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Ultrahigh energy neutrinos from hidden-sector topological defects
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We study topological defectd D) in hidden(mirror) matter as possible sources of ultrahigh energy neutri-
nos. The hidden or mirror and ordinary matter are assumed to interact very weakly through gravity or super-
heavy particles. An inflationary scenario is outlined in which superheavy defects are formed in hidden or
mirror matter(and not in ordinary matt¢rand at the same time the density of mirror matter produced at the
end of inflation is much smaller than that of ordinary matter. Superheavy particles produced by hidden-sector
TD and the products of their decays are all sterile in our world. Only mirror neutrinos are not, due to oscillation
into ordinary neutrinos. We show that oscillations of ultrahigh energy neutrinos can occur on a time scale less
than the present age of the Universe. A model of mass-degenerate visible and mirror neutrinos with maximal
mixing is constructed. Constraints on UHE neutrino fluxes are obtained. The estimated fluxes can be 3 orders
of magnitude higher than those from ordinary matter.

PACS numbd(s): 98.80.Cq, 14.60.Pq

[. INTRODUCTION The interaction between the two sectors can be described
by non-renormalizable operators suppressed by poweks of
If not by Borges(1941),! a hidden sector of mirror par- where A=m,, in the case of gravitational interaction and
ticles was first suggested by Lee and Yddg in 1956 to A<my, in the case of superheavy gauge boson exchange,
save the conservation of parity in the whole enlarged particlen, being the Planck mass. These interactions can include
space. This concept was further discussed and developed dimensionless constanks which in some cases can vanish,
Ref. [2]. Later the idea of two weakly interacting sectors, put the gravitational interaction is expected to be universal,
visible and hidden, found interesting phenomenological api.e. for all fundamentally allowed operatofs.g. not violat-
plications and developmerjB,4]. It has been boosted in jng the gauge chargesll A are expected to be of the same
1980s by superstring theories wiltyX Eg symmetry. The  order of magnitude. This may not be the case for superheavy
particle content and symmetry of interactions in each of theyauge boson exchange.
Eg groups are identical, and thus the mirror world has natu- For the case of lepton doublets the lowest order dimen-

rally emerged. sion 5 operators have a form
The most recent reincarnation of hidden-sector models is

in the context of D-branelb,6]. In this approach, light par- 1 .

ticles are associated with the end points of open strings ﬁw}‘X(’/’H)(‘/’ H'), @)

which are attached to D-branes. Ordinary and hidden-sector

particles live on different branes which are embedded in E'Where,p andH are respective|y the |epton and Higgs (1]

higher-dimensional compactified space. doublets, with mirror fields denoted by primes and with Lor-

How do the ordinary and hidden sectors communicatentz, SU(2) and family indices suppressed. Equatiti

with each other? Most naturally they interact gravitationally.provides mixing of ordinary and mirror neutrinos and neu-

This possibility is considered if8]. More generally, and this  trino masse§10,11). Because of the smallness of neutrino

is also discussed ifB] and[9], ordinary and mirror matter masses, this mixing is the most visible physical effect caused

can interact through the exchange of superheavy gauge pay the interaction with large\ <m,; all other interactions

ticles. In the D-brane context, in some models the interactioRre essentially unobservable.

between different branes occurs only through the exchange |n principle, there could be other ways of communication.

of closed StringigraVitons, while other mOdeliin which For examp|e,(see [13]) one can add to the Lagrangian a

the two branes are embedded in a brane of higher dimensioptiggs potential term\ ¢’ ¢’ and a gauge boson kinetic

ality) allow for a gauge boson mediated interaction. CoIIidermiXing termhF,,F' , with A and h being new coupling

production of mirror matter in TeV-scale gravity models is ¢cgnstants. prm

discussed in Ref.7]. The discretd>-symmetry that interchanges the two worlds
can be spontaneously broken. In this case, the coupling con-
stants, the Higgs potentials and expectation values, and even

LThe visible universe is an illusion. Mirrors ... are hateful the symmetry breaking patterns \_Ni|| generally differ from
because they multiply it.” Jorge Luis Borges, The Garden of Fork-one world to the other. The breaking Bfsymmetry can be
ing Paths(1941). implemented by giving a non-zero VEV to a spin-0 field
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which transforms as a singlet under the gauge groups in botivhile the situation with sterile neutrinos is more delicate
sectors and as a pseudoscalar underRheansformation: [17]. Even if the initial density of mirror neutrinos is negli-
P#=—¢. Models of this type have been studied in Refs.gible, they reappear again and may be brought to equilibrium
[8,12]; we shall refer to them aasymmetrichidden sector at nucleosynthesis epoch due to oscillations between ordi-
models? nary and mirror neutrino$18]. Nucleosynthesis constraint
A model with an unbrokerP-symmetry has been devel- pounds the allowed neutrino properties in the parameter
oped in Ref[13]. The P-transformation in this model turns space Am?, sir26), whered is the mixing angld19]. It is
the left-handed ordinary fermions into right-handed mirrorclear that the larger the mixing angle is, the smaller are the
fermions. The masses and couplings of ordinary and mirrog|lowed values ofsm?. Electron neutrinos impose the stron-
particles are identical, and hence the term “mirror matter” isgest [imit on Am?, becauser’ < v, oscillation influences
more justified in this case. The electroweé&W) Higgs  nucleosynthesis not only through the rate of the cosmologi-
fields in both sectors are also parity partners and have equah| expansion, but also due to the ratenef p conversion.
vacuum expectation value&/EV’s). Mixing of neutrinos A crucial assumption involved in deriving the bounds de-
from different worlds(taken as an ad hoc terms in the La- scribed above is that the relic lepton asymmetry is absent. In
grangian provides a channel of communication between thene presence of a large lepton asymmeltry,5x 10 °, there
worlds: ordinary neutrinos can oscillate into mirror neutrinosjs 5 matter-dependent potential for active neutrinos which
and vice versa. We shall refer to models of this typéh  results in a small mixing angle between active and sterile
model [13] as the most elaborated examples symmetric  (mirror) neutrinos, and thus in a weak oscillation between
hidden sector model. these components at temperatures relevant for nucleosynthe-
Although the term “mirror sector” suggests that it is re- sjs[17,20,21. Therefore, in this case’ < v oscillations and

lated to the ordinary sector by a reflection transformation¢he additional degrees of freedom induced by them are sup-
most of the discussion in this paper is applicable to a moreyressed.

