
FROM RAW DATA TO PHYSICS 

LECTURE 3 
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WHAT DO WE RECONSTRUCT 
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Simplified Detector Transverse View 
Muon Spectrometer 

Toroids 
HadCAL 
EMCAL 

Solenoid 
TRT 
SCT 

Pixels 
 

photon 

ν 

Tracks and  
Clusters 

 
Combining those:  

“objects”  
(“particles”) 
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RECONSTRUCTING PARTICLES 

photon 
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TAUS 
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A tau jet (signal)… 

…vs. a QCD jet (background) 

Tau Decay Mode B.R. 

Leptonic τ±	
  à	
  e±	
  +	
  ν	
  +	
  ν	
   17.8% 

τ±	
  à	
  μ±	
  +	
  ν	
  +	
  ν	
   17.4% 

Hadronic 1-
prong 

τ±	
  à	
  π±	
  +	
  ν	
  	
   11% 

τ±	
  à	
  π±	
  +	
  ν	
  +	
  nπ0	
  	
   35% 

3-
prong 

τ±	
  à	
  3π±	
  +	
  ν	
  	
   9% 

τ±	
  à	
  3π±	
  +	
  ν	
  +	
  nπ0	
  	
   5% 

Other ~5% 

¥  Hadronic tau reconstruction extremely 
challenging. 

¥  Using multi-variate techniques based 
on track multiplicity and shower shapes. 



Calibration 

LECTURE 3 
Reconstruction 

7 

Detector Trigger 

Data  
Prep 

# 
ev

en
ts

 

Monte Carlo Simulations 
Publication 

Data analysis 

Relevant quantity 

Signal 

Background 



Measurements 

Cross-
section 

Mass 

Other 
properties 

Searches 

Bump 

Tail 

PHYSICS ANALYSES 
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¥  Allow 
important tests 
of the 
consistency of 
the theory. 

¥  Typically 
limited by 
systematic 
uncertainties. 

¥  … For new 
particles.  

¥  If no signal, set 
limits on some 
model.  

¥  If signal, a 
potential discovery! 

¥  More data typically 
improve a search. 
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¥  Allow 
important tests 
of the 
consistency of 
the theory. 

¥  Typically 
limited by 
systematic 
uncertainties. 

¥  … For new 
particles.  

¥  If no signal, set 
limits on some 
model.  

¥  If signal, a 
potential discovery! 

¥  More data typically 
improve a search. 

“Systematic” uncertainties 
are introduced by 

inaccuracies in the 
methods used to perform 

the measurement. 
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¥  Allow 
important tests 
of the 
consistency of 
the theory. 

¥  Typically 
limited by 
systematic 
uncertainties. 

¥  … For new 
particles.  

¥  If no signal, set 
limits on some 
model.  

¥  If signal, a 
potential discovery! 

¥  More data typically 
improve a search. 



A SIMPLE EXAMPLE: 

12 

MEASURING Z0 CROSS-SECTION 
AT LHC 



MEASURING Z0 CROSS-SECTION AT LHC 

Z0 

q 

q 

e+/ µ+ 
 

e- / µ- 
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¥  Z0 boson decays to lepton or quark pairs 
¥   We can reconstruct it in the e+e- or µ+µ- decay modes 

¥  Discovery and study of the Z0 boson was a critical part of understanding 
the electroweak force 

¥ Measuring the Z0 cross-section at the LHC important test of theory 
¥   Does the measurement agree with the theoretical prediction at LHC 

collision energy? 

� · BR = Number of events

↵·✏·L

↵ : acceptance

✏ : e�ciency

L : luminosity

¥  Z0 cross-section is related to the probability that we will produce a Z0 at the LHC. 
¥  Now we use the Z0 as a tool for studying electron and muon reconstruction and 

deriving calibrations. 



MEASURING Z0 CROSS-SECTION AT LHC 

Z0 

q 

q 

e+/ µ+ 
 

e- / µ- 
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Z->µµ event in CMS 

15 



RECONSTRUCTING Z0’S 
Identify Z decays using the invariant mass of the 2 leptons 
M2 = (L1+L2)2   where Li = (Ei,pi) = 4-vector for lepton i 
 
Under assumption that lepton is massless compared to mass of Z0 

 => M2 = 2 E1 E2 (1-cosϑ12)   where ϑ12= angle between the leptons 

How do we know if it’s a Z0: 

¥  So need to reconstruct the electron and 
muon energy and direction. Then can 
calculate the mass. 
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Select Z0 events with ‘analysis cuts’: 
¥  Events with 2 high momentum electrons 

or muons 
¥  Require the electrons or muons are of 

opposite charge 
¥ With di-lepton mass close to the Z0 

mass (e.g. 70<ml+l-<110 GeV) 

Very little background in the Z0 mass region 

Z0 

e+/ µ+ 
 

e- / µ- 
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calculate the mass. 
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Select Z0 events with ‘analysis cuts’: 
¥  Events with 2 high momentum electrons 

or muons 
¥  Require the electrons or muons are of 

opposite charge 
¥ With di-lepton mass close to the Z0 

mass (e.g. 70<ml+l-<110 GeV) 

Very little background in the Z0 mass region 

Z0 

e+/ µ+ 
 

e- / µ- 
 



A STEP BACK 
IN TIME… 

18 http://www.nobelprize.org/nobel_prizes/physics/laureates/1984/rubbia-lecture.pdf 

Two EM clusters with 
ET>25GeV. 
 
