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We discuss long-baseline neutrino oscillations in the framework of the two 4-neutrino schemes which can
accommodate all existing neutrino oscillation data. Negative results of short-baseline reactor and accelerator
experiments allow us to obtain rather strong bounds on the Iong-basamv_e and (7)#%(7)8 transition
probabilities. We consider in detail matter effects and show that the vacuum bounds are not substantially
modified. We also comment on corresponding bounds in 3-neutrino sce@@&66-282(98)02703-9

PACS numbegps): 14.60.Pq, 14.60.St

[. INTRODUCTION trino mixing with the following values of neutrino mass-
squared differences:
The problem of neutrino masses and mixiisge, for ex-

ample, Refs[1-4]) is the central issue of modern neutrino AmZ,~10"'0 or 10 eV?,
physics. A new stage in the investigation of this problem is ) )
represented by long-baseliteBL) neutrino oscillation ex- AmZ,~103-10 2 eV? Amigp~1leV’ (1.1

periments: CHOOZ5], Palo Verdd 6], Kam-Land[7], K2K
[8] (KEK—Super-Kamiokande MINOS [9] (Fermilab- The two estimates ahm?,, refer to the vacuum oscillation
Soudan, ICARUS[10] (CERN-Gran SasgoThe major goal ~ solution [21_] and the Mikh_eyev-Smirnov-WoIfenst_ein
of these experiments is to reach the sensitivity of the “atmo{MSW) solution[22,23, respectively, of the solar neutrino
Spheric neutrino range” 1‘0’5_ _’]_0_2 eV2 for the neutrino deficit. The estimate d&mgtm derives from the zenith angle
mass-squared difference. variation of the atmospheric neutrino anomaly. It has so far
Concerning reactor experiments, the first LBL experimennly been observed by Kamiokandglé] and Super-
CHOO?Z is taking data now, the Palo Verde LBL experiment/<@miokandg 19]. From the analysis of the data of the LSND
will start later this year and the Kam-Land experiment is€XPeriment and the negative results of other SBL experi-
scheduled to start in the year 2000. The accelerator LBIMeNtS(the strongest limits are provided by the Bud@y]

experiment K2K is planned to begin taking data in the yealand BNL E776[25] experimenty it follows that
1999, whereas the MINOS and ICARUS experiments will
start in the first years of the next millennium.

What implications for future LBL experiments can be in-  1pere are also data of many different reactor and accel-
ferred from the results of short-baselif8BL) neutrino 0s-  grator short-baseline neutrino oscillation experiments  in

cillation experiments and solar and atmospheric neutrino eXynich no indication in favor of oscillations was fouridee
periments? We will consider here this question in thehe reviews in Ref[26]).
framework of two models with four massive neutrinos that Three different scales of mass_squared differences require
can accommodate all the existing data on neutrino oscillaschemes with(at least four massive neutrino§27—30
tions. (see, however, Refs[31-33 for scenarios with three
The results of many neutrino oscillation experiments areanassive neutrinos and Ref34] for comments on these
presently available. Indications in favor of neutrino oscilla-scenarios In Refs.[29, 30 all possible 4-neutrino mass
tions were found in solar neutrino experimefittomestake spectra with the solar, atmospheric and LSND mass-squared
[11], Kamiokande[12], GALLEX [13], SAGE [14] and difference scales were considered. It was shown that
Super-Kamiokandd15]), in atmospheric neutrino experi- only two of these schemes are compatible with all the exist-
ments(Kamiokandd 16], IMB [17], Soudar{18] and Super- ing data. In these two schemes the four neutrino masses are
Kamiokande[19]) and in the LSND experimeri20]. The divided into two pairs of close masses separated by a gap of
data of these experiments can be explained if there is neuhe order of 1 eV, which giveA migyp=Am3,~1 eV2:

0.3=sAmig\p=2.2 e\2. 1.2
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s e, e ) e, e e
(A) my < mqg € ma < my and (B) m < mo K my < my . (1.3
LSND LSND
|
In scheme AAm3,=Am?,,is relevant for the explanation of (B) c.=1-al, c,< aﬁ , (1.12

the atmospheric neutrino anomaly afithi,=Am3,, is rel-

evant for the suppression of solag’s. In scheme B, the where
roles of Am3, and Am3, are reversed.

In the framework of the schemé€s.3), the probabilities of _ 2 U2 11
SBL transitions have the forf29] C"_k=1,2 U aud (1.13
(SBL) 1 2 d
) - == . - . an
PVa—‘ Vg 2Aa’3(1 cos 2p ) (ﬂ#a)v (1 4)
1
(s 1 AmPL a,=5(1-V1-BJ,) (a=epn).  (L14
P(;}) *}(;}) Il_EBa;a 1_COS 2p ) (15)

hich are similar to the standard two-neutrino trans't'onThe values Obg andaﬁ are given in Fig. 1 of Ref:37] [one
wh imi wo-neutrt MON an see thatd=<4x 10 2 for Am? in the range(1.10 and

probabilites. From now on we use the notation " 2

AmzzAm‘zuz m‘z‘_ mf for the SBL mass-squared difference, aﬂﬁlt?]e fi)cilroevm ZV\(/)e'SV\;?I\I/ZL]J.se also the bounds on the am

L is the source-detector distangejs the neutrino momen- plitude of < _}(;9 transition which can be obtained from
N ! . u o

tum and the oscillation amplitudes are given by exclusion plots of the BNL E73438], BNL E776[25] and

2 CCFR[39] appearance experiments. Thus, we can write
, (1.9

2

A =4 UgU* | =4 UgU*
a; B ‘k—Zl,Z Bk™~ ak ’k—23,4 Bk™~ ak

10° [ |

upper bound i
Ba;a:4( > |Uak|2)(1_ > |Uak|2) ———- CHOOZ

k=12 k=12 —— Palo Verde
== LSND

=4( > |Uak|2><1_ > |Uak|2)! 1.7) 100

k=3,4 k=3,4

where U is the unitary mixing matrix that connects flavor
and sterile fields with the fields of neutrinos with definite
masses:

4
V”‘L:kzl Uk (a=eu,t,s). (1.8 =

A’ (eV?)

V

Equations(1.5) and (1.7) and SBL disappearance data 10° |
lead to further information on the schemes A and B. From
the exclusion plots obtained in the Buged4], CDHS[35]
and CCFR[36] disappearance experiments, it follows that

Ba;aSBg;a (a:euu“)- (19) 10!

102 10
The values of these upper bounds depenadarf. We have 1 —Pv%i&,-)e
considered the range
P 5 ) FIG. 1. Upper bound for the transition probability—P%P; in
107! eV’=Am’<10° eV2 (1.10 the CHOOZ and Palo Verde experime(gslid curve, for Amf in
. 5 . 0 - the range 10! eV?’<Am?<10° eV?. The upper bound was ob-
In this range ofAm“ the amplitudeB., . is small, whereas tained from the 90% C.L usi ot of the BUGEY— 7
0 Il for Am?=0.3 e\2. | 6 C.L. exclusion plot of the Bugey— v,
BM,M 'S_ sm.a .experimen{24]. The dash-dotted and dash-dot-dotted vertical lines
Taking into account the results of solar and atmospherigiepict, respectively, the expected sensitivities of the CHOOZ and
neutrino experiments, for the elements of the mixing matrixpa|o verde LBL reactor neutrino experiments. The shadowed re-
we have the following bounds in the two schenigs3): gion corresponds to the range &fn? allowed at 90% C.L. by the
0 0 results of the LSND experiment, taking into account the results of
(A) Cesa,, c,=l-a,, (.12 4)i the other SBL experimenfsee Eq(1.2)].



