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Outline 
•  Lecture 1: Jets and QCD 

•  The physics of jets 
•  Including brief history 

•  Jets from perturbative QCD 
•  Jet algorithms 
•  Some data 
 

•  Lecture 2: Modern jet physics 
•  Jet substructure 
•  Jet grooming 
•  Jet properties 
•  The future of jets 
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What happens in a collision? 
Colliding water droplets – what happens? 
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What happens in a collision? 
Colliding water droplets – what happens? 

 Produces radially symmetric distribution 

August 25, 2012 Matthew Schwartz 



Colliding protons 

P P
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Colliding protons 
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Jets and the LHC 
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•  The LHC has much higher energy than any collider ever 
•  More jets 
•  Harder (more energetic) jets 
•  More jet-like (collimated) jets 

  
•  LHC experiments can measure jets really well 

•  Better energy resolution than Tevatron 
•  Better spatial resolution than Tevatron 
•  Can identify individual particles!! 

Jet physics is entering a 

New experimental 
 techniques 

Revolution in the last 4 years 

New ideas  
and algorithms 

New theoretical 
methods 
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Rutherford concluded: 
 
 
 
 
 

  

•  Most of the gold foil is empty space 
•  Mass is concentrated in a hard central nucleus 
•  Size of nucleus is approximately 3 x10-14 m (very close to correct)  

Nuclear physics begins 
Rutherford’s Experiment (1910) 

  •  α particles  from 214Po on 0.5 µ thick sheet of gold 
•  α particle speed = 107 m/s 
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P

In general, the cross section depends on the momentum transfer q2 

P

p1 

p2 

q=p2-p1 

Pure Coulomb potential → no 
structure 

Form factor ~ scattering potential 

pointlike elastic 
collisions  

electron 

electron 

electron 

electron 

Electron-positron (e- P+) scattering 



Electron-positron (e- P+) scattering 
1950s at the Mark III linear collider at Stanford 

•  Energies of order 200-500 MeV 

P P Proton has size: r = 10-15m 
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Higher energy e- P+ scattering 
1960s at Stanford Linear Accelerator 
        (SLAC) 

P

Proton breaks apart – inelastic 
scattering! 

P

π
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Very high energy e- P+ scattering 
1960s at SLAC 

P 

Now F(q2) = constant again! Hard scattering off of 
         pointlike weakly interacting constituents in the proton 

electron 

electron 
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What happens to the proton? 
quarks 

Hard to tell -- DIS experiments of the 50s and 60s were fixed-target 
experiments 
       -- not designed to measure the “hadronic” part, just the electron 
 
 



Intersecting Storage Rings (ISR) at CERN 
August 25, 2012 Matthew Schwartz 

First hadron (pp) collider 
 

DESY Tuesday Seminar, 22 March 2011 TSS: Jets 5 

HISTORY OF JETS 
Intersecting Storage Ring 

Geschonke et al.,  
“Physics at the Terascale”,  
Wiley 2011 

The Intersecting Storage Ring 

Unexpected rise of the 
total pp cross section DESY Tuesday Seminar, 22 March 2011 TSS: Jets 6 

HISTORY OF JETS 
The ISR – the “high-pT” phenomenon 

ISR, 1973 (Büsser et al.): 
Unexpected high-pT behaviour 
of single particles: Power law 
instead of exponential! 

Theoretically expected because of 
recent deep-inelastic scattering 
experiments and parton picture of 
strong interactions (Bjorken et al.). 

Further hypothesis: high-pT 
particles often accompanied by 
“jet”-like structures (“cores”) – 
collimated bundles of hadrons; 
typical event consists of pair of jets 
balanced in pT. Experimentally 
difficult to confirm. 

€ 

E d3σ
dp3

∝ exp −6pT( )

€ 

E d3σ
dp3 ∝ pT

−n ,     n = 4 − 8

pT [GeV/c] 

From T. Schörner-Sadenius 
 

•  Unexpected rise in the total pp cross section 
•  Large number of particles produced at high pT 
•  Consistent with (early) expectations from QCD 



Spear at SLAC 
August 25, 2012 Matthew Schwartz 

DESY Tuesday Seminar, 22 March 2011 TSS: Jets 7 

HISTORY OF JETS 
e+e– collisions at SPEAR 

Geschonke et al.,  
“Physics at the Terascale”,  
Wiley 2011 

€ 

s = 3.0 GeV

€ 

s = 6.2 GeV

€ 

s = 7.4 GeV

€ 

s = 7.4 GeV

Phase-space 

Jet model 

Mark-I PRL 35 
(1975) 1609 

Sphericity S and angular distribution well 
described by jet model based on spin-1/2 
quarks with simple fragmentation model . 

€ 

S =
3 pT ,i

2
i

∑( )
2 pi

2
i

∑( )
Mark I -- first 4π detector (1973-1977) 
 

DESY Tuesday Seminar, 22 March 2011 TSS: Jets 7 

HISTORY OF JETS 
e+e– collisions at SPEAR 

Geschonke et al.,  
“Physics at the Terascale”,  
Wiley 2011 

€ 

s = 3.0 GeV

€ 

s = 6.2 GeV

€ 

s = 7.4 GeV

€ 

s = 7.4 GeV

Phase-space 

Jet model 

Mark-I PRL 35 
(1975) 1609 

Sphericity S and angular distribution well 
described by jet model based on spin-1/2 
quarks with simple fragmentation model . 

