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Observation of muon intensity variations by season with the MINOS far detector
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The temperature of the upper atmosphere affects the height of primary cosmic ray interactions and the pro-
duction of high-energy cosmic ray muons which can be detected deep underground. The MINOS far detector
at Soudan MN, USA, has collected over 67 million cosmic ray induced muons. The underground muon rate



measured over a period of five years exhibits a 4% peak-tk-peasonal variation which is highly correlated
with the temperature in the upper atmosphere. The coeffician relating changes in the muon rate to changes
in atmospheric temperature was found to be: = 0.874 £ 0.009 (stat.)£0.010 (syst.). Pions and kaons
in the primary hadronic interactions of cosmic rays in thma@gphere contribute differently tor due to the
different masses and lifetimes. This allows the measur&d\af o to be interpreted as a measurement of the
K/r ratio for E, 27 TeV 0f0.13 4 0.08, consistent with the expectation from collider experinsent

I. INTRODUCTION perature measurements at the Soudan site provided by

the European Centre for Medium-Range Weather Forecasts

When very high energy cosmic rays interact in the strato{ECMWF) [10]. This temperature data set has higher pre-
sphere, mesons are produced in the primary hadronic intera€iSion than any other used for the seasonal variation analy-
tion. These mesons either interact and produce lower energyS [2: 4, 11~17]. The 67.32 million muon events used in this
hadronic cascades, or decay into high energy muons whichnalysis were collecteo_l over f|v_e years, f.rom August 1, 2003
can be observed deep underground. While the temperature & July 31, 2008, a period that includes five complete annual
the troposphere varies considerably within the day, the temmcycles. The _seasonal variations in muon rate were compared
perature of the stratosphere remains nearly constant/lysua © & theoretical model which extends the pion-only model
changing on the timescale of seasons (with the exception dif [3] to include the contribution from kaons.
the occasional Sudden Stratospheric Warming [1]). An in-
crease in temperature of the stratosphere causes a dexrease
in density. This reduces the chance of meson interaction, re!!- THE EXPERIMENTAL EFFECTIVE TEMPERATURE
sulting in a larger fraction decaying to produce muons. This COEFFICIENT
results in a higher muon rate observed deep underground [2—
4]. The majority of muons detected in the MINOS far detec-
tor are produced in the decay of pions although the decays of
kaons must be considered for a more complete description of The underground muon intensity depends on the threshold
the flux [5]. energy E and the cosine of the zenith angleThe change

MINOS is a long baseline neutrino oscillation experi- in the surface muon intensit\1,,(E, cos #) ocurring at the
ment [6, 7], with a neutrino source and near detector at FermMINOS far detector site can be written as [18, 19]:
National Accelerator Laboratory in Batavia, IL, and a far de
tector at the Soudan Underground Mine State Park in northern
Minnesota. This paper describes cosmic ray data taken in the
far detector, a scintillator and steel tracking calorinndte
cated 0.72km underground (2080 mwe, meters water equivavhere AT'(X) is the change in atmospheric temperature at
lent) [8]. It has a 5.4kton mass ands®1 x 106 cm2sr [9]  atmospheric deptl, and the weightV (X) reflects the tem-
acceptance. Because of its depth, MINOS detects cosmiderature dependence of the production of mesons in the atmo-
ray muons with energy at the surface; &7 TeV. These high sphere and their decay into muons that can be observed in the
energy muons are mostly produced from the decays of thé&ar detector. A temperature coefficient.X') can be defined
mesons produced in the primary hadronic interaction. This@s:
coupled with the large acceptance, makes it possible to de-

A. Experimental Intensity

A@__AmdanmATuj 1)

tect small seasonal temperature fluctuations in the upper at a(X) = T()O()W()Q, 2
mosphere. The far detector is the deepest underground-detec Iy

tor with a magnetic field, allowing the separation of pagscl ] ] ] )

by charge. where I{ is the muon intensity evaluated at a given value

of atmospheric temperaturg,. The phenomenological re-
lationship between the atmospheric temperature fluctstio
and muon intensity variations can now be written as [2, 3]:

The MINOS data are correlated with atmospheric tem
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The atmosphere consists of many levels that vary continu-
ously in both temperature and pressure. To simplify calcula
tions, the atmosphere is approximated by an isothermal body
with an effective temperaturé&.g, obtained from a weighted
average over the atmospheric depth:

R axT(X)W(X)
AT axw(x)

(4)



