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Three-generation flavor transitions and decays of supernova relic neutrinos
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If neutrinos have mass, they can also decay. Decay lifetimes of cosmological interest can be probed, in
principle, through the detection of the redshifted, diffuse neutrino flux produced by all past supernovae—the
so-called supernova relic neutrit®RN) flux. In this work, we solve the SRN kinetic equations in the general
case of three-generation flavor transitions followed by invisibenradiativé two-body decays. We then use
the general solution to calculate observable SRN spectra in some representative decay scenarios. It is shown
that, in the presence of decay, the SRN event rate can basically span the whole range below the current
experimental upper bound—a range accessible to future experimental projects. Radiative SRN decays are also

briefly discussed.
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I. INTRODUCTION

PACS nuniderl4.60.Pq, 13.35.Hb, 14.80.Mz, 97.60.Bw

has been invoked in the past, e.g., to solve the solar neutrino
problem or the atmospheric neutrino anomédge[8] and

In the past few years, compelling evidence has emerged ireferences thereinThese and other neutrino decay solutions

favor of neutrino masses and mixin@ee, e.g/,1] for recent

have not been experimentally validated so far, implying that

reviews. Within a three-generation framework, the known the decay lifetimes4; in the rest frampmust be sufficiently

flavor eigenstates of neutrinas, and antineutrinos7a (a

long to leave unperturbed the current neutrino phenomenol-

=e, u,7) must then be considered as linear superpositions g?9y- Roughly speaking, this can be achieved by imposing

mass eigenstatesg (i=1,2,3),

(=) (=)
Va:Zi Uai Vi, (1)

where the mixing matriXJ ,; (assumed here to be real for
simplicity) can be expressed in terms of three mixing angles

(012,013,023 in the standard parametrizatid2]. The v;
squared mass spectrum can be cast in the form

om?  sm?
(mi,m%,m§)=M2+ —T,+T,tAm2 s (2)

where sm? and Am? govern the two independemt oscilla-

tion frequencies, whilV? fixes the absoluter mass scale.

Current neutrino oscillation dataee, e.g.[3,4]) provide the
best-fit values:

SM2=7.2x10"% e\?, ©)
|+ Am?|=2.0x103 eV?, (4)
sir?01,=0.29, (5)
Sin?6,5~=0.50, (6)

and the upper bountt 30) [4]
sir?0,3<0.067. (7)

The sign ofAm? is currently unknown, whilé? is bounded

7,E/m;L>1 in the laboratory frame, whelle andE are the
neutrino path length and energy, respectively. Such argu-
ments, properly refined and applied to solar neutriiod
~0(10°) km/MeV], lead to a safe lower bour{@]*

-
HI- =5x10"% sleV. (8)

Similarly, from the supernovéaSN) 1987A neutrino events
[L/E~O(10'%) km/MeV] one might naively guess a much
stronger lower bound,

%20(105) s/eV, 9)

which, however, does not hold for relatively large values of
the mixing angled;, [11], as those implied by current data in
Eq. (5) (see also the comment at the end of Sec. JV@n

the other hand, for neutrino decay effects to be observable in
our universe, it must be roughlyE/m;<1/H,, whereH, is

the Hubble constant; by settirgy=70 km s * Mpc™! and
taking E~0O(10) MeV (i.e., in the energy range probed by
supernova neutringsa rough upper bound for the “neutrino
decay observability” is obtained,

% <0(10" s/eV. (10)

from above by laboratory and astrophysical constraints 'This bound can be improved, for— v decays, by one to two

(VMZ=fewx 1071 eV [1]).

orders of magnitudédepending on specific scenaridirough the

In general, massive neutrinos not only can mix, but camonobservation of solar,— v, transitions in the KamLAND ex-
also decay(see, e.g., the reviews {®m—7]). Neutrino decay periment, as recently reported in REEQ].
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The comparison of Eq¥8) and (10) implies that many de- with some subdominanti8oscillation effects in the atmo-
cades inr; /m; are still open to experimental and theoretical spheric neutrino background, which are often overlooked in

investigations. SRN searches.

The exploration of relatively long neutrino lifetimes, and
of the associated decay effects, can be effectively pursued || THREE-NEUTRINO FLAVOR TRANSITIONS
through astrophysical and cosmological observations. For in- WITHOUT DECAY

stance, evidence for neutrino decay might be signaled by an ) ) )
anomalous flavor composition of high-energy astrophysical In this section we consider the standard case of flavor
neutrinos[12]. Neutrino decay might also profoundly alter transitions among three stable neutrinos. AIthough the no-
the flux of supernova relic neutringSRN)>—both in energy ~ decay case for SRN has already been treated in previous
spectrum and in flavor composition—and possibly push itgvorks (see, e.g[19—23 for recent contributions we prefer
observable component close to the current experimental SRIQ discuss its calculations in some detail, both to make the
upper bound$13,14), as recently pointed out in Reff15].  Paper self-consistent, and to better appreciate the differences
Given the promising prospects for detecting SRN signals ivith the case of unstable neutrinos. In this section we also
the Super-KamiokandéSK) water Cherenkov detectdif define the notation, as well as our default choices and ap-
doped with Gd[16]) or in planned larger detectors such asProximations for several inputdrom cosmology and astro-
the Underground Nucleon Decay and Neutrino Observator@hysics, neutrino oscillation data, and supernova simula-
(UNO) [17] or Hyper-Kamiokandg 18], we think that the tions) needed to compute the SRN signal. The same inputs
interesting idea of probing neutrino decay through SRN dataVill be used in the presence ofdecay(Sec. IV).
[15] appears as an opportunity which, although challenging, We do not address here the problem of the uncertainties
deserves further studies. affecting these—and other equally admissible—input
On the basis of the previous motivations, in this work wechoices, being mainly interested to highlight the additional
aim at providing a general framework, as well as specificeffects of neutrino decayas compared with the standard

examples, for the calculation of nonradiative two-body de-case. Careful considerations about central values and uncer-
cays of SRN, tainties of the various inputs will be necessary, however,

when supernova relic neutrinos will be eventually detected
(—) by experiments and used to constrain models, with or with-

vi— v +X (11 out neutrino decaysee[23] for a recent approach using
simulated data
(and for ana|ogou5 antineutrino dec}iygherex is a(pseu- Finally, we remind that three-flavor oscillations affect not

do)scalar particle, e.g., a Majordi]. After considering the ©only the signal in SRN searches, but also the atmospheric
“standard” case of 3 flavor transitions without decay in background. We discuss in Appendix B some subtiee$-
Sec. II, we discuss in Sec. Il the more general caseof 3 fects which are often neglected in calculating the atmo-
transitions followed by decays, and give the explicit solutionspheric neutrino background rate.
of the neutrino kinetic equations for generic decay param-
eters. Specific numerical examplésnspired by neutrino- A. Input from cosmology and astrophysics
Majoron decay modejsare given in Sec. IV, in order ©0 pe |oca|(redshiftz=0) number density of mass eigen-
show representative SRN even; rates and energy spectra é‘fbtesm per unit of energy, coming from all past core-
the presence of decay. Conclusions and prospects for futu%IIapse supernovae, is given tsee, e.g.[19))
work are given in Sec. V.

