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Abstract. Axino and gravitino are promising candidates to solve the dark matter (DM)
problem in the framework of supersymmetry. In this work, we assume that the axino is
the lightest supersymmetric particle (LSP), and therefore contributes to DM. In the case of
R-parity violating models, the axino can decay into a neutrino-photon pair with a lifetime
much longer than the age of the Universe, yielding a potentially detectable signal. Interest-
ingly, a gravitino next-to-LSP (NLSP) can live enough as to contribute to the relic density.
We study both scenarios, only axino LSP as DM, and axino LSP with gravitino NLSP as
DM. We carry out the analysis in the context of the purSSM, which solves the p problem
and reproduces neutrino data, only adding couplings involving right-handed neutrinos. In
particular, we perform a complete analysis of the relevant parameter space of the model con-
sidering constraints from neutrino physics, cosmological observations, and ~y-ray detection.
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We find that the axino or the gravitino can produce a signal detectable by future MeV-GeV
~v-ray telescopes. In addition, in a parameter region where we get a well-tempered mixture
of both particles, a double-line signal arises as a smoking gun.
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1 Introduction

To elucidate the composition of DM is one of the most intriguing enigmas in modern science.
The physics and astronomy communities have invested vast efforts in both experimental
and theoretical aspects to discover its nature. Concerning the latter, in R-parity conserving
(RPC) supersymmetry (SUSY), weakly interacting massive particles (WIMPs) such as the
neutralino [1-4] or the right-handed sneutrino (see refs. [5, 6] and references therein), are
usual candidates for DM. However, in R-parity violating (RPV) SUSY they have very short
lifetimes, and hence cannot be candidates. On the other hand, gravitino (i3/9) or axino (a)
as LSPs can be valid superWIMP DM candidates. Although they also decay as neutralinos
or sneutrinos, their lifetimes turn out to be much longer than the age of the Universe. In
the case of the gravitino, its lifetime is suppressed both by the gravitational interaction and
by the small RPV couplings [7, 8], whereas for the axino in addition to the latter it is also
suppressed by the Peccei-Quinn (PQ) scale [9]. Besides, gravitino or axino decays produce
~ rays which could be observed in «-ray telescopes. This was analyzed for the gravitino in
refs. [8, 10-19] in the context of bilinear/trilinear RPV models [20], and in refs. [21-24] in
the ‘p from v’ supersymmetric standard model (urSSM) [25]. Similar analyses for the axino
in bilinear/trilinear RPV models were carried out in refs. [26-35].

On the other hand, in ref. [36], the authors studied the cosmology of an RPC example of
decaying dark matter (DDM) scenarios [37-43], which could relax potential tensions between
the standard ACDM model and cosmological observations [44-48], considering both 13/,
and a as DM candidates. In that case, their masses m3/; and mg, respectively, are model
dependent and can be of the same order or several orders of magnitude different in realistic
scenarios [49-53] such as in supergravity. Therefore, if the axino (gravitino) is the LSP the
gravitino (axino) can become the NLSP. As a consequence, the NLSP decays into the LSP
plus an axion.



In the present work, we will consider axino LSP as DM in the context of RPV, for
two particularly interesting scenarios. First, only axino LSP as DM. This can be achieved
if the NLSP is not the gravitino, but another SUSY particle which has a short lifetime, as
happens in the case of RPV models. Second, a DDM scenario with axino LSP and gravitino
NLSP. In both scenarios, we will study their cosmological properties as well as associated
~-ray constraints on spectral lines coming from current detectors, and prospects for future
v-ray space missions. Concerning the RPV model, we will concentrate on the urSSM [25, 54]
given its phenomenological interest.

The pvSSM introduces new couplings in the superpotential with respect to the
RPC minimal supersymmetric standard model (MSSM) [55-57] and Next-to-MSSM
(NMSSM) [58]. These couplings involve right-handed neutrino superfields to solve the p-
problem of SUSY, while simultaneously are able to reproduce at tree level the observed
neutrino masses and mixing angles [25, 54, 59-61]. The latter is obtained through a gener-
alized electroweak-scale seesaw mixing left- and right-handed neutrinos with neutralinos. In
addition, the extrapolation of the usual stringent bounds on sparticle masses in RPC SUSY
to the puvSSM is not applicable. For example, it was shown in refs. [62, 63] that the LEP
lower bound on masses of slepton LSPs of about 90 GeV obtained in trilinear RPV [64-69] is
not valid in the uvSSM. For the bino LSP,! only a small region of the parameter space of the
uvSSM was excluded [73] when the left sneutrino is the NLSP and hence a suitable source
of binos. In particular, this was the case of the region of bino (sneutrino) masses 110 — 150
(110 —160) GeV. It is worth pointing out here that gravitino or axion DM do not alter these
collider signals, since effectively any NLSP such as sneutrino, bino, etc., behaves like an
usual LSP in RPV models decaying fast through RPV channels [74]. The Higgs sector of the
uvSSM is also very interesting phenomenologically [54, 72, 75-77], since there is a substantial
mixing among the three right-handed sneutrinos and the doublet-like Higgses. Cosmological
issues in the model have also been considered, and in particular the generation of the baryon
asymmetry of the Universe was studied in detail in ref. [78], with the interesting result that
electroweak baryogenesis can be realized.

