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ABSTRACT: In this paper we study sneutrino dark matter in a recently proposed supersym-
metric electroweak-scale inverse seesaw model, in which the majority of the sneutrino dark
matter particle is a mixture of the right-handed sneutrino N¢ and the singlet field S. The
scalar field X responsible for the generation of neutrino masses can simultaneously play a
crucial role for sneutrino annihilation in the early Universe via the pseudoscalar mediator
Ax into neutrinos. We focus here on the dominant annihilation channels and provide all
the formulas together with analytic estimates in order to identify the relevant parameters.
Furthermore, we show that the direct detection scattering cross section is many orders of
magnitude below the current limits, and estimate the indirect detection annihilation rate,
which is only a few orders of magnitude below the current limits.
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1 Introduction

There are many well-established experimental hints for the existence of dark matter (DM)
in the Universe, for instance, gravitational effects on visible matter, e.g., galactic rotational
velocities, structure formation, etc. However, the nature of DM is still unknown [1]. So far
all the terrestrial experiments looking for a direct scattering signal with the DM particles
fail to see anything. A large portion of the mass range and interaction strength of the
so-called weakly-interacting massive particles (WIMP) are ruled out. The focus shifts now
to lighter mass ranges (sub-GeV) or other types of DM like axions.

Another undeniable evidence of physics beyond the Standard Model (SM) is neutrino
masses and oscillations [2, 3]. An interesting possibility is that DM may be deeply related
to the generation of neutrino masses, for which we study an example here. In a previous
work, we have proposed a supersymmetric inverse seesaw (ISS) model [4], in which the
neutrino mass scale is related to the supersymmetry (SUSY) breaking scale. This is in
contrast to many other ISS models where the right-handed neutrino masses are forbidden
and the smallness of the lepton number violating masses are put in by hand. The model
that we proposed has a built-in Z3 x Zs symmetry, in which the Z5 factor is identical to
the matter parity, which guarantees the stability of the lightest supersymmetric particle



(LSP) in our model and all R-parity violating operators are automatically forbidden as we
will explain in more detail later. Thus, the LSP can be a DM candidate. In this work, we
work out explicitly the link between the neutrino mass generation and the DM particle in
our model.

In the conventional constrained Minimal Supersymmetric Standard Model (MSSM),
the most popular LSP or DM candidate is the lightest neutralino, and the parameter space
for viable DM fall into (i) co-annihilation region, (ii) focus-point region, or (iii) A-funnel
region. In all these three regions, fairly strong annihilation rates are needed for the LSP, so
that it would not be overproduced in the early Universe. In particular, the A-funnel region
is where the pseudoscalar mass is roughly twice of the DM mass such that the annihilation
occurs very close to the resonance. The DM candidate in our model shares a similar spirit
as the A-funnel in the MSSM as we will elaborate in subsequent sections.

In the supersymmetric ISS model that we proposed [4], there are extra superfields
N ‘, S , and X in addition to the conventional superfields in the MSSM. Here N¢ and S
are lepton-like particles and their fermionic components mix with the SM neutrinos after
symmetry breaking. The neutrino mass matrix exhibits an ISS-like structure and thus,
light neutrino masses can be generated with TeV-scale mass parameters of the model. The
vacuum expectation value (vev) of X for that matter generates the lepton number breaking
components of the Majorana neutrino mass matrix. In this model the lightest sneutrino
can be the DM candidate, which is a scalar particle in contrast to the usual neutralino
DM. The purely left-handed sneutrino DM in the MSSM faces two problems because of
its sizeable couplings with the Z boson: i) the relic density is too small [5, 6] and/or ii)
a large direct detection cross section [7]. Some remedies exist in the literature where the
sneutrino is a linear combination of left-handed and right-handed components, e.g., [8—
12]. There are even models where the lightest sneutrino is purely right-handed and thus
a viable DM candidate [13-21]. In our setup the lightest sneutrino is mostly a mixture
of scalar components of N and S but it contains a tiny fraction of left-handed sneutrinos
as well. We assume that the sneutrinos are produced thermally in the early Universe and
annihilate via the Hx- or Ax-funnel, where Hx (Ax) is the real (pseudo)scalar component
of the complex X-scalar. We will show that only the Ax-funnel is sufficiently efficient to
get the right relic density.

The organization of the work is as follows. In the next section, we discuss the stability
of the lightest sneutrino as the DM using symmetry arguments and compare our model to
other supersymmetric models in the literature. In section 3, we present formulas for the
mass spectra for sneutrinos, neutralinos, and Higgs bosons and in section 4, we calculate the
relic density and discuss estimates for direct and indirect detection experiments. Finally,
we summarize and conclude in section 5.

2 Stability of the lightest supersymmetric particle

The stability of the LSP is in many cases guaranteed by a (discrete) symmetry. In the
MSSM, this is usually either R-parity, Pp = (—1)3(B=1)+25 [22], or matter parity, Py; =



A~ A~

H; N¢ S, X
2 1 1
1 1 0

Zs charge (¢g3) 1 1 1

Superfield Q; Uf Ef L;
0
Zy charge () 1 1 1 1

D¢ H,
0 1
1 0

2
0

Table 1. Superfield content of the model and charge assignment under the additional discrete
Zs = Z3 x Zy symmetry. The new superfields compared to the MSSM, N¢, § and X, are singlets
under the Standard Model gauge group. The indices ¢ = 1, 2, 3 and « = 1, 2 are generation indices.

(—1)3(B-L) [23-26]. Here B stands for baryon number, L for lepton number, and s for the
spin of the particle.

In our model [4] we cannot use any of the two. Lepton number is explicitly broken
by the X3 term in the superpotential. Strangely, although we cannot define matter or
R-parity using the above definitions, the R-parity violating operators of the MSSM are
forbidden. This is not an accident as we elucidate now. To understand the symmetries in
our model better we can rewrite the Zg symmetry of the original model into an isomorphic
Zs X Zo symmetry, see table 1.

The Zs factor is identical to matter parity if we restrict ourselves to the MSSM fields.
Higgs fields are even under the Z; and matter fields odd. This pattern is still true if we
go to the full model. The right-handed neutrinos, N , and the lepton-like singlets, S , are
odd as they should be since their fermionic components mix with the MSSM neutrinos.
The scalar component of X, which is even under the Z, receives a vev and hence behaves
like the Higgs doublets. The Z3 symmetry is hence nothing else than a straight-forward
extension of matter parity to our model. We just cannot refer in its definition explicitly
to any accidental symmetry of the SM. It is also important to note that the Z; remains
unbroken after symmetry breaking.

To understand the properties of DM it is convenient to include spin. Now R- and
matter parity are known to be equivalent since the product of (—1)?* for the particles
involved in any interaction vertex in a theory that conserves angular momentum is always
equal to +1. This is as well true in our model so that we arrive at what we call DM parity

Ppu = (—1)%*27, (2.1)

where gs is the charge of the corresponding field under the Zs of table 1. Sneutrinos with
g2 = 1 and 2s = 0 and neutralinos with ¢o = 0 and 2s = 1 are odd under DM parity,
Ppum = —1. Hence, these two particles are potential DM candidates in our model.!

