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Standard	
  Model	
  AEer	
  the	
  Higgs	
  Discovery	
  

•  Several	
  parameters	
  describe	
  the	
  SM	
  formulaMon	
  
–  At	
  tree	
  level	
  gauge	
  sector	
  described	
  by	
  three	
  free	
  parameters:	
  e.g.	
  
most	
  precisely	
  measured:	
  α,	
  MZ,	
  GFermi	
  
•  Correspond	
  to	
  Gauge	
  sector	
  parameters	
  (g,	
  g’,	
  vev)	
  

–  AddiMonal	
  parameters	
  essenMal	
  for	
  radiaMve	
  correcMons:	
  Mt,	
  MH,	
  
αs	
  (equivalent	
  to:	
  Yukawa	
  top,	
  λHiggs)	
  

–  RadiaMve	
  correcMons	
  modify	
  the	
  propagators	
  and	
  verMces	
  	
  
•  ModificaMons	
  to	
  the	
  couplings	
  and	
  MW	
  

•  RadiaMve	
  correcMons	
  as	
  a	
  test	
  of	
  the	
  SM	
  	
  and	
  constraints	
  of	
  
new	
  unknown	
  parameters	
  
–  Constrains	
  on	
  Higgs	
  mass	
  prior	
  to	
  its	
  discovery	
  
–  Super-­‐seeded	
  with	
  the	
  measurement	
  MH=125.7±0.4	
  GeV	
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Standard	
  Model	
  AEer	
  the	
  Higgs	
  Discovery	
  

•  TheoreMcal	
  achievements:	
  
–  SM	
  observables	
  known	
  to	
  at	
  least	
  two	
  loop	
  calculaMon	
  	
  
–  Higher	
  order	
  calculaMon	
  available	
  for	
  selected	
  observables	
  

•  Experimental	
  achievements:	
  
–  Precision	
  measurements	
  available	
  from	
  	
  
	
  	
  	
  	
  	
  LEP/SLC,	
  Tevatron	
  and	
  LHC	
  
–  Discovery	
  of	
  the	
  Higgs	
  boson	
  and	
  its	
  mass	
  determinaMon	
  	
  
•  SM	
  has	
  no	
  free	
  parameters	
  anymore	
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Standard	
  Model	
  AEer	
  the	
  Higgs	
  Discovery	
  

•  Many	
  SM	
  observables	
  can	
  be	
  defined	
  and/or	
  measured:	
  
–  Total	
  and	
  parMal	
  cross	
  secMons	
  
–  Strong	
  and	
  electromagneMc	
  couplings	
  
–  Asymmetries:	
  forward-­‐backward,	
  leE-­‐right	
  
–  ParMal	
  and	
  total	
  width	
  of	
  vector	
  bosons	
  	
  
–  Hadronic	
  and	
  leptonic	
  width	
  raMos	
  
–  EffecMve	
  mixing	
  angle	
  
–  Masses	
  of	
  the	
  fermions	
  	
  
–  Masses	
  of	
  W,Z	
  and	
  Higgs	
  bosons	
  
	
  

•  In	
  principle,	
  all	
  can	
  be	
  precisely	
  computed	
  using	
  a	
  fixed,	
  
complete,	
  independent	
  and	
  finite	
  set	
  of	
  input	
  parameters	
  
–  e.g.:[MH,	
  MZ,	
  mf,	
  αS(MZ),	
  Δα(MZ),	
  GF]	
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Standard	
  Model	
  aEer	
  the	
  Higgs	
  discovery	
  

•  How	
  to	
  precisely	
  test	
  consistency	
  of	
  the	
  SM	
  aEer	
  
	
  	
  	
  	
  the	
  Higgs	
  discovery?	
  

•  No	
  more	
  missing	
  parameters	
  !	
  
–  quanMfy	
  the	
  consistency	
  within	
  the	
  SM	
  observables	
  
–  detect	
  the	
  differences	
  among	
  them	
  leading	
  to	
  a	
  hint	
  of	
  new	
  physics	
  ?	
  

•  SM	
  is	
  an	
  effecMve	
  theory	
  !	
  

•  Professional:	
  run	
  a	
  global	
  fit	
  to	
  all	
  observables	
  and	
  explore	
  the	
  
power	
  of	
  staMsMcal	
  tools	
  to	
  characterize	
  the	
  agreement	
  or	
  presence	
  
of	
  new	
  physics	
  effects	
  
–  e.g.	
  MW	
  uncertainMes:	
  15	
  MeV	
  experimental	
  and	
  11	
  MeV	
  in	
  the	
  global	
  fit!	
  

•  Amateur	
  but	
  transparent:	
  choose	
  an	
  observable,	
  and	
  calculate	
  it	
  as	
  a	
  
funcMon	
  of	
  the	
  selected	
  best	
  measured	
  six	
  observables;	
  
–  analyze	
  limitaMons	
  of	
  exisMng	
  calculaMons,	
  check	
  its	
  sensiMvity	
  to	
  other	
  

parameters	
  and	
  new	
  physics	
  effects	
  
–  e.g.:	
  MW	
  has	
  8	
  MeV	
  uncertainty	
  from	
  1σ	
  exp.	
  uncertainMes	
  on	
  Mt,	
  αS,	
  αEM	
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Standard	
  Model	
  AEer	
  the	
  Higgs	
  Discovery	
  

