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MODELLING OF A STRAW TRACKER IN THE NA64 EXPERIMENT ON THE M2 SPS MUON
BEAM IN THE GEANT4 SOFTWARE ENVIRONMENT

The NA64 experiment is aimed at searching for mediator particles that carry out the
interaction between standard matter and dark matter. The main goal of the experiment is to
detect Light Dark Matter (LDM) particles with masses below 1 GeV. The missing
energy/momentum technique is used in the experiment, e.g. in the muon run energy of muons
in the final state is expected to be 80 GeV. The NA64 experiment has a fairly extensive detector
system, including several types of detectors. Straw trackers are used in both muon and electron
modes of the experiment. One of the essential components of the detection system along the
beamline is the straw tube detector. Straw trackers allow one to reconstruct the tracks of primary
and secondary particles and subsequently estimate their momentum based on the curvature of
the track. This paper presents a straw tracker model built using the Geant4 software package.
Secondary radiation particles were also included in straw tube responses. The main goal of this
work is to construct and analyze a straw tracker model using the GEANT4 toolkit. The research
methodology is based on the use of the Monte Carlo method, which underlies the work of
GEANT4. The results of the study have practical significance, consisting in the use of models for
optimizing the technical and design parameters of straw trackers.

Keywords: dark matter, NA64 experiment, straw tracker, Monte-Carlo method.
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GEANT4 6afaapnamansik optacbiHaa M2 SPS MIOOH LLOFbIPbIHAAFLI
NAG64 aKkcnepuMeHTIHAE CTPOY TpeKkepai moaensaey

NAG64 skcnepumeHTi 160 9B sHepreTuKaablk MIOOH CayneciH aHe 100 9B sHepreTuKanbiK,
SNEKTPOHAbl CAYNEHi »Ky3ere acblpaTblH KapaHfbl CeKkTopnapapl Tabyfa OafbiTTanfaH.
DKCNEePUMEHTTIH, Heri3ri MmakcaTbl — Mmaccacbl 1 [3B-TaH TemeH HeHin KapaHfbl MatepuaHbiH,
(KM) benwiekTepiH aHblKTay. MeTiCnenTiH 3Heprua/MMMNyabC TEeXHUKACbl 3SKCMEPUMEHTTE
KON4aHbINaAbl, MbICa/ibl, MKOOHAAPAA COHFbI KyMAeri MoHAapablH, sHepruackl 80 38 Honaapl
nen kytinyae. NA64 akcnepnmeHTiHAe AeTeKTopNapAbliH BipHeLle TYPiH KAMTUTbIH KETKINIKTI KeH,
[eTeKTopAbIK Kyhe 6ap. CTpoy TpeKepnepi 3KCNEPUMEHTTIH MYOHAbIK KaHEe 3/1eKTPOHAbI
pexumaepiHae KongaHbinaabl. Cayne Cbi3blfbiHbIH BOMbIHAAFLI TPEKTEPA( TipKey KYMeCiHiH
MaHbI3bl KOMNOHEHTTEPIHIH Bipi — cTpoy-TpeKep. CTpoy Tpekepsepi HacTankbl *KaHe KOCa Kbl
benwekTepaiH i34epiH KalnTa KypyFa XoHe KeMiH *KONAbIH, KMCAlOblHa Heri3faenreH onapablH,
UMNynbCiH BGafanayra MyMKiHAIK bepepni. byn kKyxaT GEANT4 6afgapnamanbslk  MakeTiH
nanaanaHbin acanfaH CTPOy TPeKep YATICiH ycbiHaapbl. EKiHWI peTTik cayneneHy benuekrepi
CTPOY TYTIKTEPIHIH, peakuMAnapbiHa Aa eHrisingi. byn »XymbICTbiH, Herisri makcaTbl-GEANT4
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KYpangap *WHafblH KONZaHa OTbIPbIN, CTPOY TPEKepPiHiH MOAENIH KYPpY KaHe Tangay. 3eptrey
apictemeci GEANT4  KymbICbiHbIH,  HerisiHae MaTkaH MoHTe-Kapno aaiciH  KongaHyfa
HerisaenreH. 3epTTey HaTUKesnepi CTPOy TPeKepnepdiH, TEeXHWKANbIK KIHe KyYpbl/bICTbIK,
napameTp/aepiH OHTaMNaHAbIPY MaKCaTbIHAA TYPATbIH MPAKTUKANbIK MaHbl34apbl bap.

