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Physics goal of EEE Project

Detect atmospheric showers of very high or extreme energy
by detecting secondary muons on ground

coming from very high energy primary cosmic rays




Atmospheric shower of very high or extreme energy
coming from a very high energy primary cosmic ray
producing a large number of muons on ground

Primary cosmic proton of 1017 eV
interacting at 15 km altitude = shower with 10° muons
on the city of Bologna
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How to achieve this goal?

By equipping a large number of ltalian High Schools each with
a large EEE telescope:

a very sophisticated particle tracking detector
with outstanding timing capabilities

- The EEE Project has a dual role:

* Education instrument for students
together with their tutors & teachers

» Scientific instrument for physicists
which involves students
in a forefront research experiment

't is indeed a physics experiment !
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The EEE Project

Since 2004 ...

Pilot project with 7 EEE telescopes

in High Schools

(Bari, Bologna, Cagliari, Catania, Frascati,
L'Aquila, Torino)

2> 1n 2018: 59 EEE telescopes
51 in High Schools
+ 8 in Research Labs

across an overall area of = 0.5 x 10¢ km?



51 telescopes in
High Schools

+ 2 telescopes at CERN
+ 6 telescopes in INFN Units

[Bologna (2), Catania, Genova,
Lecce, Pisa]

Total: 59 telescopes

Mostly distributed
in clusters over the whole
ltalian territory

(+ Geneva)
o . 2 gschool with telescop
? 2t 3 < school without tele§co
... 54 Italian High Schools &% ) : RIS
participating without ® Telescopes in operation in High Schools
telescopes ® Telescopes in operation in Research Labs

© High Schools without telescopes 7



The EEE Project

=

e ,v':,“ / /]

771 ] |
fri

/111

f1i

/1|

f “ ’

/ E

!

|\

‘l

Largest surface covered by a detector of
cosmic muons on ground so far

~ 0.5 x 10 km? = 10° of latitude/longitude

moreover with both tracking and timing

capabilities

Largest area of MRPC (Multigap Resistive Plate

Chamber) detectors built and operating so far
~ 200 m?

moreover not in Research Labs but in High

Schools :



Largest world Laboratories for Cosmic Ray studies

Pierre Auger Observatory SN ARLNIE

EEE Project

Loma Amarilla




EEE telescope with 3 MRPCs and relative system

Freon 98% / SFs 2%

Gas mixer

INFN CNAF

VME CRATE
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Cross section of double-stack MRPC
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ALICE-TOF @ CERN LHC
Multigap Resistive Plate Chamber (MRPC)

\

f 130 mm -
le——active area 70 mm ———|
honeycomb panel
flat cable connector (10 mm thick)
differential signal sent from
PCBwith
strip to interface card cathode pickup pads
external glass plates
0.55 mm thick
[ 7\~ |internal glass plates
= (0.4 mm thick)
P PCB with
‘qul_r anode pickup pads
\ ] Mylar film
250 micron thick
XX A ( )
— 5gas gaps
\ of 250 micron
PCB with
M5 nylon screw to hold cathode pickup pads
fishing-li
ng-ine spacer honeycomb panel
\ (10 mm thick)

connection to bring cathode signal
to central read-out PCB

I Silicon sealing compound |
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The EEE telescope

1 MRPC = 24 strips

- ~50 cm

MRPC chambers are built by

High School students at CERN
(starting from 2004)

and maintained by them under
the supervision of EEE researchers
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Main features of EEE MRPC

» The MRPCs developed for the EEE Project Pickup  Carbonayer
. | Cathode = -9 kV
are characterized by 6 gas gaps each, - L
300 pm thick, obtained by separating S o [
glass plates,1.1 mm thick, 80 x 160 cm? e — -~
in dimensions, by means of commercial ey
nylon fishing lines used as spacers wae 1|

> The outer glass plates are coated with resistive paint, and act as
high voltage electrodes, while the inner ones are left electrically

floating

» The gas mixture is C,H,F, (tetrafluoroethane, Freon) / SF,

(hexafluoride) mixed in 98 / 2 % proportions, flowing at a typical
rate of 2-3 I/h
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Main features of EEE MRPC

» Standard operating voltage ranges
around 18-20 kV, so that the
chambers operate in avalanche
saturated mode

> Signals are induced on 24 copper
strips (per chamber) glued on the two
vetronite plates placed on top and
bottom of the glass outer layers

» Signals are sent to Front End electronics
based on NINO-ASIC chips (as for the
CERN ALICE experiment), amplified,
discriminated and subsequently acquired by
means of multi hit TDCs »




Main features of EEE MRPC
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FEA ' ~ FEA
readout readout im
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| hVg
24 Cu readout strips 2.5cm x 180 cm HV +
X 9as out

> Since readout strips (180 cm along x, 2.5 cm with 0.7 cm pitch along y)
lie longitudinally on the chambers, one coordinate (x) of the muon
impact point is given by the difference of the signal arrival times at the
two strip extremities, while the other (y) is directly obtained from the
position of the fired strip
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EEE Project
MRPC construction

Pick-up Carbon layer
electrode




Construction at CERN during 2017-2018

2017 2018

20-27 February - Lampedusa » 11-16 February > Altamura (BA)
12-18 Mar.ch K .Genova = 23 Feb — 3 March = Carcare (SV)
23-29 April > Siena » 18-23 March & Roma

7-13 May - Torino +
21-27 May = Lodi 21-25 May - PolarQuEEEst

10-14 July - Lodi + (spare
MRPCs)
25-29 September - Cagliari
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| from Majorana Lyceum

in Lampedusa:
the southermost point of Italy




Main features of EEE MRPC

Since EEE stations operate in High Schools,
particular attention has been put on safety issues

» The gas mixture does not contain
any flammable component
(no isobutane, which is routinely
used with this kind of chambers)

> High voltage is provided by small
DC/DC converters of the EMCO-Q series,
providing an output voltage up to 10 kV
when powered with 0-5 V, packed in small boxes
and connected directly to the electrodes of the detector
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Eco-friendly gas mixture for gaseous
detectors: why?

