arXiv:1305.0084v3 [hep-ph] 10 Jul 2013

IPMU-13-0084 ICRR-Report-652-2013-1 July 11, 2013

AMS-02 Positrons from Decaying Wino in the Pure Gravity Mediation Model

Masahiro Ibe^{(a,b)}, Shigeki Matsumoto^{(b)}, Satoshi Shirai^{(c)} and Tsutomu T. Yanagida^{(b)}

(a)Institute for Cosmic Ray Research (ICRR), Theory Group, University of Tokyo, Kashiwa, Chiba 277-8568, Japan (b)Kavli Institute for the Physics and Mathematics of the Universe (IPMU), University of Tokyo, Kashiwa, Chiba 277-8568, Japan (c)Berkeley Center for Theoretical Physics, Department of Physics, and Theoretical Physics Group, Lawrence Berkeley National Laboratory, University of California, Berkeley, CA 94720, USA

Abstract

The AMS-02 collaboration has recently reported an excess of the cosmicray positron fraction, which turned out to be consistent with previous results reported by the PAMELA and Fermi-LAT collaborations. A decaying dark matter with the mass around 1 TeV can be responsible for the excess of the positron fraction when it is interpreted as a dark matter signal. Interestingly, the pure gravity mediation model provides such a dark matter, namely an almost pure neutral wino dark matter, when a tiny R-parity violation through LLE^c interactions is introduced. We show that the decaying wino dark matter well reproduces the energy spectrum of the fraction with being consistent with constraints from cosmic-ray anti-proton and gamma-ray observations.

1 Introduction

The AMS-02 collaboration recently released their first result of the cosmic-ray positron fraction [1]. They reconfirmed the anomalous excess of the positron fraction over the expectation based on simple cosmic-ray propagation models, which had been found by the PAMELA [2] and Fermi-LAT [3] collaborations. One interesting fact the AMS-02 collaboration found is that the positron fraction shows no observable anisotropy. Though it is obviously premature to make a definite statement on it because of limited statistics, this fact encourages several dark matter interpretations of the excess rather than astrophysical interpretations.

When the excess of the positron fraction is interpreted as a dark matter signal, a decaying dark matter with the mass around 1 TeV could be responsible for the excess. In particular, the decay of a wino-like neutralino dark matter is known to naturally account for such an excess as discussed in reference [4]. The winolike dark matter is a natural prediction when the gaugino masses are dominated by the anomaly mediated supersymmetry (SUSY) breaking contributions [5]. Such scenarios have been widely discussed in the models of pure gravity mediation [6, 7], the models with strong moduli stabilization [8], the spread supersymmetry [9], and the minimal split supersymmetry [10], all of which explain the observed mass of about 126 GeV for the Higgs boson [11]. Thanks to the relatively large gravitino mass m_{3/2} = O(100–1000) TeV in these models, almost all of the phenomenological and cosmological problems in SUSY standard model are solved. The mass of the neutral wino dark matter is predicted to be m_{wino} = O(0.1–1) TeV. In particular, the wino with the mass m_{wino} ≃ 2.7 TeV is interesting since its thermal relic can explain the observed dark matter density if it is stable or long-lived [12].

In this paper, we show that the decaying wino dark matter with its mass around 1 TeV can naturally account for the anomalous excess of the positron fraction reported by the AMS-02 collaboration. In particular, if the decay occurs dominantly through R-parity violating interactions LLE^c, the energy spectrum of the positron fraction is well reproduced with being consistent with constraints from cosmic-ray anti-proton and gamma-ray observations. After briefly reviewing the wino dark matter in the framework of the pure gravity mediation model and discussing its decay processes through the LLE^c interactions in section 2, we explicitly show the parameter region (the mass and the lifetime of the wino dark matter) which accounts for the AMS-02 result in section 3. Section 4 is devoted to summary and discussions of some prospects for testing the decaying wino dark matter in (near) future. In the appendix A, we also discuss a “GUT” model for the R-parity violation.

2 Wino dark matter in the PGM model

We first summarize the wino dark matter predicted by the pure gravity mediation (PGM) model [6] and its decay into electrons/positrons through LLE^c interactions, where L and E^c are the lepton doublet and charged lepton singlet, respectively.^{#1} In the PGM model, all gauginos acquire their masses from one-loop anomaly mediated contributions [5], and the neutral wino becomes the LSP. The Higgsino mass term, i.e. μ-term, of order of the gravitino mass is generated through interactions to the R-symmetry breaking sector [13].^{#2} Thus, with such a large μ-term, the mixing between the wino and the bino is highly suppressed. The PGM model therefore predicts the almost pure neutral wino as a dark matter candidate.

The lower limit on the wino mass is currently set by the Large Hadron Collider experiment [15] and the Fermi-LAT [16] observation. In the former case, the direct charged wino production with a disappearing charged track [6, 17] gives a limit as m_{wino} ≳ 110 GeV [18]. In the latter case, the observation of gamma-rays from wino dark matter annihilations at milky-way satellites (dwarf spheroidals) gives a limit as 2.2 TeV ≳ m_{wino} ≳ 500 GeV and m_{wino} ≳ 2.4 TeV [19]. On the other hand, the upper limit on the wino mass is obtained by cosmology. The wino dark matter is produced thermally [12] and non-thermally through gravitino decays^{#3} in the early universe, and both contribute to the dark matter density observed today. It then turns out that the wino mass must be lighter than ∼2.7 TeV in order not to be over-produced. The wino mass of around 2.7 TeV is particularly interesting because the dark matter density is explained only by its thermal relic [12].

