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Abstract—A review is presented of the latest technologies for vertex detectors that can be used in experiments
at the NICA collider. These technologies include both the novel pixel detectors with new ultralight radiation-
transparent carbon composite structures and cooling systems. The efficiency of reconstructing D meson
decay is estimated for the developed detector complexes, and the possibility of using these complexes to study

the formation of clusters of cold, dense quark-gluon matter inside nuclei are studied.
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INTRODUCTION

Modern collider experiments with heavy ions in
high-energy physics are aimed at studying phase tran-
sitions in strongly interacting matter. When relativistic
heavy ions collide, quark—gluon matter can form in a
deconfinement state: quark—gluon plasma (QGP), if
the hadron system reaches a high density or tempera-
ture. The main scientific interest is to determine how
does the transition of QGP to hadron gas occur.
Experiments at the NICA collider under construction
at the Joint Institute for Nuclear Research will give
new information in this direction. One of these exper-
iments calls the Multi-Purpose Detector (MPD). The
aim of this experiment is to perform a detailed study of
the phase diagram of nuclear matter in the region of
high baryon density [1]. Such superdense matter could
have existed at the early stages of the Universe evolu-
tion and might exist in the cores of neutron stars. No
less interesting problems are encountered in the field
of spin physics associated with the formation of the
hadron spins, allowing for the spin and orbital
moments of their constituent valence and sea quarks,
along with gluons. Another experiment at the NICA
collider, the Spin Physics Detector (SPD), is designed
to cover these problems [2]. In both experiments, an
important task is to study the yields of hadrons con-
taining heavy quarks. Such hadrons are characterized
by small cross sections of interaction with the nuclear
medium and carry undistorted information about the
states of nuclear matter that arise during the collision
of relativistic nuclei. The effective extraction of
charmed particles in events of nuclear—nuclear colli-
sions detected by the experimental setup thus plays a
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key role in the analysis of possible phase transitions
[3, 4].

The energy range of the NICA collider is +/syy =
4—11 GeV for collisions of *7Au(79+) ions with corre-
sponding luminosities as high as 1 X 10” cm™2s7! [5,
6]. The luminosity is several orders of magnitude
higher for accelerated polarized protons and deuterons
in the same range of energies: 1 x 1032 cm™2s7! [2]. It
should be noted that collisions of heavy ions at the
energies of the NICA collider are optimally suited to
create a high baryon density and achieve the decon-
finement phase of nuclear matter. This will allow us to
study the properties of a superdense nuclear medium,
including the search of deconfinement signals and a
critical point on the phase diagram.

Theoretical studies and the experimental informa-
tion available today show that an increased yield of
hadrons containing strange and charmed quarks is
observed during the formation of QGP. The same par-
ticles also occur in collisions between relativistic
beams of polarized protons and deuterons. The origin
processes of such hadrons (e.g., hyperons and
charmed mesons) are quite rare. To detect these parti-
cles, the new detector technologies with minimal
noise and high time, energy, and radiation character-
istics sould be used. On the other hand, the multiplic-
ity of the secondary particles generated in the central
collisions of relativistic ions can be as high as several
thousand in the energy range of the NICA collider.
For reliable registration of such events, we need detec-
tors that are capable of reconstructing tracks of pri-
mary charged particles and their decay products with
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high efficiency. Tracking systems that allow us to
reconstruct the decay vertices of short-lived hadrons
must have high spatial resolution. To create such sys-
tems, the technologies of silicon pixel detectors based
on CMOS (used today in high-energy physics experi-
ments [7—11]) should be applied.

At the relatively low energies of colliding nuclei at

the NICA collider (y/syy = 4—11 GeV), it becomes
possible to study various clusters of dense nuclear mat-
terinside them [3, 4]. One sign of the existence of such
clusters is the formation of particles during scattering
on nuclei in areas kinematically forbidden for reac-
tions with free nucleons, which is usually referred to as
cumulative generation. In this work, we discuss tech-
nologies for creating vertex detectors in experiments at
the NICA collider. The novel silicon pixel detector
complexes are considered with ultralight radiation-
transparent carbon composite structures for their sup-
port, and with efficient cooling systems for these
detector complexes.

