arXiv:1011.6550v1 [hep-ph] 30 Nov 2010

Radiative corrections to neutralino annihilation: Recent developments

Björn Herrmann^∗ Deutsches Elektronen-Synchrotron (DESY), Notkestraße 85, D-22603 Hamburg, Germany E-mail: bjoern.herrmann@desy.de

Evaluating the relic density of dark matter is an interesting possibility to constrain the parameter space of new physics models. However, this calculation is affected by several sources of uncertainty. On the particle physics side, considerable progress has been made in the recent years concerning the calculation of the annihilation cross-section of dark matter, which is needed in this context. In particular, within the Minimal Supersymmetric Standard Model, the theoretical uncertainty has been reduced through the calculation of loop corrections. The present contribution gives an overview over the achievements that have been made in QCD corrections to neutralino pair annihilation. The numerical impact is illustrated for a few examples.

Identification of Dark Matter 2010-IDM2010 July 26-30, 2010 Montpellier, France

∗Speaker.

© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/

1. Motivation

Among the most compelling evidence for physics beyond the Standard Model of particle physics is the presence of cold dark matter (CDM) in our universe. Assuming the standard cosmological ΛCDM scenario, recent cosmological measurements constrain its relic density to

0.1053 < Ω_{CDM}h^2 < 0.1193 (1.1)

at 95% confidence level. The given limit is based on the 7-year data from the WMAP mission in combination with other observations [1].

For a given new physics scenario, the relic abundance of a dark matter candidate in our universe can be evaluated by solving the Boltzmann equation dn dt = − 3Hn − ⟨σ_{ann}v⟩ ( n^2 − n^2_{eq} ) , (1.2)

which describes the evolution of the number density n of the dark matter candidate. The first term on the right hand side conveys the dilution due to the expansion of the universe, H denoting the (time-dependent) Hubble parameter. The second term is related to annihilation and co-annihilations of dark matter. Here, n_{eq} is the number density in thermal equilibrium. The total (co-)annihilation cross-section σ_{ann}, multiplied by the relative velocity v, has to be convolved with the velocity distribution to obtain the thermal averaged cross-section ⟨σ_{ann}v⟩. After integrating the Boltzmann equation, Eq. (1.2), the relic density of dark matter is given by Ω_{CDM}h^2 = m_χ n_0/ρ_c, m_χ and n_0 being the mass and present number density of the dark matter particle, respectively, and ρ_c the critical density of the universe. This cosmological constraint gives additional information with respect to mass limits from collider searches and precision measurements such as the rare decay b → sγ or the anomalous magnetic moment of the muon (g − 2)_μ .

In the Minimal Supersymmetric Standard Model (MSSM), one of the most convincing dark matter candidates is the lightest neutralino, which is stable if it is the lightest superpartner and if R-parity is conserved. Several public tools exist, that perform a numerical calculation of the neutralino relic density for a given set of parameters. In these packages, such as DarkSUSY [2] or micrOMEGAs [3], all processes that contribute to the annihilation cross-section are implemented, but mostly only as a pure leading order calculation. Radiative corrections are included only for very sensitive quantities, e.g., the bottom Yukawa coupling. However, it is well known that nextto-leading order corrections can have sizeable impacts on cross-sections, and may in consequence alter the prediction of the dark matter relic density.

Recently, several results for corrections to the dark matter annihilation cross-section have been published. Here, we focus on corrections of O(α_s) [4, 5, 6], which are most important in case of neutralino pair annihilation into quarks. For other processes, such as annihilation into gauge bosons or leptons, electroweak corrections can be important in the same manner. Details and a numerical analysis for this case can be found in Refs. [7]. Moreover, one-loop corrections due to the exchange of a gauge or Higgs boson in the initial state have been investigated in Ref. [8]. Finally, let us note that the prediction of the relic density is affected by further uncertainties.

In the next Section, a brief overview over the annihilation of neutralinos into quarks and the associated corrections of order α_s is presented. Numerical examples follow in Sec. 3. Finally, conclusions are given in Sec. 4.

Figure 1: Tree-level processes contributing to neutralino pair annihilation into quark-antiquark pairs. Annihilation is possible through the exchange of a Higgs-boson (H^0_k = h^0,H^0,A^0), a Z-boson, or a squark (q̃_i = q̃_1,q̃_2).