A final remark is in order. In this paper, we focus on o
invisible two-body decayfEq. (11)] since they can be tested, n,,i(E)=f dzH Y (z2)Rs\(2)Y,(E(1+2)), (12
in principle, by future SRN data. Invisible decays into three 0

r)eutrinos are not considered here, also because the typicahare Rey(2) is the supernova formation ratger unit of
final-state neutrino energy would generally be too low t0 b&; o and of comoving volume at redshif}, Y, (q) is the
probed by SRN observations. Radiative two-body neutrino L

decays, instead, do not suffer of such “low-energytletec- average yieldl of v; for a typical supernovéper unit of ini-

: : jal, unredshifted energyg=E(1+2)], and H(z) is the
tion problem, but are however severely constrained by thda . A X
current astrophysicaj-ray phenomenology. A brief discus- Hubble constant at redshiftwhich, in standard notatiof2],

sion of the photon background from hypothetical SRN radia-reads

tive decays is given in Appendix A. Appendix B finally deals H(2)=Ho[(1+2)2(1+Qy2)— 0,22+ 2) Y2 (13)

2 ; « "
. lh the fo!lowmg,ye .shall_use the agronym SR'\_‘ to broad.ly 3The yield of ar species represents the integral of thiiminos-
indicate relicy and v, either in mass or in flavor basis, depending ity over the emission time, and is equal to the tatalumber times
on the context. In fact, althougﬂobservable SRN signals from iNype normalizedy energy spectrum. Since SRN signals are intrinsi-
verse beta decay are induced by only (see Sec. Il neutrino  cally time-averaged, we useyields Y, (rather than luminositigs
flavor transitions and decays imply, in general, an interplay amonghroughout this work. Expressions for thg, functions are given
all v and v mass and flavor states. below.
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Since supernova relic neutrinos are ultrarelativistie=¢),
the above number density per unit of energy(E) can be
identified, in natural unitsq= 1), with the local relicy; flux
per unit of time, area, and energy.

We assume, followind19,21], that the functionRgy is
given by

where the star formation rafRs is parametrized a24|

exp3.4z) . 3
RSF(Z):O.m55mM@yF MpC (15)
for z<5 (and Rg=0 otherwise [19]), with hgs

=Hy/65 kms* Mpc™!. (Other choices are also possible

for Rgg; see, e.g.[22].)

The above expression foRge actually holds for an
Einstein—de Sitter cosmology) ,Q,)=(1,0). For a dif-
ferent cosmology one has to apply a correction fatt@y

[(1+2)2(1+Qy2)—Q,z(2+2)]*?
(1+2)%?

RSF_) RSF ’ (16)

which cancels the dependencermi‘ upon Qp,Q,) in Eq.

(12). This cancellation does not apply in the presence o
neutrino decaysee Sec. Il B. When needed, we shall then

fix Qu=0.3, Q,=0.7, and hg=1.077 (i.e., Hg

=70 km s Mpc™1), consistently with recent determina-

tions of cosmological paramete25].

B. Input from neutrino oscillation phenomenology

The smallness of thém?/Am? ratio[see Eqs(3) and(4)]

and of sirté,; [see Eq.(7)] lead to the approximate decou-

pling of the supernova 3 dynamics into “high” (H) and
“low” (L) 2v subsystems, governed b¥.(,sirf6;5) and
(k_,sirté;,), respectively, whereky=+Am?2E and k,

PHYSICAL REVIEW Y0, 013001 (2004

=MF/2E are the two independent neutrino wave numbers
(see, e.g[26] and references thergirMatter effect§27] are
governed by the potentisl= * \2GN(x), whereN(x) is

the electron density at radius(roughly falling asx ™2 out-

side the supernova neutrinosphere, up to shock-wave effects
[28]), and the plus(minug sign refers to neutrinogan-
tineutrinog. The four cases corresponding to sfng’)

==*1 (normal or inverted hierarchyand sgn¥{)= =1 (neu-
trinos or antineutringslead, in general, to different physics.

In supernova neutrino oscillations, it is customary to av-
erage out unobservable interference phases from the begin-
ning, and to work directly in terms of level crossing prob-
abilities Pj; [29]. At the exit from the supernova, the yields
of neutrino mass eigenstatl*zfgi are then given by

Yyi:Ej P;IUTI2Y,, (17)

(and similarly for antineutrings where UQJ- and YVa are,

respectively, the mixing matrix elements in matter and the
neutrino flavor yields at the neutrinosphere.

The usual assumptiom#=Y,,T=Y;#=Y;TEYVX implies
that the inner matrix product in Eq17) depends only on
Yoo Yo for neutrinos UVX, Yo, for antineutrinog and on

tthe squared mixing matrix elements |2, Such elements
are given hy

(lugl2 Ul gl

= (cog 0T,c0 07, cog TSIt 075, Sirt 67y,

(18)
where
cos 2015— V/k
cos 2075= 1 ul
V(cos 20,3— V/ky)?+sinf26,5
=~ —sgnV)sgnAm?), (19)

TABLE |. Relevant mixing matrix elements and supernova neutrino yields in the four possible 3
scenarios. Thé&«1 level crossing in théd system(if any) is reported in the 5th column. See the text for

details.
Scenario |luZ|? VR |UZ|2 kel Yield of i-th v state
Y, =Y,
v, normal hierarchy 0 0 1 32 Y,,=(1=Pp)Y, +PyY,,
Y,,=PuY, +(1-Py)Y,,
Yo, =Y
v, normal hierarchy 1 0 0 — Y,=Y.
Y%:Y,,X
Y, =Y,
v, inverted hierarchy 0 1 0 — YV2=Y,,
Y,.=Y,
Y., =(1-Pu)Y, +P.Y,
v, inverted hierarchy 0 0 1 31 Y=Y,

Y., =PuY, +(1-Py)Y;
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" cos 201,— V/k, Supernova v yields (not redshifted)
OO = os 2,5 Vik )7 - 5726 ' | ' |
12 L 12
=—sgnV), (20)

and we have used the fact tHat’k, | |>1 at the neutrino-
sphere.

A further simplification of Eq(17) comes from the adia-
baticity of the %—2 level crossing in the. subsysten P,
=0 for the mass-mixing values in Eq&) and (5)]. The
matrix Pj; has then(at mos} one nontrivial 2<2 submatrix
with indices k,l) and off-diagonal entryP,,, wherePy is -
thek« | crossing probability in thél subsystentequal forv g

~

and v [26]). The final results for the yield of thieth mass

eigenstate at the exit from the supernova are collected iro

Table I. T
In general, the crossing probabiliBy depends on the

potential profileV(x) (see, e.g9.[26]). This dependence van-

ishes in the limiting cases of adiabatic transitiofs,;&0)

and strongly nonadiabatic transitionB{=1), which corre-

spond roughly to sitg;;>10"* and sirtf;3<10 °, respec-

tively (see, e.g.[30]). In our numerical examples, we shall

consider for simplicity only the two limiting casés,

Py=0 or 1. (21
0 -
For our purposes, we can also neglect the secondary cor 0 10 20 30 40 50
rections due to Earth matter crossii&,30 for arrival neu- E (MeV)

trino directions below the horizon. In this approximation, the _ _ _

number density of SRN in the flavor basis is simply given by ~FIG. 1. Supernova neutrino yields of, ve, and vy (curves
labelled byYVe, Yoo Yo respectively, as defined through Egs.

