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Matter profile effect in a neutrino factory
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We point out that the matter profile effect—the effect of matter density fluctuation on the baseline—is very
important to estimate the parameters in a neutrino factory with a very long baseline. To make it clear, we
propose the method of Fourier series expansion of the matter profile. By using this method, we can take
account of both the matter profile effect and its ambiguity. For very long baseline experiment, such as
=7332km, in the analysis of the oscillation phenomena we need to introduce a new paemete Fourier
coefficient of the matter profile—as a theoretical parameter to deal with the matter profile effects.
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I. INTRODUCTION worry about possible ambiguities in electron number density.

Evid ¢ i ilati ted by th If we estimated the parameters without considering their am-
vidence of neutrino osciliations was presented by ebiguity, we would have significant errors in the estimates for

Super-Kamiokande Collaboratiofil]. Many experiments the parameters. Therefore, we must introduce a way to take
have been planned and some of them have already been C§{z, account the matter profile effect as the parameter deter-
ried out to determine th_e parameters of neutrino oscillationy,ined by the experiments. We propose the method of the
[2]. Recently, the neutrino factor}8]—a very long(over  poyrier series expansion of the matter profflé]. Using the
1000 km baseline experiment with high-energy neutrinosfgourier expansion we can parametrize the matter profile. We
from a muon storage ring—has been proposed as the mogan express the matter profile effect with a finite number of
effective experiment to determine the unknown parameterparameters by examining how many terms of the Fourier
U.s, the sign ofAm? that is responsible for the atmospheric expansion contribute to the oscillation physics within the
neutrino anomaly and th€P violating phasd4—13). resolution of the experiments. We can incorporate the matter

To analyze the oscillation phenomena with such a longorofile’s ambiguity in the ambiguities of the Fourier coeffi-
baseline, we have to treat the matter effgit| very care- cients.
fully. Two ways have been adopted to deal with matter ef- We will review the method of the Fourier series and in-
fects:(i) to add the averaged matter dengitys a parameter vestigate qualitatively the circumstances that make the mat-
in addition to the other theoretical parameters such as thter profile effect relevant in Sec. Il. In Sec. I, we will cal-
mixing angles, and estimate it in the same way as the othetulate quantitatively the oscillation probabilities and the
parameterg5,9,11]; (ii) to use the preliminary reference event rates with various sets of the parameters in baseline
Earth mode[15] (PREM) for the matter density profile, and lengths.
to assume that we know the ingredients of the Earth com-
pletely[4,6]. We have, however, questions about these treat- Il. THE METHOD OF THE FOURIER SERIES
ments. For method), we ask, “Can we describe the matter
effect precisely enough by only averaged matter density?”
The answer is “No, we cannot. Sometimes the deviatio
from the constant density is important4].

For method(ii), we ask “Is the PREM a trustworthy
model for neutrino oscillation experiments?” The PREM
was originally based on the study of earthquake waves;
hence it predicts the density profile in the depth. However, it
does not predict the ingredients of matter. Therefore, there is Assuming three generations of neutrinos, we parametrize
an ambiguity in electron number fraction. Then, we shouldthe lepton mixing matrix

In this section we introduce the Fourier expansion
ethod. First, we describe its formalism and see its feature.
hen, we solve the evolution equation for neutrinos in matter
perturbatively, and study the condition where the matter pro-
file effect is significant.

