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Present	
  Day:	
  We	
  have	
  a	
  Standard	
  Model	
  



In	
  the	
  beginning….	
  

•  When	
  Howard	
  began	
  his	
  career,	
  no	
  Standard	
  Model	
  

•  Howard	
  has	
  made	
  major	
  contribuNons	
  to	
  filling	
  in	
  
and	
  understanding	
  many	
  of	
  these	
  boxes!	
  



Fast	
  pace	
  of	
  Discovery	
  

•  Charm,	
  1974	
  
•  Tau,	
  1974-­‐1976	
  
•  Bo[om,	
  1977	
  
•  Gluon	
  jets,	
  1979	
  
•  W/Z,	
  1983	
  
•  Top,	
  1995	
  
•  Higgs,	
  2012	
  
•  ????	
  

•  Bubble	
  chamber	
  experiments	
  
•  KLèµµ,	
  BNL	
  (1973)	
  
•  E268,	
  FNAL	
  (1973-­‐1976),	
  Measurements	
  	
  
of	
  η, π0, ω	
  rates	
  from	
  π,	
  K,	
  p	
  beams	
  

•  E686,	
  BNL	
  (1976-­‐1981),	
  Search	
  for	
  	
  
associated	
  charm	
  at	
  the	
  AGS	
  	
  

•  Isabelle,	
  BNL	
  (1976-­‐1982)	
  
•  ISR807,	
  CERN	
  (1979-­‐1982),	
  jets	
  
•  D0,	
  FNAL	
  (1983-­‐1995),	
  Top	
  quark	
  
discovery,	
  SM	
  measurements,	
  BSM	
  
searches	
  

•  Empact/Gem,	
  (SSC)	
  1988-­‐1993	
  
•  ATLAS,	
  1994-­‐,	
  Higgs,	
  SM	
  measurements,	
  
BSM	
  searches	
  



Understanding	
  Quarks	
  

•  KLèµ+µ- (BNL)	
  (1973)	
  
•  6	
  authors	
  on	
  paper!	
  	
  

u,c,t	
  
•  Suppressed	
  by	
  GIM	
  
mechanism	
  

•  SensiNve	
  to	
  top	
  	
  and	
  charm	
  
quark	
  masses	
  

PDG	
  2016	
  

VUd	
  VUd	
  

VUs	
  

BR(K0
L ! µ+µ�) = 14+13

�7 ⇥ 10�9



Understanding	
  Quarks….	
  

•  BNL	
  E777	
  (1985-­‐1988)	
  :	
  Kèπ µ e	
  	
  
–  	
  Do	
  weak	
  decays	
  conserve	
  electron	
  and	
  muon	
  numbers?	
  

•  (SNll	
  a	
  quesNon	
  for	
  understanding	
  ν	
  mass!)	
  



Fermilab-­‐E268	
  (1973-­‐1976)	
  

•  Producing	
  π,	
  K,	
  ω, η from	
  π,	
  K,	
  p	
  beams	
  
– Searched	
  for	
  ηc	
  aier	
  charm	
  quark	
  discovery	
  

•  Measure	
  rates	
  at	
  high	
  transverse	
  momentum	
  
•  Measure	
  energy	
  and	
  parNcle	
  species	
  dependence	
  
•  Important	
  insight:	
  High	
  pT	
  sca[ering	
  led	
  to	
  the	
  
understanding	
  that	
  the	
  underlying	
  theory	
  has	
  point-­‐like	
  
quarks	
  and	
  gluons	
  	
  

Part	
  of	
  a	
  program	
  of	
  high	
  pT	
  experiments	
  at	
  Fermilab	
  
leading	
  to	
  experimental	
  understanding	
  of	
  quark	
  model	
  



Fermilab-­‐	
  E268	
  

(1978)	
  



R807	
  @CERN	
  (1979-­‐1982)	
  
