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Introduction

At the present time, the spin structure of the nucleon is one of the challenging topics of high-
energy physics. Nowadays, a new accelerator complex, the NICA (Nuclotron based Ion Collider
fAcility) collider, is being built at the Joint Institute for Nuclear Research (Dubna, Russia). The Spin
Physics Detector (SPD) is proposed to be placed in one of the two interaction points of the NICA
to study the nucleon spin structure and other spin-related phenomena with polarized proton and
deuteron beams [1]. The SPD physics program is described in detail in [2-4] and mainly aimed to
extract information on the gluon Transverse-Momentum-Dependent Parton Distribution Functions
(TMD PDFs) in the proton and deuteron, as well as the gluon transversity distribution and tensor
PDFs in the deuteron, via the measurement of specific single- and double-spin asymmetries using
such complementary probes as charmonia, open charm, and prompt photon production processes.
These phenomena are planned to study at the center-of-mass collision energy /s up to 27 GeV and
a total luminosity up to 102 cm~2 s~1. Since the /s exceeds the typical hard scale of the studied
processes moderately, the 47t geometry resolution of the SPD is planned, together with triggerless
data acquisition system (DAQ), purposed to minimize systematic uncertainties of the measurements.
For the effective data recognition under specified conditions, the related software should provide fast
data processing, event selection, and primary vertex reconstruction at the online data filtering stage.
Particularly, for the rational use of memory and high-performance the simplest procedure of track
fitting and further primary vertex recovery is anticipated [5-7].

1. Straw tracker simulation

The straw tracker (ST) is the inner part of the SPD detector aimed at reconstructing tracks of
primary and secondary particles with high efficiency for the precise measurements of their momenta
and to identify particles via their energy deposition. Its construction includes the barrel part and
two end-caps [1], constituted of two different kinds of the low-mass straw tubes, similar to those
used in such modern experiments as NA64 [8], COMPASS [9; 10] and others [1]. The most of the
produced particles will be registered in the barrel part consisting of the 8 azimuthal modules, each
containing the 31 double layers of straw tubes, which schematic view is presented at the Fig. 1 [1].
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The geometrical ST model used in this study was developed by A. Allakhverdieva using the
GeoModel toolkit [11; 12], which is a class library for the description of detector geometry. The
designed ST geometry is stored in the local GeoModel SQLite file (.db) being the input of the Geant4
package [13-15], generating the detector model automatically. Such an approach for the detector
simulation provides the flexibility of the model, simplifying the purely construction changes. To
describe the ST geometry, we use a global coordinate system, where the z-axis is oriented along
the nominal beam direction, the y-axis is vertical, and the x-axis is perpendicular to them and is
directed toward the center of the collider ring. The origin of the coordinate system is the nominal
center of the setup being the ideal interaction point. The ST model of the present study is specified
by the setup with inner and outer radii of 270 and 867 mm, respectively, consisting of 8 octants
filled with layers of cylindrical tubes, to be shown in the XOY plane in the Fig. 2. The base of the
detector, the ST tubes, are constructed from a thick polyethylene shell and an inner cylindrical
volume of radius R = 4.78 mm filled by the gas mixture of Ar(70%) + CO2(30%). The internal
volume of each tube is represented by the GEANT4 sensitive detector object ConstructSDandField
and the HitsCollection array, which elements (Hits) are recorded every time a particle looses energy
in the sensitive volume, and contain information about the particle type, energy loss, coordinates,
track data, and the unique number of the tube where the hit is arised.
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Fig. 1. Schematic representation of the Straw Tracker (ST) [1]

Puc. 1. Cxemaruunoe npencrasienue crpoy-rpekepa (ST) [1]

2. Experiment simulation

We consider the p-p mode of the experiment where the proton beams collide at the energy
of v/s =27 GeV in the center-of-mass system. We suppose the proton bunch crossing every 76 ns,
while the temporal interval of the data storing (timeslice), defined by the DAQ system, to be
10 us. The heavy charged primary particles are simulated by positive muons with a given energy
of E =1 GeV and momentum p, which direction has a uniform spatial distribution, using the
G4PrimaryVertex object of the Geant4. The such choice of primary particles has been made due to
their small cross section of interaction with ST material resulting the small number of secondary
tracks while the major energy loss of a muon is due to a gas ionization, which is favourable to initiate
the electron avalanche into a straw drift chamber.

