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covered in this talk 

covered in this talk Goals: 
High precision 
measurements 
complementing direct 
searches for new physics 
(NP) 
 

Needs: 
Ultimate detector 
calibration / data 
understanding 
 

Long term projects 
still using 2011 /
2012 datasets 
(√s=7 and 8 TeV) 
 
LHC Run-2 highlights at  
ATLAS and CMS EOYE  
(Dec 15th, 15:00) 

First √s = 13 TeV results 
(see Oliver’s talk for LHC 
performance in 2015) 
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Introduction: top quark 

(             ) 

top-quark pair production: 

dominant at the Tevatron  
 √s = 1.8 – 1.96 TeV 

dominant at the LHC 
√s ≥ 7 TeV  

top-quark decays 

τ+τ   1%
τ+µ   2%

τ+e   2%

µ+µ   1%

µ+e   2
%

e+e   
1%

e+jets 15%

µ+jets 15%

τ+jets  15%

"alljets"  46%

"lepton+jets""dileptons"

Top Pair Branching Fractions

MPP analysis activities cover all final states and deliver  
precision measurements of the top quark mass 

Experimental signatures are classified 
 according to the W boson decay modes 

Stringent tests of the SM and its extensions  
Important implication for the EW vacuum stability 
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Analysis techniques: the template method 

"   Estimator sensitive to mtop 
"   can be obtained from a kinematic best fit 

to the decay hypothesis, considering all jet 
permutations and taking into account 
physics object resolutions 

Lepton 
 

ET
miss 
 

 
Jet1 

 

Jet2 
 
 

Jet3 
 

Jet4 

observed  
objects 

exam
ple: lepton+jets final state 

Eur.Phys.J. C75 (2015) 330  

"   Template method: 
"   the data distribution of a given  

mtop estimator (i.e. mtop
reco) is 

fitted to the sum of signal and 
background PDFs (probability 
distribution functions) 
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The problem… and its solution 
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Observables’ main dependences mtop JES bJES 

Reco mtop 

Good sensitivity to the 
underlying top quark 

mass. The quantity to 
be measured 

Large dependence on 
the jet energy scale  

Large dependence on 
the b-jet energy scale  

The uncertainties on the jet energy 
scale (JES) are O(few %) and vary with 
jet properties, flavor and event topology  

Large systematics Large systematics 
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The problem… and its solution 
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Observables’ main dependences mtop JES bJES 

Reco mtop 

Reco mW 

in the l+jets channel, the 
light-quark jets from W-decay 

can be used to determine a 
global jet energy scale factor 

(JSF) constraining the light 
jets JES variations 

2-
di

m
 fi

ts
 fo

r m
to

p, 
JS

F 

Pioneered by the CDF 
collaboration in  
Phys.Rev.D73:032003,2006 
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The problem… and its solution 
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Observables’ main dependences mtop JES bJES 

Reco mtop 

Reco mW 

Reco Rbq 

similarly a variable sensitive 
to the relative  b-to-light jet 

energy scale (bJSF) can be 
used to constrain the b-jet 

JES variations (bJES) 

3-
di

m
 fi

ts
 fo

r m
to

p, 
JS

F,
 b

JS
F 

 

in the l+jets channel, the 
light-quark jets from W-decay 

can be used to determine a 
global jet energy scale factor 

(JSF) constraining the light 
jets JES variations 

Rreco

bq =

P
pb�tagged jets

TP
puntagged jets

T

The mtop
reco, mW

reco and Rbq
reco templates are used in a 3d fit to the data to determine mtop, JSF and bJSF 
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Dilepton final states 
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"   Excellent S/B ratio 

"   Under-constrained event kinematics (two 
escaping ν) 

"   Use the template method with the mlb
reco 

observable as an estimator for mtop: 
exploiting a partial reconstruction of the 
event 

mtop 

Reco mlb 

6 Introduction

Lepton+jets channel One W± boson decays to leptons and the other decays to quarks. Thanks
to the charged lepton this channel has a clean signature and a reduced background. Final
states involving ⌧ leptons are not considered here because of their intricate reconstruction.
This leaves a branching ratio of 30% for this channel. The signature of this channel is
one charged lepton, four jets and missing transverse energy from the neutrino escaping
the detector undetected. Up to now the most precise top quark mass measurements were
performed in this channel [13].

