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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. 
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GEANT4 бағдарламалық ортасында M2 SPS мюон шоғырындағы  
NA64 экспериментінде строу трекерді модельдеу 

 
NA64 эксперименті 160 Гэв энергетикалық мюон сәулесін және 100 Гэв энергетикалық 

электронды сәулені жүзеге асыратын қараңғы секторларды табуға бағытталған. 
Эксперименттің негізгі мақсаты — массасы 1 Гэв-тан төмен Жеңіл Қараңғы Материяның 
(ЖҚМ) бөлшектерін анықтау. Жетіспейтін энергия/импульс техникасы экспериментте 
қолданылады, мысалы, мюондарда соңғы күйдегі мюондардың энергиясы 80 Гэв болады 
деп күтілуде. NA64 экспериментінде детекторлардың бірнеше түрін қамтитын жеткілікті кең 
детекторлық жүйе бар. Строу трекерлері эксперименттің муондық және электронды 
режимдерінде қолданылады. Сәуле сызығының бойындағы тректерді тіркеу жүйесінің 
маңызды компоненттерінің бірі — строу-трекер. Строу трекерлері бастапқы және қосалқы 
бөлшектердің іздерін қайта құруға және кейін жолдың қисаюына негізделген олардың 
импульсін бағалауға мүмкіндік береді. Бұл құжат GEANT4 бағдарламалық пакетін 
пайдаланып жасалған строу трекер үлгісін ұсынады. Екінші реттік сәулелену бөлшектері 
строу түтіктерінің реакцияларына да енгізілді. Бұл жұмыстың негізгі мақсаты-GEANT4 
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құралдар жинағын қолдана отырып, строу трекерінің моделін құру және талдау. Зерттеу 
әдістемесі GEANT4 жұмысының негізінде Жатқан Монте-Карло әдісін қолдануға 
негізделген. Зерттеу нәтижелері строу трекерлердің техникалық және құрылыстық 
параметрлерін оңтайландыру мақсатында тұратын практикалық маңыздары бар. 

Түйін сөздер: қараңғы материя, NA64 эксперименті, строу трекері, Монте-Карло әдісі. 
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Моделирование строу трекера в эксперименте NA64 на мюонном пучке M2 SPS  
в программной среде GEANT4 

 
Эксперимент NA64 направлен на поиск темных секторов, реализующих мюонный пучок 

с энергией 160 ГэВ и электронный пучок с энергией 100 ГэВ. Основная цель эксперимента 
— обнаружение частиц Легкой Темной Материи (ЛТМ) с массами менее 1 ГэВ. В 
эксперименте используется метод недостающей энергии/импульса, например, для 
мюонного режима энергия мюонов в конечном состоянии, как ожидается, составит 80 ГэВ. 
Эксперимент NA64 имеет довольно обширную систему детекторов, включающую несколько 
типов детекторов. Строу трекеры используются как в мюонном, так и в электронном 
режимах эксперимента. Одним из важнейших компонентов системы регистрации треков 
вдоль линии пучка является строу трекер. Строу трекеры позволяют реконструировать треки 
первичных и вторичных частиц и впоследствии оценить их импульс на основе кривизны 
трека. В данной статье представлена модель строу трекера, созданная с использованием 
программного пакета GEANT4. Вторичные частицы также были включены в отклики строу 
трубок. Основная цель этой работы — построить и проанализировать модель строу трекера 
с использованием инструментария GEANT4. Методология исследования основана на 
использовании метода Монте-Карло, лежащего в основе работы GEANT4. Результаты 
исследования имеют практическое значение, заключающееся в использовании моделей 
для оптимизации технических и конструктивных параметров строу. 

Ключевые слова: темная материя, эксперимент NA64, строу трекеры, метод Монте 
Карло. 

 
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 

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 NA64 

experiment is dedicated to searching for the so-called 

dark photon, as well as the Z'-boson associated with 

Lμ-Lτ 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 - 

NA64μ. The muon mode of the NA64 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 νν ̅, or into a pair of particles DS with a 

smaller mass χχ ̅. 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 

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 NA64µ 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 NA64µ 

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. 

 
 

Figure 1 – Experimental setup of NA64µ. 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 

 

𝜇 + 𝑍 → 𝜇 + 𝑍 + 𝛾, (1) 

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 
 

𝜇 + 𝑍 → 𝜇 + 𝑍 + 𝑍′, 𝑍 → 𝜈𝜈, 𝜒𝜒, (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)𝐸0 is carried away by an invisible particle. 

 

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 

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], 

LHCb [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 NA64µ 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 × 20 cm. Large 

substations are rotated by ±7° relative to the beam 

axis and have dimensions of 120 × 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 µm 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 

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 NA64 experiment team were written using 

GEANT4.  

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]. 

 

 
 

Figure 2 – Schematic representation of the cross-

section of a straw tube. 

 

 
 

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 

electromagnetic calorimeter was also created. The 

simulation results were presented as one-dimensional 

and two-dimensional histograms using ROOT [24] 

and Matplotlib libraries [25]. 

 

 

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). 

 

 
Figure 4 – Model of a small straw chamber 20×20 

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 

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 6 – Beam and secondary particle tracks. 

Negatively charged particles are shown in red, 

positively charged particles in blue, and gamma rays 

in green. 

 

 
 

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. 

 

 
 

Figure 9 – Scattered beam profile from a large straw chamber labeled UV. 

 

 

 

 

 
Figure 10 – Energy deposit distribution in 

small straw. 

 

The energy loss distribution in the detector was 

obtained, shown in Figure 10. This behavior of the 

distribution is typical for the case of interaction of 

high-energy muons with matter. It is also evident 

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 

other and with theoretical expectations. 

The distribution shows that 160 GeV muons lose 

~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 

formula. 

The track length distribution in one of the straw 

chambers was also obtained and is shown in Figure 

11. A large peak at 11.75 mm is clearly visible, which 

corresponds to high-energy muons that hit the straw 

perpendicularly. And longer tracks correspond to 

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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