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Abstract: If a γ-ray line is observed in the near future, it will be important to determine

what kind of dark matter (DM) particle could be at its origin. We investigate the possibility

that the γ-ray line would be induced by a slow DM particle decay associated to the fact

that the DM particle would not be absolutely neutral. A “millicharge” for the DM particle

can be induced in various ways, in particular from a kinetic mixing interaction or through

the Stueckelberg mechanism. We show that such a scenario could lead in specific cases

to an observable γ-ray line. This possibility can be considered in a systematic model-

independent way, by writing down the corresponding effective theory. This allows for a

multi-channel analysis, giving in particular upper bounds on the intensity of the associated

γ-ray line from cosmic rays emission. Our analysis includes the possibility that in the two-

body decay the photon is accompanied with a neutrino. We show that, given the stringent

constraints which hold on the millicharge of the neutrinos, this is not an option, except if

the DM particle mass lies in the very light KeV-MeV range, allowing for a possibility of

explanation of the recently claimed, yet to be confirmed, ∼ 3.5 KeV X-ray line.
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1 Introduction

One of the most promising “smoking-gun” signals for establishing the existence of the dark

matter particle is the possible observation of a sharp cosmic γ-ray line from dark matter

annihilation or decay [1–3]. The forthcoming Cherenkov telescopes [4], the current Fermi

large area telescope [5] and the HESS instrument [6] will allow to probe this possibility

with further sensitivity. If such a signal is observed in the near future, the question of the

identification of the DM particle that could have caused it will become crucial. Such a signal

could be induced through annihilation, coannihilation or decay. For all these scenarios, it

is generally assumed that the photon is emitted through the loop of a charged particle.

Beside this general class of models, there exist other ways along which DM could emit

monochromatic photons. One possibility consists in assuming that the γ-ray line is due to

a Z − Z ′ − γ Chern-Simons interaction [7]. Another possibility, much less studied, would

be to consider a photon directly emitted by the DM particle. This is a priori perfectly

possible if DM is not exactly neutral, but is millicharged. For an annihilation such a
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possibility is not much of an option because the associated γ-ray line would be in general

suppressed with respect to the total cross section, by the square of the millicharge. Given

the constraints there are on the total cross section (in particular from the relic density in

the thermal freezeout scenario), this would lead to a signal sizeably smaller than present

or near future sensitivities. Instead for a decay, there is a priori more freedom because the

decay lifetime is not so directly constrained by the relic density. In this work we consider

such a decay possibility.

In the following we will first consider the two main frameworks that can in a simple

way justify a millicharge for the DM particle, kinetic mixing and Stueckelberg scenarios

(modulo the problem of generating a sufficiently small fractional charge in the second

option, see comment in section 2.2 below). In such scenarios, in order to justify that the

DM particle would have a slow decay, we assume that its stability is due to an accidental

symmetry that, being accidental, would be naturally broken by any UV physics. Along

these lines, the decay is naturally slow because suppressed by powers of the UV scale, just

as expected for the proton. The appropriate language to consider in a model-independent

way the possibility of a slow decay is therefore the one of the higher-dimensional operator

effective theory. Unlike for an annihilation, the use of an effective theory for a decay is fully

justified since one expects a clear scale separation. Consequently, such an effective theory

allows for a systematic study of possibilities. We will determine all dimension-five and

dimension-six operators that can lead to a two-body radiative decay from a millicharged

fermion, scalar or vector DM particle. These operators come in addition to the effective

operators which can lead to a γ-ray line in the case where DM would be exactly neutral,

given and studied in ref. [8]. The former operators involve a covariant derivative of the

millicharged field, whereas the latter ones can involve a photon only from the presence of

a hypercharge or SU(2)L field strength FµνY,L in the operator.

In the following, we will perform a detailed analysis of the constraints that hold on the

various “millicharged operators” for the fermionic DM case. The scalar and vector cases

will be discussed more briefly before concluding. A simple constraint that turns out to be

relevant in some cases is that the DM particle lifetime should be larger than the age of the

Universe. Another one concerns the emission of cosmic rays (CR) that could be associated

to the one of the photon, either from the particle that accompanies the photon in the decay

final state, or from other decays that the effective operator unavoidably predicts on top

of the radiative one. Gauge invariance in particular predicts decays where the photon is

replaced by a Z. If the electromagnetic coupling to the Z is not millicharge suppressed, the

flux of cosmic rays produced is much larger than the flux of monochromatic photons. In

particular, if the particle accompanying the photon in the final state is a neutrino, which

is the only Standard Model (SM) particle possibility (a decay of special interest being

“poly-monochromatic”, i.e. monochromatic for both types of cosmic rays that are the less

affected while propagating), we will see that an observable γ-ray line is not an option,

unless the DM mass is quite low. Therefore, except for this case, the possibilities we will

find point towards multi-component DM scenarios. Other constraints are related to the

fact that along the Stueckelberg scenario the DM particle is charged under a new U(1)′

gauge group, which may be at the origin of the unsuppressed emission of the associated Z ′.
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2 Three millicharged frameworks

A millicharge for a particle can either be postulated as just so (from assuming an hyper-

charge such that Q = T3 + Y/2 is small) or induced from a dynamical process, typically

a small mixing parameter between the SM hypercharge gauge boson and a new U(1)′

gauge boson.

The first option requires another particle to carry just so the same millicharge in such a

way that the DM particle can decay into it. For the more appealing second option, one can

point out two simple scenarios, depending on whether the U(1)′ gauge boson is massless

or massive.

