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My research:  
Standard Model measurements, searches for Beyond 
the Standard Model particles at the CMS Experiment, 
Trigger and data-acquisition, Software & Computing

My expertise is:
working on challenging problems in collaborative 
settings

! ǇǊƻōƭŜƳ LΩƳ ƎǊŀǇǇƭƛƴƎ ǿƛǘƘΥ 
how to adapt my teaching and mentoring 
activities in the age of AI  

Something I find very interesting is: 
Solving the big data challenge for HL-LHC and 
future experiments

I want to know more about: 

How we can explain our science to society and 

decision-makers, so that sustained R&D is 

supported, and ambitious future projects, such 

as a Muon Collider, become possible.
 



¢ƘŜ ǎƳŀƭƭŜǎǘ ǇƛŜŎŜǎ ƻŦ ƳŀǘǘŜǊΧ

ÅParticle physics is the study of smallest known building blocks 
of the physical universe -- and the interactions between them.

ÅThe focus is on single particles or small groups of particles, not 
the billions of atoms or molecules making up an entire planet 
or star.



Relativistic Collisions
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Particle collisions at very high energies 

produce many particles, some much more 

massive than initial particles

(unlike in this cartoon, collisions obey 

specific quantum rules) 

Elementary and composite particles studied in great detail over the past 50 years



ÅIncorporates:
ÅElectroweak theory by Glashow, Weinberg and Salam

ÅQuantum Chromo Dynamics ς theory of strong interactions

Sheldon Glashow               Steven Weinberg           Abdus Salam

ά{ǘŀƴŘŀǊŘ aƻŘŜƭέ ƻŦ tŀǊǘƛŎƭŜǎ ŀƴŘ CƻǊŎŜǎ                            



6Weak

άStandard Modelέ of Particles and Forces                            



Fermions and Bosons
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ά{ǘŀƴŘŀǊŘ aƻŘŜƭέ ƻŦ tŀǊǘƛŎƭŜǎ ŀƴŘ CƻǊŎŜǎ                            

Works beautifully for massless quanta 

Needs Higgs field for providing 
mass to the elementary particles

MW=80 GeV, MZ=91 GeV, mg,mg=0



ά{ǘŀƴŘŀǊŘ aƻŘŜƭέ ƻŦ tŀǊǘƛŎƭŜǎ ŀƴŘ CƻǊŎŜǎ                            

Works beautifully for massless quanta 

Needs Higgs field for providing 
mass to the elementary particles

MW=80 GeV, MZ=91 GeV, mg,mg=0

The Standard Model:
Some assembly required.
Gravity not included



Interactions with Higgs Field

ÅWhich of these falls slower safely?
ÅAn unopened parachute

ÅFully opened parachute
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The more interaction with the medium (air) the lower the speed of 
the drop

Higgs field permeates all space, particles interact with differing 
strengths with the higgs field. The higher the interaction the larger 
ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ƳŀǎǎΦ



D. Miller / UCL



The Guralnik-Hagen-Kibble-Higgs-Englert-Brout ŦƛŜƭŘΧ

ÅThe mass of particles is generated by interaction with the Higgs field. This 
was predicted independently by three groups and published in 1964 in the 
same volume of Physical Review Letters.
ÅAll three papers were written from different perspectives, and each 

made a distinct contribution

ÅPhysical Review Letters volume 13 (1964):
ÅGuralnik, Hagen, Kibble, "Global Conservation Laws and Massless Particles" 
ÅHiggs, "Broken Symmetries and the Masses of Gauge Bosons" 
ÅEnglert, Brout, "Broken Symmetry and the Mass of Gauge Vector Mesons"  



ÑcE§ÅòаШÑőĲШљcŔŊŊƚњШ[ŔĲũĬ

The more a particle interacts with this invisible 

field, the more mass it gets.



But if this field is invisible, 
how can we PROVE it exists?



The theory predicts that the fieldhas an 
associated particle:

Challenge: the  theory does not predict its mass



Why is there a large mass 
hierarchy in the fermion 
sector ?

Other open questions 

Why are there exactly 3 
generations ?



How can we explain the matter anti-antimatter asymmetry ?

Anti-Tom Hanks Tom Hanks

Would look 
very much like

What remains to be answered ?



.ǳǘ ǿŜǊŜ ǘƘŜȅ ǘƻ ƳŜŜǘΧ

We are still here 
and no naturally occurring antimatter is in sight! 

What remains to be answered ?

How can we explain the matter anti-antimatter asymmetry ?



?

What remains to be answered ?



What is dark matter ?  

Are new particles the solution ?

What remains to be answered ?

Where is gravity ????

Does the Higgs interact with dark matter ? 



