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We reanalyze results of various experiments, the original purpose of which was not 1Qrlzak or the
Fermi-ball searches. Based on these analysis in addition to the available d@dalts we obtain rather
stringent bounds on flux, mass, and a typical energy scalelaflls and also those of Fermi balls. In case these
nontopological solitons are the main component of the dark matter of the galaxy we find that only such solitons
with very large quantum numbers are allowed. We also estimate how sensitive the future experiments are to
searches fo balls and Fermi balls.

PACS numbgs): 11.27+d, 95.35:+d, 98.80.Cq

I. INTRODUCTION MACRO detectors can search for charg@dalls When it
comes to Fermi-balls, no experimental limits on the flux
) . ) . have been reported to date.

In quantum field theory there exist “nontopological soli- | the present paper, we make comprehensive discussion
tons,” such aQ balls[1,2], Fermi balls[3,4], and neutrino  on the flux limits ofQ balls and Fermi balls. Since their mass
balls[5], the stabilities of which are based on conservation ofcould be very large, we use various kinds of results of direct
global U1) charges, not on that of topological quantum searches for supermassive magnetic monogdl6k nucle-
numbers. For exampl&§ balls are stabilized by conservation arites, and/or heavy primary cosmic rady$]. We also esti-
of a U(1) charge[1,2] of scalar fields, while Fermi balls and mate sensitivity of present and future experimemsinly
neutrino balls are stabilized by conservation of the number oflesigned for different purposeabout nontopological soliton
such fermions that have Yukawa couplings with scalar field$earch stressing the importance of the specific analysis for
[3-5]. If such nontopological solitons exist, they may solvethem. In the following discussion, we analyze the flux
or at least be closely related to important problems in cosbounds taking the charg&, for the case 0Z4=0, 1, 2, 3,
mology: dark mattef3,4], the baryon number asymmetry of 10, and 137, as _typlcal values. If the charge is Iarg_er than
the universd 2,68, and y-ray burstg5,9]. 137, theQ ba_II WI|| have the electromagnetic propernes at

Although the idea of such nontopological solitons is very!0W €nergy similar to thez case @y=137, having a geo-
attractive, the qualitative properties of them, such as thdnetrical cross sectionrRg with the effective radiusRg

mass scale, charge size, typical energy scale, and cosmicl A at leasf19]. For the case of Fermi-balls, we assume

9 ) .
abundance, are so ambiguous that there are many orders thf.‘tt the (.elect:tgcfchargt;.e to bg flarge ento?g% to %Stshurftr'lts sta-
magnitude in the parameter space to be considered. It is th Ity against delormation and fragmentatigh}, and that the

desirable to make the parameter regions of nontopologicaef ectromagnetic properties at l.OW energy is the same as the
. . : h ase ofZz=137 unless the radius exceeds 1 A.
solitons as narrow as possible by observational data avaﬂabﬁa

now and to make clear what regions are to be searched with Il. EXPERIMENTAL BOUNDS ON Q BALL
experiments in the near future. Although a few useful obser- )
vational or phenomenological analyses to examine the al- A. Q ball properties

lowed parameter regions @ balls have been reported, no In the following our arguments will be restricted to the
comprehensive analyses are available at present. In faatase of thick walQ balls, since the most attractié@balls in
Kusenkoet al.[10] discussed the experimental signatures ofsupersymmetryfSUSY) are of this cas¢2]. We briefly re-

Q balls and pointed out powerful detection methods for neuview here the properties d balls to clarify our notations
tral Q balls. The Gyrlyanda experiments at Lake Baikel] ~ and assumptions in estimating the flux bounds.

reported the flux limit of neutraQ balls applying these Q balls consist of a complex scalar field with a conserved
methods to their monopole search experiments. The repogiobal U1) charge. The scalar fields vanishes outside the
also gave rough estimates of bounds to be obtained with

other monopole search experiments, “Baksan” scintillators

[12] and old aged micfl3]. Bakariet al.[14] calculated the  'The explicit values of the flux upper limits o@ balls are not
energy losses o balls in matter and concluded the various available yet.
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Q ball, while it forms a coherent state inside with time- stableQ balls have survived till present, they would contrib-

dependent phadd], ute to the dark matter in the Galaxy. Their flux should then
. S satisfy
P(t,x)=p(x)e" " (1)
TheQ ball is the lowest energy state with a fixed globall) POMU GeV
charge, and is given by minimizing t@ ball massMq, F<Fpu~ ~7.2x 105(—> cm 2sectsrl
R )
Mo= [ ddlagl+Tel+viloll, @

where ppy is the energy density of the dark matter in our

Galaxy, ppy~0.3 GeV/cni, andv is the virial velocity of

the Q ball, y~3x10" cm/sec. In the following analysis for

Q:if dx[ * dip— pdi0* 1. (3)  Qballs and Fermi balls, we assume for simplicity the veloc-
ity of Q balls to bev =10 3c, wherec is the light velocity.