The wino dark matter decays into standard model particles when the R-parity is violated in the PGM model. There are several ways to introduce the R-parity violation, which makes the wino meta-stable. The simplest way is the use of L_iH_u interactions with H_u being the up-type Higgs doublet. Then the wino decays into a Z boson plus a neutrino, a Higgs boson plus a neutrino, and a W boson plus a charged lepton [21]. Though the decay processes indeed produce high-energy electrons/positrons, they also produce anti-protons because of cascade decays of Z, W and Higgs bosons, leading to a severe limit on its lifetime [22]. Furthermore, those cascade decays produce gamma-rays with a hard spectrum. High-energy charged lep-

#1The analysis developed in the paper is also applicable to the most of models with heavy sfermion as long as the lightest supersymmetric particle (LSP) is the almost pure wino-like neutralino. #2This effect is not exactly the same as the original Giudice-Masiero mechanism [14], because the Higgsino mass term (the μ-term) is not generated by interactions to the SUSY breaking sector. #3The non-thermal contribution depends also on the reheating temperature (T_R) after inflation, where it is estimated to be Ω^{(NT)}_{wino} h^2 ≃ 0.16 × (m_{wino}/300 GeV) × (T_R/10^{10} GeV) [20, 6].

Figure 1: The decay of the wino dark matter through the interaction λ_{ijk}L_iL_jE^c_k.

tons produced by the two-body decay processes also generate energetic gamma-rays through the inverse Compton scattering (ICS) with the cosmic microwave backgrounds and infra-photons from star lights [23]. Those facts make the decaying wino dark matter interpretation of the positron excess difficult [24].

In this letter, we therefore focus on the wino decay caused by the interactions,

W_{/R} = λ_{ijk} L_iL_j E^c_k, (1)

where we do not have to worry about the constraint from cosmic-ray anti-proton observations, while another constraint from gamma-ray observations also becomes milder than the case of LH_u [4].^{#4} The assumption that R-parity violation is dominated by LLE^c interactions needs to be justified in the grand unified theory (GUT) in which quarks and leptons are unified into GUT multiplets. We discuss a model addressing the origins of the interactions in appendix A, where only LLE^c are generated while suppressing hadronic R-parity violating interactions in a GUT consistent way.

Through the R-parity violating interactions in Eq. (1), the wino dark matter decays into two charged leptons by emitting a neutrino through three-body processes as shown in figure 1. The wino lifetime is then estimated to be [27]

τ_{wino} ∼ 10^{27} [sec.] (λ/10^{−19})^{−2} (m_{wino}/1 TeV)^{−5} (m~_L/10^3 TeV)^4. (2)

The decay can be a source of high-energy cosmic-rays which results in the excess of the positron fraction. In the next section, we discuss positron, electron and gammaray fluxes which are expected from the decaying wino dark matter.

#4 There also be some studies discussing contributions to anti-proton and gamma-ray fluxes from next leading order processes such as the electroweak bremsstrahlung, where these contributions become important in some models aiming to explain the AMS-02 result [25]. In our model, with the wino mass of O(1) TeV, these processes are less significant [26].

3 Signals of the decaying wino dark matter

For dark matter signals, we assume that the left-handed slepton of the third generation (L̃_3) is lighter than those of other generations (L̃_1, L̃_2) and the wino dark matter decay occurs dominantly by exchanging L̃_3. We also assume no flavor violation on the coupling between L̃_i, L_i and W̃^0 for simplicity. In following discussions, we consider the cases of λ_{32i} (i = 1, 2, 3) as a demonstration. Branching fraction of the decay is then given by BF(W̃^0 → τ_Lν_μe_{Ri}) = BF(W̃^0 → μ_Lν_τ e_{Ri}) = 0.5. Subsequent decays of heavier leptons lead to energetic positrons, electrons, neutrinos and photons. High-energy photons are produced also from final state radiations. We estimate the primary spectra of the particles from these prompt decay channels using the Pythia 8 code [28] with a slight modification by us to treat the decay of a polarized lepton.

3.1 Electron and positron fluxes

In the calculation of electron and positron fluxes from the wino decay, the NFW profile [29] is used for the dark matter mass density of our galaxy with the profile parameters being ρ_⊙ = 0.4 GeV/cm^3 (the local halo density), r_c = 20 kpc (the core radius), and r_⊙ = 8.5 kpc (the distance between our solar system and the galactic center). In order to take account of the effect of electron and positron propagations inside our galaxy, we have solved the diffusion equations according to the method in reference [30]. We have mainly used the so-called MED model in the reference, but other models M1 and M2 have also been used to estimate the uncertainty associated with the propagations. The M1 (M2) model maximizes (minimizes) the fluxes with the Boron to Carbon ratio being consistent with its observation.

For astrophysical backgrounds against the signals, we must be careful about their calculations because of large uncertainties. In order to deal with the uncertainties, we have adopted a similar method developed in reference [31]. Using four parameters A^± and p^±, the interstellar background fluxes are parameterized as Φ^{e±}_{BG}(E) = A^± E^{p±} Φ^{e±}_{ref} (E), (3) where Φ^{e±}_{ref} (E) are reference background fluxes, and we have adopted conventional ones obtained by the GALPROP code [32] with the electron injection index being −2.66, which gives the best fit to the observed electron flux at PAMELA [33]. In order to take account of the effect of the solar modulation, which is important for low energy electrons and positrons, we have used the force-field method [34] in both signal and background calculations.

