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Outline

• A	  short	  (personal)	  historical	  perspec@ve

• Performance	  issues:	  muon	  momentum	  and	  electron/photon	  energy	  
scales,	  electron	  and	  photon	  efficiencies	  (NEW)

• Final	  Higgs-‐boson	  mass	  measurement	  from	  run-‐1	  (NEW!)

• Overview	  of	  some	  recent	  results	  and	  outlook
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Disclaimer
• Many	  more	  results	  covered	  in	  this	  conference,	  primarily	  in	  the	  

parallel	  sessions

• See	  e.g.	  following	  talks:
• Measurement	  of	  proper@es	  of	  the	  Higgs	  boson	  in	  bosonic	  decay	  channels	  

using	  the	  ATLAS	  detector	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Higgs	  1	  Speaker:	   	  Bruno	  Lenzi	  (CERN)

• Search	  for	  the	  Higgs	  boson	  in	  fermionic	  channels	  using	  the	  ATLAS	  detector
Higgs	  1	  Speaker:	   Dr.	  Carl	  Bryan	  Gwilliam	  (University	  of	  Liverpool,	  GB)

• Search	  for	  the	  Higgs	  boson	  in	  the	  WH	  produc@on	  mode	  using	  the	  ATLAS	  
detector	  	  	  	  Higgs	  2	  Speaker:	  	  Rustem	  Ospanov	  (University	  of	  Pennsylvania)

• Combined	  measurements	  of	  the	  proper@es	  of	  the	  Higgs	  boson	  using	  the	  ATLAS	  
detector
Higgs	  3	  	  	  	  Speaker:	  	  Ludovica	  Aperio	  Bella	  (University	  of	  Birmingham,	  GB)

• These	  talks	  will	  cover	  recent	  results	  on	  H	  to	  Zγ,	  H	  to ττ,	  VH	  with	  H	  to	  bb,	  
couplings	  and	  more	  …	  not	  to	  men@on	  BSM	  Higgs	  boson	  searches	  …
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Published	  in	  August	  2013
mH	  =	  125.49	  ±	  0.24	  ±	  0.54	  GeV

Some	  tension	  between	  the	  H	  to	  γγ	  and	  H	  to	  4l	  channels:

This	  discrepancy	  was	  at	  the	  2.5σ	  level
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ATLAS	  LHCP	  result	  (to	  be	  submiWed	  soon	  to	  PRD)

Systema@c	  uncertainty	  reduced	  by	  a	  factor	  3.
Nevertheless,	  overall	  tension	  decreased	  (2.0σ):
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	  1989	  	  	  	  	  	  	  construcUon	  of	  the	  LEP	  (	  	  e+	  e-‐	  	  collider	  )	  	  tunnel	  finished
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  beginning	  of	  the	  R	  &	  D	  	  of	  	  LHC	  	  experiments
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LOI	  of	  ‘large’	  	  LHC	  experiments	  
TP	  of	  ATLAS	  and	  CMS	  	  	  approval	  of	  LHC	  (december)
discovery	  of	  top	  by	  CDF	  and	  D0	  (following	  evidence	  in	  1994	  by	  CDF)	  
approval	  of	  LHC	  in	  one	  step	  (december)	  	  

approval	  of	  the	  4	  largest	  LHC	  experiments	  	  (ATLAS,CMS,	  	  	  LHCb,	  ALICE)
ATLAS	  Physics	  TDR	  	  CERN/LHCC/99-‐14	  	  	  	  CERN/LHCC/99-‐15

CMS	  Physics	  TDR	  	  	  J.	  Phys.	  G:	  Nucl.	  Part.	  Phys.	  34	  (2007)	  995–1579
ATLAS	  	  Expected	  Performance	  arXiv:0901.0512
	  	  	  start-‐up	  at	  3.5	  +	  3.5	  TeV

