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1 Introduction

Dark matter in the universe can be indirectly probed by searching for signals of its anni-

hilation or decay. One promising signature, that may easily stand out from astrophysical

backgrounds, is monochromatic photon emission. Such a signature could arise, for example,

due to a two-body decay of dark matter with one or two photons in the final state. Searches

for monochromatic photon lines cover a wide energy spectrum, including the X-ray band

from several hundred eV to several hundred keV. Currently operating X-ray telescopes,

such as Chandra and XMM-Newton, are providing important limits on the parameter space

of dark matter models. The future ASTRO-H satellite [1], scheduled for launch in 2015,

should significantly improve sensitivity to both hard and soft X-ray emissions, as well as

to soft gamma-rays.

Recently, refs. [2, 3] reported detection of a monochromatic line at 3.55 keV in galaxy

clusters and in the Andromeda galaxy, which may be a signal of dark matter. The line

has not been observed by several other studies [4–7], and its significance has been debated

in the literature based on different estimates of systematics uncertainties on the X-ray

background [5, 8, 9]. This detection, although still tentative, highlights the importance of

and the opportunities in searching for dark matter via X-rays.

The results from X-ray satellites are most often interpreted as constraints on the pa-

rameter space of a sterile neutrino with mass in the ∼ 1-100 keV range and small mixing

with the Standard Model (SM) neutrinos [10–17]. The observed 3.55 keV line can be accom-

modated by decays of sterile neutrino dark matter [2, 3], assuming a very large initial lepton

asymmetry relative to the baryon asymmetry, ∆L ∼ 106 ∆B [18]. However, sterile neutrino
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dark matter is by no means the unique explanation. Indeed, the detection of the X-ray line

prompted construction of a wider variety of models capable of explaining such a feature; see

e.g. [19–49]. In this paper we discuss the possibility that an X-ray line arises from weak-

scale dark matter with a thermal history. Our philosophy is to provide a UV complete

model with minimal ingredients, in the spirit of minimal dark matter [50]. Within such a

framework we can discuss possible links between the X-ray line and collider phenomenology.

The basic properties of our setup are the following:

1. Dark matter consists of two weak-scale states separated by a small mass splitting;

2. Both dark matter states are populated thermally in the early universe;

3. The X-ray line arises through a radiative decay of the heavier dark matter component

into the lighter one.

More precisely, dark matter in our model is a vector-like singlet fermion. We also introduce

a vector-like fermion doublet charged under the SM electroweak group, which plays the

role of the link between dark matter and the SM sector. The singlet interacts with the

doublet via Yukawa couplings, leading to a mixing between the dark matter and the active

states after electroweak symmetry breaking. This mixing has several implications. First,

dark matter can be thermally populated in the early universe via co-annihilation with the

active states. Second, the mixing induces a splitting between the two Majorana eigenstates

of dark matter. The splitting is controlled by the magnitude of the Yukawa couplings,

which allows one to obtain O(keV) splitting in a technically natural way. Finally, dipole

transitions between the two dark matter states are generated by one-loop diagrams with

the charged component of the doublet in the loop. Therefore, all the ingredients required

to produce an X-ray line are present in this model. As an application, we describe how this

setup can accommodate the recently observed 3.55 keV line. The model furthermore links

X-ray lines to collider phenomenology. The doublet can be produced with a significant

cross section at the LHC, and subsequently decays to dark matter and an off-shell Z or

W boson. It turns out that, in the parameter space relevant for X-ray lines, the doublet

lifetime is in the millimeters to meters ballpark. Therefore the model predicts distinct

signatures at the LHC: leptons and jets with displaced vertices accompanied by missing

energy. A schematic description of the model is presented in figure 1.

Scenarios with X-ray lines generated by transitions among weak scale dark matter

states have also been proposed by refs. [19, 34, 40, 44]. Ref. [19] considers an effective theory

of a weak scale state with cosmologically long lifetime, and our model can be viewed as a UV

completion and cosmological history for this scenario. The related models of refs. [34, 40, 44]

have different field content than our model, and in particular all include extra scalar fields

at the weak scale, beyond the Higgs boson. Our model extends the Standard Model by

only fermionic fields, factoring the dark matter sector from the solution to the hierarchy

problem, and has distinct collider phenomenology.

The organization of this paper is as follows. In section 2 we present the model and

discuss the spectrum and symmetries (section 2.1), dark matter decays (section 2.2) as well

as the relic abundance (section 2.3). Section 3 analyzes the parameter space relevant for
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Figure 1. A schematic description of the model. Dark matter is comprised of two nearly degenerate

states χ1,2 which are both populated thermally in the early universe via co-annihilation with a

vector-like doublet. All states have masses of order the weak scale. X-ray lines arise from the

radiative dipole transition between the two dark matter states. The charged and neutral components

of the doublet, E± and N1,2, can be produced at the LHC, followed by decay to dark matter and

an off-shell Z or W boson, leading to distinct signatures.

the observed 3.55 keV line and the resulting LHC phenomenology. In section 4 we describe

the general parameter space of X-ray and gamma-ray lines within our model. We conclude

in section 5.

