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Chapter 1

Introduction

The Antarctic Muon and Neutrino Detector Array (AMANDA) is d esigned to detect
high energy neutrinos using the three kilometer thick ice gacovering the South Pole.
AMANDA in its design consists of a large array of phototubelcated under ice. This
array of phototubes embedded in the icecap at depths of 1508 2000m capture the
Cherenkov radiation from the ultrarelativistic charged I@tons that are produced when
neutrinos undergo charged current interactions with nucts in the ice.

The main aim of AMANDA is to detect extra-terrestrial neutrinos. The back-
ground to the observation of these neutrinos is the ux of atraspheric muons and
neutrinos produced in cosmic ray showers in the atmospher&tmospheric muons can
reach the detector only from above, because the range of mgan Earth is only a few
kilometers. Atmospheric muons are therefore only downga@rand these can be easily
Itered out by using the earth as a Iter and looking at neutrinos produced in the
Northern Hemisphere. Atmospheric neutrinos can instead aeh the detector from all
directions. Hence they are an irreducible background for dise astrophysical neutrino
uxes. It is very important to evaluate their intensity with reasonable accuracy.

At GeV energies the atmospheric uxes are dominated by the days of relatively
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long-lived particles suchas andK mesons. With increasing energy, the probability
increases that such particles interact in the atmosphere foge decaying. This implies
that even a small fraction of short-lived charmed particlesan give the dominant
contribution to high energy muon and neutrino uxes. These prompt" muons and
neutrinos arise through semi-leptonic decays of hadronsntaining heavy quarks, most
notably charm. Estimates of the magnitude of the prompt atmspheric uxes di er by
almost two orders of magnitude making the signi cance of elizating their intensity
very important.

The main principle in this thesis is that it is possible to ovecome the theoretical
uncertainty in the magnitude of the prompt neutrino uxes by deriving their intensity
from a measurement of thedown-going prompt muon ux The suggestion is based
on the observation that due to the charmed particle decay kematics for the semi-
leptonic decays into neutrino and muon uxes, the prompt muop and neutrino ux are
essentially the same at sea level and this result is indepemd of the charm production
model. It should be stressed thatiown-going prompt muonsnd not up-going neutrino
induced muons are used to get limits on the prompt neutrino ¥. Prompt muons are
easy to detect and there are ways of separating them from th@rwentional muons
using di erent zenith angle and energy spectral shapes.

This analysis of the atmospheric charm component is challgimg for the fact that
there are no robust simulations for producing atmosphericrpompt muons. Further
the limited angular and energy resolutions of AMANDA combied with the lack of
availabilty of a model makes life very hard for a researcher.

Studies were also done on the introduction of theoretical dels used to calculate
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the heat transfer and refreezing rates in boreholes in coldei at the south pole and
a comparison of these results with experimental data from é6AMANDA holes. The
calculations are based on models derived for phase changévae moving bou ndary
layer in cylindrical coordinates. This work improved estimates of fuel consumption

and contributed to a better e ciency in the drilling of holes for project IceCube.



Chapter 2

Strategies to optimize the hotwater

drilling method for lceCube

During the 199G 23 holes were drilled to depths ranging fro 1000 to 2450 meters
at the South Pole to build the AMANDA neutrino telescope. A lage hot water drill
was used to drill the holes. This technique was chosen becauswas the only one
conceivable to meet the requirements to produce 60cm diareetoles lled with water.
Pioneering e orts to 1000 m depth were successful and alladvéhe installation of the
rst optical sensors in polar ice at the South Pole. The drililgrew in size as depth and
hole diameter requirements increased until it reached a miaxum thermal power of
2.2 MW. It became clear that this drill would not be adequate @ drill to depths of
2450 meters. At depths below 2000 meters drilling becamewland ine cient. The
next generation IceCube detector would require drilling 8Boles in a ve year period.
A new enhanced hot water drill (EHWD) with a power of about 5 MWwould need to
be designed to drill two holes per week. The following studyas initiated to optimize
the drill design and drilling strategy and con rm relatively rough estimates on fuel

consumption. We developed a model that allowed us to calctgaa drilling procedure
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that will result in a hole diameter large enough to ensure soessful deployment of
detector strings with acceptable fuel requirements. The nael suggests drilling and
reaming rates based on heat input that will provide an optimm hole diameter pro le.

The result is a barrel shaped hole that compensates for di ent freezing rates that
are a function of ice temperature and time of exposure to heaThe calculations and
predictions are veri ed from simulations with drill data from the AMANDA holes. The

robustness of the calculation is checked by applying pertoations to critical system

parameters.

IceCube is a one-cubic-kilometer international high-engy neutrino observatory
being installed in the clear deep ice at the South Pole. It wibpen unexplored bands
for astronomy, including the PeV energy region, where the Ukerse is opaque to high-
energy gamma rays originating from beyond the edge of our owgalaxy, and where
cosmic rays do not carry directional information because tieir de ection by magnetic
elds. The detector will consist of 80 strings of optical modles placed between 1450
and 2450 meters depth. This depth range takes advantage ofetlclear ice below ice
with bubbles in it and avoids the shear between the bottom otie ice and the detector.
The holes will have a diameter of approximately 60 cm to supptothe installation of
the optical module strings, which are 43 cm in diameter. Thedalitional size is required
to compensate for freezing that takes place on the hole waditer drilling and during
deployment. Hot water drills operate by pumping water that las been heated under
high pressure to a drill head where the hot water jet is used tmelt the ice. In
impermeable ice, the hole is lled with water, which is recyled to the surface by a

submersible pump. The water is then reheated and pumped thugh the drill head to
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melt more ice. Approximately 8% of the ice volume must be regpted by water from the
surface to make up for the volume lost in phase change. Befdhe AMANDA project
these drills were generally portable and limited to less tma1500 meters in depth and
to smaller diameters. The cold 50 C ice at South Pole, depth requirement of 2400
m and hole diameter of 60 cm required a much larger drill that @uld not have to be
portable. The drill used for AMANDA evolved over the life of he project and grew
from 1.6 to 2.2 MW maximum heat input. The drill was pressureiinited to 1000 psi
operating pressure, which limited ow as lengths of hose weadded. At depths beyond
2000 meters the drill became increasingly ine cient. Fuel ahsumption per hole was
over 10,000 gallons and the time required to drill a 2400 methole was well over 100
hours, in one case more than 150 hours. Neither of these gam&as acceptable for the
80 holes required for IceCube. A new drill design was propdsenat would provide a
constant heat input of about 5 MW over the entire drilling deph. A larger hose was
needed to accommodate the higher ow and the hose was to be Bed on a single
large reel. Single point power generation, with heat scavging have replaced ancient
generators and diesel driven pumps to improve e ciency. Inddition the entire drill
heating and pumping plant have been placed in mobile drilljnstructures that reduce
set up and build down time. The goal is to drill up to 18 holes peyear, completing
2 holes per week. The 40 hour drilling time per hole drives theeat input. Since the
drills have all been equipped with calipers and navigationgekages, it is possible to
create a map of the hole including a diameter vs depth curve. hEse measurements
and curves are required to assure the hole diameter remairgdge enough to permit

the deployment of the optical modules over a 30-hour periodftar drilling ceases.
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Crude models were constructed during the AMANDA project to pedict the amount
of freezing that would occur during this period. This papers an introduction to the
theoretical models used to calculate the heat transfer anéfreezing rates in boreholes
in cold ice and to compare the results with experimental datfrom the AMANDA
holes. The calculations are based on models derived for phahange with a moving

boundary layer in cylindrical coordinates.

2.1 Description of the thermal process

A large hot water drilling system consists typically of the dllowing main com-
ponents.

High-pressure pumps to pump the water to the drill head.

Heaters to heat the water to near boiling.

Drill hose to deliver the water to the drill.

Drill head and nozzle to direct water to the front to warm and nelt ice.

A return submersible pump to recycle cold water from the borhole.

The surface components consist of high-pressure pumps andheating plant. Heat
losses from this part of the system are low compared of the &dtheat budget in large
drill systems because the hoses are well insulated. The hdsegs vertically in the
hole, which is lled with water below a depth of 50m. A parcel bwater moving
through the hose looses heat to the surrounding water throbgconduction across the
hose wall and convection to the surrounding water, which is oving slowly up the

hole. The advective term is ignored in these calculationst is desirable to move the
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Figure 2.1: The gure describes the schematic view of the ICebe En-

hanced Hot Water Drill (EHWD) at the surface.

water through the hose as rapidly as possible to keep the r@snce time in the hose
to a minimum. The amount of heat available at the nozzle dropsxponentially with a
decay length of the hose where the heat available has fallen to half of thawailable
at the surface. The decay length depends on the conductivitf the hose material, the
hose wall thickness and the velocity of uid through the hoseHeat lost through the
hose helps keep the hole from refreezing. Later we will dissuhow the decay length
in uences drilling and reaming e ciency.
The hot water drill head consists of a massive steel pipe todqe the drill plumb,

a housing for the electronics and navigation package. A ndeis designed to accelerate
the speed of the water while keeping the ow intact to createurbulence ahead of the

drill. In cold ice as at South Pole the ice must rst be warmed bfore it can be melted.
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Figure 2.2: Depth dependnce of the temperature of South Pollee.

This can limit drilling speed if the narrow portion of the drill is short or the velocity
at the nozzle is low. A temperature pro le of the ice at the Sailn Pole is shown
in gure 2.2. A sketch of the situation around the drill head & given in gure ?? .
The heat provided by the injected hot water of about 800 lites/min is not dissipated
immediately. Energy remains in the form of hot water that cotinues to warm and
melt the surrounding ice. Some of the energy is conducted inthe surrounding ice.
The result is a long plume of warm water that gradually meltshe hole wall to a larger
diameter with time. With large hot water drills such as the AMANDA or ICE CUBE
drill this plume can extend more than 100 meters behind the dk

As the return ow drifts up the cold water it is slightly heated by losses from
the hose. These losses slow the refreezing rate. The e ecifl e discussed in a later

section. Water at the top of the hole having a temperature of Z is recycled using a

submersible pump.
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Figure 2.3: Schematic view of the hotwater drilling method.

