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Thong T. Q. Nguyen®,"" Isabelle John ¥ Tim Linden®,"* and Tim M. P. Tait®**
'Stockholm University and The Oskar Klein Centre for Cosmoparticle Physics, Alba Nova, 10691 Stockholm, Sweden
2Dipartimento di Fisica, Universita degli Studi di Torino, via P. Giuria, 1 10125 Torino, Italy
3 INFN—Istituto Nazionale di Fisica Nucleare, Sezione di Torino, via P. Giuria 1, 10125 Torino, Italy
4Department of Physics and Astronomy, University of California, Irvine, California 92697, USA

® (Received 18 December 2024; accepted 5 May 2026; published 29 May 2026)

We investigate the decay of bosonic dark matter with masses between 1 MeV and 2 TeV into Standard
Model final states. We specifically focus on dark photons that kinetically mix with the Standard Model, as
well as scalar dark matter models that have Yukawa couplings with the Standard Model. Using INTEGRAL
and AMS-02 data, we constrain the dark matter decay lifetime into final states that include photons or

positrons, setting strong constraints on the dark matter lifetime that reach 10% s for dark matter below
10 GeV and up to 10? s for dark matter above 10 GeV.
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I. INTRODUCTION

The possible interactions of dark matter with the Standard
Model (SM) stand among the most perplexing puzzles in
physics [1,2]. To determine the properties of dark matter,
physicists and astronomers have developed techniques that
depend on the “indirect” observations of stable SM particles
that may be produced by dark matter interactions [3—5]. One
compelling strategy is to search for the possible late-time
decays of long-lived dark matter particles to stable SM final
states such as photons, positrons, antiprotons, and neutrinos.
Many studies of dark matter decay, spanning from sub-GeV
energies [6—8] through the TeV scale [9-13], and potentially
up to the Planck scale [14-24], have exploited these multi-
messenger indirect detection signals to set strong constraints
on the dark matter lifetime.

In many cases, however, these studies consider a generic
model where the dark matter particle decays into a single
pair of SM particles, for example e e~ or bb. This ignores
the fact that the majority of realistic dark matter models
include mediators that simultaneously couple to multiple
SM particles (for example, based on their charge or mass),
with ratios that often change as a function of the dark matter
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mass [25,26]. While such an approach improves the ability
to compare results between different experiments, it makes
it difficult to understand the resulting constraints on dark
matter model building.

Particle-antiparticle final states can be produced via the
decays of bosonic dark matter particles. There are several
well-known and self-consistent models that are worth
studying in detail [27,28]. In this paper, we consider two
such classes of models: (1) vector dark photon dark matter
[28-38] that couples to the SM via kinetic mixing with
neutral gauge bosons, and (2) scalar dark matter [28] that
has Yukawa-like couplings with the SM fermions. In their
simplest realizations, these models determine the exact
branching ratios for all decay channels as a function of the
dark matter mass. Focusing on these models allows us to
self-consistently consider a wide range of potential dark
matter masses, spanning from two electron masses up to the
Planck mass.

In this paper, we focus on the mass range below 2 TeV,
where sensitive observations exist. First, we calculate the
complete branching ratios for dark photon and scalar
dark matter decays, and then use x-ray observations from
the INTErnational Gamma-Ray Astrophysics Laboratory
(INTEGRAL) satellite to constrain dark matter masses
below 10 GeV, along with positron observations from the
Alpha-Magnetic Spectrometer (AMS-02) to constrain
heavier dark matter particles. We find no evidence for a
dark matter signal, and rule out dark matter decay lifetimes
below 10% s for MeV-scale dark matter, and 10%° s for
GeV-scale dark matter. We discuss the implications of
these limits compared to previous work which focused on
individual SM final states, and discuss the impact of future
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x-ray and cosmic-ray observations on dark photon and
scalar particles.

This paper is organized as follows. In Sec. II, we discuss
the Lagrangian for dark photon and scalar dark matter
particles and calculate the decay rates for each channel. In
Sec. III, we discuss the indirect signals for photon and
positron final states, for which we provide detailed formulas
of photon spectra in Appendix A. In Sec. IV, we show our
results, which place strong constraints on the dark matter
decay lifetime. We also compare our results with single
decay models in Sec. V. Finally, we summarize our study in
Sec. VI and discuss the applications of our work to other
dark matter models. We utilize natural units (c =2 = 1)
throughout this manuscript.

II. DARK MATTER MODELS AND DECAYS

In this section, we discuss the two dark matter models in
the following order: the dark photon dark matter model
which interacts with the SM via kinetic mixing with SM
neutral gauge bosons, and then scalar dark matter that
mixes with the SM Higgs boson. We then calculate the
decay width to each SM channel, providing branching
ratios to SM final states that depend on the dark mat-
ter mass.

A. Dark photon dark matter

The dark photon particle is a consequence of a new U(1)
symmetry [29-34,39] that is added to the SM Lagrangian.
After symmetry breaking, the Lagrangian is

1 1 €
LD = Fl, F" =~ m2 ALAW - Fl B, (1
4w 2 ATH 2cos6, " (1)

where A’ is the dark photon field, with its mass m,/, F},, is
the dark photon field strength tensor, and e is the kinetic
coupling. The B, is the SM neutral gauge boson field
strength tensor, with the weak interaction mixing angle 6,,.
Qualitatively, for dark matter masses that approach the
weak scale, the dark photon model becomes similar to a
7' gauge boson model that includes kinetic mixing with
neutral SM vector bosons [40,41]. This new vector boson
is well motivated by other phenomenological studies [42]
as a new mediator that connects the dark sector with the
SM [43-53], and potentially provides a stable dark matter
candidate [54-68].

In scenarios where the dark photon is the dark matter
particle, it can directly decay to SM particles through a
nonzero kinetic mixing with the SM neutral gauge bosons.
In recent work, we have carefully studied and constrained
dark photon decay in the sub-MeV range, where their
dominant decay mode produces 3y-ray final states [54]. In
this study, we instead focus on dark photon dark matter
above 1 MeV, which kinematically allows for dark photon
decay into SM fermions and W bosons.

