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Overview	
  	
  

•  What	
  are	
  hadronic	
  Jets	
  ?	
  
•  Jet	
  clustering	
  algorithms	
  
•  ReconstrucCon	
  of	
  Jets	
  in	
  CMS	
  
•  Energy	
  calibraCon	
  of	
  CMS	
  Jets	
  
•  A	
  few	
  CMS	
  results	
  with	
  jets	
  
•  Jets	
  in	
  a	
  specific	
  CMS	
  analysis	
  (EWK	
  Z+2jets)	
  
•  Quark/Gluon	
  jet	
  tagging	
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What	
  are	
  hadronic	
  Jets	
  ?	
  

Jets	
  are	
  experimental	
  manifestaCons	
  of	
  partons	
  
quarks	
  and	
  gluons	
  

	
  
Predicted	
  by	
  QCD:	
  quarks	
  and	
  gluons	
  carry	
  color	
  	
  
•  at	
  small	
  distances	
  interacCons	
  are	
  small	
  (asymptoCc	
  freedom)	
  
•  at	
  large	
  distances	
  interacCons	
  are	
  large	
  (color	
  confinement)	
  

	
  
Because	
  of	
  confinement	
  free	
  parCcles	
  can’t	
  carry	
  color	
  

and	
  quarks	
  and	
  gluons	
  can	
  only	
  be	
  seen	
  as	
  jets	
  of	
  hadrons	
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HadronizaCon	
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Partons	
  of	
  high	
  energy	
  (E>>mπ)	
  lead	
  to	
  collimated	
  bursts	
  of	
  hadrons	
  

parton	
  shower	
  

produced	
  hadrons	
  need	
  
to	
  color	
  connect	
  to	
  
another	
  iniCal	
  parton	
  in	
  
the	
  event	
  to	
  close	
  the	
  
global	
  color	
  neutrality	
  



Discovery	
  of	
  jets	
  (quarks)	
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Mark	
  I	
  CollaboraCon	
  

e+e− → qq



Discovery	
  of	
  gluon	
  jets	
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e+e− → qqg



Hadronic	
  Jets	
  in	
  CMS	
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Jets	
  are	
  unavoidable	
  in	
  high	
  energy	
  hadron	
  collision	
  (parton	
  scaeering	
  )	
  
	
  

Any	
  analysis	
  of	
  CMS	
  data	
  deals	
  with	
  the	
  presence	
  of	
  hadronic	
  jets	
  	
  



How	
  do	
  we	
  define	
  a	
  hadronic	
  Jet	
  ?	
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from	
  G.Salam	
  Towards	
  Jetography	
  
h3p://arxiv.org/abs/0906.1833	
  

Two	
  jets	
  here	
  	
   How	
  many	
  jets	
  here	
  ?	
  



How	
  do	
  we	
  define	
  a	
  hadronic	
  Jet	
  ?	
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Need	
  a	
  recipe	
  to	
  group	
  final	
  state	
  hadrons	
  into	
  “Jets”	
  



Jet	
  definiCons	
  

Jet	
  definiCons	
  provide	
  a	
  link	
  between	
  the	
  theory	
  	
  
and	
  the	
  experimental	
  results	
  

	
  
Two	
  main	
  quesCons	
  

1.  which	
  parCcles	
  go	
  together	
  ?	
  	
  	
  jet	
  algorithm	
  
2.  how	
  are	
  they	
  combined	
  ?	
  	
  	
  	
  recombina+on	
  scheme	
  

(normally	
  with	
  the	
  4-­‐momentum	
  sum)	
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Jet	
  definiCons	
  
Theorist	
  like	
  jets	
  to	
  be	
  invariant	
  for	
  

collinear	
  spliBng	
  	
  &	
  	
  infrared	
  emission	
  	
  
	
  
	
  
	
  
	
  

Infrared	
  and	
  Collinear	
  Safety	
  (IRC)	
  
to	
  avoid	
  	
  
•  non-­‐perturbaCve	
  effects	
  inherent	
  to	
  the	
  definiCon	
  
•  divergent	
  NLO	
  QCD	
  	
  calculaCons	
  
•  dealing	
  with	
  effects	
  that	
  are	
  not	
  resolvable	
  at	
  detector	
  level	
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Jet	
  algorithms	
  

•  Sequen+al	
  recombina+ons	
  (bo3om-­‐up)	
  
repeatedly	
  combining	
  pairs	
  of	
  parCcles	
  in	
  a	
  single	
  one	
  
need	
  to	
  define	
  when	
  do	
  you	
  stop	
  combining	
  them	
  	
  
most	
  widely	
  used	
  at	
  LEP,	
  HERA,	
  and	
  now	
  LHC	
  
	
  
•  Stable	
  Cones	
  (top–down)	
  	
  
find	
  cones	
  that	
  have	
  the	
  same	
  direcCon	
  as	
  the	
  
contained	
  parCcles	
  (usually	
  needs	
  seeded	
  direcCons)	
  
most	
  widely	
  used	
  at	
  the	
  Tevatron	
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SequenCal	
  recombinaCons	
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Inclusive	
  kT	
  algorithm:	
  

•  Find	
  smallest	
  of	
  dij	
  ,	
  diB	
  
•  if	
  ij,	
  recombine	
  them	
  
•  if	
  iB,	
  call	
  i	
  a	
  jet	
  and	
  remove	
  from	
  list	
  of	
  parCcles	
  	
  
•  repeat	
  from	
  step	
  1	
  unCl	
  no	
  parCcles	
  leo.	
  	
