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Where I came from 

ÅUndergraduate and masters at Cambridge 
ïIncluded project with James Stirling on phenomenology of Light 

Pseudoscalar Higgs using low pT muons at LHCb 
ïSummer student at RAL with Ian Tomalin on Displaced Vertex 

searches at CMS 

ÅDPhil at Oxford 
ïάaŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǾŜŎǘƻǊ ōƻǎƻƴ ǇǊƻŘǳŎǘƛƻƴ ƛƴ ŀǎǎƻŎƛŀǘƛƻƴ ǿƛǘƘ 
ƧŜǘǎ ŀǘ ǘƘŜ [I/ ǳǎƛƴƎ ǘƘŜ !¢[!{ ŘŜǘŜŎǘƻǊέ ǿƛǘƘ !ƳŀƴŘŀ /ƻƻǇŜǊ-
Sarkar 

ïIncluded lots of work on the ATLAS jet energy calibration 
scheme and specifically mitigating the effects of pile-up 
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The ATLAS Detector 
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Å Precision silicon and micro-tube tracker 
Å Fine-granularity / longitudinally segmented calorimeter 
Å Air-core toroid muon spectrometer 



Pile-up 

Å To get the large datasets we require LHC 
runs at high luminosity 

Å This results in multiple proton-proton 
collisions in each bunch crossing 

Å Results in two effects: 
ï in-time pile-up from multiple p-p collisions 

in the same bunch crossing 
ï out-of-time pile-up from multiple p-p 

collisions in preceding bunch crossings 

Å We quantify these two types of pile-up 
using 
ï in-time by NPV = the number of 

reconstructed vertices in an event 
ï out-of-time by µ = the expected number of 

interactions per bunch crossing (at fixed 
NPV) 
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Jets 

Å Production of coloured particles results in hadronic showers 
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Jet Clustering Algorithms 

ÅTo group such showers into single objects we cluster 
ǘƘŜƳ ƛƴǘƻ άƧŜǘǎέ 

ÅUse a sequential clustering algorithm with merges 
calorimeter clusters dependent on 

 

 

 

 

ÅThis is the anti-kt algorithm 

ÅOnce we cluster the jets, we need to calibrate them! 
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Run 1 Jet Calibration 

ÅWorked extensively on the Run-1 jet energy calibration 
[ATLAS-CONF-2015-037] 

ÅParticularly looking at the effect of pile-up on jet energy 
calibration and resolution [ATLAS-CONF-2013-083] 
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Jet Area based Pile-up Subtraction 

ÅEmployed an area based pile-up subtraction 
procedure for jet calibration during 2012 running 
ÅThis used the measurement of the event pT 

density (́ ) and the determination of the area of a 
jet (A) to apply a correction to the jet pT 

 
 
ÅA further residual correction was also applied 
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Determination of Jet Area (1) 

Å Voronoi area: 
ïDefined geometrically by the 

intersection of a circle and the 
cell of closest points 

ïAlgorithm is very quick 
ïTends to active area in high 

density environments 
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Å Active area: 
ïDefined by reclustering the 

event including ghost particles 
of infinitessimal pT 

ïThe number of ghost particles 
associated to a jet defines the 
area 

ïAlgorithm is slower 
 



Determination of Jet Area (2) 

ÅIn the jet energy calibration 
scheme, we use the active 
area to avoid pile-up 
dependence of the jet area 
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Determination of Event pT Density 

Å The event pT density is taken as the median value of the pT/A of all 
R=0.4 kt jets in the event 

Å Due to the reduced granularity of the calorimeter in forward 
regions combined with different noise thresholds,  ́measured in 
these regions drops to 0 

Å The event density is taken from the jets with |́| < 2.1 
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Success of the pile-up subtraction 

Å Area correction does well for in-time pile-up 
Å Additional residual correction (linearly 

dependent on NPV and µ) 
 
 

Å Corrections validated using in-situ methods 
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Pile-up Uncertainties 

ÅPile-up jet calibration uncertainties are taken from non-
closure and data/MC differences 

ÅMost important at low pT and uncertainties larger in more 
forward regions of the detector 
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Pile-up and Resolution 

Å Pile-up also results in degradation of 
the jet energy resolution (JER) 

Å Some-what mitigated by area-based 
correction 

Å Standard JER parameterisation is 
 
 
 
ïN = noise (pile-up and electronic) 
ïS = stochastic (sampling) 
ïC = constant (other) 

Å Pile-up effects the noise part 
Å Previous studies have never been able 

to separate these due to high degree 
of correlation between N and S 

16 



Random Cones 

Å Developed novel new methods to 
directly measure the pile-up dependent 
noise term in zero-bias data: 
ïRandomly select a direction in ́-  ˒space 
ïSum all clusters within R of the direction 
όŦƻǊƳǎ άŎƻƴŜέύ 