 
As above plus a track with 
pT>7GeV pointing to the 
cluster. Hadronic and track 
isolation requirements applied. 
 
 
 
A second custer has also an 
isolated track. 
 

Z->ee in UA1 



MEASURING THE Z0 CROSS-SECTION 

 
Cross-section calculated for: 
¥  Specific production mechanism 

(pp, pp, e+e-) 
¥  Centre-of-Mass of the collisions 

(7, 8, 13 TeV at LHC) 
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→*γ
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σ
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1

)p* (pγZ/

* (pp)γZ/

 = 7 TeV)sData 2010 (

 ll→*γATLAS  Z/
 ll→*γCMS      Z/

µµ ee/→*γCDF   Z//
 ee→*γD0      Z/
 ee→*γUA1   Z/
µµ →*γUA1   Z/

 ee→*γUA2   Z/

MSTW2008 NNLO

68%CL PDF uncertainty

ATLAS

D
at

a/
N

N
LO

  

0.95

1

1.05

N : number of observed� background events

↵ : acceptance of selection

✏ : e�ciency of selection

L : luminosity (amount of data)

� · BR = N
↵·✏·L

Experimentally 

Theoretically 
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N
um

be
r o

f e
ve

nt
s 

di-muon mass 

Data 
Zµµ (expected from MC) 

QCD (expected from data) 
Zττ  

ttbar 
Wµν, Diboson 

 

� · BR = Number of events

↵·✏·L

↵ : acceptance

✏ : e�ciency

L : luminosity

m1     m0     m2 

N of events = N of events on data – N of expected background events 
α – acceptance = fraction of events passing selection requirements 
ε – efficiency = reconstruction efficiency of relevant objects 



MEASURING THE Z0 CROSS-SECTION 

 
Cross-section calculated for: 
¥  Specific production mechanism 

(pp, pp, e+e-) 
¥  Centre-of-Mass of the collisions 

(7, 8, 13 TeV at LHC) 
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All numbers carry 
uncertainties –  
both “statistical” 
and “systematic”. 



 [nb]*γZ/σ
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

Electron channel

Muon channel

Combined

 ll)→* γ Z/→(pp σ

Theory (NNLO)

ATLAS
-1 L dt = 316-331 nb∫

 = 7 TeV)sData 2010 (

Electron and Muon 
channel agree within 
uncertainties 

Measurement 
consistent with 
prediction within 
uncertainties 
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MEASURING THE Z0 CROSS-SECTION 
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MEASURING THE W CROSS-SECTION 

W± 

q 

q’ 

e± / µ± 
 

ve
±
 / µ

± 
 
 

MT
2 = 2 ET1 ET2 (1-cosϑ12)  

Available in the 
transverse plane only! 
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 = 7 TeV)sData 2010 (

Electron and Muon 
channel agree within 
uncertainties 

Measurement 
consistent with 
prediction within 
uncertainties 
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MEASURING THE W CROSS-SECTION 



“FINAL” CALIBRATION 

25 
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MEASURING  
CROSS-SECTION  
RATIOS 
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MEASURING  
CROSS-SECTION  
RATIOS 

 [nb]*γZ/σ
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

Electron channel

Muon channel

Combined

 ll)→* γ Z/→(pp σ

Theory (NNLO)

ATLAS
-1 L dt = 316-331 nb∫

 = 7 TeV)sData 2010 (

*γZ/
fidσ / ±W

fidσ
9 9.5 10 10.5 11

 = 7 TeV)sData 2010 (
total uncertainty
exp. uncertainty

ABKM09
JR09
HERAPDF1.5
MSTW08

-1 L dt = 33-36 pb∫

ATLAS

) [nb]-l+ l→*γ BR(Z/⋅ Z
totσ

0.8 0.9 1

) [
nb

]
ν l

→
±

 B
R

(W
⋅ 

±
Wto

t
σ

8

9

10

11

 = 7 TeV)sData 2010 (
MSTW08
HERAPDF1.5
ABKM09
JR09

total uncertainty
 acc⊕ sys ⊕sta 
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General aim:  

find ways to reduce the uncertainties! 