general class of hidden—.sector models. In vvhat follows, we A cosmological origin for the temperature difference be-
shall use the terms “mirror sector” and “hidden sector” tween mirror and ordinary matter in the Universe has been
interchangeably. _ _already considered in Reff4,12]. The asymmetry is gener-
Mirror neutrinos are the most natural candidates for sterilgyted as a result of different rates of inflaton decay to ordinary
neutrinosrs, often considered for explaining the oscillations ang mirror matter due t&-symmetry breaking.
of solar and atmospheric neutrinos. In this respect mirror |n Ref. [12] mirror neutrinos and mirror baryons were
neutrinos have been studied in Ref8,13|, and here we considered as dark matter particles. The problem of structure
shall not consider this problem in any detail. Calculations offormation with mirror matter and other astrophysical impli-
neutrino masses require more specified models, in particulafations were studied in Refil2,22,23.
introduction of the Higgs sectdsee e.g. Refd8,12)). As- In this paper we shall study mirror matter in the Universe
Sumption of non-universality for interactidﬂl) in the case of as a source of u|trah|gh energy neutrinos. As concrete
superheavy gauge boson exchange helps considerably iurces we shall consider mirror topological defects. Starting
construction of such models. Apart from general interest, thyith the pioneering work24], ordinary topological defects
motivation for a sterile neutrino is given by joint explanation haye been extensively studied as sources of ultrahigh energy
[14,19 of solar neutrino experiments, atmospheric neutrinoneytrinos. Mirror topological defects produce high energy
oscillations and the Liquid Scintillation Neutrino Detector mirror neutrinos in a similar way: through production and

(LSND) experimen{16]. _ _ decay of superheavy mirror X-particles. Then high energy
Mirror matter has cosmological consequences which remjrror neutrinos oscillate into ordinary neutrinos, while the
sult in model restrictions. other products of decay of mirror X-particles remain in the

In symmetric hidden sector models, the number of massmjrror world, being invisible in the ordinary matter. These
less and light particles is doubled in comparison with ordi-soyrces give an ideal example of “hidden neutrino sources”
nary matter, and this case is excluded by cosmological ny2s5). High energy neutrino radiation from ordinary sources is
cleosynthesis if the temperatures of mirror and ordinaryusua”y accompanied by other radiations, most notably by
matter are the saméMore generally, in any mirror model high energy gamma rays. Even in cases when high energy
the effective number of light degrees of freedom is largernotons are absorbed in the source, their energy is partly
than fOI‘ the Ol’(.iinal’y mattel’, and thIS number iS restricted eransformed into |0W energy photon radiation: X_rays or ther_
nucleosynthesis. _ ~ mal radiation. The fluxes of these radiations impose an upper

One way to suppress the light degrees of freedom is t§ound on the high energy neutrino flux. For sources trans-
diminish the temperature of the mirror matter in the Universeparent for HE gamma radiation, in particular for topological
[13,12 (see further discussion in Sec).IThis reduces the gefects(TD), the upper limit on diffuse neutrino flux is im-
number density of mirror photons in a straightforward way,posed by the cascade e-m radiat[@®,25 (for recent nu-

merical calculations se@7,28). In all caseqe.g. decay of
X-particles,pp and py interaction) neutrinos and photons
2One can, of course, consider models withéusymmetry, in ~ are produced at the decays of pions. Colliding with micro-
which the ordinary and mirror sectors are not symmetric to beginvave photons, high energy photons and electrons produce
with. For our purposes, such models are essentially the same &M cascade with most of the energy being in the observed
models with a spontaneously brokBrsymmetry. 100 MeV-10 GeV energy range. The energy density of this
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cascade radiation should not exceed, according to Energetsymmetric HS models. Formation of hidden-sector TD is dis-

Gamma Ray Extended TelescopeGRET) observations, cussed in Sec. lll. Fluxes of high energy neutrinos from TD

weas~(1—2)x 10 8 eVien?. Introducing the neutrino en- are calculated in Sec. IV for the case of necklaces as an
ergy density for neutrinos with individual energies higherexample. An upper bound on the neutrino flux from hidden-

thanE, w,(>E), it is easy to derive the following chain of sector TD is obtained in Sec. V. UHECR from resonant neu-
inequalities(from left to right: trinos are studied in Sec. VI. The main results of this paper
are summarized in Sec. VII. In the Appendix our model for

mass-degenerate neutrinos with maximal mixing is de-
scribed.

Throughout the paper we shall use the following abbre-
viations: HE and UHE for high energy and ultrahigh energy,
respectively; UHECR for ultrahigh energy cosmic rays; TD
for topological defects; HS for hidden sectancluding mir-

An upper bound on the integral diffuse neutrino flux imme-ror sectoy; LSS for a large scale structure in the universe;
diately follows from Eq.(2): LG for the local group of galaxies; LS for the local super-
cluster of galaxies.