In models where the dark photon mass lies well below
the Z-boson mass, the dark photon decay rate to fermions is
typically approximated following the equation given in
Ref. [29] as

- aN,.Q%e? 4m?3 2m3
F(A/—’ff):%m/v - 2f<1+ zf), (2)

myr<<mgy mA' mA/

where a = 1/137 is the fine structure constant, Q; is the
electric charge of the SM particle, m; is the mass of the SM
fermion, and N, represents the number of colors for each
Standard Model fermion, with N, = 1 for charged leptons,
and N, =3 for charged quarks. However, as the dark
photon mass approaches the Z-boson mass, contributions
from kinetic mixing with the Z become dominant. In this
work, we calculate the full decay width to SM fermions,
including electroweak (EW) interactions, as

_ aN .e?
rA - ff)= <
WD = Sl - w7+ w22
4m7
X (Fy+ Fy+ F3)( |1 =—, (3)
mA,
where the functions F , ; are defined as
F, = Ig’fmi,(mi, - mzf), (4)

Fy =213 ;Qm3 [, (my, —m3) — sym3 ) (my, +2m3),  (5)
Fy = 2Q%[C%V(mi, —m%) — sim3 2 (m3, + Zm}), (6)

which depend on the fermion weak isospin, with /3 ; =
+1/2 for neutrinos and up-type quarks, and /3 ; = —1/2
for charged leptons and down-type quarks. The mass of the
Z boson is given by m; = 91.1876 GeV and its decay
width is ', = 2.495 GeV, while ¢, =cosd,, and s,, =
sin@,, are set by the Weinberg angle 6,,.

In the case of low-mass dark photons, the majority of
these quarks subsequently form pions and kaons. By
combining the individual contributions from these different
quark channels, we can focus on the hadronic decay width,
which is given by

e’ Am2\ 3/2
(A" — hh) = EmA’|Fh(612)|2 (1 ——h> . (7
my

where h =z, K, and the form factor F, is taken from
Ref. [69], where g* = m?, and g is the total momentum. We
note that a massive dark photon cannot decay into two
photons, even through loop-induced fermion couplings,
since it is forbidden by the Landau-Yang theorem [70,71].

On the other hand, dark photons can decay into a pair of
massive W bosons through the AW+TW~ coupling [72].
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FIG. 1. Feynman diagrams for dark photon dark matter decay to
SM particles through mixing with SM neutral gauge bosons.
From 1 MeV to 161 GeV, the dark photon mainly decays into
fermion pairs with EW couplings that are proportional to the
fermion charges. Dark photons with masses above 161 GeV
can decay to a W-boson pair through AW*W~ and ZW+W~
couplings.

After summing all the possible polarizations of the
W-boson final state, the decay rate is

2 4
ae my

= WW) = Gy Gy

X (4t + 1603 — 17 = 332
3 4m%v

x4 /1 , (8)

mA/

where we have 5y, = my/ /(2my,) > 1 for the decay to be
kinematically allowed.

Combining all the decay rates in Fig. 1, we calculate the
branching ratio for each Standard Model decay channel,
obtaining results similar to Refs. [25,73,74]. The results are
shown in Fig. 2. The e™ e~ channel is only dominant below
the pion mass, while up-type quarks dominate above
300 GeV. All charged lepton branching ratios go to the
same values at the high mass limit, and the same is true for
all up-type quarks and down-type quarks. This is due to the
fact that these fermionic couplings are primarily propor-
tional to the SM quantum electrodynamics (QED) charges.
The enhancement for the quark channels stems from
the N. = 3 colors. We stress that this result is not only
applicable to dark photon models, but also any model with
vector mediators or dark matter particles that couple to SM
fermions in proportion to their electric charges.

B. Scalar dark matter

To construct a scalar dark matter particle, ¢, that interacts
with other SM particles, we include an interaction with the
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FIG. 2. Branching ratio of all Standard Model channels for dark
photon decay. The solid lines are for charged leptons, while the
dashed lines are for quark final states. The dash-dotted line is for
W-pair production, while the dotted line is for all neutrino final
states. These results are also applied to vector boson decays with
EW-like couplings.

SM Higgs as C,¢|H|*, where C, is the coupling strength.
When the Higgs gets a vacuum expectation value (VEV), it
induces mixing between ¢ and the SM Higgs. This implies
that the mass eigenstate of ¢ strongly depends on the Higgs
VEV, and as a result has a scaled down Yukawa coupling.
For small enough values of C,, these couplings can be
significantly smaller than the traditional Yukawa coup-
lings, implying that ¢ negligibly affects the masses of SM
particles.

Thus, similar to the Higgs boson [75-79], we can write
down the interaction Lagrangian of scalar dark matter with
other SM particles after symmetry breaking as [28]

_ 2 2
£5—sind™ g7 +sino >V gy v (9)
v v

where the decay of ¢ can proceed to either fermion pairs (f)
or vector bosons V=W, Z The SM Higgs VEV is
v & 246 GeV, and 6 is the mixing angle between the new
scalar ¢ and the SM Higgs. Therefore, similar to Higgs
couplings [80], the coefficients 6y = 1 and 6, = 1/2.

For my > 1 MeV, the decay width of scalar dark matter
to fermion pairs is given by

i} NGpm} am%\*?

where the Fermi constant Gy = 1.66 x 107 GeV~2. Such
processes are shown in Fig. 3 (top). On the other hand, the
decay width to the W™ W~ final state is
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FIG. 3. Feynman diagrams for scalar dark matter decay to SM
particles through Yukawa-like couplings.
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while the Z-boson pair final state differs slightly and is
given by

I(p— WHw-) =

GF . 4m2
I'(p—>Z7) = m3 sin? 0, [1 — —~
@ ) 16v2r ¢ m;,
2 n
x <1 —4@+ 12 ) (12)
(/1 (/)

Both W W~ and Z-pair decays require a heavy scalar dark
matter mass that exceeds twice the vector boson mass. Such
diagrams are shown in Fig. 3 (bottom).

Unlike the dark photon case, scalar dark matter opens
a new Z-boson channel. This neutral boson channel is a
distinguishing feature of Yukawa-like couplings compared
to QED-like coupling models. Note that we neglect the
diphoton production through fermionic loop-induced dia-
grams, as in the Higgs boson case, due to the suppression of
Yukawa couplings in triangle-loop diagrams.