At the surface water is pumped through heaters into the higlpressure hose,
which transports the energy into the borehole where it is uddor melting the ice. The
heat input to the borehole is determined from the ux and temgrature of pumped
water. The hose at the surface is usually well insulated anthé¢ water typically looses
only 2-3 C from the point on the surface where it is pumped until it redses the top
of the borehole.

A hot water packet takes several minutes travel down the hode the drill tip,
so an imperfectly insulated hose conducts heat to the surmading borehole which is
typically lled with cold water. The hose and cable tension$ monitored to ensure that
the drill tip does not touch the bottom of the hole. A parcel ofuid traveling down the
hose can be said to lose heat only through the walls of the hpseice the temperature

gradients along the direction of ow are negligible as compead to the radial gradients.
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These hose losses slow down the process of refreezing thatiocat the top of the hole
and cannot be regarded as a waste. Because of the exponerdiatay of temperature
and consequently the power available, it is important to marize the ow within the

pressure capability of the hose. For the EHWD the thermal catuctivity of the hose
is 0.4W/m-K [2] and the ow rate is 200gallons/minute and thus lambda is around
8000m. There would also be an advective term, which comesrfréhe conductivity of

the water that lIs the hole. In the problem we shall neglect dvective heat transfer,
which would uctuate as the hole size changes. In the past, Ww&x was heated to
90 C, losing heat as it travels from the heating plant to the sudce of the hole. The
calculations that follow were done with a surface temperata of 88 C, which can be
obtained by suitably insulating the hose from the heaters tthe hole opening without

much heat lost into the surrounding atmosphere.

2.2 Methodology and Assumptions

Symmetry allows no azimuthal dependence. We will simplifyhe problem to the
one along radial direction alone because the longitudinataglients are negligible. As
the heat is exchanged across the ice-water boundary refregzwill occur. The mov-
ing boundary of the phase change interface presents spedatulties for numerical
procedures, since the position of the boundary is dependeampon a varying temper-
ature eld in ice. The boundary condition would be that the temperature of the ice
water interface is always at OC. At each time step the change in radius is calculated
from the amount of heat that enters the system in the form of hs®e losses and the
amount of left over heat energy that goes from the hot water #t is left after the

initial melting has occurred. The heat left decays exponeiatly and for purposes of
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our calculation, we take that this heat continues to melt theice for a period of four
hours after which it goes down to 2C or so when it becomes coldogigh that it can no
longer melt ice. For a more detailed formulation refer to [1]However, in this section
we will briey look at the underlying equations. The problemmay be formulated in
cylindrical co-ordinates with Z directed downward from thesurface along the axis of
the hole. The system is azimutally symmetric. We will simpfy the problem to the

one along the radial direction alone because the longitudihgradients are negligible.

2.3 Description of the model and assumptions

a) The method used to solve the heat transfer di erential ecation is a numerical
nite di erence method. For this purpose, we modeled the prblem with a space mesh
where the grid element was 0.15cm wide (1% of the initial rads). We used 1300
elements to span a total area of 3.2 at each depth. The number of elements in the
grid is chosen in such a way that the solution to the problem cwerges at each depth
in a reasonable time and with su cient precision. The numberof grid points chosen
was increased until the result didn't change signi cantly with increasing resolution.

b) The time resolution for each time step was taken as 0.000ines the charac-
teristic time of the system, which is the total borehole clage time (100 hours). Each
time the size of the hole changed, the number of grid pointsside the boundary were
suitably adjusted, allowing us to locate the point on the icavater interface.

c) Total heat ow is 200 gal/min of water with a temperature of 88 C at the top
of the borehole. This corresponds to a total power of 4.65MW ¢he top of the hole.

d) The circulated water looses around 40% of the heat befoteravels from the

nozzle to the widest point of the drill hole ( 15m above the drill head). This heat
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is available for initial melting and constructing a su cient diameter hole for the drill

to t. This process takes 1-2 minutes and is assumed to be ndmeat conducting with

regards to the surrounding ice. The temperature to which thevater cools during this
instantaneous conduction is given by 54 exp(-z/lambda), wdre z is the depth and
lambda is the decay length of the hose.

e) Once the initial melting described above is done, the hotater remains inside
the hole and continues to increase the diameter of the holes aome of the heat is lost
into its surroundings. This process has been modeled as aitygd steady-state heat
conduction problem with a 4-hour duration and an exponentiadecay function, where
half of the heat decays in the rst hour.

f) We modeled the down-hole path as segments of length 100m @instant
temperature. The conditions inside each slice are assumeal be non-varying and
the heat transfer equations are solved inside the mesh swraling it. Once all the
calculations are done for one slice we move onto the next sliand so on.

g) A nal target diameter at 45cm in each of the 100m slices atht end of
operation was set.

h) The thermal properties of ice (speci c heat and freezingqnt) are assumed
to be constant throughout the hole.

i) We obtained the hose losses by dividing the total heat avable at any depth
by the lambda of the hose. We neglected the conductivity of thwater, so all thermal
conductivity is assumed to come from the hose alone. By negfieg the advective
heat transfer, we may have overestimated the hose losses amdierestimated the heat

available at the bottom of the hole but all these correctionsan be neglected to rst
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Figure 2.4: The gure illustrates the heat transfer procedre that asymp-

totically approaches the far- eld ice temperature.

order.
J) We model the reams as an instantaneous process in which nealis conducted

into the surrounding ice and it is entirely used for melting lhe ice on the borehole walls.

2.4 Optimal drilling algorithm

The drilling strategy is optimized to obtain a hole of constat at some time
of typically 35 h after drilling is completed. The minimum anount of time that
we spend inside the hole subjected to constraints like therget uniform diameter
after deployment being 45cm and the drill tting through canbe accomplished by a
simplex minimizer however it can be observed that the soluths to the problem exhibit
monotonic nature and thus we can nd the optimum just by movirg in one direction.
The nal time until which we need to step it by to obtain optimum solution is in turn

dependent on the solutions in each of these slices so we neestaguess solution and
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than we can iterate till we reach the optimum thus we guess thetal time to be spent
inside the hole at 50 hours. We start out at a high drill speedf@00m/hr and a ream
speed of 450m/hr respectively inside the slice. We calcudathe initial diameter that
we obtain from the cooling of water from the nozzle to the dtilhead. If we don't get
su cient size of the hole(initial diameter) for the drill to t through then we reduce the
drill speed by 5m/hr until the condition of the drill passing through is met. There is
a maximum of the drill speed that we use for our optimizationOnce this condition is
met we calculate the position of the ice-water boundary at d@rhe t, the initial guess on
total time spend inside the hole plus the estimated deploymetime. If the diameter
of the hole is less than target diameter (=45cm) then we redecthe ream speed in
steps of 10m/hr and check if we reach the target diameter at vidh point we stop
and move onto the next slice. Once the minimum limit on ream ged (180m/hr)is
reached without the target diameter getting to 45 cm ,we redie the drill speed from
the maximum limit obtained for the drill to t through in step s of 5m/hr till we get
the required target diameter. Once the required target diaeter is established we
record the values of the drill speed and the ream speed used &@complishing the
required target diameter and calculates the time spent by #ndrill head in this slice
during the drilling and the reaming operations. Than we movento the next 100m
slice, the drilling operation in this slice is delayed by a fdor of time that we spent
in the previous slices drilling, in other words it takes timeor the drill to get here so
we subtract the time we spent till we get to this slice from ournitial guess on total
time. This analysis is repeated in slices of 100m until we g&b the bottom of the

hole. By summing up the times spent drilling and reaming in e of these slices we
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get the total time spent inside the hole. This should for iteative purposes be close
to our initial guess of 50 hours. If this is lesser(which is ually the case ,considering
that we start out with a very large value than what we think our solution is going
to be).than we reduce the initial guess (50 hours) in steps @&fhour and repeat the
entire procedure described in this section till the iteratin is established. Thus the drill
speed, ream speed and other parameters at each depth thatist all these conditions
are the solutions to our optimization problem. At these valas of parameters we get a
uniform hole of 45cm in diameter at all depths and this also mimizes the total time

spent inside the hole.

2.5 Results

A baseline model assumes the most likely values for the paratars encountered
in the actual eld operation. The results of the optimization process are shown in the
following gures. Figure 2.5 illustrates the optimal refre@ze process. While the hole is
drilled at di erent times and the refreeze rates di er with depth they reach an identical
diameter at a prede ned target time. This is the time theoreically available for the
deployment team to deploy the string. After this time the hoé would be too small
and the string would get stuck and freeze in prematurely. Olbwusly some contingency

time needs to be taken into account for, for a safe deploymeptocess.
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Figure 2.7: This gures summarizes the evolution of the holdiameter as
a function of time. The drill strategy delivers a hole of unibrm diameter

at a required time of 30 h after the drilling is completed.

2.6 Robustness of Predictions

The above analysis assumes that the inputs used are known a@tely. However,
the inputs could generally vary due to uctuations during the drilling operation or
simply because they haven't been accurately determined. 8@ performed another
analysis in which we allowed a perturbation on one input at airne and checked the
results against our original overall drilling strategy, pging special attention to the
total time we spend inside the hole and our fuel estimates. Tatudy these we varied
the following: a) Lambda (The material of the hose providedybthe manufacturer) b)
Loss in power due to the failure of one or more heaters c) Deptoent time d) The

desired target diameter



Lambda=5000m Lambda=8000m
Heat(Surface to 800m) 5:0MW 2:2MW
Heat In(at 2000m) 5:0MW 1.9MW
Heat Out(at 2000m) 4.0MW 1.6MW
Drill Rate(at 2000m) 1.5 2:0m=min 0:5m=min
Flow Rate(at 2000m) 20Qypmat75C 85gpmat60C
Fuel Consumption 20Qal=hr 85gal=hr
Weight 400 00dbs 250 00dbs
Set-up Time 18 25days 5 6weeks
Fuel(gal/hole) 7000 8000 10,000 12 000

Table 2.1: The changes in the optimum strategy and consequbrthe fuel
consumption are studied by varying the thermal conductivig of the hose

(directly related to the decay length, lambda). A moderatsi leaky hose

around a lambda of 5000-8000m is recommended.

