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16ABSTRACTA dark matter (DM) search experiment was own on the IMAX balloon pay-load, which tested the hypothesis that a minor component of the dark matter in theGalactic halo is composed of ionizing (dE=dx > 1 MeV/g/cm2 or � > 2 � 10�20 cm2)supermassive particles (mx 2 [104; 1012] GeV/c2) that cannot penetrate the atmospheredue to their low-velocities (� 2 [0:0003; 0:0025]). The DM search experiment consistedof a delayed coincidence between four � 2400 cm2 plastic scintillation detectors, with atotal acceptance of � 100 cm2 sr. In order to search for ultra-slow particles which donot slow down in the IMAX telescope, the experiment contained TDCs which measuredthe time-delays Ti;i+1 2 [0:3; 14:0] �s between hits in successive counters to � 1% preci-sion. Using the �rst 5 hours of data at oat altitude (5 g/cm2 residual atmosphere), weobserved � 5 candidate non-slowing dark matter events, consistent with the backgroundexpected from accidental coincidences of 4 events. This implies that the DM ux is lessthan 6:5� 10�6 cm�2s�1sr�1 (95% C.L.). Similar results were also obtained for parti-cles which slow down in the counter telescope. This experiment e�ectively closes muchof a previously unconstrained `window' in the mass/cross-section joint parameter spacefor massive particles as the dominant halo DM, and implies that for certain regions ofthis parameter space massive particles cannot be more than one part in 105 by massof all the DM. These results can also directly constrain `light' magnetic monopoles andneutraCHAMPs in a previously unconstrained mass region mx 2 [106; 109] GeV.



17CHAPTER 1INTRODUCTIONTwo of the biggest mysteries in modern astrophysics may soon be solved. The �rstmystery is the exact value of the average density of the universe. With the recentrepair of the near-sighted Hubble Space Telescope (HST), astronomers will be able toobserve the redshift and brightness of distant galaxies to precisely determine the Hubbleconstant. From the value of the Hubble constant, they can determine the mean densityof the universe to decide whether additional (`dark') matter is needed to account forthe observed mean density of the Universe. The second mystery is the composition ofthe non-luminous (`dark') matter that surrounds our galaxy with a murky gravitationalhalo. For many years, there has been striking evidence that spiral galaxies, including ourown galaxy, have `at' rotation curves, with rotational velocities independent of r [1][2].From the observed distribution of luminous matter in a galaxy (stars and hydrogen gas),models of the gravitational potential in that galaxy predict that the rotational velocityof a star as a function of radius, r, from the center of that galaxy will decrease as r�1=2,for large r[3][4]. In order to explain this discrepancy between the observed at rotationcurves and the predicted decreasing rotation curves, several predictive models have beenformulated, such as the existence of non-Newtonian gravity active on long distances[5][6]or the existence of a cloud of dark matter (DM) around each of the galaxies[4],[7]-[14].The dark matter model for the at rotation curves of galaxies has been the more popularhypothesis of the two, probably because the predictions of the dark matter model makepredictions which can be more easily tested here on the earth. For example, for our owngalaxy, one dark matter model[9][15] predicts that if the dark matter halo is spherically



18symmetric, then the density of dark matter halo in the solar neighborhood is:� 2 [4� 10�3; 10�2] M�=pc3 � [2:4; 7:4]� 10�25 g/cm3 � [0:17; 0:42] GeV/cm3; (1.1)which is equivalent[16] to a ux of� 2 [1:0; 2:5]� 106 GeVmx cm�2s�1sr�1; (1.2)where mx is the mass of the dark matter object in GeV, and the mean speed of thegalactic dark matter objects, �v � 240 km/s = 8:0� 10�4c, has been used[18][19]. Theux of the dark matter objects as a function of velocity will follow a `cut-o�' Maxwelliandistribution [16][17][18]:d�du = 3:6fd cm�2s�1sr�1�(vmax~v � u) u3 exp ��u2�� � �0:3 GeV/cm3 �� ~v213 km/s��106 GeVmx � (1.3), where we have used a mid-range value for the dark matter density, � = 0:3 GeVcm�3,fd is the fraction of the dark matter halo which the object represents, andu � v=~v: (1.4)We will assume a velocity dispersion of ~v = �vp�=2 = 213 km/s and a galactic escapecuto� velocity of vmax = 640 km/s[18][19]. If fd � 1, then for masses mx < 106 GeV thegalactic halo dark matter ux in equations 1.2 and 1.3 larger than the cosmic ray ux,which has the order of magnitude (� 1 cm�2s�1sr�1).The halo dark matter density and ux in Equations 1.1 and 1.2 is enhancedby gravitational clustering by a factor of � 105 over the mean density of an 
 = 1universe[20]. This dark matter density may also be enhanced even more by trapping inthe gravitational �eld of the sun or earth[21][22][23], but signi�cant trapping at theselow velocities1 has been found to be unlikely[24][25]. Additionally, the halo DM densityalso may be enhanced over the density in Equation 1.1 by a factor of perhaps 50% if1The escape velocity from the sun at a distance 1 A.U. from the sun is � 1:40 � 10�4c = 42 km/s,and the escape velocity from the earth at the earth's surface is � 1:23 � 10�5c = 3:69 km/s. Our darkmatter search is not sensitive to these velocities.



19the dark matter halo is not spherical but slightly attened[26][27]. The motion of thesun in the galaxy and of the earth around the sun will cause a slight annual modulation(� 1%) of the dark matter ux as seen by earth-bound detectors[28][29]. Additionally,since the earth is not perfectly transparent to some dark matter objects2, the rotationof the earth about its axis will cause a shadowing e�ect, causing a diurnal modulationof the dark matter ux[30] (see Appendix C). If by some means one can show that aparticular dark object3 exists and has su�cient mass density to account for the densityin equation 1.1, then they will have solved the Galactic halo dark matter problem.The dominant approach that astronomers are taking to solve the �rst mys-tery (the density of the universe) consists of �nding a better method to measure dis-tance in the universe and then measuring the brightness and recessional velocity of themost distant, and hence the dimmest, galaxies. There are many di�erent approachesbeing taken to solve the second mystery (the composition of the dark matter in ourgalactic halo). These approaches include using the planned (1997) NICMOS infra-redcamera upgrade to the HST and also ground based optical/infrared observatories tosearch for undisputed infra-red signature of brown dwarfs, which could be the darkgalactic halo matter. Advancing technology has allowed dedicated ground-based ob-servational programs such as MACHO and EROS to report detections [31][32] of sev-eral gravitational microlensing candidate events while observing 106 stars in the LargeMagellenic Cloud. The observation of these microlensing events might imply that ourdark Galactic Halo is largely made of sub-stellar mass objects such as brown dwarfs.Maybe some astrophysical objects which are totally unpredicted will be discoveredby the Hubble ST or the advancing ground-based optical/infrared observing technol-ogy; and just maybe, one of these `nearby' discoveries will be able to account for theGalactic halo dark matter. Yet the Hubble Space Telescope and ground-based opti-cal/infrared observers cannot detect all possible candidates for the dark matter problem{ radio/microwave telescopes might be necessary to observe cold, dark hydrogen clouds2e.g., supermassive particles with a small energy, E, compared to their rate of energy loss, dE=dx.3e.g., planets, brown dwarfs, black holes, comets, neutrinos, supermassive particles.



20[33][34]; very large underground neutrino detectors would be required to detect neu-trino oscillations of low-energy solar or atmospheric neutrinos and hence measure thetiny mass of neutrinos4 [35]. A whole host of di�erent `elementary' particles have beenhypothesized as solutions to the dark matter problem (e.g. a small rest mass for ordi-nary neutrinos[36][37][38], WIMPs[39], cosmions[40], monopoles[41], CHAMPs[42], verymassive neutrinos[39][43][44], SIMPs[45][46][47], strange quark nuggets[48], the lightestsupersymmetric partner (LSPs, e.g. photinos, neutralinos)[49], axions[50]); and novelparticle detectors are required to detect each di�erent dark matter candidate.Weakly Interacting Massive Particles (WIMPs) (which include cosmions, mas-sive neutrinos, LSPs) are considered by many scientists to be a likely dark matter parti-cle candidate, especially since their ultra-low cross-section (� � 10�36 cm2) would havemade them very di�cult to detect. However many di�erent experimenters are activelysearching for WIMPs, e.g. Caldwell and collaborators [51] use ultra-pure solid-statedetectors at very low temperature and very far underground (to avoid cosmic-ray back-ground) to attempt to detect the neutralino. By attaching thermistors to single crystalsof silicon or germanium at low temperature, the WIMP hunters hope to detect thephonons from the collisions of WIMPs with nuclei in the detector. In the early universe,the low WIMP cross-section would make it quite likely that enough WIMPs could surviveannihilation from anti-WIMPs, so as to be abundant enough to solve the missing matterproblem today [43]. However, particles which have a much higher annihilation cross-section than WIMPs would not survive annihilation in the early universe, and wouldtherefore not be abundant enough to be a likely dark matter candidate.Despite the popular prejudice that dark matter particles must interact weakly(e.g., WIMPs [43][51], light neutrinos [36]-[38]), so as to go unobserved and to sur-vive primordial annihilation [43], ionizing massive particles (IMPs) might be abundantenough and yet be unobservable enough to be the dominant dark halo matter (DDHM)in the galactic halo [42][46][58][47]. Examples of IMPs include: CHAMPs (electrically4due to the large number density of relic neutrinos, the small neutrino masses could add up to accountfor the missing matter



21CHArged Massive Particles), SIMPs (Strongly Interacting Massive Particles), monopolesand "strange" quark nuggets. IMPs can have a relic abundance that is large enough toconstitute all the dark matter in the universe[42]. If IMPs annihilate with anti-IMPs (ofequal initial density) in the early universe and if the universe is to be IMP-dominated(� � �c � 2 � 10�29h2 g/cm�3, where the Hubble-constant, h, is between h � 12 andh � 1), then the annihilation cross-section (times relative velocity) must be [43]�� = 3� 10�38h�2 cm2: (1.5)If IMPs annihilate weakly, then their annihilation cross-section in the early universe is[42]: �� = (mp=mx)2 1:2� 10�31 cm2; (1.6)where mp is the proton mass, and mx is the IMP mass. Therefore, in order for weakly-annihilating IMPs to dominate the universe, from Equations 1.5 and 1.6, we obtain:mx � 2� 103hr ��c GeV: (1.7)If IMPs annihilate strongly, then their annihilation cross-section in the early universe is[42]: �� = (mp=mx)2 3:5� 10�26 cm2: (1.8)Therefore, in order for strongly-annihilating IMPs to dominate the universe, we obtainfrom Equations 1.5 and 1.8: mx � 106hr ��c GeV: (1.9)If IMPs are to dominate not the universe, but the galactic halos, then the required IMPdensity is reduced by a factor of ten; and the necessary IMP mass is reduced by a factorof the square root of ten, to 600h GeV and 3� 105h GeV for the weakly- and strongly-annihilating IMPs, respectively. If there is an IMP/anti-IMP abundance asymmetry,these mass estimates will be only upper limits. If IMPs for some reason do not haveantiparticles (e.g., strange quark nuggets), then we cannot use these bounds on the IMPmass. Nonetheless, IMPs in a wide mass range can be abundant enough to solve the



22halo dark matter problem, and if IMPs have antiparticles, the range of interesting IMPmasses includes mx 2 [6� 102; 3� 105]h GeV.Since the high interaction cross-section of IMPs would have easily observableconsequences, one can readily reinterpret past experiments [17]-[64] or invent clever ar-guments [47][65]-[69] to rule out di�erent hypothetical IMPs as the DDHM, within thetheoretically most favored ranges of IMP mass, mx, number density, nx, and interactioncross-section with ordinary nuclei �xN . However, we have found, for a broad range ofthe joint mass and interaction cross-section parameter space, that generic IMPs have notbeen ruled out as the dominant halo dark matter, as previously thought (see Chapter2). Additionally, several ideas point to an IMP mass or number density outside theircurrent theoretically favored ranges for IMPs as the DDHM. First, some models basedupon the results of the COBE experiment suggest that cold dark matter (CDM) alonecannot explain the clumping of galaxies; hot dark matter (HDM) (e.g., light neutrinos)might be 30% of all dark matter[70]. Therefore, since IMPs would be considered asCDM5 the IMP number density required to be the DDHM is lowered. Second, the the-oretical estimates[42][43] of the mass range for IMPs-as-DDHM might be too low, andthe density or ux range too high. Third, the simplest models have always assumed thatthere is a DDHM. However, the dark matter halo may be a `cosmic garbage-dump' formany di�erent supermassive relics (neutron stars, brown dwarfs, black holes, WIMPs,IMPs), which have a large mass compared to their energy-dissipation rate, preventingcollapse into the galactic disk. Could none of these dark halo matter candidates dom-inate? Why not search for the less dominant forms? Fourth, even if IMPs existedas a very minor component of the dark halo matter, they might be most abundant inthe galactic halo (especially if their mass is very high), with small velocities of order� � 10�3, and with large cross-sections which make them much easier-to-detect thanWIMPs. Even if WIMPs (with very small cross-sections) are eventually detected by thedeep underground searches, it will still be very di�cult to extract information about the5with non-relativistic velocities at the time of the decoupling of the background radiation from matter



23WIMPs' characteristics[26] (e.g., velocity { both magnitude and direction, and mass). IfWIMPs are the DDHM, and IMPs are a very minor component of the halo dark matter,IMPs might still be much easier to detect and to characterize (velocity, mass, and in-teractions). Fifth, recent big bang nucleosynthesis calculations [71] have suggested thatthe Galactic halo dark matter (corresponding to 
 � 0:10) cannot be accounted for bydark baryons, since these calculations suggest that 0:015 < 
Baryon < 0:070. Therefore
Non-Baryon, Halo > 0:03, and some e�ort must be made to determine its identity.Recently, the MACHO and EROS collaborations have announced [31][32] severalgravitational microlensing candidate events while observing 106 stars in the Large Mag-ellenic Cloud (LMC). These results might imply [73][74] that much of the Galactic halois composed of sub-stellar massive (baryonic) compact halo objects (MACHOs), such asjupiter-sized planets, neutron stars, brown-dwarfs, asteroids, black-holes, or even darkfractal-like hydrogen clouds[34]. Yet the MACHO/EROS results are still very consistentwith MACHOs being only a minor component of the halo dark matter { the observershave only detected � 4 MACHOs, while they initially expected � 30 during their observ-ing time6. Such compact baryonic dark matter (BDM) is not CDM, since the precursorsof the MACHOs were presumably ordinary hydrogen clouds7. Primordial nucleosynthe-sis arguments are consistent with the halo matter being composed of primarily BDM[38][71]. However, even if MACHOs are the dominant halo DM, exotic non-BDM is stillneeded to explain the formation of galactic clusters. Considering that MACHOs are stillconsistent with being only a minor halo DM component, and that non-BDM is necessaryfor large-scale structure formation, we feel that it is still worthwhile to search for IMPsdespite the possible discovery of MACHOs. Indeed, the possibility that MACHOs arethe dominant halo matter increases the need to look for minor components of the halomatter. Therefore, considering the motivations listed above, IMP search experiments6Their events, which show ampli�cation of a LMC star for a period of � 1 month seem to suggestMACHO masses of � 0:1M�.7which had not decoupled from the background photon radiation at the time of the initial densityperturbations which seeded structure formation [38]



24need a sensitivity many orders-of-magnitude better than the previously expected uxabove the atmosphere of �IMP � 1 cm�2s�1sr�1 (for mx � 106 GeV).8 Due to thehigh interaction cross-section of IMPs, and the non-relativistic nature (�CDM � 0:001,vCDM � 300 km/s) of any CDM candidate, a balloon-altitude time-of-ight search forvery slow IMPs is a plausible method to search for such low uxes for the mass-rangemx 2 [104; 1010] GeV. A balloon or satellite-borne search experiment is necessary tosearch for IMPs with a cross-section to mass ratio exceeding �=mx � 10�27 cm2/GeV.We have found the time-of-ight technique using at least 4 scintillation detectorsallows us to perform IMP searches that not only are sensitive to very low uxes, butalso allow us to detect IMPs with a relatively small energy loss[85]. The GSFC/Cal-tech/Siegen/NMSU IMAX collaboration was preparing a balloon-borne experiment[86]with a payload that included four widely separated 1-2 cm thick plastic scintillationdetectors, when the Arizona group proposed adding electronics so that the ight couldalso search for slowly-moving IMP dark matter with only a 5 g/cm2 overburden. Thesearch, requiring a low-power, lightweight, low readout-rate electronics module, wasagreed upon as an Arizona-IMAX collaboration. The details of the importance of thisIMP search[87] and its implementation are the subject of this dissertation.1.1 Historical Context for our IMP SearchWhen a hypothetical negatively-CHArged Massive Particle (negative CHAMP), X�,combines with a proton, p, it forms an electrically neutral composite object, X�p, calleda `neutraCHAMP' [42]. Due to the relatively large binding energy, EB = �25 keV, ofneutraCHAMPs, some particle physics theorists reasoned in 1989 [42][82] that if neu-traCHAMPs existed in our Galaxy as `dark' matter at velocities of v � 10�3c, thenneutraCHAMPs should easily be able to travel through the Earth's atmosphere without8N.B. In this dissertation, all masses will be given in units where the speed of light is equal to one,c = 1, e.g. 106 GeV/c2 � 106 GeV.



25losing much energy and without being absorbed by the atmosphere. Therefore, a signif-icant ux of neutraCHAMPs might reach mountain altitude or even sea-level and haveobservable consequences, like neutral-particle cosmic ray event rates with a sidereal time-dependence[75]-[79], the unusually long pulse-trains seen in early neutrino detectors[80],and excess heat generation in cold-fusion experiments[81]-[84]. This possibility of neu-traCHAMPs explaining previously unexplained terrestial phenomena and simultaneouslysolving a signi�cant problem in astrophysics (dark matter) interested us keenly in 1989,so we began a mountain altitude search for neutraCHAMPs at that time.By early 1990, the problem of explaining cold fusion largely disappeared; howeverthe possibility of neutraCHAMPs existing as dark matter remained somewhat viable.NeutraCHAMPs are also much easier to detect than the standard dark matter particlecandidate (e.g., WIMPs), but not many experimenters have searched for neutraCHAMPsor put useful limits on the abundance of neutraCHAMPs as dark matter. Therefore, sinceneutraCHAMPs could exist and also be the dominant dark matter in our Galactic halo,we continued our neutraCHAMP search at mountain altitude.In the fall of 1990, after a summer of calculations to determine the energy lossof neutraCHAMPs in detectors and in the atmosphere (see Appendix A), we decidedthat neutraCHAMPs would not likely be able to remain neutral in their ight throughthe atmosphere and therefore would probably be stopped in the atmosphere above ourdetectors at mountain altitude. Therefore, we decided to move our neutraCHAMP searchto balloon altitude. This decision forced us to �nd the rare balloon payload with atleast four levels of scintillation detectors for our neutraCHAMP search, and also willingand exible collaborators. Fortunately, the IMAX collaboration had a balloon ightplanned for the summer of 1991 which had the requisite four scintillation detectors; theIMAX collaborators were also more than willing to add our dark matter particle searchexperiment to their cosmic ray astrophysics program for antiprotons and light nuclei[86].With the then upcoming ight opportunity for our neutraCHAMP search onboard IMAX, we soon realized that we would be able to perform an unprecedented



26search for any supermassive dark matter particle candidate in an unexplored range ofthe joint parameter space of mass and energy loss (see Chapter 2). This work wasunprecedented for several reasons. First and foremost, dark matter hunters have rarelysearched for dark matter particles at balloon or satellite altitude. Second, when a searchfor dark matter particles at balloon or satellite altitude has usually been performed, theexperimenters have been unable to reject the background with ux � 1 cm�2s�1sr�1from ordinary cosmic rays, which deposit energies of > 2 MeV/g/cm2. Our search forIonizing Massive Particles (IMPs) with a four-fold delayed coincidence between the fourscintillation detectors stack[85] was the �rst dark matter particle search experiment ownat balloon altitude which could reject the cosmic ray background to a ux level of �10�5 cm�2s�1sr�1 and have a relatively small energy-loss threshold (� 3:5 MeV/g/cm2)(see Chapter 3 for further discussion of the multiple detector time-of-ight backgroundrejection technique).We built a single electronic module to detect dark matter events with the existingIMAX scintillation detectors, and successfully tested the electronics with the IMAXdetectors at the May 1991 integration in Las Cruces, New Mexico. In June 1991, afterintegration, the collaboration decided to postpone the ight planned for the summer of1991, until the performance of the aerogel detectors could be improved. By January1992, the IMAX ight was rescheduled for the summer of 1992. Our group in Arizonareceived further funding for our dark matter search on IMAX in February 1992. TheIMAX collaboration had a successful detector integration at Las Cruces in March 1992.From April through June of 1992, the Arizona Group �nalized the ight electronics tobe own on IMAX (see Chapter 4 for the circuit design), replacing the shift registers andthe crystal oscillator with monostable univibrators9. In mid-June 1992, I transported ourequipment (NIM and CAMAC crates, computer, etc.) by truck from Tucson, Arizonato Lynn Lake, Manitoba, Canada to the IMAX launch site.We successfully tested prior to ight the IMAX detectors with our new dark9This eliminated excess noise from the crystal oscillator seen in our electronics during integration,which prevented accurate measurement of the signal pulse-heights by our electronics.



27matter electronic module, and at 21.36 hours CDST July 16, 1992, the IMAX payloadwas launched by NSBF10 from Lynn Lake. The payload reached an altitude of about120,000 feet (or equivalently, 5 g/cm2) by 5.0 hours CDST July 17, 1992. We monitoredthe dark matter data from the IMAX ight (see Chapter 5) until the balloon was out ofradio range of Lynn Lake at about 12.0 hours CDST July 17, 1992; we saw the unusualanomalous events in our dark matter data at that time, but did not have any immediateidea as to their nature. The winds in the upper atmosphere carried the IMAX balloonand its payload to the west, and the IMAX payload was `cut-down'11 above Peace River,Alberta, Canada at 23.5 hours CDST July 17, 1992.The IMAX collaboration then recovered and dismantled the payload from PeaceRiver, and the Arizona group recovered the dark matter electronic module from thepayload, for post-ight calibration12. As discussed in Chapter 6, post-ight calibrationof the module was completed by January 1993. A second calibration which quanti�ed thetemperature-dependence of the module was �nished in October 1993. In the summer andfall of 1993 we performed a mountain altitude search for the anomalous events seen duringthe IMAX ight (see Chapter 8). In Chapters 7 and 9 of this dissertation, we presentIMP search data analysis and the upper limits on the IMP ux which were derivedfrom the IMAX ight data. As discussed in Chapter 9, these upper limits e�ectively`close' much of a window in IMP parameter space which was described in Chapter 2.Unfortunately, we are still uncertain of the precise nature of the anomalous events, asdescribed in Chapters 5, 6 and Appendix B; but the existence of the anomalous eventsdoes not negate our IMP ux upper limits.10the National Scienti�c Ballooning Facility11The helium in the balloon was partially released by radio command to lower the payload's altitude,then the payload was released from the balloon by radio command, and �nally the payload parachutedinto a swamp.12so as to avoid possible loss or damage during handling/shipping after ight



28CHAPTER 2IMP PROPAGATION THROUGH MATTER AND PREVIOUSCONSTRAINTS UPON THE EXISTENCE OF IMPSWithout an accurate theory of IMP interactions with matter, we cannot estimate thedetectable IMP ux beneath a given thickness of atmosphere with a given con�gurationof detectors. Each hypothetical form of an IMP will have di�erent possible interactionsin the atmosphere, the di�erent interactions basically depending either upon possibleIMP compositeness or upon the di�erent possible IMP charges. Therefore, we enumer-ate the properties of di�erent IMP candidates so that we can later use our experimentalIMP search results to constrain the parameter space of each type of IMP. During ourenumeration of IMP candidates and their properties, we will tabulate the previous con-straints upon IMPs within a multidimensional parameter space. For later reference, wealso include a section discussing the response of scintillation detectors to slow (� � 10�3)particles.2.1 SIMPsA strongly-interacting massive particle (SIMP) [45][46] is a supermassive particle whichis electrically neutral, but carries the (short-range) strong charge, and has no compos-iteness evident at halo velocities (� � 10�3). A SIMP can be considered similar toa supermassive neutron. SIMPs form a sub-class of ionizing massive particles (IMPs).SIMP/nucleus interactions can be characterized by a single parameter, the elastic scat-tering cross-section; while IMP/nucleus interactions may be both elastic and inelastic(e.g. neutraCHAMPs).



29Starkman, Gould, Esmailzadeh and Dimopoulos [47] have studied the mass andscattering cross-section parameter space for SIMPs. By tabulating the regions of sen-sitivity for various cosmic ray experiments and dark matter searches, they have founda few 'holes' in parameter space where no e�ective constraints can be placed on thehypothesis that SIMPs are the dominant cold dark matter (CDM). They parametrizethe energy loss of a SIMP travelling through normal material as:dEdx = �PA nA�A  mred(A)2mA ! v2 ; (2.10)where nA is the isotope number density, �A is the SIMP/nucleus energy-transfer cross-section and mA is the isotope mass. mred(A) is the reduced mass of the isotope-SIMPsystem, with relative velocity, v. The quantity mred(A)2v2=mA is the average energytransfer per collision assuming isotropic scattering. From this energy loss in a givenmaterial, the SIMP energy degrades as:E(x) = E(0) exp��2�pMx F x� ; (2.11)where �p is the SIMP energy-transfer cross-section on protons andF = PA fA �mredmA �2 �A�p ; (2.12)where fA is the mass fraction in the material of a given isotope with atomic mass A.2.1.1 Constraints upon SIMP Parameter SpaceStarkman et al. consider experiments performed with the main cosmic ray telescopeon Pioneer 11, a large area plastic-etch detector own and retrieved from Skylab, deepunderground germanium double-beta decay spectrometers, and balloon-borne silicon de-tectors. After making our own minor reinterpretion of these experiments in the samemanner as Starkman et al., we plot these results in Figure 2.1, where Mx is the SIMPmass, � is the elastic energy transfer cross-section, and the gray-shading represents themaximum SIMP fraction of the halo matter allowed, fd. Note the signi�cant `hole' in



30parameter space, centered at M � 108 GeV and � � 10�20 cm2, where SIMPs areunconstrained as the dominant cold dark matter component of the Galactic halo.We will use the same basic assumptions as Starkman et al., namely the energydegradation from Equations 2.11-2.12, a mid-range ux from Equation 1.2� = 1:8 cm�2s�1sr�1  106 GeVmx ! ; (2.13)and that the typical speed of the SIMPs is v � 10�3c. The only di�erences between ourinterpretations of the SIMP parameter space and the Starkman et al. interpretation are:� The Starkman interpretation of SIMP parameter space consists of determiningthose regions of the joint mass and elastic cross-section parameter space whereSIMPs cannot be the dominant Galactic halo dark matter. We analyze the SIMPparameter space to include three parameters: mass, elastic cross-section, and halodark matter fraction, fd. For the regions of parameter space constrained by Stark-man et al., the parameter fd � 1.� The Starkman interpretation of the cosmic ray experiment aboard Pioneer 11 didnot include the � 1 mil thick mylar shield above the top detector. This will preventany SIMP with a su�ciently high cross-section-to-mass ratio from reaching the topdetector.� We have included the unpublished results of a similar cosmic ray experiment onboard the IMP 7 satellite [97], which have less triggering requirements and aretherefore easier to interpret than the Pioneer 11 results. These IMP 7 resultsbetter constrain SIMPs than the Pioneer 11 results.� The graphs in the Starkman interpretation have an error in the Skylab PlasticEtch Experiment: excluding to the left rather than to the right of the diagonalline. We also fully trust this experiment, so we include the whole exposure. Also,light cosmic rays would not cause enough damage to the plastic etch detectors tobe detectable, as suggested by Starkman et al..



