New Journal of Physics

An Institute of Physics and Deutsche Physikalische Gesellschaft Journal

Relic neutralino density in scenarios with
intermediate unification scale

S Khalil'?, C Munoz**° and E Torrente-Lujan?°°

L IPPP, Physics Department, Durham University, DH1 3LE Durham, UK

2 Ain Shams University, Faculty of Science, Cairo 11566, Egypt

3 Departamento de Fisica Teérica C-XI, Universidad Auténoma de Madrid,
Cantoblanco, 28049 Madrid, Spain

4 Instituto de Fisica Tedrica C-X VI, Universidad Auténoma de Madrid,
Cantoblanco, 28049 Madrid, Spain

5 Theory Division, CERN, 1211 Geneva 23, Switzerland

% Dipartimento di Fisica, Universita degli Studi di Milano, Via Celoria 16,
20133 Milan, Italy

E-mail: shaaban.khalil@durham.ac.uk, carlos.munnoz@uam.es and
emilio.torrente-lujan@cern.ch

New Journal of Physics 4 (2002) 27.1-27.11 (http://www.njp.org/)
Received 8 March 2002
Published 30 April 2002

Abstract. We analyse the relic neutralino density in supersymmetric models
with an intermediate unification scale. In particular, we present concrete
cosmological scenarios where the reheating temperature is as small as O(1-
1000 MeV). When this temperature is associated to the decay of moduli fields
producing neutralinos, we show that the relic abundance increases considerably
with respect to the standard thermal production. Thus the neutralino becomes a
good dark matter candidate with 0.1 < QA2 $0.3, even for regions of the parameter
space where large neutralino—nucleon cross sections, compatible with current
dark matter experiments, are present. This is obtained for intermediate scales
M ~ 10"-10" GeV, and moduli masses m,; ~ 100-1000 GeV. On the other
hand, when the above temperature is associated with the decay of an inflaton field,
the relic abundance is too small.

1. Introduction

As is well known, the lightest neutralino, )Z(l), is a weakly interacting massive particle (WIMP),
and therefore a very interesting candidate for dark matter in the Universe. In fact, a lot of
experimental effort is being put into trying to detect WIMPs through elastic scattering with
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nuclei in a detector [1]. In this sense the theoretical analysis of the neutralino—nucleus cross
section ooy is very important. In particular, these analyses in the context of the minimal
supersymmetric standard model (MSSM) are usually performed assuming the unification scale
Mgyr ~ 10 GeV for the running of the universal soft supersymmetry (SUSY)-breaking
terms. However, it was pointed out recently [2] that this cross section is very sensitive to
the variation of the unification scale. For instance, by taking an intermediate unification scale
M; =~ 1019712 GeV, the cross section increases substantially; it is compatible, for large regions
of the parameter space of the MSSM, with the sensitivity of current dark matter experiments
OR0-N A 1077-107% GeV~2, for tan 32 3 and mge =~ 100 GeV. For larger values of the scale,
as, for example, M; = 10'* GeV, a similar result is obtained for tan 3 > 10. Explicit scenarios
with intermediate scales, arising in D-brane constructions from type I strings, were analysed
in [3]. Although compatibility with the experiments may also be obtained within the usual
MSSM scenario with the scale ~10'¢ GeV, it requires large values of tan 3 (tan 3 2 20) [4]-[6]
or a specific non-universal structure of the soft terms [4, 5,7, 8].

In all the above works the relic neutralino density was also discussed. In these scenarios
with a large cross section in some regions of the parameter space, generically {240 h?£0.01.
Of course, this might be a potential problem for the consistency of those regions, given the
observational boundst 0.1 £ Q0h? 0.3

This result is obtained because, in the usual early-Universe model, thermal production of
neutralinos gives rise to {240 h?* o<1/ (0;%1)‘”1)), where 0;11}” is the cross section for annihilation of
a pair of neutralinos, v is the relative velocity between the two neutralinos, and (- - -) denotes
thermal averaging. Therefore, in this scheme the relic density is inversely proportional to the
annihilation cross section. Let us recall that crossing arguments, when the main annihilation
channel is into quarks, ensure that the cross sections of annihilation and scattering with nucleons
are similar. Thus a large scattering cross section o0 _y leads generically to a large annihilation
Cross section 0;’?1”, and as a consequence to a small relic density.

