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Abstract—A scheme for modeling tracks of recoil nuclei from elastic scattering of hypothetical dark-
matter weakly interacting massive particles (WIMP) is presented. Constraints on the possibility of
directional detection of WIMP in experiments where light hydrogen nuclei and groups of C, N, and O
nuclei, as well as fluorine nuclei, play the role of a target in the detector used are set. The number of WIMP
interactions per unit mass of the detector was estimated by means of the micrOMEGA s software package
for an inert doublet model. It is concluded that, for the purpose of visualizing tracks of recoil nuclei and,
accordingly, accomplishing a directional detection of WIMP with lowest assumed masses of 4 to 10 GeV,
preference should be given to target of lower density.
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1. INTRODUCTION

Weakly Interacting Massive Particles (WIMP) are
hypothetical particles that arise upon the extension
of the Standard Model (SM) as candidates for dark
matter particles. It is assumed that the Milky Way
Galaxy is surrounded by a halo of WIMP with masses
ranging between 0.4 and 10000 GeV.

Searches for WIMP have been performed vig-
orously over the past decade. The most stringent
constraints on the cross section for WIMP—nucleon
interaction in the case of WIMP masses higher
than 10 GeV were set in the XENONIT experi-
ment [1]: less than 10746 ¢m? for WIMP of mass
about 30 GeV and approximately 10=%* ¢m? for
WIMP of mass 10* GeV. The mass range between
2 and 10 GeV was constrained by the results of the
DarkSide experiment [2]: about 1042 ¢cm? for WIMP
of mass about 4 to 5 GeV. It follows that, at the
present time, it is reasonable to look for WIMP in
the mass range extending up to 10 GeV, and such
searches require employing detectors with a “light”
working substance—that is, with an atomic number
non differing markedly from ten.

The idea of directly detecting WIMP is based on
the assumption that, in the course of its motion to-
gether with the Solar System, the Earth is blown
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around by a WIMP wind obeying a Maxwell velocity
distribution and having an average velocity of about
220 km/s. In that case, WIMP should be involved in
elastic interaction with a detector material, whereby
recoil nuclei are produced, and it is proposed to detect
them.

Some experiments are implemented in such a way
that they make it possible to determine the directions
of motion of recoil nuclei and, hence, to estimate
the predominant direction of the WIMP flux prior
to WIMP interaction with a target. The discovery
of an anisotropy in the angular distribution of re-
coil nuclei (provided that the background signal is
isotropic) may suggest that the Earth and Solar Sys-
tem move around the Milky Way Galaxy center within
a dark-matter halo. Detectors proposed for visualiz-
ing tracks of recoil nuclei are highly sophisticated in-
struments, including time-projection multiwire pro-
portional chambers [3], micro pattern gaseous detec-
tors (MPGDs) [4], and graphene-based detectors for
directional dark matter detection [5].

The maximum of the presumed velocity-direction
distribution of WIMP approximately corresponds to
the direction toward the Cygnus constellation. Back-
ground events associated with elastic interactions of
neutrinos should either be isotropic (neutrinos from
supernova explosions and atmospheric neutrinos) or
correlate well with the position of the Sun (solar
neutrinos). Therefore, the observation of an excess of
the signal in the direction toward the Cygnus constel-
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lation would be an unambiguous proof of the presence
of dark matter in the form of a galactic halo [6].

In the present article, we describe a scheme
for modeling tracks of recoil nuclei from the elas-
tic WIMP scattering and set constraints on the
possibility of directional detection of WIMP in an
experiment where light nuclei of hydrogen (H) and
groups of carbon, nitrogen, and oxygen nuclei (CNO
groups), as well as fluorine nuclei (F), form a tar-
get in the detector used. The expected number of
WIMP interactions per unit mass of the detector was
estimated by means of the micrOMEGASs software
package [7] for an inert doublet model (IDM) of
WIMP. This model is compatible with the most recent
experimental constraints in the WIMP mass range
extending up to 10 GeV. As a result, it is concluded
that, in order to visualize tracks of recoil nuclei and,
hence, to accomplish directional detection of WIMP
with lowest supposed masses between 4 and 10 GeV,
preference should be given to a target of lower density.