) (24)—(27).
n,, (E)=2 |U.l?n, (E), (22)
|
where ¢(E) is the normalized neutrino spectrunfdE¢
=1), (E), is the averager energy, andx is a spectral pa-

and similarly for antineutrinos. Finally, in the phenomeno- TR .
. . . — rameter. A useful spectral parametrization is given in Ref.
logically interesting case of supernova relig one gets, up [31]:

to negligible terms ofd(sin’6;,),

a e*(aJr 1)E/E),

(E), 7

N, (E)=cos 01,0, (E)+sinf 01,0, (E), (23 (a+1)(a+l)< - 25

¢(E)= T(a+1) \(E),

where siRé,, is taken from Eq(5).
wherel is the Euler gamma function. From the admissible
C. Input from supernova simulations parameter ranges in R¢B1], we pick up the following val-
ues:
Concerning the three relevantflavor yields at the neu-
trinosphereY, (v=wve,ve,v,), We assume for simplicity eg-
uipartition of the total binding energl, (taken equal to 3
% 10°2 erg) among all flavors,

((E),(E)y.(E),)=(12,1518 MeV,  (26)

E a=3. (27
b

YV(E)=@¢(E§<E>V@)1 (24)
: Figure 1 shows the function&, (E), Y, (E), and
YVX(E), which follow from the previous assumptions. We

“In general Py, is a function of energy30], and possibly of ime ~€mphasize that such assumptions are not meant to provide
[26]. However, energy- and time-dependent effects on SRN signaléreference” or “best” neutrino spectra, but just a reasonable
are relatively smallas compared with the decay effects that we input for our numerical computations and for the comparison
shall discussand are not considered in this work. of results with and without decay.
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v mass scenario

v, energy spectrum

e energy spectrum

Vs

Va

Vs

V) —

normal
hierarchy
(NH)

Vy

— 1y

inverted
hierarchy

(H)

1/MeV/cm?/s

e]

T
NH or

—— HF=1 ]
---- H(P=0) ]

107 /MeV /KTy

[\~
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FIG. 2. Supernova reliw, spectrum(middle
pane), and associated positron spectrum from
vet+p—n+e’ (right pane), in the presence of
3v flavor transitions without decay. The spectra
] depend on the mass hierarcfigft pane), which
~ can be either norm@NH) or inverted(IH). In the
1 latter case, there is a further dependence on the
] crossing probabilityPy, . The representative cases
N ] Py=0 (“large 60,5") and Py=1 (“small 6,5")
e are shown.

no decay

O""I"'
0 10

20
E (MeV)

Epoe (MeV)

The results in Fig. 2 are in agreement with previous ab-
solute estimates of the neutrino and positron spectra in
water-Cherenkov detecto(see, e.g.;20]), modulo different
choices for(some of the inputs of SRN calculations. As we
shall see, such results can be profoundly modified by neu-
trino decay.

D. Results for supernova relicy, fluxes and positron spectra
(no decay

Supernova relioje's can produce observable signgi®s-
itrons) through the reaction:
vetp—n+e’. (28
For our purposes, the cross section for this process can be lll. THREE-NEUTRINO FLAVOR TRANSITIONS AND
approximated at zeroth ordef32], with E.+=E, DECAYS
—1.293 MeV, whereE.+ is the total(true) positron energy.
We will generically refer to “water targets” but not to spe- equations in the general case of 3avor transitions plus

cific detectors; therefore, we will not include experiment-d cay. We consider generic rest-frarfantineutrino life-
dependent details such as the difference between true and. oo 7_ and associated decay widths
I 1

measured positron energiye., the detector resolution func-
tion), or the detector efficiency function.

Figure 2 shows our SRN flux calculations for no decay, in
both cases of normal hierarclifdH) and inverted hierarchy
(IH), as reported in the left panel. The middle panel refers to o _ o _
the absolute supernova re[g fluxes[Eq. (23)] in units of Also, in this section we do not set restrictions on branching

— : ) . tiod
ve/MeV/cn?/s, as a function of neutrino energy. The right ratio

In this section we discuss and solve the neutrino kinetic

7 1=0= 2 T(r—v)+T(y—v). (31)

m;<m;

panel refers to the absolute positron event rate per MeV and _ N _ N

per kton-yearkTy) in water, as a function of the true posi- Bri—y) =T (mi—w)/Ti, (32

tron energy. In'the case of normal hierardsplid curves, ~and on neutrino decay energy spectra

the v, and positron spectra do not depend on the crossing

probability Py (see Table )l This case is indistinguishable W (E; ,E.)=Prof v,(E;)— v;(E})] (33
vi— v =i ] i i jikEj

from the case of inverted hierarchy wikfh,= 1 [20]. In both

such case$NH or IH with Py=1) itis [normalized to unity/dE; y(E; ,E;) = 1].

Notice that, forr;/m; values above the bound in E@®),
supernova reliov flavor transitions occur in mattéand be-
come incoherentwell before neutrino decay losses become
significant, so that hypothetical interference effects between
the two phenomeni83] can be neglected. For our purposes,
flavor transitions inside the supernova can thus be taken as
decoupled from the subsequéirtcoherent propagation and
decay of mass eigenstates in vacuum.

n, (E)= J:dz H ' (2)Rsn(2)[cOS 015Y, (E(1+2))

+sir? 012Y, (E(1+2))]. (29

In the case of inverted hierarchy with,=0 (dashed curves

in Fig. 2), the supernova relie, spectrum depends only on
Y

vy
5In the laboratory frame, the widths are multiplied by the standard
relativistic factorm; /E.
®In the following, we shall often use the symbob™loosely, to

indicate both neutrinos and antineutrinos. A distinction between
and » will be made when needed to avoid ambiguities.

m, (E)= J:dzH*(z)RSN(z)YVX(aHz)>, (30

and is thus peaked at somewhat higher engsgg Eq.(24)
and Fig. 1.
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An important remark is in order. In this work we consider The right-hand side of Eq36) contains twosourceterms
only vacuumneutrino decays. It is possible, however, to con-and onesink term. The first source term quantifies the stan-
struct models where fast invisible decays can be triggered bglard (decay-independenemission ofy; from core-collapse
matter effectd34,35 at the very high densities characteriz- supernovae. The second source term quantifies the popula-
ing the supernova neutrinosphere, even in the absence tbn increase ofy; due to decays from heavier states; this
vacuum decayge.g, for diagonal neutrino-Majoron cou- term is absent for the heaviest neutrino giteThe last
plings; see, e.d.36]). In such scenarios, matter-induced de- (sink) term on the right-hand side of E(B6) represents the
cays might thus occureforeflavor transitions in supernovae, loss ofv; due to decay to lighter states with total width;
leading to a phenomenology rather different from the onethis term is absent for the lightest, stable neutrino ésafe
considered in this papefand subject to model-dependent
constraints from supernova energefidé—40). We empha-
size that the results discussed in the following sections are
generally applicable to vacuum neutrino decays occurring In order to solve the set of kinetic equatio(®4)—(37),
after flavor transitions, while possible matter-induced fast dewe first rewrite them in terms of the redshift varialte

