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We discuss possibilities to investigate the effect<Cé (and T) violation in the lepton sector in neutrino
oscillation experiments. We consider the effect<Cét violation in the framework of two schemes of mixing
of four massive neutrinos that can accommodate the results of all neutrino oscillation experiments. Using the
constraints on the mixing parameters that follow from the results of short-baseline neutrino oscillation experi-
ments, we derive rather strong upper bounds on the effec&Fofiolation in(?/)#i(i)e transitions in long-
baseline neutrino oscillation experiments. We show that the effea®Pofiolation in(;)#‘:(i), transitions in
long-baseline oscillation experiments can be as large as is allowed by the unitarity of the mixing matrix. The
matter effects, which complicate the problem of searchingXBrviolation in long-baseline experiments, are
discussed in detail. We consider tlieodd asymmetries whose measurement could allow to réveald C P
violation in the lepton sector independently from matter effd@6556-282(98)02313-3

PACS numbsd(s): 14.60.Pq, 14.60.St

I. INTRODUCTION The two possibilities forAm?,, correspond, respectively, to
the Mikheyev-Smirnov-Wolfenstein (MSW) [16] and
The violation of CP invariance is one of the most impor- vacuum oscillatior(see Refs[17—-19) solutions of the solar
tant problems in particle physics. So fa&P violation has  neutrino problem. At present there is no information@R
only been observed in th&°K® system[1]. Many future violation in the lepton sector.
experiments will investigate the effects GfP violation in Here we consider possibilities to reveal effects @P
decays oB mesons and are aimed at revealing the origin ofviolation in neutrino oscillations in schemes of neutrino mix-
CP violation in the quark sectdfor recent reviews see, e.g., ing that can provide three independent neutrino mass-
Ref.[2]). In the standard model of electroweak interactionssquared differences. These schemes are based on the as-
CP violation resides in a phase in the Cabibbo-Kobayashisumption that the flavor neutrino fields are superpositions of
Maskawa mixing matriy3]. In the lepton sector an analo- four massive neutrino fields. This means that the neutrino
gous mixing matrix is expected to exist if neutrinos are MaSmixing matrix can contairC P-violating phases and effects

sive and, consequently, it is plausible to assume the presengg cp violation in the lepton sector could be observed in
of CP-violating phases in the neutrino mixing matrix as .atrino oscillation experiments.

well. In principle, short-baselin€SBL) accelerator neutrino os-

At present there are some |n(_j|cat|ons that neutrinos ar&jjlation experiments could be important sources of informa-
massive and mixed particles coming from the results of SOIa{ion on CP violation in the lepton sector, but in the case of

neutrino experiments(Homestake[4], Kamiokande [5], four massive neutrinos only the largest mass-squared differ-
GALLEX [6], SAGE[7] and Super-Kamiokandg]), of at- oIVe NBUHT y 9 1SS-Sq

mospheric neutrino experimer(i§amiokandg9], IMB [10], enceAm“=Am{q\p is relevant for SBL oscillations and the
Soudan[11] and Super-Kamiokande.2]) and of the accel- effects of CP violation cannot be revealed in SBL experi-
erator Liquid Scintillation Neutrino Detect¢£ SND) experi- ~ Ments[20]. This fact is discussed in Sec. II, where we review
ment[13]. The analysis of the data of these experiments irsome general aspects GfP VI0|atI0D in neutrino oscilla-
terms of neutrino oscillations indicates the existence of threéions. In the rest of the paper we discuss the effect€ Bf

different scales of neutrino mass-squared differences: violation that can be expected in future accelerator long-
baseline(LBL) neutrino oscillation experimenf&2K [21],
Am2,~107% eV? [14] or AmZ,~1071° eV? [15], MINOS [22], Imaging of Cosmic and Rare Underground Ex-

(1.1  periments(ICARUS) [23] and otherg24)).
In Refs.[25,26 we have shown that among all the pos-
2 _5%10°3 e\2 ' sible schemes with four massive neutrinos only two can ac-
AMmg=5x 1077 eV= [12], €2 commodate the results of all neutrino oscillation experiments
) (see also Ref.27]). These two schemes are presented in Sec.
0.3=Amigyp=22 eV [13]. (1.3 11 In Sec. IV we apply to these schemes the general meth-
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ods presented in the Appendixes A—C that allow one to ob- AmZ L\ |2
tain limits on the parameters that characterize @f-odd Py EK UgUoexp —i 20 )| (2.2)
asymmetries in different LBL channels from the exclusion
plots obtained in SBL experiments. We show that in the Am2 2

. . JAmp, L
schemes under consideration there are rather severe con- Py o= UZkUakeXF< —ij ) .23
straints on the parametgyr, that characterize€ P violations « Pk 2p '

. =) (=) .
in the v, S v, channels in vacuum, whereas the parameter

. . . . (=) (=) .
| .. that characterize€ P violations inv, = v_ LBL transi-
s poT whereAmZ =mZ—m? (we takem;<m,=<---). From Egs.

)(2.2) and (2.3 it follows that the transition probabilities of

the unitarity of the mixing matrix. neutrinos and antineutrinos are connected by the relation

The possible effects d P violation in LBL neutrino os-
cillation experiments have been discussed recently in the lit- =)
erature[28—3( in the framework of three-neutrino schemes
that could accommodate the results of some, but not allThis relation reflect<C P T invariance.
neutrino oscillation experimentgin particular, in these If CP invariance in the lepton sector holds, then there are
schemes the solar neutrino problem cannot be explained witbonventions for the arbitrary phases such that in the case of
neutrino oscillations In Sec. V we apply the methods pre- Dirac neutrinos we have
sented in this paper in order to obtain the limits on the pa-

(2.9

Va—> VB: P:Bﬂ:a N

rameters that characterize t8d>-odd asymmetries in differ- U=V (2.9
ent LBL channels in the framework of these schemes of ) ) )
mixing of three massive neutrinos. whereas in the case of Majorana neutrinos we have

In Sec. VI we discuss the implications of matter effects
for the possibility to observ€ P violation in LBL experi-

ments. Matter effects can be large and they represent a seri- L : . .
ous problem for the investigation @ P violation in LBL Where 7= +i is the CP parity" of the Majorana neutrino

experiments because the interaction of neutrinos and a|¥\-”th massm (see, for example, Ref18)). It is obvious that

tineutrinos with matter is noCP symmetric. In order to the CP parities 7, do not enter in the expressions for th_e
L o . transitions amplitudes. Hence, in both the Dirac and Majo-
extract theC P-violating phases of the mixing matrix from

the measured asymmetries it is necessary to have detaildd"@ casesP invariance implies thafi3s]

information on the absolute values of the elements of the p -p - 2.7)
mixing matrix and on the neutrino mass-squared differences. YaPp VTV '
To avoid this problem, we consider tfleodd asymmetries
whose measurement could rev€dP violation in the lepton
sector independently from the presence of mdttes matter D,.z=P
contribution to the effective Hamiltonian i$-symmetrig ’
[31]. Measurements of such asymmetries may be possible IBrom C P invariance it follows that
the future, for example, with neutrino beams from muon col-

U= —Ulm, (2.6)

