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⌫Monochromatic flux of    : a DM smoking gun!

                Observational situation for a decay:
                     from DM annihilation or decay

�DM!⌫+X

Lifetime lower limit:
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                    between few TeV and 50 TeV,     and     line sensitivities are similar!        � ⌫ within a factor 1 to 20

                                     Above 100 TeV there are other
limits: Rott, Kohri, Park , 14’

Esmaili, Kang, Serpico 14’



⌫Monochromatic flux of    : a DM smoking gun!

                Observational situation for an annihilation:
                     from DM annihilation or decay

Annihilation cross section upper limit:
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Figure 1: Upper bounds on �v, the total DM annihilation cross section into neutrinos, as a function
of the DM mass m

DM

. Given are the experimental 90% CL limits from IceCube 2014 [13], from
IceCube 2016 [7], from Antares 2015 [14], and those we derived at 95% CL from a 2-year public
data sample of IceCube [15] following the approach considered in section II.C of Ref. [5]. Also
given are the unitarity limit in our galaxy (excluding the shaded area) and the indirect “Hess (⌫⌧ )”
limit from the production of secondary gamma-rays through radiative corrections [16]. Here we
assume self-conjugate DM. For complex or Dirac DM, the limits are a factor of two weaker.

Fig. 1 presents a compendium of the existing upper limits on the annihilation cross section
�v, as a function of DM masses m

DM

ranging from 1 to 100 TeV. The cross section �v given
on the vertical axis is defined as the sum of the cross sections into the various neutrino flavor
final states, �v ⌘

P
↵,�=e,µ,⌧ �v⌫↵⌫� . This definition is convenient because it is directly linked

to the total neutrino flux, which does not depend on how neutrinos oscillate on their way to
Earth. All the limits in this figure are given assuming an equal production of ⌫e, ⌫µ and ⌫⌧
at the source, and thus in the detector too. Under this assumption, the limits on the total
cross section di↵er by a factor of 3 from those into a single neutrino flavor, often reported
in the literature.3 The dotted and dashed-dotted curves come from two di↵erent analyses of
di↵erent samples by the IceCube collaboration, respectively [13] and [7], at the 90 % CL.
To make the comparison as fair as possible with all the other limits, we have rescaled this
limits obtained with an Einasto profile to account for a NFW profile with a local density of
0.39 GeV/cm3. The Antares collaboration has also reported 90 % CL limits on the presence

3 Going from the limit on an individual flavor cross section to the one on the total cross section is model

dependent as it requires to know the flavor structure at production. However, in practice, it is a rather

good approximation to apply such a factor of 3 in between, because neutrino oscillations approximately

lead to a flavor-democratic flux in the detector, see Section VI.

           from line dedicated 
         search using same
         1-year data sample
         than for the decay

only illustrative: based on sample of only one year and with no angular information:

annihilation signal largely peak on galactic center unlike for a decay 
n⌫ / ⇢2DM

n⌫ / ⇢DMdecay:

need also to see the galactic center with good angular resolut. 

crucial for annihilation:

h� viDMDM!⌫⌫ El Aisati, Garcia-Cely, T.H., Vanderheyden 17



                     muon track:

poor energy resolut. unless fully contained

                     cascade events:

not so good ang. resol.:

-line search from DM annihilation: need good energy ⌫
resolution and good angular resolution towards galactic center

very promising even if not as easy as for a decay and as for a    -line

⇠ 15%good energy resolut.:good angular resolut.:
⇠ 10� � 15�

⇠ 0.2� � 1�

OK to see the galactic center for good for galactic center events
starting inside events

�



What about model-building?    -line sensitivity reachable?⌫

for the decay case: easy to have an observable flux!

models based on accidental DM stability:
low energy accidental symmetry broken
at high energy as for proton decay:

DM

SM
SM

SM

M
higher dimens. operator 

�DM ⇠ m2n+1
DM

M2n

for instance for dimension 6
operator (n=2) and                    : mDM ⇠ TeV

⌧DM ⇠ 1028 sec M ⇠ MGUTfor

the decay case can be fully probed and parametrized by writing
down the full list of higher dimes. operators linear in the DM field



Decay mode example:

-line +   -line: double monochromatic smoking gun!!

DM ! ⌫ + �

⌫ �

very few possible effective operator structures up to dim-6: 

O(5)Y ⌘ L̄�µ⌫ DMFµ⌫
Y ,

O(5)L ⌘ L̄�µ⌫ DMFµ⌫
L ,

O1Y ⌘ L̄�µ⌫ DMFµ⌫
Y �,

O1L ⌘ L̄�µ⌫ DMFµ⌫
L �,

O2Y ⌘ DµL̄�⌫ DMFµ⌫
Y ,

O2L ⌘ DµL̄�⌫ DMFµ⌫
L ,

O3Y ⌘ L̄�µD⌫ DMFµ⌫
Y ,

O3L ⌘ L̄�µD⌫ DMFµ⌫
L ,

                          one dim-5 structure:

                     3 dim-6 structure:

3

and 6 are of dimension 6

O1Y ⌘ L̄�µ⌫ DMFµ⌫
Y �,  DM · � = (2,�1) (3)

O1L ⌘ L̄�µ⌫ DMFµ⌫
L �,  DM · � = (2 � 4,�1) (4)

O2Y ⌘ DµL̄�⌫ DMFµ⌫
Y ,  DM = (2,�1) (5)

O2L ⌘ DµL̄�⌫ DMFµ⌫
L ,  DM = (2/4,�1) (6)

O3Y ⌘ L̄�µD⌫ DMFµ⌫
Y ,  DM = (2,�1) (7)

O3L ⌘ L̄�µD⌫ DMFµ⌫
L ,  DM = (2/4,�1) (8)

In the above list, L represents a lepton doublet L ⌘
(⌫L, l

�
L )T of e, µ or ⌧ flavor and Fµ⌫

Y,L represent the field
strength tensors of the U(1)Y and SU(2)L gauge fields.
The (n, Y ) labels, in the second column, denote the di-
mension n and hypercharge Y that the given field (or
field combination) must have under the SU(2)L ⇥U(1)Y
group in order to guarantee gauge invariance. Whenever
we refer to the contribution of an operator, we always
mean the contribution of this operator plus the contribu-
tion of its hermitian conjugate.4 We will also assume the
operators are fully flavor democratic (but results are only
marginally a↵ected by any other assumed flavor compo-
sition).

