arXiv:hep-ph/0606013 v1 1 Jun 2006

hep-ph/0606013 KEK-TH-1090

Will MINOS see new physics?

Noriaki Kitazawa,^{1, ∗} Hiroaki Sugiyama,^{2, †} and Osamu Yasuda^{1, ‡} 1Department of Physics, Tokyo Metropolitan University, Hachioji, Tokyo 192-0397, Japan 2Theory Group, KEK, Tsukuba, Ibaraki 305-0801, Japan

The effect of non-standard neutrino interactions with matter at long baseline neutrino experiments is examined in a model independent way, taking into account the constraints from all the experiments. It is found that such a non-standard interaction can enhance the flavor transition probability so significantly that the ongoing experiment MINOS may see the signal of νμ → νe which is much more than the prediction by the standard scenario. It is also found that the silver channel νe → ντ at a neutrino factory could have a huge enhancement.

It has been shown from the measurements of the atmospheric, solar, reactor, and accelerator neutrinos, that neutrinos have masses and mixings [1]. Furthermore it is expected that precise measurements of the neutrino oscillation parameters will be performed at future long baseline neutrino oscillation experiments with intense neutrino beams, such as T2K [2], a next generation experiment which is now under construction, and a neutrino factory [3], a betabeam experiment [4], etc. Just like the goal of the B physics [1] has shifted from measuring the mixing angle and the CP phase in the standard model to probing the new physics effects which would show up as deviation from the standard model, there have been serious discussions on search for new physics at these long baseline experiments in the future [5].

In the past a class of non-standard neutrino interactions with matter were considered to explain the flavor transitions of the solar [6] or atmospheric neutrinos [7] without the standard oscillations due to masses. While the scenarios without the standard oscillations have been disfavored, the non-standard interactions themselves can still exist as perturbation to the standard oscillations. This class of the non-standard interactions offers us an interesting possibility which can be tested at the future long baseline experiments because existence of such interactions would give us some clue about the new physics beyond the standard model.

In this Letter, we investigate the effect of the non-standard interaction with matter upon the oscillation probabilities in long baseline experiments by taking into account the constraints in [8, 9], which showed that some terms of the non-standard interactions can have size of O(1) relative to the standard interaction with matter.

Here we consider the following four-fermi interactions:

L^{NSI}_{eff} = −2 √ 2 ϵ^{fP}_{αβ} G_F (ν_αγ_μP_Lν_β) (f γ^μP f), (1)

where only the interactions with f = e, u, d are relevant to the flavor transition of neutrino due to the matter effect, G_F denotes the Fermi coupling constant, P stands for a projection operator and is either P_L ≡ (1 − γ_5)/2 or P_R ≡ (1 + γ_5)/2. (1) is the most general form of the interactions which conserve electric charge, color, and lepton number [9]. (1) is supposed to arise from certain new physics, but we do not specify any particular dynamics which produces (1), so our approach is model-independent in this sense^1. There can be also interactions that predict flavor transitions at production or detection of neutrinos [10], but here we will discuss only the effect in propagation of neutrinos for simplicity. Many people [11, 12] have discussed the effects of the non-standard interactions in propagation of neutrinos at future long baseline oscillation experiments, but the present work is the first to consider potentially large effects of the new physics terms, which are comparable in magnitude to the standard matter term, at the long baseline experiments.

These operators introduce a new potential for the neutrino propagation in the matter, and the evolution equation

∗Electronic address: E-mail: kitazawa˙at˙phys.metro-u.ac.jp †Electronic address: E-mail: hiroaki˙at˙post.kek.jp ‡Electronic address: E-mail: yasuda˙at˙phys.metro-u.ac.jp 1 One way to escape from the strong constraints on ϵ_{αβ} by the experiments with the charged lepton is to argue that the operator in (1) originates from the dimension-eight one such as

(_{Lα PRH c})_{γμ} (_{(H c)†PLLβ} )_{fγμP f , where H and L denote SU (2)L doublet of the}

higgs and lepton, respectively. After the breaking of SU (2)_L with the vacuum expectation value v of the neutral higgs, this operator results in v^2 (ν_αγ_μP_L ν_β )(fγ^μP f ) which is nothing but the operator in (1). Under the assumption, ϵ^{f P}_{αβ} is independent of the coupling

constants for (l_αγ_μP_L l_β )(fγ^μP f ) from the model-independent viewpoint because (1) is obtained after the SU (2)_L breaking. Then, the constraint on ϵ^{f P}_{αβ} , can be obtained only by the experiment with neutrinos.

