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Abstract. We define a minimal model of dark matter with a fermion singlet y coupled to the
visible sector through the Higgs portal and with a heavy Dirac neutrino N that opens the an-
nihilation channel xx — Nv. The model provides the observed relic abundance consistently
with bounds from direct searches and implies a monochromatic neutrino signal at 10 GeV—
1TeV in indirect searches. In particular, we obtain the capture rate of y by the Sun and show
that the signal could be above the neutrino floor produced by cosmic rays showering in the
solar surface. In most benchmark models this solar astrophysical background is above the ex-
pected dark matter signal, so the model that we propose is a canonical example of WIMP not
excluded by direct searches that could be studied at neutrino telescopes and also at colliders.
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1 Introduction

The WIMP paradigm provides arguably the simplest scenario for the dark matter (DM)
of the universe. It represents a smooth extension of the Standard Model (SM), involving
a physics that is new but that sounds quite familiar, not too exotic. The WIMP x that
constitutes the DM is stable just like the proton, with a matter parity playing the role of the
baryon number. Its mass m, may introduce a new scale in physics, but this scale should not
be far from the electroweak (EW) one. The same occurs with the mediators of its interactions
with the visible sector: the EW gauge bosons do not work, but the Higgs boson may [1, 2]
and, in any case, the interaction required should define EW-like cross sections. In the early
universe the WIMP is in thermal equilibrium with the SM particles, until it decouples and its
abundance freezes out just like happens to neutrinos, nothing extraordinary. This simplicity
plus the fact that the scenario has interesting implications at direct, indirect and collider
searches has made the WIMP the most popular DM candidate for over 40 years [3].

Indeed, WIMPs like the lightest odd particle in SUSY models with R-parity, in Little
Higgs models with T-parity or in models with compact dimensions and KK-parity, are part of
a setup that completes the SM at the TeV scale. The main motivation for these models was
to solve the hierarchy problem, being the presence of a suitable DM candidate an interesting
but additional feature. However, the LHC has basically discarded naturality as a guiding
principle in the search for non-standard TeV physics. At this point it may be more effective
an approach based on minimality, where one assumes that the new physics may appear with
equal likelihood wherever it is not experimentally excluded. It is not that SUSY can not
explain the DM, an anomaly in the muon g — 2 or a peak followed by a dip in di-Higgs
production at the LHC, it is that there is no need nor a strong motivation for the whole
setup: keep just the few elements that are enough to explain the effect and save you the
hustle of hiding the rest of the setup.

In that context, we will consider here a very minimal model of WIMP. The first basic
question that such model should answer is whether it can provide the relic abundance Q.h? ~



0.12 that we observe or, more precisely, if it can do it consistently with the bounds from direct
searches. These searches push the WIMP-nucleon elastic cross section down, which tends
to reduce the annihilation cross section and imply too large values of .. Second, it is
interesting to know whether the model can be probed in indirect searches once the bounds
from direct searches are imposed. Moreover, if these bounds reached the neutrino floor where
the DM signal faces an (almost) irreducible background [4], could we still expect any positive
results in indirect searches? We will focus on the signal from DM annihilation in the Sun
at neutrino telescopes. On one hand, the same collisions with solar nuclei that capture the
WIMP are also probed in direct searches. On the other hand, high energy cosmic rays (CRs)
showering in the solar surface produce a flux of neutrinos [5-8| that, although not observed
yet, represents a neutrino floor analogous to the one in direct search experiments [9].

The DM of the universe may involve physics at basically any scale. The thermal WIMP
at m, = 10 GeV-10TeV is just one of the many possibilities, but it is the only one that can
be probed in direct, indirect and collider searches. Here we define a minimal setup that is
consistent with the data in a wide range of parameters and that could imply an observable
signal at neutrino telescopes and also at colliders. The model is a variation of the Higgs
portal proposed a couple of decades ago [10-13] extended with a heavy Dirac neutrino. Due
to its simplicity, it may help us to calibrate how constrained the WIMP paradigm currently
is and what may be the chances to get a signal in future searches.

