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135 GeV Line

Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux component alone. In the lower sub-panel we show residuals
after subtracting the model with line contribution. Note that we rebinned the data to fewer bins
after performing the fits in order to produce the plots and calculate the p-value and the reduced
!2
r
! !2/dof. The counts are listed in Tabs. 1, 2 and 3.
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Astrophysics Backgrounds?

● Contributions from 
Fermi Bubbles are 
small.

● Also consistent with 
two lines at 111 GeV 
and 130 GeV.

● 5.1σ for one line, 5.5σ 

for two lines.

M. Su, D.P. Finkbeiner, arXiv:1206.1616

C. Weniger, arXiv:1204.2797 M. Su, D.P. Finkbeiner, arXiv:1206.1616

!X m" [GeV] !#v"!X [10#27cm3s#1] !#v"!!
!#v"!X

!#v"!Z
!#v"!X

!#v"!H
!#v"!X

!! 129.8 ± 2.4+7
#14 1.27 ± 0.32+0.18

#0.28 1 0.66+0.71
#0.48 < 0.83

!Z 144.2 ± 2.2+6
#12 3.14 ± 0.79+0.40

#0.60 < 0.28 1 < 1.08
!H 155.1 ± 2.1+6

#11 3.63 ± 0.91+0.45
#0.63 < 0.17 < 0.79 1

Table 2: Upper limits at 95%CL (or best-fit value with ±1# error) on the branching ratios into the secondary
line, assuming that the primary line at E! = 130 GeV is due to annihilation into !X with X = !, Z or H.
Note that !#v"!Z/!#v"!! < 2.01 at 95%CL.

backgrounds and prepare the stage for planned instruments like CTA or GAMMA-400
with considerably improved characteristics for DM searches. Indirect detection with
gamma rays will also profit from an interplay with upcoming results from neutrino
searches with IceCube, anti-matter searches with AMS-02, results from the LHC as well
as from next-generation direct WIMP detectors. Furthermore, continuously improving
results from N-body simulations that realistically take into account the various compo-
nents of baryonic matter will sharpen our understanding of the signal morphology.

Assuming a ten year lifetime of Fermi-LAT, the limits on the annihilation cross-
section that were derived from observations of nearby dwarf galaxies with 2 years of
data [126] would improve on purely statistical grounds by a factor of

$
5 to 5, depending

on the annihilation channel and the DM mass (which determines whether the limits are
derived in the signal-dominated high-energy regime or in the low-energy regime domi-
nated by the di!use gamma-ray background). Optical surveys like Pan-STARRS [304],
the Dark Energy Survey [305] or the Stromlo Missing Satellite Survey [306] could in-
crease the number of known dwarf spheroidals by a factor of 3, which could additionally
increase the constraining power by a factor of

$
3 to 3 in the most optimistic case [307–

309]. Further significant improvements are expected from the upcoming Pass 8 version
of the LAT event reconstruction, which will lead to an enhanced e!ective area for high
energy gamma rays, better hadron rejection and an improved energy resolution [310].
It is hence conceivable that Fermi-LAT dwarf limits will improve by a factor up to ten,
which could allow to constrain WIMPs with thermal annihilation rate into  bb up to DM
masses of % 600 GeV. Similar improvements might be expected for limits from galaxy
clusters [132, 163]. DM searches in the GC [188, 189, 295] and the halo [190], on
the other hand, will mostly profit from a refined understanding of astrophysical back-
grounds; results from di!erent groups are expected soon (already now e.g. Ref. [189]
finds limits that severely constrain thermal cross-sections into  bb for ! 100 GeV DM
masses, though with significant dependence on the details of the halo and background
model). The best limits on annihilation into gamma-ray lines [14] or VIB features [13]
are right now based on almost four years of data; more data and improved event recon-
struction will strengthen them by at least a factor of

$
3.

By now, HESS observations of the GC provide the strongest limits on DM annihila-
22
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135 GeV Line

• 4.01σ (local) 1D fit at 130 GeV with   
4 year unreprocessed data

– Look in 4㼻㼻㼻㼻x4㼻㼻㼻㼻GC ROI
– Use 1D PDF (no use of P )

LineLine--like Feature near 135 GeVlike Feature near 135 GeV

• Our blind search does not find globally significant feature near 135 GeV
− Reprocessing shifts feature from 130 GeV to 135 GeV
− Most significant fit was in R0, 2.23σ local (<0.5σ global)

• Much interest after detection of line-like feature localized in the galactic center at 130 GeV
– See C. Weniger JCAP 1208 (2012) 007 arXiv:1204.2797

11/02/201210 Fermi LAT Spectral Line Search

– Use 1D PDF (no use of PE)
• 3.73σ (local) 1D fit at 135 GeV with   

4 year reprocessed data
– Look in 4㼻㼻㼻㼻x4㼻㼻㼻㼻GC ROI
– Use 1D PDF (no use of PE)

• 3.35σ (local) 2D fit at 135 GeV with   
4 year reprocessed data

– Look in 4㼻㼻㼻㼻x4㼻㼻㼻㼻GC ROI
– Use 2D PDF

• PE in data → feature is slightly 
narrower than expected

– <2σ global

Note:  Fit in 4㼻㼻㼻㼻x4㼻㼻㼻㼻GC ROI
Not one of our a priori ROIsA. W. B. Albert, and E. Bloom,

4th Fermi Symposium, Monterey CA



Models for the Line

• Any model has to satisfy continuum photons 
bound.

• Annihilation to photons through a loop of 
charged particle.

• Large coupling between DM and the particle in 
the loop.

