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We report the rate of cosmic ray air showers with multiplicities exceeding 15 muon tracks recorded
in the NOvA Far Detector between May 2016 and May 2018. The detector is located on the surface
under an overburden of 3.6 meters water equivalent. We observe a seasonal dependence in the rate of
multiple-muon showers, which varies in magnitude with multiplicity and zenith angle. During this
period, the effective atmospheric temperature and surface pressure ranged between 210 K to 230 K
and 940 mbar to 990 mbar, respectively; the shower rates are anti-correlated with the variation in
the effective temperature. The variations are about 30% larger for the highest multiplicities than
the lowest multiplicities and 20% larger for showers near the horizon than vertical showers.

I. INTRODUCTION

Several experiments have observed seasonality in the
rate of muons from cosmic ray air showers which depends
on the density profile of the earth’s atmosphere. As the
density changes, the relative numbers of pions and kaons
which interact or decay in the air showers change, al-
tering the observed rate of muons. During the summer
months, when temperature is high and the density is low-
est, meson decays are more probable, which leads to an
expected peak in the muon rates. This summer peak has
been confirmed by many experiments in single-muon air
showers [1–4] and is explained by existing models [5].

However, existing models fail to fully explain the ob-
servations of multiple-muon air showers. The DECOR [6]
and GRAPES [7] experiments have reported peak rates
of multiple-muon showers in the winter in detectors close
to the surface, opposite to expectations and observations
for single-muons. DECOR attributed its observation to
geometric effects arising from altitude differences in me-
son production. The MINOS experiment [8] observed a
winter peak in two underground detectors, with mini-
mum muon energies of 60 GeV and 700 GeV, and showed
that at a depth of at least 225 meters water equivalent
the effect from altitude differences suggested by DECOR

∗ Now at Oak Ridge National Laboratory

was too small to fully explain the observation. NOvA
also previously reported a peak rate in winter of multiple-
muon cosmic ray air showers using its Near Detector [9]
located at the same depth as one of the MINOS detectors
with a threshold energy of 60 GeV.

The NOvA Far Detector is located near the surface
where no seasonal variation is expected for low energy,
single-muon air showers [10]. However, the Far Detector
has a top surface area which is 15 times larger than the
Near Detector making it sensitive to much higher multi-
plicity showers.

In this paper, we report the observation of a winter
maximum of multiple-muon air showers using NOvA’s
Far Detector. The rate of multiple-muon air showers
is compared to the temperature and surface pressure of
the atmosphere above the detector site. We also show
how the strength of this observation varies with observed
muon multiplicity and arrival direction in a surface de-
tector for the first time.

II. THE NOVA FAR DETECTOR

The NOvA Far Detector is a 14 kt sampling calorime-
ter, 15.5 m× 15.5 m× 59.8 m in size, segmented into
4 cm× 6 cm× 15.5 cm channels. The channels are ar-
ranged into alternating horizontal and vertical planes.
The detector was designed to detect neutrino interac-
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FIG. 1. A multiple-muon air shower recorded in the NOvA detector. The top is a view of the event from above the detector
and the bottom is a view from the side. Each linear set of hits is one muon traversing the detector. The color corresponds to
how much energy was deposited in each detector cell in units of ADC counts shown in the bottom right histogram.

tions in the NuMI beam from Fermi National Accelerator
Laboratory [11]. It is located on the surface in Minnesota
near the U.S.-Canada Border at (48.4◦ N, 92.8◦ W). The
detector has been operating with more than 97% up-time
efficiency since 2014. This analysis samples 15% of the
total cosmic ray data set collected between May 2016 and
May 2018. The detector design and detection mechanism
are described in [12].

The detector is surrounded by an overburden to shield
the detector from cosmic ray photons and electrons. It
consists of 1.2 m of concrete and 15 cm of barite rock
giving a total of 3.6 meters water equivalent. Above the
horizon, this overburden adds an additional muon energy
threshold of 〈Ethr cos θ〉 ≈ 1.5 GeV, where θ is the zenith
angle, to reach the detector. On average, 10 billion cos-
mic ray muons traverse the detector each day.

