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Abstract

We report on constraints on the lifetime of decaying gravitino dark matter in models with bilinear R-parity violation

derived from observations of cosmic-ray antiprotons with the PAMELA experiment. Performing a scan over a viable set

of cosmic-ray propagation parameters we find lower limits ranging from 8×1028 s to 6×1028 s for gravitino masses from

roughly 100 GeV to 10 TeV. Comparing these limits to constraints derived from gamma-ray and neutrino observations

we conclude that the presented antiproton limits are currently the strongest and most robust limits on the gravitino

lifetime in the considered mass range. These constraints correspond to upper limits on the size of the bilinear R-parity

breaking parameter in the range of 10−8 to 8 × 10−13.
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1. Introduction

The gravitino in models with bilinear R-parity violation is an attractive dark matter (DM) candidate since

this type of models provides a possibility to reconcile the generation of the baryon asymmetry in the Uni-

verse via thermal leptogenesis with the constraints on late-decaying particles from big bang nucleosynthesis

(BBN) [1]: The high reheating temperature required for thermal leptogenesis naturally leads to a thermally

produced gravitino relic abundance that matches the observed DM density in the Universe if the gravitino

mass is in the range of roughly ten to several hundreds of GeV. A tiny violation of R-parity is sufficient to

trigger the decay of the next-to-lightest supersymmetric particle (NLSP) before the time of BBN, thus main-

taining the successful predictions of standard cosmology. The double suppression of the gravitino decay

width by the Planck scale and the small amount of R-parity violation leads to a gravitino lifetime largely

exceeding the age of the Universe, thus making it a viable DM candidate [2].
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An intriguing feature of this type of models is that decaying gravitino DM exhibits a rich phenomenology

although the gravitino usually is thought to be one of the most elusive DM candidates. Interestingly, the

cosmological constraints on the size of R-parity violation allow for a gravitino lifetime that can be probed

by cosmic-ray experiments, i.e. the decay of gravitino DM in the Galactic halo can lead to observable signals

in the spectra of cosmic rays. In this proceedings article we report on lower limits on the gravitino lifetime

and the corresponding upper limits on the amount of R-parity violation that were derived from observations

of cosmic-ray antiprotons with the PAMELA experiment [3, 4]. We also compare the obtained lifetime

limits to constraints derived from gamma-ray and neutrino observations. For a more detailed discussion of

the presented results we refer the interested reader to [5].

2. Gravitino Decay

The gravitino can decay into several two-body final states via bilinear R-parity breaking interactions:

ψ3/2 → γνi,Zνi,W�i and hνi. Depending on the gravitino mass only a subgroup of these final states may

be kinematically accessible for on-shell production. Since the decay channel γνi at leading order does not

produce any antiprotons in the final state, we concentrate on the channels that include massive bosons and

therefore on gravitino masses above the W boson mass. The spectra of protons and antiprotons from these

decay channels were obtained by a simulation with the event generator Pythia 6.4 [6] and the results are

presented in Fig. 1 for a set of gravitino masses m3/2 ranging from 85 GeV to 10 TeV.

Fig. 1. Proton/n antiproton spectra from the decay of the gravitino into Zνi (left), W�i (centre) and hνi (right). The spectra are shown for

gravitino masses of 85 GeV (only W�i) 100 GeV (W�i and Zνi), 150 GeV, 200 GeV, 300 GeV, 500 GeV, 1 TeV, 2 TeV, 3 TeV, 5 TeV, and

10 TeV. They are normalized to the respective gravitino mass to allow for a common presentation of the spectra for all masses.

The antiproton spectrum from gravitino decay is a combination of the above decay channels according

to their respective branching ratios. In the left panel of Fig. 2 we show the branching ratios of the differentffff

gravitino decay channels as a function of the gravitino mass. We considered three example sets of super-

symmetry parameters presenting different cases for the neutralino NLSP: a case with a Bino-like NLSP, affff

case with a Wino-like NLSP and a case with a Higgsino-like NLSP. The branching ratios of the Zνi,W�i

and hνi channels for the different cases of supersymmetry parameters only diffff ffer significantly for gravitinoffff

masses between the W boson mass and a few hundred GeV. The effect on theffff γνi decay channel is more

significant, but in any case its branching ratio drops quickly for gravitino masses above the W boson mass.