Several important pieces of information can be extracted
from Fig. 4. For dark matter masses between the pion mass
up to 161 GeV, quark final states are dominant for this type
of model. This indicates that indirect detection constraints
that assume bb final states are fairly accurate. However,
above twice the weak boson mass, the vector bosons’ final
states are dominant, compared to the #7 final state, implying
that previous work assuming quark final states may provide
erroneous results.
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FIG. 4. Branching ratio of all Standard Model channels for
scalar dark matter decay. The solid lines are for charged leptons,
while the dashed lines are for quarks. The dash-dotted lines are
for W-and Z-boson production. These results are also applied to
scalar boson decays with Yukawa-like couplings.

III. OBSERVATION DATA AND METHODOLOGY

In this section, we calculate the photon and positron
fluxes that are produced by dark matter decay, and
specifically discuss the observational methodology for
calculating x-ray signals observed by INTEGRAL in
Sec. I A, as well as the high-energy positron signals
observed by AMS-02 in Sec. III B.

Throughout this paper, we employ the standard Navarro-
Frenk-White (NFW) profile [81] in order to calculate the
dark matter density throughout the Galactic halo,

AT s
PNEw (7) = Pcate m + R . (13)

where we set the profile index to y = 1, and the scale radius
t0 Ryeae = 20 kpe. We adopt a solar position R, = 8.5 kpc
and set the scale density pg.. such that the dark matter
density at the solar position is p, = 0.4 GeV/cm?® [82,83].

The photon and positron spectra depend on the dark
matter mass and the SM final states. Because we evaluate
dark matter decays over a wide range of dark matter
masses, there is no single computational package that
accurately calculates the resulting photon and positron
spectra. Thus, we employ several packages, which provide
the most robust results in different mass ranges:

(i) For dark matter masses below 1.5 GeV, we evaluate
only the x-ray fluxes from dark matter (DM), using
the Hazma package [84—87] to calculate x-ray spectra.

(i1)) For dark matter masses from 1.5 to 10 GeV, there
is no existing code that claims to robustly predict
the low-energy x-ray flux. To address this gap, we
conservatively rely only on the final state radiation
(FSR) component, as this formula remains valid
across the entire dark matter mass range. We neglect
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the additional x-ray flux from dark matter decay, but
note that this is subdominant. Consequently, our
constraints are conservative, and may potentially
improve as new software packages become available
that account for decays, which are not currently
included in Pythia [88].

(iii) From 10 GeV to 2 TeV, we find that AMS-02
positron constraints significantly outperform x-ray
constraints. We use CosmiXs [89], which accounts for
both electroweak and QCD corrections, to calculate
the positron flux. However, we note that both
PPPC4DMID [90-94] and DarkSUSY [95,96] also
provide reasonable results in this mass range.

Using this combination of spectral and morphological
information, we can calculate the relevant dark matter—
induced fluxes in each experiment.

A. INTEGRAL/SPI: X-ray telescope

The hard x-ray INTEGRAL was launched by the
European Space Agency (ESA) in 2002. The SPectro-
meter of INTEGRAL, or SPI, detects photons between
30keVand 8 MeV. This wide range provides an opportunity
to study a multitude of astrophysical phenomena [97-102].
Importantly, INTEGRAL provides stringent constraints on
dark matter models, such as axionlike particles [103,104],
sterile neutrinos [103-106], primordial black holes
[107-109], and generic weakly interacting massive par-
ticles (WIMP)-like decay and annihilation [6,7,59,60].
In the case of dark photon dark matter models, previous
studies in Refs. [49,54-56] only focus on the mass regime
below 1 MeV, where the 3y-final state, called “the dark
photon trident” in Ref. [54], is dominant. At masses that
exceed twice the electron mass, two-body fermion and
weak boson final states become kinematically accessible
and dominate the decay width, as shown in Figs. 2 and 4.
This parameter space is not yet explored and is one of the
main motivations for our study.

1. Astrophysical background model

We note that the astrophysical sources are expected to
produce the majority of the x-ray flux in this energy range.
By including known astrophysical sources, we can produce
a much stronger constraint on the dark matter contribution.
In Appendix B we show conservative results where we
assume that dark matter produces the entirety of the x-ray
data. Based on the framework in Refs. [54,103,109], we use
16 years of INTEGRAL data to investigate dark matter
decays. The observed photon flux from 30 keV to 8 MeV is
divided into 24 energy bins, as shown in Fig. 5. We note
that some bins are narrower than others, in order to describe
emission relating to the 511 keV and 1809 keV lines.
Using the following background model, we can investigate
subdominant dark matter contributions. The model con-
tains several astrophysical sources that are shown in Fig. 5:

-4 INTEGRAL Unres. Sources ]
a 10-3 Total Diffuse Inver. Compton |
I> Positronium ]
g Nuclear lines
—
% 10744 :
D
=
O
< 107> E
=
z
= E
10764 m
100 1000
Photon energy [keV]
FIG.5. INTEGRAL/SPI data compared to a model for the x-ray

flux. The 16-year data (black points) span 30 keV to 8 MeV and
are divided into 24 bins. The astrophysical background compo-
nents include: unresolved sources (red), inverse Compton scat-
tering (green), positronium decay (cyan), and nuclear lines
(orange). Each astrophysical spectrum includes 16 and 26 error
bands, and their combined astrophysical diffuse flux is shown in
purple. We plot the photon flux from final state radiation for a
DM decay to electron-positron pairs (gray) at a benchmark boso-
nic DM mass of m,,, =4 MeV (with an arbitrary normaliza-

tion) with the lifetime zpy = 10% .

(i) Unresolved sources with a power-law plus expo-
nential cutoff spectrum (red), most likely associated
with cataclysmic variables and stars with hot coro-
nae. This emission dominates below 100 keV [110].

(i) A power-law spectrum in green for the inverse
Compton scattering between GeV cosmic-ray elec-
trons and interstellar radiation fields [111].

(iii) Normalized positronium decay emission at an en-
ergy of 511 keV (cyan) that stems from the anni-
hilation of cool cosmic-ray positrons [112] with
electrons in the interstellar medium [98].

(iv) Several nuclear lines ("Be, ?’Na, and %°Fe) produced
by elements that are found in massive stars [111,113],
including, most prominantly, *°Al, which produces
the 1809 keV line [114]. We note that Gaussian
distribution in these lines represent uncertainties in
the INTEGRAL energy reconstruction.

Adding these contributions together, we plot the total
astrophysical x-ray spectrum (without any dark matter
contribution) in violet. All of the distributions, parameters,
and best fit values are described in Refs. [54,107].

