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Abstract


Most experiments searching for dark matter particles have been led deep underground to minimize the background produced by cosmic rays. In its attempt to detect weakly interacting massive particles (WIMPS) the Cryogenic Dark Matter Search (CDMS) lies ½ mile (~2000 meters water-equivalent) underground in the Soudan Mine in Minnesota. Even though the muon rate is lowered by a factor of ~10^5, the rate is still high enough to produce background signals. To solve this problem, scintillator panels have been placed around the detector to veto cosmic induced events. This work studies the behavior over time of the scintillator veto panels. By analyzing and tracking the response to a LED pulser system, the stability was determined to be within 3%. The absolute energy scale of the spectrum was then calibrated from digitizer units to MeV using Cobalt-60 (avg. 1.25 MeV) and the muon distribution (10 MeV). The minimum threshold energy detected by the scintillator paddles is an average of .71 ± .11 MeV. Knowing the absolute energy scale and where the veto trigger threshold lies provides useful information for later work calculating the amount of background neutrons the scintillators might be able to veto.
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Introduction


Fermilab currently is the world’s highest energy running particle accelerator. Located in Batavia, IL, this laboratory leads experiments in the frontier of high energy physics, studying the nature of matter and the fundamental forces. Most experiments at Fermilab involve collisions of some sort—whether involving fixed target experiments where particles are shot towards a stationary target, or collider experiments where two streams of particles are smashed against each other. These are not the only ways to carry fundamental research though; another great source for particle physics comes from space.

Astrophysics work can provide us with a different perspective on the same particles we study at accelerators, or it can offer insight in never before seen events. Because of this, Fermilab is also involved in a number of astrophysics projects. These experiments include things like observing stars, studying cosmic rays and searching for dark matter. The Cryogenic Dark Matter Search (CDMS) is one such astrophysics experiment, focused on the search for elusive dark matter particles. 

The idea of Dark Matter originates from observations that do not agree with normal predicted results of certain galaxy phenomena; there appear to be missing mass in our universe! There are abundant astrophysical observations that show us this effect. One commonly mentioned depiction of this problem is gravitational lensing1. This effect is observed when the trajectory of light traveling from a far away source is affected by a massive object in its path, depicted in Figure 1. When the quantitative computation of the mass needed to bend the path of light is calculated, it does not appear to correlate with the calculated luminous mass present. Another gravitational effect is given by rotational curves. By measuring the rotational speed of galaxies, one can extrapolate the amount of mass present. But not only does the rotational speed seem to differ, but it also has a different distribution that could be expected from a normal galaxy with a bulge and halo as can be seen in Figure 2.
Figure 1
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For a specific example that seems to confirm the idea of dark matter one can study the Bullet Cluster; this event consisted of a collision between two clusters of galaxies. As the clusters passed by each other, the galaxies and the dark matter continued their path in a collisionless manner, while the stellar gas—which makes up most of the matter in the cluster—collided and remained in the center2. This effect can be observed here:
Figure 3
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The main candidate for dark matter, which CDMS is trying to detect, is a weakly interacting massive particle (WIMP). These particles of non-baryonic matter are speculated to make up most of the matter in our universe3. Although wimps do not interact strongly or electromagnetically—although they do interact gravitationally as we have seen—they are expected to interact weakly with atomic nuclei. While electrons and photons create electron recoils in their collisions, WIMPS and neutrons create nuclear recoils. Figure 4 is an artist’s rendition of this event. CDMS attempts to detect these lattice vibrations produced in the form of phonons. The detectors, made of Silicon and Germanium, are roughly the size of a hockey puck, shown in Figure 5. While a voltage difference captures the electrons scattered in collisions, transition-edge-sensors detect phonon signals using superconductive material which transitions to normal if phonons (essentially, heat) are absorbed. By calculating a ratio of phonon signal and ionization energy, it can be determined whether events were caused by electron recoils or nuclear recoils. To be able to pursue phonon sensitivities to detect events of a few tens of keV, the detectors have to be cryogenically cooled around 40mK4.
Figure 4         Representation of Nuclear and Electron Scatering
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For detectors with such high sensitivity, as well as hoping to detect only a handful of signals, reducing the background is immensely important. On the surface, cosmic created background would overwhelm any such detector; this leads most dark matter searches underground, and accordingly, CDMS is located in the Soudan Mine in northern Minnesota. This old iron ore mine is ~½ a mile underground (~2000 meters-water-equivalent). This reduced the cosmic background by a factor of 10^5, but even this is enough to have 1 muon per minute through the whole system. There are a number of ways to deal with this: first CDMS has a passive shield, consisting of polyethylene and lead, and secondly it uses an active veto made of scintillator paddles. The veto encases the detector as well as the passive shield and the overall shape can be seen in the diagram of Figure 6. 