4ar (= A (=
wcas>wv(>E)=TfE EIV(E)dE>TEjE I (E)dE

_471'
—?EI,,(>E). (2

Wcas

E

C
L (=E)</— )
& II. INFLATIONARY SCENARIOS FOR HIDDEN-SECTOR

The upper bound given by EB) is the most restrictive UNIVERSE

one for diffuse neutrino fluxes produced by “ordinary” TD,  As was discussed in the Introduction, there are several
active galactic nucle(fAGN), gamma-ray bursts, etc. The dangers to be watched for in models with mirror matter. The
neutrino flux from hidden-sector TD is free from this bound, main one is a possible conflict with the standard nucleosyn-
though in Sec. V we shall present anotlfareakey upper thesis. If the mirror sector contains a massless photon and
limit on high-energy neutrino flux from hidden-sector TD. three light neutrinos, and the temperatures of the two worlds
Another problem where UHE neutrinos from mirror TD are the same, then the density of mirror matter at the time of
can be helpful is the production of ultrahigh energy cosmicnucleosynthesis is unacceptably highamounts to five ex-
rays (UHECR) by resonant neutrinos. tra neutrino specigs
The signature of extragalactic UHECR, the Greisen- Two conditions are necessary to overcome this problem
Zatsepin-Kuzmin(GZK) cutoff [29] is not found in observa- (see Introduction the mirror matter must have a lower tem-
tions [30]. Three ideas have been suggested to explain thgeratureT’ <0.5T and a lepton asymmetry is needed to sup-
absence of the cutoffi) signal carriers are not absorbed on press excessive production of mirror neutrinos through oscil-
the microwave radiation(ii) the sources form a compact |ation of ordinary neutrinos. Here, we shall discuss some
group around our Galaxy with a linear size smaller than thenflationary scenarios that can naturally lead to a temperature
GZK absorption length, andii) the sources are distributed difference between the two worlds.
uniformly in the Universe, but the target particles on which  The conditionT’<0.5T can be easily satisfied in asym-
UHECR are produced by the signal carriers form a compacinetric hidden sector models. For example, we could have a
object. single inflaton field$ which transforms as a scal@r pseu-
The casdiii) is realized[31] with the help of UHE neu- doscalaf8]) under theP-transformation. Since the symme-
trinos (signal carriersinteracting with relic neutrinos which  try between the two sectors is broken, the figldwill gen-
have an enhanced density in some large scale structure nesally have different couplings to particles in different
us. One of the problems with this idea is that it is not clearsectors. It will then decay into ordinary and mirror particles
how one can arrange a large flux of UHE neutrinos. In Refsat different rates, and the reheating temperature in the mirror
[32-34 the origin of this flux is unspecified. The very high matter can be lowe4,12).
resonant neutrino energig,~4x 10" GeV form,~1 eV, This scenario would not work in symmetric hidden sector
implies a top-down scenario, but the fluxes of neutrinos inmodels: the inflaton would then have identical couplings to
such scenarios are limited by the cascade constraints and agth sectors, and the two reheating temperatures would be
too small to produce the observed flux of UHECR. This con-the same. This problem can be addressed in the following
straint could be avoided in the scenario where superheaviyyo-inflaton scenaridsee alsd4]).
X-particles decay only to neutring85], though it is hard to Let us consider two inflaton fieldsp and ¢’, with ¢
see how the superweak interaction responsible for the lifepelonging to the visible sector angl’ to the mirror sector.
times 7> 10" yr can discriminate quark or lepton mode of puring inflation, both inflatons roll down towards the
decayX— f+f from the neutrino mod&X— v+ v. minima of their respective potentials. Inflation ends when
Mirror TDs, which evade the cascade constraints, can irpoth of them have reached their minima. An important point
principle produce the desirable UHE neutrino flux. Thisis that the evolution ofp and ¢’ need not be synchronized.
problem is addressed in Sec. VI. The inflaton dynamics is influenced by quantum fluctuations
The outline of the paper is as follows. which cause inflation to end at different times in different
In Sec. Il we review inflationary scenarios for the mirror regions of spac¢36]. In our case there are two inflatons,
Universe, elaborating in particular a two-inflaton scenario fortheir fluctuations are uncorrelated, and one expects them to
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reach their minima at different times, even in the same spawith n>2, the fields¢ and ¢’ do get synchronized at late

tial regions. In regions wheré’ reaches its minimum first,

stages of the evolutior{For n=4, this was shown in Ref.

any mirror particles produced due to its oscillations are di{38].) In this case, integration of the slow-roll equatidbg—

luted by the remaining inflation driven by the fiedd By the
time when the energy ap thermalizes, the density of mirror
matter will then be very small, so that>T'. Note that the

(co-moving coherence length of the inflaton fields should be

(7) gives

¢ "T2— ¢’ ""*2=const. (10

much greater than the present horizon, so we expect verit the onset of the slow roll of¢, when ¢~ ¢,

large (super-horizopregions of the universe to be dominated ~x ~*m,,,

the typical value of ¢’ is ¢’

by ordinary matter, and similarly large regions dominated by~)\5ﬁ2‘”)’g(“+2)mp|. With A ,<1, this is much smaller than
mirror matter, with relatively tiny boundary regions where ¢ but still much larger tham,, . Now, consider the solution
both kinds of matter are present in comparable amounts. It ig10) with these initial values ofp and ¢'. By the end of
very unlikely for us to find ourselves in one of such rareinflation, both fields get much smaller than their initial val-

regions.

ues, so that the constant on the right-hand side of(EQ).

A quantitative analysis shows that this de-synchronizatiorhecomes unimportant, and we hagé~ ¢. Thus,¢ and ¢’
picture may or may not apply, depending on the form of theget synchronized by the end of inflation, even if they were
inflaton potentialu (¢). We shall see, however, that it does not initially. We conclude that models with a power-law po-

apply for the simplest choice of the potential,
U(¢)=mj¢/2. @)

In “chaotic” inflation scenario, the inflatons roll from
very large values of towards¢=0. The initial values ot
and ¢’ are large and uncorrelated. At very large ¢
>¢q, the dynamics ofp are dominated by quantum fluc-
tuations. The boundarg, of this “quantum diffusion” re-
gime is determined by the conditicthU/d¢~H3. At ¢,
< ¢=¢,, wherep, ~my, ¢ (and¢’) evolve in a slow-
roll regime described by the equations

- dU(¢)
3HG= g5 ©)
., due)
My === ®)
871G
H2=T[U(¢)+U(¢')]- (7)

Will the “incidental” initial ratio ¢'/¢ be conserved dur-
ing the slow-roll evolution? For the potentigl) the answer
is “yes.” Indeed, the integration of Eq$5)—(7) results in

®)

Suppose thaty' < ¢ at the time whenp begins its slow
roll (¢~ ¢pq~mym, "%, so that we can neglet(4') in
Eq. (7). The characteristic value @’ is then determined by
guantum fluctuations about’ =0 and can be found from
[37] U(¢')~Hg, whereH,~(mym,)*? is the expansion
rate at ¢~d¢q. This gives ¢'~m, and ¢'/¢
~(my/my) Y2 This small ratio ofg’/ ¢ is preserved all the

¢'l $=const.

way to the end of inflation. In this type of models, the uni-

tential (9) andn>2 give equal densities of mirror and ordi-
nary matter.

