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% ?ci?‘ncel and . I I
Technology Two questions for you!!

From the Standard Model table you have just seen:

What particle or particles make up everything you see around you now?
Which particle is your favourite?

Vote on slido — code #3948017
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Science and . . .
TechOI%EY e What is missing?

» The Standard Model Is complete with the addition of the
Higgs Boson

» Why do we need new theories if the Standard Model Is
complete?
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Science and . . .
TechOI%EY e What is missing?

» The Standard Model Is complete with the addition of the
Higgs Boson

» Why do we need new theories if the Standard Model Is
complete?

» Gravity

« Dark Matter

« Matter-Antimatter asymmetry
« Neutrino masses
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How to discover If PARTICLEZ 0
there are more particles!

« Come up with some theories

o A might unify gravitational
force with the Standard Model

« A dark matter particle might
explain the overabundance of
mass Iin the universe!

« Atachyon sounds really cool? (this
theoretical 'faster than light'
particle would cause more
problems than it would solve)

« Which one Is your favourite? (slido!)
« Test those theories! But how?
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ELEMENTARY PARTICLES of THE STANDARD MODEL:

FFFFF ONS . BOSONS

LEPTONS

THEORETICALS
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oo Disclaimer: | am a particle physicist

RIBEBIT

=

&
5 ot

And | work on LHC
experiments...

FUMN FACT: Ex-particle-physicists
make the worst biologists.
____'_.—H‘ e r——
—3F . SMASH
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Since | am a particle physicist... ‘

To me, everything Is particles @

| use something called a Feynman diagram to
study Interactions between the particles | know...
and the new particles | am searching for
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E = mc?
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Science and .
R Particle decay

‘
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Science and . .
Technology _ Particle production

‘
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Science and . . .
Technology Particle interaction!

e
SN
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Science and . .
renoogy — N@ew particle production:
for example - dark matter

Known Particle Dark Matter?
Known Particle Dark Matter?
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What happens there

« Beams are made up of bunches of

protons (almost 3000 bunches of
1.2x10* protons per bunch)

« The two beams of protons are

accelerated in opposite directions at
0.999999991 times the speed of light.

« That means a proton in the
beam will go around the 27
km tunnel over 11000 times
per second!

Then the beams are steered to collide
with each other at specif c interaction
points in the detector, 40 million times
per second.
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Science and
Technology The CERN accelerator complex

Facilities Council Complexe des accélérateurs du CERN

Neutrino
Platform
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Facilities Council

wmao |t all starts with a bottle of hydrogen

« Contains about 5 kg of hydrogen,
or about 3x10% atoms of
hydrogen.
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 If we completely reflled the two
beams in the LHC every ten
hours, we could keep it going for
over a billion years.

« With only one bottle!
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Science and .
Technology Stages of acceleration

The protons are accelerated in stages

« The hydrogen atoms are accelerated in the linear accelerator Linac4 to 160
MeV, and their electrons stripped away

« The protons are injected into the Proton Synchrotron Booster (PSB), and
accelerated to 1.4 GeV

« Next, they are injected into the Proton Synchrotron (PS), where they are sent
Into bunch packets, and accelerated to 25 GeV

« Finally in the pre-acceleration chain, the protons are sent in batches to the
Super Proton Synchrotron (SPS), and they are accelerated up to 450 GeV.

At last.... these bunches are sent into the LHC and ramped up
to collision energy.... But how does this acceleration actually work?
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Science and .,
Technology RF cavities and Magnets!

W _ K
« The radiofrequency cavities « The magnets steer the beams,
accelerate the beam every time it which would otherwise leave the

passes by LHC ring
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Science and .
lechnology Acceleration

P4
RF
RF & Beam

» Every time the beams pass
through the RF cavities,
they are accelerated

T IP6

\ Dump

Beam dumping
System

. There are also two injection l | 2
'kickers' which steer the Sysiem:

beam into the LHC rings in
opposite directions
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o rechnciosy When a ma
gnet goes wrong...

« The more acceleration you give a beam, the
stronger the magnets have to be to steer.

« The LHC magnets were designed to run at

superconducting temperatures (-271°C) with
huge currents running through them.

« When they were f rst being commissioned, ;
there was what LHC physicists like to
call 'the incident'.

« The incident was caused by a bad
connection that suddenly caused
resistance, leading to damage.

