PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: March 8, 2023
REVISED: July 27, 2023
ACCEPTED: September 5, 2023
PUBLISHED: September 25, 2023

Sterile neutrinos from dark matter: a v nightmare?

Logan Morrison,*" Stefano Profumo®’ and Bibhushan Shakya®
@ Department of Physics, 1156 High St., University of California Santa Cruz,
Santa Cruz, CA 95064, U.S.A.

bSanta Cruz Institute for Particle Physics,
1156 High St., Santa Cruz, CA 95064, U.S.A.

¢Deutsches FElektronen-Synchrotron DESY,
Notkestr. 85, 22607 Hamburg, Germany

E-mail: loanmorr@ucsc.edu, profumo@ucsc.edu, bibhushan.shakya@desy.de
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scale. In both instances, and for different reasons, the standard tools, including Monte
Carlo simulations, are both inadequate and inaccurate. We present the complete framework
to compute the relevant branching ratios for right-handed neutrino decays and the spectra
of secondary photons, positrons, and neutrinos for a broad range of dark matter and
right-handed neutrino masses. We discuss the general features of such signals, and compare
the spectra to standard signals from dark matter annihilation/decay into bottom quarks.
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1 Introduction

The search for the particle nature of the cosmological dark matter (DM) continues without
any conclusive non-gravitational signals so far (for a review, see [1]). In particular, the
search for the annihilation or decay products from DM in photons, neutrinos, or charged
cosmic rays, while yielding null results, continue to grow more sensitive with the advent of
new experimental programs. Such searches are often cast in a model-independent manner,
assuming that a single final state dominates the annihilation or decay process. This final
state particle is generally taken to be a Standard Model (SM) constituent, such as a
fermion or gauge boson; however, this need not be the case in several realistic dark matter
frameworks, and the annihilation or decay products could instead be made up of particles
beyond the Standard Model (BSM). In this paper, we study a particular instance of this that
is extremely well motivated: dark matter annihilation or decay into sterile, right-handed (i.e.
not charged under SU(2)) neutrinos. Right-handed neutrinos (RHN), also dubbed sterile
neutrinos or heavy neutral leptons (HNL), constitute one of the best-motivated extensions
of the Standard Model (SM), featuring in many models of neutrino mass generation. In
such models, RHNs are often part of an extended sector that also contains dark matter.
Such frameworks have been extensively studied in the literature under the broad umbrella
of neutrino portal dark matter (see e.g. refs. [2-10]), where the RHNs act as the portal
connecting DM to the visible sector.



Since RHNs do not participate in any of the SM interactions, DM annihilation or
decay entirely into RHNs could give rise to a “nightmare scenario” for indirect dark matter
detection, where the signals arising from DM annihilation/decay are extremely suppressed
compared to standard signals with SM final states, or even entirely invisible. The existence
of mixing between the sterile and active (SM) neutrinos, however, opens up the possibility
that lower energy SM products of RHN decay could still allow for detectable indirect
detection signals. The goal of this study is to explore in detail the indirect detection signals
arising from DM annihilation/decay into RHNs across a broad range of masses, and compare
these with standard signals from decay into SM states in order to establish whether this
could indeed constitute a “nightmare scenario” for indirect detection.

If dark matter is lighter than the RHN, it annihilates or decays directly to SM states via
off-shell RHNs, via the mixing between sterile and active neutrinos (see e.g. [2, 10]), albeit
with rates suppressed by this mixing angle. On the other hand, if DM is heavier, it tends
to annihilate or decay exclusively to RHNs, and subsequent decays of the RHNs into SM
particles then give rise to visible signals.! In this paper, we will focus on the latter scenario,
as the observable spectra of SM states in this case is expected to differ significantly from
the “standard” SM final state spectra generally considered in the literature, where DM is
assumed to annihilate/decay directly into SM states. Such signals are also fairly insensitive
to the exact nature of the underlying model, since DM annihilation (or decay) produces an
isotropic distribution of RHNs with energy mpy(or mpy/2). While the decay widths of
the RHNs are suppressed by their small mixing with SM states, such decays can generally
be considered prompt on astrophysical scales for the purposes of indirect detection, and
hence independent of the size of the mixing angle (however, exceptional cases can occur for
DM annihilation/decay in the sun [13], or RHNs with extremely long lifetimes [14]). Note
that in this paper we are only concerned with computing the spectra of visible states from
dark matter annihilation or decay, which are essentially determined by only two parameters:
the dark matter mass mpy and the RHN mass my, and are otherwise independent of the
details of the underlying model. Such details are relevant for calculating the dark matter
abundance and rate of annihilation or decay needed to compute signal fluxes, which can
then be combined with our results from this paper to derive experimental constraints or
predictions for specific models or instruments.

