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Scope

The ATLAS detector

Combined performance
— Tracking
— Flavor Tagging
— Jet/EtMiss
— Tau
— e/gamma
— Muon combined

LHC

— Milestones

The ATLAS upgrade
— Phase0
— Phasel
— Phase2
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The ATLAS detector

4 Superconducting magnets:
Central Solenoid (B= 2T)
l 3 Air core Toroids

Muon Detectors Tile Calorimeter Liquid Argon

" HAD calorimetry (|n|<5):
segmentation, hermeticity
Fe/scintillator Tiles (central), Cu/W-LAr (fwd)
Trigger and measurement of jets and missing ET

E-resolution: o/E ~ 50%/VE @ 0.03

: m

¢

Muon Spectrometer (| n|<2.7)
EM calorimeter: Pb-LAl Muon trigger and measurement with
e/y trigger, identificatif momentum resolution < 10% up to Pu~ 1 TeV

measurement
E-resolution: o/E ~ 10%/VE

Inner Det
Si Pixels, :
tracking and vertexing, e/t separation, dE/dX

Momentum resolution: o/pT ~ 3.8x10-4 pT (GeV) @ 0.015 )etector TRT Tracker

J




Forward detectors

on both side
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Data Taking Efficiency

the luminosity delivered (between the declaration of stable beams
and the LHC request to turn the sensitive detectors off)
Efficiency = P e e e
the luminosity recorded by ATLAS
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Total Efficiency: 93.5%
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Operational fraction

Subdetector N Channels | Operational
Fraction

Pixels 80M 96.9%
SCT Silicon Strips 6.3 M 99.1%
TRT Transition Radiation Tracker 350 k 97.5%
LAr EM Calorimeter 170 k 99.5%
Tile Calorimeter 9.8 k 97.9%
Hadronic Endcap LAr Calorimeter 5.6 k 99,6%
Forward LAr Calorimeter 3.5k 99.8%
MDT Muon Drift Tubes 350 k 99.8%
CSC Cathode Strip Chambers 31k 98.5%
RPC Barrel Muon Chambers 370k 97.0%
TGC Encap Muon Chambers 320k 98.4%
LVL1 Calo Trigger 7160 99.9%
LVL1 Muon RPC Trigger 370k 99.5%

LVL1 Muon TGC Trigger 320k 100%



pys /n,ng (BC (10" protons)?)

Luminosity

e The maximum instantaneous
luminosity: 3.65x1033 cm2s!

* Delivered Luminosity: 5.61 fb!

e ATLAS Ready Recorded: 5.25 fb!
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Absolute luminosity calibration by
van der Meer scans

AL/L = £3.4% (2010, prel)
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Level-1:

Implemented in hardware

Muon + Calo based coarse granularity
e/y, W, I, T, jet candidate selection
Define regions of interest (ROIs)

Level-2:

Implemented in software

Seeded by level-1 ROls, full granularity
Inner Detector — Calo track matching

Event Filter:

Implemented in software
Offline-like algorithms for physics
signatures

Refine LV2 decision

Full event building

Typical rates
L1: 60 kHz

L2: 5 kHz

EF: 200-400 Hz

N—-¢ addresses

L.Mapelli
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Inner detector

Tasks:

Precision tracking covering over 5
units in eta

Primary vertex reconstruction
b-tagging

reconstruction electrons and
converted photons,

electron identification with TRT

tracking of muons combined with
toroid Muon Spectrometer

VO, b- and c-hadron
reconstruction, ...

dE/dx from T.o.T. in Pixels and TRT
fast tracking for high level trigger

TRT {

(R =514 mm

R = 443 mm

P

SCT
R =371 mm

L R =299 mm

rR=1082mm

LR=554mm

TRT

R=1225mm
Pixels { R = 88.5 mm
R =50.5 mm

R=0mm

11



ID Performance

Reconstruction, p; resolution

The inner tracking system measures
charged particle tracks at all overn
< 2.5 using the pixel, SCT and TRT
detectors.

A pattern recognition “inside-out
(silicon—> TRT) tracking procedure
selects track candidateswith p,
>100 MeV .

One further step (TRT - silicon)
selects tracks from secondary
interactionswith p,>300 MeV.

Material studies

y-conversion
hadronic interactions

Very detailed description
Detector alignment

small residual misalignment

error scaling to allow for residual
misalignments in fit
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ID Performance

10°
10*

Particle identification

dE/dx (MeV g cm?)

