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Recent	
  tests	
  of	
  the	
  EW	
  sector	
  with	
  ATLAS	
  
	
  

Observa<on	
  of	
  EW	
  produc<on	
  of	
  WZ	
  and	
  same-­‐sign	
  WW	
  at	
  13	
  TeV	
  (36	
  L-­‐1)	
  
and	
  

Measurement	
  of	
  sin2θleff	
  at	
  8	
  TeV	
  	
  



Precise	
  tests	
  of	
  the	
  EW	
  sector	
  in	
  the	
  SM	
  at	
  the	
  LHC	
  require	
  efforts	
  in	
  two	
  different	
  
direc<ons:	
  

a)  Tests	
  of	
  the	
  consistency	
  of	
  the	
  SM	
  through	
  higher	
  precision	
  measurements	
  
of	
  its	
  fundamental	
  parameters.	
  This	
  requires	
  specific	
  efforts	
  in	
  the	
  
experimental	
  community	
  and	
  the	
  theory	
  community	
  
-­‐	
  low-­‐µ	
  runs	
  in	
  2017/2018	
  to	
  measure	
  precisely	
  pTW	
  

-­‐	
  precision	
  DY	
  measurements	
  require	
  ul<mate	
  performance	
  of	
  detector	
  for	
  
electrons/muons	
  and	
  hadronic	
  recoil	
  	
  
-­‐	
  improve	
  theore<cal	
  predic<ons	
  and	
  uncertainty	
  es<mates	
  for	
  pTW/pTZ	
  
-­‐	
  using	
  high	
  |yll|	
  events	
  to	
  enhance	
  sensi<vity	
  to	
  weak	
  mixing	
  angle	
  
-­‐	
  validate	
  use	
  of	
  improved	
  Born	
  approxima<on	
  at	
  the	
  LHC	
  for	
  precision	
  Z	
  
physics	
  	
  

b)  Tests	
  of	
  the	
  consistency	
  of	
  the	
  SM	
  through	
  direct	
  explora<on	
  of	
  the	
  EW	
  
symmetry	
  breaking	
  mechanism	
  using	
  diboson	
  produc<on.	
  This	
  requires	
  
eventually	
  very	
  large	
  datasets	
  (HL-­‐LHC	
  or	
  beyond)	
  and	
  specific	
  efforts	
  from	
  
the	
  theory	
  community	
  
-­‐	
  observa<on	
  and	
  differen<al	
  measurements	
  of	
  EW	
  processes	
  
-­‐	
  higher-­‐order	
  calcula<ons	
  of	
  diboson	
  EW	
  produc<on,	
  exis<ng	
  to-­‐date	
  only	
  
for	
  same-­‐sign	
  WW	
  EW	
  produc<on	
  

LPCC	
  SM	
  working	
  group	
  is	
  quite	
  ac<ve	
  in	
  promo<ng	
  dedicated	
  work	
  between	
  
experiments	
  and	
  theory	
  on	
  all	
  these	
  fronts	
  (see	
  later	
  slide).	
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From	
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  2018	
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Precision	
  tests	
  of	
  the	
  EW	
  sector	
  

Full	
  EW	
  fit:	
  sin2θleff	
  =	
  0.23150	
  ±	
  0.00006	
  	
  
Indirect	
  determina<on	
  from	
  EW	
  fit:	
  sin2θleff	
  =	
  0.23149	
  ±	
  0.00007	
  	
  

Lepton	
  collider	
  average	
  (LEP/SLC):	
  sin2θleff	
  =	
  0.23152	
  ±	
  0.00016	
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ATLAS	
  measurement	
  of	
  sin2θleff	
  at	
  8	
  TeV	
  	
  
	
  	
  	
  	
  	
  sin2θleff	
  	
  =	
  	
  

Links	
  to	
  papers	
  and	
  to	
  preliminary	
  result	
  on	
  sin2θleff	
  :	
  
•  Angular	
  coefficients	
  in	
  Z-­‐boson	
  decays	
  at	
  8	
  TeV	
  
•  Triple-­‐differen<al	
  measurements	
  of	
  Z-­‐boson	
  decays	
  at	
  8	
  TeV	
  	
  
•  Measurement	
  of	
  sin2θleff	
  at	
  8	
  TeV	
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Observa<on	
  of	
  WZ	
  and	
  same-­‐sign	
  WW	
  EW	
  processes	
  
•  WZ	
  EW	
  observed	
  at	
  5.6σ	
  (3.3σ	
  expected	
  from	
  Sherpa)	
  
