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Abstract

We consider the possibility that the gravitino might be the lightest supersymmetric particle (LSP) in the constrained minimal
extension of the Standard Model (CMSSM). In this case, the next-to-lightest supersymmetric particle (NSP) would be unstable,
with an abundance constrained by the concordance between the observed light-element abundances and those calculated o
the basis of the baryon-to-entropy ratio determined using CMB data. We modify and extend previous CMSSM relic neutralino
calculations to evaluate the NSP density, also in the case that the NSP is the lighter stau, and show that the constraint from late
NSP decays is respected only in a limited region of the CMSSM parameter space. In this region, gravitinos might constitute the
dark matter.

0 2004 Elsevier B.V. Open access under CCBY license.

1. Introduction

If R parity is conserved, the lightest supersymmetridiplar (LSP) is stable, and a possible candidate for the
cold dark matter postulated by astrophysicists and césgisis [1]. Most analyses of such supersymmetric dark
matter have assumed that the LSP is the partner of seambioation of Standard Model particles, such as the
lightest neutralingy, with an abundance calculated from the freee¢-of annihilation processes in a thermal
initial state. However, another generic possibility is that the LSP is the gravitif®-7], whose relic abundance
would get contributions from the decaykthe next-to-lightestigpersymmetric particle (NSP) and possibly other
mechanisms.

As we discuss in more detail below, the lifetime of 8P is typically such that it decays between big-bang
nucleosynthesis (BBN) and the ‘re-’combination process when the cosmic microwave background (CMB) was
released from matter. Since NSP decays release entrojmgdhis epoch, they are conained by the concordance
of the observed light-element abundances with BBN calculations assuming the baryon-to-entropy ratio inferred
from CMB observations. For a typical lifetimgsp= 108 s, the observefLi abundance implies [8]
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before NSP decay, with the D/HHe) abundance providing a constraint which is weaker by a factor of about
10 (20). Assuming a baryon-to-entropy ratjo= ng/n, = 6.0 x 10719, in agreement with the WMAP result

n=6.1703 x 10719 [9], (1) implies the constraintnsp/np < 10-4(100 GeV/mnsp) before the onset of NSP

decay. To assess the power of this constraint, we re-express it in tem@ggh?, the relic density that the NSP
would have todayi,if it had not decayed:

20sph? < 107225h% ~2 x 1074, )

where2ph? ~ 2 x 10~2 is the present-day baryon density. However, the requirement (2) would be relaxed for a
shorter-lived NSP [7], as we discuss later.

In contrast, assuming that the lightest neutralinis the LSP, there have been many calculatior@p)fz2 in the
constrained minimal supersymmetric extension of the Standard Model (CMSSM), in which the GUT-scale input
gaugino masses 1,2 and scalar massesg are each assumed to be universal [10-13]. These calculations find
generic strips of CMSSM parameter space in which

2,h?~5x 2ph?~0.1. ()

This is similar to the range of the cold dark matter denstypmh? favoured by astrophysicists and cosmologists,
which is one reason why neutralino dark matter has been quite popular.

In this Letter, we assume no a priori relation between, and the soft supersymmetry-breaking masses
and mg of the spartners of Standard Model particles lie €MSSM. This is possible in, e.g., the framework
of N = 1 supergravity with a non-minimal K&hler potential [14]. In such a framework, the LSP might well be
the gravitinoG. In this case, the NSP would likely be the lightest supersymmetric partner of some combination of
Standard Model particles, such as the lightest neutradinothe lighter stad;. Particularly in they NSP case, one
might expecKZ,?,Sth to be near the range (3). Comparing this with the condition (2) necessary for gravitino dark
matter, we see that, fiysp= 10¢ s, gravitino dark matter could be possible only in rather different regions of the
CMSSM parameter space, where the NSP density is very suppressed compared with thelassdy. Moreover,
in this case, NSP decays alone could not predough gravitinos, since they could only yie)d/ghz < .Q,?,SPhZ,
so there would need to be some supplementary mechanisprdducing gravitinos, if they were to provide all
the cold dark matter. For example, gravitino productioming reheating after inflatirocould produce a sufficient
abundance of gravitinos if the reheatigerature is relatively large; ©(10%) GeV [7].