31� We include search experiments by Barish et al.[90], Kajino et al.[91], Orito etal.[115], Bacci et al.[116], and new results from Caldwell et al.[37].� We do not put as much weight in the mini-blackhole argument as do Starkman etal., so we plot it (Figures 2.3 and 2.4) and discuss it separately.As an example, we will discuss the constraints on SIMPs from the monopolesearch performed by Barish et al.[90]. The minumum detectable SIMP energy loss intheir plastic scintillation detectors was:dEdx �� = 10�3; SIMP� � 0:030:006 0:33dEdx (� = 1; �) = 1:65dEdx (� = 1; �) ; (2.14)where we have used the relative e�ciencies of ionization as determined in Section 2.6,and the ionization threshold of Ithr = 0:33I�=1;�, as determined by Barish et al.[90].From this minimum detectable energy loss, we compute the minimum energy-transportcross-section for which their constraints are applicable:� � ��2 dEdx = 1:78� 10�27 g/MeV/c2(10�3)2 �1:65� 2:0 MeV/g/cm2� = 5:9� 10�21 cm2:(2.15)This lower bound on their detectable SIMP cross-section is visible as the lower edge ofthe `Monopole Search' triangle in Figure 2.1. The diagonal upper edge of this triangleis computed from the constraint that SIMPs not lose signi�cant velocity while travelingthrough the 1000 g/cm2 of atmosphere en route to the detectors at sea-level. FromEquation 2.11, we can follow Ref. [47] and compute:� �mx �max = �Fx ln �0�min � 1:78�10�24 g/GeV1:0�1000 g/cm2 ln � 10�32:7�10�4�� 2:3� 10�27cm2=GeV; (2.16)where �min = 2:7 � 10�4 is from Ref. [90], and we have unrealistically assumed forsimplicity that all nuclei in the atmosphere have the same cross-sections with SIMPs, orequivalently, F = 1 (in Figure 9.46, we relax this assumption). Lastly, we compute theupper limit on the SIMP mass fraction of the halo as a function of SIMP mass (shownin gray-shades in Figure 2.1), assuming the ux in Equation 2.13:fdjmax = �max� = 4:7� 10�12 cm�2s�1sr�11:8 cm�2s�1sr�1 106GeVmx = mx3:8� 1017 GeV : (2.17)



32Note that when mx > 3:8� 1017 GeV, then the experiment by Barish et al. no longerconstrains SIMPs as objects in the dark matter halo since fd > 1. Also, the lines de�nedby Equations 2.15 and 2.16 intersect atmx = 2:6�106 GeV, where fd(max) = 3:8�10�7.This is a signi�cant constraint upon the halo dark matter SIMP ux.The right-triangular shape and the parallel, vertical stripes of gray-shading (forfd) are common to many of the experimental constraints shown in Figure 2.1. However,any experiment which places di�erent ux limits corresponding to varying energy thresh-olds will have a non-triangular shape, with non-vertical stripes. Also, when individualnuclear recoils are detectable, then the constrained region will have diagonal stripes offd gray-shading, as in the solid state detectors' results[51][61][116].This behavior of the stripes of the fd gray shading is easily derivable from thework by Starkman et al.[47]. For single nuclear recoil events, the expected event rateis fd�n=mx, where fd is the IMP halo dark matter mass fraction and n is the numberof active nuclei in the detector. When we equate this expected dark matter event ratewith the measured background in their detector (which is just a number), we �nd thatfd is inversely proportional to �=mx, which results in diagonal stripes in the fd gray-shading. For IMP events with multiple recoils, the expected dark matter event rate isfdA�
(�;mx)=mx, where A is the area of the detector and �
(�;mx) is the amount ofsolid-angle that contains IMPs which can penetrate the atmospheric/earth overburdenand still maintain detectable velocities. If this solid-angle varies slowly with � and mxin the region of interest, then we can take it as a constant. Now, when we set theexpected DM rate equal to the background, we �nd that fd is proportional to mx { the� dependence has dropped out, and we have vertical stripes of fd gray shading.2.1.2 SIMP Constraints from Miniature Black Hole Formation and Subse-quent Neutron Star CannibalizationStarkman et al. elaborate upon arguments by Gould et al.[66] and Goldman & Nussinov[68] which show that for a wide-range of SIMP masses and cross-sections, SIMPs cannot



33exist in any abundance because otherwise they would collect at the center of everyneutron star, and then form a mini-blackhole (MBH) M � 10�12M� (the order ofan asteroid mass worth of SIMPs), which would subsequently cannibalize the neutronstar. Since we know neutron stars exist and are long lived[88], then SIMPs cannot bevery abundant within a very broad range of masses and cross-sections (see Figures 2.3and 2.4). However, we believe that the SIMP/MBH argument is very model-dependent[68] since we can easily envision a SIMP model with SIMPs having enough pressureon the quantum scale to o�set the gravitational pressure and prevent formation of themini-blackhole. For example, if the SIMPs are not elementary particles, but composedof many elementary fermions, as might occur in strange quark nuggets, and if theseelementary fermions have a mass much less than � 108 GeV[68], then the accreted massof SIMPs necessary to form a black hole might be �M� (strange stars might exist with� M�[101]), rather than � 10�12M�. This amount of accretion is impossible, so thatthis MBH argument fails to constrain all di�erent types of SIMPs as dark matter.Nonetheless, the MBH argument does constrain SIMPs if the SIMPs are ele-mentary particles, especially if the SIMPs are fermions[68][47]. By an extension of thearguments given in References [68], [66] and [47], we compute the maximum SIMP frac-tion by mass of the Galactic halo, fd, as a function of mx and �. We summarize ourresults in Figures 2.3 and 2.4, where there are two di�erent regions, as discussed in the�gure captions.2.1.3 Other Astrophysical Constraints upon SIMPsWe will discuss here the constraints shown in Figures 2.1 and 2.2, as `Galactic Halo Sta-bility' and `Interstellar Cloud Heating'. Chivukula et al.[67][47] investigated the e�ectof IMPs losing energy by collisions with atoms in hydrogen clouds in the Galaxy andconsequently heating up the hydrogen clouds. These heated hydrogen clouds should



34cool by emission of UV photons. By requiring that the cloud be in thermal equi-librium, the heating rate h � 106fd�v3mp=mx should be less than or the same or-der of the observed cooling rate � = (8:1 � 4:8) � 10�14 eV/s, and we derive thatfd � 8 � 10�24 cm2=GeV(mx=�). Since this argument only applies for slowing rates�=mx above a certain threshold, 8 � 10�24 cm2=GeV, the cloud-heating argument com-plements terrestial IMP detection experiments, where there inevitably is an overburdenwhich demands that the slowing rate be less than a certain maximal value.In a similar spirit, we take the stability of the galactic halo as an assumptionin our model of dark matter. By requiring that the infall time of halo particles due toenergy loss be much more than the Hubble time, Starkman et al.[47] �nd that �=mx �5 � 10�24 cm2=GeV, which applies for arbitrarily small fd. Indeed, in the absurd casewhere the spherical dark matter halo consisted of only one particle, if that particle hada slowing rate in excess of this upper limit, then it would collapse into the Galactic diskduring the Hubble time of 5 billion years, and there would be no more halo. Therefore,the halo-stability constrained region will only have only one gray-shade, which we willmake black, here corresponding to no value of fd > 0 allowed. Unfortunately, there aresome caveats. First, if the IMPs have electrical or magnetic charge, then they may be ableto be re-accelerated in the Galactic magnetic �eld, and if the rate of supernovae is highenough, then IMPs might be shock accelerated back into the halo. Second, the Galactichalo may be somewhat attened already[27], possibly due to dissipation of energy bythe dark matter objects. Therefore, due to these caveats, the maximum slowing ratedetermined by Starkman et al. might be too low, and our IMP parameter space notas well constrained. Therefore, due to these considerations, we also show the SIMPparameter space in Figure 2.2 without the constraints from the galactic halo stabilityargument; these constraints would apply without quali�cation to all SIMPs, regardlessof their magnetic or electrical charge.
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Figure 2.1: Pre-IMAX plot of neutral SIMP parameter space (mass, elastic cross-section,and maximum dark matter fraction). The maximum neutral SIMP halo matter fractionis shown in gray-shades as a function of SIMP mass and transport cross-section. Thedarkest gray regions (black) correspond to the maximum halo matter fraction beingfdark < 10�5, while the white region corresonds to fdark > 1:0 (unconstrained). Thegray-scale increments logarithmically (see gray-scale chart). See Starkman et al.[47] orthe following references for further details (Interstellar Cloud Heating [67],GalacticHalo Stability [47], CR (Cosmic Ray Experiments)[93][97], SIMP Search (Si,Balloon, Ground) [61], Plastic Etch Experiments (Skylab, Ground)[94][115],Monopole Searches (Scint., Ground, UG (Underground))[90][91][92][95][96],WIMP Searches (Ge, UG (Underground))[37][51][116][117]).



36

Figure 2.2: Pre-IMAX plot of charged IMP parameter space (mass, elastic cross-section,and maximum dark matter fraction). The upper limit on the charged IMP halo mat-ter mass fraction is shown in gray-shades as a function of IMP mass and transportcross-section. The darkest gray regions (black) correspond to the maximum halo mat-ter fraction being fdark < 10�5, while the white region corresonds to fdark > 1:0(unconstrained). The gray-scale increments logarithmically (see gray-scale chart).See Starkman et al.[47] or the following references for further details: (InterstellarCloud Heating [67], CR (Cosmic Ray Experiments)[93][97], SIMP Search (Si,Balloon, Ground) [61], Plastic Etch Experiments (Skylab, Ground)[94][115],Monopole Searches (Scint., Ground, UG (Underground))[90][91][92][95][96],WIMP Searches (Ge, UG (Underground))[37][51][116][117]). We have not in-cluded galactic halo stability constraints due to the possible reacceleration of chargedIMPs into the halo. We also do not include the constraints from chemical searches forcharged IMPs or the constraints from various direct CHAMP searches.
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Figure 2.3: Model-dependent Neutron Star/Mini-Blackhole constraints on SIMP param-eter space (mass, elastic cross-section, and maximum dark matter fraction). The maxi-mum SIMP halo matter fraction is shown in grey-shades as a function of SIMP mass andelastic transport cross-section. For Mx > 108 GeV, for the constrained cross-sections,the neutron star collects enough SIMPs in � 107 years to spawn a mini-blackhole at itscenter. For the region which constrains Mx < 1010 GeV, the SIMPs are accumulatedduring the collapse of the protostellar hydrogen cloud, and after the neutron star isborn, the SIMPs form the mini-blackhole which devours the neutron star in about 10years. The accumulation during collapse MBH argument and the accumulation after col-lapse argument both are a�ected by the requirement that the mini-blackhole be massiveenough to accrete the neutron star, otherwise evaporating by Hawking radiation. SeeFigure 2.1 and Refs. [47], [68], and [66] for further details.
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Figure 2.4: Pre-IMAX plot of SIMP parameter space (mass, elastic cross-section, andmaximum dark matter fraction) also including the highly model-dependent limit from thepossible accumulation of SIMPs and subsequent formation of mini-blackholes in neutronstars. The maximum SIMP halo matter fraction is shown in gray-shades as a functionof SIMP mass and transport cross-section. See Figures 2.2 and 2.3 and Refs. [47], [68],and [66] for further details. We do not include the slightly model dependent galactichalo stability argument so that some of the other constraints will be more visible.



392.2 Un-neutralized CHAMPsA charged-massive particle (CHAMP) is a hypothetical supermassive relic of the big-bang, which has unit electrical charge (�1) and point-like properties at non-relativisticvelocities[102]-[108]. DeRujula, Glashow, and Sarid (DGS)[42] popularized CHAMPs asa viable dark matter candidate. A CHAMP might additionally be strongly-charged, butotherwise CHAMPs can be regarded as a supermassive stable electron or as a super-massive stable proton, whose properties at � � 10�3 depend primarily upon its electriccharge and mass.2.2.1 Positively-Charged CHAMPsSince negatively-charged CHAMPs will quickly bind to a nucleus in the atmosphere or ina detector to become neutral or positively-charged, we only consider here the energy lossof positively-charged CHAMPs due to elastic Coulomb scattering. Lindhard et al.[109]have calculated the energy loss of slowly-moving ions in atomic collisions, which seemsto agree with experiment down to ion velocities of � � 10�3:dEdx ' (Z 0)2A P �8�� + �e Z2=3� ; (2.18)where the coe�cient P = �(�hc)2=�mpme = 1433 MeV/g/cm2, the �rst term in thebrackets is due to electronic collisions, the second term is due to nuclear collisions, Zand A are the charge and atomic mass of the target nucleus, Z 0 = +1 is the charge of theCHAMP, and � � 1:78� 10�27g/MeV is the conversion constant from mass to energy.At � = 10�3, this gives an energy loss (primarily due to recoil nuclei) of � 500 MeVcm2/g in nitrogen. More precise estimates[109] agree with the Born approximation, andgive an energy loss of � 200 MeV cm2/g. At this speed and with this energy loss, evenCHAMPs of mass, Mx � 1 PeV � 106 GeV, can only traverse � 2:5 g/cm2 of material.Therefore, cosmic-ray searches for singly-charged CHAMPs (for Mx < 2 PeV) with� � 10�3 must be relegated to satellite-borne experiments; balloon-borne experiments(at 5 g/cm2) are only sensitive to Mx > 2 PeV. Ground-level cosmic ray searches would



40only be sensitive to such CHAMPs if their mass is greater than � 1000 PeV = 109 GeV.Ground-level sea water chemical searches for super-heavy H2O (X+HO) are now sensitiveto Mx < 10 PeV[47][98][99][100].2.2.2 Fractionally-Charged CHAMPsFractionally-charged CHAMPs of negative charge (Z0 = �q, where q < 1) will hastilybind to a positively charged nucleus in the atmosphere, so we will only consider frac-tionally charged CHAMPs of positive charge. Charges of +13 and +23 are especiallyinteresting because, if quarks can exist independently of other quarks, one might expectthat they would have huge mass, much higher than the quark masses inferred from theirbound states. If the free-quarks have masses which exceed � 1 TeV, then the free-quarkscould be the dark matter in the galactic halo if abundant enough, having velocities of� 10�3c. Many searches have been performed for 'light' relativistic free-quarks in cosmicrays, but few have been made for heavy non-relativistic free-quarks[89][90][115].The energy loss for fractionally-charged CHAMPs would be given by eq. 2.18,but reduced by a factor of Z0 2 (0; 1), giving 500(Z 0)2 MeV cm2/g, or 200(Z0)2 MeVcm2/g in the more re�ned computation. For Z 0 = 1=3, a balloon-borne search for non-relativistic fractionally-charged particles might therefore be sensitive to massesMx > 0:2PeV.2.2.3 Negative-CHAMP/Nucleus ConglomeratesSince a negatively-charged CHAMP combining with an ordinary positively-charged nu-cleus is energetically favored, and since the most abundant nucleus in the atmosphere isnitrogen, a typical CHAMP/nucleus conglomerate in air is X��14N . This conglomerateis a tightly-bound (Q = �3:5 MeV) object, in which the binding energy is so large thatthe CHAMP is imprisoned within the con�nes of the nitrogen nucleus (rN = 2:9 fm),harmonically oscillating in the uniform charge distribution of the nucleus. Therefore, the



41CHAMP/nitrogen conglomerate appears as a supermassive carbon nucleus, with chargeZ 0 = +6.With large Z 0, the CHAMP/nucleus composite will have an energy loss of �18 (Z0=6)2 GeV cm2/g, where we have normalized the result to Z 0 = 6. Since thesecomposites have MeV binding energies, at the non-relativistic velocities of interest thesecomposites will not break apart. Therefore, the only important process is energy loss byelastic Coulomb scattering o� other nuclei; the range for particles of 1 PeV mass andwith a velocity of v � 10�3 is approximately 0:07 g cm�2. A balloon-borne search at5 g cm�2 would only be sensitive to masses greater than � 72 PeV.2.3 NeutraCHAMPsA neutraCHAMP is a negatively-charged CHAMP bound to a proton, resulting in aneutral hydrogen-like atom with binding energy of EB = 25 keV.1 This structure isobservable even at non-relativistic velocities, for example resulting in interactions inwhich the neutraCHAMP fragments into its components or in which the neutraCHAMPcharge-exchanges its proton for another nucleus of higher mass or charge (wherein theneutraCHAMP possibly loses its neutrality). However, neutraCHAMPs may be able topropagate through the entire atmosphere without losing the neutralizing proton [42].This possibility of detecting neutraCHAMPs at sea-level or even mountain-altitude wasour original motivation for looking for IMPs as dark matter candidates. NeutraCHAMPsdi�er from SIMPs since they have a large inelastic scattering cross-section, �inel.The important neutraCHAMP interactions with matter (N represents an arbi-trary nucleus) include:1NeutraCHAMPs can be easily excited to the �rst excited state by an X-ray with energy 19 keV.This exotic Lyman-� absorption line and the deuterated Lyman-� line at 38 keV may be respon-sible for the pairs of absorption lines seen in X-ray bursts or other unexplained X-ray astrophysicsphenomena[63][65][162]-[170].



42X�p + N ! X�p + N (elastic)! X�N + p (exchange)! X� + N + p (dissociation)! (X�p)� + N (excitation)! (X�N)� + p (exchange-excitation) .DGS have estimated the cross-sections for all these reactions except for the `exchange-excitation' reaction. If this exchange-excitation reaction is large enough, then (as detailedbelow) neutraCHAMPs cannot be detected at ground or mountain altitudes.2.3.1 Energy-loss by elastic scatteringBy two di�erent techniques, DGS �nd upper and lower bounds for the neutraCHAMPenergy loss by elastic scattering in the r�4 polarization potential, due to the polarizationinduced by the nuclear Coulomb �eld in close encounters:dEdx 2 [0:15; 32] MeV cm2 g�1;where an intermediate value is favored (maybe �2 MeV cm2 g�1). Since a CHAMP hasan energy of: E = 500 MeV � Mx1 PeV�� v300 km s�1�2 ,only those neutraCHAMPs with very large mass or relatively high velocity will not slowdown and stop in the atmosphere before impinging on detectors at ground-level (1000 gcm�2) or mountain altitude (700 g cm�2). However, if inelastic processes are signi�cant,then even these more massive neutraCHAMPs might not reach ground altitude. For aclassical estimate of the stopping power, see Appendix A.2.3.2 Dissociation of NeutraCHAMPsDGS also calculate the cross-section for the neutraCHAMP 'dissociation' reaction, whichis invariably followed by the rapid stopping of the remaining bare X�. This reaction



43is endothermic, requiring that � > �=pA. For the velocities of interest, � � 10�3, theatomic mass of the colliding nucleus needs to be � 40 for the dissociation reaction toproceed. Therefore, argon is the only element abundant (1%) in the atmosphere thathas large enough A to strip a neutraCHAMP, and for velocities above the thresholdvelocity of 345 km/s, the cross-section for this reaction [42] amounts to � 20 kilobarnsat velocities only 10% above the threshold velocity. Thus neutraCHAMPs which exceedthis velocity break apart after traveling through only a few milligrams of the atmosphere,while neutraCHAMPs below 345 km/s are una�ected by dissociation.2.3.3 Exchange ReactionsThe neutraCHAMP `exchange' reaction is exothermic, so no threshold velocity exists.Therefore, if this reaction has a low cross-section, then low-velocity neutraCHAMPs can`survive' (remain neutral) after propagating through signi�cant amounts of material.Otherwise, if the exchange cross-section is more than � 0:1 barn for velocities below345 km/s, then together with the high cross-section for dissociation for velocities above345 km/s, neutraCHAMPs (regardless of velocity or mass) cannot be detected at groundlevel or even mountain altitude. If the exchange cross-section exceeds � 10 barns, thenthe neutraCHAMPs cannot be detected as cosmic rays even at balloon altitude.The di�erence of binding energies between a neutraCHAMP and a CHAMP-nucleus composite is large (e.g., for nitrogen, the CHAMP-nucleus composite has abinding energy of � 3:5 MeV, as compared to the neutraCHAMP binding energy of0:025 MeV). Therefore, the exchange reaction is highly favored on energetic groundsalone. DGS calculate the cross-section for this reaction in the Born approximation, bycomputing the matrix element:M � R R d3x d3y	�i Z�y 	f ;with 	i = eik�x �p(y), where �p(y) is a ground-state Coulomb wave function; and	f = eiq�y�N(x), where �N (x) is a ground-state harmonic oscillator wave function (for



44nitrogen, the CHAMP-nucleus composite is so tightly bound, that the CHAMP is insidethe nitrogen nucleus and sees a uniform nuclear charge distribution). With the matrixelement as computed above, DGS estimate the exchange cross-section with nitrogen as:�exchange � 16 mb �300 km/sv � ,which is small enough to imply that low-velocity (v < 345 km/s) neutraCHAMPs canbe detected at mountain altitude or even ground-level. The smallness of this exchangecross-section follows from the requirement that the exchange results in the ground-stateof the CHAMP-nucleus composite.We believe that the `exchange-excitation' reaction, followed by a transition of theCHAMP-nucleus conglomerate to the ground state will make charge-exchange inevitablein a small amount of atmosphere:X�p + N ! (X�N)� + p ! X�N + p +  (indirect exchange) ;where the de-excitation photons are in the soft gamma-ray region, E 2 [0:01; 3:5]MeV(for N = 14N). DGS do not compute the cross-section for the exchange-excitationreaction, but we believe that in analogy to the capture of negative mesons, there wouldbe a high probability of capture into an X�N Bohr orbit with the same size as the X�pneutraCHAMP system, with a cross-section of � �(30� 10�13 cm)2 = 28 barns (a muchgreater classical estimate might be derived from the critical impact parameter derivedin Appendix A, �(216 fm)2 = 1500 barns).2.3.4 SummaryIf the exchange-excitation cross-section is in the range, �ee 2 [0:1; 10] barns, then weshould execute a balloon-borne experiment to search directly for unscathed neutra-CHAMPs as cosmic rays with velocities below 345 km/s and an energy-loss of � 2 MeVcm2/g. If the exchange-excitation cross-section is much lower than 0:1 barns, then a simi-lar mountain- or ground-altitude search ought to be su�cient. If the exchange-excitation



45cross-section is much higher than 10 barns, then a satellite- or rocket-borne experimentwith thin detectors would be necessary to observe unscathed neutraCHAMPs.2.4 MonopolesPolyakov[52] and 't Hooft[53] showed in 1974 that should the forces of nature be `uni�ed'at high energies or temperatures, then magnetic monopoles should exist, with massesnear the grand uni�ed scale of mx � 1015 GeV. Such supermassive monopoles willcatalyze proton decay through the Callan-Rubakov[54] mechanism, and will have theminimal Dirac magnetic charge of g = 0:5e, or multiples of this charge[55]. Due totheir excessive mass, these mx = 1015 GeV monopoles would be able to penetrate theEarth and trigger proton decay detectors, despite their low velocity (v � 10�3c) andhigh energy loss[56] (dE=dx � 30(v=300 km/s) MeV/g/cm2).However, it is possible to construct grand uni�ed theories with monopole massesas low as 104 GeV[57]. These light monopoles sometimes occur in non-SU(5) models andwould not catalyze proton decay, and would have multiple magnetic charges[55]. Dueto their multiple magnetic charges, such light monopoles might have � 100 MeV/g/cm2energy loss, and de�nitely would not be able to penetrate the atmosphere and would notbe detectable at sea level. Such light monopoles warrant high altitude direct searcheswith solid state detectors or plastic scintillator detectors. However, due to a widely-accepted galactic magnetic �eld survival argument by Parker[20], such light monopoles(mx = 104 GeV) are unlikely to contribute more than one part in 1017 of the galactichalo dark matter, and therefore the urgency of this search seems to fade.2.5 Strange Quark NuggetsWitten [58] has predicted that baryonic matter with roughly 1=3 each of up, down andstrange quarks might be energetically more stable than normal baryonic matter. Suchstrange quark 'nuggets' (SQNs) are possible relics of the hypothetical quark-gluon plasma



46phase of the early universe [48], and might also be produced and ejected in supernovae.These conglomerates of strangeness are likely to consist of many quarks, possibly rangingup to even sub-stellar masses (`strange' stars [101]), or down to the mass of an ordinarynucleus (e.g. the `H'-particle, an object with 2 strange quarks, with a mass near 2 GeV[111]). Strange nuggets are also predicted to have a slight excess of up quarks (the quarkfractions are fu � fd � 1:2 (by isospin symmetry), fs � 0:6, fu + fd + fs � 3), whichresults in an object of high positive charge (Q=A � 0:2) when all the quark charges areadded together [110]. For masses Mx < 109 PeV = 1:5 ng, the resulting cross-section(from the cloud of electrons surrounding the highly-charged strange nucleus) is:� � �(1�A)2 = 3:1� 10�16 cm2 ;which results in an energy loss of [48]:dEdx � 2� 105 MeV/g/cm2 :This tremendous energy-loss prohibits nuggets with masses smaller than � 1000 PeVfrom reaching balloon altitude. Indeed, one might wonder if SQNs could have capturedenough electrons during their formation and/or subsequent existence, so as to remainelectrically neutral. The number of electrons required to neutralize a single SQN of massM = 107 GeV is � 2 � 106 [110]. If the SQN is not accompanied by a full cloud ofelectrons, then the cross-section for SQN interactions will be signi�cantly reduced.If stable strange quark nuggets exist, then they will likely populate the galactichalo at non-relativistic velocities (� � 10�3). If the nuggets are not too massive (therebyrare) or too minor of a component of the dark halo matter, then they might be amenableto a direct particle search experiment [90][91][112].