« 53 magnets needed replacement! But in
less than a year, we were back doing
physics

Dr Alison A Elliot (RAL) Masterclass 2026
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Science and - .
s The collisions
« Beams circulate at full energy

- « Bunches of protons brought
together at interaction points

- . °
_z“, - 3.'.) 4 uﬂ :“'.

Bunch : W.?' . ‘-‘.“W e |
« Protons from that bunch might
—— 0O collide at 13.6 TeV
Parton ¥ « But really it's the 'partons' inside
| [\ the protons that interact!
Poneticle .\\\ﬂ « New particles are created from
//f i E = mc?

« These particles and/or their
decay products are recorded In
detectors

Detector
signature
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How do we see what has happened? - Detectors!
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Science and .
TochROIO8Y e Question for you!!

Can you name any of the four detectors around the LHC?

Answer on slido — code #3948017
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% ?ciincel agr;,d B . ]
onus question:

Which did you like the look of best?
Answer on slido — code #3948017
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o9 o Potential dark matter event in ATLAS

Facilities Council

ATLAS

EXPERIMENT

Run Number: 302137, Event Number: 1157671228

Date: 2016-06-16 01:03:36 CEST

Link to Plot
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-056/fig_14.png

ween - Potential dark matter + b-quarks

Facilities Council

Run: 284213
Bvents 1927020336

2015-10431 04:17:36 cest TG o N =dle}i
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https://twiki.cern.ch/twiki/pub/AtlasPublic/EventDisplayRun2Physics/Run284213Evt1927020336_VHbb_0lepton_2.png

https://atlas.physicsmasterclasses.org/en/zpath_playwithatlas.htm

Magnification 3x

Created by T. Herrmann, 0. Jefibek, K. Jend: 33
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Facilities Council

wamoon  Particle identif tation — the mathematics

« Centripetal force:

« F =mv?/r, mis the mass of the particle, v is its velocity, and r is its
radius of curvature

« Magnetic force:

« F =qgvB, where ¢ Is the charge of the particle, v is its velocity, and
B Is the magnetic f eld

« Balancing them:

e mv2/r=qvB .... the centripetal force is balanced by the forces
coming from the magnetic f eld, so lets rearrange and solve for r

« r=mv/gB.... where m and g are intrinsic to the particle, v Is the
speed of light, and B is a known quantity. Now you just measure
the radius to give you a clue of the identity of the particle!
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W i - \What is signal? (Physics perspective)

Facilities Council

Incoming light or particle Electron is torn away from its Incoming light or particle Electron absorbs some of the energy
interacts with outer electron nucleus, leaving a charged ion interacts with outer electron  but soon releases it in the form of light

lonising radation Scintillation
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% ?ciincel and . . . ?
echnology — HOw 1O trigger physics signals”

« Read a pulse
« Amplify the pulse
« Check if it Is above a threshold

« Send the trigger signal to the
system If it Is

S BN . Rccord data from the system
== - Prepare to do it again

m—.{.

http://cosmicwatch.Ins.mit.edu/detector
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% ?ci?‘ncel agr;,d P h . . .
ysics motivation

- He e WELR  Wihe
« SO much rate In proton ---------------------------------------------------------------------------------------- B
Interactions! 10? ____________ A T S
. So little of interest. ., e—
e There are 100 billion (1011) 107:(;;5;\” """"""

events happening every seconoi
this Is very challenging

« Most of these interactions are
low-energy, and not very
Interesting to study If you're
looking for new particles.

o [pb]

Dr Alison A Elliot (RAL) Masterclass 2026
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\'s [TeV]
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Events / second @ 10% cm? s™
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% ?ci?‘ncel agr;d Data aC = e, .
quisition

Measure and record some real world quantity
or gquantities by:
« Recelving signal information from sensors

« Converting that data into a form that can be
understood:

- Quantifying the signal
- This can include digitising the signal, If it

came in an analogue form vvyy
« Storing relevant information g
- Output saved onto a permanent storage,
where it can be accessed again later —
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Data readout and recording

« An event passes trigger.

« A signhal goes to the system
buffering holding the event

 The buffered event Is
released, and recorded

« The recorded information Is
likely digitised to save space

o The information will be In a
raw format
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Technology Data processing and distribution

» Luckily, we don't have to understand streams of bit f les from the
LHC.

« Data gets reconstructed into computer and human friendly formats!