The first step in our exploration of the gravitino dark matter possibility is to calcm}ﬁgephz throughout the
(m1/2, mo) planes for different choices of tghand the sign of: in the CMSSM, assuming that the trilinear soft
supersymmetry-breaking parametes = 0. In the regions where:, < m3,, this is essentially equivalent to the
usual neutralino dark matter density calculation. Howes®we discuss below, this calculation must be adapted in
the region where:;, < m, . Moreover, one must take into accotiné possibility of a cosmological asymmetry,
in which case the reli¢; density would be larger than that given the standard freeze-out calculation. We next
compute the NSP lifetime and use the detailed constraints from the abundances of the light elements as computed
in (1) for fixedn = 6 x 10710, This allows us to delineate the regions of the CMSEM 2, mo) planes where
gravitino dark matter appears possible. We find limited regions ofithg,, mo) planes that are allowed. In these
regions, the density of relic gravitinos due to NSP decaypgctlly less than the range favoured by astrophysics
and cosmology. As noted above, supplementary mecmaifisr gravitino production, such as thermal production
in the early Universe, might then enable gravitinos to constitute the cold dark matter.

2. NSP density calculations

In the framework of the CMSSM with a light gravitino discussed here, the candidates for the NSP are the
lightest partners of Standard Model particles. In genexggans of CMSSM parameter space, these are the lightest
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neutralinoy and the lighter stadi;.! In regions where is the NSP, the calculation of the NSP denﬂﬁSF}zz is
identical with that off2_ sph? in the CMSSM with a heavier gravitino, and we can recycle standard results.

Extending these calculations 6?3542 to regions where thé; is the NSP requires some modifications.
Whereas the Majorang is its own antiparticle, one must distinguish between#hand its antiparticle’y, and
calculate the sum of their relic densities. This requires afohaccounting of the statistical factors in all relevant
annihilation and coannihilation processes. We have also made a careful treatment of the regions where there is rapid
71 — 7; annihilation via Higgs poles, and a non-relativistic expansion in powers of the NSP velocity is inadequate.
Here our treatment follows that of the neutralino LSP case in [10,12,16].

It is important to note that one would, in general, expect arp@symmetryy;, = Ang, wherex ~ O(1). This
would be the expectation, for example, in leptogenesis scenarios, and would also appear in other baryogenesis
scenarios, as a result of electroweak sphalerbliosvever, in the context of the MSSM, there exist; — 1t
annihilation processes which would bleed away any existing lepton asymmetry storedrislépons, and the
final relic density is given by thealculation described above.

3. NSP decays

Using the standar@ = 1 supergravity Lagrangian [17,18], one ceaiculate the rates for the various decay
channels of candidate NSPs to gravitinos.
The dominant decay of a NSP would be into a gravitino and a pbat for which we calculate the width

2 5 2 (3 2
r . _i&&(l_@) (}4_@) (4)
-Gy = 2 2 2 2 )
x=>0y  16ér M5 m3,, m 3 m
whereC,, = (01, cos9w + Oz, sinfdy) and O is the neutralino diagonalization matrin? Myo = M?Jag.

Note that in this and the following equatiomsy =1//87 Gy .
A x NSP may also decay into a gravitino and doson, for which we calculate the rate

1 Ci, omy m3\2(1  mip\ M2
I ~ =—"X_ X r , M __32 - 82\ _ "z , MY, 5
=62~ Ter 3 mg/g (my, m3y2 z){( = 3t 2 - G(my,m3/2, Mz) (%)

whereC, z = (— 01, sinéw + 02, coshy ), and we use the auxiliary functions

2 _ 2\ 71/2
Fm . majs, My) = [(1_ (M) )(1_ (M) )} , ©)
my my

3 4 2 2
m32 ms3/2 M M m32
s, 3m 3my  my, 3my,
Note that in the IimitMZ — Owe (_)ptainFX_)GZ_ - T, ¢, by replacingC.XZ with Cyy-
Decays of g¢ NSP into a gravitino and a Higgs boson are also possible, with a rate

2 5

1 C my mi\2 (1 mip\  mi
Ly gp= @M—%@f(mx,ma/z,mm{ (1— m—i) (5 + m—i) - m—iH(mx,mza/z,Mh)}, (®)

whereC,, = (04, cose — O3, sina) and

2
m 1
H(my, mzj2,mp) =1~ —’; + ey (mg/z + mg/zmﬁ + mﬁ) ©)
my my

1 The lighter stop could also be the NSP if the trilinear couplingis large [15], but here we fiXdg = 0 for simplicity.
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Analogously, for the heavy Higgs boséhwe getFX%Gh — FX»GH by replacingC,, with Cy = (O, Sina +
03, cosa), andmy, with m . The corresponding formula fgr — G + A, whereA is the CP-odd Higgs boson in
the MSSM, is also given by (9), but with;, replaced byn4 andC,; — C, 4 = (04, oS + O3, Sinp).