2 Model

We extend the SM by introducing the following new fermionic fields:

• A vector-like fermion pair χ, χc that is a singlet under the SM gauge group;

• A vector-like pair of doublets L = (N,E) and Lc = (N c, Ec) transforming as

(1, 2)−1/2 and (1, 2̄)+1/2 under the SM gauge group.

In our notation, each of the above fields is a 2-component spinor, and we follow the con-

ventions of ref. [51]. No other new particles are necessary for our purpose. We assume that

these fields carry no lepton number. As a result, they do not couple to the SM leptons nor

mix with them. Therefore, the only way the new sector interacts with the SM is via the

SU(2)L ×U(1)Y gauge interactions.

2.1 Spectrum and symmetries

The potential of the new physics sector of our model is given by

− L = Mχχχ
c +MLLL

c + yχHL+ ỹχcH†Lc + λχH†Lc + λ̃χcHL+ h.c., (2.1)

where H is the SM Higgs field with the vev 〈H〉 = (0, v/
√

2) and v = 246 GeV. From our

point of view, the interesting part of the parameter space will be that where ML &Mχ and

the vector-like masses are of order the weak scale. We have included the Yukawa couplings
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between the singlet fermions, doublet fermions, and Higgs boson. Once the Higgs obtains

a vev, the singlet fermions mix with the neutral components of the fermion doublets. For

simplicity we take the Yukawa couplings to be real, and choose the phases of Lc and χc such

that ML and Mχ are real and positive. We will assume the Yukawa couplings are small, and

treat the mixing as a perturbation. This assumption is technically natural. Indeed, the new

physics sector has a U(1)4 chiral symmetry, which is softly broken to U(1)χ×U(1)L by the

vector-like mass terms. Each of the Yukawa coupling breaks one of the U(1) symmetries.

Thus, the symmetry is enhanced in the limit where any Yukawa coupling vanishes.

We can envisage two discrete symmetries acting on the new physics sector, in analogy

to ‘messenger parity’ of gauge mediation [52]:

• L-parity, which interchanges L↔ Lc, and

• χ-parity, which interchanges χ↔ χc.

The former implies y = λ and ỹ = λ̃, while the latter implies y = λ̃ and ỹ = λ. These

symmetries will play an important role later on, because we will find that observable X-

rays occur within the parameter space with approximately degenerate Yukawa couplings.

L-parity is broken by the coupling to the hypercharge gauge boson, since in the SM left-

handed and right-handed fermions have different U(1)Y charges. Thus, starting from y = λ

at some scale, the renormalization group running will induce a splitting at the 2-loop level,

e.g. from a top loop connected to a Higgs and Z-boson which are exchanged between the

external singlet and doublet fermions. For this reason, degeneracy smaller than |1−λ/y| .
y2
t g

2/(4π)4 ∼ 10−4 − 10−5 (where yt is the top Yukawa coupling and g the electroweak

gauge coupling) requires fine-tuning. On the other hand, χ-parity is exact, and therefore

|1− λ̃/y| can be arbitrarily small without fine-tuning.

In general, the eigenstates of the mass matrix are Majorana-type, as soon as both

U(1)χ and U(1)L numbers are broken by the Yukawa interactions, that is if (λ or λ̃) and

(y or ỹ) are non-zero. We denote these mass eigenstates as χ1, χ2, N1, N2. In the limit

v → 0 the de-facto Dirac eigenstates can be recast in the Majorana form as χ1,2 = χ±χc√
2

with mass Mχ, and N1,2 = N∓Nc
√

2
with mass ML.1 For v > 0, the eigenstates χ1,2 acquire

small active components N and N c:

χ1 ≈
1√
2

(χ+ χc + s11(N +N c) + s12(N −N c)) ,

χ2 ≈
1√
2

(χ− χc + s21(N +N c) + s22(N −N c)) , (2.2)

and the eigenstates N1,2 become

N1 ≈
1√
2

(N −N c − s12(χ+ χc)− s22(χ− χc)) ,

N2 ≈
1√
2

(N +N c − s11(χ+ χc)− s21(χ− χc)) . (2.3)

1In our conventions, the mass parameters of χ2 and N1 in the Lagrangian are negative. This is taken

into account in the Feynman rules. Alternatively, one can rescale χ2 → iχ2 and N1 → iN1 and work with

positive mass terms. In what follows, masses mN1,2 and mχ1,2 will always implicitly refer to absolute values

of masses.

– 4 –



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

The mixing angles sij are given by

s11 = − v

2
√

2(ML −Mχ)

(
y + ỹ + λ+ λ̃

)
,

s12 =
v

2
√

2(ML +Mχ)

(
y − ỹ − λ+ λ̃

)
,

s21 = − v

2
√

2(ML +Mχ)

(
y − ỹ + λ− λ̃

)
,

s22 =
v

2
√

2(ML −Mχ)

(
y + ỹ − λ− λ̃

)
. (2.4)

The mixing is suppressed by the magnitude of the Yukawa couplings. Further suppression

may arise thanks to discrete symmetries in the new physics sector. In particular, in the

