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Constraining almost degenerate three-flavor neutrinos
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We discuss constraints on a scenario of almost degenerate three-flavor neutrinos imposed by the solar and
the atmospheric neutrino anomalies, hot dark matter, and in particular by the neutrinoless @aidiay
experiments. It is found that in the Majorana version of the model the region with relativelydgygefavored
and the model is not compatible with the popular snéigll-Mikheyev-Smirnov-Wolfenstein solution of the
solar neutrino problem. A constraint on tldP-violating phases including the one characteristic to Majorana
neutrinos is also obtained. The stability of our conclusion against the uncertainty of the nuclear matrix elements
of double 8 decay is briefly addresse50556-282(97)02015-§

PACS numbdis): 14.60.Pq, 23.406:s, 26.65+t, 95.35+d

There exist several experimental hints which indicate thatannot account for the solar neutrino deficit, the atmospheric
most probably neutrinos have tiny masses and flavor mixneutrino anomaly, and the hot dark matter simultaneously.
ings. The first is the solar neutrino deficit observed in fourThe only known possibility that can accommodate these two
different experiments: the chlorine, the Kamiokande II-lll, phenomena as well as supplying neutrino masses appropriate
GALLEX, and SAGE[1—4]. It became highly unlikely that for hot dark matter within the standard three-flavor frame-
the data of various experiments can be reconciled with anyork is the case of almost degenerate neutri#d3N’s). An
sensible modifications of the standard solar model. The sed¢acomplete list of earlier references on ADN'’s is[i2Q].
ond is the atmospheric neutrino anomaly, the large deviation In this paper we discuss the constraints that can be im-
in the observed ratiov, /v, from the expectation of the posed on such an almost degenerate neutrino scenario from
Monte Carlo simulation$5,6]. While the anomaly was not the solar and atmospheric neutrino observations as well as
observed within the statistics of the NUSEX and the Frejushe terrestrial neutrino experiments. We will point out that, in
experiment$7,8], the evidence of the Kamiokande and IMB {he case of Majorana neutrinos, the neutrinoless dogble
detegtors are so impressive that they force us to seriouslgecay experiment is of key importance. In particular, the
consider the anomaly. The presence of the anomaly is alsg|ar neutrino and the doubje decay experiments constrain
supported by the newest tracking detector, Soudg®|.2 the mixing angledys not to be small.

The possibl.e third hint fo'r neutrino masses comes from | ot s start by defining more precisely what we mean by
the cosmological model with cold and hot dark mattery,e aimost degenerate neutrinos. Due to the requirement of
(CHDM). Neutrinos are the only known candidates for thegq|ying the solar and the atmospheric neutrino problems the
hot component. '_I'hey could be respo_n3|ble fqrthe Iarge-scglﬁvo Am? should have values10~° and~10"2 eV 2, re-
structure formation in a way consistent with the Cosmicgpectively. This implies that three neutrino states are degen-
Background ExplorefCOBE) observation of anisotropy of grate yp'to the accuracy of 0.1 eV. Then, the requirement
cosmic microwave background0-12. While less direCt  gom the hot dark matter hypothesis implies that they must
compared with the first and the second hints, it provides fave masses of the order of a few to several[@¥—12.
good motivation for examining the possibility of neutrino Then, the degeneracy in the masses is better than 0.01 eV,

masses of a few .ev range. . . hence the name of almost degenerate neutrfA®N's).
It has been pointed out by various authors that if at least 5. gefiniteness. we assign the small&rm? to

one of the neutrino states has mass of the dark matter scaAemz _ 2 2 2 :
; . . . : . =m5—mj; and the larger tddmj,. It should be noticed
and if there is a hierarchy in twam?, the difference in 12 2 1 9 13

q th lerat d'th ¢ . that this can be done without loss of generality. Despite the
squared masses, he accelerator, and the reactor exXpenmepts, degeneracy in neutrino masses there is a hierarchy in

put powerful constraints on mixing anglgk3—-19. It is very m2: AmZ,=Am2>AmZ,. It allows us to simplify greatly

remarkable that the mixing pattern of neutrinos is determine ormulas for the oscillation probabilities. With neutrino mix-
to be essentially uniquEl3] if one imposes the additional . . P '
ng matrix U ,; they read

constraints that come from the requirement of solving eithef
the solar neutrino problem or the atmospheric neutrino
anomaly, together with that from neutrinoless douBlele-
cays[16,17. AM2L
The problem with the above framework with only three- 2 2ai Mis )
o . : oo P =4|U 43|%|U g5| %sir? , 1
flavor neutrinos(i.e., without sterile neutringsis that one (vg—va) Ul 53| ( 4E @
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proximation with the mass hierarchy; i.e., they are obtained
; under the so-called one mass scale dominance approxima-
(2) tion.
We use the standard form of the Cabibbo-Kobayashi-
where theC P-violating terms have been dropped in the ap-Maskawa quark mixing matrix:

