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1. Introduction 'Y ©
MCORD applications

1. Trigger for cosmic muons for:
« laboratory tests of different subsystems
(2 separate MCORD sections)
« Cosmic calibration in off-beam time
2. Muon identifier (from collision):
« pions and kaons decays
* rare mesons decays (n, p)
3. Astrophysics (muon showers and bundles)
* |dentification of extremely high energy particle sources
« Sensitivity for horizontal events
« Earthquake corellation
4 Modular construction — easy upgrade and/or alternative use
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1. NICA complex

Clean Room

(Detector Electronics)
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1. MPD detector
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* FD Forward detector

» Superconductor solenoid (SC Coil)

* Inner Tracker (IT)

» Straw-tube Tracker (ECT)

» Time-projection chamber (TPC)

« Time-of-Flight system (TOF)

3 * Electromagnetic calorimeter (EMC - ECal)
‘F » Zero degree calorimeter (ZDC).

* Cosmic Ray Detector (MCORD)
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1. MCORD construction on MPD

MCORD - One surface on full
circumference
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1. Education program

Cosmic Watch

Cosmich Watch is simple, physics-motivated machine- and
electronics-shop project for university students and schools.

These detectors can be battery powered and used in conjunction
with the provided software to make interesting physics
measurements. e . B
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Distance and angle dependence

1. Education program

0,005 7 - - - - Simulation
¢ Indoor measurement
— - - - - ACos?0 fit to indoor measurement
0,004 BN e Outside measurement
“_ |- ---ACos? fit to outdoor measurement
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Equation A*e’(-distance/B)
A 0,00365 +- 0,00034
B 11,30 +- 0,55
Reduced Chi-Sqr 9,17697
R-Square (COD) 0,97783
Adj. R-Square 0,9734
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1. Education program
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1. Introduction

Big cylindrical detector + Phase Zero conceptions

28 Modules (3 section each) || 6 MCORD section + miniBeBe
Size: 4784 x 735 x 140 mm
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1. Introduction

e

MCORD HUB

Mini MTCA (FPGA)

2 sections (2 x 8 scintillators)
+ AFE + DSP + DAQ,
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2. Detector

MCORD Section

Position resolution
In X axis —up to 5 cm
In Y axis — 5-10 cm

Time Resolution —
about 1 ns

8 X Rubber USB-C 8 X Rubber USB-C

I SAS cable

Legend: S (violet) — plastic scintillator, M (blue) — SiPM, P (red) — power supply
with temperature compensation circuit, T (brown) — temperature

sensor, A (green) — amplifier, H (orange) — Passive Signal Hub & Power
Splitter, D (yellow) — MicroTCA system with ADC boards.
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2. Detector

Project of the mechanical connection
scintillator-SiPM-fiber-AFE board

Plastic scintillator: polystyrene (Nuvia)
162 x 7.2 x 2.2 cm

WLS fiber: 1 mm dia. (Kuraray)
SiPM (MPPC): 3x3 mm? (Hamamatsu)
Housing: aluminum profile

174 x 8 x 3 cm
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MCORD single detector assembly
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2. Detector Slab

MCORD Sections

MCORD
detector
Slab

Single MCORD section
1744 x 735(675) x 50
[mm]




3. MCORD readout system schematic ﬁﬁ

" diagram

HUB :) FMC . :> DAQ

MicroTCA
Carrier Hub
AMC FPGA

EM . (MCH Tongue 3)
C carrier :> Xilinx FPGA

on board
MAIN x12

e E@ﬁ —
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5 | m— V% K——)| SCADA
I 5 HUB
=
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. AFE
SiP » i
SiPM

= 1 EqDb
Il 5 | Equipment

o

I & | Another sub-trigger system Database

£] O (AFE + FMC + AMC +MCH)

s

| |
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3. Analog Front End and HUB

The main boards ver.3:

MCORD AFE
EXT MCORD HUB

MCORD AFE

SIPM ASSY

L...,.._____
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3. Analog Front End - functionality "ﬂ

> Voltage controller for SiPMs and Amplifier physical signal
> Access to all settings and data from HUB via CAN-bus interface