L-parity limit only the symmetric combination of N +N c couples to dark matter, thus N1

does not mix into χ1,2. Similarly, in the χ-parity limit only χ+χc has a Yukawa coupling to

the active sector, therefore χ2 does not mix with N , N c. On the other hand, for ML ≈Mχ,

some mixing angles may be enhanced by Mχ/∆, where ∆ ≡ ML −Mχ. We shall see that

obtaining a thermal relic abundance of dark matter dictates ∆/Mχ ∼ 10−1 − 10−2, and

that fitting the 3.55 keV line will require degeneracy amongst Yukawa couplings at the

percent to per mille level. (For a general X-ray line, the amount of degeneracy amongst

the couplings can vary depending on the observed flux; see section 4.) This will lead to the

following hierarchy of the mixing angles:

L− parity : |s11| � |s21| > |s22| � |s12|,
χ− parity : |s11| � |s12| > |s22| � |s21|. (2.5)

When both U(1)χ and U(1)L are broken, the mixing induces a small splitting δ between

the quasi-degenerate states. It arises at the quadratic order in Yukawa couplings, and we

find

δ ≡ mχ2 −mχ1 ≈
v2

M2
L −M2

χ

[
ML

(
yλ+ ỹλ̃

)
+Mχ

(
yλ̃+ ỹλ

)]
. (2.6)

In what follows, the states χ2 and χ1 will be the particles that account for dark matter in

the universe, and the transition between these two states will give rise to the X-ray line.

Then, for ML and Mχ at the weak scale, we will see that the Yukawa couplings must be

of the order of 10−5 up to 10−3 for δ between a keV and an MeV. This implies the mixing

angles are small, and the perturbative expansion of the eigenstates provides a very good ap-

proximation of the true spectrum. The heavier neutral states are split by a similar amount

mN2 −mN1 ≈ δ, but since this plays no phenomenological role we will always approximate

mNi ≈ ML. We consider only ML & Mχ since for mass splittings relevant for X-ray lines,

dark matter that is doublet-like is already excluded by direct detection bounds [50, 53].

In general, Yukawa couplings of O(1) would give rise to weak scale splitting for weak-

scale dark matter. The splitting δ of eq. (2.6) gives rise to X-rays only if at least one

Yukawa is small. This smallness can originate from breaking at a high scale of the U(1)4

symmetry in the dark sector, in a similar manner to the methods that address the flavor

puzzle of the SM (see e.g. [54–60]).
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2.2 Dark matter decays

Thanks to the mixing with the active states, χ1 and χ2 acquire a small coupling to the SM

gauge fields. Furthermore, the mass splitting between χ2 and χ1 opens the phase space for

the decays χ2 → χ1νν and χ2 → χ1γ. The former is a 3-body decay process proceeding at

tree-level via an off-shell Z boson. We find

Γ(χ2 → χ1νν) ≈ 3δ5

40π3v4
(s12s21 + s11s22)2 . (2.7)

The latter decay process arises at one-loop level, via dipole diagrams with the charged

component of the vector-like lepton doublet and the SM W -boson in the loop. We find

(see [61] for a useful gauge choice)

Γ(χ2 → χ1γ) =
e2

16π5

δ3

M2
L

[c1I1 + c2I2]2 , (2.8)

where e is the electromagnetic gauge coupling, and the integrals are defined as

I1 = M2
L

∫ 1

0
ds

s(2s− 1)

sm2
W + (1− s)M2

L − s(1− s)M2
χ

,

I2 = M2
L

∫ 1

0
ds

1− s
sm2

W + (1− s)M2
L − s(1− s)M2

χ

, (2.9)

and they are O(1) in the interesting parameter region ML ∼ Mχ ∼ mW . The coupling

combinations that enter the 2-body width in eq. (2.8) are given by

c1 =
m2
W

(M2
L −M2

χ)2

[
(M2

L +M2
χ)(yỹ − λλ̃) +MLMχ(y2 + ỹ2 − λ2 − λ̃2)

]
,

c2 =
yỹ − λλ̃

4
. (2.10)

We note that the 3-body width is proportional to δ5. As a result, in the interesting

parameter space where δ is small, the 3-body decay is completely subdominant to the 2-

body radiative decay width, which is proportional to δ3. In addition, notice that the χ2 →
χ1 decay width (both 2- and 3-body) vanishes both in the L-parity and in the χ-parity limit.

In the χ-parity limit, χ2 is charged under the χ↔ χc symmetry while χ1 is not, and so any

χ2 → χ1 transition is forbidden. In the L-parity limit, we can understand the vanishing

width as follows. Because χ and χc are singlets, the dipole operator is proportional to the

dipole of the active states, N1σµνN2F
µν+h.c.. The analogous operators with only N1 or N2

vanish due to spinor anti-commutation. Since in the L-parity limit N1 does not mix with or

couple to the dark matter, the dipole operator vanishes. This holds to all loop orders. The

3-body decay vanishes in the L-parity limit due to the vanishing coupling to the Z boson.

2.3 Relic abundance

We now consider the relic abundance of dark matter in our model. It is not possible for

χ to have the correct abundance from freezeout of χχ annihilations. Given the small size
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of χ − L mixing required for an observable X-ray line, the χχ annihilation cross section

is too small and χ would overclose the universe. Fortunately, the required dark matter

abundance can result from co-annihilation [62] between χ and L, as long as their mass

difference is of the order 10 GeV.

