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Yet another correlation in the analysis of CP violation using a neutrino oscillation experiment
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We investigate the effect induced by variations in the density profile of the Earth’s interior using a long-
baseline neutrino oscillation experiment. First, we point out two fagt3he most essential part of the matter
profile is the first Fourier mode of the matter profile function; dindthe Earth models based on the study of
seismology include a large uncertainty for the first Fourier mode. Next, we show that there is a strong
correlation between the average density value and the first Fourier coefficient in the analysis of the oscillation
probability. This means that the matter profile effect induces an added uncertainty for the average matter
parameter. Taking into account this extra uncertainty, we make numerical calculations for the sensitivity to the
CP violation search and show th&P sensitivity is impaired by this added uncertainty within a latgg
region.
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[. INTRODUCTION ergy and baseline region. This fact means that the uncertainty
of the matter profile effect brings added uncertainty to the

The effects of Earth’s mattgrl] play a very important —average matter density. Then, we present numerical calcula-
role in long-baseline and high-energy oscillation experi-tions to show quantitatively the loss of sensitivity induced by

ments, such as those at a neutrino fac{@ly Furthermore the uncertainty of the matter profile effect in Sec. IV. Finally,

the effect of variations in matter density and chemical com-2 SUmmary is given in Sec. V.

position along the baseline on the oscillation probability, Il. METHOD OF THE FOURIER SERIES
which we call the matter profile effect, is also a controversial
issue and has been debated in various conf@xt45). We would like to point out two facts in this sectiofl)

In the search folC P-violating effects, it is important to The most essential part of the matter profile effect is the first
understand the structure of the Earth so as to estimate pr&ourier mode of the matter profile functiof2) The seismo-
cisely the fake signal induced by Earth’s matter. Some relogical Earth models include great uncertainty for the first
search[13] has concluded that it is hard to obtain informa- Fourier mode. These facts force us to reconsider analyses in
tion about the interior of the Earth through neutrino the baseline region which have so far assumed that the matter
experiments using the currently assumed size of statistiggrofile effect is not significant. In the case where the baseline
and realistic detector configurations. Therefore, the scienclength is 3000 km, the PREM tells us that the matter profile
of geophysics has been applied to support the analysis. Mudhinction is almost flat and hence it can be expected that the
analysis has used the preliminary reference Earth modehatter profile effect is small. However, if we consider the
(PREM) [16], an Earth model that is based on seismology.uncertainty of the PREM, how will the analysis change?
When we deal with such a model, we need to be conscious of
the fact that the model includes uncertainty. In this paper, we A. Introduction of the method

discuss the fact that this uncertainty reduces the sensitivity to Tg see the effects induced by the matter profile, we derive
CP violation and we show that it is not a small effect. an analytic expression using the method of Fourier series
The procedure used to demonstrate our argument is 34 15. Expanding the matter profile function into the Fou-

follows. First, we recapitulate the method of the Fourier setier modes, we obtain an extremely clear viewpoint for the
ries expansion of the matter profile functipt¥,19 in Sec.  resonance conditions between the oscillation lengths of the
Il. Using this method, we show that only the first few modesneutrino and the matter profile undulation. By this expansion
are important in a high-energy experiment. Furthermore, Wgye can understand which modes, and what structures, are
mention the uncertainty included in the seismological Eartheffectivel

models. We point out that a few percent error for the profile  Now, we introduce our calculation method. We assume
function can actually be interpreted as a huge uncertainty fofhree generations and parametrize the mixing matrix of the

the Fourier coefficients, which can affect t8d> sensitivity.  |epton sector, the Maki-Nakagawa-Sakata-Pontecorvo ma-
Next, in Sec. lll, we show that there is a strong correlationtrix, as follows:

between the constant matter parameter and the first Fourier
coefficient of the matter profile function within a wide en-
The Fourier expanded-matter profile cannot reproduce the bound-
ary between two layers precisely. However, it will be shown below
*Electronic address: toshi@higgs.phys.kyushu-u.ac.jp that the higher modes that construct the edge are not effective in
"Electronic address: joe@phy.saitama-u.ac.jp high-energy experiments.
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1 1 Cy S4 WhereAmﬁ- is the squared-mass difference betweenithe
and jth generations in a vacuum. We separate the matter
: effect into two partsay and da(x). The effect of the average
~Sy Cy e ~Se Co matter is denoted bg,, andda(x) is the matter profile part,
that is, the deviation part from the average density which