Physics Analysis 

Compare theory and experiment 

Physics Analysis 

28 

Reconstruct Electron and 
Muon candidates 

Apply event selection: 
1.  Select events with 2 

oppositely charged 
Electrons/Muons 

2.  Calculate mass 
3.  Select events with mass 

close to Z mass 

Detector & Trigger 

Reconstruction 

Simulated data 

Reconstruction 

ANALYSIS FLOW IN  
Z0 CROSS-SECTION MEASUREMENT 

Apply Good Run List Data Quality 



ANALYSIS FLOW IN  
Z0 CROSS-SECTION MEASUREMENT 

Detector & Trigger 

Reconstruction 

Physics Analysis 

Compare theory and experiment 

Simulated data 

Reconstruction 

Physics Analysis 

Centrally produced by the 
collaboration   

Produced by analysis teams, ranging in size (from a couple to many more) 

Data Quality 



ANOTHER SIMPLE EXAMPLE: 
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SEARCH FOR A HEAVY Z’ 



WHAT IS THIS SEARCH ABOUT 

31 
What’s out there? 



¥  Like Z->ee but at higher mass. 

32 

SEARCH FOR A NEW HEAVY Z’ 



¥  Like Z->ee but at higher mass. 
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SEARCH FOR A NEW HEAVY Z’ 

Z→e+e- 



¥  Like Z->ee but at higher mass. 
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SEARCH FOR A NEW HEAVY Z’ 

Z→e+e- 

Select 2 electron 
candidates and plot 
their invariant mass for:  
1.  Data 



¥  Like Z->ee but at higher mass. 
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SEARCH FOR A NEW HEAVY Z’ 

Z→e+e- 

Select 2 electron 
candidates and plot 
their invariant mass for:  
1.  Data 
2.  Simulated 

background 
events 



¥  Like Z->ee but at higher mass. 
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SEARCH FOR A NEW HEAVY Z’ 

Z→e+e- 

Select 2 electron 
candidates and plot 
their invariant mass for:  
1.  Data 
2.  Simulated 

background 
events 

3.  Simulated signal 
with different 
masses 



¥  Like Z->ee but at higher mass. 
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SEARCH FOR A NEW HEAVY Z’ 

Z→e+e- 

Select 2 electron 
candidates and plot 
their invariant mass for:  
1.  Data 
2.  Simulated 

background 
events 

3.  Simulated signal 
with different 
masses 

Data inconsistent 
with a 1TeV Z’ 



¥  Like Z->ee but at higher mass. 
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SEARCH FOR A NEW HEAVY Z’ 

Z→e+e- 

Select 2 electron 
candidates and plot 
their invariant mass for:  
1.  Data 
2.  Simulated 

background 
events 

3.  Simulated signal 
with different 
masses 

Cross-section 
decreases with 
mass 
(higher the mass of 
the Z’, the more 
data needed to 
discover it) 



¥ And similar for muons 
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SEARCH FOR A NEW HEAVY Z’ 

Z→µ+µ- 

Select 2 muon 
candidates and plot 
their invariant mass for:  
1.  Data 
2.  Simulated 

background 
events 

3.  Simulated signal 
with different 
masses 

Data inconsistent 
with a 1TeV Z’ 



A SMALL COMPARISON 

40 

µ+µ- e+e- 

Differences in: 
¥  Resolution  
¥  Background composition 
¥  Dataset 
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EVOLUTION… 
µ+µ- e+e- 



42 



AND A MORE COMPLICATED 
EXAMPLE: 

43 

SEARCH FOR SUSY IN EVENTS WITH 
LARGE JET MULTIPLICITIES 

q̃

g̃

�̃0
1

p p
q̃

q
q

�̃0
2 ˜̀

�̃0
1

` `

q A"typical"SUSY""
decay"chain"



SEARCHES… 
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Signal 

Relevant quantity 

# 
ev

en
ts

 

Signal 

Background 



A “WELL KNOWN” BUMP SEARCH 

45 



TYPICAL SUSY SEARCHES 
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Signal 

Relevant quantity 

# 
ev

en
ts

 

Signal 

Background 



TYPICAL SUSY SEARCHES 
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Signal 

Relevant quantity 

# 
ev

en
ts

 

Signal 

Background 

E.g. MET 

Estimated using a 
combination of 
data-driven and 
MC-based 
methods. 



THE SUSY MULTIJET SEARCH 

where 

Why MET/√HT  ? 
⇒  a measure of MET in units of  
standard deviations of the fake MET 

HT =
P

j p
j
T

�pT
pT

= N
pT

� Sp
pT

� C

MET/!HT 

nJ
et

s 

SM  
BGR New physics 

a.
u.

 

nJets 

New physics 
Signal 
Region 

MET/√HT 

nJ
et

s 

Signal 
region 

SM 
background 

New physics 

New physics 

Dominant background: SM multijet production; fake MET from jet mis-measurements. 
Estimated using a combination of data-driven methods and Monte-Carlo based 
methods. Validated in control regions. Typical treatment of (SUSY) searches. 