Let us introduce th&€ P-odd asymmetries

V=g P;F;B . (2.9

liders[32,33. Dyp=—Dgy- 2.9
Furthermore, from the unitarity of the mixing matrix we
II. NEUTRINO OSCILLATIONS AND CP VIOLATION have
In accordance with the neutrino mixing hypothe&se,
for example, Refd.17-19), a left-handed neutrino field,, 2 D,.s=0. (2.10
is a mixture of the left-handed componemis of the (Dirac Bra

or Majorana fields of neutrinos with definite masseg: We observe that in the case of transitions among three flavor

states ¢¢,v,,v;) the CP asymmetries satisfy the relations
[20]

V“L:; Ul Wwith a=eu,7s, ..., (2.7 De,=D,.=D,e, 2.1

which follow from Eqgs.(2.9) and(2.10.
where U is the unitary mixing matrix. Herek=3 and
VgL, - .. are possible sterile neutrino fields. The mixing in
Eq. (2.1) implies that the transition probabilities in vacuum  iThe CP parities of Majorana neutrinos could be important for
of neutrinos and antineutrinos with momentypmat a dis-  neutrinoless double-beta decay; for example, if thes have dif-
tanceL of the neutrino detector from the neutrino source areferentC P parities, their contributions to the amplitude of neutrino-
given by less double-beta decay could cancel each dtB4l
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In the general case of mixing of an arbitrary number ofwhereas

massive neutrinos, the transition probabilities are given by AmZ=Am? for k>r and j<r. 2.16
o o = 121y .12 . L . .
Pvaﬂvﬂ_; |Ua1| |UBJ| In this case, for th&€ P asymmetries in SBL neutrino oscil-
lation experiments we obtair20]
AmiL 1 AmZL
+2, REU ,U%U%U g Jcos— =D 6, D (SBL) _ N N | sipekis
k>] 2p 2 «p r;k:>j k>zj>r k>2r>j BT 2p
(2.12 Am2L
. . . : — = > lpjSin——=0. (2.17
where the plugminug sign applies to neutrino@ntineutri- Ko g 2p
nos. The expression for the asymmetries is
Amﬁ-L The last step follows from the definitiaf2.14) and the uni-
Da;ﬁ=k2_ Iaﬁ;jksinz—pj, (2.13 tarity of the mixing matrix. Consequently, it is necessary to
>]

consider neutrino oscillations in LBL experiments in order to
have some possibility to observe effects@P violation in

| =4 U, U% U U (2.14 the lepton sector. _ _ _ _
aBijk— aj= B~ ak™ Bkl ' In the rest of this paper we will consider schemes with

These parameters are invariant under rephasing of the neLo_ur and three massive neutrinos, in which only the largest

trino mixing matrix and(apart from a factor of Yare the Ima_lss-s_quared dlffer_eno.}am r'ls r_elevant Ifor Ue‘g””o_ dOSC”'
analogues in the lepton sector of the well-known rephasing-atlons In SBL experiments, having a value in the wide range
invariant parameters in the quark secf86—38. In Secs. 107! eVP<AMm2<1G® e\? 2.18
IV=VI we will derive the constraints on the parameters ’

| o;jk Which follow from the results of neutrino oscillation \yhich include the intervall.3) allowed by the results of the
experiments in the framework of schemes with four and SND experiment.

three massive neutrinos.

CP violation in the lepton sector can be observed in neu-
trino oscillation experiments only if at least one of the terms
of the sum in Eq.(2.13 does not vanish because of the All existing indications in favor of neutrino oscillations
averaging over the neutrino energy spectrum and the size an be accommodated by a scheme with mixing of four mas-
the neutrino source and detector. sive neutrinos[39,40,25-27. In Refs. [25,26 we have

If only one mass-squared different@enoted byAm?) is  shown that from the six possible spectral schemes of four
relevant for short-baseline neutrino oscillations, the neutrinosnassive neutrinos, which correspond to three different scales

with

lll. FOUR MASSIVE NEUTRINOS

can be divided into two groups;, ... ,v; andv, 4, ...,v, of mass-squared differenceh”nzj, only two schemes are
with massesm;<---<m, and m,,;<---<m,, respec- compatible with the results of all experimeritee also Ref.
tively, such that, in SBL experiments, [27]). In these two schemes the four neutrino masses are
) divided in two pairs of close masses separated by a gap of
AmjL ~1 eV:

2p <1 for j,ksr or j,k>r, (2.15

atm solar solar atm
—— —— e N ———
(A) mi<my<mz<myg and (B) my <myKma<my.
LSND LSND (3.2

In scheme A,Am3, is relevant for the explanation of the periments, in the two schemes A and B the parametgrs
atmospheric neutrino anomaly adnZ, is relevant for the andc, are constrained b25,26

suppreszsion of solare’s. In scheme B, the roles aimj, (A)  ce=a’, cﬁzl—ai, 3.3
and Amj; are reversed.

Let us define the quantities, (with a=e,u,,s) as (B) ce=1-a,, c,ﬁai, (3.9

Co= U 2. 3.2
k;yzl 3 B2 where
Taking into account the results of SBL neutrino oscillation o_1
; . . =-(1-+1-B% = .

experiments and those of solar and atmospheric neutrino ex- 8a 2( aia) (@=&n) @5
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anng;a is the experimental upper bound for the oscillationfollow from the corresponding expressions in scheme A
amplitude[26], through the exchange of indices
Buo=4C,(1—-C,), (3.6 1,253,4. (3.9

in SBL disappearance experiments. The valueaooa’tnda

obtained, respectively, from the 90% exclusmn plots of theSince this permutatlon of indices transforms the conditions
Bugey [41] v.— v, reactor experiment and of the CDHs (3-3 into 1— ce<a and 1-c,>1—-aj,, which are identical
[42] and CCFR[43] v,—v, accelerator experiments are with those of Eq.(3.4), it follows that schemes A and B are
given in Fig. 1 of Ref[44]. From that figure one can see that Indistinguishable with neutrino oscillatiofiS0]. Note, how-

a is small (a°<4>< 1072) for Am? in the wide range2.18) ever, that the_se schemes could in principle be distinguished,
anda is small (a <10"1) for AM2=0.5 e\2. In the fol- for instance, in B8),, decay or with the measurement of the

high-energy part of the8-spectrum of3H [25,26. In the
Iowmg we will use also the upper bounA§ for = u and followi il perf Il calculati : h A
B=e.r on the SBL oscillation amplltude[QG] ollowing we will perform all calculations in scheme A, but

all bounds onCP-violating observables which we will de-

2 2 rive hold in both schemes.

, 3.7 Short-baseline neutrino oscillation experiments are sensi-
tive to Am?’=Am3,=0.1 e\? with a distancelL between

which are obtained from the 90% C.L. exclusion plots of theneutrino source and detector such that

BNL E734 [45], BNL E776[46] and CCFR[47] ¥ —>1/e )

appearance experlments and of the Fermilab E[&B} and AleL <1 and Amggl <1 3.9

CCFR [49] v, —>(v _appearance experiments. The result of ’ '

the LSND[13] v, — Ve appearance experiment, which is cru-
cial for the arguments in favor of the 4-neutrino schemes AAs discussed in the previous section, with these assumptions
and B[25-27, will be of importance in the further discus- on the neutrino mass spectrum there are no effect€ Bf
sion mainly through the allowed rang#.3) of Am?. violation in SBL neutrino oscillations. On the other hand,

It can be seen from the neutrino mass spe¢®d) that long-baseline neutrino oscillation experiments are planned to
the expressions of the oscillation probabilities in scheme Boe sensitive to the “atmospheric neutrino range™ $e\V?

