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CP violation and matter effect in long-baseline neutrino oscillations in the four-neutrino model
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We investigate th€ P violation effect and the matter effect in the long-baseline neutrino oscillations in the
four-neutrino model with the mass scheme of the two pairs of two close masses separated by a gap of the order
of 1 eV by using the constraints on the mixing matrix derived from the solar neutrino deficit, atmospheric
neutrino anomaly, LSND experiments, and the other terrestrial neutrino oscillation experiments. We also use
the results of the combined analyses by Gonzalez-Garcia, Maltoni, aiad@amay of the solutions to the solar
and atmospheric neutrino problems with the recent SNO solar neutrino data. For the solution of close-to-active
solar neutrino oscillations plus close-to-sterile atmospheric neutrino oscillations, th€ purelation part of
the oscillation probability difference between B&-conjugate channels could get as large as 0.10—0.25 in the
neutrino energy range d=6-15 GeV at the baseline=730 km for v,— v oscillation and the matter
effect is at the 8—15 % level of the pu@P violation effect, while for the solution of near-pure-sterile solar
neutrino oscillations plus near-pure-active atmospheric neutrino oscillations, theCpuvéolation effect in
AP(v,—wv,) is very small (~0.01) and is comparable to the matter effect. Fpr- v, oscillation, the pure
CP violation effect is independent of the active-sterile admixture and is at most 0B5h5-3 GeV atL
=290 km and the matter effect is at the 15-30 % level.
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[. INTRODUCTION oscillation solutions for the solar neutrino problem in the
three-neutrino mixing schenj@].

CP violation has not yet been observed in the leptonic As for the sterile neutring10—19, the oscillation into
sector. Since it is found in the hadronic sector, such &s in sterile neutrinos is claimed to be disfavored by the Super-
[1] andB meson[2] decays, the observation GfP violation =~ Kamiokande Collaboration for both the solar neutr{2®]
in neutrino oscillations will bring an important clue to under- and the atmospheric neutrirf@1] transitions in the two-
standing the origin oCP violation. neutrino analyses. However, the recent four-neutrino analy-

The solar neutrino deficfB8] and the atmospheric neutrino ses by Barger, Marfatia, and Whisn&#2] and by Gonzalez-
anomaly[4] have been interpreted as evidence of neutrindGarcia, Maltoni, and PenGaray[23] including the SNO
oscillation. The relevant mass-squared differences of theneasurement show that the oscillation into the active-sterile
neutrinos are derived to hem2, =(1.5-5)x10 3 eV? for  admixture is allowed for both the solar neutrino and the at-
the atmospheric neutrino anomdB] and to be in the range mospheric neutrino.

Am?Z,,=(10"**—10"%) eV?, corresponding to the four so- CP violation in the long-baseline neutrino oscillations has
lutions to the solar neutrino defidi6]. Moreover, the Liquid been investigated in the three-neutrino mixing schéade-
Scintillation Neutrino DetectofLSND) measurement§7]  29], including the earth matter effe¢80]. The size of the

have given possible evidence of,— v, and v,— v, oscil- CP violation eﬁects turns out to be of (afevxllQ)% level
lations withAmZ¢yp=(0.2— 1) e\ in the short-baseline ex- UP t0 the neutrino energ~1 GeV at a baseling =250
periments. —730 km for the mass-squared differenckmz,=Am2

The recent measurement of the solar neutrino flux by the=3x10"° eV2, Am3,=Am32,~=3x10 °eV? and |U|

use ofwv, charged current process on deuteron disintegratior=0.05 which is related to the only undetermined angle at

by the Sudbury Neutrino Observato(NO) [8] seems to present of the three mixing angl¢&7]. The matter effect

indicate that the large mixing ang(eMA ) solution and the  affects the pur€ P violation effect, depending on the length

low mass (LOW) solution in the Mikheyev-Smirnov- of the baseline, although there are cases in which the oscil-

Wolfenstein(MSW) mechanism survive among the neutrino lation probabilities are approximately independent of the
presence of matter, called “vacuum mimicking phenomena”
[31]. The observability of theCP violation effects in long-

*Email address: hattori@ias.tokushima-u.ac.jp baseline experiments was recently extensively studied for
"Email address: hasuike@anan-nct.ac.jp both the beams from the neutrino factdB2] and the con-
*Email address: wakaizum@medsci.tokushima-u.ac.jp ventional superbeani83].
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On the other hand, th€P violation effect in the four- vacuumy; (i=1,2,3,4) with massesy; as follows:
neutrino mixing scheme with one sterile neutrino is shown to

be possibly highly sizablg34] and is studied by us for its ‘ )
dependence on the mixing angles and phases for various os- ”a:;l Uaivi, @

cillations such as’.— v, andv,— v, and is shown to reach

to a magnitude as large as 0.3 in the— v, oscillation in  wherewv,, v,, andv, are the ordinary neutrinos;s is the
the long-baseline experimer{85]. Since the oscillation pat-  sterile neutrino, and)(?) is the unitary mixing matrix.

tern is governed by the LSND mass scale in the short- |n order to evaluate the matter effect, which gives a fake
baseline experiments in the four-neutrino mixing scheme, the p violation effect, in the long-baseline neutrino oscillation
sensitivity toCP violation at the neutrino factory is studied experiments, we apply the method formulated by Arafune,
in detail at the baselink =10—100 km[36,37. Koike, and Satd25] to the four-neutrino mixing scheme.