1922 S. M. BILENKY, C. GIUNTI, AND W. GRIMUS 57

A’u_egAO_e, (1.15 Since scheme B emerges from scheme A by the substitu-
' - tion (2.3) and since we will derive bounds on the LBL oscil-
0 | 2 lati babilitiesP$®-2  and PY®-2) s functions of
where the value oA}, corresponding to each value afm ation probabiliiesFs, ¢~ andFg — o asunclions o
can be obtained from the combination of these exclusioma;ﬁ, c, and cg, it is evident that such bounds apply
plots. equally to both schemes A and B and to neutrinos and an-

In this paper we will show that, in the framework of the tineutrinos by virtue of the definitiond..6) and(1.13. Con-
two schemeg1.3), rather strong limits on the LBlv,.— v,  Sequently, when dealing with such bounds we will omit the
and v ,— 7V vacuum transition probabilities are obtained. superscripts A, B indicating the specific scheme.

The first of these channels will be investigated in the To derive limits on the LBL oscillation probabilities
CHOOZ, Palo Verde and Kam-Land experiments and thavhich are given by the results of the SBL oscillation experi-
second one by the K2K, MINOS and ICARUS collabora-ments we apply the Cauchy-Schwarz inequality. It implies
tions. There are no similar limits on the probability of, for scheme A that

— v, and v ,— v oscillations.

Furthermore, we will consider in this paper the LBL tran- *

. s — =) =) . 2 U,Bkuak exl{
sition probabilities of theve— v and v ,— v channels in k=12
the presence of matter. We will show that the vacuum

bounds are not substantially modified by matter correctionsYSing this inequality and the definitiad.13 of ¢, , we find

Let us stress that the bounds on the LBL transition probffom the LBL probabilities in EqS((LZB-L}) and (2.2) that the
abilities that we have obtained are general, but are heavilgurvival prObabilitieSP(yiELL)ya andP>="""- are bounded by

— VC(
based on the existing neutrino oscillation data and in particu-

2
<C.Cz. (24

CAmgL

lar on the LSND data. If the LSND indications in favour of (1-c,)2<PS® <c24+(1-c,)2 2.5
v ,,— v, oscillations will not be confirmed by the future ex- o e
periments, these bounds will not be valid. __ As explained before these bounds are scheme-independent.

Future measurements by LBL experiments EIH Ve In order to obtain bounds on the LBL transition probabilities

and/or v)ﬂ—>(v)e transition probabilities that violate the p(lBL) ang pUBY_ with g+ 4 we take into account the

bound presented in this paper would allow to exclude the, " . . .
4-neutrino scheme&.3). definition (1.6) of A,.; and the inequality2.4). When in-

serted into Eqgs(2.1) and (2.2) they imply

IIl. VACUUM BOUNDS FOR LBL NEUTRINO
OSCILLATIONS

2
A. The caseAm,, The bounds(2.5 and (2.6) are the basis of the following

In scheme A, the probabilities of,— v, and V_a_”’_ﬁ considerations for the different oscillation channels in LBL

transitions in LBL experiments are given by experiments. _ o
The smallness of, in scheme A'see Eq(1.11)] implies

1 1
ZAa;ﬁ$ P‘(,’i;B:)‘;ﬁ$CaC'B+ ZAa;ﬁ. (2.6)

L/2p<1

(LBLA) . . CAmMZLN |2 that the electron neutrino has a small mixing with the neu-
PVF'VB =1UpUg1tUgUp, exp —i 2p trinos whose mass-squared difference is responsible for the
oscillations of atmospheric and LBL neutrinds,,v, in
N 2 UnU* 2 21 scheme A. Hence, the probability of transitions of atmo-
Sha o PRk 21 spheric and LBL electron neutrinos into other states is sup-
pressed. Indeed, taking into account the constmagmag,
Am? 2 the lower bound onP™"- and the upper bounds on
pLBLA) _ly* U, +U* U, exp —i Maat (LBL) e e
va—vg | BLTal B2~ a2 2p o o which we will derive are rather strict.
2 tet us discuss first the bounds on the LBL survival prob-
+ k=234 U%kU ak (2.2 ability P(V—Li‘)y—e. With the constraint1.11) on c,, Eq. (2.5
' implies that in both schemes A and B
These LBL formulas are derived by taking into account the 1_pteL) 0 2-2a0) 2.7
fact that—apart from Kam-Land with the MSW solution of Vo Ve el e/ '

the solar neutrino deficifsee next subsectipr-in LBL ex- ) R .
tional to the cosines of phases much larger thar(@e have  C-L. exclusion plot of the Buge}24] experiment is shown in
Amg|L/2p>21m for k=34 and)=1.2) which do not con- F1g. 1(S0ld line\. For comparison, the expected sensitivities
tribute to the oscillation probabilities averaged over the ney?' the reactor neutrino experiments and Faio
trino energy spectrum. The transition probabilities in schemé/erde are alsol shO\_/vn in Fig. 1 b_y the dash-dotted and dash-
B ensue from the expressiof 1) and(2.2) with the change dot-dotted vertical lines, respectively. These expected sensi-
tivities with respect to + P(;LBB; have been extracted by us

e e

1,253,4. (2.3  from the figures presented in Ref§, 6] showing the sensi-
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tivity of the respective experiments in the two-generation pLBL) <1 pUBL) <¢ (2—c,) (a#pB). (2.10

sin229— & n? plane(hered is the mixing angle andm? is a8 o Ve

the mass-squared differenceusing the fact that for high |, generalP®L) can be different fromPBY) (if CP is

values ofém? each experiment is sensitive only to the aver- . GG "a VB o
violated in the lepton sectirbut conservation of probability

. - LBL .

aged survival probablhtwiﬂizl—%sm ?29. Thus, the gives the same upper bound as E2.10 for the opposite

vertical lines in Fig. 1 correspond #sin 229 at highsm? in  transition VgV,

the figures presented in Ref&, 6]. The case of the Kam-

Land experiment will be discussed in Secs. Il B and IIl. P(VLBB_'T)yagl— P2 <c.(2-c,) (a#p). (21D
Figure 1 shows that, in the framework of the two schemes

(1.3 with four neutrinos, which allow to accommodate all Finally, these two equations hold evidently also for an-

the indications in favor of neutrino oscillations, the existingtineutrinos. Thus from Ed2.11) and the constrair(tL.11) on

data put rather strong limits on the probability of LBL tran- ¢, we obtain

sitions of v, into other stategfor Am?=3 eV? the upper (LBL)

0 0
bound for 1— P(V—LB_')‘)— is close to the border of the region of P(,-;/ﬁ;) <ag(2—ag). (2.12
e

sensitivity  of thee CHOOZ experiment, whereas for . . .
Am2=<3 gvz it is much smaller P Numerically, this bound is better than the bou@d) for the

> BL parameted m?<0.4 e\~.
The shadowed region in Fig. 1 corresponds to the rangg - i .
(1.2) of Am? allowed at 90% C.L. by the results of the Combining Eqs(2.9) and(2.12), we finally arrive at
LSND and all the other SBL experiments. It can be seen that

