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Outline
• Introduction

- ATLAS calorimeter
- What are Jets ?
‣ physics, measurement

- Jet reconstruction
• Jet calibration

- Absolute jet calibration
- In-situ jet calibrations

• Jet Energy Scale uncertainty in 2010 data
‣ MC-base, single particle

• Pile-up
- corrections for jets ( and MET )

• JES uncertainty in 2011 full data
- pile-up correction
- in-situ calibrations
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コライダーでの座標表示
• pseudo-rapidity

- η = -ln(tan(Θ/2))
‣ Θ: 天頂角

- 0 : 検出器中心から垂直の面
‣ coverage in ATLAS   :  |η| < ~ 4.9

• ビーム軸周りの方位角
- -π < Φ < π (rad)

• 検出器中心から延びる方向
- “longitudinal” (あんまり気にしない)

• 物理オブジェクト同士の”距離”
- ΔR = √(Δη2 + ΔΦ2)
‣ もちろん dN/dR には意味があるし、

中心付近では実際の大きさも近い
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Figure 5.26: Schematic of the transition region between the barrel and end-cap cryostats, where
additional scintillator elements are installed to provide corrections for energy lost in inactive ma-
terial (not shown), such as the liquid-argon cryostats and the inner-detector services. The plug
tile calorimeter is fully integrated into the extended barrel tile calorimeter. The gap and cryostat
scintillators are read out together with the other tile-calorimeter channels (see text).

these cryostat scintillators had to be removed on each side for the routing of the signals from the
minimum-bias scintillators. They will be reinserted for operations at full luminosity.

There are several locations around the circumference of the calorimeter, in which the standard
gap instrumentation is not possible, for example the region opposite the support feet for the barrel
cryostat [112]. In these locations, the plug calorimeter is reduced further in its length. In the
location of the exit of the barrel cryogenic line, no plug calorimeter can be accommodated and it is
replaced entirely by scintillators. Finally, the inner support of the end-cap cryostat sits on the tile
calorimeter at its inner radius. In these regions, the tile-calorimeter modules themselves are cut to
provide the support surface on which the cryostat support jacks sit. The gap scintillators are also
missing in this region.

5.6 Calorimeter readout electronics, calibration and services

5.6.1 Readout electronics

5.6.1.1 Overview

This section describes the on-detector (front-end) and off-detector (back-end) electronics of the
ATLAS calorimetry. The major tasks required of the readout electronics are to provide the first-
level (L1) trigger system with the energy deposited in trigger towers of size Dh ⇥Df = 0.1⇥0.1
and to measure, for L1-triggered beam crossings, the energy deposit in each calorimeter cell to the
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Figure 5.4: Sketch of a barrel module where the different layers are clearly visible with the ganging
of electrodes in f . The granularity in h and f of the cells of each of the three layers and of the
trigger towers is also shown.

5.2.2 Barrel geometry

The barrel electromagnetic calorimeter [107] is made of two half-barrels, centred around the z-
axis. One half-barrel covers the region with z > 0 (0 < h < 1.475) and the other one the region
with z < 0 (�1.475 < h < 0). The length of each half-barrel is 3.2 m, their inner and outer
diameters are 2.8 m and 4 m respectively, and each half-barrel weighs 57 tonnes. As mentioned
above, the barrel calorimeter is complemented with a liquid-argon presampler detector, placed in
front of its inner surface, over the full h-range.

A half-barrel is made of 1024 accordion-shaped absorbers, interleaved with readout elec-
trodes. The electrodes are positioned in the middle of the gap by honeycomb spacers. The size
of the drift gap on each side of the electrode is 2.1 mm, which corresponds to a total drift time
of about 450 ns for an operating voltage of 2000 V. Once assembled, a half-barrel presents no
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Figure 1.3: Cut-away view of the ATLAS calorimeter system.

Calorimeters must provide good containment for electromagnetic and hadronic showers, and
must also limit punch-through into the muon system. Hence, calorimeter depth is an important
design consideration. The total thickness of the EM calorimeter is > 22 radiation lengths (X0)
in the barrel and > 24 X0 in the end-caps. The approximate 9.7 interaction lengths (⇤ ) of active
calorimeter in the barrel (10 ⇤ in the end-caps) are adequate to provide good resolution for high-
energy jets (see table 1.1). The total thickness, including 1.3 ⇤ from the outer support, is 11 ⇤
at ⇥ = 0 and has been shown both by measurements and simulations to be sufficient to reduce
punch-through well below the irreducible level of prompt or decay muons. Together with the large
⇥-coverage, this thickness will also ensure a good Emiss

T measurement, which is important for many
physics signatures and in particular for SUSY particle searches.

1.3.1 LAr electromagnetic calorimeter

The EM calorimeter is divided into a barrel part (|⇥ | < 1.475) and two end-cap components
(1.375 < |⇥ | < 3.2), each housed in their own cryostat. The position of the central solenoid in
front of the EM calorimeter demands optimisation of the material in order to achieve the de-
sired calorimeter performance. As a consequence, the central solenoid and the LAr calorimeter
share a common vacuum vessel, thereby eliminating two vacuum walls. The barrel calorimeter
consists of two identical half-barrels, separated by a small gap (4 mm) at z = 0. Each end-cap
calorimeter is mechanically divided into two coaxial wheels: an outer wheel covering the region
1.375 < |⇥ | < 2.5, and an inner wheel covering the region 2.5 < |⇥ | < 3.2. The EM calorimeter is
a lead-LAr detector with accordion-shaped kapton electrodes and lead absorber plates over its full
coverage. The accordion geometry provides complete � symmetry without azimuthal cracks. The
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The ATLAS Calorimeter
• 電磁カロリメータ

- Liquid Argon : “LAr”
- 鉛アコーディオン型radiator + LAr (ionization)
- Segment: 0.025 x 0.025 η-Φ, longitudinal に3段 (“cell”) 
- Resolution: σE/E = 10%/√E ⊕ 0.7%
- Coverage

‣ EC までで |η|< 3.2
• ハドロンカロリメータ

- “TileCal”
- 鉄 absorbers

+ タイル型plasticシンチレータ
- Coverage

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

    0.8< |η| < 1.7
- η-Φ Segment: 0.1 x 0.1, longitudinal に3段
- Resolution: σE/E (jet) = ~50%/√E⊕3%
- goal :Jet energy scale uncertainly: 1-2%

• その他
- Hadron Endcap Calorimeter

‣ “HEC”, |η|<3.2
- Forward Calorimeter

‣ “FCAL”, 3.1<|η|<4.9
✓ いずれも技術は Copper+LAr

5
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• 高エネルギーでのハドロン衝突 = パートン + パートン衝突
- 2→2 プロセス

‣ gg 反応(一番多い)
                                                                                                                                                                             
                   
                                                                                                                                                                             , etc.

‣ qg 反応

                                        
                                                            , etc.

‣ qq 反応

                                                    
                                                                                                    , etc

陽子-陽子衝突で起こること
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放出された高エネルギーパートン
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The structure of an event

Warning: schematic only, everything simplified, nothing to scale, . . .

p
p/p

Incoming beams: parton densities

ハドロン衝突で起こっていること
(W + jet 生成の場合)

K. Hanagaki

もう少し…



p
p/p

u
g

W+

d

Hard subprocess: described by matrix elements

Hard interaction
described by matrix element
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Resonance decays: correlated with hard subprocess
Resonant decay
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Initial-state radiation: spacelike parton showers
Initial state radiation
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Final-state radiation: timelike parton showers

Final state radiation; parton shower
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Multiple parton–parton interactions . . .
Multiple interaction
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. . . with its initial- and final-state radiation

Initial and final state radiation
for each interaction



Beam remnants and other outgoing partons
Beam remnants



Everything is connected by colour confinement strings

Recall! Not to scale: strings are of hadronic widths
Color connection



The strings fragment to produce primary hadronsHadronization



Many hadrons are unstable and decay furthermany hadrons unstable and decay
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Resonance decays: correlated with hard subprocess
Many hadrons are unstable and decay furtherUnderlying Event と Multiple Interactions
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何故 Jet を測るのか
• もちろん、コライダーでは何でも測る
- e/γ

‣ EM calo, track 有/無
- µ

‣ tracker, chamber
- τ

‣ decay に依存した測定
- q (u, d, s, c, b) ,  g→qq̄

‣ 全部jetになる
✓ Jet も測る

• 物理解析/測定
- Jet 生成 (di-jet, multi-jet)
- W/Z→qq̄(’)
- t →bW
- H→bb, WW, ZZ
- g̃→qq̃→qqχ̃　

✓ つまり一番最初の反応 (2→2)から、
統計が増えて様々な解析を行う全ての段階で、
Jet の E, pTを正確に測る事は非常に重要。

19
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結局Jetとは何か

20

 Toshi SUMIDA 第3回 ATLAS-Japan 物理研究会, 11.Dec.2010

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

4

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

パートン放出

物理

ハドロン化

ハドロンの崩壊
(準)安定粒子化

カロリメータでの反応:
電磁/ハドロンシャワー

ココから見える

1.

2.

3.

4.

q, g

π, K, ...

