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Observed since the 1950s, the seasonal effect on underground muons is a well studied phenomenon. The
interaction height of incident cosmic rays changes as the temperature of the atmosphere changes, which
affects the production height of mesons (mostly pions and kaons). The decay of these mesons produces
muons that can be detected underground. The production of muons is dominated by pion decay, and pre-
vious work did not include the effect of kaons. In this work, the methods of Barrett and MACRO are
extended to include the effect of kaons. These efforts give rise to a new method to measure the atmo-

Key W‘?rdS: spheric K/ ratio at energies beyond the reach of current fixed target experiments. These methods were
Cosmic rays . . .

Seasonal effect applied to data from the MINOS far detector. A method is developed for making these measurements at
Kaons other underground detectors, including OPERA, Super-K, IceCube, Baksan and the MINOS near detector.
Pions © 2010 Elsevier B.V. All rights reserved.

Muons

1. Introduction

When cosmic rays interact in the stratosphere, mesons are pro-
duced in the primary hadronic shower. These mesons either inter-
act again and produce lower energy hadronic cascades, or decay
into high energy muons which can penetrate to detectors deep
underground. The temperature of the stratosphere remains nearly
constant, only changing slowly over longer timescales such as sea-
sons (with the exception of the occasional Sudden Stratospheric
Warming events observed during wintertime at high latitudes
[1]). An increase in temperature of the stratosphere causes a de-
crease in density, reducing the chance of meson interaction, result-
ing in a larger fraction decaying to produce muons. This results in a
higher muon rate observed deep underground [2-6]. The effect in-
creases as higher energy muons are sampled, because higher en-
ergy mesons with increased lifetimes (due to time dilation) are
involved. This effect permits the measurement of the atmospheric
charged kaon/pion production ratio. The rate of low energy muons
at the surface of the earth is also affected by the temperature be-
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cause the varying production altitude changes the chances of the
muon decaying before reaching earth, but this effect is not relevant
for detectors deeper than 50 mwe [3] (meters water equivalent).

2. Muon intensity underground

The intensity of muons underground is directly related to the
production of mesons in the stratosphere by hadronic interactions
between cosmic rays and the nuclei of air molecules. It is assumed
that meson production falls off exponentially as e*/4n where Ay is
the absorption mean free path of the cosmic rays and X is the slant
depth of atmospheric material traversed. It is also assumed that
the mesons retain the same direction as their progenitors, that
the cosmic ray sky is isotropic in solid angle at the top of the atmo-
sphere, and ionization is neglected. These assumptions are partic-
ularly valid for the large energies of the mesons that produce
muons seen in deep underground detectors such as Baksan [7],
Super-K [8], IceCube [9] and MINOS far detector (MINOS-FD) and
near detector (MINOS ND) [10]. In this approximation, Ay is con-
stant. Two meson absorption processes will be considered: further
hadronic interactions, dX/Ay, where dX is the amount of atmo-
sphere traversed, and M — puv, decay. The fractional loss of
mesons by decay is given by
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where p is the air density, 7o, the mean M lifetime (at rest) [2], and
p, is the meson rest frame momentum. M is either a w or K meson
(charm and heavier meson production does not become important
until ~10° TeV)). For an isothermal, exponentially vanishing atmo-
sphere, the atmospheric scale height H(T) = RT/Mg. The density p is
then related to X by p = X cos 6/H(T). The critical energy €y, the en-
ergy that separates the atmospheric interaction and decay regimes,
is given by
myc?H(T)

szw- (2)

(1)

Since most interactions take place in the first few interaction
lengths [11], and to first order H(T) ~ Ho = 6.5 km, €, = 0.115
TeV, ex = 0.850 TeV, the differential meson intensity .#(E, X, cos 0)
can be written as a function of X [2,11]:

d/% ZNM

_ 1 Em
_ X/AN _
X~ Ay No(E)e /"N — #(E, X, cos 0)[ +EX 05 9} (3)

for relativistic M, where Ny (E) is the differential M production spec-
trum which has the form E;”*", Ay is the nucleon interaction
length, and Zyy is the spectrum-weighted inclusive cross section
moment. This differential equation is straightforward to solve using
an integrating factor and rewriting [2,11]:
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where 1/4;, =1/Ay — 1/ Apn.

