arXiv:1305.0021v1 [hep-ph] 30 Apr 2013

Dark matter coupling to electroweak gauge and Higgs bosons: an effective field theory approach

Jing-Yuan Chen,^∗ Edward W. Kolb,^† and Lian-Tao Wang^‡ Enrico Fermi Institute and Kavli Institute for Cosmological Physics, the University of Chicago, Chicago, Illinois 60637-1433 (Dated: May 2, 2013)

If dark matter is a new species of particle produced in the early universe as a cold thermal relic (a weakly-interacting massive particle—WIMP), its present abundance, its scattering with matter in direct-detection experiments, its present-day annihilation signature in indirect-detection experiments, and its production and detection at colliders, depend crucially on the WIMP coupling to standard-model (SM) particles. It is usually assumed that the WIMP couples to the SM sector through its interactions with quarks and leptons. In this paper we explore the possibility that the WIMP coupling to the SM sector is via electroweak gauge and Higgs bosons. In the absence of an ultraviolet-complete particle-physics model, we employ effective field theory to describe the WIMP– SM coupling. We consider both scalars and Dirac fermions as possible dark-matter candidates. Starting with an exhaustive list of operators up to dimension 8, we present detailed calculation of dark-matter annihilations to all possible final states, including γγ, γZ, γh, ZZ, Zh, W^+W^−, hh, and ff̄ , and demonstrate the correlations among them. We compute the mass scale of the effective field theory necessary to obtain the correct dark-matter mass density, and well as the resulting photon line signals.

PACS numbers: 98.70.Cq, 95.35.+d, 95.30.Cq, 95.55.Ka, 95.85.Ry

I. INTRODUCTION

The identity of the dark-matter (DM) particle is one of the main outstanding mysteries in cosmology and particle physics. Many candidates have been proposed. Among the numerous possibilities, we choose in this paper to focus on the hypothesis that DM is a cold thermal relic of the early universe, a weakly interacting massive particle (WIMP). It is well known that the thermal relic abundance of such a dark-matter particle, with mass in the GeV to TeV range, can provide the requisite DM mass density. At the same time, the weak but non-vanishing couplings between such a DM particle and Standard Model (SM) particles open up the possibility of detecting dark matter through astronomical observations (indirect detection), terrestrial experiments (direct detection), and collider searches at the LHC.

Both the thermal relic abundance and the signal in indirect-detection observations are controlled by the rate at which dark-matter particles annihilate into SM final states. In this paper, we focus on the scenario in which DM particles annihilate only (or dominantly) to two-body final states containing SM electroweak gauge bosons and Higgs. While the ultimate goal would be to understand the complete theory in which the DM is embedded and that would describe the DM–SM interactions, until the ultimate goal is realized we can study aspects of DM by employing an effective field theory (EFT) to describe the (non-renormalizable, low-energy) DM–SM interactions.

In this paper, we consider dark-matter annihilation dominated by all possible SM di-boson final states, γγ, γZ, γh, ZZ, Zh, W^+W^−, and hh. As we will discuss in detail later, sometimes gauge invariance requires us to include Standard Model fermions, ff̄, as final states. Dark-matter annihilation into fermions gives rise to a large class of indirect-detection signals, such as high-energy positron, antiproton, or neutrino fluxes. However, estimation of such signals (possibly with the exception of the neutrino flux) typically suffers from large astrophysical uncertainties. At the same time, DM annihilation to two-body final states involving one or two mono-chromatic photons (photon “lines”) likely provides the cleanest indirect signal of dark matter. Therefore, the scenario we consider has the best chance of producing an indisputable discovery of a WIMP through indirect detection. SM gauge invariance usually implies correlation between the photon channels, γγ, γh, and γZ, and other di-boson channels ZZ, W^+W^−, and Zh. In addition, annihilation into the hh final state can also give interesting signals. In this case, the annihilation could proceed through the so-called Higgs portal operator J_{DM}H^†H, in which J_{DM} is a SM singlet. It has no direct correlation with the other di-boson channels.

∗Electronic address: chjy@uchicago.edu †Electronic address: Rocky.Kolb@uchicago.edu ‡Electronic address: liantaow@uchicago.edu

It is not hard to imagine how our scenario can be (approximately) realized. We first note that due to gauge and Lorentz invariance, couplings with only the dark matter particle and the Standard Model particles must be nonrenormalizable. The only exception is scalar dark matter with Higgs portal couplings. Therefore, in a complete theory, additional new states are almost always required to mediate dark matter annihilation. The choice of the properties of these new states, such as their spin and gauge quantum numbers, can lead to very different dominant annihilation channels. Hence, the dominance of di-boson final states is at least as plausible as that of the fermionic final states. There are other potential arguments for di-boson dominance. For example, di-boson final states can come from the SM gauge field strength tensors, which have mass dimension two. At the same time, SM fermonic final states come from operators with lowest mass dimension three. The annihilation into di-bosons can also dominate if the annihilation to fermions is suppressed by the velocity of DM particles. A well known example of this case is the Majorana fermion dark matter, such as the bino LSP in the MSSM. We also note a possibility in which the DM particle has enhanced coupling to the top quark, but it is too light to annihilate into tt̄ [1] and annihilation proceeds through a loop process into SM di-boson final states.

We will parameterize our ignorance of the detailed physics of dark-matter annihilation by using an effective field theory approach, manifestly preserving SM gauge symmetries. We assume that the only light states at the weak scale are the DM and the SM particles. In this case, we can integrate out the unknown new physics which mediates the DM interaction with SM states, and study the signal of DM annihilation using non-renormalizable operators of the form O ∝ J_{DM} · J_{SM}, where the SM current J_{SM} consists of W^±, Z, γ, and h. We could, in principle, also include gluons as possible final states. However, in practice, the signal of this final state is similar to that of the SM quarks. For simplicity, we will not consider it further in our paper. We will only consider the cases in which both J_{DM} and J_{SM} are SM gauge singlets. Moreover, we assume J_{DM} only consists of the neutral DM particle. In principle, the DM particle could also be part of a multiplet. Therefore, we are implicitly assuming that the additional states in the DM multiplet become heavy after electroweak symmetry breaking and can be integrated out.

Our study is motivated by the recent claims of a γ-ray line of energy around 130 GeV in the Fermi data [2–7], which could be interpreted as a line from dark-matter annihilation at the galactic center. But we consider the full range of possibilities and will not be restricted only to the parameter space that can give such a signal.

In the following, we first categorize all effective operators (up to dimension 8), suppressed by the new physics scale Λ. We then proceed to compute the annihilation rates into all possible two-body SM final states. We will focus on 2 → 2 annihilation processes: Processes with a larger number of particles in the final state, such as 2 → 3 processes, while possibly important in certain cases, are typically subdominant in comparison to 2 → 2 processes due to phase space suppression. We then derive the value of Λ required to have the correct thermal relic abundance. We also compute the strength of the indirect detection signals, with particular focus on a possible photon line from the galactic center.

Some of the topics studied in this paper have been considered earlier [8, 9]. However, there are some differences in emphasis between these works and our current work. In particular, Ref. [8] considered dark matter candidates that are charged under SU(2)_L, as well as effective operators that are not invariant under SU(2)_L; these constructions allow the possibility that the UV complete theory may have already undergone electroweak symmetry breaking (EWSB). In contrast, we assume that the light Higgs field is solely responsible for electroweak symmetry breaking, and include it in effective flied theory. Ref. [9] mainly focuses on the gamma-ray line. While we are also motivated by the gamma-ray line, we will also consider other signals. We also include a detailed study of the thermal relic abundance.

This paper is organized as follows: In the next section we describe the notation used for the particles and couplings in the theories we study. Section III discusses the types of operators, as well as the contributions of the initial and final state operators to the square of the matrix element. Section IV contains the results for the annihilation cross sections for all the two-body final states for all of the various operators. Section V calculates the present-day annihilation cross section into photons for sample masses of the DM, assuming the mass parameter of the EFT is the value necessary to result in the observed dark-matter density. We conclude in Sec. VI.

II. PARTICLES AND COUPLINGS

We will consider the possibility that the WIMP is a complex scalar particle, ϕ, or a Dirac or Majorana fermion, χ. We denote the WIMP mass as M. The momenta of the annihilating WIMPs are denoted by p and p^′. The spins of the initial-state fermionic WIMPS, if present, will be denoted as s and s^′. We will consider various bilinears of fermionic WIMPS. We use bilinears formed with 1, γ^5 ≡ −(i/4!)ϵ^{μνρσ} γ_μγ_ν γ_ργ_σ , γ^μ, γ^{μ5} ≡ γ^μγ^5, and γ^{μν} ≡ (i/2)[γ^μ, γ^ν ].

For Majorana fermion WIMPs, using the basis v̄^{s′} (p^′) = i [ u^{s′} (p^′) ]_T γ^2γ^0, the only difference from Dirac fermions is that a particle is identified with its antiparticle. It is conventional and convenient to put a factor of 1/2 for Majorana fermions into the bilinears χ̄...χ, due to the identification of particle and antiparticle. Using the fact that γ^{μ T} γ^0γ^2 = γ^2γ^0γ^μ, we have for Majorana WIMPs^1_2 χ̄γ^μχ = 0 and^1_2 χ̄γ^{μν} χ = 0, and the contributions of^1_2 χ̄χ, 1 2 χ̄γ^5χ, and^1_2 χ̄γ^{μ5}χ to M are the same as those of Dirac fermions, but without the factor 1/2.

The SM Higgs doublet is denoted as H, with vacuum expectation value (vev) ⟨v⟩/ √ 2, where ⟨v⟩ = 246 GeV. The physical Higgs boson is denoted as h. We will always work in the unitary gauge.

Electroweak gauge bosons are the SU(2)_W gauge fields W^a for a = 1, 2, 3, and the the U(1)_Y hypercharge gauge field B. After the electroweak symmetry breaking change of basis, we denote A_{μν} ≡ 2∂_{[μ}A_{ν]} where A may be a photon, W , or Z boson, depending on the context.^1 Note that A_{μν} is defined with derivatives only, i.e., without the structure constant term. The CP-violating electric dipole tensors are ~W^a_{μν} ≡ W^{a ρσ} ϵ_{ρσμν} /2 and ~B_{μν} ≡ B^{ρσ} ϵ_{ρσμν} /2. If the final state is two vector bosons AA^′, then m and m^′ will denote their masses, k and k^′ will denote their momenta, and r and r^′ will denote their polarizations. If the final state is Ah, k will denote the momentum of A and k^′ will denote the momentum of h.

We denote by C the coefficients in the EW mixing matrix:

W^1 W^2 W^3 B = C_{1W} + C_{1W} − 0 0 C_{2W} + C_{2W} − 0 0

0 0 C_{3Z} C_{3γ} 0 0 C_{Y Z} C_{Y γ}

W^+ W^− Z γ = 1/ √ 2 1/ √ 2 0 0 i/ √ 2 −i/ √ 2 0 0 0 0 cos θ_W sin θ_W 0 0 − sin θ_W cos θ_W

W^+ W^− Z γ . (1)

III. INITIAL AND FINAL-STATE MATRIX ELEMENT FACTORS

Each SM gauge-invariant vertex operator can be written as a WIMP factor, which contains the initial state of WIMPs, multiplied by a SM factor, which contains SM particles. A consequence is if there is only one vertex operator responsible for WIMP annihilation, then in computing the square of the matrix element, |M|^2, we can compute the contributions from the WIMP factor and the SM factor separately. However, if a linear combination of vertex operators are responsible for WIMP annihilation, the different operators can connect the same set of initial and final states, and |M|^2 will consist of interference terms in addition to one term from each operator. Here, we avoid this complication by ignoring possible linear combinations of multiple vertex operators.

The initial-state WIMP factors are rather simple. For scalar WIMPs we can form J_{DM} operators with massdimension 2 or mass-dimension 3. For fermion WIMPs, J_{DM} operators have mass dimension 3. The initial-state WIMP factors are discussed and listed in Section III A. By assumption, the final-state SM factors will only contain gauge bosons or Higgs bosons (or fermions in the case of tensor operators as discussed in Sec. III B 3). They have mass-dimension 2, 4, or 5. They are discussed and listed in Section III B.

Given a vertex operator, there might be 2-to-3 or 2-to-4 annihilation processes. However, we will only consider 2-to-2 processes as 3-particle or 4-particle final states are suppressed by phase-space factors. This also helps us avoid the complicated 3-particle or 4-particle final state phase space integrals.

We can classify the possible terms as products of scalar/pseudoscalar terms, vector/axial vector terms, and tensor terms that can produce a di-boson final state. Since the DM mass we consider is close to the electroweak symmetry breaking scale and the Higgs boson mass, we will preserve the manifest SU(2)_L × U(1)_Y gauge symmetry in the operators we consider to maintain a sensible power counting in the EFT. We group possible operators into Hermitian combinations.

The scalar/pseudoscalar terms are

ϕ^†ϕ χ̄χ χ̄iγ^5χ × H^†H with final state hh B_{μν} B^{μν} with final states γγ, γZ, ZZ B_{μν} ~B^{μν} with final states γγ, γZ, ZZ W^a_{μν} W^{a μν} with final states γγ, γZ, ZZ, W^+W^− W^a_{μν} ~W^{a μν} with final states γγ, γZ, ZZ, W^+W^− . (2)

The H^†H final state can appear in a renormalizible mass-dimension 4 operator (with a ϕ^†ϕ WIMP operator) or a mass-dimension 5 operator (with χ̄χ or χ̄iγ^5χ WIMP operators). This is the so called Higgs portal. Since we are interested in operators which can, in principle, give a photon line, we will not consider the operator ϕ^†ϕH^†H as part of

1 Throughout, we use the notation for symmetrization and antisymmetrization of indices 2A_{[μ}B_{ν]} = A_μB_ν − A_ν B_μ and 2A_{{μ}B_{ν}} = A_μB_ν + A_ν B_μ

our EFT. There are a total of 12 possible terms that lead to a photon in the final state: four terms of mass-dimension 6 and eight terms of mass-dimension 7. The initial-state contributions to |M|^2 are given in Table I, and the final-state contributions to |M|^2 are given in Table II.

