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Supersymmetric dark matter and the reheating temperature of the universe
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Since the thermal history of the universe is unknown before the epoch of primordial nucleosynthesis, the
largest temperature of the radiation-dominated plfdsereheating temperatyrmight have been as low as 1
MeV. We perform a quantitative study of the supersymmetric dark matter relic abundance in cosmological
scenarios with low reheating temperature. We show that, for values of the reheating temperature smaller than
about 30 GeV, the domains of the supergravity parameter space which are compatible with the hypothesis that
dark matter is composed of neutralinos are largely enhanced. We also find a lower bound on the reheating
temperature: If the latter is smaller than about 1 GeV neutralinos cannot be efficiently produced in the early
universe and then they are not able to explain the present amount of dark matter.
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. INTRODUCTION is the Hubble constant in units of 100 km sédvipc™?,
while o,,,is the weakly interacting massive parti¢&w/IMP)
Supersymmetric dark matter provides one of the hottespair-annihilation cross section, is the relative velocity be-
topics on the border between cosmology and particle physween the two annihilating particles, and angular brackets
ics. This is due to the fact that iR-parity conserving super- denote the thermal average. Indeed, what specifically makes
symmetric theories the lightest supersymmetric particlehe neutralino an ideal dark matter candidate is that in(Eq.
(LSP) is stable and may provide the cold dark matter, whosahe value of the annihilation cross section, calculated in a
existence is inferred from a large number of independenivide variety of supersymmetri@USY) models, may yield a
observation$1,2]. Among the different supersymmetric can- result forQ),h? which falls in the correct interval suggested
didates, the neutralino turns out to be a perfect dark mattewy present day observations for the amount of nonbaryonic
particle, since it has neither charge nor color, its only interdark matter in the universd,2]:
actions being of the weak type.
The present abundance of neutralinos depends on the ther- 0.05=0,,h?<0.3. 2)
mal history of the universe. In the early universe interactions
may keep neutralinos in thermal equilibrium with the radia-  \when exploring the neutralino parameter space and its
tion bath until their abundance freezes out at a temperaturghances of discovery in both accelerator and nonaccelerator
Tr. The neutralino mass is constrained by accelerator data t@earches, this argument has usually been turned the other
be heavier than a few tens of GeV. This implies that it deway around, and Eq(Z) used as a constraint on the neu-
couples in the early universe when it is nonrelativisticTat  tralino parameter space. Depending on the particular super-
in the GeV range. This picture is correct if the maximum symmetric scenario, this may have important consequences
temperature in the radiation-dominated era, which from nowyn the allowed supersymmetric configurations. In particular,
on we will refer to as the reheating temperatligy, iS  in supergravity{SUGRA)inspired models, the allowed neu-
much larger than the freeze-out temperaflige If this is the  tralino parameter space turns out to be severely reduced by

case, the neutralino relic abundance turns out to be requiring that) h? falls inside the interval defined by Eq.
_ (2 [3-13.
Q n2= P2y 2.6x10°*° GeV ? 0 The robustness of these constraints relies on the cosmo-
X pe (Tand) logical assumptions that lead to Ed). Indeed, the thermal

history of the universe before the epoch of nucleosynthesis is
wherep,=1.879h?x 10 2° g cm™ 2 is the critical densityh unknown. The maximum temperature in the radiation-

dominated erd gy may have been as low as 1 Mébut not

smaller in order not to spoil the nucleosynthesis predicjions

*Electronic address: fornengo@to.infn.it The possibility of a low reheating temperature of the uni-
"Electronic address: antonio.riotto@pd.infn.it verse has recently been discussed in Ref]. There it was
*Electronic address: scopel@to.infn.it shown that a low reheating temperature has important impli-
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cations for many topics in cosmology such as axion physicsnto account both the expansion of the universe and the neu-

leptogenesis, and nucleosynthesis constraints on decayirigalino interactions in the primordial plasma:

particles. In particular, it was shown that stable weakly inter-

acting massive particles may be produced even if the reheat- %

ing temperature is much smaller than the freeze-out tempera- dt

ture of the dark matter particle§,zy<Tg, and that the

dependence of the present abundance on the mass and {PRereH is the Hubble parameterdenotes time, and®® is

annihilation cross section of the dark matter particle maye neytralino equilibrium number density. In the right-hand

differ drastically from standard resuf’tg. _ side of Eq.(3), the first term describes the universe expan-
The goal of this paper is twofold: First, we wish to extend sjon, while the second term takes into account the change in

the analysis of Ref.14] and perform a quantitative study of i, Y number density due to annihilation and inverse-

the case of neutralinos in SUGRA scenarios, analyzing inyqnihilation processes.

detail the impact that a lowgy may have for the present At high temperatures, the evolution of, closely tracks

neutralino relic abundance; secondly, we aim at providing g equilibrium valuen®’. In this regime the interaction rate