€ 

S =
3 pT ,i

2
i

∑( )
2 pi

2
i

∑( )
Measured Sphericity 

(event shape) 

PETRA (DESY) 1979 

quark jet 

antiquark jet 

gluon jet 

PETRA at DESY (Hamburg) 
Gluon jets 

From T. Schörner-Sadenius 
 

•  Confirmed jet models with event shapes 
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Colliding protons 

P P
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Colliding protons 
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p p 
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u 

u 

d

Size is 
1 fm ~ ΛQCD

-1 
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u 

u 

u 

u 

d

d

Interaction length 0.01 fm ~ 
100 GeV-1<< ΛQCD -1 
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Special relativity 
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•  Longitudinal size of proton is much smaller than transverse size  

Length contraction 

Special relativity 
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K+ 

nπ- 

π0 

π+ 

Length contraction 

•  Longitudinal size of proton is much smaller than transverse size  

Time dialation 

•  Hadronization occurs well outside of proton radius 
•  For 100 GeV collision, Rhad ~ 100 fm 

Special relativity 
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K+ 

K0 

π- 

π- π+ π0 

p

n

n
π+ 

Jet 

Jet 

Beam remnant 

Beam remnant 



August 25, 2012 Matthew Schwartz 

at short distances 
        QCD is like QED  
•  Electrons in, electrons out 

at long distances QCD is a mess  
•  Nuclei in, hadrons out 

 Run : even t  4093 :   4556   Da t e  930527  T ime   22439                                  
 Ebeam 45 . 658  Ev i s   90 . 8  Emi ss    0 . 6  V t x  (   - 0 . 05 ,    0 . 08 ,    0 . 36 )               
 Bz=4 . 350   Th r us t =0 . 9999  Ap l an=0 . 0000  Ob l a t =0 . 0110  Sphe r =0 . 0003                  

C t r k (N=   2  Sump=  86 . 8 )  Eca l (N=   5  SumE=   1 . 6 )  Hca l (N=  4  SumE=   4 . 0 )  
Muon (N=   2 )  Sec  V t x (N=  0 )  Fde t (N=  0  SumE=   0 . 0 )  

Y

XZ

   200 .  cm.   

 Cen t r e  o f  sc r een  i s  (    0 . 0000 ,    0 . 0000 ,    0 . 0000 )         

50  GeV2010 5

OPAL e+e- èµ+µ- event 

CMS  
Heavy ion event 

Proton-proton collisions are just right 
 intermediate between QED and a mess 

CMS  
Dijet event 



QCD predicts jets 
1.   Quarks and gluons (partons) are produced at short distance, 

where QCD is weak 

2.   As they propagate outward, they radiate more partons 

3.   At distances~ ΛQCD
-1 they form uncolored hadrons 

            Hadrons leave the proton and  
                    do not interact strongly until detected 
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dσ =[PDFs] x [production] x [parton shower] x [hadronization] 

short distance long distance 

Production 

Radiation 

Hadronization 

•  Physics at different length scales can be calculated separately 
and then combined 
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Image F. Krauss 

PDFs 

production 
(hard process) 

Hadronization/ 
Fragmentation/ 

Decay 

dσ =[PDFs] x [production] x [parton shower] x [hadronization] 

Parton shower/ 
Jet formation 

Subject of my lectures 



Factorization 
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•  Partons produced at short distances 

P 

P 

6 Jets 

Short distance physics 
       imprinted on jets! 

•  Radiation and hadronization cannot change parton 
momentum by much  



JETS FROM 
PERTBUATIVE QCD 
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Why jets? 
August 25, 2012 Matthew Schwartz 

Leading order: R=0, Energy = E 

p 
q Propagator factor: 

Blows up when E=0 (soft divergence) 
Or θ = 0 (collinear divergence) 

θ 
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t co

mes f
rom

the
sum

ove
r qu

ark
colo

rs in
the

fina
l sta

te.H
ere

we
hav

e

sum
med ove

r al
l 6

qua
rks

and
add

ed the
fact

or o
f 3 in fron

t by
han

d for
the

colo
r su

m. In
most

e
+ e

− exp
erim

ents
, su

ch as L
EP

1, w
ith

ECM
= 90G

eV,
the

cen
ter

of m
ass

ene
rgy

has
bee

n belo
w

the
top

qua
rk pair

pro
duc

tion
thre

sho
ld (∼35

0 G
eV)

, an
d so i

t wo
uld

be m
ore

app
rop

riat
e to

sum

ove
r on

ly 5 qua
rks.

Thu
s, a

t tr
ee l

eve
l, w

e sh
ould

find
at L

EP
1

R=
σ(e

+ e
− → γ→

had
ron

s)

σ(e
+e− → γ→

µ
+ µ

− )
= 3

∑

q=
u

b
Q q

2 =
11

3
= 3.67

(22
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The
equ

ival
ent

rati
o thro

ugh
an

inte
rmedia

te Z bos
on

is 2
0.09

. T
he

measu
red

valu
e at L

EP
1,

whi
ch ran

at ECM
=MZ

was
20.7

9± 0.04
whi

ch is v
ery

clos
e, b

ut a
bou

t 3.
5%

high
er.

Non
ethe

less
,

this
com

par
ison

is c
ons

iste
nt w

ith
the

re b
eing

3 colo
rs o

f qu
ark

s (n
ot 4

or 2
) an

d 5 flav
ors.

