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INTRODUCTION
~ The Large Hadron Collider (LHC) is the world's

largest and most powerful particle collider and the

=
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largest machine in the world. It was built by

the European Organization for Nuclear

~ Research (CERN) between 1998 and 2008 in
collaboration with over 10,000 scientists and hundreds
of universities and laboratories, as well as more than
100 countries It lies in a tunnel 27 kilometres (17 mi) in
circumference and as deep as 175 metres (574 ft)
beneath the France—Switzerland border near Geneva.
First collisions were achieved in 2010 at an energy of
3.5 teraelectronvolts (TeV) per beam, about four times
~ the previous world record. After upgrades it reached 6.5

esent world record). At the end of 2018 1t eniﬁered

TeV per beam (13 TeV total collision energy, the
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LHC experiments

A Toroidal LHC Apparatus

Compact Muon Solenoid







~ Listof current particle
accelerators at CERN




New particles

".\

One of the most famous examples of the LHC
ction is the famous Higgs boson. R -

The particle was the final missing piece of whi
hysicists refer to as the Standard Model of pamclg 2
ok ysws a set of laws that governs particles on the most
undamental scale.

It took almost 50 years from Peter Higgs’ fn:n
alculations to its discovery in 2012. But the parhcle,
ich is said to give all other particles mass through a
quitous field known as the Higgs field, is not the
w ly the beginning.

- More recently, the LHCb detector — also known a- .
Large Hadron Collider beauty — found (1o nmy iR
e 'hiding in plain sight' as it was searc 3
such as antimatter. The five
ples of baryons, which means they are
" fundamental particles called quarks,
re discovered at once.




Background

4 The term hadron refers to composﬂe
composed of quarks held together by the strmg

.electro-magnetic force). The best-known hadrons :
the baryons such as protons and neutrons; hadrons
include mesons such as the pion and kaon, which
discovered during cosmic ray experiments in the
1940s and early 1950s.

A collider is a type of a particle accelerator
two directed beams of particles. In particle p!
colliders are used as a research tool: they a
particles to relatively high kinetic energies and

ture of the subatomic world and the |
erning it. Many of these b)
ly by high-energy collision
shon periods of t1m ‘




Physicists hope that the Large Hadron C
" ill help answer some of the fundamental op
questions in  physics, concerning the basic laws
erning the interactions and forces among
he elementary objects, the deep structure of spweﬂ X
ime, and in  particular the interrelat '
et een quantum mechanics and general relativity.

Data are also needed from high-energy particle
<periments to suggest which versions of curr
cientific models are more likely to be correct.
irticular to choose between the Standard Model ai
oosless model and to validate their predictions
further theoretical development. Many theor




implying that all known
“have supersymmetric partners? :
Are there extra dimensions, as predicted by various
models based on string theory, and can we detect
m? 8
What is the nature of the dark matter that appears to
account for 27% of the mass-energy of the universe?

ther open questions that may be explored using high- ',,
nergy particle collisions: R

It is already known that electromagnetism and
‘the weak nuclear force are different manifestations of
a single force called the electroweak force. The LHC
‘may clarify whether the electroweak force and
strong nuclear force are similarly just different
lfestanons of one umversal umﬁed force, L

is the fourth fundamental forc,e.
ny orders of magnitude weaker than
indamental  forces? See alsol



nomical objects today? This will be i
oy heavy ion collisions, mainly in ALICE, t
CMS, ATLAS and LHCb. First observed i
gs published in 2012  confirr
menon of jet quenching in heavy-ion ¢




Design

The LHC is the world's largest and hlgheﬂ-
nergy particle  accelerator.?”®® The  collider is L
ontained in a circular tunnel, with a circumference of @
26.7 kilometres (16.6 mi), at a depth ranging from 50 to

175 metres (164 to 574 ft) underground.

he 3.8-metre (12 ft) wide concrete-lined tunnel, -
constructed between 1983 and 1988, was formerly used -
to house the Large Electron—Positron Collider.”” Tt
crosses the border between Switzerland and France at
four points, with most of it in France. Surface buildings
hold ancillary equipment such as compress
ntilation  equipment, control electronics
efrigeration plants.

'I‘he collider tunnel contams two
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with “}g]dipole magnets having a mass of over ' g
onnes.” " Approximately 96 tonnes of superfluid
elium-4 is needed to keep the magnets, made of
C pper-clad niobium-titanium, at  their operating
mperature of 1.9K (-271.25°C), making the LHC g
he largest cryogenic facility in the world at liquid i
helium temperature. During LHC operations, the CERN B
site draws roughly 200 MW of electrical power from A
the French electrical grid, which, for comparison, is e
about one-third the energy consumption of the city of N
Geneva; the LHC accelerator and detectors draw about
120 MW thereof.

. When running at the current energy record of
6.5 TeV per proton, once or twice a day, as the protons
are accelerated from 450 GeV to 6.5 TeV, the field of
he superconducting dipole magnets will be increased
rom 0.54 to7.7 teslas (T). The protons each hav
nergy of 6.5 TeV, giving a total collision e
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.wnth ll§ billion protonsin each bunch so that "
u}teractlon.s between the two beams take place at ‘
dlscr.et'e intervals, mainly 25 nanoseconds (ns) apart,

providing a bunch collision rate of 40 MHz. It was

ope.rated V&flth fewer bunches in the first years. The

design luminosity of the LHC is 10* cm %s ', which

was first reached in June 2016. By 2017 twice this

value was achieved.

