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We analyze the prospects of a feasible, Brookhaven National Laboratory based, very long baseline neutrino
oscillation experiment consisting of a conventional horn produced low energy wideband beam and a detector
of 500 kton fiducial mass with modest requirements on event recognition and resolution. Such an experiment
is intended primarily to determin€P violating effects in the neutrino sector for 3-generation mixing. We
analyze the sensitivity of such an experiment. We conclude that this experiment will allow determination of the
CP phasesp and the currently unknown mixing paramets, if sin26,;=0.01, a value~ 15 times lower
than the present experimental upper limit. In additiorftg and 6cp, the experiment has great potential for
precise measurements of most other parameters in the neutrino mixing matrix incmnﬁ@g Sirf26,3,
Am3;Xsin 26;,, and the mass ordering of neutrinos through the observation of the matter effect i the
— v, appearance channel.
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[. INTRODUCTION cantly more ambitious than before. In particular, the source
of neutrinos needs to be accelerator based so that both the
Measurements of solar and atmospheric neutrinos hawveeutrino flavor content and the energy spectrum of the initial
provided strong evidence for nonzero neutrino masses argfate can be selected. Several approaches have been explored
mixing [1-3]. Atmospheric results have been furtherin the literature. These involve either a narrow band “off-
strengthened by the K2K Collaboration’s accelerator base@Xis” beam produced with a conventional magnetic focusing
results[4]. The solar neutrino results have been confirmed bypYstem[6—8] or a neutrino factory based on a muon storage

the KamLAND Collaboration in a reactor based experiment'"9 [9]. In this paper, we show that the currently favored
that has shown that the large mixing angl&A ) solution is parameters open the possibility for an accelerator based very

most likely the correct ong5]. Interpretation of the experi- long baselindBVLB) experiment that can explore both solar

mental results is based on oscillations of one neutrino flavofnnedntatgc::plgfgihgsgizt;%?efnaerf“:n;tfgse Ir%ignSIng;a?nxeptg?s_
state,ve, v,, Or v, into the others, and described quantum ' P 9p '

. . : . and search for new physics.
mechanically in terms of neutrino mass eigenstatgs,v,, phy
and v3. The mass squared differences involved in the tran-
sitions are measured to be approximatélyns,=m(v,)? Il. THE EXPERIMENTAL STRATEGY

- mz( V1)2:(52_ 20)x 102 ° eV for the solir nezutrlnos and  There are four measurements of primary interest that can
Amg=m(v3)°—m(vy)°=*(1.6-4.0)x10 ° eV* for the  pe addressed with the experimental arrangement described in
atmospheric neutrinos, with large mixing strengthsi,  this paper. Using the parameter convention described in Ref.
~0.86 and sif26,3~1.0 in both cases. [1], they are the following:

These existing data on neutrino oscillatidts-3] and the (i) Definitive observation of oscillatory behavitmultiple
prospect of searching f& P violation make it clear that the oscillations in the v, disappearance mode and precise de-
next generation of oscillation experiments must be signifitermination of the oscillation parametez];sr;n%2 and sirf26,3,

0556-2821/2003/68)/01200210)/$20.00 68 012002-1 ©2003 The American Physical Society



DIWAN et al. PHYSICAL REVIEW D 68, 012002 (2003

Oscillation Nodes for Am® = 0.0025 eV? v, — V, Oscillation
é’ W So.09 BNL-HS 2540 km
= 6 | X 3 sin’20,(12,23,13) = 0.86/1.0/0.04
5 E &/ g 0.08 |am,2] (21,32) = 7.3e-5/2.5¢-3 eV
o Q
& 5Sr ) § 007 I Neutrino Running
8 o (NO) Natural Ordering & ,=0°
4 Y I 006 FH: 0 (NO) Natural Ordering & ,,=45°
< ]
= qz;, 005 | J—
3 |
0.04
2 -
i 32+ | 0.03
: - |sw2 -
1 - C =
- P B 710/2 0.02 ; o TRy
0 ermi motion dominated oo f K i -
0 500 1000 1500 2000 2500 3000 ¥ p /.
. oo D v | A g T e i e | o L o L e e |t
Baseline (km) o1 2 3 5 6 7 8 9 10

FIG. 1. Nodes of neutrino oscillations for disappearafmet E, GeV

affected by matter effecksas a function of oscillation length and
energy for Am3,=0.0025 e\?. The distances from Fermilab to
Soudan and from BNL to Homestake are shown by the vertica

