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Superheavy dark matter from thermal inflation
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It is quite plausible that the mass of the dark matter particle increases significantly after its freeze-out, due
to a scalar field rolling to large values. We describe a realization of this scenario in the context of thermal
inflation which naturally gives a cold dark matter particle with the correct cosmological abundance and a mass
around 18°GeV, evading the conventional upper bound of B@V. We also discuss another realization
which could produce a cosmologically interesting abundance of near Planck mass, possibly electromagneti-
cally charged, particles. The detection and observational consequences of superheavy cold dark matter or
wimpzillas are briefly examinedS0556-282199)04314-3

PACS numbds): 95.35+d, 98.80.Cq

I. INTRODUCTION Recently, it has been shown that this bound can be evaded
by violating the assumption of thermal equilibrium in the
A “model-independent” bound of about ¥@GeV [1] has early universe, for instance by producing the dark matter
often been invokedsee[2] and references thergirmas the particle at the end of inflation via preheating or reheating or
largest possible mass the dark matter particle can have. Thgavitational particle creatiop#,5]. The masses required for
derivation of this bound uses the unitarity bound on the ang present abundance 6i~1 are within a few orders of
nihilation cross section, and makes one crucial assumptiofyagnitude of the Hubble parameter at the end of inflation,

thermal equilibrium in the early universe. The unitarity j o —10'2—10GeV. For this reason, they have been called
bound on the annihilation cross section tells us superheavy dark matter or wimpzillas.

Here, we propose a different production mechanism that
<UAv>si (1) can also evade the iGeV upper bound, and naturally
M?2 achieves(~1. It makes use of a late period of inflation
) ) _ called thermal inflatioi6—8] that occurs at an energy scale
whereM is the mass of the dark matter particle, dadv) IS of around 16 GeV, with a Hubble parameter of the order of

the thermally averaged annihilation cross section that apy ey which is to be compared with the GUT-scale ordinary
pears in the relevant Boltzman equat{&h (i.e., annihilation inflation havingV4~10%GeV andH~103GeV used in
per unit time is given byn{ov), wheren is the proper [4,5

number density of the dark matter particl&he assumption *“tpera) inflation provides a natural solution to the Polo-
of thermal equilibrium, on the other hand, tells us that the

o T nyi or moduli problem[9] that generically arises in string
freeze-out abundance is given by the thermal distribution theory (see alsq10]). It occurs when a “flaton,” a scalar

field with a small mass and a large vacuum expectation
) (2)  value, is held at the origin by its finite temperature effective
potential. One gets a few-folds of inflation because the
flaton’s potential energy dominates the thermal energy den-
sity well before the temperature drops below the critical tem-
perature for the flaton to start rolling away from the origin.
The prototypical flaton potential is described in Sec. Il A.
Thermal inflation occurs at a very low energy scale which is
M 2 the reason it can successfully dilute the potentially harmful
thzo.J(m) 3 moduli produced after ordinary inflation. Note that it will
€ also dilute any superheavy dark matter produced at the end

where(} is the ratio of the mass density in the dark matterOf c(J)rdin%ry infflatign.k ducti K hi
particle to the critical density today, arfdis the Hubble ur idea for dark matter production works roughly as
constant in units of 100 km “$Mpc 1. This bound natu- follows. A particless and its antiparticley, which carry some

rally has important implications for dark matter searches. Cconserved charge to make them stable, are coupled to the
flaton. They are initially massless during the thermal infla-

tion when the flaton is held at the origin by the finite tem-

*Electronic address: Ihui@fnal.gov perature effects ofy and . After the temperature of the

"Electronic address: ewand@fnal.gov universe drops below the critical temperature, the flaton be-