Indirect detection of DM annihilation into RHNs has only been studied in the literature
for very specific cases: for my =1 —5GeV in [13], and for my = 10 — 1000 GeV in [15].
A primary goal of this paper is to perform an extensive study of such signals in terms
of these parameters, highlighting the main qualitative features of observable signals of
DM annihilating or decaying into RHNs over a broad range of mass scales. At present,
tools designed to compute the decay products of sterile neutrinos are essentially limited to
where the yields of simulation tools such as Pythia [16] or HERWIG [17] are reliable —
above approximately 5 GeV and below the TeV scale. Below the few GeV scale, RHN decay
involving strongly interacting particles proceeds directly to hadronic states, rather than jets

1Such signals have been employed in the past to explain various putative dark matter signals such as the
Galactic Center excess [11] and high energy neutrinos at IceCube [12].



that subsequently hadronize and fragment, as assumed in the above-mentioned codes. In
the multi-TeV energy range, the bremstsrahlung of electroweak bosons becomes important,
and, again, is not included in existing codes but requires the use of specialized tools. In
this paper, we provide results and computational tools to overcome these shortcomings at
both low and high energy scales, thereby enabling the computation of observable spectra in
these regimes. We provide open source code that can be used to compute such spectra for
a wide range of dark matter and RHN masses on GitHub[18].

This paper is organized as follows. Section 2 describes the field-theoretical framework
of our study. Section 3 covers the details of the calculation of visible spectra and spectra
from n-body decays of RHNs. Section 4 contains the main results of our paper: the decay
branching ratios of RHNs into various SM final states across a broad range of RHN masses,
the spectra of photons, positrons, and neutrinos from DM annihilation/decay into RHNS,
and comparisons with analogous spectra from DM annihilation/decay into bb. The main
findings of the paper are summarized in section 5.

2 Framework

We denote the dark matter particle as y, and the right-handed neutrino as N. Our studies
cover two classes of DM models: one in which DM decays into two RHNs (y — NN), and
another where DM annihilates into a RHN pair (xx — NN). For the purposes of this
paper, the exact forms of the interactions are irrelevant: the spectra we present and study
do not depend on the specifics of the interactions, since the energy of the RHNs (which in
turn dictates their decay spectra) only depends on the center-of-mass energy of the process,
which is fixed by the dark matter mass and velocity. Thus, the visible spectra are primarily
determined by the details of the RHN interactions with SM fields.

For simplicity, we assume the existence of a single Majorana RHN that couples to
the SM via a Yukawa interaction. In two-component spinor notation, the terms in the
Lagrangian density containing the neutrinos are

~ ~ 1 A A . ~
£>iNG,orN — 5 (NN T NTNT) + YD, Ly N (2.1)

Here € is the two-dimensional Levi-Civita tensor, with ¢'? = 41, ®, is the Higgs SU(2)
doublet, Ly, is the lepton doublet for the ith generation (assumed to be such that the
charged lepton mass matrix is diagonal), and N is the RHN represented as a two-component
Majorana spinor. The vector Y/ is a Yukawa vector coupling the ith lepton doublet to

the RHN. Expanding the Higgs around its vacuum expectation value, the neutrino mass
terms are

1 PN Vo oA 1 O3x3 =Y,
L S5 o (NN + NTNT) - —vip;N = —-NT V2TU N 2.2
mass.r D =51 ) = BYnN =3 VT g (2.2)

AT
where N = (171 3 3 N ) is a vector composed of all neutrinos. For simplicity, we will

assume that only a single entry of Y, is non-zero, i.e. we set YV"“' =y and Yl,i =0 for i # k,
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which corresponds to N mixing with only a single SM neutrino flavor. In this case, we may
safely drop the active neutrinos #; for i # k from the mass matrix and take them to be
mass eigenstates. Then, the neutrino mass terms reduce to

1/, =« 0 %y Uy,
Emass,zz D) _i(yk N) v ~ N (2'3)
Y g
N—_— ———
M,

The neutrino mass matrix can be diagonalized using the Takagi diagonalization method via
a unitary matrix ©, where Q7 M, Q = diag(m®, my). The explicit form of Q is

0_ (—zcosé’ sm@)j (2.4)

7sinf cosf

which can easily be checked to be unitary. The parameters y,m g can be translated to muy
and 0 as:
_ V2my tan 0

y=—" g =my (1 - tan®0). (2.5)

k _

In addition, the left-handed neutrino mass is m* = my tan? 6. To obtain the interactions

between the RHN and SM particles, we use

A

D= —icosfOyy +sindN, N = isin Qv + cosON, (2.6)

where the unhatted fields v, and N are mass eigenstates.
Making the replacements given in eq. (2.6), the following interaction Lagrangian emerges
for N and vy:

ﬁint,y = ﬁywi + »CVZ + [,Vh + Eygzt + [,,,Go, (27)

where the W, Z and Higgs Lagrangians containing the relevant interaction terms are

Lo+ = \@L (—z’ cos GWJELEMVk + sin OWM_E,TC&“N) + h.c; (2.8)
Sw
L,z = DY Z, [cos2 Hu};&“% + sin? HNTZT#N + (z cos 6 sin HV,Z(THN + c.c)} ;o (29
hsin 0 : .
Loy =— [my, cos vy, + my sin NN + (impy cosO Ny, + c.c.)] +c.c.;  (2.10)
v

and the Goldstone Lagrangians are

2GT 2my, G~
L,cs = V2 L (imy, sin vy, + my sin ON ) + %ék(i cos Qvy, + sinON) + c.c.;
v
(2.11)
iGV sin 6 . .
L,qo = —T[ml, cos Ovgv, + my sin NN + (impy cos Ny + c.c.)] +c.c..  (2.12)

Here ¢y, sy are the cosine and sine of the weak mixing angle, e is the electromagnetic
gauge coupling, and “c.c.” stands for “complex conjugate”.



