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Sticky Note
It is quite a privilege to present first results from the LHC Project comprising the accelerator and its experiments. It is very opportune to give this talk on the 100th anniversary of the discovery of superconductivity. Without superconducitivity the LHC could not have the high energy collisions and its powerful general purpose experiments, ATLAS and CMS. The LHC project owes a great debt of gratitude to the work of Kammerlingh Onnes whose laboratory was nearby.

After a brief physics introduction, the talk will outline what it has taken to get to this point, after 20 years of design, prototyping, construction, installation, commissioning, data-taking and distributed data analysis.
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Particle Physics

Particle physics is a modern name for centuries old

effort to understand the laws of nature.
E. Witten

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?
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Sticky Note
One of the primary goals of physics is to understand the wonderful variety of nature in a unified way.
The greatest advances of the past have been steps toward this goal:
- the unification of terrestial and celestial mechanics by Isaac Newton in the 17th century
- of optics with theories of electricity and magnetism by James Clerk Maxwell in the 19th century
- of space-time geometry with the theory of gravitation by Einstein in the early part of 20th century
of chemistry and atomic physics through the advent of quantum mechanics in the 1920’s.

The Standard Model (SM) of particle physics contains the unification of electromagnetism and weak interaction elucidated in the1960’s.
We have ideas about how electroweak and strong interactions can be unified (GUT) but may only work if gravity is included.
The apparent differences among these forces were brought about by events in the very early history of the Big Bang. 
The coming decade will see revolutionary advances in our knowledge of the Universe and of the fundamental laws that govern it. Observations and experiments employing powerful new telescopes and particle accelerators will enable us to address some of the most profound questions in fundamental science.
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Brief History of Our Universe

proton-proton collisions at the LHC
correspond to conditions here (<< 1ns)
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Sticky Note
It is conjectured that the universe came into being in a cataclysmic event, the hot big bang (BB). The universe has been expanding and cooling down ever since. From the earliest moments of the BB, when the energy was equivalent to a temperature of ~10**32 K, the gravitational force became distinct in its action wrt the other three fundament forces (strong, electromagnetic and weak) – one says gravity “froze” out. From various astronomical measurements we know that the universe is ‘flat”; it looks the same in all directions with the same cosmic microwave background temperature (after gross distortions due to our own galaxy are factored out) and the observed abundance of helium (~25%) and other light elements (D, 3He and 7Li) are too great to have been synthesized inside stars. The first two conditions are conjectured to be due to an epoch, labeled “inflation” starting  around 10-37 s, when there was an exponential increase in the size of the universe. When the inflationary period abruptly, around 10-35s much of the energy of the universe was used up in creating particles of the Standard Model of particle physics such as quark, gluons, W and Z boson, photons, neutrinos electrons etc. and any other particles that existed at the time but not yet discovered. 

As the temperature of the universe dropped the strong force “froze” out and a matter and anti-matter asymmetry arose. The proton-proton collisions at the LHC, through the head-on collisions of the quarks and gluons inside the protons, is probing the physics at instants around a tens of picoseconds after the BB. We should be able to create whatever other particles that may potentially have existed in the universe at that time e.g. the Higgs bosons, Supersymmetic particles or heavy Z-like bosons etc. At a temperature equivalent to 100 GeV the electromagnetic and weak forces became distinct in their action.

As the temperature decreased even further the quarks and gluons started coalescing into protons and neutrons. A phase transition is said to have taken place from a quark-gluon liquid to a state containing neutrons and protons (including photons, electrons, neutrinos etc.). This transition is thought to have taken place a round 1 microscecond after the BB. These lead-lead heavy ion collisions at the LHC create this quark gluon fluid allowing a study of its properties.

This talk will give the results emerging from the first year of proton-proton and lead-lead collisions data taking at the LHC.
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Particle Accelerators

accelerate particles to extremely high energies
High energies allow us

1) To look deeper into Nature (E o 1/size),
(“powerful microscopes”)

i) To discover new particles with high(er)
mass (E = mc?)

i) Study the young universe (E= KkT) Einstein

Revisit the earlier moments of our ancestral universe
(“powerful telescopes”),
to observe phenomena and particles normally no longer
observable in our everyday experience.

Boltzmann

All in a controlled way - “in the laboratory”
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Sticky Note
To study the early universe we need to accelerate and collide particles with extremely high energies. 
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The “Standard Model”

Over the last 100 years: combination of
Quantum Mechanics and Special Theory of relativity
along with all new particles discovered has led to the
Standard Model of Particle Physics.
The new (final?) “Periodic Table” of fundamental elements

e Matter is composed of fermions
(6 quarks and 6 leptons)

eThree families of fermions of
INncreasing masses, « hormal »
matter is made of the first family

e Interactions (strong nuclear,
electromagnetic, weak) are
carried by exchange of bosons
(gluons, photons, weak bosons)

Matter particles
s9|o131ed 92104

Leptons ]

e Very successful description of
sceil@ture, good precision :
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The “Standard Model”

Over the last 100 years: combination of
Quantum Mechanics and Special Theory of relativity
along with all new particles discovered has led to the
Standard Model of Particle Physics.
The new (final?) “Periodic Table” of fundamental elements

Matter particles
s9|o131ed 92104

Leptons ]
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A crowning achievement
of 20th Century Science

The SM has been tested
thousands of times, to
excellent precision. Yet, its
most basic mechanism, that of
granting mass to particles,
the Higgs boson (?),
is still missing!

And where is GRAVITY?
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Physics at LHC

Why does anything have
substance?

Following on
from-Newton...

what.is mass?