AmiL
4E

1- P( Vo™ Va) :4| Ua3|2(1_ | Ua3|2)SinZ(

—is
C12C13 S12C13 S13€

U=| ~S1la2s~ CiSosS1€'°  C1Cos S15p81€°  S2C1s , (3)
S1923~ C1Co81€'°  —C1oSps— S1:Co1€'°  Cosas

for the neutrino mixing matrix. From Eqg¢l) and (2) one low that the constraint from neutrinoless doukffedecays
can see that the accelerator and the reactor experiment®es indeed prefer the larges solution.
probe the mixing angled;; and ,5. We discuss the constraint from neutrinoless doyblee-

We first summarize the constraints from the acceleratogays, which applies only to the Majorana neutrinos. We will
and the reactor experiments. Unlike the case of dark-mattef€ee that it gives rise to the strongest constraint. Observation
mass neutrinos with hierarchy the constraints from these te@f no neutrinoless doublg decay implies the constraint on
restrial experiments are very mild. Withm?<0.01e\®  {M,e), Which can be written in our notation of the mixing
only the relevant channel is, disappearance experiments Matrix as
whose most extensive runs were done at Budes} and at
Krasnoyarsk[19]. We note that there is no constraint on (mMye)
s2, for Am2,<7x 102 eV?, where we have made the sub- | > > s+ 2 2 i 2 diiys
s%istutions 13of the variables in [18] and [19] =leiLigmie !PT+ speimael P+ sigmge 7 )|&4)

0— 013,Am2—>Am§3, which follow from the present ap-

proximation with the mass hierarchy. Notice that there is anwhere 8 and y are the extraC P-violating phases character-
allowed region at larges?,, whose dominant part will be istic to Majorana neutrinof25,26|.

excluded by the solar neutrino constraint as we will see be- Let us first discuss the CP-invariant case
low. (e?'B !(FT3v=29)= + 1) because it is easier to understand.

Let us now address the constraint from the solar neutrindn this case the phase factors in E4). can be reduced to the
experiments. While extensive analyses have been dorféP parities »; of mass eigenstatgswith massesm; [27].
within the two-flavor mixing scheme the full three-flavor Under the circumstance of almost degeneracy with which we
analysis of the solar neutrino experiments is very rare. T@re working we can approximate the expressionsmg,) by
our knowledge it has been carried out quite recently for thdgnoring the mass differences. Then, it further simplifies de-
Mikheyev-Smirnov-WolfensteiiMSW) mechanisni21] by ~ Pending upon the pattern of tf@P parities of three neutri-
Fogli, Lisi, and Montanino[22]. We do not know corre- NOS. Let us take the convention thgy=+ and denote
sponding analyses for the vacuum oscillation solution, buthem collectively as 611,72, m5) = (1,677, F+37729))
there was an attemp23]. For this reason let us focus on the =(++ —), etc. Then,
MSW solution in this paper.

It has been known for some time that the solar neutrino
deficit is explained by the interplay of averaged oscillations (m,e) |1—25f3| for (++—),
due to the sizable value af, and the MSW mechanism =—m - |1-282,62 for (+—+), (5
which operates at sma#f, [24]. The extensive analysis of
Fogli et al,, exploring full three-flavor parameter space under
the assumption of mass-squared hierarchy, confirmed the e

istence of such a largej; MSW solution[22]. They ob- We take the mixed dark matter model wiflyy,=1 to

served a number of new features; the well-known smgll-  ogtimate the masses of neutrinos. The cold-hot dark matter
and larges;, solutions fuse into a single one at around(CHDM) model with Q=1 might have problems with
s7,=0.33 and this largey; solution extends up te7;=0.6.  age of the universe. The measurement by the Hubble Space
The larges;3 solution is interesting because the “two- Telescope[28] gave a value ofh=0.8+0.17, where the
flavor” parametersAmfz and 352 differ from that obtained Hubble constantl, is given byh asHy=100h km/s Mpc.

by the two-flavor analysis. At the largest value of The value ofH, suggests that the total contributi®y, by
slg,s§3= 0.6, s§2z2>< 102 and Am§224>< 10 % eV In matter to the density parameter should be smaller than 1 in
contrast, the best fit values of the two-flavor analysis arerder to have the age of the universe greater than 10 G yr.
s2,=2Xx10"% and Am2,=5.2x 10 ® eV2. We will see be- Our attitude to this problem is that we must take at least two

1 for(+++),

|1—2c2,c24 for (+——).

f'et us refer to the ratigm,.)/m asr hereafter.
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o uncertainty in the observed value of the Hubble constant
seriously because the systematic errors in various methods of
measuring the Hubble constant do not appear to be well un-
derstood.(For a recent status of the measurement of the
Hubble constant, see, e.§29]).