Let us quickly review the parametric dependence of the dark matter abundance in the

co-annihilation case [63]. The relic abundance is given by

ΩDMh
2 =

8.7× 10−11GeV−2

√
g∗
∫∞
xf
dx〈σeffv〉x−2

, (2.11)

where g∗ is the effective number of relativistic degrees of freedom at freeze-out, x ≡ mDM/T

and xf ≈ 22 depends on the freeze-out temperature. The effective cross section is a

weighted average of the annihilation cross sections of the co-annihilating particles,

〈σeffv〉 =

∑
ij σijwiwj

(
∑

iwi)
2 , 〈σijv〉 = σijx

−n, wi =

(
mi

mDM

)3/2

exp [−x(mi/mDM − 1)]

(2.12)

where the index i runs over co-annihilating particles, m1 ≡ mDM, and n = 0(1) for s(p)-

wave annihilation. Co-annihilation between χ’s and L’s is effective when they are in ther-

mal equilibrium, which holds as long as the mixing angles of eq. (2.4) obey max(sij) &
(xf
√
g∗ML/MPl)

1/2 [63], with MPl the Planck mass. In the parameter space of interest,

this requires Yukawa couplings & 10−5.

In our case, only the active states L have an appreciable annihilation cross section,

and we find

〈σeffv〉 =
σLLw(x)2

(w(x) + 1/2)2 ,

w(x) =

(
1 +

∆

Mχ

)3/2

exp

(
−x∆

Mχ

)
,

σLL =
81g4

L + 12g2
Lg

2
Y + 43g4

Y

2048πM2
L

, (2.13)

where ∆ = ML − Mχ, and gL and gY are the weak and hypercharge gauge couplings.

Clearly, ∆/Mχ must be comparable to 1/xf ∼ 0.1 for the co-annihilation to be efficient. In

figure 2 we plot ∆ as a function of Mχ, for which the relic abundance of χ1 and χ2 matches

the observed dark matter abundance. The relic density was obtained numerically with

micrOMEGA [64], using a custom input model exported to CalcHEP [65] from FeynRules [66].

We then verified that the analytic approximation in eq. (2.12) and eq. (2.13) reproduces

well the numerical results. We see that the allowed mass range for ML and Mχ is severely

constrained. The shaded region to the left corresponds to ML . 100 GeV, making it

accessible at LEP-2. The shaded region on the right represents the upper limit ML ≈
700 GeV, as we impose that the lightest state is singlet-like. (As mentioned earlier, for

splitting δ producing X-ray lines, doublet-like dark matter is excluded by direct detection

searches [50, 53].) For a given Mχ, the mass difference ∆ is uniquely determined, and spans

the range between 0 and 11 GeV. In this computation, we assumed that kinetic equilibrium
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Figure 2. The splitting ∆ = ML−Mχ between the active doublet L and the dark matter states χ

required to obtain the observed dark matter relic abundance via thermal co-annihilation between

χ and L. The shaded region to the left is where ML . 100 GeV, making it accessible at LEP-2.

The shaded region on the right is where there is no relic solution for χ.

between χ and L is maintained until the decoupling via χL→ χL scattering, which indeed

holds in the parameter space of interest.

3 3.55 keV line

The setup described above serves as a thermal weak-scale dark matter module for X-ray

emission. Here we demonstrate this by fitting to the recently reported 3.55 keV line [2,

3]. The exercise is instructive irrespective of the controversy surrounding this particular

observation; a discussion of the general parameter space of X-rays follows in section 4.

3.1 Parameter space

Our model has 6 new parameters: two vector-like masses ML and Mχ, and four Yukawa

couplings y, ỹ, λ, λ̃. Requiring that the observed dark matter abundance arises from

thermal co-annihilation between χ and L fixes ML for a given Mχ, and implies 100 GeV .
Mχ . 700 GeV. Now, in order to fit the position and the flux of the X-ray line observed

in refs. [2, 3], we impose two additional constraints:

δ = mχ2 −mχ1 ≈ 3.55 keV, Γ(χ2 → χ1γ) ≈ 3.1× 10−47Mχ. (3.1)

The decay width is obtained translating the best fit parameters in the 7.1 keV sterile

neutrino model quoted in ref. [2]. The dependence on Mχ arises via the number density of

dark matter: as the mass increases the number density decreases, therefore a faster decay

is needed for a fixed flux of the X-ray line. One should also take into account that in

our case χ2 accounts for only half of the dark matter abundance. The width in eq. (3.1)
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corresponds to the lifetime τ ≈ 500 GeV
Mχ

· 1012 years, which is much longer than the age of

the universe for Mχ at the weak scale.

The conditions in eq. (3.1) fix another two parameters, for example two of the four

Yukawa couplings. From now on, we consider the subset of the parameter space where

only two Yukawa couplings: y, and λ or λ̃, are non-zero.2 In such a case, for a given

dark matter mass Mχ, all other parameters are determined by fitting the relic abundance

and the X-ray line properties.3 It is convenient to define the level of degeneracy required

between the Yukawa couplings,

ε ≡

{
y/λ− 1 for ỹ = λ̃ = 0

y/λ̃− 1 for ỹ = λ = 0
(3.2)

which indicates the size of deviation from the L-parity and χ-parity limits in each case

respectively. We do not find any qualitatively new phenomena if we allow all four Yukawa

couplings to be simultaneously non-zero.

