arXiv:hep-ph/0602111 v5 14 Nov 2006

EPJ manuscript No. (will be inserted by the editor)

The Suppression of Neutralino Annihilation into Zh

Labonne Benjamin^{1,2}, Nezri Emmanuel^3, Orloff Jean^2

1Centre de Physique Théorique, CNRS Luminy, case 907, F-13288 Marseille Cedex 9, France 2Laboratoire de Physique Corpusculaire, IN2P3-CNRS, Université Blaise Pascal, F-63177 Aubière Cedex, France 3Service de Physique Théorique, Université Libre de Bruxelles, Campus de la Plaine CP225, Belgium

February, the first, 2006

Abstract The Indirect Detection of neutralino Dark Matter is most promising through annihilation channels producing a hard energy spectrum for the detected particles, such as the neutralino annihilation into Zh. A cancellation however makes this particular annihilation channel generically subdominant in the huge parameter space of supersymmetric models. This cancellation requires non-trivial relations between neutralino mixings and masses, which we derive from gauge independence and unitarity of the MSSM. To show how the cancellation overshoots leaving only a subdominant result, we use a perturbative expansion in powers of the electroweak/supersymmetry breaking ratio mZ /mχ.

1 Introduction and motivations

There is no doubt that standard models of particle physics and cosmology alone cannot describe the full wealth of observational data recently collected on a wide variety of length scales. Ad-hoc as it may seem, the Dark Matter (DM) hypothesis [1,2] is probably part of the minimal set of extra ingredients needed to account for the increased gravitational self-attraction of matter on scales ranging from galaxies to the full visible universe. More exotic ingredients like repulsive Dark Energy, or modifications of gravity itself, might also become necessary to cope with the apparent acceleration of the universe. In the absence of a convincing unified theoretical solution to these both issues, experimental searches are the only way to prove the validity of hypotheses like the existence of a DM particle. For instance, the first issue would be settled if a new particle were found and its non-gravitational interactions measured to be compatible with the Cold Dark Matter relic density required by Cosmic Microwave Background and large scale structure formation [3, 4]. However, these interactions are then by definition weak, and we should not be surprised that their evidences are extremely hard to obtain, much like for Pauli’s neutrino. Debates like the one around DAMA’s claim [5–12] for direct detection of DM are illustrative of this difficulty. This is why it is crucial to be able to cross-check and understand results in as many different ways as possible, for which a definite and well motivated DM theoretical framework is necessary. In this work, we shall keep with the well-studied supersymmetric lightest neutralino (χ) of mSugra or MSSM models.

Correspondence to: labonne@clermont.in2p3.fr, nezri@in2p3.fr, orloff@in2p3.fr

A particularly crucial cross-check would be the Indirect Detection of the neutralino annihilation products, which would show that such annihilation did indeed occur in the past, froze out at some point and re-started in hot spots like the galactic center or the solar core, where dark matter later accumulated. However, to identify an Indirect DM signal and possibly determine the neutralino mass by looking at fluxes of e.g. photons or neutrinos from such hot spots, it is essential to be able to distinguish that signal from the standard but poorly known astrophysical background. These being characterized by energy spectra with fairly universal power laws, Indirect Detection will be most successful when neutralino annihilation proceeds through primary channels which provide secondary photons or neutrinos with the hardest possible spectra, and a sharp energy cut-off around the neutralino mass. From fig. 1 (discussed in Appendix A), the most promising annihilation channels are into a τ^+τ^− pair, into two gauge bosons (χχ → W^+W^−, or ZZ which has the same shape) or into one gauge boson and a Higgs-Englert-Brout (HEB) boson [13, 14] (χχ → Zh).

However, these fairly universal spectra need to be weighted by the actual model-dependent branching ratios to give the final indirect DM detection signal. It was noted long ago [15] that the Zh channel is then suppressed, which can be numerically checked^1 using the DarkSusy (3.14.02 version) [16] and the Suspect (2.003 version) code [17]: the top plot of fig. 2 typically shows a suppression by three orders of magnitude for various mSugra models with tan β = 10. To qualify this suppression, let us start by contributions we expect to be dominant, namely

1 Temporarily failing such check after an update of the DarkSusy-Suspect interface was actually the starting point of this work.

2 Labonne Benjamin^{1,2}, Nezri Emmanuel^3, Orloff Jean^2: The Suppression of Neutralino Annihilation into Zh

PSfrag replacements

PSfrag replacements

Figure 1. The shape of differential neutrino (top) and gamma (bottom) fluxes coming from neutralino annihilations into various primary channels. The normalisations (depending on branching ratios) have been arbitrarily rescaled to compare the shape of all channels; the dependence on mχ (1 TeV here) is weak.

those from SM particle exchanges (in our case an s-channel Z) since superpartners are necessarily heavier. As seen in the bottom fig. 2, this contribution not only dominates, but even overwhelms the total cross-section. We therefore need to understand a double suppression, that first cancels this large contribution and second brings the total Zh annihilation below other channels. The cancelling contribution necessarily involves non-SM particle exchanges, which seems contradictory with the fact that on fig. 2, the cancellation gets better with increasing m_0 and m_{1/2}, i.e. for maximally broken supersymmetry.

To be as general as possible, this cancellation should be checked in a supersymmetry breaking independent way. This is done in fig. 3 in the more general MSSM, while keeping the usual GUT relation M_1 =^5_3 tan θ_W M_2 ≃ 0.5M_2. A cancellation up to three orders of magnitude thus seems a generic property of every broken supersymmetry theory.