10°

3 o107
Energy loss in Pixel .
10

e Y L eoesadlc
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p (GeV)

TRT High Threshold hit fraction

Number of tracks/10MeV/0.01ns

= U.ijb_— _
provides electron/hadron § oo PO ;
discrimination over the momentum 2 O s m@;ﬁj E
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T o n”n —
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The b-tag efficiency and mistag rate
of b-tagging algorithms have been

B-tagging

measured with a number of
complementary methods using
data from the ATLAS detector.

Good consistency is observed

between the results of all methods.

Efficiency

This jet has all the characteristics
of a b-jet with a semi-leptonic
decay (to a muon).

Muon Tagger:
A combined muon with the
following properties:

Muon pT = 6 GeV

Muon d0 =610 microns

Muon d0/sigma(d0) = 15

The muon is part of the secondary

vertex.
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b-tagged jet in 7 TeV collisions

jet

pr=49 GeV

6 b-tagging quality tracks in the jet,
including one muon




Jet reconstruction

5 0_9;'A'T'L,?&Té Preliminary sy nos em 3
W [Ns=T7TeV ‘ 3
Anti-kT algorithm with resolution osf TSR T e
parameter R=0.4 — 1.2 : ]
— reconstruct jets with simple cone-like 0'7;_ . L T
geometrical shape from calorimeter 06F e E
clusters or charged particle tracks P ]
— Infrared and co-linear safe Oﬁ}:-:-;-:-l-;-.-:-;-I-; g
Due to the non-compensating nature %:jég e | |
of the calorimeter, signal losses due R I N, =
to noise thresholds and in dead B R
material the jet energy needs to be Jet response as determined#5°"
calibrated. the direct p” balance technique
Jet energy calibration is validated in- e
situ by E L:ﬁ:; Mult-jet ATLAS Preliminary ~_|
— direct transverse momentum balance 5 o x;ﬁgﬂggtba'ame 7
between a jet and a photon 104y ++ -
— responsetosingleisolated hadrons i I =SS SO ]
— multi-jet balance technique 0S8 = % + ~~:}: H“T ]
For jet transverse momenta between 60 092 JES uncertainy ik, A-06, EMAJES ]
and 800 GeV the uncertainty is below T
2.5%. pF [GeV]

Jet energy scale uncertainty as a function
ofp’et.in0< [n]<1.2



Jet Offset [GeV]

Anti-k, R = 0.6 cluster jets
EM+JES ralibration

0.0<lyl<0.8

olp )p,

Jet p, resolution

e Data 2{]1D:IL dt=35pb’
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0.05 .__E‘:-.:—_
Jet p; resolution for QCD jets was . ATLAS Preliminary -
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g :3:0 230 50 €0 7080 100 200 300 400 500 . [GELém

Fractional jet energy resolution as a function of the

Corrections for jet py offset average jet transverse momenta for events with two jet

from pile-up is about in the same rapidity bin for EM+JES calibration with
0.5 GeV/additional vertex 2011 (red) and 2011 (black) data.
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dijet event from 2011 §

ot - 1L EXPERIMENT

Run Number: 179938, Event Number: 12054480

Date: 2011-04
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Tau leptons are recognized in the ATLAS detector via 102 03 04 05 06 07 08 09

o . Signal Efficiency
their hadronic decays. Inverse background efficiency (in dijet data)

Tau leptons versus QCD jets: versus signal efficiency (in W->tv and Z->tt
—  number of final state particles Monte Carlo samples)
—  width of the energy depositions in the calorimeter

Tighter identification working point

— displacement of the secondary vertex ATLAS Preliminary L - 3436 pb”
— smallinvariant mass Cuts  owsey | 0% %011(sia) = 010(sys)
o ppey | 0950090 £ 00509
0 o o o o Boosted decision trees_A_wO.SZiD.O?(stal)tO.OS(sys)
The tau identification efficiency has been measured o rgtins o)

Cuts . N
(Wtv Cross sectiol 0.96 1t 0.05(stat) = 0.14(sys)

in data using W—>tv and Z -t events A S

1.00 £ 0.07(stat) + 0.13(sys)
(W-stv Cross section)

Boosted decision frees " 0 g9 + 0 05(stat) + 0.10(sys)
(W—stv Cross section) R o

R
Cuts ) 0.93 + 0.08(stat) + 0.15(sys)
(Z—11 Cross section)

The tau energy scale is obtained from the measured i 4 .
transverse momentum by scaling it to its expected