A. Fourier expansion method

U, =e "M e Pselray Majorana v
1 1 Cy S¢ Co Su
_ ¢, sy 1 1 —S, Cu U Majorana
_ i —
Sl/, C¢, € S¢ C¢ !
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C4Co CySu Sy
_ _ i5 _ i0 )
= CySy—SyS¢Cu€ CyCow ™ SyS¢Swe SyCq€ u Majoranas
— i6 _ _ io i5
SySw ™ CyS4C,e SyCw—CySySLE° CyCye

which relates the flavor eigenstatps,) (a=e,u,7) with whereGg is the Fermi constanty(x) is the electron number

the mass eigenstates in vaculi) (i=1,2,3) as density, p(x) is the matter density, an¥l, is the electron
fraction.
|va)=U il i) ) To parametrize the matter effe@(x), we expanda(x)

UmajoranalS part of the Majorana phases. It does not contrib-Into a Fourier series as

ute to the neutrino oscillation phenomena and hence is omit- o o
ted hereafter. a(x)= Z ae P p,=-——n. (5)
The evolution in matter of the flavor eigenstates of n=-—o L

neutrino$ with its energyE is given by ) o
Note thata_,=a} due to the reality ofa(x). Also within

. d the PREM,
| &|Vﬁ(x)>:H(X)ﬂa|V¢1(X)>a (3)
a_n=2ay (6)
0
1 2 sincea(x)=a(L —x)
HO0 5o 2E Usi Ma1 5 Uia If this expansion can be approximated with a finite num-
Amg, ber (=N) of terms,
a(x) HeN
+ 0 , ax)= >, a,e P 7
n=—N
0 fa
then it means that the matter profile effect can be param-
where

etrized. Thus, by introducing new parameteas (n=
AMm2 =m2— m2 —N,...,N) [orn=0,...,N, if Eq. (6) holds|, we can investi-
" : ” gate the oscillation physics without the help of Earth models.

m; is the mass eigenvalue,

a(x)=2v2Gny(X)E B. Perturbative analysis of the matter profile effect

We solve the evolution equatid) to see the qualitative
_2eec10-5 LX) [ Yel [ LB} L2 (4) feature of the matter profile effect. First, we divide the
' glen?) | 0.5/ | GeV ' HamiltonianH(x) into three pieces for the later calculation:

Amjs5+a+ Amg,css, 0 AM3C4S5— AM3,C,4S,S,

Hoo= %ei T 0 Amglci 0 [e !, ®
AM3C4S5— AM3iC,S4S, 0 Am3,ch+Am3iss?
AmZ, | 0 ¢y 0 .
01="3E CuSu€ Ml cy, 0 —sy|TTe ¥, (9)
0 -s, O
da(x)

Hai(x)= 2E 0 0 , (10

For antineutrinosa(x) and & should be replaced by a(x) and — 6.
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wherea=a; and da(x)=a(x)—a. The oscillation phenomena arise frdry; hence its effect must be fully taken into
account. On the other hanH,;; andH(x) can be treated as the perturbation in almost all cases in neutrino factories, since

da(x)L

e | <1 (11)

Am3L
2E

can be almost always expected. Note that we have to inczﬁm:iél terms in Hog)i; (i,j=1,3) to deal with the resonance
effect?
Next, we rewriteHq, as

Hoo:_Uo Amglcf) 08, (12)
Ay

whereU, and\ . are the mixing matrix and mass square eigenvalues in matter up to the zeroth order of the “perturbation
Ho, andHq(x) and are defined by

(o 0 Sy
Up=eTei®hs=| —s;s5€"° ¢, s,ce” |, (13

—c,s3€'% s, cueze’

2 22
S24(AM3;—Am3;sy)

tan 2¢ = —, 14
4 Cog(AM,—Am5s2)—a (14)
1
=5 {axp), (15
a=Am3,+Ama,s? +2a,
B={(Amj,— Amiﬁi)Czd)—aer (Am3,— Amglsi)zs§¢.
Then we solve the evolution equatiéd) perturbatively as
L
lvp(L))=T exr{—if H(x)dx) |v,(0))
0 fa
: . L , L
= ( eiIHOOL"‘eiIHOOL(_ |)f H01|dx+ eiIHOOL(_i)f Hl(X)|dX+' o |VD[(O)>
0 0 Sa
=(Soot Sort S1t ) gal ¥(0)), (16)

where Sy, Sp1, andS,; are defined by the first, second, and third terms in the second line, respecByebnd S, are the
perturbative contributions at the first order frdfig; andH, respectively Sy, Sp1, andS; are calculated to be