•  RelaMve	
  DeviaMons	
  of	
  the	
  EWK	
  
Precision	
  Observables	
  
–  Experimental	
  values	
  compared	
  with	
  fit	
  

results	
  
–  Higgs	
  signal	
  strength	
  as	
  input	
  	
  
–  BeQer	
  than	
  3σ	
  agreement	
  with	
  SM	
  

•  Conclusion:	
  Higgs	
  data	
  have	
  
relaSvely	
  small	
  impact	
  on	
  the	
  
deviaSons	
  for	
  most	
  of	
  the	
  
precision	
  observables	
  
–  Increased	
  deviaMon	
  of	
  the	
  MW	
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Global	
  Fit	
  Results	
  for	
  	
  MW	
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•  Indirect:	
  (with	
  Higgs	
  mass	
  in	
  the	
  fit)	
  
MW=80,359±11	
  MeV	
  
•  World	
  average	
  (direct):	
  
MW=80,385±15	
  MeV	
  
	
  

•  Approach:	
  
–  Measurements	
  of	
  MW	
  are	
  

excluded	
  from	
  the	
  fits	
  
–  MW	
  fit	
  w/	
  and	
  w/o	
  MH	
  	
  

•  SM	
  predicMon	
  with	
  
minimal	
  input:	
  	
  
–  MZ,	
  GF,	
  MH,	
  αS(MZ),αhad(MZ)	
  

and	
  fermion	
  masses	
  

Will	
  be	
  discussed	
  later	
  on!	
  



Global	
  Fit	
  Results	
  for	
  Mt	
  

20/5/14	
  	
  Slawek	
  Tkaczyk	
   Blois	
  2014	
   8	
  

	
  	
  	
  	
  	
  	
  	
  MH	
  measurement	
  improved	
  the	
  constraint	
  of	
  mt	
  	
  

•  Consistency	
  of	
  the	
  fit	
  results	
  and	
  direct	
  measurements	
  

Tevatron	
  value:	
  
mt=173.2±0.9	
  GeV	
  

LHC	
  value:	
  
mt=173.29±0.95	
  GeV	
  

Indirect	
  mass	
  (with	
  Higgs)	
  
	
  
mt=175.8	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  GeV	
  

+2.7	
  
	
  -­‐2.4	
  



SensiMvity	
  of	
  αs	
  and	
  sin2(θleff)	
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•  Strong	
  coupling	
  at	
  MZ	
  	
  
•  Green:	
  αs(MZ)	
  leE	
  free	
  in	
  the	
  fit	
  

with	
  σ0(had)	
  and	
  R0lep	
  used	
  as	
  
inputs	
  	
  	
  	
  

•  Precision	
  observables	
  sensiMve	
  to	
  the	
  
mixing	
  angle	
  are	
  excluded	
  from	
  the	
  fit	
  	
  

sin2(θleff)	
  =	
  0.2315±0.0001(indirect)	
  
sin2(θleff)	
  =	
  0.2324±0.0012	
  (direct)	
  
	
   Consistency	
  of	
  the	
  fit	
  results	
  and	
  direct	
  measurements	
  



Mass	
  of	
  W	
  boson	
  
•  Precise	
  theoreMcal	
  calculaMons	
  of	
  W	
  mass	
  in	
  the	
  SM:	
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Almeida,Lee,Pokorski,Wells	
  et	
  al.	
  arXiv:1311.6721	
  
A.Ferroglia,	
  G.Ossola,	
  M.Passera	
  and	
  A.Sirlin,	
  
Phys.	
  Rev.	
  D	
  65,	
  113002	
  (2002)	
  [hep-­‐ph/0203224]	
  

ΔMT	
   Δα had	
   Δ	
  Mz	
  	
   Missing	
  HO	
  	
   Total	
  

0.9	
  GeV	
   1.38*10-­‐4	
   2.1	
  MeV	
   Missing	
  HO	
  [MeV](a)	
   Total	
  [MeV]	
  

ΔMW[MeV]	
   5.4	
   2.8	
   2.6	
   4.0	
   7.6	
  

Parametric	
  and	
  theory	
  uncertainSes	
  of	
  SM	
  predicSons	
  of	
  MW	
  

-­‐	
  Uncertainty	
  on	
  MW	
  –	
  7.6	
  MeV!	
  	
  
-­‐	
  Fit	
  result	
  is	
  11	
  MeV	
  –	
  higher	
  than	
  7.6MeV	
  	
  
since	
  the	
  best	
  measured	
  observables	
  used	
  !	
  	
  

(a)Awramik	
  et	
  al.,	
  Phys.Rev.D69:053006,2004	
  	
  



Editorial	
  Comment	
  	
  

	
  
•  Perform	
  careful	
  analysis	
  of	
  relaMons	
  between	
  
improvements	
  in	
  experimental	
  measurements,	
  their	
  effect	
  
on	
  the	
  parametric	
  uncertainMes	
  and	
  the	
  impact	
  of	
  
theoreMcal	
  uncertainMes	
  	
  

•  Open	
  quesMon	
  to	
  address:	
  what	
  is	
  easier	
  to	
  improve…	
  
reduce	
  4	
  MeV	
  HO	
  correcMon…	
  or	
  reduce	
  experimental	
  
uncertainMes	
  ?	
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Measurements	
  of	
  W	
  Mass	
  

•  Observables	
  transversal	
  to	
  the	
  beam	
  direcMon	
  	
  
–  Lepton	
  PT	
  –	
  dependent	
  on	
  W	
  boson	
  PT	
  –	
  non-­‐pert.	
  QCD	
  effects	
  important	
  

