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»The LHC is a circular accelerator built in an underground
tunnel, ~100m deep, under the French-Swiss border.

» Two proton beams are accelerated in opposite directions, close
to the speed of light.

» The proton beams are brought together in 4 crossing points where
detectors record the collision products.

v A N . LAY \
5 - \’ - . '4“ -~
o ST B

N — : Y| pat U

LHC: 27 Km “ring” [

-
- .

- o
™ .
AT

&2/Z— CERN

e | —

-
N

.

$

CBPF

s AuMiBEags Prague, 19th June 2013.

Pesguinas Fisicas

Wednesday, 19 June 13



¢

CBPF

Wednesday, 19 June 13

Four experiments are analysing the collision products at the LHC:

A. Moraes

ATLAS, CMS, ALICE and LHCb
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The arge adron ollider - CERN

) Energy of centre-of-mass i protown collision: 14TeV |

~7 times greater than what haol been achieved in previous accelerators

» Trillions of protons race through a 27km tunnel
~11.000 Laps per secondl!

29:992999% of the light speed!

courtesy of CERN

) The biggest and most complex detectors ever built will
study the smallest particles with the highest precision.

» The coldest place in the Galaxy: -271°C

) Hotter than the stars: proton collisions generate

temperatures thousands of times hotter thawn those found
Ln the centre of our Sun.

» A global adventure: wore than 10,000 scientists

coming from F0 countries. An Lnvestiment that cost over
10 billion US dollars over 20 years.
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LHC protow collisions: exploring the energy frontier

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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~5 billion collisions registered (by each experiment)

~120 PB of data (“actual” data and simulated events in each experiment!)
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Main goal of the LHC: advance science!
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Particle accelerators are
necessary to investigate the
inner structure of the atom.

— particle accelerators operate
like giant microscopes
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Elementary pa rtieles and Lnteractions

» The elementary particles and their interactions are described by a theory,
known as the “Standard Model”, which has been experimentally verified with
extreme precision by various laboratories.
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» Standard Model predictions have been confirmed again and again by many
generations of experiments over the past 40 years (including LHC experiments...)

Wednesday, 19 June 13

Nov 2012 CMS
:g.‘ : W § 7 TeV CMS measurement (statbsyst)
o1 05 _._ Z & 8 TeV CMS measurement (statisyst)
b.o, | : : w7 T@V Theory prediction
E 1) : : — 8 TeV Theory prediction
c 10°k 1] |
s YFia Lo i .
¢ Fi® &3 i 1 o
0 10 =/ B Wy
08) 3 i Y _ ' § 5
o ¢ T ez ww
= i Toii | odgmi, i
ko] Z 5 % 2
O 10 E. >30GeV —? E/>15GeV Z?'_i
'8 1 24 ' AR(Y1) > 0.7 =
e ;
o :
! ; . 50" 49 49"
o) ' - - AR ;  Sob 351 53"
8105 = ~ ATLAS Preliminary . ey ‘
= - 35pb’ : 2 : z
o = p— LHC pp ¥s = 7 TeV
© o B . 35pbT Theory
10°E | : = Data 2010 (L = 35 pb’) , ,
- o Data2011 (L=10-478" OVEr LOO SOLCWtLﬁO papers have
B LHC pp ¥s = 8 TeV ’
10°E o now beew published by the
[ ° - -1 ’
; — ommamzL-sem) | p4eYs experimental
10°E 10w 1
- ' 10{51 ; 3 collaborations: results confirm
B P 4Tt
B 3 e T . 581" Lo l
10l o the SM predictions!
= 4.7 "
1w z i@ ot b oww Dowz Dow Tz Prague, 19th June 2013. 9



Some discoveries maoe with
LHC data...

An unknown sub-atomic particle waiting to
be discovered.

A.Moraes Prague, 19th June 2013.
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LA hea\/g—iow collistons

ATLAS

%/, [GeV]

. 169045
1 - Event: 1914004
": Calorimeter o::: 2010-11-12
] Towers Time: 04:11:44 CET
®: P, [GeV]
n Tracks
»-
»
‘i
.f
5 4

|~ wexted 1or a Viewpoint in Physics I
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)
Observation of a Centrality-Dependent Dijet Asymmetry in Lead-Lead
Collisions at 55 = 2.76 TeV with the ATLAS Detector at the LHC

