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Important: Registration for Exams
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The time & date for the exam is flexible  
(the one given in TUMOnline is a dummy date) - Directly ask me after the  
lecture or send me an email to fix one!
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Possibility to participate in E18 CERN Excursion 
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CERN Exkursion 2016
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E

8

•
Zeitraum: Mittwoch 9. März, 7 Uhr bis Freitag 11. März, 22 Uhr

•
Kosten: nur Verpflegung

Reise und Unterbringung werden von der TUM übernommen

•
Teilnehmer: max. 50 Plätze (Losverfahren, evtl. Warteliste)

•
Anmeldung, Kontakt und weitere Information unter:

http://www.universe-cluster.de/CERN-Exkursion-2016

•
Anmeldeschluss: 15. Februar 2016
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Overview

• Introduction: The Top quark in the Standard Model


• Production and decay

• Pair production and single top production

• Classification of decay modes

• Experimental signatures


• Top production

• Measurement of the pair production cross section

• First measurements of single top at LHC


• Top properties: Mass
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Introduction:  
The Top Quark in the Standard Model
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Top: A Special Case in the Standard Model

6

• The Top quark has a special role in the Standard Model

• It is the heaviest particle, and by far the heaviest Fermion

• Its mass is comparable to the electroweak scale - The top quark could be a 

window to new physics!

• Its life time is shorter than the hadronization time - it does not form bound states

The Questions:

• How are top quarks 

produced?

• How do they decay?  

- both compared to the SM 
expectation


• What is the mass of the top 
quark?
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Historical Perspective: Prediction of the Top
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6 46. Plots of cross sections and related quantities

σ and R in e+e− Collisions
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Figure 46.6: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of
this Review, Eq. (9.7) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)). Breit-Wigner
parameterizations of J/ψ, ψ(2S), and Υ(nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the details of
the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)
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Historical Perspective: Prediction of the Top
• After the discovery of the τ a third quark family was basically obvious  

(it was already predicted based on the observation of CP violation at a time when only 
three quarks were known):

• Renormalizability of the SM requires equal number of lepton and quark families
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Historical Perspective: Prediction of the Top
• After the discovery of the τ a third quark family was basically obvious  

(it was already predicted based on the observation of CP violation at a time when only 
three quarks were known):

• Renormalizability of the SM requires equal number of lepton and quark families

• The discovery of the b quark in 1977 directly implied the existence of the t quark 
since no flavor-changing neutral currents were observed (in the SM: Due to 
cancellations of t and b contributions) (analogous to the GIM mechanism, which 
predicted the c quark)
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Historical Perspective: Prediction of the Top
• After the discovery of the τ a third quark family was basically obvious  

(it was already predicted based on the observation of CP violation at a time when only 
three quarks were known):

• Renormalizability of the SM requires equal number of lepton and quark families

• The discovery of the b quark in 1977 directly implied the existence of the t quark 
since no flavor-changing neutral currents were observed (in the SM: Due to 
cancellations of t and b contributions) (analogous to the GIM mechanism, which 
predicted the c quark)

• The precise measurement  
of the cross-section in  
e+e- - Kollisionen above  
the b threshold gives 
the charge of the b: -1/3 
=> The top has to be + 2/3
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Prediction of the Top Mass

• Quarks have an influence on the mass of the gauge bosons via loops

• Corrections typically increase with the mass of the particle in the loop

‣ Precise measurements of W and Z masses provide information on the top mass 

(precision depends on the number of orders in the calculation)
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In the Standard Model (see lecture 07):
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m2
W

m2
Z

= 1� sin2�Wm2
W =

⇤�⇥
2GF

1
sin2⇥W (1��r)

In the Standard Model (see lecture 07):

with

�rtop = �3
⇥

2GF cot2�W

16⇥2
m2

t
mt � mb

The influence of single top loops:

for
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Connections to the Higgs Mass

• Loop corrections also depend on the Higgs:
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Connections to the Higgs Mass

• Loop corrections also depend on the Higgs:
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mH � mW

