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We consider Higgsino-like dark matter (DM) in the Minimal Supersymmetric Standard Model
(MSSM) with additional right-handed neutrino chiral superfields, and propose a new non-thermal
way of generating the right amount of relic DM via sneutrino late decays. Due to the large DM
annihilation cross-section, decays must occur at lower temperatures than the freeze-out temperature
Ty < TFX(IJ ~ /25, implying a mostly right-handed lightest sneutrino with very small Yukawa
interactions. In that context, the right amount of Higgsino-like DM relic density can be accounted
for if sneutrinos are produced via thermal freeze-in in the early Universe.

I. INTRODUCTION

Supersymmetry (SUSY) elegantly solves the quadratic
ultra-violet (UV) sensitivity of the Higgs mass via the
introduction of particles (superpartners) with opposite
statistics to each Standard Model (SM) particle. Stabil-
ity of the proton naturally leads to the introduction of
R-parity under which all superpartners are odd while the
SM content is even. Thus sparticles can only be created
in pairs at colliders and the lightest supersymmetric par-
ticle (LSP) is stable, providing an interesting dark matter
(DM) candidate.

In the minimal supersymmetric extension of the SM
a natural and well-studied DM candidate is the light-
est neutralino Y9, a linear combination of the wino W,
bino B and Higgsinos h., and hy superpartners. Given its
weak couplings and for masses of order the EW scale, the
lightest neutralino can provide the well-known ”WIMP
miracle” in which the total amount of DM relic density
is naturally obtained. Despite its appealing properties,
neutralino DM in the MSSM is being pushed toward cor-
ners of parameter space, in particular due to the lack
of positive signals in direct detection experiments that
probe spin-independent (SI) [1], [2] and spin-dependent
(SD) [3] scattering of DM particles off of nuclei target.
Furthermore, the absence of discovery of superpartners
at Large Hadron Collider (LHC) and the discovery of
a SM-like Higgs with a mass my ~ 126 GeV, seem to
point towards a SUSY spectrum where at least part of
the sparticle content have masses in the TeV range.

Despite the increasing constraints on the sparticle
masses and composition, a neutralino saturating the DM
relic density and of almost pure Higgsino composition is
able to evade current direct detection bounds due to its
suppress coupling to the Higgs and Z-gauge boson [4].
Moreover, if the theory is to remain natural one expects
the supersymmetric Higgs mass parameter p =~ O(100)
GeV, making a neutralino LSP with almost pure Hig-
gsino composition mgo ~ p a good candidate for DM.
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Studies have shown that pure thermal Higgsino DM is
under-abundant for masses below 1 TeV [5]. This tension
served as motivation for non-thermal ways of generating
the right amount of Higgsino relic density [6], [7].

In this work we propose an alternative non-thermal
way of generating the right amount of Higgsino DM via
late decays of sneutrinos. As has been well established by
now, neutrinos are massive. A convenient manner of ob-
taining neutrino masses is through the addition of right-
handed neutrinos to the SM content, which by means of
heavy Majorana masses leads to the type I see-saw mech-
anism of neutrino mass generation. When this extra con-
tent in the SM is supersymmetrized, we find that for the
lightest sneutrino masses my = p and small Yukawa cou-
plings Yy to the Higgsino-chargino sector, late decays of
sneutrinos either directly to the lightest neutralino X9 or
cascading to it via decays to X9 and )211 can be efficient
enough in generating the right amount of Higgsino DM
relic density when sneutrinos are produced in the early
Universe via decays of heavier SUSY particles (freeze-in
scenario [3]).

The paper is organized as follows. In sec. II we briefly
review the status of Higgsino DM in the MSSM and the
current constraints on the parameter space. We move
on in sec. I1II to describe the additon of the right-handed
neutrino sector and how the decays of the lightest sneu-
trino can be efficient in generating the Higgsino DM relic
density in a non-thermal way via late decays. Finally,
our conclusions are given in sec. IV.