We assume that 20—30 % of the universe is shared by the
hot dark matter. We note that the neutrino contribution to the
Q parameter i), =(=m;/91.5 eVh 2 [30]. The CHDM
model with three kinds of neutrinos has been analyzed by
Pogosyan and Starobinsk$1] and they concluded that the
allowed region is given by 0.55h=<0.7,0.25Q,=<0.3. If
we take these values, we obtain 2.3eM;=m=4.5 eV as
masses of almost degenerate neutrinos. We willmse2.3
and 4.5 eV for neutrino masses as reference values in the
following analysis.

We impose the experimental bound @n,.) obtained by
negative results of neutrinoless doulgedecays. The most
stringent one to date i&m,.)<0.6 eV derived in the’Ge 08| r<0.26
experiment done by the Heidelberg-Moscow grélip|. The
bound is based on the calculation of the nuclear matrix ele-
ments by[31]. It implies the bounds on the parameter
r< 0.26 and 0.13, for neutrino masses=2.3 andm=4.5 n
eV, respectively.

An immediate consequence of the constraint from neu-
trinoless doubleB decay is that the first pattern of ti@P 0.2
parity (++ +) is excluded. Other patterns are not immedi-
ately excluded but their parameters are subject to the con- i 5 .
straint. In Figs. 1a) and Xb) we have plotted the allowed 0 0.2 04 , 08 0.8 1
regions of the neutrinoless doubjg decay constraint for () S12
each respective pattern of tlEP parity for (a) r< 0.13 and . . . _
(b) r= 0.26, respectively. The upper rectangular region is for FIG. 1. The lighter shaded strips _bounded by the_thlcker solid
the CP parity (+ +—), the lower-left band for € — —), and dashed lines are the allowed regions of the neutrinoless double

\ A decay constraints for each pattern of tl& parity in the
and the lower-right band for« — +). Also pl_otted in Fig. 1 gp-congerving case witha) r<0_23 (m,ey<0.6 e\F/),m:y4.5 eV
as darker shaded parts are the allowed regions with 90% C.lang () r <0.26 (m,.)<0.6 eVm=2.3 eV}, respectively. The al-
for the three-flavor MSW solution to the solar neutrino prob-|owed regions in the gener@P-violating cases are the whole areas
lem obtained by Foglet al. [22]. It is actually the superpo- bounded by the thicker solid lines. The darker shaded areas
sition of the allowed regions with the mass squared differ-bounded by the thinner solid lines are the allowed regions with 90%

enceA miz from 1076 to 1.0x10 4 eV2. C.L. for the three-flavor MSW solution of the solar neutrino prob-
From these figures one can draw several conclusions. TH&M obtained by Foglet al. [22].

CP parity pattern of (- —+) is excluded since the two al-

lowed regions do not overlap. The patterns £ —) and  dive so large a cos®, that sufficient cancellation does not

(+——) are allowed and they prefer the largg-solution of ~ occur between the contributions o, from the first and the

the solar neutrino problem. The “two-flavor’ large angle second mass eigenstates.

MSW solution(i.e., larges;, and smalls; 5 solutiong is also In generalCP-noninvariant cases, we have to keep the

marginally allowed. The small angle MSW solutions, whichtwo CP-violating phases3 and y in Eq. (4). Namely, we

are drawn almost on the axis sf,=0 in Fig. 1, are not have

compatible with the doublg decay constraint fom=2.3 . .

and 4.5 eV. In closer detail, with a neutrino mass of 4.5 eV (m,)=m|ciye” i, +efst) +e

(r=<0.13 the solution exists for 3.2 2 . . 2 2

X107 eV2<=AmZ,<6.8x 105 eV only if s2,=0.3. With =mciy(1—siBsi’20:5) ™ si,

m=2.3 ev (r<0.29 it exists for 3.2

(++-)

(+-+)

i(37—26)S§3|

: (6)

where we have ignored the mass differences and the equality

X 1076 eV?<Am?,<1.0x10 * eV? only if s7,=0.02. in the second line holds when
The reason tha#,5 has to be large for a solution to exist
in the case ofm,)<0.6 eV is because putting;3=0 in arge 'Ac2,+ePs?)=3y—26+(2n+1), 7