2. SCHEME OF ELASTIC WIMP
INTERACTION WITH DETECTOR MATERIAL
AND ANGULAR AND ENERGY
DISTRIBUTIONS OF RECOIL NUCLEI

We have considered three tracking-detector mod-
els that differ substantially in the sensitive-matter
density. The first is the track-emulsion detector of
density p = 3.1 g/cm3 that was used in the NEWSdm
experiment [8] and in which tracks were visualized
by means of a NIT (nano imaging tracker) emulsion
having a grain size of 40 to 80 nm [9]. In ordinary
track emulsions, such as that used in the OPERA
experiment devoted to searches for v, — v, neutrino
oscillations [10], the emulsion-grain size was approx-
imately 200 nm. For the second detector model,
we considered 500 | of liquid propane CsHg (p =
0.495 g/cm?) in the bubble-chamber mode. The sen-
sitive volume of the detector designed for the PICO
experiment [11] was the third model. This is a bubble
chamber containing 500 | of octafluoropropane C3Fg
(p = 1.601 g/cm?)

The elastic interaction of WIMP with target nu-
clei was described in a number of studies (see, for
example [12, 13]). The respective scheme is shown
in Fig. 1.

In order to model tracks of recoil nuclei in the
detectors of directional experiments, one can use the
double-differential distribution of recoil nuclei with
respect to energy and direction in the form [13]

d’R P a
TBd0 T e wIoaB), (1)

where d€) = dpd cos 6, p is the local density of WIMP,
m is the WIMP mass, M is the target-nucleus mass,
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w=mM/(m+ M) is is the reduced mass of the
system formed by the target nucleus and WIMP, and

ME
242
is the minimum WIMP velocity necessary for trans-
ferring the energy E to the target nucleus of mass M.

Asin[13], we take the function f(w, w) in the form
of a modified Maxwell distribution; that is,

f(w,w) /5 ) f(v)d3v,
—(v-V)?
f(V) (2770-\/)3/2 exXp 20_V )

where v is the WIMP velocity before interaction with
the target nucleus, w = w/|w]| is the direction in
which the recoil nucleus goes out after WIMP scat-
tering off it, and w and v are specified with respect
to the direction corresponding to the maximum of the
distribution of WIMP velocities V.

The cross section for WIMP scattering off a nu-
cleus is the sum of the spin-independent (SI) and
spin-dependent (SD) parts; that is,

oa(E) = o (E) + 03" (E).

Accordingly, the spin-dependent and spin-indepen-
dent contributions can be separated in the distri-
bution of recoil nuclei with respect to energy and
direction. The spin-independent part of the cross
section can be represented in the form

4 2
oSl = %(APZ + (A = 2))2F3(q),

where A, and A, are the amplitudes for WIMP scat-
tering on a proton and a neutron, respectively; Z and
A are, respectively, the charge and mass numbers of

the scatterer nucleus; and F4 is the Helm form factor
[14]

371 (qrn) _(q252)
(gr) P2
2

Here, ¢ is the momentum of the recoil nucleus, r; =

FHelm( )

7
c? +37r a® — 552, s = 1fm, ¢ = (1.23A4'/3 — 0.6) im,
and
sin(qry,)  cos(qry)
J qrn -
o) Ty T ar)

The spin-dependent (J4 is the spin of the nucleus)
part of the cross section, o P (E) [15],

SD "y
= A (af,Spp(E) + a2 Spn(E)

A T BT+ 1)
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Fig. 1. Scheme of WIMP interaction with a target nucleus, whereby a recoil nucleus is produced. The WIMP velocities prior
to the interaction are described by a Maxwell distribution with an average velocity of 220 km/s and o = 156 km/s.

