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Standard simple assumptions are usually made about the pre-Big Bang Nucleosynthesis epoch, 
from which we do not have observations. Modifyin~ these assumptions, the predict.ed density 
of relic particles such as neutralinos and sterile neutrinos can be very different from that in 
the standard case. For example, neutralinos could have the dark matter density in (almost) 
any supersymmetric model, and sterile neutrinos with mixings large enough to he soon de­
t.ccted in neutrino experiments would become cosmologically acceptable. These possibilities 
are important in view of what the LHC, and neutrino experiments could soon find. 

The argument showing that WIMPs (weakly interacting massive particles) are good dark 
matter (DM) candidates is old. The density per comoving volume of nou relativistic particles in 
equilibrium in the early Universe decreases exponentially with decreasing temperature, due to 
the Bolzmann factor, until the reactions which change the particle number become ineffective. 
At this point, when the annihilation rate becomes smaller than the Hubble expausion rate, the 
WIMP number per cornoving volume becomes constant. This moment of chemical decoupling or 
freeze-out happens later, i.e. for smaller 'WIMP densities, for larger annihilation cross sections 
a. If there is no subsequent change of entropy in matter plus radiation, the present relic density 
is nstdh2 ::::; 10-10 Gev-2 /(av), which for weak cross sections gives the right order of magnitude 
of the DM density (and a temperature Ti.a. ::::; m/20 at freeze-out for a WIMP of mass m). 

This is a ballpark argument. When actually applie<l to partide mo<lels, the n~niremcnt that 
the WIMP candidate of the model must have the measured DM density is very constraining. In 
many supersymmetric models, in which the WIMP candidate is usually a neut.ralino, this "DM 
constraint" is very effective in restricting the parameter space of models. In minimal supergravity 
models (mSUGRA) for instance, the neutralino typically has a small annihilation rate in the early 
Universe, thus its relic density tends to be larger than observed. The "DM constraint" is found to 
he satisfied only along four very narrow regions in the fcrmionic and scalar mass parameter space 
m 1; 2 , mo (see e.g. Ref. 1): the "bulk" (with a light neutralino and tight accelerator constraints), 
the "coannihilation region" (where coannihilations with a stau suppress the relic density), the 
'iunnel region" (where resonance effects enhance the neutralino-neutralino annihilation rate) 
amJ the "focus point region" (where the neutraliuo acquires a non-negligible higgsiuo fraction). 
Most of the "benchmark points", special models chosen to study in detail in preparation for 
the LHC and the next possible collider (such as A' to L', Snowmass Points and Slopes or SPS 
la',lb, 2, 3 ,4, 5, Liner Collider Cosmo points or LCC 1,2,3,4) lie on those very narrow bands 
(which become more fine-tuned for large m 1; 2 and mo values) 2 . Neutralinos are underabundant 
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(account for a fraction of the D~1) also in narrow regions adjacent to these just mentioned, but 
in most of the parameter space neutralinos are overabundant and the corresponding models are 
rejected. Is it correct to reject all these supersymmetric models? 

The is.'in<> is t.hat the narrow bands jnst ment.ionP.d depend not. only on the particle model 
to be tested in collider experiments, but on the history of the Universe before Big Bang Nucle­
osynthesis (BBN), an epoch from which we have no data. BBN is the earliest episode (200 s 
after the Bang, T '.::'. 0.8 MeV) from which we have a trace, the abundance of light elements D, 
4He and 7Li. The next observable is the Cosmic Microwave Background radiation (produced 3.8 
104 yr after the Bang, at T '.::'. eV) and the next is the Large Scale Structure of the Universe. 
WIMP's have their number fixed at Tj.o. '.::'. m/20, thus WIMPs with m;::: 100 MeV would be 
the earliest remnants and, if discovered, they would for the first time give information on the 
pre-BBN phase of the Universe. 

As things stand now, to compute the WIMP relic density we must make assumptions about 
the pre-BB!\' epoch. The standard computation of the relic density relies on the standard 
~umptions that the entropy of matter and radiation is conserved, that WIMPs are produced. 
thermally, i.e. via interactions with the particles in the plasma, and were in kinetic and chemical 
eqnilibrinm before they dff.onpled at TJ.o.. These ;u-e just a.'isnmptions, which do not hold in 
many cosmological models. These include models with moduli decay, Q-ball decay and thermal 
inflation 3 , in which there is a late episode of entropy production or inflation and non-thermal 
production of the Wl!\fPs in particle decays is possible. It is enough that the highest temperature 
of the radiation dominated. period in which BBN happens, the so called reheating temperature 
TRH, is larger than 4 MeV 4 for BBN and all the subsequent history of the Universe to proceed 
as usual. In non-standard cosmological models the WIMP relic abundance may be decreased or 
increased with respect to the standard abundance. The density may be decreased. by reducing 
the rate of thermal production (through a low TRH < Tf.o) or by producing radiation after 
freeze-out (entropy dilution). The density may be increased by creating WIMPs from particle 
(or extended objects) decay (non-thermal production) or by increasing the expansion rate of the 
Universe at freeze-out (e.g. in kinetion domination models 5). 