Finally, the dominant decay of @aNSP would be into a gravitino andwa with the rate:

1 1 l’f’l§ m%/z 4
M- o =—-—t(1-2) 10
TGt A4St M}Z) m%/z( m% ) ( )

where we have neglected tkﬂs(mf/mgl) terms.

4. Effectsof gravitino decay productson light-element abundances

The effects of electromagnetic shower development between big-bang nucleosynthesis (BBN) and ‘re-'com-
bination have been well studied, most reitern [8], where the simplest case ¢f — G + y decays were
considered. The late injection of electromagnetic energy can wreak havoc on the abundances of the light elements.
Energetic photons may destroy deuterium, desfidg (which may lead to excess production of D/H), destroy
’Li, and/or overproducéLi. The concordance between BBN calculations and the observed abundances of these
elements can be used to derive a limit on the density pideaying particle. In general, this limit will depend on
both the baryon asymmetry, which controls the BBN predictions, atd the life-time of he decaying particle
x. For a fixed valugjz = 6 x 10710, as suggested by CMB observations, the bounds derived from Fig. 8(a) in [8]
may be parameterized approximately as

y < 0.13x% — 2.85x + 3.16, (11)

wherey = log(¢x /GeV) = log(mxnx /n, /GeV) andx = log(rx /), for the electromagnetic decays of partickes

with lifetimes 132 s > tysp > 10% s. In our subsequent analysis we use the actual data corresponding to the limit
in [8] in order to delineate the allowed regions of ity /2, mo) planes, but (11) may help the reader understand
qualitatively our results.

The other NSP decay modes listed above inject edestrmuons and hadrons into the primordial medium, as
well as photons. Electromagnetic showers develop sitpilvhether they are initi@d by electrons or photons,
so we can apply the analysis of [8] ditBcalso to electrons. Bottom, charm amdparticles decay before they
interact with the cosmological medium, so new issues are raised only by the interactions of muons, pions and
strange particles. In fact, if the NSP lifetime exceeds abofitsl@hese also decay before interacting, and the
problem reduces to the purely electromagnetic case dicdlse of a shorter-lived NSP, we would need to consider
also hadronic interactions with the cosmological medium [19], which would strengthen the limits on gravitino dark
matter that we derive below on the basis of electromagnetic showers alone. In the following, we do not consider
regions of the(my 2, mo) planes wherensp < 10 s.

It is sufficient for our purposes to treat the decaysuofr and K as if their energies were equipartitioned
among their decay products. In this approation, we estimate that the fractions of particle energies appearing in
electromagnetic showers ar@ : 100%,. : 1/3, 7% : 1/4, K* : 0.3, K9 : 0.5. Using the measured decay branching
ratios of ther, we then estimate that 0.3 of its energy also appears in electromagnetic showers. In the case of
generic hadronic showers frof or Higgs decay, we estimate that0.6 of the energy is electromagnetic, due
mainly tor% andz* production.

Our procedure is then as follows. First, on the basfi a freeze-out calculation, we calculate the NSP relic
density 2912 = 3.9 x 10’ GeV~! ¢x. Next, we use the calculated life-timg to compute the ratio of the relic

density to the limiting valueg;,?E':O provided by the analysis of [8], taking into account the electromagnetic energy
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decay fractions estimated above. Finally, we require

_ tx
= ~CEFO <
{x

r

1. (12)

5. Results

As compared to the case of CMSSM dark matter usually discussed, in the case of gravitino dark matter one must
treatms/, as an additional free parameter, unrelated a priongaandmy,2. We incorporate the LEP constraint
onmy in the same way as in [1Z]and it appears as a nearly vertical (red in the web version) dot-dashed line in
each of the following figures. Regions excluded by measuremerits-ofsy are shaded dark (green in the web
version). For reference, the figures also display the strips ofrithig, mo) planes where 094 < .Q,E}SP < 0.129.

This density is the same & sph? in a standard CMSSM analysis with a heavy gravitino, extended to include the
unphysical case where tlg is the LSP. We note the familiar ‘bulk’ regions and coannihilation ‘tails’, as well as
rapid-annihilation ‘funnels’ for large tgf [16,20]. If these figures were extended to larggr there would also be
‘focus-point’ regions [21,22].

We now summarize our principal results, describing the interplay of these constraints with those associated
specifically with gravitino dark matter, studying the1,2, mo) planes for three choices of tgrand the sign of.:

(1) tang =10, > 0;
(2) tang =35, < 0; and
(3) tang =50, > 0.