•  Same-­‐sign	
  WW	
  EW	
  observed	
  at	
  6.9σ	
  (4.6σ	
  expected	
  from	
  Sherpa)	
  
•  More	
  importantly,	
  fiducial	
  and	
  differen<al	
  cross-­‐sec<on	
  

measurements	
  are	
  performed	
  
•  Also,	
  beau<ful	
  results	
  from	
  inclusive	
  WZ	
  measurements	
  with	
  first	
  

measurements	
  of	
  longitudinal	
  and	
  transverse	
  polarisa<on	
  of	
  W	
  and	
  
Z	
  bosons	
  in	
  diboson	
  produc<on	
  

•  WZ	
  electroweak	
  observa<on	
  at	
  13	
  TeV	
  (36	
  L-­‐1)	
  
•  Same-­‐sign	
  WW	
  EW	
  observa<on	
  at	
  13	
  TeV	
  (36	
  L-­‐1)	
  
•  WZ	
  differen<al	
  and	
  polarisa<on	
  measurements	
  at	
  13	
  TeV	
  (36	
  L-­‐1)	
  	
  	
  
	
  

Links	
  to	
  preliminary	
  results:	
  



•  Examples	
  of	
  VVjj	
  EW	
  VBS	
  diagrams,	
  these	
  are	
  all	
  o(α6)	
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Observa<on	
  of	
  WZ	
  and	
  same-­‐sign	
  WW	
  EW	
  processes	
  



•  Examples	
  of	
  VVjj	
  EW	
  non-­‐VBS	
  diagrams,	
  these	
  are	
  all	
  o(α6)	
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•  Examples	
  of	
  VVjj	
  QCD	
  diagrams,	
  these	
  are	
  all	
  o(α4αs
2)	
  

Observa<on	
  of	
  WZ	
  and	
  same-­‐sign	
  WW	
  EW	
  processes	
  



•  Leptons	
  Z	
  pT	
  >	
  15	
  GeV,	
  |η|	
  <	
  2.5	
  
Lepton	
  W	
  pT	
  >	
  20	
  GeV,	
  |η|	
  <	
  2.5	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  mT

lν	
  >	
  30	
  GeV,	
  ΔRll	
  >	
  0.3	
  
Medium	
  selec<on	
  

•  Jets:	
  pT1,2	
  >	
  40	
  GeV,	
  |η|	
  <	
  4.5	
  
b-­‐jet	
  veto	
  

•  Signal	
  region	
  (SR):	
  
mjj	
  >	
  500	
  GeV	
  +	
  high	
  BDT	
  score	
  

•  Dominant	
  background:	
  
–  WZjj	
  QCD	
  (144	
  events	
  prefit):	
  	
  

use	
  CR	
  with	
  200	
  <	
  mjj	
  <	
  500	
  GeV	
  
–  Misid.	
  and	
  ZZjj	
  ~	
  factor	
  10	
  lower	
  

•  Expected	
  signal:	
  	
  25	
  events	
  (Sherpa)	
  
•  S/B	
  in	
  SR:	
  	
  ~	
  14%	
  prefit	
  /	
  38%	
  post-­‐fit	
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Observa<on	
  of	
  WZ	
  and	
  same-­‐sign	
  WW	
  EW	
  processes	
  

•  Leptons:	
  pT	
  >	
  27	
  GeV,	
  |η|	
  <	
  2.5	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  mll	
  >	
  20	
  GeV,	
  ΔRll	
  >	
  0.3	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Tight	
  selec<on	
  plus	
  isola<on	
  

•  Jets:	
  pT1,2	
  >	
  65,	
  35	
  GeV,	
  |η|	
  <	
  4.5	
  
b-­‐jet	
  veto	
  

•  Signal	
  region	
  (SR):	
  
mjj	
  >	
  500	
  GeV,	
  |Δyjj|	
  >	
  2.0	
  
Categorisa<on	
  and	
  bins	
  in	
  mjj	
  
	
  

•  Dominant	
  background:	
  
–  Misid.	
  and	
  Vγ	
  (36	
  events	
  prefit)	
  
–  WWjj	
  QCD	
  lower	
  (7	
  events):	
  	
  

use	
  CR	
  with	
  200	
  <	
  mjj	
  <	
  500	
  GeV	
  

•  Expected	
  signal:	
  	
  41	
  events	
  (Sherpa)	
  
•  S/B	
  in	
  SR:	
  	