  
	
  	
  

ΔRij
2 = yi − yj( )

2
+ φi −φ j( )

2

dij =min pTi
2 , pTj

2( )ΔRij
2

R2

diB = pTi
2

m2 = 2E1E2 1− cosθ12( ) ~ E1E2θ122



kT	
  jets	
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kT	
  Jets	
  are	
  irregular	
  :	
  soo	
  parCcles	
  are	
  clustered	
  together	
  first	
  	
  

Difficult	
  acceptance	
  
correcCons	
  



	
  The	
  anC-­‐kT	
  algorithm	
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ΔRij
2 = yi − yj( )

2
+ φi −φ j( )

2

dij =
1

max pTi
2 , pTj

2( )
ΔRij

2

R2

diB =
1
pTi
2

Hard	
  parCcles	
  cluster	
  first	
  with	
  neighbors	
  !	
  



anC-­‐kT	
  jets	
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Produces	
  circular	
  cone	
  
shaped	
  jets	
  with	
  
effecCve	
  radius	
  R	
  

without	
  using	
  stable	
  
cone	
  algorithms	
  



SIS	
  cone	
  Jets	
  

Seedless	
  Infrared	
  Safe	
  cones	
  :	
  find	
  all	
  stable	
  cones	
  	
  
•  Find	
  all	
  disCnct	
  ways	
  of	
  enclosing	
  a	
  subset	
  of	
  
parCcles	
  in	
  a	
  y	
  −	
  φ	
  circle	
  	
  

•  Check,	
  for	
  each	
  enclosure,	
  if	
  it	
  corresponds	
  to	
  a	
  
stable	
  cone	
  	
  

•  sCll	
  need	
  to	
  run	
  a	
  split–merge	
  procedure	
  if	
  the	
  stable	
  
cones	
  overlap	
  

	
  
Runs	
  in	
  N2	
  lnN	
  Cme	
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Type	
  inputs	
  for	
  CMS	
  Jets	
  
•  PF	
  Jets	
  based	
  on	
  the	
  ”ParCcle	
  Flow”	
  algorithm	
  which	
  aeempts	
  

to	
  reconstruct	
  each	
  individual	
  parCcle	
  in	
  the	
  event,	
  prior	
  to	
  
the	
  jet	
  clustering,	
  based	
  on	
  informaCon	
  from	
  all	
  relevant	
  sub-­‐
detectors.	
  	
  -­‐>	
  new	
  PF	
  Jets	
  with	
  Charged	
  Hadron	
  Subtrac+on	
  
JPT	
  Jets	
  based	
  on	
  the	
  ”Jet-­‐Plus-­‐	
  Track”	
  algorithm	
  which	
  
improves	
  the	
  measurement	
  of	
  calorimeter	
  jets	
  by	
  exploiCng	
  
the	
  associated	
  tracks	
  	
  

•  Calo	
  Jets	
  based	
  on	
  calorimeter	
  energy	
  deposits	
  only	
  
•  Track	
  Jets	
  based	
  on	
  reconstructed	
  charged	
  tracks	
  only,	
  

clustered	
  per	
  Primary	
  Vertex	
  (pile-­‐up	
  transparent)	
  
see	
  e.g.	
  hep://cdsweb.cern.ch/record/1279362/files/JME-­‐10-­‐003-­‐pas.pdf	
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Type	
  of	
  algorithms	
  in	
  CMS	
  Jets	
  

Main	
  used	
  type	
  in	
  Run	
  1	
  was	
  An+-­‐kT	
  R=0.5	
  	
  
•  An+-­‐kT	
  R=0.5	
  R=0.7	
  
•  SISCone	
  R=0.5	
  R=0.7	
  
•  kT	
  R=0.5	
  R=0.7	
  

Run2	
  main	
  type	
  will	
  be	
  An+-­‐kT	
  R=0.4	
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Jet	
  Energy	
  CalibraCon	
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Jet	
  Energy	
  CorrecCons	
  in	
  CMS	
  
•  CMS	
  has	
  adopted	
  a	
  factorized	
  soluCon	
  to	
  the	
  problem	
  of	
  jet	
  

energy	
  correcCons,	
  where	
  each	
  level	
  of	
  correcCon	
  takes	
  care	
  
of	
  a	
  different	
  effect.	
  	