Fermilab Seminar - 8/9/2012

Models for the Lines 

M. Buckley, D. Hooper, arXiv:1205.6811

● Large DM-new particle 
couplings → Perturbativity.

● Charged particle masses are 
close to DM mass → Tuning.
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Models for the Line

• We want to trade the large coupling with large 
electric charge and study the LHC  signature of 
the model. 
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Model Setup

• Consider a scalar electroweak N-plet (φ) and 

dark matter (χ).

3

lifetimes of the �n± are so long that they can appear as anomalous charged tracks in the
inner detectors of ATLAS and CMS.

• All 4-scalar couplings are perturbative and continue to be so up to the Planck scale. In
particular, the DM–� coupling can be relatively small and still lead to a large gamma ray
signal because of the large �n± charges. For the large SU(2) representations (N > 3)
considered here, the weak gauge coupling becomes non-perturbative below the Planck scale,
see e.g. [61]. This implies that perturbative grand unification is only possible if the model is
embedded into a more complete theory at an intermediate scale. For N  9, the embedding
(or, alternatively, non-peturbativity of the weak interaction) does not have to occur at scales
below several 100 TeV, outside the reach of the LHC.

The connection between the 130 GeV gamma ray line and an enhanced h ! �� signal at the
LHC has been made also in [36] for a model with an electroweak triplet mediator. While in [36]
implications for other LHC searches were not elaborated on, we keep the discussion as general as
possible and explore also LHC signals aside from the enhanced Higgs to diphoton rate. We also
consider general electroweak multiplets beyond the triplet, but for numerical examples we will use
electroweak quintuplets as mediators. We will discuss to what extent electroweak multiplets are
constrained by precision Higgs physics, by searches for anomalous charged tracks, and by monojet,
monophoton and photon + MET + X searches. In the context of the 130 GeV gamma ray line,
LHC final states with a photon and missing energy were also considered in [55] in the context of
models with Z 0 and axion mediators. Since in these models, the photon is produced as part of
the hard process, mono-photon searches are more constraining than in our models, where photons
are only produced radiatively. Finally, independently of the 130 GeV line, the e↵ects of a scalar
electroweak quartet on Higgs boson decays to �� and Z� have been considered previously in [62].

The paper is organized as follows. In section 2 we introduce the class of models we consider in
more detail. Section 3 focuses on DM annihilation into photons and on continuum photon emission
bounds. In section 4 we discuss the cosmological history and prospects for DM direct detection.
Section 5 deals with existing electroweak precision constraints. The collider phenomenology is
discussed in section 6, and the modifications of the Higgs boson properties in section 7. We
conclude in section 8, while calculational details are relegated to the appendices.

2. MODEL SETUP

We consider an extension of the SM by a scalar N -dimensional SU(2)L multiplet � of hyper-
charge Y�. If N � 5 there are no renormalizable couplings to the SM linear in �.1 The � fields
then interact with the SM only through Higgs portal and gauge interactions,

L � |Dµ�|2 � m2
��

†� � ��H�†�H†H � �0

�H(�†T a
N�)(H†⌧aH) � �4(�

†�)2, (1)

where T a
N and ⌧a are the generators of the SU(2)L representations N and 2, respectively (their

normalization is given in Appendix A). We assume the Higgs portal coupling ��H to be either
positive or negative but with |��Hv2| ⌧ m2

�, so that � does not develop a vacuum expectation
value. Here, v is the vacuum expectation value (vev) of the Higgs. For the same reason (and other
reasons discussed below), �0

�H should not be too large in magnitude. Expanding the covariant

1
This is also true in the case that N  4, except for some specific values of Y�.

4

derivative in eq. (1) gives interactions between � and the electroweak gauge fields,
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⇣

�†

i@µ�j � (@µ�†

i )�j

⌘

�

gAµ,a(T a
N )ij + g0Y�B

µ�ij
�

+ �†

i�j

✓

1

2
g2Aa

µAµ,b
�

T a
N , T b

N

 

ij
+ g02Y 2

� BµBµ�ij + 2gg0Y�A
a
µBµ(T a

N )ij

◆
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Note that since eq. (1) is the most general renormalizable Lagrangian, the Z2 symmetry � ! ��
is accidental. The neutral component of � can thus be stable and a DM candidate in principle.
However, the annihilation process �0�0 ! W+W�, which occurs at tree level, has too large a
cross-section to give the observed DM abundance today for � masses below TeV scales [63, 64].
Moreover, even with the correct relic density, the same annihilation process for relatively light
� in the present day would be in tension with observations of dwarf galaxies by the Fermi-LAT
collaboration [65]. In order to accommodate the tentative Fermi-LAT line, we therefore introduce
an additional real vev-less SM-singlet scalar �, which has direct couplings only to the other scalars:

L � 1

2
@µ�@µ� � 1

2
m2

��2 � ��H�2H†H � ����
2�†�. (3)

Here, we have introduced by hand a Z2 symmetry that stabilizes �, and assumed that ��H is
chosen such that � does not develop a vev. If we wish to explain the tentative Fermi-LAT gamma
ray line at ⇠ 130 GeV, the DM mass is fixed at M� ' 130 GeV or M� ' 144 GeV, depending on
whether decays to �� or �Z are dominant as we discuss below. In general, however, m� can be
arbitrary. The mass parameter of the weak multiplet, m�, is also free, but as we will see below,
phenomenologically most interesting is the region where M� & M�. After electroweak symmetry
breaking, the physical masses of the particles in the � multiplet, M�n±

, receive an additional
contribution from the Higgs vev, v = 246 GeV. The coupling ��H in (1) leads to an overall shift,
while the �0