A, =4 S U,zU*
B ‘k;l,Z Bk~ ak

=4 UgU*
’k;m B ak
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FIG. 2. Upper bound for the parametég,| which characterizes
the CP-odd asymmetry in the ,— v, channel for the SBL param-
eter Am? in the range 10° eVl<Am2=<1G® eV2. The solid curve
represents the upper function in E¢.4) and is obtained from the
90% C.L. exclusion plot of the Bugey.— v, experiment. The
dash-dotted curve improves the solid curve Wh&ﬁ&aglz [the
lower function in Eq.(4.4)]. It is obtained from the 90% C.L. ex-

clusion plots of the Bugey.— v, experiment and the CDHS and
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FIG. 3. Upper bound for the parametey,,| which characterizes
the CP-odd asymmetry in thes,— v, channel. The solid curve is
obtained from the 90% C.L. exclusion plots of the CDHS and
CCFR v,— v, experiment{see Eq.(4.5]. The dashed curve is
obtained from the 90% C.L. exclusion plots of the FNAL E531 and
CCFRv,— v, experimentdsee Eq.(4.9]. The shadowed region
corresponds to the randg#.3 of Am? allowed at 90% C.L. by the
results of the LSND experiment.

CCFRv,— v, experiments. The dashed curve is obtained from the

90% C.L. exclusion plots of the Bugey,— v, experiment and the
BNL E734, BNL E776 and CCFR,— v, andv,— v experiments

[see the upper function in E@¢4.8)]. The shadowed region corre-
sponds to the rangd.3) of Am? allowed at 90% C.L. by the results

spectively, by taking into account that in LBL experiments
Am§3L/2p<1 and averaging out the oscillating terms with
phases much larger thamZ(AmﬁjL/2p>27r for k=3,4
andj=1,2).

of the LSND experiment. The solid curve represents also an upper From Egs.(3.10, (3.11) and (3.9) it follows that the

bound for|l,]|.

<Amg;=10"*! eV2 In scheme A, the probabilities of,
—vg andv,— vg transitions in LBL experiments are given
by

2 2
piLBLA) ‘ U Uk + uﬁzuzzexp< —iAr;sL)
2
+ k§§’4uﬁku§k , (3.10
2 2
pLLELA) ‘ U%,U oy nguazexp< —iAz]SlL)
2
+ k§3,4uz"u“k , (3.11)

respectively. Matter effects are not included in these formugive the quantitie$

las which have been obtained from E¢@.2) and (2.3, re-

CP-odd asymmetrieB 5" in LBL experiments in schemes
A and B are given by
2

Ams.L

(LBLA) _ | (A) i 21
Daig —Iaﬁsm—2p , (3.12

AmZ.L

(LBL,B) _ | (B) 43
Doig —Iaﬁsm—2p , (3.13

with the oscillation amplitudefsee Eq(2.14)]
1 =1p12 and 11)=1p.3. (3.149

In the following we will only study scheme A and drop the
superscript A ({)=1,,,) for the reasons mentioned above in
the context of Eq(3.8).

Finally, we want to mention that the phases of the prod-
ucts of elements of the mixing matrix whose imaginary parts
eur le- @andl - are not independen8s],
as can be seen from the obvious relation
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arqU LU U*.U,]=ard Uu U USU ] IV. CP VIOLATION IN THE SCHEMES WITH FOUR
pIE =22 etrrFe2r2 NEUTRINOS

—ard U U* U%U 0], . . . .
qUeUsilUeU ol In this section we discuss bounds on the vacuum quanti-

(3.19 ties (3.14). For the reasons explained in Sec. lll we confine
ourselves to scheme A in the derivations of the bounds. As
shown in Appendix B, the unitarity of the mixing matrix
implies the “unitarity bound”

which is valid if ¢, , 1., andl ,, are all different from zero.
Hence, a measurementky, , I, andl ,. can give informa-
tion on only two independent linear combinations of the

three CP-violating phases which are possible in the four-

neutrino schemes. In order to obtain information on the val- lapl=<f(Cq.Cp) (4.)
ues of all the threeC P-violating phases it is necessary to
measure also some of the othgg.;'s. wheref(x,y) is a continuous function,
fi=xy for 2(1-x)(1—-y)=xy,
f(x,y)= 4.2

fa=2[(x+y—1)(1-x)(1-y)]¥* for 2(1-x)(1—y)<xy,

defined on the unit squarestkx<1, O<y=<1. In Fig. 1 we increasingy the functionf increases monotonously frofn
have drawn a contour plot of the functidiix,y), whichis =0 aty=0 to f=xy1—x when the straight ling/,(x)=1
helpful for the determination of the maximal allowed value —x/2 (0<x=1) depicted in Fig. 1 is crossed. After this
for f(c,,cp) whenc, and/orcg are bounded. The dotted intersection,f decreases monotonously te-0 aty=1.

line in Fig. 1 is the borderlingy(x)=2(1—x)/(2—x) be- The absolute maximum of the functidn(see Appendix
tween the regions wheré=f; and f=f,. Note thatf is  C) lies at the intersection of the lingg andy, and is given
continuous along this borderline. by f max= 2/3\/3~0.385. Therefore, from the unitarity of the

In order to determine the maxima bfx,y), the following  mixing matrix we have an absolute maximum fog|:
considerations are usef@for details consult Appendix IC
Increasingx at fixedy, the functionf increases monoto- 2
nously fromf=0 atx=0, until the straight ling/,(x) =2— ||aﬁ|g —~0.385. 4.3
2x (1/2<x=<1) depicted in Fig. 1 is reached. There, the 3V3
value off is given byf=y+/1—y. After this intersection, the
function f decreases monotonously fe=0 atx=1. From With the help of Fig. 1, one can see that E411) with the
the symmetryf(x,y)=f(y,x), it follows that for fixedx and  constraints3.3) on ¢, andc, implies that

fa(ag,y2(ad)=ad(1-ag)"? for aj=ag/2,
leul=< 4.4
e fy(ag1-a%)=2[(ad—a))(1-ad)a%]*? for a)<ag/2. @4
|
The solid curve in Fig. 2 shows the Iirﬂiteﬂ|sag\/1—ae0 ||MT|gf2(1—a2'yz(l—ag))z(l—az)\/a_z_ (4.5)

with a2 obtained from the 90% C.L. exclusion plot of the

Bugey [41] ve— ve experiment. The dash-dotted curve in The solid curve in Fig. 3 represents the corresponding bound
Fig. 2 represents the improvement reached with the lowegptained from the 90% C.L. exclusion curves of the CDHS

part of Eq.(4.4) at the values oA m? for whicha}<ag/2,  [42] and CCFR[43] »,— v, experiments. Fonm?<0.3

with &) obtained from the 90% C.L. exclusion plots of the e\2 there are no ' experimental data and therefore

CDHS[42] and CCFR43] v,— v, experiments. From this |1 .| max=0.385 by virtue of Eq(4.3).

figure one can see that the upper bound [igy| is very Taking into account the expressié®7) for Az, in both

small (lg,|=4x 10°%) for Am? in the wide rqnge§2.18), . schemes A and B we have also the “amplitude boufii
The bound represented by the solid curve in Fig. 2 is vali he proof of this inequality, see Appendix) A

also for|l,|, because there is no experimental information
onc,.