IThis assumes a cold relic. For a hot relic that freezes oliyat gins to fast-roll down its potential. The particle quickly
=M, the number density will be higher leading to a stronger boundgains mass in the process, which reduces its annihilation
on its masg3]. cross section, and its abundance quickly freezes out. After

n~(MTf)3’Zexp{ —TM

f

where T; is the freeze-out temperatuteThe exponential
suppression implies thdt; cannot be too much smaller than
M; hence, combining this with the unitarity bound, it can be
shown thaf 1]
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that, the flaton continues to roll until it reaches the true100GeV to 1 TeV. This potential has four degenerate
vacuum, acquiring a large expectation value and giving  minima® with | ¢|= ¢.c, Where
large mas$.The parameters for thermal inflation give a mass

for ¢ of around 16°GeV, and work out naturally to give an , myMp 4A2  2|A|
abundance of),;,~1. The details are explained in Sec. II. boac= B 1+ >t NG ) @
This production mechanism evades the conventional up- 3Nl 3my, 3m,

per bound of 108GeV by giving the particley a larger an-
nihilation cross section at freeze-out than what one woul
expect based on its final mass, and by entropy productio
after the freeze-out.

imlge thl;alrmal mEat_lon prr?wdesd'a pat?araljc)lll#tlﬂn to the L N AAZ  2)Al
moduli problem, and since the prediction _fw 1 follows Vi=amipld 1+ 1+ +
rather naturally from its parametetassumingy is stable, 3 J3 my 3m$ V3 my
the possibility of a significant fraction of the universe being
composed of superheavy dark matter should be taken seri- ) ) ) ]
ously. In Sec. Ill, we discuss the observational consequencedermal inflation starts when the energy density of the uni-
and detectability of such dark matter, which could be com-Verse starts to be dominated by, and ends a feve-folds
pletely inert, weakly-interacting, or even electromagneticallylater when the temperature drops below that required to hold
or strongly-charged. Finally, we conclude in Sec. IV with ¢ at #=0. ¢ then rapidly rolls towards, and oscillates
discussions of other plausible realizations of the mechanisrPout, the minima of its potential. It eventually decays, leav-
outlined above, which include the possibility of producinging @ radiation dominated universe, at a temperafiyg.
near Planck mass relics that could perhaps be electromayVe require
netically charged.

Jror my=100GeV, INy|=1, and neglectingA, this gives
lgévacz 10'°GeV. Requiring zero cosmological constant at the
minima gives

T o= 10 MeV 9)
Il. SUPERHEAVY DARK MATTER FROM THERMAL to avoid interfering with nucleosynthesis.
INFLATION In order for ¢ to be held at¢=0 by thermal effects
A. Particle physics during the thermal inflation¢y must have unsuppressed in-

teractions with other fields in the thermal bath. We will as-

A simple model of thermal inflation is provided by the g me these interactions include a coupling of the form
superpotential12]

ngdt W=\ (10
W($)= 23—

with |\ ,|~1. After thermal inflation,y and ¢ will acquire

where ¢ is the flaton, andVlip=2.4x 10 GeV. This form Masses

for the superpotential can be guaranteed by ,adiscrete M=\l brac (12)
gauge symmetry because the superpotential is a holomorphic

function of ¢, i.e., does not depend af's complex conju-  from this coupling. Forl\,|=1 and ¢,,=10"GeV, this
gate ¢'. The supersymmetric part of the scalar potential isgives M =10°GeV.

then given by In order to satisfy the decay constraint, E9), we require
¢ to have some, possibly indirect, couplings to the MSSM,
v o[NP o] beyond the ever present gravitational couplings. We will as-

susf & 67) = bl M2, ®) sume this is achieved by having and s charged under

SU(3)XSU(2)xU(1). Other possibilities were considered

In addition, one requireg)’s soft supersymmetry-breaking in Ref. [7]. In order not to interfere with gauge coupling
mass-squared to be negative. The scalar potential is then

AN 4

2| 1|6 . . . . .
n |)\¢| |4 3The domain walls associated with this degeneracy are most likely
Mpy

