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Dark matter decay to a photon and a neutrino: The double monochromatic
smoking gun scenario
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In the energy range from a few TeV to 25 TeV, upper bounds on the dark matter decay rate into high-
energy monochromatic neutrinos have recently become comparable to those on monochromatic gamma-
ray lines. This implies the clear possibility of a future double “smoking gun” as evidence of the dark matter
particle, from the observation of both a gamma and a neutrino line at the same energy. In particular, we
show that a scenario where both lines are induced from the same dark matter particle decay leads to
correlations that can already be tested. We study this “double monochromatic™ scenario by considering the
complete list of lowest-dimensional effective operators that could induce such a decay. Furthermore, we
argue that, on top of lines from decays into two-body final states, three-body final states can also be highly
relevant. In addition to producing a distinct hard photon spectrum, three-body final states also produce a
linelike feature in the neutrino spectrum that can be searched for with neutrino telescopes.
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I. INTRODUCTION

Thanks to new data released by the IceCube
Collaboration [1], it has recently been shown in Ref. [2]
that constraints on the flux of monochromatic neutrinos in
the TeV to 25 TeV energy range have largely improved and
are now comparable to those holding on monochromatic
photon fluxes from decaying dark matter (DM) [3-5].
Within this energy range, which interestingly allows for
thermally produced DM candidates, this opens the way to
the study of a “double smoking gun” DM particle evidence,
that is, the observation of both a y line and a v line of similar
intensities and energies. Three general scenarios can be
considered, distinguished by whether these two spectral
lines are produced from different annihilations channels,
from different decay channels or from the same decay into a
v + y final state (which is only possible for a decay). Along
the first two scenarios, y and v fluxes could largely differ in
terms of energy and intensity. This is not the case for the
latter scenario, where both lines are directly correlated.
We study in detail this last scenario and show that its
observational discovery could be around the corner.

To this end, we will consider the full list of lowest-
dimensional operators that induce such v + y decay chan-
nels, and analyze their associated phenomenology. As will
be seen, for some operators it is only the 2-body DM decays
that are relevant, while for other operators, and at high DM
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masses, the 3-body decay channels are actually dominant.
In the latter case the v 4 y channel becomes subleading
but, still, these 3-body processes turn out to give
interesting sharp spectral features—similar to the internal
Bremsstrahlung (IB) type—both in the photon and in the
neutrino spectra. We stress that both these types of spectral
features could be simultaneously observed. Thus on top of
neutrino-line searches, such an IB signal can also be looked
for by neutrino telescopes (as was explicitly done in [2]).
Besides sharp features, the operators also lead to the
emission of a low energy continuum of cosmic rays
(CRs), which leads to constraints we will determine too.

II. DOUBLE-MONOCHROMATIC SCENARIO
AND EFFECTIVE OPERATORS

To begin with, let us first have a glance at Fig. 1, from
Ref. [2], which summarizes the current upper bounds on
thel', =T'(DM — y 4 X) andT', = I'(DM — v+ X) DM
particle decay widths.

The figure shows that (i) for DM masses below few TeV,
constraints on gamma-line intensities are several orders
of magnitudes stronger than those on neutrino lines,
(i) above the maximum energy considered by the
H.E.S.S. Collaboration, i.e., E, =25 TeV, there are no
numerically precise y-line constraints (see, however,
[6-12]), while strong neutrino-line constraints exist up to
energies several orders of magnitude beyond (see also, e.g.,
[13-15]), and (iii) in the DM mass range from a few TeV to
50 TeV, the constraints in the two signal channels are
comparable and only differ by a factor of 1 to 5 in the range
from 10 to 50 TeV and by a factor of 5 to 100 in the 2 to
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FIG. 1. Current limits on I'(DM — yX) from Fermi-LAT [3]

(dashed blue line) and H.E.S.S. [4,5] (dotted blue), and on
I['(DM — vX) from Ref. [2] that used IceCube data (solid black).

10 TeV DM mass range. Note also that sensitivities in both
gamma- and neutrino-line searches are expected to improve
within this (and an extended) energy range in the near
future (by, e.g., CTA [16] and IceCube [17,18]).

A double “smoking-gun” evidence of a DM particle in
the form of a y and a v line appearing at the same energy
could, in principle, happen for I, > I',, I', < T’, as well as
for Iy ~T',. Nonetheless, the case in which the decay rates
I, and I, are similar is of special interest because such a
correlation could indicate that the two lines are induced in
the same process and thus potentially points towards the
existence of decaying DM fermions.

As mentioned in the introduction, one can separate three
main scenarios for the production of both y and v lines,
namely production from different annihilation channels, from
different decay channels or from a single decay into v + y (we
do not consider more baroque mixtures of these scenarios).

As is well known, annihilation scenarios can be distin-
guished from decay scenarios by looking at the sky
morphology of the signal; the signal coming from an
annihilation is quadratic in the DM density p(r)—and
therefore more peaked towards the GC—as opposed to a
decay signal whose dependence is only linear on p(r).'

A further possibility of distinguishing the scenarios then
arises by looking at the relative energies and intensities
of the lines.> A fermion DM particle decay into v +y

'See, e.g., [19] and references therein.

Note that in contrast to DM decay limits, current sensitivities
on DM annihilating rates into monochromatic neutrinos [20-22]
are much weaker than those into monochromatic gamma rays
[3,4]; e.g., they differ by more than three orders of magnitude at a
DM mass of 10 TeV.
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automatically predicts equal energy of the v and y spectral
lines. For the other two scenarios, where y and v are
produced through different annihilation or decay channels,
the energies of the monochromatic v and y are identical for
vv and yy final states. In general however, when vA and yB
final states are produced, neutrino and photon line energies
will differ unless A’s and B’s masses are equal or negligibly
small. As for the relative intensity of the two lines, the
decay channel ypy — vy stands out by its high predictiv-
ity. In this case, the two line intensities are clearly
correlated, whereas for independent production channels
the ratio of these intensities could largely vary, depending
on the explicit model considered.” In short, a clear
possibility of a line signal in both gamma and neutrino
telescopes, with similar intensities, arises if the DM particle
is a fermion ypy; that slowly decays into a y plus a vt

To investigate what kind of monochromatic photon-to-
neutrino flux ratios can be expected along this ypy — vy
scenario, we will use an effective theory approach. The
motivation for using such an approach is clear. The
cosmological timescales required for the DM lifetime
can naturally be explained in the framework of an acci-
dental low energy global symmetry that is broken by new
ultra-violet (UV) physics—analogously to the proton decay
case in the Standard Model (SM). If the new scale of the
UV physics A is much higher than the electroweak scale
and the DM particle mass mpy;, the decay rate is naturally
low because it is suppressed by powers of A. In this case,
the range of decay possibilities can be fully parameterized
by determining the complete low-energy effective theory,
order by order in inverse powers of A. It is known that, for a
DM candidate with a mass roughly around the electroweak
scale, a dimension-six operator suppressed by 2 powers of
the Grand Unified Theory scale Agyr leads to a DM
particle lifetime around a value that is probed observatio-
nally today [23].

Up to dimension six, and assuming that the DM particle
has spin 0, 1/2 or 1, it was shown in Ref. [5] that there
exists only a quite limited list of operator structures leading
to y lines.” Disregarding, as in that reference, the possibility

*Note that there is always a minimum degree of correlation:
as a decay to vv induces a decay to yy at the two-loop level (or at
the one-loop level if there is an associated [/~ channel), an
annihilation or decay into one channel implies the other process,
but at a suppressed level.

Other scenarios where a gamma and a neutrino linelike
signals appear with a similar intensity and same energy are still
possible. For example, in multicomponent DM annihilation
scenarios two distinct DM particles do not need to form a
bosonic state (as annihilating conjugated particles) and could thus
lead to a y 4+ v annihilation final state. Double linelike signals
might also arise from 3-body final states, such as from vy
annihilation or decay processes. We will not consider these more
elaborate cases.

