
Jet	
  finding	
  –	
  a	
  quick	
  guide	
  	
  
A	
  free	
  speech	
  exercise	
  

Par2cles	
  {pi}	
   Jets	
  {jk}	
  



Outline	
  

•  What	
  is	
  a	
  jet	
  and	
  what	
  does	
  it	
  mean	
  to	
  
reconstruct	
  it?	
  Why	
  to	
  reconstruct	
  jets?	
  

•  Jets	
  in	
  elementary,	
  hadronic	
  collisions	
  

•  Jet	
  finders	
  and	
  different	
  jet	
  defini2ons	
  
•  Backgrounds?	
  Pile-­‐up,	
  underlying	
  event,	
  
heavy-­‐ion	
  ac2vity	
  

•  Summary	
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What	
  is	
  a	
  jet?	
  

o  Direct	
  indica2on	
  of	
  fragmen2ng	
  

parton	
  

o  Good	
  assump*on:	
  approximate	
  

parton/jet	
  energy	
  by	
  reconstruc2ng	
  

energy	
  of	
  individual	
  par2cles/

cons2tuents	
  

o  Jets	
  (unlike	
  single	
  hadrons)	
  are	
  
objects	
  which	
  are	
  “beUer”	
  

understood/calculable	
  within	
  pQCD	
  
S.D Drell, D.J.Levy and T.M. Yan, Phys. Rev. 187, 2159 (1969)‏ 
N. Cabibbo, G. Parisi and M. Testa, Lett. Nuovo Cimento 4,35 (1970)‏ 
J.D. Bjorken and S.D. Brodsky, Phys. Rev. D 1, 1416 (1970)‏ 
Sterman and Weinberg, Phys. Rev. Lett. 39, 1436 (1977) ... 

A	
  spray	
  of	
  collimated	
  showers/par2cles	
  

-­‐	
  Hardly	
  ever	
  beUer	
  defined...	
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Jets	
  at	
  collider	
  experiments	
  

LEP	
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Jets	
  at	
  collider	
  experiments	
  

LEP	
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Jets	
  at	
  collider	
  experiments	
  

LEP	
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σ(e+ + e−) = σ(e+ + e−)⊗ J1 ⊗ J2
EIC	
  PPF	
  



Tevatron,	
  RHIC	
  and	
  already	
  at	
  LHC	
  

S
TA
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ay
 xy	
  plane	
  

RHIC	
  p+p	
  @	
  sqrt(s)	
  =	
  200	
  GeV	
  

√s=2.36	
  TeV	
  

ATLAS	
  Nov/Dec	
  2009	
  

Jet1:	
  	
  ET	
  	
  (EM	
  scale)~	
  16	
  GeV,	
  η= -2.1

Jet2:	
  	
  ET	
  (EM	
  scale)	
  ~	
  6	
  GeV,	
  η= 1.4


Tevatron:	
  CDF	
  

These	
  are	
  hadron	
  colliders!	
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What	
  really	
  happens	
  in	
  hadronic	
  
collisions…	
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Jets	
  at	
  different	
  “levels”	
  

More	
  on	
  this	
  later…	
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Hadronic	
  collisions	
  and	
  pQCD	
  

D(z,	
  mF)	
  is	
  the	
  
Fragmenta2on	
  
func2on	
  

E
d3σ

dp3
∝ fa/A(xa, Q2)⊗ fb/B(xb, Q

2)⊗ dσ̂ab→cd

dt
⊗Dh/c(zc, Q

2)

pQCD	
  factoriza2on:	
  

parton	
  distribu2on	
  fn	
  fa/A	
  

partonic	
  cross	
  sec2on	
  

fragmenta2on	
  fn	
  Dh/c	
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Hadronic	
  collisions	
  and	
  interac2on	
  at	
  
different	
  scales	
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Why	
  jets?	
  