Co So . ;
) depends on the position After the separation, we expand
Xl 7Se Co Umajorana  (@=@€,1,7, 1=1,2,3).  the matter profile part into a Fourier series:
1
()
Here, s and c denote sin and cos, andyjorana iS the so- o 5
called Majorana phase matrix, which does not contribute to sa(x)= >, a,e P p,= T 3
the oscillation phenomena. The effective Hamiltonian for n=-o L
neutrino propagation is n#0
0
1 2
HX)pa=5g | Ysi Amy, uf, Note that the relatiom,=a* , is always satisfied because of
Amgl the condition thaba(x) is real. For the antineutrinag, a,,
and & should be replaced by a,, —a,, and — &, respec-
ap+ da(x) tively.
n 0 ) We treatAmg1 and da(x) as perturbations and obtain the
' oscillation probabilities up to the first order of them, for ex-
0 Ba ample[15],
P 2.2 .nz)\+_)\—L+1 Amg, N Am,
vy =S5S,5SIf————L+ =Cs5,50,52%| | C3Co— S3Sy—
e Vy TU72¢ AE 2 VOP2YP20°2¢ ) ¢Am§103,—>\_ ¢ ¢ ¢)\+_Amglctzv
Amic2—\_ Am3, Am3, A —Amic?
XsiP——2——1L—| C3Cy_5—5—5—— +S3S4_7 si L
4E PO AmE i TN —AmE? =
Ami, Am3, Ap—N_ 1
+| C3Cy 53— —S3S¢_7 sir? L |+ —S555,52,577
L e W WY e AR R
X| cze ~—Am§1 +5S3S,-7 Amzy (sir'M_AmglciL+sir‘Amglci_)\ L—sin—M_)\_ L
PO AmE i —n. TN —AmEc? 2E 2E 2E
- Ni—A_ Ap—A_
+4s2s2-c,5 >, Rea,] sir? L, (4)
HE = R e N e P S
D V| Am3, Am3, Amgc2—\_
P, ., =C28SiP—— L — = CsS4520523| | C3Cy- 53— +5354_7 sir? = L
eV TUT2¢ AE 2 V0°2YP202¢ i ¢Am§103,—7\_ ¢ ¢ ¢)\+—Am§105, AE
Moo - Am3, fes Am3, A+—Am§10iL+ o - Am3,
¢ ¢7¢Amglcf)—)\_ ¢ ¢7¢)\+—Am§1cf, 4E ¢ ¢7¢Amglcf,—)\_
Am3, R A 1 Am3, . Am3,
—S3S4_7 si — —5550552052%| C3Chp-B—5 35— TS3Sp_3————5 >
PN~ AmEc? 4E 4o0m2RReR20\ B N2 2 T —AmRc?
A, —Amic2 Am3,c2—\_ Ai—N_
X .n— + i I —si I
Si 5E L+sin 5E L—sin 5E L
- N N
- Sit———L, (5)

+4c2s2-c,5 > Rda si
sSeaei 2, RAa T e aE
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Ai—A_ ” Ny—N_ Ny—N_
=1 — 2... i +— _ 2~ ~ 1 + - +
P, y=1-s;;sin £ L 482¢C2‘/’r1§=:1 Re[anJ(M_)\_)z_(ZEpn)zal 1E

L. (6)

We refer to the firstlast term of Eq.(4) asP™" (2~ ,PP™M®) Here the effective mixing angle in the average density of the
matterd and the squared-mass eigenvakuein the average density are given by

2 2 2
S24(AM3;— Am3;sy)

tan 2¢= (7)