>See Ref. [24] for a list of operators leading to monochromatic
neutrinos.
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of higher-spin DM particles (e.g. the gravitino that might
decay into y +v [25]), only eight of those operator
structures also lead to a neutrino line via the y + v decay
channel. Two of them are of dimension five,

OO = Lo, ypuFY . wom = (2,-1) (1)

OBIL = EGMuU/DMFﬁU, Ypom = (2/47 —1)’ (2)
and six are of dimension six,
oY = I:UWWDMFI;’U(ﬁ, wom - ¢ = (2,-1) 3)

O]L = Z,Gﬂbl//DMFﬁiyd), II/DM . ¢ - (2 $ 4’ _1) (4)

O = DﬂZ‘yDWDMFI;U’ Ypm = (2’ —1) (5)
O = Dylz}’ul//DMFzy’ wpm = (2/4,-1) (6)
OV = Z‘yﬂDUWDMF/;’D’ wom = (2,-1) (7)
Ol = Z’nyuWDMF’ZD’ Ypom = (2/4’ —1)' (8)

In the above list, L represents a lepton doublet L =
(v, I7)" of e, p or 7 flavor and F}, represent the field
strength tensors of the U(1), and SU(2), gauge fields. The
(n, Y) labels, in the second column, denote the dimension n
and hypercharge Y that the given field (or field combina-
tion) must have under the SU(2), x U(1), group in order
to guarantee gauge invariance. Whenever we refer to the
contribution of an operator, we always mean the contri-
bution of this operator plus the contribution of its hermitian
conjugate.6 We will also assume the operators are fully
flavor democratic (but results are only marginally affected
by any other assumed flavor composition).

Beside the DM field, all operator structures above only
involve SM fields, except the two operator structures of
Egs. (3)—(4). These two latter operator structures involve a
scalar field ¢, which does not necessarily have to be the SM
scalar doublet field, H. If we consider only SM fields in the
operator and take into account all the various possibilities
of DM multiplets and a complete set of SU(2), index
contractions, the operator structures above lead to 25
different effective operators. These 25 operators are listed
in Table I.

There are three cases from the dimension-five operators
in Egs. (1)-(2) and six cases from the dimension-six
operators in Egs. (5)—(8). In addition, the operators involv-
ing a scalar field in Egs. (3)—(4) lead to nine cases when
¢ = H (where ypy is hyperchargeless),

®That is, on top of the ypy decay channels, the hermitian
conjugated operator induces ypy; decay to conjugated final states
(with identical BRs).
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TABLE 1. The ten possible effective operator structures,
involving only SM fields beside the DM particle, for DM —
yv decay (1st column) with their allowed DM multiplets (2nd
column) and various SU(2), index contraction possibilities—
when not unique—of the fields in the operator (3rd column). The
last column labels the 25 resulting effective operators (with the
DM multiplet, contraction choice and included scalar field
specified in the label’s indexes).

Operator DM field Fields contract.
Structure (n-plet, Y) (n-plet) Operator
LogvouFy | (2.-1) oLl
Lopponrte | Y o
Ouw¥oml'L (4,-1) Oisl)eL[
- (1,0) oy
v H,1-let
Lo, womFy H 3.0) 0}1 ¥3-let
(1,0) O}-Iljl—let
(3,0) a: (LH) = 1 O}-Ilj;-llet
GO | e W) =2 | Ok,
LGMDWDMFQDH (3’0) d: (WDMH) =4 OLL,’;-ilet
(3.0) e (Lypw) =2 | Ol
(3.0) £ (Lyow) =4 | O
(5.0 0111L,5-1e1)
I:"/w’/’DMF ’;D[:I (3.-2) 0}{3-&1
(3,-2) b: (LH)=3 ot
(3.-2) ¢ (yomH) =2 | OFf
B ~ (3,-2) d: (ypmH) =4 ;;flet
LG,,LV/DMFZHH (37 _2) e: (Z‘WDM) = 2 }:IL:v:let
(.2 | £ (Lo =4 | 0T
_ 1L
(5.-2) H 5-let
DyI:yDV/DMF/;/D (2’ _1) O%—)Iet
_ 2 _1) O2L
D, L F* (2. 2-let
WY Wpmi' (4’ _1) Ozzxﬁer
I_‘yﬂDDWDMF;;/D (2’ _1) O%—)Iet
_ 2,-1) O3L
Lv D F/W ( ’ 2-let
YulPWomly (4,-1) oL
O}iy = I_AUWWDMF};/DH7 wom = (1/3,0) )
OII'JL = Z‘GﬂuWDMFIZ,VH7 Yom = (1/3a,1rl,c,d,e$f/5’ 0)’
(10)

and to seven cases when ¢ = H= ioco,H* (where ypy has
Y =-2),

OY = Lo, ypmFyYH.  wpu = (3.-2) (11)
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O};L = I:G;wl//DMFlzyH’ wom = Bupeder/5 —2)-

(12)

Here, H is the SM scalar doublet with hypercharge —1, i.e.
H=(H°,H™) with H* = v+ (h+iag)/V?2, v = 174 GeV
and m;, = 125 GeV. As indicated by the subscripts
{a,b,c.d. e, f}, for both Ojf and O} there are various

possible operators when )y 1S a triplet because various
contractions between the SU(2), indices of the fields are
possible. The six operator setups 3, . 4. s correspond to
the case where H and L form a singlet or a triplet, where
wpm and H form a doublet or a quadruplet and where the
wpm and L form a doublet or a quadruplet (and corre-
spondingly for the two remaining fields in the operator),

respectively.” Note that for O}, (O, ) the b (a) case

does not lead to a DM decay into yv and therefore has to be
excluded from the list, which is indicated by crossing out
the b and a subscripts in Egs. (10) and (12), respectively.

In the effective operator language, gauge invariance is
manifest. This implies that any of the listed effective
operators necessarily gives a decay into e.g. vZ in addition
to the decay into vy. This Z channel does not only produce
additional monochromatic neutrinos, but also leads to a
continuum of CRs from subsequent Z decays.

If mpy < my, the yv channel is the only line signal that
is kinematically allowed and, as a result, v and y lines are
both at the energy mpy/2 with a relative intensity

Ry, =—"+=1, (13)

7341

where n; refers to the number of particles of type “i
produced per DM particle decay.

If instead mpy; > my, the yv and vZ channels give one y
line and two v lines. If both neutrino peaks are resolved,
one is at E, = mpy/2 with the same intensity as the y line
and the other is at the energy

2
mMpm mz
E, ="M () _ : 14

’ 2 < m]23M> (14)

In this case, the intensity ratio of the lower-energy neutrino
line (from vZ) to the gamma line (from vy) is equal to

R,, =tan’fy =03 or tan2fy =3.3, (15)

"Only two out of these six contraction possibilities are linearly
independent (they can all be written as linear combinations of
the invariants obtained with, e.g., wpy - ¢ being a 2-let and a
4-let), but we study all these setups because they could in
principle be induced by the mediation of a heavy multiplet with
the corresponding quantum numbers.
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depending on whether the effective operator involves a F%’
or a F;" field strength, respectively.

When mpy; > my, the two neutrino peaks are very close
to each other in energy and, given the finite experimental
resolutions, they are inseparable. Therefore, they can be
summed into one single effective neutrino line at energy
~mpy/2 that is more intense than the y line. For instance,
for a 10% energy resolution this is typically a good
approximation when mpy; 2 300 GeV. In this case, for
the operators that contain a hypercharge field strength F%/,
the ratio of line intensities is

1

cos’By (16)

vly

whereas for operators involving the SU(2), field strength
F'*, this ratio is larger:

L 4.3 17

vlr — sinZHW e ( )

For high DM masses, all of our operators necessarily
give one of these two latter predictions for the DM decays
into 2-body final states. Hence, the field strength that is
contained in the active operator can in principle be
experimentally distinguished. In practice, nevertheless, this
might not always be so simple. If several operators are
induced by the UV physics, all will contribute and, in some
cases, interfere. In fact, a contribution from several oper-
ators is to be expected in many cases but is not mandatory.
Models with operators involving only one type of field
strength up to dimension six can easily be found, see the
example of Sec. VI below. Unless particular destructive
interferences among several operators with both types of
field strengths take place, a ratio measured of order of a few
would constitute a strong indication for the single yv decay
channel scenario (but not a proof), whereas larger values
would constitute a strong indication for separate channel
scenarios. Monochromatic line intensity ratios R/, smaller
than 1 would definitely exclude this yv channel scenario
and require a separate channel scenario—since for each y at
least one v is produced.8

III. ASSOCIATED COSMIC RAY FLUXES

Besides producing monochromatic fluxes of photons and
neutrinos, the operators above lead to the emission of a
continuum of CRs from vZ and, in some cases, WiliF
decay channel(s). For the dimension-five and -six operators
above, this has already been analyzed at length in Ref. [5].

