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Abstract

We consider the scenario in the radiative seesaw model where the dark
matter particle is the lightest Z3-odd fermion. We identify the regions of the
parameter space of the model compatible with neutrino oscillation data, with
the upper limits from rare charged lepton decays and with the observed dark
matter abundance via thermal freeze-out, and we compute the dark matter
scattering cross section with nuclei via the one-loop exchange of a photon,
a Z%boson or a Higgs boson. We find that the predicted spin-independent
cross section lies below the current LUX limit, although, for some choices of
parameters, above the expected sensitivity of XENONI1T or LZ.

Introduction

The radiative seesaw model [1], or scotogenic model as is also known, is a simple
extension of the Standard Model (SM) that can simultaneously account for neutrino
masses and dark matter. It contains an extra scalar doublet, H,, and at least
two additional singlet fermions, N;, ¢ = 1,2..., all assumed to be odd under a Z,
symmetry. In this model neutrino masses vanish at tree-level but are generated via
quantum effects induced by the new fields. Furthermore, the lightest particle of the
Z5 odd sector, either the scalar doublet or the lightest fermion singlet, constitutes

a

dark matter candidate.
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The phenomenology of the scenario where the dark matter is the lightest fermion
singlet has been extensively studied in recent years (see, e.g. [2-18]), however the
potential signals in direct detection experiments have received much less attention.
In [8] it was assumed that the two singlet fermions Ny and N, are very degenerate,
AMy ~ keV, such that inelastic scattering on nuclei can take place. In that case,
the dominant contribution to dark matter direct detection comes from a one-loop in-
duced magnetic dipole operator, being the predicted rates sizable in some instances.
This conclusion holds, however, only in this restricted framework. In general, N;
and N, have a much larger mass splitting and therefore the inelastic scattering on
nuclei is kinematically forbidden.

The elastic scattering with nuclei is nonetheless possible, via the one-loop ex-
change of a photon, a Z boson and the Higgs boson. While the detection of the
radiatively-induced dark matter-nucleon interactions is challenging, the impressive
current sensitivity of direct detection experiments, as well as their steady increase
in reach, might allow to set significant limits on the parameters of the model, or
optimistically, allow the observation of signals in the future. More specifically, the
current bound on the dark matter spin-independent interaction was set by the LUX
experiment at the end of 2015, reaching a maximum value below 1079 pb [19]. Future
experiments are likely to improve the reach by almost three orders of magnitude [20].
In fact, the XENONIT experiment [21] recently started operation and it is expected
to reach a sensitivity of order 107! pb. In addition, the LZ experiment [22, 23], the
LUX successor, will start operating in 2018 and its expected sensitivity is of order
10712 pb.

When N; is the lightest Z; odd particle, the observed dark matter density can
be generated through the freeze-out, superWIMP or freeze-in mechanisms, with ei-
ther warm or cold dark matter [2-5, 8-10, 15]. In the present work we will focus
on the freeze-out mechanism, which requires sizable Yukawa couplings between the
dark matter and the Standard Model particles. As is well known, the same Yukawa
couplings that keep the dark matter particles in thermal equilibrium at high tem-
peratures, and that eventually allow their freeze-out, also induce neutrino masses
and rare charged lepton decays. The flavor mixing observed in neutrino oscillation
experiments requires the dark matter particle to couple to more then one leptonic
mass eigenstate. As a result, the model predicts sizable rates for the leptonic rare
decays, which are generically in tension with the stringent experimental upper lim-
its. Some works have been devoted to find solutions to this tension, by imposing
concrete flavor structures in the leptonic sector [2, 4, 10, 24, 25].

In this paper, we perform a phenomenological analysis of the Yukawa sector of
the model and we identify the regions of the parameter space compatible with the
observed neutrino parameters, with the upper limits on rare leptonic decays, and
with the generation of the observed dark matter abundance via thermal freeze-out.
After identifying the viable parameter space of the model, we compute analytically
the one-loop spin-dependent and spin-independent dark matter cross sections, as
well as the anapole moment, and we confront the predictions of the model to the
current experimental limits and to the expected sensitivity of future experiments.
Notably, we not only find regions of the parameter space fulfilling all the experi-
mental requirements without fine-tunings, but that for some choices of parameters
the spin-independent cross section may indeed be large enough to produce signals
at XENONIT or LZ.

The rest of the paper is organized as follows. In the next section, we review



the radiative seesaw model and introduce our notation. In Section 3 we analyze
the viable parameter space of the model, in particular we identify those scenarios
leading to a suppressed rate for 4 — e~. In section 4 we calculate the interaction
terms of the dark matter with a nucleus via the exchange of a photon, a Z-boson
or the Higgs boson for parameters leading to the observed dark matter abundance
via thermal freeze-out, and we confront the predictions of the model to the upper
limits on the scattering rate from direct detection experiments. Finally, in section
5 we present our conclusions.

