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2 The ATLAS Collaboration

Fig. 1: A cut-away drawing of the ATLAS inner detector and calorimeters. The Tile Calorimeter consists of
one barrel and two extended barrel sections and surrounds the Liquid Argon barrel electromagnetic and endcap
hadronic calorimeters. In the innermost radii of ATLAS, the inner detector (shown in grey) is used for precision
tracking of charged particles.
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Fig. 2: Segmentation in depth and η of the Tile Calorimeter modules in the barrel (left) and extended barrel (right).
The bottom of the picture corresponds to the inner radius of the cylinder. The Tile Calorimeter is symmetric
with respect to the interaction point. The cells between two consecutive dashed lines form the first level trigger
calorimeter tower.

2 Detector and data taking setup

2.1 Overview of the Tile Calorimeter

TileCal is a large hadronic sampling calorimeter using plastic scintillator as the active material and low-
carbon steel (iron) as the absorber. Spanning the pseudorapidity1 region −1.7 < η < 1.7, the calorimeter
is sub-divided into the barrel, also called long barrel (LB), in the central region (−1.0 < η < 1.0) and the
two extended barrels (EB) that flank it on both sides (0.8 < |η | < 1.7), as shown in Figure 1. Both the

1The pseudorapidity η is defined as η = − ln
�

tan θ
2

�
, where θ is the polar angle measured from the beam axis. The

azimuthal angle φ is measured around the beam axis, with positive (negative) values corresponding to the top (bottom) part of
the detector.

Outline
• Work progress

- 10.2008 - 3.2010
‣ ATLAS TileCal EM scale calibration

- performance using cosmic rays

- 4.2010 - now
‣ Jet performance study

- Cleaning
- Data preparation

with new calibration
- Jet energy scale uncertainty
- Pile-up

‣ Jet inclusive cross section measurement

• Summary and future plans
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ATLAS Tile Calorimeter
• Hadronic calorimeter

- Flat iron absorbers + scintillator tiles
- |η| < 1.7

‣ Long Barrel: |η| < 1.0
‣ Extended Barrel: 

    0.8< |η| < 1.7
• Goal

- σE/E (jet) = ~50%/√E⊕3% (TDR)
- Jet energy scale uncertainly: 1-2%

• Geometry
- Length

‣ LB: 5.8m, EB: 2.6m
- Radius
- Inner: 2.28m, Outer: 4.25m

‣ 7.4λ

• Granularity
- 64 modules in each barrel

‣ Δφ ∼ 0.1 rad
- 3 layers

‣ A, BC, D:  “Cells”
- “Tower”

‣ Δη = 0.1 for A and BC cells
         0.2 for D cells

- ~5000 cells
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barrel and extended barrel cylinders are segmented into 64 wedges (modules) in φ , corresponding to a

∆φ granularity of ∼ 0.1 radians. Radially, each module is further segmented into three layers which are

approximately 1.5, 4.1 and 1.8 λ (nuclear interaction length for protons) thick for the barrel and 1.5, 2.6

and 3.3 for the extended barrel. The ∆η segmentation for each module is 0.1 in the first two radial layers

and 0.2 in the third layer (Figure 2). The φ , η and radial segmentation define the three dimensional

TileCal cells. Each cell volume is made of dozens of iron plates and scintillating tiles. Wavelength

shifting fibres coupled to the tiles on either φ edge of the cells, as shown in figure 3, collect the produced

light and are read out via square light guides by two different photomultiplier tubes (PMTs), each linked

to one readout channel. Light attenuation in the scintillating tiles themselves would cause a response

non-uniformity of up to 40 % in the case of a single readout, for particles entering at different impact

positions across φ . The double readout improves the response uniformity to within a few percent, in

addition to providing redundancy.

Photomultiplier

Wavelength-shifting fibre

Scintillator Steel

Source

tubes

Fig. 3: Schematic showing the mechanical assembly and the optical readout of the Tile Calorimeter, corresponding

to a φ wedge. The various components of the optical readout, namely the tiles, the fibres and the photomultipliers,

are shown. The trapezoidal scintillating tiles are oriented radially and normal to the beam line and are read out by

fibres coupled to their non-parallel sides.