FIG. 2. Probability ofv,— v oscillations at 2540 km. The cal-
f:ulation includes the effects of matter. The dottéd {=45°) and
solid (6cp=0°) curves are for NO and the lower dot-dashed

lines. (6cp=0°) curve is for RO. The parameters used for the figure are
sinf260,,=0.86, sif26,;=1.0, and sif26,3=0.04 andAm3,=7.3
with statistical errors~+1%. X 107% eV?, Am3,=0.0025 eV.
(i) Detection of the oscillatiow,— v, in the appearance
mode and measurement of the paramete?2gi3. This will  the v,— v, disappearance channel and good sensitivity over
involve matter enhancement and also allow definitive meaa broad range oAm?2,.
surement of the sign oim%z, i.e., which neutrinov; or v, The low energy wideband beam and the very long base-
is heavier. line also have a number of important advantages for the ap-
(iii) Measurement of th€P violation parametedp in pearance channel of,— v,. These advantages can be sum-
the lepton sector. marized using Fig. 2 which shows the probability of
(iv) Measurement ofAm%lx sin26;, in the appearance —u, 0scillation as a function of neutrino energy for the dis-
channel ofv,— v,. tance of 2540 km, the distance between the Brookhaven Na-

We describe how these measurements could be carried otional Laboratory(BNL) and the Homestake mine in South
with good precision in a single accelerator based experimenbakota. The oscillation parameters that we have assumed are
For precise and definitive measurement of oscillations wendicated in the figure and the caption. We define the natural
must observe multiple oscillation nodes in the energy specmass orderingNO) of neutrinos to beng>m,>m;,, and the
trum of reconstructed muon and electron neutrino chargedther two possibilities fi,>m;>m; andm;>m,>m;) are
current events. The multiple node signature is also necessaepllectively called reversed orderinRO). Both RO possi-
in order to distinguish between oscillations and other morebilities have very similar physical consequences, t
exotic explanations such as neutrino de€d§] or extra di- >m,>mj; is strongly disfavored by the explanation of the
mensiong 11] for the muon neutrino deficit in atmospheric solar neutrino deficit using matter enhanced neutrino oscilla-
neutrinos. Since the cross section, Fermi motion, and nucledion (the LMA solution. Since neutrinos from an accelerator
effects limit the statistics and the energy resolutifor re-  beam must pass through the earth to arrive at a detector
constructed neutrino energgf low energy charged current located 2540 km away, the probability in Fig. 2 includes the
events, we use neutrinos with energies greater than few hueffects of matter, which enhandsuppresgthe probability
dred MeV and clean events with a single visible muon orabove 3.0 GeV for NQRO) [12]. Therefore, the appearance
electron that are dominated by quasielastic scattering, probability above 3.0 GeV is sensitive to both the mass or-
+n—I+p, wherel denotes a lepton. Figure 1 shows that thedering and the parameter &,5. The probability in the
distance needed to observe at least 3 nodes in the recoregion 1.0-3.0 GeV is less sensitive to matter but much
structed neutrino energy spectrum is greater than 2000 knmore sensitive to th€ P phasedcp as shown in Fig. 213].
for Am3,=0.0025 eV, the currently favored value from The increase in the probability below 1.5 GeV is due to the
Super-Kamiokande atmospheric dafid]. A baseline of presence of terms involving the solar oscillation parameters,
longer than 2000 km coupled with a wideband beam withAm3, and sirfé,,. Therefore, the spectrum of electron neu-
high flux from 0.5 to 6 GeV will provide a nodal pattern in trino events measured with a wideband beam over 2540 km
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with sufficiently low background has the potential to deter- BNL Wide Band. Proton Energy =28 GeV
mine sirf26,5, dcp, and the mass ordering of neutrinos as

well as Am2, because these parameters affect different re- £ Distance = 1 km
gions of the energy spectrum. In the following, we examine L
how well the parameters can be determined and the implica ,f

-5

tions for the detector performance and background. 8 10
€
Ill. PROPOSED EXPERIMENTAL CONFIGURATION E .
. ) = 10
The high energy proton accelerator, to be used for making 2

