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Physics motivation 
v  Electroweak	 boson	 pair	 measurements:

q Test	  of	  the	  electroweak	  sector	  of	  the	  Standard	  Model	  at	  TeV	  scale	  
q Sensi$ve	  to	  anomalous	  triple	  gauge	  couplings	  (TGCs)	  	  

	   	  →	  new	  constraints	  on	  produc$on	  cross-‐sec$ons	  
q Possible	  decay	  channel	  of	  new	  par$cles	  
q  Irreducible	  background	  of	  Higgs	  searches	  

v  Di-boson	 production	 processes:

q Standard	  model	  tree-‐level	  LO	  diagrams	  for	  WW,	  WZ	  and	  ZZ	  produc$on	  
q Cross-‐sec$ons	  are	  calculated	  to	  NLO	  
q Standard	  model	  forbids	  the	  neutral	  TGC	  vertex	  
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Anomalous couplings 
v The	 s-channel	 diagrams	 contain	 ���
the	 triple	 gauge	 coupling	 vertex
q Effect	  of	  aTGCs	  are	  modeled	  using	  	  

an	  effec$ve	  Lagrangian	  	  
(depends	  on	  certain	  parameters)	  

q Anomalous	  couplings	  	  
enhance	  cross-‐sec$ons	  	  
at	  high	  W/Z	  boson	  pT or	  MT	


v We	 set	 limits	 on	 couplings	 by	 measuring	 how	 much	 these	 
parameters	 deviate	 the	 event	 yields	 from	 the	 SM	 
q “Cut-‐off”	  form	  factor	  Λ	  is	  introduced	  to	  preserve	  the	  unitarity	  of	  the	  model	  
q Neutral	  TGCs	  are	  not	  allowed	  in	  the	  Standard	  Model	  

v Multiple	 scenarios	 are	 assumed
q Equal	  couplings	  scenario	  (WWZ	  and	  WWγ	  couplings	  are	  equal),	  	  

LEP	  scenario,	  HISZ	  scenario,	  no-‐relaEonship	  scenario	  
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Common characteristics 

v Small	 cross-sections	 
-  (1	  to	  100	  pb)	  

v High	 pT	 isolated	 leptons
-  (electrons	  or	  muons)	  	  
-  clean	  signal	  /	  low	  background	  

q Z	  decay:	  opposite	  charge,	  	  
same	  flavour	  lepton	  pairs.	  

q W	  decay:	  includes	  ET
miss  

coming	  from	  the	  neutrino	  

v Calorimeter	 isolation
v Track	 isolation
v Single	 lepton	 triggers
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Common backgrounds 
-  Standard	  model	  processes	  that	  mimic	  di-‐boson	  final	  states:	  

v W+jets/Z+jets
q W/Z	  produc$on	  in	  associa$on	  with	  jets,	  where	  	  
●  jet	  is	  mis-‐iden$fied	  as	  lepton	  
●  apparent	  ET

miss	  arises	  from	  from	  pileup	  
q These	  backgrounds	  are	  not	  well	  modeled	  by	  MC	  	  
●  data	  driven	  methods	  used	  to	  es$mate	  fake	  leptons	  	  

(pion,	  kaon,	  b-‐quark	  decay)	  

v  Top-antitop	 and	 single-top
q W	  boson	  from	  top	  cascade	  decays:	  mimics	  signal	  

in	  events,	  where	  jets	  are	  not	  reconstructed	  
q Es$mated	  using	  data	  driven	  methods	  	  

v  Di-boson	 production
q Es$mated	  from	  MC	  	  

v  Other	 minor	 backgrounds:	 Zγ,	 Wγ,	 ZZZ,	 ZWW
q Es$mated	  from	  MC	  
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genuine	  leptons	  



Analysis strategy 
v  Fiducial	 region:

q The	  efficiency	  correc$on	  is	  modeled	  by	  emula$ng	  	  
the	  event	  selec$on	  at	  the	  truth	  level	  
●  Nobs	  …	  number	  of	  observed	  events	  passing	  selec$on	  	  
●  Nbkg	  …	  number	  of	  es$mated	  background	  events	  
●  L	  …	  integrated	  luminosity	  
●  C	  …	  efficiency	  correc$on	  from	  MC	  (detector	  effects)	  

v  Cross-section	 measurement:
-  1)	  Measure	  in	  detector	  fiducial	  region:	  

q Obtain	  event	  yields	  at	  final	  selec$on	  
-  2)	  Extrapolate	  to	  full	  phase	  space:	  