Data from multiple-muon showers are recorded for
analysis [13] whenever the detector records total visi-
ble energy in excess of approximately 20 GeV of energy
deposited in a 50 µs readout distributed among at least
120 of the detector’s total of 343,968 channels. A typical
muon with θ = 30◦ traversing the center of the detector
will deposit around 2.5 GeV of visible energy.

III. ATMOSPHERIC AND MUON DATA

The signal of muon air shower events in the detector is
a large number of coincident, parallel tracks. Fig. 1 shows

the signal topology of a multiple-muon shower recorded
in the detector. Reconstruction of these showers begins
by isolating the time range containing the activity of in-
terest from other detector activity and suppressing iso-
lated detector hits which do not contribute to tracks. A
Hough transform determines the overall shower angle in
each view of the detector. These angles seed the con-
struction of individual muon tracks. These algorithms
produce a zenith angle, azimuthal angle, and multiplic-
ity assignment for each air shower. The reconstruction
was optimized and validated using air-shower simulations
based on COsmic Ray SImulations for KAscade (COR-
SIKA) [14] with a range of primary cosmic ray energies
in order to explore performance on showers with a va-
riety of multiplicities. The reconstructed multiplicity is
within ±1 of the true multiplicity in the detector for 70%
of showers and within ±4 for 95% of showers. The most
common reconstruction failure is due to muon tracks
that are nearly overlapping in space in one view and are
treated as a single track.

We apply a number of data selection requirements
to ensure uniform detector acceptance for air showers.
While it is possible for the NOvA detectors to operate
with only a subset of components active, we only analyze
data-taking periods when the detector was completely ac-
tive to ensure continuity of the muon tracks. Air showers
travelling nearly parallel to the detector planes (up-down,
east-west) are removed as the reconstruction cannot pro-
duce complete tracks for these orientations. Candidate
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FI G. 2. R e c o n s t r u c t e d q u a nti ti e s f o r all s h o w e r s u s e d i n t h e
a n al y si s. T o p: T h e m u o n m ul ti pli ci t y of ai r s h o w e r s r e c o r d e d
i n t h e N O v A d e t e c t o r. O nl y m ul ti pli ci ti e s of 1 5 o r m o r e a r e
c o n si d e r e d. B o t t o m: T h e c o si n e of t h e z e ni t h a n gl e s of ai r
s h o w e r s. S h o w e r s wi t h v e r ti c al z e ni t h a n gl e o r h o ri z o nt al
s h o w e r s f r o m t h e e a s t / w e s t a r e r e m o v e d f r o m t h e a n al y si s
d u e t o r e c o n s t r u c ti o n c h all e n g e s w hi c h s u p p r e s s e s t h e s h o w-
e r s a t hi g h c o s θ . I n b o t h p a n el s, t h e v e r ti c al li n e s d e n o t e t h e
bi n b o u n d a ri e s u s e d i n s e c ti o n V.

e v e nt s wit h v er y l ar g e e n er g y d e p o sit s p er hit li k el y c o n-
t ai n l ar g e h a dr o n s h o w er s fr o m t h e o v er b ur d e n. T h e s e
e v e nt s ar e eit h e r n ot a s s o ci at e d wit h air s h o w er s or hi n-
d er o ur a bilit y t o r e c o n str u ct t h e air s h o w er dir e cti o n or
m ulti pli cit y a n d ar e r e m o v e d fr o m t h e s a m pl e. S h o w-
e r s wit h a r e c o n str u ct e d m ulti pli cit y l e s s t h a n 1 5 ar e r e-
m o v e d t o a v oi d tri g g er i n e ffi ci e n ci e s at l o w m ulti pli citi e s
a n d t o e n s ur e a u nif or m e ffi ci e n c y o v er t h e a n al y si s s a m-
pl e. Fr o m a C O R SI K A si m ul ati o n, t h e t y pi c al pri m ar y
e n er g y t o m a k e 1 5 m u o n s i n t h e d et e ct or i s 3 0 Te V t o
1 0 0 Te V. T h e r e c o n str u ct e d m ulti pli cit y a n d z e nit h a n-
gl e of all s el e ct e d s h o w er s c a n b e s e e n i n Fi g. 2.