Greenhouse effect potential (GWP) of as gas measured
with respect to to CO,

(GWP of CO, = 1)
« Gas mixtures with GWP > 150 have been banned by EU
* Present RPCs adopt mixtures with high GWP

EEE MRPCs use:
98% C,H,F, + 2% SF, => GWP = 1889



R1234ze tetrafluoropropane (C;H,F,) is the most promising
candidate to replace tetrafluoroethante (C,H,F,)

but the corresponding operating voltage is too high > 20 kV

1

0.4

' + R1234ze 100%
+ EEE nominal (R134a 98% + SI"6 2%)

efficiency/streamer fraction
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EEE has tested alternative promising mixtures
- R1234ze + CO,
- R1234ze + SF,

- high efficiency, low streamer probability

efficiency/streamer fraction

1
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Main features of EEE system

The DAQ system makes use of VME
standards and the DAQ program is
LabView based and runs on a PC

connected to the VME crate by means of
a CAEN USB-VME bridge

Each event acquired must be provided
with the relative time stamp; this is given
by a Global Positioning System (GPS)
VME module integrated in the system and
readout by the DAQ program

New card integrating trigger card, GPS
and GPS interface

Pressure and temperature sensors
recorded by DAQ

Independent gas control system -



The EEE telescope

1 MRPC = 24 strips

Acceptance
Q=1.6sr

3 MRPC planes with 24 strips each read
at both ends = 144 readout channels

* The trigger requires a hit signal on each end

of the 3 MRPCs within a =500 ns window
» Cosmic muons are tracked & reconstructed

MRPC Chambers are built by High
School students at CERN (starting
from 2004)

-~50 cm and maintained by them under
the supervision of EEE researchers

Differential angular acceptance of Telescope
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The EEE MRPC resolution
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The time resolution of the MRPC is & 250 % ps /112 ps.cm”
petter than 100 ps, allowing to § 200
reconstruct the position x along the 150

strip with a precision of 0.84 cm 100
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-1000 -500 0 500 1000
time difference (tyng1-teng2) [PS]
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The EEE MRPC resolution

> Strip width 2.5 cm
with 0.7 cm gap
- 3.2 cm pitch

» For each MRPC plane
average hit multiplicity
<Nhit> ~ 11

» Space resolution
for y coordinate
c=32/J12~0.92 cm
typical for segmented
detector readout
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Efficiency vs. noise

CH 41 Efficiency-Dark Rate
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Efficiency vs. muon rate
(3-MRPC coincidence rate)
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EEE telescopes installed \\ |
inside High Schools ==



. and real life / real time installation
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The computing and data infrastructure
to interconnect EEE telescopes

DATA##

Web browser EEE user
CNATF firewall

‘ Web proxy ‘ ‘ Bastion ‘
[ ] |

>
e S
i Y y
AN } ¢
= .
Ps é X
- o S
e © (2
@ school with telescope GPFS ‘ ‘ que
) school without telescopg — _— - —

=
() CERN and INFN sites o

The Extreme Energy Event (EEE) experiment is devoted to the search of high-
energy cosmic rays through a network of telescopes installed in over 50 High
Schools + Labs distributed throughout the ltalian territory.

One of the main goals of the project is to involve young students in a high-
level scientific enterprise.

Therefore the experiment is very peculiar and requires new solutions for the
data management.

Data are collected (all Schools - CNAF) and automatically reconstructed 2



The EEE Project Runs

CENIRO ot .

FERM itz

Extreme Energy Events Monitor

i
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| . | t
7 aprile g o] 23/08 story] 200 170 0
l I r ] gio 23 1101 304
-— " aprile ol 22/08/2015 istory] 480 420 B
023 1321 3j04
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. EEE monitor with information in real time
2018 Run-4 JUSt ended http://eee.centrofermi.it/monitor/ 31



https://www.cnaf.infn.it/eee/monitor/

Data transfers & all runs statistics

> Almost all telescopes (49) connected  » A btsync client is installed in each

to INFN CNAF and transferring data
using bittorent sync

> A CNAF front-end is dedicated
to receive all the data with a required
bandwidth of 300 kB/s

School (Win OS)
» 5-10 TB per year are expected

Total number of candidate tracks Vs months of data acqm5|t|on

» Overall statistics until now
including 5 data taking runs:
almost 70 billion cosmic rays

T . ——

*P|Iot run from 27 10-2014 to 14-11-2014
§F 11| Run-1from 02-03-2015 to 30-04-2015
11| Run-2from 06-11-2015 to 20-05-2016

i | Run-3 from 01-11-2016 to 30-06-2017 B
Run-4 from 02-10-2017 to 30-05-2018 B

——T —— —— T T

Number of tracks

T T T T T T
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Months of data acquisition
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Quasi online monitor

Extreme Energy Events Monitor

uUttime agglornamante: ore 03:42 - dom 28 glegne 2015 [by e3monitor]

ELOGBOOK delle SCUOLE ELOGBOOK dello SHIFTER Home Page EEE Download the Excel Sheet for the Shifter's Report

EEE Monitor
HH Nome dellimo | Numero sl logboc Fie nascao.[giornaliers

delle Scuole dal DQM
T MM e AT 0w, ADSmE S0 a0 a0 ama
mamen B anes MO el mbees  eeemn ey @ 7o oamo
sooe WM oey  SOOCUOE I, SaOgE NS w0 o sowd
soows WNZ gae FOlOmIE 0 el s TS 0 mo  sows
Booes NI o SOOSHOE 26 ool 36 wo
ccn $NX ms POUAE M e e

giugno

Daily summary (trending infos
available for analyse

EEE DQM summary reg

Rate [Hz]

CAGL-01 2015-06-27-2015-06-28  EEE [yt CAGLO1 2015.06-27-20150628 EEE BiSmnaten: 1630L0-04-2015-06-28-00004 EEE DSl BOLO-04-201506-28-00004 EEE St
T T T T T T — ™ —_— N = T T T T 3 T T T T
22 Avlerage rate of events [Hz] ! 1 O 35 " indoor temperatur‘e (] 7 g 5 £ E E= r 1
] F <. o0F 3 1
20k — Rate of events with hits [Hz] E %‘ I — Outdoor temperature [ C] —1035 =, o 905 '\',' ARSRAeheRinsachinahinchinchAneRaRie ca oG
— Rate of events with x? < 10.0 [Hz] {1 5 [ — Pressure [hPa] n 1030 e g 80 %L L ]
i1 ® 30 i 2 v E < 08|
18| - e F a o T0E = L N
T 8 | oz £ 5 eof 2 .l ]
16 3 E [ 1 o £ E 2 osb 3
i1 @ o5 —1020 S 5o § -or ]
B C Bl %) E L ]
14 7 [ —{1015 S 40F < odf ]
] F E > o eeotte oo etet o e e o e O 04 ]
12 3 201 —1010 s % s ]
] r ] 20F- =1 r .
10 F —1005 g g 02r ]
] 15 E g 10F o f ]
. E . —1000 E I ok ! -
L L - J L L L - 27/06/15 27/06/15 27/06/15 27/06/15
27/06/15 27/06/15 28/06/15 27/06/15 27/06/15 28/06/15 23:20:00 23:30:00 23:20:00 23:30:00
02:00:00 14:00:00 02:00:00 02:00:00 14:00:00 02:00:00
IAR
- DST file path: /home/analisi/eeetmp/BOLO-04-2015-06-28-00004_dst.root
. Station: CAGL-01 - Unique run identifier: 8310000004
- Time period: 2015-06-27--2015-06-28 - Smallest event timestamp: 267837347.038 s UTC
- Number of runs processed: 46 - Largest event timestamp: 267838712.109 s UTC 34
- Total number of events: 2099422