®Note that the values of R, stated here hold for DM decays
into 2-body final states; i.e. they apply to the operators that do not
involve any relevant 3-body decay channel. See Fig. 11 below for
the operators with a scalar field, Eqs. (9)-(12), where 3-body
decays into linelike signals matter.
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As explained (and defined) in Ref. [5], each operator leads
to a well defined ratio between the number of emitted
monochromatic y and the amount of CRs, R, cgr = n,/ncg.

The 25 operators above turn out to lead to only five possible
ratios, that we call A, B, C, D, E, and F.
Prediction A refers to the ratio

A Ry/CR = COSzgw/(Sinzgw . nCR/Z)? (18)

where ncg /7 is the number of CRs of a given particle type
(e.g. antiprotons) produced per Z decay, with Oy the
Weinberg angle. This A ratio is the largest possible ratio,
i.e. the lowest amount of associated CRs one can have from
the full list of operators. Prediction C refers to

C: Ry/CR = sin26W/(00526W . nCR/Z)- (19)

As for the D, E, and F ratios, they apply to operators which
lead to decay channels involving the W, ypy — W*IT,

D.E.F: R,cx

sinQy,

p— 2 5
cos“Oy - neryz + cw * (neryw+i- + neryw-1+)

(20)

with ¢y =1/4, 1, 9/4 for the D, E, and F ratios,
respectively.

These A, B, C, D, E, F predictions hold when the DM
dominantly decays into 2-body final states. Table II gives
which one of the five R, cg ratios each of the 25 operator
setups gives. For each possible DM field representation, the
table lists the possible effective operators together with
their corresponding R, /, line ratio (two possible) and line to
CR continuum R, g ratio (five possible) predictions. The
A ratio is the largest ratio one can have and is obtained for
all the operators which involve a Fy field strength. The four
C, D, E, and F ratios are obtained from the operators
involving a F; field strength.9

The colored lines in Fig. 2 show the corresponding upper
bounds on the decay width into monochromatic photons,
I'(ypm — vy), obtained by imposing that the associated
fluxes of CRs (antiprotons and continuum photons)
induced by each operator do not exceed the observational
bound on these CR fluxes. The antiproton (continuum
photon) constraints give the best limit for mpy below
(above) ~5 TeV. For the operators of Egs. (1)-(2) and
(5)—(8), these bounds are valid up to the contribution of
decays with three or more bodies in the final state. These
extra 3-body contributions can, however, be safely

Note that if in Egs. (3)—(4), the ¢ field is not the SM scalar
doublet but a BSM field, then there are many more possibilities
depending on the quantum numbers of this field, and we will not
consider them. However, it is worth noting that whatever the
multiplet is, the operators of Egs. (3) and (4) cannot give a R, /cr
ratio larger than the A and C ratio, respectively.
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TABLE II. Predicted phenomenology of the possible DM
setups from all the effective operators that give DM — yv decays.
R, gives the v-to-y line intensity ratio and R, ,cg the amount of
associated CRs as defined in Eqs. (18)—(20). The operators are
defined in Table I (omitting their “DM n-plet” index as it is set by
the Ist column). These are the predictions from DM decays
into 2-body final states. For DM masses above ~4 TeV, the
predictions from the operators including a H or H are modified
by 3-body decays, and these are studied in Sec. IV.

DM field Prediction

n-plet v Operator R, R, ek
oy 1.3 A

1 0
O}F 4.3 E
O(S)Y, OZY’ O3Y 13 A

2 -1
O(S)L, OZL, O3L 4.3 E
oy 1.3 A

;3 0 o) 4.3 C
olkd o7 43 D
O}_]L,c’ O}_]Le 4.3 E
oy 1.3 A
ogve 4.3 C

— 1ILb ~nlLd

3 2 O{:IL , Oy 4.3 D

O{:IL'f 4.3 E
. 43 F

O

4 —1 O(S)L, OZL, O3L 4.3 D

5 0 o 4.3 D

- 1L
5 2 OH 43 D

neglected because the branching ratios (BRs) of these
channels are phase-space suppressed. For the operators
of (3)—(4) [and, hence, Egs. (9)—(12)], these bounds are also
reliable, unless mpy > vy, with v, the vacuum expect-
ation value of the ¢ field. If mpy > vy, the 3-body
contribution is no longer subleading; see Sec. IV below.

The bounds of Fig. 2 have been obtained in the same way
as in Ref. [5], using the updated isotropic gamma-ray
background measurement from the Fermi-LAT [27] (up to
820 GeV photon energies) and the H.E.S.S. telescope data
[4] (up to 25 TeV). In practice, when considering only
2-body final states, and up to mpy ~ 50 TeV at least, the
constraints from Fermi-LAT are always stronger than those
found from this H.E.S.S. data.

We assumed a NFW profile for the DM density [28],
with a local density of po = 0.39 GeV/cm?® and a scale
radius r; = 24.42 kpc. For the CR calculation we used the
“PPPC” code [29]. For antiproton flux calculations, we
used the “MED” propagation model and assumed that
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FIG. 2. The 95% C.L. limits on DM decay rates to monochro-
matic gamma-ray lines. Excluded regions from direct line searches
[3-5] (grey regions) as well as indirect upper bounds derived from
the associated CR emission each operator unavoidably induces
(colored dotted curves are constraints from antiproton data [26],
and solid curves from gamma-ray data [27]). Shown are the bounds
we get for the A, B, C, D, E, F ratios given in Eqgs. (18)—(20) when
all 2-body DM decays are included. These cases apply to the
various possibilities of operators and DM multiplets according to
Table I and II, as explained in the text.

conventional anti-proton background contributions exactly
match the used PAMELA data [26] in each energy bin. For
the continuum photon fluxes, the background flux is
assumed to be a completely free (positive definite) function
of the photon energy, i.e. the photon flux from DM makes
up all the flux in any bin where it overshoots the data. From
these setups we derive our 95% C.L. limits on any DM
signal by a y? fit and requiring that y* < 3.84. We have
included electroweak corrections when calculating the
continuum energy spectrum of gamma-rays and antiprotons
from DM particle decays. These electroweak corrections
might also induce linelike signals and we will comment on
this in Sec. IV D, but they are not added to our predicted
line-signals. For further comments on our astrophysical
constraints, see Appendix A.

For the operators including “Fy,” i.e. A cases, the direct
limits on monochromatic gamma-rays are much stronger
than the derived constraints from associated CRs; by a factor
of about 10 to 100 for mpy in the range of 1 to 50 TeV.

For the operators including “F;.,” i.e. C to F cases, the
indirect CR bounds at the 2-body level are competitive with
direct line searches (within a factor of 10) as soon as
mpy 2 1 TeV (thanks to the updated continuum photon
constraints, as opposed to the bounds reported in Ref. [5]).

PHYSICAL REVIEW D 93, 043535 (2016)

Table II and Fig. 2 thus summarize the results we have
obtained so far, i.e. the expected phenomenology for the
operators giving DM decay into 2-body SM final states.
Clearly, some operators lead to the same phenomenology
for indirect DM probes.