T h e li v eti m e u s e d t o c o m p ut e t h e s h o w er r at e s i s
r e c or d e d b y d at a a c q ui siti o n pr o c e s s e s, w hi c h m o nit or
t h e tri g g er d at a str e a m s. Fi g. 3 s h o w s t h e r at e of c o s mi c
r a y air s h o w er s f or t h e f ull a n al y si s p eri o d. T h e r at e s
r e a c h t h eir m a xi m u m v al u e s d uri n g t h e wi nt er m o nt h s.
I n t ot al, 7.6 4 × 1 0 6 m ulti pl e- m u o n s h o w er s wit h a n a v er-

a g e m ulti pli cit y of 2 8 ar e a n al y z e d. T h e s h o w er s h a v e a n
a v er a g e r at e of R µ = 1 .0 9 H z.

T h e m e a s ur e d r at e of m ulti pl e- m u o n s h o w er s will
b e c o m p ar e d t o at m o s p h eri c c o n diti o n s.  We u s e
at m o s p h eri c d at a pr o vi d e d b y t h e E ur o p e a n C e ntr e
f or M e di u m- R a n g e We at h er F or e c a st s ( E C M W F) [ 1 5].
T h e s e gl o b al d at a ar e pr o vi d e d f o ur ti m e s p er d a y wit h
a r e s ol uti o n of 0 .7 5 ◦ i n l atit u d e a n d l o n git u d e. I n t hi s
a n al y si s, w e a v er a g e t h e t e m p e r at ur e at t h e f o ur p oi nt s
n e ar e st t o t h e d et e ct or l o c ati o n t h at ar e cl o s e st i n ti m e
t o t h e air s h o w er.

T h e e ff e cti v e t e m p er at ur e of t h e at m o s p h er e a b o v e
t h e d et e ct or i s a w ei g ht e d a v er a g e of t h e t e m p er a-
t ur e r e c or d e d at pr e s s ur e l e v el s r a n gi n g fr o m 1 h P a t o
1 0 0 0 h P a o v er t h e d e pt h of t h e at m o s p h er e wit h hi g h er
w ei g ht gi v e n t o altit u d e s wit h m u o n pr o d u cti o n [ 5]. T hi s
m o d el i s o nl y v ali d f or m u o n s fr o m l e a di n g pi o n s a n d
k a o n s pr o d u c e d i n t h e pri m ar y i nt er a cti o n a n d i s a p pli-
c a bl e f or si n gl e- m u o n e v e nt s. H o w e v er, t hi s c o m p ut ati o n
a p pr o xi m at e s w h at t h e e ff e cti v e t e m p e r at ur e w o ul d b e
f or m ulti pl e- m u o n e v e nt s. T h e a v er a g e e ff e cti v e t e m p er-
at ur e f or t hi s a n al y si s i s T e ff = 2 2 3 K. T h e s urf a c e
pr e s s ur e d at a i s al s o r e p ort e d wit h a n a v er a g e v al u e of
P = 9 6 8 m b ar. Fi g. 3 s h o w s t h e v ari ati o n s i n t h e s e

q u a ntiti e s o v er t h e a n al y si s p eri o d.

I V.  S E A S O N A L E F F E C T S

Fi g. 3 s h o w s a cl e ar s e a s o n al v ari ati o n i n t h e r at e of
m ulti pl e- m u o n air s h o w er s wit h p e a k r at e s i n b ot h wi n-
t er s. We e m pl o y t w o m et h o d s t o q u a ntif y t h e si g ni fi c a n c e
of t h e s e p e a k s.