Tan idantifinatinn affiriancy arala fantar

. . g Bi_ ‘ 1 ' o ,]. ' ‘ I ‘ ‘ ' ’ *‘ ﬁn‘gerly‘mge:rem _i
value from Monte Carlo simulation of tau decays. S Temamers T N
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https://twiki.cern.ch/twiki/pub/AtlasPublic/TauPublicCollisionResults/TightSummary.eps
https://twiki.cern.ch/twiki/pub/AtlasPublic/TauPublicCollisionResults/TES_barrel_1prong_plot.eps

e/y

Electron identification

Three reference sets of requirements provide
progressively stronger jet rejection :

Loose: shower shape in the second layer of the
EM calorimeter and energy leakage into the
hadronic calorimeters.

Medium: the energy deposit patterns in the first
layer, track quality variables, distance to the
primary vertex and a cluster-track matching

Tight: the ratio of cluster energy to track
momentum, the number of hits in the TRT, the
ratio of high-threshold hits to the total number of
hits in the TRT, at least one hit in the first layer.

MC efficiency and resolution agreed with data

Electron identification efficiency

Events f_1 GeV
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Photon identification | '\ candidat
Energy and m,,, resolution LV W o
l

W \\~\\\\\\\\ \\ T
\ \\:\\\\ N
loose and tight selections — ‘
optimized separately for 8 1 E ATiAS protminan S oL amas priginay
S 105 Unconverted photons 2 \f‘§=7TeV,TLdt=15.8 nb”
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' \1_'/ 1 electromagnetic calorimeter

n

3 T s smsen
E, and M,, resolution is estimated with © ot §§  roomese
Monte-Carlo £ 008 4 | Monte-Carlo
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The core component of the mass S 0.06f- I# T 4 M, =120 GeV
resolution ranges from 1.4 GeV in the " ook : ! E
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Muon combined

The momentum resolution is extracted
from the width of the di-muon mass
distributionin Z ->pu decays and the
comparison of the independent
measurements of muons from Z - up
and W - uv decays provided by the two
ATLAS tracking systems, the Inner
Detector and Muon Spectrometer.

The muon reconstruction efficiencies are
measured with Z - p+u- decaysin which
one of the decay muons is

reconstructed in both systems and the
other is identified by just one of the
systems in order to probe the

efficiency of the other.
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LHC plans

New rough draft 10 year plan Not yet approved!
L 2010 l 2011 1 I 2012 | 2013 J 2014 ] 2015 l 2016

wc_—

Preparation of the
Operation at % Energy LHC for High Opemtlon,atfull D

Energy Operation
6.5-7.0 TeV/beam

Energy

{ Upgrade of : : Luminosity
i the LHC i i Upgrade of the
Injectors : i LHC
(LIU-Project) (HL-LHC
eciors v [ ] sl o Cl)
==

luminosity around 5x10*** and leveling

Aim to produce ~3000 fb-ldelivered to the
experiments over 10 years.
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ATLAS
Why upgrade?

LHC luminosity goes beyond the nominal luminosity
New technologies - better detectors

Experience with ATLAS - better understanding of
needs and opportunities

Aging

23



Tentative time schedule

The multi-phase detector upgrade: Phase O, |, Il

2010-2012 Run 1:Vs =7 TeV (2012:8-9TeV ?), L=3 x 103 cm2s?!

2013-2014 Shutdown. Phase 0O:

— Detector consolidation
— New pixel layer

2014-2017 Run2: Vvs=14TeV,L=1x 103*cms’
2018 Shutdown. Phase 1:

— Small muon wheels
— Trigger upgrade

2019-2022 Run3:Vs=14TeV,L=2 x 1034 cm=2st?
2022 Shutdown. Phase 2

— New inner tracker

— Warm forward calorimeter
— New muon chambers

— Trigger upgrade

2023-2030? Run 4: Vs =14 TeV, L =5 x 103* cm2s?
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Phase O

Consolidation:

-New beam pipe (steel - Al, Be - Be):
reduction of background in cavern
—Complete installation of EE muon chambers
—New LV power for LiArgon

-New LV power for TileCal

—Repairing

Installation of new pixel layer
ATLAS TDR 19, CERN/LHCC 2010-013
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Phase O

Insertable B-Layer

* Pixel (n+-on-n sensor) : Plan:

3 barrels + 2x3 discs (5 < R < 15cm) * Exchange beampipe with thinner one

° SR ) (p+',°n'n SIS ¢ * Use additional space for a 4th pixel layer:
4 layers + 2x9 discs (30 < R< 51cm)
Insertable B-Layer (IBL)