1
the LSND signal indicates an upper bound for EI?(V—LEBBV—e of P%Si)(?f min| ad(2—a2),al+ ZAZ:e . (213

about 5< 10" 2, smaller than the expected sensitivities of the
CHOOZ and Palo Verde experiments. The curve corresponding to this limit obtained from the 90%
Let us stress that, in the framework of the schemes undeg.L. exclusion plots of the Bugdy24] experiment forag and
consideration, the smallness of is a consequence of the of the BNL E734[38], BNL E776[25] and CCFR[39] ex-
solar neutrino problem. Consider for example scheme A. Thgeriments forA?L-e is shown in Figs. 2 and 3 by the short-
probability of solar neutrinos to survive is given by dashed line. For comparison, the expected sensitivities of the
LBL accelerator neutrino experiments KJK], MINOS [9]
5 2 (3:4) and ICARUS[10] are also indicate¢the dash-dotted vertical
1—k:212 [Ued®| P2 line in Fig. 2 and the dash-dotted and dash-dot-dotted verti-
' (2.9 cal lines in Fig. 3, respectively These sensitivities have
been obtained from the figures presented in RE8s.10]
h (3:4) - . . - showing the sensitivities of the respective experiments in the
whereP Lis the survival probability due to the mixing of two-generation siR29—sm? plane with the method ex-
ve With v3 and v4, depending on the small mass-squaredplained in the context of LBL reactor experiments. Note,
difference Am4;. From the results of SBL reactor experi- however, that the short-dashed lines in Figs. 2 and 3 have to
ments it follows that the quantityeEEk=l,2|Uek|2 can be be corrected for matter effects. This will be done in the next
small or large(close to ong In order to have the energy section'
dependence of the survival probabiliBf“™» and the sup- The shadowed areas in Figs. 2 and 3 represent the range

]}e—)Ve . .
pression of the flux of solar,’s that are required for the (1.2- The LSND[20] experiment also supplies the lower

explanation of the data of solar neutrino experiments, wéound in vacuum
must choose a small value of. In this case, the survival
(LBL)

ol 1
probability of v,'s in LBL reactor experiments is close to ZAfT?IgS Po iy (2.19
one. a
We want to emphasize that from the constraintainin
Eg. (1(._)1]) and from Eq.(2.5 no nontrivial bound on the

v,— v, survival probability can be derived.

Ve Ve

POln= 2 [Uedt

I/eﬂ 14

whereAT"] is the minimal value oA, allowed at 90% C.L.

by the LSND experiment. EvidentMZ‘f’; only exists for the

— - 1 min 2 .
Let us now discuss the bounds bﬁt—fv)e transitions in range(1.2) and the functiorg Ajlg of Am* is represented in

LBL accelerator experiments. We will compare these boundg.igs' 2 and 3 by_ the left edge of th_e darkly shadowed re-
with the expected sensitivities of the K2§8], MINOS [9] gions. These regions extend to the right until they reach the
and ICARUS[10] experiments. Taking into account the con- bound(2.13.

; P Figures 2 and 3 show that, in the framework of the
fftlgnif(t)lc;%hbsgﬂecr;:sni(;hldgson A Eq. (2.6 implies schemes under consideration, the sensitivities of the MINOS

and ICARUS experiments are considerably better than the

wier

PUS <a0s 200 2.9
woe 4 1The short-dashed lines in both figures are identical, however,
they receive different matter corrections for K2K on the one hand
Conservation of probability and E@2.5) lead to a further and MINOS and ICARUS on the other hand. This will become

upper bound: clear in the next section.
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FIG. 2. Upper bounds for the probability ef,— v, transitions FIG. 3. The same as in Fig. 2 but the matter corrections now

in the K2K experiment. The solid curve is obtained by a humericalrefer to the MINOS and ICARUS experiments with the dot-dashed
analysis of Eq.(3.37 and uses the following experimental input: and dot-dot-dashed lines as their respective sensitivities.

the 90% C.L. exclusion plot of the Bugey.— v, experimen{24],
the 90% C.L. exclusion plots of the BNL E7388], BNL E776 In vacuum, the right-hand side of E@.12) is at the same
[25] and CCFR[39] ¥, — 7, experiments and the 90% C.L. ex- time an upper bound oRr“BY. | This is evident from Eq.
clusion plots of the CDH$35] and CCFR[36] v,— v, experi- VeV

e T
ments. The solid curve is the matter-corrected version of the short(—z'lg' The bound2.12) is quite prone( to matter effects. On
dashed curve, which represents the bo(thd3 valid for neutrino

the other hand, the probability O_f'u*) 177 transitions is not
oscillations in vacuunithis curve does not need the input of the constrained by the results of SBL eX(FL)gLr)'mems-

v,—v, experiments The long-dashed line represents the bound  Finally, a further upper bound oRo ™", for a# g is
(3.30 derlvgd from_protEblllty conservation and has begn evalu-gained from Eq.(2.6). SinceAa.5$4(l—ca)(l—cﬁ), we
ated by using thev.— v, data. The dotted curve depicts the payve '

“matter-stable” bound (3.26), which needs experimental input

from ve— ve andw,— v, transitions. The dash-dotted vertical line P‘%Bi)‘,‘) <C.Cpt(1-Co)(l-cp) (a#pB). (219
represents the expected sensitivity of the LBL accelerator neutrino a” B

experiment K2K. The shadowed region corresponds to the range %bviously, ifcazcﬁzo or 1 is in the allowed range of these

mixing parameters allowed at 90% C.L. by the results of the LSND o / . 2 .
experiment, taking into account the results of all the other SBLquantltleS’ then this upper bound is 1 and thus is trivial. This

experiments. The two horizontal borderlines correspond to the Iim!eaves onlya=4 and f=e as a nontrivial case, with

its (1.2) for Am2. The darkly shadowed area represents the allowed (LBL) 0. 0 0.0

region if matter effects are neglected. The left edge of this region is ‘;’#_ﬁ;‘e$ae+ a,— Zaeau : (218
gi)ven E))y the lower bound E@2.14) of LSND on the probability of

Vﬂe(ve transitions. The long-dashed curve constitutes also an upThe dotted curves in Figs. 2 and 3 show this limit Wagl

per bound for the probability of'— ¥, transitions if K2K would  and a’, obtained from the 90% CL exclusion plots of the

(=) - N
use av beam. Bugey[24] v.— v, experiment and of the CDHEB5] and

CCFR [36] v,—v, experiments, respectively. For

upper bound2.13 for PS®Y., . The sensitivity of the K2K a,<ag<1 this bound is about half of that given by Eq.

iment d ) v _Wt b fficient t | I_BL(Z.lZ). However, sinca), is only small in the same range of
gxperment does not seem 1o be sutlicient 1o revea Am? where A° _ is small, numerically the bound?.16),

) S . e
kl)joﬂu: d”(g 1(§ngti/(\)/23\;viI?Léitisgjzt;e;u;ﬁg;?it\l/%?; iﬁ?ﬁg”ﬂ;ﬁ(‘f which is stable against matter effects, turns out to be worse

: o . ) than the bound2.9) in its matter-corrected fornfsee Sec.
section. It is interesting to observe the existence of the lowe ) 2.9 s

bound(2.14) on this transition probability that follows from
the LSND results. However, this lower bound is valid only in 2
the case of LBL neutrino oscillations in vacuum. The correc- B. The caseAmg,,./2p~1

tions due to the matter effects in LBL experiments make it If the MSW effect is responsible for the solar neutrino
disappearsee Sec. Il deficit the phase
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AmZ, L 10° T
n= 2— (217) ——— vacuum and small mixing MSW
p [ LSND (vacuum)
. . . . . —— matter (VO)
is not necessarily negligible in LBL reactor experiments. In- ;::g:;ﬁxingMSW,p=2MeV
deed, we have 1 | |~ large mixing MSW, p=4MeV
—-— large mixing MSW, p=7TMeV
L — — Kam-
7=2.5%10"2 —— (2.18 omded
1km | { L
—~ | | |
Q | i !
for Am2,=10"% eV? andp=1 MeV. Hence, the phasgis > " } I | !
negligible in the CHOOZ and Palo Verde experiments, o ! > ) j
which have a baseline of about 1 km, but is not negligible in § ¥ I. '\
the Kam-Land experiment, which has a baseline of about | f S
f,

150 km. From Eqgs(2.17 and (2.18 one can see that the

phaser, is a function of neutrino energy and is of order 1 for d (
Kam-Land. For a vacuum oscillation solution of the solar 100 F h /‘
neutrino deficit the corresponding phase is always negligible /‘ | |
in LBL experiments. ||
In order to derive a bound on the survival probability & .ii
P(V—LB:)V—, it is convenient to write i(in scheme A as Y !L|
e Ve 102 10! 10°
: 1P,

Ama,L
LBL,A . 21
pit >—|u91|2+|uez|2exp<—| ) +(|Uegl?