In refs. [21-24], it was shown that the mixing mentioned above between neutralinos,
in particular the photino and left-handed neutrinos in the neutral fermion mass matrix, has
crucial consequences on the gravitino DM phenomenology of the uvSSM, and as we will show
in this work, also in the axino DM phenomenology. In particular, axino and gravitino can
decay to a photon and a neutrino through RPV terms producing a mono-energetic y-ray
signal. The energy ranges of Fermi-LAT and previous missions COMPTEL and EGRET, lie
in the ballpark for these candidates, and can therefore test the axino/gravitino DM hypoth-
esis. Besides, planned detectors aimed to explore v rays, such as e-ASTROGAM [79] and
AMEGO [80], will feature a 2-3 order of magnitude increase in sensitivity and an improve-
ment in the energy resolution of the v-ray sky in comparison to COMPTEL and EGRET in
the MeV to GeV range.

We will analyze the allowed parameter space considering the two scenarios mentioned
before: only axino LSP as DM; and axino LSP with gravitino NLSP as DM, with the latter
decaying to the former (plus an axion). We will find that gravitino and axino masses, as well
as the PQ scale, play a crucial role in defining the characteristics of the model. In addition, the
photino-neutrino RPV parameter has to be considered imposing the constraints from neutrino
physics. Finally, as a benchmark for future y-ray missions we will consider the performance

!The phenomenology of a neutralino LSP was analyzed in the past in refs. [59, 70-72].



of eeASTROGAM, and we will show that such kind of instruments can probe a significant
portion of the parameter space. Besides, if axino and gravitino can coexist, each one can give
rise to a spectral line detectable by e-ASTROGAM, producing a ‘smoking gun’ signal in the
form of two ~-ray lines that are difficult to mimic with standard astrophysical processes.
The paper is organized as follows. In section 2, we will discuss the scenario with only
axino LSP as DM. We will show the decay rate of axino DM into photon plus neutrino,
as well as the amount of the associated relic density. Then, we will analyze the ~-ray flux
produced in this scenario, showing the exclusion limits and prospects for detection. In sec-
tion 3, we will discuss the DDM scenario including axinos and gravitinos. We will show the
gravitino NLSP decay rates into photon plus neutrino and into axino LSP plus axion, and its
contribution to the relic density. Armed with these results, we will be able to fully explore
our multicomponent DM scenario along with its parameter space allowed by cosmological ob-
servations. Finally, as in the previous section, we will analyze the y-ray flux of this scenario,
exclusion limits and prospects for detection. The conclusions are left for section 4.

2 Axino LSP as dark matter

In the framework of supergravity, the axino has an interaction term in the Lagrangian with
photon and photino. As discussed in the introduction, in the presence of RPV photino
and left-handed neutrinos are mixed in the neutral fermion mass matrix, and therefore the
axino LSP is able to decay through this interaction term into photon and neutrino. This has
relevant implications because the v-ray signal is a sharp line with an energy mg/2, that could
be detected in v-ray space telescopes such as Fermi-LAT, or in future MeV-GeV telescopes
such as the proposed e-ASTROGAM.

2.1 Axino decay
Axino decay width into photon-neutrino through RPV couplings is given by [9]:

3
~ ma 2 2 2
F(a’ - ’77/1') = W%fgaemca'w‘U’?” ) (2'1)
where I'(@ — yv;) denotes a sum of the partial decay widths into v; and 7;, Cyy, is a model
dependent constant of order unity, ce,, = €2/4m, f, is the PQ scale, and the mixing parameter
|Us.| determines the photino content of the neutrino

3
Us|? = Z |Ni1 cos Oy + Nia sin Oy [ (2.2)
i=1

Here N;1(N;2) is the bino (wino) component of the i-th neutrino, and Oy is the weak mixing
angle. As obtained in refs. [21, 24|, performing scans in the low-energy parameters of the
uvSSM in order to reproduce the observed neutrino masses and mixing angles, natural values
of |Us,| are in the range

1078 < U5, | S 1076 (2.3)

Relaxing some of the assumptions such as an approximate GUT relation for gaugino masses
and/or TeV scales, the lower bound can be smaller:

1071 < |U5, | S 1078 (2.4)



As we can see in eq. (2.1), the axino decay is suppressed both, by the small RPV
mixing parameter |Us,|, and by the large PQ scale f, > 10°GeV as obtained from the

observation of SN1987A [49]. This gives rise to a lifetime longer than the age of the Universe,
Ta > ttoday ~ 10'7s, with

2 8\ 2 3
115 N o 28 fa 10 0.1 GeV
7o =1""(a — yv;) ~ 3.8 x 10°° s <1013 GeV> <‘U7/u|> ( p— , (2.5)

where in the last equality we have assumed Cgy, = 1.

2.2 Axino relic density

Although axino decays, we have shown in the previous subsection that 75 > tioday, and
therefore in a very good approximation we can consider that its relic density coincides with
the would-be axino relic density if it were stable and would not undergo through the decay
process. For axinos, this relic density depends heavily on the axion model considered. In the
framework of the KSVZ model [81, 82], the axino production is dominated by the scattering
of gluons and gluinos and its relic density from thermal production turns out to be [83, 84]

o =03 ot (F00) (1) (o) (M) - e

where Tg is the reheating temperature after inflation, g3 is the running SU(3) coupling, and
the rate function F(g3(Tg)) describes the axino production rate with F' ~ 24 — 21.5 for
Tr ~ 10* — 105 GeV [84]. For our numerical computation we will use F' ~ 23. Other values
will not change significantly the final results.

To continue we must address the axion production. This comes from the misalignment
mechanism, and therefore the axion cold DM relic density can be accounted by

) ) 1. 1.19
Qoh”® ~0.18 6; <1012GeV> , (2.7)
where 6; is the initial misalignment angle. Since we are interested in studying the scenario
with axino as the only component of the DM, we can always set the axion primordial relic
negligible choosing an appropriate value for 6; if needed, i.e. when f, > 102 GeV. Never-
theless, it would be convenient to work with the upper bound f, < 10" GeV to avoid too
much tuning.