4th	  July	  discovery	  of	  boson
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LOI	  of	  ‘large’	  	  LHC	  experiments	  
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•	  Most	  of	  the	  techniques	  used	  for	  Higgs-‐boson	  discovery	  were	  developed	  in	  the	  80s	  
with	  studies	  for	  the	  SSC	  and	  for	  the	  ECFA	  La	  Thuile	  workshop	  (87-‐88):	  
comparison	  of	  LHC	  (20	  TeV)	  vs	  SSC	  (40	  TeV)	  vs	  CLIC	  (2-‐3	  TeV).
•	  Many	  of	  the	  theore@cal	  tools	  used	  at	  the	  @me	  were	  only	  LO	  but	  they	  were	  
nevertheless	  vital	  for	  the	  design	  of	  ATLAS	  and	  CMS
A	  few	  examples	  in	  a	  nutshell	  are	  given	  below	  and	  in	  next	  slide

•	  Vector	  boson	  fusion	  first	  proposed	  by	  Cahn	  et	  al.,	  at	  that	  @me	  for	  heavy	  Higgs-‐boson	  
searches

•	  Fat	  jets	  to	  measure	  substructure	  proper@es	  (in	  reality	  top-‐quark	  mass)	  first	  proposed	  
by	  GEM	  collabora@on	  in	  their	  TDR

•	  And	  also,	  lack	  of	  tools	  to	  model	  complex	  SM	  backgrounds	  in	  an	  accurate	  way.	  History	  
repeats	  itself	  at	  different	  moments	  in	  @me,	  with	  the	  requirements	  for	  the	  tools	  having	  
progressed	  basically	  as	  rapidly	  as	  the	  tools.

•	  And	  the	  LEPC	  wanted	  to	  understand	  the	  LHC	  poten@al	  for	  MSSM	  Higgs	  discovery	  
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Ldt	  =	  100	  m-‐1

Z+

computed	  only	  

H	  to	  ZZ	  to	  llνν
ZZ	  to	  llνν	  con@nuum
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MSSM	  Higgs	  sector	  at	  LHC
	  	  	  (discovery	  curves)
for	  mtop	  =	  175	  GeV
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•	  Most	  of	  the	  techniques	  used	  for	  Higgs-‐boson	  discovery	  were	  developed	  in	  the	  80s	  
with	  studies	  for	  the	  SSC	  and	  for	  the	  ECFA	  La	  Thuile	  workshop	  (87-‐88):	  
comparison	  of	  LHC	  (20	  TeV)	  vs	  SSC	  (40	  TeV)	  vs	  CLIC	  (2-‐3	  TeV).
•	  Many	  of	  the	  theore@cal	  tools	  used	  at	  the	  @me	  were	  only	  LO	  but	  they	  were	  
nevertheless	  vital	  for	  the	  design	  of	  ATLAS	  and	  CMS
A	  few	  examples	  in	  a	  nutshell	  are	  given	  below	  and	  in	  next	  slide

•	  Vector	  boson	  fusion	  first	  proposed	  by	  Cahn	  et	  al.,	  at	  that	  @me	  for	  heavy	  Higgs-‐boson	  
searches

•	  Fat	  jets	  to	  measure	  substructure	  proper@es	  (in	  reality	  top-‐quark	  mass)	  first	  proposed	  
by	  GEM	  collabora@on	  in	  their	  TDR

•	  And	  also,	  lack	  of	  tools	  to	  model	  complex	  SM	  backgrounds	  in	  an	  accurate	  way.	  History	  
repeats	  itself	  at	  different	  moments	  in	  @me,	  with	  the	  requirements	  for	  the	  tools	  having	  
progressed	  basically	  as	  rapidly	  as	  the	  tools.