Ve— I/e_ 2p

FIG. 4. Upper bounds for the transition probabilityLP(;LB:);

+|Ueal?)?—2|Ugs/?|Ucal®(1-cos 7). (219  in the Kam-Land experiment. The short dashed cuisee Eq.
. . . (2.7)] represents the bound for vacuum oscillatiditss identical
It is clear that this probability is bounded from below by \yith the solid curve in Fig. Land is valid also in matter if the solar
(LBLA) 5 5 5 neutrino problem is explained by the small mixing angle MSW
Vv = (17 Ce) 2|Ueg|*|Ues|*(1—cos 7) solution. The solid curve represents the bo(®:@8 valid in matter
with the value ofw,,, given in Table | and it refers to the case of

n a vacuum oscillation solution of the solar neutrino problem. The
=(1- Ce)zcosz? (2.20 dotted, dash-dotted and dash-dot-dotted lines give the upper bounds
for 1—P(7LB:)7 at different neutrino momentp in the case of a
where we have used the definition@f given in Eq.(1.13. large mixiphg gngle solution of the solar neutrino problgsee Eq.

Taking into account the constraiftt.11) on c,, we obtain (2.21)]. The long-dashed vertical line depicts the expected sensitiv-
ity of the Kam-Land experiment. The shadowed region and the two
(LBL) i 02 horizontal solid lines correspond to the rangefofh? allowed at
1- P,Teﬂv:il_cos E(l_ae) . (2.21)  90% C.L. by the results of the LSND experiment, taking into ac-
count the results of all the other SBL experimefgse Eq(1.2)].

In the case of a small mixing MSW solution of the solar
neutrino problem, eithefU 3|2 or |Ug,|? is very small and neutrino energies around 2 MeV and a suppression of the
the contribution of the term |2 45|?|U4|?(1—cos7) in Eq.  same probability at neutrino energies bigger than about 4
(2.19 is negligible. Hence, in this case the vacuum boundVveV would be an indirect indication in favor of the large

e e

: . . . If a large mixing MSW solution of the solar neutrino defi-
including Kam-Land. This bound is represented by the short- 2 ould be deter-

dashed line in Fig. 4 for the Kam-Land experiment. fr:tiridreba“zidelg re]?itr:'jlrezer;ttlrillfevszlaurﬁ-li‘famsdunhavin a sufficient
In the case of a large mixing MSW solution, the contri- y P ' 9

) . . i lution. Considering Eg.19 and ne-
bution of the term 2|Ug4|?(1—cos7) in Eq. (2.19 is neutr_mo energy reso . : T
not negligible. It isaé\?chJIJnte#oEn Ec(.2.177;) thatqtrfe bo)und glecting the first term on the right-hand side which is sup-

0y2 i

(2.22) depends on the neutrino energy. For example, assunp_ressed by de)” we obtain

ing Am2,=10"% eV?, for p=2,4,7 MeV we have, respec-

tively, 7=1.9,0.95,0.54 and cd$7/2)=0.34,0.79,0.93 in (LBLA) .
Kam-Land. The bounds derived with EQ.21) correspond- PV—PV—Ez(l—ce)2—4|Ue3|2|Ue4|25|n 25- (2.22
ing to these neutrino momenta are represented by the dotted,

dash-dotted and dash-dot-dotted lines in Fig. 4 for the Kam-

Land experiment. One can see that for neutrino energie&s @ function ofp this survival probability has maxima at
around 2 MeV the upper bound foHP(;"B:); in Kam-Land

practically disappears. Hence a measuerenient of a large tran- Amgur’-
sition probability 1— P(V—LeB_'j) in the Kam-Land experiment at Po= 5 (2k+1)

Ve

(k=0,1,2,.. ). (2.23
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A measurement of these maxima would allow the determi- TABLE |. List of the planned LBL experimentdexcept
nation ofA mgun_ CHOOZ and Palo Verde where matter effects are abseitt their
average neutrino moment®), the lengthL of the baseline, the
value of the matter parametat.: and the maximal value of the
. MATTER CORRECTIONS phasew [given by Eq.(3.24] characterizing the matter effects in

. . . . . h n n LBL neutrin illation pr ilities.
In this section we will derive the expressions for the LBLt e bounds o eutrino oscillation probabilities

transitions in matter in the schem@s3) with mixing of four

: 2
neutrinos. These schemes contain active and sterile neutrll_:-xloelrlment (p)L1GeV LAkm acd/leV’ oma
nos. In such a case, in the effective Hamiltonian of the interKam-Land(vac. 0sc. 103 150 2.3x1077 0.13
action of neutrinos with matter there is an additional neutrak2k 1 250 2.3x10°% 0.22
current term apart from the usual charged current term. FomINOS 10 730 2.%x10°% 0.63
the total Hamiltonians of neutrinos and antineutrinos we;CARUS 25 730 5102 0.63
have the following expressions in the flavor representation
[22]:

where e=diag(e;,...s) and U’TU’=1. Note that in the
vacuum casdJ’'=U and sj=mj2 (j=1,...,4). It is conve-
nient to use the basis wherg=H ,(acc=anc=0) is diag-

(N
HV=E(UM2UT+diag(aCC,O,O,aNC)), (3.2
onal. In this basis we have

1 N N 1 .
H7=2—p(u*M2uT—diaqaCC,o, 0,ay). (3.2 H,=U™H, U= 5(|v|2+ U'diagacc,0, 0,ay0)VU)
) 1 .
Here we have defined = EReR’r (3.6
ace=2VIG N p=2.3x 10°* eV2 p . P , and the unitary matrixJ’ is given by
3gcm>/\1GeV U'=UR 3.7)
(3.3 ' '
Sinceacc<Am?, whereAm?>=mi—mZ~1 e\ is relevant
1 for SBL oscillations, it is obvious that, apart from corrections
anc=Vv2GeNyp= 7 dce: (34 of orderacc/Am?, the matrixR has the block structure
~ o i i Ratm 0
M< denotes the diagonal matrix of the squares of the neu- R= 0 R.J (3.9
Su

trino massesGr is the Fermi constanf\, andN,, are the

electron and neutron number density, respectively, @il whereR,, andRg,, are 2x 2 unitary matrices. All our con-

the de??“y of matter, which in the Earth's crust is on averaggjgerations in this paper are based on this approximation. A
3 gcm *. Since the lithosphere consists mainly of element lance at Table | shows that the raigc/Am? is less than

where the neutron number equals the proton number, Wgq-2 for o)l the LBL experiments of the first generation. The

have Ne=N,=(Na/2)(p/1 g), whereN, is the Avogadro nck structure oR has the consequence that
number. The parametei:c and ayc can be as large as

AmZ,.,, which is relevant for LBL oscillations. Their effects A .
on the bounds for transition probabilities in LBL experi- _leuaj Bj:_leuaj Bi 3.9
ments need not be negligible, as we shall see. == ==

In order to assess the size of matter effects, we considejnd therefore
the simplifying approximation of constai, andN,,, which
is rather good in the case of LBL experiments. Furthermore,
in the following we will concentrate on the scheme A and we Ca:j;l ) Uy 2= 1:212 |U;j 2. (3.10
will consider only the neutrino Hamiltoniai3.1). At the end ' ’
of this section we will see that, as in the vacuum case, the |t is easy to calculate the energy eigenvalues up to terms
bounds obtained for neutrinos in the scheme A are also validf order acc/Am?. We are interested in the differences
for antineutrinos in scheme A and for neutrinos and an-,— ¢, ande,— ;. Defining
tineutrinos in scheme B.

