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Abstract In this work, we study the propagation of high
energy neutrinos produced in extragalactic sources including
the effect of a possible interaction with ultralight axion-like
particles (UALP) with a mass m, ~ 10722 ¢V as the con-
stituents of dark matter (DM) under the assumption that their
coupling to neutrinos is dominant. We compute the cross
section and describe the propagation of a diffuse neutrino
flux using transport equations for each mass eigenstate. This
allows us to obtain the neutrino fluxes of the different flavors
to be observed at the Earth with neutrino telescopes under dif-
ferent assumptions for the flavor composition emitted at the
sources and for a normal ordering (NO) or an inverted order-
ing (IO) of the neutrino masses. If the coupling of neutrinos
with UALPs is the same for all flavors (g, ), we find that inter-
actions change the flavor composition of neutrinos arriving
on Earth for g,, > 0.5 GeV~!, causing the electron(muon)
flavor to dominate in the NO(IO) case for neutrino energies
above ~ 10° GeV. Although current data on the flavor ratios
suggest that interactions with UALP DM do not take place
within the range of coupling studied (particularly in the NO
case) more data is needed to improve the precision of the
experimentally measured flavor composition.

1 Introduction

The detection of high energy neutrinos of astrophysical ori-
ginis providing a new insight into the sources themselves and
it can also help to probe different scenarios and properties of
neutrino related physics [1]. In particular, neutrino inteac-
tions with dark matter (DM) has been considered and their
effects have been investigated under different assumptions
[2-15].
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One interesting possibility is that dark matter can be com-
posed of ultralight particles, as this could help to alleviate
problems of cold dark matter models regarding the over-
production of both substructure in the galactic haloes and
satellite dwarf galaxies that are not observed [16]. Such
extremely light particles can be pseudoscalars which arise
naturally in scenarios beyond the Standard Model (SM)
based on string theories [17] and are known as ultralight
axion-like particles (UALPs). In particular, these models pre-
dict the existence UALPs spanning a wide range of masses,
~ 1073 -10"19eV [18,19]. While the lightest UALPs could
be associated to dark energy [20,21], the appropriate mass
for viable DM candidates is m, ~ 10722 —10~2! eV, which
has the advantage of preserving the large-scale behavior of
the standard cold dark matter models, but at the same time
it suppresses the substructure at shorter scales due to a large
de Broglie wavelength ~ 1 kpc [16,22].

In the present work, we study the effects of neutrino inter-
actions with such particles during the propagation from extra-
galactic sources assuming that their evolution with the red-
shift follows the star formation rate (SFR) accoding to Ref.
[23]. We follow the procedure discussed on a previous work
with a different type of interaction [4]. The interaction ver-
tex analysed in this work was considered previously in Ref.
[9] assuming that UALPs are neutrinophilic, i.e., their inter-
actions with the charged leptons can be neglected (see also
Ref. [30]). In these conditions, the stringent bounds on the
coupling to electrons based on stellar evolution considara-
tions for globular clusters g4, < 4 X 1072 GeV~! [32] do
not affect the coupling to neutrinos. The corresponding astro-
physical and cosmological constraints that can be applied in
the present context are much less restrictive, as discussed
in Ref. [9]. In their work, they also described the effects of
modified neutrino oscillations in baseline experiments such
as DUNE [24] due to an effective potential included in the
Hamiltonian. Our approach here is complementary, since we
consider a flavor diagonal coupling gos = gva0ap and this
leads only to a global phase that implies no modification to
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oscillations due to interactions with UALP DM, and therefore
no effects to be observed in baseline experiments.