Now we turn to the vector/axial vector terms. First consider the WIMP factor ϕ^†∂^μϕ + h.c. Nonvanishing terms are

( ϕ^†∂^μϕ + h.c. ) ×

( B_{λμ}Y_H H^†D^λH + h.c. ) with final state Zh ( W^a_{λμ} H^†t^aD^λH + h.c. ) with final state Zh i ( B_{λμ}Y_H H^†D^λH − h.c. ) with final states γZ, ZZ i ( ~B_{λμ}Y_H H †DλH − h.c. ) with final states γZ, ZZ i ( W^a_{λμ} H^†t^aD^λH − h.c. ) with final states γZ, ZZ, W^+W^− i ( ~W a_{λμ} H †taDλH − h.c. ) with final states γZ, ZZ, W^+W^− ,

(3)

leading to four terms with a photon in the final state. We choose the hypercharge normalization so that Y_H = 1/2. The operator ( ϕ^†∂^μϕ + h.c. ) × ( ~B_{λμ}Y_H H †DλH + h.c. ) vanishes. This can be seen by expressing it

as ∂^μ(ϕ^†ϕ)∂^λ(H^†H) ~B_{λμ}Y_H . Integrating by parts, one moves ∂^μ onto ~B_{λμ} and ∂^λ(H^†H). ∂^μ ~B_{λμ} vanishes identically, and ∂^μ∂^λ(H^†H) ~B_{λμ} is a contraction between a term symmetric in {λμ} with a term antisymmetric in [λμ] and

therefore vanishes. A similar argument applies to the term ( ϕ^†∂^μϕ + h.c. ) × ( ~W^a_{λμ} H^†t^aD^λH + h.c. ) . We also note

that operator ( ϕ^†∂^μϕ + h.c. ) × ( B_{λμ}Y_H H^†D^λH + h.c. ) does not produce γh final state at tree level, because ∂^μA_{λμ} vanishes for an on-shell photon.

Now consider the remaining three WIMP vector operators i ( ϕ^†∂^μϕ − h.c. ) , χ̄γ^μχ, and χ̄γ^{μ5}χ. All terms result in a photon in the final state. The operators are

i ( ϕ^†∂^μϕ − h.c. ) χ̄γ^μχ χ̄γ^{μ5}χ ×

( B_{λμ}Y_H H^†D^λH + h.c. ) with final states γh, Zh ( ~B_{λμ}Y_H H †DλH + h.c. ) with final states γh, Zh i ( B_{λμ}Y_H H^†D^λH − h.c. ) with final states γZ, ZZ i ( ~B_{λμ}Y_H H^†D^λH − h.c. ) with final states γZ, ZZ ( W^a_{λμ} H^†t^aD^λH + h.c. ) with final states γh, Zh, W^+W^− ( ~W a_{λμ} H †taDλH + h.c. ) with final states γh, Zh, W^+W^− i ( W^a_{λμ} H^†t^aD^λH − h.c. ) with final states γZ, ZZ, W^+W^− i ( ~W^a_{λμ} H^†t^aD^λH − h.c. ) with final states γZ, ZZ, W^+W^− ,

(4)

for a total of 24 terms.

The initial-state contributions to |M|^2 are given in Table I, and the final-state contributions to |M|^2 are given in Table III.

Finally, consider tensor-like couplings. There are 4 possible mass-dimension 7 terms, and two possible massdimension 5 terms.^2 The non-zero tensor terms are of the form

χ̄γ^{μν} χ ×

B_{μν} with final states Zh, W^+W^−, ff̄ ~B_{μν} with final states Zh, W +W −, ff̄ B_{μν} Y_H H^†H with final states γh, Zh, W^+W^−, ff̄ ~B_{μν} Y_H H †H with final states γh, Zh, W +W −, ff̄ W^a_{μν} H^†t^aH with final states γh, Zh, W^+W^−, ff̄ ~W a_{μν} H †taH with final states γh, Zh, W +W −, ff̄ , (5)

2 Terms χ̄γ^{μν} χB_{λμ}B^λ_ν and χ̄γ^{μν} χW^a_{λμ}W^{a λ}_ν vanish because they are a product of an antisymmetric tensor (γ^{μν} ) and a symmetric

tensor (e.g., B_{λμ}B^λ_ν ). Though less transparent, terms of the form ~B_{λμ}B^λ_ν and ~W^a_{λμ}W^{a λ}_ν are only non-zero when μ = ν. To see this,

notice that 2B^Y_{λμ} ~B^{Y λ}_ν = B^Y_{[λμ]}B^Y_{[ρσ]}ϵ^{ρσλ}_ν , which is antisymmetric in both [μρ] and [μσ] (see this by exchanging λ ↔ ρ and λ ↔ σ). Since μ is antisymmetric with λ, ρ, σ, the only non-vanishing terms are those with μ = ν.

TABLE I: Contributions to the matrix element from initial states. For fermions, the spins s, s^′ have been averaged.

Mass dimension Operator Contribution to |M|^2 Notes

2 ϕ^†ϕ 1 3 ( ϕ^†∂^μϕ + h.c. ) (p + p^′)^μ(p + p^′)^{μ̄} i ( ϕ^†∂^μϕ − h.c. ) (p − p^′)^μ(p − p^′)^{μ̄}

3 χ̄χ p · p^′ − M^2 χ̄iγ^5χ p · p^′ + M^2 χ̄γ^μχ 2p^{{μ}p^{′μ̄}} − g^{μμ̄}(p · p^′ + M^2) a χ̄γ^{μ5}χ 2p^{{μ}p^{′μ̄}} − g^{μμ̄}(p · p^′ − M^2) χ̄γ^{μν} χ 2(p · p^′ − M^2)(g^{μ[μ̄}g^{ν̄]ν} ) − 4p^{[μ}g^{ν][ν̄} p^{′μ̄]} − 4p^{′[μ}g^{ν][ν̄} p^{μ̄]} a

a Operator vanishes for Majorana fermions.

for a total of four terms leading to a photon in the final state. Although we are focusing on operators which lead to di-boson final states, we have to include the fermonic final states in this case, as dictated by the structure of this class of operators (see Sec. III B 3).

The initial-state contributions to |M|^2 are again given in Table I, and the final-state contributions to |M|^2 are given in Table IV.

The 12 scalar/pseudoscalar plus 28 vector/axial vector plus 4 tensor terms lead to a total of 44 possible terms with photons in the final state. Some processes have two annihilation modes containing photons, including γγ, γZ, or γh. Therefore, a photon line with a given energy can arise from different processes. An example using 130 GeV as the energy of the line is given in Table V.

All final states for all the possible terms are calculated and given in Sec. IV. The scalar/pseudoscalar terms are given in Tables VI through IX, sorted by initial operators. The vector/axial vector terms are given in Tables X through XVII, again sorted by initial operators. Finally the tensor results are in Tables XVIII-XX.

A. Initial-state WIMP factors

The initial-state WIMP factors appearing in annihilation matrix elements are shown in Table I, along with their contribution to |M|^2. The mass-dimension (either 2 or 3) is indicated.

Note that p · p^′ − M^2 ∝ s − 4M^2, where s = (p + p^′)^2 = (k + k^′)^2 is the center-of-mass energy. In the nonrelativistic (NR) limit, s → 4M^2 + M^2v^2, so the scalar operator χ̄χ will have an NR annihilation cross section proportional to v^2.

B. Final-state SM factors

1. Final-state SM operators coupling to scalar/pseudoscalar DM operators

Appearing in the matrix elements will be terms of the form BB, B ~B, W^aW^a, W^a ~W^a, or H^†H. The first four factors represent mass-dimension 4 operators, and the final contribution to |M|^2 has mass-dimension 2. After electroweak symmetry breaking we must change basis to express the matrix element in terms of γ’s, Z’s, or W ’s. Terms will appear as C_{Y A}C_{Y A}′ AA^′ or C_{aA}C_{aA}′ AA^′, where the A and A^′ can be either a photon or a Z boson (or W bosons in the case of SU(2)_W ) and the Cs are the coefficients of the EW mixing matrix. The diagrams representing the possible final states are shown in Figs. 1 and 2. In these, and in all such diagrams, it should be understood that there are processes with gauge bosons replaced by their duals. The contributions to the matrix elements are give in Table II.

Another possible “scalar” final state is H^†H, which has mass-dimension 2. In the unitary gauge H^†H = (⟨v⟩ + h)^2 /2. This is also listed in Table II. Of course, there will not be a photon in the two-body final state.

FIG. 1: Final-state dimension-4 diagrams of the form B^{μν} Bμν that couple to scalar or pseudoscalar WIMP factors.

FIG. 2: Final-state dimension-4 diagrams of the form W^{aμν} W^a_{μν} that couple to scalar or pseudoscalar WIMP factors.

2. Final-state SM operators coupling to vector/axial vector DM operators

Mass-dimension 5 mixed Higgs/gauge-boson factors will be of the form of a gauge field times a product of the Higgs field times a derivative of the Higgs field.

First consider the mass-dimension 5 terms coupling to hypercharge. One of the possible terms is of the form ( B_{λμ}Y_H H^†D^λH + h.c. ) . After symmetry breaking the terms responsible for 2-to-2 annihilation processes are C_{Y A} ⟨v⟩A_{λμ}∂^λh/2, where A can be either a photon or a Z boson. For the operator with B_{λμ} replaced by ~B_{λμ}, the result is the same with A_{λμ} replaced by ~A_{λμ}. These diagrams are illustrated in Fig. 3.

The other possible hypercharge term is i ( B_{λμ}Y_H H^†D^λH − h.c. ) . This operator leads to terms of the form −C_{Y A} m_Z ⟨v⟩A_{λμ}Z^λ/2, where A can be either photon or Z boson. Note that no Higgs is produced in 2-to-2 process for this operator. Again, for the operator with B_{λμ} replaced by ~B_{λμ}, the result is the same with A_{λμ} replaced by ~A_{λμ}. These final states are shown in Fig. 4.

Now consider the mass-dimension 5 terms coupling to SU(2)_W fields. One of the possible terms is of the form ( W^a_{λμ}H^†t^aD^λH + h.c. ) . After symmetry breaking, terms involving a Higgs are −C_{3A}⟨v⟩A_{λμ}∂^λh/2, where A can be a photon or a Z. These terms also have an annihilation channel into W^+W^−, which has a factor i⟨v⟩m_W ( W^+_{λμ}W^{−λ} − W^−_{λμ}W^{+λ} ) /2. (We ignore the structure constant term from the field strength tensor, since

TABLE II: Contributions to the matrix element for SM final states that couple to scalar or pseudoscalar DM operators. The mass dimension of the SM operator is indicated. The polarizations have been summed over. The EW mixing-matrix factors are not explicitly included. A and ~A can be γ or Z for the U(1)Y case and additionally W^+W^− for the SU(2)W case.

Mass Dimension Operator Appears in M as Contribution to |M|^2

4 Bμν B^{μν} ; W^a_{μν} W^{a μν} Aμν A^{′μν} if A = A^′ 32 [ (k · k^′)^2 + m^2m^{′2}/2 ] 2A_{μ{ν} A^{′μν}} if A ≠ A^′

4 B_{μν} ~B^{μν} ; W^a_{μν} ~W^{a μν} Aμν ~A^{′μν} if A = A^′ 32 [ (k · k^′)^2 − m^2m^{′2}/2 ] 2A_{μ{ν} ~A^{′μν}} if A ≠ A^′ 2 H^†H hh 1 4

FIG. 3: Final-state dimension-5 diagrams of the form (B_{λμ}YH H^†D^λH + h.c.) that couple to vector or axial-vector WIMP factors.

we are only interested in tree-level 2-to-2 processes.) The associated final-state diagrams are shown in Figs. 5 and 6.

The terms are given in Table III. All the terms have the correct structure to couple to χ̄γ^μχ, χ̄γ^{μ5}χ, or ϕ^†∂^μϕ terms. Also, all terms are proportional to the Higgs vacuum expectation value ⟨v⟩^2 and some terms are proportional to m^2_Z or m^2_W ; we do not explicitly include these factors in the table, nor do we include factors of the electroweak mixing angles. All proper factors are included in the presentation of our final results in the next section.

3. Final-state SM operators coupling to tensor DM operators

Now we turn to final-state SM operators coupling to tensor DM operators. They will be of the form B or ~B multiplied by H^†Y_H H, and W^a or ~W^a multiplied by H^†t^aH. These processes will be more complicated to compute

FIG. 4: Final-state dimension-5 diagrams of the form (B_{λμ}YH H^†D^λH − h.c.) that couple to vector or axial-vector WIMP factors.

FIG. 5: Final-state dimension-5 diagrams of the form (W^a_{λμ}H^†t^aD^λH + h.c.) that couple to vector or axial-vector WIMP factors.

FIG. 6: Final-state dimension-5 diagrams of the form (W^a_{λμ}H^†t^aD^λH − h.c.) that couple to vector or axial-vector WIMP factors.

because the final states Zh, W^+W^− and ff̄ may be produced through production of a single s-channel photon or Z (see Figs. 7 and 8). An operator just containing a single B or a ~B can also produce a diboson final state by producing a single photon or Z, which then produces the two-body final states Zh, W^+W^− and ff̄.

Because the processes in this subsection are more complicated, we describe the calculation in a little more detail. We first express the fields involved in the operators in the unitary gauge:

B_{μν} H^†Y_H H = 1 2 (⟨v⟩ + h)^2 2 B_{μν} = (⟨v⟩ + h)^2 4 C_{Y A} A_{μν} , W^a_{μν} H^†t^aH = − 1 2 (⟨v⟩ + h)^2 2 W^3_{μν} = − (⟨v⟩ + h)^2 4 ( C_{3A} A_{μν} − 2igW^+_{[μ} W^−_{ν]} ) , (6)

where A includes both the photon and the Z boson, A_{μν} ≡ 2∂_{[μ}A_{ν]}, C_{Y γ} = C_{3Z} = cos θ_W , −C_{Y Z} = C_{3γ} = sin θ_W , and ⟨v⟩/ √ 2 is the Higgs vev. We will make use of the facts that ⟨v⟩ and the W and Z masses, m_W and m_Z , are related by m_W = m_Z cos θ_W = g⟨v⟩/2, and the SU(2) coupling strength g is related to the EM coupling e via g = e/ sin θ_W . In this subsection we will not separately consider the operators ~B_{μν} H^†Y_H H and ~W^a_{μν} H^†t^aH. It is much more convenient just to use the results for B_{μν} H^†Y_H H and W^a_{μν} H^†t^aH and let the epsilon tensor operate on the WIMP factors.