In order to obtain the expressions for the transition prob- |U,1|2=c,cos?y, and |U,,|?=c,sin?y, for a=e,s

abilities of neutrinos in matter, we have to diagonalize the (3.11
Hamiltonian (3.1). With the diagonalization matrix)J’ we
have and

accC ancC
€ 5:arque1U§2U:1U52)- Ye= Amzei Ys= AmZS
H =UI_U'T (35) 21 21

2p ' (3.12
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we obtain for the atmospheric neutrino sector To derive matter corrections to the other bounds devel-
oped in Sec. Il it is convenient to write E(.17) in the form
— A2 i iyg]2
€2~ €1 =AMy |[1—y & Te—y &' ngBjﬁ Pl v, ~2REU LU 53U U,
5)12 X(1—exp—iw 3.1
— 4y, ySin 2y.sin 2y.sin 25 . (313 ( a )] (319
where
Similarly, with o i p( 62_61L) 2
V=V ex
U sl2=(1—c,)cos?y, and |U %= (1—c,)sin %y, oA pera 2p
for a=e,s (3.149 +UaU 5+ UpU 512 (3.20
and and
acc(l—ce) _&" ¢
&' =argUeUsU%Us), Yim—o o, o=—5 L (3.20
Amgs
1-cy) The Cauchy—Schwarz inequality and E(&9) and(3.10
':aNC(—CS (3.15  allow to bound the expression E@.20 for a# B by
° Amg, .
1
we have for the solar sector ZAa;ﬁ$ PVPVBSCQCB+ ZAQ;B. (3.22
€1 63:Am¢213 |1_yéeziyé_yéeziyg|2 For «= B we have instead

112 (1-co)?<P) , <ci+(1-c,)? (3.23

—4yly! sin 2y, sin 2y. sif—| . (3.1 :
Ye¥s SIN <Ye SIN £¥s SIT 7 (3.19 These two equations are the analogues of EB<%) and

(2.5), respectively. Matter corrections are characterized by

Looking at Eq.(3.3) or Table | it can be read off th@lcc  the parametemw. For w=0 the vacuum bounds oR{-%")

. . 2 _ . ] .Va—>VB
IS not nepes_sanly smaller thaims, relevant fpr LBL neu- osue. Inspection of Eq3.16) shows that, taking into ac-
trino oscillations and thus,—e; could be different from

2 o 2 5 1002 count Eqs.(3.3) and(3.4), if y,>1 the maximal value of
Am3;. SlnceAm43 is of the order 10° or 10" "6V, inthe . parameten is given by
solar sectoracc is much larger than the relevant mass-

squared differenceAm?,, except for reactor experiments 3 accL L

with the MSW solution of the solar neutrino puzzisee ©mac=3 55 = 3 5 V2GgNL=8.6X10 (1k )

Table ). In any caseg,;— e;~Am? holds and therefore the (3.24
LBL oscillation probabilities averaged over the fast oscilla-

tions due toAm? are given by for p=3g cm 3. Note that in this casem,, does not depend

on the neutrino energy, but only on the propagation distance
L. Hence, the matter corrections to the bounds for the LBL
transition probabilities that we will derive in the cagg>1
5 are independent from the neutrino energy and the corre-
‘ (317 sponding bounds apply to all the energy spectrum of LBL

2

€
(LBLA) _ IR e
P{EL ‘JELZUB]UM exp( |2pL)
. €k
ULk exp —is-L .
@ 2p experiments. From Eq3.24) one can see that these matter
corrections could be relevant far=100 km. The size of
analogously to the vacuum cafsee Eqs(2.1) and(2.2)]. wmax N the individual LBL experiments can be looked up in
A first upper bound orP(*2Y is obtained by simply Table I. This parameter is not small for the MINOS and

applying the Cauchy—Schwarz inequality to E8.17). Tak- CARUS experiments. In Table | the CHOOZ and Palo

ing into account Eq(3.10) this leads to Verde experiments are not listed because their respective
neutrino beams do not propagate in matter. Anyway, for
piLﬂ-; <c,Cpt(1—c,)(1—cp). (3.18 baselines around 1 km matter effects are totally negligible, as
can be seen from Eq$3.19—(3.249).
It is remarkable that with E¢(3.18 we have recovered Eq.  The conditiony,, >1 is satisfied in all the LBL experi-

(2.15 of the vacuum case. The present discussion revealents of the first generation #mg,is either in the range of
that this equation is correct in matter apart from terms ofthe MSW or of the vacuum oscillation solution of the solar
orderacc/Am?. Equation(3.18 is also valid for antineutri- neutrino problem, apart from the LBL reactor experiments if
nos because the unitary matrix which diagonaliegsalso the MSW effect is responsible for the solar neutrino deficit.
has the block structuré8.8) and in Eq.(3.10 the phases of In this case we have\mZ,>acc, which implies that
U do not enter. Yes<1 andw= 7 given in Eq.(2.17). Furthermore, since in
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this caseacc is much smaller than all tham?'s, the mixing Conservation of probability leads to

matrix in matter is the same as in vacuum and the oscilla- (LBL) LBL

ions i : i Pt <1-piBY) (3.29
tions in LBL reactor experiments are the same as in vacuum. ve—= v, Ve Vg

Hence, this case coincides with that discussed in Sec. Il B.

For the same reasons as in the case of(Bd.8, the two  and therefore Eq3.28 also bOUﬂd?(VLEiL)V In LBL accel-
inequalities(3.22 and(3.23 also hold for antineutrinos. The erator experiments, the initial neutrinos arg’s and not
oscillation probabilities for scheme B follow from E@.17) ;s If, however,CP is conserved in the lepton sector, it

with the substitution of indices follows from theCPT theorem that the transition probabili-
ties in vacuum are invariant under time reversal, i.e.
1,253.4. (329 Pyﬁyﬁz Pvtﬁvu' In this case, the probabilities of,— v4

Since the condition$1.12 for scheme B emerge from the andvz— v, transitions are equal also in matter if the matter
corresponding conditionél.11) through the same substitu- density is symmetric along the neutrino path. In general,
tion (3.29, all the bounds derived for the scheme A hold however, these two probabilities are different. Nevertheless,

likewise for the scheme B. from conservation of probability we obtain
A. A bound on PS,LELL,), stable against matter effects pQ—‘i‘-L <1-— PS,LELﬁ <1- 0052;(1_ a2 (330

Repeating the discussion of Sec. Il for completeness, the
bound(3.18) is nontrivial for the case of ,— v, transitions  Equation(3.30 is the matter-corrected version of HG-12).

and thus we obtain For the K2K experiment sfrwm,=10" 2 is small, but for the
(LBL) ICARUS and MINOS experiments we obtain
Py e <ag+a),—2aa (320 i wy,=0.09 and therefore, in the case of these two ex-

periments, matter effects are considerable in the bdaraf
As argued before it holds for both schemes A and B and fopn the probabilities of LBLy,— v, transitions. In Figs. 2

neutrinos and antineutrinos. In Figs. 2 and 3 the upper boungind 3 the long-dashed lines show the bog&@®0 for the

(3.26 is represented by the dotted curve. K2K experiment and the ICARUS and MINOS experiments,
respectively.
B. The bound on P(,LE,L,’ Note that the right-hand side of E(B.28 also constitutes
(LBL)
From Egs.(3.19 and (3.23 with a=B8=e we get the an upper bound foP,, —v,
lower bound

(LBL)

YoV,

P(VLEL'VA)>(1—Ce)z—2|Ué3|2|Ué4|2(l—c05w) C. The upper bound onP
e e Now we come to matter corrections to the boyad®) on
P{-2b), which incorporates information oA,... The start-
ingﬂ point is given by Eqs(3.19 and (3.22. To proceed
further it is necessary to develop a parameterizatiome’Lgr.