q Correct	  for	  acceptance	  and	  efficiency	  
●  A	  …	  acceptance	  (extrapolate	  to	  total	  phase	  space)	  
●  BR	  …	  Branching	  ra$o	  of	  bosons	  decaying	  to	  leptons	  	  

q Acceptance	  defined	  to	  closely	  match	  the	  instrumented	  region	  of	  the	  detector	  
q Clear	  advantage	  of	  this	  approach	  is	  that	  fiducial	  cross-‐sec$ons	  	  

give	  overall	  smaller	  uncertain$es	  
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WW→2l2ν measurements 
v Characteristics:

q Final	  states	  e+e−ET
miss,	  μ+μ−ET

miss	  and	  e±μ±ET
miss 	  	  

q Tau	  decay	  cascade	  W → τ+X → e/μ + X	  is	  included	  
q Theore$cal	  predic$on	  from	  NLO:	  

v Signal	 selection:
●  pT(l) > 25 (20) GeV for	  leading	  (trailing)	  lepton	  
●  mll > 15 / 15 / 10 GeV in	  ee	  /	  μμ	  /	  eμ	  
●  Z veto: |mll - mZ| > 15 GeV in	  ee	  /	  μμ	  
●  ET,Rel

miss > 45 / 45 / 25 GeV	  in	  ee	  /	  μμ	  /	  eμ	  
●  Jet	  veto:	  no	  jet	  with	  pT > 25 GeV, |η| < 4.5	

●  pT(ll) > 30 GeV in	  ee	  /	  μμ	  /	  eμ	  
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σ NLO@7TeV = 44.7 ± 2.8 pb

gg→WW  contributes additional ~3% t-‐channel	   s-‐channel	  

Latest	  publica$on:	  
4.6	  O-‐1,	  7	  TeV	  
arXiv:1210.2979	  

Gluon	  fusion:	  



Energy Int.	  lumi. Theory Experiment 

7	  TeV	   34	  pb-‐1 

7	  TeV	   1.02	  h-‐1 

7	  TeV	   4.6	  h-‐1 

WW→2l2ν cross-section results 
v Results	 compatible	 with	 ���
the	 Standard	 model	 
predictions:
q Contribu$ons	  from	  H→WW	  

not	  included	  in	  signal	  
	  (~3%	  increase	  for	  126	  GeV)	  

q Unfolding	  performed	  to	  
obtain	  normalized	  
differen$al	  WW	  fiducial	  
cross	  sec$on	  as	  a	  func$on	  of	  
the	  leading	  lepton	  pT	
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σWW→2l2ν = 54.4 ± 4.0(stat) ± 3.9(syst) ± 2.0(lumi) pb

σWW→2l2ν = 41.2 ± 20(stat) ± 5.0(syst) ±1.0(lumi) pb

σWW→2l2ν = 51.9 ± 2.0(stat) ± 3.9(syst) ± 2.0(lumi) pb

σ NLO@7TeV = 44.7 ± 2.8 pb

σ NLO@7TeV = 44.7 ± 2.8 pb

σ NLO@7TeV = 44.7 ± 2.8 pb



WW→2l2ν aTGC results 
v Probed	 using	 pT	 spectrum	 which	 is	 sensitive	 to	 aTGCs

q Sensi$ve	  at	  pT	  >	  120	  GeV	  

q aTGCs	  considered	  in	  3	  scenarios:	  
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WZ→3lν measurements 
v Analysis	 characteristics:

q Final states: e+e−e±, μ+μ−μ± ,e+e−μ±, μ+μ−e±	

q Main backgrounds: Z+jets, ZZ, ttbar, Zγ	

q Theoretical prediction from NLO:	  

v Signal	 selection:
●  Z	  selecEon:	  2	  oppositely	  charged	  leptons,	  pT >15 GeV, |mll - mZ| < 10 GeV���

	   	  ($ghter	  w.r.t.	  other	  diboson	  analyses)	  
●  W	  selecEon:	  3rd	  lepton,	  pT > 20 GeV, MT,W > 20 GeV 	

●  Missing	  energy:	  ET

miss > 25 GeV	
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Latest	  publica$ons:	  
4.6	  O-‐1,	  7	  TeV,	  paper	  
arXiv:1208.1390 
	  