2 2 <2 !
Cop(Amz;—Am3;st) —ag

1
A= E[A M5y + Am5ss +ao* V{(Am3;— Am3,s]) oy — aoh’ + (AMs,— Ams;s; ) 2S5, ]. (8)

Note that the effects of the asymmetric profile do not appeagost flat atL=3000 km, and this fact guarantees that the
in the first order of the perturbations. matter profile effect is small. According to ak135-f, however,
The resonance conditions, —\_=2Ep, show the en- it s not so flat. If we follow this model, we may be unable to
ergy range and width of the resonance induced by each Foyynore the matter profile effect, even at this baseline length.
rier mode. We understand that the higher Fourier mode Capyrthermore, the authors of RéfL7] note that “the upper
resonate only with the lower-energy neutrinos whose oscillaz, 5ntle density model should be treated with caution and may
tion lengths are shortdi3]. Furthermore, the half-width of 0 change with further work.” The upper mantle and tran-

This means that, if the lower-energy neutrino were to be%litIon areaup to 670 km in depthoccupy a large part of the

observed precisely, the fine structure of the Earth could bgath of the neutrino beam in the caselof 3000 km._

known, although it is actually extremely difficult to achieve _. The ba_lselme dgpendence of the average density and the
such an observation. Therefore, we conclude that only thgrSt Fourier c_oefﬁmept are compared in '.:'g' 2. T_hgse two
first few Fourier modes, which are determined by the IargémdeIS are dlﬁerent n terT“S of the Fourier coefficient, al-
structure of the matter profile, are relevant in the currentlyinough they are similar with regard to the average matter

assumed experimental setups. This is consistent with resulfl€NSity- In particular, arount=3000 km, the difference of
obtained using different methods1—13. the first Fourier coefficient is quite large. We need to recog-

nize that seismological models include uncertainty, the size
_ of which is at least equal to the difference between these two
B. Uncertainty of the Earth model models? The authors of Refl18] state that- 2—3% uncer-
Knowledge of geophysics is essential since it is very dif-tainty in the upper mantle is a reasonable estimation, which
ficult to ascertain the profile of the Earth from a neutrinoproduces a large, as much as 100%, uncertainty for the first
experiment. So far, the PREM has been regarded as the abourier coefficient. If 2.5% error for the PREM is allowed,
solute model. We have tended to expect that the error and th&e can assume the matter profile depicted in Fig. 3 instead of
effect induced by the error are so small that they can béhat of the PREM itself. This profile realizes 100% shift of
neglected without a careful consideration, although we havéhe first Fourier coefficient without adjusting the average
to estimate how much error the model includes in order tgnatter density. We would like to stress again that the uncer-
use the seismological Earth model. In order to discuss thitinty of the average density may indeed be small, but the
error, we introduce another Earth model, ak133-7]. Fig- uncertainty of the profile is not so small that it can be ne-
ure 1 represents the matter profile function calculated usinglected, especially dt=3000 km.
the PREM(solid line) and ak135-f mode{dotted ling in the
case where the baseline length is 3000 km and 7332 km, 1ll. CORRELATION BETWEEN AVERAGE MATTER
respectively. The profile function based on the PREM is al- PARAMETER AND FIRST FOURIER COEFFICIENT

Here, we will establish the existence of a correlation be-

:‘[f/ e _ tween the parameter for the average matter density and the
34 I\N 1 s first Fourier coefficient of the matter profile function. The
32 4 o effect induced by the matter profile and its uncertainty can be
,ﬁ; 35 understood using the concept of this correlation. Although
3
26 || 2{kcm]
0 1000 2000 3000 0 3000 6000 7332