First consider production of γ(k)h(k^′) from an operator with the SM factor B_{μν} H^†Y_H H. There is only vertex production in this case (see Fig. 7). Summing over the polarization of the photon, ∑ r,r^′ |M|^2 = −⟨v⟩^2 cos^2 θ_W g_{νν̄} k_μk_{μ̄} + {μν}{μ̄ν̄}. (7)

Note that we use +{μν}({μ̄ν̄}) to indicate the addition of all terms symmetric in {μν} ({μ̄ν̄}), which will not contribute when combined with the tensor WIMP factor, which is antisymmetric in those indices. Production of γ(k)h(k^′) from an operator with the SM factor W^a_{μν} H^†t^aH leads to a SM factor which differs only by the EW mixing term: ∑ r,r^′ |M|^2 = −⟨v⟩^2 sin^2 θ_W g_{νν̄} k_μk_{μ̄} + {μν}{μ̄ν̄}. (8)

TABLE III: Mass-dimension 5 contributions to the matrix element for mixed Higgs/gauge-boson final states. The polarizations have been summed over. The EW mixing-matrix factors are not explicitly included. These terms couple to vector/axial-vector WIMP operators.

Operators Appears in M as Contribution to |M|^2 ( B_{λμ}YH H^†D^λH + h.c. ) A_{λμ}∂^λh [A = γ or Z] −kμkμ̄ m^2_h + 2(k · k^′)k_{{μ}k^′_{μ̄}} − (k · k^′)^2gμμ̄ ( ~B_{λμ}Y_H H^†D^λH + h.c. ) ~A_{λμ}∂^λh [A = γ or Z] −k^μk^{μ̄} m^{2h} − k^{′μ}k^{′μ̄} m^2 + 2(k · k^′)k^{{μ}k^{′μ̄}} + ( m^2m^2_h − (k · k^′)^2 ) gμμ̄

i ( B_{λμ}YH H^†D^λH − h.c. ) AλμZ^λ [A = γ] kμkμ̄ − (k · k^′)^2 m^2_Z gμμ̄ + 2 k · k^′ m^2_Z k_{{μ}k^′_{μ̄}} A_{λμ}Z^λ [A = Z] kμkμ̄ + k^′_μk^′_{μ̄} + 2 ( m^2_Z −

(k · k^′)^2 m^2_Z ) gμμ̄ + 2 ( 2 k · k^′ m^2_Z + 3 ) k · k^′ m^2_Z k_{{μ}k^′_{μ̄}}

i ( ~B_{λμ}Y_H H^†D^λH − h.c. ) ~A_{λμ}Z^λ [A = γ] k_μk_{μ̄} − (k · k^′)^2 m^2_Z gμμ̄ + 2 k · k^′ m^2_Z k_{{μ}k^′_{μ̄}} ~A_{λμ}Z^λ [A = Z] −2 ( mZ − k · k^′ mZ )_2 gμμ̄ + 4 ( k · k^′ m^2_Z − 1 ) k_{{μ}k^′_{μ̄}} ( W^a_{λμ} H^†t^aD^λH + h.c. ) Aλμ∂^λh [A = γ or Z] −kμkμ̄ m^2h + 2(k · k^′)k{μk^′μ̄} − (k · k^′)^2gμμ̄ W^+W^− kμkμ̄ + k^′_μk^′_{μ̄} + 2 ( m^2_W −

(k · k^′)^2 m^2_W ) gμμ̄ + 2 ( 2 k · k^′ m^2_W − 3 ) k · k^′ m^2_Z k_{{μ}k^′_{μ̄}}

( ~W^a_{λμ} H^†t^aD^λH + h.c. ) ~A_{λμ}∂^λh [A = γ or Z] −kμkμ̄ m^2_h − k^′_μk^′_{μ̄} m^2 + 2(k · k^′)k_{{μ}k^′_{μ̄}} + ( m^2m^2_h − (k · k^′)^2 ) gμμ̄ W^+W^− 4 ( k · k^′ m^2_W + 1 ) k_{{μ}k^′_{μ̄}} − 2 ( k · k^′ mW + mW )_2

i ( W^a_{λμ} H^†t^aD^λH − h.c. ) A_{λμ}Z^λ [A = γ] kμkμ̄ − (k · k^′)^2 m^2_Z gμμ̄ + 2 k · k^′ m^2_Z k_{{μ}k^′_{μ̄}} A_{λμ}Z^λ [A = Z] kμkμ̄ + k^′_μk^′_{μ̄} + 2 ( m^2_Z −

(k · k^′)^2 m^2_Z ) gμμ̄ + 2 ( 2 k · k^′ m^2_Z + 3 ) k · k^′ m^2_Z k_{{μ}k^′_{μ̄}} W^+W^− kμkμ̄ + k^′_μk^′_{μ̄} + 2 ( m^2_W −

(k · k^′)^2 m^2_W ) gμμ̄ + 2 ( 2 k · k^′ m^2_W + 3 ) k · k^′ m^2_Z k_{{μ}k^′_{μ̄}}

i ( ~W^a_{λμ} H^†t^aD^λH − h.c. ) ~A_{λμ}Z^λ [A = γ] k_μk_{μ̄} − (k · k^′)^2 m^2_Z gμμ̄ + 2 k · k^′ m^2_Z k_{{μ}k^′_{μ̄}} ~A_{λμ}Z^λ [A = Z] −2 ( mZ − k · k^′ mZ )_2 gμμ̄ + 4 ( k · k^′ m^2_Z − 1 ) k_{{μ}k^′_{μ̄}} W^+W^− 4 ( k · k^′ m^2_W − 1 ) k_{{μ}k^′_{μ̄}} − 2 ( k · k^′ mW − mW )_2

Now turn to processes where there is an s-channel contribution. We start with the final state Zh from the operator B_{μν} H^†Y_H H. The matrix element has contributions from vertex production and s-channel production mediated by a Z-boson with momentum P_μ = (p + p^′)_μ = (k + k^′)_μ (this definition of P^μ implies that P^2 = s). The total is iM = ⟨v⟩ sin θ_W k_μ ϵ^{∗r}_ν (k) − i ⟨v⟩^2 2 sin θ_W iP_μ(−i) g_{νλ} − P_ν P_λ/m^2_Z s − m^2_Z i g^2⟨v⟩ 2 cos^2 θ_W g^{λρ} ϵ^{∗r}_ρ (k) + {μν}. (9) After some manipulation, the sum over the polarization of the absolute value squared of the matrix element is ∑ r |M|^2 = ⟨v⟩^2 (s − m^2_Z )^2 sin^2 θ_W [ −s^2g_{νν̄} ( k + m^2_Z s k^′ ) μ ( k + m^2_Z s k^′ ) μ̄ + m^2_Z k_μk_{μ̄}k^′_ν k^′_{ν̄} ] + {μν}{μ̄ν̄}. (10)

The result for the Zh final state from the operator W^a_{μν} H^†t^aH is the same as the previous expression with the replacement sin^2 θ_W → cos^2 θ_W : ∑ r |M|^2 = ⟨v⟩^2 (s − m^2_Z )^2 cos^2 θ_W [ −s^2g_{νν̄} ( k + m^2_Z s k^′ ) μ ( k + m^2_Z s k^′ ) μ̄ + m^2_Z k_μk_{μ̄}k^′_ν k^′_{ν̄} ] + {μν}{μ̄ν̄}. (11) Now consider the final state ff̄, for which there are only s-channel processes (see Figs. 7 and 8). The amplitude for production of f(k)f̄(k^′) from B_{μν} H^†Y_H H is iM = i ⟨v⟩^2 2 ū^s_f (k) { cos θ_W iP_μ(−i) g_{νλ} s [γff̄]^λ − sin θ_W iP_μ(−i) g_{νλ} − P_ν P_λ/m^2_Z s − m^2_Z [Zff̄]^λ } v^{s′}_f (k^′) = − 1 2 ⟨v⟩m_Z s − m^2_Z sin θ_W P_μ ū^s_f (k)γ_ν ( A_{f B} ± γ^5/2 ) v^{s′}_f (k^′) + {μν}, (12) with + for up-type quarks and neutrinos, and − for down-type quarks and charged leptons. The vertex factors

[γff̄]^λ = ig sin θ_W Q_f γ^λ

[Zff̄]^λ = ig cos θ_W γ^λ [ −Q_f sin^2 θ_W ± 1 4 (1 − γ^5) ] (13)

describe the coupling of photons and Z bosons to ff̄ (again, + for up-type quarks and neutrinos, and − for down-type quarks and charged leptons). The factor A_{f B} is defined as A_{f B} ≡ 2Q_f ( 1 − m^2_W /s ) ∓ 1/2, with − (+) for neutrinos and up-type quarks (charged leptons and down-type quarks). This leads to a sum over spin states of ∑ s,s^′ |M|^2 =

⟨v⟩^2 m^2_Z sin^2 θ_W 2(s − m^2_Z )^2 { −(4A^2_{f B} + 1)k_μk_{μ̄}k^′_ν k^′_{ν̄} + [ m^2_f − ( A^2_{f B} + 1 4 ) s ] g_{νν̄} P_μP_{μ̄} } + {μν}{μ̄ν̄}. (14)

The production of ff̄ from the operator W^a_{μν} H^†t^aH is similar. The matrix element is iM = i ⟨v⟩^2 2 ū^s_f (k) { sin θ_W iP_μ(−i) g_{νλ} s [γff̄]^λ + cos θ_W iP_μ(−i) g_{νλ} − P_ν P_λ/m^2_Z s − m^2_Z [Zff̄]^λ } v^{s′}_f (k^′) = − 1 2 ⟨v⟩m_Z s − m^2_Z cos θ_W P_μ ū^s_f (k)γ_ν ( A_{f W} ± γ^5/2 ) v^{s′}_f (k^′) + {μν}, (15) where A_{f W} is defined as A_{f W} ≡ 2Q_f sin^2 θ_W m^2_Z /s ∓ 1/2, with − (+) for neutrinos and up-type quarks (charged leptons and down-type quarks). This leads to ∑ s,s^′ |M|^2 =

⟨v⟩^2 m^2_Z cos^2 θ_W 2(s − m^2_Z )^2 { −(4A^2_{f W} + 1)k_μk_{μ̄}k^′_ν k^′_{ν̄} + [ m^2_f − ( A^2_{f W} + 1 4 ) s ] g_{νν̄} P_μP_{μ̄} } + {μν}{μ̄ν̄}. (16)

Finally, let us turn to production of W^+W^−. Production from the operator B_{μν} H^†Y_H H can only proceed via an s-channel process mediated by a photon or a Z-boson with momentum P_μ = (p + p^′)_μ = (k + k^′)_μ. The relevant coupling of the photon or Z to the W^+W^− final state is given by the factors

[γW^+W^−]^{λρσ} = ig sin θ_W [ g^{ρσ} (k^′ − k)^λ + g^{λρ}(P + k)^σ − g^{λσ}(P + k^′)^ρ ] [ZW^+W^−]^{λρσ} = ig cos θ_W [ g^{ρσ}(k^′ − k)^λ + g^{λρ}(P + k)^σ − g^{λσ}(P + k^′)^ρ ] . (17)

The matrix element is iM = i ⟨v⟩^2 2 iP_μ(−i) { cos θ_W g_{νλ} s [γW^+W^−]^{λρσ} − sin θ_W g_{νλ} − P_ν P_λ/m^2_Z s − m^2_Z [ZW^+W^−]^{λρσ} } ϵ^{∗r}_ρ (k) ϵ^{∗r′}_σ (k^′) + {μν}. (18) Summing over polarizations leads to ∑ r,r^′ |M|^2 =

⟨v⟩^2m^2_Z sin^2 θ_W (s − m^2_Z )^2 [( 1 − 4 m^2_W s + 12 m^4_W s^2 ) k_μk_{μ̄}k^′_ν k^′_{ν̄} − 2 ( 1 − 4 m^2_W s ) m^2_W g_{νν̄} P_ν P_{ν̄} ] + {μν}{μ̄ν̄}. (19)

FIG. 7: Final-state dimension-4 diagrams of the form Bμν YH H^†H that couple to tensor WIMP factors. We define P = p + p^′. The vertex factors [Zff̄ ], [γf̄f], [ZW W ], and [γW W ] are defined in the text.

FIG. 8: Final-state dimension-4 diagrams of the form W^a_{μν} H^†t^aH that couple to tensor WIMP factors. We define P = p + p^′. The vertex factors [Zff̄ ], [γf̄f], [ZW W ], and [γW W ] are defined in the text.

The W^+W^− final state from the operator W^a_{μν} H^†t^aH is more complicated still because the final state can be produced directly from the source vertex (see Fig. 8). This produces an additional term in the amplitude, which results in a total of iM = ⟨v⟩m_W ϵ^{∗r}_μ (k) ϵ^{∗r′}_ν (k^′) − i ⟨v⟩^2 2 iP_μ(−i) { sin θ_W g_{νλ} P^2

[γW^+W^−]^{λρσ}

+ cos θ_W g_{νλ} − P_ν P_λ/m^2_Z P^2 − m^2_Z

[ZW^+W^−]^{λρσ} } ϵ^{∗r}_ρ (k) ϵ^{∗r′}_σ (k^′) + {μν} . (20)

After tedious calculation, ∑ r,r^′ |M|^2 = ⟨v⟩^2 m^2_W { m^2_W g_{νν̄} [ m^2_W g_{μμ̄} − k_μk_{μ̄} − k^′_μk^′_{μ̄} + 2U_W (1 − U_W ) ( 1 − 4m^2_W s ) P_μP_{μ̄} ]

+ [ 1 − 2U_W ( 1 − 2m^2_W s ) + U^2_W ( 1 − 4 m^2_W s + 12 m^4_W s^2 )] k_μk_{μ̄}k^′_ν k^′_{ν̄} } + {μν}{μ̄ν̄}. (21) The factor U_W is defined as U_W ≡ 1 + m^2_W /(s − m^2_Z ).

