
PARTICLE PHYSICS AND MACHINE LEARNING  
AT THE CERN LHC & CMS

JAVIER DUARTE 
OCTOBER 9, 2020 
UCSD PHYSICS 191

1



2



WELCOME TO PHYSICS 191
‣ Goal: Introduction to research topics across physics. Opportunity for you to find potential labs to work in 

‣ Lectures: 1:00-1:50 pm every Friday 

‣ Attendance policy: Taking for credit? Attend most guest lectures and ask questions! I will record 
attendance for each class 

‣ Webpage: Canvas: https://canvas.ucsd.edu/courses/19858 and Indico: https://indico.cern.ch/event/
956641/ 

‣ Zoom: https://ucsd.zoom.us/j/98503442947 
General: Sign in with your full first and last name as listed on the class roster.  
Video: Turn on your video when possible. It is helpful to be able to see each other, just as in an in-person 
class. 
Audio: Mute your microphone when you are not talking. Use a headset when possible. If you own 
headphones with a microphone, please use them. Be in a quiet, distraction-free place when possible.  
Chat: No disrespect or hate speech.  
Recording: I will record each lecture for the benefit of students in different timezones.  
Discussion: Ask questions!
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SCHEDULE
‣ Oct. 9 — Introduction; Javier Duarte 

‣ Oct. 16 — Alex Frano 

‣ Oct. 23 — Kam Arnold 

‣ Oct. 30 — Mattia Serra 

‣ Nov. 6 — Shelley Wright 

‣ Nov. 13 — Liang Yang 

‣ Nov. 20 — Chunhui Du 

‣ Dec. 4 — Yizhuang You 

‣ Dec. 11 — Tongyan Lin
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THE STANDARD MODEL  
& THE HIGGS BOSON
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THE STANDARD MODEL (OR WHY STUDY THE HIGGS BOSON?)

interactions

+

terms of L → links (couplings) 
between particles

particles
▸ But there has to be more to it! SM does not explain dark matter, neutrino masses, 

and the matter-antimatter asymmetry…
▸ Higgs boson is the centerpiece: all particles interact with it
▸ May be a link to new particles or interactions

m
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27 km in circumference
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LHC

▸ LHC collides protons = uud + virtual quarks & gluons

▸ Gluons have the biggest density in the proton

▸ Can we collide gluons to make a Higgs boson?
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10 11. Status of Higgs boson physics

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs
production channels in the SM, and the major MC tools used in the simulations

ggF VBF VH tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:

NNLO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)

Resummed: Fixed order: Fixed order: (MG5 aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD

(HRes) (HAWK) (VH@NNLO)

Higgs pT :

NNLO+NNLL

(HqT, HRes)

Jet Veto:

N3LO+NNLL

Figure 11.1: Main Leading Order Feynman diagrams contributing to the Higgs
production in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or
associated production with a gauge boson), (d) associated production with a pair
of top (or bottom) quarks, (e-f) production in association with a single top quark.
with top quarks.

uncertainties in the theoretical calculations due to missing higher-order e!ects and

June 5, 2018 19:47
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▸ Interactions can be “generated” through virtual (intermediate) particles
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▸ Interactions can be “generated” through virtual (intermediate) particles

▸ Biggest contribution in the SM is from the top quark
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HOW DO WE DETECT HIGGS BOSONS? 17

0.2%

2.6%

6.3%

22%

58%
H → bb

H → γγ
H → ZZ

H → τ+τ−

H → W+W−

H → cc
2.9%

11. Status of Higgs boson physics 11

with possible flat directions. Still, physics at lower energies is desirable to solve other
mysteries of the universe such as dark matter or the matter-antimatter asymmetry. The
Higgs boson discovery at the LHC leaves all these options open.

II.4. Higgs production and decay mechanisms

Reviews of the SM Higgs boson’s properties and phenomenology, with an emphasis on
the impact of loop corrections to the Higgs boson decay rates and cross sections, can be
found in Refs. [32–38].

II.4.1. Production mechanisms at hadron colliders

The main production mechanisms at the Tevatron and the LHC are gluon fusion,
weak-boson fusion, associated production with a gauge boson and associated production
with top quarks. Figure 11.2 depicts representative diagrams for these dominant Higgs
production processes.
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Figure 11.2: Generic Feynman diagrams contributing to the Higgs production
in (a) gluon fusion, (b) weak-boson fusion, (c) Higgs-strahlung (or associated
production with a gauge boson) and (d) associated production with top quarks.