– W	
  boson	
  transverse	
  mass	
  MT	
  –	
  dependent	
  on	
  resoluMon	
  effects	
  	
  
– Missing	
  ET	
  –	
  strong	
  dependence	
  on	
  resoluMon	
  effects	
  –	
  recoil	
  

•  MW	
  obtained	
  from	
  the	
  template	
  fit	
  	
  technique	
  	
  
–  Different	
  observables	
  
–  Templates	
  for	
  each	
  value	
  of	
  MW	
  based	
  on	
  the	
  theoreMcal	
  model	
  
•  Dependence	
  on	
  NLO	
  EW	
  and	
  QCD	
  correcMons,	
  PDF’s	
  

– MinimizaMon	
  of	
  log	
  likelihood	
  raMo	
  as	
  a	
  funcMon	
  of	
  MW	
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80200 80400 80600

Mass of the W Boson

 [MeV]WM

Measurement  [MeV]WM

CDF )-11988-1995 (107 pb  79±80432 

D0 )-11992-1995 (95 pb  83±80478 

CDF )-12002-2007 (2.2 fb  19±80387 

D0 )-12002-2009 (5.3 fb  23±80376 

Tevatron 2012  16±80387 

LEP  33±80376 

World average  15±80385 

Measurements	
  of	
  W	
  Boson	
  Mass	
  

•  MT	
  most	
  sensiMve	
  variable	
  
–  Also	
  MET	
  and	
  lepton	
  PT	
  	
  

•  CDF	
  –	
  most	
  precise	
  MW	
  
measurement	
  19	
  MeV!	
  

•  World	
  average	
  W	
  mass	
  is:	
  
	
  	
  	
  	
  	
  	
  MW	
  =	
  80385	
  ±	
  15	
  MeV	
  
	
  
•  Tevatron	
  Legacy	
  results:	
  

	
  PRD	
  89,	
  072003	
  (2014)	
  CDF	
  
	
  PRD	
  89,	
  012005	
  (2014)	
  D0	
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LHC	
  ?	
  

Phys.	
  Rev.	
  D	
  88,	
  052018	
  (2013)	
  (arXiv:1307.7627)	
  



Tevatron	
  2012	
  MW	
  Results	
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CDF:	
  
M_W=80,387+/-­‐12(stat)+/-­‐15(syst)	
  

	
  	
  	
  =80,387+/-­‐19	
  MeV	
  	
  
	
  

CDF	
  2012:	
  Phys.	
  Rev.	
  Lel.	
  108,	
  151803	
  (2012)	
  
Phys.	
  Rev.	
  D	
  89,	
  072003	
  (2014)	
  arXiv:1311.0894	
  

D0	
  2012:	
  Phys.	
  Rev.	
  Lel.	
  108,	
  151804,	
  (2012)	
  
	
  Phys.	
  Rev.	
  D	
  89,	
  012005	
  (2014),	
  	
  arXiv:1310.8628	
  

D0	
  :	
  
M_W=	
  80.375+/-­‐0.011(stat)+/-­‐0.020(syst)	
  GeV	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  80.375+/-­‐0.023	
  GeV	
  



W	
  Mass	
  at	
  the	
  LHC	
  
•  Important	
  physics	
  measurement	
  in	
  the	
  LHC	
  program	
  
–  Large	
  samples	
  of	
  W,	
  Z	
  in	
  2011-­‐2012	
  data	
  sets	
  	
  

•  Differences	
  between	
  pp	
  (LHC)	
  and	
  pp-­‐bar	
  (Tevatron)	
  
collisions	
  	
  	
  
–  Differences	
  in	
  W+	
  and	
  W-­‐	
  producMon,	
  PDFs	
  

•  Challenges	
  for	
  LHC	
  for	
  precision	
  MW	
  determinaMon:	
  
–  TheoreMcal	
  understanding	
  of	
  the	
  pT(W)	
  
–  Improved	
  PDFs	
  (strangeness)	
  
–  Pile-­‐up	
  effects	
  on	
  soE	
  recoil	
  

•  Discussions	
  at	
  Snowmass’13	
  	
  
•  A	
  lot	
  of	
  work	
  ahead	
  !	
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• TOP	
  QUARK	
  MASS	
  DeterminaSon	
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Top	
  Quark	
  Mass	
  

•  Important	
  precise	
  parameter	
  of	
  the	
  SM	
  	
  	
  
–  CriMcal	
  input	
  to	
  the	
  EWK	
  global	
  fits	
  to	
  constrain	
  the	
  Higgs	
  
properMes,	
  and	
  to	
  assess	
  the	
  internal	
  consistency	
  of	
  the	
  SM	
  

•  Experimental	
  methods	
  of	
  measurement	
  of	
  the	
  top	
  mass	
  
–  Templates	
  –	
  generated	
  distribuMons	
  with	
  different	
  Mt	
  	
  
– Matric	
  Element	
  –	
  probability	
  based	
  on	
  ME	
  using	
  full	
  kinemaMcs	
  	
  
–  Ideogram	
  –	
  event	
  likelihood	
  evaluated	
  from	
  analyMcal	
  expressions	
  	
  

–  Use	
  same	
  systemaMc	
  categories	
  between	
  experiments	
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 [GeV]topm
165 170 175 180 1851