  

•  The	
  	
  correcCons	
  are	
  derived	
  both	
  from	
  MC	
  truth	
  and	
  data	
  
driven	
  methods.	
  

•  each	
  correcCon	
  is	
  a	
  scaling	
  of	
  the	
  jet	
  four	
  momentum	
  with	
  a	
  
scale	
  factor	
  (correcCon)	
  which	
  depends	
  on	
  jet	
  related	
  
quanCCes	
  	
  

•  the	
  levels	
  of	
  correcCon	
  are	
  applied	
  sequen+ally	
  (the	
  output	
  
of	
  each	
  step	
  is	
  the	
  input	
  to	
  the	
  next)	
  and	
  with	
  fixed	
  order.	
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Jet	
  Energy	
  CorrecCons	
  Levels	
  

22/11/2014	
   P.Azzurri	
  -­‐	
  Jets	
  in	
  CMS	
   22	
  

1.   Pile-­‐up:	
  remove	
  the	
  energy	
  coming	
  from	
  pile-­‐up	
  events	
  
2.   Rela+ve	
  (η):	
  variaCons	
  in	
  jet	
  response	
  with	
  η	
  relaCve	
  to	
  central	
  region.	
  
3.   Absolute	
  (pT):	
  correcCon	
  to	
  parCcle	
  level	
  (GenJet)	
  versus	
  jet	
  pT.	
  
4.  EM	
  fracCon:	
  correct	
  for	
  energy	
  deposit	
  fracCon	
  in	
  em	
  calorimeter	
  

5.  Flavor:	
  correcCon	
  to	
  parCcle	
  level	
  for	
  different	
  types	
  of	
  jet	
  (b,	
  τ,	
  etc.)	
  
6.  Underlying	
  Event:	
  remove	
  the	
  UE	
  contribuCon	
  
7.  Parton:	
  correcCon	
  to	
  parton	
  level	
  

L2 
Rel:η	



L1 
Offset 

L3 
Abs:pT 

L4 
EMF 

L5 
Flavor 

L6 
UE 

L7 
Parton 

Reco	
  
Jet	
  

Calib	
  
Jet	
  

Required Optional 



Jet	
  Energy	
  CorrecCons	
  in	
  CMS	
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Residual	
  Calibra+on	
  of	
  Data	
  jets	
  (L2L3residuals)	
  :	
  small	
  residual	
  
calibraCon	
  (eta	
  and	
  pt	
  dependent)	
  	
  is	
  applied	
  which	
  fixes	
  the	
  
differences	
  between	
  data	
  and	
  MC.	
  The	
  residual	
  calibraCon	
  is	
  
applied	
  to	
  data	
  only.	
  
	
  
The	
  minimum	
  correcCon	
  levels	
  to	
  be	
  applied	
  on	
  any	
  CMS	
  
analysis	
  using	
  jets	
  are	
  	
  
Monte	
  Carlo 	
  L1(Pile	
  Up)+L2(RelaCve)+L3(Absolute) 	
  	
  
Data 	
  L1(Pile	
  Up)+L2(RelaCve)+L3(Absolute)+L2L3Residuals 	
  	
  
	
  

ECorr	
  =	
  (EUncorr	
  −	
  EPU	
  )	
  ×	
  CRel	
  (η,	
  pTʹ′ʹ′)	
  ×	
  CAbs	
  (pTʹ′	
  )	
  	
  



CorrecCon	
  Factors	
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Balance
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B = 2 pT
probe − pT

barrel

pT
probe + pT

barrel Tag	
  Jet	
  	
  |η|<1.0	
  

Probe	
  Jet	
  “other	
  jet”	
  



RelaCve	
  response	
  with	
  di-­‐jets	
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photon	
  +	
  jet	
  balance	
  

22/11/2014	
   P.Azzurri	
  -­‐	
  Jets	
  in	
  CMS	
   27	
  

R
e

s
p

o
n

s
e

0

0.2

0.4

0.6

0.8

1

1.2

| < 1.3Jet!|

+Jet)"Data (

+Jet)"Simulation (

True Response

CMS Preliminary 2010
-1 = 7 TeV, L = 67 nb s

 0.5 PFJets
T

Anti-k

R
e

s
p

o
n

s
e

0

0.2

0.4

0.6

0.8

1

1.2

 [GeV/c]
T

Photon p

20 30 40 50 60 70 100

D
a
ta

 /
 M

C

0.8

0.9

1

1.1

1.2

 [GeV/c]
T

Photon p

20 30 40 50 60 70 100

D
a
ta

 /
 M

C

0.8

0.9

1

1.1

1.2  0.017±FIT: 0.926 

 [GeV/c]
T

Photon p

20 30 40 50 60 70 100

D
a
ta

 /
 M

C

0.8

0.9

1

1.1

1.2



photon/Z	
  +	
  jet	
  balance	
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The	
  'pT	
  balance'	
  method	
  used	
  for	
  
determining	
  absolute	
  JEC	
  with	
  photon+jet	
  
(shown)	
  and	
  Z+jet	
  samples	
  is	
  biased	
  by	
  
addiConal	
  jet	
  acCvity,	
  but	
  agrees	
  well	
  with	
  
the	
  Missing-­‐ET	
  projecCon	
  fracCon	
  (MPF)	
  
method	
  aoer	
  extrapolaCng	
  addiConal	
  jet	
  
acCvity	
  to	
  zero.	
  



