Measuring the Mass of the Top Quark: Teacher’s Notes

In 1995 Fermilab announced that they had found the sixth and final quark. In this lesson, students can get a sense for how this was done by analysing a few events that just happened to be (mostly) two-dimensional. This lesson has students use conservation of momentum and the mass-energy relationship, E = mc2, to find the mass of the top quark. This lesson is based on a resource developed by Fermilab, which can be found at http://ed.fnal.gov/samplers/hsphys/activities/summary.shtml. 
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1) Fermilab created top-antitop pairs by smashing accelerated protons and antiprotons together. Was mass conserved?


a) Yes, mass is always conserved


b) Yes, top quarks and protons have the same mass


c) No, the kinetic energy of the protons was turned into the mass of the top quarks
The students should be able to recognise that there must be a reason why people spend so much money building these huge accelerators.  Mass is not conserved, but mass-energy is: E = mc2. 
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2) Is momentum conserved in the collision?
Momentum, unlike mass, is always conserved. The diagram shows the proton pair moving horizontally and the top pair moving vertically. Momentum is conserved because each pair has equal and opposite momentum. We will use conservation of momentum to analyse the data.
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The diagram is drawn in two-dimensions to keep things simple. However, the real particles will spread out in three-dimensions. The low-energy muon near the bottom is an indicator of a top quark. The top-anti top pair decay really fast and can only be detected by their decay products - not directly. The other quarks tend to decay into a shower of many, many particles called a jet. All of these different particles are detected and their energies are measured, except for the neutrinos. These escape detection, but their momenta are calculated by using the conservation of momentum and the momentum provides the energy.
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This is a 3-D diagram of the detector. The person gives you a sense of scale. This detector is similar to but dwarfed by the new Atlas detector for the Large Hadron Collider at CERN. 
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These are two-dimensional diagrams. The first is a side view. You can see where the particles are detected. The detector is actually made of many detectors built in concentric layers. The first layer shows the tracks of charged particles much like a bubble chamber does. The following layers contain calorimeters that absorb the particles and measure their energies. The second diagram takes the ‘cylinder’ of data from the calorimeters and unrolls it into a flat display. The purple lines show the front and back of the detector where the proton and anti-proton entered. The heights represent the amount of energy found at that spot. 

3) Is this a two or three-dimensional collision?
It’s a three-dimensional collision, but to a good approximation it is two-dimensional. Most of the energy towers lie along a single line. If we pretend that it is all along the one line it will simplify the physics enormously.
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This shows the collision from a front view with all the energy put into these two-dimensions.

4) This arrow represents the momentum of 95.5 GeV/c. Sketch arrows for the other five momenta.

This is a good place to use white boards. Have the students first do quick a qualitative version, just making sure that they have all six momenta leaving the center in roughly the correct directions. Then have them measure the lengths of the arrows to get them the right length. Finally have them add the momenta – either by an accurate scale diagram or by using trigonometry. If they are using trigonometry, they should probably work with components. Have them do this in small groups, with each person taking a vector or two, to reduce the tedium. If they choose their basis to lie along one of the arrows, then they don’t need to calculate the components for that vector. 
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5) Carefully add all the vectors together. What do you get?

They should get a value around 42 GeV. If it differs by more than 5 GeV/c you should ask them to recheck their steps. The weird units of GeV will be explained in a couple of slides.
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6) Why didn’t the momenta add to zero?

a) Momentum isn’t conserved at these speeds.

b) We haven’t included the momentum of the neutrino

c) This really wasn’t a 2-D collision

d) Our measurements have limited accuracy.

All but the first answer is correct. The variation around 42 GeV/c is largely due to determining where the center of the momentum vector should be – answer d. However, the 42 GeV/c is not an error but is mainly due to the fact that we could not detect the neutrino – answer b. Fermilab’s computers calculated this momentum to be 53.9 GeV/c and the difference between the two is mainly due to the fact that the collision wasn’t really 2-D – answer c. This missing momentum is marked on the diagram in magenta. This is handy for you, but you might want to avoid pointing this out to the students, because this same information shows up on the events that the students are supposed to analyze next.
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7) What is a GeV?

An electron volt is the energy that a single elementary charge gets as it goes through a potential difference of one volt. It is equal to 1 V x 1.602 x 10-19 C = 1.602 x 10-19 J. The prefix giga means a billion or 109. Therefore it is an energy of 1.602 x 10-10 J. 
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Some students may be bothered by this rather arbitrary choice of units. You may be able to reassure them by pointing out that it is like working with a scale diagram. We are comparing values and as long as we stick to one system it doesn’t matter what scale or unit we use.

8) What is the mass of the top quark?

The students need to add up all the magnitudes of the momenta, including the momentum of the neutrino and then divide by two. Have the students use their own value and not Fermilab’s value. The answer should come out to around 168 GeV/c2. If we use Fermilab’s mass of the neutrino it comes to 174 GeV/c2. The mass determined by Fermilab averaged over many, many events, was 175 GeV/c2. 
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These are the three other events that the students will analyse. The one that was already analysed was an actual event. These three are computer simulations, not real events. 

	D0 Collaboration Values Using Fermilab Computers

	Actual Event
	14022
	momentum of neutrino
	53.9 GeV/c

	Computer Simulated Event
	26
	momentum of neutrino
	76.1 GeV/c

	Computer Simulated Event
	153
	momentum of neutrino
	43.6 GeV/c

	Computer Simulated Event
	553
	momentum of neutrino
	45.3 GeV/c


9) The mass of a proton is 1.673 x 10-27 kg. What is its rest mass-energy in J? in GeV?

Its rest mass-energy is 1.673 x 10-27 kg x 9.00 x 1016 m2/s2 = 1.51 x 10-10 J 

 = (1.51 x 10-10 /1.602 x 10-10) eV = 0.938 GeV.

10) The top quark is 179 times more massive than a proton. Therefore proton has to be going really fast to have enough energy to make a top quark. How fast is it? The relativistic energy is given by mc2 /sqrt(1 –vc/c2)? 

175 GeV = 0.938 GeV/sqrt(1- v2/c2), therefore v = sqrt(1 - 0.938/175) c = 0.997 c

11) The particles have to go faster than this because most of the energy does not get turned into mass. The protons were in fact given energies of up to 900 GeV. How fast is this?

v = sqrt(1 – 0.938/900) c = 0.999(5) c, Notice how the speed is only slightly faster.

12) The physicists at Fermilab have to do this analysis in 3-D. here is a simple example for you to analyze. Suppose one particle had momentum that could be represented by an arrow in 3-D going from the origin to (-4, 4, 4) as shown below. 

a) Another particle had the momentum (3, -5, -2). Add this arrow onto the diagram.

b) The initial momentum was zero and a third particle was formed in the decay. What was its momentum? Give the coordinates and sketch the arrow on the diagram.

(3-4, 4-5, 4-2) = (-1, -1, 2)