Eq. (5) gives r=1 for e*f=1 or r=|cosd,] for

e?#=—1, and even the large angle MSW solution with wheren is an integer. Note that the constraint from neutrino-
013=0 gives cos?,,=0.33, which does not satisfy the con- less doubleg decays becomes even more stringent if the
straint from the neutrinoless doubfedecay experiments. In  CP-violating phases3, vy, do not satisfy the relatioit7).
other words, the MSW solutions in the two-flavor framework Then, our task is to look for the region which satisfies
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o . . : (£7,0);x(7/2,— wl2);=(ml2,72), respectively. From
this we can verify in Figs. @ and 2b) that the

0(3 CP-conserving cases with th@ P-parity patterns ¢ + +)
[ r<0.13 1 and (+ —+) are indeed excluded both far< 0.13 and
o= r< 0.26.
o
Now let us address the question of theoretical uncertain-
0f J ties of the bound onm,¢) on which our discussion has

heavily relied. We do not know any precise way of estimat-
ing the theoretical uncertainties in the calculation of the
nuclear matrix elements. Therefore, we simply discuss to
what extent the bound ofm, ) is stable against the varying
computation of the nuclear matrix elements. This issue is
addressed by the experimental group it$&lf]. They quote
seven calculations of the nuclear matrix elements. Among
them four calculation§31—35 result in a tighter bound than
(m,e)<<0.6 eV. One leads to a somewhat looser bound
(m,¢)<0.78 eV[37] but the computation does not contain
the effect of the pairing correlations. The remaining two ap-
pear to be problematical. The somewhat old calculation by
Engel, Vogel, and Zirnbauer{36] gives the bound
(m,e)<1.38 eV, but it does not use a realistic nucleon-
nucleon force. The weakest bouith,.)<1.76 eV is ob-
tained by using the nuclear matrix elements computed by
Pantiset al. [37]. However, the computation of the paper is
based on a different quasiparticle random phase approxima-
tion (QRPA) than that exploited by the other authors.
Namely, the authors take the BCS-like state which contains
Cooper pairs not only of proton-proton and neutron-neutron
(as usual but also of proton-neutron. We do not know if
such a QRPA calculation is able to describe consistently

FIG. 2. The shaded areas are the allowed regions for a combpVverall features of the nucle@ decays. Therefore, it is dif-
nation of CP-violating phases obtained from the neutrinolessficult, at least at the moment, to judge the reliability of the
double 8 decay experiments and the solar neutrino analysis withesultant bound olm,¢) derived by using their matrix ele-
90% C.L. by Foglietal. [22]. (a) and (b) are for r<0.13 ments. A similar remark is made by the experimental group
({m,e)<0.6 eVm=4.5 eV and for r<o0.26 [17].
({m,e)<0.6 eVm=2.3 e\V), respectively. Thus, the bound ofm,.) appears to be rather stable

. . . within the usual QRPA computations of the nuclear matrix

0.13 and 0.26, rezspectlv%Iy, wif, -y, and & unconstrained.  gjements which take into account a realistic nucleon-nucleon
In the procedures}, and s, take all possible values within  force. Nevertheless, one may ask to what extent our conclu-
sulting allowed region has the same boundary, as depicted kyn ). Since we do not know exactly the theoretical uncer-
the thicker solid lines in Figs.(&) and Xb), as that of the tainties of the nuclear matrix elements, we try to illuminate
CP-conserving cases but covers the_whole region inside thggw the constraints can be affected by simply taking the
boundary. For < 0.13 which is obtained fronm=0.7 and weakest bound by Pantit al. [37], or by just assuming a
Q,,Io.s, the solution exists only lﬁi3203, forr< 0.26, factor of ~ 3 uncertainty in(mve>_
only if s73=0.02. We take the boundm,.)<1.76 eV and reexamine the

It should be emphasized that, irrespective of whetheconstraints obtained before. In FiggaBand 3b) we present
CP is violated or not, the smali;, MSW solution, which is  the parameter regions allowed by the neutrinoless dogble
favored by theorists most, is disfavored in the CHDM modeldecay constraint and the three-flavor MSW solution of Fogli
with almost degenerate neutrino masses. et al. Again the figures summarize them for the general

