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Mo<va<on	  

•  The	  phenomenon	  of	  annual	  modula<on	  is	  believed	  to	  
be	  one	  of	  keys	  to	  direct	  dark	  maHer	  searches	  in	  favor	  
of	  WIMPs	  scenario.	  

•  DAMA	  and	  CoGeNT	  experiments	  observed	  the	  annual	  
modula<on	  which	  interpreted	  as	  dark	  maHer	  
signature.	  However,	  the	  source	  which	  caused	  the	  
annual	  modula<on	  in	  both	  is	  s<ll	  under	  inves<ga<on.	  

•  We	  have	  a	  liquid	  scin<lla<on	  detector	  running	  at	  
Soudan	  Mine	  (1.95	  km.w.e)	  for	  over	  3	  years.	  Clearly	  
annual	  modula<on	  paHerns	  are	  also	  observed	  for	  
muons.	  	  



Liquid	  Scin.lla.on	  Detector	  at	  Soudan	  
Detector Design 
•   1m long LS neutron detector 
filled with 12 liters LS EJ301. 
•   Internally covered with diffusive 
paint EJ520. 
•   2 Hamamtsu 5” PMTs(R4144) 
attached to the detector through 
Pyrex glass windows. 

•  Detector performance and 
measurement results please refer 

1)  NIMA 729(2013)138 
2)  PRD 90 (2014) 122003 
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Neutrons	  at	  Surface	  

4	  

•  Surface	  background	  data:	  19.16	  days.	  
•  Muon	  minimum	  ioniza<on	  peak	  is	  about	  ~20	  MeV	  
in	  terms	  the	  size	  of	  the	  detector.	  	  



Muon	  Modula<on	  (Evis>10MeV)	  

Bin	  size	  is	  about	  2	  months:	  	  
Modula<on	  Amplitude:	  (4.68	  ±	  1.35)%.	  
Phase	  t0:	  (Jun	  21	  ±	  21.3)	  days	  
Period	  T:	  (367.98	  ±	  14.32)	  days	  	  
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MINOS	  and	  CoGeNT	  

4

and March 6, 2011 inclusive. The radon monitor was
moved to different locations in the Soudan Underground
Laboratory and cross calibrated with other detectors run-
ning simultaneously. This demonstrated that the radon
level does not vary spatially in the laboratory to within
the resolution of the monitor. Thus the radon levels
measured in the MINOS cavern can be used to evalu-
ate whether the CoGeNT data are correlated with the
radon level in the Soudan cavern.
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FIG. 1: The residuals of the MINOS Far Detector muon rates,
radon levels and CoGeNT event rates as a function of time.
The MINOS muon and radon data have been scaled by factors
of 10 and one-half respectively to fit on the same graph and,
for this figure, use the same binning as the CoGeNT results.
The vertical dashed lines indicate the start of a new calendar
year. The arrow marks the date where a dark matter signal
is expected to peak.

The MINOS muon rate and radon level residuals,
and the CoGeNT event rate residuals, are plotted
as a function of time in Fig. 1. The CoGeNT event
rate residuals are calculated with respect to a mean
rate of 97.7 events/30 days. The MINOS muon rate
residuals are calculated with respect to a mean rate of
(0.4431 ± 0.0001)Hz. The MINOS radon level residuals
are calculated with respect to a mean level (11.94 ±
0.11) pCi/l. All three data sets possess clear modulation
signatures. In the following section we quantify any
potential correlations between these modulations.

III. MODULATION COMPARISONS

If the CoGeNT modulation is caused by either the
muon or radon backgrounds then it should modulate
with the same shape as those backgrounds. Therefore,
if the phase of the CoGeNT modulation is signifi-

cantly different than that of the MINOS muon or radon
data we can infer that they are likely not causally related.

The most common approach in the literature to
evaluating potential correlations, and discussed here in
Sec. III A, is to fit the data to Eq. (1) and compare
the phases and periods of the best fits. The CoGeNT
and DAMA/LIBRA modulations are a good fit to a
cosine function. This is the expected signature for an
isothermal dark matter halo. The true form of the
modulation may be more complex as it is dependent on
assumptions made regarding the velocity distribution of
the dark matter particles in the halo [39, 47]. The muon
modulation is not fit well by a cosine function [38, 39].
The muon and radon modulations are correlated with
atmospheric temperatures. Therefore, their modulations
are cyclical but not necessarily sinusoidal. Imposing
such constraints onto the data may bias the results of
the cosine based fit comparison. We address this concern
in Sections III B and III C by performing shape-free
data-to-data comparisons that allow us to evaluate the
phase differences and potential correlations regardless of
the underlying functional forms of the modulations.