We want to comment here briefly on other models in the literature. Of course, there
is a mountain of papers on (SUSY) DM models and it is clearly beyond the scope of our
paper to attempt to give a complete review on that. Therefore, we will only comment on
supersymimetric inverse seesaw models which discuss DM as well. Most models which we
found [11, 27-31] simply extend (implicitly) R-parity treating the additional lepton-like
fields like MSSM matter fields without any discussion on how this relates explicitly to the

The gravitino with g2 = 0 and 2s = 3 is a potential DM candidate as well, which we nevertheless do
not discuss here any further.



lepton number. This can be done without any obvious harm since a neutrino Majorana
mass term breaks lepton number by two units and hence does not break R-parity explicitly.
In their works, sneutrino DM annihilates either via the resonance of a s-channel Higgs
mediator or through large annihilation into WW,ZZ, and hh. In ref. [32] the authors
introduced a field, S, whose vev breaks lepton number by two units similar to our X field.
However, they did not specify any UV completion or symmetries and instead referred to
some previous works. In refs. [33, 34] they sketched a path towards a UV completion
introducing a non-renormalisable operator and a symmetry breaking field S, They also
discussed some tentative UV completions but did not fully specify the symmetries, field
content and symmetry breaking potentials. In their approach, the sneutrino can be the
asymmetric DM and is favored to be near the electroweak scale.

In refs. [19-21, 35-38] the authors were more explicit (or refer to previous explicit
works) and broke a gauged U(1)p_r symmetry spontaneously. In [36, 37] to be more
precise they started with a left-right symmetric setup inspired by a grand unified theory
which contains a U(1)p_p, factor in the breaking chain. The R-parity in this cases usually
survives as a discrete subgroup ensuring DM stability. Nevertheless, in ref. [37] R-parity was
broken such that DM can decay. In refs. [39, 40] they introduced an additional U(1)p_p, x
U(1)g symmetry and assumed matter parity on top to guarantee the stability of DM after
symmetry breaking and avoiding additional unwanted terms.

In this work, we will focus on thermally produced sneutrino DM which co-annihilates
through what we dubbed the Ax-funnel. In our setup the complex X-field hence plays two
roles. First of all, the vev of its CP-even component breaks lepton number by two units
generating neutrino masses via an inverse seesaw mechanism. Secondly, its CP-odd scalar
component plays a crucial role to get the right thermal relic density.

In so far our paper differs from previous SUSY inverse seesaw models which did not
discuss explicitly the origin of lepton-number violation. Most similar to our work we
found are [19-21, 36, 38], where a heavy B — L breaking Higgs or Z’ resonance plays an
important role for the DM annihilation cross section. However, the final state contains
usually more SM particles compared to our model, which makes the phenomenology very
different from ours.

3 Masses of sneutrinos, neutralinos, and Higgs fields

Before we discuss in detail DM phenomenology we first briefly discuss the spectrum of the
relevant fields. The approximate formulas, which we present in this section, help a great
deal in identifying the relevant parameter space.

For the convenience of the reader we recapitulate the superpotential of our model,
cf. [4],

W = Wwmssm + W, (3.1)

where
Whissm = Y QH,UC — Yy QHyDC — Y, LHGE + pp H, Hy, (3.2)
Wy =Y, LH,N 4 jins NS + 5 X 5% + §X3. (3.3)



Beyond the MSSM Yukawa couplings and pp-term we have three new Yukawa couplings
Y,, A and k and a new mass parameter uyg.

Similarly the soft SUSY breaking terms can be grouped into an ordinary MSSM part
and additional terms

- £soft = *‘Csoft,MSSM - Lsoft,u ) (3-4)
where
1 -] <~ 1 .
—Lsoft, MSSM = §MlBB + §M2WW + §M399
+ M2Q'Q + M2.U'U + M3, D' D, + M2LTL + M2, B Fe
+ My H,'H, + M§ Hy'Hy + (by H,Hy + H.c.)
+ (AuQHuUC — AyQH D — A LH,E® + H.c.) , (3.5)
~Loofty = ME NN+ M2STS + MZXTX + (bysN°S + H.c.)
~ ~ 1 ~ 1
+ <AVLHUNC + iAAXS2 + gAKX3 + H.c.> : (3.6)
For each new Yukawa coupling we have introduced a new trilinear coupling, A,, Ay and
A,. Furthermore, we have introduced byg which corresponds to g in the superpotential
and mass parameters for the new scalar fields, MJ2\7C, Mb% and M}z{ For better readability

we have suppressed here any flavor and gauge indices which can be easily reconciled from
table 1.

3.1 Sneutrinos

We begin our discussion with the scalar partners of the neutrinos. Compared to the MSSM
our model contains many more sneutrinos. As we had discussed in our previous paper [4]
the leading-order expression for the sneutrino masses reads

R(MZ) + S M2 cos(28) 0 0
Mg A My A 0 R(MZ, + pnsitlys) R(bys) - (3.7)
0 R(bks) R(M2 + il ghins)

In our numerical results later on, we use GUT-scale boundary conditions where all bilinear
sfermion mass parameters are set to mg at the GUT scale, cf. next section. For simplicity
and clarity we focus for the moment on the case of one generation of left-handed, right-
handed and singlet scalars each. At the GUT scale the approximate mass matrix then
further simplifies to

md + 3 M2 cos(23) 0 0
Mg & Ma A 0 mé+ pkg  md . (3.8)
0 mg  mg+ g

For s = 0 one sneutrino is strictly massless which might lead to phenomenological issues.
Nevertheless, we assume uyg to be of the order of the electroweak scale, so we will not
discuss this case any further.



To get an estimate of the sneutrino masses at the electroweak scale we discuss now the
renormalization group (RG) corrections to the leading-order expression in eq. (3.7). For
the one-loop S-functions we use the results calculated by SARAH [41, 42]

Bl =2,V puns+uns A\, (3.9)
B = 2uns A AN 2V, Vi bys +44, Y] s Ths AN, (3.10)
Bl = —gg%llMl\2—69%1|M2\2+2m§,dY;YE+2m%{uyjyy+2A2Ae+2A1Ay

L

FMEY Yo+ MEY)Y, 42V M2Y + VIV M2 +2Y, M2 Y, +Y,[Y, M}

3 2 2 2 2 2 2 2 2
St () (o) () o) ).
(3.11)
50 —2(2A Al rom2, Y, Y 42V, M2V, + M2.Y, Y, +Y, Y, M2 ) (3.12)
M]QQC_ vty Hy vty v Ty Netviv vty VMge ) .
1 * * * * * *
51(w); = 2A5AN+2N MEAF2MEN A+ MEN AN AME. (3.13)

We assume that all trilinear couplings are equal to the product of Ay and the corresponding
Yukawa coupling. To get the expression in eq. (3.7) we had neglected all terms proportional
to some powers of the small expansion parameters ¢, cf. [4]. In particular, if we neglected
terms proportional to some powers of Y, and A, we could simplify the S-functions as well to

B =0(e), (3.14)
1
B =0, (3.15)
6
Bie =~ g UM~ 6031 [ M+ 2miy, Y]V 4 2AL At MEY Yot 2V I MEYeA YIYeM]
3o 2\ 2\ 2 2 2 2 2
“ot1(—2me (M) =T (M) —mdy, iy, +Te (M3 ) +Tr (M3 ) + 1 (M3) )
+0(e?), (3.16)
8, =0, (3.17)
NC
@) _ o). 3.18
Brz =0() (3.18)

This implies that the mass matrix for the right-handed sneutrinos and scalar singlets
is very well approximated by the high-scale boundary conditions. Only the left-handed
sneutrino mass parameters have sizeable one-loop running, which is positive (at the low
scale M% > md).

