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General Requirements |

* Efficient at finding all physically relevant
jets as described by perturbative QCD.

 \Well-behavedness:

- Collinear safe: finds the same jets given one
particle or two collinear particles with same total
energy.

- Infrared safe: finds the same jets even in the
presence of soft radiation in the event.

* Full specification: includes jet definition,
clustering prescription, splitting and merging, ...
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General Requirements ||

* Does not depend on detalils of the detector
geometry.

* Behaves reasonably with increased luminosity
(multiple scatterings, high detector occupancy):
jet sizes stay under control.

nvariant under boosts (more important for
nadron collisions than e'e).

* Order independant: behaves equally at parton
level, particle level and detector level.
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General Requirements |l

* Technical requirements:

- Easy to calibrate.
- Easy to use in various experimental setups.

- CPU efficient.

- Does not increase detector energy smearing or
angular biases.

Most experiments at hadron colliders (e.g.
Tevatron) use mainly cone algorithms for jet
reconstruction.

Camille Bélanger-Champagne, Jan 15th, QCD@Colliders 5



Jet Kinematic Variables |

* Jets can be made up of partons, particles or, in
the case of real experimental data, calorimeter
cells and towers.

* The values of the kinematic variables
associated with the jets are a combination built
from the ones associated with the individual
components (partons, particles, calorimeter
towers or cells).

* Multiple combination schemes exist.
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Jet Kinematic Variables |l

* Original Snowmass scheme (where i is a parton, particle,
calorimeter object):

Er'= 2, Ey

icJet

JetZE

icJet

Jet Jet Z E (l)

T icJet

* Advantages: simple definition, simple transformations
under boosts, accurate approximation for small jet
masses

e Disadvantages: E. not a true energy creating dificulties
with kinematic boundaries and resummations
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Jet Kinematic variables Il s

e At Tevatron Run Il, uniform recommandation:

p=(E™, p")= D, (E', p’, p', pl)

ic Jet

pr =\ pl P +(p Y
ot 1 1 EJet_l_pjet
y o 2 n EJet_p.Z]et

Jet

Jet _ —lpy
¢ =tan >

X

* However, for simplicity, during jet
reconstruction, Snowmass scheme still used.
At analysis level, this definition can be used.
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Cone Algorithms |

e Jets are defined as cones of fixed radius R In
nxe space, where

R= \/ n ° cl)2
* Cone formation can proceed through seeded or
unseeded algorithms.

* As cones formed can overlap, a splitting and

merging of overlapping cones must be included
In the algorithm.
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Cone Algorithms ||

Start with
the list of seed towers

Seeds are calorimeter towers
above a given energy s e Return st of

tower list empty? protojets.

threshold. N

Calculate the cone centroid around

Seeded cone algorlthms Only the next seed tower in the list.
use those seed towers as e

centroid inside the

starting points for jet seed tower?
reconstruction.

lterate the cone to sftal:.)ility
Advantage: speeds up outside the calorimeter
computation.

Is the
cone inside the Ignore this

Disadvantage: not collinear or calorimeter and not already
IR safe.

Add cone to the
list of protojets.
|
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Cone Algorithms |l e

* Protojets obtained In H

wilh highest

cone formation step must
be checked for overlap.

* |[n the presence of an
overlap, cones are

tranyerse enerey
neighbour

merged or split.

Split fhe protojets by

et eminge whared Lwery

* Note that this means the o et

Ropaleulate the

final jets may not all be of i
radius R anymore.

adding the cells of the
second one o the fivst and
dropping Lhe second one
trorm the list

Becaleulate this mew
protojet
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Cone Algorithms IV

* Improved Legacy Cone Algorithm:

- D@ developed for Run II.

- A midground between the flaws of the seeded cone
algorithm and the CPU consumption of the
unseeded cone algorithm.

- Use towers above a given threshold as seeds. Add
to list of seeds the midpoint between a seed /and
all other seeds j, k, /, ... if the distance AR between
/ and j satisfies AR<2.0*R

cone"

- Approaches the performance of the seedless
algorithm.
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k. Algorithm |

Forcach proclusior compuic

the value of o and for cach

peanir of proclustas the valio
of o

* Clustering algorithm most i
commonly used at hadron -
colliders. it st o

* For all energy clusters define:

Plommonys proclustas §
anad ;7 and roplacs thoans

dz:pzT,i
(yi_yj>2+<¢i_¢j)2
D2

2
r )

: 2
dljzmln(pT,i’ P

Lomnove proclustor
Troan the list amd

where D ~1 is a parameter of the st of
algorithm.