• Calorimeter jet
1. 高エネルギーパートンが放出され、
2. ハドロン化して複数の粒子になり、
3. 崩壊により準安定化

(γ, π±, K, p, n, etc.)し、
4.カロリメータと反応して

シャワーを作った、
5.そのひとかたまりのこと

• Particle jet / track jet
• 3. までの段階で

Jetを組んだもの
‣ (MC truth) particle jet は

calibrationに使う
‣ track jet は neutral particle なし

‣ pile-up に強い
‣ まだ精度は calo jet に勝てない

✓ そもそも、「何を測っているか」を簡単に見失えてしまうので、
とてもよく考える事が重要。
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Jet reconstruction
• Jetを組む、とは

- エネルギークラスター構築
‣ EM/Hadron shower でできた calorimeter cell を一纏めにする
‣ threshold は pedestal-σ の整数倍が基準

- noise を抑える事が重要
- typical なσの値 : 40MeV

- Clustering algorithm
‣ “4-2-0 method“ 

- E>4σ の cell を seed にして
その周りの E>2σ の cell、
さらにその周りの全て cell energy を加える

- 3D (R, η, Φ) Topological Cluster (TopoCluster)
✓ electric noise に強い

• この Topo-cluster を
jet reconstruction algorithm への input とする
- 昔: SIS-cone, ATLAS-cone, kt
- default: “Anti-kt” アルゴリズム, w/ R=0.4/0.6

‣ 2008年くらいに採用
‣ Infrared-safe, collinear safe　

- 素性が良い
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Jets are reconstructed using the anti-kT 
algorithm with size parameter R set at 0.4(0.6)
 - M. Cacciari and G. P. Salam, Phys. Lett. B 641, 57 (2006)
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Jet Requirements
• Collinear- and Infrared-Safe

! collinear splitting shouldn’t change jets

! soft emissions shouldn’t change jets

• Identical proceduer on parton- and hadron-level
! To compare theory calculations to experimental measurements

• Minimal sensitivity to hadronization, underlying event (UE), Pile-Up(PU)
! we dont’ know how to model these effects all that well

• Applicable at detector-level
! good computational performance

! not to complex to correct

Collinear-Safety Infrared-Safety

Vivian’s Meeting

April 17th 2009 3/14Philipp Schieferdecker (KIT)
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Clustering Algorithms

φ or η

E
T

φ or η

E
T

CTEQ-MCnet school 2008 
Gavin Salam Lectures on Jets

Kt
 (Catani/Dokshitzer/Seymour/Webber - S.Ellis/Soper)

AntiKt
 (Cacciari/Salam/Soyez)

- -
-
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Philipp Schieferdecker (KIT)

Sequential Clustering Algs
• Based on the following distance measures:

! distance dij between two particles i and j:

! distance between any particle i and the beam (B) diB:

• Compute all distances dij and diB, find the smallest
! if smallest is a dij, combine (sum four momenta) the two particles i and j, 

update distances, proceed findint next smallest

! if smallest is a diB, remove particle i, call it a jet

• Repeat until all particles are clustered into jet

• Parameter D: Scales the dij w.r.t. the diB such that any pair of final 
jets a and b are at least separated by

• Parameter p: governs the relative power of of energy vs geometrical 
scales to distinguish the three algorithms: 2=kT, 0=C/A, -2=Anti-kT

�2
ij = (yi � yj)2 + (�i � �j)2dij = min

�
k2p
Ti, k

2p
Tj

⇥ �ij

D

diB = k2p
Ti

�2
ab = D2
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1. η-Φ平面で全ての input について dij, diB を計算
2. 最小のものを選ぶ

2-a. もし dij が最小なら、iとj をくっつける
2-b. もし diB が最小なら、i は jet

3. 1-2 を繰り返す

p = +1: Kt
p = -1 : AntiKt
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Jet reconstruction algorithms の比較
• Anti-Kt は綺麗な形の jet を作る

✓ Jet とは、恣意的な定義による object である。
26

ジェット

• 人工的に再構築

23

JHEP04(2008)063

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random
soft “ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas
of the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by
the specific set of ghosts used, and change when the ghosts are modified.

have more varied shapes. Finally with the anti-kt algorithm, the hard jets are all circular

with a radius R, and only the softer jets have more complex shapes. The pair of jets near

φ = 5 and y = 2 provides an interesting example in this respect. The left-hand one is much

softer than the right-hand one. SISCone (and Cam/Aachen) place the boundary between

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which

clips a lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various

quantitative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet bound-

aries for different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures

a jet’s susceptibility to point-like radiation, and the active area (A) which measures its

susceptibility to diffuse radiation. The simplest place to observe the impact of soft resilience

is in the passive area for a jet consisting of a hard particle p1 and a soft one p2, separated
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with a radius R, and only the softer jets have more complex shapes. The pair of jets near

φ = 5 and y = 2 provides an interesting example in this respect. The left-hand one is much

softer than the right-hand one. SISCone (and Cam/Aachen) place the boundary between

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which

clips a lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various

quantitative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet bound-

aries for different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures

a jet’s susceptibility to point-like radiation, and the active area (A) which measures its

susceptibility to diffuse radiation. The simplest place to observe the impact of soft resilience

is in the passive area for a jet consisting of a hard particle p1 and a soft one p2, separated

– 4 –

ジェット

• 人工的に再構築
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the specific set of ghosts used, and change when the ghosts are modified.
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Jet absolute calibration
• Jet は組んだが、その組んだ jetのエネルギーはどうなっている？

- 基本的に、カロリメータで測るのは “EM scale“ energy:
‣ LAr: ビームテストでの electron を使った calibration が base
‣ Tile: 137Cs を使った独自システムでの calibration が base

- Jet の reconstruction も今のところ EM energy で行われている

• “本当の”Jet と比べると？
- Truth jet :  ハドロンレベルの情報を使って

                 Anti-kt アルゴリズムでJetを再構成したもの
- Reco jet: カロリメータから出発した jet

- ハドロンは e/γよりも落とすエネルギーが小さい ( e/h ~ 1.3 )
‣ invisible energy (原子核の励起, slow neutron, etc.)

- Dead material によるエネルギー損失

• ので、再構成された jetのエネルギーに対して、
補正 factor をかける必要がある
- MC を使って、Truth jet を作る
- E(reco)/E(true): をある E, η の bin でplot すると、

右の図の様になるので基本的にこの中心値の”逆数”を
true energy に戻すための補正 factor として使う
‣ “Numerical Inversion” と呼ぶ
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MC-derived calibration
• Numerical Inversion using the jet energy

22

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, �)

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

Jet energy response for (Etrue, �)-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 � and m corrections 9 / 26
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Jet calibration (2)
• さらに、各 E, η bin での inversion factorに対して、

log(E) の polynomial で fit する
- この結果を parameter として database に持つ

‣ この constants を
“Jet Energy Scale” または “JES” という

‣ EM scale に JES をかけて得られたエネルギーを
“EM+JES” と呼ぶ

✓ これが bottom line 

• 重要な物理量であるJetの pT (横方向運動量)は
TopoCluster を massless と見做して、4-vector を組む

• その他
- “LC”: Local Calibration

‣ Topo-cluster の「ハドロンらしさ」を定義して
それに応じた factor をかける

- origin correction
‣ primary vertex の位置を使った pT の補正

- eta correction
‣ truth と reco での eta の差を補正
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Jet calibration (3)
•eta-dependence of JES 
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JES uncertainty (物理、他)
• どれだけ正確にJetをキャリブレーションできているか

- “正確に” とは ”精度良く“ (resolution) ということではない。
ある E, pT binで、中心値をどう間違い得るか、の指標。

• JES uncertainty の source
- 全部MCに頼ってのcalibrationなので、

jet energy response は 物理モデル
(パートン放出、ハドロン化、シャワー生成)に依る
‣ ~3%
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Figure 6: Simulated energy response (a) and p
jet
T response (b) and as a function of p

jet
T in the central

region (0.3< |η | ≤0.8) for Alpgen+Herwig+Jimmy (open squares) and Pythia with the Perugia2010

tune (full triangles). The response of the nominal Monte Carlo sample is shown for comparison (full

circles).

measured relative to those of the central jets following a technique called “the matrix method” detailed

in [19, 65]. Measurements of this relative jet response are performed using the ATLAS 2010 data–set

corresponding to an intergrated luminosity of ≈ 35 pb−1, as well as using several MC generator event

samples detailed in [65]. It is found that the MC predictions for the relative jet response diverge for

low-pT forward jets, while the data lie between the predictions.

These effects are accounted for in the uncertainty by including the intercalibration results for jets

with |η |> 0.8 in the total JES uncertainty as in the following:

• the total JES uncertainty in the central region 0.3< |η |< 0.8 is kept as a baseline,

• the uncertainty from the relative intercalibration is taken as the RMS deviation of the MC predic-

tions from the data and is added in quadrature to the baseline uncertainty.

The intercalibration uncertainty is measured in bins of the average pT of the two leading jets, labelled

p
avg
T . Due to momentum balance, this quantity is on average very similar to the average transverse

14
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Figure 5: Simulated jet energy response (a) and p
jet
T (b) response as a function of p

jet
T in the central region

(0.3< |η | ≤0.8) in the case of additional dead material in the inner detector (full triangles) and in both

the inner detector and the calorimeters (open squares). The response within the nominal Monte Carlo

sample is shown for comparison (full circles).

the systematic variations. However, the possible compensation of effects that shift the jet response in

opposite directions cannot be excluded.