Iower.bound on the_reheatmg temperature. The Io.glc IS th%f the x particles is strong enough to keep them in thermal
following. All matter is produced at the end of inflatiph7] equilibrium with the plasma. As the temperature decreases
when all the vacuum energy stored into the inflaton field isIRr heavy particles like neutralinos the quannif)?f b comag ,

released and the universe becomes radiation dominated wi . ( .

e . : exponentially suppressed and therefore the interaction rate
the initial temperaturelgy. During the reheating process, - N o o

. . I'=n (o.,p) turns out to be rapidly ineffective in maintain-
particles are generated through thermal scatterings an X

quickly thermalize. Among them, dark matter particles mayIng neutralinos in thermal equilibrium: when thés mean

also be produced but their final number depends strongly OHG(.a path becomes of the order of the Hprle scelter-
actions are frozen out and tiyenumber density per comov-

the reheating temperature. If the latter is too small, the ther: . . AR
g volume is frozen in. This situation occurs at a tempera-

mal bath does not give rise to a number of neutralinos larg re T, (freez t temperaturand clearly depends on th
enough to make them good candidates for dark matter. Thi € 1 (Ireeze-out temperaturand clearly depends on the
strength of they interactions.

leads to a lower limit oz . We will find that the reheating By int tina the Bolt i f i
temperature needs to be larger than about 1 GeV for neutral{—he yrér;:r%rgr:]neg onz fir? d i?]aen:eﬁ?r:ﬁr:gnre(l)ic 5@@%29
nos to be good dark matter candidates. P ' =

The plan of the paper is as follows. In Sec. Il we briefly
recall the calculation of a WIMP relic abundance both in the O e m,n (T=0)
low-reheating scenario and in the standard case. In Sec. llI X Pe
the specific supersymmetric models that will be considered

in our analysis are introduced. In Sec. IV we discuss our simple analytic approximation of the solution of the

results. Section V is devoted to our conclusions. Boltzmann equatior3) allows us to write down explicitly
both the neutralino relic abundance

=—3HnX—<aamp>[n)2(—(n§q)2], )

h2. (4)

II. NEUTRALINO RELIC ABUNDANCE: THE STANDARD
SCENARIO AND THE LOW-REHEATING-TEMPERATURE

2
SCENARIO 0 h2=8.77x10 1 1 Gev

gilz(TF,std) < OanP > int

®)

In this section we outline the ingredients that are relevant
to the calculation of the neutralino relic abundance both in
the standard radiation-dominated scenario and in the low2nd the value of the freeze-out temperature for the standard
reheating early universe scenario introduced in Ref]. We ~ SC€Narnole=Te gqin the implicit form

direct the reader to Ref§20,14] for further details.

12
gm,MpXg st
: & 0386————
A. The standard scenario XF,st In| 0.03 121 <‘Taan>F ’ (6)
g* ( F,Std)

The number densityr, of neutralinos in the early uni-
verse is governed by the Boltzmann equation which takeWherexF’stdE M,/ Tk g @nd (o )¢ denotes the value of
(oanp) at the freeze-out temperature. In E@S),(6) Mp
denotes the Planck magsis the number of internal degrees
!Low-reheating scenarios lead as well to a new perspective opf freedom ofy, 0, (Tg) is the effective number of degrees
baryogenesif15] and to the possibility that massive neutrinos may of freedom of the plasma at the freeze-out, A0 Vint
play the role of warm dark matt(6]. denotes the integrated value @f,,p) from T up to the

“In this paper we suppose that neutralinos are produced during theresent temperature. Making use of the nonrelativistic first-
reheating process only through thermal scatterings. Another SOUrGgrder expansion ofo,,p) in terms of the variablex
might be the direct decay of the inflaton field into neutralinosEm T an

MAR

[18,19. This introduces another unknown parameter though, the
decay rate of the inflaton field into neutralinos, and we do not o
consider this possibility any further. (Tanp)=a+Dbx™ 1, (7)
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we have( o g Yine=axs 1+ bxg 2/2. Equation(5) shows the Let us consider the scenario of the early universe dis-

well known result that the present abundance of a cold reli€ussed in Ref{14]. During the reheating epoch, the energy
particle is inversely proportional to its annihilation cross sec-density of the universe is dominated by the coherent Pfc'”a'
tion: Q _h2~ -1 tions of a scalar fieldp. This period begins at a timi,

on: 2y (Tand )int -

. . _1 .
A crucial point in this discussion is that, in the standarg@nd lasts until a timé’,~ set by the sc:alar fleld_?e_cay rate
cosmological scenario, freeze-out occurs in a phase of thes- The dynamics of the system féi, “<t<I"," is de-
evolution of the universe when the expansion is adiabaticriPed by the Boltzmann equations for the energy densities

and the energy density is dominated by radiatirza™t  PoRx of the three gogpled components, tﬂwsta}ble mas-
andH~T2~a 2. These relations between the temperatures've field ¢, the radiationR, and the(stable massive WIMP