In this paper we will investigate in the four-neutrino  The evolution equation for the flavor eigenstate vector in
model how large th€ P violation effects can be in the long- matter is expressed as
baseline experiments with.=290 km and 730 km for
Gonzalez-Garciaet al!s two solutions [23], that is, (A) dv
close-to-active solar neutrino oscillations plus close-to-sterile ax
atmospheric neutrino oscillations arB) near-pure-sterile
solar neutrino oscillations plus near-pure-active atmospherioherex is the time in which the neutrino propagates and
neutrino oscillations, and will evaluate the matter effect to

Hu, (2

these CP violation effects in the four-neutrino mixing H=—U diag p;,pz,p3,ps)U"
scheme. 1
The paper is organized as follows. In Sec. Il the method :EU diagui,ﬂg,#g,ﬂﬁ)ut 3

of calculating the oscillation probability with matter effect,

formulated by Arafune, Koike, and Sal@s], is applied to with a unitary mixing matrixU, energy of neutrinds, and
the four-neutrino model. In Sec. Il the constraints on theth frocti y 9 of ' __1g2y34 In E 3
four-neutrino mixing matrix are derived by using the results e effective mass squareq’s (i=1,2,34). In Eq(3) we

from the recent combined analyses of the solar and atmcﬁ"’“’e taken an a_pproximation that neu'_trino masses are much
spheric neutrino deficits in the four-neutrino schd2@ and sm:_;lller than their momenta an_d energ_les_and have neglected
using the data from the LSND, Bugey, CHOOZ, CHORUS, " irrelevant terrT,1 to the neutnno oscillation. The matdix

and NOMAD experiments. In Sec. IV we study the behavior2d the masseg;’s are determined by

of the CP violation effect with respect to the mixing angle 2. 9 0 o0
that governs the active-sterile admixture and, therefore, dis- H1

tinguishes the above-mentioned two solutigAs and (B), 0 w3 0 O ‘
and we show our results on the p@® violation effects and U 0 0 w2 O U
the matter effect in the long-baseline experiments #Qr 3 5
—ve and v,— v, oscillations with the baselines of 0 0 0 w
=290 km and 730 km. It turns out that th&P violation

effectinv,— v, oscillation can be highly sizable<(0.2) for

the solution(A) and is very small £0.02) for the solution 0
(B). On the other hand, the matter effect is small fgr =U(
— v Oscillation in the neutrino energy ran@e<2 GeV at

L =290 km. Forv,— v oscillation, the matter effect is neg-

ligibly small in E<12 GeV atL=730 km for the solution

(A), while it is comparable to pur€P violation effect for

the solution(B). Section V is devoted to the conclusion.
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Il. OSCILLATION PROBABILITY
IN THE FOUR-NEUTRINO MODEL

job)

In order to consider the solar neutrino deficit, the atmo-WhereAmﬁ :miz_mjz and
spheric neutrino anomaly and the LSND experiment, we take
the four-neutrino model with the three ordinary active neu-
trinos and one sterile neutrino with three different scales of
the neutrino mass-squared differencéym?,,= (106
—107% eV?, Ami,=(1.5-5)x10° eV?, and Amigp a'=2G:N,E=2GNE=a/2. (5)
=(0.2-1) e’

Under the notion of the neutrino oscillation hypothesisThe quantitiesa anda’ denote the matter effect to the oscil-
[38,39, the flavor eigenstates of neutrinog, (¢ lation,a coming from the charged current processvgfand
=e,u,7,S) are the mixtures of mass eigenstates in thea’ from the neutral current process of, v,, andv.. In

p

- - 2
(g cm 3) (GeV) v

=2\/2GeN,E=7.60x 1075

QO

mor
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Eq. (5), N is the electron density of the mattgr,is the —=AmZ;<Am’,=Am3,<Am’q,=Am3,. We will adopt
matter density, andN, is the neutron density which is ap- the first pattern in the following analyses, and the second
proximately equal td\, since we consider the earth matter pattern can be attained only through the exchange of indices
effect in the long-baseline experiments. The solution of Eq(1,2)«(3,4) in the following various expressions such as

(2) is given by the oscillation probabilities.
Since Am3,;<Am3;,Am3, and a,a’<Am3;,Am3,, we
v(x)=S(x)»(0), (6) decomposéd asH=H,+H; of Eq. (3) with
with 0 0 0 0
1 (0) 00 0 (0)t
X e
S(x)=Texp( —iJOdsH(s)), 7 Ho=2eY" 10 0 amg, o [V @D
00 0 Amj
whereT is the time ordering operator, andis actually the
distance in which the neutrino propagates with a speed aRnd
most equal to the light velocity. In the following, the matter
density is assumed to be independent of space and time for 0 0 0 0
simplicity, and then we have . 1 Lo 0 AmZ 0 0 Jon
. 175
S(x)=e"Hx, (8) 2E 0O 0 00O
0 0 0 0
The oscillation probability for,— v, for the distance. is
expressed as a 00
1/0 0 0 O
P(v,—vg;L)=[Ssa(L)[% (9) "2El0 0 0 ol (12
0 0 0 a

The oscillation probability for the antineutrino@(?a

—vgiL) is obtained by replacind) —U*, a——a, and  and treaH, as a perturbation and calculate E§) up to the
a'——a’ in Eq.(9). TheCP violation effect in the neutrino  first order ina, a’, andAm?Z, . Following the Arafune-Koike-

oscillation is given by the probability difference between sato procedurg2s], S(x) of Eq. (8) is given by
CP-conjugate channels as follows:

AP(v,—vp)=P(v,—v5;L)—P(r,— L), (10 S(X)ze_m(’x‘ie_m‘)xfodSHl(S)’ (13

This _ qu_antity AP(v,—wvg) consists of the pure |\ here H,(x)=e"o"H, e~ HoX, The approximation in Eq.
CP-violation effect due to the phases bf®) and the fake (13) requires
CP-violation effect due to the matter effect.