Considering therefore that the axino is the only component of DM, the relic density
given by eq. (2.6) is proportional to the reheating temperature. Clearly, given an axino mass
and PQ scale, adjusting T’r one can get the measured value of the relic density by the Planck

Collaboration [85], QFlanckp2 ~ (.12, In particular, one obtains

0.4 1 GeV f 2
Th ~ ——— x 1 4 a . 2.
R )t <10 GV < ma )(1012 GeV> 28)

For example, for mz = 0.1 GeV and f, = 102 GeV one needs Tr ~ 7.2 x 10* GeV. Also,
assuming the conservative limit T > 10* GeV, an upper bound for mg is obtained from
eq. (2.8) for each value of f,:

fo \?



For example, for f, = 10'3, 10'2, 10! GeV one obtains the upper bounds m; < 50, 0.5,
0.005 GeV, respectively. Note that to use the lower bound f, > 10 GeV is convenient to
avoid a too small axino mass, beyond the reach of proposed detectors (see figure 1 below).
Thus, throughout this work we will adopt the following range for the PQ scale:

101 < f, < 10'3 GeV. (2.10)

On the other hand, in the case of the DFSZ axion model [86, 87] the axino production is
dominated by axino-Higgs-Higgsino and/or axino-quark-squark interactions. For reheating
temperatures above 10* GeV as the ones used in this work, the axino relic density is in a
good approximation independent of the reheating temperature, and it turns out to be [88]

a 1012 GeV\?
OTPp2 ~ 20.39 (14 : 2.11
i ) (2] on

Thus, if the axino is the only component of DM a fixed mass is obtained in this case for a
given fg:

2
mg =~ 6 MeV (1012]02}(3\/) . (2.12)
For example, for f, = 10'3,10'2, 10! GeV one obtains mgs ~ 600, 6,0.06 MeV, respectively.

In subsection 2.4, we will discuss the prospects for detection of monochromatic lines
coming from axino decay. We will see that the DFSZ model covers a subset of the relevant
parameters with respect to the KSVZ model. Hence, in the next section we will continue
working with the KSVZ model for the sake of generality.

2.3 ~-ray flux from axino decay

The constraints set by detectors such as Fermi-LAT to the y-ray emission from DM, place
lower limits to the axino lifetime as the source of v-ray radiation. The differential flux of ~
rays from DM decay in the Galactic halo is calculated by integrating its distribution around
us along the line of sight:

hal total
d(I),yaO _ 1 i deyO a Dd
dEdS2 47 TDOM MDM AQ dE e

(2.13)

. . . . Ntotal
where Tpy, mpy are the lifetime and mass of the DM particle respectively, —7z— is the total

number of photons produced in DM decay, AQQ is the solid angle supported by the region
of interest (ROI), i.e. the region of the sky that we are studying, and Dge. is the so-called
D-factor, involving astrophysical parameters. The latter is defined as

Dgec = / cosbdbdl ds phaio(r(s, b, £)), (2.14)
AQ 0

where b and ¢ denote the Galactic latitude and longitude, respectively, and s denotes the
distance from the Solar System. The radius r in the DM halo density profile of the Milky
Way, phalo, 1S expressed in terms of these Galactic coordinates.

It is straightforward to apply now this result to the case of axino LSP as DM, using the
formulas of section 2.1.
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Figure 1. Constraints on lifetime versus mass for axino DM. The region below the black solid line
on the left (right) is excluded by line searches in the Galactic halo by COMPTEL (Fermi-LAT [89]).
The region below the upper (lower) black dashed line could be probed by e-ASTROGAM [79] with
observations of the Galactic center assuming Einasto B (Burkert) DM profile. Left panel (KSVZ axion
model): In the orange region, orange solid lines correspond to the predictions of the urSSM for several
representative values of |Us,|, for the case f, = 10'® GeV. For the cases f, = 10'? and 10! GeV,
associated to blue and green regions, respectively, only the lines corresponding to the lower and upper
limits from neutrino physics, 10710 < |Us0| < 1079, are shown. The reheating temperature versus
axino mass shown in orange in the upper part of the figure, corresponds to the case f, = 103 GeV.
For other values of f,, Tr can be straightforwardly obtained from eq. (2.8). The upper bound on mg
for each region is obtained from eq. (2.9). Right panel (DFSZ axion model): In the upper part of the
figure, the PQ scale versus axino mass using eq. (2.12) is shown in gray. The red region corresponds
to the predicted purSSM parameter space for the same representative values used in the left panel.

2.4 Results

Since in RPV models the axino decays producing a monochromatic photon with an energy
mg/2, one can constrain their parameter space with -ray observations. Actually, there are
model independent constraints on DM decays. In figure 1, the regions below the black solid
lines are excluded by line searches by COMPTEL and Fermi-LAT [89]. The black dashed
lines correspond to the projected e-ASTROGAM sensitivity [79], where we have considered
the following DM profiles for the observations of a region of interest of 10°x10° around the
Galactic center: NFW, Moore, Einasto, Einasto B and Burkert. In particular, Einasto B
(Burkert) is the most (least) stringent and corresponds in the figure to the upper (lower)
dashed line.