the scale factoa, and the Hubble parameter are modified inX S

the reheating phase of the low-reheating-temperature sce- g

nario discussed in the next section: If freeze-out occurs dur- ot —3Hp,—Typy, (8)
ing the reheating phase, a lower neutralino relic abundance at

the present time is obtained. dp
R
ar —4HpRr+T 4p s+ (2(E)){oand )N (n5H2],

B. A low-reheating-temperature scenario 9

It is by now accepted that during the early epochs of the
universe there was a primordial stage of inflatidr7] re- —X=—3Hn, — (g )[N>— (nH?] (10)
H . . X an b% X 3
sponsible for the observed homogeneity and isotropy of the

present universe as well as for the generation of the cosmo- ,
logical perturbations. where the quantity ¢€,) represents the average energy re-

The radiation-dominated era of the universe is usually asi¢@Sed in eaclyx annihilation. Notice that here we assume
sumed to be originated by the decay of the coherent oscilldhat ¢ decays into radiation, but not intg’s. This set of
tions of a scalar field, the inflaton field, whose vacuum en£duations assumes that the decay products ofdihigeld
ergy drove inflatior? The decay of the scalar field into light "€@dily thermalize, forming a thermal bath. This assumption
degrees of freedom and their subsequent thermalizatiofS Motivated by the fact that soft particles with energies of
called reheating, leaves the universe at a temperatyge the order of the temperature of the thermal bath leading to
which represents the largest temperature of the plasma duf,ull_equmbnum are readlly produced by inelastic scatterings
ing the subsequent radiation-dominated epoch, when tenf?hich are dominated by infrared effects. LSPs may also be
perature is a decreasing function of time. The onset of th@roduced by high-energy particles produced in the cascade

radiation-dominated era is in fact placed at the temperaturBrocess induced by the decay of tiefield. However, we
Tey, i-€., at the end of the reheating phase. expect such a contribution to happen at early epochs and

therefore the corresponding number density of these LSPs to
case—larger than the neutralino freeze-out temperature  P€ diluted by the subsequent entropy release during reheat-
This fact implies that the present-day relic abundance of angg' This additional contribution to the relic densit.SP
particle which freezes out at a temperatdiie<Tgy, is not ~ Produced by hard scatteringsan therefore be relevant only
affected by the history of the universe during the reheatin hen the standard thermal production of LSPs is suppressed.

phase. However, the only information we have on the small/NiS Situation actually does not occur for the SUGRA
est value ofTgy is from requiring a successful period of scheme with neutralinos lighter than the TeV scale we are

considering in this paper, as will be discussed later on. In the
: . ; : following we will recall the main properties of the system

phenomenological point of view[ry is actually a free pa- . Lk

rameter. This implies that the situation in which a relic par-descr'b(':'d by Eqs(8),(9),(10), directing the reader to Ref.

ticle decoupled from the plasma before reheating was conLlA'g\tfor a comlplet.te distchussion. density of th . .
pleted (i.e., Te>Tgyy) could be a viable possibility, with very early imes the energy density ol th€ universe is

important implications in the calculation of the cosmologicals\(;lmigated by tge sc_:tz?llar field, anlql %(I)th Lhetrhadiatioln a?dl d
abundance of relic particldd 4,21, energy densities are negligible. As the scalar fie

decays the temperatuiiegrows until it reaches a maximum
value T, and then decreases s a® up to the tempera-

. 71 . .

Sldentifying this scalar field with the inflaton field is not strictly ture TF?H "’?t th? timet=I", " which determines the end Of.
necessary. It might well be identified with some massive nearly€N€ating(in this second stage the temperature of the radia-
stable particle, such as some light modulus field present in supeRON Produced in the first stage is cooled down by expansion,
symmetric andsupejstring models. In such a case, after inflation @hd the entropy release due to the decaygofnduces a
the universe might have been matter dominated by the energy de@€ntler cooling compared to the radiation-dominated kcase
sity of this modulus and then become radiation dominated after itd his nonstandard relation between the temperature and the
decay. In other words, there might have been more than one rehedcale factor may significantly affect the calculation of ghe
ing process during the thermal history of the universe. Needless tparticles relic abundance, depending on the duration and on
say, the one relevant for us is the latest. the details of the reheating phase.

Usually Tgy is assumed to be very large and—in any

primordial nucleosynthesi3,zy=1 MeV. Therefore, from a
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The relevant mass scales that can help in understandinik,, due to the entropy produced by tlledecays, the ex-
the different regimes which may occur are the mass of thg@ansion dilutes, by a factor Tru/TE.m)®, which is much
WIMP m, , the temperaturelx of the WIMP freeze-out smaller than the dilution factor in the radiation-dominated
(which can happen before or after the reheating has beerase Try/Te o). When the two effects are combined, the
completed, the temperature at the end of the reheating phasﬁnal result is a suppression d?, by roughly a factor
Tru, and the maximal temperature reached during the reTRHTF s/ (Tem)* as compared to the standard case. An
heating phasé ... Two hierarchies are present for these analytic approximation of the ensuing result for theelic
mass scalest g <Tmax and, since we are dealing with cold abundance is given bijl4]
relics which decouple when nonrelativistitz<m, .

