
Performance	  of	  muon	  and	  
tau	  identi/ication	  at	  ATLAS	  

Mansoora	  Shamim	  
University	  of	  Oregon	  

On	  behalf	  of	  ATLAS	  collabora:on	  

ICHEP2012	  
4-‐11	  July,	  2012	  
Melbourne	  



Outline	  
•  ATLAS	  detector	  
•  Muon	  

•  Various	  types	  
•  Reconstruc:on	  and	  isola:on	  efficiencies	  
•  Momentum	  resolu:on	  

•  Hadronic	  tau	  
•  Decays	  
•  Reconstruc:on	  and	  iden:fica:on	  efficiencies	  
•  Energy	  scale	  and	  uncertainty	  
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Physics	  with	  muons	  and	  taus	  
•  Intense	  physics	  program	  in	  ATLAS	  

•  Standard	  Model	  	  
•  Electroweak:	  W,	  Z	  and	  top	  quark	  
decays	  	  

•  Tau	  polariza:on	  	  
•  Higgs	  boson	  searches	  	  
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Figure 7: Top left, top right and bottom left: expected and observed 95% CL upper limits on the cross
section times τ+τ− branching fraction, σB, as a function of the Z′ mass, for the τhτh, µτh
and eµ channels, respectively. The expected SSM Z′ production cross section is also included.
The thickness of the line represents the theoretical uncertainty on the production cross section.
Bottom right: the combined limit excludes Z′ masses of up to 1.3 TeV, with an expected limit
of 1.4 TeV.

•  Supersymmetry	  
•  Neutral	  Higgs:	  A/H/h-‐	  	  
•  Charged	  Higgs	  	  
•  Models	  with	  stau	  being	  the	  

lightest	  lepton	  
•  Exo:cs	  

•  Z`,	  W`	  
•  Leptoquarks	  



ATLAS	  Detector	  
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25 m 

44 m 

7000 Tons 

�  A	  general	  purpose	  detector	  
�  Inner	  detector	  (ID)	  
◦  Pixel	  
◦  Silicon	  microstrip	  tracker	  (SCT)	  
◦  Transi:on	  radia:on	  tracker	  (TRT)	  

�  Solenoid	  
◦  2T	  magne:c	  field	  

�  Calorimeter	  
◦  Electromagne:c	  (EM)-‐Liquid	  Argon	  (LAr)	  	  
◦  Hadronic	  (HAD) 	  	  

�  scin:lla:ng	  :les	  in	  the	  central	  barrel,	  LAr	  in	  end	  
caps	  (EC)	  

�  Muon	  Spectrometer	  (MS)	  
◦  Monitored	  dri]	  tubes	  (MDT)	  and	  cathode	  strip	  

chambers	  (CSC)	  used	  for	  posi:on	  measurement	  
in	  bending	  plane	  

◦  Resis:ve	  plate	  chambers	  (RPC)	  and	  thin	  gap	  
chambers	  (TGC)	  used	  for	  triggering	  and	  posi:on	  
measurement	  in	  non-‐bending	  plane	  

�  Three	  large	  superconduc:ng	  	  toroids	  
◦  One	  barrel	  and	  two	  EC	  
◦  Eight-‐fold	  azimuthal	  symmetry	  around	  

calorimeter	  
◦  0.5T	  magne:c	  field	  

The	  ATLAS	  Collabora.on,	  G.	  Aad	  et	  al.,	  The	  ATLAS	  Experiment	  at	  the	  CERN	  Large	  Hadron	  Collider,	  JINST	  3	  (2008)	  S08003.	  