Figure 6 shows the calibrated jet kinematic response for the two Monte Carlo generators and tunes

used to estimate the effect of Monte Carlo theoretical model on the jet energy scale uncertainty, together

with the kinematic response for the nominal sample shown for comparison. The ratio of the nominal re-

sponse to the response for each of the two samples described is used to estimate a systematic uncertainty

to the jet energy scale, and the procedure is detailed in Section 8.1.

6.6 Uncertainties due to the relative calibration in the endcap and forward regions

The JES uncertainty, determined in the central detector region using the single particle response and

systematic variations of the Monte Carlo simulations, is transferred to the forward regions by exploiting

the transverse momentum balance of a central and a forward jet in events with dijet topologies (where

additional jets are vetoed as detailed in [65]). In such events, the responses of the forward jets are

13

higher than the noise thresholds. Higher topocluster thresholds contribute to the JES uncertainty at the
2% (1%) level in the central (endcap) regions.
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Figure 2: Simulated jet pjetT response after the JES calibration as a function of pjetT for samples with
varied dead material (solid circles), beam spot position (open circles), and topocluster noise thresholds
(triangles) in the central barrel (top) and endcap (bottom) regions.

Additional sources of uncertainty related to detector effects which have been taken into account are:

• Absolute electromagnetic energy scale: a 3% uncertainty flat in η and pjetT is assigned to the
absolute electromagnetic scale of the electromagnetic calorimeter. This uncertainty accounts for
the following effects:

– The difference in the electromagnetic scale between the test-beam setup and the full ATLAS
detector due to the uncertainty in the liquid argon temperature in the test-beam, derived from
comparison of different test-beam measurements [28, 29];

9
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JES uncertainty (測定)
• 電磁スケールエネルギー測定

- LAr: from [GeV] to [µA]: test beam
- TileCal: 137Cs　

‣ muon は EM calibration の performance を見るのに使う
- これだけだと ~3%

• その他の source 
- Dead material description in MC: 2-3%
- ノイズの大きさと threshold の関係: 1-2%

• single particle measurement　
‣ E/p 測定
‣ Combined Test Beam　

- EM scale, ハドロンシャワー、
dead material の効果を一気に測る強力な手段
‣ EM scale の補正に使う
‣ systematics の評価にも使う

- 3つまとめて2%
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Figure 3: 〈E/p〉 after background subtraction as a function of the track momentum in different |η| bins.
The black dots represent the collision data, while the green rectangles represent the MC prediction. The
lower part of the figures shows the ratio between the MC simulation prediction and collisions data. The
gray band indicates the size of the systematic error between data and MC. The dotted lines are placed at
±5% of unity.

The green shaded area corresponds to the MC simulation prediction and the black points are the collision
data. The width of the shaded band represents the MC statistical uncertainty. The lower part of the figure
represents the ratio between MC simulation and data. The maximum momentum that can be probed with
the available statistics is approximately 20 GeV. The same conclusions drawn in Ref. [16] hold: the
agreement between data and MC simulation is within 2% for particles with momentum up to 10 GeV
and it is around 5% for momentum in 10–20 GeV range.

When comparing data with Monte Carlo, systematic uncertainties have to be taken into account and
are indicated on the lower part of Figure 3 as a gray band. They are completely correlated between
all pseudorapidity and momentum bins in the E/p measurement. These uncertainties were discussed in
detail in References [12] and [16]:

• Track selection: The dependence of 〈E/p〉 on the tracking selection cuts in Section 3.1 gives a
0.5% uncertainty [16].

• Track momentum scale: The uncertainty on the momentum scale p as measured by the inner
detector is negligibly small for p < 5 GeV [23]. For p > 5 GeV a conservative 1% uncertainty has
been assumed on the momentum scale.

• Background subtraction: The comparison of 〈E/p〉 to the
√

s = 900 GeV measurement [16] gives
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Figure 4: Expected shift (black dots) and uncertainty (error bars) on the relative calorimeter jet response
with respect to the MC simulation for jets reconstructed with the anti-kt jet algorithm (R = 0.6) in the
range 0.0 < |η| < 0.3 as function of the transverse jet momentum from the uncertainty on the E/p
response (a), the uncertainty on the E/p acceptance (b), the uncertainty from the CTB response (c), the
uncertainty from the absolute energy scale (d), the uncertainty from the threshold effects (e), and the
uncertainty from neutral hadrons (f).
The x-axis is the jet transverse momentum calibrated from the EM scale to the hadronic scale using a
MC based JES calibration factor [1, 2, 13].
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Figure 4: Expected shift (black dots) and uncertainty (error bars) on the relative calorimeter jet response
with respect to the MC simulation for jets reconstructed with the anti-kt jet algorithm (R = 0.6) in the
range 0.0 < |η| < 0.3 as function of the transverse jet momentum from the uncertainty on the E/p
response (a), the uncertainty on the E/p acceptance (b), the uncertainty from the CTB response (c), the
uncertainty from the absolute energy scale (d), the uncertainty from the threshold effects (e), and the
uncertainty from neutral hadrons (f).
The x-axis is the jet transverse momentum calibrated from the EM scale to the hadronic scale using a
MC based JES calibration factor [1, 2, 13].
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JES uncertainty (初期のまとめ)
• Result in 2010 data

- 4% @ pT=30GeV, 0.3<|η|<0.8
- forward では ~10%
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Figure 9: Fractional jet energy scale systematic uncertainty as a function of p
jet
T for jets in the pseudo-

rapidity region 0.3 ≤ |η | < 0.8 in the calorimeter barrel. The total uncertainty is shown as the solid

light blue area. The individual sources are also shown, with uncertainties from the fitting procedure if

applicable.
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Figure 10: Fractional jet energy scale systematic uncertainty as a function of p
jet
T for jets in the pseudo-

rapidity region 2.1≤ |η |< 2.8. The JES uncertainty in the endcap region is extrapolated from the barrel

uncertainty, with the uncertainty contribution from the η intercalibration between central and endcap jets

in data and Monte Carlo added in quadrature. The total uncertainty is shown as the solid light blue area.

The individual sources are also shown, with uncertainties from the fitting procedure if applicable.

19

 [GeV]jet

T
p

30 40 50 60 70 210 210×2

F
ra

ct
io

n
a
l J

E
S

 s
ys

te
m

a
tic

 u
n
ce

rt
a
in

ty

0

0.05

0.1

0.15

0.2

0.25

ATLAS Preliminary

 | < 4.5, Data 2010 + Monte Carlo QCD jetsη | ≤=0.6, EM+JES, 3.6 R tAnti-k

ALPGEN + Herwig + Jimmy Noise Thresholds

JES calibration non-closure PYTHIA Perugia2010

Single particle (calorimeter) Additional dead material

Intercalibration Total JES uncertainty

Figure 11: Fractional jet energy scale systematic uncertainty as a function of p
jet
T for jets in the pseudora-

pidity region 3.6 < |η |< 4.5. The JES uncertainty for the forward region is extrapolated from the barrel

uncertainty, with the uncertainty contribution from the η intercalibration between central and forward

jets in data and Monte Carlo added in quadrature. The total uncertainty is shown as the solid light blue

area. The individual sources are also shown, with uncertainties from the fitting procedure if applicable.

migrating out of the jet area the data are compared to the Monte Carlo simulation. The compari-

son is done in the jet η range 0≤ |η |< 1.2 and for photon transverse momenta 25 GeV ≤ p
jet
T <

250 GeV. The systematic uncertainties associated to the method itself are estimated to be about

1.5%.

Photon balance using the missing transverse momentum projection [20]

The photon transverse momentum is balanced against the full hadronic calorimeter response using

the projection of the missing transverse energy on the photon direction. This method does not

involve explicitly a jet algorithm. The comparison is done in the same kinematic region as the

direct photon balance method. The systematic uncertainty of the method is about 1%.

Balance between a high-pT jet recoiling against one or more lower-pT jets [3]

If jets at low transverse momentum are well calibrated one can assess the calibration of jets at

high transverse momentum by balancing against a recoil system of low transverse momentum jets.

This method allows to probe the jet energy scale up to the TeV-regime. The η range used for the

comparison is 0≤ |η |< 2.8. The systematic effects are evaluated to be about 4%.

Comparison of jet calorimeter energy to the momentum carried by tracks associated to a jet [21]

The mean transverse momentum sum of tracks that are within a cone with size R provide an

independent test of the calorimeter energy scale over the total measured p
jet
T range within the

tracking acceptance. The comparison is done in the jet η range 0 ≤ |η | < 1.2 and the systematic

effects associated to the method are evaluated to be about 3%.