472.5.1 Neutral Strange Quark NuggetsIf SQNs either have a mass mx > 1015 GeV or do not have a quark content asymmetry2,then the interaction cross-section can be estimated geometrically as :� � �r2 � �� 34� mx� �23 = � mx106 GeV� 23 � 10�22 cm2 ;or equivalently: dEdx = 0:05 � mx106 GeV� 23 MeV/g/cm2 ;where we have assumed a mean density for strange matter of � � 1 GeV/fm3. Byinspection of Figure 2.1, we �nd that for masses Mx 2 [106; 1011] GeV, neutral strangequark nuggets (nSQNs) have not been well-constrained. The range-mass relation fornSQNs is: R � 104 g/cm2 � mx106 GeV� 13 :If the detectors are sensitive to very small signals, then ground-level searches for nSQNsare sensitive to Mx > 1000 GeV. Even the lightest neutral nSQNs (Mx � 2 GeV) canreach balloon altitude, but very sensitive detectors are needed [61].If we use the density of ordinary matter (� � 1023 GeV/cm3 = 10�16 GeV/fm3),rather than the density of nuclear matter in Equation 2.5.1, we arrive at an estimatefor the geometric cross-section of meteoroids which is � 5� 1010 higher than the nSQNcross-section. We include this meteoroid result in Figure 2.5 for comparison purposes.2.6 Response of Plastic Scintillation Detectors to Slow ParticlesFicenec et al.[118] measured the light yield L (in eV) of slow protons in plastic scintillator(NE-110) as a function of velocity, � 2 [2:5�10�4; 5�10�3]. No previous measurementshad been performed at these velocities[119][121]. We used the data from the experimentby Ficenec et al. to determine3 the e�ciency (dL=dEp) for producing scintillation light2so that the SQNs are electrically neutral3by direct di�erentiation



48with protons of energy Ep (produced by neutron recoil). We found that at velocities� 2 [6� 10�4; 1:5� 10�3], the e�ciency is at a peak and is roughly constant:dLdEp = 0:006� 0:0015: (2.19)This recent result is roughly twice the e�ciency (for � � 10�3) that we obtained from thedata from the experiment by Ahlen et al.[121]. At higher velocities, it has been shownthat several di�erent plastic scintillation materials give nearly the same light productione�ciencies[122]. The scintillation plastics which we used in the IMAX experiment wereBicron BC-420, BC-400, BC-408, and BC-420, for detectors T1, S1, S2, and T2, respec-tively. These Bicron scintillators[123] all have approximately the same light productione�ciency for relativistic particles (3%) as the Nuclear Enterprises NE-110 scintillator.We will also assume that the light production e�ciency at low velocities is the same asdetermined from the experiment by Ficenec et al., 0:6%.From the � 0:6% e�ciency of light production by proton recoils at low velocities,we can compute the the expected light production for IMPs in scintillator plastic, dL=dx:dLdx =  dLdEC + dLdEp + dLEe! dEdx � dLdEp dEdx ; (2.20)where dE=dx is the energy loss by IMPs due to collisions with nuclei and electrons inthe scintillation plastic. We conservatively assume (due to lack of measurements) thatthe light production is negligible for the recoils of carbon atoms4 from IMP collisions,though these collisions might produce much more light than the proton collisions. Atthese velocities, � � �, direct collisions between IMPs and electrons do not contributemuch to the light production. We will often assume that the IMP energy transfer cross-section � is independent of velocity for low velocities[47][48], or equivalently that theenergy loss of IMPs is proportional to �2:dEdx (MeV/g/cm2) = �(cm2)� �2; (2.21)where � = 1:78� 10�27 g/MeV is the conversion factor from energy to mass. With thisassumption and from the 0:6% light conversion e�ciency, we can easily compute the4in the scintillator hydrocarbons



49light yield for slow-moving IMPs in plastic scintillators:dLdx = 0:006 MeV/g/cm2 �1:78� 10�21cm2 � �10�3�2 : (2.22)We can compare this to the light yield for minimum-ionizing (� � 1) particles of dL=dx =0:06 MeV/g/cm2, and we �nd that we only get signals larger than minimum-ionizing forIMPs with the highest velocities � � 3:3 � 10�3 and with � > 1:78� 10�20 cm2. For-tunately, it is relatively easy to detect a long (100 ns) pulse of light from a low-velocityIMP passing through a 1-cm thick scintillation detector with total light yield a smallfraction of the light yield from a minimum-ionizing particle. Therefore, plastic scintilla-tors can be made sensitive to slow-moving IMPs with cross-sections (� � 10�20 cm2), aregion of parameter space which has not been fully constrained for IMPs as a dark mat-ter candidate (e.g., the window in the parameter space of Figure 2.1 at mx � 107 GeVand � � 10�20 cm2). Therefore, since large-area (A � 104 cm2) plastic scintillationdetectors can by made without great expense, plastic scintillation detectors seem to bea logical choice to search for IMPs with uxes less than 10�4 cm�2s�1 and with cross-sections greater than 10�20 cm2. Of course, for IMP masses near 107 GeV with thesecross-sections, a balloon or satellite altitude experiment is required to detect slow-moving(� � 10�3) IMPs since these IMPs signi�cantly slow-down in the atmosphere.2.7 Chapter SummaryIn Figure 2.5, we summarize the di�erent IMP candidates mentioned in this chapter.The IMPs that are least-constrained and amenable to our balloon-borne search are:� SIMPs in a window of parameter space:10�28 cm2=GeV < �el=Mx < 10�25 cm2=GeV;10�20 cm2 < �el < 10�18 cm2:Within this window, for masses M > 106 GeV, SIMPs are unconstrained by pre-vious experiments as the dominant dark halo matter. However, for M > 106 GeV
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Figure 2.5: The joint mass and cross-section parameter space of di�erent SIMP mod-els. The di�erent shades of gray represent a di�erent model: SQN = strange quarknuggets; nSQN = neutral strange quark nuggets; monopoles; shadow matter[46];WIMPs and technibaryons[113]; meteoroids; U(1)0 dark matter particles[114], CHAMPs,neutraCHAMPs, and CHAMP/Nucleus Conglomerates. The cross-sections referredto for all these particle dark matter candidates are the elastic energy-transportcross-section at � � 10�3. We also indicate that � = 10�22 cm2 corresponds todE=dx = 0:06 MeV/g/cm2.



51SIMPs are constrained by the mini-blackhole argument to be only a minor com-ponent of the dark halo matter. Within the same window, for M < 106 GeV, theprevious balloon-borne silicon detector experiment of Rich, Rocchia, and Spiro hasa background which is low enough to constrain SIMPs to be a few percent of thedark halo matter.� NeutraCHAMPs are not well constrained as halo matter, since their elastic scat-tering cross-section is small enough to lie in the same range as the window inSIMP parameter space mentioned above. NeutraCHAMPs also have an additionalparameter to constrain, �inel, the inelastic scattering cross-section (e.g. charge ex-change), which makes neutraCHAMPs more di�cult to constrain than the genericSIMP or the highly-ionizing bare CHAMP.� Monopoles can also be better constrained by experiment in this same window.However the constraints from accepted astrophysical arguments are many orders-of-magnitude beyond the reach of an experimental search for monopole masses near106 GeV.� Neutral Strange Quark Nuggets of mass Mx � 108 GeV can be detected by ourexperiment, but have already been constrained by ground-based scintillation detec-tor experiments [90][91]. A one day balloon ight can do little to further constrainneutral SQNs in this mass range. Also, the unconstrained region near Mx � 106GeV should also be attainable from the ground, but detectors with a sensitivityto 2-3 nugget/nucleus collisions per g/cm2 and with a background of less than� 0:1 cm�2s�1sr�1 would be necessary. The surface experiment of Rich, Rocchia,and Spiro had too high a background for this region[61][47]. The sea-level scintilla-tion detector experiments[90][91] could not detect the expected signal, � 40 keV en-ergy deposition per nugget per detector (their thresholds were � 6 MeV/g/cm2[90]and � 1 MeV/g/cm2[91]). The undergound WIMP detectors are too far under-ground to detect these nuggets, which would stop before reaching the detectors.



52CHAPTER 3T.O.F. TECHNIQUE TO DETECT ULTRA-SLOW IMPSThe time-of-ight method would easily detect slowly moving massive particles, as long astheir collision cross-section is su�cient to produce scintillation signals, so we denote suchparticles as ionizing massive particles (IMPs). Accidental coincidences are the principalbackground to slow moving IMPs. No known particle is massive enough to simulate thepassage of a slow IMP through a stack of several su�ciently thick scintillation counters.With a stack of four � 1 cm thick scintillation detectors (Fig. 3.6), by measuringthe time delay between hits in successive counters (see Figure 3.7), Ti;i+1, we can computethe velocity, vi = di;i+1=Ti;i+1 between each successive pair of counters. If the velocitychange, �vi;i+1 = vi+1 � vi, while traversing each interior counter is nearly zero, thena particle must have passed through the counter and deposited more than the minimaldetectable energy, �Ethr, with very small change in momentum. Therefore, for smallrates of slowing down1, �v12 = �v23 = �v34 � 0 (3.23)is the obvious signature for an IMP passing through all four counters. For a particle ofmass, M � 1 PeV, and velocity, � � 0:001, the kinetic energy is T � 0:5 GeV, and themomentum is p � 1 TeV/c. Therefore, for an energy loss of�E � dEdx (THR) � 3:5 MeV/g/cm2 � 1:8 g/cm2 = 6:3 MeV; (3.24)the change in velocity is: �vv � �E2E � 6� 10�3: (3.25)1The IMPs must have a small energy loss (or energy-transport cross-section) compared to their mass
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Figure 3.6: Diagram of IMAX Telescope, showing the positions and dimensions of the 4scintillation detectors.



54For lower masses or higher energy losses, the change in velocity would be larger. Ifthe particle time-of-ight between a pair of counters is 5�s, then in order to have ameasurable change in velocity, we need to be able to resolve time-of-ight di�erencessmaller than 30 ns.3.1 Delayed Coincidence LogicA time-of-ight experiment requires a sequence of delayed coincidence logic gates. Eachsuccessive pair of counters needs to be able to sample the same range of velocity. Forthe unevenly spaced IMAX counters (see Figure 3.6), we show in Figure 3.7 the delayedgate arrangement designed to measure a velocity range of v 2 [100; 750] km/s, using thecounter spacings from Figure 3.6. We expect a Maxwellian distribution of IMP velocities(with ~v � 213 km/s, cut-o� by the galactic escape velocity vmax � 640 km/s)[17][18].Due to the small counter spacing between counters 3 & 4, and the anti-coincidence gatetime for prompt pulses of 200 ns, we chose 750 km/s as the upper limit of the range forvelocity measurement. We only include 3 counters in the coincidence, but we do measurethe time delay T34.3.2 Estimate of Measurable Mass RangeThe D-module registers overload pulses for �E > �Emax (see Table 6.8), where typically�Emax � 40 MeV. Since the velocity resolution, fv � �v=v, is of the order of 2% (seeSection 6.2.2) and the minimum velocity measured is vmin � 100 km/s, the D-modulecan measure a maximum mass of:mx;max � 2 (�E2;max+�E3;max)(v1 � v3)(v1 + v3) � (�E2;max+�E3;max)p2fv �vminc �2� 1:3� 108 GeV; (3.26)where �E2;max = 30:0� 1:3 = 39:0 MeV and �E3;max = 57:4� 1:8 = 103 MeV, and wehave assumed that (v1 + v3)min � 2vmin and (v1 � v3)min � p2�v . The D-module can
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Figure 3.7: Delayed-coincidence timing diagram for 3 counters. For each successive gate,we indicate the gate-delay, �i;i+1, and the gate-width, �i;i+1. We also indicate the timedelays, Ti;i+1, between intercounter pulses. The fourth counter is not included in thecoincidence, but as long as there is a hit in the fourth counter during the �34 gate, T34 ismeasured. If more than one counter has a hit within an anticoincidence gate of 200 ns,then all the participating counter pulses are vetoed, e.g., the indicated fast muon whichwent through all four detectors has been vetoed.



56detect particles with masses above 1:3 � 108 GeV, but it cannot resolve their masses.Disregarding propagation through the atmosphere and requiring a 4-counter coincidence,the D-module can detect a particle with mass no less than:mx;min � 2 (�Ethr;2 +�Ethr;3)(v12;max)2 � (v34;min)2� 1200 GeV; (3.27)where we used the velocity limits v12;max = 1150 km/s and v34;min = 76 km/s, and theenergy deposition thresholds �Ethr;2 = 2:7MeV and �Ethr;3 = 6:3MeV. Hence, theD-module's measurable mass range is mx 2 [1200; 1:3� 108] GeV. We accounted forscintillation light saturation e�ects in the above calculation (see Sections 2.6 and 6.3).Also, if the IMP interacts in additional material between the scintillation detectors,amounting to � 8:5 g/cm2 (see Table 6.1), the actual minimum detectable mass wouldbe increased to� 3300 GeV, and the maximum measurable mass might also be enhanced.3.3 TOF Background: Low-Mass ParticlesSlow non-supermassive particles are not a background in our search. In a single 1 cmscintillator, slow non-supermassive charged particles with � � 10�3 will lose enough en-ergy to stop. With discriminator thresholds set at approximately one-�fth the minimum-ionizing signal for a 1 cm scintillator, the nuclear recoils from slow neutrons deposit toolittle energy (for �n = 0:003, �E � 20 keV) to be detected. If a slow neutron doesnot interact elastically, but gets absorbed in one counter2, then the neutron will notbe able to satisfy a 4-counter coincidence. Hence, with su�ciently thick counters andsu�ciently high discriminator thresholds, neither charged nor neutral non-supermassiveparticles can be an IMP background.2which could give a signal above the discriminator threshold



573.4 TOF Background: Electronic NoiseIf each counter has the same separation from its neighbors, electronic noise might be abackground in a time-of-ight search. A stray radiofrequency signal might give a signalat the same time delay for all three time delay measurements. Fortunately, in our search,each nearest-neighbor counter separation di�ers greatly from the others, ensuring di�er-ent time delays between successive counters for a particle moving at uniform velocity, sothat electronic noise probably does not cause false signals that satisfy our time-of-ightrequirement.3.5 TOF Background: Accidental CoincidencesAccidental coincidences are the main background that will consistently diminish thesensitivity of a time-of-ight search for slow supermassive particles in cosmic rays. Thetime-ordered accidental coincidence rate A(n) for n counters is proportional to eachcounter's singles rate, Ri, and to the gate width, �j�1;j , for each of the delayed coincidencegates: A(n) = nYi=1Ri nYj=2 �j�1;j ; for n � 2= R(R�)n�1 if 8i; j : Ri = R and �j�1;j = � ,where the customary factor of n has been suppressed due to the time-ordering require-ment. Near the top of the atmosphere, the total particle vertical ux at solar minimumat Lynn Lake3 is [126] � 0:25 cm�2s�1sr�1. For a single scintillator size of 2500 cm2,this corresponds to a count rate of nearly 2000 Hz. Since the discriminator thresholdsare low, the singles rates at oat might be R � 4000 Hz, due to additional PMT noise. IfR = 4000 Hz and � = 10�s, for all counters, then R� � 0:04 and the accidental delayed3These measurements were performed at Saskatoon, Saskatchewan, Canada, which is about 1000 kmfurther south than Lynn Lake, Manitoba, Canada. The IMAX ight occured at solar minimum as didKomori et al.'s 1962 ight from Saskatoon. `Solar minimum' is when the minimum in the solar magneticactivity occurs, so that the cosmic ray ux at the earth is at its maximum, due to a solar-magnetic cuto�occurring at a lower rigidity.



58coincidence rate is A(n) � 4000� (0:04)n�1 Hz;which gives A(4) � 0:26 Hz. With a total 4-counter solid angle of �
 � 100 cm2sr, a4-counter delayed-coincidence experiment would therefore be sensitive to uxes greaterthan: �IMP � A(4)�
 � 10�3 cm�2s�1sr�1:If TDCs measure the actual time-delays between hits in successive counters with a timingresolution of � 50 ns, then the velocity resolution is typically:fv � �v=v � 50 ns=5�s = 0:01;where we have assumed that the fractional error of the detector spacing is negligible,and have taken a typical time delay of 5�s. Then the accidental rate of IMP-like eventsthat satisfy the time-of-ight requirement for n detectors will be:ATOF(n) � nA(n)� (fv)n�1;where we have assumed that the velocity resolution is the same for each of the n � 1detector pairs, and the factor of n is the customary prefactor for an accidental ratecalculation for n measurements. For 4 detectors, and with a velocity resolution of 1%, asdetermined above, we compute from Eq. 3.5 thatATOF(4) � 10�4 Hz, which correspondsto � 4 accidental events in a 10 hour balloon ight. Thus, the time-of-ight method hasa minimum detectable ux of�IMP,min � 3� 10�6 cm�2s�1sr�1 (3.28)(�IMP,min corresponds to detecting about 10 events in a 10 hour ight).The TOF method does not need x-y spatial information to reject accidentals,so we do not need to analyze the volumes of data that might result from multi-wireproportional chambers (MWPCs) or drift chambers4. Not only can the 4 scintillation4N.B. assuming MWPCs can operate on the � 5�s time scale necessary to detect slow particles.



59counter time-of-ight method detect highly ionizing slow supermassive particles withhigh ux sensitivity, but the TOF method can also detect such particles that deposit en-ergy at the minimum-ionizing level or lower, with a sensitivity that rivals other methods.In fact, for a detector with an energy loss threshold of dE=dx � 1 MeV/(g/cm2), thebackground from relativistic cosmic rays is so high (� 1 cm�2s�1sr�1), that in order tomake useful constraints on IMPs as minor components of the halo dark matter5, we mustuse a delayed coincidence between multiple detectors to reject this background. We areunaware of any other technique that has su�cient capability to reject the backgroundfrom relativistic cosmic rays in this parameter range (see Figures 2.1 and 2.2).3.6 Expected Time-Delay Distributions from Accidental CoincidencesIf we have two detectors (numbered 1 and 2) of uncorrelated pulses, and measure thetime-delay t12 = t2 � t1 between a pulse which occured in detector 1 at time t1 and indetector 2 at time t2 > t1, then the probability distribution P (t12) will depend exponen-tially on the waiting-time t12:P (t12) dt12 = 1� e�t12=� dt12; (3.29)where � is the mean time-interval between pulses in detector 2, � � 1=R2, where R2 is thesingle counting rate of source 2. For t12 << � , then P (t12) is approximately a constant,independent of t12. Therefore, a histogram of t12 (see Figure 5.11) should be uniform or`at' for time-delays t12 within a gate (see Figure 3.7) of width �12 << � . Any deviationfrom atness is a signature of pulses that are correlated with each other, and should bereconciled. We should not regard a non-at time-delay distribution as a positive signalfor the existence of IMPs { the precise time-of-ight signature of a non-slowing downIMP will always be the primary IMP trigger. Nonetheless, correlated pulses will alwaysba�e us, so I will discuss in Appendix B possible sources of correlated pulses betweendi�erent detectors in our time-of-ight scheme to detect IMPs.5for masses of order 106 GeV, and elastic cross-sections of order 10�20 cm2



60CHAPTER 4EXPERIMENTAL SETUPThe GSFC/Caltech/Siegen/NMSU IMAX collaboration was preparing a balloon-borneexperiment [86] with a payload that included four widely separated 1-2 cm thick �2400 cm2 plastic scintillation detectors, when the Arizona group proposed adding elec-tronics so that the ight could also search for slowly-moving IMP dark matter parti-cles with only a 5 g/cm2 overburden. The search, requiring a low-power, lightweight,low readout-rate electronics module, was agreed upon as an Arizona-IMAX collabora-tion. To accommodate these constraints, the Arizona group designed and constructed aspecial-purpose detector module (D-module) to discriminate the PMT pulses, to providedelayed coincidences, and to measure the time delays between hits in successive countersand the pulse heights in each counter. An Ortec ADC811 CAMAC module transferredthe analog time delay and pulse height outputs of the D-Module to an onboard VAX forprocessing and telemetry. From each scintillation detector's1 group of PMTs2, IMAXprovided a charge of � 10 pC per minimum ionizing particle to the D-module. In orderto avoid possible interchannel crosstalk in our D-module, we chose to set our discrimina-tor thresholds at � 2 pC. Therefore, for the 1 cm thick counters, the D-module's lightdetection threshold was �Lthr � 0:4 MeV. The resolution of the input charge measure-ments was better than 1 pC. The resolution of the time delay measurements for eachchannel was between 5 ns-80 ns, over a 0:4�s� 15�s range.1TOF1=two BC-420 scint. paddles, S1=light integration box with BC-400 scint., S2=light integrationbox with BC-408 scint., TOF2=two BC-420 scint. paddles2TOF1=four Hamamatsu R2803 PMTs, S1=four Hamamatsu R1307 PMTs, S2=twelve HamamatsuR2490 PMTs, TOF2=four Hamamatsu R2803 PMTs



614.1 The IMAX ApparatusThe IMAX main experiment [86] included a superconducting magnet to bend the tra-jectories of relativistic cosmic rays, with hopes of accurately measuring the low-energyantiproton spectrum. Multi-wire proportional counters, drift chambers, aerogel andTeon �Cerenkov detectors, and scintillation detectors all helped to distinguish di�erenttypes of particles (see Figure 4.8). An aluminum gondola of 1:08 g/cm2 thickness, 3:67m height and 1:52 m diameter enclosed the detectors and onboard VAX.4.2 IMAX Flight ParametersAt 2:6 hours UT on July 17, 19923, the IMAX payload was launched on an NSBF4 balloonfrom Lynn Lake, Manitoba, Canada (56:5� LAT, 101� LON). The balloon ascendedslowly, reaching oat � 7:5 hours after launch (Fig. 4.9). Fortunately for the IMPsearch, the slow ascent gives us much valuable information as to a possible altitudedependence of a hypothetical IMP signal. For example, if we can measure the IMPvelocity spectrum at each altitude, we might be able to estimate the velocity spectrumof IMPs (see Equation 1.3) before encountering the atmosphere, and perhaps even theIMP mass.Soon after dawn (� 10 hours UT), the IMAX payload �nally reached oataltitude, 5 g/cm2, and remained at oat for � 15 hours. At 15.1 hours UT, therewas a sudden onset of subtle electrical noise in the D-module in the IMAX payload,as evidenced by more RMS scatter and a slight upward shift in the D-module's time-delay pedestals. The internal payload temperature increased signi�cantly during theight, heating the electronics to above 50�C. At � 2:5 hours UT, 7/18/92, the bendingmagnet was turned o�, and the balloon operators commanded a partial release of heliumfrom the balloon, which caused the payload to gradually descend to � 8 g/cm2, over a3or equivalently 21.6 hours CDST (Central Daylight Savings Time) on July 16, 19924National Scienti�c Ballooning Facility
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Figure 4.8: Diagram of IMAX payload, showing the positions of the 4 scintillation detec-tors, along with the �Cerenkov detectors, multi-wire proportional chambers, drift cham-bers, and superconducting magnet.
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Figure 4.9: Atmospheric overburden versus universal time during the IMAX ight, July17-18,1992 (0:0 hours UT = Midnight on 7/16/92). Arrows indicate the times when thepayload reached oat altitude, and when the payload began to descend. Note the ratherlong ascent.



642 hour period. At 4:5 hours UT, the balloon payload was cut-down, over Peace River,Alberta (56:6� LAT, 118� LON), and the payload parachuted to the ground.4.3 D-Module Design/ImplementationWe constructed the Slow Pulse Sequence Detector Module (`D-module', see Figure 4.10)as a CAMAC module on a perfboard with `Speedwire' technology5. The D-module con-tained analog components and 44 integrated circuits (ICs) and consumed a moderate7.4 Watts of power. The D-module included 4 separate charge-sensitive ampli�ers (inte-gration time � 100 ns) and discriminators, each sensitive to � 2 pC. The discriminatorseach had 300 ns wide pulses and also had a prompt `anticoincidence' (or `veto') with theother discriminators via a 100 ns strobe delayed by 100 ns from the rising edge of eachcounter's discriminator pulse. In the following discussion, by `anticoincidenced discrim-inator pulse', we mean the 100 ns pulse which results when a single discriminator �resand none of the other discriminators �re within 200 ns afterwards (this is a four-foldexclusive-OR veto with a 200 ns gate width).The �rst detector's anticoincidenced discriminator pulse triggers a delayed gatevia two successive edge-triggered univibrators (`one-shots'), as in the top trace in Figure3.2. This delayed gate was put in coincidence with the anticoincidenced discriminatorsignal from the second detector { such a `two-fold' coincidence then triggers a seconddelayed gate, as in the middle trace in Figure 3.2. Likewise, a coincidence betweenthe third detector's anticoincidenced discriminator pulse and the second delayed gate,is called a `three-fold' coincidence, and triggers a third (prompt) gate. This `three-fold'delayed coincidence also triggers the readout of the D-module by strobing the OrtecADC, which samples the voltage levels of the D-module's Time-to-Analog Converters(TACs) for time-delay measurement and the D-module's Sample/Holds for pulse height5Speedwire is an an advancement over the `wire-wrap' technology and is manufactured by BICC-VERO Electronics, Hamden, Connecticut.



