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1. Introduction

The confirmation of the neutrino oscillation interpretation of solar and atmoispheutrino
data by reactor and accelerator neutrino experiments brings a uniqueegtheutrino physics in
terms of three-neutrino oscillations [1], leaving little room for other nondsath neutrino proper-
ties. Nevertheless, it has long been recognized that any gauge tHawmytono mass generation
inevitably brings in dimension-6 non-standard neutrino interaction (NSf<erThey can be of
two types: flavor-changing (FC) and non-universal (NU) and theingtheGrg is highly model-
dependent but may lie within the sensitivities of currently planned experiments

The issue of NSI and oscillation in neutrino experiments with terrestrial ssunas been
studied in a large number of publications, for a recent list see refesém¢2]. In [3] it was shown
that MINOS [4] on its own is not able to put new constraints on NSI parase@ar the other hand,
in [5] the combination of atmospheric data with MINOS was proven to be effeati probing at
least some of the NSI parameters.

The question we have addressed in [2] is whether the combination of MBMWA®PERA [6]
can provide useful information on NSI. The idea is that OPERA will be abldetectv, and
has a very differenL/E than MINOS. Both factors are known to help distinguishing NSI from
oscillation effects. In [2] we focus on the simple case where NSI only&figeutrino propagation.

2. Basic Setup

Adding NSI into the propagation of neutrinos yields the following evolution Hamidto
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whereA = v/2GeNe2E and we have assumed tlg&s to be real for simplicity. We have also
made use of the fact that ad},, are fairly well constrained and hence are expected not to play
a significant role at leading order. The effectaf is a re-scaling of the matter density and all
experiments considered here are not expected to be sensitive to maités.eflence we will set
gee= 0. Note, that the as defined here, are effective parameters. At the level of the unugrly
Lagrangian describing the NSI, the NSI coupling of the neutrino can bereithelectrons, up

or down quarks. From a phenomenological point of view, howevdy, thie (incoherent) sum of

all these contributions is relevant. For simplicity, we chose to normalize ourtdNt®Ble electron
abundance. The NSI coupling to up or down quark would need to be 3 tisrstsomg to produce
the same effect in oscillations.

2.1 Experiments

All numerical simulations have been done using the GLOBES software [9,ld®rder to
include the effects of the NSI we have customized the package by addavggiece to the Hamil-
tonian as shown in equation 2.1. We have considered three differesrimgnts: MINOS, OPERA
and Double Chooz [11], the main characteristics of which are summarizeolénlia

Linclusion of phases has been considered in the literature, see, ef.d7,/]
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Label L (Ey) power trun channel
MINOS; (M2) 735 km 3GeV  5<10Ppotlyr  5yr v, — Ve
OPERA (0O) 732 km 17GeV  Bx109potlyr 5yr v, — Veur

0.2 km (near) — —

Double Chooz (DC) 105 km (fan) 4 MeV 84 GW 5yr Ve — Vg

Table1: Main parameters of the experiments under study. For moseglislsee [2].

Concerning the neutrino oscillation parameters used to calculate the simulat¢dates, we
have taken the values given in Ref. [1], unless stated otherwisedi§ifi= 0.32, sirf 853¢ = 0.5,
si? By = 0, (Amj,)"e = +7.6 x 1075 eV?, (Amj,)"™e = +2.4 x 103 eV?, 5L = 0.

3. Results

3.1 Disappearance - Probing NU NSI (&;7)

As it has been previously shown in [5, 3] the presence of NSI, notghlysubstantially de-
grades the goodness of the determination of the “atmospheric” neutriitlatise parameters from
experiment. Indeed as shown in the left panel of figure 1 our calculatiofirms the same effect,
showing how the allowed region in the %@gg—Amgl—plane increases in the presence of NSI.

This figure is the result of a combined fit to simulated OPERA and MINOS datarmstef
the “atmospheric” neutrino oscillation parameters, leaving the mixing &hgl® vary freely. The
inner black dot-dashed curve corresponds to the result obtained irutkeopcillation case (no
NSI). The solid, red curve corresponds to a fit leavipgandee; free. There, one sees that the
NSI effect is dramatic for large NSI magnitudes. However, such largesaare in conflict with
atmospheric neutrino data [12, 5]. In contrast, for lower NSI strendkbwed by the atmospheric
+ MINOS data combination [5], sa¢:¢| = 1.5, the NSI effect becomes much smaller.