The final-state contributions given in Eqns. (7), (8), (10), (11), (16), (14), (19), and (21) are given in Table IV. All the terms have the correct structure to couple to χ̄γ^{μν} χ.

We note that since we include SM gauge-boson interactions, operators of the form χ̄γ^{μν} χB_{μν} and χ̄γ^{μν} χ ~B_{μν} lead to final states Zh, ff̄, and W^+W^−. The diagrams for these processes can be constructed by removing the Higgs vev’s from the diagrams with a photon or Z propagator in Fig. 7. Of course none of these processes lead to a photon in the 2 body final state.

The final state Z(k)h(k^′) matrix element from the SM term B_{μν} is

16m^2_Z ⟨v⟩^2 (s − m^2_Z )^2 sin^2 θ_W [ −m^2_Z g_{νν̄} P_μP_{μ̄} + k_μk_{μ̄}k^′_ν k^′_{ν̄} ] , (22)

plus terms symmetric in {μν} or {μ̄ν̄}.

The contribution to final states W^+W^− and ff̄ from the operator B_{μν} can be obtained from the operator B_{μν} H^†Y_H H by removing a factor of ( ⟨v⟩/ √ 2 )_4

/4 (the factor of 4 is from removing Y^2_H ). The operator B_{μν} is included in Table IV.

IV. RESULTS

The annihilation cross section, σ(s), for WIMPs of mass M into a two-body final state with masses m and m^′ is given in terms of a dimensionless factor Σ, which depends on s = (p + p^′)^2 = (k + k^′)^2, the WIMP mass M, and the final state masses m and m^′ as σ(s) = 1 32πM^2 √ 4M^2 s √ M^2 s − 4M^2 √ 1 − (m + m^′)^2 s √ 1 − (m − m^′)^2 s Σ(s; M, m, m^′). (23) Physically, Σ(s; M, m, m^′) is given in terms of the matrix element M by Σ(s; M, m, m^′) = ∫ dΩ 4π 1 4 ∑ s,s^′ ∑ r[,r^′] |M|^2 fermonic WIMPs

= ∫ dΩ 4π ∑ r[,r^′] |M|^2 bosonic WIMPs, (24)

where initial spin states s and s^′ are averaged over for fermionic WIMPs, and polarizations r and r^′ of final-state bosons are summed over (if one of the final states is a spinless boson, the sum over r^′ is omitted). The integral ∫ dΩ is the solid angle integration in the CoM frame with the extra factor of 1/2 understood if the two final state particles are identical. The Σ(s; M; m, m^′) factors for the various terms and processes are given in tables below.

The nonrelativistic cross section, [σv]_{NR}, is obtained by the substitution s → 4M^2, unless s appears in the combination s − 4M^2, in which case s − 4M^2 → M^2v^2. This leads to the substitution 1 − 4M^2/s → v^2/4. The nonrelativistic cross section is usually expressed as a an expansion in terms of v^2: [σv]_{NR} = a + bv^2 + · · · . Therefore,

[σv]_{NR} = 1 32πM^2 √ 1 − (m + m^′)^2

4M^2 √ 1 − (m − m^′)^2 4M^2

Σ(s = 4M^2 or s − 4M^2 = M^2v^2; M, m, m^′) = a + bv^2. (25)

For present annihilation in the galactic center to produce the purported 130 GeV line, we need [σv]_{NR} ∼ 10^{−27} cm^3 s^{−1} = 8.59 × 10^{−11} GeV^{−2}. Annihilation in the galactic center has v ∼ 10^{−3}, so we will assume annihilation at rest, and also assume that if Σ ∝ 1 − 4M^2/s = v^2/4, that present-day annihilation will be negligible. For χ̄χ annihilation to particles of mass m and m^′, the energy of the particle of mass m is E = M + m^2/4M − m^{′2}/4M

TABLE IV: SM ”tensor” contributions. The polarizations have been summed over where appropriate. Since the terms have two indices, they can couple to tensor WIMP operators. Here, we only list the contributions to |M|^2 for Bμν and W^a_{μν} . For ~B_{μν} and ~W^a_{μν} , it is easier to contract the epsilon tensors with the SM term. This has the effect of changing −M^2 to +M^2 in the last line of Table I. For the results of annihilation into di-boson final states in this table, the addition of all terms symmetric in {μν} and {μ̄ν̄} is understood.

Operators Appears in M as Contribution to |M|^2 Notes

Bμν YH H^†H γμν h −⟨v⟩^2 cos^2 θW gνν̄ kμkμ̄ Zμν h ⟨v⟩^2 (s − m^2_Z )^2 sin^2 θW [ −s^2gνν̄ ( k + m^2_Z s k^′ ) μ ( k + m^2_Z s k^′ ) μ̄ + m^2_Z kμkμ̄k^′_ν k^′_{ν̄} ]

∑ f ff̄ ⟨v⟩^2m^2_Z sin^2 θW 2 (s − m^2_Z )^2 { − ( 4A^2_{f B} + 1 ) kμkμ̄k^′_ν k^′_{ν̄} + [ m^2_f − ( A^2_{f B} + 1 4 ) s ] gνν̄ PμPμ̄ } a, b W^+W^−

⟨v⟩^2m^2_Z sin^2 θW (s − m^2_Z )^2 [( 1 − 4 m^2_W s + 12 m^4_W s^2 ) kμkμ̄k^′_ν k^′_{ν̄} − 2 ( 1 − 4 m^2_W s ) m^2_W gνν̄ Pν Pν̄ ] a

W^a_{μν} H^†t^aH γμν h −⟨v⟩^2 sin^2 θW gνν̄ kμkμ̄ Zμν h ⟨v⟩^2 (s − m^2_Z )^2 cos^2 θW [ −s^2gνν̄ ( k + m^2_Z s k^′ ) μ ( k + m^2_Z s k^′ ) μ̄ + m^2_Z kμkμ̄k^′_ν k^′_{ν̄} ]

∑ f ff̄ ⟨v⟩^2m^2_Z cos^2 θW 2 (s − m^2_Z )^2 { − ( 4A^2_{f W} + 1 ) kμkμ̄k^′_ν k^′_{ν̄} + [ m^2_f − ( A^2_{f W} + 1 4 ) s ] gνν̄ PμPμ̄ } a, c

W^+W^− ⟨v⟩^2 m^2_W { m^2_W gνν̄ [ m^2_W gμμ̄ − kμkμ̄ − k^′_μk^′_{μ̄} + 2UW (1 − UW ) ( 1 − 4m^2_W s ) PμPμ̄ ]

+ [ 1 − 2UW ( 1 − 2m^2_W s ) + U^2_W ( 1 − 4 m^2_W s + 12 m^4_W s^2 )] kμkμ̄k^′_ν k^′_{ν̄} } a, d

Bμν

Zμν h 16 ⟨v⟩^2 (s − m^2_Z )^2 sin^2 θW [ −s^2gνν̄ ( k + m^2_Z s k^′ ) μ ( k + m^2_Z s k^′ ) μ̄ + m^2_Z kμkμ̄k^′_ν k^′_{ν̄} ]

∑ f ff̄ 16m^2_Z sin^2 θW ⟨v⟩^22 (s − m^2_Z )^2 { − ( 4A^2_{f B} + 1 ) kμkμ̄k^′_ν k^′_{ν̄} + [ m^2_f − ( A^2_{f B} + 1 4 ) s ] gνν̄ PμPμ̄ } a, b W^+W^−

16m^2_Z sin^2 θW ⟨v⟩^2 (s − m^2_Z )^2 [( 1 − 4 m^2_W s + 12 m^4_W s^2 ) kμkμ̄k^′_ν k^′_{ν̄} − 2 ( 1 − 4 m^2_W s ) m^2_W gνν̄ Pν Pν̄ ] a a Pμ ≡ (p + p^′)μ = (k + k^′)μ, P^2 = s b A_{f B} ≡ 2Q_f ( 1 − m^2_W /s ) ∓ 1/2, with − (+) for neutrinos and up-type quarks (charged leptons and down-type quarks).

c A_{f W} ≡ 2Q_f sin^2 θW m^2_Z /s ∓ 1/2, with − (+) for neutrinos and up-type quarks (charged leptons and down-type quarks). d UW ≡ 1 + m^2_W /(s − m^2_Z ).

and the energy of the particle of mass m^′ is E = M + m^{′2}/4M − m^2/4M. Possible final states we consider are γγ, γZ, γh, ZZ, W^+W^−, hh, and Zh. The 130 GeV line could result from annihilation of a particle of mass 130 GeV for photons from the γγ final state, mass 144 GeV for photons from the γZ final state, or mass 155 GeV for photons from the γh final state. For some operators, the branching fraction into γZ or γh is larger than the fraction into γγ. The energies of the other annihilation products are needed for the calculation of the continuum, which are given in Table V for WIMP masses of 130 GeV, 144 GeV, and 155 GeV. The values of Σ(s; M, m, m^′) as a function of Λ for arbitrary WIMP mass are indicated in the Tables for the various operators. (Of course it is understood that the WIMP mass must be above threshold for a given process.)

Also shown in Tables VI–XX are the values of Ωh^2 as a function of Λ for the various operators. The relic density depends on the total annihilation cross section. In terms of a and b, the early-universe freeze-out temperature, T_F , may be expressed in terms of x_F = M/T_F by [10]

x_F = ln [ c(c + 2) √ 45 8 MM_{P l}(a + 6b/x_F ) 2π^3 √ g_∗(x_F ) ] = ln [ 1.19 × 10^{19} GeV^2(a + 6b/x_F ) ] , (26)

where for relic density calculation a and b are the values for the total cross section. We use c, the free parameter to fit

TABLE V: Energies of products of WIMP annihilation. M γγ γZ γh ZZ; W^+W^− Zh Eγ Eγ EZ Eγ E_h EZ ; EW EZ E_h 130 GeV 130 GeV 114 GeV 146 GeV 100 GeV 160 GeV 130 GeV 116 Gev 144 GeV

144 GeV 144 GeV 130 GeV 158 GeV 117 GeV 171 GeV 144 GeV 131 GeV 157 GeV

155 GeV 155 GeV 142 GeV 168 GeV 130 GeV 180 GeV 155 GeV 143 GeV 167 GeV

FIG. 9: Feynman diagrams for production of a WIMP pair and a monophoton/mono-W /mono-Z (left diagram) or WIMP pair and a jet (right diagram). The WIMP pair would not be detected; its existence would be inferred by the missing transverse energy. In the right diagram (vector-boson fusion) at least one of the final-state quarks must produce a hard jet.

the numerical results, of c = 1, and assume the effective number of degrees of freedom at freeze out is g_∗(x_F ) = 106. Here we have assumed M = 130 GeV, but x_F only has a logarithmic dependence on M. The present value of Ωh^2 is given in terms of a, b, and x_F by [10]

Ωh^2 =

1.09 × 10^9x_F GeV^{−1} M_{P l} √ g_∗(x_F )(a + 3b/x_F )

= 0.11

7.88 × 10^{−11}x_F GeV^{−2} a + 3b/x_F . (27)

If b = 0, pure s-wave annihilation, then [σv]_{NR} = a, and

Ωh^2 | b=0 = 0.11

1.88 × 10^{−9} GeV^{−2} a + corrections logarithmic in M and a. (28)

If a = 0, pure p-wave annihilation, then [σv]_{NR} = bv^2 =^3_2 bx^{−1}, and

Ωh^2 | |_{a=0} = 0.11 1.58 × 10^{−8} GeV^{−2} b + corrections logarithmic in M and b. (29)

If the 130 GeV photon line with a signal strength of 10^{−27}cm^3s^{−1} is confirmed, our tables can be used to derive further information about dark-matter annihilation. For a subset of the operators tabulated here, the scales Λ in the last two columns of the tables are similar. This means both the thermal freeze out and the indirect signal can be described mainly by one of these operators. For example, this is the case for operator χ̄iγ^5χW^a_{μν} ~W^{aμν} (see Tables XXI and XXII for more examples).

There are related signals and constraints. We have calculated the production rates for all possible di-boson states. In addition to the channel that gives the leading photon line signal, in many cases there is a subdominant channel which gives a second photon line. Observing such a line with predicted energy and signal strength is a definitive confirmation of the discovery and the underlying dynamics.

There are also channels which do not contain a photon, such as ZZ, Zh, W^+W^−, hh, and ff̄. The strengths of these channels relative to the photonic ones are also fixed by the operator, and they provide important additional signals. One of the most important signals is the continuum photon radiation off charge particles from the dark-matter annihilation. In our case, this is most relevant for the decay products of W , Z, h. If dark matter can directly annihilate into SM fermions, e.g., for the operator χ̄γ^{μν} χB_{μν} Y_H H^†H, the continuum radiation from this operator is also relevant. If a single operator dominates the dark-matter annihilation, the relation between the signal strength of the photon line(s) and that of the continuum radiation is fixed. If a photon line is observed and there is no obvious excess of the continuum radiation, such relations can be immediately used to put limits on potential operators responsible for dark-matter annihilation. For example, assuming the 130 GeV photon line is indeed a dark-matter signal, the constraints from the continuum radiation on the annihilation cross section of various possible SM final states have been studied in Ref. [11]. For dark-matter annihilation channels to ZZ and W^+W^−, the most conservative estimate constrain their rate to be less then about 100 × σ_γ . At the same time, an estimate taking into account the shape of the distribution gives a much stronger limit of about σ_{W W,ZZ} < 10 × σ_γ . For example, the ϕ^†ϕW W operators, with σ_{W W} ∼ 20σ_γ , is already interesting in this regard. Ref. [11] also gives limits on annihilation channels directly into a pair of SM fermions. The strongest limit is on annihilation to bb̄, σ_b¯_b < 10σ_γ , with a similar constraint on τ^+τ^−. The operator χ̄γ^{μν} χW^a_{μν} H^†t^aH could already have interesting limits in this case.