Nevertheless, neutrino-UALP scatterings can still play a
role and imprint effects on a diffuse neutrino flux. We explore
this possibility in the present work by solving a transport of
each mass (or propagation) eigenstate, for which the neutrino
mass is well defined. The surviving fluxes of flavored neutri-
nos at the Earth are recovered by superposition, and this can
be compared with observational data. We consider the cases
where the hierarchy of neutrino masses are accommodated
following a normal ordering (NO) or an inverted ordering
(I0), and we explore three different scenarios of dominant
neutrino sources with different initial flavor compositions.
We find that interactions produce a change in the flavor com-
position of neutrinos arriving on Earth for g, > 0.5 GeV~!
in comparison to the outcome expected with no interactions.
In particular, the electron(muon) flavor comes to dominate
in the NO(IO) case for neutrino energies above ~ 107 GeV.
Additionally, a directional dependence on the neutrino fla-
vor ratios can be observed, given that galactic DM is more
abundant in directions closer to the galactic center.

By comparing the flavor ratios integrated on the neutrino
energy with available flavor measurements by IceCube[25,
26], the realization of the interaction effects studied seems
unlikely, since the best fit values of the flavor ratios are not
close to the predicted in the case of interactions. However,
more data with more observation time and larger detectors
are necessary to achieve a much higher precission in the fla-
vor composition measurements [27,28] and this will help to
constrain definitely scenarios as the discussed here.

The rest of this work is organized as follows. In the next
section, we compute the cross sections for the neutrino-
UALP interaction, and in Sect. 3, we describe the neutrino
propagation first in extragalactic space and then through the
galactic DM halo. In Sect. 4, we present the results obtained
for the neutrino fluxes and flavor ratios on Earth, and finally
in Sect. 5, we conclude with a discussion.

2 Neutrino interactions with ultralight axion-like
particles

In the present work, we consider the interactions between
neutrinos and UALPs corresponding to the following
Lagrangian term (e.g. [9,29]):

Liya = —i8apduavay!ysvg, )]

where o, 8 = {e, i, t}. This effective interaction involves
only the active neutrinos, and it is implicitly assumed that
the UALP coupling to the charged leptons is not relevant,
whichis a characteristic feature of neutrinophilic models (e.g.
[9,30,31]). Without going into details, we note that this kind
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of interactions appear in models such as the applied in Ref.
[33], where a new scalar doublet and a new global symme-
try U(1) are included in order to give small Dirac masses to
the neutrinos. In this type of models, known as neutrinophilic
two-Higgs doublet models (nu2ZHDM), it is possible to obtain
the type interactions sought, i.e., with a strong coupling to
the neutrinos. Although they were originally proposed for
the QCD axion [34], a similar approach could be suitable
in our context for UALPs. We also focus on a minimal sce-
nario where the UALP has flavor-conserving couplings at
tree level, as we discuss below.

The interaction can be decomposed into terms correspond-
ing to each mass eigenstate v;, given that v, = 213: 1 Uaivi,
where U,; are the elements of the unitary mixing matrix for
neutrinos [37,38]. Defining ¢ := p + p as the momentum
carried by the UALP a, we have that (0, a) = ig, a, and
making use of Dirac equation, it follows that

(Opa)viy*ysvj = —i (mj +m;)aviysv;. (2)

We then consider the case of a flavor-diagonal coupling,
where we have gog = guva0qp for all the flavors. Then, Eq.
(1) can be rewritten as

Lya = —igva Z (mi +mj) Z UgiUajabiysvj, &)
o

tj

and since ), U, Uy; = 8;;, we have the following interac-
tion terms for each massive neutrino v;:

Lyq = —igiavysv;, 4

where g; = 2m;gyq.

Since the coupling is flavor-diagonal and flavor-universal,
this leads to an effective potential proportional to the identity.
When this is added to the Hamiltonian to study the effects of
neutrino oscillations in a DM background (e.g., as in Refs.
[9,11]), it only contributes with global phase which does not
modify the relative energies of the different massive neutri-
nos. Hence, as mentioned above, no effects due to oscillations
in DM medium are expected in the present context. However,
the effect of neutrino scattering with UALPs can still be rel-
evant and lead to an absorption of the neutrino flux at a given
energy, as was also considered for other interaction vertices
in previous works [2,4,6,39].