2 harmless, either because the vacua are identified because of a dis-
Pl (6) crete gauge symmetry, or because higher order terms, that would
generically be present in the absence of a gauge symmetry, break

whereV,; and A are other soft supersymmetry-breaking pa—th‘:a degeneracy. ) .
rameters. One would expel|<m,,. The scale of the soft A flaton ¢ cannot have a coupling of the forii~ %y since it
supersymmetry-breaking parameters of the minimal Super\/_vould lead to an unsuppressed quartic self-coupling in the potential

. . for ¢. Such a coupling can be forbidden by an appropriate gauge
symmetric standard modéVSSM) is expected to be around symmetry. The only other possibility would be férto be charged

under some continuous gauge symmetry, which in the vacuum
would be broken at a scate ¢~ 10'°GeV. We do not consider
2A related mechanism has also been considerddih this possibility here.

4
+cC.C.

V(g ") =Vy—m’| |+
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unification, and should form complete representations of Where{(3)=1.202, andy,, is the number of internal degrees

SU(5). These couplings give a decay rgfes] of freedom of ¢ and ¢.5 If ¥y=16+1 and ¢=16+1 of
SQ(10), as in the example of the previous sci:tion, tiggn
g2m? =136. Through the coupling of E410), ¢ and ¢ will gen-
I ,~3x 109( #) (12)  erate the finite temperature effective potential dor
vac g
Yy
V() =Vt Y Ny T2 m¢ ||+ - (15

wheregl,, is the number of internal degrees of freedomyof
and . For example, ify=5 and = 5 then g,=40. The Thermal inflation will therefore end at the temperature
decay temperature is therefdr&|

_4\2m,
Te=—— (16
MM L2 Vay Nyl
Udp1/25p 112 - g¢ L
Tae=0x T 3"Mp 2X10 5 ———— )
Dac when ¢ begins to roll away fromp=0. Shortly afterwards,

2000 9y m, |¥}10°GeV 1a the e\bundancelzI of ang y freezes out. Meanwhilep will
eM 100l | T00Ge o (13)  continue to roll towards its vacuum expectation va|de

= ¢yac. ONCE P acquires its vacuum expectation valus

= ¢yac, the coupling of Eq(10) will give ¢ and ¢y masses
where g, is the effective number of massless degrees of

freedom in the universe at temperatilig.. Note that para- M=|N\y| bac- 17
metric resonance is unlikely to be important becagses-

cillates around a large vacuum expectation value rather thahhe freeze-out abundance g¢f and ¢ can be estimated as
the origin. follows. First, it is important to keep in mind that the tem-

Renormalization, amongst other things, will split the de-perature does not drop as rolls from 0 t0 ¢y,c. This is

generacy of Eq(11) amongst the various components#f because the time-scale for the roII-over "1, whi(ih is
and . The renormalization will tend to make €8) charged muchl smaller than the Hubble timel;*~ vacMpi
components the heaviest, and SU(EU(2)xX U(1) singlet >m, . HenceT=T, throughout the roll-over. The freeze-
components, if they exist, the lightdsit4]. out occurs asy gains mass and begins to become non-

Our main unjustified assumption is now to assume that relativistic when its thermal abundance is given by
andy carry opposite charge under some discfetecontinu-

312
ous gauge symmetry under which all other fields are neutral. n(m,)= gw(_c ex;{ — ﬂﬂ) (18)
This symmetry is, however, helpful in avoiding unwanted 2 Te

superpotential coupllngs to MSSM fields. The lightest com-
ponent of ¢y and ¢ will then be absolutely stable and so
potentially a dark matter candidat@or example, we could s in contrast with the usual freeze-out calculation, it is
have aZg discrete gauge symmetry, under whigh ¢, and m,, that is changing with time rather than the temperature.