5

G. Asd eral®
(ATLAS Collaboration)
(Recerved 25 November 2010; published 13 December 2010)

By uang the ATLAS detector, cbservations have been made of a centrabity-dependent dijet asymmetry
in the collnicns of lead icns at the Large Hadon Collider. In 3 sample of kaddead events with 3 per-
nocleon center of mass energy of 2.76 TeV, sdlected with 2 minimum beas trigger, jets are reconstrocied in
fee-grained, longrodmally segmenied clectromagnetic aad hadroaic calorimeters. The wamsvernse ener-
gies of dgets m opposite hemisphares are observed to become systematically more unbalanced with
mcreasing event centrality leading 1o a Large number of evests which comtain highly ssymmetne &jets
This is the fint observation of an enhancement of events with such large dijet asymmetries, not observed
n protwon-peoton collisions, which may posnt 10 an interpretation in terms of stroag pet energy boss im 2 hot,
demne medium
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November 2010: first direct observation of “jet quenching”
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November 2011: new pa rticle discovered at the LHC
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PRL 108, 152001 (2012) PHYSICAL REVIEW LETTERS 13 APRIL. 2012

5
Observation of a New y, State in Radiative Transitions to Y(15) and Y(25) at ATLAS \ X (1?) m—
: b Mm=9.945eV

G. Aad eral®
(ATLAS Collaboration)
(Received 21 December 201 1 revised massscript received 18 Febrgary 2012; publnded 9 Apnil 2012)
The xy(nP) quarkonium states are produced in proson- prosom collisions at the Large Hadroa Collider ot g ( 2 P) m — :l 0 2 ev
JT = 7 TeV and recoeded by the ATLAS detector, Using a data sample comresponding 1o a8 integrated b ©
luminosity of 4.4 ™', thoe states are reconstruciod throsgh their radiative docays ©0 YIS 25) with
Y = p* 7. In addition 1w the mass peaks comesponding 1o the decay modes y, (17, 2P) — Y(15)y. a
sew structure centered at a mass of 10530 = 0,005(seat) = 0.009(syst) GeV is also observed, = both the

Y{(15)y and Y(25)y decay modes. This structure is "tc_r_‘Tcw as the x.j,,‘l" system ObSCY\/ed Pea h at VMJ — 10 .EC(BV
Xy (zP)
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May 2012: observation of a new barion E
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A long wait: the existence of a “Higgs boson” was
predicted in 1964.

VoLuME 13, NUMBER 16 PHYSICAL REVIEW LETTERS 19 OCTOBER 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

G. S. Guralnik,7 C. R. Hagen,{ and T. W. B. Kibble
Department of Physics, Imperial College, London, England
(Received 12 October 1964)

i Peter Higgs visiting the LHC tunnel
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Imagine a ballroom filled with physicists calmly chatting and

fraternising...that would be equivalent to the space filled with the

Higgs potential
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...then, a famous scientist walks into the room causing a
“disturbance” as he walks through the room, attracting a group of
admirers as he moves around.

...............

Wednesday, 19 June 13
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...the “fan frenzy” directed at the celebrity increases the resistance of
movement, in other words he acquires mass as a particle does when
interacting with the Higgs field.
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The hunt for the Higgs bosow...

Over 30 years of experimental searches!
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LEP/CERN: e+e- collisions Tevatron/Fermilab: p+p- collisions

search for the Higgs Particle
Status as of March 2009

95% confidence level

xcluded by Excluded by Excluded by
EP Experniments Tevatron Indirect Measurements
5% confidence level Experiments 95% confidence level
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» There was a fundamental prediction from the Standard Model which lacked
experimental evidence: WO SLO)N D‘f a pa rtiele cowespowduwg to

the Higgs boson had been observed!
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Branching fraction

Wednesday, 19 June 13

Higgs boson decay modes
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The Higgs boson typically decays in ~1022 s.
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' CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 200814 621450 GMT
RunvEvent: 194108 / 564224000
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4th of July 2012: CERN announces the
observation of a “new particle”
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4th of July 2012: witnessing history being made!
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THE DISCOVERY OF THE HIGGS BOSON

NO RECENT SCIENTIFIC ADVANCE HAS
generated more hoopla than this one. On
4 July, researchers working with the world’s
biggest atom smasher—the Large Hadron
Collider (LHC) in Switzerland—announced
that they had spotted a particle that appears
to be the long-sought Higgs boson, the
last missing piece in physicists’ standard
model of fundamental particles and forces.
The seminar at which the results were pre-
sented turned into a media circus, and the news
captured the imagination of people around the
world. “[H]appy ‘god particle’ day,” tweeted
will.i.am, the singer for pop group The Black
Eyed Peas, to his 4 million Twitter followers.
Yet, for all the

! hype, the discovery of
0 nl I ne the Higgs boson eas-

sciencemag.org
For an expanded

 version of this sec-
tion, with podcast, video,
links, and more, see www.
sciencemag.org/special/
btoy2012 and science-
careers.org.

ily merits recognition
as the breakthrough
of the year. Hypoth-
esized more than
40 years ago, the Higgs
boson is the key to
physicists’ explanation

of how other funda-
mental particles get their mass. Its observa-
tion completes the standard model, perhaps
the most elaborate and precise theory in all of
science. In fact, the only big question hang-
ing over the advance is whether it marks the
beginning of a new age of discovery in par-
ticle physics or the last hurrah for a field
that has run its course.