MODERN VERTEX DETECTORS
IN COLLIDER EXPERIMENTS

Tracking systems are widely used today to provide
experimental research in the field of high-energy
physics and elementary particles physics. One of the
main modules of such tracking systems is a vertex
detector designed for precisely determination of short
lived hadrons decay vertices, using the reconstructed
tracks of their decay products. In experiments on fixed
targets, the vertex detectors are usually located almost
immediately behind a target covering a wide solid
angle of the detected particles. In collider experi-
ments, the vertex detector is mounted close to the
interaction point. They are usually placed inside the
main tracking system. A time-projection chamber is
such a system in several experiments. To detect had-
rons originated in reactions with relativistic heavy ions
and subsequently identify their tracks and the tracks of
decay products of unstable hadrons, we need accu-
rately determine the coordinates of the primary vertex
and the secondary vertices. Intensive research on new
silicon coordinate-sensitive pixel detectors with both
high spatial resolution and high counting rate is cur-
rently under way.

The work of the Large Hadron Collider (LHC) at
CERN and the ALICE experiment (A Large Ion Col-
lider Experiment) have allowed us to study the phase
diagrams of strongly interacting matter at high tem-
peratures. It became possible to analyze several char-
acteristics of QGP, the properties of which were stud-
ied earlier in experiments on collisions of relativistic
heavy ions at the SPS (CERN) and RHIC (BNL)
accelerators. On the other hand, measurements of the
yields of particles with heavy flavours (particles con-
taining ¢ and b quarks) with increased luminosity of
the LHC in 2022 in the collisions of lead ions up to
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6 x 107 cm™ s7! will allow us to determine such
parameters of strongly interacting matter as the initial
temperature of QGP and study different dynamic pro-
cesses in a QGP medium [9]. Detecting particles con-
taining heavy flavours one can answer questions about
thermalization and hadronization of QGP (heavy fla-
vours carry information about the state of the medium
at the time of their origination). To obtain a complete
physical picture of the events of nuclear—nuclear col-
lisions, the efficiency of detected particle track identi-
fication, especially in the region of low transverse
momenta should be improved. The spatial resolution
for identification of the primary and secondary verti-
ces of charmed and beauty hadrons also has to be
improved. Registering events at the increased lumi-
nosity of the LHC requires the development of new
technologies to create high-count rate detector sys-
tems. Monolithic Active Pixel Sensors (MAPS) based
on CMOS technology (180 nm) are such new detector
systems. An important advantage of these pixel detec-
tors over the currently used hybrid pixel detectors is
that all detector electronics (amplifier, discriminator,
memory buffer) are placed on a single chip and inte-
grated directly into the sensor. Each pixel is one detec-
tor. Over the past 30 years, intensive applied research
has been done on detectors based on CMOS technol-
ogies to use them for detecting charged particles
[12—15]. It is now possible to design and create vertex
detectors for experiments in elementary particle and
nuclear physics [10, 11, 16—19]. The first such detector
using CMOS-based sensors was used in the STAR
(Solenoidal Tracker At RHIC) experiments at the Rel-
ativistic Heavy Ion Collader RHIC [12, 20]. It was
possible to identified the processes of the origin of
lambda hyperons containing heavy flavours
(c-quarks) in collisions between gold ions at energy

Synv =200 GeV [21]. However, the CMOS technolo-
gies (350 nm technology) used in these pixel sensors
cannot be implemented for several parameters at the
upgraded ITS of the ALICE experiment at the LHC or
for creating new vertex detectors at the NICA collider.
Since such detectors cannot be used in high intensity
collisions because of the short time to read information
from pixels (320 Mbit/s), the long time of signal inte-
gration (190 microseconds), and the significant power
density on the detector modules (up to 150 mW cm™2).
These limitations can be overcome if 180 nm technol-
ogy is used. The new ITS of the ALICE experiment uses
the ALPIDE pixel CMOS detectors [8], which have an
information readout time of 1200 Mbit/s and an period
of integration of 4 microseconds. These detectors have
rather low power density (about 40 mW cm™?2), high
spatial resolution (5 um), and good radiation toler-
ance. Four generations of such detectors have been
developed, and the comprehensive studies of their
properties have been performed [22—24]. Results have
answered several technological questions and allowed
to create a working ALICE tracking system based on
Vol. 86
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MAPS [7]. Information from studies of the character-
istics of such pixel detectors and their identification
ability when detecting short-range particles and their
decay products have led to the concept of a vertex
detector for the Mega-project Multi-Purpose Detec-
tor at the NICA collider [3]. Comprehensive analysis
of data obtained by irradiating detectors (in a telescope
configuration) with different types of radioactive
sources (gamma, beta, alpha) and high-energy elec-
trons (on a linear accelerator), along with experiments
using this telescope to detect cosmic ray particles, has
contributed to the improvement of detection systems
and data processing algorithms for the vertex detectors
based on the latest pixel sensors for experimental set-
ups of the NICA complex.

