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The spectra of stable particles produced from dark matter (DM) are one of the most important
ingredients to calculate the fluxes for DM indirect detection experiments. At energies above
a few GeV, most of the particles are produced following a complex sequence of phenomena
including resonance decays, QED and QCD final-state radiation, radiation of weak gauge
bosons, hadronization and hadron decays. In this contribution, we discuss improvements on
the calculation of the energy spectra at the source using state-of-the-art tools that include
effects that were not taken previously into account. We include helicity information of the
particles produced in the annihilation channels, which leads to proper inclusion of electroweak
radiation during the entire showering history. These effects are taken into account using
the Vincia, which is based on the helicity-dependent antenna shower formalism. Off-shell
contributions are also taken into account for annihilation channels into WW and ZZ through
the four-body processes into fermions and for DM masses below the gauge boson mass. We
also revisit the tune of the Lund fragmentation function parameters in Pythia using LEP
data at the Z-boson pole. The spectra of cosmic messengers are provided for DM masses
between 5 GeV and 100 GeV and are publicly distributed this GitHub repository.

1 Introduction

Dark matter (DM) remains one of the most significant mysteries in physics albeit decades of
theoretical and experimental searches. Indirect detection is still one of the promising discov-
ery methods of DM signals by seeking excesses in the fluxes of cosmic messenger particles
such as positrons (e+), antiprotons (p̄), gamma rays (γ), neutrinos (ν) and antinuclei (D, 3He),
which are products of DM annihilation into Standard Model (SM) particles followed by their
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decays.1 Weakly Interacting Massive Particles (WIMPs) are particularly compelling DM candi-
dates, emerging naturally in several Beyond the Standard Model (BSM) frameworks, including
supersymmetry. Experiments such as AMS-02, Fermi-LAT, SuperK, and IceCube are actively
searching for DM-induced signals in the GeV-TeV energy range.2

The theoretical modeling of the fluxes of cosmic messengers strongly depends on the en-
ergy spectra at the source which is usually calculated using multi-purpose Monte Carlo event
generators such as Pythia. Poor Particle Physics Cookbook for DM indirect detection (la-
beled PPPC hereafter)3 is considered to be the standard tool for this task. More recently, the
HDMSpectra4 improved the results of the PPPC especially for heavy DM masses by using
analytical calculations of all the fragmentation processes in the unbroken SM phase. However,
issues arise from matching the results at the electroweak scale. Furthermore, QCDUnc6,7,8

has contributed to the improvements of the hadronization parameter tuning in Pythia 8 by
fitting the parameters of the fragmentation using LEP and SLD data and furthermore estimated
the QCD uncertainties resulting from both non-perturbative (hadronization) and perturbative
(parton showers) physics.

In this study, we aim to improve the theoretical predictions of the spectra of cosmic messen-
gers at the source by using Vincia5 based on the helicity-dependent antenna shower formalism
and using Pythia 8.3 for the rest of the physics. The calculation of the parton-level matrix
elements is done using MadDM9 which provides the output in the LHE format and includes all
the spin information of the produced particles thereby properly incorporating the electroweak
corrections in our predictions. Compared to the previous results in the literature, our work
provides enhanced accuracy for DM masses above 5 GeV. The spectra are publicly available in
this GitHub repository10,11 and can be applied to various DM scenarios including the case of a
decaying DM through a proper rescaling of the spectra. The rest of the manuscript is organized
as follows. In section 2 we discuss the physics modeling and summarize the main novelties of
our analysis including a brief mention of the tuning results. The comparison of our results with
those of the PPPC, HDMSpectra and QCDUnc is provided in section 3. We conclude in
section 4.

