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Outline	

•  Wednesday:	


–  Lecture 1: Intro to top physics and its jargon. 	


•  Thursday:	

–  Lecture 2: SM top physics and the top mass	


•  Top mass physics motivation	


•  Measuring top properties	


•  QCD motivations for precision top physics	


•  Friday:	

–  Lecture 3: SM and top physics, the portal to physics searches	
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The building blocks of matter	


Charge 

Charge 
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Masses are in millions of Electron Volts [MeV/c2] 

Up 
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     Mass: >0  
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     Mass: >0  
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Muon      
Mass: 105.7 

Tau  
Mass: 1,777 

Lepton and 
quark sizes 
represent 

proportional 
mass 

 
Top quark is 

heavy!!! 
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•  1989: Indirect constraints on 
top from precision 
measurements at LEP	


•  1995: Observation of Top-
quark at the TeVatron collider  
at Fermilab 	


•  Historic perspective      
indirect -> direct 
measurements -> precision  	


lower limits	


History of the top quark	


Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) and 2013 partial update for the 2014 edition (URL: http://pdg.lbl.gov)

t I (JP ) = 0(1
2
+)

Charge = 2
3 e Top = +1

A REVIEW GOES HERE – Check our WWW List of Reviews

t-QUARK MASSt-QUARK MASSt-QUARK MASSt-QUARK MASS

We first list the direct measurements of the top quark mass which employ
the event kinematics and then list the measurements which extract a top
quark mass from the measured t t cross-section using theory calculations.
A discussion of the definition of the top quark mass in these measurements
can be found in the review ”The Top Quark.”

OUR EVALUATION of 173.07±0.52±0.72 GeV is an average of published
top mass measurements from Tevatron Runs. The LHC experiments are
working on a combined average that should appear in the 2014 PDG edition
once the correlated uncertainties between experiments are understood.
The Tevatron average was provided by the Tevatron Electroweak Working
Group (TEVEWWG). It takes correlated uncertainties into account and

has a χ2 of 8.4 for 11 degrees of freedom.

For earlier search limits see PDG 96, Physical Review D54D54D54D54 1 (1996). We
no longer include a compilation of indirect top mass determinations from
Standard Model Electroweak fits in the Listings (our last compilation can
be found in the Listings of the 2007 partial update). For a discussion of
current results see the reviews ”The Top Quark” and ”Electroweak Model
and Constraints on New Physics.”

t-Quark Mass (Direct Measurements)t-Quark Mass (Direct Measurements)t-Quark Mass (Direct Measurements)t-Quark Mass (Direct Measurements)
The following measurements extract a t-quark mass from the kinematics of t t events.
They are sensitive to the top quark mass used in the MC generator that is usually
interpreted as the pole mass, but the theoretical uncertainty in this interpretation is
hard to quantify. See the review ”The Top Quark” and references therein for more
information.

VALUE (GeV) DOCUMENT ID TECN COMMENT

173.07± 0.52± 0.72 OUR EVALUATION173.07± 0.52± 0.72 OUR EVALUATION173.07± 0.52± 0.72 OUR EVALUATION173.07± 0.52± 0.72 OUR EVALUATION See comments in the header above.
174.5 ± 0.6 ± 2.3 1 AAD 12I ATLS "+ !ET + ≥ 4 jets ( ≥ 1 b), MT
172.85± 0.71± 0.85 2 AALTONEN 12AI CDF "+ !ET + ≥ 4j (0,1,2b) template
172.7 ± 9.3 ± 3.7 3 AALTONEN 12AL CDF τh + !ET +4j ( ≥ 1b)
172.5 ± 1.4 ± 1.5 4 AALTONEN 12G CDF 6–8 jets with ≥ 1 b
173.9 ± 1.9 ± 1.6 5 ABAZOV 12AB D0 ""+ !ET + ≥ 2j (νWT+MWT)
172.5 ± 0.4 ± 1.5 6 CHATRCHYAN12BA CMS ""+ !ET + ≥ 2j ( ≥ 1b), AMWT
173.49± 0.43± 0.98 7 CHATRCHYAN12BP CMS "+ !ET + ≥ 4j ( ≥ 2b)
172.3 ± 2.4 ± 1.0 8 AALTONEN 11AK CDF !ET + ≥ 4 jets ( ≥ 1 b-tag)
172.1 ± 1.1 ± 0.9 9 AALTONEN 11E CDF " + jets and dilepton
174.94± 0.83± 1.24 10 ABAZOV 11P D0 " + !ET + 4 jets ( ≥ 1 b-tag)
173.0 ± 1.2 11 AALTONEN 10AE CDF " + !ET + 4 jets ( ≥ 1 b-tag),