An “effective temperature coefficientty,r can then be defined

Toﬁ' o
75 / AXW(X).
pn JO

(%)

arT =

With these definitions in place, the relationship betweemat
spheric temperature fluctuations and muon intensity variat
can now be written as:
Al, _
I

ATog
T Toﬁ'

: (6)

The configuration and geometric acceptance of the far detec-
tor remain constant over time. Therefore, the raf, of
muons observed in the detector is proportional to the inttide
muon intensity and varies with the effective atmospheriae-te
perature as follows:

AR, AT.q
(Ry) (Ter)

In practice, the observed muon rates and the temperatuae d
are averaged over the period of a day. The effective temper:fi
ture is obtained from a weighted average of temperature me
surements obtained at a set of discrete pressure levels.

The weightiW (X) can be written as the subiy™ + W,
representing the contribution of pions and kaons to the-ove
all variation in muon intensity. The weight&™X are given
by [18, 19]:

(7)

:aT

TABLE I: Input W(X) parameter values.

Parameter Value

AL 1[18, 19]

A 0.38 - 7/ [18, 19]

TR/x 0.149 [20]4 0.06 [21]

Bl 1.460+ 0.007 [18, 19]
Bk 1.740+ 0.028 [18, 19]
An 120 g/cn? [20]

Ax 180 g/cn? [20]

Ax 160 g/cnt [20]

(B4, cos 0) 0.73+0.1 TeV

v 1.7+0.1[5]

€x 0.114+-0.003 TeV [18, 19]
€x 0.851-0.014 TeV [18, 19]

a@olid line) shows the average temperature from 2003-2008
bove Soudan as a function of pressure level in the atmo-
gphere [10]. The height axis on the right represents the aver
age log-pressure height, the height of a pressure leveivela

to the surface pressure, corresponding to the average tampe
jfures plotted here. The dashed line is the weight as a functio
of pressure level (X), obtained from Eqg. 8 and normalized
to one, used to calculate the effective temperature.

W”"K(X) ~ (1- X/A;,K)Qe_X/A“'KA}r,K Weight
Y+ (v + 1) BL (K(X) (B cosf/er k)? 0 __02 04 06 08 _ 1
) (8) (U i T T T T . 50 %
a 1 —Temp 1 &
where < - weight 4 S
=~ H40 =
K0 = L= X/ o 1of 1. 3
T TN X : 7
The parametersl! . include the amount of inclusive me- 1025_ _____________ 320
son production in the forward fragmentation region, masse: LN T E
of mesons and muons, and muon spectral index; the inputte C 110
values areAl = 1 andAj = 0.38 - rx,, [18, 19], where £ . , , , ]
. y . 10 0
Tk /= IS the Kfr ratio. The parameterB}nK reflect the rel- 220 240 260 280 30
ative atmospheric attenuation of mesons; The threshold er T (K)

ergy, Ew, is the energy required for a muon to survive to a
particular depth; The attenuation lengths for the cosmyc ra
primaries, pions and kaons aftey, A, and Ak respectively
with 1/A;r x = 1/An — 1/A; k. The muon spectral index

is given bﬂ/y. The meson critical energy,: , is the meson
energy for which decay and interaction have an equal proba-
bility. The values for these parameters can be found in Tiable

Since the temperature is measured at discrete levels,the in
tegral is represented by a sum over the atmospheric |&gls
Yoo AXGT(X,) (Wir + W)

TCH' ~
S AX, (W + WE)

(10)

FIG. 1: The five year average temperature at various pressure
levels (solid line). The range is from 1000 hPa

(1hPa = 1.019 g/ch), near Earth's surface, to 1 hPa (nearly

50 km), near the top of the stratosphere. The height axis®n th
right represents the average log-pressure height comelspg

to the average temperatures plotted here. The dashed line is
the weight as a function of pressure leval)(used to findl ..

The weights are determined by Eq. 8, normalized to one.

The dashed weight curve in Fig. 1 shows that the tempera-
ture fluctuations higher in the atmosphere have a greatcteff

on the production of muons visible at a depth of 2100 mwe.

whereW ¥ is W™K evaluated af{,,. The temperature and
pressure vary continuously through the atmosphere. Fig.