In addition to the standard cells, the Intermediate Tile Calorimeter (ITC) covers the region 0.8 < η < 1.0
(labelled D4 and C10 in Figure 2). To accommodate services and readout electronics for other ATLAS

detector systems, several of the ITC cells have a special construction: per side, three D4 cells have

reduced thickness and eight C10 cells are plain scintillator plates. Located on the remaining, inner radius

surface of the extended barrel modules, the gap scintillators cover the region of 1.0 < η < 1.2 (labelled

E1 and E2 in the figure), while the crack scintillators are located on the front of the Liquid Argon endcap

and cover the region 1.2 < η < 1.6 (labelled E3 and E4).

In the present (initial) configuration, eight pairs of crack scintillators have been removed to permit routing

of signal cables from the 16 Minimum Bias Trigger Scintillators (MBTS), in each side. Located on the

front face of the Liquid Argon end-cap cryostat, the MBTS span an η range of 2.12 < |η |< 3.85 and are

readout by the TileCal EB electronics. They are used mainly for triggering on collisions in the very early
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TileCal EM calibration
• EM calibration

- Basic calibration/monitoring method
‣ Cs system

- works well
- correction from decay curve

• Validation with cosmic rays
- dE/dx from mean value provide

well-defined signal
in data/MC comparisons

- response compared to noise
‣ with the Landau⊗Gauss

peak position
- S/N = 29 for total response
- S/N = 16 for D-cells
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Fig. 23: Example of the muon signal and corresponding noise for projective cosmic muons entering the barrel
modules at 0.3 < |η |< 0.4. Top and bottom modules are treated separately and the momentum range of the cosmic
muons was restricted to be between 10 and 30 GeV/c. Left: the total energy summed up over selected cells. Right:
the similar distribution of last radial compartments that can be eventually used to assist in muon identification. The
signal (red) comes from the cosmic muon data sample (see text), the corresponding noise (black) is obtained with
the random trigger sample.

and S/N = 16 for D cells. Since muons are the smallest energy signals that TileCal will measure, these
values show a good performance of the calorimeter. The obtained values are lower than for testbeam12,
but the difference is consistent with a higher noise level in the ATLAS cavern and with a higher number
of cells being summed.

5.2 Methods for muon response studies

A brief overview of the analysis methods applied to investigated data samples is provided in this Section.
First, we briefly describe the dedicated testbeam (TB) studies with low-energy muons (Section 5.2.1).
The algorithms and event selection used in the cosmic data analysis are then reported in Section 5.2.2.

5.2.1 Analysis of low energy testbeam muons

The TB setup, operating conditions and results are summarised in Ref. [10]. Since most of the previous
muon TB results were obtained with 180 GeV beams and this energy is too high for the comparison with
cosmic ray data, a dedicated study was performed with low-energy muons selected from a pion beam at
a nominal energy of 20 GeV. These muons originate from pion decay, the distribution of their momenta
is calculated to range from 11.5 GeV/c to 20 GeV/c, peaking at around 17 GeV/c. Data was collected
from ten runs with pion beams impinging on one barrel module at different projective incidences, from
−0.65 ≤ η ≤−0.15 and 0.15 ≤ η ≤ 0.45.

Two sets of cuts were applied to select muons from the nominal pion beam:

– Single particle events were selected by requiring a MIP-like response in the beam scintillators
upstream of the calorimeter modules. Particles with large angle with respect to the beam axis
and/or halo particles were removed by applying suitable cuts in the upstream beam chambers.

12In testbeam [10], muon beams at a nominal energy of 180 GeV were used for this study. Taking into account the 20 GeV
to 180 GeV response ratio, the testbeam S/N ratios at 20 GeV for the tower and the D cells should amount to 42 and 17
respectively.
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Fig. 19: TileCal response to radioactive Cs sources in all four calorimeter partitions not corrected for the difference
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Results on the TileCal’s “readiness”
• TileCal EM calibration

- Validated in cosmic rays measurement
- Comparison with the TestBeam result
- Results

‣ Truncated mean & Landau distribution
- dE/dx ~ 1.3 MeV/mm

‣ Energy scale uncertainty
- Long Barrel (LB, central region)      : 2-4%
- Extended Barrel (EB, outer region) : 3-4%