2.1 Massless scenario: millicharge from kinetic mixing

In the massless case, a millicharge is induced for an originally neutral particle if the un-

broken U(1)′ gauge boson kinetically mixes with the hypecharge gauge group [9, 10],

L 3 −ε
2
FY µνF

′µν . (2.1)

Applying first a non-unitary transformation to get rid of this non-canonical kinetic term,

one can always in a second step rotate both gauge boson fields with a unitary transformation

because both gauge bosons are massless. There is therefore some arbitrariness in defining

both fields. We make the convenient choice to go to the basis where the state which is

essentially the hypercharge gauge boson couples to both QSM ≡ T3+Y/2 and Q′ generators,

whereas the other one, which is essentially the U(1)′ gauge boson, couples only to the Q′

generator. It allows to put the kinetic mixing suppression in the production decay process

rather than in the detection, see e.g. ref. [11]. In this basis, and after electroweak symmetry

breaking, the covariant derivative ∂µ + igT3W3µ + igY
Y
2BY µ + ig′Q′B′µ becomes

Dµ = ∂µ + ig(T 1W 1
µ + T 2W 2

µ)

+ iAγµ

(
eQ cos(θε)

cos θW
√

1− ε2
− g′Q′ε cos θε√

1− ε2

)
+ iZµ

(
gT 3 cos θε − gY

Y

2

sin θε√
1− ε2

+
g′Q′ε sin θε√

1− ε2

)
+ iAγ

′
µ g
′Q′ , (2.2)

with tan θε = tan θW√
1−ε2 . A field with charges T3, Y , and Q′ couples to the photon field Aµ

with charge Qem = (QSM − g′Q′ ε/gY )e′ with e′ = gY cos θε/
√

1− ε2. In particular, a field

with QSM = 0 acquires a millicharge Qem = −(εg′Q′/gY )e′. Note that everywhere in the

following we will make the approximation tan θε = tan θW√
1−ε2 ' tan θW . Existing constraints

on the parameters apply in general on the millicharge Qem, rather than on ε directly, see

below. A value of ε ' 1 is therefore not excluded. However, it is generally expected

smaller than one. For instance, if we consider the minimal scenario where the only DM

couplings are those of eq. (2.2), the thermal relic abundance of the DM is provided by the

annihilation into dark photons. By requiring the right dark matter abundance, we get a

value for Q′2α′ = Q′2g′2/4π as a function of mDM. This constraint together with eq. (4.2)

below gives the bound ε2 ≤ 10−6, justifying our approximation.
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2.2 Massive scenario: millicharge from Stueckelberg mechanism

It is well known that if the U(1)′ symmetry is spontaneously broken, so that the corre-

sponding gauge boson becomes massive, a kinetic mixing interaction does not induce any

millicharge for an originally neutral field. In the massive case there exists nevertheless the

Stueckelberg option. The Stueckelberg mechanism allows to have a massive gauge boson

without breaking the corresponding gauge symmetry. We will here consider an extension

of the SM by a U(1)′ as in [12]. This model contains a scalar which has Stueckelberg

couplings to both U(1)Y and U(1)′. As a consequence, the neutral gauge bosons mix, and

in the mass eigenstates basis the covariant derivative reads

Dµ = ∂µ + iZ ′µ

(
g′Q′(cψcφ − sψsθsφ)− gT 3cθsψ + gY

Y

2
(cψsφ + sθcφsψ)

)
+ iZµ

(
g′Q′(−sψcφ − cψsθsφ)− gT 3cθcψ + gY

Y

2
(−sψsφ + sθcφcψ)

)
+ iAγµ

(
− g′Q′cθsφ + gT 3sθ + gY

Y

2
cθcφ

)
+ igT 1W 1

µ + igT 2W 2
µ , (2.3)

where c and s stand for the sine and cosine of the various angles with tanφ = M2
M1
, tan θ =

gY
g cosφ, tanψ =

tan θ tanφM2
W

cos θ(M2
Z′−(1+tan2 θ)M2

W)
, with M1,M2 the “bare” mass of the U(1)′, U(1)Y

gauge boson, respectively [12]. The expression of the electromagnetic charge is Qem =

(−g′/gYQ′ tanφ+QSM)e′, with e′ = ggY cosφ/
√
g2 + g2Y cos2 φ. In this way, an originally

neutral field acquires a charge of Qem = −Q′ tanφe′g′/gY . Constraints on the φ parameter

from the Z mass and ρ-parameter values can be obtained following the approach of [13],

leading to the bound tanφ . 3 × 10−2, which justifies the approximation of small φ used

in the following. Note that in the Stueckelberg and in the “just-so” cases, the millicharge

must be fractional if by U(1) one means a real compact U(1) symmetry (rather than a

R-symmetry), as considerations of quantum gravity/string theory require [14, 15]. In this

case, although not excluded, it is hard to argue how such a fractional charge would be as

small as required.

3 Possible two-body radiative decays and list of effective operators that

can induce them

The list of possible radiative decays that could be generated by the millicharge of a particle

is extremely reduced and in this sense points towards a rather precise kind of scenario. For

the fermion DM case, there is only one decay possibility, ψDM → ψγ with ψDM and ψ

necessarily carrying the same millicharge. In the following, when establishing the list of

operators that could lead to a sizable monochromatic photon signal, we will not specify

the exact nature of the fermionic partner of the DM in these operators. It could be

either a Dirac or a Majorana fermion, and it could be either a particle beyond the SM or a

neutrino. The former option points towards a multi-component fermion DM scenario. Note

that the results obtained below, in particular those of figure 1, do not depend on how the
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abundancies of these components pile up to saturate the observed value of ΩDMh
2 = 0.12,

except those depending on the direct detection constraints on a millicharge.

Up to dimension six, there is only a very limited number of operators that can induce

a ψDM → ψγ decay from the millicharge of ψDM and ψ. First of all, we only find a single

dimension-five operator

DµDνψ̄σ
µνψDM . (3.1)

For this operator and all operators below, the addition of its hermitian conjugate is im-

plicit.1 The presence of the σµν implies that this operator can be rewritten as a sum of

operators where both covariant derivatives have been replaced by a sum of field strengths

of the gauge boson to which the particle couples (each one multiplied by the corresponding

gauge coupling).2

As for the dimension-six operators we find only three possibilities,

DµDνψ̄σ
µνψDMφ , (3.2)

ψ̄σµνDµDνψDMφ , (3.3)

Dµψ̄σ
µνDνψDMφ . (3.4)

Their structure are equivalent up to one operator that does not produce monochromatic

photons but can give other decays (including two-body decays), hence different amounts

of cosmic rays. As for the operator of eq. (3.1), the covariant derivative of the operators of

eqs. (3.2), (3.3) can be traded for a sum of field strengths. In summary, up to dimension

six, we are left with four operator structures only, as given in eq. (3.1) and eqs. (3.2)–(3.4).