The Higgs solves a basic prob-

lem in the standard model. The
theory describes the par-
ticles that make up ordi- “
nary matter: the electrons
that whiz around in
atoms, the up quarks
and down quarks that
make up the pro- ~
tons and neutrons
in atomic nuclei,
the neutrinos that
are emitted in a
type of radioactiv- —

act by exchanging other particles that con-
vey three forces: the electromagnetic force;
the weak nuclear force, which spawns
neutrinos; and the strong nuclear, which
binds quarks.

But there’s a catch. At first blush, the
standard model appears to be a theory of
massless particles. That’s because
simply assigning masses to the
particles makes the theory go
haywire mathematically. So
mass must somehow emerge

Higgs, researchers at the European particle
physics laboratory, CERN, near Geneva, built
the $5.5 billion, 27-kilometer-long LHC. To
spot the Higgs, they built gargantuan particle
detectors—ATLAS, which is 25 meters tall
and 45 meters long, and CMS, which weighs
12,500 tonnes. The ATLAS and CMS teams
boast 3000 members each. More

than 100 nations have a hand
in the LHC.

Perhaps most impressive
is the fact that theorists pre-

from interactions of the oth- dicted the existence of the
erwise massless particles UBEEAKTHRPIEJEII;! new particle and laid out its

themselves.

That’s where the Higgs
comes in. Physicists assume
that empty space is filled with
a “Higgs field,” which is a bit
like an electric field. Particles inter-
act with the Higgs field to acquire energy
and, hence, mass, thanks to Albert Einstein’s
famous equivalence of the two, encapsulated
in the equation E=mc?. Justas an electric field
consists of particles called photons, the Higgs
field consists of Higgs bosons woven into the
vacuum. Physicists have now blasted them out
of the vacuum and into brief existence.

That feat marks an intellectual, technologi-
cal,and organizational triumph. To produce the

ity, and two sets — /

of heavier cous- ’

ins of these parti-
cles that emerge in
particle collisions.
These particles inter-

Pieced together. In this par- ¢’
ticle collision, it appears that

a Higgs boson decays into two

electrons and two positrons (red).

1524 21 DECEMBER 2012 ' VOL 338 SCIENCE

THE

properties, right down to
the rates at which it should
decay into various combina-
tions of other particles. (To
test whether the particle really

is the Higgs, researchers are mea-
suring those rates now.) Physicists have made
such predictions before. In 1970, when only
three types of quarks were known, theorists
predicted the existence of a fourth, which was
discovered 4 years later. In 1967, they pre-
dicted the existence of particles that convey
the weak force, the W and Z bosons, which
were found in 1983.

Particle theorists offer various explana-
tions of their knack for prognostication. Parti-
cle collisions are inherently reproducible and
free of contingency, theorists say. Whereas

no two galaxies are exactly the same, all
protons are identical. So when smash-

ing them, physicists need not worry

about the peculiarities of this pro-

ton or that proton because there

are none. Moreover, theorists
say, in spite of its math-
ematical complexity, the
standard model is con-
ceptually simple—a

claim that nonphysi-
/ cists might not buy.
The

standard

model ultimately

owes its predictive

power to the fact that

the theory is based on

the notion of math-
ematical symmetry,

some theorists say.

Each of the three forces

in the standard model

is related to and, in some
sense, necessitated by a dif-
ferent symmetry. The Higgs
mechanism itself was invented
to preserve such symmetry while

www.sciencemag.org

CREDIT: CERN/L. TAYLOR/T. MCCAULEY

Downloaded from www.sciencemag.org on February 28, 2013



Technologies for particle hunting
and for humankino

1- Computing
2- Particle accelerators

=2- Particle detectors
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Computing

From the “World wide Web” to the “GRID” system

( sharing of wao@

/information sharing, dat
storage ano processing
capacity

(parallel processing)

............... .« A.Moraes Prague, 19th June 2013. 28
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CERN DD/OC Tim Bermners-Lee, CERN/DD

" ) Information Management: A Proposal Masch 1989
’” S ) -
The World wide web
Information Management: A Proposal \
Abstract

