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What is a jet?

I Protons go in

I Some interesting particle
produced

I Decays to intermediate
I 2 H in this example

I Decay to more boring particles

I We want to reconstruct
the intermediate particle

I Particle type
I Momentum
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Where do the boring particles go?
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The challenge: multiple jets

Microscopic Scale Detector Scale

dguest@cern.ch (UCI) How do we define jets? July 20, 2017 4 / 12



But wait, it gets worse

This is 79 collisions! Remove tracks and calo energy 78 of them.
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https://cds.cern.ch/record/1479324


Pretend it’s a 2d problem
Figure from arXiv:1612.01551

I Of course it’s not

I Multiple types of particles
I Tracks have 5 parameters
I Calo energy has depth,

shape

I But thinking in 5d is hard
I Also experiment-specific
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Figure 2: An illustration of the deep convolutional neural network architecture. The first

layer is the input jet image, followed by three convolutional layers, a dense layer and an

output layer.

The maxpooling layers performed a 2⇥2 down-sampling with a stride length of 2. The dense

layer consisted of 128 units.

All neural network architecture training was performed with the Python deep learning

libraries Keras [47] and Theano [48] on NVidia Tesla K40 and K80 GPUs using the NVidia

CUDA platform. The data consisted of the 100k jet images per pT -bin, partitioned into 90k

training images and 10k test images. An additional 10% of the training images are randomly

withheld as validation data during training of the model for the purposes of hyperparameter

optimization. He-uniform initialization [49] was used to initialize the model weights. The

network was trained using the Adam algorithm [50] using categorical cross-entropy as a loss
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http://arxiv.org/abs/1612.01551


Then cluster in 2d

1. Make every particle into a vector

2. Cluster in φ–y space (y ≈ η)

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,

4

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,

4

dguest@cern.ch (UCI) How do we define jets? July 20, 2017 7 / 12



Clustering algorithm

1. Calculate diB for each particle,
dij for each pair

2. If dij > diB for all j call it a
“jet”

3. Find smallest dij , combine i
and j

4. to back to step 1

Stop when everything is a jet

dij = min(p2nTi, p
2n
Tj)R

2
ij

R2
ij ≡ (φi − φj)

2 + (yi − yj)
2

diB = p2nTiR
2
0

Algorithm n

kT 1
Cambridge-Aachen 0

Anti-kT -1

Theorists love this

I Completely standardized via FastJet

I They even built a workshop around it
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https://indico.cern.ch/event/579660/timetable/


This is the 9th year!
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Correcting the Particle Momentum (Calibration)

I Problem: the (clustered) jet momentum is wrong
I Neutrinos, incorrect clustering, detector response

I Solution: several grad-student years of work (per experiment)

Residual in-situ 
calibration

EM or LCW 
constituent scale jets

Residual pile-up 
correction

Absolute EtaJES

Origin Correction

Global sequential 
calibration

Jet area based pile-
up correction

Function of µ and NPV 
applied to the jet at  

constituent scale

Function of event pile-up 
energy density and jet area

Jet finding applied to 
topological clusters at 

EM or LCW scale

Changes the jet direction 
to point to the primary 

vertex.  Does not affect E.

Corrects the jet 4-vector 
to the particle level scale. 

Both the energy and 
direction are calibrated.

Based on tracking and 
muon activity behind jets. 

Reduces flavour dependence 
and energy leakage effects.

A final residual calibration 
is derived using in-situ 
measurements and is 
applied only to data
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Classification

I So far this is all the machine learning

Flavor Tagging

Boson Tagging

is more di↵use for the QCD background which consists largely of gluon jets, which have an octet

radiation pattern, compared to the singlet radiation pattern of the W jets, where the radiation is

mostly restricted to the region between the two hard cores.
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Figure 2: The average jet image for signal W jets (top) and background QCD jets (bottom) before

(left) and after (right) applying the rotation, re-pixelation, and inversion steps of the pre-processing.

The average is taken over images of jets with 240 GeV < pT < 260 GeV and 65 GeV < mass < 95 GeV.

One standard pre-processing step that is often additionally applied in Computer Vision tasks is

normalization. A common normalization scheme is the L2 norm such that
P

I2
i = 1 where Ii is the

intensity of pixel i. This is particularly useful for the jet images where pixel intensities can span many
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In Summary

I All the ML happens after we define jets

I But there are lots of places we could use it
I Definition of jet inputs
I Sequential clustering

I Lots of input from theory here
I But still ignores everything but momentum

I Calibration
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You can still make it

7/19/2017 tel aviv to buffalo ny - Google Maps

https://www.google.co.il/maps/dir/tel+aviv/buffalo+ny/@32.6862624,-18.5038779,12778914m/data=!3m1!1e3!4m13!4m12!1m5!1m1!1s0x151d4ca6193b7c1f:0… 1/1

Imagery ©2017 Data SIO, NOAA, U.S. Navy, NGA, GEBCO, Landsat / Copernicus, IBCAO, U.S. Geological Survey, Map data ©2017

Google, INEGI Israel

1000 km 

tel aviv to buffalo ny
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