II. HIGGSINO DARK MATTER

The paradigm of Higgsino dark matter is well mo-
tivated both from arguments based on naturalness of
the EW scale as well as, on a more practical sense,
from current collider constrains in SUSY searches at the
LHC. In the large tan 8 > 1 limit, necessary to obtain
the maximum value for the tree-level Higgs mass in the
MSSM, myp, tree = Mz, the usual measure of tuning [9],
A = max; |dlogv?/dlog&;| ~ p? 4+ m3; , where & are
the relevant parameters of the MSSM, implies that u <
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few O(100) GeV for a natural theory. Moreover, the
recent discovery at the LHC of a SM-like Higgs with
mass my ~ 126 GeV implies in the MSSM that large
radiative corrections are necessary to raise the tree-level
Higgs mass. In these finite-loop corrections only third
generation sparticles are relevant due to their coupling
to the Higgs. Thus, an effective SUSY spectrum with
only third generation sparticles, a Higgsino sector and
all other sparticles decoupled becomes a natural option.
On the other hand, the latest SUSY searches at the
LHC [10] [l1], as well as flavour constraints from B-
factories [12], also highly constrain first and second gen-
eration sparticles as well as gluinos, pointing towards a
natural spectrum. We’d also like to point out that in
the split versions of SUSY [13], [14] where a natural EW
theory is no longer a requirement, a light Higgsino sec-
tor can arise due to chiral symmetry protection of the
fermion masses, making Higgsino DM studies relevant
for this case as well.

We concentrate on what are known as ”Higgsino-world”
scenarios [15], [16] in which squarks and sleptons of the
MSSM have masses in the multi-TeV range, while y is
sub-TeV. Thus, we consider the range of masses: |u| <
mp ,my <K mg ,my, with light Higgsino-like charginos
Xi and two light Higgsino-like neutralinos %9 and xJ.
Though in order to get m;, ~ 126 GeV via a large trilin-
ear A, the lightest stop could be sub-TeV, we assume for
simplicity that the lightest stop has a mass above the TeV
range. This kind of SUSY scenario has been thoroughly
studied and it is well-known that in the case of thermal
production it leads to a very low relic density of neutrali-
nos, in disagreement with the latest Planck results (at
the 30 level) [17]: 0.1118 < Qpprh® < 0.128. This is
a consequence of the sizeable couplings involved and it
implies that thermal Higgsino DM is under-abundant for
u <1 TeV [5]. Therefore, non-thermal ways of gener-
ating the correct amount of relic density have been pro-
posed such as moduli field remnant from string theory
decaying into a Higgsino-like neutralino LSP [6] or, in
the midst of solving the strong-CP problem, a Peccei-
Quinn axino annihilating to Higgsinos which provides a
Higgsino-dominated or axion dominated DM relic den-
sity (two species of DM) depending on the which type of
annihilation dominates [7]. In order to simplify our anal-
ysis, we take my, ~ mg ,m;, decoupling the Wino from
our effective theory. It turns out that in this kind of
SUSY spectrum, spin independent and spin dependent
direct detection constraints can be greatly ameliorated
for an almost pure Higgsino DM due to its reduced cou-
pling to the Higgs and the Z-gauge boson [4]. Indirect
detection constraints from gamma ray observations at
Fermi [18] exclude non-thermal Higgsino-like DM for val-
ues of |u| < 250 GeV. Therefore an acceptable region of
MSSM parameter space which satisfies all relevant DM
constraints is a non-thermal mostly Higgsino DM with
|p| = 250 GeV, My > |p| and tan 8 > 1, with the last
constraint coming from the Higgs’ mass requirements.