The WWW was created by CERN's scientist Tim Berners-Lee, i oo oces he et o gl ot s s rd o
as a tool to allow communication and information sharing wluton based oo a el Bypenest sy o

i i eywords: Hypertest, Computer conforencing. Docoment retneval, laformation management, 'roject
between institutes spread around the world and CERN. o e
Few technological advances have revolutionised society as the @ ______ (.o

. conferencing f~. Aoy
internet has. . - .
- . ~a *Jor example
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The gRID and the LHC

Balloon
. (30 Km)
» Each LHC experiment generates ~15 PB of data per year. ( e
» 1PB = 10° GB CD stack with
1 year LHC data!
(~ 20 Km)
» This amount of data is equivalent to ~20 million DVDs \
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The GRID and the LHC

{+30 minimum bias events)

ANt R

g i G R
Analysis: GRID Ls tndispensable i s M B )2 e
for separating stgnal from o Ll

ba GR@ VOM.V\/d, VCOOV\/StVM.OtLV\IQ B A AR All charged tracks with pt.> 2 GeV
collistons from electronic stgnals,
simulating new phenomena, ete...

» ~200.000 computers (modern and
“fast”) are currently being used in

LHC data analyses. Reconstructed tracks with pt > 25 GeV

CBPF
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Other GRID applications

Astronomy

(GRID users stnece 2003)

Processing and data storage / astronomical
Lmages: “mining” for discoveries!

qalactic Plane: processing of angular reglons
Typieally: tens of GB per angular band § 4h processsing
in isolated clusters (~10 processors)

with the GRID: processing time reduced from da Ys to
minutes

Computing simulations / preparing for
satellite Launch and operation

Planck satellite

¢

CBPF
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Aerospace Industry

Structural mechantes: d Yywa mieal
structure, thermal effect, electrostatic,
optics, mechawntical vibratiow, ...

Projecting new satellites

¢

CBPF
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Bioinformatics

Protein structures:
file size ~ 10G®

Mownte Carlo stmulations

Ccalculating the Molecular
Dgwamias (i’c can take ~ 2 months
Ln stngle core computers)

Development of new drugs for treatment of tlnesses
such as Alzhetmwer, Parkinson, Malaria, etc.

¢

CBPF
e e A. Moraes
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and (many) other projects...

Commerce and financial markets

Comp utational ahemistrg)

SETI

SETI INSTITUTE

PVDtﬂLV\I %FOLdi«V\lg (~20% human proteiws aren't knoww...)

video-gamc L vcstrg

comonmece A, Moraes Prague, 19th June 2013. 35
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Particle accelerator applications

There Ls more than 20.000 pa vtiele accelerators

cwrrently L opemtiow serving several areas such as

medicine, enerog Y 'valustra, environment, securi’cg
and baste sclence.

A. Moraes

Prague, 19th June 201 3.
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Medtieine Appticatiows

Medieal dia Q)wosis: pavthLe accelerators are used L the

preparation of radiolsotopes for diagwnosis and treatment of patients
Ln many countries.

CERN s developing a new
generation of proton accelerators

~ 10.000 MDSP Lta LS aimed at “cleaner” production of

molioiso’copes for hospita ls.

~ =20 million patlewts/ year

Positrom EmaLsslon
Tomography (PET):

Wednesday, 19 June 13



Magwnetic resonance

makes use of powerful magwets,
originally developed for particle
accelerators.

comonmece A, Moraes Prague, 19th June 2013. 38
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Amount of Radiation

Wednesday, 19 June 13

Medtieine AppLiaatiows

cawncer treatment th erapy

Proton beams are being used in cancer treatment.

Thousands of patients have already benefited from
these treatments (stnce 1990).

~ 39 hospitals have been using these technigues.

Technologies developed for the LHC are
contributing to the desigwn of smaller and
cheaper accelerators.

Proton‘

Ve

Cepth in the Body

Proton beams allow greater
energy deposition on
tumours in deeper reglons
with less side effects on the
healthy tissues
surrounding the tumour.

Prague, 19th June 201 3. 39



Particle accelerators and other apptioatiows...

B Electron beams in depollution of water and atr:
e
2%&:2'2%%}7 Traditionally, water treatment is done in three stages: micro-
W organisms elimination, filtering and treatment for chemical
restoues.

:> womans | Electrow Lrradiation simplifies this process with a single
In developing coun- , ,
W application.
water supply.

Treatment of polluting gases: the use of electron beams is more
effictent thaw traditional chemical treatment.

One In six people
woridwide does

not have accass
to clean drinking

: r‘y > A7 :”mm”\
C(' an.u-w

i 83\)(

/‘/\ \j\fv\ v

These techniques are already being

ewmployed L countries Like the USA,

South Korea, Poland, China, Sawdt
Avrabia and others.
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Particle accelerators and other appLicatiows...