ïPick opposite ˒  and new random ́ 
ïForm another cone 
ïBalance of these cones gives a measure 

of the noise term 

Å The noise in these cones can be related 
to anti-kt jets by assuming these to also 
be circular (good approximation) 

Å Allows studies of noise as a function of 
pile-up and ́  

17 



Total Noise Term 

Å This method can be compared to another 
which uses the variation in the event 
energy density to get a handle on N 

Å By taking these measurements of N with 
pile-up and the quadratic sum with the 
noise term in zero pile-up MC (to add back 
in non pile-up dependent terms) 

Å Also apply jet calibration factors to 
measured (uncalibrated) noise 

Å Can test closure of this method in MC 
ï Very nice results 

Å Total noise term then given by central value 
with uncertainties from comparison to 
alternative method and non-closure terms 
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Final Run 1 Jet Energy Resolution 

ÅMeasured noise term 
used to constrain N in 
full in-situ JER 
combination 

ÅAllows good separation 
of N, S and C 

ÅFirst explicit extraction 
of these parameters! 
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Removing pile-up jets 

Å Jet vertex fraction (JVF) used to 
remove pile-up jets 
 
 

Å Also improved MC/data agreement 
ÅMonte Carlo known to over-estimate 

pile-up activity 
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V+jet Measurements 

ÅMeasurements of vector boson production in association with jets: 
ïProvides a precision test of QCD including testing of state-of-the-art 

calculations 
ïNew physics processes may be observed as tensions between 

calculation and measurement 
ïUnderstanding of such (irreducible) background is important for SUSY, 

Higgs and exotic measurements 

Å Here discuss two such measurements I was involved in 
 
ïW+jets [1409.8639] 

 
ïR-jets [1408.6510] 

 

Å Complimentary measurements using the full 2011 dataset 
ï4.6 fb-1 at 7 TeV 
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W+jets 
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W+jets 
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Rjets 
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Rjets 
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Event Selection 
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Event Selection 
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Event Selection 
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Event Selection 
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Backgrounds 

Å Some backgrounds taken from Monte Carlo simulation 
ï Single top 
ï Diboson 
ï W/Z+jets (including ̱) 
ï ttɎ for Njets < 3 

Å Two important backgrounds taken from data 
ï Multi-jet (using loose identification templates) 
ï ttɎ for Njets > 2 (using b-tagged templates) 
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Detector Level (1) 

Everything looks good in the W ŎƘŀƴƴŜƭΧ 
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Detector Level (2) 
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Χ ŀƴŘ ƛƴ ǘƘŜ Z channel 



Unfolding 

ÅUnfolding is done using an iterative Bayesian procedure 
ÅThis corrects for detector efficiency and resolution 
ÅUnfolded to a truth definition as close as possible to 

the detector phase space 

33 



Uncertainties 

Å Uncertainties are included for 
ï Jets 

Å Energy scale 
Å Resolution 

ï Leptons 
Å Energy scale 
Å Resolution 
Å Identification 
Å Reconstruction 
Å Trigger 

ï Missing energy 
Å Energy scale 
Å Resolution 

ï Unfolding 
Å Simulation statistics 
Å Generator modelling 

ï Background 
Å Monte Carlo normalisation 
Å Multi-jet estimate 
Å ttɎ estimate 

ï Luminosity 
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Combination 

Å Electron and muon measurements are combined after unfolding 
using a ̝2 minimisation 
 
 

Å Combined phase space close to electron and muon phase spaces 
Å Acceptance corrections are derived from simulation studies 
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Theory Predictions 
Å Predictions are taken from 

ï Alpgen+Herwig = LO+PS with up to 5 additional partons 
ï Sherpa = LO+PS with up to 4 additional partons 
ï Blackhat = NLO calculation with up to 5 additional partons 
ï 9ȄŎƭǳǎƛǾŜ ǎǳƳǎ Ґ ŀǇǇǊƻȄƛƳŀǘŜ җм bb[h ōȅ ŎƻƳōƛƴƛƴƎ ҐҐм ƧŜǘ b[h ǿƛǘƘ җн ƧŜǘǎ ŀǘ b[h 
ï LoopSim = approximate NNLO prediction 
ï HEJ = LO with large rapidity resummation 
ï MEPS@NLO = NLO+PS with up to 2 partons merged with LO+PS up to 4 partons 
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Theory Corrections 

Å For comparison to the measurement, predictions are corrected for 
ïQED FSR 
ïQCD hadronisation 
ïQCD underlying event 
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Results ς Jet Multiplicity 

Å Results shown both 
exclusive (probes 
jet vetoes) and 
inclusive 

Å Blackhat and HEJ 
agree will within 
uncertainties 

Å Alpgen and Sherpa 
also agree but 
show different 
shapes at high 
multiplicity 

Å MEPS@NLO shows 
a flattening of the 
shape but a 
normalisation 
offset compared to 
Sherpa 
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