• analogous to the corrections induced by the top there are also corrections 
originating from the Higgs

for
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�rHiggs =
3
⇥

2GF m2
W

16�2

�
ln

m2
H

m2
W

� 5
6

⇥
mH � mW

• analogous to the corrections induced by the top there are also corrections 
originating from the Higgs

for

‣ With a precise knowledge of the top mass the Higgs mass can be constrained

• But: only logarithmic dependence on mH ( quadratic in mT)
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Predicting the Top Quark Mass

• Improvement of electroweak precision measurements led to a constant improvement of 
the prediction of the top quark mass -> early on it was clear the top is heavy!
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arXiv:0810.5226 [hep-ex]
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Predicting the Top Quark Mass

• Improvement of electroweak precision measurements led to a constant improvement of 
the prediction of the top quark mass -> early on it was clear the top is heavy!
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arXiv:0810.5226 [hep-ex]

➫ Discovery of the top quark in 1995 at the Tevatron, 18 years after the b
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Production and Decay
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Top Pair Production

12

• Two important production mechanisms via the strong interaction

Quark-AntiQuark annihilation:

Gluon-Gluon fusion:

Teilchenphysik mit höchstenergetischen Beschleunigern: 
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Production of Single Top Quarks

• Production of single top quarks via the weak interaction:
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s-channel production via W exchange

t-channel production

associated production of

W and t quark



R =
B(t�Wb)
B(t�Wq)

=
|Vtb|2

|Vtb|2 + |Vts|2 + |Vtd|2

|Vtb| = 0.999133+0.000044
�0.000043

|Vtd| = 0.00874+0.00026
�0.00037

|Vts| = 0.00407 ± 0.0010

Frank Simon (fsimon@mpp.mpg.de)

Top Quark Decay
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• Decay via the weak interaction:

t

q

W+ Currently (assuming 3 generations and unitarity):
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Top Quark Decay
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• Decay via the weak interaction:

t

q

W+ Currently (assuming 3 generations and unitarity):

➫ Top quarks decay almost exclusively into a W boson and a b quark
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Top Quark: Width / Lifetime

• In the Standard Modell the width of the top is given by:
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Top Quark: Width / Lifetime
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�had = ��1
QCD ⇥ (0.2 GeV)�1 ⇥ 3� 10�24 s

• For a mass of ~ 170 GeV this gives a width of ~ 1.3 GeV


‣ Corresponds to a lifetime of ~ 5 x 10-25 s


‣ Much shorter than the hadronization time:
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Top Quark: Width / Lifetime

• In the Standard Modell the width of the top is given by:
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arXiv:0810.5226 [hep-ex]

�had = ��1
QCD ⇥ (0.2 GeV)�1 ⇥ 3� 10�24 s

• For a mass of ~ 170 GeV this gives a width of ~ 1.3 GeV


‣ Corresponds to a lifetime of ~ 5 x 10-25 s


‣ Much shorter than the hadronization time:

➫ Top quarks do not form bound states, they decay as free quarks

     (Still there are influences from the strong interaction, for example via the interaction of the 
       t quarks with the proton remnants in hadron collisions (effects increase with energy), 

       interactions of the decay products from the two quarks in pair production, ...)
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Top Decay: The Decay of the Ws

• W decay via the weak interaction: 
“Universality” of the weak interaction, maximal parity violation
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Top Decay: The Decay of the Ws

• W decay via the weak interaction: 
“Universality” of the weak interaction, maximal parity violation
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‣ couples to left-handed fermions, right-handed anti-fermions, always 
with the same strength

‣ Quarks have a three-fold weight: 3 colors!


‣ Example W+:

• The types of the W decay determine the different top decay signatures

W+ � e+⇥e : µ+⇥µ : ⇤+⇥⇥ : ud̄� : cs̄�

1    :    1     :     1    :   3   :   3
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Top Quark Pair Decays - Classification

• Classified according to W decay (since basically 100% t ➝ bW)

17Teilchenphysik mit höchstenergetischen Beschleunigern: 
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Detection of Top Events

• Classification of the events based on their characteristic signatures, then a 
specialized analysis for each decay mode

• Di-Lepton Events: Two isolated, highly energetic leptons (e, µ) from W decay


• Lepton + Jets: One isolated lepton (e, µ) from W decay,  
jets from W decay and from b quarks


• All-Hadronic: Jets from both Ws, jets from b quarks:  
Tagging crucial - quite difficult at hadron colliders

18Teilchenphysik mit höchstenergetischen Beschleunigern: 
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Reminder: b quark identification

• Relatively long life time of mesons containing  

b quarks (cτ (B0) ~ 460 µm, cτ (B±) ~ 490 µm)

‣ Identification of a displaced secondary vertex  

in a jet

‣ Jet is “tagged” as a b jet 
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The Challenge: Background

• Top production is only a very small 
part of the total pp cross section


‣ High background, in particular for 
hadronic decays of the W

‣ all-hadronic: QCD multi-jet 

background (very high!)