2 The model

The radiative seesaw model, also known as the scotogenic model [1], is a simple
extension of the Standard Model (SM) with a very rich phenomenology. The model
contains one additional scalar doublet Hy = (H*, H)T and at least two Majorana
singlet fermions N; (i = 1,2,...), all assumed to have masses in the range between
a few GeV and a few TeV. Furthermore, the model postulates that the vacuum
displays an exact Z, symmetry under which the new fields are odd while the SM
fields are even. This symmetry prevents tree-level charged lepton flavor violation
and renders stable the lightest odd particle in the spectrum, which becomes a dark
matter candidate. In this model, the role of dark matter can be played by the
neutral scalar or pseudo-scalar or by the lightest singlet fermion [2-5, 8, 11, 12, 26,
27]. In addition, this model can also account for neutrino masses [1, 9], explain the
baryon asymmetry of the Universe [6, 13], generate new signals at colliders [3, 7],
and induce observable rates for lepton flavor violating processes [14, 16].
The Lagrangian of the model is:

L=Lsm+ Ly, + Ly, + Ling, (1)

where Lgyr is the Standard Model Lagrangian, which includes the Higgs potential
V(Hy) = —p2HIH, + M\ (H]H,)2. Besides, Ly, and Lp, contain, respectively, the
terms involving only the Z;-odd fermionic singlets N; and the scalar doublet Hs:

_ 1 _
2
Ly, = (DMHQ)T (D" Hy) — M%H;Hz — A2 (H;Hz) . (3)

Here, and in the rest of the paper, we choose to work in the basis where the Z5-odd
fermionic singlet mass matrix and the charged-lepton Yukawa matrix are diagonal.
Finally, L;,; contains the interaction terms between the Zs-odd particles and the
Standard Model particles:

Lin = = (YaiLa HaPaN; + bic.) = Viu(H, Hy), (4)

with an interaction potential identical to the one in the inert doublet model [28-30]

Vint = A3 <H1H1> (HQTHQ) + A\ (HIH2> (HQTH1> + % [(HIHz)Z +h.c} . (5)

We demand that the mass terms in the scalar potential satisfy u? > 0, 2\ u3 >
—A3p?, 203 > —(A3+ A+ |As|)p? and that the quartic couplings fulfill the vacuum
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stability conditions A\;, Ay > 0 and A3, A3+ s—|A5| > —2v/A1Ae. We also require that
only the Zy-even scalar acquires a vacuum expectation value, (HY) = v/v/2, with
v = 246 GeV, in order to render a vacuum also invariant under the Z, symmetry.
Working in the unitary gauge, the scalar fields in the vacuum can be cast as:

m- (1) e (ﬁ 10 i) )

with A the SM Higgs boson. The masses of the new scalar particles are given by

1
mzo = ,Ug + 5 ()\3+)\4—|—)\5)1]2,

1
mio = ,u% —+ 5 (A3 =+ )\4 — )\5) U2,
1
m%{i = ,U,g + 5)\3’02, (7)

which are constrained by current experiments to satisfy [31, 32]: m 40 + mpgo > My,
mpg+ 2, 70 GeV and max|[m 40, mgo] 2 100 GeV. Besides, we will set the Standard
Model Higgs mass to 126 GeV [33, 34].

The complete Lagrangian expressed in terms of the mass eigenstates A%, H°, H* h
is rather lengthy, therefore, here we will limit ourselves to write down only the in-
teraction terms relevant for the dark matter phenomenology. These are the cubic
interaction terms between two scalars and the Standard Model Higgs boson

1 1
=2 Az 4+ A+ As) (H)? + 3 Az + M —X5) (A + \sHYH | vh, (8)

the gauge interaction with the Z boson

£5 57 [i(L = 253) (HF9"H™ — H-O"H*) + (0" H" — H'9" A°)] Z),
cw
with ¢y and sy, the cosine and sine of the weak mixing angle, respectively, and the
Yukawa interaction of the scalars with the singlet fermions /V;

LD =Y, (iﬂa(HO —iA%) — EQH) PrN; + h.c., (9)
V2
where a = e, j, 7 denotes a leptonic flavor index and ¢ = 1, 2... runs over all fermionic
singlets of the model.
One of the most notable features of the model is the generation at the one loop
level of a neutrino mass term, induced the Yukawa couplings Y,;. The neutrino mass
matrix reads:

/\52}2 Yakyﬁk Ml?
g = 7(=%), 10
with
I(:c)zlfx(l—i-lfxlog:c). (11)