* TRT (straw drift tubes) :
Barrel + Wheel (55 < R< 105cm)

Designed for fluences of :
e Pixel B-layer :

1 x 10> 1MeV neqg/cm2

e SCT layer 1 :

2 x 104 1MeV neq /cm?2
e TRT outer rad :

3 x 1013 1MeV neq/cm?2

SCT end-cap

SCT barrel
TRT end-cap TRT barrel



IBL

The IBL fulfils several functions:

e improved determination of secondary
vertices - better b-tagging

* 'hot spare' for existing b-layer

e 4th pixel hit - improved tracking

Challenges:

* New sensors

* New readout

* Material budget
* Space budget

Radiation length (X, )

B zervices
T RT
EscT

B Pixe|
=

[ Beam Pipe




Hit loss (%) at 3.7cm from beam

IBL readout

-
-
-
-
--------
-
-
-----

T T T T T T T T
30 50 70 90 110 130 150 170 190
Interactions per beam collision

Current readout chip FE-I3
inefficientbeyond 3 - 103* cm2 s'1

New chip FE-14 assets:

* local memory cells

* |larger active fraction

* higher data rate

* more radiation hard (130 nm)

Sensor

ITI 1 0000000000000

Pixel Size [um?]
Pixel Array

Chip Size [mm?]
Active Fraction

FE-I13
50x400
18x160
7.6x10.8
74 %

FE-TC4 CMOS 130 nm 2 layers

FE-14-3D-3 CMOS 130 nm 3 layers

FE-14
50x250
80x336
20.2x19.
89 %
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IBL performance

Event with 2 jets of 500 GeV same event adding pileup for

Signal vertex identification efficiency [%]

tracks pT> 0.5 GeV and L=2x103%*cm-2s-1
# cluster > 1 Pixel+IBL same track selection applied
100F -

E E 2 E| TTT TTTT TTTT TTTT I TTTT I TTTT TTTT | TTTT | TTTT I TTT IE
99:_ B §0.045;— “'! * Nominal
- - (0] E m
981 _ 5 004:— . . IBL =
B . e E w/o BS constraint 3
C ] 00355 E
97k — (4 0. 03:_ o (12.0= 0.1) pm AMS: 150um
r ] _8 E o 3+ 0.0} um 5- E
96:— _: %0 025;_ (B3=00) %! RMS: 10.8 um _;
F e Nominal . g 0.02t =
95 —a-with 1BL = Z 0.0155 E
L —e— Nominal (tight) Y ] = =
g4 —with IBL (tight) pY i 0.01= 3
- . 0.0057 =
] C L] ]
93 0 25 50 E L1111 | L1111 I | I 1111 I 1111 | 111 h -

050 40 030.020.01 0 0.010.020.030.040.05

Xute=Xtrie [mm]
Efficiency for reconstructing the Resolutionin x of the reconstructed
primary vertex in tt events with primary vertexwithoutbeamispot
and without the IBL constraintfor t T events with and
without the IBL

Average number of pileup interactions
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Muon chambers (EE)

EE chambers

M electromagnetic calorimders

forwagll calorimeters

end-cap toroid

Complete installation of EE muon
chambers

These chambers improve

momentum resolution at 1<n<1.4 _a adkcalo,i;er
0'12 ;_ Pt (GeY, 100
0.1 I

n L

5 0.08

&5

g’ 0.06

0.04

L h
0.02 E%




2

Entries/0

jm L1 mu rate dominated

© by endcap

L1MU20 rate
extrapolation to 1x1034
- *10kHz at 7 TeV

: " e *20 kHz (?) at 14 TeV
T e RN R B S *60 kHz at 3x103*

n of Rol

—{a00
—300

—|200

New small wheels for phase-1:
e precision tracker with high rate capability
e fast segmenE'Ew reconstruction for L1 upgrade

Present muon L1

Based on EM (Big wheel)
segments:

* many background tracks
* fake high p muons

Upgrade

Integrate EI (Small wheel)
segments in trigger:
requiring an IP pointing
segment on El matched to
the EM segment

T. Kawamoto

Phase 1

Small wheels

* removing background
® improving p; resolution
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The small wheels options

SMDT + sTGC

sSMDT : 15 mm tube instead of 30 mm ( x7 increase of
rate capability)

sTGC : strip readout for precision coordinates (~100 p)
for 1 mrad resolution

sMDT + mRPC

MRPC : 2x1 mm gap instead of a single 2 mm gap
combined with low noise amplifier
big reduction of charge - high rate, long life

