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The Wonderful Variety of Nature
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Greek (450 BCE) MENDELEEV RUTHERFORD
Other Ancients (19™" century) (early 20" century)
Chinese Periodic Table: 2 basic elements:
Indian (add vacuum) >100 basic elements  electron, nucleus
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Particle Physics

Particle physics is a modern name for centuries old
effort to understand the laws of nature.

Aims to answer the two following questions:
What are the elementary constituents of matter ?

What are the forces that control their behaviour at the
most basic level?

Experimentally:
1. Make particles interact and study the products and properties of
the result of the interaction
2. Measure the energy, direction and type of the products as
accurately as possible
3. Reconstruct what happened during the collision
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Particle Accelerators
particles to y high g
High energies allow us o

i} Study the young universe (E= kT)
Revisit the earlier of gur
{look further back in time 2“powerful telescopes”)

o i . i Boemane

ii) Discover new particles with high(er) q ']
mass (E = me?) L

i) Look deeper into Nature (E a 1/size),

(look deeper S"powerful microscopes”)

e Beoghe
Observe phenomena and particles normally no longer
observable in our everyday experience.
All in a controlled way - “in the ¥
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The Standard Theory of Partichs Physics




Classes of Fundamental Particles:
Fermions and Bosons







The Standard Thwory S PRl FIHES




The Science of the LHC

¥ Newton's unfinished business: what is the origin of mass..7 Mass gives
our Universe substance!

Sci 's little embar what is 96% of the Universe made of?
Dark matter and dark energy?

Nature’s favouritism... why is there no antimatter left in the universe?

The secrets of the Big Bang... what was matter like during the first second
of the Universe's life? How many space-time dimensions do we live in?

Some of these go o the heart of our very existence !
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Studian in Particie Prrysben Roquine
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The Large Hadron Collider at CERN
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The LHC Accelerator
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Schematic of an HEP Detector

Physics requirements drive the design (e.g. search for the Higgs boson)

Analogy with a cylindrical onion:

Technologically advanced detectors comprising many layers, each
designed to perform a specific task.

Together these layers allow us to identify and precisely measure the
energies and directions of all the particles produced in collisions.
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Measuring & ldentifying Particles

Muon Spectrometer

) Drift Tubes and Resistive Plate Chambers
Hadronic

Calorimeter

Tail Catcher

: Calorimeter ©

Electromagnetic \ i
Calorimeter | e 111
MLLL

Pixel Vertex

Detector -

Magnetic Field

Instrumented

Superconducting Solenoid Iron Return Yoke

and Cryostat
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Probing our Universe
a few trillionths of second after Big Bang

Proton-proton Collisions at 7 TeV (7 trillion electron volts)

CAS Bxperiment at the
Tue 2010--Wfar- 30
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Experimental and Technological Challenge

1 billion proton-proton interactions per second

Bunches, each containing 100 billion protons, cross 40 million times a
second in the centre of each experiment

Large Particle Fluxes

~ thousands of particles stream into the detector every 25 ns
= large number of channels (~ 100 M ch})
= ~ 1 MB/25ns i.e. 40 TB generated per second !
High Radiation Levels
= radiation hard (tolerant) detectors and electronics

Extreme requirements in several domains
“If it doesn’t exist and we need it, we will invent it”
Limited budgets!
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Example of Challenging Technologies:
ECAL: Lead Tungstate Crystals

Physics Driving the Design
Measure the energies of photons from
a decay of the Higgs boson
to a precision of = 0.5%.

Idea (1993 — few yellowish cm?® samples)
— R&D (1993-1998: improve rad. hardness: purity, stoechlornetry, defects)
— Prototyping (1994-2001: large matrices in test beams, monitoring)
— Mass manufacture (1997-2008: increase production, QC)
— Systems Integration (2001-2008: tooling, assembly)
— Installation and Commissioning (2007-2008)

— Collision Data Taking (2009 onwards)
Idea to Discovery

At~20 years !l | — Discovery of a new heavy boson (2012)
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CMS Electromagnetic Calorimeter:
Lead Tungstate Scintillating Crystals

