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We study the sensitivity to th€P- or T-violation search in the presence of ambiguities of the theoretical
parameters. Three generations of neutrinos are considered. The parameters whose ambiguities are considered
are the differences of the squared masses, the mixing angles, and the density of matter. We first consider the
statistics that are sensitive to the genuiDB-violation effect originating from the imaginary coupling. No
ambiguity of the parameters is considered in this part. It is argued that the widely adopted usual statistics are
not necessarily sensitive to the genuidB-violation effect. Two statistics that are sensitive to the imaginary
coupling are proposed. The qualitative difference between these statistics and the usual ones are discussed.
Next we proceed to the case where the ambiguity of the parameters is present. The sensitivit€ClBf the
violation search is greatly spoiled when the baseline length is longer than about one thousand kilometers,
which turns out to be due to the ambiguity of the matter effect. ThuC#@iolation search by use dEP
conjugate channels turns out to require a low energy neutrino and short baseline length. It is also shown that
such a loss of sensitivity is avoided by usifigconjugate oscillation channels.
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[. INTRODUCTION These results give us the allowed region and excluded
region for the mixing angles and the mass square differences.
The observation of the atmospheric neutrino anomaly by-et us now assume that there are three flavors of neu-
Super-Kamiokandg 1] provided us with convincing evi- trinos and denote the lepton mixing mattik which relates
dence that neutrinos have nonvanishing masses. There is dhe flavor eigenstatesy, (e=e,u,7) with the mass
other indication of neutrino masses and mixings by the solaeigenstates;; with massm; (i=1,2,3) asv,=33 ,U v,
neutrino deficif2—6). by

C13C12 C13512 S13
U=| —CosS10~52351€126'°  CogCio—Sps515518"°  SpCas€’” | . (1)
23512~ C2351€128' 0 —SpC1— CosS1816'°  CoCis€’’

Herec;; ands;; stand for cog); and sing; , respectively. The The idea of neutrino factories with muon storage rings
observations of the atmospheric neutrino anomaly give us awas proposedl9] to determine these mixing parametéasd
allowed region for sirf,; and the larger mass square differ- the sign ofém3, in addition. It attracted the interest of many
ence &6m3;). The solar neutrino deficit provides allowed physicists[10-20, and the neutrino factories turned out to

regions for sing;, [7] and the smaller mass square differencePe @ very promising candidate for the next generation neu-
(Eémgj). On the other hand, the no-oscillation results oftrino oscillation experiments. We will be able to observe neu-
g_ino oscillations even if si;5 is as small as 0.01. We will
also be able to detect ti@P-violation effects in such experi-
ments [21,22. The possibility to observeCP violation
through long baseline neutrino oscillation experiments was
discussed in Ref§23-2¢ and many papers followed these

reactor and accelerator experiments give us an exclusion r
gion for sin@,5 (e.g., Ref[8]). There is no constraint on the
CP-violating phases.

works.
*Email address: mkoike@post.kek.jp By what observation can we insist that we measure the
"Email address: toshi@higgs.phys.kyushu-u.ac.jp CP violation? CP violation is characterized by the intrinsic
*Email address: joe@rc.kyushu-u.ac.jp imaginary part of a coupling in a Lagrangian. The presence
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of an imaginary part of a coupling gives different propertiesneutrino oscillation experiments. Such quantities must be
to particles and antiparticles, and it is observed tdJfeor  sensitive to the imaginary part of the coupling. We need to be
T-violation effects. Hence we need to disc@Bor T viola-  particularly careful when we make use @P-conjugate
tion using a quantity which is sensitive to the imaginary partchannels in the presence of the matter effect.

of a coupling. We have to be very careful to construct such a Let us first recall how the imaginary part of the lepton
guantity since there is an indirect sensitivity to tl#-  coupling gets into the oscillation probabilities. We use the
violating phase(which constitute not an imaginary part of oscillation in the vacuum as a simplest example. The oscil-
couplings but a real parthrough a unitarity[29]. As for  lation probability fromv,, to v in the vacuum is given by
leptonCP or T violation in the long baseline neutrino oscil-
lation experiments, one of such quantities is the difference of g2
event rate betwee@€P or T conjugate channels. We must P(va— VB;E'L):Ei [Ugie omLERIY |2
take care of matter effed30] for CP conjugate channels
since it gives difference to the event rate too. Therefore we
must take into consideration ambiguities of the parameters as
the matter effect can mimic the genui@® violation par-
tially. We will show that the ambiguities of parameters spoil

: 2
iEj UZanjUﬁi ZjeflﬁmijL/(ZE)

the experimental sensitivity. _S' ReU*U..U,U% Cos5m12j|-
We formulate the treatment of the ambiguity of param- ] ai = aj = B B 2E
eters within the statistical method. It is important to build a
statistical quantity that is sensitive to the imaginary part of _SmAL
, o - +, ImU* U U 4U% sin—=
coupling. We propose a proper statistics, and show explicitly q ai F aj > i g 2E '
that the sensitivity taCP-violation effect changes by taking '
the ambiguities into account. To this end we estimate how (2)

large exposuréproportional to number of muons and detec-

tor size is required to observ€P-violation effect by the whereE andL are the energy of neutrinos and the baseline
neutrino factory experiment. The optimal experimental setugength, respectively. The unitarity &f leads to

(muon energyE,, and baseline length) is shown through

suc;h considerations assuming thr(_ae gengrgtions of neutrinos Im ugluazuﬁlugzz Im UZQZUMUBZU’[;3
which account for the solar neutrino deficit and the atmo- . .
spheric neutrino anomaly. =ImUG U ,3U U =J, (3

This paper is organized as follows. In Sec. Il we consider )
statistical quantities which are proper to search for a genuin@hich allows us to write
CP-violation effect. There we assume that the parameters
such asf;;’s and 5mﬁ’s are known without ambiguities. We
will discuss in Sec. Il the case where the ambiguities of the
parameters are taken into account. We present the require- )
ment on the number of muons and the mass of a detector to S Sin5mij L @
observe genuin€P-violation effect through measurements 5 2E
of CP-conjugate oscillation channels. It is shown that the
introduction of the ambiguities of parameters greatly changeshe Jarlskog parametdrdefined by Eq(3) vanishes when
the SenSitiVity to theCP-violation search. In Sec. IV we in- all the Uij,s are rea|, and the second term of Eq) also
vestigateCP-violation search using-conjugate oscillation  yanishes. The existence of imaginary part of lepton coupling
channels. Amb|gu|t|es of parameters are taken into aCCOUI”giveS nonvanishing, and thus we need to observe the quan_
also in this section. The sensitivity in this case is far bettekjty which is sensitive taJ (including its sign to search di-
compared to the case usi@P-conjugate channels, showing rectly for theCP-violation effect. Note that this statement is
that this case is idedbl’efel’ab|é to search forCP-violation independent of the parametrizaﬁon Wfsuch as in Eq(l)
effect. Finally a summary and discussion are given in  Now we consider the quantity which is sensitive to the
Sec. V. Jarlskog parameter in the presence of matter on the base-
line. We put some assumptions for simplicity to discuss this
point. Suppose that we have same initial energy spectra for
neutrinos and antineutrinos. Also we suppose that the an-