High energy mesons produced at the top of the atmosphere
are more likely to decay, producing muons visible to MINOS,
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than those produced lower in the atmosphere. Note that the The temperature data for the Soudan site was obtained from
expression used to calculdfgg in the pion scaling limit, ig- ECMWEF, which collates a number of different types of ob-
noring the kaon contribution, is the same as the MACRO calservations (e.g. surface, satellite and upper air soundihg
culation [3]. The effective temperature coefficienty, isa  many locations around the globe, and uses a global atmo-
function of both the muon threshold energy and the Katio.  spheric model to interpolate to a particular location. Fuis t
As the energy increases, the muon intensity becomes mowmnalysis, the ECMWF model produced atmospheric tempera-
dependent on the meson critical energy, which in turn is protures at 21 discrete pressure levels: 1000, 925, 850, 7@), 50
portional to the atmospheric temperature. The effectime-te 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, 10, 7, 5, 3, 2
perature coefficient thus reflects the fraction of mesons thaand 1 hPa (1 hPa = 1.019 g/&mnat four times, 0000 h, 0600 h,
are sensitive to atmospheric temperature variations, and f 1200 h and 1800 h each day. The effective temperafiitg,
energies much greater than the critical energy, the valug-of was calculated four times each day using Eg. 10. A mean
approaches unity. At the depth of the MINOS far detectoryvalue(T.g) and error was obtained from these four daily mea-
the vertical muon threshold energy lies between the pion andurements.The ECMWF temperature data was cross-checked
kaon critical energies. Therefore, because the muon engrgy using the Integrated Global Radiosonde Archive (IGRA) of
close to the parent meson’s energy, a larger Kdtio results  temperature measurements [23]. The distribution of the dif
in a smaller value ofr. ferences between ECMWF and IGRA temperature values at
International Falls, MN was well described by a Gaussian dis
tribution witho = 0.31 K.

z 107; T MINOS data 'é
10°F — fit to Poisson = Fig. 3 shows the percentage deviation in the mean daily
sE 3 muon rate AR,,, over the entire set of data, with statistical er-
10 £ 5 ror bars. Atypical day atR,) = 0.4692Hz yields~40,000
10°F I muons, resulting in error bars of order 0.5%. The variation
10° __ _ with season can be seen, with maxima in August and minima
E 3 in February. These maxima peak at rates that are within 0.5%
10°F E of each other. For the five year perid@.z) = 222.06K.
10k - The distribution of AT.g over the data period can be seen
2 E in Fig. 4, with strong periodic seasonal correlation witle th
105_ 10 20" 30 ;0 data. .There is also striking.correspond.ence between Fig. 3
and Fig. 4 for small term maxima and minima over a few days’
At (s) span.
FI(_S. 2 T_he Fime bet_ween c_on;eogtive cosmic_ray muon A plot of ARH/ <Ru> (AT.¢) was produced (Fig. 5) for
ar2r|vals, fit with a Poisson distribution. The fit gives each day'sAR,, andAT.¢ data to quantify the daily correla-
X"/Npor = 55.2/68; (R,.) = 0.46924 0.0001 Hz (from tion between rate and temperature. To find the valuever

slope). The Poissonian nature of the muon arrival times
demonstrates the absence of short timescale systematitseff
on the data.

a linear regression was performed using the MINUIT [24] fit-
ting package. This package performs a linear regression ac-
counting for error bars on both the x and y axis using a nu-
merical minimization method. The result of this fit is a slope
of ar = 0.874 £+ 0.009 (statistical errors only), and the cor-

relation coefficient (R-value) between these two distidog
B. TheData is 0.90

The muon data for this analysis were accumulated over a
five year span, beginning on August 1, 2003. Data quality The effects of systematic uncertainties were evaluated by
cuts were performed to ensure a clean sample of muons (Prerodifying parameters and recalculating. Table Il shows
Analysis cuts) [5], and timing cuts were applied to excludethe difference in calculatedir for the modified parame-
muons induced by NuMI beam interactions [6]. After all cutsters. The largest systematic errors are: a) th®.06 un-
were applied the initial sample of 68.66 million muons wascertainty in meson production ratio [21]; b) th€).31 K un-
reduced to 67.32 million muons [18]. A plot of the time be- certainty in mean effective temperature, estimated by com-
tween consecutive muon arrivals in the MINOS data is showrmparing ECMWF temperatures at International Falls, MN, to
in Fig. 2. The distribution is well described by a Poisson dis those of the IGRA [23] measurements; c) th8.12 TeV un-
tribution [18, 22] with mean ratéR,,) = 0.4692+ 0.0001Hz, certainty in muon threshold energy, estimated from unaerta
demonstrating the absence of short-timescale systenfatic eties in the rock overburden above the far detector. These sys
fects on the data. The average muon rate was calculated feematic errors were added in quadrature and are includéd wit
each day by dividing the number of observed muons by thehe error from the linear fit to obtain the experimental vadfie
detector livetime. ar = 0.874 £+ 0.009 (stat.)+ 0.010 (syst.).
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FIG. 3: The daily deviation from the mean rate of cosmic ray
muon arrivals from 8/03-8/08, shown here with statisticabe
bars. The periodic fluctuations have the expected maxima in