MRPC hits

TOP Hits profile plot
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EEE Telescopes: Performance

"The Extreme Energy Events experiment: an overview of the
telescopes performance", EEE Collaboration, submitteted to JINST,
arXiv:1805.04177v1 [physics.ins-det] 10 May 2018

Statistics from the four coordinated runs. The number of active telescopes in Pilot Run, Run 1, Run 2 and
Run 3, is respectively 15, 28, 38 and 46. The purity is calculated as candidate tracks/triggers.

Pilot Run Run 1 Run 2 Run 3
starting date | 27/10/2014 | 27/02/2015 | 07/11/2015 | 01/11/2016
ending date | 14/11/2014 | 30/04/2015 | 20/05/2016 | 31/05/2017

number of days 19 63 196 212
tracks/day (M) ~ 27 ~ 53 ~ 69 ~ 85
purity (%) 75 84 83 80

(purity defined with ¥2? < 5 econstructed tracks)

Performance study with a sample of 8 billion tracks

over 31 billion tracks collected in Run-2 and Run-3 .



v2 distribution for track reconstruction
in a typical EEE telescope

TORI-03
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TOF resolution

x10°

— TORI-03 (RUN 2)

At distribution for one of
the EEE telescopes (TORI-
03), showing the gaussian fit
and the time resolution
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Time resolution measured with data
taken in Run 3, for 33 telescopes:

the average time resolution is given
by the gaussian fit and is o, = 238 ps
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Spatial resolution with 46 EEE telescopes

14
g transverse spatial resolution o, o
oL | S e
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(0.92 cm expected)
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Spatial resolution with 46 EEE telescopes

= ~ longitudinal tial lution o _
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Efficiency

Efficiency in the middle MRPC
with 9 EEE telescopes

- E'l Extreme
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Cosmic rays flux and EEE

Equivalent c.m. energy Vs, (GeV)
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EEE telescopes
collect secondary
muons coming from
primary cosmic rays
of over 10" eV

Coincidences
between telescopes
allow to select
primary energies
above 10> eV
(thousands of TeV)
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Galactic Cosmic Ray Decrease (GCRD)

Among the non-periodic intensity variations, rapid
decreases of the galactic cosmic-ray (GCR) flux due to
solar activity (the so-called Forbush decreases) are the
most common and the most interesting

GCRD events consist of
an impressive transient change
in the cosmic-ray intensity

They are characterized by a rapid
(a few hours) intensity reduction,
followed by a slow recovery

in a few days time range

Such strong variations are probably related to solar
flares and the associated geomagnetic disturbances
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Solar flares & cosmic rays

DO/AIA 304 2011-02-15 00:08:45 UT

It was a solar flare of category X2 followed by an
important Coronary Mass Emission (CME)

This kind of flares are constantly monitored since
they can have relevant consequences on Eartth

Flare recorded by the
Solar Dynamics
Observatory (SDO)
on the night of

14-15 February 2011
(Valentine's day)

Approx. size of Earth = &




Galactic Cosmic Ray Decrease (GCRD)

Eur. Phys. J. Plus (2011) 126: 61
Observation of the February 2011 Forbush decrease by the EEE telescopes

S — oLy The 2011 Valentine’s Day

S ° e solar flare observed as

2 GCRD event

g 2 by 2 EEE telescopes
o5y (Altamura, Catania)
20
4__ First High Schools ever to

- observe a cosmic-ray flux
ot decrease associated with a
Tslo2 16/02 17/02 1aloz 1902 30/03 2102 32107 3302 34I02 solar flare !!!
Time

> Observed in the muon channel (rather rare)

> First in the world published !!!

» Data quality comparable to that of professional observatories

such as the Oulou (Finland) detector of the Neutron Monitor Network




Galactic Cosmic Ray Decrease (GCRD)

Eur. Phys. J. Plus (2013) 128: 62

The EEE experiment project: status and first physics results

In March 2012 a GCRD event
observed by the Oulou (Finland)
and Rome detectors of the
Neutron Monitor Network

was also observed for the first
time by 5 EEE telescopes:
Altamura, Bologna (3), Catania
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Galactic Cosmic Ray (GCR)
flux variation due to
solar activity

Variation (%]

Variation [%)]

Variation [%)

Variation [%]
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The European Physical Journal

Fig. 5. The March 2012 GCR decrease, as observed by (a) the Oulu and Rome detectors of the Neutron Monitor Network
and by (b) the Altamura, (c) Catania, and (d) Bologna EEE telescopes. For an easier comparison, the EEE measurements are

superimposed to the Rome data.

Unprecedented with muons in High Schools

volume 128 - number 6 - june - 2013

© ——
© m——
© m——
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Being up h24

The 2016 new year GCRD: at 24.00 of 31/12/2015
the EEE telescopes — inside Schools — were up and
running!

GCRD 2015-12-31: EEE-OULU fluxs E E Extreme Energy Events

a Scienza nelle Scuocle

i‘** (Y
Mww

h‘ preliminary

% flux variation
4]

EEE: ALTA-01 + SAVO-01 + TORI-04

OULU neutron mon.

28112 30M2 3H2 i 0241 0301 o401 0501 0604 OFRO4 OEMOM1 0301 10001 14004
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Being up h24

The 2016 new year GCRD: at 24.00 of 31/12/2015

the EEE telescopes — inside Schools — were up and
running!

