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2Science at the LHC
Goal: We want to study the structure of the 

smallest building blocks of matter.  For this, we 
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O(100) pp collisions 

3Data pipeline at the LHC
25 ns data / simulation

(sub-)nuclear physics10-19-10-15 s
~ms

detector response (signal formation + digitization)

out-going particles interact with detector

hardware-based trigger decision

software-based trigger decision

event reconstruction

event processing (skim, thin, augment)

final data analysis

0.01-20 ns
~min

1-100 ns

~100 ms

200 ms

~100 ms

~months (uses millions of events)

2.5 μs

~few TB/s (99% thrown 
away in real time)
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Our microscope and camera: A Toroidal LHC Apparatus

22- -

Collider-based HEP detectors are like leeks

~100 million readout channels



First decisions have to be 
on-detector and only with 

local information.

6Real time challenges
The alignment of the ATLAS Inner Detector in Run 2 Giulia Ripellino

thermal expansion of the IBL stave components and depends on the operating temperature [2]. In
order to account for the bowing, new alignment parameters were introdued in the alignment pro-
cedure. Figure 2 shows the observed residual as a function of operating temperature after applying
the alignment correction computed for data collected at �20 �C.

Figure 2: The track-to-hit residual mean in the local x-direction for the IBL [2]. The residual mean is
averaged over all modules at the same global-z positon. Alignment corrections derived at �20 �C are applied
to the local positions in the module frames.

In the collisions data taking the staves were further seen to bend due to temperature changes
caused by an increased power consumption of the modules. The distortion varies with the inte-
grated radiation dose and as a function of the LHC luminosity within a fill. A systematic time-
dependent alignment correction to mediate this effect was introduced in the ATLAS software and
is now automated in the calibration of the data at the end of each run. With the new procedure there
is no degradation of the physics performance. Figure 3 shows the time dependence of the distor-
tion magnitude during a fill and the observed residual for default, fill-averaged and time-averaged
alignment.

Figure 3: Distortion magnitude dependence in time (left) and track-hit residual mean in the local x-direction
(right) for default, fill-averaged and time-averaged alignment [3].

3

The alignment of the ATLAS Inner Detector in Run 2 Giulia Ripellino

thermal expansion of the IBL stave components and depends on the operating temperature [2]. In
order to account for the bowing, new alignment parameters were introdued in the alignment pro-
cedure. Figure 2 shows the observed residual as a function of operating temperature after applying
the alignment correction computed for data collected at �20 �C.

Figure 2: The track-to-hit residual mean in the local x-direction for the IBL [2]. The residual mean is
averaged over all modules at the same global-z positon. Alignment corrections derived at �20 �C are applied
to the local positions in the module frames.

In the collisions data taking the staves were further seen to bend due to temperature changes
caused by an increased power consumption of the modules. The distortion varies with the inte-
grated radiation dose and as a function of the LHC luminosity within a fill. A systematic time-
dependent alignment correction to mediate this effect was introduced in the ATLAS software and
is now automated in the calibration of the data at the end of each run. With the new procedure there
is no degradation of the physics performance. Figure 3 shows the time dependence of the distor-
tion magnitude during a fill and the observed residual for default, fill-averaged and time-averaged
alignment.

Figure 3: Distortion magnitude dependence in time (left) and track-hit residual mean in the local x-direction
(right) for default, fill-averaged and time-averaged alignment [3].

3

(also need to encode & buffer)

Detector is not constant with 
time - real time online calibration

Want to use offline-like 
algorithms as soon as possible

…but don’t have time or 
resources to run all our 

deepest NN’s, etc.



Fast decisions with incomplete information (ASICs)

7Real time tools

Fast decisions with full information (FPGAs)

(less) Fast decisions with full information (Software)

Application Specific Integrated Circuit

Field Programmable Gate Array

On-detector, radiation hard and ultra 
fast - single purpose hardware

Off-detector, re-programmable

Far off-detector, offline-like algorithms



Fast decisions with incomplete information (ASICs)

8Real time tools

Fast decisions with full information (FPGAs)

(less) Fast decisions with full information (Software)

←I’ll tell you a 
story about 
this for the 

rest of the talk

Application Specific Integrated Circuit

Field Programmable Gate Array

On-detector, radiation hard and ultra 
fast - single purpose hardware

Off-detector, re-programmable

Far off-detector, offline-like algorithms
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Generation Run 1
(FEI3, PSI46)