SUPERSYMMETRY EXTRA DIMENSIONS

!ƴŘ Ƴŀƴȅ ƳƻǊŜΧ

Potential Answers



Start by asking these questions in the right way

Look more closely              More Precision, new techniques
Look in new places             Higher Energy, new measurements

Hunting for the Exotic

?

What new physics are we looking for ?



The Energy FrontierΧ.



Run 1: 
a) proton beams with 3.5 TeV (trillion electron volts) energy 

for a total collision energy of 7 TeV  (2010-2011)
b) proton beams with 4 TeV energy for a total collision energy 

of 8 TeV (2012)

Run 2 (2015-2018): total collision energy of 13 TeV
Run 3 (2022-2026): total collision energy of 13.6 TeV
Dedicated heavy-ion collision runs as well



Å About 300 ft under ground

Å 8.4 T dipole magnets (1232 magnets)

Å Cooled to 1.9K with 96 tons of liquid 
helium 

Å Energy of beam = 362 MJ 

§ŰĲШŸŉШƣőĲШŉċƚƣĲƚƣШƖċĦĲƣƖċĦťƚШŸŰШƣőĲШƓũċŰĲƣв
Several thousand billion protons 
travelling at 99.9999991% of the 
speed of light will travel round 
the 27 km ring over 11000 times 
a second!

(thatôs 1,079,265,287 mph)

15 kg of chocolate



Where will occur some of the hottest ǊŜŀŎǘƛƻƴǎ  ƛƴ ƻǳǊ ƎŀƭŀȄȅΧ

Violent collisions corresponding to temperatures a billion times higher 
than the core of the sun will be produced.

That is roughly 160,000,000,000,000,000 C



Giga-pixel camera:

Snaps a billion pictures 

of quantum interactions 

a second

to be watched by some of the most complex eyes  we ve ever built,



ALICE

LHCb

ATLAS

CMS



The CMS detector

ÅTook ~2000 scientists and 
engineers more than 20 
years to design and build

ÅIs about 15 metres wide 
and 28 metres long

ÅWeighs twice as much as 
the Eiffel Tower ς about 
14000t

Å(100+ locomotive engines)

Å(~40 large airplanes)

See this CMS DAS talk 
for an overview

https://indico.cern.ch/event/1462056/contributions/6155309/attachments/2936815/5276554/cmills_CMS_lecture_2025.pdf


5ƛǊŜŎǘƛƻƴ Ҧ ¢ǊŀŎƪƛƴƎ

ÅCharged particles pass through the detecting

medium and knock out electrons

Solid state detector (Silicon)

Gas/wire drift chamber

ÅReleased electrons are collected and read 

out as hits

ÅReconstruct trajectory out of hits

ÅUsually in a magnetic field, so momentum 

can be determined by curvature
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Trackers in CMS

Innermost layer (pixel detector) Outermost layer (Si detector)



Calorimeters and EM showers
ÅCalorimeters measure total energy of particles
ÅElectrons, photons, jets

ÅDense material causes particles to interact and 
ñshowerò

ÅEM Calorimeter Detection mechanism: scintillation 
light from lead tungstate (PbWO4 ), a clear 
crystalline material 
Ҧ LƻƴƛȊƛƴƎ ǇŀǊǘƛŎƭŜǎ όŎƘŀǊƎŜŘ ƻǊ ǇƘƻǘƻƴǎύ ŜȄŎƛǘŜ ŀǘƻƳǎ 
or molecules that then emit light at characteristic 
wavelength(s)



Hadronic Showers

ÅInteractions of heavy particles with nuclei can 
also produce showers ς άƘŀŘǊƻƴƛŎ ǎƘƻǿŜǊǎέ

ÅSecondary particles interact and produce 
ǘŜǊǘƛŀǊȅ ǇŀǊǘƛŎƭŜǎ ŀƴŘ ǎƻ ƻƴΧ

ÅHadronic showers can contain EM showers!

ÅComparison to EM showers:
ÅMany more particles produced
ÅHadronic showers are spread more

ÅCMS Hadron Calorimeter is a sampling 
calorimeter of brass absorber (non-magnetic) 
and plastic scintillator
Å Ҧ ǿŀǾŜƭŜƴƎǘƘ-ǎƘƛŦǘƛƴƎ ŦƛōŜǊǎ Ҧ ǎƛƭƛŎƻƴ 

photomultiplier (SiPM) readout

ÅCMS forward Calorimeter has Quartz fibers 
embedded in steel absorber
ÅDetection principle: Cerenkov light



Muons

Å Because of its long lifetime, the muon for 
our purposes is like a stable particle (ct ~ 
700 m)

Å It can penetrate several meters of material 
losing little energy 

ÅMIP (minimum ionizing particle)

Å Therefore, detectors for detecting muons 
are placed in the outermost part of the 
experiment

ÅRely on magnetic field and tracking 
detectors

ÅNote: at high energies muons can 
sometimes behave more like electrons

Åmuons can brem and so (late) EM 
showers can develop in the detector



What do we observe with CMS?