;	  



Muon	  types	  in	  ATLAS	  
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•  Combined	  (CB)	  
•  coverage:	  |η|	  <	  2.5	  
•  inner	  detector	  (ID)	  and	  
muon	  spectrometer	  (MS)	  
contribute	  to	  momentum	  
accuracy	  

•  best	  momentum	  resolu:on	  
•  Stand-‐alone	  (SA)	  

•  coverage:	  |η|	  <	  2.7	  
•  high	  momentum	  resolu:on	  
•  momentum	  from	  MS	  

•  Segment	  tagged	  (ST)	  
•  coverage:	  |η|	  <	  2.5	  
•  momentum	  from	  ID	  
•  needed	  for	  low	  pT	  to	  fill	  
acceptance	  gap	  at	  η	  ≈	  -‐1.2	  

•  Calorimeter	  tagged	  (CT)	  
•  available	  for	  |η|	  <	  2.5	  
•  lowest	  purity	  
•  uniform	  efficiency	  near	  MS	  
acceptance	  gap	  at	  η	  ≈	 0	  



Muon	  reconstruction	  ef/iciency	  
•  Tag	  and	  probe	  selec:on	  

•  One	  good	  muon	  reconstructed	  in	  ID	  and	  MS	  selected	  as	  tag	  
•  Second	  object	  iden:fied	  by	  one	  of	  the	  systems	  taken	  as	  probe	  muon	  
if	  invariant	  mass	  of	  two	  muons	  is	  close	  to	  	  

•  J/ψ	  mass	  for	  low	  pT	  range	  	  
•  Z	  boson	  mass	  for	  high	  pT	  range	  

•  Efficiency	  =	  frac:on	  of	  probe	  objects	  iden:fied	  as	  muons	  
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Muon	  isolation	  ef/iciency	  
•  Muons	  required	  to	  be	  isolated	  to	  suppress	  background	  in	  
many	  analyses	  
•  Calorimeter	  based	  isola:on	  ΣEt(ΔR<0.3)/pt	  <	  X	  	  

•  Correc:ons	  applied	  to	  remove	  pile-‐up	  dependence	  
•  Track	  based	  isola:on	  Σpt(ΔR<0.3)/pt	  <	  Y	  

•  Pile-‐up	  robust	  
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Track	  based	  isola:on	  
calorimeter	  based	  isola:on	  	  
a]er	  applying	  correc:on	  



Muon	  momentum	  resolution	  
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Mass	  resolu:on	  for	  combined	  muons	  

Abstract – Measurements of the muon reconstruction efficiency as well as the muon momentum resolution have been carried out with LHC 
collision data recorded by the ATLAS experiment.  A comparison of the results with Monte-Carlo prediction is given.   !

 Daniele Capriotti, on behalf of the ATLAS Collaboration! Physics at LHC 2011, Perugia, June 6-11th, 2011!

ATLAS Inner Detector!

Muon Reconstruction in ATLAS!

ATLAS Muon Spectrometer!

Muon Recontruction Efficiency!

Muon Momentum Resolution!

Tag-and-probe selection!

!  Selection of a clean sample of Z decays.!
!  Reconstruction efficiency calculated of inner 
detector (ID), combined (CB) and segment tag 
(ST) tracks.!
!  Efficiencies calculated as a function of eta and pT !
⇒  η dependence of the efficiency according 
to the different detector regions,!
⇒  no pT dependence of the efficiency 
(confirmed by J/ψ analysis at low pT).

!  Data-MonteCarlo agreement evaluated by 
means of scale factors (applied as corrections to 
MonteCarlo predictions in many physics analysis).!

ID efficiency!

 The Inner Detector measures tracks up to |η| < 2.5 exploiting the 
three types of detector operated in a solenoidal magnetic field of 2 T:!

Muon reconstruction performance!
in the ATLAS experiment!

!  silicon pixel detector 
closest to the interaction 
point,!
!  silicon strip detector 
(SCT) surrounding the pixel 
detector,!
!  transition radiation straw 
tube tracker (TRT) covering 
|η| < 2.0.!

 The Muon Spectrometer consists of three large air-core superconducting toroidal 
magnetic systems providing a field of approximately 0.5 T:!

!  hits in three layers of precision drift tube 
(MDT) chambers for |η| < 2 and two layers of 
MDT chambers in combination with one layer 
of cathode strip chambers (CSC) at 2.0 < |η| 
< 2.7 to measure the muon trajectory.!
!  Three layers of resistive plate chambers 
(RPC) in the barrel (|η| < 1.05) and three 
layers of thin gap chambers (TGC) in the 
endcaps (1.05 < |η| < 2.4) provide the muon 
trigger and also measure the muon trajectory 
in the non-bending plane.!

