arXiv:hep-ph/0304162 v5 22 Mar 2004

Absorption of solar radiation by solar neutrinos

G. Duplančić,^{1, 2} P. Minkowski,^{1, 3} and J. Trampetić^{1, 2, 4} 1Theory Division, CERN, CH-1211 Geneva 23, Switzerland 2Theoretical Physics Division, Rudjer Bošković Institute, Zagreb, Croatia 3 Institute for Theoretical Physics, University of Bern, CH-3012 Bern, Switzerland 4Universität München, Sektion Physik, Theresienstr. 37, 80333 München, Germany (Dated: March 22, 2004)

We calculate the absorption probability of photons radiated from the surface of the Sun by a left-handed neutrino with definite mass and a typical momentum for which we choose |p1| = 0.2 MeV, producing a heavier right-handed antineutrino. Considering two transitions the ν1 → ν2 and ν2 → ν3 we obtain two oscillation lengths L12 = 4960.8 m, L23 = 198.4 m, two absorption probabilities P^{abs.}_{12} = 2.5 × 10^{−67} , P^{abs.}_{23} = 1.2 × 10^{−58} and the two absorption ranges R^{abs.}_{12} = 4.47 × 10^4 R⊙ = 208.0 au, R^{abs.}_{23} = 0.89 × 10^4 R⊙ = 41.4 au, using a neutrino mass differences of √ |Δm^2_{12}| = 10 meV, √ |Δm^2_3| = 50 meV and associated transition dipole moments. We collect all necessary theoretical ingredients, i.e. neutrino mass and mixing scheme, induced electromagnetic transition dipole moments, quadratic charged lepton mass asymmetries and their interdependence.

PACS numbers: 11.10.Nx, 12.60.Cn, 13.15.tg

The purpose of this paper is to determine the absorption probability of photons radiated from the surface of the Sun by a left-handed neutrino with definite mass, which produces a heavier right-handed antineutrino. To reach this goal, we start with the geometrical and thermal properties of surface radiation of the Sun to determine the photon flux. The elementary absorption cross section involves transition electric and magnetic dipole moments of neutrinos taken to be Majorana particles, in a minimal extension of the Standard Model to account for neutrino mass and mixing [1, 2]. The electromagnetic transition dipole moments are to be evaluated on the appropriate mass shells for the neutrino-antineutrino transition. As such, they are by definition gauge invariant and must be formed generally combining the vertex and the propagator Green functions [3].

Interestingly, in a recent paper [4], the authors consider the fate of an electron neutrino, undergoing the analogous transition in the interior of the sun, induced by the interior magnetic field. They couple this transition with normal oscillations to produce ν_e from ν_e, to be subsequently observed on earth.

To be definite, we consider the absorption cross section of a photon inducing an electromagnetic dipole transition from the initial definite mass eigenstate ν_{L,j}(p_1) with mass m_{νL,j} = m_j , with left-handed helicity, thus denoted neutrino, to a right-handed mass eigenstate ν_{R,k}(p_2) with mass m_{νR ,k} = m_k, denoted antineutrino. This yields the absorption probability per neutrino when integrated from the solar surface to infinity. The kinematics of the dipole transition is then generaly the following:

γ(q) + ν_{L,j}(p_1) −→ ν_{R,k}(p_2), (1)

and Δm_{jk} = m_k − m_j > 0, with j < k (= 1, 2, 3). We assume hierarchical masses: m_1 ≪ m_2 ≪ m_3 and to simplify this kinematics, we set m_1 = 0 throughout the

FIG. 1: Geometric properties underlying the absorption reaction in the reaction plane. The emerging left-handed neutrino is at a distance R⊙ + d from the Sun’s center, illuminated by photons emitted at an angle α relative to the normal of the emitting solar surface element. Thus, the triangle with the angles θ, Θ and α is formed.

paper.