Bt?fore being injected into the main accelerator,
the particles are prepared by a series of systems that
successively increase their energy. The first system is
the linear particle accelerator LINAC 2 generating 50-
MeV protons, which feeds the Proton Synchrotron
Booster (PSB). There the protons are accelerated to 1.4
GeV and injected into the Proton Synchrotron (PS), y
where they are accelerated to 26 GeV. Finally the Super il
Proton Synchrotron (SPS) is used to increase their
energy further to 450 GeV before they are at last
injected (over a period of several minutes) into the main
ring. Here the proton bunches are accumulated,
accelerated (over a period of 20 minutes) to their peak
energy, and finally circulated for 5 to 24 hours while
collisi - at the four intersection points.
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The lead ions are first accelerated by the li
accelerator LINAC 3, and the Low Energy I
Ring (LEIR) is used as an ion storage and cooler
- The ions are then further accelerated by the PS and S|
before being injected into LHC ring, where
reached an energy of 2.3 TeV per nucleon (or
per ion), higher than the energies reached
the Relativistic Heavy Ton Collider. The aim of 1
heavy-ion programme is to investigate quark—gl
plasma, which existed in the early universe.




Petectors -

Seven detectors have been constructed at the LHC,
located underground in large caverns excavated at the
LHC's intersection points. Two of them, the ATLAS
experiment and  the Compact Muon Solenoid (CMS),
are large general-purpose particle detectors. ALICE
and LHCb have more specific roles and the last three,
TOTEM, MoEDAL and LHCH, are very much sm aliorl
and are for very specialized research. The ATLAS and
CMS experiments discovered the Higgs boson, which is
strong evidence that the Standard Model has the correct
~mechanism of giving mass to elementary particles.

The BBC's summary of the main detectors is:




after the Big Bang.

. Equal amounts of matter and antimatter were
LH created in the Big Bang. LHCD investigates what
happened to the "missing" antimatter.

Computing and analysis facilities

Data produced by LHC, as well as LHC-related
simulation, were estimated at approximately
15 petabytes per year (max throughput while running
not stated) a major challenge in its own right at the time.
The LHC Computing Grid was constructed as part of
the LHC design, to handle the massive amounts of de
expected for its collisions. It is an internatior
aborative  project that cons1sts of a
, otk ¢
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. I)h:ug)lsg:tbt‘;:ed computing project LHC was
R e 2+ e construction and calibration of the
. Project uses the BOINC platform, enabling
‘yb‘ody with an Internet connection and a computer
enmg 1\"[39 OS X, Windows or Linux, to use their
mput'ers idle time to simulate how particles will
%}Vel. in the beam pipes. With this information, the
scientists are able to determine how the magnets should
be calibrated to gain the most stable "orbit" of the
eams in the ring.*” In August 2011, a second T
application went live (Test4Theory) which performs '
simulations against which to compare actual test data,
o determine confidence levels of the results.

By 2012 data from over 6 quadrillion (6 x 10'%)
_HC proton-proton collisions had been analysed, LHC
ollision data was being produced at approximately
S petabytes per year, and the LHC Computing Grid
ad become the world's largest computing grid in 2012,
omprising over 170 computing facilities
worldwide network across 36 countries. -




“Operational history

he LHC first went live on 10 September 2008,but
vtlal testing was delayed for 14 months from 19 T
eptember 2008 to 20 November 2009, following
magnet quench incident that caused extensive damage

 over 50 superconducting magnets, their mountings;_r
nd the vacuum pipe.

~ During its first run (2010-2013) the LHC
ollided two opposing particle beams of
erprotonsat up to 4 teraelectronvolts (4
or 0.64 microjoules), or lead nuclei (574 TeV per
leus, or 2.76 TeV per nucleon). Its first run
overies included the long-sought Higgs boson,
1l composite particles (hadrons) like

) bottomonium state, the first creation of a




Construction 4

J! erational challenges o

E Thc? size of the LHC constitutes an exceptional
gineering challenge with unique operational issues on
ccount of the amount of energy stored in the magnets
nd the beams.While operating, the total energy stored
1 the magnets is 10 GJ (2,400 kilograms of TNT) and

e total energy carried by the two beams reaches
24 MJ (173 kilograms of TNT). 3
Loss of only one ten-millionth part (1077 of the
am is sufficient to quench a superconducting magnet, . '

Jile each of the two beam dumps must absorb 362 M)
37 kilograms of TNT). These energies are carried by
rv little matter: under nominal operating conditions
808 bunches per beam, 1.15x10" pro




Cost oy e

With a budget of €7.5 billion (approx. $9bn

: 6.19b1_1 as ot: June 2010), the LHC is( or:‘r; of tﬁebmoz:
expensive scientific instruments ever built. The total
cost of the project is expected to be of the order of
4 .6bn Swiss francs (SFr) (approx. $4.4bn, €3.1bn, or
£2.8bn as of January 2010) for the accelerator and .
1.16bn (SFr) (approx. $1.1bn, €0.8bn, or £0.7bn as of
Janua.ry 2010) for the CERN contribution to the :
experiments.