The simplified expression for the sneutrino mass matrix in eq. (3.8) can be easily diago-
nalised with three eigenvalues y%q, g +m3, and M%qL %M 2 cos(2f3). It is straightforward
to write down the approximate eigenstates

(Nf ¥ 51) and 73 ~ L . (3.19)

. 1
ViR —
’ \/§
Since we know that the predominantly left-handed sneutrino DM has already been excluded
by direct detection experiments [7, 10], sneutrinos can only be DM if it is mostly right-

handed and/or scalar singlet, i.e., if /ﬁvs < md + M2. In fact, we expect that the second



lightest sneutrino in each generation is the left-handed one. The sneutrino DM candidate
is then, to a good approximation, a maximally mixed superposition of the right-handed
sneutrino and the scalar singlet. Strictly speaking we have two DM candidates since the real
and the imaginary parts of the sneutrinos are very close in mass and both can contribute
to the DM density. In fact, as we will see later on they both contribute to the relic density
and we have a two component DM.

To understand under what conditions the real or imaginary component is the lighter
one and when both states can co-annihilate, we discuss now the leading tree-level correc-
tions to the masses of the lightest sneutrinos. Using ordinary perturbation theory it is
straight-forward to find that

M2, ~ s + (15M]1), (3.20)

where v/2|1) = (0,1, —1) and 6M is

%’U’?LYZIQ _%(UdﬂH - UuAO) %UUNNS
dMp = _%(UdﬂH — v, Ap) FV2Y? %UX,UJNS , (3.21)
%vuﬁws %UX,UNS FAux (V2Ag + (k + Mvx))

for the CP-even sneutrinos and

Y,

y FVaY,2 —%(’Uclluﬂ — vy, Ap) \/gvuﬂNS
OMp = —7”5(17(1#1{ — v, Ag) §U3Y3 T /2VXHNS )
%UuMNS _%UXHNS —2Aux (V240 + (k — Avx))

(3.22)
for the CP-odd sneutrinos. Note that we do not distinguish here between the different ISS
cases [4], which would further simplify the expressions if Y, < A or A < Y,,.

The corrections of the lightest sneutrino masses read

Y? 1
(UOMg|1) = ~02 + S vx (V240 - 2v2 s + (5 + N vx ) (3.23)
Y2, 1
(USM1[1) = =202 — 2Avx (V2 Ao —2v2pws + (k= A vx ) (3.24)
1
= mlp —m & 5 Avx (\/§A0—2\/§,u]vs—|—/€vx) . (3.25)

The mass splitting between the two lightest sneutrinos is of the order of )\MS2USY and
vanishes for vx = 0 as expected.
3.2 Neutralinos

Technically speaking the Xino, X, is a neutralino since it has the same quantum numbers
as the other MSSM neutralinos and will in general mix with them. On tree level the
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Figure 1. Typical one-loop diagrams inducing a mixing between the Xino and the MSSM neu-
tralinos.

neutralino mass matrix in the basis (B WO, flg, fIS, X ) has the structure

My 0 —%glvd %glvu 0
0 My  5gva —3920a O
Mpo = | —1givg 3gova 0 —[LH 0 ) (3.26)
%glvu _%g2vu —HH 0 0
0 0 0 0  V2kvux

which we have confirmed independently using SARAH [41, 42].

Since the mixing of the Xino with the other neutralinos is absent on tree-level we
expect it to be small. In figure 1 we show typical one-loop diagrams which generate such
mixings. Since all mass parameters are assumed to be of the order of the electroweak scale
it is easy to estimate the size of the mixing terms

1

(OM)is ~ 1572

Y2 x O(TeV), (3.27)
where we have assumed that A, ~ Y, xO(TeV). Remembering that m,, ~ Y, \Y,I xO(TeV)
in our model [4] we see that the mixing terms are of the size of the neutrino masses
suppressed by one additional loop factor which can be safely neglected. This is confirmed
as well by our numerical results.

Let us comment briefly on the Xino properties. The Xino could also be the LSP de-
pending on the parameter choice. However, its dominant annihilation channel into Ax Hx
has in general a too large cross section to give the right relic density because of the O(1)
coupling . Only when the phase space for this process closes the annihilation cross section
could be sufficiently suppressed but we do not discuss this possibility any further.

The other four neutralinos are just the ordinary, well-known MSSM neutralinos and
we do not discuss them any further here.

3.3 Higgs bosons

The third sector, the Higgs sector, differs from that of the ordinary MSSM, by having two
additional scalars. We decompose the scalar component of the superfield X as

X = 12 (0x + éx +i0x) . (3.28)



Note that we have used here a different normalisation convention for the vev compared
to our original paper [4] in order to directly use the results from SARAH [41, 42] without
tedious checks for factors of v/2. For all the results in this paper we have switched to the
SARAH conventions.

The scalar mass matrix then reads on tree-level in the basis (¢4, du, Px):

MG 1 (gt + 3 )vav — R (b)) 0
mp, = | -1 (gf + g%) Vgvu — %(bg) m3, 0 . (3.29)
! 0 My ox
where
Mg = é(g% +3) (303 - v2) + M, + |un*, (3.30)
Mg = —% (93 +93) (=302 +03) + ME, + |2, (3.31)
Mixox = VX (30){;&\2 + \/iﬁ‘%(An)) + M. (3.32)

The fields ¢4 and ¢, are the CP-even and electrically neutral components of the MSSM
Higgs doublets Hy and H,, respectively. Similarly the fields o4 and o, are their CP-odd
components and the mass matrix for the CP-odd Higgs-like scalars reads on tree-level in
the basis (04, 04,0x):

m2, %(bH) 0

mio = | R(bw) m2,, 0 |- (3.33)
0 0 m?,xgx
where
12y = 5 (68 + 9B) (— 02+ 3) + M, + (3:34)
120, =~ (68 +63) (— 02 +03) + M, + lunl?, (3.35)
m2 g, :vx(—\/iﬁ?(AH) —i—vX]/ﬂ]Q) + M%, (3.36)

and we have neglected gauge fixing contributions.