For the discussion in these proceedings we focus on the case of gravitino DM with a Bino-like NLSP.

3. Antiproton Limits on the Gravitino Lifetime

Decays of gravitino DM in the Milky Way halo produce antiprotons that subsequently propagate through

the Galaxy and eventually might give a visible contribution to the antiproton spectrum as measured by

cosmic-ray experiments. In fact, antiprotons, being roughly a factor of 104 less abundant than protons in the

cosmic radiation, are an ideal channel to search for exotic sources of cosmic rays like DM decays. This is

because antiprotons as opposed to protons are not produced in astrophysical sources but only by secondary

production in spallation of high-energy cosmic rays on the interstellar medium.
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Fig. 2. Left: Branching ratios of the different gravitino two-body decay channels as a function of the gravitino mass for three choicesffff

of supersymmetry parameters: Bino NLSP, Wino NLSP and Higgsino NLSP. Right: Antiproton flux expected from gravitino decay

compared to the expected flux of antiprotons from secondary production and data from PAMELA. The gravitino signal is calculated for

the case of Bino NLSP, a lifetime of 1028 s and for three different masses: 100 GeV, 1 TeV and 10 TeV. It is shown for MINffff /N MED/MAX

propagation parameters and the coloured bands also show the allowed range of spectra from the scan over propagation parameters.

In the right panel of Fig. 2 we compare the expected antiproton flux from gravitino decays to the data

of the PAMELA experiment [3, 4] and the flux of secondary antiprotons. The data are well explained

by secondary antiprotons and there is no apparent need for any DM contribution. Therefore, antiproton

observations allow to set strong constraints on the gravitino lifetime.

The flux of secondaries is well constrained by the observation of other cosmic-ray species. In particu-

lar the boron-to-carbon ratio plays an important role in constraining the parameters describing cosmic-ray

propagation through the Milky Way. Thus the flux uncertainty is on the level of the experimental error

bars. By contrast, the flux coming from DM decays is subject to larger uncertainties since decays happen

in the spherical halo while secondary antiprotons, like other cosmic-ray species that are used to constrain

the propagation parameters, have their source in the Galactic plane only. The resulting uncertainty amounts

to roughly one order of magnitude. On a more local scale the flux of cosmic rays is influenced by the solar

wind. We treated this so-called solar modulation with the Fisk potential method.

We calculated lower limits on the gravitino lifetime at 95 % CL by requiring that the limiting χ2(τ95 % CL)

deviates from the best-fit χ2(τbest fit) by an amount ΔχΔ 2 corresponding to a 2σ exclusion:

χ2(τ95 % CL) = χ2(τbest fit) + ΔχΔ
2 .

In the left panel of Fig. 3 we show an example for ΔχΔ 2 as a function of the gravitino lifetime for three

gravitino masses and MED propagation parameters from [7]. For very large lifetimes gravitino decays do

not contribute at all to the χ2 statistics. In several cases – in particular for larger gravitino masses – we found

a best-fit lifetime that slightly improves the fit because the central values of the PAMELA data points are

slightly above the expected flux of secondary antiprotons. However, the deviation lies well within the error

bars of the data and this plot confirms that there is no strong statistical significance of a non-vanishing DM

contribution. Therefore, in the right panel of Fig. 3 we only present lower limits on the gravitino lifetime.

Three sources of uncertainty currently limit improvements of the constraints presented here. The first

comes from the rather poor knowledge of the cosmic-ray propagation parameters and we sized this uncer-

tainty in this work. A novelty of this analysis is to not only use a predefined set of propagation param-

eters (MIN/N MED/MAX) but to scan over a large set of parameters that are compatible with cosmic-ray

data [8]. This is possible because we treated antiproton propagation through the Milky Way by a CPU-

friendly method, namely by means of semi-analytical solutions of the cosmic-ray diffusion equation [ffff 9].