Finally, with Eq.(1.11) we arrive at the result Without loss of generality we can write

Uy=V1-ceel”, for j=34, (3.31

=(1-ce)? coszg. (3.27)

1-PyEY) <1- cod— 5 (1- ad)2. (3.28
with the orthonormal basis

In the approximatiory, :>1 the parametet is equal for eM(9)=(cosb,sin 6), e?(H)=(—sin 6,cos0h).
neutrinos and antineutrinos. Therefore, like the bo(8126), ’ ' (332
Eq. (3.28 holds for both schemes and for neutrinos and an-
tineutrinos. We expandJ,; with j=3,4 with respect to this basis as

Taking into account the value @, for the Kam-Land
experiment in the case of a vacuum oscillation solution of

P =\J1-c, 2 ppejp)z, (3.33

the solar neutrino problerfsee Table), this equation shows
that matter effects are not negligible in establishing the upper

bound for 1— P(LB ) in this experiment. This upper bound wherep; andp, are complex coefficients such that

is shown by the SO|Id line in Fig. 4 and one can see that there

is a small deviation from the vacuum bourshort-dashed > lp,l?=1. (3.39
line) for small values ofAm?. However, the vacuum bound p=12
is not substantially modified and the bound in matter is well
below the sensitivity of the Kam-Land experimefnepre-
sented by vertical long-dashed linélence, in the case of a
vacuum oscillation solution of the solar neutrino problem the Aﬂ;e=4(1—0e)(1—cﬂ)|P1|2- (3.395
sensitivity of the Kam-Land experiment is not enough to

observer,— v, in the framework of the 4-neutrino schemes With these equations we elimingte;| and|p,| and defining
(1.3. o=arg(p; p,) we arrive at

Using this parameterization, from Eggl.6) and (3.9) we
obtain
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1 1
P(V;Bj)vescec +(1—-cosw) pLBL) ~ 7 COS0A, o+ 5 (1-C05w)(1—Ce)(1-C,)
1
d

v, Ve 2

1
ut ZAu;e

1 . 1
5(1-ce)(1=c,)—ZA sir? 26 —Zsin VA, L4(1-co)(1—C,)—A el

wie

(3.38

Now we have to minimize the right-hand side of £g.38
1 with respect toce andc,, with the boundg1.11). This pro-
——sin w\/A,u;e[4(1_Ce)(l_c,u)_AM;e] sin26 sin o. cedure leads to the following result:

4
(LBL) — 0 3.39
( | PV,L Ve;o for A ;eSZ(l COSw)a (3.

1 .
-5 VA 4(1—ce)(1—c,)—A,.] sin4g COSO’]

Since we do not have information on the valuesaindg, ~ and

we have to maximize the right-hand side of £8.36). The 1 1

maximum with respect te is easily found: the maximum of PBY) == coswA .o+ = (1—cosw)a’
) : . -2 YuTVe 4 me’ 2 w

a functiona coso+b sin o with constanta andb is given by

VaZ+Db2. It remains to find the maximum with respect to 1 5

sir? 20 for the resulting function. One can show that, if g SinovA, (48, Ae)

cosw=0, the maximum is given by si2¢=1. This is the

case for the K2K, MINOS and ICARUS experiments be- for Aﬂ;e>2(1—co&u)a2. (3.40

causew <72 and therefore the following bound applies: ) o
Equation(3.39 states tha# .. has to be sufficiently large

otherwise the nontrivial lower bound in vacuura £ 0) be-
comes trivial.

Taking @=0.63, the maximal value of the parameter
for the ICARUS and MINOS experimentsee Table), the
condition for a trivial lower bound orPS,;Bj)Ve is given by

1 A,.e=0.3a) . Looking atA"s of the LSND experiment and
+ 7 sin w\/AM;e[4(1—ce)(l—c#)—AM;e]. the functionaﬂ one sees that indeed this condition is ful-
filled. Thus matter effects make the nontrivial lower bound

(3.37 of the vacuum case disappear. For the K2K experiment the

. e e . . analogous condition for triviality is given bymeso.OAa‘;.

In this mequalllt_y it is difficult to take into account analyti- Here the triviality condition is not fulfilled but K2K does not

cally the conditiond1.11), (1.15 and w< wmax. Hence, W sgom 19 have sufficient sensitivity to reach small enough

have done it numerically and the result is shown by the solids(LeL) . However, for such small oscillation probabilities it

curves in Figs. 2 and 3. In both figures the solid curve is the "« ** _ )
most stringent bound ofv ,— 7, transitions with matter Would be necessary to take corrections of ordge/Am

effects. These two solid curves belong to the main results df'to @ccount. Thus also in this case the lower bound seems to
this paper. It is interesting to compare the solid curves irP€ irrelevant and the shadowed arédark and light in Figs.
Figs. 2 and 3 with the short-dashed lines which represent thé @nd 3 show the allowed regions for,— v transitions
corresponding bounds in vacuum. For the K2K experimentaking into account matter effects for the K2K experiment
the solid line deviates from the short-dashed line only afFig- 2 and the MINOS and ICARUS experimer(fsig. 3.

Am? close to 0.3 e¥, the lower edge of the rang#.2). The

same is true for the MINOS and ICARUS experiments ex- IV. THREE MASSIVE NEUTRINOS

. . 2 -
cept that the deviation starts at largeém< values and is It is worthwhile to have a look at LBL neutrino oscillation

more pronounced at the lower edge of the shadowed areéa.experiments neglecting some of the present hints for neutrino
As in the previous sections, the bou(®I37) is valid for  ogcillations. It is possible that not all these hints will be
neutrinos and antineutrinos. Although the paramef@sdo  gypstantiated in the course of time and it is useful to check

are in principle different for neutrinos and antineutrinos theyyhich features are actually dependent on or independent
maximization procedure wipes out any difference in thegom them.

1
(LBL) z
PVu Ve$Ce°u+4 COSwA ;e

J’_

N| -

(1-cosw)(1l-ce)(l—-c,)

bounds. In this section we consider the minimal scenario of mix-
8L ing of three neutrinos. We will assume that of the two dif-
v = ferences of squares of neutrino masses one is relevant for

Since the LSND experiment has seen a positive signal forBL 0scillations and the other one for LBL oscillatiofsee
(LBL) thi . t id | bound for th also Refs[40-42). Hence, in this section we adopt the point
V-, (IS eXperiment provides a fower bound Tor the of view that not neutrino mixing but other reasons could

amplitude of v ,— v, transitions[see Eq.(2.14)]. Using explain the solar neutrino data. With these assumptions,

analogous steps as in the previous section one derives  there are two possible 3-neutrino mass spectra:

D. The lower bound onP
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LBL LBL
Feuntbuwwe e
(I) m < mo K ms and (IT) my € mg < msa . @.1)
N e NS Sl .
SBL SBL

In both schemes | and mmgl is assumed to be relevant for case. This is easily understood by noting that the magrix
neutrino oscillations in SBL experiments. In this case, theg(3.8) has now a X1 block Rg,,. Consequently, there is no
SBL oscillation probabilities depend gbl 5| and|U ,5/2in  analogue to the eigenvalue, of R. This situation corre-

the scheme [37] and on|U|? and|U ,;|? in the scheme Il sponds tan=0 and vanishing matter corrections at the order
[28]. There are three regions of these quantities which arwe are interested in. Let us emphasize that this absence of
allowed by the results of disappearance experimgse¢e maitter corrections is relative to the bounds on the oscillation