GCRD 2015-12-31: EEE-OULU fluxs EE Extreme Energy Events

a Scienza nelle Scuocle

t | A »
New results on very recent GCRD of 16/7/2017

riation

Very intense (7% decrease) as seen by Oulou neutron monitor
Try observation with single EEE telescopes and with coincidences of
nearby EEE telescopes to look at two different energy ranges

WORK IN PROGRESS

r' L L. Ll ud LI N B W WA LS R Wy
-6
OULU neutron mon
IIIIIIIIIIIIIII|IIIIIII IIIIIII|IIIIIII|III LLillll

28112 30M2 2H2 o1 021 0301 04501 0501 06041 OTO4 OBADY O3S0M

1001 11/01



Upgoing events

: | A.Volta. TOF vs. length | TOF_vs_Length
Few upgoing events are — 10 M Entries 8095473
observed (1/2000) in EEE £ 2w e o=

L =

telescopes S o
The nature of such events
is under investigation
A fraction of them can be
clearly identified as )

H - - I:I.l 2 4 A 4 l.l A 4 4 -l - A4 4 4 l 1 4 I-I l 40 4 1 l ' [ —
electrons coming from . R R AT
muon decays (in the floor track length (cm)
under the telescope) , FﬁAsp2-2014-1osooome_dst.root [19285900018-,“20129] | ’
looking at their time " opa ] | . o ;
correlation with previous | ‘ | st \ e

'e )' ' /,
events (~ 2 ps) 'S "~ Downward j1 @ = 1.44 o) \ ;
i \\ -054cm , ,l \ 1,07 om )
* $.02cm . \‘ +2.13¢cm
,“ Upward e (d = 6.67 cm) \ '
, TDP =2.71ps L)
\\ ' 40.27 cm \ Llo.sa cm
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Muon decay in EEE telescopes

previous

7

1111

Muon decay

+v

= - +
B* e Vo + V.

1079 02 04 06 08 1

previous

[

10?

R B o

12 14 16 1.8 2
B

Distribution of the delay (TDP)
between upward track and
previous downward (parent) track
vs. P of previous track

!

Muon
backscattering

Telescope rate: 42 Hz
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High energy events

Density of Measure coincidences between distant telescopes

secondaries . .

at sea level > Increasing the distance between telescopes, the energy
of the shower and of the primary observed increases as

E=10"eV 4 well

» The flux of muons on ground depends not only on the
energy but also on the |ateral profile of the shower
eoozey ¥ - many days/months of operation needed
for very large distances between (2) telescopes

x10° Mean Energy vs Distance

17

E=1013eV ’
165F ”‘,.¢-0_‘|
SAVO TR
o 18f - - = 5 events/day
T ¢ |caGgL ,*°
E=10% eV * 2 » 20 events/day
g 15F =
145+
E=10%eV ‘ 15 . . . .
) 10 eV 9 1'40 500 1000 1500 2000 2500 3000
Distance (m) 53

Corsika MC simulations



Reconstruction
of the primary cosmic ray direction

EEE telescopes allow to
The correction is: . .
At = cos(Adg- ) ALy sinS / ¢ reconstruct the direction of the
shower secondaries, i.e. of the
shower axis

Such a feature allows to correct,
event by event, the time delay
between two telescopes
because of the propagation of
the wave front of the shower

This is very important when
looking at coincidences at very
large distances since above
1 km the time delay may be of
the order of few microseconds
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As from 2014

— with more statistics via coordinated data taking Runs
— taking advantage of the tracking capablity of the telescopes

to select different impact angles and to apply angular & time
corrections

- the search for
coincidence
events from

near and distant

telescopes is
successfully
ongoing




counts/(10 ns)

counts/(100 ns)

2-telescope coincidences

L. Extreme Energy Events
Coincidences at CERN E E ELa Scienza nelle Scuole
14000/— Telescopes distance = 15 m A preliminary
I Days analyzed = 56 Run-1
12000 —
10000~
8000
6000—
- 15 m
4000 —
2000 }
L - | 1
~1000 ~500 0 500 1000
At (ns)
. . Extreme Energy Events
Coincidences at L'Aqulla E E ELa Scienza nelle Scuole
80001~ Telescopes distance = 205 m  § preliminary
| Days analyzed = 118 Run-1 + Run-2
2500 — ﬁ
2000—
1500

o
1 1
-10000 -5000 0

L. Extreme Energy Events
Coincidences at Bologna B Sz note soole

P ~ Telescopes distance = 96 m preliminary
8 4500 — Days analyzed = 137 Run-1 + Run-2
- L
=
B 4000—
c
S L
8 35001
3000 —
N 76 m
2000 —
15

00 I i L
—-10000 5000 10000

At (ns)
Single-track coincidences between
2 telescopes were well reconstructed for
several distances between telescopes

The relative angle between 2 tracks was
required to be < 30° (= 10-15° on
average)

The width of the reconstructed peak is
usually of the order of 200-250 ns (CERN
and Bologna cases differ because of
particular GPS setups) 2



counts/(200 ns)

counts/(100 ns)

200

2-telescope coincidences

Coincidences at Grosseto

E E EExtreme Energy Events
La Scienza nelle Scuole

[ Telescopes distance =418 m preliminary
180 Days analyzed = 10 Run-2
160
140
120
100
80
60
-10000 —5000 0 ' 5000 ' 10000
At (ns)
. . Extreme Energy Events
Coincidences at Frascati EE ELa Scienza nelle Scuole
1500 —
Telescopes distance = 627 m preliminary
| Days analyzed = 69 Run-2
1400 (—
N 67/ m
1200

O)
A ) LA K Ko i | ol Lo Lkl Lyl
s P o BT, o, g R T I T Y
1100 (T PN §TRY I'I AL it AL il TNEN I
oLy | o Fes! .' LY
[} ] | [o]
1000 —
L | L | L | L
-10000 -5000 0 5000 10000

Coincidences at Cagliari

E E EExtreme Energy Events
La Scienza nelle Scuole

— 1600 —
2 | Telescopes distance = 520 m preliminary
S 1500 Days analyzed = 263 Run-0 + Run-1 + Run-2
-
= L
£ 1400—
AN 520

1200 —

11004

1000

9 I | I | L | I

"Mooo -5000 0 5000 10000

At (ns)

The width of the reconstructed peak is
usually of the order of 200-250 ns

(CERN and Bologna cases differ
because of particular GPS setups)

The correction event by event of the
time delay between two telescopes
(because of the propagation of the
wave front of the shower) significantly
improves the S/B ratio
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counts/(400 ns)

counts/(125 ns)