We are interested in this paper in scenarios where the Yukawa couplings are
sizable, typically 2 O(0.1), and mg, My lie in the range between a few GeV and
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a few TeV. Therefore, in order to generate neutrino masses smaller than ~ 1 eV,
it is necessary a quartic coupling |[As| < 1. This requirement implies in particular
Mo > Mao, M. — mie = Av?/2. Furthermore, neutrino oscillation data restrict
the flavor structure of the Yukawa couplings. To derive the most general form of
the neutrino Yukawa matrix compatible with the neutrino oscillation data, we first

cast the mass matrix as:

(My)os = > YarVir M, = [YMYT] " (12)
k

where M = diag(Ml, o ,Mn) and

~ /\5U2
M, = 227
kT 39n2 M,

Finally, following [35], one obtains:

Y = U*/m, RV M1, (14)

where U is the leptonic mixing matrix, m,, = diag(m,,, m,,, m,, ), m,, being the light
neutrino masses, and R is a complex orthogonal matrix, RT R = 1, of dimension 3xn,
where n is the number of singlet fermions.

In the freeze-out framework, the dark matter abundance is determined by the
cross-sections of the various self-annihilation and coannihilation processes. As-
suming that the dark matter and the scalar mediator masses are sufficiently non-
degenerate coannihilations can be neglected, thus the relic abundance simply de-
pends on the total dark matter annihilation cross section; in this work we will take
for concreteness my+ go 40 2 1.2M,;. Expanding the cross section in powers of the
relative dark matter velocity, cv = a + bv?, one finds

1.07 x 10° GeV ™! g,

QN h2 >~ s
' gi/szl(CL —+ ?)b/l’fo)

(15)

where ¢, = M /T,, with T}, the temperature at which the freeze-out takes place,
and g. () is the number of relativistic degrees of freedom in that epoch; for typical
values of the parameters, T¢, ~ M;/20 and g.(z¢,.) ~ 80.

For the annihilation processes N1N; — E;‘EE, Va8, and neglecting the lepton
masses, one obtains [2]

a =0,
M T MPemb Mt
48T [(ME+mZ )t (ME+md)t]

(16)

where 3?2 = Zi:l |Y,1]? is the modulus squared of the column vector Y,;. Therefore,
the dark matter relic abundance can be estimated to be

03\*/ M \® (1+4=x)
2~ 0. — . 1
o 17 = 0.12 ( U1 ) (100 Ge\/) 22(1 + 22?) (17)

Here, * = M7?/m?%, where mg denotes a common mass for the scalar particles
(mg = my+ = myg).



In this model, the same Yukawa interactions that generate neutrino masses and
the freeze-out of the dark matter particles also induce at the one-loop level lepton
flavor violating processes, such as {g — ¢,y and p — e conversion in nuclei. The
decay branching ratio for the process {3 — {,7 reads [2]

2
3emBr(ls — lovs,) ZYak v; ) (ﬁ) | (18)
647 GZm? Tt p m2, .

Br(@g — ga ’7) =

where

1—62+322 4223 —62°Inz
6(1—2)* ’

which approximately reads Fy(z) ~ 1/(3z) when z > 1 and Fy(z) ~ 1/6 when

z < 1. On the other hand, the y — e conversion in nuclei reads [14, 16]:

2m Zéﬂsz

M?
(47T Captm%[i ‘ Z Yvek ( k ) ’2 (20)

Hi

Fy(z) =

(19)

CR(u — e, Nucleus) ~

where Z is the atomic number, Z.g is the effective atomic charge, F}, is a nuclear

matrix element and I'c,ps is the total muon capture rate; these are given, for different
nuclei, in [16, 36]. Besides, Hy(z) = 3G2(2) — F(z), with

2 — 9z + 1822 — 1123 + 623 log 2
6(1—2)4 ’

Ga(z) = (21)
which has the asymptotic values Go(z) ~ (—11/6 + log z)/z for z > 1 and Ga(z) ~
1/3 for z < 1.

The current experimental limits Br(y — ey) < 5.7 x 1071 [37], Br(r — ey) <
3.3 x 1078 and Br(t — py) < 4.4 x 1078 [38], CR(p — e, Ti) < 4.3 x 10712 [39],
CR(p—e,Au) < 7x 1073 [40] set strong limits on the parameters of the model. In
this paper we mainly focus on the rare decays g — ¢, 7, which currently provide
the most stringent limits on the model over most of the parameter space, however
[t — e conversion in nuclei is likely to play also an important role in the future, due
to the significant increase of sensitivity expected for this class of experiments [41—
49]. Indeed, considering the generic case where |Ye1| ~ [Yu| ~ [Y1| ~ y1/v/3, the
expected branching ratio for y — ey for the value of y; required by the freeze-out
mechanism is approximately given by

7 Ml -

Br(p —ev) ~4(2) x 10 <100 GeV) , (22)
for mpg+ /M; = 1.5(10), which is orders of magnitude larger than the current upper
limit, unless M; = 100 TeV, in tension with the requirement of partial wave unitarity
for thermally produced dark matter [50]. However, as it will be shown in the next
section, there exist choices of parameters where the rate can be naturally suppressed,
and hence lead to viable dark matter scenarios of thermal freeze-out.

