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Abstract: A high significance observation of two muon signals, the stadf the sun and moon, have
been seen by the 5.4 kt MINOS Far Detector, at a depth of 2078 riitve distribution of angular separa-
tion of muons near the moon was well described by a Gausstaohwas used to determine the angular
resolution (.3° 4+ 0.05°) and pointing .3° + 0.05°) of the detector. Shadowing of muons by the moon
and sun were observed separately or, ;.

Introduction & Motivation cation. These signals allow a measure of phent
ena associated with cosmic ray propagation anc
The MINOS Far Detector is a magnetized scintil- teraction resulting from geomagnetic fields, intt
lator and steel calorimeter, located in the Soudan planetary magnetic fields, multiple Coulomb sc
Mine in northern Minnesota, USA, at a depth of tering, etc. These extra-terrestrial objects have
720 m. While primary function of the Far Detec- same0.5° diameter as viewed from Earth, thoug
tor is to detect neutrinos from Fermilak’s beam, the sun shadow is more difficult to observe beca
the great depth and wide acceptance of the detectoris much farther away and has its own magne
combined with the flat overburden of the Soudan field that deflects the charged cosmic rays. 1
site allow it to serve as a cosmic-ray muon detec- cosmic ray shadow of the moon has been measi
tor as well. The detector is composed of 486 8 m by air shower arrays (CYGNUS [1], CASA [2
octagonal planes 2.54 c¢m thick, spaced 5.96 cm., Tibet [3] ), as well as underground detectc
This 5.4 kt detector is 30 m long and has a total (Soudan 2 [4], MACRO [5, 6], L3+C [7]).
aperture 06.94 x 105 cm? sr. MINOS is the first
underground experiment able to discriminate pos-
itively charged particles from those that are neg-
atively charged for the purpose of CPT violation . ]
investigations, but this feature also allows inde- 'NiS analysis encompassed events recorded |

pendent study of positively and negatively charged 1339 days, from 1 August 2003 - 31 March 20(
cosmic rays. for a total of 1194 live-days, and includes 51..

. million cosmic ray induced muon tracks. Co
Optical telescopes use a standard catalogue of stars y

. . o = ic ray muons were trigger recording h
to establish the resolution and pointing reliabil- ¢ ray muons were t gge ed by eco ding
: : N : on 4/5 planes or exceeding a pulse-height thre
ity of a new instrument. This is not possible : .
. old and were written to a temporary disk at Souc
for a cosmic ray detector, as there are no cos-

. . . . and later sent to Fermilab for reconstruction. Si
mic ray sources available for calibration. There .
X . _eral cuts were required to ensure only well rect
are two well observed phenomena in the otherwise : . .
: . : .. structed tracks were included in the analysis. F
isotropic cosmic ray sky, though they are deficits, . : D
. analysis and run cuts include: failure of demul
not sources. The sun and the moon provide a lexing figure of merit and data taking quality [8
means to study the resolution and pointing of a cos- b ghg g9 Y

. .2 Analysis cuts include: track length less than 2
mic ray detector because they absorb incident COS- imber of planes less than 2% Indf > 1.0
mic rays, causing deficits from their respective lo- P reco -

Data
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and either track vertex or end point outside of the of events in each bin by the reciprocal of the ai
fiducial volume of the detector. A total of 30.52 resulted in the distributiodv; /AS;, the differen-
million events survived these cuts for the combined tial muon density. Thé\@ distribution is shown in
sample. Fig. 1 (1); from the sun, Fig. 1 (r), with statistice

The background for this analysis was calculated €Tor bars displayed. There is a very clear deviat
using a simpleMonte Carlosimulation that ex- from a flat distribution in both plots a— 0, and
ploits two key features of the muons induced by that deviation is attributed to muons blocked by t
cosmic ray primaries: the time between consecu- Moon and sun, respectively. The background
tive cosmic ray arrivals follows a well known dis- ~ calculated using the method described in Sec.
tribution [9] and the cosmic ray sky is isotropic, As expected, the background is nearly flat, witt
Thus, a bootstrap method that independently fit value of x*/ndf = 0.09/39. This Monte Carlo
chooses the arrival time and location in space ef- IS consistent with the premise of a sourceless ¢
ficiently simulates a cosmic ray muon. This sim- Mic ray sky. The significance of the shadow can
ulation chose a muon out of the known distribu- found by fitting to the distribution a function of th
tion of events in the detector (in horizon coordi- form [4]:

nates), paired it with a random time chosen from AN 92 /902

the known time distribution, and found the muon’s AQ# =M1~ (R /o) %) ()

location in celestial coordinates. This was done
for every muon to create one background sample;
500 background samples were simulated for a high
statistics background distribution.