  ~	
  50-­‐55%	
  prefit/post-­‐fit	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  WZjj	
  VBS	
  selec<on	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Same-­‐sign	
  WWjj	
  VBS	
  selec<on	
  



•  BDT	
  trained	
  to	
  separate	
  WZ	
  EW	
  signal	
  from	
  all	
  other	
  processes	
  (except	
  misid.	
  leptons)	
  
•  Good	
  descrip<on	
  of	
  BDT	
  shape	
  in	
  WZjj	
  QCD	
  control	
  region	
  (below	
  leo)	
  
•  In	
  signal	
  region	
  (below	
  right),	
  the	
  WZjj	
  EW	
  signal	
  dominates	
  for	
  high	
  values	
  of	
  the	
  BDT	
  

score	
  à	
  clear	
  observa<on	
  of	
  signal	
  and	
  way	
  open	
  to	
  measure	
  fiducial	
  differen<al	
  
cross	
  sec<ons	
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Observa<on	
  of	
  WZ	
  EW	
  process	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  Fiducial	
  cross	
  sec<on	
  

•  WZjj	
  EW	
  :	
  	
  	
  

•  What	
  about	
  predic<ons?	
  	
  	
  	
  	
  	
  	
  	
  	
  Sherpa	
  v2.2.2:	
  	
  	
  	
  	
  	
  	
  	
  0.32	
  ±	
  0.03	
  L	
  

•  Only	
  LO	
  predic<ons	
  exist	
  for	
  WZjj	
  EW	
  produc<on.	
  	
  	
  	
  
	
  	
  
	
  
	
  



•  Examples	
  of	
  differen<al	
  distribu<ons	
  for	
  WZ	
  EW	
  signal	
  region:	
  	
  
Δyjj	
  (leo)	
  and	
  mjj	
  (right),	
  compared	
  to	
  Sherpa	
  predic<ons	
  rescaled	
  to	
  their	
  post-­‐fit	
  
values.	
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•  Examples	
  of	
  differen<al	
  distribu<ons	
  for	
  WZ	
  EW	
  signal	
  region	
  and	
  for	
  WZ	
  
inclusive	
  measurements:	
  number	
  of	
  addi<onal	
  jets	
  observed	
  (in	
  gap	
  for	
  WZ	
  EW)	
  

•  Comparison	
  is	
  to	
  Sherpa	
  predic<ons	
  rescaled	
  to	
  their	
  post-­‐fit	
  values	
  for	
  WZ	
  EW	
  
•  Comparisons	
  are	
  to	
  Sherpa	
  2.2.2	
  and	
  2.1	
  and	
  to	
  Powheg+Pythia	
  for	
  WZ	
  inclusive	
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First	
  measurement	
  of	
  W/Z	
  polarisa<on	
  in	
  diboson	
  processes	
  
•  Helicity	
  frac<ons	
  f0	
  (longitudinal	
  polarisa<on)	
  and	
  fL/fR	
  (transverse	
  polarisa<on)	
  
•  Evidence	
  for	
  longitudinally	
  polarised	
  Ws	
  at	
  4.2σ	
  (3.8σ	
  expected)	
  
•  Theory	
  predic<ons	
  are	
  LO	
  EW	
  with	
  sin2θW	
  =	
  0.23152	
  (PDG	
  2016)	
  	
  	
  



•  Table	
  below	
  shows	
  the	
  rela<ve	
  importances	
  of	
  the	
  different	
  backgrounds	
  
to	
  the	
  same-­‐sign	
  WW	
  EW	
  process	
  

•  Dominant	
  backgrounds	
  are	
  from	
  WZjj	
  QCD	
  (normalised	
  to	
  data	
  from	
  
three-­‐lepton	
  control	
  region)	
  and	
  from	
  misiden<fied	
  leptons,	
  plus,	
  in	
  the	
  
case	
  of	
  electrons,	
  charge	
  misid.	
  and	
  prompt	
  photon	
  conversions	
  from	
  Vγ	
  
processes	
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Observa<on	
  of	
  same-­‐sign	
  WW	
  VBS	
  EW	
  process	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  Fiducial	
  cross	
  sec<on	
  

•  Same-­‐sign	
  WW	
  EW	
  :	
  

•  What	
  about	
  predic<ons?	
  	
  
Same-­‐sign	
  WW	
  process	
  is	
  the	
  only	
  diboson	
  process	
  to-­‐date	
  	
  
for	
  which	
  NLO	
  (EW	
  and	
  QCD)	
  correc<ons	
  have	
  been	
  computed.	
  
