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Stable neutral Fermi ball
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A Fermi ball is a kind of nontopological soliton with fermions trapped in its domain wall, and has been
suggested to arise from the spontaneous symmetry breaking of the approXinsyenmetry in the early
universe. We find that the neutral thin-wall Fermi ball is stable in the limited region of the scalar self-coupling
constantx and the Yukawa coupling consta@t We find that the Fermi ball is stabilized due to the curvature
effect of the domain wall caused by the fermion sector. We also discuss whether such a stable Fermi ball may
contribute to cold dark matter.
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[. INTRODUCTION the perturbation approximation expanding the scalar figld
the fermion fieldy, and the static energy of the Fermi ball
In quantum field theory and especially in the cosmologi-in the power ofé,/R. (Notice that we here use the pertur-
cal context, various models have been discussed where tipation with respect ta,/R and not to the coupling con-
spontaneous breaking of a discrete symmetry produces détants) We examine the stability of the Fermi ball against the
main walls[1,2]. If the symmetry is approximate and broken fragmentation at each level of the perturbation.
spontaneously in the history of the expanding universe, the The contents of the present paper are organized as fol-
false vacuum regions shrink due to the energy density differlows: We first explain the neutral Fermi ball model to clarify
ence[3] and this process is accelerated by the surface terterminologies and the method of energy estimation in Sec. Il.
sion. The shrinking will stop before collapsing if there exist We next examine the stability of the Fermi ball within the
zero mode solutions for the fermions bound in such domaineading(zeroth order of 5, /R perturbation but with finites
walls [4,5] and the Fermi pressure of such fermions become# Sec. lll, and regain the result obtained in the previous
comparable to the shrinking force due to the surface tensioworks in the limits;— 0 [6]. The effect of the finites; in the
and the volume energy. These objects, a kind of nontopologihigher order corrections af, /R perturbation is investigated
cal soliton, are called Fermi ball§] and are introduced as a in Sec. V. We discuss constraints on the Fermi ball param-
candidate for cold dark matté6,7]. They were also sug- eters including the volume energy from the experimental
gested in the baryon-separation scenario with the QCD endewpoint in Sec. V. We summarize the obtained results in
ergy scale[8]. However, the stability of the Fermi balls Sec. VI.
which should be essential to be a candidate for cold dark
matter has not been fully examined. Il. METHOD FOR ESTIMATING FERMI BALL ENERGY
We consider in the present paper the stability of the thin- . . . .
wall Fermi balls againgt the fra%n?entation. If th)(/a Fermi ball . We consider the simple model with the Lagrangian den-
is electrically neutral and the thickness of the w4jl is Sity,
negligibly small, as was first propos¢é], its energy is not
changed by the fragmentation in the absence of the volume
energy[9]. In this case, we express the stability as “mar-
ginal,” since we cannot tell within this approximation
whether or not the Fermi ball is stable against the fragmenwhere the scalar potentid) (¢) is approximately double-
tation. Since the stability of the Fermi ball is marginal, thewell shaped,
correction due to the finite thickness determines the stability
even though this correction is much smaller than the leading Y
order energy. In the previous papdrl], we estimated the U(g)= §(¢2—02)2+ A(o). 2
corrections caused by the finigg effect in the case when the
thickness of the fermion distributioy is negligibly small in  Here, the first term has th®, symmetry undeg« — ¢, and
comparison withs, . We found that the neutral Fermi ball is the second term violates the symmetry though it is assumed
unstable in this casej,> &;. In the present paper, we con- to be much smaller than the first on&=|A(v)—A(—v)]
sider the case wheré; cannot be neglected. In order to <\v*. SupposingA(—v)>A(v), we call the region with
estimate the corrections caused by the fiditeffect, we use  ¢=v and that with¢=—v as the true vacuum and the false
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vacuum, respectively. In the following, we neglect the sec- He= e, (10)
ond term except for the explicit discussion in Sec. VI. The

Fermi ball is the ground state of the system with the totawith

number of fermions being fixed:

K
Hf:(Tlpr+O'2?+0'3G¢). (11)
N;= J dxv T, (3)
The radial coordinate is hereafter replaced by=r—R.
- - H H I\r — T J
The classical fieldss(x,t) and ¥ (x,t) for the Fermi ball Ve next consider Eq(6). Noting W=y Wiy Wiy
extremize =(L4mr?) 2k (2|K|) ' o3, we have
d?¢ 2 do¢
L[¢,\If;ef]=f d3xc+ef“d3xx1ﬁ\lf—Nf), (4) _dW2+_R+Wd_W

with e; the Lagrange multiplier. The static fields thus satisfy E 2K oo

=§¢(¢2—v2)+—
2 4m(R+w)? K

(ap+GeB)V =€V, (5) (12
The energy of the Fermi ball is expressed in termsgadnd
. A ¢ as follows:
~V2p+GUTBY+ §¢(¢2—v2)=0, (6)
E=E;+Ey, (13

wherea= %y, B=+°, andp=—iV.
Assuming the spherical symmetry ¢(>Z), we take it as a
function of the radial coordinate We first consider Eq(5).

whereE; is the Fermi energy,

Let W(x) be the eigenfunction ai?, J, andP: Ef:f PxV(ap+GeRT = JMszpTHf(p,
KM J —o
(14
2y M _ M M_ M
JW=II+ WS, Wy =MY 5, andE, is the surface energyl 2],
PUY =p¥(—x)=PPY. 7 1. A
PP " Eb=fdsx{§<V¢>2+§<¢2—v2>2]
Then, WY is written as
e[ a1 2] (252" 2 e
. —AmR ) w2 gw) T
) 1<f(f)yu(9,€0)) @ 15
X)=— :
T g (0.e)

Note that we estimate the energy by integrating the above

where yl'\gl(g,(p) and y:\{lJ(WP) are the spherical spinors integrands not from-R but from —<, since most of the
having the eigenvaluesd=l—w/2=1"+w/2 and M, contribution comes from the region near the surface and the

with w=+1. We take Y =(5>Z/r)y’\" and note ©rmor due to this approximation is exponentially small
173 1J (oce consth)

P=(—1)'=(—1)’"“2 Substituting Eq(8) into Eq.(5), we '

get Ill. LEADING ORDER OF é,/R PERTURBATION

Let us expand the fields,

G¢f+(p,—i$)g=eff
P=ot Pyt -,

(9) {r/f: ¢/O+ djl—’_ T (16)

and the Hamiltonian,

K
pr""'? f_G¢g:Efg,

wherep,=—i(d/dr) andK=w(J+1/2). The equatior{9)
is compactly written in terms of(r)=(fg)": Hi=Ho+Hy+Hy+ -, (17)
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K From Egs.(25) and(26), we get
Ho:Ulpr+02§+U3G¢oa (18
2N:f3/2 1 1/2 2Nf3/2 N%UZ
(0)= +—] = + >1.
« T ( 4Nf) 3R "1 or N>l
H1:_02@W+036¢1, (19 (27
The first term is the leading contribution to the fermi energy,
which is the same as that obtained within the exact thin-wall
K approximation[6]. The second term in Eq27) is the cor-
Hz=0> EW : (200 rection caused by the effect of quantumizing the angular mo-

mentum, which we callE; for the later discussion.
We next consider Eq22). Since the leading solution for

in the power ofd, /R [we need the expressio —(15) in
P o/R[ P (315 the fermion satisfieg/o31/0=0, Eq.(22) becomes

the power ofé, /R up to the leading and the next-to-leading
order. We should keep in mind that we here use the pertur-

bation with respect ta5,/R and not to the coupling con- Pby N
stants. We also exparl=3E;, E;=3;E{), E,=3,E(), °=—¢0(¢0 v2). (28)
ande;=Z2;¢ . We obtain Eqs(10) and(12) for the fields in dw?

the leading order, . . o
g We know that the solution to the above equation satisfying

do(E£o)— *v is a kink,

Hoto= €otho, (21

w
d2¢0 A </>o(W)=vtanh5—b, (29)
v ¢o(¢o (22

with 8,=2/(\/Av). Using Eq.(29), we obtain the leading

We first solve Eq.(21). Taking into account thaip, order surface energy,

(*x»)—*v, we obtain the normalizable solution
te (1{d¢pg|? A
Eé0)=4WR2f dw[§<d;$\;)) +§(¢%_Uz)2]:47TR221
1 —o0
Yo(w) = \/_]T/G_UO(W)XJr . (23 (30

with = =2\v33. This also coincides with the result ob-
with Ug(w)=G[{dw’ ¢o(w’) and the normalization factor tained in Ref[6] within the thin-wall approximation.
N=["Zdwe 2Yo" Here,y. are eigenspinors af, satis- Combining Eq.(30) with the first term in Eq(27), we get
fying o,x-=*+x-. and yLx.=1. We obtain the energy the leading order Fermi ball energy,
eigenvalue
NP2