Treatment of nuclear waste

Particle accelerators are being used to re-process nuclear
material.

This allows the nuclear waste’s geologieal storage time to drop
from ~300.000 Years to 500 years.

e 1] Accelerator driven systems - APS: transmutation of Lsotopes
I with long half-Llives!

Accelerator
An accelerator provides an intense, continuous beam of
protons,

Spallation target
The protons hit heavy nuclei and *shake loose® neutrons,
which enter the reactor vessel

Transmutation
long-lived The neutrons hit and split long-lived nuclei, such as
radioactiv amencium and curium, creating energy and short-ived
nucleus nuclei that are easier to process and store.
energy

Subcritical operation

When the accelerator is swilched off or loses power,

the reactor no longer has enough neutrons 1o sustain
lighter, short-lived nuclei the transmutation process and the nuclear reactions

automatically slow down.

Prague, 19th June 2013. 4]
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Technology applications developed for
particle detectors

Si detectors for the LHC:

" . " [ JgF =3 Essential components fortmch
WMEASUVEMENTES.

Fast response, high performance ano
resilience even in the highly radioactive
environment generated at the LHC!

The amount of St detectors requirea to build
the LHC detectors is extremely high and has
no precedent in HEP.

Pixelated 300 pm thick Si
detectorchip (256 x 256

pixels, 55 um pitch)

Read-out ASIC
chip Medipix2

MedLPLx

Detectorbias
voltage (~100V)

Prague, 19th June 2013. 42
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Detectors tn Medicine: Lowering costs anol
reducing exposure to radiation

Computerised Tomography (CT
scaw). The passage of X-rays
through the patient’s body is
mapped out. This allows the
build up of 2D mages.

PET scans (Positron
emission tomograph Y).

Y rays produced via positrow
anwthilation are mapped

out.
Magwetic Resonance maging
(MRUI). tmages are generated
through the use of potent magnetic
i fields.
°:'.Z'§E’§";‘.Ir.? A.Moraes Prague, 19th June 2013. 43
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Artifictal retina meta nts

“The bLonte eye impLawt"

owe of the pixel sensors developed for the
LHC is being used as an artificial retina
Lmplant.

Recent studies are focused on establishing
partial vistow to the blind.

energy supply
pigment epithelium
photoreceptors
BN bipolar cells

&— ganglion cells
nerve cells

Id Id

Results are extremely exciting! sclera
. cheroid
oy 1 retina

/ ! stimulation

clectrades

subretinal

S implant
where photo-
. receptors ore
degencrated

"s"\d\f'\_-

l—i

AN
A A4
| YA

K

— stimulation chip

* Ofrgright try 3=
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Other industrial sectors

Energy transmission

Superconducting technology
used in particle accelerators are
being applied to the
manufacturing of
transmission cables.

Tra WSPpo rt

Superconducting technology applied
to magwets is also being used in the
desigw of trains with magwnetic
Levitation (Mag-Lev).

Blomedicine and new drug
ale\/eLopmewts

Sywnchrotron Light Laboratories are
being widely used in the study of
complex proteins helping the
; development of new, more effective
CBPF

drugs.
commaose A MOraes Prague, 19th June 2013. 45

Wednesday, 19 June 13




esguinas Fisicas

Wednesday, 19 June 13

A. Moraes

Human Resources

“Developing a highly specialised
work force”

i modern particle ph gsias,
approximatel,g OWE LW SLX Sclentlsts
who graduate to obtain a Php
contlnues the research carveer tn baste
research.

The other graduates migrate to the
most diverse sectors of the economy:
- technology tndustry

- electronices

- communteation

- biophystes

- financial sector

Prague, 19th June 2013.
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a growing list...

» food sterilisation
» production of isotopes for medical use
» computer simulation for cancer treatment

» “scanning” of transport containers
» parallel processing

» international relations

» operating remote facilities

BPF
cmcomes  AuMorags Prague, 19th June 2013. 47
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LHC: the biggest, most complex sclentific endeavour

G%YY&V\/tLa Ln activitg . We're only ow the 4th year of a programme
that will be active for (at least...) 2 decades.

Expanding the frontier of our knowledge: results
(tncluding the discoveries) confirm predictions from the
Standard Model!

Techwnologles that serve not only the particle hunt but also
bemﬁt humankind: accelerators, detectors e compu’ciwg.

’ | ;’;i‘—‘ . . '
Tt ~‘:i ) ?5&;‘ =
.b‘icr@&;n;‘;ﬂ' .
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