In Search of the Top Quark - Lecture 1

Dr. B. T. Huffman 27/02/01

Brief, completely biased history of Top quark searches

In the mid 70’s there was little reason to expect that there would be yet another generation of quarks and leptons in the Universe. The matrix that describes the weak transitions between quarks of different flavor was the simple 2x2 Cabbibo matrix. This matrix was required to be Unitary, this implies that, for a 2x2 matrix there is, in fact, only one free parameter in the matrix and that would have to be the Cabbibo angle itself.

As is often the case in the forefront physics of the day, all was not completely well. The first indicator was the existence of CP violation. This was discovered in the early 60's and never had achieved a satisfying explanation. Within the quark model this effect could be accommodated, but not predicted, if one has a non-trivial phase between the off-diagonal and diagonal elements of the Cabbibo matrix. But as stated earlier, the Cabbibo matrix with only two generations must contain only one free parameter which is the Cabbibo angle that describes how often a charm quark decay skips the generation boundary and directly decays into a down quark rather than a strange quark.

By 1976 the quark model of particle physics was beginning to gain the acceptance of the community, though there was still quite a bit of skepticism. The tau lepton had been found by the mid seventies but there was no reason to suppose that a new generation of leptons implied another generation of quarks. (In fact, I know of no reason still why this must be true in the standard model, or even in most theories that claim to go beyond the standard model.) In 1976 and 1977 at Fermilab and at SLAC the Upsilon particle was found and this was quickly realized to be the next quark in a new generation of quarks that would match the three lepton generations. The mass of the Upsilon, which is a bottom-antibottom pair, implied that the mass of the bottom quark was something like 5.0 GeV/c2, which was quite a high mass and about 4 times larger in mass than the charm quark.

One thing that this relatively new quark model did predict however, was that if you found one new quark in a new generation, there had to be another one. Furthermore, it was quickly discovered that the quark found had a -1/3 electric charge relative to the positron. This fit with the previous generation of quarks where the strange quark is lighter than the charm quark and also has the -1/3 charge. So everyone knew that there had to be a new quark, the top quark….and based on the masses of the previous generation they also all knew that it had to be somewhere between 15 and 30 GeV/c2.

The game was afoot! 

But had anyone in 1978 stood up in front of a physics conference and given a talk on building Trillion electron-volt accelerators to find the top quark because it's mass must be around 200 GeV/c2, they would have been laughed out of the field, let alone the conference. No one expected to find what nature actually gave us.

What is the Tevatron?

Proton - antiproton collider. 1.8TeV center of mass energy (from 1985 to present) has beeen upgraded to have 2.0TeV center of mass energy in the year 2001. To get to these energies requires a 4 mile circumference underground ring located on the Illinois plains about 40 minute drive outside of Chicago (west of Chicago, not east, if you go east you have to drive through lake Michigan and this is not good on your engine). April 2001 is also when the next running of CDF begins.

How Top quarks are produced in a proton antiproton collider.

There are 4 tree-level Feyman diagrams that contribute to the production of the top quark. Three of the four involve the interactions between the gluons in the proton and antiproton and only one involves an interaction between the valance quarks. At Fermilab, as long as the top quark has a mass less than 100 GeV/c2, the gluon diagrams dominate. This is entirely related to the nature of the structure functions of the gluons and quarks (sometimes also called the partons) inside the proton.

Below are these diagrams:
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Parton structure functions are given in terms of the fraction of the total proton momentum carried by the parton (gluon or quark) called x and is therefore a number between 0 and 1.0 by definition.

Formula: M2 = s x1 x2  — The expression of the available mass for producing top quarks. x1 x2  are the momentum fractions with respect to the parent particle of the incoming partons (quarks or gluons inside the proton). 's' is the square of the center of mass energy which is twice the beam energy in this case.

Question: Given that parton A's momentum inside the proton (or antiproton) is x1pA, derive the above formula. With the axes x1 and x2, sketch the allowed region to produce a 175 GeV/c2 top quark-antiquark pair?

