Gauge Bosons, and the Higgs

When the W and Z bosons (the particles which convey the weak interaction, the cause of beta radioactive decay, and the reason why our sun shines) were discovered at CERN in the 1980s, it was not really understood why they have such a large mass.  Things with a large mass cannot easily travel at high speeds, whereas the bosons conveying the electromagnetic interaction (which are called photons – the particles carrying light energy) have no mass at all and ALWAYS travel at the highest speed possible – c.   A previous theory, which had been proposed in the 1960s by Peter Higgs (ex City of London School) – worked out while he was hill walking in Scotland one weekend - gave scientists a bit of a clue as to how some things might acquire mass whereas other things might not. It is apparently all to do with yet another (as yet unknown) interaction, but this interaction explains an asymmetry at low energies and pressures. Some particles interact a lot with this ‘Higgs field’ and have a large mass, others not so much and have a low mass, and some (like photons) do not interact at all and have no mass whatever.  In the very early universe, it is thought that all bits and pieces were the same, but that within a very short time, as the universe cooled a little, the Higgs field kicked in, giving different bits and pieces the different masses we know them to have today. Maybe even the three interactions – strong, electro-weak, and gravity were the same for about a fraction of a billionth of a second.  The particle carriers of this weird Higgs effect are called Higgs particles or bosons.  Everything which can be thought of (superficially) as a continuous field - or wave - in physics is in fact lumpy.  So a field (even gravity we suppose) consists in its microscopic detail as lots of small particle carriers.  Some of these particle carriers, like the Ws and the Z, have mass and decay quickly while others, like the photon, do not and so do not decay.  This lumpiness of nature in its minute detail is the essence of the quantum theory, a theory which has at its very heart the very small, but discrete, way in which individual effects are conveyed on a one to one basis.  (A quantum is a miniscule but definite size.)  So a Higgs field will be represented by Higgs particles/bosons.  The Higgs particles themselves are not expected to hang around for long after their production in the LHC, because they themselves are quite massive, and producing them has in the past been difficult or impossible because of the large energy required.  They will quickly decay into other things which can be detected.  Scientists can then work out what elementary particles caused these detectable decay products. That is the way things happen in science; many indirect clues lead directly to theories and discoveries.

The idea of one particle giving another mass is a bit counter-intuitive. Isn't mass an inherent characteristic of matter?  If not, how can one entity impart mass to another by simply interacting with it?  An analogy describes it well. Imagine you're at a party of plebs in the Tour Baudet of Geneva’s Hôtel de Ville. The crowd is rather thick, and evenly distributed.  All are chatting. When the Mayor of Geneva arrives, the people nearest the door gather around him. As he moves through the party, he attracts the people closest to him, and those he moves away from return to their previous conversations. By gathering a fawning cluster of people around him, he's gained momentum, an indication of mass. He's harder to slow down than he would have been without the crowd. Once he's stopped, it's harder to get him going again.  The Mayor – the big VIP at the party - is the particle which interacts with the Higgs field, and the lesser-known people at the party who are a drag on him are the Higgs bosons. Why some particles are dragged and have mass, yet others are not is a mystery. (http://www.exploratorium.edu/origins/cern/ideas/higgs.html)