in the flavor basis (α, β = e, μ, τ ) is given by^2

i d dt ν_e ν_μ ν_τ = H ν_e ν_μ ν_τ ,

H = U 0 0 0 0^{Δm21}_{2E} 0 0 0^{Δm231}_{2E} U^† + A 1 + ϵ_{ee} ϵ_{eμ} ϵ_{eτ} ϵ^∗_{eμ} ϵ_{μμ} ϵ_{μτ} ϵ^∗_{eτ} ϵ^∗_{μτ} ϵ_{ττ} , (2)

where Δm^2_{jk} ≡ m^2_j − m^2_k is the mass squared difference, E is the neutrino energy, A ≡ √ 2G_F n_e ≃ 1.0 × 10^{−13}eV ( ρ/2.7g · cm^{−3} ) stands for the magnitude of the standard matter effect, n_e is the number density of the electron in the matter, ρ stands for the matter density, and U is the Maki-Nakagawa-Sakata matrix in the standard parametrization [1]. ϵ_{αβ} are defined as ϵ_{αβ} ≡ ∑ f,P n_f n_e ϵ fP αβ ≃ ∑ P ( ϵ^{eP}_{αβ} + 3ϵ^{uP}_{αβ} + 3ϵ^{dP}_{αβ} ) , where n_f is the number density of f in matter, and we have taken into account the fact that the number density of u quarks and d quarks are three times as that of electrons. The striking feature of (2) is that the flavor transition is possible even at high energy because the last term in (2) is not diagonal, while the transition vanishes at high energy in the standard case.

ϵ^{fP}_{αβ} is a dimensionless parameter normalized by G_F , and theoretically it is expected that ϵ^{fP}_{αβ} is suppressed by a factor (W boson mass)^2/(new physics scale)^2. Experimentally, however, it is known [9] that some of ϵ^{fP}_{αβ} have a very weak bound. The result in [9] is given by −4 < ϵ_{ee} < 2.6 |ϵ_{eμ}| < 3.8 × 10^{−4} |ϵ_{eτ} | < 1.9 −0.05 < ϵ_{μμ} < 0.08 |ϵ_{μτ} | < 0.25 |ϵ_{ττ} | < 18.6 . (3)

Furthermore, it was shown [8] that the measurements of the atmospheric and accelerator neutrinos give non-trivial constraints on ϵ_{ee}, ϵ_{eτ} and ϵ_{ττ} . It was found in [8] that a strong constraint applies to the channel ν_μ → ν_μ in the high energy atmospheric neutrino data while there is some freedom left in the channel ν_e ↔ ν_τ because neither electron nor tau events are observed at high energy. From Fig.6 of [8], we can read off the following two approximate constraints: |ϵ_{eτ} | <∼ |1 + ϵ_{ee}|, (4) ϵ^2_{eτ} ≃ ϵ_{ττ} (1 + ϵ_{ee}) . (5)

(5) is the condition for which the survival probability P (ν_μ → ν_μ) of the high energy atmospheric neutrinos in the presence of the new physics is reduced to that in the standard case.

Thus, combining (3), (4) and (5), the region for ϵ_{αβ} that we will use in the following analysis can be summarized as −4 < ϵ_{ee} < 2.6 ϵ_{eμ} = 0 |ϵ_{eτ} | < 1.9 ϵ_{μμ} = 0 ϵ_{μτ} = 0 |ϵ_{ττ} | < 1.9 (6)

together with (4) and (5). For simplicity we will not discuss the complex phases of ϵ_{αβ} in the following.

Before discussing the three flavor case, it is instructive to consider the two-flavor scenario because we can express the oscillation probability analytically. The Hamiltonian for this case is U ( 0 0 0^{Δm2}_{2E} ) U^† + A ( 1 + ϵ_{ee} ϵ_{eτ} ϵ_{eτ} ϵ_{ττ} ) . (7)

It is easy to diagonalize the matrix, and we obtain the squared-mass difference Δm^2_M , the mixing θ_M and the oscillation probability P (ν_e → ν_τ ) at distance L in matter: ( Δm^2_M L 4E )_2 = ( Δm^2L 4E cos 2θ − AL 2 (1 + ϵ_{ee} − ϵ_{ττ} )

)_2

2 Throughout this Letter, we assume that the number of light neutrinos is three and there is no unitarity violation.

set (a) (b) (c) (d) (e) (f) (g) (h) (i)

ϵee −4 −4 −4 0 0 0 2.6 2.6 2.6 ϵeτ −1.9 0 1.9 −1 0 1 −1.9 0 1.9 ϵτ τ −1.2 0 −1.2 1 0 1 1 0 1

TABLE I: The table shows nine sets of the reference values of ϵαβ used in the figures. These sets are consistent with the bounds (4), (5), and (6).