In the four-neutrino model, the four neutrino masses can
be divided into two classes:43l and 2+2 schemes. The
2+2 scheme consists of the two pairs of close masses sepa- 2E
rated by the LSND mass gap of the order of 1[6%3,17,18
so as to accommodate the solar and atmospheric neutrifdhe requirements of Ed14) are satisfied fom3,=(10"°
deficits and the LSND experiments together with the results- 10 %) eV?, Am3,=(0.1-1) e\?, E=1-15 GeV, L
from the other accelerator and reactor experiments on the (300—750) km, andpo=3 glcnt as
neutrino oscillation. The 81 scheme consists of a group of
three masses separated from an isolated one by the gap of the AmglL al a’
order of 1 eV. This scheme is only marginally allowjetD] =5x10"%-0.2, -——=, ——
and the phenomenology includif@@P violation is discussed 2E 2B’ 2E
by Donini and Maloni[37] together with the 22 scheme,
showing that the detailed comparison of the physical reach
the neutrino factory in the two schemes gives similar result
for the sensitivity to the mixing angles. We concentrate her
on the 2+2 scheme in ordr to see tl&P violation effect in
the oscillation for various rates of the active-sterile admix- Spa(X) =844 +iT ga(X), (16)
ture of neutrinos, as stated in the Introduction. There are the
following two mass patterns in the+2 scheme(i) AmZ,,,  theniT 4,(x) is obtained as followsin the following,UY) is
=Am3<Ami,=Amiz<Amigp=Am5, and (i) AmZ,,  denoted asl 4, for brevity):

Am3,L . aL L a'L L 14
<’E<’E<' (14)

~0.1-0.4. (15)

guation (14) also shows that the approximation becomes
etter as the energl increases, so we can apply this ap-
roximation to the multi-GeV region such ak=1
—15 GeV. If we expresS$;,(x) as
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- oi Am3lx
iT go(X)=—2i ex 1E

!

(2| Ue3|2— 5ae_ 5Be)

31

5 o ax ) ~a’'x )
m31(2|U53| _5as_5ﬁs)_|E|UeS| _IE|USS|

(Ua3U54U eaUgstUsUpsUeUgs)

_(Am3l Am2,

Am41x [ AmZx
—2iex 1E sin| 1E

UgU*41 2 (2|Uea]?— 8pe— 85e) & (2|Ugs|?— 86— 855) 'ax|u |2 'alx|u |2
- —Ope™ - — 05— —l5= —l5=
B4~ ad Amil ed e Be Am‘zu s4 S Bs 2E e4 2E s4

a/ !
— + U*.U ..U U +U UzsUgUS)
(Amgl Am43( w3UpalUss waUpaUssUgs

—— [ (UZaU gaUesUgs+ U7,U gsUeUgs)

(UhsUpaUgsUg+ U U sUgUg)

Amg;  Ami

WU/}ZU* Amz ——{Buedpet U psUa(2|Uesl*— Sae— Spe) + U paU%a(2|Ues|*— Sue— Spe)
31 31

a,
+U%3U gaUesUgy+ UG U gsUeqUgs) + A ——{0asOpst U p3Uka(2|U 3|~ 8,5~ Sps)
31

+U paU (2| Usa|? = 8as— 8ps) + U3U paUsgUdy+ UuU gaUssUsH| 17

We use Eq.(17) in Eq. (16) and calculate the oscillation and (B) near-pure-sterile solar neutrino oscillations plus
probability for v,— vz by Eq.(9). The complete expression near-pure-active atmospheric neutrino oscillations, expressed
of P(v,—vg;L) in the four-neutrino model with matter ef- by
fect is given in the Appendix.

|Ug|?+|Ug|?~0.91-0.97. (19

; ; 2
IIl. CONSTRAINTS ON THE MIXING MATRIX ':L‘Tbthﬁ 'atgr convenience, we define the quantity,|
o/ asD.

In this section the constraints imposed on the mixing ma- (ii) A constraint onU 3 and U ,, is derived from the
trix U are derived from the solar neutrino deficit, atmo- atmospheric neutrino anomaly, where the survival probabil-
spheric neutrino anomaly, LSND experiments and the otheity of v, is given by
terrestrial oscillation experiments using the accelerators and

reactors. P(v,—v,)=1—4{U ,3/?U 4|2 si’ A3

(i) We use the results of the recent combined analysis of 5 5 5 5
the atmospheric neutrino anomaly and the solar neutrino ~2(JU "V 2 D (1= [U [ = U 2],
deficit in the four-neutrino scheme, done by Gonzalez- (20

Garcia, Maltoni, and PenGaray[23]. They obtained two

solutions:(A) close-to-active solar neutrino oscillations plus where Aj; =Am? jL/(4E). The Super-Kamiokande data,
close-to-sterile atmospheric neutrino oscillations, expressesir? 26,,,>0.82 for 5x 10 4<Am?,<6x107% eV? [4],
by give a constraint, along with the expectation |df ;|

+|U ,02<1, of
|Us1]?+]Ugl*~0.2, (189 U ,5]%U ,4)%>0.205. (21)

073027-4
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(i) The Bugey experiment of short-baseline reao?@r
disappearancigt1] gives a constraint oftJeg|*+|Ue|% The

survival probability ofv, is expressed by
P(ve—ve)=1—4(|Ues|?+[Ue|?)
X(1=|Ugs®~|Ues?)silP Azy, (22