In figure 3 we show the required size of the Yukawa couplings as a function of Mχ

that satisfy the conditions eq. (3.1). (The results are depicted for both ỹ = λ̃ = 0 and

ỹ = λ = 0, exhibiting similar behavior. The reason is that between these two cases, the

two-body decay rate is symmetric under λ ↔ λ̃, and the mass splitting δ is symmetric

up to a factor of ML/Mχ which is close to unity, leading to nearly identical results.) We

find that such Yukawa couplings have to be of order 10−5 to reproduce the splitting δ via

eq. (2.6). Furthermore, O(1%) degeneracy between y and λ (or y and λ̃) is required to fit

Γ(χ2 → χ1γ) via eq. (2.8). In other words, for y and λ non-zero, the Yukawa couplings

need to be approximately L-parity symmetric, otherwise the radiative decay χ2 → χ1γ

occurs too fast and is excluded by X-ray limits. Analogously, in the case when y and λ̃

are non-zero, these two have to be approximately degenerate, that is to say, approximately

χ-parity symmetric. Similar conclusions are obtained for more general Yukawa couplings:

to match the observed energy and flux of the 3.55 keV X-ray line, Yukawa couplings close

to the L-parity or close to the χ-parity limit are required.

3.2 LHC phenomenology

Apart for the X-ray line, the setup does not predict additional astrophysical signals. The

reason is that the mixing of dark matter with the active states needs to be small to accom-

modate observations. The resulting annihilation cross section in our galaxy is too small

to observe. Likewise, this setup evades direct detection: the predicted spin-independent

cross section, mediated by the inelastic Z-exchange between χ1 and χ2, is suppressed by

two mixing angles and is thus at most of order σDD ∼ 10−55 cm2, well below the irre-

ducible neutrino background. However, our model does predict new phenomena that can

be probed at the LHC. The active vector-like pair L, Lc couples to the electroweak gauge

bosons of the SM, and therefore it can be produced in proton-proton collisions. For the

2If only y and ỹ are non zero then mχ2 −mχ1 = 0 because the U(1)χ symmetry is unbroken.
3For a given splitting δ and decay width Γ there are several equivalent solutions that differ by inter-

changing the two Yukawa couplings or flipping their signs. For definiteness, we always pick the solution

where both Yukawas are positive and y is the larger coupling.
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Figure 3. Left: magnitude of the Yukawa coupling y as a function of Mχ required to fit the

3.55 keV X-ray line, with ML fixed to reproduce the correct dark matter relic abundance. The

solid line assumes ỹ = λ̃ = 0 (approximate L-parity), while the dashed line assumes ỹ = λ = 0

(approximate χ-parity). The shaded region at low Mχ is accessible to LEP-2, and the shaded region

at high Mχ is where there is no dark matter relic solution for χ. Right: with the same assumptions,

the relative splitting between the two Yukawa couplings, ε = y/λ−1 or ε = y/λ̃−1, for approximate

L-parity (solid line) or approximate χ-parity (dashed line), respectively.

range of masses consistent with the dark matter abundance, ML . 700 GeV, the produc-

tion cross section is large enough to be accessible in the coming LHC run. In addition, for

ML . 100 GeV the active pair could have been produced at LEP-2. Below we discuss the

signatures that should be targeted in collider searches.

The charged and neutral components of the vector-like doublet can be produced in

colliders via Drell-Yan processes. Thanks to the mixing between N and χ, these particles

can subsequently decay to dark matter. The relevant couplings are inherited from the

gauge interactions of L:

sij

√
g2
L + g2

Y

2
Zµχ̄iσ̄µNj +

gL
2
W+
µ

[
(si1 + si2)χ̄iσ̄µE + (si1 − si2)χiσµĒ

c
]

+ h.c., (3.3)

where sij are the mixing angles defined in eq. (2.4). Once produced, E, N1 and N2 can thus

decay to dark matter χ1,2 and a W or Z boson. Because the mass difference ∆ = ML−Mχ

is of order 10 GeV in the interesting parameter space, the vector boson is off-shell and the

decay is a 3-body one. At the leading order in ∆ the decay widths are given by:∑
i,f

Γ(E → χiff̄
′) ≈ ∆5

60π3v4

(
s2

11 + s2
22 + 3s2

12 + 3s2
21

)∑
f

Nf ,

∑
i,f

Γ(N1 → χiff̄) ≈ ∆5

30π3v4

(
s2

11 + 3s2
21

)∑
f

Nf

[
(T 3
f −Qf sin2 θW )2 +Q2

f sin4 θW
]
,

∑
i,f

Γ(N2 → χiff̄) ≈ ∆5

30π3v4

(
s2

22+3s2
12

)∑
f

Nf

[
(T 3
f −Qf sin2 θW )2+Q2

f sin4 θW
]
, (3.4)

where Nf , T 3
f and Qf are the number of colors, the isospin, and the electric charge of the