‣ lepton+jets: W + jets and QCD multi-

jet background (ok)


‣ di-lepton: Z + jets and di-boson 
background (low)

19Teilchenphysik mit höchstenergetischen Beschleunigern: 
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Experimental Detection: Di-Lepton Events

20

• Clear, clean signature


• missing information from 
two (undetected) neutrinos


• small branching ratio, low 
statistics


• Background: mainly W + X

Teilchenphysik mit höchstenergetischen Beschleunigern: 
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Experimental Detection: Lepton + Jets

21

• Relatively clean due to the 
leptonic decay of one W

• Signature: Isolated lepton, 

highly energetic jets and 
missing energy


• missing information from 
neutrino 


• high statistics (BR 30%)


• Background: Mainly  
W + jets

Teilchenphysik mit höchstenergetischen Beschleunigern: 
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Top Pairs and Single Top: 
Cross Section

22



ŝ = xaxbs � (2 mt)2

Frank Simon (fsimon@mpp.mpg.de)

Top Quark Pair Production at Hadron Colliders

23

• In the parton-parton frame the center-of-mass energy has to be at least 2 mt
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Top Quark Pair Production at Hadron Colliders

23

• In the parton-parton frame the center-of-mass energy has to be at least 2 mt

�x⇥ =
�

ŝ

s
=

2mt⇤
s

• Optimal: xa ~ xb, which gives the required parton x:
~ 0.192 Tevatron Run I (1.8 TeV)

~ 0.176 Tevatron Run II (1.96 TeV)

~ 0.025 LHC (14 TeV)
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Top Quark Pair Production at Hadron Colliders

23

• In the parton-parton frame the center-of-mass energy has to be at least 2 mt

�x⇥ =
�

ŝ

s
=

2mt⇤
s

• Optimal: xa ~ xb, which gives the required parton x:
~ 0.192 Tevatron Run I (1.8 TeV)

~ 0.176 Tevatron Run II (1.96 TeV)

~ 0.025 LHC (14 TeV)

0.025 0.19

‣ Mix of the production processes is energy 
dependence:

‣ Tevatron: high x, dominated by valence quarks: 

Big advantage of proton - anti-proton collisions


‣ LHC: lower x, dominated by gluons

Teilchenphysik mit höchstenergetischen Beschleunigern: 
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Top Quark Pair Production at Hadron Colliders II

• Production mechanisms: Quark - anti-quark vs gluon-gluon
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WS 15/16, 12: Top Physics

G. Weiglein et al. 
Physics Reports 426 (2006) 47–358

arXiv:0810.5226 [hep-ex]

LHC: Gluon dominated, Tevatron: quark dominated

NLO QCD calculations



⇥(pp̄⇥ tt̄) =
N �B

A�
�
Ldt

Frank Simon (fsimon@mpp.mpg.de)

Measuring Cross-Sections

• Important for the measurement: event selection, understanding of background 


• Choose decay channels that can be selected with high purity  
Initially: Leptonic decays of W bosons (downside: small BR) 
Meanwhile also Lepton + Jets and all-hadronic decays: large BRs


• Event selection: High-energy leptons, jets from b quarks, missing energy 
(neutrino!)


• Determining the cross section based on:

25Teilchenphysik mit höchstenergetischen Beschleunigern: 
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N: Number of selected events

B: Estimation of background events

A:  acceptance correction: kinematic and geometric acceptance of the detector

ε: event selection efficiency
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Example: ATLAS Di-Leptons

• B-Tagging important: A real top pair event contains two b quarks
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Most important sources of 
uncertainties:


B tagging - How well is it 
understood?