To be more concrete, let us now focus on the particular mSugra model with m_0 = 3000 GeV , m_{1/2} = 800 GeV , A_0 = 0, tan (β) = 10 and μ > 0, marked by the black star in fig. 2. The annihilation cross-sections at rest are: vσ ( cm^3/s ) χχ → tt χχ → Zh Z exchange 1.83 × 10^{−28} 4.72 × 10^{−28} All diagrams 1.03 × 10^{−28} 1.48 × 10^{−31} vσ (χχ → all) = 1.05 × 10^{−28}

PSfrag replacements

PSfrag replacements

Figure 2. Neutralino annihilation branching ratios to Zh for various m0 and m_{1/2} values: Z-exchange only (bottom), Z and χ exchanges (top)

PSfrag replacements

Figure 3. Contour plot of^{σ(χχ→Zh)Z+χ}

σ(χχ→Zh)Z in the MSSM; white

dots correspond to mSugra models of fig. 2.

The annihilation is dominated by the tt̄ channel, 3 orders of magnitude larger than the Zh one [18]. However, when restricting to the Z exchange diagram, they are comparable, with Zh slightly larger. This is easily understood by exhibiting the couplings and kinematic factors in the amplitudes:

A ( χχ → tt ) Z ∝^{−g2 mtOZ11} cos^2 θ_W A (χχ → Zh)Z ∝ −g^2 m_Z O^Z_{11} cos^2 θ_W

where the χχZ coupling O^Z_{11} is defined in terms of the neutralino mixing matrix^2 N (see Appendix D.1):

O^Z_{ij} = (N_{i4}N_{j4} − N_{i3}N_{j3}) (1)

It remains to understand why other exchanges cancel the Zh channel and not the tt one. For the latter, the t-channel sfermion exchange can be made arbitrarily small by taking large enough m_0, so that the main contribution proceeds via a (SM) Z boson exchange, conforming to naive expectations. However, two other diagram are involved in the Zh annihilation channel: (1) an schannel pseudoscalar A exchange, which can be neglected for large m_0 (in what follows we will always work in this pseudoscalar decoupling limit (47)), and (2) t-channel exchanges of the 4 neutralinos, which cannot be decoupled because of strong links between the couplings involved in each diagram. These links appear in the expression of the annihilation amplitudes [19, 20] derived in the next section:

A (χχ → Zh)_Z = −ig^2 √ 2 cos^2 θ_W m^2_χ m^2_Z β_{Zh} × O^Z_{11} (2) A (χχ → Zh)_χ = ig^2 √ 2 cos^2 θ_W m^2_χ m^2_Z β_{Zh} × (3) × 4∑ i=1 2O^Z_{1i}O^h_{1i} (m_{χi} − m_χ) m_Z 2m^2_χ + 2m^2_{χi} − m^2_h − m^2_Z

where the χ_iχ_j h coupling O^h_{ij} is defined in Appendix (49) as (where the decoupling condition (47) has been used):

O^h_{ij} = (c_W N_{i2} − s_W N_{i1}) (s_βN_{j4} − c_βN_{j3}) + (i ↔ j) (4)

It is clear that the second amplitude (3) cannot easily be neglected and might turn out comparable with the first one (2). However, it is less clear why both should cancel

2 In what follow, we will always work with the hypothesis of CP violating phases absence, in order the N matrix to be real (see Appendix C) with high precision, especially given as different-looking couplings as (1) and (4).

A toy example of the above cancellation is provided by the annihilation of a spin singlet tt̄ pair into Zh in a Standard Model without SU(2). One may first be puzzled to get a cancellation between an s-channel Z-exchange, which only involves gauge couplings, and a t-channel top exchange, which involves an a priori independent Yukawa coupling. However, one soon realizes that the existence of the s-channel requires both spontaneous breaking of the gauge symmetry for the ZZh vertex, and an axial coupling for the tt̄Z vertex. This last coupling excludes contributions to the top mass other than the gauge breaking y⟨h⟩ one. The two channels g^1_{m2Z} gm_z ∝ g^1_{mt} y are then both proportional to g/⟨h⟩ and may cancel. In contrast with this simple case, the neutralino annihilation studied below is complicated by the presence of another source of mass, namely the SUSY breaking Majorana mass terms for the gauginos.

To analyse this cancellation, we start in section 2 by deriving the relevant amplitudes. In section 3, gauge independence is used to draw a first link between the couplings, which is shown to follow from the gauge invariance of the mass matrix. Unitarity at high energy is then used in section 4 to derive a second relation, which is combined with the first one to show that a cancellation is possible. In section 5, the structure of Rayleigh-Schroedinger perturbation theory is then used to show that this cancellation is stronger than expected.

2 Amplitudes for Neutralino Annihilation at Rest

Let us start by deriving the polarized amplitude A (Zh)_Z for neutralino annihilation into Zh via Z exchange. By construction, neutralinos are their own antiparticles, so that an initial pair of lightest neutralinos at rest is necessarily in an antisymmetric spin singlet state. The final state containing a HEB scalar, the outgoing Z boson polarization needs to be longitudinal, and can be chosen as z-axis. It is then more convenient to use helicity amplitudes [15, 19] than unpolarized cross-sections [20]. The Feynman diagram and rules defined in the Appendix D give the amplitude

A (χχ → Zh)_Z = −iC^A_{11}C_Z q^2 − m^2_Z

(χ (p^′) γ^μγ_5χ (p)) (5) × ( g_{μν} − q_μq_ν m^2_Z ) ε^ν (k) where χ = u is the incoming neutralino, χ = v the outgoing one in an arbitrary choice of arrows directions. u and v are external Dirac spinors at rest in the chiral basis (see Appendix B), namely:

χ (p_0) = √ m_χ ( ξ_s ξ_s ) ; with ξ_+ 1_2 = ( −1 0 ) or ξ_− 1_2 = ( 0 1 )

for a spin up or down along the z-axis, and similarly for the “antiparticle”:

χ (p^′_0) = √ m_χ (−η_s′ , η_s′ ) Thanks to the Majorana condition (40), descriptions of the same neutralino as a particle with ξ_s′ or as an “antiparticle” with η_s′ are equivalent provided:

η_s′ = −iσ^2ξ_s′ (6)

The polarization of the longitudinal Z boson being ε^ν (k) = (k^z, 0, 0, k^0)/m_Z , and the initial momentum at rest simply q^μ = (2m_χ, 0), the polarized amplitude (5) is:

A (χ_↑χ_↓ → Zh)_Z = iC^A_{11}C_Z 4m^2_χ − m^2_Z m_χ m_Z (σ^μ_{11} + σ̄^μ_{11}) (7) × ( g_{μν} − q_μq_ν m^2_Z ) ( k^z, 0, 0, k^0 )

= −2iC^A_{11}C_Z m_χ m^3_Z k^z (8)

Notice the time-like structure of the initial state vector (σ^μ_{11} + σ̄^μ_{11}) = (2, 0, 0, 0): a purely axial coupling talks only with the scalar part of the two spins at rest. Notice also the disappearing of the Z pole at m_χ = m_Z /2.

Expressing k^z = m_χβ_{Zh} in terms of the conventional kinematic factor

β_{Zh} = √ 1 − (m_h + m_Z )^2 4m^2_χ √ 1 − (m_h − m_Z )^2 4m^2_χ ≈ m_χ ≫ m_Z 1 and using the definitions (43) and (46) of couplings in terms of neutralino mixings given in the Appendix D, we finally find:

A (χ_↑χ_↓ → Zh)_Z =

−ig^2O^Z_{11} cos^2 θ_W m^2_χ m^2_Z β_{Zh} (9)

To get the amplitude with reversed helicities, we just need to replace (1,1) components of the Pauli matrices in (7) by (2,2) components, and take the extra sign from the Majorana condition (6) into account. Thanks to this sign, only an antisymmetric initial state can contribute, and gives with the correct normalization factor:

A (χχ → Zh)_Z = −ig^2 √ 2 cos^2 θ_W m^2_χ m^2_Z β_{Zh}O^Z_{11} (10) in agreement with (2) and existing results [19, 20].

This amplitude (10) has to be compared with the result of a similar computation for the annihilation into tt̄:

A ( χχ → tt ) Z = −ig^2 √ 2 cos^2 θ_W m_χm_t m^2_Z β_{tt}T_3O^Z_{11} (11)

where β_t¯_t = √ 1 − m^2_t /m^2_χ and T_3=1 is the weak isospin of the top quark. Notice the different power of m_χ, favouring the Zh channel for large masses.

We have seen in the introduction that t-channel neutralinos exchanges should reverse this conclusion. Following the same path, their contribution is

A (χχ → Zh)_{χi} = −iC^A_{1i}C^h_{1i} Q^2 − m^2_{χi}

× (χ (p^′) ( /Q + m_{χi} ) γ^μγ_5χ (p)) ε_μ (k)

with Q^μ = p^μ − k^μ. After some algebra on the t-channel, and adding the u-contribution (same diagram as before with p and p^′ interchanged), one finds:

A (χχ → Zh)_{χi} = ig^2 √ 2 cos^2 θ_W m^2_χ m^2_Z β_{Zh} × (12) × 2O^Z_{1i}O^h_{1i} (m_{χi} − m_χ) m_Z 2m^2_χ + 2m^2_{χi} − m^2_Z − m^2_h

The problem is now to understand how the amplitudes (12) and (10) cancel with the 10^{−3} precision shown in the introduction. This can happen only if the sum of second lines of (12) which contain four powers of the neutralino mixing matrix N somehow reduces to O^Z_{11} ∼ N^2 as a consequence of some symmetry. We already noticed that supersymmetry had to be maximally broken for the cancellation to take place. We are thus left with gauge invariance which is investigated in the next section.

3 Gauge Independence and Gauge Invariance of the Mass Matrix

The previous computations were performed in the unitary gauge, where massive gauge fields have completely “eaten” a Goldstone boson. One way to obtain non-trivial relations of the kind we seek is to work in the R_ξ -gauge family of ’t Hooft [21], and require independence of the result on the gauge-fixing parameter ξ.

Let us first notice that the neutralino exchange diagrams are gauge independent by themselves. Indeed, in a vector supermultiplet, only the bosonic gauge field is gauge dependent, and not the associated gaugino. Moreover, higgsinos are associated with the real part of complex scalars, which are also gauge independent.