SM fermion f in the final state. The range of the sum over f depends on ∆: typically

– 10 –



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

0 200 400 600 800
10-1

1

101

102

103

104

105

MΧ @GeVD

cΤ
@c
m
D

decay lengths

E
±

N1

N2 HΧ-parityL

N2 HL-parityLLEP

∆ = 3.55 keV

n
o
relic

so
lu
tio

n

Figure 4. Decay length of the active mass eigenstates E, N1, N2 (solid blue, solid purple, solid

orange; bottom to top) for ỹ = λ̃ = 0 (approximate L-parity). The other two Yukawa couplings are

fixed to reproduce the observed 3.55 keV line and flux, and the masses of E, N1 and N2 are fixed

to reproduce the correct dark matter abundance for χ. For Mχ & 450 GeV the E → Ni decays

dominate over E → χi, which we indicate by the blue dotted line. The dashed orange line is the

N2 decay length for ỹ = λ = 0 (approximate χ-parity); in this case the E and N1 decay lengths are

almost identical to the approximate L-parity case. The shaded region of ML . 100 GeV is where

the active states are accessible at LEP-2; the shaded region at high ML is where there is no dark

matter relic solution for χ.

it runs over all leptons, and the first two generations of quarks. Recall that, with the

simplifying assumption that only two of the four Yukawa couplings are non-zero, the only

free parameter is the dark matter mass Mχ. It follows that the decay widths of E, N1 and

N2 are then uniquely fixed for a given Mχ.

We plot the decay length in figure 4. It is apparent that fitting the model to the

observed 3.55 keV line leads to interesting LHC signatures. For ỹ = λ̃ = 0, where the keV

line pushes towards the L-parity limit, we find that the decay length of E and N1 is of

O(mm − m) in our parameter space. Thus, its production at the LHC may show up via

displaced vertices in the detector, as long as Mχ . 700 GeV. For Mχ close to this upper

limit, N1 decays outside the tracker, or even outside the detector. The coupling of N2 to

dark matter and Z is suppressed by ε close to the L-parity limit, and thus its decay length

is longer by a factor of ∼ 104, which does not lead to displaced vertices. The flattening

in the decay length of E is due to the weak decay E → NW ∗ winning over the decay

to dark matter. This decay is possible due to the splitting between E and N induced at

one-loop by electromagnetic interactions, which leads to mE − mN ∼ 300 MeV [50, 67].

Consequently, E can decay to N and (undetected) soft pions with the decay length of order

one centimeter [67, 68]. For ỹ = λ = 0 where we are close to the χ-parity limit, the situation

is similar: N1 decays with displaced vertices for Mχ . 700 GeV, and the lifetime of N2 is

larger by ∼ 104. The reason for the parametric difference of N2 and N1 decay lengths in
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this case is that the coupling of N2 to dark matter is suppressed by ∆/Mχ ∼ 10−1 − 10−2

relative to that of N1, leading to an enhanced lifetime. The decay length of E and N1 is

similar near the L-parity and χ-parity limits, since it is dominated by the decay into χ1,

which exhibits a λ↔ λ̃ symmetry between the two ỹ = λ̃ = 0 and ỹ = λ = 0 cases.

The model thus predicts distinct collider signatures. The Drell-Yan production of E

and Nj and the decays E → χiW
∗ and Nj → χiZ

∗ lead to events with missing energy and

up to four soft non-collimated leptons or jets from leptonic W or Z decays, with vertices

displaced from the interaction point. The displacement depends on the parameter space

and can vary between a millimeter and a meter. This topology has not been explicitly

searched for at LEP, the Tevatron and the LHC. Therefore there is no strict lower limit

on ML, though we expect LEP to be sensitive to masses below ∼ 100 GeV, indicated by

the shaded region in figures 2, 3 and 4. The above signatures are challenging at the LHC,

similar to probing nearly degenerate Higgsinos [68–70], where search strategies include

monojets and mono-photons.

We have surveyed the existing searches for displaced vertices at ATLAS [71–74] and

CMS [75–77], and find that they have poor sensitivity for this topology. In most analyses

this is either due to a cut on a hard lepton or jet [73, 75, 76], or the requirement of collimated

leptons [72, 74]. In particular, in the recent CMS search for displaced supersymmetry in

dilepton final states [77], the efficiency of the lepton momentum cuts for our signal is at

the per mille level. As a result that search does not probe the parameter space of our

model, and a more targeted analysis is in order. Likewise, the ATLAS analysis of [71]

only excludes cross sections above ∼ 1 pb for lifetimes longer than ∼ 0.5 m. However,

our model only has lifetimes longer than ∼ 0.5 m for masses above ∼ 500 GeV where the

cross section is smaller than ∼ 5 fb. Detection prospects for nearly degenerate Higgsinos at

future colliders such as the ILC and at a 100 TeV collider have also been studied [78, 79],

where the reach is improved. The decay process of our model has the additional handle of

displaced decays through off-shell Z’s and W ’s. Events with monojet/mono-photon + low-

pT displaced leptons/jets thus represent a promising search strategy. We leave a detailed

study of such a search for future work [80].