�H term after EWSB,

� �0

�H(�†T a
N�)(H†⌧aH) ! +

1

4
�0

�Hv2�†T 3
N� , (4)

leads to a mass splitting

�(M2) = �1

4
�0

�HI3v
2, (5)

between the � component with T 3
N eigenvalue I3 and the T 3

N = 0 component. There are three inter-
esting regimes of the �0

�H coupling; for �0

�H ⇠ O(1) the splitting is tens of GeV, for �0

�H ⇠ O(0.1)
the splitting is several GeV, while for �0

�H = 0 a splitting arises only from one loop electroweak
corrections and is tens to hundreds of MeV as shown in fig. 1 (right). For large mass splittings
the decays of charged � particles are easily observable at the LHC and are excluded, so we will
be interested in smaller values of �0

�H , of O(0.1) or below. The parameter �0

�H in general cannot
be made arbitrarily small without fine-tuning since it can be generated from a loop with Aa

µ and
Bµ on the two internal lines. For Y� = 0, however, this contribution is zero (cf. eq. (2)) so that
�0

�H ' 0 is natural in this case. For Y� 6= 0 there is a log divergent contribution to the bare �0

�H

coupling. Even if the cut-o↵ of the theory is at the Planck mass, however, such a contribution is
only log(MP l/MW )2Y�↵/4⇡ ⇠ 0.1, so that the values of �0

�H chosen in fig. 1 (left) are natural.
As already mentioned, for small values of �0

�H an important contribution to the mass splitting
are the 1-loop electroweak radiative corrections. The resulting mass splitting is given by [63]

MQ � MQ0 =
↵s2WM�

4⇡

n

(Q2 � Q02)s2W f(MZ/M�)

+ (Q � Q0)(Q + Q0 + 2Y�)[f(MW /M�) � f(MZ/M�)]
o

,
(6)
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lifetimes of the �n± are so long that they can appear as anomalous charged tracks in the
inner detectors of ATLAS and CMS.

• All 4-scalar couplings are perturbative and continue to be so up to the Planck scale. In
particular, the DM–� coupling can be relatively small and still lead to a large gamma ray
signal because of the large �n± charges. For the large SU(2) representations (N > 3)
considered here, the weak gauge coupling becomes non-perturbative below the Planck scale,
see e.g. [61]. This implies that perturbative grand unification is only possible if the model is
embedded into a more complete theory at an intermediate scale. For N  9, the embedding
(or, alternatively, non-peturbativity of the weak interaction) does not have to occur at scales
below several 100 TeV, outside the reach of the LHC.

The connection between the 130 GeV gamma ray line and an enhanced h ! �� signal at the
LHC has been made also in [36] for a model with an electroweak triplet mediator. While in [36]
implications for other LHC searches were not elaborated on, we keep the discussion as general as
possible and explore also LHC signals aside from the enhanced Higgs to diphoton rate. We also
consider general electroweak multiplets beyond the triplet, but for numerical examples we will use
electroweak quintuplets as mediators. We will discuss to what extent electroweak multiplets are
constrained by precision Higgs physics, by searches for anomalous charged tracks, and by monojet,
monophoton and photon + MET + X searches. In the context of the 130 GeV gamma ray line,
LHC final states with a photon and missing energy were also considered in [55] in the context of
models with Z 0 and axion mediators. Since in these models, the photon is produced as part of
the hard process, mono-photon searches are more constraining than in our models, where photons
are only produced radiatively. Finally, independently of the 130 GeV line, the e↵ects of a scalar
electroweak quartet on Higgs boson decays to �� and Z� have been considered previously in [62].

The paper is organized as follows. In section 2 we introduce the class of models we consider in
more detail. Section 3 focuses on DM annihilation into photons and on continuum photon emission
bounds. In section 4 we discuss the cosmological history and prospects for DM direct detection.
Section 5 deals with existing electroweak precision constraints. The collider phenomenology is
discussed in section 6, and the modifications of the Higgs boson properties in section 7. We
conclude in section 8, while calculational details are relegated to the appendices.
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Note that since eq. (1) is the most general renormalizable Lagrangian, the Z2 symmetry � ! ��
is accidental. The neutral component of � can thus be stable and a DM candidate in principle.
However, the annihilation process �0�0 ! W+W�, which occurs at tree level, has too large a
cross-section to give the observed DM abundance today for � masses below TeV scales [63, 64].
Moreover, even with the correct relic density, the same annihilation process for relatively light
� in the present day would be in tension with observations of dwarf galaxies by the Fermi-LAT
collaboration [65]. In order to accommodate the tentative Fermi-LAT line, we therefore introduce
an additional real vev-less SM-singlet scalar �, which has direct couplings only to the other scalars:

L � 1

2
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Here, we have introduced by hand a Z2 symmetry that stabilizes �, and assumed that ��H is
chosen such that � does not develop a vev. If we wish to explain the tentative Fermi-LAT gamma
ray line at ⇠ 130 GeV, the DM mass is fixed at M� ' 130 GeV or M� ' 144 GeV, depending on
whether decays to �� or �Z are dominant as we discuss below. In general, however, m� can be
arbitrary. The mass parameter of the weak multiplet, m�, is also free, but as we will see below,
phenomenologically most interesting is the region where M� & M�. After electroweak symmetry
breaking, the physical masses of the particles in the � multiplet, M�n±

, receive an additional
contribution from the Higgs vev, v = 246 GeV. The coupling ��H in (1) leads to an overall shift,
while the �0

�H term after EWSB,
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N = 0 component. There are three inter-
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�H coupling; for �0