photon/Z	
  +	
  jet	
  balance	
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Data/MC	
  raCo	
  for	
  the	
  absolute	
  scale	
  aoer	
  
combining	
  the	
  photon+jet	
  sample	
  with	
  two	
  
Z+jet	
  decay	
  modes.	
  The	
  residual	
  correcCon	
  
required	
  for	
  absolute	
  scale	
  is	
  of	
  the	
  order	
  of	
  
1.5%	
  for	
  all	
  subchannels,	
  and	
  shows	
  no	
  
significant	
  pT	
  dependence.	
  Possible	
  pT	
  
dependence	
  is	
  covered	
  by	
  extrapolaCon	
  
systemaCcs	
  based	
  on	
  a	
  comparison	
  of	
  
Pythia	
  and	
  Herwig	
  fragmentaCon	
  models	
  
and	
  on	
  the	
  uncertainty	
  in	
  single	
  parCcle	
  
response	
  propagated	
  to	
  jets.	
  



PF	
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Jet	
  composiCon	
  versus	
  jet	
  pT	
  in	
  the	
  
barrel	
  region	
  |η|<1.3.	
  

Jet	
  composiCon	
  versus	
  jet	
  η.	
  The	
  composiCon	
  
shows	
  good	
  agreement	
  in	
  the	
  barrel	
  region,	
  but	
  
small	
  differences	
  in	
  the	
  more	
  forward	
  regions.	
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 = 8 TeVsCMS preliminary Jet	
  energy	
  correcCons	
  shown	
  separately	
  
for	
  different	
  jet	
  flavors.	
  Gluons	
  (g)	
  have	
  a	
  
high	
  color	
  charge	
  compared	
  to	
  quarks,	
  
which	
  causes	
  them	
  to	
  fragment	
  to	
  more	
  
parCcles	
  than	
  quarks	
  and	
  results	
  in	
  
larger	
  JEC.	
  	
  
The	
  high	
  mass	
  of	
  heavy	
  quarks	
  (c,	
  b)	
  also	
  
results	
  in	
  fragmentaCon	
  to	
  more	
  
parCcles	
  than	
  for	
  light	
  quarks	
  (uds).	
  
	
  
	
  The	
  neutrinos	
  produced	
  in	
  semi-­‐leptonic	
  
decays	
  of	
  heavy	
  quarks	
  are	
  not	
  included	
  
in	
  the	
  generator-­‐level	
  parCcle	
  jets	
  when	
  
compuCng	
  the	
  correcCons. 	
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Pile-­‐up	
  composiCon	
  in	
  data.	
  The	
  'charged	
  
pile-­‐up'	
  is	
  PF	
  charged	
  hadrons	
  that	
  are	
  not	
  
associated	
  to	
  a	
  primary	
  vertex,	
  and	
  
therefore	
  are	
  not	
  removed	
  by	
  the	
  charged	
  
hadron	
  subtracCon	
  (CHS).	
  Instead,	
  they	
  are	
  
handled	
  by	
  pile-­‐up	
  correcCons	
  together	
  
with	
  neutral	
  contribuCons.	
  
	
  
This	
  plot	
  is	
  produced	
  with	
  the	
  'Random	
  
Cone'	
  method	
  by	
  taking	
  pile-­‐up	
  at	
  NPV=20	
  
and	
  subtracCng	
  pile-­‐up	
  at	
  NPV=10	
  to	
  
esCmate	
  the	
  average	
  pile-­‐up	
  per	
  vertex.	
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Inclusive	
  &	
  di-­‐Jet	
  cross	
  secCons	
  

22/11/2014	
   P.Azzurri	
  -­‐	
  Jets	
  in	
  CMS	
   36	
  

 (TeV)
T

Jet p
0.2 0.3 1 2

d|
y|

 (p
b/

Te
V)

T
/d

p
σ2 d

-510

-110

310

710

1110

1510
)4 10×|y| < 0.5 (

)3 10×0.5 < |y| < 1.0 (
)2 10×1.0 < |y| < 1.5 (
)1 10×1.5 < |y| < 2.0 (
)0 10×2.0 < |y| < 2.5 (

)4 10×|y| < 0.5 (
)3 10×0.5 < |y| < 1.0 (
)2 10×1.0 < |y| < 1.5 (
)1 10×1.5 < |y| < 2.0 (
)0 10×2.0 < |y| < 2.5 (

