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Outline	  	  

•  How	  a	  SM	  measurement	  is	  performed.	  
•  SM	  Measurement	  	  

– QCD	  	  
– Electroweak	  	  
– Top	  	  
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TeV	  	  Hadron	  Colliders	  

	  

•  df	  
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Proton	  interac4ons:	  complex	  events	  

More	  than	  1000	  par4cles!	  
	  
Only	  frac4on	  interes4ng	  
	  
Experimenters	  task:	  
-‐	  Iden4fy	  those	  
-‐	  Classify	  events	  
	  
Reveals	  picture	  of	  space	  -‐	  
4me	  of	  10-‐19	  m	  
	  	  



Are	  partons	  composite?	  

pp	  –	  interac4on	  @	  Q	  ≈	  0.1	  GeV	  	  

qq	  –	  interac4on	  @	  Q	  ≈	  10	  GeV	  	  

interac4on	  of	  subcons4tuents	  ?	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  @	  Q	  ≈	  1000	  GeV	  ?	  

LCI =
g2

⇤2
⌘LL( ̄L�

µ L)( ̄L�µ L) + (RR,LR)

�ff =| MSM |2 + 2
1

⇤2
RE(MSM · MCI) +

1

⇤4
| MCI |2

Peter	  MäUg,	  CERN	  Summer	  Students	  2014	  

Rutherford	  all	  over	  again	  ….	  



Add-‐on	  1:	  Parton	  distribu4on	  func4on	  

Peter	  MäUg,	  CERN	  Summer	  Students	  2014	  

Parton	  energy:	  only	  frac4on	  x	  of	  proton	  energy	  
Sta4s4cal	  distribu4on:	  parton	  distribu4on	  func4on	  (pdf)	  Ff	  

For	  X-‐sec4on:	  	  all	  combina4ons	  (x1,	  x2)	  è	  M	  contribute	  
Example:	  	  
M	  =	  0.3	  TeV	  from	  (x1=0.2,	  x2=0.2),(0.25,	  0.16),	  (0.4,	  0.1),	  ....	  	  

Z 1

0
dx1

Z 1

0
dx2

X

f

Ff (x1)Ff̄ (x2)�(q1(x1P) + q2(x2P) ! t

¯

t)

Ff(x)	  depends	  on	  
-‐  kind	  of	  parton	  f	  
-‐  Q2	  

x = E
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for E ! 1
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hard	  sca^er:	  two	  in	  à	  two	  out	  
e.g.	  	  gluon-‐gluon	  à	  top-‐an4top	  

x1	  *	  P	  	  

x2	  *	  P	  	  

t	  

t	  

�(g1(p1) + g2(p2) ! tt̄)
This	  can	  be	  well	  calculated	  

Incoming:	  gluons	  of	  momenta	  p1,	  p2	  	  
Outgoing:	  e.g.	  	  pair	  of	  top	  /	  an4-‐top	  quarks	  

From	  Peter	  MäUg	  



Standard	  Model	  tests	  

Peter	  MäUg,	  CERN	  Summer	  Students	  2014	  

�(p1(P1) + p2(P2) ! Y +X+Rest)

=

Z 1

0
dx1

Z 1

0
dx2

X

f

Ff (x1)Ff̄ (x2)�(q1(x1P) + q2(x2P) ! Y +X+Rest)

Hard	  sca^er	  pdfs	   Underlying	  event	  

Three	  contribu4ons	  only	  mildly	  related	  (‘factorisa4on’)	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  but	  lead	  to	  higher	  uncertain4es	  	  

Input underlying event parton distribution function hard process

underlying event measure from model from model

pdf from models/measurements measure from model/measurement

hard process from theory from theory measure

From	  Peter	  MäUg	  



underlying	  event	  Vs	  hard	  process	  	  
Noise	  Vs	  	  Signal	  at	  the	  LHC	  

Peter	  MäUg,	  CERN	  Summer	  Students	  2014	  

Noise:	  homogeneous	  
distribu4on	  of	  low	  
momentum	  hadrons:	  
‘underlying	  event’	  
	  
Signal	  hard	  process:	  	  	  
two	  high	  energe4c	  
muons	  
	  
	  
Understand	  and	  
‘subtract’	  noise	  

Muon	  

Muon	  



	  
Energy	  is	  not	  everything	  	  

•  df	  
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ATLAS	  detector	  @	  LHC	  
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Par[cle	  detector	  	  

•  df	  
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Par[cle	  detector	  	  

•  df	  
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How	  to	  find	  a	  jet	  ?	  

