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Meals & times 

•  Wireless is “everywhere, free and not protected” 
–  Please leave your laptop closed during lectures 

•  We have two rooms, the plenum (here) & “Raum Lister”  

•  Lunch starts at 12:00, restart lectures at 14:00 
–  Coffee breaks as indicated on the agenda 

•  Lunch for Friday, two options: 
–  Normal lunch 
–  Lunch-Pack to go 
à Please enter your choice in the lists   

 
•  Social event: Wednesday afternoon 
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Structure of school 

•  We have (in principle) added a exercise / discussion 
session to each lecture  
–  Please use them and participate  

•  There are no stupid questions …. ! 

•  Students come from very different backgrounds 
–  This can be very beneficial if we profit from it 
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Social event: Tour to the Atta-Cave 

Johannes Albrecht Johannes Erdmann 1

Atta Cave (Attahöhle) 

• trip to Attendorn Dripstone Cave!

• 20 min. drive!

• bus will leave Wednesday 2pm!

• tour starts 3pm!

• lasts ~ 1.5h including cheese tasting



Social event: Tour to the Atta-Cave 

Johannes Albrecht 
Johannes Erdmann 2

Atta Cave (Attahöhle) 

• after that free time to spend in the old town!

• bus will leave again 6:30pm at Atta-Höhle!

• barbecue at haus nordhelle if weather permits



Now lets talk physics  

•  Idea of the school:  
  “how to make a precision measurement 
   and how to interpret it?” 
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Top-quark history

Indirect searches (90s)

 Top quark, W boson and Higgs boson

masses connected via loop corrections

 Fit of electroweak observables constrains

top-quark mass

[Ann. Rev. Nucl. Part. Sci. 59 (2009) 505][Phys. Lett. B 276 (1992) 247]
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Figure 2. Decay time distribution for the sum of the five decay modes for
candidates tagged as mixed (different flavour at decay and production; red,
continuous line) or unmixed (same flavour at decay and production; blue, dotted
line). The data and the fit projections are plotted in a signal window around the
reconstructed B0

s mass of 5.32–5.55 GeV/c2.

8. Systematic uncertainties

With respect to the first measurement of 1ms at LHCb [13], all sources of systematic
uncertainties have been reevaluated.

The dominant source is related to the knowledge of the absolute value of the decay time.
This has two main contributions. First, the imperfect knowledge of the longitudinal (z) scale
of the detector contributes to the systematic uncertainty. It is obtained by comparing the track-
based alignment and survey data and evaluating the track distribution in the vertex detector.
This results in 0.02% uncertainty on the decay time scale and thus an absolute uncertainty of
±0.004 ps�1 on 1ms.

The second contribution to the uncertainty of the decay time scale comes from the
knowledge of the overall momentum scale. This has been evaluated by an independent study
using mass measurements of well-known resonances. Deviations from the reference values [27]
are measured to be within 0.15%. However, since both the measured invariant mass and
momentum enter the calculation of the decay time, this effect cancels to some extent. The
resulting systematic uncertainty on the decay time scale is evaluated from simulation to be
0.02%. This again translates to an absolute uncertainty of ±0.004 ps�1 on 1ms.

The next largest systematic uncertainty is due to a possible bias of the measured decay time
given by the track reconstruction and the selection procedure. This is estimated from simulated
data to be less than about 0.2 fs, and results in ±0.001 ps�1 systematic uncertainty on 1ms.

Various other sources contributing to the systematic uncertainty have been studied such
as the decay time acceptance, decay time resolution, variations of the value of 10s, different
signal models for the invariant mass and the decay time resolution, variations of the signal
fraction and the fraction of B0

s ! D⌥
s K± candidates. They are all found to be negligible. The

sources of systematic uncertainty on the measurement of 1ms are summarized in table 2.

New Journal of Physics 15 (2013) 053021 (http://www.njp.org/)
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1st Example: Beauty Oscillations 
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Figure 2. Decay time distribution for the sum of the five decay modes for
candidates tagged as mixed (different flavour at decay and production; red,
continuous line) or unmixed (same flavour at decay and production; blue, dotted
line). The data and the fit projections are plotted in a signal window around the
reconstructed B0

s mass of 5.32–5.55 GeV/c2.

8. Systematic uncertainties

With respect to the first measurement of 1ms at LHCb [13], all sources of systematic
uncertainties have been reevaluated.

The dominant source is related to the knowledge of the absolute value of the decay time.
This has two main contributions. First, the imperfect knowledge of the longitudinal (z) scale
of the detector contributes to the systematic uncertainty. It is obtained by comparing the track-
based alignment and survey data and evaluating the track distribution in the vertex detector.
This results in 0.02% uncertainty on the decay time scale and thus an absolute uncertainty of
±0.004 ps�1 on 1ms.