The Lagrangian in eq. (2.7) is appropriate for my 2 O(GeV). For sub-GeV masses, we
need to integrate out the W, Z and Higgs bosons and match onto an effective Lagrangian that
takes into account QCD bound states. For this purpose, we use the Chiral Lagrangian [19—
21]. We match onto the chiral Lagrangian in two steps: first we integrate out the heavy
bosons, then we match the resulting Lagrangian onto the chiral Lagrangian. We discuss the
details of this procedure in appendix A (see also ref. [22]).

3 Formalism

In this section, we discuss the details of the formalism we employ for our spectra calculations.
We will study the spectra of gamma rays, positrons, and neutrinos, but ignore antiprotons,
since observational prospects for antiprotons are significantly weaker than for the other
states for neutrino portal models.

We first discuss the computational tools we use in our study, before turning to the
details of the calculation of the spectra of visible particles, and instrumental effects.

3.1 Computational tools

Depending on the RHN mass, different tools are needed to generate the RHN decay spectra.
We partition the RHN mass range into three regions: high-mass (1 TeV < my S Mp1), EW
(5 GeV < mpy <1 TeV), and sub-GeV (my < 500 MeV). The intermediate regime between
0.5 GeV and 5 GeV has only recently been addressed with a new release of the Hazma [23]
code, albeit only for vector-mediator dark matter models: the key issue is the necessity to
include a large number of hadronic final states, weighed by form factors whose calculation
lies deep in the non-perturbative QCD regime (the new Hazma release utilizes the vector
meson dominance scheme in conjunction with ete™ data). Due to such complications, we
omit RHN masses between 0.5 GeV and 5 GeV in this work. In each of the three regions we
consider, we use a different software package designed specifically to generate spectra in the
given mass range, as described below.

1 TeV S my S Mpy:  for heavy my, we use HDMSPectra [24]. HDMSPectra computes
spectra of stables particles using pre-computed fragmentation functions DZ(&:; 1Q, 10), which
describe the probability of an initial particle a at an energy scale ug eventually producing
a particle b at a scale pg with momentum p, = zp,. The fragmentation functions are
computed by evolving them from a high energy scale jg (set by the mass of the decaying
particle in question) down to the electroweak scale ugw, using all SM interactions in the
unbroken SU.(3) x SUL(2) x Uy (1) theory and partially including soft-coherence effects.
During this stage, all states are approximated to be massless. The evolution is carried out
using the DGLAP equations. At the electroweak scale, the top quark and W, Z bosons
are decayed using analytical results, and the Higgs is decayed using Pythia [25, 26]. Below
the electroweak scale, Pythia is used without FSR for the remaining evolution, and FSR
is handled using the Altarelli-Parisi splitting functions. The results from HDMSPectra
are valid for decays/annihilations with center-of-mass energy = 1 TeV. Above 1 TeV, the
authors report an estimated accuracy of O(10%) at an EeV and O(20%) at the Plank scale



for x € [1073,1]. When applied to our setup, this approach misses contributions from
electroweak corrections to annihilations and decays of DM into sterile neutrinos; however,
these corrections are suppressed by the small active-sterile mixing angle and thus should be
negligible compared to the pure SM effects.

5 GeV < mpy <1 TeV: this mass window is within the regime of validity of Pythia, and
we calculate the spectra using PPPC4DMID [27). PPPC/DMID provides pre-computed
tables of spectra of stable particles from DM annihilations. The tables are generated in
similar fashion to HDMSPectra. PPPC4DMID includes finite masses and considers only
leading order EW corrections. Here, we utilize the tables provided in PPPC4/DMID to
generate spectra for individual final state particles resulting from sterile neutrino decays.
We handle final state particle distributions and branching fractions as described below.

mpy < 500 MeV: below the GeV scale, we use spectra for u*, 70, 7% and K+, computed
using Hazma [28]. Hazma uses analytic results for the decay spectra of u* — eiuez/ﬂ and
+

710 — ~44. The n* spectra are generated by boosting the u* spectra from 7+ — ,uiyu

and including the radiative decay spectra from 7+ — ¢*vv. For the K+ spectra, Hazma
bootstraps the spectrum from the K+ — uiyﬂ, 770, nEtata—, 7t n070, 7lety,, and

70 ,uiyu decay channels.

3.2 Spectra of visible particles

We are interested in the spectra of stable particles f € {v,e",ve, vy, v, } produced from
RHN decays. We broadly categorize the contributions into three groups according to means
of production: from direct decay into f (N — f +Y), as secondary products from an
intermediate unstable state (N — X +Y — f+Y + Z), or from final state radiation (FSR)
(N=>X*"4+Y - X+ f+Y), where X, Y, Z represent generic groups of final states. We
thus separate the calculation of spectra into three parts:

ANy

N
=Y BR(N — X)lw
dx <

X

dNx_,f i dNx

direct dz decay dz

| e
FSR

where BR(N — X) = T'(N — X)/I'y is the branching ratio into the final state X. We
define the dimensionless variable x as x = 2E¢/+/s, where /s is the center-of-mass energy
(2mpy for annihilation, mpy for decay).