�H ⇠ O(1) the splitting is tens of GeV, for �0

�H ⇠ O(0.1)
the splitting is several GeV, while for �0

�H = 0 a splitting arises only from one loop electroweak
corrections and is tens to hundreds of MeV as shown in fig. 1 (right). For large mass splittings
the decays of charged � particles are easily observable at the LHC and are excluded, so we will
be interested in smaller values of �0

�H , of O(0.1) or below. The parameter �0

�H in general cannot
be made arbitrarily small without fine-tuning since it can be generated from a loop with Aa

µ and
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coupling. Even if the cut-o↵ of the theory is at the Planck mass, however, such a contribution is
only log(MP l/MW )2Y�↵/4⇡ ⇠ 0.1, so that the values of �0
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Annihilation cross section is determined by λᵪᵩ
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implications for other LHC searches were not elaborated on, we keep the discussion as general as
possible and explore also LHC signals aside from the enhanced Higgs to diphoton rate. We also
consider general electroweak multiplets beyond the triplet, but for numerical examples we will use
electroweak quintuplets as mediators. We will discuss to what extent electroweak multiplets are
constrained by precision Higgs physics, by searches for anomalous charged tracks, and by monojet,
monophoton and photon + MET + X searches. In the context of the 130 GeV gamma ray line,
LHC final states with a photon and missing energy were also considered in [55] in the context of
models with Z 0 and axion mediators. Since in these models, the photon is produced as part of
the hard process, mono-photon searches are more constraining than in our models, where photons
are only produced radiatively. Finally, independently of the 130 GeV line, the e↵ects of a scalar
electroweak quartet on Higgs boson decays to �� and Z� have been considered previously in [62].

The paper is organized as follows. In section 2 we introduce the class of models we consider in
more detail. Section 3 focuses on DM annihilation into photons and on continuum photon emission
bounds. In section 4 we discuss the cosmological history and prospects for DM direct detection.
Section 5 deals with existing electroweak precision constraints. The collider phenomenology is
discussed in section 6, and the modifications of the Higgs boson properties in section 7. We
conclude in section 8, while calculational details are relegated to the appendices.

2. MODEL SETUP

We consider an extension of the SM by a scalar N -dimensional SU(2)L multiplet � of hyper-
charge Y�. If N � 5 there are no renormalizable couplings to the SM linear in �.1 The � fields
then interact with the SM only through Higgs portal and gauge interactions,

L � |Dµ�|2 � m2
��

†� � ��H�†�H†H � �0

�H(�†T a
N�)(H†⌧aH) � �4(�

†�)2, (1)

where T a
N and ⌧a are the generators of the SU(2)L representations N and 2, respectively (their

normalization is given in Appendix A). We assume the Higgs portal coupling ��H to be either
positive or negative but with |��Hv2| ⌧ m2

�, so that � does not develop a vacuum expectation
value. Here, v is the vacuum expectation value (vev) of the Higgs. For the same reason (and other
reasons discussed below), �0

�H should not be too large in magnitude. Expanding the covariant

1
This is also true in the case that N  4, except for some specific values of Y�.

4

derivative in eq. (1) gives interactions between � and the electroweak gauge fields,

L � i
⇣

�†

i@µ�j � (@µ�†

i )�j

⌘

�

gAµ,a(T a
N )ij + g0Y�B

µ�ij
�

+ �†

i�j

✓

1

2
g2Aa

µAµ,b
�

T a
N , T b

N

 

ij
+ g02Y 2

� BµBµ�ij + 2gg0Y�A
a
µBµ(T a

N )ij

◆

.
(2)

Note that since eq. (1) is the most general renormalizable Lagrangian, the Z2 symmetry � ! ��
is accidental. The neutral component of � can thus be stable and a DM candidate in principle.
However, the annihilation process �0�0 ! W+W�, which occurs at tree level, has too large a
cross-section to give the observed DM abundance today for � masses below TeV scales [63, 64].
Moreover, even with the correct relic density, the same annihilation process for relatively light
� in the present day would be in tension with observations of dwarf galaxies by the Fermi-LAT
collaboration [65]. In order to accommodate the tentative Fermi-LAT line, we therefore introduce
an additional real vev-less SM-singlet scalar �, which has direct couplings only to the other scalars:
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Here, we have introduced by hand a Z2 symmetry that stabilizes �, and assumed that ��H is
chosen such that � does not develop a vev. If we wish to explain the tentative Fermi-LAT gamma
ray line at ⇠ 130 GeV, the DM mass is fixed at M� ' 130 GeV or M� ' 144 GeV, depending on
whether decays to �� or �Z are dominant as we discuss below. In general, however, m� can be
arbitrary. The mass parameter of the weak multiplet, m�, is also free, but as we will see below,
phenomenologically most interesting is the region where M� & M�. After electroweak symmetry
breaking, the physical masses of the particles in the � multiplet, M�n±

, receive an additional
contribution from the Higgs vev, v = 246 GeV. The coupling ��H in (1) leads to an overall shift,
while the �0

�H term after EWSB,

� �0

�H(�†T a
N�)(H†⌧aH) ! +

1

4
�0

�Hv2�†T 3
N� , (4)

leads to a mass splitting

�(M2) = �1

4
�0

�HI3v
2, (5)

between the � component with T 3
N eigenvalue I3 and the T 3

N = 0 component. There are three inter-
esting regimes of the �0

�H coupling; for �0

�H ⇠ O(1) the splitting is tens of GeV, for �0

�H ⇠ O(0.1)
the splitting is several GeV, while for �0

�H = 0 a splitting arises only from one loop electroweak
corrections and is tens to hundreds of MeV as shown in fig. 1 (right). For large mass splittings
the decays of charged � particles are easily observable at the LHC and are excluded, so we will
be interested in smaller values of �0