the neutrino beam, must be intense { MW in powe to
provide sufficient neutrino-induced event rates in a massive
detector very distant from it. Such a long baseline experi- 10
mental arrangemeritl4] may be realized with a neutrino
beam from the upgraded 28 GeV proton beam from the Al-
ternating Gradient Synchrotron at the BNL and a water Cher- 8l
enkov detector with 0.5 Mton of fiducial mass at either the ~ 1°
Homestake mine in South Dakota or the Waste Isolation Pilot E L
Plant (WIPP) in New Mexico, at distances-2540 km and 0 2 12 14
~2900 from the BNL, respectively. A version of the detector E, (GeV)
is described at length ifiL5] and is a candidate for location
in the Homestake Mine, where it would occupy five indepen-  FIG. 3. The simulated wideband neutrino flux for 28 GeV pro-
dent cavities, each about 100 kton in fiducial volume. An-tons on a graphite target used for the calculations in this paper.
other version of the detector in a single volume is describedPOT=Pprotons on targex.
in [16]. For much of the discussion below we have used the
distance of 2540 km to Homestake for our calculations. Al-studies indicate that a carbon-carbon composite target in-
though the statistics obtained at 2900 km to the WIPP will beserted into a conventional aluminum horn cooled with forced
somewhat smaller, many of the physics effects will be largerhelium and water will function in the 1 MW beam for a
and therefore the resolution and the physics capability of thsufficient length of time. Our current plan is to build a hill
BVLB experiment are approximately independent of theinstead of an underground tunnel to accommodate the 200 m
choice between Homestake or WIPP. long pion decay tunnel. We consider both the rapid cycling
The accelerator upgrade as well as the issues regardiragcelerator upgrade which maintains a relatively low inten-
the production target and horn system are describgd7h  sity per pulse and the 1 MW capable target technically less
We briefly describe it here for completeness. Currently, theisky than other alternatives. For comparison, at JPARE}
BNL Alternating Gradient SynchrotrofAGS) can accelerate the first(preliminary) stage of 0.75 MW is to be achieved at
~7x 10" protons up to 28 GeV approximately every 2 sec.~1/3 Hz with 3.3 10* protons per pulse at 50 GeV. At
This corresponds to an average beam power of about 0.1ermileb a 2 MWupgrade to the 120 GeV main injector calls
MW. This average power could be upgraded by increasingor either an 8 GeV super-conducting LINAC or a new rapid
the repetition rate of the AGS synchrotron to 2.5 Hz whilecycling proton synchrotron as injectors for the main injector
keeping the number of protons per pulse approximately th€l9]. As explained in the following, the combination of the
same. Currently a 200 MeV room temperature LINAC invery long baseline and a 500 kton detector allows the BVLB
combination with a small synchrotron, called the Boosterexperiment to use a lower average power at 1 MW compared
injects protons into the AGS at 1.2 GeV. The process oto the proposed JPARC or NuMbff axis) [7] projects and
collecting sufficient number of protons from the Booster intoachieve wider physics goals. This reduces the technical dif-
the AGS takes about 0.6 sec. Therefore, for 2.5 Hz operatioficulties (liquid mercury or moving targets, radiation dam-
the Booster must be replaced by a new injector. A new supeige, shielding of personnel, etassociated with using beam
conducting LINAC to replace the Booster could serve thepowers in excess of 1 MW.
role of a new injector; the remaining modifications to the We have performed detailed simulations of a wideband
AGS are well understood and they involve power supplieshorn focused neutrino beam using 1 MW of 28 GeV protons
the rf system, and other rate dependent systems to make te a graphite target. The neutrino spectrum obtained in these
accelerator ramp up and down at 2.5 Hz. We expect the finaimulations and used for the results in this paper is shown in
upgraded accelerator configuration to yield>820™® protons  Fig. 3 normalized for POTprotons on target We find that
every 400 msec at 28 GeV. Our studies show that this interwith  such a beam (total intensity of ~4.7
sity can be further upgraded to 2 MW by incremental im-x10~° »/m?/POT at a distance of 1 km from the tarpete
provements to the LINAC and the AGS repetition rate. will obtain about 60000 charged current and 20000 neutral
In addition to the 1 MW accelerator upgrade, the pioncurrent events in a total exposure lasting 50’ sec in a 0.5
production target, the horn focusing system, and the decaylton water Cherenkov detector located at the Homestake
tunnel, which must be aimed at an angle of 11.26° into themine 2540 km away from the BNL. For the results reported
earth (towards Homestake need to be built. Our current below, we use the particle spectra obtained by making cuts to
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select single muon or electron quasielastic events. Eventsurement will be important to predict the shape of the ap-
with multiple particles(about 4 times higher in statistics pearance signal which we now discuss.
could be used to further enhance the statistical significance
of the effects. V. »,—vg APPEARANCE
A conventional horn focused beam can be run in either the ) )
neutrino or the anti-neutrino mode. In this paper we show The importance of matter effects on long-baseline neu-
that most of the physics program in the case of 3-generatioHino oscillation experiments has been recognized for many
mixing can be carried out by taking data in the neutrinoyears[12,22. For our study, we have included the effect of
mode alone. It is well known that experiments that must takeénatter with a full numerical calculation taking into account a
data with anti-neutrinos, which have lower cross sectionf€alistic matter profile in the earth, followir@3]. For our
must run for |Ong times to accumulate sufficient Statiitﬂjs present d|SCUSS|On, Itis Useful to eXh|b|t an apprOXImate ana-
This problem is largely alleviated in our method. We will Iytic formula for the oscillation ofv,— v, for 3-generation
discuss the anti-neutrino beam in a separate paper; here Wixing obtained with the simplifying assumption of constant
wish to focus on the physics capability of the neutrino beaninatter density24,25. Assuming a constant matter density,
alone[20]. the oscillation of v,— v, in the earth for 3-generation
mixing is described approximately by E(L). In this equa-
tion, a=Am3/Am3, A=Am3L/4E, A=2VE/Am3,
V=2Ggn,. n, is the density of electrons in the earth.
An advanta.ge of the very long baseling is that the multipleRecall that AmglemgvaAmgl. Also notice that AA
node pattern is detectable over the entire allowed range of | G_n,/?2 is sensitive only to the sign afm?:
Am3,. The sensitivity to