It is important to maximize the background reduction of the veto shield. To accomplish this, the stability and response of the system needs to be fully understood. This work studies the veto response over time using a blue LED pulser system previously installed. For a period of three months (Dec 8 – March 7) a pulser run was carried out daily, permitting us to track the trace left in the scintillator. When this initial section of the project was completed, the next step was to analyze the quality of the veto response. 
Figure 6
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A high energy muon trace is easily detectable by the veto, thus muon coincident events can easily be rejected from the detector data. But if a muon creates a shower in the cavern where the detector is located, it is possible for the produced particles to traverse the detector system while he muon does not. These particles may have a lower energy, making them harder to detect. The main risk from these showers comes from neutrons produced. Neutrons cause a signal quite similar to that of WIMPS in our detectors, thus it is necessary to simulate how well we can distinguish such signals in our veto. 


The second part of the project carries out a calibration with the radioactive sources present at the lab. We then develop and absolute energy scale correlation from the raw ADC (counts from the digitizer) signal we currently have. Knowing the lower limits of detectable energy by the veto will help future work on veto neutron rejection.
Experimental Procedure

Part 1. Veto Stability

To test the stability of the scintillator veto, a pulser system was developed that sends flashed of blue light into the panels. The photo-multiplier tubes (PMTs) are only sensitive to blue light, which is why the pulser also has to be this way. The pulser system is located in a completely different room than the detectors, this is to minimize the chance of influencing the dark matter search. From the pulser depicted in Figure 7, individual fiber carries the light to every single veto panel. 

When the pulser spectrum is analyzed, it should follow a Gaussian distribution. Using ROOT, a high energy physics data analysis too designed in CERN, we will fit the distribution and the track the mean position to see the deviation over time.
Figure 7
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The same procedure was carried out with the known muon distribution. During the wimp search data run (Oct 21 – March 7) data was collected for both the detectors and the veto. Using this data, we analyzed the muon spectrum and attempted to correlate any variations with the pulser data. Understanding whether changes observed in the pulser data also occur in the muon data will determine is the variations are cause by the pulser system and the fiber, or if there is a real change in the paddles and PMTs.

Part 2. Veto Calibration


The second part of the project was carried out in the Soudan Mine. Using the radioactive sources present at the lab—Ba-133 (.356 MeV), Cs-137 (.661 MeV) and Co-60 (avg. 1.25 MeV)—we carried out several runs, exposing all panels in different locations to each source. Once again the spectrum produced by each source was analyzed using ROOT. The Barium and the Cesium sources were determined to be too low energy to be used in the calibration. Even though we still recorded a spectrum for these, the minimum energy that the veto system could accurately pick up would bias the spectrum to a higher energy. Thus ultimately we only used the Cobalt source as well as the muon spectrum to calculate a linear correlation between ADC and MeV. The analysis was still carried out for the Cesium as well, because the spectrum was hypothesized to be right at the minimum energy limit, so the point could be used as a rough judge of the quality of the calibration.

The calibration was only carried out for the top veto panels when in direct exposure to the source. The side panels, although also had direct exposure to the sources, do not have a good muon spectrum due to their geometry. Since they are in a vertical position, there are many fewer counts of mouns passing through them. Also, the muons that did pass through traversed more scintillator, producing a much wider spectrum and making the distribution hard to fit. The bottom panels, although they do have a clean muon distribution, were not exposed directly to the source. Being in the bottom right by the ground made it impossible for us to place a source under them; the only exposure they received was indirectly from the sides, but since the gamma rays have to pass through part of the detector, this signal is expected to be biased. 