3 Scenarios with suppressed rates for u — ey

We consider a scenario with the minimal particle content necessary to reproduce
the two oscillation frequencies measured in neutrino experiments and incorporating
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a dark matter candidate, and which consists in adding to the Standard Model a
Zs-odd scalar doublet, Hy, and two singlet Z,-odd singlet fermions, N; and Ny.! In
this case, the orthogonal matrix R defined in Eq. (14) reads [52]:

0 0
R= | cosf —sinf |, for normal hierarchy, (23)
(sinf (cosf

cosff —sind
R=|(sinf (cosh |, for inverted hierarchy. (24)
0 0

where 6 is a complex parameter and ( = +1 has been included to account for the
possible reflections in the orthogonal matrix R.

We will focus in what follows in the case of normal hierarchy. Then, the Yukawa
couplings explicitly read:

Yo =/ Mt (\/My, cos QU + (/M sin0U) | (25)
Yoo = £/ M;? (= /M, sin QU + (/M cos OU,) (26)

These Yukawa couplings can be readily inserted in Eq. (18) to obtain the rates of the
rare decays in terms of the low energy neutrino parameters, as well as the unknown
parameters M, my+ and the complex angle 6.

To identify the scenarios with suppressed rate for p — ey we first cast Eq. (18)

as:
Yo Y, Fo (—2 ) + Yo Y5 I (—m2

H+ H*

2

Br(p — evy) x : (27)

hence, this class of scenarios require, barring cancellations, especial choices of the
neutrino parameters. More specifically, it is necessary that one of the terms in each
addend is small, namely

Yu~0 or Y, ~0,

and

M?
Yo~0 or Yo~0 or F2< 2)20.

2
mHi

Notice that Fp(M7/m3,.) > 1/12, since My < my=, and therefore cannot be small,
however, since the mass ordering between M; and mpy+ is not fixed a priori, it is
possible to find scenarios with Fy(M3/m?,.) ~ 0 provided My > my+.

One can then identify scenarios with two texture zeros or one texture zero leading,
without cancellations, to a suppressed rate for y — e~ and which will lead to
predictions for other observables. Moreover, there will be scenarios without texture
zeros, also with suppressed Br(u — e-y), although with the price of cancellations
among terms. Let us discuss separately these three possibilities.

!The minimal extension is not unique, since the same features also arise by adding to the
Standard Model particle content one Zz-odd singlet fermion and two Zz-odd scalar doublets [51].



3.1 Two texture zeros

The simplest possibility to suppress the Br(u — ey) consists on postulating two
simultaneous zeros in the Yukawa matrices, namely: ¢) Y,; =0, Yoo =0, 71) Y,,; = 0,
Yo =0, 1) Yy =0, Y, =0,iw) Y, =0, Y, =0. Fixing two elements in the
Yukawa matrix leads to a prediction on one of the low energy neutrino parame-
ters [52-54]. Concretely, the choice i) leads to |Uys| ~ 0.23, ii) to |Uiz] ~ 0.25, and
iii) and ) to |Uy3] ~ 0.08, all of them outside the 30 range [0.126,0.178] obtained in
[55] from the global fit to the solar, atmospheric, reactor, and accelerator neutrino

data. This scenario is therefore disfavored by present data.

3.2 One texture zero

A second possibility consists in postulating one texture zero, Y, = 0 or Y, = 0 for
k=1or k=2 and Fo(M?/m3.) ~ 0 for | # k. Since we require N; to be the
lightest Zs-odd particle in the spectrum, this possibility can only be realized if the
spectrum is of the form M; < my+ < M, and either Y,; = 0 or Y;; = 0.

In the case Y,; = 0, the angle # in the matrix R reads:

*
My, Ue2

, 28
My, CUZ 23)

tanf = —

The flavor structure of the Yukawa couplings then becomes determined by the re-
quirement of producing one texture zero and the low energy neutrino parameters
my, my and U,;. On the other hand, the overall size of the columns of the Yukawa
matrices is determined by the free parameters My, which in turn depend on A5, the
singlet masses and the heavy Higgs mass scale my and thus have a rather obscure
physical interpretation. Therefore, we prefer to cast the Yukawa couplings in terms
of the modulus of the column vectors y? = 322 _ [Vou|?, 42 = 320 |Yaol® More
specifically, we obtain

—iw/2
YOCI = (UISUaQ - U12 a3)7 (29)

VUi + [Us]?

yQBfiw/2
o /m2 U2+ m2, [Ups]?

a2 (ml/z f2 ;2+ml/3 1*3 ;3>7 (30)

with w = arg(m,, Uz + m,,U;3).