Eo= +47R%S. (31

K 3R
€= R (24

(Note that we neglect the false vacuum volume energy, as-
and take onlye, positive, i.e.,w=1. Using Eq.(23), we  suming that it is negligibly small. We discuss its magnitude

obtain the leading order Fermi energy, in the cosmological context in Sec. YMinimizing Eq. (31)
with respect taR, we get

K
+ oo K 1 max
EO=> J dw¢gH0¢o=E—=— 2 K(2K) IN¢ IN¢
& . &R R&E R= = , (32
(12,”,2)1/3 (87T)1/3)\1/61)
Kma><(Kmax+1)(2Kmax+1) ) )
= 3R . (25 which yields
Here, K, ax IS determined by the total fermion number, Eo=(87) Y\ YoN 0. (33

Kimax Here, let us examine the stability of the Fermi ball against

+ oo . . N .
AW g = K=K K +1)=N;,. the fragmentation using the leading order Fermi ball energy.
% J—m Yoo IZl max Kmaxt 1) =Ny We compare two states: the one in which a single Fermi ball

(26) has the fermion numbeX; and the other in whicim Fermi
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FIG. 2. The next-to-leading order solutigty, for the domain

wall field ¢. In the figure, ¢; and w are rescaled as/\¢;
=\R¢; and w/8,, respectively. Here) is the scalar self-
coupling constant an®& and &, are the Fermi ball radius and the
wall thickness, respectively. The origin of tiwe axis denotes the
center of the domain wall. The figure shows tiggtis not smooth
at the origin in the limit ofA —0, which coincides with the case
where the spreading width of the fermionic source term in(B6)

is neglectedsee Ref[11)).

2 4 6

-150

sl
[
d?p, A
a4l _ 3 2_v2
° 2de
- T —— _ 0 T 1
2-5 4 3 2 1 2 3 4 5() “ T Rdw + A7R2 % (Yoosihr+ hrosi).

0 1
w/ dp
FIG. 1. Theo,=+1 (a) and o,=—1 (b) component of the
next-to-leading order solution for the fermion field with the Yukawa

coupling constanG=1. In the figuresc. andw are rescaled as
JN;c. andw/ 8, , respectively, wherd\; is the total fermion num- J+
€1~

(39

We here note

ber of the Fermi ball and, is the domain wall thickness. The
origin of thew axis denotes the center of the domain wll.shows

thatc, is getting more centrally localized around the origin as the | order to solve Eq(34), we first write s, in the follow-
scalar self-coupling constant decreasegb) shows that the width

© 1 + o0
dwyiH 1¢0=NJ_M dwwe Yo" =0, (36)

— o0

o > X ing form:
of c_ around the origin decreases with the decreasing
balls have the fermion numbers less thHdp but keep the 1
total fermion number to bé\;. Since the energy of the P (W)= —{ &, (W) @ (w) + &(w) P (W)}, (37)
Fermi ball in the leading order approximation is proportional N

to the total fermion number, the two states have the sam
energy. The leading order estimation cannot tell whether th
Fermi balls with largeN; produced in the early universe
survive until now or nof13]. In order to examine the stabil-
ity of the Fermi ball, we calculate the higher order correc- Y@ (w)=e YoMy, (38
tions inE in the next section.

fihere @ (w) and ¢®(w) are the linearly independent so-
futions to Eq.(21) with the same eigenvalug,

K 1
IV. HIGHER ORDER CORRECTION JP (W)= —e YoWMW(w)y, + zeVoy (39
OF ,/R PERTURBATION R 2

The next-to-leading order components of the fields satisfywvith W(W)=f‘c’)vdw’e2U0(W'). Equations(34) and (37) give

dé, K dé,

1= —(H1—€1) ho=—Hqybo, (34

K
Ho~ &
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dé, 2K U
—2Ug(W) —
aw —+ — =2 —we 0. (41)

d2

F__(S% v?)

d oo G
9= =20 G o
The solutions to the above equations are

=h(w), (47)

2K2 [w Ut whered,=Re,. The solution to the above equation is given
§1(w)= EL dw'w'W(w')e 2o —Uy(w), (42 by

