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Why measure mt? 

l  The top quark is special: 
    it is the heaviest SM quark!            

-  Why is it so heavy? 
-  Does it play a special role      

in EW symmetry breaking? 

The uncertainty on the 
top quark mass  
has the biggest impact 
on the stability of the 
Universe from the 
positiveness of the 
Higgs quartic self-
coupling: 
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Degrassi et al., 
arXiv:1205.6497v4 [hep-ph] 

Overconstrain MHiggs, mt, and MW: 
 
 
 

 
 
 

    à Consistency check of SM! 
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Definition of decay channels 

l  Typically: we measure                 
the top mass mt in tT events: 

-  ℓ+jets channel: good compromise 
between kinematic reconstruction,  
high rate, and backgrounds 

l  Dilepton (ℓℓ) channel: low backgrounds,  
but underconstrained kinematics        
for mt measurement and low rate 
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-  All-hadronic channel: highest 
branching ratio, very high 
backgrounds from multijet production 

+  EW single top production 
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Jet energy scale uncertainties 

l  Sizeable uncertainty from        
jet energy scale (JES): 

-  ≈1.5% for central |η|, 
intermediate pT,  

-  up to ≈5% else 
l  Calibrate JES in-situ: 
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  (JSF=jet scale factor) 
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mt in single top events (I) 

l  World’s first measurement of mt in topologies enriched 
with single top events (√s=8 TeV, 20.3 fb-1) [1] 

l  Apply template method using the observable mℓb: 
-  Invariant mass of ℓ+b system 
-  à reduced sensitivity to systematic uncertainties 

l  Signal templates: 
-  Use simulated single top 

and tT events 
-  Parametrised in mt 

l  Background template: 
-  All other processes 

[1] ATLAS-CONF-2014-055 (2014) 
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mt in single top events (II) 

l  Focus on t-channel process 
-  High cross section 
-  Best S/B for single top at LHC 

l  Preselection: 
-  1 high-pT ℓ, high ET

miss 
-  ≥2 High-pT jets |η| < 3.5, 1 b-tag 

l  Construct neural network: 
-  12 variables like mℓ𝝼b and mjb 

l  Extract mt in NN>0.75 
l  Orthogonal control region: 

-  Constrain W+jets 

𝝈t-channel = 84±1 pb @ 8 TeV [2] 
(75% of 𝝈single-top) 

 

[2] PLB 736, 58 (2014)  
[1] ATLAS-CONF-2014-055 (2014)  

[1] 

≈50% purity 
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mt in single top events (III) 
Dominant systematics: 
l  JES (1.5 GeV): 

-  large uncertainty         
in 2.75 < |η| < 3.5 

l  Hadronisation (0.7GeV) 
-  Change in spectra   

from matching of ME 
to parton shower 

l  W+jets bgr. (0.4 GeV) 
-  Similar shape in mℓb  

ATLAS-CONF-2014-055 (2014)  

l  Complementary contribution to world average: 
-  Lower Q2-regime compared to tT 
-  Different backgrounds, different colour connections 
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All-hadronic channel (I) 
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l  Template method using R3/2 = mjjj/mjj (√s=7 TeV, 4.6 fb-1) [1]  
l  mjj: jets matched to  
l  mjjj: jets matched to 

à reduced sensitivity to ΔJES [1] Eur. Phys. J. C 75 (2015) 158 
l  Selection: 

-  no high-pT ℓ, no ET
miss 

-  ≥5 jets with pT>55 GeV 
-  6th jet with pT>30 GeV 
-  2 b-tags 
-  + topological selections 

l  Reconstruct tT system using 
kinematic likehood fit 

-  Assign jets to partons 
-  Enhance purity 

≈15% purity 

[1] 
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All-hadronic channel (II) 

l  Model MJ background (shape+norm) using control regions in: 
-  6th jet pT 

-  b-tag multiplicity 
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mjj mjjj 

[1] Eur. Phys. J. C 75 (2015) 158 

[1] [1] 
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All-hadronic channel (III) 

Dominant systematics: 
l  JES (0.5 GeV) 

-  Detector description 
l  b-quark JES (0.6 GeV) 

-  difference: b-quark jets 
and jets from  

l  Hadronisation (0.5 GeV) 
-  Same as single top 

l  MJ modelling (0.4 GeV) 
-  Sideband choice 
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Eur. Phys. J. C 75 (2015) 158 

l  Valuable contribution to world average: 
-  Relative precision ≈1% 
-  Different backgrounds, mostly data-driven 
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ℓ+jets channel (I) 

l  Typical largest uncertainties for mt: 
-  b-quark JES versus overall JES  

l  ATLAS: mt in ℓ+jets, √s=7 TeV, 4.6 fb-1 [1] 