For example, all operator structures including the field
strength Fy (i.e., OO, O, O, O} and OF) give the
same R,/, = 1.3 and have the same CR prediction A. At
the same time, Fig. 2 shows that, for the operators with
R,,, = 4.3, there are real further possibilities to distinguish
between the operators because they predict the C to F' cases
in the amount of associated CRs. In the most minimal
setups, DM particles with Y # 0 can also be strongly
constrained by direct DM searches because Z boson
mediations induce direct interactions with nuclei.
Various mechanisms could, however, be invoked to avoid
this, e.g., mass splittings within an SU(2) DM multiplet or
appropriate mixing of the DM field with a pure SM singlet.
Therefore, all operators can be valid, but one has to keep
in mind that a given DM field might also give a different
signal in direct DM searches that could be used to differ-
entiate the phenomenology of the different operators even
further.

Depending on the UV completion, there might obviously
also be new linear combinations when there are several
possible operators for a given DM field. However, in
general it requires a careful tuning of possible interferences
to significantly alter individual operators predictions [30].

IV. IMPORTANCE OF 3-BODY DECAYS FOR
OPERATORS INVOLVING A SCALAR FIELD:
LINELIKE SIGNALS

For the operators involving a scalar field ¢, namely
Egs. (3) and (4), there are, beside 2-body decays, 3-body
decay processes ypyv — vyd, Wpm — VZP, wpm = vWo
and ypy — "W'¢ (and decays to the CP conjugated
states). While the BRs of the former ones are proportional

to v, the BRs of the latter are proportional to mpy;.

Therefore, the 3- to 2-body decay width ratio scales as
~mipy /64> 0. As a result, for these two operator struc-

tures, unlike for all other operators where 3-body final
states are expected to only give a subleading contribution,
the 3-body decay channel will dominate the decay width for
large enough values of mpy/v.

If ¢ is the SM scalar doublet, as in Egs. (9)—(12), then
the 3-body decays can start to dominate for mpy; 2 4 TeV.
In this case, replacing the Goldstone bosons with their
corresponding longitudinal gauge bosons (in the unitary
gauge), the list of possible 3-body decays is

wom — vrh,  vrZp, YWy,
Z/Zh, IJZZL, ZZWL,
lWh, ZWZL, l/WWL.
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Above 4 TeV it is a quite good approximation to calculate
these 3-body decays in the electroweak unbroken phase,
by calculating the wpy — vW3H?, IWsHT, yWH™, IWHO
decay widths and then use the equivalence theorem to relate
them to the broken phase associated processes.

Note that different multiplets which give the same line-
to-CR ratio at the 2-body decay level do not necessarily
have the same decay channels and BRs for the 3-body
decays. In the following, we will consider a representative
set of examples which allows to see what is the typical
range of possibilities. We will consider the following four
cases with ¢ = H, i.e., with the DM particle having ¥ = 0,

1/3—let

A: O 5w =Lowypy “FYH (21)
C: Oy =Lo i Fi'H (22)
D: O =Lo,whrF'H (23)
E: O¥ . =Lo,whrFH. (24)

In the first case, ypy has to be a singlet (1-let) or a triplet
(3-let). Both give the same phenomenology. In the sub-
sequent cases, ypy is a triplet (3-let, with L and H forming
a singlet), quintuplet (5-let), and singlet (1 let) respec-
tlvely As indicated, we will denote these cases A, C, D, and

E according to the ratios they give at the 2-body decay
level, i.e., Egs. (18)—(20), but with an additional tilde to
stress that, for these cases, 3-body channels are dominant at
high mass.

The BRs of all decay channels for these four cases are
given in Table III, up to the normalization factors given by

c(647%0?)
W for 2-b0dy decays, (25)
2
“Mbm for 3-body decays, (26)
miyy + 647

where ¢ is a constant equal to 1/4, 1/4, 1/6, and 1/12,
respectively. From Eq. (26), it is clear that, due to the
relative m3,,/v* factor, the various 2-body BRs which
dominate for mpy; around the electroweak scale get
negligible at higher masses.

Out of these various channels, it is useful to define the
primary y and primary v decay widths, at 2- and 3-body
levels,

r=r,, (27)
I’ =r, +T,z. (28)
T3 =T, + T,z +Thw, (29)
B = Con+TUz, +0zn+ Tz, 2+ Dow,w (30)

TABLE IIL
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Branching ratios of the 3-body processes induced
by the “Fy” and “F;” operators of Eqgs. (21)-(24), up to the
factors given in Egs. (25) and (26).

Operator

Fy Fr

A E C D
Decay
Channel (1/3-let) (1-let) (3-let) (5-let)
vy 4 cos’Oy | 4sin?0y [4sin’0y |4 sin? Oy
vZ 4sin” @y |4 cos?By |4 cos®By |4 cos? by
w 0 8 0 2
vyh cos? By, sin® @y, sin® @y, sin® @y,
vZy cos? Oy sin® Oy sin® Oy sin® Oy
lyw, 2 cos’ Oy |2 sin? Oy 2 sin? Oy, 2 sin? Oy
vZh sin® @y, cos? By, cos? By, cos? Oy
vZZ; sin® @y, cos? By, cos? By, cos? By,
1ZW, 2sin@y |2 cos?By |2 cos?By |2 cos? Oy
IWh 0 2 0 1/2
Wz, 0 2 0 1/2
UWW, 0 4 0 1

The effect of these 3-body decays is triple. First, they
bring a hard primary photon contribution of the IB type,
normalized by I'}, that has an energy spectrum rapidly

increasing
d7N _ 64 Ey 3@ mMpm _E
dEy mpwv \M"Mpm 2 v

and which peaks in intensity at the kinematic cutoff
E, = mpy/2 (up to O(mj}/mdy,) corrections)."

Second, they bring a “neutrino IB” contribution to the
neutrino energy spectrum,11 parameterized by I'>?, which is
not as peaked, as it scales as

- E> |

d7N o 32 1 2El/ EL/ 2@ mpm
dE, B Mpm 3mpy /) \mpum 2
(32)

However, it still displays a rise and a kinematical cutoff
at E, = mpy/2 that are sharp enough to be clearly
distinguished from expected astrophysical backgrounds
of neutrinos.

Third, they bring an additional source of lower energy
continuum of CRs (photons, antiprotons, positrons and

(31)

%Both line and IB spectral features show up together in many
frameworks (e.g. [31-35]), from tree-level 3-body radiative
annihilation and one-loop 2-body radiative annihilation. Instead,
for the operators of Egs. (3) and (4) both features appear at same
coupling and loop order, from the fact that they involve a scalar
boson in the final state or its vacuum expectation value.

"For other setups with neutrinos from 3-body decay, see [36].
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neutrinos) from the Z, W and & decays together with the
leptonic final states. The Z/W and the lepton spectra are as
in Eq. (31) and (32), respectively (up to neglected correc-
tions from the mass of these particles). For the CR spectra
calculations, the scalar (including longitudinal Z; and W;)
spectrum is also relevant, and is given by

3E, 2E5
-0y 2‘/>®<mDM—E{/,>. (33)
Mpm mDM 2

Bounds can be obtained separately on these three
contributions—the linelike photon spectrum, the linelike
neutrino spectrum, and the lower-energy continuum of
CRs—from searches of y lines, v lines and CR-continuum
signals, respectively. Then, from an operator’s given BRs,
each such bound can be converted to a bound on any of the
other partial decay widths.