Let us first discuss the physical quantity which charactertineutrinos have about twice larger data size so that the ex-
izes the presence &P or T violation in the long baseline pected event numbers for neutrinos and antineutrinos are

equal in no-oscillation case. Then the oscillation event num-
bers of neutrinosN(»,—vg) and that of antineutrinos
Uit is also important to consider experimental systematic errordN(v,— vg) are expected to be equal in vacuumap is
and backgrounds, but we do not consider them in this paper. weonserved. The two event numbers are in practice different
assume that we can determine all the quantities such as particidie toCP violation (if any) and matter on the baseline. The
energy. The only error taken into account is statistical ones. difference of the two event numbers,

R
P(uﬁvﬁ;E,L)ziEj ReU7 ;U U5 U cos—=—

II. DIRECT OBSERVATION OF CP-VIOLATION EFFECT
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AN(5)EN(Va*>Vﬁ15)_N(7a*>7ﬁ15) (5) N(Vaﬂyﬁag)_N(Va*)Vl%&O) (7)

is intuitively sensitive to the genuin@P violation. Here the is not necessarily sensitive to the genui@B violation. To
CP-violating angled is explicitly written. This quantity does compare Eqs(5) and(7), let us consider the oscillation prob-
not vanish due to matter effect, even in the absence of genability P(v,—vg;0), which is related toN(v,—vg;9)

ine CP violation. We thus consider roughly by
_ E3
N(2)= AN © N(— 110)~ L7 P(v, s 1510). ®
whered= 8, {0,7} corresponds to thEP conserving case.
We stress here that the quantity It can be shown in the high energy lirh{t31]
5 5 smi,L\ 2 5m2 5 2 1/aL\?
(vy—ve;0,2)= 1E 5 gl(J €c0sé— 2B sin’ 0,5) ~3l2E
om3,L\3aL (2 5 5m2 1 2
+ 2E | 2E13 COS 2013+ —= 5m 31 31 C0SS(2 cos X43— 1) — 2B c0S 2013Sirt 645
smiL\36m3, 1
—( = ) 5 gljsm(SJrOE , 9
|
where J=sin 26,,sin 26,5Sin 20,5C0s6,3SIN 5, (13
j=sin 26,,sin 26,3sin 26,3C0S6,3, (10 o o
2 2 ' e which is related tg in Eq. (10) by
BE|Ue3|2|U’u3|2:Sin2 023Sir]22013, (11)
J=jsiné. 14
a=2v2Gqn,E, (12) ' 4

andn, in Eq. (12) is the average electron number density inThus the third term of Eq(9) is the contribution from the
the matter on the baseline. Recall that the Jarlskog parametgenuineCP-violation effect. Note again that this statement is
J defined by Eq(3) is expressed under the parametrizationalso independent of the parametrization.

Eqg. (1) by We obtain from Eq(9)

P(v,—ve;0,8) —P(v,—ve;60,8)=

om3L\? 6m3, se11- 1(aL\? o 1 15

aE | omz, (C0s0 D173 Zg) |0\ &3 (15

(— sign for 5§,=0 and+ for §;=m) and
P(v,—ve;6,8)—P(v,—ve;6,2)=P(v

p— Ve 6,2)—P(v,—ve;—6,—a)

sm3L\%(aL (2 sm [ 1
:2( 4E (4E|3Bc032013+ oz, 31 c0SS(2 cos P53~ 1)
m3, 1
— 2B cos 2!913$in2 912” sm 2 ] sinéd|+O ) (16)

2The limit is valid whenE = 6fZ,L/4, where s, = \/(m3, cos H,3—a)2+ (6m3, sin 26,52,
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We can observe in Eq15) that the leading term oP(v,, 00 Niarget

—ve;8,8)—P(v,— ve;8,a) does not contain the genuine = E M (21)

CP-violation term. This leading term can be canceled by w1\ detector

taking the difference between the probabilities of neutrino

and antineutrinos. Equatiofi6) is indeed sensitive to the

j siné term, though it contains an unavoidable matter effect 3 dE,

term in addition. Rj(vaevﬁ;é)zf Eyfya(Ey)P(VaHVg;Epﬁ) E
Our viewpoint is that theCP-violation search must be Bj-1 u

carried out directly by observing the contribution of the (22)

j siné term in Eq.(9), which originates from thémaginary so that

part of the coupling as in Eg$3), (13), and(14). This term

is not the leading term at least in the high energy region, but E2

it can be picked up as a leading term by taking the differenceNj(,,aH vg;6)= NﬂMdetector—gCRj(VaH vg;0)

between neutrinos and antineutrinos as in @6). Applying L

this consideration also to event rates, we regard thai{&q. 1.14 N, M

is a better quantity than Ed7) to pursue the possibility of =[ ' ]x QB —detectr

direct CP-violation search. An analysis using E/) is a 0.58 [10°] [100 ki]

2
XRj(v,—vg;0) (23

_consi_deration whether or n_le(yaH yﬁ_;é) is sen_sitive to m
imaginary part of the coupling. Even if one obtains a result

that N(9) #N() in an experiment which is sensitive only (1.14 for neutrinos and 0.58 for antineutrinog quantity
to the re_al par_t, there remains a _possibi_lity to build a certairl\I ' M goeaieris NOrMalized i.n unit off 107100 ki in Eq
" .

I,:Iagranglan.wnh totallyreal coupling which can reprodupe (23). The value of unity in this unit is a quite optimistic one
(9). In this respeciN(9)#N(d) cannot be the definite compared to the presently discussed vall&3]. The re-

clue of the presence @P violation. . ST T
Let us further exemplify the difference between E(. quirement oN , M getectorin this normalization must be about
unity or less so that we can observe tBE -violation effect

and (7). We consider the following toy setup of an experi- experimentally.
ment. A source of neutrino beam s, muons which decay . : 5 - .

72
into neutrinos at a muon ring. The neutrinos extracted fr0m(7)-|i—2%gvﬁ'g§(|jybad0pted( statistical quantity based on Eq.
the ring are detected at a detector if their endegyis larger y
than a threshold enerdyy,. The detector has mass jeiector

usual parameter fitting method. It does not take into careful ( E,/[GeV]
o

n

[N,-(5>—Nj<5o>]2+é [N;(8)—N;j(80)]2

and contains\N target atoms, which are related as

target {410 Xa(80)=2, | -

M =1 N;(6) =1 N;(5)
_ 4 V! detector
Niarger= 6.02x 10° (100 k(- (17 , ) .
CNM sels [Rj(0)—R;j(dp)]
. .. — Nu'Vldetector 5 .