o have charges 21, and —1, respectively. This would The freeze-out abundance is determined by equating the an-
guarantee Eqs4) and(10), and afteré acquires its vacuum nihilation ratel" ,,; with the inverse-time-scale of the prob-
expectation value, thEs will be broken down to &, under  |em at hand, i.e. m,

which only ¢ and ¢ are charged. A simple choice of repre-

sentations that satisfies the discrete anomaly cancellation I ymy)~n(m,){afv[}(m,)~m,. (19

conditions[15] is =16+ 1 and =16+ 1 of SQ(10).

wherem,, denotes thep dependent mass af, m,= Ny,
which increases ag rolls down the potential. In other

Using the fact thao|v|)=1/m7,, and tham,~|x | T, itis
not hard to see that the freeze-out occurs wimga-T,, and
B. Abundance that the freeze-out abundance is given by Edgl) with T
. o — o =T, suppressed by at most a factar,|. So for|\,|~1
~ During thermal inflationy and ¢ will be relativistic and  and to within an order of magnitude, there is no significant
in thermal equilibrium. Their number density will therefore net annihilation ofy andJafter the beginning of the roll-

be over, and the freeze-out occurs well befekeeachesp, ..
3 After the freeze-outg will continue to roll towards its
74(3)g,T . : :
nT)=———-""— (14) ~ vacuum expectation value, increasing the massjab a
8

%We have assumed, as is appropriate for a supersymmetric theory,
SThroughout this paper, we use the same notafidor the com-  that there are equal numbers of bosonic and fermionic degrees of
plete representation and its lightest componém dark matter freedom[7/8=(1+3/4)/2].
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large value. It can be checked that the annihilation rate bwherepge.is the energy density of the universe at the end of

the time ¢ reaches the minimum is negligifle the flaton decay. Therefore, UsiPgec= 2 T geSdec:
T3 m3 N L |32mY2 C{9,\¥ m 32( 5X 10 b T
Tyu<—5~ 5¢ > ~(| 4 c 1";2 Hy<Hg. (200 Quy=I\glIN,[72 1_(;[/0 100 ée 3/2V|v|acl/2ec
M |)\L/I| PDuac |)\L//| Mg gymy Mp
2 3
Subsequentlyg will oscillate arounde,.c.2 « 87°n(To) @DWHC ( M )
One might worry that during the oscillatign, a significant 7§(3)g.,,T(3: 4\/§m¢ I)\¢| Dyac
amount of annihilation or production @f and ¢ might occur -
if ¢ returns to small values. The rapid buildup of gradient 2y Prac myMp (25
energy will preventp from returning to small values except 3Vy \/§|)\¢| ¢\2/ac

in a few isolated places. In additios, would eventually be

prevented from returning to small values by the Hubble exwhere all factors in brackets are of order 1. We have dis-

pansion. Strings with walls attached are also formed, whictplayed explicitly the assumed relations between the various
will likely disappear quickly{16]. Their direct radiation into  quantities, e.g.M = Nyl buac, €tc.

the heavyy particles is heavily suppressed becaldg

>M, . On the other hand, the particles are light in the " aqr oy ATIONAL CONSTRAINTS AND DETECTION

cores of the strings, and could be created and trapped there.

If a string loop carries a net charge, it will be released in The above simple model leaves open the question of what
the form of(heavy ¢ particles when the loop annihilates. If kind of interactiony has with ordinary matter. The same is
we assume each string produces of the order of prgar-  true of other production mechanisms of superheavy dark
ticle, our rough estimate of thg abundance should still be matter[4,5]. Let us go through the different possibilities one
valid. by one.