Note that we call a particle “primary" if produced
directly from one of the local effective operators, while
if produced subsequently we call it “secondary”.

dN _32E, <

=3
dEy, mpy

A. Photons’ sharp spectral features

In Fig. 3, we show the characteristic primary photon
energy spectrum induced at the 3-body decay level.
The example shown is for the operator of Eq. (21) with
mpy = 8 TeV and total decay width Iy, = 10728 s71. A
proper determination of the constraints which hold on such
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a spectrum would require a dedicated analysis directly
performed from data. In the absence of such an analysis, we
can nevertheless derive approximate bounds based on the
following. If a telescope has a poor energy resolution it can
initially not distinguish this linelike 3-body contribution
from a monochromatic signal. In this case, most of the
primary 3-body decay photons have energies around E, =
mpy/2 within an energy range not wider than the energy
resolution (together with the monochromatic photons from
the 2-body contribution). In the opposite limit of very good
energy resolution, the y line and the bulk of the primary
photons from the 3-body decay are resolved to be spread at
different energies. In practice, with the current experimen-
tal energy resolutions, rp ~ 10% for Fermi-LAT [3] and
rg~15% for H.E.S.S. [4], one is in an intermediate
situation. In order to further quantify this, we need to
know what are the respective contribution to the number
of hard photons expected within the energy bin around
mpy /2. Within a bin defined by E,;, = *34 (1 — rg) and
Epnax = "534 (1 + rg), this ratio is given by the quantity f,,
defined as follows:

_ JowdE [dEC K(EE)
JomdE' [ dEYE K(E'E)

14

(34)

with dN;b /dE the gamma-ray spectrum of the primary
photons produced in an i-body decay, and E’ the

fy/v

1

0.05 0.10 0.20

Resolution rg

operator O/, 5, in Eq. (21) for an 8 TeV DM particle with

alifetime of 10?® s. The 2-body yv channel line (grey) and 3-body
IB (blue) contributions are shown. The corresponding smeared
spectra by a gaussian energy resolution of 15%, according to

Eq. (35), as well as their sum are also shown (dotted, dashed, and
black curve, respectively).

FIG. 4. Solid line (f,): the ratio between the number of prompt
photons in 3-body decays and prompt photons in 2-body decays
in an energy window (mpy/2)(1 & ry). Dashed line (f,): same
ratio, but for neutrinos. The f,, are defined in Eq. (34) and are
only functions of the energy resolution . The 3-body y and v
energy spectra are given in Egs. (31) and (32), respectively.
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reconstructed energy. For the detector response, we assume
a gaussian function

1 ey

—¢
VEE\/Q,H

With this setup, our numerator depends on the detector
resolution, while the denominator of Eq. (34) stays fixed to
68%. For rp = 10% (rg = 15%), we get f, = 0.43(0.57).
In Fig. 4, we plot f, as a function of rg.

For both Fermi-LAT and H.E.S.S., the spectra from the
3-body final states can be considered as highly peaked in
this energy bin. As a result, the observational bounds on a
pure y-line intensity can approximately be used for these
cases too. However, the interpretation of these limits
changes. Instead of being bounds on the 2-body y-line
decay width, I'??, these observational bounds now apply to
2 4 f, - T3P with f, as defined above. Given the fact that
BRs are known, such limits can be translated into bounds
on the other partial decay widths, as well as a bound on the
total decay rate I',. Figure 5 shows the limits obtained on

K(E.E) = (35)
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FIG.5. Solid black lines: 95% C.L. limits on the intensity of a y
line from Fermi-LAT (below ~1 TeV) and H.E.S.S. (above
~1 TeV). These bounds are now reinterpreted as bounds on
F}%” +f - F;b with f, = 0.43 for Fermi-LAT and f, = 0.57 for
H.E.S.S. As the ratios of the various partial decay widths are
totally fixed by the value of mpy for a given operator, these
bounds can be translated into bounds on other partial widths. As
an example, we show the bounds induced on the 2-body decay
width T?” =T,, and on the total radiative decay width
I, =T? +T3, for the operators of Eqs. (3) and (4) with ¢
the SM scalar doublet. These bounds turn out to be identical for
all the cases considered in Table III. Instead, the bound this gives
on the total DM decay rate I',,; depends on the operator, and we
do not show it here.
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FIG. 6. Dark matter mass mpy; above which, within the energy
bin (mpy/2)(1 =+ rg), the integrated linelike photon or neutrino
flux from 3-body decays gets larger than the monochromatic line
from 2-body decays, i.e., when I35 /T2 x f, , becomes larger
than 1. For the photon spectra the result is the same for all
operators (black curve), while for the neutrino spectra we show
the result (colored lines) for the A, C’, D, and E cases of
Eqgs. (21)-(24).

the line part I'2” and the total radiative decay width
I'?> +T3%. Given the fact that the 2-body BRs get tiny
at large mp);, without any surprise the bound it imposes on
the pure line part, F?” , becomes extremely strong for the
highest DM masses. This implies that extremely good
resolution would be required for a future experiment to
resolve the pure line itself for high DM masses. For
example, with a rp = 1% energy resolution there are
more IB photons than pure monochromatic line photons
within an (mpy/2)(1 £ rg) energy bin as soon as
mpym 2 18 TeV. In Fig. 6, we give the value of this
transition mass, as a function of r;, when there are more
primary photons from 3-body decay than monochromatic
photons from 2-body final states in this highest energy bin.

B. Neutrinos’ sharp spectral features

Figure 7 shows the neutrino energy spectrum we get at
3-body decay level for a DM mass of 8 TeV and a 15%
energy resolution. As can be seen by comparing it with the
photon spectrum of Fig. 3 (obtained with same energy
resolution), this spectrum is basically as sharp as the photon
one for energies above mp);/2 because it undergoes the
same kinematical cutoff. As Eq. (32) shows, it scales as
(3/2)Elmpy — E; instead of E;, but this mixture of a
quadratic and cubic power law is still to be considered as a
sharp feature (compared to the roughly E~3 to E~2 expected
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FIG. 7. Primary neutrino energy spectrum obtained for the
operator of Eq. (3) for an 8 TeV SM singlet or triplet DM particle,
2-body I'?” neutrino line contribution (black) and 3-body I';? 1B
contribution (blue). Corresponding two spectra to be observed by
an experiment with 15% energy resolution and sum of both
contributions for this case.

neutrino background spectrum). This plot shows that it can
be interesting to perform dedicated searches of both lines
and IB type signals (as done in, e.g. Ref. [2,4]). Here, we
will however proceed in the same way as we did for the
photons, by considering the number of 3-body neutrinos to
be expected within the (mpy/2)(1 £ rg) energy bin. That
is, we use Eq. (34) replacing y with v. Figure 4 also gives
the value of this f, (dashed line) as a function of the energy
resolution rg. It shows that for a typical energy resolution
of rg = 15% for the IceCube telescope, a fraction f, =
0.44 of the IB spectrum lies within this energy bin. In a
similar way to photons, the 2-body decay width I'2
becomes negligible with respect to the 3-body width I"3?
for high mpy; masses. The mass above which the primary
neutrino contribution from 3-body decays exceeds the line
signal from 2-body decays is shown in Fig. 6. Unlike for
photons, its value is operator dependent, and the different
colored lines are for various operator predictions. The
monochromatic neutrino bounds of Fig. 1 have now to be
reinterpreted as bounds on I'2? + £, 750,

C. Secondary cosmic ray constraints

As already said above, for operators involving the SM
scalar field H, 3-body decay channels dominate over the
2-body ones if mpy; is larger than ~4 TeV. As a result,
these channels are expected to considerably increase the
amount of low energy CRs, hence to considerably
strengthen the associated bounds on monochromatic line
signals from these operators. Incorporating the CR

PHYSICAL REVIEW D 93, 043535 (2016)

1075 T T L B B B I T T T TTrTrrr I T T T B
F — Secondary photons 7
[ — Primary photons (line+ IB) ]
H Total flux =
1076 —
= F ]
‘_EI} - -
‘ L i
5 }
r\“EI) = * i -
107 E
> E ]
O] r 1
9 L 1
S5 i i
= L d
2t
108 = —
oM =7 X 10%s
10*9 L T N L I A i L
10! 10% 10%
E, [GeV]

FIG. 8. Photon flux obtained in the A case of the operator of
Eq. (21), for mpy =5 TeV, rgp = 15% and a DM lifetime of
7 x 10% 5. The linelike energy spectrum (blue), and the con-
tinuum spectrum from Z, H, and W; decay at lower energies
(gray), together with the sum of these contributions (dashed), as
constrained by the Fermi-LAT data.

contributions of all 2- and 3-body decay channels, Fig. 8
shows the corresponding secondary photon spectrum in the
A case of Eq. (21) together with the linelike signal. The
derivation of the CR spectrum is as in Sec. III, with the
difference that now primary particles from 3-body decays
have a distribution in energy.