Runs 2+3
(FEI4, PSI46DIG) Runs 4+5

Chip Size 7.5 x 10.5 mm2

8 x 10 mm2
20 x 20 mm2

8 x 10 mm2 > 20 x 20 mm2

Transistors 3.5 M
1.3 M 87 M ~1 G

Hit Rate 100 MHz/cm2 400 MHz/cm2 ~2 GHz/cm2

Hit Memory / Chip 0.1 Mb 1 Mb ~16 Mb

Trigger Rate 100 kHz 100 kHz 200 kHz - 1MHz

Trigger Latency 2.5 µs
3.2 µs

2.5 µs
3.2 µs

6 - 20 µs

Readout rate 40 Mb/s 320 Mb/s 1-4 Gb/s

Radiation 100 Mrad 200 Mrad 1 Grad

Technology 250 nm 130 nm
250 nm 65 nm

Power ~1/4 W/cm2 ~1/4 W/cm2 1/2 - 1 W/cm2

Innermost layer: high bandwidth, hit rate, rad. damage
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Generation Run 1
(FEI3, PSI46)

Runs 2+3
(FEI4, PSI46DIG) Runs 4+5

Chip Size 7.5 x 10.5 mm2

8 x 10 mm2
20 x 20 mm2

8 x 10 mm2 > 20 x 20 mm2

Transistors 3.5 M
1.3 M 87 M ~1 G

Hit Rate 100 MHz/cm2 400 MHz/cm2 ~2 GHz/cm2

Hit Memory / Chip 0.1 Mb 1 Mb ~16 Mb

Trigger Rate 100 kHz 100 kHz 200 kHz - 1MHz

Trigger Latency 2.5 µs
3.2 µs

2.5 µs
3.2 µs

6 - 20 µs

Readout rate 40 Mb/s 320 Mb/s 1-4 Gb/s

Radiation 100 Mrad 200 Mrad 1 Grad

Technology 250 nm 130 nm
250 nm 65 nm

Power ~1/4 W/cm2 ~1/4 W/cm2 1/2 - 1 W/cm2

e.g. the camera in your phone on 

steroids, next to a nuclear reactor

(unfortunately, Apple doesn’t make one of these)

Innermost layer: high bandwidth, hit rate, rad. damage
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12Pixels at the heart of the detector

Pixel ASIC for the innermost layer of the LHC detectors

20 mm ; 400 pixels
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Specific RTDM Problem: Find hits, ignore noise
Top down 
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rate 
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record only 
what exceeds 

a threshold
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2
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the particle

Specific RTDM Problem: Find hits, ignore noise



CMYK - 95c / 9m / 0y / 83kPantone - PMS 547U

Logo: Small Color: please use the mix appropriate to your application

Default Typefaces

DEFAULT SAN SERIF TYPEFACE DEFAULT SERIF TYPEFACE

Arial
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Rev 09/23/14

RGB - R 0 / G 57 / B 90 

Berkeley Lab Logo Usage

Times New Roman
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Logo: Large

10

2

3

3

1

21

1

apparent 
charge after 

adding noise

Specific RTDM Problem: Find hits, ignore noise



CMYK - 95c / 9m / 0y / 83kPantone - PMS 547U

Logo: Small Color: please use the mix appropriate to your application

Default Typefaces

DEFAULT SAN SERIF TYPEFACE DEFAULT SERIF TYPEFACE

Arial
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Rev 09/23/14

RGB - R 0 / G 57 / B 90 

Berkeley Lab Logo Usage

Times New Roman
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Logo: Large

9.6

2.1

3.1

3

1

21

1

apparent 
charge after 

charge 
sharing

(diffusion + 
electronics are 

capacitively 
coupled)

0.1

0.1

Specific RTDM Problem: Find hits, ignore noise



CMYK - 95c / 9m / 0y / 83kPantone - PMS 547U

Logo: Small Color: please use the mix appropriate to your application

Default Typefaces

DEFAULT SAN SERIF TYPEFACE DEFAULT SERIF TYPEFACE

Arial
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Rev 09/23/14

RGB - R 0 / G 57 / B 90 

Berkeley Lab Logo Usage

Times New Roman
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Logo: Large

7.1 0.6

0.5

charge over 
threshold that 
is observed  

  
(threshold = 2.5)

Specific RTDM Problem: Find hits, ignore noise



CMYK - 95c / 9m / 0y / 83kPantone - PMS 547U

Logo: Small Color: please use the mix appropriate to your application

Default Typefaces

DEFAULT SAN SERIF TYPEFACE DEFAULT SERIF TYPEFACE

Arial
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Rev 09/23/14

RGB - R 0 / G 57 / B 90 

Berkeley Lab Logo Usage

Times New Roman
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Logo: Large

charge over 
threshold that 
is observed  

 (threshold = 2)

Question: can 
we do better?