These expressions in turn allow to express the branching ratios of the rare lep-
tonic decays only in terms of low energy neutrino parameter, the masses of the
particles of the Zs-odd sector and the overall size of the columns of the Yukawa
coupling v, y2. For the case Y,; = 0, the branching ratios for the electron-flavor
violating processes read:

4
Oem Y
Br(p — evy) ~ WG;WLVMJ"QF, (31)
4
OemY _
Br(r — e7) ~ m!f11f13\23r(7 — evy ), (32)
2miad yAZA F27 117 M2 \1?
CR(u — e, Nucleus) o~ ——4em=2%ell p = | 20 2 2 33
(v — e, Nucleus) O(4m )T oo M3 5 —log me,. |fufiel®,  (33)



with

o, UgnUpy +my UssUps

fa - ) 34
T Ul + mZ Uil )
while the branching ratio for the electron-flavor conserving decay reads:
4 U. 2 U. 2
Br(t — py) ~ Cemi o [1]Usi| Br(r = pv,u,). (35)

7687 GE M (|Ura]? + [Uss|?)?

In particular, in this scenario there is a correlation between the rates of 7 — e~ and
i — e~y given just in terms of low energy neutrino parameters:

2

Br(r = e7) _ |mun,UnhUs, +mu,UisUsy Br(r — ev;ve) ~ 0.02 - 4.5 (36)

Br(p —evy)  |my,UhUsy +my,UUsy

the concrete value depending on the value of the phases § and ¢’ in the leptonic
mixing matrix. Moreover, lower limits on the masses of the next-to-lightest singlet
and the charged Higgs states follow, respectively, from the present bound on u — e~y
and 7 — puy:

My > 2.4TeV ((%) , (37)
Mg > 120 GeV (%) . (38)

The best present limit on the model parameters from ;1 — e conversion stems from
experiments with Ti and Au, CR(u—e, Ti) < 4.3x 1072, CR(n—e, Au) < 7x 10713,
and reads

Ms > 0.6 (1.0) TeV (%) for Ti (Au), (39)

where we have taken for concreteness My/mpy+ = 10. Given that the upper limit
on M, scales as the fourth-power of the conversion rate, it would be necessary an
increase in sensitivity by a factor ~ 200 in order to provide limits on the model
competitive with those from g — evy; notably, this increase in sensitivity seems
feasible in the future [49]. It should be borne in mind, though, that the rate for yp—e
conversion is suppressed when 17 — 6 log(M3 /m?,..) ~ 0, thus the lower limit on M,
from the non-detection of the process i — ey is more robust, since cancellations
among amplitudes never occur.

The discussion above only relies on the assumptions Y,; ~ 0 and M; < mpy+ <
M. Requiring that the dark matter is entirely produced via thermal freeze-out leads
to a lower limit on the dark matter mass. Indeed, taking the value of y; required by
thermal production from Eq. (17), and substituting in Eq. (35), we obtain

My > 140 GeV . (40)

An analogous calculation allows to obtain expressions for the Yukawa couplings
in the case Y,; = 0. The angle § must take the value

tanf = —, [z 12 (41)
ml/3< n3




therefore,

y, = NP e e e, (42)
a1 \/m 23% a2 22~ a3

Yae e~/
YCXQ (ml/z U§2U22 + My U2*3Uc>:3)7 (43)

N \/m |U22‘2 + mgS‘U%P

with w = arg(m,,Uss + m,,Us2). The corresponding values for the branching ratios
of the muon-flavor violating decays read:

4
OemlY
Br(p —evy) ~ 192—(;22]\44‘921922’27 (44)
emy _
Br(r — pvy) ~ 192—G22]\/[4|921923|2Br(7 — (), (45)

2mo ol Yy Zeg F Z [ 17 M3
CR(u — e, Nucleus) ~ 9547?) FcaptMé {E — log <mHi>] |g21922[%,  (46)

where g, is analogous to f.g, as defined in Eq. (34), with the substitution Uy; — Uy;,
while the branching ratio for the muon flavor conserving decay is:

aemyi‘ |U11|2|U31\2

Br(r — e
( )~ 7687TG2FmHi (|Us2|? + |Uas|?)?