2. Computing dark matter constraints

Using INTEGRAL/SPI data and this background model,
we investigate the dark matter decay scenario for dark
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matter masses between 1 MeV and 10 GeV. In this mass
range, keV-MeV photons from dark matter decay are
generated by several scenarios:
(i) Charged lepton final states such as e®, u*, and
charged pions (7%) radiate photons. This process is
called final state radiation [115,116].

(ii) Heavy charged leptons like x* and 7+ decay to
lighter states.

(iii) Quark final states quickly hadronize and form
bound states, that subsequently decay to lighter
states, emitting photons.

(iv) In models with scalar dark matter, neutral pions (z°)
can be immediately produced and can then decay
directly to two-photon final states with a boxlike
spectrum. The direct production of z°’s is forbidden
for the spin-1 dark photon dark matter scenarios.

All of these channels, whose expressions are provided in
Appendix A, are calculated using the Hazma package for
dark matter masses below 1.5 GeV.

We calculate the x-ray flux that is observed by

INTEGRAL as

do, I'pysm % dNgmo,

d—E‘},_ SM 47rmDM dEy

x D, (14)

where the D factor, which represents the astrophysical
dependence of the photon flux, is given by

D= / 40 / (o LB (19

which is calculated by integrating the dark matter density
profile over the line-of-sight (1.0.s.) within the INTEGRAL/
SPI region of interest defined by longitude |I| < 47.5° and
latitude |b| < 47.5°. We compute the D factor in Eq. (14)
for dark matter decay as D = 1.29 x 10>} GeV/cm?.
Throughout this mass range, the FSR contribution
dominates the dark matter signal in INTEGRAL. This
occurs for two different reasons, depending on the dark
matter mass. At low masses (below the 7° mass), dark
matter only decays to eTe™ pairs, which produce most of
their x-ray emission through FSR. In Fig. 5, we present the
arbitrarily normalized x-ray spectrum resulting from the
decay of dark matter with a mass of 4 MeV. At higher
masses, decays into mesons become dominant. However,
these mesons decay into photons with a spectrum that peaks
at around half the dark matter mass, exceeding the 8 MeV
energy range of INTEGRAL. The low-energy x-ray flux in
these scenarios is still dominated by FSR. We note that the
INTEGRAL flux may include additional terms from inverse
Compton scattering and the radiative decay of charged
particles produced in the dark matter annihilation event.
However, modeling these induces additional systematic
concerns, as the propagation of these particles must be

carefully tracked. Thus, we conservatively choose to model
only the FSR contribution from dark matter annihilation.

At each dark matter mass, we compute the 95% CL
upper limits on the dark matter decay rate. Specifically, we
fit the indirect signal from dark matter decay along with
other astrophysical contributions from our background
model. Using the EMCEE Markov chain Monte Carlo
(MCMC) method [117] that is imported in the 3ML package
[118], we sample all the free parameters for these spectra.
The dark matter spectrum is computed as the sum of the
spectra from each SM final state multiplied by its branching
ratio, which depends on the dark matter models in Figs. 2
and 4. Our analysis is based on the template that is
published in Ref. [103], and available publicly via a
Zenodo repository.'

B. AMS-02: Cosmic-ray positrons

The AMS-02 experiment, located onboard the
International Space Station, has provided precise observa-
tions of local cosmic-ray fluxes [119]. Due to its great
ability to distinguish the charge of incoming cosmic rays,
it measures the local cosmic-ray positron flux to great
statistical precision over an energy range spanning from a
few hundred MeV to about 1 TeV [120]. The positron data
have long been used to search for spectral features expected
from the annihilation or decay of dark matter particles
[121-124]. Here, we use AMS-02 data to strongly con-
strain dark photon and scalar dark matter.

1. Astrophysical background model

We first compute an astrophysical background model of
the cosmic-ray positron flux measured at Earth. Unlike
photons that travel in straight lines, cosmic-ray positrons are
dispersed during propagation, diffusing on magnetic fields
due to their electric charge. Accounting for this diffusion
requires a more detailed model of the dark matter—induced
positron flux. Here, we follow Ref. [124] and use numerical
simulations of Galactic cosmic-ray propagation to account
for the many processes that affect the positrons during
their life.

Specifically, we use the cosmic-ray propagation code
Galprop v.56 [125-128] to thoroughly model the local
positron flux. Galprop simulates cosmic-ray propagation
throughout the Galaxy, including a detailed treatment of
processes such as cosmic-ray injection and acceleration,
diffusion, energy losses, and fragmentation. We use the
astrophysical background model of Ref. [124] that provides
a precise fit to the local AMS-02 positron data [120]. We
provide a brief description of the model here, but refer the
reader to Ref. [124] for more detail.

The local cosmic-ray positron flux contains several
components that are created by different mechanisms.

lhttps://zenodo.0rg/records/798445 1.
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At low energies <30 GeV, positrons are mostly produced
as secondaries, i.e., in the inelastic interactions of other
cosmic rays (mostly protons and helium) with the inter-
stellar medium. Therefore, the astrophysical background
model is also fit to the complementary AMS-02 data for
protons [129,130] and helium [131] to ensure a realistic
model of the secondary positron component.

At high energies (230 GeV), the positron flux is
dominated by a new primary component, a result that is
known as the positron excess. While contributions from
annihilating dark matter have been proposed to explain the
positron excess in the past (e.g., [132—135]), explanations
that involve the emission from a sizable population of
young pulsars have provided more convincing fits to the
data [136-141]. Recently, with the discovery of highly
energetic y-ray emission around middle-aged pulsars
[142-144], called TeV halos, the pulsar explanation of
the positron excess has been all but settled [145].

However, we do not know how many pulsars signifi-
cantly contribute to the positron flux. Therefore, Ref. [124]
implements a combined model for the total pulsar flux
in Galprop, following a positron injection spectrum from
Ref. [136] and a model for the Galactic distribution of
pulsars from Refs. [146,147].

The total positron flux from secondaries and pulsars is
simulated with Galprop to create the background model. In
order to precisely fit AMS-02 data [120], a large number
of free parameters is included in the fit. This includes
parameters to describe diffusion, the injection spectra of
protons and helium, the reacceleration and convection of
cosmic rays, as well as the pulsar model. Additionally,
solar modulation, i.e., the decrease in the cosmic-ray flux
below ~10 GeV due to the Sun’s heliosphere, is taken into
account by applying the time-, charge-, and rigidity-
dependent model of Ref. [148].

