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Top-Quark Mass Measurements at the LHC
ATLAS

UPD Lepton+jets, template,
1.0 fb−1, ATLAS-TOPQ-2011-15,
Eur.Phys.J. C72 (2012) 2046
(with and without in-situ JES)

NEW Dilepton, mT2
4.7 fb−1, ATLAS-CONF-2012-082

NEW All-hadronic, template
2.0 fb−1, ATLAS-CONF-2012-030

From the tt̄ cross-section
35 pb−1, ATLAS-CONF-2011-054

NEW UPD in 2012
+ Shown for first time at TOP2012!

CMS

UPD+ Lepton+jets, ideogram
5.0 fb−1, CMS-TOP-11-015,
submitted to JHEP

UPD ∆mt , ideogram
5.0 fb−1, CMS-TOP-11-019,
JHEP 1206 (2012) 109)

UPD+ Dilepton, AMWT
5.0 fb−1, CMS-TOP-11-016,
submitted to EPJC

NEW+ Dilepton, endpoint
5.0 fb−1, CMS-PAS-TOP-11-027

NEW+ All-hadronic, ideogram
3.5 fb−1, CMS-PAS-TOP-11-017

From the tt̄ cross-section
1.1 fb−1, CMS-PAS-TOP-11-008
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Preconditions for Top Mass Measurements at the LHC
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ATLAS Preliminary

=7 TeVssimulation, tt

|<2.5jet
η>20 GeV, |jet

T
p

Great machine performance in 2011, delivered > 5 fb−1

→ nearly 1 million top-quark pairs produced
Efficient algorithms for identifying b-jets

ATLAS Most JES uncertainties based on 2010 data (except in the
dilepton measurement), expect improvement

CMS Using particle-flow algorithm, good understanding of jet
energy scale gained using 2011 data
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Lepton+Jets

Decent branching ratio
Decent background
Constrained kinematics

ATLAS

UPD 2D template
1.0 fb−1, ATLAS-TOPQ-2011-15,
Eur.Phys.J. C72 (2012) 2046

UPD 1D template
1.0 fb−1, ATLAS-TOPQ-2011-15,
Eur.Phys.J. C72 (2012) 2046

CMS

UPD+ 2D ideogram
5.0 fb−1, CMS-TOP-11-015,
submitted to JHEP

UPD ∆mt , ideogram
5.0 fb−1, CMS-TOP-11-019,
JHEP 1206 (2012) 109)

Markus Seidel (UHH) Top-Quark Mass Results at the LHC September 18, 2012 4 / 32



ATLAS Lepton+Jets: Event Selection & Reconstruction

Exactly 1 isolated muon/electron with
pT > 20/25 GeV, |η| < 2.5
≥ 4 jets with pT > 25 GeV, |η| < 2.5,
≥ 1 jet with b-tag
Emiss

T > 20/35 GeV,
Emiss

T + mT
W,lep > 60 GeV

Require untagged jet pair with
50 GeV < mjj < 110 GeV
Choose jjb triplet with max. pT ,
constrain mjj = 80.4 GeV → mreco

top

Selected 11 781 events in 1 fb−1 data
Estimated purity: 72% tt̄ events
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ATLAS Lepton+Jets: 2D Template Method

Construct templates

for mreco
W as function of assumed global jet energy scale factor (JSF)

for mreco
top as function of input top mass and assumed JSF

Perform unbinned likelihood fit → mt, JSF, nbkg

Check for bias and pull width using pseudo-experiments
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ATLAS Lepton+Jets: Uncertainties & Result

Systematic uncertainty ∆mtop [GeV]
Jet energy scale factor 0.43
Method calibration 0.07
Signal MC generator 0.33
Hadronisation 0.15
Pileup < 0.05
Underlying event 0.59
Colour reconnection 0.55
ISR and FSR (signal only) 1.01
Proton PDF 0.10
W+jets normalisation 0.37
W+jets shape 0.12
QCD multijet normalisation 0.20
QCD multijet shape 0.27
Jet energy scale 0.66
b-jet energy scale 1.58
b-tagging efficiency 0.29
Jet energy resolution 0.07
Jet reconstruction efficiency < 0.05
Missing transverse momentum 0.13
Total 2.31
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σ1 

σ2 

Ongoing effort to constrain MC
modeling with data
ISR/FSR uncertainties now
reduced by 50%,
impact is being studied

Result: mt = 174.5± 0.6 (stat)± 2.3 (syst) GeV
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ATLAS Lepton+Jets: 1D Template Method (R32)
Additional selection

