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Outline

Gamma ray lines from WIMP annihilation.

A Forest of Lines

Examples

The `Weniger’ Line in the Fermi data

Outlook



Gamma Ray Lines

WIMP annihilation into a two body final state 
containing a photon can result from loop 
processes, with charged particles running in the 
loop.

Since WIMPs are thought to be highly non-
relativistic in the galaxy, energy conservation 
predicts the energy of the photon in the    
reaction χχ -> γX to be:

The line feature allows backgrounds to be more 
easily fit from data, perhaps compensating for a 
smaller, loop-suppressed rate.
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Lines Can Tell Us Something
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Forbidden by the Landau-Yang theorem

The initial J should arise from the WIMP spin, or the process will be 
suppressed by the small WIMP velocity.

Since whatever is in the loop carries hypercharge or SU(2), generically both 
γγ and γZ will occur unless something like Landau-Yang prevents γγ.

v-suppressed for Majorana χ



A WIMP Forest?

In supersymmetry, the gamma ray lines 
from annihilation into γγ and γZ have been 
well known for many years.

The WIMP forest refers to the possibility 
that there may be a richer structure of 
gamma ray lines.

Any ‘even’ particle in the theory whose 
mass is less than twice the WIMP mass can 
be produced together with a photon in 
WIMP annihilation.

Each such particle produces its own line at 
a different energy, potentially resulting in a 
forest of lines.
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Example: The Chiral Square

The Chiral Square is a UED theory with two extra 
dimensions.  

The adjacent sides are identified as the same, 
which can be visualized as a square region folded 
along a diagonal.

This orbifold compactification has chiral fermions, 
and its low energy physics can be engineered to 
match the Standard Model.

There are three “fixed points”, where boundary 
terms can live which preserve KK parity.

I’ll follow the usual practice and assume the size of 
the boundary terms is consistent with their being 
generated by loops -- ``minimal UED’’.

y1

y2

Burdman, Dobrescu, Ponton ’04, ’05

Ponton, Wang ’06

KK parity requires that 
two of the boundary 

terms at (0,R) and (R,0) 
are equal in size.



Spectrum

The boundary terms modify the 
masses of the fields at a given (j,k) 
level.  They control the systematics 
of the spectrum of states.

The LKP is usually the scalar 
(1,0) KK mode of the 
Hypercharge gauge boson, BH.

Colored states are the heaviest 
of a given (j,k).

The (1,1) modes are KK even and 
many have masses above MB but 
below  2 MB.

(1,1) Modes

Burdman, Dobrescu, Ponton ’06
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FIG. 1: Mass spectrum of the (1,1) level for 1/R = 500 GeV.
Electroweak symmetry breaking effects are small, and have
not been included.

electroweak sector. As shown in [11], the KK-expansion
of the extra-dimensional field strength, F45, defines gauge
invariant linear combinations of A4 and A5 that are or-
thogonal to the would-be Nambu-Goldstone bosons eaten
by the vector modes at each KK level. Thus, only these
gauge invariant degrees of freedom, that we call spinless
adjoints, get a mass shift from the localized terms, given
in the third equation of (2.11). We obtain the following
values for the parameters defined by Eqs. (2.17):

AGH = 1 , AWH = −
17

8
, ABH = −

153

4
. (2.23)

Note that the (1, 1) SU(3)C spinless adjoints receive a
positive contribution to their masses, but are typically
lighter than the (1, 1) quarks. Similarly, the electroweak
spinless adjoints are lighter than the (1, 1) leptons. Their
masses are driven down by the contribution due to the
fermions.

Finally, the parameters that control the KK Higgs
masses in Eq. (2.19) are given by

AH " Aη̃ "
33

32
+

λ2
t

2g2
, (2.24)

where we have not included the contributions from Higgs
self-interactions and from U(1)Y interactions.

