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Seasonal Variations of High Energy Cosmic Ray Muons Observed by the | ceCube Observatory
as a Probe of Kaon/Pion Ratio
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Abstract: The high statistics of cosmic ray induced muon events detidny the IceCube Observatory makes it possible
to study the correlation of muon intensity with the stratoemic temperature over Antarctica with high precision. idsi
150 billion events collected by IceCube experiment over @& ggethe muon rate was found to be highly correlated with
daily variations of the stratospheric temperature andhgtsha+ 8% annual modulation. The correlation between the
muon rate and the upper atmospheric temperature is relatbeé relative contribution of and K to the production of
muons. Therefore it is possible to estimate the Kdtio from the seasonal variation of the muon rate, which feasd

to be 0.09+ 0.04 at cosmic ray median energy of about 20 TeV.
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1 Introduction energy meson interaction dominates and the corresponding
muon spectrum becomes one power steeper than the pri-
When cosmic ray particles enter the Earth’s atmospher@ary spectrum. The characteristic critical energigg
they generate a hadronic cascade in which mesons are pab-a given atmospheric depth are inversely proportional to
duced, primarily pions and kaons. These mesons can eittitbe atmosphere’s density at that point, and therefore are af
interact again or decay into muons. The relative probabilitfected by temperature variations. In an isothermal approxi
of decay or interaction depends on the local density of th@ation of the atmosphere, the density is described by an ex-
atmosphere, which in turn depends on the temperature [fJonential with a scale height 6f ~ 6.19 km (over Antarc-
The differential flux of muons with energies larger than 100ica). The numerical value applies to the lower strato-
GeV can be described with good approximation as [2]  sphere, where most of the muons are generated. In this
approximatione. x are proportional to the atmosphere’s

Ar in the perfect tate limit. At t-
DBy 0) = dn(E,) X { I temperature in the perfect gas state limit. At a mean a
() ~(Ew) 1+ Bryucos0* E,/er mospheric temperature @f = 211°K the critical energies
Agp aree, = 111 GeV andx = 823 GeV. The dependence of
+ 1+ Bi, cos0* B, Jex |’ (1) the critical energies on temperature is the main source of

the seasonal variation in muon rate. This modulation was
whereén (E),) is the primary spectrum of nucleond’)  studied by underground experiments such as MACRO [3],
evaluated at the energy of the muon. The first term invD [4] and MINOS [5], and by AMANDA [6] and Ice-
Eg. 1 corresponds to muon production from leptonic andube [7]. Here we update the analysis with four years of
semileptonic decays of pions, while the second term is régceCube data with an emphasis on the systematic effects
lated to kaons. The constants;,, and Ak, include the that can be studied with a very large amount of data.
branching ratio for meson decay into muons, the spectrum
weighted moments of the cross section for a nucleon to pro- .
duce secondary mesons, and those of the meson decay dis- Temperature Correlation
tribution. The denominators in Eq. 1 reflects the competi-
tion between decay and interaction of secondary mesonsTie relation between the variation of temperature and the
the atmosphere. Whefi, x < e, x/co9*, the meson de- variation of muon intensity at a particular energy and Zenit
cay is the dominant process, and muons are produced withgle can be expressed in terms of a theoretical correlation
the same spectral index as the parent cosmic rays. At high



DESIATI, KUWABARA, GAISSER, TILAV, ROCCO, SEASONAL ATMOSPHERICVARIATIONS AND K/7 RATIO

coefficient calculated from Eq. 1 as

T o (B0 | PRELIMINARY
0 (B 0) = L R 5
0u(B,,0) T B\
which depends explicitly on the characteristic criticaéen E \ E
gieser k. 5 02 0 8
Measured rates depend on the convolution of the muon dif- % \ ;
ferential spectrum with the detector response, which de- o 7 \
pends on muon energy and zenith angle. To compare .

