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Abstract. We study the physics potential of a neutrino superbeam experiment we#0ak2n baseline. We assume a neutrino
beam similar to the NuMI beam in the medium energy configuration. We camsitiO0 kton totally active scintillator detector

at a 7 mr off-axis location. We find that such a configuration has an odisig hierarchy discriminating capability. In
conjunction with the data from the present reactor neutrino experimerdanitletermine the neutrino mass hierarchy at
the o level in less than 5 years, if §|2813 > 0.01, running in the neutrino mode alone. As a stand alone experiment, with a
5 year neutrino run and a 5 year anti-neutrino run, it can determineaa®b, 3 at the 3 level if sinf26;3 > 7 x 10~3 and
hierarchy at the 8 level if sinf 26,3 > 8 x 10~3. This data can also distinguighp = /2 from the CP conserving values of

0 and, for sir? 263 > 0.02.
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INTRODUCTION 0.025 7 ——r ‘ —
ERERE
Some of the currently unknown neutrino oscillation pa- 002 -
rameters are the sign of the larger mass-squared dif-
ferenceAs;, the mixing anglef;3 and the CP violat-
. . . - 0.015 |
ing phasedcp. The v, — Ve oscillation probability, g
P.e is sensitive to all these unknowns, and is hence a
good candidate to measure them. Determining whether 0.01 ¢
A3y is positive (normal hierarchy, or NH) or nega-
tive (inverted hierarchy, or IH) is not straightforward 0.005 r
because of the uncertainty idcp and 813. The Pye
spectrum in energy with the correct hierarchy and one 0 :
set of oscillation parameters can be mimicked by the el (GeV)S e 7 8

other hierarchy with a different set of parameters, i.e.
Pue(NH, 613, &cp) = Pue(IH, 815, 0¢p) [1]. Figures 1and  FIGURE 1. Hierarchyé;5 degeneracy iPye at 1300km. We see
2 show the hierarchy 3 degeneracy and hierarcld¢p  thatP,e(NH, sir? 2613 = 0.02;E) = Pye(IH, sir? 2613 = 0.05;E). The
degeneracies for the 1300 km baseline. value of&cp is taken to be 330here.

Because of this problem of degeneracies, it is not pos-
sible to determine the mass hierarchy unambiguously us-

ing data from a single experiment. It has been shown [2] sin((1—A)A) sin(Ad)

. : aC = ~
that even the combined results from the current experi- * ' (1-A) A
ments cannot determine the mass hierarchy fodgll ) sinz(AA)
toa G @)

CALCULATION whereA = (A31L/4E) andA = A/Az;. The matter term

. _ _ o A(in eV?) =0.76x 10~%p (gm/cc) E (GeV) eV2. Here,
An approximate expression i@ in matter is given as , is the density of matter through which the neutrino
an expansion in the small parameter= Ay1/Agz;. It can propagates. Of the coefficien®, only C; depends on
be written as [3] &p ’
si?((1—A)A) In the magic baseline proposal, tldep dependent
Pae = (1—A)?2 term is eliminated by choosing s#A) = 0 [4]. This
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FIGURE 2. Hierarchyécp degeneracy i, at 1300km. We see  FIGURE 3. Py as a function ofE for L = 2540 Km and

thatPye(NH, &cp = 457 E) = Pye(IH, dop = 225" E) for E> 1.5GeV.  jr? 26,5 — 0.02. Py is plotted for both NH and IH, each for the full
The value of sif26;3 is taken to be @2 here. range of values oficp.

.. o . . TABLE 1. Exposure time in years required foo3
condition can be satisfied simultaneously for both hier- hierarchy discrimination.

archies, and is independent of energy. Solving it gives
a baseline of 7500 km. At this baseling,e becomes
independent oPcp. Thus, an experiment at the magic

sinf26;3 Exposure time  Exposure time
(true) (NH)(years) (IH)(years)

baseline should be able to distinguish between the two 0.10 0.022 0.048
hierarchies, independently @p. However, an experi- 0.07 0.040 0.082
ment with such a long baseline requires a very intense 0.05 0.070 0.137

source, due to the inverse distance-squared fall in flux.
The technology for such a source is futuristic by current
standards. Moreover, thigp independence d¥,. at this
baseline means that such an experiment cannot make any
prediction aboutcp. .
In our proposal, we manipulate thé — A)A term  cal weight as N®A, since the N@A flux is ten times
[5], which depends on the hierarchy and energy as wellhigher due to its shorter baseline. We have used GLoBES
For IH, we demanddcp independence, by imposing [7]for our calculations. We considered systematic effects
(1-A)A = —m, which also make®),,e very small. For  as well as backgrounds arising from the intrinsic beam
good hierarchy discrimination, we demand tRag$(NH) v, neutral current events and misidentifigdevents.
be maximum, i.e(1— A)A = /2. Solving these two First, we calculated the exposure time (in years) re-
conditions simultaneously gives a baseline of 2540 kmguired to get a 8 distinction between the two hierar-
and an energy of.3 GeV. TheP,e oscillation probabil-  chies, as a function dy3. This calculation was done as-
ity for 2540 km is shown in figure 3 for si26,3 = 0.02.  suming a neutrino run alone. Since the effect of the value
of 813 on our results is significant, we did this calcula-
tion by combining the results of our setup with those ex-
pected from T2K, NOA, Double Chooz and Daya Bay
RESULTS [8]. Some results of this calculation are shown in the ta-
ble. The full results with discussions are given in [9].
The NuMI beam in the medium energy option has an un- Next, we have calculated the sensitivity of our setup
oscillated event spectrum that peaks arourrd@eV for combined with the above mentioned experiments in the
locations 7 mr off-axis [6]. Therefore, we chose a NuMI- 613 — &cp plane. For this, we have assumed a 5 year neu-
like beam as the source, and a 100 kton liquid scintillatoitlino and a 5 year anti-neutrino run, to constragp. Fig-
detector placed 2540 km away and 7 mr off the beantre 4 shows thed and 2 contours for fifteen different
axis. We scaled up the beam power of our source so as @£ts of true values.
give 10x 102° POT/yr instead of the current¥x 102° We have determined the capability of our setup as a
POT/yr for NuMI. This tenfold increase in exposure as stand-alone experiment to measure non-z#g) deter-
Compared to N®@A gi\/es our setup the same statisti- mine the mass hierarchy and discover CP violation for

0.03 0.180 0.420
0.01 2.950 4.800




sin’26;3 as small as 10*. For this, we again considered &cp = 11/2,311/2 can be distinguished from the CP con-
a 5 year neutrino and a 5 year anti-neutrino run. #he  servingdcp = O, 1T for sint26;3 > 0.01. The capabilities
discovery reach for this setup is similar to that for deter-of an experiment at 2540 km using a neutrino factory
mining the mass hierarchy, as shown in figure 5. Figurehave also been studied recently in [10].

6 shows the CP violation discovery potential.
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FIGURE 4. 10 and 2 contours for sensitivity in the sf26;3 —
&cp plane.
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FIGURE 5. 30 and 5 contours in the sf26,3 — &p plane for
excluding the ‘wrong’ hierarchy.
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CONCLUSIONS

We see that a superbeam experiment at 2540 km usin%
modest technology in terms of detector capabilities and
beam power can determine the neutrino mass hierarchy
unambiguously for all values akp. For this, it is suf-
ficient to run the experiment in neutrino mode alone for
less than 5 years.

The proposed setup can measure a non-zero valug
for 6,3 for values as small as $86;3 = 7 x 1073,
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FIGURE 6. 30 and 5 contours in the sif2613 — &cp plane for
excluding CP conservation.
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