Returning to our basic ordinary-matter dominated sce-
nario, we can give another example of a model with segre-
gated mirror and ordinary matter: it is a two-inflaton model
where inflation occurs at a metastable minimum of the infla-
ton potential. The highest rate of inflation is achieved in the
false vacuum state where both and ¢’ are at the meta-
stable minima of their respective potentials. This state decays
through nucleation of two types of bubbles. In bubbles of the
first type, the fieldg’ tunnels through the barrier and starts
rolling down its potential, while¢p remains in the false
vacuum. As¢’ rolls to the bottom of the potential and de-
cays into mirror particles, inflation continues in the interior
of the bubble. Mirror particles are quickly diluted away, and
the bubble interior is filled with inflating false vacuum of the
“ordinary” inflaton ¢. This vacuum will in turn decay
through nucleation of bubbles of the second typéth ¢
tunneling and¢’ remaining unchangedIf the potential is
sufficiently flat, the roll down ofp is accompanied by addi-
tional inflation, and after thep-field decay, the interiors of
these secondary bubbles will become dominated by ordinary
matter. Quite similarly, nucleation of)’-bubbles inside
¢-bubbles results in regions dominated by mirror matter.

Ill. HIDDEN-SECTOR TOPOLOGICAL DEFECTS

Apart from the general considerations which apply to any
model with a hidden sectqHS), we have to address some
additional issues specific to HS defects. First we have to
arrange for these defects to form. And second, we have to
avoid the formation of similar defects in our sector, since
otherwise we would get unacceptably large fluxes of ordi-
nary UHE particles, and the cascade bound would be vio-
lated.

Once again, these conditions can be easily satisfied in

verse is divided into super-horizon regions dominated by orasymmetric HS models, where the symmetry breaking scales
dinary matter and equally large regions dominated by mirromnd even the symmetry breaking patterns may be different in

matter.
For a different choice of the potential, e.g.

U () =N ymi(/mg))", 9

the two worlds. Perhaps the simplest possibility is the model
of Ref.[12] with one inflaton and asymmetric reheating. HS
defects can be formed in a usual symmetry-breaking phase
transition after inflation. We only have to arrange for the
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corresponding phase transition in the ordinary matter to ocas the curvature gradually decreases during inflation, we can

cur at a lower energy scale or not to occur atall. have symmetry-breaking phase transitions accompanied by
In symmetric HS models, the two sectors have identicathe formation of HS defects. If these curvature-driven phase

physics and identical defect solutions. It does not follow,transitions occur sufficiently close to the end of inflation, the

however, that ordinary and HS defects should be present idefects will not be completely inflated away and can serve as

the universe in equal numbers. The density of defects is desources of UHE neutrinos.

termined by the cosmological evolution, which can be differ- The effective mass of the fielgl in the ordinary sector is

ent for the two sectors. For example, in the two-inflaton

model discussed above, mirror matter is completely inflated m)z(z —A9?—gd?+ER
away, and if defects were formed in phase transitions after ) ol o
inflation, we would expect to have ordinary defects but no =—A7"—g[1-16m(&/g)(my/my)7]p%.  (17)
HS defects. For our purposes, however, we need the opposite ) .
situation: HS defects and no ordinary defects. We see tham; <0 for all ¢, provided that

This can be arranged if defects are formed in a curvature-
driven phase transition during inflation. 16 (&lg)(my/my)2<1. (18

As an illustration we shall consider a toy model of a spon-

taneously broker8U(2) symmetry. We introduce a Higgs !N this case no ordinary defects are formed during the whole
triplet x=(x1,x2,x3) With a potential slow roll period of ¢ (and any defects formed prior to that

are completely diluted away
1 s os One final condition that has to be checked is that the
V(x)= ZM|X| - 79" 13 temperature at reheating is not so high that the symmetry
gets restored, since otherwise “ordinary” defects will be
When y acquires an expectation valuglJ(2) is broken to formed again in a subsequent phase transition. All the above
U(1) and monopoles are formed. Suppose now thas conditions can be satisfied without fine-tuning.
coupled to the inflatorp,
IV. FLUXES OF HIGH-ENERGY NEUTRINOS FROM HS

Valn= - 306712 (12 DEFECTS
As in the visible universe, there can be various mirror
and has a non-minimal coupling to spacetime curvature, TDs produced by different symmetry breaking patterns. Ef-
ficiency of HE particle production differs considerably
1 5 among them40]. As an example we shall calculate here the
VR(X)=§§R|X| : (13 mirror neutrino fluxes from necklaces, which can be very
efficient high energy particle sources in the visible universe.
The mirror field ¥’ has identical couplings to the mirror ~ Necklaces are hybrid TDs formed by monopo(kb and
inflaton ¢" and to the curvature. antimonopoles M), each being attached to two strings. The
We shall assume “chaotic” inflation with a quadratic in- monopole massn and the mass per unit length of stripg
flaton potential(4). After the mirror inflatone’ reached its  are determined by the corresponding symmetry breaking

minimum, the effective mass of the mirror field is scales,ys and 7y,
m)z(':_)\ﬂz""va (14 m~4mgmle, w~2mwn? (19
and the curvature is given by wheree is the gauge coupling. The evolution of necklaces
R~ 12H2w167-r(m¢/mp,)2¢2. (15) depends on the parameter
We see that above the critical curvature r=m/ud (20
RX/:M]Z/§ (16)  which gives the ratio of the monopole mass to the average

mass of string between nearest-neighbor monopalés the
the expectation value of’ vanishes and th€U(2)' sym-  average string length between monophléscannot exceed
metry is restored. Thus, even in the absence of mirror mattermax~ 7m/ 7s. As it is argued in Ref[41], necklaces might
evolve towards a scaling solution with a constextl, pos-
sibly approaching ~r,,.x. Monopoles and antimonopoles
trapped in the necklaces inevitably annihilate in the end, pro-
ducing superheavy Higgs and gauge bosptparticleg of
massmy~en,,. The rate ofX-particle production per unit