Hunting the Higgs
boson

Are there more particles
to find?

Supersymmetry:
uniting the forces

What is the universe really
made of?

.
An énigma for
science -

the other 96%

Dark Secrets of
the Universe

Do we really only live in

5 tring t.h enr}r and
extra dimensions

What was the universe like
just after the Big Bang?

|C olliding heavy ions

What and where is
antimatter?

©

Nat
faveulﬁﬁsm

Antimatter detectives

What happens if we don't
find the Higgs boson or
supersymmetry?

?

Re-writing physics

No superconductivity - no answers to these questions!

SCC'11 tsv
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Sticky Note
Following on from Newton... what is mass?

An enigma for science… what is 96% of the Universe made of?
Nature’s favouritism… why is there no more anti-matter?
The secrets of the Big Bang… what was matter like in the first instants of the Universe?

Unexplored territories… messages from the fifth dimension?
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Superconductvity and the BEH Mechanism

electron
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Vid) Introduce two

independent complex
scalar fields

Three of the four degrees of freedom
in the Higgs field mix with the W and Z
bosons, while the one remaining
degree of freedom becomes the Higgs
boson — a new scalar particle.
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Sticky Note
In the BCS theory, the spontaneous breakdown of electromagnetic gauge invariance arises because of attractive forces between electrons near the Fermi surface. These forces don’t have to be strong; the symmetry is broken however weak these forces may be. But this feature occurs only because of the existence of a Fermi surface. 

In the absence of a Fermi surface, dynamical spontaneous symmetry breakdown requires the action of strong forces. There are no forces
acting on the known quarks and leptons that are anywhere strong enough to produce the observed breakdown of the local electroweak symmetry dynamically, so Salam and I did not assume a dynamical symmetry breakdown; instead we introduced elementary scalar fields into the theory, whose vacuum expectation values in the classical approximation would break the symmetry.

As you also know P.W. Anderson was the first to identify this mechanism in its non-relativistic form, illustrating it using the example of superconductivity. 

But there is another possibility, ..Leonard Susskind and me…the electroweak symmetry might be broken dynamically after all, as in the BCS theory. …introduce new extra-strong forces, known as technicolour forces, … but there are serious difficulties …

After symmetry breaking, three of the four degrees of freedom in the Higgs field mix with the W and Z
bosons, while the one remaining degree of freedom becomes the Higgs boson – a new scalar particle.
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Exploring the unknown:

the Large Hadron Collider (LHC)

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

SCC'11 tsv 10
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A Collision of Two Protons

. GMS Experiment at the LHC, CERN
Dataecorted: 2009-Dec-14 03:51:28 667244 GMT,

Run: i, W, 124120 :

Event i 6613074

Lumi‘section:

Qibit”

Crossinge

() CERN 2004, All rights reserved. b 3 " http:ffiguena.cam chiispy
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Sticky Note
An event display of a proton-proton collision in CMS illustrating the inner tracking detector hits and the energy deposits in the electromagnetic calorimeter (red) and the hadron calorimeter (blue). The height of the red and blue towers is indicative of the energy deposited. The muon system is not displayed. The production of “jets” is evident from the collimated bunches of particles. 
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This Study Requires.......

1. Accelerators : powerful machines
that accelerate particles to extremely
high energies and bring them into

| collision with other particles

. 2. Detectors : gigantic instruments
that record the resulting particles as
they “stream” out from the point of
collision.

3. Computing : to collect, store,
distribute and analyse the vast

= amount of data produced by these
detectors

4. Collaborative Science on
Worldwide scale : thousands of
scientists, engineers, technicians and
support staff to design, build and
operate these complex “machines”.

SCC'11 tsv
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“A New Era in Fundamental Science was

Start-up of the Large Hadron Colllderf;_:
scientific prOJects ever, is
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Sticky Note
There are four large experiments at the LHC;
 two general purpose experiment (ATLAS and CMS) studying phenomena such as the origin of mass, supersymmetry etc, 
and two dedicated experiments 
– LHCb studying the origin of matter and anti-matter asymmetry and looking for new physics through making precison measurements of phenomena that would be subtly effected by the new physics,
 ALICE studying in great detail the general properties of the quark-gluon fluid.
ATLAS and CMS also have abilities in some areas of the physics being probed by LHCb and ALICE.
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Sticky Note
It takes a number of steps to get protons up to speed for collisions in the LHC. 
The collisions at the LHC begin life in a bottle of hydrogen. Protons are extracted from hydrogen.
The protons are accelerated first by the LINAC2 to an energy of 50 MeV and 
then boosted by the three ring accelerators before entering the LHC ring: firstly the PS Booster accelerates protons to 1.4 GeV, secondly the PS to an energy of 25 GeV and thirdly by the SPS to an energy of 450 GeV. 
Finally they are fed into the LHC and in opposite directions and accelerated to 7000 GeV before being brought into head-on collisions.

Note that the mass of a proton is 1 GeV/c**2.

In addition to accelerating protons, the accelerator complex also accelerates lead ions.- Lead ions are produced from a highly purified lead sample heated to a temperature of about 500°C. The lead vapour is ionized by an electron current. Many different charge states are produced with a maximum around Pb29+.- These ions are selected and accelerated to 4.2 MeV/u (energy per nucleon) before passing through a carbon foil, which strips most of them to Pb54+.- The Pb54+ beam is accumulated, then accelerated to 72 MeV/u in the Low Energy Ion Ring (LEIR), which transfers them to the PS.- The PS accelerates the beam to 5.9 GeV/u and sends it to the SPS after first passing it through a second foil where it is fully stripped to Pb82+.- The SPS accelerates it to 177 GeV/u then sends it to the LHC, which accelerates it to 2.76 TeV/u.

