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Solar modulation & cycles

11-years quasi periodicity of Sun's activity
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https://en.wikipedia.org/wiki/Sun
https://en.wikipedia.org/wiki/Modern_Maximum
https://en.wikipedia.org/wiki/Sunspot

Forbush decrease

Reduction in the observed intensity of
galactic cosmic rays following a solar flare
with coronal mass ejection (CME).

The magnetic field within the solar wind
plasma deflecting some galactic cosmic rays
away from Earth.
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Geomagnetic rigidity cutoff

R = rigidity cutoff

1051 : neutron mo rs
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Pressure: negative correlation with low energy p

Time (Day—Month of 2009)
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Passage of a typhoon above a muon detector
® = & exp[B(p — po)] Nogaya, Japan, October 2009

[doi:10.3847/0004-637X/830/2/88]



Temperature: positive correlation with high energy p

high energy p produced by high energy it decay Effect

LOW TEMPERATURE i ) ]
due interplay between nt interaction and decay

Complex multi-particle system:
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dX i (E;) d;(E;) L i X E;
: :

[https://doi.org/10.1016/j.astropartphys.2009.12.006]

ionization and decay con be ignored for high
energy M: this simplifies the cascade equation
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https://doi.org/10.1016/j.astropartphys.2009.12.006

Temperature: effect @ underground laboratories

u flux @ OPERA, LNGS
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Temperature: negative correlation with low energy [

low energy u affected by decay and
ionization processes, longer path
imply a decrease of the flux,

transportation is more complex,
empirical method are more popular
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Temperature: effect @ ground based p telescopes

max in January (winter)
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M flux measured by ground-based GMDN, top: North

hemisphere, bottom: Southern hemisphere
[doi:10.3847/0004-637X/830/2/88]

For ground based detector
expected negative
correlation between T .. and
M flux

Linear coefficient a_have a
complex dependency on:

E, . altitude, geomagnetic
cutoff, latitude, ...

Data is needed to better
understand the effect
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Rigidity Cutoff 0.18GV



Study/minimization of systematics: rate drops

POLA1: 1 minute rate 15 days pro;.
]

£ ] Distribution is not symmetrical
B zz S y and the left tail deviates from a
i 1 normal distribution
.
o Outliers: drops in the measured
| rate (possibly due to efficiency
| loss @ high detector temperature)
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Study of systematics: comparison of different detectors
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Solar modulation: comparison with NM

Solar modulation clearly

1051 i POLAR |  Visible in both in NM and u
flux (POLA-R).
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Solar modulation: p production cutoff @ Ny-Alesund

Comparison with NM reduction

— suggests an effective cutoff for p:

7*1GV>>R.=0.18GV@ 79°N

expected a production cutoff since
a primary proton need to have an
higher energy to produce a 4
neutron monitor compared to neutron

Reduction of normalized rate

2 4 6 8 10 12 14 16
Rigidity cutoff [GV]
MIP p deposit ~ 2 GeV energy crossing the atmosphere
M can carry only a fraction (~ 0.3) of the primary proton

) production cutoff dominates over R, 18



Solar modulation: py reduction @ high R (YBJ)

M flux atvangBaJing (Tibet)

Rate [Hz]
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2019.5 2020 2020.5 2021 2021.5 2022 2022.5 2023 2023.5 2024

[http:/lybjnm.ihep.ac.cn/mu/] Timalvea]

R, dominates over production
> cutoff, reduction of p flux
comparable with NM

Reduction of normalized raté

Yan Ba Jing y detector is
located in Tibet (near equator)

R. =13 GV >>7 GV (prod. cut.)
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0.90 1

0.88
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Seasonal variation

Residuals/o
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Clear presence of annual periodicity,

expected from the effect of atmospheric

temperature variation, confirmed the

negative correlation for ground based

detector
t—t,
®(t) = Acos (27r ) + Bt+C
Amplitude[%] | Period [years| | to offset [days| | chi?/dof
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Hints for sub and bi-annual periodicities