Where A41~A42~A31~A32 iS Used. The data, ﬁﬁaBugey
<0.1 for 0..<Am?<1 eV?, bring a constraint of

|Uegl*+|Ueq|*<0.025. (23)

The first long-baseline reactor experiment, that is, the

CHOOZ experiment [42] gives a constraint of
4|Uq3)%|Ues|?<0.18, through their data of Si86cp007
<0.18 for 3x10 *<Am?<1.0x 10 2 eV2. This constraint
can be involved in the constraint of E@3) obtained from
the Bugey experiment.
(iv) In the same way as above, the LSND experinjé&it
brings a constraint of
|U%gUea+ U 4Ueq| =0.016-0.12 (24)
from the data of sifi2 gyp=1.0x10 3—6.0x10 2 for
0.2<Amigp<2 eV
(v) The CHORUS[43] and NOMAD [44] experiments
searching for thes,— v, oscillation gives a constraint of
|U*3U3+U%,U,4|<0.4 (25)
for Am?<1 e\?, which is derived from the latest NOMAD
experimental data of sh20yomap<<(0.8 eV¥/Am?)? for
0.8<Am?<10 e\~
The details of the derivation of the constraints(iin—(v)
can be seen in our previous warB5].

IV. CP VIOLATION AND MATTER EFFECT

In this section we will investigate how large ti&P vio-

lation effect could be in the long-baseline neutrino oscilla-
tions in the light of the recent combined analysis of the solaf
and atmospheric neutrino deficits, that is, depending on th
rate of the active-sterile neutrino admixture, and how mucH

the matter effect affects the pu€P violation effect.
In order to translate the constraints bhderived in the

previous section into the ones with the mixing angles and

phases, we adopt the most general parametrizatids fofr
Majorana neutrino$19], which includes six mixing angles

and six phases. The expression of the matrix is too compli-
cated to show here, so that we cite only the matrix elements

which are wuseful for the following analysesty;
=C01C0C03, Uer=CoCosSdor, Ues=CosStozs  Uea= Stioas

U 3= —SdosSdosSa13t CoC158412:  Uua=CosSarz»  Uss
= — C1550025d035423~ C0254125d135423+ CoxC12C 23, Un
= Co3C135423 Uss= — C1384025003C23~ C02541501C23
—CgC158q23, andU g, = CpzC13Co3 (instead ofUg; and Uyy),

where cjj=cosf; and sg;=s;€'%i=sing;e%, and
001, 002,003,012,013,6003 are the six angles

PHYSICAL REVIEW D 65 073027

oscillation probability differences are independent so that
only three of the six phases are determined by the measure-
ments of theCP violation effects, that is, the Dirac phases.

By using this parametrization &f, the constraints of Egs.
(18), (19), (21), (23), (24) and (25) are expressed by the
mixing angles and phases as follows:

Zis 15,2
|S02503C13C238 ' *1+ C02C23512513 CoC1252€" 2|

+|CogC13C29%~0.8 (A) or 0.03-0.09 (B),
(26)

| — 025035188 71+ CosC13519 *Ce885>0.205,  (27)
Ca555,+ $55<0.025, (28)

| CosS02C0sS12C13+ ChCosS0s512€' 1| = 0.016-0.12, (29)

2 2 —i(6y+ 8
| C82C12812C13C 23— CozS0aS0aS12C 135258 (917 %2)

— C0sS02503C12513C25€' “1F CSppS0sS1251552€ (71 %)
+C13513574( Cha— CoSTot ShSoe 12[<0.4,  (30)

where §;= 6py— Sgz— O12+ d13 and 5,= 515~ 513+ d,3. The
constraint of Eq(26) is expressed fofl i3|%+ |U|? instead
of the one forlUy|?+|Ug|? in Egs.(18) and(19).

Equation(28) from the Bugey experiment gives a strin-
gent constraint on the two mixing anglgp andsgs, like the
one for|Ug| from the CHOOZ experiment in the three-
neutrino mixing scheme. And, in this situation, Eg7) from
the atmospheric neutrinos gives a strong constraint on the
mixing angless;, ands, 3, roughlys;,>0.91 ands,;; around
the maximal mixing. The angls,; strongly affects the rate
of the active-sterile admixturdUg|?+|Ug|? (=D), as
seen in Eq(26). The anglesy; does not occur in Eq$26)—
(30). The phases; affects the the determination of the al-
lowed regions ofsy,, Sg3, Si2, and s, through Egs.(27)
and (29).

In order to see the gross features of the pDReviolation
ffect in the long-baseline,,— v, and v,— v, oscillations
}%qith respect to the mixing angles and phases, we write down

e expressions of the effect to the leading terms relevant to
the long-baseline oscillation and by using the smallness of
Sg»> and sy as follows:

AP(v,— o) =4C0S0L53505512C13513

. [AmgaL
X siné, sm( 5E ) (3D
AP(v,—v,)=— AC3 51591203 5515C23503
_ C[AmiL
Xsinéd, sm( 5E ) (32

These expressions are obtained from the exact expression of
the pureCP violation effect of Eq.(10), not from the ap-

and proximate one given in the Appendix. As can be seen in Egs.