B. General solution

cays are beyond the scope of this work. =z(t) and of a rescaled energy parametere(E,z),
A. Kinetic equations t )_} Z) E( Ro/R(t)—1 (39)
In the presence of decay, the local{=0) SRN number E & Ei(1+2)
density per unit energy,,i(E) depends on the history of all _ _ o
past ¢>0) decays having the, as initial or final mass state. With associated partial derivatives
The functionsn,,i(E,z) (number ofy; per unit of comoving
volume and of energy at redshif} can be obtained through 9 gz de\ [ J
a direct integration of the neutrino kinetic equations, as de- at Jt ot 9z
scribed below. =
The generic form of the kinetic equations for the phase- J 9z  Oe J
space distribution functiohis E 2E 9E/ \ 72
LIf]=Cf], (34) PR
_ o _ o —-H(2)| (1+2) - —&—
where L is the Liouville operator and is the collision op- Jz. de
erator, embedding creation and destruction terms for the par- = ' (39
ticle described by (see, e.g.[5,41)). 1 9
For ultrarelativistic relic neutrinos; (E=p=|p|), de- 1+2z de
scribed at time by nvi(E,t)=47-rp2fR3(t)/R8, the Liouville
operator takes the forfn where the relatiom= — (1+z)H(z) has been used. With this

change of variables, the Liouville operator dependszon
£n,(E,t)]= i—H(t)Ei—H(t) n, (E,t). (35 only, and the. kinetic equr_;lti_ons can be. Qirectly iqtegrated.
i at JE i More precisely, by defining the auxiliary function

The collision operator of unstable neutrinos reads

z
g(z)=f dzZH Yz )(1+2')7?, (40)
N, (E)]=Rs\(DY, (E)+ > q;i(E,t) °
mj>mi
m and the global source term
~IEn, (B, (36)
Si(e(1+2),2)=Rs\(2) Y, (e(1+2))
where
. n + X gi(e(1+2),2), (42)
_ ’ ' J ’ m;=>m;
q]I(Evt)_f dE nV(E ,t)F(V1—>V|)_lpVHV(E 1E)
E j Er j i
(37)  the neutrino kinetic equationé4)—(36) can be cast in a
compact form

R(t) is the universe scale factor for a Friedmann-Robertson-

Walker metric, withH (t) = R(t)/R(t) in standard notatiof2]. With 8additional terms in the collision operator, due to Pauli blocking
respect to Ref[41], we drop a common factor (1»‘1ER3(t)/Rg)’1 and to inverse reactions+ »;—v;, can be safely neglected at the
on both sides of the kinetic equations. very low number densities of SRN.
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TABLE II. Branching ratios and energy spectra iw 2ajoron decay scenarioshﬂ(;)ﬁx,v for the
extreme cases of quasi-degenerd@®®) and strongly hierarchalSH) masses of the “heavy” and “light”
active neutrinos, | . Analogous expressions hold fey, decay, with the replacemenig«— v (k=h,l).

Case Mass relations B(vh— ) B(vp— 1) Yo, v (En.E)) ¥y, (En,E)
QD mp=m>m,—m, 1 0 5(Eh_E|) —
2E, 2 1_5
SH m>m=0 1/2 1/2 Eﬁ E, =
" eare @ ) models. After a brief overview of the 2 decay case, we
—H(z)em!i¢® ‘o Ll(1+2zn,e mili@/e] examine and compare a few representativedgcay cases,
which provide SRN yields higher, comparable, or lower than
=S(e(1+2),2), (42) for no decay. Simplificative assumptions will be made in all
cases, in order to reduce the parameter space, and to high-
which is easily integrated, giving light the main effects of neutrino decay.
1 (» dz ey A. Two-family decay
—_ - ’ ’ 7mi i Zz )—¢(2))le . . .
Ny = 1+ZL H(Z) Sie(1+2'),2))e : Let us consider a doublet of “heavy” and “light” neutrino

(43) mass eigenstates, | (m,>m;). We briefly recall that non-
radiative(invisible) decays of the kind

By replacing back the variable=¢(1+z), one obtains the (=)

general solution of the neutrino kinetic equations, vh— v+ X, (45)
1 (= dz 1+7' may arise through the coupling ef,, to a very light scalar
n,,i(E,z)= 172 —,{RSN(Z')YH( E 1r or pseudoscalar partické (assumed to be effectively mass-
ZJz H(z') z less for our purposesin particular,X can be the Goldstone

B—L symmetry of the standard electroweak mojde].

There is a vast literature on neutrino-Majoron decay mod-
els (see, e.g.[5,7] and references thergimnd related phe-
nomenological constraints on neutrino-Majoron couplings
(see, e.qg.[6,36,39,40,43,4). Since the neutrino-Majoron
which holds for generic neutrino mass speatna, decay coupling can also contribute to the neutrino mass, model-
widthsT';, and decay energy spectfg, ., (E,E"). The ef-  dependent relations may arise between neutrino mass and
fect of flavor transitions is embedded in the yieMs (see ~decay parametersee, €.9.[39,43). The branching ratios

Table )), in the same way as for the no-decay case discusseq'd final-state spectra for the two channejs-» and v

in Sec. II. Notice that the dependence oH{#') upon the ~—¥; are also functions of model-dependent couplings.
cosmology cancels with the fact®sy(z') (see Sec. 1A Here, however, we do not commit ourselves to any spe-
but not with the other factors in Eq44). Therefore, in the cific theoretical model, and assume that the lifetime-to-mass
presence of decay, the SRN density acquires a dependen@io 7/mj, is a free parametdsubject only to the safe con-
on the cosmological parameter@ ,Q ). straint in Eq.(8), when needeld We also focus on two phe-

The double integratiofover energy and redshifimplied ~ nomenologically interesting cases in which the branching ra-
by Egs.(37) and(44) can be performed numerically by fol- tios and decay spectra become model-independent, namely,
lowing the decay sequence, i.e., starting from the heaviedhe case of quasidegenerd@D) neutrino massesnf,=m
state (;=0) and ending at the lightest statg;0). The ~>My—m;) and of strongly hierarchicalSH) neutrino
observable local supernova religdensity is finally obtained massesifi,>m;=0). Table Il displays the relevant charac-
by settingz=0 in n, (E,z). We conclude by noting that the teristics of the QD and SH_cas(afx;)r_ ultrarelativistic neutri-
case of no decayEq. (12)] is obtained from the general nos, obtamgd as appropriate limits of the general results
solution [Eq. (44)] at z=0 in the limit 7;—x (i.e., I';=0 worked out in Ref[45] .

—q:), as expected, !n the QD caseg(Table Il), the v, decays only intow, ,

I which carries the whole, energy. When the decay &®m-
plete (i.e., for lifetimes TE/mh<H51 in the laboratory
frame, the initial v,, energy spectrum is then directly trans-
ferred to thewy, energy spectrum.

In this section we apply the general results of Sec. llIBto In the SH case, the,, decays into eithep, or?, with the
some representative decay scenarios, inspired by Majorosame probability, but with different energy distributions

+ > dji

m;>m;

147/ boson(Majoron) in models with spontaneous violation of the
E1vz? ”

x e~ Milil&E) - @11 +2)/E (44)

IV. APPLICATIONS TO SCENARIOS INSPIRED BY
MAJORON MODELS
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L L L I TT?
Vs 2 sif_f ic}Tnpf;exfg'ﬁ?/evj i 1 FIG. 3. (Color onling Supernova relicv,
; no decay {1 20 as ] spectrum(middle pane), and associated positron
w [ 1 ot ] spectrum fromy,+ p—n+e* (right pane), for a
o>k " \ 15 1 decay scenario with normal hierarchy and
g = e ‘\ 1> quasidegenerate masgesft panel, with7/m and
V2 B> FF = branching ratios assignmeptsThe red dashed
v ! L nl2 Y\ ] ‘r\ ! i curve and the black solid curve correspond to the
i GieETIsgaTar et 1 ;: ‘\ E= limiting cases of complete decay and no decay,
T2/ My = T5/ms F RN ] respectively. The red dotted curves correspond to
bs;=1/2, by =1 e 1 incomplete decay with/m=7x10'"s/eV. See
ol TS the text for details.
0 10 20 30
Majoron decay E (MeV) Epos (MeV)

versa, can thus be appliddee Table Il In the context of
supernova relia.'s, we shall consider only antineutrino de-
cays 3— vy andv,—vg).