Using the results from previous subsections, we also show for the KSVZ axion model in
the left panel of figure 1 with orange solid lines, the values of the parameters predicted by
the uvSSM using eq. (2.5) with f, = 103 GeV for several representative values of |Us,|. For
the cases f, 10™ and 10" GeV we show only the lines corresponding to the lower and
upper limits from neutrino physics of eq. (2.4). As we can see, values of the axino mass larger
than 3 GeV are already disfavored by Fermi-LAT. In addition, a significant region of the



parameter space of axino DM lies in the ballpark of future y-ray missions such as the proposed
e-ASTROGAM, allowing to explore masses and lifetimes in the ranges 2 MeV—3 GeV and
2 x 10?6 — 8 x 103 s, respectively.

Let us finally remark that the upper bound on the axino mass for each value of f;, e.g.
mg < 0.005,0.5GeV for f, = 1011 10'2 GeV, respectively, is obtained from eq. (2.9) under
the conservative limit Tx > 10* GeV.

On the other hand, the red region in the right panel of figure 1 corresponds to the
predictions of the prSSM considering a DFSZ axion model. Unlike the KSVZ model, the
axino relic density is independent on Tg, as already discussed in eq. (2.11). This allows us to
simplify the figure. In the upper part of it, the PQ scale versus axino mass using eq. (2.12)
is shown in gray.

It is worth noticing here that the allowed red region in the right panel, obtained with
a DFSZ model, is in fact included in the allowed region of the left panel for a KSVZ model.
For each value of mg given below eq. (2.12), we can identify the allowed range of 7; in
the corresponding f, colored region of the left panel. We can also extrapolate the results
for intermediate values of f,. Therefore, overlaying both panels we can see that the DFSZ
allowed region represents a subset of the KSVZ region, and hence is more restrictive. This
is obviously expected, since the former model has one degree of freedom less, Tg, in order
to obtain the correct relic density. Thus, in the rest of this work we will focus on the KSVZ
model to explore axino DM with a broad approach.

3 Axino LPS and gravitino NLSP as dark matter

As discussed for the axino, the gravitino has also an interaction term in the Lagrangian with
photon and photino, and therefore in the presence of RPV it is able to decay into photon
and neutrino producing a sharp 4-ray line with an energy ms/5/2. In addition, the gravitino
NLSP can decay to axino LSP and axion. We will study the implications of this scenario for
DM and its detectability.

Concerning the gravitino mass, let us point out that in supergravity models it is related
to the mechanism of SUSY breaking. In particular, in gravity-mediated SUSY breaking mod-
els, where the soft scalar masses are typically determined by the gravitino mass, it is sensible
to expect the latter in the range GeV-TeV [90], i.e. around the electroweak scale. However,
specific Kahler potentials and/or superpotentials of the supergravity theory could allow for
different situations, producing gravitinos with masses several orders of magnitude smaller
than the electroweak scale. This is e.g. the case of no-scale supergravity models, where the
gravitino mass is decoupled from the rest of the SUSY particle spectrum, and hence is possible
to assign for it a mass much smaller than the electroweak scale [91]. On the other hand, very
small gravitino masses with respect to the electroweak scale are obtained in gauge-mediated
SUSY breaking models [92]. Also, e.g. in F-theory GUTs with the latter SUSY breaking
mechanism working, one can obtain a gravitino mass of about 10 — 100 MeV [93]. Given the
model dependence of the gravitino mass, we consider appropriate for our phenomenological
work below not to choose a specific underlying supergravity model, and treat the gravitino
mass as a free parameter.

3.1 Gravitino NLSP decays
Gravitino partial decay width into photon-neutrino through RPV couplings is given by [7, 8]:

3
M3 /9

L (th3/9 — i) =~ Usu?, (3.1)

~ 32rM32



where I'(13/, — vv;) denotes a sum of the partial decay widths into v; and 7;, and Mp ~
2.43 x 10'® GeV is the reduced Planck mass. This is the dominant decay for a gravitino LSP
in the context of the urSSM, and is suppressed both by the small RPV mixing parameter
and by the scale of the gravitational interaction. We can compare eq. (2.5) with this equation

written as )
10-8 1GeV\?
I (g9 = yv4) ~ 3.8 x 10 s ( ) ( ) , 3.2
( 3/2 ) ‘Uﬁ,j’ ma o ( )

to obtain the following relation between decay widths:

~ ] 13 2
I'(a — ) ~10° 10™° GeV 3. (3.3)
L (t3/2 — Y1) fa
where i
ra = HZ/Q (3.4)

As we can see, I'(@a — ;) is typically larger than I'(¢)3/5 — vv;) unless r; is very small. In
particular, for f, = 10'3, 10'2, 10! TeV it has to be smaller than about 0.02, 0.004, 0.001,
respectively. This result will be useful for our discussion in subsection 3.4.2.

Since in the framework of supergravity the gravitino has an interaction term with axino
and axion, we have also to consider the RPC partial decay width [36]

3

m
(b — da) ~ —L

~ 22 (1 )21 —r2)3 3.5
1927er%( ra) (1 —7r3)°, (3.5)

a

where the axion mass has been neglected. Clearly, it dominates over the one in eq. (3.1), and
therefore the gravitino lifetime can be approximated as

1GeV>3’ (36)

T30 = D7 (1hyp — ad) ~ 2.3 x 10" 5 (
ms/2

where to write the last formula we have neglected the contribution of ; in eq. (3.5) which is
valid when mg < mg/o.

At this point it is important to notice that although I‘_l(wg/g — Vi) > lioday, this
does not hold for 739, implying that the equations for the relic density that will be obtained
below are affected by this result.

