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QR TRIUMF Outline

* Muon Reconstruction & ldentification
 Efficiency
* Reconstruction
* |solation
* Momentum Scale & Resolution
* Conclusions
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QR TRIUMF Data & Monte Carlo Samples

Shown today: Run 2 pp collision data at Vs = 13 TeV
« 2017:15.4 fb! (partial dataset)
« 2016: 33.3 fb! (full dataset)

70k\|||||||\\|||||||\\|||\‘|||

. 2015: 3.2 fb! (full dataset) > 60 Eucower
* Efficiency of detector high and taking 93.6% good physics £ sof [1A™ASRecorded =
= [ Total Delivered: 50.2 fo
d ata § 40[~ Total Recorded: 46.9 b
* Use Z —> yu and J/ —> uu events to study detector g s0F- E
pe rform ance g 205_ Shown Today _E
« Monte Carlo using GEANT4 for detector simulation ek

10

* More Details: A T
R Muon Combined Performance (MCP) PUbIIC PlOtS 08/05 08/06 08/07 07/08 06/09 06/10 05/11 05/12
) Day in 2017
« Early Run 2 MCP Paper: Eur. Phys. J. C 76 (2016) 292
* Run 1 MCP Paper: Eur. Phys. J. C 74 (2014) 3130
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/MuonPerformancePublicPlots
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2015-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-05/

R TRIUMF ATLAS Muon Reconstruction Basics

UBC

€

From the track fit, get M = (do, zo, ®, 6, q/p) : \

Inner Detector (ID) track has very precise hits L7394
close to the Interaction Point (IP), which helps | \ \
to constrain do/zo and angles (/. \ “

Muon Spectrometer (MS) track has better g/p =
resolution at high-pt due to longer lever arm .

/ /\3\ ¥ Bends alon
Combining ID and MS hits guarantees the
best pt determination

\

ATLAS

EXPERIMENT
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R TRIUMF Muon Reconstruction Algorithms

——— Combined (CB): Global refit of ID + MS tracks
Magnetic Soaroe] Segment-tagged (ST): Track fit of ID + MS segment

Field Calorimeter-tagged (CT): Track fit of ID + energy
deposit in the calorimeter

Extrapolated (ME): MS track only

(Combined Muon]
Hadronic Muon Spectrometer
Calorimeter
Standalone Muon '
=
----------- ID
E|ec’rromagneﬁc
Calorimeter
- Slenc TN Segment-Tagged Muon
Solenoid Trapion : (Seg 0 ag
Magnet]c Tchking Tracker N o T UEaa,
|
F-ield Pixel/SCT detector .

—
(Calo-Tagged Muon)]
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R TRIUMF

Working Points

* Loose: Maximize reconstruction efficiency; uses all muon types
* Medium: Default selection for ATLAS; uses CB & ME muons

« Tight: Maximize purity; uses only CB & ME muons

* Low-pr: Maximize efficiency and fake-rejection for pr <5 GeV

* High-pt: Maximize momentum resolution for ptr > 100 GeV

« Optimization is on-going: Public results for high-prt and low-pt working
points expected this summer

4<pT<20GeV 2O<pT<100GeV
Selection || €)C [%] | ehe (%] || €)' [%] | € ons [%]
Loose 96.7 0.53 98.1 0.76
Medium || 955 0.38 96.1 0.17
Tight 89.9 0.19 91.8 0.11
High-pr || 78.1 0.26 80.4 0.13

ATLAS

EXPERIMENT

Even Nomber 63589792

“» |1 Require 3 stations
ST in the MS at high-pr

April 17,2018
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R TRIUMF Reconstruction Efficiency
e(X) =€e(X|ID) - €(ID) = € (X|CT) - € (ID|MS), (X = Medium/Tight/High-p.)

« Tag & Probe Method:
* Use high-statistics samples of Z and J/{

—

resonances I

. . . 8 - - .