•  Complete	
  jet	
  reconstruc2on	
  (in	
  terms	
  of	
  
energy	
  flow	
  at	
  a	
  given	
  resolu2on	
  scale)	
  	
  
– Significantly	
  reduces	
  uncertain2es	
  (fragmenta2on)	
  
– Allows	
  for	
  much	
  beUer	
  comparison/understanding	
  
of	
  experimental	
  results	
  with	
  theory	
  

dσ

dpT
= (PDF )⊗ (hard x− sec)⊗ (fragmentation)

dσ

dpT
= (PDF )⊗ (hard x− sec)

12	
  EIC	
  PPF	
  



Examples	
  of	
  processes	
  calculable	
  
within	
  pQCD	
  

σ(p + p→ X + e+ + e−) = fq ⊗ fq ⊗ σ(q + q → e+ + e−)

Drell-­‐Yan	
  

σ(p + e− → X + e−) = fq ⊗ σ(q + e− → q + e−)

Deep	
  Inelas2c	
  ScaUering	
  
CTEQ6	
  
Q=2	
  GeV	
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Examples	
  of	
  processes	
  calculable	
  
within	
  pQCD	
  

σ(p + p→ X + e+ + e−) = fq ⊗ fq ⊗ σ(q + q → e+ + e−)

Drell-­‐Yan	
  

σ(p + e− → X + e−) = fq ⊗ σ(q + e− → q + e−)

Deep	
  Inelas2c	
  ScaUering	
  
CTEQ6	
  
Q=2	
  GeV	
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Event	
  shape	
  studies	
  

σ(e+ + e− → hadrons) =
σ(e+ + e− → q + q)⊗ J1 ⊗ J2 ⊗ S

σ(p+ + p− → jets) =
fq ⊗ fq ⊗ σ(q+ + q− → q + q)⊗ J1 ⊗ J2 ⊗ S
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Focus	
  of	
  this	
  talk	
  

σ(h + h→ jet + X) =
fq ⊗ fq ⊗ σ(q + q → jet + X)⊗ J

Proper2es	
  of	
  jet	
  finding	
  
-­‐>	
  Jet	
  defini2on	
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Finding	
  jets	
  

Par2cles	
  {pi}	
   Jets	
  {jk}	
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Finding	
  jets	
  

Par2cles	
  {pi}	
   Jets	
  {jk}	
  

Jet	
  defini2on	
  

18	
  

o 	
  Recombina2on	
  scheme	
  
o 	
  Algorithm	
  
o 	
  Resolu2on	
  parameter	
  

Note:	
  jets=hard	
  partons,	
  however	
  defini@on	
  
of	
  a	
  parton	
  in	
  terms	
  of	
  a	
  jet	
  is	
  ambiguous	
  -­‐>	
  
mul@ple	
  jet	
  defini@ons.	
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Op2mum	
  jet	
  finder	
  algorithm	
  

Tevatron	
  1990	
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QCD	
  divergences	
  and	
  jet	
  finders	
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More	
  on	
  jet	
  finders	
  
•  Some	
  “bad”	
  jet	
  proper2es	
  

– Mul2plicity	
  (not	
  well	
  understood	
  in	
  theory	
  and	
  not	
  
easily	
  measured)	
  

–  Charge	
  (pair	
  from	
  vacuum	
  dilutes	
  significance;	
  
frac2onal	
  q	
  charge)	
  

•  Jet	
  equivalence:	
  

•  Jets	
  are	
  four-­‐vectors	
  with	
  mass	
  	
  
–  modulo	
  p-­‐recombina@on	
  scheme	
  

•  Different	
  algorithms	
  give/may	
  different	
  answers	
  
– However,	
  if	
  analysis	
  is	
  very	
  sensi2ve	
  to	
  algorithm	
  –	
  
something	
  must	
  be	
  wrong(!)	
  –	
  s@ll	
  a	
  learning	
  curve	
  in	
  HI	
  

•  Jet	
  size	
  is	
  process	
  dependent(!)	
  –	
  need	
  theory	
  
input	
  on	
  op2mal	
  size	
  (resolu2on	
  parameter).	
  