3.2 Axino and gravitino relic density

To compute axino relic density we need to consider thermal and non-thermal production
mechanisms. The latter, in our multicomponent scenario, is related to the decay of the
gravitino NLSP involving its number density and lifetime. This axino production would not
undergo re-annihilation since the Planck mass suppresses gravitino or axino interactions.
Unlike the axino case in subsection 2.2, whose lifetime is longer than the age of the
Universe, and therefore its relic density can be approximated as that from thermal production,
the gravitino has a smaller lifetime and one has to consider that its density changes in time
with the result
Q3/2h2 — QST/PZh%—(lttoday—to)/Ts/z7 (3.7)



where tg is the time when the gravitinos are thermally produced, and Qng;h2 corresponds to
the would-be gravitino NLSP relic density if it were stable and would not undergo through
the decay process. The latter is given by [94-96]

GTE1 = 002 (105Tgev> <1m<i</e2v) (z\gggs)y (v(T@/éﬁ%/M;%)) (3.8)

Here, M3(Tg) is the running gluino mass, and the last factor parametrizes the effective
production rate ranging v(Tg)/(T%/M3) ~ 0.4 — 0.35 for Tr ~ 10* — 10°GeV [96]. For
our numerical computation we will use M3(Tg) ~ 3TeV and v(Tr)/(T5/M%) ~ 0.4. Other
values will not modify significantly our results. Assuming as in the previous section the
conservative limit T > 10* GeV, a lower limit for the gravitino mass from the measured
value of the relic density is obtained, m3/; 2 0.017 GeV.

Taking the above into account, the density for axino LSP is now

Qzh% = QPR 4 QNTPR2, (3.9)

where QIPh? is given in eq. (2.6), and the term QYTPh? takes into account the non-thermal
production via gravitino decay:

QXN = ra Q3)oh? (1 - e*modayfto)/m) : (3.10)

It is worth noticing that the factor r; takes into account whether the LSP non-thermally pro-
duced is either relativistic or non-relativistic, as we are only interested in cold DM. Obviously,
if 73/9 < tioday, We get the usual relations [97-99]:

Q3/2h* ~ 0, (3.11)
Qah? ~ QIR +ra Q30 (3.12)

Concerning the axion production, now in addition to the misalignment mechanism dis-
cussed in section 2.2, there is the production coming from the gravitino NLSP decay. Never-
theless, the axions produced in this way will constitute ‘dark radiation’, i.e. ultrarelativistic
and invisible species with respect to the cold DM measured by Planck. The amount of
dark radiation is under stringent constraints [44-48|, and as a consequence it gives a small
contribution to the DM density.

A quantity that will be useful along this work is the fraction of gravitino NLSP that
decays into dark radiation. For that we can define

L = f3y2 (1 =ra), (3.13)
with o
3,

f3/2 = QCP;,?T?Ck (314)

the gravitino NLSP fraction. The subscript ddm denotes decaying dark matter, and DR
stands for dark radiation. It is worth noticing here the following;:

e Planck Collaboration obtains QCP[}%?CkhQ ~ (.12 today from measurements at recombi-
nation time using the standard ACDM model. We are working with decaying DM, so
the cold DM density has a time dependence due to the fact that some of the gravitino
NLSP energy density is ‘lost’ as dark radiation. Nevertheless, the latter quantity has

to be small, as discussed above.



e Decaying DM and its fraction to dark radiation, fc]?dl}m refers to the contribution of the
mentioned decay of gravitino NLSP into axino LSP and axion, not to be confused with
the decays of axino LSP and gravitino NLSP into photon plus neutrino.

Let us finally point out that due to the axion-photon mixing, the axions emitted from the
gravitino decay can be converted into photons in the presence of a magnetic field, potentially
producing a signal. However, the conclusion of ref. [100] is that considering a QCD axion (as
in our case), the conversion probability is too small to be observed.

3.3 ~-ray fluxes from axino and gravitino decays

The constraints set to the «-ray emission from DM considers usually that it is composed by
only one particle species. In the case of DM decay, the constraints place lower limits to the
particle lifetime. If axino and gravitino coexist, being one the LSP and the other the NLSP,
respectively, both candidates can be sources of y-ray radiation. Nevertheless, it is easy to
normalize the signal considering that a specific source is a fraction of QCP;:SCkh?

The differential flux of v rays from DM decay in the Galactic halo is calculated in
eq. (2.13), with ppao as a crucial quantity. Assuming multicomponet DM, and that the
distribution of each species is homogeneous along the DM distribution, we simply have

Phalo = ZPDMZ-, (315)
7

where the i-th DM density component ppy; can be expressed as

pPDM; = DM, Phalos (3.16)
with
_ QOpy,
fDMi = QPlanck' (317)
cdm

To calculate now the ~y-ray flux from the i-th DM component that decays to photons, we just
have to replace phalo — ppM, in eq. (2.13) obtaining the following differential flux of y-rays:

dq)’]?MZ d(p}yoo% DM;
dEdQ PN gRAG

(3.18)

100% DM,
where % is the would-be differential flux if we consider ppm; = phalo- Finally, taking

into account that the constraint to the v-ray flux is presented as a lower limit to DM lifetime
considering only one DM component, in a multicomponent scenario it is useful to use for
each component the effective lifetime

TDM,;-eff = fﬁl\l/[i TDM; s (3.19)

where Tpy,-eff can be tested against the lower limit reported by the experimental collabora-
tions.