7800

7600

7400

7200

5100

5000

4900

4800

4700

2-telescope coincidences

Coincidences at Torino

E E EExtreme Energy Events
La Scienza nelle Scuole

— Telescopes distance = 1076 m
[ Days analyzed = 138

preliminary
Run-2

Coincidences at Savona

E E EExtreme Energy Events
La Scienza nelle Scuole

I Telescopes distance = 1180 m
— Days analyzed = 339

oo

e =¥,
Hi==
o,

preliminary
Run-0 + Run-1 + Run-2

For the first time coincidences were
observed between two telescopes
installed in High Schools at a distance
greater than 1 km

(significance S/\(S+B) = 5.1)

The statistics used here includes also

the data acquired in the Pilot run of
2014
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2-telescope coincidences
Preliminary results from Run-2 and Run-3 (2016-2017)

Extreme Energy Events
Coincidences at BOlOgna E E ELa Scienza nelle Scuole
~— 1600 .
2 | Telescopes distance = 1500 m preliminary
8 1550/ 2 INFN tel. vs Liceo Galvani Run-2 + Run-3
< o
2 1500
s L
8 1m0 - In —
1400 = =
T 0
1350— T -
1300/ 1500 m
J \ . | J \ \
123%000 -5000 0 5000 10000

At (ns)

- One of the goals for the near future is
to extend such measurements to larger
distances (up to 2 or more km) and to
extend the study to telescopes located
in different cities to look for exotic
(“unexpected”) high energy events

dn
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3-telescope coincidences

Liceo Scientifico “G. Ferraris”

Liceo Scientifico “A. Volta”

Liceo Classico “M. D'Aze

Coincidence studies will be
extended also to the case
of 3 telescopes

Advantages

* The energy of the primary
is expected to be higher
 Background from
accidental combinations is
strongly suppressed

Disadvantages

* The rate expected is much
lower than in the

glio” 2-telescope case
- more data taking

needed
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Multi-track events

Average energy (Corsika, 220 days)
x10° Slngle telescope

<E> (GeV)
3
3

5000
4000:
3000/

2000:

1000

0:|| | | Lovoalinn] | |

0 1 2 3 4 5 6 7 8
Preliminary simulation of Corsika Niracks
MC showers using EEE telescope 10° GeV < Ejjinay < 107 GeV

geometry (10" eV < Ejimay < 10 eV) ¢,



Long distance shower correlations

An ambitious goal is to use the EEE
experiment to search for cosmic ray
correlations at large distances

(from 10 km up to thousand km)
taking advantage of the EEE
configuration to provide maximum
detection sensitivity

140

53 EEE telescopes

120

100

II|III|III|III|II

Number of pairs

400 600 800 1000 1200
Distance between EEE telescopes (km)

EEE typical distances between
2 telescopes

The observation of such large-distance
correlations between detectors separated
by distances much larger than the
extension of the highest energy
atmospheric shower is a powerful tool to
search for “anomalies” ...

Primary cosmic ray

Secondary
cosmic rays

Nuclear fragmentation via photodisintegration
(Gerasimova-Zatsepin effect)
is one possibility ... but not only 62



Long distance shower correlations

Primaries
production

Primary

100 km

& Single Telescope

# Cluster Site

Cluster A Cluster B



Long distance shower correlations

10 EEE clusters active in Run-1 & Run-2
- 45 possible cluster pairs

Single cluster signal:

* telescope-pair coincidence within 1 ps
(average telescope time as cluster time)

« 0, < 40° for the two tracks

Single cluster rate:
103 -102Hz i.e. 10- 100/day

- Consider 2-cluster coincidences

within a certain time window

- Distances from 86 km to 1200 km &

& Single Telescope
- 15 billion tracks

# Cluster Site

- 96 observed events
against 77.8 of estimated background



Long distance shower correlations

The most
significant
candidate events
observed within a
time window
compatible with
the distance
between the sites

[72] 103 E & . .
Q" E R "Search for long distance correlations
= [ - . .
202k BOLO - CAGL * between extensive air showers detected by
o— = .
2 E Q,l“" the EEE network", EEE Collaboration, Eur.
e F &
O 4oL i Phys. J. Plus (2018) 133: 3
1 - -
- Number of coincidence events vs.
decreasing time window
1072
Lol Ll | Ll Lol Lol
107 10°° 107 10 L 1
0 0 0 0 Time Window (s)O
Event EEE pairs Distance |t1 — to| Vrel Expected events p-value UTC time
(km) (ps) (deg)

(A) BOLO-CAGL 614 86 271 0.0069 +0.0002  0.007 26.11.2015 19h 07’ 16"

(B) BOLO-LAQU 290 740 9.1 0.014 =+ 0.001 0.014 95.03.2016 18h 31’ 05"

(Q) CATA-TORI 1040 88 9.2 0.0265 4+ 0.0005  0.026 09.01.2016 06 h 42’ 15"

(D) GROS-TORI 377 297 144  0.032+0.001 0.031 04.06.2016 02h 31’ 08"

(E) CERN-CATA 1200 248 9.3 0.049 + 0.001 0.048 15.02.2016 01 h 28" 297

(F) CAGL-CERN 817 690 8.7 0.073 & 0.002 0.070 26.02.2016 09 h 21" 58"

(G) CERN-SAVO 285 99 6.1 0.108 £ 0.001 0.102 24.11.2015 12h 35" 47"

(H) CAGL-SAVO 566 99 19.9  0.115 =+ 0.001 0.109 08.04.2015 00 h 02’ 50"

(1) BOLO-CERN 450 73 194 0.1194+0.0001  0.112 03.05.2016 06 h 46’ 35"

(L) LAQU-SAVO 453 760 10.9 0.142 + 0.003 0.132 13.12.2015 21 h 43’ 00”

5 candidate events with a p-value < 0.05
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Long distance shower correlations

FOR RARE EVENTS —» NEGLIGIBLE BACKGROUND NEEDED

Possible analysis strategies:

« Correlations between pairs of telescope clusters

v" Low spurious coincidence rate between clusters (~ 10~ Hz )
X  Few sites with a cluster of telescopes (only 10)

« Correlations between pairs of multi-track (single) telescopes

v" High number of telescopes combinations (higher statistics)
v" More different distances covered

X Higher spurious coincidence rate between telescopes (~ 10° Hz)
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Long distance shower correlations