Since most of our operators contain at least two SM bosons, its scattering with nuclei can only proceed through oneloop processes. Therefore, the reach from direct detection is limited. The exceptions are the dimension-7 operators in Table XVII and Table XVIII. In fact, substituting both Higgs fields with their vev’s, these are directly related to the dark-matter dipole operators studied in Refs. [12, 13]. In this case, direct detection experiments already set strong limit on the size of such operators. The limit on operator containing ~B_{μν} is much stronger. However, even for the operator containing B_{μν} , direct detection limits imply that Λ is larger than what is required for producing the appropriate relic abundance of dark matter. For it to be a viable DM candidate species, additional annihilation channels would be necessary.

Weak-scale dark matter can be produced directly at the LHC. There have been experimental searches [14–17] following the “Maverick” effective field theory approach [18–25]. These references assume an effective field theory where the dark matter couples to quarks. In this paper we have assumed that the DM sector couples to the SM sector via electroweak gauge bosons and Higgs. The calculation in this case involves different processes than in previous analyses where it was assumed that the DM couples to the SM sector through quarks. For the couplings explored in this paper are two basic channels (see Fig. 9). The first is a 2 → 3 process mediated by an off-shell SM boson, with another boson in the final state. For example, this could produce mono-photon + missing transverse energy (MET) and mono-Z + MET events. The ratio of the cross sections for these processes are set for a given operator. The second channel, vector boson fusion, starts with 2 SM gauge bosons radiating from the incoming quarks, resulting j+MET or jj+MET events. Studies have been carried out in both the mono-Z/mono-γ [26] and the vector-boson fusion [8] channels. Both channels yield interesting limits. At the same time, they have only focused on a limited set of operators and final states.

V. LINES

In this section we discuss the indirect detection signal without the assumption of M = 130 GeV. We first note that there are two simple limits, M < M_Z /2, and M ≫ m_h. In the first case the total annihilation cross section is only into the γγ final state. In the second case, the total annihilation cross section is the sum of cross sections into all possible final states, γγ + · · · . At the same time, in the limit M ≫ m_h, we can ignore the masses of final-state particles. Therefore, the relative signal strengths of different annihilation channels are independent of M in this limit.

In both limiting cases and in the non-relativistic limit v → 0,

[σ_{TOTAL}v]_{NR} = 1 32πM^2

Σ_{TOTAL}(s = 4M^2; M; 0; 0)

[σ_{γi}v]_{NR} = 1 32πM^2

Σ_{γi}(s = 4M^2; M; 0; 0)

= [σv]_{TOTAL}

Σ_{γi}(s = 4M^2; M; 0; 0) Σ_{TOTAL}(s = 4M^2; M; 0; 0)

. (30)

We have assumed that the annihilation is pure s wave. If it is pure p wave then the lines from clusters will be very weak because of the small value of v^2. To have Ωh^2 = 0.11 requires [σv]_{TOTAL} = 1.88 × 10^{−9} GeV^{−2}, and using 10^{−27} cm^3 s^{−1} = 8.57 × 10^{−11} GeV^{−2}, then

[σ_{γi}v]_{NR} 10^{−27} cm^3 s^{−1}

= 22

Σ_{γi}(s = 4M^2; M; 0; 0) Σ_{TOTAL}(s = 4M^2; M; 0; 0)

, (31)

where i = γ, Z, or h.

TABLE VI: Results for dimension-6 scalar operators for scalar-WIMP annihilation. Indicated values of Λ for Ωh^2 and [σv]_{NR} assume M = 130 GeV for the 130 GeV line from γγ final state, and M = 144 GeV if the 130 GeV line arises from the γZ final state. The ∗-superscript denotes the process for the 130 GeV line.

operator final state Σ(s, M, m1, m2) Ωχχh^2/0.11

[σv]_{NR} 10^{−27} cm^3 s^{−1}

ϕ^†ϕ Bμν B^{μν} γγ^∗ 4 s^2 Λ^4 cos^4 θW ( 1487 GeV Λ )_4 ( 2936 GeV Λ )_4

γZ 8 s^2 Λ^4 cos^2 θW sin^2 θW ( 1 − m^2_Z s )_2 0.403 × [γγ] ZZ 4 s^2 Λ^4 sin^4 θW ( 1 − 4m^2_Z s + 6 m^4_Z s^2 ) 0.038 × [γγ]

ϕ^†ϕ Bμν ~B^{μν} γγ^∗ 4 s^2 Λ^4 cos^4 θW ( 1486 GeV Λ )_4 ( 2936 GeV Λ )_4

γZ 8 s^2 Λ^4 cos^2 θW sin^2 θW ( 1 − m^2_Z s )_2 0.403 × [γγ] ZZ 4 s^2 Λ^4 sin^4 θW ( 1 − 4m^2_Z s ) 0.032 × [γγ]

ϕ^†ϕ W^a_{μν} W^{a μν} γγ^∗ 4 s^2 Λ^4 sin^4 θW ( 1740 GeV Λ )_4

( 1604 GeV Λ )_4

γZ 8 s^2 Λ^4 cos^2 θW sin^2 θW ( 1 − m^2_Z s )_2 4.516 × [γγ] ZZ 4 s^2 Λ^4 cos^4 θW ( 1 − 4m^2_Z s + 6 m^4_Z s^2 ) 4.782 × [γγ] W^+W^− 8 s^2 Λ^4 ( 1 − 4m^2_W s + 6 m^4_W s^2 ) 19.98 × [γγ]

ϕ^†ϕ W^a_{μν} ~W^{a μν} γγ^∗ 4 s^2 Λ^4 sin^4 θW ( 1705 GeV Λ )_4

( 1604 GeV Λ )_4

γZ 8 s^2 Λ^4 cos^2 θW sin^2 θW ( 1 − m^2_Z s )_2 4.516 × [γγ] ZZ 4 s^2 Λ^4 cos^4 θW ( 1 − 4m^2_Z s ) 4.056 × [γγ] W^+W^− 8 s^2 Λ^4 ( 1 − 4m^2_W s ) 18.35 × [γγ]

ϕ^†ϕ W^a_{μν} W^{a μν} γγ 4 s^2 Λ^4 sin^4 θW ( 1890 GeV Λ )_4 0.205 × [γZ] γZ^∗ 8 s^2 Λ^4 cos^2 θW sin^2 θW ( 1 − m^2_Z s )_2 ( 2509 GeV Λ )_4

ZZ 4 s^2 Λ^4 cos^4 θW ( 1 − 4m^2_Z s + 6 m^4_Z s^2 ) 1.172 × [γZ] W^+W^− 8 s^2 Λ^4 ( 1 − 4m^2_W s + 6 m^4_W s^2 ) 4.661 × [γZ]

ϕ^†ϕ W^a_{μν} ~W^{a μν} γγ 4 s^2 Λ^4 sin^4 θW ( 1866 GeV Λ )_4 0.205 × [γZ] γZ^∗ 8 s^2 Λ^4 cos^2 θW sin^2 θW ( 1 − m^2_Z s )_2 ( 2509 GeV Λ )_4

ZZ 4 s^2 Λ^4 cos^4 θW ( 1 − 4m^2_Z s ) 1.065 × [γZ] W^+W^− 8 s^2 Λ^4 ( 1 − 4m^2_W s ) 4.427 × [γZ]

TABLE VII: Results for dimension-7 scalar operators for fermionic-WIMP annihilation. Indicated values of Λ for Ωh^2 assume M = 130 GeV. Since Σ always has a factor of 1 − 4M^2 /s → M^2v^2 in the non-relativistic limit, it will not have a measurable signals from present-day annihilation.

operator final state Σ(s, M, m1, m2) Ωχχ h^2/0.11

[σv]_{NR} 10^{−27} cm^3 s^{−1}

χ̄χ Bμν B^{μν} γγ 2 s^3 Λ^6 cos^4 θW ( 1 − 4M^2 s ) ( 412 GeV Λ )_6

[σv]_{NR} ∝ v^2 γZ 4 s^3 Λ^6 cos^2 θW sin^2 θW ( 1 − 4M^2 s ) ( 1 − m^2_Z s )_2 [σv]_{NR} ∝ v^2 ZZ 2 s^3 Λ^6 sin^4 θW ( 1 − 4M^2 s ) ( 1 − 4m^2_Z s + 6 m^4_Z s^2 ) [σv]_{NR} ∝ v^2

χ̄χ Bμν ~B^{μν} γγ 2 s^3 Λ^6 cos^4 θW ( 1 − 4M^2 s ) ( 412 GeV Λ )_6

[σv]_{NR} ∝ v^2 γZ 4 s^3 Λ^6 cos^2 θW sin^2 θW ( 1 − 4M^2 s ) ( 1 − m^2_Z s )_2 [σv]_{NR} ∝ v^2 ZZ 2 s^3 Λ^6 sin^4 θW ( 1 − 4M^2 s ) ( 1 − 4m^2_Z s ) [σv]_{NR} ∝ v^2

χ̄χ W^a_{μν} W^{a μν} γγ 2 s^3 Λ^6 sin^4 θW ( 1 − 4M^2 s )

( 458 GeV Λ )_6

[σv]_{NR} ∝ v^2 γZ 4 s^3 Λ^6 cos^2 θW sin^2 θW ( 1 − 4M^2 s ) ( 1 − m^2_Z s )_2 [σv]_{NR} ∝ v^2 ZZ 2 s^3 Λ^6 cos^4 θW ( 1 − 4M^2 s ) ( 1 − 4m^2_Z s + 6 m^4_Z s^2 ) [σv]_{NR} ∝ v^2

W^+W^− 4 s^3 Λ^6 ( 1 − 4M^2 s ) ( 1 − 4m^2_W s + 6 m^4_W s^2 ) [σv]_{NR} ∝ v^2

χ̄χ W^a_{μν} ~W^{a μν} γγ 2 s^3 Λ^6 sin^4 θW ( 1 − 4M^2 s )

( 452 GeV Λ )_6

[σv]_{NR} ∝ v^2 γZ 4 s^3 Λ^6 cos^2 θW sin^2 θW ( 1 − 4M^2 s ) ( 1 − m^2_Z s )_2 [σv]_{NR} ∝ v^2 ZZ 2 s^3 Λ^6 cos^4 θW ( 1 − 4M^2 s ) ( 1 − 4m^2_Z s ) [σv]_{NR} ∝ v^2

W^+W^− 4 s^3 Λ^6 ( 1 − 4M^2 s ) ( 1 − 4m^2_W s ) [σv]_{NR} ∝ v^2

If M < M_Z /2, then the only available di-boson annihilation channel is into γγ. Another possible annihilation channel in this case is into ff̄, where f includes all SM fermions except the top quark. Note that at tree level and to the leading order in 1/Λ, the operators under our consideration can mediate annihilation either into γγ or ff̄, but not both. Therefore, if the γγ final state is available, the the ratio of the Σ’s in Eq. (31) is unity and [σ_{γγ} v]_{NR} /10^{−27} cm^3 s^{−1} = 22 is a robust prediction.

For intermediate masses, the relative signal strengths of photon lines would depend on the dark-matter mass M. In Tables XXI and XXII, we collect results for the two limiting cases, as well as an example of an intermediate dark-matter mass (we choose M = 130 GeV). We see that the number of photon lines and their relative strengths provide sensitive diagnostic handles on the dynamics of dark-matter annihilation since different operators correspond to different numbers of photon lines and different values of [σ_{γγ} v]_{NR} /10^{−27} cm^3 s^{−1}.

Since there is an uncertainty of the WIMP density at the galactic center (and the rate is proportional to the square of the density!), one might argue that any operator with s-wave annihilation might give a detectable signal.

We stress that in our case where the DM couples to electroweak gauge and Higgs bosons, the gamma-ray lines and the gamma-ray continuum play a similar role to the role that direct detection plays in the case that DM couples to quarks.

TABLE VIII: Results for dimension-7 scalar operators for fermionic-WIMP annihilation. Indicated values of Λ for Ωh^2 and [σv]_{NR} assume M = 130 GeV for the 130 GeV line from γγ final state, and M = 144 GeV if the 130 GeV line arises from the γZ final state. The ∗-superscript denotes the process for the 130 GeV line.

operator final state Σ(s, M, m1, m2) Ωχχh^2/0.11

[σv]_{NR} 10^{−27} cm^3 s^{−1}

χ̄iγ^5χ Bμν B^{μν} γγ^∗ 2 s^3 Λ^6 cos^4 θW ( 741 GeV Λ )_6 ( 1166 GeV Λ )_6

γZ 4 s^3 Λ^6 cos^2 θW sin^2 θW ( 1 − m^2_Z s )_2 0.403 [γγ] ZZ 2 s^3 Λ^6 sin^4 θW ( 1 − 4m^2_Z s + 6 m^4_Z s^2 ) 0.038 [γγ]

χ̄iγ^5χ Bμν ~B^{μν} γγ^∗ 2 s^3 Λ^6 cos^4 θW ( 740 GeV Λ )_6 ( 1166 GeV Λ )_6

γZ 4 s^3 Λ^6 cos^2 θW sin^2 θW ( 1 − m^2_Z s )_2 0.403 [γγ] ZZ 2 s^3 Λ^6 sin^4 θW ( 1 − 4m^2_Z s ) 0.032 [γγ]

χ̄iγ^5χ W^a_{μν} W^{a μν} γγ^∗ 2 s^3 Λ^6 sin^4 θW ( 823 GeV Λ )_6

( 779 GeV Λ )_6

γZ 4 s^3 Λ^6 cos^2 θW sin^2 θW ( 1 − m^2_Z s )_2 4.516 [γγ] ZZ 2 s^3 Λ^6 cos^4 θW ( 1 − 4m^2_Z s + 6 m^4_Z s^2 ) 4.782 [γγ]

W^+W^− 4 s^3 Λ^6 ( 1 − 4m^2_W s + 6 m^4_W s^2 ) 19.98 [γγ]

χ̄iγ^5χ W^a_{μν} ~W^{a μν} γγ^∗ 2 s^3 Λ^6 sin^4 θW ( 812 GeV Λ )_6

( 779 GeV Λ )_6

γZ 4 s^3 Λ^6 cos^2 θW sin^2 θW ( 1 − m^2_Z s )_2 4.516 [γγ] ZZ 2 s^3 Λ^6 cos^4 θW ( 1 − 4m^2_Z s ) 4.056 [γγ]

W^+W^− 4 s^3 Λ^6 ( 1 − 4m^2_W s ) 18.35 [γγ]