20n the other hand, we include them3, term in the(22) element just for convenience. This inclusion is not essential.
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. . . 2 2
Ci(cie—l()ur/ZE)L_'_S(gbe—l()\,/ZE)L)+SZ¢e—|(Am21cw)/2E

0 A O
) L ~ ~
501(|—)3a597'H°d'(_i)f dxHoy=Uo| A 0 B Ug
° 0 B 0
0 c,(c3A+s,B) —Sy(CyA+syB)
=| cy(czA+syB) —sy(sA—c3B)Cs (e"s],—e %)) (s3A—cyB) |, (19
—sy(ciA+syB)  —(e'%c)—e %s))(szA—cyB) Sou(S3A—c3B)Cs
Am%l 2 2 -
_ - —i(AM2,C2RE)L _ o—i(A_[2E)L
A 2(Am221c2w—)\,)c¢’¢32“’(e “ € ), 19
B= Am%l s, “s (e—i(Amglcile)L_e—i(M/zE)L) (20)
2(\ —Am3,cl) T4 e !
0 0 ¢,
) L ~ ~
SuU)geme "o (—1) [ axru0,=3 To| 0 0 0|0}
° " D, 0 0
(Ca+Dr)Sic5 e*i‘ssll,(—DnsiJrCnci) e*“sc,,,(—DnsivLCnci)
=> e“ssl,,(DncivLCnsi) —(Co+Dp)S553C5 —(Cn+Dp)SyCyS3CH
n
e 5c¢(Dnci+ Cnsi) —(CytDn)SyCySiCH —(Co+Dp)C5S3CH
sy5(e 1IEIL g rin 2B,y
=> an 2 — 7_ 2
n 2{(Ny =N )"—(2Epn)7}
(N —N-)sop e s, {(Ny =N )C3—2Epy} e cy (N — N\ _)cpp— 2Epy}
) 1
s, {(A; =\ _)co5+2Epy} —(Ny—\)Sis; —5 (A= ho)Sy855 21

: 1
e'%c,{(\y —A_)Cyp+2Epy) —5 (M =N )S855 — (N —N_)CSH5

093004-4



MATTER PROFILE EFFECT IN A NEUTRINO FACTORY PHYSICAL REVIEW 33 093004

an

€= 30n, —n_ T 2Epy)

Szé(e—i(M/zE)L_e—i(x,/zaL):Dﬂ, (22)

an
20\, —\_—2Ep,)

D, syp(e (B _gmi0 By 23

With Egs. (17), (18), and (21), the oscillation probability, for example, from, to v,, up to the lowest order of the
perturbationsHy; andH4(x), is calculated as

V~>V |S(L),ue|2
= |(So0) el >+ 2 RE (Spo) we Sor) fre] + 2 R (Soo) e St) e
—\_ 1
—s(,,s sm2 L+20532¢,32wsz(,,
|| CaCe- ¢A_§2—>\ MR vy v L=
A A 2 A 2 2
_ N m21 teg. ~ ma; i Ay my4C,
-y — _
PO IAmMICE—N_ TN, —Am5.c? 4E
. Am3, . Amj, _nz)\+—)\_L
CoCo- ¢Am22102 Ry L T=
1 o Am%l o Amg,
Alec A 21 w )\_ ) )\+_)\_
X smTL+5m = L—sin 5E L
2.2 (O W (7] SN A
+2$¢sz¢; Re[an]()\ = (2Ep S sir? B L (24)

From this equatiori24) we find the following:(i) The matter  rier series matter profiles that are truncated at varidiss
profile effect is relevant when some of the Fourier coeffi-Next, using these probabilities we derive the event rates in
cientsa,’s are as large aAm§1 or the resonance condition the appearance channe,—v,, as the “observed” num-
[17], bers in an experiment. To derive them we use the following
equation with a given number of muons in deddy, muon