where) is the average differential muon flux ac-
counts for smearing from detector resolution, m
tiple coulomb scattering and geomagnetic defl
tion, andR,, = 0.26°, the angular radius of thi
moon. A fit to eq. 1 yields? /ndf = 51.7/38, an
Combined Muon Calibration improvement of 24.1 over the liner figt /ndf =
75.8/39), with parameters\ = 455.2 + 3.0 and
A further cut, excluding tracks withp < o = 0.30° & 0.05°. The change in* over 38
30 GeV /c, was required to reject muons that were degrees of freedom for the moon corresponds |
greatly affected by energy dependent processes.!0” 5 Probability, a4 o deviation. The improve-
The final data set included 20.17 million muons. MeNt ofx* probability for the sun corresponds |
To find the one dimensional space angle separation? 3 o déviation. These results are summarizec
from the moon and the sun for each muon track, a Table 1.
list of the celestial body’s location in celestial coor- Since the tracks of dimuon events, muons that
dinates in one hour increments was obtained from induced by the same cosmic ray primary, are ne:
the JPL HORIZONS [10] ephemeris database for parallel when they are created, they can be u
May 1, 2003 until May 1, 2007. The ephemeris to find the MINOS Point Spread Function. 1
data was referenced to the location of the detector quantify the absolute pointing of the Far Detect
in latitude, longitude, and distance below sea level. the MINOS Point Spread Function will be used
A function was written that interpolated the celes- find the two dimensional contours of the most s
tial body’s location at the time a particular muon is nificant muon deficit caused by the moon. Tt
seen in the detector. Then the particular muon’s ar- analysis will be included in the conference pt
rival direction was compared to the celestial body’s sentation but is not complete at the time of tt
location at that time. The one dimensional space writing, however, so in its stead a simple apprc
angle separation was found using direction cosinesimation was used on the one dimensional mc
in (x,y,z). The muons were binned #;, = 0.10° shadow to place an quantify the pointing of the ¢
increments, and since radial distance from the cen-tector. A significant shadow pointing to the app:
ter of the celestial body is measured over a two ent location of the moon was found using a o
dimensional projection, the bin solid angle of bin dimensional space angle separation, a convolu
(i) increases when moving out from the center as of ARA, ADec. Since the moon’s radius 526°,
AQ; = (2i — 1) * Spinm. Weighting the number  we can approximate the absolute pointing of
detector a%).3° + 0.05°, with the error given by
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Figure 1: The differential muon flux with respect to displaaant from the moon'’s (I), and sun’s (r) locatio
binned in0.1°. The dashed curve is the calculated background, while tle carve is the best fit from
eq. 1.

one half the bin width in theta. This analysis as- Conclusions

sumes that the pointing is reliable to begin with, so

more precise analysis is still to be performed. Using 20.17 million muons accumulated over 11
live-days, the MINOS Far Detector has obsery
the cosmic ray shadow of the moon with a si
nificance of4 0. Despite the inherent fragility o
o o ~ the one-dimensional moon shadow measuren
Of the 20.17 million muons used in this analysis, (there were only nine events in the bin neares
there are 11.13 million positively charged and 9.04 e moon), the flat distribution of the muon defi
million negatively charged muons in the charge i, the area near to the apparent location of -
separated sample. An analysis similar to what is moon has an approximate probabilityléf5. The
described in Sec. 3 was performed on the charge cosmic ray shadow of the sun over the same ti
separated muon sample. The charge separatetheriod has been observed at the confidence
moon shadow plots can be seenin Fig. 2 (I), and the |gyel. The shadow of the moon was used to appr

sun shadow plots are shown in Fig. 2 (r). There are jmate poth the effective angular resolution of t
deficits in all distributions in the direction of both  getector(.30° + 0.05°, and the absolute pointin

the sun and the moon that cannot be accounted foryf the detector).30° + 0.05°. Statistically signif-
by assuming a random fluctuations of a flat distri- jcant moon and sun shadows were reported.for
bution. These are attributed to the shadowing of separate fromu~ for the first time. In agreemer
a celestial body. The significance and fit results \yiin the expectation, no significant difference w

can be seen in Table 1. The low significance for t5,nd in the shadowing effects for either popu
the charge separated sun shadow is a result of relation save for the charge ratio.

tively low statistics, especially as compared to the

moon shadow distribution, and the inherent dif-

ficulties in accurately recording the arrival direc- Acknowledgments

tion of the primary cosmic ray from the induced

muon in the region near to the sun. Though its This work was supported by the U.S. Departm
spatial extent is greater than the moon, the mag- of Energy and the University of Minnesota. Sp
netic field and great distance between the sun andcjal thanks to the mine crew in Soudan for tht
earth make it likely that muons will drift into the tireless effort keeps the detector up and running
path of the apparent location of the sun. The reso-

lution found from each distribution independently

is the same (within uncertainty), and as expected,

A+ + A~ = A(tot) for both moon and sun distri-

butions.

Charge-Separated Analysis
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Figure 2: The differential muon flux with respect to displaent from the moon’s location (I), and sun
location (r), binned in 0.4increments fo:™ (open circles) ang.—, (open triangles). The solid curve
the best fit from eq. 1 for™; the dashed curve is for—. The fit results are in Table 1.

[ Distribution | Ax? | prob. | A | o |
moon-total 75.8-51.7=24.1 1075 | 455.2+3.0 | 0.29+£0.05
moony™ 30.8-225=8.3| 1074 | 241.7+2.9 | 0.26 +0.06
moony™ 35.1-26.8=8.3| 1074 | 212.8£2.7 | 0.30+0.10
sun-total 49.3-41.3=8.0| 1073 | 381.1 +2.8 | 0.399 +0.10
sunyut 28.0-27.1=0.9| 0.18 | 204.0£2.6 | 0.424+0.20
suny~ 175-13.5=4.01 1073 | 176.5+2.4 | 0.38+0.15

Table 1: Significance for the shadowing observed in eachiligion, with Ax? = x?, _ —
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