 Tag: Medium muon that fires the trigger £ o095 « E

- Probe: Reconstructed by a system 0.9F- 3 =

. . . - ATLAS Preliminary —a— Jp—uu Data

independent of the one being studied gsl  (5=13TeV, 1541 oy MC -

(e.g. calorimeter) "~ Fa Medummuons DWW

: .. 08— " —

* Reconstruction efficiency ~99% for R Mseony Cssose
pT>10 GeV 3

- Error bars on efficiencies indicate statistical S oo

uncertainty 5 678910 20 30 40 50 100

p, [GeV]
* Good data/MC agreement overall
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Reconstruction Efficiency (continued)

R TRIUMF

* Reconstruction efficiency > 98% for
medium muons in Inl > 0.1

* Loose muons
Inl < 0.1

recover efficiency for

* Efficiency scale factor (ratio

between expe

cted and observed

efficiencies) within 2% across

entire n range

* Total systematic uncertainty < 0.5%

Efficiency

Data/MC

y
gaﬁaﬁﬂguggg“ugi Buuﬁu uu u“uaa“u“ iggggggguuugnfu
83082800000, "% 8 000,g0 QeﬁoOoo

e R e o R ]

. L 2
Data 2017 MC
0.7— = ¢ bala o NS
06— = —e— Tight muons |
| ATLAS Preliminary . —=— Medium muons
O.S—F — 13 TeV, 15.4 fb'1 Loose muons —

.05 s e e

1!!#‘8‘1!&&@%3993“0 emgg,mgwegcggﬁﬁwwmﬂk ﬁﬁ“él

0.95 ]

25 2 15 -1 05 0 05 1 15 2 25
— 3 ErTTT TTTT L e e e TTTT TTTT TTTT U]
& 10 E ATL‘AS ‘ ‘ ‘ ‘ ‘ Medlum ITII.‘JOnS E gyl
= o[ (s=13TeV,321b" B
s 1O§Z—>uu —Total  — Truth Clos E
3 F Bacl kg und ]
5 10 E —— Statistics 3
o £ — Statistics (MC) ]
g 1t =
[5) | -
oL ]

10737m\mmmmm\HH\HHmmmmumuf
=25 -2 .15 -1 -05 0 05 1 15 2 25
|
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R TRIUMF

Measure detector activity around a
muon candidate for background
rejection

Use track-based & calorimeter-
based variables

Muon Isolation

Overall good agreement between
data and simulation
Uncertainties at the percent level
Total of seven isolation selection
criteria optimized for different

physics analyses

g IF ‘ o ]
c = —— E
Q2 E —
Q2 E E
= E . E
L E e 3 E
08— = -

E e E

.

£ ATLAS Preliminary Zoeun 3
0.6F-\s=13Tev, 7.8 10" ——Data2017 ]

—o— MC

E FixedCutLoose WP

Data / MC

B statonly-  Sys® Stat

10°E

;‘ATLAS‘ PreIirT‘linary =
{s=13TeV, 4.2 pb' 5
Medium muon 3
2016 Data

0

005 01 015 02 025 03 035 04

varcone30 /
(o P
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QR TRIUMF Efficiency & Pileup

 Pileup keeps increasing; need to study how efficiencies
depend on <>

Slight loss of efficiency with higher <> with current
isolation working points

No clear dependence of reconstruction efficiency on 100F-
pileup 501

350 ATLAS Online, 13 TeV [Lot=86.3 15"

300 2015: <u>=13.4

= ]
[ 2016:<u>=251 7
] 2017:<u>=37.8 _
=

250
F Total: <u>=31.9

200;

150

Recorded Luminosity [pb™/0.1]

- L] - " - " " - . 0 L1 n el n
« Working to improve isolation definitions to be pileup robust; 010 20 30 40 50 60 70 80
Mean Number of Interactions per Crossing
pavmg the way for the HL-LHC where we expect <u> ~ 200

5 =T T T T T T T T T T T T T T T T T T T —: 8 1: ] &>)\ 1k ‘ ]
5 : E 3 E J *1 5 r ° ® ®
s 3 3 2 Coe 3 o o * ; ] & = o2 * ' ]
AT T T S S A S P W 09 ¢ ® & ; e % © - W 09 e O =
3 e E ¢ 0 © 1 r e O 1