IV. v, DISAPPEARANCE

. Sin22913 i A

Am§2~ 1'24EV [Ge\/]/L[km] eVZ P( V,— Ve)%3|n2023(A_—1)28|n2[(A— l)A]
extends to the low value of aboutBLO™* eV?, significantly Sin 8cp COSH13SiN 201,SiN 2013SiN 26,5
below the allowed range from Super-Kamiokande. At ener- ta A(1-A)
gies lower than~1 GeV, thev, energy resolution will be
dominated by the Fermi motion and nuclear effects, as illus- X sin(A)sin(AA)sin (1—A)A]
trated in Fig. 1. The contribution to the resolution from the
water Cherenkov track reconstruction depends in first ap- COSScp COSH13SiN 2601, SiN 2613SiN 2053
proximation on the photo-multiplier tube coverage. With ta A(1-A)
coverage greater than 10%, a reconstruction energy resolu-
tion of better than-10% should be achieve@]. The simu- X cogA) sinf(AA) sif (1—A)A]
lated spectrum of the expected, disappearance signal in-
cluding backgrounds and resolution is shown in Fig. 4 for COS0,3SiMP2601, . .
Am3,=0.0025 eV as a function of reconstructed neutrino +a2TSIn2(AA)- ey

energy. The background, which will be primarily charged
current events, will also oscillate and broaden the dips in the
nodal pattern. From this spectrum we estimate that the dete
mination of Am3, will have a statistical uncertainty of

For anti-neutrinos, the second term in Ef). has the op-
Bosite sign. It is proportional to the followinG P violating

5 . . quantity:
+0.7% atAm3,=0.0025 e\ and sif26,3=1. The experi-
ment can determine sipd,5>0.99 at 90% confidence level.  J.p=sin6;,5in 655N 615C0561,C0S03C0 0155iN Scp .
Within the parameter region of interest there will be little 2

correlation in the determination @fm3, and sif26,5. The _ _ o )
precision of the experiment is compared in Fig. 5 with the Equation(1) is an expansion in powers ef. The approxi-
precision expected from MINO$21] and the result from Mmation becomes inaccurate fam3,L/4E>m/2 as well as
Super-Kamiokand2]. Since the statistics and the size of the a~1. For the actual results shown in Fig. 2 we have used
expected signaldistortion of the spectrujrare both large in  the exact numerical calculation, accurate to all orders. Nev-
the disappearance measurement, we expect that the final @heless, the approximate formula is useful for understand-
ror on the parameters will be dominated by the systematiéng important features of the appearance probability:the
error. A great advantage of the very long baseline and mulfirst 3 terms in the equation control the enhancentéot
tiple oscillation pattern in the spectrum is that the effect ofNO) or suppressiorifor RO) of the oscillation probability
systematic errors on flux normalization, background subtracabove 3 GeV;(2) the second and third terms control the
tion, and spectrum distortion due to nuclear effects or detecsensitivity toCP in the intermediate 1-3 GeV range; a(®l

tor calibration is small. The error on the overall detectorthe last term controls the sensitivity &om3; at low energies.
energy scale is expected to be the dominant systematic error While thev,, disappearance result will be affected mainly
[14]. The large event rate in this experiment will allow us to by systematic errors, the,— v, appearance result will be
measureAm%2 precisely in a short period of time; this mea- affected by the backgrounds. Theg signal will consist of
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FIG. 5. Resolution including statistical and systematic effects at

FIG. 4. Spectrum of expected single muon events in a 0.5 Mtor80% confidence level orﬂmg2 and sirf26,; for the 2540 baseline
water Cherenkov detector at 2540 km from the source. We havexperiment; assuming 1 MW, 0.5 Mton, anck80’ sec of expo-
assumed 1 MW of beam power anck30’ sec of data taking. The sure. We have included a 5% bin-to-bin systematic uncertainty in
top histogram is without oscillations; the middle histogram with the energy calibration as well as a 5% systematic uncertainty in the
error bars is with oscillations. Both histograms include the domi-normalization. We have not included a systematic uncertainty on the
nant single pion charged current background. The bottom histogramlobal energy scale; this should be added in quadrature to the ex-
shows this background contribution to the oscillating spectrumpected resolution onmgz. The expected resolution from the MI-
This plot is for Am3,=0.0025 e\?. The error bars correspond to NOS experiment at Fermilatashedland the allowed region from
the statistical error expected in the bin. At low energies the FermBuper-Kamiokandédotted are also indicated.
movement, which is included in the simulation, will dominate the

resolution. beam from decays of muons and kaons is well understood to

be 0.7% of the muon neutrino fly27], with a similar spec-

clean, single electron eventsingle showering rings in a
water Cherenkov detectothat result mostly from the quasi-
elastic reactionv,+n—e™ +p. The main backgrounds will