ME method
170.7 ± 6.3 ± 2.6 12 AALTONEN 10D CDF " + !ET + 4 jets (b-tag)
180.1 ± 3.6 ± 3.9 13,14 ABAZOV 04G D0 lepton + jets
176.1 ± 5.1 ± 5.3 15 AFFOLDER 01 CDF lepton + jets
167.4 ±10.3 ± 4.8 16,17 ABE 99B CDF dilepton
168.4 ±12.3 ± 3.6 14 ABBOTT 98D D0 dilepton
186 ±10 ± 5.7 16,18 ABE 97R CDF 6 or more jets

HTTP://PDG.LBL.GOV Page 1 Created: 7/12/2013 14:51



Top quark mass in Standard Model	
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Template method	

•  Isolate a sample rich in top events 	


–  Use some form of b-quark identification	


•  Select the most likely combination of 
jets, leptons and missing transverse 
energy	


•  Have templates of top signal at 
different masses and of background	


•  For each event, determine probability 
signal or background	

–  Fit which mass is most probable	

–  Modern analyses also use different 

templates for the di-jet W candidates	
 DISADVANTAGE: 
Only use one possible 

permutation of jets,leptons, 
missing energy 
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Matrix element method	


•  Do Monte Carlo integration 	

–  |M(top)| for range of top 

masses	

–  |M(BG)|2 not dependent of 

top mass	

•  Get signal probability per event 	


–   used in likelihood fit	

	


•  Method first used for top physics 
by DØ in Tevatron Run 1	


•  Use LO matrix element	

‘Standard’ integral (20D) 	


•  put in all known information 	

–  Eight jet angles	

–  Lepton 3-momentum 	

–  Conservation of energy and 

momentum (4x)	


DISADVANTAGE: 
Very computing intensive  
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•  Already used in LEP era	

•  Compromise:	


–  Use all different permutations 
in weighted probability	


–  Also makes use of topological 
information 	


•  Takes into account 
resolutions as observed 
in simulation	


•  Include b quark 
identification 	


•  Include mis-tags	


Ideogram method	
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“In situ” jet energy calibration 	

•  Tevatron top mass 

measurements use in situ jet 
energy calibration	

–  = Fit energy scale of jets to W 

mass simultaneously with top 
mass	


•  Impressive decrease 
uncertainties wrt expected!	


•  Not always necessary at 
LHC as leading systematic 
uncertainties can be different	




JES no longer only leading syst. Uncertainty?	
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•  But of course still crucial 
for accurate measurement	
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So let’s look at some 
measurements	
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State of the art measurements	
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5top quark mass in ATLAS -  EPS HEP 18-24 July 2013

Measurement of m
top

 in the lepton+jets channel

CMS TOP2012

ATLAS paper
new ATLAS 

result

What have we improved 
on since then?

ISR/FSR: Reduced the parameter range used for estimating ISR/FSR systematics, 

improvement based on jet-veto analysis Eur.Phys.J. C72 (2012) 2043

  JES: improved baseline uncertainty ATLAS-CONF-2013-004

bJES: 40% reduction of the MC based bJES uncertainty ATLAS-CONF-2013-002

MC Generators: moved to Powheg+Pythia P2011C for default top quark MC, extensive study 

of generators and their tunes for top quark physics ATL-PHYS-PUB-2013-005

(EPS)



ATLAS 3D mass 	


7top quark mass in ATLAS -  EPS HEP 18-24 July 2013

Reconstructed top quark mass

m
top

reco  signal PDFs from top-antitop MC, as a function of:

input m
top

JES bJES

Good sensitivity to the 
underlying top quark mass.