801,602,003, 012, 013, 63 are the six phases. Three of the six (31) and(32), AP(v,— v,) depends primarily on the phase
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FIG. 1. The pureCP violation effect inv,— v, oscillation with
respect to the phasé, of the mixing matrix in the long-baseline
experiment with the baseline=290 km and the neutrino energy
E=1.2 GeV for the typical three parameter setss,€0.12,5Sy;
=0.06, $1,=0.93, 513=0.71) (solid ling), (Sp,=0.12, Sp3=0.05,
S1,=0.97,5,3=0.71) (dashed ling and (57,=0.15, sp3=0.02, s,
=0.95, 5;3=0.71) (dotted ling, and commonly taken asy;=S,3
=112, 8p1= 84o= 693= 61,=0, and ,= /2. The mass-squared
differences of neutrinos are fixed asm3,=2.5xX10 % eV?,
Am?g\p=0.3 e\?, andAm?,=5X 1075 eV?,

61 andAP(v,—v,) depends on the phagg. The angles,;
determinesAP(v,—v;), but does not affecAP(v,— v)
to the leading terms. Similarly, the angleg andsy; deter-
mine AP(v,—ve), but do not appreciably affecAP(v,
—v.), Sincesy, andsyz are very small. So, first, in Fig. 1 we
show the pureC P violation effect inv,— v, oscillation as a
function of the phasé@, for the baseline o£ =290 km and
the neutrino energg=1.2 GeV for the typical three param-
eter sets which are allowed by the constraints of E26)—
(30): (502=0.12, s573=0.06, $;,=0.93,5,5=0.71), (5o
:012, 503: 005, 812: 0.97,513: 071), and $02: 015,
Sp3=0.02, $,,=0.95, s5,3=0.71), and commonlysy;=Sy3

=1/\/2 and 8,= w/2. We have taken the mass-squared dif-

ferences as Amz=Am2,=2.5x10% eV?, Am3,
=Amigp=0.3 eV, and Amj,=AmZ,,=5%X10° eV?,

which are fixed in the following unless stated otherwise. As

seen in Fig. 1, the magnitude @P violation in v,— v,
oscillation is at most 0.03 forlL,=290 km and atE

=1.2 GeV, which is almost the same in magnitude as in the
three-neutrino mixing scheme. In Fig. 2 we show the pure

CP violation effect inv,— v oscillation as a function of the
phased, at L=730 km andE=6.1 GeV for the typical
three parameter setssg=0.12, S53=0.06, S1,=0.93, S5
=0.71), (50,=0.12, 5733=0.06, s;,=0.97, s;5=0.71), and
(Sp,=0.15,573=0.03,5,,=0.99,5,3=0.71), and commonly
So1=Sp3=1/\/2 and 5,=7/2. As seen in Fig. 2, the magni-
tude ofCP violation effect inv,,— v . oscillation could attain
as large as 0.3, as already shown in R8&]. We show in
Fig. 3 the pureC P violation effect inv,— v oscillation as a
function of the mixing anglef,; at L=730 km andE
=6.1 GeV for the three parameter setSyE Sp;=0.11,
S1o= 093, S13= 071), (302: 015, Sp3= 005, S1o= 095, S13
2071), and $02: 503: 011, 51220.97, 313: 071), a.nd
commonly sy;=1/y/2 and 8,= 8,= 7/2. As seen in Fig. 3,

PHYSICAL REVIEW D 65073027

180
62 (degree)

FIG. 2. The pureCP violation effect inv,— v, oscillation with
respect to the phas&, of the mixing matrix in the long-baseline
experiment with the baseline=730 km and the neutrino energy
E=6.1 GeV for the typical three parameter setsy,£0.12,5q3
=0.06,5,,=0.93,5,3=0.71) (solid line), (s7,=0.12,5435
=0.06,s,,=0.97,5,3=0.71) (dashed ling and (55,=0.15,sy3
=0.03,s,,=0.99,5,3=0.71) (dotted ling, and commonly taken as
sOl: 523: 1/\/5,501: 502: 503: 512: O, and 512 /2. The mass-
squared differences of neutrinos are the same as in Fig. 1.

the maximal mixing off,3(=45 °) gives the maximunC P
violation effect. As can be seen fron Eq81)and (32), the
CP violation effectsAP(v,— v.) andAP(v,—v,) do not
depend on the mixing angk), to the leading terms. So, in
the following calculations we fix asy;=1/y2.

Next, we discuss the relation between the rate of active-
sterile admixture|Ug|?+|Ug|? (=D) and the pureCP
violation effect inv,— v, andv,— v, oscillations, wheré®
is given by Eq.(26) subtracted from 1. As can be seen from
Eq. (31), since the pureCP violation effect AP(v,— v)
does not depend on the mixing anglg to the leading terms,
it does not vary with the quantitp. So, AP(v,—vg) is

Ol 7T

AP

30 45 60
623 (degree)

0 15

75 90

FIG. 3. The pureCP violation effect inv,— v, oscillation with
respect to the mixing anglé,; of the mixing matrix atL
=730 km andE=6.1 GeV for the typical three parameter sets:
(3022503:0.11, 31220.93, 51320.71) (SO“d ”ne), (502:0.15503
=0.05, s,=0.95, 5.3=0.71) (dashed ling and p,=Sy3=0.11,
$1,=0.97, 5,5=0.71) (dotted ling, and commonly taken asy;
= 1/\/5, 501: 502: 503: 51220, and61: 52: 7T/2
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0.05

0.04

0.03

AP

0.02 Bk

0.01

E (GeV)

FIG. 4. The pureCP violation effect inv,— v, oscillation with
respect to the neutrino ener@(=1.5-3 GeV) atL =290 km for
the typical two parameter setssgb=Sp3=0.11, S1,=0.97, S;5
=0.73) (solid line) and (55,=0.12, s33=0.06, $;,=0.93, S;3
=0.71) (dashed ling and commonly taken asy,= 12, Sy3
=0.4, 5p1= 8pr= 8g3= 01,=0, and S, = 8,= /2.

almost the same at the level f0.05 atL =290 km and in
1<E=<10 GeV among the close-to-active solar neutrino os
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0.03

0.02

AP

0.01

.........

