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Abstract.

We consider a low energy neutrino factory setup with a detqaiced at a distance of 2540 km. At this baseline, for both
normal and inverted hierarchical neutrino mass spectrbmwrong-sign muon event spectrum is almost independenPof C
phased and the mixing anglé,3 in a specific energy window. This leads to an unambiguousmiéatation of the hierarchy.

In addition, a part of the muon spectrum remain sensitivé tind 6,3, so that the same setup can be used to probe these
parameters as well using a broadband beam.
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INTRODUCTION ergy spectrum. At the same time one can possibly use
another energy window at the same baseline to probe CP
The past and present neutrino oscillation experimentsiolation and8;3. In the context of av,, superbeam, it
have established that neutrinos have mass and there wgas recently proposed in [2] that the baseline of 2540
mixing between the three flavours. The oscillation experkm fulfills the above criterion for IH at a neutrino en-
iments have measured the two independent mass squaredyy of 33 GeV and a narrow band neutrino beam was
differences admg; ~ 7.5x 10-° eVZ2 andAmg, ~ 2.3x  therefore deemed desirable. In a subsequent paper [3] it
10-3 eVZ; the two mixing angles as i, ~ 1/3,  was shown that this baseliaéso obeys the required con-
sir? 6,3 = 11/4. The third mixing angle is bounded as dition for NH, at the energy 1.9 GeV. The two energies
sin’ 13 < 0.056 at 37. The imminent goals are to de- at which the no-CP condition is satisfied were termed
termine the value of the third mixing angfes, the sign  as magic energies, and the baseline was referred to as
of |AmZ,| commonly known as neutrino mass hierarchy “bimagic”. It is really remarkable that the bi-magic base-
and the CP violation in the lepton sector. line 2540 km also happens to be close to the distance
The oscillation probability?,e or Ps, which is respon- between Brookhaven and Homestake [4], as well as that
sible for the wrong sign muon signal in a neutrino fac- between CERN and Pyhasalmi mine [5], which is one
tory is sensitive to all the three parameters listed abovef the proposed sites for the LENA detector. Probing the
and hence it was hailed as the 'Golden Channel’. How-three hitherto unknown parameters at this baseline de-
ever this probability also contains the CP-phase which ignands a a broadband beam covering the range 1-4 GeV.
completely undetermined. This gives rise to degenerat®uch beams can be obtained from a low energy neutrino
solutions posing problems in the unambiguous determifactory (LENF) with a muon energy of 5 GeV [6]. Be-
nation of the other oscillation parameters. A solution tocause of the bi-magic property a single polarity beam
this problem is to have the detector-a7500 km the so  woulld suffice in determination of all three parameters.
called“the magic baseline” [1]) from the source, where
the effect of CP violation vanishes for both the hierar-
chies. However, a detector at this baseline then has no THE BI-MAGIC BASELINE
handle on the CP phase. Moreover an experiment at the
magic baseline requires a powerful beam and a stronghe source beam from a neutrino factory that accelerates
collimation to have sufficient flux at the detector. Also u* consists ofv;, andve. Charged current interactions
to determine the CP phase one needs to design anothat the detector can give muons in two ways: the orig-
experiment at a different baseline. The ideal situationinal v, that survive as/, give u™ (right-sign muons)
would be to have a shorter baseline where the effectvhile the originalve that oscillate tav, give 4~ (wrong-
of CP phase in determination of hierarchy afd can  sign muons). Assuming constant matter density, the os-
somehow be evaded in a particular window of the en-cillation probabilityPy,.,,,, relevant for the wrong-sign



muon signal, can be written as [7] Bl s N
sin“By3= 0.

Peu = 4%3%3% + GZSinz 29120%38"12TAA

+2as135iN 28;5iN 28,3C08(A — 8cp) X
sinAAA sin[(1 —AA)A] 7 )
(1-A)

keeping terms up to second ordewmin= Amg, /Amg, and
S13. Heres =sing;, ¢ij = cosg;. Also, FIGURE 1. The conversion probabilitie, for L = 2540 km.
A~ . The bands are fadcp € (0,2m). Other parameters are taken as
A=2V2GeneE,/Amsy, A=AmgL/(4E)),  (2) Amg, = 7.65x 1075 eV2, |Am3,| = 0.0024 e\?, sir? 61, = 0.3
whereGr is the Fermi constant ana is the electron and sirf 612 = 0.5. The red (solid) line corresponds gz = 0.
number density. For neutrinos, the signsfoindA are
positive for normal hierarchy and negative for inverted
hierarchy.A picks up an extra negative sign for anti-
neutrinos. The last term in Eq. (1) is responsible for the
hierarchy degeneracy due dep [8]. There are two ways

to evade this problem: (i) to have $A\) = 0 or (i)
sin[(1— A)A] = 0. The first condition is satisfied at the
magic baselinel{ ~ 7500 km) for allE, and for both
the hierarchies. The second condition, on the other han
depends on hierarchy. This dependence can be utilized
our advantage if we demand §ih— A)A] = 0 for one of
the hierarchies and difl — A)A] = +1 for the other.