Refs.[37, 28): probabilities which we are discussing, but in general the os-
cillation probabilities are affected by matter effects through
(D Uaf=1-a% UuP=al, R o g 0y ’ ’
(2) |Ued?<al, |U,l2<a), In the following we will give the bounds on the LBL
3) [U.?2<al |U . [2=1-a°, 4.9 oscillation probabilities for each of the regiof#.2), along
(3 U e | “kl # 42 the lines of the 4-neutrino Sec. Il
with k=3 for the scheme | anki=1 for the scheme fI[for Region 1.With respect to SBL and LBL neutrino oscilla-
the definition ofa® anda® see Eq(1.14] tions, the 3-neutrino schemes | and Il in region 1 correspond
o u (1.19)].

to the 4-neutrino schemes A and B, respectively, with the
Leh [Eq. (2.7) and Fig. 1 and

=) =)
Ve~ Ve

The neutrino and antineutrino LBL oscillation probabili-
ties in scheme | are given by same bounds orP

8L U* 4 U U exp(_i AmilL) ? &Y. [Egs.(2.13 and(2.16 and Figs. 2 and B
v Vs Bl al B2~ a2 lad e . .
o B 2p For completeness, we want to mention that there is a
. 9'y_BL) . .
+{U g3 U 32 (4.3  change in the upper bound féx;, ~., in going from four
o ) . 14 *>Ve
AmglL 2 to three neutrinos: taking _infLOO glccount the ine_quality
p%Bi'Li: U%3U g+ U%5U 4 exp( —i 5 ) Cet+C,=1, we havec,=>1-min(a;,a)) and Eq.(2.16 im-
« 7B P proves to
2 2 LBL .
+]U g3l U o3| % (4.4 P((;M_?(fv)esagjt(l—2a2)m|n(a2,ag). (4.6)

The transition probabilities in the scheme |l can be obtained 0

from the expression&.3) and (4.4) with the cyclic permu-  For ag<a;, this bound is slightly more stringent than that
tation of the indices given by Eq.(2.12, but the improvement is negligible for

0
a.<1.
1.2,3-23,1. (4.5 Region 2.Actually, this region is excluded by the results
Therefore, as in the case of the schemes A and B for fouf the LSND expenmzen(s.ee Refs[37, 28, 29) apart from
neutrinos, the bounds on the LBL oscillation probabilities arex small mter_val oAm Wh'_Ch r_mght_ be marginally allowed.
the same in the 3-neutrino schemes I and Il. In the following! "€ réason is thatn combination with other dajahe upper

we will concentrate on scheme I. und
The bounds on the vacuum LBL oscillation probabilities Aﬂ;es4a8a2 4.7
((-V'TBB? for the 4-neutrino schemd4.3) are valid also in
« "B . L . .Is too restrictive to be compatible with the LSND data. In

l%pite of this evidence, let us discuss the bounds on the LBL
probabilities in this region.
The restrictions,>1-ag, c,>1-a’ and the unitarity

the 4-neutrino case AB) can be carried over to the 3-
neutrino case [Il) if we putU_,,=0 (U,,=0 and change
the indices 2,3,4-1,2,3) for all a=e,u,7. It is obvious g e : ’
. _ 2 2 of the mixing matrix imply that c, is small:

that, with A,.;=4|Ugs|°|U,3/°, the same bounds on 0. .0 T
p{BY. arise fbra=,8 anda+# B as given by Eqs(2.5) and CT:Z_CE_C“%EQJF%' Frorr(1_)Eq.$_2).6) it follows that the

(V;l(yg) o probabilities of v,— v, and v.— v, transitions in LBL
(2.6). experiments are confined in the range

It is interesting to observe that in the 3-neutrino case there 1

are no matter corrections, apart from those of order — A= P((;EBB‘; $ZAW+ a2+a2 (a=e,u), (4.8
acc/Am? which have been neglected also in the 4-neutrino @ T

whereas for the probability ov #—f?/)e transitions we have
only the lower bound
%For a comparison, the schemes |, Il and the regions 1, 2, 3 are
called hierarchies II, | and regions A, B, C, respectively, in Ref. EA <F,(LBL) (4.9
[40]. e '

v, Ve
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The inequality(2.11) leads to the additional upper bounds (schemes A and Bare indistinguishable from those in the
(LBL) 0, .0 0_ .0 _ 3-neutrino case with region 1. However, LBL experiments
P(*? =) g + 2_ - - . . . . . ! .
Vo Vs (@ta,)(2-a.~a,) (a=epn) could distinguish the 4-neutrino case from the 3-neutrino
(4.10 case by measuring a transition probabilR&eSB:)(_) or a sur-
o

v
We want to mention that the scenario of REB1] is vival probability P((;L)BL) °

settled in region 2 and seems to take advantage of the fact e _ o
thatAm?=1.7 e\2is marginally allowed despite of E¢4.7) ~ Vacuum bounds but satisfies the bounds in matter obtained in

(see Refs[29, 34)). In this way Ref.[31] incorporates the the 4-n_eutrino case. Suqh an observation would exclude the
LSND data whereas the atmospheric neutrino anomaly ang-neutrino case with region 1.

the solar neutrino deficit are taken into account by a single

Am3, s~ 1072 eVZ, which allows for the zenith angle V. CONCLUSIONS

variation of the atmospheric neutrino anomaly but leads to an
energy-independent suppression of the solar neutrino ﬂu%

that is unfavoured by the data of solar neutrino experimentam scales of neutrino mass-squared differences: the solar

[43'44" Moreover, it has been shown in REEB.?’] that a neutrino deficit, the atmospheric neutrino anomaly and the
combined analysis of all SBL data excludes this scenario aﬁlesult of the LSND experiment. These indications and the
~ 0, )

9RS,)A).C.L:.3 In thi . h ~1-29 andc. <a® negative results of numerous short-baseline neutrino experi-

egion 3.In this region, wherec,=1-a, andc,<a,,  ments can be accommodated in two scheteand B) with
the full set of atmospheric neutrino data cannot be explaine ixing of four massive neutrind29]. In this paper we have
in the framework discussed here. The reason is that for Su%resented a detailed study of the predictions of the schemes
GeV events one has A and B for long-baseline experiments. We have discussed
(8L >(1—ag)2 (4.1 what general conclusions on the long-baseline transition

P(—) =) =
T probabilities between different neutrino states can be inferred
and this is incompatiblg29] with the atmospheric neutrino from the existing data of short-baseline experiments, taking
anomaly except for values &m? close to 0.3 eV, where into account the results of solar and atmospheric neutrino
there is no zenith-angle variation. The LBL transition prob-€xperiments. We have obtained rather strong bounds on the
abilities of muon neutrinos are confined by probabilities ofv— v, and v ,— v LBL transitions. Mat-

which is incompatible with the

At present there are three experimental indications in fa-
r of neutrino oscillations which correspond to three differ-

1 (LBL) 1 ter effects were thoroughly taken into account and we have
ZAu:ﬁg Po o < ZAM;.B+ aﬁ (B=¢e, 1), (4.12 shown that they do not change substantially the main con-
poop clusions drawn from the vacuum case.
whereas for'v.— 7. transitions there is only the lower . 1he schemes A and B give completely different predic-
bound tions for neutrinoless double beta decay and for neutrino
1 mass effects in experiments for neutrino mass measurements
AL <ptBY (413 by the tritium method29]. They lead, however, to the same
e T . . . . . P .
4" Ve Vs bounds on long-baseline oscillation probabilities. In addition,

all the bounds that we have derived apply for neutrinos as
well as antineutrinos.
We have shown that the results of the short-baseline re-