In order to estimate efficiencies to dete@tballs with
various detectors, Kusenlat al.[10] classified relic solitons
with a mass dimensior{The potential of this type is known ‘T“O tvyo groups according to the propgrties of their intgrac-
to be present in supersymmetric theories, in wHith is a tion with matter: supersymm_etrlc ele_ctrlcally neutral soll_tons
SUSY breaking scalgln this casg10], the Q ball mass is (SENS and supersymmetric electrically charged solitons

under the constraint on the char@e

Here we assunfehat for largep the scalar potential(|¢|?)
is almost “flat,” i.e., V(| ¢|?)=M3%, whereMg is a constant

obtained as (SECS. In the present paper we use the terms SENS and
SECS only forQ balls. In the case of SENS, a process simi-
477\/5 lar to proton decay may occur in the thin layer on Qe
M= 3 MsQ%, (4)  ball's surface, when they collide with nuclei. The energy

release of roughly 1 GeV per nucleon is carried away by
pions through this process, which we call the “KKST pro-
cess” after the authors of Reff10]. In case of SECS with
1 positive charge, however, the KKST process in collision
RQ=—M51Q1’4. (5)  with nuclei will be strongly suppressed by Coulomb repul-
V2 sion, and only electromagnetic processes will take place. A
chargedQ ball with small velocity is accompanied by an
The proportionalityM o<Q%*, in Eq. (4) leads to the stabil- atomiclike cloud of electrons, and interacts with matter just
ity of the Q ball for Q Iargg enough. If we consider a bary- |ike an atom with a heavy mass. If the charge is very large,
onic Q ball, i.e., aB ball,” for example, the condition of he effective interaction radius is about 1 A, which is simi-
stability against nucleon emission My (9/dQMq,  |ar to the case of “nuclearites[18,19. Negatively charged

with its radius

Le., Q balls are practically not of much interest to us at present.
Mo |4 (If negatively charged balls happened to exist, the detec-
Q>5.0x 1014(_S (6)  tion of them should be much easier than that of positively
TeVv charged ones, since they cause both of electromagnetic pro-

cess and the KKST process in collision. Thus, the excluded
parameter region of the positively charg€dballs is also
excluded for the negatively charged oneale then discuss
only neutral and positively chargeg balls in the following.

It is pointed out that such larg@ balls could be formed in
the early universd8,6,17. If it happened and such large

2We stress that our result do not lose generality by this assump-
tion. The experimental flux limits, which we obtain later as a func- B. Bounds on flux and mass of neutralQ balls (SENS
tion of mass of Q-balls, are independent of the assumption in cases .
of charged Q-balls, since they depend only on their mass. On the As pointed out by Kusenket al. [10], a neutralQ ball

other hand, they are dependent of the assumption in case of neuttyé(PUId produce t_he KKST prO(_:e_SS, When it _Collldes with a
Q-balls, since they depend only on their cross section rather thafUcléus, absorbing it and emitting pions with total energy
their mass. Of course, the flux limits of the neutral Q-balls were@P0Ut 1 GeV per nucleon. If the cross section of such process
indecent of the assumption if we expressed them as a function df 1arge and then successive events of this type are detected
the cross section. Readers, who are interested in neutral Q-badong a single trajectory, it will be a signal for tie ball.

with another type of potential, can easily accommodate our resultéWe note that such @ ball processes are different from the

by matching the mass of the Q-balls with such of ours, that has th&ubakov effec{20] though they are similar to each other.

same cross section as them. The cross section for the former process does not depend
3A B ball is theQ ball the conserved (1) charge of which is much on whether the target nucleus possesses a magnetic
baryon number. moment or not, while the cross section for the latter process
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strongly depends on . Since the interaction cross section F<3.0x10° 1 cm2seclsr?,
of the KKST process is expected roughly of a geometrical
size, the energy loss of SENS is determined by if the cross section isr>5.0x102% cn?, which corre-
sponds to
R ® Mg
dx ' s/ Vs
Mo>4.2x 10 TeV) GeV.

similar to the case of nuclearite collision with a nucleus

[18,19. HereR, andp are the radius of th@ ball and the Although the above two experiments give considerably strin-
density of the target matter, respectively. In order tQat gent bounds to SENS, let us examine how stringent limits
balls can reach the detector site and penetrate the detectd¥ill be given by other monopole searches and future cosmic

the following condition should be satisfied: ray experiments.
The Kamiokande Cherenkov detectf®2], which has

1 ) 3000 tons of water and about 1000 phototubes and is located
Mq= ﬁWRQJ pdx (9 at about 1000 m deep underground, gave the limits of mono-
pole with 335 days of live time. We roughly reinterpret them
with integration over the trajectory @ balls. This leads to as SENS flux limit{34]

8 F<3x10 ¥ 3x10™ and

L
= Gev, (10

grem ?

 Tev
Mg

Mo=4.2X 10—39(

3x107 " cm?sectsrt,

wherelL is the path length for th€ ball to traverse matter for SENS witho=0.1, 1, and 10 mb, which correspond to
(air, water, and/or rodk and to penetrate the detector. Since

we are interested in the parameter regions Mfg Mg=4.0x10", 1.2x10", and

>100 GeV, p=<10 grem®,  L<2Rgy~1.3x10°
grcm 2, andM o>Ms, this condition is trivially satisfied in
any experiments on the earth.

Most experimental searches for monopole-catalyzed pro-
ton decay(the Rubakov effecf20]) are also sensitive to the respectively. Note that in case of>100 mb which corre-
KKST process, and are able to give useful bounds on SENSponds toMg>1.2X 10'® GeV, the detection efficiency
flux. Here let us review the available data, not only the al-would get less due to the difficulty to identify succesive
ready reported results of the Gyrlyanda experiments at Lakevents as discrete ones. Taking this into account, we conser-
Baikal on SENS flu{11] but also other typical experiments vatively exclude the region, 4:010' GeV=Mg=1.2

4 . .
3.9x 10" in units of Tov

M 4
—S) GeV,

reinterpreting them to get SENS flux bounds. X 10'® GeV, by the Kamiokande experiments. The super-
The Gyrlyanda experiments reported that the flux ofKamiokande experiments with a 50 000 ton water Cherenkov
SENS has the bound 1] detector would obtain more stringent flux limits than those of
Kamiokande by about two orders of magnitude with three

F<3.9<10'® cm ?sectsr?, years of observation time.

