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Introduction to the ATLAS experiment
Brief detector description
Jet inputs & finding
Topological cell clusters in the ATLAS calorimeter
Particle flow objects
Jet energy scale calibration
Pile-up corrections
MC-based calibration
In situ calibration methods for jets in data
Combined calibration and systematic uncertainties

Combining in situ calibrations
Sources contributing to jet energy scale uncertainties
Systematic uncertainties

Conclusions and outlook
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A multi -purpose detector system

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Total weight : 7000 t
Overall length: 46 m

Overall diameter: 23 m Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
Magnetic field: 2Tsolenoid + (varying) toroid field
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Calorimeters ( Calo)

Provides principal signals for jet kinematics and substructure
measurement

Full coverage within |-| t&with depth mp 1L

Highly segmented for energy flow measurements
High granularityin 3 — 3¢ 181¢ L") p ¢ (central EM)
Up to seven depth layers (samplings)

Inner detector (ID)

Provides charged particle tracks and vertices
Coveragel-| ¢®

Jet energy calibration refinement

Provides vertex for jet origin correction/jet vertex association/jet vertex
tagging (JVT)

Flavor/fragmentation sensitive response measureg mitigation of jet flavor
response dependencies

Particle flow

Replace charged response in calorimeter with kinematics from welmeasured
tracks

Muon spectrometer (MS)

Provides track segments
Proxy for energy leakage behind a jet
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Small 4 Jet Reconstruction in ATLAS UAPhysics
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Jet definition

Anti-Q jets® with 'Y 1@ from FastJet
Clustering uses fourmomentum recombination

Jet input signals
Standard calorimeter jets
Clustered from topologically connected cell clusters (topo-cluster)
Particle flow jets
Clustered from combined track/topo -cluster signals PFlow objects)

Jet energy scale (JES) calibration

MC-based

Pile-up suppression

Energy calibration and direction correction
In situ calibration: relative

—intercalibration usingr) balance indijet events
In situ calibration: absolute

Calibrate data to MC usingr] balance inf j & E AG)and multi-jet final
states
3M. Cacciari G.P. Salam, GoyezJHEP 0804 (2008) 063
*M. CacciariG.P. Salam, GoyezEur.Phys.JC72 (2012) 1896
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Topological clustering

Jet Reconstruction Inputs: Topo

-cluster
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Collects signals from individual or close by particles into 3-dimensional energy blobs
Connect cells by following spatial signal significancepatterns with seed and growth control

Massless pseudgarticle representation

Recombines (weighted) cell energies to fourmomentum 0
Cluster direction with respect to nominal collision vertex

(O

Cluster signal on basic (EM) or locally calibrated (LCW) scale

For jets in this talk 0

0 (O h

)

LCW uses cluster shapeg pile-up modeling issues a concern
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Particle flow objects

Using reconstructed tracks for charged response

Match tracks with topo -clusters and remove calorimeter signal associated with track fully
(whole cluster) or partial (cells from cluster)

Yields charged (matched and unmatched tracks) and neutral (original or modified topc
clusters) PFlow objects

ID Track selection
High quality tracks with 0 w no missing pixels,|-| ¢®, v mawwA6 n T A6
Tracks not associated with electron or muon candidates

Topo-clusters
EM scale (LCW possible)

ATLAS Simulation ATLAS Simulation
—9_28jl T | T T T ‘ T T T ‘ T T T | T T T | T T T T —_ _e_zsrl- T | T T T | T T T | T T T | T T T ‘ T T T T —_
261 - 2.6/ E% .
2.4 e T = 2.4 e T =
2ol K = RN N — 22— s = . ]
L ; % ﬁ 1 - % @ 1
o ‘ §§\ 1 charged calorimeter  2f 5%5 =
i Gy LT 1 - . > * % ]
18- x 4 signal subtraction 18 x -
o e ” E s e - | ]
i - ] B < ]
- -
oo b v b v b b by oo b v v b v b b by g
0.6 0.4 0.2 0 0.2 0.4 0.6 0.4 0.2 0 0.2 0.4