TyliiH ce3nep: kapaHsbl maTepusa, NA64 akcnepmumeHTi, cTpoy Tpekepi, MoHTe-Kapno agici.
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MogennposaHue cTpoy Tpekepa 8 skcriepumeHTe NA64 Ha mOOHHOM ny4ke M2 SPS
B nporpammHoi cpege GEANT4

SkcnepumeHT NA64 HanpaBAeH Ha MOMCK TEMHbIX CEKTOPOB, PEasIU3YHIOLLMX MIOOHHbIM NMy4YOK
¢ aHeprunen 160 B 1 31eKTPOHHbIN Ny4ok ¢ aHeprnenn 100 M3B. OcHOBHAA Leb 3KCNepumMeHTa
— obOHapyseHue dactuy, flerkoit TemHolt Matepun (JITM) ¢ maccamm meHee 1 [3B. B
9KCMEepPMMEHTE UCMONb3yeTcd MeTod, HedoCTalolel 3sHeprmn/Mmnyabca, Hanpumep, 44
MIOOHHOTO peXnma 3HePrna MIOOHOB B KOHEYHOM COCTOAHMM, KaK oxkmnaaetca, coctasumt 80 M3B.
SkcnepmmeHT NA64 MMeeT 40BOIbHO OBLWMPHYHO CUCTEMY AETEKTOPOB, BK/HOYALOLLLYO HECKO/IbKO
TUMNOB AeTeKTopoB. CTpoy Tpekepbl UCMOMb3YHOTCA KaK B MIOOHHOM, TaK W B 3/IEKTPOHHOM
pexumax akcnepmmenTa. OgHUM 13 BaXKHENLIMX KOMMOHEHTOB CUCTEMbI PerMcTpaum TPeKos
BLO/1b IMHUM NYYKa ABNAETCA CTPOY TpeKep. CTpoy TpeKepbl MO3BONAIOT PEKOHCTPYMPOBATL TPEKM
NePBUYHbBIX M BTOPUYHbLIX YaCTUL, K BNOCAEACTBUMN OLEHUTb MX MMMYAbC HA OCHOBE KPUBU3HbI
Tpeka. B gaHHOM cTaTbe npeacTaBieHa MOAeNb CTPOY Tpekepa, Co34aHHaA C MCMNO/b30BaAHNEM
nporpaMmmHoro naketa GEANT4. BTopuUHbIe YaCTULbl TaKKe Obln BKAOYEHbI B OTKANKMK CTPOY
TpyboK. OCHOBHa#A Lieab 3ToM paboTbl — NOCTPOUTL M NPOAHAAN3NPOBATb MOAENb CTPOY TPeKepa
C ucnosb3oBaHnem UHCTpymeHTapma GEANT4. MeTtoZonorva uccienoBaHMA OCHOBaHa Ha
Mcnosb3oBaHMM meTofa MoHTe-Kapno, nexaulero B ocHoBe paboTbl GEANT4. PesynbTaThl
nccneoBaHMA MMEKOT NPaKTUYECKOe 3HaYeHMe, 3aKNtoYatoleecs B MCNOJb30BaHUM Moaenem

ONA ONTUMUN3aUNN TEXHNYECKNX M KOHCTPYKTUBHbBIX MAapamMeTpoB CTPOY.
Knioyesble cnosa: TeMHasa matepua, akcrnepumeHT NA64, cTpoy Tpekepbl, meTos MoHTe

