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the Standard Model particles at the CMS Experiment,
Trigger and datacquisition, Software & Computing
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My expertise is:
working on challenging problems in collaborativ
settings
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how to adapt my teaching and mentoring
activities in the age of Al

Something | find very interesting is:
Solving the big data challenge for-HHC and
future experiments

| want to know more about:
How we carexplain our science to society and

decisionmakers so that sustained R&D is
supported, and ambitious future projects, such
as aMuon Collider become possible.
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AParticle physics is the study of smallest known building blocks
of the physical universe and the interactions between them.

AThe focus is on single particles or small groups of particles, not
the !{mlhons of atoms or molecules making up an entire planet
or star.




Relativistic Collisions

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)

v

Elementary and composite particles studied in great detail over the past 50 years
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Alncorporates:
AElectroweak theory by Glashow, Weinberg and Salam
AQuantum Chromo Dynamicgheory of strong interactions
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oStandard Modeal of Particles and Forces




Fermions and Bosons

Fermions Bosons

Leptons and = Spin = Ji Spin = 1* | Force Carrier

Quarks
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Works beautifully for massless quanta
M\~=80 GeV, M=91 GeV, jpm =0

Forces

Needs Higgs field for providing
mass to the elementary particles
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Works beautifully for massless quanta
M\~=80GeV, M=91GeV, gm0

Particle Masses in MeV/c?

Leptons

The Standard Model:
Some assembly required.
Gravity not included

Needs Higgs field for providing
mass to the elementary particles

t



Interactions with Higgs Field

AWhich of these falls slower safely?
AAn unopened parachute
AFully opened parachute

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
UKS LI NUAOfSQa Ylaao
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A The mass of particles is generated by interaction with the Higgs field.

was predicted independently by three groups and publishetb®4in the
same volume of Physical Review Letters.

A All three papers were written from different perspectives, and each
made a distinct contribution
A Physical Review Letters volurh&(1964):
A Guralnik, Hagen, Kibble'Global Conservation Laws and Massless Particles"
A Higgs "Broken Symmetries and the Masses of Gauge Bosons"
A Englert, Brout "Broken Symmetry and the Mass of Gauge Vector Mesons"
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7 MAGINE A FIELD THAT
PERMEATES THE
ENTIRE UNIVERSE.

EVERY PArzncua\
FEELS TS FIELD,
BUT 1& AFFECTED IN
DIFFERENT AMOUNTS,

The more a partlcle Interacts with thm/lsmle
fileld, the more mass it gets.



But ifftthissfiedds gvisithl =
how canwePROVEHt exiksts??
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The Higgs Boson!

We can try to create the Higgs
boson in our experiment!

Challenge: the theory does not predict its mass



Other open questions

Why is there a large mass
hierarchy in the fermion

sector ?
" ¥
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Why are there exactly 3
generations ?
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The Generations of Matter
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What remains to be answered ?

How can we explain the matter arntimatter asymmetry ?

Anti-Tom Hanks Tom Hanks
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What remains to be answered ?

How can we explain the matter arntimatter asymmetry ?
.dz 6SNB (GKS@é 02 YSSiX

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




What remains to be answered ?

66" Quark Neutrino Exotic Other

: , R 1183 cm
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“All right... which of you punks is
responsible for dark matter?”




What remains to be answered ?

What is dark matter ? Where Is gravity ??7?

Are new particles the solution ?

Does the Higgs interact with dark matter ?



Potential Answers

SUPERSYMMETRY EXTRA DIMENSIONS

Qrverse

Particles

Supersymmetric “shadow” particles
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Hunting for the Exotic

What new physics are we looking for ?

_J
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Start by asking these questions in the right way

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



The Energy FrontieX.



pratan beams w h 8
for a total collision energy of TeV (20102011)
proton beams W|th éﬂ'eVenergy for a total coII|S|on energ
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DedKiated heav,yon CO||ISI@I’] runs as
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Several thousand billion protons
travelling at99.999999% of the
speed of light will travel round
the 27 km ring overl1000times

a second!

( t hROTI®ES5,28Mmph)

A About 300 ft under ground
A 8.4 T dipole magnets (1232 magnets

A Cooled to 1.9K with 96 tons of liquid
helium

A Energy of beam = 362 MJ

15 kg of chocolate %



Where will occur some of thisottestNBE I OU A 2 v & AY 2 dzNJ

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



to be watched by some’of the most complayes we ve ever built,

Nt «Glga\plxel camera
&Snaps a bllhon plctures;,
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The CMS detector

. . CMS DETECTOR
A TO O |-< -~ 20 O O SC I e ntl Sts an d Total weight : 14,000 tonnes fg;ﬁ%Oﬁ?URN YORE S.ILICON TRACKERS
engineers more than 20 Overallongth 1267 m Mo (L2800 5 o sl
ears to design and build " Y
y g /