J(−→p partons) ≈ J(−→p shower) ≈ J(−→p hadrons) ≈ J(−→p cells/tracks)
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Modern	
  algorithms	
  

•  Collinear	
  and	
  infrared	
  safe	
  
•  Improved	
  performance	
  

•  Rigorous	
  defini2on	
  of	
  jet	
  area	
  
•  Different	
  algorithms	
  -­‐>	
  
different	
  response	
  to	
  the	
  
underlying	
  event	
  
– Developed	
  for	
  uniform	
  bg	
  
subtrac2on	
  (pile-­‐up)	
  at	
  LHC	
  

pjet
T = pcluster

T − ρ×Area

M.	
  Cacciari,	
  G.	
  Salam,	
  G.	
  Soyez	
  

Two	
  main	
  classes	
  of	
  algorithms:	
  
recombina2on	
  (kt,	
  Cambridge/Aachen,	
  
an2-­‐kt)	
  and	
  cone	
  (Mid	
  point	
  cone,	
  CDF,	
  
SIScone)	
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Jet	
  algorithms	
  -­‐	
  summary	
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Example:	
  Kt-­‐like	
  algorithms	
  

	
  An@-­‐kt:	
  kt2	
  is	
  replaced	
  by	
  kt-­‐1	
  
M.	
  Cacciari,	
  G.	
  P.	
  Salam,	
  G.	
  Soyez	
  JHEP	
  0804:063,2008.	
  e-­‐Print:	
  arXiv:0802.1189	
  [hep-­‐ph]	
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Finding	
  jets	
  

Par2cles	
  {pi}	
   Jets	
  {jk}	
  

Jet	
  defini2on	
  

25	
  

o 	
  Recombina2on	
  scheme	
  
o 	
  Algorithm	
  
o 	
  Resolu2on	
  parameter	
  

Note:	
  jets=hard	
  partons,	
  however	
  defini@on	
  
of	
  a	
  parton	
  in	
  terms	
  of	
  a	
  jet	
  is	
  ambiguous	
  -­‐>	
  
mul@ple	
  jet	
  defini@ons.	
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Finding	
  jets	
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Note:	
  jets=hard	
  partons,	
  however	
  defini@on	
  
of	
  a	
  parton	
  in	
  terms	
  of	
  a	
  jet	
  is	
  ambiguous	
  -­‐>	
  
mul@ple	
  jet	
  defini@ons.	
  

EIC	
  PPF	
  

So,	
  what	
  is	
  a	
  recombina2on	
  scheme?	
  
-­‐>	
  at	
  each	
  step	
  of	
  algorithm	
  one	
  has	
  a	
  choice	
  how	
  to	
  cluster/recombine	
  the	
  
par2cles/objects	
  into	
  a	
  resul2ng	
  “jet”	
  



Different	
  jet	
  finders	
  –	
  different	
  
structures	
  –	
  again:	
  jet	
  defini2on!	
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Background	
  subtrac2on	
  

•  ρ:	
  median	
  pT	
  per	
  unit	
  area	
  of	
  the	
  
diffuse	
  background	
  in	
  an	
  event	
  –	
  
measured	
  using	
  background	
  “jets”	
  
as	
  found	
  by	
  kT	
  algorithm	
  

•  A:	
  area	
  of	
  the	
  jet	
  –	
  measured	
  using	
  
number	
  of	
  ar2ficially	
  injected	
  
infinitely	
  so{	
  par2cles	
  of	
  finite	
  
“size”	
  into	
  an	
  event	
  that	
  are	
  
clustered	
  into	
  the	
  jet	
  	
  

•  δρ:	
  uncertainty	
  due	
  to	
  noise	
  
fluctua2ons	
  –	
  non-­‐uniformity	
  of	
  the	
  
event	
  background	
  

M. Cacciari, G. Salam, G. Soyez  JHEP 0804:063,2008. e-Print: arXiv:0802.1189 [hep-ph]  
M. Cacciari, G.Salam Phys.Lett.B659:119-126,2008. e-Print: arXiv:0707.1378 [hep-ph]  

pjet
T = pcluster

T − ρ×Area

pjet
T = ptrue

T ⊗ δρ

su
bt
ra
c2
on
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NOTE:	
  ρ	
  can	
  be	
  es@mated	
  in	
  several	
  ways!	
  