E (GeV)

FIG. 6. The pureCP violation effect(solid line) and the matter
effect (dotted ling in v,— v, oscillation with respect to the neu-
trino energyE at L=290 km for the parameter se$g=0.125q3
=0.06s,,=0.935,3=0.71) and the other angles and phases are the
same as in Fig. 4.

violation effect is around 15% at 1.5 GeV and 30% at 3 GeV.
Figure 7 shows the pur€P violation effect and the matter
effect in v,— v, oscillation in the high energy range of 3

$E$10 GeV for (5022303:0.11, 31220.97, 51320.73).

cillations plus close-to-sterile atmospheric neutrino oscilla~pq relative magnitude of the matter effect becomes larger
tions (D~0.2), near-pure-sterile solar neutrino oscillations,4n that in the energy range of £E<3 GeV.

plus near-pure-active atmospheric neutrino oscillatioDs (
~0.91-0.97), and the maximal active-sterile admixtui2 (
~0.5). We show in Fig. 4 the pur€P violation effect of
AP(v,—ve) atL=290 km in the neutrino energy range of
1.5<E=<3 GeV for the two cases of mixing anglessy{
=593=0.11, 5,,=0.97, 513=0.73) in solid line and ¢,
=0.12, 5p3=0.06, 5,,=0.93, 5,3=0.71) in dashed line, for
commonly s,3=0.4 and §,= d,= /2. In order to see the
magnitude of the matter effect P (»,— v¢), we show in
Figs. 5 and 6 the pur€P violation effect(solid line) and the
matter effeci{dotted ling for the above-mentioned two cases

For v,— v, oscillation, the pureCP violation effect
AP(v,—v,) depends ors,; as can be seen from E(B2)
and therefore on the quantiy. In Tables I-Ill, we show
AP(v,—v,) as a function of the mixing anglg,; and the
phases,, both of which largely affect the magnitude bf at
L=730 km andE=6.1 GeV for the typical three cases of
(502,303,312,513). The case Of $02:0.12, 303:0.06, 512
=0.93,5,3=0.71) ands,=90 ° gives a class of the possibly
maximum values oAP(v,—v,) at that baseline and neu-
trino energy in the region of the mixing angles and phases
allowed by Eqs(26)—(30). In Figs. 8—12 we show the rela-

of the mixing angles, respectively. The matter effect is calyjon petween the rate of active-sterile admixt@eand the
culated from the equation in the Appendix and, as can bggnayior of theC P violation effect in thev,,— v, oscillation

seen in Figs. 5 and 6, its relative magnitude to the iR

0.05

0.04

0.03

AP

0.02 |

.01 {1

0 Hif

20.01 E

E (GeV)

FIG. 5. The pureCP violation effect(solid line) and the matter
effect (dotted ling in v,— v, oscillation with respect to the neu-
trino energy E at L=290 km for the parameter setsyb=Sy3

at L=730 km in the energy ranges6E<15 GeV. In the

0.03 I L DL I B LN B
O.OZV
o
< A
0.01_
0
001 b
3 4 5 6 7 8 9 10
E (GeV)

FIG. 7. The pureCP violation effect(solid line) and the matter
effect (dotted ling in »,— v, oscillation in the energy range
=3-10 GeV atL =290 km for the parameter sesgp=Sy;=0.11,

=0.11,s,,=0.97,5,3=0.73) and the other angles and phases ares;,=0.97,s,3=0.73) and the other angles and phases are the same

the same as in Fig. 4.

as in Fig. 4.
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TABLE I. The pureCP violation effect inv,— v oscillation,
AP(v,—v,), at the baselind =730 km and neutrino energl
=6.1 GeV, and the active-sterile admixtubewith respect to the
mixing angles,; and the phase, for the parameter set ofsg,
:0.12,303:0.06,312:0.93,313:0.71) and51=77/2.

PHYSICAL REVIEW D 65073027

TABLE Ill. The pureCP violation effect inv,,— v oscillation,
AP(v,—v,), at L=730 km andE=6.1 GeV, and the active-
sterile admixtureD with respect to the mixing angls,; and the
phase §, for the parameter set ofs§=0.12,5,3=0.06,5;,
=0.99,5,3=0.73) ands,= /2.

