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Fermi gamma-ray line
Fermi sees evidence for a gamma-ray line at 130-135 GeV in observations of
the galactic centre (Bringmann et al.; Weniger; Tempel et al.; Finkbeiner and Su;. . .)

I Most recent line analysis [arXiv:1305.5597]
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FIG. 11. Fits for a line near 130 GeV in R3: (a) at 130 GeV in the P7CLEAN data using the 1D energy dispersion model
(see Sec. IV); (b) at 133 GeV in the P7REP CLEAN data again using the 1D model; (c) same as (b), but using the 2D energy
dispersion model (see Sec. IV). Note that these fits were unbinned; the binning here is for visualization purposes, and also that
the x-axis binning in (a) is o↵set by 3 GeV relative to (b) and (c).

1. The Earth Limb

Figure 15 shows the fit using our 2D energy dispersion model (see Sec. IV) at 133 GeV to the Limb data, which
indicates a 2.0� excess. We calculated the fractional size of the signal using Eq. (13) to be f(133 GeV)Limb =
0.14 ± 0.07. The gamma-ray spectrum of the Limb is expected to be featureless. Therefore, the appearance of a
line-like feature in the Limb at the same energy as the feature seen in the GC suggests that some of the 133 GeV GC
feature may be due to a systematic e↵ect. We do note that the fractional size of the feature in the Limb is smaller

The origin of the excess is still unclear

Assuming DM origin of the line, this implies σ(χ̄χ→ γγ)v ∼ 10−28− 10−27 cm3/s

I What are the implications for physics at the weak scale?
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Fermi gamma-ray line

DM couples to photons at loop level, can try to parameterize in an effective
theory

I In what follows, assume pseudo-Dirac DM singlet χ

Leff =
µχ
2
χ̄∗σµνBµνχ+

1

4Λ3
χ̄χ

(
c1BµνB

µν + c2W
a
µνW

aµν
)

+ . . .

In a minimal model with no other operators in the EFT, relic abundance and
Fermi line cross section can be obtained with µ−1

χ ∼ Λ ∼ O(500 GeV)

Because of loop factors, the relation to couplings and masses in a UV theory
is actually

µχ ∼
λ2 gEW

16π2M
→ M . O(100 GeV)

Gamma-ray lines with weak-scale cross sections naturally imply new
charged states at the weak scale accessible at LHC
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UV models of Fermi line
To study the collider implications, we need to pick a UV completion

Choose theory with a Dirac fermion ψ and a complex scalar ϕ as messengers:
(Weiner and Yavin, 2012)

LUV = λ ψ̄χϕ

Generate magnetic dipole and Rayleigh operators at one loop
2

II. THE MODEL

In addition to the WIMP state � which is a Dirac
fermion, we consider a messenger state, a Dirac fermion
 and a charged scalar ', both of which are SUW(2)
doublets with hypercharge Y = 1/2 and are heavier than
the WIMP. They couple to the WIMP state through a
Yukawa coupling which we denote by �. The Lagrangian
for this model is given by

L = �̄
�
i/@ � m

�

�
�� 1

2�m �C�+  ̄
�
i /D � Mf

�
 

+ (Dµ')
†
Dµ'� M2

s'
†'+ � ̄�'+ h.c. (3)

where Dµ = @µ�igW a
µ ⌧

a�i 1
2g0Bµ is the covariant deriva-

tive associated with the SUW(2) ⇥ UY (1) gauge-bosons,
W a

µ and Bµ, respectively, and ⌧a are the SUW(2) gener-

ators obeying tr
�
⌧a⌧ b

�
= 1

2�
ab and related to the Pauli

matrices through ⌧a = 1
2�

a. Aside from its Dirac mass,
m

�
, the WIMP states are split by a Majorana mass �m.

When the mass of the WIMP is much lower than that
of the messengers, its interactions with light fields such as
the photon and weak vector-bosons can be described by
an e↵ective Lagrangian. Gauge invariance forces these in-
teractions to appear as dimension 5, magnetic dipole op-
erator as well as dimension 7, Rayleigh operators2. Since
the model above is a renormalizable interacting theory
these operators can be computed in perturbation the-
ory. However, because we will be dealing with scenarios
where the new states are not much heavier than the dark
matter, it is important to include m�/Mf corrections to
these new operators (i.e., the form factors). In this let-
ter we include all m

�
/Mf e↵ects at 1-loop order when

computing the non-relativistic cross-sections relevant for
phenomenology.

We begin with the interactions of the WIMP with a
single gauge-boson. These are generated through the di-
agram shown in Fig. 1. Gauge-invariance forbids any
coupling to the non-abelian SU

W
(2) fields and the most

general vertex coupling to hypercharge consistent with
Lorentz invariance can be written as,

�µ(q2) = �µF1(q
2) + i

⇣µ�

2

⌘
�µ⌫q⌫ F2(q

2) (4)

where the form-factors F1(q
2) and F2(q

2) are given ex-
plicitly in the appendix3. The second part of this vertex
corresponds to an e↵ective dipole operator for the WIMP�µ�

2

�
�̄�µ⌫B

µ⌫� with the dipole strength being

µ� =
�2g0

32⇡2Mf
(5)

2 After EWSB other, lower dimensional operators may appear in-
volving the Higgs field, however those appear at higher loop order
and are correspondingly much further suppressed.