In creating modern vertex detectors for the collider
experiments, it should be considered that when regis-
tering the hadrons containing heavy quarks and their
decay products, the trajectories of such particles
should not deviate much from the original direction
due to multiple scattering on the materials and struc-
tural elements of the detectors. Therefore a detector
system with great radiation transparency should be
built. The supporting structures that make up the
detector modules and their cooling systems should
have a minimum of matter with the minimum thick-
ness of the silicon detectors [25, 26]. Record values of
radiation transparency with a minimum material bud-
get in mega-detectors in the high energy physics (at a
level of 0.39% for a layer of silicon detectors) have
been achieved for the new inner tracking system of the
ALICE experiment at the LHC at CERN [8]. A simi-
lar concept is being used to create a vertex detector
(VD) for the MPD experiment at the NICA collider.
The pixel detectors will be mounted on ultralight car-
bon composite support structures with an integrated
cooling system. These structures will be combined
into ladders along the surface of coaxial cylinders
around the interaction points of the NICA collider
beams. Modeling and calculations have shown that for
reliable reconstruction of the decay vertices of short-
lived particles, the radiation thickness of the detectors
(including cable systems and detector support struc-
tures) should not be more than 1% of the charged par-
ticle radiation length. This is necessary to reduce the
effect of multiple scattering which can make change
the VD spatial resolution. The detector ladders (with
corresponding ultralight carbon composite structures)
forming cylindrical layers around the interaction point
of NICA collider beams will partially overlap to
exclude the formation of dead zones throughout the
VD working volume. Note that the minimum distance
between cylindrical layers, which is determined by the
size of the carbon-composite structures, is also con-
sidered when determining their number. The complete
concept of the VD was presented in [3, 4], which also
outlined the tasks of manufacturing and studying the
physical, structural, and functional features of ultra-
light radiation-transparent carbon composite struc-
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tures for supporting detectors based on MAPS. A pre-
preg consisting of high-modulus carbon fiber with an
appropriate binder agent is used on the design of these
support structures. The combination of these compo-
nents allows us to obtain detector support structures
with the best mechanical properties. In creating sup-
port structures for detectors based on MAPS for the
MPD experiment, wound-truss structures of 1526 mm
long were developed using a prepreg of russian pro-
duction (NIIKAM-RS/M55). To determine the
parameters of such a prepreg, efforts were made to
identify the actual amount of fiber in it. It was found
that this prepreg differs from the foreign analogs with
less carbon fiber and more epoxy binder agent. A low
content of carbon fiber can result in deterioration of
the supporting structure strength, since the main
parameter of a wound-truss structure is its rigidity,
which is determined by the shape of the product, and
the modulus of the material and its quantity. Several
samples of ultralight carbon composite structures for
supporting MAPS detectors were therefore made and
their geometric, mechanical, and strength properties
were studied to compare the obtained data with char-
acteristics of ultralight carbon composite structures
for the ALICE experiment at the LHC. It turned out
that the geometric characteristics of the support struc-
tures were identical (within the measuring error), but
the ALICE wound-truss structures were heavier and
more rigid: deviation was no more than 0.20 mm with
a central load of 200 g. Such differences between the
characteristics of carbon support structures were due
to the properties of our prepreg containing less carbon
fiber. This makes the manufactured product lighter
and reduces its rigidity. Our studies have shown that
even a small difference in the content of carbon fiber
in the prepreg (~20%) substantially affects the
mechanical and geometric properties of ultralight car-
bon composite support structures. We therefore
decided to modify the technology of producing these
support structures to create a vertex detector for the
MPD experiment: the number of prepreg layers was
raised to nine, and bundles of three carbon fibers were
laid on the edges of the wound-truss structures. The
manufactured support structures (see Fig. 1) thus
began to match those of ALICE in terms of their
mechanical and strength characteristics. In the future,
in collaboration with the Joint Institute of Nuclear
Research, the carbon fiber panels with an integrated
liquid cooling system will be mounted on these
wound-truss structures with monolithic active pixel
detectors.

