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Decaying very-heavy dark matter (VHDM) particles at energies ≳ 109 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 ≲ 1012 GeV. We also calculate the flux of UHE photons from
VHDM decay and find that the constraints obtained using integral 𝛾-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.

38th International Cosmic Ray Conference (ICRC2023)
26 July - 3 August, 2023
Nagoya, Japan

∗Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/

mailto:saikat.das@yukawa.kyoto-u.ac.jp
mailto:murase@psu.edu
mailto:toshi@omu.ac.jp
https://pos.sissa.it/


P
o
S
(
I
C
R
C
2
0
2
3
)
1
4
8
7

UHE constraints on VHDM decay Saikat Das

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 ≈ 1018.2 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 ΛGUT ∼ 1015 − 1016 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, 𝛾, e±, a, and a, which can be probed with current and upcoming second-generation
telescopes. Extragalactic 𝛾-rays beyond 1015 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 109 109 GeV ≲ 𝑚𝜒 ≲ 1015

GeV and their contribution to the UHE cosmic rays and 𝛾-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 𝜏𝜒. We use
the latest integrated 𝛾-ray flux upper limits from Auger [27–29], for the first time in this work, and
provide improved bounds on 𝜏𝜒 than obtained in earlier studies.

2. UHECRs and UHE gamma rays from VHDM decay

the prompt spectrum of 𝜒 → 𝑆 + ... is given by the expression

𝑑𝑁𝑠

𝑑𝑥
=

1
Γ0

𝑑Γ

𝑑𝑥
, (1)

where Γ is the inclusive decay rate of 𝜒 to 𝑆 and Γ0 = 1/𝜏𝜒 is the inverse lifetime of the decay.
Here 𝑥 = 2𝐸/𝑚𝜒 is a dimensionless variable. We assume the decay initiates through the process
𝜒 → 𝑋𝑋 , for an arbitrary standard model particle 𝑋 , where the particle and antiparticle each carry
energy 𝑚𝜒/2. Finally, 𝑋 and 𝑋 evolve to produce S, which carries a fraction 𝑥 of the initial energy.

We use the numerical code HDMSpectra [31] to calculate the DM decay spectrum for energies
beyond the electroweak symmetry breaking up to the GUT energy scale at ∼ 1015 − 1016 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 𝑚𝜒 = 1010, 1013, 1016, 1019 GeV as indicated. The figure is reused from
Ref. [30].

show the 𝑝 + 𝑝 fluxes in Fig. 1 for 𝑚𝜒 = 1015 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],

𝜌NFW(𝑅) = 𝜌0

(𝑅/𝑅𝑠)𝛽 (1 + 𝑅/𝑅𝑠)3−𝛽 (2)

where 𝛽 = 1 and 𝑅𝑠 = 11 kpc is the scale radius. We take 𝑅ℎ = 100 kpc as the size of the Galactic
halo and 𝑅sc = 8.34 kpc as the distance between the Sun and the Galactic center. The DM density
in the solar neighborhood is taken as 𝜌sc𝑐

2 = 0.43 GeV/cm3 [33], which gives the constant 𝜌0. The
boundary of the halo in the angular direction \ is

𝑠max(\) = 𝑅sc cos \ +
√︃
𝑅2
ℎ
− 𝑅2

sc sin2 \ (3)

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

Φ(𝐸, \) = 1
4𝜋𝑚𝜒𝜏𝜒

𝑑𝑁𝑠

𝑑𝐸

∫ 𝑠max (\ )

0
𝜌𝜒 (𝑅(𝑠))𝑑𝑠

=
𝜌sc𝑅sc

4𝜋𝑚𝜒𝜏𝜒

𝑑𝑁𝑠

𝑑𝐸
J dec(\), (4)

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

ΦG(𝐸, ≤ \) = 𝜌sc𝑅sc

4𝜋𝑚𝜒𝜏𝜒

𝑑𝑁𝑠

𝑑𝐸
J dec
Ω (5)

where, J dec
Ω =

2𝜋
Ω

∫ \

0
sin \𝑑\J dec(\). (6)

Here, Ω = 2𝜋(1 − cos \) 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 CRPropa 3 to simulate
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Figure 2: Left: 𝑝 + 𝑝 fluxes at Earth from Galactic + extragalactic DM combined for different values of
DM mass 𝑚𝜒 = 109, 1011, 1013, and 1015 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 𝛾-ray fluxes at Earth from the Galactic DM for discrete values of DM
mass 𝑚𝜒 = 109, 1011, 1013, and 1015 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 𝛽-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