Yui	
  Shi	
  Lai,	
  arXiv:0806.1499,	
  QM	
  2009	
  

o 	
  Seedless,	
  infrared	
  and	
  collinear	
  safe	
  
o 	
  Op2mizes	
  S/B	
  (focus	
  on	
  the	
  “core”	
  of	
  the	
  jet)	
  
o 	
  Robust	
  against	
  background	
  

Results	
  from	
  PHENIX	
   29	
  

Other	
  approaches	
  possible	
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What	
  to	
  “put”	
  in	
  to	
  the	
  jet	
  finder?	
  
-­‐	
  experimental	
  issue	
  

From	
  slide	
  9.	
  

x	
  

y	
  

Beam	
  View:	
  

Make	
  sure	
  you	
  do	
  not	
  “measure/use”	
  the	
  same	
  energy	
  twice!	
  
STAR	
  example:	
  charged	
  hadrons	
  from	
  TPC	
  also	
  shower	
  into	
  EMC	
  (with	
  a	
  certain	
  P)!	
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Tevatron,	
  RHIC	
  and	
  already	
  at	
  LHC	
  

S
TA

R
 T

P
C

 E
ve

nt
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is
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ay
 xy	
  plane	
  

RHIC	
  p+p	
  @	
  sqrt(s)	
  =	
  200	
  GeV	
  

√s=2.36	
  TeV	
  

ATLAS	
  Nov/Dec	
  2009	
  

Jet1:	
  	
  ET	
  	
  (EM	
  scale)~	
  16	
  GeV,	
  η= -2.1

Jet2:	
  	
  ET	
  (EM	
  scale)	
  ~	
  6	
  GeV,	
  η= 1.4


Tevatron:	
  CDF	
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Tes2ng/exercising	
  pQCD…	
  



Tevatron	
  

Very	
  good	
  agreement	
  with	
  NLO	
  pQCD	
  

Mul2ple	
  algorithms	
  used	
  converging	
  to	
  
consistent	
  results	
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pQCD	
  at	
  RHIC	
  
S

TA
R

 T
P

C
 E

ve
nt

 D
is

pl
ay

 xy	
  plane	
  

dσ ∝ (PDF )⊗ (HARD)

Phys.	
  Rev.	
  LeU.	
  97	
  (2006)	
  252001	
  
parton	
   parton	
  

Jet	
  

Jet	
  
p+p	
  collision	
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What	
  happens	
  in	
  HI	
  collisions?	
  



Jet-­‐medium	
  interac2on	
  
QCD:	
  High	
  energy	
  partons	
  lose	
  
energy	
  via	
  gluon	
  radia2on	
  (QCD	
  
bremsstrahlung	
  )	
  

Medium	
  characterized	
  by	
  the	
  
transport	
  coefficient	
  qhat:	
  

squared	
  momentum	
  transfer	
  per	
  
unit	
  length	
  (mean	
  free	
  path)	
  

36	
  

Partonic	
  energy	
  loss	
  in	
  QCD	
  medium	
  is	
  propor2onal:	
  
• 	
  to	
  squared	
  average	
  path	
  length	
  (Note:	
  QED	
  ~	
  linear)	
  
• 	
  to	
  density	
  of	
  the	
  medium	
  	
  	
  

QED:	
  Bremsstrahlung	
  
is	
  dominant	
  energy	
  
loss	
  mechanism	
  at	
  
high	
  energy	
  limit	
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Factoriza2on	
  in	
  HI	
  collisions	
  

p-­‐p	
  

Medium	
  induced	
  E-­‐loss	
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Complete	
  Jet	
  Reconstruc2on	
  	
  
in	
  Heavy	
  Ion	
  Collisions:	
  	
  
why	
  bother?	
  