--
Text Box
(click for video)

http://dl.dropbox.com/u/18709816/bottle2cms%20SD%20copy.mov

S

ey
The LHC Accelerator

Protons are accelerated by powerful
electric fields to very (very) close to the
speed of light (superconducting r.f.
cavities)

And are guided around their circular
orbits by powerful superconducting
dipole magnets.

The dipole magnets operate at 8.3
Tesla (200’000 x Earth’s magnetic field)
& 1.9K (-271° C) in superfluid
helium.

Protons travel in a tube which is under
a better vacuum, and at a lower
temperature, than that found in inter-
planetary space.
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Sticky Note
The protons are accelerated to very close to the speed of light (99.99999% of c)

In addition to over 1200, 15m-long, superconducting dipole magnets there are other components
Superconducting r.f. cavities for acceleration
Superconducting quadrupoles to focus the beams to a size of about 30 microns at the heart of the experiments
Separation dipoles to separate the beams after crossing each other
Thousands of Sextupole, octopole and decapole magnets to correct for magnetic aberrations
Collimators to clean the beams
Kickers to remove the beam from the machine
Beam dumps to dump the beam 
Etc.
All of these components must continuously function perfectly and in unison when the accelerator is operating.
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Technology: 100 Years of Superconductivity

Liquid helium displays two
phenomena which are both pillars in

the design of LHC:
superconductivity and superfluidity

1908: Kamerlingh Onnes first liquefied
Helium in Leiden (60 mlin 1 hr)
and in 1911 he discovered
superconductivity

LHC today: 32000 liters of He

liquefied per hour by eight big

cryogenic plants - the largest
refrigerator in the world.
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Sticky Note
The LHC magnets are cooled with pressurized superfluid helium.
Superfluid helium has unique engineering properties
   - low bulk viscosity - allowing it to permeate the smallest cracks. Used to advantage in the magnet design by making the coil insulation porous enabling the fluid to be in contact with the strands of the superconductor.
  -  large specific heat - 100,000 times that of the sc per unit mass and 2000 times per unit volume.

It is very noticeable that the experiments indicate that the density of helium, which at first noticeably drops with temperature, reaches a maximum at ~ 2.2K , and if one goes down further even drops again. Such as extreme could possibly be connected with the quantum theory.  K. Onnes, Nobel Lecture 1913.
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Properties of Superfluid Helium

2.3K

217
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Sticky Note
This clip illustrates the two interesting properties of superfluid helium used in the design of the LHC dipole magnets. 

It starts with the beaker containing liquid helium. The rapidly evaporating helium cools the liquid until at 2K a dramatic transformation takes place. Suddenly the bubbling stops and the surface of the liquid helium is completely still. The temperature is being lowered still further but nothing particular happens.

The liquid helium has turned into a superfluid.

The bubbling stops as there is no thermal gradient between the bottom and the top of the liquid – the thermal conductivity has become extremely large! – a feature of great importance for  the good transport of thermal energy.

The second part of the clip shows a container with an unglazed ceramic container with ultrafine pores. Ordinarily this container can hold liquid helium but the moment helium becomes superfluid it leaks through – the superfluid helium has almost zero viscosity!

--
Text Box
(click for video)

http://dl.dropbox.com/u/18709816/Superfluid%20helium.mov
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Kicks

Superconducting radio-frequency cavities
Protons “surf” the electromagnetic waves! And are accelerated.
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The LHC Dipole Superconducting Magnet

Magnetic Field Needed
p (TeV) = 0.3 B(T) R(km)
Forp=7 TeV, R=4.3 km IS Needed!

> B=84T

LHC DIPOLE : STANDARD CROSS-SECTION

Superconductivity

———— ALIGNMENT TARGET

____— MAIN QUADRIPOLE BUS-BARS
_—— HEAT EXCHANGER PIPE
_\_——— SUPERINSULATION
\ _—— SUPERCONDUCTING COILS
- , __ BEAMPIPE
------ ._: _: ”:," i : ’, VACUUM VESSEL
1 —+—— BEAM SCREEN
— AUXILIARY BUS-BARS
= 5“~— SHRINKING CYLINDER / HE I-VESSEL
-/ T THERMAL SHIELD (55 to 75K)
all I~ . . - NON-MAGNETIC COLLARS

" IRON YOKE (COLD MASS, 1.9K)

T~ DIPOLE BUS-BARS

T SUPPORT POST
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Sticky Note
Due to the small transverse size of the tunnel it would have been impossible to fit two independent rings of magnets, one for each beam. Instead a novel design with the two rings separated by only 19 cm inside a common yoke and cryostat was developed. The drawing on the right shows the magnetic coupling between the two apertures with the field vertically upwards in one aperture and vertically downwards in the neighbouring one. The detailed view is shown on the left.
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The LHC Dipole Superconducting Magnet
R Y e = S = | =~

Superconducting ipole magnets are
cooled down in a bath of ~120 tons of

superfluid helium: a very interesting
engineering material
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The Detectors
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Schematic of an HEP Detector

Physics requirements drive the design: 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.

Overall design pf LHC general-purpose detectors was driven the choice of
the (superconducting) magnetic field configuration.
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Sticky Note
The typical form of a collider detector is a “cylindrical onion” containing several layers. 