However, it is important to remark that this result depends on assumptions about the
evolution of the early Universe. In principle, different cosmological scenarios might give rise
to different results. To address this question is precisely the aim of this paper. We will study
the relic density in the context of some non-standard cosmological scenarios. In particular,
we will show that, when intermediate scales are present, results different from the usual ones,
summarized above, may be produced. This is because a low reheating temperature, below the
freeze-out temperature, can be obtained. We will see that, in the case of one of the scenarios,
values of the relic density within the observational bounds are possible, even for regions of the
parameter space with a large neutralino—nucleus cross section ooy ~ 1077 GeV~2

The content of the paper is as follows. In section 2 we will briefly review the usual
cosmological scenario, where thermal production of neutralinos is assumed. Several well
known formulae will be explicitly written since we will use them in the discussions of the
next sections. Then, in section 3, we will discuss the modifications introduced in the relic
density analysis by considering non-standard cosmological scenarios in the case of intermediate
scales. In particular, we will study the situation when an inflaton or a modulus field produce
low reheating temperatures, close to the nucleosynthesis one. Finally, the conclusions are left
for section 4.

1 It is worth noting, however, that more conservative lower bounds, Qﬁ) h? =~ 0.01, have also been quoted in the
literature. For a brief discussion on this issue, see e.g. [8] and references therein.
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2. Thermal production of neutralinos

Let us briefly review the standard computation of the cosmological abundance of neutralinos [9].
Neutralinos were in thermal equilibrium with the standard-model particles in the early Universe,
and decoupled when they were non-relativistic. The process was the following. When the
temperature 7' of the Universe was larger than the mass of the neutralino, the number density of
neutralinos and photons was roughly the same, n 0 o T°; the neutralino was annihilating with

its own antiparticle into lighter particles and vice versa However, shortly after the temperature
dropped below the mass of the neutralino, mg, its number density dropped exponentially,

ni? xX e /T , because only a small fraction of the light particles mentioned above had
sufficient kinetic energy to create neutralinos. As a consequence, the neutralino annihilation
rate I'go = <0’a6m1)>n>2(1) dropped below the expansion rate of the Universe, I'yo < H, where H is
the Hubble expansion rate. At this point neutralinos came away, as they could not annihilate;
their density has been the same since then. This can be obtained using the Boltzmann equation

dnf((l) ann 2
& +3Hng = — (050 v)[(nxg) (n (1)) . (1)
One can discuss the solution qualitatively, using the freeze-out condition I'yo = <O‘;6m’()>Fn>~<(1) =

H : .Then Qic? h? = (pxo/ pe)h?, where pso is the current neutralino mass density and p, is the
critical density, turns out to be
myo H h? mgo(45/67/10) h?

Qf(Oh2 = 2 : 3/ yann - 1/21 ’ 2)
! (27T /45)9*(TF)T <U %9 U>F pc/SO Mpg* (TF)TF<O'a6m’U>F pc/SO

where ¢.(7T) is the effective number of degrees of freedom at temperature 7" (e.g. including
all the standard-model degrees of freedom, g, = 106.75), T is the freeze-out temperature
and sq is the current entropy density. In the second expression we have used the fact that
H = (72g,(T)/90)/2T?Mp", with Mp = Mpyana/v/ 87 ~ 2.4 x 10'® GeV the reduced Planck
mass. Taking into account the current value p./sq ~ 3.6 x 1072 GeVh?, and the typical freeze-out
temperature T =~ mgo /20, one can write the above expression as