Als about 15metreswide
and 28metresliong

AWeighs twice as much as
the Eiffel Tower about
14000t

A(100+ locomotive engines)
A (~40 large airplanes)

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

H Brass + Plastic scintillator ~7,000 channels
for an overview .


https://indico.cern.ch/event/1462056/contributions/6155309/attachments/2936815/5276554/cmills_CMS_lecture_2025.pdf
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A Charged particles pass throutlie detecting
medium and knock out electrons
O Solid state detector (Silicon)

O Gas/wire drift chamber

A Released electrons are collected and read —

out as hits E et @
A Reconstruct trajectory out of hits
A Usually in a magnetiiteld, so momentum Flectronics
can be determined by curvature ]E !
| <
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Trackers iIn CMS

Innermost layer (pixel detector)




Calorimeters and EM showers

A Calorimeters measure total energy of particles o
. ABSORBER /
A Electrons, photons, jets .

A Dense material causes particles to interact and S
nshower o P e -

A EM Calorimeter Detection mechanism: scintillation
light from lead tungstate (PbWO4 ), a clear
crystalline material
M L2YyAT Ay3 LI NIAOf Sa o0OKIF N
or molecules that then emit light at characteristic
wavelength(s)




Hadronic Showers

' ABSORBER

A Interactions of heavy particles with nuclei_ca
also produce showersd K RNZ2 y A O

A Secondary loartlcles interact and produce i
0 S NI A LJ- NI A Of S & oo

A Hadronic showers can contain EM showers! i, : o T

A Comparison to EM showers:
A Many more particles produced
A Hadronic showers are spread more

A CMS Hadron Calorimeter isanspling
calorimeter of brass absorber (nanagnetic)
and plastic scintillator
AT 6 gSHEEKFUKY I FTAOSNE TIb
photomultiplier SiPM readout

A CMS forward Calorimeter has Quartz fib§
embedded in steel absorber

A Detection principle: Cerenkov light

E.M.
COMPONENT

HADRONIC
COMPONENT

Heavy fragment




Muons

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

A It can penetrate several meters of material
losing little energy
A MIP (minimum ionizing particle)

A Therefore, detectors for detecting muons Drift Tubes: precise Resistive Plate Chambers (RPC):

are placed in the outermost part of the | fast, used for trigger
experiment

A Rely on magnetic field and tracking
detectors
A Note: at high energies muons can
sometimes behave more like electrons

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

6 | Cathode Strip
| Chambers:

|1 compromise
" | precision and
~ 1 tolerance of high
rates (and nonzero
magnetic field)




What do we observe with CMS?

Key: hAuon

— | actron

s _harged Hadron (e.g. Pion)
— — — = Neutral Hadron (e.g. Neutron)

=== Photon

APhotons

Transwerse slice

thmough CHs &

A Light quanta

AElectrons
A Lightest electrically
charged lepton
AMuons

A Heavier cousin of electron
(interacts minimally)

-3
5
3
3
3

| .

Iren return yoke interspersed
with Muon charmbers

5 &m
] ]

A Charged hadrong( K, protons)
A Composite charged particles made of quarks

A Neutral hadrons (neutrons, X
A Composite neutral particles made of quarks

35
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Silicon
Tracker

L/

Electromag netic™
Calorimeter

Hadron
Calorimeter ~ Superconducting
Solenoid Iron return yoke interspersed

with Muon chambers

Om Tm 2m 3m 4m 5m 6m
| 1 | | 1 1 |

Key:

Muon Electron Charged Hadron (e.g. Pion)

Neutral Hadron (e.g. Neutron) Photon




Silicon
Tracker

Electromagnetic™
Calorimeter

Hadron

Calorimeter ~ Superconducting
Solenoid

Olm 1:11 Z{n 3{n

Iron return yoke interspersed

with Muon chambers

4m 5m 6m
| 1 |

Key:
Muon Electron

Neutral Hadron (e.g. Neutron)

Charged Hadron (e.g. Pion)
Photon
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Silicon
Tracker
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Electromagnetic™
Calorimeter

Hadron
Calorimeter ~ Superconducting
Solenoid Iron return yoke interspersed

with Muon chambers

Om Tm 2m 3m 4m 5m 6m
| 1 | | 1 1 |

Key:
Muon Electron Charged Hadron (e.g. Pion)
Neutral Hadron (e.g. Neutron) Photon
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Tracker
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Electromag netic™
Calorimeter
Hadron

Calorimeter
Solenoid

Olm 1:11 Z{n 3{n

Iron return yoke interspersed

with Muon chambers

4m 5m 6m
| 1 |

Key:
Muon Electron

Neutral Hadron (e.g. Neutron)

Charged Hadron (e.g. Pion)
Photon




Electromag netic™
Calorimeter

Hadron

Calorimeter ~ Superconducting
Solenoid Iron return yoke interspersed

with Muon chambers

Om Tm 2m 3m 4m 5m 6m
| 1 | | 1 1 |

Key:
Muon Electron Charged Hadron (e.g. Pion)