EVENT SELECTIONS 
“b-jet stream” 

8 jets, 0 b-jets 

9 jets, ≥2 b-jets 

13 signal regions overall ranging in jet pT and jet & b-jet multiplicity. 49 



EVENT SELECTIONS 
“fat-jet stream” 

t
W±

b

q

q

50 



EVENT SELECTIONS 
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“fat-jet stream” 
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EVENT SELECTIONS 

t
W±

b
q
q

“fat-jet stream” 
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Fat-jets are a key signature in 
searches for boosted objects, 
e.g. boosted tops. 



EVENT SELECTIONS 

t
W±

b
q
q

q
q

Proposed in arXiv:1202.0558 

mj (QCD) < mj (SUSY)

“fat-jet stream” 
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Proposed in arXiv:1202.0558 

mj (QCD) < mj (SUSY)

“fat-jet stream” 
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EVENT SELECTIONS 

t
W±

b
q
q

q
q

Proposed in arXiv:1202.0558 
M⌃

J =
nJP
i=1

mji
mj (QCD) < mj (SUSY)

6 signal regions overall ranging in jet multiplicity and         cuts. 

“fat-jet stream” 
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EVENT SELECTIONS 
“b-jet stream” 

M⌃
J =

nJP
i=1

mji

Proposed in arXiv:1202.0558 

ID 8j50 9j50 ≥10j50 7j80 ≥8j80 
Jet |η| < 2.0 
Jet pT 50 GeV 80 GeV 
Jet count =8 =9 ≥10 =7 ≥8 
b-jets 0  1 ≥2 0  1 ≥2  - 0  1 ≥2 0 1 ≥2 

MET/√HT   > 4 GeV ½  

ID ≥8j50 ≥9j50 ≥10j50 
Jet |η| < 2.8 
Jet pT 50 GeV 
Jet count ≥8 ≥9 ≥10 
            (GeV) >340 >420 >340 >420 >340 >420 

MET/√HT   > 4 GeV ½  

“fat-jet stream” 

Jet 

b 
Je

t 

57 



RESULTS 
b-

je
t s

tre
am
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ID 8j50 9j50 ≥10j50 
b-jets 0  1 ≥2 0  1 ≥2 0  
Expected evts 35±4 40±10 50±10 3.3±0.7 6.1±1.7 8.0±2.7 1.37±0.35 
Observed evts 40 44 44 5 8 7 3 
Significance (σ) 0.7 -0.02 -0.6 0.8 0.6 -0.28 1.11 

ID 7j80 ≥8j80 
b-jets 0  1 ≥2 0  1 ≥2 
Expected evts 11.0±2.2 17±6 25±10 0.9±0.6 1.5±0.9 3.3±2.2 
Observed evts 12 17 13 2 1 3 
Significance (σ) 0.05 -0.14 -1.0 0.9 -0.28 -0.06 

ID ≥8j50 ≥9j50 ≥10j50 
         (GeV) 340 420 340 420 340 420 
Expected evts 75±19 45±14 17±7 11±5 3.2±3.7 2.2±2.0 
Observed evts 69 37 13 9 1 1 
Significance (σ) -0.27 -0.6 -0.6 -0.34 -0.8 -0.6 
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ID 8j50 9j50 ≥10j50 
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Significance (σ) 0.05 -0.14 -1.0 0.9 -0.28 -0.06 

ID ≥8j50 ≥9j50 ≥10j50 
         (GeV) 340 420 340 420 340 420 
Expected evts 75±19 45±14 17±7 11±5 3.2±3.7 2.2±2.0 
Observed evts 69 37 13 9 1 1 
Significance (σ) -0.27 -0.6 -0.6 -0.34 -0.8 -0.6 
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RESULTS 
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TRIGGER MENUS FOR SUSY 

Hadron Collider Physics Symposium 2012

Table 2. SUSY-motivated triggers in the 2012 trigger menu. The �� selection is applied at EF, between the
Emiss

T and the two leading jets with ET >45 GeV. HT is defined as the sum of jets with ET >45 GeV, and is
calculated in events that already satisfied the requirement of a leading jet ET >145 GeV. In some combined

triggers, EF-only selections are implemented for jets and Emiss
T when the L2 rejection is su�cient; this feature

provides optimal online to o✏ine correlations, as at EF the jet and Emiss
T reconstruction is similar to o✏ine.

Selection EF trigger election
EF Avg. Rate

(Hz)
Lavrg=5e33/cm2s

Single jet Jet ET >145 GeV 8& Emiss
T & EF-only Emiss

T >70 GeV
Single jet Jet ET >80 GeV 8& Emiss

T & ��(jet,Emiss
T ) & Emiss

T >70 GeV & �� >1.0 rad
HT >700 GeV 8

Single electron Electron pT >25 GeV 26& Emiss
T & EF-only Emiss

T >35 GeV
Single muon Muon pT >24 GeV 15& single jet & Emiss

T & jet ET >65 GeV & EF-only Emiss
T >40 GeV

Single photon Photon pT >40 GeV 5& Emiss
T & EF-only Emiss

T >60 GeV
3 electrons pT > 18, 2⇥7 GeV <1
3 muons pT > 18, 2⇥4 GeV <1

3 electrons & muons pT > 2⇥7 (e), 6 (µ) GeV <1
pT > 7 (e), 2⇥6 (µ) GeV <1

Table 3. Triggers in the delayed stream, introduced to enhance the trigger coverage for searches for which
SUSY was one of the main motivations. The Emiss

T selection di↵ers not only at the HLT but also at the L1, where
it is looser by 5 GeV. The jet variable R corresponds to the jet cone size.