T h e fir st m et h o d c orr el at e s t h e at m o s p h eri c t e m p er-
at ur e a n d t h e m u o n r at e s. We c o m p ut e a t e m p er at ur e
c orr el ati o n c o e ffi ci e nt, α T [ 5]:

∆ R µ

R µ
= α T

∆ T e ff

T e ff
, ( 1)

w h er e ∆ R µ i s t h e di ff er e n c e fr o m t h e m e a n r at e of
m ulti pl e- m u o n s h o w e r s a n d si mil arl y f or t h e e ff e cti v e
t e m p er at ur e, T e ff . T hi s e ff e cti v e t e m p er at ur e m o d el h a s
b e e n s h o w n t o b e cl o s el y c orr el at e d wit h t h e r at e of
si n gl e- m u o n s h o w er s. T h e v al u e of α T i s d e p e n d e nt o n
t h e t hr e s h ol d e n er g y of d et e ct e d m u o n s a n d t h u s o n t h e
d e pt h of t h e d et e ct or. S urf a c e d et e ct or s ar e e x p e ct e d
t o e x hi bit n o t e m p er at ur e d e p e n d e n c e wit h α T ≈ 0 f or
si n gl e- m u o n s h o w er s. H o w e v er, t h e m o d el d o e s n ot a c c u-
r at el y e x pl ai n t h e d e v el o p m e nt of m ulti pl e- m u o n s h o w-
er s [ 1 0] w h er e m a n y c o m p eti n g e ff e ct s c o ntri b ut e t o t h e
o b s er v e d r at e. D e s pit e t hi s li mit ati o n, t h e m a g nit u d e of
α T still d e m o n str at e s a c orr el ati o n b et w e e n t e m p er at ur e
a n d o b s er v e d m ulti pl e- m u o n r at e. A p pl yi n g a li n e ar fit
t o t h e m ulti pl e- m u o n r at e s a s a f u n cti o n of t h e e ff e cti v e
t e m p er at ur e s fr o m Fi g. 3, r e s ult s i n a t e m p e r at ur e c or-
r el ati o n c o e ffi ci e nt of α T = − 1 .1 4 ± 0 .0 2.

T h e at m o s p h eri c pr e s s ur e at t h e s urf a c e c a n a ff e ct
t h e s ur vi v al pr o b a bilit y of l o w- e n er g y m u o n s a s t h e y a p-
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FI G. 3. D a t a r e c o r d e d a t t h e d e t e c t o r si t e o v e r ti m e. E a c h
p oi nt r e p r e s e nt s t h e a v e r a g e o v e r a w e e k of d a t a. T o p: T h e
r a t e of m ul ti pl e- m u o n ai r s h o w e r s wi t h a n a v e r a g e r a t e of
R µ = 1 .0 9 H z. T h e r e d c u r v e s h o w s a si n u s oi d al fi t t o t h e

d a t a. Mi d dl e: T h e e ff e c ti v e t e m p e r a t u r e wi t h a n a v e r a g e of
T e ff = 2 2 3 K. T h e e r r o r s a r e t o o s m all t o di s pl a y. B o t t o m:

T h e s u rf a c e p r e s s u r e wi t h a n a v e r a g e v al u e of P = 9 6 8 m b a r.
T h e e r r o r s a r e t o o s m all t o di s pl a y. N o cl e a r s e a s o n al t r e n d
i s o b s e r v e d i n t h e p r e s s u r e.

pr o a c h t h e d et e ct or a n d alt er t h e o b s er v e d r at e [ 1 6]. T h e
b ar o m etri c c o e ffi ci e nt, β , i s m e a s ur e d b y:

∆ R µ

R µ
= β ∆ P, ( 2)

w h er e ∆ P i s di ff er e n c e i n pr e s s ur e fr o m t h e m e a n. T h e
b ar o m etri c c o e ffi ci e nt h a s b e e n s h o w n t o a c c ur at el y r e-
l at e r at e s of si n gl e- m u o n s h o w er s t o t h e pr e s s ur e [ 2]. A
fit b et w e e n t h e m ulti pl e- m u o n r at e s a n d t h e s urf a c e pr e s-
s ur e s fr o m Fi g. 3, yi el d s a b ar o m etri c c orr el ati o n c o e ffi-
ci e nt of β = ( − 0 .0 8 ± 0 .0 1) % / m b ar.