Jet energy scale: influences 
energy cuts

Dilepton Channel at 7 TeV and 8 TeV ATLAS Detector

µe Channel: Measurement Using Events with b-tagged Jets
arXiv:1406.5375

Method

• Simultaneous measurement of stt̄ and eb .

N1 = Lstt̄eeµ2eb(1 � Cbeb) + Nbkg
1

N2 = Lstt̄eeµCbe2
b + Nbkg

2

• eb is the product of b-tagging efficiency
and jet kinematic acceptance for tt̄ events.

• eeµ is the leptonic acceptance.
• Cb is a correlation coefficient of eb :

Cb = ebb/e2
b ⇠ 1.

• Leptonic acceptance eeµ and tagging
correlation Cb evaluated from tt̄
simulation.

• Simultaneous measurement (stt̄ and eb)
reduces related systematic uncertainties.
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1 ⇠ 12% and Nbkg
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ATLAS Di-Leptons: Missing Energy

• Missing energy and jets in addition to leptons
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Dilepton Channel at 7 TeV ATLAS Detector

µe Channel: Simultaneous Measurement tt̄, WW and Z /g⇤
arXiv:1407.0573

• tt̄, W+W� and Z /g⇤ ! tt: dominant
processes in the eµ final states.

µ

e

MET

Jets

Processp

p

Input Output

tt̄

WW or Z/�

⇤

• Method to extract the stt̄: Template fit over
6ET vs Njets parameter space.

• Normalization parameters of tt̄, WW and
Z /g⇤ are the free parameters of the fit.

• Background: Matrix method to estimate
fake and non-prompt leptons.

• Monte Carlo
1 Central: MC@NLO + HERWIG.
2 PS studies: POWHEG + PYTHIA/HERWIG.
3 ISR/FSR: ALPGEN + PYTHIA.
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Leptons + Jets

• More events, but also much more background: Jets from QCD processes 
and associated production of bosons 


• Event selection via high-energy leptons, jet multiplicity (4 jets from ttbar),  
b tagging and missing energy (neutrino!)
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Figure 1: Distributions for the selected events in data (points) and the signal plus background prediction

(solid histogram) after requiring at least one b-tagged jet. Figures (a, b) show the measured jet multi-

plicities, figures (c, d) the pT, and figures (e, f) the η distributions for light jets from W on the left and

for b-tagged jets on the right. The hatched area is the total uncertainty on the prediction described in the

text. In (c, d) the rightmost bin also contains the overflow.
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Figure 1: Distributions for the selected events in data (points) and the signal plus background prediction

(solid histogram) after requiring at least one b-tagged jet. Figures (a, b) show the measured jet multi-
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for b-tagged jets on the right. The hatched area is the total uncertainty on the prediction described in the

text. In (c, d) the rightmost bin also contains the overflow.
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Leptons + Jets

• More events, but also much more background: Jets from QCD processes 
and associated production of bosons 


• Event selection via high-energy leptons, jet multiplicity (4 jets from ttbar),  
b tagging and missing energy (neutrino!)
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Figure 1: Distributions for the selected events in data (points) and the signal plus background prediction

(solid histogram) after requiring at least one b-tagged jet. Figures (a, b) show the measured jet multi-
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text. In (c, d) the rightmost bin also contains the overflow.
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Top Cross Section at LHC
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Conclusions ATLAS and CMS Detectors

Conclusions

1 tt̄ cross section measurements and theory have unprecedented precision.
• sTheory

tt̄ = 245.9 pb ± 5.7%
• s

µe
tt̄ = 241.8 pb ± 3.5%

2 stt̄ in fiducial regions is provided in order to avoid model-dependent extrapolations.
• No NNLO calculation to compare.

3 Precise measurements of the stt̄ allows to perform measurements of other interesting parameters
such as mt , SUSY constrains, etc.