2 The model

Let us use 2-component spinors of left handed chirality to define the model.! We take x as a
Majorana singlet, although the results would be similar if the DM particle is a Dirac fermion.
In addition, we introduce a Dirac singlet (N, N€) of similar mass my; these fields are needed
to make the SM neutrinos massive through an inverse see-saw (we assume that the rest of
them are heavier and/or less coupled to the active neutrinos). We then assign odd matter
parity to x and +1 (—1) lepton number to N (N€¢). If we consider an effective theory valid
at energies below A, the relevant part of the Lagrangian is just

S
A

+ yn HLN® 4 % (NN + NN°) (xx) + e (2.1)

1
—L 5 Sy + HTHxx—i-iCXaHTHxx—i- my NN¢

where H = (h* hY) is the SM Higgs, L = (v ¢) a lepton doublet assumed mostly along the
7 flavor, and the six parameters defining the model are real. Other possible terms, like the
dim-5 operator HH NN°¢, give subleading effects that we will comment later on. Notice
that in 4-spinor notation (see the footnote) the two operators connecting y with H plus their
conjugate are just (c;/A) HTH W, W, — (ic,/A) HTH ¥,~5V,, whereas the dim-6 operator
would read (—icy/A?) (WU N)(¥,75V,). These operators may result after integrating out
heavy particles, in particular,

e A real scalar singlet s even under the matter parity coupled to the Higgs through the
trilinear sHTH, to x through the Yukawa syx (the real and imaginary parts of this

'In this 2-component notation e, and e% are the electron and the positron both left, whereas their
conjugate-contravariant € and e¢® are right spinors. The 4-component electron in the chiral representa-

tion of v is then ¥, = (;‘z) [with U, = (e°® &4)], while ¥, = <;§Z> is a Majorana fermion.



coupling would contribute, respectively, to ¢s and ¢,) and to the heavy neutrino through
sNN€.

o A vectorlike lepton doublet (D, D¢) odd under the matter parity coupled to H Dy and
HT D¢y may generate values of ¢, and ¢, that will depend on the relative complex phase
in these two Yukawas.

Notice also that in the first case the SM Higgs will necessarily mix with s and the mass
eigenstate will get a small singlet component, whereas in the second model it is the fermion
singlet x who will mix with the neutral fermions in (D, D) and acquire a small doublet
component. This could introduce interesting effects in the UV complete model, but they are
subleading in the regime that we assume with s and (D, D) heavier than y and N.
Let us then continue with the effective model. At the EW minimum, (H) = (0 v/v/2),
in the unitary gauge the Lagrangian includes (we use primes to denote mass eigenstates)
—LD 1m’ XX +mly N'N¢ + 37—NhI/NC—i— G T Ua (hh xx + 2h xX)
27X N V2 20
+ % (ca N'N€ 4 54 VN4 co N'N€ + 5, V' N) (xx) + h.c., (2.2)

where N’ = ¢, N + s, v and N¢ combine into a heavy Dirac neutrino of mass

mly = \/<%})2 +m3 (2.3)

while the orthogonal combination v/ = ¢, v — s N remains massless. The active-sterile

mixing is just s, = \/%1\7’;}, , whereas the Yukawa coupling 7y,
N

V2mly

gN = YN Cq = v Co Sa (24)

may receive a contribution from the dim-5 operator HTH NN¢ that could be sizeable for
my S v. The mass of v/ and of the other two SM neutrinos should then be implemented
through an inverse see-saw mechanism. A particular model along these lines has been recently
proposed as a solution to the so called Hy tension [14, 15].

In summary, the setup includes 6 parameters (we drop all the primes): the mass m,, of
the DM particle; the two couplings ¢, o/A connecting x with the Higgs; the mass my of a
heavy Dirac neutrino (N, N¢); the heavy-light Yukawa gy (correlated with the mixing s, ),
and the coupling cy/A? connecting y with the heavy neutrino.