65measurement. If an anticoincidenced discriminator pulse from the fourth detector oc-curs during the third gate, then the time delay T34 is measured { however a `four-fold'coincidence is not required for readout of the D-module.For readout of each event, we isolate capacitors with high-speed analog switches(sampling time < 100 ns from trigger) to sample and store the pulse height of each de-tector's ampli�ed pulse. These stored pulse heights (SH1, SH2, SH3, SH4) are later readby the Ortec ADC. The successive anticoincidenced discriminator pulses also trigger theseparate starts and stops of 3 TACs (TAC12, TAC23, TAC34), which are implemented byswitching charge-integrating operational-ampli�ers (\OP-amps") with high speed analogswitches. The sample and holds and the TACs have been calibrated on the ground asdiscussed in Chapter 6. The IMAX ight distributions of the time-delays measured bythe TACs and the pulse heights measured by the sample and holds are shown in Chapter5. There are separate scaler outputs (ECL) for the 4 anti-coincidenced discriminatorrates and for the two-fold and three-fold delayed coincidence rates, which are measuredand cleared once each second. These scaler rates are shown as a function of time duringthe ight in Appendix C.The time-constant of each of the 5 univibrators is controlled by the values of aresistor and capacitor. The capacitor is slightly temperature dependent, giving di�erentgate widths at di�erent temperatures. Through the IMAX ight, this was less than a� 1% e�ect. Likewise, the time-delay measurement depended on the � 1% temperaturestability of the integration capacitors, and therefore, the calibration of the temperaturedependence of the D-module was necessary, as detailed in Section 6.2.1. All voltageswere internally regulated, so the stability of the current sources for the TACs and Sam-ple/Holds should not be a factor.
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674.4 Flight Data Acquisition and O�ine Analysis SoftwareThe D-module triggered the Ortec ADC completely asynchronous from the IMAX maintrigger at a rate of � 4 Hz at oat altitude (see Appendix C). Prior to ight we hadarranged with the BBMF6 to have the onboard VAX real-time operating system and theCAMAC crate controller card check the Ortec ADC every 0.25 seconds for a `data-ready'signal. If the Ortec ADC has data ready, then the VAX/CAMAC system reads the eight12-bit words from the Ortec ADC and stores these eight words along with a time stamp ina 48 word `Dark Matter' frame. The Dark Matter frame is then placed in a short bu�erwith the `Science' and `Engineering' frames for FIFO radio telemetry to the ground-based receiving station7. A scalar module also measured the six D-module countingrates (4 singles rates, the double coincidence rate, and the triple coincidence rate), andrecorded these rates in one of the Engineering data frames which was also telemeteredto the ground receiving station. The NSBF telemetry system sent the IMAX data tothe receiving stations at � 130; 000 bps, and the data was stored on analog tapes atthe receiving stations. These analog tapes were transcribed after the ight to digital8mm video tapes for use with VAX Exabyte tape drives by the di�erent members of theIMAX collaboration. During the IMAX ight, we monitored the ight dark matter datain the `wrap' data �les. These wrap �les contained a sample of the ight data and wererecorded typically every hour for 15 or 30 minutes. The real-time and post-ight darkmatter analysis software used the GDS8 library to extract the dark matter science framefrom the wrap �les9, and then to plot the D-module and scaler readings in histogramson the computer screen. For further understanding of the data, we could re-run (withinminutes during the ight) the histogram binning with di�erent cuts.Until October 1992, we used the wrap data �les from the ight for our data6the Balloon-Borne Magnet Facility, based at NMSU7The receiving station was at the launch site at the Lynn Lake airport before the payload wentout of radio range at about noon CDST on 7/18/92, after which time, the down range station at FortMacmurray, Alberta, received the data and controlled the payload.8Golden Data System9the dark matter data represented about 1% of all the IMAX data during the ight



68analysis. After October 1992, we began to receive the full Exabyte data tapes and wealso gained access to the full IMAX ight data over the computer network from theBBMF/NMSU database10.A few months after the ight, we decided to complement the GDS library withthe standard CERN data analysis libraries, which include PAW11 as an interactive frontend analysis tool. PAW has allowed us great exibility in studying the data, as PAWdirectly produced all the data plots shown in this dissertation (as encapsulated Postscript�les). The CERN libraries and PAW also allow us to create a very large and exiblearray called an `N-tuple', which contains the raw data words and many new analyzeddata words for each event. We could later apply very sophisticated cuts on each event inthe N-tuple, using either batch processing or the very intuitive interactive PAW interfaceto the CERN libraries.

10To speed up the process of acquiring the IMAX data after the ight, we extracted most of the darkmatter events from the IMAX data remotely on the NMSU computers, and then transferred these muchsmaller data �les over the computer network to the Arizona computers11Physics Analysis Workstation



69CHAPTER 5DATA FROM THE IMAX FLIGHTThe data from the IMAX ight shown in this chapter (unless otherwise noted) are for the�rst �ve hours after the balloon payload reached oat altitude of 5 g/cm2, between 10.0and 15.0 hours UT. After 15.0 hours UT, the temperature of the IMAX payload exceeded� 35 degrees Celsius, the D-module time-delay measurements were not as accurate asprior to 15.0 hours UT, so we choose not to use this data (as discussed in Chapters 4and 6 ). The time delay distributions (Figure 5.11) from the IMAX ight appear verypeculiar { with a very large peak at � 2:0 �s in the T23 distribution, and an � � 0:5 �sexponential decay distribution for T12 (both of these unusual distributions ride on top ofthe dominant at distributions from the accidental coincidences). Furthermore, we �ndthat the unusual events in T23 are correlated with the unusual events in T12 (Figure 5.13).If we select only those events with small pulse-height amplitudes in the 3rd scintillationdetector and with T23 within the unusual peak at 2:0 �s, then the background fromaccidentals is minimized, leaving an enriched sample of `anomalous events' (Figures5.14 and 5.15). If the events do not satisfy the previous anomalous event cut, thenthe resulting distributions (Figures 5.16, 5.17, and 5.18) are quite 'clean', consisting ofprimarily accidental coincidences. Note that the time delay distribution for T34 (bothfor the original data, and for the anomalous event-enriched data) is relatively featurelesscompared to the unusual distributions for T12 and T34.We show raw pulse-height histograms from ight in Figure 5.12. The e�ect of thenon-linearities found during the post-ight calibration is quite evident at � 1500 mV.Channel X1 (i.e., the signal for channel X1 comes from the top detector, channel X4from the bottom detector) has a sub-zero or near-zero pedestal, so there is a prominent
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Flight Data: Time-Delay Histograms (using 10/93 Calibration)Flight Data: Time-Delay Histograms (using 10/93 Calibration)Flight Data: Time-Delay Histograms (using 10/93 Calibration)

Figure 5.11: The IMAX ight time-delay histograms for the three time-delay channelsusing the 10/93 calibration (see chapter 6) show the expected at distributions for ac-cidental coincidences plus unusual structure for T12 and T23 near the beginning of thetiming gates. This data consists of the oat data (5 g/cm2) which had CAMAC tem-peratures lower than 34:0� C, or equivalently UT 2 [10:0; 15:0] hours.
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Flight Data: Pulse-Amplitude Raw HistogramsFlight Data: Pulse-Amplitude Raw HistogramsFlight Data: Pulse-Amplitude Raw HistogramsFlight Data: Pulse-Amplitude Raw Histograms

Figure 5.12: The raw pulse-height histograms for the four channels from IMAX ightshow the expected Landau distributions from minimum-ionizing particles, plus PMTdark-current pulses, plus some arti�cial peaks. The PMT noise peaks are typicallysmaller than 500 mV; the Landau peaks are typically between 500 mV and 1000 mV;and the arti�cial peaks due to strong lorentzian non-linearities in the ADC response (seeChapter 6) are usually � 1500 mV. Note the overow bin contents in the sub-key foreach histogram. Also 7401 counts are in the X1 underow bin, which is not shown orindicated in the sub-key.
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Flight Data:    2D Histogram of T23 vs. T12    (10/93 Calib.)

Figure 5.13: The IMAX ight two-dimensional histogram of T23 vs. T12 using the 10/93calibration (see chapter 6) show the expected uniformity due to accidental coincidencesplus unusual structure for T12 and T23 both near the lower edge of the gate. The numberof counts in each bin is proportional to the area of the square centered on the bin { eachbin is (�T12 = 0:025�s, �T23 = 0:05�s) in dimensions. This data consists of the oatdata (5 g/cm2) which had CAMAC temperatures lower than 34:0� C, or equivalentlyUT 2 [10:0; 15:0] hours.



73underow bin for this channel. Channel X1 also has indications of a sharp rise justbefore the overow bin at � 2000 mV. We do not understand this rise, but it may eitherbe due to an unnoticed e�ect in the amplitude calibration in the lab, or the sec(�) e�ectdiscussed below, or possibly due to highly-ionizing slow protons that stop in the topdetector.There is no clear Landau peak in channel X4. This is somewhat surprising, sincewe observed a good Landau peak in the ground muon runs at about 1000 mV in channelX4. However, due to the delayed coincidence (see Figure 3.7) required during ight (butnot during the ground muon runs, see Figure 6.29) and due to the vetoing of 2, 3, and4-fold prompt anticoincidences (see Section 4.3), the muons that trigger the accidentaldelayed coincidences during ight must come at predominantly wide-angles into eachdetector. The wide-angles would demand a longer path-length as the muon obliquelytraverses a 1 cm scintillation detector, due to sec(�) being larger. Therefore, the Landaupeaks should shift upwards during the ight, as compared to the ground muon runs. Thise�ect would be especially severe for channel X4, due to the close proximity of detector3 to detector 4, and also due to the large amount of charge observed from detector 4during the ground muon runs. Perhaps the Landau peak in channel X4 is buried in thenon-linearity peak at 1550 mV, or more likely the Landau peak is in the overow bin.We calculate that the enhancement of the Landau peak positions from the ground muontests to the ight distributions will exceed a factor of two for all four detectors, so thatin particular, the X4 Landau peak should be at X4 > 2000mV.In Appendix B, we discuss some possible sources of pulses with correlated time-delays, including an explanation that would imply new particle physics. However, aftera detailed calibration and study of the D-module, we will conclude in the next chapterthat these peculiarities in the timing and pulse-height distributions are not due to newparticle physics, but are man-made. Therefore, the clean distributions (Figure 5.16)(after eliminating the anomalous events) contain the non-man-made events of interestto our IMP search.
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Flight Data: Anomalous Events Time-Delay Histograms (using 10/93 Calibration)Flight Data: Anomalous Events Time-Delay Histograms (using 10/93 Calibration)Flight Data: Anomalous Events Time-Delay Histograms (using 10/93 Calibration)

Figure 5.14: The IMAX ight time-delay histograms for the three time-delay channelsusing the 10/93 calibration (see chapter 6) show unusual structure for T12 and T23 nearthe beginning of the timing gates with a minimum of uniformly-distributed accidentalcoincidences. This data consists of the oat data (5 g/cm2) which had CAMAC tem-peratures lower than 34:0� C, or equivalently UT 2 [10:0; 15:0] hours. The event cutsrequired that X3 < 400 mV and T23 2 [1:5; 2:5]�s occur simultaneously.
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Flight Data: Pulse-Amplitude Raw HistogramsFlight Data: Pulse-Amplitude Raw HistogramsFlight Data: Pulse-Amplitude Raw HistogramsFlight Data: Pulse-Amplitude Raw Histograms

Figure 5.15: The raw pulse-height histograms are shown for the four channels for theanomalous events during the IMAX ight. Note the overow bin contents in the sub-keyfor each histogram. Also 261 counts are in the X1 underow bin, which is not shown orindicated in the sub-key. We use the same event cuts on X3 and T23 as in Figure 5.14.The data set consists of IMAX ight data during the time interval [2:787; 25:281] hoursUT, so as to enhance the statistics on anomalous events.



76
Flight Data without Anom. Events: Time-Delay Histograms (using 10/93 Calib.)Flight Data without Anom. Events: Time-Delay Histograms (using 10/93 Calib.)Flight Data without Anom. Events: Time-Delay Histograms (using 10/93 Calib.)

Figure 5.16: The IMAX ight time-delay histograms for the three time-delay channelsusing the 10/93 calibration (see chapter 6) show the expected at distributions for ac-cidental coincidences without the unusual structure for T12 and T23 near the beginningof the timing gates. This data consists of the oat data (5 g/cm2) which had CAMACtemperatures lower than 34:0� C, or equivalently UT 2 [10:0; 15:0] hours. The event cutsrequired that X3 2 [50; 150] mV and T23 2 [1:5; 2:5]�s not both occur in the same event.



77
Flight Data: Pulse-Amplitude Raw HistogramsFlight Data: Pulse-Amplitude Raw HistogramsFlight Data: Pulse-Amplitude Raw HistogramsFlight Data: Pulse-Amplitude Raw Histograms

Figure 5.17: The raw pulse-height histograms are shown for the four channels for thenon-anomalous events the during IMAX ight. Note the overow bin contents in thesub-key for each histogram. Also 6664 counts are in the X1 underow bin, which is notshown or indicated in the sub-key. We use the same event cuts onX3 and T23 as in Figure5.16. The data set consists of IMAX ight data during the time interval [2:787; 25:281]hours UT.
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Flight Data without Anom. Events: 2D Histogram of T23 vs. T12 (10/93 Calib.)

Figure 5.18: The IMAX ight two-dimensional histogram of T23 vs. T12 using the 10/93calibration (see chapter 6) shows primarily accidental coincidences when we eliminate theanomalous events. The number of counts in each bin is proportional to the area of thesquare centered on the bin { each bin is (�T12 = 0:025�s, �T23 = 0:05�s) in dimensions.This data consists of the oat data (5 g/cm2) which had CAMAC temperatures lowerthan 34:0� C, or equivalently UT 2 [10:0; 15:0] hours. The event cuts required thatX3 2 [50; 150] mV and T23 2 [1:5; 2:5]�s not both occur in the same event.



79CHAPTER 6EQUIPMENT CALIBRATIONOur time-of-ight search for ultra-slow ultra-massive particles is simple in concept andimplementation. A well-executed IMP search requires several precise measurements ofultra-slow velocities, consequently requiring good pre-ight measurements of counterseparations and excellent ight measurements of time-delays between hits in successivescintillation detectors. Additionally, if we are to search for IMPs that actually slowdown within the IMAX telescope, we will need good estimates of the total overburdenof material above each of the active scintillation detectors. If we can can estimate (tosome precision) the light output for each particle passing through a detector, �L = ��E(� is the combined light production and collection e�ciencies), we can perhaps clarifyambiguities in possible IMP slowing-down events, and also reject more background thanpossible without pulse-height measurements. A posteriori, we �nd that the D-module'sperformance moderately depends on the air temperature near the module. Since thedata we used from the IMAX ight sampled an 8� C range of temperatures, a post-ighttemperature calibration of the D-module is vital to accurate time-delay measurementsduring the ight, as discussed in Section 6.2.1.6.1 Detector and Absorber Thickness and Separation MeasurementsThe IMAX cosmic ray telescope consists of 4 levels of scintillation detectors (see Figure3.6) from which the D-Module received signals, and several other detectors interspersedbetween these scintillation detectors (see Figure 4.8). These other detectors include: 2separate aerogel �Cerenkov detectors, each composed of three layers of aerogel; 1 Teon



80�Cerenkov detector, composed of 2 layers of Teon; multi-wire proportional chambers(MWPCs), and drift chambers. Besides the scintillation detectors, only the �Cerenkovdetectors contributed signi�cantly to the path length of material within the telescope.Since the various detectors were installed on a complex sca�olding in the IMAXgondola and since the detectors were of di�erent horizontal dimensions (sometimes pro-hibiting direct distance measurements), the distance measurements (di;i+1) requiredmuch care. IMAX researchers measured the counter separations from two di�erentreference points to sub-millimeter accuracy, and performed consistency checks, �nallydeciding that their measurements were consistent to better than 0:5 cm. This is a ratherlarge uncertainty, but we will be conservative and use this upper limit on the uncer-tainty of the distance measurements as the actual distance uncertainty. The dominantuncertainties for the grammage estimates (xi) are:� a manufacturer's stated fractional uncertainty of 5% on the thicknesses of thescintillators[124].� an assumed fractional uncertainty of 5% on the thicknesses of the Teon radiators.� a manufacturer's stated fractional uncertainty of 5% on the speci�c gravity ofTeon (2:2� 0:1 g/cm3)[125].� typical measured aerogel refractive indices of n � 1 � 0:049 � 0:006, implying a10-15% fractional uncertainty in the aerogel densities [156].In Tables 6.1 and 6.2, we compile the inferred values of the counter thicknessesand distances, along with our computed uncertainties. In Table 6.2, we also includethe total thickness of material above each of the scintillation detectors used in our IMPsearch.



81Detector Type i di;i+1 (cm) xi g/cm2)Atmo. Air 5:0Gondola Aluminum 1:08T1 BC420 Scint. 1 11:9� 0:7 1:032� 0:05C1a Teon cher. 2 10:6� 0:7 2:2� 0:14C1b Teon cher. 3 6:3� 0:7 2:2� 0:14C3a aerogel cher. 4 4:1� 0:7 0:66� 0:10C3b aerogel cher. 5 4:1� 0:7 0:75� 0:11C3c aerogel cher. 6 31:7� 0:7 0:68� 0:10S1 BC400 Scint. 7 125:6� 0:7 1:31� 0:07C2a aerogel cher. 8 4:1� 0:7 0:69� 0:08C2b aerogel cher. 9 4:1� 0:7 0:69� 0:09C2c aerogel cher. 10 17:1� 0:7 0:68� 0:07S2 BC408 Scint. 11 33:9� 0:7 1:83� 0:09T2 BC420 Scint. 12 1:03� 0:05Table 6.1: Thicknesses (xi) and separations (di;i+1) of the various IMAX detectors. The0.7 cm uncertainty for each of the separations comes from adding in quadrature thegrossly conservative errors for each of the positions of two neighboring detectors (� 0:5cm).
Detectors i; j di;j (cm) xj�1 (g/cm2)T1, S1 1; 7 68:6� 0:7 13:61� 0:27S1, S2 7; 11 150:9� 0:7 16:98� 0:31S2, T2 11; 12 33:9� 0:7 18:82� 0:33Table 6.2: Separations (di;j) of detectors used by the D-Module and the total amountof material above detector j, xj�1. We include the gondola shell and the atmosphere atoat altitude in the grammage estimates.



826.2 Time-Delay MeasurementsPrior to the IMAX ight, during pre-ight integration in Lynn Lake, we calibratedthe D-module with an Arizona/Irvine-constructed prototype computer-controlled Pulse-Generator module (G-module). This prototype had computer-control of the time-delayof the 4 output pulses, but lacked computer-control of the pulse-heights of the 4 outputpulses. The prototype G-module had low output-time-delay resolution, ranging from< 20 ns at time delays of 500 ns, to > 400 ns at time delays of 10�s. With the prototypeG-module, we found that the time-delay measurement capabilities of the D-module werelinear enough for our pre-ight satisfaction and de�nitely monotonic, with a maximumdi�erential deviation from linearity of � 10%:From the pre-ight muon-calibration (see the Amplitude Measurement sectionbelow), we also determined that the (relativistic particle) PMT signals from detectorsS1 and S2 are delayed by 80 ns and 17 ns, respectively from the signals from detectorsT1 and T2. We do not fully understand these delays, but they might have been partiallycaused by the the inherent delay caused by the white light-collection boxes used only byS1 and S2, and not by T1 and T2, and the 3-inch diameter PMTs of detector S1 wouldbe expected to introduce greater delays than the 2-inch PMTs of dector S2.After the IMAX ight, we personally recovered the D-module from the payload inPeace River, Alberta, Canada, so as to avoid possible damage during handling/shipmentafter the ight. We had completed the upgrade to the G-module during our 1 monthstay at Lynn Lake. Therefore, after returning to Tucson, we calibrated the D-moduleagain, but with the greater precision o�ered by the new G-module. Since the newG-module uses a linear univibrator design, the output-time-delay resolution is nearlyindependent of time delay, with �G;Tij � 5 ns, for Tij 2 [300; 15000] ns (as determinedfrom a calibration with an HP5328A universal counter). This upgrade in G-moduleprecision allowed us to quantify slight channel-dependent non-linearities in the D-moduletime-delay measurements. In Table 6.3, we give the parameters for a polynomial �t of the



83G-module output time-delays vs. the D-module measured time-delays (January 1993).The functional form of the polynomial we used to �t the time-delay calibration is:Ti;i+1 = nXj=0 aj(Xi;i+1 �Xrefi;i+1)j ; (6.30)where Ti;i+1 is the G-module output measured in �s, Xi;i+1 is the D-module outputmeasured in Volts1, n is the degree of polynomial used in the �t, aj are the coe�cients2,and Xrefi;i+1 is the `reference' level for this time-delay channel. The `reference' level forchannels X12 and X23 is the smallest time-delay measured for each of these channels andrefers to the lower edge of the time-delay histogram, which does not vary much betweenthe hours 10.0 and 15.0 UT (see Figures 6.22 and 6.23). For channel X34, the referencelevel is the position of the overow bin.Coe�. T12 T23 T34a0(�s) 0:615� 0:080 1:347 + 0:063 6:651+ 0:017a1(�s/V) 5:6645 11:54 5:878a2(�s/V2) 9:8175� 10�2 0:4350 3:377a3(�s/V3) �3:551� 10�2 �0:2634 1:960a4(�s/V4) 0:4090Table 6.3: Calibration of D-module time delays: coe�cients to a polynomial �t (1/93).The terms added or subtracted to the a0 terms are due to the 80 ns and 17 ns delaysmentioned in the text.During post-ight data-analysis, we discovered a strong systematic (diurnal)time dependence of the D-module's time-delay measurements, which was correlated withthe temperature changes of the CAMAC crate which contained the D-module. We alsofound in this analysis that the D-module would occasionally strobe the Ortec ADC (in-dicating that an event occurred, and that the event data needs to be sampled and storedin the ADC for future read-out to the on-board VAX), but no data would be presentfor the ADC to read-out, hence the pedestal of the ADC would be stored in the ADC'smemory. These pedestal events are evident in the X12 and X23 distributions shown inFigure 6.23 as the events with TDC readings of less than 40 mV. We had not planned1However, we will often use the units of milliVolts for Xi;i+1, especially when we display distributionsof Xi;i+1.2in microsecond and Volt units to eliminate excessive scienti�c notation



84this fortunate accidental measurement of the pedestals. In retrospect, these recurringin-ight accidental pedestal measurements were very useful in establishing the referencelevels discussed above. The knowledge of the pedestals or reference levels allowed us totrack with good-precision the systematic change of the time-delay measurements withtime, correcting the time-delay measurements for a secular change in the pedestals duringthe ight.In addition to the secular change of the pedestals during the ight, we alsoobserved a large upward shift of the time-delay pedestals at 15:1 hours UT, accompaniedby the onset of a large amount of RMS noise (� 5-10 mV) on the time-delay pedestals,where the noise had previously been less than 1 mV. We will discuss this noise-onsetfurther in Section 6.2.1.The large temperature-dependence of the D-module's time-delay measurementsand time-delay `pedestals' also prompted us to perform a second post-ight calibrationof the D-module with the G-module. This second calibration (October 1993) determinedthe temperature-dependence of the time-delay calibration coe�cients. Also, we steadilymonitored the G-module's calibration during the D-module's temperature-calibration,so we have quite a bit more con�dence in the second calibration than we have in the �rstcalibration (see Section 6.2.1).With the second calibration data, we �rst show the residual discrepancy betweenthe data and a linear �t (see Figure 6.19) so that the e�ect of non-linearities can beemphasized. Note the slight change in character for T12 < 1�s. This is probably due tothe non-zero width of the discriminator pulse which triggers the TDC. Channel T23 has akink at 10:5�0:4�s. This kink is currently unexplained, but is apparent in the ight T23histograms (see Figure 5.16). Channel T34 has a 30 mV (peak-to-peak) lorentzian-likeresonance between 3:0 and 4:5�s.Channels T12 and T23 have a slight quadratic term which is accounted for by aglobal quadratic �t, and channel T34 has a lorentzian resonance which is accounted for bya piecewise quadratic �t. We chose the boundary time-delay between the two di�erent
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Figure 6.19: At an air temperature of T = 24:0 � 0:1 degrees C, the residuals for allchannels Tij from a linear �t show good evidence for a systematic quadratic discrepancyfrom zero. The error bars are single measurement errors, determined from the RMS of20 measurements. The residuals for channel T34 from a linear �t also show a lorentzianresonance for T34 2 [3:0; 4:5]�s.



86Coe�. T12 T23 T34a0(�s) 0:581� 0:0031 1:3539� 0:0031 4:5659� 0:0022a1(�s/V) 5:861� 0:005 11:772� 0:004 3:426� 0:003Table 6.4: Calibration of D-module time delays: coe�cients to a linear �t (10/93) at24:0� 0:1 degrees C. The muon calibration delays of 80 ns and 17 ns should be addedto the a0 terms, as in Table 6.3.Coe�. T12 T23 T34 <= 3:5�s T34 > 3:5�sa0(�s) 0:631� 0:026 1:337� 0:023 4:364� 0:052 4:424� 0:0027a1(�s/V) 5:829� 0:004 11:677� 0:039 3:331� 0:0254 3:496� 0:101a2(�s/V2) 0:028� 0:015 0:083� 0:014 0:063� 0:018 0:48� 0:42Table 6.5: Calibration of D-module time delays: coe�cients to a quadratic �t (10/93) at24:0� 0:1 degrees C. The T34 �t has been split into two parts, as indicated. The muoncalibration delays of 80 ns and 17 ns should be added to the a0 terms, as in Table 6.3.pieces of the T34 �t to be 3:500�s. The residuals from these quadratic �ts are shown inFigure 6.20.6.2.1 Temperature DependencePrior to the IMAX ight, the IMAX collaboration made arrangements with the NSBFto launch the payload at dusk, so that high daytime temperatures could be avoided.Therefore, with the lower night-time temperatures, the �Cerenkov PMT noise would notbe severe enough to limit the range of relativistic particle velocity determination. Un-fortunately, the IMAX payload ascended at a remarkably slow rate, not reaching oataltitude until dawn (see Figure 4.9). Since a night ight had been planned, much insu-lation had been wrapped around the IMAX gondola to prevent heat-loss during the coldnight. The extra insulation probably caused the internal temperature of the gondola(which contained the detectors and electronics) to rise considerably (up to 55�C) duringthe daytime hours. Most of the electronics had only been tested up to 40�C, so it isremarkable that the payload operated reasonably well despite these high temperatures.However, the changing temperature (see Figure 6.21) did directly a�ect the performanceof the D-module, causing:
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Figure 6.20: At an air temperature of T = 24:0�0:1 degrees C, the residuals for channelTij from quadratic �ts show little evidence for a systematic discrepancy from zero. Thediscrepancy for T12 < 1:0�s is probably caused by the non-zero width of the stoppingTDC discriminator pulse. The error bars are single measurement errors, determinedfrom the RMS of 20 measurements. The glitch observed at T23 = 10:5 � 0:4�s is cur-rently unexplained. The piecewise �t used exclusively for channel T34 has removed thelorentzian resonance observed in the linear �t residuals at T34 2 [3:0; 4:5]�s. The bound-ary time-delay between the two pieces of the piecewise quadratic �t is T34 = 3:500�s.