A. Cosine χ2 Test

The nominal modulation parameters for the CoGeNT
and MINOS muon and radon data sets were determined
by performing a χ2 fit test of Eq. (1) to the data
described in Sec. II and shown in Fig. 1. The results of
these fits are given in Table I. The confidence limit con-
tours for the best fit phase and period are shown in Fig. 2.

Our fit to the CoGeNT data is in good agreement
with the published results [6] and disfavors the null
modulation hypothesis at 3.1σ. The significance with
which we exclude the null modulation hypothesis is
defined as the square root of the difference between
the χ2 value of the best fit point and that of the null
modulation hypothesis. This definition is different from
that used in the published CoGeNT analysis and gives
a slightly stronger exclusion. The small differences
between our best fit values to the CoGeNT data and the
published CoGeNT best fit values may be explained by
the assumption in our fits that the CoGeNT errors are
uncorrelated.

The two apparent occurrences of sudden stratospheric
warming events [48] in early 2010 and early 2011, which
temporarily increased the muon rate, drive the large
χ2 for the muon fit and cause the best fit period to
be significantly smaller than one year. If the complete
MINOS muon data set, August 2003 to April 2012,
is fit, minimizing the impact of short term fluctua-
tions, a period much closer to one year is obtained,
T=(364.5± 0.3) days, and the phase remains unchanged.

PRD	  87	  (2013)	  032005	  
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Comparison	  with	  Other	  Experiments	  

Note:	  the	  modula<on	  signals	  from	  CoGeNT	  and	  DAMA	  are	  not	  from	  direct	  Muons.	  	  
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Table 1

Site Soudan-A Soudan-B Soudan-C LNGS-A LNGS-B LNGS -C

Detector ours CoGeNT MINOS LVD Borexino DAMA

Eµ

thr

[GeV] 730 730 730 1833 1833 1833

I
µ

[10�4/m2/s] 16.5 16.5 3.31 3.41

Modul. Ampl. 4.68% 16.6% 1.37% 1.5% 1.3% 2%

Period (days) 368±14 347±29 317±3.2 367±15 366±3 365±7

Phase (days) Jun 21th ± 21 Apr 25th ± 12 Jul 6th ± 1.4 Jul 4th ± 15 Jun 28th ± 6 Jun 2th ± 7

Radon

mean(pCi/L) 14.0±0.1 12.0±0.1 12.0±0.1

Modul. Ampl. 47.0% 57.7% 57.7%

Period (days) 364.5±0.6 367.4±3.5 367.4±3.5

Phase (days) Aug 10±0.4 Aug 3±1.1 Aug 3 ±1.1
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Yearly	  Environmental	  Data	  	  at	  Soudan	  

NO	  obvious	  correla<on	  between	  Radon	  level	  and	  Temperature/Humidity.	  
Thanks	  Prisca,	  	  Anthony	  and	  Jeff	  (UMN)	  for	  providing	  those	  data.	  	  
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Summary	  
Ø Over	  three	  years	  of	  background	  data	  have	  been	  	  collected	  

at	  Soudan	  Mine.	  Clearly	  annual	  modula<on	  signals	  from	  
Muon(E>10MeV)	  are	  observed.	  	  

Ø  The	  modula<on	  phases	  of	  Muon	  is	  at	  Jun	  21st	  ±	  21.3	  days	  
with	  the	  period	  of	  367.98	  ±	  14.32	  days.	  

Ø  Secondary	  par<cle	  from	  muons	  should	  also	  have	  similar	  
modula<on	  paHerns	  but	  with	  different	  amplitude	  which	  
need	  further	  inves<ga<on.	  Muon	  veto	  +	  NaI	  array	  would	  be	  
help	  to	  tag	  these	  secondary	  par<cles	  with	  our	  current	  
detector.	  	  

Ø Radon	  has	  obvious	  modula<on	  paHern	  in	  the	  cavern.	  
Radon	  could	  impact	  large	  energy	  range	  from	  a	  few	  
MeV(alphas)	  down	  to	  keV	  (gamma	  or	  x-‐rays).	  This	  effect	  is	  
s<ll	  under	  study.	  	  	  	  

Ø  Implica<ons:	  Both	  Muon	  and	  Radon	  could	  affect	  low	  
energy	  rates	  which	  cause	  low	  energy	  varia<ons.	  	  	  
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