Correlations between pairs of multi-track telescopes

With 50 telescopes

50 > 1200 combinations

|IIII|II

40

No. of telescope pairs

400 600 800 1000 1200
Distance between EEE telescopes (km)
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Long distance shower correlations

Correlations between multi-track telescopes

Selection of multi-track telescope:
e 2 < 50 for track reconstruction

 parallelism constrain

- scalar product with the seed track (i.e. track with best y?)
> 0.8 in the same telescope

h

107

108

10

10t

10°

107

Mean
RMS

Entries  5.21783e+007

3.324
0.6614

16

18

Ntracks

20

Require coincidences
between two
multi-track telescopes

with N

Telescope 2

trac

>3

Telescope 1

long
distance



Long distance shower correlations

Also include coincidences between

* multi-track telescope with N, = 3

* telescope-pair cluster
with a (N, )t > 3 Telescope 1

.
Mg

distance
Cluster 2

trac
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Long distance shower correlations

Analysis performed with:

« 39 telescopes + 5 clusters

* 50 million telescopes or clusters with N, > 3

 data taking period: 01/01/2016 — 26/03/2018
(Run-2 up to Run-4 = = 50 billion tracks)

« distance telescope-telescope or telescope-cluster > 5 km
* N;. = 5 in each telescope or cluster

— 11 coincidence events observed
in a narrow time window ~ 10> - 104s
(with an expected background ~ 5 events)
corresponding to a p-value ~ 4 x 10-3
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Long distance shower correlations

Correlations between multi-track events in both telescopes

Tel 1 (ID) Tel 2 (ID) Niack 1 Rel. angle Distance
(deg) (km)

115 CERN 7 Bologna 7 5 09/01/2016

122 'Aquila 7 Bologna 7 6 27/04/2016 41 290
115 CERN 14 Catanzaro 5 7 12/05/2016 18 1194
22 'Aquila 41 Torino 5 5 21/05/2016 23 551
27 Lodi 35 Savona 5 5 08/10/2016 24 137
19 Frascati 31 Reggio E. 5 5 21/12/2016 71 361
10 Cagliari 27 Lodi 6 5 27/01/2017 50 675
15 CERN 30 Paterno 5 5 19/03/2017 41 1208
7 Bologna 14 Catanzaro 6 5 31/03/2017 36 767
23 UAquila 24 Lecce 6 5 02/06/2017 64 456
5 Bologna 36 Savona 5 5 08/10/2017 24 229



Long distance shower correlations

Correlations between multi-track events in both telescopes

Tel 1 (ID) Tel 2 (ID) Niack 1 Rel. angle Distance
(deg) (km)

115 CERN 7 Bologna 09/01/2016

122 'Aquila 7 Bologna 27/04/2016 41 290
115 CERN 14 Catanza:. /? 12/05/2016 18 1194
22 'Aquila 41 Torino 5 k//v 21/05/2016 23 551
27 Lodi 35 Savona 5 ”’016 24 137
19 Frascati 31 Reggio E. 5 5 G 361
10 Cagliari 27 Lodi 6 5 27/01,. /?6 675
15 CERN 30 Paterno 5 5 19/03/2017 SS 1208
7 Bologna 14 Catanzaro 6 5 31/03/2017 767
23 UAquila 24 Lecce 6 5 02/06/2017 64 456
5 Bologna 36 Savona 5 5 08/10/2017 24 229



vV VY

What next

Increase the number of EEE telescopes
from 53+6 to 100 High Schools
(original project!)

Increase the statistics of two-telescope
coincidences and search for
three-telescope coincidences

within the same city

a4
-~ g 3
* L7
i

Increase the statistics for multi-track telescope
analysis in the search

Test the pointing capabilities of telescopes

Increase the statistics for coincidences of clusters
of telescopes between different cities

Search for upgoing events in single telescopes
and in two-telescope coincidences

- SEARCH FOR THE UNEXPECTED ...
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Search for multi-messenger events with EEE telescopes

« Six GW events detected so far by interferometers

« Recent searches for other probes synchronized with GW
events

- 1 Gamma Ray Burst event (detected by INTEGRAL and
FERMI)

- High energy neutrinos by Auger, IceCube and ANTARES
within +/- 500 s - No evidence found

 Possible activities from EEE

- Continuous data taking
- Several analysis strategies (single track, multi-tracks, showers)

-
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Search for multi-messenger events with EEE telescopes

GW event

GW150914

GW151226

GW170104

GW170608

GW170814

[GW170817]

14/09/2015

26/12/2015

04/01/2017

08/06/2017

14/08/2017

17/08/2017

Notes

First GW detection;
first BH merger observed;
largest progenitor masses to date

Farthest confirmed BH event to date

Smallest BH progenitor masses to date

First BH detection by three observatories;
first measurement of GW polarization

First NS merger observed in GW,
first detection of EM counterpart;
nearest event to date

N. EEE ON

26

26

32




Search for multi-messenger events with EEE telescopes

GW event

GW150914

GW151226

GW170104

GW170608

GW170814

GW170817

14/09/2015

26/12/2015

04/01/2017

08/06/2017

14/08/2017

17/08/2017

Operative EEE telescopes

BARI-01, BOLO-01, BOLO-04

ALTA-01, AREZ-01, BARI-01, BOLO-01, BOLO-03, BOLO-04, CAGL-
01, CAGL-02, CAGL-03, CATA-01, CATA-02, CATZ-01, COSE-01,
FRAS-02, FRAS-03, GROS-01, LAQU-02, PARM-01, PISA-01, REGG-
01, SAV0-02, SAVO-03, TERA-01, TORI-02, TORI-03, TORI-04,

AREZ-01, BARI-01, BOLO-01, BOLO-02, BOLO-03, BOLO-04, CAGL-
02, CAGL-03, CATA-01, CATA-02, CATZ-01, COSE-01, GROS-01,
GROS-02, LAQU-01, LODI-01, PARM-01, PATE-01, REGG-01, SALE-
01, SAVO-01, SAVO-02, TORI-01, TORI-03, TORI-04, TRAP-01,

ALTA-01, AREZ-01, BOLO-01, BOLO-02, BOLO-03, BOLO-04,
CAGL-01, CAGL-02, CATA-01, CATA-02, CATZ-01, CERN-01, CERN-
02, COSE-01, GROS-01, GROS-02, LAQU-01, LAQU-02, LODI-01,
LODI-02, PARM-01, PATE-01, PISA-01, SALE-01, SALE-02, SIEN-01,
TORI-01, TORI-03, TORI-04, TRAP-01, TREV-01

