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QCD	  Studies	  with	  W	  and	  Z	  Bosons	  

•  Studies	  of	  jet	  produc8on	  in	  
associa8on	  with	  a	  W	  or	  Z	  boson	  
are	  key	  for	  understanding	  
Standard	  Model	  (SM)	  and	  	  
beyond	  SM	  physics	  

•  Important	  tesLng	  ground	  for	  
perturbaLve	  QCD	  predicLons	  

•  Background	  to	  other	  interesLng	  
processes:	  top,	  Higgs,	  SUSY	  

•  Constrain	  parton	  distribuLon	  
funcLons	  (PDFs)	  of	  the	  proton	  

•  DisLncLve	  leptonic	  decays	  and	  
abundant	  producLon	  at	  LHC	  
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Cross	  SecLon	  Measurement	  
•  Measure	  inclusive	  cross	  secLons	  σ(V	  +	  ≥Njet)	  ·∙	  Br(W	  →	  lν	  or	  Z	  →	  ll),	  cross	  

secLon	  raLos	  σ(V	  +	  ≥Njet)/σ(V	  +	  ≥Njet-‐1),	  and	  differenLal	  cross	  secLons	  
with	  respect	  to	  jet	  pT	  and	  other	  observables	  

•  Use	  lepton	  and	  jet	  phase	  space	  within	  the	  detector	  acceptance	  

•  Electron	  pT	  >	  20	  GeV,	  |η|	  <	  2.47	  excluding	  1.37	  <	  |η|<	  1.52	  

•  Muon	  pT	  >	  20	  GeV,	  |η|	  <	  2.4	  
•  W	  selec8on	  requires	  exactly	  one	  electron	  or	  muon,	  neutrino	  pT	  (missing	  

ET)	  >	  25	  GeV	  and	  transverse	  mass	  >	  40	  GeV	  
•  Z	  selec8on	  requires	  exactly	  two	  oppositely	  charged	  electrons	  or	  muons,	  

with	  invariant	  mass	  66	  GeV	  <	  mll	  <	  116	  GeV	  

•  Reconstruct	  jets	  using	  the	  an8-‐kT	  algorithm	  with	  distance	  parameter	  
R=0.4	  

•  Jet	  rapidity	  <	  4.4,	  jet	  pT	  >	  30	  GeV	  (also	  20	  GeV)	  
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Backgrounds:	  W	  +	  Jets	  
•  QCD	  mulLjet	  background	  esLmated	  from	  data	  using	  control	  sample	  with	  

reversed	  lepton	  selecLon	  criteria,	  normalized	  by	  fipng	  missing	  ET	  before	  
final	  selecLon	  (missing	  ET	  >	  25	  GeV	  and	  transverse	  mass	  >	  40	  GeV)	  

•  All	  other	  processes	  esLmated	  from	  simulaLon	  and	  normalized	  to	  (N)NLO	  
cross	  secLon	  predicLons	  
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Backgrounds:	  Z	  +	  Jets	  
•  QCD	  mulLjet	  background	  esLmated	  from	  data	  using	  control	  sample	  with	  

reversed	  lepton	  selecLon	  criteria,	  normalized	  by	  fipng	  dilepton	  invariant	  
mass	  before	  final	  selecLon	  (66	  GeV	  <	  mll	  <	  116	  GeV)	  