B.	
  Biedermann,	
  A.	
  Denner,	
  and	
  M.	
  Pellen	
  
See	
  also	
  A.	
  Ballestrero	
  et	
  al.	
  
	
  
Main	
  impact	
  of	
  improved	
  calcula<on	
  arises	
  from	
  NLO	
  EW	
  correc<ons	
  which	
  are	
  
nega<ve	
  and	
  correspond	
  to	
  ≈	
  	
  -­‐15%	
  in	
  the	
  fiducial	
  region	
  of	
  interest.	
  	
  
σLO

fid	
  	
  	
  =	
  1.64	
  L	
  with	
  ≈	
  10%	
  uncertainty	
  
σNLO

fid	
  =	
  1.36	
  L	
  with	
  ≈	
  2%	
  uncertainty	
  
Overall	
  a	
  20%	
  reduc<on	
  of	
  the	
  fiducial	
  cross	
  sec<on	
  which	
  is	
  unambiguous	
  at	
  this	
  
order	
  only	
  in	
  terms	
  of	
  final-­‐state	
  leptons	
  and	
  partons.	
  
	
  
Predic<ons	
  seem	
  low	
  (choice	
  of	
  scales	
  =	
  sqrt(pTj1	
  ✕	
  pTj2)?	
  something	
  else?)	
  	
  	
  

asasasasasasasasasasasasasasasasasasasasasa	
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  of	
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  WW	
  VBS	
  EW	
  process	
  
asasasasasasasasasasasasasasasasasasasasasa	
  

•  Same-­‐sign	
  WW	
  :	
  
	
  
Fiducial	
  cross	
  sec<ons	
  at	
  LO	
  for	
  same-­‐sign	
  WWjj	
  EW	
  process:	
  
Sherpa	
  v2.2.2:	
  	
  	
  	
  	
  	
  	
  	
  2.0	
  ±	
  0.3	
  L	
  	
  	
  	
  
Powheg+Pythia8:	
  	
  3.1	
  ±	
  0.5	
  L	
  	
  



•  Recently,	
  legacy	
  Tevatron	
  combina<on	
  result	
  published	
  
•  Very	
  recently,	
  CMS	
  8	
  TeV	
  measurement	
  published	
  
•  Both	
  measurements	
  based	
  on	
  fiducial	
  AFB	
  measurements	
  
•  Here,	
  show	
  results	
  based	
  on	
  a	
  measurement	
  of	
  angular	
  coefficients	
  from	
  

Z-­‐boson	
  decay	
  

From	
  GFITTER	
  2018	
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Measurement	
  of	
  sin2θleff	
  	
  	
  

CERN	
  EP	
  seminar,	
  	
  17/07/2018	
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Angular coefficients A0-A7 and AFB

•  Angular	
  coefficients	
  encapsulate	
  all	
  QCD	
  produc<on	
  dynamics	
  
•  AFB	
  =	
  3/8	
  A4	
  in	
  full	
  phase	
  space	
  of	
  decay	
  leptons	
  at	
  all	
  orders	
  

in	
  QCD	
  
•  Direct	
  measurement	
  of	
  angular	
  coefficients	
  A4	
  +	
  A3	
  leads	
  to	
  

measurement	
  of	
  sin2qleff	
  	
  
•  Based	
  on	
  effec<ve	
  linear	
  rela<on:	
  	
  

A4	
  =	
  a	
  x	
  sin2qleff	
  +	
  b	
  	
  
predicted	
  in	
  each	
  measurement	
  bin	
  

•  Measurement	
  based	
  on:	
  	
  
•  6M	
  eeCC	
  events	
  (0	
  <	
  |η|	
  <	
  2.5)	
  
•  7.5M	
  µµCC	
  events	
  (0	
  <	
  |η|	
  <	
  2.5)	
  
•  1.5M	
  eeCF	
  events	
  	
  

(0	
  <	
  |η|	
  <	
  2.5	
  and	
  2.5	
  <	
  |η|	
  <	
  4.9)	
  	
  

Folding	
  A4	
  full	
  
phase	
  
space	
  

A4	
  fid.	
  
phase	
  
space	
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Angular coefficients A0-A7 and AFB

•  Technically	
  more	
  challenging	
  than	
  AFB,	
  but	
  some	
  advantages	
  
•  Angular	
  variables	
  can	
  constrain	
  experimental	
  systema<cs	
  
•  Measurements	
  in	
  full	
  phase	
  space	
  via	
  analy<cal	
  extrapola<on	
  