AREZ-01, BOLO-04, CERN-01, CERN-02, TORI-04, TRAP-01

AREZ-01, BOLO-04, CERN-01, CERN-02, TORI-03, TORI-04

N. EEE ON
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26
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Search for multi-messenger events with EEE telescopes

1.8
1.6
1.4

1.2

0.8
0.6
0.4

0.2

VERY PRELIMINARY analysis of GW events observed in August
2017

« GW170814: First measurement of GW polarization
« GW170817: First detection of EM counterpart of GW

Analysis strategy: search for multi-track events

* Rate of multi-track events: 10-60 events in 1000 s
 First analysis carried out in +/- 500 s around the GW event of interest
~ CERN-02 telescope

trac

htemp

Il GW1 71}81 7 I ar:;r?s 335164008
+

RMS 307.2

“E00 >l E00 < > No observation of
any specific

nnnn nip e IR anomaly

but the analysis

is still ongoing

Ul
O
n

III’III‘|II|III|III|III|III|IX’III‘III‘I

x10°

I 1 1 1 1 1 I 1 l 1 1 1 7 7
335.0966 335.0968 335.097 335.0972 335.0974



Search for multi-messenger events with EEE telescopes

GW event

GW150914

GW151226

GW170104

GW170608

GW170814

[GW170817]

Date Operative EEE telescopes

14/09/2015 BARI-01, BOLO-01, BOLO-04

ALTA-01, AREZ-01, BARI-01, BOLO-01, BOLO-03, BOLO-04, CAGL-

- 01, CAGL-02, CAGL-03, CATA-01, CATA-02, CATZ-01, COSE-01,

26/12/ FRAS-02, FRAS-03, GROS-01, LAQU-02, PARM-01, PISA-01, REGG-
11, SAV0-02, SAVO-03, TERA-01, TORI-02, TORI-03, TORI-04,
O “RI-01, BOLO-01, BOLO-02, BOLO-03, BOLO-04, CAGL-
"ATA-01, CATA-02, CATZ-01, COSE-01, GROS-01,
~NI-01, PARM-01, PATE-01, REGG-01, SALE-
"RI 01, TORI-03, TORI-04, TRAP-01,
ALTA-01,. ’W 02, BOLO-03, BOLO-04,
CAGL-01, CAGL-uL., 'T7-01, CERN-01, CERN-

02, COSE-01, GROS-Uv, 2U-02, LODI-01,
08/06/2017 LODI-02, PARM-01, PATE-O1, . G 22, SIEN-01,

04/01/2017

TORI-01, TORI-03, TORI-v 68

14/08 / 2017 AREZ-01, BOLO-04, CERN-01, CERN-02, TORI-04, Tk .

AREZ-01, BOLO-04, CERN-01, CERN-02, TORI-03, TORI-04
17/08/2017

N. EEE ON

26

26

32




External collaborations

» EGO-VIRGO collaboration interested in having one
(or more) EEE telescopes hosted at their lab in Cascina
as a veto for cosmic ray showers in coincidence with
possible signals coming from gravitational waves (there
is a similar device at LIGO)

» University of Santiago de Compostela (Spain)
interested in anaylizing EEE data looking for correlations
between cosmic ray flux and temperature and pressure
conditions in the throposphere

» High Schools abroad in:
Albania (Korcé)
Cina (Beijing)
Mexico (Mexico City)
Russia (Dubna, Novosibirsk)
South Africa (Cape Town)
Taiwan (Taipei)
Norway (Bergen, Oslo)
Israel

EGO - Virgo
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The EEE Open Data Project

1) Remote & continuous monitor
of EEE telescopes and access to data
even for Schools without telescopes

I

2) The EEE Open Data Project

3) In collaboration with IPPOG (International Particle Physics

Outreach Group) the EEE Project — Italy is participating in the
newborn

GLOBAL HIGH SCHOOL COSMIC RAYS PROJECT

involving similar projects in Czech Republic, Denmark, France,
Germany, Greece, The Netherlands, UK, USA, Canada ... ,




EEE at IPPOG-ICD 2017
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HISPARC Array

@ High School Project on Astrophysics Research with ¢
Cosmics

@ HiSPARC offers high school students the opportunity to
contribute to real scientific research.

®
@ ‘.&. ° o C’
0% °e
& ° o .".:
° 100 km
~140 stations 53:: HiSPARC

Kasper van Dam HISPARC



HISPARC Station

Principle:

@ |f multiple detectors are hit within a narrow time window,
these hits are deemed to be caused by particles from the
same shower.

@ We store coincidences and single rates.

)& HiISPARC

Kasper van Dam HISPARC



HISPARC Station

@ Otherwise if no roof space
available

}& HISPARC

Kasper van Dam HISPARC



HISPARC Detector
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100 cm 673 cm

@ A = Scintilator

@ B = Lightguide

@ C = Adaptor piece
e D=PMT

\Sk HISPARC

Kasper van Dam

HISPARC



North Pole !

Airship Italia — 1928
Umberto Nobile

mm

&

Islanda
Polar QuEEEst 1928 - 2018 \ A0
Finlandia
Norvegia
) Danimarca
RegnOSIONe Bielorussia
Ifanda Polonia
Germania
: Ucraina
Austria
Francia .
E Romania
J——
— i - / Spagna t
B —— - g Portoall GQ gle Turchia
CENTRO 5 pgaro . =%
FERMI — » Dati cartografici

Ay



P2LAR
QUEST %

EXTREME ADVENTURE

Complete circumnavigation, aboard a sailing boat, of the Svalbard
Archipelago, in the Arctic Ocean, above the Polar Arctic circle
(from 74° to 81° North latitude).

EXTREME SCIENCE

An international team of arctic researchers, today’s explorers of
the unknown, looking for answers to some of the great enigmas
of science, from climate change to measuring the impact of human
pollution at extreme latitudes, from the study of paleoclimate to
the origin of high energy cosmic rays.

EXTREME EXPLORATION

A quest for the wreck of the Italia airship on the 90th anniversary
of the crash which made the history of polar exploration.

A MESSAGE FOR THE PLANET

A voyage to the last untouched wildernesses on earth, to convey
the importance of the Arctic for our sustainable future.