The second contribution to the uncertainty of the decay time scale comes from the
knowledge of the overall momentum scale. This has been evaluated by an independent study
using mass measurements of well-known resonances. Deviations from the reference values [27]
are measured to be within 0.15%. However, since both the measured invariant mass and
momentum enter the calculation of the decay time, this effect cancels to some extent. The
resulting systematic uncertainty on the decay time scale is evaluated from simulation to be
0.02%. This again translates to an absolute uncertainty of ±0.004 ps�1 on 1ms.

The next largest systematic uncertainty is due to a possible bias of the measured decay time
given by the track reconstruction and the selection procedure. This is estimated from simulated
data to be less than about 0.2 fs, and results in ±0.001 ps�1 systematic uncertainty on 1ms.

Various other sources contributing to the systematic uncertainty have been studied such
as the decay time acceptance, decay time resolution, variations of the value of 10s, different
signal models for the invariant mass and the decay time resolution, variations of the signal
fraction and the fraction of B0

s ! D⌥
s K± candidates. They are all found to be negligible. The

sources of systematic uncertainty on the measurement of 1ms are summarized in table 2.

New Journal of Physics 15 (2013) 053021 (http://www.njp.org/)
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Detour: Flavour tagging at hadron colliders 

Johannes Albrecht 

•  Opposite side taggers 
–  Partially reconstruct second 

b in event 
à conclude on production 
flavour 

•  Same sign taggers 
–  Exploit hadronization 

remnants 

•  Combine all taggers 
–  Combined tagging power:  

LHCb:  εD2 ~ 3.5% 
ATLAS:        ~ 1.5% 
B-factories        ~ 30% 

21. September 2015 9/23 



1st Example: Beauty Oscillations 
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Figure 2. Decay time distribution for the sum of the five decay modes for
candidates tagged as mixed (different flavour at decay and production; red,
continuous line) or unmixed (same flavour at decay and production; blue, dotted
line). The data and the fit projections are plotted in a signal window around the
reconstructed B0

s mass of 5.32–5.55 GeV/c2.

8. Systematic uncertainties

With respect to the first measurement of 1ms at LHCb [13], all sources of systematic
uncertainties have been reevaluated.

The dominant source is related to the knowledge of the absolute value of the decay time.
This has two main contributions. First, the imperfect knowledge of the longitudinal (z) scale
of the detector contributes to the systematic uncertainty. It is obtained by comparing the track-
based alignment and survey data and evaluating the track distribution in the vertex detector.
This results in 0.02% uncertainty on the decay time scale and thus an absolute uncertainty of
±0.004 ps�1 on 1ms.

The second contribution to the uncertainty of the decay time scale comes from the
knowledge of the overall momentum scale. This has been evaluated by an independent study
using mass measurements of well-known resonances. Deviations from the reference values [27]
are measured to be within 0.15%. However, since both the measured invariant mass and
momentum enter the calculation of the decay time, this effect cancels to some extent. The
resulting systematic uncertainty on the decay time scale is evaluated from simulation to be
0.02%. This again translates to an absolute uncertainty of ±0.004 ps�1 on 1ms.

The next largest systematic uncertainty is due to a possible bias of the measured decay time
given by the track reconstruction and the selection procedure. This is estimated from simulated
data to be less than about 0.2 fs, and results in ±0.001 ps�1 systematic uncertainty on 1ms.

Various other sources contributing to the systematic uncertainty have been studied such
as the decay time acceptance, decay time resolution, variations of the value of 10s, different
signal models for the invariant mass and the decay time resolution, variations of the signal
fraction and the fraction of B0

s ! D⌥
s K± candidates. They are all found to be negligible. The

sources of systematic uncertainty on the measurement of 1ms are summarized in table 2.

New Journal of Physics 15 (2013) 053021 (http://www.njp.org/)

Know decay flavour 
from charge 

Know production  
flavour from tagging 

But: need clean 
theory to understand 

CP asymmetries 
à need other decay 
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The decay BsàJ/ψφ  

27 617 
candidates 

Johannes Albrecht 

Clean way to measure CP violation:  
Interference between mixing and decay 

21. September 2015 11/23 
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World results combined 

Capri 2012 MPA, CPV in charm and b-decays at LHCb 

Measurement of ϕs 

30 

Bs"J/ψ K+K-: PRL 114 (2015) 041801  
Bs"J/ψ π+π-: PLB 736 (2014) 186 
Bs"D+

sD-
s: PRL 113 (2014) 211801 
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Detour: The importance of flavour tagging 

The ATLAS collaboration managed to improve their sensitivity 
by 40% with the inclusion of flavour tagging 