Unambiguous	  
connec4on	  to	  
underlying	  partons	  è	  	  
Comparison	  to	  theory	  

Anyway	  .....	  how	  many	  jets?	  
‘broadness’	  of	  jets	  arbitrary	  
è jet	  mul4plicity	  depends	  on	  choice	  
è defined	  according	  to	  physics	  

Predefine	  how	  broad	  a	  jet	  should	  be!	  	  	  

Peter	  MäUg,	  CERN	  Summer	  Students	  2014	  

From	  Peter	  MäUg	  



Standard	  jet	  finding	  at	  LHC:	  ‚An4	  –	  kt‘	  

©	  Gavin	  Salam	  

dij = min(p�2
ti ,p�2

tj )
�R2

ij

R2

�R2
ij = (yi � yj)

2 + (�i � �j)
2

Select	  hard	  par4cles	  as	  
‚seeds‘	  for	  jets:	  favoured	  
by	  min(pt-‐2)	  
	  
Hard	  par4cles	  separated	  
in	  space	  are	  disc4nct	  
seeds:	  large	  ΔRij	  
	  	  
‚cut	  off‘	  given	  by	  dij	  
(steered	  by	  R)	  

Peter	  MäUg,	  CERN	  Summer	  Students	  2014	  



Standard	  jet	  finding	  at	  LHC:	  ‚An4	  –	  kt‘	  

©	  Gavin	  Salam	  

dij = min(p�2
ti ,p�2

tj )
�R2

ij

R2

�R2
ij = (yi � yj)

2 + (�i � �j)
2

Gradual	  dij	  increase:	  
Associate	  close	  by	  par4cles:	  
mostly	  sol	  ones	  in	  	  
neighbourhood	  
	  
(if	  no	  hard	  ones	  close	  by)	  
	  
Con4nue	  un4l	  Rmax	  	  reached	  	  	  

Peter	  MäUg,	  CERN	  Summer	  Students	  2014	  



The	  final	  jets	  

©	  Gavin	  Salam	  

All	  par4cles	  assigned	  to	  
jets	  
	  
Close	  to	  circular	  in	  space	  
good	  for	  experimental	  
correc4ons	  
	  
Note:	  special	  treatment	  
of	  par4cles	  close	  to	  beam	  
	  
Typical	  ΔR	  ≈	 0.4	  –	  0.6	  

Peter	  MäUg,	  CERN	  Summer	  Students	  2014	  



Jet	  cross	  sec[on	  	  
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Jet	  energy	  scale	  systema[cs	  	  

•  df	  
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Jet	  energy	  resolu[on	  systema[cs	  

•  df	  
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Dijet	  mass	  measurement	  

•  df	  
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From	  Peter	  MäUg	  



Alphas_S	  measurement	  

•  df	  
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High	  pT	  jets	  :	  jet	  substructure	  	  

•  df	  
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W/Z	  produc[on	  	  

•  df	  
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Z	  produc[on	  	  
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From	  Peter	  MäUg	  

W	  produc[on	  	  
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Example	  :	  Performing	  a	  Z-‐>ll	  measurement	  
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Event	  selec[on	  and	  trigger	  	  
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W/Z	  cross	  sec[on	  	  

•  df	  
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VBF	  Z	  	  
•  Two	  main	  Higgs	  produc[on	  mechanism	  	  

– Gluon-‐gluon	  fusion	  
– Vector	  boson	  fusion	  (VBF)	  
–  Important	  to	  confirm	  VBF	  produc[on	  mechanism	  
in	  VBF	  Z+2jets	  channel	  	  

39	  



VBF	  Z	  (ATLAS)	  
Background-‐only	  hypothesis	  
Rejected	  at	  greater	  than	  
5σ	  significance	  

40	  

JHEP	  04	  (2014)	  031	  	  

Powheg	  Box	  predic[ons	  at	  	  
next-‐to-‐leading-‐order	  (NLO)	  accuracy	  	  
in	  perturba[ve	  QCD	  	  
:	  	  

