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Experimental Signatures of Supersymmetric Dark-Matter Q-Balls
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Theories with low-energy supersymmetry predict the existence of stable nontopological solitons,
Q-balls, that can contribute to dark matter. We discuss the experimental signatures, methods of
detection, and the present limits on such dark-matter candidates. [S0031-9007(98)05679-8]
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Supersymmetric generalizations of the standard modgb], one may hope to explain why the two have, roughly,
(SM), in particular, the minimal version, MSSM, invari- the same density in the Universe.
ably predict the existence of nontopological solitons, The flux of cosmic Q-balls falling on Earth can
dubbedQ-balls [1], with an arbitrary baryon number [2]. be estimated under the assumption that they make a
SupersymmetrioQ-balls are coherent states of squarks,sizable contribution to the missing matter of the Universe.
sleptons, and the Higgs fields. In theories with “flatAs follows from Ref. [5], O-balls produced from the
directions” in the scalar potential, which are generic forbreakdown of a primordial condensate have a very narrow
supersymmetry, these objects may exhibit a number ddistribution of charges. We will assume, therefore, that all
interesting properties [3,4]. In particular, solitons with dark-matter solitons have the same magkballs can be
a large baryon number are entirely stable [5] and can bef interest as dark-matter candidates if their mass density
copiously produced in the early Universe [5]. This makesn the galactic halo is of ordeppy =~ 0.3 GeV/cn?,
relic Q-balls an appealing candidate for cold dark mattemwhich corresponds to the number density
[5]. In this Letter we examine the implications of this
speculative type of dark matter for detector experiments. . PDM _ 5 1075Q53/4<ﬂ> em3. Q)

Flat potentials U(¢), i.e., those that grow slower Moy m
than the second power of the scalar vacuum expectati
value (VEV) ¢, arise naturally in theories with low-
energy supersymmetry breaking (see, e.g., Refs. [6,7] an}{"ﬁ@
discussion in Ref. [3]). For example, f(¢) ~ m* = m
const for large¢, the mass of a soliton with charge
(baryon numberQgisMy = (477\/5/3)sz/4, its radius
iS Rp = (1/\/2)m_1Q11;/ , and the maximal scalar VEV
inside is ¢ = (l/ﬁ)mQé/“. We will assume these
relations and neglect the logarithmic corrections to the 1024 3/4 1 TeV .
flat potentials that appear in realistic theories [6,7]. One N ~ ( 0 ) ( ) r.
assumesm to be from 100 GeV to 100 TeV, higher B
values being disfavored by the naturalness argumentg)-balls can also produce a signal, at a comparable rate,
For a specific model of supersymmetry breaking studiedt the Baikal Deep Underwater Neutrino Experiment [10],
in Ref. [7],m ~ 1 TeV. as well as other experiments.

The baryon numbeQp of a stable soliton must be  Let us consider the interactions of baryonic solitons
greater thari0'>(m/1 TeV)* [5]. Larger solitons cannot with ordinary matter. The interior of a large-ball can
decay into the matter fermions because the energy per urbe thought of as a spherically symmetric region filled
baryon number is less than the proton magsballs with  with a nonstandard vacuum that breaks spontaneously
a much greater global charge, in excesslof, can be the baryonicU(1)z symmetry. The scalar VEV inside a
produced in the early Universe from the breakdown ofstable soliton extends along a flat direction in the MSSM
a coherent scalar condensate [5]. Formation of such scalar potential and carries the corresponding quantum
condensate, being the starting point of the Affleck-Dinenumbers.
scenario for baryogenesis [8], may also explain the baryon If supersymmetry (SUSY) is exact (which we assume
asymmetry of the Universe, in which case the initialto be the case for sufficiently large VEV, as in theories
baryon number stored in the condensate is distributedith SUSY breaking communicated at low energy), the
between the matter baryons agdballs. If the ordinary MSSM has a very large space of degenerate vacua, the flat
baryonic matter and the dark matter share the same origidirections, labeled by the corresponding gauge-invariant

e assume the average velocity forballsv ~ 1073 .

the flux is F = (1/4m)ngv ~ 10205
ycm 2s~!'srl.  For example, the total sur-
face area of the water tank used in the Super-Kamiokande
experiment [9] is7.5 X 107 cn?. If all or most of the
dark matter is made up of solitons with char@g, some
Q-balls must go through this detector at the rate