On the other hand, we can get a condition for theCP-violating cases as well as for each respective pattern of
CP-violating phases3, y, and § by imposing both con- the CP parities for(a) r< 0.39 andr< 0.77(b) correspond-
straints from neutrinoless doulfedecays and from the solar ing to m = 4.5 andm=2.3 eV, respectively. With such a
neutrino deficits withs?, and s, constrained by the three- weak bound, there is a slight change in our conclusion; a part
flavor analysis of22]. The results are shown in Figs(a22 (m = 4.5 e\) or the whole region i = 2.3 eV) of the
and 2b), where the allowed regions are located in the neigh-‘two-flavor” large-angle MSW solution with,3=0 be-
borhood of the lineB+3y—26==. In these plots the comes allowed. ThE€ P parity pattern - —+) which was

CP-conserving cases with the patterns € +),(++—), excluded with previous discussion witfm,.)<0.6 eV is
(+—+), and (—-) correspond to the points now partially allowed. Nonetheless, we should stress that
(B,3y—26) =(0,0),=(m,7), £ (7,— 7);(0,=7),(==,0); even if we take a factor of 3 looser bound the “two-flavor”

+(7/2,(B,3y—26) = (0,0),* (7, 7), = (7,— m);(0,x£ ), small-angle MSW solution is still disfavored by the ADN
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1 T T T T T

3y-26

r<0.77

= 0 T
(b) B
FIG. 3. The same as in Fig. 1 but with a factor of 3 weaker FIG. 4. The same as in Fig. 2 but with a factor of 3 weaker

bound(m,.)<1.76 eV;(a) r<0.39 (m=4.5 eV) and (b) r<0.77  bound(m,e)<1.76 eV;(a) r<0.39 (m=4.5 eV) and (b) r<0.77
(m=2.3 eV. (m=2.3 eV.

scengrilo.. In Fri]gs. @ ".’I?]d h4bt)) the(;imilar constraints 8” three-flavor neutrino scenario as a simultaneous solution to
CP-violating p zises with the bour _Ve><1'76 evare ob-  the solar, atmospheric, and dark matter problems. We have
tained for(a) m = 4.5 eV and(b) m = 2.3 eV. shown, using the constraints from neutrinoless doybbe-

Finally, let us briefly discuss the constraints from the at-c,ys a5 well as these observational data of the solar and
mospheric neutrino anomaly. There have been several thregfmospheric neutrinos, that a large valuesdf is favored,

flavor analyses of the atmospheric neutrino anonjag— . . . . >

; leaving a little room for solutions with smatf;; and large
40]. Among them, the most recent and the most detailed are, . S :
the ones done by one of the auth8s], and by Fogli, Lisi, Si,. The neutrinoless doublg decay constraint imposed in

Montanino, and Sciosci@0]. The analyses by these two ADN makes the small-angle MSW solution untenable in this

groups give rise to slightly differenteallowed regions on scenario. If t.hree r_1eutr|nos turn out go be degenerate in
thes2,— s2, parameter plane. The difference stems from theif™asses and if precise values sff, and s, are both deter-
treatments of the data of the NUSEX] and Frejug8] ex- mined experimentally, then we get information on the rela-

periments which are included [#0] and are not if39]. As  tion among theC P-violating phases, y, andJ. .
far as the constraint fofi,s is concerned, it is concluded in e @lso briefly addressed the question of uncertainty of

either analysi$39,40 that the allowed region with 90% C.L. the nuclear matrix elements in doulfiedecay and the issue

for Am§3~5><10*3 eV2 has to satisfysggz 1/4. However, of stability of our conclusion against the uncertainty. We

there is a difference between the two analyses on the allowe ve shown that even 'f. we allow a factor of 3 uncertainty in
m,e) our conclusion, disfavor of the small-angle MSW so-

region for645. If one includes the data of all the eXpe”memSIution in the ADN scenario, remain unaltered, leaving a mi-

of atmospheric neutrindg!l0], then the solution with small- nor chanae of partial allowance of theP-parity pattern
Sq3 is allowed. On the other hand, if one considers only the 9 part W party p

multi-GeV Kamiokande data[39], the solution with (+=+).

s7,=0.1 is excluded at 90% confidence level. As we have The authors would like to thank Professor K. Muto for

seen above, the allowed region foe 0.13 exists for rather informative discussions on theoretical status of the calcula-

large values ofs;3, so the difference of the two analyses tion of the nuclear matrix elements in doulgledecay, and

[39,4Q turns out to be irrelevant fan=3 eV. N. Okada and S. Sasaki for discussions on astrophysical as-
To summarize, we have discussed the almost degenerapects of dark matter scenarios. One of(bsM.) is grateful
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sity of Washington for partial support during the completionwas also supported by Grant-in-Aid for Scientific Research
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