6,=30° 6,=60° 6,=90° 6,=30° 6,=60° 6,=90°
S,3 D AP(v,—v,) D AP(v,—v,) D AP(yv,—v,) S,3 D AP(v,—v,) D AP(v,—v,) D AP(v,—v,)
0.00 0.08 0.00 0.08 0.00 0.08 0.00 0.00 0.02 0.00 0.02 0.00 0.02 0.00
0.10 0.04 -0.03 0.06 -0.06 0.08 -0.06 0.10 0.01 -0.013 0.02 -0.02 0.03 -0.03
0.20 0.03 -0.06 0.06 -0.11 0.11 -0.13 0.20 0.02 -0.025 0.04 -0.04 0.06 -0.05
0.30 0.03 -0.09 0.08 -0.16 0.15 -0.18 0.30 0.06 -0.038 0.08 -0.06 0.11 -0.07
0.40 0.05 -0.12 0.12 -0.20 0.20 -0.24 0.40 0.11 -0.049 0.14 -0.08 0.17 -0.10
0.50 0.10 -0.14 0.17 -0.24 0.28 -0.28 0.50 0.18 -0.059 0.22 -0.10 0.26 -0.11
0.60 0.16 -0.16 0.25 -0.27 0.36 -0.31 0.60 0.28 -0.067 0.32 -0.11 0.37 -0.13
0.65 0.21 -0.16 0.29 -0.28 0.41 -0.32 0.65 0.34 -0.070 0.38 -0.12 0.43 -0.13
0.70 0.26 -0.17 0.35 -0.28 0.47 -0.33 0.70 0.40 -0.072 0.44 -0.12 0.49 -0.14
0.75 0.32 -0.17 0.40 -0.28 0.52 -0.32 0.75 0.47 -0.072 0.51 -0.12 0.56 -0.14
0.80 0.38 -0.16 0.47 -0.28 0.58 -0.32 0.80 0.55 -0.072 0.59 -0.12 0.64 -0.13
0.85 0.46 -0.15 0.54 -0.26 0.65 -0.30 0.85 0.64 -0.069 0.67 -0.11 0.71 -0.13
0.90 0.55 -0.14 0.62 -0.23 0.72 -0.26 0.90 0.73 -0.064 0.76 -0.10 0.80 -0.11
0.95 0.67 -0.11 0.72 -0.18 0.79 -0.21 0.95 0.84 -0.054 0.86 -0.08 0.89 -0.09
1.00 0.87 -0.02 0.87 -0.02 0.87 -0.02 1.00 0.98 -0.019 0.98 -0.02 0.98 -0.02

case of the solution of the close-to-active solar neutrino oswith the matter effect for the first case of the above two

cillations plus close-to-sterile atmospheric neutrino oscilla-cases. The first case represents the possibly maximum value

tions (D~0.2) to the combined analysis of the solar andof the pureAP(v,—wv,) for this solution D~0.2). The

atmospheric neutrino®3], the pureCP violation effect of
AP(v,—v,) is shown in Fig. 8 for the two cases oy
:0.12,503: 0.06,512: 0.93,313:0.71,523: 040) and 602
2012, 503: 006, 512: 097, 51320.72, 323: 040), along

TABLE Il. The pureCP violation effect inv,— v oscillation,
AP(v,—v,), at L=730 km andE=6.1 GeV, and the active-
sterile admixtureD with respect to the mixing angls,; and the
phases, for the parameter set o6¢,=0.12,s93=0.06,s,,=0.97,
S13=0.72) andé,= m/2.

5,=30° 5,=60° 5,=90°
S3 D AP(v,—v,) D AP(yv,—v,) D AP(v,—v)
0.00 0.04 0.00 0.04 0.00 0.04 0.00
0.10 0.02 -0.02 0.03 -0.04 0.05 -0.04
0.20 0.02 -0.04 0.04 -0.07 0.08 -0.09
0.30 0.04 -0.06 0.07 -0.11 0.12 -0.13
0.40 0.08 -0.08 0.12 -0.14 0.18 -0.16
0.50 0.14 -0.10 0.19 -0.17 0.27 -0.19
0.60 0.23 -0.11 0.28 -0.19 0.37 -0.21
0.65 0.28 -0.11 0.34 -0.19 0.42 -0.22
0.70 0.34 -0.12 0.40 -0.20 0.48 -0.23
0.75 0.40 -0.12 0.46 -0.20 0.55 -0.23
0.80 0.48 -0.11 0.54 -0.19 0.62 -0.22
0.85 0.56 -0.11 0.62 -0.18 0.69 -0.21
0.90 0.66 -0.10 0.71 -0.16 0.77 -0.19
0.95 0.77 -0.08 0.80 -0.13 0.85 -0.15
1.00 0.94 -0.02 0.94 -0.02 0.94 -0.02

matter effect is around 8% at 6 GeV and 15% at 10 GeV
relative to the pur€ P violation effects, and is about half the
one of thev,— v, oscillation. Figure 9 shows the pu@P
violation effect(solid line) and the magnitude of the matter
effect (dotted ling for the second case of the above two
cases. The matter effect is very small ilrE<12 GeV in
comparison with the pur€P violation effect. We show in

0.05 [

-0.05

YT T T T T IR

-0.1

AP

-0.15

13 4

-0.2

20,25 Mol bbb b nn b e
6 7 8 9 10 11 12 13 14 15

E (GeV)

FIG. 8. The pureCP violation effect inv,— v oscillation in
the energy range odE=6-15 GeV atL =730 km for the typical
two parameter sets:s§,=0.12,553=0.06, $;,=0.93, s,3=0.71,
S»3=0.40) (solid line) and (55,=0.12, sy3=0.06, s1,=0.97, S15
=0.72,s,3=0.40) (dashed lingfor the active-sterile admixtur®
~0.2, and the matter effe¢tlotted ling for the first parameter set
of the above, and commonly taken ag=1/12, 8p;= Sp= 843
= 512:0, and51: 52: 7T/2
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- 0.05 st
- 4 O ;‘.
0 -0.05 E
0.05 ER:
Tk -0.15
Q. |
< -0.1 -0.2
-0.25
-0.15 03
L _ bbb b e b by ban i by e
-0.2 0.35
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FIG. 11. The pureCP violation effect inv,— v, oscillation at
L=730 km for the typical two parameter setsyf=0.12, Sy3
=0.06, 51,=0.93, 5;3=0.71, $,3=0.75) (solid line and (sy,
50.12,5)3=0.06,5;,=0.97,5,;3=0.73,5,3=0.70) (dashed lingfor
the maximal active-sterile admixtui2~ 0.5, and the matter effect