trum (Fig. 3). The experimentally observed electron neutrino
energy spectrum will therefore have three components: the
rapidly falling shape of ther® background, the spectral

be from the electron neutrino contamination in the beam anghape of thev, beam contamination slightly modified by

reactions that have a° in the final state. Ther® back-

oscillation, and the oscillatory shape of the appearance sig-

ground will depend on how well the detector can distinguishnal. The shape of the appearance spectrum will be well
events with single electron induced and two photon inducednown because of the precise knowledgeAwh’, from the
electromagnetic showers. Backgrounds due e+ v, con-  disappearance measurement as well as the improved knowl-
version,v, charged current reactions in the detector, and subedge ofAmgl from KamLAND [5]. These distinguishing
sequentr- —e~ vv, decays are small because of the lowspectra will allow experimental detection of,— v, with
energy of the beam and the consequent low cross section fgood confidence. Figure 6 shows a simulation of the ex-
7 production[14]. pected spectrum of reconstructed electron neutrino energy
Because of the rapid fall in the BVLB neutrino spectrum after 5x 10’ sec of running. The parameters assumed are
beyond 4 GeV(Fig. 3), the largest contribution to the® listed in the figure as well as the caption.
background will come from neutral current events with a  Figure 6 further illustrates the previously described three
single 7° in the final state. It is well known that resonant regions of the appearance spectrum: the high energy region
single pion production in neutrino reactions has a rapidly(>3 GeV) with a matter enhancetbr NO) appearance has
falling cross section as a function of momentum transfér,  the main contribution to the background frarg contamina-
[26] up to the kinematically allowed value. This characteris-tion in the beam; the intermediate region (1-3 GeV) with
tic alone suppresses this background by more than 2 ordehigh sensitivity to theCP phase, but little dependence on

of magnitude forr® (or showey energies above 2 GeM4].
Therefore a modest® background suppressidby a factor
of ~15 below 2 GeV and-2 above 2 GeVis sufficient to

mass ordering, has approximately equal contribution from
both background sourcesr{ and 7°); and the low energy
region (<1.5 GeV) , where the effects of th@P phase and

reduce ther® background to manageable level over the en-Am3, dominate, has the main background from thé&
tire spectrum. The electron neutrino contamination in theevents. Matter enhancement of the oscillations has been pos-
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FIG. 6. The expected electron neutrino spectrum for 3 values of FIG. 7. The expected spectrum of electron neutrino events for
the CP parameters.p including background contamination. The sirf26,;=0. Important parameters in this figure afem3,=7.3
points with error bars are faf.p=135°; the error bars indicate the X 10°° eV? (LMA-l) or Am3,=1.8x10 * (LMA-II ) and siff26,,
expected statistical error on each bin. The histogram directly below=0.86. All other parameters and the running condition as in Fig. 4.
the error bars is folscp=45° and the third histogram is fa¥:p
=—45°. The hatched histogram shows the total background. Thénplications on the search for new physics such as sterile
ve beam background is also shown. The plot is fAm3,  neutrinos.

=0.0025 eV. We have assumed §El9_13=0-04 andAm3;=7.3 In Fig. 8 we show the 90% and 99.73@ sigma C.L.
X107 eV2. The values of sited,, and sifi26, are set t0 0.86, 1.0,  sensitivity of the BVLB experiment in the variables 26, ;
respectively. Running conditions as in Fig. 4. versusdcp. The actual limit obtained in the case of a lack of

signal will depend on various ambiguities. Here we show the

tulated for a long time without experimental confirmation 99.73% C.L. lines for NO and RO, on the right hand of
[12]. Detection of such an effect by observing a matter enwhich the experiment will observe an electron appearance
hanced peak around 3 GeV will be important. However, insignal due to the presence of terms involvimgs; with
the case of RO mass ordering this enhanced peak will bgreater than 3 sigma significance and thus determine the cor-
missing, but the effedidepending ord:p) on the rest of the responding mass ordering. Currently from atmospheric data
electron neutrino spectrum will be small. there is a sign uncertainty afys= * 7r/4; this introduces an