The mass spectrum of the (1, 1) modes is shown in Fig-
ure 1 for 1/R = 500 GeV. Higher-loop contributions in-
volving colored KK modes may be important (see the end
of Section II B), and may shift the mass spectrum. This
uncertainty is larger than corrections coming from the
running of the coupling constants, or electroweak sym-
metry breaking. We ignored these effects in Figure 1,
and we used some rough estimates for the couplings at
the scale M1,1 =

√
2/R: (g/gs)2 = 0.34, (g′/gs)2 = 0.10,

(λt/gs)2 = 0.8, CG = 0.1. We also assumed that the
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FIG. 2: Mass spectrum of the (1,0) level. The lightest KK

particle is the B(1,0)
H spinless adjoint.

Higgs boson is much lighter than the compactification
scale.

We also point out here that at the (1, 0) level, the mass
corrections to the electroweak spinless adjoints are also
negative. The mass correction to the (1, 0) SU(3)C spin-
less adjoints happens to vanish at one-loop for the stan-
dard model field content, but one should keep in mind
that multi-loop contributions are expected to be impor-
tant for the strongly interacting particles. The corre-
sponding mass shifts for the spin-1 particles are positive
for the (1, 0) gluons, and negative for the (1, 0) W and B
vector modes. In fact, it is interesting that the lightest
KK particle is predicted to be the spinless hypercharge

mode, B(1,0)
H . Thus, in contrast to the case of five dimen-

sions, the natural dark matter candidate has spin-0. The
mass spectrum of the (1, 0) modes is shown in Figure 2
for 1/R = 500 GeV.

D. KK-number violating interactions

The ZKK
2 symmetry implies that for any interaction

among KK modes the sum over all j and k numbers
should be even. In particular, interactions involving two
zero modes and a (j, k) mode with j ≥ 1 and j + k even
is allowed. Such an interaction is not generated at tree
level by bulk interactions, but arises due to the localized
operators.

To be concrete, the effective 4D, KK-number violat-
ing couplings between zero-mode quarks and massive KK
gluons are given by

gsC
qG
j,k (qγµT aq)G(j,k)a

µ , (2.25)

where CqG
j,k are real dimensionless parameters, T a are the

SU(3)C generators in the fundamental representation, gs

is the QCD gauge coupling, and q stands for any of the
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FIG. 1: Mass spectrum of the (1,1) level for 1/R = 500 GeV.
Electroweak symmetry breaking effects are small, and have
not been included.

electroweak sector. As shown in [11], the KK-expansion
of the extra-dimensional field strength, F45, defines gauge
invariant linear combinations of A4 and A5 that are or-
thogonal to the would-be Nambu-Goldstone bosons eaten
by the vector modes at each KK level. Thus, only these
gauge invariant degrees of freedom, that we call spinless
adjoints, get a mass shift from the localized terms, given
in the third equation of (2.11). We obtain the following
values for the parameters defined by Eqs. (2.17):

AGH = 1 , AWH = −
17

8
, ABH = −

153

4
. (2.23)

Note that the (1, 1) SU(3)C spinless adjoints receive a
positive contribution to their masses, but are typically
lighter than the (1, 1) quarks. Similarly, the electroweak
spinless adjoints are lighter than the (1, 1) leptons. Their
masses are driven down by the contribution due to the
fermions.

Finally, the parameters that control the KK Higgs
masses in Eq. (2.19) are given by

AH " Aη̃ "
33

32
+

λ2
t

2g2
, (2.24)

where we have not included the contributions from Higgs
self-interactions and from U(1)Y interactions.

The mass spectrum of the (1, 1) modes is shown in Fig-
ure 1 for 1/R = 500 GeV. Higher-loop contributions in-
volving colored KK modes may be important (see the end
of Section II B), and may shift the mass spectrum. This
uncertainty is larger than corrections coming from the
running of the coupling constants, or electroweak sym-
metry breaking. We ignored these effects in Figure 1,
and we used some rough estimates for the couplings at
the scale M1,1 =

√
2/R: (g/gs)2 = 0.34, (g′/gs)2 = 0.10,

(λt/gs)2 = 0.8, CG = 0.1. We also assumed that the
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FIG. 2: Mass spectrum of the (1,0) level. The lightest KK

particle is the B(1,0)
H spinless adjoint.