The comparison of data to Monte Carlo simulation for all in-situ techniques are shown in Figure 12

together with the JES uncertainty for the 0 ≤ |η | < 1.2 region as estimated from the single hadrons

20
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“In-situ” JES calibrations/validations
• データを使った “jetとしての” (single particle ではなく)

calibration の確認をして、JES の不定性を評価したい
- Gamma-jet balance method
‣ Robust な EM scale の energy 測定と比較する

- Z-jet balance
‣ Zのmassが大きいので、low Pt jet のvalidation ができる

- Multi-jet method
‣ high-pT Jetと low-pT recoil jet system を比べる

- 一番高い pT までいける
- (track-jet/calo-jet )
‣ track だけで jet を組んで、それと比較

- Di-jet inter-calibration
‣ barrel と forward での responseを比べて、

各 η 領域で systematics を propagate
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Gamma-Jet balance
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Introduction
In-situ methods probing detector regions using a tag-and-probe can be
applied to both data and MC and help validate or further calibrate jets.
We employ γ+jet events with two variables: Direct balance and MPF
(missing ET projection fraction method):

MPF ≡
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[pγ
T ]2

RMPF ≡ 1 + MPF Direct ≡
pjet
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Direct balance: uses calibrated jets (EM+JES or LC+JES).
MPF looks at the hadronic recoil using the photon and MET, with jets at
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• Direct balance
- pT(jet)/pT(γ)

• Missing ET production fraction (MPF) method

-                               ,  

• Result in 2011 data
- 1-2% で data と MC は合っている
‣ 合わない分は correction へ
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7 Jet energy measurement168

The calorimeter response to jets is measured in bins of the photon transverse momentum. Figure 1 shows169

the results obtained in data and MC using the direct pT balance for anti-kt jets with distance parameter170

R = 0.4 (a,b) and R = 0.6 (c,d) for the EM+JES (a,c) and LCW+JES (b,d) calibration schemes. Figure 2171

shows the results from MPF when the missing pT is calculated from topo-clusters at the EM (a) and172

LCW (b) scales.173

The lower part of Figure 1 and Figure 2 shows the ratio of the response in data to that in MC. The174

MC simulation provides a response approximately 2% larger than that in data in the range p
γ
T > 85 GeV.175

For lower values of p
γ
T , the ratio between data and MC tends to increase. This is due to the convolution176

of the background from multijet events in the data, which are not simulated in the MC, and the different177

out-of-cone energy and lower jet pT threshold effects on the response in data and in MC.178
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Figure 1: Average jet response as determined by the direct pT balance technique for anti-kt jets with

R = 0.4 (a,b) and R = 0.6 (c,d), calibrated with the EM+JES scheme (a,c) and with the LCW+JES

scheme (b,d), for both data andMC as a function of the photon transverse momentum. Only the statistical

uncertainties are shown.
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Figure 2: Average jet response as determined by the MPF technique using topo-clusters at the EM (a)

and LCW (b) energy scales, for both data and MC as a function of the photon transverse momentum.

Only the statistical uncertainties are shown.

8 Systematic uncertainties179

The following sub-sections briefly describe the procedure to estimate the systematic uncertainties of the180

photon-jet in situ techniques, such as those due to background from jets identified as photons (fakes),181

soft QCD radiation or pile-up interactions, among others.182

8.1 Influence of pile-up interactions183

The influence of in-time pile-up is evaluated by comparing the response in events with 6 or more recon-184

structed primary vertices to the response in events with 1 or 2 reconstructed primary vertices, inclusively185

in µ. Similarly, the effect of out-of-time pile-up is estimated comparing the response in events with µ > 7186

to the response in events with 3.5 < µ < 5.5, inclusively in NPV. Since these two comparisons are highly187

correlated, the pile-up uncertainty is estimated in each p
γ
T bin as the maximum difference between the188

two high pile-up responses and the two low pile-up responses. The uncertainty is about ∼ 0.5% at low189

p
γ
T , and decreases as the p

γ
T increases. In the case of direct pT balance, the jet pT is corrected for the190

additional energy included by pile-up interactions. The uncertainty in the correction [26] propagated to191

the response is larger than the response variation with low and high NPV or µ. Since the pile-up offset192

uncertainty will be applied on physics analysis, the pile-up uncertainty can be neglected here.193

8.2 Soft radiation suppression194

The stability of the data-to-MC response ratio under soft radiation is evaluated in two steps. First the195

cut on the sub-leading jet is varied with ∆φjet-γ fixed, and then ∆φjet-γ is varied with the cut on the196

sub-leading jet fixed. The cut on the second leading jet is varied to looser or tighter values as follows:197

Direct

MPF 
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Z-jet balance
• pT(jet)/pT(reference Z→ee)

- much less background than γ-jet
- probes low-pT jets

• Result in 2011 data
- data/mc agreement within 3%
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The extrapolated mean balances for the data and PMC samples are shown in Figure 4 for anti-185

kt jets with a distance parameter of R = 0.4 and R = 0.6, calibrated with the EM+JES scheme. The186

mean balance obtained for jets with R = 0.6 is larger compared to jets with R = 0.4, which is a direct187

consequence of the larger jet size, and has smaller variations with the transverse momentum.188
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Figure 4: Mean pT balance obtained in the data and with the P simulation. Results for anti-kt jets

with distance parameter R = 0.4 (a) and R = 0.6 (b) calibrated with the EM+JES scheme are shown.

7 Systematic uncertainties189

The differences between the balances observed in data and those observed in Monte Carlo simulation190

may be due to physics or detector effects directly influencing the calorimeter response to jets (e.g. frag-191

mentation, matter in front of the calorimeter), and which are not correctly modelled in the simulation192

that is used. They can also be due to effects that have an influence on the direct pT balance method itself193

(e.g. estimation of the mean balance, higher order parton emission). The following systematic effects194

are studied:195

1. the quality of the balance fits and of the ∆φ extrapolation is quantified, and the uncertainty on the196

width parametrization is propagated to the mean estimation;197

2. the cut on sub-leading jets is varied to assess the effect of additional high-pT parton radiation198

altering the balance;199

3. the effect of soft particles produced outside the jet cone and the underlying event contribution to200

the jet energy is compared in data and simulation;201

4. the impact of additional (pile-up) interactions is studied;202

5. the uncertainty in the electron energy measurement is propagated to the pT balance;203

6. the results obtained with P and A+H+J are compared.204
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Figure 6: Summary of the uncertainties on the data-to-MC ratio of the mean pT balance, for anti-kt jets

with distance parameter R = 0.4 (a) and R = 0.6 (b) calibrated with the EM+JES scheme.
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Figure 7: Data-to-MC ratio of the mean pT balance as a function of pref
T

for anti-kt jets with distance

parameter R = 0.4 (a) and R = 0.6 (b) calibrated with the EM+JES scheme. The total uncertainty on this

ratio is depicted by gray bands. Dashed lines show the −1%, −2%, and −5% shifts.

both jet sizes and both calibration schemes. The uncertainty of the method has been estimated to be of301

the order of 1% to 3% for 30 GeV < pref
T
< 260 GeV. The results of this study demonstrate that the direct302

pT balance technique provides a method that can be used to correct the jet energies in situ.303
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Multi-jet Balance
Employ the pT balance pTJet1/pTRecoil to calibrate in-situ the jet response
‣ At least 3 jets with pT>25 GeV, leading (sub-leading) jets within |ηEM|<1.2 (2.8)
‣ Leading jet pT scale higher than sub-leading jet pT by requiring pTJet2/pTRecoil < 0.6 or 0.8
‣ Correct sub-leading jets using in-situ γ+jet/MPF and Z+jet measurements (data only)
‣ Iteratively propagate recoil JES uncertainty to higher pT with pT balance

Event Selection
≥1 PV with Ntrack≥5
Veto events with leptons and photons
Veto events containing a Loose bad or ugly jet
Veto events with jet falling into LAr hole (E-H only)

≥3 jets with pTJet2,3,4,.. < 750 GeV (initial)
pTJet2/pTRecoil < 0.6
α = |Δϕ−π| < 0.3 rad
β > 1 rad

Trigger pT range [GeV]

EF_j55_a4tc_EFFS 210<pTRecoil<260

EF_j100_a4tc_EFFS 260<pTRecoil<400

EF_j135_a4tc_EFFS 400<pTRecoil<500

EF_j240_a4tc_EFFS pTRecoil>560

Full 2011 dataset (4.8 fb-1)

2

Multi-Jet balance
• MJB

- powerful tool to reach higher pT in JES

• Result in full data 2011
- w/ corrections by gamma-jet/Z-jet
‣ data/MC : ~1%
‣ 2010/2011: similar performance

- pT reach extended
‣ 0.8 → 1.2 TeV

- Topic in 2011/12 :  TeV jets !!