Direct decays: the differential energy spectrum in this case is given by

— 1 d['(N — f+7Y)
direct LN = f+Y) dz ’ (3.2)

ANy 1y
dx

where I'(V — f +Y) is the partial decay width into f + Y. If Y consists of a single state
A, then dT'(N — f+ A)/dx =T(N — f+ A)dé(x — xp), such that
m2 —m?
= 0(z — x9), x():l—i-%. (3.3)
direct mN

dNN%f‘l’A
dx




If Y consists of multiple particles, the energy spectrum of f must be computed using the
full phase space. For three-body decays, i.e. Y = A + B, the results is

ANN—f+A+B 1 1 /y+ 2
T dz = dy |M 3.4
dz direct F(N — f + A+ B) 256mN7r3 Y= Yy | | ( )

where | M |2 is the spin-averaged squared matrix element, and y = 2E4/my. The integration
limits y* are given by
L @e) @t - ) N1, 2) N0, i, 7)

Y= o : (3.5)

withz=1—-2+ ,u?c, fa = 2mqo/my, and A(a,b,c) = a? + b% + ¢ — 2ab — 2ac — 2bc the
Kallen-)\ triangle function. In cases where Y consists of 3 or more particles, the energy

spectrum can be computed using Monte-Carlo integration; however, all of the RHN decay
channels of relevance (see section 4.1) consist of two or three body final states, hence the

above semi-analytic expressions are sufficient for the purposes of this paper.

Decays from unstable particles: to calculate the differential energy spectrum of f
when the RHN decays into an unstable particle J, which then decays into a final state
consisting of f, we first compute the spectrum of J, dN;_,;/dx, in the rest frame of J,
then boost this spectrum into the rest frame of the RHN (see appendix B for details). These
two steps yield a differential energy spectrum dN;_,¢/dxz (x|E;) conditioned on the energy
of J. If J has a distribution of energies (which is the case for n > 3), we marginalize over
the energy distribution of J (computed using the methods described above). The general
spectrum from a two-step decay chain is given by

ANN x5 / dNy ANy
_— = dF E E .
i J;( 1 qg, D= @B, (3.6)

where dN;/dE} is the energy distribution of particle J.

Final-state radiation: for RHN decays into charged states, final state radiation (FSR)
plays an important role in generating accurate photon spectra. When the mass of the
charged state is small compared to the center-of-mass energy, the FSR is dominated by soft
and collinear photons. These contributions are well-approximated by the Altarelli-Parisi
splitting functions. For charged scalars and fermions, the FSR spectrum is approximately

dNéFFSi)'y Q% pOEM s(1—x) m%
T(ZL‘, S) ~ TPS’F(x) log Tm -1 for S — 0. (37)

Here, s is the squared center-of-mass energy and Qs r is the charge of the scalar or fermion.
The functions Pg p(x) are the scalar and fermion splitting functions
1+ (1—z)? 21+
Pr(a) = L= P(a) = 2112, (3.8)

i x

We use these expressions to approximate the FSR contributions from two-body final states.
For n > 3 final state particles, we replace the center-of-mass energy with the invariant mass



of a pair of charged final states and marginalize over the invariant mass distributions; that
is, we compute

dnN, 1 dNp+ dN j-
% ~ 3 3 /dMIJP(MIJ)[TMI($|MIJ)+WCUMIJ) ,
z FSR IJeX z r
(3.9)
where My = /(pr +pJ)2 is the invariant mass of particles I and J, P(Myy) is the

distribution of invariant masses, and the factor of 1/2 accounts for double counting.

Recall that RHNs produced from dark matter decay or annihilation can be highly
boosted if m, > my. To generate the differential energy spectrum dNy/dE from a boosted
RHN, we first compute the spectrum in the RHN’s rest frame, then boost it to the center
of mass frame of dark matter annihilation or decay, which corresponds to the galactic
frame, where these spectra are measured by experiments (see appendix B for details of the
boost procedure).

3.3 Convolved spectra

To take into account the finite energy resolution of detectors and telescopes, we “convolve”
the spectra’ with a spectral resolution function in order to provide more realistic spectra
as would be observed by experiments. We adopt the standard approach of modeling the
energy resolution as a normal distribution with a standard deviation proportional to the
detector energy resolution €

1 1/E— E"\?
RE(E‘E/)_\/TME’QXI)(_z( o )), (3.10)

where E is particle energy measured by the detector and E’ is the true energy. While the

energy resolution is realistically a function of the detected particle’s energy, for simplicity,
we use a constant energy resolution AE/E = 0.05 when displaying spectra.

Taking into account a non-zero energy resolution, the differential energy spectrum of a
particle f is given by

dN o0 dN

— = dE'R(E|E")——=(FE"). A1

5= 4B R(BIE) () (3.11)
The most important effect of including an energy resolution when displaying the spectra is the

smearing of the photon, positron, and neutrino lines from processes such as N — e

7T_7 ’7”7
and v7¥: a monochromatic peak at dN/dE ~ 6(E — Ey), where Ej is the energy of the

stable product in the rest frame of the N, can only be resolved to dN/dE ~ R.(E|Ey).