However, we cannot apply straightforwardly the above formulas to our multicomponent
DDM scenario made of axino LSP (DM;) and gravitino NLSP (DMj). The reason is that

their fractions change in time due to gravitino decay into axino, so taking into account
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egs. (3.7) and (3.9), we must do the following replacements in eq. (3.18) for gravitino and
axino respectively:

fDMz — f3/2 ef(ttodayfto)/73/2’ (320)
Jom, = fa+ra f3/2 (1 — e_(ttoday_to)/7'3/2> ’ (3.21)

with f3/5 as in eq. (3.14) and
OTP
— a
fa - QPlanck ' (322)
cdm
As expected, if gravitino NLSP decay into axino LSP plus axion is not allowed, one gets the
same result as in eq. (3.18).
Finally, in a same fashion stated before, it is easier for the analysis to consider an
effective lifetime in our multicomponent DDM scenario. Thus eq. (3.19) becomes

1

T3/2-off = <f3/2 6_(tt°d‘"‘y_t°)/73/2) I (ahg 0 — y11), (3.23)
-1

Ta-off = [f& +rg f3/2 (1 _ e*(ttoday*to)/Ts/z)} Ffl(& N ’YVi)a (3'24)

where in the first equation the BR(v3/0 — yvi) =~ T'(¥3/9 — y4)/T (32 — aa) has been
taken into account.

It is now straightforward to apply the analyses of these subsections to study the current
constraints on the parameter space of our scenario, as well as the prospects for its detection.
For simplicity, in what follows we will use tg = 0 for the computation.

3.4 Results
3.4.1 Constraints from cosmological observations

To analyze the regions of the parameter space that can satisfy the current experimental
constraints on DDM models, similar as in ref. [36] we show Tg versus mg/y in figure 2 for
our DDM scenario with axino LSP and gravitino NLSP. In the left panel we use the mass
relation r; = 0.75, whereas in the right panel r5 = 0.05.

The blue lines show points of the parameter space with {23 /2h2 + Qzh? fulfilling Planck
observations at recombination era, for different PQ scales. For a given f,, the region above the
corresponding blue line is excluded by overproduction of cold DM. The region below could be
allowed if we assume another DM contribution, e.g. axions from misalignment production.
Although this might be an interesting scenario, a third cold DM candidate is beyond the
scope of this work, so we will focus on values of the parameters fulfilling the blue contour.
On the other hand, the orange dashed lines correspond to different values of the gravitino
NLSP fraction f3/5.

Note that using eq. (3.5) we can define three different regions in the figure, according to
whether the decay of gravitino NLSP into axino LSP plus axion takes place after the present
era, between recombination and the present era or before recombination. For example, in
the right panel there is a small mass region or long-lived gravitino NLSP for m3,, < 0.2 GeV,
an intermediate mass region for 0.2 < m3/y < 10 GeV, and a large mass region or short-lived
gravitino NLSP for mg/, 2 10 GeV.

Finally, the magenta regions in both panels are excluded by cosmological observa-
tions [44-48], taking into account the stringent constraints on the fraction of gravitino NLSP
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Figure 2. Constraints on the reheating temperature versus gravitino NLSP mass for the multicompo-
nent DDM scenario with axino LSP, and mass relations r; = 0.75,0.05 in left and right panels respec-
tively. Blue lines correspond to points with €23 /2h2 +Qsh? equal to Qg}fg’d‘h? at recombination era in
agreement with Planck observations, for several values of the PQ scale, f, = 10'!,10'2,10'3 GeV.
For a given f,, the region above the corresponding blue line is excluded by overproduction of
cold DM. The magenta region is excluded by cosmological observations for DDM models [44-48],
considering the bound on fPR . Orange dashed lines correspond to the gravitino NLSP fractions,
f3/2 = 0.5,0.25,0.1,0.05. The lower bound mg,5 2, 0.017 GeV is obtained from eq. (3.8) assuming the
conservative limit Txr > 10* GeV.

relic density that decays to dark radiation, fc?dﬁl. These constraints are usually presented
as upper limits for this fraction. For the intermediate gravitino NLSP mass region one ob-
tains [44-48] Cll)dP}n < 0.042, and the corresponding ones for small and large mass regions can
be found in ref. [46]. As can be seen in figure 2, these constraints allow different values of
f3/2 depending on the relation between the axino and gravitino masses rz (see eq. (3.13)).
Recall that fgijdl; measures the allowed energy density lost as ultrarelativistic species. For the
decay of gravitino NLSP to axino LSP plus axion, the latter will always be ultrarelativistic
but the behaviour of the non-thermally produced axino depends on 7.

3.4.2 Constraints from ~-ray observations and prospects for detection

To analyze the effect of considering our multicomponent DDM scenario on the «-ray signal,
we plot in figure 3 an example of the spectral features generated by coexisting gravitino-axino
particles. We use the lines separately to set constraints on the model, considering that the
resulting flux from each line is not affected by the other signal. As we will see below, in the
case of a detectable double line, the two signals turn out to be located at different enough
energies to do not overlap and give rise to two resolvable lines. For that reason, we show
two panels in figure 4, one for each DM particle. The left (right) panel shows the limits on
the parameter space considering the line produced by axino LSP (gravitino NLSP) decaying
into yv. In this example we fix f, = 10 GeV and r3 = 0.75, which are the same values
as those used for the upper blue line in the left panel of figure 2. Thus the left and right
panels of figure 4 correspond to the same axino LSP plus gravitino NLSP scenario, and the
constraints obtained from both panels have to be taken into account for each point in the
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Figure 3. Double ~-ray line generated by the decay of a coexisting axino-gravitino mixture as the
DM of the Universe. The spectral features are created by an axino LSP of 43.5 MeV and a gravitino
NLSP of 145MeV decaying into a photon-neutrino pair for f, = 10'® GeV and |Us,| = 1075. The
lines are convolved with Gaussians assuming 10% energy resolution of the instrument. The double
line plotted corresponds to the emission from 10° x 10° square around the Galactic center. To set
limits we use standard line search results, applying them to each line separately.

parameter space. For example, the point with mg3/, = 0.5GeV and |Us,| = 10~7 seems not
to be excluded in the right panel by line searches, however it corresponds to an axino mass
ma = 1z x 0.5 = 0.375GeV which for |Us,| = 1077 is clearly excluded in the left panel.