Supermodule
I700 crystals
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CMS Electromagnetic Calorimeter:
15 years from Concept - installation
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CMS Detector Closed (Sept 2008)
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India in CMS (7 Largost Country}
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Operation of an LHC Experiment

Analogy: 3D digital camera with 100 Mpix

40 million pictures per sec (which correspond to the
happenings during the first ~1/10 of a billionth of a
second after the Big Bang)

Information: 10,000 encyclopedias per second
First selection of photographs: 100,000 / sec
Eachis up to ~ 1MB

And gets analyzed on a process farm with ~ 50000 CPU
cores

Every second, record [store permanently] 1000 most
interesting pictures

Distribute the reconstructed data to institutes all over the
world for physics analysis.

Hans Memonial Lecture PU Chandigath 28



Imperial College
London

Fundamental Research Drives and Needs
Innovation e.g. the WorldWideWeb

Declaration
The following CERN software is hereby put into the public domain:

- W 3 basic ("line-mode”) client
- W 3 basic server
- W 3 library of common code,

CERN's intention in this is to further compatibility, common practices,
and standards in networking and computer supported collaboration. This does
not constitute a precedent to be applied to any other CERN copyright software.

CERN relinquishes all intellectual property rights to this code, both source
and binary form and permission is granted for anyone to use, duplicate, modify
and redistribute it.

CERN provides absolutely NO WARRANTY OF ANY KIND with respect
to this software. The entire risk as to the quality and performance of this software
is with the user. IN NO EVENT WILL CERN BE LIABLE TO ANYONE FOR
ANY DAMAGES ARISING OUT THE USE OF THIS SOFTWARE, INCLUDING,
WITHOUT LIMITATION, DAMAGES RESULTING FROM LOST DATA OR
LOST PROFITS, OR FOR ANY SPECIAL, INCIDENTAL OR CONSEQUENTIAL
DAMAGES.

Geneva, 30 April 1993

s L (Z{ fobr

W. Hoogland H. Weber
Director of Research Director of Administration
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Fundamental Research Drives and Needs
Innovation e.g. the WorldWideWeb

CERN relinquishes all intellectual property rights to this code, both source
and binary form and permission is granted for anyone to use, duplicate, modify
and redistribute it.

CERN provides absolutely NO WARRANTY OF ANY KIND with respect
to this software. The entire risk as to the quality and performance of this software
is with the user. IN NO EVENT WILL CERN BE LIABLE TO ANYONE FOR
ANY DAMAGES ARISING OUT THE USE OF THIS SOFTWARE, INCLUDING,
WITHOUT LIMITATION, DAMAGES RESULTING FROM LOST DATA OR
LOST PROFITS, OR FOR ANY SPECIAL, INCIDENTAL OR CONSEQUENTIAL
DAMAGES.

Geneva, 30 April 1993
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Pathway of an Innovation

Dirac’ s Equation (3mc +Zahpkc) (x,t) = hawg t)

1928: Dirac’ s description of electrons consistent with Einstein’ s special
relativity and quantum mechanics

Predicted existence of anti-particles (e.g positron - basis of PET) and
explained spin (basis of MRI)

1932: Operation of first cyclotron, the anti-electron (positron) discovered

Radionuclides (e.g. fluorine18 (half-life ~110min) used in PET scanning
are produced by cyclotrons in hospitals

PET cameras today use APDs (and Si PMs) and heavy scintillating
crystals - now being combined with MRI scanners.

The scientific basis for all medical imaging (functional & physiological)
is steeped in nuclear/particle physics
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Positron Emission Tomography

Manhatten Project =

Science

P.AM. Dirac predicts
pesitron and explains spin

Detection / Imaging of
radioactivity; Anger Camera
Hammersmith

Sclidstate Photomultipliers
APDs (CERN-CMS)
SiPMs {Hamamatsu)

o Hospital (LK)
g: PRderson first gned. eyclotron
ISCOVers
positron
E. Lawrence:
First Cyclotron

Advanced scintillators:
BGO (CERN), LSO (indust )