1 GeV 2 100 \1/2
Q. h2:1.7><1010< )( ) ) 3
X9 ann > g*(TF) 3)

(0% "
Since neutralinos freeze out at T ~ mgo /20 < mz0, they are non-relativistic and therefore the
averaged annihilation cross section can be expanded as follows:

(o) = as + ap(v?), @)

where a describes the s-wave annihilation and oy, describes both s- and p-wave annihilation.
Then, equation (3) can alternatively be written as
GeV ™2
Quh? ~ 8.8 x 1071 ° , 5)
g+ (Tr)(as/xr + 3op/7})

where zp = m, /TF.
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As is well known, in most of the parameter space of the MSSM the neutralino is mainly
pure Bino, and as a consequence it will mainly annihilate into lepton pairs through ¢-channel
exchange of right-handed sleptons. The p-wave dominant cross section is given by [10, 11]

1 1
o) ~ 8ra? V%), (6
< X9 > m?(? (1 +xl~R>2< > )
where 77, = ngR /m?(o and o/ is the coupling constant for the U(1)y interaction. Taking
1

mj, ~ mgo ~ 100 GeV, (a%ﬁmw in equation (6) becomes of the order of 1072 GeV 2 or smaller.
1

Using equation (3) an interesting relic abundance, {240 h?20.1, is obtained.

However, in the special regions mentioned in the introduction, with non-universality and/or
large tan (3, the lightest neutralino may have an important Higgsino component, producing a
larger cross section. This is also the case of scenarios with an intermediate unification scale.
The upper bound for the annihilation cross section, obtained when the neutralino is Higgsino-like,
is given by [10]

ma 1 (1 —zw)??

CEARS

(7

where zw = mé;/ m?{o and v is the coupling constant for the SU(2), interaction. Here one is
1

considering that the Higgsino dominantly annihilates into W-boson pairs. Since now <O’;an> in
1

equation (7) is of the order of 10~® GeV 2, the relic abundance given by equation (3) turns out
to be small, ch? h? =~ 0.01, as expected.

3. Non-standard cosmological scenarios

In the standard computation reviewed in the previous section, one is tacitly assuming that the
radiation-dominated era is the result of a reheating process in the early Universe, where the
reheating temperature T'ry is very large, in particular Try > T ~ 10 GeV. The scalar field
¢, whose decay leads to reheating, is usually assumed to be the inflaton field. The reheating
temperature can be estimated as a function of the decay width I';, as [12]

90 1/4 1/2
7T2g*<TRH)> (F¢MP) : ®)

However, the only constraint on the reheating temperature is Tz 2 1 MeV in order not
to affect the successful predictions of big-bang nucleosynthesis. This allows us, in principle,
to consider cosmological scenarios with a low reheating temperature [11], Try < Tr. On the
other hand, the reheating process can also be associated with the decay of moduli fields, such as
those appearing in string theory. Thus the relic abundance could receive contributions from this
source [13].

In what follows, we will show that scenarios with intermediate unification scales are explicit
examples for the two non-standard cosmological possibilities mentioned above, namely, decay
of the inflaton and moduli fields producing a low reheating temperature. For this analysis
equation (8) is still valid, using I'y as given by the corresponding scenario. This is also true for
the relation €20 h?* < 1/ (a;’(l}"v) in the case of neutralino production through modulus decay.

TRH:(

Notice that in this case QX? o« 1/Tp, as shown in equation (2), and therefore if this mechanism
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produces a temperature smaller than the typical T >~ mo /20, the value of the relic neutralino
density will be increased{. We will see below that temperatures as required can be obtained
in scenarios with intermediate scales. In [13] this mechanism was applied in order to obtain
reasonable values of the relic Wino density in anomaly-mediated SUSY-breaking scenarios,
using my ~ 100 TeV. In our case, standard masses in supergravity scenarios, my ~ 1 TeV, will
be used.