ΦEG(𝐸) =
𝑐Ω𝜒𝜌𝑐

4𝜋𝑚𝜒𝜏𝜒

∫
𝑑𝑧

���� 𝑑𝑡𝑑𝑧 ����𝐹 (𝑧) ∫ 𝑑𝐸 ′ 𝑑𝑁
′
𝑠

𝑑𝐸 ′
𝑑[

𝑑𝐸
(𝐸, 𝐸 ′, 𝑧) (7)

where 𝑑𝑁 ′
𝑠/𝑑𝐸 ′ is the injection spectrum from prompt decay of DM and 𝑑[/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,
𝜌𝑐 is the critical density in a flat FRW universe and 𝜌𝜒 = Ω𝜒𝜌𝑐. We take Ω𝜒ℎ

2 = 0.113 and
𝜌𝑐𝑐

2ℎ−2 = 1.05 × 10−5 GeV cm−3, where ℎ 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 log10(𝐸/eV) = 20.15.
An analysis considering 100% efficiency of the surface detector above 1020 eV can impose 90%
C.L. upper limits on the UHECR flux up to log10(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 𝜏𝜒.
The flux of the extragalactic component is orders of magnitude lower than the Galactic component
due to higher energy losses. The lower limit to 𝜏𝜒 is found by the condition that the simulated flux
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Figure 3: The left panel shows the simulated UHECR spectrum, 𝑋max, and 𝜎(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
for 𝑚𝜒 = 1 · 1012 GeV. The fractional contribution from VHDM decay corresponds to 95% C.L. value of 𝜒2

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, `, and 𝜏 are identical. The same is applicable to different neutrino flavors and vector bosons. The
dashed-dotted lines indicate 𝛾-ray constraints from Galactic DM decay. The figure is reused from Ref. [30]
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in any energy bin 𝑖 is 𝐽𝑖 ⩽ 𝑀𝑖 + 𝑛 × Σ𝑖 where 𝑀𝑖 is the observed cosmic-ray flux and Σ𝑖 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 𝜒 → 𝑏𝑏 channel is shown
in the left panel of Fig. 2 for discrete values of 𝑚𝜒 in the range 109 GeV ≤ 𝑚𝜒 ≤ 1015 GeV. The
fluxes correspond to 95% C.L. lower limit on 𝜏𝜒.

Next, we calculate the values of 𝜏𝜒 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 (1H),
Helium (4He), Nitrogen (14N), Silicon (28Si), and Iron (56Fe). We use the Gumbel distribution
function 𝑔(𝑋max |𝐸, 𝐴) to calculate the distribution of the maximum of shower depth ⟨𝑋max⟩ and
the shower-to-shower fluctuation 𝜎(𝑋max) [39]. The goodness-of-fit is calculated using a 𝜒2

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 Φ = 𝐴1Φ𝜒 + 𝐴2Φastro. The 95%
C.L. lower limit to 𝜏𝜒, in this case, is obtained from the value of 𝐴2 that gives 𝑝-value = 0.0455 (32
d.o.f) for the combined 𝜒2 fit at 𝐸 ≳ 1018.7 eV. A representative case is shown in the right panel of
Fig. 3 for 𝑏𝑏 decay mode and 𝑚𝜒 = 1012 GeV.

3.2 UHE photons

The contribution to 𝛾-ray fluxes from extragalactic dark matter is negligible in our energy
range of interest. Also, the mean free path of 𝛾-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 𝐸𝛾 < 109 GeV, we use the isotropic diffuse 𝛾-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 𝑚𝜒 ≳ 1012 GeV. In the right
panel of Fig. 2, we show the integrated 𝛾-ray fluxes from DM decay, constrained by the integrated
𝛾-ray limits. Improvement in the Auger SD limits by ≳ 40% provides tighter bounds than those
obtained in earlier studies. Fig. 4 shows the 𝜏−1

𝜒 as a function of 𝑚𝜒 as obtained in this analysis for
various channels of DM decay and both cosmic rays and 𝛾-rays. It can be seen the limits imposed by
𝛾-ray constraints are more stringent than that from cosmic rays. The gray-shaded region corresponds
to that excluded by both cosmic-ray and 𝛾-ray constraints, while the white region is the allowed
range at 95% C.L.

4. Summary

Current 𝛾-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 109 GeV ≤ 𝑚𝜒 ≤ 1015 GeV using Galactic
and cosmological DM decay, constrained by the latest cosmic-ray data and 𝛾-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 𝜎(𝑋max)), as well as

6
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explore a wide range of lepton, quark, and gauge boson decay modes The cosmic-ray flux constrains
𝜏𝜒 to ≳ 4 × 1029 s at 1013 GeV for the 𝑞𝑞 decay channel. The integrated 𝛾-ray flux upper limits
from Auger provide tighter constraints on the DM decay lifetime. We find that the 𝛾-ray flux upper
limits constrain the VHDM lifetime to 𝜏𝜒 ≳ 4 × 1030 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 𝜏𝜒 ≳ 1030 s for 1011 GeV < 𝑚𝜒 < 1015 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 𝜏𝜒 estimates, deduced
from Galactic 𝛾-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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