Similar to the Xino and the MSSM neutralinos, our new scalars do not mix with the
MSSM Higgs fields at tree-level and the loop-level mixing is negligibly small using similar
arguments as for the Xino case. Hence, we label the new scalars as follows ¢x = Hx
and ox = Ay, which are mass and symmetry eigenstates simultaneously to a very good
approximation. Note that M)Q{ is fixed by the tadpole condition

2
(;9(;/ - %%(AK) + MZux + 03 |s2 =0 (3.37)
X
vx
o ME = _ﬁ%@”) — % |k[2. (3.38)



We can use this in the formulas for the scalar masses

m%IX =2|k20% + %%(AH) , (3.39)
3v
2 X

Before we quantify this equations further, we have to comment on the running of A
which is significant. The relevant one-loop S-functions are given by

B = 6rk|k|> + gHTI"O\/\*) ~ 6r|K|?, (3.41)
3
Ba, = 18|k|? A + 3Kk Tr(\*Ay) + S ARTE (W) ~ 18|k[? Ay . (3.42)

Neglecting the small terms proportional to some powers of A we can solve this set of coupled
differential equations analytically and find

K(p) = — i , (3.43)
V1+ 358 tog(Msusy /1)
1
3 K2 2\ 2
1+ 350 Jog(Msusy /M.
Aw(p) = KoAo <( 4”2’3;2%( susy/Maur)) ) (3.44)
(1+ 38 log(Msusy/u))?

where kg = k(Msusy). At the low scale where we want to evaluate the scalar masses
3 /i(% 9
AH(MSUSY) = koA [ 1+ ﬁ log(MSUsy/MGUT) ~ KkoAg (1 —2.3 FLO) , (3.45)

where we have used Moyt ~ 2 x 1016 GeV and Mgygy =~ 10% GeV. At the SUSY scale we
find for the RG corrected scalar masses

2 2,2 VX 2
mir., ~2kKkvy + —=kodo (1 — 2.3K5) , 3.46
Hy 0vx + 5Ho0 o ( 0) (3.46)
3
m%x A —ﬂmvo (1-23x3) . (3.47)

V2

To avoid the new scalars becoming tachyonic we find a simple constraint on Ag

2\/5/4,0

— VX S Ay <0. (3.48)
1-23 f@%

We checked the approximate formulas for the scalar masses and found that they are correct
up to a few percent, cf. figure 2. In particular, Hx receives corrections from finite loop
corrections, which we do not discuss here in detail. Note that the mass ordering of Ax and
Hx is not fixed, but depends on Ag. This insight helps to separate the Ax-funnel from
the Hx-funnel region.
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Figure 2. Comparison of the analytic results (straight lines) for the masses of Hx and Ax
(egs. (3.46) and (3.47)) with numerical SPheno results (crosses) as a function of Ay. Here, we take
k=0.4 and V2vx = 10° GeV.

4 Sneutrino dark matter

In this section we discuss the sneutrino as a DM candidate and focus on (co-)annihilation
channels which are unique to our model. One of them can overcome issues of having a
right-handed sneutrino as a thermally produced DM candidate [14]. In some sense our
approach is similar to the one advertised in [17], but we do not introduce a new gauge
interaction. We only introduce a new complex scalar which breaks a discrete symmetry
and no new vector fields.

This new X-scalar splits into a CP-even and a CP-odd scalar after symmetry breaking
such that the new X-funnel consists in fact out of two channels, the Hx-funnel and the
Ax-funnel. The real and imaginary parts of the lightest sneutrino can then (co-)annihilate
via these channels. However, as we will show the cross section is large enough only for
the Ax-funnel to realize the usual freeze-out mechanism. The pseudoscalar Ax couples
predominantly to the heavy neutrinos, which then decay further into SM particles before
big bang nucleosynthesis.

We focus here mainly on these channels since they are unique to our model. Other
channels like the MSSM Higgs funnels might work as well to realize sneutrino DM, but
these channels have been well studied before, e.g., [43].

4.1 Numerical calculation of the particle spectra

Before we discuss our results for these channels we describe how we determine the particle
spectra. We have assumed GUT-scale boundary conditions with, in MSSM notation,
Lo 1 o 14

mg =9™Me = 3" = g™ = m% = mQE = m?v = m% = m%{u = m%{d =bns, (4.1)

1
My = §M3 = My = My, (4.2)
Ai = A[)Yi, A)\ = Ao)\, AN == H,AQ, (43)
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Parameter Ax-funnel H x-funnel
mo 1TeV 1TeV
My s 1.3 TeV 1.3 TeV
Ag —250 < Ap/ GeV < =50 —1200 < Ap/ GeV < —350
tan 8 10 10
vy 1000/+/2 GeV 1000/+/2 GeV
Ko 0.4 0.4
A1 =05X2 1x107* < A\j; <0.01 1x107% < A1 < 0.01
c {0.97, 0.99} {0.97, 0.99}

Table 2. Parameters used in our numerical scans. We take puys and A to be diagonal matrices.
For more details, in particular on how we determine pygs see main text.

inspired by the constrained MSSM. To avoid the LHC constraints, we have set an arbitrary
factor of 3 for the colored states in order to make them heavy enough. The M)Q( is fixed
at low scale by the tadpole condition as described in section 3.3. We treat tan 3, vy, k&,
A, and ung as free low-scale input parameters and for the sake of simplicity we choose A
and pyg to be diagonal. We also set (ung)22 = 2(uns)11 and Agg = 2 A1 such that we
can consider only one generation of sneutrinos effectively in our scans. In our model « is
an order one parameter and we fix it to the reference value 0.4. The reference value for
the vev vy is chosen such that the Xino mass is 400 GeV and our additional fermions and
scalars are at the electroweak scale.

The neutrino Yukawa matrix Y, is in principle free as well, but we fix it using the
tree-level formula

. -1
1

Y, = —U VmiQ (/ML) V. , 4.4
v PMNSy/ T ( S) S KNS (4.4)

for more details, see ref. [4]. We have used the latest results for normal ordered neutrinos
from NuFIT [44], m; = 0eV and set all CP-violating phases to zero to get real numerical
values for Y,,. Note that our results depend only very weakly on the details of Y,,, but it is
important to fix the order of the neutrino Yukawa couplings.

The calculation of the SUSY spectrum including two-loop corrections is taken care of
by SPheno [45, 46]. The necessary code is generated by SARAH [41, 42]. In table 2, we give
our benchmark parameter ranges for both funnels which we use in our numerical scans.

It is numerically very challenging to find the resonance region unless one understands
where to look for it. In our scans we hence implement an iterative procedure which we
describe first for the Ax-funnel. Apart from the fixed parameters in table 2 we first fix
A1 and Ap to get an estimate for m4, using eq. (3.47). Then we choose the parameter
¢ € {0.97,0.99} which controls how close the data point is to the resonance

My + My = CMay . (4.5)
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Figure 3. Graphical presentation of our resonance condition eq. (4.7). The upper line is for
¢ = 0.99 while the lower line is for ¢ = 0.97. The ratio {4 deviates less than 2.5 x 10~3 from the
input value of c.