The relation betweem, andT 5, determines Whether the YA Try) T3, GeV ?

WIMPs, which are produced during the reheating phase, be- Q,h?=2.3x10" - o ;

come relativistic Tpac>mM,) Of Not (Ta<m,). More im- 95 (Tr.rn) mi(axe i, +4bxe 21/5)
max X max X ! !

portant is to determine whether theparticles reach thermal (12)

equilibrium during the reheating phase. This is determined

by the strength of their interactions, and in particular it de-—!

pends on{o,,p). According to the values of the WIMP

where the freeze-out temperature during the reheating phase
TF,rh (XF,rh—mX/TF,rh) is [14]

mass and annihilation cross section, two possible nonstand- g1/2 Tew) MpT2

ard regimes may be schematically singled out for the WIMP Xg m=In| 0. 01cg * | RH P RH(” 52 4 5px3? /4)}
XE.rh F.rh '

relic abundance. g*(TF ) My i

(i) The y particles generated during reheating are always
nonrelativistic and never reach thermal equilibrium. Integra- e
tion of Eqgs.(8),(9),(10) shows that the process gfproduc- lcr;ots)cs)tgelcz:t(iqjﬁ(tzy? Zggic()isi)fwé ?ave used the annihilation
tion takes its main contribution around the temperaflye P q).

=m,/4 and is exponentially suppressed outside a narrow in- Obviously, if the decoupling of the particles from the
plasma occurs after the reheating phase is concluded, the
terval centered o, [14]. So most of they particles are

produced aT, . ForT<T* the total number of’s is frozen standard scenario is recovered and the relic abundance has

and their density is diluted by expansion. The conditionthe ordinary expression of EG). , .
o S - In the following sections we will perform a detailed cal-
nX(T=O)<nX°(T*) implies an upper limit on{o )

culation of the neutralino relic abundance in a supergravity
E<Uaﬂf">(T:T*) of the order of 14]: framework in order to study the consequences of the low-
reheating-temperature scenario outlined above. In our analy-
10 "4 m, sis we will make use of the analytical solutions given in Egs.
9, (Trn) (100 Ge\) (5),(6), and Eqgs.(12),(13), appropriately interpolated in the
intermediate regime wherE: is close toTgy (the interpola-
100 MeV)? 5 tion has been determined on the basis of numerical solutions
T—RH GeV- 1D of the relevant differential equationsNe have numerically
verified that the analytical solutions are accurate enough for
our purposes when compared with full numerical solution of

portional to the WIMP self-annihilation cross section: the relevant Boltzmann equations of E() and Egs.

QXh2~<aan,p>* , instead of being inversely proportional, as (8),(9),(10).

in the standard case. We anticipate here that for the case of

neutralinos in supersymmetric models, this situation only oc- !ll. THE NEUTRALINO IN MINIMAL SUPERGRAVITY
curs when the reheating temperature is smaller than about

3(]20 Mﬁv In this sﬂu(;atlon the neutralino relic density is sig-\;iapie dark matter candidatesH parity is conserved, since
nimcantly suppresse _ this symmetry prevents the lightest supersymmetric particle
(i) The y particles reach thermal equilibrium, and then ¢om decaying. The nature and the properties of the LSP
freeze out when nonrelativistic before the reheating phase '&epend on the way supersymmetry is broken. In models
cr?nclﬁded 'ﬁ atha tempﬁrart]ufe ITF'thJRH During  \here supersymmetry breaking is realized through gravity-
the phase when they reach thermal equilibrium, thpar- (or also anomalymediated mechanisms, the LSP turns out

ticles may or may not become relativistic, depending on thg, e qyjite naturally the neutralino, defined as the lowest-

value of T4« In any case, they decouple as nonrelativistic, . . L~ L
leading to a cold relic. The usual freeze-out condition is mass linear superposition of the photing){ zino (Z), and

modified compared to the standard case because the energg two Higgsino statesH;, Hy): x=a,y+a,Z+agH,;
density is dominated by the scalar field and the relation be+ a4H2

tween the Hubble constant and the temperature is given by Even assuming a minimal supersymmetric extension of
Hx=T*, as compared to the radiation-dominated case wherthe standard model, the supersymmetric theories may be ex-
HoT2. The first consequence of this fact is that freeze-ouplored in a variety of different schemes, ranging from those
occurs earlier and the WIMP density B¢ ;,, turns out to be based on universal [3-7,9-13 or nonuniversal
higher. However, as the universe cools down frog,, to  [3-5,8,11,12 supergravity, where the relevant independent

