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The gauge-mediated SUSY-breakif@VSB) model needs entropy production at a relatively low tempera-
ture in the thermal history of the Universe for the unwanted relics to be diluted. This requires a mechanism for
the baryogenesis after the entropy production, and the Affleck and @iBe@ mechanism is a promising
candidate for it. The AD baryogenesis in the GMSB model predicts the existence of the bapyoail that
is, theB ball, and this may work as the dark matter in the Universe. In this article, we discuss the stability of
the B ball in the presence of baryon-number-violating interactions. We find that the evaporation rate increases
monotonically with theB-ball charge because the large field value insideBtall enhances the effect of the
baryon-number-violating operators. While there are some difficulties in evaluating the evaporation rate of the
B ball, we derive the evaporation tinfifetime) of the B ball for the mass-to-charge rati®;=100 MeV. The
lifetime of the B ball and the distortion of the cosmic ray positron flux and the cosmic background radiation
from theB ball evaporation give constraints on the baryon number oBthall and the interaction, if thB ball
is the dark matter. We also discuss some unresolved properties Bftibg.
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[. INTRODUCTION are lifted up by at most a logarithmic potential for the large
field value due to the SUSY breakii§]. This leads to the
The gauge-mediated supersymmei®dSY)-breaking existence of the stabl® ball. The mass of the Q ball origi-
(GMSB) model[1] is one of the complete models to solve nated from the flat direction is proportional 10Q%*, not to
the flavor changing neutral curre(ECNC) problem in the mQ, because of the logarithmic potential. Hera, is the
SUSY extension of the standard mod&M). In a typical mass scale of a logarithmic potentiah&10°~1F GeV).
GMSB model[2], the dynamical SUSY-breaking scale is of Therefore, the baryoni€ ball, the B ball, may be stable
the order of 10 GeV, so that the SUSY-breaking masses ofagainst the decay into nucleons if the baryon number is suf-
the order of the weak scalen) are generated in the SUSY ficiently large Q=10'%), since the mass-to-charge ratig
SM. This predicts a gravitino with a mass;,=100 keV, can become less than 1 GeV.
which is beyond the closure limit of the Universe, The AD baryogenesis, which is the natural candidate for
<2h? keV[3]. Itis very unlikely that such a small gravitino baryogenesis in the GMSB model, as mentioned above, can
mass can be generated in the GMSB model, while there is agenerate such largB balls. In the final stage of the AD
exceptional extension for j@]. Also, the string moduli may baryogenesis, the coherent state of the AD scalar field, which
supply another problem in cosmology, since it is expected t@onsists of the flat directiog, becomes unstable and insta-
have a mass of the order ofy,. bilities develop. The& ball is formed as a result of the fluc-
This implies that there must be a substantial entropy protuation glowing. This behavior of the AD field has been jus-
duction in such a way that they can be diluted in the thermatified by numerical simulationf10], and the larges® ball
history of the Universe, we therefore have to consider a poseharge is proportional to the initial field value of the AD
sible mechanism of baryogenesis at a relatively low temperédfield. Then, theB ball dark matter is an important prediction
ture. A promising candidate for it is the Affleck and Dine in the GMSB model, assuming the AD baryogenesis.
(AD) mechanisn{5,6]. One of the important predictions of The B ball DM search has already given a constraint on
the AD baryogenesis in the GMSB model is the existence othis scenario. Since thB ball with larger baryon number
a stable Q bal[7]. It can be a candidate for the dark matter becomes stabler, thB ball absorbs nucleons and emits an
(DM) in the Universe. energy of about 1 GeV per a nucleon when Bieall col-
The Q ball, a nontopological soliton, is a coherent state oflides with nucleons. This process is known as the Kosenko-
a complex scalar field8]. The existence and the stability Kuzmin-Shoposhnilov-TinyakoyKKST) process, and it is
come from a global (1) quantum number. In the SUSY SM similar to the monopole-catalyzed proton de¢ag]. From
the Q ball is composed of squarks and/or sleptons withthe BAKSAN, Gyrlyanda, and Kamiokande experimental re-
baryon B) or lepton L) numberq9]. In the GMSB model, sults, the constraint on th& ball charge is derived assuming
the flat directionsp composed of the squarks and/or sleptonsthat theB ball is the DM, and it should be larger than?t0
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for m<1 TeV [12]. This KKST process is suppressed by Universe, assuming that ttieball is the DM.

the Coulomb repulsion if thd ball has positive electric We organize this article as follows. In the next section, we
charge. TheB ball has an electron cloud around it and be-introduce theQ ball following Coleman’s argument, and re-
haves as a heavy atom. The interaction with matter is similayi€W the profile and the quantum numbers of Biall origi-

to the case of nuclearites and tBeball charge should be nated from the flat directions of the squarks and/or sleptons

larger than 187 3°, depending on the electric charf2]. in the GMSB model. Also, we show the profile of ti@eball

These bounds are loosened if the supergravity Contribuc_:onfiguration after including the supergravity contribution to

tion to the flat direction potential is includ¢d3]. For a large g:/z Sg?;ggﬁ%te?ﬁglb;? gr?-cr;ul:rlwybtgfv];gllgltirsmta:)e :rfa?(;?sailé dis-
B ball charge, the field value inside tBeball becomes large P y y gop

and the supergravity contribution to the flat direction oten—Cussed there for botlao=100 MeV andw,=100 MeV. In
i pergravity ) P Sec. IV, the evaporation rate of thgball is presented for
tial is not negligible. In this case, for a larg& ball, its

. ) wo=100 MeV and it is compared with the age of the Uni-
radius Ry does not increase and becomes a constant,qrse In Sec. V. we evaluate the fluxes of e and y
. . 2 . - . 1
~10/mg,. The geometrical cross sectiomRg is smaller  gmjtted from the evaporation of th@ ball, and give con-

than when the supergravity contribution is not included.  straints on the evaporation rate from the observations. Sec-
In this article we derive another constraint on Bdall tion VI is devoted to conclusions and discussion.