Ex(W)= 2_Kf+xdWrW/eZUO(W’), (43) ’é)l(W): j dw’ COSI‘i1 S
R? Jw costt— °
b
with Uy (W) =G[§ dw’ ¢1(W"). We thus obtain the solution , . hw")
for lﬂl, X[fw_f }dW”(—,,
0 0 w
costt —
1 %
lpl(w): _(C+(W)X++C7(W)X7)1 (44) ' "
1 (w ,
W = dw’cosh*ﬁ— " d ( Vj//
where cosf— "° b0 ostt —
b b
(48)
c.(w)=e UO( j dw’e?Yo J dw'w"e 2V where we use
W’
_ o h(w
Ul(w))’ 49 L f dw —h(w) 0. (49
°  cos r%—
%
K U A —-2U
c_(w)=¥e Ofw dw'w’e e, (40 Note thath,(w) satisfiesd;(0)=0 and d,(+*)—0 (see
Fig. 2.
The w dependence of the component is shown in Fig. 1. We note that the first order energy correctid®id’ and

We next solve Eq(35) Replacmg the fermionic source E(l) vanish since the integrands for them are odd functions
term of Eq.(35) by ¢Oa3zp1— ¢103¢0—§2/(2/\f) we get of w. In the next-to-leading order, the Fermi energy is

+ oo + oo
Egz)zg\;l JlOO dWlﬂgHzlﬂo“‘%;l Jiw dwydH 14

N2 (e GN32 (42 AN5/2

w
=~ dww?e Yo+ ! dwwe*ZUOJ dw’ dy(w')—
3R3NJ = 3R3N J = o AW

+ oo

5RONJ —=

w
dwwe*ZUOJ dw’e?Yo
0

+ 00
xf dw'w’e 2% for Ni>1

W/

16m\ Y23 » oy, 32m\Gy° 20,
T dww e “-o+ —J dwwe™ f dw’ di(w')
1287T5/3)\5/6 5
—f dwwe 2 j dw’ezuoj dw"w"e 2V, (50)

and the surface energy is
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2w | d ¢ d @y

)\ + o0 )\
+ §(¢(2)_U2)2 +47TR2J:OO dWF[W W+ §¢0¢1(¢(2)_U2)

e (1({d¢\2 N
+47TR2LC o|w{E % +Z¢§(3¢g—02)
e dpo\? _~ dgg 1. h(w)
_ 2 _ _
_47Tfmdw[w(dw> 2¢, dw 2¢>1 R
+o0 déo\?2 ~ doy G ‘o
2 _ _
_4”1703 dW[W ( dw) G | R 2 LC AWt
+oo w? to  hi(w)  16mAY2GyS [+ woo
=m\v? dw———2m\Y%? dw (W) i 0 dwwe 2% | dw' ¢ (w'), (52
w —w w 3N —w 0
cosf — cosif —
b b

whereR is replaced by Eq.32). Taking into account Eq32)  be stable. Since we use the perturbation with respeé t&
andAE;, the second term in the right-hand side of Ezj), and not to the coupling constants, we see our conclusion is
we obtain the Fermi ball energy in the next-to-leading orderyalid for §,<R.

E,= E$2)+ E(b2)+AEf=C(7\,G)v. (52) V. COSMOLOGICAL OR OBSERVATIONAL
CONSTRAINTS ON THE REGION OF PARAMETERS

We see tha€(\,G) does not depend dN; : this is crucial to We very roughly examine here cosmological or observa-

the discussion on the stability of the Fermi ball below. Let ustlonal constraints on the parameter region for the neutral

consider a single-Fermi ball state andrafrermi balls state
both with the total fermion humber taken to Ne. The two
states have the same leading-order energigswhile they
have different higher-order correctio&s: the former has a
correctionCv and the lattenCv. Therefore, whett is posi-  with the Fermi ball masM; and the radiu® being given by
tive, the former state has the lower energy and the Fermi baltq (33) and Eq.(32), respectively.
is stable against the fragmentation. We evaluaienumeri-
cally and find thaC(\,G) is positive in a limited parameter 10
region ofA andG (see Fig. 3 We see in Fig. 3 that a rather j
large value ofG is allowed for the Fermi ball to be stable. ;
This situation, however, is much changed if the fermions 9 Stable region
have more degrees of freedom, e.g., belonging to a large h
multiplet of the internal symmetry and if the scalar field
belongs to a singletsee[24]). Consider the fermion multip- (5
let ¥;(1<i=<n) coupling to¢ through the common Yukawa E,<0
coupling constanG, and assume for simplicity the fermion .
numberN;=N in common for each flavor. In such a case, Unstable region
we see that the energy correctiBg is independent o but
depends om, and that a smaller value & can stabilize the
Fermi ball (see Fig. 4. Here, we emphasize that there is a 1 . . .
certain region of the parameters where stable Fermi balls arr  0.001 0.01 0.1 1 10
allowed to exist. 7\‘