August, minima in February. The hatched region indicates th

period of time when the detector ran with the magnetic field
reversed from the normal configuration.
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FIG. 4: The daily deviation from the mean effective

temperature over a period of five years, beginning when the fa

detector was complete, 08/03-08/08. The hatched region
indicates the period of time when the detector ran with the
magnetic field reversed from the normal configuration.

TABLE II: Systematic errors on the experimental parameter

AR /<R >(%)

4
AT J<T . >(%)

FIG.5: Aplotof AR,/ (R,) as afunction oA\T.qx/ (Tes)
for single muons, fit by a line with the y-intercept fixed at 0.
The fit has ay®/Npor = 1905/1797, and the slope is

ar = 0.874 £ 0.009.

C. Charge Separated

To obtain a sample of events with well-measured charge
sign, further selection requirements were applied to thgtle
and radius of curvature of muon tracks. These cuts, taken
from previous investigations of the muon charge ratio at Ml-
NOS [5], have the effect of reducing the average energy at
Earth’s surface of the selected muon sample.

In all, 5.7% of the data set survived the cuts for both
the forward and reverse field detector configurations. For
the charge-separated samples linear regressions yidiiged e
tive temperature coefficientsy(u™) = 0.78 £+ 0.05 and
a(p™) = 0.77 £ 0.06 with x*/Np,r of 1920/1755 and
1770/1753 respectively. These numbers are consistent with
each other, so there is no measurable difference between the
temperature effect op™ andp~. The value of the charge-
separatedv is expected to be smaller than the previoys
with no charge separation because the change in selecti®n cu
change the distribution that is integrated over.

This phenomenology can be applied to changes in the
charge ratio. The charge ratio is given by= N+ /N,,-,
and an effective temperature charge ratio coefficigrtan be
written:

inputs toar .
Parameter Aar
meson production ratio;x, . = 0.149£0.06 [21] 0.007
mean effective temperaturél.g)= 222.06:0.32 K  0.0051
threshold energy,E'n cos 0)=0.73+0.1 TeV 0.0042
kaon constantBy = 1.740+ 0.028 0.00046
pion constantB}r = 1.460+ 0.007 0.000063
Total 0.010

(11)

whereAr = N+ /N,- — (r). This same analysis was per-
formed on the daily deviation of the charge ratio, and for the
charge ratio sampley = 0.11 £+ 0.12.



I11. DISCUSSION
A. Predicted ar

The theoretical prediction afr can be written as [2]:

an — _ Lm 0L
S oM

(12)

The prediction forr can be calculated using the differential
muon intensity [20]:

1 1/ex + A (Dr/Dk)*/ex
= Dy ek + AL (Dx/Dx)/ex (13)

where

Y €x, K
D, g = ’ 1, 14
K 7+11.1Ethcost9+ (14)

Note that this can be reduced to MACRO’s previously pub- 0.6

lished expressioriar) . [3], by settingAx = 0 (no kaon
contribution).A}. = 0.38- Tk /= IS the same as in Sec. Il.

A numerical integration using a Monte Carlo method was 0.2
performed to find the expected value of the seasonal effect cc Hobart |

efficient, (ar),,, for the far detector. A set of muons was
generated by drawing values 61, andcos 6 separately from
the differential intensity of muons at the surface, caltada
in [20]. A random azimuthal anglej, was assigned to each
event and combined wittbs # and the Soudan rock overbur-
den map [5] to find the slant deptB(cos 8, ¢), of the event.

6

TABLE I11: Systematic errors on the theoretical parameter

inputs toarr.
Parameter Aar
meson production ratio, K/= 0.149+-0.06 [21] 0.021
rock map uncertainty=10% 0.015
muon spectral indexy= 1.7+ 0.1 0.0022
kaon critical energys x=0.854 0.014 TeV 0.0016
pion critical energye.=0.114+0.003 TeV 0.0002
Theoretical Total 0.025
~ 1l.4r
= C
1.2
1
0.8F
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0 1000 2000 3000 4000
Depth (mwe)
FIG. 6: The theoretical prediction fatr as a function of

detector depth. The dashed (top) curve is the predictiamgusi
the pion-only model (of MACRO) and the dotted (bottom)

This was converted into the corresponding threshold energy  cyrve is the prediction using a kaon-only model. The solid
Eyn,, required for a muon on the surface to propagate to the far - (middle) curve is the new prediction including both K and

detector. Events satisfyinfj, > FE, were retained, and the
mean value ofyvy was found for a sample of 10,000 events,
giving (ar), = 0.871 £ 0.025 for MINOS. When this cal-
culation is performed using the lower energy charge-sepdra
energy spectrum, the result is amr)p, value that is lower
by 0.025.