Thi
s

corr
ecti

on of t
he f

ew
per

cen
t le

vel
is w

hat
one

exp
ects

from
loop

corr
ecti

ons
. N

eve
rthe

less
, th

is is

By
the

way
it’s

very
con

ven
ient

, an
d non

-tri
vial

, th
at w

e can
sum

ove
r qu

ark
s an

d measu
re

had
ron

s. T
he r

easo
n th

is w
ork

s is
tha

t th
e qu

ark
s ar

e pr
odu

ced
at s

hor
t di

stan
ce a

nd h
adr

oniz
atio

n

occ
urs

at l
ong

dist
anc

e. B
ecau

se t
he l

ong
dist

anc
e ph

ysic
s is

too
slow

to affe
ct t

he s
hor

t di
stan

ce

phy
sics

, th
e to

tal
rate

gets
froz

en in wel
l be

fore
had

ron
izat

ion.
The

way
to pro

ve t
his

is k
now

n as

fac
tor

iza
tio

n, a
nd

one
of t

he m
ost

pro
foun

d, i
mpor

tan
t, a

nd
sub

tle
con

cep
ts i

n QC
D.

Unf
ortu

-

nat
ely,

pro
ofs

of f
acto

riza
tion

are
bey

ond
the

scop
e of

thes
e le

ctu
res.

3.2
Next

-to
-lea

din
g ord

er

Now
let’s

con
side

r th
e rad

iati
ve corr

ecti
ons

to the
tota

l e
+ e

− → had
ron

s ra
te.

Aga
in,

we
will

be

able
to stea

l th
e re

sult
s fo

r th
e ra

diat
ive

corr
ecti

ons
to e

+ e
− → µ

+ µ
− , wh

ich
we

com
put

ed in the

lect
ure

on i
nfra

red
dive

rgen
ces,

modif
ying

it o
nly

with
the

app
rop

riat
e co

lor
fact

ors
whe

n ne
cess

ary
.

The
re are

two
con

trib
utio

ns a
t ne

xt t
o lead

ing
ord

er.
Rec

all
tha

t fo
r e

+ e
− → µ

+ µ
− , th

e real

emissio
n con

trib
utio

n give
s

+

d
2σ

dsdt
= σ0

αe

2π

[ s
t
+

t
s
+

2u

st

]

In this
case

, th
e ve

rtic
es g

et m
odifi

ed b
y th

e in
sert

ion
of a

colo
r fa

ctor
T

a . Th
en t

he m
atri

x el
ement

squ
ared

give
s a

fact
or o

f tr
(T

aT
b ) = CFδ

ab . T
he δ

ab fact
or t

ells
us t

hat
the

gluo
n colo

r m
ust

be

the
sam

e in
M

and
M

† . So
the

resu
lt fo

r th
e di

ffer
enti

al c
ross

sect
ion

is n
ow

d
2σ

dsdt
=σ0CF

αs

2π

[ s
t
+

t
s
+

2u

st

]
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Collinear limit 
August 25, 2012 Matthew Schwartz 

In the collinear limit, cross sections factorize 

⇥=

k(2)T ⌧ k(1)T ⌧ Ejetwhen 

In the collinear limit, cross sections given by DGLAP splitting functions 
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Parton shower 
August 25, 2012 Matthew Schwartz 

u 
d K0 π- π+ π0 

p

n

Parton “evolves” from hard scale to ΛQCD 

•  Start with the largest scale (kT ~ Q) 
•  Is there an emission? 
•  If not, try lower scales. 

Probability of finding a gluon with energy fraction z  
       and transverse momentum kT  

dP =
4

3
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1 + z2

1� z
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Sudakov factors 
August 25, 2012 Matthew Schwartz 1 Sudakov factors

The differential probability of emitting a gluon at t and energy fraction z is

dσ =
α

2π
1
t

1+ z2

1− z
dtdz (1)

At a given t and energy Q there is a maximum and minimum value for z so we define

dσ =P (t)dt = CF

αs

2π

1
t

(

ln
t

Q2
+

3
2

)

(2)

Now we we would like to know where the hardest emission occurs. This is given by the probability
that no harder emission has occured times the probability for emission. Define

∆(t0, t) (3)

as the probability that there is no-emission harder than x. Then

∆(t0, t + δt) =∆(t0, t)+ δx
d

dx
∆(t0, t) (4)

which equals

∆(t0, t + δt)= ∆(t0, t)

(

1−

∫

t

t+δt

dt′P (t′)

)

= ∆(t0, t)−P (x)δx∆(t0, t) (5)

Thus
d

dx
∆(t0, t)=−P (t)∆(t0, t) (6)

So with

∆(t0, t)= exp

(

−

∫

t

t0

P (t′)dt′
)

(7)

with t0 = Q this is

∆(Q, t) ∼ exp

[

−
2αs

3π

(

ln2 t

Q
+

3
2
ln

t

Q

)]

(8)

Thus, probability of hardest emission at t is then

dσ = ∆(Q, t)P (t)dt≈ e
−

2αs
3π

ln2 t

Q
dt

t
(9)
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Sudakov factors 1

Probability of finding a gluon at this t 

What is the scale for the hardest gluon? 
•  Should correspond to scale of the second hardest jet 

Sudakov factor                  is the probabilty of finding no gluons between t0 at t 
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~ Thus, 

Sudakov factor  
= semi-classical resummation 

      of the leading Sudakov logarithm 
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And so, the cross section for the hardest gluon is 
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•  Probability of emission at some t 
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Probability that hardest emission is at t 

•  Agrees with cross section for hardest parton in QCD 
        including leading log resummation 