We can thus concentrate on the Z exchange diagram. When going from unitary to R_ξ -gauges, this contribution splits in two ξ-dependent diagrams: one with Goldstone boson exchange, and another with the Z-boson exchange. To exhibit the cancellation of their ξ dependence, it is convenient in the Z propagator −i q^2 − m^2_Z ( g_{μν} − (1 − ξ) q_μq_ν q^2 − ξm^2_Z )

to decompose the longitudinal part as:

m^2_Z (1 − ξ) (q^2 − m^2_Z ) (q^2 − ξm^2_Z ) = 1 (q^2 − m^2_Z ) − 1 (q^2 − ξm^2_Z )

. (13)

The first term is nothing but the longitudinal unitary gauge propagator, and the second exhibits a fake pole at the Goldstone mass q^2 = ξm^2_Z , with a wrong sign [22]. The ξ-dependent Z exchange A_{Zξ} = A_Z + A_{ZG} correspondingly decomposes into the previously obtained A_Z (5) and a Goldstone-like amplitude with gauge couplings: A (χχ → Zh)_{ZG} = −i C^AC_Z m^2_Z

(χ (p^′) /qγ_5χ (p)) q.ε (k) q^2 − ξm^2_Z

which, using the mass-shell condition for the initial state χ̄/qγ_5χ = 2m_χχ̄γ_5χ, becomes:

A (χχ → Zh)_{ZG} = −ig^2O^Z_{11} 2 cos^2 θ_W m_χ m_Z χγ_5χ q.ε (k) q^2 − ξm^2_Z

(14)

We now turn to the genuine Goldstone boson exchange. The ZZh coupling is replaced by the GZh one:

C^Z_{Gh} = iC_G (k − k^′)_μ where C_G = g/2 cos θ_W (15)

and the scalar propagator is simply i/(q^2 − ξm^2_Z ). But things are more subtle for the Gχχ vertex: even if the neutral Goldstone boson is part of the Z boson in the unitary gauge, it does not have the same coupling to neutralinos:

C^G_{χi χj} = igO^G_{ij} 2 cos θ_W

(16)

with

O^G_{ij} = (N_{i2}c_W − N_{i1}s_W ) (c_β N_{j3} + s_β N_{j4}) + (i↔j) (17)

For the lightest neutralino annihilation, i = j = 1, and since the coupling is imaginary, the Goldstone only couples to the axial part of the neutralino. The amplitude for the Goldstone exchange diagram is thus:

A (χχ → Zh)_G = −C^G_{χχ}C_G χ (p^′) γ_5χ (p) (18) × (q + k^′)_μ q^2 − ξm^2_Z ε^μ (k)

Recalling kinematics (q = k + k^′), the polarization condition (k.ε (k) = 0), and couplings definitions, we finally have:

A (χχ → Zh)_G = i^{g2 OG11}_{2c2W} χγ_5χ q.ε (k) q^2 − ξm^2_Z

(19)

Now, comparing (14) and (19), gauge independence requires a relation between couplings:

O^Z_{11} m_χ m_Z = − 1 2 O^G_{11}

which by (1) and (17) can be expressed in terms of the neutralino mixings and masses: ( N^2_{14} − N^2_{13} ) m_χ m_Z (20)

= − (N_{12}c_W − N_{11}s_W ) (s_β N_{14} + c_β N_{13})

This relation can be extended for the annihilation of an arbitrary pair of neutralinos χ_i − χ_j in the same channel: O^Z_{ij} m_{χi} + m_{χj} m_Z = −O^G_{ij} which is a short version of the rather non-trivial identity:

(N_{i4}N_{j4} − N_{i3}N_{j3}) m_{χi} + m_{χj} m_Z (21)

= − (N_{i2}c_W − N_{i1}s_W ) (s_β N_{j4} + c_β N_{j3}) − (i↔j)

Although not completely identical, this relation bears similarities with the combination of masses and mixings involved in (3). It is therefore interesting to notice that it only involves the neutralino mass matrix, and can be derived in the following way. By definition of the mixing matrix N (42), we have: (NM)_{ij} = m_iN_{ij} Then for any matrix P , the following identities hold:

(m_i + m_j ) ( NP N^{−1} ) ij = ( N (MP + P M) N^{−1} ) ij (22)

As a particular case, if we take for P the isospin operator that flips the first higgsino sign compared to the second one:

P = T_3 = ( 0 0 0 −σ_3 ) = 0 0 0 0 0 0 0 0 0 0 −1 0 0 0 0 1

we recover the gauge independence relation (21). The particular form of the right hand side of this relation then follows from the special structure of the symmetric neutralino mass matrix: M = ( A C C^T B )

where A is a 2 × 2 diagonal matrix reflecting the Majorana nature of gauginos, B is a 2 × 2 anti-diagonal matrix reflecting the Dirac nature of the SU(2)-charged higgsino pair, and C ∼ m_Z is a 2 × 2 matrix that vanishes when SU(2) is unbroken and with null determinant to otherwise ensure masslessness of the photon. These conditions make P M + MP off-diagonal, explaining the non-trivial vanishing of the left-hand side of (22) with m_Z .

These remarks stress the central role played by gauge invariance in the structure of the mass matrix. The appearance of P = T_3 is no surprise, as all χχZ couplings find their root in the gauge invariant h̃h̃Z: higgsinos can couple to the Z boson thanks to their U_Y (1) charge which dictates a Dirac behaviour. Only the spontaneous breaking of SU(2) and U_Y (1) carried by C can then split this degenerate Dirac system into a pair of Majorana particles.

4 High Energy Unitarity

Despite vague similarities, the gauge independence relations (21) do not yet explain the cancellation of (2) and (3), and in particular their different powers of mixings N_{ij} . To get further, we need another relation. Using the pinch technique [23], we therefore turn to the high energy behaviour of the amplitude. Indeed, from rotation invariance, the outgoing Z boson must have a pure longitudinal polarization, and it is well known that this can lead to conflicts with the perturbative unitarity constraint that scattering amplitudes be bounded by a constant A(s → ∞) < K . Having checked gauge independence, we can for simplicity use the Feynman gauge ξ = 1, to have a purely transverse Z propagator free from high energy divergences. The dangerous diagrams which must cancel are then the s-channel Goldstone and t-channel neutralinos exchanges.