We then solve this equation with the formulas (3.20), (3.23), and (3.24) from section 3.1
to get an initial estimate for (ung)i1:

emay [Nk (2434+2V2 Ag o+ (k24203 ) v} ) +HActm —62 X8 m3 vk

2,02 _9)\2 2
defmy  —2M7 0%

(Ns)11 =

_2A0)\%1’U§(+\/§K/)\%11}§’(

2m2 A N2. 02
8ctmy  —4A vy

(4.6)

Given all the initially estimated parameters, we then run SPheno to calculate a consistent
spectrum. From this calculated spectrum, we take m 4, as reference mass to calculate
again (ung)11 from eq. (4.6), which we do three times. In our final run, we find that
the ratio
fa=——7—"7—, (4.7)
MAy
deviates not more than 2.5 x 10~3 from the input value c, see also figure 3.
To keep the validity of our approximation we have set the constraint Ag < —50GeV.
For larger and larger Ap, the pseudoscalar mass m 4, and hence our sneutrino masses have
to become smaller and smaller. This implies that (uxg)11 should become naively smaller

but then the correction term

2 .9
Mor = M5 Anvx (V2 Ao — 2v2(pns)u + kux) | A kv (4.8)
m?,f% + m?/{ 4 (MNS)% 4 (MNS)%l ’

is not small anymore since vg( > (uns)?; which compensates the smallness of A\1;. This
can also be seen in figure 3 where €4 deviates more strongly from c for larger Ag.

For the H x-funnel we could follow basically the same approach but the relevant con-
dition to estimate (ung)11 is modified as

2my =cmpy, (4.9)
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Figure 4. The SUSY mass spectrum of a typical Ax-resonance model point. The right panel
shows the full spectrum and the left hand panel is zoomed into the mass scale between 0 to 1.6
TeV. The red lines present the particles beyond the MSSM while blue lines represent the MSSM
particles. Note that the cyan lines represent degenerate MSSM particles.

with an estimate for (ung)i1:

A1 vx

(uns)in = o

The resonance parameter in this case reads

1 1
+ 2\/02 m%{X — 5)\117))( (2\/5140 +2kvx + /\117))() . (4.10)

2m
e = 20X (4.11)
MHy

which we do not show since we will not use it later explicitly. In the H x-funnel parameter
set the lightest CP-even sneutrino is always our DM candidate since it is lighter than the
CP-odd sneutrino, i.e. m, = MR-

With this procedure we have fixed now two sets of particle spectra which can be used
in the further calculations.

Last but not least, we present a typical mass spectrum of an A x-resonance model point
in figure 4. We show its full spectrum in the right panel and a zoom-in for smaller masses
between 0 to 1.6 TeV in the left panel. We use red to represent the particles beyond the
MSSM and blue for the MSSM particles. Sometimes the masses are very close to each
other. In this case, we use cyan. Note that the MSSM colored particles such as squarks
and gluino are heavy enough to evade the LHC constraints. Furthermore, the model is
very safe from the monojet constraints as back-of-the-envelope calculations show that the
rates are extremely tiny.

4.2 (Co-)annihilation cross sections and relic density

In our setup, the lightest sneutrino is mostly a maximally mixed combination of a right-
handed sneutrino N¢ and the scalar component of the singlet superfield S, cf. 3.1. The
dominant (co-)annihilation channel in the early Universe for them is into neutrinos via the
Ax- or Hx-funnel, see figure 5. Since we assume CP to be conserved Ax couples to the
real and imaginary part of the sneutrino while Hx to the real part or the imaginary part
of the sneutrino. This implies that the Ax-funnel is a co-annihilation channel while Hyx

— 14 —
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Figure 5. The relevant DM annihilation channel for Ax-funnel (left) and Hx-funnel (right) where
i,j = 4,5. Note that it turns out, that only the A x-funnel is phenomenologically viable in our setup.

is an annihilation channel. In this subsection, we first present the co-annihilation via the
Ax-funnel (scenario A) and then discuss why the annihilation via the H x-funnel (scenario
H) is phenomenologically not viable.

4.2.1 Scenario A: sneutrino co-annihilation via the A x-funnel

We begin our discussion with the Ax-funnel where 7{* and #{ co-annihilate resonantly into
neutrinos. It is worth to mention that in general resonances can be difficult to handle
numerically. Furthermore, since our case also has co-annihilation, we will start to show
complete and approximated formulae for complementarity. We have calculated the relic
density by using MicrOMEGAs for cross checking and we found our relic density computation
only differs with MicrOMEGAs ~ 9%-10% which is properly taken into account by our
systematic uncertainties. Hence, we perform relic density calculations by ourselves using
SPheno [45, 46] for the particle spectrum, as already described in section 4.1.

The co-annihilation cross section into two heavy neutrino states reads

9 2
5 ’CA1717|2 |CAVZ,|2 [5—(|m,,i|—|m,,j|) }8 <s—m12,j) —2m,2ji <s+m12,j) —I—mf;i

o(s)= Z

2 2 ’
i,j=4 s [(s—mix) +m124XF124X:| (s—mgf%) —2777,’2;{ <S+m§1R) —|—m§{
(4.12)
where s = (pl;fa +pl~,11)2 = (pu, +pzxj)2 and
1 fori#j,
S = 7 (4.13)
3 fori=j.

is a symmetry factor. We have taken the absolute values of m,, and m,; to emphasize
that these are the positive physical masses. Here we have three choices for the decay
channel, (i,j) = (4,4), (4,5), and (5,5). The direct annihilation into light active neutrinos
is negligibly small. Note that the mass difference between the two heavy neutrinos is small
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compared to the mass itself. C'455 is the coupling of the sneutrinos to Ax

V2

Capp = —1 [fi R OSIVAT VANV - (A1, 215215233

V2 V2
M1 (uws)1y Z15 216735 — 5 A (uns) 1y 216214235

2
A 1 A
~—i S, (’“’X - Aoy \/i(MNS)n)
2 MAy \/§ mAy MAy
LA CKUX 2 m, c
~ -1 e — 4.14
lcmX(QmX—’_?)cva—’_\/i ’ ( )
with the mixing matrices of real (imaginary) part of sneutrinos Z R(I) and pseudo-scalars Z4
which are Zﬁm = —Zﬁu) ~ 1/4/2 and ‘Z{é’ = 1, respectively. For our numerical results

we use the full formulas, but to understand our results it is useful to look at approximate
results as well.
Furthermore, C4,, corresponding to the coupling of Ax to the neutrinos is given as

1 _ A
V2 22’

with the mixing matrices of neutrinos U" and we have used that UY% ~ —1/v2 > U}
which shows that Cj4,, is of the order of A1;. The total decay width of Ax is dominated
by the decay channels into heavy neutrinos, v4 5 or DM which can be expressed as

Cavw = ——= (AU UJs + Aa2USU ) Zighy & (4.15)

+FAX‘ +Tay

- - b
Ax—uavs AX—>Vf{V{

r ’ ~T ‘ ‘ 41
Ax tot Ax Ax—2uy Ax Ax—2vs5 ( 6)

where we have again neglected the decays into active neutrinos. Each term is calculated

as follows
Y V4 My, 2
Lol = g2 (V1) s \/ 1) @1m)
Lax ’Axebs = Tax }AX%21/4(4 —5), (4.18)
Lovo vy 2 (Mg —my,)° i (M + My, )?
ity = 2o (V) [ ] m] V RN
(4.19)
2 (m m )2 (m +m )2
__ SR — M1 SR 1
Tay ‘Axwﬁa{ = 16% %‘Z' 1- W 1— Vlmix (4.20)

Using the above equations the total decay width can be approximated by

)\2 B AQ ~
FAX‘ ~ M, V- @ x (2_1_012495) AV QUSIPERS (2-1-03155) ,  (4.21)

tot 64T 321 ¢
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where C% . is an O(1) factor given by

~ KV 1 A 2 CKY 2 m c \?2
Chs = X \/i(MNS)H ~ Xy 2 X 4 ) (422)
may,  V2may MA 2m,  3ckux V2

Note that this factor depends mildly on m,.. We can therefore simplify the thermal averaged
cross section at the temperature 7' [47] to

2 2\ —1
5 2 2 N - -p — -
ooy Carol 1Can s | [ (map+mag) ) [ (mog = )
0V)th = E 1 S — —
Lo GAmiTa T m? m?