•  Formally correct at this order for many scale choices 

Leading log resummation 
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•  Semi-classical model which agrees with perturbative QCD 
                     in collinear limit at leading-logartihmic level 

d� = e�
R
dPdP

Leading log resummation 

•  Formally correct at this order for many scale choices 

•  Common scale choices  
               motivated by soft physics 

⇠ e
�↵ ln2

⇣
µ1
µ2

⌘ ✓
↵s

2⇡

1 + z

1� z2

◆
dz
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weak	



QED dipole 

•  In soft  limit (large distance limit), field from + and – charges cancel 
•  Coherent destructive interferece 

weak	



weak	
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FIG. 5: On the left is the electric field lines for two charges in flat space. The middle shows the

imaginary part of the electric field for two charges in AdS, after projecting to rectangular coordi-

nates with x = β sin θ and y = β cos θ. The right (from [63]), shows the distribution of radiation

from a color singlet scalar decaying to two jets at the LHC. The axes in this case are psuedorapidity

and azimuthal angle, and the contours correspond to factors of two in the accumulated energy dis-

tribution. The rightmost plot is included to remind the reader that a color dipole radiates between

the color charges, which roughly corresponds to the region where the energy density has support

in the AdS picture. The sharp drop-off of the radiation pattern in the effect of color coherence. In

a qualitative sense only, this corresponds to the exponential decay of the radiation away from the

dipole axis in the AdS picture.

divergences cancel between virtual and real emission diagrams and Λ is replaced by the
observed momenta of particles, Λ → k.

To secure a clearer physical picture of what this growing imaginary energy means, consider
the case of two outgoing lightlike partons, such as in dijet production. In Figure 5, we
contrast the electric field of a normal pair of charges, in flat space, with the imaginary part
of the electric field for two charges in AdS. As the total energy grows with separation, the
electric field approaches a constant between the charges. Notice that in the presence of two
opposite Abelian charges, Im(E) is always negative, as should be the case for the energy of
an unstable state. Back in Minkowski space, this corresponds to a roughly constant density
of radiation between the two charges. The third panel of Figure 5, shows this behavior in a
Monte Carlo simulation [64]. To generate this distribution, a 200 GeV dijet event produced
at 7 TeV center of mass energy at the LHC was simulated. The figure shows the accumulated
energy distribution. Note that the radiation is concentrated between the two charges, and
suppressed away from the dipole axis, just as the energy distribution is in AdS.

Linear growth of energy with separation is normally an indication of confining behavior.
In this case, since the energy is imaginary, it is not confinement in the usual sense, but can
still be interpreted as a type of confinement. In a sense, this linear growth of the (imaginary)
energy with separation is related to the fact that high energy quarks always appear with
an accompanying jet, whose dynamics are described with Sudakov factors. Although this
“Sudakov confinement” of quarks inside jets has little in common with confinement in QCD,
it is not an unreasonable phrase for the linearly growing energy in AdS.
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Angular ordering 

Destructive interference 
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Pythia simulation 



Dipole shower 
Dipole showers in its rest frame  

•  Boost → string showers in dipole-momentum direction 
•  Alternative to angular ordering 

August 25, 2012 Matthew Schwartz 
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•  Both incorporate color coherence 
•  Neither gets soft limit exactly right 
•  Parton showers give amazingly accurate simulations of complicated final states 

Herwig uses an angle ordered shower 

•  Semi-classical model which agrees with perturbative QCD 
                     in collinear limit at leading-logartihmic level 

✓(2)
✓(1)

Suadkov factor 
(leading log resummation) 

•  Formally correct at leading log in the collinear limit 

Pythia uses a kT ordered dipole shower 

k(2)T

k(1)T
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R
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JET ALGORITHMS 
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Jet-parton-map 
We observe jets: 

+ 

We want to see quarks and gluons: 

How can we invert ?  

Parton 
shower 

•  Find jet momenta 
•  Set quark momenta  =  jet momenta 

missing  
energy 

August 25, 2012 Matthew Schwartz 



Jet algorithms 
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•  Construct jet 4-momentum from observed particle 4-momenta 

pµ1pµ2

pµ3

pµ4
pµ5

Desirable properties 
•  Good match between jet and parton momenta 
•  Insensitive to hadronization 
•  Calculable in pertubative QCD = infrared safe 
•  Experiment friendly 

•  Easy to calibrate 
•  Insensitive to pileup 

•  Fast 

Cone algorithms 

Iterative algorithms 

•  Conceptually simple 
•  Difficulties with infrared 

safety 

•  Popular 
•  Efficient 
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Now we need to interpret the result.

3 Jets

We have found that the sum of the e+e− → µ+µ− cross section σV at order eR
6 , from the

graphs
p1

p2

p

p4

p3

+ and the e+e− → µ+µ−γ cross section, σR also at order eR
6 , from

the graphs
p4

p3

p5

+
p4

p3

p5 was infrared and ultraviolet finite. Photons emitted off

of the muons are known as final state radiation. The explanation of why one has to include
final-state radiation to get a finite cross section is that it is impossible to tell whether the final
state in a scattering process is just a muon or a muon plus an arbitrary number of soft or
collinear photons. Trying to make this more precise leads naturally to the notion of jets.

For simplicity, we calculated only the total cross section for e+e− annihilation into states
containing a muon and antimuon pair, inclusive over an additional photon. One could also cal-
culate something less inclusive. For example, experimentally, a muon might be identified as a
track in a cloud chamber or an energy deposition in a calorimeter. So one could calculate the
cross section for the production of a track or energy deposition. This cross section gets contribu-
tions from different processes. Even with an amazing detector, there will be some lower limit
Eres on the energy of photons that can be resolved. Even for energetic photons, if the photon is
going in exactly the same direction as the muon there would no way to resolve it and the muon
separately. That is, there will be some lower limit θres on the angle which can be measured
between either muon and the photon.