•  Look	
  for	
  jets	
  at	
  large	
  pT	
  in	
  calorimeter	
  
•  (At	
  the	
  Nme	
  it	
  wasn’t	
  clear	
  this	
  could	
  be	
  done)	
  
•  Jets	
  are	
  now	
  criNcal	
  tool	
  for	
  collider	
  physics	
  

See	
  McCubbin	
  talk	
  



CERN	
  R807	
  

Another	
  piece	
  of	
  evidence	
  
for	
  the	
  quark	
  model	
  



Today:	
  	
  Jets	
  are	
  a	
  tool	
  

– 2.5 < y∗ < 3.0, 2 < mjj < 5 TeV
σ = 16.0 ± 2.0 + 5.4 − 4.3 pb (data)

– 2.0 < y∗ < 2.5, 1.3 < mjj < 5 TeV
σ = 371.0 ± 9.7 + 81.5 − 72.1 pb (data)

– 1.5 < y∗ < 2.0, 0.8 < mjj < 4.6 TeV
σ = 3.57 ± 0.04 + 0.51 − 0.49 nb (data)

– 1.0 < y∗ < 1.5, 0.5 < mjj < 4.6 TeV
σ = 10.12 ± 0.07 + 1.02 − 1.03 nb (data)

– 0.5 < y∗ < 1.0, 0.3 < mjj < 4.3 TeV
σ = 37.33 ± 0.2 + 3.25 − 3.03 nb (data)

– y∗ < 0.5, 0.3 < mjj < 4.3 TeV
σ = 35.47 ± 0.15 + 2.79 − 2.66 nb (data)

Dijet R=0.4, |y| < 3.0, y∗ < 3.0 σ = 86.87 ± 0.26 + 7.56 − 7.2 nb (data)

– 2.5 < y∗ < 3.0, 2 < mjj < 5 TeV
σ = 26.9 ± 4.2 + 7.7 − 6.4 pb (data)

– 2.0 < y∗ < 2.5, 1.3 < mjj < 5 TeV
σ = 505.0 ± 15.1 + 102.4 − 92.4 pb (data)

– 1.5 < y∗ < 2.0, 0.8 < mjj < 4.6 TeV
σ = 4.93 ± 0.06 + 0.69 − 0.65 nb (data)

– 1.0 < y∗ < 1.5, 0.5 < mjj < 4.6 TeV
σ = 13.82 ± 0.11 + 1.44 − 1.42 nb (data)

– 0.5 < y∗ < 1.0, 0.3 < mjj < 4.3 TeV
σ = 51.47 ± 0.32 + 4.76 − 4.44 nb (data)

– y∗ < 0.5, 0.3 < mjj < 4.3 TeV
σ = 48.21 ± 0.23 + 4.03 − 3.8 nb (data)

Dijet R=0.6, |y| < 3.0, y∗ < 3.0 σ = 119.0 ± 0.4 + 10.9 − 10.3 nb (data)

– 2.5 < |y| < 3.0, 0.1 < pT < 0.5 TeV
σ = 29.13 ± 0.31 + 7.5 − 6.38 nb (data)

– 2.0 < |y| < 2.5, 0.1 < pT < 0.9 TeV
σ = 57.1 ± 0.4 + 10.4 − 9.1 nb (data)

– 1.5 < |y| < 2.0, 0.1 < pT < 2 TeV
σ = 83.5 ± 0.6 + 11.1 − 9.7 nb (data)

– 1.0 < |y| < 1.5, 0.1 < pT < 2 TeV
σ = 112.2 ± 0.7 + 11.0 − 10.2 nb (data)

– 0.5 < |y| < 1.0, 0.1 < pT < 2 TeV
σ = 136.9 ± 0.8 + 10.9 − 10.5 nb (data)

– |y| < 0.5, 0.1 < pT < 2 TeV
σ = 145.1 ± 0.8 + 10.7 − 10.6 nb (data)

Incl. jet R=0.4, |y| < 3.0 σ = 563.9 ± 1.5 + 55.4 − 51.4 nb (data)