3 Cross sections

We are interested in the production of monochromatic neutrinos through xyx — Nv (we
use Nv to indicate Nv + N7, see the two relevant diagrams in figure 1), so we will consider
relatively large values of the coupling 7 and of the four fermion coefficient ¢y . In particular,
notice that the Yukawa §j does not imply a mass for the active neutrino, it is just constrained
by collider bounds on the heavy-light mixing (assumed mostly along the tau flavor), s, <
0.1 [16-18]. Since so = my /(174 GeV), only values of my above 1 TeV will allow for top-like
Yukawa couplings. In any case, to avoid LEP bounds from Z — Nv plus N — 7W* vZ* we
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Figure 1. Leading diagrams in DM annihilation.

will not consider values of my below M. In turn, if the annihilation channel yxy — Nv is
open this implies that m, > Mz/2. Throughout the analysis we will then take m, > 50 GeV,
mpy > 100GeV, s, = 0.1 and ¢;/A < 1/(2my), 1/v.

The DM annihilation in the early universe and in astrophysical environments will go
through the diagrams in figure 1. If we neglect ¢y (the last two diagrams in the figure) the
cross section can be written

2
c (1 - 4mX> +c 252 | 2
(1) B S S a - c; 6 + c
Tamn = 1/2 f(mX) ~ 2 f(mX) ’ (31)
4mA? (1 15) / AmA?

where [ is the velocity of x in the center of mass frame and f(m,) = 3, fi gives the
contribution of the different channels for a given value of m,. We obtain

3m?2 4m?
fhh=<1+ h2> 1——=h

s—mj s
2 2
3mQ (s — 4mQ) 4mé
faq = 2 1-
(s —mj) o
2
Qm%/ s 4m?
= 2 1— —  ——
fVV s—m + 2m2 s
( h) v
O _ Gt (s—mi) ([ mik 39
Nv — 212 ( )
2(s—m3) s
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Figure 2. Different contributions to ouu for cy — 0, my = 1.4m,, (left) and ¢, — 0, my = 0.7m,,
(right). We have taken s, = 0.1 and 5 = 1/20.

with Q@ =t,band V = Z,W. If ¢y is sizeable we have to add

2
& 2
0-2(1?1)1'1 = N4m2 1/2 (fNN + f](\[l),) ) (33)
4mA? (1 - %)
where
Fay = 2 (s —4m%) - 4m3,
NN - A2 s

2 - 2

(2) Sa \@cay]\w 2 may
_ (e _ _VZCaUNY ) (o 1= 4
Ny <A2 cNA (S—m%)) <S mN) ( s ) (34)

Notice that at s ~ 4mi the channel xyx — Nv produces an active neutrino of energy

2
B, =my <1 - Z;%) . (3.5)
In figure 2 we plot the contribution of the different channels for values of m, between 65 GeV
and 1TeV in the limits ¢y — 0 and ¢, — 0. Whenever my < my and the Higgs can
decay h — Nv, we use the value of yy implying a 10% branching ratio for this channel (see
discussion in section 5.1). In all the cases we have my > My, 7.

The second relevant cross section is the one describing the elastic scattering of x with
a nucleon N, which is mediated by a Higgs in the ¢ channel. The Higgs boson couples to
the quarks and (through heavy quark loops) to the gluons in the nucleon; at low energies
this induces a Higgs-nucleon Yukawa coupling g, that is usually parametrized as gy =
famar/v [19, 20], with my = 0.94 GeV and far = 0.30 [21, 22]. We obtain

2, 252 2
(XN = YN) s+ p (MNmeN> 7 (3.6)

= 2 2
T A mj,

with py = mamy/(ma +my).
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Figure 3. Maximum coupling ¢;/A allowed by direct searches together with the value of ¢,/A (case
I) or ecymy /A? with my = 0.7m,, (case IL.a) and 1.4m, (ILb) implying Q.h% = 0.12.

4 Direct searches and relic abundance

Direct searches expect to see the recoil of a nucleus hit by a DM particle of velocity 5 ~ 1073.
Therefore, these experiments do not constrain significantly the coupling ¢, in eq. (3.6), whose
contribution to the cross section is suppressed by a factor of 32, nor ¢y, that couples x only
to neutrinos. In contrast, the coupling cs; implies an unsuppressed spin-independent cross
section that must respect the XENONIT bounds [23]. For m, between 10 GeV and 10 TeV
we fit these bounds to

2
oS 0.9 x 1078 m 1O o2, (4.1)
with m, in GeV. This implies
max 0.94
% <% ~25x108 22T gyt (4.2)