The very long baseline combined with the low energyadditional ambiguity onto Fig. 8 0fcp— Scp+ 7. For this
spectrum make it possible to observg— v, conversion plot we have assumed that the other parameters are well
even if sirf26;3=0 because of the contribution fro&m3, if known either through other experiment or by the disappear-
the solar neutrino large mixing angle solutidtMA ) holds.  ance measurement: Am§1=7.3>< 10 ° eV?, Am§2
In Fig. 7 we show the expected appearance spectrum for0.0025 e\?. The values of sif26;, and siff26,5 are set to
Am§l=7.3>< 10 % eV? (LMA-l1) with 90 excess events 0.86, 1.0, respectively. The sensitivity to ‘@8, is approxi-
andAm3,=1.8x10"* eV? (LMA-Il ) with 530 excess events mately constant in theAm3, range allowed by Super-
above background. The LMA-I and LMA-II solutions with Kamiokandg14]. The value ofAm%l affects the modulation
their respective confidence levels are discussd@8h This  of the sirf26,5 sensitivity with respect téqp. If there is no
measurement will be sensitive to the magnitude and knowlexcess electron appearance signal, other than the expected
edge of the background because there will be no oscillatingignal due tmmgl alone, then it would indicate a switch to
signature to distinguish the signal. We estimate that the staantineutrino running to determine if the RO hypothesis with
tistical and systematic errors on this measurement will a”OV\parameters on the left hand side of the dashed line in Fig. 8
us to determine the combmatlcmmzlx sin 20,, to a preci-  applies[20].
sion of about 10% at the LMA best fit point. This is com-
petitive with the expected measurement from KamLAND. \,, sensSITIVITY TO THE CP VIOLATION PARAMETER
However, it will be done in the explicit(,— v.) appearance
mode, which is qualitatively different from the measure- To get a qualitative understanding for the measurement of
ments made so far in the SNO or the KamLAND experi-CP violating parameters we compare the size of terms in-
ments. Therefore, such a measurement will have importantolving dcp with the first term in Eq(1). This ratio is seen
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FIG. 8. 90% and 99.73% C.L. contours of the BVLB experi-  FIG. 9. 68% and 90% confidence level error contours if2giy
ment in the variables st@6,; versusédcp for the naturalNO) and  versusécp for statistical and systematic errors. The test point used
reversed ordering of parametdRO). The solid lines are for NO, here is siA26,5=0.04 and 6cp=45°. Am§2:0.0025 eV, and
the left line for 90% and right line for 99.73% C.L. The dashed andAm2,=7.3x 10 ° eV2. The values of sit26,, and sif26,; are set
dotted lines are for 90 and 99.73% C.L. for RO. On the right handio 0.86, 1.0, respectively.

side of the 99.73% C.L. lines the experiment will observe an elec- o 0 .
tron appearance signal with greater than 3 sigma significance.  file which is known to about 5%. Random density fluctua-

tions on that order will lead to a relative systematic uncer-

. . . tainty in the v, appearance probability of about 1p29],
to be appr_oxm_wately proport!onal tasm_écp_(AmglL/AlEV)_ Whic)rq is not sii;nif‘)if:)ant for thg BVLB rzethod, but CPOU|]d be
As shown in Fig. 2, the fractional contribution from tE> gjanificant in the case of an experiment that performsiRe
violating terms increases for lower energies at a given dispeasurement at the first oscillation maximum with a shorter
tance. The energy dependences of @B effect and the paseline.
matter effect tend to be opposite and therefore can be distin- An experiment with a wideband beam is needed to exploit
guished from each other from the energy distribution usinghe energy dependence of tad effect to extract the value
neutrino data alone. On the other hand, the statistics for gf Scp and sir’fzalg, using only the neutrino data. The energy
given size detector at a given energy are poorer by one ovefependence also reduces the correlation between the two pa-
the square of the distance, but the term linear indgpn  rameters. Figure 9 shows the expected resolution Gaajig
grows linearly in distancgL3]. The statistical sensitivitfap-  versus 6cp at a particular case, $@0;3=0.04 and 5cp
proximately proportional to the square root of the event)rate = 7/4 with all other parameters fixed as indicated. The 1
to the effects ofCP violation, therefore, is independent of error ondcp from this measurement as a function &fp is
the distance because the loss of event rate and the increasesbiown in Fig. 10. It is clear that the precision of the mea-
the CP effect approximately cancel each other in the statissurement will be limited if sif26;3<0.01 because of the
tical merit if backgrounds remain the same. Therefore, thdackground. However, for larger values the resolution on
two important advantages of the BVLB approach are that theé.p is approximately independent of 4&®,;. This result
CP effect can be detected without running in the anti-can be understood by examining E@) in which the first
neutrino mode and the sensitivity to systematic errors on théerm grows as sf26;; and theC P violating term grows as
background and the normalization is considerably reducedin 20,;. Therefore the statistical sensitivity to ti&P vio-
because the fractional size of tl@P effect is large. For lating term, which is the ratio of the second term to the
example, in Fig. 2, theCP effect at 5cp= /4 in the first  square root of the first term, is independentygf as long as
oscillation peak is~20% while the effect in the second os- the background does not domindtEs]. At 5-p~135° the
cillation peak is more than 50%. Therefore, it is unnecessargvent rate reaches maximum and does not change rapidly
to know the background and the normalization with errorswith respect todcp, therefore the resolution od:p be-
better than 10% to obtain a significant measuremenigf  comes poor.
at the second oscillation maximum. There could be a contri- Because of the multiple node spectrum the appearance
bution to the systematic error from the theoretical calculatiorprobability is sensitive to both the siap and cosi:p terms
of the probability shown in Fig. 2. Because of the very longin Eq. (1). This eliminates theScp— (7— dcp) ambiguity
baseline, this probability depends on the earth’s density proaormally present in a narrow band single node experiment
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be better suited for identifying,,— v, conversion because
the neutral current backgrounds from interactions of high
energy neutrinos are lowered. The JPARC to Super-
Kamiokande projectbaseline of 295 kmhas adapted this
strategy and a new initiative at Fermilab based on the NuMI
beamling(baseline of 732 kinis also considering {t7]. Both
of these projects focus on the observation of a nonzero value
for 613. Since it is not possible to eliminate the0.5%v,
contamination in a conventional, beam(even if it is off-
axig the sensitivity of all projects based on a conventional
beam, including the BVLB plan, is limited to £2¥;,
~0.005(ignoring the effect ofscp). Sensitivity below this
value is background limited and requires very good under-
standing of the systematic errors associated with the purity of
the beam. The BVLB plan does, however, extend this sensi-
tivity to values of Am3; down to 0.001 e¥. The off-axis
10 [ BNL-Homestake 2540 km projects must be upgraded to several megawatts of beam
i Zﬁfﬁﬁ%ﬁ%g_&g&gﬁg@ power and detectors of several hundred kidme second
1 MW, 0.5 Mton, 5e7 sec, v running only phase of the JPARC project calls for 4 MW beam and a 1
e Mton detectoy to perform theCP measurement. The narrow
band nature of the beam requires running in the anti-neutrino
d¢p (deg.) mode to observ€ P violation. The BVLB plan uses a wide-
FIG. 10. One sigma error oficp in degrees for several values band- ,be,am overa much Ionggr distance to aczhleve the same
of sir26,5. All other parameters are held fixed assuming they will SENSItIVIty t0 sif26;3 over a wider range ofAm3,. It also
be known before this measurement. has the ability to see a multiple node structure in both the
disappearance and appearance channels; thus making the ob-