5 Br(r — ev ). (47)

This scenario leads to a correlation between the rates of 7 — p~v and u — e~:

2

Br(r — pn7y) o | Uy Usy + iy Uss Uy Br(r = pvyv,) ~ 1.4 —28.8 (48)
Y : Y

Br(p —evy)  |mu,UsUly +my,UssUls

while the lower limits on the masses of the Zs-odd sector from rare leptonic decays
are:

M, > 2.1 TeV (é%) , (49)
M+ > 120 GeV (0 3) (50)

On the other hand, the most stringent current limit from p — e conversion in nuclei
gives

My > 0.1(0.2) TeV (%) for Ti (Au), (51)

again, for Ms/mpy+ = 10.
As for the case Y,; ~ 0, also for this case one can set a lower limit on the dark
matter mass from requiring thermal production. Using Egs. (17) and (47), we obtain

M; > 170 GeV . (52)

We conclude this subsection remarking that the scenarios with M; < my+ << M,
and Y., = 0, or Y),; = 0, yield the smallest possible rates for ;1 — ey in the absence
of fine-tunings. For any other choices of parameters, and barring cancellations, the
predicted rate for 1 — ey will be larger and therefore the lower limits on the masses
presented here can be regarded as conservative.
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3.3 No texture zero

It is always possible to find a set of high energy parameters that leads to a suppressed
rate for © — e~ by allowing cancellations among terms. This can be demonstrated
noting first that Br({s — £, ) o< |Pag|?, with

Pog =Y YarYiFo (a1) (53)
k

and x; = M?/m3,.. Defining
ok = YarV/ Fy (z1) (54)

we have

Pag =Y Y.,Yir = (YY) (55)
k

In terms of the rescaled Yukawa matrix Y/, the neutrino mass matrix Eq. (12)
reads:

Moy = 3 YuYadt = [y'ary™| (56)
k

with

Neutrino masses and the lepton flavor violating rates are then determined, re-
spectively, by the symmetric matrix M, = Y’M'Y"" and by the Hermitian matrix
P =Y'Y'". As shown in [56, 57], for any P and M,, it is possible to find matrices
Y’ and M’ that solve Egs. (55) and (56), and therefore, using Eqs. (54) and (57),
matrices Y and M. In particular, there exists an infinite family of parameters lead-
ing to Br(u — ev) = 0, although most of these choices require a very large tuning
among parameters. Indeed, the present limits on rare decays require

—2
Pl <7x10°° <%)
[P S 7% 300Gev/
Mg+ >_2
300 GeV ’
Mg+ )2

300 GeV

Therefore, for Yukawa couplings of O(0.1), as required by thermal production, a
fine cancellation among the different amplitudes contributing to the process p — ey
must take place in order to fulfill the stringent experimental upper limit in |Ps|,
unless mfl lies in the multi-TeV scale.

In this scenario the rate for u — ey is suppressed by cancellations, however
these cancellations do not necessarily occur simultaneously for other processes with
1 — e flavor violation, potentially leading to signals in future experiments searching
for © — e conversion in nuclei or 1 — 3e. More specifically, in the scenario where
Br(u — e+y) vanishes due to cancellations, the Yukawa couplings must be tuned to
satisfy

|P13| §4X 10_2(

[Pas] S5 1072 (58)

YeoVjy = =Ya Y1 o (21) [ F2 (32) - (59)
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Substituting in Eq. (20) and taking for concreteness Ya1 ~ y1/v/3, the  — e conver-
sion rate takes the form

mdad ZAF227 o4
CR(p — e, Nucleus) = 4" p %

Fcapt(47r)4m‘}{i 9 |H2(£U1) — HQ(x2)F2(iU1)/F2(;p2)|2 ' (60)

For the mass spectrum z; < zo < 1 (M7 < M3 < m3,.) we obtain

moad T4 F297 44 .2
CR(u — e, Nucleus) ~ -2 fil'p 44 Y1 T

AR 61
Fcapt(4ﬂ')4mz}{i 9 36 ( )

1TeV\™* /y1 \4

~19(16) x 1077 (=== ) (L) for Ti (Aw), (62

o107 (LI (B dormi (. (o)

where in the second line we have assumed Ms/mpg+ = 1/10, for illustration. On the

other hand, for the mass spectrum 27 < 1 and x5 > 1 (M} < m3,. < M3)
mial 74 Fp22Zy_i1 (3 —logxs)?

em “eff
CR(u — e, Nucleus) ~ Ffapt(47r)4m;l;]i 9 5

(63)

4

~ 8.5(6.7) x 10713 (ﬂ> (£>4 for Ti (Au), (64)
M+ 0.3

where we have taken here instead My/mpy+ = 10. It is interesting that in the latter

case the predicted rate for p — e conversion is, for thermally produced dark matter,

at the reach of projected experiments, provided my+ < 1 TeV; for the former case,

however, the prospects for detection are poorer.

4 Dark matter direct detection

Since the Yukawa term in Eq. (9) is the only interaction between N; and the SM
particles, quark-dark matter interactions do not occur at tree-level. On the other
hand, at the one-loop level, effective couplings do appear between N; and other SM
particles, including the photon, the Z boson and the Higgs boson (see Fig. 1).