2An assumption for the profile of the underground chemical com-
FIG. 1. The matter profile functions in the cases of 3000 km andoonent is made when the density profile is determined in geophys-
7332 km which are calculated using the PREBbIid line) and ics. This assumption affects the density of the electron number,
ak135-f(dotted ling. which we really want to ascertain.
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FIG. 2. The baseline dependence of the average matter density 1000 2000 30’0:[km]
and the first Fourier coefficient which are calculated using the
PREM (solid line) and ak135-f (dotted ling. Around L FIG. 3. An example where the deviation of the first Fourier
=3000 km, the average densities of these two models are almosgbefficient from the PREM is more than 100% ln=3000 km
the same within a few percent, but the first Fourier coefficients(dashed ling This is drawn by modifying the PREM within 2.5%.
differ by more than 100%. The first Fourier coefficient for this profile is 0.084 g/cm, which
is almost twice as large as that of the PREM).043 g/cm. Solid
the average density can be determined at a few percent aand dotted lines are the same as those in Fig. 1.
curacy through studies of the seismic wave and gravitational
effect, etc., the matter profile effect adds extra uncertainty tds satisfied by a constata, over a wide energy region. In
the average matter density. As we pointed out in the previouthe above example, the constant shifi,=0.2 g/cn? works
section, the uncertainty of the first Fourier mode is not smallwell within the energy region above 4 GeV. Since we can
especially in the case where the neutrino beam passes mairdgsume that the unperturbed term of the oscillation probabil-
through the upper mantle and the transition zone, namelyty is dominant over the other perturbative terms and that the
where the baseline length is around 3000 km. matter profile effect can be represented by the first mode, the
condition in Eq. 9 reduces to

A. One example:L=7332 km Hpmain

. . . profile Aag o A —A
To corroborate that the correlation exists, we first present Jag Aay=P]" "= N, _)\f"'" 4E L
an example. In Fig. 4, the oscillation probability for,
—wv, is shown where the baseline length is 7332 km. The Aag Ni—A_
solid line is calculated using the full PREM profile. As we “|\zgbtjeos—g L
showed in Ref[15], this line is almost the same as the dash-
dot-dotted line which is calculated using the up-to-first-mode Rea; ] [(Ao—N_)/4E]L
profile with p,=4.2 g/cn? and p;=—0.32 g/cni, whose =2|—g b >
values are based on the PREM. (L =N )AEJL} — 7
The dotted, dashed, and dash-dotted lines are those that Ay AL
are calculated using the constant-matter profile where the ><SIH?L- (10

average density is 4.2, 4.4, and 4.6 gicmespectively. The

PREM tells us that the average density in this baseline lengtl is not inconsequential whether or not the constant shift

is 4.2 g/cni. This figure shows that the constant profile with Aa, can maintain the relation. To clarify this issue, we di-
the average density following the PREMotted ling cannot

reproduce the behavior of the oscillation probability with the

. . . . I\ =4.2g/cmVecacccess
full PREM profile (solid line). However, Fig. 4 also shows 02f T constant :=4A4[§/cm3] _____
that, if a shift in the constant value is allowed, then a good fit e = 4 lg/ e
with the full PREM calculation can be realized ab 0.15 - sp-to ot profle..—._..

>y

=4.4 g/cni. This fact means that the shift of the constant-

e

ful-PREM profile——mm—

matter parameter can copy the matter profile effect, which is & 1}

almost equal to the effect induced by the first Fourier modes 008 N,

with this baseline length. We can expect that there is a strong . Ntee..

correlation between the parameter for the average matter WV & s E[GeV]
density and the first Fourier coefficient of the matter profile 5 10 15 20

function. Indeed, this correlation is not an accidental phe-

nomenon in this example. : _
dotted, dashed, and dash-dotted lines are calculated using the

We now consider the mechanism on which this correla ‘ant-matt file where the val fh t ;
tion is based. The existence of the correlation suggests thatffgznS 4a2 -r;: p e; gm/(l:?nmr/e:r?ecti\e/e\:a ”fseo dasehTiit-zroFt)ti:jarlri]rleeeirsare
common shift in the average matter parameter over a wide_;’ " ©9 esp y- 7
. . . . Calculated by the up-to-first-mode profile where the valuespgre
energy region can imitate the effect of the first Fourier mode.:4 2 glend and p,= —0.32 glcm. The solid fine uses the full
This statement means that the relation : *: ’ '

