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Outline	
  
1)  Cross	
  sec(ons	
  and	
  distribu(ons	
  for	
  inclusive	
  Z+2j	
  produc(on	
  
2)  Extrac(ng	
  the	
  electroweak	
  Z+2j	
  component	
  

[a.k.a	
  Z-­‐boson	
  produc(on	
  via	
  weak	
  boson	
  fusion]	
  



Why	
  bother	
  with	
  electroweak	
  Z+2j	
  produc(on?	
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•  Weak-­‐boson	
  fusion/scaQering	
  plays	
  an	
  important	
  role	
  in	
  Higgs	
  measurements	
  (couplings,	
  ττ)	
  
and	
  searches	
  for	
  anomalous	
  quar(c	
  gauge	
  couplings.	
  

•  Z-­‐produc(on	
  via	
  weak	
  boson	
  fusion	
  is	
  a	
  standard	
  candle	
  for	
  these	
  processes	
  
–  first	
  observa(on	
  of	
  weak	
  boson	
  fusion	
  at	
  a	
  hadron	
  collider	
  
–  a	
  direct	
  test	
  of	
  the	
  ZWW	
  coupling.	
  



Z+2j	
  produc(on	
  at	
  the	
  LHC	
  

•  Electroweak	
  Z+2j	
  produc(on	
  is	
  rare:	
  only	
  ~1%	
  of	
  the	
  inclusive	
  Z+2j	
  cross	
  sec(on	
  

•  Electroweak	
  Z+2j	
  has	
  two	
  characteris(c	
  features:	
  
–  Dijet	
  system	
  covering	
  a	
  large	
  rapidity	
  interval	
  and	
  large	
  invariant	
  mass	
  
–  LiQle	
  addi(onal	
  jet	
  ac(vity	
  in	
  the	
  rapidity	
  interval	
  

Electroweak	
  Zjj	
   Strong	
  Zjj	
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Z+2j	
  produc(on	
  at	
  the	
  LHC	
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Cross	
  sec(ons	
  and	
  distribu(ons	
  for	
  inclusive	
  Z+2j	
  produc(on	
  

Detector-­‐corrected	
  measurements	
  
1)  Cross	
  sec(ons	
  measured	
  in	
  five	
  fiducial	
  regions	
  	
  
2)  Differen(al	
  distribu(ons	
  sensi(ve	
  to	
  dijet	
  kinema(cs	
  (mjj,	
  Δy)	
  
3)  Differen(al	
  distribu(ons	
  sensi(ve	
  to	
  ‘in-­‐gap’	
  jet	
  ac(vity	
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Five	
  fiducial	
  regions:	
  different	
  sensi(vity	
  to	
  electroweak	
  Zjj	
  

-­‐-­‐-­‐	
  Z-­‐boson	
  selec(on	
  
-­‐-­‐-­‐	
  Baseline	
  jet	
  selec(on	
  

-­‐-­‐-­‐	
  Probe	
  of	
  high-­‐pT	
  or	
  high-­‐mass	
  
-­‐-­‐-­‐	
  Search/control	
  cuts	
  for	
  electroweak	
  extrac(on	
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Example	
  of	
  data/simula(on	
  in	
  the	
  baseline	
  region	
  

•  Small	
  non-­‐Z	
  backgrounds	
  (approx.	
  2%	
  of	
  total	
  event	
  yield)	
  
•  Reasonable	
  agreement	
  between	
  data	
  and	
  simula(on	
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Measurement	
  of	
  inclusive	
  Z+2j	
  cross	
  sec(ons	
  (II)	
  

Measure	
  cross	
  sec(on	
  by	
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Measurement	
  of	
  dijet	
  kinema(cs	
  (unfolded)	
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Powheg	
  accurate	
  to	
  next-­‐to-­‐leading	
  order	
  (NLO)	
  in	
  QCD	
  for	
  Z+2j	
  produc(on	
  
Sherpa	
  accurate	
  only	
  to	
  leading	
  order	
  (LO)	
  in	
  QCD	
  for	
  Z+2j	
  produc(on	
  
	
  



Measurement	
  of	
  in-­‐gap	
  jet	
  ac(vity	
  (unfolded)	
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Sherpa	
  accurate	
  to	
  LO	
  in	
  QCD	
  for	
  third	
  and	
  fourth	
  jet	
  emission	
  
Powheg	
  only	
  accurate	
  to	
  LO	
  in	
  QCD	
  for	
  third	
  jet	
  emission	
  



Extrac(ng	
  the	
  electroweak	
  Z+2j	
  component	
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Extrac(ng	
  the	
  signal	
  -­‐	
  methodology	
  

•  d	
  

Electroweak	
  Zjj	
  

Strong	
  Zjj	
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•  Electroweak	
  component	
  is	
  extracted	
  by	
  a	
  
two	
  template	
  fit	
  to	
  the	
  dijet	
  invariant	
  mass	
  

•  This	
  fit	
  is	
  carried	
  out	
  in	
  the	
  search	
  region,	
  
which	
  has	
  a	
  veto	
  on	
  addi(onal	
  central	
  jet	
  
ac(vity	
  	
  

12	
  



Data-­‐driven	
  constraint	
  for	
  the	
  background	
  model	
  (I)	
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•  Control	
  region	
  defined	
  by	
  reversing	
  the	
  jet	
  veto.	
  