•	  And	  the	  LEPC	  wanted	  to	  understand	  the	  LHC	  poten@al	  for	  MSSM	  Higgs	  discovery	  
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Importance	  of	  theory	  (QCD):	  not	  only	  NNLO	  cross-‐sec@ons,	  
but	  more	  importantly	  NNLO	  differen@al	  calcula@ons	  	  
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A	  short	  historical	  digression
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Muon	  momentum	  scale:	  new	  calibra@on

8

2012	  data:	  9M	  Z	  to	  µµ,	  6M	  J/ψ	  to	  µµ	  
used	  to	  set	  the	  muon	  momentum	  scale	  and	  resolu@on	  

(accoun@ng	  for	  residual	  effects	  related	  to	  alignment,	  material	  and	  magne@c	  field).	  
Note	  that	  muon	  measurement	  is	  based	  on	  the	  combina@on	  of	  two	  independent	  
measurements	  with	  inner	  detector/solenoid	  and	  muon	  spectrometer/toroids)

5M	  Υ	  to	  µµ plus	  17M	  J/ψ	  to	  µµ	  and	  9M	  Z	  to	  µµ	  
then	  used	  to	  verify	  results	  and	  systema@c	  uncertain@es	  assigned

Systema@c	  uncertainty	  varies	  from	  0.04%	  for	  η	  ~	  0	  to	  0.2%	  for	  |η|	  >	  2.0
Impact	  on	  H	  to	  4µ	  mass	  measurement	  is	  40	  MeV
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Electrons	  and	  photons:	  efficiency	  measurements
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2011	  data:	  7M	  W	  to	  eν,	  2M	  Z	  to	  ee,	  0.12M	  J/ψ	  to	  ee	  probes
• Dedicated triggers for 

difficult probes such as W 
and J/ψ

• Overall efficiency stable 
versus pile-up but quite a bit 
lower at 7 GeV than at 40 
GeV

• Uncertainties decrease from 
5% at 7 GeV to 0.1% at 40 
GeV 
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Improve	  electron	  id	  further	  using	  likelihood:	  
gain	  ~	  factor	  2	  rejec@on	  for	  same	  εe	  over	  whole	  ET	  range	  

Electrons	  and	  photons:	  efficiency	  measurements
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Use	  Z	  to	  ee,	  tag-‐and-‐probe	  with	  single	  photons,	  and	  Z	  to	  llγ	  decays	  to	  
measure	  photon	  iden@fica@on	  efficiencies	  in	  data	  and	  compare	  to	  MC:	  

2011	  data	  shown	  below	  for	  converted	  photons	  in	  end-‐caps

Including	  2012	  data,	  
the	  overall	  systema@c	  on εγγ (including	  iden@fica@on	  and	  isola@on)	  for	  a	  pair	  

of	  photons	  from	  H	  to	  γγ	  decay	  has	  decreased	  
from	  ~	  10.8%	  in	  summer	  2012	  to	  ~	  2.6%	  in	  summer	  2013	  and	  to	  ~	  1.5%	  now

Electrons	  and	  photons:	  efficiency	  measurements
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PS Strips Middle Back

Material	  before	  
the	  calorimeter	  
(ID,	  LAr	  cryostat)

Material	  between	  the	  
PS	  and	  the	  strips	  
(cables,	  electronics,	  LAr)

Energy	  lost	  
before	  the	  PS

Energy	  lost	  between	  
the	  PS	  and	  the	  Strips

PS	  energy
Accordion	  
energy

Out-‐of-‐cluster	  
leakage	  energy

Longitudinal	  
leakage	  energy

cluster
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New	  geometry	  descrip@on	  and	  new	  calibra@on
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New	  geometry	  descrip@on	  and	  new	  calibra@on
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• EM response is extremely 
stable as a function of time 
and of pileup (rms < 0.05%)

• ATLAS EMC response is on 
average insensitive to out-
of-time pileup

• Local fluctuations are very 
well described by MC!
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6.6M	  Z	  to	  ee	  (plus	  8M	  Z	  to	  µµ)

New	  geometry	  descrip@on	  and	  new	  calibra@on

• Calibrate calorimeter individual 
layers with muons, electrons, 
unconverted photons

• Constrain material in front of EM 
calo to 2-10% X0 accuracy (quite 
some material not properly 
described found in front of EM calo 
(ID services)

• Correct cluster energy (MVA 
method)
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6.6M	  Z	  to	  ee	  (8M	  Z	  to	  µµ)	  and	  0.3M	  J/ψ	  to	  ee	  