The fact that consider only flavor-diagonal and flavor-
universal interactions also allows to avoid very strong con-
straints for neutrinos decays [35]. Still, these asumptions cor-
respond to a possibility which is usually explored in sim-
ilar studies (e.g. [35,36]), and in particular, the only rele-
vant effect is due to neutrino-DM scattering. Hence, if off-
diagonal couplings are considered, this would bring into play
the effects of neutrino oscillations in a DM medium, as dis-
cussed above, but the study of this possibility is left for future
work.
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Fig. 1 Neutrino-UALP interaction channels considered

The possible interaction channels for neutrinos and
UALPs are shown in Fig. 1 and the corresponding scattering
amplitudes for the left and right diagrams are

-2
M, = _(m_;fmﬁi(pg)[pl — Py +milvi(p1)
Q)
igi2 _
M, = _mvi(ps)[lﬁl + p, +mivi(p1).
(6)

The total squared average amplitude is
-2 1
WP = 3 (M + MM+ MM+ IMGE) ()

where for the different terms we obtain the following expres-
sions valid if m, < m; and E3 < Ej:

4 4 2
Maf? = 2—3 [ZEI + ;::nz - i’f ] ®
IM|? = i—’i [2153 + SZ—Z + 8%:12} , )
and
(MM| = [MuM]]
4
= 4g* [2%# 4&72—;% _ 1} (10)

For the neutrino masses, we consider two usual assump-
tions for their values masses of the neutrinos [37]: in the first
one, the three masses are accommodated following a normal
ordering (NO), i.e. m; < my < m3 with

m; =107 eV (11)
my = 8.7 x 1073 eV (12)
m3=5x 1072 eV, (13)

and the other option considered follows an inverted ordering
(I0), m3 K my < my, with

mp =492 x 1072 eV (14)
my =5x10"2 eV (15)
m3 =107 eV. (16)

We note that the actual value of lightest neutrino mass is
unknown, and we set it at 107> eV in order to produce our
illustrative results.

The differential cross section in the laboratory (lab) frame
is:
doy, . 1 1
dtyy  647sy |P1.em|?

IM?, (17)

where sy = (p1 + p2)?, and 1y = (p3 — p1)? are the usual
Mandelstam variables. The momenta of the initial and final
neutrino are p| and p3, respectively, while p, and p4 refer to
the initial and final UALP, respectively. The spatial momenta
of the incident neutrino in the center of mass (CM) frame is

P1.cm, and it satisfies that |p; |2 = E12 om — ml2 with
£ sy + ml2 - m%
l,cm — 2@
In the lab frame, in turn, t3y = —2m,(E| — E3), and the

differential cross section can be expressed as

doyg LY

= M. 18
dE;  32msy |P1,cm|2| | (18)

The total cross section is, therefore,

E3max do-va
= , 19
Ova /E dE; (19)

3min

where the minimum and maximum energies of the final neu-
trino in the lab frame are

E3min = ¥ <E3 em — By Edom — m?) (20)
E3max =¥ (E3cm + ,3\/ E%(;m - m%) ) 20

with y = (Ey + ma)//sm, B = (1 — y»)~12 and
E3cm = Eicm. The latter energy values are plotted in Fig.
2 as a function of the initial neutrino energy Ej. It can be
seen that the energy loss per interaction is very small for
E; < 108 GeV, except for the lightest neutrino, i.e., vy in
the NO case, and v3 in the IO case.

The total cross sections are shown in Fig. 3 for g =
0.5 GeV~!, and m, =5 x 10722 eV, where the coupling
for each massive neutrino is given by g; = 2m; g,,.

In the above calculations, we have assumed for simplic-
ity that the UALP is at rest, as it is expected to constitute
non-relativistic DM (e.g. [22] ). Even in the galactic halo,
considering that its dispersion velocity can be ~ 100 km s~
[40], this leads to a Lorentz factor as low as I" >~ 1.0000005
with respect to a reference frame fixed to the UALP. Since
the strictly correct energies in the lab system should be mul-
tiplied by a factor ~ I, a relative error of eg ~ (I" — 1)
is assumed, and this leads to an relative error in the kine-
matic variables sy and 7y of €, & 2(I" — 1). Hence, a simple
estimate of error propagation in the calculation of do,,, /d E3

@ Springer
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implies that the approximation of the UALP being at rest is
accurate up to a negligible error much below 1%.