88� the capacitance in the charge-integrating TACs to change slightly, thus changingthe calibration conversion factors;� at 15:1 hours UT, the onset of a small parasitic oscillation (5 - 10 mV) that a�ectedall channels of the D-module, as evidenced by the superposition of this amplitudenoise term on all the outputs;� (possibly) at 26 hours UT, the slight upward shift of the S2 discriminator threshold,thus completely eliminating the anomalous events.
Temperature vs. Universal Time

Figure 6.21: During the IMAX ight, the temperature of the gondola �rst dropped to� 28 degrees Celsius and then rose substantially, reaching 55 degrees C at the end of theight. NSBF launched IMAX at � 2:6 hours UT on 7/17/92.Hereafter, `reference' levels will refer to the lower edge of the time-delay his-tograms for T12 and T23, and the overow value for T34. In Figure 6.22, we show theight temperature-dependence of the Tij mean reference levels. These mean reference



89levels are taken from the position of the edge of the Tij distributions shown in Figure6.23, which shows the noise-free evolution of the reference levels up to 15:1 UT (� 35degrees C) and the noisy timing shift at 15:1 UT. Since a lack of precision in the time-delay reference levels corresponds to a lack of precision in the time-delay conversion, wedo not use the data from the ight after the onset of noise at 15:1 hours UT. The shiftof the Tij mean reference levels (Figure 6.22) is partly due to a shift in the pedestaldue to a combination of the change in temperature and the change in voltage of theD-module/Ortec ADC811 combination. The temperature (Figure 6.21) starts at � 35�C, goes down to � 28� C, and back up again, reaching � 53� C { yet there is littlehysteresis in the reference levels in Figure 6.22 in the region < 35� C; larger amountsof hysteresis with temperature might be expected if the reference levels did not dependon temperature alone. Therefore, the reference level closely follows temperature, so weaccount for the reference level shift by subtracting the temperature-dependent referencelevel prior to converting the TDC milliVolt reading into a time-delay in microseconds(see Equation 6.30).At Lynn Lake, prior to installation into the IMAX gondola before the July 1992ight, we performed a temperature-test of the D-module (with the prototype G-module)within a temperature range of T 2 [5; 40] degrees Celsius. No obvious malfunctionswere apparent from the 7/92 temperature tests, as apparent from the histograms andscatterplots from the temperature tests that we studied at that time. One year after theIMAX ight, we conducted a careful temperature calibration of the D-module (with thenew G-module), by controlling the air temperature near the insulation-isolated D-modulewith a hot-air blower within the temperature range of T 2 [24:0; 36:7] degrees Celsius.To our surprise, we found that the small parasitic oscillation observed during the ight(possibly due to non-D-module equipment) above 36 degrees Celsius (see Figure 6.23),probably was caused by the D-module itself, as we observed 5 to 10 mV (Peak-to-Peak)sawtooth oscillations of � 2�s period (492 � 17 kHz) emanating from the D-moduleoutputs as measured with an oscilloscope at D-module temperatures above 34�C. Theseoscillations grew in amplitude as the temperature increased and were clearly evident in



90
Temperature vs. Universal TimeTemperature vs. Universal Time

Figure 6.22: The time-delay mean reference levels vary with temperature during theIMAX ight, with a remarkable change in behavior at T � 36� C (15.1 hours UT). Thischange in mean reference levels is also accompanied by an unusually large amplitudeoscillation of the reference levels from their mean values (see Figure 6.23).



91
Reference edge of time delay distributions vs. universal timeReference edge of time delay distributions vs. universal timeReference edge of time delay distributions vs. universal time

Figure 6.23: The time-delay reference levels vary with universal time during the IMAXight, with a remarkable oscillatory behavior at 15.1 hours UT (T � 36� C). See Figure6.22 for the mean value of the reference levels as a function of temperature. We do notuse the data from the ight after the onset of the large oscillations in the reference levels.
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Non-reference edge of time delay distributions vs. temperatureNon-reference edge of time delay distributions vs. temperatureNon-reference edge of time delay distributions vs. temperature

Figure 6.24: The time-delay non-reference levels vary with temperature during the IMAXight. The G symbols correspond to the temperature dependence of the non-referencelevels during the ground temperature calibration (10/93), while the X symbol is thenon-reference level during the ground calibration (1/93).



93the histograms and scatterplots (tabulated from our Tucson data (7/92)) as somewhatlarger error bars on the measured Xij values from the Ortec ADC.During the 10/93 ground calibration, we also measured the temperature de-pendence of the positions of the two edges of the TDC gate, the previously-discussedreference edge and the `non-reference' edge. The position of the reference edge (measuredin mV) for each TDC mostly depends on the position of that TDC's pedestal. After wesubtract the pedestals from the TDC measurements and compute the time-delay as inEquation 6.30, we can plot the Ti;i+1 distributions as a function of temperature or timeto see if there are any systematic trends. The position of the other `non-reference' edgeof the Ti;i+1 histograms will be the maximum measured time-delay for T12 and T23 andthe minimum measured time-delay for T34. The non-reference edge position as a func-tion of temperature does show similar systematic trends as a function of temperature forboth the ight data and for the ground calibration data (see Figure 6.24), but there areslight discrepancies (which we will take to be systematic errors in Section 6.2.2). Sincethe temperature-dependence of the Tij;max levels measured in the lab closely mimics thetemperature-dependence of the non-reference levels during the ight, we can use thepost-ight temperature-calibration coe�cients and knowledge of the ight temperaturechanges to correct for the temperature behavior of the module. The time-delay calibra-tion coe�cients depend slightly upon temperature, as summarized in Table 6.6. ChannelT12 is the most temperature sensitive channel of the three TDC channels.We show the di�erences between the new and the old calibrations, new(Tij) �old(Tij), for two di�erent temperatures in Figures 6.25 and 6.26. The new D-Module cal-ibration coe�cients di�er from the 1/93 calibration coe�cients by a signi�cant amount,which is probably due to the careful monitoring and updating of the G-module cali-bration with the HP5328A universal counter during the 10/93 tests. Note the � 100ns discrepancies for large T12 and large T23 and all T34. We found in 10/93 that theG-module's calibration can easily change from day-to-day or due to ambient tempera-ture/voltage changes by 40 to 100 ns, especially for the longer time delays. Prior to the



94Chan. Coe�. Temp. DependenceT12 a0 (�s) 0:5654+ 0:0012T � 0:080 + (0:1207� 0:0196)�((0:00350� 0:00071)T )a1 (�s/V) (6:0376� 0:078)� ((0:0099� 0:0028)T )a2 (�s/V2) 0:0460� 0:0061T23 a0 (�s) 1:2795+ 0:00136T + 0:063 + (0:0406� 0:0174)�((0:00065� 0:00063)T )a1 (�s/V) (11:6899� 0:0693)� ((0:000745� 0:0025)T )a2 (�s/V2) (0:0320� 0:0578)+ ((0:00215� 0:00209)T )T34 � 3:5�s a0 (�s) 4:1780+ 0:0105T + 0:017� (0:100� 0:039)+((0:00116� 0:00142)T )a1 (�s/V) (3:416� 0:118)� ((0:00364� 0:00427)T )a2 (�s/V2) �0:0644� 0:0083T34 > 3:5�s a0 (�s) 4:1780+ 0:0105T + 0:017� (0:0063� 0:0027)a1 (�s/V) (3:83� 0:45)� ((0:0132� 0:0158)T )a2 (�s/V2) �0:498� 0:177Table 6.6: We show the dependence of time-delay calibration coe�cients upon temper-ature T 2 [24; 34]� C (10/93). The coe�cients are de�ned in Equation 6.30.1/93 D-module calibration, we had last calibrated the G-module in 11/92, so the ob-served discrepancies between the two D-module calibrations are quite reasonable. Also,the CAMAC air-temperature during the 1/93 calibration was probably about 20 degreesCelsius, which would signi�cantly shift the D-module response for larger T12 time-delays,compared to the T > 24 degrees Celsius 10/93 calibration temperatures.6.2.2 Slowness UncertaintiesWe found in our second calibration (11/93) that the widths of the time delay gates onthe ground di�er systematically from these widths during the ight, by about 1:8%,1:7%, and 4%, for T12, T23, and T34, respectively (see Figure 6.24). For T12 and T23, thissystematic uncertainty causes the longest time-delays to be uncertain by 145 ns and 238ns, respectively. Since our reference level for T34 is not the minimum measured time-delay (as for T12 and T23), but rather the maximum measured time-delay, the shortestmeasured time-delays will be the most uncertain for T34, by 180 ns.



95

Figure 6.25: IMAX ight data is used to show the di�erences between the new (10/93)and old (1/93)D-module calibrations. The di�erence between the new and old time-delaycalibrations is plotted as a function of the time-delay computed from the new calibrationfor T 2 [26:5; 28:0] degrees Celsius. The di�erences between the calibrations does notchange very much over this range of temperatures.
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comparison of different calibrationscomparison of different calibrationscomparison of different calibrations

Figure 6.26: IMAX ight data is used to show the di�erences between the new (10/93)and old (1/93)D-module calibrations. The di�erence between the new and old time-delaycalibrations is plotted as a function of the time-delay computed from the new calibrationfor T 2 [32:5; 34:0] degrees Celsius. The di�erences between the calibrations does notchange very much over this range of temperatures.



97By our conservative estimates, the detector positions are known to 5 mm, whichcorresponds to detector separations which are known to an uncertainty of 1:2%, 0:7%and 3:0%, for the d12, d23, and d34, respectively (see Table 6.2).In Chapter 7, we will introduce the notion of slowness, which is equal to thereciprocal of velocity. Slowness will supersede velocity as our primary variable thatcharacterizes the hypothetical slow-moving IMP. From the previous considerations of thetime-delay and detector separation uncertainties, we compute the slowness uncertaintyfor ight data, and summarize the results in Figure 6.27. Slowness S34 di�ers in characterfrom the other two slownesses due to the di�erence in position of the reference level.6.3 Amplitude MeasurementsBefore the IMAX ight in Lynn Lake, we roughly hand-calibrated the D-module's pulse-charge measuring devices (ADCs) using the �xed pulse-charge outputs of the prototypeG-module, and a multitude of attenuators. This pre-ight calibration convinced us thatthe ADCs were monotonic, linear to within 25%, had little inter-channel crosstalk withthresholds set above � 2 pC, and had an active range roughly between [2; 30] pC. TheIMAX collaboration had agreed to apportion us roughly 20 pC of charge per mininum-ionizing-particle (MIP) per detector, putting MIPs right in the middle of each ADCs'active range.Just before gondola-closing in Lynn Lake, we performed a muon-calibration,by sequentially plugging each scintillation detector's PMT signal into channel 1 of theD-module (now in the IMAX gondola), leaving the other 3 channels of the D-modulewithout signals, and using the IMAX master trigger, delayed by 3:5�s, to strobe theADC to read the D-module's outputs. This con�guration avoided the relativistic par-ticle anti-coincidence which we had wired into the D-module (see section 4.3), and al-lowed measurement of each detector's relativistic particle Landau distribution of energyloss. Pre-ight analysis of the resulting muon-calibration histograms (see Figure 6.29)
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Slowness Measurement Errors vs. SlownessSlowness Measurement Errors vs. SlownessSlowness Measurement Errors vs. Slowness

Figure 6.27: The slowness uncertainties vary with slowness during the IMAX ight. Seetext for discussion.



99prompted us to ask the IMAX collaboration for more charge from the S1 scintillationdetector, which was provided by turning up the voltage of the S1 PMTs just priorto ight. During the muon-calibration, we also measured the pedestals for the pulse-amplitude measurements by triggering the Ortec ADC with a pulse-generator that madeNIM pulses asynchronously from the muon events. All of the detectors' signals wereplugged into their respective ight con�guration D-module inputs during this pedestalmeasurement, and the resulting histograms are shown in Figure 6.28.Additional pre-ight analysis of the muon-calibration histograms showed unusualfeatures in the S1 and S2 distributions, which prompted us to observe the raw PMTsignals prior to the D-module with a storage oscilloscope. The oscilloscope showed astrong correlation between the IMAX master trigger and unusual arti�cial after-pulsingin the S1 and S2 PMT signals, with a small pulse � 300 ns after the main muon pulse.The exact cause of this afterpulsing was unknown, but in the pre-ight discussions, theIMAX collaboration decided that the after-pulsing was inconsequential to the ultra-slowIMP search, since 300 ns is a much shorter time than the time-delay for an IMP to travelbetween two-detectors and be accepted by the D-module.In our Tucson lab, after D-module recovery from Peace River, we calibrated thepulse-charge response of the D-module with the upgraded G-module. The new G-modulehas computer-controlled pulse-height outputs, which enabled very precise characteriza-tion of the non-linearities of the ADCs. We found the standard very slight (� 5%) non-linearities for ADC values Xi < 500 mV. We also found an unusually strong (� 25%)non-linearity for each ADC channel at a D-module reading of � 1500 mV. This unfortu-nate non-linearity probably results from either a resonance between di�erent D-modulecomponents, or an unusually strong charge-injection at 1500 mV. We �t the ADC cali-bration curves (Figure 6.30) to the sum of a polynomial and a lorentzian:Ai = a0 + a1xi + a2x2i + a3L(xi; a4; a5) ; (6.31)
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Ground Pedestal Data: Pulse-Amplitude Raw HistogramsGround Pedestal Data: Pulse-Amplitude Raw HistogramsGround Pedestal Data: Pulse-Amplitude Raw HistogramsGround Pedestal Data: Pulse-Amplitude Raw Histograms

Figure 6.28: Raw pulse-height histograms from ground pedestal measurement run atLynn Lake. We show the raw pulse-height histograms for the four channels from theground pedestal measurement runs at Lynn Lake.
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Ground Muon Data: Pulse-Amplitude Raw HistogramsGround Muon Data: Pulse-Amplitude Raw HistogramsGround Muon Data: Pulse-Amplitude Raw HistogramsGround Muon Data: Pulse-Amplitude Raw Histograms

Figure 6.29: The raw pulse-height histograms for the four channels from the groundmuon calibration runs at Lynn Lake show the expected Landau distributions from mini-mum-ionizing particles. The Landau peaks are typically between 500 mV and 1000 mV,but channel A2 (IMAX detector S1) has a Landau peak at � 200 mV, and an arti�cialpeak at � 1000 mV, possibly caused by the IMAX electronics-caused afterpulsing at� 300 ns after the time-of-ight trigger.



102where the lorentzian is given by:L(xi; a4; a5) = (xi � a4)1 + (xi � a4)2a25 : (6.32)The coe�cients to these �ts are tabulated in Table 6.7. These non-linear �ts may beuseful if we should �nd that the ight data contains some interesting structure in theamplitude histograms, or if we are interested in searching for IMPs with exclusively largepulse-heights (we would want to use the energy-loss scale determined from these �ts). Butcurrently, we only compare the threshold of the ADC in rawmilliVolt units to the positionof the Landau peak during ground tests, thus allowing us to compute an approximateenergy-loss threshold of our IMP search experiment (see Section 6.3.1). Due to the largeruncertainties in the amplitude measurements than in the time-delay measurements, wedid not calibrate the amplitude measurements as a function of temperature.Coe�. A1 A2 A3 A4a0 (pC) 0.8247 0.7737 0.609 0.374a1 (pC/V) 7.7377 7.389 5.924 0.3634a2 (pC/V2) 1.8428 0.7733 2.865 3.601a3 (pC/V) 0 34.531 43.53 27.58a4 (V) 0 1.5213 1.5648 1.5363a5 (V) 0 0.10594 0.0982 0.0970G(THR) (mV) 29 72 138 211G'(THR) (pC) 1.0 1.4 1.5 1.4G(OVER) (mV) 2101 2086 2038 2089G'(OVER) (pC) 24.0 20.0 24.6 22.6G'(OVER)/G'(THR) 24.0 14.3 16.4 16.1Table 6.7: We present the amplitude calibration coe�cients as de�ned in Equations 6.31and 6.32. These coe�cients were used for the �ts to the calibration data shown in Figure6.30. We also interpret the thresholds and overows, in milliVolts and picoCoulombs,from the ground calibration data shown in Figure 6.30.6.3.1 Calculation of Energy Loss ThresholdFrom the ground tests at Lynn Lake, the ight pulse height distributions, and the mea-surements by Ficenec et al.[118] of the light production e�ciency of slow protons (Section



103
0

5

10

15

20

25

30

0 500 1000 1500 2000 2500

A
1
(
p
C
)

X1(mV)

0

5

10

15

20

25

30

0 500 1000 1500 2000 2500

A
1
(
p
C
)

X1(mV)

0

5

10

15

20

25

30

0 500 1000 1500 2000 2500

A
2
(
p
C
)

X2(mV)

0

5

10

15

20

25

30

0 500 1000 1500 2000 2500

A
2
(
p
C
)

X2(mV)

0

5

10

15

20

25

30

0 500 1000 1500 2000 2500

A
3
(
p
C
)

X3(mV)

0

5

10

15

20

25

30

0 500 1000 1500 2000 2500

A
3
(
p
C
)

X3(mV)

0

5

10

15

20

25

30

0 500 1000 1500 2000 2500

A
4
(
p
C
)

X4(mV)

0

5

10

15

20

25

30

0 500 1000 1500 2000 2500

A
4
(
p
C
)
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1042.6) we can estimate the smallest energy loss that each scintillation detector can mea-sure. From Figure 6.29, we estimate the positions of the peaks of the minimum-ionizingparticle Landau distributions for the four pulse-amplitude channels during the groundmuon calibration runs, tabulated as G(MIP) in Table 6.8. From Figure 6.28, we com-pute the position of the pedestals of the four pulse-amplitude channels of the D-moduleduring the ground pedestal-measurement run. For the pedestal computation, we assumethat the pedestals have a gaussian distribution with standard deviation � = 25 mV. Wecompute the ratio of the number of pedestal counts which have Ai � 0 mV to the totalnumber of pedestal events (341), and use the error function to estimate the mean-valueof the gaussian-distributed pedestal events, as tabulated as G(PED) in Table 6.8. Lastly,from the ight distributions of the pulse-amplitudes for each detector (see Figure 5.12),we estimate the position of the discriminator settings and list these settings as F(THR)in Table 6.8. We compute the energy loss threshold, dE=dx(THR), during the ight forslow (� � 10�3) particles with the following equation:dEdx (THR) =  dLdE (� = 1)dLdE (� = 10�3)! (F(THR)� G(PED))(G(MIP)�G(A1,P)) 2 MeVg/cm2 ; (6.33)where dL=dE(� = 1) � 0:03 is the ionization e�ciency for fast particles, dL=dE(� =10�3) � 0:006 is the ionization e�ciency for slow particles (see Section 2.6), and G(A1,P)is the position of the pedestal from the ground pedestal run for channel A1. The com-puted values of dE=dx are accurate to � 30%, with uncertainty dominated by threefactors: our neglect of the non-linear pulse-height conversion curves (Figure 6.30), theuncertainty in the pedestal positions (which were sometimes negative), and the assump-tion that the change of PMT-gain for Channel 2 just prior to the IMAX ight resultedin a factor of two increase in the A2 signal. The �rst detector probably had the low-est dE=dx threshold because it not only had a large signal from the detector, but alsohad (by chance) been the channel with the most debugging prior to ight. The valuesfor dE=dx(THR) shown in Table 6.8 were computed from a more sophisticated methodthan presented here (and di�er from the thresholds calculated from Equation 6.33 byless than 60%). The more sophisticated method properly takes into account the e�ectof the nonlinearity and the shifts in the thresholds and pedestals between the ight and



105the ground calibration.CHAN G(MIP) G(PED) F(MIP) F(THR) dEdx (THR) dEdx (OVER)A1 850� 50 �10 1030� 20 50� 10 0.9 21.6A2 350� 40 23 900� 50 200� 20 2.1 30.0A3 300� 20 7 630� 30 230� 20 3.5 57.4A4 1020� 50 2 > 2100 280� 20 1.4 22.5Table 6.8: Computation of Energy-Loss Thresholds for IMAX ight. See text for de�ni-tions of some of the variables. F(MIP) is the position of the minimum-ionizing particlepeak during ight. The units of G(MIP), G(PED), F(MIP), and F(THR) are milli-Volts. The dE=dx(THR) and dE=dx(OVER) values shown in this table have the unitsof MeV/g/cm2 and have an accuracy of � 30%. The dE=dx(OVER) values are computedfrom the product of dE=dx(THR) shown here and G'(OVER)/G'(THR) shown in Table6.7.6.4 Interchannel Crosstalk AnalysisIn October 1992, we performed our �rst post-ight interchannel crosstalk analysis ofthe D-module. At that time, the ight data suggested to us that the 'anomalous' ightevents were associated with a large pulse from the top Time-of-Flight detector (T1).Therefore, we put very large pulses (�5 V � 200 ns =50
 = �20; 000 pC) into channel1 of the D-module, and no signals into the other 3 channels, hoping to trigger the D-module by the hypothetical crosstalk between channel 1 and the other channels. Weobserved no such crosstalk triggers. When we plugged the same large signal into channel1 and three di�erent regular-sized (� 20 pC) scintillation detector signals into channels2 - 4, we saw no anomalous events in the resulting T12 and T23 time-delay histograms.We also performed the same experiment but this time, with the large pulses in channel2, and the normal-sized scintillation detector pulses in channels 1, 3, and 4, but saw noanomalous events in the T12 and T23 time-delay histograms. Therefore, we concludedthat the anomalous events were probably not due to the crosstalk of a large pulse in onechannel causing spurios pulses in the other channels.In October 1993, we studied the cross-talk properties of the D-module for thesecond time since the IMAX ight. This time, we plugged the large (�20; 000 pC)



106pulse into channel 1, and checked with an oscilloscope probe to see if this caused anyof the other channels' discriminators to �re simultaneously. The threshold charge forany discriminator to �re is � �2 pC, so this means that there is no crosstalk betweenchannel 1 and the other three channels over a dynamic range of at least 4:0 orders ofmagnitude. Likewise, when we sequentially plugged the large pulse into channels 2, 3,and 4, we observed no discriminator pulses in the three channels with no input signalto occur simultaneously with the input pulse. However, when the large pulse stimulatedthe 4th discriminator, we noticed a discriminator pulse in channel 3 about 2:06�s afterthe discriminator pulse in channel 4. This unusual crosstalk afterpulsing in channel 3requires a pulse in channel 4 with a charge greater than X4 � 60 pC, which is in theoverow bin of the fourth ADC (A4(overow) � 40 pC).This unusual crosstalk involving channel 4 perplexed us at �rst, since channel 4does not seem to participate in the production of anomalous events. Anomalous eventsconsist of an exponential time-delay distribution in channel T12 (with time constant �12 �0:5�s), a nearly delta-function distribution of time-delay in channel T23 (at T23 � 2:0�s),and small pulses in channel 3 (A3 � 100 mV). Channel 4 does not seem to be involvedin the anomalous events. In Appendix B, we discuss the possibility that decaying muonscan take advantage of this interchannel cross-talk in our module to produce anomalousevents, and �nd a couple of aws with this hypothesis.6.5 Inter-module CrosstalkIn November 1993, we �nally produced in our Mt. Lemmon Lab events which are re-markably reminiscent of the anomalous events seen during ight. The cause of theseunusual Mt. Lemmon events do not seem to be interchannel crosstalk, as hypothesizedabove. We observed a very big peak in channel T23 at X23 � 178 mV. This e�ect seemsto dominate at 6 PM MST, and seems to disappear at 6 AM MST. The anomalous events



107seen on Mt. Lemmon were slightly correlated with long T12 time delays, X12 � 1100 mV.All the pulse-heights were relatively small Xi < 300 mV. We found that by switchingthe 3rd detector signal with the 2nd detector signal eliminated the anomaly. We alsofound that by exchanging the 3rd detector signal with the 4th detector signal increasedthe time-delay from 178 mV to 203 mV, the shift being nearly in proportion with thechange in counter spacing, as one might expect if these events are caused by slow movingparticles. However, this e�ect was not reproducible. We moved counter 4 down by 29 cm,expecting to see the time-delay T24 increase proportionately. We saw no change { theX23peak (with channel 4 plugged into channel 3) remained at 203 mV. Hence, slow-particlesare not likely the cause of the anomalous-like events observed on Mt. Lemmon.We were using a redundant trigger module for delayed coincidences (DCD mod-ule) with separate discriminator modules and separate ampli�er modules. We found thatwhen we unplugged the DCD module or deactivated one of the 2 di�erent inputs intothe DCD-module from counter 2, the anomalous events seen in the D-module readoutdisappeared. We also found that afterpulsing in the ampli�ers due to double-overshootwith time-delays Tafterpulse � 1:4�s might have contributed to causing the anomalousevents. Hence, the anomalous events observed at our Mt. Lemmon lab were not due tonew particle physics, but due to inter-module cross-talk, possibly through a bad Lemocable ground, or maybe through the ECL scaler cable. Therefore, it is quite possiblethat a similar phenomenom, crosstalk between the IMAX electronics and the D-module,occurred during the IMAX balloon ight causing the anomalous events (e.g. the CA-MAC 2415 High Voltage supplies used for the drift chambers on the IMAX experimentmay have been arc-ing at � 500 kHz).