DM scenario. The baryon number may not be an exact sym-
metry in nature, and high—energy phySiCS may violate tth PROPERTIES OF THE B BALL IN THE GMSB MODEL
baryon-number conservation, such as in the grand unified
theories(GUTS9). In fact, the AD baryogenesis needs tig ( In this section we review th€ ball in order to fix our
—L)-violating operators, which kickb to start the rotation convention, and summarize the properties and the profiles of
and to generate the baryon number. While the interactiothe B ball in the GMSB model. As Coleman pointed ¢8{,
with only lepton-number violation can work for the AD Some scalar potential with aggl) symmetry predicts th@
baryogenesis, the baryon-number-violating operators arall to be a non-topological soliton. The Lagrangian of the
needed to generate for tiieball to be generated in the AD scalar field with thedJo(1) chargeq is
mechanism. In this article, assuming the existence of the )
baryon-number-violating higher-dimensional operators, we L=[d,¢|"=V(¢). @
evaluate the lifetiméthe evaporation rajeof the B ball. The
higher-dimensional operators, including, enhance the
evaporation rate by the large field value inside Béall.
Especially, for a largeB ball, the field value becomes larger
and the evaporation rate is significantly enhanced. As a re- inf d3xq(e* (i) — (9,0*) P), (2
sult, theB ball does not necessarily keep the baryon number
beyond the age of the Universe.

The final state in the evaporation of tieball by the Ezf d*x(|6y |+ p|*+ V(). )
baryon-number-violating operators depends on the quantum
numbers of theB ball, the symmetries of the operators, and
wq. If the operator violatesg+L), but not B—L), and the
B ball does not have lepton numbers at all, the final states a
(e",77), (v,7%, and so on forwy=100 MeV. If wq
<100 MeV, the final state consists of only lepton and anti- E,=E+ w[Q—if d*xq(¢*(0,) — (3™ ) P) . (4)
leptons. Photons may be included there. Without the knowl-

edge about the surface dynamics on Bieall, one cannot Here, w is the Lagrange multiplier. The time dependence on

estimate the evaporation rate in the casg<100 MeV. 4 of the Q ball configuration is determined as
Since the pion emission from thgball is not allowed kine-

matically, quarks emitted by the baryon-number-violating B(x)=d(x)e 1aet, (5)
operators are bounded to the surface or inside ofBtiall
for a while, and they decay or annihilate to the lighter par-andE_ is reduced to be
ticles. In this article, we restrict ourselves to evaluating the
evaporation rate in the cagg=100 MeV; we discuss what 3 ~ 2 ~
may happen fow,<100 MeV. EwZJ d*x((0i )"+ V($)) + Q, (6)

If e* is in the final state, the energy is of the orderwgf
and almost monochromatic. This may change the cosmic rayhereV, (%) = V(%) — g2w?$2. Then, the procedure to de-
positron flux. The existing positron flux measurements are. ' L . L~
above about 100 MeV, which works for our case @f ][:;/retgr;eeQub;liloﬁogff%%rt?gr?n is by deriving & solution af
=100 MeV. Also, whenr? is in the final state, it may dis- q
tort the cosmic background radiation. We find that both ob- 5 10V.(%)
servations give more stringent constraints on the evaporation PRh+ =0, p— = —=—-=0,
rate of theB ball than a comparison with the age of the r 2 9¢

This system has two conserved quantities, the ch@rgad
the energyE,

In this system, the non-trivial lowest-energy state w@h
IIéxed, that is theQ ball, is derived by minimizing

7

023511-2



FATE OF THEB BALL PHYSICAL REVIEW D 64 023511

TABLE I. The renormalizable= and D flat directions in the tential due to the radiative correction from the messenger
SUSY SM with the baryon numberQ andL stand for the doublet  sector{6]. This implies that a largeB ball with a larger field
quarks and leptons, and d, ande for singlet quarks and leptons. value is energetically favored for the unit charge, which
leads to a stabl8 ball. In this article the scalar potential of

o" B L the flat directiong in the GMSB model is simplified as
) -1 0 (mM)2 12}
uude -1 -1 M
QQQQu 1 0 Here, m is the SUSY breaking scale in the SUSY Jivh
dddLL -1 2 ~0(10?"3%) GeV], andM is for the messenger quark mass
uuuee -1 -2 in the GMSB model. In a typical model, the messenger quark
Uudddd _9 0 mass is of the order of 20GeV. While this double-log po-

— tential realizes the behavior of the exact potential #r

1 2

QQQQA.L 1 ) >M, derived in Ref.[6], it has a wrong behavior fot
QQQLLLe <M. However, theQ ball properties are determined by the
uuuddde -2 -1 behavior of the potential fosp>M, and this potential thus

works for our purposesThe profile of the large ball de-
~ _ rived by this potential is well approximated to be
with the boundary conditio, ¢(0)= ¢()=0, and mini- _
mizing E,, for w. ~ ~ sin(qor)