Dilepton channel Both W± bosons decay leptonically as shown in Figure 1.3(b). This channel
has a very low background but su↵ers without ⌧ final states from a low branching ratio of
5%. The final state of the dileptonic top quark decay contains two charged leptons, two
jets and large missing transverse energy from the two neutrinos. Depending on the kind of
charged leptons in the final state the dilepton channel is further divided into the ee, µµ
and eµ subcategories.

(a) (b)

Figure 1.3.: (a) Leading order branching ratios of the tt̄ decay channels and (b) the diagram of
the dileptonic channel with a muon and an electron in the final state [18].

This thesis concentrates on a top quark mass measurement in the dileptonic decay channel.
This is particularly interesting because at ATLAS the dileptonic channel has not been used
for a precision top quark mass measurement yet. This becomes possible because the LHC is
performing well and hence the low branching fraction is compensated for by the large amount of
data.

1.2.2. Motivation for Top Quark Physics

A precise measurement of the top quark properties pays o↵ in many ways. Firstly, all its properties
especially its mass are parameters of the Standard Model and as such of fundamental interest.
Secondly, the possibility that the observed top quark is not the Standard Model top quark but an
exotic particle is not yet fully excluded. Thirdly, in many supersymmetric models top quarks are
involved in the decay chain of massive supersymmetric particles or can decay into supersymmetric
particles themselves [14]. This would lead to a deviation in the production cross-section or the
decay rates which could be observed. Fourthly, a major background for searches for physics
beyond the Standard Model arises from top quarks. A precise understanding of the production
and decay mechanisms are hence essential for discovering new physics signals. Finally, due to its

E
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75
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Dilepton final states 
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"   Excellent S/B ratio 

"   Under-constrained event kinematics (two 
escaping ν) 

"   Use the template method with the mlb
reco 

observable as an estimator for mtop: 
exploiting a partial reconstruction of the 
event 

same problem as for  
the l+jets final state: 

mtop JES bJES 

Reco mlb 

No direct in-situ (b)JSF determination possible. No JSF/bJSF transfer from                         
l+jets analysis, to minimize correlations and maximize gain in the combination 

6 Introduction
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to the charged lepton this channel has a clean signature and a reduced background. Final
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charged leptons in the final state the dilepton channel is further divided into the ee, µµ
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Figure 1.3.: (a) Leading order branching ratios of the tt̄ decay channels and (b) the diagram of
the dileptonic channel with a muon and an electron in the final state [18].

This thesis concentrates on a top quark mass measurement in the dileptonic decay channel.
This is particularly interesting because at ATLAS the dileptonic channel has not been used
for a precision top quark mass measurement yet. This becomes possible because the LHC is
performing well and hence the low branching fraction is compensated for by the large amount of
data.

1.2.2. Motivation for Top Quark Physics

A precise measurement of the top quark properties pays o↵ in many ways. Firstly, all its properties
especially its mass are parameters of the Standard Model and as such of fundamental interest.
Secondly, the possibility that the observed top quark is not the Standard Model top quark but an
exotic particle is not yet fully excluded. Thirdly, in many supersymmetric models top quarks are
involved in the decay chain of massive supersymmetric particles or can decay into supersymmetric
particles themselves [14]. This would lead to a deviation in the production cross-section or the
decay rates which could be observed. Fourthly, a major background for searches for physics
beyond the Standard Model arises from top quarks. A precise understanding of the production
and decay mechanisms are hence essential for discovering new physics signals. Finally, due to its
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"   The use of different techniques (e.g. 1-
dim or 3-dim templates) introduces anti-
correlation effects on the observables 
used to measure mtop 