�H , of O(0.1) or below. The parameter �0

�H in general cannot
be made arbitrarily small without fine-tuning since it can be generated from a loop with Aa

µ and
Bµ on the two internal lines. For Y� = 0, however, this contribution is zero (cf. eq. (2)) so that
�0

�H ' 0 is natural in this case. For Y� 6= 0 there is a log divergent contribution to the bare �0

�H

coupling. Even if the cut-o↵ of the theory is at the Planck mass, however, such a contribution is
only log(MP l/MW )2Y�↵/4⇡ ⇠ 0.1, so that the values of �0

�H chosen in fig. 1 (left) are natural.
As already mentioned, for small values of �0

�H an important contribution to the mass splitting
are the 1-loop electroweak radiative corrections. The resulting mass splitting is given by [63]

MQ � MQ0 =
↵s2WM�

4⇡

n

(Q2 � Q02)s2W f(MZ/M�)

+ (Q � Q0)(Q + Q0 + 2Y�)[f(MW /M�) � f(MZ/M�)]
o

,
(6)

Mass splitting is determined by electroweak 
correction and 
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Figure 1: The mass di↵erence in MeV between the singly charged and neutral mediators, �+ and �0, as a
function of the �0 mass M�0 and the coupling constant �0

�H defined in eq. (1).

where Q and Q0 are the electromagnetic charges of two component fields of �, ↵ is the fine structure
constant, Y� is the hypercharge of the multiplet, and sW = sin ✓W is the sine of the Weinberg angle.
The loop function f is given by

f(r) = �r
h

2r3 ln r + (r2 � 4)3/2 ln A
i

/4, with A = (r2 � 2 � r
p

r2 � 4)/2 . (7)

Here, the UV divergence has been absorbed into the renormalization of M� and �0

�H (we are using
the scheme k = 0 in the notation of [63]). Numerically, f(1) = 2.72, so that for M� ⇠ O(100 GeV)
the mass splitting due to electroweak corrections is tens of MeV.

Because of the accidental Z2 symmetry in eq. (1), the lightest component of � is stable. If
we view the model only as a low energy e↵ective theory, however, the Lagrangian in eq. (1) is
supplemented by higher dimensional operators which can allow the lightest component of � to
decay. If � forms an N -dimensional multiplet, then the lowest dimensional operator mediating this
decay needs to contain at least N � 1 SM doublets. For example, the choice N = 5, Y� = 2 allows
us to include the operator

L5 � c�
⇤

�(H†)4 . (8)

For general N , operators of this type will be suppressed by 1/⇤N�4, where ⇤ is the cut-o↵ scale of
the e↵ective theory.

In the following, we consider in detail two benchmark cases, one in which we assume that the
lightest component of the � multiplet is stable on cosmological timescales, and one in which it
decays rapidly through higher dimensional operators, see table I. In the stable case, the lightest
component of � contributes to the dark matter relic density at the subdominant level. For instance,
for the benchmark model listed in the left part of table I, its relic density is ⌦�0h2 = 3.6 ⇥ 10�4.
It is thus important that the lightest component of � is electrically neutral and does not couple
to the Z—if it did, its scattering cross section on nuclei would be in conflict with direct detection
constraints. To avoid couplings to the Z, we have to ensure that �0 has T 3

N = 0, which is only
possible for odd multiplet order N and requires Y� = 0. We choose N = 5 for definiteness, but
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Benchmark model 1: stable �0 Benchmark model 2: unstable �0

Multiplet SU(2) representation N 5 N 5

Multiplet hypercharge Y� 0 Y� 2

DM mass M� 144 GeV M� 130 GeV

Multiplet mass parameter m� 199.65 GeV m� 168.5 GeV

DM–Higgs coupling ��H 0 ��H 0

DM–multiplet coupling ��� 0.954 ��� 0.493

T 3
N -indep. � � H coupling ��H �0.45 ��H �0.2

T 3
N -dep. � � H couplings �0

�H 0 �0
�H �0.1

Physical multiplet masses M�±± 162.65 GeV M�++++ 159.2 GeV

M�± 162.11 GeV M�+++ 154.4 GeV

M�0 161.92 GeV M�++ 149.4 GeV

M�+ 144.2 GeV

M�0 138.9 GeV

Multiplet relic density ⌦�0h
2 3.6 ⇥ 10�4

Table I: The input parameters, resulting mass spectra and relic densities for the two benchmark points:
A Y� = 0 5-plet with stable �0 (left), and a Y� = 2 5-plet with �0 allowed to decay through higher-
dimensional operators (right). Note that each �n± state is associated with an antiparticle �?,n± carrying
equal but opposite charge.

larger multiplets are also viable. To make sure that �0 is indeed the lightest component of �, we
also assume that �0

�H is small enough that the mass splittings among the components of � are
dominated by electroweak corrections. For Y� = 0 these lead to small positive mass shifts for the
T 3 6= 0 charged components compared to the neutral one. We also set ��H = 0 so that there is
no �� ! h ! WW annihilation at tree level. The phenomenological consequences of relaxing this
assumption will be addressed below

If � can decay through higher-dimensional operators, there are much fewer constraints. For
example, if the decay is fast enough, all components of � could be charged and there is no con-
straint on which component is the lightest one. Here, we will nevertheless assume that the lightest
component is electrically neutral. The complete set of model parameters for the two benchmark
cases is given in table I. In both of them, we focus on N = 5 multiplets, but we will also comment
on higher multiplets below.