[1] subm. to EPJC, arXiv:1503.05427 

-  In-situ calibration of overall JES (JSF) 
-  In-situ calibration of b-JES (bJSF) 

l  Relative to JES for u,d,c,s,g 
l  Selection: 

-  1 high-pT ℓ, high ET
miss 

-  ≥4 High-pT jets, ≥1 b-tag 
l  Reconstruction of tT system     

through kinematic likelihood fit 
-  Similar to all-hadronic result 
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ℓ+jets channel (II) 

l  Introduce Rbq variable to provide sensitivity to bJSF: 

2 b-tags 2 b-tags 

Strong  
dependence  

on bJSF 

Little correlation 
between  

mt and bJSF 

[1] subm. to EPJC, arXiv:1503.05427 

[1] [1] 
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ℓ+jets channel (III) 

[1] 

[1] subm. to EPJC, arXiv:1503.05427 

Dominant systematics: 
l  JES (0.58 GeV) 

-  Detector description 
l  b-quark JES (0.06 GeV) 

-  Eliminated à statistical 
l  b-tagging (0.50 GeV) 

-  b-tagging uncertainty 
as function of pT 
changes Rbq shape 

l  ATLAS’ strongest contribution to world average: 
-  Relative precision ≈0.7% 
-  Statistical limitations, expect improved precision for 8 TeV 
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Dilepton channel (IV) 

l  Utilise clean dilepton channel at √s=7 TeV, 4.6 fb-1 [1] 
-   Apply template method using the observable mℓb: 

l  Same as in single-top result, reduced sensitivity to syst. uncert. 
-  Selection similar to ℓ+jets but with 2 leptons and ≥2 jets 

Measurements of the top quark mass with the ATLAS detector 14 

[1] subm. to EPJC, arXiv:1503.05427 

[1] 

Dominant systematics: 
l  JES (0.75 GeV) 

-  Detector description 
l  b-quark JES (0.68 GeV) 

-  Detector description 
l  Hadronisation (0.53 GeV) 

-  changes mℓb shape 
l  ISR/FSR (0.47 GeV) 

-  jet-parton assignments 

≈0.9% 
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ℓ+jets and dilepton combination (V) 

l  Combine ℓ+jets and dilepton results [1] with BLUE 
l  Correlations ρ in the effect of systematic uncertainties Δmt    

between ℓ+jets and dilepton: 

ß ℓ+jets à   

ß
 d

ile
pt

on
à

  

-  ρ signs are statistically 
significant for all large 
systematics! 

 
l  Substantial gains in 

combination: 
-  ≈0.5% precision! 
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[1] subm. to EPJC, arXiv:1503.05427 

[1] 
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Pole mass from 𝝈tT(mt) (I) tT(mt) (I) 

l  Experiment: 
-  World’s most precise measurement of mt from 𝝈tT [1], Δ𝝈tT: ≈4%! tT [1], Δ𝝈tT: ≈4%! tT: ≈4%! 

l  Theory: 
-  Recent NNLO+NNLL calculation [2], Δ𝝈tT: ≈3%! tT: ≈3%! 
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[1] EPJC 74, 3109 (2014), [2] PRL 110, 252004 (2013)  

l  Selection: 
-  Similar to dilepton mt 

-             , no topological cuts 
l  Fit b-tagging efficiency x 

acceptance x reco eff. 𝜺b 
together with 𝝈tT: tT: 

l  Minimal use of MC 
simulations 

N1	



N2	



[1] 
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Pole mass from 𝝈tT (II) tT (II) 
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l  Very small dependence 
of 𝝈tT on mt  tT on mt  

-  Higher precision on mt! 
-  due to minimal MC use 

 
Dominant systematics: 
l  Experimental: 

-  Luminosity (0.9 GeV) 
-  Beam energy (0.6 GeV) 

l  Theory: 
-  PDF + αs (1.7 GeV) 
-  Scale choice (1.2 GeV) 

l  World’s most precise mt
pole from 𝝈tT tT 

-  Precision in the same ballpark as direct methods: ≈1.5%! 
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Pole mass from 𝝈tT+j (I) tT+j (I) 

l  Hard gluon radiation off top quark               depends on mt: 

l  Unfold R + extract mt
pole using NLO calculation [2,3] 
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[1] 

[1] arXiv:1507.01769, subm. to JHEP 

[2] PRL 98 262002 (2007) 
[3] EPJC 59 (2009) 625 

l  Reconstruct tT system using 
kinematic 𝞆2-fit 

-  similar to ℓ+jets result 
l  Define extra jet: 

-  not matched to tT system 
-  high pT > 50 GeV 

l  Enhance sensitivity 
l  Selection: 

-  similar to ℓ+jets result 



Oleg Brandt Oleg Brandt 

Pole mass from 𝝈tT+j (II) tT+j (II) 
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l  World’s most precise mt
pole from 𝝈tT+jet tT+jet 

-  precision comparable to direct methods: ≈1.3%! 

