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Abstract At present, a variety of dark matter (DM) density
profiles are available in the literature, able to fit the observed
rotation velocity curves in galaxies. These distributions may
be classified according to nature and mass of the DM candi-
date, and their estimation of the concentration of DM on halo
scales, as well as through their central regions. Examples of
these distributions are the (empiric) Einasto or isotropic, the
(N-body-simulation-based) Navarro—Frenk—White (NFW),
or the (elementary-particle-based) Ruffini—Argiielles—Rueda
(RAR), among others. In this work, we calculate the cross-
sections for the interaction between neutrinos coming from
astrophysical sources and DM particles subject to some of
these distributions. Furthermore, we explore the changes in
the neutrino oscillation patterns due to the different DM pro-
files used to represent the environment. From the results of
the calculations it is concluded that both the cross-section
and the neutrino oscillation pattern depend on the features of
each of the adopted models for the DM distributions. For the
case of the NFW and isotropic DM distributions the expected
effects at Earth, for neutrinos coming from an extragalactic
source, are noticeable while in the case of the RAR distribu-
tion the effects are restricted to a narrow region around the
galactic center.

1 Introduction

One of the most intriguing aspects in modern astrophysics
and cosmology is the presence of dark matter (DM) in the
Universe. The name encompasses all possible forms of matter
which is not detectable by the radiation it may emit. Its pres-
ence is inferred through gravitational effects like the ones
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observed in the Cosmic Microwave Background (CMB),
changes in the rotation velocity of galaxies, and departures
from the expected values of the parameters measured in the
expansion of the Universe [1].

The properties and composition of DM are unknown,
although the most favored candidates for cold DM are neu-
tral leptons [1,2]. The non-photonic interactions of these
leptons with other particles can be described at tree-level
by Lagrangians where the mediators are bosons. They can
be also treated by Lagrangians which contain operators of
order five or larger [3]. In addition to the unknown properties
of DM particles, their space distribution becomes a central
issue. One may think of various scenarios where the concen-
tration of DM may be different in the central and the outer
region of the galaxies, and in the intergalactic space. During
the last decades, a great effort has been invested to determine
an acceptable morphology for DM distributions consider-
ing the observation of the rotation curves (see e.g. [4-6]).
Among these distributions one can mention the (N-body-
simulation-based) Navarro—Frenk—White (NFW) [7-9], the
(empiric) Einasto [10], the isotropic [11], the elementary-
particle based RAR [12-14], etc. We shall discuss the fea-
tures of some of these distributions in the next Section. In
fitting these distributions to the observations also the mass
mpy of the DM particles plays an important role. Indeed,
the DM halo structures arising either within the cold (for
particle masses between a few and a hundred GeV [15]) or
warm (for particles in the keV regime) DM paradigms are
well explained in terms of the NFW profile [16]. In the case
of the RAR model the range of masses for DM particles, in
agreement with core-halo Galactic observables, varies from
10 to 10% keV [12,14].

Neutrinos are an essential part of practically all astrophys-
ical processes. They are neutral, spin-1/2 fermions which in
the Standard Model (SM) are massless [17]. They come in
three-flavors. The existence of neutrino oscillations between
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different flavors indicates that they are linear superpositions
of three eigenstates of a mass Hamiltonian, H,, [18]. The
absolute values of these three mass eigenstates are unknown,
but the squared differences between them can be deter-
mined experimentally. From the measurements of flavor-
oscillations for atmospheric and solar neutrinos, the mixing
angles and squared mass differences are determined [19-
22]. Neutrinos can interact with other particles via neutral
and charged currents by exchanging bosons (W*, Z%) of the
SM or with other particles in models beyond the SM [3,23].

Since neutrinos can change their flavor composition while
traveling from the source to the detector, it is then extremely
appealing to think that neutrinos produced outside our galaxy
can evolve on their way to Earth through interactions with
DM particles. In previous works [24-26] we have explored
this possibility and found that it is indeed the case.

As we shall see in the next sections, the resulting ampli-
tudes describing the scattering of neutrinos by DM particles
are explicitly dependent on the mass of the latter, and the cross
sections include the dependence on the DM space distribu-
tion through changes in the elements of the neutrino mixing
matrix. The aim of this paper is to compare the results for the
cross sections for the neutrino-DM scattering for different
values of the mass of the DM particles and their distribu-
tions. In the next section we shall explicitly define the DM
distributions, the vertices for the neutrino—DM scattering and
the corresponding probabilities.

