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What Is the subatomic
structure of our Universe ?

What are we really made of ?
What are the fundamental forces 7

Can we even answer these guestions 7

....and how 7
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PART 1
The Subatomic World




Primary Cosmic Rays

30,000 m 7 P

20.000 m

dary gosmic rays

i

g s
Vel Sl

e
Secon













Electron already discovered

StrUCture Of the AtOm in 1897 by J. J. Thomson

1930s

Simple picture
3 elementary
particles

1911 nucleus, electron
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electromagnetism
long range 1/r?

1932 neutron discovered
by James Chadwick

Nucleus
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Proton + .} strong force

Neutron O short range
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Quantum Mechanics
Special Relativity

Feynman
Diagram of a
collision




Constituents How can we find internal structure?

Insect 1lens : Magnifying glass

% 2 lenses : Microscope
3 lenses : No improvement

Resolution limited by wavelength of light = A

Visible light wavelength A ~5x 10" m

This is 5,000 times size of atom

500 million times size of nucleus *

To “probe” elementary particles need wavelengths A
lower by factor more than a billion !




Quantum physics to the rescue Planck

_ / constant
Particles have h

wave properties wavelength A = —
P <— momentum

“See” small objects
— small wavelength Non-relativistic
—> high momentum D= my

— high energy mass x velocity
—> large accelerator

Relativistic

To observe the smallest objects P=ymyv
we need the largest machines ! v =1/ (1 - v&/c2)12
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Neutrinos Feel weak force

“predicted” — later discovered
100,000,000,000,000 per second pass
through each person from the Sun
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At high energies
can produce two
more generations
of quarks and
leptons




Discovery of top quark
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ALEPH
DELPHI
L3
OPAL

| ¢ average measurements, ///
error bars increased //
by factor 10 )/

Uncertainty Principle

AE At~ h/2x

Z line shape

Ny =2.994 £ 0.011
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Equal and opposite properties
“predicted” — later discovered
Annihilate with normal particles

Now used in PET scans
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Model of a helium atom

Gravity A .
Strength: 6x10-3° Electromagnetic
Range: Infinite Force .
Exchange: Graviton? ] ¢ ' Strength: 1/137
R, Range: Infinite
Exchange: Photon

Weak Force (& Strong Force
Strength: 10¢ Strength: 1
Range: 107'8m Range: 10"°m
Exchange: W+ Z0 Exchange: Gluon

Weak Nuclear Force Strong Nuclear Force
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Theories of Everything?




PART 2
A Particle Unlike Any Other




The Standard Model g GO T ()2

Standard Model is extraordinarily
predictive, but is only mathematically
consistent with massless exchange
particles

We know the W= and Z0 , and others,
have (even very large) masses




Leptons

Proposed in 1964 by
Robert Brout and
Francois Englert

Peter Higgs

Gerald Guralnik, C.
Richard Hagen, and Tom
Kibble

Overcome by “Higgs Mechanism”

There is something new in the
Universe, a “field” (named after Peter
Higgs) and the various particles
interact differently with Higgs field

—> mass is proportional to
coupling strength

K|bble Guralnik, Hagen Englert Brout and Higgs
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>

Particella senza massa - si muove alla velocita della luce

>

Particella con poca massa - si muove piu lentamente

Particella con molta massa - si muove
ancora piu lentamente

Con energia sufficiente, si dovrebbe poter
m produrre una particella libera di Higgs




In Electromagnetism each point in space
has an associated value (and direction) of
the B and E fields

0 B or E field

No field - no energy

Field is manifested by a particle: the “Higgs boson”
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OB
Af had —
- Sk 11 — 0.02750+0.00033
Theory prediction, L ———
as of December 2011 4 Gl
T
3 97
2_
1 -
|1 LEP LHC
0 Excluded W4 Excluded
30 100 300
m, [GeV]

Everything ruled out except 115 < Muy < 130 GeV/c2




PART 3

A Machine Powerful Enough /
Window to the Early Universe




CATLAS
JL EXPERIMENT
http://atlas.ch







Analogy

Interacting | E Compress : Heat
objects more dense
I —> [Expand : Cool
less dense

