


Muons

e Discovered in 1936, the muon is a
heavier (~ 200 times) cousin of the
electron.

e It has a lifetime of 2.2 ys and
decays into an electron and
electron neutrino.

e Due to this long (relatively) lifetime,
it can reach the sea level before
decaying.

e Muons penetrate much further than
X-rays, and they are
nondestructive.




Cosmic muons

Muons are unstable particles and they are
continuously being created naturally when
charged particles from outer space enter our
atmosphere.

These muons appear at a rate of about one
muon per minute per cm? at sea level.




Disclaimer

Muography is a very broad topic.

| can only provide an overview of
my experience.
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Only 2+ years working on
instrumentation and DAQ for the
GRPC detector (Tomuvol / MIM) in
Clermont-Ferrand, France.




Muography targets

‘ Muon-_‘Radiography-at-LANL https://doi.org/10.1002/2015JB011969
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Challenges with muography

e Offsite experiments in remote
areas without infrastructure. (No
electricity, high speed internet)

e Long travel time to fix problems or
collect disk drives.

e Long (~ days to weeks) of stable
detector operation (nothing
disturbing the setup including

people or animals) T m

e High background rate
e Portability, transportation issues.

Figure 9: (Top left) Fake muon, e.g. a charged hadron. (Top right) Combinatorial background. (Bottom left)
Soft muon. (Bottom right) Backward muon. Background mitigation includes the use of lead to cause further
inelastic interactions (top left) or further elastic scattering (bottom left), strict selection on the quality of the
reconstructed track (top right), and usage of hit-level timing information (bottom right).

arxiv:1906.03934



Other ways of ‘looking’ inside a volcano

Vibrator Truck

(a) Sensitivity of a gravimetric measurement
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Data acquisition for Tomuvol
* Col de Ceyssat campaign 2015-2016: equivalent to 100 days of data Seﬁ=Sdet8detAgeom8i||um
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Tomuvol detector




Electronics and GRPC
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Where is Puy de dome?
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Transmission muograph Smm———
~ 250
g p y E E = )w'\f“m‘w
3 s §E™ WA SN -
£ ,5F 4-layer coincidence track rate 25 % . T -
8 of J2 & wop a
@ - o e e wa et e, = 2 -
% 1.5F . cis e e 458 .
8 - - = = - F
= - . oo oo a"n .,;n o oo o c®oa _:
§ 1§ Geo 2 o @ o go 51 -§ e Twions < izins 20|%'|b5|5 T Home T ioozie
5 05F . Hos § A
L 1, 3 Generation surface
21 1" 28 1 05 12 1212 19 12 26 12 0201 0901 1601 2301 a

Date 2013

Figure 7. Rates of “golden tracks” recorded with the TOMUVOL detector (black squares, in Hertz) and background tracks
(open red squares, in mHz). The rates are corrected for the acquisition dead time. During the runs before 28 November,
the detector working conditions (mainly high voltage applied on the GRPCs) were scanned in order to define an optimal
working point.
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Atmospheric muon flux simulation with CORSIKA

e The flux of ballistic muons (E > 100 GeV) does not vary significantly with the
direction. These are the horizontally travelling muons.
e This is good for transmission muography.
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Backward Monte Carlo muon transport

e A precise density measurement Classical MC
requires dedicated Monte-Carlo (MC) small acceptance
computations. This is inefficient since B _
in a classical MC one has to sample Initial Target Final

muons produced over the whole
atmosphere but going through a tiny

e 4 m2 :
=1m det(?ctlon plane. Estimates initial flux and weighted to
e Used to reject low energy muons that reproduce the primary muon flux at
scatter away a lot from their initial 1600 m
directions.

e BMC guarantees to sample only
useful events by starting from the
detector and going backwards to the
source.

arXiv:1705.05636 "



Observed muon flux through Puy de dome
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« Count the number of muons along line of sight
« Compute the transmitted flux (Averaged density).
« The observed rate is matched to the best density

hypothesis.
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2013, 2015 Preliminary Results
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