For the sake of simplicity, we assume tB{v;— v,)
=B(v3—v4)=1/2, and also thatz/mz= 75,/my,=7/m. By
construction, the decay scenario considered in this section is
thus governed by just one free param&gr/m). Notice
that, for 7/m~0(10'% s/eV, SRN decay effects are ex-
pected to occur on a truly cosmological scdee Eq(10)].
For much larger values of/m, the no-decay case is recov-
ered. For much smaller values ofm, SRN decay is iistead
completeall SRN being in the lightest mass eigenstajeat
the time of detection.

Figure 3 shows the supernova relig energy spectrum,
) _ ) ~and the associatetbbservablge positron spectrum, for the
Notice that, for supernova neutrino yields parametrizetjecay scenario described abofemd graphically shown in
through Eq.(25) [31], the specific choicer=3 in Eq.(27)  the left panel. The energy spectra for complete dedagd
makes the integrals in Eq#46) and (47) analytical and  dashed curvesappear to be a factor of 2 higher—and also
elementary. Qualitatively, in the SH case the action of the sjightly harder—than for no decaplack solid curves This
operatorsD andD is to increase the neutrino yields at low difference is entirely due to the role of,, as explained

energy. below.
The above notation, although introduced for thedzcay For complete decay, the final state is populated by stable

case, will be frequently used in the following subsections. In,, s only, coming both from the initiab; component Y-
1

fact, we shall consider i3 scenarios whose 12 sub-decays —
y =Y;e) and from fully decayed, 3's (Y;2+ Y;3=2Y,,x, see

can be treated within either the QD or the SH approximation.
Table |), with unaltered neutrino energi€¢®D case in Table

I1).** The final relic v, density (given by codé;, times the
final density ofv;) is thus obtained by redshifting an initial
?/ield equal to co¥),Y;, +2 codhr,Y, . In the case of no

. . o : é)ecay for normal hierarchy, the initial yield is instead given
which provides SRN densities generaligher than for no . ’ -
decay.pThe scenario involvegs norm}gl mass hierarch)by cos 012Y7e+5m2912YVx [see Eq.(29)]. Therefore, while
(+Am?), with masses much larger than their splittingsthe Y, component is the same in the two cases, the weight
(m?>Am?,6m?). The quasidegenerat®D) approximation, of the Y, component for complete decay is 2 &és
which forbids decays of neutrinos into antineutrinos and vice=1 42, leJch larger than for no decay, where the weight is

(Table 1l). When the decay is complete, the initia] energy

spectrum is then transferred to the fingl andz spectra
through convolutions with thes functions in Table Il. For
later purposes, in the SH case we define tmormalization-

preserving convolution operator® andD, acting over the
vy, yield functionsY,,h(E) as:

DY, (B)= | dEy, Y, E) @0

DY, ()= | dE'y, (B B, ).
7

B. Three-family decays for normal hierarchy and
quasidegenerate masses

In this section we consider a representative decay scenar

9For such choice, operators of the kifD+ DD and D2+ D?, 00scillation parameters have been fixed previously, and the only
which will appear in 3 decay cases, also lead to analytical inte- relevant unknown .5 or, equivalently,P,,) does not affect an-
grals(in terms of exponential integral functiong-or generic, non- tineutrinos in normal hierarchisee Table )L
integer values ofx, the analytical expressions become rather in- 'The case of complete decay could also be obtained from the
volved, and numerical evaluations are preferable. general solution in the limit/m—0 (derivation omitted
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v decay scenario v, energy spectrum e energy spectrum
LR S N R U B BEENEAR N BES S S R TR
Vs Vs 3;g\\jf:‘}rr“npf;ifgﬁ“g/evj 1 FIG. 4. .(Color online Superm_)va relic:r_/e
E no decay ] ok 1 spectrum(middle panel, and associated positron
& b 1 ot spectrum fromy+p—n+e* (right panel, for a
N 1K decay scenario with normal hierarchy ang
E 2 B E § =0 (left panel, with 7/m and branching ratios
Va B> F = IL - assignmenjs The green dashed curve and the
vy LS nl2 \ ] ‘r\ 17N B black solid curve correspond to the limiting cases
m,=0 >1F \\ 12 1 !’ 1 of complete decay and no decay, respectively.
T,/M, = Ts/Ms b 1 L \ 1 The green dotted curves correspond to incom-
bs; = 1/4, by =1/2 E ] H N plete decay with7/m=7x10" s/eV. See the
0 ] M L B text for details.
0 10 20 30 0 10 20 30 40
Majoron decay E (MeV) Epoe (MeV)

sirf6;,~0.29. The stronger weight o{vx for complete de- neutrino spectrum for complete decayreen dashed curye

cay leads to the increase in normalization, peak energy, arlg Si9nificantly enhanced at low energy, as compared with the
width, which is visible in Fig. 32 one for no decay. The positron spectrum, however, is very

For incomplete neutrino decay[i.e., for #/m similar in the two casegight pane). These features can be

~0(10'9) s/eV], one expects an intermediate situation lead{nderstood as follows. _

ing to a SRN flux moderately higher than for no decay. Fig- For complete decay, the final yield of stablg’s comes
ure 3 displays the results for a representative cate€ 7 both from the initialv;’s and from a complex decay chain,
X 10'% s/eV, red dotted curvgsas obtained through the gen- through the action of the operatafsand D [Egs. (46) and
eral solution of the kinetic equations worked out in Sec. lll. (47)];

Summarizing, the decay scenario examined in this section

can lead to an increase of the SRN rate, as compared with the 71—>71=>Y; , (48)
case of no decay. The enhancement can be as large as a !
factor ~2, the larger the more complete is the decay.

_@ap_ q
vy — 1= —DY:Z, (49

C. Three-family decays for normal hierarchy and m;=0 2

In this section we consider a representative decay scenario W2D 1

which provides observable SRN densities generedignpa- Dy
rable to the no-decay case. The scenario assumes that the Y2 = TPy, (50
mass hierarchy is normal{Am?) and that the lightest state

is basically masslessr(;=0), so thaim, ;>m; and the ap- _(uap_ 1

proximation of strong hierarchgSH) can be applied to the vy — V1= ZDY73' (51
decays ofv, 3 (and of v, 3).