Throughout this work, we shall adopt coupling values
gi ~ (0.1 — 1) GeV~!, which are consistent with a cut-
off for the effective field theory A ~ (1 — 12) GeV. Still,
the CM energies of the v; — a interactions, /sy = (mi2 +
mﬁ +2mq4 Eq )0‘5, are well below this cutoff for a UALP mass
mg =5 x 1072? eV and neutrino energies E; < 108 GeV.
Therefore, the validity of the effective operator approach is
not compromised in the present context.

3 Neutrino propagation including interaction effects

In this section we describe the propagation of a diffuse flux
of high energy neutrinos of astrophysical origin, considering
separately the extragalactic propagation and then the propa-
gation through the DM halo of our galaxy.

3.1 Injection by astrophysical sources

The neutrino injection depends on the proton acceleration
mechanism operating at the astrophysical sources, and in par-
ticular, we are interested in the corresponding initial flavor
ratios fu s(E), i.e., at the beginning of the propagation stage.
If the production channel is neutron decay (n — p vee™),
then only the electron flavor is generated, and hence the fla-
vor composition at the sources is simply (fes : fu.s @ fr,s) =
(1 : 0 : 0). However, neutrino production after pion decays

@ Springer

is more promisory as pions can be efficiently created by pp
and py interactions at the sources.!

We then consider two additional source benchmarks: in
the first one, both pions and muons decay unaffected by syn-
chrotron losses leading to the usually expected flavor com-
position at the sources (fe,s @ fus @ fes) = (1 12 :0),
and we reffer to this case as pion decay sources. In the
other typical case, muons are completely depleted due to
synchrotron losses and we have a proportion of flavors
(fe,s @ fus @ frs) = (0 : 1 : 0) at these highly magne-
tized muon-damped sources. There are also other interme-
diate possibilities for which muons could be cooled signif-
icantly only above a certain energy, and in these cases the
flavor at the sources would be energy dependent [27,42].
Still, similarly to the assumed in previous works [43—47],
here we consider the mentioned three benchmark cases of
initial flavor compositions, as our main goal is to focus on
the effects of the possible neutrino interactions with UALP
DM. To achieve this, we adopt for the neutrino injection a
canonical power-law dependence with the neutrino energy
times an exponential cutoff at E. = 107 GeV:

YSFR (2)

w(E, 2)=Ky,—F—
Qu(E,2) Ysrr(z = 1)

JETY £ 22
ft,s €xXp <_E ) . )

C

Here, K, is a normalization constant, and the factors f; s
depend on the flavor composition at the sources since the

! Neutrons are also efficiently created in these interactions, but the gen-
erated neutrino carries only a very small fraction of the partent neutron
energy (E,/E, ~ 1073) [41].
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neutrino injection corresponding to the flavor « is given by

3
Qu,(E.2) =Y |Uuil® fisQy (E, 2).

i=1

(23)

The evolution with the redshift z is assumed to follow the
star formation rate (SFR) as given by [23],

(14 z2)27
14 [(1 +2)/2.91>¢

Vser (z2) = 0.015 Mg year™! Mpc=3.

(24)

Here we remark that we assume that the sources are also
isotropically distributed in the sky, and the approach we apply
in this work is adequate to capture the possible modification
the total diffuse neutrino flux by accounting for the energy
loss undergone by neutrinos if they interact with UALP DM.
A study of these effects in the case of individual point sources
should also account for the angular deflection generated by
the scatterings, as it was done in Ref. [12] for the flare neu-
trino event IceCube-170922A associated to the blazar TXS
05064056 [48].