95 (Ty)
10

(Tand )4 STX 10*149

In this regime the WIMP relic density turns out to peo-

Supersymmetric theories naturally predict the existence of
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supersymmetric parameters are defined at a grand unification 50 GeV=my,<3 TeV,
scale, to effective supersymmetric theories which are defined
at the electroweak scal®,22,23. In the present paper we me=3 TeV,
will mostly concentrate on the discussion of universal super-
gravity and we will comment on the results that can be ob- —3<A,=+3,
tained in different supersymmetric schemes.
The essential elements of a generic minimal supersym- 1<tanB<60. (17)

metric model are described by a Yang-Mills Lagrangian, by

the Superpotential, which contains all the Yukawa interaC-The Sign Of,LL is chosen to be positive, since negative values

tions between the standard and supersymmetric fields, and Bite somewhat disfavored by the limits on the supersymmet-
the soft-breaking Lagrangian, which models the breaking ofic contribution to the muon anomalous magnetic moment.

supersymmetry. Implementation of this model within a su-On the configurations obtained by randomly scanning the

pergravity scheme leads quite naturally to a set of unificatiolbove defined parameter space, we apply the experimental
conditions at a grand unification scal ¢yr) for the param-  |imits quoted above on Higgs boson and supersymmetry

eters of the theory. searches and on the—s+ y decay (for details, see, for

Unification of the gaugino masses: instance, Refd.24,25).

We finally remark that the phenomenology of relic neu-
tralinos, in some sectors of the minimal SUGRA scheme, is
also quite sensitive to some standard model parameters, such
as the top quark mass;, the bottom quark massy,, and
universality of the scalar masses with a common mass ddhe strong couplings [6,25,26. For these parameters, we
noted bymy: use here their 95% C.L. rangesnf°®=175+10 GeV,

my(M)=3.02£0.21 GeV, andug(M;)=0.118+0.004.

Mi(Mgyr)=my,, (14

Mi(Meum) = Mo, (15) IV. RESULTS AND DISCUSSION
As already discussed in Sec. Il, the calculation of the
neutralino relic abundancﬁxhz, both in the standard case
outlined in Sec. Il A and in the low-reheating scenario de-
Al(MGUT):Ad(MGUT):AU(MGUT)EAOmO' (16) scribed in Sec. 1B, relies on a detailed calculation of the
neutralino self-annihilation cross sectidmr,,p). Here we
consider the universal SUGRA model outlined in the previ-
We denote this scheme as universal SUGRAminimal  ous section, and calculater,,p) following the procedure
SUGRA). The relevant parameters of the model at the elecgiven in Ref.[20], to which we refer for details.
troweak scale are obtained from their corresponding values A first preliminary conclusion about neutralino dark mat-
at theM g7 scale by running these down according to renor-ter and models with a low reheating temperature may be
malization group equations. By requiring that the elec-drawn by calculating the neutralino annihilation cross section
troweak symmetry breaking is induced radiatively by the softat the temperaturd@, . The quantity{o,,p ), is shown in
supersymmetry breaking, one finally reduces the parametefSg. 1 as a function ofm, in terms of a scatter plot obtained
of the model to five:my,, my, Ag, tanB=v,/v,, and by varying the SUGRA parameters in the ranges given by
sgn(u), wherev,; and v, denote the vacuum expectation Eq. (17). The scatter plot is compared to the values of the
values of the two Higgs fields of the model ands a mixing  limiting cross section given in Eq11), calculated for differ-
parameter between the two Higgs fields which enters in thent values ofTry. This figure shows that the condition of
superpotential. These parameters angriori undetermined. nonrelativistic nonequilibrium, given by Eql1), is verified
However, bounds coming from supersymmetry and Higgonly for values of gy smaller than about 300 MeV. For
boson searches at accelerators and on supersymmetric cdarger values of the reheating temperatyi&,, ), always
tributions to rare processes, like the-s+ y radiative de- lies above the curves of the limiting cross section. This fact
cay, introduce limits on the model parameter space. Alsamplies that for Tgy=300 MeV the neutralino always
theoretical arguments concerning the naturalness of theeaches thermal equilibrium during the reheating phase, and
theory may be used in order to identify typical scales beyondherefore the peculiar behavidnxhzoc<cramp> is limited
which the main attractive features of supersymmetry fadenly to cosmological models with very low reheating tem-
away. For instance, fine-tuning arguments may be invoked tperatures. This conclusion is actually true for a class of su-
set bounds om, and m,;, [3,4]: m;;»< hundreds of GeV, persymetric scenarios which is more general than the univer-
whereagmy<2-3 TeV. sal SUGRA model shown in Fig. 1. For instance, we have
In the present paper we will vary the parameters of theexplicitly verified that the same result also applies to other
minimal SUGRA scheme in wide ranges in order to carefulySUGRA schemes where the universality condition of Eg.
analyze the impact of the low-reheating-temperature cosmol-15) are relaxed at the GUT scale for the Higgs sector, when
ogy on relic neutralinos. The ranges we adopt are the followthe supersymmetric parameters are varied in the same ranges
ing: discussed in the previous section. One must notice that the

and universality of the trilinear scalar couplings:
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10 g posing stringent upper limits on the neutralino mass. Figure
107 & 2 shows that an upper bound of about 200 GeV is obtained
1078 on the neutralino mass when we restfﬂ:}h2 to be less than
b 107 0.3.
107 E
10-8 L There are, however, ways out to avoid such a bound.
¥ q0-s 1072 When coannihilation is included, the upper boundnopin