For |l .|, again by inspection of Fig. 1, one can see that
Eq. (4.1 with the constrain(3.3) on ¢, implies that

1
|IaB|SE\/Aa;ﬁ(4CaCB_Aa;B)' (46)
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With the upper bound\a;BsAg;B we obtain

1
0 0 0
1< E\/Aa;ﬂ(4cacB—Aa;ﬁ) for AL z=<2C,Cg,
CuCp for A ,=2c,Cp.

(4.7

For [l¢,|, with the constraint$3.3), the inequality(4.7) be-
comes

1 0 0
5\/AM° ;e(4a2— A#U o for A.<2a,

ag

leul=
for A) .=>2ag.
4.9

The dashed curve in Fig. 2 shows the lin¥t8) obtained
using the 90% exclusion plots of the Buge4l] v.— v,
experiment for the determination af and the BNL E734
[45], BNL E776[46] and CCFR[47] v,— v, experiments
for the determination OAO;E. One can see that the upper
bound for]le,| is extremely small|(¢,|=<10"2) for Am? in
the wide range(2.18), which includes the LSND-allowed
range(1.3).

Since the constraint3.3) do not put an upper bound on
the possible values aof, andc,, in the case ofl | the
inequality (4.7) becomes

LBL
N
m; < mg LK mg3
—_——
SBL

Wy

(5.9

and

PHYSICAL REVIEW D58 033001

%\/AZ;TM—AE;T). (4.9

|1l <

The dashed curve in Fig. 3 shows the lindt9 obtained
using the 90% exclusion plots of the Fermilab E$3&] and
C(EZFR [49] v,— v, experiments for the determination of
AC. .

MThe shadowed regions in Figs. 2 and 3 correspond to the
range(1.3) of Am? allowed at 90% C.L. by the results of the
LSND and all the other SBL experiments. From Fig. 3 it can
be seen that, taking into account the LSND sigrja),,|
could be close to the maximal value 28 allowed by the
unitarity of the mixing matrix.

V. THREE MASSIVE NEUTRINOS

Though not all present indications in favor of neutrino
mixing can be taken into account in scenarios with mixing of
three massive neutrinos, it is nevertheless interesting to in-
vestigate also this case with the methods developed in this
paper. Let us assume for definiteness that of the two differ-
ences of squares of neutrino masses one is relevant for SBL
oscillations and the other one for LBL oscillatiofsee also
Refs.[28-30,5(0). These assumptions give rise to the fol-
lowing two three-neutrino mass spectra:

LBL
——
my K mg < m3z .
N —
SBL

(1)

From a comparison of Eq$5.3) and (5.4) with Egs.(3.10
and (3.11), it is obvious that theCP-odd asymmetries

Furthermore, the results of the disappearance experimentj%"") are given by the same formulé&3.12 and(3.14) as

allow us to define the three regiofsee Refs[51,44,4Q)

(1) |Ued?=1-al, |U,l?<al,
(2) |Ued?<al, U ,ul?<a), (5.2
(3) |Uek|2$aga |Uﬂk|2?1—az,

with k=3 for scheme | anck=1 for scheme ll[for the
definition of aJ and a’,, see Eq.(3.5]. The neutrino and
antineutrino LBL oscillation probabilities in scheme | are
given by

AmZ,L\ |2
(LBL,1) _ * * . 21
Vo Vg U51Ua1+Uﬁ2UazeXF< "2p )
+|U g3l?|U 43l%, (5.3
Am? L) 2
(LBL,I) * * . 21!
= =1U%U_1+U%U,_exg —i
Vo= g Bl¥ al B2Y a2 % 2p
+]U g3]?|U 3% (5.9

in the 4-neutrino case with superscript | instead of A. The
transition probabilities in scheme Il are obtained from the
expressiong5.3) and (5.4) by a cyclic permutation of the
indices: 1-2—3—1. Therefore, as in the case of the
schemes A and B for four neutrinos, the bounds on the
CP-odd parameters,; are the same in the three neutrino
schemes | and Il

The methods for the derivation of the bounds kopy
which are described in the appendixes for the four-neutrino
schemeg3.1) are valid also in the case of mixing of three
neutrinos. Obviously, the derivations of the four-neutrino
case A(B) are carried over to the three-neutrino cagk )l if
we put U,,=0 (U,,=0 and change the indices 2,3,4
—1,2,3) for alla=e,u,7. This implies that the amplitude
bound(A10) applies also to the three neutrino schertte$).
In order to derive the unitarity bound from EA10), one
must notice that from the unitarity of thex33 mixing matrix
we haveA, ;=4(1-c,)(1—cpz) andc,+cz=1. Hence,
the equality sign applies in E4B2) and there is no such
distinction as defined by EqB4). Consequently, by simple
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substitution ofA,.;=4(1—-c,)(1—cgp) in Eq. (A10), in the 1
case of mixing of three neutrinos one obtains the unitarity Teul = 5VAL (48, = Aye) (5.9
bound(B6): i.e.,

[apl=<f2(Cq,Cp). (5.5 and
0 0\1/2 0 0
a (l—a for a.=a;/2,
Notice thatf,(c,,Ccz) vanishes on the unitarity boundary I |g{ ul o “3 or 0112 g g
c,+Cp=1. Since the maxima of(c,,cz) and f,(c,,Cp) ol2[(a,—a)(1-a,)a.]" for a.<a,l/2.
coincide and are reached fog=cz=2/3 (see Appendix ¢ (5.10

the absolute maximunl aﬁ|maX:2/3\/§ of the 4-neutrino
case extends its validity to three neutrirfos.

Furthermore, since in the 3-neutrino case tBe-odd
asymmetries in different oscillation channels are connecte
by Eq.(2.11), we have

The amplitude bound is more stringent than the one in region
2, but less restrictive than the one in region 1 and in the
é—neutrino schemes A and @or ag< ag). From Eq.(5.6) it
ollows that the bound§5.9) and(5.10 are valid also for the
parametetl .| that characterizes the@ P-odd asymmetry in
lpr=lre. (5.6 the v,— v, channel.

Summarizing the results of this section, we have shown
that in regions 2 and 3 the strong bounds of region 1 and of
the 4-neutrino schemes A and B ¢ip,,| are somewhat re-

ew =

In the following we will give LBL bounds for each of the
regions(5.2), along the lines of the previous 4-neutrino sec-

tion. . .
. . . . laxed. However, regions 2 and 3 are disfavored by present
Region 1 With respect to SBL and LBL neutrino oscilla- hints for neutrino osg,]cillations yp

tions, the 3-ne_utrino schemes | and Il'in regior_l 1 corre_spond Let us also emphasize that the solar neutrino problem can-
to the 4-neutrino schemes A and B, respeciively, with thenot be explained by neutrino oscillations in the three-

same bounds Oheﬂl [Egs.(4.4), (4.8 and Fig. 2. Because neutrino schemes considered in this section. Hence, we re-

of Eq. (5.6), the stringent bounds di,,,| given in Fig. 2 are gard them as remote possibilities.
valid also for|l ,,|.