By imposing that the CR fluxes do not exceed the
isotropic gamma-ray background or antiproton measure-
ments, we can derive upper bounds on each partial decay
widths (given the fact that the ratios of the various partial
decay widths are totally fixed for each operator for a given
mpy)- In particular, the partial decay width to the line
signal can be constrained (as in Sec. III). For operators
leading to the A and E scenarios, Fig. 9 shows the bounds
implied by the continuum of gamma rays, on the y line
(i.e. on I'2?), on the decay width into a linelike signal
(I'2? 4+ T73") and its fraction that is actually be probed with
pure monochromatic line searches (I'2” + f,I3%; with
f, = 0.57). For the antiproton constraints we only show
the bounds on I';” 4 f,I3?. The bounds in this figure can
be compared with the bounds in Fig. 2, which was derived
in the previous section considering only the 2-body decays.

One observes, as expected, that for high values of mpy,
the 3-body decay level bounds are more stringent than the
bounds obtained at 2-body decay level. This is especially
the case for the bounds one gets at the 3-body decay level
on the line part, I,,, due to the ~mpy;/(647°vy) relative
ratio discussed above. This is less the case for the bounds
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FIG.9. The 95% C.L. limits on decay rates into a gamma-ray linelike signal. Direct line searches give the grey excluded regions, while
the colored lines are the indirect limits on the linelike signal. Left panel: Red solid curves present the limits on I" }%” +f,-L ;3,” (with
Sy = 0.57) derived by imposing that the associated CR prediction Ain Eq. (21) does not overshoot PAMELA antiproton data (light red)
or Fermi-LAT isotropic gamma-ray background data (solid dark-red). Right panel: The same as the left panel (solid blue and solid cyan
curve, respectively), but for the prediction E of the operator in Eq. (24). We also give the limits on the decay width T2> + I3” and on 2

(using the BRs from Table IIT for these two operators).

on the total hard photon production I'2” +T35” or on
I'? + f, - T'3” to which this relative factor does not apply.

For the E case of Eq. (24) and for mpy 2 1 TeV, the
implicit bounds on the linelike signal from lower-energy
photons are always stronger than the dedicated line search

by H.E.S.S. As Fig. 9 also shows, for the A case of Eq. (21),
the CR bounds are comparable to the direct line limits only
if mpy 2 30 TeV. In other words, if one expects that
telescopes will improve sensitivities by, say, one order of
magnitude in the near future, the prospects of observing
soon the pure y-line part for these operators is low as soon
as mpy 2 10 TeV. But they could instead observe the
characteristic IB spectral shape feature up to £, ~ 50 TeV,
at the least.

D. Comment on linelike signals from radiative
electroweak corrections

Similarly to our 3-body effects, electroweak corrections
by radiation off gauge bosons, as well as the decays of
e.g. Z bosons directly into neutrinos, can induce linelike
features at the high energy end of the spectra (both in
gamma-rays and neutrinos). We studied these effects by
relying on the electroweak corrections as implemented in
the “PPPC” and computed in Ref. [29]. Regarding photon
linelike features, the most sizable electroweak corrections
arise from the transversally polarized W bosons with high

energy in the final state. Therefore, operators with F and E
predictions, which have the highest BRs to Wy bosons,
are the most affected among 2-body and 3-body final state
decays, respectively.

For the F prediction, these EW corrections increase the
linelike signal (in a surrounding 15% energy window) by
up to a factor of 2 for the highest DM mass of 50 TeV (the
BR into a pure gamma line is 4.2% and the BR into W/ is
80.2%). For mpy; below 5 TeV the effect is however less
than ~30% on the line intensity. The electroweak correc-
tions also have some impact on our CR limits. For example,
the small dips in the continuum CR limits at mpy; = 2 TeV
for the E and F cases in Fig. 2 is due to the extra hardening
of the spectra from EW corrections and that these peaklike
features coincide with the simultaneous drop in the mea-
sured isotropic gamma ray intensity around 1 TeV.

For the 3-body predictions the linelike signal is not as
peaked, and the continuum spectrum including electroweak
corrections never contributes to the linelike signal by more

than 30% even for the E case and our highest considered
DM mass.

Similarly the linelike feature in neutrinos can be
enhanced, but the effect is not as large (new narrow linelike
structures can in principle appear from the charged leptonic
final states) and increases the line intensity by at most ~10.

We conclude that these electroweak corrections can be
relevant in a more detailed study, and we included them for
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our CR continuum predictions. However they do not
significantly alter the final linelike signals (at most a factor
of 2), and we did not included them for our prospects of
double monochromatic (linelike) signal strengths.

V. DOUBLE SMOKING GUN PROSPECTS

With the results obtained above, we can discuss the
prospects of observing both a neutrino and gamma-ray
linelike feature within the DM — yv decay scenario. Let us
proceed in three steps:

(i) In Fig. 10(a), we summarize on a same plot the
current limits on spectral y-line features. The ex-
cluded grey regions come from the direct line
searches by the Fermi [3] and H.E.S.S. [4,5]
Collaborations. The solid colored curves are instead
the upper bounds on the effective operators due to
the continuum of low-energy CRs they induce,
i.e. the bounds on I'’’ considering only 2-body
decays (dashed curves) and on I'?? + f,I'3" includ-
ing the case when 3-body contributions are relevant
(solid curves). As said above, the former limits are
valid for all operators (Tables I and II and Fig. 2)
except if the operator involves a scalar field and
mpwm > vy For the case of relevant 3-body decays,
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we show the representative A, C , 15, and E examples
of Egs. (21)-(24).

(i1) Clearly, the CR bounds of Fig. 10(a) can also be

translated into bounds on the intensity of a v-line
feature, i.e. on I'?? for 2-body decays and on
20 + f,I3 for operators where 3-body decay
channels dominate. By using the various BRs
given in Table III, this gives the constraints of
Fig. 10(b), which can be compared to the direct
neutrino line-search constraint from Fig. 1, also
shown here by the grey region. Similarly to
photons, this figure indicates, for each operator,
how much the neutrino line-search sensitivity has
to improve, at least in order to observe a neutrino
flux in the DM — yv scenario without overshoot-
ing CR constraints.

(iii) From Figs. 10(a) and 10(b), one observes that in the

10-26 .

10~%

DM mass range from few TeV to 50 TeV both the
direct gamma- and neutrino-line searches constrain
several operators more than their associated CR
fluxes do. For other operators it goes the other
way around. One also notices that even if direct
decay-rate limits are somewhat stronger on the
gamma lines, the neutrino-line limits can still
be as important to constrain an operator—this is
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FIG. 10. Summary of linelike signal limits from the various effective operators. Left panel: limits on gamma-ray linelike signals (as in
Figs. 2 and 9). Right panel: limits on neutrino linelike signals. Dashed colored lines: the CR-induced bounds on a linelike signal from
operators with DM decays into 2-body final states. These operators and their predictions can be found in Tables I-II. Solid colored lines:
same as dashed curves, but for the operators with relevant DM decays into 2- and 3-body final states. These colored solid curves are
limits on T2% + f, - I'34 for the CR predictions A, C, D and E [the operators of Egs. (21)—(24))] with f, =057 and f, = 0.44 from an
assumed 15% energy resolution in H.E.S.S. and IceCube, respectively. These various limits should then be compared to the
corresponding direct gamma and neutrino line-search limits, shown by the grey exclusion regions.
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FIG. 11. Summary of neutrino-to-photon sharp feature intensity

ratios. Black line: ratio of neutrino-to-photon experimental
sensitivities, from Fig. 1. For operators that do not involve a
scalar field, this experimental ratio is to be compared with
I'20/T%» = 1.3 and 4.3 (dashed and dotted line, respectively),
obtained if the operator involves a Fy or a F; field strength,
respectively. For operators that involve the SM scalar field H, this
experimental ratio is to be compared with the I'?? 4 f,I3" to
I'? 4 f, I3 ratio predicted by the various operators with f
calculated from 15% energy resolution of the detectors (solid
colored lines for A, C‘, D and E cases).