> Protection for AFE > Main blocks
~ . > Embedded CPU (STM32F072CBU6)
—{ LDO oy »  SiPM > Temperature sensor (LM45)
i 5| | > SiPM voltage controller + LDO (Low
@i Dropout Regulator)
=
" CPU T |8 mere > SiPM calibrator
g >TM 32 L Temp meas > SiPM signal transmitter to HUB
1 | (differential signal)
CAN SiPM Line > CAN network driver
E callbﬁrator driver .
: > Measurements (12 bit ADC)
— - 21 I — > 2 x SiPM voltage
N connector . > 2x SiPM current
u > 2 x SiPM VCC voltage
> 2 x SIPM temperature
HUB > Control (8 bit DAC)
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3. HUB - functionality

> Mikro PYTHON programing
> PoE supply

> Generation of 5V and 70V

> ETH <-> CAN

> Distribution of signals from AFE

to SAS cables

> Status LEDs on AFE ASSY and
HUB for quick fault
1dentification

> (Generation of calibration
signals to AFE

>STM32 CPU with microPython

AFE
{}

AFE connector ( 8 x USB-C)
T. % 3 3
0o -
g;g CAN
|~ driver
. : Status
| LEDs
EN
DC/DC CPU . SiPMs
|meas | STM calibration | ©
. U_meas | 32F767ZIT6 L=l
FY
3 | | =
2 | N
ot |
Ethe“rrnr:*etar E
CAN/PWR TR External SASX2
connector USB/ CAN Calibration connector
PoE Switch FMC
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3. HUB - microPython

i‘ I - T
~

> Development and testing of the control and diagnostic
routines may be performed by a physicist

> The system emulates the USB disk which allows to
modify routines in any editor

> Environment allows to develop interactively control and
diagnostic routines

> MicroPython provides the routines to communicate via
CAN interface

def GetVer(1d):
can = pyb.CAN(1)

can.init (pyb.CAN.NORMAL extframe — * PYBFLASH(g o

can.setfilter(0, 0, 0, (0x00,0x7

can. send ( ,1d) Mazwa
time.sleep(l)

buf = bytearray(f) | afedrv.py

1st = [0, 0, 0, memoryview(buf)] ] bootpy
can.recv(0, lst
print , 1st[0])

. smwed wmds [ Te+sr F114%
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3. Triger

Data processing

o Latency estimation for L1 trigger (event without parameters)
v AFE cabling 8ns/m, with 10m cabling latency is 80ns

v ADC + SERDES latency: 400ns

Estimated total latency: about 1us

Latency estimation for L2 trigger (event with parameters)
v MGT latency: 500ns

v Algorithm latency : 2-5us

v Formatter and transmitter latency: 1us

Estimated total latency: 3.5 — 7.5us

Latency estimation for L3 trigger (between MTCA systems)
v MGT latency: 500ns

v Fiber latency: 500ns + 8ns/m

v Algorithm latency : 2-5us

v Formatter and transmitter latency: 1us

Estimated total latency: 10 — 15us




4. Laboratory tests
Measuring system

Plastic scintillator in an Managed control system Converter of signals Digital multi-channel
aluminum housing with an for AFE power supplies received by SAS cable to amplitude acquirer by
AFE amplification system mounted in boards. Up to appropriate single BNC CAEN for analysis of
and a Hamamatsu MPPC 8 boards can be channels for each MPPC received signals
photodetector connected once
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4. Laboratory tests — 1st step

One Plastic MCORD detector
+ 2 plastic hodoscopes (muon trigger)
+ DAQ: CAEN DT5730
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4. Laboratory tests — 2nd step AAd

3x plastic MCORD detectors

+ 2x plastic hodoscopes (muon triggers)

+ DAQ: CAEN DT5730

40?;“;'“‘3} Energy

- (amplitude recorded by SiPM)