Universe is expanding —>» Cooling

In the past —2> Universe was hotter
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Equivalent collision energy
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History of the
Universe
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HISTORY OF THE UNIVERSE A

Dark energy
accelerated
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Microwave Structure &
RHIC & Background radiation formation .
Accelerators |LHC is visible |

- eavy

LHC ions
O\ iverse
High- profons| | unt
igh-energy | o

cosmic rays \)

w

T

W04 SNOTIDAN
W04 131NN

N UALLVW VA 315/55 50
(0]

)

V o) N
t = Time (seconds, years) & / ;(\ /v\ .:\\, -
E = Energy of photons (units GeV = 1.6 x 10710 joules) b 4] ,J S o\A\\
o I ~& o
Key “« I & o
13 oy /0
@ qver ® neutrino .’ ion * star ~NOS
-ﬁ. gluon ‘ " 0))(
'gs!(r%- b P ~ 5
© electron | osens ° atom g galaxy /W
@  meson 4
@ moon p black &
© o @  baryon photon Fola




Building
the LHC
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Maximum proton energy: 7 TeV Collision Energy: 14 TeV
Equivalent to; 14 000 000 000 000 - 1V batteries

Looking down to dimensions of ~10-20 m



Tile calorimeters

LAr hadronic end-cap and
. forward calorimeters

Pixel detector

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet
Semiconductor tracker

Solenoid field: 26 T
Toroid field: 4T
7000 Tonnes

Transition radiation tracker
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Argentina
Armenia
Australia
Austria
Azerbaijan
Brazil
Canada
Chile
China
Colombia
Czech Republic
Denmark
France
Georgia
Germany
Greece
Israel
Italy
Japan
Mongolia
Morocco

Status: November 2024

Netherlands
Norway
Palestine
Philippines
Poland
Portugal
Romania
Serbia
Slovakia
Slovenia
South Africa
Spain
Sweden

Switzerland %k

ATLAS
Tarkiye

UAE

Collaboration

CERN 177 institutions (243 institutes) from 40 countries

- $ATLAS
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%ATLAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST




The 2012 ATLAS Higgs Paper

Physics Leners B 716 (2012) 1-29
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Physics Letters B

Observation of a new particle in the search for the Standard Model Higgs boson

with the ATLAS detector at the LHC®
ATLAS Collaboration*

This paper is dedicated  the memory of our ATLAS colleagues who did not live o see the full impact and significance of their

contributions 10 the experiment.
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This observation, which
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Higgs boson

Anexdlfnrﬁ!&mdxdllcdelﬂwbuoﬂmpmm—ptmmﬁmwlhlhA
the LHC is presented. The datasets wsed ities of approxi
collected at /5~ 7TeVn20|land5£ﬁf'af—ﬂTth!Dlllm‘bndnJieldlﬂ
H—ZZ™ 5 4L H — yy and H - WW™ — cvpv in the B TeV data are combined
published results of searches for H — ZZ™, WW™ _bb and t¥1~ in the 7 TeV data
improved analyses of the H — ZZ™ — 4 and H — yy channels in the 7 TeV data.
the production of 2 neutral boson with 2 measured mass of 126.0£0.4 (stat) £0.4 (sys)

@ 2012 CERN. Published by Elsevier BV. All

1. Introduction

The Standard Model (SM) of particle physics [1-4] has been
tested by many experiments over the last four decades and has
been shown 1o successfully describe high energy particle interac-
tions. However, the mechanism rhat breaks elecroweak symmetry
in the SM has not been verifled experimentally. This mechanism
[5-10). which gives mass o massive elementary particles, implies
the existence of a scalar particle, the SM Higgs boson. The search
for the Higgs boson, the only elementary particle in the SM that
has not yet been observed, is one of the highlights of the Large
Hadron Collider [11) (LHC) physics programme.

Indirect limits on the SM Higgs boson mass of my «< 158 GeV
ar 95% confidence level (CL) have been set using global firs
cision electroweak results [12). Direct searches at LEP [13), the
Tevarron [14-16] and the LHC [17,18] have previously excluded, at
95% (L, a SM Higgs boson with mass below 600 GeV, apart from
SOMme mass regions berween 116 GeV and 127 GeV.