3 The F1(q2) form-factor need not vanish as it is related to non-
renormalizable terms of the form �̄�µ@⌫�Bµ⌫ . Gauge-invariance
only imposes the condition that F1(q2) should approach zero as
q2 ! 0.
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FIG. 1. Magnetic dipole operator generated at 1-loop.
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FIG. 2. The loop diagrams generating the RayDM operators
at lowest order in perturbation theory. Diagrams (a), (b), and
(c) represent two separate contributions where the external
gauge-bosons are interchanged.

where g0 is the hypercharge coupling constant, q2 is the
momentum carried by the gauge-boson. More explicitly,
the coe�cient of the dipole operator is multiplied by the
hypercharge and by the size of the SUW(2) representa-
tion of the messengers in the loop, which in our case gives
a factor of unity. Similar comments apply to the coe�-
cient of F1(q

2). To lowest order in an expansion in the
messenger mass these form-factors are

F1(q
2) = �µ�q2

6Mf

 
2r2

�
3r2 � 3 �

�
2 + r2

�
log r2

�

(1 � r2)
2

!
(6)

F2(q
2) =

2r2
�
r2 � 1 � log r2

�

(1 � r2)
2 (7)

where r = Mf/Ms. We include the e↵ects of both F1

and F2 to all order in the messenger mass expansion in
the cross-sections discussed below.

The Rayleigh operators are generated by attaching
another external gauge-boson to the loop diagrams, as
shown in Fig. 2. In this case coupling to non-abelian
gauge-bosons is possible as well. The Rayleigh scales as-
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FIG. 4. The solid (dashed) curve depicts the annihilation rate
�̄� ! �� (! �Z) as a function of the mass of the messenger
in the case of a pseudo-Dirac WIMP. The Yukawa coupling
is fixed by requiring thermal freezeout with an annihilation
cross-section of �v = 6 ⇥ 10�26cm3/s.

the same order and the lack of any a priori problem is
obvious.

Let us focus for a moment at the MiDM scenario. Here,
the freezeout occurs via the dipole annihilation into ff̄ ,
while the present day annihilation is dominated by the
Rayleigh operator. For messengers in the 150-200 GeV
range, the coupling ↵ ⇡ 1 is strong, but still perturba-
tive, and the theory is calculable. The annihilation into
photons h�vi��+ 1

2 h�vi�Z ⇡ 10�27cm3s�1 is precisely the
right value to explain the observed excess. Intriguingly,
the dipole here is slightly smaller than 10�3µN , which
is the size previously argued to explain the DAMA an-
nual modulation result [30]. Thus, it is conceivable (and
is already strongly constrained from direct detection ex-
periments) that such a scenario could also yield an ex-
planation of the DAMA result.

In the case where we have only a single Majorana
fermion (both in the present universe as well as at freeze-
out), we must have a truly strongly coupled theory to
generate the Rayleigh operator of the appropriate size.
Again, we have both Bµ⌫B

µ⌫ and Wµ⌫Wµ⌫ operators
with cos ✓� = 0.29. Assuming that together, these pro-
vide the appropriate relic abundance we have a Rayleigh
scale of ⇠ 550 GeV (a di↵erence of 21/6 from the Dirac
case). Here, normalizing to freezeout, we expect a cross
section of ��� + 1/2��Z ⇠ 6 ⇥ 10�27cm3s�1, which is
large, but perfectly acceptable for a slightly flatter halo.

IV. CONCLUSIONS

The recent evidence for a possible dark matter sig-
nal in gamma rays has prompted a reexamination of
the interactions of dark matter with light. For a Ma-

jorana fermion, the leading operators are a dimension-5
dipole operator in the presence of a nearby excited state
(the MiDM scenario) or a dimension-7 Rayleigh opera-
tor more generally. The scales of the operators (⇠ TeV
for the dipole and ⇠ 600 GeV for the Rayleigh operator)
suggest that the UV completion is at or near the weak
scale.

In the presence of the simplest possible theory that
generates these - namely, a loop of electroweakly charged
messengers - we can understand the overall phenomenol-
ogy for the 130 GeV line and more generally. We have
found that for most of the parameter space, except-
ing only the most strongly coupled, the Rayleigh op-
erator dominates the present-day �� signals, while the
dipole annihilation ��⇤ ! ff̄ (which is inaccessible to-
day) dominates freezeout. With weak-scale messenger
masses and a strong, but perturbative (↵ ⇠ 1) coupling,
MiDM provides a natural framework to explain these sig-
nals, without any apparent conflict from the data. If
the charged matter carries transforms under some strong
gauge group such as in e.g., Sister Higgs models [31], such
couplings are not unreasonable. Intriguingly, the gener-
ated dipole is also of the size necessary to explain the
DAMA modulation. Without the excited WIMP state
for freezeout, annihilation through the Rayleigh opera-
tor also provides a viable scenario both for the 130 GeV
line and relic abundance, but at the cost of both rel-
atively light matter and very strong (non-perturbative)
couplings.

In both scenarios the strength of ���/( 1
2��Z) is de-

termined entirely (at leading order in weak couplings)
by the SU(2) ⇥ U(1) representations of the matter in
the loop. For (2, ±1/2) messengers, the ratio is roughly
2.2:1, consistent with recent suggestions.

The low scales of the new matter imply that the e↵ec-
tive operator approach is limited in its quantitative ap-
plications. Indeed, including all orders in the m�/Mmess

expansion tend to enhance the annihilation rates both
in the late and early universe. Nonetheless, normalizing
to the appropriate relic abundance, the present day sig-
nals are not dramatically changed when including these
e↵ects, only their interpretation in terms of the masses
and couplings of the new states.

