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Decaying very-heavy dark matter (VHDM) particles at energies x> 10° GeV can contribute to
the ultrahigh-energy cosmic ray spectrum. However, the composition measurements by Pierre
Auger Observatory indicate the presence of heavy-nuclei dominance at the highest energies. We
constrain the flux of p + p from Galactic and extragalactic VHDM using the latest spectrum and
composition data and incorporating an astrophysical component. This provides improved limits
on the VHDM decay timescale at < 10'? GeV. We also calculate the flux of UHE photons from
VHDM decay and find that the constraints obtained using integral y-ray flux upper limits from
Auger are more stringent by a factor of ~ 10. This improves our limits to VHDM lifetime by a

factor of two compared to earlier studies.
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1. Introduction

The “cutoff” in the ultrahigh-energy cosmic ray spectrum can arise from the maximum acceler-
ation energy inside astrophysical sources or due to interactions with the cosmic background photons
during the propagation. Using the spectrum and composition data from Pierre Auger Observatory
and Telescope Array Collaboration [1-5], it is possible to model the injection properties of UHECR
sources and their extragalactic propagation [e.g., 6-11]. The hybrid detection technique for ex-
tensive air showers, involving fluorescence detectors in addition to the surface detectors, enables
precise measurement of the energy and arrival direction of the UHECRs [12, 13].

Different hadronic interaction models lead to a different interpretation of the composition at
highest energies. However, a general conclusion is that the composition becomes progressively
heavier with increasing energy above ~ 10'8-2 eV [13-16]. Several candidate source classes for
UHECR origin have been proposed and studied, viz., tidal disruption events, gamma-ray bursts,
active galactic nuclei, starburst galaxies, and compact object mergers are some of the prominent
candidates studied in the literature [e.g., 17, 18]. In addition to the astrophysical sources, they
can also originate in the decay or annihilation of dark matter (DM), with a mass up to the grand
unification energy Agut ~ 10'° — 10'¢ GeV. This may provide a sizeable flux of cosmic rays within
the observed energy range.

Multimessenger experiments detecting cosmic rays, neutrinos, and gamma rays can be used for
the indirect detection of dark matter decay. The final state Standard Model (SM) particles eventually
lead to p, p, ¥, €*, v, and v, which can be probed with current and upcoming second-generation
telescopes. Extragalactic y-rays beyond 10!° eV undergo electromagnetic cascades and are thus
attenuated or absorbed before reaching the earth. Multimessenger constraints on DM decay (or
annihilation) have been studied earlier in great detail [19-26].

Here we present improved constraints in the mass range from 10° 10° GeV < m Y S 1013
GeV and their contribution to the UHE cosmic rays and y-rays. We include both Galactic and
extragalactic components for the UHE p +p fluxes, and an additional astrophysical component with
mixed composition, which improves the lower limits on the VHDM decay timescale 7,,. We use
the latest integrated y-ray flux upper limits from Auger [27-29], for the first time in this work, and
provide improved bounds on 7, than obtained in earlier studies.

2. UHECRs and UHE gamma rays from VHDM decay

the prompt spectrum of y — § + ... is given by the expression

dNg 1dI’

dx  Todx’

ey

where I is the inclusive decay rate of y to S and I'y = 1/7, is the inverse lifetime of the decay.
Here x = 2E /m,, is a dimensionless variable. We assume the decay initiates through the process
x — XX, for an arbitrary standard model particle X, where the particle and antiparticle each carry
energy m, /2. Finally, X and X evolve to produce S, which carries a fraction x of the initial energy.

We use the numerical code HDMSpEecTrA [31] to calculate the DM decay spectrum for energies
beyond the electroweak symmetry breaking up to the GUT energy scale at ~ 10> — 10'® GeV. We
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Figure 1: p + p prompt spectra from various DM decay modes into Standard Model particles. The different
line styles represent the energies m, = 1010, 1013, 10'6, 10!° GeV as indicated. The figure is reused from
Ref. [30].

show the p +p fluxes in Fig. 1 for m, = 10"> GeV, corresponding to some of the widely considered
decay modes in the literature. We use the Navarro-Frenk-White DM density distribution model
given as [32],

_ PO
PN ) = RIROP (1L + RIR,) P ?

where 8 = 1 and Ry = 11 kpc is the scale radius. We take R;, = 100 kpc as the size of the Galactic
halo and Ry, = 8.34 kpc as the distance between the Sun and the Galactic center. The DM density
in the solar neighborhood is taken as pscc2 = 0.43 GeV/cm? [33], which gives the constant pg. The
boundary of the halo in the angular direction 6 is

Smax(6) = Rsc cOS 0 + w/R,{ - RZsin%0 (3)

The line-of-sight component of the flux of S from direction 6 is then,

1 st Smax (6)

O(E,0) = —— oy (R(s))ds
dnrm,t, dE Jy X
pSCRSC dNA dec
= 0), 4
drm, 7, dE J0) )

which yields the Galactic contribution of DM decay by performing the following integration up to
0=m.