The absorbing neutrino (ν_{L,j}) is taken to emerge from the center of the Sun, defining the radial direction as shown in Fig. 1. From the geometry indicated in Fig. 1 we obtain the integral flux in the solar rest frame at the time when the neutrino ν_{L,j}(p_1) is at a distance d from the surface of the Sun:

ϕ = 2πR^2_⊙

∫_1 1/a d cos Θ (2) × ∫_∞ 0 q^2dq 4π^3 n_K (T )

ρ^2 cos α cos θ(1 − cos θ),

where a = 1+d/R_⊙, α = Θ+θ, with R_⊙ cos Θ+ρ cos θ = R_⊙ + d and ρ sin θ = R_⊙ sin Θ. The above flux represents the Planckian surface radiation of the Sun with the temperature T and the occupation number n_K (T ) given as n_K (T ) = (e^{K/T} − 1)^{−1}.

The differential flux multiplied by the absorption cross section σ yields the absorption rate per unit time Γ_d(ν_{L,j} γ → ν̄_{R,k}): Γ_d(ν_{L,j} γ → ν̄_{R,k}) = − d dt log P = ∫ σdϕ, (3) where P represents the survival probability of the initial neutrino ν_{L,j}(p_1). For c = 1, we have t = d, starting the clock (t = 0) when the neutrino ν_{L,j}(p_1) crosses the surface. The integral survival probability P_∞ is thus given by P_∞ = e^− ∫_∞ 0 Γ_{d=t}dt = 1 − P abs. , (4)

where P_{abs.} is the total probability for the absorption of photons.

Next, we define the absorption probability within a distance d as

P_{abs.}(d) = 1 − e^− ∫_d 0 Γ_d′_{=t}dt ≃ ∫_d 0 Γ_d′_{=t}dt, (5)

because it turns out, as expected, that P_{abs.}(d) ≤ P_{abs.} ≪ 1.

The absorption cross section σ is given by σ_{jk} = 2π |Δm^2_{jk}| |μ_{jk}|^2 2p_1q δ ( cos θ − ( 1 − Δm^2_{jk} 2p_1q )) , (6)

where |Δm^2_{jk}| = |m_{νk} − m_{νj} |^2 and |μ_{jk}| is the magnetic transition dipole moment of neutrino.

Because of the purely left-handed neutrino emitted by the Sun, there appears no spin average over neutrino helicities, contrary to photon polarizations.

The neutrino dipole moments are determined from the effective Standard Model photon–neutrino vertex Γ^{eff}_μ (γνν̄) [5, 6, 7, 8, 9, 10, 11, 12, 13]. The transition ν_j −→ ν_k γ is an electroweak process induced at leading 1–loop order. This order involves the so-called “neutrinopenguin” diagrams through the exchange of ℓ = e, μ, τ leptons and weak bosons, and is given by [3, 6, 9]

ϵ^μ(q)Γ^{eff}_μ (γνν̄) = ϵ^μ(q) [ G_1(q^2)ν̄_k(γ_μq^2 − q_μ ̸q)ν_{jL}

+iG_2(q^2) ( m_{νk}ν̄_kσ_{μν} q^ν ν_{jL} + m_{νj} ν̄_kσ_{μν}q^ν ν_{jR} )] . (7)

The above vertex is invariant under the electromagnetic gauge transformations. The first term in (7) vanishes identically for a real photon due to the electromagnetic gauge condition. The expression (7) yields the electric and magnetic dipole moments [6, 9]

d^{el}_{kj} = 1 2 ( m_{νj} − m_{νk} ) G_2(0)_{kj}, (8) μ_{kj} = 1 2 ( m_{νj} + m_{νk} ) G_2(0)_{kj}, (9)

G_2(0)_{kj} = 2e M^{∗2} ∑ ℓ=e,μ,τ U^†_{ki}U_{ij} F (x_{ℓi} ) , x_{ℓi} = m^2_{ℓi} m^2_W

, (10) where i, j, k = 1, 2, 3 denotes neutrino species, and

F (x_{ℓi} ) ≃ − 3 2 + 3 4 x_{ℓi} , (11)

was obtained after the loop integration and for x_{ℓi} ≪ 1. Here M^∗ = 4π v = 3.1 TeV, and v = ( √ 2 G_F )^{−1/2} = 246 GeV represents the vacuum expectation value of the scalar Higgs field.