+ apanSP”(E))¢

is expressed in terms of the functions Sy, (E), Spn(E),
and S, (E), which play the same role as the nuclear
form factor F(¢?) in the spin-independent case and
have the form [16]

Spp(E) = Soo + S11 + So1,

Snn(E) = Soo + S11 — Sot,

Spn(E) = 2(SOO + Sll)a

where Sy, S11, and Sp; are the nuclear spin structure

functions [16]. If the spin of the nucleus is approxi-
mated by the odd-nucleon spin alone, then

o AJalJa+1)(2]a+1)
pp — )

Snn = 0>

20 0.2
00

Eree, keV
Fig. 2. Example of the two-dimensional probability-
density used in modeling individual recoil nuclei with
respective values of Erec and cos . Carbon recoil nuclei
produced in the interaction with WIMP having a mass
of 60 GeV and an average velocity of 220 km/s (o =
156 km/s) are considered.

for nuclei featuring an odd proton and

2 1)(2 1
Spp:07 Snn:AnJA(JA—i_ )( JA—I_ )7

™
Spn = 0;

for nuclei featuring an odd neutron. The values of
A2 J4(Ja + 1) were taken from [17] and [12].

For target nuclei, we considered light H, C, N,
and O nuclei entering into the composition of liquid
propane (CsHg)—sensitive matter in the form of a
nuclear emulsion in the detector for the NEWSdm
experiment—as well as fluorine nuclei entering into
the composition of octafluoropropane (CgFg)—sensi-
tive matter in the detector for the PICO experiment.
Hydrogen and fluorine nuclei have a spin of 1/2, while
carbon and oxygen nuclei have zero spin.

Expression (1) was used to calculate the two-
dimensional probability density for the distributions of
various recoil nuclei with respect to the energy FEiec
and with respect to the direction specified by cos®.
On the basis of these distributions, sets of individual
recoil nuclei with specific values of F,¢. and cos 8 were
then simulated for WIMP that have various masses.
An example of such a two-dimensional probability
density is given in Fig. 2.

The absolute values of the cross sections for
WIMP—nucleon interaction and the number of events
per unit mass of matter in the detector were obtained
by means of the micrOMEGASs software package [7]
for specific models of WIMP.

Figures 3a, 3b, and 3¢ show examples of dis-
tributions of 10° modeled recoil nuclei of hydrogen,
carbon, and fluorine with respect to FEyec (energy
of recoil nuclei) and tan 6, (projection of the three-
dimensional recoil-nucleus incidence angle onto the
detector plane) for WIMP of mass 10 and 100 GeV.
For the problem of determining the directions of
tracks of recoil nuclei, it is precisely the projection of
PHYSICS OF ATOMIC NUCLEI
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Fig. 3. Distributions of 10° (a) hydrogen, (b) carbon, and (c) fluorine recoil nuclei with respect to the energy, Frec, and the
projection of the three-dimensional recoil angle onto the detector-plane layer, tan 6., for WIMP of mass 10 and 100 GeV.

the angle onto the plane of the detector layer (for ex-
ample, plane of emulsion plate) that represents most
adequately the angle corresponding to the direction
of the track that will be studied experimentally. It
is noteworthy that the energies of hydrogen, carbon,
and fluorine recoil nuclei are substantially different,
but that the widths of the angular distributions of

PHYSICS OF ATOMIC NUCLEI
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these nuclei for different WIMP masses are nearly
indistinguishable. The widths of the distributions in
question make it possible to estimate the sensitivity
of the method to the directionality of the WIMP
flux—the main task of the experiments devoted to a
directional observation of dark-matter particles.
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Fig. 4. Examples of tracks of hydrogen and carbon nuclei in a nuclear emulsion according to modeling on the basis of GEANT4,
Nuclear Recoil Physics List, within the point-to-point scheme: (/) track points and (2) segment of the straight line plotted as
a least squares fit to the tracks points. The values along the axes are given in nanometers.