With these experimental parameters,

σtot= σ2→2 + σ2→3 (46)

where

σ2→2 = σ(e+e−→ µ+µ−)+ σ(e+e−→ µ+µ−γ)
∣

∣

∣

Eγ<Eres,θγµ<θres

(47)

is the rate for producing for producing something that looks just like a µ+µ− pair and

σ2→3 = σ(e+e−→ µ+µ−γ)
∣

∣

∣

Eγ>Eres,θγµ>θres

(48)

is the rate for producing a muon pair in association with an observable photon.
The cross section for muons plus a hard photon is now infrared finite due to the energy

cutoff, even for Eres" Q and θres" 1. Unfortunately, the phase space integral within these cuts,
even with mγ = 0, is complicated enough to be unilluminating. The result is that the rate for

producing all but a fraction Q

Eres

of the total energy in a pair of cones of half-angle θres is

σ2→3 = σ0
eR
2

8π2

{

ln
1
θres

[

ln

(

Q

2Eres
− 1

)

− 3
4

+3
Eres

Q

]

(49)

+
π2

12
− 7

16
− Eres

Q
+

3
2

(

Eres

Q

)

2

+O
(

θresln
Eres

Q

)}

(50)

To calculate σ2→2 one cannot take mγ = 0 since the two contributions are separately infrared
divergent. Conveniently, since we have already calculated σtot = σ2→2 + σ2→3, we can just read
off that

σ2→2 = σtot− σ2→3 =σ0

(

1− eR
2

8π2

{

ln
1
θres

[

ln
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Q

2Eres
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Jets from pertubative QCD 

3 jets if: 
•  Angles greater than δ 
•  Energies greater than ε	



E1 > ε Etotal 

E2 > ε Etotal 

E3 > ε Etotal 

Would blow up if 
We just asked for cones 
(no energy restriction) 

•  This jet definition is infrared safe (finite in perturbation theory) 

e+e- to 2 or 3 jets 
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Cone jets 
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Jets (p. 38)

Cone

xC-SM
Cone algorithms today

Unifying idea: momentum flow within a cone only
marginally modified by QCD branching

But cones come in many variants

!
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Finding cones
Processing Progressive

Split–Merge Split–Drop
Removal

Seeded, Fixed (FC)
GetJet
CellJet

Seeded, Iterative (IC) CMS Cone
JetClu (CDF)†

ATLAS cone
Seeded, It. + Midpoints CDF MidPoint

PxCone
(ICmp) D0 Run II cone

Seedless (SC) SISCone

†JetClu also has “ratcheting” G. Salam 

•  Where are the cones centered 
•  Seeded cones, Fixed cones, Midpoints 

•  Is it still infrared safe 
•  Maybe, maybe not. Does it matter? 

Generalizations to hadron colliders 



Iterative jet algorithms 
•  Start with input 4-vectors 

•  e.g. stable particles, topoclusters, 
calorimiter cells, etc. 
 

•  Calculate the pairwise distances 

 

 

Rij =
q
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Iterative jet algorithms 
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•  Start with input 4-vectors 
•  e.g. stable particles, topoclusters, 
calorimiter cells, etc. 
 

•  Calculate the pairwise distances 

•  Merge the two closest particles 

 

Rij =
q
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Iterative jet algorithms 
0.7 

1.8 

1.1 

⌘
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•  Start with input 4-vectors 
•  e.g. stable particles, topoclusters, 
calorimiter cells, etc. 
 

•  Calculate the pairwise distances 

•  Merge the two closest particles 
•  Repeat until no two particles are closer than R 

 

Rij =
q
(✓i � ✓j)2 + (⌘i � ⌘j)2
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Iterative jet algorithms 

1.0 

Two R=1.0 Jets 

⌘

�

•  Start with input 4-vectors 
•  e.g. stable particles, topoclusters, 
calorimiter cells, etc. 
 

•  Calculate the pairwise distance 

•  Merge the two closest particles 
•  Repeat until no two particles are closer than R 

 

Rij =
q
(✓i � ✓j)2 + (⌘i � ⌘j)2
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Different distance measures 
Inversion  
     of  Herwig shower 

kT algorithm 

Cambride/Aachen algorithm 

dij = min(p2Ti, p
2
Tj)

✓
Rij

R0

◆2

R12

R13

dij = min(p�2
Ti , p

�2
Tj )

✓
Rij

R0

◆2

dij =

✓
Rij

R0

◆2

Inversion  
     of  Pythia shower 

anti kT algorithm 

•  clusters closest radiation first 

•  clusters hard collinear radiation first 

k13T

k12T

•  Clusters farthest first 
•  No inverse parton-shower interpretation 

•  Produces round jets 
•  Almost exclusively used  
                  by ATLAS and CMS 
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Cacciari, Salam, Soyez JHEP 0804:063 (2008) Jet algorithms 
•  popular at Tevatron 
•  Good for QCD theory 
•  Non-compact regions – hard to calibrate 

kT   Cambridge/Aachen •  Based on angles 
•  Closer to cones 

Anti kT 

•  Very round jets 
•  No parton shower interpretation 
•  Great for calibration 

SICcone 

•  Infrared safe cone algorithm 
•  Not cones at all 

August 25, 2012 Matthew Schwartz 



What R is best? 
August 25, 2012 Matthew Schwartz 

Goal: reconstruct parton momentum in Monte Carlo 

•  Include all final state radiation (FSR) •  Include little initial state radiation 
•  Include little pileup Bigger R 

Smaller R 

quark jets gluon jets

Tevatron 0.56 0.73
LHC (14 TeV) 0.41 0.54

Table 6: R values that minimise the two non-perturbative contributions in various circumstances
for Tevatron and LHC running, based on eq. (53), with 2MA(µI)/π = 0.19 GeV and ΛUE =
4 GeV (10 GeV) at the Tevatron (LHC).