We assume the neutrino-nucleon cross sectids propor- L j=1 R;(9)

tional to neutrino energy as

n D. D. 2
[Rj(6)—R;j(do)]
o=0gE,, (19 + Z — . (24)
TR
where where
0.67x10 *® cn?/GeV for neutrinos, — —
o= e 1) Nj(9)=Nj(v,—v5:8), Ni(=Nj(v,—7Vp:0),
0.34x 10 ¥ cn?/GeV for antineutrinos. (25
The expected number of appearance events in the energy bin Ri(8)=Rj(v,—vg;0), ﬁj(g)z Rj(v,—vg;9)
E;_1<E,<E; (j=1,2,...n) is then given by (26)
N uNiargefo E2 [E andn is the number of bins. Similarly we define based on
N; H)=—"t—%——% f E,f, (E :
J(Va_>Vﬁ ) Wmi L2 Ej71 v Va( V) Eq (6) ag’
dE,
XP(v,—vg;0) £ (20 3This quantity depends on a certain model through subtraction of
o the matter effect. However, if we can observe this asymmetry sig-

) . . nificantly, then we would be able to conclude that there is a genuine
wherem,, is the muon mass, arfd (E,) is the neutrino flux  cp.yjolation effect in the real Lagrangian, even if the real theory is
that is concretely given by Eq#68) and (69). We define not the model that we assume.
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2 : 2
[AN;(8)—AN;(8) ] X1= min x1(&o), (29
Xz( do)= 2 _] 8pe{0,m}
ON(O+N() .
) , X2= min x5(6&). (30
[AR;(6)—AR;j(8o)] Soe{0m}
=N Mdetector :CE , (27) .
Le j=1 Ri(5)+Rj(5) and require
X3> X30%(2N), (31)
where
X5> X09(1) (32)
AR;j(0)=R;(6)—R;(9). (28) to claim that theCP-violation effect is observable at 90%

confidence level in the method with energy bins; more
We need bothd#0 andé#  to ascertain thaCP violation  details on statistics are found in the Appendix. Equations

is present. We thus define (31) and(32) are equivalent to
1 L2 X500(2N)
N, M N, M in'1.000= = =7 — — (33
® detecto?( M detecto)mln,l,QO/ C E,i . é [Rj(ﬁ)—RJ(&))]Z ) g [Rj(ﬁ)—Rj(&))]z
Spef{om | 1=1 R;(9) =1 R;(9)
and
112 Xa00()
in o= = y 34
NMMdetecto?(N#Mdetecto)mm,z,QOA) C E/Z; - [ n [ARJ(5)—AR1(5O)]2] ( )
socfom 11 Rj(0)+R;j()
|
respectively. There is a sweet spot in this case in terms of muon energy

We present example plots oN{M getecto) min;1,90% @nd  and baseline length that optimizes the sensitivity to @
(N .M getecto) min:2,.90% N Figs. 1 and 2. We adopt only single- violation effect.
bln method here because to divide the energy region into We discuss the relation betwegﬁ and)(2 In the CP- or
some bins does not make the sensitivity better, especially if_yjolation search, one comparegN; (5), N. i(8)] with

the case without ambiguities of the parameters. We will ex |
plain the reason in detail in Sec. Il B. The parameters anl.;l\I (50) N i(%)].  One  can equwalenty compare

H |
taken as follows so that they are consistent with the presefN;°=(8),AN;(8)] with [N[*®(50),AN;(8p)], where
experimental limit: NJT"ta'( 8)=N;(8)+N;(8). A x? statistics defined by

[ NTotaI( 5) NTotaI( 50) ] 2
N ;I'otal( 5)

1 ’ 5 )
Sin 01320.1, Sin023=6, Sin012=0.5, (35) Xl( 0 z

[AN;(8)—AN;(8)]?
N}FOIEH((S)

n
+2 37
om3,=3x10"% eV?, smi=1Xx10*eV2 =1

(36) obviously corresponds tqi(éo). The second term of Eq.

(37) is x5(6,) itself. Hence we focus on the first term in

CP-violating angled is taken to ben/2. Matter effecta is  order to understand the relation betwggnand 3. We note
approximated to be constant on the baseline, but its valuthat N™'{( 5) is insensitive toCP-violation effect, since the
depends on the baseline length since the longer baseline getmgnitude of genuin€P-violation effect for neutrinos and
deeper in the Earth. The Preliminary Reference Earth Modedntineutrinos are identical with opposite sign. The term we
[32] is adopted to estimate matter density as in Fi§38. are discussing is thus insensitive to the imaginary coupling.

There is a qualitative difference between Figs. 1 and 20ur aim was a direc€P- or T-violation search or a search
Figure 1 shows that the sensitivity in terms of(6)  for an imaginary coupling, and thus we dropped this term to
—N({0,7}) enhances as the muon energy gets larger. Thisbtain y2. On the other hand, the dependence on the energy
does not hold forAN(8)—AN({0,m}) as seen in Fig. 2. of N™@ andAN in the high energy region is given by
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4000 ".‘; 34 ! I I ! I |
3500 S 321 a
20
30 .
3000 >
= Z 28l §
£ 2500 g :
= S 26 .
~~ 2000 %
~ g 24 -
)
1500 Z 1 1 1 1 1 1 1
{655 500 1000 1500 2000 2500 3000 3500 4000
Baseline Length / [km]
500 ,
0 T 15 21;;5 T I IE ST S FIG. 3. Approximated matter density as a function of baseline
E, /[GeV] length, calculated from the Preliminary Reference Earth Model
" [32]

FIG. 1. A contour plot of the required data size to observe the L .
genuine CP-violation effect. A quantity K ,M ereeto) rmin-1 o056 d€- state decouples from the oscillation at the low energy region
) : ° - . o etecto! m|n,1,90/_o 2 .
fined in Eq.(33) is plotted in unit of 10?"x 100 kf as a function of ~ Such thatE ,<émj L, and on the other hand the lighter two
muon energy and baseline length. Smaller value of this value mear@generations are effectively degenerate in high energy regions
the higher sensitivity. Her&;,=1 GeV, and the case af==/2is  such thatE > é‘m%lL. Thus the suitable energy region to
presented. Other parameters are taken as shown in(&jsand  observe CP-violation effect is roughly given bysma,L
(36). The smaller value 0fN,Mgetectolmin1.000 Means the higher  <g <smj L. The sweet spot exactly lies in this region

sensitivity of theCP violation search. The use of? leads to the reflecting that)(g is indeed sensitive to the imaginary cou-
higher sensitivity as,, gets larger.