Lambda= | Lambda= | Lambda=
5000m 8000m 11000m
Drill Time(hrs) 1928 19.06 2117
Ream Time(hrs) 10:67 1236 13.00
Total Time(hrs) 30:00 3142 3255
Total Energy Deposited(GJ) 510 538 549
Energy lost to Surroundings(GJ) 358 386 397
Energy Ratio 0:948 1:00 1:02
Drill Fuel(gal) 3856 3812 4234
Total Fuel(gal) 6000 6284 6550

Table 2.2: The changes in the optimum strategy and consequinthe
fuel consumption are studied by varying the thermal condustity of the
hose(directly related to the decay length, lambda). A modately leaky

hose around a lambda of 5000-8000m is recommended.

20
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20hr deploy | 25hr deploy | 35hr deploy | 40hr deploy
Drill 17:96 17:96 2052 2353
Time(hrs)
Ream 9:50 11:29 1316 1314
Time(hrs)
Total 2747 2925 3368 36:68
Time(hrs)
Total Energy 4653 4956 57048 621
Deposited(GJ)
Energy lost 3133 3436 41848 469
to Surroundings(GJ)
Energy 0:864 0:921 1:06 1:154
Ratio
Drill 3592 3592 4104 4706
Fuel(gal)
Total 5494 5850 6736 7336
Fuel(gal)

Table 2.3: The changes in the optimum strategy and consequbrthe fuel

consumption are studied by varying the deployment time

5 perc | 10 perc | 15 perc | 20 perc
powercut | powercut | powercut | powercut
Drill Time(hrs) 20:93 236 26.9 3125
Ream Time(hrs) 1290 1318 1340 1363
Total Time(hrs) 3383 36.78 40:36 44:89
Total Energy Deposited(GJ) 5443 560 5806 6082
Energy lost to Surroundings(GJ)| 3923 408 4286 4562
Energy Ratio 1:01 1:04 1:077 1:128
Drill Fuel(gal) 3977 4248 4573 5000
Total Fuel(gal) 64372 6620 6860 71824

Table 2.4: The changes in the optimum strategy and consequbrthe fuel

consumption are studied by cutting the power available at tb surface
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Target Dia=45cm Target Dia=50cm
Drill Time(hrs) 19.06 2224
Ream Time(hrs) 1236 1329
Total Time(hrs) 3142 3553
Total Energy Deposited(GJ) 538 6018
Energy lost to Surroundings(GJ) 386 4243
Energy Ratio 1.01 1:12
Drill Fuel(gal) 3812 4448
Total Fuel(gal) 6284 7106

Table 2.5: The changes in the optimum strategy and consequbrthe fuel

consumption are studied by varying the target diameter

2.7 Conclusions and Summary

A fundamental analysis of the available drill data and a heatransfer simulation
was performed. Further a thermodynamic analysis of the press of drilling and re-
freeze and compared our results with existing data. This pvaded a better prediction
of the refreeze rates and an optimal strategy for e ciently dilling uniform holes. We
also infer that it is always better strategy to put energy inb the ice as late as possible
to prevent it from refreezing; in other words drill fast and eam slow. This because
when we put in heat energy late we are ghting less steeper t@mrature gradients
in the surrounding ice. In order to make full use of the analys we propose a more
regulated system called the smart drill. In this system the amputer would regulate
the drill speed in such a way that the borehole diameter is uform and of the size as
predicted by an optimized freeze back prediction. Studyinthe system perturbations

on one at a time basis gave us valuable insights into the despment of such a system.
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A signi cant improvement in hole quality and fuel consumpton will be the bene t of
the proposed project. The modi cations suggested in this atysis contributed to a

signi cant reduction of the fuel consumption.
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Chapter 3

Measuring the Prompt Atmospheric
Neutrino Flux with Downgoing Muons in

AMANDA-II

3.1 AMANDA Detector

The AMANDA detector is a neutrino telescope deployed deep the Antarctic ice
at the South Pole. It consists of a shallow array, AMANDA-A, @éployed in 1993/94 and
a deep array AMANDA B consisting of 10 strings. The AMANDA B10detector is a
composite array, where the inner four strings form the origal sub-detector AMANDA
B4 (strings 1-4). Six outer strings (strings 5-10) surroundhe rst four. Strings 1-4
were deployed at beginning of year 96, and strings 5-10 wemddad during the 96/97
season. In the mean time, 9 more strings have been added, thstl6 during the
season 1999/2000. The AMANDA detector is comprised of 677 ggbomultiplier tubes
attached to strings and deployed. These photomultipliersubes buried in the ice,

measures the resulting pattern of Cherenkov light, and frorthis pattern the muon
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trajectory is reconstructed.

AMANDA started out as a 4 string detector and was called AMANIA-A. This
subsequently expanded to a 10 string AMANDA-B10. An outer aay of strings was
deployed in the year 2000 making the detector a 19 string AMAAH . An event trigger
of atleast 24 optical modules red was imposed for recordingf the event.

After years of operation, AMANDA in the recent past expandedo become the
giant array IceCube. IceCube has plans to become 80 stringteleor in one cubic
kilometer of ice. Currently, 22 IceCube strings have been pleyed and each contains
60 DOMs spaced by 17 meters.

Detectors like AMANDA-II are sensitive to an energy regionn which contribu-
tions from prompt charm decays in cosmic ray showers cannoe lmeglected and may
constitute an interesting signal as well as a signi cant baground depending on the
nature of the analysis. In searches for di use uxes of astphysical neutrinos the sig-
nal must be separated at high energies from the backgroundatmospheric neutrinos.
Atmospheric muons can reach the detector only from above (@dagoing through the
earth) because the range of muons in earth is only a few kilotaes. Atmospheric
muons are therefore only downgoing. Their ux is typically e high that the region
of sky accessible to even very deep neutrino telescopes iy dhe hemisphere below
the horizon. Atmospheric neutrinos can instead reach the tietor from all directions.
Hence they are an irreducible background for di use astropfsical neutrino uxes. It

is therefore, very important to evaluate their intensity wth reasonable accuracy.
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Milagro)

by

“’+

| p = proton
LL = muon
T = pion
V = neutrino
et = alactron
e” = positron
¥ = photon
i \’“’
\
|
!
i
|
h |

27



28

3.2 Conventional vs. Prompt Atmospheric Neutrinos

When cosmic rays interact with the nuclei in the atmospherehiere are two types
of particles that are produced that could decay subsequentto give the muon and
neutrino uxes observed. Once, these patrticles are produtén the atmosphere there
is a competition between interaction and decay. The critidaenergy at which the
interaction and decay lengths become equal is de ned as

mc?
crit — C—ho (3.1)

where mc? is the particle's rest energy, the mean life time and constanth,
comes from the assumption of an isothermal atmosphere [32].

Table 3.1 lists the critical energy of several particles thacontribute muons and
neutrinos to the atmospheric ux when they decay. As can be e, this energy is very
high for charmed patrticles so charmed particles decay regdand muons from them
are called \prompt" muons. Above this energy the parent paitle is likely to interact
or be slowed down before decaying into a neutrino and muon.nSé prompt muons
are produced readily they follow a / E 27 spectrum resembling the primary cosmic
ray spectrum. and K could disappear in the atmosphere due to interaction and
hence the spectra of conventional muons from the decay of Heeparticles follows a

| E 37 spectrum.
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Particle | it (GeV)
1.0

115

K 850

D 3.8 10
DO,DO 9.6 10
D, | 85 10
124 10

Table 3.1: Critical energy for di erent particles.

3.3 Constraining the Prompt Neutrino Flux with the Down-

going Muon Flux

With increasing energy prompt neutrinos become the biggesburce of uncer-
tainty in the atmospheric neutrino ux. The DPMJET-IL.55 is the only model avail-
able for simulating Prompt muons and it uses a Naumov RQPM mal. Details of
the model are discussed in the next section. As can be seen gure 3.3 the crossover
between conventional neutrinos and the Naumov RQPM model eharm is between
40 and 200 TeV. The level of prompt neutrinos is a potential blem which would
limit the search for di use astrophysical neutrinos at enggies above a few tens of TeV.
The suggestion in this thesis is based on the observation thdue to the charmed par-
ticle decay kinematics for semi-leptonic decays into muomd neutrino uxes these
uxes are essentially the same at sea level. This result isdependent of the charm
production model and hence a constraint on a prompt muon uxs equivalent to a
constraint on the prompt neutrino ux [29]. There are ways ofseparating the prompt
muons from the conventional ones in underwater or under-i@etectors, such as the

di erent zenith angle dependence of the prompt and converthal uxes, the di erent
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depth dependence at a given zenith angle, and the di erent sptral shape at a given

depth and zenith angle [29].

3.4 Prompt Atmospheric Neutrino Models

The prompt atmospheric neutrino uxes are uncertain by moreghen 2 orders of
magnitude this is because ground based particle accelemnatcannot reach the energies
at which particles are produced in the atmosphere. The undainty stems from the
needs to extrapolate accelerator data to the high energiesoped. There are many
di erent parameters that go into each model. a) The primary pectral index. b) The
critical energy for decay c) Interaction and decay lengths.

The Naumov RQPM  (Recombination Quark Parton Model) [36, 37] tested
in this thesis is a phenomenological non-perturbative mob#hat takes into account
the contribution of intrinsic charm to the production process. It is assumed that ()
pair is coupled to a number of constituents in the projectildladron. The production
of mesons such as and K in the fragmentation region of proton collisons pro-
ceeds via quark recombination. The evidence for the recomhbtion mechanism comes
from the observation that the longitudinal momentum distrbution of the pions in the
fragmentation region of an incident proton is very similar & the distribution of the
valence quarks that they share the proton, as is revealed ireep inelastic scattering

experiments [42].