〈δ
p t
〉2 pe

rt 
+ 
〈δ

p t
〉2 h 

+ 
〈δ

p t
〉2 U

E 
[G

eV
2 ]

R

Tevatron
quark jets

pt = 50 GeV

 0

 1

 2

 3

 4

 5

 6

 7

 8

 9

 0.4  0.5  0.6  0.7  0.8  0.9  1  1.1

〈δpt〉
2
pert

〈δpt〉
2
h

〈δpt〉
2
UE

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

50 500 100  1000

be
st

 R

pt [GeV]

Tevatron, gluon jets
Tevatron, quark jets

LHC, gluon jets
LHC, quark jets

Figure 19: Left: sum of the squares of the mean shifts of a jet’s momentum due to perturbative
gluon radiation, hadronisation and the UE, as a function of R for pt ∼ 50 GeV quark jets at the
Tevatron; right: the resulting crude estimate for the “best” R as a function of jet pt, for quark
and gluon jets at the Tevatron and LHC (14 TeV). These values are to be taken as indicative of
general trends rather than reliable estimates of the best R. The plots use the same parameters
as table 6 and the perturbative contribution is taken in the small-R limit. Taken from [132].

If one uses jets for kinematic reconstruction, the considerations are different: when
trying to identify a mass peak, for example, it is of little consolation that one can calcu-
late the perturbative degradation of the peak if that degradation in any case causes the
peak to disappear under the background. A very crude estimate of what goes on can be
had by assuming that fluctuations in a jet’s momentum due to perturbative radiation,
hadronisation and UE are each proportional to their average effect. Adding the squared
averages in quadrature gives fig. 19 (left) and the minimum provides an idea of the optimal
R (as before, ignore differences between algorithms), and illustrates how the main relevant
interplay is between perturbative radiation and the UE. The right-hand plot shows how
the resulting optimal R varies with pt: gluon jets and high pt jets prefer larger R values
(because of the greater relative importance of perturbative radiation), while one needs
smaller R values at the LHC than at the Tevatron (the former has more UE).

While fig. 19 is useful for understanding general trends (notably the need for large R

61

From arXiv:0712.3014  

Hadronization  
R independent 

Pertubative part (FSR) 

Underlying event (ISR, 
proton remnants) 

Jet pT versus parton pT 

In practice 
•   R~0.4-0.7 works best 
•  Must optimize for each study 
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Dijet mass: scan over R [Pythia 6.4][DUMMY]
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Dijet mass: scan over R [Pythia 6.4][DUMMY]
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Dijet mass: scan over R [Pythia 6.4][DUMMY]

[Dijet resonances]
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Dijet mass: scan over R [Pythia 6.4][DUMMY]

[Dijet resonances]
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Dijet mass: scan over R [Pythia 6.4][DUMMY]

[Dijet resonances]
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Dijet mass: scan over R [Pythia 6.4][DUMMY]

[Dijet resonances]

R = 0.7

1/
N

 d
n/

db
in

 / 
2

dijet mass [GeV]

qq, M = 100 GeV

arXiv:0810.1304

 0

 0.02

 0.04

 0.06

 0.08

 60  80  100  120  140

SISCone, R=0.7, f=0.75
Qw

f=0.24 = 25.1 GeV

Resonance X → dijets

X
pp

q

q
q

q

jet

jet

Jets lecture 3 (Gavin Salam) CERN Academic Training March/April 2011 4 / 29

 from G. Salam  
http://www.lpthe.jussieu.fr/~salam/jet-quality/  

Resonance peak various R 



August 25, 2012 Matthew Schwartz 

Dijet mass: scan over R [Pythia 6.4][DUMMY]
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Dijet mass: scan over R [Pythia 6.4][DUMMY]
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Dijet mass: scan over R [Pythia 6.4][DUMMY]
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Dijet mass: scan over R [Pythia 6.4][DUMMY]
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Dijet mass: scan over R [Pythia 6.4][DUMMY]
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Dijet mass: scan over R [Pythia 6.4][DUMMY]
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RHIC, Hera and Tevatron 
August 25, 2012 Matthew Schwartz 

DESY Tuesday Seminar, 22 March 2011 TSS: Jets 26 

THE GLOBAL PICTURE 
Putting things together 
Summary on jets production  
in hadron collisions 
– with transverse energies from 5 
   to 600 GeV. 

– from different colliders:  
   pp, ppbar, ep 
   (would be nice to add e+e–/2photon 
    data, HERA PHP, …)  

– simultaneously described by 
   ONE NLO calculation with 
   ONE PDF set on the level of  
   10%.  

  Excellent test of pQCD.  
     Great success !!!  
– Hopefully soon: LHC data points!   
– And more detailed tests? 