3In models discussed in Ref,12], the P-symmetry breaking is
assumed to be at the electroweak scajg; 7y~ 10° GeV, and
the two worlds have nearly identical physics aboygy. But this r X
needs not be the case. The physics of mirror and ordinary defectéelume and time is
will be different in models whereyp is greater than the symmetry )
breaking scale of the defects. Ny~ r2u/t3my. (21)
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For r>1, the energy density of necklaces [§ccuace 1O illustrate the enhancement of the flux by comparing Eq.
~ ur?/t?< 52/t?. This is much smaller than the density of (26) to the maximum allowed flux from ordinary sources
ordinary matter, unlesg,, is close to the Planck scale. with the same power-law spectrum.
From the relations above it is easy to see that Suppose that some unidentified ordinary-matter sources
produce superheavy X-particles, which decay producing high

2 2w r \2 energy pions. Thgn the energy den;ity of neutriag;and
=—=— =<10. (22)  the cascade density., are equal. Using this fact we imme-
my e \Mmax diately obtain an upper limit on the neutrino flux as

High energy neutrinos are produced in the chain of
X-decays via pions. For simplicity we assume that pi@ofs
all chargeg are produced with a power-law spectrum

cas c E -P
D (x,my)=4(2—p)2 Px"P (23 I, (BE)<(2=p)27° 47(—) : (29

wherex=E_/my is a fraction of energy taken away by a
pion, and forp we shall use a value between 1.3 and 1.5
which bound the realistic QCD spectrum of pions. The specThe ratio of the two quxeéEq (26) and Eq.(29)] is given

trum (23) is normalized so thaﬁ0’2xD (x,my)dx=1. basically by the vaIuemX/(wCaS ) and it is ~2x10* for
- my~1x10'® GeV and for observationally allowed cascade
The number of neutrinos with enerdy, from the decay X s y
of one X-particle is given by densitywcas~2x10°° eVient.
4 (u2  dx
N(E,)= — = f —D_(x,my). (24) V. E-M CASCADE RESTRICTIONS
X J2E,/my X
X All particles from the QCD cascades produced by decays
The diffuse flux of mirror neutrinog; (wherei=e andu , of mirror X-particles are sterile in our world and only mirror
antineutrinos are not includgds neutrinos are not, due te’«< v oscillation into ordinary

ones. An upper bound on the neutrino flux is given by the
resonant interaction of UHE neutrinos with relic cosmologi-

1/2 —
1, (E) _° nX(tO)f f —D (X, my). cal neutrinos, v+ v—Z°%—pions. Electrons and photons
ST myH 2E,(1+2)/my X from the decay of pions initiate e-m cascades on the micro-
25 wave radiation. Reactionsy+vy—2Z°—I+1, where |
Finally, we obtain the diffuse flux of ordinary neutrines =e,u, T, also contr.lbute to the cascade. The calculated cas-
taking into accounty/ — »; oscillation with averaged prob- €2de energy densityc,s must be smaller than the energy
ability Py .~ 1/2: density )" observede.g. by EGRET in the extragalactic
ose diffuse radiation.
c nx( o) “P(2—p)22°P Let us first derive a convenient formula for the rate of
I, (E)=7— 7 My, ( mxlz) o(p—1) Posc- (260  resonant events.

The resonant neutrino enerd@y and the resonant cross
This expression can be written in more compact form: ~sectiono(E) for v+v—Z°—f (f is an arbitrary final staje

are given by
L c 1 ( EV)" )
Vi_ p§47T t(Z) m)( ( 7)
with £ given by Eq.(22) and m3 J1 eV
: Eo=5=4.16x 10t GeV (30)
6(2—p)2~ % ! ’
_S@mp2 7, 28)
P p(p-1)
For Pysc=1/2 andp=1.5 k,=1/4 andk,=0.89 for p 120 r'r
— vt f
=1.3. . ' o, ((Ed)=—5 TSI (32)
The neutrino flux in Eq(27) can be very large. For ex- mz (Ec—mgz)“+T¢/4

ample with r2u4~0.1m%, my~10'® GeV, p=1.5 and

Posc=1/2, one obtains atE~10" Gev, E3l,~1
X102 eV2m 2s Lsr- 1 i.e. a flux three orders of magni- Here,m, is the mass oZ%-boson,E. is the center-of-mass
tude larger than predicted from ordinary sources under mosinergy,I’,, I'y andT’, are the widths oZ° decay to neutri-
optimistic assumptions. Since we have used a very roughos, to an arbitrary final stafeand the total width, respec-
power-law approximation for the spectrum, it may be bettettively. In Eq. (31) we took into account that only one chiral
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component of neutrino takes part in the interaction. Eq, the upper limit is provided by the lightest relic neutrino
The rate ofZ° production per unit volume due to colli- »;. This is not surprising: in QCD spectra most of the energy
sions of high energy flavor neutrine; with target an- is concentrated in particles of the highest energies. The lower
tineutrino v; is given by m, is, the higher i€, and the more energy it transferred to
the e-m cascade.
. The scale of neutrino masses suggested by oscillation so-
”Z:4W”7i§f I, (E)o(BE)dE=4mam, &, (Eo)Eo, lutions to the atmospheric neutrino and solar neutrino prob-
(32) lems ism~\Am?. This gives the following massesn,
~5x10 2 eV from atmospheric neutrino oscillations),
where ~2x10"2 eV from small mixing anglgSMA) Mikh(gayev—
_ Smirnov-Wolfenstein(MSW) solution, m,~4Xx 10 ° eV
o= 48mf,Ge=1.29¢10 ** cn?, 33 from large mixing anglgLMA) MSW solution andm,~9
% 10~ ® eV from vacuum oscillatiofivO) solution. The latter