pling.
Total We mention here that the sensitivity for the case w/2
NTE~E,, (38 and for 6= — /2 is not very different, contrary to the dis-
cussion by other authof43]. The previous works compared
AN~E2, (39  N(98) with N(8,=0) alone, but we compared(s) with

both N(5y,=0) and N(dy;=). One should keep in mind
which follows from Egs(8), (15), and(16). Hence the first thatCP symmetry is conserved not only in ti#e=0 case but
term gets larger as energy gets larger, and dominates the rigint the =7 case; the imaginary coupling is absent in both
hand side of Eq(39) in the high energy region; total fit gets two cases. The real coupling is different for these two cases,
better in spite of a poor fit of the imaginary coupling. The and thus we need to distinguish an experimental result with
high sensitivity obtained by use qﬁ and shown in Fig. 1  both of them. We took these points into account by the defi-
was achieved in this way. nition Egs.(29) and (30). We present in Figs. 4 and 5 the
The sweet spot seen in Fig. 2 can be intuitively under-sensitivity plot similar to Figs. 1 and 2, but this case #r
stood. TheCP-violation effect appears when the number of = — #/2. We observe indeed no qualitative difference be-
generations is more than thrg&8]. On one hand the heaviest tween Figs. 1 and 4 and between Figs. 2 and 5, respectively.
We have seen so far that we can extract the imaginary

4000 coupling by constructing thg? statistical quantity as in Eq.
5250 (30). The construction was motivated by taking the differ-
3000 4000
E 2500 200
v
= 2000 2008
~
1500 |7/ EZSOO
e
1000 =2000
~
500 1500
250
6 11 16 21 26 31 36 41 46 51 56 61 1000
E, /[GeV
n/l ] 500
. . 250
FIG. 2. A contour plot of N,M getecto) min:2,90% N unit of 6 11 16 21 26 31 36 41 46 51 56 61
[10?*X 100 kf]. The parameters are the same as in Fig. 1. A larger Ey /[GeV]
data sample is needed compared to Fig. 1. Optimum muon energy
and baseline length makes a sweet spot in the graph. FIG. 4. Same as Fig. 1, but hefe= — 7/2.
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4000
3500
3000

— 2500

g

25, 2000

b

~ 1500
1000

500
250

5
6 11 16 21 26 31 36 41 46 51 56 61 6 11 16 21 26 31 36 41 46 51 56 61
Eu/[GeV] Eu/[GeV]

FIG. 5. Same as Fig. 2, but hefe= — 7/2. FIG. 6. A contour plot of N,M getecto) min:3,90% IN unit of
[10*x 100 kf]. The parameters are the same as in Fig. 1. A sweet
ence of event rates of neutrinos and antineutrinos. We ca$iot is seen in this figure as was also seen in Figs. 2 and 5.
build another quantity along this idea as

obtainN(8,) andN(8p), but they are not known in practice.
N(5)— ﬂ( 50)N( 5), (40) V\/e Qiscuss how the a_mbiguities of parameters spoil the sen-
N( ) sitivity to th_e C_P violation. _ _ _

The ambiguity of parameters is especially important when
which vanishes whend= 5,. A x? statistics for this quantity We make use oCP conjugate oscillation channels. It is be-
is given by cause the genuin@P-violation effect in this case is contami-

nated by the matter effect. An estimation of matter effect is
Y _ a2 required, and the ambiguity of parameters is an obstacle to
X3(80)= > [L\l(éo)N(ﬁ) N(50)Nié‘)] ) (41)  the estimation. For better understanding, let us get back to
=1 N(80)?N(8) +N(855)2N(5) P(v,— ve) —P(v,—v¢) in the high energy region given by
Eqg. (16). It consists of two parts, the matter effect part
The sensitivity condition with 90% confidence level in the AP yaer @and theCP-violation effect partA Pcpy:
n-bin method is

_[em5L\ aL (2
X5> X0, (42) APwate=2| 2| 2E|3B 05 P
or sm3 1
+ ST §j €0Sd(2 cos 13— 1)
N,u M detecto? ( NMM detecto) min;3,90% 81
2 2
_1 E_g _ X50%(N) _ _ — 2B cos 20;3sir? Gle , (44
CL® | & [R(G)R(8)—R(5)R(8)]
min

so=(0m [ 1=1 R(80)?R(8)+R(5)°R(3) Y
omgL|\®omy | 5 4
“aE | omg,) SN 49

(43) A PCPVE - 2(
Figure 6 shows an example plot d¥l (M getecto) min:3,90% fOr
gi]riilg z:rz)mgitesrs 29';212 gyWEhﬁs)a?eniéfgﬁezhfrg%aﬂ]hS There is an ambiguity il Py due to the ambiguities in
gs. ' ' sm?’s, @'s anda. A sensitivity toCP-violation partAPcpy is

quantity)(§ is thus also sensitive to the imaginary coupling lost if the ambiguity ofA Pyue, is larger tham Papy itself.

and suitable as a statistics for the dir€&-violation search. Ambiguity of all the parameters contributes to the ambiguity
of APyater- It IS thus important to take into account ambi-

lll. CP-VIOLATION SEARCH IN PRESENCE OF guities of all the parameters. It is expected that the ambiguity
AMBIGUITIES OF THE PARAMETERS of APpater iS 1arge whenA Py itself is large. Recalling
A. Sensitivity to CP-violation effect in presence of ambiguities that APyaye i proportional to ba;ehne length [d'u.e.to 'the
of the parameters factoraL/(_4E)], one sh(_)ul_d obtain a poor sensitivity in tht_a
_ long baseline region. It is important to consider the sensitiv-
We usedN(8,) andN( &) in the definitions ofy3 and 3. ity to the CP-violation effect when the parameters are not

Exact values of mixing angles aném?'s are required to precisely known.
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We improve the discussion given in the previous section n [AN(8)— AN (8,)]2
and formulate how to take ambiguities of parameters into T4 50)52 | i1 (49)
account in estimating the sensitivity to tl#P-violation ef- j=1 Nj(5)+ﬁj(5)

fect. Suppose that one uses the parametéFrs}
={01., 053,015, 6M2,, 6M2, A}, which are different from the instead ofx3(do) defined in Eq(27). Adjusting the param-
true values{x;}={61,,0,3,03,8m3,,6m3,,a}, to calculate tetetrhs{?i} Wiﬂlindthelambigurigis’ .O?Gt.C&n pfOViSe a better fit
NI ; ; o the expected values in roP-violation case by minimiz-
N;(90) andN;(5). One will estimate ing x2. Oge can nevertheless inf€P violation is);)resent in
Nj(5o)=Nj(Va—> v (%}, 8) (46) gr(?:?”g:)?kf]iecliegce level if one cann_ot make the vaIu_eXBf
Nvgo0: We thus generalize E¢30) and define
instead ofN;(Jy), whereN;(v,— vg:{Xi},d) is evaluated > . >
from Eq. (20). Then matter effect can be overestimated and X2= min  X5(6). (49)
hence the sensitivity to th€P violation can be spoiled. doe{0.mi{¥i}
First we see this using3. In this case one will estimate

: . A criterion that CP-violation effect is observable for 90%
the fakeCP violation due to matter as follows:

confidence level in tha-bin method is given similar to Eq.