(2)
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holomorphic polynomials of the chiral superfields For energetic reasons, largeballs comprise an elec-
[11,12]. They have been enumerated and catalogued imically neutral scalar condensate. However, unless the
Refs. [13,14]. Each flat direction is parameterized byelectrons are trapped by thi@-ball, the process described
a gauge-invariant scalar VEV. Those that carry somebove proceeds through the formation of a bound state of
baryon number can give rise to stakleballs, and may the Q-ball to quarks which has a positive electric charge.
also play a central role in generating baryon asymmetryf this is the case, the electrons can be captured even-
of the Universe [8,7,13]. tually in an electroweak processe — dv which, we
Inside a Q-ball the SW3) X SU(2) X U(1) gauge note in passing, is very fast inside tho@eballs that re-
symmetry may be broken by the VEV of squarks, slep-store the SI2) gauge symmetry because the boson is
tons, and the Higgs fields. In the absence of fundamentahassless.
SU(3)-singlet baryons in the MSSM, any baryor@cball However, the electrons cannot penetrate inside those
has a broken SQ@) inside. In contrast, the electroweak Q-balls, whose scalar VEV gives them a large mass. For
symmetry may be restored if the only fields that haveexample, the simultaneously large VEV'’s of both the left-
nonzero VEV are S(2) singlets. This is the case for handed(L.) and the right-handef:) selectrons along the
Q-balls that have a scalar VEV aligned, for example, withQQQLLLe flat direction give rise to a large electron
the udd flat direction (notation of Ref. [14]). Although mass through mixing with the gauginos. The locked
baryon number is violated by the instantons, the rate i®ut electrons can form bound states in the Coulomb
suppressed because the size of the instantons that fit ifield of the (now electrically charged) soliton. The
side aQ-ball is small. resulting system is similar to an atom with an enormously
A baryonic Q-ball must have a nonzero VE¥, ~  heavy nucleus. Based on their ability to retain electric
mQy " of scalar quarks in its interior. It may or may not charge, the relic solitons can be separated in two classes:
be accompanied by the VEV’s of sleptons and the Higgsupersymmetric electrically neutral solitons (SENS) and
fields. Matter fermions cannot penetrate inside som&upersymmetric electrically charged solitons (SECS). The
Q-balls because their masses inside may be increased byteractions ofQ-balls with matter, and, hence, the modes
the large Higgs VEV, as well as through their mixing of their detection, differ drastically depending on whether
with gauge fermions. However, the outer region ofthe dark matter comprises SENS or SECS.
any Q-ball has a layer near its boundary where (i) the First, the Coulomb barrier can prevent the absorp-
quark masses are less thamcp and (ii) the gauge tion of the incoming nuclei by SECS. Av-ball with
SU(3) symmetry is broken spontaneously by the VEV’sbaryon numberQp and electric chargeZy cannot im-
of squarks. When a nucleon enters this region, whergibe protons moving with velocity ~ 107 %¢ if Qp <
the QCD deconfinement takes place, it dissociates intd0*°Z¢(m/1 TeV)*. Second, the scattering cross section
quarks. The energy released in such process, roughyf an electrically charge@-ball passing through matter is
1 GeV per nucleon, is emitted in pions. This process is1ow determined by, roughly, the Bohr’s radius, rather than
the basis for the experimental detection of the dark-mattethe 0-ball size:o- ~ wrg ~ 10716 cm?. The correspond-

Q-balls. ing mean free path is

As an electrically neutrap-ball passes through matter, | g/cr
it absorbs the nuclei with a cross sect|0)'1 determined Ae ~ IOSA(—> c 4)
entirely by the soliton’s sizeg ~ 1073305 (1 TeV/ P