Conventional atmospheric n
FI-|—|:|_O'4 §| 11 T 1
Hﬁ - =i Martin GBW prompt atmospheric n
() i
NE 105 mmmmmn - Ngumov RQPM prompt atmospheric. n
ST F
2 N ssassnanss - CharmC prompt atmospheric n
Ig =
'—"é 10° = CharmD prompt atmospheric n
% -
N - —
L
107 -
10°E E
_9I|IIII|IIII| ‘e |III,”/I|"JII|IIII|II
107773 4 5 6 7

8 9
log o [En (GeV)]
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3.5 Charm in CORSIKA

3.5.1 Charm in CORSIKA

CORSIKA is a simulation software to simulate air showers ingced by primary
cosmic rays. The program produces large amounts of data ofthle secondary particles
(electromagnetic particles, muons and hadrons). An intecdion model is used to
describe the physics of the interactions between cosmic sagnd atmosphere. The
older DPMJET interaction model of CORSIKA produced charmedoarticles but they
were never allowed to decay so prompt muons could not be simtdd. The energy
spectra for prompt muons had to be taken at the surface of theagh from empirical
parametrizations [31] and muons of multiplicity one were siulated because of lack of
prior knowledge of prompt muon multiplicities. In the DPMJET-1I-55 framework [18]
charmed particles were treated and hence prompt muons prockd subsequently were
tagged through a generation counter based on their parent4l For demonstration
purposes the case of rst interaction alone was isolated fro multiple interactions
in the atmosphere. The plots at the surface of the earth for thenergy spectra and
lateral separation from shower axis are shown in gure 3.4 dr.5 respectively. Figure
3.4 shows that there is not much discrimination power betweeprompt muons and
conventional muons when lateral distributions are compadeusing the DPMJET-I1.55
model. This contradicts the hypothesis that prompt muons a single muons as was
previously hypothesized when we didn't have a prompt muonraulation. DPMJET-
[1.55 provided us with a reference model for prompt muons androved to us that
any strategy to separate prompt muons from conventional mms has to be focused

on using the atter energy and zenith dependence of prompt nanms; if one were to
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identify these signal events on top of the background evenfiiom conventional muons.

3.5.2 Tagging

An important part of being able to do a prompt muon analysis usg the DPMJET-
11.55 interaction model of CORSIKA is being able to identifythem. If one is intrested
in muons which come from a decay of ordinary mesons generatedhe rst interac-
tion, CORSIKA is run and the particle le is scanned for thosemuons which come
from the rst interaction by looking for the generation courter. In CORSIKA the
generation counter is available that tracks the parents ofhie particles produced. For
instance, for the decays from pions the counter is augmenteg 51, for charmed parti-
cles it is 31 to get a discrimination against all other muonsThe tagging could also be
used to identify the muons from rst interaction using the number on the generation
counter during the production. If an event contains one or nte muons that have
their parent as a charmed particle we identify them as promptuons. A need to tag

the Prompt muon events was accomplished this way.
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Chapter 4

Data streams and quality cuts on the 2005

Sample

4.1 Livetime and Triggers

During the 2005 data run, 1.85 billion events were recorde¢ BMANDA-II. The
livetime for the 2005 ltered data is 199.25 days. The 2005 t& ltering is di erent

from earlier years in two aspects [17].
1. Modi ed cross talk is applied at level O
2. JAMS and DW at level 1 and level 2 cuts are swapped

The discussion in this chapter is con ned to the analysis ofaivngoing muons.
The output streams relevant to our analysis are the high qudy stream and the

minimum bias stream.

4.1.1 High quality stream

Downgoing muon events near the horizon with a high quality idAMS recon-

struction were selected. Every event with a zenith angle gater then 55 degrees in
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JAMS reconstruction t with a low number for the spread < 0.05 of its JAMS t

solutions was identi ed in this stream.

4.1.2 Minimum bias stream

Every 100th event regardless of how it was triggered was inded in this stream.

4.2 Reconstruction Methods

An arrival timing based approach as described by Pandel fution was used to re-
construct the 2005 experimental data and simulation. Thisuinction was subsequently
modi ed for PMT jitter and and a convolued pandel probability distribution function

was used for this analysis. For better detail please referl[i

4.3 Techniques to Further Improve Background Rejection

Several other techniques were used to improve backgroundection. Methods
were also employed to remove electronic crosstalk and ottfake events. The quality

of the JAMS t was checked to ensure high quality events

4.3.1 JAMS Reconstruction

JAMS (Just Another Muon Search) is a pattern recognition algrithm based on
rst guess. The basic algorithm for JAMS creates hit seleatn and stores a event. A
fast algorithm to nd rst guess candidates tracks is implenented using hit clusters
and these are stored in event. The rst guess candidates aramowed down into a
few viable track solutions. One or two of these best track t@re stored in the event.

The quality of the t is measured by variable  and in this analysis is setto be<
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0.05. It measures the deviation of hit clusters from a singkeack hypothesis.

4.4 Event Simulation and Reweighting

This analysis relied on simulated data sets of background asignal events. The
downgoing conventional atmospheric muons were simulateding the DPMJET-I1.55
and SYBILL interaction models. For this work, a preliminary version of CORSIKA
in which the charmed particle decays are enabled in DPMJETEB5 [18] was used for
signal simulation. Further, we know that the threshold prinary energy for muons at
large zenith angles to make it to the detector is high so we dt¢ simulation in two

stages to get enhanced statistics at large zenith angles.

1. Primary threshold energy of 800 GeV of primary cosmic raynergy for muons

between 0 to 70 degrees zenith angle.

2. Primary threshold energy of 10 TeV for primary cosmic ray éween 70 to 90

degrees zenith angle.

The events were simulated witha / E 7 primary energy spectrum, one power
harder than the spectrum present in nature. The advantage dhis approach is that
it reduces the simulation time. The generated events must &m be reweighted to the

original cosmic ray spectrum with appropriate normalizatn factor applied [15].

4.4.1 Preparation of Simulated Events

It would be a huge demand on computer time to simulate the samaumber of
days livetime worth simulation as experimental data. Simaition is thus generated

with atter spectra and event weights are used to rescale tohe spectra we wish to



39

simulate. For detailed description of the reweighting scimee refer [16]. The simulation
events were scaled to match the livetime of the data during aapticular period or
year. The simulated events underwent the same reconstruati procedures as the data
and had to satisfy the same zenith angle and energy requirent® The reconstructed
muons deviate from their actual direction due to mis-recomiction and we use quality

criteria to improve the angular resolution.
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Chapter 5

Response of AMANDA-II to Cosmic Ray

Muons

The ux of downgoing muons detected by the AMANDA-II neutrino telescope is
used as a test beam to check the experimental systematic erand to improve the
knowledge of its response. This work shows the outcome of theort for a better

understanding of AMANDA-II performance, an improved data Iter and event recon-
struction. The simulated predictions for preliminary expemental downgoing muon
angular and depth intensities are compared with experimeal results and theoretical
calculations. This report encompasses large statistics simulated data generated at
large zenith angles using the QGSJET interaction model witl live time of 30 days
and compared to a 30 day span of experimental data for the ye2001. This was
aimed to minimize the e ect of statistical and systematic emor on the angular and
depth intensities (particularly close to the horizon). Theuse of a new Convoluted
Pandel likelihood function ensures improved event recomgttion and stability. This

also ensures good agreement between simulated and expentaledata. Further, anal-

ysis was also done using the 2005 experimental data and 2008uation using the
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SYBILL interaction model. DCORSIKA ( air shower generator)was used to simulate

the interaction of the cosmic rays with the atmosphere.

5.1 Introduction

The main scope of the AMANDA neutrino telescope is to detect nons generated
by high energy cosmic neutrinos. These events can be sepathfrom the atmospheric
neutrino induced muons primarily by using an energy cut, ste they have a harder
energy spectrum than that of atmospheric events. For detemii muons generated by
neutrinos the earth is used as a Iter and hence only up-goingiuons are selected.
Atmospheric muons are generated in the decay of and K produced by the in-
teraction of cosmic rays high in the atmosphere and are calleonventional muons.
A small fraction of high energy atmospheric muons is produdean the decay of short
lived charmed mesons. These are called prompt muons. Promptions decay readily
with a harder energy spectrum than muons from and K and have an isotropic
zenith angle distribution at the surface of the earth in coméast to the known 1/cos
dependency of conventional muons. They become the dominasimponents of the
atmospheric muon spectrum at large energies and are poteally a more dangerous
background for the detection of cosmic neutrinos. This thesis aimed at understand-
ing possible systematic e ects of the detector response tare downgoing atmospheric
muon ux. It also describes the methodology for detecting mmpt muon ux using
their di erent zenith angle and energy dependence beyond ¢hlimit of the known

systematics and other known sources of error.
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5.2 Analysis

In order to measure the atmospheric muon angular distributn it is necessary
to evaluate the event trigger and reconstruction e ciencis as a function of the zenith
angle. This requires a Monte Carlo with the complete simul&n chain from the pri-
mary interaction in the atmosphere to the detector respondeased on best knowledge
of physical processes involved. The event generation is @oasing CORSIKA v6.020
with the QGSJETO1 interaction model. The model incorporats the earths curvature
and the South Pole average atmospheric pro le. A multi-comgnent primary cosmic
ray energy spectrum [5] is used to get the composition. The rggrated muons are
propagated to the earth's surface and then through the icepasidering all pertinent
energy losses. The muons passing through AMANDA-II or nearare folded into the
detector trigger simulation. At this stage the detector regonse is completely simu-
lated in order to reproduce the experimentally detected ewés. This is based on our
overall understanding of the physics and the detector.

