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1. Introduction

The phenomenon of neutrino oscillation is described by the mixing matrix
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where s = sin@j and cj = cos O, O with (j,k) = (1,2),(1,3),(2,3) are the three mixing
angles and O is the Dirac CP phase. Thanks to recent neutrino experiments [I], all the mixing
angles and the mass squared differences have been measured, and the only unknown quantities
which can probed by neutrino oscillation are the mass hierarchy pattern and &. It is believed that
these unknown quantities will be determined in the future neutrino experiments, including those
with intense accelerator neutrino beams [@, B]. It is also expected that these future experiments
with intense accelerator neutrino beams will enable us to probe new physics beyond the standard
model with massive neutrinos, by looking for the deviation from the standard scenario.

In the standard model with three massive neutrinos, the Dirac equation for the flavor eigenstate
T = (Ve, Vi, vz) of neutrino in matter is given by

¥
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where the matter potential is given by
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Here A = v/2Gpn, stands for the magnitude of the standard matter effect due to the charged current
interaction, #n, is the number density of the electron in the matter, and the matter effect due to the
neutral current interaction, which is proportional to the unit matrix in the flavor basis, is ignored
because it would affect only the phase of the oscillation probability amplitude.

Here I would like to consider the flavor-dependent nonstandard four-fermi interactions

LI = —2v2el Gr(VayuPLvg) (FYP), (1.3)

where only the interactions with f = e, u,d are relevant to the flavor transition of neutrino due to
the matter effect, G denotes the Fermi coupling constant, P stands for a projection operator and is
either P, = (1 —175)/2 or Pr = (1 +75)/2. (I3) is the most general form of the interactions which
conserve electric charge, color, and lepton number [H]. In the presence of these interactions (I3),
the matter potential is modified to
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where g, are defined as g, = Zﬁp(nf/ne)egg ~Yp (83% +38£‘£ +38§£>, ny is the number
density of f in matter, and we have taken into account the fact that the number density of u quarks
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and d quarks are three times as that of electrons. The constraint on €,5 haven been given by a
number of works, and can be summarized as [H]

€] <4 %100 || <3x 1071 g0 <3 x 10°

leup| <7x107% ey <3x 1071 |. (1.5)
lere] < 2 x 10!
From Eq. (3) we see that
Eop >~ &y ~ Eur =0 (1.6)

is satisfied.
On the other hand, it was shown [H] that the non-standard matter potential (I'4) is consistent
with the high energy atmospheric neutrino data only if
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TT
is satisfied.
In this talk I will discuss the constraints on the flavor-dependent non-standard interactions
from the Superkamiokande atmospheric neutrino data. Taking the constraints (IC8) and () into
consideration, for simplicity I will take the following ansatz for the matter potential':
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I will also give the expected sensitivity to the same parameters from the future atmospheric neutrino
data by the Hyperkamiokande experiment [[d]. The result will be given as the allowed region in
the (€., |€.c|) plane by marginalizing the x> with respect to the standard oscillation parameters as
well as arg(&,z).

2. Analysis

The data we analyzed is for 3903 days [[]. The analysis [[] by the Superkamiokande col-
laboration uses information which is even more detailed than the one in Ref. [[X], and we have
been unable to reproduce their results of the Monte Carlo simulation. So we have combined the
two sub-GeV u-like data set in one, the two multi-GeV e-like in one, the two partially contained
event data set and the multi-GeV u-like in one, and the three upward going u in one. The analysis
was performed with the code which were used in Refs. [[3, [4, [3]. xz is defined as

2

X = Zmin [XSzub—GeV + %éulti—GeV + %&pward] ) 2.1
923~,|Am32‘787arg(8e1)

I'The constraints from the atmospheric neutrino has been discussed in Refs [@, B, B] with the ansatz different from
ours
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where
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are %2 for the sub-GeV, multi-GeV, and upward going i events, respectively, the summation on j
runs over the ten zenith angle bins for each 2, N;-‘(Oc) and n?((x) (a=s, m, u; a=e, ) stand for the
theoretical predictions and data for the numbers of the sub-GeV, multi-GeV, and upward going u
events, and it is understood that Xz is minimized with respect to all the normalization factors «,
Bs, Bm- We have put 651 = 6,1 = 0.03, 650 = 0,2 = 0.05, 6, = 0.2 and we have assumed that the
overall flux normalization ¢ in the contained events is a free parameter as in [[2], and we have
omitted the other uncertainties, such as the E, spectral index, the relative normalization between
PC and FC and up-down correlation, etc., for simplicity.

In Eq. (Z) the sum of each x? is optimized with respect the mixing angle 6,3, the mass
, the Dirac CP phase 6 and the phase arg(€,;) of the parameter &,;. The
other oscillation parameters give little effect on x2, so we have fixed them as sin?26;, = 0.86,
sin26;3 = 0.1 and Am3, = 7.6 x 107%eV>.

The result for the Superkamiokande data for 3903 days is given in Fig. . The best-fit point is
€e = —1, |€¢| = 0, and the value of %2 at this point is 74.7 (74.5) for 50 degrees of freedom in the
case of the normal (inverted) hierarchy, and goodness of fit is 2.5 ocCL in both cases. The best-fit

squared difference |Am3,

point is different from the standard case €., = |€.¢| = 0, and this may be because we have been
unable to reproduce the Monte Carlo simulation by the Superkamiokande group. The difference
of the value of x2 for the standard case and that for the best-fit point is Ay? = 2.6 (2.0) for 2
degrees of freedom in the case of the normal (inverted) hierarchy, and its significance is 1.1 (0.9)
oCL. So the standard case is certainly acceptable in our analysis. From the Fig. [l we observe that
the allowed region for |tanB| = |€.¢|/|1 + €| is approximately |tan | = |€.¢|/|1 + &.| < 0.8 at
2.50CL.

We have also performed the analysis for the Hyperkamiokande case with the same period of
time, i.e., for 3903 days. In this case we have assumed that the data n‘j‘-(oc) (a=s, m, u; a=e,) are
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Figure 1: The allowed region in the (&, |€.¢|) plane of the Superkamiokande atmospheric neutrino data
for 3903 days for the Normal Hierarchy (left panel) and the Inverted Hierarchy (right panel).

the numbers of events which are expected from the standard oscillation scenario with parameters
63 = /4, |Am3,| = 2.5 x 10~3eV2. We have further assumed for simplicity that § = 0. The result
for the Hyperkamiokande case is given in Fig. B. In this case the allowed region for |tan | =
|€0z| /|1 + €| is approximately |tan B| = |€.¢|/|1 + €| < 0.4 at 2.50CL.

3. Conclusion

In this talk I have shown that the flavor-dependent neutral current Non-Standard Interactions
in propagation can be constrained from the atmospheric neutrino data by Superkamiokande and
Hyperkamiokande. With the ansatz (ICR) for the parameters of the Non-Standard Interactions, I
have shown the allowed region in the (€., |€.¢|) plane. In the case of the Superkamiokande data
for 3903 days, the allowed region is described by |tan | = |€.¢|/|1 + &.| < 0.8 at 2.50CL, while
itis given by |tan 8| = |€.¢|/|1 + €| < 0.4 at 2.506CL in the Hyperkamiokande case.
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Figure 2: The expected allowed region in the (&, |€|) plane of the Hyperkamiokande atmospheric
neutrino data for 3903 days for the Normal Hierarchy (left panel) and the Inverted Hierarchy (right panel).
The best-fit point is the standard case with &,, = |€.¢| = 0.
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