We have fitted above electron and positron fluxes to several experimental data. The data we have considered are the electron flux at PAMELA [33], the combined flux of electron and positron at Fermi-LAT [35], and the positron fraction at AMS-02 [1]. In the fitting to Fermi-LAT data, we have included the systematic uncertainty associated with the absolute energy scale S_{Fermi}. As a result, the electron and positron fluxes are fitted to the data by varying the following nine parameters: the wino lifetime (τ_{wino}), the wino mass (m_{wino}), the background parameters (A^±, p^±), the force-field potentials for electrons and positrons (ϕ^±), and the energy scale (S_{Fermi}). We have varied the parameters A^±, p^±, and ϕ^± within the ranges of A^± ∈ [0, ∞], p^± ∈ [−0.5, 0.5], and ϕ^± ∈ [0, 1] GV, respectively, while adopted the error of the scale S_{Fermi} to be δS_{Fermi} = ±0.1. All the errors associated with S_{Fermi} and experimental data are assumed to be Gaussian and we symmetrize the asymmetric error, if necessary. The fitting has been performed in the energy range of E > 5 GeV for AMS-02 positron fraction, E > 10 GeV for PAMELA electron flux, and E > 20 GeV for Fermi-LAT electron and positron total flux.

3.2 Gamma-ray fluxes

We have considered several types of gamma-ray fluxes from the decaying wino dark matter in order to investigate how severely the mass and width of the wino dark matter are limited. The fluxes we have calculated are the following: The isotropic component of the diffuse gamma-ray flux, the diffused gamma-ray flux from all sky including the region of galactic center but not including the region of galactic plane, gamma-rays from galactic clusters. We have also considered limits on the mass from the wino annihilation, which are also obtained from several gamma-ray observations. In what follows, we explain how the gamma-ray fluxes have been calculated and how we have put limits on the mass and width of the wino.

3.2.1 Isotropic component of the diffuse γ-ray

In order to calculate the isotropic component of the diffuse gamma-ray flux from the wino decay, both galactic and extra-galactic contributions have to be considered. For the galactic contribution, we have calculated the gamma-ray flux in the direction of the anti-galactic center according to the dark matter profile mentioned above. To estimate the galactic ICS contribution, we need to know how the electrons and positrons are diffused globally in the galactic halo. However, the electron/positrons fluxes observed by PAMELA/Fermi/AMS-02 are local ones and not necessarily relate to the global abundance. Its estimation has O(1) uncertainties, depending on the assumption of the diffusion models. Therefore, we have not included the contribution from the ICS in the galactic halo, to be cautious of the large uncertainties.

For extra-galactic component, we have calculated the contribution from the wino decay at all past redshifts, where both prompt decay and ICS with the cosmic microwave background are considered. The calculated flux has been compared with the experimental data officially reported by the Fermi-LAT collaboration [36], and we have put a limit on the mass and width of the wino by demanding that the signal flux from the wino decay does not exceed any Fermi-LAT data points by more than two sigma significance.

3.2.2 All sky survey of the diffuse γ-ray

For the all sky survey, the calculation of the diffused gamma-ray flux from the wino decay is essentially the same as that of the isotropic component. Only the difference is that the flux is now calculated at all directions. We have considered both galactic and extra-galactic contributions in the same manner mentioned above. The calculated flux has been compared with another experimental data reported again by the Fermi-LAT collaboration [37]. We have considered almost of all region of the sky including the region of galactic center but excluding other regions along the galactic plane. The strategy to put a limit on the mass and width of the dark matter is also the same as in the case of isotropic diffused gamma-rays.

3.2.3 γ-ray from galactic clusters

We have focused on the Fornax cluster as a target region to detect the gamma-ray signal, because this cluster is known to give the most severe limit on decaying dark matters among several clusters [38, 39]. In the calculation of the signal flux, we have included the effect concerning the extent of the dark matter profile, which results in a weaker limit than that using a point-source approximation. We have assumed the NFW profile for the dark matter density inside the cluster and estimated the profile parameters ρ_s and r_s with use of Virial concentration parameter (c_{vir}) [40, 41], Virial over-density parameter (Δ_{vir}) [42], and the cluster mass [43, 44] according to reference [42]. Though O(1) uncertainty exists in the estimation, we have adopted the following values for the profile parameters: ρ_s = 0.09 GeV/cm^3 and r_s = 0.14 Mpc. In this setup, the so-called astrophysical J-factor for the signal flux with a radius of one degree centered at the target is J dΩ = 1.9 × 10^{19} GeV cm^{−2}.

In order to estimate the background from the diffuse gamma-ray, we have used

iso p7v6source.txt for its isothermal component and gal 2yearp7v6 v0.fits for its galactic component, where both are provided by the Fermi-LAT collaboration [45]. For the background from point sources, we have varied only the parameters of the source J0334.3-3728 very close to the Fornax cluster as nuisance parameters. Parameters of other point sources in the 2FGL catalog have been fixed to the best fit values under background only hypothesis. With use of make2FGLxml.py [46], we have included 2FGL sources within a radius of fifteen degrees as the background.

We then put a limit through a signal plus background fit. For the experimental data, we have used P7SOURCE V6 event class of the Fermi-LAT data measured between August 4, 2008 and April 21, 2013 in the energy region E > 400 MeV, and in the region of interest (ROI) with a radius of ten degrees centered at the cluster. We have selected events passing the conditions recommended by the Fermi-LAT collaboration, using the package Fermi Science Tools [47].

3.2.4 γ-ray from the wino annihilation

We have also considered the limit on the wino mass from the wino annihilation. This is because that the annihilation cross section of the wino (mainly into W boson pair) is significantly enhanced in some O(1) TeV mass region. The most severe limit is again from several gamma-ray observations at Fermi-LAT. We have therefore included the limits in our analysis obtained from observations of dwarf spheroidal galaxies [16, 48], galactic clusters [49, 48], and diffuse photons [36, 37].