Beside the DM field, all operator structures above only
involve SM fields, except the two operator structures of
Eqs. (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 pos-
sibilities of DM multiplets and a complete set of SU(2)L
index contractions, the operator structures above lead to
25 di↵erent e↵ective operators. These 25 operators are
listed in Table I.

There are 3 cases from the dimension 5 operators in
Eqs. (1-2) and 6 cases from the dimension 6 operators in
Eqs. (5-8). In addition, the operators involving a scalar
field in Eqs. (3-4) lead to 9 cases when � = H (where
 DM is hyperchargeless)

O1Y
H ⌘ L̄�µ⌫ DMFµ⌫

Y H,  DM = (1/3, 0) (9)

O1L
H ⌘ L̄�µ⌫ DMFµ⌫

L H,  DM = (1/3a, 6b,c,d,e,f/5, 0)(10)

and to 7 cases when � = H̃ ⌘ i�
2

H⇤ (where  DM has
Y = �2)

O1Y
˜H

⌘ L̄�µ⌫ DMFµ⌫
Y H̃,  DM = (3,�2) (11)

O1L
˜H

⌘ L̄�µ⌫ DMFµ⌫
L H̃,  DM = (36a,b,c,d,e,f/5,�2).(12)

Here, H is the SM scalar doublet with hypercharge �1,
i.e. H = (H0, H�) with H0 = (v + h+ ia

0

)/
p

2, v = 174
GeV and mh = 125 GeV. As indicated by the subscripts
{a, b, c, d, e, f}, for both O1L

H and O1L
˜H

there are various

4 That is, on top of the  DM decay channels, the hermitian con-
jugated operator induces  ̄DM decay to conjugated final states
(with identical BRs).

Operator DM field Fields contract. Operator

Structure (n-plet, Y ) (n-plet)

L̄�µ⌫ DMFµ⌫
Y (2,�1) O(5)Y

2-let

L̄�µ⌫ DMFµ⌫
L

(2,�1) O(5)L
2-let

(4,�1) O(5)L
4-let

L̄�µ⌫ DMFµ⌫
Y H

(1, 0) O1Y
H,1-let

(3, 0) O1Y
H,3-let

L̄�µ⌫ DMFµ⌫
L H

(1, 0) O1L
H,1-let

(3, 0) a: (L̄H) = 1 O1L,a
H,3-let

(3, 0) c: ( DMH) = 2 O1L,c
H,3-let

(3, 0) d: ( DMH) = 4 O1L,d
H,3-let

(3, 0) e: (L̄ DM ) = 2 O1L,e
H,3-let

(3, 0) f: (L̄ DM ) = 4 O1L,f
H,3-let

(5, 0) O1L
H,5-let)

L̄�µ⌫ DMFµ⌫
Y H̃ (3,�2) O1Y

˜H,3-let

L̄�µ⌫ DMFµ⌫
L H̃

(3,�2) b: (L̄H̃) = 3 O1L,b
˜H,3-let

(3,�2) c: ( DM H̃) = 2 O1L,c
˜H,3-let

(3,�2) d: ( DM H̃) = 4 O1L,d
˜H,3-let

(3,�2) e: (L̄ DM ) = 2 O1L,e
˜H,3-let

(3,�2) f: (L̄ DM ) = 4 O1L,f
˜H,3-let

(5,�2) O1L
˜H,5-let

DµL̄�⌫ DMFµ⌫
Y (2,�1) O2Y

2-let

DµL̄�⌫ DMFµ⌫
L

(2,�1) O2L
2-let

(4,�1) O2L
4-let

L̄�µD⌫ DMFµ⌫
Y (2,�1) O3Y

2-let

L̄�µD⌫ DMFµ⌫
L

(2,�1) O3L
2-let

(4,�1) O3L
4-let

TABLE I. The ten possible e↵ective operator structures, in-
volving only SM fields beside the DM particle, for DM ! �⌫
decay (1st column) with their allowed DM multiplets (2nd

column) and various SU(2)L index contraction possibilities
— when not unique — of the fields in the operator (3rd col-
umn). The last column labels the 25 resulting e↵ective opera-
tors (with the DM multiplet, contraction choice and included
scalar field specified in the label’s indexes).

possible operators when  DM is a triplet because various
contractions between the SU(2)L indices of the fields are
possible. The six operator setups 3a,b,c,d,e,f correspond
to the case where H and L form a singlet or a triplet,
where  DM and H form a doublet or a quadruplet and
where the  DM and L form a doublet or a quadruplet
(and correspondingly for the two remaining fields in the
operator), respectively.5 Note that for O1L

H,3-let (O1L
˜H,3-let

)

the b (a) case does not lead to a DM decay into �⌫ and

5 Only two out of these six contraction possibilities are linearly
independent (they can all be written as linear combinations of

varying over possible DM quantum numbers:

full list of operators up to quintuplet

-line and     -line correlated:�⌫
- same energy
- ratio of line intensities fixed by operator
- associated flux of cosmic rays fixed by operator and around the corner 

El Aisati, Gustafsson,TH, Scarna ‘16

for other decay channel operators see also Feldstein, Kusenko, Matsumoto, Yanagida, 13’



What about model-building?    -line sensitivity reachable?⌫

for the annihilation case: possibilities to have an observable flux!

-line sensitivity much weaker than   -line sensitivity

2 issues:

⌫ �

        not necessarily a problem because   -line can
 proceed easily at tree level unlike   -line

⌫
�

⌫future    -line sensitivity                                            will not reach  the
thermal freeze out total cross section value

h�viDM DM!⌫⌫ ⇠ few 10�25

h�vi
Tot

⇠ 3 · 10�26

this excludes an observable    -line for most models but not necessarily:⌫
need for a boost of the cross section from freeze out epoch to today

astrophysical boost particle physics boost: Sommerfeld effect

non relativistic DM particles

mediators before annihilating 
today can exchange many lighter



Determination of minimal models leading to observable    -line⌫
from DM annihilation 

for spin 0 or 1/2 DM

with DM out of single multiplet of  SU(3)c ⇥ SU(2)L ⇥ U(1)Y

with                       mediated by single mediator multipletDM DM ! ⌫⌫

DM

DM

⌫

⌫
M

DM

DM

⌫

⌫
M

which ones of these models can lead to an observable    -line from
DM annihilation through the Sommerfeld effect????