N —N_=2Ep,, (25 energyE,, detector sizeN,; and detection efficiency.
flux

is satisfied(ii) The matter profile effect decreases in propor- ~
tion to 1h when the resonance condition is not satisfied. fE b Ny N 12( E )2( E )
Therefore the higher Fourier modes are expected to be irrel- vevu Jp E, L2 Y E,) " E,
evant. In other words, we do not need the details of the

matter profile. Thus we expect that we can truncate the Fou-

rier expansion ofi(x) at the finite numbeN. We can esti- X P
mate the matter profile effect in neutrino factories.

probability detector

——
(E)X 0 (E)NiN s€

VeV,

lll. NUMERICAL ANALYSIS where

In this section we examine how many terms in the Fourier
expansion are necessary. To see this we compare the oscil- o.=0.67% 10" 42x E )[mz]
lation probability and the event rate calculated using the v GeV
PREM with those calculated using the truncated Fourier se-
ries (7). We first calculate the transition probabilities with is the CC cross section,N,’s Avogadro’s number,y
several matter profiles, the PREM matter profile and the Fou=E,/m,, m, is the muon mass, anf, is the threshold
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energy of the detection. Then we compare these result: ,
Through these comparisons we find how many Fourier coef # [&/cm’]

ficients we have to introduce to the theoretical parameters. | _ |
the following we assume th&t,Ny.e=5x 1072kt.
3.2
A. L=3000 km R
Neutrino factories of this length are considered to be mos - -
efficient, so we consider this case first. The matter prbfile 2-8
and its Fourier coefficients are shown in Fig. 1. From these , | _ -
figures we find that the density fluctuation is very small. It
should also be noted that the resonance conditm will 2.4 p= 3.31602g/cm’
not be satisfied for any in neutrino factories. These facts - -
indicate that the the constant matter density approximation i 0 1000 2000 3000 [km)
valid. In other words, the Fourier modes will be irrelevant. 3 (a) Matter profile
; : o o T pn [g/cm’]
To confirm this we plot the oscillation probabilities in Fig. 2~ "

with the various matter profilegi) constant densitydotted ceeen,

line), (ii) Eq. (7) with N=1 (dashed ling and (iii) PREM 0 o T
matter profile in Fig. I(solid line). We find that indeed this ., ;
figure confirms our expectation.

The event rates are shown in Fig. 3. We plot the even ~°-02 L
rates calculated with the following's and the matter pro- -0.03 s
files: (i) 6=w/2 and constant densitydotted ling, (i) &
— /2 and the PREM matter profilsolid line), and i) & “o.04r
=0 and the PREM matter profilédash-dotted line The -0.05f
event rate withs= /2 is different from that with=0.> We
can observe this difference, if we know all the other theoret: 5 10 15 20 25 30 node)
ical parameters, the mixing anglesm?’s anda accurately (b) Fourier Coefficients

enough’ Therefore we have to consider the contributionsof ) _ _ _
to the oscillation probability. However, we cannot see the FIG. 1. (&) Matter profile on the baseline ari#) its Fourier
difference of the event rate for the casg=0 anda,»0  Ccoefficients forl.=3000 km.

with baselinel =3000 km. Thus we do not have to take into

account the fluctuation of the matter density.

B. L=7332km By,

There are many analyses of oscillation physics with the 9-07
baseline length. = 7332 km too. Therefore we consider this
case next.

The matter profile based on the PREM and its Fourier 0.05}
coefficients are shown in Fig. 4. We find that the first two
coefficients are large. We argue, however, that the first Fou 0
rier coefficient among them contributes much more to the ¢.93}
oscillation probability because the resonance condit5)
for n=+1 can be satisfied in a neutrino factory. 0.02

In Fig. 5, we compare the oscillation probabilities calcu- ,
lated with different matter profilegi) constant densitydot-

0.06

2.5 5 7.5 10 12.5 15 17.5 20
_ E, [GeV]
3We also assume that we can reconstruct the neutrino energy. .
4 . . .