In the present context, and for illustration of the effects
of the described interactions on a diffuse neutrino flux, we
choose to normalize the injection as

c [ dz dt

A mEQvﬂ (E(14+2),2)

ICGCubC( ) ‘ (25)

x ‘E:IO5G6V =Py, 15, P
so that the v, + v, flux obtained in the absence of v — a
interactions matches the best fit flux obtained by IceCube

evaluated at 10°GeV [51],

IceCub E w2
(pv,ie+fl;lue(E) = ¢’0 <—105G6V> ,

where &y = 1.44 x 10718 GeVls tsr—lecm™2, and we
accordingly assume o = 2.28 for the index of injection.

3.2 Extragalactic propagation

We treat the extragalactic propagation of astrophysical neu-
trinos making use of the following transport equation with
continuous losses for the comoving density of each massive
neutrino [39,49]

ANy, (E, 1)
T = Qu(ELn) = 3H(N,, (E. 1)
d|H(@)E N,,(E, Ny, (E, )by, (E,

LAHOENG(E0+ Ny (E Dbw(ED] 0

0E

which accounts for the effect of expansion of the universe
through the terms proportional to

() = Ho[ @1+ +24] .

and the interactions with DM UALPs are characterized by
the corresponding continuous energy loss rate [50]:

Esmax doy(E, E3)
bya(E, 2) = namc dE3(E — E3)————— (27)
E3min dE
Here, the density of extragalactic DM is given by
3HG \ 2
nam(2) = o | =1+ 27, (28)
871G | my,

with Hy ~ 70 km s~land 2m =~ 0.3. For instance, the extra-
galactic DM column Xgm(z) = [ nam(z)dz’ for sources
at z ~ 1is Xam(1) ~ 6 x 10°% cm~2, and for sources at
a redshift z ~ 5 it is Xgm(3) ~ 6 x 10 cm~2. In Eq.
(27), E represents the initial neutrino energy and we inte-
grate over the final neutrino energy E3 in a range that can
be seen in Fig. 2 and is determined by E3min and E3max as
defined above above in Egs. (20,21). We note that in the NO
case for vy and v3, the energy loss per interaction is very small
for E; < 108GeV, and hence the continuous loss approxi-
mation is justified. However, this is not the case for vy, given
that the range of initial neutrino energies £ for a fixed final
energy E3 is much broader, and additionally, the differential
cross section ‘Zl‘z”;’ is actually peaked at £y < Ej3. Therefore,
the present approach is accurate to obtain the neutrino fluxes
for a coupling

gva < 1.5Gev ! (29)

such that no significant v; — a interactions take place, i.e.,

1
Xdm(z =9)

A similar reasoning can be applied to the IO case, where the
heavier neutrinos are v; and v,, and the lightest one will be
affected only for the mentioned range of large couplings. For
higher values of g,,, the only surviving flux would be the
one of vy in the NO case and the one of v3 in the IO case, so
that the corresponding flavor composition would be clearly
determined as

(fo: fu: fono = |Ueal? : Ut > U1 %)
(fo: fu: foro = |Uel* : U171 U,

if absorption is not complete, but affects only the two heavier
neutrinos. More on this issue is discussed below.

In terms of redshift, considering thatdt /dz = —H(z)(1+
7), we can write the transport equation as

aNV,‘(Es Z) _ QV,’(Ea Z)
3z H@(+2)
1 1 0by,(E,2)
2— —ra =2 N, (E,
+[l+z]|: H(z) OE ]N’( 2)
_[ E_ bra } IN,, (E, 2)
l14+z HE@U4+72) oE

~ 1.6 x 107°* cm?. (30)

Opg <

€1y
(32)

. (33)
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Fig. 4 Side and top schematic views of the galactic DM halo, indicat-
ing the galactic coordinates / and b

and the neutrino flux after the propagation is found as

3
@, (E) = 1= 2 filUail? Ny, (E). (34)
i=1

We solve Eq. (33) using the method of the characteristics,
i.e., with the characteristic curves satisfying
dE E bya
a4z H@OU+
we obtain the solutions

_ Zmax , Qvi(z/, E’)
M ) _/z “CHOA+ )

©d7 1 9b
X exp —/ * (2- ) |, (36)
. 1+7 H((") 0E
where we assume zmax = 5. The results obtained for z = 0

are then used as input to describe the propagation through
our galaxy, as discussed below.