At the two-body decay level, the scalar field in the last three operators can intervene only

through its vev. For the quantum numbers of these fields there is in principle an infinity of

possibilities and we will see how, when considering the constraints on the various operators,

a simple global picture can emerge despite of this fact.

4 Constraints on the various operators

As for the non-millicharged operators in ref. [8], there are a priori essentially two main

ways to constraint the operators and thus to possibly discriminate between them, from

γ-ray line spectral features and from the associated continuum of cosmic rays produced.

The fact that the lifetime of the DM particle must be longer than the age of the Universe

provides an additional constraint which is relevant in special cases.

1Operators with covariant derivative(s) on the scalar field as ψ̄γµψDMD
µφ do not give any radiative

two-body decays because this would require that the scalar field has both a vev and a millicharge, which

would give a mass to the photon. Similarly, operators with a /Dψ or D2φ do not give any radiative decays

as can be seen from the use of the equations of motion. Note also that operators with an additional γ5 are

redundant since both fermions in the operator are different fields (i.e. it can always be reabsorbed in the

definition of one of the fermion field).
2This basically means that such operator could be easily produced from one loop diagrams involving

UV particles, in a way similar to the ones generating the usual Fµν ψ̄σµνψ
′ dipole operators (as relevant for

example for the µ→ eγ decay), with the difference that the photon would here be radiated by a millicharged

particle instead of a charged lepton or charged gauge boson.
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By spectral features we mean the number of γ-ray lines produced, their relative energies

and relative intensities. However, for the millicharged operators there is no way to get

more than one γ-ray line from a unique given operator since in the final state, on top of

the photon, one can only find the ψ particle.

To determine what are the possibilities to distinguish among the various operators from

a cosmic ray multi-channel analysis, we will proceed as for the case of non-millicharged

operators in ref. [8]. The whole issue is that for a given operator, due to gauge invariance,

there always is a continuum flux of cosmic rays associated to the production of a γ-ray

line, especially if its energy is larger than the Z boson mass.

The decay rate of the DM particle into photons is proportional to its millicharge

squared. Therefore, to determine the upper bounds existing on the photon over cosmic

rays ratios, we will need to know (in some cases) what are the bounds which hold on the

millicharge of a metastable particle within the mass range we consider, mDM = O(100 −
few 104) GeV. In this mass range, there are no relevant accelerator constraints [16–19].

There are nevertheless stringent constraints from cosmology as well as from direct detection

data. As well-known, in the usual ΛCDM model, which fits well both the CMB anisotropy

and large scale structure data, it is assumed that there is no DM-baryon interaction other

than gravitational. An additional DM-baryon interaction such as the one provided by a

millicharge modifies this picture by rendering DM effectively “baryonic”. This affects the

CMB power spectrum as well as the baryon acoustic oscillations, leading to the upper

bound [20–23]
σ0

MDM
≤ 1.8× 10−17cm2/g , (4.1)

where σ̄ = σ0v
n is the DM-baryon momentum-transfer cross-section and v is the DM-

baryon relative velocity. In our case, the relevant cross-section is the Rutherford one and

n = −4. eq. (4.1) translates into the following bound on the DM millicharge

Q2
DM ≤ 3.24× 10−12α

(
MDM

GeV

)
, (4.2)

where α is the electromagnetic fine structure constant.

The direct detection bounds are much more model-dependent than the CMB ones.

They crucially depend on the mass of the particle exchanged between the nucleon and the

DM particle. In the massless U(1)′ gauge boson case, the elastic nucleon-DM scattering

is proportional to the inverse of the recoil energy squared, dσN/dEr ∝ 1/E2
r ∼ 1/KeV2.

This results in a huge enhancement of the scattering cross section with respect to the usual

WIMP case where the cross section is typically suppressed by the inverse of the square of

the GeV-TeV mass of the particle exchanged. For mDM & few GeV this results in upper

bounds on the millicharge of order of 10−9-10−10, see figure 9 of ref. [11] (where the κ

parameter is nothing but ε
√
α′/α in our notation). For the Stueckelberg case, one gets

the same constraints on the millicharge by considering the γ-exchange contribution. For

this case there is in addition a Z ′ exchange diagram which gives similar constraints, unless

its mass is above ∼ 10 GeV (in this case its contribution gets suppressed, see for example

figure 1 of ref. [24]). In the following, when the bound on the millicharge is relevant to

– 6 –
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determine the upper bound on the γ-ray line, we use the CMB bound. We will see that

this bound already excludes an observable γ-ray line for these cases (hence a fortiori when

the direct detection bounds are stronger, this is even more excluded). Note also that all

these direct detection constraints assume a standard local DM density, which might not

apply depending on how large the DM particle millicharge is, because it can be shielded

by galactic magnetic fields [22, 25]. For instance, when Qem > 10−10 · (mDM/100 GeV),

the depletion of the local DM relic density from magnetic shielding begins to be sizeable,

therefore weakening the direct detection bounds.

The photon over cosmic rays ratio in both kinetic mixing and Stueckelberg scenarios

is given by

nγ
nCR

=
Q2

DM

D
, (4.3)

D = c2ZfZ(MDM,MZ)nCR/Z + c2Z′fZ′(MDM,M
′
Z)nCR/Z′

+
g2

4
cW fW (MDM,MW )(nCR/W+ + nCR/W− + nCR/ψ+ + nCR/ψ−).

Here, the nCR/P ratios hold for the number of cosmic rays (of a given type and of a given

energy) produced per particle P, and fZ,Z′,W (MDM,MZ,Z′,W ) are functions of the DM

and Z,Z ′,W masses. For mDM � mZ,Z′,W , they always are equal to unity except for

the operator of eq. (3.4), see below. In these equations QDM is the millicharge which, as

said above, is equal to QDM = −εg′Q′
gY

e′ and QDM = −gQ′ tan(φ)e′
gY

in the kinetic mixing and

Stueckelberg cases, respectively. As for the coupling to the Z, cZ , as eqs. (2.2)–(2.3) show,

it takes the simple form

cZ =
gT3

cos(θε)
+
g′Q′ε sin(θε)√

1− ε2
, (4.4)

cZ = −g′Q′(sψcφ + cψsθsφ)

−gT3cθcψ
(

1 + t2θ

(
1−

tψtφ
sθ

))
, (4.5)

respectively (where tθ,φ,ψ indicates the tangent of θ, φ, ψ). The coupling to the Z ′, which

applies only in the Stueckelberg case, is

cZ′ = −g′Q′(sψsθsφ − cψcφ)

−gT3sψcθ
(

1 + t2θ

(
1 +

tφ
sθtψ

))
. (4.6)

Finally, the coupling to the W , cW , can take very different values as a function of the multi-

plets considered in the various operators (and the associated Clebsch-Gordan coefficients).