108CHAPTER 7SEARCH FOR PRIMARY IMPSOur de�nition of a primary IMP is one that appears to be a single supermassive particlethat travels through all 4 scintillation detectors, producing signals above threshold ineach of the detectors. The primary IMP can either impinge upon the atmosphere andpropagate through the remaining overburden to and through the IMAX gondola, or itcan be produced by an impinging cosmic ray in the atmosphere or in the gondola shellabove the �rst scintillation detector T1.7.1 Negligible Velocity-Change SearchFrom the distance measurements and the time-delay measurements of the last chapter,we compute the 3 velocities for each event, along with the associated uncertainties.From each velocity, we compute the `slowness' between detector i and detector i+ 1 assi � 1=vi, where vi is the velocity measured between these these detectors; slowness ismeasured in the units of �s/m. We use slowness as our primary variable rather thanvelocity because the background distributions for slowness are uniform (at) as opposedto the background distributions for velocity which are proportional to v�2.From these 3 slownesses, we compute the weighted mean slowness, �s, and theweighted chi-squared deviation from the mean , �2:



109�s = 1
 3Xi=1 si�2si�2 = 3Xi=1 (si � �s)2�2si ; (7.34)where 
 is given by: 
 = 3Xi=1 1�2si : (7.35)If �2 < 2:5 (as detailed in Section 7.1.1), then the event is consistent with an IMP thatpasses through all four detectors without gaining any slowness, or equivalently, withoutslowing down.For N degrees-of-freedom, we should study distributions of (�2)N=2, whose dis-tribution is slowly-varying (or at) for background events and is a decaying exponentialfor hypothetical signal events. For u � (�2)N=2, the probability distribution of u forsignal events is : P (u) du = CN2 exp�u2=N du; (7.36)where CN depends only on the number of degrees of freedom N . These qualities of thedistribution only hold true for the N=2 power of �2.Since we begin with 3 slownesses and use 1 degree of freedom to determine theweighted mean, we are left with a �2-distribution with 2 degrees-of freedom. Therefore,N=2 is 1, which implies that by looking at the distribution of �2, we can determinewhether or not there is an IMP signal above the background from accidental coincidences.7.1.1 Optimal �2-histogram Bin WidthSince the signal events would exponentially decay in �2 for one degree of freedom andthe background events were found to be uniformly distributed in �2 (for �2 < 100), thesignal and noise are best computed by de�ning the signal as the total number of eventsfound with chi-squared smaller than u, S(u) = Ns(�2 < u), and the background in a



110similar manner, B(u) = Nb(�2 < u). Therefore,S(u) = ns(1� e�u=2)B(u) = nbu ; (7.37)where ns is the total number of signal events and nb is the total number of backgroundevents per unit of �2. Hence the signal-to-noise ratio, E(u), is given by:E(u) = S(u)pS(u) +B(u)= ns(1� e�u=2)qns(1� e�u=2) + nbu : (7.38)The signal-to-noise ratio can be maximized by choosing chi-squared bins of op-timal width, ��2m, and looking for an enhancement above a uniform background in the�rst �2 bin. The optimal width is given by setting the derivative of the logarithm of thesignal-to-noise, with-respect-to bin-width, equal to zero:ddu(lnE(u)) = ddu �lnS � 12 ln(S +B)� = 0= 12e�u=21� e�u=2 � 12 ns2 e�u=2 + nbns(1� e�u=2) + nbu=2 = 0 : (7.39)If nb=ns > 1, then individual IMP events cannot be distinguished from individual acci-dental background events, and the above equation reduces to:e�u=21� e�u=2 = 1u ; (7.40)which is a transcendental equation with solution u � ��2m = 2:514: If nb=ns > 1, thenE(��2m) � 0:29pns=nb, which becomes quite small for large nb=ns. In a similar spirit,we can derive that if ns=nb � 1, then E(u = 2:514) � 0:78pns, independent of nb.Therefore, for ns=nb � 1, the signal-to-noise ratio will be E(2:514)� 10 when ns � 164.For any value of ns=nb, the total number of signal events, ns, is computed by Equation7.37 from the measured number of events in the �rst bin of the �2 histogram, to be:ns = S(��2m)1� exp (���2m=2) � 1:3S(��2m): (7.41)



1117.1.2 Results of �v � 0 SearchWe show the IMAX ight and Monte Carlo distributions of �2 and of �s (see Eq. 7.34)for the negligible-�v search in Figures 7.31-7.34. From the IMAX ight distribution of�2 in Figure 7.31 (where we use the optimal bin width of ��2m = 2:5), we determinethe number of background events, B(��2m) � nb��2m, by averaging over all bins for�2 < 100 : B(��2m) = 4:0� 0:3 : (7.42)The actual number of events observed with �2 < ��2m, is:N(��2m) = 5 ; (7.43)which corresponds[127] to a 95% C.L. upper limit S(��2m) < 7. Correcting this resultfor the number of IMP events which would be expected outside the �rst �2 bin (Equation7.41), we obtain ns < 9:1.In Figures 7.32-7.34, we plot the ight and Monte Carlo distributions of �s withdi�erent cuts, �2 <1, �2 < 60, and �2 < 2:5. For the ight distribution with the �2 <1 cut (Figure 7.32), the anomalous events are clearly visible, at �s 2 [1:5; 2:0]�s/m, whichis not at the same position as the peak in the IMP Monte Carlo distribution. When werequire that �2 < 60 (Figure 7.33), most of the anomalous events disappear, but a smallbump above the minimal accidental coincidence background remains; otherwise the ightdata mirrors the accidental coincidence Monte Carlo. For �2 < 2:5 (Figure 7.34), theanomalous events in the ight data disappear altogether, as do the a1 = 0:04 cm2=g IMPMonte Carlo events, and only 5 ight data events remain. The �tted slownesses of these5 events are quite consistent with the distribution expected from accidental coincidences.The error bars for S12 and S23 shown in Figure 6.27 are the prime determinants in theshape of the restricted-�2 slowness distributions shown here.
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Histograms of Chi-Squared from Negligible-dv IMP SearchHistograms of Chi-Squared from Negligible-dv IMP SearchHistograms of Chi-Squared from Negligible-dv IMP SearchHistograms of Chi-Squared from Negligible-dv IMP Search

Figure 7.31: IMAX ight and Monte Carlo �2-distributions for �tting each four-foldcoincident event to a constant velocity. For UT 2 [10:0; 15:0] hours, we checked eachfour-fold coincidence for consistency with a single particle that has travelled through all 4scintillation detectors. We show the data from the IMAX ight, and from three separateMonte Carlos, one for purely accidental coincidences, and two for IMP-like events withdi�erent values of a1 (see Section 7.4). If an event has �2 < 2:5, then it is consistent witha constant velocity IMP. Note the atness of the background for the �v = 0 distributionup to �2 = 100 in both the IMAX ight data and the simulated accidental coincidences.
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Figure 7.32: Negligible-�v �s-distributions without �2 cut. We show the IMAXight and Monte Carlo �s-distributions for �tting each four-fold coincident event to aconstant slowness. For UT 2 [10:0; 15:0] hours, we checked each four-fold coincidence forconsistency with a single particle that has travelled through all 4 scintillation detectorswith negligible velocity change. We show the data from the IMAX ight, and from threeseparate Monte Carlos, one for purely accidental coincidences, and two for IMP-likeevents (see Section 7.4). The above �s-distributions have no cuts on �2.
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Figure 7.33: Negligible-�v �s-distributions with �2 < 60 cut. We show the IMAXight and Monte Carlo �s-distributions for �tting each four-fold coincident event to aconstant slowness. For UT 2 [10:0; 15:0] hours, we checked each four-fold coincidence forconsistency with a single particle that has travelled through all 4 scintillation detectorswith negligible velocity change. We show the data from the IMAX ight, and from threeseparate Monte Carlos, one for purely accidental coincidences, and two for IMP-likeevents (see Section 7.4). The above �s-distributions have a cut that requires �2 < 60, toeliminate the events that have a very poor �t to a constant velocity IMP.
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Figure 7.34: Negligible-�v �s-distributions with �2 < 2:5 cut. We show the IMAXight and Monte Carlo �s-distributions for �tting each four-fold coincident event to aconstant slowness. For UT 2 [10:0; 15:0] hours, we checked each four-fold coincidence forconsistency with a single particle that has travelled through all 4 scintillation detectorswith negligible velocity change. We show the data from the IMAX ight, and from threeseparate Monte Carlos, one for purely accidental coincidences, and two for IMP-likeevents (see Section 7.4). The above �s-distributions have a cut that requires �2 < 2:5, tokeep only those events that have an excellent �t to a constant velocity IMP.



1167.2 Small Velocity-Decrease SearchIn a similar manner, we can search for IMPs that actually slow down slightly within theIMAX telescope. We hypothesize that the energy-loss for a given amount of material isa power-law in velocity: dEdx = ��nvn ; (7.44)which implies that the slowness-gain (with  � 3� n) is:dsdx = + �nMx s3�n= +as : (7.45)For  = 1, the slowness as a function of the total material traversed is:s1(x) = s0 exp(a1x) ; (7.46)where s0 is the slowness of the IMP at x = 0. For  6= 1, by solving equation 7.45, thefunctional form of slowness is:s 6=1(x) = s0 �1� ( � 1)as�10 x� 11� : (7.47)Hence, if we measure several slownesses as a function of x, for all , determinationof s0 and a is a complicated solution to nonlinear equations1. However, for all , ifas�10 x << 1, then: s(x) � s0 + as0x ; (7.48)which is a much easier linear �tting problem, and permits a simple solution.With a sequence of detectors (with thicknesses xi and distances to the succeedingdetector di;i+1), the observed slowness between detectors j and k will be a weighted sumof the slownesses between each pair of successive detectors between detectors j and k:sjk = k�1Xi=j di;i+1si;(y)dj;k ; (7.49)1especially when there are unused detectors of signi�cant grammage interspersed between the activedetectors



117where the slowness after the ith detector is a function of the total amount of materialtraversed, y: si;(y) = s  iXn=1 xn! : (7.50)For small-slowness gains, when as�10 x << 1, then with equations 7.48 and7.49, we can use the three measured slownesses to estimate the best-�t parameters s0and as0 for each event. Since only 1 degree of freedom remains with this 2-parameter�t, we should compile distributions of (�2)1=2 to search for events clustered above aslowly-varying background near �2 = 0, as in Figure 7.35.The histograms in Figure 7.35 show the results of this search. For IMPs, weexpect a gaussian peak at (�2)1=2 = 0 with a standard deviation � 1 (see the IMPMonte Carlos in Figure 7.35). From the Monte Carlo of accidental coincidences (Figure7.35), we expect a background peaked at (�2)1=2 = 0, but with an 1=e-width � 20. TheIMAX ight data closely resembles the accidental coincidence Monte Carlo, and doesnot have a sharp peak at zero, as would be expected from the IMP Monte Carlos.In a similar manner as used in the �v � 0 search, we estimate an upper limiton the number of slightly-slowing IMPs by taking the number of counts in the �rst binas the signal (5 events), and comparing this to the background found by averaging thenumber of counts in the �rst 8 bins (7:5 � 1 counts/bin). By applying the standardtechnique of estimating an upper limit for a signal above a Poisson background[127], wearrive at an upper limit on the number of IMP events during the 5 hour ight data set of6:9 events, where we have taken care to count the signal events that would reside outsidethe �rst p�2 bin (by multiplying the �rst bin result by 1.3).We show the e�ect of di�erent cuts of p�2 on the as0 vs. s0 two-dimensionaldistributions in Figures 7.36-7.38. We would expect an IMP signal to be more promi-nent in the p�2 < 1 histogram than in the histograms which do not have as stricta �tting requirement on p�2 < 1. Yet, in any case, from the IMP Monte Carlo fora1 = 0:04 cm2=g, we would expect that for the p�2 < 1 histogram to have a short line
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Figure 7.35: IMAX ight and Monte Carlo p�2-distributions for �tting each four-foldcoincident event to a slightly-slowing IMP. For UT 2 [10:0; 15:0] hours, we checked eachfour-fold coincidence for consistency with a single particle that has travelled through all4 scintillation detectors and slowed down slightly. We show the data from the IMAXight, and from three separate Monte Carlos, one for purely accidental coincidences, andtwo for IMP-like events (see Section 7.4).



119segment with slope equal to one with an enhanced number of events. This is not evidentin the ight data.7.3 Large Velocity-Decrease SearchFor large as�10 x, equation 7.48 breaks down, so that for large velocity-decreases, ourprevious two searches will be invalid. Another complication to a large velocity-changeIMP search, is that the IMAX experiment had a signi�cant amount of material betweenthe scintillation detectors that we used (see Figure 4.8, and Tables 6.1 and 6.2)). Thisadditional material will cause the IMP velocity to decrease while the IMP is travellingthrough the inert material between the two detectors. Thus the measured velocity willbe the weighted average of the instantaneous velocities between the di�erent absorbersthat lie between the two detectors.As an example, for n = 2, the slowness increases exponentially with the amountof material (Eq. 7.46), so that the measured slowness will be:sk = s0 k�1Xi=k0 fi;i+1 exp0@a1 iXj=1xj1A ; (7.51)where fi;i+1 � di;i+1=d1;i+1 is the fractional separation of neighboring `absorbers', andxi is the thickness (in g/cm2) of each absorber (see Table 6.1), and s0 is the slownessof the IMP just prior to entering detector 1. The index k0 represents the �rst detectorin the pair of detectors used to measure the slowness; and the index k represents thesecond detector of this pair (i.e., for IMAX, the 3 (k0,k) detector pairs are: (1,7), (7,11),and (11,12)). We de�ne the sk determined in Equation 7.51 as:sk � s0 exp(a1�); (7.52)where � is to be determined for each detector and absorber con�guration. As long asj a10@ iXj=1 xj ��1A j� 1; for all i 2 [1; k]; (7.53)
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Figure 7.36: Small-�v search parameter distributions without p�2 cut. We showthe IMAX ight and Monte Carlo two dimensional (log10(as0); log10(s0))-histograms for�tting each four-fold coincident event to a slightly-slowing IMP. For UT 2 [10:0; 15:0]hours, we checked each four-fold coincidence for consistency with a single particle thathas travelled through all 4 scintillation detectors and slowed down at a small rate. Weshow the data from the IMAX ight, and from three separate Monte Carlos, one forpurely accidental coincidences, and two for IMP-like events (see Section 7.4). The abovehistograms have no cuts on p�2.



121
2D Histograms of Fitted Parameters from Small-dv IMP Search2D Histograms of Fitted Parameters from Small-dv IMP Search2D Histograms of Fitted Parameters from Small-dv IMP Search2D Histograms of Fitted Parameters from Small-dv IMP Search

Figure 7.37: Small-�v search parameter distributions with p�2 < 5 cut. Weshow the IMAX ight and Monte Carlo two dimensional (log10(as0); log10(s0))-histo-grams for �tting each four-fold coincident event to a constant slowness. For UT2 [10:0; 15:0] hours, we checked each four-fold coincidence for consistency with a sin-gle particle that has travelled through all 4 scintillation detectors and slowed down ata small rate. We show the data from the IMAX ight, and from three separate MonteCarlos, one for purely accidental coincidences, and two for IMP-like events (see Section7.4). The above histograms have a cut that requires p�2 < 5, to eliminate the eventsthat have a poor �t to a slightly-slowing IMP.
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Figure 7.38: Small-�v search parameter distributions with p�2 < 1 cut. Weshow the IMAX ight and Monte Carlo two dimensional (log10(as0); log10(s0))-histo-grams for �tting each four-fold coincident event to a constant slowness. For UT2 [10:0; 15:0] hours, we checked each four-fold coincidence for consistency with a sin-gle particle that has travelled through all 4 scintillation detectors and slowed down ata small rate. We show the data from the IMAX ight, and from three separate MonteCarlos, one for purely accidental coincidences, and two for IMP-like events (see Section7.4). The above histograms have a cut that requires p�2 < 1, to retain only those eventsthat have an excellent �t to a slightly-slowing IMP.



123then we can easily determine �: �(k) � 1k kXi=1 iXj=1 xj : (7.54)Since we measure the value of the slowness between IMAX detectors S1 and S2 (detectors7 and 11 respectively) with the greatest precision, we choose to rede�ne sk in termsof the slowness s07 for an IMP just prior to entering detector 7 (IMAX detector S1)(sk � s07 exp(a1�(k)), where sk is the average slowness determined from Eq. 7.51 (ormeasured) and s07 is the instantaneous slowness determined from Eq. 7.46). With thisde�nition, �(7) will be the negative of the weighted sum (eq. 7.51) of the absorber anddetector thicknesses prior to detector S1 (e.g. T1, C1a, C1b, C3a, C3b, C3c), and �(11)will be the weighted sum of the absorber and detector thicknesses of S1, C2a, C2b, andC2c, and �(12) will be the unweighted sum of the material in S1, C2a, C2b, C2c, and S2.We use Table 6.1 to determine �(n) for each of the 3 successive slowness measurements,and these values are summarized in Table 7.9.Slowness n �(n) (g/cm2)s7 7 �3:747� 0:173s11 11 1:878� 0:107s12 12 5:20� 0:18Table 7.9: The values of �(n) for the detector and absorber geometry used in the IMAXexperiment.With the values of �(n) tabulated above, we take the logarithm of both sides ofEquation 7.52 and perform a linear regression on the 3 equations (one equation for eachslowness measurement (s7, s11 and s12)) to determine the best �t values of s07 and a1:ln(sn) = a1�(n) + ln(s07): (7.55)We still have only one degree-of-freedom per event, so we compile the (�2)1=2 for thislarge-�v search in Figure 7.40.We show the large-�v (�2)1=2-distribution from the IMAX ight and fromMonteCarlos in Figures 7.39 and 7.40. By eliminating those events with a1 < 0 in the accidental
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Figure 7.39: We show the IMAX ight and Monte Carlo p�2-distributions for �ttingeach four-fold coincident event to a large-�v IMP; for the unphysical region, a1 < 0.For UT 2 [10:0; 15:0] hours, we checked each four-fold coincidence for consistency witha single particle that has travelled through all 4 scintillation detectors and slowed downat a large rate. We show the data from the IMAX ight, and from three separate MonteCarlos, one for purely accidental coincidences, and two for IMP-like events (see Section7.4).



125
Histograms of Sqrt(Chi-Squared) from Large-dv IMP SearchHistograms of Sqrt(Chi-Squared) from Large-dv IMP SearchHistograms of Sqrt(Chi-Squared) from Large-dv IMP SearchHistograms of Sqrt(Chi-Squared) from Large-dv IMP Search

Figure 7.40: We show the IMAX ight and Monte Carlo p�2-distributions for �ttingeach four-fold coincident event to a large-�v IMP; for the physical region, a1 > 0. ForUT 2 [10:0; 15:0] hours, we checked each four-fold coincidence for consistency with asingle particle that has travelled through all 4 scintillation detectors and slowed down ata large rate. We show the data from the IMAX ight, and from three separate MonteCarlos, one for purely accidental coincidences, and two for IMP-like events (see Section7.4).
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Figure 7.41: Large-�v search parameter distributions without the p�2 cut. Weshow the IMAX ight and Monte Carlo two dimensional (s0; a1)-histograms and onedimensional a1-histograms for �tting each four-fold coincident event to a large-�v IMP.For UT 2 [10:0; 15:0] hours, we checked each four-fold coincidence for consistency witha single particle that has travelled through all 4 scintillation detectors and slowed downat a large rate. We show the data from the IMAX ight, and from two separate MonteCarlos, one for purely accidental coincidences, and one for IMP-like events (see Section7.4). The above histograms have no cuts on p�2.
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Figure 7.42: Large-�v search parameter distributions with p�2 < 5 cut. Weshow the IMAX ight and Monte Carlo two dimensional (s0; a1)-histograms and onedimensional a1-histograms for �tting each four-fold coincident event to a large-�v IMP.For UT 2 [10:0; 15:0] hours, we checked each four-fold coincidence for consistency witha single particle that has travelled through all 4 scintillation detectors and slowed downat a large rate. We show the data from the IMAX ight, and from two separate MonteCarlos, one for purely accidental coincidences, and one for IMP-like events (see Section7.4). The above histograms have a cut that requires p�2 < 5, to eliminate the eventsthat have a poor �t to an IMP with large-�v.
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Figure 7.43: Large-�v search parameter distributions with p�2 < 1 cut. Weshow the IMAX ight and Monte Carlo two dimensional (s0; a1)-histograms and onedimensional a1-histograms for �tting each four-fold coincident event to a large-�v IMP.For UT 2 [10:0; 15:0] hours, we checked each four-fold coincidence for consistency witha single particle that has travelled through all 4 scintillation detectors and slowed downat a large rate. We show the data from the IMAX ight, and from two separate MonteCarlos, one for purely accidental coincidences, and one for IMP-like events (see Section7.4). The above histograms have a cut that requires p�2 < 1, to keep only those eventsthat have an excellent �t to an IMP with large-�v.



129coincidence Monte Carlo and possibly in the ight data in Figure 7.40, we create a wideanti-peak, or dip,2 at p�2 = 0 of width � 4, and a small, narrow peak at p�2 = 0 ofwidth � 1. The IMP Monte Carlos both show a gaussian distribution of width � 1, asexpected.In a similar manner as used in the �v � 0 and the small-�v searches, we estimatean upper limit on the number of large-�v IMPs by taking the number of counts in the �rstbin as the signal (16 events), and comparing this to the (assumed to be at) backgroundfound by averaging the number of counts in the �rst 4 bins (18:25� 2:14 counts/bin).We only averaged over the �rst 4 bins due to the large bump in the physically allowed(a1 > 0) p�2-distribution for the accidental coincidence Monte Carlo at � 8 � 3. Wethen arrive at an upper limit on the number of IMP events during the 5 hour ight dataset of 11:1 events (95% C.L.), where we have taken care to count the signal events thatwould reside in the second p�2 bin (by multiplying the �rst bin result by 1.3).We have histograms of the �tted parameters a1 and s0 with di�erent cuts onp�2in Figures 7.41-7.43. As in the small-�v search, we would expect any IMP signal eventsto be most prominent in thep�2 < 1 distributions of a1, with a narrow peak at particularvalues of a1, as indicated by the IMP Monte Carlo in these �gures. For p�2 < 1, we�nd that the histogram of a1 for the ight data has some possibly signi�cant uctuationsfrom the accidental coincidence Monte Carlo background. However, when we restrict thedata set to p�2 < 5 and then to p�2 < 1, we don't see any signi�cant evidence forthese uctuations remaining, as the a1 histograms would show under the large-�v IMPhyptothesis. However, there may be a small hint of a signal at a1 = 0:09 cm2=g witha small narrow peak in the a1 distribution shown in the IMAX ight data in Figure7.43, though the statistics are too low to really see the signal. Regardless, the numberof events in this small peak is �ve, which is consistent with being below the upper limitof 11.1 events which we set in the last paragraph.2or equivalently, we create a peak at p�2 � 8� 3



1307.4 Monte Carlo of the 3 Di�erent SearchesThe accidental coincidence Monte Carlo is quite simple: we choose three time-delays eachfrom a uniform distribution of a certain width (e.g. these distributions should replicatethe distributions in Figure 5.16). With these time-delays, we compute the time-delayuncertainties as we did for the actual data at 14.0 hours UT (the time-delay uncertaintiesare time-dependent, see Chapter 6). These time-delays and uncertainties served as theinput variables to the same �tting procedures described in Sections 7.1.1-7.1.3, and theresulting (�2)N=2 distributions are shown in Figures 7.31,7.35, and 7.40, and the resulting�tted parameters are shown in Figures 7.32-7.34,7.36-7.38, and 7.41-7.43. This MonteCarlo con�rms that the �2 distribution for the negligible �v search is nearly at, andthat the (�2)1=2 distributions for the 1 degree-of-freedom �v 6= 0 searches do not have astrong peak at zero, as would be expected if we had just plotted histograms of �2 ratherthan histograms of (�2)1=2 (for 1 degree-of-freedom the distribution of �2 goes like 1=�2for small �2, which has a strong peak at zero).The Monte Carlo for IMP-like events consisted �rst of choosing an input IMPspeed, v, from a `cut-o�' Maxwellian distribution (equation 1.3)[17][18]. The secondstep of the IMP-like event Monte Carlo is to determine whether or not an IMP with thisvelocity and a pre-determined energy loss (a) will produce time-delays that fall withinthe histograms shown in Figure 5.16. In order to determine whether an IMP will makethese cuts, we propagate the IMP through the telescope using Equations 7.46 and 7.49(for  = 1) or Equations 7.47 and 7.49 (for  6= 1). For  = 1 and two di�erent valuesof a1 2 f0%; 4%g/g/cm2, we show the resulting (�2)N=2 histogram in Figures 7.31, 7.35,and 7.40, and the resulting �tted parameters are shown in Figures 7.32-7.34, 7.36-7.38,and 7.41-7.43. This Monte Carlo con�rms that our �v 6= 0 searches have gaussian peaksof standard deviation � 1 at (�2)1=2 = 0 (see Figures 7.31, 7.35, and 7.40), and that our�v = 0 search does not have a peak at �2 = 0 for a1 = 4%/g/cm2 (since the IMPs areslowing down) and does have a peak at �2 = 0 for a1 = 0%/g/cm2 (see Figure 7.31).



1317.4.1 Determination of the Range of Acceptable a1 for Each IMP searchWith the IMP Monte Carlo, we can input di�erent values of a1 to determine the smallesta1 where each of the IMP searches (�v � 0, small-�v, and large-�v) fail. We found thatfor a1 < 0:013 cm2/g, all the searches perform as advertised, giving values of �2 < 2 andpositive values for the �tted a1 and s0. For a1 = 0:013 cm2/g, the negligible velocitychange search fails for the �rst time, giving �2 > 8 � 5, with very few events in the�rst bin of the �2-histogram, (�2 < 2:5). When a1 = 0:07 cm2/g, the small-�v searchfails, giving unphysical, negative values for the �tted parameters a1 and s0, though the�2 values were still acceptably small (p�2 < 2:5). At a1 = 0:24 cm2/g, the large-�vIMP search fails, giving p�2 = 6� 1. However, this failure of the large-�v search doesnot a�ect our results because the velocities of the dark matter Maxwellian distributionare too small. For a1 � 0:123 cm2/g, all of the IMPs (with velocities less than thegalactic escape velocity of vmax = 640 km/s) get stopped in the atmosphere or gondolashell3 above the IMAX detectors. In Table 7.10, we show the fraction of the IMP MonteCarlo events which can traverse the atmospheric/gondola overburden and satisfy the D-module's time-delay constraints. The velocities of the IMPs above the atmosphere werechosen from a cuto� Maxwellian distribution (Equation 1.3). The velocity of the IMPs(n = 2) degrades exponentially with the thickness of the atmospheric overburden. Sincethe IMPs have initial velocities v < 640 km/s, a large value of a1 will soon degrade thevelocities to be below our minimum velocity of v � 100 km/s. In Table 7.10, we see thatfor the assumed Maxwellian velocity distribution, the time-delay gate widths and delayshave been well-chosen. For no velocity degradation (a1 = 0:00 cm2=g), only 2:2% ofthe events are lost from this Maxwellian distribution due to the D-module timing cuts.However, when a1 = 0:08 cm2=g, the D-module does not detect 59:7% of the Maxwelliandistribution since the lower velocity IMPs slow down signi�cantly in the atmosphere andthe measured time-delays will be too long for the D-module's time-delay cuts. Whena1 � 0:123 cm2=g, none of the IMPs from the cuto� Maxwellian velocity distribution3The overburden at oat altitude is 5 g/cm2 for the atmosphere and 1:08 g/cm2 for the aluminumgondola shell.