2 Physics modeling

Following DM annihilation or decay processes into intermediate states such as leptons, quarks,
gluons or massive bosons, a number of phenomena leads the production of stable states at
production such as photons, positrons, neutrinos and antiprotons. Additional radiation including
QED emissions of photons and charged particles, QCD emissions of gluons and quarks and
electroweak boson radiation leads to complex kinematical features. For this, the use of Monte
Carlo event generators is necessary to properly model the differential energy distributions. Once
reaching an energy scale below O(1) GeV, the process of hadronization starts to take over
which leads to the confinement of colored particles into color-neutral hadrons. In Pythia, the
hadronization is modeled using the string model with a left-right symmetric function which
under minimal assumptions depends on four parameters. The hadronization process has some
intrinsic uncertainties that range from 10% to about 50% depending on the kinematical region,
the DM mass and annihilation channel.7,8

The calculation of the energy spectra at the source, by PPPC and QCDUnc, relies on
the resonance approach which assume that DM annihilation occurs through the production of
a spinless particle (R) in e+e− collisions and ECM = 2mχ which then decays isotropically into
a pair of SM particles. This method has many limitations including its inability to account for
polarization effects and off-shell contributions. Therefore, these shortcomings lead to inaccurate
predictions for the DM spectra especially for annihilation channels involving gauge bosons and
SM leptons. To address these issues, we useMadGraph aMC@NLO andMadDM to generate
the matrix elements for the annihilation channels under consideration thus preserving spin and
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Figure 1 – Comparison among the spectra obtained with our analysis using the Pythia and Vincia shower
algorithms with the results of PPPC, HDMSpectra and QCDUnc. Here we show the spectrum of γ-rays in
e+e− annihilation and mχ = 100 GeV (left) and the spectrum of positrons for W+W− annihilation and mχ = 10
TeV (right).

polarization information which leads to proper inclusion of electroweak corrections. Below we
highlight the main novelties of our analysis:

• We useMadDM which we interface to Pythia 8 together withVincia shower plugin being
the default option. MadDM produces LHEF where helicity information is provided.

• We calculate the spectra for two new annihilation channels: χχ → HZ, γZ.

• For the case of WW/ZZ annihilation channels we generate the spectra of the four-body
decays and DM masses down to 5 GeV.

• For one-loop induced annihilation channels (gg, γγ, γZ), we take into account the full
one-loop effects instead of effective couplings.

• We carry out a new tuning of the hadronization model parameters using a set of measure-
ments performed at the Z-boson pole.

3 Results

We briefly discuss some of the results in this section and we refer the interested reader to the
main manuscript for more details.10 Fig. 1 shows a comparison with PPPC, HDMSpectra and
QCDUnc for the spectra of γ-rays and mχ = 100 GeV (left panel) and the spectra of positrons
and mχ = 10 TeV (right panel). For the spectra of γ-rays in the e+e− channel with DM masses
below 1 TeV, the PPPC underestimates the yields at low energies as introduces a higher cut-off
parameter which characterize the transverse momentum threshold for photon emissions off a
lepton line. The agreement with QCDUnc is generally good except in the intermediate-energy
regions, disagreement are up to 20%, where the role of EWBR becomes quite important. For
DM masses above 1 TeV and annihilation into leptons and massive bosons, the effects of EWBR
dominate over the other effects and lead to even bigger differences. For instance, the improved
handling of the helicity of the produced particles and the inclusion of all the possible trilinear
interactions in Vincia leads to an enhancement of the accuracy over the results of the PPPC
which adds electroweak corrections by brute force. While HDMSpectra incorporates similar
electroweak corrections, deviations in the low-energy part of the spectrum may be attributed to
the issues in the matching and soft interference treatments (see the right panel of Fig. 1).



4 Conclusions

We presented improved predictions of particle spectra from DM annihilation/decay for various
cosmic messengers including γ-rays, positrons, antiprotons, and neutrinos using the helicity-
dependent Vincia shower algorithm which is now a plugin of Pythia 8. This approach in-
corporates new effects that were not fully taken into account in previous results, including all
the trilinear boson interactions, full soft-coherence in final-state radiations, and resummation
of electroweak corrections through Sudakov. We have also calculated the spectra for two new
annihilation channels (γZ and HZ) and included full off-shell contributions for DM annihilation
into massive gauge bosons below their production threshold. We also improved on the tuning
of the Pythia 8 parameters for the Lund fragmentation function using LEP data at the Z-
pole. Our results lead to a precision below or around 10% in the energy regions critical for DM
indirect detection experiments and provide vital input for LHAASO, HAWC, CTA and AMS
experiments. The results are publicly available on this GitHub repository.
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