(35)

3.3 Propagation through the DM halo

After propagation outside our galaxy, a diffuse flux of neu-
trinos arriving to the Milky Way DM halo has to traverse it
at different directions, facing different DM column depths
Xam.n (I, b) depending on the galactic longitudes / and lati-
tudes b (see Fig. 4). The DM density profile adopted is a gen-
eralized spherically symmetric Navarro, Frenk, and White
(NFW) one [52,53],

os [\ r 703
ndm,h(r):m_ — I+ — , 37

a \Ts I's

where Y9 = 1.2, r is the distance to the galactic center, ry =
20 kpc, and the density there (ps) is obtained by assuming a
local density pp = 0.4 GeV cm™ at the position of our solar
system ro = 8.127 kpc. For instance, we obtain Xqm n(l =
0,b=10°) =2x10°* cm™2 and Xgm (I =0, b = 90°) =
3 x 10°? cm™2. The transport equation in the absence of
injection and adiabatic losses can be written as
INy(E,1,D) 1 3 [buan(E)Nyi(E, L b)]

= ; (33)
0X Ndm,hC 0E

@ Springer

where b,, n(E) is analogous to Eq. (27) but with the DM
density corresponding to the galactic halo.

Using again the method of the characteristics, we find that
the solution of Eq. (38) can be expressed as

bua (E'(X' = 0))

Ny, (E,l,b)=N,,(E,z=0)| ————— |, (39

v ) v (E. 2z )[ b (E) (39)

where E’ is the characteristic energy corresponding to a depth
X’ such that the final energy for a depth Xgm n(, b) is E.

4 Results

In this section, we present the obtained results for the
neutrino fluxes after extragalactic and galactic propagation
including the effects of v —a scatterings. As discussed above,
we consider three different benchmark possibilities for the
flavor composition at the sources.

The proportion of the different massive neutrinos emit-
ted at the sources (f1s : f2s © f3.5) in the different cases
assumed is such that

(IUei|* +2|U,;1?)  for 7 and p decays
(|U,u- |2) for u damped case .
(|Ue,- |2) for n decays

The neutrino propagation including the effect of interac-
tions is described by the solution of the trasport equations for
each massive neutrino as mentioned above, and the flux of
neutrinos of the different flavors is computed by superposi-
tion as in Eq. (34). In Fig. 5, we show the obtained fluxes of
v+, in the NO case including the effects of interactions for
gva = 0.5GeV~! and g,, = 1GeV~!. We show the fluxes
after extragalactic propagation only as well as the arriving
in directions given by [ = 0° and b = (20°, 45°, 90°), and
we compare these results with the flux corresponding to no
interactions and with the flux of v, + v, measured by Ice-
Cube at CL 68% based on 10 years of muon track data [51].
It can be seen that the interaction effects are more notice-
able if the arrival directions are closer to the galactic center
(GC) since the DM column along the neutrino path is greater.
The effect of increasing the coupling strength can be appre-
ciated by comparing the results of the left panels to those of
the right panels of Fig. 5: a more significant flux attenuation
takes place as the coupling is increased, as can be expected
due to a larger cross section. It can also be seen that the fluxes
are most affected in the case of muon damped sources and
least affected for neutron decay sources. This can be under-
stood taking into account that the cross section is higher for
neutrino v3, followed by that for v, and the weakest one is
for vy, as can be seen in Fig. 3. Therefore, since in the case of
muon-damped sources only one muon neutrino is produced,
the fact that |U,3| &~ 0.55 implies that a significant portion

Jis



Eur. Phys. J. C (2022) 82:274

Page 7of 15 274

Fig. 5 Diffuse fluxes of
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of the emitted flux would be more affected by interactions.
Likewise, in the neutron-decay case, only the electron fla-
vor is produced and since |U,3| =~ 0.022, the net attenuation
is weaker and due basically to the depletion corresponding
to the neutrino vy, while the v; remains unaffected for the
coupling values considered.