4 General X-ray lines

It is conceivable that new X-ray lines that cannot be matched to known atomic transitions

will be discovered in current or future experiments. In this section we consider the param-

eter space of our model that can accommodate general X-ray lines. This approach, akin to

the simplified model approach to LHC phenomenology, offers a theoretical framework to

describe such lines and predict possible correlations with other astrophysical and collider

observables. In particular, we are interested in identifying the range of line energies which

can be accommodated within our model, the regions that are currently probed by X-ray

experiments, as well as the resulting generic LHC features in the relevant parameter space.

For the following discussion we assume that only two Yukawa couplings, y and either λ

or λ̃, are simultaneously non-zero and positive, and that y is the larger of the two. We do not

find qualitatively new effects if these assumptions are relaxed. As before, we assume that co-
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Figure 5. The Yukawa coupling y (left panel) and splitting between the Yukawa couplings ε (right

panel) that give mχ2
−mχ1

= δ, for dark matter mass Mχ = 100, 500, 650 GeV (solid red, dashed

blue, dotted green) with the χ2 → χ1 decay time of t0 = 13.8 × 109 years. Above the curves, the

lifetime of χ2 is shorter than the age of the universe; the region below the curves is where galactic

X-ray and gamma-ray lines can reside. In this plot we assume ỹ = λ̃ = 0 (approximate L-parity);

the black dot-dashed curve indicates the naturalness lower bound on ε. Similar results are obtained

for ỹ = λ = 0 (approximate χ-parity); see the text for details.

annihilation between χ and L is responsible for the observed dark matter abundance, which

fixes ML−Mχ as a function of the dark matter mass. In the general parameter space there

are two additional constraints: the first is that the lifetime of χ2 → χ1, summing over the ra-

diative and 3-body decays, should be longer than the age of the universe; the second comes

from existing experimental searches for new monochromatic lines in the X-ray spectrum.

Concerning the dark matter lifetime, there are two relevant regimes, depending on the

splitting δ. Recall that for a given δ, the product of the two Yukawa couplings is fixed, see

eq. (2.6). For δ & 1 keV, to increase δ one needs to increase the magnitude of both Yukawa

couplings. At the same time, the difference between them must be made smaller in order to

keep τ(χ2 → χ1) longer than the age of the universe. This means that either the L-parity

or the χ-parity limit must be approached. In the case of L-parity, naturalness requires

ε & 10−5 due to the breaking of L-parity at 2-loop by the couplings of the hypercharge

gauge boson to the SM fermions, setting the naturalness limit δ . 100 keV within our

model. In the case of χ-parity, which is not broken by the SM sector, ε can be arbitrarily

small in a technically natural way. However, close to the χ-parity limit, the mixing of χ2

and the active states is suppressed, and χ2 drops out of kinetic equilibrium with L before

the latter freezes out. This violates the premises for co-annihilation, and as a consequence

χ2 overcloses the universe. As a result it is impossible to accommodate δ larger than a few

hundred keV in our model. The setup therefore predicts an upper limit δ . 500 keV on the

possible energy of a monochromatic line; this limit persists when all four Yukawa couplings

are allowed to be non-zero, barring unnatural Yukawa couplings in the L-parity case.

For δ . 1 keV, decreasing δ requires the product of the two Yukawa couplings to

decrease, but they must be hierarchical rather than degenerate in order to keep τ(χ2 →
χ1) longer than the age of the universe. In addition, ensuring that χ2 is kept in kinetic

equilibrium with L during co-annihilation requires one of the Yukawa couplings to be
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Figure 6. Regions in the δ-Mχ parameter space where the decay width Γ(N1 → χZ∗), summed

over both dark matter states, corresponds to displaced vertices at colliders. We assume ỹ = λ̃ = 0

(approximate L-parity), and present results for three different dark matter lifetimes: τ(χ2 → χ1) =

1010, 1012, 1014 years (left to right). For each Mχ, ML is fixed to reproduce the correct dark

matter relic abundance. The various blue shaded regions correspond to cτ(N1 → χZ∗) between

0.1 mm to 10 m. The white and pink regions correspond to cτ(N1 → χZ∗) < 0.1 mm and

cτ(N1 → χZ∗) > 10 m, respectively. In the gray region there is no relic solution for χ. Similar

results are obtained for ỹ = λ = 0 (approximate χ-parity).

larger than ∼ 10−5 in this regime of δ. Since the Yukawa couplings can be arbitrarily

small without conflicting naturalness, we do not find a lower limit on the energy of a

monochromatic line. In principle, at very small δ when Yukawa couplings become sizable,

limits from direct detection could become relevant. However, this is not the case in the

parameter space relevant for X-ray satellites. For example, the current LUX limits [81] can

only exclude δ . 5 eV for lifetimes equal to the age of the universe. For δ & 100 eV, the

direct detection cross section is always below the level of the coherent neutrino background.