The paper is organised as follows: in Sect. 2.1 we intro-
duce the DM distributions; in Sect. 2.2 the neutrino-DM
interactions and the corresponding cross sections. In Sect. 3
we present and discuss the results of our calculations. Finally,
in Sect. 4 we draw our conclusions.

2 Formalism
2.1 DM distributions

Starting from Milky Way rotation curve data, as provided
for example in [9], it is possible to write down matter distri-
butions for DM particles taking into account certain model
assumptions. In the case of the NFW distribution [7,8], DM
is concentrated around the GC and dies out according to the
expression:

_ re 1+ (’”EB/Vs) ?
ONFW () = pg (T) <Tr/n)> ’ v

where r; = 20kpc, pg = 0.4 GeV cm™3 is the local DM
density and rqy = 8.5 kpc is the distance from the Solar Sys-
tem to the GC, in agreement with the phenomenological work
by [27]. Another parameterized form of the DM distribution
is the isotropic one:
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Fig. 1 DM density profiles as a function of the radial distance from the
GC. The distributions considered are isotropic (green dashed-dot line,
see Eq. 2), Navarro-Frenk—White (black dotted line, see Eq. 1), RAR
for mpy = 100 keV (solid line), mpy = 56 keV (red dotted line) and
mpy = 48 keV (blue dashed line). We notice that all the distributions
are very similar around 10 kpc, where most of the rotation curve data
is available

2
1+ (rg/rs) ) @)

Piso(r) = pg ( 1+ (r/rS)Z

with r; = Skpc as inferred in [28]. This distribution has a
finite value around the GC (i.e. develops a constant density
plateau) and decreases as r~2 at large distances from the GC.
A third form of DM distribution is the RAR distribution [ 12—
14], described in terms of a self-gravitating system of elemen-
tary neutral keV-fermions including Pauli principle effects
through the central region and the escape of particles in the
outer tail. These profiles imply a continuous distribution of
DM, with a very dense and compact core governed by Fermi
degeneracy and confined within mpc scales, followed by a
core-halo transition towards a Boltzmannian behaviour (i.e.
thermal pressure supported and bounded in radius). Another
difference between these distributions is that in the case of
RAR the mass of DM particles affects the compactness of the
central core, as in the Milky Way fit of Refs. [12,14]. Figure 1
shows the radial dependence of different RAR distributions
which best fit the Milky Way rotation curve [12], together
with the radial dependence corresponding to the NFW and
Isotropic DM distributions [28].

2.2 Neutrino—DM interactions

Figure 2 illustrates the exchange of a mediator between the
currents of neutrinos and DM particles. The resulting ampli-
tude is written
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is the current of the neutrino sector and

=Xy X(q,r) )

s (L=y7)
2

is the DM current. The term between parenthesis in Eq. (3) is
the propagator of the exchanged boson. In Egs. (4) and (5),
v(p,s) (W(p’,s")) are neutrino Dirac spinors, with incom-
ing (outgoing) momentum p (p’) and spin s (s'). X (g, r)
(X(q', ")) are Dirac spinors for DM particles with incoming
(outgoing) momentum ¢ (¢’) and spin r (r').

In the limit Mz >> k, Eq. (3) reduces to

o gD(
Mzavv<M_§)3§X' (6)

VA

Since neutrinos of a given flavor |v) ; are linear superpo-
sitions of neutrino-mass eigenstates

)p=>_ Uslmg). )
k

where U gy are the elements of the mixing matrix and where
CP-violation phases are ignored, the vertex in Fig. 2 should
be decomposed into the corresponding interactions between
neutrino-mass eigenstates.

To calculate the amplitude M of Eq. (3), corresponding
to the diagram in Fig. 2, we expand the neutrino and DM
currents using Dirac spinors, making use of completeness
relations and taking traces over spin variables. The algebraic
procedure, although a little demanding, is straightforward.
The interaction probability is given by squaring M, summing
over the spin projections and integrating in 4-space for a given
combination of initial and final neutrino-mass eigenstates.
The final result is given by