On the other hand, in the scenario where the low reheating temperature is obtained through
an inflaton field, the result for the relic density is quite different from the usual one with large Tryy.

ann

In fact, in certain cases, the usual relation {24 h? <1/ <a>~<0 v) is not even valid, and the relic
1

abundance may well be proportional to the annihilation cross section [11]. We will see below,
howeyver, that the relic abundance will not increase when intermediate scales are considered.

3.1. Inflation scenario

Let us consider for example the SUSY hybrid inflation scenario studied in [15]. There, the
inflaton decay width can be computed, with the result

1 mge 2
o= g7 (757) o ®
where (¢) is the vacuum expectation value of the inflaton field, which is of the order of the
unification scale, m, is the inflaton mass, and my is the mass of the particle f that the inflaton
decays into (in this case a right-handed neutrino or sneutrino). Obviously, m; should be smaller

than the inflaton mass to allow for the decay ¢ — ff.
Now, using equations (8) and (9), one obtains the following reheating temperature:

100 GeVY [ my my_\M*( 100\
Try = 1.7 x 10° ( ) ( ) ( ) <> ' 1
R = 1.7 x 107 GeV (¢) 100 GeV/\100 GeV/  \g.(Trn) "

In [16] it has been shown that an intermediate unification scale of the order of M; ~
10'! GeV is favoured by inflation. Then, recalling that the inflaton mass is constrained by
My S MIZ /Mpianck, We obtain Mg ~ 10? GeV. From equation (10) we find that Ty ~ 1 GeV,
since now (¢) ~ 10 GeV. This reheating temperature is lower than the typical freeze-out
temperature Tr ~ m, /20. Note that, in the standard GUT scenario discussed in [15], one has
my ~ 10" GeV, (¢) ~ 10'° GeV, and therefore Try ~ 10° GeV.

As mentioned above, a detailed analysis of the relic density with a low reheating temperature
has been carried outin [11] by Giudice, Kolb and Riotto. They study two possible non-relativistic
cases, depending on whether or not the dark-matter particles are in chemical equilibrium. In the
first one they are never in equilibrium, either before or after reheating. In the second one the
dark-matter particles reach chemical equilibrium, but then freeze out before the completion of
the reheating process. Not only do these scenarios lead to different qualitative and quantitative
predictions for the relic density, but also their predictions are quite different from the standard
ones, summarized in equation (5).

In the case of non-equilibrium production, the number density of neutralinos n4o is much

smaller than n;%, and the relevant Boltzmann equations can thus be approximated and solved.
1

1 For another alternative cosmological scenario with the potential of increasing the relic density, see [14], where
the decay of cosmic strings producing neutralinos is considered.
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One gets [11]

20 g (Tri)\¥/2/ 10 \3(103Tpy)" a
Quoh? =21 x 1 4<9> <9(RH> < > ( . P> 1
% 100) Ui @) ms, %t ) b

Mo
where ¢ is the number of degrees of freedom of the neutralino and 77, is the temperature at which
most of the neutralino production takes place; it is given by T, ~ 4myo /15. As we can see,
Q)Z? h? is proportional to the annihilation cross section, instead of being inversely proportional
to it, as in equation (5). This raises the hope that the relic abundance could be increased in
scenarios with intermediate scales where it is low generically. Unfortunately, the assumption
that ngp <K n;?l) leads to a severe constraint on the annihilation cross section [11]. Namely

as < @5 and oy, < @y, where a; and a, are of the order of 107! and 10~ GeV 2, respectively,
for Try ~ 1 GeV. Since we are interested in large cross sections, of the order of 10~7 GeV 2,
equation (11) does not apply.

With a large annihilation cross section (as > @& or o, > ¢y,), the neutralino reaches
equilibrium before reheating, as discussed in [11], and its relic density is given by

i/Q(TRH) T}%H GeV’z

) 12
9:(Tr) miy(asay + dagzf5) (42

Quh® =2.3x 10717

Now the relic density is again inversely proportional to the annihilation cross section, as in
equation (5). Moreover, it has a further suppression because of the low reheating temperature
Trr ~ 1 GeV, and as a consequence we expect a result even worse than the one obtained in
the standard computation discussed below equation (5). Indeed, for a neutralino—nucleus cross
section of the order of 10~ GeV~* we obtain Qz0h? ~ 107°.