Neutral Hadron (e.g. Neutron) Photon
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Silicon
Tracker

L/

Electromag netic™
Calorimeter

Hadron
Calorimeter ~ Superconducting
Solenoid Iron return yoke interspersed

with Muon chambers

Om Tm 2m 3m 4m 5m 6m
| 1 | | 1 1 |

Key:

Muon Electron Charged Hadron (e.g. Pion)

Neutral Hadron (e.g. Neutron) Photon
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Silicon
Tracker
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Electromag netic™
Calorimeter

Hadron

Calorimeter ~ Superconducting
Solenoid Iron return yoke interspersed

with Muon chambers

Om Tm 2m 3m 4m 5m 6m
| 1 | | 1 1 |

Key:
Muon Electron Charged Hadron (e.g. Pion)

Neutral Hadron (e.g. Neutron) Photon Neutrino
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The Challenge at the LHC

Rate

S inelastic

Bunch
Crossin

rate

— storage rate
—Z
& tt

g- Hsm
-Hsﬂj’(gh- g9
scalark

bb

OBSERVED

DISCOVERIES

50 100 200 500 1000 2000
M [GeV]

GHz

MHz

kHz

Hz

mHz

nmHz

LHC: ~10nteractions/s

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

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

Balloon

« / (30 km)

CD stack with
1 year LHC data!
(~ 20 km)

Concorde
(15 km)

i
A

(4. 8 km,)



The Challenge @ LHC

The Challenge The Solution
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Where iIs the needle ?
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CMS Trigger

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

1. Levell (L1) trigger:algorithms running on 40 MHz
custom electronics boards
A Coarsecalo & muon info, no tracking
Info.
A Hard limits on latency (ondetector
buffer size) and total accept rate G\”
(readout electronics design)

Detectors

Digitizers

Front end pipelines

us

~100 KHz

Readout buffers

2. High Level Trigger (HLTalgorithms
running on commercial CPUs (and

GPUs) T
A Hard limit on latency and total
bandwidth (transfer data from online

HLT
file system to storage) N —'—g? ~1 KHz
A No hard limit on the total rate -3 GB/s

o

Switching networks

Processor farm

45




Trigger: tricky business

10° Ev/s
99.99 % Lv1 0.01 %
I rontend
H_ HS I I i I Readout
Y . Jﬂ__g 1 Systems
Edit ayer Se Event Run
En’t Undo , ®2 Manager Bu tworks Control
Cut £ 0
Copy i i Filter
Copy Merged <+38C | Systems
Paste AT | I —
Paste Into <38V 99.9 0o HLT L Computifig Services
Clear
1000Ev/s
Undo Analysis
Cut HX
Copy £
Copy Merged <-38C

Paste EV

Will your favorite new physics signal be includ| rastemto  czv
. . Clear
INn the small fraction of selected events?




Reality at the LHC

Every time bunches cross one another
more than one protorproton collision
takes plac&d pileup

Simulation of25 aminbiasevents overlap

A HA Y4 Reconstructed tracks
( ZA mn) with pt > 25 GeV

A HA 4 muons: (golderg) signature

1tQ like many different cricket matches being
played on the same field at onceavhich ball
belongs to which match ?
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CERN experiments observe particle consistent with-long
sought Higgs boson

Geneva, 4 July 201At a seminar held at CERNday as

I OdzNIFAY NIAASNI 02 UKS &SI N
conference, ICHEP2012 in Melbourne

the ATLAS and CMS experimgorissented their latest

preliminary results in theearch for the long sought Higgs

particle. Both experiment®bserve a new particlm the

mass region around 12526 GeV.
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Particle Physics history in the making

The discovery of a Shke Higgs boson during the LHC
Runl was agroundbreaking eventn physics history

Collisions That Changed The World

7 4 PR A LR
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How do you produce a Higgs boson ?

Aside: Feynman Diagram Cross sections (S):
probability that a particular

interaction will occur

Unit, by definition: area (cn¥) ,
AYGOGVYUQO! WoHEE O0BRBE RG T |
b G RAHEY! ettt b L

Origin: Uranium nucleust 1024
> f cm?/bet WHRNDWEt We WHE ! Uw

Seevideo by CMS Collaborator Don Lincoln Cross section

/ L= [Ldt
Integrated luminosity
—_ ° O- (dataset)

Event rate Luminosity measurement of theumber of collisionshat
(machine) can be produced in a detecpar cn? and per
second



https://youtu.be/hk1cOffTgdk

How do you produce a Higgs boson ?

A Dominant production mode: gluegluon fusion followed
by vector boson fusion (VBF)

A All production modes exploited (gg, VBF, ¥H)
I Latter 3 have smallerrosssections(’ ) but better S/B

IN many cases q
W,Z
= 0
; =

W, Z bremsstrahlung




