When these Feyman diagrams are combined with the parton structure functions one ends up with the total cross section for producing top quarks at the Tevatron. This cross section, as a function of the assumed mass of the top quark, is shown below.
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The top-quark cross section at the Tevatron as a function of the mass of the top quark. Single top quarks are rare, so this cross section assumes that an anti-top quark would be produced with the same rate.

What are the decay modes we can detect of the top quarks?

All top quarks decay into a W boson and a bottom quark. 

Note that because the 2x2 Cabbibo matrix is essentially unitary already, adding another generation to this matrix requires that we only add a diagonal element which is very close to one. The off-diagonal elements of the third column and row of the now 3x3 Cabbibo-Kobyashi-Maskawa (CKM) matrix must be quite small in order to maintain consistency with what we already know about charm quark decays and still keep the CKM matrix unitary.

The short answer is that top quarks decay into a W boson and a bottom quark.

The W boson has a very clean decay signature. As you have seen before, it can decay to an electron or a muon and a neutrino. Consequently, top quark decays are searches for the decays of the W boson.

Branching fractions of top quarks to the modes involved in the search:

In previous lectures you will have learned that the branching fraction of a specific decay of the W boson is simply the number of allowed decays to that mode divided by the total number of available decays. One must always keep in mind when doing this that the quarks get a weight of 3 because each quark could have one of three different color charges.

Here are some corresponding branching ratios for various decays of a top - anti-top pair. Note that I have only included here the decays that traditionally were the discovery modes for the top quark. There are other decays which do no produce any electrons or muons in the final states.
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Question: I've supplied the branching fractions for some of the decays above. Based on what you know about the decays of the W boson and some simple statistics, calculate the rest of the BR's above.

Why are these modes picked out of the different ways a top quark and antiquark can decay? Because all of the other decays produce 6 jets. Simple QCD can also produce 6 jets, but with a much higher rate than producing top quarks. So in a 6-jet mode you are forced to look for a tiny excess above a non-distinguishable background. 

Question: Can you think of a Feyman diagram of quark interactions that would finally end up in a detector with 6 jets?

The human factor kicks in here as well, when you are trying to discover something, it had better be in an obvious signature, otherwise no other physicist will believe the result. There are too many things that are not understood about 6 jet events both with the process itself and with the ability of the detectors to actually detect a 6-jet event. So the work needed to convince a skeptical community that you actually found the top quark in a 6-jet event is many orders of magnitude higher than the amount of work necessary to convince that same community you've found a t-tbar to e-mu event.

How many top quarks would the two experiments expect to see

The plot shown of the top quark cross section is the result of including not only these lowest order diagrams, but also diagrams to next-to-leading order in the strong coupling constant. (Theorists use the phrase NLO to denote this, that way they can easily have next-to-next-to-leading order and denote that with NNLO rather than just having to go to the trouble of saying ‘alpha_s to the fourth’.) As you can see, for a 140 GeV/c2 top quark, the cross section is about 20pb (picobarns or 10-12 barns). As you may remember, a ‘barn’ is a unit of area equal to 10-24cm2. So as you can see this is really a huge unit on the scale of making a top quark.

Question (off syllabus alert!): Draw one or two simple Next To Leading order Feyman diagrams. These diagrams do not involve extra production of top quarks, you still only get one top and one anti-top quark in the end. You need to think, based on what  you know about the various coupling constants and force charges are carried by the top quarks, what is the most likely additional particle to add to the basic diagrams.

The cross section is one part of two things that you need to determine how many top quarks you will get per unit time in a high energy physics experiment. You also need to know the luminosity or the number of particles impinging on each other per unit time per unit area. For the Tevatron the early luminosity hung around 1029 cm-2s-1. The rate of collisions is then achieved simply by multiplying the two numbers together. In the end, given that your accelerator can run for a few years before it breaks and people get tired of staying up late on shifts, you can get the total number of top quark pairs that one should see.

For this example, if we assume that you actually only run the accelerator about 100 days out of the year (which is pretty much true given shutdowns, holidays, and general problems) this would give you all of 20 top quarks in a year. And over 65% of those will decay into channels that you can't distinguish from background!

For this reason there is always a push to increase the luminosity of the accelerator. By the end of the last run at Fermilab, the Tevatron was delivering an average of 5x1030 cm-2s-1 of luminosity when it was operational.

