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Four-neutrino mass spectra and the Super-Kamiokande atmospheric up-down asymmetry
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In the framework of schemes with mixing of four massive neutrinos, which can accommodate the atmo-
spheric, solar and LSND ranges &#fm? and contain three active neutrinos and a sterile one, we show that, in
the whole region oA mZ, allowed by LSND, the Super-Kamiokande up-down asymmetry excludes all mass
spectra with a group of three close neutrino masses separated from the fourth mass by the LSND gap of order
1 eV. Only two schemes with mass spectra in which two pairs of close masses are separated by the LSND gap
can describe the Super-Kamiokande up-down asymmetry and all other existing neutrino oscillation data.
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PACS numbeps): 14.60.Pq, 14.60.5t, 96.40.Tv

The observation of a significant up-down asymmetry ofAm2 <Am2, <Am?\p. In the spectra of class 1 there is a

atmospheric high-energ?w induced events in the Super- 9"0UP of three close masses which is separated from the
Kamiokande experimeifil] is considered as the first model- fourth mass by the LSND gap of around 1 eV. It contains the

. ! ; ! o spectral)-(IV) in Fig. 1. Note that spectruiti) corresponds
independent evidence in favor of neutrino oscillations. Suc 0 a mass hierarchy, spectruii ) to an inverted mass hier-

indications were also obtained in other atmospheric neutringrchy' whereagll) and (V) are non-hierarchical spectra. In
experiments: Kamiokande, IMB, Soudan-2 and MACRXR  the spectra of class 2 there are two pairs of close masses
In addition, evidence in favor of neutrino masses and mixingyhich are separated by the LSND gap. The two possible
is provided by all solar neutrino experiments: Homestakespectra in this class are denoted (&y and(B) in Fig. 1.
Kamiokande, GALLEX, SAGE and Super-Kamiokanicd. It was shown in Ref[7] that, in the case of the spectra of
Finally, observation of,— v, andv,— v, oscillations have ~class 1, from the existing data one can obtain constraints on

been claimed by the LSND Collaboratip4]. For the expla- the amplitude of SBLv,— v, oscillations that are not com-
nation of all these data three different scales of neutringatible with the results 01‘2the LSND2 experiment in the al-
mass-squared differences are requirddn?,~10 1ev2  lowed region 0.2 e¥<Amigp=2 eV? with the exception

sun . . .
~10"3 e\2, AmESND”1 e\2. Thus, at least four neutrinos double ratioR of u-like overe-like events has been used as

In thihput from atmospheric neutrino measurements, whereas in
the present article we consider what constraints on neutrino

of four massive neutrinos. Thus, in addition to the three acMXing can be inferred from the up—down asymmetry of
tive neutrinos, one sterile neutrino is required. In our analysignuli-GeV muon-like events measured in the Super-
the possibility of transitions into sterile neutrinos will be K@miokande experimer®], i.e., from

intrinsically included through the unitarity of thexd4 mix- U-D

with definite mass are needed to describe all data.
following we will confine ourselves to the minimal scenario

ing matrix. Note that having more than one sterile neutrino »~UTD " —0.311+0.043+0.01, (1)
such that the additional massive neutrinos are degenerate
with one or more of the first four neutrinos does not influ- t,, . s . . .

m3

ence our conclusions. m; s ™
Four-neutrino schemes have been considered in many pa-
pers. For early works see Ré6] and for a more compre-
hensive list of four-neutrino papers consult, e.g., R&f. In m; ﬁs - m m ma
Refs.[7,8] it was shown that from the results of all existing ' '
experiments, including short-baselif®BL) reactor and ac-
celerator experiments in which no indications of neutrino  F|G. 1. The six types of neutrino mass spectra that can accom-
oscillations have been found, information on the four-modate the solar, atmospheric and LSND scaledwf. The dif-
neutrino mass spectrum can be inferred. In the case of thréerent distances between the masses on the vertical axes symbolize
different scales ofAm?, there are two different classes of the different scales oAm?. The spectral)-(IV) define class 1,
neutrino mass spectfaee Fig. 1that satisfy the inequalities whereas class 2 comprisés) and (B).