Note that for the off-diagonal transition moments, the first term in (11) vanishes in the summation over ℓ due to the orthogonality condition of the mixing matrix U.

For the Majorana neutrinos considered here this matrix is approximative unitary and necessarily of the form 3∑ i=1 U^†_{ki}U_{ij} = δ_{kj} − ε_{kj}, (12)

where ε is a hermitian nonnegative matrix (i.e. with all eigenvalues nonnegative) and |ε| = √ Tr ε^2 = O (m_{νlight} /m_{νheavy} ), ∼ 10^{−22} to 10^{−21}. (13)

The case |ε| = 0 is excluded by the very existence of oscillation effects. As a consequence, there is no exact GIM cancellation in lepton-flavour space, unlike for the cases off-diagonal transition moments and the quark-flavours.

In the Majorana case calculation of the “neutrino– antineutrino–penguin” diagrams, using charged lepton and an antilepton propagators in the loops, produces transition matrix elements which are complex antisymmetric quantities in lepton-flavour space. Finally,

d^{el}_{jk} = 1 2 ( m_{νj} − m_{νk} ) 2 Re G_2(0)_{kj}, (14) μ_{jk} = 1 2 ( m_{νj} + m_{νk} ) 2 i Im G_2(0)_{kj}. (15)

Dipole moments describing the transition from Majorana neutrino mass eigenstate-flavour ν_j to ν_k have the following form [2, 3, 5, 8]:

d^{el}_{jk} = 3 e 2M^{∗2} ( m_{νj} − m_{νk} ) ∑ ℓ=e,μ,τ m^2_{ℓi} m^2_W

ReU^†_{ki}U_{ij} , (16)

μ_{jk} = 3 e i 2M^{∗2} ( m_{νj} + m_{νk} ) ∑ ℓ=e,μ,τ m^2_{ℓi} m^2_W

ImU^†_{ki}U_{ij}. (17)

The quadratic charged lepton mass asymmetry is generated by the electric and magnetic dipole form factors only. The quantities U_{ij} incorporate the neutrino-flavour mixing matrix governing the decomposition of a coherently produced left-handed neutrino ~ν_{L,ℓ} associated with charged-lepton-flavour ℓ = e, μ, τ into the mass eigenstates ν_{L,i}: |~ν_{L,ℓ}; ⃗p ⟩ = ∑ i U_{ℓi}|ν_{L,i}; ⃗p, m_i ⟩. (18)

We emphasise that the sensitivity of the dipole moments (16), (17) is much larger because of the τ –loop, than in the oscillations where only the mixing angles and mass differences(-square), |Δm^2_{13}| ≃ |Δm^2_3|, enters.

We proceed to numerical evaluations of the transition dipole moments which in general receive very small contributions because of the smallness of the neutrino mass, |m_ν | ∼ 10^{−2} eV. For the dipole moments the dominant contributions are coming from the 1 → 2 and 2 → 3 transitions. Since the mixing matrix element |U_{1τ} | is small [14], and today still unknown, in the evaluation of the 1 → 2 transition we assume the dominance of the μ–loops: ( |d^{el}_{12}| |μ_{12}| ) ≃ 3e 2M^{∗2} m^2_μ m^2_W √ |Δm^2_{12}|

(|ReU†_{1μ}U_{μ2}|

|ImU^†_{1μ}U_{μ2}| ) . (19)

The dominant contributions to the electric and magnetic transition dipole moments of neutrinos for the 2 → 3 transition are, due to the τ -loops, proportional to Re and Im part of U^†_{2τ} U_{3τ} and given by ( |d^{el}_{23}| |μ_{23}| ) ≃ 3e 2M^{∗2} m^2_τ m^2_W √ |Δm^2_3| ( |ReU^†_{2τ} U_{τ3}| |ImU^†_{2τ} U_{τ3}| ) . (20)