Reference [124] computes the astrophysical background
model for two different Galactic halo heights. However,
as the positrons that contribute to the AMS-02 data,
especially at high energies, must have been produced
relatively nearby, we do not expect the halo height to have
an important impact on our dark matter constraints. This is
also pointed out in Ref. [124]. For our analysis, we only use
the default model from Ref. [124], which uses a halo height
of z = 5.6 kpc. This model provides a very accurate fit to
the AMS-02 data, with a reduced y?/d.o.f. = 0.88 for the
positron flux.

2. Computing dark matter constraints

To study dark matter contributions to the positron flux,
we add the contributions from dark matter decay into the
astrophysical model. We obtain the positron injection
spectra for the various decay channels using the CosmiXs
code [89,149-151], and combine them at each dark matter
mass according to Egs. (2) to (8) for the dark photon and
Egs. (10) to (12) for scalar dark matter. The result of these

equations is shown in the branching ratios in Figs. 2 and 4,
respectively. We consider bosonic dark matter particles in
the mass range of 10 GeV to 2 TeV, and scan dark matter
masses over 24 logarithmic mass bins. We add the dark
matter contributions into Galprop, including normalizations
that are based on the dark matter density profile in Eq. (13).

We then refit the combined astrophysical and dark matter
model to the AMS-02 positron data. We use the fitting
procedures provided by iMinuit v.1.4.3. [152,153]. Similar to
Ref. [124], we take a conservative approach and also include
a few parameters in the fit that are particularly important or
degenerate with the dark matter flux. Specifically, we vary
the diffusion coefficient and diffusion spectral index, as well
as three parameters that describe the pulsar model (spectral
index, spectral cutoff energy, and pulsar formation rate),
respectively. Then, we compute a y* profile for a range of
dark matter fluxes and each dark matter mass. From the y?
profile, we calculate the 95% upper limit (i.e., by finding the
flux for which )(35% = )(ﬁgr + 3.84) to obtain the constraints.

Figure 6 shows the local cosmic-ray positron flux with
additional contributions from the decay of dark photon dark
matter (left panel, red) and scalar dark matter (right panel,
magenta). In both cases, the astrophysical model consists of
the secondary positrons (green) that are dominant at low
energies and a pulsar component (orange) that dominates at
high energies. The close match between this model and the
AMS-02 positron data (black dots) indicates that astro-
physical sources can fit positron observations to percent-
level accuracy (see also Ref. [124]). As an example for the
positron contribution from dark matter decay (i.e., after
propagation), we show spectra for the decay of a 10 GeV
and 800 GeV dark matter particle, respectively, for both
dark photon and scalar dark matter models. The dotted lines
represent the dark matter signals on top of the background
model, which in these examples significantly worsen the fit
of the combined background plus dark matter model. Thus,
our analysis indicates that AMS-02 positron data produce
strong constraints on dark matter decay for both dark
photons and scalar dark matter.

We note that dark photon and scalar dark matter have
significantly different spectral signatures. This is due to the
different branching ratios in each model, as discussed in
Sec. II. In the dark photon case, the positron signal is
dominated by a sharp peak near the energy corresponding
to half of the dark photon mass. This is produced by the
direct decay of the dark photon into electron-positron pairs.
Even at hundreds of GeV, when the direct decay to eTe™
pairs becomes fractionally less important as quark final
states become the dominant annihilation pathway, the
constraint is still driven by the highly peaked direct
injection of positrons. Conversely, the positron spectrum
from scalar dark matter is much smoother. This is due to the
fact that the coupling to electron-positron pairs is strongly
suppressed (see Fig. 4) based on their low mass. Instead,
the signal shape is dominated by decays into heavy quarks,
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FIG. 6. The measured AMS-02 positron flux (black points) [120] and its different components. The astrophysical background model,
adapted from Ref. [124] (blue), includes positrons from secondary production (green) and the contribution from a pulsar population that
dominates at high energies (orange). Example spectra (at arbitrary flux normalization) from dark matter decays are also shown,
including (left panel) the dark photon spectra (red) for dark photon masses of 10 GeV and 800 GeV, and (right panel) the scalar dark
matter spectra (magenta) also for masses of 10 GeV and 800 GeV. Dotted lines show the dark matter contribution on top of the
background. The light gray shaded region at low energies is not included in the fit due to significant solar modulation uncertainties. In
these examples, the spectral features introduced by dark matter decay significantly worsen the fit of the total model to the positron data,
and therefore strongly constrain each dark matter model. This is especially clear in the dark photon case, where the highest energies are

dominated by the deltalike injection of electron-positron pairs.

as well as Z and W bosons for scalar dark matter masses
above ~161 GeV.

IV. CONSTRAINTS ON THE DARK
MATTER LIFETIME

Figure 7 shows our final constraints on the dark photon
and scalar dark matter models, for masses between
1022 keV and 2 TeV. The top panels show the 95% CL
on the minimum decay lifetime, and the bottom panels
translate these limits to constraints on the couplings as a
function of the dark matter mass. Left panels show the
results for dark photon dark matter, and right panels for
scalar dark matter. Constraints from INTEGRAL/SPI are
shown in teal for dark matter masses from 1022 keV to
10 GeV, while results from AMS-02 are shown in purple
for masses from 10 GeV to 2 TeV. In principle, INTEGRAL
can also constrain TeV dark matter, but these results are
weaker than AMS-02, due to the fact that the photons
observed by INTEGRAL are from FSR at energies below
8 MeV. Conversely, AMS-02 limits stem from observations
near the dark matter mass that include most of the final state
energy. On the other hand, because of the high uncertainty
in the positron flux caused by solar modulation below
~5 GeV, we only consider dark matter masses above
10 GeV for AMS-02 constraints.

For the dark photon, INTEGRAL/SPI reaches con-
straints from ~10?2 s to ~10% s, while AMS-02 pushes

the limit up to ~10% s near 10 GeV, before falling off for
higher masses. Meanwhile for scalar dark matter, the
constraints from INTEGRAL span from 10%' to 103 s,
while the AMS-02 limit fluctuates between 10% and 1077 s.