+ ( Δm^2L 4E sin 2θ + ALϵ_{eτ} )_2 , (8)

tan 2θ_M =

Δm^2/2E sin 2θ + 2Aϵ_{eτ} Δm^2/2E cos 2θ − A(1 + ϵ_{ee} − ϵ_{ττ} )

, (9)

P (ν_e → ν_τ ) = sin^2 2θ_M sin^2 ( Δm^2_M L 4E ) . (10)

To have a large value of the oscillation probability P (ν_e → ν_τ ), we need large values for both sin^2 2θ_M and sin^2 ( Δm^2_M L/4E ) . From (10) we observe the two things. First of all, the effect of the new physics in sin^2 ( Δm^2_M L/4E ) appears in a form AL(ϵ_{ee} − ϵ_{ττ} ) or ALϵ_{eτ} , so large deviation of Δm^2_M L/4E from the standard one Δm^2L/4E requires ALϵ_{αβ} be nonnegligible irrespective of the neutrino energy E. Secondly, for the experiments with |Δm^2|L/E ≃ O(1), we see by multiplying L both the numerator and the denominator of (9) that the condition for nontrivial contribution of the new physics to the mixing angle θ_M again demands that ALϵ_{αβ} be nonnegligible. These imply that the baseline length has to be relatively large for the new physics effect to affect both of the factors in the oscillation probability, since A can be roughly estimated as A ≃1/(2000km) with ρ ≃3g/cm^3. Although it is difficult to treat the three flavor case analytically, these features hold also in the case with three flavors, and they are important to understand the sensitivity of the long baseline experiments to the new physics. Typical ongoing and future long baseline experiments and their baseline length L are: a reactor experiment [13] (L ∼2km), the T2K experiment [2] (L =295km), the MINOS experiment [14] (L =735km), the NOvA experiment [15] (L ≃800km), the T2KK experiment [16] (L ∼1000km), a neutrino factory [3] (L ∼3000km). All these experiments are designed mainly to probe neutrino oscillations with the atmospheric neutrino mass squared difference |Δm^2_{atm}| ≃ 2.5 × 10^{−3}eV^2 and the typical neutrino energy E of each experiment satisfies |Δm^2_{atm}|L/E ≃ O(1). The baseline lengths L of these experiments, however, are quite different, and when ϵ_{αβ} ∼ O(1), only the experiments with nonnegligible value of AL have sensitivity to the new physics. A reactor experiment satisfies AL ≪ 1, so that it has no hope to see the signal due to ϵ_{αβ}. On the other hand, a reactor experiment has advantage of having no backgrounds due to the new physics in measurements of the standard oscillation parameters. For the T2K experiment, AL ≃ 3/20, so it has potential to see the new physics effect. For MINOS, NOvA, T2KK and a neutrino factory, since AL is larger, they have in principle even more potential to see the signal of ϵ_{αβ}.

Let us now investigate the three flavor case and see how much the non-standard matter effect with ϵ_{αβ} = O(1) changes the oscillation probabilities in long baseline experiments. Since the analytical treatment of the three flavor case is difficult, we will evaluate the oscillation probability numerically. In the present analysis we use the following values of the parameters: ρ = 2.7g · cm^{−3}, Y_e = 0.5, 0 < Δm^2_{31} = 2.5 × 10^{−3}eV^2, Δm^2_1 = 8 × 10^{−5}eV^2, sin^2 2θ_{23} = 1, sin^2 2θ_{12} = 0.8, sin^2 2θ_{13} < 0.16, δ = 0. The reference values of ϵ_{αβ} that will be used are given in Table I. As is explained in [8], the best fit values for sin 2θ_{23} and Δm^2_{31} for the atmospheric neutrino measurement are changed by the nonzero values of ϵ_{αβ}, and this effect will be taken into account in the following analysis.