•  Excellent agreement  
         between NLO theory 
          and data (10% level) 

•  Using same PDF set (CTEQ6.1M) 
and same  
 ↵s(mZ) = 0.118

DESY Tuesday Seminar, 22 March 2011 TSS: Jets 28 

THE STRONG COUPLING 
Results and the global picture 

C. Glasman 

PDG 

- Consistent values from different machines, energy scales and processes! 
- Consistent picture of QCD, QCD as a precision theory! αS= 0.1184 ± 0.0007 



LHC data: dijet invariant mass 
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 / 30QNP2012, Paris, April 18: Probing QCD at high pT Mikko Voutilainen, University of Helsinki / HIP

                    First 8 TeV jet data
–  
– Comparison with 7 TeV 2011 data (4.8 fb-1) and to Pythia 6 (Pythia 8) MC predictions.
=> cross sections increase at larger center of mass energy (as expected)
=> even higher energy coverage at 8 TeV

    LHC @ 8 TeV

  8

Inclusive jet pT and dijet mass spectra at √s = 8 TeV (5.8 fb-1) for anti-kt R=0.4 jets.

Atlas dijet invariant mass (anti-kT R=0.4) 



Tri-jet invariant mass 
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Fig. 2 Event display of a six-jet
event satisfying the analysis
requirements. The towers in the
bottom right figure represent
transverse energy deposited in
the calorimeter projected on a
grid of η and φ. Jets with
transverse momenta ranging
from 84 to 203 GeV are
measured in this event

interacting particles within the jet. The difference between
a hadron-level jet and an electromagnetic-scale jet is due to
the different calorimeter response to electromagnetic objects
compared to strongly interacting objects, detector induced
showering and energy deposition in regions of the detector
that are not instrumented. A Monte Carlo-based calibration
that corrects for these effects as a function of pT and y is
used to obtain jets with the correct energy scale [35].

5.5 Jet selection criteria

Jets considered in the analysis are selected using the follow-
ing kinematic and data quality selection criteria:

1. The event must contain at least one jet with |y| < 2.8 and
a pT greater than 80 GeV.

2. Jets are required to have |y| < 2.8 and pT > 60 GeV in
order to be counted.

3. A series of jet cleaning cuts were applied to eliminate
various detector effects and suppress beam and other
non-collision backgrounds. Overall, these cuts reduce the
total number of jets by less than 0.1%. These cuts have
been shown to be efficient in eliminating noise, while re-
jecting a negligible number of true jets.

4. In order the reduce the effects from pileup events, jets
are only accepted if at least 70% of their charged parti-
cle pT comes from the event vertex. The charged particle
pT is calculated as the scalar sum of the pT of recon-
structed tracks within a #R equal to the resolution pa-
rameter used in the jet reconstruction. Overall, this cut
lowers the number of selected two-jet events by 0.4%,
and its effect increases with jet multiplicity. The cut re-
duces the number of selected six-jet events by 3.4%. All
observables show a negligible dependence on the num-
ber of reconstructed primary vertices once this cut is ap-

Table 2 Number of selected events using the criteria described in this
paper as a function of inclusive jet multiplicity for jets reconstructed
with the anti-kt algorithm with resolution parameter R = 0.4 before
correcting for trigger pre-scales

Inclusive multiplicity Number of events

≥2 500,148

≥3 112,740

≥4 10,999

≥5 1,100

≥6 115

plied [36]. Jets with no charged particle content are ac-
cepted, but only constitute a few percent of events at low
pT.

5. Only events with at least two selected jets are used in the
analysis.

For illustrative purposes, Fig. 2 presents an event display
of a six-jet event passing all selection cuts. The transverse
energy deposition in the calorimeter is shown as a function
of η and φ. For this event, the six selected jets are well sep-
arated spatially.

Table 2 presents the total number of multi-jet events ver-
sus inclusive jet multiplicity. No correction for trigger pre-
scales in the two-jet bin has been applied to the numbers in
the table.

6 Data correction for efficiencies and resolution

A correction is needed to compare the measurements to the-
oretical predictions. The correction, which accounts for trig-
ger inefficiencies, detector resolutions and other detector ef-
fects that affect the jet counting, is performed in a single
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Table 3 Normalization factors applied to each of the Monte Carlo
simulations in order to match the measured inclusive two-jet cross sec-
tion

Leading-order Monte Carlo Normalization factor

ALPGEN+HERWIG AUET1 1.11

ALPGEN+PYTHIA MC09′ 1.22

PYTHIA AMBT1 0.65

SHERPA 1.06

Fig. 6 Total inclusive jet cross section as a function of multiplic-
ity. The data are compared to leading-order Monte Carlo simulations
(ALPGEN+HERWIG AUET1, ALPGEN+PYTHIA MC09′, PYTHIA
AMBT1 and SHERPA) normalized to the measured inclusive two-jet
cross section. The darker (orange) shaded error bands correspond to
the systematic uncertainties on the measurement, excluding the lumi-
nosity uncertainty. The lighter (grey) shaded error band corresponds to
the systematic uncertainty on the shape of the measured distribution.
A plot of the ratio of the different Monte Carlo simulations to the data
is presented at the bottom of the figure

with the matrix-element and parton-shower matching imple-
mented in ALPGEN. The normalization factor for SHERPA
is found to be the closest to unity.

Figure 6 shows the results for the cross section as a func-
tion of the inclusive jet multiplicity. The measurement sys-
tematics are dominated by the jet energy scale uncertainty
and range from 10–20% at low multiplicities to almost 30–
40% at high multiplicities. The Monte Carlo simulation pre-
dictions agree with the measured results across the full in-
clusive multiplicity spectrum, even when comparing just to
the shape of the distributions.