Higgs boson is much lighter than the compactification
scale.

We also point out here that at the (1, 0) level, the mass
corrections to the electroweak spinless adjoints are also
negative. The mass correction to the (1, 0) SU(3)C spin-
less adjoints happens to vanish at one-loop for the stan-
dard model field content, but one should keep in mind
that multi-loop contributions are expected to be impor-
tant for the strongly interacting particles. The corre-
sponding mass shifts for the spin-1 particles are positive
for the (1, 0) gluons, and negative for the (1, 0) W and B
vector modes. In fact, it is interesting that the lightest
KK particle is predicted to be the spinless hypercharge

mode, B(1,0)
H . Thus, in contrast to the case of five dimen-

sions, the natural dark matter candidate has spin-0. The
mass spectrum of the (1, 0) modes is shown in Figure 2
for 1/R = 500 GeV.

D. KK-number violating interactions

The ZKK
2 symmetry implies that for any interaction

among KK modes the sum over all j and k numbers
should be even. In particular, interactions involving two
zero modes and a (j, k) mode with j ≥ 1 and j + k even
is allowed. Such an interaction is not generated at tree
level by bulk interactions, but arises due to the localized
operators.

To be concrete, the effective 4D, KK-number violat-
ing couplings between zero-mode quarks and massive KK
gluons are given by

gsC
qG
j,k (qγµT aq)G(j,k)a

µ , (2.25)

where CqG
j,k are real dimensionless parameters, T a are the

SU(3)C generators in the fundamental representation, gs

is the QCD gauge coupling, and q stands for any of the

(1,0) Modes

2 mBH



Relic Density

Annihilation typically goes 
through an s-channel SM 
Higgs boson.

Generally, the relic density 
favors LKP masses between 
100 - about 500 GeV, 
provided the Higgs mass is 
chosen to match.

This model might be 
salvageable as a thermal relic 
by using the level (1,1) or 
(2,0) Higgs modes as the 
resonance, probably only with 
nonminimal boundary terms.

Figure 5: The region (shaded) of the mh vs. MB plane in which the BH thermal relic abundance is
within the range measured by WMAP (0.096 < ΩBH

h2 < 0.122).

denominator, in comparison with the a-term. Even near the resonance, however, the effect of

the b-term contribution on the relic abundance is suppressed by the velocity (v2
r ∼ 0.1) and

impacts the dark matter density at about the 10% level or less.

As shown in the left frame of Fig. 4, there are two regions consistent with WMAP around

the Higgs resonance, MB ∼ 180 GeV and MB ∼ 350 GeV. Note that in contrast to the 5D

case [3, 6] a light range of dark matter masses is preferred by data. This difference is to a

large extent due to the spin of the dark matter candidate. The dominant annihilation channel

of the spin-1 dark matter candidate in 5D is to fermion pairs, whereas annihilation of spinless

photons to pairs of light fermions is helicity suppressed. The multiplicity of light fermion

final states allows the former to annihilate more efficiently, leading to an increase in its mass

in order to remain consistent with data.

The relative contributions to the total annihilation cross section from different final states

are plotted for a large Higgs mass in the right frame of Fig. 4. We see that annihilation

to boson final states is dominant for a spinless photon mass above the boson production

threshold. As expected from the Goldstone boson equivalence theorem, the a-term for the

W+W− final state is twice that for the ZZ and hh final states in the limit of large MB. The

top quark final state is only significant for a small range of parameters; it is below threshold

for MB ! 170 GeV and helicity suppressed for large values of MB .

Note that the results in this figure are not reliable in the region of MB ≈ 250 GeV

as this corresponds to a spinless photon mass that is exactly half the Higgs mass and the

– 11 –

Dobresu, Hooper, Kong, 
Mahbubani, ’07

W+

W−

BH

BH

h

Figure 1: The only tree-level contribution to BHBH annihilation into W+W−. The same diagram
with the W bosons replaced by Z bosons describes annihilation into Z pairs.