(b)

C, 100 keV

Fig. 5. Examples of tracks of carbon nuclei with energies of 30 and 100 keV in a nuclear emulsion according to modeling on
the basis of GEANT4, Nuclear Recoil Physics List, within the scheme of energy-deposition calculation in three-dimensional
voxels of matter.
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Fig. 6. (a) Original image of the track of a 100-keV carbon nucleus in a nuclear emulsion and (b) that rotated through an
angle of 34°. For the rotated image, the longitudinal and the transverse size of the circumscribed rectangle are the track length
and width, respectively. The scheme of modeling is that of calculating the energy deposition in elementary volumes of matter

25 x 25 x 25 nm? in size.
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Fig. 7. Distributions of the lengths of tracks in a nuclear emulsion for fixed-energy (a) hydrogen and () carbon nuclei. The
respective averages of the distributions are Rzp (2 keV) = 46.0, Rap (5 keV) = 102.0, Rzp (10 keV) = 167.7, and Rap
(30 keV) = 364.7 (in nanometers) for hydrogen and Rzp (10 keV) = 38.9, Rap (30 keV)=99.2, Rap (60 keV) = 185.1, and

Rop (100 keV) = 292.8 (in nanometers) for carbon.
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Fig. 8. Distributions of the angle between the initial
direction of motion of a nucleus and the direction deter-
mined on the basis of track points in a nuclear emulsion
for modeled tracks of hydrogen and carbon nuclei (10°
events in each case). The respective variances of the dis-
tributions are Dg (2 keV)=0.3278, Dy (5 keV)=10.3455,
Dy (10 keV) = 0.3394, and Dy (30 keV) = 0.2661 (in
rad? units) for hydrogen and Dy (10 keV) = 0.4018,
Dy (30 keV) = 0.3716, Dy (60 keV) = 0.3456, and Dy
(100 keV) = 0.3233 (in rad® units) for carbon. These
distributions demonstrate the degree of scattering under-
gone by recoil nuclei that traverse emulsion matter.
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3. SCHEME FOR GEANT4-BASED
SIMULATION OF TRACKS
OF RECOIL NUCLEI IN DETECTOR
MATERIALS

Upon the propagation of a recoil nucleus through
the detector material, there arises an observable
track, but it is necessary to consider that the re-
coil nucleus undergoes scattering and may deviate
substantially from the initial direction. A simulation
of tracks of fixed-energy nuclei and tracks of recoil
nuclei from elastic WIMP scattering in the detector
material was performed in two ways on the basis of
the GEANT4 (Nuclear Recoil Physics List) code[18].
In the first case, tracks of nuclei were traced directly
from point to point in a nuclear emulsion (or in
another substance). Figure 4 illustrates the results
obtained for the tracks of hydrogen and carbon nuclei
by applying the first method of modeling. Individual
dots represent points of a track; lines 2 are segments
of the straight lines obtained as least squares fits to
the track points. The track length and direction were
determined from the lengths and orientation of these
straight-line segments.

Upon the application of the point-to-point model-
ing method, the resulting track is a sequential chain
of points in the track emulsion being considered,
whereas the real track image obtained with the aid
of a scanning optical microscope and a CCD camera
appears to be a two-dimensional (for each scanned
layer) matrix of pixels forming an image. In view of
this, we proposed a different modeling scheme. It
consists in measuring the energy deposition in unit
emulsion volumes—voxels 25 x 25 x 25 or 10 x 10 x
10 nm? in size. This method is based on the assump-
tion that the brightness (degree of darkening) of a
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Fig. 9. Distributions of the lengths of tracks of hydrogen (H), carbon (C), and fluorine (F) recoil nuclei in (a) a nuclear emulsion,
(b) liquid propane, and (¢) liquid octafluoropropane for WIMP of mass m,, = 10 and 100 GeV. The GEANT4-dictated cut
requiring that the minimum track length not fall short of 2 nm was imposed. In emulsion (a), Rap = 19.41 nm for C and
M = 10 GeV (line 1), Rap = 58.24 nm for H and m,, = 10 GeV (line 2), Rap = 63.12 nm, for H and m,, = 100 GeV
(line 3), and Rep = 55.39 nm for C and m,, = 100 GeV (line 4); in liquid propane (b), R2p = 59.63 nm for H and
M = 10 GeV (line 1), Rep = 198.10 nm for C and m,, = 10 GeV (line 2), Rap = 206.20 nm for H and m,, = 100 GeV
(line 3), and Rap = 179.20 nm for C and m., = 100 GeV (line 4); and, in liquid octafluoropropane(c), Rep = 13.76 nm for F
and m,, = 10 GeV (line /), Rop = 23.48 nm for C and m,, = 10 GeV (line 2), Rap = 66.85 nm for F and m., = 100 GeV
(line 3), and Rap = 75.33 nm for C and m.,, = 100 GeV (line 4).
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Fig. 10. Distributions of angles with respect to the direction toward the Cygnus constellation in (a) a nuclear emulsion, ()
liquid propane, and (c) liquid octafluoropropane for recoil nuclei of carbon (C) and fluorine (F) for WIMP of mass 10 and
100 GeV. The input number of events is 10° in each case. In emulsion (@), Neut = 851 for C and m., = 10 GeV (line /);
Neut = 16312 for H and m., = 10 GeV (line 2), Ncut = 12405 for H and m,, = 100 GeV (line &), and Neyt = 22300 for C
and m,, = 100 GeV (line 4); in liquid propane (b), Neut = 22188 for C and m, = 10 GeV (line /), Newt = 43179 for H and
mq = 10 GeV (line 2), Newt = 65646 for H and m,, = 100 GeV (line 3), and Neye = 43968 for C and m,, = 100 GeV (line 4);
and, in liquid octafluoropropane(c), Neut = 68 for FF and m., = 10 GeV (line /), Newt = 676 for C and m, = 10 GeV (line 2),