3.3 Results

We are now at the position to discuss out results on the electron/positron flux and limits from gamma-ray observations, all of which have been obtained from numerical computations based on the strategy mentioned in the previous subsection. In figure 2, the fitting result is depicted in each panel as contour lines of Δχ^2 = 2.3, 6.0, and 9.2, corresponding to 68th, 95th, and 99th percentile of the Chi-Squared distribution with two degrees of freedom, respectively. The red, green, and blue contours are the results of fitting to the AMS-02, Fermi-LAT, and both the AMS-02 & Fermi-LAT data. The PAMELA data of the electron flux is always used in the all fittings, where it plays an important role to fix the normalization of the background electron flux. The limits from gamma-ray observations at the Fermi-LAT experiment [36, 50] are also shown in each panel, where the black solid line named “Fermi γ (Isotropic)” and the blue dash-dotted line named “Fermi γ (All-GP+GC)” are from the isotropic component and all sky survey of the diffuse gamma-ray observations, while the pink

Figure 2: Fitting results and limits from γ-ray observations. See text for explanation.

dotted line named “Fermi γ (Fornax)” is from the gamma-ray observation of the Fornax cluster. The limit form the wino annihilation is shown as a grey shaded region named “Fermi γ (Annihilation)”. The best fitted mass and width of the wino are summarized in table 1 with the absolute value of the χ^2 divided by the degree of freedom. For convenience to estimate the uncertainty associated with electron and positron propagations in our galaxy, the fitting results using M1 and M2 diffusion models are also shown in the table. One can see that the uncertainty of the propagation model does not change the result drastically. In figure 3, we have also plotted the positron fraction and the combined electron plus positron flux for the case of best fit parameters with keeping the wino mass at 3 TeV.

For the results, we first notice that the decaying wino dark matter with LLE^c interactions is indeed consistent with cosmic-ray electron and positron fluxes reported by AMS-02 and other collaborations. Furthermore, the most of the parameter space (the mass and width of the wino) explaining the positron anomaly is still consistent with gamma-ray observations, which is sharp contrast to the case of the decaying dark matter with LH_u interactions. It is also clearly seen that the wino dark matter decaying into leptons of first and second generations requires the shorter lifetime than the one decaying into third generation leptons as expected. On the other hand, in some cases, the limits from the diffuse gamma-ray observations start excluding

Figure 3: Some examples of cosmic-ray signals with the wino mass of m_{DM} = 3 TeV: Left panels show the predicted positron fraction and experimental data [1, 2, 3, 51, 52], while right panels show the electron and/or positron flux [33, 35, 53, 54, 55]. The shaded region shows the systematics error associated with the scale of absolute energy at the H.E.S.S. experiment. The best fitted Fermi energy scale is taken in the plot.

Table 1: Fit results in some selected parameter space. See text for explanation.

Mode Data m_{wino} [GeV] log_{10}(τ [sec]) χ^2/dof Background AMS-02 - - 55.1/67 Background Fermi - - 47.8/43 Background AMS-02 + Fermi - - 271.8/93 L_3L_2E^c_1 AMS-02 806 26.8 43.7/65 L_3L_2E^c_1 Fermi 2611 26.3 26.3/41 L_3L_2E^c_1 AMS-02 + Fermi 2290 26.4 65.9/91 L_3L_2E^c_1 AMS-02 + Fermi 3000 (fixed) 26.4 69.2/92 L_3L_2E^c_2 AMS-02 1581 26.5 40.3/65 L_3L_2E^c_2 Fermi 5055 25.9 12.3/41 L_3L_2E^c_2 AMS-02 + Fermi 4209 26.1 62.4/91 L_3L_2E^c_2 AMS-02 + Fermi 3000 (fixed) 26.1 70.3/92 L_3L_2E^c_3 AMS-02 2784 26.0 36.1/65 L_3L_2E^c_3 Fermi 7439 25.5 25.5/41 L_3L_2E^c_3 AMS-02 + Fermi 7957 25.8 57.2/91 L_3L_2E^c_3 AMS-02 + Fermi 3000 (fixed) 25.8 89.7/92 L_3L_2E^c_1(M1) AMS-02 + Fermi 2276 26.3 65.7/91 L_3L_2E^c_2(M1) AMS-02 + Fermi 4172 26.0 61.6/91 L_3L_2E^c_3(M1) AMS-02 + Fermi 7887 25.8 56.8/91 L_3L_2E^c_1(M2) AMS-02 + Fermi 2322 26.4 74.5/91 L_3L_2E^c_2(M2) AMS-02 + Fermi 4979 26.1 72.1/91 L_3L_2E^c_3(M2) AMS-02 + Fermi 5678 25.8 63.8/91

the parameter region. When the observation of its isotropic component is (officially) updated using the full data set that the Fermi-LAT collaboration already has, the decaying wino dark matter with some particular LLE^c interactions such as L_3L_2E^c_3 will be favored or excluded. Even if the update result does not show the deviation from astrophysical backgrounds, the decaying wino dark matter into first and/or second generation leptons, such as the decay via L_1L_2E^c_2, will survive.

Another interesting thing we should point out is that the mass of the wino dark matter can be estimated from the results. It is trivial that the wino mass much lighter than 1 TeV is not consistent with the observed positron fraction. On the other hand, the wino mass much heavier than 1 TeV is also disfavored because the lifetime is too short to evade the gamma-ray constraints. Roughly speaking, the wino mass should be at around 3 TeV, which is nothing but the region the pure gravity mediation model predicts. Furthermore, with an appropriate LLE^c interaction, the best fit value of the wino mass is just around 2.7 TeV, which is a very interesting coincidence because the pure wino dark matter predicts the mass of 2.7 TeV when its abundance observed today is from its thermal relic.

Finally, we would like to comment on a slight discrepancy between the result fitting to AMS-02 and that fitting to Fermi-LAT. The discrepancy is actually not due to our model but from the one between the two experimental results as already pointed out by recent studies [56]. The essential reason is that the positron fraction that the AMS-02 collaboration reported is somewhat shallower than that reported by the PAMELA collaboration which is known to be consistent with the combined electron plus positron flux reported by the Fermi-LAT collaboration. As a result, for the decaying wino dark matter scenario, the wino lifetime to explain the AMS-02 result is always longer than that to explain the Fermi-LAT result, and it makes the discrepancy. The AMS-02 experiment will report on their new results of electron and positron fluxes in near future, and then we will have a clue to understand the discrepancy. Once we know the reason, more accurate analyses of the decaying wino dark matter will be possible.