•  Reduced	
  theory	
  uncertain<es	
  
•  Can	
  impose	
  channel-­‐to-­‐channel	
  cross-­‐sec<on	
  constraint	
  

without	
  extrapola<on	
  
•  Possibly	
  more	
  sensi<ve	
  to	
  NLO	
  EW	
  effects	
  that	
  can	
  break	
  

harmonic	
  decomposi<on	
  compared	
  to	
  AFB	
  (but	
  can	
  be	
  accounted	
  
for	
  with	
  correc<ons)	
  

Folding	
  A4	
  full	
  
phase	
  
space	
  

A4	
  fid.	
  
phase	
  
space	
  



•  Asymmetry	
  (shown	
  here	
  for	
  A4)	
  varies	
  strongly	
  versus	
  mll	
  but	
  mostly	
  
because	
  of	
  Z/γ*	
  interference	
  

•  Asymmetry	
  due	
  to	
  weak	
  mixing	
  angle	
  is	
  small	
  and	
  ≈	
  constant:	
  
à	
  no	
  need	
  to	
  have	
  fine	
  mass	
  binning	
  around	
  mZ	
  
à	
  use	
  sidebands	
  around	
  Z	
  pole	
  to	
  constrain	
  PDFs	
  (see	
  later)	
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Measurement	
  of	
  sin2θleff	
  using	
  A4	
  angular	
  coefficient	
  	
  	
  
	
  	
  

CERN	
  EP	
  seminar,	
  	
  17/07/2018	
  



•  Fixed-order predictions of A4 
using DYTurbo (optimised 
version of DYRES/DYNNLO): 
•  NLO QCD  
•  LO EW 
•  PDG sin2θW for central 

value 
•  A4 largest at yZ ~ 3 

•  yll shape driven by dilution 
effects 

•  mll shape driven by Z/γ* 
interference 

•  Uncertainty on A4 largest above 
and below the mass pole 
•  Can be used to profile PDFs 

A4 analysis: predictions
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EW corrections, improved Born approximation, and 
definition of sin2θleff  



 

Generated MC 
EW LO   

s2
w=0.23113!!

" (MZ)=1./128.8667 

 

 

EW LO (on-shell) 
s2

w = 0.22352!!
" (0)=1./137.03598 

 

wt (Eff. Born#  

Improved Born Approx.  
(EW loop+boxes) 

"(s), sin2$eff 
W(s)  wt( IBA Born) 

Effective  Born  
(a) LEP  

(b) LEP with improved norm. 
s2

w=0.23152!!
" (MZ)=1./128.8667 

wt (Eff. Born#  

Closure test on Z-pole 
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EW	
  correc<ons	
  using	
  improved	
  Born	
  approxima<on	
  (IBA)	
  

CERN	
  EP	
  seminar,	
  	
  17/07/2018	
  

•  The	
  most	
  precise	
  calcula<ons	
  available	
  today	
  s<ll	
  come	
  from	
  LEP1	
  legacy	
  code	
  	
  
(D.	
  Bardin	
  et	
  al.,	
  Dizet	
  library	
  6.21)	
  and	
  IBA	
  approach	
  extended	
  from	
  lepton	
  
colliders	
  to	
  hadron	
  colliders	
  (Mustraal	
  reference	
  frame,	
  extended	
  to	
  W	
  boson,	
  
and	
  validated	
  for	
  EW	
  weight	
  averaged	
  over	
  incoming	
  u/d	
  partons)	
  	
  

•  Most	
  MC	
  tools	
  today	
  are	
  LO	
  EW	
  and	
  use	
  PDG	
  value	
  or	
  similar	
  for	
  sin2θW	
  

•  Define	
  per-­‐event	
  weight	
  to	
  apply	
  EW	
  correc<ons	
  to	
  Z	
  couplings	
  and	
  to	
  γ* and	
  Z	
  
propagators	
  for	
  any	
  MC	
  sample,	
  based	
  on	
  LO	
  EW	
  in	
  any	
  scheme	
  	
  	
  

•  This	
  IBA	
  from	
  LEP1	
  legacy	
  code	
  corresponds	
  to	
  specific	
  EW	
  scheme	
  (α(0),	
  mZ,	
  Gµ)	
  
chosen	
  for	
  best	
  matching	
  to	
  knowledge	
  at	
  the	
  <me	
  and	
  to	
  LEP	
  measurements	
  
sensi<ve	
  to	
  sin2θleff	
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EW corrections using improved Born approximation (IBA)