In practice, we will consider the cases which, among all possible multiplet configurations

up to SU(2)L quintuplets, minimize cW , hence maximize the nγ/CR ratio.

Before coming to the constraints which hold for the various operators, note that in

the following we will not consider in many details the amount of cosmic rays the Z ′ could

give. The limits on the intensity of the γ-ray line we will give below hold for the case

– 7 –
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where the Z ′ does not give any cosmic rays. This can be the case for example if the Z ′

decays essentially to ψψ̄ (if MZ′ ≥ 2Mψ). This situation gives the maximum upper bound

that could be reached. When neglecting the contribution of the Z ′ to the cosmic rays,

both Stueckelberg and kinetic mixing scenarios give rise to the same figure 1 bounds at

the lowest order in φ and ε respectively. At the end of section 4, we will discuss how our

results might be affected if, instead, the Z ′ mainly decays into SM particles.

As said above, in some cases the CR emission is associated to the decay of the DM

particle into W bosons and charged fermions, the latter carrying a charge of absolute

value 1 + QDM. One could wonder about the fate of these charged fermions, given the

constraints holding on stable charged particles (CHAMPs). These constraints are easily

avoided since radiative corrections make the charged components of a multiplet heavier than

the neutral component of the same multiplet (typically 100 MeV, [26]). As a consequence,

the charged components quickly decay to their neutral partner and an offshell W going

to leptons of about 100 MeV energies. Considering constraints which hold on the final

state radiation that the electron emits in this case, constraints of the order of τDM '
1024−25s are obtained [27], but they are not competitive with the CR constraints below

(i.e. on the DM decay with a W in the final state, which requires a DM lifetime of at least

τDM & 1026s). Note that the lower bounds which hold on the mass of such charged particle

largely depend on the mass splitting with its neutral multiplet partner. For a ∼ 100 MeV

radiative splitting, the non-observation of disappearing tracks by the ATLAS experiment

gives the following bound: Mψ+ > 270 GeV [28], where Mψ+ is the mass of the charged

particle. In the case of larger mass splittings, the bound lies between Mψ+ & 80−100 GeV

(from LEP [29], which also gives Mψ+ & MZ/2 from Z invisible width constraint) and

Mψ+ & 400 GeV (from LHC [30], in the case of a very large mass splitting, ∆M & 200 GeV).

4.1 Constraints on the DµDνψ̄σ
µνψDM operator

For the unique dimension-five operator, the quantum numbers of ψDM and ψ are necessarily

the same, and in particular TDM
3 = Tψ3 . The simple crucial remark to be done at this stage,

not only valid for this operator but for all operators, is that unless the fields to which the

covariant derivative applies is a singlet of both SU(2)L and U(1)Y , there will always be a

two-body decay production of a Z and/or a W in a way which is not suppressed by the

value of the millicharge. As a result in this case, the production of cosmic rays is boosted,

by the inverse of the millicharge squared, with respect to the production of the γ-ray. Z

bosons are produced in this way as soon as the T3 of the particle to which the covariant

derivative applies is different from zero, see eqs. (4.4) and (4.5). As for the cW coupling,

for the dimension-five operator one can write it as cW = a+ b. For an SU(2)L multiplet of

dimension n = 2λ + 1, a = 0 if YDM = 2λ and a = 1 in all other cases. Similarly, b = 0 if

YDM = −2λ and b = 1 in all other cases. As a result, both a and b, hence cW , can be zero

only if λ = 0, that is to say if one considers a SM singlet.

From this discussion there are three general cases

• ψDM and hence ψ are SM singlets. In this case there is no W production and the

Z production involves two powers of the millicharge, as for the γ production. As a

– 8 –
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result we get an unsuppressed ratio

nγ
nCR

' 1

tan2 θWnCR/Z
, (4.7)

at the lowest order in ε for the kinetic mixing case and in φ for the Stueckelberg case.

In the latter case, this is a good approximation if sinφ � sinψ, which is what is

expected if there is a big splitting between the SM gauge bosons and the Z ′ masses.

• TDM
3 = Tψ3 = 0 with ψDM, ψ non-singlets. In this case, there is production of W

bosons and a+ b = 2 in eq. (4.3), meaning that

nγ
nCR

=
Q2

DM
g2

2 (nCR/W+ + nCR/W−)
, (4.8)

at the lowest order in ε or φ. Here, in order to obtain a conservative model-

independent upper bound, we made the hypothesis that the charged ψ components

produced in two-body decays together with W bosons do not yield an important

contribution to cosmic rays production.

• TDM
3 = Tψ3 6= 0. In this case we have both unsuppressed production of Z and W .

Here we will consider only the case with a + b = 1 and TDM
3 = 1/2, as it is the one

which maximizes the nγ/nCR ratio of eq. (4.3). It gives

nγ
nCR

=
Q2

DM

c2ZnCR/Z + g2

4 (nCR/W+ + nCR/W−)
, (4.9)

with c2Z '
g2

4 cos2 θW
at the lowest order in ε or φ.

4.2 Constraints on the DµDνψ̄σ
µνψDMφ operator

In this case, the relevant quantum numbers are those of ψ. The maximal ratios as a

function of the value of Tψ3 follow the same pattern as for the previous operator. In the

same way, one has three cases

• ψ is a SM singlet : prediction (4.7).

• Tψ3 = 0 with ψ non- singlet : prediction (4.8).

• Tψ3 6= 0: prediction (4.9).

