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High luminosity means high pileup

The LHC currently averages40 pileup events per bunch crossing.

The high-luminosity LHC will see� = O(200)!
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Removing pileup from anti- kT jets

anti-kT jets useone correlationat a time; �nd the smallest �distance�

d2
i = p� 2

T ;i cluster becomes a jet
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Heavy-ion collisions use all correlations at once

?
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Heavy-ion collisions use all correlations at once
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Phys.Lett. B724 (2013) 213�240

The same-side ridge in Pb-Pb is attributed toquark-gluon plasma.
Does this make sense in high-multiplicitypp collisions?
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Event shape curves for a single event?

Sphericity

Phys.Rev.Lett. 35 (1975) 1609�1612

( = 2-jet structure
(e+ e� ! q�q)

3-jet structure=)
(e+ e� ! q�qg)

Traditional event shape
variables:

Condense each event
to a single number.

Build shape curves
from many events.

Oblateness

Phys.Rev.Lett. 43 (1979) 830
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The power spectrum of QCD radiation

Hard scatter

Substructure

Initial state radiationPileup

Sl �
lX

m= � l

jEm
l j2

Spherical harmonicsY m
l (�; � )

degreel � number of lobes.

orderm � lobe orientation.
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X
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The dimensionless power spectrum Hl

A dimensionless power spectrum scales out total detected energyEtot
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Ei

Etot
� ij � p̂i � p̂j

event shape energy fraction inter-particle angle

F Hl = hf j Pl

�
jp̂i � hp̂j

�
jf i = fi Pl (cos� ij )fj

Fox and Wolfram, Phys. Rev. Lett.41 (1978) 1581

H0 = 1 0 � Hl � 1 � res =
2�
l

Keith Pedersen QCD radiation with power jets Pheno 2018 6 / 16



A 3-jet-like event ( e+ e� ! q�qg)
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Important features

Rapid H l oscillation : � � �CMB

H l plateau: Hl � h f jf i / 1
N

N 6= n: N measurable particles
don't match n original partons.
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The multiplicity plateau and sampling noise

Multiplicity dependence ofHl plateua
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Multiplicity N limits usable information;
discrete sampling noise!

We need alow-pass �lter for angular
correlations; useextensiveparticles.

Particle shape functions:

� � � � � � � � � ��X X X X X X X X X XX
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Infrared and collinear safety

A(� ) =
X

l

(2l + 1) Hl Pl (� ) h(� ) � C exp
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The power spectrum atlow-l is stable tosoft or collinear radiation.
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The power jets model

observable power spectrum n-prong power spectrum

� (r̂ )obs =
NX

i = 1

fi hi (r̂ ) N � n � (r̂ ) �t =
nX

j = 1

fj h(j ) (r̂ )

+ +
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l � l = H �t

l � Hobs
l H �t

l

prongs7! Hard radiation prong shape7! Soft radiation
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Fitting a 2-jet-like event

3-prong
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The 3-prong model doesn't match
l > 10 (36� ); need another prong.
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Fitting a 3-jet-like event

3-prong
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For a 3-jet-like event � 6 prongs:
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Jets without boundaries
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Jets without boundaries

No �xed radius R . . . narrow and fat topologies can coexist.

No exclusive constituents: : : boundary particles shared.
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Power jets provide superb reconstruction

Table : Reconstructed 3-jet kinematics for the 2-jet-like event.

(GeV) E1 E2 E3
parton 190.1 172.8 37.00
power jets 190.4(0) 174.2(1) 35.52(8)
error 0.1% 0.7% -4%

Table : Reconstructed 3-jet kinematics for the 3-jet-like event.

(GeV) E1 E2 E3
parton 163.0 143.5 93.56
power jets 162.0(1) 146.3(4) 91.68(4)
error -0.6% 2.0% -2.0%
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Add pileup to event shape and �t it

S=N = 1 (fPU = 0:5)
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The promise of the QCD power spectrum

Power jets:

Simultaneous �t to all detector information .

Continuous shape function:

For tracks and towers: accounts for discrete sampling noise.
For n-prong model: permitsn � N.