. 3yr moving window Lomb-Scargle

periodogram suggests the
—)
= i
—)
0.6
—)
0.4

possible presence of:
-06 -04 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

starting time from 1 Jan 2020 [year]

o
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©
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- bi-annual modulation, possibly
connected to the atmospheric
Q B O [https://doi.org/10.1016/B978-0-12-382225-3.00232-2]

- quasi-periodic ~250 days and
~150 days modulation, similar

to ones suggested by other
studies inttps:/doi.org/10.3390/universe9090387]

o <
w =

o
N
normalized Lomb-Scargle Power

0.1

The exact nature could be both of solar or atmospheric origin. A deeper investigation of
these effects deserve additional experimental/analysis efforts to reduce systematic

uncertainties in the p flux measured by POLA-R detectors. ’1


https://doi.org/10.1016/B978-0-12-382225-3.00232-2
https://doi.org/10.3390/universe9090387

Excluding detector temperature

POLA4: DETECTOR TEMPERATURE
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effects

Temperature of the electronics influences the
efficiency of the detectors.

Detectors are maintained in a stable
environment, however a small seasonal
variation of detector temperature is expected.
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Correlation between T, .. and u rate: a.

A Rate [%]
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R= -0.81

far= —0.40 = 0.03[%/K]

ar= —0.44 £ 0.03[%/
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| Temperature influence on y ground based flux

is described by a. the correlation with the

TMSS’

Alll = (Ty\1ss ATI\ISS

XGRD
s = / dX T(X)
J0

X: slant depth, the amount of

w00tk materials crossed by the air

shower

T(X): atmospheric temperature
profile (data from ERADS)

[https://doi.org/10.1002/qj.3803]

the mass weighted temperature

850 hPa temperature and 500 hPa geopotential
ERAS hourly - 00:00 on 1 January 2023
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temperature (°C)


https://doi.org/10.1002/qj.3803

Comparison of a, @ Ny-Alesund and GMDN

0201 = ~%

@® GMDN

o

POLA

Global Muon Detector Network is a
collaboration of ground based u
detector.

Previous studies have suggested that

—0.35 la. | grows with the latitude
;= [doi:10.3847/0004-637X/830/2/88]
0407 E EFFECT CONFIRMED!
—40 —-20 0 20 40 60 30 Location Coord. | Alt. | R. ar [%/K] Riin
latitude [deg] [m] | [GV]
Nagoya 35.15°N | 77 | 11.5 | -0.257 & 0.002 | -0.96
. . (NGY-Japan) 136.97°E
Measurements at Ny-Alesund add information Kingston 130°S | 65 | 1.8 | -0.201 £ 0.003 | -0.83
(HBT-Australia) 147.29°E
on aT northeranSt IJ deteCtor' Sao Martinho da 29.44°S 488 9.3 -0.194 £+ 0.005 | -0.69
Serra (SMS-Brazil) | 53.81°W
. . Kuwait City 937°N | 19 | 13.8 | -0.273 £ 0.002 | -0.96
la;| @ Ny-Alesund is twice as large as that (K\;:‘Tf;;u;;t) e ’ ’
observed at middle latitude locations in the Ny-Alesund 78.92°N | 30 | 0.18 [ -0.410 £+ 0.020 [ -0.78
(POLA-R Svalbard) | 11.92°E

southern hemisphere.
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Prospect: investigation of the semi-annual seasonal

variation @ Piedicastello tunnels Attenuation @ Piedicastello tunnels
comparable to Mitsushiro ~ 250 mwe