Large Hadron Collider

LHC is a particle accelerator, known as a synchrotron because of the way the charged particles are accelerated up to high speeds within it.  It is a collider because having accelerated the charged particles up to the speed of light in two opposite directions, the two beams are made to hit head on.  The main source of the particles (for the LHC and other rings) is simply a bottle of hydrogen at the back end of ‘linac 2’ one of the linear accelerators at CERN.  This provides protons because the nucleus of hydrogen is a single proton.  Acceleration of charged particles is essentially based on an easy principle.  Unlike charges attract and so you can pull protons around by dangling a carrot in front of them – opposite charges.  You could view the event a bit like the acceleration of greyhounds at Walthamstow.  During the race, the greyhounds are attracted to the ‘hare’, and the ‘hare’ is made to go faster and faster as the dogs themselves get faster.  The hares in particle accelerators are metal plates which have charges given to them at just the right moment.  The charges are provided at just the right time by well tuned electric oscillations like those in the transmitter of a radio station.  They are made to occur in precisely sized cavities made of superconducting material for greater efficiency. The accelerating system is therefore referred to as a system of superconducting radio frequency (RF) cavities.  Liquid helium at a temperature less than 2 Kelvin helps the process.
In the beam, each unit of proton bunches is approx. 9.5 metres long – most of that being the gap between bunches because each proton bunch is only 7.5 cm long - and there will be 2808 groups of protons circulating each way, each group/bunch consisting of 14,000,000,000 protons. This will be happening 24 hrs a day, but each ‘proton injection’ will probably only last a day before the particles are dumped into 10 metres of lead (near to the CMS experiment) and the ring is refilled with a new lot of protons. The hope is that by colliding these bunches and therefore simulating conditions that existed at the creation of our universe, we find the Higgs boson ('The God particle') or something similar to it, which will confirm certain aspects of the Standard Model of particle physics - a theory demonstrating the forces within and the make-up of an atom.  The LHC project consists, amongst other things, of three ring shaped tunnels. The largest of the three tunnels has a diameter of about 27 km, qualifying the LHC as the world's largest machine. The two smaller rings are used to provide initial acceleration to the hadrons – mainly protons but sometimes large ions like lead ions - before being transferred to the main ring. At designated points in the main tunnel there are four stations where the beam of protons will be made to cross over and probably collide. The stations, ATLAS, ALICE, LHCb, and CMS, all take readings from these collisions in order to be analysed. Researchers at CERN will look to find distinct signatures to identify initial particles given off as a result of these collisions.

One could perhaps imagine the beams of protons as a couple of Transport for London Circle Line trains, one going clockwise and the other anticlockwise – both however moving faster than usual, each at about 1500 miles per hour! If the trains were made to collide head on, the large body of the trains would fragment into many smaller pieces.  However, in the LHC collisions, extra pieces (and anti-pieces) will be created due to the energy. There will be about 600 million particle collisions happening at enormous energies every second, but only a very small number of these collisions in LHC will be of any use in research.

LHC was approved for construction in 1997 and was given permission to use the old tunnel that was previously housing the LEP at CERN.  There have been linear accelerators in the USA which have led scientific research, despite being limited in size when compared to the LHC. If the smaller linear accelerators have achieved so much, then we can expect the LHC to throw up quite a lot of information.

LHC’s inner ring is to be cooled down to reach a temperature of 1.9 K (–271°C), colder than deep outer space (270.3°C)!  The magnets are the world’s largest superconducting installation. The entire 27 kilometre LHC ring needs to be cooled down to this temperature in order for the superconducting magnets that guide and focus the proton beams to remain in a superconductive state. Such a state allows current without resistance, creating a dense, powerful magnetic field in relatively small volume magnets. Guiding the two proton beams as they travel at nearly the speed of light, curving around the accelerator ring and focusing them at the collision points is no easy task. The particles are so tiny that the task of making them collide is akin to firing needles from two positions 10 km apart with such precision that they meet head on halfway! A total of 1650 main magnets need to be operated in a superconductive state, which presents a huge technical challenge. 

There are three parts to the cool down process. During the first phase, sectors of the ring are cooled down to 80 K, slightly above the temperature of liquid nitrogen. At this temperature the material will have seen 90% of the final thermal contraction, a 3 millimetre per metre shrinkage of steel structures. Each of the eight LHC sectors is about 3.3 kilometres long, which means shrinkage of 9.9 metres! To deal with this amount of shrinkage, specific places have been designed to compensate for it, including expansion bellows for piping elements and cabling with some slack. 

The second phase brings the sector to 4.5 K using enormous refrigerators. Each sector has its own refrigerator and each of the main magnets is filled with liquid helium, the coolant of choice for the LHC because it is the only element to be in a liquid state at such a low temperature.