because many operators predict a relatively stronger
neutrino than gamma linelike signal (by a factor of 1
to 5). The relative predicted neutrino-to-gamma line
strength, I', /T",, is plotted in Fig. 11. For operators
which do not lead to relevant decays into three
bodies, the ratio predictions are just 1.3 or 4.3, as
given in Eqgs. (16) and (17). For operators which
do involve relevant 3-body decays, we instead
plot the predicted ratio of I, =12/ 4 £, I3 to
I, =T7 + f,I5" (solid colored lines), which, as
said above, represents the linelike signal strength
ratio. In the same plot we also show the ratio
[mit/Tlimit of the neutrino-to-photon 95% C.L. line
limits from Fig. 1. The factor between this obser-
vational (solid black) curve to an operator’s pre-
diction then indicates the minimal sensitivity
improvement needed by IceCube relative to
H.E.S.S. to allow for simultaneous detections of a

y and a v linelike feature for that operator.
The exact prospects for detections of a double line
depend on the operator considered. To quantify this in a
few examples, it is useful to define r, and r, as the ratios

of the direct line-search limits (I to the indirect CR
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constraints on a line signal ('SR~Mit) induced by each
given effective operator setup:

limit
Fl/ D

7~ TCR—limit * (36)
4 Fl(,:l;l t

ry

These ratios can directly be read off from Figs. 10(a)
and 10(b). The interpretation of these ratios is straightfor-
ward, as described below. If, for a given operator, the
associated CR constraint on the line signal is more stringent
than those from direct searches of v and y lines, then both r,
and r, are larger than 1. In this case, to detect both a v and y
linelike feature and stay compatible with current lower
energy CR constraints, both sensitivities must be improved
by factors larger than r, and r,, respectively. This situation

applies in particular to the E case, except at the lowest DM
masses where r, < 1.

If instead r, is smaller than 1 and r, < r,, then the y-line
feature could be just below present sensitivity, whereas a
detection of the associated neutrino line feature would
require that the neutrino sensitivities is improved by more
than factor r,/r,. Similarly, if r, is smaller than 1 and
r, < r,, it means that the neutrino line could be just below
current sensitivity and the gamma-line sensitivity would
require an improvement by at least a factor r,/r, to become
observable for that operator prediction. These ratios r,/r,
can also be read off from Fig. 11 by dividing the ['imit /[ limit
(black solid line) by the operators’ predictions I',/T’,
(colored, dashed, and dotted lines).

As an explicit example, the E case [solid blue lines
in Figs. 10(a) and 10(b)] has both r, and r, always larger
than ~1 when wmpy 21 TeV. For example, with
mpy = 10 TeV, one has r, =3 and r, = 5. Hence, the
y-line and v-line search sensitivities need to be improved
by at least a factor of 3 and 5, respectively. A possible
future observation of a photon or neutrino line with
higher intensities could not stem from operators giving
prediction E.

As another example, operators leading to the A case
(i.e. 2-body, red dashed lines) could instead imminently
give a double-line signal in gammas and neutrinos.
For, say, mpy =30 TeV it has r, ~r, ~1/10 < 1 and
the associated CR signal must thus be at least 10 times
smaller than what is probed today. For the same DM
particle mass, mpy =30 TeV, the C and D cases (i.e.
2-body, orange and green dashed lines) instead have
r,~r,~1 and an observation of both a double-line
signal and an associated photon continuum flux could
be just around the corner.

As for the 3-body A case (red solid lines) with, say,
mpy = 3 TeV, it gives r, = 1/8 and r, = 3. This means
that a photon line signal can be present just below current
sensitivity, but the associated neutrino linelike signal would
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then still require to improve the v-line sensitivity by a factor
r,/r, =24. This also means that the observation of a
neutrino line with a stronger intensity would rule out
this setup.

Alternatively, we can present the required constraints on
the suppression scale A for each of the operator predictions.
For this, we refer the interested reader to Appendix B.

All in all, Figs. 10(a), 10(b), and 11 show that improve-
ments in sensitivities of the neutrino and gamma-ray line
searches by a factor of 10 allow for many possibilities of a
double smoking gun as evidence of a DM particle without
any tension with current lower-energy CR constraints.

VI. THE EXAMPLE OF A MINIMAL
DM QUINTUPLET

As an explicit example, let us take a fermion quintuplet
[37] with hypercharge ¥ = 0. This “minimal” DM candi-
date is known to be accidentally stable—as it couples
linearly to SM fields only at the dimension-six or higher
level—and to have its mass fixed by the relic density
constraint to the value mpy; = 9.6 TeV [38]. This scenario
is in strong tension [39,40] with bounds on production of
the y line through DM annihilation, but still not totally
excluded (depending on the DM halo profile considered).
At the dimension-six level, it can produce a y line through
the single effective operator of Eq. (23),

A AL _ 7 5_let Y
D: Oys 1o = Loy FrL H.

The ratio of the pure monochromatic neutrinos to pure
monochromatic photons, from 2-body decays, is therefore
fixed in this framework to

R, =n,/n, =43, (37)

and, as already mentioned above, at this level this

operator leads to the D case for the associated low
energy continuum of CRs. Since it involves the SM
scalar doublet, it has in addition a 3-body contribution
which dominates for mpy = 4 TeV. This implies both a
photon IB and a “neutrino IB” contribution. At the
3-body decay level, the linelike signal ratio are there-
fore slightly below 4.3, as is shown by the D line of
Fig. 11 at mpy = 9.6 TeV. The relative ratios of the
nine DM decay channels we discussed are given in the
quintuplet column of Table III.

The associated CR bounds which hold on linelike photon
and neutrino features in this case are given in Figs. 10(a)
and 10(b) (solid green lines). For mpy = 9.6 TeV, the
H.E.S.S. line limits, which as explained above is interpreted
to hold on I'2? + f, - T3? with f, = 0.57, is about a factor
r, = 1 weaker than the bound on the same quantity from
the CR continuum constraint—see Fig. 10(a). For neutrinos
the direct monochromatic line limit is about a factor r, = 2
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weaker than the associated CR constraints, see Fig. 10(b).
These factors of improvements could be within reach in a
not too far future [41]. If a neutrino or gamma line were to
be observed just below current bounds, then the CR
continuum signal should also be within reach or the signal
could not be due to this quintuplet decay setup.

Also, note that for mpy = 9.6 TeV, the hard “IB”
spectra intensities within an (mpy/2)(1 & rg) energy
bin dominates over the lines, unless rp is at least around
4% for gamma rays and 8% for neutrinos.

VII. MILLICHARGED DM OPTION

So far, we have implicitly assumed that the DM particle
is electrically neutral. However, it is perfectly possible to
give a small electric “millicharge” to the DM particle. Such
a millicharge could arise from a kinetic mixing interaction
between the U(1), field strength and a new U(1) field
strength (whose gauge boson is a massless y’) [42] or from
a Stueckelberg mixing mechanism [43] (whose associated
gauge boson is a massive Z’). If the DM is millicharged,
a new set of operators must be added to the list in
Egs. (1)—(8). The extra effective operators we get are those
with a covariant derivative acting on fermion fields with a
millicharge [44]:

D;tDvl_‘alwl//DM (38)
D,D,Lo"ypye (39)
I_‘G”DDﬂDUWDM(p (40)
DpEU””DyU/DM(ﬁ (41)

The phenomenology of these operators has been con-
sidered at length in Ref. [44]. If the fields to which the
covariant derivatives apply are not SU(2) singlets, an
observable y line is not feasible because the DM decay
channel to Z (and the W channel, if any) is largely boosted
with respect to the y-line channel. The boost of the Z
(and W) channel is inversely proportional to the millicharge
squared and therefore leads to too strong associated CR
emissions. However, there is a single operator which
escapes this constraint in the above list, namely,

A: Lo"D,D,ypyé. (42)

with wpy a SM SU(2), singlet and ¢, interestingly, having
the same quantum numbers as the SM scalar doublet H. As
for the v-line signal instead, it can be generated by all the
operators with a strong intensity, and thus observed, via
the vZ decay channel. For what concerns the neutrino to
photon flux ratio, this unique operator gives in addition to
DM decay into vy and vZ also the decay into vy’ for the
kinetic mixing option and, if kinematically allowed, into
vZ' in the Stuckelberg case. These decays into the U(1)’
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gauge boson and a neutrino, unlike the decay into vy, are
not suppressed by the value of the millicharge squared.
Given the bounds holding on millicharged DM, see e.g.
Ref. [44], this means that the intensity of the v line,
associated to the y'v channel, is orders of magnitude
stronger than the y line for the kinetic mixing option (as
well as for the Stuckelberg option if m, < mpy). In other
words, for a millicharged DM candidate, it is possible to get
similar monochromatic v and y fluxes only for this unique
operator with the two additional conditions that (i) the
millicharge originates from a Stueckelberg mechanism and
(ii) my > mpy. In that case, since it is the hypercharge
gauge boson that mixes with the U(1)" gauge boson to give
rise to a millicharge, the relative v-to-y line intensity is

R, =n,/n,=13, (43)

vly
as in Eq. (16). This case gives both y and v lines and can
have 3-body y and v “IB” contributions. With ¢ = H, it

gives the same predictions of CR emission as the A case,
represented by the red solid curves in Fig. 9.