The ongoing MINOS experiment [14] has the baseline length L = 735km and the ν_μ beam has a peak at several GeV. The appearance probability P (ν_μ → ν_e) at MINOS is shown in Fig. 1. We see that the non-standard matter effect due to ϵ_{αβ} can give much larger probability than that by the standard oscillation with allowed value of θ_{13}. The enhancement depends mainly on ϵ_{eτ} , sin 2θ_{23}, and Δm^2_{31}, and it almost disappears if one of these parameters is set to be zero. Thus, the nonstandard ν_μ-ν_e oscillation can be understood very roughly by the standard ν_μ-ν_τ oscillation and the subsequent ν_τ -ν_e transition with ϵ_{eτ} . The sets (b), (e), and (h) in Table I, which have ϵ_{eτ} = 0, give the almost same line that vanishes for E >∼2GeV. The sets (a), (c), (g), and (i), which have large |ϵ_{eτ} |, give large values of the probability. If the MINOS experiment observes the probability P (ν_μ → ν_e) that is given by the set (g) in Table I, which is the most extreme case, then it would be a clear signal of the existence of the non-standard interaction, because the signal is much larger than the standard prediction with the maximum possible value of θ_{13},

FIG. 1: The figure shows P (νμ → νe) in MINOS experiment with the non-standard matter effect. Solid lines are obtained with the non-standard effect for sin^2 2θ13 = 0. A dashed line is for sin^2 2θ13 = 0.16 without the non-standard effect. The set (g) of Table I gives the line whose value is the largest among the nine solid lines at the peak near E ≃2GeV. The sets (b), (e), and (h) give almost the same lines which vanish for E >∼2GeV, where (e) is the case with θ13 = 0 and ϵαβ = 0.

even if we take into consideration the 30% uncertainty in sin^2 θ_{23}.^3 On the other hand, even if MINOS does not see any signal of ν_μ → ν_e within its sensitivity, it would still give us new information on the allowed region of ϵ_{αβ}, which will be reported elsewhere [18]. NOvA experiment [15] at L ≃ 800km will have better sensitivity to the non-standard interaction because of fewer backgrounds with the off-axis beam.

We have also considered the case of a neutrino factory [3] with a baseline length L = 3000km and the muon energy E_μ = 50GeV and the neutrino beam has a peak at around 30GeV. For the so-called golden channel P (ν_e → ν_μ) [19], the qualitative behavior is similar to that in MINOS; There is a large enhancement of the probability for neutrinos of a few GeV. On the other hand, for the so-called silver channel P (ν_e → ν_τ ) [20] the probability has a huge enhancement at high energy as is shown in Fig. 2, and the probability becomes independent of the energy in the region. It is because the terms of |Δm^2_{jk}|/E in (2) disappear at high energy and ϵ_{αβ} gives the energy independent transition of flavors. In fact, the oscillation probability P (ν_e → ν_τ ) at high energy is approximately given by the two flavor formula (10), since ν_μ decouples from ν_e or ν_τ with the Hamiltonian (2) at high energy.

In this Letter, we discussed the effects of the non-standard interaction with matter upon the long baseline oscillation experiments, with only the terms whose sizes have a very weak bound from other neutrino experiments. Taking into account all the constraints on the non-standard interactions including the atmospheric neutrino data, the ee, eτ , τ τ components of the non-standard matter effect can be comparable in magnitude to the standard matter interaction. Possibility of detecting such a potentially large effect was examined for the first time in the ongoing and future long baseline experiments. It was found that ϵ_{αβ} can give a large oscillation probability P (ν_μ → ν_e) in the ongoing MINOS experiment. In the most optimistic case, the oscillation probability is so large that it cannot be explained by the

3 If the value of θ_{13} is close to the current bound given by the CHOOZ experiment [17], then the oscillation probability for ν_μ → ν_e is proportional to sin^2 θ_{23} sin^2 2θ_{13} .

FIG. 2: The figure shows P (νe → ντ ) in the neutrino factory with the non-standard matter effect. Solid lines are obtained with the non-standard effect for sin^2 2θ13 = 0. A dashed line is for sin^2 2θ13 = 0.16 without the non-standard effect. The sets (d) and (f) of Table I give the line that is ≃ 1 at high energy. The sets (b), (e), and (h) give approximately the same lines that have almost no effect of the non-standard interaction.

standard oscillation with θ_{13}. Thus, it is a clear signal of the non-nonstandard interaction if MINOS observes such a large number of ν_e appearance events. It was also shown that the oscillation probability P (ν_e → ν_τ ) of the silver channel at a neutrino factory can be very large at high energy due to ϵ_{αβ} of O(1); Amazingly, even P (ν_e → ν_τ ) ≃ 1 is possible. Therefore, the silver channel is a very promising way to look for the effect of the non-standard interaction. Once such signals are found, it would be necessary to separate the effects due to the standard oscillations and those due to the new physics [12]. In that case, as was explained in the text, combination with a reactor experiment or long baseline experiments with different baseline lengths would be important.