RCA; First
Photomultiplier

I__J

Brookhaven Natl. Lab:
First synthesis of FDG

Maolecular Imaging

Society

Industry

1928 19321934
— +H L N |
' T 71 1 — !
1950 s 1970's 1960 s 00°
| 2000:
HGFA (US) Installed
approves FOG SCANNErs:
reimbursements Us: 160
by Medicare EU: 120
First commercial CTI (US) sells:
PET Scanners & PET Scanner + GiER B
Med Cydotrans | SYaietion for MRI compatible
debenm PET Scanner
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Patient targeted
treatments /
Early diagnosis

Intra-operative
Endoscopic
Low cost

PET systems
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PET and MRI

CT, MRI etc. scanners good at showing
anatomical detail

PET makes metabolic activity visible
-determine how patients respond to
drugs

- distinguish early Alzheimer’ s from other
types of dementia?

Costs

PET (+CT today) ~25M$ + 0.2M$/yr
Cyclotron ~ 2.0 M&
Infrastructure ~1.5 M&

Cost/Pet scan ~1'500%

NB: 1 cyclotron can service many PET scanners
Of great benefit to reduce costs of PET
scanners — here come in new technology (e.g.
heavy scintillating crystals and SiPMs — aim to
reduce CUSt/C()mpleXity- Hans Memaorial | ectire U Chandigarh Mar'13 fav &2
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Going to the Science

1. Do the experiments perform as designed?
2. Is known physics correctly observed?
3. Then look for new physics

We can only claim signals of new physics after having
made measurements of already known physics that are
consistent with the precise predictions

of the Standard Model.
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1. A Z boson decaying into p* w @

CMS Experiment at LHC, CERN s s
¢ I Run 135149, Event 125426133 —_—
€| Lumi section: 1345 /

=" sunMay 09 2010, 05:24:09
Muon p;=67.3, 50.6 GeV/c \

Inv. mass =93.2 GeV/c?
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Quarks/gluons Production at the LHC

% GMS Experiment at the LHC, CERN

Catisacondad: 2009-De- 14 03 51 28 567244 GMT
Run : 124120

Event 5613074

L sechon . 2

.
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2. Testing Quantum Chromo Dynamics

Routinely and successfully analyse physics at the high energy frontier in
terms of quarks and gluons!

CMS, 34 pb” \S=7TeV
10" Datafor: - Iyl<0.5 (x3125) 2
B10"e o 0.5<lyl<1 (x625).
B 10| « 1<lyl<1.5 (x125)
= = 1.5<lyl<2 (x25
=10 . 2<lyl<25 (x5)
T 10 s+ 2.5<yl<3
a10®
B 10°
% 10°

10°
10°
105 NLO®NP theory
15 [ Exp. uncertainty
10" Antik, R=05 \ 3
20 30 100 200 1000
p, (GeV)
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Standard Model (Electroweak) Measurements

June 2016

CMS Preliminary
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o
Mass gives our Universe substance!
To Newion: F=ma, w =mg

To Einstein: E = me?
Mass curves space-time

All of this is correct.
But how do fundamental objects become massive?
Simplest theory - all fundamental particles are massless !!

A bold intellectual conjecture (1964): a field pervades our
entire universe. Particles interacting with this field acquire
mass, the stronger the interaction the larger the mass

The field is a quantum field - its quantum is the Higgs

boson. Finding the Higgs boson establishes the existence
of this field.
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So, how do we look for the Higgs boson?
The SM Higgs boson leaves very characteristic finger

with weli-defined couplings. decay rates and angular distribe
sl products

Hig:

55 % Zimda

818 mass of 125 GaV
manry decay modes sre dstectable
Mk w .




trpevial Colege:

Run 1: The Higgs boson in e.g. CMS

CMS: H—yy Channel CMS: H—Z—4/ Channel
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CMS (2014): H Decays to bosons

H— 2y Channel | H—Z—4! Channel |
- Phys. Rev. D89 (2014) 092007
EPJC (2014) 743076 197" (BTeV) +5.1 I-b-1 (7 TeV) CcMs | =71ev.L=0T0  \s=0 fGV.|L: 197"