)4 10×|y| < 0.5 (
)3 10×0.5 < |y| < 1.0 (
)2 10×1.0 < |y| < 1.5 (
)1 10×1.5 < |y| < 2.0 (
)0 10×2.0 < |y| < 2.5 (

)4 10×|y| < 0.5 (
)3 10×0.5 < |y| < 1.0 (
)2 10×1.0 < |y| < 1.5 (
)1 10×1.5 < |y| < 2.0 (
)0 10×2.0 < |y| < 2.5 (

)4 10×|y| < 0.5 (
)3 10×0.5 < |y| < 1.0 (
)2 10×1.0 < |y| < 1.5 (
)1 10×1.5 < |y| < 2.0 (
)0 10×2.0 < |y| < 2.5 (

 R =0.7T = 7 TeV anti-ks  -1CMS Preliminary L = 4.7 fb

T
 = p

R
µ = 

F
µNNPDF2.1 

 NP⊗NLO 

 (GeV)jjM
310

| (
pb

/G
eV

)
m

ax
.

d|
y

jj
/d

M
σ2 d

-610

-410

-210
1

210

410

610

810

1010

1210

1410

1610

| < 0.5max. |y
)1| < 1.0 (x 10max. 0.5 < |y
)2| < 1.5 (x 10max. 1.0 < |y
)3| < 2.0 (x 10max. 1.5 < |y
)4| < 2.5 (x 10max. 2.0 < |y

 NP⊗NLO 

 R =0.7T = 7 TeV anti-ks  -1CMS Preliminary L = 4.7 fb

)/2
T2

+p
T1

=(p
R
µ=

F
µNNPDF2.1 



Inclusive	
  &	
  di-­‐Jet	
  cross	
  secCon	
  

22/11/2014	
   P.Azzurri	
  -­‐	
  Jets	
  in	
  CMS	
   37	
  

 (TeV)
T

Jet p
0.1 0.2 0.3 0.4 0.5 1 2

R
at

io
 to

 N
N

PD
F2

.1

0.5

1

1.5

0.5 < |y| < 1.0
Data
CT10
MSTW2008
HERA1.5
ABKM09

 R =0.7T = 7 TeV anti-ks  -1CMS Preliminary L = 4.7 fb

 GeVjjM
500 1000 1500 2000 2500 3000 3500 4000

R
at

io
 to

 N
N

PD
F2

.1

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
 R =0.7T = 7 TeV anti-ks  -1CMS Preliminary L = 4.7 fb

)/2
T2

+p
T1

=(p
R
µ=

F
µNNPDF2.1 

| < 1.0max.0.5 < |y
 Data
 ABKM09
 CT10
 HERAPDF1.5
 MSTW2008NLO

Data	
  results	
  are	
  used	
  in	
  the	
  global	
  Parton	
  Density	
  FuncCon	
  (PDF)	
  fits	
  



W	
  +	
  jets	
  

22/11/2014	
   P.Azzurri	
  -­‐	
  Jets	
  in	
  CMS	
   38	
  

nu
m

be
r o

f e
ve

nt
s

10

210

310

410

510

610

 data
 (MadGraph)ν e→ W 

 top
 other backgrounds

CMS preliminary

 = 7 TeVs  at  -136 pb

 > 30 GeVjet
TE

exclusive jet multiplicity
0 1 2 3 4 5 6

da
ta

/M
C

0.5
1

1.5

nu
m

be
r o

f e
ve

nt
s

10

210

310

410

510

610

 data
 (MadGraph)νµ → W 

 top
 other backgrounds

CMS preliminary

 = 7 TeVs  at  -136 pb

 > 30 GeVjet
TE

exclusive jet multiplicity
0 1 2 3 4 5 6

da
ta

/M
C

0.5
1

1.5

Exclusive	
  number	
  of	
  reconstructed	
  jets	
  with	
  ET(jet)>	
  30	
  GeV	
  	
  
in	
  events	
  with	
  W	
  →	
  eν,	
  	
  and	
  W	
  →	
  μν	
  	
  



Z	
  +	
  jets	
  

22/11/2014	
   P.Azzurri	
  -­‐	
  Jets	
  in	
  CMS	
   39	
  

Exclusive	
  number	
  of	
  reconstructed	
  jets	
  with	
  ET(jet)>	
  30	
  GeV	
  	
  
in	
  events	
  with	
  Z	
  →	
  ee,	
  	
  and	
  Z	
  →	
  μμ	
  	
  

nu
m

be
r o

f e
ve

nt
s

-110

1

10

210

310

410

510

 data
 ee (MadGraph)→ Z 

 all backgrounds

CMS preliminary

 = 7 TeVs  at  -136 pb

 > 30 GeVjet
TE

exclusive jet multiplicity
0 1 2 3 4 5 6

da
ta

/M
C

0.5
1

1.5

nu
m

be
r o

f e
ve

nt
s

-110

1

10

210

310

410

510

 data
 (MadGraph)µµ → Z 

 all backgrounds

CMS preliminary

 = 7 TeVs  at  -136 pb

 > 30 GeVjet
TE

exclusive jet multiplicity
0 1 2 3 4 5 6

da
ta

/M
C

0.5
1

1.5



W+	
  jets	
  	
  raCos	
  

22/11/2014	
   P.Azzurri	
  -­‐	
  Jets	
  in	
  CMS	
   40	
  

 0
-je

t)
≥

(W
 +

 
σ

 n
-je

ts
)