In both cases INTEGRAL limits become weaker above
the pion mass, when the dark matter begins to decay into
quarks and mesons, which suppresses the final state
radiation from charged lepton production. Compared to
the dark photon, the INTEGRAL constraints on scalar dark
matter are decreased more significantly because the branch-
ing ratios of Yukawa-like couplings to charged leptons are
also much smaller compare to the charged (and weak
isospin) couplings for the dark photon.

For AMS-02, dark photon decay produces a sharp
spectral feature near half the dark matter mass, as shown
in Fig. 6. This produces very strong constraints, as the
AMS-02 positron data are smooth. We note that this effect
is strongest in the range between O(10-100) GeV, where
the AMS-02 data are most precise. Conversely, for scalar
dark matter in this mass range, the positron spectra are
much smoother, resulting in weaker constraints compared
to the dark photon case. This stems primarily from the fact
that the smoother scalar dark matter spectrum is more
degenerate with the pulsar contribution, allowing the pulsar
model to float and weaken the limits. However, at very high
masses, the constraints between dark photon and scalar
dark matter become similar, due to the fact that scalar dark
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INTEGRAL and AMS-02 results on dark matter decay. Top: constraints on the minimum lifetime of dark matter in the mass

range from 1 MeV to 2 TeV. The left figure presents results for dark photon dark matter, while the right figure illustrates constraints for
scalar dark matter. Bottom: new constraints on the dark matter couplings with SM particles in the same mass range. The bottom left
figure shows the constraints for dark photon kinetic mixing coupling, while the bottom right figure shows the upper limit for mixing
angle of the scalar dark matter. The black solid lines and the gray areas demonstrate cosmological constraints for these dark matter

models, with 7, ~ 4.3 x 10'7 s.

matter distributes a larger fraction of its decay power at
lower energies, where AMS-02 data are better.

We use these constraints on the dark matter lifetime to
calculate upper limits for the relevant dark matter couplings
in the bottom panels of Fig. 7. We constrain the kinetic
mixing of a dark photon (left), and the mixing angle
between scalar dark matter with the SM Higgs boson
(right). We compare these limits to cosmological constraints
that stem from the observation that the dark matter lifetime
must exceed the age of the Universe, 7, ~ 4.3 x 10! s.

For dark photon kinetic mixing, e, INTEGRAL con-
straints exceed 10722 across the 1 MeV-10 GeV mass
range, which is 2-4 orders of magnitude stronger than
cosmological constraints. The AMS-02 results further push

this coupling limit down to ~1072° — 10?7, which is a 5-7
order of magnitude improvement. We note that the sig-
nificant gap in the sensitivity between MeV-scale instru-
ments and the GeV-scale constraints offered by AMS-02
motivates additional search techniques [6,9,154—157] and
next-generation MeV-scale instruments [158,159].

For scalar dark matter, constraints on the absolute value of
the mixing angle |0| ~ |sin @] with INTEGRAL span from
10719 at 1 MeV up to 1072 at 10 GeV, which are stronger
than cosmological constraints by 3—4 orders of magnitude.
This bound significantly weakens around the pion mass, due
to the suppression of electron production and its subsequent
final state radiation. The AMS-02 data strengthen this bound
to 1072* — 1077 in the 10 GeV—-2 TeV mass range, with a
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FIG. 8. The change in the dark matter lifetime constraints when generic dark matter y decay final states to e*e™ (solid lines) or bb
(dashed lines) are assumed compared to calculating the complete couplings for dark photon dark matter (left) and scalar dark matter
(right). The lifetime ratios using INTEGRAL are in teal, while AMS-02 results are in purple. Assuming simple final states, considering
only a single decay channel, produces significant errors in calculating the constraints on the dark matter lifetime, compared to more

realistic models.

sudden improvement around 161 GeV. This threshold opens
the production of W and Z bosons, which subsequently
directly decay to ete~ with a relatively sharp spectrum.
Overall, indirect detection searches improve the upper limit
on Yukawa-like mixing angles from between 3 to 6 orders of
magnitude compared to the cosmological constraint.

We also apply our analysis to constrain the dark matter
lifetime within the standard (but theoretically unlikely)
context of dark matter decay into single channels: e*e™
and bb. Our results are shown in Fig. 9, with a full
discussion in Sec. V. In Fig. 8 we show the ratio of the
minimum allowed dark matter lifetime for dark photon and
scalar dark matter compared to these single decay models.

Below the pion mass, dark matter can only decay to
neutrinos and e"e~. Thus, the constraint for the single
e" e final states is applicable for most models. Above the
QCD scale, the FSR of eTe™, ytu~, and charged pions
produces a bright x-ray flux. Thus, the x-ray constraints
on the electric coupling of the dark photon are slightly
stronger than for the single decay to e™e™. For scalar dark
matter with Yukawa couplings, the e™e™ channel is sup-
pressed, so the constraint is weaker than in the single
decay model.

Above 10 GeV, AMS-02 constraints on both dark photon
and scalar dark matter are suppressed compared to the
direct production of e e~, by 1 order of magnitude for dark
photons, but 3—4 orders of magnitude for scalar dark matter.
Comparing our results to decay into bb, both the dark
photon and scalar dark matter constraints are stronger
because they produce ete™ directly. Our results demon-
strate that realistic decay constraints can vary by orders of

magnitude compared to the simple decay channels com-
monly used in indirect detection.

V. SINGLE CHANNEL LIMITS

While a critical point of this paper is that accurate limits
should include the full branching ratios for each dark matter
decay process, literature comparisons are currently only

—_— y-oete”
—= x-bb
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INTEGRAL (FSR)
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FIG. 9. INTEGRAL with FSR (teal) and AMS-02 (purple)
constraints on dark matter lifetime, with 100% decay channel:
solid lines for et e final state, and dashed lines for bb final state.
We compare with previous results on dark matter decays for
these two final states: INTEGRAL constraints based on the ICS
signal (olive) [6], XMM-Newton (magenta) [6,160], LeoT
(orange) [156], Lyman-a (lime) [9], CMB (cyan) [157], Large
Magellanic Cloud (gold) [161], and isotropic gamma-ray back-
ground (blue) [14].
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possible under the assumption that dark matter decays via a
single decay channel. Thus, in this section only, we show
the INTEGRAL and AMS-02 constraints calculated fol-
lowing the same method utilized in previous sections, but
analyzing dark matter models that decay only via single
decay channels: eTe™ (solid) and bb (dashed).