7.1 0.6
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Specific RTDM Problem: Find hits, ignore noise



CMYK - 95c / 9m / 0y / 83kPantone - PMS 547U

Logo: Small Color: please use the mix appropriate to your application

Default Typefaces

DEFAULT SAN SERIF TYPEFACE DEFAULT SERIF TYPEFACE

Arial
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Rev 09/23/14

RGB - R 0 / G 57 / B 90 

Berkeley Lab Logo Usage

Times New Roman
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Logo: Large

charge over 
threshold that 
is observed  

 (threshold = 2)

Facts

Prob(hit from 
real particle) 

<< 1

Prob(hit | next 
to pixel from 
real particle) 

~ 1

Dynamic 
thresholds?

7.1 0.6

0.5

Specific RTDM Problem: Find hits, ignore noise



�21Two charge sharing schemes

Option 1: As a result of capacitative coupling, a 
charge Q on one pixel adds fQ on 
neighbors.  f depends on length of 

shared edge and is ~few %.

Usually want this to be small, but maybe 
can gain by artificially increasing it?

Qprimary + fQneighbor > threshold 

Qprimary > threshold - fQneighbor
(effectively 

lowers 
threshold)

N.B. Pr(hit) << 1 but 

Pr(hit | neighbor) ~ 1

One 
parameter: 

fshare



�22Two charge sharing schemes

Option 2: Whenever a pixel is above threshold, 
lower the threshold of the neighbors.

This is hard(er) to implement in practice 
because it requires more active logic  

(which means more power &/or more memory)

One 
parameter: 

fneighbor

N.B. these are quite simple, but I’ll show that they work well.  
Can probably do even better by using less local information.
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Charge sharing as a dynamic threshold 23
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Scheme 1: Give a 
fraction fshare of 
your charge to 
your neighbor 

Scheme 2: Set 
the threshold of 
your neighbor to 
fneighbor of your 

threshold.
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Charge sharing as a dynamic threshold 24
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Scheme 1: Give a 
fraction fshare of 
your charge to 
your neighbor 

Scheme 2: Set 
the threshold of 
your neighbor to 
fneighbor of your 

threshold.

Position resolution 
improves when more 
information is kept 

estimated position = weighted 
average over hit pixels

Better

Can’t do worse than 
~(pixel size)/ sqrt(12) ~ 29%
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Charge sharing as a dynamic threshold 25
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Geant4 (Allpix)
| = 1.5, thresh. = 600 e, 4 bits @ 32 ToT / MIPη, |3mµ50 X 50 x 150 

Position resolution 
improves when more 
information is kept 

estimated position = weighted 
average over hit pixels

Turns out that in 
scheme 1, there is an 
optimal value of fshare!

Scheme 1: Give a 
fraction fshare of 
your charge to 
your neighbor 

Scheme 2: Set 
the threshold of 
your neighbor to 
fneighbor of your 

threshold.
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Charge sharing as a dynamic threshold 26

Position resolution 
improves when more 
information is kept 

estimated position = weighted 
average over hit pixels

Scheme 1: Give a 
fraction fshare of 
your charge to 
your neighbor 

Scheme 2: Set 
the threshold of 
your neighbor to 
fneighbor of your 

threshold.
0 5 10

Charge Sharing [%]
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Geant4 (Allpix)
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2mµ 50 ×50 

2mµ 100 ×25 

2mµ 25 ×100 

Optimal value depends 
on size of pixels.
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Implementation 27
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high threshold

reduced threshold

ToT = time over threshold

Scheme 1: Give a 
fraction fshare of 
your charge to 
your neighbor 

Scheme 2: Set 
the threshold of 
your neighbor to 
fneighbor of your 

threshold.