< : External which suggested semi-annual
[e) " s " -
> 0F Fre CplERS Tonl modaulation (old data from 1986)
= - —®— Piedicastello Tunnels T T o R e i ?
g) C —@— Sardinia mines [8] ! I I I ! ! I ! ! | é’
L oL Soratte Bunker [3] > L Matsushiro | T S
= = —@— Felsenkeller Lab. [4] 3 ¥ A Y S I SRt g-
c - —— Attenuation model -:lf 1% =
= 1 §_ g " 6 rponths 47_>] §
g [ R A — ear...1 3
B T o 8
T 04k Yy &
= B 250 mwe o s lsabeale lasloalesl slonfacios] =
n —— Jan. Jul. Jan. Jul. Jan. Jul, -
Z L1 11 I 1 1 | 1 o S | I 1 1 1 1 | o [ | I 1981- - 1982 - gm 1933
0.01 10 100 ’ 1000 A simple scientific measurement

Depth from the top of the atmosphere [m.w.e.]  could be planned with a long run
using TIFPA p detector to investigate

this effect.
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Summary

Time dependence of the p flux measured @ Ny-Alesund with POLA-R detectors:

e Highest latitude (lowest R.) measurement of the p flux @ the ground

e Observation of enhanced solar modulation and Forbush due to the low R,

e Observation of the p flux seasonal dependence anti-correlated with atmospheric T & P

e Strong support to the suggested latitude dependence of the temperature effect coefficient

e Hints for bi-annual and sub-annual periodicities possibly related to solar/atmospheric effects

e New measurement proposal @ Doss Trento looking for a semi-annual periodicity of p flux
Talks and publications:

“Studio delle variazioni stagionali e pluriennali del flusso dei muoni atmosferici” 110° Congr. Naz. SIF, Bologna
“Measurement of the muon flux in the tunnels of Doss Trento hill” submitted to Nuclear Instruments and Method A
“Annual quasi-periodicity in muon rate observed by PolarquEEEst detectors at 79°N” submitted to Eur. Phys. J

Thank you
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Ongoing: Pseudoefficiency and systematic mitigation

/ /tl".H7 / Majority: 4And:

--------- at least % SiPM all SiPM fires
fires



Effect of pEfficiency correction

rate
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Majority vs 4And rate

Maj & 4And Rate EffCorr POLA3
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Time stability: changes in threshold?
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Time stability: long term reduction of pEfficiency
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Time stabil

ity: long term
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pEfficiency vs TimeOverTrashold
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pEfficiency vs TimeOverTrashold

Cho
.

Possible noisy populations present in all channels



Pair0 rate contaminations

Pair 0 — stat & eff corr ez

— stat & eff corr & cut1
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Search for a pEff reliability parameter
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Secondary neutron

high energy:

GB neutron spectrum
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Neutron Energy (MeV)

Outdoor: Fremont Pass, CO; Mount Washington, NH; Yorktown Heights,
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T,,ss from atmospheric temperature profile

MMP Method
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” fl ux at the g ro u n d MC short telescope efficiency (1000ev/Energy)
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Sun B field

2014 Jul 10

Earth B field

(yme?/GeV) - (v. /c)

Ty = 3.3 m
" (ld/e)- (B/T)
example: B~ 50 pT
E=1GeV
r =10 km
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Rate(Hz)

345

34—

w
i
o

Rate Majority vs Temperature

W i W, fL' Pl

W

"’W' ‘
M‘W \

h

P

Entries
Mean
Mean y
Std Dev

| Std Devy

P I v R e,

Rate_Tot_Maj

55
Temperature (°C)

390992
33.19

335
3.635
1.044

Rate(Hz)

4-AND Rate vs electronic box temperature

pseudoefficiency, detector temperature

hRateC

Entries 391303
M 33.19
. Mean y a4
- Std Dev 3.638
- Std Devy 1.049
e -
34— b W o SR )
E W%Q g 3‘; ™ 5 %
32—
30 } 5 M%&M WM
28—
26—
24—
4-AND NOT corrected
22
—— 4-AND corrected
20, | Ll il L Ll .
10 15 20 25 AC)
Temperature(A°C)

43



Barometric coefficient B = By explB(p — po))
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R and latitude
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