. _ . The MACRO, large underground detectof$4,23,24
if th_GZZCYOSS section for the KKST process #>1.9  consisting of three kinds of subdetectors, i.e., scintillation
X107 % cm?. This corresponds to the lower limit of the counters, streamer tubes and nuclear track dete(®Rs39

SENS mass could search for SENEL4]. In Ref.[14], the flux limits of
M 4 SENS are reported to be obtained as=<10 '®
Mo>1.0x 1021( S) GeV, cm ?sec ‘sr *. The detection efficiency is, however, diffi-
TeV cult for us to estimate the flux limit to be obtained is not
) given here.
since Eq.(4) and Eq.(5) relatec to Mq as The AMANDA Cherenkov detectori®5,26] at the South
8/3 23 Pole under ice are designed mainly to detect relativistic par-
o=1.9% 1036( Tev ( Mg ) cr? (11) ticles. If they could also detect slow particles, their large area
' Mg GeV would be of great help. For a few years to observe

SENS, we could obtain their flux limits asF
The authors of REf[ll] also estimated the SENS flux =101 cm 2sec !sr1/e with the detection efficiency_
limit which will be given by BAKSAN experiment$12]: The flux limits are, however, not estimated here since the
detection efficiencies are also difficult for us to evaluate.
The TA (telescope array projectvith effective aperture
4If the nucleus has a finite magnetic moment, the cross section df SQe=6X 10° km?sr (SQ=6x10" km?sr and the
the Rubakov process should have an enhancement fggidrof dUty factor 620.1) is planned to detect cosmic rays with
~1/8?~10° with B being the relative velocityin unit of the light ~ energy 185—10° eV [27], by detecting the air fluores-
velocity) between the monopole and the nucleus. cence. Using some special trigger, it may detect slow par-
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ticles with large energy log28]. With such a trigger, it may

g SETLNCE P P O L P

KT ) » T |
be able to search for SENS flux at the level bK1 — 10°F ~
X107 cm ?sec *sr?, if the fluorescence light yield of &
the event is equivalent to that of air showers of the minimum 'g ;5 iR
energy E,=10 eV. Considering energy release of ”
roughly 1 GeV per absorbed nucleon in the KKST process, § 10" F -5
one obtains the condition of detectability in TA E F i
E: 10 :—
(Tf pAdX=Enin/ ésens, (12 10"
@
whereégensis the ratio of the efficiency of fluorescence light 0%
yield per total energy loss of SENS to that of extensive air vy ‘ 7oz 0] 3
showers. In the KKST process we estimgtgys~ 1, since = =g ) 1
emitted pions are relativistic. Assuming the average density 10 B s .
of air p~0.5x10 3 g/cn? and the path length of SENS in 0 e .
the atmospherd.~20 km, we obtain the lower limit of T <= e Siper-Kamiokande
SENS mass from Eq12) 10 AR ARAL S : ‘de :
107 KN \ RS R ™ nKam‘:,\(al\ % _:
Mo=0.7x 1024 5| ey o NN
Q . TeV . 2 3 4 ‘ 5
10 10~ 10 10°
() M,[GeV]

The OA (Owl-Airwatch) detector{42] on a satellite with

effectl\_/e aperture 510° km® sr (with duty (_;yCIe of 0.2 FIG. 1. (a) Bounds on flux and mass for neutr@l balls (Zq
taken into accouftto observe the atrglospherlc fluorescence_ ) je. SENS. The diagonal line shows the flux expected in case
of air showers with energy ib—lloz eV or more. If it that the Galaxy dark matter<0.3 GeV/cni) consists mainly of
could also detect slow particles with high efficiency, it would SENS, and thus the region above this DM line with dilute random
be able to search for SENS for a year at the flux leveFof dots should be excluded. The regiofimtched with solid lines
<102 cm ?sec tsr ! For SENS to yield the amount of excluded by the present or past experiments shown here are based
fluorescence light comparable to that of air onthe monopole search experiments with monopole-catalyzed pro-
showers with 1& eV, their mass should satisfiyl o>2 ton decay(the Rubakov effect, see text for detail¥he regions to
X 10%(Mg/TeV)* GeV. be searched by the future or present experiments are shown with
The bounds given in the various experiments mentionedhalf-tone dot meshing. The lower mass bound in each experiment is
above are summarized in Fig(al This figure also gives the calculated takings=1 TeV (taking alsoMs=100 GeV for TA
flux to be expected if the dark matter of the Galaxy consist@nd OA. The experiments shown here are Kamiokafiig, Gyr-
mainly of SENS[see Eq.(7)]. Note that these bounds of lyanda [11], BAKSAN [12], super-Kamiokande, AMANDA
excluded regions depend dis. (The lower mass bound in [25:28, TA[27,28, and OA[42]. (b) Bounds on the W) chargeQ

each experiment is calculated takiNz=1 TeV in this fig-  Versus the symmetry breaking scall for SENS €o=0) in case
ure. In case of TA and OA, we added those fiots of the Galaxy dark matter consisting mainly of SENBe flux and

~100 GeV) The region, which the future experiments are mass of SENS in this case is restricted to lie on the diagonal line of
expected to be able to ,search are also given there. If wa)]' The allowed regior= 10°is only the upper blank part of the
P ' 9 ' fgure. The line with the B-ball stability limit” shows that only

assume that_the dark ”.“at_ter of the Galaxy_cqngsts ma'_nly Qhe region above it is allowed to have the stability of SENS in case
SENS, i.e., if the flux is just on the DM limit line of Fig. they areB balls (see text for details
1(a), we obtain the excluded regions of SENS mass as func-

tions of the parametevl 5 as in Fig. 1b). This figure shows wh - . . .
: 5 ; . ereo is the cross section of SECS collision with the mat-
that SENS with the () chargeQ=10"* are interesting cos- ter, p is the density of the matter, andis the relative ve-

mologically in the region oM¢=6x10°> GeV, while that locit - 2
5 y of SECS and the matter. Substitutifig=(1/2)M qv
TA and OA could search for SENS of $8:Q=10" in the in the above equation and integrating with respect,tone

region ofMg=6x10° GeV.