37

‣Different pT scales between leading and sub-leading jets 
! “≥3 jets with pTJet2 < pTRecoil”
‣Transfer recoil JES uncertainty with pT balance 
‣Validate MC-based jet calibration in 2010
‣Possible to provide JES calibration (2011)

Employ pT balance “pTJet1/pTRecoil” 
to validate/calibrate in-situ the 
leading (high energy) jet response

LCW+JES/EM+JES topo-cluster 
jets for R=0.6 and 0.4
‣ pT>20 GeV, |η|<2.8, Njet≥3

Multi-Jet Balance (MJB)

2

TODAY : First look of 2011 data with 2010 analysis

‣Different pT scales between leading and sub-leading jets 
! “≥3 jets with pTJet2 < pTRecoil”
‣Transfer recoil JES uncertainty with pT balance 
‣Validate MC-based jet calibration in 2010
‣Possible to provide JES calibration (2011)

Employ pT balance “pTJet1/pTRecoil” 
to validate/calibrate in-situ the 
leading (high energy) jet response

LCW+JES/EM+JES topo-cluster 
jets for R=0.6 and 0.4
‣ pT>20 GeV, |η|<2.8, Njet≥3

Multi-Jet Balance (MJB)

2

TODAY : First look of 2011 data with 2010 analysis
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Sub-leading jets (data) corrected using γ+jet & Z+jet after ApplyJetCalibration
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Dijet balance

• Analysis methods
- Standard Method
‣ pT(probe jet)/pT(ref. jet)

- Matrix Method
‣ not defining

probe or reference jets
- |η1| < |η2|

• Results in data 2011
- ~10% difference

between Pythia and Herwig
‣ taken into systematics

in the forward region

38

Dijet Balance Methods 
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Systematic uncertainties
•In in-situ measurements

39

Direct γ+jet Systematic Uncertainties on MJB
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Dag Gillberg, Carleton Feb 5 eta intercalibration update
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Figure 4: Systematic uncertainties on the ratio of the jet response in data over MC as determined by

the direct pT balance technique for anti-kt jets with R = 0.4 (a,b) and R = 0.6 (c,d), calibrated with

the EM+JES scheme (a,c) and with the LCW+JES scheme (b,d), as a function of the photon transverse

momentum. Detailed treatment of uncertainties still under discussion with other in situ techniques and

combination.
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Figure 6: Summary of the uncertainties on the data-to-MC ratio of the mean pT balance, for anti-kt jets

with distance parameter R = 0.4 (a) and R = 0.6 (b) calibrated with the EM+JES scheme.
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Figure 7: Data-to-MC ratio of the mean pT balance as a function of pref
T

for anti-kt jets with distance

parameter R = 0.4 (a) and R = 0.6 (b) calibrated with the EM+JES scheme. The total uncertainty on this

ratio is depicted by gray bands. Dashed lines show the −1%, −2%, and −5% shifts.

both jet sizes and both calibration schemes. The uncertainty of the method has been estimated to be of301

the order of 1% to 3% for 30 GeV < pref
T
< 260 GeV. The results of this study demonstrate that the direct302

pT balance technique provides a method that can be used to correct the jet energies in situ.303
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ここまでのまとめ
• Jet とは

- 高エネルギーパートンを元とするハドロンの束
• Jet calibration

- カロリメータの EM(or LC)-scale でのレスポンス
- エネルギークラスターの構築
- Jetの再構築
‣ を行なって、MCで求めた JES をかける

• Calibration がどれくらい合っているか
- JES uncertainty
‣ 物理モデルや、検出器の反応、ノイズ、物質量等からくる

jet energy response の不定性
- 基本的に single particle measurement を使って評価

- “In-situ” calibrations
‣ データを使って JESを検証

- (これからはJESの補正、uncertainty の評価に使う)
40



Pile-up in 2011



 Toshi SUMIDA Kyoto-ATLAS  meeting, 5 Jul 2012 Jet in ATLAS

Pile-up 
• Z→µ+µ- の

イベントディスプレイ
- with 20 vertices 
‣ pT>400MeVの

トラックのみを表示
‣ 楕円の大きさは

primary vertex再構成
の不定性を20倍にして
表している

• カロリメータ(特にハドロン)での
エネルギー測定や、
横方向消失運動量(missing ET)の
測定に大きく影響する

42
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Energies from Pile-up
• Jet (広範囲での energy 測定)に影響するもの

- In-time pileup
‣ 同時に起こった複数の衝突からの寄与

✓ energy を足し上げてしまう
‣ dependent on

- その bunch x-ing での同時衝突数:
Number of Primary Vertex (NPV)
✓ tracking で数える

- Out-of-time pileup
‣ bi-polar pulse shape in the calorimeters

- total charge は 0 ( noise-tolerant )
- 長い negative charge 部分が

energy deposition のあとに続く
✓ これが、energy をさっ引いてしまう

‣ dependent on
- その bunch x-ing の前の部分の 平均衝突数:

“ μ ” (<mu>)
✓ total cross section measurement

43

Components of the offset energy Noise and out-of-time energy

Noise and out-of-time energy: EZB(⌘,L)
Estimation using zero-bias events
Unaccounted-for noise and out-of-time energy deposition contribute added energy density within the
calorimeter. To obtain an unbiased estimate of this energy density a sample of zero bias events is needed
in which no hard or inelastic scattering process has occurred.

LAr signal reconstruction
The bipolar pulse shape of the LAr calorimeter should cancel-out any out-of-time energy (average zero
cell response) for “ideal” pileup conditions. However, we will see:

Asymmetric energy distribution
Dependence on LHC bunch structure
Variations within a fill

! elec ~ "-3/2

! pile-up ~"
1/2

For “optimal” integration time: ! elec/ ! pile-up = 1/#3 

Signal
Shaping time optimizationExample of noise in 3x5 EM cluster in Barrel

From the athena pileup simulation

 600 ns!

G. Unal
(13/02/2008)

D.W. Miller (Stanford, SLAC) Jet corrections: baseline offset correction for pile-up and noise June 16, 2009 6 / 23
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Pileup corrections
• Calorimeter で測る energy を足したり引いたりされると

jet の pT を間違えるので、これに対して補正をしたい
- Offset (pile-up) correction 

• Correction methods
- Tower/cluster-based method
‣ eta-dependent に、NPV or µ毎に

energy in calo-towers/clusters の table を作って、それで補正
‣ topo-cluster の noise-suppression が MC で完璧に記述できないため、

あまり上手くいかなかった
- Truth-pT based method
‣ MC truth jet information を使って、

ある η, NPV, µ での EM/LC scale jet pT と比較。
これを table に持つ
- E(offset) = A*(NPV - <NPV>ref) + B*(μ - <μ>ref)

✓ [<NPV>ref ,  <μ>ref ]  : offset が 0 になる点 (reference point)
✓ 現在の default

- Others
‣ Jet area method, Ntrack, JVF, etc....
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Jet calibration with offset correction
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Jet の pT(測定)/pT(MC truth) 

pile-up correction前

pile-up correction後

• reference point について
- JES が、offset correction なしで

求められたのであれば、その MC サンプルの平均
- しかし、mc11a (µ~7) 以降、

特にLC-scale jet については
平均 response が大きすぎるために
jet energy response に対する
polynomial での fit が絶望的
→ 一旦 [<NPV>ref ,  <μ>ref ] = [1, 0] として
     offset を引いたのちに JES を計算する。

✓ jet energy response の形が回復
✓ NPV 間での pT response の spread が

ちゃんと修正されている
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Systematics in offset correction
• Procedure

- MC で jet pT の NPV/µ dependenceから
それぞれの slope を求める

- 各 in-situ measurement での
reference を用いて検証
‣ 各 measurement 間の差を systematics 

として定義
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Figure 2: The average reconstructed jet transverse momentum pjetT,EM on EM scale in MC simulations,
as function of the number of reconstructed primary vertices NPV, and for various bins of truth jet ptruthT ,
for jets with R = 0.4 (a) and R = 0.6 (b). The dependence of pjetT,EM on NPV in data, in bins the track jet
transverse momentum ptrackT , is shown in (c) for R = 0.4 jets, and in (d) for R = 0.6 jets.

both NPV and µ provides the ansatz for a correction,

O(NPV, µ, ηdet) = α(ηdet) ·
(

NPV −N ref
PV

)

+ β(ηdet) ·
(

µ − µref
)

. (1)

The coefficients α(ηdet) = ∂pT/∂NPV and β(ηdet) = ∂pT/∂µ only depend on the jet direction ηdet in the152

detector, as both in-time and out-of-time pile-up signal contributions manifest themselves in different153

ways in different calorimeter regions, according to154

• the energy flow from collisions into that region;155

• the calorimeter granularity and occupancy after topo-clusters reconstruction, leading to different156

acceptances at cluster level and different probabilities for overlaps in clusters;157

• the effective sensitivity to out-of-time pile-up introduced by different calorimeter signal shapes.158

The offsetO can be reconstructed on the EM or the LCW scale, the choice of which affects the magnitude
of the coefficients and, therefore, the transverse momentum offset itself:

OEM "→
{

αEM(ηdet), βEM(ηdet))
}

, OLCW "→
{

αLCW(ηdet), βLCW(ηdet)
}

.
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Figure 4: The pile-up contribution per additional vertex, measured as ∂pjetT,EM/∂NPV, as function of |ηdet|,
for the various methods discussed in the text, for R = 0.4 (a) and R = 0.6 (b) jets. The contribution from
µ, calculated as ∂pjetT,EM/∂µ and displayed for the various methods as function of |ηdet|, is shown for the
two jet sizes in (c) and (d), respectively.
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Figure 5: Overview on the fractional systematic uncertainties introduced by the MC based pile-up cor-
rection method for in-time pile-up for anti-kt jets with R = 0.4 and calibrated with the EM+JES scheme,
as function of NPV (left column). The rows show this fractional uncertainty in various bins of jet pT,
increasing from top to bottom. The right column shows the fractional systematic uncertainty from the
out-of-time pile-up correction for the same jets, as function of µ, with the same sequence in jet pT.
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Figure 4: The pile-up contribution per additional vertex, measured as ∂pjetT,EM/∂NPV, as function of |ηdet|,
for the various methods discussed in the text, for R = 0.4 (a) and R = 0.6 (b) jets. The contribution from
µ, calculated as ∂pjetT,EM/∂µ and displayed for the various methods as function of |ηdet|, is shown for the
two jet sizes in (c) and (d), respectively.
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New JES in 2012
• In-situ calibrations の absolute JES への取り込み