⌫

El Aisati, Garcia-Cely, TH, Vanderheyden 17

systematic study of these minimal models



Determination of minimal models leading to observable    -line⌫
from DM annihilation 

many constraints:

constraint 1: annihilation must proceed through s-wave    not to be suppressed by 
velocity powers today 

for the                          channel this excludes all scalar andDM DM ! ⌫ ⌫̄

DM DM ! ⌫ ⌫

Majorana DM models
but leaves open many possibilities in the                         channel



Determination of minimal models leading to observable    -line⌫
from DM annihilation 

many constraints:

constraint 2: direct detection constraint:

big issue for DM multiplet >

>>

>

N N

DM DM

Zwith non-zero hypercharge far too large

need to split in mass the neutral
 components of the DM multiplet

example: DM is neutral component of scalar doublet: ``inert’’ doublet
H2 =

�
H+

H0+iA0�
2

⇥

>

>>

>

N N

Z kinematically forbidden

H0 A0

if: 
possible from      
�5

>
>>

>
H1

H1 H2

H2

�5

similarly           DM Dirac fermion must be split into Majorana fermionsY 6= 0

interactionmA0 �mH0 & 100 keV



s-wave + direct detection surviving models

20 models: DM and mediator up to triplets
10

Annihilation
DM Mediator

m⌫ OK Suppressed
`+`� Model

Channel at 1-loop? by v
EW

/m
DM

?

DMDM ! ⌫⌫ Dirac

T
0

s-chann. vector S

Yes No =

F
1

T
0

t-chann. scalar D F
2

S s-chann. vector S F
3

S t-chann. scalar D F
4

DMDM ! ⌫⌫

Real Scalar

D s-chann. scalar T
2

± No

/

Sr
1

S

t-chann. Majorana

D

No

Yes Sr
2

D S No Sr
3

D T
0

No Sr
4

D T
2

Yes Sr
5

T
0

D Yes Sr
6

T
2

D Yes Sr
7

Majorana

D s-chann. scalar T
2

± No Fm
1

S

t-chann. scalar

D

No

Yes Fm
2

D S No Fm
3

D T
0

No Fm
4

D T
2

Yes Fm
5

T
0

D Yes Fm
6

T
2

D Yes Fm
7

Complex Scalar
S

t-chann. Majorana
D

Yes Yes
S
1

T
0

D S
2

Dirac
S

t-chann. scalar
D

Yes Yes
F
4

T
0

D F
2

Table I: DM models which pass the direct detection constraint and the requirement of s-wave
annihilation into neutrinos. S, D, T

0

and T
2

hold for a field which is a singlet, doublet, Y = 0
triplet and Y = 2 triplet, respectively. The models leading to too large neutrino masses have a
“No” in the column labeled m⌫ , whereas the two models which satisfy the one-loop neutrino mass-
constraint after fine tuning are indicated with “± ”. Those labeled as “Yes” in the column m⌫ do
not break lepton number and do not generate neutrino masses. The models whose annihilation into
neutrinos requires an electroweak vev insertion (with a rate suppressed by at least (v

EW

/m
DM

)4)
are indicated in the next column. These models cannot perturbatively lead to a large annihilation
cross section into neutrinos if m

DM

� v
EW

. The column `+`� specifies whether the model leads
to annihilations into charged lepton pairs. The “=” sign means that electroweak symmetry leads
to equal rates in ⌫⌫̄ and in `+`� (up to corrections proportional to the electroweak vev v

EW

). The
“/” sign holds for the case when associated charged lepton production is not present at tree level.

the real scalar or Majorona DM annihilating into ⌫⌫, except, as explained above, two models
proceeding in the s-channel (Sr

1

and F r
1

). Note that there is a one-to-one correspondence
between the list of models with the real scalar DM and that of Majorana DM. This is a
consequence of the fact that scalar or Majorana DM pairs always have total spin S = 0 and
therefore obey the various constraints in the same way.

Table I also displays which models involve an annihilation into neutrinos with a rate
proportional to powers of v

EW

/m
DM

. Notice that these models are those that violate hyper-
charge. The neutrino flux predicted by them is naturally suppressed above the electroweak
scale. One can show that for multi-TeV DM, and due to this suppression, these models do

only Dirac DM
for      channel⌫⌫̄

⌫⌫      channel 

El Aisati, Garcia-Cely, T.H., Vanderheyden ‘17
See also related table in Lindner, Merle, Niro ‘10



 mass constraint: kills many       channel possibilities⌫ ⌫⌫

constraint 3: 

example: inert doublet DM:

8

. ⌫ ⌫
�T2

++
hHihHi

.

Figure 2: Tree-level diagram leading to neutrino masses for models whose mediator is a scalar
triplet with Y = 2.

.

⌫

H0, A0

�0
⇥

+ +
hHi hHi

⌫

H0, A0

. .

⌫

�0
1, �

0
2
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+ +
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�0
1, �

0
2

.

. ⌫ ⌫
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1, �
0
2

++
hHihHi

.

Figure 3: Neutrino-mass diagrams at one loop induced by annihilations of doublet DM. The dia-
grams of the first row are finite. Those of the second row diverge and renormalize the tree-level
process of Fig. 2

.

non-vanishing hypercharge, this mass splitting can only be induced through non-
renormalizable interactions or from the adjunction of extra scalar multiplets. As
examples5, for a scalar triplet with Y = 2, a second scalar triplet with the same
hypercharge allows to write an interaction term similar to Eq. (1). For a fermionic
vector-like doublet or fermionic vector-like triplet with Y = 2, the chiral components
can be split into two Majorana fermions from higher dimensional operators involving
several SM scalar doublets (or by coupling pairs of these fermions to a scalar field with
Y = 2 or Y = 4). They lead, through electroweak symmetry breaking, to di↵erent
Majorana masses for the chiral components. Note that, in addition to assuming as
above a DM multiplet and a mediator multiplet, these cases require an extra multiplet
whose exchange or vev leads to the mass splittings.

For the ⌫⌫̄ channel, this criterion eliminates all Dirac DM candidates with non-
vanishing hypercharge because splitting the mass of the neutral components converts
DM into Majorana fermions, which annihilate into ⌫⌫̄ via its p-wave. Thus, for this
channel only hyperchargeless singlet or triplet Dirac candidates are viable.