Large dependence on the jet 
energy scale → large systematics!

Large dependence on the b-jet 
energy scale → large systematics! 

•  ATLAS CONF-2013-046	

•  Determine top mass while simultaneously constraining 

jet energy scale for light and b jets	
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ATLAS 3D mass 	


7top quark mass in ATLAS -  EPS HEP 18-24 July 2013

Reconstructed top quark mass

m
top

reco  signal PDFs from top-antitop MC, as a function of:

input m
top

JES bJES

Good sensitivity to the 
underlying top quark mass.

Large dependence on the jet 
energy scale → large systematics!

Large dependence on the b-jet 
energy scale → large systematics! 

•  Constrain JES using W mass 
instead of top mass	
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8top quark mass in ATLAS -  EPS HEP 18-24 July 2013

Reconstructed top quark mass

input m
top

JES bJES

Good sensitivity to the 
underlying top quark mass.

Large dependence on the b-jet 
energy scale → large systematics! 

Use the light quark jets from 
W to determine a global jet 
energy scale factor (JSF) 
reducing the uncertainty on 
m

top
 from the JES

→ 2d fit, using as m
W

reco as 
additional observable

m
top

reco  signal PDFs from top-antitop MC, as a function of:



ATLAS 3D mass 	


7top quark mass in ATLAS -  EPS HEP 18-24 July 2013

Reconstructed top quark mass

m
top

reco  signal PDFs from top-antitop MC, as a function of:

input m
top

JES bJES

Good sensitivity to the 
underlying top quark mass.

Large dependence on the jet 
energy scale → large systematics!

Large dependence on the b-jet 
energy scale → large systematics! 

•  Constrain JES for b jets using 
ration bJES/light JES	
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10top quark mass in ATLAS -  EPS HEP 18-24 July 2013

3d template method (3d analysis)

● Extend the 2d analysis
with a 3rd dimension to 
reduce the bJES 
uncertainty using data 

● The 3rd variable is defined 
to be sensitive to the 
relative b-to-light jets 
energy scale (bJSF):

2 b-tag events:

1 b-tag events:

Events with = 1 or ≥ 2 b-tagged jets are treated separately: 
different sensitivity / resolution

light jets = jets assigned to the W boson decay by 
the reconstruction algorithm



With Data, before fit	


•  All this information combined in 3D template fit	


11top quark mass in ATLAS -  EPS HEP 18-24 July 2013

Estimator distributions

events with ≥1 b-tags

The shape differences between data and 
predictions are what we use to measure 
m

top
 with an unbinned likelihood fit, using 

the template parameterizations as PDFs

Distributions before any fit

Freya Blekman (IIHE-VUB) 	
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11top quark mass in ATLAS -  EPS HEP 18-24 July 2013

Estimator distributions

events with ≥1 b-tags

The shape differences between data and 
predictions are what we use to measure 
m

top
 with an unbinned likelihood fit, using 

the template parameterizations as PDFs

Distributions before any fit

11top quark mass in ATLAS -  EPS HEP 18-24 July 2013

Estimator distributions

events with ≥1 b-tags

The shape differences between data and 
predictions are what we use to measure 
m

top
 with an unbinned likelihood fit, using 

the template parameterizations as PDFs

Distributions before any fit



Repeat in 1 b-tag/2 b-tag/combined	


31top quark mass in ATLAS -  EPS HEP 18-24 July 2013

Correlation of the three observables

Results of the fits for 
1b-tag / ≥ 2b-tags / combined
show very good consistency

Contour plots 
mtop vs JSF/bJSF and JSF vs bJSF

JSF and bJSF (almost) uncorrelated

(statistical uncertainties only)
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•  Fits are consistent	

•  JES and bJES almost 

uncorrelated	


•  (stat uncertainties only)	




Post-fit	


12top quark mass in ATLAS -  EPS HEP 18-24 July 2013

Results on 2011 √s=7 TeV ATLAS data

events with ≥1 b-tags

(statistical uncertainties only)

Best fit to data

Freya Blekman (IIHE-VUB) 	