Setting for the matrix elements |ImU^†_{1μ}U_{μ2}| ≃ 0.32 and |ImU^†_{2τ} U_{τ3}| ≃ 0.5 [8, 10], and specifically for hierarchical masses √ |Δm^2_{12}| ≃ 10 meV [15] and √ |Δm^2_{32}| ≃ 50 meV [16] and transforming the moments to Bohr magneton units, we have found the following standard transition magnetic moments of neutrinos

|μ_{12}|_{st} ≃ 3.12 × 10^{−34} eV^{−1} = 1.05 × 10^{−27} μ_B,(21) |μ_{23}|_{st} ≃ 6.14 × 10^{−31} eV^{−1} = 2.07 × 10^{−24} μ_B.(22)

From above equations we see that the transition 1 → 3 is sensitive to value of |U_{1τ} | down to the O(10^{−3}) [14]. Note finally that direct experimental evidence for neutrino flavour transformation from neutral-current interactions (7) is given in Ref. [17].

The absorption rate per unit time in the solar rest system at a given distance d from the Sun’s surface is Γ^d_{jk}(ν_{L,j} γ → ν̄_{R,k}) = 1 2π^2 ∫ q^2 dq d cos θ n_K (T )

× σ_{jk}(q, θ) cos θ (1 − cos θ) sin Θ cos(θ + Θ) sin θ(a cos Θ − 1)

. (23)

In Eq. (23) the factor sin Θ cos(θ + Θ)/sin θ(a cos Θ − 1) is equal to 1, as a consequence of the geometry described in Fig. 1.

From Eqs. (6), (21) and (22), we obtain the standardized form of the absorption cross section

σ_{st} = X_{jk} σ^{red.}_{jk} = X_{jk} 2p_1q δ ( cos θ − ( 1 − Δm^2_{jk} 2p_1q )) ,(24) where σ^{red.}_{jk} represents the reduced cross section and X_{jk} is dimensionless quantity X_{jk} = 2π |Δm^2_{jk}| |μ_{jk}|^2_{st}, (25) which receive the following values for the respective magnetic moments (21), (22) and mass differences:

X_{12} = 6.10 × 10^{−71}, (26) X_{23} = 5.91 × 10^{−63}. (27)

The reduced cross section σ^{red.}_{jk} leads to the following reduced dimensionless absorption rate Γ^{red.}_{jk} :

Γ^{red.}_{jk} (a) = 1 2π^2 R_⊙ ∫ q^2 dq d cos θ n_K (T )

× σ^{red.}_{jk} (q, θ) (1 − cos θ) cos θ. (28)

The integral f_{jk}(A) = ∫_A 1 da Γ^{red.}_{jk} (a), A = 1 + d R_⊙ (29)

determines the absorption probability defined by Eq. (5) within a distance d from the solar surface

P^{abs.}_{jk} (d) = X_{jk} f_{jk}(A), P^{abs.}_{jk} = X_{jk} f_{jk}(∞). (30)

The radius of the Sun given in different units is

R_⊙ = 6.961 × 10^8 m = 2.322 s = 3.528 × 10^{15} eV^{−1}.(31)

The astronomical unit (Sun–Earth distance) corresponds to au ≡ ⊕ − ⊙ = 499.005 s, which means that A_⊕ = au/R_⊙ = 214.91.

We choose p_1 = 0.2 MeV for the momentum of the solar neutrino emerging from the solar interior through the surface [18], yielding the oscillation lengths L_{12} and L_{23} of neutrinos ν_1 ←→ ν_2 and ν_2 ←→ ν_3, respectively:

L_{12}= 4πp_1 |Δm^2_{12}|

= 25.133 × 10^9 eV^{−1} = 4960.8 m,(32)

L_{23}= 4πp_1 |Δm^2_3|

= 1.005 × 10^9 eV^{−1} = 198.4 m. (33)

The solar activity is characterized by the surface temperature T_⊙, which we take as 0.5 eV = 5802.5 K. We note that a significant contribution to the absorption probability comes from wave–lengths of solar radiation comparable with the oscillation lengths L_{12} and L_{23}. Those long wave–lengths constitute the Rayleigh–Jeans tail of the Planckian spectrum. For the standards defined above, we present the functions f_{12}(A) and f_{23}(A) in Figs. 2 and 3, respectively. The enlarged scale figures are displayed separately up to ≃ 1 au.