We now discuss the properties and the profiles ofBhe ¢= o qor '
ball in the GMSB model. The largB ball originates from
the flat direction¢ consisting of squarks and/or sleptons in for r<Ro(=m/qo), and =0, for r=Rq. The parameters
the GMSB model. A typical example of the renormalizable in Eq. (10) and theB ball mass determined from this profile

(10

andD flat directions is given as are given by theB ball chargeQ as
_ 1 — 1 — 1 qo=(2m70)AmM) YA Q/q) ",
ug=ﬁ¢5“, di‘“:ﬁqbé“, d‘;zﬁ(ﬁég. (8)

_ Mo 1/2
¢o:(ﬂ) (mM)Y2(Q/q)*,

Here,u andd are singlet quarks, the upper and lower indices
for color and generation, respectively. The coefficients in the 7 |12
right-hand sides of Eqg8), 1/y/3, are for the canonical nor- Ro= (_) (mM)~Y%(Qiq)¥4

malization of¢. The renormalizabl€& andD flat directions 210

in the SUSY SM are summarized in Réfl4]. Here, we 4

present only the flat directions with the baryon numbers in _ 1/2 1/2 3/4

Table I. Here,Q and L stand for the doublet quarks and Mo 3(27”70) (MM)7Q/q)™ D

leptons, ancke for singlet leptons. We suppressed the gaug

and generation indices. The charge for Bieall composed

of the flat direction follows the charge of this direction. This

is important for determining the final states in the evapora- m

tion of theB ball. 7]024_8|ogq_ +7.4 (12)
Which type of theB ball listed in Table | is the DM in the ®

Universe as the result of the AD mechanism? For a fixed . i ~

baryon numbeg, the stableB ball should be only the light- from the numerical calculation. For=Rq, where ¢

est among those of the above flat directions. Even if the ADSMM/qu, the above approximated solution is not valid.

mechanism creates heavir balls with the same baryon However, such a region does not contribute dominantly to

numberQ as the lightest one, they change their lepton numhe properties of th@ ball. In the following we call theB

bers by emitting neutrinos and/or anti-neutrinos, and transiball given by Eqs(10) and(11) as the GMSBB ball.

tion to the lightest one. However, the transition rate should From Egs. (11), the energy per unit charge

be suppressed, and the transition time might be longer thato(=Mg/Q) is

the age of the Universe. This is because the potential barrier

between the two states is very high due to the large field

values. Therefore, we will not calculate the transition rate to 1y Ref. [7] they adopt a single-log potential and take=m in

the lightest state; however, we will discuss the evaporatiofhe potential so that the behavior of the potential dogM is real-

of the B ball generically. ized. We find that the field value inside teball in our potential
Next, we show the profiles of thB ball in the GMSB  with M=m is a few time larger than that in the single-log potential

model. In that model the flat direction has a logarithmic po-for a fixed Q.

In the following the flat directions are defined so tlogtw
and wg are positive. The parametey, is fitted as

023511-3
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4
~w.

3 13

wo=
The physical meaning ob is the energy for increasing or
decreasing th@ ball charge by the unit charge, sinceng
- mQ_l) = w. _

The field valueg, is proportional toQ'*, as in Eq.(11),
and for largerQ the supergravity contribution to the scalar
potential may be importaritL3]. The scalar potential from
the supergravity contribution is

where ms, is the gravitino mass andlg is the reduced
Planck mass. Here we assume the minimal supergravity f
simplicity, and this potential becomes dominant whgns
larger thanmM/ms;,. The second term in the bracket of the
right-hand side comes from one-loop correction. If it come
from the gauge interactior is negative andD(10 ?). The
existence of th& ball solution requires negati€[15]. In a
limit where V gusg is negligible, theQ ball configuration is
exactly given by a Gaussian form:

|41

1+Klog—- (14
Mg

Vsucra= m§,2| ¢ 2(

BD="hoe 1R, (15
This solution leads to
qw =Mz,
Bo=(2m%%) K| ¥ Mg Q/) 2
Ro=|K|~"’m;;,
Mo =Mz (Q/q), (16)
up to O(K) [15], and then
W= w. 17

We refer to theB ball given by Egs.(15) and (16) as the
supergravityB ball.

In Fig. 1 we show the mass-to-charge ratio of Beall,
wg, as a function ofQ. The solid line is for theB ball that
comes from the flat-direction potential of the GMSB mode

PHYSICAL REVIEW D64 023511
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or FIG. 1. The mass-to-charge ratio of tBeball in the GMSB
model. The horizontal axis is for the baryon number. The solid line
is for theB ball, which comes from the flat-direction potential of the
SGMSB model. The dashed lines are for those from the supergravity
contribution to the potentialniz,=10"1, 1072, and 103 GeV).
Here, we take the SUSY breaking scale in the SUSY 8M
=1 TeV and the messenger scaié=10> TeV. In the region
above 1 GeV theB ball is unstable. The region faD<10? is
excluded by the direct search for tBeball dark matter.

to have an electric charge. For example, in a flat direction of
Eq. (8), zero electric charge means that the field values of

u., d,, andd, are equal to each other. However, this equal-
ity might be violated by SUSY breaking and tBeball may
have a non-zero electric charge. In order to determine it, we
also need to know the details of the scalar potential.