From fully correlated QCD radiation spectrum:

Reconstruct jet energies and dijet invariant mass.
No boundaries (no�xed radiusR) and no exclusive constituents.
Extremelyrobust to pileupbecause pileup is globally�t !
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The promise of the QCD power spectrum

Power jets:

Simultaneous �t to all detector information .

Continuous shape function:

For tracks and towers: accounts for discrete sampling noise.
For n-prong model: permitsn � N.

From fully correlated QCD radiation spectrum:

Reconstruct jet energies and dijet invariant mass.
No boundaries (no�xed radiusR) and no exclusive constituents.
Extremelyrobust to pileupbecause pileup is globally�t !

Next steps:

Incorporate longitudinal boost of proton collider (i.e., �tycm).
Apply power jets to interesting physics:

Jet substructure (QCD shower).
Direct measurement ofmt from all hadronic �nal state.
Study the long-distance (same-side) correlation.
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Thank you

Thank you for your attention!
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The Fox-Wolfram distributions f (Hl )

Fox and Wolfram de�ned Hl to di�erentiate two �nal states:

e+ e� ! 
 ! q�qg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . generic QCD.

e+ e� ! X ! ggg . . . . . . . . . . . . . . . . . . . . . . . . . a new, heavy resonance.

Phys. Rev. Lett 41 (1978) 1581

q�q (dotted), q�qg (solid), X ! ggg (dashed)

Unsuccessful in 1978:

Too few particles at
a lepton collider.

Variable conditions
at a hadron collider:

Boost ycm
ScaleQ =

p
s

Fox-Wolframf (Hl )
are not independent.

Skip the middle man!
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Fox-Wolfram distributions f (Hl ) don't work

H2 < 0:95
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Every 2-particle event

A two-particle event in the CM frame isnot just H2.
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A 2-jet-like event
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No broad CMB-like shapes!

oscillation7! correlation;
Fox-Wolframf (Hl ) are not
independent, can't focus on
just a few.

Hl � h f jf i

measureable7! partons at lowl ,
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The Nyquist-Shannon sampling theorem

Time series: the sampling
frequencyfs gives a Nyquist
frequencyB = 1

2 fs.

QCD events: nature controls
�sampling rate� (particle
multiplicity). But we can extract a
�sampling angle� after the fact:

� = medianf N smallest� in sampleg

The measured QCD spectrum must have�nite support! Smear measured
angular positions as a low-pass frequency �lter:

h(r̂ ) =
1

2�� 2(1 � e� 2=� 2 )
exp

�
�

1 � r̂ � p̂i

� 2

�
:
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The extensive particle

Event shape� (r̂ ) from
particle shape functions:

� � � � � � � � � ��X X X X X X X X X XX
� (r̂ ) =

X

i

fi � (r̂ � p̂i )

� (r̂ ) =
X

i

fi hi (r̂ )

pseudo-Gaussian
in polar angle� :

h(� ) � C exp
�

�
� 2

2� 2

�

hi (r̂ ) = C exp
�

�
1 � r̂ � p̂i

� 2
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(high-l ) information.
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The binary splitting tree

Describe hard QCD radiation with a binary splitting tree (a ! b c).

pa = pb + pc

Four degrees of freedom per splitting node (pb = [ Eb; ~pb ]).

a

b

c

Prong shapeh(j ) (r̂ ) needsphysicalbasis (not pseudo-Gaussian a priori).

To �rst approximation, jet shape driven by boost (mass7! shape).
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Jets are shaped by their boost

JHEP 1206 (2012) 160
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An energetic jet is boosted centrally; the most basic jet shape:

Assume scalar decay (J = 0) in the rest frame of the QCD shower.

Boost the scalar shape into the lab frame (mass7! shape).

Keith Pedersen QCD radiation with power jets Pheno 2018 24 / 16



Pileup is just another shape

Add pileup to the event shape

� (r̂ ) = � (r̂ )hard + � (r̂ )PU

= ( 1 � fPU)
X

j

fj h(j ) (r̂ ) + fPU hPU(r̂ )

hPU(r̂ ) can measured in high-pileup events lacking hard scatter!
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Physics objects: tracks and towers

tracks

towers

Neutral tower : track energy subtracted
from tower that was struck.

masslesstracks and neutral towers are
clustered intomassive jets.
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