SYALBARD
ISLANDS

Photo : Michael Ami




Nanug — The passive Igloo project

Nanuq 77°29.5'N 66°33.5'W
01-12-2015 The Passive Igloo Project






In the harbour ... with Northern Lights







ug North Sea
06-2015 The Passive Igloo Project



The EEE project sails to North Pole !

« 8 scintillator tiles + 16 SiPMs in two planes
e Full TDC custom readout (< 10 W)
GPS time stamp

May 22nd - May 25t

18 High School students from

Norway, Switzerland and Italy at
CERN to build the detectors




*8 Antonino Zichichi

CERN, 2¢ May 2018

CERN
24 May 2018

with
Antonino
Zichichi
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ExPeDitiOn Timeline

21 July 2018 - 1 August 2018 - 4 - 24 August 2018
Departure of Nanuq from Isafjordur, Arrival Longyearbyen, Nobile Expedition GEOHACK
Iceland Svalbard Location
(66° 04" N, 23° 07' W) (78°13'N, 15° 39" E), Nordaustlandet, Svalbard
Ny Alesund, Svalbard (81° 14’ N, 28° 14" E)

(78° 55N, 11° 55’ E)

4 September
2018

Tromso, Norway
(69°40'58”N 18°56'34"E)
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EEE meeting in Erice
physicists & students & teachers

Erice — December 2014

SCIENCE IN THE HEART OF THE YOUNG
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EEE in Erice 2017

MASTERCLAAS: “3 @ with
Measurement of |
Cosmic Ray flux at
different altitudes
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EEE meeting in Erice
physicists & students & teachers

Erice — May 2017

IT'S A LOT OF FUN !l




Extreme
Energy

Events
Science inside Schools

Thanks to those to whom
| have borrowed/stolen slides

and thank you all for the attention
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NALTA Network

Most of the major groups in Canada

Other projects
involving Schools collaboration (North Amercan Lage-

area Time Coincidence Arrays) with
more than 100 detector stations
spread across North America.

The detector systems are plastic
scintillators which are read by custom
made electronics and which use GPS
for precise coincident timing with

European prOjECts others nodes.

The European groups are also
developing a similar collaboration
called Eurocosmics.

It is clear that the natural next step is
to combine North America and
European networks into a worldwide
network to comprehend the Extreme
Energy Universe

chers Porgramme
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The "event time"” measurement

Each telescope is equipped with a GPS to measure the
UTC time with very high precision (GPS resolution <100 ns)

The GPS cannot provide directly a time when a telescope
trigger signal is obtained

- The GPS provides a signal once per second and it resets
a TDC counter which is devoted to count time (TDC bin
~ 25 ns) in between two GPS signals

- The TDC counts are read & associated to the event
when the telescope trigger signal is obtained

The GPS time is crucial to study coincidences between
near and far telescopes = extensive air showers 2

extreme energy events
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Long distance shower correlations

LAAS (Japan) network of plastic scintillators — coincidences < 1000
km

CELTZA (Czech Republic) — ALTA (Canada) networks of plastic
scintillators — coincidences 200 km to few 1000 km (when Europe-
Canada coincidences)

Telescope Array Project (United States, Japan, Korea, Russia, and
Belgium) network of surface detectors (plastic scintillators and
fluorescence telescopes) — coincidences 50-60 km

AUGER (Argentina) network of Cerenkov detectors — coincidences
50-60 km
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The PolarQuEEEst Detector

The electronics case
will contain

Discriminators-digitalization
Coincidence Unit

P/T/U analog signal processing
GPS engine

SSD disk for data storage

Could be powered by a dedicated

Prototype based on
photovoltaic panel cabling yp

Raspberry Pi + GPS unit

+ weather
station
(onboard or
dedicated)




PolarQuEEEst detectors : Polar-01, Polar-02 , Polar-03
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MUSEO STORICO DELLA FISICA E CENTRO STUDI E RICERCHE
ENRICO FERMI

HISTORICAL MUSEUM OF PHYSICS AND RESEARCH & STUDY CENTRE
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Ceniro Fermi

CENTRO FERMI is a research institution established

iIn 2001 and

t aims to Iin’
different fie

devoted to interdisciplinary studies

ts institutional premises are in the old Instifute of
Physics in Via Panisperna in Rome

‘egrate the knowledge generated in
ds, and to promote discussion among

top scientis

's with different areas of expertise, In

order 1o create what Enrico Fermi would have
liked to establish in the Instifute where he worked
and that now bears his name:

a cenfre dedicated to frontier research in physics

and fo ifs w
the benefit

ide interdisciplinary applications for
of humankind
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How and where it all began ...
at the Physics Institute of Via Panisperna in Rome
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Activities of Centro Fermi

CENTRO FERMI is characterized by:

1. Grants for "New Talents” and Junior/Senior
researchers to study original and interdisciplinary
research topics

2. Research Projects, including those defined as
Strategic Projects, for the realization and
promotion of inferdisciplinary original research

3. Activities for the Dissemination of Scientific Culture
and Historic Memory through the restoration of the
“Monumental Complex” of Via Panisperna, the old
Institute of Physics which has an extraordinary
historical value, to be used in part for the Museum_,,



Enrico Fermi's Exhibition in 2015-2016

http://www.mostrafermi.it/

with over 30 000 visitors in 6 months = future MUSEO FERMI

Mostra Enrico Fermi

ENRICO
FERMI

A dual genius between

theories and experiments
Una duplice genialita tra
teorie ed esperimenti

Why the Exhibition| Perché la
mostra

The exhibition highlights the extaordinary figure
of Enrico Fermi, the great Italian physicist who,
paradoxically, is better known abroad than in

HOME EXHIBITS VISIT EXHIBITICN GALLERY & PRESS CREDITS

Who is it for | A chi si rivolge

The scientific achievements, integrated into the
various stages of the scientist's life, are presented
in a new light suitable for the general public,
including the very young, combining objects and

Sranditlaal mamals 120000 1ilodan amad assslia

Astop in Bologna | Uno stop a
Bologna
After the success of its debut at the “Festival delle

Scienza di Genova" of 2015 (about 15.000 visits),
the exhibition arrives in the Emilian city, thanks to
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CENTRO FERMI's PROJECTS

Extreme Energy Events (EEE) — Science inside
Schools =2 Astrophysics & Education

Advanced Techniques for Fundamental Physics
Advanced Techniques for Biomedical Applications
Energy

Environment and Cultural Heritage
History of Physics
Science Museum
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Advanced Techniques for Fundc\C ial Physics
Advanced Techniques for Biomedical Applications
Energy
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