Measured	  EWK	  Zjj	  cross	  sec[on	  	  



Parton	  distribu4on	  func4on	  and	  W	  
produc4on	  	  

•  df	  
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W+	  Vs	  W-‐	  produc[on	  	  
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From	  Peter	  MäUg	  



Weak	  par[cle	  looking	  into	  mirror	  

•  df	  
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Polarisa[on	  of	  W	  	  

•  df	  
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From	  Peter	  MäUg	  



•  df	  
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df	  
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Diboson	  produc[on	  	  

•  df	  
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W/Z+gamma	  produc[on	  	  

•  df	  
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Triple	  Gauge	  Couplings	  	  
•   The s-channel diagrams contain the triple gauge coupling vertex  

–  probe magnetic dipole moment of W/Z boson 
•  aTGCs modify the event kinematics 

–  Effects of aTGCs increase with sˆ 

DIS 2013 49 

Wγ	  

Zγ	  



Wγγ	  (ATLAS)	  
•  Wγγ	  process	  is	  sensi[ve	  to	  WWγγ	  QGCs	  Vertex.	  

–  Probe	  Quadrupole	  moment	  

•  Other	  contribu[ons	  from:	  
–  ISR	  photons	  	  
–  FSR	  photons	  
–  Photon	  from	  TGC	  vertex	  	  
–  Photon	  from	  jet	  fragmenta[ons	  

	  
	  	  

•  MCFM	  is	  used	  for	  NLO	  Wγγ	  SM	  predicted	  cross	  sec[on.	  	  
–  The	  measured	  cross	  sec[on	  in	  inclusive	  case	  is	  1.9	  σ	  higher	  than	  predic[ons	  	  

	  

50	  

arXiv:1503.03243	  



WVγ	  (CMS)	  
	  

–  The	  selected	  data	  events	  is	  dominated	  by	  Wγ+jets	  

•  not	  enough	  signal	  sta[s[cs	  for	  measurements	  
–  95%	  CL	  cross	  sec[on	  upper	  limit	  is	  set	  at	  311	  p	  

•  The	  limit	  is	  3.4	  [mes	  larger	  than	  SM	  predic[ons	  

51	  

Major	  BG	  in	  WVγ	  	  
	  Wγ+jets	  
	  WV	  +jet	  ,	  jet	  fake	  as	  γ	  
	  Mul[jets	  	  

	  	  
	  

Phys.	  Rev.	  D	  90,	  032008	  (2014)	  

Event	  selec[on	  highlight	  	  
q  One	  good	  lepton	  	  
q  One	  good	  photon	  	  
q  Two	  high	  pT	  jets	  	  
q  70GeV	  <Mjj<100GeV	  	  

	  



Quar4c	  Gauge	  Boson	  Couplings	  
•  Reminder of Quartic Gauge Boson Couplings 

(QGCs)  
–  SM model predicts gauge boson self coupling  

•  Four gauge boson vertex:  
–  WWγγ , WWZγ , WWWW, WWZZ, …  

 

–  QGCs can be studied in  
•  Tri-boson processes 
•  Vector boson scattering processes 
•  Exclusive γγ->WW process 
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Special	  interest:	  W	  pairs	  from	  VBF	  

Peter	  MäUg,	  CERN	  Summer	  Students	  2014	  

1960s:	  event	  rate	  for	  WLWL	  èWLWL	  explodes	  at	  1.2	  TeV	  
Higgs	  boson	  should	  cure	  this:	  theory	  works	  fine	  	  

W	  –	  
boson	  
fusion	  

Forward	  going	  jet	  

Forward	  going	  jet	  

Require	  	  
high	  jj	  mass	  
+	  
high	  |Δy|	  	  

Expected	  background:	  16.9	  	  
Expected	  WWjj:	  	  	  	  	  	  	  	  	  	  	  	  	  15.2	  
Observed	  nb.	  Events:	  	  	  	  34	  
è	  Evidence	  for	  VBF	  