To calculate the matter profile, we linearly interpolate the N . )
PREM'’s data given discretely for the depth. For this calculation we FIG. 2. Transition pmbab'l'npveﬂ# for L=3000km. In this
modify the density of the crugor the most outside laypinto 2.3  plot we set sin=1V2, sing=1V2, sin$=0.1, Am3=3
g/ent from 1 g/end. x10%eV?, Am2,=5x10°eV? a=251x10*(E,/[GeV])

SIn this paper, we consider the casés 7/2 and6=0 to study eV? a;=—3.44x10 %(E,/[GeV]) eV? and §=m/2. There are
whether we can see the pue® violation effect. Though there is no three lines corresponding to the following matter profilés:.con-
CP violation effect for 5= 7 [18], for simplicity we compare only stant densitydotted ling, (ii) Eq. (7) with N=1 (dashed ling and

these two cases. (iii) PREM matter profile in Fig. Isolid line). These lines are quite
5We cannot see this difference, however, since we will not detersimilar to each other so that we cannot see these three lines indi-
mine the theoretical parameters accurately enddgh vidually.
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Events per GeV

500
400
300
200}

100

10 15

(a) E, = 30 GeV

20 25 30

E, [GeV]

500

400

300

200

100

10 20 30
(b) By = 50 GeV
FIG. 3. Differential event ratd,\IV —v, for L=3000 km with(a)
E,=30GeV and(b) E,=50GeV. The oscillation parameters are
same as those in Fig. 2 excaptThere are three lines with respect
to § and the following matter profiles(i) 6==/2 and constant

density (dotted ling, (i) §=/2 and PREM matter profilésolid
line), and (iii) =0 and PREM matter profilédash-dotted ling
Curve line(iii) is different from the others.

40 50
E, [GeV]

ted ling, (ii) Eq. (7) with N=1 (dashed ling (iii) Eq. (7)
with N=2 (dash-dotted ling and(iv) the PREM matter pro-
file in Fig. 4 (solid line).

We see that the probability calculated using PRERG.
5, profile (iv)] and another calculated using E@) with N
=1 [Fig. 5, profile(ii)] are very similar. However the prob-

ability calculated using the constant density matter profile °

[Fig. 5, profile(i)] is quite different. Furthermore, there is no
significant difference between the probabilities calculated us
ing Eq. (7) with N=1 andN=2 [Fig. 5, profiles(ii) and
(iii)]. Thus we have to take into account a new paraneeter
in the analysis of neutrino factories with the baseline
=7332km. This new parametear; should be estimated by
the experimental results.

To see the importance &; more clearly, we show the
event rate in Fig. 6 using different and different matter
profiles: (i) 6= /2 and the constant density approximation
(dotted ling, (ii) 6=/2 and the matter profil¢7) with N
=1 (dashed ling (iii) 6= m/2 and the PREM matter profile
(solid line), and (iv) =0 and the PREM matter profile
(dash-dotted ling

The distributions of the event rate in Fig. 6, profiles

PHYSICAL REVIEW 33 093004

N

3.5f ~
— —
3
5 s p= 4.21498g/cm’
0 2000 4000 6000 7332 [km]
(a) Matter profile
pn g/ cn’]
-0.05
-0.1
-0.15
-0.2
-0.25
-0.3
5 10 15 20 25 30

(mode)
(b) Fourier Coeficients

FIG. 4. (a) Matter profile on the baseline an@) its Fourier
coefficients forL=7332 km.