Gg is the Fermi constant, and here and bel . S .
F ' oy mass requires a value aofy which is too large, so we disre-

=1"g/Ggm3, with I'g being the width of the channel. Nu- gard this case.

merically, f,=0.019,f,=0.197 and' o= 0.283. The case of ™"+ q aaqy 10 verify that we did not exceed the e-m cascade
HE v; can be trivially added. Summation ovietakes place |jimit in the calculations of Sec. IV. Indeed, Eq®6) and
in the case of mass-degenerate neutrinos. For the target negs)  ith r2u/m2=0.1, my=1x10' GeV, n, =56

Vi

trino density we shall use one helicity density with zero
chemical potentialp, =56 cmi 3, for the neutrino tempera-

ture corresponding to the temperatdre 2.73 K of the mi-
crowave radiation, and=cog¥6, sird or 1, as explained in
the footnote.
Note that Egs(32),(33) are exact formulas because inte-
gration in Eq.(32) takes place over a narrow resonant peak.
The rate ofz° production with subsequent decayZt to VI. UHECR FROM RESONANT NEUTRINOS

an arbitrary channef is given by ny(Z—f)=nzf/f. Here we shall estimate the ultrahigh energy cosmic ray
Taking into account only dominant hadron channels, with(UHECR) fluxes produced by neutrinos from hidden-sector
f/f10t=0.696, and using the fact that pions transfer to elecTD. If the target neutrino density is enhanced in nearby
tromagnetic cascade half of their energy, one can find théarge-scale structurgsSS), such as the halth) of our Gal-
energy density of electromagnetic cascade as axy, the local grougLG) and the local superclustérS), the
large flux of the observed UHECR could be generated there.
:} f_hE N éty=2méan, tol , (E )Ez_h Photon fluxes dominate in the production spectra. The ratio
@eas™7 1 F0z&0T 2T Ty tolviE0)Eog - of photon fluxes from a large-scale structurE?E), and
(34 from extragalactic space}*"'(E), can be expressed in terms
of the overdensity of target neutrinos in the structuie;s,
and the length of gamma-ray absorption in extragalactic
spaceR,(E), as

cm 3, with E, given by Eq.(30) and with both channels
v;+v; and v;+v; taken into account, result im.,=1.2
X 10" 7/\Jm; eVicn?, wherem;=m,/1 eV. The energy den-
Sity wcas IS Well below the allowed limit form;=1 and is
marginally below it form;=3x10"3.

USiNg wgas< w3°* we obtain an upper limit

Zw(;bsmi fiot
J— (39 ILSSE)/1S(E) = 5_sRLss/R,(E), (36)

. whereR, gsis the linear size of the large-scale structure.
One can see from Eq39) that unless the production rhe guerdensity factors for the galactic halw, local

spectrum of neutrinos has a cutoff at some energy lower thaﬂroup(LG), and local superclustét S) are discussed in the

forthcoming papef39], and for non-degenerate neutrinos
they are estimated as
4Production ofz° occurs through the interaction of flavor neutri-
nos, e.g.veL+?eL in the case of Dirac neutrinos, o _+ v¢, in the
case of Majorana neutrinos. In practice one considers interaction
HE flavor neutrino, e.gi, with a physical mass-eigenstate target
neutrinov, of massm;. The probability to find this neutrino as,

Is equal to co (or sirf), whered is the mixing angle. Therefore, to the average density of the same neutrinos in the Universe
the cross section in E¢31) must includet = cosd (or sirfé). In the 9 y '

case of mass-degenerate neutrimogz==m,=m,, an incident HE nVi:56 cm 3'.Fr0m Eqs.(36),(37) one can see that while
. interacts withv, component ofv, almost at the same resonant LS does not give an enhancement of UHECR flux, both the
energy andc=1. There is no difference in the rates for Dirac and 9alactic halo R,~100 kpg, and the local groupR, ¢~1
Majorana neutrinos: this becomes obvious if in counting the numMpC) give an enhancement of order (6.3)mj;. Note that

ber of neutrino species one includes bethand »¢ in the case of this excess flux arrives without absorption. Estimates for
Majorana neutrinos. both structures are given as upper limits, with the limit for

N<3mmd, &C<13md, s5~1 (37)
%ere,mf m,/1 eV is the neutrino mass in units of 1 eV and

the overdensity is defined as the ratio of the neutrino density
with flavor i (antineutrinos are not includgeh the structure
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the galactic halo being more reliable. In the estimates below, More accurate calculations with realistic QCD spectra

the indexL S Srefers to one of these two structures. from Z° decay will be given in the forthcoming papkg9].
Once again, let us take HS necklaces as an example of

neutrino sources, with the diffuse neutrino flu,)i<(E) given

by Eq. (27). Using the formalism developed in Sec. V, one
can write down the flux oZ° bosons with resonant energy ~ Mirror matter is a natural option in models withxX G’
E,: symmetry, in particular in superstring modégx E;. The
coupling constants, the Higgs VEV’s, and the symmetry
|z20=2¢0¢6,n, Risd . (Eo)Eo. breaking patterns in the two sectors may or may not be the
same, depending on whether or not the discResymmetry
Assuming a power-law spectrum of hadrons i#°  interchanging the sectors is spontaneously broken.
— hadrons decay and using E@®7) for I, (E,), one can We assume that the two sectors communicate due to a
' non-renormalizable interactiofl), where the casé\ ~my,
corresponds to gravitational interaction. These interactions
_ result in neutrino masses and neutrino oscillations, including
E\~P o ) ; . .
_) . (39 the oscillations between ordinary and mirgsterile neutri-
My nos.