In this section, we consider the higher order correction of
5b/R-perturt_)ationE2 in Eq. (52). It dete_rmines the stability FIG. 3. The region of the scalar self-coupling constamind the
of the.Ferm' ball even thou952§.E03 since _the ?nergEO Yukawa coupling constar where the neutral Fermi ball is stable
(<N) in Eq. (33) shows the stability is marginal in the lead- (shadowed regionor unstable(blank region against the fragmen-
ing order. In contrast to the case in R¢L1] where &t tation. The energg, in the figure denotes the deviation from the
<9y, we find there is a parameter region®5>0 due to  |eading order energy of the Fermi ball obtained within the thin-wall
the finite-6; correction. Sincee, in Eq. (52) is independent analysis. We see that a rather large valueGois allowed for the
of N, the condition ofE,>0 is required for the Fermi ball to Fermi ball to be stablésee also Fig. 4 and its captijon

Fermi ball. We define the parameter=273\'¢% which
satisfies

M= «3R2, (53

123518-6
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10

FIG. 4. The allowed regionshadowed of the scalar self-
coupling constanh and the Yukawa coupling consta@t for the
Fermi ball with multifermions?;(1<i=<n) to be stable against the
fragmentation(see text The allowed region is illustrated fon
=1, 3, and 10. The figure shows that the region extends ias
creases.

We first consider the energy density differentewhich
we have neglected so far. We know thatshould be larger
than the critical value\ ;= «%/(144w*M})) in order to avoid

PHYSICAL REVIEW D 67, 123518 (2003

passing through matter. The energy loss (ateergy loss per
path length is given by[15,16

dE

ax (56)

= —0'u2p,

where o is the collision cross section with a nucleus in the
medium, u is the velocity of the Fermi ball, angd is the
density of the target matter. For simplicity, in the following
we assume that the cross section is geometrically given by

(57)

From Eq.(56), the velocityu decreases exponentially with
the path lengthgcexp(— opx/My). Estimating the final ve-
locity asug~1.2x10* cm s 1 [16], we obtain the condition
for the Fermi ball to reach the detector,

o=mR2

M>0.13rpL, (58)

wherelL is the path length. Substituting Eq&3) and (57)
into Eqg. (58) yields
13

L
P GeV.

gcm-

(59

Kk>4.6X 102( 5

the domination of the black holes made up by domain walls e next consider the efficiency of the detectors to observe

in the total energy density of the early univefdd]. Such a
finite A gives a volume energf,=47AR%/3 to the false

the neutral Fermi ball. Let us examine the track detectors
with mica[17] and the scintillators in the MACR(QL8] and

vacuum, having an effect of destabilizing the Fermi ball. Asihe KEK [19] experiments. These experiments are sensitive

far as the volume energy is small enough, i.E&,
=47AM?¥?(3k¥?) <E,, the Fermi ball is absolutely stable.
This gives a constraint,

E2 2/3
— GeV,

K

GeV 1/3
( (54)

M;<2.9X 1026( T)

due to the condition forA to exist under the above con-

to the neutral Fermi ball, if the energy loss per path length is
large  enough, q(dE/pdx)>(dE/pdX)min,  Where
(dE/pdX)min is the detection threshold for relativistic
charged particles and is the efficiency correction factor.
This  condition with Eqg. (56) gives o¢>1.7

X 10" ¥ g Y(dE/pdx) min/GeV/g cm 2] cn?, that is

3 3[ g1 _

straints. Mf=£>1.4>< 10 K ) q E/pdf)zmm GeV.
We next consider the observational aspect of the neutral ™ GeV GeV/gcm

Fermi ball. If they are produced in the early universe and (60)

have survived until present, they can contribute to the dark o ) _
matter in the Galaxy. Let us assume here that the neutrdior the scintillator experiments in MACRO and KEK we

stable Fermi ball has a sizable contribution to dark mattertakeq=1 for simplicity [20]. In case of the MACRO experi-
We then have their flug, ments, the conditions Eq59) and Eq.(60) with pL=3.7

X 10° g cm ? and q YdE/p dX) min~ 3l min
PomUo GeV L ~6 MeV/gcmi 2 [18] give «>3.3 GeV and M;>7.8
F=~ 47M, ~ 71X 105( Mf) cm?sTsrt, (55 »10P(x/GeV)® GeV. The flux upper limit of F<2.5