A light-like vector being orthogonal to itself, the polarization vector at high energies is approximately ε_μ(k) ≃ k_μ m_Z . (23)

Using this and the kinematic identity 2q.k = q^2 +m^2_Z −m^2_h, the amplitude for Goldstone exchange (19) in this gauge becomes:

A (χχ → Zh)_G = ig^2 2 cos^2 θ_W

O^G_{11} 2m_Z χγ_5χ (24) × ( 1 + 2m^2_Z − m^2_h q^2 − m^2_Z )

The first “contact” term in the parenthesis gives a contribution A ≃ √ s = √ q^2, which is divergent and violates unitarity in the high energy limit, while the second term is better behaved thanks to the appearance of a propagator denominator. From a diagrammatic point of view, this is expressed by splitting the diagram into a “pinched” part and a rest:

For the neutralino exchange channel, we have A (χχ → Zh)_χ = −2i 4∑ i=1 C^A_{1i}C^h_{1i} Q^2 − m^2_{χi}

×χ (p^′) ( /Q + m_{χi} ) γ^μγ_5χ (p) k_μ m_Z Expressing /k = /p− /Q = (/p−m_χ)−( /Q−m_{χi} )+(m_χ −m_{χi} ), the first term vanishes on-shell, while the second cancels the propagator pole to give a contact term and a rest:

A (Zh)_χ = −ig^2 2c^2_W 4∑ i=1 O^Z_{1i}O^h_{1i} m_Z × {χγ_5χ (25) − m_χ − m_{χi} Q^2 − m^2_{χi} χ ( /Q + m_{χi} ) γ_5χ} which can be diagrammatically represented by:

Cancellation of the contact terms in (24) and (25), requires the following identity: 1 2 O^G_{11} = ∑ i O^Z_{1i}O^h_{1i} or, using (1), (4) and (17), the following relation among mixings N:

(N_{12}c_W − N_{11}s_W ) (s_βN_{14} + c_βN_{13}) (26) = 4∑ i=1 (N_{14}N_{i4} − N_{13}N_{i3}) ×

{(c_W N_{12} − s_W N_{11}) (N_{i4}s_β − N_{i3}c_β ) + (c_W N_{i2} − s_W N_{i1}) (N_{14}s_β − N_{13}c_β )}

As complicated as it may seen, this equation simply follows from the orthogonality condition N_{ij} N_{kj} = δ_{ik}, with i, k = 3, 4. We have therefore shown that high energy perturbative unitarity of the amplitude is guaranteed by the unitarity of the mixing matrix.

By combining (26) and (20), a new non-trivial identity among couplings is obtained: m_χ m_Z O^Z_{11} = − ∑ i O^Z_{1i}O^h_{1i} which is even less trivial when using the definitions of O^Z_{ij} and O^h_{ij} : m_χ m_Z ( N^2_{i4} − N^2_{i3} ) = − ∑_4

i=1 (N_{14}N_{i4} − N_{13}N_{i3}) (27)

×{(c_W N_{12} − s_W N_{11}) (N_{i4}s_β − N_{i3}c_β ) + (c_W N_{i2} − s_W N_{i1}) (N_{14}s_β − N_{13}c_β)}

This identity relates the couplings appearing in Z-exchange (2) and χ-exchange (3), and suggests to rewrite the second as:

A (χχ → Zh)_χ = 2i √ 2β_{Zh} m_χ m_Z g^2 cos^2θ_W × ( m_χ m_Z O^Z_{11} + 4∑ i=1 R_i ) (28)

where the first term exactly cancels the s-channel Z exchange, and the second is subdominant in the high energy limit s ≫ m^2_Z , m^2_χ. It is however not clear why those remainders should be subdominant at rest, because even for large s = 4m^2_χ, there is confusion between dynamically suppressed contributions ∼ m^2_Z /s ≪ 1 and neutralino mixing suppressed ones ∼ m^2_Z /m^2_χ ≪ 1. Moreover, the definition

R_i = O^Z_{1i}O^h_{1i} ( 2m_{χi} m_χ − 4m^2_χ − 2m^2_{χi} + m^2_h + m^2_Z ) 2m^2_χ + 2m^2_{χi} − m^2_h − m^2_Z

(29)

implies that for m_Z ≪ m_χ, R_3 ≈ −R_4 are comparable with the first term in (28), and only their sum becomes negligible. To analyze this final cancellation, a perturbative expansion in m_Z /m_χ is therefore needed.

5 Perturbation theory

In the SUSY-decoupling limit (m_Z ≪ M_1, M_2, μ), the neutralino mass in Appendix C is naturally split [24] into M = M_0 + W , with a leading contribution

M_0 =

M_1 0 0 0 0 M_2 0 0 0 0 0 −μ 0 0 −μ 0 and a perturbation

W = m_Z 0 0 −s_W c_β s_W s_β 0 0 c_W c_β −c_W s_β −s_W c_β c_W c_β 0 0 s_W s_β −c_W s_β 0 0

triggered by EW-symmetry breaking. Following standard Rayleigh-Schroedinger perturbation expansion we start by solving the unperturbed eigensystem

N^0M_0N^{0 T} = m^0

whose eigenvalues are m^0 = diag (M_1, M_2, −μ, μ) and whose eigenvectors φ^0_n form the mixing matrix