A study that reduces significantly the impact of system-
atic uncertainties is the ratio of the n-jet to (n − 1)-jet cross
section as a function of multiplicity. In this ratio, the impact
of the jet energy scale uncertainty is significantly reduced
and the uncertainty due to the luminosity cancels out. Fig-
ure 7 presents the results for such a study. Both the uncer-
tainties in the data correction for efficiencies and resolutions
and the jet energy scale contribute comparably to the to-

Fig. 7 Ratio of the n-jet cross section to the (n − 1)-jet cross section
for values of n varying from three to six. Systematic uncertainties on
the cross section ratios are shown as an error band. Other details are as
in the caption to Fig. 6

tal systematic uncertainty, whereas the statistical uncertain-
ties are smaller than the systematic uncertainties, and neg-
ligible in most bins. All Monte Carlo simulations are con-
sistent with the measurements at the present precision, yet
there is a noticeable spread in the predictions. Differences
at the level of 15% are observed between PYTHIA AMBT1
and ALPGEN+PYTHIA MC09′ in the first bin. These dif-
ferences most likely arise from the difference between the
pure parton-shower (with 2 → 2 matrix elements) imple-
mented in PYTHIA and the parton-shower-matched matrix-
element calculation (with up to 2 → 6 matrix elements) im-
plemented in ALPGEN. All ALPGEN+PYTHIA tunes stud-
ied are comparable in this measurement.

The differential cross section for multi-jet events as a
function of the jet pT is useful for characterizing kine-
matic features. The comparison reveals significant differ-
ences between the leading order calculations and the mea-
surements. Figure 8 presents the pT-dependent differential
cross sections for the leading, second leading, third lead-
ing and fourth leading jet in multi-jet events. The system-
atic uncertainty in the measurement is 10–20% across pT
and increasing up to 30% for the fourth leading jet differ-
ential cross section. The jet energy scale systematic uncer-
tainty remains the dominant uncertainty in the measurement.
However, the uncertainty is less than 10% (grey shaded er-
ror band) for the leading and second leading jet pT distribu-
tions.

All Monte Carlo simulations agree reasonably well with
the data (orange darker shaded error band). However, the
PYTHIA AMBT1 Monte Carlo simulation predicts a some-
what steeper slope compared to the data as a function of the
leading jet pT and the second leading jet pT, whereas the
SHERPA and ALPGEN Monte Carlo simulations predict a
less steeply falling slope compared to the data. When using
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Fig. 8 Differential cross
section as a function of leading
jet pT for events with Njets ≥ 2
(a), 2nd leading jet pT for
events with Njets ≥ 2 (b), 3rd
leading jet pT for events with
Njets ≥ 3 (c) and 4th leading jet
pT for events with Njets ≥ 4 (d).
The results are compared to
different leading-order Monte
Carlo simulations normalized to
the measured inclusive two-jet
cross section. Other details are
as in the caption to Fig. 6

additional tunes and different PDFs, Monte Carlo simula-
tions using 2 → 2 matrix element calculations, in general,
make predictions that fall steeper than what is found in the
data, whereas those using 2 → n matrix element calcula-
tions predict less steeply falling spectra.

The differential cross section for multi-jet production as
a function of HT (the scalar sum of the pT of selected jets in
the event) shows similar properties to the differential cross
section as a function of pT. The HT distributions are typi-
cally used for top-quark studies. Figure 9 gives the results
for the HT-dependent differential cross sections for three
different multiplicities compared to the ALPGEN, PYTHIA
and SHERPA Monte Carlo simulations. Similar conclusions
as those reached in the previous figure can be drawn.

A measurement with particular sensitivity to limitations
in the leading-order Monte Carlo simulations and NLO
pQCD calculations is the ratio of the inclusive three-to-two-
jet differential cross section as a function of some character-
istic scale in the event. In this measurement, the uncertainty
in the luminosity determination cancels out, uncertainties in
the jet energy scale are reduced, and statistical uncertainties
are limited only by the inclusive three-jet sample.

The three-to-two-jet ratio as a function of the leading jet
pT can be used to tune Monte Carlo simulations for effects
due to final state radiation. Figure 10 presents the results on
the measurement of the three-to-two-jet cross section ratio
as a function of leading jet pT for jets built with the anti-
kt algorithm using the resolution parameter R = 0.6 and
with different minimum pT cuts for all non-leading jets4.
The cut on the pT of the leading jet in the event selection is
also increased with the minimum pT cut (plead

T > 110 GeV
is used in Fig. 10(b) and plead

T > 160 GeV in Fig. 10(c)).
The systematic uncertainties on the measurement are small
(∼5%), except in the lowest pT bin, where uncertainties
in the data correction for efficiencies and resolutions and
the jet energy scale dominate. ALPGEN+HERWIG AUET1
and ALPGEN+PYTHIA MC09′ describe the data well, and
the agreements are largely independent of the tunes chosen.
SHERPA also describes the data well. PYTHIA AMBT1
predicts a higher ratio than that measured over the pT range
from 200 GeV to 600 GeV. The disagreement is similar

4Results (not shown) were also obtained using R = 0.4 and are com-
piled in tables in HEPDATA.
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•  Jets exist because QCD is weakly coupled at short distances and 
strongly coupled at long distances 
 
•  Collinear and soft regions dominate cross sections 

•  Semi-classical approximation “Sudakov factors and splitting-functions” works excellently 

•  Jet algorithms reconstruct parton momenta from jets 

•  Different algorithms             Different goals 

•  Excellent agreement of theory with data 
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Cone algorithms 
Cambrideg/Aachen 
kT 
Anti-kT 
 

Reconstruct parton momenta 
Infrared safe 
Insensitive to pileup 
Easy to calibrate experimentally 