E 10-10 universal SUGRA at low/intermediate tg@ncan be extended

= fpAt 10-t up to about 500 GeY®6,7,11,13, even though this possibility

A 10-12 is restricted to a very narrow sector of the SUGRA parameter

" 1gs E space where the neutralino mass is almost degenerate with

o qigem - ' the stau mass.

LA - Alternatively, when a low reheating temperature is al-
TE 10 Jowed, Fig. 2 shows that th limit ing f
i~ owed, Fig. 2 shows that the upper limit am_coming from
Lo-17 T cosmology is removed. By lowering the reheating tempera-

e 3 = ture we affect mainly the relic abundance for large neutralino
10_19 E L0 C s s ‘ S masses, unless we lowé@izy below a few GeV: forTgry
167 — 1600 —— <5 GeV, Q h?is reduced for all the allowed mass range

m, (GeV) of the SUGRA model.

The behavior of the different panels of Fig. 2 may be
FIG. 1. Thermal average, at the temperatlige-m, /4, of the  easily understood by comparing the relevant mass scales
neutralino self-annihilation cross section times the relative velocitywhich enter in the calculation of the relic abundance in the
(oan)« as a function of the neutralino mass,. The points de- standard and low-reheating-temperature models, namely,
note the values ofo,,p), calculated in universal SUGRA with m,, Tg, andTgry. In Fig. 3 we show a generic example of
the parameters varied as in H47). The values ofmP®®, my, and  what happens at different neutralino masses for a sufficiently
ag are varied inside their @ allowed intervals. The solid lines low reheating temperature_ The upper pane| of F|g 3 shows
denote, for different values of the reheating temperaflgg, the i i
values of the limiting cross section of EQLl? whic% detgfmines, ;22 \rg;ﬁeaggqg zne(i(/a—ﬁ{h;?ﬁgfﬁgéﬂﬁ&mmé flr)é?grsa tto
for_ a cosmological mpdel where neutralinos are glw._ays non_relativthe calculation for staﬁdard cosmology, while the thick de-
istic, whether neutralinos can reach thermal equilibrium during thecreasing line refers tdry=10 GeV. The two lines are su-
reheating phase. perimposed fom, <150 GeV. The lower panel shows the
value of the freeze-out temperatufg as a function of the
effective lower limit on neutralino cross section revealed inneutralino mass. The horizontal line indicates the values of
Fig. 1 is a consequence of the choice of the upper ranges dfzy=10 GeV. By comparing the upper an lower panels, we
Eq. (17) adopted for the dimensional supersymmetric paramsee that as long as the freeze-out occurs at a temperature
eters. However, we recall that the intervals given in @)  which is (much smaller thanTg,,, no difference is present
are representative of a typical upper bound on the supersynfier the low-reheating-temperature scenario as compared to
metry breaking scaleM g sy<a fewx 10> GeV. This con- the standard case. On the contrary, wign approaches
straint may be understood on quite general grounds, since Tz, the relic abundance becomes suppressed, and this ef-
derives from naturalness arguments on the stability of théect becomes more pronouncedgsgrows as compared to
Higgs potential and the requirement of absence of fineTg,. SinceTg is an increasing function of the neutralino
tuning in the generation of the electroweak scale through thenass, a low-reheating scenario affects more the large mass
mechanism of radiative symmetry breaking. Notice that, asector of the theory, and this explains the peculiar behavior
far asm,,, is concerned, the upper value adopted in @) of Fig. 2.
is already large enough to pose questions about fine-tuning Going back to the discussion of the features of Fig. 2, we
problems[3,4]. see that, in order to have heavy neutralinos compatible with
Let us turn now to the calculation of the neutralino relic the cosmological upper bound in E@), the reheating tem-
abundance. Figure 2 shovﬂsxh2 as a function of the neu- perature has to be lowered below about 30 GeV. Whgi
tralino massm, , calculated in universal SUGRA for tgh  falls below 20 GeV the whole neutralino mass range is ac-
=30 andA,= 0 and withmy andm;, varied in the ranges of ceptable from the point of view of cosmology, although a
Eq. (17). Starting from the upper left panel, we plot the re- fraction of the SUGRA configurations entail relic neutralinos
sults obtained for standard cosmology, and for low-which are a subdominant dark matter component, since
reheating-temperature cosmologies with,= 30, 20, 10, 5, QXh2 falls below the lower limit of Eq.(2). When Tgy
1 GeV. In the case of standard cosmology, the neutralines0.6 GeV all the SUGRA configurations lead to subdomi-
relic abundance turns out to be generically quite large, imant relic neutralinos. For smaller values B, the neu-
excess of the upper bound on the total amount of matter itralino relic abundance is even more suppressed and becomes
the universe given in Eq2). This is a typical feature of negligible forTry in the MeV range.
universal SUGRA models for values of tg8=40 [3—7,9— We comment at this point that for larger values of
13]. For these schemes, the constraint on the parameter spaamg (tan8=40) in SUGRA models an upper limit on the
coming from cosmology is actually very strong, especially inneutralino mass is not present even in standard cosmology.
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FIG. 2. Neutralino relic densityﬂxh2 as a function of the neutralino mass, in universal SUGRA, for tag=30 andA,=0. The
parametersng andm,, are varied according to the intervals of Ef7). The values ofntp‘"e, my, andag are fixed at their central values:
mf°'e: 175 GeV,my(M;)=3.02 GeV, andxr(M;)=0.118. The upper left panel shows results for standard cosmology. The other panels
refer to different values of the reheating temperafligg;. The horizontal solid and dashed lines delimit the interval for the amount of
nonbaryonic dark matter in the universe, given in Ej.