_.J'_..: FoF
I_ fa R

Ext. -j test setup

Number of cou

g ToF
b4 b1 (between both ends of a scintillator) -> Time rosolution
Plastic (162 x 7.2 x 2.2 cm) + WLS fiber (1 mm) + 2x MPPC 3 x 3 mm (pixel size 75um)
Hodoscopes: plastic (5 x 5 x 5 cm) + PMT (2” dia) - 99,5% efficiency
PO M.Bielewicz, 27 29.111.2023,
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4. Test procedure

o 5 WLS fiber (1 mm)
| CRT (6)=0.95ns ===>0,=7.1cm

N
=)

= [¥3]
o o
LI B B L B B B B L

Number of counts

o]
o

0 [ Lo 1 P, R O R ¥ W 1 e
460 480 500 520 540 560 580 600 620 640
Channels

50 F = 9 © F 7 1 * F *d 7 T &= F T T ¢

5 WLS fiber (2 mm)
w1 CRT(0)=0.67ns ===>¢5,=5.1cm

] w N
o o [=]
L e LA B e

Number of counts

-
[=] o
T T T T

JJJJJJ —

Lomd 3 . =) ‘
460 480 500 520 540 560 580 600 620 640
Channels

(!) improved timing resolution for 2 mm WLS fiber (!)
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4. Laboratory tests — 3rd step

Self trigger multi test setup

Target geometry of the measurement system. Alternate geometry. One of the boards is
There is an area of coincidence between the responsible for the gate to the

boards at each crossing of the boards. In this others, creating with them appropriate areas
juxtaposition, each board is in a coincidence of coincidence at their intersections

with two different boards
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5. Simulations (EAS)

Cofluxim - cosmic ray generator

for MPD subsystems calibration study

N
]
= w D ~l Ol'J

ro
sdvc b b b b b by b

(%]

1 23)(4

° 3 2 i 0 -1 -2 _3 _4_4-3'
The concept of particle generation: Plot of all hits on the surfaces of
drawing particles on the generation TPC, ToF and MCORD detectors.

cube walls.
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5. Simulations (EAS)

TPC calibration using MCORD triggers i -

30000

Calculated for muons with momentum

25000?—
20000?—
15000?—
10000?—

5000

p>1.6 GeV/c.

S 1 | N A S A I A | 11
0.5 1 1.5 2

25
track length inside TPC

Phyvsical Society

MCORD MCORD modules MCORD & TPC
configuration ID numbers (tracks per hour)
(6 or 7 or 8)
A and (20 or 21 or 22) 246 800
(9 or 10 or 11)
B and (23 or 24 or 25) 158 262
(12 or 13 or 14)
C and (26 or 27 or 0) 20 634
22y Nenooowe M.Bielewicz, 27_29.111.2023,
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5. Simulations (EAS)

TPC calibration using MCORD triggers

sgrt{pom(H 40, 2} powity-H0y. 2} powlt -402,2)) {10 88 H && (M7 | m5 | m) && {m21 | m19 || m23) &4 pes1 6]

20000;—
18000
160003—
14000;—
12000
10000?—
sooof—
50003—
4000;—
2000
D E 3 e
track length inside TPC
Calculated for muons with momentum
p>1.6 GeV/c.
MCORD MCORD modules MCORD & TPC
configuration (ID numbers) (tracks per hour)
(50r7or9)
D and (19 or 21 or 23) 1 78 822
(10 or 12 or 14)
E and (24 or 26 or 0) 50 894
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6. Implementation - NA61/SHINE

Muon Detector

<Z—=|MCORD sections

The absorber will
absorb other
particles.

<= Concrete
Absorber

The muons will
pass through two
layers of
scintillators, whic
h will give us a
vector of their
flight path.







6. Implementation - NA61/SHINE

« Jly - prpr

« Dileptons are penetrating probes of the dense, hot matter. It permits to study
the different stages of interaction before hadronisation.

« J/y meson production is suppressed in heavy nuclei interactions at high
energies (STAR,LHC). It is expected in the quark-gluon plasma. Study of
evolution of J/y absorption on energy and centrality at SPS is of importance.