obtains
C. Bounds on Flux and Mass of ChargedQ balls (SECS ] MQI Vo 4
= —_— n—,
ChargedQ balls (SECS interact with matter in a way P o U (14
similar to nuclearited18,19. The rate of energy loss of
SECS in matter is wherelL is the range of SECS in the mediumy, is an initial
velocity of SECS 3x 10" cm/sec), and, is a final ve-
d_E: — opv? (13) locity of SECS for which we use the estimation in case of
dx Py nuclearitesp .~ 1.7x 10" cm/sec in rock19]. SECS with

105013-4



EXPERIMENTAL BOUNDS ON MASSES AND FLUXES 6. .. PHYSICAL REVIEW D 62 105013

o1 SECS wit radus larger than L A, LeMasot | eoo SMMof o 088,
X 10%%(Ms/TeV)* GeV, the cross section is simply given @ZoZ(Mq+tM) (VZg+12)

=7R%. From Egs.(4 14 i
by 0=mRg. From Egs.(4), (5), and(14), we obtain In the case of Mg>M we calculated {E/dx),

Mc |83 M\ 13 =(dE/dx)/p (which depends only loosely on the density of
_S> (_Q> gr/en?. (15 the medium for SiO, and obtained dE/dx),
Tev] 1GeV —0.16,0.41,0.71, and 2.9 GeV/gr/érfor SECS with typi-
cal chargeZo=1, 2, 3, and 10, respectively. We also find
Such heavy SECS, however, should have too small flux to bg,e energy loss rated€/dx), does not depend much on
detected according to E(7), and thus are not interesting to 5tter medium(air, water, gnd/or rodk and we use the
us. We consider only SECS with radius smaller than 1 A ingpove values for the following estimation of energy loss. The

the following. S _ condition for SECS to penetrate the medium with dengity
If such SECS have significantly large electric chargeyng lengthL is roughly given by

(Zo= a~1~137 wherea is the fine structure constanthe

pL=6.2x10"

cross section of their collision with matter is controlled not 1
by their intrinsic radiu®Ry, but by the size of the surrounding EMQEZ> ax/ PL (21)
electron cloud which is never smaller tharl A. We note p

the situation is similar to the case of nuclearifé9]. We

haveo= mRZ, with Ryg=1 A, which leads to the relation Since SECS have large cross section in collision with

matter unlike SENS, they should have kinetic energy large
M enough to reach a detector and to penetrate it. Let us take the
pL=4.0x 108(_Q) gricn®. (16) following experiments as typical ones which would detect
GeV SECS.
MACRO with its three subdetectors are sensitive to SECS

Equation(16) shows that SECS witd,=137 should be as [14,23,24 for any values ofZq; in order that SECS can
heavy as reach the underground detector site from above wpith

~3.7x10° grem 2, the lower limit of the SECS madd

is given by Egs.(17) and (21), as My>1.2x10", 3.0
GeV (17 x10", 5.3x10Y, 2.1x10'4 and 9.310% GeV for Z
=1, 2, 3,10, and 137, respectively. The flux limit suggested
by the results of no events of monopole search experiments
[14] is roughly[34] F<10 ¢ cm 2 sec! sr . Itis ob-
. . ~vious that the inclusion of searches fQrballs from below
SECS radiusR, is also smaller than 1 A) . the effective lowers the flux upper limit by a factor of 2, though the lower

H 2
Ereoess ;%ﬁgogeﬁsggdtrggt nswrgri!e:ot?sftqi%n a’i‘g fh(\aNZntehregr; Io%i)g]its for the mass to reach the detector increase by a factor
. . . . L L =(6.6X1 IxX10°)~1.
rate. It is known that there are two kinds of interaction con- (L) trom betow! (PL ) rom avove= (6-6x 10°)/(3 0)~138

X 10* . This feature for SECS is common to other experi-

tributing to the energy loss of SECS at low velocly ments OyA, NORIKURA, KITAMI, AKENO, UCSDII,
~10"°, i.e., interaction with electrons and interaction with KEK. and MICA

nuclei dE/d).(:(dE/dX)e'ectm”SJr(.dE/d).()”“C'Ei [14,29-33. The OYA experiment$35] with CR-39 plastic track de-
The electronic energy loss rate is estimated 29§ tectors located at the depth @iL=10 cm 2sec Lsr !

6 searched for monopoles and nuclearites for 2.1 y. The flux
& e

Mg>2.5x 10

gr len?

in order to penetrate the medium with dengitgnd length_.
If the charge of SECS is small,<137 (and the intrinsic

_ limit of them correspond to that of SECSEF<3.2
- —877&6100—0 Ne(zszz/a)a/z’ 18 10716 cm 2sec sl [34]. Since the detectors are sen-
electrons Q - .

sitive to the restricted energy loss larger than
~0.14 GeV gr/cri, SECS with charge&Zo=2 can be de-
tectable with them. The condition for SECS to reach the
detector isMo>8.2x10°, 1.4x10', 5.8<10%, and 2.5
S><10ll GeV for Zo=2, 3, 10, and 137, respectively.