PREM matter profile, and this line is quite similar to the dash-dot-

FIG. 4. Oscillation probability fow,— v, atL=7332 km. The

JP(a.—=0 o dotted and dashed lines. We set the oscillation parameters as sin
MM = pproiie (9 =05, sing=1/2, sing=0.1, Am§;=2.5x10"* eV?, Am3,=5.0
0 n 5 a\2 -
dag n=1 X 107° eV4, ando=m/2.
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L[km]MSW resonance

32 ) n7 ...... 10000 10000 - -
anti-neutrino T =--< neutrin anti-neutrin
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T <3| 5000 5000 2r/3
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FIG. 6. Energy and baseline dependencd (&f, —\ _)/4E]L
for the neutrino(left plot) and antineutrindright plot). The refer-

FIG. 5. Energy dependence of (—\_/4E)L for neutrino .
ence values of the parameters are the same as in Fig. 4.

(solid line) and antineutrino(dashed ling at L= 7332 km. The
oscillation parameters used in this figure are the same as those used

in Fig. 4. [(Ny—=N_)ME]L~ /2. In the case of =7332 km, the en-
ergy range for the antineutrino is not around eithéx ,

vide the energy region into two regions whefé\ , —N_)/M4E]L~0 or[(A—\_)/4E]L~m/2, so if we could

—N_)/4E]JL~0 and[(A,—\N_)/4E]L~=/2 are satisfied, observe an adequate number of antineutrino events, the cor-

and we investigate each region. relation would cease to hold, although the antineutrino event

Figure 5 shows the energy dependence [dh . can be expected to be too short to be significant in a statis-
—\_)/4E]L corresponding to the case of Fig. 4. In the regiontical sense. Therefore, we can conclude that the correlation
of [(A;—N_)/4AE]L~0, the condition Eq. 10 is approxi- still exists for this baseline length.
mated to

B. Baseline region where the correlation exists

2

Aay=— %Re[al] +0 %L) ] . (11 There is a strong correlation betwegnanda; within the

™ energy and baseline region whé(a , —\ _)/4E]L~O0, m/2
] are satisfied, as we established in the previous subsection.
Using the valugpy=—0.32 g/cni, we understand from Ed. The energy and baseline dependence (of, —\ _)/4E]L
11 that shiftingp, by 0.2 g/cni makes the oscillation prob- for the neutrino and antineutrino is shown in Fig. 6. This
ab|l|ty Ca|Cu|ated W|th the constant prOfi|e Clearly m|m|C the figure te”s us the region Where the Corre|ati0n existsLAt
real oscillation probability, including the matter profile. <g5ggg km,[ (\+ —\_)/4E]L is near 0 orm/2 for both neu-
Within the[ (A, —\_)/4E]L~ /2 region, the condition EQ. trino and antineutrino throughout almost all the energy
10 is approximated by range. Therefore, the common shift af for the neutrino

and antineutrino can mimic the effect af, that is, the cor-
(12) relation does exist. In the range 5000 & =<7500 km,

[(N o —N_)/ME]L for the antineutrino is not around either 0

or 7/2. However, since there will not be a significant number
This means that the shift aiy so as to mimic the matter of antineutrino events, in this region, the statistics will be
profile effect is also about 0.2 g/émwhich is the same as dominated by neutrino events and hence the correlation still
the shift in the[ (A . —N_)/4E]L~O region. Therefore, in a exists. In the region beyond 7500 km, the high-energy neu-
wide energy region, such as both the., —\ _)/4E]L~0 trino no longer follows the condition, and so the correlation
and[ (A, —\_)/AE]L~ 7/2 regions, the common shift @,  will cease to hold. We conclude that there is a strong corre-
can indeed copy the effect of the first Fourier mdde. lation betweena, and a; in the case where the baseline

It is an essential point for the existence of the correlationength is less than 7500 km.