17

       LHC September 2013  0.88)± 0.26 ± (0.23  0.95±173.29 
       Tevatron March 2013 (Run I+II)  0.61)± 0.36 ± (0.51  0.87±173.20 

 prob.=93%2χ 
 / ndf =4.3/102χ World comb. 2014  0.67)± 0.24 ± (0.27  0.76±173.34 

-1 = 3.5 fbint   L
CMS 2011, all jets  1.23)± (0.69             1.41±173.49 

-1 = 4.9 fbint   L
CMS 2011, di-lepton  1.46)± (0.43             1.52±172.50 

-1 = 4.9 fbint   L
CMS 2011, l+jets  0.97)± 0.33 ± (0.27  1.06±173.49 

-1 = 4.7 fbint   L
ATLAS 2011, di-lepton  1.50)± (0.64             1.63±173.09 

-1 = 4.7 fbint   L
ATLAS 2011, l+jets  1.35)± 0.72 ± (0.23  1.55±172.31 

-1 = 5.3 fbint   L
D0 RunII, di-lepton  1.38)± 0.55 ± (2.36  2.79±174.00 

-1 = 3.6 fbint   L
D0 RunII, l+jets  1.16)± 0.47 ± (0.83  1.50±174.94 

-1 = 8.7 fbint   L

+jetsmiss
TCDF RunII, E

 0.86)± 1.05 ± (1.26  1.85±173.93 
-1 = 5.8 fbint   L

CDF RunII, all jets  1.04)± 0.95 ± (1.43  2.01±172.47 
-1 = 5.6 fbint   L

CDF RunII, di-lepton  3.13)± (1.95             3.69±170.28 
-1 = 8.7 fbint   L

CDF RunII, l+jets  0.86)± 0.49 ± (0.52  1.12±172.85 

-1 - 8.7 fb-1 = 3.5 fbint combination - March 2014,  LtopTevatron+LHC m
ATLAS + CDF + CMS + D0 Preliminary

)    syst.   iJES  stat.total    (Pr
ev

io
us

C
om

b.

Top	
  Quark	
  Mass	
  Measurements	
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[0.44%]	
  

arXix:	
  1403.4427	
  	
  



Top	
  Quark	
  Mass	
  Measurements	
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ATLAS,	
  CMS,	
  CDF,	
  D0	
  –	
  arXix:	
  1403.4427	
  March	
  2014	
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 [GeV]tm
168 170 172 174 176 178 180 182 184

 [G
eV

]
W

m

80.33
80.34
80.35
80.36
80.37
80.38
80.39
80.4

80.41
80.42
80.43

(World Average)
t

(World Average), mWm

68% C.L

MW,	
  Mt,	
  MH	
  CombinaMon	
  
•  World’s	
  best	
  Mt	
  ,	
  	
  MW	
  	
  combinaMons	
  with	
  the	
  MH	
  

measurement	
  included	
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Mdir
W=80385±15	
  MeV	
  

Mdir
t=173.34±0.76	
  GeV	
  

Mdir
H=125.7±0.4	
  GeV	
  

ParametrisaSon:	
  
Almeida,Lee,Pokorski,Wells	
  et	
  al.	
  
arXiv:1311.6721	
  

	
  
Consistent	
  agreement	
  
between	
  the	
  world	
  average	
  
masses	
  of	
  Mt,	
  MW,	
  in	
  the	
  
presence	
  of	
  the	
  measured	
  MH	
  



Top	
  Quark	
  Mass	
  Measurements	
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CMS	
  and	
  D0	
  updated	
  results	
  in	
  lepton+jets	
  channels	
  	
  
–  Top	
  quark	
  mass	
  determined	
  simultaneously	
  	
  with	
  the	
  
Jet	
  energy	
  Scale	
  Factor	
  constrained	
  by	
  the	
  W	
  mass	
  	
  

Mt	
  =	
  172.0±0.2	
  (stat.+JSF)	
  ±0.75	
  (syst.)	
  GeV	
  

CMS	
  combinaMon	
  with	
  previous	
  measurements:	
  
M_t	
  =	
  172.2±0.1	
  (stat.)	
  ±0.7	
  (syst.)	
  GeV	
  

CMS-­‐PAS-­‐TOP-­‐14-­‐001;	
  26	
  Mar	
  2014	
  

Mt	
  =	
  174.98±0.58	
  (stat.+JSF)	
  ±0.49	
  (syst.)	
  GeV	
  
	
  =	
  174.98±0.76	
  GeV	
  

D0:	
  

CMS:	
  

arXiv:/1405.1756	
  [hep-­‐ex]	
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More	
  about	
  TOP:	
  -­‐	
  today’s	
  plenary	
  
Top+Higgs:	
  Tue	
  20	
  May;	
  16:30	
  	
  
-­‐Top	
  quark	
  physics	
  at	
  the	
  Tevatron,	
  R.	
  Kehoe	
  
-­‐Top	
  Quark	
  mass	
  measurements	
  at	
  the	
  LHC;	
  B.	
  SMeger	
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)2Invariant Mass (GeV/c
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CC-CC events
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 preliminary-1D0 9.7 fb

AFB	
  and	
  sin2(θW)	
  
•  Important	
  input	
  to	
  global	
  tests	
  of	
  the	
  EWK	
  theory	
  

–  In	
  hadron	
  collisions	
  AFB	
  sensiMve	
  to	
  the	
  sin2(θW)	
  
•  Recent	
  measurements	
  from	
  Tevatron	
  and	
  LHC	
  

–  SystemaMcs	
  dominated	
  by	
  the	
  PDFs	
  	
  
•  D0	
  with	
  preliminary	
  measurement	
  in	
  electron	
  data	
  set	
  	
  

–  More	
  precise	
  energy	
  calibraMons	
  and	
  increased	
  data	
  size	
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eff
le 2sin