Newt = 29779 for F and m,, = 100 GeV (line 3), and Newt = 33595 for C and m,, = 100 GeV (line 4).

pixel in images obtained by means of a microscope
is related to the energy deposited by the particle that
forms the track in the emulsion (the higher the energy
deposition, the higher the intensity of pixel’s color).
In order to obtain a flat image, the energy depositions
in three-dimensional voxels were projected onto a
plane. Figure 5 shows examples of images of tracks
of carbon nuclei with energies of 30 keV (a) and
100 keV (b) in a nuclear emulsion.

The features of tracks that are modeled in the form
of two-dimensional pixel images were calculated by

two methods. The first method was applied to images
of tracks of low-energy nuclei. These images form an
exposed region that is not separated into fragments
(see Fig. 5a). In that case, the distributions of energy
depositions were approximated by a two-dimensional
Gaussian function featuring five parameters (mathe-
matical expectation, variances in two directions, and
correlation coefficient). These parameters determined
the characteristics of tracks (length, width, direction
specified by the position of the major axis, and ellip-
ticity).

PHYSICS OF ATOMIC NUCLEI
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Fig. 11. Cross sections for the interactions of (a) NMSSM and (b) IDM dark-matter particles with nucleons along with the
constraints set by the CRESST [29], DarkSide [28], and XENONI1T [26] experiments.
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Fig. 12. Field of points corresponding to recoil nuclei of (dots) hydrogen and (asterisks) carbon and fluorine in a nuclear
emulsion, liquid propane, and liquid octafluoropropane. The neutrino energy and lengths of track of recoil nuclei are plotted
along the axes. The GEANT4-dictated cut of 2 nm on the minimum track length is imposed. The segment in the right bottom
corner singles out the triangular region corresponding to the heavier nuclei of carbon and fluorine (asterisks).

The second method consists in the following. One
first determines the coordinates of the center of grav-
ity of the image and thereupon rotates step-by-step
the image about the center of gravity through small
angles. Each step involved determining the dimen-
sions of an image along the coordinate axes as the
lengths of the circumscribed-rectangle sides. Fig-
ure 6 shows an example of the original track image
(0°) and the one rotated about the center of gravity
through an angle of 34°. The track direction was
determined as the angle of rotation of the spot about

PHYSICS OF ATOMIC NUCLEI
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the x axis such that the size of the object along one
of the axes (the respective projection of the object)
was minimal (for example, along the y axis). The
minimum projection itself determines the track width.
The projection onto the other axis is the track length.