"   Size (and sign) of the mtop syst. unc. in the 
lepton+jets and dilepton channels: 
" l+jets (1-dim), fit for mtop only 
" l+jets (3-dim), fit for mtop, JSF, bJSF 

"   overall syst. reduction (l+jets)  
"   de-correlation of the observables 

very significant gain (28%) 
in the combination Eur.Phys.J. C75 (2015) 330  

m
top

= 172.99± 0.91GeV
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All-jets final states 

12 

"   Poorer S/B ratio 
"   Particular attention required to model the 

background via data-driven techniques 
"   The R3/2 observable, defined as mjjb/mjj, is used 

as for the 7 TeV analysis (carried out at LMU) 
which yielded: 

 

"   it achieves a partial cancellation of the 
systematic effects common to mtop

reco and mW
reco

 

Eur. Phys. J. C   (2015) 75:158 Page 7 of 26  158 
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Fig. 4 Distribution of R3/2 for multijet background events according
to the data-driven prescription of Eq. (4), normalised to unit integral. The
parameterisation of the distribution by the sum of a Gaussian function
and a linear function is superimposed

is shown in Fig. 4 and yields χ2/ndf= 40/36 = 1.08. The
shape of the fitted parameterisation is assumed to be inde-
pendent of the top-quark mass while the normalisation is
obtained from fitting to the data distribution. Any residual
dependence of this parameterisation on the top-quark mass
is accounted for by a systematic uncertainty (see Sect. 6).

The R3/2 distribution is fitted for the top-quark mass using
the templates for both the top-quark signal and the modelled
multijet background distribution described above. Defining
the likelihood function as a product of Poisson probabilities

L(R3/2|mt ) =
bins∏

j




λ
Nobs
F, j

j

N obs
F, j !



 exp(−λ j ), (5)

a binned likelihood fit is applied. For the R3/2, j , i.e. the j th

bin of the R3/2 distribution, N obs
F, j ≡ N obs

F (R3/2, j ) and λ j are
the observed and expected number of events in that bin. Here,
the expected number of events in a bin is given by the sum
of t t̄ events N sig

F, j (mt ), as derived from the signal templates,

and multijet background events N bkg
F, j ≡ N bkg

F (R3/2, j ),

λ j = (1 − fbkg)N
sig
F, j (mt )+ fbkgN

bkg
F, j , (6)

where fbkg is the fraction of multijet background events,
which is determined by the fit.

Equation (5) is maximised with respect to mt and fbkg for
R3/2 values between 1.5 and 3.6, taking the normalisation
from data, yielding

mt = 175.06 ± 1.35 (stat.) GeV (7)

for a background fraction of fbkg = 0.72± 0.01 and χ2/ndf
= 48/39 = 1.23. The difference between the fitted back-
ground fraction and the value quoted in Sect. 3.3 is due to
the restricted R3/2 range used in the fit. The result of this
fit is shown in Fig. 5. The χ2/ndf value is enlarged by the
statistical correlation between the two R3/2 values from each
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Fig. 5 Result of the fit of Eq. (5) (solid black) to the measured R3/2
distribution. The red dotted curve shows the contribution from top-quark
events and corresponds to the black curve in Fig. 3; the green dashed
line is the modelled multijet background

event. Its impact has been incorporated in the quoted statis-
tical uncertainty3 of Eq. (7) as follows.

The statistical uncertainty of the fit is studied by perform-
ing pseudo-experiments, where 5000 pseudo-datasets of R3/2
values, each statistically equivalent to the data, are assembled
from values randomly picked from signal and background
histograms4. They are obtained from t t̄ MC simulation5 gen-
erated for mt = 175 GeV, and from the multijet background
estimate, detailed in Sect. 4, respectively. Pseudo-datasets are
created from two-dimensional histograms for the full MC
sample of R3/2 from the top-quark candidate versus R3/2
of the top-antiquark candidate in an event, thereby account-
ing for the 60 % correlation. Similarly, one-dimensional his-
tograms are used to produce pseudo-datasets which do not
include the correlations. The top quark mass and its statisti-
cal uncertainty are evaluated for each pseudo-dataset, using
the likelihood fit of Eq. (5).