The occurrence of an acceptable relic abundance is genegonnection with Fig. 2 are present. In particular, a scale of
cally confined to corridors in the parameter space where eiabout 1 GeV as a lower limit ofizy in order to have domi-
ther the relic abundance is suppressed by coannihilation orant relic neutralinos is present for all the values of gan
the neutralino mass lies close to the pole of the annihilatiorgiven in Eq.(17).

cross section mediated by the pseudoscalar Higgs Aield New features in the parameter space are also present
a low-reheating-temperature cosmology, these features awehen the universality is not extended to Higgs boson masses
relaxed and conclusions similar to those discussed above {i8,4,8,11. The effects of nonuniversality modify the low-
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10!

again the effect of enlarging these cosmologically relevant
sectors of the parameter space. A lower limit of about 1 GeV
on Try in order to have dominant relic neutralinos is again
recovered also in nonuniversal SUGRA models.

Figure 4 shows the same information contained in Fig. 2,
expressed in the plamag-my,. The upper left panel refers
to standard cosmology; the other panels refer to low-
reheating-temperature cosmologies with,= 30, 20, 10, 5,

1 GeV. The value of tag is fixed at 30 andA;=0. The
light-shaded regions are excluded domains: the ones on the
left side of themy-my, plane are excluded by the experimen-
tal bounds discussed in the previous section or by the non-
occurrence of radiative electroweak symmetry breaking,
while the ones on the lower part of the plane do not corre-
spond to viable LSP neutralino models. The dark-shaded ar-
1 eas correspond to the domains where the neutralino relic
abundance falls inside the cosmologically relevant range of
1073 : : : : : : : : : Eq. (2). The hatched regions correspond to neutralinos with a
subdominant relic abundance, i.e.,ﬂzg(h2< 0.05.

The first panel shows that for standard cosmology the
region of themy-m,,, parameter space which is allowed by
cosmology is quite restricted, as discussed above. The upper
limit on the acceptable values of the neutralino relic abun-
dance imposes severe bounds on hothand my,, of the
order of a few hundreds of GeV. When coannihilation is
- . included[6,7,11-13, the allowed region is extended in a
thin band close to the lower excluded area. However, as is
evident from the other panels, when the reheating tempera-
ture is lowered the consequent suppressioﬁgﬁ2 weakens
10! considerably the constraints any and m;,,. In particular,
the regions of the SUGRA parameter space that are compat-
ible with the assumption of a dominant neutralino dark mat-
ter change significantly, depending on the actual value of
Try- For values ofT gy below about 20 GeV a large fraction
of the parameter space is allowed by cosmology and for
- 1 Tru=1 GeV the whole supersymmetric parameter space is
compatible with the cosmological abundance of relic neu-
tralinos, even though for most of the values of the parameters

0 500 1000 the relic abundance falls below the interval of E2).
m, (GeV) As we discussed before, the extension of the cosmologi-
cally allowed regions in the planmy-m,,, is enlarged, in

