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A long history: searching for fundamental particles
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1 eV (electron volt) is the amount of energy gained by
an electron, when accelerated by a 1 volt battery.

—— E,=15eV
T 1 eV = 3.8x102 Calorie
€® v =1,340,000 mph

1

1 keV (kilo electron volt) 103 (1,000) eV x-rays, TV
1 MeV (mega electron volt) 10% (1,000,000) Radioactivity
1 GeV (giga electron volt) 10° Cosmic rays &

1 TeV (tera electron volt) 10'2  Accelerators
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The Large Hadron Collider at CERN

@ Large Hadron Collider at CERN: proton proton collider with 13 TeV center-of-mass energy
e Circonference: 27 km; Underground: 50-100 m; Energy per beam ~ 800 MJ (1 MJ melts
2 kg of copper); Power consumption: 120 MW (Ann Arbor: 190 MW in 2008)
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Why the LHC? Going back in time....

LHC pp collisions

Quantum
Fluctuations

J LHC Heavy lons collisions
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Radius of the Visible Universe
Dark Ages
_First Stars & 'Galaxies Form
-Moder‘n_Ur‘\i.\‘re%s

1] 102 1us 0.01s 3 min 380,000 yrs 200 Million yrs 13.8 Billion yrs
Age Of the Unlverse BICEP2 Collaboration/CERN/NASA
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The LHC: the hottest spot in the universe...?

When two proton beams collide, they
reach a temperature of 10'7 degree,
albeit over a miniscule area.

(For comparison, the temperature in
the Sun’s core is ~107 degree)

It creates a condition similar
to that 10-13 second after the
Big Bang, right after the
Universe was born.

The hottest spots in the Universe
today!
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The LHC: the coldest spot in the universe...?

LHC beams are kept in orbits by
superconducting electromagnets
operating at a temperature of
-271 °C (-457 °F or 1.9 K).

It takes about a month &=
to cool it down and
needs ~10,000 tons
of liquid nitrogen and
~100 tons of liquid
helium to cool and

to keep it cold.

The world’s largest
refrigerator !
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One of the largest instrument on earth: cathedral of physics...

Largest scientific instruments ever built to track particles with micron precision over more than
50 m with over 100 million electronic read-out channels

These detectors are similar
to a digital camera with 100
megapixel that takes 40 millions
pictures per second.

They are sensitive to light and all
other types of radiations.
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Two general purpose experiments: ATLAS and CMS
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Particle signatures
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ATLAS and CMS computing

The data recorded by each LHC experiment will fill 2,000,000
DVDs (or 15,000,000 CDs) every year.

Hundreds of thousands of computers around the world are
integrated together as a world-wide computing grid like the

power grid

11/ 35
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What is a proton?

LHC is a proton-proton collider,
so what are protons?

@ @ Protons are constituents of nuclei. They
i o'm

are small and have a size of ~10-1°
(1 fermi) or about 1/1000 of the size of
\\ / a hydrogen atom.

It “consists” three valence quarks and
many gluons and sea quarks, bound
together by nuclear (strong) interaction.

About half of the proton energy is carried
by quarks while the other half by gluons.

12 /35
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The proton structure

@ The proton is a complicated object: it
Excion; gluon appears differently according to its

1/x dominated
%O energy (quantum object)
S & 1) e Q2: Resolution power (like a
g ‘ microscope): the higher the energy of
S an accelerator is (bigger machines), the
= e higher values of Q? (the resolution) and
() 5 0" Proton: uud the smaller distances that we can reach
dominated @ x: momentum fraction of the proton
Resolving Power possessed by the quark/gluon (proton

constituent)
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Proton-proton collisions

When a proton collides with another proton, the actual
collision occurs between quarks and gluons

proton 1 proton 2

We have no control what process actually
takes place! Our job is to figure out what
actually happened.
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The “Standard Model” of Particle Physics