Now that an expression for the production and propagation of
mesons through the atmosphere has been found, a function
describing the production of muons must be found. Muons are pro-
duced from mesons via the two body decay process M — puv. The
rest frame momentum for this decay is p, = (1 — m2 M3 )My /2
(since the neutrino has negligible mass). The dlfferentlal flux per
unit cross section is proportional to the differential flux per energy,
which can be written

dn Bmy
E= b (5)

where B is the branching ratio and P, is the momentum of the
decaying particle in the lab frame.

The muon production spectrum for meson M parents is given by
Gaisser [11]:

Emax dn €M ,
Pu(E,X,cos0) = Y / EXCOS@ AM(E X, cos0)dE .

mesons mm
(6)
Inserting Eq. (5) into the muon production spectrum (Eq. (6)) gives
-y €M /WM dE ./(E, X, cos 0)
XcosO(1 —ry) Je E E ’

mesons M

?.(E. X, cos 0)

(7)

where ry = m2 ' /m2,. Muons are sampled by detectors at one partic-
ular depth, so the production spectrum must be integrated over the
whole atmosphere to find the energy spectrum of interest. The rel-
evant energy spectrum is written:

Table 1
Threshold muon energy for current underground detectors.
Detector Min. Depth (MWE) En (GeV)
MINOS ND [13] 225 51
Baksan [3] 850 234
IceCube [6] 1450 466
MINOS-FD [5] 2100 730
Super-K [8] 2700 1196
OPERA [3] 3400 1833
/ Pu(E,X)dX = Co x E-0*V
dEl,
Ar Ak
X +0.635 8
<1+1.1E#cosé)/e7I 1+ 1.1E,cos0/¢ex)’ ®)

where y = 1.7 is the muons spectral index [12], the branching ratio
B(K — vuu)=0.635, and B(m — v,u) ~=1. The parameters
Ak are constants involving the amount of inclusive meson produc-
tion in the forward fragmentation region, the masses of the mesons
and muons, and the muon spectral index [11]:

.
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The integral of the production spectrum can be written in the form

(2]

LB = [ d,

10
A dE (10)

This is the total number of muons with energy greater than the
minimum required to reach an underground detector. The thresh-
old surface energy required for a muon to survive to slant depth
d(0, ¢) (mwe) increases exponentially as a function of d and param-
eters a(E) and b(E) [11]. Since a and b depend on energy, an iterative
procedure can be used to find the threshold energy [12]:

Eo = By (0.9) = (E'

D\ obdogy 4
+b>e 1)

b’
where the energy-dependent parameters a = 0.00195 + 1.09x
10*In(E) GeV cm?/g and b = 1.381 x 107° 4 3.96 x 10 ° In(E) GeV
cm?/g [12], at column depth d(0, ¢). The threshold energy at the
minimum depth of the detectors considered in Section 1 are shown
in Table 1. Eq. (10) is approximated [2] as

,ufcl

. 1 N 0.054
B \y+(y+D11Eycos0/€,  p+ (y+1)1.1Ey cos0/€x )’
(12)

where 0.635 - A /A, - 1(K/m) = 0.054 [11,5] and r(K /=) is the atmo-

spheric K/ ratio.