Note that this direct-detection constraint also explains why at tree level one needs a
mediator beyond the SM to produce monochromatic neutrinos, as stated in assumption
(i). Without any new mediator, the annihilation into neutrinos at tree level can only

5 For other examples in the context of left-right symmetric DM models, see Ref. [18]

gg

�5
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constraint 3: 
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non-vanishing hypercharge, this mass splitting can only be induced through non-
renormalizable interactions or from the adjunction of extra scalar multiplets. As
examples5, for a scalar triplet with Y = 2, a second scalar triplet with the same
hypercharge allows to write an interaction term similar to Eq. (1). For a fermionic
vector-like doublet or fermionic vector-like triplet with Y = 2, the chiral components
can be split into two Majorana fermions from higher dimensional operators involving
several SM scalar doublets (or by coupling pairs of these fermions to a scalar field with
Y = 2 or Y = 4). They lead, through electroweak symmetry breaking, to di↵erent
Majorana masses for the chiral components. Note that, in addition to assuming as
above a DM multiplet and a mediator multiplet, these cases require an extra multiplet
whose exchange or vev leads to the mass splittings.

For the ⌫⌫̄ channel, this criterion eliminates all Dirac DM candidates with non-
vanishing hypercharge because splitting the mass of the neutral components converts
DM into Majorana fermions, which annihilate into ⌫⌫̄ via its p-wave. Thus, for this
channel only hyperchargeless singlet or triplet Dirac candidates are viable.

Note that this direct-detection constraint also explains why at tree level one needs a
mediator beyond the SM to produce monochromatic neutrinos, as stated in assumption
(i). Without any new mediator, the annihilation into neutrinos at tree level can only

5 For other examples in the context of left-right symmetric DM models, see Ref. [18]

gg

�5
minimum value from 

         direct detection constraint

too large neutrino masses! m⌫ & 100 keV

El Aisati, Garcia-Cely, T.H., Vanderheyden ‘17

         minimum value to get 
       an observable   -line⌫



s-wave + direct detection +     mass surviving models

8 models: DM and mediator up to triplets
10

Annihilation
DM Mediator

m⌫ OK Suppressed
`+`� Model

Channel at 1-loop? by v
EW

/m
DM

?

DMDM ! ⌫⌫ Dirac

T
0

s-chann. vector S

Yes No =

F
1

T
0

t-chann. scalar D F
2

S s-chann. vector S F
3

S t-chann. scalar D F
4

DMDM ! ⌫⌫

Real Scalar

D s-chann. scalar T
2

± No

/

Sr
1

S

t-chann. Majorana

D

No

Yes Sr
2

D S No Sr
3

D T
0

No Sr
4

D T
2

Yes Sr
5

T
0

D Yes Sr
6

T
2

D Yes Sr
7

Majorana

D s-chann. scalar T
2

± No Fm
1

S

t-chann. scalar

D

No

Yes Fm
2

D S No Fm
3

D T
0

No Fm
4

D T
2

Yes Fm
5

T
0

D Yes Fm
6

T
2

D Yes Fm
7

Complex Scalar
S

t-chann. Majorana
D

Yes Yes
S
1

T
0

D S
2

Dirac
S

t-chann. scalar
D

Yes Yes
F
4

T
0

D F
2

Table I: DM models which pass the direct detection constraint and the requirement of s-wave
annihilation into neutrinos. S, D, T

0

and T
2

hold for a field which is a singlet, doublet, Y = 0
triplet and Y = 2 triplet, respectively. The models leading to too large neutrino masses have a
“No” in the column labeled m⌫ , whereas the two models which satisfy the one-loop neutrino mass-
constraint after fine tuning are indicated with “± ”. Those labeled as “Yes” in the column m⌫ do
not break lepton number and do not generate neutrino masses. The models whose annihilation into
neutrinos requires an electroweak vev insertion (with a rate suppressed by at least (v

EW

/m
DM

)4)
are indicated in the next column. These models cannot perturbatively lead to a large annihilation
cross section into neutrinos if m

DM

� v
EW

. The column `+`� specifies whether the model leads
to annihilations into charged lepton pairs. The “=” sign means that electroweak symmetry leads
to equal rates in ⌫⌫̄ and in `+`� (up to corrections proportional to the electroweak vev v

EW

). The
“/” sign holds for the case when associated charged lepton production is not present at tree level.

the real scalar or Majorona DM annihilating into ⌫⌫, except, as explained above, two models
proceeding in the s-channel (Sr

1

and F r
1

). Note that there is a one-to-one correspondence
between the list of models with the real scalar DM and that of Majorana DM. This is a
consequence of the fact that scalar or Majorana DM pairs always have total spin S = 0 and
therefore obey the various constraints in the same way.

Table I also displays which models involve an annihilation into neutrinos with a rate
proportional to powers of v

EW

/m
DM

. Notice that these models are those that violate hyper-
charge. The neutrino flux predicted by them is naturally suppressed above the electroweak
scale. One can show that for multi-TeV DM, and due to this suppression, these models do

⌫

            possible only 
for

                not to induce
         too large 

              flux because 
                these models 

       predict

mDM & TeV

l+l�

�⌫⌫̄ = �l+l�

                     possible only 
           for

                due to 
                           perturbativity:

constraint 4

constraint 6

mDM . TeV

                   excluded: give too
                 many diffuse

                            or too intense   -line
W+W�

�
constraint 5
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-line cross section results including Sommerfeld effect⌫

example: model     : a          fermion DM triplet  + a scalar doublet mediatorF2 Y = 0

Sommerfeld for free and known: E-W interactions as models  
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-line cross section results including Sommerfeld effect⌫

example: model     : a          fermion DM triplet  + a scalar doublet mediatorF2 Y = 0
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Figure 4: The DM annihilation cross section into neutrinos of all flavors (black) for models F
1

(top)
and F

2

(bottom) as a function of the DM mass. For these models, the cross sections into charged
lepton are given by the same curves. For model F

1

, we also show the cross section into only one
flavor (gray). The parameters indicated in the upper left corners have been used to calculate the
coupling (top axis) that leads to the observed relic density according to Eq. (A20) or (A19). The
purple region corresponds to Q↵D > 1 or y2 > 4⇡. Left panel: annihilations in the Milky Way,
assuming a DM relative velocity of v ⇡ 2⇥10�3c. We show the most stringent limits from IceCube
and Antares data (see Fig. 1). The limits for charged leptons are from HESS [4] and correspond to
ten years of observation of the galactic center. All the cross sections and experimental limits are
given for a NFW profile. The unitarity limit is the classical result from Ref. [26]. Right panel: Same
as the left panel, but for dwarf galaxies for which we assume v ⇡ 10�5c. The limits on charged
leptons consist of a combination of MAGIC and Fermi-LAT observations of dwarf galaxies [27] .
All the limits in this figure have been rescaled to account for the fact that we are considering Dirac
DM instead of the usual self-conjugate DM.