As we will see in this section, the only other (1,0) particles that affect the annihilation

cross section of BH are the KK modes of the top quark: T (1,0)
− , which is an SU(2)W -singlet

vectorlike quark, and T (1,0)
+ , which together with B(1,0)

+ forms an SU(2)W -doublet vectorlike

quark. The masses of other (1,0) quarks are necessary for computing the elastic scattering

cross section of BH with nucleons (see Section 4). The masses of the (1,0) leptons and vector

bosons are largely irrelevant for our present study. Nevertheless, we show in Table 1 the full

(1,0) spectrum from Ref. [21], which turns out to include sufficiently large mass splittings so

that coannihilation effects may be neglected. We loosely refer to all (1,0) particles as ‘level-1’

modes in what follows, and we label them using the superscript (1, 0).

2.1 Annihilation into boson pairs

The interaction of the BH with the Standard Model Higgs boson, h, is given by

Lh = −
g2
Y

8
BHBHh (h + 2v) , (2.1)

where gY is the hypercharge gauge coupling and v ≈ 246 GeV is the electroweak scale. There

are no tree-level interactions of the type BHH(1,0)h, ∂µBHH(1,0)0Zµ, or ∂µBHH(1,0)∓W µ±.

The annihilation cross section into a W+W− pair (see Fig. 1) is given by

σ(BHBH → W+W−) =
g4
Y (s2 − 4m2

W s + 12m4
W )

64πs
(

s − m2
h

)2

(

s − 4m2
W

s − 4M2
B

)1/2

, (2.2)

and the same expression with the W boson mass replaced by the Z boson mass yields the

cross section for BHBH annihilation into a ZZ pair

σ(BHBH → ZZ) =
1

2
σ(BHBH → W+W−)

∣

∣

∣

∣

mW →mZ

, (2.3)

where the factor of 1/2 results from having two identical particles in the final state. Here

s is the center-of-mass energy of the collision, while mW , mZ and mh are the the Standard

Model masses.

Expanding the cross section in powers of the relative speed between the BH bosons, vr,

gives

vr σ
(

BHBH → W+W−
)

= aW + v2
rbW + O

(

v4
r

)

. (2.4)

– 4 –

The LHC has essentially 
excluded this model as a 

thermal relic!



Gamma Ray Lines
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FIG. 2: Examples of Feynman diagrams which contribute to BHBH � AV where V = A, Z and B(1,1).

reduced to scalar integrals [22]. However, in cases
where two of the external momenta become iden-
tical, as for the case of WIMP annihilation, this
approach breaks down. In these cases, the expres-
sions for the Dij coe⇥cients in terms of scalar inte-
grals depend inversely on the Gram Determinant
(GD) built from the external momenta (i.e., GD
= det(pi ·pj)). In certain kinematical regions (e.g.,
where two of the momenta become degenerate and
GD ⇥ 0), the PV scheme gives rise to spurious
divergences. In calculations for collider processes
(where the momenta are integrated over an entire
phase space), this situation arises only at special
points near the boundaries of phase space. Spe-
cial techniques involving interpolating from these
unsafe regions of phase space to safe regions have
been developed to deal with these spurious diver-
gences in calculations for collider processes.