18	


•  After applying fit consistent picture in all 
three variables	


•  And mtop= 172.31 ±0.75 ±1.35 GeV	


JES, stat	
 Other 
systematic 
uncertainties	




Systematic uncertainties	


13top quark mass in ATLAS -  EPS HEP 18-24 July 2013

Systematic uncertainties

The same analysis is 
performed also by 

switching off the 3rd 

dimension of the fit 
(bJSF fixed to unity), 
to highlight the 
improvements w.r.t. 
the 2d analysis
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Underlying event	


Top Quark Production In p � p Collisions

take tt̄ production + a single p � p collisions

Hard process: perturbative QCD calculation.

beam remnants, multiple interactions: e↵ective model.

final state particles from interactions other than the process of interest ⇠
Underlying Event

4 / 21
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Other generator uncertainties	


From tt̄ Pair To Observable Final State

Hard process: evolution to lower scales in PDFs and hardonization:
Initial State Radiation (ISR) [adds jets to the event]
Final State Radiation (FSR) [takes energy from the jet]
ISR + FSR = Parton Shower
Underlying Event (UE) adds soft particles to the final state
Colour Reconnection (CR) : colour exchange between the decay products
e.g. qq̄ from W hardonizes collectively with the rest of the event
a↵ects final state hadrons direction

10 / 21
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What top mass, really?	

•  When measurements are so accurate question 

is what one really measures	

– The top quark mass is a parameter of the SM 	


•  Mass is usually defined as a pole mass or MS mass	

•  Definition is confusing, we typically use pole mass when 

dealing with mass/yukawa couplings, while MS is used for 
prediction cross sections. 	


•  There is a transformation from one scheme to the other, 
but this relies on order of calculation and strong coupling 
constant.	


•  The measured mass effectively is a number we 
use as input to a MC generator	
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Summary

Top quark mass
• Top quark mass is parameter of Standard Model Lagrangian
• Measurements of mt require careful definition of observable
• Radiative corrections at higher orders mandatory for scheme definition

Current measurements
• Kinematic reconstruction

• very precise value, but only leading order/leading logarithm
• lacking renormalization scheme definition

• MS mass from total cross section
• NNLO QCD determination available
• uncertainty O (3)GeV from Tevatron analyses
• LHC analyses affected by uncertainty in parton distributions, αS(MZ)

Future challenge
• Study of new observables which meet all requirements
• Joint effort theory and experiment

Sven-Olaf Moch Interpreting top quark mass measurements – p.25
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Derive top mass from cross section	
mpole

t

from tt̄ cross section (arXiv:1307.1907)

Based on most precise �
tt̄

@ 7 TeV
(CMS dilepton, arXiv:1208.2671)

Measure �
tt̄

for di↵erent m
t
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Stijn Blyweert (IIHE - VUB) New m

t

approaches at the LHC 19/07/2013 10 / 18

•  Comparison of most 
accurate ttbar cross 
section measurement 
and do transformation  
mass 	

–  Measure xsec for 

different mTop	


–  And αS, best NNLO 
calculation	


–  Mt
pole = 176.7 +3.8

-3.4 GeV	
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Or use cross section to find αS	
Also: ↵
s

from tt̄ cross section (arXiv:1307.1907)

Revert logic of mpole
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•  Use precise pole mass 
measurement and 
compare to cross 
section	


•  Derive αS using NNLO 
theoretical cross section 
predictions	


•  Strong pdf dependence! 	
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Final word definitely not said	

Summary

Top quark mass
• On-shell scheme (pole mass) at NNLO in QCD

mt = 173.18 ± 0.94 ± O (few)GeV

• Running mass (MS scheme) at NNLO in QCD

mt(mt) = 163.3 ± 2.7GeV

Sven-Olaf Moch Interpreting top quark mass measurements – p.24
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source: top2012 talk by S-O Moch 



Or measure in other ways?	
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•  In di-lepton events the di-lepton mass has a direct kinematic 
correlation to the top mass	

–  Or with possible new physics particles if applied to cascade decays	


•  Measuring ‘endpoint’ of m(ll) distribution accurately means 
measuring the top quark mass accurately	


•  Basis of CMS endpoint measurement (arXiv:1304.5783) 	




Detailed fit with backgrounds included	

•  Small Background contribution derived from data	


Freya Blekman (IIHE-VUB) 	
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Advantage: very different syst. uncertainties	


Page 12 of 28 Eur. Phys. J. C (2013) 73:2494

comparisons among the default AKDE background shape
and several parametric alternatives, we assign a systematic
uncertainty of ±0.5 GeV.