• Results published
- “Readiness of the ATLAS

Tile Calorimeter for LHC collisions”
‣ arXiv:1007.5423,

CERN-PH-EP-2010-024
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Radial layer A BC D

Data 1.28+0.03
−0.04 1.32±0.05 1.35±0.04

Cosmic muons, LB MC 1.32±0.04 1.35±0.05 1.34±0.04
Data/MC 0.97+0.01

−0.02 0.98±0.02 1.01±0.01
Data 1.27±0.06 1.29±0.06 1.32±0.05

Cosmic muons, EB MC 1.31±0.03 1.32±0.06 1.34±0.05
Data/MC 0.97±0.04 0.98±0.03 0.99±0.02

Data 1.25±0.03 1.39±0.04 1.39±0.03
Testbeam, LB MC 1.30±0.02 1.37±0.03 1.36±0.02

Data/MC 0.96±0.02 1.02±0.04 1.02±0.02
Double ratio (Data/MC)Cosmic muons, LB

(Data/MC)TB, LB
1.01±0.03 0.96±0.04 0.98±0.03

Table 6: The truncated mean of dE/dx (MeV/mm, see text), measured with cosmic ray muons in barrel (LB) and
extended barrel (EB), and projective testbeam muons. Results are shown for both data and Monte Carlo as well
as for each radial layer. For cosmic ray muons, only modules in the bottom part are used. Total uncertainties are
quoted. For cosmic data the statistical component is negligible. The systematic uncertainty corresponds to the
diagonal terms of the error matrix.
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Fig. 31: The truncated mean of the dE/dx for cosmic and testbeam muons shown per radial compartment and, at
the bottom, compared to Monte Carlo. For the cosmic muon data, the results were obtained for modules at the
bottom part of the calorimeter. The error bars shown combine in quadrature both the statistical and the systematic
uncertainties, considering only the diagonal terms of the error matrix.

The results on the longitudinal layer intercalibration are presented in Table 6 and displayed in Fig. 31, the
error bars representing the total uncertainty based on the quadratic sum of the statistical and systematic
uncertainties.

The differences in the cosmic muon response among individual layers are present even after correcting
for the residual dependencies on the path length, momentum, impact angle, impact point, by considering
the ratio of data over Monte Carlo. The resulting values are strongly correlated, therefore the maximum
difference of 4 % between the individual measurements with the cosmic muon data indicates the layer
response discrepancy.
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Recent improvements in the calorimeters
• New features

- Dead calorimeter read-out correction in LAr
‣ to recover the energy by L1 Trigger read-out

- LAr HV Moment
‣ to clean up events with large HV correction

-  Tile Noise Filter
‣ to unfold the coherent noise in TileCal

- Offset correction from pile-up
‣ to subtract the energy from another PV

✓ Need to check the effect for the jet Pt scale 
from the Bad/Dead regions

• Prepared a special test sample !!
- obtained much experience and feedback
before the Autumn reprocessing

6
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Data preparation work
• In charge of production and maintenance of 

Jet/EtMiss & Jet physics D3PD

• Current analysis scheme
- Produce ESD/AOD → D3PD

‣ D3PD contains a few flat ntuples for
- run information
- track/cluster, electron/photon/muon/tau,

jet/MissingET
- trigger information
- Luminosity information

✓ Useful, and easy to look at

• “NTUP_JETMET” D3PD
- used by

‣ Jet/EtMiss combined performance group
- many jet calibration studies
- MissingET studies

‣ SM QCD jet physics group
- Inclusive jet cross section measurement

‣ Exotic physics group
- Black-hole search
- Contact interaction

• D3PD production
- Current data size is already too large

for personal grid usage...
- To use the central production system, we need

‣ special analysis package release
- installation into the grid

‣ production-tag creation
✓ We appreciate big help

by the production group!!