_ (m, +ml’j)2> ( _ (m, _ml’j)2>3/2 K <m%>
X (1 L 5 s <mT{2) P (#) ;o (423)

with defining m, = min{mﬁﬁ, ml;{} as the DM mass. The functions K,(z), n = 1,2, are
the modified Bessel functions of the second kind. Here, we have used the narrow width
approximation which makes the s-integral easier since the propagator part can be replaced
by w/(ma,Tay)d (s - m124x>. The total decay width I" 4 is estimated in eq. (4.16). This
is a complicated formula, but using our previous approximations we find

ma
ooyt~ 3° Sl Canl* VIZ 2 [ AGusiy K (75)
th ™~ m m_
=7 emira T @ m? KQ( T>K2< )

- s CA IU’NS >\11 me ]_—C) X
49 + 0124 T cT

~ T C’%‘?’j - )\%1 €l exp _2A=)my , (4.24)
224_029,} c3 myT \ T cT

where we have used the leading order term in the asymptotic expression of the modified
Bessel function K, (x) ~ \/m/22ze™* [48]. In the second line we have kept the factor with
(MNS)%l as this makes it easier to estimate later how much the Hx-funnel is being more

suppressed than this case.

By using the annihilation cross section formula eq. (4.23), we can numerically solve
eq. (2) of ref. [49] to obtain the freeze-out point x5 = m, /Ty with the freeze-out tempera-
ture Ty where we use the entropy table taken from ref. [50]. We then feed in the freeze-out
temperature to calculate the relic density near the resonance as described in section V of
ref. [49],

1.079 x 109 GeV~!

QDMh2 = )
@mpl Jmf

(4.25)
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Figure 6. Results of our numerical scan where we have applied a 95% confidence level on the
relic density. Dashed lines correspond to analytical result applied approximation of eq. (4.27)
with zy = 22.

where

5 i
Jop = Z S |Cusil® |Caun|? <

2
mag + my) \/1 (= )
52 4md Tay mi
( 2
myr + m~1)
x erfc xp|1— AN M VAR (1+A)*2exp (—zfA), (4.26)

2
mAX

with A = [mgr —mgr|/my.
Again we can use some approximations to understand how the relic density scales
approximately as
2 4 A2
AL ¢ Clhpy

Jp, = - x erfc < (11— c2)> exp (—zfA) , (4.27)
oM (2 + Ciw)

where A can be rewritten by eq. (3.25) with input parameters as

A 8m?2
11VX < X —2\/§mX+I€0UX>

A=~ —
4m?2 32k (1 - 2.3&3) vx

(4.28)

What we can clearly see from this approximation is that we expect an almost linear behavior
of the relic density in the (my, A11) plane. The complementary error function, erfc, is
responsible for the strong dependence of the result on c¢. For z;y = 22 and ¢ = 0.99 this
piece evaluates to about 0.35 while for xy = 22 and ¢ = 0.97 it gives about 0.11.

In figure 6, we present the result of our numerical scan where we have applied a 95%
confidence level, namely 6x%(Qh?) < 5.99, using the PLANCK result [51] and including
conservative 10% theoretical uncertainties. The lifetime of Ay is very short which justifies
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our assumption that the sneutrinos are in thermal equilibrium with the visible sector before
freeze-out. In the (m,, A1) plane we see the anticipated approximate linear relation
between m, and Aq; although, in particular for ¢ = 0.97, there is a non-linear component
which is coming mostly from the exp (—x¢A) factor. The dependence of Capi on my is
only subleading compared to that.

Of particular interest is that the allowed range for A corresponds very well to the ISS
type III scenario discussed in [4].

4.2.2 Scenario H: sneutrino annihilation via the H x-funnel

In the model, there is another potential channel for the DM resonance, i.e. the CP-even
boson which mostly contains the real component of the X scalar. As depicted in the right
panel of figure 5, the mediator and the species of the initial and final states are different
from the Ax-funnel. Most notably this channel is a pure annihilation channel. What we
will always implicitly assume is that 7{* is the DM candidate, which is the lighter sneutrino
in the considered parameter range and we set mzr = my.

Analogous to the result in eq. (4.12) the annihilation cross section here reads

2
5 Cusol’ [Crn? [s= (fmu | +1mu, )F] S | (s=m2, ) —2m2, (s+m2, ) +m?,

o(s)= Z s(s—4m3) ’

2
i,j=4 87s [(s—m%x) +m§{XF§IX}

(4.29)

and Cypp and Cpy, are H y-sneutrino-sneutrino and H x-v;-v; couplings, respectively, and
they are given as

. 1
Cupp =1 (K ox 1 Zi5 21628 + E(AA)HZ{%Z{GZ;%

+ V211 (1NS)iq VAVATY UX)\%Z%Z{(SZ%%)

A A 1 A
~i Sy ((F6 Truex | 1 Ao plevshn (4.30)
2 MEy V2muy MHy
i i
CHyy = _ﬁAllUi‘ng%Zg ~ —ﬁ)\ll . (4.31)

The essential difference from the Ax-funnel is the factor with different mass dependence in
the numerator due to the different coupling structure, i.e. here we have s — (]myll + |my, \)2
while in the A x-funnel we had s — (|m1,1\ — [y, ])2

The partial decay widths for Hx are given by, similar to the Ax-funnel case:

Hx—2v, 327

3/2
1 4 my, 2
PHX) =)\ (U4V6) My (1 —4 <4> > 7 (4.32)

FHX) —T

HX —2u5

(4—5), (4.33)

|
X HX*)2V4
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3/2
1 2 My — My 2 my. +m, 2
FHX) = 1o (UasUso) mHX\/l—( — 1) [1—< — 1) ] :

Hx—vavs 16 mHX mHX
(4.34)
1 |Crasl? 2
FHX’ — 7M 1o M ) (4.35)
Hx—oftol 16 mpy MM,

The thermal averaged cross section for the H x-funnel is given analogous to the A x-funnel as

2
i 5 OO0 )] [y
agv = — A
th 64mily, T My

ij=4

X (1 _ (it ) m”f)2> (1 _ (- m”f)2> i (%) (4.36)

2 b )R

mi M
Similar to eq. (4.24), the thermal averaged cross section is simplified as

~2 2 3/2 2
ool w T G Ly Alvs)i ) Al fem (20— ey
"T29(1 - 2) 4+ (2, m3 m, T\ =T T ’
(4.37)
where C*%m, is
= A 1 A 2
Chos = <(H T An)vx += \/i(ﬂNs)H> ; (4.38)

which is also an O(1) factor. Comparing this approximation with eq. (4.24), we see that
the thermal averaged cross section for the H x-funnel has an extra suppression by

1—4(uns)iy /mip, ~1—c2~0(107?) (4.39)

To compensate for this suppression, we need A1 to be larger by a factor of ten compared
to the Ax-funnel, roughly speaking.