IIl. EVAPORATION OF THE B BALL BY THE BARYON-
NUMBER-VIOLATING OPERATORS

In the next section we will evaluate the evaporation rate
of the B ball by the baryon-number-violating operators, using
a technique described by Cohenal. [17]. However, this
technique is not applicable to cases including scattering, an-
nihilation, or decays of the fermions bounded inside e
ball. The energy release in the evaporation per unit charge is
. This means that we cannot evaluate the evaporation rate
for <100 MeV, where no mesons can be emitted from the
B ball. Here, we discuss what may happen for both cases,
lw=100 MeV andw=100 MeV, while we will evaluate the

supergravity potentialthe supergravityB ball). Here, we
takem=1 TeV, M=10? TeV, andq=1/3, assuming that
the B ball comes fronudd. If taking largerm or M, the solid
line is shifted to the upper side. For smaltgrboth the solid
and dashed lines go up. In the regiop>1 GeV, theB ball

We assume the SUSY SM with tieparity conservation.
Then the baryon-number-violating operators are giverkby
terms of the effective operator with dimension larger than 5
or D terms with dimension larger than 6. The lowest baryon-
number-violating operators in the terms are given as

is unstable and decays into nucleons. While the result of the
direct search for theB ball DM depends on the electric
charge, the region fo@=<10?? is excluded for any electric
charge[12].

Before finishing this section, we comment on the electric
charge of theB ball. This should be below the maximal wherei,j,k,| are for the generations £Kk). These interac-
electric charg¢16] and negligible with respect to the baryon tions change the charges of tBeball by A(B—L)=0 and
number. However, there is no symmetry to forbid heall A(B+L)=-2.

+H.c.,

62

(18

[ —
92+Wuiejukd|

1
ﬁZM—SQinQkM :
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Let us discuss typical examples. First, we assume that the

- i
B ball is composed of the flat direction in E(), u,d,d,. L= Wuiujdkd1d2d31 (22)
Inserting Eq. (8) in the above operators, we get the 7
interactior?

wherei#j. The final states are ¢, e”), (#*, 7, )
for the former in Eq.(21), and (27°), (=", =) for the
L ¢>*2UE (19) latter if the kinematics allows the processes.
3M¢ = Finally, we comment on the baryon-number-violating op-
erators in theD terms. The lowest ones are

Then, the final state is—e*) for one baryon number. Here,
d,; in the pion is supplied by the surface of tBeball. The inETUTQL
production ¢r~e™) is allowed from the kinematics itv Mé

=210 MeV, since the typical momentum for each parton is
~%w. (This will be shown in the next section.

Here, notice there are other interactions, such as

1
+—u'e’QQ

23
My (23)

6292 6292
Since the relevant terms in tha-term operators have a de-
rivative of the scalar, the evaporation rate is suppressed by
/Mg, with respect to thé-term operators.
— $*?uge;. (20
3Mé IV. EVAPORATION RATE OF THE B BALL
) . . . o In this section we present the evaporation rate of Bhe

Because of kinematics, the primary fermions in this interacyyy| gptained by the baryon-number-violating operators. The
tion, u; and e; , cannot be emitted from thB ball. The  technique to calculate it was developed by Cokeal. [17].
primary fermions may be bounded on the surface or inside ofhey evaluate the evaporation rate of theall to neutrinos
the B ball for a while, and decay or annihilate into the lighter by the lepton-number-conserving interaction. The evapora-
states. In factu; ande; behave as a massless particle insidetion process to neutrinos is equivalent to the neutrino pair
the Q ball if the above operato(20) is negligible. In the production on thé ball background. They construct a quan-
conventional SUSY-GUT, the baryon-number-violating tum field theory preserving a symmetry on théall back-
dimension-5 operators are proportional to the fermionground, a simultaneous time translation anphase rotation,
masseg18]; this process may then be enhanced and domiand derive the evaporation rate through the Bogoliubov
nate over the others. If this process dominates, the final stateansformation between the creation and annihilation opera-
and the spectrum may be different from the one mentionegors in the asymptotic fields of neutrinotat = «. The result
above. We need a technique to calculate the transition rate @ given by the transition amplitude to the outgoing anti-
the primary quark, bounded in tiball, to lighter states in  neutrino from the incoming neutrino.
order to derive the evaporation rate of tBeball. Keeping We generalize their result and apply it to tAdall evapo-
this possibility in mind, we will continue our discussion.  ration. In our case the interactions to create the fermion pairs

If ©=210 MeV, all quarks are bounded inside or on theare baryon-number-violating. However, we may use the for-
surface of theB ball. This situation is also similar to the case mula as the zeroth order of the Yukawa coupling constants.
mentioned above, and we cannot evaluate the evaporatigNiso, if the interactions are the dimension-5 operators, they

rate. The final states are expected to &&,(e”, v, v, v) or preserve B—L). Then, when th@® ball is composed ofidd,

(y's, v, v, v). we can use their result by regarding tBeball as the B
Next, if the B ball is composed of the flat direction —L) ball. In this section, we first show the properties of the
u,€,U,d;, the final states arer®, e*, e7) or (27°) for @  Q ball evaporation process. After that, we present the evapo-

=280 MeV. On the other hand#f, 7, ») is also included ration rate of theB ball and compare it with the age of the