…information 
transferred ~instantly 

to neighbors

…need time to tell 
neighbor to lower 

threshold.
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Penultimate slide: timeline 28

Firmware + 
software updates

Hardware 
updates

Software updates ~only!

Now
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Conclusions and outlook

Deep Convolutional Architectures for  
Jet-Images at the Large Hadron Collider

Introduction 
The Large Hadron Collider (LHC) at CERN is the largest and most powerful particle accelerator in 
the world, collecting 3,200 TB of proton-proton collision data every year. A true instance of Big 
Data, scientists use machine learning for rare-event detection, and hope to catch glimpses of new 
and uncharted physics at unprecedented collision energies.  

Our work focuses on the idea of the ATLAS detector as a camera, with events captured as 
images in 3D space. Drawing on the success of Convolutional Neural Networks in Computer 
Vision, we study the potential of deep leaning for interpreting LHC events in new ways.

The ATLAS detector 
The ATLAS detector is one of the two general-purpose experiments at the LHC. The 100 million 
channel detector captures snapshots of particle collisions occurring 40 million times per second. 
We focus our attention to the Calorimeter, which we treat as a digital camera in cylindrical space. 
Below, we see a snapshot of a 13 TeV proton-proton collision.

LHC Events as Images 
We transform the ATLAS coordinate system (η, φ) to a rectangular grid that allows for an image-
based grid arrangement. During a collision, energy from particles are deposited in pixels in (η, φ) 
space. We take these energy levels, and use them as the pixel intensities in a greyscale analogue. 
These images — called Jet Images — were first introduced by our group [JHEP 02 (2015) 118], 
enabling the connection between LHC physics event reconstruction and computer vision.. We 
transform each image in (η, φ), rotate around the jet-axis, and normalize each image, as is often 
done in Computer Vision, to account for non-discriminative difference in pixel intensities.  

In our experiments, we build discriminants on top of Jet Images to distinguish between a 
hypothetical new physics event, W’→ WZ, and a standard model background, QCD.  
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Physics Performance Improvements 
Our analysis shows that Deep Convolutional Networks significantly improve the classification of 
new physics processes compared to state-of-the-art methods based on physics features, 
enhancing the discovery potential of the LHC.  More importantly, the improved performance 
suggests that the deep convolutional network is capturing features and representations beyond 
physics-motivated variables.  

Concluding Remarks 
We show that modern Deep Convolutional Architectures can significantly enhance the discovery 
potential of the LHC for new particles and phenomena. We hope to both inspire future research 
into Computer Vision-inspired techniques for particle discovery, and continue down this path 
towards increased discovery potential for new physics.

Difference in average 
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Deep Convolutional Networks 
Deep Learning — convolutional networks in particular — currently represent the state of the art in 
most image recognition tasks. We apply a deep convolutional architecture to Jet Images, and 
perform model selection. Below, we visualize a simple architecture used to great success.  

We found that architectures with large filters captured the physics response with a higher level of 
accuracy. The learned filters from the convolutional layers exhibit a two prong and location based 
structure that sheds light on phenomenological structures within jets. 

Visualizing Learning 
Below, we have the learned convolutional filters (left) and the difference in between the average 
signal and background image after applying the learned convolutional filters (right). This novel 
difference-visualization technique helps understand what the network learns.
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Understanding Improvements 
Since the selection of physics-driven variables is driven by physical understanding, we want to be 
sure that the representations we learn are more than simple recombinations of basic physical 
variables. We introduce a new method to test this — we derive sample weights to apply such that 

meaning that physical variables have no discrimination power. Then, we apply our learned 
discriminant, and check for improvement in our figure of merit — the ROC curve.

Standard physically motivated 
discriminants — mass (top)  
and n-subjettiness (bottom)

Receiver Operating Characteristic

Notice that removing out the individual effects of 
the physics-related variables leads to a likelihood 
performance equivalent to a random guess, but 
the Deep Convolutional Network retains some 
discriminative power. This indicates that the deep 
network learns beyond theory-driven variables — 
we hypothesize these may have to do with 
density, shape, spread, and other spatially driven 
features.
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There are many exciting 
opportunities and ideas for 

fully exploiting our data
we must make sure no 
stone is left unturned !

The LHC is a unique science tool 
with extreme challenges related 
to the data rate: real time / ultra 

fast algorithms are required.
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