In each case, we consider four possibilitiesiay: two fixed values 10 and 100 GeV, and two fixed ratios relative
to mo: ma/2 = 0.2mg andmy itself. If mz/2 > mo, the G is typically not the LSP, and this role is played by the
lightest neutraling, as assumed in most analyses of the CMSSM. In @agfp, mo) plane, we display as a (purple
in the web version) dashed line the limit where tha@sigy of relic gravitinos from NSP decay becomes equal to
the highest cold dark matter density allowed by WMAP and other data atstheval, namelyszg,/zh2 < 0.129:
only regions below and to the right of this contour are allowed in our analysis.

Fig. 1 displays th&m1,2, mo) planes for ta = 10 andu > 0.3 Panel (a) displays the choioes/» = 10 GeV,
in which case the LSP is the throughout the displayed region of te 1,2, mo) plane. Above and to the left of
the (purple in the web version) dashed line, the relic den’s'g,ggh2 of gravitinos yielded by NSP decay exceeds
the Z upper limit on the cold dark matter density, 0.129, imposed by WMAP and other cosmological data. This
region is therefore excluded. In the regions below the (purple in the web version) dashed line, thedwefisity
might be increased so as to provide the required cold dark matter density if there were significant thermal gravitino
production, in addition to that yielded by NSP decay.

The light-element constraint oONSP decays is shown as the grey (khaki in the web version) solid line
corresponding ta = 1, wherer is defined in (12). Regions to the right and below this line are allowed by this
constraint. Here, and in the remaining figures below, the region which satisfies the abundance constraint is labelled
r < 1. There is a black solid line with1,> ~ 800 GeV which indicates whergsp = 10* s. To the right of this
line, tnsp < 10% s, the case we do not consider here because additional constraints due to hadronic decays must

2 For simplicity, we do not show the LEP constraintsm;gi andmg, which do not impinge on the regions of parameters allowed by other
constraints.
3 The case taff = 10 andu < O is very similar, with the exception that the— sy constraint is more important.
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Fig. 1. The(my,2, mp) planes for ta = 10, . > 0 and the choices (aj3/2 = 10 GeV, (b)mz/2 = 100 GeV, (c)mz;2 = 0.2mg and (d)

mg/2 = mg. In each panel, we show;, = 114 GeV calculated usinggyNHIGGS([23], as a near-vertical (red in the web version) dot-dashed
line, the region excluded by — sy is medium shaded (green in the web version), and the region where the NSP density before decay lies in
the range M94 < Qﬂsphz < 0.129 is darkly shaded (grey-blue in the web versiorije Tpurple in the web version) dashed line is the contour
where gravitinos produced in NSP decay hﬂ@zhz =0.129, and the grey (khaki in the web version) solid line(1) is the constraint on

NSP decays provided by big-bang nucleosynthesis and CMB observalioadight (yellow in the web version) shaded region is allowed by

all the constraints. The contour whetg = mz, is shown as a (red in the web version) diagatetted line. Panels (a) and (c) show as a black
solid line the contour beyond whictysp < 10* s, the case not considered here. Panels (b), (c), and (d) show black lines to whose left the
gravitino is no longer the LSP.

be included, so this region is left blafiidere and in subsequent figures, the region that is allowed by all the
constraints is shaded in light (yellow in the web version) color.

4 This line would disappear to largery /, already formg, = 20 GeV.
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Fig. 2. Asin Fig. 1, for tagg = 35 andu < 0 and the choices (a)3/2 = 10 GeV, (b)mz;2 = 100 GeV, (cynz/2 = 0.2mg and (d)m3z,2 = mg.
The light (yellow in the web version) shaded regions are allowed by all the constraints.

We see that there is an extended strip between the grey (khaki in the web version) solid line and the black solid
line. This strip is truncated abowey ~ 650 GeV, because the relic density of gravitinos from NSP decay becomes
too large. This is true up te 2900 GeV, where the relic density drops as we approach the focus-point region. Here
a small allowed region opens up as the 1 curve bends towards lower valuesoif,». The allowed strip broadens
in the low+ng region wherenz < m,, below the dotted (red in the web version) line wherg = m;, . In this
region, gravitino dark matter is permitted.

Turning now to panel (b) of Fig. 1, where the choisg,;>» = 100 GeV is made, we see a near-vertical black
line atm1/, ~ 250 GeV: the gravitino is the LSP only to its right. Thgsp= 10 s line has disappeared to larger
my,2, and is not shown. In this case tm/ghz constraint is much more important than in panel (a), foreingo



14 J. Elliset al. / Physics Letters B 588 (2004) 7-16

my, =10GeV, tan =50, p>0 my, =100GeV, tan =50, p>0

2000 2000 -
2 2
§ - E 1000} 5
o
Tnsp < 10%s
' emo 2000
i mm=[m0,tanBI=50,u>0
5
g
E 1000 g
emo ' 1000 ' 2000

my; (GeV)

Fig. 3. As in Figs. 1 and 2, for tghi= 50 andu. > 0 and the choices (aj3/2 = 10 GeV, (b)mz;2 = 100 GeV, (c)mz/2 = 0.2mg and (d)
m3/2 = mg. In addition to the quantities plotted in the earlier figures, here we also plot grey solid lines ayheré4.5 x 10-19 which cut
off at smallmg the allowed regions in panels (a) and (c). The light (yellowhmweb version) shaded regions are allowed by all the constraints.

be relatively small, simply becausss,, is larger. The only region allowed by the light-element constraint on NSP
decays is in the bottom right-handroer, in the region where thg is the NSP.