FIG. 3. Effect of a low reheating temperature on the WIMP relic standard cosmology, when tg&nis larger than about 40,
abundance. The upper panel sho¥sh? as a function ofm, for since in this case coannihilation or annihilation throughAhe
standard cosmologyupper thick horizontal line and for Tey  pole is effective in reducing the values @f h?. In the latter
=10 GeV (thick decreasing line The two lines are superimposed case, an almost diagonal allowed band opens[&g6].
for mX$150 GeV. The thin horizontal solid and dashed lines de-Larger regions are also allowed in nonuniversal SUGRA
limit the interval for the amount of nonbaryonic dark matter in the jpdels. In both cases, a low reheating temperature has again
universe, given in Eq(2). The lower panel shows the freeze-out the effect of widely enlarging the cosmologically relevant
temperaturd  as afgnctlon ofn, . The horizontal line denotes the 4y mains in the planen,-m,;,. We obtain, for the SUGRA
values of the reheating temperatuligs =10 GeV. models with taB=40 and for the nonuniversal SUGRA

schemes, that in all the supersymmetric parameter space the
energy sector of the theory, through the renormalizatiomeutralino relic abundance is compatible with the range of
group equation evolution and the conditions of radiativeEq. (2) whenTgy=<1 GeV.
electroweak symmetry breaking: this alters the neutralino In the above discussion, we noticed that, for any given
couplings and the mass spectrum of sparticles and induceseutralino mass, low enough values Tfy would imply a
variations of the neutralino annihilation cross section. Thesuppression oﬂxh2 too strong to be compatible with the
consequence is a change and an extension of the regions lofpothesis of dominant neutralino dark matter. We can there-
parameter space that are compatible with a relic neutralindpre use this argument to obtain a lower limit ®g,, under
also in standard cosmology. A low reheating temperature hathe assumptiorthat the neutralino represents the dominant

h?

= 0.1

Q
TTTT]

10—

102 T T T T T T T T

T, (GeV)
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component of dark matter in the universe. This lower boundame result remains valid also for nonuniversal SUGRA
on Try is shown as a solid line in Fig. 5, as a function of models. Therefore a lower limit of about 1 GeV @Ry, in

m,. To derive this limit we have varied all the SUGRA order to explain the dark matter content of the universe in
parameters in the intervals of E(L7). The result plotted in terms of relic neutralinos, is a specific feature of supergravity
Fig. 5 shows that, if we require the neutralino to be themodels.
dominant dark matter component, the reheating temperature

in the early universe cannot be lower than a value ranging

from 0.6 GeV up to about 20 GeV, depending on the value of

the neutralino mass. This bound Ry at the GeV scale is In standard cosmology it is usually assumed that the tem-
quite interesting, since it is sizably stronger than the conperature Ty of the universe at the beginning of the
straint given by nucleosynthesis. We have verified that theadiation-dominated era is much higher than the supersym-

V. CONCLUSIONS
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N L In this paper we performed a quantitative study of the
N 1 neutralino relic abundance in cosmological scenarios with a
low reheating temperaturiel4]. This is a viable possibility
— since the only robust lower bound on the reheating tempera-
ture Tgy can be set at the MeV scale, in order not to spoil
nucleosynthesis predictions. The suppressionﬂarh2 is
originated by the fact that neutralinos decouple from the
thermal bath before the end of the reheating phase. In this
1 case the neutralino number density is diluted by entropy pro-
duction and by a higher expansion rate than in the radiation-
dominated era.

For values ofTg;=30 GeV the domains of the SUGRA
parameter space that are compatible with dominant relic neu-
tralinos are greatly enhanced with respect to the standard
cosmological case. These domains dependlgp and we
1 have shown their evolution as a function of the reheating
temperature. Fofgy=<1 GeV the whole SUGRA parameter

1 space becomes compatible with the bounds on the dark mat-
00 1500 ter relic abundancéeven though the neutralino relic abun-
dance for these low values @&y is strongly suppressed

Since lowerTgy imply smaller relic densities, the as-
tion of the neutralino mass, , obtained by requiring that the neu- sumption that neutralir)os proyide_a major cont.rib_ution to the
tralino is the dominant component of dark matter in the universeda_rk matter _Of the universe implies a lower I'm't ey -

(i.e., 0.05< Q) h?<0.3). The result refers to universal SUGRA with 1 Nis constraint ranges from 0.6 GeV for neutralino masses of

the parameters varied as in E47). The values off®, m,, and  the order of a few tens of GeV, up to 20 GeV for neutralino

a, are varied inside their @ allowed intervals. masses in the TeV range. This boundTs, subject to the
request of explaining the dark matter content of the universe

metry breaking scale. Moreover, neutralinos decouple fron@nly in terms of relic neutralinos in SUGRA schemes, is

the thermal bath after the reheating phase, which followednuch stronger than the limit ofig; coming from nucleo-

the end of inflation, has terminated. Under these assumgsynthesis. Similar conclusions occur also for nonuniversal

tions, the allowed parameter space of SUGRA models turnSUGRA models.

out to be severely constrained by the requirement that the

neutralino relic density does not exceed the maximal value of

the matter density of the universe deduced from observa-

tions. We wish to thank G. F. Giudice for useful discussions.
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FIG. 5. Lower limit on the reheating temperatdrg, as a func-
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