Unless one lies around a peak, the cross sections reported in Fig. 4 are typically below
the present neutrino-telescope limits. In fact, these cross sections could reasonably be
probed in the future by them.

However, one must still check whether these two models do not lead to too large
fluxes of cosmic rays. The strongest cosmic-ray constraint is associated to charged

�⌫⌫̄ = �l+l�

constraint 4

charged lepton 
flux constraint

all fluxes predicted:   -line and associated charged lepton flux around the corner⌫

discrimination of the models

El Aisati, Garcia-Cely,
   T.H., Vanderheyden ‘17



-line cross section results including Sommerfeld effect⌫

other example: model     : a          fermion DM singlet  + a scalar doublet med.Y = 0

           Sommerfeld requires extra 
light BSM mediator

          -line is predicted as a function of 
            of           and                     coupling

              and Som. mediator mass and coupling
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Figure 7: DM annihilation cross section into neutrinos of all flavors for model F
4

as a function of
the DM mass and the coupling inducing the Sommerfeld e↵ect. For these models, this cross section
also gives the total annihilation cross section into charged leptons. This cross section is here given
for an annihilations in the Milky Way, assuming a DM relative velocity of v ⇡ 2 ⇥ 10�3c. The
blue dotted (dashed) lines are the limits for µ+µ� (⌧+⌧�) final states from HESS [4] under the
assumption of a NFW profile and correspond to ten years of observation of the galactic center. All
the limits in this figure have been rescaled to account for the fact that we are considering Dirac
DM.

B. Models S
1

and S
2

As discussed in Section III, models S
1

and S
2

lead to annihilation cross sections that are
suppressed by powers of v

EW

/m
DM

. Therefore, they are viable models for neutrino lines
only below the TeV scale. These models, as Sr

1

and Fm
1

, have the interesting property of
not leading to an equal production of charged leptons and neutrinos. For models S

1

and S
2

,
this is in in fact a necessary condition because, as already said above, charged-lepton limits
at low scales reach sensitivities that neutrino telescopes will not reach before long.

At such low masses, the electroweak Sommerfeld e↵ect does not take place, even for
model S

2

whose DM candidate belongs to a SU(2)L triplet. Thus, as for models F
3,4, an

additional light mediator is required to induce the Sommerfeld e↵ect. Such a mediator can
be a scalar or a vector boson. In both cases, DM annihilations into the mediator proceed via
the s-wave and they must therefore be considered at freeze-out and in DM halos. Moreover,
if the mediator dominantly decayed into charged fermions or photons, the annihilation into
monochromatic neutrinos would not be the prime signature of these scenarios.

El Aisati, Garcia-Cely, 
   T.H., Vanderheyden ‘17



-line flavor composition⌫

further possibility of model discrimination 

neutrinos are produced as mass eigenstates

example: model      : real scalar DM from doublet + scalar            triplet mediatorSr
1 Y = 2

a type-II seesaw state
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Figure 9: Flavor composition of the neutrino lines in the detector for the di↵erent models under
consideration in this work. In the case of model Sr

1

, the flavor composition depends on the neutrino
parameters that we take from Ref. [35] at 3� (1�) in blue (green). In addition, the blue-color
gradient refers to the mass of the lightest neutrino (the darker the color, the lighter the mass).

detector that neutrinos of astrophysical origin can also give. On the contrary, in the case
of normal hierarchy, the flavor composition does not mimic astrophysical neutrinos in most
cases. All this discussion is completely analogous to the case of a majoron decaying into
neutrinos, as recently studied in Ref. [36].

VII. BEYOND THE BASIC PICTURE

So far, to determine the list of models that could lead to a large emission of monochromatic
neutrinos today, we have made a series of standard minimal assumptions on the structure
of the DM model, see (i)–(iii) in Section III. In this section we discuss how, by relaxing
these assumptions—that is to say by complicating the DM scenario—one could enlarge the
possibilities of having an observable flux.

A. Beyond triplets

In the basic setup considered above, assumption (ii) allows for DM and mediator multi-
plets up to triplets. It is not di�cult to generalize this to higher representations. In Table I,
any DM or mediator that transforms as a doublet can be replaced by a 4-plet, 6-plet, etc.

flavour flux composition outside oscillation region

El Aisati, Garcia-Cely, TH, Vanderheyden ‘17
Garcia-Cely, Heeck ‘16



Summary

 

Summary

  large improvement of sensitivity to be expected soon!!

    -telescope search for a line:

                                                                DM decay case:    -   and     line sensitivities of same order in multiTeV range

DM ! � + ⌫

                                                                simple specific models leading to observable    -line do

                                                                possibilities of model discrimination from   -line energy,

⌫

                                                                overall picture remains true beyond minimal models

�⌫

- many models could lead to observable   -line⌫

                                                                DM annihilation case:    -   -line sensitivity <<    -line sensitivity
-   -line sensitivity doesn’t reach freeze out value

⌫

                                                                exist thanks to Sommerfeld effect and can be studied in
                                                                in a systematic way

⌫ �

⌫

                                                                intensity and flavor composition and associated diffuse 
⌫

                                                                cosmic ray emission

including for interesting                     scenario







Monochromatic flux of     : DM smoking gun

flux and direction basically
                no astrophysical background

     very active experimental field: 
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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FIG. 3. Flux upper limits on spectral features arising from
the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, ⟨σv⟩χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on ⟨σv⟩χχ→γγ . Limits are obtained in a neutralino
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Indirect detection of WIMPs
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Figure 1. Illustration of the volumes in the solar neigbourhood entering the
calculation of the average boost factor in the dark matter halo. Here we have in
mind a dark matter particle of mass around 100 GeV annihilating into, from left to
right, positrons, antiprotons, and gamma-rays. The difference in size for antiprotons
and positrons depends on the different energy loss properties, as positrons at these
energies radiate through synchrotron and inverse Compton emission much faster than
do antiprotons.

the influence of baryons could give an enhanced density through adiabatic contraction

processes).