On the other hand, a larger A1 could lead to a critical problem of closing the annihi-
lation channel into heavy neutrinos. If this channel was closed, only the annihilation into
light neutrinos would be allowed, which is heavily suppressed and so the annihilation cross
section would be too small by far. To avoid this we need

8
ERS m%]X > (my, —I—m,,j)Q ~ 4(MNS)%1 ~ 4mi + A1 <3/ﬁ}§( - mmi + 2\/§mxvx) ,

(4.40)
where we have used the results from section 3 and neglected terms of O(A?) and O(Y,2)
and corrections to the masses of the heavy neutrinos. On the other hand mi =c?/ 4m%,x
and in total
< (4 2 2 8 2 V2 -
A1 S 0—2—4 my 3"“))(_@7”;("‘2 2m,y vx . (4.41)
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Figure 7. The relevant DM direct detection channels.

For a typical DM mass m, = 100GeV with ¢ = 0.97, k = 0.4, and V2ux = 1000 GeV
this means A;; < 4.3 x 1073 while from the comparison to the Ax-funnel we expect
A1 ~ 2 x 1072, This rough estimate shows that the Hx-funnel is probably not working,
which we have also confirmed numerically. Hence, we conclude that the Hx-funnel is not

working within our setup.

4.3 Dark matter direct and indirect detection

In this section, we discuss direct and indirect detection prospects of our DM candidate.
We begin with the direct detection which is difficult for discovery and then turn to indirect
tests which are more promising but still far fetched.

4.3.1 Dark matter direct detection

The relevant diagrams for direct detection are shown in figure 7. There are two main
channels connecting sneutrino DM to the nucleus. One is through the SM Higgs boson
exchange and another is through the Z boson exchange. The relevant effective Lagrangian
for DM direct detection is

Y2Y Msusy , .R/I-R/T, - CR~Iv/~
LBl =~ ==L B i (ga) + C2 (05 (@sa) (1.42)
H
where Mgygy is of order TeV. The contribution of the SM Higgs H is larger than the other
Higgs bosons due to either the much larger masses of the other MSSM Higgs bosons or the
small Yukawa couplings to the quarks for Ax and Hx. The effective coupling Cz is

e (1 + tan By ) Y2 mg (g2 — ¢'9)

Cr, =
z QmQZ

, (4.43)

with the weak mixing angle 6y, the quark mass mg, and (g(Lq) - gg)) for up-type and

down-type quarks is defined as

Q(Ld)—ggl):e< ’ —tan9w>,

+ tan 6W> .
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We can see that the coefficients in front of the Higgs-exchange and the Z-exchange
terms are roughly of the same order. On the other hand, the operators themselves give
very different contributions to direct detection. Due to the presence of the 5 matrix
in gvsq, the contribution from the Z-exchange is highly suppressed. This is easily un-
derstood by considering the nonrelativistic expansion of the operator and studying its
velocity dependence.

In the non-relativistic limit, the spinors involved in the scattering are ¢ = (£,¢e&)7
and ¢ = ¢7(1,€)7°, where ¢ is the two component Pauli spinor and € = O(v/c). The
velocity suppression for current DM in the Universe is € ~ 1074-1073. We can then do a

aa= (€ e (; _01> (i) = (1-)le, (444

da = (€ e€h) (3 _01> (?3) (i) = o(&)¢le. (1.45)

Therefore, we can easily see that the Z-exchange is suppressed by O(€?) ~ 1078-107% on

simple expansion

amplitude level. We conclude that the Z-exchange is negligible compared to the Higgs
exchange contribution and we focus on the Higgs exchange in the following.
The Higgs exchange cross section between DM and a nucleus is given by

2
1 miy

oo N (H) [foZ + fu(A— 2)]%. (4.46)

"~ dr (mg, + my)?
The nucleus parameters, A, Z, and my are the mass number, proton number, and the
nucleus mass, respectively. The effective #;-proton (f,) and oj-neutron (fy,) couplings for
the Higgs channel are

. My, YQMSUSY 2 Y2MSUSY
R D D OE-T e o Ny
q=u,d,s H Q=c,bt H

where v = 246 GeV. The numerical value of nucleon mass matrix elements (fr, and fr)
can be found in MicrOMEGAs [52].

Using Y, = 1075 and Mgygy = 1 TeV we find a tiny DM-proton scattering cross section
~ 1072 pb (where A = Z = 1 in eq. (4.46)) which is many orders of magnitude below the
most stringent current limit agllp ~ 5 x 107! pb for DM mass at O(100) GeV reported by
the most recent XENONIT [53]. It is even below the neutrino floor which makes a direct
detection rather difficult. On the other hand, a confirmed direct detection of DM in the
near future would immediately rule out our setup, which is very attractive.

4.3.2 Dark matter indirect detection

Before we discuss indirect detection constraints we want to clarify that the DM is in fact a
two-component dark matter. From eq. (3.25) the mass splitting between ﬂ{ and 17{z is only
O(1) GeV. Therefore if 7 is heavier it can decay only into 7{? and two active neutrinos via
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the Ax boson. However, the coupling of Ax to the active neutrinos is heavily suppressed
and the phase space is tiny such that the lifetime of D{ is estimated to be much longer
than the present age of the Universe. The same argument is true if sz would be heavier.
Thus, our model is an example of two component DM and since the sneutrinos are so close
in mass we will assume for the sake of simplicity in this section that they homogeneously
form 50% of DM each.

Since the DM candidate is strongly related to neutrinos, the most plausible idea is to
look for a potential detection at IceCube [54] via monochromatically produced neutrinos
from DM annihilation. The DM annihilation 77 — v;v; via the Ax-funnel is the dom-
inant annihilation channel at the Galactic center where the DM density is the highest in
the Milky Way. Here, the indices ¢ and j run from 1 to 5. Note that sneutrino DM in this
model can annihilate not only into heavy neutrinos but also into light active neutrinos but
with a large suppression factor.