4 New results at 8 TeV are coming (lepton+jets, full hadronic, dilepton, etc).
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Introduction Outline

Introduction: New and Precise Measurements

 [pb]ttσ

50 100 150 200 250 300 350

(*) Superseded by results shown below the line

Sep 2014

 = 172.5 GeVtopNNLO+NNLL (Top++ 2.0), PDF4LHC, m
scale uncertainty

 uncertaintySα ⊕ PDF ⊕scale 

stat. uncertainty
total uncertainty

(lumi)±(syst) ±(stat) ± ttσ

Effect of LHC beam energy uncertainty: 3.3 pb 
(not included in the figure)

ATLAS, l+jets -1=0.7 fbintL 7 pb± 9 ± 4 ±179 

ATLAS, dilepton (*) -1=0.7 fbintL pb 7−
 8+   11−

 14+ 6 ±173 

ATLAS, all jets (*) -1=1.0 fbintL 6 pb± 78 ± 18 ±167 

ATLAS combined -1=0.7-1.0 fbintL 7 pb±  7−
 8+ 3 ±177 

CMS, l+jets (*) -1=0.8-1.1 fbintL 7 pb± 12 ± 3 ±164 

CMS, dilepton (*) -1=1.1 fbintL 8 pb± 16 ± 4 ±170 

 (*)µ+hadτCMS, -1=1.1 fbintL 9 pb± 26 ± 24 ±149 

CMS, all jets (*) -1=1.1 fbintL 8 pb± 40 ± 20 ±136 

CMS combined -1=0.8-1.1 fbintL 8 pb± 11 ±  2 ±166 

LHC combined (Sep 2012) -1=0.7-1.1 fbintL 6 pb±  8 ±  2 ±173 

νµX→ATLAS, l+jets, b -1=4.7 fbintL 3 pb± 17 ± 2 ±165 

, b-tagµATLAS, dilepton e -1=4.6 fbintL 3.6 pb± 4.2 ± 3.1 ±182.9 
miss
T-Ejets, NµATLAS, dilepton e -1=4.6 fbintL 3.3 pb±  9.5−

 9.7+ 2.8 ±181.2 

+lhadτATLAS, -1=2.1 fbintL 7 pb± 20 ± 13 ±186 

+jetshadτATLAS, -1=1.7 fbintL 46 pb± 18 ±194 

ATLAS, all jets -1=4.7 fbintL 7 pb±  57−
 60+ 12 ±168 

CMS, l+jets -1=2.2-2.3 fbintL 4 pb± 10 ± 2 ±158 
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+jetshadτCMS, -1=3.9 fbintL 3 pb± 32 ± 12 ±152 

CMS, all jets -1=3.5 fbintL 3 pb± 26 ± 10 ±139 

 = 7 TeV   TOPLHCWGs summary, ttσATLAS+CMS Preliminary   
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scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

stat. uncertainty
total uncertainty
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σ

Effect of LHC beam energy uncertainty: 4.2 pb 
(not included in the figure)

+jetsµATLAS prel., e/
ATLAS-CONF-2012-149, -1=5.8 fbintL

 9 pb± 31 ± 2 ±241 

+jetsµCMS prel., e/
CMS-PAS TOP-12-006, -1=2.8 fbintL
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 29+ 9 ±228 

h
τ+µCMS, e/

arXiv:1407.6643, -1=19.6 fbintL
 7 pb± 24 ± 3 ±257 

µATLAS, dilepton e
arXiv:1406.5375, -1=20.3 fbintL
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 6.2 pb± 11.3 ± 2.1 ±239.0 

 (Sep 2014)µLHC combined e
CMS-PAS TOP-14-016, 
ATLAS-CONF-2014-054,

-1=5.3-20.3 fbintL

 6.2 pb± 5.7 ± 1.4 ±241.5 

 = 8 TeV    TOPLHCWGs summary, 
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Single Top Production

30

• Production of single top quarks via weak interaction - expectation: 
σ(single top) ~ 0.4 x σ(top pair)


‣ Direct access to Wtb - vertex of the weak interaction!

Only one t quark in the final state: Less 
“spectacular” events than top pair 
production: Separation from background 
more difficult!

2 

Introduction 
PRL 103 092002  

t-channel 

Detailed studies Observed 

tW 

Limit set 

s-channel 

• At hadron colliders: 
• Dominant: Pair production via strong interactions 
• Sub-dominant: single production via EWK interaction 

Why single-top?    
• Sensitive to new physics!  