. : Universe.
in the final states for th& ball composed 00Q;Q;Q,L . . - .
The typical momentum of each fermion dg4 (the momen- Since the generalization of the technique developed by

tum of the pion is double of this These arguments are ap- Cohen is straight-forward, we summarize the result without

. . repeating their calculation hefeThe Yukawa interaction
FA::Eébkl)ea ltloctohneSi(;ttf;e(l)Bf balls. The exceptions are cases Wherecontributing to the evaporation is

L= ¢, (24)

uuuddde, uudddd. (21
where ¢ is replaced by th& ball background. The global
In these cases, the dimension-5 operators are not effectivelg(1) charge for the scalap is 1, while those for fermions,
since the interaction withAB==*2 is needed, and the ¢, and ,, arep and (—p—1), respectively. This k(1)
dimension-7 operators withB=2 may work well,

SEquation(3.4) in Ref.[17] has a typo. The second term in the
°Notice that we define that the charge ¢fis positive. bracket has the wrong signs.

023511-5
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symmetry stabilizes of th& ball. When adopting the thin-
wall approximation for the&Q ball backgroundg is taken as

—iwt

v e (r<Rg),

A (r>Ro).

(25
In this set-up, the evaporation rate of Qéall is given to be

PHYSICAL REVIEW D64 023511

dQ_

dt (26)

f —(21+1>|T<k DI,

j=1/2

wherek andj are the energy and the total orbit momentum
for the fermion. The explicit form of the transition amplitude
T(k,j) is given to be

—k (h®j__—h®), h@j_ . —h@j, Hw"
T(k’j)_l:WOk : +(+1J) @) (11)+ (ig ] : J+-+)
v (h++h—+_h—+h++)(l7+J+—_]——]++)
—k (L =S (2 —h®j, w) 7
vk (h&llh(ﬂ h®) h(z))(J—+J+— N P .

The transition amplitude is calculated assuming thaiand
¥, are massless. Here,

h(+|)+ = +1/2 (kRy)

h®_=h{ (0—k)Rg) (=12,

(i=1,2,

J++=]j=12AK+Rg),
j=-=]jz12K-Rg),
w,.=k+ki—w (289

with k. = w/2+ (k= w/2)?=v% The functions,h{’(x) (i

=1,2) andj;(x), are the Hankel and Bessel functions. The

amplitudeT(k,j) has the following properties:
(i)
(i)

T(0j)=T(w,j)=0,

T(kj)=T(w—k,j),

(iii)

Also, if Rq is not so large with respect to 1, the contri-
butions from the highef modes dump quickly, and the nu-
merical calculation is not so difficutt.

In Fig. 2 we show the evaporation rate of teball,
dQ/dt, for Rw=1 and 10 as a function af/w. Here, the
evaporation rate is normalized by the maximum value,

3p2

dQ _o R

dt 487
max

T(k,j) is independent of the fermion charge

(29

The qualitative behavior of the evaporation rate is easy to

understand. When/w>1, the fermion pairs are produced
only on the surface of th® ball, since the production inside

4In Ref.[19] the evaporation rate of th® ball with finite Rq is
calculated.

the Q ball is suppressed by the Pauli blocking. Then, the
evaporation rate is bounded by the maximum outgoing flux
of the fermion pair with the total energy, and the maxi-
mum evaporation rate is derived as in E&9) [17].

On the other hand, if/ w<1, the fermion pair production
from the outer shell of the&) ball, whose width is~1/v,
contributes to the evaporation. This is because the penetra-
tion length of the fermion inside th@ ball, ~1/v, is larger
than 1. Roughly speaking, regarding the decay rate of a
quantum with unit chargevs, the evaporation rate is-w
X (wv?) X (R§/v)=vw?Ry, and it is suppressed by/w
compared W|th dQ/dt)yay. Here,wv? is the charge density
inside theQ ball. This can be proved explicitly in the limit of
a largeRq [17]. In this limit, the evaporation rate becomes

2. B2
d_sz vRQ
dt 16

(30

16° 10° 10° 16° 10'
vio

1'6’ 10

FIG. 2. TheQ ball evaporation rate foRqw=1 and 10 as a

function of v/w. Here, the evaporation rate is normalized by the
maximum value §Q/dt) .. [See Eq.(29) for the definition] In
this calculation we adopt the thin-wall approximation as in §).

023511-6



FATE OF THEB BALL PHYSICAL REVIEW D 64 023511
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0.8] %f 16°
Supergravity
0.4[
16) 0 I 6 I IO I
‘ . . . 10 16 10 1d°
%%.0 02 04 0.6 08 1.0 0

FIG. 4. The evaporation timed@Q/Qdt) ! of the B ball com-
posed ofu,d;d,. The two solid lines are for the cases tBeball
originates from the GMSB or supergravity scalar potentials. We
takem=1 TeV andM =10 TeV for the GMSBB ball line and
ms;,=300 MeV for the supergravit ball line. For the other pa-
rameters for thé ball configuration, see the text. We plot the lines
for ©>210 MeV. The suppression factor of the dimension-5 op-
eratorM/ is taken to be 1§ GeV.