* Jet Tracks I Associated to Tracks n * Jet Tracks I Associated to Tracks n

Other Tracks I Associated to Neutrals Other Tracks B Associated to Neutrals

arXiv:1703.10485 (to appear in EPJC)
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Calorimeter jetS (Run 2) arXiv:1703.09665 (submitted to PRD)

Jets are reconstructed inN—-| t®with ;X' A &nd subject to Jet
Vertex Tagging

. r . et area-based pile- Residual pile-u
EM-scale jets Origin correction j - B P! P
up correction correction
Jet finding applied to Changes the jet direction Applied as a function of Removes residual pile-up
topological clusters at to point to the hard-scatter event pile-up pr density dependence, as a
the EM scale. vertex. Does not affect E. and jet area. function of yu and Npv.
Absolute MC-based Global sequential Residual in situ
calibration calibration calibration
Corrects jet 4-momentum  Reduces flavor dependence A residual calibration
to the particle-level energy  and energy leakage effects is derived using in situ
Scale. Both the energy and using calorimeter, track, and measurements and is
direction are calibrated. muon-segment variables. applied only to data.

P FIOW jetS (RU n 1) arXiv:1703.10485 (to appear in EPJC)

Very similar sequence
Slight modifications in e.g. the pile-up suppression

Origin correction modified z use chargedPFlowfrom primary vertex and
neutral PFlowwith —h» recalculated with respect to primary vertex
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Jet-area-based pile -up subtraction

Runl(vT 4 A® 11 ®unch crossing) versus Run 2T p & A,& d ®unch
crossing)
Pile-up noise increased p 1t Z higher noise thresholds in topo-cluster formation
Modified topo -cluster algorithm does not allow seeds in presamplersz restricts jet
formation from low -energy pile-up
Similar strategies
Transverse momentum density” from "Q jets clustered from EM-scale topo-clusters
within |—-| ¢
Similar ” values than for Run Iz higher center-of-mass energy effect is offset by higher
topo-cluster thresholds and better online suppression due to larger outof-time pile-up
Residual corrections needed particularly in forward region

N n "0 | (0 p) T
= R AR R AR RN RS RAR RN RERRR RRRRN = R RN L RS LA RN RAREN RERRR RRRRN
© (0.8 -ATLAS Simulation - © 0.8 FATLAS Simulation =
e o6 | V5 = 13TeV. Pythia it E % o5 | 15 13 TeV. Pythia Die
& “-° L anti-k, R=0.4, EM scal . -ti phile:- : & P I anti-k, R=0.4, EM scale E
z Atk s [n-time: pile-up: | antik,
~ 04 - ] % 0.4 - ]
Q N _ _ %‘N .
T g — , 1 Uy averagetavery 02k E
R e S S ————— o ) 0 %—‘—f—
02l E Out-of-time pile-up: ¢ N
’0-4;_ ——e— Before any correction _ ‘H avemaged(ﬂ\[em'[,\r -0.4 _ ——e— Before any correction ]
06 ——m—— After area-based correction ) ) 06 - ——m—— After area-based correction
“Y-PF 4 After residual corrections 1 YU L 4 After residual corrections 1
Do bbb b o Lo L SR P TR PR RS PN SRS P SR
080705 1715 2 25 3 35 4 45 080705 1715 2 25 3 35 4 45
m arXiv:1703.09665 (submitted to PRD) ml
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Calibrates reconstructed jet four
momentum to particle level
Determines energy responsey for

matched isolated truth and
calorimeter jets

Y ©O O as function of
(0 h )
Corrects for — mis-reconstruction

Mainly observed in transition regions
with different responses due to
technology or geometry changes

3 - - - as function of
(0 f 9
- — due to origin correction
Numerical inversion and calibration

~s

YO R ) Y (O h )
{0 R 9 340 & 9
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Account for jet response differences in data and MC simulations

Multiple sources for discrepancies

Imperfect detector geometry setup and response simulation including electromagnetic
and hadronic interactions

Modeling of particle jets including hard scatter, underlying event, pile-up
Differences in jet formation