8 g2m*(Ny Ny Ny Nyr)*

vTs®
2 (he)> M5, 14

D M=

spins

(p+p +q+4q)
x 200" ) - @)+ by (p - P+ mm @)
2y | ®)

where m,, (m, ) is the mass of the incoming (outgoing) neu-
trino, m pyy is the mass of the DM particles, Ny (k = p, p/,

q, q') is the norm of the spinor of the neutrino (DM parti-
cle) with momentum k, A is the coupling constant and g,, is
the strength of the interaction of the neutrinos and DM parti-
cles with the mediator boson (Z’). V is the volume in which
the interaction takes place and 7 is the time. They appear
when using the delta property [ (p + p' + g + ¢)]* =
8D (p+p' +q+4¢18D0) = 55 8P+ P +q+4).
Expression 8§ is valid for any pair of neutrino-mass eigen-
states with masses m,, and m,, ; and four-momenta p and p/,
and for DM particles with four-momenta ¢ and ¢’ and mass
mpm. 1

The differential cross section j—g for the scattering of neu-
trinos by DM particles is given by the expression

d_o — ﬂ )
ds 64712E30ale ’

with Ecqe = 50676.5317 [1/cm]. This scale factor comes
out from considering natural units (¢ = 1). Integrating in
angles we obtain

|3\/[|2
o = - 4. 1
) / 642 E? {10

scale

To account for the composite nature of the neutrinos, the
cross section (10) should include the elements of the mixing
matrix U for the initial and final neutrino states, and the
summation over all mass-eigenstates, as dictated by Eq. (7).
The transformation from the center of momentum (CM) to
the laboratory frame is performed by applying the rules of
special relativity.

In actual calculations we have adopted the squared-mass
differences extracted from the available neutrino oscillation
data [29] and m py, is varied according to each model for
the DM distribution. Concerning the values of U, they will
reflect the local dependence given by the DM distribution, as
explained in the next section (see also [24,25]).

3 Results

In this section we shall present and discuss the results
of our calculations, which have been performed by con-
sidering electron-neutrinos emitted from an extragalactic
source, located at a distance / from Earth. These neutri-
nos have four-momentum p, and are linear combinations of
mass-eigenstates that obey the Normal Hierarchy (NH) with
squared-mass differences and mixing amplitudes taken from
the latest compilation of PDG [29]. To this initial condition
we add the details of DM distributions and DM masses, and

! In expression 8 the dot indicates the Lorentz product between four-
momenta.
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Z/
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Fig. 2 Feynman diagram representing the interaction between electron
neutrinos (v) and DM particles (X) through a Z’ boson mediator

fix the trajectories of the neutrinos so that they pass through
the GC, as explained in Penacchioni and Civitarese [24].

3.1 Main features of the DM distributions

Figure 1 shows the different DM distributions currently
adopted to fit the rotation curves of the Galaxy. The differ-
ences among them are noticeable at distances from the GC
that vary from r =~ 0 to r = 10 kpc. In the NFW case, the
density grows up as an inverse power of r (o r~!) towards
the GC and starts to vanish as r 2 for distances r > r,. The
isotropic distribution, on the contrary, exhibits a finite value
at the GC, which is several orders of magnitude smaller than
the maximum values of the rest of the distributions. At vari-
ance from these distributions, the RAR ones display a step-
function-like dependence [12]. It is confined to very small
distances (below mpc scales) around the GC, and vanishes
for r ~ 40 kpc. The values of m pys enter explicitly in the
parameterization of the RAR distributions: the larger m p
the more compact the central core and the higher the value
of pg.

The set of parameters governing the pattern of neutrino
oscillations changes if neutrinos interact with matter. This is
known as the MSW effect [30-32]. The interaction of neutri-
nos with the environment may also produce the onset of deco-
herence, as pointed out in recent works [24,28,33]. In dealing
with these interactions, when the environment is composed
by DM particles, there are several unknown parameters to
be determined, like the coupling constants of the Lagrangian
describing the interactions, the mass of the DM particles and
their distribution, the texture of the interaction matrix A [24],
etc. For the purpose of the present calculations we shall esti-
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mate the change in the neutrino-oscillation pattern due to
interactions with DM. The formalism has been presented in
Penacchioni and Civitarese [25,26]. For the sake of concrete-
ness we shall omit giving the details here. Briefly speaking,
the procedure consists of successive diagonalizations of the
Hamiltonian H ¢ + AV (r), where A is a renormalization con-
stant, H 7 is the flavor Hamiltonian and V (r) is the locally
defined DM-depending interaction [28,33], which takes the
form

p(r)
mpm

V=Gp A. (11)

Here, G r = 8.963 x 10~* MeV cm? is the Fermi constant,
p(r) is the DM density distribution, m py is the DM mass in
units of energy, and A is a 3 x 3 matrix (called the texture
matrix) through which we can vary the degree of neutrino
mixing, from single scaling to decoherence.