0.96 o ; 0.8 —e— Data 2017, <u><50 | 0.8 e O —e— Data 2017, <u><50 |

“PE ATLAS Prelimi E F 1 F 1

E (s=13 Téf,f";'; gr{b-1 3 0 7i —o— Data2017,<u>>50 | 0 7i 9 —o— Data2017,<u>>50 |

0 94*_Medium muons —e— Data 2017 ; s B I e B
Tpeptocey oMe E 0.6 ATLAS Preliminary B 060 i ATLAS Preliminary =
Qo B Satony  Sys & 5t F Vs=13TeV, 32.8 fb” ] F + Vs =13TeV, 32.8 b ]
= 0.5 GradientLoose ; 0.5 FixedCutTight ;
© T e o e es e e A e e e e e e g = r bl ~r 9
© e e C ] C ]
a 0.99 0_4k L L L L L | ] 0_4k L L L L L | ]

20 30 20 50 50 20 30 40 50 6070  10° 2x10? 20 30 40 50 6070 107 2x10?
<u> P; [GeV] P; [GeV]
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L TRIUMF Sagitta Bias Correction

« New w.r.t. early Run 2 paper: correction applied on data on a per-
tower basis in order to account for alignment biases on the sagitta

« Improves mass resolution of neutral resonances (where the sagitta

bias for opposite charges produces a broadening of the peak) by a /;;\

few percent

ATLAS Preliminary 13 TeV, 33.3 fb™ Data ATLAS Preliminary 13 TeV, 33.3 fo”' Data

—

= 3

=

ds[TeV
o(w)

2

1

Apply Correction
>

25 -2 156 -1 -05 0 05 1 15 2 25

n(w)
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QR TRIUMF Momentum Scale & Resolution

» Goal: Precisely describe the pr
reconstructed in the ID/MS in

S|mUIat|On, need tO matCh the Energy loss in a,\r?(??’ggfla(lz gz‘?o:t]|fr?£a(lf
measurements in data Calozim.etler(a%d Otlh)er the detector
materials only
* Method: Extract relevant —C
parameters from data using a pr scale bias ~~Aso + (1 + Asy) - pr

binned maximum-likelihood fit
with templates derived from
simulation which compares myu

pr resolution ~ +/(Apo/pr)? + Ap12 + (Aps - pr)?)

and normalized ID-MS pr ﬂEnergy loss / \
. . . . tuati i
difference distributions in data ’?hceurielt(t)enr?alln Multiple scattering, local Intrinsic resolution
and simulation (MS only) radial distortions and and mis-alignments
local distortion of
* Use Z and J/Y samples magnetic field

« ID and MS calibrated separately
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QR TRIUMF Effect Of Corrections

 After applying momentum corrections, the line shapes of the
Z and J/Y peak between data and simulation match very well
within systematic uncertainty! 10f

> S L S S L B B B B &
34 2—_ATLAS Preliminary <+ Data E
%ZsooﬂojTT‘YTTT‘TTNT‘ xxxxxxxx LA L o © ) o E=13Tev,154fb'1 .. _mg .
& | ATLAS Preliminary + Data S L Z-w PN ---S t(uncor.i B
g L {5=13TeV, 10.6 fb" —MC 5 - . yst. uncert. ]
< .20 - -
ézocoi 3&_, 0.8_— -
& L - 3
B 0.6— —
1500 - ]
§ 04— —
1000}- 0'2:_ _:
OI_ | ! | _L
O A
= e et
8
®©
0
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QR TRIUMF Scale & Resolution Results