0.228 0.23 0.232 0.234 0.236 0.238

LEP and SLD Average
 0.00016±    0.23153 

-1 (DØ), 9.7 fbee
FBA

preliminary
 0.00053±0.23106 

-1 (CDF), 9 fbµµ

FBA  0.0010±0.2315 

-1 (CDF), 2.0 fbee
FBA  0.0011±0.2328 

had
fbQ  0.0012±0.2324 

0, c
fbA  0.00081±0.23220 

0, b
fbA  0.00029±0.23221 

 (SLD)lrA  0.00026±0.23098 

)
o

(PlA  0.00041±0.23159 

0, l
fbA  0.00053±0.23099 

Tevatron	
  precision	
  close	
  to	
  LEP/SLC	
  

D0	
  Conf	
  Note	
  6426-­‐Conf	
  (2014)	
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AFB	
  and	
  sin2(θW)	
  in	
  CDF	
  	
  
•  Method:	
  Forward-­‐Backward	
  asymmetry	
  in	
  DY	
  muon	
  pairs	
  	
  
•  sin2(θWeff)	
  from	
  angular	
  coefficient	
  (A4)	
  and	
  ResBos	
  predicMons	
  using	
  a	
  template	
  fit	
  

–  Polar	
  angle	
  Born	
  level	
  distribuMon:	
  	
  1+cos2θ	
  +	
  A4cosθ;	
  AFB=3/8A4	
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Phys.	
  Rev	
  D.	
  89,	
  072005	
  (2014)	
  	
  

New	
  SM	
  measurements	
  at	
  the	
  Tevatron,	
  Arie	
  Bodek	
  
QCD+HF+EW	
  Session,	
  Wed,	
  21	
  May	
  14:00	
  

sin2(θeff)	
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∫
L dt

[fb−1] Reference

– σfid(ZZ∗ → ℓℓνν) 4.6 JHEP 03, 128 (2013)σ = 12.7 +3.1

−2.9
± 1.8 fb (data),

PowhegBox & gg2ZZ (theory)

– σfid(ZZ∗ → 4ℓ) 4.6 JHEP 03, 128 (2013)σ = 29.8 +3.8

−3.5
+2.1

−1.9
fb (data),

PowhegBox & gg2ZZ (theory)

– σfid(ZZ → 4ℓ)
4.6 JHEP 03, 128 (2013)σ = 25.4 +3.3

−3.0
+1.6

−1.4
fb (data),

PowhegBox & gg2ZZ (theory)

20.3 ATLAS-CONF-2013-020σ = 20.7 +1.3

−1.2
± 1.0 fb (data), MCFM (theory)

σtotal(ZZ)
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)

– σfid(WZ → ℓνℓℓ) 13.0 ATLAS-CONF-2013-021σ = 99.2 +3.8
−3.0

+6.0
−6.2

fb (data), MCFM (theory)

σtotal(WZ)
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)

– σfid(WW → µµ) 4.6 PRD 87, 112001 (2013)σ = 73.9 ± 5.9 ± 7.5 fb (data), MCFM (theory)

– σfid(WW → ee) 4.6 PRD 87, 112001 (2013)σ = 56.4 ± 6.8 ± 10.0 fb (data), MCFM (theory)

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

– [njet = 0] 4.6 PRD 87, 112003 (2013)1.05 ± 0.02 ± 0.11 pb (data), MCFM (theory)

σfid(Zγ → ℓℓγ) 4.6 PRD 87, 112003 (2013)1.31 ± 0.02 ± 0.12 pb (data), MCFM (theory)

– [njet = 0] 4.6 PRD 87, 112003 (2013)1.76 ± 0.03 ± 0.22 pb (data), MCFM (theory)

σfid(Wγ → ℓνγ) 4.6 PRD 87, 112003 (2013)2.77 ± 0.03 ± 0.36 pb (data), MCFM (theory)

σfid(γγ)[∆Rγγ > 0.4] 4.9 JHEP 01, 086 (2013)44.0
+3.2

−4.2
pb (data), 2γNNLO (theory)

data/theory
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

LHC pp
√
s = 7 TeV

theory

data
stat only
stat+syst

LHC pp
√
s = 8 TeV

theory

data
stat only
stat+syst

Diboson Cross Section Measurements Status: March 2014

ATLAS Preliminary

Run 1
√
s = 7, 8 TeV

	
  Vector	
  Boson	
  ProducMon	
  
•  Provide	
  fundamental	
  tests	
  of	
  the	
  SM	
  

–  Measurements	
  of	
  self-­‐interacMons	
  and	
  
gauge	
  couplings	
  (TGC,	
  QGC)	
  

–  Probe	
  of	
  new	
  physics	
  	
  
•  Direct	
  –	
  resonances	
  with	
  dibosons	
  final	
  

states	
  
•  Indirect	
  –	
  deviaMons	
  from	
  SM	
  expectaMons	
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  ProducSon	
  Consistent	
  with	
  the	
  SM	
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→γγ

qqll
EW γWV tt t-cht tW s-cht γtt ttZ

σ∆ in exp. Hσ∆Th. 
ggH qqH

VBF VH ttH

CMS 95%CL limit

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 

7 TeV Theory prediction
8 TeV Theory prediction

•  InteresMng	
  final	
  states:	
  
–  Single	
  boson	
  from	
  VV	
  scalering	
  –	
  TGC	
  	
  
–  Di-­‐bosons	
  from	
  VV	
  scalering	
  –	
  

mulMple	
  graphs	
  	
  	
  