Using ) balance between weltmeasured reference objects and probed jet

I n n n
Define data-MC differences in terms of double ratios and derive calibrations for
data only

T(n ) i )} ) & T A  bynumerical inversion

Final states for in -situ (data) calibration

Relative—intercalibration with all MC calibrations applied
Dijets with well measured central jet balancing probed (forward) jet

Absolute response calibration combining various references for full phase space
coverage

® E AObalancefor¢c t A6 1 Mu A @o GSC due to MPF method)
' E AyObalance forov' ABI Mwuot' A @VC calibrations + —intercalibration )
Multi -jet balance forom 1t A By M ¢ 4A qall calibrations applied)
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Relative z t-intercalibration In duet flnal states
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Calibration of high = jets In data
Balance highn leading jet beyond

T T T T T T T
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c :I:*:':+_._+—H—++—"+—F+—C—E
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g WU A & limits 1] of
leading jet to aboutc 4 A 6
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o
2
I
|
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. p:a " [GeV]
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i . . . s, E otal uncertainty
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arXiv:1703.09665 (submitted to PRD)
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Calibration of Very High  -=m Jets L .
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Jet response de-composition Weaas T
10° 5| < 0.6,2.2 < p[GeV] < 2.8 + ,E?Langézﬂmmzé

Hadronic energy flow inside jet

Test beams provide®  response
uncertaintiesforpt A6 1 ocuv'mA6

In-situ g  measurements provide
response uncertainties for charged hadron

—— QGSP BERT 2012 3

Normalized Distribution
P

Dl B ol ol

HHW HHIHH]HH,HH T IHHW T IHHW T IHHW T IHHW

response Pﬁ
Track-CaloClusters 0arias
EL=0.1nb",8TeV ata
Improve structural measurements so farg 100 <0622 <ploavi<28 T Pipanr oo

—— QGSP BERT 2012

iImprovements for overall kinematics

Normalized Distribution MC/Data
» 9z:2. (L102) OorsAudang

1071
expected oeh
3AA 30AOAT B3AEOAIITG&C ¢
ATL- PHYS PUB 2017 - 016 on high n
tracks in jets § s
Eur. PhstC (2017) 77:26 g 0.53 e RN ¥ B
10*?AT,[A'S"““““')('3" _ATLAS"““““"'ﬁ"““0'0 0.0 0.5 1.0 1.5!.2‘.0
00 e s e 2s DR L0 e gt Daa2nz an

—— QGSP BERT 2012 —— QGSP BERT 2012
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J‘ n ILILl\I\IJIJIJIJIlL_ Conmb e vl Huml

Mo - W et
. ; Lo ; o { . e O « l}]
fa 3 E 1k i O « 7
% E _| E— -i_4_4_4_;_L_L_L_L__L_J_J_J_L_L‘_L J L Y rll'-
0 00 0.5 1.0 15 2.0
Qg

Slide 17 O d July 19, 2017






§

ner-e

In situ Combinations
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Kinematic overlap

Slide 19

S 1.2

Absolute and orthogonal®d EA G
' E Aadd MJB calibrations é‘f‘"j 08
populate overlapping regions in 06
jetn 0.4
Relative and exclusive—-inter - 0.0

calibration applied to data jets prior .
to absolute calibration

ATLAS Public Plat:

IIIlIII[IIIlIII|II1IIII|I

anti-k, R =

1
1

20 30 40

LI B T T L —
0.4, EM+JES ATLAS

\s =13 TeV, 321"

I

----- Z+jet
— y+jet
MJB

II\|III{III|III|I

[ R - _ — 1 I T B
10°  2x10° - 10°
e [GeV]

Combination is characterized byn - dependent weight applied to

calibrations

Requires recasting calibrations from specific method with individually
optimized n -binning into a common fine binning

"EOAT 1T AOEI A0 xAECEO EO EI AOAAOAZ
smaller uncertainty z combination favors method with greatest precision

In each region

Combined data-MC ratios are smoothed with sliding Gaussian kernel
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Change of jet response in data and MC