A particle emerging from the collision and traveling outwards will first encounter the inner-tracking system (Fig. on the right) comprising a collection of pixels and microstrip detectors. These measure precisely the position of the passing charged particles allowing reconstruction of their tracks. Charged particles follow spiraling paths in a uniform magnetic field and the curvature of their paths reveal their momenta. The energies of particles will be measured in the next two layers of the detector, the electromagnetic and hadronic calorimeters. Electrons and photons will be stopped by the electromagnetic calorimeter, and particle jets by the electromagnetic and hadronic calorimeters, allowing their energy to be measured. 

The only particles to penetrate beyond the hadron calorimeter are muons and neutrinos. Muons, being charged particles, are tracked further in dedicated muon chambers. Their momenta are also measured from the bending of their paths in a magnetic field. The presence of neutrinos is deduced as described on slide 24.

ATLAS and CMS comprise technologically advanced detectors covering the full solid angle (4-pi) and arranged in these four principal layers.
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- Particles that are detected in an HEP Detector

Any new particles will manifest themselves through known particles

Quarks and gluons
collimated bunches of long-lived

Photons or stable particles labeled “jets”
Electrons

Taus
Muons

Highly collimated low multiplicity

g o8

Leptons
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Sticky Note
In order to discover the phenomena mentioned above protons have to collide head on, in fact the partons (quarks and gluons) inside the protons have to collide head-on, in what is termed a “hard interaction”, as opposed to a glancing collison where less energy is involved in the physics of the interaction. Any new particles produced as a result of these hard collisions will manifest themselves through the well-studied and known particles of the SM mentioned above. The photons, electrons and muons can emerge into the detectors directly from the hard interaction, whereas quarks and gluons, never visible as free particles, appear in the detectors as collimated bunches of stable or quasi-stable particles labeled “jets”.

An event display of a proton-proton collision in CMS illustrating the inner tracking detector hits and the energy deposits in the electromagnetic calorimeter (red) and the hadron calorimeter (blue). The height of the red and blue towers is indicative of the energy deposited. The muon system is not displayed. The production of “jets” is evident from the collimated bunches of particles. 
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Particles that are detected in an HEP Detector
Any new particles will manifest themselves as known particles
In hadron colliders the initial
And Neutrinos ! momentum of colliding partons
B CMS Bxpeiment at LHC, CERN o\ is not known. However the
RSB f Run 133874, Event 21466935 | momentum transverse to the
| | sat Apr 242010,05:19:21 CEST X beam is ZERO.
_— | 2= e
Electron p =356 GeV/c v | \
s i Any net momentum transverse

M;=71.1GeV/c2

W-oev

to the beam indicates “missing
transverse energy”
(masses << energy)

Significant missing
transverse energy is
indicative of “non-
interacting” particles such as
neutrinos or LSP.

24
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Sticky Note
The presence of neutrinos is deduced follows. In hadron colliders the initial momentum of the colliding partons (quarks or gluons) along the beam axis is an unknown fraction of the proton’s momentum. However the momentum transverse to the beam direction is zero in the initial state. Hence in the final state any large net momentum transverse to the beam would be indicative of the presence of escaping particles such as neutrinos or lightest supersymmetric particles (dark-matter candidate particles) that rarely deposit any energy in the detector. Thus the presence of neutrinos is deduced from the imbalance in the visible momenta of the detected particles in the plane transverse to the beam direction. 
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ATLAS Superconducting TOROID

Design goal: measure 1 TeV muons with 10% resolution
ATLAS: <B>~0.6T over 4.5 m —» s=0.5mm — need ¢,=50um

e Ampere’s theorem:
2nRB=pynl— nl=2x10" At

e With 8 coils, 2x2x30 turns: 1=20kA
(superconducting)

e Challenges:

Design of structure capable of
holding the magnetic forces

High stored energy 1.5GJ,

Spatial & alignment precision over
large surface area

SCC'11 tsv
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Sticky Note
Arguably the most important aspect of experiment design and layout at hadron colliders is the choice of the configuration of the magnetic field for the measurement of the momentum of muons. Large bending power is needed to measure, with sufficient precision, the momentum of charged particles. This forces a choice of superconducting technology for these magnets.

The required performance of the muon system, and hence the bending power, is defined by narrow states decaying into muons and by the need for an unambiguous determination of the electric charge of muons of a momentum of ~1 TeV/c. This requires a momentum resolution of dp/p ≈ 10% at p=1 TeV/c. 

ATLAS chose a large superconducting toroid with B≈0.6T, L≈4.5 m, giving a sagitta, s ≈ 0.5 mm for pµ =1 TeV/c. The design momentum resolution implies that the sagitta has to be measured with a precision of ≈ 50 µm. Each of the eight coils in the barrel region measure about 26m in length and 5 m in width.
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CMS Solenoid

* de/pT o (1/BL2) (Gx/\/Npoints) Pr
® B=|,l0n|;

2168 turns/m—> 1=20kA
(Superconducting)

e Challenges:

4-layer winding to carry enough
current,

_ £ Design of reinforced
CMS Solenoid superconducting cable

TR TR
o g ol R

CMS: B=4T (E=2.7 GJ!)
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Sticky Note
A large bending power can also be obtained for a modestly sized magnet by employing a high-field superconducting solenoid, a choice made by CMS, as the bending starts at the primary vertex. This implies that in CMS for the muon momentum to be measured with the same precision as stated above the sagitta has to be measured with a precision of ≈ 100 µm. A favourable length/radius ratio is necessary to ensure good momentum resolution in the forward region as well. 