T h e v al u e of α T i s st ati sti c all y di ff er e nt fr o m z er o
a n d n e g ati v e, a s e x p e ct e d f or a n a nti- c orr el ati o n b et w e e n
t e m p er at ur e a n d m ulti pl e- m u o n s h o w er r at e s. β i s al s o
n e g ati v e, w hi c h i s a s e x p e ct e d f or t h e si n gl e- m u o n c a s e
f or a s urf a c e d et e ct or [ 2]. H o w e v er, t h e r el ati o n s hi p b e-
t w e e n t h e pr e s s ur e a n d s h o w er r at e i s f o u n d t o b e n o n-
li n e ar, s u g g e sti n g a d diti o n al c orr e cti o n s ar e n e e d e d f or
m ulti pl e- m u o n s h o w er s. T h e m e a s ur e m e nt of α T w a s r e-
p e at e d aft er c orr e cti n g t h e o b s er v e d s h o w er r at e s f or t h e
c h a n g e s i n pr e s s ur e, b ut t h e di ff er e n c e i n t h e n e w v al u e
w a s n e gli gi bl e.
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FI G. 4. T h e p e r c e nt c h a n g e i n t h e m ul ti pl e- m u o n r a t e. T h e
t w o y e a r s of d a t a i s a v e r a g e d t o gi v e t h e r a t e a s a f u n c ti o n of
m o nt h of y e a r. T h e e r r o r s a r e t o o s m all t o di s pl a y.

T h e s e c o n d m et h o d u s e d t o q u a ntif y t h e si g ni fi c a n c e
of t h e s e a s o n al e ff e ct i s t h e a m plit u d e of a c o si n e fit t o
t h e d at a. T h e t e m p er at ur e of t h e at m o s p h er e i s n ot e x-
p e ct e d t o stri ctl y tr a c k a c o si n e a n d, t h u s, n eit h er d o e s
t h e o b s e r v e d r at e of e v e nt s. H o w e v er, t h e m o d ul ati o n s
ar e e x p e ct e d t o b e p eri o di c, wit h a p eri o d cl o s e t o, b ut
n ot e x a ctl y, o n e y e ar, wit h hi g h er t e m p er at ur e s i n t h e
s u m m er a n d c ol d er i n t h e wi nt er. T h e a m plit u d e of t h e
fit d e m o n str at e s t h e str e n gt h of t h e e ff e ct i n d e p e n d e ntl y
fr o m t h e u s e d m o d el. Fi g. 4 s h o w s t h e a v er a g e p er c e nt
c h a n g e i n t h e m ulti pl e- m u o n r at e a s a f u n cti o n of m o nt h
of t h e y e ar, w hi c h i s f o u n d t o b e m or e si n u s oi d al t h a n t h e
m or e fi n el y bi n n e d v er si o n. T h e f u n cti o n u s e d f or t h e fit
i n Fi g. 4 i s

f (t) = V 0 + V c o s
2 π

T
(t − φ ) , ( 3)

w h er e V 0 i s t h e f u n cti o n a v er a g e, V i s t h e r el ati v e c h a n g e,
T i s t h e p eri o d of m o d ul ati o n fi x e d at o n e y e ar, a n d
t h e p h a s e φ i s t h e ti m e of m a xi m u m. T h e b e st fit v al-
u e s ar e V 0 = 0 .0 0 ± 0 .0 1 %, V = 5 .8 6 ± 0 .0 5 %, a n d
φ = 0 .8 8 ± 0 .0 2 m o nt h s. T h e p h a s e i m pli e s a p e a k r at e
ar o u n d J a n u ar y 2 7. T h e v al u e of V gi v e s a q u alit ati v e
m e a s ur e m e nt f or h o w m u c h t h e m ulti pl e- m u o n s h o w er s
r at e v ari e s t hr o u g h o ut a n y gi v e n y e ar.

T h e m o d el s u s e d t o m e a s ur e t h e a b o v e q u a ntiti e s pr o-
vi d e i m p erf e ct d e s cri pti o n s of t h e r el ati o n s hi p b et w e e n
at m o s p h eri c c o n diti o n s a n d t h e r at e of m ulti pl e- m u o n air
s h o w er s. H o w e v er, w e c a n still c o n si d er h o w s y st e m ati-
c all y c h a n gi n g t h e d et e ct or o b s er v a bl e s a ff e ct s t h e m e a-
s ur e d q u a ntiti e s t o d et er mi n e if a s y st e m ati c e ff e ct c o ul d
gi v e ri s e t o t h e o b s er v e d v ari ati o n s. H er e, w e di s c u s s t h e
l ar g e st s u c h e ff e ct s.