4 Results

Using the above framework and formalism, we now present the main results of this paper:
the decay branching ratios of RHNs, followed by the photon, positron, and neutrino spectra
from DM annihilation or decay into RHNs over a broad range of mass scales.

2More precisely, we marginalize over the conditional probability P(E|E’) of an instrument detecting an
energy E given the true energy E’.
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Figure 1. Upper (Lower) panels: branching ratios for my < 500 MeV (mpy > 5 GeV). The RHN is
assumed to mix with only one neutrino flavor; the three columns correspond to mixing with electron,
muon, and tau neutrinos, respectively. Similar states have been grouped: e.g. 3v and v + €ii + Z;»F
include all possible combinations of neutrino and lepton flavors.

4.1 Sterile neutrino decay branching ratios

We first discuss the RHN branching ratios into various SM final states. These are presented
in figure 1 for my < 500 MeV in the upper panels, and my > 5 GeV in the lower panels
(recall that we do not study the 500 MeV — 5 GeV regime due to complicated hadronic final
states). For simplicity, we assume that the RHN mixes with a single flavor of SM neutrino;
the three columns correspond to mixing with the electron, muon, or tau neutrino.

In the light mass (my < 500 MeV) regime (upper panels), the main decay mode is
the 3-neutrino channel (dark blue curves), until the 2-body decay into a lepton+pion final
state opens up kinematically, which has an O(1) larger branching ratio due to phase space
factors. The branching ratio into the ve™e™ channel (orange curve) is also comparable to
the 3v channel above the ete™ threshold (1 MeV) for the case of mixing with the electron
neutrino, but is suppressed by about an order of magnitude for mixing with the muon and
tau neutrinos, since for these latter cases the vete™ final state can only be produced by
Z-mediated (instead of W-mediated) processes. However, for the case of mixing with the
muon neutrino, note that the vu™p~ channel opens up close to 500 MeV, hence the total



vI*1~ branching ratio rises up to the same level as the 3v channel. On the other hand, the
branching ratio into the v~y final state is always less than percent level since this channel is
loop-suppressed.

In the opposite regime of very large RHN masses (lower panels), where all lepton masses
are negligible by comparison, the patterns are more flavor-universal. Above the electroweak
gauge boson mass threshold, the dominant decay channel is I*W¥ for all flavors, with 1,2
and v;h contributing between 10% and 20% of the decays. Below the W mass threshold,
the gauge bosons are off-shell, and the dominant channels are the W-mediated three body
decays [ud and I/lil_j, with contributions on the order of 10% or lower from the Z-mediated
3v, Vld,-czi, and vju;u; channels.

4.2 Photon, positron, and neutrino spectra

We now present the spectra of observable particles for various choices of m, and my. As
mentioned earlier, we focus on the spectra of photons, positrons, and neutrinos, which could
be detected by several current and upcoming experiments, but ignore antiprotons, for which
the experimental reach is expected to be comparatively weaker in the models we consider.

Photons: In figure 2, we present the computed spectra for photons for center of mass
energies /s = 1, 103 and 10® GeV (left, center, and right columns, respectively); recall
that /s physically corresponds to 2m, for dark matter annihilation, and to m,, for decay;
thus, the three panels represent GeV scale, TeV scale, and ultraheavy dark matter scenarios.
The three rows correspond to the cases where the RHN mixes with the electron (top),
muon (middle) and tau (bottom) neutrino, respectively. For each combination, we show
the spectra for several choices of my, corresponding to the different colored curves in each
panel (see plot legends for details). For comparison, we also show the photon spectra from
dark matter directly decaying or annihilating into bb (dashed black curves in the second
and third columns), which is a standard benchmark for dark matter indirect detection
studies. We use the same format to present the positron and neutrino spectra in figure 3
and figure 4, respectively.

Photons are produced primarily in three ways: from the decays of neutral pions produced
from decays of various SM states, from direct (loop) decays of the RHN, or as FSR from
charged SM states. The former two contributions produce “box-shaped” photon spectra
dN/dE ~ E° if the SM decay products are highly boosted in the galactic frame (note that
we plot 22dN/dz, so these spectra rise as z2 instead of being box-shaped in our plots),
whereas the FSR photon spectrum typically follows dN/dE ~ E~!. In figure 2, the loop
decay N — ~v is prominent only for my = 100keV, since the only other available decay
channel to 3v does not give rise to any photons; the box-shaped spectrum is clearly visible
for this case. When the vIT]~ channel opens up, this adds a softer FSR tail to the above
spectrum, as seen on the curves corresponding to my = 10,100 MeV (this feature is more
prominent for mixing with the electron neutrino, as the branching ratio into charged leptons
is higher, see figure 1). For m, < my < 1GeV, the dominant RHN decay channel is v7?,
leading to the aforementioned box-shaped photon spectrum again. For 5 GeV < my < my,
the dominant channel is [ + v + d, and we see that the spectra are no longer box-shaped,