4.3 Constraints on the ψ̄σµνDµDνψDMφ operator

Now, the relevant quantum numbers are those of the DM particle. Here, the three cases are:

• ψDM is a SM singlet : prediction of eq. (4.7).
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• TDM
3 = 0 with ψDM non- singlet : the ratio is maximized with cW = 1/2, which gives3

nγ
nCR

=
Q2

DM
g2

8 (nCR/W+ + nCR/W−)
. (4.10)

• Tψ3 6= 0: the ratio is maximized with Tψ3 = 1/2 and cW = 1/4, which gives

nγ
nCR

=
Q2

DM

c2ZnCR/Z + g2

16(nCR/W+ + nCR/W−)
. (4.11)

4.4 Constraints on the Dµψ̄σ
µνDνψDMφ operator

The phenomenology of this operator is more involved than the one of the operators above

because it depends in a complicated way on the couplings of both ψ and ψDM to the various

bosons. Nonetheless, maximizing the nγ/nCR ratio requires ψ and ψDM to have the same

quantum numbers, which greatly reduces the complexity of the nγ/nCR ratio.

In the case where both ψDM and ψ are SM singlets, this ratio is given by

nγ
nCR

' 1

tan2 θW

(
1−

(
MZ
MDM

)2)2(
1 + 1

2

(
MZ
MDM

)2)
nCR/Z

, (4.12)

at the lowest order in ε or φ.

In the case where ψDM and ψ are not SM singlets, the predictions are quite lengthy

and we only give them for the cases where T3 = 0 and T3 = 1/2 in the appendix. Unlike

all previous cases where the dependence on mW is negligible for mDM � mW , here, from

the longitudinal W contribution, there are terms in mDM/mW which imply a power law

dependence on mDM, see appendix. This is associated to the fact that, unlike the other

operators, this one is not equivalent to a single operator involving a field strength. This

will give rise to a different behaviour of the constraints below, as the bounds obtained for

the Dµψ̄σ
µνDνψDMφ operator get stronger when mDM increases.

4.5 Results

Figure 1 shows the constraints obtained on the photon over cosmic rays ratios for the differ-

ent operators involving a millicharged DM. For low masses, up to ' 1 TeV, the most strin-

gent bounds are provided by PAMELA measurements of cosmic antiprotons [31], whereas

for higher masses, the relevant constraints come from measurements of the diffuse gamma

background from Fermi-LAT [32, 33] and HESS [34]. The methodology used to obtain

these constraints is the same as in ref. [8]. By comparing the constraints from cosmic rays

on nγ/nCR and the limits from direct searches for photon line spectral features, this plot

shows which operator are compatible with a possible near future observation of a γ-ray line.

3This minimum value of cW is obtained for a situation with ψDM a triplet, and ψ and φ quintuplets. Any

combination of smaller multiplets gives a bigger value of cW . For example, taking ψDM as a hyperchargeless

triplet, and both ψ and φ as doublets of hypercharge 1, gives cW = 2.
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A clear pattern emerges from these results. Except for the case in which the DM is a

singlet of the SM gauge groups, none of the effective operators associated to a millicharged

DM taken individually would be able to produce a γ-ray line strong enough to meet the

current experimental sensitivity without overproducing antiprotons and diffuse photons.

Actually, in all the cases in which the DM is not a SM singlet, the observation of a spectral

photon line would be associated to an excess of cosmic rays from five to ten orders of

magnitude higher than the present experimental bounds from PAMELA or Fermi-LAT

and HESS. This result is interesting because it singles out a unique possibility for the

SM quantum numbers of the DM: a SM singlet. Unfortunately, it does not allow to

discriminate, neither among the mechanisms responsible for the millicharge of the DM,

nor among the various operators. When the DM is a singlet, all operators lead to the

prediction of eq. (4.7), nγ/CR ' 1/(tan2 θWnCR/Z), except Op. (4.12) which differs at DM

masses close to MZ , but only very slightly. As figure 1 shows, this prediction gives the

maximum γ-ray line intensity allowed by cosmic rays constraints. This absolute bound

turns out to be the same as in ref. [8] for the neutral DM scenarios.

As for a non-SM-singlet DM, in figure 1 we have only considered the quantum num-

bers that maximize nγ/nCR. The maximum ratios turn out to be identical for operators

DµDνψ̄σ
µνψDM and DµDνψ̄σ

µνψDMφ. They differ by less than one order of magnitude

for ψ̄σµνDµDνψDMφ, which is within the uncertainty coming from the propagation mod-

els. The only operator providing very different bounds for non-singlet DM is the operator

Dµψ̄σ
µνDνψDMφ, due to the dependence of the nγ/nCR ratios on the DM mass. Not only

are these bounds exhibiting a different behaviour for increasing mDM, but they also differ

by more than two orders of magnitude from all the previous bounds for mDM & 2 TeV.

Therefore, if a line were to be detected with a sensitivity of direct searches for monochro-

matic photons improved by several orders of magnitude, it would in principle be possible

to discriminate this particular operator from the other ones where the DM is not a SM

singlet. But, in practice, this does not appear at all to be a realistic option because this

basically means a γ-ray line with intensity smaller than the intensity of the photon con-

tinuum observed. Putting together the results obtained for a millicharged DM and those

derived for a neutral DM [8], we find that if a line were detected at the current experimen-

tal sensitivity without any excess of cosmic rays, it would not be possible to discriminate

the millicharged SM-singlet scenario from the neutral DM case giving the same eq. (4.7)

ratio (prediction “A” in [8]). However, if on the contrary a strong line were to be detected

with a sizeable associated cosmic rays excess, only the more suppressed γ-ray predictions

“B”–“E” in ref. [8] for neutral DM could explain it.

As said above, all the bounds obtained have been computed under the hypothesis that

the Stueckelberg Z ′ that could be present in two-body decay final states (if kinematically

allowed) does not produce any cosmic rays by decaying subsequently. If this does not hold,

the operators will give rise to more suppressed bounds. To estimate how important this

contribution could be, we consider as an example, with g′Q′ = 1, a Z ′ boson which decays

mainly to bb̄, a channel which is known to produce many cosmic rays. When the DM is

not a singlet, we find bounds that are stronger by approximately two orders of magnitude.

This stems from the fact that, in this case, a single Z ′ produces a comparable amount of
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cosmic rays with respect to the SM gauge bosons, but, with g′Q′ = 1, its coupling to the

DM particle is stronger than those of the Z or W bosons. If, instead, the DM particle is

a SM singlet, the nγ/nCR ratio does not depend anymore on the value of g′Q′, but the

coupling to the photon is suppressed by sinφ. Instead of having a fixed bound on the ratio

as given by eq. (4.7), the following limit is obtained:

nγ
nCR

.
cos2 θ sin2 φ

nCR/Z′
. (4.13)

The φ angle is constrained by the measurement of the Z width from LEP, sinφ ≤ 0.04 [36].