Region 2 Actually, this region is disfavored by the results
of the LSND experimentsee Refs[51,44,40,2§. Also the
results of the atmospheric neutrino experimg@ts12] taken Since in LBL neutrino oscillation experiments the neu-
together with the results of the CHOOZ experimgs] in-  trino beam travels a long distance through the Earth’s crust,
dicate that this region is disfavored. Indeed, in this regipn  matter effects influence the neutrino oscillation probabilities.
is small ¢,<ad+ ai) and the atmospheric neutrino anomaly The effective Hamiltonians in the flavor basis of neutrinos
can be explained only with dominamt, = v, oscillations, and antineutrinos in the case of the mixing of four neutrinos
which are forbidden by the results of the CHOOZ experi-are given, respectively, By
ment. Since this evidence could disappear when the results 1
of future more accurate experiments will be available, let us H,=-—[UM2U"+diag(acc,0,0anc)],  (6.0)
discuss the bounds o@P violation with the methods de- 2p
scribed in the appendixes. They are given by the amplitude 1

bound Hy= —p[u*MZUT—diag(acc,O,OaNc)],

VI. MATTER EFFECTS AND CP VIOLATION

2

||e,u.|$%\/A2.;e(4_A2;e) (SW (62)

whereacc andayc are given by 16]
p
1 GeV)’

6.3

and the unitarity bound
p

acc=2V2GENp=2.3x10"* eV? —
3gcm

lel<fs(1-ad1-a0)=2+ada%(1-ag—a’). (5.9

Both bounds are less restrictive than the corresponding L

bounds in region 1. By Eq5.6) these bounds hold in all _ -

neutrino transition channels. ac=2GeNp 28cc €4
Region 3 In this region, where,>1-ag andc,<a), A

the full set of atmospheric neutrino data cannot be explainetespectively, and?= diag(m?,m3,m3,m2). HereGg is the

in the framework discussed hei26]. Applying nevertheless Fermi constantN, andN,, are the electron and neutron num-

our methods for obtaining bounds @P violation, we get ber density, respectively, andis the density of matter. With

the results an average density of approximately 3 g chin the litho-

sphere we get

2This value corresponds to the maximal value of the Jarlskog
parameterd [36,37 for CP violation in the Kobayashi-Maskawa  3Since active and sterile neutrinos are present in the schemes un-
matrix, |J|max= 1/6y3, with an additional factor of 4 due to the der consideration, both charged-current and neutral-current interac-
definition (2.14). tions contribute to the effective Hamiltonians.
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LONG-BASELINE NEUTRINO OSCILLATION ...
L to the search for methods that could allow us to extract these
m) quantities from the transition probabilities of neutrinos and

antineutrinos measured in long-baseline oscillation experi-
Therefore, large matter effects are to be expected for bas&ents. _ N I
lines L=1000 km. Thle. forrr_\ula in Eq.(2.12 for the probability Ofvaﬂ vg

In the fo||owing we app|y the S|mp||fy|ng approximation transitions Is adapted to the matter CaSE by the sibstltutlons
of constant electron and neutron number densities, which i —U’ andl—1"' for neutrinos andJ —-U’ andl—1"' for
rather accurate in the case of LBL experiments. In order t@ntineutrinos:
obtain the neutrino oscillation probabilities in matter we

L
°C” ~0.58¢10°3
2p

(6.9

have to diagonalize the Hamiltoniari6.1) and (6.2) with
unitary matriced)’ andU’,_ respectively, leading to the ei-
genvaluese;/2p of H, ande;/2p of H3. Thus, we have

€
't
2pU

A

— Y 1r* e_rT
H,=U and H,=U 2pU (6.6)

with the dlagonal matrices=diag(e; , €,,€3,€,) and e
—dlag(61,62 63,64) for neutrinos and antineutrinos, respec-
tively (in the limit acc,anyc—0 of vanishing matter effects
we getU’, U’ —Uu ande; ,€J—>m])

Analogously to the definition of 4. in Eq. (2.14), it is
useful to define

g =41mUU" 505 UL,

wp:k=41mU ;U 5U 5 U] (6.7)

The usefulness of these definitions lies in the fact tbathe

P,,HH,,[;ZEJ_: |Uéj|2|U,%j|2+2k§>:j ReU U g Ui U
wcoskie | 1 Zl kL 6.1
cosﬁ aﬁjksmﬁ (6.10

P Vg EJ: |U;j|2|U;3j|2+2k§>:j Rq:UélJUIBTU;tU;Bk]
o €l 12 o &l 61
cosﬁ B]ksmﬁ (6.11)

with €= €, — €; ande, €j= ek— e]- . From these two equations
it is clear that in matter the transition probabilities of neutri-
nos and antineutrinos are different everCiP is conserved,

i.e. if all the quantitied |, 4., andl p:jk are equal to zero.
Hence, simple measurements of the asymmetfie3 do not
allow us to obtain direct information o@P violation [28—
30]. This is due to the fact that the matter contribution to the

proof of the existence of CP violation due to neutrino mixingeffective neutrino and antineutrino Hamiltonia(&1),(6.2)

the quantities l jx and I g:jk are as good as Jg k. In
other words] af; Jk—O for aII values of the indices, 83,j Kk if
and only if |’ wl B =0 (I 1Bk =0) for all values of
a',B’,j" k. Let us prove this statement fof 5.;, (an analo-
gous proof holds in the case bjﬁ;jk). First we assume that
l op.jx=0 for all values ofa,B,j,k. This is. ppssible only if
the mixing matrixU can be written a&) =e'?Ue'?, wherep
and o are real diagonal matrices andl is real. Since the

matter part in the Hamiltonia(6.1) is real and diagonal, the
effective Hamiltonian6.1) can be written as

R ;
HV:e'PE[UMZUWdiaQaCC,O,OaNC)]e*"’

=el’H e ', (6.9

whereH,

U’ can be written a§)’ —eiPL~J’ whereU’ is real. This form
of U’ implies thatl’ =0 for all values ofa,B,j,k. In
order to prove the i mverse statement, i.e. that;, =0 for all
values of a,B,j,k if 1), rgrjre =0 for all values of
a',B',j",k’, we note that
UM2UT=U"eU’ -

diagacc,0,0anc). (6.9

Now the rdes of U andU’ are exchanged. Hence, the same

reasoning as before leads to the inverse statement.
The possibility of finding evidence f& P violation in the

lepton sector through the quantltle;ﬁ ik andl’ ap:jk l€ads us

is a real and symmetric matrix. Hence, the matrix

is notC P symmetric. However, since the matter contribution
to the effective neutrindantineutring Hamiltonian is real
and the matter density is symmetric along the path of the
neutrino beam in terrestrial long-baseline experiments, mat-
ter effects arél symmetric[31]. In other words there is no
dlfference in the matter contributions to tlng—> v) and v)ﬁ
— v, channels and a difference of the correspondlng transi-
tion probablhtles can only be due to a fundamental violation
of T in the lepton sector. Since th@PT theorem implies
that a violation ofT is equivalent to a violation o€ P, we
are led to explore the possibility of obtaining direct evidence
of CP andT violation in the lepton sector through measure-
ments of theT-odd asymmetries
Top=P, .,,—P and TQB P,