The construction of LHC was approved in 1995
with a budget of SFr 2.6bn, with another SFr 210M
toward the experiments. However, cost overruns,
estimated in a major review in 2001 at around SFr 3
480M for the accelerator, and SFr 50M for the
experiments, along with a reduction in CERN's bud, %
pushed the completion date from 2005 to A
2007.The superconducting magnets were respon
or SFr 180M of the cost increase. There

ther costs and delays owing to
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make up for the 2008 Start-up delays and to im

precision  of measurements of (
discovered in 2012, TespectiVely_o the new particle

jConstruction accidents and delays

. On 25 October 2005, José Pereira Lages, a
technician, ~was killed in the LHC when
; _sw1tchgear that was being transported fell on top of

- him.

On 27 March 2007 a cryogenic magnet support

~ designed and provided by Fermilab and KEK broke
during an initial pressure test involving one of the

LHC's inner triplet (focusing quadrupole) magnet

" assemblies. No one was injured. Fermilab director
ier Oddone stated "In this case we are dumbfounded
at w some very simp '

balance of foiE8
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Initial lower magpe¢ Currents L

1 both of its ry
i'vas nitially mn'; ggrlq 10 2012 and 2015), the LHC
energy, and ramped gles below its planned operating :
& Up 1o just 2 x 4 TeV i
first run and 2 x 6.5 T . eV energy on its =
: eV on its second run, below the
peion cOetss of 2 x 7 TeV. This is becal;se massive
superconducting magnets require considerable magnet &
trz.unmg to : handle the high currents involved
w.nthout losing  their superconducting ability, and the e
high currents are necessary to allow a high proton
energy. The "training" process involves repeatedly
running the magnets with lower currents to provoke any
quenches or minute movements that may result. It also
takes time to cool down magnets to their operating
temperature of around 1.9 K(close to absolute zero).
Over time the magnet "beds in" and ceases to quench at
these lesser currents and can handle the full design
current without quenching; CERN media describe
nagnets  as "shaking out" the unavmdab :
nanufacturing  imperfections in the_“’_ GTYMS{
ositions that had i ly: Itupairee. their




The principle pep B e “
First, you fire twq bem&éf!‘l:fm !cs le[;m:tl}; m

pathways, one going clockwi |
counterclockwise. Yoy k‘"m and the other

each other and watch what happens,

The equipment necessary to achieve that goal is
far more complex. The LHC is just one part of the $K8
overall CERN particle accelerator facility. Before any
protons or ions enter the LHC, they've already i
through a series of steps. Wl




(SPS). The beams

continue tI(: pick up spe divided
i bunchest i oms 'Y now, ave divided
and there are 2,808 bunches per bn:a[ln l[s’:) 10”~ Ergtm |
The SPS injects beams into the LHC, w?t;cec;ne l;ekr:]m

raveling  clockwise  ang ‘
counterclockwise. the  other  going

Inside the LHC, the i
accelerate. This takes about 20 mli)::rtg:. Aff ‘t\:: ‘;eet: -
the beams make 11,245 trips around the LHC ever):
second. Tl}e two beams converge at one of the six
detector sites positioned along the LHC. At that
position, there will be 600 million collisions per second
[source: CERN].
When two p
even smaller pa




ng inside
ochanics behin
t How Atom Sm
The LHC h
arcumference. What
~ hey work? Find out in t
The LHCTSTIE
powerful particle acc
to CERN’s accelerator
of a 27 kilometre r
with a number of
the energy of the
Inside t
travel at clost
energies
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On 24 May 2011 it was
gluon plasma (the densest matter th
besides black holes) had been

Between July and
searches for the Higgs bos




' Ty
around 125-126 GeV, with a statistical significan:
the level of 5 sigma each. This meets the formal

required to announce a new particle. Ti
properties were consistent with the Hig
scientists were cautious as to
identified as actually being the H

r analysis. 8




e, although the Z' | has i_f-~
_ a pass1ble candidate.
On 19 November 2014, the LHCb experime

announced the discovery of two new heavy
particles, £ and E* . Both of them are

are composed of one bottom, one d@
strange quark. They are excx ate:




On 15 December 2015, the ATLAS a

experiments both reported a number of
results for Higgs physics, SUpETSyYT




éarrying particles, namely‘th 3
the '\ and 7 bosons, except for a

these particles emerge without a m
for the photon, we know that the
nearly 100 times that of a protor
 Brout, Frangois Eng
. oy
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factor of 10, up to 10°
hance to see rare processe
measurements.




ultra-high-energy cosmi
with energies far high







sics in general. The movie version of

footage filmed on-site at one of ﬁm :
experiments at the LHC; the director, Ron Howard, met
with CERN experts in an effort to make the science

the story more accurate.

In the visual novel/man
"Stems,Gate", SERN (a delib
CERN) is an organization that

created from experlmdnts
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