4. CHARACTERISTICS OF TRACKS
OF RECOIL NUCLEI IN VARIOUS
SUBSTANCES

At the first step, we studied the tracks of hydrogen
H (2, 5, 10,and 30 keV) and carbon C (10, 30, 60,
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Fig. 13. Distributions of lengths of tracks of hydrogen (H), carbon (C), and fluorine (F) recoil nuclei in (@) a nuclear emulsion,
(b) liquid propane, and (b) liquid octafluoropropane for solar neutrinos. The input number of events is 10° in each case.
The cut of 2 nm is imposed on the minimum track length, and the number of events where the track is longer than 2 nm
is denoted by Neut. The distributions in question lead to Rap = 73.09 nm and New, = 36443 for H and liquid propane (line 1),
Rap = 79.06 nm and News = 26826 for H and emulsion (line 2), Rap = 46.94 nm and Neys = 1372 for C and liquid propane
(line 3), Rap = 21.77 nm and Neut = 1344 for C and octafluoropropane (line 4), Rap = 18.06 nm and Neut = 1351 for C and
emulsion (line ), and Rap = 11.75 nm and Newt = 721 for F and octafluoropropane (line 6).

and 100 keV) nuclei having fixed energies and initially
propagating in nuclear-emulsion matter of density
p=3.1 g/cm? as a parallel flux. It was necessary
to perform this simulation in order to estimate the
degree of scattering of recoil nuclei and the resulting
lengths of tracks of nuclei that have different ener-
gies. The distributions with respect to lengths of
track projections onto the plane of the detector layer
(emulsion plate in the cases being considered), Rap,
for hydrogen and carbon nuclei of various energy are
shown in Fig. 7.

The distributions of the angle determined on the
basis of track points with respect to the initial direc-
tion of motion of the nucleus are shown in Fig. 8,
the scattering of nuclei being characterized by the
variance Dy of these distributions.

The main objective of the present study is to
explore the features of tracks of recoil nuclei from
WIMP of various mass in substances of various
density with allowance for the physics problem of
determining the track direction.

The distributions of tracks of recoil nuclei of hy-
drogen, carbon, and fluorine in the lengths and an-
gles with respect to the direction toward the Cygnus
constellation are shown in Figs. 9 and 10 according
to modeling based on the GEANT4 StandardNR
Physics List. In that specific case, the nuclear emul-

sion exemplifies dense matter: p = 3.1 g/cm3. As an

alternative detector material, we have considered lig-
uid propane, which has a density of p = 0.493 g/cm3,
which is substantially lower than that of a nuclear
emulsion and which can find applications as a track-
ing detector in the bubble-chamber mode; we have
also considered the target of the PICO experiment
detector [11]—this is liquid octafluoropropane C3Fg
of density p = 1.601 g/cm?.

The initial energies and directions of recoiling nu-
clei (H, C, and F) were determined on the basis of
the two-dimensional probability densities in (1) for
WIMP of mass 10 and 100 GeV. The distributions
of 10° H, C, and F nuclei with respect to the initial
energ@y Frec and with respect to the direction specified
by tan @, are shown in Fig. 3.

The distributions of the tracks of recoil nuclei of
hydrogen, carbon, and fluorine with respect to the
lengths, Rop, in the materials being considered are
presented in Fig. 9.

As was indicated above, an emulsion character-
ized by an ultrasmall grain size down to 40 nm was
used in the NEWSdm experiment. In order that the
directions of the tracks could be determined in scan-
ning the emulsion, the tracks should have an elliptic
shape. This means that the longitudinal size of a track
should be larger than 40 nm. In order to estimate
the number of events, one can constrain the minimal
length of modeled tracks (for example, by two grain
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sizes) and calculate the number of tracks whose di-
rection can be determined. The distributions in Fig. 9
were obtained upon requiring that the minimum track
length be 2 nm; this specific constraint was dictated
by the scenario of the GEANT4-based simulation.

A substantially lower density of propane makes
it possible to visualize a sizably greater number of
tracks of recoil nuclei in relation to tracks in emul-
sions which are denser. Since initial WIMP are
distributed in angles rather widely (Figs. 3a—3c), the
angular distributions of tracks of recoil nuclei accord-
ingly turn out to be wide (see Fig. 10). In the case
being considered, the distributions were constructed
upon cutting off track lengths smaller than two grain
sizes—80 nm. The caption under Fig. 10 indicates
the number of tracks that remained in three sub-
stances differing in density after imposing this cut on
the track lengths, Neyt.