The energy density i and ¢ will then scale with that of Electromagnetically charged.hese have been referred to
the oscillating flaton until the flaton finally decays, leaving a@s charged massive particle€HAMPs) in the |lteffltufe
radiation dominated universe at a temperaflyg. The en-  [17]. At late times, they primarily take the form qf"y
ergy density ofyy and ¢ will then scale with the entropy (hydrogen with a heavy “electron” which has very low

. . P
density of the universes. The current value of the entropy C/0SS Section with other atoms)™e " (heavy hydrogenor
density is ¢ He""e” (¢~ bound to the helium nucleus to make an-

other kind of heavy hydrogenVarious constraints exist on
Sp=2.2X 10" BGe\l. (21) §uch partic!es, ranging from the _abgence of heavy-hydrogen-

like atoms in water to nondetection yray and cosmic-ray
detectors[17]. By far, the strongest constraint appears to
come from the existence of old neutron stat$], where
only M=10'%GeV is allowed. Otherwise, a sufficient net
number of™ particles collects in the neutron star, forms a
black hole in the center and eats up the star on a short time
. scale; this is in part because the hydrogen-heavy-hydrogen
For s and ¢ to be a viable dark matter candidate we requirescattering cross section is high, given by the square of the
Bohr radius in the low velocity limitr~10"*"cm™2. How-
ever, if the abundance @f" and that ofyy~ bound to helium

Finally, we wish to compare the current energy densitysof
and ¢ with the critical density

3H3=3x10"*GeV". (22)

Q¢;Epiﬁ~0.3. (23)  are the same in the halo, the constraint is weakenel to

3Ho =10'GeV. The conventional bound ™ < 10° GeV would
_ ) then be fatal to the existence of such particles. The kind of
Putting everything together we get production mechanism like the one proposed here, or else-
where, which evades the conventional bound, could resurrect
Pdec| [ So the intriguing idea that the dark matter can be charged. But
Qyy=n(ToM V_u (g)(ﬁ) (24) as we can see, significant astrophysical constraints already

0

exist. It should be noted that the near Planck mass relic that
will be discussed in Sec. IV satisfies even the demanding
bound ofM=10'*GeV. The economic importance of such
1§ I\,| is small, the fifth power of\ | in this formula could stable massive electromagnetically charged particles cannot
makeT ", significant which means that there would be some anni-be overestimated. For example, they could be used to cata-
hilation of ¢ and . However, in this case the cosmological abun- lyze nuclear fusion17].

dance will also be boosted up by a higher [see Eqs(16) and Strongly chargedThese have been referred to as strongly

(25)]. interacting massive particlesSIMPs in the literature
8Note that the backreaction of the finite densityyoparticles on  [19,20. Significant bounds on their masses, if they have sig-

¢'s potential is negligible. nificant cosmological abundances, come from nucleosynthe-
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sis as well as the absence of anomalously heavy isotopes dance in the correct range. As our mechanism is imple-
familiar nuclei[21]. A systematic study of constraints from mented by thermal inflation, which solves the moduli prob-
direct detection and the existence of old neutron stars and tHem by late entropy production, it is robust against such
Earth was made in Ref19]. Assuming there is nay-y  dilution.
asymmetry, the neutron-star argument and underground plus The same general mechanism could also be applied to
balloon experiments provide Competitive bounds: OMy what one m|ght call “moduli thermal inflation” to produce
=10°—10'YGeV is allowed for ay-proton cross section of near Planck mass particles at low energy scales. Moduli ther-
o~10"3-10"2°cm2 As in the case of electromagneti- mal inflation is a limit of thermal inflation in which the flaton
cally charged dark matter, the possibility of producing themis replaced by a modulus, so that roughly speaking|
without overclosing the universe gives such dark matter can=Mg/Mpy in EQ. (6). ¢qc Will then be of the order of the
didates a new life. Planck scale. In the context of string theory, it is then very