RECONSTRUCTING OF D MESON DECAYS
IN THE MPD EXPERIMENT’S TRACKING
SYSTEM AT THE NICA COLLIDER

Model estimates of the efficiency of reconstructing
D meson decays in the MPD experiment’s tracking
system at the NICA collider were made on the basis of
Vol. 86

No. 8 2022



NEW TECHNOLOGIES FOR THE VERTEX DETECTORS 951

Fig. 1. The wound-truss ultralight carbon composite structures for detector systems based on MAPS.

the functionality and characteristics of monolithic
active pixel sensors discussed above.

A time-projection chamber (TPC) is the main
tracking detector in the MPD experiment. The TPC
will provide reconstruction of charge particle tracks in
the central region of rapidities, along with their identi-
fication by measured energy losses [27]. For reliable
identification of short-lived hadrons (which include
charmed mesons), the TP C will be supplemented with
a vertex detector. As already noted, the MPD experi-
ment VD will consist of MAPSs combined into lad-
ders located along the surface of the coaxial cylinders
around the interaction point of the NICA collider
beams. A five-layer design of the VD, adapted for the
beam pipe of the NICA collider with a diameter of 40
mm (VD5-40), was proposed in [3]. It was shown that
using such a VD provides spatial resolution sufficient
for reconstructing the decays of unstable particles, the
average ranges A of which are several hundred
micrometers [3].

The identification capability of the MPD experi-
ment tracking system consisting of the TPC and
VD5-40 was evaluated by reconstructing decay verti-
ces D° (A = 123 um) and D* (A = 312 um) formed in

central Au + Au collisions at energy +/syy = 9 GeV.
The decays of D° and D' mesons was reconstructed in
the Mpdroot object-oriented software environment
[28]. Nucleus—nucleus collisions were emulated on
the basis of a QGSM event generator built using the
quark—gluon string model [29]. Pure signal events
corresponding to the decays of charmed mesons were
played out using a thermal generator [30] tuned to the
energy of the NICA collider. In events of nucleus—
nucleus collisions, the background for the signals cor-
responding to the decays of the short-lived particles
was a large number of random combinations of tracks
that did not correspond to the true products of a par-
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ticle’s decay. Considerable suppression of such a com-
binatorial background can be achieved using the crite-
ria for selecting useful events according to such topo-
logical parameters as the distance of the closest
approach between the decay-product tracks and the
primary vertex of the colliding nuclei interaction
(dca); the distance between the tracks of daughter par-
ticles at the decay vertex of the parent particle (dis-
tance); the length of the path of the parent particle
from its point of formation to the point of decay
(path); and the angle between the vector connecting
the primary and secondary vertices and that of the
reconstructed momentum of the parent particle
(angle). The values of the specified selection parame-
ters (cuts) for each type of particle were selected
according to the maximum of significance function
Sign(a) for each parameter a:

Sign (a) = I%d{z‘,

) JS(d)+B(a)
where S(a) and B(a) are the distribution of signal and
background events according to parameter a. D
mesons were identified by selecting the peak corre-
sponding to the parent particle in the invariant mass
spectrum of its decay products along a fixed hadron
channel. Table 1 shows the decay channels of the D°
and D' mesons, with evaluated efficiency of their
reconstruction.