> X0F > T .
& a5k '_? Ms S/(54B) weighted sum 8 35E + Data 3
O pHay i = | CIm,=126Gev
% £ —— S4Bfils (weighted sum) ~ 7y, 727 E
13 i assass B component @ B Z+X 3
° o € 251 ]
o af e ¢ E
2 £ W ool -
& 15% 2 ]
.g 12— 15} _:
& f=tmead ]
& 05 = 120701038 Gov ok | il f
= ot [IERTE LTS EUTTS TRy DTN PR N ! =
(2] LR | T T T T TT 2 3
200_{ B companent subtracted i 5F 1L KT T 11 i
100 7 bt L b E
REE RER TR, R
ol NbiLa i it 80 100 200 300 400 600 800
00 i my, (GeV)
PR IS U TS AW (YOI WA W ara .
110 115 120 125 130 135 140 145 150 Significance Exp Obs
m,, (GeV)
H— 2y 530 560
| Similar results from ATLAS | S e g
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CMS H— Z2zZ() — 4/ Channel Full Run 1 Dataset
o CMS Preliminary -
L |

> a0 ' ' T T T
o 30 + Data N
O . []m=126 GeV .
© 25k Dz 2z -
o B z+X ]
© 20F- =
>Tr ]
w ]
15 -
10F =
5F =
0: . . . PR -
80 100 200 300 400 600 800

m,, [GeV]
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Combining all maasurementsgom E

Signal Strength - ATLAB S
Ratio of measured rate and the SM expectation Ty s Zamas
ATLAS+CMS olggH-22) = :;,;‘.m
i -

Ratio = 1.08 = 0.11 =
= —- r.x”u‘o
| Within errors the found Higgs boson =L l =
looks like the SM Higgs boson | “w/w| ——=e

Ol

O O
=

e

B".'B"H a:_

B

[ JHEPOS (2016) 045
o =t II
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Discovery of the Higgs boson

In praise of charter schools

The Britain’s banking scandal spreads
E cCoOnomi st Volkswagen overtakes the rest

A power struggle at the Vatican

When Lonesome George met Nora

A glant leap for
science _ 4

Finding tﬁe
Higgs boson
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i Cobege
Moving Forward
Should we really expect new physics ?
Ample observational evidence for physics Beyond the SM

Nes Mass (ceciations) Dark M
& OM phenomenan
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New Physics: Some Conjectures
Supersymmetry (SUSY) { bt i
0 55000
Intimately relates matter particles and force particles. -~ o= o= o oo o

Standard particles SUSY particles

SUSY predicts the existence of a partner for every known SM particle
with spin differing by half a unit and 5 Higgs bosons!

The lightest particle of this species is a candidate for dark matter
Would address the issue of the “lightness” of the Higgs boson.

’ Superstring Theory |

Can gravity be unified with the other forces? Supersymmetry helps.

| Extra Dimensions |

Number of space-time dimensions determines the observed form of a force
Tell-tale signs are new heavy Z-like particles.
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No evidence for Supersymmetry has been found so far.
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Sl Incorporating Gravity
How many space dimensions are there?

Law of Gravity
In 3-D(e0 large dim):

e.g. in 2-D (== large dim):

i GMm
r

F«l
7

Number of space-time dimensions '
determines the observed form of a
force

Gravity may propagate in 4+n
dimensions, but we could see
strong effects only at very small
distances, perhaps reachable in
pp collisions at the LHC

e.g. by finding new heavy Z-like
particles

Hans Memanal Locturc PU Chanulgmh
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Searching for Extra Dimensions

- grand unified theories &
- models with extra dimensions
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Search for New Physics

Searches for compositeness (do the particles of the SM have structure?),
extra dimensions (some of these theories predict heavy resonances
observable at the LHC), new heavy gauge bosons, leptoquarks (quark and
lepton bound states), excited fermions, black holes, dark matter particles,

and more.