–  Di-­‐bosons	
  inclusive	
  –	
  also	
  TGC	
  	
  
–  Tri-­‐bosons	
  –	
  QGC	
  	
  



Limits	
  on	
  Triple	
  GC	
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aTGC Limits @95% C.L.
-0.5 0 0.5 1 1.5

Feb 2013

γκ∆
γW -0.410 - 0.460 -14.6 fb
γW -0.380 - 0.290 -15.0 fb

WW -0.210 - 0.220 -14.9 fb
WV -0.110 - 0.140 -15.0 fb
D0 Combination -0.158 - 0.255 -18.6 fb
LEP Combination -0.099 - 0.066 -10.7 fb

γλ
γW -0.065 - 0.061 -14.6 fb
γW -0.050 - 0.037 -15.0 fb

WW -0.048 - 0.048 -14.9 fb
WV -0.038 - 0.030 -15.0 fb
D0 Combination -0.036 - 0.044 -18.6 fb
LEP Combination -0.059 - 0.017 -10.7 fb

ATLAS Limits
CMS Limits
D0 Limit
LEP Limit

aTGC Limits @95% C.L.
-0.5 0 0.5 1 1.5

Feb 2013

Zκ∆
WW -0.043 - 0.043 -14.6 fb
WV -0.043 - 0.033 -15.0 fb
LEP Combination -0.074 - 0.051 -10.7 fb

Zλ
WW -0.062 - 0.059 -14.6 fb
WW -0.048 - 0.048 -14.9 fb
WZ -0.046 - 0.047 -14.6 fb
WV -0.038 - 0.030 -15.0 fb
D0 Combination -0.036 - 0.044 -18.6 fb
LEP Combination -0.059 - 0.017 -10.7 fb

1
Zg∆ WW -0.039 - 0.052 -14.6 fb

WW -0.095 - 0.095 -14.9 fb
WZ -0.057 - 0.093 -14.6 fb
D0 Combination -0.034 - 0.084 -18.6 fb
LEP Combination -0.054 - 0.021 -10.7 fb

ATLAS Limits
CMS Limits
D0 Limit
LEP Limit

WWγ	
  

WWΖ	
  

Tevatron	
  results	
  with	
  scale	
  dependent	
  
form-­‐factors	
  with	
  cut-­‐off	
  scale	
  Λ=2TeV	
  	
  	
  

•  Analysis	
  of	
  the	
  WWZ	
  and	
  WWγ	
  
final	
  states	
  	
  

•  Limits	
  obtained	
  from	
  pT	
  
distribuMons	
  

•  Analysis	
  of	
  the	
  ZZZ	
  and	
  ZZγ	
  final	
  states	
  
•  Form	
  factors	
  used	
  with	
  various	
  cut-­‐off	
  

scales	
  	
  
•  Limits	
  obtained	
  from	
  the	
  ZZ	
  cross	
  sect.	
  

aTGC Limits @95% C.L.
-0.5 0 0.5 1 1.5

Nov 2013

-1x10

4
γf ZZ -0.015 - 0.015 -14.6 fb

ZZ -0.004 - 0.004 -119.6 fb
)νZZ (2l2 -0.004 - 0.003 -15.1, 19.6 fb

4
Zf ZZ -0.013 - 0.013 -14.6 fb

ZZ -0.004 - 0.004 -119.6 fb
)νZZ (2l2 -0.003 - 0.003 -15.1, 19.6 fb

5
γf ZZ -0.016 - 0.015 -14.6 fb

ZZ -0.005 - 0.005 -119.6 fb
)νZZ(2l2 -0.004 - 0.004 -15.1, 19.6 fb

5
Zf ZZ -0.013 - 0.013 -14.6 fb

ZZ -0.005 - 0.005 -119.6 fb
)νZZ (2l2 -0.004 - 0.003 -15.1, 19.6 fb

ATLAS Limits
CMS Prel. LimitsZZZ	
  

aTGC Limits @95% C.L.
-0.5 0 0.5 1 1.5

Feb 2013

-1x10

3
γh γZ -0.015 - 0.016 -14.6 fb

γZ -0.003 - 0.003 -15.0 fb
γZ -0.022 - 0.020 -15.1 fb

3
Zh γZ -0.013 - 0.014 -14.6 fb

γZ -0.003 - 0.003 -15.0 fb
γZ -0.020 - 0.021 -15.1 fb

x1004
γh

γZ -0.009 - 0.009 -14.6 fb
γZ -0.001 - 0.001 -15.0 fb

x1004
Zh γZ -0.009 - 0.009 -14.6 fb

γZ -0.001 - 0.001 -15.0 fb

ATLAS Limits
CMS Limits
CDF LimitZZγ	
  

Consistent	
  with	
  SM	
  
expectaSons	
  	
  

LeE:	
  	
  
EffecMve	
  lagrangian	
  
method	
  with	
  5	
  param.	
  