T h e t e m p er at ur e a n d pr e s s ur e m e a s ur e m e nt s m a d e b y
t h e E C M W F h a v e a n a s s o ci at e d s y st e m ati c u n c ert ai nt y
of ± 0 .3 1 K a n d ± 1 m b ar, r e s p e cti v el y [ 3]. T h e s e u n c er-
t ai nti e s ar e t h e l ar g e st k n o w n s y st e m ati c u n c e rt ai nti e s i n
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t h e m e a s ur e m e nt a n d ar e alr e a d y i n cl u d e d i n t h e m e a-
s ur e m e nt of α T a n d β i n t h e fit s a b o v e.

T h e d et e ct or d at a a c q ui siti o n s y st e m writ e s d at a fil e s
i n p eri o d s of u p t o 2.5 mi n ut e s, d e p e n di n g o n t h e d at a
t ri g g er s o p er ati n g at t h e ti m e. T h e d et e ct or e v e nt s ar e
w ritt e n t o t h e fil e s i n t h e or d er t h e tri g g er i s s u e s v er-
di ct s, s o t h e d at a m a y a p p e ar o ut of or d er, a n d t h e fil e s
a r e cl o s e d w h e n t h e y r e a c h a fi x e d fil e si z e [ 1 3]. O c c a-
si o n all y, d at a at t h e e n d of o n e fil e a n d t h e st art of t h e
n e xt will b e mi s or d er e d. T h e li v eti m e i n s u c h c a s e s m a y
b e o v er e sti m at e d b y a s m u c h a s 1 s. S y st e m ati c all y i n-
c r e a si n g all li v eti m e s b y 1 s h a s l e s s t h a n 0. 5 % e ff e ct o n
t h e v al u e s of V a n d α T a n d 1. 5 % o n t h e v al u e of β .

T h e d et e ct or i s a r e ct a n g ul ar pri s m wit h l e n gt h a b o ut
f o ur ti m e s it s wi dt h a n d h ei g ht. S h o w er s dir e ct e d at t h e
t w o s m all er f a c e s of t h e d et e ct or will h a v e a s m all er vi s-
i bl e cr o s s s e cti o n of d et e ct or a n d will, t h u s, h a v e l o w er
m ulti pli citi e s. T o a c c o u nt f or t hi s g e o m etri c e ff e ct, s u c h
s h o w e r s h a v e b ot h t h eir m ulti pli citi e s a n d r at e s y st e m-
ati c all y i n cr e a s e d b y a f a ct or of f o ur. T h e v al u e s of α T

a n d V d e cr e a s e b y l e s s t h a n 0. 2 % a n d t h e v al u e of b et a
i n cr e a s e s b y o nl y 1 %. Si n c e t h e e ff e ct i s s m all, t hi s i s n ot
u s e d t o c orr e ct a n g ul ar e ff e ct s i n t h e d at a.

T h e d et e ct or el e ctr o ni c s ar e s e n siti v e t o t h e t e m p er a-
t ur e a n d h u mi dit y of t h e at m o s p h er e. A s a r e s ult, t h e
el e ctr o ni c s ar e n oi si er w h e n t h e o p er ati n g t e m p er at ur e
i s w ar m er, a n d u p t o 5 % m or e n oi s e hit s ar e o b s er v e d
i n t h e s u m m er m o nt h s. H o w e v er, n oi s e hit s h a v e m u c h
l o w er A D C c o u nt s t h a n t h o s e m a d e b y t h e si g n al m u o n
t r a c k s a n d w er e n ot f o u n d t o h a v e a n y i m p a ct o n t h e
r e c o n str u cti o n of m ulti pl e- m u o n e v e nt s.

N o n e of t h e c o n si d er e d e ff e ct s ar e l ar g e e n o u g h t o h a v e
a rti fi ci all y cr e at e d t h e o b s er v e d wi nt er m a xi m u m i n t h e
m ulti pl e- m u o n r at e. A d diti o n all y i n t h e f oll o wi n g s e c-
ti o n, t h e s e e ff e ct s c a n c el w h e n c o n si d eri n g t h e r el ati v e
m e a s ur e m e nt s b et w e e n t h e bi n s of m ulti pli cit y a n d t h e
bi n s of z e nit h a n gl e.