12.4 b7 (13 TeV)

> T T 3

& 10° 4 Dam CMS

% 10t [ 11z = " & Preliminary 'i

§ 10 I W, WW, WZ, ZZ, 1:

Y - +

10 1

1 1

107" 12

10% 1

107 4
’0_. 1 1

80 100 200 300 2000 3000
m(ee) [GeV]

CMS: ee and pu
at 95% CL
M(Z'gg)> 4.0 TeV
M(Z',)> 3.5 TeV

No evidence for BSM physics has been found so far
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Looking Ahead to Phase 1 and Phase 2 (HL-LHC)

Topmost Priority — exploitation of the full potential of the LHC
High luminosity upgrade of the machine and detectors with a view to
collecting ten times more data than in the initial design

1. Conduct detailed studies of the properties of the found Higgs boson.
LHC — HL-LHC - a Higgs factory! 100M produced with 3ab'!
How much does it contribute to restoring unitarity in VBF (closure test

of SM), exotic decays, rare decays (e.g. H—uu)

2. Search for new physics: resonances, supersymmetry, exotica, yet
unknown. If new physics found in Phase 1, associated particle(s) will be
heavy. Then conduct detailed studies in HL-LHC

3. Look for deviations from the standard model — precision SM
measurements (e.g. tens of millions of top pairs produced/yr)

The LHC Experiments will be Upgraded for Higher Luminosities
A programme of work for the next two decades

Hans Memorial Lecture PU Chandigarh 58



The Suandard Models




imperial College

The LHC and the Dark Side of the Universe

Wl Gasesous Matter .

sEs

Simulation Closed Flat Open

Dark Energy?
One conjecture: remnant of
some elementary scalar field
analagous to the Higgs field?

Dark Matter appears to be made of weakly
interacting massive particles.
l_Lightesl SUSY particle has these properties ! |
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Summary

= Over the last 50 years, the “construction” of the Standard Model (SM)
represents a towering intellectual achievement of humankind.

= This has allowed us to trace in much detail the evolution of our
universe from moments after the Big Bang.

= At the LHC we have discovered the keystone of the SM - the Higgs
boson — it appears to be the one predicted by the SM. It now is being studied

in great detail.
= No evidence has yet been found for physics BSM.

= However, we are just at the start of the exploration of the Terascale.

*What further discoveries await us?
= Several of the open guestions today are just as profound as those a century
ago. LHC is the foremost place to look for new physics.

=Discoveries in fundamental science invariably lead to paradigm shifting
technologies

Only experiments reveal/confirm Nature’ s secrets
HanS ENTONar Cecture PO e anagarnT
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LHC Experiments will be Upgraded e.g. CMS

Trigger/HLT/DAQ Barrel EM calorimeter

+ Track information in Trigger (hardware) » New FE/BE electronics

» Trigger latency 12.5 s - output rate 750 kHz / « Lower operating temperature (8 C)
* HLT output 7.5 kHz

Muon systems

« New DT & CSC FE/BE

electronics

'/ /= Complete RPC coverage
4 J15<n<24

s GE1/1, GE2/1, MEO

New Endcap Calori
+ Rad. tolerant - i S
and longitudinal segmenm

New Tral:ker
* Rad. tolerant - increased granularity - lighter
+ 40 MHz selective readout (p;=2 GeV) in Outer Tracker for Trigger
+ Extended coverage to n = 3.8
Hans Memonal Lecturs PU Chandigary -



Symbol

Physical baryon densityl®e 1 M 0.02230 £0.000 14
Physical dark matter density™® 1| QA2 0.1188 20.0010
Age of the universe o 13799 20021 x 10° years
Scaiar spectralindex n 09667 :0.0040

| Cunvature fluctuation amplitude | As®  2.441 ﬂ‘,?::n 1074, kg =0.002 Mpe~!

| Reionization optial depth T 008820012

' Total density O |1 D
.Eqmﬂunofmdmonam w -1 -

Sum of thvee neutrino masses | 5.m,  negligible

| Hubble constant Hy 67.74 £0.46 km s~' Mpc™!
Matter density Ton 03089 .n.mE\
Dark energy density N0 osoriso00e2 S
Fluctuation amplitude at Bh~' Mpc g 08758 =0.0088

 Redshit at decoupling 2. 108080023

 Age al decoupling . 3777003200 years'd

| Redshift of relonization ze [aaft

81

arXiv: 1502.01589 (2015) | N
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The lightness of the Higgs boson?

What happens if extend validity of SM to scales A >> 1/vVGg ?
Radiative corrections to the Higgs boson mass

=112 =0
n{(pY)=m z+_é\_ _O_ _O_

M,?> — M,? (bare) + c A2
A is the scale of the underlying theory (could be Mg, ~ 10" GeV )
Requires incredibly unnatural fine tuning to keep M, small !!