Let us start considering the scenario where the cubic interactions between the
Higgs and the Z5-odd scalars are very small, such that the dark matter coupling to
the nucleon is dominated by the exchange of a gauge boson. The exchange of the Z-
boson leads to an effective axial vector interaction term of the form &, Nyv#7° N, Y4,
where &, reads:

2 2 2
Y1aq Mj Wh
= T o0 v v Y ) 65
gq 327T2M% |:(’UZ +a€)g2 (m%[i) + (U +a )QZ (m%):| ( )
with a; = —5%-3, v = _chw(% — 28%y), vy = @, = zch% and a, = 3(—3) for

q=u,c,t(d, s,b). The loop function Gy(x) is given by

2(z+ (1 —2)In(1 — x))

QQ({L’) =—1+ ) (66)

and takes values between 0 and 1 for 0 < z < 1; for z < 0.1 it can be well
approximated by x/3. The resulting spin dependent cross section per nucleon N is

[58]

16 M?m2
LN g (In + 1€, (67)

o = —
N.5D m (M1+mN)
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Figure 1: Diagrams contributing at one loop to the elastic scattering of dark mat-
ter particles off nuclei via the Z-boson exchange (first and second rows), photon
exchange (second row) and Higgs exchange (third row).

with &y = 3,0, AN, and AY = 0.842, AY = —0.427,AY = —0.085 [59]. The
value of the spin-dependent cross section can then be estimated to be

4 M2\ 2
oo~ 1070 (25)'6x (1)
: S

7 M, ? M7
~ 107pb <500 Ge\/) . (mg> ! (68)
where in the second line we have substituted the value of y; necessary to generate
the observed dark matter abundance via thermal freeze-out, Eq. (17). Also, we have
denoted mg as the common mass of all the extra scalar particles and we have defined
the function Ha(z) = (14 2)1Gy(2)?/(2*(1 + 2*)) which is monotonically increasing
with z and takes values between 1/9 and 8 for 0 < z < 1.
This estimate is confirmed by our numerical analysis, shown in Fig. 2, where
we calculate the spin-dependent cross section induced by the Z-boson exchange
scanning over the relevant free parameters of the model as follows:

1GeV < M; < 3.5TeV,
M1 S M2 S ]_OTGV,
12M1 < mpgo, Mg+ < 5TeV. (69)

All the points in the figure generate a the dark matter density via thermal freeze-
out in agreement with the value measured by Planck [60], which we calculate using
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Figure 2: Spin-dependent cross section as a function of the dark matter mass for a sample
of viable points of the model, compared to the current upper limit from PICO (green solid
line) as well as to the projected sensitivities of XENONIT (yellow dot-dashed line) and
LZ (red dashed line).

micrOMEGAs [61]. For comparison, we also show in the figure the current bound
on the spin-dependent cross section from PICO (green solid line) [62] as well as the
expected sensitivities of XENONIT (yellow dot-dashed line) and LZ (red dashed
line) [20]. As apparent from the plot, the predicted scattering rate induced by the
exchange of the Z-boson lies well below the sensitivity of present and projected
experiments.

The dark matter Yukawa interactions also give rise to an effective electromagnetic
coupling at the quantum level. Due to the invariance of the dark matter field under
charge conjugation, the magnetic and electric dipole moment interactions identically
vanish, and the leading contribution is the electromagnetic anapole moment [63-65]:

L= AN\ N1 O F,,. (70)

The anapole moment receives contributions from the exchange at one loop of each
leptonic family, and reads [64]

A=A+ A, + A, (71)
where
elYul?> 3. /7 14 3n— 3¢ V(n—1—¢€)?—4e
= Gral 12y, (1Y tanh
A 962 M? 2n<5> \/(7)—1—6)2—46arcan n—1+¢ ’

(72)

with n = m?,.. /M}, e = mj /M and ¢ = pi, 7. The electron contribution depends on

14



10 E T ‘ T T T T T T T T ‘ 3
&/
-5
= 10°F E
- :
>, - ]
= T ]
= L —_—— .
= -

g 6 1z _ === B
s 10 F— E
E C ]
2 - a
2 i ]
=9 i |

(e}

<

Lol

10”700 1000
Dark Matter Mass [GeV]

Figure 3: Anapole moment as a function of the dark matter mass for a sample of viable
points of the model, compared to the current upper limit from LUX (green solid line) as
well as to the projected sensitivities of XENONIT (yellow dot-dashed line) and LZ (red
dashed line).

the momentum transfer ¢> and is given by

e[Yau* [-10+12log& — (3 +9n)log(n — 1) — (3 — 9n)logn

Ae= - 32m2M? 9(n—1) ’

(73)

with & = |¢?|"/2/M, and |¢*| > m?. We show in Fig. 3 the predicted anapole
moment for a sample of points of the parameter space of the model, confronted
to the current limit by the LUX experiment (green solid line) as well as to the
projected sensitivities of XENONIT (yellow dot-dashed line) and LZ (red dashed
line) experiments; the predicted anapole moment lies well below the projected reach
of projected experiments. We then conclude that the observation of signals in direct
detection experiments will be challenging, if the dark matter interaction with the
nucleon is dominated by the gauge interactions.