These techniques do not apply to our situation
(where the two incoming momenta are fixed and
identical) and we are forced to approach this prob-
lem using the following method. For our calcula-
tion, we have chosen to implement the technique
developed in Ref. [23] (for previous applications to
supersymmetric dark matter, see [4]). In this alge-

braic reduction scheme, the original PV scheme is
extended to deal with situations where the GD ex-
actly vanishes. Higher-point tensor (and scalar) in-
tegrals are expressed in terms of lower-point quan-
tities which can be safely evaluated utilizing the
usual numerical techniques. For example, the ex-
pressions for the four-point scalar integral (D0)
and the tensor coe⇥cient (D27) can be expressed
as:

D0 = �123C0(123) + �124C0(124)
+ �134C0(134) + C0(234) , (10)

and:

D27 = �123C24(123) + �124C24(124)
+ �134C24(134) + C24(234) , (11)

where C0(ijk) and C24(ijk) are the three-point
scalar integral and PV tensor coe⇥cient, respec-
tively (the (ijk) denotes various propagator factors
in the original four-point denominator). The �ijk

coe⇥cients can be obtained by solving the matrix
equation:
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reduced to scalar integrals [22]. However, in cases
where two of the external momenta become iden-
tical, as for the case of WIMP annihilation, this
approach breaks down. In these cases, the expres-
sions for the Dij coe⇥cients in terms of scalar inte-
grals depend inversely on the Gram Determinant
(GD) built from the external momenta (i.e., GD
= det(pi ·pj)). In certain kinematical regions (e.g.,
where two of the momenta become degenerate and
GD ⇥ 0), the PV scheme gives rise to spurious
divergences. In calculations for collider processes
(where the momenta are integrated over an entire
phase space), this situation arises only at special
points near the boundaries of phase space. Spe-
cial techniques involving interpolating from these
unsafe regions of phase space to safe regions have
been developed to deal with these spurious diver-
gences in calculations for collider processes.

These techniques do not apply to our situation
(where the two incoming momenta are fixed and
identical) and we are forced to approach this prob-
lem using the following method. For our calcula-
tion, we have chosen to implement the technique
developed in Ref. [23] (for previous applications to
supersymmetric dark matter, see [4]). In this alge-

braic reduction scheme, the original PV scheme is
extended to deal with situations where the GD ex-
actly vanishes. Higher-point tensor (and scalar) in-
tegrals are expressed in terms of lower-point quan-
tities which can be safely evaluated utilizing the
usual numerical techniques. For example, the ex-
pressions for the four-point scalar integral (D0)
and the tensor coe⇥cient (D27) can be expressed
as:

D0 = �123C0(123) + �124C0(124)
+ �134C0(134) + C0(234) , (10)

and:

D27 = �123C24(123) + �124C24(124)
+ �134C24(134) + C24(234) , (11)

where C0(ijk) and C24(ijk) are the three-point
scalar integral and PV tensor coe⇥cient, respec-
tively (the (ijk) denotes various propagator factors
in the original four-point denominator). The �ijk

coe⇥cients can be obtained by solving the matrix
equation:

KK masses inspired by minimal boundary terms: 
(1,0) lepton modes are about 20% heavier than 

the LKP.

Bertone, Jackson, Shaughnessy,  TT,  Vallinotto, 
[0904.1442] (& PRD)
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FIG. 3: Cross sections as a function of the LKP mass
mBH for the three di�erent channels �� (solid), �Z
(dotted) and �B(1,1) (dashed).

For BH BH ⇤ Z⇥, we use the experimentally mea-
sured values of MZ ⌅ 91 GeV and �Z ⌅ 2.5
GeV [24]. For BH BH ⇤ B(1,1)⇥, we have as-
sumed the minimal mass boundary term relation
MB(1,1) ⇥ 1.4MBH . The width of B(1,1) is deter-
mined by its decays into SM particles. Such inter-
actions result entirely from boundary terms, and
under the minimal assumption that they are loop-
suppressed [14], we expect small coupling to the
SM such that �B(1,1) ⇥ 10�4MB(1,1) . Since �B(1,1)

is typically much smaller than the typical experi-
mental energy resolutions, the resulting signals at
detectors are not very sensitive to its precise value.