P
L=—e@ty e, (31)
3M{

inside theB ball. We can apply the above formula by insert-
ing

&2
3M,

kKo

v

(32

FIG. 3. The energy spectrum of the fermion in the evaporation

— — 1 — 3 —5 . e . .
whenRow=1 and 10. Here we take/w=10, 107, 10°, 10°". 414 rescaling due to the charge definition. As mentioned in
In this calculation we adopt the thin-wall approximation as in E

(25). % the last sectione; anduj in the final state share«23 from
this interaction. Thel; in 7~ is supplied from the surface,
sinced, is heavy with the gaugino inside tiigzball. Thed;

This behavior is not valid for =Rq. In this case, the shares 2/3 with the otherd, in the final state. The time
whole region inside th@ ball contributes to the evaporation, scale of thed, emission is of the order of @ /2, and the

and then the evaporation rate behaves-aSw?R%, in Fig. 2. effect on the evaporation rate is negligiBlelere we have to

The above qualitative behavior can be seen in the energyote thatz~ is a pseudoscalar, and a chirality flip is required
spectrum of the fermion in the evaporation. In Fig. 3 Wetg create ar~ from d; andu,. The associated suppressien
show the fermion energy spectrum fofw=10, 10!,  may be of the order ofry/f,)>~10 2, wheref, is the
1073, 107°, in the caseRqw=1 and 10. The spectra for pion decay constant, because it comes from the pion current
v/w=10 are almost independentBfw. On the other hand, interactionJ*d,7/f .. In this article we do not attempt to
the spectrum has a peak arounf?, and it becomes steeper estimate this suppression factor precisely. We tékel
for smallerv and largeRg . when we present our numerical result.

Now we have prepared for calculating the evaporation In Fig. 4 we show the evaporation timd @Q/Qdt) ! of
rate of theB ball. Here, we use the parametrizations given inthe B ball composed ofi,d,d,. The two solid lines are for
Egs.(11) and(16) for the thin-wall approximation. This ap- the cases thB ball originates from the GMSB or supergrav-
proximation may make a@(1) error for the evaluation of ity scalar potentials. Here, for the supergraBtyall, we fix
the evaporation rate. mg,=300 MeV and|K| 2=10 and use Eq(16) for ¢,

In order to make our discussion clear, we assume that thBq, andw. Also, for the GMSBB ball, we use Eq(11) with
B ball is composed of the flat directianpd,d, [Eg. (8)], and
that evaporates into{_e™) by the interaction in Eq.19). In
this case, thep, which is canonically normalized, has the °The emission ofl; is similar to the case af/w>1 in Fig. 2; the
baryon numbeg=1/3, and Eq{(19) becomes emission rate is understood from the analogy.
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m3/,=300MeV particles in the final state may destroy the success of the
' big-bang nucleosynthesis. Also, the entropy production may
. change the expansion rate of the Universe. In this article, we
do not discuss the AD baryogenesis in detail; however, the
evaporation of theB ball by the baryon-number-violating

8 operators may give a constraint in the AD baryogenesis on
the GMSB model, which predicts B ball with largeQ.

Finally, we comment on the oth& balls. If theB ball is

1 composed ofi,d;d,, the fermionsu,, d;, andd, are mas-
sive inside theB ball, and this might be in conflict with the
assumption in the above formula, EQ7). However, the
fermion associated with the flat direction, which is a linear

combination ofu;, d; andd,, is still massless on the flat
FIG. 5. The evaporation timedQ/Qdt) ~* of the B ball com-  direction condensation, and the above formula is thus still

posed ofu,d,d, as a function ofQ andM¢, in the case where the applicable.

B ball originates from the supergravity scalar potential witky,

=300 MeV and|K| *?=10. The thin lines are fordQ/Qdt)~*

=10°, 10° 10 yrs, and the bold lines are ford@Q/Qdt)~!

=10 yrand 1 s.

10 30 4 50
10 10 10 10 10
Q

V. CONSTRAINT FROM OBSERVATION
OF THE COSMIC RAYS

Even if some relic particle has a lifetime longer than the
m=1 TeV and M=10* TeV. We plot the line of the age of the Universe, the decay products may distort the
GMSB B ball for ®>210 MeV. The suppression factor of cosmic-ray background. This leads to a constraint on the
the dimension-5 operatdd ¢ is taken to be 18 GeV, which  decaying DM. In fact, the relic axiofi21] and the relic
is completely beyond the constraint from the negative searcKaluza-Klein graviton22] are constrained from the cosmic
in proton decay20]. diffused gamma ray. In this section we derive constraints on

In this figure, the evaporation time of the supergraBty the B ball evaporation rate from the cosmic diffused gamma
ball decreases & increases foQ<10°*. This is because background and the cosmic ray position flux.
is much smaller tham and R(Sl, andv is proportional toQ. First, we start from the position flux induced by tBéall
On the other hand, whe®=10%*, the evaporation time in- evaporation. The positrons in the evaporation of Enball
creases sincad@Q/dt) is independent of for v/w>1.Ifthe  have an almost monochromatic energy spectrum if the posi-
evaporation time is less than the age of the Univetge ( tron is the primary fermion in the evaporation process and if
=10'° yr), the B ball cannot survive to this day. In this Row=1 andv/w<1, as discussed in the previous section.
figure we takemy,=300 MeV. For smallems,, beyond However, the positrons are diffused by the galactic magnetic
the validity of our calculation, if the qualitative nature doesfield and lose their energy through the inverse Compton and
not change drastically,d@Q/Qdt) ~* may become larger by the synchrotron processes, by the starlight and the cosmic
1/m3,, when Q=<10°(mgy/1 GeV) ! and 1fny, when Q microvxllave. background. In this article,_ we consider thg stan-
=10"(my/1 GeV) L. The evaporation time of the GMsB dard diffusion model for the propagation of positrons in the
B ball in this figure is proportional t@ . This is because 9alaxy, which was summarized in R¢23]. In that article,
v<w andv is proportional taQ¥2, notQ as the supergravity the positron flux from the neutralino annihilation in the Halo
B ball. was calculated, assuming that the neutralino is the DM in the