Trigger EF trigger Selection
Prompt Stream Delayed Stream

Multi-jets
4⇥80 GeV 4⇥65 GeV
5⇥55 GeV 5⇥45 GeV6⇥45 GeV

HT 700 GeV 500 GeV
Single jet (R = 1.0) 460 GeV 360 GeV
Emiss

T 80 GeV 60 GeV

5 Summary

The improvements made to jet and Emiss
T triggers for 2012 together with new trigger selections and

the addition of a delayed processing stream have allowed ATLAS to meet the challenges of increased
luminosity and pile-up and maintain excellent e�ciency for SUSY signals in 2012 data taking.
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‘DELAYED’ TRIGGERS 

Hadron Collider Physics Symposium 2012

Table 2. SUSY-motivated triggers in the 2012 trigger menu. The �� selection is applied at EF, between the
Emiss

T and the two leading jets with ET >45 GeV. HT is defined as the sum of jets with ET >45 GeV, and is
calculated in events that already satisfied the requirement of a leading jet ET >145 GeV. In some combined

triggers, EF-only selections are implemented for jets and Emiss
T when the L2 rejection is su�cient; this feature

provides optimal online to o✏ine correlations, as at EF the jet and Emiss
T reconstruction is similar to o✏ine.

Selection EF trigger election
EF Avg. Rate

(Hz)
Lavrg=5e33/cm2s

Single jet Jet ET >145 GeV 8& Emiss
T & EF-only Emiss

T >70 GeV
Single jet Jet ET >80 GeV 8& Emiss

T & ��(jet,Emiss
T ) & Emiss

T >70 GeV & �� >1.0 rad
HT >700 GeV 8

Single electron Electron pT >25 GeV 26& Emiss
T & EF-only Emiss

T >35 GeV
Single muon Muon pT >24 GeV 15& single jet & Emiss

T & jet ET >65 GeV & EF-only Emiss
T >40 GeV

Single photon Photon pT >40 GeV 5& Emiss
T & EF-only Emiss

T >60 GeV
3 electrons pT > 18, 2⇥7 GeV <1
3 muons pT > 18, 2⇥4 GeV <1

3 electrons & muons pT > 2⇥7 (e), 6 (µ) GeV <1
pT > 7 (e), 2⇥6 (µ) GeV <1

Table 3. Triggers in the delayed stream, introduced to enhance the trigger coverage for searches for which
SUSY was one of the main motivations. The Emiss

T selection di↵ers not only at the HLT but also at the L1, where
it is looser by 5 GeV. The jet variable R corresponds to the jet cone size.

Trigger EF trigger Selection
Prompt Stream Delayed Stream

Multi-jets
4⇥80 GeV 4⇥65 GeV
5⇥55 GeV 5⇥45 GeV6⇥45 GeV

HT 700 GeV 500 GeV
Single jet (R = 1.0) 460 GeV 360 GeV
Emiss

T 80 GeV 60 GeV

5 Summary

The improvements made to jet and Emiss
T triggers for 2012 together with new trigger selections and

the addition of a delayed processing stream have allowed ATLAS to meet the challenges of increased
luminosity and pile-up and maintain excellent e�ciency for SUSY signals in 2012 data taking.
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THE SUSY MULTIJET SEARCH 

Why MET/√HT  ? 
⇒  a measure of MET in units of  
standard deviations of the fake MET 
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LEPTONIC BACKGROUNDS 
¥  ttbar (non-full-hadronic) + jets and W/Z + jets. 
¥  Scale MC in control regions in data (through a multi-bin fit). 

¥  Uncertainties dominating the leptonic background 
determination: JES/JER, b-tagging, pile-up and theory.  

Single-lepton validation region

Lepton pT > 25GeV

Lepton multiplicity Exactly one, ` 2 {e, µ}

Emiss
T > 30GeV

Emiss
T /

p
HT > 2.0 GeV1/2

mT < 120GeV

Jet pT

Jet multiplicity As for signal regions
(table 1)b-jet multiplicity

M⌃
J

Control region (additional criteria)

Jet multiplicity Unit increment if p`T > pmin
T

Emiss
T /

q
HT (+p`T) > 4.0 GeV1/2

Table 2: The selection criteria for the validation and control regions for the tt̄ and

W + jets backgrounds. In the control region the lepton is recast as a jet so it contributes

to HT if p`T > 40GeV and to the jet multiplicity count if p`T > pmin
T .

consistent with that of the Z boson. To create control regions that emulate the signal

regions, the lepton transverse momenta are added to the missing momentum two-vector

and then the requirement Emiss
T /

p
HT > 4 GeV1/2 is applied. This emulates the situation

expected for the Z ! ⌫⌫ background. The details of the selection criteria are given in table

3. This selection, but with relaxed jet multiplicity criteria, is used to validate the Monte

Carlo simulation description of this process; however, insu�cient events remain at high jet

multiplicity, so the estimation of this background is taken from Monte Carlo simulations.