Converging likelihood-fit, ln L > −50
Form mreco

top with jets pT > 40 GeV
60 < mreco

W < 100 GeV
Selected 2875 events in 1 fb−1 data
Estimated purity: 86% tt̄ events

Create templates for R32 ≡ mreco
top /m

reco
W

as function of mt , binned likelihood fit

Systematic uncertainty ∆mtop [GeV]
Signal MC generator 0.74
Hadronisation 0.43
Colour reconnection 0.62
ISR and FSR (signal only) 1.42
Jet energy scale 1.23
b-jet energy scale 1.16
. . .
Total 2.50
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Result: mt = 174.4± 0.9 (stat)± 2.5 (syst) GeV
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CMS Lepton+Jets: Event Selection & Reconstruction
Exactly 1 isolated muon/electron with pT > 30 GeV, |η| < 2.1
≥ 4 jets with pT > 30 GeV, |η| < 2.4, ≥ 2 with b-tag
Assign b-tagged jets → b-quarks, untagged jets → light quarks

Kinematic fit & final selection
Use 4 leading jets, constraints:
mW = 80.4 GeV, mt = mt̄

Weight each permutation by
Pgof

(
χ2
)

= exp
(
−1

2χ
2),

Pgof
(
χ2
)
> 0.2 required

Selected sample contains 5194
events in 5 fb−1 data
Estimated purity: 96% tt̄ events

before kinematic fit: 13% of tt̄ correct
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CMS Lepton+Jets: Event Selection & Reconstruction
Exactly 1 isolated muon/electron with pT > 30 GeV, |η| < 2.1
≥ 4 jets with pT > 30 GeV, |η| < 2.4, ≥ 2 with b-tag
Assign b-tagged jets → b-quarks, untagged jets → light quarks

Kinematic fit & final selection
Use 4 leading jets, constraints:
mW = 80.4 GeV, mt = mt̄

Weight each permutation by
Pgof

(
χ2
)

= exp
(
−1

2χ
2),

Pgof
(
χ2
)
> 0.2 required

Selected sample contains 5194
events in 5 fb−1 data
Estimated purity: 96% tt̄ events

after kinematic fit: 44% of tt̄ correct
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CMS Lepton+Jets: 2D Ideogram Method
Likelihood for event with n permutations,
j representing correct, wrong and unmatched permutation case

L (event|mt , JES) =
n∑

i=0

Pgof (i)P
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t,i ,m
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)
,
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fjPj

(
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· Pj

(
mreco
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Most likely mt and JES given data sample (Maximum Likelihood)

L (mt , JES|sample) ∼
∏

events

L (event|mt , JES)wevent
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CMS Lepton+Jets: Uncertainties & Result
Calibration with pseudo-experiments, small corrections for mt and JES

Systematic uncertainty ∆mtop [GeV]
Calibration 0.06
b-JES 0.61
pT - and η-dependent JES 0.28
Lepton energy scale 0.02
Missing transverse energy 0.06
Jet energy resolution 0.23
b-tagging 0.12
Pile-up 0.07
Non-tt̄ background 0.13
PDF 0.07
µR , µF 0.24
ME-PS matching threshold 0.18
Underlying event 0.15
Color reconnections 0.54
Total 0.98
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Result: mt = 173.49± 0.43 (stat+JES)± 0.98 (syst) GeV
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CMS Lepton+Jets: Top Mass Difference

Check of CPT invariance
Split data in 2 samples by lepton
charge: `+ → t̄had, `

− → thad

Measure mt in each sample with
Ideogram method
∆mt = mt,had −mt̄,had

Result: ∆mt = −0.44± 0.46 (stat)± 0.27 (syst) GeV
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Dilepton

Low branching ratio
Low background
Underconstrained kinematics

ATLAS

NEW mT2
4.7 fb−1, ATLAS-CONF-2012-082

CMS

UPD+ AMWT
5.0 fb−1, CMS-TOP-11-016,
submitted to EPJC

NEW+ Endpoint
5.0 fb−1, CMS-PAS-TOP-11-027
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ATLAS Dilepton: Event Selection & Reconstruction

Exactly 1 isolated muon and 1 isolated
electron with opposite charge and
pT > 20/25 GeV, |η| < 2.5
≥ 2 b-tagged jets with
pT > 25 GeV, |η| < 2.5
Emiss

T > 20 GeV, HT > 130 GeV
∆φ (b-jet1, b-jet2) > 2.2
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Require mT2 < 220 GeV, take permutation with smallest mT2
→ 731 selected events in 4.7 fb−1 data, 95% tt̄
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ATLAS Dilepton: mT2 as Mass Estimator

mT2 depends on simulated input mass
Mean value mT2 serves as estimator for top mass measurement
Calibration cross-checked using simulated ee and µµ events
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ATLAS Dilepton: Uncertainties & Result
Systematic uncertainty ∆mtop [GeV]
tt̄ generator model 1.3
Parton shower 0.9
Colour reconnection 1.2
ISR/FSR 0.5
PDF 0.1
Fakes norm. and shape 0.3
Calibration 0.3
Underlying event 0.2
Jet Energy Scale -1.4/+1.6
b-jet energy scale -1.2/+1.5
Jet energy resolution 0.5
Leptons -0.1/+0.2
Emiss