3. Temperature effect on muon intensity

The temperature changes that occur in the atmosphere are not
uniform, instead occurring at multiple levels, and neither muon
nor meson production occurs at one particular level (see Figs. 1,
2). The perturbations that variations in temperature cause in muon
intensity are small, and as a result properly chosen atmospheric
weights can be used to approximate the effective temperature of
the atmosphere as a whole, Tg. Define #(X) = (T(X) — Tetr)/Test,
and ey = €(1 + 1), where €}, is the constant value of €, when
T = Te. This is the temperature that would cause the observed
muon intensity if the atmosphere were isothermal. To quantify
the temperature effect on intensity, the temperature dependence
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Fig. 1. The average mid-latitude summer temperature at various atmospheric
depths (dashed line). The vertical range is from 1000 h Pa (1 h Pa=1.019 g/cm?),
near Earth’s surface, to 1 h Pa (nearly 50 km), near the top of the stratosphere. The
solid lines are the weight as a function of atmospheric depth used to find T (Eq.
(22)). The blue lines used the OPERA threshold energy, the red lines used the Super-
K threshold energy , the black lines used the MINOS-FD threshold energy, the green
lines used the IceCube threshold energy , the violet lines used the Baksan threshold
energy and the magenta lines used the MINOS ND threshold energy.
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Fig. 2. The solid lines show the meson intensity as a function of atmospheric depth
(Eq. (4)) and the dot-dash lines show the muon intensity as a function of
atmospheric depth (Eq. (7)). The normalization in Eq. (4) (NoZnu/An) Was set to 1 to
show the dependence on X more clearly. The range of the expressions were adjusted
so that the maximum value of the OPERA meson intensity was equal to 1, and the
other equations were scaled appropriately. These figures were produced with
particular energy values corresponding to the threshold energy of the detectors
under consideration. The blue lines used the OPERA threshold energy , the red lines
used the Super-K threshold energy, the black lines used the MINOS-FD threshold
energy, the green lines used the IceCube threshold energy , the violet lines used the
Baksan threshold energy and the magenta lines used the MINOS ND threshold
energy.

of Eq. (2) needs to be considered. The meson production term in Eq.
(3) (which applies to any charged meson: K, 7, etc) can then be
expanded:

A/ Zyw

~ 1 (1 +n)
—_— = X/ AN _ [ 7 AL V4
X~ Ay Noe X/ — /(E, X, cos 9){ + } (13)

Ay EXcoso |

The analytic solution to this differential equation is difficult to find
since #(X') is an arbitrary function of X. A solution to first order in
n(X') can be found by expanding the exponential in a power series,
and then following the procedure outlined above, beginning with
Eq. (5). This solution can be written as .#(E,X,cos§) = .4° + .4",
where .#°(E, X) is the solution where €y = €, which occurs at tem-
perature T = Te and .4 (E,X) is given by:
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%1(E,X,0):ZﬂNO(E)e’X/AM Xy
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If Ecos 0 > €2, then the integrand is very small and 7(X') = n(X).
This is the case when interactions dominate, as time dilation effects
allow these very high energy mesons to travel great distances be-
fore decaying. If Ecos 0 < €9, then the mesons will not travel very
far before decaying and the integrand is large only when X is near
X, and again, n(X’) can be taken out of the integral [2].

Writing the solution of .# where T = Ty as .#° and letting
eu = €y(1 +1), an expression for the change in muon production
induced by temperature variations can be found. Define
Al = . — .4°, then to first order in i

0
A = ZMNO(E)E—X/AM anX % 1 ,
An Ecos0 ™ | (e9/Ecos0 + 1)

77 R N .7, (15)
(€0 /Ecos0+2) ' 2! (0 /Ecos0+3)

Using Egs. (7) and (8), an expression for the change in differential
muon intensity can be found:
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Now, a solution to this integral can be found for E, > €%,(I") and for
E, < €4(h):

H — 1 743 —X/ Ay A;\/I
Ba(Bu) = o= [ 1= )72 (1 — e ) S,

1 211 (Eucos 02 X
alE) =g [1= )] (2G20) =X/ et 18)

These expressions can be combined in a form that is valid for all
energies (Eq. (8)):
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The exact solution for I%,(E ) has been replaced with an approxima-
tion that preserves the physical behavior of the system at low



E.W. Grashorn et al./Astroparticle Physics 33 (2010) 140-145 143

energies. These low energy mesons are relatively insensitive to
changes in temperature because they decay before they have a
chance to interact. So, this equation describes the expected behav-
ior that mesons at very low energies will decay fairly high in the
atmosphere. These mesons will not contribute any muons to an
underground detector, because the muons they produce will be be-
low the threshold energy.

