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Mul;-‐boson	  final	  states	  
•  Rich	  physics	  program	  to	  test	  

the	  electro-‐weak	  self-‐
coupling.	  

•  Constrain	  new	  physics	  in	  the	  
framework	  of	  effec5ve	  
Lagrangian	  and	  anomalous	  
gauge	  couplings.	  

•  Main	  background	  to	  many	  
Higgs	  channels	  and	  BSM	  
searches.	  

•  Accessible	  couplings	  	  

•  Triple	  gauge	  couplings	  (TGC)	  
–  Di-‐boson	  final	  states.	  
–  Vector	  Boson	  Fusion	  

•  Quar;c	  gauge	  couplings	  
(QGC)	  
–  Tri-‐boson	  final	  states.	  
–  Vector	  Boson	  scaVering	  /	  

gamma-‐gamma	  induced	  
exclusive	  produc;on.	  
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Overview	  
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Overview	  
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WW	  produc;on	  
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•  Signature	  two	  leptons	  and	  MET.	  
•  Small	  contribu;on	  (3%)	  from	  gg:	  
	  

	  
	  

t-‐channel	  

s-‐channel	  

•  Important	  background	  to	  H-‐>WW.	  
•  Study	  of	  charge	  triple	  gauge	  boson	  vertex.	  
•  Run-‐1	  results:	  

ATLAS	  (20i_	  8TeV),	  CONF-‐2014-‐033	  
CMS	  (20i_	  8TeV),	  CMS-‐PAS-‐SMP-‐14-‐016	  

	  
	  



WW	  produc;on	  
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Selec5on	   ATLAS	   CMS	  

2	  leptons	  OS	   e,µ	  :	  pT	  >20	  GeV	   e,µ	  :	  pT	  >20	  GeV	  

pT(l1)	  >25	  GeV	  

m(ll)	   >	  15	  GeV	  (ee, µµ),	  >	  10	  GeV	  (eµ)	  	   >	  12	  GeV	  

Z	  veto	  (|mll-‐mZ|	  	   <	  15GeV	   <	  15GeV	  

ETmiss	  (rel)	  	   >	  (45,45,15)	  GeV,	  (µµ,ee,eµ)	   >	  20	  GeV	  

addi;onal	  cuts	   pTmiss	  >	  (45,45,20)	  GeV,	  (µµ,ee,eµ)	  
Δφ (pTmiss,ETmiss)<0.6	  

MVA	  to	  reduce	  Drell	  Yan	  

Jet	  veto	  	   N>0,	  pT>25GeV,	  |eta|<4.5,an;-‐
kt,DR=0.4	  

N>1,	  pT>25GeV,	  |eta|
<4.5,an;-‐kt,DR=0.4	  

heavy	  flavour	   -‐	   top	  veto	  

ATLAS	   CMS	  

Fiducial	  and	  total	  cross	  sec;on.	  

HèWW	   signal	   background	  

Signal	  Acceptance	   ~5%	   ~4.2%	  



•  Dominant	  backgrounds	  
–  Top	  pair	  

•  Use	  control	  regions	  to	  
es;mate	  top	  contribu;on.	  

–  V+jets	  
•  Es;mate	  probability	  of	  jets	  
being	  iden;fied	  as	  leptons.	  

–  diboson	  
•  Use	  MC	  predic;on	  (ATLAS).	  
•  Wγ*	  normalised	  to	  control	  
regions	  in	  data	  (CMS).	  
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Backgrounds	  WW	  
Background	   ATLAS	   CMS	  
top	   52%	   42%	  
W+j	   15%	   26%	  
Z+j	   20%	   10%	  
diboson	   14%	   12%	  
other	  (higgs)	   10%	  
	  	  
total	  bkg	   28%	   26%	  
total	  events	  exp	   5787	   6981	  



Systema;c	  uncertain;es	  WW	  

•  Cross	  sec;on	  
uncertainty	  	  
–  Theory	  3-‐4%	  

•  dominant	  	  
Jet	  veto	  (ATLAS)	  
Jet	  coun;ng	  (CMS)	  

–  Experimental	  4-‐6%	  
•  dominant	  
Jet,	  MET	  related	  (ATLAS)	  
lepton	  efficiency	  (CMS)	  
background	  	  
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CMS	  



Results	  WW	  
•  Total	  cross	  sec;on	  
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CMS	  

ATLAS	  

ATLAS	  and	  CMS	  in	  agreement.	  
	  
Theore;cal	  predic;ons	  cited:	  
59.8	  ±	  1.2	  pb	  (CMS)	  
NNLO	  "qqbar+qq”	  (no	  H)	  
	  
58.7	  ±	  2.9	  pb	  (ATLAS)	  
NLO	  qqbar	  +	  LO	  gg	  +	  NNLO	  H	  
	  



Results	  WW	  

•  Limits	  on	  charge	  aTGC	  in	  the	  EFT	  framework	  (CMS).	  
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Dim	  6	  EFT	  operators	  



Mul;-‐boson	  +	  2	  jets	  
•  Study	  Vector	  Boson	  ScaVering	  	  
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Quar;c	  vertex	  and	  Higgs	  tame	  the	  cross	  sec;on	  at	  high	  s.	  
Mo5va5on:	  Discover	  VBS,	  set	  limits	  on	  BSM.	  
Signature:	  Two	  jets	  and	  two	  same	  sign	  W.	  