38	
  

Jet	
  quenching	
  is	
  a	
  partonic	
  proces	
  
obscured	
  by	
  hadroniza2on	
  

High	
  pT	
  hadron	
  triggers	
  bias	
  towards	
  non-­‐interac2ng	
  jets	
  
suppresses	
  the	
  jet	
  popula2on	
  that	
  interacts	
  the	
  most	
  
no	
  access	
  to	
  dynamics	
  of	
  energy	
  loss	
  

So{	
  hadron	
  correla2ons	
  (pT<few	
  GeV/c)	
  are	
  difficult	
  to	
  interpret	
  as	
  QCD	
  jets	
  
requires	
  strong	
  analysis	
  and	
  modeling	
  assump2ons	
  
	
  no	
  clear	
  connec2on	
  to	
  theory	
  

Goal	
  of	
  full	
  jet	
  reconstruc2on:	
  integrate	
  over	
  hadronic	
  degrees	
  of	
  freedom	
  to	
  
measure	
  medium-­‐induced	
  jet	
  modifica2ons	
  at	
  the	
  partonic	
  level	
  	
  much	
  more	
  
detailed	
  connec2on	
  to	
  theory	
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HI	
  Jet	
  Reconstruc2on:	
  strategy	
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What	
  we	
  have	
  learned	
  over	
  the	
  past	
  two	
  years:	
  	
  
“an2-­‐quenching”	
  biases	
  lurk	
  everywhere!	
  

1.  Detector	
  level	
  trigger	
  (high-­‐pT	
  single	
  par2cle)	
  
2.  Seeded	
  reconstruc2on	
  algorithms	
  
3.  Track	
  and	
  tower	
  pT	
  cuts	
  to	
  suppress	
  background	
  

No	
  shortcuts:	
  we	
  have	
  to	
  face	
  the	
  full	
  event	
  background	
  and	
  
its	
  fluctua2ons	
  head-­‐on	
  

• 	
  complex	
  interplay	
  between	
  	
  event	
  background	
  and	
  jet	
  
signal	
  

Need	
  mul2ple	
  independent	
  background	
  correc2on	
  schemes	
  
to	
  assess	
  systema2cs	
  

• 	
  more	
  is	
  beUer	
  than	
  few,	
  but	
  must	
  be	
  independent	
  
• 	
  no	
  shortcuts:	
  correc2ons	
  depend	
  on	
  observable	
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Jet	
  pT	
  irresolu2on	
  due	
  to	
  HI	
  background	
  
Background	
  non-­‐uniformity	
  	
  
(fluctua2ons)	
  and	
  energy	
  resolu2on	
  
introduce	
  pT-­‐smearing	
  

Correct	
  via	
  “unfolding”:	
  inversion	
  of	
  
full	
  bin-­‐migra2on	
  matrix	
  

Check	
  numerical	
  stability	
  of	
  procedure	
  
using	
  jet	
  spectrum	
  shape	
  from	
  PYTHIA	
  

Procedure	
  must	
  be	
  numerically	
  stable	
  
Correc2on	
  depends	
  cri2cally	
  on	
  background	
  
model	
  →	
  main	
  systema2c	
  uncertainty	
  for	
  HI	
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unfolding	
  

Pythia	
  

Pythia	
  smeared	
  

Pythia	
  unfolded	
  

pjet
T = ptrue

T ⊗ δρ
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NLO	
  E-­‐Loss	
  calcula2ons	
  and	
  jet	
  finding	
  

S2	
  and	
  S3	
  contain	
  jet	
  finding	
  algorithm	
  
(phase	
  space	
  constraints	
  iden2fying	
  jet	
  	
  
with	
  its	
  parent	
  parton)	
  