The INTEGRAL data constrain 1 MeV to 10 GeV dark
matter only for the eTe™ FSR channel, while AMS-02
looks for positron signals coming from both channels for
dark matter with masses above 10 GeV. We compare our
results with previous works that consider these two decay
channels [6,9,156,157,161,162]. We find that our results set
world leading constraints for dark matter decay into e™ e~
pairs for masses between 10 GeV and 2 TeV, significantly
surpassing previous cosmic microwave background (CMB)
and Lyman-a constraints. The excess strength of these
limits, along with the fact that the bb channel is typically
kinematically dominant, implies that our constraints would
likely also exceed any previous limits which were recom-
puted with realistic branching fractions.

While our constraints on dark matter decay into e*e™
pairs below 10 GeV are weaker than limits from other
works, we note that there are significant differences in the
astrophysical and cosmological assumptions utilized in
these results. For example, compared to the CMB and
Ly-a constraints, our results test relatively local dark matter
at a redshift of z = 0.

We note that our constraints can be exceeded by results
from LeoT, XMM-Newton, and especially the previous
inverse Compton scattering (ICS) analysis from
INTEGRAL [7], which is the strongest for DM masses
between ~100 MeV and ~10 GeV. However, our con-
straints are unique in that they are independent of any
assumptions regarding cosmic-ray diffusion and astro-
physical magnetic fields within the Galaxy—since we
study only the FSR which is immediately produced by
dark matter decay, thus making our results conservative.
Several recent works [6,163] found that XMM-Newton
constraints stemming from the inverse Compton scattering
of the eTe™ pairs produced by dark matter decay could
exceed these limits. However, more recent work has found
that these papers included an error related to the misrep-
resentation of the exposure time of XMM-Newton obser-
vations. More recent studies have corrected this issue
[160,164]. The constraints from LeoT depend on the
heating of gas within this dwarf galaxy, and thus sensi-
tively depend on the efficiency of cosmic-ray diffusion
and the gas dynamics of LeoT. Our constraints for direct
decay into bb are weaker than y-ray constraints, which can
directly probe photon production from bottom quark
hadronization.

VI. SUMMARY AND OUTLOOK

In this paper, we derive strong constraints on the decay of
dark photon and scalar dark matter models, using x-ray data

from INTEGRAL/SPI and cosmic-ray positron data from
AMS-02. For both models, we consider the mass range
from 1 MeV to 2 TeV. For dark matter masses below
10 GeV we derive our limits using x-ray data, while for
higher masses we use positron data. We obtain constraints
on the decay lifetime from 10?? to 10* s for dark photon
dark matter, and from 10?! to 10?7 s for scalar dark matter.
In general, our constraints for these two common dark
matter models are about 4—12 orders of magnitude longer
than the age of the Universe.

For both models, we provide a detailed calculation of the
branching ratios into all possible SM states. These branch-
ing ratios also can be applied to other beyond the Standard
Model scenarios, for either vector couplings that depend on
quantum numbers such as the electric charge and isospin,
or scalar couplings that are proportional to the particle
mass. Using the branching ratios for all SM decay modes
across the 1 MeV-2 TeV mass range, we derive both
cosmological and indirect detection constraints on the
relevant couplings of each model. For dark photon dark
matter, we set constraints on kinetic mixing spanning from
1072 t0 10722 from ~1 MeV to 10 GeV, and from 1072° to
10727 from 10 GeV to 2 TeV. For scalar dark matter, we set
constraints on the mixing angle between 107'¢ and 10720
from 1 MeV to 10 GeV, and from 10~2* to 10727 from
10 GeV to 2 TeV.

Although our results only account for two relatively
simple beyond the Standard Model particles, our con-
straints can serve as benchmark points for studies that
consider more complex dark matter model building
[165,166]. Finally, we note that the huge gain in sensitivity
obtained by deploying and utilizing current generation
GeV-scale instrumentation (like the Fermi-LAT and
AMS-02) motivates additional work in similarly utilizing
and developing next-generation x-ray and MeV y-ray
instrumentation (such as COSI [167], AMEGO [158], and
e-ASTROGAM [168]), which can more sensitively dis-
tinguish the spectrum and morphology of any putative
dark matter signals from astrophysical backgrounds [159].
It is worth noting that the strength of our results in Fig. 5
depends primarily on the uncertainty in astrophysical
background modeling. Thus, observational and theoretical
advances that allow us to decrease the uncertainty in the
astrophysical background model (most notably from
inverse Compton scattering and unresolved sources) will
provide more significant advances to dark matter con-
straints than simply improving the flux sensitivity of
next-generation instrumentation. This motivates the devel-
opment of instruments with improved angular resolution
and spectral coverage.

This work made use of Numpy [169], scipy [170],
ASTROPY [171], MATPLOTLIB [172], Jupyter [173], Jaxodraw
[174], 3mML [118], Mathematica [175], PackageX [176], as
well as Webplotdigitizer [177].
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APPENDIX A: PHOTON ENERGY SPECTRUM

There are two scenarios where photons can be produced
by dark matter decay. Stable and long-lived final states such
as et and u* (along with charged pion z%) can radiate
photons directly, without changing the nature of the
particle. This process is called final state radiation.
Leptons that are heavier than the electrons y* and 7+,
on the other hand, decay to photons along with lighter
leptonic states. Additionally, charged pions, mesons, and
baryons that are hadronized from the direct production of
quarks decay to produce photons. In some special cases,
such as the neutral pion production, the z° can decay
directly into two photons.

1. Final state radiation

For /* = e*, ™ final states, the FSR spectrum from
dark matter decay is given by

aNg | 2a
dEy FSR B (3 - ﬁz)mDM
1+ R(v)
X [Axlnl_iR(y)—ZBXR(l/) s (Al)

where the variables and functions depend on the initial and
final masses of the decay as

V=B fmpw,  p=mfmpw, (A2)
P=1-42  Rw)=1/1- 14521/ (A3)
A:w—zm P 4w, (Ad)
8—3_yﬁ2(1—1/)+v, (AS)

which are modified from Refs. [7,116] in order to model
dark matter decay, instead of annihilation. Similarly, the
FSR spectrum stemming from the production of charged
pions is given by

FSR B ﬂ[;:naDM |:Qi2 - 1%1/>R(y)
4 (j—f- 1> 1&%33} (A6)

+
dN?

dE,

2. Radiative decay

In addition to FSR, muons can decay into electrons and
directly produce soft photons through the radiative decay
channel p~ — e"v,v,y. Following the notation from
Refs. [84,85,178,179], the decay spectrum in the muon
rest frame has the analytical form given by

" o)

dN’; E,=

dE v IDec

+ x(1 — x)(46 — 55x) — 102}, (A7)

where x = 2E,/m,,, r = (m,/m,)?. The maximum photon
energy for this radiative decay in the muon rest frame
is E;™ =m,(1 —r)/2~52.8 MeV.