	
  SM	
  :	
  (g1Z,	
  Kγ,Z	
  ,	
  λγ,Z	
  )	
  =	
  (1,1,0)	
  

Right:	
  	
  
ZZ:	
  EffecMve	
  lagrangian	
  
method	
  with	
  2	
  parameters	
  
SM:	
  (f4γ,Z	
  ,	
  f5γ,Z	
  	
  )	
  =	
  (0,0)	
  	
  
Zγ:	
  Vertex	
  funcMon	
  approach	
  
method	
  with	
  2	
  parameters	
  
SM:	
  (h3γ,Z,	
  h4γ,Z	
  )	
  =	
  (0,0)	
  



Limits	
  on	
  QuarSc	
  GC	
  
•  Analysis	
  of	
  di-­‐bosons	
  in	
  the	
  final	
  state	
  

–  in	
  scalering	
  topologies	
  
–  with	
  tri-­‐boson	
  final	
  states	
  	
  

•  QGC	
  limits	
  set	
  on	
  dim-­‐6	
  and	
  dim-­‐8	
  EFT	
  operators	
  
–  dim-­‐6:	
  aW0,C,(WWγγ);	
  kW0,C,(WWΖγ);	
  dim-­‐8:	
  fT,0;	
  fM,i	
  	
  

•  No	
  deviaMons	
  from	
  the	
  SM	
  expectaMons	
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s Quartic Coupling limits @95% C.L.            Channel             Limits               L                   γγAnomalous WW

LEP L3 limits
D0 limits

 limitsγCMS WW
 WW limits → γγCMS 

-2 TeV2Λ/W
0a

-2 TeV2Λ/W
Ca

-4 TeV4Λ /T,0f

γWW     0.20 TeV-1[- 15000, 15000]   0.43fb

 WW→ γγ     1.96 TeV-1    [- 430, 430]       9.70fb

γWW     8.0   TeV-1      [- 21, 20]       19.30fb

 WW→ γγ     7.0   TeV-1[- 4, 4]           5.05fb

γWW     0.20 TeV-1[- 48000, 26000]   0.43fb

 WW→ γγ     1.96 TeV-1  [- 1500, 1500]     9.70fb

γWW     8.0   TeV-1      [- 34, 32]       19.30fb

 WW→γγ     7.0   TeV-1      [- 15, 15]         5.05fb

γWW     8.0   TeV-1      [- 25, 24]       19.30fb

For	
  comparison	
  with	
  earlier	
  results	
  the	
  
EFT	
  formalism	
  without	
  SM	
  Higgs	
  

Observed Limits Expected Limits
-77 (TeV − 4) < fM ,0/ Λ 4 < 81 (TeV − 4) -89 (TeV − 4) < fM ,0/ Λ 4 < 93 (TeV − 4)

-131 (TeV − 4) < fM ,1/ Λ 4 < 123 (TeV − 4) -143 (TeV − 4) < fM ,1/ Λ 4 < 131 (TeV − 4)
-39 (TeV − 4) < fM ,2/ Λ 4 < 40 (TeV − 4) -44 (TeV − 4) < fM ,2/ Λ 4 < 46 (TeV − 4)
-66 (TeV − 4) < fM ,3/ Λ 4 < 62 (TeV − 4) -71 (TeV − 4) < fM ,3/ Λ 4 < 66 (TeV − 4)

EFT	
  formalism	
  with	
  the	
  SM	
  Higgs	
  

CMS:	
  arXiv:1404.4619	
   First	
  limit	
  on	
  dim-­‐8	
  parameter	
  FT,0/Λ4	
  	
  	
  	
  

-­‐12TeV-­‐2<	
  kW0/Λ2<	
  10TeV-­‐2	
  

-­‐18TeV-­‐2<	
  kWC/Λ2<	
  17TeV-­‐2	
  	
  
-­‐12TeV-­‐2<	
  kW0/Λ2<	
  12TeV-­‐2	
  

-­‐19TeV-­‐2<	
  kWC/Λ2<	
  18TeV-­‐2	
  	
  



pp-­‐>W+W+jj-­‐>llννjj	
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Atlas_Conf_2014_013	
  (March	
  2014)	
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K-matrix unitarization

68% CL
95% CL
expected 95% CL
Standard Model

confidence intervals

Inclusive	
  mjj	
  	
  QCD+EW	
  region	
  

Enriched	
  VBS	
  region	
  in	
  Δyjj>2.4	
  

Significance:	
  EWK+QCD	
  	
  	
  	
  VBS	
  
Observed:	
  	
  	
  	
  	
  4.5	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  3.6	
  
Expected:	
  	
  	
  	
  	
  	
  3.4	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2.8	
  

Cross	
  secMon:	
  
Incl:	
  σ=2.1	
  +/-­‐	
  0.5(stat(	
  +/-­‐0.1(sys)	
  
VBS:	
  σ=	
  1.3	
  +/-­‐	
  0.4(stat(	
  +/-­‐0.2(sys)	
  

Limits	
  on	
  QGC:	
  a4	
  and	
  a5	
  
-­‐0.14	
  <	
  a4	
  <	
  0.16	
  
-­‐0.23	
  <	
  a4	
  <	
  0.24	
  
Expected:	
  
-­‐0.10	
  <	
  a4	
  <	
  0.12	
  
-­‐0.18	
  <	
  a5	
  	
  <	
  0.20	
  

First	
  observaMon	
  of	
  the	
  VBS	
  VV-­‐>VV	
  	
  



MulMboson	
  Studies	
  	
  
Summary	
  

•  LEP	
  and	
  Tevatron	
  results	
  completed!	
  
•  New	
  LHC	
  analyses	
  explore	
  the	
  muliM-­‐boson	
  final	
  states	
  at	
  7,	
  
8	
  (soon	
  13	
  TeV)	
  	
  
–  Limits	
  set	
  on	
  possible	
  deviaMons	
  from	
  the	
  SM	
  
–  Vector	
  Boson	
  Scalering	
  process	
  observed	
  by	
  ATLAS	
  	
  
– No	
  evidence	
  of	
  anomalous	
  couplings	
  !	
  