The expected statistical uncertainty of the fit when neglect-
ing the correlation is shown in Fig. 6. A fit of a Gaus-
sian function to the output of the 5000 pseudo-experiments
yields an expected statistical uncertainty of 1.19±0.08 GeV,
which agrees with the observed statistical uncertainty of
1.15 GeV.

The same procedure with 5000 pseudo-datasets is applied
to each of the seven top-quark mass values used for MC sim-
ulation, considering the correlation of the R3/2 values for the
top quark and antiquark candidates in an event. Distributions

3 The uncorrected statistical uncertainty obtained from the fit yields
1.15 GeV.
4 The signal histograms used to draw pseudodata include ≈ 45,000
events for the 172.5 GeV mass point sample and 4500–6500 events for
the remaining mass points. The background histogram is derived using
≈ 230,000 data events in the control regions defined in Sect. 4.
5 A single event may be used several times in different data sets. The
correlation introduced by this resampling technique is corrected in all
distributions and results presented in this paper as described in Ref. [43].

123

E
ur.P
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75 (2015) 158  

Illustrative plot  
from the 7 TeV  
analysis 

"   MPP is leading the efforts towards mtop analysis updates using the 8 TeV dataset                  
(x4 more data allows trade-offs between statistical and systematic uncertainties) 

"   All analyses are well advanced 
"   All-jets: PhD thesis T. McCarthy (Sept. 2015, Carleton University + MPP) 
" Dilepton: PhD thesis A. Maier (end 2015) 
" Lepton+jets: phase-space optimization ongoing 

"   Publications planned for 2016 (including their combination) 

Outlook: 

m
top

= 175.1± 1.8 (1.4
stat

� 1.2
syst

) GeV
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(boosted) WW x-section measurement 
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"   In addition to being the main 
background for H    WW analyses, the 
WW production is sensitive to 
anomalous triple gauge boson 
couplings (aTGCs), and to possible new 
particles decaying into vector bosons 
(see Claudia’s Higgs+NP talk) 

"   Increasingly important at higher √s and 
in boosted topologies 

"   Analysis strategy: 
"   One leptonically decaying W 
"   One hadronically decaying W (boosted) 

"   Use fat-jets techniques based on jet 
sub-structure identification, as well as 
multivariate techniques to improve 
signal/background ratio 
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Boosted WW – Cross Section MeasurementBoosted WW – Cross Section Measurement

● It is also the dominant background for

● Analysed in the semileptonic decay channel, where the hadronic W is boosted and 
produces one “fat jet“

● This fat jet is further analysed with recently developed substructure methods,              
e.g. trimming and filtering which can be used to discriminate signal from background

● To further enhance the signal to background ratio, a multivariate method, like a boosted 
decision tree or an artificial neural network will be employed

● Working together with a group in Pisa (Chiara Roda et al.) 

● Master student Elizabeth Fons from Argentina just defended her thesis about this topic

H→W W
*

● WW production is sensitive to anomalous triple gauge boson couplings (aTGCs)

● These aTGS become more important with higher center of mass energy 

→ Boosted topology especially sensitive

 1

Boosted WW – Cross Section MeasurementBoosted WW – Cross Section Measurement

● It is also the dominant background for

● Analysed in the semileptonic decay channel, where the hadronic W is boosted and 
produces one “fat jet“

● This fat jet is further analysed with recently developed substructure methods,              
e.g. trimming and filtering which can be used to discriminate signal from background

● To further enhance the signal to background ratio, a multivariate method, like a boosted 
decision tree or an artificial neural network will be employed

● Working together with a group in Pisa (Chiara Roda et al.) 