In summary, the inclusion of OPERA data helps only for very large valuesadis can be
seen also from the first line of table 2. These large values, howeveilragly excluded by the
combination of MINOS and atmospheric results [5]. The slight improvemer@BERA comes
from thev, sample and is due the very different valud ¢E compared to MINOS.

sir? ]3¢ =0 sirf i€ = 0.1
M2 | O [ M2+0 M2 | O [ M2+O | M2+O+DC
grr || [11.8,11.8][ [11.0,11.0][ [9.2,9.2] [[ [11.2,12.0]] [10.8,11.0][ [-8.7,9.6] [ [5.6,5.8]
Eer [2.31.0] | [251.6] | [2010] | [4515] | [5.0,1.8] | [41,14] | [0.7,05]
amg, [ 2249 | [2053] [ [224.0] | 2250 | [2052] | [2.242] | [2.329]
sin? B3 || [0.07,0.93] | [0.07,0.93] | [0.11,0.89] | [0.08,0.93] | [0.08,0.94] | [0.12,0.91] | [0.22,0.80]

Table 2: 95% C.L. allowed regions fog;r, g, Am3; and sirf 6,3 for two different values of sf6i® and
different sets of experiments. Each row is obtained matging over the remaining parameters, p#s.
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Figurel: 95% CL (2 dof) allowed regions. Left pandlis, &, ande;; left free. Right panel: fit for different
combinations of the experiments and different true valdesind 26;5. Am%l, 6>3 andé;; left free.

3.2 Appearance - probing FC NSI (&)

It is well known that, in the presence of NSI, the determinatio®@gfexhibits a continuous
degeneracy [13] betweefy3 and &;; which leads to a drastic loss in sensitivity 8. In this
context, it has been shown in [14], that even a very rudimentary ability tesuneB,; may be
sufficient to break this degeneracy. Therefore, it seems naturét tereether OPERA can improve
upon the sensitivity foge; that can be reached only with MINOS. The latter has been studied in [5]
in combination with atmospheric neutrinos and on its own in Ref. [3]. The rdzagically, was
that MINOS will not be able to break the degeneracy betwgmande,; and hence a possibi 3
bound from MINOS will, in reality, be a bound on a combinatioregf and 6, .

In table 2 we display our results for a true value of’&s = 0 and 01 and no NSI. The
allowed range foeg; shrinks only very little by the inclusion of OPERA data. Again, this result is
not due to they; sample but the different/E compared to MINOS.

In order to improve the sensitivity to NSI and to break the degeneracy betye and & it
will be necessary to get independent information on eitgeor 6,3. We focus onb; 3, because it
is closer in time. Reactor experiments are very sensiti 4dut do not feel any influence from
&er Since the baseline is very short and the energy very low which leadsligibgmatter effects.
We consider here as new reactor experiment Double Chooz [11]. Irighepanel of figure 1
we show the allowed regions in the sié2-£.; plane for the combinations of MINOS and Double
Chooz (red solid curves) and of MINOS, Double Chooz and OPER/Ae(@8ashed curves) for four
different input values of sir26;3 as indicated in the plot. As expected, the effect of Double Chooz
in all four cases is to constrain the allowed sth2range. The impact of OPERA, given by the
difference between the solid and dashed lines, is absent for very soealldtues of sin@;3 and
increases with increasing true values. For the largest currently perhaisaibes of6;3 ~ 0.16,
OPERA can considerably reduce the size of the allowed region and helpdive the degeneracy.
In that parameter region a moderate increase in the OPERA exposure mvakédit possible to
constrain large negative values&f. Again, this effect has nothing to do with detection and, in
this case, is based on the differ&nfE in ve-appearance channel.
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4. Conclusion

In [2] we have studied how OPERA can help in improving the sensitivities otrine non-
standard contact interactions of the third family of neutrinos. In our aisalys considered a
combined OPERA fit together with high statistics MINOS data, in order to obtatnictons on
neutrino oscillation parameters in the presence of NSI. Due to its unique alfilitgtectingv;
one would expect that the inclusion of OPERA data would provide new inggr¢imits on the
universality violating NSI parametex ;. We found, however, that thg data sample is too small
to be of statistical significance. OPERA also hag,asample, which can help constraining NSI.
Here the effect is due to the very differdntE of OPERA compared to MINOS. This makes the
OPERAVv, sample more sensitive to NSI. However, the improvement is small and hajppans
part of the NSI parameter space which is essentially excluded by atmaspéeetrino data.

We have also studied the possibility of constraining the FC NSI paramgtdtor this purpose
it is crucial to have a good knowledge 6f3. Since reactor neutrino experiments are insensitive
to the presence of NSI of the type considered here, they can provitkaa measurement of
6:3. Therefore, we included future Double Chooz data. The conclusioacfowith respect to
the v; sample is the same as before: the sample is very much too small to be of any statistica
significance. OPERA's differerit/E again proves to be its most important feature and allows to
shrink the allowed region on the - plane for largef; 3 values. Here a modest increase in
OPERA exposure would allow to completely lift tBgs-£.; degeneracy and thus to obtain a unique
solution.
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