13	  O-‐1,	  8	  TeV,	  conf.	  note	  
ATLAS-‐CONF-‐2013-‐021	  

σ NLO@7TeV = 17.6 −1.0
+1.1  pb σ NLO@8TeV = 20.3± 0.8 pb

t-‐channel	   u-‐channel	  s-‐channel	  



Energy Int.	  lumi. Theory Experiment 

7	  TeV	   1.02	  h-‐1 

7	  TeV	   4.6	  h-‐1 

8	  TeV	   20.3	  h-‐1 

WZ→3lν cross-section results 
v Results	 compatible	 with	 the	 Standard	 model	 predictions:

q Unfolded	  distribu$on	  
of	  WZ	  invariant	  mass:	  
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σWZ→3lν = 20.3 −0.7
+0.8  (stat.) −1.1

+1.2 (syst.) −0.6
+0.7 (lumi.) pb

σ NLO@7TeV = 17.6 −1.0
+1.1  pb

σ NLO@8TeV = 20.3± 0.8 pb

σWZ→3lν = 19.0 −1.3
+1.4 (stat.) ± 0.9 (syst.) ± 0.4 (lumi.) pb

σWZ→3lν = 21.1 −2.8
+3.1 (stat.) ±1.2 (syst.) −0.8

+0.9 (lumi.) pb

σ NLO@7TeV = 17.6 −1.0
+1.1  pb

Total	  cross-‐secEon:	  



v Anomalous	 charged	 gauge	 boson	 couplings:
q Probed	  using	  Z	  boson	  pT	  spectrum	  	  
q Sensi$ve	  at	  high	  pT	  

v 95%	 C.L.	 limits	 set	 for:
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WZ→3lν aTGC results 

4.6	  O-‐1,	  7	  TeV,	  paper	  
arXiv:1208.1390 



ZZ→μ+μ-‐μ+μ-‐	  	  Candidate	  



ZZ→4l and ZZ→2l2ν measurements 
v Analysis	 characteristics:

q 4l final states refer to: e+e−e+e−, μ+μ−μ+μ−, e+e−μ+μ−   

q 2l2ν	  final	  states	  refer	  to: e+e−ET
miss and μ+μ−ET

miss   

q 4l has very clean signature, backgrounds  
only significant for 2l2ν	  process 

q Theoretical predictions:	  

v Signal	 selection:	 
●  ZZ → 4l:	  4	  isolated	  leptons,	  pT > 7 GeV,	  	  

opposite	  sign	  same	  flavour	  lepton	  pairs	  
●  Z	  mass	  window:	  66 < |mll - mZ| < 116 GeV	


●  ZZ→2l2ν: Apply	  jet	  veto:	  no	  jet	  with	  pT > 25 GeV, |η| < 4.5 (lbar)	  
●  ZZ→2l2ν: Requires	  axial-‐ETmiss	  >	  75	  GeV	  to	  suppress	  Drell-‐Yan	  background	  	  
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σ NLO@7TeV = 5.89−0.18
+0.22  pb σ NLO@8TeV = 7.2−0.2

+0.3  pb

Latest	  publica$ons:	  
4.6	  O-‐1,	  7	  TeV,	  paper	  
arXiv:1211.6096	  
	  
20	  O-‐1,	  8	  TeV,	  conf.	  note	  
ATLAS-‐CONF-‐2013-‐020	  

t-‐channel	  

u-‐channel	  

s-‐channel	  
(non-‐SM)	   Gluon	  fusion	  (6%)	  



Energy Int.	  lumi. Theory Experiment 

7	  TeV	   4.6	  h-‐1 

8	  TeV	   20.3	  h-‐1 

ZZ→4l and ZZ→2l2ν cross-section results 
v  Results	 compatible	 with	 the	 Standard	 model	 predictions

q For	  20.3	  h-‐1	  only	  Z→4l	  	  
channel	  available	  
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σ ZZ→llll = 7.1 −0.4
+0.5  (stat) ± 0.3 (syst) ± 0.2 (lumi) pb

σ NLO@7TeV = 5.89−0.18
+0.22  pb

σ NLO@8TeV = 7.2−0.2
+0.3  pb

σ ZZ→ll(llνν ) = 6.7 ± 0.7 (stat) −0.3
+0.4 (syst) ± 0.3 (lumi) pb

signal	  regions	  

Total	  cross-‐secEon:	  



v Unfolded	 ZZ	 fiducial	 cross-sections	 bin-by-bin:
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ZZ→4l and ZZ→2l2ν unfolded distributions 

pT
Z

mZZ



v Anomalous	 neutral	 gauge	 boson	 couplings:
q Probed	  using	  Z	  boson	  pT	  spectrum	  	  
q Sensi$ve	  at	  high	  pT	  

v 95%	 C.L.	 limits	 for:
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4.6	  O-‐1,	  7	  TeV,	  paper	  
arXiv:1211.6096	  