- 現在の calibration scheme

• Correction from the in-situ measurements

48

JES calibration – Combination procedure

Calibration procedure

Combination procedure

In-situ measurements for |⌘| <1.2 combined using HVPTools code:
propagate uncertainties and correlations between measurements

of in-situ method and between in-situ methods
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Total JES uncertainty
• JES uncertainty への寄与

- Absolute JES calibration method 
- Data/Pythia
- Relative calibration for jets with η > 0.8
- High pT uncertainty for jets with pT > 1TeV 
- Pile-up

‣ total で 1% @100-500GeV を達成
- Calibration tool, JES uncertainty provider も一応できた。

• 最新情報
- Twiki: https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/JetsWithPileup2011

https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/JetCalibrationToolsWinter2011
- Jet calib tool in svn: https://svnweb.cern.ch/trac/atlasgrp/browser/CombPerf/JetETMiss/JetCalibrationTools
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Figure 12: Jet energy scale uncertainty as a function of p
jet
T in 0 ≤ |η | < 1.2. This plot shows the data

to Monte Carlo simulation ratios for several in-situ techniques that test the jet energy scale exploiting

photon jet balance (direct balance or using the missing transverse momentum projection technique), the

balance of a leading jet with a recoil system of two or more jets at lower transverse momentum (multi-

jets) or using the momentum measurement of tracks in jets.

improvements are due to new measurements of the single hadron response, to a more detailed analysis

of the uncertainties associated to neutral hadrons and to the recalibration of the electromagnetic scale of

calorimeter with Z → ee events measured in-situ.

The total jet energy scale uncertainty decreases by up to a factor of two with respect to the update of

the estimate in Ref. [12]. The jet energy scale calibration and the reduction in its uncertainty are validated

by the comparison of calibrated jets in data andMonte Carlo simulation using in-situ techniques (tracks in

jets, multi-jet balance, direct photon-jet balance, missing transverse energy projection fraction technique)

up to jet transverse momenta of 1 TeV.

The jet energy scale uncertainty is found to be similar for jets reconstructed with both the jet distance

parameters studied: R = 0.4 and R= 0.6. In the central region (|η |< 0.8) the uncertainty is lower than

4.6% for all jets with pT > 20 GeV, while for jet transverse momenta between 60 and 800 GeV the

uncertainty is below 2.5%.

In the endcap and forward region the relative intercalibration uncertainty dominates. The JES uncer-

tainty amounts to a total of about 14% for the most forward pseudorapidities up to η = 4.5.
The jet energy scale uncertainty is estimated for isolated jets, and similar results have been obtained

using inclusive QCD jets. An additional correction due to the presence of close-by jets needs to be

applied and an uncertainty of 1-3% added to the current estimate as a function of the distance to the

nearest reconstructed jet. An additional flavour-dependent systematic uncertainty has to be evaluated for

individual physics analyses.

The JES uncertainty due to proton-proton collisions occurring in addition to the event of interest

(pile-up) after a dedicated correction is applied is estimated separately as a function of the number of

primary vertices. In the case of two primary vertices per event, the uncertainty due to pile-up for jets

with pT = 20 GeV and pseudorapidity 0.3≤ |η |< 0.8 is about 1% while it amounts to about 2% for jets

with pseudorapidity 2.1≤ |η |< 2.8. For jets with transverse momentum above 200 GeV, the uncertainty

due to pile-up is negligible (< 1%) for jets in the full pseudorapidity range (|η |< 4.5).
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JES uncertainty – First JES uncertainty plots

JES uncertainty in the central region
(2010 vs 2011, MC11b)

For anti-kT R=0.6 EM+JES topocluster jets (R=0.4: similar):

 [GeV]jet
T

p
30 40 210 210×2 310 310×2

Fr
ac

tio
na

l J
ES

 s
ys

te
m

at
ic

 u
nc

er
ta

in
ty

0

0.02

0.04

0.06

0.08

0.1

0.12

ATLAS

 | < 0.8η | ≤=0.6, EM+JES, 0.3 R tAnti-k
 Data 2010 + Jet Monte Carlo-1Ldt=35 pb∫=7 TeV s

ALPGEN + Herwig + Jimmy Noise Thresholds
JES calibration non-closure PYTHIA Perugia2010
Single particle (calorimeter) Additional dead material
Total JES uncertainty

 [GeV]jet
T

p
20 30 40 210 210×2 310 310×2

Fr
ac

tio
na

l J
ES

 s
ys

te
m

at
ic

 u
nc

er
ta

in
ty

0

0.02

0.04

0.06

0.08

0.1

0.12
 = 0.5, MC11b MCη=0.6, EM+JES, R tAnti-k

 Data 2011 + Jet Monte Carlo-1Ldt=4.7 pb∫=7 TeV s

 EM scaleγe/ Z/jet total uncertainty
MPF Total uncertainty MJB Total uncertainty
 intercalibration uncertaintyη  term)µPile-up uncertainty (

Pile-up uncertainty (#NPV term)  uncertainty (2010)
T

High p
EtaJES calibration uncertainty Total JES uncertainty
Total statistical uncertainty

Figure: Fractional jet energy scale systematic uncertainty as a function of pjetT for jets
in the barrel, endcap and forward pseudorapidity regions. The total uncertainty is
shown as the solid light blue area. Separate uncertainty sources shown for display only
(all nuisance parameters available).

Note: flavour uncertainty (accounting for data/MC di↵erences
of q/g jets for in-situ techniques) still missing!

10 / 17
C. Doglioni - 28/03/2012 - Jet/EtMiss performance meeting

N

Uncertainty in in-situ measurements in 2011

JES uncertainty in data 2010 JES uncertainty in data 2011

https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/JetsWithPileup2011
https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/JetsWithPileup2011
https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/JetCalibrationToolsWinter2011
https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/JetCalibrationToolsWinter2011
https://svnweb.cern.ch/trac/atlasgrp/browser/CombPerf/JetETMiss/JetCalibrationTools
https://svnweb.cern.ch/trac/atlasgrp/browser/CombPerf/JetETMiss/JetCalibrationTools
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Physics/Flavor dependent JES
• b-jet

- generation, decay における MC の uncertainty,
muon response等の systematic の source がある

✓ now in finalization

• quark/gluon separation
- 実は、(light)quark と gluon 起源の jet の

response は結構違う
‣ more tracks in gluon jets → lower response

- 対処
‣ analysis dependent な JES の補正

- in top, W+jets, etc...
‣ quark/gluon ID likelihood

- それぞれの parton の種類らしさ、
に応じた JES を提供
✓ work in progress
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Top mass meeting, Mar 15th 2012 9G. Cortiana

R’

R’ expresses the relative additional 
JES uncertainty of b-jets with 
respect to the inclusive JES 

Note: we will likely limit the  pT range for 
the final results: 

1. for pT>200 GeV, b-tagging scale factors 
are only available as extrapolation

2. for pT>400 GeV, tracking inefficiency in 
the core of the jets will start to play a 
role. 
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Introduction

2

• We validate the JES in γ/Z+jet samples, which have a large fraction of light-
quark jets

• Does a shift of 2% in this sample imply that we should have also a 2% shift in a 
sample with mostly gluons?

• Important also for combination of 
in-situ techniques (once we include
track/jet results in particular) 

• Last year, we looked a different 
MCs, and saw no difference in relative
response of light-quark and gluons

• This year: we are redoing that, but can also try to use data (all this being 
summarized in a CONF note)
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Pile-up correction in 2012
• より高い pile-up rate への対策

✓ μ ~ 35 @ 6x1033

- Linearity on NPV は ~40 まで OK
‣ とりあえず、今の correction は動く

- Pile-up uncertainty の評価
‣ ref. point は [1,0]のままでいいか？

- slope の syst. err. を最小にする study

• Event-by-event, jet-by-jet corrections
- 今の correction は NPV と µ だけで決まっているので、

jet resolution を改善しない。
‣ Jet Vertex Fraction (JVF) を correction に使う ?
‣ Ntrack を使う？

- 色々と study が進行中
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0.4$pb'1$of$data$with$approximately$30$interac:ons$per$bunch$crossing.$$
Reconstructed$tracks$origina:ng$from$the$chosen$primary$vertex$were$
matched$within$ΔR$<$0.6$to$an:'kT$R$=$0.6$topo'cluster$jets.$$The$sum$of$
the$pT$of$the$matched$tracks$is$insensi:ve$to$pile'up$and$correlated$with$
the$true$jet$pT.$$By$ploHng$the$reconstructed$jet$pT$versus$the$number$of$
reconstructed$primary$ver:ces$(NPV)$in$bins$of$the$matched$track$pT,$we$
see$clearly$the$dependence$of$the$reconstructed$jet$pT$on$in':me$pile'up.$$
This$dependence$remains$linear$up$to$at$least$NPV$=$30.$

PileDup*corrections:*next*steps-

6 

•  Baseline average offset 
correction well established: 
o  Use jet area for the in-time pile-up 

component (work in progress)  

•  Reduce pile-up 
fluctuations, event-by-
event, and jet-by-jet: 
o  Improve jet energy resolution 
o  Baseline offset correction improves 

the jet resolution by ~10% at low pT 
and |eta|<2 

o  Commission new methods: 
•  Ntrk pile-up correction 
•  Jet areas 
•  JVF-based pile-up subtraction 

Carlos Sandoval 

JVF Correction Introductions and reminders

Jet-vertex association
Originally developed by the DØ Collaboration

Min. bias (MB) interactions contribute to both jet multiplicity and jet energy.
The average offset corrections corrections discount large fluctuations in the form of jets.