• Jet/EtMiss group disk management
- Current D3PD size for the full 2010 data

: more than 35TB...
‣ need careful monitoring

and management for production
of data sample replicas in the grid sites

✓ We are ready for
the winter conf. analyses !!
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Jets in bad calorimeter region
• Measurement of Jet Pt response dependence

- on the energy fraction of the jets
in the “bad” region in the calorimeter

✓ called “ugly” jets
‣ correction for missing calo readout

by the trigger read-out
- over-correction seen

‣ Some regions suffer from low HV

• We can define the fiducial region
of the calorimeter using dedicated variables
given fraction of energy in bad regions 
to the total jet energy
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Inclusive Jet Pt distribution

• Current Data and MC comparison
- Pt in Data is harder than MC

‣ MC: Pythia Leading order (LO) generator

• To solve disagreement due to the LO-PDF in Pythia
- simple calculation

‣ k-factor =

- good agreement with the data/MC ratio
‣ PDF choice is driving 

current Data/MC difference
- LO-PDF has higher gluon density 

than NLO-PDF
(since less splitting q→gq )
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Pile-up study
• Additional collision of protons in the same bunch

add energy to the jets : Pile-up
- need correction to subtract the “offset” by pile-up

‣ applied in the new release of analysis software
‣ significant improvement in the forward region

- up to 1% uncertainty will be quoted
• One problem found...

- The offset correction is calculated with the number of 
towers
‣ a mean number of towers used for the jets with 

clusters
- large fluctuation in the transition region

between HEC - FCAL
✓ ( Pt - Offset ) can be negative !!
✓ Need one additional cleaning cut:  E > 0
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New JES uncertainty Reducing contributions to ∆JES Uncertainty for isolated vs inclusive jets Negative energy bug (bonus material) Conclusions

Reducing the pile-up ∆JES contributions:

offset correction

From the HCW ’10 Pisa pileup session:
http://indico.cern.ch/getFile.py/access?sessionId=4&resId=0&materialId=0&confId=91219

The effects of pile-up Jet energy scale

Resulting systematic uncertainty after the offset correction
Consonni, Miller, Schwartzman (Pisa: Pile-up) Pile-up corrections for jets and ET September 15, 2010 8 / 21

Sources of uncertainty after applying correction:

Non closure of track-jet validation (|η| <2.1)
Difference between MinBias and L1Calo (|η| >2.1)

Additional systematic uncertainty due to non-closure in presence of pileup?

Caveat : data/MC could differ, non-closure derived from MC→ specific studies needed!

19 / 20
C. Doglioni et al - New jet energy scale uncertainty for Release 16/MC10 - Jet Calibration Task Force - 08/12/10
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before correction after correction

Pile-up correction (MeV) vs. pseudo-rapidity
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Summary
• Progress

- TileCal EM calibration
‣ showed good performance in the measurements

for energy loss by muons from cosmic rays
- 4% uncertainty on EM scale energy achieved

✓ published

- Jet performance
‣ Several new correction techniques in the bad region of calorimeter

tested with the special sample
‣ New D3PD sample prepared 
‣ Study of Pt response in the bad calorimeter region
‣ Pile-up contribution tested

• Future plan
- Towards a better jet energy scale uncertainty

‣ Continue the “ugly” jets study
‣ Quantify uncertainty from the pile-up correction effect

- part of a new JES with the release 16 sample soon

- Measure the Jet Inclusive cross section with the better JES uncertainty
using full 2010 dataset

11
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Bad regions in the calorimeters
• Dead LAr modules

- big energy loss due to the dead 2nd layers
- energy recovery

‣ DOTX correction
• Dead Tile modules

- energy recovery
‣ Cell energy interpolation correction

• LAr Bad HV region
- LAr with reduced HV
- not a correction

• “Ugly” jets
- true jets but affected by the bad calorimeter region

13
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• jet Pt recovered
- no hole in dOTx region
- flat Pt distribution in barrel region
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f2xx: old r1647: new

DO
TX

0

0.05

0.1

0.15

0.2

0.25

0.3

AntiKt4Topo jets      
-4 -3 -2 -1 0 1 2 3 4

-3

-2

-1

0

1

2

3



 Toshi SUMIDA CERN-KEK Committee, 5th meeting, 14.Dec.2010

Other correction methods
• for the bad regions

- Cell level correction
‣ extrapolation from the neighboring cells

- applied in the EM energy

- Jet level correction
‣ function between energy dispersion vs. dR

- not applied to the energy 
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corrections for bad cells
There are three correction (estimation) methods for bad cells

1.   Cell level correction using energy density of neighboring cells
– already in from rel.15

(Calorimeter/CaloCellCorrection/CaloCellNeighborsAverageCorr.cxx)

– runs in default reconstruction
– bad cells are already corrected, Jet/MET are also affected