In figure 5 we show the size of the Yukawa couplings and their splitting, required to

obtain the energy line δ, for a variety of dark matter masses Mχ. The depicted curves give

τ(χ2 → χ1) of the age of the universe, and as such represent the upper limit on the Yukawa

couplings that could give rise to observable galactic X-ray and gamma-ray lines. We find

that the 3-body decay is negligible compared to the two-body one in the entire parameter

space for X-rays and gamma-rays. The results are similar for the two cases ỹ = λ̃ = 0 and

ỹ = λ = 0 due to the near λ↔ λ̃ symmetry between them (with respect to the decay rate

and mass splitting δ); thus only the former case is displayed. The kink in the left panel of

figure 5 appears as one switches from the hierarchical to the degenerate coupling regime;

see the discussion above.

In figure 6 we show the parameter space with ỹ = λ̃ = 0, where decays N1 → χZ∗

(summed over both dark matter states) are displaced on the detector scale, for several

dark matter lifetimes. Similar results are obtained for ỹ = λ = 0. The decay length of

E → χW ∗ is always of the same order as that of N1 → χZ∗. We see that displaced vertices

are associated not only with the 3.55 keV line, but are a typical characteristic of the model

in the parameter space leading to X-ray lines. Decays in the tracker, in the calorimeter,
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or in the muon chambers can be realized, leading to a wide spectrum of possible displaced

signals at the LHC. For δ . 1 keV, when the Yukawa couplings y and λ are hierarchical,

the displacement strongly depends on the dark matter lifetime. In this region both N1 and

N2 have similar decay length, as both are set by the magnitude of the Yukawa coupling y.

For δ & 1 keV, when the Yukawa couplings are close to the L-parity limit y ≈ λ, the decay

length of N1 is weakly dependent on the dark matter lifetime. In this region the decay

width of N2 is suppressed by the small splitting between the Yukawa couplings, leading to

decays outside the detector. For large masses Mχ, corresponding to small mass splitting

∆, N1 can decay outside the detector as well.

In figure 7 we show the range of χ2 lifetime available in our model close to the L-parity

(upper plots) and χ-parity (lower plots) limits, along with the exclusion limits from X-ray

experiments. We plot the results for Mχ = 100 GeV (left plots) and 650 GeV (right plots);

for masses in between these values the results fall between the depicted ones. The blue

solid [dashed] curve in the upper panel of figure 7 indicates the naturalness limit for the

Yukawa couplings, ε & 10−4 [10−5] — for lifetimes exceeding this curve, a tuning is needed

due to the radiative breaking of L-parity. The shaded blue region in the lower panel of

figure 7 indicates where χ2 falls out of equilibrium and co-annihilation cannot persist. The

bottom shaded regions in all panels indicate the exclusion limits from current X-ray exper-

iments: Chandra [82] observations of the Andromeda galaxy [17] (shaded green); HEAO-1

and XMM-Newton observations of the cosmic X-ray background (CXB) [10] (shaded red);

the most stringent constraints [14, 17] from nearby galaxies and clusters [11–13, 15, 16, 83]

(shaded purple); and Integral measurements of the unresolved X-ray emission from the

Milky Way halo [84, 85] (shaded orange). Thus, the parameter space above the bottom

filled regions and below the blue shaded region remains to be explored in future X-ray

experiments.

5 Summary

In this paper we discussed the possibility of an X-ray line arising from thermal weak-scale

dark matter. In the spirit of simplified models, we presented a minimal module where such a

scenario can be realized. Dark matter consists of two nearly degenerate pseudo-Dirac states

with a mass splitting due to small Majorana masses. Moreover, we introduced a doublet

of active states charged under the SM which provided the portal between dark matter and

the visible sector. The dark matter abundance is populated thermally in the early universe

via co-annihilation with the active states. The X-ray line arises from the decay of the

heavier dark matter component into the lighter one via a radiative dipole transition, at a

rate that is slow compared to the age of the universe. This model can explain the recently

observed 3.55 keV X-ray line, but more generally it serves as a benchmark framework for

interpretations of results from X-ray satellites. At the LHC, the model predicts exotic

events with up to four soft non-collimated displaced leptons or jets and missing energy.

This motivates new signatures at the LHC that can be searched for.
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Figure 7. The available lifetime in our model, in units of the present age of the universe t0,

as a function of the line energy, for Mχ = 100 GeV (left), and for Mχ = 650 GeV (right). The

top plots assume ỹ = λ̃ = 0 (approximate L-parity), and the solid [dashed] blue curve indicates

the naturalness bound ε = y/λ − 1 & 10−4 [10−5] due to radiative breaking of L-parity. The

bottom plots assume ỹ = λ = 0 (approximate χ-parity), and the shaded blue region indicates

where χ2 falls out of equilibrium and co-annihilations cannot proceed. The bottom shaded regions

in all plots indicate the exclusion limits from current X-ray experiments: Chandra [82] observations

of the Andromeda galaxy [17] (shaded green); HEAO-1 and XMM-Newton observations of the

cosmic X-ray background (CXB) [10] (shaded red); the most stringent constraints [14, 17] from

nearby galaxies and clusters [11–13, 15, 16, 83] (shaded purple); and Integral measurements of the

unresolved X-ray emission from the Milky Way halo [84, 85] (shaded orange). The range below

the blue shaded region and above the bottom shaded regions is the natural and allowed parameter

space for future X-ray experiments.
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