0.1

E, [GeV]

FIG. 5. Transition probabilit;PVeHVM for L=7332km. The os-
cillation parameters are the same as those in Fig. Zabu8.19
X10"4(E,/[GeV]) eV?, a;=—2.44x10 %(E,/[GeV]) eV?, and
a,=9.98x10 ®(E,/[GeV]) eV2. There are four lines correspond-
ing to the following matter profiles(i) constant densitydotted

and(iii ) are quite different from each other. This means thatine), (i) Eq. (7) with N=1 (dashed ling (iii) Eq. (7) with N=2
the estimation of the event rate with the constant densitydash-dotted ling and (iv) PREM matter profile in Fig. 4solid
approximation does not work. In other words, we cannotine). Curve (i) is quite different form the others, while the other
estimate the values of the parameters from the experimentéiree lines show quite a similar line shape.
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3
Events per GeV /1)2[g/ o]
400 :
450 . .‘\ 2y . /\
300
250 8
200
150 6
100 / \
30 Vg p= 7.57538g/cm™\,
0 5 10 15 20 25 30 : .
E, 0 3000 6000 9000 12000 [km)]
(e) £y =30 GeV v [GeV] (a) Matter profile
300 3
Pn [g/em’]
250 * 0.5
200 0 ) S _'. A I O
150 s *°
100
~1
50
-1.5
0 10 20 30 40 50
(b) B, = 50 GeV E, [GeV] 2r
FIG. 6. Differential event rated,,e_”,M for L=7332 km with(a) 5 10 520 25 30 (mode)
E,=30GeV and(b) E,=50GeV. The oscillation parameters are (b) F_°““‘” Coeffictonts _ _ _
the same as those in Fig. 2 exceptThere are four lines with FIG. 7. () Matter profile on the baseline an#) its Fourier

respect tos and the following matter profilesi) 6= /2 and con-  coefficients forL =12 000 km.
stant density(dotted ling, (i) d=a/2 and Eq.(7) with N=1
(dashed ling (iii) 6==/2 and PREM matter profilésolid line),
and(iv) 6=0 and PREM matter profilelash-dotted line Curve(i)
is different from the others while the other three are quite similar.

In Fig. 8, we plot the transition probabilities correspond-
ing to the matter profilesi) constant densitydotted ling,
(i) Eq. (7) with N=1 (dashed ling (iii) Eq. (7) with N
=3 (dash-dotted ling and(iv) the PREM matter profile in
data precisely without taking into account the contribution ofFig. 7 (solid ling). From Fig. 8 we find that there are signifi-
a;. On the other hand, the event rates in profilesand(iii ) cant contributions to the oscillation probability from the
are quite similar. If we can insist from Fig. 3 that we canhigher modes. The probability calculated with the constant
observe theCP violating effect, then we can insist from Fig. density matter profilgFig. 8, profile (i)] is quite different
6 that we can observe the effect af. Furthermore, since from that calculated with the PREM matter profileig. 8,
the contribution ofa; cannot be explained by other terms, Profile (iv)]. Even the probability calculated using the matter
we expect that we can estimadg very well experimentally.  Profile, Eq.(7), with N=1 [Fig. 8, profile(ii)] differs appar-
We can study geophysics by neutrinos. e_ntly from that with the PREM matter profi[€ig. 8, pro_ﬂle
Consider the difference between profikiis) and (iv) in (iv)]. Qn the othgr _hand, we find that the matter proﬂ!e, Eq.
Fig. 6. The effect of theP violating phase on the event rate (7); With N=3 mimics very well the PREM matter profile to
is so small that we cannot distinguish between the two thegtalculate the oscillation probablllty. . .
ries that have differen®P violating phases. Indeed the effect We also plot the event rates in Figs. 9. Th_ere Fhe lines
correspond to the followingd and matter profilesi(i) &

of & is smaller than that o&,, which is already beyond the — /2, Eq.(7), with N=1 (dotted ling, (i) 5= m/2, Eq.(7),

experimental sensitivity. with N=3 (dashed ling (iii) 5= /2 and PREM matter pro-
file (solid ling); (iv) 6=0 and PREM matter profilédash-
dotted ling. We see few discrepancies in profilés), (iii),