The computation of the boost factor in realistic astrophysical and particle physics

scenarios is a formidable task, which has so far only been partially addressed. It may be
anticipated that this will be one of the main problem areas of future indirect detection

studies of dark matter. For direct detection, there is no corresponding enhancement of

the scattering rate. However, the detailed small-scale structure of the local region of

the dark matter halo may play a role [21].

1.2. Axions

Although at times not very much in focus of dark matter phenomenologists and

experimentalists, the axion remains one of the earliest suggestions of a viable particle

candidate for dark matter, and in fact one of the most attractive. This is not least due

to the fact that its existence was motivated by solving the strong CP problem in particle

physics, and its possible role for dark matter comes as an extra bonus. A disadvantage

in the cosmological context is, however, that the axion needed to solve the CP problem
only solves the dark matter problem for a small range of masses – thus some fine-tuning

Fig.: Bergström, NJP ’09

Total flux:

(still) important to include realistic value for         !Mcut

“Boost factor”!
each decade in Msubhalo contributes roughly the same!

depends on uncertain form of microhalo profile (     ...) and       
(large extrapolations necessary!)

cv dN/dM
e.g. Diemand, Kuhlen & Madau, ApJ ’07

e+ p̄ �

                unaffected during propagation

                     from DM annihilation or decay

from Bergström,  NJP 09

Fermi-LAT, HESS, CTA,
Gamma400, Dampe, …

See also recent Hawc results



Decay bound from Icecube details



:    flux expected in detector for a given lifetime
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Extragalactic component: 
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Number of events expected in detector for a given lifetime
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Double smoking gun scenario: details 



Systematic study of                       double smoking gun scenario: EFT

                     very slow decay: could be natural if the mediator inducing it
                            is heavy, similar to proton case

Leff =
X

i

cdim�5
i

⇤UV
Odim�5

i +
X

i

cdim�6
i

⇤2
UV

Odim�6
i + ...

                     very few operators: O(5)Y ⌘ L̄�µ⌫ DMFµ⌫
Y ,

O(5)L ⌘ L̄�µ⌫ DMFµ⌫
L ,

O1Y ⌘ L̄�µ⌫ DMFµ⌫
Y �,

O1L ⌘ L̄�µ⌫ DMFµ⌫
L �,

O2Y ⌘ DµL̄�⌫ DMFµ⌫
Y ,

O2L ⌘ DµL̄�⌫ DMFµ⌫
L ,

O3Y ⌘ L̄�µD⌫ DMFµ⌫
Y ,

O3L ⌘ L̄�µD⌫ DMFµ⌫
L ,

                     one dim-5 structure:

                     3 dim-6 structure:

DM ! ⌫ + �

                     stability due to accidental symmetry
                     a dim-6 operator mediated by 

         GUT scale gives: ⌧DM ⇠ 1028 sec

                     a 2-body radiative decay of a 
                                     neutral particle is anyway given by 

                                 non-renormalizable interactions



                     taking into account possible DM quantum numbers DM can 
                     be a singlet, doublet, triplet, 

                  quadruplet or quintuplet

3

and 6 are of dimension 6

O1Y ⌘ L̄�µ⌫ DMFµ⌫
Y �,  DM · � = (2,�1) (3)

O1L ⌘ L̄�µ⌫ DMFµ⌫
L �,  DM · � = (2 � 4,�1) (4)

O2Y ⌘ DµL̄�⌫ DMFµ⌫
Y ,  DM = (2,�1) (5)

O2L ⌘ DµL̄�⌫ DMFµ⌫
L ,  DM = (2/4,�1) (6)

O3Y ⌘ L̄�µD⌫ DMFµ⌫
Y ,  DM = (2,�1) (7)

O3L ⌘ L̄�µD⌫ DMFµ⌫
L ,  DM = (2/4,�1) (8)

In the above list, L represents a lepton doublet L ⌘
(⌫L, l

�
L )T of e, µ or ⌧ flavor and Fµ⌫

Y,L represent the field
strength tensors of the U(1)Y and SU(2)L gauge fields.
The (n, Y ) labels, in the second column, denote the di-
mension n and hypercharge Y that the given field (or
field combination) must have under the SU(2)L ⇥U(1)Y
group in order to guarantee gauge invariance. Whenever
we refer to the contribution of an operator, we always
mean the contribution of this operator plus the contribu-
tion of its hermitian conjugate.4 We will also assume the
operators are fully flavor democratic (but results are only
marginally a↵ected by any other assumed flavor compo-
sition).

Beside the DM field, all operator structures above only
involve SM fields, except the two operator structures of
Eqs. (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 pos-
sibilities of DM multiplets and a complete set of SU(2)L
index contractions, the operator structures above lead to
25 di↵erent e↵ective operators. These 25 operators are
listed in Table I.

There are 3 cases from the dimension 5 operators in
Eqs. (1-2) and 6 cases from the dimension 6 operators in
Eqs. (5-8). In addition, the operators involving a scalar
field in Eqs. (3-4) lead to 9 cases when � = H (where
 DM is hyperchargeless)

O1Y
H ⌘ L̄�µ⌫ DMFµ⌫

Y H,  DM = (1/3, 0) (9)

O1L
H ⌘ L̄�µ⌫ DMFµ⌫

L H,  DM = (1/3a, 6b,c,d,e,f/5, 0)(10)

and to 7 cases when � = H̃ ⌘ i�
2

H⇤ (where  DM has
Y = �2)

O1Y
˜H

⌘ L̄�µ⌫ DMFµ⌫
Y H̃,  DM = (3,�2) (11)

O1L
˜H

⌘ L̄�µ⌫ DMFµ⌫
L H̃,  DM = (36a,b,c,d,e,f/5,�2).(12)

Here, H is the SM scalar doublet with hypercharge �1,
i.e. H = (H0, H�) with H0 = (v + h+ ia

0

)/
p

2, v = 174
GeV and mh = 125 GeV. As indicated by the subscripts
{a, b, c, d, e, f}, for both O1L

H and O1L
˜H

there are various

4 That is, on top of the  DM decay channels, the hermitian con-
jugated operator induces  ̄DM decay to conjugated final states
(with identical BRs).