3. GAMMA-RAY ANNIHILATION SIGNAL

We are now ready to discuss in detail the phenomenology of the DM models introduced in
section 2, where DM–SM interactions are mediated by a scalar SU(2) N-plet. We begin by con-
sidering indirect detection constraints, in particular the signals of DM annihilation in the gamma
ray sky. As mentioned in the introduction, one of our motivations is the tentative line-like feature
observed in Fermi-LAT gamma ray data from the galactic center and other DM-rich regions in the
sky [1–5]. This signal, as well as possible gamma ray lines that may be discovered in the future,
can be due to either �� ! �� or �� ! �Z annihilation. The process �� ! �h is not generated
in the models we consider because the initial and final states would have di↵erent C parity. Both
�� ! �� or �� ! �Z proceed through diagrams of the form shown in fig. 2. In both of our
benchmark points from table I we have ��H = 0 so that only the topologies fig. 2 (a) and (b)
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Figure 2: Representative diagrams contributing to �� ! ��, �Z, ZZ annihilations

contribute. The annihilation cross sections are then given by [66–68]

h�vreli�� =
1

32⇡M2
�

�

�

�

�

↵���

⇡

X

Q2
⇣

1 � �f(�)
⌘

�

�

�

�

2

, (9)

h�vreli�Z =
1

32⇡M2
�

✓

1 � M2
Z

4M2
�

◆3
�

�

�

�

�

2
p

2↵���

⇡sW cW

X

Q
�

I3 � s2WQ
�

⇥


�

2(� � �)
+

��2

2(� � �)2

⇣

f(�) � f(�)
⌘

+
��

(� � �)2

⇣

g(�) � g(�)
⌘

�

�

�

�

�

�

2

,

(10)

with � ⌘ M2
�/M2

�, � ⌘ 4M2
�/M2

Z , and the loop functions

f(x) =

8

<

:

arcsin2
p

x�1 for x � 1,

�1
4

h

log 1+
p

1�x
1�

p

1�x
� i⇡

i2
for x < 1.

(11)

g(x) =

8

<

:

p

1�x
2

h

log 1+
p

1�x
1�

p

1�x
� i⇡

i

for x > 1,
p

x � 1 arcsin
p

x�1 for x  1.
(12)

In the above expressions, sW and cW denote the sine and the cosine of the Weinberg angle, respec-
tively, Q and I3 are the electric charge and the third component of the weak isospin of the � field
components, and the sums run over these components.

The predicted values of the annihilation cross sections h�vreli�� and h�vreli�Z are shown in

fig. 3. These should be compared to h�vreli�� = (1.27+0.37
�0.43) ⇥ 10�27 cm3/s and h�vreli�Z =

(3.14+0.89
�0.99) ⇥ 10�27 cm3/s, which for the Einasto DM profile were shown in [2, 10] to explain the
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Figure 4: Contours of constant annihilation cross section h�vreli�Z = 3.14 ⇥ 10�27 cm3/s (left) and

h�vreli�� = 1.27 ⇥ 10�27 cm3/s (right), motivated by the tentative Fermi-LAT gamma ray line [1–3, 5],
as a function of M�0 (the mass of the neutral component of the mediator SU(2) multiplet �) and ��� (the
coupling of DM to �). The results are shown for multiplet sizes N = 3, 5, 7, 9 (green, orange, magenta and
blue lines), and hypercharge Y� = 0, 1, 2 (solid, dashed, dotted lines). The choices of DM mass, M� = 144 for
�� ! �Z (left panel) and M� = 130 GeV for �� ! �� (right panel) are also motivated by the Fermi-LAT
line. The remaining input parameters are as in the corresponding columns of table I. The yellow bands for
the benchmark models N = 5, Y� = 0 (left) and N = 5, Y� = 2 (right) show the 1� experimental ranges
for h�vreli�Z = (3.14+0.89

�0.99)⇥ 10�27 cm3/s and h�vreli�� = (1.27+0.37
�0.43)⇥ 10�27 cm3/s, respectively (obtained

using an Einasto halo profile in [2, 10]). The thick red line denotes the values of M�0 and ��� for which
the correct DM relic density ⌦DMh2 = 0.112 [69] is obtained. The error on the relic density from WMAP,
±0.0056, is below the resolution of the plot.

then smaller than the bounds from continuum gamma rays in Fermi-LAT. Using FeynArts [70], we
estimate that for the benchmark point with the stable 5-plet (left part of table I), the annihilation
cross section to W+W� is h�vreli = 2.0 ⇥ 10�26 cm3/s, and the one to ZZ is h�vreli = 5.2 ⇥
10�27 cm3/s. In the case of the unstable 5-plet benchmark point (right part of table I), the
annihilation cross section to W+W� is h�vreli = 5.3 ⇥ 10�27 cm3/s and the one to ZZ is h�vreli =
2.6 ⇥ 10�27 cm3/s. The bound from continuum gamma rays from the galactic center is h�vreli =
2.7 ⇥ 10�26 cm3/s for annihilation to W+W� and h�vreli = 3.2 ⇥ 10�26 cm3/s for the ZZ final
state [19]. The continuum photon constraints can also be translated into a constraint on ��H which
is ��H . 0.03.