New	  geometry	  descrip@on	  and	  new	  calibra@on
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6.6M	  Z	  to	  ee	  (8M	  Z	  to	  µµ),	  0.3M	  J/ψ	  to	  ee	  and	  0.2M	  Z	  to	  llγ	  
New	  geometry	  descrip@on	  and	  new	  calibra@on

mercredi 4 juin 2014



Daniel	  Froidevaux,	  CERN LHCP	  Conference,	  NY,	  3rd	  of	  June	  2014 17

6.6M	  Z	  to	  ee	  (8M	  Z	  to	  µµ,	  0.3M	  J/ψ	  to	  ee	  and	  0.2M	  Z	  to	  llγ)
• Verify	  lineshape	  of	  Z	  to	  ee:	  agreement	  with	  MC	  	  to	  <	  3%	  at	  low	  mass
•	  Adjust	  resolu@on	  in	  MC	  to	  match	  data	  with	  effec@ve	  constant	  term	  c

New	  geometry	  descrip@on	  and	  new	  calibra@on
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Uncertainty	  on	  combined	  mass	  from	  H	  to	  γγ	  and	  H	  to	  4l	  is	  ~	  180	  MeV
(compared	  to	  ~	  540	  MeV	  in	  the	  PLB	  summer	  2013	  publica@on)

•	  Note	  that	  uncertain@es	  in	  table	  not	  known	  to	  beWer	  than	  ~	  10-‐20	  MeV
•	  Expect	  for	  H	  to	  γγ a	  mass	  shiu	  of	  approximately
	  	  	  ΔmH	  =	  -‐0.45	  GeV	  (modulo	  large	  0.35	  GeV	  stat	  uncertainty)

New	  geometry	  descrip@on	  and	  new	  calibra@on
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Sta@s@cal	  uncertainty	  has	  gone	  up	  however	  compared	  to	  previous	  publica@on,	  
mH	  =	  125.49	  ±	  0.24	  ±	  0.54	  GeV,	  partly	  because	  of	  smaller	  observed	  µ in	  the	  H	  to	  γγ	  

channel,	  µ	  =	  1.29	  ±	  0.30	  compared	  to	  µ	  =	  1.55	  ±	  0.30	  previously
The	  difference	  in	  mass	  between	  the	  two	  channels	  is	  measured	  to	  be	  

ΔmH	  =	  1.47	  ±	  0.67	  (stat)	  ±	  0.28	  (sys)	  GeV,	  
leading	  to	  a	  2.0σ	  compa@bility	  (compared	  to	  2.5σ previously)

New	  mass	  measurement
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• Not	  about	  p0	  anymore,	  moving	  on	  to	  real	  measurements...

ATLAS-‐CONF-‐2013-‐034
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• Inclusion	  of	  fermion	  results	  (H	  to	  ττ	  and	  VH,	  H	  to	  bb)	  does	  not	  improve	  
overall	  error	  on	  µ very	  much,	  

Summer	  2013 Spring	  2014

Recent	  results	  on	  Higgs-‐boson	  couplings
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• This	  result	  provides	  evidence	  at	  the	  4.1σ	  level	  that	  a	  frac@on	  of	  
Higgs-‐boson	  produc@on	  occurs	  through	  vector	  boson	  fusion

Recent	  results	  on	  Higgs-‐boson	  couplings
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One	  of	  the	  difficult	  channels:	  WH	  with	  H	  to	  bb
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One	  of	  the	  difficult	  channels:	  WH	  with	  H	  to	  bb
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One	  of	  the	  difficult	  channels:	  WH	  with	  H	  to	  bb
Post-‐fit	  event	  yields	  in	  the	  three	  most	  signal-‐like	  

categories	  (single-‐lepton	  channel)
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One	  of	  the	  difficult	  channels:	  WH	  with	  H	  to	  bb
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• Candidate	  photon	  conversion	  ver@ces	  
reconstructed	  from	  tracks	  pre-‐selected	  as	  
loosely	  matching	  EMC	  clusters