A 1—-169/m2
My /™

On the other hand, in oa,, (see eq. (3.1)) it is the contribution of ¢s the one suppressed
by a factor of 32, with 8 ~ 1/20 during freeze out, and ¢, and/or cy should provide the
dominant contribution. It is straightforward to find the values of these couplings implying a
relic abundance Q.h? ~ 0.12 for each value of my. We distinguish the two cases that we plot
in figure 3:

I. If cy — O there is a value of ¢, /A giving Q.h? =~ 0.12. Notice that the channel yxy — Nv
is in this case subleading and thus the dependence of ¢, /A on my can be neglected (in
the plot we use my = 1.4my).

II. If ¢, — O there is also a value of cy/A? giving the right relic abundance. Here,
however, we have to distinguish two possibilities: my < m,, so that the channel
XX — NN is open (we take my = 0.7my), or my > m, and a DM particle that
annihilates predominantly into Nv, as the contribution to o,y of the rest of channels
is proportional to c2/32.
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The general model will combine both cases with weights w, = ¢2/é2 and wy = c%/&%;, where
¢q and ¢y are the values of the couplings in the two limiting cases.

5 Indirect searches at neutrino telescopes

We will finally consider the possible signal implied by this model at neutrino telescopes. In
particular, we will study whether the signal from DM annihilation in the Sun may be above
the background produced by CRs showering in the solar surface [5-9] (in the appendix we
provide an approximate fit for this CR background). As the capture rate C' = dN,*P/d¢t of
DM by the Sun depends on the same elastic cross section probed at direct searches, we will
consider the maximum coupling ¢***/A consistent with the bounds from XENONIT.

In our estimate of C' we will take the spin-independent DM-nucleon cross section in
eq. (3.6), neglecting the velocity-dependent contribution proportional to 32 ~ 1076. To
deduce the elastic cross section with the different solar nuclei we use the nuclear response
functions in [24]. In particular, we include the collisions with the 6 most abundant nuclei in
the Sun (H, He, N, O, Ne, Fe). We will assume the AGSS09 solar model [25] and the SHM ™+
velocity distribution of the galactic DM [26]. Our calculation also includes the thermal
velocity of the solar nuclei, although its net effect is not important (e.g., at m, = 100 GeV
it increases a 5% the capture rate by solar hydrogen but reduces in a 40% the one by iron,
and both effects cancel). For m, > 10GeV and a maximum coupling ¢***/A we obtain a
capture rate that can be fit to

122 4240

C™ ~ 230 x 1021 m, ~ "X sl (5.1)

with m, expressed in GeV.

Although in our model the annihilation cross section required to reproduce the relic
abundance is relatively large, we need to check whether the age to ~ 4.5 Gyr of the Sun is
long enough to achieve the stationary state where the annihilation rate I' 4 is half the capture
rate, 'y = C'/2. In particular, if we express I'y = %C AN% [27] the time scale T for capture
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Figure 5. Neutrino yield per one annihilation through each channel for m, = 500GeV, my =
700 GeV.
and annihilation to equilibrate is just 7 = (CC4)~/2, and [28]

to C\1/? (0ann3) 1/2 My 3/4
— . 2
T 330 (s—1> (cm3 s_1> (10 GeV) (5:2)

If to/7 > 1 then I'y =~ C/2, otherwise the annihilation rate is suppressed to

= C ann2te (5.3)
2 T
In figure 4 we show that, even for the maximum capture rate allowed by bounds from direct
searches, this suppression cannot be ignored, specially for low values of mx.

As for the neutrino yields after propagation from the Sun to the Earth, we use the
Monte Carlo simulator CHARON [29]. In figure 5 we plot the total neutrino yield (v and v
of all flavors) per annihilation through each channel for m, = 500GeV and my = 1.4m,,.
Let us illustrate our results by discussing in some detail a couple of cases.