4. RELIC DENSITY AND DIRECT DETECTION

We now investigate the dynamics of DM freeze-out in the early Universe for the class of models
given by the Lagrangians (1) and (3). At very high temperatures, the DM � is kept in thermal
equilibrium through two channels: (i) s-channel Higgs exchange �� $ h $ WW, ZZ [71] and (ii)
direct coupling to the mediator field �, �� $ ��. �, in turn, is kept in thermal equilibrium with the
SM particles through its electroweak interactions. The amplitude for process (i) is proportional
to the coupling constant ��H , which is constrained by the requirement that secondary gamma
rays from DM annihilations in the Galactic Center today should not overshoot the Fermi-LAT
constraints on the gamma ray continuum. Since generating the correct DM relic density ⌦h2 =
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Figure 4: Contours of constant annihilation cross section h�vreli�Z = 3.14 ⇥ 10�27 cm3/s (left) and

h�vreli�� = 1.27 ⇥ 10�27 cm3/s (right), motivated by the tentative Fermi-LAT gamma ray line [1–3, 5],
as a function of M�0 (the mass of the neutral component of the mediator SU(2) multiplet �) and ��� (the
coupling of DM to �). The results are shown for multiplet sizes N = 3, 5, 7, 9 (green, orange, magenta and
blue lines), and hypercharge Y� = 0, 1, 2 (solid, dashed, dotted lines). The choices of DM mass, M� = 144 for
�� ! �Z (left panel) and M� = 130 GeV for �� ! �� (right panel) are also motivated by the Fermi-LAT
line. The remaining input parameters are as in the corresponding columns of table I. The yellow bands for
the benchmark models N = 5, Y� = 0 (left) and N = 5, Y� = 2 (right) show the 1� experimental ranges
for h�vreli�Z = (3.14+0.89

�0.99)⇥ 10�27 cm3/s and h�vreli�� = (1.27+0.37
�0.43)⇥ 10�27 cm3/s, respectively (obtained

using an Einasto halo profile in [2, 10]). The thick red line denotes the values of M�0 and ��� for which
the correct DM relic density ⌦DMh2 = 0.112 [69] is obtained. The error on the relic density from WMAP,
±0.0056, is below the resolution of the plot.

then smaller than the bounds from continuum gamma rays in Fermi-LAT. Using FeynArts [70], we
estimate that for the benchmark point with the stable 5-plet (left part of table I), the annihilation
cross section to W+W� is h�vreli = 2.0 ⇥ 10�26 cm3/s, and the one to ZZ is h�vreli = 5.2 ⇥
10�27 cm3/s. In the case of the unstable 5-plet benchmark point (right part of table I), the
annihilation cross section to W+W� is h�vreli = 5.3 ⇥ 10�27 cm3/s and the one to ZZ is h�vreli =
2.6 ⇥ 10�27 cm3/s. The bound from continuum gamma rays from the galactic center is h�vreli =
2.7 ⇥ 10�26 cm3/s for annihilation to W+W� and h�vreli = 3.2 ⇥ 10�26 cm3/s for the ZZ final
state [19]. The continuum photon constraints can also be translated into a constraint on ��H which
is ��H . 0.03.

4. RELIC DENSITY AND DIRECT DETECTION

We now investigate the dynamics of DM freeze-out in the early Universe for the class of models
given by the Lagrangians (1) and (3). At very high temperatures, the DM � is kept in thermal
equilibrium through two channels: (i) s-channel Higgs exchange �� $ h $ WW, ZZ [71] and (ii)
direct coupling to the mediator field �, �� $ ��. �, in turn, is kept in thermal equilibrium with the
SM particles through its electroweak interactions. The amplitude for process (i) is proportional
to the coupling constant ��H , which is constrained by the requirement that secondary gamma
rays from DM annihilations in the Galactic Center today should not overshoot the Fermi-LAT
constraints on the gamma ray continuum. Since generating the correct DM relic density ⌦h2 =

• The relic density is achieved 
by annihilation to forbidden 
channel.

• The model can give a large 
annihilation cross section to 
photons while having the 
correct relic density.
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Figure 6: Lifetime of the singly charged component of � as a function of the mass splitting �M between �±

and �0. The thick black curves show the physical lifetime, taking into account hadronic and leptonic decays.
The colored curves show the inverse of the partial widths to pions (green), e⌫e (red) and µ⌫µ (blue). The
labels on the upper horizontal axis show the values of �0

�H corresponding to the mass splittings indicated
on the lower horizontal axis, neglecting electroweak corrections.

The CMS search for long-lived charged particles [84] requires signals in the tracking detectors as
well as the muon chambers, implying sensitivity only to particles with decay lengths of order 10 m.
Similarly, the ATLAS search [85] requires signals in the inner detector and the electromagnetic
calorimeter. Moreover, only particles with electric charges > 6e are constrained in this analysis.
The searches from [84] and [85] are therefore not sensitive to our benchmark models or minor vari-
ations therefore, except for an extremely fine-tuned corner of parameter space, where electroweak
contributions to the mass splittings, eq. (6), and those induced by nonzero �0

�H , eq. (5), conspire to
make one of the mass splittings extremely small. If we depart further from our benchmark models,
however, it is quite easy to obtain very long-lived charged particles. In particular, this is the case if
the hypercharge Y� is chosen such that the lightest component of � is charged and decays only via
higher-dimensional operators, for instance eq. (8). Then, its decay width is naturally very small.
Note that in scenarios of this type, the long-lived charged particle should still decay on timescales
⌧ 1 minute to avoid perturbing big bang nucleosynthesis.

6.3. Monophoton and monojet signatures

Searches for a single jet or photon, accompanied by a significant amount of missing energy,
have recently received a lot of attention because they are able to constrain the existence of new
“invisible” particles in a relatively model-independent way [86–103]. In the models discussed here,
for instance, the components of the electroweak multiplet mediator � are very di�cult to observe
directly at the LHC, but their production is constrained by jet+MET and photon+MET searches.