III. LATE DECAYS OF SNEUTRINOS

To generate the right amount of relic Higgsino-like DM
with mpyr ~ p =~ O(100) GeV we need to resort to non-
thermal ways. It has been well established by many ex-
periments that at least some of the neutrinos are massive
and that the different flavours oscillate in vacuum and
matter. A simple way to generate neutrino masses in the
SM is by adding at least 2 right-handed neutrino fields
to the SM particle content. Given that this right-handed
neutrinos are singlets under the SM gauge groups, a Ma-
jorana mass can be introduced for each of them which in
conjunction with a Yukawa interaction involving the left-
handed neutrino and the Higgs can be used in the well-
known type I see-saw mechanism to generate small neu-
trino masses. Even in supersymmetric models we need to
be able to account for massive neutrinos. In principle we
could extend the MSSM to include 2 right-handed neu-
trino superfields and explain the solar and atmospheric
neutrino mass differences. This however fixes the new
Yukawa interactions between left-handed neutrinos and
right-handed neutrinos and in practice does not allow
late decays for the lightest snuetrino. Thus we introduce
3 right-handed neutrino superfields N; with i = a, b, ¢ to
the MSSM spectrum from which we can explain the so-
lar and atmospheric neutrino mass differences by means
of two of these. The superpotential then takes the form
W = Wnssm + My, NiN; +yn, L. Hy Ny, where Wy
is the MSSM superpotential, My, the Majorana masses
and yn, the new Yukawa couplings. Two of these Yukawa
couplings are fixed by the atmospheric and solar mass
differences and we use the third Yukawa interaction to
generate the late out of equilibrium decays of the corre-
sponding sneutrino. We similarly introduce soft-breaking
masses, bi-linear and tri-linear interactions for the scalar
components, ALgop = —m?\?{ IN; |2 + ((bn, /2)MN,N? —

ANif/.HuNi + h.c.), where we assume all couplings to
be real. Since we are interested in the DM picture, we
decoupled from our low energy effective theory the sneu-
trinos corresponding to the solution of the solar and at-
mospheric mass differences (with indices i = a, b) by tak-

ing m2 ~ m% > mi»j . Similarly, we assume for

La,b Na,b
the Majorana masses My, ~ My, > My, decoupling
the corresponding mostly right-handed neutrinos as well.
Therefore, in effect we concentrate in a single superfield
N, and in particular in its corresponding complex scalar
component. Assuming CP-conservation in the sneutrino
sector, we can decompose the chiral sneutrino fields as
v = (Up1+ Z’DL’Q)/\/i and N = (N; +iNy)/v/2, where
from now on we understand N = N,., and L = L. is the
corresponding left-handed lepton flavour. Then the sneu-
trino mass matrix reduces in the basis (7, 1, N1, U 2, N2)
to a block diagonal form,

m3;, myk, +usinfYnMyx 0 0
m%R—bNMN 0 0
0 0 m3;, m%k, —vsin fYnMy

0 0 mip + by My



where mj ;= m2 +Ygv?sin® f+(m%/2) cos® 28, mp, =
M3 + m2 + Yiv?sin® 8 and m3,;, = —pYnvcosf3 +
vsin fAy. Denoting the mass eigenstates as 7, and N/
with ¢ = 1,2, we have that 7; = ¥} cos6; — NZ’ sin @; and
N; = Ul sinf; + 1\7{ cos 0;, where,

2(m%; £ vsin BMyYy)
mi = (mhr FONMy)

tan 26; = (3.1)

At this stage we discuss the requirements for the non-
thermal Higgsino-like DM generation from sneutrino late
decays. Calling the lightest sneutrino mass-eigenstate
g, we choose it such that it corresponds to the CP-
even sneutrino sector i = 1 !. The decays that gen-
erate 5(0;1& are: decays of 7y into the lightest chargino,
7o — X1 IT — ffITX) where the chargino decay is via
an off-shell charged W#, and decays of i into the sec-
ond lightest neutralino 7y — Y9v — ffvx) where the
XY decay is via an off-shell Z 2, and finally direct decays
into the lightest neutralino 7y — X{v. The neutralino-
chargino (mostly Higgsino) sector states all have masses
very close to u: M+ R and

m% (sign(p) £ sin 23) sin? Oy
2(p F M)

with sign(p) = =+ the sign of p, M; the Bino mass and
fw the Weinberg angle. Their composition is given by,