that an experiment is only sensitive to these two energy We would like to note one more thing. According to Egs.
ranges’ We note that the condition for the antineutrino is the5 and 6, the same relation also holds far— v, and v,
same as that for the neutrino. Therefore, even if the analysis- v.. So, even if we utilize these channels, the correlation
is made using both neutrino and antineutrino, the correlationvill not be broken.
still exists if the observed energy region for both neutrino
and anti-neutrino satisfies eith¢(\ . —X\_)/4E]L~0 or IV. NUMERICAL CALCULATIONS

Ny—N_

2 T
Aa0=—§Re[a1]+O TL—E .

To illustrate how the uncertainty @f; impairs sensitivity
Moreover, we can see that this common shift works well in the!® CP violation, we present the numerical results for it, in-
intermediate region by expanding the oscillation probability aroundcluding the matter profile effect and its uncertainty. In an
[(Ay—\_)/4E]L~7/4. effort to clarify the difference from former research, we
“In the region wher@(\ . —\ _)/4E]L~ 7 holds, the relation be- Show simultaneously the result without consideration of the
comes Aag=-[n/(m+1)]Rda;]+O((A,—\_)4E]L—=),  matter profile
and hence the required shift to mimic the matter profile effect is First, we explain briefly the procedure for drawing the
significantly different. sensitivity plot. We define the test statistics
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. 3 _INDXNE NN Az [eV]
y2= osc. param _ —|. (13 1x1074
5=10,m L T (NM)ZXNF+ (NIM)2x N

Here,N® is the “expected number of events” far,.— v,
calculated using the full PREM matter profile with= 7/2,
N is the “theoretical number of events,” calculated with the
constant-matter profile or the up-to-first-mode profile with  sx10-5 |

5={0,m}, and N denotes the number of events for,
—v, . The indexi stands for the energy bin. The parameters

contained ilN™ andN™ are varied within given ambiguities. FIG. 7. Sensitivity reach fo€ P violation with 5= /2, a base-
We adjust them and minimizg? to introduce the effect of line length of 3000 km, and a muon energy of 30 GeV. The theo-
the parameter correlatid@,19]. The widths of uncertainty of retical number of events™ of the dotted curve is calculated using
the parameters concerning the atmospheric and solar netie up-to-first-mode profile, where the widths of the parameter un-
trino experiments are expected to be narrowed by near-futureertainty are assumed to b&(ap)=3%, A(a;)=200%, and

experimentg20]. Therefore, we assume sin$=0-0.16. For the other parameters, the uncertainty in Eq. 14
is assumed. The solid, dash-dotted and dashed curves are calculated

using the constant-matter profile whose uncertainties eg
=0%,3%, and 5% respectively, and the uncertainty for the other
parameters is the same as for the dotted line.

0.01 0.05 0.1 oas Sin (= |Ues|)

A(sing)=1%, A(Am3)=3%,

A(sinw)=5%, A(Am3;)=5%, (14)

d for the oth includi h & surable quantity21], and which quantities statistics are sen-
and for the other parameters including the matter effect We\ e 1[19]. For instance, if the statistics can be constructed

assume some options and compare them to each other. We dg o4 15 pe sensitive to ti@P-violating effect, then there is

not deal with systematic error. We require only one parameter, Jarlskog’s parameter, and the degree of
freedom should be 1. Strictly speaking, only when the statis-
tics are linearly dependent on the parameters, will the degree
of freedom coincide with the number of parameters.

X?> X399 (degree of freedor bin) (15)

in order to claim that the hypothesis wih={0,7} is ex- Sl
cluded at the 99% level of significance, where the right-hand -'1—0 draw a sensitivity plot, we assume a 40 kt detector and
side is they? distribution function whose degree of freedom 10** muon decays in the neutrino ffz;lctory Sghemg, and inter-
is the number of energy bins, not the number of parameter@'€t EQ. 15 as the condition fakmj, and sing. Figure 7

that fit. This is because we adopt the concélpt, power of  indicates the lower boundary &fm3, and|Us| (=sin) to