• FCNC, Anomalous couplings 
• New particles (𝑊𝑊′,𝐻𝐻±) 

• Characteristic scenario for SM 
measurements 
• Top polarization, W helicity,  

top mass, |Vtb| 
• Background in searches 

• SUSY, Higgs 
We will look at production cross sections (all), 
|Vtb| (t-, tW-channel), properties (t-channel) 

Discovery at Tevatron via Super Discriminant while LHC is a top factory 

> > 

Teilchenphysik mit höchstenergetischen Beschleunigern: 
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Background in Single Top Measurements

• Events with a W and one or more jets with a b-tag

31Teilchenphysik mit höchstenergetischen Beschleunigern: 
WS 15/16, 12: Top Physics

multi-jet production

mis-identified top pairs

W + jets, mainly b-jets 
but also wrong tagging

All in all: Modern analysis 
techniques are needed to reduce the 
background:

• Neural networks

• Boosted decision trees

• ...
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Single Top at the LHC

• A candidate from CMS
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Single Top at the LHC

• One example - After all 
selections in particular in the t 
channel a strong signal
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Figure 7: Neural-network output-distribution for the combined electron and muon channel. The signal
and backgrounds are normalised to the fit result. The bottom panel shows the relative difference between
observed data and expectation. The grey shaded band reflects the t-channel generator uncertainty and the
uncertainty on the jet energy scale η-intercalibration.

and the shape of the NN output. In case of the signal acceptance, only the uncertainty on Rf needs to be
considered within the fiducial volume. The correlations between the different analysis channels are fully
accounted for by applying correlated systematic shifts across all channels. The RMS of the distribution
of fit results for the pseudo-experiments is an estimator for the expected uncertainty. The systematic
uncertainty on the measured parameters is similarly estimated using the measured β values for the single
top-quark t-channel signal and the backgrounds.

Table 5 shows the contributions to the total uncertainty on the cross-section measurement. The table
provides the uncertainties evaluated for the observed signal and background rates as obtained from the
maximum likelihood fit to the observed collision data.

7.4 Estimation of the fiducial cross-section

The estimated number of t-channel single top-quark events ν̂ obtained from the binned maximum-
likelihood fit of the network output distribution is used to calculate the fiducial cross-section, defined
in Table 3,

σfid = 3.37 ± 0.05 (stat.) ± 0.47 (syst.) ± 0.09 (lumi.) pb.

The uncertainty on ν̂ is obtained from the pseudo experiments and propagated to the measured cross-
section. The total relative uncertainty on the measurement of the fiducial cross-section is ±14%, the
dominant contributions being the uncertainty on the JES η-intercalibration and the t-channel generator.
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Summary on single-top cross sections 

• The cross section is 
according to the expectation

7 

Theory 
PRD 83 (2011) 

ATLAS 4.6 fb-1 

1406.7844v1 
CMS 1.14 fb-1 
JHEP12(2012) 035 

σ (t-chan) 64.6 ± 3.4 pb 68 ± 8 pb 67.2 ± 6.1 pb 

t-channel cross sections: |Vtb | in 7 TeV 

•With tWb vertex in production, t-channel cross 
section depends on |Vtb| 
• Assuming |Vtd|, |Vts| << |Vtb| and the interaction 

being purely left-handed 

ATLAS: |Vtb| = 1.02 ± 0.07 
    |Vtb|  < 1           0.88 < |Vtb| <= 1  @ 95% C.L. 
 
CMS:     |Vtb| = 1.020 ± 0.049 
    |Vtb|  < 1           0.92 < |Vtb| <= 1  @ 95% C.L. 

|Vtb| =
𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜎𝜎𝑡𝑡𝑡𝑚𝑚𝑡𝑡
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• The CKM-Element Vtb is 
consistent with 1, uncertainties 
on the 5-7% level
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Top Quark Properties: 
Mass

34
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Reminder: Top Mass in the Standard Model

• Precise determination of the top mass provides information on the Higgs!


‣ Already before the discovery in 2012 it was known that the (SM) Higgs has to 
be light ( < ~ 160 GeV)

35Teilchenphysik mit höchstenergetischen Beschleunigern: 
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The Top Quark and the Fate of the Universe

36

• Top mass, together with Higgs mass and strong coupling, provides key 
information on the stability of the SM vacuum at higher scales

• Possible validity of the SM up to the Planck scale?