Kapno.
Introduction

One of the main candidates for the role of the
"theory of everything" is the Standard Model (SM). It
provides some description of the Universe, has good
evidential grounds, and most scientists are inclined to
use it. However, despite its obvious popularity, the
Standard Model has a number of shortcomings,
including the lack of a description of gravitational
interaction, CP invariance violation, neutrino oscilla-
tions, baryon asymmetry, anomalous magnetic
moment of the muon, etc. The available cosmological
data [1-3] allow us to assume the existence of a new
type of matter - dark matter (DM). In most models,
dark matter particles interact with SM particles either
gravitationally or through special mediator particles.
Today, the hypothesis that DM is a thermal relic that
existed in thermodynamic equilibrium with ordinary
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matter at the initial stages of the origin of the world
has become popular. This formulation allows for the
existence of the so-called dark sector (DS) - an
analogue of ordinary matter, light in the same lower
hierarchy of particles. Then the interaction of the
particles of the DS and baryonic matter will have a
non-gravitational character, consistent with weak
interactions [4], and the particles are called WIMPs
(Weakly Interacting Massive Particles).

Launched in 2016 at CERN, the NAG64
experiment is dedicated to searching for the so-called
dark photon, as well as the Z'-boson associated with
L,.-L. model, the particles that mediate the interaction
of DM and SM. The experiment is based on the idea
of the production of a dark photon A’ during the
interaction of high-energy electrons or muons with an
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active target, similar to the formation of bremss-
trahlung. Initially, the experiment was carried out on
the electron beam of the H4 channel at the SPS, but
later it was modified to search for DS particles that
weakly interact with second-generation leptons, using
the muon beam of the M2 channel. As part of the
experiment, the search for the missing energy as a
result of the scattering of leptons on target nuclei is
carried out. Thus, the experiment on the electron
beam was called NA64e, and on the muon beam -
NAG64p. The muon mode of the NAG64 experiment is
aimed at searching for the Z’ boson, which is
produced as a result of scattering of muons on target
nuclei. Subsequently, Z’ decays either into a pair of
neutrinos vv, or into a pair of particles DS with a
smaller mass yy . Thus, part of the energy is carried
away by the Z’-boson or its decay products, and does
not reach the detector, but the detectors measure the
residual energy of the scattered muon. The detector
system of the experiment includes the following types
of detectors: MicroMegas detectors, gas electron
multipliers, scintillation hodoscopes, BMS, and straw
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trackers. We will consider the latter in this article.
More details about the design and operating principle
of the remaining detectors are described in [5-8].

Methodology for searching for Dark Matter
particles in the NA64p experiment

The experiment is located in the M2 beamline of
the Super Proton Synchrotron (SPS). The launch of
this modification of the NA64 experiment was
motivated by the so-called anomalous magnetic
moment of the muon [9], more details about the
anomalous magnetic moment of the muon are
described in [10, 11, 12]. The goal of the NA64u
experiment is to search for light dark matter with a
mass less than 1 GeV. The experiment is based on the
missing energy/momentum method, which consists
of measuring the beam energy before and after the
collision with the target and observing the violation
of the energy conservation law. A schematic
representation of the experimental setup is shown in
Figure 1.
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Figure 1 — Experimental setup of NA64p. The target is ECAL.
The detector systems before and after the target are designated as MS1 and MS2.

The muon beam is obtained at SPS by
accelerating protons to energies of ~450 GeV with
subsequent collision with a beryllium target. The
pions and kaons resulting from the collision decay,
forming muons, which are sent to the so-called
"sorting" by energy, the focusing-defocusing system
(FODO). In this way, a muon beam with an energy of
160+3 GeV is obtained [13], and its moment is
recorded. Then the beam is directed to the target,
which is a shashlik-type calorimeter. It is a structure
of 150 lead-scintillator layers. Inside the target,
events occur according to 2 scenarios: in the standard
case, as a result of scattering, muon bremsstrahlung
appears

U+Z->u+Z+7y, )

Materials and methods of research

Straw trackers

Straw trackers are used throughout the experi-
mental setup and are an integral part of it. They are a
system of thin-walled tubes glued together. Straw

in a non-standard case, it will not be a photon that is
born, but a dark boson Z’, which will subsequently
decay into a pair of Standard Model particles or a pair
of Dark Sector particles