Techniques developed for the construction of large solenoids for ALEPH and DELPHI at LEP and H1 at HERA have been used in the design of the CMS solenoid. The main features which have led to the high quality and reliability of these large magnets are the use of a high purity aluminium stabilised conductor and indirect cooling (by thermosyphon) together with full epoxy impregnation. 
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The CMS Superconducting Magnet

CMS Conductor Production

Total 20 + 1 (prototype) conductor units, each of 2550 m length

64.0 mm

29
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Sticky Note
The structure of the CMS superconductor is shown in the line drawing. 

The superconducting wire was made by Outokompu in Finland, turned into superconducting “Rutherford cable” by Brugg Kabelwerke in Switzerland (2nd – 4th images) and co-extruded with
pure aluminium by Nexans, also in Switzerland. This insert was then electron-beam welded onto two plates made of a high-strength aluminium alloy by Techmeta in France (5th image) to enable
the conductor to support the massive outward pressure. The cable, insert and the final conductor were made in continuous and perfect lengths of over 2.6 km in length. The five coil modules were
wound by ANSALDO in Italy (6th image) and are individually shipped by sea from Genoa to Marseille, then up the River Rhone and finally arrive by truck at CERN. The 7.2 m outer
diameter of the coil for CMS was expressly chosen to be small enough that it could be transported from the manufacturing site to CERN without having to widen any roads or pull down
and then rebuild any bridges!
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Completion of CMS Solenoid
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Sticky Note
Lhs: insertion of the inner vacuum tank into the coil and the outer vacuum tank.
Rhs: the completed superconducting CMS solenoid.
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CERN: Founded in 1954

Distribution of All CERN Users by Nationality on 27 October 2009
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Spectacular Operations (Feb. 2007)
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Sticky Note
The modular structure of the CMS experiment allowed the detector to be mostly assembled and tested above ground.

After the superconducting solenoid had been tested in 2006, the detector was carefully lowered into its cavern in 15 large pieces over a period of 15 months. The largest piece was the central element weighing about 2000 tonnes. Its lowering operation is shown in the clip. A special gantry crane of the type used in shipbuilding was used and each lowering operation took about ten hours..

http://dl.dropbox.com/u/18709816/YB0lowering%20copy.mov
--
Text Box
(click for video)

http://dl.dropbox.com/u/18709816/YB0lowering%20copy.mov
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Cables, Pipes and Optical Fibres !
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--
Sticky Note
The slide shows the complexity of the installation of services on the central element of CMS. This included cooling pipes and their insulation (tested to -20°C), low voltage and high voltage cables from the detector (inside the coil – the inner tracker, the barrel electromagnetic and hadron calorimeters) to the balconies outside, the optical fibres from the detector to the underground control room, etc. A stringent QA/QC philosophy had to be followed as when the detector is in the closed position for data taking it would take about 2 months to open and be able to access the service shown.
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CMS Detector Closed
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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!
Look at what exists, innovate and automate to drive costs down
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Sticky Note
At the design luminosity of L=1034 cm-2 s-1 there are a billion proton-proton interactions/sec, by large glancing ones and hence of little interest. The protons in the counter-rotating beams are organized in bunches, each comprising some 100 billion protons, and spaced by 25ns. At the design luminosity there are some 20 interactions/bunch crossing. These parameters lead to formidable experiment challenges. 

Around 1000 charged tracks emerge from the interaction region every 25 ns. Thus, the products of an interaction under study may be confused with those from other interactions in the same, earlier or later bunch crossings. This problem clearly becomes more severe for detectors with a response time longer than 25ns. This effect can be reduced by using highly granular detectors with good time resolution, leading to a low occupancy (fraction of detector elements that contain information in a given event or crossing) at the expense of having large numbers of detector channels. The resulting millions of detector electronic channels require very good time-synchronization.

The particles coming from the interaction region lead to high radiation levels requiring radiation-hard detectors and front-end electronics. Access for maintenance is very difficult, time consuming and highly restricted. Hence, a high degree of long-term operational reliability, similar to that associated with space satellite systems, had to be attained. 
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Pathway of an Innovation

Dirac’s Equation ig =(-ia.V+ My

a most beautiful equation of physics

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

Predicted existence of anti-particles (e.g. positron - basis of Positron
Emission Tomography (PET))

and explained spin (- basis of Magnetic Resonance Imaging (MRI))

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

Radionuclides used in PET scanning are produced by cyclotrons in
hospitals — glucose labeled with positron emitters e.g. Fluorine 18.
PET cameras today use APDs (and Si PMs) and heavy scintillating
crystals and starting to be combined with MRI scanner (s.c. magnets).

The scientific basis for all medical imaging (functional &
physiological) are steeped in nuclear/particle physics

SCCT tsv
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Selection of Interesting Events

A collision is considered interesting if it contains high p; objects
(electrons, muons, jets, E;™'ss, ...)



--
Sticky Note
It is physically impossible to record the data from all the one billion interactions with each one corresponding to ~ 1MB. Hence a selection has to be made; this process is labeled as “trigger” comprising two distinct levels, the first one using custom hardware which examines coarse-grained information and looks for a energy deposits above programmable thresholds, at large angles with respect to the beams as shown in the slide. The rate is reduced to about 100’000/sec and the information from each is transferred to farm of about 10’000 commodity processors located on the surface. The software code in these processors, running in parallel mode, using kinematics information from the interactions select the most interesting few hundred events/s for storage and more refined physics analysis. 

The online trigger system has to analyse information that is continuously generated at a rate of 40,000 Gb s−1 and reduce it to hundreds of Mbs−1 for storage. The many petabytes that will be generated per year per experiment have to be distributed for offline analysis to scientists located across the globe. This data management problem motivated the development of the so-called ‘Computing Grid’.