● Master student Elizabeth Fons from Argentina just defended her thesis about this topic

H→W W
*

● WW production is sensitive to anomalous triple gauge boson couplings (aTGCs)

● These aTGS become more important with higher center of mass energy 

→ Boosted topology especially sensitive

Illustrative plot  
from the 7 TeV  
inclusive analysis 

PhD thesis:      F. Spettel 
Master thesis:  E. Fons 



G. Cortiana 

Calorimeter topo-clusters and their calibration 

14 

"   For all analyses described before, jet calibration (and its 
uncertainty) constitutes a critical input 

"   MPP developed and fully commissioned novel ideas for the 
clustering and calibration of calorimeter signals into 
topological clusters (topo-clusters) that are used in 
subsequent physics object reconstruction 

"   follow electromagnetic  / hadronic  shower development 
"   suppress noise and pile-up energy contributions                  

(see also arXiv:1510.03823) 
"   their features are used to classify and calibrate clusters 

"   Default for √s ≥ 8 TeV analyses 
"   particularly important for ET

miss and jet                                  
(sub-structures) calibration 

"   provides a reduced JES uncertainty                  
(important for precision analyses) 

"   ATLAS paper to appear soon 

EM+JES 
calibration  
scheme 

ATLA
S

-C
O

N
F-2015-037  

graphics by T. McCarthy 

Topo-clusters grow around seeds 
according to noise dependent energy 

thresholds 
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Conclusions 
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"   The MPP group is very active on high impact Standard Model measurements 
performed using ATLAS data 

"   it provides the most precise ATLAS mtop results and has a long history driving multi-
experiment combination efforts (LHC and Tevatron+LHC). This will resume as soon as     
8 TeV results are published 

"   it is pursuing a WW -> lνjj production cross section measurement in the boosted regime, 
very sensitive to anomalous triple gauge boson coupling 

"   it delivers standards for the calorimeter energy measurements and calibrations vital for 
physics object reconstruction and precision measurements (successful hand-shake 
between physics analyses and detector performance studies) 

"   Papers / theses based on 8 TeV datasets are in the pipeline 
  … know-how and expertise ready to be applied to the 13 TeV dataset 

Stay tuned! 
Thanks for your attention! 



– Backup – 
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2015 : LHC @ 13 TeV 
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April 7th, 2015: Splash events  

May 5th, 2015: first 900 GeV collisions (injection energy)  
May 21st, 2015: first 13 TeV collisions 

First Stable beams at 13 TeV  
 June 3rd, 2015 

First top quark pair candidate event at 13 TeV 
June 4th, 2015 
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LHC performance 
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Similar performance/conditions as for 2011 data, but with almost doubled √s! 

For comparison 
√s=8 TeV <µ>= 20.7 
√s=7 TeV <µ>=  9.1 

For comparison 
√s=8 TeV  22.8 (21.3) fb-1 Del. (Rec.)  
√s=7 TeV  5.46 (5.08) fb-1 Del. (Rec.)  

2010            

2011            

2012            

2015            
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A precise determination of mtop combined with EW 
precision measurements allows for stringent tests 
of the SM and its extensions 

"   Also interesting theoretically due to its possible 
cosmological implications: 

"   depending on the values of mH and mtop, the 
Higgs quartic coupling could be rather small, 
vanish or even turn negative at a scale 
smaller than the Planck scale.  