1 10 100 1000

with measurements, it is therefore necessary to calculate Slant Depth, X [ g/on’ |
a weighted correlation coefficient as

0 ¢ Figure 1: The differential weighting function used in the
T- Q—Tf AEy (B, b) Acs s (Ep, 0) 3) calculation of thel. ¢ ¢, as a function of atmospheric depth
JAdE, ¢u(Eu,0) Acps(Eu,0) X (continuous line), superimposed on the average atmo-

) . . spheric temperature profile (dashed line).
whereA.r¢(E,, §) is the effective detector area obtained

from simulation. Eq. 3 defines the correlation coefficient

for a particular zenith angl@é. The total correlation co- occurs. The critical energies that appear in the production
efficient is then obtained by averaging:(9) overf with  spectrum are evaluated at the mean temperafiyebut

a weight given by the observed event angular distributionthe production profile does not depend strongly on temper-
With this definition the variation in muon intensity, is  ature.

or (6) =

given by AT AT This formulation of the effective temperature differs from
RSN i7 (4) thatin Grashorn et al. [8], where the low energy limit of
1y Ters the temperature derivative of muon production spectrum

whereT.. is the effective atmospheric temperature as deproduces an unphysical discontinuity. The IceCube obser-
fined below. Since the rat®,, of observed muons is pro- vatory is located at a depth of1.3 km.w.e./co% so only
portional to the incident muon intensify,, it is correlated muons with energies above about 400 GeVdauen reach

with the effective temperature as well and trigger the detector. At these energies muon decay and
energy loss in the atmosphere are negligible. This enables

AR, _ exp ATy (5) Us to use analytic forms for muon production analogous

(Ry) T (Tegp) to Eqg. 1 without accounting for decay and energy loss of

_ _ ) ~muons in the atmosphere and hence to obtain a physically
wherea;” is the experimentally determined correlation,grrect result without any discontinuity.

coefficient. - . o
To compare predictions with measurements it is necessary

Since muon production occurs over an extended portion ¢ getermine the convolution with the detector response
the upper atmosphere and the temperature depends onghction

titude, it is necessary to define a parameter referred to as

effective temperature, in order to quantify the relatiapsh ., 0) = JE, [dX Py(E,,0,X)Acss(E,,0)T(X)
between variations in temperature and those in measure [E, [dX P,(E,,0,X)Ac;(E,.0)
muon rate. (7

The pion and kaon terms in Eq. 1 are derived from the invhere the denominator, as in Eg. 3, is the total measured
tegral over the atmospheric slant depiH(in g/cn?) of the ~Muon intensity. As for the correlation coefficient, the tota
muon production spectrut, (E,, 6, X ), which in turn is  €ffective temperatur#, , is the weighted average of Eq. 7
given by the probability distribution for meson decay to®Ver the event zenith distribution. Fig. 1 shows the dif-

muons integrated over the parent meson spectrum [2]. ferent_ial weighting function us_ed in the calculation of the_
effective temperature along with the average atmospheric

The effective temperature as a function of muon ener% mperature profile over the seasons. It peaks at about 100

and zenith angle is defined as the actual temperature pro b?cm? which is where most of the muons are produced
weighted by the muon production spectrum ' '

[dX P,(E,,0, X)T(X)
[dX P,(E,,0,X)

Teii(EL,0) = 6) 3 Muon and Temperature Data
Whrer (5.0 ) i hesum of muon procucton spc- 1 2 4025 e used 150 bier muon svents o
trum from pion and kaon contributions. The rationale fofﬁom March 2007 to April 2011 (see [9] for an overview

this definition is that the depth dependence of the muo lceCube). Th : ted b .
production spectrum weights the temperature with the ren lcetul €). ese events are generaled by cosmic rays
gh median energy of about 20 TeV.

gions of the atmosphere where the meson decay to muoff
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Figure 2: The daily atmospheric temperature profiles ovaafatica produced by NASA AIRS instrument on board the
Aqua satellite [10] are shown from 2007 to 2011 (in color godiong with the relative modulation in the measured muon
event rate (black line) and the relative variation of theetif’e temperature (grey line). Note that the statisticalautain-
ties in the data are between about 0.1 Hz (in 2007) and abd6tHz (in 2011) on the daily rates. The corresponding
uncertainties on the relative rate variations are 0.02 ¥0a0@8 %, respectively.

The muon rate increased substantially over these four yedhe energy profile of the effective area depends on the dis-
as new detectors were added during each construction s&#ution of depths the muons reach within the array. The
son. As the instrumented volume increased, the probabilispread on this distribution, translates into an estimated u
that one data record included two or more separate cosmiertainty in the experimental correlation coefficient @f.

ray events increased from about 1% to about 4%. A COBjnce the temperature correlation coefficient depends on
rection to the daily recorded rate was therefore applied {@e relative contribution of pions and kaons, it is possible
obtain a corrected rate of muon everts,. to use the seasonal variations of the muon rate to determine
The atmospheric temperature profile data used in this andifte K/r ratio.

ysis were collected by the NASA Atmospheric Infraredrhe effective temperaturg, ;; is relatively insensitive to
Sounder (AIRS) on board the Aqua satellite. Daily atmogyariations in the cosmic ray spectral index, the proton at-
spheric temperatures at 20 different pressure levels fromydpyation length, the critical energies andrKatio because

to 600hPa above the South Pole were obtained from thge dependence cancels to a large extent due to the normal-
AIRS Level 3 Daily Gridded Product available on NASAjzation in Eq. 7.