•  Input	
  parameters	
  (from	
  measurements)	
  of	
  Dizet	
  library	
  and	
  calculated	
  flavour-­‐
dependent	
  effec<ve	
  mixing	
  angles	
  

•  Note	
  that	
  with	
  today’s	
  best	
  knowledge,	
  	
  
sin2θleff	
  is	
  predicted	
  as	
  0.23176	
  (not	
  0.23152)	
  	
  



A4 analysis: predictions
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•  Impact	
  of	
  EW	
  form	
  factor	
  (FF)	
  correc<ons	
  
compared	
  to	
  Powheg	
  LO	
  EW	
  reference	
  for	
  
predicted	
  A4	
  in	
  two	
  cases:	
  
-­‐	
  no	
  box	
  diagrams	
  included	
  
-­‐	
  with	
  box	
  diagrams	
  included	
  
Box	
  diagrams	
  poten<ally	
  break	
  factorisa<on	
  
assump<on	
  which	
  is	
  at	
  the	
  root	
  of	
  angular	
  
coefficient	
  formalism	
  

•  Impact	
  is	
  small	
  near	
  Z	
  pole,	
  much	
  larger	
  as	
  
one	
  approaches	
  mll	
  =	
  2mW	
  

•  Predicted	
  A4	
  versus	
  sin2θleff	
  	
  
•  Varia<ons	
  of	
  sin2θleff	
  implemented	
  as	
  small	
  

varia<ons	
  of	
  vector	
  coupling	
  of	
  Z	
  boson	
  
around	
  reference	
  PDG	
  value	
  (0.23152)	
  

•  Other	
  possible	
  varia<ons,	
  eg	
  Gm	
  or	
  mtop,	
  	
  
(if	
  performed	
  consistently!)	
  lead	
  to	
  similar	
  
results	
  within	
  3	
  10-­‐5	
  

•  Overall	
  uncertainty	
  on	
  EW	
  correc<ons	
  is	
  taken	
  
to	
  be	
  3	
  10-­‐5,	
  including	
  parametric	
  
uncertain<es	
  and	
  small	
  residual	
  IFI/ISR	
  effects	
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A4	
  predic<ons	
  (NNLO	
  QCD	
  +	
  EW	
  correc<ons)	
  

CERN	
  EP	
  seminar,	
  	
  17/07/2018	
  

•  Predic<ons	
  obtained	
  at	
  NNLO	
  in	
  QCD	
  (fixed	
  order)	
  and	
  EW	
  correc<ons	
  implemented	
  
using	
  EW	
  weights	
  and	
  IBA.	
  	
  

•  PDF	
  uncertain<es	
  dominate	
  predic<ons,	
  even	
  using	
  NLO	
  QCD	
  scale	
  varia<ons	
  
•  Predict	
  A4	
  =	
  a	
  *	
  	
  +	
  b	
  sin2θleff	
  in	
  each	
  bin,	
  where	
  EW	
  correc<ons	
  are	
  absorbed	
  in	
  (a,b)	
  
•  Impact	
  of	
  EW	
  correc<ons	
  ≈	
  24	
  10-­‐5	
  in	
  pole	
  region	
  compared	
  to	
  LO	
  EW	
  MC	
  	
  

with	
  sin2θW	
  =	
  0.23152	
  (these	
  are	
  averaged	
  over	
  each	
  (mll,	
  |yll|)	
  bin	
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Data	
  analysis	
  

•  Expected	
  event	
  yields	
  and	
  products	
  of	
  acceptance	
  and	
  selec<on	
  efficiencies	
  for	
  
different	
  analysis	
  channels	
  

CERN	
  EP	
  seminar,	
  	
  17/07/2018	
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Data	
  analysis:	
  eeCC	
  channel	
  

Expected	
  event	
  yields	
  and	
  backgrounds	
  for	
  eeCC	
  channel	
  

CERN	
  EP	
  seminar,	
  	
  17/07/2018	
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Data	
  analysis:	
  eeCC	
  channel	
  

CERN	
  EP	
  seminar,	
  	
  17/07/2018	
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Data	
  analysis:	
  µµCC	
  channel	
  

CERN	
  EP	
  seminar,	
  	
  17/07/2018	
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Data	
  analysis:	
  eeCF	
  channel	
  

Expected	
  event	
  yields	
  and	
  backgrounds	
  for	
  different	
  eeCF	
  channel	
  

CERN	
  EP	
  seminar,	
  	
  17/07/2018	
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A4	
  analysis:	
  measurement	
  of	
  A4	
  (expected)	
  	
  

•  Expected	
  uncertain<es	
  on	
  measured	
  observable	
  A4	
  in	
  pole	
  region	
  
•  Results	
  very	
  similar	
  to	
  published	
  Ai	
  paper	
  
•  Stat	
  uncertain<es	
  dominant	
  (data	
  and	
  MC!)	
  