The cross sections for the production of a SM Higgs boson as a function of
!

s, the center
of mass energy, for pp collisions, including bands indicating the theoretical uncertainties,
are summarized in Fig. 11.3 [39]. A detailed discussion, including uncertainties in the
theoretical calculations due to missing higher order e!ects and experimental uncertainties
on the determination of SM parameters involved in the calculations can be found in
Refs. [36–38]. These references also contain state of the art discussions on the impact of
PDF’s uncertainties, QCD scale uncertainties and uncertainties due to di!erent matching
procedures when including higher order corrections matched to parton shower simulations
as well as uncertainties due to hadronization and parton-shower events.

Table 11.1, from Refs. [36,38], summarizes the Higgs boson production cross sections
and relative uncertainties for a Higgs mass of 125GeV, for

!
s = 7, 8 and 14 TeV.
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procedures when including higher order corrections matched to parton shower simulations
as well as uncertainties due to hadronization and parton-shower events.

Table 11.1, from Refs. [36,38], summarizes the Higgs boson production cross sections
and relative uncertainties for a Higgs mass of 125GeV, for
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s = 7, 8 and 14 TeV.
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Quantum gravity?  

Why is electroweak scale much 

smaller than the Planck scale?

Matter-antimatter asymmetry? Grand unified theory? 

Theory of everything? Neutrino mass? 

What is dark matter?

▸ Because we know the standard model is incomplete…

MANY OPEN QUESTIONS…. 

AND MANY POSSIBLE SOLUTIONS! HOW CAN WE LOOK FOR THEM?
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▸ Direct searches: produce and observe a new particle or interaction

▸ Indirect searches: measure known standard model particles and interactions 
to look for deviations

▸ Machine learning is becoming more important to searches… Can even do 
anomaly detection
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‣ Use machine learning to classify jets

EXAMPLE: JET “TAGGING”
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▸ ResNet-50 is a deep convolutional neural network 

▸ inputs (pixels) are locally grouped and the  
same set of weights is applied to each patch 

▸ 50 hidden layers 

▸ state-of-the-art performance for natural images
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▸ ResNet-50 is a deep convolutional neural network 

▸ inputs (pixels) are locally grouped and the  
same set of weights is applied to each patch 

▸ 50 hidden layers 

▸ state-of-the-art performance for natural images

30

ResNet-50 predictions: 

Whippet: 47% 
Italian greyhound: 20% 
Rhodesian ridgeback: 18%

My puppy: whippet mixed with ???African elephant from Wikipedia

ResNet-50 predictions: 

African elephant: 90% 
Tusker: 6% 
Indian elephant: 3%

DEEP NEURAL NETWORK: RESNET-50
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▸ Train ResNet-50 to identify the origin of jets 

▸ Jet images = pixelated versions of calorimeter 
hits in 2D (η, ϕ)

vs.

top jet QCD jet (on average) (on average)

JET VISION?
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HIGGS BOSON TO BOTTOM QUARKS? 

11. Status of Higgs boson physics 11

with possible flat directions. Still, physics at lower energies is desirable to solve other
mysteries of the universe such as dark matter or the matter-antimatter asymmetry. The
Higgs boson discovery at the LHC leaves all these options open.

II.4. Higgs production and decay mechanisms

Reviews of the SM Higgs boson’s properties and phenomenology, with an emphasis on
the impact of loop corrections to the Higgs boson decay rates and cross sections, can be
found in Refs. [32–38].

II.4.1. Production mechanisms at hadron colliders

The main production mechanisms at the Tevatron and the LHC are gluon fusion,
weak-boson fusion, associated production with a gauge boson and associated production
with top quarks. Figure 11.2 depicts representative diagrams for these dominant Higgs
production processes.
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Figure 11.2: Generic Feynman diagrams contributing to the Higgs production
in (a) gluon fusion, (b) weak-boson fusion, (c) Higgs-strahlung (or associated
production with a gauge boson) and (d) associated production with top quarks.