Dominant systematics (GeV): 
l  JES + b-quark JES (0.9) 

-  Detector description 
l  Initial/final state radiat’n (0.7) 

-  Affects extra jet production 
l  PDF in experiment (0.5) 

-  Affects extra jet production 
l  Theory (+1.0

-0.5) 
-  Scale choice variation 
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Summary of mt results in pole scheme 
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Summary + Outlook 
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l  A wealth of mt results in the last 5 years: 
-  Improved overall precision below sub-GeV level 
-  LHC achieves similar precision on mt as the Tevatron 

l  Precision of ATLAS flaship analysis 0.53%! 
-  Combination of ℓ+jets and ℓℓ channels with correlations 

l  Innovative techniques put in place at ATLAS 
-  Complementary approaches (e.g. single top) 
-  In situ calibration of the b quark JES 
-  World’s most precise extraction of mt

pole from 𝝈tT+1jet 

-  etc. etc. 
l  New results from ATLAS @ √s=8 TeV 

-  Substantial improvement in statistics (bJSF) 
l  New studies with large datasets @ √s=13 TeV 

-  Better constrain systematic uncertainties from data 
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Bonus 

-23- 

BONUS MATERIAL!
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Single top 
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mt in single top events 
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mt in single top events 
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mt in single top events 
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mt in single top events 

Measurements of the top quark mass with the ATLAS detector 28 



Oleg Brandt Oleg Brandt 

mt in single top events 
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mt in single top events 
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mt in single top events 
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all-had 
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All-hadronic channel 
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All-hadronic channel 
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All-hadronic channel 
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All-hadronic channel 

Measurements of the top quark mass with the ATLAS detector 36 



Oleg Brandt Oleg Brandt 

All-hadronic channel 
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ℓ+jets and dilepton channels  
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ℓ+jets and dilepton channels (II) 

l  Introduce Rbq variable to provide sensitivity to bJSF: 

2 b-tags 

Strong  
dependence  

on bJES 

[1] 

(mt, JSF, bJSF) are 
simultaneously extracted 
à Reduced systematic uncertainty 
à Increased statistical uncertainty: 
      ±0.23 (mt)   GeV 

 ±0.25 (kJES) GeV 
 ±0.67 (bJES) GeV 

     (mt and kJES fit only: ±0.34 GeV) 

 ±0.75 GeV 

[1] ATLAS, subm. to EPJC, arXiv:1503.05427 
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ℓ+jets and dilepton channels (IV) 

12.05.201
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[1] 
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[1] subm. to EPJC, arXiv:1503.05427 
[2] CONF-2013-046 (cf. x-check analysis) 

mt+kJES analysis [2] relative uncertainty 0.73%! 

In situ calibration of bJES:  
very promising for the future! 
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ℓ+jets and dilepton channels (VII) 

su
bs

ta
nt

ia
l g
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ns

! 

ℓ+jets: 1.27 GeV 
dilep: 1.41 GeV 

Comb’d: 0.91 GeV 
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Alternative measurements 
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Which mtop do we measure? 
-  mt is not an observable but a SM parameter  

l  à inferred from its effect on kinematic observables 
l  Not well-defined at LO 

-  Pole mass:  
l  “Pole” in the top quark propagator: 

-  Not exact (hadronisation effects) 

-  Level of uncertainty: ΛQCD 
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ΛQCD 
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Which mtop do we measure? 

l  Other mass definition schemes: 
-  Modified minimal subtraction scheme (MS) 

l  Aka “running mass” mt(μr) 
l  Absorb logarithmic corrections in mt(μr) dependence 

through resummation 
-  Better perturbative predictions 

-  Can translate MS into pole mass at any fixed order pQCD 

l  Direct measurements shown so far: 
-  mMC (neither MS, nor pole mass) 

-  “Close” to pole mass (≈0.5 GeV) 

-  True also for “NLO generators” like e.g. Powheg 
l  à Top decay not simulated at NLO 

l  Alternative measurements (next slides): 
-  Measure mt in a well-define scheme (typically pole) 
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Pole mass from 𝝈tT+j tT+j 
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𝝈tT+j(mt) tT+j(mt) 
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Pole mass from 𝝈tT+j tT+j 
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Pole mass from 𝝈tT+j tT+j 
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Pole mass from 𝝈tT+j tT+j 
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Pole mass from 𝝈tT+j tT+j 
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Pole mass from 𝝈tT+j tT+j 
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Pole mass from 𝝈tT+j tT+j 
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Pole mass from 𝝈tT+j tT+j 
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Motivation 

l  The top quark is special: 
-  heaviest quark of the SM! 