The systematic uncertainty dar).,, was found by mod-
ifying the input parameters and recalculating. The dom-
inant contributions were from: a) the 0.06 uncertainty in
meson production ratio; b) thé 10% in rock map uncer-
tainty'; ¢) the+ 0.1 uncertainty in muon spectral index; d)
the + 0.014 TeV uncertainty in kaon critical energy; and e)
the + 0.003 TeV uncertainty in pion critical energy. These
uncertainties are summarized in Table 111,

1 The rock map is not a determination of the slant depth by ggsiphl
means. It was created by measuring the muon flux coming frorara p
ticular solid angle region on the sky and then normalizinth®All-world
Crouch underground muon intensity curve [25]. This was dwitk both
Soudan 2 data [26] and with MINOS data [5], and these caiculsitwere
shown to agree to within 10%. Average cosmic ray muon flux tthose
determined here and in [5] can be determined using this rdetithough
in any particular direction the rock map can be much diffefeom what
was calculated (e.g., in the direction of iron veins).

These curves are illustrative only as the definition of effec
temperature used to calculate the experimental values also
depends on the K/ratio. The data from other experiments are
shown for comparison only, and are from Barrett 1, 2 [2],
AMANDA [4], MACRO [11], Torino [12], Sherman [15],
Hobart [16] and Baksan [17].

Fig. 6 shows effective temperature coefficients from MI-
NOS and other underground experiments, including those of
the MACRO survey [3], as a function of detector depth. The
MINOS and Sherman [15] effective temperature coefficients
shown in Fig. 6 were calculated using Eg. 10. The other exper-
imental data points are taken from the MACRO survey [3] and
were calculated using a definition which excluded the centri
butions from kaons and were limited by temperature measure-
ments up to 20 gin?; when the MINOS result is recalculated
with this definition the effective temperature coefficiemt- d
creases taxvy = 0.835. To compare the experimental values
with the theoretical model, Eq. 13, the expected effectwve-t
perature coefficient as a function of depth was calculated us
ing the numerical integration method outlined earlierngsi
standard rock and a flat overburden, and is shown in Fig. 6
as the solid line. There is qualitative agreement between th
prediction and the experimentally measured values, but-qua
titative comparisons would require recalculating the ekpe



mental values using the kaon-inclusive definition of effext rors in the experimental and theoretical valueagfare taken
temperature. The two dashed lines in Fig. 6 show the effectivto be + 0.013 and+ 0.015 respectively, obtained by com-
temperature dependence for the extreme pion-only and kaoiining the statistical errors in quadrature with the systém
only predictions. Fig. 6 is illustrative only, as the depende  errors in Tables Il and Ill, but omitting the error in the K/
of the experimentally measured effective temperaturefieoef ratio in each case. The error on the theoretical valuepf
cient on the input K ratio is not explicitly shown. grows with increasing Kt ratio becausex has a larger un-
certainty thare,, so a larger contribution from kaons intro-
duces more uncertainty. The intersection of the two curves
B. Measurement of Atmospheric K/x Ratio occurs at Kf = 0.13+ 0.08. The uncertainty is estimated
by assuming Gaussian errors for the the theoretical and ex-

The uncertainty on the atmosphericiatio in the current ~ perimental values afr and performing & minimization to
cosmic ray flux models is of order 40% [21]. There has notdetermine thex? = 1 contour that encompasses the best fit
been a measurement of this ratio with cosmic rays. PreviouBOInt.
measurements have been made at accelerators for p-p colli- Previous measurements of theznKratio do not directly
sions [27], Au+Au collisions [28], Pb+Pb collisions [29,]30 compare to this indirect measurement. Nevertheless, the ce
Many other older measurements are summarized in [31]. Th&al value of MINOS’s measurement is consistent with the
experimental and theoretical values®f can be combined collider-based direct measurements, although the indinec
to give a new measurement of thesKratio for the reaction ror bars are several times as large as those on the direct mea-
p + Aaem, With E, >7 TeV. The theoreticakr depends di- surements. A comparison of this measurement to other mea-
rectly on the K# ratio, as a consequence of the different in- surements is shown in Fig. 8. Only the MINOS result is for
teraction and decay properties of kaons and pions in the at-
mosphere. Since kaons and pions have different critical er
ergies and attenuation lengths, the effective temperalisee .9 o5
depends on the K/ratio, and therefore the experimental is ©
a weak function of the K ratio. By plotting the experimental
and theoretical values afr as functions of the K7 ratio and
finding the intersection of the two curves, a measurement o
the K/r ratio can be obtained.