Two-lepton validation region

Lepton pT > 25GeV

Lepton multiplicity Exactly two, e e or µµ

m`` 80GeV to 100GeV

Jet pT

Jet multiplicity As for signal regions
(table 1)b-jet multiplicity

M⌃
J

Control region (additional criteria)

|pmiss
T + p

`1
T + p

`2
T |/

p
HT > 4.0 GeV1/2

Table 3: The selection criteria for the validation and control regions for the Z + jets

background.
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THE STATISTICAL TREATMENT 

Flavour stream 
Simultaneous fit in the ‘j50’ and ‘j80’ signal regions separately. 
¥  ttbar & W+jets: one control region per signal region. 

Normalization allowed to vary freely in the fit. 
¥  Other less significant backgrounds; determined using MC. 

Constrained by their uncertainties. 
¥  Multijet background; not constrained by control regions. 

Constrained by its uncertainties. 
MJ stream 

A fit performed in each signal region to adjust the normalization 
of ttbar and W backgrounds. 
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INTERPRETATIONS 
‘Real models’ 
¥  A minimal model, Constraint Minimal SUSY (CMSSM) 
(mSugra, i.e. gravity-mediated, based) only has 5 free 
parameters: 

¡  Scalar mass parameter, m0  
¡  Gaugino mass parameter, m1/2 
¡  Trilinear Higgs-sfermion-sfermion coupling, A0 
¡  Ratio of Higgs vaccum expectation values, tanβ  
¡  Sign of SUSY Higgs parameter, sign(µ) 

‘Simplified models’ 
¥  Simplified topologies with typically one production and one 

decay process. Provide useful information for theorists. 

m0 (GeV) 

m
1/

2 
(G

eV
) 

tanβ=10 
A0=0 
µ>0    

A typical  
mSUGRA  grid 
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INTERPRETATIONS 
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INTERPRETATIONS 
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INTERPRETATIONS 

¥  Note that the multijet analysis is not optimized for a specific model, 
it is built to be as model-independent as possible.  

¥  Multijet analysis is strong in other simplified models, e.g. gluino 
pair production via 2-step decay to 12 jets.  
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QCD BACKGROUNDS IN SUSY 
All (SUSY) analyses use data-driven methods for assessing multi-
jet SM production.   
Monte Carlo can not be used when large multiplicities are involved: 
¥  Inclusive multi-jet / multi-parton samples provided by Monte Carlo 

generators recently only.  
¥  E.g. only very latest Sherpa release provides NLO calculations 

up to four jets.   
¥  Monte Carlo predictions have not yet been validated with multi-jet 

data. 
¥  Detailed comparisons between data and various Monte Carlo 

generators and theoretical predictions would provide extremely 
useful input to the theory community in understanding QCD.  
¥  They would also provide a great understanding of a dominant 

SUSY background in view of run2. 
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E.G. FOUR-JET  
TOPOLOGIES & OBSERVABLES 

Category Variable 
Simple kinematic & ratios pT, η, φ, HT, pTi/pTj 

Angles Δηij, Δφij, ΔRij 
Masses & ratios mij, mijk, m4, mi/mij, mi/mijk, mi/m4 

Event shapes Σ pT
2 / Σ p2 

vs vs 
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E.G. FOUR-JET  
TOPOLOGIES & OBSERVABLES 

2014-09-19 15:45 DRAFT 5

Name Definition Comment

pTi Transverse momentum of the ith jet )
Sorted descending in pT

Yi Rapidity of the ith jet

HT
4P

i=1
pTi Scalar sum of the pT of the four jets

Mjjjj

 
4P

i=1
Ei

!2

�
 

4P
i=1

pi

!2

Invariant mass of the four jets

Mmin
jj mini, j2[1,4]

i, j

✓⇣
Ei + E j

⌘2 �
⇣
pi + p j

⌘2
◆

Minimum invariant mass of any two jets

��min
i j mini, j2[1,4]

i, j

⇣
|�i � � j|

⌘
Min azimuthal separation of two jets

�Ymin
i j mini, j2[1,4]

i, j

⇣
|Yi � Y j|

⌘
Min rapidity separation of two jets

��min
i jk mini, j,k2[1,4]

i< j<k

⇣
|��i j| + |�� jk|

⌘
Min azimuthal separation between three jets

�Ymin
i jk mini, j,k2[1,4]

i< j<k

⇣
|�Yi j| + |�Y jk|

⌘
Min rapidity separation between three jets

�Ymax
i j �Ymax

i j = maxi, j2[1,4]
⇣
|Yi � Y j|

⌘
Max rapidity di↵erence between two jets

⌃pcentral
T Sum of pT of the two central-rapidity jets Excludes jets having �Ymax

i j

Table 3: Definitions of the various kinematic variables used. Only the four jets with the largest pT are
considered.
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E.G. FOUR-JET  
MONTE CARLO SAMPLES 
2014-09-19 15:45 DRAFT 4