!  Muon Spectrometer (MS) tracks are entirely reconstructed in the MS, 
from trigger chambers hits and segments reconstructed in the precision 
chambers. The track is then extrapolated to interaction point and the 
momentum is corrected for the energy loss due to the material crossed 
before reaching the MS.!
!  Calorimeter Muon tracks are Inner Detector tracks identified as 
muons if the calorimeter deposit is compatible with a minimum ionizing 
particle.!

Daniele Capriotti, on behalf of the ATLAS Collaboration!

!  Combined muon (CB) tracks result from the combination of MS and 
ID measurements by a statistical combination or a refit of the entire track. 
Energy losses in the calorimeter are taken into account using parametrization 
and possibly calorimeter measurements.!
!  Segment tagged muons (ST) are based on the ID measurement. The 
muon is identified if at least one segment in MS matches with the ID track.!

CB efficiency! ST efficiency!

!  Efficiency (εID) calculated with 
respect to MS tracks. !
!  Hit quality criteria applied.!
!  Data efficiency 0.991 ± 0.001.!
!  Good data-MonteCarlo 
agreement: scale factors within 1%.!

!  Efficiency (εMSεcomb) is calculated 
with respect to ID tracks. !
!  Flat pT distribution.!
!  Data efficiency 0.958 ± 0.001.!
!  Good data-MonteCarlo 
agreement: scale factors within 1%.!

!  Efficiency calculated with respect 
to ID tracks. !
!  Gain in efficiency in transition 
region and η ≈ 0 (dead material).!
!  Data efficiency 0.980 ± 0.001.!

The momentum resolution is extracted from the width of the di-muon mass in Z decays 
and from the momentum measurement in single muon events given by the ID and MS.!

Muon reconstruction is performed by the Inner Detector and Muon Spectrometer. The 
efficiency of combined muons is defined as ε = εIDεMSεcomb. The different contributions 

are estimated with the Z tag-and-probe method.!

MS resolution:! ID resolution:!

p0(TeV) energy loss in the calorimeter, p1 multiple scattering, p2 (TeV-1) resolution term.!

Resolution 
contribution to the 
relative di-muon 
invariant mass width, 
measured by the MS. 
Data (circles) and 
simulation (open 
triangles) as a function 
of η regions.!

Resolution curve 
σ(1/pT) from the 
fitted parameter 
values of the Inner 
Detector in 
collision data and 
simulation as a 
function of the 
muon pT.!

•  Resolution studied 
separately for ID and 
MS, in 4 η regions.!
•  Combined fit: 
dimuon invariant mass 
width and momentum 
difference measured in 
ID and MS as input.!
•  Alignment constraint 
for the resolution 
measurement.!

Results (for Barrel) !

Good 
agreement 
after 
MonteCarlo 
smearing 
correction.!
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Abstract – Measurements of the muon reconstruction efficiency as well as the muon momentum resolution have been carried out with LHC 
collision data recorded by the ATLAS experiment.  A comparison of the results with Monte-Carlo prediction is given.   !

 Daniele Capriotti, on behalf of the ATLAS Collaboration! Physics at LHC 2011, Perugia, June 6-11th, 2011!
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MonteCarlo predictions in many physics analysis).!

ID efficiency!

 The Inner Detector measures tracks up to |η| < 2.5 exploiting the 
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Muon reconstruction performance!
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layers of thin gap chambers (TGC) in the 
endcaps (1.05 < |η| < 2.4) provide the muon 
trigger and also measure the muon trajectory 
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!  Muon Spectrometer (MS) tracks are entirely reconstructed in the MS, 
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momentum is corrected for the energy loss due to the material crossed 
before reaching the MS.!
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!  Combined muon (CB) tracks result from the combination of MS and 
ID measurements by a statistical combination or a refit of the entire track. 
Energy losses in the calorimeter are taken into account using parametrization 
and possibly calorimeter measurements.!
!  Segment tagged muons (ST) are based on the ID measurement. The 
muon is identified if at least one segment in MS matches with the ID track.!