The KEK experiments with scintillation counters placed
at ground level[37] should be sensitive to SECS for any
values ofZq, since the detection threshold is OLQ}, where

Mo AlnBe | min IS the minimum energy loss of the ionizing particle with
Mq+M Be—(Be) C’ Z=1[34]. We interpret that their flux upper limit for strange
(199  quark matter (nuclearitey holds for the SECSF<3.2
x 10" cm 2sec tsrl. The mass bounds for SECS to
with A=0.56258, B=1.1776, C=0.62680, M is the reach detectors located at ground level are givenMyy
mass of the target nucleus; is the number density of target >3.1x10°, 8.2x10°, 1.4x10°, 5.8x10°, and 2.5
nuclei, and X 101 GeV forZg=1, 2, 3, 10, and 137, respectively.

wherevg is given by ac, N, is the number density of
electrons in the mediun is the atomic number of the me-
dium, anda, is the Bohr radius. The rate of energy loss
caused by interaction with the nuclei of the medium given a
[32]

dE
- = 47Taa. NZZQZ
nuclei

dx
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The KITAMI experiments with CN(cellulose nitratg The SKYLAB experiments with Lexan track detectors in-
nuclear track detectors installed in houses at sea level givstalled in the SKYLAB workshop in space reported that no
the flux limit F<5.2x10" %> cm 2sec 'sr ! [36], which  events had detected for superheavy relativistic nuckei (
we reinterpret as the SECS flux liniB4]. Since the ioniza- =110)[16], which correspond t@4= 10 in our case of slow
tion energy loss of SECS should be larger thanparticles. The Lexan detector and its container have thick-
~1.3 GeV/gr/cr for chemically etchable track to be made ness pL=2 grcm 2 in  total, or effectively pL
in CN, we estimate that SECS wiffy=10 can be detected ~3 grcm 2, which gives the mass lower bound of SECS
with the CN detectors. At ground level withpL ~ Mg>1.7x10" and 7.5¢<10" GeV for Zo=10 and 137, re-
=10° grcm 2, SECS heavier than 5810° and 2.5 spectively. This experiment gives the flux limit of SEGS,

X 10'° GeV can penetrate the atmosphere to reach the de<3.8x10712 cm™2sec 1sr ! [34].
tector from above, foZ,=10 and 137, respectively. The AMS experiments could detect SECS in the future, if

The AKENO experiments with helium-gas countgd8]  a special trigger for slow particles is possilp]. Its mag-
located at ground level should be sensitive to SECS for anyetic spectrometer on the space station would have a
values ofZg. The detector is composed of layers of propor-large area to get the flux upper limitF x 10”1
tional counters and concrete shields. The detector is sensitiven 2 sec * sr * with one year observatiof84]. The detec-
to tracks with ionization larger than L., which should tion with thickness of the order gfL~10gr cm 2 needs
assure the detectability for SECS with any valugZgf. The  mass Mo>3.1x10°, 8.2x10°, 1.4x10°, 5.8x10’, and
SECS with massl\/l8>5.8>< 10°, 1.5x10°, 2.6xX10°, 1.1  2.5x10° GeV forZo=1, 2, 3, 10, and 137, respectively.

x 10 and 4.7 10'° GeV can penetrate the earth and the The experimental data and also the future possibilities
concrete shields of the detector from abovedgr=1, 2, 3, mentioned above are summarized in Figs. 2—6. Figui@s-2

10, and 137, respectively. Using the results of no events i%(a) represent bounds on the flux and the mass for SECS.
detection, we estimate the flux limitF<1.8x10 *  Figures 2a)—4(a) show that the experiments of the future
cm 2sectsr![34]. AMS and the present MACRO are very sensitive to a wide

The UCSDII experiments with He-GHproportional tubes  parameter region of mass, charge and flux of SECS. On the
placed at ground levé¢B9] should be sensitive to SECS with other hand, Figs. &) and 8a) show that the SKYLAB and
any values oz, since the detection threshold is OLQQ. the MICA experiments give us a stringent exclusion of the
The flux upper limit for monopolesF=1.8x10 1 lower and upper region of mass respectively. Figurgs-2
cm 2sec tsr ! should be the same as that for SE[38].  6(b) represent bounds on the1) chargeQ of SECS versus
The mass bounds are the same as in the above case of KEkKe symmetry breaking parametérs in case that the SECS
experiments. are mainly contributing to the dark matter of the Galaxy. If

The NORIKURA CR-39 experiments were done at thewe assume the SECS aBeballs and impose their stability
top of Mt. Norikura to search for monopoles and for strangecondition, these figures show that only the SECS wijth
quark mattef40]. They are sensitive to tracks with ioniza- =10°> 2% remain to be considered.
tion larger than 0.35 GeV/gr/dnmwhich assures that SECS  So far, we have fixed the velocity @ balls to be equal to
with Zo=3 would be detectable. Since the detector is in-the Virial velocity (= 10 3c). It may be interesting, though,
stalled at the high place, it is more sensitive to lighter SECS0 see the velocity dependence of the boup#47. Our
in comparison with the ground level detectdssich as KI-  results, however, do not seriously depend on the velocity. In
TAMI, AKENO, UCSDII, and KEK). The flux limit is ob-  order to see it, we show the dependence of the bounds on the
tained asF=2.2x10 * cm 2sec tsrt. velocity for the case of SEC® balls with Zg=1 as an