– 1	  or	  2	  tracks

– 1-‐track	  conversions	  from	  tracks	  that	  
missing	  the	  hit	  in	  innermost	  ID	  layer	  

• Photon	  reconstruc_on	  expected	  efficiency

– ~	  98%	  for	  photons	  ET	  >	  25	  GeV	  

– >	  99%	  for	  unconverted	  photons

– ~	  95%	  for	  converted	  (R	  <	  80	  cm)	  

• Expected	  frac@on	  of	  converted	  photons
– ~	  20%	  at	  |η|	  ∼	  0	  -‐	  ~	  45%	  |η|	  ∼	  1.6

• Rela_ve	  frac_on	  of	  reconstructed	  photon	  
conversion	  depends	  on:
– Material	  upstream	  EMC
– In	  MC,	  on	  conversion	  model…
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Probing	  the	  material	  before	  the	  EMC	  in	  ATLAS

Photon	  conversions

Measure	  radia*on	  length	  
(i.e.	  amount	  of	  material	  at	  a	  given	  distance)

Measure	  interac*on	  length
Compared	  with	  diffrac*ve	  MC	  (PYTHIA6	  AMBT1)

	  	  	  	  Hadronic	  interac_ons

• Both	  methods	  allowed	  to	  constrain	  local	  varia@ons	  of	  “early”	  material	  at	  ~5-‐10%	  X0	  

– Important	  to	  specify	  and	  locate	  accurately	  certain	  ID	  elements	  for	  improved	  geometry	  descripUon

– Final	  material	  systemaUcs	  from	  bomom-‐up	  scruUny	  of	  engineering	  drawings	  (2-‐5%	  X0)	  

– These	  methods	  cannot	  constrain	  “late”	  material	  (a^er	  ID,	  before	  EMC)
30Daniel	  Froidevaux,	  CERN LHCP	  Conference,	  Columbia	  NY,	  3rd	  of	  June	  2014
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• Inclusion	  of	  fermion	  results	  (H	  to	  ττ	  and	  VH,	  H	  to	  bb)	  does	  not	  improve	  
overall	  error	  on	  µ very	  much,	  

• Note	  that	  the	  total	  systema@c	  uncertainty	  on	  µ	  contains	  a	  large	  contribu@on	  which	  
purely	  belongs	  to	  theory	  (approximately	  0.10),	  so	  the	  uncertain@es	  which	  maWer	  
for	  us	  as	  experimentalists	  for	  the	  next	  steps,	  e.g.	  measurements	  of	  the	  Higgs-‐
boson	  proper@es	  in	  individual	  channels	  through	  differen@al	  unfolded	  distribu@ons,	  
are	  the	  experimental	  one	  (see	  below)	  and	  the	  theore@cal	  uncertain@es	  related	  to	  
acceptance	  and	  modelling	  of	  the	  signal	  and	  of	  the	  various	  backgrounds	  (e.g.	  jet	  
bins,	  VBF	  topologies)	  	  µ	  =	  1.30	  ±	  0.12	  (stat)	  ±	  0.09	  (syst)	  

• With	  the	  final	  run-‐1	  performance	  systema@cs	  (photons,	  electrons,	  muons,	  jets	  and	  
ET

miss,	  b-‐tagging),	  the	  experimental	  uncertain@es	  are	  expected	  to	  be	  sub-‐dominant	  
for	  channels	  such	  as	  H	  to	  γγ	  or	  H	  to	  4µ.	  Modelling	  systema@cs	  are	  ouen	  dominant	  
in	  specific	  regions	  of	  phase	  space	  such	  as	  VBF	  produc@on	  	  	  	  	  	  

Recent	  results	  on	  Higgs-‐boson	  couplings
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•	  Above	  results	  assume	  only	  SM	  par@cles	  contribu@ng	  to	  Higgs-‐boson	  
width	  and	  to	  loops,	  not	  a	  precision	  measurement	  yet	  by	  far.

Recent	  results	  on	  Higgs-‐boson	  couplings
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