•  QCD	  background	  less	  significant	  in	  the	  muon	  channel	  

5	  

 [GeV]-e+em
50 60 70 80 90 100 110 120 130

Ev
en

ts
 / 

5 
G

eV

1

10

210

310
ATLAS

-1 L dt = 36 pb

 1 jet, jetN
 jets, R = 0.4,tanti-k

 > 30 GeV,jet
Tp

| < 4.4jet|y

 = 7 TeV)sData 2010 (
) + jets (ALPGEN)-e+ e*(Z/
) + jets (Sherpa)-e+ e*(Z/

Multi jets
WW,WZ,ZZ
tt

) + jets eW(
) + jets-+ *(Z/

Statistical Uncertainties Only

 [GeV]-!+!m
50 60 70 80 90 100 110 120 130

Ev
en

ts
 / 

5 
G

eV
-110

1

10

210

310

ATLAS
-1 L dt = 35 pb

 1, jetN

 jets,  R = 0.4,tanti-k

 > 30 GeV,jet
T p

| < 4.4jet |y
Statistical Uncertainties Only

 = 7 TeV)sData 2010 (
)+jets (ALPGEN)-!+! *(Z/
)+jets (Sherpa)-!+! *(Z/

WW,ZZ,WZ
 tt

)+jets-+ *(Z/
Multi jets

)+jets! W(



Uncorrected	  Jet	  MulLplicity:	  W	  +	  Jets	  
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•  Observed	  jet	  mulLpliciLes	  shown	  before	  background	  subtracLon	  and	  
correcLon	  for	  detector	  effects	  

•  Good	  agreement	  between	  data	  and	  predicLons	  



Uncorrected	  Jet	  MulLplicity:	  Z	  +	  Jets	  
•  Detector	  level	  expectaLons	  for	  Z	  +	  jets	  also	  agree	  with	  data	  
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SystemaLc	  UncertainLes	  
•  Dominated	  by	  uncertainty	  on	  the	  jet	  energy	  scale	  (JES)	  

•  JES	  uncertainty	  2.5%	  to	  14%,	  depending	  on	  jet	  pT	  and	  rapidity	  
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Cross	  SecLon	  Results	  

•  Results	  from	  electron	  and	  muon	  decay	  channels	  combined	  using	  Best	  
Linear	  Unbiased	  EsLmate	  (BLUE)	  method	  
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Cross	  SecLon	  Results:	  W	  +	  Jets	  	  
•  Compare	  measured	  cross	  secLons	  

with	  LO	  ME+PS	  simulaLons,	  all	  
normalized	  to	  NNLO	  inclusive	  cross	  
secLon	  calculated	  with	  FEWZ:	  

•  ALPGEN	  version	  2.13	  with	  CTEQ6L1	  
PDFs	  and	  AUET1	  tune	  

•  SHERPA	  version	  1.3.1	  with	  
CTEQ6.6M	  PDFs	  and	  default	  tune	  

•  PYTHIA	  (2	  →	  2)	  version	  6.4.21	  with	  
MRST	  2007	  LO∗	  PDFs,	  AMBT1	  tune	  

•  Also	  compare	  with	  NLO	  pQCD	  
calculaLons	  for	  up	  to	  4	  jets	  from	  
BLACKHAT-‐SHERPA	  using	  CTEQ6.6M	  
PDFs,	  renormalizaLon	  and	  
factorizaLon	  scales	  HT	  /	  2,	  with	  non-‐
perturbaLve	  correcLons	  applied	  
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Cross	  SecLon	  Results:	  W	  +	  Jets	  	  
•  Good	  agreement	  between	  data	  and	  

predicLons,	  except	  Pythia	  

•  Many	  systemaLc	  uncertainLes	  
cancel	  in	  raLos	  of	  cross	  secLons:	  	  
	  	  	  	  	  	  σ(W	  +	  ≥Njet)/σ(W	  +	  ≥Njet-‐1)	  	  
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Cross	  SecLon	  Results:	  Z	  +	  Jets	  	  
•  Data	  and	  predicLons	  also	  agree	  for	  Z	  +	  jets	  cross	  secLons	  and	  raLos	  

–  ALPGEN	  and	  BLACKHAT-‐SHERPA	  configured	  as	  for	  W	  +	  jets;	  SHERPA	  version	  1.2.3	  
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DifferenLal	  Cross	  SecLons:	  Jet	  pT	  	  
•  Data	  are	  well-‐described	  by	  theory	  predicLons	  as	  a	  funcLon	  of	  leading	  jet	  

pT	  in	  Z	  +	  ≥1	  jet	  events	  and	  second	  jet	  pT	  in	  Z	  +	  ≥2	  jet	  events	  
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DifferenLal	  Cross	  SecLons:	  Jet	  pT	  	  
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•  Compare	  cross	  secLons	  with	  
predicLons	  for	  W	  +	  ≥1	  jet	  
through	  W	  +	  ≥4	  jets	  