– 2.5 < |y| < 3.0, 0.1 < pT < 0.5 TeV
σ = 37.5 ± 0.4 + 9.4 − 8.4 nb (data)

– 2.0 < |y| < 2.5, 0.1 < pT < 0.9 TeV
σ = 69.7 ± 0.6 + 13.5 − 12.7 nb (data)

– 1.5 < |y| < 2.0, 0.1 < pT < 2 TeV
σ = 105.5 ± 0.7 + 16.0 − 15.2 nb (data)

– 1.0 < |y| < 1.5, 0.1 < pT < 2 TeV
σ = 139.8 ± 0.9 + 16.5 − 16.2 nb (data)

– 0.5 < |y| < 1.0, 0.1 < pT < 2 TeV
σ = 172.7 ± 0.9 + 15.9 − 14.3 nb (data)

– |y| < 0.5, 0.1 < pT < 2 TeV
σ = 187.0 ± 0.9 + 15.1 − 15.0 nb (data)

Incl. jet R=0.6, |y| < 3.0 σ = 712.3 ± 1.9 + 79.9 − 76.0 nb (data)

data/theory
0.4 0.6 0.8 1.0 1.2 1.4 1.6

Theory NLOJet++, CT10

LHC pp
√
s = 7 TeV

Data 4.5 fb−1

stat
stat ⊕ syst

Dijet: JHEP 05, 059 (2014)

Incl. jet: JHEP 02, 153 (2015)

Inclusive Jet Cross Section Measurements Status: August 2016

ATLAS Preliminary

Run 1
√
s = 7 TeV

ATLAS	
  jet	
  measurements	
  



Exploring	
  the	
  Electroweak	
  Theory	
  at	
  Isabelle	
  
(1976-­‐1982)	
  

•  Need	
  to	
  discover	
  W	
  and	
  Z	
  bosons	
  and	
  then	
  measure	
  
their	
  properNes:	
  Is	
  SU(2)	
  x	
  U(L)	
  the	
  right	
  theory?	
  	
  

•  Designing	
  detectors!	
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Beginning	
  of	
  Howard’s	
  focus	
  on	
  the	
  experimental	
  
exploraNon	
  of	
  electroweak	
  symmetry	
  breaking	
  



The	
  Search	
  for	
  Electroweak	
  Symmetry	
  Breaking	
  

•  Serious	
  study	
  started	
  on	
  a	
  mountain	
  in	
  Colorado	
  

Physicists	
  go	
  to	
  summer	
  camp	
  
Later	
  Snowmass	
  studies	
  had	
  1000	
  
parNcipants!	
  



How	
  can	
  we	
  Find	
  the	
  Higgs	
  Boson?	
  
•  Snowmass,	
  1982:	
  

Consensus:	
  	
  We	
  need	
  the	
  SSC	
  
The	
  start	
  of	
  a	
  long,	
  dedicated	
  effort	
  to	
  find	
  the	
  Higgs	
  



Next	
  Stop:	
  	
  The	
  SSC	
  



SSC	
  Physics	
  Menu	
  

•  Find	
  the	
  top	
  quark	
  
•  Measure	
  di-­‐jet	
  events	
  
•  Find	
  mulN-­‐jet	
  events	
  
•  Measure	
  pair	
  producNon	
  of	
  WW,WZ,ZZ	
  
•  Find	
  the	
  Higgs	
  boson	
  
•  Find	
  new	
  heavy	
  gauge	
  bosons	
  
•  Find	
  Technicolor	
  
•  Find	
  Supersymmetry	
  
•  Find	
  Composite	
  Quarks	
  

LHC	
  is	
  s;ll	
  working	
  on	
  these…	
  



“No-­‐Lose”	
  Theorem	
  at	
  the	
  SSC	
  

•  SSC	
  would	
  either	
  find	
  a	
  light	
  Higgs	
  (MH<800	
  GeV)	
  or	
  would	
  
see	
  strong	
  WW	
  sca[ering	
  

•  Measuring	
  WW	
  sca[ering	
  and	
  seeing	
  the	
  role	
  of	
  the	
  Higgs	
  
boson	
  remains	
  a	
  quest	
  of	
  the	
  LHC	
  and	
  future	
  colliders	
  

W/Z

W/Z

q̄0

q

q̄0

q

H

Does	
  the	
  Higgs	
  interact	
  with	
  gauge	
  bosons	
  as	
  predicted?	
  