[1]
N — WUTUTU  (r<3.6x 10 %)

— Tuutu- . 1074 %
. Nn— PP ([<36x10"%)

« The eta meson is a member of the nonet of the lightest pseudoscalar mesons.
It has several decay modes (e.g. gamma-gamma, 3 pions)

« The rare u*y- decay (Branching Ratio about 6*10-6) can provide information
about the pseudoscalar formfactor needed for light-by-light contribution to the
anomalous magnetic moment of the muon (g-2). [2]

« There is only one experimental BR value in PDG, nevertheless the small
maximum was observed by HERA and NAG0O. No result for BR was extracted.

Literature
[11A. Alessandro [NAS5O], Eur.J. C 33(2004)31
[2] P. Masjuan and P .Sanchez-Puertas, JHEP 08(2016)108 and references therein
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6. Implementation - NA61/SHINE

Neutron Veto

A new detector plane
made of scintillators
will be placed in front
of the MPSD
detector, which will
obscure the central
part of the MPSD
detector.

There are various
possibilities of
dividing the
scintillator into
smaller, independent
fragments.
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6. Implementation - Astrophysics

Examples from other experiments

AR\

¥/ /).

| ALICE Exp.  ACORDE \\\\\
. 95 m underground

thr. 16 GeV
2010-2013 y

ALEPH Exp.
140 m under. (thr. 70 GeV) (1997-99y)

NH,

DELPHI Exp.
100 m under. (thr. 52 GeV) (99-2000y)

Available online at www.sciencedirect.com

labl i WWW. SCi com —_—
%@ sclzucz@nm:c'rn Astroparticle __;:":"“ef' ) Astropartil
£ Physics 5 *.” ScienceDirect Physics
ELSEVIER Astroparticle Physics 19 (2003) 513-523 — ELSEVIER
www.elsevier.com/locate/astropart

Astroparticle Physics 28 (2007) 273-286 —_—
www.clsevier. com/locate/astropart

Cosmic multi-muon events observed in the underground Study of multi-muon bundles in cosmic ray showers detected
CERN-LEP tunnel with the ALEPH experiment with the DELPHI detector at LEP
V. Avati **, L. Dick ', K. Eggert ®, J. Strém >, H. Wachsmuth 3,

S. Schmeling ®, T. Ziegler ®, A. Briihl ¢, C. Grupen ©
* European Laboratory for Particle Physics (CERN), Geneva, Switzerland
® Institut fir Physik, Johannes Gutenberg-Universitat Mainz, Germany
€ University of Siegen, Siegen, Germany

DELPHI Collaboration
1. Abdallah % P. Abreu ¥, W. Adam ™, P. Adzic ', T. Albrecht ", R. Alemany-Fernandez *,
T. Allmendinger ", P.P. Allport *, U. Amaldi ad N Amapane **, S. Amato *, E. Anashkin ok
A. Andreazza ™, S. Andringa ™, N. Anjos ¥, P. Antilogus *, W-D. Apel ", Y. Arnoud °,
S. Ask “"“‘bB, Asman *“, A, Auguslinu{ﬁ ', P. Baillon ', A. Ballestrero *%, P. Bambade ",
ORI ED T MLt M T MLsioL B A MiLiL itTAN Me Mewaiitnild A mosvenrshz
Received 26 July 2002; received in revised form 27 October 2002; accepted 26 November 2002
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6. Implementation - Astrophysics

High Muon Multiplicity Events in different experiments

1) 4.75 wm?  Zenith(°)=40.8
Primary energy = 3 1016 eV

104
10 2)53 wm?  Zenith(°)=37.7 s
104 Primary energy = 3 101¢ eV g i
10 3)8.9 wWm? Zenith(®)=40 s
107 Primary energy = 6 1016 eV’ -é 102
3
2

4)8.2 wm? Zenith(°)=48.6 ol
Primary energy = 7 1016 eV

+ 7 soturoted
events

1

e [ 5) 18.6 Wm?  Zenith(°)=27 1F

U0 380 80 100120 T 160 Primary energy = 10'7 eV "
muttiplicity

The five highest multiplicity events, with up to 150 muons within an area of 8 m?occur with

a frequency which is almost an order of magnitude above the simulation.