What can be done ?

Lgsg does not contain an elementary Higgs boson

OR Cancel quadratic divergences (new symmetry e.g. supersymmetry,...)
OR Some unknown new physics (exotica,...)

Hans Memorlal Lecture B2
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Supersymmetry

Invoke additional symmetry (e.g. Supersymmetry) to cancel divergences
bosons have fermion superpartners
fermions have boson superpartners

SUPERSYMMETRY
An example SUSY (allowed) spectrum
- .:|000 [~
& ‘ R
e 3600 - A - % !
* .W” @il i—" g
- = 3200} '

..... @ srapeces = @ s @ sizmiens 2800 - ::
Standard particles SUSY particles 2400 | }I
Minimal SUSY Model 2000 - i
gluinos, squarks, sleptons, e : .

4 neutralinos, 2 charginos, 2 3
Higgs sector: h?, H?, A° Hz= " %
o — b
| e =i
SUSY is obviously broken ~ ** }r r S e '

For SUSY to solve naturalness
My MR sen 552 (1 ToV2) .



=

e
Alas - SUSY has not yet tuned up |
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No Sign of “Exotic” Physics Either

LQ1(ef) x2
LO1ef+LQ1v)
LO2(u]) x2
LO2{pf+LO21)
LO3{v) x2
LQa(rh) x2
LO3( x2

RSy k=0.1 |

RS 1{ee ), k=0.1
RS1(j, k=0.1
RS1(WW—4]),
RS1(ZZ-4]),
bulk RS{ZZ~1lj), k=0.5

SSMZ/(m)

SSM 2

58M 2Z'(bb)

SSM 2 (Be}+Z'[1p)
SSM W'

SEM W)

SSM W WZ—Ivil)
SSM WWZ—4)

coloran(j) x2
coloran{4]) x2
gluinof3f) x2
gluinafjb) xz
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stopped gluino (cloud)
stopped stop [cloud)

HSCP gluino (cloud)
HSCP stop (cloud)
q=2/3e HSCP

g=3e HSCP
neutraling, ctau=25em, ECAL tims

j#MET, SI DM=100 GeV, A
J+MET, S0 OM=100 GeV. A
y+MET, 51 DM=100 GaV, /A
V+MET, SD DM=100 GaV. A
WMET, £=+1, 51 DM=100 GeV, A
WMET, E=+1, 5D DM=100 GaV. A
|+MET, £==1, 51 DM=100 GeV, A
1+MET, £=-1, 5D DM=100 GaV, A

dijets, A+ LL/RR
dijets, A- LL/RR
dimuons, A+ LLIM
dimuons, A« LLIM
single e, AHACM
single y, AHACM
inclusive jets, A+
InGlusive jets, A-

ADD (), nED=4, MS
ADD feg.yui. NED=4, M5
ADD (+MET]. nED=4, MD
ADD [y+MET]. nED=4, MD
QBH, nED=4, MD=4 TaV/
NR BH, nED=4, MD=4 TeV/
Jet Extinction Scals
String Scale (i)

CMS Prelimi

12 15
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Some of the Physics Questions

from early 1990°s
The Standard Model is incomplete when probed at the LHC.
Origin of mass
“Why is there something rather than nothing?” (Leibnitz 1697)

Even if the Higgs boson is found, all is not 100% well with
ONLY the Standard Model. Why should we have found it?

A possible solution to postulate a new symmetry,
Supersymmetry — Relate matter particles to force particles!
Could allow understanding of the composition dark maitter.

Why is there no anti-matter around?

How can gravity be incorporated into the SM?
Do we live in more than 3 space dimensions?
Superstrings? Find a pathway to a unified theory?

