arXiv:1209.4561v2 [hep-ph] 8 Oct 2012

Constraints on the Dark Photon Parameter Space from Leptonic Rare Kaon Decays

T. Beranek and M. Vanderhaeghen Institut für Kernphysik, Johannes Gutenberg-Universität, D-55099 Mainz, Germany (Dated: October 9, 2012)

With anomalies found in cosmic ray observations and unsolved questions of the Standard Model of particle physics like the discrepancy in the muon’s anomalous magnetic moment, the idea of an U(1) extension of the Standard Model arose. This extension allows for the interaction of Dark Matter by exchange of a photon-like massive force carrier A^′ not included in the Standard Model. We discuss the possibility to constrain the dark photon parameter space by using data taken from rare kaon decays. Therefore we analyze the decay K → μνA^′ as a signal process and calculate the expected Standard Model background. Using these results we calculate new limits on the A^′ parameter space, providing motivations for new rare kaon decay experiments to extend the existing A^′ bounds.

The possibility to explain anomalies in astrophysics and particle physics [1–3] by extending the Standard Model of Particle Physics (SM) by an additional U(1)_D gauge group manifesting itself in a massive gauge boson A^′ (“Dark Photon”) in the MeV to GeV mass range [4– 6] motivated a strong activity in theoretical as well as in experimental physics [7–16]. In a recent work [15], where new physics scenarios were explored as a possible explanation of the proton charge radius problem, the constraints from rare kaon decays were examined. In the present work, we will use these rare kaon decays to find constraints on the A^′ parameters. The A^′ couples to the electromagnetic current via kinetic mixing giving rise to a QED-like vertex term iε e γ_μ, where ε is the kinetic mixing parameter describing the coupling strength to the electromagnetic current by ε^2 = α^′_D/α_{QED} with α_{QED} ≡ e^2/4π [9].

In the following we will study the process K^+ → μ^+ν_μA^′ as a possible signal from the dark sector (see Feynman diagram in Fig. 1) within the mentioned framework of kinetic mixing (model I) as well as in a model where the A^′ couples only to the muon assuming an explicit breaking of gauge invariance applied in Ref. [14] (model II). In the pioneering experiment [17] of the decay K^+ → μ^+ + neutrals, only the charged muon is detected, excluding further charged particles or photons in the final state. Therefore this process cannot be distinguished from the K^+ → μ^+ν_μν_lν̄_l decay (Feynman diagrams in Fig. 2), making it crucial to obtain a precise understanding of the background. This analysis will allow us to compute bounds on the A^′ coupling strength ε as a function of its mass parameter m_A′ .

In calculating the decays of Figs. 1, 2 we will use, that the largest external momentum scale of the considered processes, the kaon mass m_K , is far below the weak gauge boson masses m_W and m_Z allowing to approximate the weak interaction processes by point processes, respectively. Furthermore we parametrize the hadronic weak K^+ decay current by ⟨ 0 | |v̄_sγ_α(1−γ_5)u_u | |K+(k)⟩ = f_K k_α,

Figure 1. Feynman diagram for the process K^+ → μ^+νμA^′.

where f_K is the kaon decay constant.

Since the K^+ is assumed to decay in rest the analysis will be performed in the K^+ rest frame where the kaon four-vector is given as k = (m_K , ⃗0). Furthermore we use the momentum four-vectors l = (E_μ, 0, 0, |⃗l |) for the muon, q = (E_ν , E_ν sin θ_ν , 0, E_ν cos θ_ν ) for the neutrino, and q^′ = k − l − q for the A^′, where we choose the zaxis along the muon 3-momentum. All other 3-momenta and all angles associated with other particle are not observable and therefore these decays have isotropic muon angular distributions.