(U] (1) (1) vy (a) (B)
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whereU and D denote the number of events in the zenithof downward-goingu-like eventsD. The probability ofv,,
angle ranges—1<cos#<—0.2 and 0.2 cos¥¥<l, respec-

tively. We will show that with this input the conclusion of
Ref.[7] will be strengthened and that now the neutrino mas

—v, and v,— v, transitions of atmospheric neutrinos is
given by

spectra of class 1 are disfavored for any valuéaf’gyp in P, =Py 5
the allowed range. In addition, we will also derive a con- “
straint on the mixing matrix for the neutrino mass spectra Am3.L
2 2
(A) and (B). = Z Ui+ U sl ?exp =i —2
The general case of mixing of four massive neutrinos is =
described byv, =={_;U,;v; , whereU is the 4x4 uni- +|U .l 7

tary mixing matrix,a=e, u, 7,s denotes the three active neu-

trino flavors and the sterile neutrino, respectively, gnd Where we have taken into account thim;>Am3; and
—1,...,4 enumerates the neutrino mass eigenfields. FoAm3,L/2E<1 (Am3, is relevant for solar neutrinpsBe-
defimteness we will consider the spectrum of type | with acause of the small value dfm2,,=Am3,, it is well fulfilled
neutrino mass hierarchgn,<m,<<ms;<<my, but the results that downward-going neutrinos do not oscillate with the at-
that we will obtain in this case will apply to all spectra of mospheric mass-squared differeficEherefore, we obtain

class 1. for the survival probability of downward-going neutrinos
The probability of SBLv,— v, transitions is given by the
two-neutrino-like formulg 7] PIVD = =ci+(1-¢c,)% (8)
_ AmfuL Furthermore, conservation of probability, E§) and the ex-
Py —v.=Py v, =Aue sir? T (2)  perimental limital<4x 1072 allow us to deduce the upper
bound
whereAmZ,=AmZq,p, L is the distance between source and D - b 04 0
detector anckE is the neutrino energy. We use the abbrevia- PV Y = PV —Ve =2C(1-co)=2a;(1~a;). (9
g(i)vr:anAbn;kj_mk mj’. The oscillation amplitudeA, ;. is Note that all arguments hold for neutrinos and antineutrinos.

Denoting the number of muoelectron neutrinos and an-
_ _ _ tineutrinos produced in the atmosphere iy (nc), from
=4(1 1 e
(1=ce)(1=cu) @ Egs.(8) and(9) we have the upper bound

with D<n,[c2+(1-c,)?]+2na)(1-ag). (10)

3
:2 |Uaj|2 (a=eu). (4) .Takmg |nt(()7)acc0ur'1t only the 'part ad Yvhlch |'s deter-
= mined by thev , survival probability, we immediately ob-

tain the lower bound
From the results of reactor and accelerator disappearance ex-

periments it follows thaf7] D>nﬂ[0i+ (1-c,)?. (11)
c,<ay or c,>l-a, () Considering only|U ,,|* in Eg. (7), we readily arrive at a
lower bound onJ as well:
with a2=3(1—\1-BY.,), whereB. , is the upper bound ,
for the amplitude ofr,— v, oscillations. The exclusion plots U=n,(1-c,)" (12)

obtained from the Bugey and CDHS and CCFR expenments
[10] imply that a° 0= 4% 102 for AmLSND"’O 1 e\? anda This inequality is analogous to the above inequality for the

=02 fOfAmLSN|320 4 e\ [11]. Below Am?=0.3 e\?, the survival of solar neutrinos and is valid also with matter ef-

survival amplitudeB is not restricted by experimental fects in the earth. . L
0 Now we can assemble the inequaliti@®), (11) and(12)
data, i.e.B,;,=1. and the main result of this work follows:
The survival probability of solarv,’s is bounded by
?eﬂe>(1 Ce)? [7]. Therefore, to be in agreement with Ci“L 2a%(1—a)/r
the results of solar neutrino experiments we conclude that T
from the two ranges of, in Eq. (5) only