5.1 m, = 300GeV, my = 105 GeV

We have imposed my > myz to reduce the decays of weak bosons into the heavy neutrino
(Z — Nv, W — N/, being £ most frequently the 7 lepton), but we will consider the possibility
that NV is produced in Higgs decays (h — Nv) as long as the branching ratio is below 10%.
At the LHC an event with the Higgs giving a heavy neutrino that decays N — ¢{W would
appear as a small correction to h — W*W plus W* — v¢ (a process still unobserved for
¢ = 7) [30, 31], whereas the 10% increase in the total Higgs width introduced by the new
channel is not experimentally excluded. An analogous argument would apply to h — Nv
with N — Zv, which would correct h — Z*Z plus one (or both [32]) of the Z bosons decaying
into neutrinos [33].

Therefore, we consider the case with m, = 300GeV, my = 105GeV, and a Yukawa
gn = 0.11 implying BR(h — Nv) = 0.1. We set the maximum coupling consistent with
direct bounds, ¢?® /A = 4.37 x 1075 GeV !, and we choose for c,/A and cy/A? the values
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Figure 6. Solar neutrino flux for m, = 300 GeV, my = 105GeV, w, = 0.5 = wy. On the left, the
contribution of the different annihilations channels; on the right, total flux from the SD including
the CR background (for comparison, we include the atmospheric flux from a fake Sun). The bin
containing the monochromatic v’s has a width of 6 GeV.

giving w, = 0.5 = wy, i.e., DM annihilates with equal frequency to (NN, No, Nv) or through
the channels in figure 2-left.

At this value of m, and my the dominant annihilation channels are into heavy neutrino
and Higgs boson pairs. The neutrinos v from yx — hh plus h — Nv are not monochromatic,
their energy is distributed between

~ m3
min
E) = | my — -m?2

N
X 2
my + my mh

(5.4)

and

max __ mN
E; My + /M2 \/rmh (5.5)

However, when m,, in near my, the energy interval shrinks (in the case at hand it goes from
4 GeV to 84 GeV). The monocromatic channel xy — Nv gives E,, = 290 GeV.

In figure 6-left we plot the contribution of each annihilation channel to the neutrino flux
from DM annihilation in the Sun. On the right, we plot the total flux from the solar disk (SD)
including both the DM contribution and the neutrino background produced by CR, showers
in the Sun and by the partial shadow of the Sun (see appendix) for 6, = 45°. For comparison,
we have also included the atmospheric flux from a fake Sun at the same zenith angle.

5.2 m, =1TeV, mny = 1.4TeV

At these values of m, and my all annihilation channels into standard particles are open but
xX — NN is closed. We take the maximum value of ¢, /A consistent with direct bounds and
assume that the channels in figure 2-left contribute a 50% to oann, with xx — Nv providing
the rest. In this case Higgs decays are unaffected by the heavy neutrino, that may only
appear in flavor analyses [16-18].
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We find a DM signal (see figure 7) that is clearly above the CR background from the solar
disk: 2.28 neutrinos per km? and second at 500-1000 GeV from DM annihilation (1.62 of them
at the 500-520 GeV energy bin), and only 0.25 neutrinos from CRs showers in the solar surface
or from the partial CR shadow of the Sun. The atmospheric background from a fake Sun at
the same zenith inclination would account for just 0.03 km~2 s~! in the same energy interval.

6 Summary and discussion

The WIMP paradigm has been studied for decades, and currently a variety of experiments
severely constrains the different models. In particular, the absence of a signal in direct
searches and of missing Fp at colliders discard the Z and W gauge bosons as viable mediators
of its interactions with the visible sector, as suggested by the so called WIMP miracle. The
Higgs portal appears then as an equally minimal and appealing possibility. Although the
Higgs boson has stronger couplings to the heavier SM particles (i.e., to itself, the top quark
and the weak gauge bosons), it also admits large Yukawa couplings with the active neutrinos
in the presence of heavy Dirac neutral fermions. Those couplings would introduce heavy-
light mixings and are actually expected if the origin of neutrino masses is an inverse seesaw
mechanism at the TeV scale.

In this work we have analysed such a WIMP scenario: a Majorana fermion interacting
through the Higgs portal in a model extended with a heavy Dirac neutrino. First we show
that, although the WIMP interactions are all spin independent and are thus severely con-
strained by direct searches, the model naturally implies the observed relic abundance while
respecting the current bounds. The question is then whether such a constrained model may
provide any signal in indirect or collider searches at all.