According to Table 11 (SH cas¢ we can takeB(v, D 1

—>v1):B(v2—>;l)f 1/2. I_:or the sake of simplicity, we ex- vy — v= —5YV , (52)
tend such “branching ratio democracy” to all the decay 4 3
channels, namely, we takB(v;— v,) =B(v3—v{)=B(v; ep (WD
—vy)=B(v3—wy)=1/4. We also assumes/mg=7,/m;, ;<H) ;( H) ;:EDDY— (53)
=7/m, so that, as in the previous section, there is only one 3 2 8 v3’
free parameter f/m). The cases of no decay, incomplete
decay, and complete decay, are then obtained-/ior much __(U4D (2D 1___
larger, comparable, or much smaller thag10'%) s/eV, re- V3 — Uy — V= §DDY;3, (54
spectively. -
Figure 4 shows the supernova relig and positron spec- Wb (1
tra for this scenario where, as depicted in the left panel, all (ljD_(l—iD_:EDEY (55)
decay channels are open. The results for the no-decay limit Vs 7 V2 7 Ty vy’
(solid curve$ are identical to those in Fig. 3 and are not
discussed again. The middle panel in Fig. 4 shows that the (14D (2D q_
vy — Vy — V1:>§DDY,,3. (56)

2The enhancement of the SRN yield for the decay scenario with . . . _
normal hierarchy and quasidegenerate masses has also been dilis chain leads to a SRN density equation for complete
cussed in Ref[15]. decay formally similar to Eq(29) (no decay, but with the

013001-9



FOGLI et al. PHYSICAL REVIEW D 70, 013001 (2004

v decay scenario v, energy spectrum e energy spectrum FIG. 5. (Color onling Supernova relicy.
N " e
B 7 E . complete decay ] P spectrum(middle pane), and associated positron
v, v 7, SE T e 83"28 7 A ] spectrum fromv,+p—n+e* (right pane), for a
E -~ - 7x10°s/eV (P,=1) ] - 1 decay scenario with inverted hierarchy and ge-
& §= =100 5 | ] neric m; (left panel, with7/m and branching ra-
L7ANY "E 2F 1< tios assignmenjs The black solid curve and the
I 13 | black dotted curve correspond to the no-decay
e L Wl 5 o f Sf . case forPy=1 and P,=0, respectively. The
? ’ E 1 E 15 1 dashed blue curves correspond to incomplete de-
any m; — | ]~ cay, with 7/m=7x10'° s/eV, for bothP =1
gy = Ty ] ] (short dashedand P,=0 (long dashed The
ba =1/2 0 N7 TR, - horizontal dot-dashedight blue) line at~0 cor-
0 10 20 30 0O 10 20 30 40 responds to the case of complete decay. See the
Majoron decay E (MeV) Epos (MeV) text for details.
integrand in square brackets replaced by’@disnes the sum D. Three-family decays for inverted hierarchy
of the terms in Eqs(48)—(56): We conclude our survey of iBdecays by discussing a

scenario where the SRN density is generallyppressedas
1 1 compared with the case of no decay. The scenario assumes
coS by Y, + DYy, + gDDY,, | (57)  an inverted mass hierarchy-Am2), a fixed branching ratio
B(vy,—vq)=12=B(v,—vy)], and 7 /m=7,/m=7/m.

In the above expression for complete decay, terms whicl/nder these assumptions, only the deegy- v; (where the
are linear and quadratic in the convolution operators produc®D approximation is applicablés relevant to SRN obser-
a substantial enhancement of the SRN energy spectrum ahtions. In fact, decays te; provide a negligible amount of
low energy, visible as a “pile-up” of decayed neutrinos with °, 's («sir?g,2). In particular, as graphically reported in the
degraded energy in the middle panel of Fig:>At high |eft panel of Fig. 5, the absolute value wk makes no dif-
energy, however, such terms happen to provide a contribygrence: It only opengcloses the “dashed” decay channels

tion which is numerically close to the no-decay term _ . —
sirfé,,Y, in Eq. (29), so that the high-energy tails of the fpr ms=0 (m, largd), with no change on the relig flux for
X fixed B(v,—v4). In the above scenario, the case of com-

SRN spectra for no decay and for complete dedaiack 4plete decay[ 7/m<0O(10'%) s/eV] is trivial: since the fiﬂal

solid and green dashed curves in the middle panel of Big. : — ) )
are accidentally very similar to each other. Analogously, the>t@t€ is populated only by, (alrld v3), the relic density obe
is negligibly small ¢sir’é,5).

case of incomplete deca.g., 7/m=7x10s/eV, green ne _
The nontrivial case of incomplete decayr/m

dotted curvey is appreciably different from the cases of no ¢ : )
decay and of complete decay only at low energy. ~0(10") s/eV] is then expected to lead to an intermediate

In this scenario, the interesting effects of decay are aImosﬁ“Ippresl'SiO;1 ththe SR'_\f'_ denISiug’- F_igure SIOSh;)WS t_hebnuhmeri-
completely confined to low, energies, and are thus washed gzsg_:;u t:S 1O(rsthoerts-g§(s:|h: dvgurvga;gé 1: 0 S(It()ar:/é-ldnasﬁ; d
out in the observable™ spectrum, due to the cross section curves HThe neutrino spectra for incgmplete decéyjue
?nhancement of high-energy featqres. In fact ghespectra dashed curvegsappear to be systematically lower than the
or the three cases pf .complete, mcomplete, and no.decaXbrresponding no-decay spectfhlack solid and dotted
Zl;rn out to be very similar to each otheight panel of Fig. curves, although the difference is mitigated in the positron

In conclusion, from the results of this section we Ieamspectra(rlght panel of Fig. 5 A more substantial suppres-

that there are neutrino decay scenarios which, despite a relgli?: ((::a;hﬁei?ssllargsneitri)grﬁltrr]ugn(i:aIlSsi% ?] Oi?]t?r']r;eg] ngrtg)(\;vﬁir_mg
tively complex structurésee Fig. 4, cannot be distinguished T ’

from the no decay case through future SRN observations, fo(?rarchy scenano.of Fig. 5, the SRN signal |s||geqerally su;?-

any value ofr/m above the safe bound in E€®). Similarly, pressed by neutrino decay, and can eventually disappear for

such scenarios do not alter the “standar@iio-decay SN complete decay.

1987A phenomenology, and thus provide a particularly clean

example of how the naive limit in Eq9) can actually be

evaded. In the previous three subsections we have discussed, for
three rather different scenarios, the cases of no decay
[(7/m>0(10'% s/eV], of complete decay [7/m

13The terms linear and quadratic 1 and D carry a mild depen- <O(10'%) s/eV], and of incomplete decay for a specific

dence on the crossing probabili, through the neutrino yields

Y,’s (see Table | for normal hierarchyFigure 4 refers to the case

P, =0; very similar results are obtained f&,=1 (not shown. YThis is true, in general, for complete decay in any IH scenario.