• Impact on evolution of the early universe (Higgs inflation models, ...) & physics 
beyond the SM

JHEP 08, 98 (2012)

Leading uncertainty: Top Mass! 

Teilchenphysik mit höchstenergetischen Beschleunigern: 
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Measurement of the Mass: General Issues

• The mass of the top quark is an important parameter of the standard model - 
and as such very interesting

37Teilchenphysik mit höchstenergetischen Beschleunigern: 
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The problem: What is a quark mass?  - Here the “standard” definitions of 
theorists and experimentalists are not the same
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The problem: What is a quark mass?  - Here the “standard” definitions of 
theorists and experimentalists are not the same

For theory: The mass has to be relevant for 
precision calculations

Defining the mass of the top is not trivial - it is influenced by QCD 
corrections at higher orders

Several definitions exist in theory, depending on the need of the 
calculations - They can typically be converted with high precision 
with higher order calculations - Uncertainties on the 100 MeV level
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Measurement of the Mass: General Issues
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The standard technique to measure a 
mass is to reconstruct the “invariant 
mass” of the decay products

For experiment:
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The standard technique to measure a 
mass is to reconstruct the “invariant 
mass” of the decay products

For experiment:

The challenge: The connection between the experimentally measured  
“kinetic mass” and the theoretical definitions is unclear - non-perturbative 
corrections from the strong interaction

Uncertainties on the GeV level - comparable to experimental precision of current 
experiments, will become critical for future top mass measurements!
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Measurement of the Top Mass at LHC
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Measurement of the Top Mass at LHC

• Measurement in all final states of top pair events:  
Di-Lepton, Lepton+Jets, All Hadronic
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Measurement of the Top Mass at LHC

• Measurement in all final states of top pair events:  
Di-Lepton, Lepton+Jets, All Hadronic

• Different methods are used - (almost) all based on kinematic reconstruction:

• Template-Method: The measured distribution is compared with simulated 

distributions using different generator top masses as input


• Matrix-Element-Method: For each event, a probability distribution of the true top 
mass is calculated based on the reconstructed final state object, probability based 
on LO matrix elements

• Combination with Templates: Ideogram - Method


• ...
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• Matrix-Element-Method: For each event, a probability distribution of the true top 
mass is calculated based on the reconstructed final state object, probability based 
on LO matrix elements

• Combination with Templates: Ideogram - Method


• ...

‣ Best accuracy achieved by multi-dimensional fits to reduce systematics
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Measurement of the Top Mass at LHC

• Measurement in all final states of top pair events:  
Di-Lepton, Lepton+Jets, All Hadronic

• Different methods are used - (almost) all based on kinematic reconstruction:

• Template-Method: The measured distribution is compared with simulated 

distributions using different generator top masses as input


• Matrix-Element-Method: For each event, a probability distribution of the true top 
mass is calculated based on the reconstructed final state object, probability based 
on LO matrix elements

• Combination with Templates: Ideogram - Method


• ...

‣ Best accuracy achieved by multi-dimensional fits to reduce systematics

• Most measurements are already limited by systematic uncertainties

• Important contribution: Jet Energy Scale
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Jet Energy Scale JES
• The measurement of a jet:

• Energy in a cone with a certain radius (various 

definitions in use) typically in the calorimeters (more 
sophisticated approaches also use tracks)


• The physics observable:


• Energy of the original parton


‣ The energy scale corrects from the measured jet 
energy to the energy of the parton


‣ Uncertainties from energy calibration, jet structure, ...

40Teilchenphysik mit höchstenergetischen Beschleunigern: 
WS 15/16, 12: Top Physics

CDF



Frank Simon (fsimon@mpp.mpg.de)

One Example: Lepton + Jets in ATLAS

• 3D Template fit to extract mass, JES and specific b-Jet energy scale
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New 3D Fit by ATLAS
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• In-situ calibration of JES and bJES.