[8]. The sign uncertainty 6,5= = 7/4 introduces a servation ofv,— v, experimentally more robust against un-
Scp—(Scp+m) ambiguity. If Am2, is known poorly anticipated backgrounds. In addition, the unique aspect of
there will be a contribution to thécp resolution due to the the wideband beam over the very long baseline is the ability
correlation betweenSep and Amgl. We expect to know to measuredcp with few ambiguities using neutrino data

Amgl f“’".‘ KamLAND With a precision 0f<10% [.5]; this alo‘?ﬁé muon storage ring based “neutrino factory” solves
_does not mtrqduce a dominant source of uncertalnth@,m the background problem faced with conventional beams. A
in our experimental method. If a four parametdnms;,, — . "
sif26,,, sirf26,3, anddcp, fit to the data is performed, the “# and av, are produced in each * decay. An appearance
correlations between the parameters dilute the sensitivity tgearch IO.OKS . the conversmnﬁo@ Into v, .by looking for
each parameter. However, the ambiguities and correlatior& €ntS With negatively chargqd ™ particles in the presence
do not reduce the ability of the experiment to establish thaf ¥, charged current events with positively charged
3-generation neutrino mixing contains a nonzero Comp|e)p::1rt|ck.as in the final state. Such a physics signature shguld
phase and hence @P violating term. This is seen if we Potentially have very low bac_kgroqnd. Therefore, a neutrino
consider the resolution on the quantityn?,x Jcp which is ~ factory basedve—wv, search is estlrrlasted to be sensitive to
CP violating and by definition does not exhibit any of the sin’26,3 perhaps as small as 16-10"°. Such a facility is
above correlations. The measurement of this quantity will/ery Well tuned for the measurement of %ifh;. Neverthe-

simply depend on the statistics in the low and medium enl€SS, because of the relatively narrow energy spectrum and
ergy components of the spectrum. higher energy of the neutrino factory, it lacks the ability to

observe multiple nodes in the observed spectrum. For the
neutrino factory the effects d@ P violation are observed by
comparingrve— v, andve— v, in two different runs ofu™

The alternatives to the BVLB plan fall into two catego- andx~ decays in the presence of very large matter effects.
ries: experiments with conventional horn focused beams ovefhe narrow spectrum also limits the ability of the neutrino
baselines of several hundred kilometers and with beamactory to resolve the ambiguities in thigp determination
based on neutrinos from muon decays in a high intensityegardless of the value of $89,5. This has been extensively
muon storage ring. For a recent review of muon storage ringliscussed in the literaturg8,25 and one of the proposed
based neutrino factory physics as well as comparisons teolutions is to construct several detectors with different base-
conventional neutrinos beams 4&8)|. lines to uniquely determin@dcp versus sif265. Although

Recently, for the conventional beam an off-axis beam ighe neutrino factory can extend the reach fofa#h; to very
preferred because the energy spectrum is narrower and camall values because the backgrounds to the appearance
be tuned, within a limited range from 1 to 2 GeV by choos-search are small, the resolution @ p—disregarding the
ing the off-axis angld6]. A narrow energy spectrum could ambiguities inherent in the neutrino factory approach—is