Bip

, 13
c’+2(1-c,)? 13

Ce=1-al (6)
IThis is not completely true for neutrino directions close to the
is allowed. horizon with Am2,=3x 102 eV2. Taking into account the result
We will address now the question of what information onof the CHOOZ experimenfl2], we have checked, however, that
the parametec, can be obtained from the asymmety,  numerically this has a negligible impact on the following discus-
(1). As a first step we derive an upper bound on the numbesion.
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This bound is represented by the curve in Fig. 2 labeled
LSND + Bugey.

Figure 2 clearly shows that a four-neutrino mass hierarchy
is strongly disfavored because no allowed region dgris
left in this plot. A four-neutrino mass hierarchy is also
strongly disfavored fo\m?g,p=0.4 e\? as was shown in
Ref.[7]. We want to stress that all bounds are derived from
90% C.L. plots and that the bourid6) is quite sensitive to
the actual values oAt anda?. This has to be kept in mind
in judging the result derived here. As was noticed bef@ie
the procedure discussed here applies to all four-neutrino
mass spectra of class 1 where a group of three neutrino
masses is close together and separated from the fourth neu-
trino mass by a gap needed to explain the result of the LSND

experiment. The reason is that all arguments presented here
remain unchanged if one defines (3) by a summation over
the indices of the three close masses for each of the mass
spectra of class (see Fig. ], i.e.,j=1,2,3 for the spectra |
and Il andj=2,3,4 for the spectra lll and IV.
To give an intuitive understanding that the data disfavor
FIG. 2. Regions in thdmj;—c,, plane disfavored by the results all spectra of class 1 we note thgt cannot be too close to 1
Or: the CD":CSH'-SNDv SUP}?r'lKamlO'frah“deha”dd 3“99_3/ e"_perimlegtst;rlgr}n order to explain the non-zero LSND,— v, oscillation
the case of the spectrao class 1. € shaded region Is exciude H H H
the inequalitieg15) and the hatched region by the boufi®). The thepz::r%%esfr)]éggﬂtgié)iﬁg?iro22 r:’;\dr'elésltnlz)sp:g(s)s%fbsee é(;f%r’o,
nearly horizontal curve labelled Sk Bugey represents the lower taking into account that|UM4|2= 1_%]_ For AmESND

bound(13) derived from the Super-Kamiokande up-down asymme-<0 3 e\ th . di h other. F
try. Since this bound lies above the white region allowed by in-— " eV these two requirements contradict each other. For

2 . . .
equalities(15) and(16), the spectra of class 1 are disfavored by the AMsnp=0.3 eV they arein contradiction to _the results Qf
data. the CDHS and CCFR;,, disappearance experiments requir-

ing c,, to be either close to zero or[$ee Eq(5)].
where we have defined=n,, /n.. For the numerical evalu-  According to the previous discussion, only the mass spec-
ation of Eq.(13) we use—A,=0.254 at 90% C.L., the 90% tra pf class 2 remain. They can be characterized in the fol-
C.L. bounda? from the result of the Bugey experiment and lowing way:
r=2.8 read off from Fig. 3 in Ref[l] of the Super-
Kamiokande Collaboration. As a result we get

G CDHs
0.2 0.3 0.4 0.5

2 2
Amy, (eV7)

06 07 08 0.9

atm solar

e — —— 1
(A) an<m2<<m3<mga 17
=ag=0.
c,=agk=0.45, (14 LoD
as can be seen from the horizontal line in Fig. 2. Note that solar atm
the dependence of this lower bound AmZg,=Am3; is (B) m < m ' (18)
almost negligible due to the smallness of the second term in ~ ~— o
LSND

the numerator on the right-hand side of E@3). Conse-

ggltla;tly, also the exact value ofis not important numeri- Let us now discuss which impact the up-down asymmetry
- . A, has on these mass schemes. We consider first scffegme
o
In Fig. 2 we have also depicted the bounds and go through the same steps as in the case of the mass
hierarchy. Now we define

0
c#sa#

and c,>1-a) (15)
that were obtained from the exclusion plot of the CDkHS
disappearance experiment. Fom?g,,=0.24 e\? these two
bounds meet at,=0.5. Below 0.24 e¥there are no restric-
tions onc,, from SBL experiments.