The final phase requires a pumping system to help bring the pressure down on the boiling helium and cool the magnets to 1.9 K. To achieve a pressure of 0.0015 atmospheres, the system uses both hydrodynamic centrifugal compressors operating at low temperature, and positive-displacement compressors operating at room temperature. Cooling down to 1.9 K provides greater efficiency for the superconducting material and helium's cooling capacity. At this low temperature helium flows with virtually no viscosity and allows greater heat transfer capacity. 
By contrast the LHC is also a machine of extreme heat. When two beams of protons collide, they will generate temperatures more than 100,000 times hotter than the heart of the Sun, concentrated within a minuscule space.

Source:http://public.web.cern.ch/public/en/LHC/Facts-en.html
Source: http://engineering.curiouscatblog.net/images/cern-magnet.jpg
ATLAS and CMS

These two detectors (of six or so) of the LHC are due to look for the Higgs boson, extra dimensions (over and above our known four) and dark matter, but they use different methods in order to achieve their aims. One experiment is used to back up the other, because in science, one result from one experiment is never enough to show anything conclusively.
ATLAS (A Toroidal LHC ApparatuS) is situated across the public road from the main entrance to CERN’s Meyrin site.  This is the closest that the path of the LHC comes to CERN’s main campus. The detector itself is 46m long, 25m high and 25m wide. It consists of eight 25m long superconducting magnets which create a vast magnetic field. Built within an enclosed cylinder, it consists of:

· an inner tracker to measure the momentum of individual charged particles.

· a calorimeter to measure the energy carried by individual charged particles.

· a muon spectrometer to measure the energy ranges carried by muons.

(Muons are particularly difficult to detect and so muon detection occurs as the last step – on the outside of these enormous detectors.  A muon is like a big electron – an electron’s grandfather)!

The system of magnets bends charged particles inside the detector in order to be able to measure the momentum of them.
CMS (Compact Muon Solenoid) consists of one huge superconducting solenoid (electromagnet) which is the world’s biggest.  It is capable of creating a magnetic field of 4 Teslas - 100,000 times that of Earth’s field and having enough stored energy to melt 18,000 kg of gold.  Confined within 12,500,000 kg of steel.  It consists of:

•    a silicon tracker, which measures the momentum of charged particles.

•    a hadronic calorimeter, measuring the energy carried by hadrons.

•    a solenoid magnet, which measures the charge/mass ratio of particles.

It was built on the surface in 15 sections before being taken underground.  The site for CMS is diametrically opposite the site of ATLAS and so is the furthest experiment from Meyrin.  The large hole drilled into the ground for lowering the equipment caused major problems for civil engineers as it was discovered quite early on that there was a large stream flowing through the soil at this point.  Engineers had to devise a way of making the soil strong enough to withstand the stresses of lowering the machine.  The solution sounds simple but was difficult to organise; freeze the water.

Although CMS is about 1.5 times the mass of ATLAS, its volume is smaller – hence the word ‘compact’ in its name.  Its magnet is the largest solenoid ever built. The tracker consists of 250 square metres of silicon detectors placed around its circumference, the equivalent area of a 25m long swimming pool. Each silicon detector has more than 23 million silicon detector elements within 0.5 square metres. 

The lead tungstate crystals in the electromagnetic calorimeter are 98% metal but are completely transparent.  They give a flash of light when a particle is absorbed and they have a total mass equivalent to that of 24 fully grown African elephants. This enormous crystal structure, supported by 0.4 mm thick structures made from carbon-fibre and glass fibre to a precision of a fraction of a millimetre, is monitored by photodiodes and tube sensors. These convert the light from the crystals into an electric signal that is amplified, processed and transmitted to a computer system. The trigger system selects only the interesting events from the collisions, and sends them to the data acquisition system.  