The event reconstruction chain for simulation is identicako the one used for
the experimental data. A cleaning procedure then removesdhoptical modules that
are dead or have odd transient behavior. A time calibration hich also accounts
for the signal propagation time through the cables is then egpoyed. A Convoluted
Pandel Probability Distribution Function (a time likeliho od based reconstruction) is
used. This accounts for the nite photo-multiplier tube timing resolution of the pulse
obtained when a photon emitted by the muon passes through iDue to the limited
angular resolution of the reconstruction, additional cutsre used to improve the event

sample quality for both the experimental and simulated data This features a good
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likelihood value of the reconstruction, a relatively long $tance between the rst
and the last hit along the track, and a di erence that is minimal between the event
reconstructed track using odd or even hits exclusively frora time ordered sample.
These cuts improve the resolution of the zenith angle and thepace angle.

Tables 4.1 and 4.2 summarize the mean, median, RMS and the exhe tail
of the zenith angle and the space angle resolution. We misoestruct events closer
to the horizon and this becomes more prominent as we get cloge the horizon.
This can be partially explained by the fact that vertical mums would have larger
track length and larger number of direct hits and hence theidirection determined
more accurately than a horizontal event. With this resolutbon we can derive the
experimental angular distribution at AMANDA-II depth by merely calculating the
detector acceptance at each zenith angle bin using the siratéd detector response
to unfold the measured data, neglecting the inter-bin corftations. When we neglect
interbin correlations, for each bin in cosine of the zenithrayle, the ratio of the true
events generated (that trigger AMANDA) to the reconstructe&l events (accounting for
various e ciencies during reconstruction) for both the Morte Carlo simulation (known
ratio) and the corresponding experimental data (unknown 1t#0) can be equated. With
interbin correlations, one needs to account for leakagesrass bins due to nite angular
resolution and event quality. Neglecting inter-bin corredtions can be justied by
demonstrating that these correlations are minimal. We acoaplish this by making our
best event quality selections on a sample of 30 day worth sifation data. The quality
cuts chosen for this purpose are chi square for the reconstted track< 7.3, Track

length>120 (-15ns to 75ns direct hits only), absolute value of di @nce between the
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zenith angle reconstructed using odd hits only and that usgheven hits only from hits
ordered. Further these inter-bin overlaps can be minimizelly increasing or decreasing
the bin size in cosine zenith. The bin-size for the actual iahsity distribution is de ned
at twice the RMS value of statistics shown in tables 5.1 and %.so that most events
are self contained and overlaps are minimal. This implies weeed to use larger bin
sizes to account for poorer angular resolution closer to ti@rizon. Experimental data

spanning 30 days from the year 2001 is used.

5.3 Results

Figure 5.1 shows the plot of the angular distribution of dowgoing muons in the
AMANDA-II detector (the ux of atmospheric muons versus thecosine of the zenith
angle) using the 2001 experimental data. The triangles reggent the AMANDA-II
detector data and the boxes represent the simulated data. €hplot shows simulated
data using the MAM ice model. Figure 5.2 shows the atmosphermuon ux as
a function of slant depth. The slant depth is a function of thezenith angle and
represents the distance the muon travels to the AMANDA depth (Imagine looking
at the surface of the Earth from the AMANDA depth at di erent angles. Figure 5.3
and gure 5.4 shows the comparison between the simulation drexperimental data.
It can be seen that the experimental data and the simulationickr by about 25% for
vertical muons and is as high as 40-45% for horizontal muons.

Likewise, gures 5.5, 5.6, 5.7, 5.8 represent similar plofer the 2005 experimen-
tal data and SYBILL millenium model. Better angular resoluton was also ensured
using tighter quality cuts compared to the earlier MAM ice mdel. Figure 5.7 and

5.8 show the comparison between the simulation and experintal data and is a mea-
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Figure 5.1: The angular distribution of atmospheric muonsni AMANDA.-
Il at a depth of 1730m using the MAM ice model with the SYBILL irter-

action model and the 2001 experimental data.

sure of performance of our simulations to replicate experental data and helps us
understand the systematic error. It can be seen that the exgmental data and the
simulation di er by only 10-20% till 80 degrees in zenith anig when the Millenium
SYBILL Monte Carlo is used.

Figure 5.11 shows the comparison of the down going muon ingty as mea-
sured by the L3+C collaboration. It can be noticed that hadramic interaction model
QGSJETO1 has the maximum disagreement with the observed datvhile SYBILL

has the minimum di erence.
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Figure 5.5: The angular distribution of atmospheric muonsni AMANDA-
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cos Mean Median RMS 90% quantile | 90% quantile
(zenith) (degrees) | (degrees) | (degrees) | right(degrees) left(degrees)
0.0-0.05| 14.23(21.22), 11.75(22)| 7.11(5.55) 25.5(28.0) 7.0(+13.0)
0.05-0.1| 8.02(19.10)] 6.75(19)| 5.09(6.55) 16(27.0) 3.0(+10.0)
0.1-0.15| 5.27(15.49)] 4.5(15.5)| 4.14(7.01) 11.75(25.0) 1.0(+6.0)
0.15-0.20] 3.22(11.46)| 2.75(11)| 3.34(6.96) 7.5(21.0) -0.2(+2.5)
0.20-0.25] 2.36(8.04) 2.0(7.0)| 2.93(6.34) 6.0(18.0) -0.75(+0.5)
0.25-0.30| 1.77(5.6)| 1.6(4.5)| 2.71(5.51) 5.0(14.0) -1.25(-0.5)
0.30-0.35] 1.43(3.86) 1.2(3.0)| 2.57(4.76) 4.0(11.0) -1.75(-1.5)
0.35-0.40 1.17(2.6)| 1.0(2.0)| 2.45(4.13) 4.25(8.5) -1.75(-2)
0.40-0.45| 0.97(1.55)| 0.7(1.5)| 2.34(3.64) 4.0(6.5) -1.9(-2.75)
0.45-0.50; 0.69(1.55)| 0.6(0.75)| 2.13(3.26) 3.5(4.5) -2.0(-5.5)
0.50-0.55] 0.84(1.99)| 0.25(1.25)| 2.26(4.96) 4(8) -2(-3)
0.55-0.60] 0.53(1.63) 0.5(1) | 2.24(4.88) 3.5(7.5) -2(-3)
0.60-0.65] 0.53(1.41) 0.5(0.5)| 2.25(4.86) 3.75(7) -2(-3.5)
0.65-0.70] 0.51(0.99)| 0.12(0.75)| 2.06(4.57) 3.0(6) -2(-3.5)
0.70-0.75] 0.30(0.74)| 0.12(0.5)| 1.98(4.39) 2.5(5.5) -2(-3.5)
0.75-0.80] 0.29(0.49)| 0.12(0.5)| 1.79(4.30) 2.5(5) -2(-3.5)
0.80-0.85] 0.21(0.30)| 0.12(0.25)| 1.75(4.21) 2.0(4.5) -2(-3.5)
0.85-0.90] 0.17(0.05)| 0.1(0.25)| 1.72(4.09) 2.0(4.5) -2(-4)
0.90-0.95| 0.13(-0.30) 0.1(0.0)| 1.77(3.98) 2.25(3.8) -2(-4.5)
0.95-0.1.0 -0.14(-1.05)] 0.1(-0.5)| 1.94(4.12) 2.0(2.75) -2.5(-5.75)

Table 5.1: Presents the statistics of zenith angle resolot after quality

cuts for various zenith ranges. Values in brackets are begoquality cuts

for the QGSJET model.




cos Mean Median RMS | 90% quantile

(zenith) (degrees) | (degrees) | (degrees) (degrees)
0.0-0.05| 16.25(24.34) 9.13(24.5)| 2.72(7.30) 26(34)
0.05-0.1/ 9.88(21.21) 6.63(21)| 2.29(7.91) 19(32)
0.1-0.15] 6.85(17.6) 4.39(17)| 2.73(8.4) 13(29)
0.15-0.20] 5.34(13.95)| 3.79(12.75) 8.3 10(25.2)
0.20-0.25| 4.63(10.95)| 3.23(9.2) 7.7 8.9(21.2)
0.25-0.30] 4.31(9.05) 3.0(7.2) 6.9 8.0(18.2)
0.30-0.35 4.10(7.75| 2.9(6.05) 6.14 7.9(16)
0.35-0.40] 4.00(6.88)| 2.76(5.5) 5.55 7.8(13.2)
0.40-0.45] 3.84(6.22)| 2.62(5.0) 5.11 7.0(12.0)
0.45-0.50, 3.63(5.65)| 2.47(4.5) 4.81 6.8(11.0)
0.50-0.55| 3.87(6.63)| 2.72(5.0) 6.04 7.0(13.5)
0.55-0.60 3.16(6.3)| 2.29(4.75) 5.68 6.0(13.5)
0.60-0.65| 3.47(6.17) 2.7(4.5) 5.62 6.3(13.0)
0.65-0.70 3.20(5.91)| 2.17(4.5) 5.33 6.0(12.5)
0.70-0.75] 2.98(5.58)| 2.04(4.2) 5.16 5.75(12.0)
0.75-0.80] 2.73(5.31)| 1.84(4.0) 4.99 5.1(11.5)
0.80-0.85] 2.65(5.13)| 1.92(3.75) 5.01 5.0(11.0)
0.85-0.90] 2.56(5.09)| 1.88(3.75) 5.00 5.0(11.0)
0.90-0.95] 2.61(5.13)| 2.0(3.75) 5.2 5.0(11.0)
0.95-0.1.00 2.89(5.14)] 2.3(3.75) 5.18 5.7(11.0)
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Table 5.2: Presents the statistics of space angle resoluti@after quality
cuts for various zenith angle ranges. Values in brackets apefore quality

cuts for the QGSJET model.
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Figure 5.9: The zenith angle di erence between the reconsitted and true
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Chapter 6

Model dependencies and systematic error
calculations for a down-going muon

analysis

For purposes of this analysis the nal limit was calculated sing a shape based tting
for background and signal to experimental data. However, itraditional cut and
count analysis a limit is calculated or a discovery is made bad on excess of events
over the predicted background in the experimental data. Duto uncertainties in the
simulation, the number of signal and background events predled may not accurately
re ect the true signal and background. The cosmic ray speaim is uncertain both
in normalization and spectral index. There are also deteatgelated uncertainties due
to the uncertain sensitivity of optical modules and modelig of light propagation.
Di erent interaction models produce di erent number of mums and there is a wide
variety of choices of models but by far the biggest uncertaina ecting this analysis
is the ice. Our incomplete understanding of the dust layersnithe ice makes the

ice a nuisance parameter that a ects the sensitivity to the pmpt muon signal. For
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purposes of the nal results we use two models, the AHA and thdillenium ice models
without being biased to either but to allow the t to decide the right proportions of
these models to explain the experimental data. The systematuncertainties are
summed in quadrature separately for background and signalhese uncertainities are
a useful exercise to determine the mismatch between expeental data and simulation
that could be used for any future downgoing muon analysis bed on cut and count

principles.