CB efficiency! ST efficiency!

!  Efficiency (εID) calculated with 
respect to MS tracks. !
!  Hit quality criteria applied.!
!  Data efficiency 0.991 ± 0.001.!
!  Good data-MonteCarlo 
agreement: scale factors within 1%.!

!  Efficiency (εMSεcomb) is calculated 
with respect to ID tracks. !
!  Flat pT distribution.!
!  Data efficiency 0.958 ± 0.001.!
!  Good data-MonteCarlo 
agreement: scale factors within 1%.!

!  Efficiency calculated with respect 
to ID tracks. !
!  Gain in efficiency in transition 
region and η ≈ 0 (dead material).!
!  Data efficiency 0.980 ± 0.001.!

The momentum resolution is extracted from the width of the di-muon mass in Z decays 
and from the momentum measurement in single muon events given by the ID and MS.!

Muon reconstruction is performed by the Inner Detector and Muon Spectrometer. The 
efficiency of combined muons is defined as ε = εIDεMSεcomb. The different contributions 

are estimated with the Z tag-and-probe method.!

MS resolution:! ID resolution:!

p0(TeV) energy loss in the calorimeter, p1 multiple scattering, p2 (TeV-1) resolution term.!

Resolution 
contribution to the 
relative di-muon 
invariant mass width, 
measured by the MS. 
Data (circles) and 
simulation (open 
triangles) as a function 
of η regions.!

Resolution curve 
σ(1/pT) from the 
fitted parameter 
values of the Inner 
Detector in 
collision data and 
simulation as a 
function of the 
muon pT.!

•  Resolution studied 
separately for ID and 
MS, in 4 η regions.!
•  Combined fit: 
dimuon invariant mass 
width and momentum 
difference measured in 
ID and MS as input.!
•  Alignment constraint 
for the resolution 
measurement.!

Results (for Barrel) !

Good 
agreement 
after 
MonteCarlo 
smearing 
correction.!
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•  Dimuon	  mass	  resolu:on	  	  
•  Combined	  muons	  from	  Z	  boson	  decays	  	  
•  Resolu:on:	  width	  of	  Gaussian	  convoluted	  with	  dimuon	  mass	  
resolu:on	  at	  generator	  level	  

•  Fit	  range	  for	  m(μμ):	  [75	  GeV,	  105	  GeV]	  



Decays	  and	  reconstruction	  of	  tau	  
•  Hadronic	  decays	  of	  tau:	  65%	  
•  Reconstruc:on	  seeded	  by	  an:-‐kt	  jets(R=0.4)	  

•  pT	  >	  10	  GeV,	  |η|	  <	  2.5	  	  
•  calibrated	  3D	  topological	  clusters	  
•  good	  quality	  tracks	  with	  pT	  >	  1	  GeV	  
•  discrimina:ng	  variables	  

•  combined	  informa:on	  from	  calorimeter	  and	  
tracking	  

•  input	  to	  mul:-‐variate	  algorithms	  
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Response curves as a function of reconstructed tau pT at LC scale for 1-
prong (left) and multi-prong (right) tau candidates in various |η| bins

TES uncertainty for 1-prong (top, |η|<0.3) and multi-prong (bottom, 
1.6<|η|<2.5) decays. The single contributions are shown as points and 
the combined uncertainty as the filled band.

Identification

In-situ identification efficiencies

Identification performance

Examples of jet rejection variables: shower width in the electromagnetic and 
hadronic calorimeter weighted by the transverse energy of each calorimeter part (1), 
number of tracks in the isolation annulus (2), decay length significance of the 
secondary vertex for multi-prong tau candidates in the transverse plane (3), pileup 
corrected transverse energy of isolated clusters (4). 