~ . - 32) as
AR (80) =N (v, — v K1, 80~ Ny (T T (e} B, 52
(47) X5> X500N), (50)
instead ofAN;(Jp). We then obtain which can be rewritten in terms ™ ,M getecior@S
1L2 X5004(1)
N,M N,M . == —3 . 51
“w detecto?( M detecto)mln,Z,amb,QO C E,i - é [ARJ({Xi},5)—ARJ({7(i}a5O)]2 (51

soctomir (=1 Ri({xih &) +Ri({x},0)

We present l,,M getecto) min:2,amb,00%IN Fig. 7 to observe 0.09<sin%;5<0.11,
the CP-violation effect at the 90% confidence level. All the

parameter$x;} are assumed to have ambiguities of 10%, and

their central values are taken as in E@®H), (36), and Fig. 3, 0.9 - 14
—<SiNGy<—,
so that v 2= 5
4000 0.45<sin#,,<0.55,
3500
3000 2.7X10 % eV?< 6M3,<3.3x 10 ° eV?,
E 2500
=" 0.9X10™% eV2< 6M3,<1.1X 10 * eV?,

1500 _
0.%a<%<1.1a. (52

1000

500

It is seen in both figures that genui@#-violation effect is
0 e . ;
6 51 76 3L 55 41 46 5L 56 61 difficult to be observed Whe_n the baseline Ie_ngth_ is longer
E,/[GeV] than about one thousand kilometers. An estimation of the
" matter effect is obscured by the ambiguity when the baseline
FIG. 7. A contour plot of N,M getecto) min:2.ambs05iN Unit of length is long, and th&€P V|.0Iat|on effect cannot be sepa- .
[10%1x 100 kf|. The parameters are the same as in Fig. 2. The refated from matter effect. This result can be understood quali-
quired data size is much larger than the no-ambiguity case shown #atively by the following rough estimatiorCP-violation ef-
Fig. 2. The sensitivity is rapidly lost when the baseline length getdect is hidden by the ambiguity of the matter effect when the
longer than about one thousand kilometers. matter effect is large enough. We require
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APcpy Applying our test parameters Eg85), (36), and Fig. 3 to
Ap = (53)  Eq.(54), one obtains
Matte
as a rough estimation to observe tB®-violation effect? L=<1250 km, (55
Putting Egs.(44) and (45) into Eq. (53), one obtains a con-
dition onL as which is consistent with Fig. 7.
2 PR Next we illustrate using(§ that the sensitivity to th€P
= E .3(5m21{5m31)1 sing . (54) violation is lost in the presence of ambiguities of parameters.
a 2 5in’ 0p3Sin” 2015C08 2013 The correspondent of E@51) in this case is given by

1E; X500(N)

cL? - ;[Rm}.%)ﬁj({xi},5)—E({x}ﬁo)R,-({xi},a)]z
socfomii [ =1 R({Xi}, 80) 2R ({xi}, 8) + Ry ({%i}, 86) 2R ({x;}, &)

N M detector” ( N M detecto) min;3,amb,90%

(56)

We present a plot ofN ,M getecto) min:3,amb,00%IN Fig. 8. The  Only the amblguny of sirg,5 is taken into account here, and
ambiguity of parameters makes the sensitivity worse also ifhysB=sin 6,,sir? 26,5. Using Eqs.(57), we obtain

this case, as we see by comparing Figs. 6 and 8. It is seen,

however, that the sensitivity shown in Fig. 8 is better than

that shown in Fig. 7, which means thef avoids the ambi- (Bjsind)2 (] sins)?
guity of the matter effect better tharg. One can understand X%z = = . (60)
the better sensitivity of3 as a cancellation of ambiguity of 2B“B 2B

sin#;3 when the high energy limit applies. The dominant

parts ofR's are given in the high limit by _

Note here thaB vanishes in Eq(60). The ambiguity of
Ri({xi},)=B(S+T)+V, sinéy3 is thus canceled away in the high energy limit. We
also expect that the ambiguity does not spoil the sensitivity

R;({xi},8)=B(S-T)— to the CP-violation effect even in the lower energy.

- = The sensitivity can be enhanced by a construction of a
Ri({X},8)=B(S+T), - .
(i) =B ) good statistics such q% but in general the sensitivity to the
R;({%},6) =B(S-T), (57) imaginary part of the coup_llng_ls smaller as the baseline length
becomes longer. We confirm it for a couple of parameter sets
where
- oma,L\2dE,
S= f v Ev) 4E, | E,’ 4000 ’
2 E 3500 Q
TE—cos2Hl3J E.f, (E,)
3 - « 3000
om3 L\ aL\ dE, "2 2500
x( , (58) e
4E, 4E,] E, ~ 2000 0.2 )
c ~
o I 1500 0.1
V=jsin 6f Evfya(E,,)
Bi-1 1000
omZ,L\ 3/ sm3,\ dE,
) 5 e B
! e 6 11 16 21 26_31 36 41 46 51 56 61
u [GeV

“One should actually use as a denominator the ambiguity of FIG. 8. A contour plot of N .M getectod min;3,amb,00% N unit of
APpatier» NOt APyaner itself. We tentatively use E(53) to give a  [1071x 100 kf]. The parameters are taken to be the same as Fig. 2.
rough estimation, however. Note that the sensitivity is enhanced compared to Fig. 7.
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dm?y1 = 1x10# eV2 | . dm?a1 = 5x10°5 eV2 | .
sin 613 = 0.1 sin 013 = 0.05 sin 013 = 0.1 sin 013 = 0.05
5 =T 4000 j
6
3500
3000
—= 2500
£ £
= 2000 =
< =
~ 500 ) = .
1000 50
X - 5.0
e
500 s
250 50 0 50
6 11 16 21 26 31 36 41 46 51 56 61 6 11 16 21 26 31 36 41 46 51 56 61 6 11 16 21 26 31 36 41 46 51 56 61 6 11 16 21 26 31 36 41 46 51 56 61
Ey/[GeV] Ey/[GeV] Ey /[GeV] Ey/[GeV]
5=1 4000fy <> 4000 ﬂ 5=L 4000 4000
2 3500 O 3500 [ \k 2 3500 3500
2
3000 l 3000, Y 3000 3000
—2500 = 2500 — 2500
] 25 ] ] £
ey 92 =~ =~
=200 /\ 3 =200 o = 2000
oy
~ 1500 Z ~ 1500 L0 ~ 1500 A
05 » )
1000 1000 1000f _ o = 1000 < ¥
2 i I
500 — sof__——___———— 500 500 /
250 —— 250 — 2o ——ee | -, ]
6 11 16 21 26 31 36 41 46 51 56 61 6 11 16 21 26 31 36 41 46 51 56 61 6 11 16 21 26 31 36 41 46 51 56 61 6 11 16 21 26 31 36 41 46 51 56 61
Eyu/[GeV] Eyu/[GeV] Ey/[GeV] Ey/[GeV]
Sz St 4000 5= Snt 4000 4000
6 3500 6 3500 3500
3000 3000 3000
—2500 —= 2500 —12500
£ £ g
= 2000 Z20m =200
~ 1500 ~ 1500 ~ 1500
1000 1000 1000
500 500 500
250 — 250, 250 250
6 11 16 21 26 31 36 41 46 51 56 61 6 11 16 21 26 31 36 41 46 51 56 61 6 11 16 21 26 31 36 41 46 51 56 61 6 11 16 21 26 31 36 41 46 51 56 61
Ey/1GeV] Ey/1GeV] Ey /1GeV] Ey /1GeV]