W=k % =hy

V== sin 3 £ cos B| m -
X0, = d\% uy | Bﬂ 6|ﬁfsin9WB (3.3)
Even in the limit M; — oo, radiative corrections to
charginos and neutralinos can increase the mass split-
tings by hundreds of MeV [19] and all DM considera-
tions which we describe would still follow. However, in
order to make the model more phenomenologically ap-
pealing in particular for collider searches we’ll assume
that My 2 |u|. In the absence of CP-violation in the
neutralino sector, due to the vector-like nature of the
Bino coupling to sfermions, the partial decoupling of the
Bino leads to the possible decay 79 — X v. This decay
goes through the left-handed sneutrino component of 7,
and thus via the coupling ¢; sinf;. Similarly in the de-
cay g — X1 U1, the relevant coupling is proportional to
Y}, sin 6, where Y7, is the Yukawa coupling from the su-
perpotential term Yy Hy.Llg, with [ the right-handed
charged lepton chiral superfield. We then realize that
the only possible way to suppress these latter type of
decays via the left-handed sneutrino component of 77y is
demanding a very small mixing angle, sinf; < 1. More-

1 We could have similarly chosen it to correspond to the CP-odd
sector.

2 The decay )Zg — Wi*f(:lt is kinematically suppressed

over, given the degeneracy of the neutralino-chargino sec-
tor, the final SM fermions should all be relatively light:
at or below the di-tau threshold. We calculated the 3-
body decay X — ff'x} with f and f’ light quarks
(largest coupling kinematically available) and similarly
X5 — xXJ77, finding that these decays are instantaneous
(t3—body decay ~ 107 s < tl;oﬁﬁy) and implying that
the late decays of sneutrinos 7y in this scenario are gov-
erned effectively by either Yy, Y7 sinf; or g sinf;. We
show in Fig. 1 the dependence of tgecqy as a function
of Yy for fixed my, = 500 GeV and mgo = 300 GeV.
Each 7y decay generates one Higgsino-like DM particle
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FIG. 1. Decay time for 2 — Xjv in sec. as a function of Y
for mp, =500 GeV and mgo = 300 GeV.

X which implies that the total relic density Qo is simply
related to Qz, by: Qgo = (mg0 /M) Qs + 50, thermats
where €250 thermarh? < 0.1. The sneutrino late decays
must happen after the LSP has frozen out, at tempera-
tures of order T g0 ~ p /25. However longer decay times
are necessary since the decoupling of the Higgsino-like
LSP is due to strong annihilation cross-section at freeze-
out. If we were to instantly replenish the relic density
from decays right after freeze-out it will annihilate once
again. We demand that the LSP is effectively decoupled
for number densities compatible with (5o h? =~ 0.1. For
that purpose we use the criterion that the annihilation
rate of the LSP should be smaller than the Hubble ex-
pansion rate evaluated at the 7y-decay time. Assuming
that no significant entropy is generated between the
decays till nowadays and that the Universe is radiation
dominated at the decay time epoch, the condition takes
the form,

2

Pe S(l'd) m)z(l) 1
0.1mﬁ " (ov(za))lg050— 50 < 1.67\/ngPl;§

(3.4)

where x4 = mﬁ)/Td is related to the temperature at

which the decays happen, (ov(z4))|z050— s is the an-
nihilation rate of the LSP into SM particles, p. =
8.06 x 10747h? GeV* is the critical density of the Uni-
verse, so = 2.22 x 10738 GeV? is the entropy of the Uni-



verse today, g. are the active degrees of freedom and
s(xq) = (27‘(2/45)9*(7’0;0/1‘2) the entropy evaluated at
1

the time of decay. Taking the inequality Eq. (3.4) and
solving for x4, we find that.

S 2.6 x 1072\/g>*MPlpC<O"U<$d)>|>~<(1)>~<(1)*>SM

~

Tq (3.5)

S0

Typical thermal relic densities for a Higgsino-like LSP
are of the order of Qg thermarh® ~ 1072, see for ex-
ample [5], [20]. Since the Higgsino annihilations are s-
wave dominated, we can get an estimate of the corre-
sponding thermally averaged annihilation cross-sections
(ov(za)) 05050 ~ 2 X 1078 GeV~2 and therefore on
xq via Eq. (3.5), xq 2 230. We see that for values
of mgo ~ [i > 300 GeV, this corresponds to a decay
temperature Ty, < 1 GeV or similarly to a decay time
tq = 107% s, safely below Big Bang Nucleosynthesis
(BBN) times.