2. Neutralino annihilation into quark-antiquark pairs

In the following, we focus on neutralino pair annihilation into quark-antiquark pairs. The relevant Feynman diagrams are depicted in Fig. 1. In the constrained MSSM (cMSSM) with unification conditions at the GUT scale, the annihilation into third generation quarks dominates in wide ranges of the WMAP-favoured parameter space [5]. At low values of the gaugino mass parameter m_{1/2}, the annihilation proceeds efficiently through a resonance of the light scalar Higgs-boson h^0 into bb̄ final states. In the so-called focus point region at high scalar masses m_0, important final states are tt̄ that occur through the resonance of the heavy scalar Higgs H^0. Finally, for large tan β , the so-called “A-Funnel” region with resonant annihilation into bb̄ through a pseudoscalar Higgs A^0 opens.

While in the cMSSM, mostly Higgs-resonances are relevant, the exchange of a Z-boson or a squark can be enhanced if (at least some of) the unification conditions are relaxed. In consequence, the higgsino fraction of the neutralino can be altered, leading to enhanced couplings to the Z-boson. This is the case, e.g., for scenarios with non-universal Higgs masses (NUHM) or non-universal gaugino masses. The exchange of squarks is preferred for light squark masses, which occurs in particular for a large trilinear coupling A_0.

The annihilation cross-section related to the diagrams in Fig. 1 receives corrections of order α_s due to one-loop diagrams with gluons and gluinos. These include self-energies for the quarks and squarks, corrections to the vertices involving quarks or squarks, and several box diagrams. At the same order in α_s, the emission of real gluons from one of the (s)quarks that are present in the tree-level diagrams has to be taken into account. For the full set of virtual and real contributions the reader is referred to Refs. [4, 5, 6].

All relevant amplitudes have been calculated analytically in Refs. [4, 5, 6]. After renormalization, the virtual part is ultraviolet-finite, the remaining infrared singularities cancel when taking into account the real gluon emission. The obtained results have been implemented in a numerical package, which can serve as extension for the public relic density tools DarkSUSY [2] and micrOMEGAs [3]. Note that we also take into account important effects due to the resummation of the Yukawa coupling, in particular running quark masses and the resummation of terms proportional to tan β or the trilinear couplings A_b. Details on the calculation as well as concerning the renormalization procedure and the numerical implementation using the dipole subtraction formalism, can be found in Refs. [4, 5, 6] and the references therein.

Figure 2: Impact of the next-to-leading order corrections on the annihilation cross-section for a typical scenario in the “A-Funnel” region (left) and the prediction of the neutralino relic density in the m_0–m_{1/2} plane for tanβ = 54, A_0 = 0, and μ > 0 (right). The shown contours correspond to 0.094 ≤ Ω_{CDM}h^2 ≤ 0.136.

3. Numerical examples

In the following, the numerical effect of the corrections discussed above is illustrated for a few examples. First, we consider the case of large tan β within the constrained MSSM. In the left panel of Fig. 2 we show the annihilation cross-section given by the diagram χ̃^0_1 χ̃^0_1 → A^0 → bb̄ including different corrections for a typical reference point in the WMAP-preferred region of parameter space. The numerical values are normalized to the cross-section at leading order. The QCD corrections decrease the cross-section by more than 60%, which is mainly an effect of the running bottom-quark mass. Finite terms up to O(α^4_s ) contribute by about 5%.

The numerical impact of the SUSY-QCD corrections strongly increases with tan β . While the effect is almost negligible for small tan β ∼ 2, the cross-section is decreased by another 10% for tan β ≳ 50, which is the case for the A-Funnel region. Again, the main impact comes from the resummation of the bottom Yukawa coupling, while finite terms are numerically less important [4].

On the right panel of Fig. 2, we show the WMAP-favoured region of the m_0–m_{1/2} plane for fixed tan β = 54, A_0 = 0, and μ > 0 and for different levels of correction. The relic density has been evaluated using DarkSUSY 4.1 [2], which includes by default the QCD running quark mass and finite terms up to O(α^2_s ) in the bottom Yukawa coupling, but no SUSY-QCD corrections. The latter have been implemented into the package in order to evaluate their numerical impact. For reference, we also show the prediction of the relic density including a pure tree-level calculation of the annihilation cross-section. As can be seen, the impact of the additional corrections is larger than the uncertainty of the WMAP measurement, especially for low mass parameters. Interestingly, the effect is reversed around the Higgs-pole at m_{1/2} ∼ 800 GeV. This is explained by the fact, that the decay width of the Higgs-boson receives the same corrections as the annihilation cross-section [4].