This decreases the bound of eq. (4.7) by three to four orders of magnitude. Interestingly,

the observation of a γ-ray line with intensity of order the present experimental sensitivity

would therefore probe this possibility, see figure 1.

As mentioned above for the massless kinetic mixing case, the direct detection con-

straints on the millicharge are stronger than the “universal” CMB constraints we have

used for figure 1. As a result, in this case, an observable γ-ray line for the non-SM sin-

glet scenario is even less of an option, not only because this would give even more cosmic

rays, but also because it would give a DM lifetime smaller than the age of the Universe.

Concerning possible rapid decays, note also that since the radiative decays are suppressed

in all cases (singlet case included) by a factor of the millicharge squared, if there exist

other (non-radiative) operators induced at the scale Λ which destabilize the DM particle

in a way which is not suppressed by this factor, they could easily induce decays much

faster than the radiative ones. These decays could induce cosmic ray fluxes above the ones

observed or even give a DM lifetime shorter than the age of the Universe. The scenario is

therefore viable if there is no such operator or if the associated decays do exist, but with a

lifetime larger than the age of the Universe and without an excessive associated production

of cosmic rays.

So far, we have discussed the constraints on the intensity of a γ-ray line which hold

from the bounds on the millicharge itself, as this is the parameter entering in the various

rates. However, if one has some prejudice about the values of the parameters responsible

for the millicharge, there are cases where stronger bounds on the γ-ray line intensity apply.

This is relevant in particular for the kinetic mixing case if, as for any gauge charge in the

SM, one considers a value of the “dark charge” g′Q′ not far from unity. The issue here

is that in the massless hidden gauge boson case, the DM particle does not only decay to

ψ + γ but it also does to ψ + γ′. As the γ′ does not produce any cosmic rays, the latter

decay is not relevant for figure 1. However, it is naturally faster than the former decay by

a factor of ε−2. One has therefore to make sure that the resulting lifetime is not shorter

than the age of the Universe. Imposing that Γ−1(ψDM → ψγ′) > τU , and imposing that

the millicharge satisfies the CMB bound of eq. (4.2), we show in figure 2 the upper limits

which hold on the intensity of the γ-ray line for various values of the dark charge g′Q′.

Clearly, for large values of g′Q′ one gets competitive bounds with respect to those derived

from γ-ray line direct searches, whereas smaller values give irrelevant bounds. Figure 2

also shows the constraints we get assuming the direct detection bounds mentioned above

(i.e. figure 9 of ref. [11], disregarding possible weakening of these bounds from magnetic
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Figure 1. Upper bounds on the decay rate into monochromatic photons from the predicted nγ/CR.

Dashed curves represent limits from PAMELA measurements on the p̄ flux, and continuous curves

are constraints derived from measurements of diffuse photon background of Fermi-LAT. Grey areas

are excluded by direct searches from Fermi-LAT and HESS experiments. We considered a NFW

profile [35] for the DM density and used the MIN propagation model to compute conservative p̄ con-

straints [35]. Using instead the MAX profile, the bounds for the p̄ would go down by approximately

one order of magnitude. The T3 = Y = 0 labelled curve is the upper bound for almost all operators

when the DM is a SM singlet, eq. (4.7). The only exception is the Dµψ̄σ
µνDνψDMφ operator with

a singlet DM, whose bound is almost identical except at DM masses around 200 GeV, where it is

given by the red curve. Tψ3 labelled curves are limits on the DµDνψ̄σ
µνψDMφ and DµDνψ̄σ

µνψDM

operators, whereas TψDM

3 labelled curves are limits on the ψ̄σµνDµDνψDMφ operator. The two

remaining curves, labelled TψDM

3 = TψDM

3 , correspond to the operator Dµψ̄σ
µνDνψDMφ. These

constraints hold for the kinetic mixing as well as for the Stueckelberg frameworks at first order in

ε and φ. They also apply in the “just-so” millicharge scenario.

shielding). These constraints are quite stringent, leading to unobservable γ-ray lines, unless

the dark charge is small enough. In fact, g′Q′ . 10−3(mDM/TeV) is necessary in order

to get Γ(ψDM → ψγ) & 10−30sec−1. These constraints are obtained assuming that the

relic density of ψDM is the observed one. For smaller relic density values one gets weaker

constraints. In the Stueckelberg case, similar considerations about the DM lifetime apply,

unless the Z ′ is heavy enough for the ψDM → ψZ ′ decay to be kinematically forbidden.

– 13 –



J
H
E
P
0
8
(
2
0
1
4
)
1
3
3

Figure 2. For the kinetic mixing case, bounds on the intensity of the γ-ray line as a function of

mDM assuming various values of g′Q′, imposing Γ−1(ψDM → ψγ′) > τU , and considering the CMB

bounds of eq. (4.2) (red curves) and direct detection bounds (DD, blue curves) on the millicharge.

The direct detection bounds we used are those from Xenon100, figure 9 of ref. [11].

5 What about the γ + ν option?

From the above results it is clear that, since the neutrino is not a SM singlet, it is not an

option within the mDM = O(100− few 104) GeV range considered above. Moreover in this

case, since the millicharge of both fermions in the various operators must be equal, and

since the millicharge of the neutrinos is extremely well bounded, the millicharge of the DM

particle is also extremely well constrained. The most stringent constraint applies on the

electronic neutrino. Assuming charge conservation in β decay, and using the experimental

results from [37] and [38]: qp+ + qe− = (0.8 ± 0.8)10−21e and qn0 = (−0.4 ± 1.1)10−21e,

the constraint qνe . 10−21e is obtained. Independent, less stringent upper bounds also

hold from neutrino magnetic dipole moment searches, see e.g. [39]. In the case of νµ and