-  heaviest fundamental 
particle known 

54 Looking out for new physics through the top window               Oleg Brandt 12.05.201
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Motivation 

l  Special role in many new 
physics scenarios 

-  E.g. supersymmetry    à 

55 Looking out for new physics through the top window               Oleg Brandt 12.05.201
5 

l  Radiative corrections to MHiggs: 

l  UV divergencies cancel if  |λf|2 ≈ λS or mt ≈ Mt 

ß t dominates 

~ 

spin-½ fermions spin-0 bosons 
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Motivation 

56 

l  Special role in EW 
symmetry breaking? 

-  MW related to mt & MHiggs: 
Overconstrain MW, mt, and MHiggs 

à Consistency check of  the SM! 

Looking out for new physics through the top window               Oleg Brandt 12.05.201
5 

Gfitter Coll., EPJC, 74 3046 (2014) 
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Motivation 

l  The top quark mass is a fundamental SM parameter 

l  The fate of our Universe depends on mt! 
-    

-  Mexican hat only if λ > 0!                (poles flap down otherwise) 
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EW vacuum 
potential 

has a minimum 
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Motivation 

l  λ receives radiative corrections from all SM particles 
 à mostly from the top quark! 

-  Evolve corrections to Planck scale: 
l  λ should remain positive! 
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Motivation 

l  Take world average values for mt and Mhiggs [1]: 
-  Our universe is metastable [2] 

-  à Exciting hints to new phenomena beyond the SM! 
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[2] Degrassi et al., 
arXiv:1205.6497v4 [hep-ph] 

[1] ATLAS, CDF, CMS, DØ, 
arXiv:1403.4427 [hep-ex]  

[2]  
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Pole mass from 𝝈tT+j tT+j 
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Experimental 
Uncert. 



Oleg Brandt Oleg Brandt 

JES Calibration (III) 

8 TeV 

8 TeV 

8 TeV 
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7 TeV 

7 TeV 
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Flavour-dependence of JES calibration 

l  Typically, estimate the uncertainty on the difference 
between b quark JES and standard JES by comparing 
fragmentation and parton shower models 

9 Apr. 
2015 
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Cross-check  
using Z+b events 

arXiv:1406.0076 [hep-ex] 

CMS-DP-2013-033 

NIM A763, 290 (2014) 

CMS-PAS-JME-13-001 
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Jet energy scale (JES) calibration (I) 

l  Generic procedure to calibrate jet energies: 
-  1) Calibrate EM energy scale with SM candles, i.e. Zàe+e- 

l  Central (well instrumented) region for absolute calibration 
-  2) Correct EM energy scale for e to that of 𝜸 
-  3) 𝜸+jet events to calibrate major JES components  

l  Basic idea: momentum balance in transverse plane 

l  Alternatively use Z+jet events to calibrate JES 
-  Use γ+jet, Z+jet, and dijets to extend calibration in pT,η 

63 Looking out for new physics through the top window               Oleg Brandt 

γ 
γ+jet event in transverse plane 

jet 

12.05.201
5 
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b–tagging in top analyses 

l  2 b quark jets in each tT event at Born level 
-  à Separate signal from background 

l  Identify b quark jets: 
-  Existence of a displaced                                          

secondary vertex 
-  Impact parameters d0 of                                                              

tracks associated with                                                             
the secondary vertex 

-  Mass of the secondary                                                             
vertex 

-  Etc. 
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Fitting it all together 

l  I have shown some of: 
-  the world’s best results 
-  the innovative approaches 

l  Summary of best results    à 
l  How does it all fit together? 

-  Tevatron average higher than 
world average (driven by DØ) 

-  CMS average lower than world 
average 

-  à interpretation? 

l  Unfortunately,  
-  no time to talk about indirect 

measurements in a well-defined 
scheme 
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Summary: EW precision fits 

Tevatron average 
CMS average 

EW precision data and the Higgs mass tend to have a slight preference  
for recent Tevatron mt results, CMS a bit further away 
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Summary: stability of the EW vacuum 

Tevatron average 
CMS average 

Recent Tevatron mt results indicate a shorter lifetime of the Universe 
à Potential contributions from new particles to running group equation? 
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