Generally, the larger the mass of V , the further
away its corresponding line will be from the lim-
iting value MBH (c.f. Eq. (1)). The chiral square
model is interesting in this respect because the
B(1,1) mass is large with respect to both MZ and
MBH , while still kinematically allowed. This leads
to a photon distribution for the BH BH ⇤ B(1,1)⇥
process that peaks at energies that are far below
the ones associated with the Z⇥ and ⇥⇥ processes,
which in turn makes the B(1,1)⇥ line clearly distin-
guishable from the other two lines even by current
experiments, characterised by a relatively large en-
ergy resolution.

V. PROSPECTS FOR DETECTION

In order to predict the ⇥-ray flux from the galac-
tic center generated by the chiral square model,
we turn to the evaluation of the spectra for the
BH BH ⇤ ⇥V processes and of the astrophysical

uncertainties related to the integration over the
dark matter distribution. The di⌅erential flux of
photons arising from dark matter annihilation ob-
served in a direction making an angle ⌃ with the
direction to the galactic center (GC) is given by

d⇥⇥

d⇤dE
(⌃, E) =

r⇥⌅2
⇥

4⇤M2
BH

dN⇥

dE

⌃

l.o.s.

ds

r⇥

⇤
⌅[r(s, ⌃)]

⌅⇥

⌅2

(15)
with

dN⇥

dE
=

⇧

f

⇧⇧v⌃f
dNf

⇥

dE
(16)

where we use the index f to denote the annihila-
tion channels with one or more photons in the fi-
nal state, ⇧⇧v⌃f is the corresponding cross section
and dNf

⇥ /dE is the (normalized) photon spectrum
per annihilation. Furthermore, ⌅(⌫x), ⌅⇥ = 0.3
GeV/cm3 and r⇥ = 8.5 kpc respectively denote
the dark matter density at a generic location ⌫x
with respect to the GC, its value at the solar sys-
tem location and the distance of the Sun from the
GC. Finally, the coordinate s runs along the line of
sight, which in turn makes an angle ⌃ with respect
to the direction of the GC.

The specification of the dark matter profile is
the largest source of uncertainty in the evaluation
of the detectability of a dark matter annihilation
signal arising from the galactic center, as it fixes
the normalization of the predicted flux. The most
recent high-resolution numerical simulations show
that DM halos can be reasonably well fit with the
Navarro-Frenk and White (NFW) profile, which
is often used as a benchmark for indirect searches
[26]

⌅NFW(r) =
⌅s

r
rs

�
1 + r

rs

⇥2 . (17)

However, modifications of the above profile on very
small scales have been observed in the most re-
cent simulations. In Ref. [27] it was argued that
the innermost regions of DM halos are better ap-
proximated with r�1.2 cusps, while in Ref. [28] it
was found that the analytic form that provides an
optimal fit to the simulated halos is the so-called
“Einasto profile” [29]

⌅(r) = ⌅0 exp
⇤
� 2

�

�� r

R

⇥�
� 1

⇥⌅
(18)

which is shallower than NFW at very small radii.
These results have been derived in the frame-

work of simulations containing only dark matter,

CTA, NFW

CTA, contracted



Lines of the Chiral Square

γγ 

B(11)γ 
MLKP = 250 GeV

6d UED Model

10% Energy resolution

Bertone, Jackson, Shaughnessy TT, 
Vallinotto, arXiv:0904.1442 (PRD)

Hess Data

ΔΩ = 10-5

Zγ



Contrasting with 5d UED

The 5d theory has a large continuum 
because the LKP likes to annihilate 
into e⁺e⁻.
There are γγ, γZ, and γ Higgs lines.

γγ also previously computed by 
Bergstrom et al hep-ph/0412001.

Over-all, the lines are relatively faint, 
and tend to merge into the continuum 
photons from WIMP annihilations.

Resolving them requires a next- (or 
next to next) generation gamma ray 
observatory.

FIG. 4: The gamma ray flux as a function of the photon’s energy for a WIMP of mass 1 TeV.

Shown are three different experimental energy resolutions.

rescale the flux by the appropriate ratio of J̄ (which is 3.3 · 103 for a näıve implementation

of adiabatic contraction).