2 E
Scale & resolution measured through & ==-ATLAS Preliminary Yom
Crystal Ball function S Syst uncar. 3
91.5— —
Tail of the Crystal Ball function OESsaseagasanprestssonsasssnseret st tatts tonsd
models the energy loss %05 =
905— —f
$  ‘CATLAS Preliminary $oaa 11005 [
= asb'S \F_13Tev 15.4 o™ —mc E o L
5 ’ = Z—n Syst. uncert, 1 % 1F-0000e0s0e 0ot 0 q0etteonstetetotse et et tt000, ¢
- ] o C ]
E ] B T R - B B *-a
25 = (wed)
"o =
e i Scale agreement at the per mille level
o 2r = )
S ssseseetrennsessentreracesennsnngenttetian, | RESOlUtiION agreement at the percent level
Q 08:— , , , , q
i Ieag)'5
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R TRIUMF

Physics Results

* MCP results extremely important for

2 - T -
. . § 107 ATLAS ¢ Data
precision analyses and searches! i S 13 TeV. 36.1 " Iz
N MaSS Of nggS_’ZZ* - 4 |ept0nS Dimuon Search Selection [} Top Quarks
10° [ Diboson
(ATLAS-CONF-2017-046) - — Z,(3TeV)
— 7, (4TeV)

* W & Z cross section measurement
(Phys. Lett. B 759 (2016) 601)

e Z' =M search (JHEP 10 (2017) 182) 10

—Z,(5TeV)

1
S o0 : : o ——
3 r ATLAS Preliminary + Data 7 K 10° £ e Data PA 1] 10!
© [ Vs=13TeV, 36.11b" —MC ] =~ [ NIMCStat.@®Syst.Unc. ATLAS
S 5 Z-uu I 8 [ OJZ=ww 3 2
> 1.5 Syst. uncert. . E 10A§ [ Diboson 13 TeV, 81 pb 10
o - b wF @zove
S C ] 3| [DTop quarks —
(IR ] 10 E 2 1. B 1 O S OO —=
C 7 om q. HAB F O e e —
C ] 10° ~ ! E
L B 2 © =
05? i "(—“' 0. T O o S D _;
F - o 0. L —
OT = g’) = 14 . ................................. _;
E = i m ;,.F 1.2 N R U B B B BT b O T T T e pme—— _:
LE) 1.1E ] < - 3 1 ¢ 1 Illi =
- - et A= =
s 1P coieeg: ": o % \8_/ 0.8 +*tT”I 1R HR & & 0 N s =
8 ook E § [} 0.6F . I 1 OO 3
&5 5 = o & 100 200 300 1000 2000
m,, [GeV] Dimuon Invariant Mass [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-046/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-05/

R TRIUMF Continuously Improving ATLAS Software

* Old Reconstruction R 4
 Final track errors inflated to account for h
alignment uncertainties; chamber deweighted *
* Only in specific “critical” situations: Barrel/
Endcap and Small/Large sector overlap
regions, misaligned chambers, etc.

* New Reconstruction
* Fit the alignment discontinuities
—> More realistic errors on g/p measurement
—> Might allow recovery of vetoed MS
regions for high-pt muons
* Possible using AlignmentEffectOnTrack
(AEOT): specifies position and angle
uncertainties on chamber hits
» Track fit performed using gaussian constraint
on chamber hits where alignment uncertainties
are used as gaussian widths

(*) default: 10 um
(*) default: 10 urad
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QR TRIUMF Summary

* Muon reconstruction performance measured for 15.4 fb-1 of 2017
data; extremely important for precision analyses and searches!

» Detector in great shape!
» Reconstruction efficiency ~99% for pt > 10 GeV
« |solation efficiency working as expected

« Momentum scale and resolution between data and simulation
agree over a wide pr range:

« Scale at the per mille level
* Resolution at the percent level

« Continuously improving muon reconstruction (e.g. AEOTSs, low-pr
algorithm optimization, MDT calibrations)!
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TRIUMF
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for particle and nuclear physics
1
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R TRIUMF

Backup
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QR TRIUMF Systematic Uncertainties

 Truth Closure: Comparison of efficiency measured
with the tag-and-probe method with “true” efficiency
given by the fraction of generator-level muons that
are successfully reconstructed. Accounts for
possible biases the tag-and-probe method, such as
biases due to different kinematic distributions
between reconstructed probes and generated
muons or correlations between ID and MS
efficiencies.