N^{0 T} = (φ^0_1, φ^0_2, φ^0_3, φ^0_4) =

1 0 0 0 0 1 0 0 0 0^{1√}_2^{−1√}_2 0 0^{1√}_2^{1√}_2

The first order corrections to eigenvalues m^1_n = ⟨ φ^0_n | W | φ^0_n ⟩ are simply the diagonal elements of W^0 = N^0W N^{0 T} :

W^0 = m_Z 0 0^{sW s−√}_2^{sW s+√}_2 0 0 −^{cW s−√}_2 −^{cW s+√}_2 s_W s_− √ 2 −^{cW s−√}_2 0 0

s_W s_+ √ 2 −^{cW s+√}_2 0 0

(30)

where s_± = s_β ±c_β. From the structure of the perturbation W , these diagonal elements clearly vanish. Furthermore, first order corrections to eigenvectors | |φ^1_i ⟩ = ∑ j≠i W^0_{ji} m^0_i − m^0_j | |φ^0_j ⟩

can be regrouped into N^{1 T} = (φ^1, φ^1_2, φ^1_3, φ^1_4) with:

N^1 = m_Z

0 0 −^{sW C1}_{M 21 −μ2}^{sW S1}_{M 21 −μ2} 0 0^{cW C2}_{M 22 −μ2} −^{cW S2}_{M 22 −μ2} −^{sW s−} √ 2(M_1 +μ) c_W s_− √ 2(M_2 +μ) 0 0 s_W s_+ √ 2(μ−M_1 ) c_W s_+ √ 2(M_2 −μ) 0 0

and C_{1,2} = (μs_β + M_{1,2}c_β ), S_{1,2} = (M_{1,2}s_β + μc_β).

For a bino-like neutralino (M_1 < M_2, μ), the Zχχ vertex does not exist without electroweak symmetry breaking and knowing the diagonalization matrix N = N^0 + N^1 up to first order in m_Z allows in fact to compute the first non-trivial contribution to Z-exchange (2) which appears at second order: A (χχ → Zh)_Z = − √ 2β_{Zh} M^2_1 m^2_Z g^2c_{2β} t^2_W m^2_Z (M^2_1 − μ^2)

(31)

At the same order, the first non-trivial contribution to χexchange (3) requires only one perturbation of the Zχχ_i vertex, and no perturbation of the hχχ_i vertex, which does exist in the absence of electroweak symmetry breaking. Further expanding the propagator in powers of m_Z would give the same structure as (28): A (χ → Zh)_χ = √ 2β_{Zh} M^2_1 m^2_Z g^2 cos 2β tan^2 θ_W (32) × m^2_Z (M^2_1 − μ^2) ( 1 + 1 2 m^2_Z + m^2_h M^2_1 + μ^2 ) , suggesting that the remainder is O(m^4_Z ), i.e. two orders lower than the leading term. However, to firmly establish this conclusion requires a justification for the absence of terms O(m^3_Z ), which we shall now find by examining the general structure of the perturbative expansion.

When solving the eigensystem

(M_o + W )_{ij} N^T_{jl} = N^T_{il} m_l (33)

by power expansions in m_Z for eigenvalues and eigenvectors:

m_i = m^0_i + m^1_i + ... (34) N = N^0 + N^1 + ... (35)

we can to all orders choose the correction to an eigenvector in N − N^0 orthogonal to the corresponding unperturbed vector in N^0: the only price is to end up with non-unit vectors in N. This choice however simplifies the recurrence relation for the solution at order q to:

m^q_i = ( N^0W N^{q−1 T} ) ii (36) ( N^0N^{q T} ) ji = ( N^0W N^{q−1 T} ) ji m^0_i − m^0_j − q−1∑ p=1 m^p_i ( N^0N^{q−p T} ) ji m^0_i − m^0_j

The expressions for q = 0, and q = 1 were given above. We saw that M_0 is 2 × 2 block-diagonal, and so is N^0, whereas W and thus N^1 are block off-diagonal. Following the recurrence, this can be generalized, to show that N^q must be block diagonal for q even and block off-diagonal for q odd. Because of this structure, m^q_i will vanish for q odd, so that m_i(m_Z ) is holomorphic in m^2_Z . In a similar way, diagonal blocks of N have a purely even power expansion in m_Z , whereas off-diagonal ones only contain odd powers.

These results can be extended to the amplitudes A_Z and A_χ which then contain only even powers of m_Z : the lowest order O(m^{−2}_Z ) vanishes for both as it should to allow for a smooth m_Z → 0 limit, the next O(m^0_Z ) is equal and opposite for s- and t-channel exchanges, and the remainder O(m^2_Z ) dictates the amplitude of the Zh annihilation channel at rest to be lower than the tt̄ pair channel. This can be loosely expressed as:

A (Zh) ∝ m^2_Z m^2_χ ≪ A ( tt ) ∝ m_t m_χ ≪ A (Zh)_Z ∝ 1

The order of magnitude and the power of the suppression σ (χχ → Zh)_{Z+χ} σ (χχ → Zh)_Z ∝ m^4_Z M^4_1

then agree with those displayed in figs. 2,3.