Goddard Earth Sciences, Data and Information Servicei.?]e theoretical correlation coefficiemﬁph, on the other

Center (GES DISC) [10]. Using these data the daily effec- o o .
tive temperaturd, ; ; was calculated based on the zenithchand’ depends primarily on the critical energies and on the

weighted average of Eq. 7 K/ ratio. Changing the cosmic ray spectral index and pro-
9 9 q- 7 ton attenuation length within a wide range, has an effect
smaller than 1%. Therefore it is possible to use the param-

4 Results and Determination of K/x Ratio eters for attenuation lengths and spectrum weighted mo-
ments from Ref. [2], assuming a cosmic ray spectral index

Fig. 2 shows the measur%‘i“) as a black continuous line qf -2.7. The critical energies evaluated at the average-€ffe
# tive temperature of, = 211°K are used.

s ATy . .
aLong Vtvr']th <Tetff>| ats a blT]Ck.d?Shed Ilnte. Theff:gure a]lsqn particular, the kaon to pion rati®y /. = —ZJJVVK de
shows the actual atmospheric temperature profile as a urbcends on the spectrum weighted momefitsc and Zn

tion of pressure level (equivalent to atmospheric depjh

The statistical uncertainties in the measured muon rate
too small to show in the figure. Note that besides the lar
seasonal modulation, the daily muon rate is strongly COf,
related with short time temperature variations in the upp

of the cross section for a nucleon N to produce secondary
&ons and pions, respectively, from a target nucleus in the
mosphere. The dependence on the spectrum weighted
omentsZy g andZy is implicit in the parameterd .,
eo{ndAK# inEgs. 1, 3,7.

atmosphere. ) o
_ . The nominal value of Kf ratio is taken to be [2]
Based on Eg. 5, the experimental temperature coefficient
was determined from regression analysis and found to be 0.0118
a7 = 0.860- 0.002 (stat.)+ 0.010 (syst.). The experi- Ri/n = 4 grg = 0-149+0.060, (8)

mental systematic uncertainty et} is dominated by the hich is based lab bel
effective areal, ; (B, ), which is used in the calculation WNich is based on |aboratory measurements below 100

of the effective temperature and of the theoretical correlEV center of mass energy. The 40% uncertainty corre-

tion coefficient in Eq. 3. Most of the detected muons rang\%ponds to that in the current cosmic ray interaction mod-
out within the large instrumented volume of IceCube, an8IS [11].
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Figure 3: The preliminary. " determined by IceCube as 35 (GeV)

a function of the K# ratio (continuous line), with its error

given by the band, and the predicte§ (dashed line) with

the corresponding error given by the band. The intersectidtigure 4: A compilation of selected measurements of K/

region between the two bands isfa,, = 0.09+ 0.04. for various center of mass energies. Data points are from
NA49 [12, 13], E735[14], STAR [15] and MINOS [5]. The

horizontal line and gray band represents the referencevalu
By calculating the theoretical correlation coefficieit as K/ ratio 0.149+ 0.060 [2, 11].

a function ofR /. and comparing it with the experimental
value, it is possible to measure the kaon to pion ratio for _ _
proton interaction with atmospheric nuclei (mainly nitro-the atmospheric muon charge ratio from MINOS [16] and

gen) at cosmic ray particle energy of 20 TeV. OPERA [17].

Fig. 3 shows the experimental and theoretical values;of
as a function of K ratio for the IceCube data. While, asg Acknowledgements
mentioned abovey;” is almost insensitive td ., the

value off" has a strong dependence. S}ir!ce the statisticghe temperature data used in this study were acquired
uncertainties are very small, the bandi” is dominated a5 part of the NASA's Earth-Sun System Division and
by systematic uncertainties. The band«@}t reflects the rchived and distributed by the Goddard Earth Sciences

theoretical uncertainties in the calculation of the catieh (GES) Data and Information Services Center (DISC) Dis-
coefficient mentioned above, and conservatively estimatggpted Active Archive Center (DAAC).

to be 1%. The crossover in Fig. 3isiak /. = 0.09+ 0.04.
Fig. 4 shows a comparison of the lceCube measurement
with other observations. References
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