B g Va

—p -

VgV,
B

(6.12

in long-baseline oscillation experiments. In the case of a con-
stant matter density along the neutrino pétiich is a good
approximation for terrestrial LBL experiments with a base-
line shorter than about 4000 knirom Egs.(6.10 and(6.11)

it is straightforward to obtain the following expressions for
the T-odd asymmetries:

14 —)VB

KL €y L
(6.13

It is clear that findingT,z and/or?aﬂ different from zero
would be direct evidence of (and CP) violation in the
lepton sector independent from matter effects.
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The T-odd asymmetrie$5.12 cannot be measured in the €€ €4— €3 , ,
accelerator LBL experiments of the first generatjiaa—23 p= 2p L, o= 2p L and J,5=l,p34
because the initial beam will contain almost exclusively. (6.19

In order to have some possibility of measuring fheodd
asymmetries it will be necessary to wait for the second gen-

eration of accelerator LBL experiments, as those that will usd he expressions for the quantities—e; and €;,— €z in
v,+ve and v, + v, neutrino beams from a muon collider terms of the neutrino mixing parameters and of the matter

(32,33 density have been derived in REE0].
e From Eq.(6.18), for the neutrinoT-odd asymmetries we

Let us now consider the four-neutrino schem@sl), . .
obtain the expression

whose phenomenology &P violation in long-baseline neu-
trino oscillation experiments in vacuum has been discussed

in Secs. Il and 1V. We will discuss explicitly only the neu- Taﬁ=|;55in ¢+J;Bsin . (6.20
trino T-odd asymmetrie§ .z in the scheme A, but all the
conclusions are valid also for the antineutrineodd asym-

metries T,z in scheme A and for the neutrino and an-
tineutrino T-odd asymmetries in scheme [Bvith the ex-
change of indices given in E¢3.8)].

In Ref.[50] we have shown that apart from small correc-
tions of orderacc/Am?, one can decompodg’ into

Therefore, in matter th&-odd asymmetryl,; depends not
only on the parametdlgﬂ relative to the atmospheric sector
[see Eq(6.14 and the definition$6.7) and(6.17)], but also

on the paramete};B relative to the solar sector. In R¢&0]

we have shown that in the case of accelerator LBL experi-
ments the maximal value of the parameigeis given by

Ryn O
U'=UR with R=< am n) (6.14
RSU

0 3accl 3

L
Omar=5 5~ =§\/§GFN9L= 8.6X 10_4(W)
where Ry and Rg,,, are 2<2 unitary matrices. The block P m

structure ofR implies that (6.21
E U&jUEf:_E U Zj (6.15 for p=3 g cm 3. No.tice that the value oby,,, does not _
i=12 =12 depend on the neutrino energy, but only on the propagation
and therefore distancel. From Eq.(6.21) one can see that the contribution
of the term in Eq.(6.20 proportional to sim could be rel-
c. = 2 U,|2= z U’ |2 (6.16 evant forL=100 km and therefore cannot be neglected in
CH T i EH Y the analysis of the results of LBL experiments.
Since the bounds oh, ;=1 4.1, derived in Sec. IV depend As we have se(_en ab,ove, th_? upper bounds Igp
only on quantities of the typés.15 and(6.16), we arrive at = ap:12 @re also valid for,; andl ;. An analogous rea-
the interesting conclusion that the upper boundd gnare ~ Soning leads to the conclusion that the upper bounds on the
also valid for parameters
1/ g=1lg1, and |/ =)z (6.17)
B 812 B Bi12 JC‘BE | aB;34 (622

In this sense the upper bounds represented by the curves in
Figs. 2 and 3 include matter effects.

Using a method analogous to that employed for the der
vation of Eq.(3.10), for the probability ofy,— vz LBL tran-
sitions in matter we obtain

.are also valid ford, ; andJ; ;=1,.3,- Hence we are led to
'the investigation of the upper bounds for the parameters
J.p- Following the methods presented in the Appendixes
A—-C, one can derive the unitarity bound

PLo, = IV U +U U e Y2
“ |3apl<f(1—c,l-cCp) (6.23
+|UpsU 5 +UpU e |2

[e2

:2 UL U 242 REUZ,UZEUTS UL Toos and the amplitude bound
. Bk ak al™ 11~ a2 ™~ B2

1
1 Jagl< VAL 4(1—Co)(1—Cp)—Anpl. (6.2
+2 RgU 3U3U U ]cosw+5 1 4sin ¢ o 2\/ L4 ) g sl (029

2
1 . Taking into account the constrain(8.3) on ¢, and c
-1 . M
+2Ja/3$|nw, (6.18 obtained from the exclusion curves of SBL reactor and ac-
celerator disappearance experiments, the unitarity bound for
with the definitions |Je, is given by
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f,(@%,y,(al))=a)(1-a%)M

PHYSICAL REVIEW D58 033001

for ag=a)/2,

NIIES
e fo(a),1-ad)=2[(a),—ag)(1-a)ag]"® for ag<ap/2.

(6.25

The numerical value of this bound, obtained from the 90%corresponds to the rang#.3) of Am? allowed at 90% C.L.

C.L. exclusion plot of the Bugey41] v.— v, experiment
and from the 90% C.L. exclusion plots of the CDHE] and
CCFR[43] v,— v,, experiments, is shown by the solid curve Am?=0.27 eV, which is an interval that includes the
in Fig. 4. The dashed curve in Fig. 4 represents the amplitudeSND-allowed rangg1.3).
For|J,.| we have the unitarity bound

bound

|‘](-:‘/L|s

0
a,

1 0 0
E\/Ag;e(4a2— AC.) for AD..<2aj,

for A°

0
=
wie=28,,

(6.26

19,..1=f2@) y.(a)))=a)V1-a,.

by the results of the LSND and all the other SBL experi-
ments. From Fig. 4 it can be seen thdt,|<10"* for

(6.27

This limit is more stringent than the corresponding one for

obtained from the 90% C.L. exclusion plots of the CDHS|! ;| given in Eq.(4.5). Its numerical value obtained from
[42] and CCFH43] v, =V, experiments and from the 90% the 90% C.L. exclusion p|OtS of the CDH:QZ] and CCFR

C.L. exclusion pl}ots(of

the BNL E73/5], BNL E776[46]

[43] v,— v, experiments is shown by the solid curve in Fig.

and CCFR[47] ;#_”‘)e experiments. The shadowed region 5. The dashed curve in Fig. 5 represents the value of the

amplitude bound

10° \/ ; .
3
) —— U-bound 10 ' '
f\ ——— A-bound —— U-bound
, C— LSND ——— A-bound
~
[ —= LSND
102 | \ _
~
102 m
s
RTI . <
N %
§ / — 101 4
/ N
/ S
| <
—\
100 F .
100 m
<
10-1 1 1
103 102 10 10°
10-1 1 1
- 2 "
W olmax 10° 10 10" 10°

W uelmax

FIG. 5. Upper bound for the parametd,,| [see Eq.(6.22].