. dotted ling for the first parameter set of the above, and commonl
Fig. 10 the pureAP(v»,—v,) and the matter effect for the Eaken a; 9: 12 ; :p5 — Sm 5= 0. ands 15 — /2 y
solution of the near-pure-sterile solar neutrino oscillations 01 » for oz fos Bz 1 '

plus near-pure-active atmospheric neutrino oscillatiobs (

FIG. 9. The pureCP violation effect(solid line) and the matter
effect (dotted ling in »,— v, oscillation atL =730 km for the pa-
rameter set, 5,=0.12, $43=0.06, $;,=0.97, $;3=0.72, Sy
=0.40) and the other angles and phases are the same as in Fig.

~0.91-0.97) for the typical case ofsf,=0.12, Sp3=0.06, V. CONCLUSION
$1,=0.955,3=0.715,5=1.0). The pureCP violation effect o

is very small,~—0.01, and is comparable to the matter ef- We have evaluated the pu@P violation effect and the
fect. fake one due to the matter effect in the long-baseline neu-

Incidentally, we show in Fig. 11 the puP(v,—v,) trino oscillations for the baselingds=290 km and 730 km in
and the matter effect for the case of the maximal activethe neutrino energy rang&=1.5-15 GeV in the four-
sterile admixture P~0.5), which is not allowed by the neutrino model with the 22 scheme, where two pairs of
combined analysis of the solar and atmospheric neutrinoVvo close neutrino masses are separated by the LSND mass
[23], for the two parameter sets oBgk=0.12, sp3=0.06,  gap of the order of 1 eV, on the basis of the constraints on the
$1,=0.93, 5;3=0.71, 5,3=0.75) and 65,=0.12, s53=0.06, Mixing matrix from the solar neutrino deficit, atmospheric
s;1,=0.97,5,5=0.73,5,5=0.70), along with the matter effect heutrino anomaly, LSND experiments, Bugey and CHOOZ
for the first set. The first parameter set represents the posgpeasurements, and CHORUS and NOMAD experiments.
bly maximum value of the purd P(v,—v,) in this case. The matter effect is estimated with Arafune-Koike-Sato’s ap-
Figure 12 shows the pui@P violation effect(solid line) and ~ Proximation method[25]. The matter effect is at (15
the matter effectdotted ling for the second set of the above —30)% level, relative to the pur€P violation effect for
two sets. The matter effect is very small isE<15 GeVin  V,— Ve Oscillation in 1.5<E<3 GeV atL =290 km, and is

comparison with the pur€P violation effect. at (8-15)% level for v,—wv,. oscillation in 6<E
<10 GeV atL=730 km for the active-sterile admixture

0.005
0.05 o e
0 . E T T T T T T T T
-0.005 § 0 B
a -0.01 -0.05 F
< u
-0.015 & 0 f
-0.02
0-0 -0.15
-0.025
-0.2
_003 vt b by bt s L aa by aa biaag
6 7 8 9 10 11 12 13 14 15 0.25 L

E (GeV)

FIG. 10. The pureC P violation effect(solid line) and the matter
effect (dotted ling for the active-sterile admixtur®~0.9 in v, FIG. 12. The pureC P violation effect(solid line) and the matter
— v, oscillation atL =730 km for the parameter setsp=0.12,  effect(dotted ling in v,— v oscillation atL =730 km for the pa-
Sps=0.06,5;,=0.95,5,5=0.71,5,,=1.0) and taken asy;=1/1/2, rameter set$;,=0.12, Sp3=0.06, 51,=0.97,5,3=0.73,5,5=0.70)
801= 8pp= 8gz= 01,=0, and 5= 5,= m/2. and the other angles and phases are the same as in Fig. 11.
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range of 0.15D=0.8, whereD=|U|?+|Ug,|> CP violation effect is independent of the active-sterile ad-
Then, we have studied the relation between the activemixture and is at most 0.05 in E<3 GeV at L

sterile admixturgD) of neutrinos and the magnitude of pure =290 km, which is almost the same in magnitude as in the

CP violation effect. For the close-to-active solar neutrinothree-neutrino model.

oscillations plus close-to-sterile atmospheric neutrino oscil- It may be interesting to measure t@¢é violation effect in

lations (O~0.2) [23], the pure CP violation effect in »,—wv_ oscillation for the baseline df = =730 km by using

AP(v,—v;) could attain the magnitude as large as 0. 10—the conventional superbeams of, and v, in the energy
025 in 6<sE<15GeV at L= 730 km  for Amatm range ofE=6— 15 GeV[45,46. Also it might be intriguing
=2.5x107% eV?, AmZ,=5x10°eV? and Am’gp  to measure th€P violation effect i inv,— v, oscillation for
=0.3 e\2. This magnitude is prominently governed by the L =250-300 km by using the conventional superbeams of

mixing angle productyssys in AP(v,—v,), ands,; deter- v, andv in E=0.1-3 GeV[47].
mines the active-sterile admixturIB. For near-pure-sterile

solar neutrino oscillations plus near-pure-active atmospheric
neutrino oscillations ~0.91-0.97) [23], the pureCP vio-
lation effect inAP(v,—v,) is very small, about 0.01, in 6
<E=<15 GeV atL=730 km and is comparable to the matter Here we present the oscillation probability of Ef) with
effect. On the other hand, far,— v, oscillation, the pure Eg. (17) taken in Eq.(16):
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