6 Conclusion

In this work, we have given a quantitative understanding of why neutralinos at rest cannot annihilate predominantly into Zh. The possible relevance of this process for indirect DM detection has been shown in the Introduction, before pointing out similarities and differences between the tt and Zh annihilation channels. We also stressed how much a naive estimate of this last channel can fail by ignoring the subtle but tight links between couplings imposed by symmetries, especially broken ones. Because of these links, a fine cancellation does occur which requires a closer look. Having noticed that this cancellation was getting finer with increasingly broken supersymmetry, we showed that broken gauge symmetry had to be investigated. This was done both at the level of gauge independence in R_ξ gauges, and of unitarity at high energy, known to be delicate for longitudinal gauge bosons. Both constraints led to non-trivial relations among couplings which showed that indeed, the SM particles exchanges can be cancelled by superpartners exchanges, as heavy as these might be. However, to quantitatively estimate the importance of what remains after this cancellation required to show that a perturbative expansion of the amplitudes in m_Z /m_χ contained only even powers. Whether such cancellation can be extended from large s to large m_χ = √ s/2 at rest for all diagrams suffering from large s unitarity problems, remains an open question.

It is a pleasure to acknowledge fruitful discussions with A. Djouadi, P. Gay, R. Grimm, J.-L. Kneur, Y. Mambrini, V. Morenas, G. Moultaka and J. Papavassiliou. This work was partially funded by the GdR 2305 “Supersymétrie” of the French CNRS.

A Indirect Detection Energy Spectra

The neutrino and photon differential energy spectra of figure 1 were extracted from a PYTHIA simulation of 10^6 events for each channel, shown as a function of x = E_{ν, γ} /m_χ. For the hard (anti-)neutrinos from the Z-boson in the Zh channel that concerned us most, we have been careful to correct the unpolarized PYTHIA results by a factor ∝ x(1 − x) translating the purely longitudinal polarization of the Z-boson, which suppresses forward neutrinos with respect to the W W channel. In spite of this factor, the Zh channel produces the next-to-hardest neutrino spectrum.

For photons, the hard (flat) component of the Zh channel around x ≈ 1 comes from h loop-decaying into two photons and therefore only appears at the largest values of x. This leaves only a small number of events (~10/bin) and large statistical errors which do not appear in the fit shown in the bottom figure 1. There are of course no events for x > 1, but the precise shape of this vanishing (probably similar to that of neutrinos from W W above, as shown) is hidden by these errors.

B Dirac and Majorana fermion conventions

To represent the Clifford algebra of Dirac matrices {γ^μ, γ^ν } = 2η^{μν} we use the chiral basis:

γ^μ = ( 0 σ^μ σ^μ 0 ) γ_5 = ( −1 0 0 1 )

where

σ^μ = (1, σ) σ^μ = (1, −σ)

are 4-d extensions of the Pauli matrices σ = ( σ^1, σ^2, σ^3 ) . For Majorana spinors, we use [25] the usual Dirac Feynman rules after having chosen an arbitrary orientation of the spinor lines. The Majorana condition is

χ = χ^c = Cχ^T (37)

and the plane wave expansion of a Majorana field operator is thus [26]:

χ (x) = ∫ d^3p (2π)^{3/2} ∑ s=± ( a_s (p) u_s (p) e^{−ip.x} (38) +a^†_s (p) v_s (p) e^{ip.x} ) Implementing the Majorana condition (37) in (38), we find the relations

u_s = Cγ^0v^∗_s (39) v_s = Cγ^0u^∗_s (40)

which allow to flip the orientation of external Majorana lines.

C Neutralino Mass Matrix

The neutralino mass eigenstates are linear combinations of gaugino and higgsino fields ( B̃, W̃_3, H̃_b, H̃_t )

χ_i = N_{i1}B̃ + N_{i2}W̃_3 + N_{i3}H̃_b + N_{i4}H̃_t

which diagonalize the mass matrix:

M = M_1 0 0 M_2 m^Z × C m_Z × C^T 0 −μ −μ 0 (41)

C is the 2 × 2 electroweak-breaking contribution to this neutralino mass matrix : C = ( −s_W c_β s_W s_β c_W c_β −c_W s_β )

with s_W = sin θ_W , c_W = cos θ_W s_β = sin β, c_β = cos β The normalized eigenvectors can be collected into a unitary matrix N satisfying:

N^⋆MN^{−1} = M_D (42)

where M_D is a diagonal matrix containing neutralino masses.

In the absence of CP violating phases, the matrix N can be chosen as a real matrix, and at least one neutralino mass is then negative.

D Lagrangian terms for relevant couplings

D.1 Z − χ − χ coupling

L = 1 2 4∑ i,j=1 χ_iγ^μ ( C^V_{ij} − C^A_{ij} γ_5 ) χ_j Z_μ with C^V_{ij} = g 4 cos θ_W ( O^Z_{ij} − O^{Z∗}_{ij} ) (43) C^A_{ij} = g 4 cos θ_W ( O^Z_{ij} + O^{Z ∗}_{ij} ) (44) and O^Z_{ij} = N_{i4}N^∗_{j4} − N_{i3}N^∗_{j3}

In the absence of CP violation, there is a basis such that C^V_{ij} = 0.

D.2 h-Z-Z coupling L = 1 2 C_Z hZ_μZ^μ (45)

where

C_Z = − gm_Z cos θ_W sin (α − β) (46)

In practice, we will always work in the decoupling limit m_A ≫ m_Z , which implies: α = β − π 2 (47)

Hence, we have sin (α − β) ≃ −1 in (46).