Let us now turn to the case where the annihilation proceeds mainly through the exchange of a Z-boson or a squark into a top-antitop final state. For a typical scenario within the NUHM scenario, we show in Fig. 3 the contributions of the different diagrams at the tree-level as well as the impact of the NLO corrections discussed in Sec. 2 on the cross-section. The shaded regions indicate the

Figure 3: The different contributions to the annihilation cross-section at tree-level (left) and effect of the discussed corrections (right) for a typical scenario with non-universal Higgs masses (left). The shaded area indicates the shape of the velocity distribution of the dark matter particle.

velocity distribution needed for the thermal average. As can be seen, the Z- and squark-exchanges are linked by a strong destructive interference, so that the corrections to both subprocesses play an important role. At the same time, the contribution from Higgs exchange is negligible at the relevant energies. The total QCD and SUSY-QCD corrections increase the annihilation crosssection at tree-level by about 50% [6]. Note that the cross-section included in the public code micrOMEGAs 2.1 [3] takes into account parts of the NLO correction by using effective quark masses.

Finally, in Fig. 4 we show two examples of the preferred regions of parameter space, projected in the planes of the physical mass parameters m_A–μ and m_{t̃1} –m_{χ̃} 0_1 , respectively. The corresponding high-scale scenarios feature non-universal Higgs masses and non-universal gaugino masses, respectively. The graphs have been obtained by scanning in m_{Hu} –m_{Hd} and M_1–m_0 planes, respectively, and projecting the contours into the planes of physical mass parameters. Here, the neutralino relic density has been evaluated using micrOMEGAs 2.1 [3], which has been linked to the numerical package discussed in Sec. 2 containing the full O(α_s) corrections to the annihilation cross-section. The three bands correspond to the levels of correction discussed above and shown in Fig. 3.

As also for the A-Funnel region, the impact of the corrections is numerically more important than the uncertainty of the WMAP data. In our examples, we observe shifts of up to 50 GeV in the mass m_A of the pseudoscalar Higgs boson, up to about 20 GeV for the mass m_{χ̃} 0_1 of the lightest neutralino, and up to about 200 GeV for the mass m_{t̃1} of the lighter stop. Since the PLANCK satellite will deliver even more precise measurements in a very near future, the next-to-leading order corrections become even more significant.

4. Conclusion

In summary, we have presented a complete calculation of neutralino pair annihilation into third-generation quarks at next-to-leading order in α_s. The result has been implemented in a nu-

Figure 4: Preferred regions in the m_A–μ and m_{t̃1} –m_{χ̃}0_1 planes for parameter variations around two typical scenarios within non-universal Higgs and non-universal gaugino masses, respectively.

merical package, which allows to evaluate their impact on the cross-section. Via a link to public tools like DarkSUSY and micrOMEGAs the effect of the corrections on the prediction of the relic density has been studied numerically. We have shown that the discussed QCD corrections can have a sizeable numerical impact, in particular for scenarios that are inspired by minimal supergravity such as the constrained MSSM or models with non-universal Higgs or gaugino masses [4, 5, 6]. The corrections should therefore be taken into account in the extraction of supersymmetric mass parameters from cosmological data or the analysis of the parameter space of supersymmetric theories. Let us emphasize again, that both DarkSUSY and micrOMEGAs take into account a part of the presented corrections in terms of effective Yukawa couplings.

The obtained results can easily be generalized to the case of the annihilation of two different neutralinos or charginos into quark pairs. Moreover, annihilation involving into light quarks can be included [9]. While such processes are negligible within “mSUGRA-like” scenarios, they can play an important role in more general setups such as the 19-parameter phenomenological MSSM (pMSSM), where the soft-breaking parameters are given at the electroweak scale.