132have a large enough velocity to satisfy the D-module detector cuts after propagatingthrough the atmosphere and gondola. This maximum value of a1 corresponds to amaximum cross-section to mass ratio of �1=mx = 2:2�10�25 cm2=GeV, and will be usedin Chapter 9 to place constraints on IMPs. As a point of warning, due to our uncertaintyof the response of plastic scintillators to low velocity particles, we did not include theD-module's discriminator thresholds when we computed the fraction of events acceptedin Table 7.10. However, if a theoretical model can be developed for the e�ciency forlight production by carbon recoils, then with the results discussed in Section 2.6, we caneasily include the light yield and the discriminator thresholds in the IMP Monte Carlo.a1 fcut0.00 97.8 %0.01 97.5 %0.02 95.5 %0.03 92.1 %0.04 85.4 %0.05 77.9 %0.06 66.8 %0.07 55.4 %0.08 40.3 %0.09 22.5 %0.10 9.6 %0.11 2.4 %0.12 0.2 %0.122 0.1 %0.123 0.0 %Table 7.10: We tabulate the fraction, fcut, of IMP Monte Carlo events which can traversethe atmospheric/gondola overburden and satisfy the D-module timing cuts, as a functionof the slowing-down parameter a1. The units of a1 are cm2=g.



133CHAPTER 8FOLLOW-UP IMP SEARCH EXPERIMENTS AT MOUNTAINALTITUDEIn the months 6/93-10/93, we set up an experiment on top of Mt. Lemmon (atmosphericoverburden � 750 g/cm2) at the University of Arizona High Altitude Cosmic Ray Obser-vatory, currently operated by the U. of Arizona Atmospheric Sciences Department. Thisexperiment consists of a stack of white boxes that each contain a 1 cm thick, 0:72 m2square piece of plastic scintillator. The white box integrates the light from the scintilla-tors, and the light is collected by 4 RCA4522 5-inch photomultiplier tubes. The tubesand scintillators were borrowed from GSFC, so as to simulate (as closely as possible) theoperating conditions aboard the IMAX gondola.In one run, which lasted 12 days (10/29/92), we observed < 1 IMP-like event(non-slowing or slightly slowing). We were using the D-module in coincidence with our D-module prototype (Delayed Coincidence Detector Module or DCD-module) to trigger thereadout of the D-module. We found that the high electrical radiofrequency interferencefrom the radio transmission towers on Mt. Lemmon, and the higher dark current noisefrom the di�erent type of PMTs caused many more accidental delayed coincidences atlow discriminator thresholds than desired (10�2 Hz). Such accidental rates demandedan end-to-end coincidence of each scintillation detector to lower the accidental rate to10�4 Hz. The DCD-module provides this end-to-end coincidence for each counter, whilethe D-module does not. Our discriminator thresholds for the DCD-module are slightlyhigher than the D-module's discriminator thresholds during ight (� 7:0 MeV/(g/cm2)as compared to � 3:5 MeV/(g/cm2)). The solid-angle of the detector con�guration onMt. Lemmon is � 835 cm2sr, which is � 8:4 times the acceptance during ight.



134In our last run, we have actually observed events on Mt. Lemmon that are similarto the anomalous events seen during the ight { with one characteristic in common {a strong peak near the beginning of the T23 gate. These events are not caused by newparticle physics, and are caused by crosstalk between the D-module and other modulesused in the experiment (see Section 6.5 for details).



135CHAPTER 9IMPLICATIONS OF IMAX IMP SEARCHThe results of the IMAX IMP search are summarized in Tables 9.11 and 9.12 and Figure9.44, and we overlay the constraints from the IMAX large-�v IMP search upon theprevious constraints from other direct searches for IMPs in Figures 9.45 and 9.46 (seechapter 2, especially Figures 2.1 and 2.2). The boundaries of the IMAX-constrainedregion have simple explanations:� The discriminator for detector S2 had the highest setting of the four discriminators,at an energy loss of dE=dx � 3:5 MeV/g/cm2 (see Table 6.8), which correspondsto a transport cross-section of:� = 1v2 dEdx � 6:23� 10�21 cm2; (9.56)where v � 300 km/s.� The D-module operated noise-free at cool temperatures at oat altitude for only�ve hours, during which time it registered � 5 events that were consistent with anIMP losing less than 1� exp(�0:013=g/cm2 � 18:82 g/cm2) � 22% of its velocityfrom the top of the atmosphere to the bottom of detector S2 (see Chapter 7).1This a1 upper limit for the negligible velocity search corresponds to an upper limiton the cross-section to mass ratio of �=mx < 2:31� 10�26 cm2. With an IMAXacceptance of � 100 cm2sr, and an active time at oat of � 1:4 � 104 s, thiscorresponds to an upper limit on the IMP ux of 6:5 � 10�6 cm�2s�1sr�1 (95 %1The 18:82 g/cm2 used here includes the atmospheric overburden and the thickness of the gondolashell, but does not include the the thickness of the last detector, TOF2, since the IMP only needs topenetrate a small fraction of this detector to be detected, see Table 6.2.



136C.L.), or a maximum detectable mass of mx � 1011 GeV (assuming IMPs are allthe Galactic halo dark matter).� IMPs with �=mx < 2:1 � 10�25 cm2=GeV will lose less than 1 � exp(�0:123 �18:82) � 90:1% of their velocity while traveling through the atmosphere and theIMAX telescope. Our analysis indicates that during the �ve hours of quality dataacquisition at high altitude, we observed < 11:1 large-�v slowing events consistentwith these cross-sections (or an upper limit on the ux of 7:9�10�6 cm�2s�1sr�1).Similar results hold true for the small-�v search, where less than 1� exp(�0:07�18:82)� 73% change in velocity is required.� The three-fold delayed coincidence rate was � 4 Hz, so with the three detectoracceptance of � 135 cm2sr, we have an upper limit of 3 � 10�2 cm�2s�1sr�1,which applies to all IMPs that can traverse the material above IMAX detectorS2 without slowing signi�cantly (�=mx < 2:1 � 10�25 cm2=GeV). This result iscompletely overshadowed by the large-�v result.� The TOF1 single counting rate rate was � 4000 Hz, so with the TOF1 acceptanceof � 9120 cm2sr, we have an upper limit of 0:44 cm�2s�1sr�1, which applies to allIMPs that can traverse the air above the IMAX payload and not lose more than 90%of its velocity (6:08 g/cm2), or �=mx < 3:3� 10�25 cm2/GeV). The discriminatorfor TOF1 was set lower than the other discriminators, at dE=dx = 0:9 MeV/g/cm2.The IMAX constrained regions of IMP parameter space are indeed quite useful.Even without a detailed model for the dependence of IMP-nucleus elastic scatteringcross-sections upon nuclear mass and spin, we see from Figure 9.45 that we are probablyexploring a region of IMP parameter space in which IMPs can still be all the halo darkmatter. We are the �rst experiment to search for IMPs in the triangle of parameter spacewith cross-sections � 2 [7� 10�21; 10�18] cm2, masses mx > 107 GeV, and slowing-rates�=mx > 10�28 cm2=GeV. For mx < 107 GeV, � > 7 � 10�21 cm2, and �=mx < 2:1 �10�21 cm2=GeV, our experiment can constrain fd to be �ve orders of magnitude lowerthan published experimental limits[61][47]. We achieve this high sensitivity by using



137a delayed coincidence between multiple detectors to reject the cosmic ray background,which prior dark matter searches at high altitude have been unable to accomplish.The `non-vertical' gray-shading of the IMAX large-�v constraints shown in Fig-ure 9.44 are the result of Equation 2.22 { for low cross-sections, only those IMPs inthe high-velocity tail of the Maxwellian distribution (Equation 1.3) can produce a sig-ni�cant light yield in the scintillation detectors. Therefore, the fraction of the nominalux (Equation 1.2) that can be detected by the IMAX scintillation detectors will be afunction of the cross-section, as shown by the jagged lower edge of the gray-shade righttriangle in Figure 9.44.When we actually assume a speci�c IMP-nucleus interaction model to paramet-rize the di�erent IMP scattering cross-sections with di�erent nuclei, we indeed �nd thatour IMP search does place useful new constraints on IMP parameter space, closing thealready discussed wide-open windows in parameter space (mx > 106 GeV). The windowsshown here are from the Starkman et al. interpretation[47], adapted from and includingthe results of the recent BPRS publication[116]. The BPRS collaboration was able to chipaway about half of the previously larger window W2 for the spin-dependent interactions,but they were unable to further constrain the window W2 for coherent interactions.We e�ectively eliminate the small remaining window W2 for the spin-dependent IMP-nucleus interactions, and a large fraction of the remaining window W2 for the coherentIMP-nucleus interactions. The remaining portion of the window W2 can be constrainedby a sea level IMP search with low thresholds and a signi�cant background rejectioncapability.For our experiment, we estimate the F factors for IMP propagation throughdetector S2 by using Equation 2.12 and the atomic composition of the detectors, gondola,and air (see Chapter 6 for grammage estimates). We �nd that for the IMAX experimentthat F � 170 for spin-dependent interactions, and F � 1:4� 105. The F factors serveto rede�ne the raw cross-section into a proton cross-section equivalent.



138By inspection of Figures 2.5, 2.1, and 9.45, we �nd that our results constrainmonopoles, fractionally-CHAMPs, and neutraCHAMPs with the �rst direct search inthe mass range mx 2 [� 106;� 109] GeV. Of course, these particles have been searchedfor indirectly before, via astrophysical reasoning (e.g., the exquisite Parker limit formonopoles[20], or cannibalization of neutron stars by CHAMP black holes[66]) or via ex-periment (e.g., formx < 106 GeV, an invalid but somewhat direct neutraCHAMP searchby charge exchange in plastic etch detectors[17][59][60], and also for mx < 106 GeV, asearch by Adams et al. for the X-rays emitted by neutraCHAMPs hitting the atmo-sphere[63]). But a direct search, like our balloon-borne multiple plastic scintillationdetector search, often has the advantage of model indepedence over the usual strongmodel dependence of an indirect search2. For example, our direct IMP search can inprinciple detect several wildly di�erent types of particles (monopoles, CHAMPs, strangequark nuggets, neutraCHAMPs), while the indirect search by Adams et al. [63] couldonly detect neutraCHAMPs.The results tabulated in Tables 9.11 and 9.12 should be in such form to facilitatere-interpretation of our results (such as more sophisticated explorations of fd, �, and mxparameter space), should new data on the dark matter problem become available in thefuture. If one wants to place constraints on a speci�c particle model for IMPs (e.g.,monopoles, neutraCHAMPs, strange quark nuggets), then one should take caution: thelarge-�v search results only apply to those particles with dE=dx proportional to v2(e.g., strange quark nuggets, supermassive neutrons), while the small-�v search appliesto particles with energy loss proportional to any power of v (i.e. dE=dx = Cv, as in thecase of neutraCHAMPs slowing in a classical r4 nuclear dipole potential (see AppendixA), or for the Ahlen-Kinoshita monopole energy loss formalism[56]).2Of course there are exceptions to this maxim.



139Search dEdx (THR) �min(cm2) amax1 ( cm2g ) ( �mx )max ( cm2GeV) A (cm2sr)�v � 0 3.5 6:2� 10�21 0:013 2:31� 10�26 100small �v 3.5 6:2� 10�21 0:07 1:2� 10�25 100large �v 3.5 6:2� 10�21 0:123 2:1� 10�25 100Triples 3.5 6:2� 10�21 0:123 2:1� 10�25 135Singles Rate 0.9 1:6� 10�21 0:38 3:3� 10�25 9120Table 9.11: Summary of IMAX Results, part 1. For each IMP search, we tabulatethe energy loss detection threshold (dE=dx(THR)( MeV/g/cm2)), the correspond-ing threshold cross-section including the �2-dependence of dE=dx (�min), the maximumslowing down rate (amax1 ), the corresponding maximum elastic cross-section to mass ratio((�=mx)max), and the geometry factor (A) for the search. The incident velocity accep-tance for the searches was nominally v0 2 [99:6; 752] km/s (for high slowing down rates,larger initial velocities were acceptable).
Search N B ns;max �max( 1cm2s sr) mmax (GeV)�v � 0 5 4:0� 0:3 9.1 6:5� 10�6 1:5� 1011small-�v 5 7:5� 0:1 6.9 4:9� 10�6 2:0� 1011large-�v 16 18:3� 2:1 11.1 7:9� 10�6 1:3� 1011Triples 4 Hz 0 Hz 4 Hz 3� 10�2 3:3� 107Singles 4000 Hz 0 Hz 4000 Hz 0.44 2:27� 106Table 9.12: Summary of IMAX Results, part 2. For each IMP search, we tabulate thenumber of signal (N) and background (B) events observed, the 95% C.L. Poisson upperlimit (nsmax) on the number of IMP events, the upper limit on the ux (�max), and themaximum mass detectable (mmax) (assuming IMPs are all the dark matter).
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Figure 9.44: Plot of SIMP parameter space with IMAX large-�v constraints (mass,elastic cross-section, and maximum dark matter mass fraction. The maximum SIMPhalo matter fraction is shown in gray-shades as a function of SIMP mass and transportcross-section. The darkest gray regions (black) correspond to the maximum halo matterfraction being fd < 10�5, while the lightest gray (white) region corresonds to fd > 1(unconstrained). The gray-scales increment logarithmically (see the gray-scale chart).See Figure 2.1.
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Figure 9.45: The maximum charged SIMP halo matter fraction is shown in grey-shades asa function of SIMP mass and transport cross-section. The darkest grey regions (black)correspond to the maximum halo matter fraction being fd < 10�5, while the lightestgray regions (white) corresonds to fd > 1 (unconstrained) (see gray-scale chart). SeeFigures 2.2 and 9.44. The previous window at � 107 GeV and � � 10�20 cm2 has beenconstrained by our IMAX results.
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Figure 9.46: We show the IMAX constraints on the SIMP mass/cross-section parameterspace for coherent interactions and for spin-dependent interactions. Without the IMAXresults, there are three di�erent non-excluded windows in each parameter space W1, W2,and W3. The hatched areas are the IMAX excluded regions, assuming that SIMPs areall the galactic halo dark matter (fd = 1).



143APPENDIX ACLASSICAL COMPUTATION OF NEUTRACHAMP ENERGY LOSSDUE TO POLARIZATION BY 14NDe R�ujula, Glashow and Sarid [42] speculate that charged massive particles, euphemisti-cally called CHAMPs, close the universe, and comprise dark galactic haloes. CHAMPscome in two forms, X�, with a possible mass range of mx 2 [104; 106] GeV. CHAMPscan also be neutralized by binding to oppositely charged particles, e.g. X+e� and X�p.X�p has a tightly-bound ground state, E0 = 25 keV, rxp = 28:8 fm, and hence interactsrelatively weakly with other particles and photons. Therefore, since X�p systems inter-act relatively weakly and move relatively slowly (as compared to neutrinoes), they canconstitute cold dark matter, and are dubbed \neutraCHAMPs."Since the sun-earth system moves at the same speed as the velocity dispersionof the galactic neutraCHAMP ensemble, we might expect, in a satellite-based detector,to see neutraCHAMPs with speeds within the approximate interval v 2 (0; 800 km/s],with strong sidereal modulation. Ground- and balloon-based neutraCHAMP detectionexperiments have been completed or are currently in progress [17][61][64][63]. Experi-ments in the atmosphere require a good estimate of the rate of energy loss and rangeof neutraCHAMPs, in order to give experimentalists a good idea of what X�p ux andvelocity distribution they can expect, given their atmospheric depth. Even in satelliteexperiments [62], the rate of energy loss needs to be known well, in order to optimizedetector response.Previous authors [42, 65, 82] only compute estimates of the upper and lowerbounds of the energy loss of X�p in the atmosphere. Estimates of upper and lower



144bounds of the energy loss are of some use in speculating whether or not neutraCHAMPscan be detected as cosmic rays, but experimentalists desire a more re�ned calculationof the energy loss, if they hope to plan and carry out experiments in the atmosphere,giving de�nitive results.A.1 Basic EquationsThe energy loss of a neutraCHAMP, X�p, traversing pure 14N , as a function of velocitywill be calculated, and the result will be scaled for other light elements. Since the velocityof the collision between the X�p and a nitrogen atom is much less than the orbitalvelocities of the electrons in the nitrogen electron cloud (ve � Z�c), and also much lessthan the velocity of the neutraCHAMP proton (vp � �c), the colliding X�p only slightlydisturbs the electron cloud of nitrogen atom. Since in this adiabatic approximation, noquantum transitions can occur, we can take the undisturbed charge distribution of thenitrogen atom as the electric �eld source. The electric �eld due to the nitrogen atomthen polarizes the X�p when it is within the nitrogen atom [138, 139, 140]. Since theBohr radius of the X�p is rxp = 28:8 fm, which is much smaller than the typical radiusof a nitrogen electron, rn � 4000 fm, we can e�ectively ignore the polarization of thenitrogen atom by the X�p.The standard quantum theory of the linear Stark e�ect [141] gives the polariz-ability of the of the ground state of the hydrogenic neutraCHAMP as:� = �2e2Xn>1 j< n; 0; 0 j r j 1; 0; 0>j2E0 �En : (A.57)Following the elegant summation method of Dalgarno and Lewis [142, 143, 144, 145],the polarizability of the X�p ground state is:� = 4:5r3xp = 4:5 memp!3 r3pe = 1:08� 105 fm3; (A.58)where rpe is the hydrogen Bohr radius. Notice that the neutraCHAMP polarizability isabout 108 times the neutron polarizability, �n � 1:1� 10�3 fm3[146]; and about 10�9



145times the hydrogen atom polarizability, �h = 6:67 � 1014 fm3: Therefore, we cannotignore the neutraCHAMP structure.Using Jackson's result [150] for the interaction energy of an external-�eld induceddipole with the external �eld, the interaction potential is :V (r) = �12~p � ~E = �12� j ~E j2 : (A.59)We can approximate quite well the interaction potential by ignoring electronic screeningof the nucleus. Since the electric �eld due to the nucleus is Ze=r2, the potential is:V (r) = �12 Z2e2�r4 (A.60)Given this interaction potential, in the center of mass frame, and using classicalcollision theory [151], we can calculate the scattering angle as a function of impactparameter, b, and the center of mass kinetic energy, Ec = mnEmn+mx , where E is the initialkinetic energy of the neutraCHAMP in the lab frame, mn is the mass of the nitrogennucleus and mx is the mass of the neutraCHAMP. The center of mass kinetic energy,Ec, for nitrogen is: Ec = 7 keV � vv0�2 : (A.61)The equation for the scattering angle is [151]:� = � � 2 Z 1r0 bdrr2 �1� V (r)Ec � b2r2� 12 ; (A.62)where r0 is the largest positive root of the denominator of the above integrand.The scattering cross-section as a function of angle is:d�d
 = �bsin � dbd� : (A.63)From this result, the energy transfer cross-section is:d�dT = 4�Tm d�d
 ; (A.64)



146where T is the energy transferred to the nitrogen atom, T = Tm sin2 (�=2), and Tm =4mxmnE=(mx + mn)2 = 28 keV(v=v0)2 is the maximum energy transferred. Then theenergy loss is: 1� dEdx = �NaA Z Tm0 T d�dT dT; (A.65)Na is Avogadro's number, and A is the atomic weight of nitrogen [139, 152].If the impact parameter, b, is taken as the independent variable for the integra-tion, d� = 2�bdb and T (b) = Tm sin2(�(b)=2), so that the energy loss is:1� dEdx = �2�NaTmA Z bmaxbmin sin2��(b)2 � bdb: (A.66)A.2 Scattering in a r�4 potentialFrom the above attractive form of the interaction potential, we �nd that the centripetalpotential [151], V 0(r) = V (r) + Ecb2r2 ; (A.67)will then go to �1 as r goes to zero, and to zero from the positive side as r goesto 1. Therefore, somewhere in between 0 and 1, the e�ective potential will have amaximum. If we only include the r�4 term of the potential, with no electronic screening,the maximum of the e�ective potential occurs at rm = p�Z2e2=Ecb2, and has a valueV 0m = E2c b4=2�Z2e2. If Ec = V 0m, an unstable (X�p; 14N) orbit arises. Near Ec = V 0m,the colliding 14N will loop several times around the X�p before scattering at a �niteangle. If Ec is �xed, and the impact parameter, b is varied, we can observe this criticalphenomenom from a di�erent aspect, as follows. For b � bc, the scattering angle, �(b)(in center of mass coordinates) is negligible. Ifb = bc = 4q2�Z2e2=Ec = bc0(v=v0)0:5 ; (A.68)then �(b) goes to �1, due to the unstable orbit, and for b� bc, �(b) � �. For nitrogen,bc0 = 216 fm.



147The �(b) curve can be calculated analytically, if we ignore the electronic screeningof the potential, and insert the r�4 Coulomb potential in Equation A.60 into EquationA.62, then for b < bc, by Gradshteyn and Ryzhik[153], equations 3.165.2, 8.121.3, and8.112.1: �(b) = � � 2bbcK0B@ 1p2vuut1 +s1 + b2b2c1CA ; (A.69)where K(r) is the complete elliptic integral of the �rst kind. For b � bc , by Gradshteynand Ryzhik, equation 3.157.2 [153]:�(b) = � � 2 p2r1 +q1� b4cb4 K0B@vuuut1�q1� b4cb41 +q1� b4cb4 1CA : (A.70)With the �(b) curve, we can easily calculate the energy loss:1� dEdx = �2�NaA b2cTm I; (A.71)where I(smin; smax) is the dimensionless integralI(smin; smax) = Z smaxsmin sin2(�(s)=2))sds; (A.72)s = b=bc, Tm � 4mnmxE=(mn +mx)2; E is the kinetic energy of the X�p system, andNa is Avogadro's number.A.3 Impact Parameter LimitsWe may classically calculate a di�erential cross-section for scattering when the de Brogliewavelength of the colliding nucleus is small compared to any signi�cant dimension of thecollision, and when the collision is well-de�ned in terms of the uncertainty principle [139].The de Broglie wavelength of a particle of reduced mass � = 14mp, moving at avelocity, v = �c, is � = �hc=��c. At v0 = 10�3c = 300 km/s, � = 14 fm. This wavelengthmay be compared with the smallest electronic screening distance, r1 = 3900 fm [147] [148][149], the X�p radius, rxp = 28:8 fm, and the nitrogen nuclear radius, rn = 3:4 fm.



148Another limit, re, is set by the condition that the electric �eld, ~E, due to thenucleus, must be much smaller than the internal electric �eld of the X�p system, ~Exp,so that the induced X�p dipole moment, ~p, is linear in ~E, and so that the X�p is nottorn apart: j ~E j �= Zer2e � j ~Exp j �= er2xp ; (A.73)or: re � Z 12 rxp = 76 fm: (A.74)Since we have an attractive potential, proportional to r�4, we can calculate therelationship between the turning point of the collision (distance of closest approach), r0,and the impact parameter, b, for b > bc:r0 = bp2vuut1 +s1� � bcb4�4; (A.75)which can be inverted to get: b = r0s1 + 14 � bcr0�4: (A.76)The minimum impact parameter, for which r0 � re, is:bmin = res1 + 14 �bc0re �4�v0v �2 (A.77)= 76 fms1 + 16:3�v0v �2: (A.78)For v = v0, bmin = 1:46bc = 316 fm. When we require that bmin > �bc, where� � 1:0, we �nd that the range of velocity for which our calculation applies is:v 2 h4:04v0(�2 �p�4 � 1); 4:04v0(�2 +p�4 � 1)i : (A.79)In classical theory, a critical impact parameter, bc, appears for an attractive r�4scattering potential. For impact parameters, b < bc = 4p2�Z2e2=Ec = (216=pv=v0) fm,



149the turning point of the collision is r0 = 0 fm. Therefore, for such sub-critical impactparameters, the distance of closest approach, r0, is less than both � and re, and theclassical calculation of a di�erential scattering cross-section does not apply, and a quan-tum mechanical calculation including inelastic nuclear e�ects would be more appropriate[81, 154, 155]. Since such a calculation is outside the scope of the present paper, we re-quire that bmin > 2:0bc, so that v 2 [154; 9540] km/s, is the range over which the presentcalculation holds. (If we were to require that bmin > 1:0bc, then this calculation wouldonly be valid for v = 4:04v0 = 1200 km/s, which is too narrow of a velocity range to beuseful.) For well-de�ned classical collisions, the uncertainty principle warrants a lowerlimit on the scattering angle, � > �min � �=2�r1. For a particle of reduced mass � =14mp, moving at a velocity, v = �c, �min = �hc=2���cr1. With v0 = 10�3c = 300km=s,and r1 = 3900 fm, �min = 6� 10�4 rads. We �nd that this corresponds to a maximiumimpact parameter, bmax � 5bc. By using the approximate b�4 scaling dependence ofj �(b) j, for b > bc, we �nd: bmax � 5bc� vv0�14 : (A.80)Setting bmax = 10bc, to estimate the minimum velocity for which this calculation applies,we �nd vmin � 6:3� 10�2v0 = 19 km/s:Therefore, in the present classical calculation, the uncertainty principle does notlimit us as much as the requirement that the collision is elastic. The interval of integrationshould be b 2 [2bc; 10bc]; which limits us to the velocity interval v 2 [154; 9540] km/s:A.4 ResultsThe energy loss is proportional to velocity:1� dEdx = �S0 � vv0� ; (A.81)



150where v0 = 300 km/s. If we neglect the above discussion on the limitations of the classicalapproximation, and integrate over all impact parameters, then S0 = 0:84 MeV cm2=g,for all v � Z�c. However, when we only integrate over the interval discussed above,bmin = 2bc, and bmax = 10bc, then S0 = 8:4 � 10�4 MeV cm2=g: There is negligibledependence of the energy loss on the mass of the neutrachamp, in the mass and velocityranges of interest, since mx >> mn. Since the critical impact parameter, bc, scales withpZ=mn, the X�p energy loss scales with Z=pmn.A.5 Range-Energy RelationsFrom our calculation of the stopping power, we may calculate a range-energy relationfor the neutraCHAMP in air (assuming S0 = 0:84 MeV cm2=g):R = 2q12mpv20S0 smxmppEi = 0:053smxmppEi gcm2 ; (A.82)where Ei is the initial Xp kinetic energy, mp is the proton mass, and mx is the neutra-CHAMP mass, all given in MeV. The reciprocal energy-range relation for Xp is:Ei = 356mpmxR2 MeV; (A.83)where R is given in g/cm2.Therefore, if we hope to see Xp of mass mx = 106mp, as cosmic rays at sea level,where the atmospheric depth is T = 1000 g/cm2, we require a minimum energy Xp:E > Emin � 356 MeV, or vmin � 253 km/s. Likewise, if we expect to see Xp of the samemass as cosmic rays on a mountain-top, where the atmospheric depth is T = 700 g/cm2,we require E > Emin = 174 MeV, or vmin � 177 km/s. If we assume a Maxwellianvelocity distribution, with v0 = 300 km/s, this is a signi�cant improvement. However, ina balloon-borne experiment, where T = 10 g/cm2, we only require E > Emin � 35 keV,or vmin � 2:5 km/s, so that we can essentially sample the entire velocity range.