χ̄iγ^5χ W^a_{μν} W^{a μν} γγ 2 s^3 Λ^6 sin^4 θW ( 899 GeV Λ )_6

0.205 [γZ] γZ^∗ 4 s^3 Λ^6 cos^2 θW sin^2 θW ( 1 − m^2_Z s )_2 ( 1086 GeV Λ )_6

ZZ 2 s^3 Λ^6 cos^4 θW ( 1 − 4m^2_Z s + 6 m^4_Z s^2 ) 1.172 [γZ]

W^+W^− 4 s^3 Λ^6 ( 1 − 4m^2_W s + 6 m^4_W s^2 ) 4.661 [γZ]

χ̄iγ^5χ W^a_{μν} ~W^{a μν} γγ 2 s^3 Λ^6 sin^4 θW ( 892 GeV Λ )_6

0.205 [γZ] γZ^∗ 4 s^3 Λ^6 cos^2 θW sin^2 θW ( 1 − m^2_Z s )_2 ( 1086 GeV Λ )_6

ZZ 2 s^3 Λ^6 cos^4 θW ( 1 − 4m^2_Z s ) 1.065 [γZ]

W^+W^− 4 s^3 Λ^6 ( 1 − 4m^2_W s ) 4.427 [γZ]

TABLE IX: Results for dimension-5 scalar operators for fermionic-WIMP annihilation. Indicated values of Λ for Ωh^2 and [σv]_{NR} assume M = 130 GeV.

operator final state Σ(s, M, m1, m2) Ωχχh^2/0.11

[σv]_{NR} 10^{−27} cm^3 s^{−1} χ̄χH^†H hh 1 8 s Λ^2 ( 1 − 4M^2 s ) ( 280 GeV Λ )_2 [σv]_{NR} ∝ v^2 χ̄iγ^5χH^†H hh 1 8 s Λ^2 ( 1628 GeV Λ )_2 ( 7609 GeV Λ )_2

TABLE X: Results for dimension-8 vector operators for scalar-WIMP annihilation. These terms can not produce a photon line. A value of M = 155 GeV is assumed.

operator final state Σ(s, M, m1, m2) Ωχχh^2/0.11

[σv]_{NR} 10^{−27} cm^3 s^{−1} ( ϕ^†∂^μϕ + h.c. ) × ( B_{λμ}YH H^†D^λH + h.c. ) Zh 1 16 ⟨v⟩^2s^3 Λ^8 sin^2 θW m^2_Z s β^2_{Zh} ( 219 GeV Λ )_8 ( 322 GeV Λ )_8

( ϕ^†∂^μϕ + h.c. ) × ( W^a_{λμ} H^†t^aD^λH + h.c. ) Zh 1 16 ⟨v⟩^2s^3 Λ^8 cos^2 θW m^2_Z s β^2_{Zh} ( 254 GeV Λ )_8 ( 375 GeV Λ )_8

β^2_{Zh} = [ 1 − (m_h + mZ )^2/s ] [ 1 − (m_h − mZ )^2/s ]

TABLE XI: Results for dimension-8 vector operators for scalar-WIMP annihilation. Indicated values of Λ for Ωh^2 and [σv]_{NR} assume M = 144 GeV necessary to produce a 130 GeV line in the γZ final state.

operator final state Σ(s, M, m1, m2) Ωχχh^2/0.11

[σv]_{NR} 10^{−27} cm^3 s^{−1} ( ϕ^†∂^μϕ + h.c. ) × i ( B_{λμ}YH H^†D^λH − h.c. ) γZ 1 8 ⟨v⟩^2s^3 Λ^8 cos^2 θW m^2_Z s ( 1 − m^2_Z s )_2 ( 323 GeV Λ )_8 ( 438 GeV Λ )_8

ZZ 3 8 ⟨v⟩^2s^3 Λ^8 sin^2 θW m^2_Z s 0.952 [γZ] ( ϕ^†∂^μϕ + h.c. ) × i ( ~B_{λμ}Y_H H^†D^λH − h.c. ) γZ 1 8 ⟨v⟩^2s^3 Λ^8 cos^2 θW m^2_Z s ( 1 − m^2_Z s )_2 ( 310 GeV Λ )_8 ( 438 GeV Λ )_8

ZZ 1 4 ⟨v⟩^2s^3 Λ^8 sin^2 θW m^2_Z s ( 1 − 4m^2_Z s ) 0.380 [γZ]

( ϕ^†∂^μϕ + h.c. ) × i ( W^a_{λμ} H^†t^aD^λH − h.c. ) γZ 1 8 ⟨v⟩^2s^3 Λ^8 sin^2 θW m^2_Z s ( 1 − m^2_Z s )_2 ( 387 GeV Λ )_8 ( 377 GeV Λ )_8

ZZ 3 8 ⟨v⟩^2s^3 Λ^8 cos^2 θW m^2_Z s 10.67 [γZ]

W^+W^− 3 4 ⟨v⟩^2s^3 Λ^8 m^2_W s 15.90 [γZ]

( ϕ^†∂^μϕ + h.c. ) × i ( ~W^a_{λμ} H^†t^aD^λH − h.c. ) γZ 1 8 ⟨v⟩^2s^3 Λ^8 sin^2 θW m^2_Z s ( 1 − m^2_Z s )_2 ( 361 GeV Λ )_8 ( 377 GeV Λ )_8

ZZ 1 4 ⟨v⟩^2s^3 Λ^8 cos^2 θW m^2_Z s ( 1 − 4m^2_Z s ) 4.261 [γZ]

W^+W^− 1 2 ⟨v⟩^2s^3 Λ^8 m^2_W s ( 1 − 4m^2_W s ) 10.60 [γZ]

TABLE XII: Results for dimension-8 vector operators for scalar-WIMP annihilation. Indicated values of Λ for Ωh^2 and [σv]_{NR} assume M = 155 GeV necessary to produce a 130 GeV line in the γh final state.

operator final state Σ(s, M, m1, m2) Ωχχh^2/0.11

[σv]_{NR} 10^{−27} cm^3 s^{−1}

i ( ϕ^†∂^μϕ − h.c. ) × ( B_{λμ}YH H^†D^λH + h.c. ) γh 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 − 4M^2 s ) ( 1 − m^2_h s )_2 ( 230 GeV Λ )_8

[σv]_{NR} ∝ v^2

Zh 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 − 4M^2 s )

× [ β^2_{Zh} ( 1 + m^2_Z 2s ) + 6m^2_Z m^2_h s^2

] [σv]_{NR} ∝ v^2

i ( ϕ^†∂^μϕ − h.c. ) × ( ~B_{λμ}Y_H H^†D^λH + h.c. ) γh 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 − 4M^2 s ) ( 1 − m^2_h s )_2 ( 230 GeV Λ )_8 [σv]_{NR} ∝ v^2 Zh 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 − 4M^2 s ) β^2_{Zh} [σv]_{NR} ∝ v^2

i ( ϕ^†∂^μϕ − h.c. ) × ( W^a_{λμ} H^†t^aD^λH + h.c. ) γh 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 − 4M^2 s ) ( 1 − m^2_h s )_2

( 255 GeV Λ )_8

[σv]_{NR} ∝ v^2 Zh 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 − 4M^2 s )

× [ β^2_{Zh} ( 1 + m^2_Z 2s ) + 6m^2_Z m^2_h s^2

] [σv]_{NR} ∝ v^2

W^+W^− 1 24 ⟨v⟩^2s^3 Λ^8 ( 1 − 4M^2 s ) ( 1 − 4m^2_W s )

× ( 1 + 3m^2_W s ) [σv]_{NR} ∝ v^2

i ( ϕ^†∂^μϕ − h.c. ) × ( ~W^a_{λμ} H^†t^aD^λH + h.c. ) γh 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 − 4M^2 s ) ( 1 − m^2_h s ) ( 277 GeV Λ )_8

[σv]_{NR} ∝ v^2 Zh 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 − 4M^2 s ) β^2_{Zh} [σv]_{NR} ∝ v^2

W^+W^− 1 12 ⟨v⟩^2s^3 Λ^8 ( 1 − 4M^2 s ) ( 1 + 2m^2_W s ) [σv]_{NR} ∝ v^2

β^2_{Zh} = [ 1 − (m_h + mZ )^2/s ] [ 1 − (m_h − mZ )^2/s ]

VI. CONCLUSIONS

In this paper we considered the scenario in which dark matter dominantly annihilates into Standard Model di-boson final states, including at least one SM gauge boson. There are many possible ways of realizing this scenario. We choose to take the effective field theory approach in which unknown new physics has been integrated out. In the resulting EFT, we have operators of the form Λ^{4−d}J_{SM} · J_{DM}, where d is the dimension of operator J_{SM} · J_{DM}. The dependence of the unknown new physics is through a single suppression scale Λ.

We considered both scalar and fermionic dark-matter candidates, which we chose to be a Standard Model singlet. We presented a complete list of effective operators up to dimension 8, consistent with all of the Standard Model gauge symmetries. Since a light Higgs boson has already been discovered, we have included it in the low-energy effective field theory as well, and used the formulation in which the Standard Model electroweak gauge symmetries are linearly realized. Since each operator we considered is gauge invariant and Hermitian, it does not have to be related to other operators. In particular, any single operator we considered could give the dominant contribution to dark-matter annihilation. This is the simplifying assumption we made in our phenomenological analysis.

For each of the operators in this list we presented detailed calculations of the annihilation cross section into different possible final states, including γγ, γZ, γh, ZZ, W^+W^−, and Zh. We then computed the scale Λ necessary to produce the correct dark-matter relic abundance. Motivated by the possible evidence of an 130 GeV photon line in the Fermi

TABLE XIII: Results for dimension-8 vector operators for scalar-WIMP annihilation. Indicated values of Λ for Ωh^2 and [σv]_{NR} assume M = 144 GeV necessary to produce a 130 GeV line in the γZ final state.

operator final state Σ(s, M, m1, m2) Ωχχh^2/0.11

[σv]_{NR} 10^{−27} cm^3 s^{−1}

i ( ϕ^†∂^μϕ − h.c. ) × ( B_{λμ}YH H^†D^λH − h.c. ) γZ 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 − 4M^2 s ) ( 1 + m^2_Z s )

× ( 1 − m^2_Z s )_2 ( 230 GeV Λ )_8 [σv]_{NR} ∝ v^2

ZZ 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 − 4M^2 s ) ( 1 − 4m^2_Z s ) [σv]_{NR} ∝ v^2

i ( ϕ^†∂^μϕ − h.c. ) × ( ~B_{λμ}Y_H H^†D^λH − h.c. ) γZ 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 − 4M^2 s ) ( 1 + m^2_Z s )

× ( 1 − m^2_Z s )_2 ( 228 GeV Λ )_8 [σv]_{NR} ∝ v^2

ZZ 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 − 4M^2 s ) ( 1 − 4m^2_Z s )_2 [σv]_{NR} ∝ v^2

i ( ϕ^†∂^μϕ − h.c. ) × ( W^a_{λμ} H^†t^aD^λH − h.c. ) γZ 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 − 4M^2 s ) ( 1 + m^2_Z s )

× ( 1 − m^2_Z s )_2 ( 255 GeV Λ )_8

[σv]_{NR} ∝ v^2

ZZ 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 − 4M^2 s ) ( 1 − 4m^2_Z s ) [σv]_{NR} ∝ v^2

W^+W^− 1 12 ⟨v⟩^2s^3 Λ^8 ( 1 − 4M^2 s ) ( 1 − 4m^2_W s ) [σv]_{NR} ∝ v^2

i ( ϕ^†∂^μϕ − h.c. ) × ( ~W^a_{λμ} H^†t^aD^λH − h.c. ) γZ 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 − 4M^2 s ) ( 1 + m^2_Z s )

× ( 1 − m^2_Z s )_2 ( 244 GeV Λ )_8

[σv]_{NR} ∝ v^2

ZZ 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 − 4M^2 s ) ( 1 − 4m^2_Z s )_2 [σv]_{NR} ∝ v^2

W^+W^− 1 12 ⟨v⟩^2s^3 Λ^8 ( 1 − 4M^2 s ) ( 1 − 4m^2_W s )_2 [σv]_{NR} ∝ v^2

data, we also calculated the scale necessary to produce such a signal. We found several examples in which both the photon line signal and the thermal relic abundance can be simultaneously produced by a single effective operator. This could offer a compelling simple explanation if the Fermi photon line is confirmed. In many cases, such operators also predict the existence of additional photon lines and other correlated indirect-detection signals, possibly providing further confirmation of the dark-matter signal and information about the relevant operator.

In general, even without the assumption about the 130 GeV photon line signal, the study of this set of operators reveals many interesting patterns of indirect-detection signals. In this paper, as a first step, we presented the relative photon line signal strengths as a function of the dark-matter mass. We found that the relative strengths can be very different for different operators. Such differences can yield valuable information about the underlying dark-matter annihilation process if a signal is observed. Connections can also be made with direct detection and LHC searches. We will leave this to a future study.