The analytic structure of the functions f_{12}(A) and f_{23}(A) gives rise to a characteristic range of solar activity in the absorption process, independently of the small

FIG. 2: The absorption probability f12(A) within a distance d from the surface of the Sun as a function of A = 1 + d/R⊙ .

FIG. 3: The absorption probability f23(A) within a distance d from the surface of the Sun as a function of A = 1 + d/R⊙ .

absorption probability:

R^{abs.}_{12} =R_⊙ √ 2p_1T_⊙ |Δm^2_{12}|

= 4.47 × 10^4R_⊙ = 208.0 au,(34)

R^{abs.}_{23} =R_⊙ √ 2p_1T_⊙ |Δm^2_3|

= 0.89 × 10^4R_⊙ = 41.4 au. (35)

The absorption range R^{abs.}_{23} , for example corresponds to a distances of 2 astronomical units beyond the semi–major axis of the orbit of Pluto. Ranges R^{abs.}_{12} , R^{abs.}_{23} are clearly visible near A = 5 × 10^4 in Fig. 2, in the approach of the function f_{12}(A) to its asymptotic value f_{12}(∞) = 4087.9, and near A = 10^4 in Fig. 3, in the approach of the function f_{23}(A) to its asymptotic value f_{23}(∞) = 20418.8. Thus the total absorption probabilities per neutrino become

P^{abs.}_{12} = X_{12} f_{12}(∞) ≃ 2.5 × 10^{−67}, (36) P^{abs.}_{23} = X_{23} f_{23}(∞) ≃ 1.2 × 10^{−58}. (37)

For the bound on the neutrino magnetic moment, μ_{νe}^<∼ 3×10^{−12}μ_B , derived from SN1987A [19], we would obtain P_{abs.} ∼ 10^{−35}. Taking 10^{40} similar neutrinos, emitted from the pp cycle of the sun, the rate of so produced antineutrinos from the sun would be 10^5 per year. Our number (36) is meant as a lower bound.

In this work we collected all necessary theoretical ingredients, i.e. neutrino mass and mixing scheme, induced electromagnetic transition dipole moments, quadratic mass asymmetries entering the process of photon absorption by a definitive neutrino flavor producing a massive antineutrino. Obviously the same electromagnetic dipole transitions occur under many more circumstances, e.g. in the core of supernova explosions, in reactions with the cosmic microwave background radiation, in strong magnetic fields like in neutron stars, in coherent Maser light directed at a nuclear reactor. These processes may well lead to larger effects.

As follows from the geometric aspects discussed in Figs. 1, 2 and 3 and displayed in Eqs. (30)–(37), the absorption probability per neutrino scales from our solar example to another similar situation, modula minor logarithmic correction factors, as R ⟨T ⟩ p^2

, (38)

where R_⊙ is replaced by an irradiating photon surface of radius R, ⟨T ⟩ denotes an average temperature of surface of light emission, replacing T_⊙ = 0.5 eV, and p denotes the momentum of the emitted neutrino. From the above scaling law it follows, that no dramatic changes in absorption probability (per neutrino or antineutrino) occur in a supernova explosion. There the momenta are changed to O(10-20 MeV) from the neutrinosphere, R is adapted to the size of source, before the neutrino is beyond the range of its radiation, i.e. cannot be many orders of magnitude larger than the solar radius, and ⟨T ⟩ is (much) below the MeV scale, when becoming effective in the process of ν −→ ν̄ dipole transition. The only difference is in the number of neutrinos emitted, offset by the distance(- square) attenuation, towards an observer on earth. For this reason we refrain from giving numerical estimates for supernova explosions here.

The work of P.M. is supported by the Swiss National Science Foundation. The work of G.D. and J.T. is supported by the Ministry of Science and Technology of Croatia under Contract No. 0098002.