3.2. Modulus-decay scenario

It has been assumed in the above computation that the relic abundance does not receive any
contribution from other sources. However, as shown by Moroi and Randall [13], the production
of neutralinos through moduli decay can modify those results.

Let us recall first that moduli fields are present, for example, in string theory{. Since moduli
acquire masses through SUS Y-breaking effects, these masses, mg, are expected to be of the order
of the gravitino mass, i.e. O(100-1000 GeV). On the other hand, their couplings with the MSSM
matter are suppressed by a high energy scale. Thus one can parametrize the moduli decay width
as

_1m

" o M?’

where we denote with M the effective suppression scale. Since we are interested in the analysis

of scenarios with intermediate unification scales, we will consider the case of M; ~ 101714 GeV.

An explicit example where this situation arises is the case of type I string constructions. There,

twisted moduli are present with interactions suppressed by the string scale. As discussed

in [18] intermediate values for this scale can be obtained, and they have very interesting
phenomenological implications [18, 19, 3, 16].

(13)

1 See other examples of moduli fields, for instance in GUTs [17].
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Figure 1. The reheating temperature Ty as a function of the modulus
mass my. The six curves correspond, from top to bottom, to M; =
101,102,103, 10, 10%, 106 GeV, respectively. The region bounded by the
horizontal lines corresponds to a reheating temperature larger than 1 MeV, a
value close to the nucleosynthesis limit, and smaller than 1 GeV, a value close to
the freeze-out limit, as explained in the text.

Using equations (8) and (13) one obtains the following reheating temperature:
6 x 10 GeV) ( mg )3/2< 10.75 )1/4
M[ 100 GeV g« (TRH> ’

where it should be noted that g, = 10.75 for 7" ~ O(1-10) MeV. This reheating temperature
is shown as a function of the modulus mass in figure 1 for different values of AM;. The
request that the modulus mass be larger than ~100-500 GeV so as to allow for kinematical
decays into neutralinos of suitable mass mgo ~ 50-200 GeV, limits in practice the reheating
temperature to above ~3 GeV for the lowest scale under consideration M; = 10! GeV. This
has important consequences for the relic density computation. As discussed in the introduction
of this section, we need a temperature smaller than the typical T ~ m;(?/ 20 ~ 3-10 GeV,
in order to increase the relic neutralino density. This implies that the scale M; ~ 10 GeV
is at the border of validity. On the other hand, for larger values we can obtain very easily
interesting reheating temperatures. For example, for M; = 10'? GeV we have Tgy 2 0.3 GeV.
For the highest scale with an interesting phenomenological value of the neutralino—nucleus
cross section, in the case of universality and moderate tan [2], M; = 10 GeV, the
lowest value of the reheating temperature corresponds to Try ~ 6 MeV. Larger values of
the scale, M; 2 10*® GeV, producing also a large cross section, are possible in D-brane scenarios
since non-universality in soft terms is generically present [3]. In this case the constraint
Try 21 MeV from nucleosynthesis can be translated into a constraint on the modulus mass
me 2 140 GeV.

When considering the decay of the modulus field producing neutralinos, the evolution of
the cosmological abundance of the latter becomes more complicated than in the usual thermal-
production case reviewed in section 2. Now one has to solve the coupled Boltzmann equations

Ty — 1 Me\/( (14)
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for the neutralino, the moduli field and the radiation [13, 20]:
dn