One aside: one example of measurements at the LHC : identifying top

quark events

s lgal, Electron _!Vlgon s i track
HEE « Good isolated calo object egmen S:;‘ trai er
& |5|E° + Matched to track . Iasrllazgzotr:aci ector
e @ tautiets : ET>20. aev . * pr>20 GeV
S| S muontes * Inl€[0;1.87][1.52;2.47] <25
‘o | electron+jets
Wlewv| w | e w 1
W E miss
a + Vector sum of calo
b energy deposits
q + Corrected for
b identified objects
4
e ocical o 71 oet v
: ;OF;.OILOQ:S%C;SE"S « Displaced tracks or Event cleaning
. Mrg—_b;sfec; c.al)ibration secondary lepton * Good run conditions
GeV + SVO: reconstruct sec.vertex | |. py at least 5 tracks
*Pr> 2255(20) © « JetProb: track/jet compati- « Bad jet veto
Il <2. bility with primary vertex « Cosmic veto (up)
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New kinematical domain: saturation

Strong coupling regime

@ The proton is even more complicated: Regions where the density of gluons is very large,
“saturation”

@ The usual equations are no longer valid!

@ Can be studied at the LHC and at the future Electron-lon Collider in the US
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Strange events: intact protons after interaction

_p<f
p |

Proton detector

@ Some unique events can be produced where the proton is not destroyed! The proton loses
part of its energy
@ These events are vital to probing extra-dimensions

@ An everyday analogy would be an accident between two large trucks (the protons) that
lead to the two trucks remaining intact in addition to small cars!
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What is elastic scattering” The pool game...

- o We want to study “elastic”
collisions between protons and

()
A .
proton-antiprotons

@ In high energy physics: pp — pp
and pp — pp

@ In these interactions, each
proton/antiproton remains intact
after interaction but are
scattered at some angles and
can lose/gain some momentum
as in the pool game
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How to explain the fact that protons can be intact?

colourless
exchange(s)

v \ ==t EE X
no strongly empty
coupled rapidity
radiation

regions

@ Quarks/gluons radiate lots of gluons when one tries to separate them (confinement)

@ Gluons exchange color, interact with other gluons in the proton and in that case protons
are destroyed in the final state

@ In order to explain how protons can remain intact: we need colorless exchanges, or at
least 2 gluons to be exchanged
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The odderon in a nutshell

@ Pomeron is made of two gluons (or an

p(p1,51) P (ps, 83) .
even number) whereas the odderon is
made of 3 gluons (or an odd number)

I @ Scattering amplitudes can be written as:

App = Even + Odd

P (P2, 82) P (P4, 84)

@ Let us assume that elastic App = Even — Odd
scattering can_be due to exchange @ From the equations above, it is clear
of colorless objects: Pomeron and . .

that observing a difference between pp
Odderon _. i
and pp interactions would be a clear

way to observe the odderon
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pp interactions: the Tevatr

RunI(1992-1997):
Vs =1.8 TeV
RunII (2001-2):
Vs =1.06 TeV

Jt
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Comparison between pp and p collision data

@ Comparison between pp and pp data

— 1071 | T T T T T T T T T ]
o~ \ - -
= N TOTEM-DO 1 o Clear difference observed: discovery
&} - =1.96 TeV g
= N VE =196 Te ] of the odderon!
g W\ e pp measurement by DO
~ i \\\\¢ pp extrapolation by TOTEM: 7
B A band center at DO bins E
® \\\ + — — band width (+1 o)
ks L Y ] Medalla 2022

\\

B AR _ A Ny
- \ - N] i
i Vg -
NS
- 8 -
I 1 I 1 I 1 I 1 I 1
N
0.5 0.6 0.7 0.8 0.9 1 A . Prof. Christophe Royon
Department of Physics and Astronomy
[t (GeV?) 2022 DPYC-SMF Medal University of Kansas, USA

recipient o
" Congratulations!