FIG. 4. Upper bound for the paramete,,| [see Eq.(6.22].
The solid curve represents the unitarity boui@25 and is ob-
tained from the 90% C.L. exclusion plots of the Bugey—ve  The solid curve represents the unitarity bouf®?) obtained from
experiment and those of the CDHS and CCPR—v, experi-  the 90% C.L. exclusion plots of the CDHS and CChR—v,
ments. The dashed curve represents the value of the amplitudgperiments. The dashed curve depicts the value of the amplitude
bound (6.26 obtained from the 90% C.L. exclusion plots of the hound (6.28 obtained from the 90% C.L. exclusion plots of the
CDHS and CCFR/,— v, experiments and those of the BNL E734, CDHS and CCFRv,— v, experiments and those of the FNAL
BNL E776 and CCFR/,— v, andv,— v, experiments. The shad- E531 and CCFR/,— v, experiments. The shadowed region corre-
owed region corresponds to the rar(@ed) of Am? allowed at 90%  sponds to the rangd.3) of Am? allowed at 90% C.L. by the results
C.L. by the results of the LSND experiment. of the LSND experiment.
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1 0 0 given by Eq.(6.20 with J;BZO. Using the same reasoning
|3,.< 2 VA, (4a,—A,.) for A, <2a, as that employed in the case of the 4-neutrino schemes, one
wrl == 0 0 0 can see that the upper boundslgp derived in Sec. V in the
a, for A,.>2a, case of the 3-neutrino schemes are also validlfgr and

6.28 I;B. Hence, T, is very small if the neutrino mixing param-
obtained from the 90% C.L. exclusion plots of the CDHsEters lie in region 1 and is less suppressed in regions 2 and 3.
[42] and CCFR43] v,,— v, experiments and from the 90%
exclusion plots of the Fermilab E53#8] and CCFR[49]
v,— v, experiments. From Fig. 5 one can see thaj,|
=0.25 for Am?=0.3 e\, including the LSND-allowed In this paper we have considered possibilities to reveal
range(1.3), and|J,,.|<8X 102 for Am?=0.5 e\?. effects of CP violation in the lepton sector in future accel-
Since 1-c, is large and there is no constraint on the erator long-baseliné€.BL) experimentgK2K [21], MINOS
value ofc, (and the available information o, is rather  [22], ICARUS [23] and otherg24]).
poon, the parametetJe,| is only subject to the unitarity At present there are three experimental indications in fa-
bound vor of neutrino oscillations which correspond to three differ-
ent scales of neutrino mass-squared differences: the solar
[Je,|<fo(1—a2,y,(1—ad)=(1—ad) \/a_g. (6.29  neutrino deficit, the atmospheric neutrino anomaly and the
) . ) . result of the LSND experiment. These indications and the
This bound is much less stringent than th_e cqrrespondlng ONGegative results of numerous short-baseliBBL) neutrino
for |le,|, represented by the upper function in 4.4 and  experiments can be accommodated in the two four-neutrino
depicted as the solid curve in F|g 2. SIr‘E:%é4X 1072 for schemes A and B presented in Ea_l) [25_2ﬂ
Am? in the wide range(2.18, we obtain the upper bound  \Working in the framework of the neutrino mixing
|Je-/=0.2, which is about half of the unitarity limit 248  schemes A and B, we have derived constraints on the param-
=0.385. etersl, g (a,f=¢,u.7) [see EQ.(3.14)] that characterize
From the bounds depicted in Figs. 2 and 4, it is clear thaCP violation in ‘»,—»; LBL neutrino oscillation experi-
the observation of a non-zerb-odd asymmetryT . (and  ments in vacuum. These parameters are given in terms of the
T,e) in future LBL experiments is a very difficult task. On quantitiesl ,;x Which appear in the gener@lP-odd asym-
the other hand, from Figs. 3 and 5 one can see thafthédd ~ metries[see Eqs(2.13 and(2.14] asl ,z=1 ,4.12In sScheme

asymmetryT ,, (andT ) could be rather large, close to the Aandl ,5=1,p:34in scheme B. We have developed methods
maximal value allowed by the unitarity of the neutrino mix- for deriving upper bounds on the parameterg from the

ing matrix. Also theT-odd asymmetryT,. (andﬂT) could data of SBL experiments wh|ch can be applled_not only to
be rather large, but not more than half of the maximal value};)her scf:k;emteri'snA a';'/s Bhbl\J/t toﬁr\?\;:?ay tszjh;_mgz W't:] ?nnyt nrum—
allowed by the unitarity of the neutrino mixing matrix and er ot neutrinos. We have sho a odd paramete

. 72 . . .
only if the matter effect is important and enhances the conleﬂ 'Sr boiur:1ded tl)iwe“'smOn t[hsee tEIgr. hz ﬁgd ?z sgglsr
tribution of J;,. Hence, we conclude that Iong—baselineSUpp ession applies . € other hand, siza

il —=7 — ] i violation can be expected irv,— v, oscillations. The
v, Sv,(andv,Sv,) experiments are favored for the inves- ¢ p_qgqq parameter relative to this channel could be close to
tigation of CP (and T) violation in the lepton sector if the

its maximally allowed valuel =2/3y3~0.385, result-
four-neutrino scheme@.1) are realized in nature. y @l 17| max V3

) , ing from the unitarity of the mixing matrixsee Fig. 3.
We would also like to mention that th@P-odd param- For LBL accelerator experiments the matter background
eters],,z are relevant for th€ P-odd asymmetries that could

O is important. In this case the parametégsg. ;. for neutrinos
be measured by extremely long-baseliiBL) oscillation  (4ndineutrinos are replaced by the P-violating parameters

xperiments with neutrin ms pr ing in v m, f — L
experiments with neutrino beams propagating acuum, for, (|;B;jk) which include matter effectksee Eq.(6.7)].

i 2 > 2 ~ i apB;jk
which Amj,L/2p=>2 and Amj,l/2p~1 (in scheme A, Using a physically motivated approximate method of incor-

Amwa porating matter effectg50], we have demonstrated that the
DR =, gsin——, (6.30 e | (T ,
@ 2p quantities|!;, 4| (|1,,4/) are bounded by the same functions of
o _ the SBL mass-squared differendem?® as|l, ;4| apart from
although we do not know if it will ever be possible to make terms of ordem../Am?2. Therefore, the bounds depicted in

such experiments. - T
Concluding this section, we briefly discuss the matter ef-FIgS' 2 and 3 apply also to the corresporglrgg and! ;-

fects in the case of the 3-neutrino schemes considered in Sddowever, although finding ,,#0 and/or I ,#0 would

V. We consider, for simplicity, only scheme I, but analogousProve the existence oE P violation in the neutrino mixing
conclusions are valid in scheme II. The 3-neutrino scheme matrix U, the knowledge of the parametelf;,;ﬁ and/or| ;/3
corresponds to the 4-neutrino scheme A, with the differenceannot easily be transformed into information by and

that the solar sector of the mixing matrix is absent, e,  thusU, because both sets of parameters are related in a com-
=0 for a=e,u,7 andRy,= 1 (apart from negligible correc- plicated, non-linear way involving also the “matter poten-
tions of orderacc/Am?). Hence, in the 3-neutrino scheme | tials” acc, ayc and the mass-squared difference relevant
the neutrinoT-odd asymmetriesT,,; [see Eq.(6.12] are  for LBL neutrino oscillations.