There is a slight dip in this distribution as X approaches A;,,
which results from the approximation made to join the high and
low energy solutions for the approximation to Eq. (18). The low en-
ergy solution will go to zero when X = A), and below zero when
Ewn < €Y. The reason for this is that these low energy muons have
such little energy that they decay in flight, producing a deficit in
muons anticorrelated to positive temperature changes (the “nega-
tive temperature coefficient” related in older literature [2,14,15]).
This effect is not seen by detectors deeper than 50 mwe. The fact
that there is a dip and subsequent rise in Fig. 1 for
X > 480 g/cm? does not affect an analysis for a detector deeper
than 50 mwe since the weight is integrated over the entire atmo-
sphere in discrete steps of dX and properly normalized, so this
atmospheric depth is unimportant for the production of relevant
muons.

Remembering that #(X) = (T(X) — Ter)/Ter, the relationship
between atmospheric temperature fluctuations and intensity vari-
ations can be written:

Al = / 5"" dE, = / dxor(x) A1) (20)
Ey . Teff
where the temperature coefficient «(X) can be written:
% AyETD
a(X) = (1 - X/Ay)’e X [ dE, - .
Egn 1+ ByK(X)(E, cos0/€3y)
= WMX)E,", (21)

with WM (X) given by:
(1= X/ Ayy)*e XAy

w(X) ~ - .
7+ (7 + 1)ByK(X) (Exn cos 0/€)

(22)

The approximation to the integral follows from arguments made by
Barrett [2]. The derivative of this expression agrees with the inte-
grand in the energy region of interest to within 2%. The weights
as a function of X using the threshold energies of the detectors un-
der consideration can be seen in Fig. 1. The fact that the lines are
nearly on top of each other shows that the weight of the particular
atmospheric depth does not depend very much on the threshold en-
ergy. Recalling that M applies equally to K and 7 mesons and that
the total muon intensity is the sum of the contribution by K and
7 (Eq. (12)), the temperature induced change in muon intensity
can be written:

/ dxe (x) AT (23)

Al = / dXo™ (X
0 eff
Letting T be defined such that when T(X) = T, Al, =0 gives

Jo dXTX)am(X) + fo dXT(X)o" (X)
Jo an“ X) + [y dXok(X)

Tefr = (24)

Since the temperature is usually measured at discrete levels, the
integral is calculated numerically over the atmospheric levels AX,:

N
> AX,T(

> xn)(w,’f +W’,§)
eff =~ — .

(25)

éAX,,(WfHWﬁ)

Wikis W™ evaluated at Xy, 1/AL=1/Ay —1/Azk, Ay =120
g/cmz, » =160 g/cm? and Ax = 180 g/cm? [11].

With this definition of effective temperature, an effective tem-
perature coefficient, oy, can be defined:

or = é [ /O " dXor(X) + /0 " dXocK(X)} , (26)

where Iﬁ is the intensity for a given temperature T. Now that the
atmospheric temperature has been parametrized and or defined,
the relationship between atmospheric temperature fluctuations
and intensity variations can be written:

AI" /dX TX) _, Alen. (27)
Ter Tese

Note that the expression to calculate T in the pion scaling limit,
ignoring the kaon contribution is the same as the MACRO [3] calcu-
lation for effective temperature. This distribution reflects the dom-
inant atmospheric phenomena that produce muons visible to a
detector underground. High energy mesons produced at the top of
the atmosphere have the greatest influence on the seasonal varia-
tion because they are created where the density is lower, so they
have the highest probability to decay into muons. High energy me-
sons that are produced lower in the atmosphere have a greater
probability of interacting a second time, and thus greater probabil-
ity of producing muons that are not seen by an underground
detector.