In Fig. 6, we show the diffuse fluxes of the electron flavor
neutrinos in the NO case, since in this flavor the fluxes are
more affected. This is because in the IO case, the neutrino
v3 is the least affected one and its contribution to the elec-
tron flavor is very small, given that |U,3| &~ 0.022 as in the
NO case. In order to appreciate the contribution of the three
flavors, we show the energy dependence of the flavor ratios
on the Earth in Fig. 7 for the NO case and in Fig. 8§ for the
10 case. In these plots we include the averaged results over
two regions in the sky: one for (—90° < [ < 90°), i.e., cen-
tered around the GC, and the other for (90° < [ < 270°),1i.e.,
centered around the galactic anti-center (GAC). Clearly, neu-
trinos corresponding to the former hemisphere face a higher
column of galactic DM than those arriving corresponding to

the GAC hemisphere, and attenuation is more significant. By
comparing the results of Fig. 7 with the ones of Fig. 8, it can
be seen that the effects of interactions lead to very different
flavor ratios if neutrino masses follow a NO or if they follow
an 0. In the former case and in relation to the flavor com-
position expected without interactions, the electron flavor is
increased and becomes dominant, followed by the tau flavor
which is decreased, and the muon flavor contribution is sig-
nificantly reduced. Quite the opposite is expected in the IO
case if interactions are important: the muon flavor becomes
dominant, followed by the tau flavor still with reduced rel-
evance, and the electron flavor contribution becomes very
small.

We can integrate on the neutrino energy the differential
fluxes in order to obtain the flavor ratios of the integrated
fluxes above Ejy as:

B Jon dEy @y, (Ey)
Joo dEy [@y,(Ey) + Py, (Ey) + Py, (Ev)]

Fy (40)
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The results for Enin = 5 x 10°GeV are shown in Fig.9asa
function of the galactic latitude b for the NO case and in Fig.
10 for the IO case. In this figures, we show the flavor ratios of
the integrated fluxes for the three cases of sources assumed
and with different values of the coupling, g,, = 0.5 GeV~!
and g,, = 0.75 GeV~!. Also, as mentioned in Sect. 2, for
high values of the coupling, only the v;3y would survive in
the NO(IO) case, and can be completely unaffected due to
a much lower cross section. In these cases, the flavor ratios
could also be homogeneous across the full sky, but fixed at
the particular values

(Fe Fy s Fowo = (U 10 P £ 1Un ) (41
~ (0.68 : 0.075: 0.24)

(Fe: Fy: Foo = (Ul 10l : U
~ (0.022: 0.56 : 0.41). (42)

In fact, this can be illustrated with a ternary plot as the
one in Fig. 11, where each position represents a unique com-
bination of the three flavor ratios obtained by integration of

@ Springer

the neutrino fluxes over the energy and also over all incom-
ing directions. In this plot, we mark with a white triangle
the expected values in the cases of no interactions corre-
sponding to pion decay (top panels), muon damped (mid-
dle panels), and neutron decay sources (bottom panels). If
the coupling is set as g,, = 0.5 GeV~! then the results
shift to the indicated by the gray squares, to the dark gray
ones if we set g,, = 0.75 GeV~!, and to the black ones
for g,a = 1 GeV~!. We also include the 68% CL region
obtained with the sample of high energy starting events
(HESE) by IceCube [51], and the projected 68% CL con-
strained ragion with 8 yr of IceCube if the composition were
that for pion decay sources, i.e., (fe s:fus:fr,s) = (2:1:0)
(see Ref. [27]).