In this case neutrinos penetrate the Earth almost along iand (iv) in Fig. 9, while there is a conceivable difference
diameter. Neutrinos go through both the mantle and the cordaetween profilgi) and the others in Fig. 9. We find, there-
Therefore the matter profile is very complicated. We expecfore, that the effect ob is irrelevant in the oscillation phys-

C. L=12000km

that we can observe the higher modes in &. ics, while the first three modes of the Fourier coefficients
The matter profile and the Fourier coefficients are giverhave a measurable contribution to the oscillation physics.

in Fig. 7. From these figures we expect that not amjybut We examine more carefully whether the higher mode con-

also the higher Fourier modes are relevant. tribution is really measurable. The number of the necessary
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Events per GeV
120

100

80

60

40

20

0 5 10 15 20 25 30

(a) B, = 30 GeV E, [GeV]

15 17.5 20 80
70

60
FIG. 8. Transition probabilit)P,,eHVH for L=12 000 km. In this 50
plot we use the same oscillation parameters as those i
Fig. 2 but a=5.73x10 *E,/[GeV]) eV?, a;=—1.63
x10"4(E,/[GeV]) eV?, a,=1.21x10 %(E,/[GeV]) eV?, and 30
a;=2.42x10 %(E,/[GeV]) eV2. There are four lines correspond- 20
ing to the following matter profiles(i) constant densitydotted
line), (ii) Eq. (7) with N=1 (dashed ling (iii) Eq. (7) with N=3

(dash-dotted ling and (iv) PREM matter profile in Fig. {solid 0 10 20 30 40 50 B 1GeV
line). Curve(i) is quite different from the others. Curyg) is also (b) E, = 50 GeV v [GeV]
different from the curvdiv), while curve(iii) shows quite a similar FIG. 9. Differential event raté, , for L=12 000 km with
shape with curveiv). (@ E,=30GeV and(b) E,=50GeV. 'Fhe oscillation parameters

. . are the same as those in Fig. 2 excéptThere are four lines cor-
new parameters is qu_lte dependent on the evgnt rate pf thgsponding t08’s and the matter profilesi) 3= /2 and Eq.(7)
experiment. We can find that there is a conce_lvat_)le differyyitn n=1 (dotted ling, (i) 5= m/2 and Eq(7) with N=3 (dashed
ence between profild) and profiles(ii) and (iii) in Fig. 9. " jine) (i) 5= /2 and PREM matter profilésolid line); (iv) =0
However, this difference is not significant statistically in Fig. ang PREM matter profilédash-dotted ling
9(@). As long asN,Nye is less than % 10% we need to
introduce onlya; as the theoretical parameter. On the otherother hand, th€P violating phase’is irrelevant. We cannot
hand, this discrepancy is very significant in Figo@We can  determine theCP violating phase at this baseline.
measure the contributions from the higher modes such, as L=12000km. We need to introduce higher modes as the
anda;. We should introduce higher modes according to thetheoretical parameters. However, since the event rate with

expected event rate. this baseline length is significantly small, by using oaly
we can estimate the theoretical parameters accurately within
IV. SUMMARY AND DISCUSSION the precision of the experiment. Depending on the precision

] ] ] required, we must decide the number of coefficients to intro-
We considered how to deal with the matter profile effect.qce.
We proposed that the Fourier coefficients of the matter pro- |, general the Fourier modes are relevant when the base-
file are used as the theoretical parameters. Using this methggho passes through the lower mantle=5000 km). In this
we can evaluate the size of the ambiguities in the estimate gface we need to use the method developed in this paper to
the mixing parameters. , _ make an accurate analysis. In other words, we can explore
The perturbative solution for the evolution equation, EQ.ihe interior of the earth in neutrino factories.
(24), implies that the higher Fourier modes are irrelevant.
The introduction of the first few modes gives enough preci- ACKNOWLEDGMENTS
sion to the estimate of the event rate.
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