The	  mysterious	  top	  quark	  

Top	  quark:	  no	  internal	  structure	  
but	  heavy	  as	  a	  gold	  atom	  	  

Mt = 173.3± 1.1GeV

i.e.	  coupling	  strength	  to	  	  
Standard	  Model	  Higgs	  Boson	  

Suggests	  a	  special	  role	  of	  top	  quark?	  

mt =
�t · v�

2

è	  λ	  t	  =	  0.996±0.006	  



Phenomenology	  of	  heavy	  top	  

For	  top	  quark:	  strong	  interac4on	  <	  weak	  interac4ons	  
	  ètop	  quarks	  decay	  before	  hadrons	  formed,	  ‚free	  quark‘	  

compe4ng	  interac4ons:	  
who‘s	  faster?	  

t
t

g
b b

For	  lighter	  quarks:	  	  
strong	  interac4on	  >>	  weak	  interac4ons	  
è	  colour	  neutral	  hadrons	  



Phenomenology	  of	  heavy	  top	  

all-hadronic

electron+jets

el
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eµ eτ
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Top Pair Decay Channels
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eµ

ee

µµ
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^	  è	  (only)	  	  6	  quarks	  
	  	  	  	  	  largest	  frac4on,	  very	  high	  background	  
	  
^	  è	  4	  quarks,	  charged	  lepton,	  neutrino	  
	  	  	  	  	  Some	  30%	  ‚usable‘,	  low	  background	  
	  	  	  	  	  FAVOURED	  channel	  
	  
^	  è	  2	  quarks,	  2	  charged	  l,	  2	  neutrinos	  
	  	  	  	  	  	  Only	  	  5%	  ‚usable‘,	  very	  low	  	  
	  	  	  	  	  	  background,	  difficult	  to	  reconstruct	  

Decay	  proper4es	  of	  top	  quark	  unambigously	  predicted	  by	  SM	  
Decay	  frac4ons	  largely	  determined	  by	  frac4ons	  of	  W	  –	  decay	  
	  

99.1%	  of	  all	  top	  quarks	  decay	  into	  a	  bo^om	  quark!	  



A	  semileptonic	  ^	  event	  



^	  Cross	  Sec4on	  

Test	  of	  QCD	  with	  massive	  quarks	  
Measure	  coupling	  strength	  g^	  

�
t

¯

t

=
N

measured

�N
background

✏L

Event	  selec4on	  	  
-‐ 	  4	  high	  pT	  jets	  
-‐ 	  isolated	  electron/muon	  	  
-‐ 	  missing	  transverse	  energy	  

What	  frac4on	  of	  ^	  events	  
are	  retained	  aler	  selec4on	  

Luminosity:	  
How	  many	  proton	  collisions?	  

q
q0

W+

g

g

q̄

µ+

⌫

q0

1

W

g

g

µ+

⌫

q0
q̄

1



Cross	  sec4on	  determina4on	  

Key	  issue	  determine	  efficiency	  

Jet	  pt	  

Log	  
σ	  

True	  jet	  pT	   Modelled	  pT	  
Selected	  pT	  range	  

Largest	  uncertain4es:	  
-‐ 	  modelling	  of	  top	  
-‐ 	  parton	  distribu4on	  fct.	  
-‐ 	  Background	  yield	  
-‐ 	  Jet	  energy	  scale	  
-‐ 	  selec4on	  efficiencies	  e,	  µ	  

Experimental	  precision	  depends	  on	  how	  well	  	  
-‐	  background,	  efficiency,	  luminosity	  can	  be	  controlled	  

Experimental	  uncertainty	  ∼	  2.3%	  
Luminosity	  uncertainty	  	  	  	  	  ∼	  3.1	  %	  	  	  	  	  	  	  	  	  	  	  	  	  Total	  uncertainty	  4.3%	  
Beam	  energy	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ∼ 1.7	  %	  

Improvement	  by	  factor	  2	  –	  3	  within	  a	  year!	  



Cross	  sec4on	  measuremnt	  

Very	  good	  	  
agreement	  	  
between	  data	  	  
and	  expecta4on	  

Peter	  MäUg,	  CERN	  Summer	  Students	  2014	  

Theore4cal	  uncertainty	  <5	  %	  (significant	  improvement	  last	  10y)	  
Theory	  &	  experiment	  uncertainty	  about	  equal	  



Summary	  	  

•  df	  
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