ντ , the most stringent constraints come from stellar evolution [40]. If neutrinos acquire a

millicharge, their electromagnetic interactions would provoke extra energy losses in the core

of red giants. This would delay the time of helium ignition, and as a consequence, the core

of red giants would be heavier than in the standard case when helium lights up. But the

mass of the red giant core at helium ignition is constrained by measurements from globular

clusters. These constraints turn into the following bound on the charge of neutrinos:
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qν . 2× 10−14e. This bound holds as long as mν . 5 KeV, implying that it applies to all

flavours. To get a lifetime allowing for an observable γ-ray line, the huge suppression due to

this millicharge could in principle be compensated by considering smaller Λ scales, taking

typically ΛGUT ' 1015 GeV for dimension-five operators, and Λ ' 108 GeV for dimension-

six operators. However, since the Z emission rate is enhanced with respect to the γ emission

by a factor of 1/Q2
ν , this would clearly imply a decay rate to Z + ν leading to a lifetime

much shorter than the lifetime of the Universe. Similarly this would have given a huge

amount of cosmic rays.4 Therefore, due to several reasons, a line observed at the present

sensitivities with energies above the Z mass could not be attributed at all to a millicharged

DM decaying in neutrino and photon through one of the operators under study.

More generally, one could ask whether this possibility is also excluded for lower DM

masses. Here, there are a priori two directly connected constraints which must be fulfilled,

giving an upper and a lower bound on mDM.

The upper bound comes from the fact that, even if for mDM < mZ the Z cannot be

produced on its mass shell, it can be produced off-shell and subsequently decay to a pair

of fermions. This could result in a lifetime shorter than the age of the Universe and/or to

too many cosmic rays. For instance, supposing that a γ line, to be observable, must result

from a two-body decay typically giving a lifetime τγ ∼ 1026−30 sec, it is easy to see that

the three-body decay lifetime (from DM → 3ν) is shorter than the age of the Universe,

unless

mDM < 35 MeV ·
(

1028 sec

τγ

)1/4

. (5.1)

The limit coming from the single neutrino channel gives therefore a strong enough limit on

mDM to render irrelevant the limits one could get from all other possible Z decay channel,

except from the ψDM → νe+e− channel. It is easy to see that the latter channel gives up

to a very good approximation the stronger constraint,

mDM < 2me , (5.2)

which holds in order to avoid overproduction of galactic center 511 KeV photon from

overproduction of positrons. The limit on the lifetime of a DM particle with mass below

∼ 35 MeV is given by Γ(ψDM → νe+e−) < 10−26 s−1 · (mDM/MeV) [41, 42].

As for the lower bound, it comes from the fact that, if one decreases too much mDM, one

gets a decay into a photon and a neutrino which is too slow to account for any observable

photon line that could be detected in the future. For instance, let us consider the X-

ray line recently reported with energy ∼ 3.5 KeV and flux F ' 10−6 cm−2s−1 [43, 44].

Assuming a standard DM density along the line of sight, such a line, if better confirmed

experimentally, could be understood from a DM decay into a photon and a neutrino, if the

lifetime is 1028 − 1029 s [43, 44]. It is interesting to stress that such kind of lines could in

principle be accounted for by any model leading to one of the fermion radiative operator

reported in ref. [8] (for the non-millicharged case) or by any of the millicharged operators

4For the neutrino case we should take the bounds obtained in the case with Tψ3 = 1/2 in figure 1 and

rescale them by a factor of Q2
DM/Q

2
ν where Q2

DM refers to the bound of eq. (4.2).
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considered here, provided the operator can match the constraint that ψ must be a lepton

doublet and ψDM must be a singlet (as its mass must lie in the KeV range).5 For the

millicharge option this latter requirement excludes the dimension-five operator but not the

three dimension-six operators of eqs. (3.2)–(3.4) with φ the scalar SM doublet. For these

operators one has nevertheless to check that for such low masses, and given the stringent

constraints on the millicharge of neutrinos, one can get a lifetime of order the one needed.

The radiative lifetime one gets for any of these three operators is the same

τψDM→γν =
256πΛ4

Q2
νm

3
DMv

2
(5.3)

= 1029s

(
7 KeV

mDM

)3(2 · 10−14

Qν

)2( Λ

600 GeV

)4

(5.4)

which, for the parameter values indicated, is about the one needed. Given the uncertainties

on the experimental flux needed, on the DM lifetime needed, and on the bounds on the

neutrino millicharge from red giants, at the effective theory approach level one concludes

that a small millicharge for the neutrino could be at the origin of this γ-ray line, or more

generally of observable KeV-MeV low energy lines, provided there is new physics around

the corner at colliders and provided that the millicharge of the νµ or ντ is close to its

upper bound. In other words, despite of the very stringent bounds which exist on them,

neutrino millicharges could consequently have an observable effect in the form of a X-ray

line. Note also that within the KeV–MeV mass range discussed here, for mDM ≥ 50 KeV,

the generation of the relic density for a fermionic SM singlet DM can nevertheless be

challenging [49].

Finally, remark that in the kinetic mixing scenario, imposing as above that Γ−1(ψDM→
νγ′) > τU , gives the constraint ε2 > 5 · 10−11(1028 sec/τγ), which means g′Q′ < 3 ·
10−9(Qν/2 · 10−14).

6 Scalar DM and vector DM

After studying the possibility for a millicharged DM of the fermionic type to emit an

observable γ-ray line through its decay, we now turn to the scalar and vector DM cases.6 If

the DM particle is of the scalar or vector type, there also exist operators that could a priori

lead to such a line. For what concerns the emission of cosmic rays, the phenomenology of

these operators turns out to be similar to the fermion case. Therefore, in the following, we

will limit ourselves to the determination of the operators and to a few additional general

comments which slightly distinguish these scenarios from the fermion case.

5The list of operators given in ref. [8], given for a DM candidate above the Z mass, also holds for lower

mass. To explain this recently reported line, one would not need necessarily to assume a fermion DM

candidate. The scalar or vector operators given in this reference, or in section 6 below, could also account

for it, provided there exists another lighter scalar or vector particle to accompany the photon in the decay

final state. To distinguish among these operators appears to be hopeless, given the fact that the associated

neutrino flux is basically unobservable at these energies. For various other possible explanations of this

line, see refs. [43–48].
6For models where the DM is a vector gauge boson carrying a millicharge, see ref. [50].
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Due to angular momentum conservation considerations, a scalar DM particle cannot

decay to a scalar and a massless gauge boson. Therefore, it can only decay to a photon

and another massive spin-one particle, which necessarily carries the same millicharge. As

a result, the scalar case is similar to the vector case. The operators that can allow a decay

of a scalar DM particle into a vector particle and a photon, could also hold for a vector

DM particle decaying into a scalar and a photon. In principle, a vector DM particle could

nevertheless also decay in a different way, into a photon and another vector particle. Note

that a necessary condition for the vector DM to acquire a millicharge is to be a complex

field, therefore associated to a non-abelian gauge group.