The cross sections for the production of a SM Higgs boson as a function of
!

s, the center
of mass energy, for pp collisions, including bands indicating the theoretical uncertainties,
are summarized in Fig. 11.3 [39]. A detailed discussion, including uncertainties in the
theoretical calculations due to missing higher order e!ects and experimental uncertainties
on the determination of SM parameters involved in the calculations can be found in
Refs. [36–38]. These references also contain state of the art discussions on the impact of
PDF’s uncertainties, QCD scale uncertainties and uncertainties due to di!erent matching
procedures when including higher order corrections matched to parton shower simulations
as well as uncertainties due to hadronization and parton-shower events.

Table 11.1, from Refs. [36,38], summarizes the Higgs boson production cross sections
and relative uncertainties for a Higgs mass of 125GeV, for

!
s = 7, 8 and 14 TeV.
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‣ Can we use ML techniques like this to observe the Higgs boson 
decaying to bottom quarks?

32

https://doi.org/10.1103/PhysRevD.99.012005


HIGGS BOSON TO BOTTOM QUARKS? 

 (GeV)SDm

0

5000

10000

15000

20000

25000

Ev
en

ts
 / 

7 
G

eV W
Z
tt

Multijet
Total background

=3.7
H
µ), bH(b

Data

 (13 TeV)-1137 fb

CMS
 < 1200 GeV

T
450 < p
Deep double-b tagger
Passing region

60 80 100 120 140 160 180 200
 (GeV)SD m

4−
2−
0
2
4

D
at

a
σ

 B
kg

−
D

at
a 

 

11. Status of Higgs boson physics 11

with possible flat directions. Still, physics at lower energies is desirable to solve other
mysteries of the universe such as dark matter or the matter-antimatter asymmetry. The
Higgs boson discovery at the LHC leaves all these options open.
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the impact of loop corrections to the Higgs boson decay rates and cross sections, can be
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FIG. 1. Left: distributions of signal, background, and data event yields sorted into bins of similar signal-to-background ratio, as given
by the result of the fit to their corresponding multivariate discriminant. All events in the VH, H ! bb̄ signal regions of the combined
run 1 and run 2 data sets are included. The red histogram indicates the Higgs boson signal contribution, while the gray histogram is the
sum of all background yields. The bottom panel shows the ratio of the data to the background, with the total uncertainty in the
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SM expectation.

TABLE II. Expected and observed significances, in ", and
observed signal strengths for the VH production process with
H ! bb̄. Results are shown separately for 2017 data, combined
run 2 (2016 and 2017) data, and for the combination of the run 1
and run 2 data sets. For the 2017 analysis, results are shown
separately for the individual signal strengths for each channel
from a combined simultaneous fit to all channels. All results are
obtained for mH # 125.09 GeV combining statistical and sys-
tematic uncertainties.
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Combined 3.1 3.3 1.08$ 0.34

Run 2 4.2 4.4 1.06$ 0.26

Run 1% run 2 4.9 4.8 1.01$ 0.22

m(jj) [GeV]
60 80 100 120 140 160

S
/(

S
+B

) 
w

ei
gh

te
d 

en
tr

ie
s

0

500

1000

Data

bb!VH,H

bb!VZ,Z

S+B uncertainty

CMS

 (13 TeV)-177.2 fb

FIG. 2. Dijet invariant mass distribution for events weighted by
S=!S% B" in all channels combined in the 2016 and 2017 data
sets. Weights are derived from a fit to the m!jj" distribution, as
described in the text. Shown are data (points) and the fitted VH
signal (red) and VZ background (grey) distributions, with all
other fitted background processes subtracted. The error bar for
each bin represents the presubtraction 1" statistical uncertainty on
the data, while the gray hatching indicates the 1" total uncertainty
on the signal and all background components.

PHYSICAL REVIEW LETTERS 121, 121801 (2018)

121801-5

YES! 32

BOOSTED 
DECISION TREE

DEEP NEURAL 
NETWORK

https://doi.org/10.1103/PhysRevD.99.012005


HL-LHC AND PILEUP 4

PILEUP IS THE GREATEST EXPERIMENTAL CHALLENGE GOING FORWARD,  
IT AFFECTS EVERYTHING. 

• detector design, object performance and physics sensitivity 
radiation damage to detectors, degrades energy/position measurements, lost untriggered events forever 

2016: <PU> ~ 20-50 
2017 + Run 3: <PU> ~ 50-80 

HL-LHC: 140-200

Multiple pp collisions in the same beam crossing 
To increase data rate, squeeze beams as much as possible

33

▸ High luminosity: increased event rate and many more simultaneous collisions (pileup)! 