"   This affects the shape of the SM Higgs 
potential: if the Higgs field is trapped in a 
local minimum during the early universe, it 
can cause inflation (requires a non-minimal 
Higgs coupling to gravity) 

Top and Higgs: absolute stability bound

At the same time, the combination of top-quark and Higgs boson
masses is very close to the stability bound of the SM vacuum∗ (95’), to
the Higgs inflation bound∗∗ (08’), and to asymptotic safety values for
MH andMt

∗∗∗ (09’):

Fermi Planck

φ

V

Fermi Planck

φ

V

Fermi Planck

φ

V

stability

metastability 
M crit

∗ Froggatt, Nielsen
∗∗ Bezrukov et al,

De Simone et al
∗∗∗ Wetterich, MS

Durbach, 19 September, 2013 – p. 15
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At the same time, the combination of top-quark and Higgs boson
masses is very close to the stability bound of the SM vacuum∗ (95’), to
the Higgs inflation bound∗∗ (08’), and to asymptotic safety values for
MH andMt

∗∗∗ (09’):

Fermi Planck
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Fermi Planck
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stability
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V =
1

2
µ2�2 +

1

4
��4

Higgs, top quark, and W 
boson masses are related 

The top-quark mass 
JHEP 1208 (2012) 098  

E
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hys.J. C
74 (2014) 3046  
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On the mtop definition 
"   Renormalization schemes are defined by 

which quantum fluctuations are kept in the 
dynamical matrix elements and which ones are 
absorbed into the couplings and masses 

"   Different renormalization schemes yield 
different mass definitions 

 

 
"   e.g. : 

Pole mass = pole in the propagator 

but there are self-energy corrections: 

and  Σ’ is divergent. 
The choice of the renormalization 
scheme corresponds to a particular 
definition of the mass parameter 
 

m0 

δm can be used to absorb the divergencies 

mscheme

top

= m
0

+ �m

mpole

top

: �m ⌘ ⌃0 �(mpole

top

�mMC

top

)  O(1GeV)

i
p+m

p2 �m2 + i✏

m2

top, exp

⌘
�
mMC

top

�
2

=

0

@
X

i=1,...,n

pi

1

A
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arXiv:1510.04483  
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Calorimeter topo-clusters and their calibration 
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"   For all analyses described before, jet calibration 
(and its uncertainty) constitutes a critical input 

"   MPP developed and fully commissioned novel 
ideas for the clustering and calibration of 
calorimeter signals into topological clusters (topo-
clusters) that are used in subsequent physics 
object reconstruction 

"   follow electromagnetic (EM) / hadronic (HAD) shower 
development 

"   suppress noise and pile-up energy contributions      
(see also arXiv:1510.03823) 

graphics by T. McCarthy 

σnoise (2012 pile-up conditions) 

arX
iv:1510.03823 
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Local Hadron Calibration 
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" Topo-custer shapes and other features are 
used to classify EM-like/HAD-like cluster for 
proper MC based local calibration 

"   in addition out-of-cluster and dead-material 
corrections are applied 

"   Default for √s≥8 TeV analyses 
"   particularly important for ET

miss and jet            
(sub-structures) calibration 

"   provides a reduced JES uncertainty             
(important for precision analyses) 

"   ATLAS paper to appear soon 
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Figure 9: Overview of the local hadronic cell-weighting (LCW) calibration scheme for topo-clusters. Following
the topo-cluster formation, the likelihood for a cluster to be generated by electromagnetic energy deposit (P EM

clus )
is calculated. After this, the sequence of calibration and corrections indicated in the schematics is executed, each
yielding cell signal weights for the two possible interpretations of the cluster signals. These weights are indicated
in the figure. They are then used together with P EM

clus to calculate the topo-cluster energy and barycentre from the
contributing calorimeter cells, as described in the text.

Reversely, very hadronic topo-clusters with P EM
clus = 0 receive the appropriate hadronic calibration and729

hadronic-signal-specific signal loss corrections.730

The main di�erences in the hadronic and electromagnetic calibration of topo-clusters are the magnitudes731

of the applied corrections, which in case of EM are significantly smaller than for HAD. Applying an732

exclusive categorisation based on the probability distributions described in Sect. 5.2 can lead to inconsistent733

calibrations especially for low energetic or small (few cells only) clusters, as misclassification for these734

kinds of topo-clusters is more likely than for clusters with higher energies or larger sizes. To allow for735

smooth transitions and reduce the dependency on the classification, the signal weights wcal
cell applied to cell736

signals in the topo-cluster at any of the calibration and correction steps are calculated as737

wcal
cell = P EM

clus · wem-cal
cell + (1 � P EM

clus ) · whad-cal
cell . (17)