Micromegas

Based on a single technology for both tracking and trigger
Very high rate capability, good position resolution
New’technology for the use in large scale (~ 1 m size)

| I ot 15 mm
0] MOT 30 mm
— Garfiedd 15 mm 4

| — Gartieta 30 mm

0 100 200 300 400 500 600 700
1[ns]

Trigger
chambers

Three
tgRPC ——
units

T. Kawamoto
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The Fast TracKer (FTK)

FTK is a hardware track finder up to 3 orders of
magnitude faster than L2 processor farm wov: A
Technical Proposal April 13, 2010

* frees L2 farm time I
* could scale to 103> cm™2 s'! il e

overlap
regions

8x1—¢ towers

Core

* track parameters comparableto offine Slinks Crate
traCki ng Seconcll stage

Raw data ,
* off-detector - upgrade without long access m Trock dora | — 7T N

ROB

e will notreduce L1 trigger rate but help at L2

* template technology interesting for SLHC global tracking in two steps:

pattern recognition and track fit

Single
Hi

— | LT T T T L T T T T
|
N == plane 0

— plane 1 Road' [ T
—— —

= plane 2

[ FTK Logical Layer assignmant (R-Z View) |

600

500

400

300
= plane 3

= plane 4
= plane 5
== plane 6
=l e}
— == plane &

-

—_— plane 9

11T
200

100

N B | I I | 1 =Elan< 10 \'.1|'.:1'k\".'i|' bin)
=2000 =1000 0 1000 2000 3000

4

=)
E=3
t=]
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Challenges:
* Charge build-up in Liquid Argon gap

* Higher current draw - HV drop Forward Calorimeter
* High ionization load - Lar boiling

[EC, HEC and FCal Cryostats at the Beam Area

| | Pulse shape below critical Luminosity

f Pulse shape at 16 times critical Luminosity

Normalized to the luminosity at fixed HV
......

High
luminosity
test at U-70

Baseline: small warm calorimeter in
front of the LAr FCAL in order to
protect it from heating, ion build-up

—— Without Mini-FCal

Copper absorbers +1 cm? diamond

Sensors on ceramic

highly segmented readout

Options: Warm High-pressure Xe
LAr mini-Fcal

‘With Mini-FCal

-

II-g.\

Particle Fluxes (arbitrary units)

%ﬂ 100 150 200 250 300 350 400 450 500 550
RImm]1

Or: Phase 1 —Phase 2 ?
Replace FCal with super FCal (sFCal)
-Smaller gaps
-New HV protection resistors
—Additional cooling

Simulation results on the
energy deposited on FCall.

Will cold electronics inside end-cap survive 3000 fb-1? [N



The ATLAS Forward Physics Project (AFP)

~210 m from ATLAS IP consisting of 3 main parts
* Movable Beam Pipe

* Si Detectors (momentum)

*Timing (backgrounds)

Si Detectors:
Baseline:
- IBL 3D Si sensors; dead edge ~225 um
Very promising R&D for edgeless/active-edge
3D Si; dead edge <50 pm.
- FE-14b Readout chips,

Timing detectors
Crucial to reduce backgrounds from
>2 single-diffraction events in same crossing
Baseline:
-quartz bars
-MCP-PMT

To be approved
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More processing at L1 :
e sharpening threshold
for leptonsand
calorimeter energy

e full readout of digitized
energy from all cells over
high speed optical link

* bringing higher
granularity for L1
calorimeter trigger

e L1Track?

Longer L1 latency :
3us = 6us or 9us or even
longer

Phase 2

Trigger
40 MHz CALOMUON  TRACKING
4
LV1 =
100 kHz Y
Region of .
B
LV2
b
=
EEE E | % N
~ kHz P P E
LV3
Event filter
~200 Hz

10°s PBls

[equivalent)
100 000 CDs/s

FrontEnd pipeline
150 GB/s
Readout driver (ROD)
Buffer memory (ROB)
~ GB/s into LVL2

Data concentrator

Data to surface
~ GB/s for full EvBuild

Event builder

Filter farm 300 MBls

>1CD/2sec
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Inner tracker

Rate :

e Pixel B-layers will become inefficient at 2x103*

e SCT (strip), bandwidth limitation
e TRT occupancy will become very high

Radiation damage:
e SCT designed for 700 fb-1
e Much shorter life for B-layer

All new inner tracker for Phase2

e higher granularity to keep occupancy low
e improved radiation hardness

e improved material budget

e baseline : all silicon strip + pixel

N
o

&— Neutrons-Micron
—&— Pions-Micron
[ —A— 26 MeV Protons-Micron I .
&— 24 GeV Protons-Micron e VR
—&— Neutrons-HPK ATLAS
4 70 MeV Protons-HPK ATLAS