Figures 9 and 10 illustrate the fact that WIMP of
low mass (10 GeV) are unable to interact efficiently
with C and F nuclei, generating tracks of recoil nu-
clei with a length not smaller than about 100 nm
in octafluoropropane; at the same time, WIMP of
mass 100 GeV can do this. It follows that the PICO
detector, as well as the detector of the XENONIT ex-
periment, demonstrates a higher sensitivity to WIMP
of mass within or about 100 GeV. The angular distri-
bution of tracks of recoil nuclei are similar in shape in
less dense (CsHg) and denser (emulsion) matter, but
cuts on the track length for WIMP of mass 10 GeV
impoverish much more strongly the statistics of recoil
fluorine nuclei, which are heavier.

The lengths and angular distributions of tracks
of recoil nuclei from WIMP of various mass in NIT
emulsions are presented in [19] according to calcula-
tions on the basis of the SRIM (Stopping and Range
of lons in Matter) software package. Also, an addi-
tional modeling scenario that takes into account the
crystal structure of grains in emulsions was consid-
ered there. In relation to the GEANT4 StandardNR
model used here, modeling with the aid of the SRIM
code leads, as was indicated in [19], to somewhat
longer tracks of recoil nuclei and to wider angular
distributions of the tracks. According to [20], the av-
erage value of the track-length distribution in a stan-
dard nuclear emulsion is (3.25 4 1.73) x 10? pm for
WIMP of mass 10 GeV and (9.46 4= 4.57) x 10? ym
for WIMP of mass 100 GeV.

5. MODEL OF COLD DARK MATTER (WIMP)

The micrOMEGAs 5.2.4 software package [21]
was used to estimate quantitatively the signal from
WIMP. This is a code for calculating the proper-
ties of cold dark matter for various supersymmet-
ric extensions of the Standard Model (SM). At the
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present time, it is commonly believed that the Mini-
mal Supersymmetric Standard Model (MSSM) [22],
in which a spin-1/2 particle in the form of a linear
combination of bino, wino, higgsinol, and higgsino2
(superpartners) is a candidate for the dark-matter
particle, is excluded definitively as a model of cold
dark matter.

In order to estimate cross sections for WIMP
interactions with matter, use is made of the Next-to-
Minimal Supersymmetric Standard Model (NMSSM)
[23, 24] and the Inert Doublet Model (IDM) [25] for
minimal WIMP masses of about (or below) 10 GeV,
since higher masses were ruled out by experiments,
including XENONIT [26]. Within NMSSM, a spin-
1/2 particle that, in just the same way as in MSSM,
is a linear combination of bino, wino, higgsinol, and
higgsino2 but with an additional contribution from
the new superpartner singlino is a candidate for the
dark-matter particle.

The supergravity (SUGRA ) scenario was consid-
ered within NMSSM [27].

The WIMP mass, the quantity Qh?, and the cross
sections o}, and o, for the interaction of dark-matter
particles with nucleons (protons and neutrons, re-
spectively) were calculated for wide ranges of primary
model parameters.

The calculations for a wide set of primary param-
eters revealed (see Fig. 11a) that NMSSM is also
nearly excluded for WIMP masses of several GeV
units and above this by XENONIT data [26]. The
DarkSide [28] and CRESST [29] experiments set

limits on the cross sections for WIMP—nucleon in-
teraction for WIMP masses of about 1 GeV.

[t turned out that IDM [25] is the most promising
model from the point of view of experimental con-
straints. This model involves four new physical states:
two charged, H*~, and two neutral, H? and A°, ones;
of them, each may be a cold-dark-matter particle.
For such a candidate, we have considered H? as the
lightest inert particle. Figure 116 shows that there
are many IDM versions compatible with experimen-

tal constraints for WIMP masses not higher than
10 GeV.