4 Summary

In light of the recent result of the positron fraction reported by the AMS-02 collaboration, we have discussed the decay of the wino dark matter through LLE^c interactions in the framework of the PGM model. The PGM model predicts the almost pure neutral wino as a lightest supersymmetric particle, namely a candidate for dark matter, whose mass is predicted to be around 1 TeV. This result is very interesting because the AMS-02 result in fact requires the dark matter mass around 1 TeV if the excess of the positron fraction is interpreted as a decaying dark matter signal. Furthermore, we have explicitly shown that the decaying wino through LLE^c interactions well reproduce the AMS-02 result with being consistent with constraints from anti-proton and gamma-ray observations. We have also discussed a model of the R-parity violation where only leptonic R-parity violating interactions are generated in the appendix, while neither the other hadronic R-parity violating interactions nor bi-linear R-parity violating interactions are generated. Such a model is crucial to avoid the constraint from cosmic-ray anti-proton observations.

Here, we comment on some future prospects for testing the decaying wino dark matter. One of the distinct properties of the wino dark matter is that both its annihilation and decay provide signals to cosmic-ray and gamma-ray observations. This is sharp contrast to other dark matter candidates such as the decaying gravitino or stable particles whose decay are forbidden. The decaying wino dark matter can therefore be tested in various indirect searches. For instance, the wino produces antiprotons thorough its annihilation, which is expected to be detected at the AMS-02 experiment in near future [6, 9]. As can be seen in previous section, the wino also produces diffused gamma-rays mainly through its decay, which can also be used to test the dark matter when data is accumulated enough.

Another interesting test for the decaying wino dark matter is the observations of galactic clusters and dwarf spheroidal galaxies using future gamma-ray telescopes. The decay process of the wino dominantly contributes to the signal from galactic clusters, which will be detected in the future at the next generation air-Cherenkov telescopes [24]. On the other hand, the annihilation process of the wino becomes comparable to the decay process at the signal from dwarf spheroidal galaxies, which is also expected to be observed in future satellite experiments [57]. When both signals are detected and their energy spectra are measured accurately, these signals from the above two processes have a potential to be a smoking-gun signature.

Acknowledgments This work is supported by the Grant-in-Aid for Scientific research from the Ministry of Education, Science, Sports, and Culture (MEXT), Japan (No. 24740151 for M.I., No. 23740169 for S.M. and No. 22244021 for S.M. & T.T.Y), and also by the World Premier International Research Center Initiative (WPI Initiative), MEXT, Japan.

A Possible origin of LLE^c interactions

In this paper, we have assumed that the R-parity violation is dominated by LLE^c interactions. If we consider the GUT, however, LLE^c interactions are accompanied by the other R-parity violating interactions U^cD^cD^c and QD^cL when they originate in the R-parity violating interaction 10 5^∗ 5^∗. Here, we have used SU(5) GUT representations for the MSSM matter fields, 10 = (Q_L, Ū_R, Ē_R) and 5^∗ = (D̄_R, L_L). Note that those accompanied R-parity violating interactions do not cause rapid proton decay because of λ = O(10^{−19}) which is favored for the observed excess of the positron

10 5^∗ Φ(5) Φ̄(5^∗) X(1) X̄(1) Σ(1) Ē_H (1) E_H (1) L_H (1) L̄_H (1) SU(2)_H 1 1 2 2 2 2 3 + 1 1 1 2 2 U(1)_H 0 0 −1/2 1/2 −1/2 1/2 0 1 −1 −1/2 1/2

Table 2: Charge assignments on the SU(5) × U(2)_H GUT gauge groups. Flavor indices of 10, 5^∗, L_H , L̄_H , E_H , and Ē_H are suppressed for simplicity.

fraction.^{#5} However, they cause a large flux of cosmic-ray anti-protons which easily exceeds the observed constraint on it [22].

In this appendix, we discuss a model where LLE^c interactions are accompanied by neither U^cD^cD^c nor QD^cL interactions in a GUT-consistent way. For this purpose, we consider an SU(5) × U(2)_H product group GUT model [59], where LLE^c interactions originate not in 10 5^∗ 5^∗ but in R-parity violating interactions consisting of additional lepton-like fields, L_H , L̄_H , E_H and Ē_H , in the U(2)_H sector (see table 2).^{#6}

Let us first briefly review the product group GUT model based on SU(5) × U(2)_H . In this model, no adjoint of SU(5) is introduced and the GUT gauge symmetries are broken by the vacuum expectation values of bi-fundamental fields Φ and Φ̄ in table 2, ⟨Φ^i_a⟩ = vδ^i_a and ⟨Φ̄^a_i ⟩ = vδ^a_i , where v denotes a dimensionful parameter around the GUT scale and indices run as a = 1–5 and i = 1–2. Such vacuum expectation values are obtained as a supersymmetric solution of the superpotential: W = √ 2 Φ̄^a_j Σ^A (t^A)^j_i Φ^i_a + √ 2 X̄_j Σ^A (t^A)^j_i X^i − √ 2 v^2 Σ^0, (4)

where t^A denotes Pauli matrices divided by two (t^{1,2,3} = σ^{1,2,3}/2) and the twodimensional unit matrix divided by 2 (t^0 = 1_{2×2}/2). With the vacuum expectation values, SU(5) × U(2)_H are spontaneously broken down into MSSM gauge groups.