Cosmological restrictions rule out a wide class of hidden-
whereR, ssis ~1 Mpc is the case of LG, ang 100 kpc in  sector models; they are particularly severe for the symmetric
the case of galactic halg=r?u/mz, ¢=cog6, sifgor 1 ~ models in which the>-symmetry is unbroken. In such mod-
andk, is given by els, the number of light particles is doubled, and this is ex-

cluded by the cosmological nucleosynthesis. The nucleosyn-
4(2—-p)22 P Ty .4 thesis constraints can be avoided by s_uppressing the
= o(p—1) T (39  temperature of the mirror matter, accompanied by an intro-
tot duction of a lepton asymmetry, which suppressesv’ 0s-
cillation.
Inflationary scenarios resulting in different temperatures
. . in the ordinary and mirror sectors can easily be constructed
With ,5V: 5Taxw_ m?;, thegUHE gamma-ray flux given by for asymmetric HS models. In the case of symmetric models,
Eq. (38) is proportional tom;, and m§. For a fixed overden- \ye discussed a two-inflaton scenario, first outlined/4h
sity, the flux does not depend on _the neutrino mass and deme inflatons¢ and ¢’ belong to the ordinary and hidden
pends only on the mass of X-particle mg . sector, respectively. In regions of space wherereaches
As a numerical example let us consider the case of ghe minimum of its potential earlier thap, the products of
gamma-ray flux from LG with two neutrln.o flavors and with ¢’ decay are diluted by the expansion driven by the ordinary
a degenerate massv5=2 eV (£=1), taking the mass of infiaton ¢b. When ¢ also rolls to the bottom of its potential,
X-particle my=1Xx 10" GeV and{={ma,=10. Forp=15  \ye get a superhorizon region dominated by ordinary matter.
and p=1.3, the values oE®l,(E) at E=1x10° eV are |y stochastic inflation, superbubbles dominated by mirror
equal to 2.3 10°* eV?/m?ssr and 1.8 10°* eV?/m?ssr, re-  matter are equally often produced. We have shown that this
spectively, i.e. close to the observed values. scenario can work only with a suitable choice of the inflaton
It is interesting to derive an upper limit for the UHE potential: for some choices the slow rolls of the two inflatons
gamma-ray flux inside a LSS, using e-m cascade productiofet synchronized, resulting in equal densities of mirror and
in the space outside it. For LSS with a linear sRessand  grdinary matter. We also suggested an alternative version of

VIl. DISCUSSION AND CONCLUSIONS

easily calculate the UHE photon flux from the halo or LG:

ILES(E)=k 5,n, R .
y (E) yloy WMy, LsPosc 2
4mtg

wherel'|,,4/T 1ot is the ratio ofZ° decay widths, equal to 0.7.
Forp=1.5 k,=0.116 and fop=1.3 k,=0.58.

neutrino overdensity,, one obtains the two-inflaton model where the potential has a metastable
minimum. Then the inflating false vacuum decays through
ma 2 8,Riss C weas/ E\ 7P nucleation of¢- and ¢’-bubbles, and the segregation of or-
17E) = §(2—p) ct, 4 E2 E, ( dinary and mirror matter is achieved in a natural way.

Despite the suppression of mirror matter, hidden-sector
topological defects can dominate over the ordinary ones.
) : 5- max Once again, this can be easily arranged in asymmetric HS
depend ommy and is proportional ton, ™" fo[(fv: 5, 3 For models. In symmetric models, the two sectors have the same
the parameths of LGRc=1 Mpc ands, :13'“1()) and  {yhes of defects with identical properties, but the cosmologi-
weas=1X107° eV/en? one obtamss,s atE=1x10" eV,  cy| densities of the defects need not be the same. We illus-
fluxes equal toE®l (E)=5.0x10°m; eV?/m’ssr and 2.4  yrated this possibility by a two-inflaton model with a
X 10Pm$" eVZm?ssr forp=1.5 andp=1.3, respectively. curvature-driven phase transitiotsee Sec. I). In this
At m,>2 eV both upper limits are consistent with observa-model, HS topological defects are produced in a phase tran-
tions. sition during inflation, when the mirror inflata#’ is already
Turning the argument around, one can obtain a lowegt the minimum of its potential. The phase transition is trig-
limit on the neutrino mass from the conditiolf'®{E)  gered when the spacetime curvatiwéich is driven by the
>1{E) atE=1Xx10°eV: m,=2 eV. ordinary inflaton potentialdecreases to some critical value.

From Eg.(40) one can see that the upper limit does not
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If this happens sufficiently close to the end of inflation, theviding different scales of neutrino masssse e.g. Ref.8]).
resulting defects are not inflated away. The corresponding The calculated UHE neutrino flux is below the upper lim-
phase transition in the ordinary matter occurs much earlieits obtained from horizontal air shower observations at EAS
and ordinary topological defects are completely diluted byTOP[42] and the Akeno Giant Air Shower ArrfAGASA)
inflation. Thus, in the two-inflaton scenario we can have d43] at 10— 10" GeV and marginally below Fly’s Eye limit
desirable situation when the universe is dominated by ordit44] at 10" GeV. The predicted neutrino fluxes can be de-
nary matter and hidden-sector topological defects. tected by this technique with the help of these and future
HS topological defects produce high-energy neutrinos irPigger arays, like e.g. “Auger” detectgas]. However, the
the chain of decays of superheavy particles—constituerﬁ’eSt hope for detecting these neutrinos probably rests with

fields of the defects. All decay products are invisible in theth® future satellite detectors such as OWQrbiting Wide

ordinary matter, except mirror neutrinos, which can oscillate':'eId Light Collectoy [46] and AIRWATCH[47].