≥
(W

 +
 

σ

-310

-210

-110

 data
 energy scale
 unfolding
      
 MadGraph Z2
 MadGraph D6T
 Pythia Z2

CMS preliminary

 = 7 TeVs  at  -136 pb
νe→W 

 > 30 GeVjet
TE

inclusive jet multiplicity, n

 (n
-1

)-j
et

s)
≥

(W
 +

 
σ

 n
-je

ts
)

≥
(W

 +
 

σ 0

0.1

0.2

1 2 3 4
 0

-je
t)

≥
(W

 +
 

σ
 n

-je
ts

)
≥

(W
 +

 
σ

-310

-210

-110

 data
 energy scale
 unfolding
      
 MadGraph Z2
 MadGraph D6T
 Pythia Z2

CMS preliminary

 = 7 TeVs  at  -136 pb
νµ→W 

 > 30 GeVjet
TE

inclusive jet multiplicity, n
 (n

-1
)-j

et
s)

≥
(W

 +
 

σ
 n

-je
ts

)
≥

(W
 +

 
σ 0

0.1

0.2

1 2 3 4

Unfolded	
  jet	
  mulCplicity	
  raCos	
  :	
  test	
  of	
  Berends-­‐Giele	
  scaling	
  (QCD	
  couplings)	
  	
  	
  



dijet	
  invariant	
  mass	
  distribuCon	
  in	
  
W→	
  lν	
  plus	
  jets	
  events	
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no	
  evidence	
  for	
  a	
  resonant	
  enhancement	
  near	
  a	
  dijet	
  mass	
  of	
  150	
  GeV	
  	
  



Quarks	
  &	
  Gluons	
  
Differences	
  in	
  the	
  fragmentaCon	
  of	
  quark	
  and	
  gluon	
  jets	
  have	
  been	
  

well	
  established	
  at	
  LEP	
  and	
  TeVatron.	
  

e+e− → qqg
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Gluons	
  split	
  &	
  radiate	
  more	
  than	
  Quarks	
  	
  
At	
  a	
  given	
  energy	
  a	
  resulCng	
  	
  
gluon	
  jet	
  will,	
  on	
  average	
  :	
  

1.  have	
  a	
  larger	
  parCcle	
  mul+plicity	
  	
  
2.  be	
  angularly	
  wider	
  	
  

3.  be	
  more	
  uniformly	
  distributed	
  



Jet	
  mulCplicity	
  and	
  opening	
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Quark/Gluon	
  jet	
  tagging	
  
approximately	
  half	
  or	
  more	
  of	
  QCD	
  jets	
  	
  are	
  gluon	
  originated	
  	
  

can	
  make	
  use	
  of	
  jet	
  composiCon	
  /	
  shape	
  variables	
  to	
  separate	
  them	
  
from	
  signal	
  quark-­‐induced	
  jets	
  in	
  EW	
  processes	
  

For	
  Central	
  (|eta|<2)	
  jets	
  	
  
	
  
1.  Axis1	
  (major	
  ηφ	
  RMS)	
  
2.  Axis2	
  (minor	
  ηφ	
  RMS)	
  
3.  Pull	
  (asymmetry)	
  
4.  N_Chg	
  	
  	
  
5.  R_ch	
  =	
  max(pTi_ch)/sum(pTi)	
  
All	
  variables	
  with	
  charged-­‐PU	
  subtracCon	
  

For	
  Transi+on(2<|eta|<3)	
  jet	
  and	
  	
  
Forward	
  (3<|eta|<4.7)	
  jets	
  	
  
1.  Axis1	
  	
  
2.  Axis2	
  	
  
3.  Pull	
  	
  
4.  N_Chg	
  +	
  N_Neu	
  
5.  R	
  =	
  max(pTi)/sum(pTi)	
  
All	
  variables	
  without	
  charged-­‐PU	
  subtracCon	
  

Used	
  in	
  H>ZZ>qqll,	
  VBF	
  Hbb,	
  VBF	
  Z	
  	
  CMS	
  physics	
  analysis	
  	
  

combined	
  with	
  a	
  simple	
  MVA	
  likelihood	
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Quark/Gluon	
  separaCon	
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CMS	
  PAS	
  JME-­‐13-­‐002	
  



Quark/Gluon	
  data	
  validaCon	
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CMS	
  PAS	
  JME-­‐13-­‐002	
  