Name Hard process PDF Parton shower Underlying event Tune

Pythia8-CT10 PYTHIA 8 CT10 PYTHIA 8 PYTHIA 8 AU2-CT10

Pythia8-CTEQ6L1 PYTHIA 8 CTEQ6L1(†) PYTHIA 8 PYTHIA 8 AU2-CTEQ6L1

Herwig++ Herwig++ CTEQ6L1 Herwig++ Herwig++ UE-EE-3-CTEQ6L1

Alpgen+Herwig Alpgen CTEQ6L1 HERWIG 6 JIMMY AUET2-CTEQ6L1

Alpgen+Pythia Alpgen CTEQ6L1 PYTHIA 6 PYTHIA 6 Perugia 2011C

Madgraph+Pythia Madgraph CTEQ6L1 PYTHIA 6 PYTHIA 6 AUET2B-CTEQ6L1

Sherpa Sherpa Sherpa Sherpa

Table 2: The di↵erent Monte Carlo generators used for comparison against the data are listed, together
with the parton distribution functions, parton shower algorithms, underlying event and parameter tunes.
(†) The Pythia8-CT6L1 sample uses CT10 when calculating the Matrix Element but CTEQ6L1 when
simulating the parton shower and underlying event. The first listed sample (Pythia8-CT10) is used for
the deconvolution of detector e↵ects.

3.3 Monte Carlo samples86

Monte Carlo samples, simulated with the GEANT4-based [10] ATLAS detector simulation [11], are87

used to deconvolve detector e↵ects.88

For the hard scattering process, two leading-order two-to-two generators, PYTHIA 8.160 [12] and89

Herwig++ 2.5.2 [13], are compared with the leading-order multi-leg generators Alpgen 2.14 [14],90

Sherpa ?? version and reference and Madgraph5 v1.5.12 [15]. The PDFs used are the next-to-leading-91

order CT10 [16] or the leading-order distributions of CTEQ6L1 [17] as shown in table 2. The Alpgen92

samples employ one of two di↵erent parton shower models, the cluster model of HERWIG 6.520 [18]93

or the string model of PYTHIA 6.427 [19]. When Alpgen is used with the HERWIG parton shower, the94

underlying event is generated with JIMMY 4.31 [20]. The parameter tunes employed are the ATLAS95

tunes AU2 [21], AUET2 [22], and AUET2B [23], the Herwig++ tune UE-EE-3 [24] and the PYTHIA tune96

Perugia 2011C [25].97

PYTHIA and Herwig++ are both leading-logarithmic parton shower (PS) models matched to leading-98

order matrix element (ME) calculations, but with di↵erent ordering algorithms for parton shower-99

ing, and di↵erent hadronization models. The generators with multi-leg matrix elements have up to100

how many partons Each sample is generated using a set of non-overlapping of minimum and max-101

imum transverse momenta requirements on the hard scatter process, and those sub-samples merged in102

order to provide su�cent numbers of simulated events accross the kinematic range of interest.103

3.4 Kinematic variables104

Cross sections are measured di↵erentially using the kinematical variables defined in table 3. As well105

as basic kinematic quantities, such as jet transverse momenta (pT) and rapidity (Y) , other variables106

are selected in part to provide sensitivity to di↵erences between di↵erent Monte Carlo models of QCD107

processes. For example, the four-jet invariant mass Mjjjj is sensitive to the largest energy scales in the108

event whereas Mmin
jj probes the smallest jet-splitting scale. The ratio Mmin

jj /Mjjjj therefore provides109

information about the range of energy scales relevant to the QCD calculation. The variables �Ymax
i j110

and ⌃pcentral
T are designed to be sensitive to events with forward jets. The azimuthal variable ��min

i jk111

distinguishes events with pairs of nearby jets (with large ��min
i jk ) from the recoil of three jets against112
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Rate (2012 conditions) 
20 MHz 

Bunch crossing rate 
6.4x108 

Interactions/s 
 
75 kHz 
Peak rate 
 
 
 

6 kHz 
Peak rate 
 
600 Hz 
Avg. rate, including 
200 Hz delayed stream  
(stored for later reconstruction 
when computing resources 
available) 
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TRIGGER 