Finally, we account for the finite resolution of the detector by convolving the unfiltered

signal S(E) with a gaussian kernel G(E,E0),

G(E,E0) =
1√

2πE0σ
exp

[

−
(E −E0)2

2σ2E2
0

]

, (22)

where σ is related to the detector’s relative energy resolution ξ by σ = ξ/2.3. The signal

SM(E0) measured by the detector at energy E0 is then simply given by

SM(E0) =

∫

dE G(E,E0)S(E). (23)

Combining the expectations for J̄ with the particle physics rates and the detector re-

sponse, we arrive at predictions for the flux and spectrum of gamma rays. In Figs. 4, 5 and

14

FIG. 6: The gamma ray flux as a function of the photon’s energy for a WIMP of mass 300 GeV.

Shown are three different experimental energy resolutions.

the ∼ 10% resolution typical of current experiments, to an aggressive 0.5% resolution which

might be possible in future experiments. We find that at 10% energy resolution, lines in

the 5d UED model are very difficult to distinguish from the continuum. At a 5% energy

resolution, broad lines may appear for LKP masses around 300 GeV, slightly above the lower

bound from colliders. At 0.5%, well separated lines for γγ, γZ, and γH are visible for light

LKPs, and some structure related to the γH line is visible for an LKP mass of around 500

GeV.

In principle, we should compare our predicted flux with gamma ray observations, since

data are available from a variety of gamma-ray telescopes, such as the Fermi LAT and Air

Cherenkov Telescopes like HESS and MAGIC. The comparison is however made complicated

by the aforementioned uncertainties on the normalization of the predicted flux on one side,
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RS Dark Matter

As another example, I’ll consider dark 
matter in an warped extra dimension.

The models of interest have the Standard 
Model in the bulk and gauge coupling 
unification.

These models need extra structure to 
avoid constraints from rapid proton decay.  

A particular realization results in a gauge 
singlet Dirac fermion (“right-handed 
neutrino”) KK mode as the LKP WIMP. Agashe, Servant, ’04

UV IRSU(3), SU(2), U(1)

q, b q3 tR

Higgs

Warping

SO(10) 



RS Dark Matter

The LKP has no SM gauge interactions, but it 
interacts with a neutral Z’ boson corresponding to 
the broken SO(10) generators.

The Z’ itself is a KK mode, and interacts strongly 
with the right-handed top, as the only fermion 
localized close to the IR brane.

It has small coupling to the light fermions, and a 
small amount of mixing with the Z (small enough 
to be consistent with precision EW bounds).

For WIMPs above the top mass, most of the 
continuum emission is from a tt final state.  Below 
the top mass, the continuum is highly suppressed, 
and can be dominated by loop processes.

Z, Z'

ν

ν

f

f

Z, Z'

ν

ν

+W

-W

Z'

Z'ν

ν



Loop Annihilations

Loop annihilations can lead to γZ, 
γh, and (if light enough) γZ’ final 
states.

A γγ final state is forbidden by 
the Landau-Yang theorem.

We produce the Higgs in space 
with a large rate!

Why did the possibility of a Higgs 
gamma ray line show up here?

We needed a Dirac WIMP 
which can have a net S=1 spin 
configuration even in the NR 
(s-wave) limit.

Z, Z’

γ

h

t

ν

ν

g h- Mh=115 GeV
g Z
g Z' - MZ'=220 GeV
continuum

gnZ'=gtZ'=3 h=10-3

Excluded by Fermi
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-20

Mn@GeVD
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3 s
-
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Jackson, Servant, Shaughnessy, TMPT,  Taoso, 
[0912.0004] (& JCAP)



Continuum and Lines
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Figure 8: Spectra obtained for di↵erent choices of mass parameters and coupling g

Z0
⌫,t = 1 (black),

g

Z0
⌫,t = 3 (gray), ⌘ = 10�3 (solid), ⌘ = 10�2 (dotted) that lead to the correct relic density and satisfy
direct detection constraints. Upper plots are for ⌘ = 10�3 only since for these choices of couplings
and MZ0 mass ⌘ = 10�2 is excluded by direct detection constraints. �⌦ = 10�5, and a NFW dark
matter profile is assumed. Dot-dashed lines are for the adiabatically-contracted profile in Table 1,
�⌦ = 10�5, gZ

0
⌫,t = 1 and ⌘ = 10�3

. EGRET data are from [33, 34], HESS from [32] and Fermi
from [35].
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For this set of 
parameters, γZ and 
γh merge into a single 
line around 130 GeV.