From the diagonalization of such a Hamiltonian the ampli-
tudes of the mixing matrix are extracted at different points
along the neutrino path.

As examples, we are listing below the values of U for
pnFw (r) and piso(r), taking mpy = 100 keV and for neu-
trino trajectories passing through the GC, and for a distance
of 20 kpc between the source and the detector? [24]. The
chosen values of the distance between the interaction point
and the GC are: at the source (r = 11.5 kpc, t = 0), near the
GC (r = 0.1 kpc, t = 1.1969940037 x 10'2 s) and at the
detector on Earth, (r = 8.5 kpc, t = 2.063782765 x 10'2 s).

For pjs,(r), the mixing matrix at these values of r are:

[ 0.8293  0.5390 0.1466]]

Usource = | —0.4933 0.5836 0.6448 | , (12)
| 0.2620 —0.6071 0.7500 |
[ 0.8052 0.5798 —0.12407]

Unear Gc = | —0.5083 0.5673 —0.6478 | , (13)
| —0.3052 0.5847 0.7516 |
[ 0.8560 0.4875 —0.17157

Udetecror = | —0.4731 0.6058 —0.6395 | . (14)
| —0.2079 0.6287 0.7493 |

For py pw (), these values are:

[ 0.8293  0.5390 0.1466 ]

Usource = | —0.4933 0.5836 0.6448 |, (15)
| 0.2620 —0.6071 0.7500 |
[—0.0708 0.9974 —0.0019]

Unear e = | 0.7157 0.0494 —0.6965 | , (16)

| 0.6947 0.0507 0.7174 |

2 Neutrino trajectories (r) are parameterized by the distance between
the detector on Earth and the source (/), the position of the GC with
respect to the Earth (rg) and by the angle ¢ between them, as shown in
Figure 1 of [24]. The examples given in the text correspond to ¢ = 0.
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0.8371 0.4040 —0.3687
—0.4883 0.8556 —0.1711 | . (17)
0.2463 0.3233 0.9136

Udetector =

We repeat our calculations for pr 4 g () for the same values
of the parameters. For this choice, the U matrix does not
change with distance and keeps the initial values (those of
Eq. 12) all along the neutrino trajectory, except for extremely
small values of r (see Fig. 1).

3.2 Results for the cross section oy,_p

As a first step, we have calculated the cross-section for
v — DM interactions, taking different values of mpjys and
varying the momentum of the incoming neutrino. The curves
shown in Fig. 3 represent the integral over angles of the differ-
ential cross section of Eq. (9), for different DM masses. These
values are independent of the DM distribution, i.e. indepen-
dent of the location where the scattering takes place. In this
example, the values chosen for the DM masses are those
of the RAR distribution. The incoming (outgoing) neutrinos
have an average mass m,, (mvf) =0.1eV.

To give an idea of the local effect upon the cross sec-
tion induced by the flux of DM particles at a fixed point
in space, we list here three values of the integrated cross
section at a position r. These values have been obtained
after computing the amplitudes U for an effective poten-
tial V(r) %;)Adiag(l, 1,1), » = 10" and for r =
11.5kpc (source), r = 0.1 kpc (near the GC) andr = 8.5 kpc
(detector), for p = 50 keV:
o(p,r=11.5kpc) =2.24 x 10733 cm?,

o(p,r =0.1kpc) = 1.55 x 1073% cm? and

o(p,r =8.5kpc) = 6.24 x 1073 cm?, respectively. These
values have been obtained by setting g,, = 1. The curves
representing the calculated cross-section for different values
of p are shown in Fig. 4. These values can be compared with
the one obtained for structure-less neutrinos with average
mass of 0.1 eV and momentum p = 50 keV (o = 4.26 x
1073* cm?), which is the same value calculated for the RAR
distribution. Obviously, the choice of a particular texture for
A is arbitrary. A relatively systematic study of the possible
configurations or textures is reported in [28], for a wide range
of values of the DM mass and the renormalization coupling
constant A. Since in this context we are interested in exploring
the gross effect upon the neutrino oscillations caused by local
interactions with DM, we have taken a value of A which
mostly affects the neutrino mixing, that is the diagonal form.