For the neutrino signal from DM annihilation in the Sun, in particular, the same spin
independent elastic cross section probed in direct searches also dictates the capture rate by the
Sun. In addition, CRs reaching the solar surface produce an irreducible neutrino background
that defines a floor in DM searches. It has been shown that a capture rate consistent with
the current XENONI1T bounds implies a neutrino flux from DM annihilations into 777,

~10 -



bb or WHW~ already below this floor [9], i.e., these WIMPs should not give any observable
signal there.

The model proposed here, however, is neutrinophilic. Most important, it includes an
annihilation channel yxy — v N that produces a monochromatic neutrino signal that could be
probed at telescopes [34]. The search there for the astrophysical signal from CRs showering
in the solar surface may then also reveal this type of DM signal.

The scenario could have interesting implications at the LHC as well [13, 35], especially
if the heavy neutrino in the model is lighter than the Higgs boson. The decays h — Nv with
N — (W (with £ most frequently the 7 lepton but also the lighter flavors) or N — vZ would
appear as a non-standard contribution in h — WW* ZZ* searches, where 10% deviations
from the SM prediction are not yet experimentally excluded.

In summary, although the WIMP is a DM candidate certainly constrained by several
decades of experimental searches, we think that the presence of heavy Dirac neutrinos at the
TeV scale revives all the reasons why the scenario is phenomenologically interesting.
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A Cosmic ray background

Here we provide approximate fits for the atmospheric and solar neutrino fluxes of CR origin
that are a background in DM searches. To obtain these fluxes we have followed the procedure
in [9], setting the parameter E. to 5 TeV (versus 3-6 TeV in that reference) in order to obtain
an optimal fit of recent HAWC data on the gamma-ray flux at 1TeV [36]. In figure 7 we
include that flux together with the model prediction.

In the expressions below we give the neutrino flux integrated over the angular region
(AQg) occupied by the Sun, with E is in GeV, ¢ in years (¢t = 0 at the solar minimum), and
AQe @, in GeV~! em™2 s71. The angle 6*(6,) is defined in [38, 39]:

tan 0% = ftg sin b . (A1)
VB2 cos? 0. + (2Rg + h) h
For the atmospheric flux we have
AQQ (I)iim(E’ 0) — 4.4] x 10—6 —297-0.0109 log E—0.00139log? E Fftm(E, 0) : (AQ)

AQ (plalzm(E’ 0) = 1.94 x 106 E73.3070.0364log1‘35 FE+0.0103log!®% E antm(E,e) (A.3)

with
17606 coslg*(T 7 5x10-4) 021 coslg* (T
F™(B,0) = (8) “+oolt ) ; F3(E,0) = (7)ot el (G (A4)
176 ) ¢ 7.5x10—4\ 02!
(48)™ + cosle*(62) (Z2200=4) "+ cos[o*(62)]

- 11 -
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Figure 8. Gamma-ray flux from the solar disk obtained with the model in [9] for E. = 5TeV and
data from HAWC (E = 1TeV) [36] and Fermi-LAT (at E < 200 GeV) [37].

For the atmospheric neutrinos from the partial cosmic ray shadow of the Sun and from
neutrons produced in the solar surface and reaching the Earth the flux is

AQe OB, 0,1) = 4.33 x 1070 BT ED v (B g) ; (A.5)
AQe @hd(E g £) = 1.37 x 1076 5&2"TED patm( ) (A.6)
with
2
Gshedt™ (B 1) = —2.98 — 0.017log E + 0.012 cos %t log? E —3.3x 107 *1og® E
—3.9x10"C%log’ E; (A7)
ot
G?mﬂ%EJ%:—31—QWﬂng—cwj%<&MWBng+2ixlUﬁbgﬂo
—54x 10 "log® E . (A.8)

Finally, the neutrinos produced by cosmic rays in the Sun reach us in the three flavors with
the same frequency and a flux per flavor

AQe (B, 1) =6.0x 107° (1 — 405 sin” % —1.20—0.1log E—0.0042 log? E+1.6x10~5% log? E
© Fm ' 900 + E '

(A.9)
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