In such a situation, only the/(a?) term in Eq. (1)
survives for the hierarchy for which dif1 — A)A] = 0,
making P, independent of botdcp and 613. At the
same time, for the other hierarchy the first term in Eq. (1)
enhances the number of events as weBagssensitivity,
and the third term enhances the sensitivityte. If we
demand “IH-noCP” (no sensitivity to CP phase in IH),
these conditions imply

th n,m integers,n # 0 andm > 0. These lead to the
same condition ot as in Eg. (5) except for an overall
negative sign, whil&, continues to be given by Eqg. (6).
These conditions are also satisfied_at 2540 km (for
n=1andm=2) atE, = Eny ~ 1.9 GeV. The magic
nergiesEy andEny can be obtained from a neutrino
eam originating from a parent muon of energy 5 GeV at
a neutrino factory.
Fig. 1 shows the probabilitie, for sir? B3 = 0,0.01.
In this and all other plots, we have solved the exact neu-
trino propagation equation numerically using the Prelim-
inary Reference Earth Model [9]. Clearly the IH-noCP
and NH-noCP conditions are satisfied at the enefgigs
andEyn, respectively. AtE )y, the probabilitiesPs,, for
NH and IH are distinct, hence a measurement of the neu-
trino spectrum around this energy can help in a clean dis-
tinction between the hierarchies. The oscillatory nature
of Pey for non-zeroBy3 vis-a-vis the monotonic behav-
(A+|A)-|a] = nm for IH, (3) iorfor 613= 0 helps in the discovery of a nonzefgs.
(1 |A|) A = (m—1/2)m for NH, (4) Finally, the significant Wl'dthS of the. pgnds (né&zxy for
NH, and neaEyy for IH) imply sensitivity todcp.
wheren, mare integersn > 0. These two conditionsare  The simplified forms of probabilities at the magic
exactly satisfied at a particular baseline and energy, giveenergies offer insights into the CP sensitivity at this

by baseline. AE, we have
pL(kmg/cc) ~ (n—m+1/2)x 16300, (5) Pu(lH) ~ 180282,C3,C3,,
2
Ev(GeV) 4 A, (V) L (km) (6) Pou(NH)  ~  18°S],07,C55 + 9575553

5 (h+m-1/2)

Note that the relevarit is independent of any oscillation
parameters. A viable solution for these set of equation
(with n=1 andm= 1) is L ~ 2540 _km,p = 32 g/cc_ Poy(NH) =~ 500262,C2,C2 |

andE, = Ey =~ 3.3 GeV, as was first pointed out in 25 o o

[2]. On the other hand, one may demand “NH-noCP”  Peu(IH) =~ 50a%S,ci,c55+ (25/9)sl385

(no sensitivity to CP phase in NH), which leads to the —(5M/3)0512C12523C23513C05(5CP+ 11/4Y10)
conditions

—18V/20512€1523C23513C0 &cp + 11/4) , (9)

gvhile atEnn, we have

A Near the magic energies, where the CP sensitivity is the
(1—[A)-[a] = nm for NH, (7)  highest, thedcp values giving the highest and the lowest
A+|A)-14] = (m=1/2)m for IH, (8)  probabilities would be &/4 and 71/4, respectively.



Results

spectrum fromdcp = O, as indicated by Egs. (9) and

(10). For IH, the results are about one order of magnitude
We use a 25 kt magnetized totally active scintillator worse than those for NH.

detector (TASD) with an energy threshold of 1 GeV. The
parent muon energy is taken as 5 GeV with the number of
useful muon decays as&10°! per year. We consider the
running with only one polarityu* of the parent muon,

so that we have a neutrino flux consisting @f and 1.

Ve. We assume a muon detection efficiency of 94% for
energies above 1 GeV, 10% energy resolution for the
whole energy range up to 5 GeV and a background Ieve?
of 10-3 for the ve — v, andvy, — v, channels. A2.5% 3

normalization error and 0.01% calibration error, both for

throughout this study. The detector characteristics havé.

been simulated by GLoBES [10]. 5.
Mass hierarchy determination.— Fig. 2 shows the hi- 6.

erarchy sensitivity of the bimagic neutrino factory setup
For each pair of sifify3(true)—dcp(true), we obtainy?2, ,
by marginalizing over other parameters. We have taken
4% error on each aﬁm%l and®;,, and 5% error on each
of 6,3 andAmg,, for calculating the priorsdcp has been
varied over(0, 2m). A 2% error has also been considered
on the earth matter profile and marginalized over.

The contoursin Fig. 2 suggest that if the true hierarchy
is NH, then for favorable values @p, an exposure of
~ 3x 107 muons<kt may determine the hierarchy atr3

even for sif 613 ~ 3 x 10°5. If the true hierarchy is IH 9.

then that can be established atfor sin? 63> 3x 1074,

613 and dcp measurement.— The top panel of Fig. 3
shows that the exposure of3 x 10?3 muons«<kt will be
able to discover a nonzefhz to 30 as long as S5 >
102 for either hierarchy and for an§cp value. For NH
anddcp = 311/4, the discovery 08,3 is possible even for
sir’ 613 as low as 3« 1075,

The bottom panel of Fig. 3 shows tldep discovery
reach with this setup. It shows that the exposure allows
the discovery of nonzerdcp for NH for sir 6,3 as low
as 104, as long adcp ~ 31/4. This is thedcp value
at which we expect the highest deviation in the events
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FIGURE 2. The 3o hierarchy sensitivity contours. For pa-
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rameters to the right of the contours, hierarchy can be deterFl GURE 3. The 3o discovery contours fof 3 (upper panel)
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and CP violating phasé:p (lower panel). The true hierarchies

are as indicated.