Almost by the end of the last run of the Tevatron, the following numbers of events were predicted for ttbar pairs decaying into two leptons (the lowest rate but the cleanest channels for top decay):

Number of Top Quark Pairs Expected as a Function of Top quark Mass

t tbar ( l+l- + 2 Jets only

Mass GeV/c2
#events expected in CDF
#events expected in D0

150
6.2
2.4

160
4.4
2.0

170
3.0 
1.6

180
2.4
1.2

Number of Background events faking t tbar ( l+l- + 2 Jets from various sources

Background source
#events expected in CDF
#events expected in D0

Z ( +-
0.38
0.16

Drell Yan
0.44
0.26

Fake elect. or muon
0.23
0.16

Bottom and Charm quark prod.
0.03
0.03

Double W or Wand Z prod.
0.38
0.04

An overview of one of the two detectors (CDF)

This will be an overview of CDF; because I was on it, because they found top first, and because I'm writing these lecture notes.

You have, no doubt, heard of the 'onion' model of the universe, where there are layers of successive particles and theories as we probe ever smaller in distance and ever higher in energy? Well this is the 'onion' model of detector design in high energy physics. Every detector that has ever accomplished a general physics program in the last 3 decades has followed these general principles.

The object is two fold:


1). Measure the energy and momentum of all the particles.


2). Find out what the particles are.

There are two ways we have of measuring the energy/momentum of particles (you can think of energy and momentum as essentially the same thing in these experiments because all the particles have so much more energy than their mass that they are massless in the first approximation). One of the two ways measures the momentum and trajectory of the particles and does not really interfere with the path the particle takes. These are the 'tracking' and 'vertexing' detectors. 

The second measurement involves stopping the particle in a lot of matter and seeing how many atoms explode as the particle bounces its way to a stop. Needless to say this method DOES interfere with the particle. These are called 'calorimeters'.

Question: Got any ideas which method is used closest to the interaction point?

We'll start from a particle's eye view of the onion…from the center outward.

The 'onion' begins. We make the first layer out of very light airy detectors that have little mass so as not to bother the particles flying through them. The first detector is a very precise silicon detector for measuring any vertexes from particles with short lifetimes decaying near the interaction point. 


Silicon detectors are 300 micron thick, credit card sized, reversed biased diodes. They are laid out by photolithography on to silicon wafers just like computer chips (so the locations of the sensors are accurate to 0.1microns!). When a charged particle passes through this reverse biased diode a small pulse of current is registered on the waiting electronic amplifier. With several layers (more onion analogy) you can then track where the particle came from. With two particles you can see if their paths intersected or not. If their paths intersect then they may have come from a decay of a bottom or charm quark. This begins to fulfill the second mission of the detector….determining what particles you made in the collision.

The next layer of the onion is the tracking chamber. The technology varies in general, but in CDF what is used is a gas. Being physicists who love to live dangerously we decided the best gas is a 50-50 mixture of argon and ethane with a little isobutane thrown in for fun. When a charged particle passes through this gas it ionizes the gas. Electric fields in about 200 cells cause the liberated electrons to drift on to sensing wires and thus the track trajectory is determined. 

So the silicon detector is inside the tracking chamber and both are then inside a solenoidal magnetic field. This is a 1.411 Tesla field in CDF with a 1.46m interior radius. The magnet is a superconducting magnet. (High energy physics steals from all other branches of physics.) So we have yet another layer to the onion. This very important layer is used to measure the particle momentum when combined with the curved trajectory in the tracking chamber.

Outside the superconducting coil are the calorimeters where finally we make the destructive measurements of the particle energy. These objects must first stop electrons and photons. So you use a scintillating crystal of some kind like sodium Iodide to measure the light output from all the electrons stripped from the crystal atoms when a 100 GeV electron or gamma ray slams into the crystal. This takes about 30cm of radial distance to accomplish this. The light from the scintillator is related to the total energy of the electron or photon. 