m)*> cm?. The corresponding mean free path in matteBy numerical coincidence, the total energy released per
with densityp is unit length of the track in the medium of densigy
(10 V20 e \/1 g /e is, roughly, t@e same for SENS and SEGH;/d! ~
Ao ~ 10 A< ) ( > ( ) cm, (3) 100(p/1 gcm™3)GeV/cm. However, the former takes in
Os 1 Tev p nuclei and emits pions, while the latter dissipates its energy
whereA is the weight of the nucleus in atomic units. The in collisions with the matter atoms. Signatures of baryonic
quarks caught in the deconfining coat ofGaball are and antibaryonic solitons are expected to be similar.
absorbed into the condensate eventually via the reaction A passage of @-ball with baryon numbeQ ~ 10%*
qq — ¢g that proceeds with a (heavy) gluino exchangethrough a detector, associated with emission of, roughly,
The reason this process is energetically allowed is, o0 GeV per mm can make a spectacular signature. Of
course, because the squarks in the condensate are neatburse, depending on the mass parameterand the
massless. The rate of conversion is suppressed by tlharge Qp, the frequency of such events can be small,
square of the gluino mass. If the condensate in thdéor some values, too small to be detected. As is evident
Q-ball is different in flavor from the quarks, an additional from Eq. (2) the generic values of parameters are not
Cabibbo-Kobayashi-Maskawa suppression takes place. led out, and are consistent with observation of relic
any case, the absorption of quarks into the condensat@-balls at the existing and future facilities. Since the
occurs at a much higher rate than the collision@dballs  anticipated tracks are very energetic and unmistakable, it
with nuclei characterized by, in Eq. (3). is the surface area of the detector, rather than its fiducial
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volume, that is important. A large-area detector would, infor detecting smalleQ-balls (with chargesi0'?>-10'3),
general, be more effective in searching f@+balls than a afford no limit at present because the mass range of
more compact machine with the same volume. interest,ng = 102 GeV, has never been explored.

The present experimental limit on the flux of SECS is It would be interesting to see if some of the exotic
set by the MACRO search [15] for “nuclearites” [16], events in the cosmic rays, e.g., the so called Centauro
which have similar interactions with mattef: < 1.1 X  events [19], the penetrating halo event of the Pamir
107" ecm™2s !sr'!. This translates into the lower limit experiment [19,20], and the ultrahigh energy cosmic rays
on the baryon number of dark-mati@rballs, 0z = 10>!.  that appear to defy the Greisen-Zatsepin-Kuzmin bound
Signatures of SENS are similar to those expected fronji21], may be related to the reli@-balls.
the Grand Unified monopoles that catalyze the proton In summary,Q-ball is an appealing dark-matter candi-
decay. If one translates the current experimental limitglate predicted by supersymmetry. Baryog@idalls have
from Baikal [10] on the monopole flux, one can set a limitstrong interactions with matter and can be detected in
on the charge of SEN®z = 3 X 10?2, form = 1 TeV.  present or future experiments. Observational signatures
Nonobservation 0f-balls at the Super-Kamiokande after of the baryonic solitons are characterized by a substantial
a year of running would improve this limit by 2 orders energy release along a straight track with no attenuation
of magnitude. Of course, this does not preclude theahroughout the detector. The present experimental lower
existence of smalleQ-balls with lower abundances that bound on the baryon numbeds = 10?' is consistent
give negligible contribution to the matter density of thewith theoretical expectations [5] for the cosmologically
Universe. interesting range o0-balls in dark matter. In addition,

Electrically chargedQ-balls with a smaller baryon smaller Q-balls, with the abundances much lower than
number can dissipate energy so efficiently that they maghat in Eqg. (1), can be present in the Universe. Although
never reach the detector. SECS with baryon numbetheir contribution to{Qpy is negligible, their detection
05 =< 103(m/1 TeV)~*/3 can be stopped by the 1000 m could help unveil the history of the Universe in the early
of water equivalent matter shielding. Such solitons couldoostinflationary epoch. Since the breakdown of a coher-
not have been observed by the underground detectorent scalar condensate [5] is the only conceivable mech-
Therefore, in the window 005 ~ 10'2-10'3 the flux of  anism that could lead to the formation ¢f-balls with
SECS appears to be virtually unconstrained. large global charges, the observation of @nalls would

For completeness, we will briefly review some astro-seem to speak unambiguously in favor of such process
physical constraints. A SENS that passes through Earthaving taken place. This would, in turn, have far-reaching
with velocity 10~3¢ looses a negligible part of its kinetic implications for understanding the origin of the baryon
energy to collisions with the matter particles. The totalasymmetry of the Universe, for the theory of inflation,
change in its velocity i$v /v ~ 10*2Q1;1 4(1 TeV/m)3>.  and for cosmology in general.
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