Resolution 5., vs sin’20_,

Gscp (deg.)

sin’20,,=0.01

30

20
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P R R .
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VII. COMPARISON TO OTHER TECHNIQUES
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comparable to the BVLB resolution. We therefore concludeindependent of the baseline as well as the value dR6jg

that if sirf26;5=0.01 the BVLB experiment is either equal to as long as the electron signal is not background dominated.

or exceeds the physics sensitivity for neutrino mixing param-Therefore, the concept of very long baselire2000 km) is

eters of the neutrino factory. interesting because it provides access to much richer physics
Other suggestions in the literature includgor v, beams ~Phenomena as well as reduces the need to understand sys-

from either decays of radioactive nuclei accelerated to higfiematic errors on the flux normalization and background de-

energies(beta-beamn[31] or 7.3’3 from nuclear power gen- tfarmlnatlon. A shorter basell|ne<(1500 k2m) vy|ll ob\{|ously

eration reactors such as the beam used for KamLASp ~ limit the reach of the experiment fakma, X sin 26, in the

Both of these concepts aim to create very pure, but low en@PP€arance mode as well as reduce the resolution o@ fthe

erav beams. Fo€ P sensitivity bothy. and v. must be pro- parameter. On the other hand, a much longer baseline
gy beams. vity bothve andve P >4000 km will result in a matter effect that is large enough
duced in separate runs in the beta-beam concept. The lo

background should enable the beta-beam concept to have dominate the spectrum and make the extraction oltRe

o . - . Effect more difficult. The larger distance will also make it
good sensitivity 1oy, if sufficient flux can be Ob“'?"”ed- The necessary to make the neutrino beam directed at a higher
reactor beams are below, charged current reaction thresh-

old and therefore must rely on disappearance to search forangle into the earth, a technical challenge that may not be
ey PP r‘?e0essary given the current values of neutrino parameters.
nonzero value of);5. A disappearance based search dgs

will most likely be limited by systematic errors. Further Finally, we have also shown that most of this rich physics

comments on these techniques must await more detaile'D ogram including the search f@P effects can be carried
studies q t by neutrino running alone. On¢@P effects are estab-

lished with neutrino data, anti-neutrino data could be ob-
tained for more precision on the parameters or search for
VIil. CONCLUSIONS new physics. The shape of the disappearance signal over

We have simulated and analyzed a feasible, very |0n¢nultiple _oscﬁllatior_us from neutrjno runni.ng alottas well as
baseline neutrino oscillation experiment consisting of a low" combination with anti-neutrino runnifjgcan be used to
energy, wideband neutrino beam produced by 1 MW of 28co_n_stra|n the effects _of new phys_lcs fror_n sterll_e neutrino
GeV protons incident on a carbon target with magnetic hordNiXing, extra dimensions, exotic interactions with matter,
focusing of pions and kaons, and a 500 kton detector at gte. ) ]
distance of>2500 km from the neutrino source. The BVLB It has not escaped our notice that the large detector size
neutrino beam with a total intensity of about 4.7 (=500 kton), mandated by the above described neutrino
X 10~ 5»/m2/POT at a distance of 1 km from the target could Program, naturally lends itself tq the important physics of
be provided by an upgrade to the BNL-AGSY]. proton decay, supernova detectlon,_ etc. Although some ex-

The single BVLB experiment could produce measure-Perimental requirements such as shielding from cosmic rays,
ments of all parameters in the neutrino mixing matrix detector shape, or photo-sensor coverage may differ, it is
through observation of the disappearance chanfeb v, clear that they can be resolved so that th_ls large _detgctor can
and the appearance chanmel— v,. The experiment is also also be employed to address these frontier physics issues.
sensitive to the mass ordering of neutrinos using the obser-
vation of the matter effect in the appearance channel through
the currently unknown parameter €d,;. Nevertheless, the We thank all contributors to the BNL neutrino working
experiment is intended primarily to measure the strength ofjroup, as well as the BNL-AGS technical staff and engineers
the CP invariance violation in the neutrino sector and will whom we consulted during this work. We especially thank
provide a measurement of tl@P phase,dcp, or alterna- Thomas Roser, Nick Tsoupas, Alessandro Ruggiero, Deepak
tively the CP violating quantityJcp if the one currently Raparia, Nick Simos, and Hans Ludewig for their contribu-
unknown neutrino oscillation mixing parameter %ifh;  tion to the accelerator and beam design. We also thank Tho-
=0.01, a value about 15 times lower than the present experimas Kirk who encouraged us throughout this work. This
mental upper limit. We point out that for a given resolution work was supported by DOE grant DE-AC02-98CH10886
on Scp the detector size and beam intensity is approximatelyand NSF grant PHY02-18438.
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