The A^′ production amplitude derived from diagram 1 (a) is given by

M_A′_{,a} = G_F f_K εe sin θ_c √ 2 ( (k − q)^2 − m^2_μ

) ε^∗_α(q^′) (1) × [ ū(q)(1 + γ_5) ( (k − q)^2 + m_μγ · k ) γ^αv(l) ] , where G_F is the Fermi constant and θ_c the Cabbibo mixing angle. For model II the signal process is completely described by this amplitude. Due to the need for gauge invariance within the kinetic mixing framework, in model I the amplitude is given by the coherent sum over

Figure 2. SM background from K^+ → μ^+νμν_lν̄_l.

all diagrams of Fig. 1 M_A′ = G_F εe sin θ_c √ 2 ε^∗_ρ(q^′) (f_K m_μ L^ρ − H^{ρν} j_ν ) , (2)

L^ρ = ū(q)(1 + γ_5) { 2k^ρ − q^{′ρ} 2k · q^′ − q^{′2} − 2l^ρ − γ · q^′γ^ρ 2l · q^′ + q^{′2} } v(l), j_ν = ū(q)γ_ν (1 + γ_5)v(l), H^{ρν} = −i V_1ε^{ρναβ} q^′_αk_β − A_1(q^′ · W − W^ρq^{′ν} ) − A_2(q^{′2}g^{ρν} − q^{′ρ}q^{′ν} ), whereas W = k − q^′ and ε^{0123} = 1. The term proportional to f_K is known as inner Bremsstrahlung contribution (IB) and does not contain any structure effects. The contribution proportional to H^{ρν} contains the structure dependent terms, which are parametrized by the form factors V_1, A_1, and A_2.

In the K^+ rest frame the differential decay width for K^+ → μ^+ν_μA^′ using the conventions of Ref. [18] then reads as

dΓ(K^+ → μ^+ν_μA^′) dE_μ dE_ν = 1 64π^3m_K

|M_A′ |^2, (3)

where we have fixed the angle θ_ν by evaluating the energy conserving δ-function as:

cos θ_ν = m^2_K + m^2_μ − m^2_A′ + 2E_μE_ν − 2m_K (E_μ + E_ν ) 2E_ν |⃗l | . To obtain the decay width, Eq. (3) has to be integrated over E_μ and E_ν within the limits as given in section IV of Ref. [15]. The background contribution in terms of its 5-fold differential decay rate is given by

dΓ(K^+ → μ^+ν_μν_lν̄_l) dE_μ dE_ν d cos θ dΩ_1 = 1 16m_K 1 (2π)^6 |⃗l ||⃗q || ⃗p_1 | | |E1 + E2 + ( ⃗l + ⃗q ) · p̂_1 | | |M|^2, (4) in the kaon rest frame, where

E_1 = m^2_K + m^2_μ + 2 l · q − 2m_K (E_μ + E_ν ) 2 ( m_K + (⃗l + ⃗q) · p̂_1 − E_μ − E_ν )

is fixed by the energy conserving δ-function, E_2 = p^0_2 and M is the coherent sum over the amplitudes derived from the Feynman diagrams in Fig. 2.

In order to obtain a dimensionless quantity, it is helpful to consider the ratio of these decay rates relative to the one for the K^+ → μ^+ν_μ expressed by

Γ(K^+ → μ^+ν_μ) =

G^2_F f^2_K sin^2 θ_c 8π m^3_K m^2_μ (m^2_K − m^2_μ)^2.

Similar to the distributions (3) and (4) this decay rate is isotropic in the muon angles. Thus all corrections due to an angular detector acceptance being not 4π will cancel each other in the ratio with respect to the decay rate Γ(K^+ → μ^+ν_μ).

For our analysis, we use the existing data published by Pang et al. in Ref. [17], who found an upper limit of Γ(K^+ → μ^+X)/Γ(K^+ → μ^+ν_μ) < 2 · 10^{−6} on the ratio of the decay rates, where X is a possible, not detectable neutral state not containing a photon. In order to obtain the experimental limits from these data the differential decay rate^{dΓ}_{dEμ} (K^+ → μ^+ν_μA^′) has to be folded with the detector efficiency D(E_μ) given in Ref. [17], i.e.