Comparison to 2012 shows lower response in data in 2015

Attributed to change in hadronic shower models in Geant4 and slight
down drift of ATLAS Tile Calorimeter PMTs

arXiv:1703.09665 (submitted to PRD)

ATLAS Public Pldg}

O 1_1 T T T T T L I T T T T T T 11 I O 1_1 L T T T T T T 1T I T T T T T LI I ]
o C ATLAS 1 N 5= - anti-k, R=0.4, EM+JES ATLAS Preliminary ]
~o105F \s=13TeV, 3.2 fo 3 £ 4050 Mi<08 vs =13 TeV, 3.2 fb™' (2015)

g 1-O9L anti-k, R = 0.4, EM+JES 8 '"PE s =8 TeV, 20.3 fb" (2012)

C ’ o C ]

1= 4 E_1f —

u ] a C ]

- - (O} o -
0.95 ] 2 095 ]
- - o fee =

- o Z-jet 1 @ - — Total uncertainty 2015 ]
09F A v-jet 1 < 0%¢ B statistical £2015 ]
- " Multijet 5 c atistical componen .
0.85~ — Total uncertainty ] 0.85[— &5 Total uncertainty 2012 ]
C [l Statistical component ] C — Statistical component 2012

0.8 C 1 1 L Lol 1 1 1 Lo L 08 1 1 1 Lol 1 1 1 Lol = —3
20 30 102 2x10° 10°  2x10° 20 30 10?2 2x10? 10°_ 2x10

P} [GeV] Py [GeV]

Effect of Geant4 shower simulation mitigated for 2016 Run 2
FTFP_BER™ FTFP_BERT_ATL reverts to QGSP_BERiKe response
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Systematic Uncertainties
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e
—

0.08

0.06

Fractional JES uncertainty

0.04

T T T T T T LI |
~ Data 2015, Vs =13 TeV

1

T ‘ T
ATLAS

| anti-k, R = 0.4, EM+JES + in situ

Total uncertainty
Absolute in situ JES

=is Relative in situ JES
== Flav. composition, inclusive jets
-------- Flav. response, inclusive jets
=+ Pile-up, average 2015 conditions
= Punch-through, average 2015 conditions

0.02F

20 30 40 10° 102 2x10°

Py [GeV]

g pamurans sy S

Fractional JES uncertainty

e
—

0.08

0.06

0.04

0.02

T T I UL ‘ T 1 11 I L ‘ LI
~ Data 2015, ys = 13 TeV
| anti-k, R = 0.4, EM+JES + in situ

| p':‘ =80 GeV

[ Total uncertainty
== Absolute in sifu JES

L L N
ATLAS

=is Relative in situ JES
==== Flay. composition, inclusive jets
Flav. response, inclusive jets
=+ Pile-up, average 2015 conditions
== Punch-through, average 2015 conditions

80 sources involved in total uncertainty
1{TTC OEI OA AT 1 OOEAOOET 1T O A&£OII S8
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Reference object uncertainties
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arXiv:1703.09665 (submitted to PRD)

MC non-closure and modeling uncertainties
Statistical uncertainties for some regions of phase space in some methods

Method specific uncertainties

Jet flavor composition and flavor responsemE A O OAODPT 1T OA S8

Full list =

AAA Ol-jetcoireafioh mé&irikes for 1y reconstruction
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Full correlations with 80 uncertainties
arXiv:1703.09665 (submitted to PRD)

ATLAS anti-k, R = 0.4, EM+JES + in situ ATLAS anti-k, R = 0.4, EM+JES + in situ
Data 2015, 1s =13 TeV  (®'*®) = (0.0,0.0) c 45 Data 2015, \s = 13 TeV (0" p°%) = (60,60) GeV -
> ' 58 % S
0] 09 & 4 09 ®©
s E E
.Q_?'Q.l—-l 03 0.8 g 35 0.8 E
07 O 3 0.7 O
0.6 0.6
2.5
0.5 0.5
2
) 0.4 0.4
10 0.3 1.5 0.3
0.2 1 0.2
0.1 0.5 0.1
0 0 0
20 30 102 2x102 10° 2x10° 4 45
pr [GeV] e