As a remarkable feature of this model, MSSM Higgs doublets are not embedded in the fundamental representations of SU(5) but embedded in the doublets of U(2)_H , i.e. H_d ∼ Φ̄^a_i X^i and H_u ∼ Φ^i_aX̄_i. Therefore, the doublet-triplet problem is absent since no colored Higgs multiplets are introduced in this model.^{#7} MSSM Yukawa interactions are effectively given by higher dimensional operators, W = 1 M_∗ 10 5^∗ Φ̄ X + 1 M_∗ 10 10 Φ X̄, (5)

#5This should be contrasted to the decaying gravitino dark matter scenario [58, 21] which explains the excess of the positron fraction through the R-parity violating interactions. That is, since the decaying gravitino dark matter requires much larger R-parity violating LLE^c interactions, the accompanied U^cD^cD^c and QD^cL interactions lead to a too short lifetime of a proton. #6For a related model of R-parity violation based on a product group GUT, see reference [60]. #7All the other modes consisting of Φ’s and Σ obtain masses at the GUT scale.

where flavor and gauge indices are suppressed. These higher dimensional operators may be generated by integrating out heavy particles, so that the dimensionful parameter M_∗ is of the order of the GUT scale.

Let us now introduce R-parity violation consisting of the hidden lepton-like fields,

W = λ_H L_H L_HĒ_H , (6)

where couplings λ_H is a dimensionless parameter. The hidden lepton-like fields have masses M_L and M_E which are assumed at GUT scale. Note that we need at least two pairs of the lepton-like doublets for non-vanishing R-parity violating interactions.

After the GUT breaking, the R-parity violation of the lepton-like fields is mediated to the MSSM leptons through W = κ_k Φ L_k L̄_H , which cause mixing between L_H and L’s with the angles of κ_kv/M_L. In addition, we also consider higher dimensional operators, W = (κ^′_k/M_∗) 10_k Φ̄ Φ̄ E_H = (κ^′_kv^2/M_∗)E^c_k E_H , which lead to the mixing angles between E_H and E’s, κ^′_iv^2/(M_∗M_E ). Through these mixings, R-parity violating interactions of the lepton-like fields generate the required leptonic R-parity violating operator, W = λ_H κ_i κ_j κ^′_k v^4 M^2_L M_E M_∗

L_iL_j E^c_k, (7)

while U^cD^cD^c and QD^cL interactions are suppressed. In this way, we obtain a model in which only the leptonic R-parity violation is realized in a GUT consistent manner. For κ_k = O(1), M_L ∼ M_E ∼ v ≃ 10^{16} GeV and M_∗ ≃ 10^{17} GeV, and λ_H ≃ 10^{−18}, we obtain the required R-parity violation λ ≃ 10^{−19}.^{#8}

References

[1] M. Aguilar et al. [AMS Collaboration], Phys. Rev. Lett. 110 (2013) 14, 141102. [2] O. Adriani et al. [PAMELA Collaboration], Nature 458, 607 (2009) [arXiv:0810.4995 [astro-ph]].

[3] M. Ackermann et al. [Fermi LAT Collaboration], Phys. Rev. Lett. 108, 011103 (2012) [arXiv:1109.0521 [astro-ph.HE]].

#8 One may consider a simpler model where no E_H ’s are introduced. In this case, the LLE^c originates in an R-parity violating interaction, 10Φ̄L_HΦ̄L through the mixing between L and L_H without accompanied by the problematic U^cD^cD^c and QD^cL interactions. In this simpler model, one may suppress other R-parity violating terms by assuming Z_{10R} symmetry with charge assignments, 10(2), 5^∗(−2), Φ(−2), Φ̄(2), Σ(2), X(0), X̄(0), L_H (−2), L̄_H (2), and the right-handed neutrino N^c_R(6), which allows the see-saw mechanism [61].

[4] S. Shirai, F. Takahashi and T. T. Yanagida, Phys. Lett. B 680, 485 (2009) [arXiv:0905.0388 [hep-ph]].

[5] G. F. Giudice, M. A. Luty, H. Murayama and R. Rattazzi, JHEP 9812, 027 (1998) [hep-ph/9810442]; L. Randall and R. Sundrum, Nucl. Phys. B 557, 79 (1999) [hep-th/9810155]; M. Dine and D. MacIntire, Phys. Rev. D 46, 2594 (1992) [hep-ph/9205227]; J. A. Bagger, T. Moroi and E. Poppitz, JHEP 0004, 009 (2000) [hep-th/9911029]; P. Binetruy, M. K. Gaillard and B. D. Nelson, Nucl. Phys. B 604, 32 (2001) [hep-ph/0011081].

[6] M. Ibe, T. Moroi and T. T. Yanagida, Phys. Lett. B 644, 355 (2007) [hepph/0610277]; M. Ibe and T. T. Yanagida, Phys. Lett. B 709, 374 (2012) [arXiv:1112.2462 [hep-ph]]; M. Ibe, S. Matsumoto and T. T. Yanagida, Phys. Rev. D 85, 095011 (2012) [arXiv:1202.2253 [hep-ph]].

[7] B. Bhattacherjee, B. Feldstein, M. Ibe, S. Matsumoto and T. T. Yanagida, Phys. Rev. D 87, 015028 (2013) [arXiv:1207.5453 [hep-ph]]; J. L. Evans, M. Ibe, K. A. Olive and T. T. Yanagida, arXiv:1302.5346 [hep-ph].