Quark/Gluon	
  data	
  driven	
  correcCons	
  

22/11/2014	
   P.Azzurri	
  -­‐	
  Jets	
  in	
  CMS	
   47	
  

CMS	
  PAS	
  JME-­‐13-­‐002	
  

Herwig++	
  ßà	
  Pythia	
  closure	
  	
  



Jets	
  in	
  a	
  CMS	
  analysis:	
  
	
  

Study	
  of	
  the	
  pure	
  electroweak	
  (VBF)	
  
producCon	
  of	
  Z	
  +	
  2	
  jets	
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Vector	
  boson	
  fusion:	
  WW	
  →	
  Z	
  	
  

features	
  of	
  a	
  VBF	
  Z	
  are:	
  	
  
•  	
  	
  Central	
  Z	
  decay	
  associated	
  with	
  energeCc	
  forward-­‐backward	
  jets	
  	
  
•  	
  	
  A	
  large	
  η	
  separaCon	
  between	
  the	
  jets	
  	
  
•  	
  	
  A	
  large	
  invariant	
  dijet	
  mass	
  	
  
•  	
  	
  Pure	
  EWK	
  process:	
  no	
  color	
  exchange	
  between	
  the	
  tagging	
  quarks	
  	
  
→	
  low	
  hadronic	
  acCvity	
  in	
  the	
  central	
  part	
  of	
  the	
  detector	
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VBF	
  Z	
  candidate	
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VBF	
  &	
  EWK	
  Z/γ*>ll	
  +	
  2jets	
  

/DYToLL_Mll-­‐50_Mjj-­‐120_7TeV_madgraph-­‐pythia6/Fall11-­‐PU_S6_START42_V14B-­‐v1	
  

σ(7TeV)	
  	
  =	
  0.7	
  pb	
  	
  (with	
  mjj>120,	
  excludes	
  WZ,ZZ)	
  173K	
  events	
  	
  

many	
  other	
  pure	
  EWK	
  processes	
  lead	
  to	
  the	
  lljj	
  final	
  state	
  

strong	
  negaCve	
  interference	
  effects	
  (EW	
  gauge	
  cancellaCons)	
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Standard	
  Drell-­‐Yan	
  Z/γ*>ll+jets	
  

/DYJetsToLL_TuneZ2_M-­‐50_7TeV-­‐madgraph-­‐tauola	
  

σ(7TeV)	
  	
  =	
  3	
  nb	
  	
  (for	
  all	
  ll+jets	
  	
  with	
  m(ll)>50)	
  

mixed	
  QCD+EWK	
  processes	
  	
  

Z	
  +	
  2	
  jets	
  	
  

negligible	
  (≤0.1%)	
  interference	
  effects	
  with	
  the	
  pure	
  EWK	
  producCons	
  	
  
(careful	
  study	
  done	
  with	
  help	
  from	
  Fabio	
  Maltoni,	
  Marco	
  Zaro	
  and	
  Johan	
  Alwall	
  )	
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ParCcle	
  Flow	
  Analysis	
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PF	
  Lepton	
  SelecCon	
  
•  pT	
  >	
  20	
  GeV	
  	
  |η	
  |<2.4	
  	
  
	
  
PF	
  muons	
  with	
  reference	
  to	
  reco	
  muons:	
  	
  
•  	
  Tight	
  muon	
  selecCon	
  as	
  recommended	
  by	
  the	
  muon	
  POG	
  
	
  heps://twiki.cern.ch/twiki/bin/view/CMSPublic/SWGuideMuonId#Tight_Muon_selecCon_aka_VBTF_li	
  
•  RelaCve	
  Tracker	
  only	
  based	
  isolaCon	
  <	
  0.1	
  (no	
  PU	
  effects)	
  
heps://twiki.cern.ch/twiki/bin/view/CMSPublic/SWGuideMuonId#Muon_IsolaCon	
  
	
  
	
  
PF	
  electrons	
  with	
  reference	
  to	
  GSF	
  electrons:	
  
•  Basic	
  cuts	
  at	
  working	
  point	
  90%	
  	
  
h]ps://twiki.cern.ch/twiki/bin/viewauth/CMS/Vb_EleID2011	
  
•  RelaCve	
  Tracker	
  only	
  based	
  isolaCon	
  <	
  0.1	
  (no	
  PU	
  effects)	
  

•  Mll	
  >	
  50	
  GeV	
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Jets	
  clustered	
  without	
  the	
  leptons	
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if	
  MC:	
  process.GlobalTag.globaltag	
  =	
  'START53_V27::All'	
  	
   	
  #	
  for	
  MC 	
   	
  	
  
else	
  :	
  process.GlobalTag.globaltag	
  =	
  'FT53_V21A_AN6::All'	
  	
   	
  #	
  for	
  DATA	
  	
  
#	
  filter/producer	
  
PFCandidatesNoV	
  =	
  cms.EDFilter("PFCandidatesNoV", 	
   	
  	
  