into ordinary world. The flux of neutrinos from ordinary to-
pological defects is limited by cascade photons which are ACKNOWLEDGMENTS
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crowave photons. The smaller is the mass of DM neutrinos,

the stronger is the cascade upper lipsite Eq(35)]. This is APPENDIX A: MASS DEGENERATE NEUTRINOS WITH
because the resonant energy is inversely proportional to the MAXIMAL MIXING IN MIRROR MODELS

neutrino massEO=m§/2mV. In QCD spectra, most of the

energy is carried by high energy particles, and thus mor%uz(l_)><Ul in G andSUL(R)x U} in G'. G andG’ rep-

energy 1s transf_erred 0 the e-m c_ascade ”E@r_lrs large. resentations communicate through operators of dimertion
As a specific example of mirror topological defects, ~ .
=5 with a scaleA <m,,.

sources of high energy neutrinos, we studied the necklaces— The particle content of the EW group relevant to the neu-
magnetic monopoles connected by strings, with each monQ.. - eses is
pole being attached to two strings. We found that, for a rea-
sonable choice of model parameters, the diffuse neutrino flux » b, &%
IR ¢>=< ) ¢°=( ) (A1)
IL) ® o — %

We consider aGXG’ model with EW symmetry

can be three orders of magnitude higher than that from ordi- o=
nary necklaces, being still consistent with the cascade upper

limit imposed by the resonant productionzff bosons. Note,

however, that the accuracy of our calculations is limited by/or SUz(L)x U3, and

the power-law approximation of the energy spectra. , , %

A diffuse flux of UHE neutrinos from HS topological de- i :( VR) |/ &' :( ¢+) /c:< 0 )
fects can produce the observed flux of UHE cosmic rays due '~ \ 15}’ %’ o)’ o'
to resonant interaction with the dark matter neutrinos in the (A2)

local group of galaxies, if the mass of the target neutrino is . .
m,>2 eV. The atmospheric-shower producing particles infor SU;(R) xU; . Here,¢ and ¢’ are the Higgs fields and
this case are mostly UHE photons. Their spectrum does ngtnd!’ are charged leptons.
exhibit a cutoff, because of the relatively small si~(1 There are no light singletsz and v in our model. There
Mpc) of LG. are 4 neutrino states; , v, vg, vy, in terms of which
The resonant-neutrino production of UHECR requiresthe most general expression for the mass matrix is
mass degeneraieand v’ neutrinos withm,>2 eV and with
resonant energy,=<2x 10" GeV. Oscillation »'— v of — — (M M
resonant neutrinos on linear scale less than the size of the L~(v v'g) M mg
universeR~ 1078 cm imposes very weak constraint am?,
AM?>47E,/R>5x10"1 eV2. In the Appendix we dem-  gince; S8 =7, 17, there are three independent mass opera-
onstrate how mass degenerate neutrinesd»’ with maxi-
mal mixing can be arranged.
Construction of models explaining the oscillations of so-
lar and atmospheric neutrinos as well as LSND experiment is

C

L) +H.cC. (A3)

14

I
vr

—c_

tors in Eq.(A3): v vk, v v, v'Svk, and they are gener-
ated in our model. Indeed, these operators are

. m c T .c
outside the scope of this paper. We only note that such mod- SUp(L)XUy: (o) (@ Y)—viv)  (A4)
els must include more free parameters and structstesh as ) ) = ens e = re
heavy scalar field® needed for see-saw mechanjsmpro- SUyR) XUy (Yrd'“) (@' Yr)—rvrrr”  (AS)
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intergroup: (EL¢C)(¢/C+ lﬂ&)H;u_V’R- (AB) SU,-singlet operators conserving the chargand the elec-
tric charge. They are the followind=6 operators:
Arrows show the neutrino mass operators after the EW sym-
metry breaking{¢q)=vew and {¢{)=vEy. Communica- [ I " e
tion of visible and mirror sectors is accomplished by the W) (YD), (PR V(P YR).  (A9)
. X ; . A A
intergroup term in Eq.(A6). It has a dimensional scalg,

and thus one obtains After EW andU,; symmetry breaking with VEV'{®)=V

M=0vewtw/A. (A7) and(®’)=V’, respectively, one obtains

_ ’ 12N\ _ .2
This is the basic neutrino mass scale in our model, and we M=vewvew/A, Mr=vEgV'/A% M =vgV/AZ,
want it to beM~1 eV. Forvgy/vew~10, we needA (A10)

~10" GeV. . : :
N which satisfy the hierarchyA8).

The ,scales (?f &5 terms operating insid& l_J?(L) XUy Let us now come back to the mass mat@d). Its diago-
andSU,(R) XU, groups,A, andAg, can be different. For - jization gives the masses of eigenstates and the mixing
our model(see below we need the following hierarchy of angle for visible and mirror neutrinos:
masses:

My o= (Mg+ M= V4AM 2+ (mg—m)?)~2M (A1l

m <mg<<M. (A8)
It can be provided byA<Ag<A,, or in the model- Am?=m3—mi~2(mg+m )M (A12)
dependent way. One can observe, for example, that both in-
tragroup termgA4) and (A5) violate the lepton number de- in 28 2M 1 (A13)
; -1 = ; ; sin 26= ~1.
fined for the doublets ak,=L, =1, while the intergroup JAMZ+ (Mgt m, )2

operator(A6) conserves it. One can build a model with one

universalA where the intragroup 5 operators are forbid- e hierarchy of masséA8) provides mass degenerate neu-
den and thusn, and Mg are suppressed. trinos with (almos) maximal mixing. The values afm? and
Let us assume a locél,; symmetry for massless particles sin 29 are regulated byng andm,_, which according to Egs.
before symmetry breaking, with the following charge assign{A10) are free parameters of our model.
ment:q=+1 for ¢, I, ¥g, || andq=0 for ¢, &'. Till now we considered asymmetric mirror models. In the
The terms(A4) and (A5) do not conserve. Let us intro-  case of symmetric mode[4.3], the masse#!, m; and mg
duce two new scalaBU, singlets,® and ®’, with q=2. are considered as free parameters, and thus the hierarchy
Now, apart from the operatdA6), we can write two other condition(A8) can be arbitrarily fulfilled.
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