~10 -
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Figure 2. Photon spectra for dark matter annihilation or decay with center of mass energy
V5 =1 GeV (left column), /s = 103 GeV (middle), and /s = 10® GeV (right), for mixing with
the electron- (top row), muon- (center) and tau- (bottom) neutrinos, for a variety of RHN masses
(colored curves, see legends). The black dashed curves in the middle and right columns correspond
to the standard spectra from DM — bb typically considered in the literature.

but more closely resemble the canonical signals from bb (see curves for my = 10,50 GeV).
For my > my, photons primarily arise from decays of boosted neutral pions produced by
the fragmentation of gauge and Higgs bosons. As these pions are produced after multiple
cascade steps, we see that the photon spectra are generally softer than those from cases
where the RHN can decay directly to pions. In addition, these spectra feature rising peaks
at high x from FSR from the highly boosted W bosons, which beomce more prominent for
higher mpy. Also note that the spectra are essentially identical for mixing with electron
and muon neutrinos (top two rows), whereas the case of mixing with the tau neutrino
(bottom panel) gives rise to harder spectra due to a greater number of 7 leptons in the
decay products, which can produce pions more efficiently.

Overall, our results show that the photon spectra from DM annihilation/decay to RHNs
are significantly harder than from those into bb. Furthermore, we find that the spectral
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Figure 3. As in figure 2, but for the positron yield.

shape of the photon signal is primarily determined by mpy (which determines the primary
decay channels of the RHNs) and remains largely unaffected by the energy scale of the
process y/s. Therefore, if a photon signal is discovered, it is feasible that both the DM
mass and the RHN mass can be inferred, from the energy scale and spectral shape of the
signal respectively. On the other hand, determining which flavor of SM neutrino the RHN
primarily couples to based on the observation of a photon signal appears to be challenging.

Positrons: In figure 3, we show our computed spectra for positrons; the format is identical
to figure 2 except for slightly modified choices for mpy. It is crucial to note that these are
positron spectra at production; we have not taken into account propagation effects between
the point of production and the detector, which are known to be crucial for positrons in
the intergalactic medium (see e.g. [27, 29-31]), and must be taken into account to derive
spectra expected at detectors.

As was the case for the photon spectra, the most crucial parameter is mpy, which
determines the dominant decay channels of the RHN. For the my = 2MeV curves in
figure 3, N — vete™ is the only decay channel that contributes positrons, which is seen
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to give rise to a box-shaped spectra since the positrons are highly boosted. Note that
the positron count is larger for mixing with the electron-type neutrino compared to the
other two cases, as both W- and Z-mediated processes can produce this final state in the
former case. Above the pion threshold, the e*n® channel becomes the dominant source of
positrons for mixing with v, hence all curves in the top left panel are very similar. For
my = 500 MeV, the RHN are effectively produced at rest, hence the decay N — e*n®
produces a monochromatic positron line, which is clearly visible in this plot. On the other
hand, for mixing with v, and v;, the positron signals gets progressively weaker as the
neutral decay channel VMTWO dominates, suppressing the N — ve'Te™ branching ratio; this
trend is clearly visible for the v, mixing case (bottom left panel). For mixing with v,
this is compensated for by the opening of the charged counterpart N — p* 7%, which can
efficiently produce positrons; thus, in this case (middle left panel) the positron count goes
down for mpy = 200, 250 MeV, but rises again for my = 350, 500 MeV.

Above my = 5 GeV, the crucial question is whether the (W channel is kinematically
open. Below this threshold, the main decay channel is lud, whereas above this threshold
the main decay is into I*W T, where [ is of primarily the same flavor as the neutrino that
N mixes with. For mixing with v,, both cases lead to similarly hard spectra at high z, as
the emitted positron recoils against much heavier SM states, but the latter case leads to
higher multiplicity of positrons at lower x from the cascades of SM bosons. For mixing
with v, and v,, positrons are only produced from subsequent decays of the primary decay
products, hence the positron spectrum declines far more rapidly at higher  compared to
the corresponding spectra with v, mixing. As was the case with the photon spectra, the
qualitative features of the positron spectra also remain similar for higher energy scales
V5 = 103,108 GeV. In addition, for all of the plotted curves we see that the positron spectra
are uniformly harder than those from bb, although the positron count can be much lower in
some cases.

Neutrinos: In figure 4 we show similar spectra for neutrinos. Here we only show the
spectra for v, as, for each row (representing mixing with a specific neutrino flavor), the
spectra for v,, v, can be inferred by permutation with the other two rows.

From comparing with figure 3, it is clear that the neutrino spectra follow essentially
the same qualitative patterns as the positron spectra, as can be understood from the fact
that the left-handed neutral and charged lepton interactions are related by SU(2) symmetry.
This is particularly true for cases with my < 500 MeV, where the neutrino spectra are
identical to those for positrons up to O(1) factors. At higher masses, however, there are a
few notable differences. For my = 10, 50 GeV, the neutrinos primarily come from the vi*1~
and 3v decay channels, for which the spectra are softer and hence do not rise as sharply at
large x (as the positron spectrum does), as can be seen from comparing the corresponding
curves in the second and third columns of the two figures. For my > 100 GeV, the main
decay channel is W* 4T, followed by Z +nu; if mpy > my, this results in highly boosted
neutrinos that, again, follow a box-shaped spectrum, as seen clearly in the top right panel.