A journey to understand the proton



Looking for extra-dimensions in the universe

graviton @ We live in a 4-dimensional space:

8
23 space-time continuum
g2

=
F]
B

@ Gravity might live in extra-dimensions:
this is idea is being explored at the LHC
by looking for new couplings between
particles and production of new particles

o If discovered at the LHC, this might
lead to major changes in the way we see
the world
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Search for extra dimensions in the universe using vy and two intact

protons

P P @ Search for production of two photons
and two intact protons in the final state:
v pp — pyYP
@ Number of events predicted to be
increased by extra-dimensions, dark
matter particles...

v @ Discovering those extra-dimensions
Y would be a very fundamental discovery
P P in physics
@ Look in other channels: WW, ZZ, Z~..
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So what is pile up at LHC?

@ The LHC collides packets of protons

A collision with 2 protons and 2 photons
4

@ Due to high number of protons in one
packet, there can be more than one
interaction between two protons when
the two packets collide

Photons

o @ Typically up to 50 pile up events
can be faked by one collision with 2 photons and protons
from different collisions

4
P NS / ,\\/3\ { ,

Photons
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Example of an analysis

@ We detect all produced particles after interaction: two intact protons and two photons

@ Any observation would be a discovery!: no background by requesting same energy balance
between the two photons and the two protons

P

£ T T T T g
E — Signal 3
71 + pile up

Excl. background

Events

@

1

=

3

<
Events

-y + pile up
-~ Excl. background

10;7
E ¢ =10"Gev*

¢, =107 Gev*

10" Gev* |-

2 04 06 08
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Searching for dark matter, axion-like particles

Looking for example for axion-like particles

candidates decaying into two photons 10!
LEP LHC
L
£
X 10 ;(\?\‘
Sydys — e %
T )
% LEP i
107
f bl - Pb-Pb
S
107 Bla—y)=0.1
Z—ya Bla—vy)=0.25
Bla—v)=0.5
Bla—vy)=1
101} T 107 10% 10*
m, [GeV]
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Removing pile up: Measuring proton time-of-flight

ATLAS @ Measure the proton time-of-flight in

LHC bear . - . . .
J “ High p1 "V\‘% order to determine if they originate from
e —— /\ the same interaction as the selected
Diffracted P hoton

protons

@ Typical precision: 10 ps means 2.1 mm

4 e e
WA ZASZANS
v
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Timing measurements: order of magnitude

e Everyday life: hour, minute, seconds are
typical timescales, we use watches,
clocks
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Timing measurements: order of magnitude

peed of Sound Center

@ Lightnin Strike Research
/

Sound Waves

o Everyday life: hour, minute, seconds are typical timescales

@ Speed of sound (thunderstorms) - 343 meters per second: sound travels 343 meters in
one second, we always see lightning before hearing it!

o Particles traveling at the speed of light - 300,000 kilometers per second: 0.000000000001
s = 107%?s=1 ps; in 10 ps, particles travel 3 mm!
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Signal analysis

o Amplify the signal

) o @ Measure many points on the fast signal
Signal amplification
@ Leads to full knowledge of signal:

precise timing measurements, and
energy/type of particle measurements

Signal
measurement

w
R
w
a
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Measuring cosmic ray in space: the AGILE project

e We want to measure the type of particles (p,
He, Fe, Pb, ...) and at the same time their
energies

@ Analysis of cosmic ray particles: using a cube
sat, cheap to be sent into space

@ Measure radiation before sending astronauts to
Mars

@ Another application: measure radiation when
people are treated for cancer
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Conclusion

@ The Large Hadron Collider: Highest energy collider in the world

@ Led to the Higgs boson/odderon discovery, and could bring many more unexpected
results: for instance, extra-dimensions, axion-like particles..., would change the way we
see the world; bridge between infinitely small (particles) and large (cosmology) domains

o Fast timing detectors originally developed for particle physics

e Many applications of timing detectors: medicine, cosmic ray measurements (NASA),
measuring doses received during cancer treatment...
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One needs to look everywhere
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