Astroparticle Physics 19 (2003) 513-523

20 40 60 80 100 120 140 160 180 )
muon multiplicity 7 high multiplicity events that

saturate the detector (HAB)

® — T ——
# Prorrrr ey Do r oy et [ 1= i
& ] o108 ALICE
5 [ —+— Data 7 s
Byt B \ [ Ssystematic uncertainty = - 107
2 E [__+ 1 Monte Carlo: proton as primary cosmic ray § o
E E [= ] Monte Carlo: Fe as primary cosmic ray . 8 10° + Data
z Monte Carlo: proton fit £
+ i - 5
—— — Monte Carlo: Fe fit S 10
10° = z ., Systematic uncertainty
E E 10 -
F . 10° .
B a |
10 = - 102 "
E 3 ||
£ 3 10 L
[ ALICE 1 L0 LT O T
l . ., .8  Wws 6 . .8, 0 0 ., 8,
1
=Y YT S S [N ST SO SN N SN T S S PR 1 0 50 1 00 1 50 200 250 300
16 @ 80 o b Number of muons

Number of muons

Comparisons with simulation results (KORSIKA+QGSJET) are in agreement for low multiplicities (for low
energy). For high multiplicities (only few events) results are almost an order of magnitude above the simulations
results.

Problem with current hadronic interaction model for extremely high energy >10E15 eV ??7?

Bibliography:
L 0y Snc Bruno Allesandro prezentation on ALICE collaboration workshop Feb 2013
&)) (L ALICE Collaboration, JCAP 01 (2016) 032

Swierk K. Shteier: CERN-THESIS-2016-371




6. Implementation - Astrophysics A
The position identification of Extremely high energy particle source

ALICE (multi events _ Eruage: Fremt Cosamua-1ay Bpece Tleacogs
data) sphere position
recognition

7

¥ gz

t\- 'ENT 3 11

Very low statistics — many years of
observation.

i 1 i A special attention is paid to muon
i Right fcension groups of large multiplicity.

4 =0"

P. Kankiewicz et al., Muon Bundles as a Sign of

_ Horizontal Events Experiments needs
Strangelets from the Universe,

ApJ (2017) vol.839, doi:10.3847/1538-4357/aab7ee more data.
-~ — M.Bielewicz, 27_29.111.2023,
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6. Implementation - Astrophysics A A

GZK-cutoff problem Equivalent c.m. energy Vs, (GeV)
10 10° 10* 10° 10°
[ ] 4X1OE19 eV I-DA 1019?”* 1 1 Illilll f I III+III I [I\II\I 1 I IIIIII|
> = ? f
» 50 Mega Parsec > £ RHcee Tevaton (p5) 7TeV14TeV v Hies-MIA
. . % 10" HERA(p) LHC (p-p) s+ HiRes |
« Cosmic Microwave w o HResll
o " o uger
BaCkg round E o7 :m Rl s *  TASD2013
@ F
Example: DECOR exp. 2002-2003y ::7 ol
(near horizontal observation (60-90 deg. 3, O F
angular range) » -
1-10 PeV primary particle) (see ref. 2) £ 10" k= ¥
Bibliography: 8 L ?
1.  Pavluchenko, V. P.; Beisembaev, R. U., AT - 0 * KASCADE (SIBYLL 2.1) " {I*
Muons of Extra High Energy Horizontal S ;33]8: ) :fbﬁf:g E(Salg‘;ff ﬁ;a |
EAS in Geomagnetic Field and 10" . = lceTop |§Rc 2018
Nucleonic Astronomy, 1995 = E
|CRC""1"646P : Ll IlJIIIl 1 IIJIIHI 11 lIIIII] Ll IIIIII| 11 IIlIlII 1 llll\ll{ L1 IlIJIE| 1 IIH.IIII Ll Lhiin
2. Yashin |. et al., Investigation of Muon 10" 10" 10" 10 10" 10™® 1™ 10% o™
Bundles in Horizontal Cosmic, 2005 Energy (eV/particle)
(28) ICRC p.1147-1150
3. NeronovA. et al., Cosmic ray All icl . derived
composition measurements, 2017, -partlc e cosmic-ray energy SpeCtrum erive
arXiv:1610.01794v2 [astro-ph.IM] from direct and indirect (air shower experiments)
4. Shih-Hao Wang, 2017_Cosmic ray .
Detection ARIANNA Station, PoS measurements, as well as results from different
ICRC2017_358 hadronic models
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6. Implementation - CREDO program KA