Both ATLAS and CMS individually will produce data equivalent to 10,000 Encyclopaedia Britannicas every second.
There are (at least) four other LHC detection experiments dotted around the ring – two big ones just like ATLAS and CMS, and two smaller ones.  As well as ATLAS and CMS, there is ALICE – A Large Ion Collider Experiment, situated where the L3 experiment in the old LEP used to be, and LHCb, where the old DELPHI apparatus was.  ALICE will look for quark gluon plasma, the stuff (unbound quarks) that existed at an instant after the Big Bang, and LHCb (the b standing for beauty) will check for charge parity (or space) violation - CP violation - and give clues as to why the symmetry between matter and antimatter went slightly askew, leaving us with the little(!) amount of debris that is our universe of today.  The idea of symmetry, or lack of it, in our universe is not an easy one, but there are good reasons to believe that nature in general has ‘CPT symmetry’, the T standing for time – the fourth dimension.  This effectively means that after reversing charge, space and time, all particles and anti-particles would behave identically and would be indistinguishable in the way they decayed.  All this implies that if there is CP symmetry, there will be T symmetry (or what is called time reversal invariance) in order to preserve the natural order of total CPT symmetry. The problem arises when there is CP violation (which has been detected very occasionally under the weak interaction).  CP violation implies time reversal variance exists, and that antimatter moving forwards in time (mathematically equivalent to matter moving backwards in time) does not behave in the same way as matter moving forwards in time!  The laws of nature are therefore probably not exactly the same for matter and antimatter as time progresses. If nature treated matter and antimatter alike, then, in physics-speak, nature would be CP symmetric. If not, CP is violated – and it is violated on occasions!

The Big Bang should have created equal amounts of matter and antimatter, with subsequent annihilation leaving neither behind. However,owever the observable universe has about ten billion galaxies that consist entirely of matter (protons, neutrons, and electrons) with no antimatter (antiprotons, antineutrons, and positrons). Very soon after the Big Bang, something must have caused the CP violation that skewed the equality in the number of matter and antimatter particles and left behind excess matter. The weak interaction by itself can only explain a small amount of CP violation, not enough to leave matter for even a single galaxy. Some other hidden force—not accounted for in our Standard Model of particles and forces—must have been responsible for the extra CP violation that led to the universe we observe. LHCb will look for CP violation large enough to account for the all-matter universe around us. (ref. Yosef Nir, Weizmann Institute of Science, Israel - http://www.symmetrymagazine.org/cms/?pid=1000194)
The two smaller experiments are TOTEM, (TOTal Elastic and diffractive cross section Measurement) situated next door to CMS, and LHCf (the f standing for forward).  TOTEM will try to measure the size of a proton very accurately, and LHCf will investigate the production of cosmic rays.

THIS THEN IS WHAT THE LHC PROJECT IS ALL ABOUT.  WE HAVE TRIED TO LEAVE MATHEMATICS OUT OF OUR DISPLAY BECAUSE PEOPLE SAY MATHS IS TOO COMPLEX; BUT EXCLUDING THE MATHS MAKES DESCRIBING AND EXPLAINING THINGS IN ENGLISH ACTUALLY MORE DIFFICULT FOR US.  MATHEMATICS IS AN EFFICIENT LANGUAGE WHICH MAKES IT ALL MUCH EASIER TO COMMUNICATE SOME OF THESE WEIRD IDEAS.  THAT IS WHY IT IS SUCH A USEFUL METHOD OF COMMUNICATION FOR SCIENTISTS AND ENGINEERS.

THE NEXT PROJECT BEYOND LHC (in ten years or so) WILL BE TO BUILD A LINEAR ACCELERATOR OF ABOUT 30 KM IN LENGTH, AND SMASH ELECTRONS AND ANTI-ELECTRONS (POSITRONS) TOGETHER (just like in the old LEP experiment but at much higher energies).  ITS NAME IS ‘CLIC’ (Compact LInear Collider) AND MODELS ARE ALREADY BEING TESTED.  ‘Click on to CLIC’ in Google to find out more.
THE UK WILL NOT BE HELPING TO FUND CLICK.  IT APPEARS TO BE DROPPING OUT OF FUNDAMENTAL SCIENCE RESEARCH.
OVER THE LAST FIFTEEN YEARS OR SO, EIGHTEEN YEAR OLDS FROM THE CITY OF LONDON SCHOOL HAVE BEEN PRIVILEGED TO VISIT CERN, AND TO MEET PHYSICISTS (SOME OF THEM NOBEL PRIZEWINNERS) WHO CAN INFORM ON HOW THE UNIVERSE BEGAN – BUT NOT ON WHY IT BEGAN.