Aside:	
  VV	
  Sca[ering	
  

2

2
2

WM
EgA ≈

	
  SM	
  par;cles	
  have	
  just	
  the	
  right	
  couplings	
  so	
  
amplitudes	
  don’t	
  grow	
  with	
  energy	
  

2

2
2

WM
EgA −≈

Terms	
  which	
  grow	
  
with	
  energy	
  cancel	
  for	
  
E	
  >>	
  MH	
  

This	
  cancellaNon	
  requires	
  
MH	
  <	
  800	
  GeV	
  

2

2
2

WM
EgA ≈

E4	
  terms	
  cancel	
  
between	
  TGC	
  and	
  QGC	
  

18	
  THE	
  LHC	
  STILL	
  NEEDS	
  TO	
  DEMONSTRATE	
  THIS	
  



Pulling	
  together	
  the	
  community	
  

•  Detectors	
  and	
  collaboraNons	
  for	
  SSC	
  physics	
  



Ready	
  for	
  the	
  Higgs	
  

•  Development	
  of	
  many	
  
technical	
  capabiliNes	
  
that	
  would	
  be	
  put	
  to	
  
excellent	
  use	
  at	
  D0	
  and	
  
ATLAS	
  

•  SSC	
  cancelled	
  1993	
  



D0	
  and	
  the	
  Top	
  Quark	
  

•  Howard	
  and	
  the	
  BNL	
  group	
  turned	
  their	
  efforts	
  and	
  
technical	
  experNse	
  to	
  the	
  D0	
  experiment	
  
–  If	
  the	
  Higgs	
  had	
  been	
  lighter,	
  we	
  might	
  have	
  seen	
  it	
  at	
  the	
  
Tevatron	
  

–  At	
  the	
  Nme	
  we	
  had	
  no	
  idea	
  what	
  the	
  top	
  quark	
  or	
  Higgs	
  masses	
  
were	
  

•  Why	
  were	
  we	
  so	
  sure	
  we	
  would	
  find	
  the	
  top	
  quark?	
  
–  By	
  then,	
  properNes	
  of	
  the	
  b	
  quark	
  were	
  well	
  measured	
  at	
  LEP	
  
–  	
  From	
  Zbb	
  interacNons,	
  b	
  quark	
  is	
  an	
  isospin	
  T3=-­‐1/2	
  parNcle	
  	
  
–  It	
  must	
  have	
  a	
  T3=1/2	
  partner	
  (the	
  top	
  quark)	
  for	
  the	
  SM	
  
fermion	
  interacNons	
  to	
  be	
  correct	
  

	
   See	
  Grannis	
  talk	
  for	
  the	
  many	
  scienNfic	
  discoveries	
  at	
  D0!	
  



Today:	
  	
  The	
  Top	
  quark	
  is	
  a	
  background	
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Finally	
  the	
  Higgs……	
  

•  ATLAS	
  collaboraNon	
  and	
  the	
  successful	
  discovery	
  of	
  
the	
  Higgs	
  aren’t	
  the	
  end	
  of	
  our	
  quest	
  for	
  
understanding	
  electroweak	
  symmetry	
  breaking	
  

See	
  Jenni	
  and	
  Taylor	
  talks	
  for	
  the	
  glories	
  of	
  ATLAS!	
  