•  Basic	
  idea:	
  correct	
  the	
  simula(on	
  in	
  the	
  search	
  
region	
  using	
  the	
  data/MC	
  ra(o	
  in	
  the	
  control	
  
region.	
  
–  Plot	
  shows	
  correc(on	
  derived	
  for	
  SHERPA	
  

•  Added	
  bonus:	
  limits	
  the	
  impact	
  of	
  jet	
  energy	
  
scale	
  uncertain(es	
  

	
  
•  Downside:	
  remaining	
  experimental	
  and	
  

theore(cal	
  uncertain(es	
  associated	
  with	
  the	
  
extrapola(on	
  from	
  	
  control	
  -­‐>	
  search	
  



Data-­‐driven	
  constraint	
  for	
  the	
  background	
  model	
  (II)	
  

•  Choice	
  of	
  generator	
  checked	
  by	
  using	
  
POWHEG	
  (instead	
  of	
  SHERPA)	
  and	
  
repea(ng	
  full	
  analysis	
  chain.	
  	
  
–  Extracted	
  signal	
  yields	
  agree	
  to	
  0.8%	
  

	
  
•  Choice	
  of	
  control	
  region	
  validated	
  by	
  

splipng	
  it	
  into	
  seven	
  sub-­‐regions,	
  
–  deriving	
  new	
  constraints,	
  
–  repea(ng	
  full	
  analysis	
  chain.	
  	
  
–  extracted	
  signal	
  yields	
  agree	
  to	
  

within	
  5%.	
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Extrac(ng	
  the	
  signal	
  -­‐	
  results	
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Background-­‐only	
  hypothesis	
  rejected	
  
at	
  greater	
  than	
  5σ	
  significance	
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•  Extracted	
  yield	
  converted	
  to	
  a	
  cross	
  sec(on	
  in	
  the	
  
search	
  fiducial	
  region:	
  



Breakdown	
  of	
  the	
  electroweak	
  cross	
  sec(on	
  systema(cs	
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∫
L dt
[fb−1] Reference

W
total

0.035 PRD 85, 072004 (2012)σ = 94.51 ± 0.19 ± 3.7 nb (data), FEWZ+HERA1.5 NNLO (theory)

Z
total

0.035 PRD 85, 072004 (2012)σ = 27.84 ± 0.18 ± 1.1 nb (data), FEWZ+HERA1.5 NNLO (theory)

t̄t
total

1.1 ATLAS-CONF-2012-134σ = 177 ± 3 ± 11 pb (data), top++ NNLO+NNLL (theory)

20.3 ATLAS-CONF-2013-097σ = 237.7 ± 1.7 ± 11.2 pb (data), top++ NNLO+NNLL (theory)

tt−channel
total

1.0 PLB 717, 330 (2012)σ = 83 ± 4 +20
−19 pb (data), NLO+NNLL (theory)

20.3 ATLAS-CONF-2014-007σ = 82.6 ± 1.2 ± 12.0 pb (data), NLO+NNLL (theory)

WW
total

4.6 PRD 87, 112001 (2013)σ = 51.9 ± 2.0 ± 4.4 pb (data), MCFM (theory)

γγ
fiducial

4.9 JHEP 01, 086 (2013)44.0+3.2
−4.2 pb (data), 2γNNLO (theory)

Wt
total

2.0 PLB 716, 142-159 (2012)σ = 16.8 ± 2.9 ± 3.9 pb (data), NLO+NNLL (theory)

20.3 ATLAS-CONF-2013-100σ = 27.2 ± 2.8 ± 5.4 pb (data), NLO+NNLL (theory)

WZ
total

4.6 EPJC 72, 2173 (2012)σ = 19.0 +1.4
−1.3 ± 1.0 pb (data), MCFM (theory)

13.0 ATLAS-CONF-2013-021σ = 20.3 +0.8
−0.7

+1.4
−1.3 pb (data), MCFM (theory)