Imperial College (click for video)

Collisions

CMS Experiment at the LHC, CERN CMS
Tue 2010-Mar-30 13:23:00 CET|-
Run 132440 Event 4285681 |
COM Energy 700TeV
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http://dl.dropbox.com/u/18709816/HIeventAnim.mov
--
Text Box
(click for video)

http://dl.dropbox.com/u/18709816/HIeventAnim.mov
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The Worldwide LHC Computing Grid

i o |

Juctivity Cavtarmial Sarde

The Grid unites computing resources of particle
physics institutions around the world

The World Wide Web
(invented at CERN) provides
seamless access to
information that is stored in
many millions of different
geographical locations

The Grid is an infrastructure
that provides seamless
access to computing power
and data storage capacity
distributed over the globe

SCC'11 tsv
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The Grid at Work

Worldwide LHC Computing Grid connects
100,000 processors in 34 countries
with ultra-high-speed data transfers

Millions of
Gigabytes of
data each

42
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Going on to the Science
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Sticky Note
The conceptual design of ATLAS and CMS was driven by the anticipated but undiscovered physics at the new and special energy scale of the LHC. These experiments should allow discovery of almost anything Nature has in store at this energy scale.

These are instruments unprecedented in scale and complexity and many technologies have been pushed to their limits or were invented/developed for these experiments. 

Their construction required a long and painstaking effort on a world-wide scale. After twenty years, from conception to construction and commissioning, the second half of this journey - that of extraction of physics has started in earnest. It is particularly important to note that both ATLAS and CMS (and indeed the other LHC experiments) are meeting the physics driven design requirements set by the ambitious desires of their designers and builders.

We now illustrate this with a few quantities and then describe some physics results.


In.1p§.ria.l College M m
An ATLAS Z and MET Candidate Event

1’* EXPERIMENT

AT LAS | Candidate Event with a Z—pp and missing E.

Run 167776, Event 129360643
Time 2010-10-28 10:41:18 CET
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CMS Performance: Tracking and Muons
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Sticky Note
This figure shows the distribution of effective masses calculated using the four-momenta of all dimuon pairs detected in CMS upon examination of some 3 trillion proton-proton interactions. The sharpness of the peaks, corresponding to the labeled particle states, depends on the natural width of the state under study, defined as h/(2 pi x tau), where tau is the lifetime of the particle, and/or on the experimentally achievable mass resolution. For example, the observed width of particles such as J/Psi or Upsilon is dominated by the instrumental resolution whilst that of the Z by its natural width. The background can also be seen and the clarity (high signal over background) of the signals is evident. It is remarkable that the ATLAS and CMS experiments, arguably the most technologically challenging scientific instruments ever built, achieved their design mass resolutions after the first few months of data-taking.
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Sticky Note
Almost all of the particles of the Standard Model had been detected by the ATLAS and CMS experiment a few months after the startup. Some of these from CMS are illustrated in this slide. N stands for particles that have deserved Noble prizes for their discovery.



=
Imperial College MM

London

The Physics Programme

« Looking for signals of new physics.

+ Waiting for Higgs: the origin of mass

¢ Seeking SUSY: Could dark matter be revealed?

¢ Extra dimensions: do we live in more dimensions than 47
4

4

Compositeness: is there further sub-structure?
Unknown!

« Of course, all these signals can only be claimed after
understanding Standard Model channels (known
physics as backgrounds)

¢ QCD jets, prompty’s, Jiy, vy, ....
¢ b-quark production
¢ Drell-Yan, W+Z production (plus jets); multi-IVB (WW,WZ,Z2)
+ Top quark
L 4

Very large number of measurements indicate that the LHC
experiments are “physics commissioned”.

SCC'11 tsv 47
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Sticky Note
The Standard Model makes precise prediction for the production of known particles such as quarks and gluons manifesting themselves as jets, photons, top quarks etc. (using the quantum theory of strong interactions – QCD - standing for quantum chromodynamics), W and Z boson production using the quantum theory of electroweak interactions. The ATLAS and CMS experiments must measure these processes and verify these precise predictions before being able to claim any discoveries. This is imperative as known processes can mimic signals of new physics and thus generate backgrounds, sometimes quite severe, to new physics. We shall only be able to illustrate a few cases. However a very large number of measurements already have been made, published in around 100 papers by each experiment. These confirm the predictions of the Standard Model. In this sense we can consider the LHC experiments to have been “physics commissioned”.

The experiments are described in quite some detail in computer codes. When comparing the measurements with the predictions from the Standard Model it is important that this description is accurate. This has been verified using basic quantities such as momenta and energies of charged tracks, electrons photons and jets etc. Monte Carlo physics samples are usually generated with PYTHIA simulation program and with a matrix-element generator (signal) interfaced with PYTHIA. After generation step the events were passed through the full detector simulation with GEANT4 and analysed with the same analysis code.


Impeﬁal College M
Measuring the Production of Quarks & Gluons

" BMS Experiment at the LHC, CERN Candidate Multi Jet Eventat 2.36 TeV
Datasecorded: 2009-Dec-14 03:51:28.667244 GMT|
Run. i, W 124120 '
Event: i W 6613074
bumi‘section: , 2 .
Orbit 22389724

Crossings

{c) CERN 208 All righta reserved, - ™ http:ffiguana.cem chispy
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Inclusive jet (quarks/gluons) productlon
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--
Sticky Note
In order to understand whether the known physics is reproduced correctly one of the important processes to check is the production of quarks or gluons that manifest themselves as collimated bunches of particles (jets). The energy of a jet is defined by adding all the energy in a cone of half-angle of R=0.5 (one-half of a unit of solid angle) as shown in the left hand plot. The right hand plot shows the rate of production of jets as a function of transverse momentum (momentum projected onto the transverse plane) and various angular ranges with respect to the beam direction. It can be seen that the agreement is excellent with the predictions of the theory of quantum chromodynamics  over a about ten orders of magnitude and in different angular ranges.
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Detecting Z Bosons!

