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

I Fermi 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 Perhaps “dark” matter is not particularly dark!
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MiDM and RayDM

Dark matter cannot have renormalizable couplings to the photon, but can
interact with light through higher-dimensional operators

I Assume DM is Dirac fermion χ

I Magnetic dipole moment:

Leff =
µχ

2
χ̄σµνBµνχ

F There are strong constraints on µχ from direct detection experiments

F Magnetic inelastic dark matter (MiDM) still viable

I Rayleigh interaction (RayDM):

Leff = cRayDM χ̄χ (cos θχB
µνBµν + sin θχ TrWµνWµν)

Both MiDM and RayDM interactions can account for relic abundance and
Fermi line
(Weiner and Yavin, arXiv:1206.2910)
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MiDM and RayDM

Example: Line cross section from RayDM
I cRay normalized so that total annihilation cross section gives thermal relic

abundance
6

with the kinematic functions K
V V

and couplings g
V V

de-
fined as
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Here c
�

= cos ✓
�

and s
�

= sin ✓
�

and c
W

and s
W

are
similarly defined with respect to the Weinberg angles.
When m

�
is not too much smaller than ⇤

R
we expect

some form-factor suppression to soften the behavior of
this cross-section.

In Fig. 3 we plot the annihilation cross-section of
��! �� as a function of the WIMP mass for several val-
ues of cos ✓

�
, the relative coupling to the field-strengths

in Eq. (3). Requiring the right relic abundance, which for
a Majorana fermion is obtained when the total annihila-
tion cross-section at freeze-out is 3⇥10�26cm3/s, we can
normalize the Rayleigh scale ⇤

R
. For m

�
= 130 GeV

this results in ⇤
R

= 440 GeV (⇤
R

= 490 GeV) in the
case of cos ✓

�
= 1 (cos ✓

�
= 0). For a Dirac fermion

the necessary annihilation cross-section is 6⇥10�26cm3/s
and the Rayleigh scale is correspondingly a factor of 21/6

smaller. The resulting gamma rays are monochromatic
with E� = m

�
. To qualitatively understand these re-

sults, we consider the limit where the WIMP mass is
much heavier than the vector-bosons’s. Then the expres-
sion for the total cross-section is particularly simple and
by equating it to the required cross-section from relic
abundance we can solve for ⇤

R
in terms of the WIMP

mass and the angle ✓� ,

X
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With this value of the Rayleigh scale the annihilation
rates into �� and �Z are
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Here ⇤th
R

is the value of the Rayleigh scale that leads to
the correct relic abundance. As can be expected when the
Rayleigh operator is mostly associated with hypercharge
the total cross-section is very close to the cross-section
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FIG. 3. The annihilation rate of WIMPs to di-photons,
�(�� ! ��), as a function of the angle ✓� for di↵erent choices
of the WIMP mass. For each mass choice the Rayleigh scale
⇤R is chosen so that the total annihilation cross-section yields
the correct relic abundance. Shown are m� = 100 GeV (solid-
black), m� = 130 GeV (dashed-red). The dotted-blue curve
depicts the asymptotic formula Eq. (21) which is independent
of mass.

for annihilation into a photon pair �tot ⇡ �(�� ! ��),
which would result in too large a signal7. When the
Rayleigh operator is mostly associated with the non-
abelian SU

W
(2) part, the annihilation into photons is

suppressed compared with the total cross-section due
to the Weinberg angle and the �� ! W+W� channel.
More quantitatively, in the pure SU

W
(2) case, �gg/�tot ⇡

1/28 and 1/2 ⇥ ��Z/�tot ⇡ 1/12. The photon-to-hadron
ratio (��� + 1/2��Z)/(�tot � ��� � 1/2��Z) ⇡ 1/7.6. In
the case of hypercharge RayDM the equivalent numbers
are �gg/�tot ⇡ 1/1.4, 1/2⇥��Z/�tot ⇡ 1/7. The photon-
to-hadron ratio is ⇡ 5, so no significant hadronic emission
is present in this case.

An additional process contributing to monochromatic
gamma ray signal is of course �� ! �Z with a lower
energy of E� = m

�
� m2

Z/4m
�
. In Fig. 4 we plot the

annihilation rate associated with this channel as well as
its ratio to the di-photon rate. Depending on the DM
halo profile and the angle cos ✓

�
, both the �� and �Z

rates are in the interesting range reported in ref. [19],
3 ⇥ 10�28 � 2 ⇥ 10�27cm3/s. This points to a fairly low
Rayleigh scale of ⇤

R
⇡ 500 GeV.

One might worry about the validity of this picture
given that the Rayleigh scale is rather low. We come back
to this point in section IV where this issue is particularly
important, however, for the purpose of non-relativistic
annihilation it is only necessary for the Rayleigh scale
to be somewhat larger than the WIMP mass. Never-
theless, since the WIMP mass is not much lower than
the Rayleigh scale, it may be appropriate to include a

7 Although, as we discuss in the conclusions, a subdominant DM
component would plausibly give the right signal.
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MiDM and RayDM: Effective Field Theory

MiDM and RayDM are higher-dimensional operators in an effective field
theory with mass scale Λ

I Generically expect both to appear: µχ ∼ 1/Λ, cRay ∼ 1/Λ3

Effective field theories break down at E & Λ
I Indicates existence of new particles with M ∝ Λ
I Since MiDM/RayDM operators are generated at loop level, the relation

between couplings and masses is

M ∼ λ2 gEW Λ

16π2

Relic abundance and Fermi line cross section can be obtained with
Λ ∼ O(500 GeV)

I In a perturbative theory (λ < 4π), this implies M ∼ O(100 GeV)!

Gamma-ray lines with weak-scale cross sections naturally imply new
charged states at the weak scale that are accessible at LHC/ILC!
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UV models of Fermi line
To study collider phenomenology, we need a specific UV completion

Choose theory with a Dirac fermion ψ and a complex scalar ϕ as messengers:
(Weiner and Yavin, arXiv:1209.1093)

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.

(a)

(c) (d)

(b)

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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UV models of Fermi line

Consider direct production of the charged states
I Phenomenology largely factorizes from details of dark sector interactions

Yukawa theory contains both fermions and scalars of arbitrary charge, so can
accommodate the phenomenology of a much wider range of models

Classify the scenarios according to the properties of ϕ and ψ:
I Discrete charges under the symmetry stabilizing DM (usually Z2)
I Electroweak gauge charges
I Allowed decay modes of Z2-even state(s) (assume one Lagrangian term

dominates decay)

Determine current collider constraints and future reach
I 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

ψ+, ψ0

e+, ν

W∓, (Z0, h0)

φ+, φ0

χ

e+, ν
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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

b̄/W/Z/h

b/W/Z/h

H
ψ0/ψ+

Z(∗)/h(∗)/W (∗)

DM
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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
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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., hep-ph/9904250 and later 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 Higher SU(2)L multiplets have large cross sections
I Avoid exotic hypercharges 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?

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

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

I Tau final states and decays with large QCD backgrounds are among the
least constrained signatures

I Scalars are generally less constrained than fermions because of lower
production cross section

I Z2-odd states are generally less constrained, particularly for squeezed spectra
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Results summary
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Conclusions and Outlook

The potential observation of a gamma-ray line around 135 GeV provides an
independent motivation for new charged states at the weak scale

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

I We determined current constraints and future reach

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
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Back-up slides

Back-up slides
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Relations between EFT and UV completion

MiDM:

µχ =
λ2 g′

32π2Mψ

RayDM:

cRay =
g2λ2Cf

48M3
ψπ

2
f(mψ/mϕ)
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Messenger production cross sections

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