To extract D° and D" signals, we processed 10° sig-
nal events D° — K~ + " and D* — K~ + n* + n* and
10° events of the central Au + Au collisions. When
reconstructing the decay vertex of D mesons, only the
tracks of products of their decay that were recon-
structed using the responses of pixel detectors in all
5 layers of the VD. To reduce the combinatorial back-
ground, we selected dca cuts at the level of 26 of the
Vol. 86
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Table 1. D° and D" decay channels used for their reconstructing in the MPD experiment tracking system

Mass, . .
AIpoH MeV 52 cT, um Decay channel Branching ratio, %
evVs
DT 1869.62 + 0.20 312 nt+nt+ K 9.13
DO 1864.84 = 0.17 123 nt+ K 3.89

width of their distributions were selected. The cut val-
ues were applied to the signal and background events.
The signal invariant mass spectrum satisfying the
choisen selection criteria was reduced to statistics of
108 central Au + Au collisions, considering the multi-

(a)
M(n*, K7): signal + background (100 M)
Count
620
600 L Z;f‘“((f 1* =533 M(D°) = 1.8650 + 0.0002 GeV
= 1380 o(D% = 0.016 + 0.001 GeV
580 - Eff=0.8%
560
540 +
i1l ﬂl
500 -‘- i ‘ T
480 -
460 1 1 1 1 1 1 1 J
1.70 1.75 1.80 1.85 1.90 195 2.00 2.05 2.10
M(nK), GeV
(b)
860 1 M(rrK): signal + background (100 M)
840 - S/sqrt(B+S) =
S/B=0.12 M(D*) =1.866 £ 0.002 GeV
820
§=440 o(D*) =0.016 +0.001 GeV
800 - Eff=0.5%
780
760
740
720 .L l
700 H" {H H
0 H it
660 B 1 1 1 1 1 1 1 J
.70 1.75 1.80 1.85 1.90 195 2.00 2.05 2.10

M(nnK), GeV

Fig. 2. (a) Dland (b) Dt signals in the invariant mass spec-
trum extracted in 10% central Au + Au collisions at energy

Jsyn = 9 GeV: full spectrum (purple line) and residual
combinatorial background (red line).
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plicity of D mesons and the probability of their decay
along a fixed channel (see Table 1). The multiplicity of
D mesons in the central Au + Au collisions was esti-
mated using the dynamic model of a hadron string [31]
and was 1072 meson/event at the energies of the NICA
collider. The combinatorial background remaining
after applying the cuts was uniformly distributed over
the selected range by the invariant mass and then
reduced to statistics of 10® events with the addition of
statistical fluctuations. Figure 2 shows the resulting
spectra for D° (Fig. 2a) and D" (Fig. 2b) obtained by
summing the signal and background spectra normal-
ized to 10® central Au + Au collisions. Analysis of the
distributions depicted in Fig. 2 showed that signals can
be selected on a combinatorial background with such
statistics at significance levels of 5.3 for D° and 7.0 for
D*, and the efficiency of reconstructing D° and D*
mesons was 0.8 and 0.5%, respectively.

VERTEX DETECTORS
FOR CUMULATIVE PROCESSES STUDYNG

Important problems that can be investigated exper-
imentally in the MPD and SPD experiments at the
NICA collider are detecting and studying the proper-
ties of clusters of dense cold nuclear matter (“fluctu-
ons”) that can spontaneously arise in colliding nuclei
[32]. Modern models interpret such a multi-nucleon
cluster as a state in which all quarks and gluons of the
nucleons contained in it are in a state of deconfine-
ment at zero temperature and high baryon density
(cold quark—gluon plasma). Experimental studies of
such new states of matter at the NICA collider are of
great physical interest. A consequence of fluctuons
being in colliding nuclei is the possible formation of
particles with momenta lying outside the kinematic
region allowed for single nucleon-nucleon collisions
(in the so-called cumulative region) [33—36]. From an
experimental point of view, we can study such cumu-
lative generation in collider experiments only at rela-

tively low initial energies (preferably at energy +/syy =
4 GeV at the NICA collider) [3, 37], since it is impos-
sible in experiments at high energies at the RHIC and
LHC colliders. Therefore it is needed to perform
experiments at the NICA collider to study clusters of
cold dense quark—gluon matter in nuclei. Since there
are currently numerous alternative models of particle
formation in the cumulative region [38—41], to select
and confirm the flucton mechanism of particle forma-
Vol. 86
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Fig. 3. Interaction between a two-nucleon flucton (6¢) of one nucleus with partons of another nucleus [46, 48]. The dotted lad-

ders show the exchanges of hard gluons [41].