As already stated in the Introduction, electroweak corrections can also have a sizeable impact on the prediction of the neutralino relic density, in particular for annihilation into final states with gauge bosons and leptons [7]. Further uncertainties affecting the prediction of the relic density include uncertainties on the mass spectrum of the superpartners due to renormalization group running [10] and loop-corrections to sparticle masses [11], assumptions on the cosmological model itself [12], and uncertainties on the effective degrees of freedom due to the QCD equation of state [13].

Finally, let us note that the effect of the next-to-leading order corrections discussed in this contribution are independent from the other sources of uncertainty mentioned above. Moreover, higher-order corrections to the annihilation cross-section will become even more important when the PLANCK satellite will provide more precise cosmological data in a very near future.

I would like to thank M. Klasen and K. Kovařík for the fruitfull collaboration. This work is (in part) supported by the Landes-Exzellenzinitiative Hamburg.

References

[1] E. Komatsu et al., Seven-year Wilkinson Microwave Anisotropy Probe (WMAP) observations:

Cosmological interpretation, arXiv:1001.4538 [astro-ph.CO].

[2] P. Gondolo, J. Edsjo, P. Ullio et al., DarkSUSY: Computing supersymmetric dark matter properties numerically, JCAP 0407, 008 (2004) [astro-ph/0406204].

[3] G. Bélanger, F. Boudjema, A. Pukhov et al., MicrOMEGAs: A Program for calculating the relic density in the MSSM, Comput. Phys. Commun. 149 (2002) 103-120 [hep-ph/0112278]; G. Bélanger, F. Boudjema, A. Pukhov et al., micrOMEGAs: Version 1.3, Comput. Phys. Commun. 174 (2006) 577-604 [hep-ph/0405253].

[4] B. Herrmann and M. Klasen, SUSY-QCD corrections to dark matter annihilation in the Higgs funnel, Phys. Rev. D 76 (2007) 117704 [arXiv:0709.0043 [hep-ph]].

[5] B. Herrmann, M. Klasen and K. Kovařík, Neutralino annihilation into massive quarks with SUSY-QCD corrections, Phys. Rev. D 79 (2009) 061701 [arXiv:0901.0481 [hep-ph]].

[6] B. Herrmann, M. Klasen and K. Kovařík, SUSY-QCD effects on neutralino dark matter annihilation beyond scalar or gaugino mass unification, Phys. Rev. D 80 (2009) 085025 [arXiv:0907.0030 [hep-ph]].

[7] N. Baro, F. Boudjema and A. Semenov, Full one-loop corrections to the relic density in the MSSM: A few examples, Phys. Lett. B 660 (2008) 550 [arXiv:0710.1821 [hep-ph]]; N. Baro, F. Boudjema, G. Chalons and S. Hao, Phys. Rev. D 81 (2010) 015005 [arXiv:0910.3293 [hep-ph]].

[8] M. Drees, J. M. Kim and K. I. Nagao, Potentially Large One-loop Corrections to WIMP Annihilation, Phys. Rev. D 81 (2010) 105004 [arXiv:0911.3795 [hep-ph]].

[9] B. Herrmann, M. Klasen and K. Kovařík, in preparation.

[10] G. Bélanger, S. Kraml and A. Pukhov, Comparison of SUSY spectrum calculations and impact on the relic density constraints from WMAP, Phys. Rev. D 72 (2005) 015003 [arXiv:hep-ph/0502079].

[11] F. Staub, W. Porod and B. Herrmann, The electroweak sector of the NMSSM at the one-loop level, JHEP 1010 (2010) 040 [arXiv:1007.4049 [hep-ph]].

[12] J. Hamann, S. Hannestad, M. S. Sloth and Y. Y. Y. Wong, How robust are inflation model and dark matter constraints from cosmological data?, Phys. Rev. D 75 (2007) 023522 [arXiv:astro-ph/0611582]; A. Arbey and F. Mahmoudi, SUSY constraints from relic density: high sensitivity to pre-BBN expansion rate, Phys. Lett. B 669 (2008) 46 [arXiv:0803.0741 [hep-ph]]; A. Arbey and F. Mahmoudi, SUSY Constraints, Relic Density, and Very Early Universe JHEP 1005 (2010) 051 [arXiv:0906.0368 [hep-ph]].

[13] M. Hindmarsh and O. Philipsen, WIMP dark matter and the QCD equation of state, Phys. Rev. D 71 (2005) 087302 [arXiv:hep-ph/0501232].