The scattering rate of dark matter particles in a detector can be enhanced if the
quartic couplings A3, A4 are sizable. If this is the case, the Higgs exchange diagrams
shown in Fig. 1 induce an effective scalar interaction term between N; and the quark
q of the form A,ggN; Ny, with

2 2 2
Aq _ y—l |:/\3g1 (n]l\fl ) + (>\3+)\4)gl (%)} mq) (74)

B 1672m? M, e 2 mg

where y; = (>, |Ya1|2)1/ ? and where we have neglected contributions proportional
to the small charged lepton Yukawa couplings or to A;. The loop function G;(z) is
defined as
r+ (1 —z)In(l — 2z
() = L= Z7) (75)

T
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and takes values between 0 and 1 for 0 < z < 1; for z < 0.1 it can be well

approximated by x/2. This interaction leads to the spin-independent cross section
osy; of Ny off a proton, which reads

4 Mlsz) o [ Ng ? 2
_ 4 Ay 76
ot = 2t b () 5 0

where m,, is the proton mass and f, ~ 0.3 is the scalar form factor. The value of
ogr is estimated to be

B Asa\2 /Nt M2\ /100 GeV?
~5x 10 Tph (234} (L e B I e 77
ospr o AP (3.0) (3.0) 9 M, (77)
. Naa\o,, ((M?
~ 1 11 b s 1
e (1), (25 -

where, again, y; was set by Eq. (17) and we have defined the function H;(z) =
(1 + 2)*G1(2)?/(z*(1 + 2?)), which is monotonically increasing with z and takes
values between 1/4 and 8 for 0 < 2 < 1. Even for large quartic couplings, the
predicted cross section lies about one order of magnitude below the current LUX
limits, however future experiments might reach the necessary sensitivity to observe
signals in this scenario. In Fig. 4 we show the expected spin-independent cross
section for A3 = 0.1 (yellow circles), 1 (red crosses) and 3 (blue squares) from our
scan of the parameter space, Eq. (69). For comparison, we also show in the figure the
current bound from LUX [19] (black solid line), as well as the projected sensitivities
of XENONIT (magenta dashed line) and LZ (green dashed line) [21, 22, 66]. As
apparent from the plot, future experiments will be able to probe the singlet fermion
dark matter scenario of the radiative seesaw model, for sufficiently large values of
the quartic coupling A3. On the other hand, points of the parameter space with
small value of A3 lie below the neutrino coherent scattering limit, shown in the plot
as a cyan line [20, 67].

5 Conclusions

We have investigated prospects for direct dark matter detection in the radiative
seesaw model in a scenario where the dark matter candidate is the lightest singlet
fermion. Pursuing a phenomenological approach, we have identified the regions of
the parameter space which lead to the observed neutrino oscillation parameters and
to the measured dark matter abundance via thermal freeze-out, while satisfying the
stringent experimental limits on the rare charged lepton decays. Notably, we have
found choices of parameters where the rate for the process ;1 — ey can be suppressed
without invoking cancellations among the different amplitudes contributing to the
process.

We have found that, for thermally produced dark matter particles, the direct
detection rates mainly depend on the size of the quartic interaction terms between
the Zs-odd scalars and the Standard Model Higgs boson and on the masses of the
new particles of the model, but are totally uncorrelated to flavor observables, such
as oscillation parameter or the rates for the rare charged lepton decays. When the
cubic interactions are very small, the scattering process is dominated by the one-loop
exchange of a photon, through an anapole interaction, and of a Z-boson, leading to
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Figure 4: Spin-independent cross section as a function of the dark matter mass for a
sample of viable points of the model, for different values of the coupling A3, compared to
the current upper limit from LUX (green solid line) as well as to the projected sensitivities

of XENONI1T (yellow dot-dashed line) and LZ (red dashed line). The cyan line shows the
neutrino coherent scattering limit.

a spin-dependent scattering. Our analysis shows that the predicted anapole interac-
tion and the spin-dependent scattering cross section unfortunately lie well below the
sensitivity of present and foreseeable experiments. On the other hand, for sufficiently
large quartic couplings, the scattering process is dominated by the exchange of the
Higgs boson, leading to a spin-independent scattering. While present experiments
are not yet probing this model, the upcoming XENONIT and LZ experiments will
be able to probe points of the parameter space where the relevant quartic couplings
are 2 O0(0.1).
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