	
  	
  	
  	
  	
  pfCandidatesInputTag	
  	
  	
  	
  =	
  cms.InputTag("parCcleFlow"), 	
   	
  	
  
) 	
  	
  
#	
  jet	
  producer	
  
process.ak5PFJetsNoV	
  =	
  process.ak5PFJets.clone(	
   	
  	
  

	
  	
  	
  	
  	
  src	
  =	
  cms.InputTag('PFCandidatesNoV','pfCandidatesNoV')	
  	
  
) 	
  	
  
#	
  jet	
  energy	
  correcXons	
  
process.load('JetMETCorrecCons.ConfiguraCon.DefaultJEC_cff') 	
   	
  	
  
if	
  MC:	
  jetcorrecCon	
  =	
  'ak5PFL1FastL2L3' 	
   	
   	
  #	
  for	
  MC 	
  	
  
else	
  :	
  jetcorrecCon	
  =	
  'ak5PFL1FastL2L3Residual' 	
  	
   	
  #	
  for	
  DATA	
  	
  
process.ak5PFJetsL1FastL2L3NoV	
  =	
  cms.EDProducer('PFJetCorrecConProducer', 	
  	
  

	
  	
  	
  src	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  cms.InputTag('ak5PFJetsNoV'),	
   	
  	
  
	
  	
  	
  	
  	
  correctors	
  	
  =	
  cms.vstring(jetcorrecCon) 	
  	
  

) 	
  	
  
	
   	
  	
  

	
  in	
  the	
  python	
  config	
  file	
  
	
  



Central	
  Hadronic	
  AcCvity	
  
build	
  the	
  collecCon	
  of	
  “Extra	
  Tracks”	
  with	
  	
  
•  highPurity	
  tracks,	
  pT>300	
  MeV	
  
•  not	
  associated	
  to	
  the	
  leptons	
  nor	
  to	
  the	
  two	
  leading	
  jets	
  
•  make	
  minimum	
  |dz(PV)|	
  when	
  associated	
  to	
  the	
  hardest	
  PV	
  	
  
•  |dz(PV)|<2mm	
  	
  |dz(PV)|<3σz(PV)	
  to	
  the	
  hardest	
  PV	
  	
  

cluster	
  “soo”	
  TrackJets	
  with	
  the	
  “Extra	
  Tracks”	
  collecCon	
  with	
  
•  anC-­‐kt	
  0.5	
  
•  pT>1	
  GeV	
  

Central	
  Region	
  defined	
  as	
  η(jet-­‐bkw)+0.5	
  <	
  η	
  <	
  η(jet_fwd)-­‐0.5	
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Extra	
  Tracks	
  &	
  TrackJets	
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#	
  extra	
  tracks	
  producer	
  (out	
  of	
  2-­‐lepton	
  +	
  2-­‐jets	
  system)	
  
process.extraTracks	
  =	
  cms.EDProducer('ExtraTracks')	
  
	
  
#	
  So_	
  Track	
  Jet	
  producer	
  (anX-­‐kt	
  0.5)	
  
process.ak5SooTrackJets	
  =	
  process.ak5TrackJets.clone()	
  	
  
process.ak5SooTrackJets.src	
  	
  =	
  ('extraTracks')	
  
process.ak5SooTrackJets.jetPtMin	
  =	
  cms.double(1.0)	
  
	
  
#full	
  analysis	
  path	
  
process.p	
  =	
  cms.Path(process.kt6PFJets	
  *	
  process.PFCandidatesNoLL	
  	
  
*	
  process.ak5PFJetsNoLL	
  *	
  process.ak5PFJetsL1FastL2L3NoLL	
  	
  
*	
  process.GluonTagProducer	
  *	
  process.extraTracks	
  *process.ak5SooTrackJets	
  *	
  ….)	
  
	
  

	
  in	
  the	
  python	
  config	
  file	
  
	
  



CMSSW	
  Code	
  for	
  this	
  example	
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in	
  heps://github.com/UAEDF/EWKV	
  
mostly	
  wrieen	
  by	
  Tom	
  Cornelis	
  (University	
  of	
  Antwerp)	
  

	
  
PFCandidatesNoV	
  edm::EDFilter	
  &	
  Producer	
  :	
  	
  

h]ps://github.com/UAEDF/EWKV/blob/master/PFCandidatesNoV/src/PFCandidatesNoV.cc	
  
	
  
	
  

ExtraTracks	
  edm::EDProducer	
  
h]ps://github.com/UAEDF/EWKV/blob/master/ExtraTracks/src/ExtraTracks.cc	
  

	
  
edm::EDAnalyzer	
  

h]ps://github.com/UAEDF/EWKV/blob/master/Analyzer/src/Analyzer.cc	
  
	
  



THE	
  END	
  
	
  
	
  

Thank	
  You	
  for	
  your	
  aeenCon	
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