X101 cm 25 1sr ! with Eq. (55 gives the mass lower
whereppy ~0.3 GeV cm 3 is the energy density of the dark limit M;>2.8x 10°* GeV. In case of the KEK experiments,
matter in the Galaxy andi,~3x10’ cms ! is the Virial  the conditions pL=10° gcm ? and q *(dE/p dX)mi,
velocity of the Fermi ball. We seek for the allowed region of ~0.01l ,i,~20 KeV/g cni 2 [18] give «>0.46 GeV and
the Fermi ball parameters through the use of currently availM;>2.6xX 10*(x/GeV)® GeV. The flux bound F<3.2
able observational data. We use in the following the results< 10 cm 2 s7% sr ! givesM;>2.2x 10'® GeV.
of the experiments which searched for monopoles or heavy For the truck detector with micgl7] we also takeg=1
dark matter. for simplicity. In this case we takelL=7.5x10° g cm ?
In order to examine whether the Fermi ball can be dewhich is due to the fact that the mica was located at 3 km
tected in terrestrial experiments, we first consider the condideep  under the earth, and q Y(dE/p dX)min
tion that the neutral Fermi ball should reach the detector~2.4 GeV/gcm? [17]. They give k>4.2 GeV andM;

123518-7
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Unstable region

>3.1X 10°(x/GeV)® GeV. The flux upper limitF<2.3
X 10720 cm~?s tsr ! givesM{>3.1x 10?° GeV.

Recently very low background experiments are being
done for the dark matter searfp1—-23. Here, we analyze
the results of CDMS experiments, which uses a cryogenic
Ge detector[21]. The condition Eq.(59) with pL=2.6
X 10° g cm ? givesk>1.2 GeV. The dark matter search ex- i
periments allow such a small cross section of the cold dark_%=1x10™ [
matter particle scattering with the target nucleus that the av-
erage number of collisions in the target is less than a unity

1x10%°

11x10® |

1x102 |

(opd/mge~opd/Aggm,<1, namely, 0<2.2x10 % cn?
with p=5.3 g/cn?, d=1 cm, andAgs~73). The experi-
mental results are roughly expressed Bso«o/M;<3
X Agex 10”42 cn?/GeV for M;>100 GeV, and this gives
k>3.9x 10" GeV.

We illustrate the allowed region &fl; and « in Fig. 5. In
this figure the condition for the stability Eq54) is also

shown. One can see that there still remains the paramet

region to be explored, especially the region«st 10° GeV
for M;=10® GeV and x<10° GeV for 1G° GeV=M;
=107 GeV.

VI. CONCLUSION AND DISCUSSION

1x10" |

100000
100 1000 10000

K [GeV]

FIG. 5. The allowed regiontlank of the Fermi ball mas# ¢
and the quantityc defined byx= 273\

100000 1e+06 1e+07

v where\ is the scalar
Self-coupling constant and is the symmetry breaking scale. The
upper shadowed region is excluded by the stability condition. The
other shadowed regions are excluded by the experiments MACRO
[18], KEK [19], MICA [17], and CDMS[21]. We takeq=1 for
simplicity (see text

er

We have considered neutral Fermi balls in the thin-wallcoupling constank and the Yukawa coupling consta@t as

model where the domain wall thicknesg is much smaller
than the Fermi ball radiuB. In the case where the spreading
thicknessé; of the fermion confined in the domain wall is
negligibly small compared t@,,, the Fermi ball is unstable
against the fragmentation even if the finifg is taken into

is shown in Fig. 3.

We have lastly given rough estimations for the allowed
region of the parameterd/; and , for the neutral Fermi
ball to have a sizable contribution to the cold dark matter in

the case where the cross section of the Fermi ball scattering

account[11]. In the present paper, we have examinedwith matter is of geometrical size. We have found that the

whether the Fermi ball is stable or not if the effect of the
finite &; is included.

allowed region is severely restricted by cosmological or ob-
servational constraints, but that there still remains the region

In order to estimate the energy of the Fermi ball, we haveopen to future exploration.

expanded the fields and the Hamiltonian in the power of

In the present paper, we have dealt with the Fermi ball in

dp/R. At each level of the perturbation we have examineda semiclassical manner. The quantum corrections, such as the
the stability against the fragmentation. We have found thatadiative correction coming from the scattering of the fermi-
the energy correction in the next-to-leading order can stabiens in the domain wall, may affect the stability of the Fermi

lize the Fermi ball in the limited region of the scalar self-

ball. They will be discussed elsewhere.
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