In summary, one can understand the e↵ective theory
of MiDM and RayDM with a simple UV completion that
gives the relative signals and scales in di↵erent regions of
parameter space. Remarkably, this simple completion is
better than just a toy model, providing a successful the-
ory at perturbative coupling. One must accept a some-
what strongly interacting theory, but there is no reason
to think our calculational challenges prohibit nature from
realizing such scenarios. Should the Fermi line prove to
be true evidence of dark matter, this model may help
provide qualitative and quantitative understanding of the
signal.
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an e↵ective Lagrangian. Gauge invariance forces these in-
teractions to appear as dimension 5, magnetic dipole op-
erator as well as dimension 7, Rayleigh operators2. Since
the model above is a renormalizable interacting theory
these operators can be computed in perturbation the-
ory. However, because we will be dealing with scenarios
where the new states are not much heavier than the dark
matter, it is important to include m�/Mf corrections to
these new operators (i.e., the form factors). In this let-
ter we include all m

�
/Mf e↵ects at 1-loop order when

computing the non-relativistic cross-sections relevant for
phenomenology.

We begin with the interactions of the WIMP with a
single gauge-boson. These are generated through the di-
agram shown in Fig. 1. Gauge-invariance forbids any
coupling to the non-abelian SU

W
(2) fields and the most

general vertex coupling to hypercharge consistent with
Lorentz invariance can be written as,

�µ(q2) = �µF1(q
2) + i

⇣µ�

2

⌘
�µ⌫q⌫ F2(q

2) (4)

where the form-factors F1(q
2) and F2(q

2) are given ex-
plicitly in the appendix3. The second part of this vertex
corresponds to an e↵ective dipole operator for the WIMP�µ�

2

�
�̄�µ⌫B

µ⌫� with the dipole strength being

µ� =
�2g0

32⇡2Mf
(5)

2 After EWSB other, lower dimensional operators may appear in-
volving the Higgs field, however those appear at higher loop order
and are correspondingly much further suppressed.

3 The F1(q2) form-factor need not vanish as it is related to non-
renormalizable terms of the form �̄�µ@⌫�Bµ⌫ . Gauge-invariance
only imposes the condition that F1(q2) should approach zero as
q2 ! 0.
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FIG. 2. The loop diagrams generating the RayDM operators
at lowest order in perturbation theory. Diagrams (a), (b), and
(c) represent two separate contributions where the external
gauge-bosons are interchanged.

where g0 is the hypercharge coupling constant, q2 is the
momentum carried by the gauge-boson. More explicitly,
the coe�cient of the dipole operator is multiplied by the
hypercharge and by the size of the SUW(2) representa-
tion of the messengers in the loop, which in our case gives
a factor of unity. Similar comments apply to the coe�-
cient of F1(q

2). To lowest order in an expansion in the
messenger mass these form-factors are

F1(q
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where r = Mf/Ms. We include the e↵ects of both F1

and F2 to all order in the messenger mass expansion in
the cross-sections discussed below.

The Rayleigh operators are generated by attaching
another external gauge-boson to the loop diagrams, as
shown in Fig. 2. In this case coupling to non-abelian
gauge-bosons is possible as well. The Rayleigh scales as-
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FIG. 4. The solid (dashed) curve depicts the annihilation rate
�̄� ! �� (! �Z) as a function of the mass of the messenger
in the case of a pseudo-Dirac WIMP. The Yukawa coupling
is fixed by requiring thermal freezeout with an annihilation
cross-section of �v = 6 ⇥ 10�26cm3/s.

the same order and the lack of any a priori problem is
obvious.

Let us focus for a moment at the MiDM scenario. Here,
the freezeout occurs via the dipole annihilation into ff̄ ,
while the present day annihilation is dominated by the
Rayleigh operator. For messengers in the 150-200 GeV
range, the coupling ↵ ⇡ 1 is strong, but still perturba-
tive, and the theory is calculable. The annihilation into
photons h�vi��+ 1

2 h�vi�Z ⇡ 10�27cm3s�1 is precisely the
right value to explain the observed excess. Intriguingly,
the dipole here is slightly smaller than 10�3µN , which
is the size previously argued to explain the DAMA an-
nual modulation result [30]. Thus, it is conceivable (and
is already strongly constrained from direct detection ex-
periments) that such a scenario could also yield an ex-
planation of the DAMA result.

In the case where we have only a single Majorana
fermion (both in the present universe as well as at freeze-
out), we must have a truly strongly coupled theory to
generate the Rayleigh operator of the appropriate size.
Again, we have both Bµ⌫B

µ⌫ and Wµ⌫Wµ⌫ operators
with cos ✓� = 0.29. Assuming that together, these pro-
vide the appropriate relic abundance we have a Rayleigh
scale of ⇠ 550 GeV (a di↵erence of 21/6 from the Dirac
case). Here, normalizing to freezeout, we expect a cross
section of ��� + 1/2��Z ⇠ 6 ⇥ 10�27cm3s�1, which is
large, but perfectly acceptable for a slightly flatter halo.

IV. CONCLUSIONS

The recent evidence for a possible dark matter sig-
nal in gamma rays has prompted a reexamination of
the interactions of dark matter with light. For a Ma-

jorana fermion, the leading operators are a dimension-5
dipole operator in the presence of a nearby excited state
(the MiDM scenario) or a dimension-7 Rayleigh opera-
tor more generally. The scales of the operators (⇠ TeV
for the dipole and ⇠ 600 GeV for the Rayleigh operator)
suggest that the UV completion is at or near the weak
scale.