p SCRSC dN s
dnmy 1, dE

OG(E, < 0) = JSec )

2 0
where, g = 5” / sin 0d6.T % (6). (6)
0

Here, Q = 27(1 — cos 8) is the solid angle of the field of view, and the integration in Eqn. 4 is

carried out by changing the variable from line-of-sight coordinate s to Galactocentric distance R.
For the extragalactic case, we assume a uniform DM density distribution in the comoving

distance range of 1 Mpc to 5 Gpc. We use the publicly available code CRProra 3 to simulate



UHE constraints on VHDM decay Saikat Das

1074 10-12 -
0-5 —— 10° GeV = v t  KASCADE
! T, Ll 1011 GeVv 5 10-14 A KASCADE-Grande
T 107 13 - . +  Auger HECO + SD 750 m (2022)
5 v = 107 Gev w v +  Auger SD 1500 m (2022)
o104 e, ——- 10" GeV P“E 10726 Ly, +  Auger FD + SD 1500 m (2021)
S io- et T e t  Auger (2019, prel.) 5
N'E 1078 4 ..o .:o...... 9 p 2 10 Gev
S 1070 A B 2 .. 101 Gev
> o ——— >
8 10-10 ____’;q_’,__— ~. 3 —. 1013 GeV
= —ThE T \ S —— 10 Gev
S 1011 4 — T N\, \\ =
w ) - : \ \‘ ;5), '\\*\
_ TS~
10712 \ \‘ £ N \\\
10713 ; i e ; ; ; —
10° 10 10! 1012 103 10 10%5 10° 107 10° 101 1013 1015
E [GeV] E [GeV]

Figure 2: Left: p + p fluxes at Earth from Galactic + extragalactic DM combined for different values of
DM mass m, = 10%, 10'!, 10'3, and 10" GeV; decaying through the bb channel. The black-colored data
points are UHECR spectrum data from [35]. The brown-colored upper limits at the highest energy bins are
derived using the surface detector data. An extrapolation of the upper limit at higher energies is shown by
the dotted line. Right: Integrated y-ray fluxes at Earth from the Galactic DM for discrete values of DM
mass m, = 10°, 10'!, 10'3, and 10'> GeV; decaying through bb channel. The upper limits on the flux from
KASCADE, KASCADE-Grande [36], and Pierre Auger Observatory [27-29] are shown. The KASCADE
limits are converted from 90% C.L. to 95% C.L. assuming Poisson statistics. We consider the NFW density
profile for DM distribution. The figure is reused from Ref. [30].

the cosmological propagation of cosmic-ray spectrum resulting from prompt DM decay [34]. The
cosmic-ray protons undergo various energy loss processes, viz., photomeson production, Bethe-
Heitler pair creation, and S-decay of secondary neutrons. In addition, all particles lose energy due
to the adiabatic expansion of the universe. The resulting flux can be expressed as

Peg () = o *Xp - HF(z) [ e ™
where dN! /dE’ is the injection spectrum from prompt decay of DM and dn/dE is the fraction of
cosmic-ray protons (or antiprotons) produced with energy E from parent particle of energy E’. The
redshift evolution of cosmic-ray injection for the DM case is considered to be F(z) = 1. Here,
pe is the critical density in a flat FRW universe and p, = Q,p.. We take Q)(hz = 0.113 and
pec*h™? =1.05 x 107> GeV cm™3, where 4 is the dimensionless Hubble constant. |dt/dz| is the
cosmological line element.

3. Results

3.1 UHECRs

The hybrid data of cosmic-ray flux measured by Auger, is available up to log,,(E/eV) = 20.15.
An analysis considering 100% efficiency of the surface detector above 10?° eV can impose 90%
C.L. upper limits on the UHECR flux up to log,,(E/eV) = 20.35 [1, 37]. A linear extrapolation of
the upper limits in the logarithmic energy scale serves as a constraint for UHECR flux from VHDM
decay at these extreme energies. This, in turn, provides a lower bound to the DM decay timescale 7.
The flux of the extragalactic component is orders of magnitude lower than the Galactic component
due to higher energy losses. The lower limit to 7, is found by the condition that the simulated flux
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Figure 3: The left panel shows the simulated UHECR spectrum, Xpax, and o-(Xmax) for the best-fit source
parameters obtained by a combined fit of spectrum and composition with the Auger data. The shaded
region is excluded from the fit. Here only astrophysical contribution is assumed from a homogeneous source
distribution. The right panel shows the simultaneous contribution from the astrophysical and DM components
form, =1- 102 GeV. The fractional contribution from VHDM decay corresponds to 95% C.L. value of y?
statistic. See text for more details. The figure is reused from Ref. [30].
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Figure 4: DM decay rate constrained by the observed UHECR flux. The solid line corresponds to p + p
constraints from only the DM scenario and the dashed line is a more stringent limit when both DM (Galactic
+ extragalactic) and astrophysical components are considered. A number of initial states from prompt DM
decay are considered as indicated in the plot labels. It can be seen that the results obtained for all the
leptons e, u, and 7 are identical. The same is applicable to different neutrino flavors and vector bosons. The
dashed-dotted lines indicate y-ray constraints from Galactic DM decay. The figure is reused from Ref. [30]
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in any energy bin i is J; < M; + n X X; where M; is the observed cosmic-ray flux and Z; is the error
in the i-th energy bin [38]. The values of n = 1.28, 1.64, 4.3 corresponds to 90, 95, and 99.9999%
C.L. lower limits. The observed p + p flux at Earth from DM decay in y — bb channel is shown
in the left panel of Fig. 2 for discrete values of m, in the range 10° GeV < m ¥ = 10'> GeV. The
fluxes correspond to 95% C.L. lower limit on 7.