Another important source of uncertainty are the spectra of primary cosmic rays like protons and α
particles. Although these species are abundant and quite well measured, there are some discrepancies among

the results of different cosmic-ray experiments. A third source of uncertainty is the limited knowledge offfff

nuclear cross sections that enter into the calculation of antiproton production in cosmic-ray spallation.
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Fig. 3. Left: ΔχΔ 2 as a function of the gravitino lifetime τ3/2 for the case of gravitino DM with a Bino-like NLSP and MED cosmic-ray

propagation parameters. We show three example cases for the gravitino mass: 100 GeV (green), 1 TeV (red) and 10 TeV (blue). We set

lower limits on the gravitino lifetime at ΔχΔ 2 = 4, corresponding to 95% CL. Right: Constraints on the gravitino lifetime derived from

antiproton observations by the PAMELA experiment. We show the constraints for the case of Bino NLSP. Gravitino lifetimes below

the dashed/d solid/d dash-dotted line are excluded at 95 % CL for MIN/N MED/MAX propagation parameters. In addition, the coloured

band shows the whole range of propagation uncertainty derived from a scan over allowed propagation parameters. We also present the

range of limits derived from a previous PAMELA data release.

A strong hope for significant improvements in this field lies in the AMS-02 experiment on the Interna-

tional Space Station. A thorough study of data on all possible cosmic-ray species from a single experiment

would allow to narrow down the uncertainty on the propagation parameters. In addition, AMS-02 will be

able to increase the observed energy range of antiprotons. Therefore, AMS-02 data could lead to strongly

improved constraints or even discover a signal from gravitino decay.

4. Comparison with other Cosmic-Ray Constraints

In addition to the antiproton limits discussed above, also the non-observation of a gravitino decay sig-

nal in other cosmic-ray channels can be used to constrain the gravitino lifetime. A compilation of various

lifetime limits discussed in the literature is presented in the left panel of Fig. 4.1 For light gravitinos the

strongest limits come from gamma-ray line searches [10]. Above the W boson mass threshold the sig-

nificance of these limits is weakened by the steeply falling branching ratio of the γνi decay channel (the

steepness of the falloff is quite model-dependent, cf. Fig. 2). Additional gamma-ray constraints were de-

rived in [11] and [12] by comparing the diffuse flux of prompt gamma rays from gravitino decays in theffff

Galactic halo and at extragalactic distances to the Fermi-LAT determination of the extragalactic gamma-ray

background (EGB) [13],2 and in [12] from the comparison of the expected contribution of gravitino decays

in galaxy clusters to the observed gamma-ray spectra of several clusters. For very heavy gravitinos with

masses above 10 TeV also neutrino bounds become significant. The presented bounds were derived in [11]

from a neutrino flux limit from the direction of the Galactic centre presented by the Super-Kamiokande col-

laboration [14] and from a search for neutrino lines from DM decay in the Galactic halo with the IceCube

22-string configuration [15]. We conclude that despite the large propagation uncertainty the antiproton lim-

its derived in this work are currently the strongest and most robust constraints on the gravitino lifetime for

gravitino masses from roughly 100 GeV to 10 TeV.

However, the gamma-ray and neutrino channels have great potential for future improvements: Updated

Fermi-LAT data on the EGB extending to higher energies and a proper modelling of astrophysical con-

tributions to the EGB are expected to improve the presented gamma-ray constraints notably. In addition,

1Note that these lifetime limits are not all set at the same confidence level. The aim of this figure is just to give a qualitative idea of

how the constraining potential of different cosmic-ray channels compares with each other.ffff
2The authors of [12] used slightly more conservative assumptions to derive the limits, but since their results are only available for a

narrower range of masses, we present the results from [11] for comparison.
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Fig. 4. Left: Comparison of the lower limits on the gravitino lifetime derived from antiproton data with limits from gamma-ray line

searches, the extragalactic gamma-ray background, gamma-rays from galaxy clusters, and neutrinos. The area below the lines is

excluded. For comparison we show in purple the gravitino parameters needed to explain the positron fraction as observed by AMS-02.