In conclusion, there remains a possibility to find the large effect of the non-standard interaction in the long baseline oscillation experiments. More detailed analyses as well as other discussions on the subject will be given elsewhere [18].

We thank the participants of the 3rd Plenary Meeting of the International Scoping Study of a Future Neutrino Factory and Superbeam Facility [21], where the contents of the present work were presented, for valuable discussions. This work was supported in part by Grants-in-Aid for Scientific Research No. 16340078, Japan Ministry of Education, Culture, Sports, Science, and Technology, and the Research Fellowship of Japan Society for the Promotion of Science for young scientists.

[1] S. Eidelman et al. [Particle Data Group], Phys. Lett. B 592 (2004) 1. [2] Y. Itow et al., arXiv:hep-ex/0106019; http://neutrino.kek.jp/jhfnu/loi/loi.v2.030528.pdf [3] S. Geer, Phys. Rev. D 57, 6989 (1998) [Erratum-ibid. D 59, 039903 (1999)] [arXiv:hep-ph/9712290]. [4] P. Zucchelli, Phys. Lett. B 532, 166 (2002).

[5] Physics working group of International scoping study of a future Neutrino Factory and super-beam facility, http://www.hep.ph.ic.ac.uk/iss/wg1-phys-phen/index.html.

[6] M. M. Guzzo, A. Masiero and S. T. Petcov, Phys. Lett. B 260, 154 (1991); E. Roulet, Phys. Rev. D 44, 935 (1991).

[7] M. C. Gonzalez-Garcia et al., Phys. Rev. Lett. 82, 3202 (1999) [arXiv:hep-ph/9809531]. [8] A. Friedland and C. Lunardini, Phys. Rev. D 72, 053009 (2005) [arXiv:hep-ph/0506143]. [9] S. Davidson, C. Pena-Garay, N. Rius and A. Santamaria, JHEP 0303, 011 (2003) [arXiv:hep-ph/0302093]. [10] Y. Grossman, Phys. Lett. B 359, 141 (1995) [arXiv:hep-ph/9507344].

[11] A. M. Gago, M. M. Guzzo, H. Nunokawa, W. J. C. Teves and R. Zukanovich Funchal, Phys. Rev. D 64, 073003 (2001) [arXiv:hep-ph/0105196]; P. Huber, T. Schwetz and J. W. F. Valle, Phys. Rev. Lett. 88, 101804 (2002) [arXiv:hep-ph/0111224]; M. Campanelli and A. Romanino, Phys. Rev. D 66, 113001 (2002) [arXiv:hep-ph/0207350]; M. Blennow, T. Ohlsson and W. Winter, arXiv:hep-ph/0508175; M. Honda, N. Okamura and T. Takeuchi, arXiv:hep-ph/0603268.

[12] P. Huber, T. Schwetz and J. W. F. Valle, Phys. Rev. D 66, 013006 (2002) [arXiv:hep-ph/0202048]. [13] K. Anderson et al., arXiv:hep-ex/0402041.

[14] N. Tagg [the MINOS Collaboration], arXiv:hep-ex/0605058. [15] D. S. Ayres et al. [NOvA Collaboration], arXiv:hep-ex/0503053.

[16] M. Ishitsuka, T. Kajita, H. Minakata and H. Nunokawa, Phys. Rev. D 72, 033003 (2005) [arXiv:hep-ph/0504026]; K. Hagiwara, N. Okamura and K. i. Senda, arXiv:hep-ph/0504061.

[17] M. Apollonio et al., Eur. Phys. J. C 27, 331 (2003) [hep-ex/0301017]. [18] N. Kitazawa, H. Sugiyama and O. Yasuda, in preparation.

[19] A. Cervera, A. Donini, M. B. Gavela, J. J. Gomez Cadenas, P. Hernandez, O. Mena and S. Rigolin, Nucl. Phys. B 579, 17 (2000) [Erratum-ibid. B 593, 731 (2001)] [arXiv:hep-ph/0002108].

[20] A. Donini, D. Meloni and P. Migliozzi, Nucl. Phys. B 646, 321 (2002) [arXiv:hep-ph/0206034]. [21] http://www.hep.ph.ic.ac.uk/iss/iss-plenary-meetings/iss-benemain.html