3.3 Neutrino oscillations in presence of DM

Another indication of the presence of DM in the space
between extragalactic sources and the Earth could be the
change in the pattern of neutrino oscillations. As discussed

E e
('\‘_‘ ——————————————————————
S e
EI
o)
&
B —— Mpu =100 keV
-=== Mpm = 56 keV
""""" mpy = 48 keV
20000 40000 60000 80000 100000
p [eV]

Fig. 3 Cross section integrated in solid angle as a function of the neu-
trino initial momentum p for different values of m pys (see Eq. 8)

10-33

—

S 1073
§
10—35
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--=-= GC
1073 1 e Detector
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p [eV]

Fig. 4 Cross section integrated in solid angle as a function of the neu-
trino initial momentum p for mpy = 100 keV, including the mixing
between neutrino mass-eigenstates in the electron neutrino v,. These
results have been obtained by using pjs, (), for different values of r.
The corresponding positions are denoted by source (r = 11.5 kpc), GC
(r = 0.1 kpc) and Detector (r = 8.5 kpc)

in de Salas et al. [28], Penacchioni and Civitarese [24] and
Choi et al. [33], changes in the pattern of oscillations due
to localized DM density distributions are expected. Like
in the MSW mechanism, where the oscillations are modi-
fied by normal matter, interactions with the potential V (r)
induce changes in the elements of the mixing matrix U

that affect the survival Py, and disappearance P, "

probabilities for neutrinos of a given flavor. Figure 5 shows
the results of our calculations for the survival and disap-
pearance probabilities for electron neutrinos produced at
a distant source located at 20 kpc away from Earth. The
parameters and models used in the calculations are spec-
ified in the caption to the figure. It can be seen that the

@ Springer
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Fig. 5 Survival and disappearance probabilities in presence of DM as
a function of time, for a value of the DM mass mpy; = 100 keV and
for the NFW (a, d), isotropic (b, e) and RAR (¢, f) DM density profiles,
considering different textures for the matrix A (cases a—c¢ correspond
to A = I343, and cases d—f correspond to Aj] = A33 = —1, Ajx =0

changes induced by the RAR distribution are confined to
a very narrow region around the GC. For the NFW and the
isotropic DM distributions the onset of decoherence effects
becomes evident for neutrinos once they have passed across
the GC.

If we combine these results with those of the previ-
ous Section, we may conclude that the RAR distribution,
although useful in the fit of the rotation velocity curves,
does not affect much neutrino properties except at the very
GC.

In order to illustrate better the effects of the neutrino—
DM interactions upon the pattern of neutrino oscillations,
we calculated the averaged survival/transition probabilities
for each neutrino flavor (P, ,,, Py, and Py, , ) in
vacuum and for each case of Fig. 5. The values are shown
in Table 1. From the results shown in the table it is seen that
the average neutrino survival probabilities of a given flavor
remain the same vacuum values for cases labelled (a), (b)
and (c), which correspond to single scaling. On the contrary,
changes are significant for the other cases of non-diagonal
interactions thus signalling the influence of decoherence.

@ Springer

otherwise). The solid line represents the electron flavor, the dotted line
the u flavor and the dashed line the T flavor. We assume that neutrinos
are emitted at the source with energy E,, = 1 TeV and their trajectory
passes through the GC (¢ = 0)

Table 1 Average values of the survival/transition probabilities for each
neutrino flavor in vacuum (A = 0) and for the set of parameters corre-
sponding to each case of Fig. 5. For cases 5a and 5b the values differ
from those in vacuum only in the fifth decimal place

Case Py, Popy Pr—ve
Vacuum 0.56 0.27 0.16
Figure 5a 0.56 0.27 0.16
Figure 5b 0.56 0.27 0.16
Figure 5¢ 0.56 0.26 0.16
Figure 5d 0.60 0.24 0.15
Figure Se 0.65 0.19 0.14
Figure 5f 0.55 0.28 0.16

4 Conclusions

In this work we have calculated the cross sections for v-DM
scattering as a function of the DM density and masses, for
different values of the neutrino momentum. To complement
the information coming from the fit of the velocity curves
we have explored the consequences of another criterion: the
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changes in the neutrino cross section and oscillation pattern
due to the presence of DM. To this extent and following
the line of thought of Refs. [24,28,33] we have performed a
comparison of results for the NFW and isotropic distributions
with the RAR ones. As explained in the text, the RAR distri-
bution seems to affect extragalactic neutrinos only once they
pass through the GC, making these effects difficult to observe
at Earth, though it may imply an important and independent
venue to test the DM concentration around the GC. The sensi-
tivity of extragalactic-neutrino observables (mean energies,
cross sections, oscillation patterns, etc) upon ppys (r) may
indeed be a good test for DM models, constraining the value
of the parameters extracted from the velocity curves.
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