5 Discussion

In this work, we have analyzed the impact of possible interac-
tions of astrophysical neutrinos with UALP DM particles a,
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Fig. 7 Energy dependent flavor ratios of neutrinos reaching the Earth respond to the other half of the sky containing the galactic anti-center
in the NO case for the electron, muon, and tau flavors in the left, center, (GAC). The results for no interactions are marked using dashed lines.
and right panels, respectively. Thick solid lines correspond to the half of Top panels correspond to pion decay sources, middle panels to muon
the sky centered around the galactic center (GC), while thin lines cor- damped sources, and bottom panels to neutron decay sources
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Fig. 8 Energy dependent flavor ratios of neutrinos reaching the Earth
in the IO case for the electron, muon, and tau flavors in the left, center,
and right panels, respectively. Thick solid lines correspond to the half of
the sky centered around the galactic center (GC), while thin lines cor-
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respond to the other half of the sky containing the galactic anti-center
(GAC). The results for no interactions are marked using dashed lines.
Top panels correspond to pion decay sources, middle panels to muon
damped sources, and bottom panels to neutron decay sources
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withm, &~ 5x1072% eV. Taking into account a diagonal cou-
pling with the same value for the three flavors (g« = gva),
we treated the extragalactic and galactic propagation using
transport equations for the density of each massive neutrino.
Considering as benchmarks three usually adopted initial fla-
vor compositions for pion decay, muon-damped , and neu-
tron decay sources, we found that interactions can cause an
important change in the flavor composition to be observed
on Earth with neutrino telescopes, and this effect is also sen-
sible to the the mass ordering of the massive neutrinos. As
the coupling is increased gradually from g,, = 0.5 GeV~!
to gvq = 1 GeV~!, the flavor composition gradually departs
from the result corresponding to no interactions to (Fe : F), :
Fono = (Ual? : |Uul? @ |Uz1)?) in the NO case, and
o (Fe : Fy : Foo = (IUesl? @ [Upsl* : [Ur3]?) in the
10 case. We also found that for somewhat smaller couplings
0.5GeV™! < g,4 < 1GeV™!, neutrinos are affected differ-
ently at different directions in the sky because the column of
galactic DM will be higher for neutrino path passing closer
to the galactic center. Therefore, if the measured neutrino
flavor composition is homogeneously distributed across the
whole sky, this will be evidence against neutrino interactions
with UALP DM in the mentioned range of the coupling g,,.
Considering the current data from IceCube regarding the fla-
vor composition [51], the neutrino interactions discussed in
this work with a coupling g,, > 1 GeV~! appear to be dis-
favored, as can be seen in the ternary plots of Fig. 11. Still,
more statistics is necessary to obtain a higher precision in the
experimental determination of the flavor ratios and this will
be achieved with longer time exposure and larger detectors
such as IceCube-gen?2 [27].

These conclusions are in agreement with the constraint
estimated in Ref. [9] based on the detection of the neu-
trino event IceCube-170922A, leading to g,, = 0.8GeV !,
and in particular our analysis shows that a lower coupling
gva = 0.5GeV ! interactions leave their signature by caus-
ing a change in the flavor ratios for energies greater than
~ 10°GeV, with respect to the result corresponding to no
interactions, as shown in the left panels of Figs. 7 and 8.

Given that the energy dependence of the flavor ratios is
expected to be experimentally determined by future mea-
surements [27,28], the analysis here presented can be useful
to probe a diagonal coupling with a value g,, ~ 0.5GeV~!
for all the flavors. This is below the ranges that, as mentioned
in Ref. [9], can be excluded by avoiding a too fast cooling
in supernovae (g,, < 10*GeV~!) [54] and also by allowing
the free streaming of neutrinos in the early universe before
photon decoupling (g,, < 103GeV~1) [35].2 In the cases of

~

different couplings for each flavor or even non-diagonal cou-

2 We note that the mentioned bound applies, since it refers to the case
of diagonal couplings in the mass base, which is also our case according
to Eq. (4).

@ Springer

plings, observations with upcoming underground neutrino
detectors such as JUNO [55] and DUNE [24] are expected
to explore values as gy, ~ 0.1 —0.01 GeV~! searching for
oscilation effects [9].

We leave for a future work the treatment of higher energy
neutrino fluxes such as the so-called comogenic neutri-
nos produced by cosmic ray interactions with the cosmic
microwave background. Given that the energy loss per inter-
action becomes higher at higher energies, the interactions of
these neutrinos is therefore expected to alter the flavor com-
position for lower g,,, values than the explored in the present
work.
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