D.3 h − χ − χ coupling

L = g 2 hχ_i { s_α ( L^∗_{ij} P_L + L_{ij} P_R ) (48) +c_α ( K^∗_{ij} P_L + K_{ij} P_R )} χ_j with K_{ij} = 1 2 N_{i4} (N_{j2} − tan θ_W N_{j1}) + (i ↔ j) L_{ij} = 1 2 N_{i3} (N_{j2} − tan θ_W N_{j1}) + (i ↔ j)

The symmetric form of K and L comes from the fact we are working with Majorana particles:

χ_i (1 ± γ_5) χ_j = χ_j (1 ± γ_5) χ_i

For real N, this Lagrangian simplifies to:

L = 1 2 4∑ i,j=1 C^h_{ij} hχ_iχ_j where C^h_{ij} = g 2 cos θ_W

O^h_{ij} (49) and O^h_{ij} = (c_W N_{i2} − s_W N_{i1}) (s_αN_{j3} + c_αN_{j4}) + (i ↔ j)

D.4 Z-fermion-fermion coupling

L = ∑ f fγ^μ ( C^{ZV}_{f f} − C^{ZA}_{f f} γ_5 ) fZ_μ where C^{ZV}_{f f} = − g 2 cos θ_W ( T_{3f} − 2 sin^2 θ_W Q_f ) C^{ZA}_{f f} = − g 2 cos θ_W T_{3f} Q_f and T_{3f} are the charge and third weak isospin component, with the usual normalization: T_{3top} = 1, and Q_{top} = 2 3 . References

1. G. Bertone, D. Hooper, J. Silk, Phys. Rept. 405, 279 (2005).

2. K. Griest, M. Kamionkowski, Phys. Rev. Lett. 64, 615 (1990).

3. M. Tegmark, M. Zaldarriaga, Phys. Rev. Lett. 85, 2240 (2000).

4. L. Verde, Int. J. Mod. Phys. A19, 1121 (2004).

5. R. Bernabei et al., Phys. Lett. B 389, 757 (1996); 424, 195 (1998); 450, 448 (1999); 480, 23 (2000); 509, 283 (2001); Riv. Nuovo Cim. 26, 1 (2003); Int. J. Mod. Phys. D 13, 2127 (2004); P. Belli et al., Phys. Rev. D61, 023512 (2000); Phys. Rev. D66, 043503 (2002).

6. D. S. Akerib et al., Phys. Rev. D68, 082002 (2003);D.

Abrams et al., Phys. Rev. D66, 122003 (2002). 7. D. S. Akerib et al. [CDMS Coll.], Phys. Rev. Lett. 93, 211301 (2004).

8. V. Sanglard [the EDELWEISS Coll.], astro-ph/0306233 (2003).

9. V. Sanglard [the EDELWEISS Coll.], Phys. Rev. D71, 122002 (2005).

10. J. Jochum et al., Nucl. Phys. Proc. Suppl. 124, 189 (2003);

G. Angloher et al., Phys. Atom. Nucl. 66, 494 (2003) [Yad. Fiz. 66 (2003) 521].

11. L. Stodolsky, F. Probst, talk at “The Dark Side of the Universe,” Ann Arbor, May 2004.

12. M. Brhlik and L. Roszkowski, Phys. Lett. B464, 303 (1999); C.J. Copi and L.M. Krauss, Phys. Rev. D67, 103507 (2003); R. Foot, Phys. Rev. D69, 036001 (2004); Mod. Phys. Lett. A 19, 1841 (2004); A.M. Green, Phys. Rev. D63, 043005 (2001); Phys. Rev. D66, 083003 (2002); Phys. Rev. D68, 023004 (2003) Erratum ibid. D69, 109902 (2004); A. Kurylov and M. Kamionkowski, Phys. Rev. D69, 063503 (2004); G. Prézeau, A. Kurylov, M. Kamionkowski, and P. Vogel, Phys. Rev. Lett. 91, 231301 (2003); C. Savage, P. Gondolo, and K. Freese, Phys. Rev. D70,123513 (2004); D.Smith and N. Weiner, Phys. Rev. D64, 043502 (2001); P. Ullio, M. Kamionkowski, and P. Vogel, JHEP 0107, 044 (2001), P. Gondolo and G. Gelmini, Phys. Rev. D 71, 123520 (2005) 13. F. Englert, R. Brout, Phys. Rev. Lett. 13, 321 (1964). 14. P. W. Higgs, Phys. Rev. Lett. 13, 508 (1964). 15. M. Drees, M. M. Nojiri, Phys. Rev. D47, 376 (1993). 16. P. Gondolo, J. Edsjö, L. Bergström, P. Ullio, M. Schelke and T. Baltz, JCAP 0407, 008 (2004).

17. A. Djouadi, J.-L. Kneur, G. Moultaka, hep-ph/0211331. 18. V. Bertin, E. Nezri, J. Orloff, Eur. Phys. .J. C26, 111 (2002).

19. G. Jungman, M. Kamionkowski and K. Griest, Phys. Rept.

267, 195 (1996) .

20. T. Nihei, L. Roszkowski and R. Ruiz de Austri, JHEP 0203, 031 (2002).

21. J. Rosiek, Phys. Rev. D41, 3464 (1989).

22. J. M. Cornwall, D. N. Levin and G. Tiktopoulos, Phys.

Rev. D10, 1145 (1974).

23. J. M. Cornwall, Phys. Rev. D26, 1453 (1981); J. M. Cornwall, J. Papavassiliou, Phys. Rev. D40, 3474 (1989); D. Binosi, J. Phys G30, 1021 (2004).

24. J. F. Gunion and H. E. Haber, Phys. Rev. D37, 2515 (1988).

25. H. E. Haber and G. L. Kane, Phys. Rept. 117, 75 (1985). 26. R. N. Mohapatra and P. B. Pal, Massive Neutrinos in Physics and Astrophysics, World Scientific (1991).