•  Is	
  modern	
  approach	
  to	
  anomalous	
  couplings	
  needed?	
  
–  C.	
  Degrande	
  et	
  al.	
  Annals	
  of	
  Physics	
  335	
  (2013)	
  21–32	
  arXiv:1205.4231	
  

•  AddiSonal	
  talks	
  at	
  QCD+HF+EW	
  session	
  on	
  21	
  May,	
  14:00:	
  
–  Electroweak	
  tests	
  at	
  the	
  LHC	
  –	
  Nenad	
  Vranjes	
  
–  Diboson	
  ProducMon	
  cross	
  secMon	
  at	
  the	
  LHC	
  –	
  Hughes	
  Louis	
  Brun	
  
20/5/14	
  	
  Slawek	
  Tkaczyk	
   Blois	
  2014	
   30	
  



SUMMARY	
  
•  ConMnue	
  the	
  tradiMon	
  of	
  precision	
  SM	
  
measurements	
  with	
  new	
  data	
  and	
  new	
  
theoreMcal	
  developments	
  	
  

•  Challenging	
  to	
  find	
  Beyond	
  Standard	
  Model	
  
Physics	
  using	
  the	
  precision	
  EWK	
  
measurements	
  

•  More	
  alenMon	
  to	
  searches	
  	
  for	
  exoMc	
  physics	
  
effects	
  which	
  may	
  be	
  forbidden	
  or	
  suppressed	
  	
  
in	
  the	
  SM	
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Backup	
  SLIDES	
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W	
  boson	
  asymmetry	
  at	
  Tevatron	
  

•  D0	
  recent	
  measurements	
  of	
  the	
  
muon	
  charge	
  asymmetry	
  

•  Shape	
  difference	
  from	
  
influence	
  of	
  V-­‐A	
  	
  decay	
  in	
  (a)	
  

•  Tevatron	
  results	
  most	
  	
  precise	
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  Rev.	
  D	
  88,	
  091102(R)	
  (2013)	
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AFB	
  and	
  sin2(θW)	
  in	
  ATLAS	
  	
  
•  Method:	
  Forward	
  Backward	
  asymmetry	
  in	
  DY	
  lepton	
  pairs	
  	
  
–  AFB	
  induced	
  by	
  the	
  V-­‐A	
  interference	
  
–  In	
  pp	
  addiMonal	
  diluMon	
  from	
  unknown	
  quark	
  direcMon	
  –	
  pz(ll)	
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eff
Wθ

2sin
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sin2(θW)eff	
  =	
  0.2297±0.0004	
  (stat.)	
  ±0.0009	
  (sys.)	
  

sin2(θeff)	
  	
  
2013	
  



SM	
  Contours	
  in	
  MW	
  and	
  Mt	
  plane	
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•  Consistent	
  agreement	
  between	
  the	
  world	
  average	
  masses	
  of	
  Mt,	
  MW,	
  in	
  the	
  
presence	
  of	
  the	
  measured	
  MH	
  



D0	
  MW	
  2013	
  Results	
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•  1.7mln	
  W’s	
  with	
  central	
  electron	
  |eta|<1.05	
  

M_W=	
  80.367+/-­‐0.013(stat)+/-­‐0.022(syst)	
  GeV	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  80.367+/-­‐0.026	
  GeV	
  
	
  
Combined	
  with	
  previous	
  result:	
  
2013	
  D0	
  combinaMon:	
  
M_W=	
  80.375+/-­‐0.011(stat)+/-­‐0.020(syst)	
  GeV	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  80.375+/-­‐0.023	
  GeV	
  
	
  



Tevatron	
  UncertainSes	
  in	
  MW	
  combinaSon	
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[MeV]	
  



W	
  Boson	
  Asymmetry	
  in	
  at	
  Tevatron	
  	
  

•  W	
  boson	
  asymmetry	
  (e	
  channel)	
  as	
  
a	
  funcMon	
  of	
  W	
  boson	
  rapidity	
  
–  No	
  V-­‐A	
  decay	
  diluMon	
  effects	
  	
  
–  Neutrino	
  longitudinal	
  momentum	
  

deduced	
  	
  

•  Overall	
  agreement	
  but	
  data	
  
below	
  the	
  predicMons	
  for	
  
rapidiMes	
  less	
  than	
  1	
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Top	
  Quark	
  Mass	
  Measurements	
  	
  
•  Improvements	
  in	
  the	
  Mt	
  precision	
  below	
  0.5GeV	
  desired	
  
–  Impact	
  on	
  understanding	
  of	
  SM	
  –	
  reduce	
  the	
  uncertainty	
  on	
  MW	
  

–  Decisive	
  tests	
  of	
  vacuum	
  stability	
  in	
  SM	
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CMS:	
  arXiv:	
  1404.1013	
  

•  ConvenMonal	
  algorithms:	
  
–  Full	
  reconstrucMon	
  of	
  top	
  quark;	
  limited	
  by	
  jet	
  energy	
  scale	
  

•  AlternaMve:	
  LXY,	
  J/Psi,	
  Endpoints:	
  
–  Reduced	
  systemaMcs	
  by	
  increased	
  staMsMcal	
  uncertainty	
  
–  Limited	
  by	
  b-­‐jet	
  Energy	
  Scale	
  and	
  modeling	
  of	
  b	
  fragmentaMon	
  
–  Suitable	
  for	
  HL-­‐LHC	
  

OpMmisMc	
  assumpMons	
  

Run	
  I	
   Run	
  II	
  