The weights wem-cal
cell and whad-cal

cell represent the factors applied by the EM or HAD calibration to the cell738

signal. The e�ective representation of all calibration steps in terms of these cell-level signal weights739

implements a consistent approach independent of the nature of the actual correction applied at any given740

step. As detailed in Sects. 5.3 to 5.5, the weights can depend on the cell signal itself, thus yielding a741

di�erent weight for each cell. They can also represent cluster-level corrections generating the same weight742

for all cells, or a subset of cells, of the topo-cluster. This cell weighting scheme therefore provides not743

only the corrected overall cluster energy after each calibration step by weighted cell signal re-summation,744

but also the corresponding (possibly modified) cluster barycentre. Thus the cumulative e�ect on the topo-745

cluster energy and direction can be validated after each step. The steps of the general LCW calibration746

are schematically summarised in Fig. 9, and the individual steps are described in more detail below.747

The EM calibrations and corrections and their respective parameters are determined with single particle748

MC simulations of neutral pions for a large set of energies distributed flat in terms of log(E) between 200749

MeV and 2 TeV, at various directions ⌘. The same energy and ⌘ phase space is used for the corresponding750

simulations of charged pions to determine the HAD calibrations and corrections. The signals in these751

simulations are reconstructed with thresholds corresponding to the nominal � EM
noise for a given run period,752

which reflects the pile-up conditions according to Eq. (1) in Sect. 2.2.2. Only electronic noise is added753

into the signal formation in the MC simulation, so that the derived calibrations and corrections e�ectively754

correct for signal losses introduced by the clustering itself. In particular additional signal from pile-up755
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Figure 9: Overview of the local hadronic cell-weighting (LCW) calibration scheme for topo-clusters. Following
the topo-cluster formation, the likelihood for a cluster to be generated by electromagnetic energy deposit (P EM

clus )
is calculated. After this, the sequence of calibration and corrections indicated in the schematics is executed, each
yielding cell signal weights for the two possible interpretations of the cluster signals. These weights are indicated
in the figure. They are then used together with P EM

clus to calculate the topo-cluster energy and barycentre from the
contributing calorimeter cells, as described in the text.
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cell represent the factors applied by the EM or HAD calibration to the cell738

signal. The e�ective representation of all calibration steps in terms of these cell-level signal weights739

implements a consistent approach independent of the nature of the actual correction applied at any given740

step. As detailed in Sects. 5.3 to 5.5, the weights can depend on the cell signal itself, thus yielding a741

di�erent weight for each cell. They can also represent cluster-level corrections generating the same weight742

for all cells, or a subset of cells, of the topo-cluster. This cell weighting scheme therefore provides not743

only the corrected overall cluster energy after each calibration step by weighted cell signal re-summation,744

but also the corresponding (possibly modified) cluster barycentre. Thus the cumulative e�ect on the topo-745

cluster energy and direction can be validated after each step. The steps of the general LCW calibration746

are schematically summarised in Fig. 9, and the individual steps are described in more detail below.747

The EM calibrations and corrections and their respective parameters are determined with single particle748

MC simulations of neutral pions for a large set of energies distributed flat in terms of log(E) between 200749

MeV and 2 TeV, at various directions ⌘. The same energy and ⌘ phase space is used for the corresponding750

simulations of charged pions to determine the HAD calibrations and corrections. The signals in these751

simulations are reconstructed with thresholds corresponding to the nominal � EM
noise for a given run period,752

which reflects the pile-up conditions according to Eq. (1) in Sect. 2.2.2. Only electronic noise is added753

into the signal formation in the MC simulation, so that the derived calibrations and corrections e�ectively754

correct for signal losses introduced by the clustering itself. In particular additional signal from pile-up755
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