TABLE XIV: Results for dimension-8 vector operators for Fermionic-WIMP annihilation. Indicated values of Λ for Ωh^2 and [σv]_{NR} assume M = 155 GeV necessary to produce a 130 GeV line in the γh final state.

operator final state Σ(s, M, m1, m2) Ωh^2/0.11

[σv]_{NR} 10^{−27} cm^3 s^{−1}

χ̄γ^μχ × ( B_{λμ}YH H^†D^λH + h.c. ) γh 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 + 2M^2 s ) ( 1 − m^2_h s )_2 ( 377 GeV Λ )_8 ( 541 GeV Λ )_8

Zh 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 + 2M^2 s )

× [ β^2_{Zh} ( 1 + m^2_Z 2s ) + 6m^2_Z m^2_h

s^2 ] 0.222[γh]

χ̄γ^μχ × ( ~B_{λμ}Y_H H^†D^λH + h.c. ) γh 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 + 2M^2 s ) ( 1 − m^2_h s )_2 ( 375 GeV Λ )_8 ( 541 GeV Λ )_8

Zh 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 + 2M^2 s ) β^2_{Zh} 0.184[γh]

χ̄γ^μχ × ( W^a_{λμ} H^†t^aD^λH + h.c. ) γh 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 + 2M^2 s ) ( 1 − m^2_h s )_2

( 442 GeV Λ )_8

( 465 GeV Λ )_8

Zh 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 + 2M^2 s )

× [ β^2_{Zh} ( 1 + m^2_Z 2s ) + 6m^2_Z m^2_h

s^2 ] 2.493[γh]

W^+W^− 1 12 ⟨v⟩^2s^3 Λ^8 ( 1 + 2M^2 s ) ( 1 − 4m^2_W s )

× ( 1 + 3m^2_W s ) 11.12[γh]

χ̄γ^μχ × ( ~W^a_{λμ} H^†t^aD^λH + h.c. ) γh 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 + 2M^2 s ) ( 1 − m^2_h s )_2 ( 451 GeV Λ )_8 ( 465 GeV Λ )_8

Zh 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 + 2M^2 s ) β^2_{Zh} 2.061[γh]

W^+W^− 1 12 ⟨v⟩^2s^3 Λ^8 ( 1 + 2M^2 s ) ( 1 + 2m^2_W s ) 14.36[γh] β^2_{Zh} = [ 1 − (m_h + mZ )^2/s ] [ 1 − (m_h − mZ )^2/s ]

Acknowledgments

This work was supported in part by the Kavli Institute for Cosmological Physics at the University of Chicago through grant NSF PHY-1125897 and an endowment from the Kavli Foundation and its founder Fred Kavli. L.T.W. is supported by the DOE Early Career Award under grant de-sc0003930. E.W.K. would like to thank the Institute of Theoretical Physics of the University of Heidelberg for their hospitality.

[1] C. Jackson, G. Servant, G. Shaughnessy, T. M. Tait, and M. Taoso, JCAP 1004, 004 (2010), 0912.0004. [2] A. Abdo, M. Ackermann, M. Ajello, W. Atwood, L. Baldini, et al., Phys.Rev.Lett. 104, 091302 (2010), 1001.4836. [3] http://fermi.gsfc.nasa.gov/science/mtgs/ symposia/2012 (2012).

[4] T. Bringmann, X. Huang, A. Ibarra, S. Vogl, and C. Weniger, JCAP 1207, 054 (2012), 1203.1312. [5] C. Weniger, JCAP 1208, 007 (2012), 1204.2797. [6] M. Su and D. P. Finkbeiner (2012), 1206.1616.

[7] A. Rajaraman, T. M. Tait, and D. Whiteson, JCAP 1209, 003 (2012), 1205.4723.

TABLE XV: Results for dimension-8 vector operators for Fermionic-WIMP annihilation. Indicated values of Λ for Ωh^2 and [σv]_{NR} assume M = 144 GeV necessary to produce a 130 GeV line in the γZ final state.

operator final state Σ(s, M, m1, m2) Ωh^2 /0.11

[σv]_{NR} 10^{−27} cm^3 s^{−1}

χ̄γ^μχ × i ( B_{λμ}YH H^†D^λH − h.c. ) γZ 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 + 2M^2 s ) ( 1 + m^2_Z s )

× ( 1 − m^2_Z s )_2 ( 375 GeV Λ )_8 ( 542 GeV Λ )_8

ZZ 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 + 2M^2 s ) ( 1 − 4m^2_Z s ) 0.173[γZ]

χ̄γ^μχ × i ( ~B_{λμ}Y_H H^†D^λH − h.c. ) γZ 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 + 2M^2 s ) ( 1 + m^2_Z s )

× ( 1 − m^2_Z s )_2 ( 373 GeV Λ )_8 ( 542 GeV Λ )_8

ZZ 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 + 2M^2 s ) ( 1 − 4m^2_Z s )_2 0.103[γZ]

χ̄γ^μχ × i ( W^a_{λμ} H^†t^aD^λH − h.c. ) γZ 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 + 2M^2 s ) ( 1 + m^2_Z s )

× ( 1 − m^2_Z s )_2 ( 417 GeV Λ )_8 ( 466 GeV Λ )_8

ZZ 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 + 2M^2 s ) ( 1 − 4m^2_Z s ) 1.936[γZ] W^+W^− 1 12 ⟨v⟩^2s^3 Λ^8 ( 1 + 2M^2 s ) ( 1 − 4m^2_W s ) 6.196[γZ]

χ̄γ^μχ × i ( ~W^a_{λμ} H^†t^aD^λH − h.c. ) γZ 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 + 2M^2 s ) ( 1 + m^2_Z s )

× ( 1 − m^2_Z s )_2 ( 399 GeV Λ )_8 ( 466 GeV Λ )_8

ZZ 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 + 2M^2 s ) ( 1 − 4m^2_Z s )_2 1.160[γZ] W^+W^− 1 12 ⟨v⟩^2s^3 Λ^8 ( 1 + 2M^2 s ) ( 1 − 4m^2_W s )_2 4.264[γZ]

[8] R. Cotta, J. Hewett, M. Le, and T. Rizzo (2012), 1210.0525. [9] A. Rajaraman, T. M. Tait, and A. M. Wijangco (2012), 1211.7061.

[10] E. Kolb and M. Turner, The Early Universe, Frontiers in physics (Westview Press, 1994), ISBN 9780813346458. [11] T. Cohen, M. Lisanti, T. R. Slatyer, and J. G. Wacker, JHEP 1210, 134 (2012), 1207.0800. [12] T. Banks, J.-F. Fortin, and S. Thomas (2010), 1007.5515. [13] J.-F. Fortin and T. M. Tait, Phys.Rev. D85, 063506 (2012), 1103.3289. [14] G. Aad et al. (ATLAS Collaboration) (2012), 1210.4491. [15] Tech. Rep. ATLAS-CONF-2012-147, CERN, Geneva (2012). [16] S. Chatrchyan et al. (CMS Collaboration), JHEP 1209, 094 (2012), 1206.5663. [17] Tech. Rep. CMS-PAS-EXO-12-048, CERN, Geneva (2013).

[18] M. Beltran, D. Hooper, E. W. Kolb, Z. A. Krusberg, and T. M. Tait, JHEP 1009, 037 (2010), 1002.4137. [19] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T. M. Tait, et al., Phys.Lett. B695, 185 (2011), 1005.1286. [20] J. Goodman et al., Phys. Rev. D82, 116010 (2010), 1008.1783.

[21] P. J. Fox, R. Harnik, J. Kopp, and Y. Tsai, Phys.Rev. D85, 056011 (2012), 1109.4398. [22] P. J. Fox, R. Harnik, R. Primulando, and C.-T. Yu, Phys.Rev. D86, 015010 (2012), 1203.1662. [23] A. Rajaraman, W. Shepherd, T. M. Tait, and A. M. Wijangco, Phys.Rev. D84, 095013 (2011), 1108.1196. [24] P. J. Fox, R. Harnik, J. Kopp, and Y. Tsai (2011), 1103.0240. [25] T. Lin, E. W. Kolb, and L.-T. Wang (2013), 1303.6638.

TABLE XVI: Results for dimension-8 axial-vector operators for Fermionic-WIMP annihilation. Indicated values of Λ for Ωh^2 and [σv]_{NR} assume M = 155 GeV necessary to produce a 130 GeV line in the γh final state.

operator final state Σ(s, M, m1, m2) Ωh^2/0.11

[σv]_{NR} 10^{−27} cm^3 s^{−1}

χ̄γ^{μ5}χ × ( B_{λμ}YH H^†D^λH + h.c. ) γh 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 − 4M^2 s ) ( 1 − m^2_h s )_2 ( 238 GeV Λ )_8

[σv]_{NR} ∝ v^2

Zh 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW {( 1 − 4M^2 s ) [ 6m^2_Z m^2_h s^2 +β^2_{Zh} ( 1 + m^2_Z 2s )] + β^2_{Zh}

3m^2_Z M^2

s^2 } ( 296 GeV Λ )_8

χ̄γ^{μ5}χ × ( ~B_{λμ}Y_H H^†D^λH + h.c. ) γh 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 − 4M^2 s ) ( 1 − m^2_h s )_2 ( 230 GeV Λ )_8 [σv]_{NR} ∝ v^2 Zh 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 − 4M^2 s ) β^2_{Zh} [σv]_{NR} ∝ v^2

χ̄γ^{μ5}χ × ( W^a_{λμ} H^†t^aD^λH + h.c. ) γh 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 − 4M^2 s ) ( 1 − m^2_h s )_2

( 277 GeV Λ )_8

[σv]_{NR} ∝ v^2

Zh 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW {( 1 − 4M^2 s ) [ 6m^2_Z m^2_h s^2 +β^2_{Zh} ( 1 + m^2_Z 2s )] + β^2_{Zh}

3m^2_Z M^2

s^2 } ( 326 GeV Λ )_8

W^+W^− 1 12 ⟨v⟩^2s^3 Λ^8 ( 1 − 4M^2 s ) ( 1 − 4m^2_W s )

× ( 1 + 3m^2_W s ) [σv]_{NR} ∝ v^2

χ̄γ^{μ5}χ × ( ~W^a_{λμ} H^†t^aD^λH + h.c. ) γh 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW ( 1 − 4M^2 s ) ( 1 − m^2_h s )_2 ( 276 GeV Λ )_8

[σv]_{NR} ∝ v^2 Zh 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW ( 1 − 4M^2 s ) β^2_{Zh} [σv]_{NR} ∝ v^2

W^+W^− 1 12 ⟨v⟩^2s^3 Λ^8 ( 1 − 4M^2 s ) ( 1 + 2m^2_W s ) [σv]_{NR} ∝ v^2

β^2_{Zh} = [ 1 − (m_h + mZ )^2/s ] [ 1 − (m_h − mZ )^2/s ]

[26] L. M. Carpenter, A. Nelson, C. Shimmin, T. M. Tait, and D. Whiteson (2012), 1212.3352.

TABLE XVII: Results for dimension-8 axial-vector operators for Fermionic-WIMP annihilation. Indicated values of Λ for Ωh^2 and [σv]_{NR} assume M = 144 GeV necessary to produce a 130 GeV line in the γZ final state.

operator final state Σ(s, M, m1, m2) Ωh^2/0.11

[σv]_{NR} 10^{−27} cm^3 s^{−1}

χ̄γ^{μ5}χ × i ( B_{λμ}YH H^†D^λH − h.c. ) γZ 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW [( 1 − 4M^2 s ) ( 1 + m^2_Z s )

× ( 1 − m^2_Z s )_2 + 6m^2_Z M^2 s^2 ( 1 − m^2_Z s )_2] ( 301 GeV Λ )_8 ( 402 GeV Λ )_8

ZZ 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW [( 1 − 4M^2 s ) ( 1 − 4m^2_Z s )

+ 18m^2_Z M^2 s^2 ] 0.952 [γZ]

χ̄γ^{μ5}χ × i ( ~B_{λμ}Y_H H^†D^λH − h.c. ) γZ 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW [( 1 − 4M^2 s ) ( 1 + m^2_Z s )

× ( 1 − m^2_Z s )_2 + 6m^2_Z M^2 s^2 ( 1 − m^2_Z s )_2] ( 286 GeV Λ )_8 ( 402 GeV Λ )_8

ZZ 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW [( 1 − 4M^2 s ) ( 1 − 4m^2_Z s )_2

+ ( 1 − 4m^2_Z s ) 12m^2_Z M^2 s^2 ] 0.228 [γZ]

χ̄γ^{μ5}χ × i ( W^a_{λμ} H^†t^aD^λH − h.c. ) γZ 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW [( 1 − 4M^2 s ) ( 1 + m^2_Z s )

× ( 1 − m^2_Z s )_2 + 6m^2_Z M^2 s^2 ( 1 − m^2_Z s )_2]

( 368 GeV Λ )_8

( 345 GeV Λ )_8

ZZ 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW [( 1 − 4M^2 s ) ( 1 − 4m^2_Z s )

+ 18m^2_Z M^2 s^2 ] 10.67 [γZ]

W^+W^− 1 12 ⟨v⟩^2s^3 Λ^8 [( 1 − 4M^2 s ) ( 1 − 4m^2_W s )

+ 18m^2_W M^2 s^2 ] 23.09 [γZ]

χ̄γ^{μ5}χ × i ( ~W^a_{λμ} H^†t^aD^λH − h.c. ) γZ 1 24 ⟨v⟩^2s^3 Λ^8 sin^2 θW [( 1 − 4M^2 s ) ( 1 + m^2_Z s )

× ( 1 − m^2_Z s )_2 + 6m^2_Z M^2 s^2 ( 1 − m^2_Z s )_2]

( 335 GeV Λ )_8

( 345 GeV Λ )_8

ZZ 1 24 ⟨v⟩^2s^3 Λ^8 cos^2 θW [( 1 − 4M^2 s ) ( 1 − 4m^2_Z s )_2

+ ( 1 − 4m^2_Z s ) 12m^2_Z M^2 s^2 ] 2.552 [γZ]

W^+W^− 1 12 ⟨v⟩^2s^3 Λ^8 [( 1 − 4M^2 s ) ( 1 − 4m^2_W s )_2

+ ( 1 − 4m^2_W s ) 12m^2_W M^2 s^2 ] 10.60 [γZ]

TABLE XVIII: Results for dimension-7 tensor operators for fermionic-WIMP annihilation. Indicated values of Λ for Ωh^2 and [σv]_{NR} assume M = 155 GeV necessary to produce a 130 GeV line in the γh final state.

operator final state Σ(s, M, m1, m2) Ωh^2/0.11

[σv]_{NR} 10^{−27} cm^3 s^{−1}

χ̄γ^{μν} χ Bμν YH H^†H γh 1 6 ⟨v⟩^2s^2 Λ^6 cos^2 θW ( 1 − m^2_h s )_2 ( 1 + 2M^2 s )

( 579 GeV Λ )_6

( 820 GeV Λ )_6

Zh

1 6 ⟨v⟩^2s^2 Λ^6 sin^2 θW [ β^2_{Zh} ( 1 + 2M^2 s )

+ m^2_Z 4s ( 1 + 8M^2 s ) ( 1 − m^2_Z s )_{−2} ( 25 −

14m^2_Z s − 14m^2_h s + 10m^2_Z m^2_h s^2 + m^4_h s^2 + m^4_Z s^2 )] 0.591 [γh]