• Systematic uncertainties reduced by

40% w.r.t. previous measurement.
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3D fitting substantially reduces systematics 
(-40% compared to previous technique!)

mtop = 172.31 ± 0.23(stat) ± 0.27(JSF)  
± 0.67(bJSF) ± 1.35(syst) GeV



 [GeV]topm
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             Ref.s           totσ ± topm
      

CDF, l+jets 1.96 TeV [53] 1.11±172.85 
D0, l+jets 1.96 TeV [55] 0.76±174.98 
ATLAS, l+jets 7 TeV [57] 1.27±172.33 
CMS, l+jets 7 TeV [58] 1.07±173.49 
CMS, l+jets 8 TeV [59] 0.51±172.35 

CDF, di-lepton 1.96 TeV [60]  3.2±171.5   
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Figure 2: (left panel) Summary of the latest mtop measurements and combinations. The total mtop uncer-
tainty (in all cases symmetrised), the relative importance (defined as �2

i

/�2
tot) and the size (in GeV) of the

main uncertainty contributions are provided (right panel). All measurements are compared to the result of
the world (Tevatron+LHC) combination [42]. For the mtop results based on L

xy

and lepton pT (CDF) and
on the inclusive tt̄ production cross section (D0) only the upper error bars are shown.

4.1. Methodology

The methods exploited for the measurement of mtop directly using the kinematic properties of the tt̄ (or
single-top quark) decay products can be categorised in the following groups.

4.1.1. Template method

In the “template method”, based on a full (tt̄ ! lepton+jets, tt̄ ! all-jets, and tt̄ ! Emiss
T +jets) or

partial (tt̄ ! di-lepton, and single-top quark) reconstruction of the kinematics underlying the top-quark(s)
decay, probability density functions (templates) for observables sensitive to the underlying mtop, and to
additional parameters, are constructed based on MC simulation. As an example, the templates may be
the distribution of the top-quark masses reconstructed from a kinematic fit in MC samples generated using
di↵erent input mtop. The templates can be subsequently mapped to continuous functions of mtop, either
through a non-parametric kernel-density estimator [43], or by fitting an analytic function that interpolates
between the discrete input values of mtop, and then used in a maximum-likelihood fit to the data. Depending
on the number of input distributions utilised, one-, two- or multi-dimensional template fits are performed
to determine mtop along with possible additional parameters, e.g. a global jet-energy scale factor (JSF),
targeted at reducing the impact of the experimental systematics stemming from the JES [44]. The template
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• Uncertainty on the top quark mass < 1%: 
By far the best-known quark mass!
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• First attempts to measure theoretically well understood mass parameters: 
Pole mass via the ttbar cross section
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Large Uncertainties:

Additional uncertainties from pdf 
uncertainties 
 
Results: 
CMS: mpole = 176.7+3.0

-2.8 GeV
ATLAS: mpole = 172.9+2.5

-2.6 GeV

Top-Quark Pole Mass from tt̄ x-Section (ATLAS)

p
s = 7/8 TeV (L = 4.6/20.3 fb�1),

dilepton (e/µ) channel

. theory calculation using Top++
(PDF4LHC)

. small mMC
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Theoretical uncertainties:
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Important contributions to the 
understanding of the connection 
between theory and experiment - 
will never be competitive in total 
uncertainty at the LHC

Alternative Top-Quark Mass Measurements - Summary

. for the first time, m
t

has been extracted in single top events

. exploited new techniques: compare data to theoretical calculation
(MCFM), folded to reconstruction level

. alternative methods are approaching precision of standard measurements

. m
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has been measured with
. �m
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with minimum m
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- dependence

. �m
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=+2.3
�2.1 GeV using di↵erential tt̄ + 1 jet x-section
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Summary

• The Top quark was discovered in 1995, 20 years after the discovery of the b quark


• As the heaviest fermion (and the heaviest particle) in the Standard Model it takes a 
special role :

• Provides sensitivity to the Higgs mass and (possibly) to physics beyond the SM

• Short life time: decays as a free quark


• New Results from LHC: Cross section 20 x - 100 x larger than at Tevatron 
 ➫ “Top-Factory”:  
Already now the mass measurements from LHC are competitive (2 years at 
LHC vs 16 years at Tevatron) - and much more is to come:

• Higher precision on properties

• Direct measurement of the coupling to the Higgs

• Maybe, with a bit of luck: New Physics
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