We	
  haven’t	
  yet	
  measured	
  all	
  
the	
  properNes	
  of	
  the	
  Higgs	
  
or	
  determined	
  if	
  there	
  are	
  
more	
  Higgs	
  bosons	
  



In	
  the	
  last	
  4	
  years….	
  

•  2012:	
  	
  LHC	
  discovered	
  the	
  Higgs	
  boson;	
  it	
  appears	
  
to	
  have	
  predicted	
  properNes	
  

•  Incredible	
  advances	
  in	
  our	
  knowledge	
  

S.	
  Dawson	
   24	
  



Precision	
  Higgs	
  Measurements	
  

25	
  

Always	
  normalized	
  to	
  SM	
  (Theory	
  maCers!)	
  µ =
�

�SM



Model	
  is	
  very	
  predicNve	
  

S.	
  Dawson	
   26	
  

Quantity normalized to SM
1− 0 1 2 3 4 5 6

Measurement

Stat. uncertainty

Syst. uncertainty

SM prediction

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs
4l→ZZ*→H and γγ→H
|<2.5

H
y = 125.09 GeV, |Hm

l4 B• ggFσ

l4/BγγB

ggFσ/VBFσ

ggFσ/VHσ

ggFσ/ttHσ

SNll	
  lots	
  of	
  exciNng,	
  important	
  physics	
  to	
  do	
  at	
  the	
  LHC	
  



The	
  SM	
  Works!	
  (Global	
  Fit)	
  

Corollary:	
  	
  New	
  Physics	
  	
  
highly	
  restricted	
  by	
  data	
  

27	
  

Measurements	
  
sensiNve	
  to	
  
ln(MH)	
  terms	
  

*So	
  why	
  are	
  we	
  sGll	
  talking	
  about	
  BSM	
  physics	
  in	
  the	
  Higgs	
  sector?	
  

Mt	
  (GeV)	
  

M
W
	
  (G

eV
)	
  

Heavy	
  Higgs	
  excluded	
  by	
  
precision	
  measurements	
  
even	
  without	
  observaNon	
  



	
  Fit	
  supports	
  Higgs	
  Theory	
  

28	
  

Standard	
  Model	
  fits	
  data	
  very	
  well	
  at	
  the	
  quantum	
  level	
  
Mt	
  (GeV)	
  

M
W
	
  (G

eV
)	
  

 [GeV] tm
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]
W

m

80.25

80.3

80.35
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80.45

80.5 ATLAS
Preliminary

 0.019 GeV± = 80.370 Wm
 0.70 GeV± = 172.84 tm
 0.24 GeV± = 125.09 Hm

t and mW68/95% CL of m

68/95% CL of Electroweak
t and mW Fit w/o m

 (Eur. Phys. J. C 74 (2014) 3046)

NEW	
  



Astounding	
  progress	
  during	
  Howard’s	
  Career:	
  

•  The	
  Standard	
  Model	
  has	
  been	
  experimentally	
  
verified	
  (mostly)	
  

•  We	
  can	
  accurately	
  calculate	
  in	
  the	
  context	
  of	
  the	
  
quark	
  model	
  and	
  the	
  SM	
  gauge	
  theory	
  (mostly)	
  

•  Howard	
  has	
  made	
  crucial	
  contribuNons	
  to	
  this	
  
understanding	
  
–  Quark	
  model,	
  jets,	
  top	
  quark,	
  Higgs	
  boson,	
  detectors	
  

•  The	
  parNcle	
  physics	
  community	
  now	
  has	
  a	
  theory	
  
that	
  explains	
  (preCy	
  much)	
  everything	
  
–  (Not	
  dark	
  ma[er,	
  the	
  top	
  quark	
  mass,	
  neutrino	
  masses….)	
  

	
  



Howard	
  has	
  always	
  been	
  generous	
  with	
  his	
  Nme	
  

slash	
  



Best	
  of	
  luck	
  on	
  your	
  future	
  journeys	
  

May	
  you	
  have	
  many	
  more	
  discoveries	
  