One can see the effect that the decay of gravitino NLSP into axino LSP plus axion has
in the effective lifetime of the two DM particles, comparing the left panel of figure 4 with
the orange region of figure 1, where only the axino LSP is the DM. For mz < 0.8 GeV, the
effective lifetime is larger than the lifetime without gravitino NLSP, mainly due to the low
axino fraction f; contributing to the first term of eq. (3.24). A similar situation occurs for
0.8 < mg < 1.2 GeV, where the contribution to the second term of eq. (3.23) is significant due
to the axino energy density from the gravitino decay. On the other hand, for mz > 1.2 GeV,
the gravitino decay takes place in a sufficiently early time and/or the gravitino fraction f3/,
is low enough, in such a way that the effective lifetime is similar to the scenario of figure 1
with initially 100% axino DM. The right panel of figure 4 shows the same parameter space
but for the effective lifetime of the gravitino NLSP. We can see the effect of the reduction of
the gravitino relic density due to its decay into axino LSP for 1 < mj/,, < 3GeV, as can be
deduced from eq. (3.23). Lower gravitino masses imply a longer decay time into axino LSP,
so that in that region we can have at the present era a DM distribution with both candidates
producing a double line.

To carry out a complete analysis of the allowed parameter space, we have performed a
scan over the following range:

107* <75 < 0.95. (3.25)

The result is shown in figure 5, where the y-ray signals from axino and gravitino decays are
analyzed separately in left and right panels, respectively. Green and blue regions correspond
to points that could be probed with the projected sensitivity of e-ASTROGAM assuming
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Figure 4. Constraints on effective lifetime versus axino LSP mass (left panel) and gravitino NLSP
mass (right panel). The ~-ray signals from axino and gravitino decays are analyzed separately in left
and right panels, respectively. The grey region below the black solid line on the left (right) is excluded
by line searches in the Galactic halo by COMPTEL (Fermi-LAT [89]). The region below the upper
(lower) black dashed line could be probed by e-ASTROGAM [79] with observations of the Galactic
center assuming Einasto B (Burkert) DM profile. The orange solid lines correspond to the predictions
of the uvSSM for several representative values of |Us, |, for the case f, = 10'*GeV and r; = 0.75.
The lower bound mg,5 2 0.017 GeV is obtained from eq. (3.8) assuming the conservative limit T 2
10* GeV. The magenta region is excluded by cosmological observations for DDM models [44-48],
considering the bound on fPR .

a NFW profile and a region of interest of 10°x10° around the Galactic center, for differ-
ent values of the photino-neutrino mixing parameter |Us,|. In particular, the green points
correspond to the most natural range for |Uy,|, as discussed in eq. (2.3). It is worth men-
tioning here that this range includes the typical parameter space that can reproduce the
observed neutrino physics in bilinear RPV models, thus the constraints obtained also apply
to those models.

As we can see in the figure, for values of r; close to 1, i.e. the narrow allowed region, we
recover the allowed parameter space obtained for axino LSP as the only DM, i.e. without the
gravitino NLSP effect. This is because the DDM constraints for fPF become relaxed since
[(y3/2 — aa) — 0 when rz7 — 1 (see eq. (3.5)). The remaining effects concerning the +-ray
fluxes are just given by the relic density fractions of the LSP and NSLP. For lower values
of rg, the allowed parameter space is modified due to the DDM constraints, giving rise to
the two separated allowed mass regions shown in figure 5. In this sense, note that the DDM
exclusion in figure 2 for r; = 0.75 and f, = 10'3 GeV, leaves two allowed branches for the
blue solid line (m3/; < 1GeV and mg/; 2 3 GeV) with the correct relic density.

From figure 5, we can conclude that a significant region of the parameter space of our
DDM scenario, inside the mass ranges 7MeV < mg < 3GeV and 20 MeV < mg/p S 1TeV,
could be tested by next generation y-ray telescopes, and this is specially true thanks to the
line signal coming from axino LSP (left panels). Note in this sense that axino and gravitino
decay widths into photon-neutrino which are relevant quantities for the amount of photon
flux (see eqs. (2.13), (3.23) and (3.24)) fulfill I'(@ — ~v;) > ['(13/2 — v;) within these
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Figure 5. Constraints on axino LSP mass versus gravitino NLSP mass in the range 107% < r; < 0.95.
The ~-ray signals from axino and gravitino decays are analyzed separately in left and right panels,
respectively, assuming a NF'W profile. The grey region corresponds to points excluded by line searches
in the Galactic halo by COMPTEL and Fermi-LAT [89]. Blue and green regions correspond to points
that could be probed by e-ASTROGAM for two representative ranges of |Us, | in the urSSM. In the
top left panel, the values in the border between regions are labeled, and for the rest of the panels the
labeling is the same. If the same point can be probed in both panels, a double-line signal could be
measured. The red region corresponds to points disfavored to be tested by ecASTROGAM. In the
right panels, the black solid lines show different values of 73/, ~ | Ry (T /2 — aa). All the points shown

satisfy €3 /2h2 +Q4:h? equal to Qfé%lehQ at recombination era in agreement with Planck observations,
as well as DDM constraints for f%{%.
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mass ranges for the values of r; discussed in section 3.1. For smaller values of the mass
ratio g, one would expect an important flux attributed to gravitino decay. However, due to
the dark-radiation exclusion region the mass of gravitinos in this case has to be very large
implying that they already decayed into axion-axino before ti,qay (see in the right panels
that these are points to the right of the black line corresponding to 10'7s), or very small
ms/y S 0.1GeV, implying that the photon flux is small (see eq. (3.2)). According to this,
we also expect a line signal coming from gravitino NLSP to be measured in a smaller region.
This is actually the green region of the top right panel corresponding to f, = 10'3 GeV, with
masses mg/p ~ 150 MeV and mg ~ 40 MeV. Since the same points can be probed in both, left
and right panels, a double-line signal could be measured as a overwhelming smoking gun. It
is worth pointing out that the black solid lines in the right panels show us, as expected, that
this detectable v-ray signal from gravitino NLSP decay lies in the region of the parameter
space with 739 =~ F_l(¢3/2 — @) > tioday-