•  PredicLons	  describe	  data	  well,	  
even	  pT	  of	  fourth	  sub-‐leading	  jet	  
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DifferenLal	  Cross	  SecLons:	  HT	  

•  HT,	  the	  scalar	  sum	  of	  lepton,	  
neutrino,	  and	  jet	  pT,	  is	  a	  common	  
choice	  for	  renormalizaLon	  and	  
factorizaLon	  scales	  

•  Measure	  differenLal	  cross	  secLons	  
as	  a	  funcLon	  of	  HT	  for	  W	  +	  ≥1	  jet	  
through	  W	  +	  ≥4	  jets	  

•  BLACKHAT-‐SHERPA	  NLO	  predicLons	  
include	  matrix	  elements	  for	  one	  
addiLonal	  real	  emission	  in	  each	  
sample	  

•  ALPGEN	  predicLons	  with	  LO	  matrix	  
elements	  for	  up	  to	  5	  partons	  bexer	  
describe	  large	  HT,	  where	  the	  
contribuLon	  from	  events	  with	  many	  
jets	  is	  important	  
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DifferenLal	  Cross	  SecLons:	  HT	  
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•  Modified	  BLACKHAT-‐SHERPA	  predicLons	  
including	  matrix	  elements	  for	  addiLonal	  
real	  emissions	  bexer	  describe	  large	  HT	  



DifferenLal	  Cross	  SecLons:	  Mass	  
•  Invariant	  mass	  of	  jets	  of	  interest	  for	  new	  physics	  searches	  

•  PredicLons	  in	  good	  agreement	  with	  measured	  cross	  secLons	  
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DifferenLal	  Cross	  SecLon:	  Jet	  Rapidity	  
•  Measured	  cross	  secLons	  and	  NLO	  pQCD	  predicLons	  differ	  at	  large	  jet	  

rapidity,	  where	  PDF	  sensiLvity	  increases	  
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DifferenLal	  Cross	  SecLons:	  Jet	  SeparaLon	  
•  Jet	  angular	  differences	  sensiLve	  to	  QCD	  radiaLon	  

•  ParLcularly	  useful	  distribuLons	  for	  tesLng	  ME+PS	  simulaLons	  
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Conclusions	  
•  W/Z	  +	  jets	  inclusive	  and	  differenLal	  cross	  secLon	  measurements	  

generally	  well-‐described	  by	  predicLons	  
–  Agreement	  between	  data	  and	  LO	  ME+PS	  simulaLons	  with	  high	  mulLplicity	  ME	  

–  First	  comparison	  with	  NLO	  pQCD	  calcula8ons	  up	  to	  W/Z	  +	  4	  jets	  

•  DifferenLal	  measurements,	  especially	  jet	  separaLon,	  provide	  
informaLon	  for	  further	  development	  of	  ME+PS	  simulaLons	  
–  SHERPA	  comparison	  in	  W+jets	  deviates	  slightly	  due	  to	  different	  scales	  and	  PDFs	  

–  Cross	  sec8ons	  in	  HEPDATA	  and	  already	  in	  use,	  see	  e.g.,	  arXiv:1201.5882	  [hep-‐ph]	  	  

•  Further	  details	  and	  results	  for	  jet	  pT	  >	  20	  GeV	  available	  
–  Measurement	  of	  the	  producLon	  cross	  secLon	  for	  Z/γ*	  in	  associaLon	  with	  jets	  in	  pp	  

collisions	  at	  	  	  	  	  	  	  =	  7	  TeV	  with	  the	  ATLAS	  detector,	  Phys.	  Rev.	  D85	  (2012)	  032009	  

–  Study	  of	  jets	  produced	  in	  associaLon	  with	  a	  W	  boson	  in	  pp	  collisions	  at	  	  	  	  	  	  	  	  =	  7	  TeV	  	  
with	  the	  ATLAS	  detector,	  arXiv:1201.127	  

–  More	  results	  including	  W	  +	  b	  and	  Z	  +	  b	  at	  hxps://twiki.cern.ch/twiki/bin/view/
AtlasPublic/StandardModelPublicResults	  
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