This does little though to stop pions, kaons, protons, neutrons, and muons (and their antiparticles) which are all too heavy to care if an electron gets in their way. That is why we have to add to the calorimeter onion a layer called the hadronic calorimeter. Pions and Kaons are only going to stop and take notice of something heavier than they are and that carries the strong nuclear force. This is true in every nucleus, especially if that nucleus happens to be steel or better yet, Uranium 238. But even with Uranium, the nucleus is small compared to the atomic distances of the atoms. So you have to stack enough material together to make it look like a solid wall of nuclei. This means a couple of meters of Uranium in radius so that you can guarantee the hadron will hit a couple on the way through. When it does the nucleus will disintegrate and the particles from the destroyed nucleus will in turn blast apart others in a shower similar to the EM shower that happened in the electro-magnetic calorimeter. Again layers of scinillator read out the light of the charged particles produced.

Calorimeters have an energy resolution that improves with increasing energy whereas tracking chambers have a resolution in momentum that gets worse with energy. The two systems therefore compliment each other somewhat.

Muons though just don't interact very much. So with a little extra steel added to the onion behind the calorimeter you can leave only muons behind. These muons will leave a track in the last tracking chamber which is by now, so well shielded from the rest of the event that only muons will go through it. And so after 7 layers, our onion model of High Energy Physics Detectors is complete.

Tagging the Bottom quark:

Two basic methods: b quarks decay into electrons and muons and b quarks have a long lifetime.

All b quarks have a 1.5ps lifetime and you are helped by the fact that top quark decays give a boost of gamma = 4.0 to the b quarks. This lengthens the average decay length to millimeters. The silicon detectors mentioned earlier can detect this. Consequently this is a method of tagging jets that contain a B meson. The efficiency of this tagging method is key to any measurement. You need to know how many tags you missed in order to get the 20-30 tags that you actually received. At CDF this efficiency was near 30% for the first discovery of the top quark and was greatly limited by the fact that there was only a 60% chance that a given jet would land in the SVX (the silicon detector, the one which is the reversed biased diode) in the first place.

B mesons also will decay into electrons and muons about 20% of the time (combined with charm as well). Other parts of our detector 'onion' can detect these special types of particles. So the other tagging method is to identify if a jet has electrons or muons in it. The coverage of the electron and muon detectors and their inherent efficiencies leave one with something like 10-15% of all B mesons being tagged in this manner.

CDF was able to employ both tagging methods in the discovery of the top quark. D0, with no silicon detector, could only employ the lepton tagging method. Below is a table summarizing the results obtained after the 1994-1996 running period at the Tevatron.

Number of Observed Single Lepton Events

Sample
#events found in CDF
#events found in D0

Event Shape:



Seen
22
21

Expected Background
7.2+/-2.1
9.2+/-2.4

Lepton tagged b-jets:



Seen
40
11

Expected Background
24.3+/-3.5
2.5+/-0.4

Displaced Vertex (SVX tag):



Seen
34


Double W or Wand Z prod.
8.0+/-1.4


One can see that the silicon detector's tagging capability really paid off here in the top quark discovery. It then also pays off in the determination of the mass of the top quark.

Dilepton channel D0 saw 7 events with a background of 3 events, CDF got 13 events total with an expected background of 4 events. 

When the efficiency of detection is employed and the luminosity of the beam is accounted for, AND both experiments are combined to make a single number you get:

Top Cross section   = 6.4+/-1.2 pb

Now we have found the top quark, lets measure it's mass:

Unfortunately, I haven't had the time yet to prepare a nice explanation for this. The short version is that all the energy and momentum of the leptons, Missing energy, and the jets are summed up in the usual invariant mass equation E2 - p2 = M2top and this gives you the top mass. But there is a problem in that you cannot in general distinguish one jet from a quark from that of a gluon, and you cannot distinguish a down quark jet from an up quark jet. So you have to guess, constrain the t and the tbar masses to be equal, and plot the mass looking for some peak that might sit above the backgrounds. You can get some idea how hard this might be from the plot below which shows the expected situation at Fermilab in the next run period starting next year. Fortunately the curves for non-top backgrounds have a different shape and also fortunately we have already discovered it and so we don't need a 5 separation to claim that it is there.

In the end the two experiments received:

Top Mass = 176+/-6 GeV/c2  
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