The probability of a hard interaction between two protons in a given beam crossing is simulated
k

A
by the Poisson distribution f(k) = FE_A with the expected value A = 0.3. We impose the
coordinates of the interaction point and the corresponding primary vertex to be the same and equal
to (0,0, z), where z is normally distributed around the central value zg = 0 by a Gaussian distribution

flz) = wlz?

interaction is determined by a Poisson distribution with the expected value A = 7. The propagation
of a charged particle through a gas leads to energy loss due to ionization. The snapshot of the
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e_%(T) with ¢ = 30 cm. The number of muons produced in the one pp hard
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Fig. 2. The ST model used in this work in XOY plane

Puc. 2. Mogenn crpoy-rpekepa, uciosb3dyemMasl B IIpecTraBiennoit pabore, B miockoctu XOY

particle state at the moment of energy loss within the sensitive volume was recorded as a hit. The
visualization of launch of one event into the ST is shown in Fig. 3, where the hits and tracks are
illustrated by green dots and blue lines, respectively.

|
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Fig. 3. Visualization of launch of one event into the ST: XOY plane (left), ZOY plane (right). Hits and
tracks are illustrated by green dots and blue lines, respectively (see the color online on the wersite)

Puc. 3. Busyanuzanus 3amycka omHoro cobbitusi B crpoy-rpekepe: B miockocru XOY (cieBa), B IIOCKOCTH
ZOY (cupasa). 3esieHble TOUKH — TOYKHU [OTEPU SHEPIUH B UyBCTBUTEIHHOM OObEME, FOJIyOble JIMHUA —
Tpeku (IBET CM. B OHJIAH-BApHAHTE Ha caiiTe)

We collected the hits into hit arrays applying the following selection criteria: only the energy loss
of primary particles were considered with the threshold for the total energy loss of E;p; > 100 MeV,
and all the secondary particles are neglected. The set of coordinates of each muon energy loss points
were used to determine the shortest distance to the tube axis, anode wire, to calculate the response
time of the straw tube. This time depends on the electron avalanche drift time from the ionization
point to the anode wire ¢(r), where 7 is the shortest distance from the track to the anode. Using
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the complete hit collection array for a given muon we can reconstruct its track and apply this
procedure for all the muons in the simulation. If there are several points of muon energy loss in one
logical volume, we approximate the muon track by a straight line connecting the first and the last hits,
then r is calculated as the shortest distance between this line and tube axis. The hit reconstruction
step was omitted for the transparency of the simulation results, that means the 3D coordinates of
particle hits are assumed to be known. The distance from the hit to the anode wire is calculated using
the local coordinates, relatively to the axis of a particular tube, and the tracks are approximated
in global coordinates, relative to the entire detector. Since each particle is tracked individually in
GEANT4, it is not suitable to simulate interactions for a large number of particles, as the electron
avalanche is. Thus, we used the f(r) dependence [1] simulated using the GARFIELD software [16; 17]),
for which we found the analytical approximation: t(r) = 2.7101 + 1.2156r + 6.8287r2. We present the
resulting temporal distribution averaged by 100 time slices in the Fig. 4, where grey area corresponds
to the times of the sensitive volume intersections by the sample particle, and colored area is straw
tubes response time distribution. Here and after all the histograms were generated using the CERN
ROOT [18] tools. We obtain the significant overlap between the straw tubes response times from the
different bunch crossings appearing in the same time slice. This fact indicates the problem of signal
decoding for track and primary vertex reconstruction during data collection in a real experiment.

\ Timing distribution | — Start Timezoagas
ntries

Mean 441.9

Std Dev 290.6

20000
18000
16000
14000
12000
10000
8000
6000
4000
2000

%

Number of muons

1000 1200
Time of Hits, ns

Fig. 4. Temporal distribution averaged by 100 time slices, grey area — times of the sensitive volume
intersections by the sample particle, colored area — straw tubes response time distribution

Puc. 4. Bpemennoe pacnipenenenue, yecpenaennoe mo 100 BpemennbiM cpesam. Cepast 06J1aCTh — Bpems
IepecevYeHnsl IyBCTBUTEIBHOIO 00beMa JacTulleil u3 BLIOOPKH, IIBETHAsL 00JIACTh — PacIpesesleHre BpeEMeH
OTKJIUKa CTPOY-TPyOOK

3. Primary vertex reconstruction

To reconstruct primary vertices assigned with bunch crossings points, we develop an algorithm
based on the simplest approximation of particle tracks, making it suitable in the online evaluations
for the triggerless regime of ST. For the pure examination of the algorithm, we omit the step of
hit reconstruction, and reconstruct the tracks using the direct coordinates of the hits collected in
Sec. 1. In our simulation we suppose a magnetic field oriented along z-axis to be equal to B=1T
and uniform everywhere inside the ST, providing a spiral trajectory of a charged particle. We
approximate the muon motion in the XOY plane by the parabola and a straight line in the ZOX or
YOZ planes, see Fig. 3. The set of hits {x;,y;}n in the XOY plane for the each track numbered N
is approximated by the parabolic function 7 = aleJEZ + a1, N + agn = f(X) where the coefficients
a; y are determined using the least-squares method. Since the system has a rotational symmetry in
the XQOY plane, but the coordinate system is fixed, we should choose the desired approximation
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function to be Y(X) or X(Y) for the each track. It is done by the following procedure: if any of the
sets {x;}n, {yi}n is not ordered by ascending or descending, its elements correspond to function
values (%) while the elements of another to argument values X. In the case whether both sets are
ordered, the adjusted R square values are calculated using the following formulas:

— R (k — ‘
. kfrz(fl : B k ' W

Rigj=1-

Then we compare values of Rixdj for {x;,y;}n corresponding to choices (%,7) and (7, %) to adopt
one providing the higher Ridj'

The coefficients a; for each primary particle determine the arc length of the parabolic segment
Ly which is calculated using a simple formula

Ly(%in) = /OXW 14 (f/(%))2dx = o
- 45!121\] <ln (FEN))+ 1+ F(F) |+ F @)V (F(Fn)) + 1) .

Then we can use it to obtain the dependence z(L)y = by NLy + bon, where z(L)y can be
approximated by a linear function, which must be extrapolated to intersect with the Z-axis in order
to determine the position of the primary vertex. The simulated tracks and hits in the ZOY plane
from the primary particles in one time slice are shown in Fig. 3.

The coordinates of the hit are approximated assuming that the particle is produced at the point
{0,0,Zy}. The approximated tracks are passed then through the two selection criteria. The first
one is based on the polar angle 6 of the track, which is determined as the angle between the line
connecting the start point of the track with the first hit and the Z axis.

Analysing the distribution of the vertex reconstruction error by polar angle, we can conclude
that particle tracks close to Z-axis do not intersect a sufficient number of detector layers, resulting a
decrease in the reconstruction accuracy, since the extrapolation error multiplies the approximation
error. Therefore, we decided to exclude all tracks with polar angle 8 < 0.5 and 68 > 7t — 0.5, and this
reduces the number of tracks to 80 % from the initial one. In the Fig. 5 we present the distance
distribution between the reconstructed vertex and the true vertex depending on the polar angle.

The second track selection criterion is derived by the RSS (regression residuals squares) parameter
value stated by the formula:

n

RSS; =Y (zin — (bon + bi,NLn(Zin)))? (3)
i=1

Tracks with an RSS below the value of 1.0 are discarded. This critical value was chosen as
corresponding to the optimal ratio of discarded to actually poorly reconstructed tracks, leading to
the 56% of the remaining from the initial number of tracks.

The obtained distortion of the distribution relative to 8 = 7, see Fig. 5, is due to the asymmetry
of the trajectories of positive muons propagating in and against the direction of the magnetic
induction lines. Assuming the Zg — Z,,,; data are normally distributed within a certain range of 6
values, we defined the parameters of Gaussian distribution corresponding to the each 6 interval:

f(zo0) = — L)
0,0) = e 7 .
c(0)V2m
The obtained parameters u(0) and ¢(6) will be used for further track processing. The obtained
dependence of the standard deviation and the mean value on the polar angle is shown in Fig. 6.
Using the mean value, the reconstructed Zps were corrected. The o (6) is the corresponding
reconstruction error of a particular vertex, which was used for vertex clustering and for

(4)
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Fig. 5. Distance distribution between the reconstructed vertex and the true vertex versus the polar angle 6

Puc. 5. Pacupenenenne paccTostnust MexK/ Iy PEKOHCTPYMPOBAHHONW BEPIIMHON M MCTUHHOMN BEPITUHOM
B 3aBUCUMOCTHU OT TOJISIPHOTO yTJia 6
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Fig. 6. Dependence of the standard deviation (¢) and the mean value (i) on the polar angle

Puc. 6. 3aBucumoctsb cTaHAAPTHOrO OTKJIOHEHUs (07) U CpejiHero 3HadeHus (}) or mnossipHoro yria (6)

correcting the reconstructed vertices. The adjusted distance distribution between the reconstructed
vertex and the true vertex are shown in Fig. 7.