In Fig. 5 we show the evaporation time of tieball ~ Universe. o o

— . P In their formulas, the diffusion zone of the positron in our
composed ofu,d,d, as a function ofQ andMg, in a case . . :
where theB ball originates from the supergravity scalar po- galaxy is a slab of the thicknes&.2:6 kpc, and the positron
density becomes zero outside that region, since the positrons

lt.?] r:éagr:"ftgr m3,2/— Sé)to_ ll\/l_ellooanldo|2I§| 1040_ 12 -TI—ES tt)gllg escape freely there. The standard diffusion-loss equation for
! dQrQdy - =10, ’ rs. the positron density spectrunaif.+ /dE) is

lines are for the age of the Universe {10yr) and the big-

bang nucleosynthesis timel 5. For Q=10°%%0 ¢, is 5 5 d dn®

larger than the Planck mass, and the region may be disfa-2 9Ne* _ ¢ sdNev) 0 M+ e’
: : . ; V-1 K(e,x)V +——|b(e,x) + :

vored from the theoretical point of view. The region fgr ~ Jt de de | Jde de | dtde

<102 is an unphysical region, since tBeball should be an (33

unstable GMSBB ball from Fig. 1. This means thatl; ) o

should be larger than # GeV at least so that th ball ~ Where e=E/(1 GeV). Here,K(e,x) is the d|ffusol)on con-

behaves as the DM of the Universe whaeg,=300 MeV. stantb(e,x) the positron energy loss rate, arti{?/dtde)
If the B ball evaporates before the time of the big-bangthe source term.

nucleosynthesis, it has no effect on the cosmology, except In the diffusion zone the diffusion constak(e) is

for the dilution of the baryon number of the Universe. On the

other hand, if theB ball evaporation occurs after the nucleo- K(€)=Ky(C+e¥)=3x107(3%6+¢%6) cn? st

synthesis and the abundance is not negligible, the energetic (34
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for E<3 GeV, and the positron energy loss raig) is 10! .
Primary €' from the B ball
1
b(e):7—62210*1652 s L (35 _10%
E —,%
By deriving the stable solution for the diffusion-loss equa- © 10t
tion in the above environment, the positron spectrum origi- &
nated from the DM is given as -
S 107t
dnes _ 7szd AnE7(e) , 36 o
de —€ ) € dtde o(€,€’). (36 1071
Here, the energy-dependent diffusion timg(e,e’) is 10 ,
2 -1 0
o 10 10 10
oL 4KoAv n 2w T VAKmeAv

FIG. 6. The primary and secondary positron flux spectra
% ~ 2rr! dd.+ /dE. The primary flux comes from the evaporation of tBe
Xf dr’r’f(r’)lo(—) ball, assuminggw=300 MeV, q=1/3, o=, as for the super-
0 4KoTedv gravity B ball, and an evaporation timel Q/Qdt) ~*=10'® yr. The
Xe—(f—f’)2/4KoTEAv 37) number density is _fixed chf)on(?:O.:_% GeV cm 2. The line for
the secondary positron flux is given in RE23].

wherer andz are cylindric coordinates for the position of the
solar system in our galaxy £8.5 kpc andz=0). The func- a long evaporation time, as shown in Fig. 3. We take the

tion To(x) is lo(x)e > with 14(x) the modified Bessel func- humber density of the B ball ny as Qagng
tion, and Erfk) is the error function. We neglect the energy- =0.3 GeV cm 2. The diffusion and the energy reduction
dependent part of the diffusion constant, and in the propagation makes a tail belogw in the positron
spectrum. In Fig. 6 we show the primary positron flux spec-
S trum (d®®/dE), which is given as (®P/dE)
v=Clem o) (38 =(c/4m)(dng+ /dE), assuming qo=300 MeV, q=1/3,
and @Q/Qdt) " 1=10"8 yr. Also, we takew,=w as for the
The functionf(r) is supergravityB ball. If wg=4w/3 as for the GMSE ball, the
primary flux is reduced by 3/4.
‘ =fL dz=g™ (iTF 2 39 While the cosmic ray positron flux is measured for an
(= L 2=Gom(Nr*+ 29, (39 energy larger than about 70 Me\25], the theoretical esti-
mate of the background has uncertainties. The secondary
with gpm(rspn) (rﬁph=r2+ z°) the DM density profile. The positron flux, which comes from the nuclear interaction of
exponentm is 1 for the decay process of the DM, and 2 for the primary cosmic rays in the interstellar space, is estimated
the annihilation process. In this article, we use the isothermah Ref.[26]. The result is fitted in Ref23] as
distribution for the DM density profiles,

6/

2 (s)
a dCI) + 4.560'7
om(rsp=—>——, (40) ° = cm 2s tsrlGev L
rZonta’ dE  1+650e23+ 150042