I.	
  Vitev,	
  B.-­‐W.	
  Zhang	
  
arXiv:0910.1090v1	
  [hep-­‐ph]	
  
and	
  refs	
  there	
  (one	
  of	
  the	
  previous	
  HITs)	
  

GLV	
  medium	
  induced	
  radia2on:	
  number	
  of	
  
scaUerings,	
  momentum	
  transfers,	
  color	
  current	
  
propagators,	
  coherence	
  phases	
  (LPM)…	
  

Jet	
  cross-­‐sec2ons:	
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Further	
  jet	
  measurements	
  

Not	
  possible	
  w/o	
  full	
  jet	
  
reconstruc2on(!)	
  



Jet	
  shapes	
  
20	
  GeV	
   100	
  GeV	
   500	
  GeV	
  

RHIC:	
  200	
  GeV	
  I.	
  Vitev,	
  B.-­‐W.	
  Zhang	
  
arXiv:0910.1090v1	
  [hep-­‐ph]	
  

LHC/	
  
Tevatron	
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Count	
  sub-­‐jets	
  when	
  yij	
  >	
  ycut	
  :	
  	
  	
  

Future	
  measurement:	
  subjets	
  

Subjet	
  distribu2ons:	
  

+	
  Insensi2ve	
  to	
  
hadroniza2on	
  
+	
  Quenching	
  signal	
  with	
  bg	
  
suppressing	
  pt	
  cut	
  

-­‐ 	
  Suffer	
  from	
  energy	
  
irresolu2ons:	
  

where	
  

C.	
  Zapp	
  et	
  al.	
  
arXiv:0804.3568	
  [hep-­‐ph]	
  	
  

JEWEL	
  –	
  MC	
  	
  
model	
  of	
  quenching	
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anti-kT jet KT jet 
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Subjets	
  at	
  Tevatron(D0)	
  
•  Reclustering	
  (re-­‐run	
  of	
  a	
  kt	
  algor)	
  on	
  a	
  jet	
  -­‐>	
  recombina2on	
  

into	
  n-­‐subjets	
  separated	
  by	
  ymin	
  cut	
  -­‐>	
  used	
  for	
  q-­‐g	
  jet	
  
discrimina2on	
  

Vogelsang:	
  pp	
  @	
  200	
  GeV	
  

What	
  about	
  pp@130;500	
  GeV	
  ?	
  
Probably	
  to	
  small	
  diff	
  in	
  σ(ff)	
  ?	
  

hep-­‐ph/0704.1677	
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Fragmenta2on	
  Func2ons	
  in	
  e+e-­‐	
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MLLA:

peak position ξp � 1
4 ln

�
s
Λ2

�

Gaussian width σ ∝
�
ln

�
s
Λ2

�� 3
4

ALEPH	
  ‘95	
  

MLLA:	
  

Scaling	
  
viola2ons	
  

z = phadron
L|jet /pJet

EIC	
  PPF	
  



Summary	
  

•  Jets	
  ~	
  partonic	
  kinema2cs	
  
•  Advanced	
  jet	
  finders:	
  

–  hUp://www.lpthe.jussieu.fr/~salam/fastjet/	
  
•  Systema2c	
  effects	
  are	
  important	
  

–  Jet	
  energy	
  scale	
  and	
  jet	
  energy	
  resolu2on	
  
–  R	
  –	
  the	
  resolu2on	
  parameter	
  and	
  the	
  jet	
  defini2on	
  –	
  
know	
  what	
  you	
  measure	
  and	
  how	
  it	
  corresponds	
  to	
  
theory	
  

•  Jet	
  observables	
  robustness	
  is	
  the	
  key	
  
– Not	
  obscured	
  by	
  hadroniza2on	
  

•  Avoid	
  biases:	
  seed	
  bias,	
  kinema2c	
  cuts	
  etc	
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