Fig. 7 shows the experimental and theoretical values;of
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v STAR (AutAu, K/m0)

A MINOS (p+A_ )

o
[N
€)1
LIS L I L L L L B L L
—e—i
—e— E
—_——
——
e by b by by |l
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0-86:_ MRt ] FIG. 8 A compilation of selected measurementsifr for
- A T various center of mass energies. The STAR value was from
0'84: TR \§§1'~§}\;§§ N Au+Au collisions at RHIC [28], the NA49 measurement was
0.82F I T i from Pb+Pb collisions at SPS [29, 30], and the E735
Tr AN measurement was frof+p collisions at the Tevatron [32].
0 P B R BRI
089 0.1 0.2 0.3 _ _ _ . .
. a reaction where the interacting particles do not have equiv
K/mtratio

alent energy in the laboratory frame. Nevertheless, they ar
all presented on the same axes for a broad overview.The cen-
tral value of MINOS’ indirect cosmic ray-based/m mea-
FIG.7: The MINOS experimentakr as a function of the surement is consistent with the collider-based direct meas

Kim raﬂot(%ot(-jdash Iine),vtvri]th its error given ?ﬁ’ tt‘ﬁ .oy Ments, and the associated error bars span the dispersion in
Cross-natched region, on the same axes as the eoretical those direct measuments.

as a function of the K¢ ratio (dashed line), with its error given
by the hatched region. The error on the experimeatalfrom
Table Il Ey, cos 6, Bi,K and(Te.g)) plus statistical error is

=+ 0.013, and the theoreticalr error (frome, x and the rock IV. CONCLUSIONS
map, Table I11) ist 0.015 at the best fit point. The
intersection is at kf = 0.13 4 0.08. The solid line denotes

the 1 contour around the best fit. A five year sample of 67.32 million cosmic ray in-

duced muons has been collected by the MINOS far de-
tector and daily rate fluctuations have been compared to



daily fluctuations in atmospheric temperature. These dis-
tributions were shown to be highly correlated, with a cor-
relation coefficient of 0.90. The constant of proportion-
ality relating the two distributions,a7, was found to
be 0.874+ 0.009 (stat.)+ 0.010 (syst.). This value
is in good agreement with the theoretical expectation of
(ar) = 0.871 £ 0.025. A measurement of the temper-  We thank the Fermilab staff and the technical staffs of the
ature dependence of the rate;of separate fronu~ was per-  participating institutions for their vital contributionsThis
formed for the first time. There is no statistically signifita work was supported by the U.S. Department of Energy, the
difference betweenr(u*) andar (™). U.K. Science and Technologies Facilities Council, the U.S.
The experimental value ofiy for the combined muon National Science Foundation, the State and University ofMi
sample has the lowest uncertainty of any such measurememtesota, the Office of Special Accounts for Research Grants
While other experiments have estimated the effect of atmoef the University of Athens, Greece, FAPESP (Fundacao de
spheric temperature on kaon induced muons [2, 3], this is th&mparo a Pesquisa do Estado de Sao Paulo) and CNPq (Con-
first result to quantify the kaon-inclusive effective termgtere  selho Nacional de Desenvolvimento Cientifico e Tecnoldgico
coefficient. The new kaon-inclusive model fits the MINOS farin Brazil. We gratefully acknowledge the Minnesota Depart-
detector data better than the pion only model [3] and suggesment of Natural Resources for their assistance and for allow
a measurement of the atmospherierkatio. Applying the  ing us access to the facilities of the Soudan Undergroun&Min
differing temperature variations of kaon and pion decayh® t State Park and the crew of the Soudan Underground Physics
seasonal variations analysis allowed the first measureafent Laboratory for their tireless work in building and operafihe
the atmospheric K ratio for £, 27 TeV. It was found to be MINOS far detector. We also acknowledge the BADC and the
K/m =0.134+ 0.08. ECMWF for providing the environmental data for this project
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