VIII. SUMMARY

From a few TeV to 100 TeV energies, direct searches for
monochromatic neutrinos from decaying DM are reaching
a sensitivity comparable to those on monochromatic
photons. Motivated by this fact, we have studied the
possible predictions of a neutrino and photon line—a
double “smoking-gun” as evidence for DM particles—
within the particularly predictive scenario where both lines
are emitted by the same process, namely ypy — vy. In a
systematic way, we considered the complete list of effective
operators which lead to such decays. We found 10 operator
structures which lead to 25 operators involving SM fields
on top of the DM one (all listed in Table I).

Along the scenario of a DM decay into vy, the neutrino to
photon ratio is predicted to be within a factor of a few, or
even totally predicted for cases where only one effective
operator induces the decay. The expected line shape in the
photon and neutrino energy spectra depends on whether the
operators involve a scalar field or not. If the operator
considered does not, the DM 2-body decays dominate, and
y and v lines are truly monochromatic. If, instead, the
operators involve a scalar field, for instance the SM scalar
doublet, 3-body decay channels become dominant for
mpym = 4 TeV. In these cases, the primary photon spectrum
is not dominated anymore by the monochromatic y line at
the highest energies, but by “IB” contributions which also
display a sharp feature in the spectrum. Interestingly, these
3-body decays do not only give a photon IB spectrum but
also a neutrino spectral peak. Given IceCube’s performance
improvements and good energy resolution for cascade-like
events, we stress that this kind of 3-body signal, within the
framework considered, or other possible scenarios, could
be put in evidence by the IceCube Collaboration by
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accordingly searching for such spectral features (as in
Ref. [2]). Note that, at the 2-body decay level, we presented
the phenomenology of all 25 operator cases. At the 3-body
decay level, we considered four cases which are represen-
tative of the typical expected phenomenology.

The prospects for a “double smoking gun” (or
“polymonochromatic”) signal as evidence of the DM
particle have been discussed in Sec. V. They can be read
off from Figs. 10(a), 10(b), and 11, which summarize our
results. Figure 10(a) and 10(b) show the upper bounds
which hold on the intensity of the y and v sharp feature
signals from secondary CR emission. These constraints
must be compared with constraints from direct search for
monochromatic signals, also shown in these figures.
Figure 11 shows the ratio of v to y line feature intensities
predicted by the various operators. A comparison of these
three plots (as explicitly done for a few examples in Sec. V)
shows that there are clear possibilities for a ‘“double
smoking gun” discovery of the DM particle just around
the corner. If a gamma- and neutrino-line-like signal are
observed, it would be interesting to further explore the full
range of linear combinations of the operators (listed in
Table II for each DM field).
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APPENDIX A: COMMENTS ON
ASTROPHYSICAL CONSTRAINTS

On top of the primary injected gamma-ray spectrum
from DM decays, we also assessed the inverse Compton
contribution from CMB photons scattering off DM induced
electrons and positrons (see, e.g., [45]). This is, however,
found to have a marginal effect (at most a factor of 2, and
then only for DM masses above 10 TeV and for the F' case,
so it was not included in our results of Figs. 2, 9, and 10).
Recently, it has been emphasized that various astrophysical
sources of photons, including blazars, can explain most of
the continuum photon spectrum [46]. If true, this leads to
stronger continuum photon constraints on DM decay.
Imposing that the DM induced flux cannot exceed the
difference between the observed flux and the astrophysical
contribution, as given in Fig. 1 of Ref. [46] (taking, to be
conservative, the lower edge of the blue band given in the
upper left panel of this figure) and only considering the bins
where the DM signal overshoots the observed flux, one
would improve the continuum photon bounds of Fig. 2 by
about a factor of 2.
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Our choice of the MED propagation setup [47], relevant
for the results of Figs. 2, 9, and 10, is based on the recent
preliminary AMS-02 data [48,49], which seems to be more
favored than the MIN setup. The MIN setup would give
weaker and more conservative constraints by a factor of
about 5. Furthermore, the fact that the anti-proton back-
ground is assumed to exactly match the used PAMELA data
[26] in each energy bin (following [5,50] we considered
data above 10 GeV) means that limits might be more
aggressive than if larger background uncertainties are
included. With new AMS-02 data, we also reassessed
our positron constraints (see, e.g., [51]) and concluded that
they are always weaker than our antiproton constraints
because positrons come together with W bosons, which
themselves produce antiprotons in quantity.

Regarding neutrinos, we have also ensured that the
induced continuum of low-energy neutrinos from EW
corrections does not constrain our operators more than
any other of our constraints.

APPENDIX B

Let us recall that all curves plotted in Figs. 2, 9, and 10
correspond to upper limits on the DM decay width into line
and linelike signals. The colored curves are, however,
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deduced from constraints on other induced signals (y
and p continua) by the effective operators. When these
deduced limits are weaker than direct constraints from
monochromatic line searches, they fall into the grey region.
The interpretation should be that, when this happens,
you can find a line signal without being in conflict with
other constraints. We could also translate these limits on
decay widths I" into limits on the suppression—or cutoff—
scale A of the operator. If we assume the prefactor to the
dimension-five and -six operators are 1/A and 1/A?,
respectively, the lower limits on A are those of Figs. 12,
13, and 14. These three figures are for dimension-five
operators, dimension-six operators with 2-body decays
dominating, and dimension-six operators with relevant 3-
body decays. The labeling in each plot (A, C, D, E, A, C , D
and E) are those listed in Table II and Eqgs. (21)—(24), where
it can be read off which of these limits applies to a
particular operator. The limits shown on A are from the
CR continuum (dashed curve), the neutrino-line (dotted
curve) and the gamma-line (solid curve) signals. The
figures show that, depending on the operator and mpy,
the strongest constraint can come from either of these
signals. It can be noted that all operators of the same
dimensionality give limits on A that are less than an order
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[
<)
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mpwm [GeV]

102 " EQ@b), dim5
28
10 103 10%
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FIG. 12. Lower bounds on the BSM dimentional parameter A for the dimension-five operators discussed throughout the paper.
Dashed curve: limits from p and y continuum signal searches. Solid curve: limits from gamma-line searches. Dotted curve: limits from

neutrino-line searches.
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Same as in Fig. 12, but for dimension-six operators with nonrelevant 3-body decays.
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FIG. 14. Same as in Fig. 12, but for dimension-six operators with relevant 3-body decays.
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of magnitude different from each other. For the dimension-
six operators, the limits are around the GUT scale at the
lower DM masses and rise to just below the Planck scale
at the highest masses considered. For the dimension-five
operators, limits on A are pushed towards scales higher
than 10'® GeV. From Figs. 12, 13, and 14, it is clear that
the current limits on gamma and neutrino lines can be of
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similar strength and they can both be stronger than the
limits from the continuum of CRs in the DM mass range
between about 10 and 50 TeV for some operators. That
means that you could have a detection of both lines (if
they happen to be just below current limits) without
violating any current constraints from other induced CR
signals.
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