Efficiency can affect the results of this analysis if it varies
across the region of the endpoint in one or more of the
kinematic plots. The Mb! observable is sensitive to both
b-tagging and lepton efficiency variations, whereas µbb is
only sensitive to uncertainties due to b-tagging efficiency.
By varying the b-tagging and lepton selection efficiencies
by ±1σ , including their variation with pT, we estimate that
the effect of the efficiency uncertainty contributes at most
+0.1
−0.2 GeV uncertainty to the measured top-quark mass.

The dependence on pileup is estimated by conducting
studies of fit performance and results with data samples that
have been separated into low-, medium-, and high-pileup
subsamples of equal population; these correspond to 2–5,
6–8, and ≥9 vertices, respectively. The dependence is found
to be negligible. In addition, direct examination of the vari-
ables µbb and Mb! reveals that their correlation with the
number of primary vertices is small, with correlation coeffi-
cients <43 % and <1 %, respectively.

The sensitivity of the result to uncertainties in QCD
calculations is evaluated by generating simulated event
samples with varied levels of color-reconnection to beam
remnants, renormalization and factorization scale, and jet-
parton matching scale. The impact of the variations on Mt is
dominated by the color reconnection effects, which are es-
timated by comparing the results of simulations performed
with two different MC tunes [38], Perugia2011 and Peru-
gia2011noCR. Factor-of-two variations of renormalization
and factorization scale and the jet-parton matching scale
translate to negligible (<0.1 GeV) variations in the top-
quark mass. Uncertainties in the parton distribution func-
tions and relative fractions of different production mech-
anisms do not affect this analysis. The overall systematic
error attributed to QCD uncertainties is ±0.6 GeV on the
value of Mt. In quadrature with other systematic uncertain-
ties these simulation-dependent estimates add 0.1 GeV to
both the upper and lower systematic uncertainties. This ad-
ditional contribution reflects theoretical uncertainty in the
interpretation of the measurement as a top-quark mass, and
unlike other systematic uncertainties in the measurement, is
essentially dependent on the reliability of the MC modeling.

Table 4 Summary of systematic uncertainties δMt affecting the top-
quark mass measurement; see text for discussion

Source δMt (GeV)

Jet energy scale +1.3
−1.8

Jet energy resolution ±0.5

Lepton energy scale +0.3
−0.4

Fit range ±0.6

Background shape ±0.5

Jet and lepton efficiencies +0.1
−0.2

Pileup <0.1

QCD effects ±0.6

Total +1.7
−2.1

For the unconstrained and singly-constrained fits, where
the objective is primarily to demonstrate a method, rather
than to achieve a precise result, we have limited the inves-
tigation of systematic uncertainties to just the evaluation of
the jet energy scale and fit range variations, which are known
from the doubly-constrained case to be the dominant sys-
tematic contributions. Because of this, the systematic uncer-
tainties displayed for these fits are slightly lower than they
would be with a fuller treatment of all contributions.

The systematic uncertainties discussed in this section are
summarized in Table 4.

9 Results and discussion

The simultaneous fit to the three distributions determines
m2

ν , MW, and Mt. A complete summary of central values
and statistical and systematic uncertainties for all three mass
constraints can be found in Table 5. Figure 8 shows the cor-
responding fits.