The demand of a sufficiently late decay of sneutrinos 7y
implies in particular that for mg, > p, Yy < 10710 as
can be seen from Fig. 1, and that |sin6;| < 5x 1078, the
latter constraint coming from 7y decays via the LSP Bino
component ®. Thus, the associated light neutrino v is ba-
sically massless, while the heavy neutrino vy is mostly
right-handed with a mass m,, = My.The sneutrino
is also highly right-handed and interacts minimally with
early Universe plasma. Self-annihilations and possible
co-annihilations cross-sections are all too small to repro-
duce the correct yY-relic density, suppressed by either
sin? 0y, sin® 01, Y2 or combinations of these, see Ref.[21].
Entropy generation in the decays is minimal since the
Universe is radiation dominated and thus decays are not
relevant in reducing the DM relic density. We conclude
that the demand of sufficient late decays for the sneu-
trinos and the appropriate value of the X9 relic density
moves us to consider a model where the sneutrinos 7
density is generated via decays of heavier SUSY particles
in what is known as an example of the freeze-in mecha-
mism [3], [22], [23].

These decays of heavier SUSY particles can also pro-
duce the associated right-handed neutrino vy, which de-
pending on the value of its mass has the potential of
changing the LSP relic density. Given the interaction
terms on the superpotential, the decays controlled via
the Yukawa coupling Yy, T — )Z;FVH and 7 — X{vH,
are in principle the main vg-production channels if kine-
matically available. Due to the gauge interactions of the
mostly left-handed sparticles [ and 77, they are in ki-
netic and thermal equilibrium with the early Universe
plasma. Notice that both Y coming from 73 — Ylvy
and the one coming from the chargino decay thermalize
with the plasma and become part of the thermal relic

3 Even in the limit M; — oo, the mixing angle sin6; < 1075 from
decays mediated via Y7,.

density of neutralinos, which we know to be suppressed
due to the Higgsino interactions. If My < mg, + myo,
then vy cannot possibly decay into a pair of SUSY par-
ticles and thus its decay is always to SM particles as
in the case vy — vh, if kinematically available. If
Mg, +Mgo < My < mg, +mgo, then vy could decay into
the NLSP and the LSP. However, the ratio of branching
fraction for such decay with respect to the decay into a
Higgs and a neutrino goes as BR(vy — #oX))/BR(vy —
vh) ~ sin® 01 x (1—m2 /MZ)?, highly suppressed by the
small mixing angle. Thus, in both of these kinemati-
cal regimes, we expect to have late decays of the heavy
mostly right handed neutrino vy into SM particles which
are governed by the coupling Yy and that for the values
of Y considered will not disrupt successful BBN. If now,
My, + mgo < My < mp: — My, production of the vy

is mainly via the decay - )ZIFN , but here the decay
v — 1X7 is kinematically available and no longer sup-
pressed by small mixing angles, but only by Yy. This
latter decay then occurs long after the neutralinos have
frozen-out and we have vy decays contributing to the
non-thermal generation of the LSP. The possible decay
patterns are vy — X071 — XiPoh — XiXivh if kine-
matically available or vy — Y071 — ¥IxV%v, in which
we generate in the end two DM particles. For the first
decay pattern to be effective, the value of the trilinear
coupling An must be large enough to allow a mass split-
ting my, — mp, > my, since all other off-diagonal mass
entries are suppressed by Yy. In that case, the decay
U1 — Dgh is basically instantaneous and the other de-
cays of the chain (vg — {71 and 7y — XJv) go via the
same coupling yy, from which we expect both of these
decays to have similar lifetimes of order t4 > 1075 s, once
again safely below BBN. For the second decay pattern,
the decay 71 — XJv has two contributions: one that
comes from the right-handed component of the heavi-
est sneutrino 7 proportional to Yy sinfy, and the other
coming from the right-handed component of the light
neutrino v, proportional to Yy sin6, ~ Yyvsin8/My.
The much suppressed strength of the interaction vertex
implies that this decays is extremely slow, greater than
ta/ sin?0; ~ 10? s, and potentially dangerous for BBN.
For any of the two decay chains, it is easy to see that the
final relic density of neutralinos produced by the right-
handed neutrino vy is,

~ 0 mge
Qg0 = BR(vr = 71X7) X 2—+Q,,, (3.6)
VH
where ,,, is the ”would be” relic density of vy produced

by the freeze-in process of the slepton decays. If m;. —
Mgt < My then vy can no longer be created by decays
of heavier sparticles and thus can only be produced by
scattering that involve the interactions derived from the
superpotential W. We will not consider such situation
in this work but we expect that due to the smallness
of couplings involved that the vy production would be
too small to account for the neutralino DM relic density.