T and jets 0.1
b-tagging -0.4/+0.3
Total -2.8/+3.1
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Systematic uncertainty dominated by MC modeling and JES

Result: mt = 175.2± 1.6 (stat)+3.1
−2.8 (syst) GeV
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CMS Dilepton: Event Selection

Selection

2 isolated, oppositely charged leptons (e,µ), pT > 20 GeV, |η| < 2.4
≥ 2 jets with pT > 30 GeV, |η| < 2.4, ≥ 1 jet with b-tag
m`` > 20 GeV as quarkonia veto
ee,µµ: Emiss

T > 40 GeV, m`` < 76 GeV & m`` > 106 GeV

Selected sample

11627 events in 5 fb−1 data
Estimated purity: 89% tt̄ signal events

ee [events] eµ [events] µµ [events]
1 b-tag 817 2788 1032

≥ 2 b-tags 1151 4365 1474
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CMS Dilepton: Analytical Matrix Weighting Technique

Analytical reconstruction of neutrino momenta

Scan top mass hypotheses in range 100− 300 GeV
Up to 2× 4 solutions per event and top mass hypothesis

For each solution, assign a weight based on the LO matrix element

w =
{∑

f (x1) f (x2)
}
p (E∗

l+ |mtop) p (E
∗
l− |mtop) ,

summing over possible LO initial state partons, with the PDFs f (x) and

p (E∗
`± |mtop) =

4mtopE
∗
`±
(
m2

top −m2
b − 2mtopE

∗
`±
)(

m2
top −m2

b

)2
+M2

W

(
m2

top −m2
b

)
− 2M4

W

Repeat 1000 times with jets smeared within detector resolutions
mtop hypothesis with highest averaged weight → mAMWT

Compute likelihood of mAMWT distribution for values of
161.5 ≤ mtop ≤ 184.5 GeV

Markus Seidel (UHH) Top-Quark Mass Results at the LHC September 18, 2012 18 / 32



CMS Dilepton: Uncertainties & Result
Systematic uncertainty ∆mtop [GeV]
Jet energy scale -0.97/+0.90
b-jet energy scale -0.66/+0.76
Jet energy resolution 0.14
Lepton energy scale 0.14
Unclustered Emiss

T 0.12
b-tagging efficiency 0.05
Mistag rate 0.08
Fit calibration 0.40
Background normalization 0.05
Matching scale 0.19
µR and µF 0.55
Pileup 0.11
PDFs 0.09
Underlying event 0.05
Colour reconnection 0.13
Monte Carlo generator 0.04
Total 1.46

Calibration with pseudo-
experiments, small corrections
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Result: mt = 172.5± 0.4 (stat)± 1.5 (syst) GeV

Markus Seidel (UHH) Top-Quark Mass Results at the LHC September 18, 2012 19 / 32



CMS Dilepton: Endpoint Method
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Fit both endpoints
Require 2 b-tagged jets
→ 8678 events in 5 fb−1
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Jet energy scale -1.4/+0.5
Fit range 0.6
Jet energy resolution 0.5
Background modeling 0.5
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. . .
Total -1.8/+1.2

Alternative method → different systematics

Result: mt = 173.9± 0.9 (stat)+1.2
−1.8 (syst) GeV
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All-Hadronic

High branching ratio
High background
Constrained kinematics

ATLAS

NEW Template
2.0 fb−1, ATLAS-CONF-2012-030

CMS

NEW+ Ideogram
3.5 fb−1, CMS-PAS-TOP-11-017
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ATLAS All-Hadronic: Event Selection & Reconstruction

Selection
≥ 5 jets with pT > 55 GeV,
≥ 6 jets with pT > 30 GeV
(motivated by trigger setup)
2 jets with b-tag, pT > 55 GeV,
|η| < 2.5, ∆Rbb > 1.2
Emiss

T /
√
HT < 3
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Reconstruction

Choose permutation that minimizes (20 < mW < 420, 100 < mt < 800 GeV)

χ2 =
(mj1,j2 −mW )2
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2
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(mj3,j4 −mW )2
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W
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2
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t

Select events with 50 < mjj < 110 GeV, χ2 < 8
Light jet energies rescaled with MW/mjj ,MW = 80.4 GeV
2 values for mjjb distribution as mass estimator from each event
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ATLAS All-Hadronic: Template Method

Background modeling
Event mixing technique (5+1)