Z—opp

.| CMS Experiment at LHC, CERN
CMS, | Run 135149, Event 125426133
Lumi section: 1345
Sun May 09 2010, 05:24:09 CESF

Muon p;=67.3, 50.6 GeV/c \
Inv. mass =93.2 GeV/c? \ ;
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W, Z production: Confronting Predictions

Data correspond to an examination of ~ 3 trillion pp collisions
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Sticky Note
Another important process to understand well is the production of W and Z bosons as it presents substantial background to new-physics processes involving charged leptons and missing transverse energy such as from production of conjectured supersymmetric particles. This process also tests the efficiency and accuracy of the reconstruction of charged leptons (electrons and muons) and missing transverse momentum (from neutrinos). As can be seen the measurements from the experiments is already starting to test the theoretical predictions at the levels of their precision (a few percent).
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Known physics is meas

Searches beyond known physics
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Central Heavy lon Event

Mon 2010-Nov-08 11:22:07 CET
Run 150431 Event 54146
C.OM. Energy 72 TeViE

CMS Experiment at the LHC, CERN ( J\ﬁ/
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Quarks and Gluons in a Dense Medium

* Fragmentation of quarks and gluons into

jets is strongly modified as they traverse

the quark-gluon medium created in

head-on (central) high energy Pb-Pb

collisions - labeled “jet quenching”.

. -
» Such effects were observed in at RHIC

for single particle spectra and particle
correlations. “—

At the LHC one can fully reconstruct
the jets! —

SCC'11 tsv 54
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Formation of Quark-Gluon Fluid

“Jet Quenching”: ATLAS
ATLAS

14 EXPERIMENT

CATLAS

13 EXPERIMENT

ven more central collision, more asymmetric dijet
55
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Sticky Note
For the creation of quark-gluon fluid the lead-lead ions must interact head-on. This is signaled by high energy detected in the detectors close to the beam-line indicating a more head-on collision. This sequence of event displays shows one of the jets in the two back-to-back jets dissolving as more central (head-on collisions) events are examined indicating that quark-gluon fluid has indeed been formed.
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Compositeness: do quarks have sub-structu;;?
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Sticky Note
One of the first searches that is made at a new and higher energy accelerator is to look for sub-structure. In a repeat of the experiment Rutherford performed exactly 100 years ago we look for a jets at large angles with respect to the beamline. In QCD, the jet production rate peaks at small angles. Several new physics scenarios, including models of quark compositeness, produce a more isotropic angular distribution leading to enhanced jet production at large angles. The ratio of jet pairs produced in a more central region is compared with that in an angular region closer to the beamline is compared with the predictions from QCD. No deviation is found from expectation and a limit on the size of the quarks is smaller than 5.10**-18 cm.
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Is there a difference between

matter and force particles?

The difference between matter particles and force particles is what
we label “spin”. How profound is this difference?

Nature may indeed have put the two on the same footing!
Could be the “ultimate symmetry” thus labeled “supersymmetry”

And it is the last remaining symmetry that we do not quite know
how and where Nature has used it

Predicts a doubling of all known fundamental particles !!!

—
Standard particles SUSY particles

U cC i

S22 N2 @ <2

[
~
Vi
g
T

Circumstantial evidence points to supersymmetry being relevant
at the LHC! AND the lightest particle of this new species may
explain “dark matter”
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Sticky Note
Even if the Higgs boson exists, all is not completely well with the SM alone: the next question is “why is the mass of the Higgs boson so low”. If a new symmetry (supersymmetry) is the answer, then it must manifest itself at the 1 TeV energy scale. Supersymmetry, which propounds that there should be no difference between matter particles (with half-integral spin) and force particles (with integral spin), can address such an issue. It predicts a doubling of the known particle spectrum, each known particle having a superpartner. The lowest mass superpartner is considered to be a prime candidate for dark matter. 
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Supersymmetry: a New Zoology of Particleé;?

Gluino decay chain for LM0

R g—=bb +ce (54%)

b—=nW~ (43%)

/ i — W (100%)

200

Searches require several (high-P-) m:_ H' — iy 1
jets + (high) ME; and charged [ neutralino (LSP) i;; =% ud, ) 5 (66%)
leptons. 1E;I ‘
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Sticky Note
Supersymmetry predicts a doubling of the particle spectrum: every particle would have a super-partner with its mass determined by the chosen parameters of the model. The figure on the right shows the predicted spectrum of the super-particles for a particular set of these parameters in the Constrained Supersymmetric Standard Model. The decays of supersymmetric particles, such as squarks (quark superpartners) and gluinos (gluon superpartners), involve cascades that always contain the lightest SUSY particle (LSP) if a quantum number labeled R-parity is conserved. The LSP is expected to escape detection leading to significant missing ET in the final state. The rest of the cascade can result in an abundance of leptons, b jets and/or tau-jets. 
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CMS:Search for Supersymmetry - Update
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ATLAS Searches* - 95% CL Lower Limits (Lepton-Photon 2011)

MSUGRA/CMSSM : 0-lep + E; ..,

Simplified model (light i‘:] :0-lep+ E

T miss

Simplified model (light f':] (0-lep + Ep e

T miss

Simplified model (light f:] :0-lep + E.