(εD2=1.45%, cf. ~3.5% @ LHCb) 
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2nd Example: Top mass 

Johannes Albrecht 
Kevin Kröninger   -   Top-quark physics (at the LHC) 10

Top-quark history

Indirect searches (90s)

 Top quark, W boson and Higgs boson

masses connected via loop corrections

 Fit of electroweak observables constrains

top-quark mass

[Ann. Rev. Nucl. Part. Sci. 59 (2009) 505][Phys. Lett. B 276 (1992) 247]

indirect determinations 
limits 
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Example: the top mass 

•  Before discovery: top mass from EW fits 

•  Measurement: Properties of W±, Z0  
à Processes influenced by top and Higgs mass 
     (plus other SM Parameters)  

Johannes Albrecht 

Kevin Kröninger   -   Top-quark physics (at the LHC) 10

Top-quark history

Indirect searches (90s)

 Top quark, W boson and Higgs boson

masses connected via loop corrections

 Fit of electroweak observables constrains

top-quark mass

[Ann. Rev. Nucl. Part. Sci. 59 (2009) 505][Phys. Lett. B 276 (1992) 247]

Kevin Kröninger   -   Top-quark physics (at the LHC) 10

Top-quark history

Indirect searches (90s)

 Top quark, W boson and Higgs boson

masses connected via loop corrections

 Fit of electroweak observables constrains

top-quark mass

[Ann. Rev. Nucl. Part. Sci. 59 (2009) 505][Phys. Lett. B 276 (1992) 247]
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Discovery 

Kevin Kröninger   -   Top-quark physics (at the LHC) 11

Top-quark history

Discovery (1995)

[Phys. Rev. Lett. 74 (1995) 2632]
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Signatures of top quarks

Top-quark decay

 Lifetime of the top quark τ ~ 4·10-25  s

 No bound states, because (τ < 1/Λ
QCD

 ~ 3·10-24 s)

 Weak decay into W boson and down-type quark

 Branching ratios: B(t → W+q) = |V
tq
|²

 B(t → W+b) ~ 0.998

 B(t → W+s) ~ 2·10-3 

 B(t → W+d) ~ 10-4
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Discovery 

Kevin Kröninger   -   Top-quark physics (at the LHC) 11

Top-quark history

Discovery (1995)

[Phys. Rev. Lett. 74 (1995) 2632]
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Evolution of top mass 

Johannes Albrecht 
Kevin Kröninger   -   Top-quark physics (at the LHC) 10

Top-quark history

Indirect searches (90s)

 Top quark, W boson and Higgs boson

masses connected via loop corrections

 Fit of electroweak observables constrains

top-quark mass

[Ann. Rev. Nucl. Part. Sci. 59 (2009) 505][Phys. Lett. B 276 (1992) 247]
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Evolution of top mass 

Johannes Albrecht 
Kevin Kröninger   -   Top-quark physics (at the LHC) 10

Top-quark history

Indirect searches (90s)

 Top quark, W boson and Higgs boson

masses connected via loop corrections

 Fit of electroweak observables constrains

top-quark mass

[Ann. Rev. Nucl. Part. Sci. 59 (2009) 505][Phys. Lett. B 276 (1992) 247]

Precision mass measurement 
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What was used? 

•  Parameter / Observables 
–  Top mass used as parameter in Electroweak fits 

à also after discovery: parameter “top mass”, observable jet-mass 

•  What are uncertainties, statistical and systematical?  
•  Often the systematic uncertainties govern the measurement done 
•  What is a theory uncertainty  

•  Statistical interpretation of results 
–  What are “limits” and how to interpret not seeing a signal 
–  How to combine several measurements? 
–  How to do “fits” and how to interpret them in Standard Model  

(or beyond Standard Model) quantities? 
•  Methods used: template method, (un)-binned likelihood fits, 

Matrix Element method 
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Content of the school 

•  Idea of the school:  
  “how to make a precision measurement 
   and how to interpret it?” 

 
1)  Components: what is measured and what is estimated 

à P. Uwer: Observables and Parameters 
 

2)  Example measurements, these will use what you will learn 
à U. Uwer: Measurements with bottom quarks 
à D. Hirschbühl: Measurements with top quarks 
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Content of the school  

Johannes Albrecht 

3)  How do we analyse data,  
à M. Schmelling: Statistical methods 

4)  How precise are our measurements? (more than statistics)  
à M. Kenzie: Systemtatic uncertainties 

5)  Why is it necessary to use effective theories to increase 
precision? 
à B. Lange: Introduction to effective field theory 

6)  Example analysis of current flavour data 
à D. Straub: Interpretation of measurements 
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Many thanks to the Terascale Alliance for support! 
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