Right: Constraints on the amount of R-parity violation as a function of the gravitino mass. We compare the upper limits derived from

antiproton data to upper limits from contributions to the neutrino mass and from the washout of the baryon asymmetry in the early

Universe, and to lower limits from BBN constraints on the late decay of different NLSP candidates.ffff

a much larger neutrino data set from the complete IceCube detector together with a dedicated analysis of

gravitino decays as currently undertaken by the IceCube collaboration3 is expected to lead to a significant

improvement on the neutrino constraints.

The authors of [16] studied gravitino decay in the context of the AMS-02 data on the positron frac-

tion [17] and found that a gravitino with a mass of roughly 1 TeV and a lifetime of roughly 1026 s could

explain the observed rise above 10 GeV.4 However, this conclusion is in strong tension with constraints on

the associated production of antiprotons and gamma rays. Therefore we conclude that gravitino decays can-

not contribute significantly to the AMS-02 data and an astrophysical explanation of the observed rise in the

positron fraction is required in this scenario.

5. Constraints on the Strength of R-parity Violation

The lower limits on the gravitino lifetime can also be used to derive upper limits on the size of the

bilinear R-parity breaking parameter ξ ∝ τ−1/2
3/2

. The resulting constraints are presented in the right panel

of Fig. 4 together with several constraints coming from other considerations: Bilinear R-parity violation

generates a contribution to the neutrino masses and therefore the upper limit on the sum of neutrino masses

from cosmological observations,
∑

mνi < 0.23 eV [18], leads to an upper bound on ξ. Another upper limit

comes from the requirement that a primordially generated baryon asymmetry must not be washed out by

R-parity breaking interactions before the electroweak phase transition [19]. In addition to that, lower bounds

on the size of R-parity violation can be derived from the fact that the NLSP has to decay before the time of

BBN in order not to spoil the successful predictions of the light element abundances. This bound depends

on the nature of the NLSP.

We conclude that for the considered gravitino mass range from roughly 100 GeV to 10 TeV the con-

straints coming from antiproton observations are several orders of magnitude stronger than those derived

from the contribution to the neutrino masses and the washout of the baryon asymmetry. However, they are

not strong enough to completely exclude the parameter space together with lower limits from late NLSP

decay. Only for specific choices of the NLSP and gravitino masses beyond 1 TeV there is no viable pa-

rameter space remaining for this model. More generally, an improvement of the antiproton limits on ξ of

roughly three orders of magnitude will be necessary to robustly rule out the model in the considered mass

3J. Pepper, C. Pérez de los Heros, and C. Rott, private communication (2013).´
4The region displayed in Fig. 4 is not a confidence region but is just meant to indicate the approximate parameter values needed to

explain the data with an inclination following the expected mass dependence for DM decay.
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range. That corresponds to an improvement of the lifetime limits by six orders of magnitude. In view of the

uncertainties connected to an indirect search in a background-dominated channel like antiprotons, it appears

highly unlikely that this goal can be achieved in the foreseeable future. Nevertheless, any improvement on

these searches is more than welcome and might also lead to a detection of a signal from gravitino DM decay.

6. Conclusions

We presented strong limits on the lifetime of unstable gravitino dark matter and the strength of bilinear

R-parity violation derived from PAMELA antiproton data. Although gravitino decays produce cosmic-ray

spectra that could explain the PAMELA excess in the positron fraction, this possibility is in strong tension

with constraints from the associated production of antiprotons and gamma rays. It is also expected that

neutrino telescopes like IceCube will soon have the capability to provide competitive constraints on heavy

gravitinos. In conclusion, we find that for gravitino masses above the W mass threshold antiprotons currently

provide the strongest and most robust constraints on the gravitino lifetime. The upcoming data of the AMS-

02 experiment will even improve the sensitivity of this channel.
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