The Jet Vertex Fraction (JVF)

Associate jets to primary vertices using tracks and obtain a jet-by-jet energy correction and
jet-selection criterion.
Improve jet-energy reconstruction, missing Et resolution and primary vertex (PV) selection using
this jet-vertex fraction, or JVF.

JVF measures the fraction of charged particle transverse momentum in each jet (in the form of tracks)
originating in each identified primary vertex in the event.

Jet-vertex fraction (JVF)
-1 -0.5 0 0.5 1 1.5
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um

be
r o
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et
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310×
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|<2)ηtracks (|

Jets from
pile-up collisions
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from pile-up collisions

ATL-COM-PHYS-2008-008
ATL-COM-PHYS-2009-180

D.W. Miller (Stanford, SLAC) JVF pile-up jet energy corrections June 19, 2009 2 / 18
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まとめ
• Jet calibration

- Offset (Pile-up) correction
‣ In- and Out-of time pile-up
‣ Truth-based pT method

- MC-based absolute calibration
‣ pT (reco) / pT (truth)

- Residual correction with in-situ measurements

• JES uncertainty
- In-situ measurements による補正を入れた事で、

100-500 GeV で 1% を達成

• Todo
- Luminosity の増加に合わせた pile-up correction の改良が必要
‣ event-by-event, jet-by-jet に

- Physics dependent な jet calibration の提供

53
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Figure 1: A cut-away drawing of the ATLAS inner detector and calorimeters. The Tile hadronic
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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Figure 2: Segmentation in depth and � 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 tile calorimeter. The tile
calorimeter is symmetric with respect to the interaction point.

4

TileCal

• 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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2008 JINST 3 S08003

Figure 5.26: Schematic of the transition region between the barrel and end-cap cryostats, where
additional scintillator elements are installed to provide corrections for energy lost in inactive ma-
terial (not shown), such as the liquid-argon cryostats and the inner-detector services. The plug
tile calorimeter is fully integrated into the extended barrel tile calorimeter. The gap and cryostat
scintillators are read out together with the other tile-calorimeter channels (see text).

these cryostat scintillators had to be removed on each side for the routing of the signals from the
minimum-bias scintillators. They will be reinserted for operations at full luminosity.

There are several locations around the circumference of the calorimeter, in which the standard
gap instrumentation is not possible, for example the region opposite the support feet for the barrel
cryostat [112]. In these locations, the plug calorimeter is reduced further in its length. In the
location of the exit of the barrel cryogenic line, no plug calorimeter can be accommodated and it is
replaced entirely by scintillators. Finally, the inner support of the end-cap cryostat sits on the tile
calorimeter at its inner radius. In these regions, the tile-calorimeter modules themselves are cut to
provide the support surface on which the cryostat support jacks sit. The gap scintillators are also
missing in this region.

5.6 Calorimeter readout electronics, calibration and services

5.6.1 Readout electronics

5.6.1.1 Overview

This section describes the on-detector (front-end) and off-detector (back-end) electronics of the
ATLAS calorimetry. The major tasks required of the readout electronics are to provide the first-
level (L1) trigger system with the energy deposited in trigger towers of size �⇥ ��� = 0.1�0.1
and to measure, for L1-triggered beam crossings, the energy deposit in each calorimeter cell to the

– 137 –
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Figure 1.3: Cut-away view of the ATLAS calorimeter system.

Calorimeters must provide good containment for electromagnetic and hadronic showers, and
must also limit punch-through into the muon system. Hence, calorimeter depth is an important
design consideration. The total thickness of the EM calorimeter is > 22 radiation lengths (X0)
in the barrel and > 24 X0 in the end-caps. The approximate 9.7 interaction lengths (⇤ ) of active
calorimeter in the barrel (10 ⇤ in the end-caps) are adequate to provide good resolution for high-
energy jets (see table 1.1). The total thickness, including 1.3 ⇤ from the outer support, is 11 ⇤
at ⇥ = 0 and has been shown both by measurements and simulations to be sufficient to reduce
punch-through well below the irreducible level of prompt or decay muons. Together with the large
⇥-coverage, this thickness will also ensure a good Emiss

T measurement, which is important for many
physics signatures and in particular for SUSY particle searches.

1.3.1 LAr electromagnetic calorimeter

The EM calorimeter is divided into a barrel part (|⇥ | < 1.475) and two end-cap components
(1.375 < |⇥ | < 3.2), each housed in their own cryostat. The position of the central solenoid in
front of the EM calorimeter demands optimisation of the material in order to achieve the de-
sired calorimeter performance. As a consequence, the central solenoid and the LAr calorimeter
share a common vacuum vessel, thereby eliminating two vacuum walls. The barrel calorimeter
consists of two identical half-barrels, separated by a small gap (4 mm) at z = 0. Each end-cap
calorimeter is mechanically divided into two coaxial wheels: an outer wheel covering the region
1.375 < |⇥ | < 2.5, and an inner wheel covering the region 2.5 < |⇥ | < 3.2. The EM calorimeter is
a lead-LAr detector with accordion-shaped kapton electrodes and lead absorber plates over its full
coverage. The accordion geometry provides complete � symmetry without azimuthal cracks. The

– 8 –
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Double Gaussian � Noise
• Fitting with 5 parameters

- C, μ, σ1, σ2, R
‣ R: relative normalization

- Double gaussian describes
 data very well

• New MC
- Implementation of 

double gauss. noise
- Missing ET in Tile 
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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

4

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

パートン放出

物理

ハドロン化

ハドロンの崩壊
(準)安定粒子化

カロリメータでの反応:
電磁/ハドロンシャワー

このあと ISR。このPDFの不定性が 1-2 %

ハドロン化(hadronization, fragmentation)

による不定性は~0.5%。MCで決まる。

Calorimeter での EM scale の不定性が 3%、
ハドロンシャワーモデルのMCの不定性は~3%。

これに MC では dead material の不定性2-3 % がつく。
なので、single isolated particle による E/p 測定で

各ハドロンの反応レベルで
エネルギー不定性の評価をするよう変更

(上記の効果がまとめて入る)。
total で 2%@100GeV まで低減する事に成功。

実はこの時点で track から jet  が組める (track jet)。
neutral particles(γ, neutron, KL) のエネルギーがないことの影響と

calorimeter での不定性を比べると、今のところ calo の勝ち
 (しかし大きな pile-up 環境下で、重要性は上がっている)

ココから見える

1.

2.

3.

4.

• 高エネルギーパートン生成後



• カロリメータでのエネルギー測定から

Jetができるまで (2)
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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
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gluons) after fragmentation and 
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• Jet Finding is the approximate 
attempt to reverse-engineer the 
quantum mechanical processes of 
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測定

エネルギークラスター構築

Jet再構成

カロリメータでの
(電磁スケール)エネルギー測定

エネルギースケールの決定
エネルギー/方向の補正

EM scale の calibration は基本的に
LAr:  test beam,    Tile: Cs (~3%) で始める。
ハドロン反応の理解も test beam。

E/p 測定と合わせて calo response は 3%。
high energy のリアルタイムcalibrationとしては

(π0→γγ,) Z→ee がある

各カロリメータ cell で、
ペデスタルの σ を基準にして

その4倍の閾値を超えたものを seed とし、
その周りの cell は 2σ、さらにその周りの cell は

全てエネルギーを足し上げる、
　4-2-0 topological cluster (Topo-cluster)　
が長年の研究の成果として採用されている。
この threshold に対する noise の不定性が

Jetレベルで 1-2% 。

Topo-Cluster をJet再構成の
input (jet constituents) として使う。

cone algorithm (単純にある軸からある距離のエ
ネルギーを足す) に代わる方法として、
constituent の運動量を距離の閾値として

用いる、kT, Cambridge/Aachen, Anti-kt algorithms 

が登場 (Anti-kt は 2008年)。
特に Anti-kt が良い performance を見せたので

これを採用する事に決定(2009)。

基本的にはJetの再構築は EM scale の Topo-cluster energy で行われる。 エネルギースケールの決定は、
MC を用いて truth jet (generator による全ての stable particles に対して再構成アルゴリズムを適用したもの)

の “true” energyと、カロリメータから出発して再構成された  “reco. jet” energy の比を取って決定する。

ココまでしか測れない

1.

2.

3.