U+Z->u+Z+2',7Z-v,xx (2)

ECAL detects the energy of muons and
secondary particles, then the momentum and energy
of the muons are measured in the track detectors,
magnetic spectrometer and HCAL. In the standard
case, the total energy of muons and secondary
particles will be about 160 GeV, but in the signature
case, the output will be observed to be muon energy
of about 80 GeV [14] and no detection of secondary
particles - this will mean that part of the initial energy
(1 — f)E, is carried away by an invisible particle.

trackers are essentially proportional drift counters.
Their peculiarity lies in the small amount of material,
i.e. it is essentially invisible to the high-energy muon
beam. In the context of the NA64 experiment, it is
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important that muons do not lose energy when
passing through the tracker system. Due to their thin
walls, straw trackers ensure that there is no energy
loss. Straw trackers are widely used in modern high-
energy experiments: ATLAS [15], Muon g-2 [16],
LHCDb [18], etc. As mentioned earlier, straw trackers
are proportional counters, and they have a typical
proportional counter design. The detector is a hollow
cylinder, the length of which is much greater than the
base radius. The walls of the cylinder act as a cathode,
and a thin wire in the center of the cylinder serves as
an anode. A potential difference arises between the
electrodes, and the field is stronger near the anode.
The working volume of the detector contains gas, in
this case, a mixture of Ar (80%) + CO2 (20%) gases
[18]. A charged particle, passing through the sensitive
volume of the detector, excites and ionizes gas atoms.
The resulting ions and electrons drift toward the
electrodes. Separate sections fastened together form a
straw tracker.

The tracks, the so-called "traces" of the particle's
passage, are reconstructed by measuring the time of
flight of electrons and ions from the ionization point
to the electrodes. When approaching the anode, an
avalanche of electrons occurs due to the action of a
strong electric field, and depending on the voltage and
gas composition, the number of electrons drifting to
the anode can reach 104-105 [19]. The resulting
signal, passing through a preamplifier, is fed to a time
digital converter for subsequent processing.

The NA64u experiment uses two types of straw
trackers: small chambers consisting of two
substations of 64 tubes glued together in two rows,
and a large chamber. In the small trackers, the
substations are rotated by 90° relative to each other
and have linear dimensions of 20 x 20 cm. Large
substations are rotated by +7° relative to the beam
axis and have dimensions of 120 x 60 cm [18, 20].
Each tube is made of two layers of Kapton, either
glued or ultrasonically welded, with a thin layer of
aluminum deposited on the outer Kapton layer. A
tungsten wire with a diameter of 30 pm serves as an
anode. A schematic of the straw tube is shown in
Figures 2 and 3.

Using GEANT4 tools for modeling straw
trackers

The main tool in this work is the GEANT4
software environment. GEANT4 (GEometry ANd
Tracking) was created by the eponymous
collaboration at CERN mainly to study the interaction
of particles with matter. It can be used to simulate
processes occurring in a wide energy range - from eV
to PeV [21]. Thanks to the toolkit, it is possible to
build the geometry of not only the detector, but also
the entire experimental setup, as well as set the
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characteristics of materials, physical processes, etc.
GEANT4 was written in C++, and compared to its
previous generations, it is a pioneer in the use of
object-oriented  programming. The  software
environment is based on the Monte Carlo method
[22], since modeling the behavior of particles often
requires averaging multiple cases of interaction, a set
of so-called statistics. The choice of this software
package in the framework of the work was motivated
by the fact that all previous simulations carried out by
the NAG64 experiment team were written using
GEANTA4.

In this study, the FTFP_BERT class was used to
describe physical processes, allowing one to specify
the particle type, physical models, and cross sections
of the processes occurring [23].