The inequality(2.10, which is a consequence of probability
conservation, leads to

P((-VL)BB(; saﬁ(z—aﬁ) (B=¢e,7). (4.149 actor experiments put rather severe bounds on the probability
moor 1- P(V—LEi‘)V— of v, transitions into all possible other states in
. . . . e e
Furthermore, taking |(|)1t00 account the inequaliytc,=1,  the long-baseline CHOOZ and Palo Verde reactor experi-
we havece=1-min(a..,a,) and Eq.(2.16 improves to ments. If theAm? relevant in short-baseline oscillations is
PS—VITBB“V’ <al+(1-2a%min(a2,a%). (419  bigger than about 3 €/ the bound on + P(V—LEB:)V—G is slightly
o e

higher than the sensitivity of the CHOOZ experiment, allow-

For a2<a2<1 this bound is about half of that given by Eq. ing some possibility to reveal neutrino oscillations in this

(4.19. channel. However, the results of the LSND experiment favor
The 3-neutrino scheme of RdB2], which lies in region the range 0.3 Am?<2.2 e\2. We have shown that in this

3, merges the LSND and atmospheric mass-squared scalgshge the upper bound for the quantity- PLBY_ jies be-
and dispenses with the zenith angle variation of the atmo:; e Ve

2 -2 ; ;
spheric neutrino anomaly. This is only allowedfan?=0.3 tsvé(raégni? O?rgHsgolg an(dsieallz)l%}e%ggd thus is below the
eV? (see also Ref[33)). If one accepts this possibility, the y :

; : . The Kam-Land reactor experiment is very interesting be-
low mass-squared difference is free to be used for a solutlo(@ause its baseline of 150 km is very long compared to the
of the solar neutrino deficit problem. Y 'ong P

The differences in the bounds on the LBL probabilitiesbase“ne of 1 km of CHOOZ and Palo Verde. If the solar

neutrino deficit problem is to be resolved by vacuum oscil-

are ma_rked and c_ould_thus serve to distinguish between tr\%\tions, the situation is very similar to the other LBL reactor
three different regions in the 3-neutrino case. They also serve

. (7LBL)7 . .
as a cross-check for present hints of neutrino oscillations. OfXPeriments. The upper bound or-P° """ is shown in
course, in the experiments discussed the bounds on the trafig. 4 by the solid line. It deviates from the short-dashed
sition probabilities in vacuum in the 4-neutrino casecurve, which is valid in vacuum, because matter corrections
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are not negligible though small in this case, due to the long We have obtained bounds on LBL transition probabilities
baseline. The bound represented by the short-dashed curveim the case of the neutrino mass speditad), which are
Fig. 4 is valid also in the case of a small mixing angle MSWimplied by the results of the solar, atmospheric and LSND
solution of the solar neutrino problem. On the other hand, wexperiments. If the LSND data are not confirmed by future
have shown in Sec. Il B that, if large mixing angle MSW experiments, but nevertheless there is a massmasses
resonant flavor transitions are responsible for the solar newapproximately equal to 1 eV providing an explanation for the
trino deficit, the bound on g:p(—LB_':)— in Kam-Land be- hot dark matter problem, then the neutrino mass spectrum
comes practically trivial at V;m;?l neutrino  energies can be d|ffer§nt from the spectra .A and Bin Eﬂ]-3)_- The .
natural neutrino mass spectrum in this case is hierarchical

(~1Mev). Theref?LrBeL,) |f_|n the Kam-Land expgrlment a and the bounds that we have obtained in this paper are not
large value of +-P>="""~ is found at small neutrino ener- ,4iq
. .

— Ve
gies, with a suppression at higher neutrino energies, we We have also made a digression to 3-neutrino scenarios
would have an indirect indication in favor of the large mix- and discussed the bounds on the transition probabilities for
ing angle MSW solution of the solar neutrino deficit. all possible cases such that the two mass-squared differences
We have also shown that in this cadenZ,, could be correspond to SBL and LBL neutrino oscillations. We have

determined by measuring the maximaR$E"— as a func- argued that for three neutrinos matter corrections to the
VeV bounds on the transition probabilities are absent, apart from

tion of the neutrino energy. There are two conditions thalnse of ordem../Am? which have been neglected also in
must be satisfied in a LBL experiment in order to have thene 4-neutrino case

g wge 2 .
possibility to measurémg,,,, apart from the necessary sen-  gymmarizing, we would like to emphasize that the results

g . . 2 . . . A .
sitivity and energy resolution. First one neeldsis,>accin  of all neutrino oscillation experiments lead to severe con-
order that this measurement is not disturbed by matter efétra_\ints for the probabilities ob, disappearance an(EJ/),L

fects. SecondAmg,J-/2p~1 is required. These conditions —'V, appearance in long-baseline experiments. Neverthe-
Ieadz to E’f402'v'ev and L~40x(p/1 MeV) km for jess the allowed region for the probability in the,— v
Amg,~10" eV~ At present, among the planned LBL ex- channel is well within the planned sensitivities of the MI-
periments these conditions are only met by Kam-Land. ~ NOS and ICARUS experiments. The channels— v, and

In Figs. 2 and 3 the solid lines depict the upper bounds off) _.% are not constrained at all. Therefore, from the
the probabilityP(LBL)(-) of (Z)MH(I_/)etransitions for the K2K  point of view of the present investigation, long-baseline

experiment andyfrTeVRAINOS and ICARUS experiments, reUon neutrino beams provide promising facilities for the
spectively. In the derivation of the solid curves matter effect®PServation of neutrino oscillations. However, it is important
are included and thus in the schemes A and B such transi® Note that fuf‘)”e measurements by LBL experiments of
tions are severely constrained by the results of short-baselinee— v and/or'v/,,— v, transition probabilities that violate
reactor and accelerator experiments. The sensitivities dhe bounds presented in this paper would allow to exclude
MINOS and ICARUS is well below the upper bound for the 4-neutrino scheme.3).

P((;L)B:)H whereas the sensitivity of the K2K experiment NOte added in proofAfter we finished this paper the re-

Vu~ Ve o sults of the first long-baseline reactor experiment CHOOZ
might be insufficient. If matter effects are neglected, the UPappearedM. Apollonio et al, hep-ex/9711002 No indica-

per bpunq on this probability is giyen by the short-dashections in favor ofy_e—> v, transitions were found in this ex-
"F‘eS IT' Ii]ltgs. j;nd '3.d'ln ?Iltfr:)ur flguresz tgetshaplov(\j/et? re'periment. The upper bound for the transition probability of
tgrllonﬁ(SIIgID an ".irk mt |cade the rang(ag. ) de e:{“'”? IIyth electron antineutrinos into other states found in the CHOOZ
€ experiment an € negative results of a eexperiment is in agreement with the limit presented in Fig. 1.
other SBL experiments.
We have shown that there is also an upper bound on long-

baseline(?eﬂ(w_ff oscillations which is less tight than the one

for (L)M—>(B)e transitions. It is indicated by the long-dashed C.G. would like to thank K. Inoue, E. Lisi, F. Martelli, H.
curves in Figs. 2 and 3 which WOl(J_Ig be relevant if the cor-Nunokawa, O. Peres, A. Rossi, V. Semikoz and F. Vetrano
responding experiments would usevg beam. On the other for useful discussions. S.M.B. would like to acknowledge
hand, the Iong—baselin(e)ﬂ—fv)ﬂ and(vu—>(v)7 channels are support from Dyson Visiting Professor Funds at the Institute
unconstrained with the methods discussed here. for Advanced Study.
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