In the presence of the simplest possible theory that
generates these - namely, a loop of electroweakly charged
messengers - we can understand the overall phenomenol-
ogy for the 130 GeV line and more generally. We have
found that for most of the parameter space, except-
ing only the most strongly coupled, the Rayleigh op-
erator dominates the present-day �� signals, while the
dipole annihilation ��⇤ ! ff̄ (which is inaccessible to-
day) dominates freezeout. With weak-scale messenger
masses and a strong, but perturbative (↵ ⇠ 1) coupling,
MiDM provides a natural framework to explain these sig-
nals, without any apparent conflict from the data. If
the charged matter carries transforms under some strong
gauge group such as in e.g., Sister Higgs models [31], such
couplings are not unreasonable. Intriguingly, the gener-
ated dipole is also of the size necessary to explain the
DAMA modulation. Without the excited WIMP state
for freezeout, annihilation through the Rayleigh opera-
tor also provides a viable scenario both for the 130 GeV
line and relic abundance, but at the cost of both rel-
atively light matter and very strong (non-perturbative)
couplings.

In both scenarios the strength of ���/( 1
2��Z) is de-

termined entirely (at leading order in weak couplings)
by the SU(2) ⇥ U(1) representations of the matter in
the loop. For (2, ±1/2) messengers, the ratio is roughly
2.2:1, consistent with recent suggestions.

The low scales of the new matter imply that the e↵ec-
tive operator approach is limited in its quantitative ap-
plications. Indeed, including all orders in the m�/Mmess

expansion tend to enhance the annihilation rates both
in the late and early universe. Nonetheless, normalizing
to the appropriate relic abundance, the present day sig-
nals are not dramatically changed when including these
e↵ects, only their interpretation in terms of the masses
and couplings of the new states.

In summary, one can understand the e↵ective theory
of MiDM and RayDM with a simple UV completion that
gives the relative signals and scales in di↵erent regions of
parameter space. Remarkably, this simple completion is
better than just a toy model, providing a successful the-
ory at perturbative coupling. One must accept a some-
what strongly interacting theory, but there is no reason
to think our calculational challenges prohibit nature from
realizing such scenarios. Should the Fermi line prove to
be true evidence of dark matter, this model may help
provide qualitative and quantitative understanding of the
signal.
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UV models of Fermi line
To study the collider implications, we need to pick a UV completion

Choose theory with a Dirac fermion ψ and a complex scalar ϕ as messengers:
(Weiner and Yavin, 2012)

LUV = λ ψ̄χϕ

Generate magnetic dipole and Rayleigh operators at one loop
2

II. THE MODEL

In addition to the WIMP state � which is a Dirac
fermion, we consider a messenger state, a Dirac fermion
 and a charged scalar ', both of which are SUW(2)
doublets with hypercharge Y = 1/2 and are heavier than
the WIMP. They couple to the WIMP state through a
Yukawa coupling which we denote by �. The Lagrangian
for this model is given by

L = �̄
�
i/@ � m

�

�
�� 1

2�m �C�+  ̄
�
i /D � Mf

�
 

+ (Dµ')
†
Dµ'� M2

s'
†'+ � ̄�'+ h.c. (3)

where Dµ = @µ�igW a
µ ⌧

a�i 1
2g0Bµ is the covariant deriva-

tive associated with the SUW(2) ⇥ UY (1) gauge-bosons,
W a

µ and Bµ, respectively, and ⌧a are the SUW(2) gener-
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ab and related to the Pauli

matrices through ⌧a = 1
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a. Aside from its Dirac mass,
m

�
, the WIMP states are split by a Majorana mass �m.

When the mass of the WIMP is much lower than that
of the messengers, its interactions with light fields such as
the photon and weak vector-bosons can be described by
an e↵ective Lagrangian. Gauge invariance forces these in-
teractions to appear as dimension 5, magnetic dipole op-
erator as well as dimension 7, Rayleigh operators2. Since
the model above is a renormalizable interacting theory
these operators can be computed in perturbation the-
ory. However, because we will be dealing with scenarios
where the new states are not much heavier than the dark
matter, it is important to include m�/Mf corrections to
these new operators (i.e., the form factors). In this let-
ter we include all m

�
/Mf e↵ects at 1-loop order when

computing the non-relativistic cross-sections relevant for
phenomenology.

We begin with the interactions of the WIMP with a
single gauge-boson. These are generated through the di-
agram shown in Fig. 1. Gauge-invariance forbids any
coupling to the non-abelian SU

W
(2) fields and the most

general vertex coupling to hypercharge consistent with
Lorentz invariance can be written as,

�µ(q2) = �µF1(q
2) + i

⇣µ�

2

⌘
�µ⌫q⌫ F2(q

2) (4)

where the form-factors F1(q
2) and F2(q

2) are given ex-
plicitly in the appendix3. The second part of this vertex
corresponds to an e↵ective dipole operator for the WIMP�µ�

2

�
�̄�µ⌫B

µ⌫� with the dipole strength being

µ� =
�2g0

32⇡2Mf
(5)

2 After EWSB other, lower dimensional operators may appear in-
volving the Higgs field, however those appear at higher loop order
and are correspondingly much further suppressed.