The MICA analysis with ancient mica crystals which example.(We have examined all the cases and have found
were 0.6-0.9x10° y old was made to search for mono- that the bounds depend on the velocity most strongly in this
poles [13]. It should be also sensitive to SECS willy,  case) We variedQ ball velocity in the region X 10 “c
=10, since the detection threshold is 2.4 GeV/gA4¢B¥]. =v=5x10 3c, and showed that the bounds @nof the Q
In order to reach the mica crystals at 3 km deep undergrounblall with v =2x10 %c(=v_) andv=5x10 3c(=v,) in
with pL=7.5x10° gr/cn? from above, SECS should be Fig. 2(b).
heavier than 4410 GeV and 1. 10" GeV for Z,
=10 and 137, respectively. In the case of the monopole
search the capture of an aluminum atom by a monopole was Ill. EXPERIMENTAL BOUNDS ON FERMI BALLS
taken into account. The detection efficiency was estimated
~0.15 and 0 for monopoles from above and for those from
below, respectively, due to this consideration. The flux limit We investigate what region is allowed for the flux of
was thus made much looser due to this decrease of effFermi balls in the present section. The Fermi ball, which is
ciency. In case of SECS search, however, SECS need natother kind of nontopological soliton, was first proposed by
capture an aluminum and can be heavy enough to penetrakdacpherson and Campbell as a candidate of dark mlater
the earth. With these considerations we estimate the fluXhe Fermi balls with large radius are found unstable against
limit for SECS, which is better than that for monopoles by adeformation, and are expected to fragment into very small
factor of 6, to haveF=2.3x10"2° cm 2sec 'sr! for  Fermi balls[3]. The Fermi ball then interacts with matter
SECS from above and a value twice better than this fovery weakly and seems too difficult to be detected. Electri-
SECS from all directions. cally charged Fermi balls were then proposed by Morris to

A. Fermi-ball properties

105013-6



EXPERIMENTAL BOUNDS ON MASSES AND FLUXES 6. .. PHYSICAL REVIEW D 62 105013

5 N axeno’ = < e

= Yy JOYA LT

'Tm 0 'Tm 10° sl

3% ©

o 3 N

72 <2 W

) _ \ 10

g " g 10 R
3]

S, AMS S, MS R

= . X

S0 ! = 10"

23 MACRO - ; MACRO

il : | ]
10° 10° 10 102 10" 10 10® 10® 102 0w* 10° 10° 10° 10” 10" 10 10® 10* 107 10*
(a) M,[GeV] (a) M, [GeV]

4 s 6 10° 10 10! 10° 10

(b) M [GeV] (b) M[GeV]

FIG. 2. (3 Bounds onQ ball flux and its mass for SECS with FIG. 3. () Bounds on SECS wittZo=2 similar to Fig. a)
Zo=1. The diagonal line is the same as in Figa)land the region ~ apart from the values of mass lower limits and OY35] experi-
above the line should be excluded. The regitmatched with solid ~ Ments included irfa). (b) Bounds onQ andMs of SECS withZ,
lines) excluded by the present or past experiments shown here arg 2. The marks and patterns to separate regions are the same as
estimated from the monopole search experiments, nuclearite expeffose in Fig. 2).
ments and other exotic particle searches. The regions to be searched

by ”;]? f”t”TrE or present et"pe:me”tshare show'\?Av(v:i%e;g-tzo;e dofhe Fermi ball the scaler field has the value of the false
meshing. 1he experiments shown here are 23:2% yacuum, which is almost degenerate to the true vactium,
KEK [37], AKENO [38], UCSDII [39], ar.'d AM_S[41]' (b) Repre- while outside the Fermi ball it has the value of the true one.
sents bounds o® and Mg of SECS withZo=1 (see texts for . .
details) The marks and patterns to separate regions are the same 9& _the boundary Wal!’ the energy de”S"Y of the scalar field
those in Fig. 1b).The boundaries of regions excluded by the pos-IS Nigher than those in the two vacua. Since the heavy fer-
sible experiments in case where tieballs’ velocity equalsy mions have a large mass in the true or false vacuum and have
=5x10 3¢ andv_=2x10 “c, in addition to the case where @ Vvanishing mass on the wall, many fermions are strongly
=v,=10 3¢, are also shown itth) (see texts for details trapped on it.

Since the electric field of the Fermi ball is strong,

improve the stability of the Fermi ball against the deforma-€lectron-positron pairs may be created by quantum field
tion and fragmentatiofd]. Although a Fermi ball with large theory effect. This effect decreases the electric field strength
fermion number is energetically unstable and could fragmen®Y leaving the electrons on the surface and emitting the pos-
into many smaller Fermi balls, the Coulomb force is ex-itrons to infinity. Assuming the difference of the energy den-
pected to suppress the process of fragmentation and to mag#y between two vacua to be small enough to be neglected,
the lifetime of the large Fermi ball long enough to be prac-we obtain the energy of the Fermi ball with the number of
tically stable. Owing to the electromagnetic interaction, vari-heavy fermiondNg and the number of electromé,,
ous detectors get sensitive to Fermi balls. In the present pa-

per we focus on experimental bounds for charged Fermi 2(NP2HNZ?) @(Np—N,)2
balls, not on the neutral ones. Let us first briefly review the Er=473R%+ 3R = SR e
properties of Fermi balls to make our assumptions and ter-
minologies clear.

The charged Fermi ball consists of three components: a ) i ) ]
scalar field, a large number of electrically charged heavy €€ iS the surface tension of the Fermi ball aRds the

fermions, and also a large number of electrons or positron@dius of it. The radius of the stable Fermi-ba}; is deter-
which partly compensate the electric charge of the heavy

fermions.(When we consider the stability of Fermi balls in

the following, let us assume that the electric charge of the SThese almost degenerate vacua are necessary for the existence of
heavy fermions is positive without loss of generajityiside  the large Fermi balls.