« Background: For Z, take the maximum variation of
the transfer factor T as described in the Run 1
paper. For J/, change function used in the fit to
model the background from first-order polynomial to
exponential.

Relative Uncertainty [%]

10% g
E ATLAS
102;@:13 TeV, 3.2
F Z— uu

10
1
10715

10_22

— Total —— Truth Closure

Background
— Statistics
—— Statistics (MC)

‘\\\\‘\\\\‘\\\\a
Medium muons 3

-3 ol b b b by
10255 -2 215 -1 -05
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R TRIUMF pt Smearing & Scaling

* Muon momentum is calculated using

2 m—1
C,De
1+ ZO ArDet(n, ¢) (pl%4 t) Im

where Det € [ID, MS], gm is a normally distributed
random variables with zero mean and unit width,
ArmPet(n,d) describes the momentum resolution
smearing, and snP¢(n,¢) describes the scale corrections
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R TRIUMF Combined Muon pr

* Obtained by combining the ID and MS corrected
momenta using a weighted average:

Cor,CB CrID Cor,MS
pTO =J-p 7 +(1_f)'pTO

with the weight f derived from:

MC,CB MC 1D MC,MS
Pr =f-p T (1 — f) P
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QR TRIUMF Abstract

* Muon reconstruction and identification play a fundamental role
in many analyses of central importance in the LHC run-2
Physics programme. The algorithms and the criteria used in
ATLAS for the reconstruction and identification of muons with
transverse momentum from a few GeV to the TeV scale will be
presented. Their performance is measured in data based on
the decays of Z and J/ to pair of muons, that provide a large
statistics calibration sample. Reconstruction and identification
efficiencies are evaluated, as well as momentum scales and
resolutions, and the results are used to derive precise MC
simulation corrections. Isolation selection criteria and their
performances in presence of high pileup will also be presented.
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R TRIUMF Working Points

_____loose | Medium | Tight _

Combined, ME, ST/ Combined, ME (only in

Muon Type CT (In1<0.1) 2.5<|n|<2.7) Combined
# Precision Layers N/A >2, >3 for ME >2
q/p Significance N/A <7 <7
x2 Requirement N/A N/A <38
Selection Efficiency for 4
< pr< 20 GeV (%) 96.7 95.5 89.9
Selection Efficiency for 20
< pr< 100 GeV (%) 98.1 96.1 91.8
og/p/(a/D)'P [oq/p/ (a/D)IMF

< 0.8 or < 0.8

p — pi¥S  isBadMuon:

D
PT

[Uq/p/(Q/p)]CB [Uq/p/(Q/p)]CB

Tight muons included in medium muons, both included in loose muons.
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R TRIUMF Current High-pr Working Point

_ ] i . * High-pr WP
Goal of the High-pr Working Point (WP): « Require combined (CB) muon

Select _traCkS with the best momentum « Require 3 stations in the MS (4 in the BEE
resolution and scale region)

* Apply chamber vetoes based on n-¢ MS track

Magnetic field integral

Energy loss in and radial distortions of coordinates in poorly aligned regions
calorimeter and other the detector * Barrel-Endcap overlap (1.01 < Inl < 1.1)
materials (MS only) excluded
pr scale bias~\A30 + (14 Asy) - pp | AsiScale * Apply 1/p significance cut at 7o (ID vs ME
Corrections
measurement)
+ Selection efficiency ~ 80%
pr resolution ~ \/(ApO/pT)2 -+ Ap12 + (Apg . pT)2) : # . 5 -§|ESE7_8
j P2 I 0E )
Energy loss | ‘2 e i‘)
fluctuations in o . - . ¥ 7] T
the material Multiple scattering, local In’mnsp V?SO|Ut'0n : ) : — t_—\']
(MS only) radial distortions and and mis-alignments g 7 8 ) L N ’)
local distortion of e e Ms: ’ - -
magnetic field Api: Momentum resolution  Sarretg G averlap e DT el '

C T gap
@ EEL sec. 5, C side (off smm 2015) @ Optical alignment sys. holes . CREATED BY JOCHEN MEVER