[8] E. Dudas, C. Papineau and S. Pokorski, JHEP 0702, 028 (2007) [hepth/0610297]; H. Abe, T. Higaki, T. Kobayashi and Y. Omura, Phys. Rev. D 75, 025019 (2007) [hep-th/0611024]; R. Kallosh, A. Linde, K. A. Olive and T. Rube, Phys. Rev. D 84, 083519 (2011) [arXiv:1106.6025 [hep-th]]; A. Linde, Y. Mambrini and K. A. Olive, Phys. Rev. D 85, 066005 (2012) [arXiv:1111.1465 [hep-th]]; E. Dudas, A. Linde, Y. Mambrini, A. Mustafayev and K. A. Olive, Eur. Phys. J. C 73, 2268 (2013) [arXiv:1209.0499 [hep-ph]].

[9] L. J. Hall and Y. Nomura, JHEP 1201, 082 (2012) [arXiv:1111.4519 [hep-ph]];

L. J. Hall, Y. Nomura and S. Shirai, JHEP 1301, 036 (2013) [arXiv:1210.2395 [hep-ph]].

[10] N. Arkani-Hamed, IFT Inaugural Conference (2011),

http://www.ift.uam.es/workshops/Xmas11/?q=node/2; N. Arkani-Hamed,

SavasFest: Celebration of the Life and Work of Savas Dimopoulos (2012),

http://www.stanford.edu/dept/physics/events/2012/SavasFest
/slides/Nima\%20Arkani-Hamed.pdf; N. Arkani-Hamed, A. Gupta, D. E. Ka-

plan, N. Weiner and T. Zorawski, arXiv:1212.6971 [hep-ph].

[11] Y. Okada, M. Yamaguchi and T. Yanagida, Prog. Theor. Phys. 85, 1 (1991);

Y. Okada, M. Yamaguchi and T. Yanagida, Phys. Lett. B 262, 54 (1991); J. R. Ellis, G. Ridolfi and F. Zwirner, Phys. Lett. B 257, 83 (1991); H. E. Haber and R. Hempfling, Phys. Rev. Lett. 66, 1815 (1991); H. E. Haber and

R. Hempfling, Phys. Rev. Lett. 66, 1815 (1991); J. R. Ellis, G. Ridolfi and F. Zwirner, Phys. Lett. B 262, 477 (1991).

[12] J. Hisano, S. Matsumoto, M. Nagai, O. Saito and M. Senami, Phys. Lett. B 646, 34 (2007) [hep-ph/0610249].

[13] K. Inoue, M. Kawasaki, M. Yamaguchi and T. Yanagida, Phys. Rev. D 45 (1992) 328.

[14] G. F. Giudice and A. Masiero, Phys. Lett. B 206, 480 (1988). [15] [ATLAS Collaboration], ATLAS-CONF-2012-111.

[16] M. Ackermann et al. [Fermi-LAT Collaboration], Phys. Rev. Lett. 107, 241302 (2011) [arXiv:1108.3546 [astro-ph.HE]].

[17] S. Asai, T. Moroi, K. Nishihara and T. T. Yanagida, Phys. Lett. B 653, 81 (2007) [arXiv:0705.3086 [hep-ph]]; S. Asai, T. Moroi and T. T. Yanagida, Phys. Lett. B 664, 185 (2008) [arXiv:0802.3725 [hep-ph]]; S. Asai, Y. Azuma, O. Jinnouchi, T. Moroi, S. Shirai and T. T. Yanagida, Phys. Lett. B 672, 339 (2009) [arXiv:0807.4987 [hep-ph]].

[18] M. Ibe, S. Matsumoto and R. Sato, Phys. Lett. B 721, 252 (2013) [arXiv:1212.5989 [hep-ph]].

[19] J. Hisano, S. Matsumoto and M. M. Nojiri, Phys. Rev. Lett. 92, 031303 (2004) [hep-ph/0307216]; J. Hisano, S. .Matsumoto, M. M. Nojiri and O. Saito, Phys. Rev. D 71, 063528 (2005) [hep-ph/0412403].

[20] T. Moroi and L. Randall, Nucl. Phys. B 570, 455 (2000) [hep-ph/9906527]. [21] A. Ibarra and D. Tran, Phys. Rev. Lett. 100, 061301 (2008) [arXiv:0709.4593 [astro-ph]]; K. Ishiwata, S. Matsumoto and T. Moroi, Phys. Rev. D 78, 063505 (2008) [arXiv:0805.1133 [hep-ph]]; K. Ishiwata, S. Matsumoto and T. Moroi, Phys. Lett. B 675, 446 (2009) [arXiv:0811.0250 [hep-ph]]; K. Ishiwata, S. Matsumoto, T. Moroi and , JHEP 0905, 110 (2009) [arXiv:0903.0242 [hep-ph]]; M. Ibe, S. Iwamoto, S. Matsumoto, T. Moroi and N. Yokozaki, arXiv:1304.1483 [hep-ph].

[22] M. Garny, A. Ibarra and D. Tran, JCAP 1208, 025 (2012) [arXiv:1205.6783 [hep-ph]].

[23] S. Matsumoto, K. Ishiwata and T. Moroi, Phys. Lett. B 679, 1 (2009) [arXiv:0905.4593 [astro-ph.CO]].

[24] M. Cirelli, E. Moulin, P. Panci, P. D. Serpico and A. Viana, Phys. Rev. D 86, 083506 (2012) [arXiv:1205.5283 [astro-ph.CO]].

[25] A. De Simone, A. Riotto and W. Xue, JCAP 1305, 003 (2013) [arXiv:1304.1336 [hep-ph]].

[26] P. Ciafaloni, D. Comelli, A. Riotto, F. Sala, A. Strumia and A. Urbano, JCAP 1103, 019 (2011) [arXiv:1009.0224 [hep-ph]].

[27] R. Barbier, C. Berat, M. Besancon, M. Chemtob, A. Deandrea, E. Dudas, P. Fayet and S. Lavignac et al., Phys. Rept. 420, 1 (2005) [hep-ph/0406039].

[28] T. Sjostrand, S. Mrenna and P. Z. Skands, Comput. Phys. Commun. 178, 852 (2008) [arXiv:0710.3820 [hep-ph]].