Use events with exactly 5 jets
Add jet from ≥ 6-jet events

Validate with 5+1 without b-tags →
and 4+1 with b-tags
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Mass extraction
Create mjjb signal templates
depending on input top mass
Fit signal+background templates to
data (mt , fsig free parameters)
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ATLAS All-Hadronic: Uncertainties & Result

Systematic uncertainty ∆mtop [GeV]
Method 0.4
Template statistics 0.9
MC generator 0.5
ISR/FSR 1.7
PDF 0.6
Background modeling 1.9
Jet energy scale 2.1
b-jet energy scale 1.4
b-tag efficiency scale factors 0.3
Jet energy resolution 0.3
Jet reconstruction efficiency 0.2
Total 3.8
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Total uncertainty dominated by
statistics, background modeling, ISR/FSR and JES

Result: mt = 174.9± 2.1 (stat)± 3.8 (syst) GeV
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CMS All-Hadronic: Event Selection & Reconstruction
Preselection

≥ 4 jets with pT > 60 GeV, |η| < 2.4,
≥ 5 jets with pT > 50 GeV, ≥ 6 jets with pT > 40 GeV
(motivated by trigger setup)
2 jets with b-tag and pT > 30 GeV

Kinematic fit & final selection
mW = 80.4 GeV, mt = mt̄

b-tagged jets → b-quarks,
untagged jets → light quarks
Choose permutation with min χ2

Cut Pgof > 9%,∆Rbb > 1.5
2418 events in 3.5 fb−1

51% tt̄, 49% multijet
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CMS All-Hadronic: Background Modeling
Construct new events from preselected sample E (17% tt̄):

Take each jet from random event eri

leading jet from er1 ∈ E
next-to-leading jet from er2 ∈ E− {er1}
. . . until er10 OR requested jet not available in event eri , i > 6

Only keep events containing ≥ 2 b-tagged jets
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CMS All-Hadronic: Method, Uncertainties & Result
28% correct, 23% wrong and 49% unmatched tt̄ permutations
Create templates for each case and employ ideogram method
Conduct pseudo-experiments for calibration

Systematic uncertainty ∆mtop [GeV]
Calibration 0.13
b-JES 0.49
Jet energy scale 0.97
Jet energy resolution 0.15
b-tagging 0.06
Trigger 0.24
Pileup 0.06
PDF 0.06
Q2 scale 0.22
ME-PS matching threshold 0.24
Underlying event 0.32
Color reconnections 0.15
Non-tt̄ background 0.20
Total 1.25  [GeV]tm
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=7 TeVs,   -1CMS Preliminary, 3.54 fb

Result: mt = 173.49± 0.69 (stat)± 1.25 (syst) GeV
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Mass From Cross-Section

Exact mass definition
Different systematic uncertainties
Use all final states as input

ATLAS

From the tt̄ cross-section
35 pb−1, ATLAS-CONF-2011-054

CMS

From the tt̄ cross-section
1.1 fb−1, CMS-PAS-TOP-11-008
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ATLAS Mass From Cross-Section

Based on tt̄ cross-section
measured in lepton+jets channel
with 35 pb−1

Parametrize measured and
predicted cross-section in
dependency of top mass
Extract top mass using
joint-likelihood approach
Uncertainties: Experimental,
PDF, scale variation
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Approx. NNLO × MSTW08NNLO mpole
t / GeV

Langenfeld et al. 166.4+7.8
−7.3

Kidonakis 166.2+7.8
−7.4

Ahrens et al. 162.2+8.0
−7.6
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CMS Mass From Cross-Section

Based on tt̄ cross-section
measured in dilepton channel
with 1.1 fb−1

Parametrize measured and
predicted cross-section in
dependency of top mass
Extract top mass using
joint-likelihood approach
Uncertainties: Experimental,
PDF, scale variation, αS (MZ )
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Ahrens et al. 167.6+7.6
−7.1 159.8+7.3

−6.8
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Most Precise Direct Measurements and Combinations
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Outlook
Better constraints on systematic uncertainties using data

Radiation uncertainties from tt̄+jets cross-sections [morning session]
Improve b-JES uncertainty [Giorgio’s talk]
Constrain color reconnection models

New ideas requiring high statistics are in reach
Corners of phase-space with reduced systematics
Methods with complementary systematics (J/Ψ→ µµ, b-decay length)

Differential measurements dmt/dX – wishlist for X welcome!

Contributions to poster session

Measurement of the mass difference between top and antitop quarks at CMS
Measuring the Top Quark Mass with MT2 at CMS
Measurement of the top quark mass using 7 TeV pp collisions (ATLAS)
Measurement of the top-quark mass in the lepton+jets final states at CMS
Measurement of the top quark mass in the all-jets channel at CMS
A new observable to measure the top-quark mass at hadron colliders (ATLAS)
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