R̃(m_{A′} ) := ∫_{dΓ} dE_μ (K + → μ^+ν_μA^′)D(E_μ)dE_μ Γ(K^+ → μ^+ν_μ)

. (5)

Since the kinetic mixing factor ε is a global factor of the amplitudes (1) and (2), one can rewrite R̃ (m_{A′} ) = ε2 R (m_{A′} ) and thus finds an upper bound for allowed values of ε^2 as:

ε^2 <

2 · 10^{−6} R(m_A′ ) . (6)

In Fig. 3 (upper and middle panel) the differential decay rate for the signal process relative to the decay K^+ → μ^+ν_μ is shown calculated within model I and II for the full phase space (left panels) and with applied corrections due to the given detector acceptance (right panels), according to the experimental set-up of Ref. [17]. One notices that within the kinetic mixing model (upper panels of Fig. 3) the internal bremsstrahlung contribution completely dominates the result for the considered A^′ mass parameters: comparison between IB curves and curves including the form factor dependence which was evaluated according to Refs. [18, 19]. Since in model II the gauge invariance is not required, the decay rate is enhanced by a factor of 1/m^2_A′ compared to model I. The expected SM background from the decay K^+ → μ^+ν_μνν̄ with the applied experimental cuts of Ref. [17] is shown in the lower left panel.

Figure 3. Upper and middle panels: Ratio of^{dΓ}_{dTμ} (K^+ → μ^+νμA^′) and Γ(K^+ → μ^+νμ) for various A^′ masses for perfect detector efficiency (left panels) and for finite detector efficiency of Ref. [17] (right panels) at ε^2 = 1. Upper panels: kinetic mixing model (model I); middle panels: model II, where the A^′ only couples to the μ^+. Lower left panel: Standard Model background for different neutrino families using the detector efficiency function. Lower right panel: ratio of total decay rates Γ(K^+ → μ^+νμA^′) at ε^2 = 1 relative to Γ(K^+ → μ^+νμνν̄) in model II.

As one can see from the lower right panel of Fig. 3, the total A^′ decay rate (model II) Γ(K^+ → μν_μA^′) calculated with ε^2 = 1 is about a factor of 10^9 larger than the decay rate to SM particles Γ(K^+ → μ^+ν_μν_lν̄_l). This corresponds to an A^′ signal, which will dominate over the expected SM signal for mixing factors down to ε^2 ≃ 10^{−9}.

The calculated limits on the A^′ parameter space are shown in Fig. 4. In this figure the colored regions correspond to already excluded configurations of mass and coupling strength [9, 12, 13]. In this plot we have included the old [7] as well as the new [20, 21] exclusion

Figure 4. Exclusion limits on the A^′ parameter space. Dashed-dotted curve: bound calculated in the kinetic mixing model (model I) for an accuracy of the ratio Γ(K^+ → μ^+νμA^′)/Γ(K^+ → μ^+νμ) of 10^{−9}. Dashed curve: result for the 1973 data [17] within model II, where the A^′ only couples to the μ^+. Dotted curve: bound calculated in model II for an assumed improvement of the experimental accuracy by two orders of magnitude, i.e. 2 · 10^{−8}.

limits from (g − 2) of the electron compared to the fine structure constant α. The red colored region represents the so-called (g − 2)_μ welcome band, where the A^′ contribution to (g − 2)_μ could be invoked to explain the existing discrepancy [7].