W^+W^− 1 24 ⟨v⟩^2m^2_Z s Λ^6 sin^2 θW ( 1 + 8M^2 s ) ( 1 − m^2_Z s )_{−2}

× ( 1 − 4m^2_W s ) ( 1 + 23m^2_W s + 12m^4_W s^2 ) 0.043 [γh]

∑ f ff̄ 1 24 ⟨v⟩^2m^2_Z s Λ^6 sin^2 θW ( 1 + 8M^2 s )

× ( 1 − m^2_Z s )_{−2} ∑ f [ 4A^2_{f B} + 1 +

4m^2_f s ( 2A^2_{f B} − 1 ) ] 1.055 [γh]

χ̄γ^{μν} χ ~Bμν YH H^†H γh 1 6 ⟨v⟩^2s^2 Λ^6 cos^2 θW ( 1 − m^2_h s )_2 ( 1 + 2M^2 s )

( 506 GeV Λ )_6

( 820 GeV Λ )_6

Zh

1 6 ⟨v⟩^2s^2 Λ^6 sin^2 θW [ β^2_{Zh} ( 1 + 2M^2 s )

+ m^2_Z 4s ( 1 − 4M^2 s ) ( 1 − m^2_Z s )_{−2} ( 25 −

14m^2_Z s − 14m^2_h s + 10m^2_Z m^2_h s^2 + m^4_h s^2 + m^4_Z s^2 )] 0.184 [γh]

W^+W^− 1 24 ⟨v⟩^2m^2_Z s Λ^6 sin^2 θW ( 1 − 4M^2 s ) ( 1 − m^2_Z s )_{−2}

× ( 1 − 4m^2_W s ) ( 1 + 23m^2_W s + 12m^4_W s^2

) [σv]_{NR} ∝ v^2

∑ f ff̄ 1 24 ⟨v⟩^2m^2_Z s Λ^6 sin^2 θW ( 1 − 4M^2 s )

× ( 1 − m^2_Z s )_{−2} ∑ f [ 4A^2_{f B} + 1 +

4m^2_f s ( 2A^2_{f B} − 1 ) ] [σv]_{NR} ∝ v2

β^2_{Zh} = [ 1 − (m_h + mZ )^2/s ] [ 1 − (m_h − mZ )^2/s ] A_{f B} = 2Q_f ( 1 − m^2_W /s ) ∓ 1/2, with − (+) for neutrinos and up-type quarks (electrons and down-type quarks).

TABLE XIX: Results for dimension-7 tensor operators for fermionic-WIMP annihilation (continued). Indicated values of Λ for Ωh^2 and [σv]_{NR} assume M = 155 GeV necessary to produce a 130 GeV line in the γh final state.

operator final state Σ(s, M, m1, m2) Ωh^2/0.11

[σv]_{NR} 10^{−27} cm^3 s^{−1}

χ̄γ^{μν} χ W^a_{μν} H^†t^aH γh 1 6 ⟨v⟩^2s^2 Λ^6 sin^2 θW ( 1 − m^2_h s )_2 ( 1 + 2M^2 s )

( 766 GeV Λ )_6

( 671 GeV Λ )_6

Zh

1 6 ⟨v⟩^2s^2 Λ^6 cos^2 θW [ β^2_{Zh} ( 1 + 2M^2 s )

+ m^2_Z 4s ( 1 + 8M^2 s ) ( 1 − m^2_Z s )_{−2} ( 25 −

14m^2_Z s − 14m^2_h s + 10m^2_Z m^2_h s^2 + m^4_h s^2 + m^4_Z s^2 )] 6.629 [γh]

W^+W^−

⟨v⟩^2s^2 Λ^6 { 1 3 ( 1 + 2M^2 s ) ( 1 − m^2_W s ) − 6m^2_W M^2 s^2 + 1 8 ( 1 − 4m^2_W s ) ( 1 + 8M^2 s ) [ 1 + m^2_W 3s ( 12 +2 ( 1 − m^2_Z s )_{−1} ( 13 + 12 m^2_W s ) + ( 1 − m^2_Z s )_{−2}

× ( 1 + 23m^2_W s + 12m^4_W s^2 ))]} 23.25 [γh]

∑ f ff̄ 1 24 ⟨v⟩^2m^2_W s Λ^6 ( 1 + 8M^2 s )

× ( 1 − m^2_Z s )_{−2} ∑ f [ 4A^2_{f W} + 1 +

4m^2_f s ( 2A^2_{f W} − 1 ) ] 17.31 [γh]

χ̄γ^{μν} χ ~W^a_{μν} H^†t^aH γh 1 6 ⟨v⟩^2s^2 Λ^6 sin^2 θW ( 1 − m^2_h s )_2 ( 1 + 2M^2 s )

( 638 GeV Λ )_6

( 671 GeV Λ )_6

Zh

1 6 ⟨v⟩^2s^2 Λ^6 cos^2 θW [ β^2_{Zh} ( 1 + 2M^2 s )

+ m^2_Z 4s ( 1 − 4M^2 s ) ( 1 − m^2_Z s )_{−2} ( 25 −

14m^2_Z s − 14m^2_h s + 10m^2_Z m^2_h s^2 + m^4_h s^2 + m^4_Z s^2 )] 2.061 [γh]

W^+W^−

⟨v⟩^2s^2 Λ^6 { 1 3 ( 1 + 2M^2 s ) ( 1 − m^2_W s ) + 6m^2_W M^2 s^2 + 1 8 ( 1 − 4m^2_W s ) ( 1 − 4M^2 s ) [ 1 + m^2_W 3s ( 12 +2 ( 1 − m^2_Z s )_{−1} ( 13 + 12 m^2_W s ) + ( 1 − m^2_Z s )_{−2}

× ( 1 + 23m^2_W s + 12m^4_W s^2 ))]} 12.66 [γh]

∑ f ff̄ 1 24 ⟨v⟩^2m^2_W s Λ^6 ( 1 − 4M^2 s )

× ( 1 − m^2_Z s )_{−2} ∑ f [ 4A^2_{f W} + 1 +

4m^2_f s ( 2A^2_{f W} − 1 ) ] [σv]_{NR} ∝ v2

β^2_{Zh} = [ 1 − (m_h + mZ )^2/s ] [ 1 − (m_h − mZ )^2/s ] A_{f W} = 2Q_f sin^2 θW m^2_Z /s ∓ 1/2, with − (+) for neutrinos and up-type quarks (electrons and down-type quarks).

TABLE XX: Results for dimension-5 tensor operators for fermionic-WIMP annihilation. Indicated values of Λ for Ωh^2 and [σv]_{NR} assume M = 155 GeV.

operator final state Σ(s, M, m1, m2) Ωh^2 /0.11

[σv]_{NR} 10^{−27} cm^3 s^{−1}

χ̄γ^{μν} χ Bμν

Zh 2 3 m^2_Z s ⟨v⟩^2Λ^2 sin^2 θW ( 1 + 8M^2 s ) ( β^2_{Zh} +

12M^2 s ) ( 1 − m^2_Z s )_{−2}

( 8418 GeV Λ )_2

( 9635 GeV Λ )_2

W^+W^− 2 3 m^2_Z s ⟨v⟩^2Λ^2 sin^2 θW ( 1 + 8M^2 s ) ( 1 − m^2_Z s )_{−2}

× ( 1 − 4m^2_W s ) ( 1 + 23m^2_W s + 12m^4_W s^2 ) 0.651 [Zh]

∑ f ff̄ 2 3 m^2_Z s ⟨v⟩^2Λ^2 sin^2 θW ( 1 + 8M^2 s )

× ( 1 − m^2_Z s )_{−2} ∑ f [ 4A^2_{f B} + 1 +

4m^2_f s ( 2A^2_{f B} − 1 ) ] 16.01 [Zh]

χ̄γ^{μν} χ ~Bμν

Zh 2 3 m^2_Z s ⟨v⟩^2Λ^2 sin^2 θW ( 1 − 4M^2 s ) ( β^2_{Zh} +

12M^2 s ) ( 1 − m^2_Z s )_{−2}

( 837 GeV Λ )_2

[σv]_{NR} ∝ v^2

W^+W^− 2 3 m^2_Z s ⟨v⟩^2Λ^2 sin^2 θW ( 1 − 4M^2 s ) ( 1 − m^2_Z s )_{−2}

× ( 1 − 4m^2_W s ) ( 1 + 23m^2_W s + 12m^4_W s^2

) [σv]_{NR} ∝ v^2

∑ f ff̄ 2 3 m^2_Z s ⟨v⟩^2Λ^2 sin^2 θW ( 1 − 4M^2 s )

× ( 1 − m^2_Z s )_{−2} ∑ f [ 4A^2_{f B} + 1 +

4m^2_f s ( 2A^2_{f B} − 1 ) ] [σv]_{NR} ∝ v2

β^2_{Zh} = [ 1 − (m_h + mZ )^2/s ] [ 1 − (m_h − mZ )^2/s ] A_{f B} = 2Q_f ( 1 − m^2_W /s ) ∓ 1/2, with − (+) for neutrinos and up-type quarks (electrons and down-type quarks).

TABLE XXI: The cross section for γ-ray producing processes assuming Λ is the value necessary for scalar/pseudoscalar and tensor WIMP operators to result in Ωh^2 = 0.11 in the dark-matter species. For M < mZ /2, for all operators that have nonvanishing branching to two photons, [σγγ v]_{NR} /10^{−27} cm^3 s^{−1} = 22, and that is the only γ-ray producing process.

operator [σγγ v]_{NR} 10^{−27} cm^3 s^{−1} [σγZ v]_{NR} 10^{−27} cm^3 s^{−1}

[σ_{γh}v]_{NR} 10^{−27} cm^3 s^{−1} M ≤ mZ /2 M = 130 GeV M ≫ m_h M = 130 GeV M ≫ m_h M = 130 GeV M ≫ m_h Λ^{−2}ϕ^†ϕ Bμν B^{μν} 22 15 13 6 8 0 0 Λ^{−2}ϕ^†ϕ Bμν ~B^{μν} Λ^{−3}χ̄iγ^5χ Bμν B^{μν} Λ^{−3}χ̄iγ^5χ Bμν ~B^{μν} Λ^{−2}ϕ^†ϕ W^a_{μν} W^{a μν} 22 0.7-0.8 0.4 3-4 3 0 0 Λ^{−2}ϕ^†ϕ W^a_{μν} ~W^{a μν} Λ^{−3}χ̄iγ^5χ W^a_{μν} W^{a μν} Λ^{−3}χ̄iγ^5χ W^a_{μν} ~W^{a μν} Λ^{−3}χ̄γ^{μν} χ Bμν YH H^†H 0 0 0 0 0 8 17 Λ^{−3}χ̄γ^{μν} χ ~Bμν YH H^†H 18 Λ^{−3}χ̄γ^{μν} χ W^a_{μν} H^†t^aH 0 0 0 0 0 0.5-1 1-2 Λ^{−3}χ̄γ^{μν} χ ~W^a_{μν} H^†t^aH

TABLE XXII: The cross section for γ-ray producing processes assuming Λ is the value necessary for vector WIMP operators to result in Ωh^2 = 0.11 in the dark-matter species. For M < mZ /2, for all operators that have nonvanishing branching to two photons, [σγγ v]_{NR} /10^{−27} cm^3 s^{−1} = 22, and that is the only γ-ray producing process.

operator [σγγ v]_{NR} 10^{−27} cm^3 s^{−1} [σγZ v]_{NR} 10^{−27} cm^3 s^{−1}

[σ_{γh}v]_{NR}

10^{−27} cm^3 s^{−1}

M ≤ mZ /2 M = 130 GeV M ≫ m_h M = 130 GeV M ≫ m_h M = 130 GeV M ≫ m_h

Λ^{−4} ( ϕ^†∂^μϕ + h.c. ) × i ( B_{λμ}YH H^†D^λH − h.c. ) 0 0 0 11-16 ∝ m^2_Z /4M^2 0 0 Λ^{−4} ( ϕ^†∂^μϕ + h.c. ) × i ( ~B_{λμ}Y_H H^†D^λH − h.c. )

Λ^{−4} ( ϕ^†∂^μϕ + h.c. ) × i ( W^a_{λμ} H^†t^aD^λH − h.c. ) 0 0 0 0.8-1.4 ∝ m^2_Z /4M^2 0 0 Λ^{−4} ( ϕ^†∂^μϕ + h.c. ) × i ( ~W^a_{λμ} H^†t^aD^λH − h.c. )

Λ^{−4}χ̄γ^μχ× i ( B_{λμ}YH H^†D^λH + h.c. ) 0 0 0 0 0 18-19 17 Λ^{−4}χ̄γ^μχ× i ( ~B_{λμ}Y_H H^†D^λH + h.c. )

Λ^{−4}χ̄γ^μχ× i ( W^a_{λμ} H^†t^aD^λH + h.c. ) 0 0 0 0 0 1.3-1.5 1.7 Λ^{−4}χ̄γ^μχ× i ( ~W^a_{λμ} H^†t^aD^λH + h.c. )

Λ^{−4}χ̄γ^μχ× i ( B_{λμ}YH H^†D^λH − h.c. ) 0 0 0 0 0 19-20 17 Λ^{−4}χ̄γ^μχ× i ( ~B_{λμ}Y_H H^†D^λH − h.c. )

Λ^{−4}χ̄γ^μχ× i ( W^a_{λμ} H^†t^aD^λH − h.c. ) 0 0 0 0 0 2-4 1.7 Λ^{−4}χ̄γ^μχ× i ( ~W^a_{λμ} H^†t^aD^λH − h.c. )

Λ^{−4}χ̄γ^{μ5}χ× i ( B_{λμ}YH H^†D^λH − h.c. ) 0 0 0 0 0 10-15 ∝ m^2_Z /4M^2 Λ^{−4}χ̄γ^{μ5}χ× i ( ~B_{λμ}Y_H H^†D^λH − h.c. )

Λ^{−4}χ̄γ^μχ× i ( W^a_{λμ} H^†t^aD^λH − h.c. ) 0 0 0 0 0 0.6-1.3 ∝ m^2_Z /4M^2 Λ^{−4}χ̄γ^μχ× i ( ~W^a_{λμ} H^†t^aD^λH − h.c. )