3 The F1(q2) form-factor need not vanish as it is related to non-
renormalizable terms of the form �̄�µ@⌫�Bµ⌫ . Gauge-invariance
only imposes the condition that F1(q2) should approach zero as
q2 ! 0.
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FIG. 2. The loop diagrams generating the RayDM operators
at lowest order in perturbation theory. Diagrams (a), (b), and
(c) represent two separate contributions where the external
gauge-bosons are interchanged.

where g0 is the hypercharge coupling constant, q2 is the
momentum carried by the gauge-boson. More explicitly,
the coe�cient of the dipole operator is multiplied by the
hypercharge and by the size of the SUW(2) representa-
tion of the messengers in the loop, which in our case gives
a factor of unity. Similar comments apply to the coe�-
cient of F1(q

2). To lowest order in an expansion in the
messenger mass these form-factors are
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where r = Mf/Ms. We include the e↵ects of both F1

and F2 to all order in the messenger mass expansion in
the cross-sections discussed below.

The Rayleigh operators are generated by attaching
another external gauge-boson to the loop diagrams, as
shown in Fig. 2. In this case coupling to non-abelian
gauge-bosons is possible as well. The Rayleigh scales as-
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When the mass of the WIMP is much lower than that
of the messengers, its interactions with light fields such as
the photon and weak vector-bosons can be described by
an e↵ective Lagrangian. Gauge invariance forces these in-
teractions to appear as dimension 5, magnetic dipole op-
erator as well as dimension 7, Rayleigh operators2. Since
the model above is a renormalizable interacting theory
these operators can be computed in perturbation the-
ory. However, because we will be dealing with scenarios
where the new states are not much heavier than the dark
matter, it is important to include m�/Mf corrections to
these new operators (i.e., the form factors). In this let-
ter we include all m
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/Mf e↵ects at 1-loop order when

computing the non-relativistic cross-sections relevant for
phenomenology.

We begin with the interactions of the WIMP with a
single gauge-boson. These are generated through the di-
agram shown in Fig. 1. Gauge-invariance forbids any
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FIG. 2. The loop diagrams generating the RayDM operators
at lowest order in perturbation theory. Diagrams (a), (b), and
(c) represent two separate contributions where the external
gauge-bosons are interchanged.

where g0 is the hypercharge coupling constant, q2 is the
momentum carried by the gauge-boson. More explicitly,
the coe�cient of the dipole operator is multiplied by the
hypercharge and by the size of the SUW(2) representa-
tion of the messengers in the loop, which in our case gives
a factor of unity. Similar comments apply to the coe�-
cient of F1(q

2). To lowest order in an expansion in the
messenger mass these form-factors are
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where r = Mf/Ms. We include the e↵ects of both F1

and F2 to all order in the messenger mass expansion in
the cross-sections discussed below.

The Rayleigh operators are generated by attaching
another external gauge-boson to the loop diagrams, as
shown in Fig. 2. In this case coupling to non-abelian
gauge-bosons is possible as well. The Rayleigh scales as-
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FIG. 4. The solid (dashed) curve depicts the annihilation rate
�̄� ! �� (! �Z) as a function of the mass of the messenger
in the case of a pseudo-Dirac WIMP. The Yukawa coupling
is fixed by requiring thermal freezeout with an annihilation
cross-section of �v = 6 ⇥ 10�26cm3/s.

the same order and the lack of any a priori problem is
obvious.

Let us focus for a moment at the MiDM scenario. Here,
the freezeout occurs via the dipole annihilation into ff̄ ,
while the present day annihilation is dominated by the
Rayleigh operator. For messengers in the 150-200 GeV
range, the coupling ↵ ⇡ 1 is strong, but still perturba-
tive, and the theory is calculable. The annihilation into
photons h�vi��+ 1

2 h�vi�Z ⇡ 10�27cm3s�1 is precisely the
right value to explain the observed excess. Intriguingly,
the dipole here is slightly smaller than 10�3µN , which
is the size previously argued to explain the DAMA an-
nual modulation result [30]. Thus, it is conceivable (and
is already strongly constrained from direct detection ex-
periments) that such a scenario could also yield an ex-
planation of the DAMA result.

In the case where we have only a single Majorana
fermion (both in the present universe as well as at freeze-
out), we must have a truly strongly coupled theory to
generate the Rayleigh operator of the appropriate size.
Again, we have both Bµ⌫B

µ⌫ and Wµ⌫Wµ⌫ operators
with cos ✓� = 0.29. Assuming that together, these pro-
vide the appropriate relic abundance we have a Rayleigh
scale of ⇠ 550 GeV (a di↵erence of 21/6 from the Dirac
case). Here, normalizing to freezeout, we expect a cross
section of ��� + 1/2��Z ⇠ 6 ⇥ 10�27cm3s�1, which is
large, but perfectly acceptable for a slightly flatter halo.

IV. CONCLUSIONS

The recent evidence for a possible dark matter sig-
nal in gamma rays has prompted a reexamination of
the interactions of dark matter with light. For a Ma-

jorana fermion, the leading operators are a dimension-5
dipole operator in the presence of a nearby excited state
(the MiDM scenario) or a dimension-7 Rayleigh opera-
tor more generally. The scales of the operators (⇠ TeV
for the dipole and ⇠ 600 GeV for the Rayleigh operator)
suggest that the UV completion is at or near the weak
scale.