ZZ
total

4.6 JHEP 03, 128 (2013)σ = 6.7 ± 0.7 +0.5
−0.4 pb (data), MCFM (theory)

20.3 ATLAS-CONF-2013-020σ = 7.1 +0.5
−0.4 ± 0.4 pb (data), MCFM (theory)

t̄tγ
fiducial

1.0 ATLAS-CONF-2011-153σ = 2.0 ± 0.5 ± 0.7 pb (data),
Whizzard+NLO (theory)

Wγ
fiducial, njet=0

4.6 PRD 87, 112003 (2013)σ = 1.76 ± 0.03 ± 0.22 pb (data),
MCFM (theory)

Zγ
fiducial, njet=0

4.6 PRD 87, 112003 (2013)σ = 1.05 ± 0.02 ± 0.11 pb (data),
MCFM (theory)

ZjjEWK

fiducial
20.3 arXiv:1401.7610 [hep-ex]σ = 54.7 ± 4.6 +9.9

−10.5 fb (data),
Powheg (theory)

ts−channel
total

0.7 ATLAS-CONF-2011-118σ < 26.5 pb (95% CL upper limit) (data), NLO+NNLL (theory)

t̄tZ
total

4.7 ATLAS-CONF-2012-126σ < 0.71 pb (95% CL upper limit) (data), HELAC-NLO (theory)
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Summary	
  

	
  
•  Inclusive	
  Zjj	
  produc(on	
  measured	
  using	
  ATLAS	
  data	
  

–  Cross	
  sec(ons	
  in	
  five	
  fiducial	
  regions	
  
–  Differen(al	
  distribu(ons	
  fully	
  corrected	
  for	
  detector	
  effects	
  

•  Observa(on	
  of	
  electroweak	
  Zjj	
  produc(on	
  at	
  ATLAS	
  
–  A	
  benchmark	
  process	
  for	
  future	
  studies	
  of	
  weak-­‐boson	
  fusion	
  at	
  the	
  LHC	
  
–  Background-­‐only	
  hypothesis	
  rejected	
  at	
  greater	
  than	
  5σ	
  
–  Cross	
  sec(on	
  measured	
  in	
  two	
  fiducial	
  regions.	
  Excellent	
  agreement	
  with	
  NLO.	
  
–  First	
  limits	
  placed	
  on	
  anomalous	
  triple	
  gauge	
  couplings	
  using	
  weak	
  boson	
  fusion.	
  

•  For	
  further	
  informa(on:	
  arXiv:1401.7610	
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Backup	
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Process	
  composi(on	
  in	
  each	
  fiducial	
  region	
  

•  Small	
  non-­‐Z	
  background	
  contribu(ons	
  (~2%)	
  

•  Cross	
  sec(on	
  determined	
  by	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  where	
  L	
  is	
  the	
  luminosity	
  and	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
C	
  corrects	
  for	
  detector	
  effects.	
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Cross	
  sec(on	
  measurement	
  and	
  aTGC	
  limits	
  

•  Measured	
  cross	
  sec(on:	
  

	
  

•  Theory	
  predic(on:	
  

•  Limits	
  on	
  anomalous	
  triple	
  gauge	
  couplings:	
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Why	
  bother	
  with	
  weak	
  boson	
  fusion?	
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Higgs	
  measurements	
   Quar6c	
  gauge	
  couplings?	
  

•  In	
  the	
  LHC	
  Run-­‐II,	
  weak	
  boson	
  fusion	
  is	
  due	
  to	
  play	
  a	
  major	
  part	
  in	
  tests	
  of	
  the	
  electroweak	
  
sector	
  of	
  the	
  Standard	
  Model:	
  
–  Higgs	
  produc(on	
  via	
  weak	
  boson	
  fusion	
  and	
  HWW	
  coupling	
  determina(on	
  
–  Weak	
  boson	
  scaQering	
  measurements	
  and	
  searches	
  for	
  anomalous	
  gauge	
  couplings	
  



Valida(on	
  of	
  control	
  region	
  constraint	
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•  Choice	
  of	
  control	
  region	
  was	
  validated	
  by	
  
splipng	
  it	
  into	
  seven	
  sub-­‐regions	
  
–  All	
  these	
  regions	
  are	
  signal	
  suppressed	
  

•  Can	
  use	
  orthogonal	
  sub-­‐regions	
  to	
  see	
  if	
  
the	
  reweigh(ng	
  func(on	
  derived	
  on	
  one	
  
region	
  improves	
  the	
  agreement	
  between	
  
simula(on	
  and	
  data	
  in	
  another	
  region	
  	
  

•  Agreement	
  improved	
  in	
  all	
  cases,	
  	
  

•  Example,	
  shown	
  here	
  is	
  for	
  orthogonal	
  sub-­‐
regions	
  that	
  differ	
  in	
  the	
  third	
  jet	
  transverse	
  
momentum.	
  