2. Jet level estimation using jet profile  … we are proposing and developing
– already tagged in SVN

(Reconstruction/Jet/JetRecTools-00-01-31/JetBadChanCorrTool.cxx)

– will be included in the future release, runs in default
– append jet moments of the estimation, don’t correct cell energy

3. correction for missing FEBs using trigger readout
– I haven’t followed yet, should check!
– There is code LArCalorimeter/LArCellRec/LArCellDeadOTXCorr.cxx
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Parameters for the bad region
• BCH_CORR_* , LArBadHVRatio

- EM scale energy ratio
in the bad regions

• η-Φ map
of correction factors
- energy fraction

in the bad region
in the EM scale
for each jet

• CELL correction
is mainly applied to
the dead TileCal modules

16

r1647 (Autumn
reprocessing)

JE
T 

co
rr.

0.05

0.1

0.15

0.2

0.25

0.3

0.35

AntiKt4Topo jets      
-4 -3 -2 -1 0 1 2 3 4

-3

-2

-1

0

1

2

3

C
EL

L 
co

rr.

0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.1

AntiKt4Topo jets      
-4 -3 -2 -1 0 1 2 3 4

-3

-2

-1

0

1

2

3

LA
rB

ad
H

VR
at

io
 

0.1

0.2

0.3

0.4

0.5

AntiKt4Topo jets      
-4 -3 -2 -1 0 1 2 3 4

-3

-2

-1

0

1

2

3

BCH_CORR_CELL

LArBadHVRatio BCH_CORR_JET



 Toshi SUMIDA CERN-KEK Committee, 5th meeting, 14.Dec.2010

Correction factors
• DiRegion

- |η| < 2.8

17

●: old w/o DOTX
■: new w/ DOTX
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What are Jets ?

• Collimated bunches of stable hadrons
- originating from partons (quarks & gluons)

after fragmentation/hadronization

• Difficulty in the jet measurement
- need to understand every stage

‣ Prediction by theory
- parton distribution

✓ quark/gluon
- hadronization

‣ Jet Finding
- approximate attempts to reverse-

engineer the quantum mechanical 
processes of hadronization

‣ Calorimeter response
- in the EM scale
- to hadrons

18

Philipp Schieferdecker (KIT)

What are Jets?

• Collimated bunches of stable hadrons, 
originating from partons (quarks & 
gluons) after fragmentation and 
hadronization

• Jet Finding is the approximate 
attempt to reverse-engineer the 
quantum mechanical processes of 
fragmentation and hadronization
! not a unique procedure ->

several different approaches

• Jets are the observable objects to 
relate experimental observations to 
theory predictions formulated in 
terms of quarks and gluons

Vivian’s Meeting

April 17th 2009 2/14
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Jet calibration schemes
• Jet Energy (re-)Scale : a.k.a. Numerical Inversion(NI)

- “Truth” jets
‣ obtained by applying the jet reconstruction algorithm 

to the hadrons in MC
- An energy scale applied to the reconstructed

jet energy in order to adjust it
to the “truth” jet scale
‣ NI(JES) = ETrue / EReco

- e.g.) EM+JES
✓ Jet reconstruction in the EM scale

and NI for the final scale

• Cell weighting
- EM

‣ no weight, default
- Global Cell Weighting (GCW,  old H1)

‣ Fit cell weight based on the energy density
minimising resolution of reconstructed jets

- Local Cell Weighting (LCW)
‣ calculate corrections to single π± from MC

to each TopoCluster
- i.e.) simple particle ID

✓ EM like: ~1,  π±  like: 1.3-1.6

- JES for GCW/LC would be smaller
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Energy calibration – results
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Figure 1: Jet energy scale correction as a function of jet transverse momentum at the electromagnetic
scale pjet,EMT for jets in the central barrel (black circles) and endcap (red triangles) regions, averaged in
pjet,EMT bins and " regions (revised version on September 20, 2010: technical problem fixed).

6 Jet energy scale uncertainties

The JES systematic uncertainty is derived combining information from single pion test-beam measure-
ments, uncertainties on the material budget of the calorimeter, the description of the electronic noise,
the theoretical model used in the Monte Carlo generation, the comparison of test beam data for the
hadronic shower model used in the simulation, and and other effects such as a shifted beam spot and the
electromagnetic scale uncertainty for the calorimeters.