Smearing COFreCtlonS © Size of EEL in sec. 5 Known CSC pro!::}I‘eHl;r’Ls'Mwzmé
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R TRIUMF Muons In ATLAS

« Muon Spectrometer (MS): Inl < 2.7  Inner Detector (ID): Inl < 2.5
 Triggering: Resistive plate « Silicon pixels, semiconductor
chambers & thin gap chambers tracker, and transition radiation
« Tracking: Monitored drift tubes & tracker *m

cathode strip chambers

n=0 n = —Intan(6/2)

- |

25m

LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor fracker

Interaction Point (IP)
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QR TRIUMF Muon System Details

Precision chambers
— 3 layers of Monitored Drift Tube chambers (Inl < 2.7)
—Innermost layer replaced by Cathode Strip Chambers (Inl > 2.0)
Trigger chambers
- 3 layers of Resistive Plate Chambers (Inl < 1.05)
— 3 layers of Thin Gap Chambers (1.05 < Inl < 2.4)
ID acceptance Inl < 2.5 operating in a 2T solenoidal field
-3 layers of pixel sensors (50 cm <r <12 cm)
—4 layers of silicon strips (30 cm <r< 51 cm)
— 72 straw layers of transition radiation tracker modules (55 cm <r <
108cm)
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QR TRIUMF Data Quality

* RPC inefficiencies currently under investigation

Inner Tracker Calorimeters Muon Spectrometer Magnets
Pixel ~ SCT  TRT LAr Tile MDT  RPC  CSC TGC  Solenoid  Toroid
100 999 993 995 99.4 99.9 978 99.9 100 100 99.2

Good for physics: 93.6% (43.8 fb?)

Luminosity weighted relative detector uptime and good data quality efficiencies (in %) during stable beam
in pp collisions with 25ns bunch spacing at Vs=13 TeV between June 5 — November 10 2017, corresponding
to a delivered integrated luminosity of 50.4 fb! and a recorded integrated luminosity of 46.8 fbl. The
toroid magnet was off for some runs, leading to a loss of 0.5 fb-l. Analyses that don’t require the toroid
magnet can use these data.
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R TRIUMF Muon Spectrometer Alignment
a 0.3 I I I I I I I ]
c ~ ATLAS Preliminary ]
= 0.25[ Toroid-off data 2015, Vs =13 TeV, 16 pb™ -
\;c—; - galiguog 1 [um] oali(fto)  Oati(tte)  oaii(pte) ocan(total)
0.2t o o 4 BAlarge 24+2 124£1 1642  31+2
0150 * O (total) 3 BAsmall 49+6 15+6 43+£6  67+6
F = 1 EClarge 29+4 2244 1544  40+4
oAb 1 ECsmall 34+7 4246 3447 6446
T o] CSlarge 21+5 2444 25+ 4 41 +4
0.05F- L ’ . + . ] CSsmall 3146 2646 1175 4246
T - ! . H’ %4 EElarge 46+6 16+3 2044 53+ 6
o+ " v ] ] EEsmall 41+19 02  41+26  58%%
- 1 BEE 4945 4445 38+5  76+5
-0 05: | | | | | | | | l -
TR s e e o 01010 g o a0 o gt
05 = po + 0 — 6, o + ? —{0) oo
RMS(60) RMS(¢)
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QR TRIUMF Isolation Variables

T
i
!

Efficiency

prvarconed0: gcalar sum of pr of . |
the tracks with pr>1 GeV in a :

E ATLAS Preliminary Zuu

062_\{5 =13TeV, 7.8 o —e— Data 2017

cone of size AR = min(10 et
1.05 ‘ [ Statonly- | Sys @ Stat
GeV/pr, 0.3) around the muon

Data / MC
H
¢

0.95F8 .

e [E-qtopocone20: gum of the T — v . .": b [GeV]
transverse energy of o

topological clusters in cone of =
size AR = 0.2 around the

muon

Data/ MC

+++mw°w.wm++++-+t+ ST = .
-%1 -0.05 0 0.05 0.1 015 02 025 03 035 04
ET /p
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