4. Theoretical effective temperature coefficient

The theoretical prediction of ¢y for properly weighted atmo-
spheric temperature distribution can be written (Eq. (27)):

T ol,

aT:EW. (28)

Barrett [2] shows that for a muon spectrum such as Eq. (8), the the-
oretical oy can be written:
_ Ew 0l

or = IO DEs Y. (29)

The prediction for oy can be calculated using the intensity found in
Eq. (12) and a little algebra:
1 1/€% +Ag(Dr/Dk)*/ €0

oy = — T 30
"= Dx 1€l 1 AL(Dx/Dy) /€2 5o

where

Doy =L G0 31

W()_")H—l1.1EthcosejL : (31)
Note that this can be reduced to MACRO’s previously published
expression (o), [3], which was only valid for pion induced muons,
by setting Ay = 0 (no kaon contribution). This approximation can be
extended to a kaon-only temperature coefficient, (or), by setting
the pion term (first term in parentheses) in Eq. (12). The result is
an independent model of the temperature coefficient for each of
the meson species:

_ Y €k
(%) = 1/ {y +1 1.1E4 cos 0 1 (32)

To compare the experimental oy to the theoretical expectation, a
simple numerical integration using a Monte Carlo method was per-
formed. A muon energy and cos 0 were chosen out of the differential
muon intensity (Eq. (12)). A random azimuthal angle, ¢, was chosen
and combined with cosd. Column depth was calculated as
d = h/ cos 6, where h is the detector depth in mwe for standard rock
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Fig. 3. The theoretical (or(X)) (solid curve), the (xr(X)), (dashed curve), the
(a7 (X))g (dotted curve) for slant depths up to 4000 mwe. The MINOS data point is
from [5]. The cross-hatched regions indicate the sensitivity (separation between the
three models for a particular depth) that current underground detectors have to
measurements of (o (X)).

with flat overburden. The threshold surface energy required for a
muon to survive this column depth is found from the expression
for threshold energy (Eq. (11)). If the chosen E, was greater than
Ew, it was used in the calculation of the theoretical (o). This was
repeated for 10,000 successful muons with E, > Ey, at depths from
0 to 4000 mwe. The result of this calculation, along with the exper-
imental result from the MINOS experiment [5] can be seen in Fig. 3
as the solid line. This curve includes the “negative temperature
effect” (muon decay correction) term, & = (1/Ecos0)(m,c?H/
cTu)(y/y+1)In(1030/Aycos6) [2], which goes to zero for
E, > 50 GeV.

The kaon component of air showers that can be observed at
1400 mwe is about 10%, but the energy is too low for kaon-induced
muon production to be affected by changes in temperature. The re-
sult is the large gap between the pion-only curve and the K7 curve.
As the depth increases, the energy of sampled muons also in-
creases, which results in a greater contribution to «r by kaon-in-
duced muons. The asymptotic behavior of the theoretical oy
approaching one as primary energy increases is expected from
Eq. (28). At very high primary energies, the intensity is propor-
tional to the critical meson energy, which depends on temperature.
Thus, for an isothermal atmosphere, intensity will be directly pro-
portional to the temperature (the constant of proportionality, or,
will be one).

5. Method for measurement of atmospheric K/= ratio

The theoretical uncertainty of the atmospheric K/x ratio is of
order 40% [16]. There was not a measurement of this ratio with
cosmic rays until 2009, when it was made using MINOS-FD data
[5]. Previous measurements have been made at accelerators for
p+p collisions [17], Au+Au collisions [18], Pb+Pb collisions
[19,20].