FIG. 9. Same as Fig. 8, but for different parameters. All the FIG. 10. Same as Fig. 9, but f@m3,=5Xx10"° eV?.

graphs presented here are ﬁm§1=1>< 10 % eV?. The graphs in o ) )
left column are for si,;=0.1 while the ones in right column are COSd, Which is contained in the matter effect tefsee, e.g.,

for sin@,;=0.05. The top two graphs are f@= /6, the second Ed. (44)], has an opposite sign. The magnitude of the matter
two graphs are forb= 77-/2Y and the bottom two graphs are for effeCt contamination Is thUS dlf'fel’ent, and It |eadS to the d|f'
=5m/2. Parameters not presented here are taken to be same as Higrence of the sensitivity according to our discussion that the
2. The difference of the sensitivity fof= /6 and for6=5x/6 is ~ Sensitivity toCP-violation effect is controlled by the magni-

due to the difference of matter effect. tude of the matter effect. . _
We have been discussing the direct observatiorCBf

violating effect. One can verify our results by use of a quan-
by presenting Figs. 9 and 10. It is also seen in Fig. 9 that théty similar to Xf defined in Eq.(24). Equation(24) focuses
sensitivity for 6= /6 and for 6=5m/6 is quite different. on the difference betweerN(v,—wvgz;6) and N(v,
The genuineCP violation has a same magnitude for both of — v4;8;), and x3 has little sensitivity to the genuin€P-
these two cases. On the other hand, the term proportional tgolation effect as a result. Instead we define

INJ(O)-Nj(—91? & [Nj(8)—N;(—8)]?

2 S5-)= —
Xlasyn( 0) jZl Nj(5) “ Nj(ﬁ)
E. | < [R(O-R(=9F & [R(&-Ri(=d7]
=N.M e | ! + A , 61
1% detectorLZ | jzl Rj(5) = Rj(5) ( )
which is sensitive to the genuir@P-violation effect[34].°> A quantity analogous toN(,,M getectolmin: 1,amb,90%IS defined by
112 X300(2N)
N M . el — — : 62
(NMaaecolmnasmanssoff ¢ g2 { o IR0 —R(%), =91 g [Ry(dxi),0)—Ry({%}, - 5)]2] o
min{ >, + -
sy L= Rj({xi},9) =1 R;({Xi},9)

SThis quantity requires bot@P- and T-conjugate channels; we consider this quantity just to verify the discussions so far.
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4000 4000 :H:
3500 3500
3000 3000
— 2500 = 2500
s £
2, 2000 = 2000
Mg
N 1500 ~ 1500
1000 100
500
500 250
. 6 11 16 21 26 31 36 41 46 51 56 61
6 11 16 21 26 31 36 41 46 51 56 61 £ 1 1GeV

FIG. 12. The most effective binning method to observe Giie
violation effect with X%- This corresponds to Fig. 8. Single-, 3-,
5-bin analyses are compared. White, light gray, and dark gray re-
gions mean where single-, 3-, 5-bin analyses are most effective,
respectively. This shows that multibin analysis is required in long
baseline range.

FIG. 11. A contour plot for K ,,M getecto) min:1asym,amb,scesl€fined
by Eq.(62). The sensitivity is lost also when the baseline length is
longer than about 2750 km.

Figure 11 shows a contour plot of
(N .M getecto) min;1asym,amb,00% It IS seen that the sensitivity
is lost when the baseline length is longer than about two

thousand kilometers, which is qualitatively consistent to the>ndle-bin analysis, i.e., the best fit point of multibin analysis
results obtained in this section. easily lies far away from the true parameter point.

We conclude as follows from the above considerations.
Experiments to search for th@P-violation effect should be
made with the setup where the single-bin analysis gives the

We discuss the binning of the neutrino energy in a searchest sensitivity, which means that the matter effect contami-
of CP violation. We recall that the genuir@P violation in  nation is small. Such a setup has another practical advantage

B. Energy dependence

terms of oscillation probability is given by in addition: measurements of the neutrino energy are not
) 5 ) required in single-bin analyses. One need not take care of the
_omyl  omgl  omigl correlation between bins due to finite energy resolution,
Jsin sin sin . (63 ; i P .
4E, 4E, 4E, which makes the sensitivity to th@P violation in the experi
ment worse.

Applying 6m3,< ém3, and sma,L/(4E,)<1, Eq.(63) is re-
written to be C. Dependence on sid,; of the sensitivity
to the CP-violation effect

omaL  sm3L - - -
sir? . (64) We flna}lly discuss t_he corre]ano_n between parameters on
4E, 4E, the sensitivity to the diredEP-violation search.
The magnitude ofCP violation is determined a single
It can be seen from Eq64) that the genuin€CP-violation  parameter, namely the Jarlskog paramétin 8. The corre-
effect has a definite sign as a function Bf. It is also lation betweens and other parameters such &g is often
applicable to the event rafd(d). Dividing the event rates discussed, but it is heavily dependent on the parametrization.
into energy bins is thus meaningless and unnecessary fhe presence or absence ©P or T violation can be deter-
search for theCP-violation effect, when the matter effect is mined without any correlations to the mixing angfes.
absent. All one need do is to observe the total counts of We present Figs. 13 and 14 to show the correlation be-
neutrinos. This is of practical importance for experimentaltween sirg;; and 6. They are sensitivity plots using3,
studies since the determination of neutrino energy is veryheresand sin,; are varied whileE andL are fixed. Figure
challenging. 13 is a test plot foE =10 GeV and.= 1000 km, and Fig. 14
On the other hand, a single-bin analysis does not necess for E=20 GeV andL=2000 km. A directCP-violation

sarily remain advantageous once the matter effect is takegearch is expected to be possible with this setup, as seen in
into account; the multibin analysis is required to remove the

matter in such a case that the consideyéds sensitive not

only to genuineCP-violation effect but to matter effectee 5The real part of coupling is in fact another intrinsic parameter
Fig. 12. The number of events per bin is sacrificed by thewhich is independent of the parametrization. The correlation be-
bin dividing, and each bin has a relatively small number oftween the real part of the coupling and the imaginary part will be
events compared to the single-bin analysis. As a result, thgresent. This is the only possible correlation for BE-violation
best-fit point of multibin analysis is less robust than theeffect.
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0.13 0.13
0.12 0.12
| —fen
0.11 2l 0.11
0.10 0.10
0 0.09 ©0.09
D 0.08 D 008
£ 007 = 0.07
7]
0.06 0.06
0.05 0.05
0.04 0.04
0.03 0.03
0.02 0.02
0.01 0.01
Sn 2n_mo_mo_m n n R 2n 5T 2n 5m
3727376 6 3 2 36 6 3 2 36
)
FIG. 13. A similar plot to Fig. 7, but this timg, =10 GeV and FIG. 14. A similar plot to Fig. 13, but this timg,=20 GeV