Examples of electron rejection variables: 
maximum transverse energy deposited in a cell in the 
pre-sampler layer of the electromagnetic calorimeter, 
which is not associated with that of the leading track 
(5), ratio of high-threshold to low-threshold hits 
(including outlier hits), in the Transition Radiation 
Tracker (TRT), for the leading pT core track (6) 
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Results on 1.37 fb-1, statistical 
uncertainty is given first and then 
the systematic

Loose 0.87 ± 0.02 ± 0.02 0.70 ± 0.02 ± 0.02 0.81 ± 0.02 ± 0.03W→τν
Results on 1.37 fb-1, statistical 
uncertainty is given first and then 
the systematic

Medium 0.79 ± 0.02 ± 0.03 0.46 ± 0.02 ± 0.03 0.63 ± 0.02 ± 0.03
W→τν
Results on 1.37 fb-1, statistical 
uncertainty is given first and then 
the systematic Tight 0.65 ± 0.02 ± 0.03 0.27 ± 0.01 ± 0.02 0.42 ± 0.01 ± 0.03

Z→ττ
Results on 0.8 fb-1, statistical 
uncertainty is given first and then 
the systematic
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Tau	  identi/ication	  
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Decay	  proper*es	  of	  tau	   Detector	  informa*on	  used	  

Collimated	  decay	  products	   Jet	  width	  in	  tracker	  and	  calorimeter	  

Leading	  charged	  hadron	   Leading	  track	  

No	  gluon	  radia:on	   Isola:on	  

Low	  invariant	  mass	   Invariant	  mass	  of	  tracks	  and	  clusters	  

Life:me	   Impact	  parameter,	  secondary	  vertex	  

EM	  energy	  frac:on	  different	  from	  electrons	   Longitudinal	  posi:on	  of	  energy	  deposits	  	  

EM	  component	  from	  π0	   LAr	  strip	  	  

Less	  transi:on	  radia:on	  than	  electrons	   TRT	  
Energy	  weighted	  calorimeter	  radius	  provides	  
discrimina:on	  against	  jets	  

Ra:o	  of	  high	  threshold	  to	  low	  threshold	  hits	  	  in	  TRT	  for	  leading	  
track	  provides	  discrimina:on	  against	  electrons	  

Discrimina:on	  	  
against	  	  
Jets	  

e	  



Performance	  of	  (1P)	  tau	  identi/ication	  
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2012	   2011	  
Expect	  same	  in	  2012	  

2012	  MC	  
2012	  Data	  

taus	  vs	  jets	   taus	  vs	  electrons	  

Same	  procedure	  applied	  to	  iden:fy	  three	  prong	  taus	  using	  
addi:onal	  informa:on	  on	  life:me	  	  



Tau	  ID	  ef/iciency	  measurement	  
•  Efficiency	  measured	  in	  data	  using	  

•  Z	  -‐>	  τμτh	  and	  W-‐>	  τν	  events	  with	  
tag	  and	  probe	  selec:on	  

•  require	  events	  to	  pass	  muon/MET	  
trigger	  to	  tag	  a	  tau	  	  

•  probe	  hadronically	  decaying	  tau	  	  
•  Data/MC	  scale	  factors	  (SF)	  
consistent	  with	  1	  

12	  

%	  uncertainty	  on	  data/MC	  SF	  



Tau	  energy	  scale	  and	  uncertainty	  
•  Topological	  clusters	  calibrated	  
using	  local	  hadron	  calibra:on	  (LC)	  

•  LC	  accounts	  for	  	  
•  Non-‐compensa:on	  of	  
calorimeters	  

•  Energy	  deposited	  outside	  the	  
reconstructed	  cluster	  

•  Dead	  material	  
•  LC	  weights	  derived	  from	  MC	  
•  Addi:onal	  correc:ons	  applied	  to	  
restore	  true	  energy	  value	  (TES)	  

•  Uncertainty	  on	  TES	  
•  3-‐5%	  depending	  on	  eta	  and	  
prong	  of	  tau	  