Mul;-‐boson	  +	  2	  jets	  

•  VBS	  topology:	  Two	  tagging	  jets,	  l+l+,	  missing	  energy	  
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Mul;-‐boson	  +	  2	  jets	  

•  Experimental	  results:	  
	  
ATLAS	  –	  8	  TeV,	  20	  _-‐1	  
Phys.	  Rev.	  LeD.	  113,	  141803	  (2014),	  	  
hVp://arxiv.org/abs/1405.6241	  
	  
CMS	  –	  8	  TeV,	  20	  _-‐1	  	  
Phys.	  Rev.	  LeD.	  114,	  051801	  (2015),	  	  
hVp://arxiv.org/abs/1410.6315	  
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σ(QCD+EWK)	  	  
σ(EWK	  only)	  	  
anomalous	  couplings

	   	  	  

σ(EWK	  only)	  	  
anomalous	  couplings	  
limits	  H++,	  H-‐-‐	  

Signal	  defini;on	  –	  Backgrounds	  –	  Systema;cs	  –	  Results	  	  
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Object	   ATLAS	   CMS	  

2	  leptons	  	   e,µ	   e,µ,(τèe,µ)	  

lepton	  pT	   >	  25	  GeV	   >	  20	  GeV	  

η	  l(e, µ)	   <	  2.5	   <2.5	  (2.4)	  

m(ll)	   >	  20	  GeV	   >	  50	  GeV	  

ΔR(l,l/j)	   >	  0.3	   >	  0.3	  

2	  jets	  an;-‐kT	   R=0.4	   R=0.5	  

pT(j)	   >	  30	  GeV	   >	  30	  GeV	  

η(j)	   <	  4.5	   <	  4.7	  

m(jj)	   >	  500	  GeV	   >	  500	  GeV	  

ETmiss	   >	  40	  GeV	   >	  40	  GeV	  



•  Signal	  
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EWK	  +	  QCD	  produc;on	  (ATLAS)	  

EWK	  produc;on:	  	  
Δy(jj)	  >	  2.4,	  ATLAS	  	  
Δeta(jj)	  >	  2.5,	  CMS	  



Mul;-‐boson	  +	  2	  jets	  
Main	  background	  sources:	  	  
prompt,	  conversions,	  other	  non-‐prompt.	  
•  MC-‐based	  es;ma;on:	  	  

–  WZ	  +	  jets	  	  
–  Wγjj,	  D+W/Z,	  ZZ	  	  
–  Double	  parton	  scaVering	  (negligible)	  	  

•  Data-‐driven	  es;ma;on:	  	  
–  	  Z	  +	  jets	  for	  ee	  and	  eμ	  channels	  (e	  charge	  miss	  iden;fica;on)	  	  
–  Background	  with	  one	  or	  two	  jets	  mis-‐reconstructed	  as	  isolated	  
leptons	  	  

•  Top	  rejec;on	  (CMS)	  
–  Sot	  µ	  and	  b-‐jet	  detec;on	  to	  reduce	  top	  related	  backgrounds	  (D,	  
tW)	  
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Mul;-‐boson	  +	  2	  jets	  
•  Cross	  sec5on	  extrac5on	  

–  Profile	  likelihood	  ra;o	  method,	  simultaneous	  
fit	  over	  all	  three	  channels.	  	  

–  CMS	  :	  	  
Fiducial	  volume	  defini;on	  extrapola;ng	  from	  
signal	  selec;on:	  	  

–  ATLAS:	  	  
Inclusive	  and	  VBS	  fiducial	  volumes	  
corresponding	  to	  event	  selec;on.	  
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Expected	  :	  5.8	  ±	  1.2	  _	   CMS	  

pT(l)	  >	  10	  GeV	  
|eta(l)|	  <	  2.5	  
pT(j)	  >	  20	  GeV	  
|eta(j)|	  <	  5.0	  
m(jj)	  >	  300	  GeV	  
|Δy(jj)	  >	  2.5	  



Mul;-‐boson	  +	  2	  jets	  
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•  Anomalous	  couplings	  
–  Effec;ve	  theory	  to	  assess	  agreement	  with	  SM.	  
–  Constrain	  addi;onal	  operators	  to	  guard	  unitarity.	  	  
–  CMS	  :	  	  

Dim-‐8	  operators,	  C,P	  conserving.	  	  
m(ll)	  differen;al	  cross	  sec;on.	  

–  ATLAS:	  	  
k-‐matrix	  unitarisa;on	  and	  α	  parameterisa;on	  
VBS	  fiducial	  cross	  sec;on.	  



W	  γγ

•  Tri-‐boson	  final	  state	  
–  γγ(Wèlv),	  l=e,µ
–  First	  cross	  sec;on	  
measurement	  of	  tri-‐
boson	  produc;on.	  
•  Inclusive	  
•  Exclusive	  (no	  jets)	  

–  Access	  to	  
anomalous	  quar;c	  
gauge	  boson	  
couplings.	  
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W	  γγ
•  Backgrounds	  

from	  MC	  
–  Zγ,	  Zγγ,	  WZ,	  
W(τν)γγ

– D,	  WW	  
from	  Data	  
– Wj,	  Wγj,	  γγj	  
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Fake	  photon	  es;mated	  with	  two-‐dimensional	  
template	  fit	  to	  transverse	  isola;on	  distribu;on.	  
Fake	  es;mate	  dominant	  systema;c	  ~	  20%.	  



W	  γγ

•  Cross	  
sec5on	  

•  Anomalous	  
couplings	  
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Limits	  provided	  
for	  non-‐unitarised	  	  
and	  unitarised	  with	  	  
dipol-‐formfactor.	  
	  



Summary	  

•  Run-‐1	  allowed	  to	  explore	  di-‐boson	  produc;on	  
processes.	  
– Most	  di-‐boson	  measurements	  systema;cally	  
limited.	  

– Rich	  legacy	  of	  8TeV	  cross	  sec;ons	  and	  unfolded	  
distribu;ons.	  

– Tri-‐boson	  and	  VBS	  processes	  accessible.	  
•  Awai;ng	  combina;ons	  and	  Run-‐2	  analysis.	  
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