Similarly, charged pions can also undergo radiative
decay, for example, 7~ — £~ v,y with £ = e, u. The photon
spectrum in the pion rest frame is expressed as [180]

dN;F E,=m,
dE

 alf() + o)
24xm, fa(r—1)*(x — 1)%rx’

(A8)

v |Dec

where x = 2E,/m,, r = (m;/m,)?, similar to muon decay,
and the pion decay constant is f, = 92.2 MeV. The two
functions, f and g, relate to axial and vector currents and
are calculated as
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fx)=(r+x-1)
x {m2x*(F3 + F3)[r? —rx+r—2(x — 1)?]
— 12V2f ymyr(x — )2 [Fu(r —2x+ 1) + xFy

=24f2r(x = )[4r(x = 1) + (x = 2)?]}, (A9)

g(x) = 12V2f ,r(x — 1)210g<1 4 ) (A10)
-X
X {mx2[Fp(x = 2r) — xFy]

+ V2f,(2rF = 2rx — x* +2x = 2)}, (A11)

with the axial and vector form factors given by

F,=0.119, (A12)

Fu(q?) = Fy(0)(1 + ag?), (A13)

Fy=0, a=0.1, ¢g=(1-x). (Al4)

The total radiative decay of a charged pion in its rest
frame is calculated as

ANZ |E.=m, ANZ |Ez=m,
4 =) BR(z - fv,) "
dE7 RadTot C=eq dE}’ Dec
dNﬂ E,=E,
+BR(r - pv,) - n (A15)
dEy Dec

where E, = (m2 + m2)/(2m,) indicates that pion decay
can also produce on-shell muons that subsequently decay to
low-energy photons, as discussed above.

For neutral pions, the only decay channel is diphoton
production, which produces a sharp line in the pion rest

frame as
E,=m,
=2 x S(E}, - m””).
0 2
' —yy

To obtain the decay spectrum in the lab frame, a Lorentz
boost is applied to these radiative decay spectra, where
E, . = mpy/2. All spectra and boost transformations are
handled within the Hazma package, which generates accu-
rate radiative decay spectra for dark matter decays with
masses up to 1.5 GeV [84,85] (for the computation of
higher masses, see the main text).

dnz’
dE

(A16)

14

APPENDIX B: SYSTEMATIC UNCERTAINTIES
IN THE X-RAY CONSTRAINTS

While astrophysical emission is very likely to dominate
the x-ray emission in the INTEGRAL/SPI energy band, one
may make a conservative assumption that dark matter
produces the entirety of the observed x-ray flux. Based
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FIG. 10. INTEGRAL/SPI constraints on the DM decay lifetime
for the y — e e~ channel. The teal and purple curves show our
limits assuming the NFW profile, with and without modeling the
astrophysical background, respectively. The gray bands span
the envelope obtained by varying the DM density profile across
the NFW, Einasto [181], Burkert [182], and Moore [183] choices
for the astrophysical background scenario.

on this, we can derive the INTEGRAL/SPI constraints on
the DM decay lifetime for the generic e*e™ channel,
assuming no astrophysical background contribution, as
described in Sec. III A 1. We obtain the conservative limit
by requiring that the predicted photon flux from DM decay
does not exceed the observed photon count in any energy
bin of the INTEGRAL observation.

In Fig 10, we show the resulting constraint based on the
x-ray flux for models with and without an astrophysical
x-ray background. The difference between the two curves
quantifies the improvement in sensitivity to DM decay that
is achieved by modeling the astrophysical x-ray back-
ground. The systematic uncertainty arising from the choice
of background model is already incorporated into our
analysis. Including the background model improves the
lower bound on DM decay lifetime by approximately 2
orders of magnitude for DM masses below 100 MeV, where
the DM signal overlaps significantly with the astrophysical
components.

At higher masses, the improvement that stems from
including an astrophysical background model decreases
significantly. This is due to the fact that the spectrum of the
astrophysical background model, which is primarily due to
inverse Compton scattering at high energies, begins to look
similar to the spectrum produced by high-mass DM. Since
our astrophysical background model is conservative, and
does not attach a penalty to decreasing the amplitude of the
astrophysical background model (so long as the fit to the
data continues to be good), our standard model produces
a very conservative dark matter limit that is similar to the
“no-background” limit. This illustrates that any systematic
uncertainties in our astrophysical background model do not
significantly affect the strength of our analysis, because they
only serve to improve the limits in scenarios where DM
cannot match the spectrum of the x-ray data on its own.
Since the background model primarily improves constraints
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below the QCD scale, where only the eTe™ channel is
available, our x-ray constraints on dark photon and scalar
DM particles above 100 MeV remain unaffected.

Finally, we assess the theoretical uncertainty arising
from the choice of DM density profile, which enters our
analysis through the D factor. While the main results are
presented for the standard NFW profile, here we examine
how the constraints change under alternative profile
assumptions. Specifically, we recompute the total flux
for the Einasto [181], Burkert [182], and Moore [183]
profiles, using the parameters in Ref. [90], and compare
them to the NFW baseline.

In Fig. 10 we show the resulting envelope (gray bands) of
lifetime constraints across these profiles. The bounds can

shift downward by approximately 20% in the case of the
flatter Burkert profile, and upwards by approximately 10%
in the case of the steeper Moore profile. We emphasize,
however, that decay limits scale only linearly with the D
factor. Unlike annihilation constraints, our results are
insensitive to the inner slope of the DM profile. As a result,
the profile dependence remains a subdominant source of
uncertainty in our analysis. In particular, at low masses
(m, < 100 MeV) the systematic uncertainty from modeling
the astrophysical background, which is reflected in the gap
between the teal and purple curves, exceeds the profile
uncertainty by roughly an order of magnitude, and therefore
dominates the overall error budget.
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