For the monojet signature, the relevant diagrams are pair productions of the multiplet together
with a quark or gluon from initial state radiation. For our benchmark points the expected cross
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Figure 5: The LHC pair production cross section for the new electroweak multiplet � at our benchmark
points. The blue and red curves are for the Y� = 0 and Y� = 2 benchmark points, respectively. Solid curves
are for

p
s = 14 TeV, dashed ones are for the 8 TeV LHC. The width of the colored bands indicates the

theoretical uncertainty of our predictions, estimated by varying the factorization and renormalization scales
in MadGraph by a factor of 2.

avoid constraints from direct detection and from continuum photon emission in DM annihilation.
Therefore, we do not expect the DM production cross section at the LHC to be large enough to
be discovered anytime in the near future. On the other hand, the components of the mediator
multiplet � can be produced abundantly at the LHC through their large electroweak couplings.
Their decay phenomenology will depend crucially on the mass splittings between them, and since
these mass splittings can be quite small, very interesting collider signatures are expected. We will
now discuss the collider phenomenology of the new electroweak multiplet � in more detail.

6.1. �n± production and decay at the LHC

At the LHC, the electroweak multiplet � would be produced mostly in Drell-Yan pair production
processes. In fig. 5, we show the expected production cross sections at center of mass energies of
8 TeV and 14 TeV. We see that, especially for relatively light � (M� < 200 GeV), as at our
benchmark points, the production cross section is fairly large, on the order of 1 pb at

p
s = 8 TeV

and up to more than 10 pb at
p

s = 14 TeV. Nevertheless, detecting � is challenging because
by assumption its lightest component is typically electrical neutral, and the decays of the heavier
components are very soft.

In particular, the charged components of � decay via �n± ! �(n�1)± + W ⇤, where the o↵-shell
W ⇤ gives leptons or hadrons in the final state. The relevant decay rates are [63]

�(�n± ! �(n�1)± + ⇡±) ' (N2 � 1)V 2
udf

2
⇡G2

F (�M)3

4⇡

s

1 � M2
⇡

(�M)2
, (24)

Total production cross sectionMultiplet lifetime

•For a small mass splitting between the multiplets components, 
the charged components can have a long lifetime.
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|⌘| < 1.5 for the photon, and we take the signal e�ciency to be 30%. The shaded region is excluded by the
CMS search.
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Figure 7: The production cross section for a multiplet pair together with a monojet for our benchmark
models. The cross sections (colored curves) are compared with a bound from the CMS monojet search [86]
(gray area), which requires the reconstructed MET to be above 350 GeV. Following [86], we use a cut
e�ciency of 10% relative to a parton level Monte Carlo sample with parton level cut MET> 200 GeV.
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Figure 8: The production cross section for a multiplet pair together with one photon for various multiplet
quantum numbers. Based on the CMS 7 TeV monophoton search [87], we require pT > 125 GeV and
|⌘| < 1.5 for the photon, and we take the signal e�ciency to be 30%. The shaded region is excluded by the
CMS search.

Monojet Monophoton

• φ can be pair-produced at the LHC, and the charged components 
decay to neutral components with soft jets and leptons.

• Stable neutral component can not be detected, therefore monojet 
and monophotons can give constraints to the model.



h → γ γ
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Figure 10: Ratio of partial decay width of the Higgs boson in our model to the standard model width for
decay modes �� (blue) and �Z (red), as a function of the coupling ��H . The solid and dashed curves
correspond to the stable and unstable benchmark points of table I, respectively. Experimental results for
best-fit signal strength in the channel h ! �� (dashed horizontal line) are taken from [106, 107] with errors
added in quadrature (gray band).

for MH = 125 GeV, MW = 80.4 GeV, and the top quark mass in the MS renormalization scheme
MMS

t = 160 GeV [78]. We neglect the contributions from fermions other than the top quark, which
is su�cient to reproduce the full SM result for the partial width �(h ! ��) [105] to within 2%.
The new contribution F ��

� is given by [66–68]

F ��
� =

X

s

↵Q2
s

2⇡

⇣

��H � 1

2
�0

�H(T 3)s
⌘h

1 � �sf(�s)
i

, (29)

where the sum runs over the components �s of the electroweak multiplet �, and the loop function
f(�s) is given by eq. (11), and �s ⌘ 4M2

�s
/M2

H . For our benchmark models �s > 1. Note that for
Y = 0, the term proportional to �0

�H vanishes.

In the SM F ��
W and F ��

f interfere destructively. Furthermore, for positive ��H and �0

�H we have

|F �� |2 =
�|F ��

V | � |F ��
F | � |F ��

� |�2. (30)

The ratio of the resulting partial width �(h ! ��) to the SM value as a function of ��H is shown
in fig. 10. We see that the decay h ! �� can be substantially enhanced or suppressed, depending
on the sign of the coupling constants ��H and �0

�H . Note that the other phenomenology discussed
so far is to a large extent decoupled from the value of ��H , so that O(1) e↵ects in h ! �� are
possible without a↵ecting anything else. In particular, there is no clear prediction for the size
of the deviation in h ! �� based on observation of the Fermi gamma line, beyond the generic
expectation that O(1) deviation is expected for natural values of ��H .

In a similar way, the related loop-induced decay h ! �Z is a↵ected by the new multiplet �.
The decay rate is given by

�(h ! �Z) =
v2

16⇡MH

✓

1 � M2
Z

M2
H

◆3

|F �Z |2 , (31)



Conclusion

• We can explain the large DM annihilation to 
photons with parameters that are still 
perturbative at experimentally relevant energy 
scales.

• A large portion of parameter space is still 
allowed.

• There are some interesting LHC signatures for 
future searches.