6.1 Statistical Errors

Due to the computational requirements, background and sighsimulation statis-
tics are somewhat limited. However, the optimized backgrowa simulations used in
this analysis have large variation in event weights (we useraweighted MC simula-
tion). The statistical errors are kept track by ROOT and theg were subsequently

used for the construction of the limit.

6.2 Systematic Uncertainties

6.2.1 Normalization of Cosmic Ray Flux

The di erent absolute normalizations between the experimés are caused by
uncertainities in the energy calibration. The average engy of cosmic ray particles
is 4.4*10 GeV, which is considerably above the knee in the all-partielcosmic ray
spectrum. Numerous experiments have measured a large spréathe absolute nor-
malization of the ux of cosmic rays at this energy [7]. Estimtes of the uncertainty

in the normalization of the Horandel cosmic ray ux are 20% [b This uncertainty
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translates to a 20% variation in the number of background andignal events.

6.2.2 Spectral Index of Cosmic Ray Spectrum

The best t values for the spectral index of the cosmic ray dat is -2.71 0.02 in
which the errors specify the statistical uncertainties [5]Varying the spectral index by
0.02 in the DPMJET-II interaction model (model being testedl produces an average
variation of 35% in the number of background and signal evenitn the High-Energy
region No,  400) as is shown in gure 6.1. The corresponding plot with thactual

number of event counts in an years data is shown in gure 6.2.

6.2.3 Detector Sensitivity

The properties of the refrozen ice around each OM, the abstdusensitivity of
individual OMs, the obscuration of OMs by nearby power cabsecan e ect the detector
sensitivity. The analysis uses the values obtained in [6] whe reasonable variations of
these parameters in the simulation were found to cause a 15%riation in the signal

and background passing rate.

6.2.4 Interaction Model Uncertainity

For this analysis, two interaction models SYBILL and DPMJET-II are consid-
ered equally likely options for the background simulation Each of the these models
were renormalized to match the number of data events obsedven the low N, region,
where the signal was expected to be insigni cant compared the background. By
rescaling the simulation to the number of observed data evsn the uncertainty of the
background simulation was reduced to the uncertainty in thepectral shape. We have

only one model of signal simulation (DPMJET-II) hence no urertainty was assumed



58

on it. Varying the models produces an average variation of 89on the background in
the high energy region N, 400) as is shown in gure 6.3. The corresponding plot

with the actual number of event counts in an years data is shawin gure 6.4.

6.2.5 Ice Model Uncertainty

Based on results from ice properties systematics studiedjet millennium ice
model has been modi ed and a new ice model (called the aha mdeas been con-
structed. Two types of modi cations were made to the millenlum model: a) the ice
model was corrected for a systematic smearing of the dust éystructure introduced
by the analysis methods used in AMANDA, and b) the extrapolaon of the optical
properties to larger depths was redone with new ice core data dust concentration
to produce cleaner ice below the big \dust peak”. The detailare explained in [8].
Varying the models produces an average variation of 40% onetlbackground in the
high energy region N,  400) as is shown in gure 6.5. The corresponding plot with

the actual number of event counts in an years data is shown irgure 6.6.

6.2.6 Other Source of Errors

The systematic errors due to the rock density (below the detéor), and muon

energy loss do not contribute signi cantly to this analysis

6.3 Result of Systematics Study

The systematic uncertainties are summed in quadrature sefaely for back-
ground and signal and the total systematic error numbers fdsackground and signal

are calculated to be 70% and 60% respectively.



Source | Background Signal
Name | simulation simulation

Cosmic Ray Normalization 20 20
Cosmic Ray Spectral Index 35.0 35.0
Detector Sensitivity 15.0 15.0
Ice Properties 40.0 40.0

Interaction Model Uncertainty 40.0 X
Total Error 70.0 60.0

Table 6.1: Average simulation uncertainties for di erent surces of errors.

59



60

o
@
I

o
N
|
|
Il
1

atio(systematic variation)
, o o
o N (2]
I [TTT]T
[l
I
b
—
S S
—
Il
)
|
|
|
|
|
[l
J
1l

.02

-0.4—

-0.6—

-0.8

M | B P |
400 500
Number Of Optical Module Hit

Figure 6.1: The Ny, variation for the DPMJET-II for signal and back-
ground (at the nal level after event selection criteria areimplemented)

when spectral index is varied by 0.02 shown as a ratio.
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Chapter 7

Hadronic Interaction Models and

Extended Air showers

7.1 Introduction

The development of a shower is in uenced by the properties dfie hadronic
interactions and the mechanisms of the transport of secongapatrticles through the
atmosphere in addition to the primary cosmic ray mass and ergy. The hadronic
and nuclear interactions impose large uncertainties sindbey are poorly known in
the energy and kinematic ranges of interest. In addition, aedector with its limited
acceptance and e ciency gives a distorted picture of the sendary particles. The
challenge of experimental physics is to understand the shesvdevelopment and the
detector performance well enough using the experimental tdaobtained and to gain
an understanding of hadronic and nuclear interaction model

In the shower development process major uncertainities ae from the hadronic
interactions which are described by phenomenological mdsleThese models are tuned

to t the available data from p p and heavy ion accelerators but the experimental
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data are not well suited for CR interactions. Collider expements do not register
the most energetic particles emitted in the extreme forwardirection which are key
to atmospheric shower development and accelerators by fap dot reach the energies
encountered in cosmic rays. This extrapolation to higher engies relies solely on
theoretical guidelines and the uncertainities play a hugeote.

The muon rate as measured by the AMANDA-II detector is higheby about 30%
than simulations using the QGSJET model with the Wiebel-Sab parametrization
for the cosmic ray spectrum [23]. Comparisons like these indte that more bench-
marks with data and improvements of the hadronic interactio model are necessary.
A comparison of interaction models in CORSIKA [24] when useth its interaction
test mode for beams of monoenergetic protons on nitrogen teiglthe most abundant
component of air) is presented. In this mode only the rst inéraction of a shower
calculation is performed.

All secondaries from CORSIKA including the spectator nuctens from projectile
and target, are stored in the particle stack, and further sheer calculations are omitted.
In this mode, many interactions can be generated, and all imfmation about the
particles can be stored. In the released CORSIKA version, @&imed hadrons cannot
be handled properly. In this work we have a preliminary veresn of CORSIKA in
which the charmed particle decays are enabled in the frameskoof DPMJET-11.55
[18] hadronic interaction model. The energy fractions, mtiplicities and Z-moments
of these particles are compared to the FLUKA+DPMJET-I1I [25 hadronic interaction
and transport code. For model comparison we have used bothrdctive and non-

di ractive events in a mixture as given by respective modelsDi ractive events are
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visible as peaks at large energy fractions, as events typigahave a forward-going
meson with a direction slightly di erent from that of the original proton.

It is suggested in [28] that prompt muons become dominant aatge distances
from shower core due to their larger transverse momentum. DMRIET-1I model (with
charmed patrticles allowed to decay) is used to test this hygwesis and lateral muon
density distributions characterizing the region of high eergy and large zenith angle
are shown and these distributions are isolated for the rstrteraction (showering o)
and multiple interaction (showering on) for the following ases:

a) Cosmic ray spectrum

b) Cosmic ray spectrum with zenith angle greater than 80 deges

c) Showers with 1-1000PeV primary energy

d) Monoenergetic primary energy of 1PeV.

Events involving prompt muon (atleast one or more prompt mues) and conven-
tional muon ( no prompt muon) are distinguished. Charactegation of the hardness
of the energy and zenith angle spectra of prompt muons comgar to conventional

muons are shown in the framework of DPMJET-I1.55 hadronic teraction model.

7.2 Interaction and Extended Air Shower models

7.2.1 Available Codes and Model Comparisons

CORSIKA [24] is a multi-purpose shower simulation programfair shower de-
velopment. The hadronic interaction models DPMJET, QGSJET [26] and QGSJET-
Il [27], SYBILL in CORSIKA are studied and compared with the pedictions from

the FLUKA model. QGSJET and DPMJET are based on the Gribov-Rgee the-
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ory of multi-Pomeron exchange, which has been used succekgffor over a decade
to describe elastic and inelastic scattering of hadrons. Iparticular nucleus-nucleus
collision and di raction are treated in great detail in these models. SIBYLL [20] is a
minijet model that describes the rise of the cross-sectiontivenergy by increasing the
pairwise minijet production and also applies the Glauber tory for hadron-nucleus
collisions and treats projectile nuclei as a superpositioof free nucleons. PYTHIA
[30] models hadronic interactions with high momentum trarfer according to QCD,
and takes into account resonance formation as well as gluoadiation from quarks
and contains the fragmentation of colour strings into colauneutral hadrons. It also
contains the soft processes which are important for air shevs, but cannot handle
primary mesons or nucleus-nucleus collisions on the basisctassical string theory.
For treatment of nucleus-nucleus collisions FRITIOF adog superposition principle.
Hence a combination of PYTHIA and FRITIOF should be used to shulate EAS. The
major systematic uncertainities in EAS analysis arise frorthe lack of knowledge of
the total cross-sections and the details of particle prodtion for nuclear and hadronic

reactions at high energies with small momentum transfer.