A possible bound for the kinetic mixing model is represented by the dash-dotted curve for an assumed experimental accuracy of the ratio Γ(K^+ → μ^+ν_μA^′)/Γ(K^+ → μ^+ν_μ) of 10^{−9}. Based on the old (g − 2)_e exclusion limit, the 1973 data [17] allow to slightly improve the bound at low masses and large ε (dashed curve) within model II. Due to the refinement of the theoretical determination of (g − 2)_e the bound from rare kaon data is already covered by the new (g − 2)_e limit. Furthermore in Fig. 4 we give an estimate in which way the exclusion limits change due to an improvement in the experimental accuracy of the ratio Γ(K^+ → μ^+ν_μA^′)/Γ(K^+ → μ^+ν_μ) by two orders of magnitude (dotted curve). Obviously an improvement of the experimental quantities on the right side of Eq. (6) will allow the exclusion of a large region of the parameter space up to masses of about 80 MeV since the bound on ε^2 is depending linearly on the RHS of Eq. (6). Larger angular and momentum acceptancies and a larger rate of stopped K^+ compared to [17] for example will allow to improve this quantity significantly. Such an improved extraction might be achieved by new facilities, such as the NA62 experiment at CERN or rare kaon decay experiments at JPARC.

We have used the rare kaon decay K^+ → μ^+ν_μA^′ to find a bound on the A^′ parameters extending the excluded region at low masses in a model where the A^′ couples only to the muon. We have shown, that the method used in this work may be suited to extend the existing limits within two models for the A^′ coupling. For that purpose more precise data are necessary. Improving the accuracy compared to that of the forty year old pioneering work of Ref. [17] by two ore more orders of magnitude would allow the exclusion of a significantly larger part of the up to now allowed parameter space, which is also containing a considerable part of the (g − 2)_μ welcome band.

This work was supported in part by the Research Centre “Elementarkraefte und Mathematische Grundlagen" at the Johannes Gutenberg University Mainz and in part by the Deutsche Forschungsgemeinschaft DFG through the Collaborative Research Center “The Low-Energy Frontier of the Standard Model" (SFB 1044). The authors like to thank Carl Carlson and Achim Denig for helpful discussions, and Bill Marciano for pointing out the gauge invariance constraint within the kinetic mixing model.

[1] A. W. Strong et al., Astron. Astrophys. 444, 495 (2005). [2] O. Adriani et al. [PAMELA Collaboration], Nature 458, 607 (2009).

[3] I. Cholis, G. Dobler, D. P. Finkbeiner, L. Goodenough and N. Weiner, Phys. Rev. D 80, 123518 (2009).

[4] P. Fayet, Nucl. Phys. B 347, 743 (1990). [5] B. Holdom, Phys. Lett. B 178, 65 (1986). [6] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer and N. Weiner, Phys. Rev. D 79, 015014 (2009).

[7] M. Pospelov, Phys. Rev. D 80, 095002 (2009). [8] R. Essig, P. Schuster and N. Toro, Phys. Rev. D 80, 015003 (2009).

[9] J. D. Bjorken, R. Essig, P. Schuster and N. Toro, Phys.

Rev. D 80, 075018 (2009).

[10] H. Merkel et al. [A1 Collaboration], Phys. Rev. Lett. 106, 251802 (2011).

[11] S. Abrahamyan et al. [APEX Collaboration], Phys. Rev.

Lett. 107, 191804 (2011).

[12] F. Archilli et al., Phys. Lett. B 706, 251 (2012).

[13] J. Blumlein and J. Brunner, Phys. Lett. B 701, 155 (2011).

[14] B. Batell, D. McKeen and M. Pospelov, Phys. Rev. Lett.

107, 011803 (2011).

[15] C. E. Carlson and B. C. Rislow, Phys. Rev. D 86, 035013 (2012).

[16] Y. G. Aditya, K. J. Healey and A. A. Petrov, Phys. Lett.

B 710, 118 (2012).

[17] C. Y. Pang et al., Phys. Rev. D 8, 1989 (1973). [18] J. Bijnens, G. Ecker and J. Gasser, Nucl. Phys. B 396, 81 (1993).

[19] A. A. Poblaguev et al., Phys. Rev. Lett. 89, 061803 (2002).

[20] T. Aoyama, M. Hayakawa, T. Kinoshita and M. Nio, arXiv:1205.5368 [hep-ph].

[21] H. Davoudiasl, H. -S. Lee and W. J. Marciano, arXiv:1208.2973 [hep-ph].