Dedicated Monte Carlo simulation test samples are generated with different conditions and jets re-
constructed with different parameters with respect to the nominal Monte Carlo simulation sample de-
scribed in section 3.3. These variations are expected to provide a conservative estimate of the systematic
effects contributing to the JES uncertainty. The energy scale of jets in these test samples is calibrated us-
ing the procedure described in section 5. The calibration constants have been derived using the nominal
Monte Carlo simulation sample.

The pseudorapidity bins used for the estimate of the JES uncertainty divide the ATLAS detector in
five " regions: 0.0≤ |" |≤ 0.3, 0.3≤ |" |≤ 0.8, 0.8≤ |" |≤ 1.2, 1.2≤ |" |≤ 2.1 and 2.1≤ |" |≤ 2.8. In
the following, jets with pseudorapidity up to 1.2 are considered central, while jets with 1.2 ≤ |" | ≤ 2.8
belong to the endcap region.

The JES systematic uncertainty for the endcap region7 considered in this study (1.2 < |" | < 2.8) is
determined using the JES uncertainty for the central barrel region (0.3 < |" | < 0.8) as a baseline, and
adding a contribution from the relative calibration of the jets with respect to the central barrel region.
This choice is motivated by the better knowledge of the calorimeter composition and geometry in the
central region, and leads to a conservative estimate because the main contributions to the uncertainty
decrease with jet energy.

This chapter focuses on the description of the sources of systematic uncertainties and their effect
on the calibrated jet response. In section 6.1, the selection of jets used to derive the JES systematic
uncertainty is outlined. The contributions to the JES systematics belonging to the categories below are

7The endcap region includes the transition in the ATLAS detector between the barrel and the endcap, which needs special
consideration because of its geometry and material composition.

6
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Jet Energy Scale Uncertainty
• Important parameter

- for the sensitivity/systematic uncertainty in the 
physics analyses

• JES uncertainty in the EM+JES jets for ICHEP
- 10% at Pt>20GeV
- 7% at Pt>60GeV
- Source 

‣ EM Scale: 3%
‣ Noise: 3%
‣ Hadronic shower model: 4%
‣ Shape/Fragmentation: 3% (low Pt)
‣ Non-closure: 1-2 %

- added linearly

• Report on the recent Improvements
- EM scale
- Closure
- Noise
- Pile-up

• New method based on the single particle
E/p measurement

20
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MC-derived calibration
• Numerical Inversion using the jet energy

21

MC-derived calibration of the energy

Goal: Calibrate the “uncorrected” jet energy u (at EM, GCW or LC scale)

Obtain calibrated energy c consistent with particle jet truth energy t

or, find calibration f (u) such that c = u × f (u) peaks at t in bins of (t, η)

Separate calibration functions derived depending on jet η (90 bins w. width 0.1)

Jet energy response for (Etrue, η)-bin before (left) and after (right) calibration

Note: Same events in both plots, but x-axis transformed → shape change!

Left: P(u/t|t), right: P(c/t|t)

Dag Gillberg (Carleton) Derivation of final JES for release 16, and jet η and m corrections 9 / 26
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Jet mass correction in JES
• mReco / mTrue

- measured in the same way as energy response

22

Jet mass correction
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“Mass response”: mreco/mtrue measured in same way as energy response.

Different from energy response. mreco/mtrue more non-Gaussian.
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Applying all corrections

Black Ereco/Etrue should be ∼1 for all E
Blue pTreco/pTtrue using only JES
Green pTreco/pTtrue using EtaJES
Red pTreco/pTtrue using EtaMassJES

(EtaMassJES = JES + eta and mass
corrections)

Dag Gillberg (Carleton) Derivation of final JES for release 16, and jet η and m corrections 22 / 26
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JES Eta correction

23

Eta correction – result
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Heavy Ion sample
• NTUP_JETMET compatible D3PD prepared

for HI data
- events with jet_Et[0]>100GeV, Et[1]>25GeV
- ~1650 events

• Added variables
- Jets

‣ Tower (not TopoTower)
‣ R=0.2
‣ SisCone

- MET based on Tower jets

• Helped Jet/MET studies for the first result !!

24