Once the peaks of the source distribution were calculated, a linear correlation of absolute energy was carried out. Using the estimated ADC peak cut off, we then calculated the energy in MeV for the corresponding veto panels. 
Theory and Data Analysis Techniques
Part 1. Veto Stability

The pulser distribution for a single run should follow a Gaussian distribution. Using the fitting values and error provided by ROOT, we can reproduce this histogram for all other series and track the variations in the mean and the width of the distribution. 

If the veto system was perfectly stable, the mean of the distribution would be the same on every series. As an estimate of this, we fit a flat line to the mean (sigma) vs time graph. We then calculate the percent deviation from this flat line value, which according to the original set up is supposed to remain stable to 5%. 
In the WIMP search data, the muon distribution should follow a Landau distribution. The Landau distribution is the theoretical energy loss distribution suffered by charge particles as they traverse very thing absorbers5. For the high energy muons observed deep in the Soudan mine, our 2 in detector classifies as very thin; thus we expect this distribution in our data. 

Following the position of the peak—the most provable point (MPV) of the distribution—we can track the change in the muon distribution in the same way as the pulser data. A similar flat line is fit to the muon data, to track how much it deviates for a constant. We can then compare the changes in the muon data to see how they correlate with the pulser. This allows us to determine the origin of the change, if any, and the level of stability.
Part 2. Veto Calibration


Each source produces gammas of well known energies. The Cesium produces one gamma line at .661 MeV, while the Cobalt produces two gammas, one at 1.77 MeV and one at 1.33 MeV. The two Cobalt lines were averaged to 1.25 MeV, since the scintillators do not have enough resolution to distinguish the two lines and would produce one single peak. The peak of each distribution was then taken to be the corresponding energy for the source.


The spectrum produced by the Cesium of fit with a functional form of the form: 

[image: image7.wmf]This is a sample of the Cesium spectrum in VID 1 and the functional form applied to it. The fit is of the form: 
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where x is the ADC position, and p0, p1 and p2 are the fit parameters. From this analytical from, it is pretty straightforward to calculate the peak position. This is carried out by taking the first derivative of the form, and then setting it equal to 0 and solving for the x position as follows:
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Thus: 

Eq. 1
Now we know that to propagate error in a division or multiplication we follow this form: 

where the fractional error is given by        
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and for addition and subtraction we follow        
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so we can solve for the error in the Cesium peak to be
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Eq. 2
The functional form used to fit the Cobalt spectrum is
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Following the same procedure for the Cobalt peak, we can derive the peak and the error:
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Eq. 3
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Eq. 4

The muon peak and error is given by ROOT’s Landau fit. The energy level of the muon MPV is taken to be 10 MeV, which is using the basic estimate of 5 MeV per inch of scintillator. This approximation is taken from the calculated muon energy deposition in this material.
We then proceeded to plot the corresponding points in an ADC vs MeV graph.

The Cobalt and the muon point were fitted to a line and this correlation was calculated:
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Eq. 5
The limit of the peak finding algorithm is 50/3 ADC. But this value can vary depending on the noise of the signal. Using the gamma spectrum from the WIMP search data, we approximated an error. Thus the ADC peak limit is of 16.67 ± 6. This is the value then used to calculate minimum energy once the line parameters are calculated.


So then solving Eq. 5 for energy, given that we have the ADC value, we get 
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Eq. 6
and by error propagation
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Eq. 7

Results

Part 1. Veto Stability

Tracking the behavior of the veto panels requires the creation and fit of graphs for each paddle for each series. Here is a sample pulser spectrum and fit:

Figure 8
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The following table shows a sample plot of the variations of the peak over the three months that the data was tracked.
Figure 9
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The blue line is the constant line fit to the data. The red lines are estimates of deviation 3 error bars away from the blue line. Red points fall outside of the red line. The variation can be seen to be under 5%.
In the following figure you can see the summary of results for all panels.
None of the changes depicted vary by more than 5%, most of them remain constant to 3%. 