[N our computer exercises we are using Open Data from the CMS
detector

« We will be looking at real collisions from the LHC and see if we can
spot a Higgs boson

« Data has been reconstructed to give collections of muons and
electrons, with their charge, energy, position, mass, and momenta
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In summary....

Dr Alison A Elliot (RAL) Masterclass 2026 10-13 March 2026 48
e






. The future of dark-matter (and other new physics) :
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Around 1900, prevailing thought that there wasn't more
to be discovered, and 'just had to wrap up a few things'.

Discovery of the electron
General relativity
Quantum mechanics

What's around the corner for us?

Dr Alison A Elliot (RAL) Masterclass 2026 10-13 March 2026 51
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For more detalils on....

« ... The ATLAS detector: https://atlas.cern/Discover/Detector
e ... The CMS detector: https://cms.cern/detector
« ... The particles we are looking at: https://particleadventure.org/

... More fun with particle identif cation:
https://atlas.physicsmasterclasses.org/en/zpath _playwithatlas.htm
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Additional slides
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rmacey \Nhich information should be stored?

« Only relevant to record when the signal occurs. Otherwise have to sift
through recorded data for the relevant information

« Expensive to store!

« Waste of processing resources! i« Say | wanted to take a picture of
« How do we decide what to record? } lightning +

| could go outside taking pictures
i right now... eventually, | might

i get a picture of lightning.
i+ | would probably Il up my

memory frst. And then some
more.

(Getty Images/iStockphoto)
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« A Trigger Is a time-based and signal-based criteria

for recording data

« Time-based: when interesting things could happen
« Signhal-based: what interesting thing does happen

« Back to our thought experiment: what if you

wanted to

take a picture of lightning?

 Find a storm: time window

« Continuous pictures? ... would run out of space

« Regular pictures? ... would miss most strikes

« Longer exposures, or picture bursts could help...
« Or maybe you have really quick reactions!

« Apparently a 'lightning trigger' for cameras exists!

Dr Alison A Elliot (RAL)

- This Is an ideal solution :)

Masterclass 2026
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» Detector design has to take into account:

« What kinds of particles?
« \What energy?

« What momentum?

« How many of each?

« Trigger has to distinguish further between:

« Similar signals
« Rare processes
« Noise and detector problems
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Triggering summarised

Tile calorimeter D-layer

Muon detectors including NSW A)_(I)_(I)

,J>_(|>_(|D Other Detectors

v Level-1 calorimeter v ylevel-1muon &
Preprocessor Endcap Barrel
IMCM sector logic | | sector logic
Electron/ Jet/
Tau Energy
CMX CMX

» Topol

MUCTPI
ogy
CTP
] » | CTPCORE

Level-1 Accept

> [cTPOUT
Central trigger
Level-1 (< 2.5 ps)
Regions Of Interest ROI
Requests
\ 4

Fast TracKer
(FTK)

High Level Trigger

Dr Alison A Elliot (RAL)

HLT processing =

Detector
Read-Out
FE FE FE | | FE
> » FELIX
[ ROD M ROD | O
DataFlow
vy Vv \ A A

ReadOut System

—bll Data Collection Network?

A 4

bFarm Output

Masterclass 2026

It looks very complicated! But
the idea Is very simple, we just:

» |dentify the particle

« See If It has a high energy
« Then record it!

10-13 March 2026 57
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« The Bullet Cluster

« This iIs my least favourite
evidence for dark matter In
astronomy (sorry!)

« Can one example prove a
systematic overabundance of
material in the universe? Can it
determine the nature of that
material?
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ey mei - BUllet Cluster continued

« Actually, there are a lot of colliding
clusters like the bullet cluster.

« 72 similar clusters being studied by
NASA & Chandra

| - i’ - « Giving a more systematic look at dark
http://chandra.harvard.edu/press/15 releases/press 032615.html matter distributions on Cluster Scales

Dr Alison A Elliot (RAL) Masterclass 2026 10-13 March 2026 59
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« As a random thought analogy:

Think about riding your bike around
a roundabout — the faster you go, the observed
more grip (force) you need to keep
you from being thrown out of the e e
roundabout at a tangent. oL A expected
» If the stars are going that speed and not Y/ T ~ - luminous disk
being hurled out of rotation, there is some X 2
extra force keeping them 1n there

e P
- —— .

| e oo
« Much more mass from non-luminous I
matter than luminous material is S A TR
|nd|Cated by the observatlons . " i - _- Folallon curve
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Atoms
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