4.
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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
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高エネルギーパートン放出

物理

ハドロン化

ハドロンの崩壊
(準)安定粒子化

カロリメータでの反応:
電磁/ハドロンシャワー

測定

エネルギークラスター構築

Jet再構成

カロリメータでの
(電磁スケール)エネルギー測定

エネルギースケールの決定
エネルギー/方向の補正

keyword,    ΔE/E (%)

PDF, 1-2%

MC, 0.5%

shower: 3%
dead material: 3%

muon, Cs, π0, Z->ee,
single particle: 2%

4-2-0 Topo-Cluster,
noise, 2-3%

Anti-kt  algorithm

Jet Energy Scale, eta correction
total: 2.5% @ 100GeV

truth jet,
track jet

ex.) true energy 100GeV
in an Anti-kt R=0.4 jet

true energy in calo
Σ E(cell) = 70 GeV

measured energy in calo
Σ E(cell) = 73±2 GeV

measured energy in
clusters with threshold
ΣE(cluster) = 71±2 GeV

measured energy in clusters
reconstructed into a jet
E(jet)EM = 69±2 GeV

energy with numerical inversion
E(jet) = 102±3 GeV



Jet測定の不定性 (1)
• 基本的に、不定性の評価はJetの response:

pT(reco)/pT(truth) を基準として行う (後で詳しく説明)

• (1.)  MC dependence - PDF　  

• PDF のモデルを変えてみたとき
• pythia や Alpgen, Perugia2010 は LO に

parton をひっつけただけ (LO*)

• NLO を使った generator はまだ不備
• モデル間で1-2 % くらいの不定性 @100GeV

• (2.-4.)  MC dependence　
• fragmentation の tuning (Herwig++ etc.) :  0.5-1% 　
• underlying event　
• ハドロンシャワーモデル
• 2つで 3%

• dead material の見積り :  2-3%
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Figure 6: Simulated energy response (a) and p
jet
T response (b) and as a function of p

jet
T in the central

region (0.3< |η | ≤0.8) for Alpgen+Herwig+Jimmy (open squares) and Pythia with the Perugia2010

tune (full triangles). The response of the nominal Monte Carlo sample is shown for comparison (full

circles).

measured relative to those of the central jets following a technique called “the matrix method” detailed

in [19, 65]. Measurements of this relative jet response are performed using the ATLAS 2010 data–set

corresponding to an intergrated luminosity of ≈ 35 pb−1, as well as using several MC generator event

samples detailed in [65]. It is found that the MC predictions for the relative jet response diverge for

low-pT forward jets, while the data lie between the predictions.

These effects are accounted for in the uncertainty by including the intercalibration results for jets

with |η |> 0.8 in the total JES uncertainty as in the following:

• the total JES uncertainty in the central region 0.3< |η |< 0.8 is kept as a baseline,

• the uncertainty from the relative intercalibration is taken as the RMS deviation of the MC predic-

tions from the data and is added in quadrature to the baseline uncertainty.

The intercalibration uncertainty is measured in bins of the average pT of the two leading jets, labelled

p
avg
T . Due to momentum balance, this quantity is on average very similar to the average transverse

14
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Figure 5: Simulated jet energy response (a) and p
jet
T (b) response as a function of p

jet
T in the central region

(0.3< |η | ≤0.8) in the case of additional dead material in the inner detector (full triangles) and in both

the inner detector and the calorimeters (open squares). The response within the nominal Monte Carlo

sample is shown for comparison (full circles).

the systematic variations. However, the possible compensation of effects that shift the jet response in

opposite directions cannot be excluded.

Figure 6 shows the calibrated jet kinematic response for the two Monte Carlo generators and tunes

used to estimate the effect of Monte Carlo theoretical model on the jet energy scale uncertainty, together

with the kinematic response for the nominal sample shown for comparison. The ratio of the nominal re-

sponse to the response for each of the two samples described is used to estimate a systematic uncertainty

to the jet energy scale, and the procedure is detailed in Section 8.1.

6.6 Uncertainties due to the relative calibration in the endcap and forward regions

The JES uncertainty, determined in the central detector region using the single particle response and

systematic variations of the Monte Carlo simulations, is transferred to the forward regions by exploiting

the transverse momentum balance of a central and a forward jet in events with dijet topologies (where

additional jets are vetoed as detailed in [65]). In such events, the responses of the forward jets are

13

パラメータが膨大なので tuning は大変。
いろいろ作ってサンプルをせっせと比べる。



Jet測定の不定性 (2)

• (2.) エネルギークラスター構築
- 基本的に [1 つの粒子→1クラスター]だと思って良い
- threshold は pedestal の “σ “ の整数倍が基準

‣ noise を抑える事が重要
✓ typical なσの値 : 40MeV

‣ 4-2-0 method　
✓ E>4σ の cell を seed にして
その周りの E>2σ の cell、
さらにその周りの全て cell energy を加える
✓ 3D (R, η, Φ) Topological Cluster　

✓ electric noise に強い

‣ noise による uncertainty
✓ 10% threshold が間違っていたとすると

 Jet に対して ~ 2%

✓ single particle measurement に
含まれている

 Toshi SUMIDA 第3回 ATLAS-Japan 物理研究会, 11.Dec.2010

Jet reconstruction
• Constituent : input for reconstruction
- TopoCluster : 3D, default

‣ 4-2-0 noise suppression
- TopoTower : 2D

‣ noise suppression
- (Tower)

‣ w/o noise suppression

• Anti-kt Algorithm
- Infrared-safe  and Collinear-safe

‣ Based on the distance measures:

-  

✓ between two constituents

-  
✓ between any constituents and the beam 

- ATLAS: R=0.4, 0.6
‣ Larger size jet study ongoing

5

Philipp Schieferdecker (KIT)

Anti-kT Algorithm
• Despite being a IRC-safe 

sequential clustering algorithm: 

produces

cirular cone-shaped jets!

• Many similar features and 

performance (expected, under 

study) as iterative cone, without 

the assoc. short-commings

• Shown to be particularly 

insensitive to UE & PU
! “back-reaction”: net transverse 

momentum change of 200GeV 

leading jets in QCD dijet sample 

when adding high-lumi PU to the 

event

Vivian’s Meeting

April 17th 2009 12/14
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Jets are reconstructed using the anti-kT 
algorithm with size parameter R set at 0.4(0.6)
 - M. Cacciari and G. P. Salam, Phys. Lett. B 641, 57 (2006)

Philipp Schieferdecker (KIT)

Sequential Clustering Algs
• Based on the following distance measures:

! distance dij between two particles i and j:

! distance between any particle i and the beam (B) diB:

• Compute all distances dij and diB, find the smallest
! if smallest is a dij, combine (sum four momenta) the two particles i and j, 

update distances, proceed findint next smallest

! if smallest is a diB, remove particle i, call it a jet

• Repeat until all particles are clustered into jet

• Parameter D: Scales the dij w.r.t. the diB such that any pair of final 
jets a and b are at least separated by

• Parameter p: governs the relative power of of energy vs geometrical 
scales to distinguish the three algorithms: 2=kT, 0=C/A, -2=Anti-kT

�2
ij = (yi � yj)2 + (�i � �j)2dij = min

�
k2p
Ti, k

2p
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⇥ �ij
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diB = k2p
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Jet Requirements
• Collinear- and Infrared-Safe

! collinear splitting shouldn’t change jets

! soft emissions shouldn’t change jets

• Identical proceduer on parton- and hadron-level
! To compare theory calculations to experimental measurements

• Minimal sensitivity to hadronization, underlying event (UE), Pile-Up(PU)
! we dont’ know how to model these effects all that well

• Applicable at detector-level
! good computational performance

! not to complex to correct

Collinear-Safety Infrared-Safety
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Collinear-Safety Infrared-Safety
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April 17th 2009 3/14 1. compute all distances and find the smallest one
2-a. if dij, recombine i and j
2-b. if diB, i is a jet

3. sequentially repeat 1-2

higher than the noise thresholds. Higher topocluster thresholds contribute to the JES uncertainty at the
2% (1%) level in the central (endcap) regions.
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Figure 2: Simulated jet pjetT response after the JES calibration as a function of pjetT for samples with
varied dead material (solid circles), beam spot position (open circles), and topocluster noise thresholds
(triangles) in the central barrel (top) and endcap (bottom) regions.

Additional sources of uncertainty related to detector effects which have been taken into account are:

• Absolute electromagnetic energy scale: a 3% uncertainty flat in η and pjetT is assigned to the
absolute electromagnetic scale of the electromagnetic calorimeter. This uncertainty accounts for
the following effects:

– The difference in the electromagnetic scale between the test-beam setup and the full ATLAS
detector due to the uncertainty in the liquid argon temperature in the test-beam, derived from
comparison of different test-beam measurements [28, 29];

9
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Jet Energy Resolution
•JER in 2010/2011 data

62

In-situ determination of the jet energy resolution Results for EM+JES and LC calibrations

Comparison of Data 2011 and 2010 for EM+JES calibration
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The lines correspond to the fits on data. Resolution for 2011 data is up to 10 -15 %
worse than 2010 data in the lowest pT region (pileup).
Above pT 60 GeV the discrepancy remains within 5 % up to 400 GeV (due to lack
of statistics in 2010 data)

Gastón Romeo - David Lopez (HCWS11) GSC/TBJC and JER HCWS 21/09/2011 21 / 36
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