151APPENDIX BPOSSIBLE SOURCES OF CORRELATED PULSESB.1 Correlated Pulses from Delayed particles in Cosmic Ray Air ShowersCosmic ray air-showers can cause correlated pulses due to di�erent particles from thesame shower hitting di�erent detectors in the stack. The delay-time for particles in anair shower can sometimes reach � 300 ns [128][129][130]. Most of the stragglers arelikely produced by high transverse momentum (pT ) collisions high in the atmosphere,which give a particle a large angle of descent with respect to the core of the air-shower,causing time-delays by the di�erence in path-length travelled [130]. Delayed-particlesproduced by the high pT collisions require detectors with wide lateral separation (i.e.,an air-shower array), so these delayed particles would not likely cause correlated pulsesin our vertical stack of detectors. Some of these stragglers are likely due to low-velocityparticles produced near the detectors, causing time-delays due to the di�erence in travel-time between low-velocity and relativistic particles. Goodman et al. [129][128] haveobserved 3 events with a delay of � 40 ns and relatively large pulse heights, and initiallyattributed them to energetic delayed supermassive hadrons, but subsequent upgrades totheir simulations have shown that the supermassive hadron hypothesis was unlikely.Regardless of whether the explanation for the delayed particles is mundane orexotic, the delayed particles in air-showers would probably not cause correlated pulses indi�erent detectors because our gate delays are greater than � 350 ns, which is a factorof two greater than the largest delay observed in the ground air-shower detectors. If thedelayed particles did uctuate above� 350 ns, there might be some evidence of correlatedpulses. If we had more than a few events due to delayed particles in air-showers, the



152distribution of time-delays observed would likely follow an exponential distribution forthe long time-delays (350 ns) of interest [130]. Without further information, we probablywould not understand the source of these correlated pulses, but they would probably notpass our 4 detector time-of-ight requirement. Additionally, most showers occur at anatmospheric depth of� 100 g/cm2, and our balloon-altitude search was at� 5 g/cm2, farabove most showering activity and hence above most of the delayed particles. Therefore,delayed particles in air showers might only be a signi�cant source of correlated pulsesfor our mountain-altitude search. Even then, the fraction of showers with particle delaysgreater than 300 ns is much less than 1% [129][130], so this is an insigni�cant source ofcorrelated pulses (at sea level and for low thresholds, the background is probably lessthan 10�11 cm�2s�1sr�1 [128][129]).B.2 Correlated Pulses from Muon-decayIn Section 6.4, we found that interchannel crosstalk within the D-module caused a pulsein the ampli�er for channel 3 with delay T43 � 2:06�s from a pulse in channel 4. Thispulse can cause false triggers with T23 � 2:0�s and A3 � 100 mV as detailed below,but we have no fool-proof explanation for the exponentially-distributed T12 which iscorrelated with the T23 = 2:0�s in the anomalous events. However, we do attempt toexplain this correlation with muon-decays as detailed below.During the IMAX ight, many relativistic particles went through all four de-tectors, producing discriminator pulses in each channel that were in coincidence. Inparticular, if detector pulses triggered discriminators 2 and 4 simultaneously, and if thepulse from detector 4 is much larger than 60 pC, then the third discriminator would �rea delayed pulse, with T23 = �T34 � 2:0�s. Channel 4 is not part of the D-module'sdelayed-coincidence trigger requirement and does not seem to participate in the anoma-lous events, but relativistic particles can produce time-delays T23 � 2:0�s, which are acharacteristic of anomalous events.



153There are two possible arguments against this scenario: �rst, we have an anti-coincidence for relativistic particles { if any discriminator pulses (in di�erent channels)coincidentally �re at relative time-delays of less than � 0:1�s, then these discrimina-tor pulses are not allowed to start the TDC measuring process. Therefore, relativisticparticles should not be able to cause anomalous time-delays at T23 = 2:0�s. Second,anomalous events also consist of exponentially distributed time-delays in channel T12(with time-constant � � 0:5�s), which does not seem to �t the relativistic particlescheme for causing anomalous events.The answer to the �rst argument is the relativistic particle signal from detector 2is delayed by � 0:080�s from the relativistic particle signal in detector 4 (possibly causedby white-box light-collection and PMT time e�ects in detector 2 (IMAX detector S1)).Therefore, only � 0:020�s of extra time-delay between counters 2 and 4 is necessary forthe anticoincidence to fail between counters 2 and 4. This 0:020�s time-delay can beachieved from light-collection time uctuations causing a jitter in the pulse-timing indetector 2, and perhaps from afterpulsing in detector 2.The solution to the second problem demands us to actually identify the relativis-tic particle(s) which cause the anomalous events. If the incident particle is a negativemuon, and passes through the 1st scintillation detector (IMAX detector T1) and thenstops in one of the �Cerenkov detectors (IMAX detector C1 or C3) between scintilla-tion detectors 1 and 2 or in a support frame or magnet dewar wall, is captured by anoxygen, uorine, aluminum or silicon nucleus, then the apparent decay lifetime of themuon is 1:8�s, 1:45�s, 0:88�s, and 0:77�s for oxygen, uorine, aluminum and silicon,respectively [137]. When the negative muon is in orbit around a nucleus in the target,it can either decay into an electron and a couple of neutrinos or the muon can combinewith a proton in the nucleus (of charge Z) and produce a nucleus with charge Z � 1(e.g., �� + 14Si ! �� + 14Al�), where the aluminum nucleus is in an excited state.In the case of muon decay after capture, the resulting electron will have an energy of� 45 MeV, enough to often initiate a small electromagnetic cascade. In the case of the



154weak nuclear absorption of the muon following capture, the excited nucleus will oftenemit a gamma ray to reach its ground state; the gamma ray would often have an energyof tens of MeV, also enough to start a small electromagnetic cascade. The cascade wouldoften cause 3 three nearly-coincident pulses in detectors 2-4 with a large pulse in detector4 (IMAX detector T2). The large pulse in detector 4 would be followed in � 0:1�s by apulse in detector 2 (light collection and PMT time-delays), and would also be followedby � 2:0�s by a pulse in detector 3 due to the observed interchannel D-module crosstalk.This complex scenario is quite possible, though remains unproven in our follow-up Mt.Lemmon experiments.In our Tucson lab, we did test the possibility of the D-module producing anoma-lous events in response to such a sequence of pulses. With the G-module, we created apulse-sequence which had T12 � 1:50�s, T24 � 0:50�s, and a large pulse in channel 4:A4 � 200 pC. Then we pulsed this sequence into the D-module with no signal enteringchannel 3 and found that the module strobed the Ortec ADC, despite our requirementthat channel 3 be part of the D-module trigger. The ADC measured X3 = 105 � 5mV, which is somewhat consistent with the third observed component of the anomalousevents { a small signal of X3 � 250� 70 mV was seen in all anomalous events. Perhapsthe discrepancy between the X3 pulse height observed for anomalous events during ightand during this ground test is due to a shift in the X3 pedestal by � 100 mV betweenthe time of the ight and this ground test, but this shift is unlikely.Despite the fact that the entire anomalous-event production scenario (consistingof decaying muons) has not been tested, the observation of a small anomalous signal inchannel 3 during the recent crosstalk tests which is consistent with the signal in channel3 for the ight anomalous events does indeed suggest that the anomalous events arearti�cial and not caused by new particle physics.



155B.3 Correlated Pulses from PMT noisePhotomultiplier tubes (PMTs) invariably have some amount of dark current and noisepulses[131]-[135], which consists of PMT pulses which do not occur at the same timeas the passage of a cosmic ray through the scintillator plastic. Dark current and noisepulses are a background to the cosmic ray signal. Dark current occurs when the PMTis completely divorced from the scintillator plastic, and from any other external sourceof light. Some of the noise pulses are due to cosmic rays which actually pass throughthe PMT; the remainder of the noise pulses come from `afterpulsing', phosphorescenceor uorescence processes, radioactivity, potential di�erences between the glass envelopeand the photocathode, and thermionic emission of electrons from the photocathode.Afterpulsing usually occurs on a time-scale of less than a few microseconds after thepassing cosmic ray[131], and consists of ion bombardment of the cathode and initialdynodes[135]. The ions are created by the ionization of residual gases in the PMT dur-ing electromultiplication. Fluorescence occurs on a time-scale of a few microseconds tohundreds of microseconds after the deposition of energy by a cosmic ray, while phos-phoresecence occurs on the time-scale of minutes to days[131]. Both uorescence andphosphorescence consist of the de-excitation of molecular states in the faceplate materialin the PMT. Some natural level of radioactivity will always be present in the PMT face-plate or in the surrounding detectors and structural support material. Many radioactivedecays cause the emission of a single beta particle or a single alpha particle, with rela-tively low energy, so as to cause a single pulse in a single detector at random times. Thiswill only add to the singles rate of an individual detector, so as to enhance the overall4-fold accidental coincidence rate. Such radioactivity will not be a source of correlatedpulses. Both uorescence and ion afterpulsing cause correlated pulses on a time-scale ofmicroseconds, which can be a nuisance to our search for IMPs, as detailed below.



156Teich et al.[131] have measured the time-delays between pulses in a single pho-tomultiplier tube. They have discovered that the time-delay distribution on the Ti;i 2[0:01; 10]�s time-scale, has two separate contributions: a nearly-exponential distibutionwith decay time of � 0:5�s and additionally a very sharp peak at � 0:5�s, with a full-width (at half-max) of � 0:1�s. The position of the sharp peak seems to be a tubedependent e�ect [131], and can vary from � 0:1�s to 0:5�s. The exponential componentprobably comes from the afterpulsing due to ion bombardment or from the afterpulsingdue to uorescence, as discussed earlier. The sharp peak is of unknown origin, thoughTeich et al. attribute the sharp peak to \evenly-spaced cosmic rays of unknown origin"(if this was true, then a revolutionary discovery may be at hand). We follow Bartonet al.'s[136] belief the the sharp peak is probably due to geometric e�ects in the ionafterpulsing in the PMT itself, and that the sharp peak is not caused by evenly-spacedcosmic rays.Since the single PMT time-delay distributions, as measured by Teich et al.,exhibit correlated pulses on the time-delay scale of interest to our search, we shouldcarefully investigate whether the correlated PMT pulses will signi�cantly a�ect our apriori at time-delay distributions. First, we will assume that there is no intercounteranti-coincidence of fast particles. In this case, a fast particle going through all fourdetectors would cause a pulse to come from each of the four detectors' PMTs with negli-gible (nanosecond) delays. On the time-delay scale of 0:1�s and 10�s, the PMTs of eachdetector might afterpulse. Therefore, the time-delay distributions T12, T23, and T34, dueto PMT afterpulsing/uorescence would have a similar shape to the distribution shownin Ref. [131]. However, we only measure the time-delays within a certain window (e.g.,T12 2 [0:6; 7:6]�s, T23 2 [1:3; 15:0]�s, T34 2 [0:5; 4:5]�s), so the measured distributionswill be cut-o�, as compared to the distribution in Ref. [131], which was measured overa wider time-scale.However, in our experiment we had an anti-coincidence (of width 100 ns) for fastparticles that go through more than one detector. Therefore, the initial pulse caused by



157the cosmic ray will not be registered in any of the four detectors. If a noise afterpulseoccurs in detector 1, followed successively by afterpulses (with the the time-delay win-dows) in detector 2, detector 3, and perhaps in detector 4, then a delayed coincidencewill occur. Unfortunately, in this scenario, the correlated pulses from PMT afterpulsingwill create time-delay histograms that are not at, as would be expected from a sampleof pure accidental coincidences.B.4 New Particle Physics?If we assume that the anomalous events are caused by some particle physics phenom-enom, then we are inevitably led to the following conclusions.� Since the time-delays between hits in detectors 2 & 3 is generally smaller than thetime-delays between hits in detectors 1 & 2, this means that if these pulses resultfrom a single particle, then this particle appears to be 'accelerating' at detector 2.� Since ac-celeration seems unphysical, we hypothesize the stopping of an IMP inthe top detector, followed by an interaction or decay into multiple IMPs sometimelater. The interaction or decay time is governed by an exponential time distributiondistribution with � � 0:5 �s, as evidenced in the T12 distribution for anomalousevents.� The anomalous T23 distribution is peaked at one value, and is not broadly dis-tributed. We can therefore infer from kinematical laws that this must be a two-body decay, as opposed to a many body decay. One of these two secondary decayIMPs originating in detector 1 passes through detectors 2 & 3 unimpeded, at avelocity of � (1:517 m=2:0 �s) = 758 km/s = 0:0025 c .� This secondary IMP might pass though detector 4, but the predicted time-delay ist34;pred. � (2:0 �s=1:517 m)� 0:336 m= 0:44 �s ,



158which is below the minimum time delay for channel t34, tmin34 � 0:5 �s, so it wouldremained undetected.



159APPENDIX CDIURNAL MODULATION OF IMP FLUXIMPs have large scattering cross-sections, � > 10�24 cm2. Therefore, only a small frac-tion of material in the earth's atmosphere, with grammage x (measured in g/cm2), willbe su�cient to signi�cantly slow down (with � 90% velocity loss) halo dark matter IMPsimpinging from above the atmosphere[47]:x = 1F m� 0:5 ln 10 = 205 g/cm2� mx106 GeV� 10�20 cm2� ! ; (C.84)assuming F = 1. For �=mx > 10�26 cm2=GeV, less than one-�fth of the atmosphericthickness will be su�cient to e�ciently slow down and attenuate the IMP ux. For�=mx > 10�36 cm2=GeV, the thickness of the earth, � 1010 g/cm2, is su�cient to elim-inate the IMP ux coming from the other side of the earth. Such dramatic attenuationmight sound discouraging at �rst, since detectors with an excessive overburden of IMP-attenuating material would not be able to detect IMPs. However, the attenuation ofIMPs can be used to our advantage. First, IMPs of �=mx � 10�36 cm2=GeV would notbe detectable if they travel through the whole thickness of the earth. Additionally, therotation of the galactic disk is carrying the Sun and the Earth towards the constellationCygnus at a signi�cant velocity � 240 km/s through the assumed rotationless dark mat-ter halo[18][27]. Therefore, the IMP ux will be signi�cantly larger when the earthboundIMP detector is on the side of the earth facing the constellation Cygnus, and smallerwhen the detector is on the `Cygnus-night' side of the earth. Due to the rotation of theearth about its axis every 24 hours, we expect a diurnal modulation of the detectableIMP ux. We have calculated the amplitude of this e�ect to be about a factor of threeduring the IMAX ight, with the maximum ux at about 10 hours UT in mid-July 1992.



160Collar and Avignone[30] have also calculated the e�ect of diurnal modulation for theirunderground WIMP search experiments, and have concluded that the diurnal modula-tion e�ect will be most e�ective at far southern latitudes such as Australia or Argentina.For �=mx � 10�36 cm2=GeV, the diurnal modulation e�ect[30] is a much better IMPsignal than the annual modulation e�ect[28]. In the rest of this appendix, we give thedetails of our diurnal modulation calculations.C.1 Calculation of Net Earth Velocity around the Galactic CenterThe sun's motion can be split into two parts { the local rotational velocity around thegalactic center towards the constellation Cygnus (v�0 = 220 km/s, (� = 316�:6; � =+48�:1)[158]) and the peculiar velocity of the sun with respect to nearby stars (v� =20 km/s[159], (� = 271�:2; � = +33�:8)[160]). We add these two velocities togethervectorially to obtain the sun's net velocity ~v� with respect to the galactic center:j~v�j = 236:2 km/s; (C.85)with the right ascension � and declination � of this velocity vector being:(�� = 313�:2; �� = 47�:7): (C.86)The velocity of the earth about the sun, ve, is determined by Newtonian mechanics:v2e = GM� � 2re � 1a� ; (C.87)where re is the separation between the earth and the sun, and a = 1:496� 1013 cm isthe astronomical unit. The angle of inclination of the earth's orbit around the sun withrespect to the galactic plane is 23�:4. At 8.667 hours UT on 7/17/92, the earth was at adistance of 1:52037637�1013 cm from the sun, and an ecliptic longitude of 115�:011[161].From Equation C.87, this corresponds to ve = 29:30971 km/s, with a right ascension anddeclination of (�e = 23�:173; �e = 9�:682). When we vectorially add the earth's velocityto the sun's net velocity, we get the net velocity, ~ve;tot of the earth:j~ve;totj = 248:028 km/s; (C.88)



161where the right ascension and declination at 2.6 hours UT 7/17/92 of the earth's velocityvector through the galaxy is:(��e = 322�:3324; ��e = 46�:4053): (C.89)C.2 Calculation of the Zenith Angle of the IMAX Payload as a Function ofTimeIf we assume for simplicity that the rotational velocity of the galactic halo about thegalactic center is small compared to the earth's galactocentric velocity, then the IMP uxwould depend only on the galactocentric velocity of the earth ~ve (Equation C.88) and co-sine, cos(	), of the angle between the zenith vector, pointing at �z ; �z, of the earthboundIMP detector and the earth's velocity vector, pointing at ��e ; ��e , (Equation C.89) andthe amount of atmospheric overburden above the detector. The zenith angle only de-pends on the time of day, the day of the year, and the latitude and longitude of the ex-periment. Unlike many dark matter search experiments, the IMAX experiment launchedfrom Lynn Lake, Manitoba, Canada, moved a great distance during the course of one day.The NSBF provided us with accurate tracking of the latitude, longitude, and altitude asa function of time during the ight. From 2.6 hours UT on 7/17/92 to 4.67 hours UT on7/18/92, the earth latitude varied by about a degree, LAT(IMAX) 2 [55� 580; 57� 040],while the earth longitude increased rapid LONG(IMAX) 2 [100� 280; 117� 350]. We showthe universal time (UT), earth latitude, earth longitude, local sidereal time (LST), andcos(	) in Table C.13, and a graph showing the dependence of cos(	) on UT in FigureC.47. The IMAX zenith direction was aligned quite well with the direction of the Earth'smotion through the galactic halo at 8.667 hours UT on 7/17/92, when the right ascensionand declination of the IMAX zenith was:(�z(8:667 hours (UT)) = 322�:74; �z(8:667 hours (UT)) = 56�:517): (C.90)The IMAX zenith coordinates at this time (Equation C.90) should be compared with theEarth's apex coordinates on 7/17/92 (Equation C.89). These two vectors are misaligned



162by � 10� in the declination, which is responsible for the cosine value being only 0.98rather than 1.00. Nonetheless, at 8.667 hours UT on 7/17/92, we expect that the IMPux will have a large maximum, compared to the minimum ux, expected at 21 hoursUT, about 12 hours later..

Figure C.47: We plot the cosine of the angle between IMAX zenith direction and thedirection of the Earth's motion (cos(	)) vs. universal time (UT). The IMAX payloadwas launched at 2.6 hours UT, and reached oat altitude at � 10 hours UT.C.3 Time-dependence of counting rates during IMAX ightIn Figures C.48 and C.49, we plot two-dimensional histograms of the single detectorcounting rates and the multiple-detector delayed-coincidence rates versus universal time.The scaler rates are measured each second during the ight and represent the number ofcounts from the discriminator or coincidence unit during the previous second. At a �xedUT, there are signi�cant uctuations, especially for the delayed coincidence rates; these



163Table C.13: For the IMAX ight (starting at 2.6 hours UT on 7/17/92), we show theuniversal time (UT), latitude (LAT) (or declination (�)), longitude (LONG), local sideraltime (LST), right ascension (R.A. (�)), and the cosine of the angle between the IMAXzenith direction and the direction of the earth's motion through the galactic halo (cos	).We also mark the positions of the minumum (at 21 hours UT) and maximum (at 8.667hours UT) of the this cosine with an outline.UT LAT(�) LONG LST R.A.(�) cos	2.6 57.067 101 15.545 233.175 0.613212.667 56.733 101.083 15.606 234.09 0.617032.833 57.033 100.917 15.784 236.76 0.63653 56.9 100.917 15.951 239.265 0.652093.167 56.717 100.75 16.13 241.95 0.668523.333 56.667 100.683 16.301 244.515 0.684983.5 56.583 100.617 16.473 247.095 0.701173.667 56.533 100.567 16.643 249.645 0.717273.833 56.517 100.533 16.813 252.195 0.733194 56.483 100.5 16.982 254.73 0.748834.333 56.45 100.467 17.318 259.77 0.779174.667 56.567 100.583 17.645 264.675 0.807595 56.4 100.667 17.974 269.61 0.834285.333 56.533 100.75 18.302 274.53 0.859565.667 56.517 100.9 18.626 279.39 0.882546 56.533 101.083 18.948 284.22 0.903366.333 56.55 101.25 19.272 289.08 0.922096.667 56.567 101.417 19.595 293.925 0.938547 56.567 101.617 19.916 298.74 0.952537.333 56.6 101.783 20.239 303.585 0.964067.667 56.617 102.033 20.556 308.34 0.97298 56.567 102.25 20.876 313.14 0.979438.333 56.583 102.433 21.198 317.97 0.983168.667 56.517 102.683 21.516 322.74 0.984469 56.35 102.967 21.831 327.465 0.983459.333 56.483 103.217 22.149 332.235 0.978919.5 56.467 103.35 22.307 334.605 0.975939.667 56.45 103.483 22.465 336.975 0.9723110 56.467 103.683 22.786 341.79 0.9628910.333 56.5 103.967 23.101 346.515 0.9511410.667 56.533 104.25 23.417 351.255 0.9370511 56.55 104.5 23.734 356.01 0.92062



164Table C.14: Continuation of Table C.13.UT LAT(�) LONG LST R.A.(�) cos(	)11.333 56.567 104.6 0.062 0.93 0.901411.667 56.6 105.017 0.368 5.52 0.8814512 56.617 105.283 0.685 10.275 0.8590312.5 56.617 105.65 1.162 17.43 0.82213 56.6 106.117 1.632 24.48 0.7821513.5 56.567 106.55 2.105 31.575 0.7393114 56.5 106.967 2.578 38.67 0.6940814.5 56.467 107.35 3.054 45.81 0.6472915 56.417 107.75 3.529 52.935 0.5997415.5 56.383 108.167 4.002 60.03 0.5523816 56.35 108.617 4.474 67.11 0.5059316.5 56.35 109.067 4.945 74.175 0.4612517 56.283 109.583 5.412 81.18 0.4183317.5 56.283 110 5.886 88.29 0.3783318 56.3 110.45 6.357 95.355 0.3421818.5 56.367 110.8 6.835 102.525 0.3103319 56.317 111.3 7.303 109.545 0.2819119.5 56.267 111.733 7.775 116.625 0.2580520 56.3 112.05 8.256 123.84 0.2405320.5 56.133 112.267 8.743 131.145 0.2252521 55.967 113.183 9.183 137.745 0.2163621.5 56.483 112.8 9.71 145.65 0.2245622 56.633 113.567 10.16 152.4 0.2323222.5 56.717 114 10.633 159.495 0.2447223 56.767 114.317 11.113 166.695 0.2623623.5 56.783 114.7 11.589 173.835 0.2846324 56.8 115.1 12.063 180.945 0.3117924.5 56.85 115.417 12.544 188.16 0.3443525 56.867 115.667 13.028 195.42 0.3808425.5 56.85 115.95 13.511 202.665 0.4203826 56.867 116.267 13.991 209.865 0.4630526.5 56.783 116.583 14.471 217.065 0.5070227 56.683 116.783 14.959 224.385 0.5533627.333 56.667 116.967 15.281 229.215 0.5849827.667 56.633 117.167 15.602 234.03 0.6165528 56.617 117.317 15.927 238.905 0.648528.333 56.6 117.45 16.252 243.78 0.680328.5 56.6 117.583 16.41 246.15 0.6956328.533 56.6 117.567 16.445 246.675 0.6989528.667 56.6 117.55 16.579 248.685 0.71186



165uctuations are due to counting statistics. If there is a diurnal modulation of the IMPux through the IMAX detectors, we would expect a maximum counting rate at 8.667hours UT and a minimum counting rate at 21 hours UT. There is a signi�cant maximumin the scaler rates at about 4.5 hours UT, which is not due to a diurnally-modulated IMPsignal. This peak is due to the Pfotzer cosmic ray air shower maximum, which occurs at� 100 g/cm2 atmospheric depth. Note that the triples rate levels o� at around 4 Hz, thedoubles rate at around 90 Hz, and the singles rates level o� at di�erent rates, between3000 Hz and 4000 Hz. The slight non-diurnal and non-Pfotzer modulation (especiallyevident for TOF1) is probably due to shifting gain-levels or shifting discriminator thresh-olds. There is no evidence from these plots for any diurnal variation that peaks at 8.667hours UT.
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Singles Rates vs. Universal TimeSingles Rates vs. Universal TimeSingles Rates vs. Universal TimeSingles Rates vs. Universal Time

Figure C.48: We plot the single detector counting rates during the IMAX ight versusuniversal time. The top time of ight detector is labelled S1, the S1 detector is labelledS2, the S2 detector is labelled S3, and the bottom time-of-ight detector is labelledS4. The maximum at � 4:5 hours UT is due to the Pfotzer cosmic ray maximum atan atmospheric overburden of � 100 g/cm2. The IMAX payload reached oat altitude(5 g/cm2) at 10 hours UT, where the single counting rates level o�.
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Figure C.49: We plot the multiple detector delayed coincidence counting rates duringthe IMAX ight versus universal time. The doubles rate, C12, is a delayed coincidencebetween detectors TOF1 and S1. The triples rate, C123, is a delayed coincidence betweendetectors TOF1, S1 and S2. The maximum at � 4:5 hours UT is due to the Pfotzercosmic ray maximum at an atmospheric overburden of � 100 g/cm2. The IMAX payloadreached oat altitude (5 g/cm2) at 10 hours UT, where the single counting rates levelo�.
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