E. Overview and summary of 3v decays

013001-10
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Normalized e* rate from SRN enlarge dramat.ically the pqss_ible range of opservaple posi-
‘ ‘ : ‘ : tron rates provided that/m is in the cosmologically inter-

NH or IH (P,=1), no decay esting range below(10') s/eV[See Eq(10)]. For v decay
----- IH (P,=0), no decay in the quasidegenerate NH spectrum of Sec. I{&l short-
dotted curve in Fig. § the positron rate rapidly increases for
decreasingr/m, and reaches the “complete decay plateau”
already atr/m~0(10%) s/eV, with an asymptotic enhance-
ment by a factor~2.3. In the case of IH spectrum consid-
ered in Sec. IV dot-dashed and long-dashed blue curves in
Fig. 6), conversely, the positron rate vanishes when ap-
proaching7/m~Q(10°) s/eV, for both case®,=1 (dot-
dashegland Py =0 (long-dashed Finally, for the NH spec-
trum with m;=0 of Sec. IV C(green long-dotted curve in
Fig. 6), the positron rate appears to be almost the same as for
no decay, at any value affm.
Summarizing, neutrino decay can enlarge the reference
4 no-decay predictions for observable positron rates by any
------------------------- L ——— factorf in the range~[0,2.3].°
-------- Since the current experimental upper bound on the SRN
L flux from SK [13] is just a factor of~2-3 above typical
"l no-decay expectatiorjd 3,19 (including those in this work
Y future observations below such bound are likely to have an
/ impact on neutrino decay models. If experimental and theo-
retical uncertainties can be kept smaller than a factor of two
= Lt T AT L s e (a nontrivial task, one should eventually be able to rule out,
10 10 100 10 10 10 10 10 at least, either the lowermost or the uppermost values in the
7/m (s/eV) rangef €[0,2.3], i.e., one of the extreme cases of “complete
decay.” Optimistically, one might then try to constrain spe-
FIG. 6. (Color onling Positron event rates in the energy range cific decay models and lifetime-to-mass ratios through obser-
[10,20 MeV for various decay scenarios, normalized to standardvations(a goal not reachable with current informatifi®b]).
expectations for normal hierarchy and no decay. The range in  Degeneracy between decay and no decay in specific models
abscissa is well above the safe bound in E]. Notice how the  (as the one considered in Sec. IY@ill, however, set intrin-

expectations branch odand then reach the complete decay limit sjc |limitations to SRN tests of neutrino lifetimes.
in the cosmologically relevant rangém= 10 s/eV. See the text

for details.

----------- NH, m; quasidegenerate

..... NH, m, =0

3L ——= IH (Py=1), any m; b
— — — IH(P,=0), any ms

<— complete decay no decay —>

relative positron rate, E,.e [10,20] MeV
N

V. CONCLUSIONS AND PROSPECTS

value of 7/m(=7x10'" s/eV). We think it useful to show Neutrino decays with cosmologically relevant neutrino
also the behavior of the SRN signal for continuous values ofifetimes[ 7; /m;<O(10Y) s/eV] can, in principle, be probed
the free parametet/m.*® through observations of supernova relic (SRN). We have
Figure 6 shows the positron event rate integrated in thghown how to incorporate the effects of both flavor transi-
energy windowE+ €[10,20 MeV which, although lower tions and decays in the calculation of the SRN density, by
than the current SK windoWl3], might become accessible finding the general solution of the neutrino kinetic equations
to future, low-background SRN searctés]. For each sce- for generic two-body nonradiative decayRadiative decays
nario, the rate is normalized to the standard expectations fQ§re briefly commented upon in Appendix)Ale have then
no decay and normal hierarcifiH), and is plotted as a applied such solution to three representative decay scenarios
function of 7/m. The black solid line represents the referencewhich lead to an observable SRN density larger, comparable,
case(no decay in NH, which is indistinguishable from the or smaller than for no decay. In the presence of decay, the
case of no decay with inverted hierarchifd) and Py=1  expected range of the SRN rate is significantly enlarged
(see Sec. Il D The black short-dashed line refers instead to(from zero up to the current upper boynéuture SRN ob-
the no-decay case with IH arfl;=0. For no decay, varia- servations can thus be expected to constrain at least some
tions in the hierarchy or irP appear to induce relatively extreme decay scenarios and, in general, to test the likeli-
small effect, which might be difficult to uncover once real-
istic experimental and theoretical uncertainties are consid=———
ered in future SRN observations. Decay effects, however, 16These results refer to a prospective positron energy window
E.+€[10,20 MeV. For the current SK analysis windo.+
e[18,34 MeV, the range would be very similarf [0,2.7].
5This task implies extensive calculations through the general soVariations of the reference inputs in Sec. Il can also lead to wider
lution worked out in Sec. III. ranges.
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hood of specific decay models, as compared with the no- Hypothetical radiative decays of SRN produce a diffuse
decay case. photon background, whose loca=0) density per unit of

In this work we have focused on theoretical SRN calcu-volume and energy is obtained by integrating over (tleel-
lations, and have not attempted a phenomenological analyssghifted source termsljyi ,
of the sensitivity to neutrino decay throughospectiveSRN
experimental data, as those which might be collected, e.g., in
the proposed Gd-doped Super-Kamiokande detéd®); in n,(E,)= fo
Hyper-Kamiokandd 18], or in the UNO projec{17]. Such

analysis would require a detailed characterization of thg here theq? have an expression analogous to E3§), but
o X ji ),

many uncertainties affecting both the background-subtractegiy, the appropriate final-state energy distribution for the

SRN signal and the theoretical inputs, especially those respoi0n in the laboratory frame

lated to supernova simulations and to the star formation rate.

m;>m;
) | !

"z IE al(E,(1+2),2)  (A3)

These uncertainties, although currently rather large, are m2 E m?
likely to decrease in the future as more powerful supernova y L, (EjE)= _12 1—a+2a—2 12 (A4)
codes and new astrophysical observations will become avail- b jAMj; E;Amj

able (including, hopefully, a galactic supernova explogion _ ) S

When significant improvements will be made in this direc- (for Ej>E,Am;i/m;), where Amj;=mj—m;, and the so-
tion, a systematic approach to SRN predictions and to thei¢alled asymmetryor anisotropy parameteix quantifies the
uncertainties will certainly be required, in order to interpretamount of parity violation in the decgy4,51 (ac[—1,
future SRN data and to use them to constrain nonradiative-1] for Dirac neutrinos, whilex=0 for Majorana neutrinos
neutrino lifetimes in a rangéup to 7/m~O(10%) s/eV]  [44]). In calculating the photon densttyn,, from Eqgs.(A3)
which is both largely unexplored and difficult to access byand(37), one can assume at first order that the neutrino den-

other means. sity at anyz is basically “undecayed,” namely
A0
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through the “Astroparticle Physics” project. In order to perform numerical calculations, the neutrino
mass and decay parameters must be fixed. We assume a rep-
APPENDIX A: RADIATIVE DECAYS OF SUPERNOVA resentative NH scenario witm, =0, so thatmy/Amj =1
RELIC NEUTRINOS (strong hierarchy approximatiprand theys function in Eq.
(A4) becomes the same for all decay channels. We also as-
Radiative neutrino decay46,47 of the kind sume thatr, /m,= 7, /my= 7/m, so that the total photon flux
) ) IS
vi— vty (A1)
] ! n,(E,)
have been considered in a number of pap@se, e.g., - d - dE’
[5,6,43,44 and references therginLimits on the neutrino —(7/m)~1! gz (= aE E'E,) > n°(E’
>0 . | (o) o —Y(E'E,) 3 n)(E'2),
lifetime/mass ratiar/m for such decay modes can be derived oH(@)Je, E j=23
from a variety of argument44]. E.g., one of the strongest (AB)
bounds,
Hm=0(10%) sleV. A2) independently of the decay branching ratipsovided that

they add up to unity, i.e., that only radiative decays otdar
is set by the nonobservation of infrarétR) photons that the above equation, the inner sum extends to all the unstable

would be emitted by big bang relic neutrinp48] and, in  states(both v and?). From Table I, it follows that the rel-
addition, by the nonobservation of scattering of high energyevant neutrino yield to be integrated is
[O(TeV)] photons from distant sources on this hypothetical

IR background49]. In the context of supernova neutrinos, Yo, t Yot Y, TY =Y 3va’ (A7)
the lack of excesy flux during the SN 1987A neutrino burst

sets a limitr/m=0(10') s/eV[44,50. In this appendix, we

estimate phenomenological limits arim from SRN radia- For photons ¢=c), the densityn,, (number ofy per unit of
tive decays which, to our knowledge, have not been disvolume and energyalso represents the fluumber ofy per unit
cussed so far in the literature. of area, time, and energyn natural units.
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v flux from SRN radiative decay 7Im=0(10') sleV, (A9)

—— bkgd
up to ana-dependent factor dD(1). Similar results would
NH, m,=0 be obtained for inverted hierarchy ang=0 (not shown.®

—~ 7/m=10"s/eV Notice that this limit largely justifies posteriorithe “unde-
e = 1 cayed” approximation fon, in Eq. (A5).