For the scalar-vector-photon case we found only one dimension-five operator

FAµνF
Aµνφ , (6.1)

and two dimension-six operators

FAµνF
Aµνφφ′ , (6.2)

FAµνD
µφDνφ′ . (6.3)

As said above, in these operators the DM particle can be either one of the scalar particle

or a vector particle, the latter in one of the covariant derivative of eq. (6.3) or in one of the

non-abelian hidden sector FAµν field strengths of eqs. (6.1)–(6.2). The photon can show up

from one of the FAµν field strengths, through gauge boson mixing. This occurs for instance

if, on top of a kinetic mixing between the hypercharge gauge boson and a U(1)′ gauge

boson, there is, through symmetry breaking, a mixing between this U(1)′ gauge boson

and gauge boson(s) of the new non-abelian symmetry (whose field strength is FAµν). In

this way the FAµν field strength provides a photon field proportionally to the millicharge

of the complex gauge boson in this field strength.7 Note that no operator containing only

covariant derivatives remains. This can be shown using equations of motion and rotating

away non-canonical kinetic terms. Operator (6.3) is equivalent to Op. (6.2) up to operators

that do not produce monochromatic photons.

For the two operators of eqs. (6.1)–(6.2), the emission of a Z is always suppressed

by the millicharge squared, even if the scalars are non-SM singlet. This stems from the

fact that the Z as the γ can come only from the field strength in these operators, not

from a covariant derivative as for the fermion operators. This means that one gets the

eq. (4.7) prediction even if the scalars are not SM singlets (up to corrections in m2
Z/m

2
Z′

for m2
Z′ > m2

Z). Of course, as for the fermion case, one can saturate the ratio of eq. (4.7)

only if there is no cosmic ray production from Z ′ decay (in the Stueckelberg case). The

latter could arise from the decay where the photon is replaced by a Z ′ if this decay (which

is not suppressed by the value of the millicharge squared) is not kinematically forbidden

and if the Z ′ subsequently decays into SM particles. As for the operator of eq. (6.3), it can

lead to a non-millicharge suppressed production of Z and W from the covariant derivatives,

7Note that explicit realizations of such a possibility are nevertheless rather involved. For instance for

the dimension-five operator of eq. (6.1) and a SU(2) FAµν field strengths, both field strengths must be taken

in their quintuplet combination, which means that the scalar field is a quintuplet.
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if the scalars are non-SM singlets. Its phenomenology is therefore very similar to the one

of the fermion operators.

Finally, about the possibility that a vector DM particle could decay into a photon

and another vector particle, one could think about operators with only FAµν field strengths,

for instance FAµνF
AµρFAνρ , through a similar mechanism where a FAµν could give a photon

through gauge boson mixing. We did not find any simple realization of such a possibility.

7 Summary

In summary, there are very few ways of probing the DM hypothesis that can really be

considered in a systematic and model-independent way. However, for the decay of an

absolutely neutral DM particle into a γ-ray line, this turns out to be feasible [8]. This

stems from the facts that, on the one hand, the use of an effective theory is fully justified,

slow enough decay can naturally be explained from a much higher scale physics, and,

on the other hand, it turns out that there are very few operator structures of this kind.

Ref. [8] considered the usual scenario where the DM particle is absolutely neutral so that

the photon appears in the operator through a field strength (i.e. typically from a charged

particle in a loop). Here we show that, for the same reasons, such a study can also be

systematically carried out in the less considered scenario where the DM is millicharged,

having therefore a tree-level coupling to the photon through a covariant derivative, either

from an ad-hoc millicharge, or through mixing of the U(1)Y gauge boson with another

U(1)′ gauge boson.

To the emission of a γ-ray line from such operators is associated the emission of a con-

tinuum of cosmic rays. The monochromatic photon to cosmic ray flux ratio is determined

by the SM quantum numbers of the field on which the covariant derivative applies (and in

one case also crucially on the DM mass), and if this particle is not a SM singlet on the value

of its millicharge. This leads to upper bounds on the intensity of the γ-ray line produced,

given in figure 1. This figure shows that if the DM is only charged under the dark sector,

it can lead to a line matching the present experimental sensitivities without overshooting

the bound on the flux of antiprotons and diffuse photons. On the contrary, when the par-

ticle emitting the photon from its millicharge is also charged under the SM, the cosmic

rays constraints are much stronger than direct searches for spectral lines. Therefore, in

this case, if a line were to be detected with energy above the Z mass and with about the

present experimental sensitivity, it could not be explained in such a way. Such a conclusion

can also hold for mDM far below the Z mass.

For the massless hidden gauge boson case (and the massive case where mZ′ is both

below the GeV scale and smaller than mDM) relevant additional constraints show up im-

posing that the two-body decay width to a γ′ (Z’) leads to a lifetime longer than the age of

the Universe. Combining this constraint with the direct detection bounds on a millicharge,

an observable γ-ray line requires small values of the dark charge g′Q′.

As for a decay into a neutrino and a photon, given the stringent constraints that exist

on the millicharge of a neutrino, the Z mediated decay into three neutrinos, or into a

neutrino and a electron-positron pair, this possibility is forbidden unless mDM is below the
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MeV scale. For lower masses, and down to the KeV scale, an observable line induced in this

way is not excluded by these considerations. Such a neutrino millicharge scenario could

even be at the origin of the recently reported, yet to be confirmed, 3.5 KeV X-ray line.

A Ratios of Dµψ̄σ
µνDνψDMφ (non-singlet DM)

In the case in which TDM
3 = Tψ3 = 0 but is not a singlet, the denominator of eq. (4.3) takes

the value

D =
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In the case in which TDM
3 = Tψ3 6= 0, the denominator takes the value
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