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We propose the lightest supersymmetric particle (LSP) as a well-suited candidate for superheavy
dark matter. The mass m, of the LSP should be above 3 x 10" GeV, so that gravitational in-
teractions at the end of inflation can produce it with the correct abundance, Q,Ch2 ~ 0.1. Weak
interactions remain perturbative despite the large mass hierarchy, m, > mz, because of the spe-
cial decoupling properties of supersymmetry. As a result the model is predictive and we discuss
elastic scattering of neutralinos on light fermions, self-scatterings and briefly annihilations within

this scheme.
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Superheavy neutralinos as DM particles

1. Introduction

Uncovering the nature of dark matter (DM) is one of the most pressing problems of current
research in particle physics and cosmology. A wealth of observational data suggests that a viable
DM candidate has to be non-baryonic and should be non-relativistic, at least from the time of
matter-radiation equilibrium on [2]. The various particles proposed as cold dark matter (CDM)
candidates X can be divided in two main sub-categories: Thermal relics were at least once during
the history of the Universe in chemical equilibrium with the thermal plasma, while non-thermal
relics have either sufficiently small interactions or a high enough mass my to be never produced
efficiently by processes like e.g. e et — XX.

The present relic abundance Qy of a thermal relic scales approximately as Qy o< 1/0,n, with
its annihilation cross section Oy,,. Moreover, unitarity of the S matrix restricts annihilations into
the [.th partial-wave of particles with relative velocity vy as ngr[l)n < (21 + Darn/(viaM3) [3].
Since for non-relativistic point-particles higher partial-waves are suppressed, the observed value [4]
Qcpmh? = 0.105 of the DM abundance constrains the mass of any thermal relic as m < 100 TeV.

Two notable non-thermal DM candidates are axions and superheavy DM (SHDM). The origi-
nal motivation to introduce in Refs. [5, 6] the latter possibility was to use the secondaries produced
in SHDM decays as explanation for cosmic rays of the highest observed energies. Later it was re-
alized that gravitational interactions at the end of inflation generate the correct order of magnitude
for the DM abundance, Qx ~ 1, for any stable particle with mass around 10'3 GeV and a reheating
temperature Tg ~ 10° GeV [7]. It is this generality of the production mechanism and its indepen-
dence from the details of a concrete particle physics model that promotes SHDM to an attractive
DM candidate.

Most of the previously suggested SHDM candidates belong to a new sector that has no tree-
level interactions with standard model (SM) particles. By contrast, it is the aim of this work to
study the possibility of having a SHDM particle with SM-like couplings to the weak gauge bosons.
Since the longitudinal part of gauge bosons couples as o< gMyx /my to a particle with mass My,
weak interactions become generically strong for Mx > mz and thus the perturbative expansion
fails. Using partial-wave unitarity, Chanowitz, Furman and Hinchliffe [8] derived thereby an up-
per limit of My ~ TeV for particles coupling with SM strength to the weak gauge bosons. An
exception to this bound are supersymmetric theories, if only mass terms are added that break su-
persymmetry (SUSY) softly [9], and in particular the minimal supersymmetric extension of the SM
(MSSM) [10]. Therefore we are led to suggest superheavy supersymmetry, i.e. the case where all
masses of supersymmetric particles are of order 10'! GeV or larger, as a concrete model for SHDM
with SM weak interactions.

Neutralino as LSP  We assume throughout that the lightest neutralino y = x° = y is the lightest
of the supersymmetric particles. The neutralino mass-matrix M, in the (E,WO,I:I? ,I:Ig) basis is

given by
M, 0 —cpmzsw  MmzSwSp
0 M, cwegmz  —cwmzsg (1.1
—cpmzsw  cwegmz 0 —u
mzswsg —Cwmzsg —u 0
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with sg = sinf3, cg = cos B where tan 8 = v, /va is the ratio of the two Higgs VEVs, sy = sin Oy,
cw = cos Uy with Yy as Weinberg angle, and 1 as the Higgs mixing parameter.

The consequences of the limit My, M5, || > my for the neutralino has been already extensively
discussed for a neutralino as thermal relic [11]. Neglecting the terms of order my, the four neu-
tralino mass eigenstates become a pure bino, wino, and the symmetric and anti-symmetric combina-
tion of the two higgsinos, {B,W°, (A? +AY)/v/2, (A — AY)/\/2}, with masses {M;,M>, — 1, i1} .
In order to decide which of the two higgsino combinations is the lightest, one has to include cor-
rections of second order in mz. Then one obtains as mass eigenvalues

{ My SSOBY M G (sin2B) M)

Ry WMz
(sin(2B) 1) (1 +cfy Mi+s3y M )m3 " (sin(2ﬁ)+1)(u7c%VM17s€VM2)m%} (12)
2(u+My)(u+Ma) ’ 2(u—M;)(u—M) ’ :

if the masses are not degenerate. Depending on the sign of i, the symmetric (4 < 0) or the anti-
symmetric (¢ > 0) combination of the higgsino is the LSP for |u| < M;,M,. To be definite, we
shall choose always > 0 in the following.