The unexpected. Most expect there to be new physics.
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Timeline of the LHC Project

1984
1987

1990

1902
1993
1994
1996
1998

1908
2000
2008
2009
2012

Workshop on a Large Hadron Collider in the LEP tunnel, Lausanne

Rubbia “Long-Range Planning Committee” recommends
Large Hadron Collider as the right choice for CERN'’s future

ECFA LHC Workshop, Aachen, Germany

General Meeting on LHC Physics and Detectors, Evian les Bains
Letters of Intent (ATLAS and CMS selected by LHCC)
Technical Proposals Approved

Approval to move to Construction (materials cost of 475 MCHF)
Memorandum of Understanding for Construction Signed

Construction Begins (after approval of Technical Design Reports)
ATLAS and CMS assembly begins above ground. LEP closes
ATLAS & CMS ready for First LHC Beams

First proton-proton collisions

A new heavy bosgn discoyered with mass ~125 x mass.of proton

ans Memonal lec nadigs
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Elementary Constituents of Matter
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Main Experiments on the LHC
General-purpose (ATLAS and CMS) studylng origin of mass, SUSY, .
Dedicated (LHCD) studying origin of matter-antimatter asymmetry, ..

Dedicated (ALICE) studylng general propertles of quark-gluon flu|d

ey
"
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1950’s and 1960’s: Particle Explosion!

Dozens of “elementary particles” discovered implying neutrons and
protons are not special; and turned out not to be elementary!

1940 1950 1960
\illll II]IIII l|l|l||
FAAE M4 T 414
- K- nl]Al]z— P Eezﬂhl] PV, a:
e, Klp - M m0 o ¢
R
N A
Explanation
LT -~ using mathematical
T entities called quarks
K- K°

Lesson from Mendeleev’s periodic table:
There was inner structure to atoms (electrons & nuclei)
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Landan

Elementary Constituents of Matter

Philosophy Classical Quantum
sy Mechanics Mechanics

[l Periodic Table . . .. .
ulm of the Elements .
[
=]
= |
o]
[}
EMPEDOCLES BOHR,
(492-432 B.C.) MENDELEEV RUTHERFORD
4 basic elements (19™ century) (early 20™ century)
Earth, air, water, fire Periodic Table: 2 basic elements:
Other Ancients >100 basic elements  electron, nucleus

Chinese, Indian, ..
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Discovery of the Higgs boson
m——

The Nobel Prize in Physics 2013 was awarded jointly to
Frangois Englert and Peter W. Higgs

"for the theoretical discovery of a mechanism that contributes to our
understanding of the origin of mass of subatomic particles, and which
recently was confirmed through the discovery of the predicted fundamental
particle,
by the ATLAS and CMS experiments at CERN's Large Hadron Collider”
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Computing: Networks, farms and data flows

ALICE
= Point 2




Fundamental Forces: Laws of Nature

1600 1870 1950 1970 2000 2077

Quantum Gravity

Unified Theory
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Physics Outlook: Questions for the LHC

1. SM contains too many apparently arbitrary features - presumably these
shoulid become clearer as we make progress towards a unified theory.

2. Clarify the e-w symmetry breaking sector
SM has an unproven element: the generation of mass
Higgs mechanism ->? or other physics ?

eg whyM, =0
My, M ~ 100,000 MeV!

Answer will be found at LHC energies Transparency from
the early 90’s

3.SM gives nonsense at LHC energies
Probability of some processes becomes greater than 1 !! Nature'’s slap on the wrist!
Higgs mechanism provides a possible solution

4. Identify particles that make up Dark Matter

Even if the Higgs boson is found all is not completely well with SM alone:

next question is “Why is (Higgs) mass so low”?

If a new symmetry (Supersymmetry) is the answer, it must show up at O(1TeV)

5. Search for new physics at the TeV scale

SM is logically incomplete — does not incorporate gravity

Superstring theory =dramatic concepts: supersymmetry , extra space-time
dimensions ? Hans Memorial Lecture PU Chandigarh 77
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20 Years ago: The design of ATLAS and CMS

SM Higgs Boson was used as a Physics Benchmark

Natural Width @ 1 10 100 GeV
L 1 1 | I 1 L 1 L 1 1 | I

50

Transparency
from the 90’'s

200 300 400 500 1000
HIGGS MASS GeV

H—= T

H=zz741"
[ - 77+ 41
Ho 2z 1w

H— zz,ww - 115 1vj TR

Theory does not predict my
The favourable decay modes change with mass
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