We do not further elaborate the SRN constraint in Eq.
(A5), since it is not competitive with the one in E@\2). We
note, however, that the supernova relic neutrino bound in Eq.
(A9) is stronger than the one coming from the diffuse
extragalactic ~ stellar  neutrino  background [ 7/m
=0(10*) s/eV] recently discussed if53].

1/MeV/cm?/s

APPENDIX B: REMARKS ON 3 » OSCILLATIONS OF THE
ATMOSPHERIC NEUTRINO BACKGROUND

In water-Cherenkov detectorsy3lavor transitions affect

not only thee* signal induced by supernova re@, but
also thee™ background induced by low-energy atmospheric
neutrinos. The irreducible components of #ebackground

] [13,14 are due td1) interactions of atmospherig, and?e;
-5 \ As and (2) decays of “invisible” u* (below the threshold for

10 = ‘ - Cherenkov emissign induced by low-energy atmospheric

1 =
E, (MeV) v, and v,. In Super-Kamiokandg13], the background
componentgl) and(2) are characterized by parent neutrino

FIG. 7. (Color onling Energy spectrum of the photon flux com- energy spectra peaked Bt- 100 andE~ 150 MeV, respec-
ing from hypothetical radiative decays of SR#btted, dashed, and tively [14].

dot-dashed curvesin a scenario with normal hierarchg,=0, In [13], the effects of neutrinos oscillations on tlee

andr,/m,= 73/my=10* s/eV. The calculations are performed for . I
. background are calculated by assuming pupeo2cillations
three representative values of the decay asymmetry parameter

. . A -
a (=—1,0+1). The solid line represents the power-law best fit to 1" t€ ¥, — lelc%:hanneI with maximal mixindi.e., 6m*=0,
the y background measured by the COMPTEL experiment in thef13™=0, and sine,3=1/2). Within the 2 approximation, the

rangeE.,e[0.1,30 MeV [52]. background componenrtl) is not affected by oscillations,
while the componen2) is suppressed by the average effect
for any value ofP. of Am?driven oscillations, through a factorf,
Figure 7 shows the results for the photon flux(E,) in = sinf26,,sin’(1.27Am?L/E) =0.5sirf26,3~0.5, where

the above scenario, assumingn=10" s/eV and three rep- [Am?]=eV?, [L]=m, and E]=MeV. In terms of averaged
resentative values=—1,0+1, corresponding to green dot- flavor oscillation probabilitiesP, s, the 2v approximation
dashed, red dashed, and blue dotted curves, respectively. Thaplies that Pee,P ., ,P,e)=(1, 0.5, 0)[13].

curves cross dE,~=1.21 MeV, where thex-dependent part We remark, however, that thev2approximation ém?

of the integral in Eq(A6) vanishes. Lowethighey) values of =0, usually valid for typical atmospheric neutrino energies
7/m would simply shift the curves upwardslownward$ (=1 GeV), is not applicable in the SRN context. Indeed, for
along they-axis. In the same figure, we superpgae a solid E~0Q(100) MeV andL~O(R,), the associated oscillation
line) the best fit to the experimentalbackground flux mea- phase cannot be neglectedm?L/E~O(1)]. Even for 6,3

sured by the COMPTEL experiment forE, =0, the low-energy atmospheric neutrino background is
€[0.1, 30 MeV [52], thus sensitive to the “solardm?, rather than to the “atmo-
bkg spheric” Am? (which can be effectively taken as).
ny d(Ev):"'T’X (1.05:0.2) The possibility of probinggm?-driven oscillations at very

low atmosphericv energy (1 GeV) would deserve, in

E —2.4
%104 Y -2 1 -1
10 (5 Mev) cm < s - MeV
(A8) 18Radiative decays of quasidegenerate neutrinos would instead

) ) ) producey’s with typical energy much lower than in Fig. 7 for both

From Fig. 7 we derive that, in order to keep theflux ~ NH and IH (not shown. We have checked that the corresponding

from hypothetical SRN decay below the observedack-  bound on7/m would be degraded by roughly two orders of mag-

ground, it must be nitude, as compared with E¢A9).
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itself, a separate investigatiohHere we only make some =P, +Pe./r=0.48, which happen to differ only slightly
rough estimates of the relevant flavor oscillation probabilitiesrom the values {¢,f,) =(1,0.5) considered if13] by set-

P,z for 5m?#0. We assume isotropic atmospheric neutrinoting sm?=0. Analogously, for siff;3=0.067 we find
fluxes (produced ah=20 km from the ground levglequal  (Pee:P . P,e)=(0.67,0.17,0.41) = and = f¢,f,)
components of and » (with weights 3 and 1, respectively, —(1:01.0.50). Therefore, despite significadn®-induced

to account for the different cross sectignand av,, /v, fla- effects on the oscillation probabilities, the irreducible atmo-
Vo § 2. il i Cammai ogh, 5Bt Pecground i o ok pew b b Snfany
constant-density approximation for the Earth. The oscilla P

. e settingsm?=0, independently of the value of $if}5.
tions parameters are taken from E@8)—(6), with either In gconclusion, thg approx¥mati06m2=0 is nﬂolf appli-

sinf6;3=0 or S'r?913:_ 0.067 [see Eq.(7)]. We consider a caple, in principle, to the analysis of the irreducible atmo-
representative neutrino enerdy=100 MeV, and average gpheric neutrino background in SRN searcdHes. However,
over all incomingv directions. in practice, this approximation does not appear to be harmful
Under these assumptions, and for?gig=0, we find  (according to our provisional estimajesore refined esti-
(PeesPu PLe)=(0.77,0.42,0.11), which differ signifi- mates ofdm?-driven oscillations might be of some interest in
cantly from the valueg1, 0.5, Q obtained by settinggm?  future high-statistics SRN searchfk7,18, which are ex-
=0. The atmospheric electron evefitmckground(1)] and pected to find a signal above the irreducible atmospheric
invisible muon eventgbackground2)] are then modulated, background. These oscillation effects would instead loose in-
respectively, by the factor§e=P¢.+rP,.=0.99 andf, terest if the “irreducible” background could be “reduced
away” by tagging SRN events, as recently proposeflii.

¥ForE=0O(1) GeV, subleading oscillations driven Byn? have
instead been considered in several papers; see[®4.and refer- 20An accidental cancellation of effects is operative for the specific
ences therein. valuer=2. See, e.g[54].
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