(22)
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FIG. 5. (a) Bounds on SECS witZq=10, similar to Fig. 4a)
FIG. 4. (a) Bounds on SECS witiZ,=3, similar to Fig. 3a) apart from the values for excluded mass region and inclusida)in
apart from the values for excluded mass region and NORIKURAOf the experiments of SKYLAH16], KITAMI [36], and MICA

[40] experiments included ifg). (b) Bounds onQ andM g of SECS [13]. The experiments of MICA and S_KYLAB give stringent
with Zo=3. The marks and patterns to separate regions are thBounds(b) Bounds orQ andM s of SECS withZo=10. The marks
same as those in Fig(l3. and patterns to separate regions are the same as those inl#ig. 4

mined by balanceof the surface tension energshe first ~bounds from these analyses then do not depend on details of
term) proportional toR2, and the Fermi energgthe second ~Fermi-ball models.
term) or Coulomb energythe third term which is propor-

tional toR™ ! as .
B. Bounds on flux and mass of Fermi balls

32 i3/ 211 13 We discuss what physical parameter region is excluded by
2(NE"+Ng™) N a(Ng—Ne) (03  ©xperiments in the present section. If the electric charge of
3 2 ' the heavy fermions is positive, the observational situation is
almost the same as the case for SECS &gk 137, i.e., the
effective radius can be taken Rss~1 A when the intrinsic
The energy of the Fermi ball is then radius is smaller than this value. In case of the Fermi ball
(not as is the case with th@ ball), however, the radius can
be larger than 1 A without getting too heavy, since its mass
Er(=Mgp)=1273, R§EK3R§, (24) is proportional toRE rather thanRg. The effective radius
thus becomes

B 1
Re= 8>

which is the common relation when the volume energy can 1 A for Re<1 A,
be neglected. Our following analyses of the Fermi-ball’s flux Ref= R for Re=1 A.
are based only on the above relation. The experimental

(25

In the case wher&; is large enough, Fermi balls can be
6We have two ways in differentiating E¢22) with respect toR: detected with not only detectors which are sensitive to SECS
either one fixedN: andN,, or one fixesNg and the electric field ~ With Zo=137, but also with future detectors for extensive
on the surface of the Fermi ball as the critical valizrem?/e. Here ~ air showers such as TA and OA. This detectability with the
we take the former following Morri§4]. For the other possibility ~future experiments is the main difference from the case of
see Ref[43]. SECS withZ,=137. We examine the bounds on Fermi
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balls’ to be given by AMS, SKYLAB, UCSDII, AKENO, LT ot s o S B R
KEK, NORIKURA, KITAMI, OYA, MACRO, MICA, TA, — - N HmEO T = -z —137)0
and OA in the following. B o0t o .Q____; ]
First we discuss in what conditions the Fermi-ball reaches g e E

and penetrates the detectors. For Fermi-balls vih; o2 107" S

=1 A (Re<1 A), the condition is the same as that for § L IKURA

SECS withZ,=137, i.e., Eq(17), E 10 i

= 107 MIGA ,\ :

7 pL 1 h 1 " 1 : 1 1 L { Bk §

Mg>2.5x10 ) GeV. (26) 10° 10" 10" 10% 107
gric

For Fermi balls withR.s=Rr(Re>1 A), the condition is
different from that for SEC$see Eq(15)], since the relation
between the mass and the radius of Fermi balls is different 10
from that of Q balls. Using Eqgs.(14) and (24) with o

=wRZ%, we obtain the condition o

1/3
GeV. 27

pL
gr/cn?

k=4.7X 10—2<

This condition is independent of the mass of Fermi balls in
case ofRe=1 A. From Egs.(26) and (27) we see that all (b)
the experiments except TA and OA give the same bounds on

mass and flux of Fermi balls as on those of SECS With FIG. 6. () Bounds on SECS witl,=137, similar to Fig. &)
=137, since the detection efficiencies for these two kinds ofpart from the values for excluded mass region. In this case the
solitons are the same for these detectors. cross section for the collision with matter atoms are assumed to be

We next discuss the conditions for detecting Fermi ballsmR%; with Rer~1 A. We expect that the case willy,>137 is the
with TA and OA which need the fluorescence light yield same as the case wity,= 137 (see texts for details(b) Bounds on
corresponding to the air shower energyEfi,=10'° eV for  Q and Mg of SECS withZo=137. The marks and patterns to
TA [27,28 andE,,;,=10' eV for OA [42]. This condition  separate regions are the same as those in Fiy. 5
is satisfied if the energy loss of the Fermi ball is

2 If TA can observe slow particlesit will be able to search
TREPUL=Emin/ &k . (28 for Fermi balls to give the same flux limit as that of SENS,
_ _ o F<1x10 2! cm 2 sec?! sr ! [27]. Equation(29) gives
Here the parametef:, is the ratio of the efficiency of fluo- the mass bounds to observe Fermi balls] = 6.5
rescence Iig_ht yield per total energy loss for slow Fe.rmi baII;X 10%%(k/10° GeV)® GeV. If OA can observe slow par-
to that for high energy cosmic ray protons. We estimated ificjes as well, the flux bounds to be obtained are better by 2
from the measurements of the efficiency of ionization forgy,qers of magnitud& <1x 102 cm 2sec sr ! [42], for
slow ions[31,30 as &~ 1/5. By taking the average density Me=6.5% 10°%(«/10° GeV)® GeV.
of air asp=5.0x10"* g/cn?, the velocity of the Fermi balll The flux limit with k=10° GeV is shown in Fig. ).
as v=10°c, and “the length of the trajectory ak  Thjs figure shows that quite broad regions are already ex-
=20 km, one obtains the condition to observe Fermi balig|yded by available experimental data. The future experi-
from Eqgs.(24) and(28), ments, TA and OA, may have possibility to search large
regions which have not been accessible by the existing ex-
periments. Figure (b) shows the region oMg— k plane
(hatched with solid lines and with half-tone dot meshitm
be excluded when we assume that the dark matter of the
Galaxy consists mainly of Fermi balls.
We here discuss how these results constrain the Morris’s
"In the following we assume that the electric charge of Fermi ballssimp|e Fermi-ball modefl4]. The electric field becomes the
is positive. In the case where Fermi balls have negative electrigitical value€=m?/e near the surface due to the surround-
charge, it is much easier for us to detect them than those Wiﬂilng electrons in tﬁis model. The third term of EQ2) is

positive charge., since the former may trap nuclei in collision wnh{ngRg/Za in this case. When this Coulomb energy is related
matter and emit mesons or photons with total energy of order

GeV per nucleon. We note all the region excluded for positive
Fermi balls should also be excluded for negative Fermi balls.