In the presence of the simplest possible theory that
generates these - namely, a loop of electroweakly charged
messengers - we can understand the overall phenomenol-
ogy for the 130 GeV line and more generally. We have
found that for most of the parameter space, except-
ing only the most strongly coupled, the Rayleigh op-
erator dominates the present-day �� signals, while the
dipole annihilation ��⇤ ! ff̄ (which is inaccessible to-
day) dominates freezeout. With weak-scale messenger
masses and a strong, but perturbative (↵ ⇠ 1) coupling,
MiDM provides a natural framework to explain these sig-
nals, without any apparent conflict from the data. If
the charged matter carries transforms under some strong
gauge group such as in e.g., Sister Higgs models [31], such
couplings are not unreasonable. Intriguingly, the gener-
ated dipole is also of the size necessary to explain the
DAMA modulation. Without the excited WIMP state
for freezeout, annihilation through the Rayleigh opera-
tor also provides a viable scenario both for the 130 GeV
line and relic abundance, but at the cost of both rel-
atively light matter and very strong (non-perturbative)
couplings.

In both scenarios the strength of ���/( 1
2��Z) is de-

termined entirely (at leading order in weak couplings)
by the SU(2) ⇥ U(1) representations of the matter in
the loop. For (2, ±1/2) messengers, the ratio is roughly
2.2:1, consistent with recent suggestions.

The low scales of the new matter imply that the e↵ec-
tive operator approach is limited in its quantitative ap-
plications. Indeed, including all orders in the m�/Mmess

expansion tend to enhance the annihilation rates both
in the late and early universe. Nonetheless, normalizing
to the appropriate relic abundance, the present day sig-
nals are not dramatically changed when including these
e↵ects, only their interpretation in terms of the masses
and couplings of the new states.

In summary, one can understand the e↵ective theory
of MiDM and RayDM with a simple UV completion that
gives the relative signals and scales in di↵erent regions of
parameter space. Remarkably, this simple completion is
better than just a toy model, providing a successful the-
ory at perturbative coupling. One must accept a some-
what strongly interacting theory, but there is no reason
to think our calculational challenges prohibit nature from
realizing such scenarios. Should the Fermi line prove to
be true evidence of dark matter, this model may help
provide qualitative and quantitative understanding of the
signal.
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To study the collider implications, we need to pick a UV completion

Choose theory with a Dirac fermion ψ and a complex scalar ϕ as messengers:
(Weiner and Yavin, 2012)
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 and a charged scalar ', both of which are SUW(2)
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of the messengers, its interactions with light fields such as
the photon and weak vector-bosons can be described by
an e↵ective Lagrangian. Gauge invariance forces these in-
teractions to appear as dimension 5, magnetic dipole op-
erator as well as dimension 7, Rayleigh operators2. Since
the model above is a renormalizable interacting theory
these operators can be computed in perturbation the-
ory. However, because we will be dealing with scenarios
where the new states are not much heavier than the dark
matter, it is important to include m�/Mf corrections to
these new operators (i.e., the form factors). In this let-
ter we include all m
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/Mf e↵ects at 1-loop order when

computing the non-relativistic cross-sections relevant for
phenomenology.

We begin with the interactions of the WIMP with a
single gauge-boson. These are generated through the di-
agram shown in Fig. 1. Gauge-invariance forbids any
coupling to the non-abelian SU
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and are correspondingly much further suppressed.

3 The F1(q2) form-factor need not vanish as it is related to non-
renormalizable terms of the form �̄�µ@⌫�Bµ⌫ . Gauge-invariance
only imposes the condition that F1(q2) should approach zero as
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FIG. 2. The loop diagrams generating the RayDM operators
at lowest order in perturbation theory. Diagrams (a), (b), and
(c) represent two separate contributions where the external
gauge-bosons are interchanged.

where g0 is the hypercharge coupling constant, q2 is the
momentum carried by the gauge-boson. More explicitly,
the coe�cient of the dipole operator is multiplied by the
hypercharge and by the size of the SUW(2) representa-
tion of the messengers in the loop, which in our case gives
a factor of unity. Similar comments apply to the coe�-
cient of F1(q
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where r = Mf/Ms. We include the e↵ects of both F1
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the cross-sections discussed below.

The Rayleigh operators are generated by attaching
another external gauge-boson to the loop diagrams, as
shown in Fig. 2. In this case coupling to non-abelian
gauge-bosons is possible as well. The Rayleigh scales as-
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II. THE MODEL

In addition to the WIMP state � which is a Dirac
fermion, we consider a messenger state, a Dirac fermion
 and a charged scalar ', both of which are SUW(2)
doublets with hypercharge Y = 1/2 and are heavier than
the WIMP. They couple to the WIMP state through a
Yukawa coupling which we denote by �. The Lagrangian
for this model is given by
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�
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�

�
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2�m �C�+  ̄
�
i /D � Mf

�
 

+ (Dµ')
†
Dµ'� M2
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†'+ � ̄�'+ h.c. (3)

where Dµ = @µ�igW a
µ ⌧

a�i 1
2g0Bµ is the covariant deriva-

tive associated with the SUW(2) ⇥ UY (1) gauge-bosons,
W a

µ and Bµ, respectively, and ⌧a are the SUW(2) gener-

ators obeying tr
�
⌧a⌧ b

�
= 1

2�
ab and related to the Pauli

matrices through ⌧a = 1
2�

a. Aside from its Dirac mass,
m

�
, the WIMP states are split by a Majorana mass �m.