[29] J. F. Navarro, C. S. Frenk and S. D. M. White, Astrophys. J. 490, 493 (1997) [astro-ph/9611107].

[30] T. Delahaye, R. Lineros, F. Donato, N. Fornengo and P. Salati, Phys. Rev. D 77, 063527 (2008) [arXiv:0712.2312 [astro-ph]].

[31] M. Cirelli, M. Kadastik, M. Raidal and A. Strumia, Nucl. Phys. B 813, 1 (2009) [arXiv:0809.2409 [hep-ph]].

[32] A. W. Strong and I. V. Moskalenko, Astrophys. J. 509, 212 (1998) [astroph/9807150].

[33] O. Adriani et al. [PAMELA Collaboration], Phys. Rev. Lett. 106, 201101 (2011) [arXiv:1103.2880 [astro-ph.HE]].

[34] L. J. Gleeson and W. I. Axford, Astrophys. J. 154, 1011 (1968). [35] M. Ackermann et al. [Fermi LAT Collaboration], Phys. Rev. D 82, 092004 (2010) [arXiv:1008.3999 [astro-ph.HE]].

[36] A. A. Abdo et al. [Fermi-LAT Collaboration], Phys. Rev. Lett. 104, 101101 (2010) [arXiv:1002.3603 [astro-ph.HE]].

[37] M. Ackermann et al. [Fermi-LAT Collaboration], Phys. Rev. D 86, 022002 (2012) [arXiv:1205.2739 [astro-ph.HE]].

[38] L. Dugger, T. E. Jeltema and S. Profumo, JCAP 1012, 015 (2010) [arXiv:1009.5988 [astro-ph.HE]].

[39] X. Huang, G. Vertongen and C. Weniger, JCAP 1201, 042 (2012) [arXiv:1110.1529 [hep-ph]].

[40] D. A. Buote, F. Gastaldello, P. J. Humphrey, L. Zappacosta, J. S. Bullock, F. Brighenti and W. G. Mathews, Astrophys. J. 664, 123 (2007) [astroph/0610135].

[41] A. R. Duffy, J. Schaye, S. T. Kay and C. Dalla Vecchia, Mon. Not. Roy. Astron.

Soc. 390, L64 (2008) [arXiv:0804.2486 [astro-ph]].

[42] W. Hu and A. V. Kravtsov, Astrophys. J. 584, 702 (2003) [astro-ph/0203169]. [43] T. H. Reiprich and H. Boehringer, Astrophys. J. 567, 716 (2002) [astroph/0111285].

[44] Y. Chen, T. H. Reiprich, H. Bohringer, Y. Ikebe and Y. -Y. Zhang, [astroph/0702482 [ASTRO-PH]].

[45] http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html. [46] http://fermi.gsfc.nasa.gov/ssc/data/analysis/user/. [47] http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/. [48] S. Ando and D. Nagai, JCAP 1207, 017 (2012) [arXiv:1201.0753 [astro-ph.HE]]. [49] M. Ackermann, M. Ajello, A. Allafort, L. Baldini, J. Ballet, G. Barbiellini, D. Bastieri and K. Bechtol et al., JCAP 1005, 025 (2010) [arXiv:1002.2239 [astro-ph.CO]].

[50] M. Ackermann et al. [Fermi-LAT Collaboration], arXiv:1006.0748 [astro-ph.HE]. [51] S. W. Barwick et al. [HEAT Collaboration], Astrophys. J. 482, L191 (1997) [arXiv:astro-ph/9703192].

[52] M. Aguilar et al. [AMS-01 Collaboration], Phys. Lett. B 646, 145 (2007) [arXiv:astro-ph/0703154].

[53] F. Aharonian et al. [H.E.S.S. Collaboration], Phys. Rev. Lett. 101, 261104 (2008) [arXiv:0811.3894 [astro-ph]].

[54] F. Aharonian et al. [H.E.S.S. Collaboration], arXiv:0905.0105 [astro-ph.HE]. [55] J. Chang et al. [ATIC Collaboration], Nature 456, 362 (2008). [56] Q. Yuan, X. -J. Bi, G. -M. Chen, Y. -Q. Guo, S. -J. Lin and X. Zhang, arXiv:1304.1482 [astro-ph.HE]; Q. Yuan and X. -J. Bi, arXiv:1304.2687 [astroph.HE].

[57] http://gamma400.lebedev.ru/indexeng.html.

[58] W. Buchmuller, L. Covi, K. Hamaguchi, A. Ibarra and T. Yanagida, JHEP 0703, 037 (2007) [hep-ph/0702184 [HEP-PH]].

[59] T. Yanagida, Phys. Lett. B 344 (1995) 211 [hep-ph/9409329]; J. Hisano and T. Yanagida, Mod. Phys. Lett. A 10 (1995) 3097 [hep-ph/9510277]; K. I. Izawa and T. Yanagida, Prog. Theor. Phys. 97 (1997) 913 [hep-ph/9703350].

[60] B. Bhattacherjee, J. L. Evans, M. Ibe, S. Matsumoto and T. T. Yanagida, arXiv:1301.2336 [hep-ph].

[61] T. Yanagida, in Proceedings of the Workshop on Unified Theory and Baryon Number of the Universe, eds. O. Sawada and A. Sugamoto (KEK, 1979) p.95; M. Gell- Mann, P. Ramond and R. Slansky, in Supergravity, eds. P. van Niewwenhuizen and D. Freedman (North Holland, Amsterdam, 1979); S.L. Glashow, in Quarks and Leptons, Cargèse 1979, eds. M. Lévy, et al., (Plenum 1980 New York), p. 707; R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980). See also P. Minkowski, Phys. Lett. B67, 421 (1977).