•  Reduced	  uncertainty	  due	  to	  
inclusion	  of	  
•  par:cle	  responses	  from	  isolated	  
single	  hadrons	  and	  combined	  
test	  beam	  data	  instead	  of	  MC	  
samples	  

Response:	  ra:o	  of	  EτLC	  to	  true	  visible	  energy	  
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Conclusions	  
•  ATLAS	  has	  extensive	  physics	  program	  with	  muons	  and	  taus	  
	  
•  Muon	  and	  tau	  reconstruc:on	  are	  well	  understood	  
	  
•  Performance	  of	  algorithms	  robust	  against	  pile-‐up	  
	  
•  Efficiencies	  measured	  separately	  for	  low	  and	  high	  pT	  objects	  
	  
•  Con:nuous	  monitoring	  of	  performance	  and	  addi:on	  of	  
improvements	  	  

14	  



Tau	  CP	  CONF	  Notes	  	  
•  h|ps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/
CONFNOTES/ATLAS-‐CONF-‐2012-‐054/	  

•  h|ps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/
CONFNOTES/ATLAS-‐CONF-‐2011-‐152/	  
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Physics	  with	  muons	  and	  taus	  
•  Intense	  physics	  program	  in	  ATLAS	  

•  Standard	  Model	  	  
•  Electroweak:	  W,	  Z	  and	  top	  quark	  decays	  	  

•  Phys.Rev.D	  84	  (2011)	  112006	  
•  Phys.Le|.B	  706	  (2012)	  276-‐294	  	  
•  arXiv:1205.2067v1	  
•  	  arXiv:1205.2531v1	  
•  arXiv:1204.1648v1	  

•  Tau	  polariza:on	  	  
•  arXiv:1204.6720v1	  

•  Higgs	  boson	  searches	  	  
•  arXiv:1206.5971v1	  	  

•  Supersymmetry	  
•  Neutral	  Higgs:	  A/H/h-‐	  	  

•  	  Phys.Le|.B	  705	  (2011)	  174-‐192	  
•  Charged	  Higgs	  	  

•  arXiv:1204.2760v1,	  	  
•  ATLAS-‐CONF-‐2012-‐011	  

•  Models	  with	  stau	  being	  the	  lightest	  lepton	  
•  arXiv:1203.6580v1	  
•  	  arXiv:1204.3852v2	  
•  	  ATLAS-‐CONF-‐2012-‐035	  
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Figure 7: Top left, top right and bottom left: expected and observed 95% CL upper limits on the cross
section times τ+τ− branching fraction, σB, as a function of the Z′ mass, for the τhτh, µτh
and eµ channels, respectively. The expected SSM Z′ production cross section is also included.
The thickness of the line represents the theoretical uncertainty on the production cross section.
Bottom right: the combined limit excludes Z′ masses of up to 1.3 TeV, with an expected limit
of 1.4 TeV.

•  Exo:cs	  
•  Z`,	  W`	  
•  Leptoquarks	  

Awai:ng	  final	  approval	  



Muon	  reconstruction	  ef/iciency	  
•  Tag	  and	  probe	  selec:on	  

•  One	  good	  muon	  reconstructed	  in	  ID	  and	  MS	  selected	  as	  tag	  
•  Second	  object	  iden:fied	  by	  one	  of	  the	  systems	  taken	  as	  probe	  muon	  
if	  invariant	  mass	  of	  two	  muons	  is	  close	  to	  	  

•  J/ψ	  mass	  for	  low	  pT	  range	  	  
•  Z	  boson	  mass	  for	  high	  pT	  range	  

•  Efficiency	  =	  frac:on	  of	  probe	  objects	  iden:fied	  as	  muons	  

17	  2011	  
Chain	  1:	  momentum	  of	  CB	  muon	  	  
is	  sta:s:cal	  combina:on	  	  
of	  measurements	  in	  ID	  and	  MS	  

Chain	  2:	  a	  combined	  track	  	  
fit	  to	  all	  muon	  hits	  in	  ID	  	  
and	  MS	  is	  performed	  

	  

Chain	  3:	  unified	  chains	  
	  1	  and	  2	  