Note that within this scenario, there is an important region of the detectable parameter
space where heavy gravitino masses are allowed, mg/; > 10GeV. In this region, besides the
studied photon-neutrino channel, other decay modes become relevant as those involving Z,
W and Higgs bosons in two and three-body decays [24]. This results in an increase of the
gravitino decay width to visible particles, producing the injection of energetic hadronic and
electromagnetic species in the early Universe, that could alter the big bang nucleosynthesis
(BBN) process or the cosmic microwave background (CMB) spectrum. Nevertheless, in the
gravitino mass region where this occurs, the dominant decay process is gravitino NLSP to
axino LSP plus axion, as can be seen comparing the right panels of figures 5 and 4. Another
important factor to take into account is that for the heavy gravitino mass region, its thermal
relic density is low (see the orange dashed lines in figure 2). Therefore, there is no significant
energy deposited to the visible sector during the early Universe due to the gravitino energy
density reduction, and for the 7-ray analysis it is safe to consider only the gravitino to
photon-neutrino process.

On the other hand, as already mentioned, in figure 5 we used the projected e-
ASTROGAM sensitivity assuming a NFW profile. In figure 6, we show for a different DM
profile, Einasto B, the detectable parameter space considering a signal coming from grav-
itino NLSP decay into photon plus neutrino, and a PQ scale f, = 102 GeV. Comparing this
figure with the top right panel of figure 5, we can see that the green region to be probed
through a double-line signal is slightly extended inside the ranges 100 < mg/; < 200 MeV
and 10 < mg < 60 MeV. We have checked that the other panels in figure 5 are basically not
modified by this astrophysical uncertainty.

Let us finally point out that our analysis is based on the sensitivity of planned ex-
periments. Nevertheless, taking into account the astonishing advances in techniques and
technology of recent years, the situation could be in the future even better with respect to
the one described here, potentially leading to an increase of the detectable regions, such
as e.g. the green region to be probed through a double-line signal. In this sense, we have
adopted here a conservative viewpoint, leading to the presented figures and results.

4 Conclusions

In this work we have assumed first that the axino is the LSP and the only DM particle in
the framework of the urSSM. We have discussed its decay rate into photon plus neutrino,
which is suppressed by the large PQ scale 10'! < f, < 10'3 GeV and the small RPV mixing
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Figure 6. The same as in figure 5, but showing only the v-ray signal from gravitino decay into
photon-neutrino and assuming an Einasto B profile.

parameter 10719 < Uz | S 10~%, giving rise to an axino lifetime longer than the age of
the Universe. For the latter result, the small values of neutrino Yukawas in the generalized
electroweak-scale seesaw of the /SSM are crucial, determining the small values of |Us,|.

The corresponding relic density has also been discussed, and assuming a conservative
lower bound on the reheating temperature of T > 10* GeV an upper bound on the axino
mass of mg < 50 GeV was obtained.

Then we have studied the v-ray flux produced in this scenario, finding that masses
mg 2, 3GeV are already excluded by Fermi-LAT searches of lines in the Galactic halo.
Proposed MeV-GeV missions such as e-ASTROGAM would allow to explore the ranges
2MeV < mz < 3GeV, 2 x 10% < 7; < 8 x 10%s, from searches in a ROI around the
Galactic center.

Second, we have analyzed the possibility of a gravitino NLSP having a large RPC partial
decay width into axino LSP plus axion, in addition to the small RPV partial decay width
into photon plus neutrino. We have discussed three relevant regions, a small mass region or
long-lived gravitino NLSP decaying after the present era, and intermediate mass region with
the gravitino decaying between recombination and the present era, and a large mass region
or short-lived gravitino NLSP decaying before recombination. If axino and gravitino coexist,
both DM particles can be sources of y-ray radiation.

Assuming also in this scenario Tr > 10* GeV, a lower bound on the gravitino mass
of m3/5 2 0.017GeV is obtained. We have also found the regions of the parameter space
excluded by cosmological observations, considering the stringent constraints on the fraction
of gravitino NLSP relic density that decays to dark radiation (see figure 2).

Concerning the v-ray flux produced in this DDM scenario of the urSSM, significant
regions of the parameter space could be tested by e-ASTROGAM inside the mass ranges
7TMeV < mg S 3GeV and 20 MeV < m3, < 1TeV. This is specially true thanks to the
line signal coming from axino LSP decay (see left panels of figure 5). For 739 =~ | R (VS /2 =
aa) > tyoday, @ signal coming from gravitino NLSP could be measured for a narrow region
of the parameter space with f, = 10'3 GeV inside the mass ranges 100 < my /2 S 200 MeV
and 10 < mgz < 60MeV (see the top right panel of figure 5 and figure 6 for NFW and Einasto
B DM profile, respectively). In this case a double-line signal from axino and gravitino decays
could be measured as a overwhelming smoking gun.
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