Finally, we take into account the result of the LSND ex-
periment, from which information on the SBk,— v, tran-
sition amplitudeA , . (3) is obtained. Using Eq6) and the
lower boundAj'Z, which can be inferred from the region Repeating the derivation of Eq13) with ¢, as defined in
allowed by LSND, we derive the further bound op [13] Eq. (19), it is easily seen that the inequalit¢3) holds also
for schemdA). On the other hand, the bound that takes into
account the LSND result now has the form

Ca= 2 Uyl (19)
j=1,2

Then the results of reactor experiments and the energy-
dependent suppression of the solar neutrino flux lead to

ce=al. (20

Cp'g aLSNDEl—AE;igMag . (16)
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c =AM 0 (21 not explored in previous publications. The only four-neutrino
poomeme mass spectra that can accommodate all the existing neutrino
The corresponding curve in thiemj,—c,, plane is given by a ~ oscillation data are the spect@@) and(B) in Fig. 1 in which
reflection of the curve labeled LSNB Bugey in Fig. 2 at two pairs of close masses are separated by the LSND mass
the horizontal linec,=0.5. Therefore, in the case of scheme 92P. The analysis introduced in this paper enables us in ad-

/J, . . - . - - - .
(A) the allowed region o€, is determined by the bour(@1) d't'r?” to obtain t;nfor(Tath] on the m')l('g% m?]tl’M”VIa "’(‘j
and bycﬂzl—ag. This region is allowed and not restricted rather stringent bound on the quantity (19) for the allowe

' ) . ) schemegA) and (B).
gzycmﬂigff)/s obtained from the Super-Kamiokande up-down In the framework of scheme#\) and(B) it is possible to

. . . make some predictions for reactor and accelerator long-
A discussion of scheméB) with ceal—ag leads to the . . ;
bound(13) with c,, replaced by % c,, in this formula and to baseline experiments, fotH B-decay experiments and ex

Eq. (16). Therefore, the bounds for scherf are obtained periments on the search for neutrinoless doydgecay. In

; particular, from the negative results of reactor short-baseline
from those of schemA) by a refiection of the curves at the experiments and the results of solar neutrino experiments

line c,=0.5. In summary, the white area in Fig. 2 represents i . — i
the allowed region for ¢, in scheme(A) and forc,, in strong constraints can be obtained on ihesurvival prob-

scheme(B). ability in long-baseline reactor experiments and the probabil-

In this paper we have shown that the existing neutrindty of v, — ve transitions in long-baseline accelerator experi-
oscillation data allow us to draw definite conclusions aboufMents(14l. .
the nature of the possible four-neutrino mass spectra. We In conclusion let us stress that we considered here the
have demonstrated that the spedtya(lV) in Fig. 1, includ- impact of the Super-Kamiokande up-down asymmetry for
ing the hierarchical one, are all disfavored by the data in thdh® minimal scenario of mixing of four massive neutrinos,

whole range 0.2 e¥< AmZq,=<2 €\2 of the mass-squared which includes one sterile neutrino in addition to the three

difference determined by LSND and other SBL neutrino Os{!avor r:je?r;crlnos.t Far a d|?gu33|on of _?c?eme_s V%g‘f three ac-
cillation experiments. With the Super-Kamiokande result on Ive and three sterile neutrinos see citations in -

the atmospheric up-down asymmetry it has also been pos- S.M.B. would like to thank the Institute for Theoretical
sible to investigate the regiohm?g,p=<0.3 e\? which was  Physics of the University of Vienna for its hospitality.
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