[1] S. Bilenky and S. Petkov, Rev. Mod. Phys. 59, 671 (1987); ibid 61, 169 (1989).

[2] C.A. Heusch and P. Minkowski, Nucl. Phys. B416, 3 (1994); P. Minkowski, Acta Phys. Polon. B32, 1935 (2001), hep-ph/0105309.

[3] T. Inami and C.S. Lim, Prog. Theor. Phys. 65, 297 (1982); J. Trampetić, Acta Phys. Pol. B33, 4317 (2002), hep-ph/0212309 and the references therein.

[4] V. Antonelli, B.C. Chauhan, M. Picariello, J. Pulido and E. Torrente-Lujan, hep-ph/0310264.

[5] P. Minkowski, P. Schupp and J. Trampetić, hep-th/0302175, preprint BUTP-2003/02, CERN- TH/2002-012, IUB-TH/031.

[6] B.W. Lee and R.E. Shrock, Phys. Rev. D16, 1444 (1977);

I. Sanda and W. Marciano, Phys. Lett. 67B, 303 (1977); R. E. Shrock, Nucl. Phys B206, 359 (1982).

[7] J.M. Cornwall, Phys. Rev. D26, 1453 (1982); J.M. Cornwall, J. Papavassiliou, Phys. Rev. D40, 3474 (1989); J. Papavassiliou, Phys. Rev. D41, 3179 (1990); G. Degrassi, A. Sirlin and W. Marciano, Phys. Rev. D39, 287 (1989); G. Degrassi and A. Sirlin, Phys. Rev. D46, 287 (1992).

[8] J. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys.

28, 870 (1962).

[9] M. Fukugita and T. Yanagida, Physics of neutrinos in Physics and Astrophysics of Neutrinos; A. Fukugita and A. Suzuki eds. (Springer-Verlag; 1994).

[10] T. Fukuyama, T. Kikuchi and N. Okada, hep-ph/0306025.

[11] M. Hirsch, E. Nardi and D. Restropo, hep-ph/0210137. [12] M. B. Voloshin and M. I. Vysotsky, “Neutrino magnetic moment and time variation of solar neutrino flux,” Sov. J. Nucl. Phys. 44, 544 (1986) [Yad. Fiz. 44, 845 (1986)].

[13] M. B. Voloshin, M. I. Vysotsky and L.B. Okun, “Neutrino electrodynamics and possible consequences for solar neutrinos,” Sov. J. Nucl. Phys. 64, 446 (1986).

[14] P. Huber, M. Lindner, M. Rolinec, T. Schwetz and W.

Winter, hep-ph/0403068.

[15] S. Fukuda et al. (Super-Kamiokande Collaboration), Phys. Rev. Lett. 86, 5656 (2001), hep-ex/0103033; S. Fukuda et al. (Super-Kamiokande Collaboration), Phys. Lett. B539, 179 (2002), hep-ex/0205075; M.B. Smy et al. (Super-Kamiokande Collaboration), Phys. Rev. D69, 011104 (2004), hep-ex/0309011; Q.R. Ahmad et al. (SNO Collaboration), Phys. Rev. Lett. 89, 011302 (2002), nuclex/204009.

[16] S. Fukuda et al. (Super-Kamiokande Collaboration), Phys. Rev. Lett. 85, 3999 (2000), hep-ex/0009001; S.H. Ahn et al. (Super-Kamiokande Collaboration), Phys. Lett. B511, 178 (2001), hep-ex/0103001; S.H. Ahn et al. (Super-Kamiokande Collaboration), Phys. Rev. Lett. 90, 041801 (2003), hep-ex/0212007.

[17] Q.R. Ahmad et al. (SNO Collaboration), Phys. Rev. Lett.

89, 011301 (2002), nucl-ex/204008.

[18] T. Altherr and P. Salati, Nucl. Phys. B421, 662 (1994);

P. Salati, Astroparticle Phys. 2, 269 (1994).

[19] A. Ayala, J.C. D’Olivio and M. Torres, Phys. Rev. D59, 111901 (1999).