L=1000 km are fixed while sifl;; and § are varied. The contour is andL=2000 km. Matter effect is larger in this parameter compared
nearly vertical, which reflects the fact that the value ofégiyis not  to Fig. 13, which leads to the dependence of the sensitivity upon
important to consider the sensitivity ©P-violation searches. Sin6y3.

the optimum setup to search for a dir€®-violation search

Figs. 9 and 10. It is expected in these figures that the Sensliith use of the statistics given by EG1).7

tivity scarcely depends om5 if the statistics is correctly

sensitive to the genuin€P-violation effect. It is illustrated IV. T-VIOLATION SEARCH IN PRESENCE OF
by a rough estimation o,{vg in such a case: AMBIGUITIES OF PARAMETERS
We have discussed in the previous section that the ambi-
(APcpy)? guity of matter effect spoils the sensitivity to th€P-
2 CPV.

violation effect. One can then expect that one can avoid the
loss of sensitivity by use of-conjugate oscillation channels,
which is free from the matter effe¢85].

It is convenient to redefine

X3™ P(v,—ve)

L2 [(6m3,/ 6m3))j sin 672
“E B N;({xi}, ) =N(v,— vg X}, ) (66)

and

L2 8m3,\ 2 (sin 261,SiN 20,3Sin 26,3C056;3)2 —
— N;({x;},8)=N it ), 6
E (5m§1 Sir? O,3Sir 2645 (i} ) =N(vp—vai{xit 0) 67

wherea, B=e, u, 7, andv denotes neutrinos and antineutri-
nos collectively. We are to consider initial neutrinos of dif-

L2/ sm.\2 ferent flavors, and we must take into account the difference
~ _<_§_1) Sir? 26,,C0% 053C0S 6;3. (650  of the energy spectra of the neutrino beam. For example, the
E | om3; flux of v and v, obtained from the decay of muons with

energyE, is given in terms ok=E,/E, by

, o f, (X)=12x*(1—x) (68)
Equation(65) depends or#;5 only through co®;3, which is e
almost unity for#,3<1. The dependence ofy; should be gnd
thus quite small if the statistics is sensitive jtgins. We )
compare Fig. 13 with Fig. 14 to confirm the above discus- f, (X)=2x%(3-2x), (69)
sion. It can be seen in Fig. 8 that the parameter for Fig. 13 is , . . . .
more sensitive than thatgfor Fig. 14. \?Ve see that thegdeperf-eSpeCt'Vely' The q“a““txi defined by Eq(41) is swtable
dence of the sensitivity upon stz in Fig. 13 is quite small, marilécasnr?;sgs \tlxz ﬁeﬂ,??:égf ‘éeitég‘%?“gﬁmsbgotﬁgg the
while the dependence is larger in Fig. 14. This is indeed® 9

consistent with the above discussion; the larger matter effect——
gives a sizable contribution to the numerator df in the "An optimum setup should change if one can find other better

latter case, and the estimation given in K65 does not statistics, since the sensitivity itself depends on the adopted statis-
apply. We thus conclude that~1000 km ancE~10 GeV is tics. The difference of Figs. 7 and 8 is an example.
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1E} X0041)
(N;/.M detecto) min: T,amb,90%— E L_Z ) (70)

min i[RJ‘{%}’5o>§J<{Xi},5)—ﬁj({x}ﬁm({xi},@)]z
S e (0,7} 1%} =1 Rj({’)u(i}’50)2§i({xi}'5)+§j({7(i}y5o)2Rj({Xi},5)

while this time Rj(8)=Rj(v,—v4;5) and Ej(g) =Ri(vs violation effect is characterized by an imaginary part of cou-
—wv,;8). T-violation effect is considered to be observableplings in the Lagrangian and hence quantities sensitive to
when this imaginary part should be used to measureGPReviola-
tion. To see this we introduced two statistical quantitigs,
N M getector™ (N .M getectod min; T,amb,20% (72) [Eq. (29)] and X% [Eq. (30)].

Usually Xf is used in analyses of neutrino factories. We
can test using this whether the data can be explained by the
hypothetical data calculated assuming @&-violation ef-
fect. We saw, however, that this quantity is not necessarily
sensitive to theCP-violation part of the coupling. In the high
nergy region it is sensitive almost only to tB€-conserved
art of the oscillation probability. We can tell about genuine
CP-violation effect only through unitarity relation of three
generations. The sensitivity to tl@&P-violation effect is of-
ten indirect. Thus we concluded that we should not use it to
measureCP violation since it often measures thepP-
Niolation effect only indirectly.

is satisfied.

We present in Fig. 15 a test plot of
(N .M getecto) min:T,amb,90% The parameters are taken as
shown in Eq.(52). It can be seen that Fig. 15 is qualitatively
similar to a plot in absence of the ambiguity of parameters
which is presented in Fig. 6. A sweet spot, which is expecte(g
from the naive estimation in terms of oscillation probability,
still remains in Fig. 15; thus we find that th€P- or
T-violation search vial-conjugate channels is robust to the
ambiguity of the parameters.

Longer baseline length is in general preferable whe
T-conjugate channels are available, since ) applies .
Withoﬂjtgbeing troubled with matter effect l(i:ﬁcﬁnarir)fi)nation. On the other _hand, we can test W’té whether the asym-.
This is in contrast to thEP-conjugate case, where the matter metry of oscillation probabilities of neutrinos and antineutri-

effect obscures the genuinéP-violation effect when the nos gxsts. We have sgen_th)ai IS se_ngtwe to theC_P—_
baseline gets too long. violating part of the oscillation probability, and thus it is a

more suitable quantity to measure tGe-violation effect.
We saw the relation betweeyf and x5 and found that to
pick up an imaginary part of couplings we need to see the
We discussed the optimum experimental setup and thdifference between particle and antiparticle. In this sense we
optimum analysis to see thHeP-violation effect. also introduced a statistioé [Eq. (41)]. This statistics gives
We first discussed the difference between the direct medetter sensitivity to measure ti@&P-violation effect directly
surement and the indirect measuremg2]. GenuineCP-  when we consider the ambiguities of the theoretical param-
eters.

