quark mass summary
§  LHC combination (7 + 8 TeV) : 172.52 ± 0.33	GeV	
§ ATLAS comb. (7 + 8 TeV): 172.71	 ± 0.48	GeV	
§ CMS comb. (7 + 8 TeV) : 172.52	 ± 0.42	GeV	

I’ll show an example of the Atlas measument
with all jets in the final state

Best single measurement is coming from CMS
13 GeV (Run2) data with lepton + jets in the
final state.
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Top quark mass from tt cross-section summary

Measurements from cross sections 
will be limited by prediction uncertainties
and luminosity error.

Some of the uncertainties can be reduced 
by measuring the differential cross section
of the tt production in association with 
a jet in the final state. This is a promising
channel for the top mass measurement. 
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Top quark pole mass determination

Small dependence on mt

(from a very recent Atlas result on the tt cross-section)
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Atlas top mass direct measurement: event selection

Fully hadronic final state

Example taken from:

At least 5 tracks in the primary vertex

Only isolated jets

No neutrinos

At least 2 b-jets

Angular separation between the 2 b-jets

Angular separation between b and W

See next slide

Final purity: 58.8	 ± 0.2 % 

(published in 2017)



q In the final state we have six jets, among which two must be b-jets:
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Reconstruction of the final state top-antitop

q In order to associate 3 jets to a top and the othes to the the second top, a 𝜒? is built:

q Here, two of the jets are associated with the b-quarks from the top decays (b1 and b2), the other four are assumed to 
be light quarks from the W decays. No explicit b-tagging information is used.

Δ𝑚@AA	 = 𝑚@%A%A& − 𝑚@&A'A(
where	 𝑚)!*"*# is the invariant mass of the three jets

q This method considers all possible permutations of the six (or more) reconstructed jets in each event. The one 
resulting in the lowest 𝜒? is kept. A low 𝜒? value indicates a permutation of jets consistent with the 𝑡 ̅𝑡 hypothesis.

q In each combination the reconstructed mass of the two jets from the W decays are compared with the mean value of 
the mass distribution of correctly reconstructed W in simulated signal MC events (𝑀B

CD).

q The widths are obtained from a fit to the MC signal events: 

and  𝑀+
,- =
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Di-jet and three-jet mass distributions

MC correct means that the three jets assignement to a top decay is correct,
otherwise is said to be incorrect. If at least a quark is not matched to any
jet, it is said Non-Matched.  

“W mass”



q The top mass is NOT equal to the three jet invariant mass:
Ø  large error due to the jet energy resolution;
Ø  large error due to the jet energy scale 

q It is obtained from a comparison data - Montecarlo of the quantity:  
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Top quark mass determination

𝑅E/? =
𝑚AAA
𝑚AA

𝑚AAA = three jet invariant mass (top mass)

𝑚AA = di-jet invariant mass (W mass)

q In the ratio many systematics uncertainties cancel. 

q To extract a measurement of the top quark mass,
a template method with a minimum 
𝝌𝟐approach is employed: 

Ø the data distribution is compared with MC
 distributions generated with three top mass:
 167.5, 172.5 and 175 GeV;

Ø  then an interpolation is used to obtain the
 top mass with the best agreement with 
the data.
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Top quark mass measurement: pdf function
q The top quark contribution to the histogram is parameterised by a probability distribution function (pdf) which is the 

sum of a Novosibirsk function for the signal and a Landau function that describes the combinatorial background.
q The 6 parameters of the distributions depend on the top value, in particular the peak and width of the N. function.

The Novosibirsk function is a continuous probability density function 
that is used to model asymmetric peaks in high-energy physics.

𝑥G:	peak position; 𝜎	: width, Λ : tail, plus a normalisation constant N

Landau distribution

These are MC points



q The fit is done in two steps, first the R3/2 distributions from 𝒕𝒕̅ simulation samples are fitted separately to 
determine the six parameters for each template mass. The MC simulation shows that each of these parameters 
depends linearly of the input mtop. 

q In the next step, the parameters are fitted to obtain the offsets and slopes of the linear mtop dependencies.
q These values are then used as inputs to a combined, simulateous fit to determine the pdf, namely the 

probability PS and PB to have the signal and the background in a given bin of the R3/2 distribution of the data.
q The final (simplified)  𝝌𝟐	function to estract mtop is the following:
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Top quark mass measurement: fit procedure

𝑁$%&: number of bins in the data distribution
𝑛%: number of data in the bin i
𝜇%: number of expected data from MC in the bin i 

bin widthbackground fraction Total number of data Signal probability background probability

q The mass of the top and the background fraction are fitted simultaneously.
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Top quark mass measurement: result
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CMS direct measurement: l + jets final state

The fitting procedure is similar to what has been described for the Atlas measurement
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Top quark mass measurement: recap
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Digression on the mass measurement
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Top quark mass … and the Universe
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Electroweak fits



End of chapter 9
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End