Overall, we see the same general pattern as with photons and positrons: the spectra
are uniformly harder than those from bb, with lower counts.
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Figure 4. As in figure 2, but for the electron neutrino yield.

5 Summary

In this paper, we have provided a comprehensive study of indirect detection signals of dark
matter annihilation or decay into right-handed, i.e. “sterile”, neutrinos (RHN), which are
characteristic of models where dark matter resides in a hidden sector that communicates
with the visible sector via a neutrino portal. While previous papers only focused on specific,
narrow mass ranges, we have provided a broad study that spans dark matter and RHN
masses from 107° to 108 GeV, which allows us to discuss indirect detection signals over a,
vast parameter space.

The key difficulties in performing the analysis presented here for very low (below
a few GeV) or very large (several TeV) RHN masses stem from the inability of Monte
Carlo codes such as Pythia and Herwig to correctly compute the resulting decay products.
We implemented the correct calculations in the low mass regime using the Hazma tool,
co-developed by two of the authors of this paper, and in the very large mass regime using
the state-of-the-art code HDMSPectra.

We presented the spectra of gamma rays, positrons, and neutrinos from dark matter
annihilation or decay into sterile neutrinos for a broad range of dark matter and RHN
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masses, discussing important qualitative features of the spectra in various regimes. Our
results indicate that the spectral shape is primarily controlled by my; in particular, whether
its mass is below the pion threshold (in which case decays into 3-body lepton states are
dominant) or slightly above (decays into lepton+pion states dominate), and whether its
mass is above or below the electroweak gauge boson mass scale (such that decays into
lepton+gauge boson or 3-body fermion states are dominant, respectively). Thus, it is
plausible that the discovery of a signal could provide information about dark matter mass
from the overall energy scale, as well as the sterile neutrino mass from spectral features.

We also compared our spectra with generic expectations from DM decay/annihilation
into SM final states widely considered in the literature (bb), highlighting important dif-
ferences. We found that the former spectra generally feature harder photon and neutrino
emission at the highest possible energies than those from annihilation into bb, thus leading
to overall harder spectra, but with overall lower counts. These results suggest that the reach
for dark matter annihilation or decay into RHNs using photon, positron, or neutrino observa-
tions should be comparable to the reach for DM annihilation/decay into bb, with particularly
promising prospects with gamma ray experiments such as HESS [32], Cherenkov Telescope
Array (CTA) [33], and the Large High Altitude Air Shower Observatory (LHAASO) [34],
and neutrino telescopes such as IceCube [35]. A detailed study of the reach of various
current and future experiments for such dark matter signals is beyond the scope of this
paper, but would be worthy of future study.

The code used in this study, and utilized to produce all figures shown here, is publicly
available on GitHub [18].
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A Matching onto Chiral Lagrangian

In this appendix, we briefly discuss how to match the RHN Lagragian onto the chiral
Lagragian to obtain interactions between the RHNs and mesons; a more detailed discussion
can be found in ref. [22].
The leading-order chiral Lagrangian reads
_ [ t pn fx? t t

Lonpr = - T [(D, %) (D*3)] + T =fxs +x13), (A1)
where f; ~ 93 MeV is the pion decay constant, X is the exponential of the Psuedo-Goldstone
matrix, D, is the chiral covariant derivative, and X is a Spurion field mediating the soft
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chiral symmetry breaking. Explicitly, 3 is given by:

_ 70+ ng/V/3 V2rt V2Kt
Y= GXP(;WA&), oA = | V2r =m0 +ms/V3 V2K | (A.2)
" V2KS V2K R
The chiral covariant derivative is given by
D,X=0,Y—-iR,X +iXL,, (A.3)

with R, and L, representing the right and left handed quark currents. The Spurion field
Xs is taken to have a vacuum expectation value that breaks chiral symmetry in the same
way that quark masses do:

Xs = 2Bo(M, + s + ip). (A.4)

Here, By is related to the quark condensate via By ~ — <(jq + qTqT> /(3f+2),% and s and
p are the scalar and psuedo-scalar quark currents. The currents L,, R,,s and p are
determined from the light-quark Lagrangian, written as:

L=-+q'L's,q+q R'5,G+q(s—ip)g+q'(s+ip)q', (A.5)

where g and q are the vectors containing the left and right handed light quarks:

(A.6)

=)
Il
»w Q.
Q|
I
w <l

Thus, matching onto the chiral Lagrangian simply requires us to identify the quark currents.
To do so, we begin by integrating out the heavy bosons. The result is the well-known
4-Fermi Lagrangian, given by:
A4GF + 7 Z 17
£4F:_W{JM Ji+ JEIZE), (A7)

where the charged and neutral currents are given by:
J: = ﬁj&u& + VuduTﬁud + VusuT5us; (A.8)
Ty = 06,0+ Viydiou + Vistou; (A.9)

ewJZ = grutGu0i + 91000l + grellouli + Y (gL,qu(_Tuq + gR,q(f&u@), (A.10)
q=u,d,s

where the sum over ¢ is implied, V,,4 and V5 are the u-d and u-s CKM matrix elements,
and the left /right-handed couplings are given by:

12, 11, 1 1,
JLu=35 = 35w,  9Ld 5 tgsws,  gLw =3 gre 5 Tsw, ( )
2 1
JRu = —§SW2, IRd = §8W2, Ire = sw’. (A.12)

3The B, parameter is ultimately removed in favor of the meson masses. For example, we can use
2
m_+ = Bo(mu + ma).
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Expanding out eq. (A.7), one can bring it into the following form:

V2 2
—H&m —q'|\Vj, + Vi + fGL qyu}auq toa NGraif)oua (A1)
g AR
where the - - - contain terms that contribute to the next to leading order chiral Lagrangian,

and j;f and j 5 are the charged and neutral currents containing leptons only:

gt =0la.t, ju = la.; (A.14)
ijg =9Ly AZT_ U; + gL,gézT&M& + gRg@L&“ﬂZ‘ (A.15)
The coupling matrices V, G, and G4 are given by:
0 Vud Vus
V=100 0], Grq="Tsq~ swQq Grq = —siyQq (A.16)
00 O

with Qg the light-quark charge matrix and T3, a matrix containing the light-quark weak-
isospin eigenvalues

2 1
1 1
Qq = = —1 3 T37q = 5 —1 . (Al?)
-1 -1

Written in this form, we can immediately identify the left and right handed currents as:

2(1 — s3y) 1 Z £\t * 3+ )+
L, = CW(Ag + \/§A8>g# + [(Vaahly + Vi )i + el
23 1
R, = W(A —A ) i A.18

where )\12 = (A1 FiA2)/2 and )\45 (A4 FiXs5)/2. Note that we have not included the
singlet term of L, since the vector singlet vanishes from the chiral covariant derivative and
the axial singlet must be taken into account via the chiral anomaly.

Expanding the chiral Lagrangian and dropping terms of order O(G%), we obtain:

4G p
V2

In the above expression, we organized the mesonic terms into charged and neutral vector

L=— (]570 (jf[jj—kc.c.) + (ju> So-f—j# (j+8++CC)> (A.19)

and scalar currents/densities. The neutral meson current jB and the neutral density S°
are given by:

Ofﬂﬂolu_erHerHf

Ti=ir [a + 50 n] — 70+ KO LK, (A.20)
2 2

50— A0 = sw)siv [+ KK (A.21)
7
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Rpd
where X 0 ,Y = X0,Y — Y9, X. The charged meson current and density are:

fr
\[

V* f ¢ >
—l—i%d<K08 K++\/§7T+8M7TO)

T = L Ve mt + V0" K] (A.22)

V*
+is® (Koﬁuw +\[K+aun+\ff{ Olﬂr)
+:i\/§f7r3W(

cw

S Virrt 4 Vi K) (A.23)

2

+?V<v;d(f K+K0 + Vi ([K*?H— —Kn% — K))
w

B Boosted spectra

In this appendix, we describe the procedure to boost the decay spectra obtained in the
RHN rest frame to the center of mass frame of dark matter annihilation or decay.

Without loss of generality, we take the RHN to be boosted in the z-direction. We orient
the 4-momentum of the particle f in the RHN rest-frame to be in the xz-plane

=(Eup1) = (El, V1—22|p1],0, z|p1| ) (B.1)

Here, z = cosf is the cosine of the angle with respect to the z-axis, Fy is the energy of
f in the RHN rest frame, and |p;| = /E? — m?c If the RHN has an energy Ey in the
lab-frame, then the boosted four-momentum is

P5 = (Baipa) = (VEL + Balplz, V1= 2Ipil. 0, BYE1 +7lpil2), (B:2)

where v = Ex/my, and 3 = /1 — 1/42 is the velocity of the RHN. Take the differential
energy spectrum of the RH-neutrino in its rest-frame to be dNy/dE;. We can reintroduce
the angular dependence by multiplying the spectrum by % f}l dz. To change variables to
the lab-frame, we add an integral over a J-function, which forces the correct relationship
between the rest-frame quantities and the lab-frame energy 6(vE1 + Bv|p1]|z — E2). After
these modifications, the average differential number of fs produced per decay/annihilation
can be written as

ANy
dE,

1 dNy
de =dE; — dE2 dFE; dz iE 5(’7E1 + 5’7|p1|2 — Eg) (B3)

Using the d-function, we can integrate over the angular variable z, arriving at the resulting
spectrum in the lab-frame

ANy 1 B AR de

dE; 298 e g2 2 I sz1

(B.4)
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The integration bounds are determined from the support of the introduced §-function and
the limits —1 < z < 1. Explicitly, the bounds are

Ef = mln(Emax, ’y(EQ + B4/ E3 — f)) (B.5)
By = max(EP™,y(By — B/ B3 - m3)). (B.6)

In these expressions, the quantities E™™ and E"®* are the minimum and maximum energies
of f in the original frame, beyond which dNy/dE; is zero. In terms of dimensionless energy
variables x; = 2F1/my and x9 = 2E3/Ey, the spectrum is:

any _ / do, ANy (B.7)
dxo 2,8 ] \/72 dxq
with u; = 2mf/Q1 and
{ = min <rcrf‘a", gl (m +8 u2)> (B.8)
r] = max (xrlnin, 2 (xg — B/} — ,u%)) (B.9)
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