Both the ATIAS and CMS Collaborations reported excesses of
evenrs in their 2011 datasers of proton-proton (pp) collisions at
centre-of-mass energy /5= 7 TeV ar the LHC, which were compat-
ible with SM Higgs boson production and decay in the mass region
124-126 GeV, with significances of 2.9 and 3.1 standard deviations
(o), respectively [17,18]. The CDF and D@ experiments at the Teva-
ron have also recently reported a broad excess in the mass region

* © CGERN for the benefit of the ATLAS Collaboration.
* E-med address: s publications@cem.ch.

0370-2603) & 2012 CERN. Published by Elsevier BV. All rights reserved.
huzpjj & dol.oeg 101016/ phiysiert. 201 208020

120-135 GeV; using the existing LHC constraings, the observed lo-
cal significances for my = 125 GeV are 2.7¢ for CDF [14) 110 for
D@ [15] and 280 for their combination [16]).

The previous ATLAS searches in 46-48 ' of dam ar /5=
7 TeV are combined here with new searches for H — ZZ™ — ¢!
H— yy and H— WW™ — ey in the 5.8-5.9 " of pp col-
lision data taken at /5 = 8 TeV between April and June 2012.

The data were recorded with instantaneous Iuminosites up
6.8 x 10* cm~2s5-'; they are therefore afected by multiple pp
collisions occurring in the same or neighbouring bunch crossings
(pile-up). In the 7 TeV dara, the average number of iNteractions per
bunch crossing was appraximarely 10; the average increased o ap-
praximately 20 in the 8 TeV data. The reconstruction, identification
and isolation criteria used for electrons and photons in the 8 TeV
data are improved, making the H — ZZ™) — 4¢ and H — yy
searches more robust against the increased pile-up. These analy-
ses were re-optimised with simulation and frazen before looking
ar the 8 TeV dara.

In the H —WW® — gvév channel, the increased pile-up de-
teriorares the event missilg ansverse momenrum, E,""’,l!som-
tion, which results in significandly larger Drell-Yan background in
the same-flavour final states. Since the ey channel provides most
of the sensitivity of the search, only this final stare is used in
the analysis of the 8 TeV data. The kinemartic region in which a
SM Higgs boson with 2 mass berween 110 GeV and 140 GeV is

1 The symbol £ zands for elecrom or muoa.
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PART 4

One Answer, More Questions:
the disappeared, the invisible, the
unexpected.




FERMIONS* BOSONS
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We don't
understand why
such value of
masses ...







Orbital Speed of the Planets ® .

5.43 km/s
Mars
24.077 km/s
\ .
I \ Uranus

’ .81 km/s
AN

Saturn
9.69




What Keeps Galaxies Together 7

Kepler, Newton

T2 = 4rt.2a3 /G M,

V2 =G Mo/a (circular orbit)




distanza distanza




Observations - .
- from starlight

Observations from
21 cm: hydrogen

100 |-

~ Velocity
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S ‘ - A e o S - Expected from

’ 5 - the visible disk
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5 -~ Distance (light years)

Hence there is more gravitationally attractive
material than is being detected: .

"DARK MATTER” '







The Universe
IS like this !

(Magnitude)
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< nearest galaxy

Plot distance against
recession velocity for
many galaxies

— (et straight line
— Big Bang

furthest galaxy
“ highest recession velocity

Hubble Diagram

Recession velocity

(Doppler Redshift z)



Hubble Diagram
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But cannot ignore gravity
which slows down the flow
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Expect this line to
curve downwards
for very distant
galaxies.
Expansion would
decelerate

Recession velocity (Doppler Redshift z)




Hubble Diagram| (simplified)

(Magnitude)

exXpansion IS

accelerating |
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Cosmic repulsion !
“Dark energy”

Recession velocity  (Doppler Redshift z)




always accelerates

accelerates now 4
decelerated in the past

flat opcn

always decelerates closed

0.5
Redshift z

D. Huterer and D.L. Shafer, "Dark energy two decades after: Observables,
probes, consistency tests” Rep. Prog. Phys., 2017




SUMMARY

Composition of the Universe

Dark matter Dark
matter Ordinary

27% matter
50 Ordinary matter

4% H and He
< 1% Stars
< 1% Other

Dark energy
68%

Dark
energy
68%
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