7.2.2 Cross Sections

The rst quantities compared are the inelastic p-air crossections. All models
except for SYBILL calculate cross-sections from the experental data assuming a
distribution of the nucleons in the air nuclei. Therefore, ththese models agree reason-
ably with each other (and collider data) and start to divergeonly at energies where
no measurements exists anymore. SYBILL adopts a parametatzon which exhibits

the attest rise with values clearly below the experimentalresults at lower energies
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and steeply rises and surpasses all other models at highereeges. In DPMJET-
11.55 this has been corrected downwards and agrees nicelyttwihe cross sections Of
QGSJET. The spread between the models amounts to about 35% st®wn in gure
4.12. Since the inelastic cross-section determines the mdeee path of a particle in
the atmosphere, it in uences directly the longitudinal shaver development. A larger
cross-section causes shorter showers and consequentlyefgarticles at ground level.
The di erences in cross-sections for comparable assumptgoriginate partially from
di erent applications of the Glauber theory and from varying assumptions regarding
the form of the target nuclei. The discrepancies between theodels are rather big,
taking into consideration that all authors use basically tlke same approach to calcu-
late cross-sections. By agreement on the best method of edétion a big part of the

discrepancies should vanish.

7.2.3 Particle Production

The production of secondaries in hadronic interactions adli ers between mod-
els. A variety of quantities need to be examined.The quantitwith the largest impact
on air shower development is the inelasticity ,i.e. the fraion of the energy of a par-
ticle that is used for production of secondary particles. Aajn, a variation in this
guantity directly implies a modi cation of the longitudinal shower development. The
e ects of inelasticity and cross-sections are basicallydiependent and may cancel out
or add up. For DPMJET with the largest inelasticity and the largest cross-sections
the showers are very short and this leads to di erences in thmuon multiplicity at the

ground level and depth of detector.



68

7.2.4 Impact of shower simulations

In interpretation of shower measurements,it is vitally immrtant to make a com-
mon e ort towards a reference simulation program that contas the best and the most
detailed treatment of all physical processes relevant to eWer development that are
used and tested by each experiment in a di erent way. Such afegence should also
serve to estimate the performance of special purpose prograthat are optimized for
particular aspects of CR physics such as calculations of higst energy showers, TeV
muons, Cherenkov light production, and so on. Air shower ahges are based on the
comparison of experimental data with MC simulations and sootbe able to perform
such a comparison, a spectral form, an energy dependent massnposition and pa-
rameters of the high-energy interactions have to be assumetherefore, a discrepancy
between MC and data can have many sources and on the other haad agreement
does not necessarily mean that all assumptions are right esgally when registering
only one observable (i.e. number of muons); several pararaetsettings may exist
that can reproduce the observation. Fluctuations in the olesvable are then directly
projected onto uncertainties in the primary energy or massWhen measuring several
guantities it is possible to recognize uctuations. A big p# of the shower uctuations
originates from the rst hadronic interaction and the secodary particles produced are
studied. It has been noted earlier that the SYBILL model predts fewer muons for
high-energy air showers as compared to other models. SeVéradronic observables
have been investigated and compared to various hadronic @maction models. Corre-
spondingly, they are characterized by a restricted numberf @adjustable parameters,

which can be tted with the available data. However the micr@copic content of any



69

model is restricted by only a number of possible physics meatisms. Thus, one can
not exclude the possibility that something important is mising, especially, concerning
the very high energy range. This explains the need for altemtive model approaches

and for continuing tests of model validity, using both accekator and cosmic ray data.

7.3 Results

7.3.1 Interaction Model

A comparison of interaction models in CORSIKA when used in st interaction
test model for beams of monoenergetic protons on nitrogen atei is done. In this
model only the rst interaction of a shower calculation is pgormed and high-statistics
proton beams in the energy range from 1TeV to 100PeV were usedlll secondaries,
including the spectator nucleons from projectile and targeare stored in the particle
stack, and further shower calculations are omitted. In thisnode, many interactions
can be generated, and all information about the particles oabe stored. In the released
CORSIKA version, charmed hadrons cannot be handled propegrl For this work we
have used a preliminary version of CORSIKA in which the chared particle decays are
enabled in DPMJET-I1.55 [18]. The energy fractions, multiicities and Z-moments
of these particles are compared to the FLUKA+DPMJET-III interaction and trans-
port code. For model comparison we have used both di ractivand non-di ractive
events in a mixture as given by respective models. Diract® events are visible as
peaks at large energy fractions, as events typically have arfvard-going meson with
a direction slightly di erent from that of the original prot on. From gure 7.1 we see

that SIBYLL and FLUKA + DPMJET-III are in very good agreement with each
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other and in reasonable agreement with DPMJET-II for conveional mesons (pions
and kaons). However, QGSJET-01 [26] and QGSJET-II [27] prext a lower energy
fraction in the di ractive region where secondaries take aery large fraction of the pri-
mary energy. This could explain the disagreement in the AMANA-II muon intensity
distribution , since the depth of the detector selects higlesnergy secondaries. The
fact that AMANDA data are about 30% higher than simulations R3] indicates that
models like SIBYLL, FLUKA+DPMJET-III and DPMJET 11.55, as w ell as a harder
proton primary spectrum parametrization could better accont for the experimental
observations. For charmed hadrons, this implementation @PMJET-Il in CORSIKA
underestimates di ractive events. This is particularly ewdent for charmed baryons.
In gure 7.2, the Z-moments and the multiplicities are shownfor all energies and
models. Z-moments show a similar trend to what is describedrfthe energy fractions
with a weight that takes into account the slope of the cosmicay spectrum. It is also

noticeable that the spread between models is much larger fkaons than for pions.

7.3.2 Extended Air Shower

7.3.2.1 lateral distribution function

Measurements of the lateral distribution of the penetratigp muon component of
extended air showers (EAS) underground are sensitive to thehemical composition
of primaries, their energy and interaction characterists. One critical component of
these models is the forward production of pions and kaons ingh-energy hadronic
interactions. Most of the pions and kaons are produced at lotkansverse momentum.

The validity of approaches suggested in [28] in which it is lppthesized that the high
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transverse momentum muons can be used to infer their produah rate from heavy
quarks is tested. For purposes of illustration the rst inteaction alone(no shower)
is separated from the case of full shower formation for prortgpand conventional
muons, further proton showers are separated from iron shaweto see the a ect of
heavier primaries. Lateral distribution function gives tte average number of muons per
metre square of area in the radial direction away from the pwoi of reference. Lateral
distribution functions are plotted for the di erent cases @ full cosmic ray spectrum,
full cosmic ray spectrum with zenith angle greater than 80 dgees, primaries in the
energy range of 1-1000 PeV and primaries of xed energy 1 PeVzenith angle of 65
degrees. Most of the muons are produced along the directiohtbe shower core and
decrease as we go away from the shower core as is re ected by filling slope of these
plots. Usually the number of muons from rst interaction arelower than multiple
interactions considering that multiple interaction encorpasses rst interaction. All
these plots taken together prove a single important point tht the strategy to separate
prompt muons from conventional muons using lateral distribtion functions does not
look promising. One possible explanation is that the trangrse and longitudinal
momenta are on average larger for charmed secondaries as banseen in gure 6.3
for the case of 1PeV xed primaries at a zenith angle of 65 desgs therefore, the
lateral distribution of muons at the surface measured fromhe shower axis is not much
di erent for prompt muons than conventional ones neither aer the rst interaction
nor after full shower development. The various trends can lread from gures section
bearing in mind that at very large lateral distances generain statistics also play a

role. These plots are shown in gures 7.4, 7.5, 7.6, 7.7, 789.
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7.3.2.2 Zenith Angle and Energy Spectra

Detailed studies of zenith angle and energy spectra is notdlprimary objective
of this chapter. Testing of the DPMJET-II.55 model is done ad distributions of
surface energy, energy at detector and zenith angle are simowAs is known from [29]
prompts exhibit a harder energy and zenith angle spectra anthn be seen in gures
7.10, 7.11 and 7.12. It is hypothesized during my earlier alyais that the production
of charmed particles in the forward direction would producenuons of multiplicity one

and here we test that hypothesis using our simulation and sékat is not the case.
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Figure 7.1: Energy fraction distributions using various mdels for charmed

baryon and mesons for energies of 10,21A0°, and 10" TeV
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Figure 7.4: Shows the average number of muons produced peergvas a

function the lateral separation from the shower core at suate of earth for
showers initiated by the full cosmic ray spectrum, full cosia ray spectrum

for zenith>80 degrees, for primaries in the energy range of 1-1000 PeV
and monoenergetic primary energy of 1 PeV with no showeringrfly the

rst interaction) and after the full shower develops (multiple interactions)
with events containing atleast 1 prompt muon (produced frona charmed
particle) tagged as \PROMPTS" and for no prompt muon involvel as
\CONV". All data has been normalized to 1 years worth lifetine
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Figure 7.5 Shows the average number of muons produced peervas

a function the lateral separation from the shower core at sface of earth
for showers initiated by the full cosmic ray spectrum, full asmic ray spec-
trum for zenith>80 degrees, for primaries in the energy range of 1-1000
PeV and monoenergetic primary energy of 1 PeV after the fullhswer
develops (multiple interactions) with showers produced byrotons and
iron identi ed separately. All data has been normalized to Years worth

lifetime
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Figure 7.6: Shows the average number of muons produced peergvas a

function the lateral separation from the most energetic muoat surface of
earth for showers initiated by the full cosmic ray spectrumfull cosmic ray
spectrum for zenith> 80 degrees, for primaries in the energy range of 1-
1000 PeV and monoenergetic primary energy of 1 PeV with no shering
(only the rst interaction) and after the full shower develops (multiple
interactions) withevents containing atleast 1 prompt muor{produced from

a charmed particle) tagged as \PROMPTS" and for no prompt mua
involved as \CONV". All data is normalized to 1 years worth lifetime
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Figure 7.7: Shows the average number of muons produced peergvas a

function the lateral separation from the most energetic muoat surface
of earth for showers initiated by the full cosmic ray spectnm, full cosmic
ray spectrum for zenith> 80 degrees, for primaries in the energy range of
1-1000 PeV and monoenergetic primary energy of 1 PeV aftereHull
shower develops (multiple interactions) with showers prasted by protons
and iron identi ed separately. All data is normalized to 1 yars worth