42
with a=5 kpc. TheN-body simulation suggests the cuspy 42

density profile at the center of the Galaj@4], and it may

not be consistent with the isothgrmal distributiqn. Hoyvever,—l—he qualitative behavior of the positron fractife™/(e*

the decay process is not sensitive to the density profile, and ¢-)7 in the cosmic ray, increasing of the positron flux at
we thus use the isothermal distribution for the DM here. | uer energy, is realized by assuming that the positron is of

If the positron flux comes from the evaporation of B€ 5 gecondary origin. However, the effect of the solar modula-
ball by the baryon-number-violating dimension-5 operatorsyjqn from the solar wind and the magnetosphere to both the

the source termdn(/dtdE) is positron and electron fluxes is larger at lower energy. Espe-
) cially, the introduction of the charge-dependent solar modu-

dng+ dQ lation makes the fit to the observation wof&8]. Therefore,
dtdE ”OH(S(E‘Q“’)- (41) we derive a conservative constraint on the evaporation time

of the B ball by imposing a condition that the peak of the
Here, we simplify the spectrum of the positron as a mono-primary flux from theB ball be smaller than ten times of the
chromatic one. This is justified f®gw>1 andv < giving secondary flux, Eq42), and we obtain
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FIG. 7. The spectrum of the gamma flux from tBéall evapo-
ration (d®,/dE), assumingjo=250 MeV, q=1/4, o= w,, and
(dQ/Qdt) " 1=10'° yr. The number density is fixed a®wgng
=pc with h=0.7. The result from EGRET is also shown.

-1
(d—Q) =2qx 10 yr(

Qughg ( qo
Qdt

1
0.3 GevVcm?3/ 100 MeV) '
(43

for gqw~100 MeV. From Fig. 5, this constraint means that
M/ should be larger than ¥ GeV for Q=10?, assuming

the B ball is the DM of the Universe anch;,=300 MeV.

Next, let us consider the distortion of the cosmic back-
ground radiation by from the B ball evaporation. Al-

PHYSICAL REVIEW D64 023511

evaporation time ¢Q/Qdt) 1. Here we fixh=0.7 andt,
=10 yr. Also, we takew,=w as for the supergravit3
ball.

EGRET determines the extragalactic gamma ray back-
ground spectrum between 0.1 andb0 GeV[27] as

dd., e
g =(7:32:0.3410

X

E —2.10+0.03
m\) cm?s tsriGevt.

(46)

Here, imposing the condition that the peak of the gamma
spectrum from thé ball be smaller than Eq46) leads us to
a constraint on the evaporation time of tRéall:
dQ\? t won
(—Q) =5qh®x 10°° yr o (Q 0 O)
Qdt 10 yr/\  pc

X

qu 0.1
100 MeV) ’ “7

for go~100 MeV. This is one order of magnitude stronger
than the constraint from the positron flux.

VI. CONCLUSIONS AND DISCUSSION

In this article we discuss the stability of tieball in the
GMSB model. TheB ball is predicted to exist in the GMSB
model, assuming AD baryogenesis. While the stability of the

though the gamma, which comes fron?— 27y, is almost '
monotonic at production time, the energy is reduced by thd ball comes from the baryon-number conservation, the
redshift. As a result, the energy spectrum of the gamma fronkaryon-number-violating interaction is required to make the

the B ball evaporation is

dn d
== 3”0—Qt0E1/2(qw) 32

dE dt (44

for E<qw, assuming dQ/Qdt) ~!>t,. Here, we assume
that the B ball evaporates through the baryon-number-
violating dimension-5 operators and that th& has an en-
ergy 2qw. From this Eq.(44), the flux of gamma rays for

E<qow is

dod
— Y =7.02x10° cm 2s lsriGgev?

dE
X( to )(Qwo”o)
(dQ/Qdt) 1t pc

o -1 qw
01 cev |01 Gev

-3/2 E 1/2
0.1 Ge ’

(49)

Here, p¢ is the critical density of the Universg¢=1.1h2

X107° GeV cm ®). In Fig. 7 we show the spectrum of the

gamma rays flux from th& ball evaporation & ,/dE),
assuming qw=250 MeV, q=1/4, and 1& yr for the

baryonic AD condensation, which is a seed for dall.
The B ball could therefore be unstable. We find that a larger
B ball evaporates faster, since the field value insideBtball
enhances the evaporation rate.

The evaluation of the evaporation rate of #ball suffers
from various difficulties, and we therefore restrict our calcu-
lation to a B ball of the mass-to-charge ratiavg
=100 MeV. We derive the constraints on tBeball charge

and the interactions, when tigeball is composed ofi,d;d,,
as an example. Neglecting the chiral suppression from the
final state, the suppression factor of the baryon-number-
violating dimension-5 operatoM¢ should be larger than
107(Q/10?) Y2 GeV for mgy,=300 MeV, so that the
evaporation time {Q/Qdt) ! is longer than the age of the
Universe (,=10% yr). The final states of the evaporation
may include the almost monochromatic positrondr If the
B ball is the DM of the Universe, the evaporation may give a
contribution to the extragalactic gamma ray background
spectrum and to the cosmic ray positron flux. From the cur-
rent data, we give constraints on the evaporation time from
the primary positron flux and the gamma ray background, for
wo~100 MeV, of dQ/Qdt) *=10" or 10° yr, which are
stronger than the constraint from the age of the Universe.
The instability of theB ball will have some impact on the
cosmology of the GMSB model. In this article, we do not
discuss detail of the AD baryogenesis. The existence oBthe
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