Operator DM field Fields contract. Operator

Structure (n-plet, Y ) (n-plet)

L̄�µ⌫ DMFµ⌫
Y (2,�1) O(5)Y

2-let

L̄�µ⌫ DMFµ⌫
L

(2,�1) O(5)L
2-let

(4,�1) O(5)L
4-let

L̄�µ⌫ DMFµ⌫
Y H

(1, 0) O1Y
H,1-let

(3, 0) O1Y
H,3-let

L̄�µ⌫ DMFµ⌫
L H

(1, 0) O1L
H,1-let

(3, 0) a: (L̄H) = 1 O1L,a
H,3-let

(3, 0) c: ( DMH) = 2 O1L,c
H,3-let

(3, 0) d: ( DMH) = 4 O1L,d
H,3-let

(3, 0) e: (L̄ DM ) = 2 O1L,e
H,3-let

(3, 0) f: (L̄ DM ) = 4 O1L,f
H,3-let

(5, 0) O1L
H,5-let)

L̄�µ⌫ DMFµ⌫
Y H̃ (3,�2) O1Y

˜H,3-let

L̄�µ⌫ DMFµ⌫
L H̃

(3,�2) b: (L̄H̃) = 3 O1L,b
˜H,3-let

(3,�2) c: ( DM H̃) = 2 O1L,c
˜H,3-let

(3,�2) d: ( DM H̃) = 4 O1L,d
˜H,3-let

(3,�2) e: (L̄ DM ) = 2 O1L,e
˜H,3-let

(3,�2) f: (L̄ DM ) = 4 O1L,f
˜H,3-let

(5,�2) O1L
˜H,5-let

DµL̄�⌫ DMFµ⌫
Y (2,�1) O2Y

2-let

DµL̄�⌫ DMFµ⌫
L

(2,�1) O2L
2-let

(4,�1) O2L
4-let

L̄�µD⌫ DMFµ⌫
Y (2,�1) O3Y

2-let

L̄�µD⌫ DMFµ⌫
L

(2,�1) O3L
2-let

(4,�1) O3L
4-let

TABLE I. The ten possible e↵ective operator structures, in-
volving only SM fields beside the DM particle, for DM ! �⌫
decay (1st column) with their allowed DM multiplets (2nd

column) and various SU(2)L index contraction possibilities
— when not unique — of the fields in the operator (3rd col-
umn). The last column labels the 25 resulting e↵ective opera-
tors (with the DM multiplet, contraction choice and included
scalar field specified in the label’s indexes).

possible operators when  DM is a triplet because various
contractions between the SU(2)L indices of the fields are
possible. The six operator setups 3a,b,c,d,e,f correspond
to the case where H and L form a singlet or a triplet,
where  DM and H form a doublet or a quadruplet and
where the  DM and L form a doublet or a quadruplet
(and correspondingly for the two remaining fields in the
operator), respectively.5 Note that for O1L

H,3-let (O1L
˜H,3-let

)

the b (a) case does not lead to a DM decay into �⌫ and

5 Only two out of these six contraction possibilities are linearly
independent (they can all be written as linear combinations of

(with� = H or

¯H)

Systematic study of                       double smoking gun scenario: EFTDM ! ⌫ + �



Operator predictions: line energies and intensities

                     1) same line energies

                     1I) correlated line intensities: more    than �⌫

                     gauge invariance: FY
µ⌫ orF

L
µ⌫ DM ! ⌫�, ⌫Z, lW

                     if operator has a        and                       : FY
µ⌫

FL
µ⌫

mDM >> mZ

mDM >> mZ

n⌫

n�
=

1

cos

2 ✓W
= 1.3

                     if operator has a        and                       : n⌫

n�
=

1

sin2 ✓W
= 4.3

                     if combination of operators:                and of order 1 unless tuning n⌫

n�
� 1



Operator predictions: additional continuum fluxes of cosmic rays

                                                                         It turns out that all operators can give only 5 possible line intensity to 
CR number ratios

A : R�/CR = cos

2 ✓W /(sin2 ✓W · nCR/Z),

C : R�/CR = sin

2 ✓W /(cos2 ✓W · nCR/Z),

D,E, F : R�/CR =

sin

2 ✓W
cos

2 ✓W · nCR/Z + cW · (nCR/W+l� + nCR/W�l+)

5

DM field Operator Prediction

n-plet, Y R⌫/� R�/CR

1 0
O1Y

H 1.3 A

O1L
H 4.3 E

2 -1
O(5)Y , O2Y , O3Y 1.3 A

O(5)L, O2L, O3L 4.3 E

3 0

O1Y
H 1.3 A

O1L,a
H 4.3 C

O1L,d
H , O1L,f

H 4.3 D

O1L,c
H , O1L,e

H 4.3 E

3 -2

O1Y
˜H

1.3 A

O1L,e
˜H

4.3 C

O1L,b
˜H

, O1L,d
˜H

4.3 D

O1L,c
˜H

4.3 E

O1L,f
˜H

4.3 F

4 -1 O(5)L, O2L, O3L 4.3 D

5 0 O1L
H 4.3 D

5 -2 O1L
˜H

4.3 D

TABLE II. Predicted phenomenology of the possible DM se-
tups from all the e↵ective operators that give DM ! �⌫
decays. R⌫/� gives the ⌫- to �-line intensity ratio and R�/CR

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 1st column). These are the pre-
dictions from DM decays into 2-body final states. For DM
masses above ⇠ 4 TeV, the predictions from the operators
including a H or H̃ are modified by 3-body decays, and these
are studied in Section IV.

W±l⌥,

D,E, F : R�/CR =

sin2 ✓W
cos2 ✓W · nCR/Z + cW · (nCR/W+l� + nCR/W�l+)

,(20)

with cW = 1/4, 1, 9/4 for the D, E and F ratio respec-
tively.

These A, 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�/CR ratios each of the 25 operator
setups gives. For each possible DM field representation,
the table lists the possible e↵ective operators together
with their corresponding R⌫/� line ratio (2 possible) and
line to CR continuum R�/CR ratio (5 possible) predic-
tions. 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 FL field strength.7

7 Note that if in Eqs. (3)-(4), the � field is not the SM scalar

FIG. 2. 95% CL limits on DM decay rates to monochromatic
gamma-ray lines. Excluded regions from direct line searches
[4–6] (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 [23], and solid curves from gamma-ray data [24]). Shown
are the bounds we get for the A, C, D, E, F ratios given
in Eqs. (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.