lifetime
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Figure 7.8: Shows the average number of muons produced peergvas a

function the lateral separation from the most energetic muoat detector
for showers initiated by the full cosmic ray spectrum, full asmic ray spec-

trum for zenith>80 degrees, for primaries in the energy range of 1-1000

PeV and monoenergetic primary energy of 1 PeV with no showag (only
the rst interaction) and after the full shower develops (mutiple inter-
actions) with events containing atleast 1 prompt muon (prodced from
a charmed particle) tagged as \PROMPTS" and for no prompt mua
involved as \CONV". All data is normalized to 1 years worth lifetime
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Figure 7.9: Shows the average number of muons produced peemvas a

function the lateral separation from the most energetic muoat detector
for showers initiated by the full cosmic ray spectrum, full asmic ray spec-
trum for zenith>80 degrees, for primaries in the energy range of 1-1000
PeV and monoenergetic primary energy of 1 PeV after the fulhewer de-
velops (multiple interactions) with showers produced by mtons and iron
identi ed separately. All data is normalized to 1 years wor lifetime
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Figure 7.10: Shows the sum total of surface energy of all theuons in an

event for showers initiated by the full cosmic ray spectrunfull cosmic ray
spectrum for zenith> 80 degrees, for primaries in the energy range of 1-
1000 PeV and monoenergetic primary energy of 1 PeV with no shering
(only the rst interaction) and after the full shower develops (multiple
interactions) with events containing atleast 1 prompt muon(produced
from a charmed particle) tagged as \PROMPTS" and for no prompmuon
involved as \CONV". All data is normalized to 1 years worth lifetime
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Figure 7.11: Shows the sum total of energy of all the muons im a&vent

at the detector for showers initiated by the full cosmic ray gectrum, full
cosmic ray spectrum for zenith 80 degrees, for primaries in the energy
range of 1-1000 PeV and monoenergetic primary energy of 1 Peth
no showering (only the rst interaction) after the full shower develops
(multiple interactions) with events containing atleast ore prompt muon
(produced from a charmed particle) tagged as \PROMPTS" anddr no
prompt muon involved as \CONV". All data is normalized to 1 years
worth lifetime
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Figure 7.12: Shows the zenith angle distribution of showersitiated by

the full cosmic ray spectrum, full cosmic ray spectrum for ni¢th>80 de-
grees, for primaries in the energy range of 1-1000 PeV and roenergetic
primary energy of 1 PeV with no showering (only the rst intelaction) and
after the full shower develops (multiple interactions) wih events contain-
ing atleast 1 prompt muon (produced from a charmed patrticlefagged as
\PROMPTS" and for no prompt muon involved as \CONV". All data is
normalized to 1 years worth lifetime
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Chapter 8

Results and Conclusions

8.1 Shape Analysis

In a usual AMANDA analysis con dence interval are construatéd based on the
number of events in the nal data sample after taking into acount the predicted back-
ground and signal events. Statistical and systematic undainities are incorporated
into the con dence interval based on the work of Feldman and @isin. These cut and
count methods do not consider shape information about the edicted or observed
spectrum of events. This analysis will compare the shape ambrmalization of the
observed data to simulations based on the model for backgraiand signal ux. The
number of optical modules red is a powerful variable used ithis analysis. By using
shape and normalization information for optical modules ed it is hoped that the
atmospheric muon background can be better understood andniits could be placed

on prompt atmospheric muon models.
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8.2 Simulation and Fitting Procedure

The simulation for the signal (prompt muon) is done using th©PMJET model
while the background (conventional muon) was done using SYIB.. Two ice models
AHA and Millenium were simulated. The AHA model is atter compared with the
Millenium [8]. While the Millenium model is simulated both br the background and
signal, the AHA model is simulated only for the background ahthe simulation for
AHA signal is obtained by appropriate scaling. It is the tradion of most AMANDA
related analysis to use the hybrid frequentist-Bayesian rieod based on the work
of Cousins and Highland to construct a con dence belt for theignal. The nature
of downgoing muon analysis presents the challenge of deglimith unclear systematic
uncertainities at high energies so in this analysis we usegeé tting of the background

and signal to the experimental data to determine limits on te assumed signal spectra.

8.3 Fitting Procedure

The number of channel hit spectra at the nal stage (after althe cuts) for the
experimental data is tted using the simulated background ad signal (assuming there
is no preference for the AHA or the Millenium model). The scalg parameters for
the simulated background and the signal for the Millenium mael are denoted by
fc mL and fprompt respectively andfc ana to denote AHA background and these
are parameters are tted using a chisquare based approach.h& AHA signal was
not simulated but was scaled using the background ratio of éhtwo models. The
idea of slope tting would be to minimize chisquare while tting these parameters

with the experimental data. For purposes of this minimizatin only bins numbered
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6 to 17 (number of optical modules red greater than 180) aresed as it would be
more representative of the high-energy response of the dete. The best t values
offc miL, frrovpT » fc ana are obtained by minimizing the chisquare and con dence
bands on the scaling of the signal are constructed. In gure.Bthe best chisquare is
shown at di erent allowed levels of signal. Error contoursdr the fraction of allowed
AHA and Millenium background forcing signal to be zero (demmstrative purposes)
and the best t value of signal and the 90% level for signal cambution are also shown
in gures 8.2, 8.3 and 8.4 respectively. The spectra beforeading and after scaling
for the best t values are shown in gures 8.5 and 8.6 respeetly. Fitting equations,
sclaing parameters tted for are described by the below eqtians.

~ X (NiDATA NiPRED)Z

= , (8.1)

bins i

2

PRED _ PRED PRED
N; = fc amaNicama + fo v Nic
f
PRED C AHA ., PRED
+ feromer  Nipip * Nip aHA (8.2)

fC MIL

NPA™A is observed experimental data counts in each binNPREP is predicted
simulation data counts in each bin. 2 is the variance given by ROOT after reweight-
ing. fc ana IS the unknown scale factor for Conventional muon backgrodnusing
AHA model. fc y is the unknown scale factor for Conventional muon backgrodn
using Millenium model. f prompr IS the unknown scale factor for Prompt muon signal
using the Millenium model. N{RER, . is the predicted Conventional background us-

ing AHA model. N/RED is the predicted Conventional background using Millenium
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model. N2RER is the predicted Prompt signal using Millenium model.N2RER,, is

the predicted Prompt signal using AHA model.

8.4 Prompt Atmospheric Neutrino Upper limits

Since prompt muons have a harder (less steep) spectrum thametconventional
atmospheric neutrinos, it is possible to search for a prompieutrino ux by separating
the two event classes in energy. A limit on prompt muons is eyalent to a limit of
prompt neutrinos [29]. The Naumov RQPM model is a non-pertimative model of
prompt atmospheric neutrinos and incorporates data from jnary cosmic ray and
hadronic interaction experiments. The upper limit of this nodel at 90% con dence

level using shape based spectral tting is 3.67rgpm -

8.5 Discussion for Better Analysis in Future

The biggest problem that makes this analysis tricky is the fa& that we don't
have a good model for prompt muon production and DPMJET-IL.5 , far from being
accurate is the best we could get to use in conjunction with ILL conventional muon
Monte Carlo. Events containing one or more muons whose patésna charmed particle
were tagged as prompt muons and the experimental data was dtl to incorporate this
component to minimize the chisquare and this was used to degi an upper limit on
the charm cross-section. This approach su ers from the fa¢hat the prompt muon
event production rate the way it is de ned is not linear with an increase in charm
cross-section and hence placing upper limits this way is félom the correct way of
doing it. A correct approach would be to change the charm cresection up and down

and produce muon event rates for the prompt muon signal and mstruct the chisquare
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surface for the t to the experimental data and derive upperimits on the cross section
based on it.

Further another issue in this analysis is that the SYBILL comentional Monte
Carlo doesn't produce any charmed particles and this is uséd combination with a
signal simulation of DPMJET that samples charmed particle§rom the charm cross-
section, these are not two mutually exclusive sets when adtep to compare to the

experimental data and is a rough approximation to derive upgr-limits on the signal.

8.6 Conclusion

This analysis placed an upper limit on the prompt neutrino mdel of RQPM
using prompt muon analysis and set a constraint on the modelThis result is the
rst of its kind in using downgoing muon analyis to set an uppelimit on the prompt
neutrinos. AMANDA-II has now been integrated into lceCube. The main aim of
IceCube is to detect extra-terrestrial neutrinos and the kel of uncertainty on the
prompt neutrino ux is of great intrest to sensitivity of lceCube experiment to extra-
terrastrial neutrinos. Using a downgoing muon analysis wenstrain the RQPM model

to a factor of 3.67 at 90% con dence.
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Figure 8.1: The minimized value of chisquare is shown for dirent levels

of signal.

| Parameters of Background fit to Data (bins 6-16) |
1.6

grOl!,E'ld
a1

=
[$)
©
o
IS
=
=
&8
=
u—
o
ot
o
=1
Q
@
=
°
]
E
LL

0.02 0.04 0.06 008 01 0.12 0.14 0.16 0.18 0.2
Fitted fraction of AHA background

Figure 8.2: The elliptical contours of chisquare for the fi@ion of Mille-
nium and AHA backgrounds are shown forcing the signal conbution to

be zero while making a t to the data.
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Figure 8.3: The elliptical contours of chisquare for the fi@ion of Mille-
nium and AHA backgrounds are shown for best t value of signalvhile

making a t to the data.

| Parameters of Background fit to Data at 90 percent upper limit Signal fit(bins 6-16) I

ground
=
o B
a1 [«2]

I
3

1.45

=
[$)
©
o
IS
=
=
&8
=
u—
o
ot
o
E=]
Q
@
=
°
]
E
LL

0.02 0.04 0.06 0.08 01 012 0.14 0.16 0.18
Fitted fraction of AHA background
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are shown.
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