V. SUMMARY AND DISCUSSION

4000 Then we investigated the influence of the ambiguities of
— the theoretical parameters qrﬁ and X%- Since the matter
effect causes the difference between the oscillation probabili-
3000 ties of neutrinos and antineutrinos, we have to estimate fake
asymmetry to search for theéP-violation effect. However,
g 200 we will always “overestimate” the fakeCP violation be-
—52000 cause of the ambiguity of the theoretical parameters, and
= hence we will always estimate the genui@-violation ef-
1500 fect too small. The matter effect increases as baseline length
increases, and we will lose the sensitivity to the asymmetry
1000 due to the genuiné&P-violation effect in longer baseline
- such as several thousand km.
250 The sensitivity ofy3 to genuineCP violation is lost much

6 11 16 21 26 31 36 41 46 51 56 61

E, /TGeV] more than that of3. This is due to the partial cancellation of

the ambiguity by si®;3. The ambiguity of estimation of
FIG. 15. A contour plot of the required data size to observe thematteg (_affect IS partlall_y canceled 'n_ the_numerator._We found
T-violation effect. A quantity KM geecto) minT.amb,e0% defined in that X3 is t;etter statistics to se(éP-\{loIatlon effect. directly.
Eq.(70) is plotted in unit off 107X 100 kil. The parameters are the  USing x3 we studied the correlation between sigands.
same as in Fig. 2. This figure is similar to Fig. 6, and it is seen thafComparing Figs. 13 and 14, we found that in general that we
the use ofT-conjugate channels is robust to the ambiguities of pa-have better sensitivity t€P violation with baseline length

rameters. 1000 km than 2000 km. Moreover, if the statistics is only
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sensitive to the imaginary part of the couplings, the Jarlskodest.” In the test, we set up “null hypothesisM,, which
parameted, it has no dependence on #in.8 Indeed in Fig.  should be rejected and its “alternative hypothesis” against
13 we see this behavior while in Fig. 14 we see strong deHy,H. In this paper we were interested in whether we can
pendence on sify; of the sensitivity. In this sense we also insist on the existence of theP-violation effect, and hence
understand that baseline length 1000 km is better tocC¥2e we set the null hypothesis,
violation directly. Furthermore, Fig. 9 and Fig. 10 show that
around 1000 km is the optimal baseline length for various Ho:  6=6o (A1)
parameter sets. ) ) .

Taking the statistics which is sensitive to the imaginary@nd “alternative hypothesis” against,,
part of the lepton couplings, we first showed that there is a Hoo 5% (A2)
sweet spot in terms d&,, andL when the ambiguities of the 1 0
parameters are not considered. We have then taken the am- o
biguities of all the parameters to be 10% and showed that thg| We also define
sweet spot survives in such a case. We expect that the swee
spot also survives when we adopt the more realistic values &F
the ambiguities. We optimistically expect that other param- N e nith s 0 roex T 5
eters will be determined with ambiguities less than 10% ex- o _ < [NT=NT()]” | 5 [NT=NT(d0)]
cept for6,5in the future. The large ambiguity @f 5 is seem- 1(J0)= ; NI( 5,) ; N s ’
ingly enough to wash out the sweet spot. We have mentioned oo i (%)
in Sec. lll A, however, that the ambiguity @f; is canceled
by use of the statistic,s%. We thus conclude that the experi-
mental setup oE,~10 GeV andL~ 1000 km is desirable
even in the real experiment. n

We finally studiedT asymmetry. There is no fake asym- Tz(5o)E§i:

test statistics” to give a criterion to reject
for a real data sell™. In this paper we examined three

P ot ; 2 2.

st statistics corresponding xé X5, andxs:

T,= min T.(6g), (A3)
Soe{0,7}

[{NE*— N — {NI( 55) — NI 5)} 12

metry due to environmental effects such as the matter effect. NI( S )+W;h(5 ) ’
We found that the naive expectation @P-violation phe- P00
nomena is indeed realized. i
; . ) S To,= min Ty(dy), A4

It is required to find another way to s&P-violation ef- 2 S9e {07} 2(%0) A4)
fects if we can observe only appearance eventgof v,
andve— v, . Otherwise we cannot observe t@&-violation P ex  nith 2
effect in neutrino factories with long baselif'e1000 k) as Ta(Sg)= [Ni"(80) X N7™— Ni"(8p) X N;
the asymmetry between neutrinos and antineutrinos. On the 370 i {ﬁ,th(g )}2N9X+{N?h(5 )}zﬁex ’

. . i 0 i i 0 i
other hand, we can observe t@@-violation effect as thél
esymmetry very well. Therefore itis very important to estab- Ta= min Ts(8y), (A5)
lish a way to observe this asymmetry experimentally. S {0.m)
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APPENDIX: STATISTICS To rejectH, at « “level of significance,” we require
We explain a detail of the statistics used in this paper to T,>x2(2n). (A7)

estimate how many events we need to tell the existence of

the genuineCP-violation effect. To state the feasibility of the Then the question is how well the inequaliy7) is satisfied

experiment We.consider not only how well we can distin-o, 4 given values. This probability is called “power”
guish two theoriestwo parameter sexbut also how well the

best fit point lie in the true value. For example, even if in ,31(5)Ep5(T1>Xi(2n))_ (A8)
nature 6= /2 is realized, we are not sure that the best fit
point for & sit there. We will have the best fit point value This is the probability that we succeed in seeing the
other thand= /2 and hence we have to take care of thisCP-violation effect in the experiment. Thus we have to
possibility to state the feasibility of the experiment. require that this probability should be larger thgrwhich is
To estimate it, we employed the concept of the “power ofalmost 1.
To estimate the probability, often we generate event sets
with a given event rate and check whetheg is indeed
8As long as the si, 3 term has a dominant contribution. rejected according to the inequalit%7) with the probability
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.2 Instead of doing so, here we make the following approxi-

mation. First, we approximaf€; as

UOINP-NP(8) 12 & [NI(85) —NI(8p) 12
T WG T N

(A9)

whereNith(ﬁg) is “the maximum likelihood estimator,” i.e.,

E [NF=N{"(5g)]° 2 [NP=NI(9)])°
NP(5g) . N'(5)

(A10)

for all & Equation (A9) holds well if |N®—N"(5g)]
<O(JNM(8)), i.e., the fit for the data&N™ by NI"(5g) is
good enough, andlt does not vary so rapidly aroung; .
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n Nth 5)]2
Bu8)=Ps| 2, —Nth(T>xa<2n> Xi

(A12)

The left-hand side in parenthesesRj follows the x? dis-
tribution with 2n degree of freedom so the requirement that
the powergB4(6) should be larger thaty is equivalent to the
condition

XT>xa(2n) = x3(2n—1), (A13)

where f means the number of parameters included in the
theory. For example, if we take the 0.1 level of the signifi-

We also assume that the estimator is almost the true valu§ance and require the power to be 0.99 level, then

i.e. 0g=24. Thus
G INPENPO)T2 oy INF(9)—NP(60)]2
=2 NP (o) +2 NI(8)
Nex Nth 5) 2
2 [—wha;—] N (A1)

With this approximation we calculate the pow@8) as
follows:

®We have to generate enough event sets to concludeHhas
rejected with the probabilityy.

X3=x5.4(2n)— x3od2n—f). (A14)

Since in general ify=1 thenX (2n—1) is very small for
smalln, it is omitted in this pape]ro Thus we requirett

Xi=x4(2n). (A15)

19n other words we required the perfect power, igs 1.

Hsince the significance level corresponds naively to the confi-
dence level (t «)x100%, we denotg?(n) by X(l % 1000(N)
in this paper.
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