Y

C d,-,- IS the minimal relative ¥ (s objects lft i the I

of poros hustors?

transverse momentum between N

I and J. i
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* Two distinct appraoches to stopping the clustering
in the algorithm.

o Catani et al., introduce parameter d__to define the
scale of the hard process a priori or on an event-

by-event basis. When d__>d__ clustering stops.
Jets with p_°<d__are “beam jets”.

* Ellis & Sopper keep merging clusters until all
remaining are separated by:

(y,'-y}')2+(¢,'-¢j)2>D2
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Computing requirements traditionnally O(n?®) for this
algorithm.

At Tevatron, used a preclustering step to limit the number of
iInput preclusters to the algorithm.

At CDF, take only calorimeter towers above threshold
~100MeV.

At D@, must take into account the frequent presence of
cells of negative energy. From an n-ordered list of towers,
group towers spatially close in clusters of 0.2 in nx¢ space.
Redistribute towers from preclusters with negative energy
or energy below 200MeV to neighbouring clusters.
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kT Algorithm IV urrsALA
e New work from Cacciari and Salam indicates a k. algorithm

could be implemented to be O(N*InN), which would allow it to
be used extensively at LHC (and at Tevatron).

Does so using known properties of nearest neighbours to avoid
having to build a full table of all possible d, (then O(N?)), which

In turn makes the problem into known and highly optimized
computer science problems which have O(N*InN) solutions.

T
10" + F JetClu
r b b (almost IR unsafe)

LHC (single LHC (c. 20
I Tevatron interaction) interactions)

I S
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Jet Energy Profile |

* A description of the tranverse energy flow within
the jet.

* At QCD NLO, the jet energy profile is modeled
by a pair of partons. NLO is the first order
where the profile depends on cone size: it
constitutes an LO energy profile prediction.

 Consequences: strong renormalization scale
dependence, dependence of jet profile on jet
algorithm details at O(a_’), no existing complete

qguantitative energy profile description.
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Jet Energy Profile I K

o The fractionnal E_ profile is given by:

(Transverse energy within coneof radius r)

Y(r,R E;)=
< r) (Transverse energy within cone of radius R)

e where r<R and the two cones are collinear.

| | | |
CDF data, R=1

e OPAL, e'e, R=1, <E>=44.5 GeV

« CDF, pp . R=1, <E;>=45 GeV

A B .8
r/R
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Jet Energy Profile Il it

* For a given value of r, the energy profile function ¥
Increases with ET, indicating that the jets are

narrower as more of their energy is located near
the center of the cone.

' | ' |
1~ Do data, R=1

¢
)

8 !
¢

+

o |7<02, Er > 140 GeV
s |n|<02, 45GeV < Ep < T0GeV

0 2.5<|7|<3.0, 45GeV < Ey < 70GeV
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Jet Energy Profile IV s

* Can also define a differential energy profile:
d¥Y(r,R,E;)
dr
* The energy profile depends on the algorithm
used (k. left, midpoint cone right):

_II T T | | | T
08 s [

W(F’R’ET)Z

0.6 ff

0.4

0.2

0.0 L1 1 1 1 1 - - 1 1 1 - 1

Points are the exact tree-level ME calculation, curve is analytical formula, 50GeV jets.
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Jet Energy Profile V s

* Some work done by Seymour on NLO corrections
to QCD jet profile prediction (running coupling,
resummation (~a "In*""r), power corrections):

0.8
_I
0.5

0.4

0.2

0.0 L1 1 1 1 L1 1 1 1 L1 L1 1 1 1 1 L1

k. (left) and midpoint cone (right). LO (dashed) and LO+all NLO corrections (solid)
for 50 GeV jets.
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Jet algorithm design is particularly challenging at hadron and
heavy ion colliders because of the high occupancy of the
detectors.

For historical reasons, and because of their simplicity and
speed, cone algorithms have mostly been used.

Cluster algorithms fulfill, in principle, more of the requirements
of the ideal jet reconstruction algorithm.

New developments in cluster algorithm design lead to think
that they could start being used at all levels in LHC
experiments.

The energy profile is an interesting quantity to describe jets.
As it currently stands, there is no satisfying NLO QCD
description of the energy profile function.
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