test (see the Appendix of Ref19] for more detajl. The reject the hypotheses thatis 0 andw at a 99% level of
reason why we use this, less familiar, concept is that weignificance, when nature adopts the valire /2 in the
firmly believe that we must pay attention to the fact that thecase where the baseline length is 3000 km, the muon energy
best-fit point suggested by an experiment is not always lois 30 GeV, the detection threshold is 5 GeV, and the width of
cated at the point chosen by nature. Remind yourself how ththe energy bin is 2.5 GeW0 bing. The reference values are
best-fit point for the solar neutrino deficit has changed. Wehe same as those in Fig. 4, except &an3, and sing:

actually know that there were several good-fitting regions for

the solar neutrino experiments which were separated fromsing=1/2, Am3,=2.5x10"° eV?, sinw=0.5, 6= /2.

each other on the parameter plane and which were not dis- (16)
tributed only around the best-fit point. Moreover, the best-fit ) o

point itself moved from one region to another. To discuss the The dotted curve is calculated by considering the matter
feasibility of observing some quantity with an experiment, profile effect and its uncertainty up to the first Fourier mode
we have to consider this fact. in the calculation oN'". We take 3% fom, and 200% for,

We also note in passing that the degree of freedom fops the widths of the uncertainty. The other curves are calcu-
so-calledA y2, which is often used in an estimation of the lated assuming a constant-matter profile with a different un-
oscillation parameters, is not the number of parameters sincéertainty fora,. The solid, dash-dotted, and dashed curves
for example, two strongly correlated parameters are not incorrespond ta\(ag) = 0%, 3%, and 5%, respectively. In the
dependent of each other, and hence we should count them BYnimization process, sih in N™ is taken as an arbitrary
one parameter. Indeed, as is commonly known, there ar¢alue between 0 and 0.16, and the uncertainty of the other
strong correlations for some parameters in the case we deBframeters is assumed, as in Eq. 14.

with.® We should be more careful about what is a truly mea- The dotted curve differs from the dash-dotted curve in
which the same uncertainty fag is assumed, but that far;

is not included. In contrast, it is very similar to the dashed
SDepending on the conditions, it breaks the correlation to regar@Urve whose uncertainty fa, is larger(5%), but where a
the oscillation parameters as not free ones, but as restricted. In tf@nstant matter profile is assumed. This fact can be explained
numerical calculation, this effect is automatically introduced by setby the correlation betweea, anda; [Egs.(11) and (12)]:
ting the widths of the uncertainty. The uncertainty of, is translated into that ady through the
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correlation, and this extra uncertainty gives rise to an extra Ami [eVY]
absorption of the signal of th@ P-violating effect. We know 1x10~
that the effect of the fak€ P signal induced by the matter

effect becomes more serious|ak;| increases, so iU | is

measured just below the current boundary, we will have to

take the effect induced by the density profile of the Earth

more seriously.

In the case ofL=3000 km, the determination of sif 5x107°
and the reduction of its uncertainty do not contribute toward , , , né(=U
improving the sensitivity much, since the matter effect itself 0.01 0.05 0.1 0.15 S0 ¢(= |Ues))

is large at this baseline length. Furthermore, lowering the

. . o FIG. 8. Sensitivity reach fo€ P violation whens= /2 in the
detection threshold also hardly helps to improve the Sensitive_ ..\ here the baseline length is 1000 km, the muon energy is 11

ity because. the number of evems.m the high-energy re'glon Ié-ev, and the detection threshold is 1 GeV. The up-to-first-mode
Overwhelmmgly greater than t_hat in the low-energy region. Ifprofile is adopted for the dotted curve where its widths of uncer-
we can reallge a lower detectlo_n threshold, an advantage CqBlinty areA (ag) = 3%, A(a;) = 200%, A (sin ¢)=10%, and Eq. 14
be gained with a shorter baseline length and a lower-energy, the other parameters. The solid curve is calculated using the
beam. constant-matter profile with (ag) =3%. By comparison with Fig.
Figure 8 shows the sensitivity in the case where the baser, it is obvious that the uncertainty of the matter effect is not serious
line length is 1000 km, the muon energy is 11 GeV, and then this situation. The dash-dotted curve is calculated in a similar
energy threshold is 1 GeV. In this plot, the dotted curvemanner to the dotted curve, except thatdinaries from 0 to 0.16.
represents the calculation using the up-to-first-mode profile@he dotted and dash-dotted curves show that the uncertainty of
and its widths of parameter uncertainty atdag)=3%, sin ¢ will play an important role in this situation if a large sjnis
A(a;)=200%, A(sing)=10%, and Eq. 14 for the others, established.
the solid curve is calculated by assuming a constant-matter