Since the mixing of the singlet fermion(s) with the active neutrinos is highly suppressed
compared to those with heavy neutrinos, the most obvious channel to produce monochro-
matic active neutrinos is the annihilation into one active and one heavy neutrino, followed
by subsequent decays of the heavy neutrino into active neutrinos. By the analogy from
eq. (4.12), the annihilation cross section of the sneutrino DM into one active and one heavy
neutrino can be written as,

2
C3.-(C )2 m2
OUrel (101 = VactiveVK ) = Ar0(Cavs) - ) (4.48)

A7 [(s — mix) + miXFiX]

where /2 = (/1 — 4m%1 /s, the K = 4, 5 represents the heavy neutrino and active
neutrino masses are neglected. In addition, the coupling C’;,,, is similar to eq. (4.15)

Chuw = =75 (UK UK + AU UKr) 235 (4.49)
where i Tuns from 1 to 3. Since Uys < O(107%) and U, < O(1075) we obtain (quw)2 ~
O(10718) after combining with typical values of Aj;. Note that due to tiny mixings, the
suppression factor for direct annihilation into two active neutrinos is ~ O(10~'?) compared
to the annihilation into one active and one heavy neutrino.

For the DM annihilation into one active and one heavy neutrino we hence estimate

3571 in our model. IceCube sets the most

an annihilation cross section of O(107%)cm3 s~
stringent limit on DM annihilation cross sections into monochromatic neutrino lines of
around 2 x 1072 em3s™! at m, ~ O(100) GeV [54] using the Navarro-Frenk-White DM
profile, which is much larger than our prediction and a search for monochromatic neutrino
lines from our DM annihilation is not very promising. However, there might be some chance
to probe the small DM annihilation cross section well below O(1072%) cm3s~! by looking
for the neutrino line signature boosted by over densities of dark matter spiked around
a supermassive or an intermediate black hole hosted in spheroidal galaxies [55]. Naive
extrapolation indicates that the quantity energy neutrino times neutrino flux E® is

Vline

several orders of magnitude below the future sensitivity of IceCube-Gen2.
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Figure 8. (Left) Annihilation channel for DM into a pair of neutrinos, where 7, j runs from 1 to
5. When ¢ = 1-3 and j = K = 4,5 corresponds to annihilation into one active and one heavy
neutrinos. (Right) The dominant decay of the heavy neutrino into an active neutrino and charged
leptons. Here K is 4 or 5.

Nevertheless, the story simply does not end here if we consider the heavy neutrino cas-
cade decays into SM particles, such as electrons and positrons, and also the bremsstrahlung
photons or inverse-compton-scattered photons. Typical cascade decays of heavy neutrinos
into leptons are depicted in the right panel of figure 8. For DM annihilation into heavy neu-
trinos only and subsequent decays into leptons, one can take the coupling C’y,,, ~ A1/ 2V/2,
cf. eq. (4.15). We found that the annihilation cross section (ov.e) of the process shown
in figure 8 can be as large as O(1072%) cm3 s
magnitude below the current limit of 10726 cm3s~! from leptophilic DM channels of the

AMS-02 [56]. Hence, there may be some chance that such charged leptons and secondary

This prediction is only a few orders of

photons can be probed in future cosmic-ray experiments.

In summary, predictions of our model in both direct and indirect detection are very
safe with the most stringent current limits. Inversely speaking, once DM direct or indirect
detection finds any DM signal, our model can be easily excluded by observations.

5 Summary and conclusions

Neutrino masses and dark matter are two of the most established evidences for physics
beyond the SM. In a previous work we have proposed a supersymmetric inverse seesaw
model that adds neutrino masses to the MSSM. The seesaw scale of that model is of the
electroweak scale since it is determined by SUSY breaking parameters. To be more precise
the vev of the scalar component of X induces the lepton number violating terms in the
neutrino mass matrix and the smallness of neutrino masses is then given by some smallish
Yukawa couplings and we can reproduce neutrino oscillation data perfectly.

In this work we have focused on the novel dark matter aspects of this model compared
to the MSSM. First of all, the stability of the LSP is guaranteed because of the unbro-
ken DM parity embedded in our model which acts like matter parity on the MSSM fields
and hence forbids all R-parity violating operators. The sneutrinos which are odd under
this parity thus form a potential dark matter candidate. In this work the lightest sneutri-
nos which are mainly a linear combination of the scalar components of the right-handed
neutrino N¢ and singlet S superfields are thermally produced DM particles.
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We have shown that the co-annihilation rate of the CP-even and the CP-odd sneutrinos
can be sizable around the resonance peak of the pseudoscalar boson Ax, the Ax-funnel,
and gives the right amount of DM relic density of the Universe. The Ax is the pseudoscalar
component of the X superfield which plays the crucial role to generate the light neutrino
masses as mentioned above. Hence, in our model we have a very close relationship between
the neutrino and the DM sector. Note also that the current DM population is a mix of
CP-even and CP-odd sneutrinos in our setup.

Furthermore, we have estimated the scattering rate of the sneutrino DM with nuclei,
and found that the dominant contribution comes from the Higgs-boson exchange. Yet, it is
many orders of magnitude below the current DM direct detection limits. Thus, any signals
in direct-detection experiments can immediately rule out our setup. Of course, in that case
we could try to embed, for instance, conventional neutralino DM if in agreement with data.
Similarly, the monochromatic neutrino line signal is a smoking-gun signature of the model,
but the rate is way below the current IceCube limit. Nevertheless, the indirect detection
may stand a chance to observe the annihilation of the dark matter particles into heavy
neutrinos followed by their subsequent cascade decays into charged leptons and photons in
cosmic-ray and gamma-ray telescopes.

Let us again briefly highlight a few important findings of this work before we conclude:

1. There is a tiny mass splitting between the real and imaginary components of the
sneutrino DM. The annihilation via the Ax-funnel, which is a pseudoscalar, has to
involve the real and imaginary parts and is in fact a co-annihilation.

2. The mass of Ax is about two times of the sneutrino DM, such that the co-annihilation
rate can be sufficiently enhanced so as not to overclose the Universe.

3. In principal, there is the H x-funnel as well but it turns out that the annihilation rate
in this channel is much smaller than in the Ax-funnel due to p-wave suppression and
too small to get the right relic density.

4. The scattering cross section of the sneutrino DM with nuclei is extremely small
because of the tiny Yukawa couplings with the ordinary Higgs boson such that it
is well below existing limits.

5. There may be some chance to observe the charged leptons or secondary photons
coming from the co-annihilation of the sneutrino DM in the galactic halo.

6. The most striking feature of our DM is the close link to the neutrino sector through
its couplings to the scalar X-bosons. This is reflected in its phenomenology as well
since DM co-annihilates exclusively into neutrinos.

7. The fermionic component of the X superfield, the Xino, could also be the LSP.
However, its dominant annihilation into A x H x in general has a too large cross section
because of the O(1) coupling x to give a significant contribution to the relic density.
Only when the phase space for this process closes the annihilation cross section could
be sufficiently suppressed.
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In this paper we have worked out another striking feature of our supersymmetric
electroweak scale inverse seesaw model, namely the possible close connection between dark
matter and neutrinos. Hence, apart from the rather technical hierarchy problem we can
solve two of the most outstanding experimental challenges to the SM, neutrino masses and
dark matter. In the future, we will explore other features of our model related to collider
physics and leptogenesis with hopefully similarly interesting findings.
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