•  Residual	
  PDF	
  uncertain<es	
  an	
  order	
  of	
  magnitude	
  smaller.	
  

Decorrelated	
  from	
  PDF	
  uncertain<es	
  in	
  predic<ons	
  which	
  are	
  dominant	
  
CERN	
  EP	
  seminar,	
  	
  17/07/2018	
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A4	
  analysis:	
  measurement	
  of	
  sin2θleff	
  (expected)	
  	
  

CERN	
  EP	
  seminar,	
  	
  17/07/2018	
  

•  Expected	
  uncertain<es	
  on	
  sin2θleff	
  
•  Stat	
  uncertainty	
  on	
  eeCF	
  smaller	
  than	
  combined	
  eeCC+µµCC!	
  
•  Dominant	
  syst.	
  uncertainty	
  from	
  PDFs:	
  20	
  10-­‐5	
  aoer	
  profiling	
  
•  Next	
  dominant	
  uncertainty	
  from	
  MC	
  stats:	
  12	
  10-­‐5	
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A4	
  measurements:	
  compa<bility	
  tests	
  with	
  data	
  

•  All	
  A4	
  measurement	
  bins	
  compared	
  in	
  terms	
  of	
  their	
  compa<bility	
  
between	
  eeCC	
  and	
  µµCC	
  channels	
  

•  Results	
  sa<sfactory	
  for	
  all	
  channels,	
  p-­‐value	
  is	
  34%	
  
•  For	
  eeCF,	
  only	
  one	
  overlapping	
  bin	
  with	
  CC	
  channels	
  (1.6	
  <|y|ll<	
  2.5)	
  

compa<bility	
  tested	
  to	
  be	
  -­‐0.0007	
  ±	
  0.0051	
  	
  
CERN	
  EP	
  seminar,	
  	
  17/07/2018	
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A4	
  analysis:	
  compa<bility	
  tests	
  with	
  data	
  

•  All	
  channels	
  compared	
  in	
  terms	
  of	
  their	
  compa<bility	
  for	
  sin2θleff	
  
•  Results	
  sa<sfactory	
  for	
  all	
  channels	
  
•  Most	
  stringent	
  test	
  for	
  last	
  column:	
  	
  

s<ll,	
  test	
  at	
  the	
  level	
  of	
  ≈	
  50	
  10-­‐5	
  sensi<vity	
  compared	
  to	
  30	
  10-­‐5	
  
expected	
  sensi<vity	
  of	
  the	
  final	
  measurement.	
  

CERN	
  EP	
  seminar,	
  	
  17/07/2018	
  



D.	
  Froidevaux	
   36	
  

A4	
  analysis:	
  compa<bility	
  tests	
  with	
  data	
  

•  Finally,	
  test	
  compa<bility	
  of	
  all	
  measurement	
  bins	
  (19	
  plus	
  one	
  
reference	
  one)	
  as	
  individual	
  measurements	
  of	
  sin2θleff	
  	
  

•  Overall	
  p-­‐value	
  only	
  3.4%	
  (3s	
  pull	
  from	
  low	
  yll	
  µµCC	
  channel)	
  
CERN	
  EP	
  seminar,	
  	
  17/07/2018	
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  sin2θleff	
  results	
  based	
  on	
  reference	
  PDF	
  set	
  (MMHT14)	
  

•  Fit	
  using	
  MMHT14	
  provides	
  best	
  overall	
  result,	
  	
  
i.e.	
  best	
  fit	
  χ2	
  and	
  also	
  smallest	
  uncertain<es	
  from	
  PDFs	
  aoer	
  profiling	
  

CERN	
  EP	
  seminar,	
  	
  17/07/2018	
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  sin2θleff	
  results	
  based	
  on	
  reference	
  PDF	
  set	
  (MMHT14)	
  

•  Fit	
  using	
  MMHT14	
  provides	
  best	
  overall	
  result,	
  	
  
i.e.	
  best	
  fit	
  χ2	
  and	
  also	
  smallest	
  uncertain<es	
  from	
  PDFs	
  aoer	
  profiling	
  

•  Results	
  quite	
  close	
  for	
  CT14	
  and	
  NNPDF31,	
  uncertain<es	
  a	
  bit	
  larger.	
  