Weakly chargedNaturally, no significant constraints exist reasonable to assume that the vacuum expectation value of
if  has only weak-scale interactions like the neutraficm,  the modulus¢$= ¢, corresponds to another “origin” in
o~10"%(m,/ GeV)* cn? in the largeM limit, where m,, is field space where new fields become light; for example one
the mass of the relevant nucléomirect detection appears could have superpotential couplings of the fowkh=A, (¢
rather difficult simply because the halo number density— ¢,.d xx- Such a “coupled” modulus would appear like an
scales asM ~ 1, and the neutralino with mass100GeV is  ordinary scalar fielde.g., a squark or slepton figlin the
already difficult to detect. Note that a large mass does notrue vacuun?. The decay temperature would then no longer
increase significantly the nuclear recalE~ M?mv?/(M scale as in Eq(13) but instead could be as high éﬁ"‘.
+m,)? wherev~200km s!is the average halo velocity Putting these modifications into E€5) would also give us
of these particles; in the lardd limit, AE is asymptotically a value of{),, in the neighborhood of 1. However, another
M-independent. Indirect detection might seem even moreonsequence of having,,.~Mp, is that one could get a
hopeless. Not only does the halo number density drop by aignificant number oé-folds of non-slow-roll inflation asp
factor of M, the annihilation(which gives rise to neutrings rolls from ¢~0 to ¢~ ¢,.. TO avoid this inflation diluting
rate is suppressed byl? according to the unitary bound. the ¥ particles too much, one would requiren,
However, three opposing factors help us here. F_irst, on aelo\/ﬂi’lep, and so¢, =< Mp,/10. This would limit the fi-
sufficiently long time scale, the neutrino flux from¢ an-  nal mass of they particles to beM <fewx 10'’ GeV. How-
nihilation in the core of the Sun or the Earth is determinedever, this is still above even the stringent limit on electro-
not by the annihilation rate, but by the capture rate, whichmagnetically charged dark matter obtained in R&8].
depends on the scattering cross section with nucleons and is Note that because moduli thermal inflation occurs at too
not heavily suppressed. Second, indirect detection works bligh an energy scale to solve the moduli problem, this sce-
observing muons that result from the interaction of the neunario would only be viable if there were no moduli
trinos with the rocks of the Earth. The cross section for proproblent’ because otherwise th¢ particles would be di-
ducing muons and the range of the muons both scale up witluted by another epoch of thermal inflation, or some other
energy, and hence the massyafA detailed calculation tak- late entropy production, that would be needed to dilute the
ing into account these effects as well as other relevant onedecoupled moduli produced at the end of the moduli thermal
will be presented in a forthcoming paper. inflation.

Completely neutralys could be a singlet under SU(3) A related scenario could emerge from some of the more
X SU(2)x U(1). Itis of course virtually impossible to detect plausible models of inflatiofi24]. Here ¢ or y is the infla-
such particles, except by their gravitational effects. ton, which holdsp at zero by the hybrid inflation mechanism

Lastly, superheavy dark matter has been postulated as thigs] rather than thermal effects. One could then even get
origin of ultra-high-energy cosmic-ray events at energiesjark matter in the form of charged, near Planck mass, infla-
=10'°GeV, above the Greisen-Zatsepin-Kuzmin cutofftons.
[4,5]. The parameters of the model presented in the last sec-
tion are sufficiently flexible to allow a mass oM
~10'" GeV to explain such events. Thieparticles cannot by ACKNOWLEDGMENTS
themselves be the primaries because of the large mass, even
if they have hadronic interactiofig2,21]. The simplest way
is to have them decay into hadrons, e.g., protons, whic@

reach the Earth’s atmosphere. But then, one has to InVOkt"?cle Physics and the Aspen Center for Physics for hospital-

special reasons to explain why they are not stable but suffii;[y This work was supported by the DOE and the NASA
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IV. DISCUSSION

. . %1t would be an excellent candidate for an Affleck-Dine fiEh].
We have shown that a simple and well-motivated model 10z, example, because all the moduli are of this coupled type,

of thermal inflation naturally produces dark matter particles,aher than the decoupled type that give rise to the moduli problem.
 and ¢ of massM ~10'°GeV with a cosmological abun- How one fits the dilaton into such a picture is unclear though.
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