V.  M U L T I P L E - M U O N O B S E R V A B L E S

T h e t w o m et h o d s i n t h e pr e vi o u s s e cti o n d e m o n str at e
a cl e ar s e a s o n al v ari ati o n wit h a p e a k d uri n g t h e wi nt er.
A s i n t h e N e ar D et e ct or a n al y si s [ 9], w e o b s e r v e t h at
t h e str e n gt h of t hi s e ff e ct c h a n g e s u n d er di ff e r e nt s h o w er
o b s er v a bl e s t h at a ct a s a pr o x y f or t h e pri m ar y c o s mi c r a y
e n er g y. H er e w e e x a mi n e t h e c h a n g e s i n t h e str e n gt h of
t h e s e a s o n al e ff e ct wit h t h e m ulti pli cit y a n d z e nit h a n gl e
of t h e s h o w er. T h e m ulti pl e- m u o n s h o w er s ar e di vi d e d
i nt o fi v e s et s d e p e n di n g o n t h eir m ulti pli citi e s a n d z e nit h
a n gl e s, r e s p e cti v el y. T h e s e di vi si o n s, s h o w n i n Fi g. 2,
c o nt ai n n e arl y e q u al n u m b er s of s h o w er s.

Fi g. 5 s h o w s t h e m ulti pl e- m u o n d at a a n d si n u s oi d al
fit f or e a c h m ulti pli cit y bi n a s a f u n cti o n of m o nt h of
y e ar. T h e si n u s oi d al fit a m plit u d e, t e m p e r at ur e c o ef-
fi ci e nt, a n d b ar o m etri c c o e ffi ci e nt ar e m e a s ur e d wit hi n
e a c h m ulti pli cit y bi n a n d r e p ort e d i n T a bl e I. B ot h t h e
c o si n e fit a m plit u d e a n d t e m p er at ur e c o e ffi ci e nt d e m o n-
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FI G. 5. P e r c e nt v a ri a ti o n i n t h e m ul ti pl e- m u o n d a t a a n d a
c o si n e fi t f o r e a c h of t h e fi v e m ul ti pli ci t y bi n s. I n e a c h fi t,
t h e p e ri o d i s fi x e d a t o n e y e a r; all o t h e r p a r a m e t e r s a r e u n-
c h a n g e d.

T A B L E I. T h e m e a s u r e d v al u e of V , α T , a n d β f o r e a c h of
t h e 5 bi n s of m e a s u r e d m u o n m ul ti pli ci t y. T h e m e a n z e ni t h
a n gl e f o r a gi v e n m ul ti pli ci t y i s al s o s h o w n.

M ul t. M e a n c o s θ V ( % ) − α T − β ( % / m b a r )
1 5 – 1 9 0. 7 3 5 .1 1 ± 0 .1 0 0 .9 4 ± 0 .0 4 0 .0 6 4 ± 0 .0 0 9
2 0 – 2 3 0. 7 6 5 .6 8 ± 0 .1 2 1 .0 7 ± 0 .0 5 0 .0 9 1 ± 0 .0 1 1
2 4 – 2 9 0. 7 8 5 .9 2 ± 0 .1 2 1 .0 8 ± 0 .0 5 0 .0 7 3 ± 0 .0 1 1
3 0 – 3 8 0. 7 9 6 .3 6 ± 0 .1 2 1 .1 0 ± 0 .0 5 0 .0 6 6 ± 0 .0 1 1
3 9 – 1 0 0 0. 8 2 6 .7 3 ± 0 .1 3 1 .3 1 ± 0 .0 6 0 .0 5 4 ± 0 .0 1 2
1 5 – 1 0 0 0. 7 8 5 .8 6 ± 0 .0 5 1 .1 4 ± 0 .0 2 0 .0 7 7 ± 0 .0 0 5

str at e a str o n g er s e a s o n al d e p e n d e n c e at hi g h er m ulti-
pli citi e s.