profile Wit;‘ Ad(ao)§3%, and thehdas_h-d?gt_ed curve Ids the vier coefficient of the matter profile functioa,, within a
same as the dotted one, except thaisin N7is assumed t0 \iqe energy and baseline region. This fact means that the

be an a_lrbltrary value betW(_aen 0 and 016 . uncertainty ofa; is translated into that cdi;, and this gives
Within the largel U o3| region, the sensitivity is better than ;
added uncertainty ta,.

that in Fig. 7. Furthermore, the sensitivity of this choice is We al howed that there | h ncertainte.in
more robust against the uncertainty of the matter effect thaq_ VVe also showe at Inere 1S a huge uncertaintgqn -
his is due to the fact that seismological Earth models in-

in the case oL.=3000 km. In contrast, although the signal ) ; o .
of the CP violation is also small in the small | region, clude a large uncertainty for the density profile in the region
of the upper mantle and the transition zone, which is

the fakeCP violation effect induced by the matter effect is - . !
suppressed more strongly than the signal of the gerQife 24—670 km in depth, and this uncertal_nty can cause a huge,
violation, and hence adopting a longer-baseline and highe@ven a few hundred percent, uncertainty &r The exis-
energy option may be advantageous in @ violation tence of the correlation suggests that this huge uncertainty
search. affects CP sensitivity since, due to the correlation, the uncer-
This behavior does not come from the property of thetainty ina, gives added uncertainty .
statistics as defined by Eq. 13. When the uncertainty of the We present the sensitivity plot for tf@P violation effect
constant-matter parameter is assumed to be larger, the optitcluding the matter profile effect and its uncertainty.
mization, using the so-called y?, also suggests that a In the case where the baseline length is 3000 km, most
shorter baseline length and lower energy is befsee, for of the path of the neutrino beam is occupied by the upper
example, Yasuda in Ref2]). The existence of this correla- mantle, which includes large uncertainty. We show numeri-
tion tells us that, even though it is said that the uncertainty otally that 200% uncertainty fora; can be interpreted
the average matter density on the baseline is well estimateds about 2% extra uncertainty fag, which should be added
this is not the entire uncertainty of the constant-matter pato the original uncertainty ofi,, and this result confirms
rameter. We would like to stress that the uncertainty of theour expectations from the correlation. This extra uncertainty
matter effect is no longer so small when we introduce themakes the CP sensitivity worse, especially within the
matter profile effect. Therefore, we should regard it morelarge |U.5| region. A shorter-baseline and lower-energy
seriously whatever statistics we use, especially in the casgption can avoid this disadvantage if the detection threshold
where the main part of the neutrino beam path is the uppegan be lowered. On the contrary, if sSmidll.| is established,
mantle and transition zone, including a large uncertainty fothen a long-baseline and high-energy option may be
the density profile. We need to deal with the matter effectetter than a shorter baseline and lower energy, because of

much more cautiously. the statistics.
We made some comments in answer to questions about
V. SUMMARY AND CONCLUSION the statistics that we used. We consider the fact that the best-

fit parameter suggested by the experiments is not always dis-
We pointed out that there was a very strong correlatiortributed only around the parameter chosen by nature. There-
between the constant matter parameigiand the first Fou- fore, to discuss the feasibility of observing the CP violation
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effect, we need to consider this fact. This led us to use the ACKNOWLEDGMENTS
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