Furthermore, now vy can now also decay as vy — [+ X1

Since we want small mixing angles sinf; < 1, we
assume that m?, > m%, and m%;, < m?,, mak-
ing the mostly left-handed sneutrinos heavy mg; >
my,. Furthermore we appropriately choose by such that
My, > My, & M. The relevant decays to produce

Dp-sneutrinos are Uy — Pph and R oW since these
are the only sparticles with which 7y couples to. We can
solve for the "would-be” relic density of 7 integrating
the Boltzmann equation from the re-heating epoch (Tg)
till the time when the reaction rate decouples (Tr) to
find,

myg, So 1 1
O, = My L
=2 pe s(xpq) xy,; H(m;)

TF
/ daiz}Clay)
Ti,R

(3.7)
where H(m) = 1.67,/g.m?/Mp; and C|[z] is the collision
term, which for decays takes the form,

_B o dPpy
Clz] = /e Fi(?ﬂ)3

(3.8)

with T'; = T¢M /5, the decay rate related to the cen-
ter of mass (CM) decay rate via the time dilation fac-
tor v; = E;/m;. In the case at hand, where FiCM is a
constant, we can readily do the integral Eq. (3.8) and
obtain Clz;] = m3T¢M Ky (z;)/(2n%x;), where Ky (z;) is
the modified Bessel function of the second kind. For
Tr > mp;, mjs, we get an approximate solution for the
integral,

TFi Ki(z;) 3 3
dr;x} () AT — ng
= T 2 3T,

R,i ?

(3.9)

which shows that the contributions from decays is insen-
sitive to the re-heating temperature as long as it is large
enough. The expression for the 7] — Pyh decay rate in
the CM frame is,

T _ |Csoonl? 1_9 (mj, +m3) (m3 —mj)?
A e |
7Tm,,{

where Cprpon ~ An(cos® 0y — sin?6y) is the ¥|iph-
coupling. Plugging this expression into Egs. (3.7, 3.8)
and calculating the relic density of ¥} we find that in
order to get a DM relic density Qg oh* ~ 0.1, we need
Ay ~ 1072 GeV, independently of tan 8 and only mildly
dependent on mg;, my, and myo. This at the same

X
time implies that sinf; < 107!!, making the contri-
bution from the decay rate Pl}aﬂowi o sin? 6, negli-

~

gible. Notice that one naturally obtains a small value
of Ay with the usual SUSY-breaking universality con-
ditions, Ay o Yy, due to the late decay condition,
Yy ~ O(1071%). We show in Fig. 2 a typical region
of parameter space where the correct DM relic density is

obtained.
ax108F 1
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FIG. 2. Region of m;; [GeV] vs Ay [GeV] where 0.1118 <
QX&’ h? < 0.128 in agreement with Planck, with mgo = 300
GeV and mgp, = 500 GeV.

IV. CONCLUSION

Motivated by the type I see-saw mechanism for the
generation of neutrino masses, we have shown an alter-
native non-thermal way of generating Higgsino-like DM
in a trivial extension of MSSM via late decays of highly
sterile, mostly right-handed sneutrino 5. Due to the
smallness of the Dg-interactions, in order not to overclose
the energy density of our Universe, we are force to con-
sider that the sneutrino 7y is never in thermal equilibrium
with the early Universe plasma, and thus its number den-
sity is produced via the freeze-in process in the form of
decays of heavier SUSY particles. This condition turns
out to be natural for Ay o Yy, given that Yy < 10719,
allowing a correct Higgsino-like DM relic density to be
obtained in accordance with the latest Planck measure-
ments.
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