We p erf or m a si mil ar a n al y si s f or e a c h z e nit h a n gl e bi n.
T h e r e s ult s ar e r e p ort e d i n T a bl e II. T h e bi n s of z e nit h
a n gl e n e ar e st t h e h ori z o n e x hi bit t h e str o n g e st s e a s o n al
e ff e ct. T h e t a bl e al s o s h o w s t h e a v er a g e m ulti pli cit y of
s h o w er s wit hi n e a c h bi n. T h e s h o w er s c o mi n g fr o m n e ar-
e st t h e h ori z o n al s o h a v e t h e l o w e st a v er a g e m ulti pli citi e s,
w hi c h w o ul d b e e x p e ct e d t o e x hi bit t h e w e a k e st s e a s o n al
v ari ati o n fr o m T a bl e I. We o b s er v e t h at t h e m o st v er-
ti c al s h o w er s wit h t h e hi g h e st m ulti pli citi e s e x hi bit t h e
w e a k e st s e a s o n al c h a n g e; t hi s i s o p p o sit e w h at o n e w o ul d
e x p e ct b a s e d s ol el y o n t h e m ulti pli citi e s.

V I.  S U M M A R Y

We o b s er v e d t h at t h e r at e of m ulti pl e- m u o n c o s mi c
r a y air s h o w er s i n a d et e ct or n e ar t h e s urf a c e pr e s e nt s a
s e a s o n al v ari ati o n wit h a p e a k r at e i n t h e wi nt er. A d di-
ti o n all y, w e s h o w e d t h at t hi s e ff e ct i s d e p e n d e nt o n t h e
pri m ar y c o s mi c r a y e n er g y b y l o o ki n g at t w o d et e ct or o b-
s er v a bl e s, t h e m ulti pli cit y a n d z e nit h a n gl e. A str o n g er
s e a s o n al e ff e ct i s s e e n f or air s h o w er s wit h hi g h er m ulti-
pli citi e s or z e nit h a n gl e s n e ar t h e h ori z o n. T h e a m plit u d e
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TABLE II. The measured value of V , αT, and β for each of
the 5 bins of zenith angle. The bins are sorted from vertical
to horizontal. The mean measured multiplicity of all showers
in each bin is also shown.

cos θ Mean Mult. V (%) −αT −β (%/mbar)
0.89–0.99 32.3 5.53 ± 0.11 0.95± 0.04 0.067± 0.010
0.83–0.89 29.0 5.70 ± 0.12 1.08± 0.05 0.095± 0.011
0.76–0.83 27.6 5.59 ± 0.12 1.01± 0.05 0.071± 0.011
0.66–0.76 26.4 5.96 ± 0.12 1.15± 0.05 0.065± 0.011
0.00–0.66 25.0 6.63 ± 0.12 1.24± 0.05 0.050± 0.011
0.00–0.99 27.7 5.86 ± 0.05 1.14± 0.02 0.077± 0.005

of the seasonal modulation grows by 30% from the low-
est multiplicities to the highest multiplicities and by 20%
from the most vertical to the most horizontal showers
considered.

For surface detectors where the threshold energy for
detection is low, the production altitude of muons in cos-
mic ray air showers is of the same magnitude as the muon
decay length. For example, a typical muon reaching the
surface begins with 5 GeV of energy at production and
will traverse on average 31.1 km before decaying. Muon
production occurs around 15 km to 20 km, with higher
altitudes in the summer months when the atmosphere is
expanded. Thus, the longer muon path length in sum-
mer months would give the produced muons a higher
chance to decay before reaching the surface and reduce
the number of observed muons. The effects of particle
decay on the seasonal rate of muons could be confirmed

using Monte Carlo simulation such as CORSIKA [14].
However, this effect is negligible in underground detec-
tors where the muon energies are at least ten times larger
and cannot explain all observations of seasonal variations
for multiple-muon showers.

An interesting continuation of this study will be the
inclusion of low multiplicity air showers from another de-
tector trigger. The two datasets could be combined to
see if there is a threshold where the seasonal behavior
for multiple-muons inverts as in underground detectors
or flattens as expected for single-muons. Additionally,
comparisons to Monte Carlo simulation could be used to
trace detector observables back to the primary cosmic
ray energy.
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