The expression for the experimental or is written in Eq. (27).
The kaon influence causes an overall decrease in total oy, shown
in Section 4. Because the left hand side of Eq. (27) depends only
on counting rate, it can be broken into meson components:

ARG + AR, oy Aen
(RY) + (Ry) (Tefr)

(33)

which can be rewritten:

K K
(Tesr) (ARZ+AR#>_1 RY 34

arATes \ (R) (D) TRy

Recall that in the pion scaling limit, only pions are assumed to con-
tribute to the seasonal effect. From that, a model for pion-only and
kaon-only temperature coefficients were developed in Eq. (32).
Such a seasonal effect can be written:

ARTI.I(
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(RZ.1<> ( T)n.l( <Teff> ( )
The ratio of the muon counting rates R /RZ is equivalent to the ratio
of muons from kaons to muons from pions Nﬁ/N", which will be
written r,(K/7). Rearranging and inserting Eq. (35) for both kaons
and pions into Eq. (33) gives:

K
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ru(K/m) = . (or), + ("XT)K@ -1 (36)
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The value for r,(K/7) can be predicted by integrating Eq. (12):

K
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u
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The parameter A}, is defined as
_ _ p+1

Al = 0.635 x r(i/m) L= ") 1= () 41)
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where r(K/m) = gNL‘; [11] is the ratio of kaons to pions produced in
the primary cosmic ray interactions. Inserting Eq. (41) into Eq.
(38) and rearranging gives an expression for r(K/m) in terms of
ru(K/m):

1 (1-r)1
0.635(1-17) 1

_ (rn)}url
— ()"t

HK/T) = - x ru(K/T) (42)

G

The MINOS-FD [5] measurement is shown in Fig. 4, along with
STARS [18], NA49 [19,20] and ISR [17] accelerator measurements.

— T T
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Fig. 4. A compilation of selected measurements of r(K/m) for various primary
particle center of mass energies (1/5). The STARS value was from Au + Au collisions
at RHIC [18], the NA49 measurement was from Pb + Pb collisions at SPS [19,20], the
ISR measurement was from p + p collisions [17], and the MINOS value was from
cosmic ray primaries + atmospheric nuclei collisions [5]. The thick horizontal bars
near the bottom of the graph show the typical ranges of cosmic ray primary
energies for the collisions that produce muons observed by the underground
detectors indicated.
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The cross-hatched regions show the energy regimes to which the
underground detectors discussed in this paper are sensitive for
K/m ratio measurements using the method described. An OPERA
measurement would extend to the region an order of magnitude be-
yond the energy of current fixed target experiments. With a detec-
tor area roughly 1000 times the area of the MINOS-FD, IceCube
should have a cosmic ray muon rate of upon completion of con-
struction (Boreal Spring, 2011) of 1700 Hz [21]. Assuming a temper-
ature data set of comparable quality to the BADC ECMWEF data [22]
used by the MINOS-FD analysis [5], the statistical uncertainty in o
could be reduced to +0.001. Since the absorber material surround-
ing IceCube is ice instead of rock containing iron veins, the column
depth should be more well known. This could reduce the uncer-
tainty in the depth map, the dominant source of uncertainty in
(otr) ¢ by half. These factors taken together could reduce the uncer-
tainty in the measurement of r(K/m) by 16-30%.

6. Summary

A new method was developed to include the effect of kaons in
measurement of seasonal variations in underground muon inten-
sity. A temperature coefficient that accounts for the kaon contribu-
tion was described, and a kaon-inclusive model was defined. These
methods were applied to MINOS-FD data [5], and the new model fit
the data better than the pion-only model [3]. A formula was de-
scribed so that other underground experiments, OPERA, Super-K,
IceCube, Baksan and the MINOS ND could quickly apply this meth-
od to their data. Pion and kaon decay are affected differently by
temperature variations, and this difference suggested a method
to measure the atmospheric K /7 ratio. This method was developed
and a formula was offered for other underground experiments to
follow.
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