Collected Charge (ke")

B

 I.Dawson 1

10
Fluence (10" n.. cm’)

10" ATLAS siraw-man ¥14 (L=2000 fiv'"}

100

-

Fluemcs [nfen®]

-
=
£

-
=
[

o Shyrtrip | Loug-strip
a--‘.IiIIIP-‘.III | I

S RTTII T T 7T

&0 &0 100

Radis [em] A 73|zburger
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Inner tracker

— /0

=3
o
|
|
|
|
—
=
M
el |
ha
=]
=

.
[

i)

All silicon: pixel (4 layers), short strips (3.5 cm, 3 layers), long strips (9 cm, 2 layers)
40M channelsin Si strips (6M in the current detector)
160M channelsin Si pixel (80M in the current detector)

n-in-p sensors in full size available
Breakdown voltage > 1000 V
Radiation hardness verified up to 10%°> neq cm2
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Muon detectors

2000 [T | I I I I J
Limitation of the present MDT : §1m - L=1x10" .
200-300 kHz/tube § 1500 | Extrapolatedto
: 1x103%4 ]
1400 |- .
1200 [ 7 TeV ]
[ (~ 14 TeV with Al pipe ]
1000 |~ and shielding upgrade) ]
* More shielding w00 | _ ]
i 200-300 kHz/tube
600 |-
 New/additional muon chambers w00 |
m =
o [ 1
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Conclusion

1fb! - 3000fb!
0.03% -> 100%

Possible upgrade timeline

A 7Tev —14 TeV ~, 5x10%cm s
q_s luminosity leveling
- 1x10% —
— ~2x10%cm-2g™! 3000 fb™"

phase-2
— 1x10%cm2s-1 AO fb-
1077 — hase-1
2x10%3cm2s™! | e |
~50 fb-"
phase-0
/ 0 fb!
>

" 2013/14 2018 ~2022  Year

Now
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Data analysis

\ Loul Ccntur

/ 10 Gb/sec

I r{u IDAQ I ‘ Tiers-1

'T(er-z 83y
Local Conter

v

lmr-z m,_;]
e Local Center

20 Gb/sec

g Tier-0 BEHE 1 ==
- CERN computer comar
RAL o &
Per-chg.,,
1 Conte
[‘J::'.,%.. 10 Gbisec 10-40 Gbisec Tersd el Gt
Tier-1 EEE B
INFN o
Tier-1 EEE B

IN2P3 | % «

Tier-2 23

|T|or-2 BE \ / LocaiCarder”
Local C
enter 10 Gb/sec Tier-2 gg‘ ; Tiers-3 1 -10 Gb/sec
Local Centor
/
Institute

Tiers-3

Grid: A distributed computing infrastructure, uniting resources of HEP
institutes around the world to provide institutes seamless access to CPU and
storage for the LHC experiments

— Tier-0 (CERN) : recording —reconstruction —distribution

— Tier-1 (~10 centres) : storage -reprocessing —analysis

— Tier-2 (~140 centres) : simulation —end-user analysis
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Aplanarity:
the smallest eigenvalue of the momentum
tensor

Hr.3, : the transverse momentum of all but the
two leading jets, normalized to the sum of
absolute values of all longitudinal momenta in
the event

The anti-kt algorithm constructs, for each input
object (either energy cluster or particle) i, the
guantities dij and

dis as follows:

where

kti is the transverse momentum of object i with
respect to the beam direction.

A list containing all the dij and dis values is

compiled. If the smallest entry is a dij, objects i
and j are combined (their four-vectors are
added) and the list is updated. If the smallest
entry is a dis, this object is considered

a complete “jet” and is removed from the list.

".H'Ir{:hjcr_'ts
et PikPjk

‘Mif- _Illlllr."
" objects }2
ZI-,FI ‘Ir I
Niets
B ZE'ZJ;% |1“T.r'|
Hrap = —F—
Z* objects “] |
j=1 ey
(AR)2.
di; = min{kn-z, ku-z) Fa L
7
dip = kg~

{AH}}I_, - b",‘ - _'}"j'}z + {d’; - (f)),}

]
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