tion in this region, one can need to detect with cumu-
lative particles, all particles formed during the frag-
mentation of flucton residue [42, 43]. As the theoreti-
cal analysis [44—47] showed, the mechanisms of the
formation of cumulative protons and pions within the
flucton model also differ. When the formation of pions
occurs due to fragmentation into a pion of one of the
flucton quark [44], the main contribution to the origin
of cumulative protons comes from the mechanism of
coherent coalescence (recombination) of three fluc-
ton quarks into a proton [45—47] (see diagram in
Fig. 3). Figure 3 shows the formation of cumulative
protons by coherent coalescence (recombination) of
three flucton quarks, while (as shown by our analysis
of the fragmentation of fluctons in the cumulative
region [46]) the contribution from Feynman dia-
grams, in which all the remaining flucton quarks
interact with the partons of the incoming nucleus, pre-
dominates. Quark—gluon strings form when these
remaining quarks of the fluctuon interact with the
partons of an incoming nucleus. Since a flucton is a
compressed configuration in the transverse plane and
otherwise, the resulting strings appear to overlap in the
plane of the impact parameter. In this case, it is possi-
ble to merge these strings into string clusters (so-called
“color ropes”) [49, 50]. The formation of such fused
strings with increased strain (increased intensity of the
color field) increases the yields of particles with heavy
quarks [51, 52]. This process at the energies of the
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NICA collider will increase the yields of strange parti-
cles [48] in the kinematic region where particles origi-
nate during the fragmentation of flucton residue.

Therefore we need together with cumulative parti-
cles to detect all particles that form during the frag-
mentation of flucton residue in order to confirm the
existence of clusters of cold dense quark—gluon matter
in nuclei and study the details of the mechanism of
particle formation in the cumulative region with their
participation. Since the formation of the cumulative
particles is a rare phenomenon, their study requires
experiments at the maximum possible luminosity of
the NICA collider. The problem of excluding the
influence of so-called “pile-up” effects on experimen-
tal results then arises. A vertex detector with high spa-
tial resolution should be used to exclude all tracks of
particles emerging from the vertices of other collisions
(which can be near the vertex of the main collision) in
which a cumulative particle forms. Leaving such tracks
would distort the spectrum of particles originating
from the fragmentation of the flucton residue, studies
of which are of great physical interest. With increased
luminosity ~10% cm=2 s~! of the NICA collider for
Au + Au collisions, the probabilities of having other
vertices of Au + Au interaction at distances of less than
0.5and 0.1 mm are 0.18 and 0.037%, respectively [38].
This demonstrates the need to use a vertex detector in
MPD or SPD experiments to suppress the contribu-
Vol. 86
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tion from pile-up effects when recording the spectrum
of the particles that form because of the fragmentation
of flucton residue.

CONCLUSIONS

A brief overview about novel vertex detector for
collider experiments was presented. It was shown that
thin Monolithic Active Pixel Detectors with high spa-
tial resolution and high counting rate can serve as the
main modules for creating vertex detectors. Studies of
carbon composite materials and new technologies to
design ultralight support structures for such pixel
detectors also were included in this report. It was
shown that the developed support structures in their
geometric, mechanical, and strength values have the
similar characteristics like ultralight carbon composite
support structures for the MAPS detectors used in the
ALICE experiment at the LHC.

As theoretical investigations the model estimations
of the reconstructing efficiency of D mesons decays
using the vertex detector of the MPD experiment were
done. The estimates showed that the signal selection
on a combinatorial background can be performed at
significance levels of 5.3 and 7.0 for D° and D*, respec-
tively, and the efficiency of reconstructing D° and D*
mesons approaches is about 1%.

New physical phenomena associated with the exis-
tence of cold dense clusters of quark—gluon matter in
nuclei with the formation of particles in the cumula-
tive region have been studied. It was shown that we
need to detect both cumulative particles and ones that
form during the fragmentation of flucton residue. It
was proposed that a vertex detector with high spatial
resolution in collider experiments should be used to
suppress pile-up effects that can mix the tracks of par-
ticles from different vertices.
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