Next, we calculate the values of 7,, when both astrophysical and DM components are present.
The best-fit values of the UHECR source parameters are obtained by scanning over the grid of
plausible ranges. We assume a mixed composition of representative stable nuclei Hydrogen ('H),
Helium (*He), Nitrogen ('*N), Silicon (**Si), and Iron (°*®Fe). We use the Gumbel distribution
function g(Xmax|E, A) to calculate the distribution of the maximum of shower depth (Xp.x) and
the shower-to-shower fluctuation o (Xmax) [39]. The goodness-of-fit is calculated using a x>
statistic. See Ref. [30] for more details. For simplicity, we have considered a homogeneous source
distribution over redshift. We vary the normalization of the astrophysical component, keeping all
other parameters fixed, to add p + p fluxes from DM decay, so that ® = A;®, + A, P,50. The 95%
C.L. lower limit to 7,, in this case, is obtained from the value of A, that gives p-value = 0.0455 (32
d.o.f) for the combined y? fit at E > 10'87 eV. A representative case is shown in the right panel of
Fig. 3 for bb decay mode and m, = 10' GeV.

3.2 UHE photons

The contribution to y-ray fluxes from extragalactic dark matter is negligible in our energy
range of interest. Also, the mean free path of y-rays from the prompt DM decay is larger than the
Galactic length scales, and hence the cascades can be neglected for the Galactic contribution. At
lower energies E,, < 10° GeV, we use the isotropic diffuse y-ray flux upper limits from KASCADE,
KASCADE-Grande [36] and the latest Auger SD upper limits for the first time in this work [27-29],
which gives the best up-to-date constraints on the VHDM lifetime at m, 2 10'2 GeV. In the right
panel of Fig. 2, we show the integrated y-ray fluxes from DM decay, constrained by the integrated
y-ray limits. Improvement in the Auger SD limits by > 40% provides tighter bounds than those
obtained in earlier studies. Fig. 4 shows the 7,/ I as a function of m,, as obtained in this analysis for
various channels of DM decay and both cosmic rays and y-rays. It can be seen the limits imposed by
y-ray constraints are more stringent than that from cosmic rays. The gray-shaded region corresponds
to that excluded by both cosmic-ray and y-ray constraints, while the white region is the allowed
range at 95% C.L.

4. Summary

Current y-ray experiments are sensitive in the GeV-TeV energy band. Imaging atmospheric
Cherenkov telescopes, e.g., H.E.S.S., VERITAS, and MAGIC, as well as other air-shower detectors
such as HAWC and LHAASO are crucial to probe DM signals from the Galactic center direction
[40—42]. In this work, we focus on decaying DM with 10° GeV < m ¥ = 10'3 GeV using Galactic
and cosmological DM decay, constrained by the latest cosmic-ray data and y-ray flux upper limits
obtained from Auger.

The constraints from cosmic rays are improved due to the addition of the astrophysical fluxes.
In addition, we take into account the UHECR composition data ({Xmax) and o (Xmax)), as well as
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explore a wide range of lepton, quark, and gauge boson decay modes The cosmic-ray flux constrains
T, to 24X 10%° s at 103 GeV for the gg decay channel. The integrated y-ray flux upper limits
from Auger provide tighter constraints on the DM decay lifetime. We find that the y-ray flux upper
limits constrain the VHDM lifetime to 7, 2 4 X 10%° s at 1013 GeV for the bb channel, which is
an order of magnitude longer than the former. Using the latest Auger SD upper limits for the first
time in this work and considering all decay modes into Standard Model particles in our study, our
results indicate 7, > 10%° s for 10! GeV < m, < 10'° GeV.

It is possible to calculate the solid angle averaged J factor (given in Eqn. 6) over the Auger
field-of-view. Using the NFW model, this results in ~ 5% change in the 7, estimates, deduced
from Galactic y-ray flux. Again, the uncertainties in the DM profile can lead to uncertainty in the
sensitivity of detectors [25]. We find that using the Einasto density profile, the resulting change is
less than 5% of the values obtained using the NFW profile.
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