Simpl. mod. (light f:] : 0-lep + b-jets + E

T miss

Simpl. mod. (ﬁ—)ﬁi':] : 1-lep + b-jets + E

T miss
Pheno-MSSM (light f:] 12-lep SS + E;
Pheno-MSSM (light )‘[‘:] : 2-lep OS.SF +E

T miss

GMSB (GGM) + Simpl. model : yy + E

T miss

GMSB : stable T
Stable massive particles : R-hadrons
Stable massive particles : R-hadrons
Stable massive particles : R-hadrons

RPV (1;,=0.01, 1,,,=0.01) : high-mass ep

Only a sefection of the available results leading to mass limits shown
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Sticky Note
One example of such a search is illustrated here where more events than expected would be a sign for the production of particles predicted by supersymmetry. We look for events with large amount of hadronic transverse energy, multi-jets and missing transverse energy. A quantity alpha-T is formed which quantifies the imbalance between visible and invisible transverse energy. No deviation from expectations is found and a limit on the mass of the squarks and gluinos is set at around 1 TeV/c**2 in the context of CMSSM. The bar chart on the right shows such limits using other signatures.
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Search for Heavy Vector Bosons W’/Z’ ssm

Heavy vector bosons could arise from e.g.
- grand unified theories
- models with extra dimensions

Muons + missing E;
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Sticky Note
Many models of new physics predict the existence of narrow resonances, possibly at the TeV mass scale, that decay to a pair of charged leptons. These resonances are predicted in the context of Grand Unified Theories, theories with extra space dimensions, new strong interactions with a new charge such as “technicolur” in analogy with the “colour” charge of QCD amongst others. A search has been made along the lines of W and Z production but at higher masses. As can be seen for the plots no evidence has yet been found for such resonances and lower limits on their masses is set at around 2 TeV. In setting these limits the branching fraction to leptonic decay modes has been assumed to be the one observed for the known W and Z particles. This does not have to be the case, and if so the limits would then be weaker.
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Microscopic Evaporating Black Holes

THE signature of low-scale quantum gravity (M, << M,))
BH formation when the two colliding partons have distance smaller than
Rg,, the Schwarzschild radius corresponding to their invariant mass
Large cross section from geometry: o = nRg? ~ TeV-? (up to ~100 pb!)

Microscopic BHs decay instantaneously via Hawking evaporation

emitting “democratically” a large number of energetic quarks, gluons, leptons,
photons, W/Z, h, etc.
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Expect lots of activity in the event, so
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Search for Microscopic BHs
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Sticky Note
A search is made by looking for larger than predicted number of events with large values of S_T. The dominant multijet background can only be estimated reliably from data. For QCD events S_T is almost completely determined by the hard 2-to-2 parton (quark and/or gluon) scattering process. Further splitting of the jets due to final-state radiation, as well as jets due to initial-state radiation – most
often nearly collinear with either incoming or outgoing partons – does not change the S_T value considerably. Consequently, the shape of the S_T distribution is expected to be independent of the event multiplicity N, as long as S_T is sufficiently above the turn-on region. As can be seen from the plot no deviations have been observed and a lower limit in the range of a 3.5-4.5 TeV/c**2 is set for the mass of a black hole.
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Sticky Note
Now we look at the search for the Higgs boson . 
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Sticky Note
So far we have not examined a sufficient number of such collisions to make any meaningful statement about the existence or not of the Standard Model Higgs boson in the mass range indicated by previous resultsto be most favoured i.e. in the region between 115 and 150 GeV/c**2 (plot on lower left). The current data disfavour, at a confidence level of 95%,the existence of a Higgs boson in the hatched ranges.
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Outlook 2011-2012

Physics with
> 1 thousand trillion proton-proton interactions

Make more precise SM measurements — confront theory
Search for the Higgs Boson

Search for Supersymmetry

Search for conjectured new physics

Look and be prepared for the unexpected
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Sticky Note
No sign of new physics has yet been found. However, these are early days and only a small fraction has been examined of the number of proton-proton collisions finally expected. 

It is anticipated that by the end of 2011 we shall have examined some 300 trillion proton-proton collisions and by the end of 2012 over 1000 trillion.

This will not only allow more precise confrontation with the predictions for known physics, but also to extend the searches for new physics, and especially make a meaningful statement as to the existence or not of the Standard Model Higgs boson.


Imperial College M@

London

Conclusions: The LHC Project

* The LHC project (the accelerator and experiments) was conceived &

designed to attack fundamental questions in science:

about the origin, evolution and composition of our universe.
In particular, what is the origin of mass, what constitutes dark matter,
do we live in more than 3 space dimensions,
why is the universe composed of matter, and not antimatter.

‘Unprecedented instruments in scale and complexity operating in an
unprecedented & hostile environment.

* Driven by the science many technologies pushed to their limits.

* The Project has required a long and painstaking effort on a global
scale — a tribute to human ingenuity and collaboration.

* The accelerator and the experiments are unparalleled scientific
instrument(s) - powerful “microscopes” as well as powerful
“telescopes”.
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Outlook

After twenty years of design, construction the 2"9 half of the journey
of extraction of physics has started in earnest. A new era in modern

physics has been launched. The accelerator and the experiments are
now operating very well.

The LHC experiments have become physics producing engines!
They have observed all particles of the standard model (save for
neutrinos directly) and are already exploring new territory.

It is just the beginning - but tremendous encouragement for the
future. A long and interesting journey lies ahead.

All expectations are that what we find at the LHC will
reform our understanding of nature at the most
fundamental level.

Only experiments reveal/confirm Nature’s inner secrets.
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