-0 —
d?l +3Hng = Nypol'gng — (a%’é‘"v)[(ni(l))Q — (an?)Q], (15)
d
% + 3HTL¢ = —F¢n¢, (16)
dpﬂld N, ann e
S AH praa = (mg — Ngomgo)Tgng + 2mgo (08 v)[(nge)? — (n){?l))Q], (17)

where ng is the averaged number of neutralinos produced in the decay of one modulus field.
Let us discuss the solution qualitatively, following the arguments used in [13]. For a Try
higher than 7% the relic density will roughly reproduce the usual result given by equation (3).
However, the case of interest to us, when Ty is lower than 7, neutralinos produced from
modulus decay are never in chemical equilibrium, unlike the thermal production case reviewed
in section 2. As a consequence, its number density always decreases through pair annihilation.
When the annihilation rate <a;?1}”v)n)~<(l) drops below the expansion rate of the Universe /1, the

neutralino freezes out. Then the relic density can be estimated as [13]
3mgol'y h?

(2772/45)g*T13%H<0;’(1}"v> pe/So

This result is valid when there is a large number of neutralinos produced by the modulus decay.

When the number is insufficient, they do not annihilate and therefore all the neutralinos survive.
The result in this case is given by

3Npm LIME b2
(272/45) . TR meg pe/so
The actual relic density is estimated [13] as the minimum of (18) and (19).

Now we can apply the above equations to our case with intermediate scales. Using
equations (13) and (14), we can write expressions (18) and (19) as

Qgh = 5 (18)

Quoh® = (19)

) M; 1 GeV~2\ /100 GeV\?3/2 110.75\ Y4/ mgo
1 1.5 x 1020 GeV (o9%mv) Mg G 100 GeV
X1
/1.2 x10%° GeV m 1/2 110.75\ 4/ mgo
X X M, 100 GeV g 100 GeV D

From these equations we can see that even with a large annihilation cross section, (a%{}”v} ~
1
1078 GeV 2, we are able to obtain the cosmologically interesting value Qg0 h? ~ 1. For example,

for M; ~ 10" GeV, we obtain it when NX? ~ 1, using equation (20). In figure 2 we show in
more detail these results, solving numerically the Boltzmann equations (15)—(17), for the large
annihilation cross section introduced in equation (7). There, the contours of constant relic
neutralino density Q)Z? h? as a function of me and Nﬁu are shown, for fixed values of M; and
mgo. In particular, we consider the cases My = 10'2,10%, 10" GeV, with mgo = 100 GeV. The
corresponding reheating temperatures can be obtained from figure 1. Note that whereas many
values of Nﬁ) correspond to a satisfactory relic density for M; = 10*2-10'3 GeV, for the case
M; = 10 GeV only a small range works.

Let us finally remark that the numerical value of NX? is in general model dependent. This

was discussed in the context of supergravity in [13]. In this particular case both values Nfc(f ~1
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and N)ZO ~ 1073-10~* are plausible, depending on the characteristics of the supergravity theory
1 . .
under consideration.

4. Conclusions

Current dark matter experiments are sensitive to a large neutralino—nucleus cross section,
0g9-n A~ 1077-107° GeV~?. There are regions in the parameter space of SUSY scenarios
with an intermediate unification scale, where these cross sections can be obtained. However, in
these regions, the standard computation of the relic abundance of neutralinos through thermal
production in the early Universe, would imply a small relic abundance, {240 h?£0.01.

We have analysed some alternatives to solve this potential problem. Let us recall that in the
standard computation one is tacitly assuming that the reheating temperature is much larger than
the freeze-out temperature, 7r ~ 10 GeV, and originated in an inflationary process. We have
shown, however, that reheating temperatures as small as O(1-1000 MeV) are possible when
intermediate scales are present. Unfortunately, although the result for the relic abundance is
modified, still 2, oh2 is too small. On the other hand, when the above reheating temperatures
are associated w1th the decay of moduli fields producing out of equilibrium neutralinos, the relic
abundance increases considerably with respect to the standard production. Thus the neutralino
becomes a good dark matter candidate with 0.1 <Qh? £ 0.3, for intermediate scales M; ~ 10—
10 GeV, and moduli mass m, ~ 100-1000 GeV.
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