▸ Pileup + new detectors (= more complex data) challenge our trigger and reconstruction

WHAT’S NEXT: HIGH LUMINOSITY LHC IN 2026
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LEVEL-1 TRIGGER 35

▸Upgraded Level-1 Trigger: 
40 MHz → 750 kHz

▸Reconstruct all events and  
reject 98% of them in ~12.5 μs 

▸ Latency necessitates all FPGA 
design (729 FPGAs!)

40 MHz
L1 Trigger

750 kHz

5

ATCA Processor: APx
● Powered by a VU9P FPGA with 

2.5M logic cells 

● 100 bidirectional links up to 28 Gbps
● 76 to the front directly connected to mid-

board optics

● 24 to the rear transmission module via 

high density connector

– Rear transmission module supports 

interfaces for legacy links and 

generic serial I/O

● Control, management, and  

monitoring by an embedded linux 

mezzanine (ELM) on-board 
● Featuring a ZYNQ system-on-chip with 

dual core ARM processor and FPGA 

logic

● Large 128GB memory mezzanine  

for look-up table applications

● Shelf management via custom IPMI 

mezzanine running real time OS ELM IPMC Memory

LUT



FPGAS: REPROGRAMMABLE HARDWARE
ALL FPGA ARCHITECTURE 16

FPGA 
“programmable hardware” 

DSPs (multiply-accumulate, etc.) 
Flip Flops (registers/distributed memory) 

LUTs (logic) 
Block RAMs (memories)

Typical modern FPGA: 

(Kintex ultrascale+)

1.3M FFs 

700k LUTs

5500 DSPs 

2200 BRAMs

O(50-100) optical 
transceivers 

running at  

~O(15) Gbs

▸ Pros:  

▸ Reprogrammable interconnects  
between embedded components that  
perform multiplication (DSPs), apply logical  
functions (LUTs), or store memory (BRAM) 

▸ High throughput: O(100)  
optical transceivers running at  
O(15) Gbps 

▸ Massively parallel 

▸ Low power 

▸ Cons: 

▸ Requires domain knowledge to program (using VHDL/Verilog)



TRACKING (CONNECTING THE DOTS)
▸ Particle tracking is a classic 

reconstruction task 
▸ From a set of hits sampled 

sparsely in 3D, reconstruct the 
helical trajectories of particles 

▸ Traditional algorithms scale badly 
with the number of hits 

▸ New algorithms (based on graph 
neural networks) may be able to 
do better
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‣ A graph is a set of objects and their connections
‣ NN is evaluated on pairs of connected objects to produce a message
‣ Messages are communicated from nearest neighbors (and summed*) to 

update the graph’s features
‣ Node-level, edge-level or graph-level outputs can be computed based on 

the updated hidden representations of the graph

ϕ(p1, p2)

ϕ(p1, p3)

p3

p2 p1 p1’

ɸ(∑pi’) p3’

p2’

*sum preserves permutation invariance

GRAPH NEURAL NETWORKS



39GRAPH NEURAL NETWORKS ON FPGAS FOR PARTICLE TRACKING
(vi, ek)
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‣ Undergrad. summer student (IRIS-HEP fellow)  project to implement a GNN 
on an FPGA for particle tracking

‣ Found it can complete a tracking task in < 1 microsecond

GRAPH NEURAL NETWORKS ON FPGAS FOR PARTICLE TRACKING
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40PARTICLE GRAPH AUTOENCODER FOR ANOMALY DETECTION
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‣ Autoencoders compress data to a smaller representation and reconstruct it
‣ Apply it to particles (E, p): train autoencoder on known SM data

‣ Undergraduate summer student (TRELS) project found it to be effective on 
a mock dataset with a known signal injected at ~3800 GeV

PARTICLE GRAPH AUTOENCODER FOR ANOMALY DETECTION
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SUMMARY
‣ Many interesting ML applications in particle physics! 

‣ Intersection of two fields that is very fast paced 

‣ If this sounds interesting to you, let me know! 

‣ No prior experience in ML or particle physics necessary; just a desire to learn 
it “on the job”
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