ÅPhotons

Å Light quanta

ÅElectrons

Å Lightest electrically 
charged lepton 

ÅMuons

Å Heavier cousin of electron 
(interacts minimally)
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ÅCharged hadrons (p, K, protons)
Å Composite charged particles made of quarks

ÅNeutral hadrons (neutrons, KL)
Å Composite neutral particles made of quarks 















-----  Neutrino



The Challenge at the LHC
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LHC:  ~109 interactions/s

Bunch crossing frequency: 40MHz
Storage rate ~ a few kHz

Discoveries require rare signal extraction in 
huge data samples of complex detectors т 
large-scale processing and data management



The Challenge The Solution

The Challenge @ LHC

Where is the needle ?
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1. Level 1 (L1) trigger: algorithms running on 
custom electronics boards 
ÅCoarse calo & muon info, no tracking 

info. 
ÅHard limits on latency (on-detector 

buffer size) and total accept rate 
(readout electronics design) 

2. High Level Trigger (HLT): algorithms 
running on commercial CPUs (and 
GPUs)
ÅHard limit on latency  and total 

bandwidth (transfer data from online 
file system to storage) 

ÅNo hard limit on the total rate 

40 MHz

CMS Trigger
CMS has a 2 level trigger system for selecting interesting collision events 



Trigger: tricky business

Will your favorite new physics signal be included 
in the small fraction of selected events? 

 10 9 Ev/s 10 9 Ev/s
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99.99 % Lv199.99 % Lv1

99.9 % HLT99.9 % HLT

0.1 %0.1 %

 10 5 Ev/s 10 5 Ev/s

0.01 %0.01 %

Same  hardware (Filter Subfarms)   
Same  software (CARF-ORCA)   
But different situations

Same  hardware (Filter Subfarms)   
Same  software (CARF-ORCA)   
But different situations
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But different situations
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99.99 % Lv199.99 % Lv1

99.9 % HLT99.9 % HLT
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Same  hardware (Filter Subfarms)   
Same  software (CARF-ORCA)   
But different situations

1000
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Every time bunches cross one  another

more than one proton-proton collision

takes place Ą pileup

Simulation of 25 άminbias events overlap

ÅHĄZZ

     ( ZĄmm )

ÅHĄ 4 muons: (άgoldenέ) signature

Reconstructed tracks  
with pt > 25 GeV

!ƴŘ ǘƘƛǎ όƴƻǘ ǘƘŜ I ǘƘƻǳƎƘΧύ ǊŜǇŜŀǘǎ ŜǾŜǊȅ нр ƴǎΧ

ItΩs like many different cricket matches being 
played on the same field at once  - which ball 
belongs to which match ?

Reality at the LHC



5ŜǎǇƛǘŜ ǘƘŜǎŜ ŎƘŀƭƭŜƴƎŜǎΧΦ
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CERN experiments observe particle consistent with long-
sought Higgs boson

Geneva, 4 July 2012. At a seminar held at CERN1 today as 
ŀ ŎǳǊǘŀƛƴ ǊŀƛǎŜǊ ǘƻ ǘƘŜ ȅŜŀǊΩǎ ƳŀƧƻǊ ǇŀǊǘƛŎƭŜ ǇƘȅǎƛŎǎ 
conference, ICHEP2012 in Melbourne, 
the ATLAS and CMS experiments presented their latest 
preliminary results in the search for the long sought Higgs 
particle. Both experiments observe a new particle in the 
mass region around 125-126 GeV.



Particle Physics history in the making

The discovery of a SM-like Higgs boson during the LHC 
Run 1 was a ground-breaking event in physics history
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How do you produce a Higgs boson ?

Aside: Feynman Diagram

See video by CMS Collaborator Don Lincoln 

Cross sections (s): 
probability that a particular 
interaction will occur

Unit, by definition: area (cm2) , 
ĦŸůůŸŰũǃШљĤċƖŰƚњЯШљůŔũũŔ-ĤċƖŰƚњЯШ
њƓŔĦŸ-ĤċƖŰƚњШetc

Origin: Uranium nucleus т 10-24 
cm2 љċƚШĤŔŊШċƚШċШĤċƖŰњ

Event rate Luminosity
(machine)

Cross section

measurement of thenumber of collisionsthat 
can be produced in a detectorper cm2 and per 
second

Integrated luminosity 
          (dataset)

https://youtu.be/hk1cOffTgdk


How do you produce a Higgs boson ?

Å Dominant production mode: gluon-gluon fusion followed 
by vector boson fusion (VBF)

Å All production modes exploited (gg, VBF, VH, ttH)

ïLatter 3 have smaller cross-sections ( )̀ but better S/B 
in many cases 


