In models in which a scalar field </! dominates the energy density of the Universe and decays 
late producing a plasma with a low temperature TRff, the WIMP density depends only on two 
additional parameters besides the usual ones 6 . These parameters depend on the completion of 
the models to higher energy scales that those that will be tested in colliders. They are TRH 
and the ratio of the average number b of WIMPs produced per </! decay and the </! mass Tn<J>, 

T/ = blOOTeV /m<P. !/>could be one of the moduli fields pervasive in string or plain supersymmetric 
models or an inflaton field. Fig.I shows the relic density as function of the mass of neutralinos 
in 1,700 different Minimal Supersymmetric Standard Models (MSSMs) characterized. by nine 
parameters defined at the electroweak scale 7 , each shown as one point in e.ach of the panels. 
The upper-left panel (corresponding to high TRH and 1/ = 0) shows the standard density, which 
can be either higher than the DM range, shown in cyan, or lower or just right. The figuw shows 
that all points can be brought to cross the DM cyan line with suited combinations (in general 
not unique) of TRH and T/. This means that neutralinos can have the DM density in {almost) all 
supersymmetric models, provided. the right values of TRH and 1/ can be obtained {the exception 
being severely overabundant or underablmdant very light neutralinos 8 , rarely encountered in 
supersymmetric models). This has important implications not only for colliders but for direct 
and indirect DM searches as well. 

We see in Fig. 2.a the standard relic density region as fuuction of the mass of 105 MSSMs 
defined by 10 parameters at the electroweak scale 8 . Here the bino mass parameter M1 was 
allowed be much smaller than the other t'l'll-o gaugino mass parameters, as low as 100 MeV, 
which does not contradict any experimental bound (in models in which the three gauginos 
masses are not required to coincide at a large energy scale). All the models above the black 
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Figure l: Neutrnlino relic density fl.h2 vs mass for different values of TR11 and T/ for 1700 different MSSMs, from 
Ref. 7 {color indicates composition: i;Teen for bino-likc, pink for higgsino-like and hrown for wino-likr neutralinos). 

strip showing the right DYi abundance a.re rejected in the standard cosmology, because the 
neutralinos they predict are overabundant. Only the models in the black and red regions (with 
the rit\ht DM density or less) are usually assumed to be viable. Their ha.lo fraction times 
spin-independent proton-neutralino cross section f us1 (on which the interaction rate in direct 
detection cxpcrimcnt.s depends) falls in the red-hlack region shown in Fig.2.h, which extends 
from 30 GeV to 2 TcV in ncutralino mass. Accepting all the models shown in Fig.2.a whose 
density can be brought to coincide with the D.M density, and assuming that they have the 
DM density, the region of viable supersymrnetric models to be searched for in direct detection 
experiments changes to the blue region of Fig.2.b, which extends from under 1 GeV to 10 TeV 
in neutralino mass. Shown in Fig.2.b are also the present experimental limits (black solid line) 
and future discovery limits of several direct DM search experiments (see Ref. 8 for details). 

Not .only the relic density of WIMPs but their characteristic speed before structure formation 
in the Universe can differ in standard and non-standard prc-BBN cosmological models. If kinetic 
decoupling (the moment when t.he exchange of moment.um between WIMPs and radiation ceilSes) 
happ•~us during the reheating phase, WIMPs can have much smaller characteristic speeds, i.e. 
be "1; I 'racold" 9 , with free-streaming lengths several orders of magnitude smaller than in the 
standard scenario. l'vluch smaller DM structures could thus be formed, a fraction of which may 
persist as miniha.loes within our galaxy and be detected in indirect DM searches. WIMPs may 
be much "hotter" than in standard cosmologies too, they may even be warm D~l instead of 
cold. This could happens if WIMPs are produced with a large energy through late ¢-decays and 
subsequently do not lose energy in interact.ions with the thermal bath 10 . 

"Visible" sterile neutrinos (11,), Le. those that could be found soon in neuLrino experiments, 
would also be remnants of the pre-BBN era, if their mass is ms > 10-3 eV (they a.re produced 
thnugh oscillations mostly at T::: 13 MeV(m.,/l eV) !/~). In order to be found in experiments. 
these 11, would necessarily have mixings with active neutrinos large enough to be overabundant, 
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Figure 2: a,{left) Standard neutralino density flh2 and b.(right) halo fractio" times spin-independent proton­
nentralino scattering cross sect.ion, as a function of the mass, from RC'f. 8 (color indicates standard relic densities). 

and thus be rejected, in standard cosmologies. In low TRH models the early Universe abundance 
of visible v, conld be reduced enough for them to be cosmologically acceptable 11 . 

Cosmclogical scenarios with a low TRu are more complicated than the standard one. Al­
though no consistent all-encompassing model of this nature exists at present, different aspects 
have been studied {e.g. for baryogrnesis see Ref. 11) and suggest that a coherent scenario could 
lie pru<lm:ed if au experi111e11tal imlicatiou would lead us to it. Finding a DM particle or a 
'-visible" sterile neutrino, whose existence would contradict Lhe standard asf;11mptions about tile 
pre-RR~ era, would give us not only i11valuable information for particle physics, but also an 
indication of enormous relevance in cosmology: it would tell us that the standard assumptions 
must be modifiL'<i. Low reheating temperature models provide an i11tercsti11g alternative. 
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