The next step is to group the tracks into clusters with common vertices expected as primary
vertices. The set of initial coordinate values Zy was sorted in ascending order. The reconstructed Zg
values were taken into account with a corresponding error interval {Z = 0y }. In case error intervals
overlap, all Zps in a given region are considered as one cluster treated as reconstructed primary vertex

with the coordinate Zgc = i Zle Zy . After all the clusters has been found by this procedure we

compare their coordinates with true primary vertices. In case of two or more vertices are present
within a single cluster they are combined into one primary vertex only if the distance between them
does not exceed 30y, where 0p = 1 mm. If several vertices within a cluster are at a greater distance,
they are all considered to be reconstructed incorrectly. A correctly reconstructed vertex is one that
can be distinguished in the cluster, and all assigned tracks actually belong to it. To determine
this, we used the ID of the track (TrackID), which is matched between the reconstructed and true

vertex in this algorithm. Among all the incorrectly reconstructed vertices Ny, the fraction related
Nwr.vert

to indistinguishability = 96 %. The vertex reconstruction efficiency was calculated as the

wr
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Fig. 7. Adjusted distribution of the distance between the reconstructed vertex and the true vertex versus
polar angle 6

Puc. 7. CkoppexTupoBannoe pacrpeesenne pacCTOSHAST MEXKTy PEKOHCTPYUPOBAHHON BEPITUHOM
¥ UCTHHHOI BEPIIUHON B 3aBUCUMOCTH OT ITOJIIPHOTO yTiia, 0

ratio of the number of correctly reconstructed true vertices to the total number of true vertices in

N
the dataset. The efficiency obtained by this method is I\;eco =971 %.
all

As a result, if the initial vertices are far enough apart each other, they are easily distinguishable
and can be correctly reconstructed. However, if the primary vertices are closely located, the error
regions in the reconstructed Zy can overlap, reducing the efficiency of the reconstruction process.

In the Fig. 8, left, we present the dependence of primary vertex reconstruction efficiency which is
defined as the ratio of all the reconstructed vertices to the all initial true vertices in the simulation,
against the critical value of the RSS, parameter. While on the right panel we demonstrate the
percentage of the vertices lost by use the RSS;-related criterion. One can find the maximal efficiency
is achieved at the RSS, = 1 being equal to 77.1 %.
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Fig. 8. Efficiency dependence (left) and vertices information loss (right) on RSS; of z(I) approximation

Puc. 8. BaBucumocts 3¢ deKTHBHOCTH PEKOHCTPYKIMK BEPIINH (CJI€Ba) U HOTepH HHMOPMAIMA O BEPIINHAX
(cipaBa) oT noporosoro 3Hadenust RSS, anmpokcumanuu z(1)
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Conclusions

We present the algorithm for the primary vertex reconstruction in the SPD NICA straw tracker
which gives an opportunity to resolve a complicated temporal structure of the ST response within
the timeslice. Due to the simplicity of the algorithm it is fast and can be used for the online data
processing in the triggerless regime of the detector operation. We found the optimal parameters
providing the maximal efficiency with minimal information loss, and a good quality of the vertex
reconstruction on the conditionally-reduced sample of the true vertices.

The further study implies the verification of the algorithm performance using the hit data with
less purity and using more complicated functions for track approximations.
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Paccmompena: 18.03.2025 crpoy-gerekrope crmHoBoit dusuku (SPD) yexopurenss NICA 8 OUAN. C nomornsio

IIpunamas: 07.04.2025 nporpaMMHOro nakera Geant4d Mbl MOJEIUPYEM OTKJIMK UyBCTBUTEIbHBIX 3JIEMEHTOB

cJI0eB CTPOy-TPpyOOK mpu Gecrpurrepuom pexkume padorsr SPD. Mcnomssys pe-

Haywras cmamova 3yJBTATHI MOJIEJIMPOBAHUS, Mbl IIPEJICTABIISIEM IIPOCTOI AJITOPUTM OBICTPOTO TIOUCKA

® [IEPBUYHBIX BEPIIUH U OIEHUBAEM ero 3(hMOEKTUBHOCTh U YUCTOTY PEKOHCTPYKIIUAU.
@c-gd Kiiouessbie ciaoBa: Monre-Kapiio MmomenmmpoBanue; anmpoKCHMaIns TPEKOB;

PEKOHCTPYKIIUsI IIEPBUYHBIX BepIInH; 3(PPeKTUBHOCTh BoccTaHoBeHus; Geantd;
SPD NICA; crpoy-Tpy0Ka; JIeTeKTOp.

dunancupoBanue. PaboTa BbIIOIHEHA B PaAMKaX rOCyIapCTBEHHOTO 3ajanus MuHucTepcTBa HaykKu u
BeIcIIero obpazosanusi Poccutickoit ®eneparmu, Ne FSSS-2025-0003.
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MTOJIE3HBIE 3aMETaHUs U MJIOIOTBOPHDIE 00CY K ICHMUS.

Nudopmanusi 0 KOH(JIMKTE HHTEPECOB: aBTOPHI U PEIEH3EHTHI 3AABJISIOT 00 OTCYTCTBUU KOHMIIKTA
UHTEPECOB.
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