•  CT10nnlo	
  also	
  shown	
  since	
  it	
  fits	
  best	
  the	
  ensemble	
  of	
  ATLAS	
  W/Z	
  

precision	
  data	
  at	
  7	
  TeV	
  used	
  for	
  measurement	
  of	
  mW.	
  
•  Overall	
  sin2θleff	
  	
  range	
  spanned	
  by	
  all	
  PDF	
  sets	
  is	
  28	
  10-­‐5	
  

•  Will	
  discuss	
  this	
  further	
  with	
  PDF4LHC	
  forum	
  (see	
  later	
  slide)	
  
CERN	
  EP	
  seminar,	
  	
  17/07/2018	
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  sin2θleff	
  	
  =	
  	
  

	
  sin2θleff	
  results	
  compared	
  to	
  previous	
  measurements	
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  Future	
  prospects	
  for	
  sin2θleff	
  	
  
•  The	
  hadron	
  collider	
  measurements	
  of	
  sin2θleff	
  	
  provide	
  consistency	
  tests	
  of	
  the	
  SM	
  

which	
  are	
  now	
  relevant	
  on	
  a	
  global	
  level,	
  but	
  they	
  do	
  rely	
  on	
  the	
  SM	
  even	
  more	
  
than	
  the	
  LEP/SLC	
  measurements	
  did	
  

•  They	
  will	
  already	
  be	
  largely	
  dominated	
  by	
  PDF	
  uncertain<es	
  if	
  one	
  considers	
  the	
  
future	
  run-­‐2	
  legacy	
  measurements.	
  

•  Before	
  pursuing	
  further	
  measurements	
  of	
  this	
  type	
  at	
  13	
  TeV	
  with	
  much	
  higher	
  
stats	
  but	
  increased	
  dilu<on,	
  need	
  to	
  assess	
  PDF	
  uncertain<es	
  with	
  a	
  view	
  focused	
  
only	
  on	
  precision	
  DY	
  measurements	
  

•  This	
  work	
  has	
  begun	
  within	
  the	
  context	
  of	
  LPCC	
  SM	
  precision	
  EW	
  working	
  group,	
  
please	
  join	
  if	
  you	
  are	
  interested	
  in	
  contribu<ng!	
  
Conveners:	
  A.	
  Apyan,	
  O.	
  Lupton,	
  F.	
  Piccinini,	
  M.	
  Schmix,	
  T.	
  Shears,	
  D.F.	
  

•  Next	
  steps	
  of	
  the	
  working	
  group:	
  
–  Combina<on	
  of	
  LHC	
  experiments	
  (ATLAS,	
  CMS	
  and	
  LHCb)	
  for	
  sin2θleff	
  	
  
–  Combina<on	
  of	
  mW	
  (ATLAS	
  and	
  Tevatron)	
  
–  Precise	
  comparisons	
  of	
  IBA	
  approach	
  to	
  other	
  calcula<ons	
  (NLO	
  EW	
  and	
  

beyond),	
  eg	
  Powheg	
  EW	
  
–  Improved	
  fixed-­‐order	
  and	
  resummed	
  calcula<ons	
  of	
  W/Z-­‐boson	
  pT	
  spectra	
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To the end, with first accurate measurements of the W/Z masses 
and the search for the top quark and for supersymmetry

Historical perspective: the 80’s in UA1/UA2 at the SppS
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  D. Froidevaux, CERN “What next at the LHC?”, TIFR Mumbai, 07/01/2014 

Most important results from 1987-1990 campaign with UA2:
precise measurement of mW/mZ 
and direct limit on top-quark mass (mtop < 60 GeV) 

Transverse mass distribution for
electron-neutrino pairs 

Using the precise measurement of mZ (LEP): 

Indirect limits on top-quark 
mass in the context of the 
Standard Model:   

(four years before the discovery 
of the top quark at Fermilab) 

Historical perspective: the 80’s in UA1/UA2 at the SppS
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First ever EW fits in UA2 before LEP turned on
Historical perspective: the 80’s in UA1/UA2 at the SppS
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Back-­‐up	
  slides	
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Observa<on	
  of	
  WZ	
  EW	
  process	
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Observa<on	
  of	
  same-­‐sign	
  WW	
  EW	
  process	
  