Figure 10
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The same procedure can be followed for the muon data. Figure 11 shows a sample spectrum and fit, and Figure 12 shows the variation through time.
Figure 11
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Figure 12
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The following picture is the summary of changes in the muon data:
Figure 13
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This figure shows a correlation between muon and pulser data. Note that the axis have different scales, so the green and the pink marker line depict the same point in time.
Figure 14
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Within the error bars, the muon variations is consistent with the veto response.
Part 2. Veto Calibration

The Cesium and the Cobalt spectra were fit with the functional form described above. Here is a sample fit for both sources:
Figure 15




Figure 16
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There was also a conjectured Thallium line, which would appear at 2.6 MeV, which we noticed in the end tail of the WIMP search data spectrum. This line does not follow the expected decaying exponential distribution from background gammas, but in fact fits perfectly with an exponential and a Gaussian. This furthers our belief in the Thallium line.
Figure 17     Thalium spectrum and exponential + Gaussian fit
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Here we show the same fit, with the two functions drawn independently of the black fit. The blue is the expected decaying exponential, while the red is the Thalium Signal. 

Figure 18
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Although this point was not used in the fit for the calibration, it was used as a rough estimate of the fit’s quality.


From the various fits we know the value for the parameters for Cesium and Cobalt
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Using Eq. 1 and Eq. 2 we can calculate the value and error of the Cesium peak to be:
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Using Eq. 3 and Eq. 4 we can calculate the value and error of the Cobalt peak to be:
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We then proceed to plot these points as well as the Thallium and muon points given by the fits. Figure 19 shows the Cobalt and the muon in black, fitted by a line, while the Cesium and the Thallium are in red for comparison purposes.

Figure 19
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From this plot we can see that we parameters for the linear correlation on Eq. 6 are:
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 Now, since we calculated the minimum ADC value to be 16.67 ± 6, and we have the parameters for the correlation, we can use Eq. 6 and Eq. 7 to calculate the minimum Energy in MeV:
Using the same procedures described above, the calculation can be followed for all panels. Table 1 summarized the results:
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Table 1
Discussion
Part 1. Veto Stability
From the graphs presented in the previous section, it can be seen that the variation between various pulser runs is minimal. The high number of statistics allowed us to minimize the error bars, and thus be able to calculate the variations quite accurately. 
A number of jumps appear in the data, but these are not significant changes. The average variations are within 3% for most panels, while ID 20, 22 and 35 have bigger variations of 4%-5%. These values are well within the initial expectations. 

The variations in the muon data are not so easy to notice, because there are greater error bars for those points. Even then, only the top and bottom veto panels have sufficient statistics for a good analysis. The side panels do not have good data due to the geometrical reasons explained earlier. For the panels that we can analyze though, there were some changes that seem to correlate. This might imply that there was a physical change in the paddle, but it is not considered relevant because the variations are still quite small. 
Part 2. Veto Calibration

As it was explained previously, only the top panels had quality data for carrying out the calibration. This calibration was successful and we were able to extrapolate solid numbers. The Cesium and Thallium point seemed to resemble the calibration fairly well, and the response appears to be quite linear. As expected, the calibration seems to imply that the Barium and the Cesium were just below the minimum threshold. Knowing this limit will help determine the neutron rejection efficiency in later work.

Conclusion

In this work we have discussed the procedure for dark matter detection and the importance of taking these experiments underground. For the sensitivities required, cosmic background at the surface would completely overwhelm the CDMS detector. Even in the Soudan Mine, ~2000 meters-water-equivalent underground which reduced the muon rate by ~10^5, the rate is still high enough to produce too many background neutrons. 
To minimize the effects of background, CDMS employs a passive lead and polyethylene shielding as well as an active scintillator veto. This work explored the veto response to check the quality of the cosmic rejection. A stability of 3% for most panels as well as a minimum response of ~.7 MeV more than exceeds expectations. With this information we confirm the excellent functioning of the veto system, as well as provide minimum threshold data for future work, which may further reduce background.
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Pulser  system. 


LED light can be observed, as well as the fibers that takes the signal to every veto paddle. 





Optical image shows stars passing by each other. Red X-Ray image shows stellar gass matter. Blue is weak gravitational lensing prediction of mass position.





Rotational Curve.


Data points follow theoretical stricture which includes halo





Depiction of gravitational lensing.


Path of light bends nearby massive objects





http://chandra.harvard.edu/photo/2006/1e0657/index.html





– bulge & disk





Diagram of veto paddles surrounding the detector and passive shield.


Each paddle is label according to its location.
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