Aluminium (0.05 um)
Kapton {12 um)

Glue (7 ym)

Kapton {40 pm)

Gas (Ar - 80%, CO2 - 20%)
Wire (Wolfram, 30 um)

Figure 2 — Schematic representation of the cross-
section of a straw tube.

ml Akamirsum (0.05 um
B Kapton (12 um)
W Glue (7 pml

M Kapton (40 pm)

Gas {Ar - 80%, CO2 - 20%)

. Wee (Wollram, 30 um)

Figure 3 — Schematic representation of the
longitudinal section of a straw tube.
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This class was chosen because it describes well
the interaction components at high energies —
hadronic and electromagnetic. In this work in order to
create a straw tracker model one straw tube was
simulated, then its copies were created using the
G4PVReplica class. A lead box simulating an

Results and discussion

As a result, 3D models of straw trackers were
obtained, shown in Figures 4 and 5. A beam of 10.000
particles was also launched and tracks of the beam
and its reaction products with the calorimeter were
obtained (Figure 6).

electromagnetic calorimeter was also created. The
simulation results were presented as one-dimensional
and two-dimensional histograms using ROOT [24]
and Matplotlib libraries [25].

nuclei. To assess this effect, beam profiles were
obtained from the trackers before interaction with the
target and from large trackers located at some
distance from the small ones (Figures 8 and 9).

Figure 4 — Model of a small straw chamber 20x20
cm. The lead box simulating an electromagnetic
calorimeter is shown in green.

Figure 5 — Model of a large straw chamber. The
planes of the substations are inclined by +7°.

As a result of the beam-target interaction, as
expected in the experiment, part of the energy was
carried away by the reaction products. In this regard,
an energy spectrum was obtained (Figure 7), in which
two peaks corresponding to muons and the
electromagnetic component of the particles formed
are clearly visible. The spectrum and tracks show that
the energy is carried away mainly by gamma rays and
electrons.

The experiment assumes a deviation of the beam
trajectory due to the scattering of muons on target

Figure 6 — Beam and secondary particle tracks.
Negatively charged particles are shown in red,
positively charged particles in blue, and gamma rays
in green.

Energy spectrum
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Figure 7 — Energy spectrum of the beam and
secondary particles.

The halo around the beam is due to the absence

of trigger system which includes scintillation
detectors and veto-counters.
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Figure 8 — Beam profile on a small straw chamber, labeled XY.
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Figure 9 — Scattered beam profile from a large straw chamber labeled UV.

The energy loss distribution in the detector was
obtained, shown in Figure 10. This behavior of the

Energy deposit in Small Straw distribution is typical for the case of interaction of
T R P R . high-energy muons with matter. It is also evident
H 3 from the distribution that the beam does not
; experience any abnormal energy losses. This means
| that the models are in fairly good agreement with each
Ell other and with theoretical expectations.
R The distribution shows that 160 GeV muons lose
o' p \\ i ~1.65 MeV of energy when passing through the
; detector. This agrees well with the theoretical value
: [ \ of 1.79 MeV, calculated using the Bethe-Bloch
k .‘ﬂ‘ ! formula.
t m“h The track length distribution in one of the straw
wh L -‘I || . chambers was also obtained and is shown in Figure
| Ty " 11. Alarge peak at 11.75 mm is clearly visible, which

) S corresponds to high-energy muons that hit the straw
Figure 10 — Energy deposit distribution in perpendicularly. And longer tracks correspond to
small straw. scattered muons and electrons that hit at some angle.
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Figure 11 — Track length distribution.

Conclusion

In this study, three-dimensional models of
small and large straw trackers were constructed, and
particle tracks, their energy spectrum, beam profiles
from two stations were obtained. Despite the halo of
secondary particles, the obtained beam profiles show
its good centralization. The energy spectrum
demonstrates the absence of anomalous energy
losses, which is consistent with the classical scenario
of interaction of muons with matter. An energy loss
assessment was performed and found to be consistent
with the theoretical value obtained using the Bethe-
Bloch formula for the given gas mixture. Using the
GEANT4 and ROOT instruments, a distribution of

track lengths in the range of 10-15 mm was obtained.
The obtained data can be useful for analyzing
background processes in the experiment. The results
of the study will help in the further development of
modifications and improvements to straw trackers,
which are widely used in particle physics and high-
energy physics.
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