The colored lines in Fig. 2 show the corresponding up-
per bounds on the decay width into monochromatic pho-
tons, �( DM ! ⌫�), obtained by imposing that the as-
sociated fluxes of CRs (antiprotons and continuum pho-
tons) induced by each operator do not exceed the obser-
vational bound on these CR fluxes. The antiproton (con-
tinuum photon) constraints give the best limit for mDM

below (above) ⇠ 5 TeV. For the operators of Eqs. (1)-(2)
and (5)-(8), these bounds are valid up to the contribu-
tion of decays with 3 or more bodies in the final state.
These extra 3-body contributions can, however, be safely
neglected because the branching ratios (BRs) of these
channels are phase-space suppressed. For the operators
of (3)-(4) (and hence Eqs. (9)-(12)) these bounds are also
reliable, unless mDM � v�, with v� the vacuum expec-
tation value of the � field. If mDM � v�, the 3-body
contribution is no longer subleading, see Section IV be-

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 to note that whatever
the multiplet is, the operators of Eqs. (3) and (4) cannot give a
R�/CR ratio larger than the A and C ratio respectively.

cW =
1

4
, 1,

9

4

Z, W, l produce p̄, �D, e±, ...

                                                                         operators with a       :FY
µ⌫

                                                                         operators with a       :FL
µ⌫

only DM ! �⌫, Z⌫ channels

DM ! �⌫, Z⌫,W l channels



                                                                         upper bound on  -line intensity from imposing that associated CR flux 
                  doesn’t exceed observed ones

�
5

DM field Operator Prediction

n-plet, Y R⌫/� R�/CR

1 0
O1Y

H 1.3 A

O1L
H 4.3 E

2 -1
O(5)Y , O2Y , O3Y 1.3 A

O(5)L, O2L, O3L 4.3 E

3 0

O1Y
H 1.3 A

O1L,a
H 4.3 C

O1L,d
H , O1L,f

H 4.3 D

O1L,c
H , O1L,e

H 4.3 E

3 -2

O1Y
˜H

1.3 A

O1L,e
˜H

4.3 C

O1L,b
˜H

, O1L,d
˜H

4.3 D

O1L,c
˜H

4.3 E

O1L,f
˜H

4.3 F

4 -1 O(5)L, O2L, O3L 4.3 D

5 0 O1L
H 4.3 D

5 -2 O1L
˜H

4.3 D

TABLE II. Predicted phenomenology of the possible DM se-
tups from all the e↵ective operators that give DM ! �⌫
decays. R⌫/� gives the ⌫- to �-line intensity ratio and R�/CR

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 1st column). These are the pre-
dictions from DM decays into 2-body final states. For DM
masses above ⇠ 4 TeV, the predictions from the operators
including a H or H̃ are modified by 3-body decays, and these
are studied in Section IV.

W±l⌥,

D,E, F : R�/CR =

sin2 ✓W
cos2 ✓W · nCR/Z + cW · (nCR/W+l� + nCR/W�l+)

,(20)

with cW = 1/4, 1, 9/4 for the D, E and F ratio respec-
tively.

These A, 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�/CR ratios each of the 25 operator
setups gives. For each possible DM field representation,
the table lists the possible e↵ective operators together
with their corresponding R⌫/� line ratio (2 possible) and
line to CR continuum R�/CR ratio (5 possible) predic-
tions. 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 FL field strength.7

7 Note that if in Eqs. (3)-(4), the � field is not the SM scalar

103 104

mDM [GeV]

10�30

10�29

10�28

10�27

10�26

�
[s

�1
]

A, p̄
A, �

C, p̄
C, �

D, p̄

D, �

E, p̄
E, �

F, p̄
F, �

FIG. 2. 95% CL limits on DM decay rates to monochromatic
gamma-ray lines. Excluded regions from direct line searches
[4–6] (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 [23], and solid curves from gamma-ray data [24]). Shown
are the bounds we get for the A, C, D, E, F ratios given
in Eqs. (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.

The colored lines in Fig. 2 show the corresponding up-
per bounds on the decay width into monochromatic pho-
tons, �( DM ! ⌫�), obtained by imposing that the as-
sociated fluxes of CRs (antiprotons and continuum pho-
tons) induced by each operator do not exceed the obser-
vational bound on these CR fluxes. The antiproton (con-
tinuum photon) constraints give the best limit for mDM

below (above) ⇠ 5 TeV. For the operators of Eqs. (1)-(2)
and (5)-(8), these bounds are valid up to the contribu-
tion of decays with 3 or more bodies in the final state.
These extra 3-body contributions can, however, be safely
neglected because the branching ratios (BRs) of these
channels are phase-space suppressed. For the operators
of (3)-(4) (and hence Eqs. (9)-(12)) these bounds are also
reliable, unless mDM � v�, with v� the vacuum expec-
tation value of the � field. If mDM � v�, the 3-body
contribution is no longer subleading, see Section IV be-

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 to note that whatever
the multiplet is, the operators of Eqs. (3) and (4) cannot give a
R�/CR ratio larger than the A and C ratio respectively.
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                                                                         clear possibilities to have double monochromatic DM 
                                                                   evidence + observation of associated CR excess!

Operator predictions: additional continuum fluxes of cosmic rays
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 DM ! ⌫�h, ⌫�ZL, l�WL, ⌫Zh, ⌫ZZL, lZWL, lWh, lWZL, ⌫WWL

                                additional cosmic rays

3-body channel consequences
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                                additional    sharp spectral features�
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                                additional    sharp spectral features!⌫

                                must be looked for by Icecube too!

DM ! ⌫ � h                               : similar to internal bremsstrahlung DM ! ⌫ � h                               : “neutrino internal bremsstrahlung”



Summing 2 and 3 body sharp feature    and   � ⌫
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Summing 2 and 3 body sharp feature    and     : upper limits� ⌫
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                                Upper limits on    spectral sharp feature intensity:                                Upper limits on     spectral sharp feature intensity:� ⌫
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                                                                         clear possibilities to have double monochromatic DM 
                                                                   evidence + observation of associated CR excess!

                                                                        and to distinguish classes of operators and scenarios