When the mass of the WIMP is much lower than that
of the messengers, its interactions with light fields such as
the photon and weak vector-bosons can be described by
an e↵ective Lagrangian. Gauge invariance forces these in-
teractions to appear as dimension 5, magnetic dipole op-
erator as well as dimension 7, Rayleigh operators2. Since
the model above is a renormalizable interacting theory
these operators can be computed in perturbation the-
ory. However, because we will be dealing with scenarios
where the new states are not much heavier than the dark
matter, it is important to include m�/Mf corrections to
these new operators (i.e., the form factors). In this let-
ter we include all m

�
/Mf e↵ects at 1-loop order when

computing the non-relativistic cross-sections relevant for
phenomenology.

We begin with the interactions of the WIMP with a
single gauge-boson. These are generated through the di-
agram shown in Fig. 1. Gauge-invariance forbids any
coupling to the non-abelian SU

W
(2) fields and the most

general vertex coupling to hypercharge consistent with
Lorentz invariance can be written as,
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2

⌘
�µ⌫q⌫ F2(q

2) (4)

where the form-factors F1(q
2) and F2(q

2) are given ex-
plicitly in the appendix3. The second part of this vertex
corresponds to an e↵ective dipole operator for the WIMP�µ�

2

�
�̄�µ⌫B

µ⌫� with the dipole strength being

µ� =
�2g0

32⇡2Mf
(5)

2 After EWSB other, lower dimensional operators may appear in-
volving the Higgs field, however those appear at higher loop order
and are correspondingly much further suppressed.

3 The F1(q2) form-factor need not vanish as it is related to non-
renormalizable terms of the form �̄�µ@⌫�Bµ⌫ . Gauge-invariance
only imposes the condition that F1(q2) should approach zero as
q2 ! 0.

p1

p2

q, µ

p1

p2

q, µ

FIG. 1. Magnetic dipole operator generated at 1-loop.
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FIG. 2. The loop diagrams generating the RayDM operators
at lowest order in perturbation theory. Diagrams (a), (b), and
(c) represent two separate contributions where the external
gauge-bosons are interchanged.
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FIG. 4. The solid (dashed) curve depicts the annihilation rate
�̄� ! �� (! �Z) as a function of the mass of the messenger
in the case of a pseudo-Dirac WIMP. The Yukawa coupling
is fixed by requiring thermal freezeout with an annihilation
cross-section of �v = 6 ⇥ 10�26cm3/s.

the same order and the lack of any a priori problem is
obvious.

Let us focus for a moment at the MiDM scenario. Here,
the freezeout occurs via the dipole annihilation into ff̄ ,
while the present day annihilation is dominated by the
Rayleigh operator. For messengers in the 150-200 GeV
range, the coupling ↵ ⇡ 1 is strong, but still perturba-
tive, and the theory is calculable. The annihilation into
photons h�vi��+ 1

2 h�vi�Z ⇡ 10�27cm3s�1 is precisely the
right value to explain the observed excess. Intriguingly,
the dipole here is slightly smaller than 10�3µN , which
is the size previously argued to explain the DAMA an-
nual modulation result [30]. Thus, it is conceivable (and
is already strongly constrained from direct detection ex-
periments) that such a scenario could also yield an ex-
planation of the DAMA result.

In the case where we have only a single Majorana
fermion (both in the present universe as well as at freeze-
out), we must have a truly strongly coupled theory to
generate the Rayleigh operator of the appropriate size.
Again, we have both Bµ⌫B

µ⌫ and Wµ⌫Wµ⌫ operators
with cos ✓� = 0.29. Assuming that together, these pro-
vide the appropriate relic abundance we have a Rayleigh
scale of ⇠ 550 GeV (a di↵erence of 21/6 from the Dirac
case). Here, normalizing to freezeout, we expect a cross
section of ��� + 1/2��Z ⇠ 6 ⇥ 10�27cm3s�1, which is
large, but perfectly acceptable for a slightly flatter halo.

IV. CONCLUSIONS

The recent evidence for a possible dark matter sig-
nal in gamma rays has prompted a reexamination of
the interactions of dark matter with light. For a Ma-

jorana fermion, the leading operators are a dimension-5
dipole operator in the presence of a nearby excited state
(the MiDM scenario) or a dimension-7 Rayleigh opera-
tor more generally. The scales of the operators (⇠ TeV
for the dipole and ⇠ 600 GeV for the Rayleigh operator)
suggest that the UV completion is at or near the weak
scale.

In the presence of the simplest possible theory that
generates these - namely, a loop of electroweakly charged
messengers - we can understand the overall phenomenol-
ogy for the 130 GeV line and more generally. We have
found that for most of the parameter space, except-
ing only the most strongly coupled, the Rayleigh op-
erator dominates the present-day �� signals, while the
dipole annihilation ��⇤ ! ff̄ (which is inaccessible to-
day) dominates freezeout. With weak-scale messenger
masses and a strong, but perturbative (↵ ⇠ 1) coupling,
MiDM provides a natural framework to explain these sig-
nals, without any apparent conflict from the data. If
the charged matter carries transforms under some strong
gauge group such as in e.g., Sister Higgs models [31], such
couplings are not unreasonable. Intriguingly, the gener-
ated dipole is also of the size necessary to explain the
DAMA modulation. Without the excited WIMP state
for freezeout, annihilation through the Rayleigh opera-
tor also provides a viable scenario both for the 130 GeV
line and relic abundance, but at the cost of both rel-
atively light matter and very strong (non-perturbative)
couplings.