8Here we did not assume the black body radiation from the Fermi- °The TA experiments may be available for a slow particles search
ball trajectory, since it is effective only for dense medi{9]. with a special triggef28].

3
K

10° GeV

Emin
10'® ev

Mg=6.5x 1072

) GeV. (29
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FIG. 7. () Bounds on flux and mass of Fermi balls obtained

from various experiments. This is similar to Figab(SECS with

Zo=137), though it has additional restrictions to be expected by
the future TA and OA experimentgb) Excluded region in the
Mg—k plane. The stair-shaped area hatched by solid lines is e
cluded by the available data. The region with half-tone mesh woul
be investigated by the future experiments, TA and OA. The Morris
model line[Eq. (30)] and black hole limifEq. (31)] are also shown

in this figure(takingC=1).

to the surface energy asr® R?=Cmi:R%/2a we obtairf®

2 9
MF~3(47T2)3(%> ~6.0x 102%—2(%/) GeV.
mg
(30)
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IV. CONCLUSION

Quantum field theory allows the existence of such nonto-
pological solitons a§) balls and Fermi balls, the stability of
which is supported by conservation of a globdlllcharge.
These solitons may play important roles in cosmology to
solve the problems of the dark matter, the baryogenesis, and
the y ray bursts. In the present paper, we considépduhlls
and Fermi balls, which are typical nontopological solitons.
We examined what parameter regions, masses, fluxes,
charges, and energy scales@balls and Fermi balls, are to
be excluded by analyzing various existing or future searches
for monopoles, nuclearites, and cosmic rays as well as exist-
ing results or analyses of tl@ ball searches with Gyrlyanda
and MACRO. The experiments considerd here inclgte
underground searches with Gyrlyanda, BAKSAN, Kamio-
kande, super-Kamiokande, MACRO, OYA, MICA, and
AMANDA, (2) searches on the earth’s surface with
NORIKURA, KITAMI, KEK, AKENO, UCSDII, and TA,

(3) space experiments with SKYLAB, AMS, and OA. We
summarized these experimental data and obtained bounds on
the mass and the flux @ balls and Fermi balls. Of course
the precise estimation of bounds should be more carefully
made by those who did or will do the experiments by them-
selves. We believe, however, that our rough estimation will
give useful information for research @ balls and Fermi
balls.

We first investigated) balls with electric charg&q=0

X(_SENS, which can be detected through a proton-decay-like

rocess proposed in R¢fl0]. We found that a considerably
arge region, e.g.Q=10? has already been excluded @
—Mg plane forM <100 GeV only by existing experiments
[see Fig. )], and that a wider regio®=10 could be
searched by the future experiments TA and OA. We also
found that the regioiQ=B=<10? has been excluded fd
balls for any value oM.

We next investigate® balls withZ5=1, 2, 3, 10, and
137 (SECS, which interact with matter mainly by electro-
magnetic force just as nuclearites though the relations be-
tween the radius and the mass are quite different. We saw
that largerZ, gives more stringent bounds on flux and mass

To prevent the Fermi ball from forming a black hole, its ©f SECS. We found that for the value ®1s~10° GeV,

radius should be larger than the Schwarzschild radiys
=Mg /M3, whereMp, is the Planck mass. From this condi-

tion, we obtain the following constraint &f using Eq.(30):
k<3.3x10°C® GeV. (31

We draw lines which represent Eq80) and(31) in Fig.

experimental data give more stringent bounds on SECS glo-
bal U(1) charge than the stability condition & balls and
that Q balls with Q=10?% 2 still remain to be examined
(see Figs. 2-6

We finally investigated Fermi balls with electric charge
Zg>137, which are expected to be rather stable against per-
turbative deformation and fragmentation. We obtained
bounds on mass of Fermi ball$)r<10° GeV and M

7(b). We find that TA and OA are powerful experiments t0 ~ 129 GeV for k=0.1 GeV inMg— « plane. If we further

search the new region of about 10GeV=Mg
=< 10?° GeV in the Morris modeltakingC=1).

assume Morris Moddl4], we obtained more stringent con-

straints. We noted the importance of the future TA and the

OA experiments also for the Fermi balls as seen in Fig) 7
We lastly note that the relatively light charged solitons

19Since the surface energy must be the same order as the totéith M=<10® GeV, which we have not discussed much,

energy,C must not be much smaller than unity. Investigation into have astrophysical difficulties, namely, the Galaxy-halo in-
what range ofC is allowed to stabilize the Fermi ball is underway fall, too much heating of disk molecules, and too small den-
[43]. sity fluctuations in the early universe, if we consider that the
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dark matter consists mainly of such solitons with large crossnentioned by making more realistic scenarios, in whigh
section with matter and radiation. We are thus interested itvalls and/or Fermi balls play an essential role.

the window for the heavier charged solitdmait,45.

From these experimental bounds, we comprehensively

obtained the stringent bounds on the propertieQdballs

and the Fermi balls and then noted the possible importance
of the future experiments TA and OA. These bounds will
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