ZZ→4l and ZZ→2l2ν aTGC results 

Significantly	  Eghter	  limits	  



Standard Model production cross-sections 

v  Standard	 Model	 total	 production	 cross-sections	 corrected	 for	 
leptonic	 branching	 fractions,	 compared	 to	 theoretical	 expectations
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Conclusions 
v Di-boson	 production	 cross-section	 and	 aTGC	 ���
measurements	 have	 been	 presented:
q Using	  5	  h-‐1	  at	  7	  TeV	  for	  WW.	  
q Using	  13	  h-‐1	  at	  8	  TeV	  WZ.	  
q Using	  20	  h-‐1	  at	  8	  TeV	  for	  ZZ.	  

v No	 apparent	 deviation	 from	 the	 Standard	 Model	 ���
has	 been	 observed:
q WZ/ZZ	  @	  7	  TeV	  and	  ZZ	  @	  8	  TeV	  results	  are	  	  

	   	  dominated	  by	  sta$s$cal	  uncertain$es.	  
q The	  constraints	  on	  charged	  anomalous	  TGCs	  approach	  the	  precision	  of	  the	  

combined	  limits	  from	  the	  four	  LEP	  experiments.	  
q Limits	  for	  neutral	  aTGCs	  are	  significantly	  $ghter	  than	  LEP	  and	  CDF/D0.	  

v More	 studies	 on	 the	 8	 TeV	 dataset	 in	 the	 works
v Thanks	 to	 the	 LHC	 for	 its	 excellent	 performance	 in	 2012
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Reference ID Int. lumi. Channel Energy 
ATLAS-CONF-2013-020 20.4 fb-1 ZZ → llll	
 8 TeV 
ATLAS-CONF-2013-021 13 fb-1 WZ → lνll	
 8 TeV 
arXiv:1211.6096 4.6 fb-1 ZZ → ll(ll/νν)	
 7 TeV 
arXiv:1210.2979 4.6 fb-1 WW → lνlν	
 7 TeV 
arXiv:1208.1390 4.6 fb-1 WZ → lνll	
 7 TeV 
ATLAS-CONF-2011-099 1.02 fb-1 WZ → lνll	
 7 TeV 
arXiv:1203.6232 1.02 fb-1 WW → lνlν	
 7 TeV 
ATLAS-CONF-2011-015 34 pb-1 WW → lνlν	
 7 TeV 
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Anomalous couplings 
v Anomalous	 Couplings	 enhance	 cross	 sections	 at	 high	 boson	 
transverse	 momentum	 (pT)	 or	 transverse	 mass	 (MT).	 
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Data sets 
v 2011	 dataset

q 5.61 fb-1 delivered by LHC 
q 5.3 fb-1 recorded by ATLAS, ~4.6 fb-1 after DQ requirements 

v 2012	 dataset
q 23.3 fb-1 delivered by LHC,  
q 21.7 fb-1 recorded by ATLAS, ~20.3 fb-1 after DQ requirements 
●  Higher number of proton-proton interactions per bunch crossing  
●  Challenging to analyses with jets and ET

miss final states in particular 
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Z(µ+µ−):	  20	  ver$ces,	  2011	  dataset	  

Z(µ+µ−):	  25	  ver$ces,	  2012	  dataset	  



Modified missing ET in WW→2l2ν selection 
v Method	 to	 reduce	 the	 Z+jets	 background:

q Designed	  to	  reject	  events	  where	  the	  apparent	  ET
miss	  arises	  	  

from	  mis-‐measurement	  or	  pileup	  (i.e.	  points	  in	  the	  direc$on	  of	  a	  lepton/jet)	  
q The	  cut	  is	  less	  strict	  in	  eμ	  channel	  because	  the	  	  

Drell-‐Yan	  background	  is	  inherently	  smaller	  
q Effec$vely	  removes	  Drell-‐Yan	  contribu$ons	  
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(azimuthal	  angle)	  

ee	   μμ	   eμ	  



Modified missing ET in ZZ→2l2ν selection 
v Method	 to	 reduce	 the	 Z+jets	 background:

q Z	  bosons	  tend	  to	  be	  produced	  back-‐to-‐back	  
q Axial	  ET

miss	  is	  defined	  as	  the	  projec$on	  of	  the	  ET
miss	  along	  the	  direc$on	  

opposite	  to	  the	  Z→2l candidate	  in	  the	  transverse	  plane:	  	  

q Powerful	  variable	  to	  dis$nguish	  ZZ→2l2ν decays	  from	  Z+jets.	  	  
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axial-ET
miss = −Emiss ⋅pZ

pT
Z