For our numerical estimations, we chose WIMP of
mass 10 GeV. We also chose the IDM version where
the cross section for WIMP—nucleon interaction has
the maximum possible value that is compatible with
modern experimental and cosmological constraints.
The respective values of the number of events per day
in 1 kg of the target are presented in summarizing
Table 1.
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Table 1. Estimated numbers of events associated with
elastic scattering of WIMP (Nywimp) and solar neutrinos
(N,)in nuclear emulsion, liquid propane (C3Hg) and liquid

octafluoropropane (C3Fg)

Detector Nyimp Nyimp . N,
material (per year (pei ytee}r n (peryearin
(mass, in 1 kg of voll?n?e of | total volume
volume) material) detector) of detector)
Emulsion, 30 kg|3.14 x 1072 0.94 |<2.51x 1072
C3Hs, 5000 [4.82x 1072| 2375 |<2.32 x 1072
C3Fg, 5001 242 x 1071 194.0 |<4.47 x 1072

6. ELASTIC INTERACTION OF SOLAR
NEUTRINOS WITH DETECTOR MATERIAL
AS A DIRECTIONAL BACKGROUND TO
OBSERVATION OF WIMP

In the present study, we consider the possibility
of analyzing directions and lengths of tracks of re-
coil nuclei from WIMP for the problem of searches
for an excessive signal in the direction toward the
Cygnus constellation. Recoil nuclei from the elastic
interaction of solar neutrinos with nuclei of the detec-
tor material may be a directional background in this
problem. The expressions for the cross section for
elastic neutrino—nucleus scattering that were used
to estimate the neutrino background can be found,
for example, in [30]. We modeled the energies of
solar neutrinos according to the respective spectrum
from [31], starting from the energy of 0.5 MeV.

The points corresponding to recoil nuclei in less
dense (C3Hg and C3Fg) and denser (emulsion) sub-
stances in the plane spanned by the variables of the
neutrino energy and the length of the recoil-nucleus
track are shown in Fig. 12.

This field of points illustrates the fact that tracks
of length larger than 2 nm can be formed by hydrogen
recoil nuclei from the elastic interaction of neutri-
nos with energies in the region of E, > 0.8 MeV
and by carbon and fluorine recoil nuclei from the
interaction of neutrinos with energies in the region
of B, >3 MeV. The contribution of carbon recoil
nuclei to the background is minimal. A characteristic
accumulation of points in the region of solar-neutrino
energies around 1 to 2 MeV is associated with the
shape of the input neutrino spectrum.

Figure 13 shows the track-length distributions of
recoil nuclei from solar neutrinos in C3Hg and C3Fg
and in a nuclear emulsion. The requirement that
a nanoemulsion be sensitive to directions of recoil-
nucleus tracks constrains the track lengths to be
larger than 60 to 80 nm, whereupon it becomes clear
that hydrogen nuclei make a dominant contribution
to the directional signal from solar neutrinos.

ANOKHINA et al.

7. RESULTS AND CONCLUSIONS

We have estimated the directional annual signal
from WIMP of mass 10 GeV in 30 kg of a nuclear
emulsion, 500 1 of liquid propane, and 500 | of liquid
octafluoropropane. With an eye to the problem at
hand, which consists in determining the directions of
tracks of recoil nuclei, we required that, in all of the
substances under consideration, the minimum track
length be larger than 80 nm. It has been found that
approximately one directional event per year induced
by the interaction of WIMP treated as a dark-matter
particle of the inert doublet model (IDM), which is
not ruled out by modern experimental constraints,
is expected in the sensitive emulsion volume being
studied. In order to detect about ten directional events
associated with WIMP, it is therefore necessary to ex-
pose and process as much as 300 kg of emulsion but
this would require considerable material and human
resources.

In C3Hg and C3Fg targets consisting of light nu-
clei exclusively, which provide longer tracks of recoil
nuclei, we expect, respectively, 24 and 194 WIMP
events per year.

The estimates presented above give grounds to
conclude that, in view of the available experimental
constraints on the cross sections for elastic WIMP—
nucleus interaction, the use of lighter and less dense
targets as a sensitive detector element is preferable in
addressing the problem of directional direct detection.
These results are listed in Table 1 along with the
estimated numbers of events from solar neutrinos.
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