In panel (c) of Fig. 1, foms,» = 0.2mg, there is also a black line to whose right ifids the LSP, which is now
diagonal, and thézg/zhz constraint is similar to that in panel (b). Most of the region allowed by the light-element
constraint on NSP decays is in the region wheretthis the NSP, though a sliver of parameter space runs above
the dotted curve.

Finally, in panel (d) of Fig. 1, where nowts/, = mo, the G constraint is more powerful, as is thes 2
constraint, and the region finally allowed by thght-element constraint on NSP decays is again irtihregion.
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Fig. 2 displays a similar array afni/2, mo) planes for the case tgh= 35 andu < 0. In the case where
mz = 10 GeV, shown in panel (a), the most significant change compared with panel (a) of Fig. 1 is that the
b — sy constraint is more important, whilst trrég/ghz, NSP decay andysp constraints do not change so much.
The net result is to leave disconnected parts of bothythedz; regions that are allowed by all the constraints.

The most obvious new feature in panel (b) of Fig. 2 is the rapid-annihilation funnel, which affects both the
523/2h2 and NSP decay constraints. The forraequires a strip extending to larga ;> andmg, whereas the latter
would have allowed a region at large ;> 2 1500 GeV that is excluded bsyg/zhz. Combining this and the NSP
decay constraint, we again find two dismected allowed regions, one in theNSP region and one that is almost
entirely in thez; NSP region.

The rapid-annihilation funnel is also very apparent in panel (c) of Fig. 2, which displays the: gase.2mo,
where again a strip allowed by both th‘g/zhz and NSP decay constraints extends to latgg andmg. There are
again disconnected allowed regions in shand (mainly) ther; NSP region. Note that this is constrained at large
my,2 and smalbng by the iysp constraint. Finally, in panel (d) of Fig. 2, fatz, = mg, the region allowed by the
G LSP, .Qg/zhz and NSP decay constraints is restricted to the part ofithe,, mo) plane where thé; is the NSP.

Fig. 3 displays a similar array afn1/2, mo) planes for the case tgh= 50 andu > 0. The general features
of the planes have some similarities to those forgan 35 andu < 0. There are differences in the interplays
between the?3/2h2 and NSP decay constraints, but an importhfeérence is the relative weakness of the> sy
constraint. This has the consequence that alloywehd 7, regions are connected for tdn= 50 andu > 0. It is
interesting to note that this is the only case where the putative constraintimposed by the muon anomalous magnetic
momenta,, impinges on the allowed region, as shown in panels (a) and (c).

We have seen in the above examples that many of the allowed parts @k i3 mo) planes are confined to
regions where the NSP is theg.

6. Conclusions

We have analyzed in this Letter the possibility of gravitino cold dark matter within the CMSSM framework.
Combining accelerator and cosmologicainstraints, particularly those from — sy, Qg/zhz and the light-
element constraint on NSP decays, we have found allowed regions imthg mo) planes for representative
values of targ and the sign ofx and different values ofi3/». Standard calculations of the NSP density before
decay based on freeze-out from equilibrium yield allowed regions where either the lightest neytralirtbe
lighter staur; may be the NSP.

One limitation of our analysis is that it is restricted #gsp > 10* s, in order to avoid issues related to the
hadronic interactions of NSP decay products before tleepg Also, in this Letter we have not discussed at much
length what part of parameter space may be allowed in the focus-point region. Finally, we have analyzed here only
a few examples of the possible relationship betwagp and the CMSSM parametevsy andm».

For these and other reasons, there are still many important issues to analyze concerning the possibility of
gravitino dark matter. We have shown in this Letter that such a possibility certainly exists, and that the allowed
domains of parameter space are not very exceptional. We consider that gravitino dark matter deserves more
attention than it has often received in the past. Intipalar, this possibility should be borne in mind when
considering the prospects for collider experiments, since the allowed regions(efifemo) are typically rather
different from those normally anated in the CMSSM. Vive la différence!
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