VII. CONCLUSIONS
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We have also shown that in matter a sec@®violating ~ Where they; are arbitrary phases. Thus the elemdnis can
parameteﬂ’ﬁ (given byJ’B=I’B.34 in scheme A and]’ﬁ be taken to be real. Taking into account the definiti8r2),

=1 ;zﬁ;l2 in scheme Bappears in the,— v transition prob- we can write
ability. Its contribution is only significant if the oscillation Ugj= \/C—aej(l) with j=1,2 (A3)
phasew defined in Eq(6.19 is sufficiently large. An evalu- .
ation of the maximal value that the phasecan assume in and the orthonormal basis
accelerator LBL experiments shpws that the contribution of e(0)=(cosh,sind), e?(g)=(—sind,coss).
J.p could be relevant for baselines longer thar100 km (A4)
[see Eq(6.21)]. We have argued that the paramelg}; (and
the analogous parametéj;B for antineutrinoy is subject to
the same bounds ak,z (with J,z=1,4.34 in sSCheme A and _ (p)
Jap=lap:12 In scheme B These bounds are presented in Uﬁj_‘/c_ﬁp;z Pp€i (AS)
Egs.(6.25—(6.28 and their numerical values obtained from -
the results of disappearance and appearance SBL neutrifderep; andp, are complex coefficients such that
oscillation experiments are shown by the curves in Figs. 4 ,
and 5. There is no analogue of the paramedggsandJ,, ; in :212 lp,*=1. (A6)
the 3-neutrino case. e

Since a measurement of tf@P-odd asymmetrie® ., With the help of Eqs(A3)—(A6) we easily find
defined in Eq(2.8) does not allow us to obtain direct infor-

We expandJ g; with respect to this basis as

mation onCP violation if matter effects are important, we I 4p=2C,CSIN 26 IM(PT P2)
have considered the long-baselifieodd asymmetrie] . 5 —2¢,04/pa| VI Tpsl? sin20 sins, (A7)

(?a;ﬁ) defined in Eq(6.12. Since the matter contribution to
the effective neutrino and antineutrino Hamiltonia(tsl), where 6 is the phase op? p,.
(6.2) is real and the matter density is symmetric along the Tphe parametelp;| is connected to the oscillation ampli-

path of the neutrino beam in terrestrial LBL experimefits tudeA,, ; and the parameters, ,c. In fact, from Eqs(A3)
a good approximation it is even constant for baselines shortejng (A5) we have

than~4000 km) the matter effects afesymmetric. There-

fore, theT-odd asymmetried,.; (T,.z) are only different
from zero if CP is violated in the lepton mixing matriiJ.

We have shown that in the four-neutrino schemes A and B
the T-odd asymmetries depend on the parameltgss(l,z) ~ Which implies|p;|= VA,.5/4c,Cp. Inserting this expression

andJ,, (J,,) [see Eq(6.20]. Hence, they are subject to the into Eq. (A7), we obtain

constraints derived from the results of SBL experiments. 1
In conclusion, we have s(_how(rl)that in the four-neutrino Ia[,:EJAa;BMcacB—Aa;ﬁ) sin26 sind (A9)

schemes A and B the channeig: v, are disfavored for the

search ofCP-violation effects in future LBL oscillation ex-  and thus we arrive at the “amplitude bound”

periments, the channelg <= v, could allow to reveal rela-

2
=4c,c4/p4l?, (A8)

A, ;=4 U, U%,

tively large C P-violating effects where matter plays an im- 1
portant role and the channel(sfﬂ‘:(V)T could show 1 apl< 5\/Aa:ﬁ(4CaCﬁ—Aa;5)- (A10)
CP-violating effects as large as is allowed by the unitarity of ) S )
the neutrino mixing matrix. Let us stress that this derivation is based only on the obvious
inequality
APPENDIX A: DERIVATION OF THE AMPLITUDE |Sin 203in5|s1. (A11)

BOUND

. . . L . Sincec,, cg and A,z do not restrictd and o, the bound
In this appendix we discuss the derivation of the “ampli- (A10) is the optimal one.

tude bound.” The starting point is the quantity
APPENDIX B: DERIVATION OF THE UNITARITY

which determines theCP-odd asymmetry in the four- Up to now we did not use the unitarity of the mixing
neutrino scheme A. The same bound can be derived in th@atrix. Taking this fact into account will allow us to obtain
scheme B with the change of indicé&8). an upper bound ofi , ;| depending solely ok, andcg.

It is obvious thatl 4 is invariant under the phase trans- ~ The unitarity of the mixing matrix tells us that
formations

: : U,U%=— U,iU%. Bl
UaJ—>éyJUa] y UB]—>e|7JUB] y (A2) jzzl,Z A=A j:23’4 al A ( )
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This relation allows us to write the oscillation amplitude

_ _ 2(1-Co) (1= Cp)=CuCp (84)
A,.p in the two forms of Eq.(3.7). Using the Cauchy-
Schwarz inequality, one can see tliat scheme A is satisfied, the upper boun@®2) on A, is larger than
2 (A4:p)o- In this case we have
Awp=4 2 UajUj;
j=34 1ol =<C,Cps. (B5)
$4( z |Ua'|2>( 2 |UB‘|2) If the condition(B4) is not fulfilled, the upper boun(B2) is
Sa 54 smaller than . 5)o and has to be inserted féx, .z into Eq.
—4(1-c,)(1-cp). (B2) (A10), leading to
The right-hand side of the inequalitp10), as a function [1agl<2V(ca+cs—1)(1—c,)(1—Cp). (B6)
of A,.g, reaches its maximune,Cz, at(here we do not take ) e .
into account possible experimental information Ay ;) Thus, we arrive at the “unitarity bound
(Au:p)0=2C,Cp. (B3) [lapl=<f(Cq.Cp), (B7)
Consequently, if the condition with the function
fi=xy for 2(1-x)(1—-y)=xy,
f(x,y)= (B8)

fo=2[(x+y—1)(1-x)(1-y)]"* for 2(1-x)(1-y)<xy,

defined on the unit squarestx<1,0<y<1. The function derivative in EQ.(C1) is zero. The pointx=1-y/2 lie on
the straight liney,;(x)=2—2x. In the range ty/2<x<1
(B9) the functionf decreases monotonously. Taking into account
the symmetryf(x,y)="f(y,x), we see that at fixex the
function f increases monotonously frogj=0 to the point
=1-x/2, where the partial derivative dfwith respect toy
is zero. These points lie on the straight lipg(x) =1—x/2.
Beyond this linef decreases monotonously. Note that both
straight lines lie in the range df,.
Figure 1 shows a contour plot of the functidiix,y),
together with the lineg; andy, which intersect at the point

2(1—x
a0 202

represents the borderline separating the two regions in t
definition of the function(B8). It is clear from our derivation
(and also easy to checkhat f is continuous along this bor-
derline.

APPENDIX C: DISCUSSION OF THE FUNCTION f

Since we do not have definite experimental values pf
andcg, but only bounds on these quantitisee Eqs(3.3) X=y==. (C2)
and (3.4)], which define allowed rectangles in the square 0 3
<c,<1, Oscz=<1, we are interested in the behaviorfoih
order to evaluate the unitarity bound.

From the partial derivative of in the regiony=g(x),

At this point both partial derivatives df are equal to zero
and therefore the poinC2) corresponds to the absolute
maximum off, given by

ot of,

—=§oc(2—2x—y), (Cy

2
ax ——_~0.385. (C3)

2 2
33/2

fmax= f2< § ) §
one can see that, at fixgg the functionf increases monoto-
nously fromx=0 to the pointx=1—y/2, where the partial This number constitutes the absolute upper boundl@gﬂ.
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