In both scenarios the strength of ���/( 1
2��Z) is de-

termined entirely (at leading order in weak couplings)
by the SU(2) ⇥ U(1) representations of the matter in
the loop. For (2, ±1/2) messengers, the ratio is roughly
2.2:1, consistent with recent suggestions.

The low scales of the new matter imply that the e↵ec-
tive operator approach is limited in its quantitative ap-
plications. Indeed, including all orders in the m�/Mmess

expansion tend to enhance the annihilation rates both
in the late and early universe. Nonetheless, normalizing
to the appropriate relic abundance, the present day sig-
nals are not dramatically changed when including these
e↵ects, only their interpretation in terms of the masses
and couplings of the new states.

In summary, one can understand the e↵ective theory
of MiDM and RayDM with a simple UV completion that
gives the relative signals and scales in di↵erent regions of
parameter space. Remarkably, this simple completion is
better than just a toy model, providing a successful the-
ory at perturbative coupling. One must accept a some-
what strongly interacting theory, but there is no reason
to think our calculational challenges prohibit nature from
realizing such scenarios. Should the Fermi line prove to
be true evidence of dark matter, this model may help
provide qualitative and quantitative understanding of the
signal.
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UV models of Fermi line

We consider direct production of the charged states, so the phenomenology
largely factorizes from the details of the dark sector interactions

The Yukawa theory theory contains both fermion and scalar of arbitrary
charges, so can accommodate the phenomenology of a much wider range of
models

We classify the scenarios according to:
I Discrete charges under the symmetry stabilizing DM (usually Z2)
I Electroweak gauge charges
I Decay modes of Z2-even state(s) (assume one Lagrangian term dominates

decay)

We focus on colour-singlet charged states
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UV models of Fermi line

Three broad classes of models:

1 Z2-odd scalar: fermion decays to/mixes with SM
F Includes ‘vectorlike lepton’ scenario
F Fermion decays to gauge/Higgs + lepton; scalar decays to lepton + DM

2 Z2-odd fermion: scalar decays to/mixes with SM
F Includes extended Higgs sector models
F Scalar decays through Higgs mixing; fermion decays through mixing induced by

scalar VEV
F Strong constraints on scalar VEV from EWPT and photon continuum

constraints

3 Extended symmetry:
F One possibility: no new interactions, lightest components of ψ and ϕ both

stable (similar to Feng, Moroi, Randall et al., 1999 and subsequent work)
F Another: if there is an additional singlet state n, then Z2-even messenger can

decay into SM + n

Some of these are reminiscent of SUSY, 2HDM, etc., but different gauge
charges and decay modes allowed in some cases

I Motivate more general electroweak searches
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Gauge charges and decay modes

Consider “reasonable” gauge charges
I Triplet and lower because higher multiplets have large cross sections
I Similar hypercharge to SM to allow renormalizable decays in minimal model

SU(2)×U(1) charge Z2-odd ϕ Z2-odd ψ

(1,−1) `H∗ψc ϕ(ε`i)`j

(
2,− 1

2

)
ψH∗ec L2HDM(ϕ, h)

(3, 0) (εH)ψaσa` H∗ϕH

(3,−1) `(ψc)aσaH∗ (εH)ϕaσaH
(ε`)ϕ∗`
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Qualitative results

What kinds of models do we expect to be ruled out? To be accessible at
LHC14? To be challenging and study more intensively?

Dilepton/multilepton searches strongly constrain particles decaying to
leptons + gauge bosons or leptons + MET

Large SU(2) multiplets are mostly ruled out, while singlets are much less
constrained

Tau final states and decays with large QCD backgrounds are among the
least constrained from electroweak production

Scalars are generally less constrained than fermions because of lower cross
section
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Results summary
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Conclusions and Outlook

The potential observation of a gamma-ray line around 130 GeV provides an
independent motivation for new charged states at the weak scale

Classify models by the allowed couplings to SM consistent with gauge and
discrete symmetries; paramterization applies across UV theories

Many models are ruled out by dilepton + MET and multilepton searches

Models with SU(2) singlets and tau-rich final states are less constrained but
can be probed at LHC14

A few examples (ττ + MET or disappearing charged tracks) are challenging
at the LHC

A linear collider would be an ideal environment for studying all scenarios!
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Back-up slides
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Messenger production cross sections

8 TeV:
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Dashed: SU(2) singlet, Y = 1

Solid: SU(2) doublet, Y = 1/2
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Example: Type-IV 2HDM

H/A

H+

!+

"!

!+

!!

0 500 1000 1500 2000

1 ´ 10-4

5 ´ 10-4
0.001

0.005
0.010

0.050
0.100

m
{Τ
Min HGeVL

d
Σ

�dm
{

Τ
Hfb

�G
eV

L

H±H HH±AL ® {
±

{
± + Τh + ET

miss

H±H®3Τ+Ν

H±A®3Τ+Ν
SM-BKG

LHC 14TeV
2HDM-type IV

mA=mH=mH± =200GeV
BR=1

3τ → `±`± + τh +�ET

Exploit kinematics (m`τ )

180 200 220 240 260 280 300
0

10

20

30

40

mA�H�H± HGeVL

L
Hfb

-
1

L

H±H HH±AL ® {± {± + Τh + ET
miss

LHC 14TeV

2HDM-type IV

mA=mH=mH±

BR=1

B. Shuve (Perimeter/McMaster) Fermi Line & Collider Searches May 31, 2013 14 / 11


	Appendix