2. Relevant processes and cross sections

2.1 Elastic scattering on fermions and the energy relaxation time

Kinetic equilibrium of neutralinos in the late universe may be reached by scattering on light
fermions like neutrinos and electrons. In the rest frame of the neutralino, the Mandelstam variables
become s = 2wm, + m%, t = —2w*(1 — cos ¥) where my is the mass of the lightest neutralino,
o is the initial energy of the lepton and ¥ is the scattering angle. We consider here only the case
of a broken electroweak symmetry, i.e. the case of temperatures 7 below the weak scale, when the
following hierarchy holds

0 <<mz K my. 2.1

The assumption mz < m, leads also to several simplifications in the Higgs sector of the MSSM
that we shall employ below. Additionally, we require that the neutralino mass parameters are not
too degenerate, |1 — M|, |u — M|, |M> — M| > mz. We consider explicitly the case where the
lightest neutralino is a bino or a higgsino and scatters on a neutrino. The case of a wino is almost
identical to the one of the bino.

The bino as the LSP  Using the approximations explained above, we obtain as the leading con-
tribution to the total spin-averaged squared Feynman amplitude in the case of a bino [12]

e*®?(3 —cos(V))M? <,u2 — 2c123M12 + czﬁM%) 2

2 _
41 = 208, (12— M) 2 (M7 M)

(2.2)

Here, we used neutrinos as scattering target and denoted by My the sneutrino mass.
The energy relaxation time can be calculated as (see e.g. Ref. [13])

1 Nett /” / ) <d6e1>
—=—— [ do [ dQny(®)(S , 2.3
Trel 2Ekmx 0 o ( ) ( p) aQ fix ( )
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where Ey = (3/2)T is the mean kinetic energy of the neutralinos, d p the neutralino momentum ob-
tained in one scattering, (8p)? = 2®?(1 — cos(®})), and the number density of relativistic fermions
with one polarization and energy @ is np = */(2n%e®/" +1) ~ w*e~®/T /(27?). Finally, the
factor Ng counts the number of relevant relativistic degrees of freedom, weighted with the rela-
tive size of their cross-section compared to a neutrino. Combining the different contributions and
performing the integrals gives

Trel = (2 4)

2 2
7y My (M2~ M3 (12— )

5 -
25N,ire* T {czﬁM‘:‘; +u?— 26‘[23M12}
The higgsino as the LSP  Analogously to the case of the bino, the energy relaxation time for a
Higgsino as lightest neutralinos follows as

T (0= M) (= M)’ shy
100Nere* T3, (Micf, +Masy, — )’

Trel = (25)
For the squared Feynman amplitude leading to the expression (2.5) for the energy relaxation time,
confer [1].

2.2 Elastic neutralino-neutralino scattering

We use in this subsection again the assumptions (2.1), but denote now with @ the kinetic
energy of the colliding neutralinos in their center of mass frame. Then the Mandelstam variables
are s = 4(M}2( +@?) andt = —20*(1 —cos B).

The Bino as the LSP Neutralino-neutralino scattering can occur through s and ¢ channel ex-
change of the Z and the three neutral Higgs bosons.

Because of the hierarchy in the Higgs masses, 0'(M;) = 0(mz) < O(My) = 0(Myo), the
h-exchange channel (2.6) is of order & (MgU ¢y )» and dominates the self-scattering of superheavy
neutralinos.

emiM? (sin(2B) +M;)* tan* (V)

8
|'//h—exch|2 = 4
M (u* = MY)

, (2.6)

The other channels are of order &'(m, /MéU gy) (or less), see [1] for exact expressions.
With |=//x0xoﬂxoxo‘2 = | Mp-exch
follows as

2, the total cross section of neutralino-neutralino scattering

o A miM? (usin(2B) +M,)* tan* () 27
16Mm (2 —m2)*

The Higgsino as the LSP  Analogously to the bino case, the leading contribution to higgsino-
higgsino scattering is given by the exchange of the light, SM-like Higgs 4. With

e* (cp +sl3)8u4m% (M) cos? (Vw) —  + sin? (19W)M2)4

|// 040,50 0|2 = |%h—exch|2 = (2.8)
e 2ch, sty M (u—My)* (u — )
the total cross section of neutralino-neutralino scattering follows as
8 4
_ et (cg+sp) wrmy (Mycl, +Mosy, — 1) 2.9

2567l sty M (1 —My)* (1 —My)*
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2.3 Annihilations

The annihilations of neutralinos, ¥° 4 x° — X +Y, have been studied in great detail. Annihila-
tions of superheavy neutralinos are, in the bino case, dominated by the channels Z+H, h+A, A+
H, W* + HT, since all other channels are suppressed by powers of mz/Msysy. In the higgsino
case all bosonic channels contribute at leading order except annihilation into Z° 4+ A° and h + H.
See [1] for the squared matrix elements of the dominating channels.

Annihilation into fermions are always suppressed.

3. Summary

We have suggested the lightest supersymmetric particle as a well-suited candidate for super-
heavy dark matter.

Our proposal can be falsified in the near future by the discovery of low-scale/split SUSY at
the LHC. If this is not the case, then SHLSPs as DM particles may be the unique opportunity to
connect SUSY to the physical world.

The prospects to detect DM in the form of stable superheavy neutralinos despite of their small
number density and annihilation cross section will be discussed in a subsequent work [14].
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