 [GeV]
T

 leading jet pthOffline calibrated 6
0 20 40 60 80 100 120

Tr
ig

ge
r E

ffi
ci

en
cy

0

0.2

0.4

0.6

0.8

1

Signal distribution
2011 5-jet trigger
2012 6-jet trigger (prompt)
2012 5-jet trigger (delayed)

 SimulationATLAS

1
0

χ∼t t→g~

)=700GeV
1
0

χ∼)=1100GeV, m(g~m(

Ev
en

ts
 (a

rb
itr

ar
y 

no
rm

al
iz

at
io

n)

0

200

400

600

800

1000

 [GeV]
T

 leading jet pthOffline calibrated 5
0 20 40 60 80 100 120

Tr
ig

ge
r E

ffi
ci

en
cy

0

0.2

0.4

0.6

0.8

1

Signal distribution
2011 5-jet trigger
2012 5-jet trigger (delayed)

 SimulationATLAS

1
0

χ∼ t→t~

)=350GeV
1
0

χ∼)=550GeV, m(t~m(

Ev
en

ts
 (a

rb
itr

ar
y 

no
rm

al
iz

at
io

n)

0

200

400

600

800

1000

Multijet trigger improvements in 2012 

Signal triggers 
Jet Multiplicity pT cut |η| 

6 45  
3.2 5 55 

Background/support triggers 
Type Purpose 

Multijet 
(prescaled) 

Efficiencies & Control 
regions 

Single 
lepton 

Control regions 

100 



THE BENEFITS 
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THE CHALLENGES 

Simulated noise in the Liquid Argon and Tile calorimeters at the electron scale 

The calorimeter 
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THE ‘SOLUTIONS’ 

Detector extensions, e.g. extra muon chambers at 1.0<|η|<1.3. 

Ongoing trigger upgrade that will: 

¥  Increase the peak L1 rate to 100kHz. 

¥  Provide possibility to select on combined L1 quantities 
(angles, masses, etc). 

¥  Provide tracks at the input of the HLT for better object ID. 

¥  Ensure more efficient and flexible HLT reconstruction with a 
merged (L2 & EF) HLT. 

Clever ideas for better & more robust object reconstruction. 
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THE PROSPECTS 
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THE PROSPECTS 

We seek a 
discovery. 
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1 Introduction

Knowledge of the quality of recorded data underpins all particle physics results. Careful monitoring of
data quality is necessary to understand data conditions and to enable the diagnosis and elimination of
detector problems. The purpose of this note is to provide a summary of the data quality operations and
organization followed by ATLAS in 2012, from data taking to the delivery of the final dataset suitable for
physics analysis. Section 2 describes the global ATLAS data quality organisation, and a summary of the
ATLAS data quality losses will be given in Section 2.2. In Sections 3 to 24, the data quality organisation
and performance will be detailed separately for each subsystem. Finally, Section 25 concludes with a
short list of recommendations for the LHC Run2.

2 ATLAS Data Quality Operations

Figure 1: The ATLAS data quality operation scheme in 2012.

Figure 1 shows the data quality operation scheme followed by the ATLAS collaboration in 2012. A
first data quality assessment is performed online in the ATLAS control room with dedicated tools [1]. The
online monitoring is done by the system shifters (detectors, trigger, luminosity, TDAQ) and a global data
quality shifter. The goal of the online monitoring is to spot detector failures as quickly as possible, and to
limit the amount of unrecoverable data due to severe coverage losses, timing shifts and data corruption.
The monitoring plots are archived and can be retrieved o✏ine for further cross-checks.
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MC DATA 
Non-hadronic ttbar & V+Jets:  
o  Use lepton VRs to validate MC. 
o  Transform them into CRs and 
include the leptons to the jet 
counting. 
o  Extrapolate from MC to data. 

MET/√HT 
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QCD & hadronic ttbar:  
o  Get MET/√HT template from low nJet [including SR MJ or b-
jet selections], 
o  Get normalization in SR using CxB/A, where all A, B and C 
are corrected for EW and ttbar contributions. 
Assumption: MET/√HT invariant to nJets. 
o  ΣET

CellOut/HT weighting done to account for soft energy. 
o  Use CRs (of lower jet multiplicity) for validation.  

¥  Template extracted from ‘6j50’ and validated in ‘7j50’. 
¥  Discrepancies in control regions become uncertainties; 

dominant, on top of heavy flavor and ‘leptonic’ backgrounds. 

QCD & Hadronic ttbar 
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QCD & hadronic ttbar:  
o  Get MET/√HT template from low nJet [including SR MJ or b-
jet selections], 
o  Get normalization in SR using CxB/A, where all A, B and C 
are corrected for EW and ttbar contributions. 
Assumption: MET/√HT invariant to nJets. 
o  ΣET

CellOut/HT weighting done to account for soft energy. 
o  Use CRs (of lower jet multiplicity) for validation.  Non-full hadronic ttbar & V+jets 

¥  Extracted from MC normalized on data. 
¥  Uncertainties: JES/JER, b-tagging, pile-

up and theory.  
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