International project Cosmic-Ray Extremely Distributed
Observatory (CREDO), initiated in 2016 at the Institute of
Nuclear Physics of the Polish Academy of Sciences (IFJ
PAN) in Krakow by prof. IFJ PAN Dr. hab. Piotr Homola.

https://credo.science

CREDO INSTITUTIONAL MEMBERS

20 Countries
40 institutions




6. Earthquake - Cosmic ray corellation KA

Earthquake Precursors

Large scale correlations between cosmic rays and earthquakes
presumably related to earthquakes precursors has been observed. The
found periodicity is rather similar to the sun spots solar cycle.

Cosmic ray data correspond to the measurements at the Pierre Auger
observatory in Malargue, Argentina, whereas seismic data is taken from
Moscow and Oulu stations located in Russia and Finland, respectively.

A 60 correlation effect has been observed in a period of about 4.5
years. Details can be found in a publication being peer reviewed at the
moment and soon to be publicly available




6. CREDO-MEXICO program

=  CRED®

ABOUT US DETECTORS SCIENCE GROUPS EDUCATION CONTACT

CREDO-CS TASK ABOUT RESEARCH PEOPLE PUBLICATIONS CONTACT

COSMO-SEISMIC TASK

The scope of research and the list of institutions are
discussed. Currently, we are preparing the text of the
Memorandum of Understending, which will become

the basis for obtaining the grant.

The use of the
Mexican cosmic ray
observatory + several
MCORD coincidence
detectors installed in
universities + several
smaller detectors for
schools etc. - Creation
of a measurement
network collecting
data simultaneously
with seismographic
stations.

NARODOWE

CENTRUM
() BADAN
JADROWYCH

SWIERK




7. CDR publictation

Conceptual design report of -
the MPD Cosmic Ray Detector i
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AsstracT: This report presents a concept of construeting a detector dedicated for detection of muons

https://doi.org/10.1088/1748-0221/16/11/P11035 oty s oo b NICA i, s, Db, '+ o ot o i

currently under construction at the NICA facility, Russia, Dubna. It has been proposed to design and
build an additional detector that

complement the current MPD set and increase its measurement
capabilities. The main goal of this project is to provide information from cosmic muons that pass
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Practical Implementation of an Analogue and Digital Electronics
System for a Modular Cosmic Ray Detector—MCORD
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Abstract: A Modular COsmic Ray Detector (MCORD) was prepared for use in various physics
experiments. MCORD detectors can be used in laboratory measurements or can become a part of
large measurement sets. MCORD can be used as a muon detector, a veto system, or a tool supporting
the testing and calibration of other detectors. MCORD can also work as a stand-alone device for
scientific and commercial purposes. The basic element of MCORD is one section consisting of eight
oblong scintillators with a double-sided light reading performed by silicon photomultipliers (SiPMs).
This work presents a practical description of testing, calibration, and programming of analogue and

digital electronics modules. The characterisation and calibration methods of the analogue front-end

electronic modules, the obtained results, and thei;

mplementation into an operating system are
presented. In addition, we describe the development environment and the procedures used to
prepare our kit for practical use. The architecture of the FPGAs is also presented with a description of
their programming as a data-collecting system in a simple coincidence circuit. We also present the
possibilities of extending the data analy,

ystem for large experiments.

Keywords: cosmic ray; muon detector; modular detector; silicon photomultiplier; detector control
system; AFE; FPGA; trigger

an Analogue and Digital Electronics
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1. Introduction

The idea of building a new cosmic ray detector was born in 2018 in connection with
the construction of the MPD (Multi-Purpose Detector) [1,2] for the NICA collider (Dubna,
Russia). The currently designed system is being prepared for use in other large experiments
cuch as NAAT /GHINF far adncat

mnal and trainino nuirnnees and far commarrial nee in tha
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