Large number of uncertainties and correlations hard to manage in analysis context
Provide a reduced set of nuisance parameters preserving relevant correlations

Reduced set of nuisance parameters (NP)

Reduction of independent in situ NP
Eigen-decomposition of 67 uncertainty sources retains five principal components and
combines remaining 62 into onez 19 remaining NPs

Strong reduction in 2015

Further reduction from 19 NPs to three components by grouping NPs in kinematic regions
where they are most relevantz typically grouping in low, medium, high r} regimes

Grouping scheme optimized for analyses chose one with least/no impact of correlation loss
Slide 22 July 19, 2017



Peter Loch

Conclusions UAPhysics

THE UNIVERSITY OF ARIZONAg
College of Science

Small § calorimeter jet calibration in ATLAS for LHC Run 2

Following principal approaches developed in Run 1

MC-based calibrations followed byin situ data-only calibrations
Adaptations and modifications as needed

Different pile -up scenarios

Extended phase space at highey/i
Uncertainties at ¥ p b comparable to Run 1

Well controlled and precise measurement of overall jet kinematics
Additional benefits expected from PFlow jets

Improved pile-up suppression forfj Mp m'ntA 6

In commissioning for Run 2 analysis

Applications and extensions

Jet mass calibration
Independent MC-base calibration of jet mass
SeeJoed A AT Uakk i @orkshop
Pre-clustered fat jets (large Y jets)

Build fat jets from fully calibrated small Y jets z constituents are well
measured

AA 11T "0O00060 OAIE AT A -AOO ,A"1ATA
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Jet-area and track vertex constraint
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Method Validity range Reference jet | Probe jet Applied to jets
calibration calibration xEQOE 8

full accessiblery range MC calibrations MC calibrations
mtercahbratlon callbratlons

®@ EAO ¢t Aen MummAena n/a MC calibrations +
(MPF) —intercalibration

' EAO gy ABIf Mwor Agna MC calibrations + MC calibrations +
(DB) —intercalibration  —-intercalibration
Multi -jet ontt ABIn Mc4Ae full MC calibrations + MC calibrations +
(MJB) calibration —intercalibration ~ —intercalibration
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Residual JES dependencies on features of individual jets

Jet fragmentation/flavor affects response

Calorimeter response sensitive to particle composition and energy flow inside
jet z e.g. harder particles in quarkinitiated than in gluon -initiated jets

JES response evaluated for tracking, muon spectrometer and calorimeter
based observables

Tracks ghostassociated with jet
Averager) -weighted transverse distancen  of tracks with p' Athe

—h plane as function of jetn (jetswith |- | ¢®)
Number of tracks ¢  associated with jetas function of jet (jets with |- |
c®)

Muon track segments behind jet
Number of segmentse in Muon Spectrometer as function of jet energy
(punch-through measure,jets with |- | ¢&)

Energy sharing in calorimeter
Energy fraction in first sampling of hadronic Tile calorimeter "Q  (jets with

- | )
Energy fraction measured in third sampling of electromagneticLAr calorimeter
"Q  (jetswith |- | o®)

Calibrations derived independently and applied sequentially
Address resolution improvements onlyz no change of average jet response

Derived independently z inclusion of possible correlations does not improve
resolution
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Calibrate relative data -MC response variations across +t
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averagen of probe reference jet

Relative jet response with respect to reference region
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Two different methods
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1@, probing &

-] T®

Matrix method with various reference regionsz increased statistical

precision
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Missing Projection Fraction Method
(MPF)

Utilizes full hadronic recoil response to ®
bosonn

Uses jet only for event selectiony e.g. back
to-back topology selectiona «(E AD c&

Regonse Y <p (p O ) || >
implies UE and pile-up cancellation due to
azimuthal symmetries

Requires corrections for topology effects
when applied to localized jetsz out-of-cone
corrections from direct rj balance and
corrections for missing GSC in full hadronic
recoill

Calibration is evaluated as function ofn
Numerical inversion applied to double ratio
(v v )
Applied to jets after —intercalibration
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