We take the doubly-constrained version to be the final
result:

Mt = 173.9 ± 0.9 (stat.)+1.7
−2.1 (syst.) GeV. (9.1)

In the more general case of the unconstrained measure-
ment, the performance of the endpoint method illustrated
here in the tt dilepton system suggests the technique will

Table 5 Fit results from the three mass analyses with various mass constraints. Uncertainties are statistical (first) and systematic (second). Values
in parentheses are constrained in the fit. For the neutrino, squared mass is the natural fit variable—see text for discussion

Fit quantity Constraint

None mν = 0 mν = 0 and MW = 80.4 GeV

m2
ν (GeV2) −556 ± 473 ± 622 (0) (0)

MW (GeV) 72 ± 7 ± 9 80.7 ± 1.1 ± 0.6 (80.4)

Mt (GeV) 163 ± 10 ± 11 174.0 ± 0.9+1.7
−2.1 173.9 ± 0.9+1.7

−2.1

•  Jet energy scale still 
there, but few theory/
modeling uncertainties	


•  Not the best 
measurement in the 
world, but still 
competitive!	
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comparisons among the default AKDE background shape
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quark mass. Uncertainties in the parton distribution func-
tions and relative fractions of different production mech-
anisms do not affect this analysis. The overall systematic
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value of Mt. In quadrature with other systematic uncertain-
ties these simulation-dependent estimates add 0.1 GeV to
both the upper and lower systematic uncertainties. This ad-
ditional contribution reflects theoretical uncertainty in the
interpretation of the measurement as a top-quark mass, and
unlike other systematic uncertainties in the measurement, is
essentially dependent on the reliability of the MC modeling.
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Background shape ±0.5
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QCD effects ±0.6
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For the unconstrained and singly-constrained fits, where
the objective is primarily to demonstrate a method, rather
than to achieve a precise result, we have limited the inves-
tigation of systematic uncertainties to just the evaluation of
the jet energy scale and fit range variations, which are known
from the doubly-constrained case to be the dominant sys-
tematic contributions. Because of this, the systematic uncer-
tainties displayed for these fits are slightly lower than they
would be with a fuller treatment of all contributions.

The systematic uncertainties discussed in this section are
summarized in Table 4.

9 Results and discussion

The simultaneous fit to the three distributions determines
m2

ν , MW, and Mt. A complete summary of central values
and statistical and systematic uncertainties for all three mass
constraints can be found in Table 5. Figure 8 shows the cor-
responding fits.

We take the doubly-constrained version to be the final
result:

Mt = 173.9 ± 0.9 (stat.)+1.7
−2.1 (syst.) GeV. (9.1)

In the more general case of the unconstrained measure-
ment, the performance of the endpoint method illustrated
here in the tt dilepton system suggests the technique will

Table 5 Fit results from the three mass analyses with various mass constraints. Uncertainties are statistical (first) and systematic (second). Values
in parentheses are constrained in the fit. For the neutrino, squared mass is the natural fit variable—see text for discussion

Fit quantity Constraint

None mν = 0 mν = 0 and MW = 80.4 GeV

m2
ν (GeV2) −556 ± 473 ± 622 (0) (0)

MW (GeV) 72 ± 7 ± 9 80.7 ± 1.1 ± 0.6 (80.4)

Mt (GeV) 163 ± 10 ± 11 174.0 ± 0.9+1.7
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Lifetime method	


Measure mMC

t

via b-hadron lifetime (CMS-PAS-TOP-12-030)
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Boost of b-quark correlated with m
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•  Boost of b quark 
correlated with top mass	


•  Decay length of 
secondary vertex can be 
used to measure top 
mass	

–  Also possible: momentum 

of soft leptons from b-
quarks	


–  Technique pioneered by 
CDF	


(CMS PAS TOP-12-030)	
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Examine decay length in dilepton and l+jets	

Measure mMC

t

via b-hadron lifetime (CMS-PAS-TOP-12-030)
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Again – different systematic uncertainties	
Measure mMC

t

via b-hadron lifetime (CMS-PAS-TOP-12-030)
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Top quark mass in Standard Model	
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The top mass vs stability of the universe	
Fate of the universe
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Degrassi, Di Vita, Elias-Miro, Espinosa, Giudice et al. ‘12; Alekhin, Djouadi, S.M. ‘12; Masina ‘12

• Uncertainty in Higgs bound due to mt from in MS scheme
• bound relaxes mH ≥ 129.4± 5.6 GeV
• “fate of universe” still undecided

Sven-Olaf Moch Interpreting top quark mass measurements – p.23

•  Constraints from the SM can also be used to assess 
stability of physics laws	

–  Example: arXiv:1205.6497 	
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End of lecture two – questions?	
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