A distinct smaller line 
appears around 50 
GeV due to γZ’.

Jackson, Servant, Shaughnessy, 
TMPT,  Taoso, [0912.0004] (& JCAP)



Multiple Lines

For particularly favorable 
parameters, we can 
resolve three lines!

Their energies would 
suggest that one is γγ or 
γZ, one is γH, and is 
something exotic...

This might be the ealiest 
way to infer the Z’ in 

such a model.

Mn=149 GeV HgnZ'=gtZ'=3L Mn=162 GeV HgnZ'=gtZ'=1L
g h- Mh=170 GeVg Z ¢- MZ'=220 GeV g Z
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Lines in EFTs of DM

We can also compute lines in effective field 
theories describing WIMPs which couple to SM 
particles.  (E.g. SM quarks).

In one very simple description, we looked at the 
impact collider and line searches could have in 
the space of direct detection. 

We write down a set of leading operators 
(consistent with Lorentz and SM gauge 
invariance).

We use the Fermi line search limits and map 
these using the EFT into the parameter space of 
direct or indirect detection.

Name Operator Coe�cient

D1 ⌅̄⌅q̄q mq/M3
�

D2 ⌅̄⇥5⌅q̄q imq/M3
�

D3 ⌅̄⌅q̄⇥5q imq/M3
�

D4 ⌅̄⇥5⌅q̄⇥5q mq/M3
�

D5 ⌅̄⇥µ⌅q̄⇥µq 1/M2
�

D6 ⌅̄⇥µ⇥5⌅q̄⇥µq 1/M2
�

D7 ⌅̄⇥µ⌅q̄⇥µ⇥5q 1/M2
�

D8 ⌅̄⇥µ⇥5⌅q̄⇥µ⇥5q 1/M2
�

D9 ⌅̄⇤µ⇥⌅q̄⇤µ⇥q 1/M2
�

D10 ⌅̄⇤µ⇥⇥5⌅q̄⇤µ⇥q i/M2
�

D11 ⌅̄⌅Gµ⇥Gµ⇥ �s/4M3
�

D12 ⌅̄⇥5⌅Gµ⇥Gµ⇥ i�s/4M3
�

D13 ⌅̄⌅Gµ⇥G̃µ⇥ i�s/4M3
�

D14 ⌅̄⇥5⌅Gµ⇥G̃µ⇥ �s/4M3
�

D15 ⌅̄⇤µ⇥⌅Fµ⇥ M

D16 ⌅̄⇤µ⇥⇥5⌅Fµ⇥ D

M1 ⌅̄⌅q̄q mq/2M3
�

M2 ⌅̄⇥5⌅q̄q imq/2M3
�

Name Operator Coe�cient

M3 ⌅̄⌅q̄⇥5q imq/2M3
�

M4 ⌅̄⇥5⌅q̄⇥5q mq/2M3
�

M5 ⌅̄⇥µ⇥5⌅q̄⇥µq 1/2M2
�

M6 ⌅̄⇥µ⇥5⌅q̄⇥µ⇥5q 1/2M2
�

M7 ⌅̄⌅Gµ⇥Gµ⇥ �s/8M3
�

M8 ⌅̄⇥5⌅Gµ⇥Gµ⇥ i�s/8M3
�

M9 ⌅̄⌅Gµ⇥G̃µ⇥ i�s/8M3
�

M10 ⌅̄⇥5⌅Gµ⇥G̃µ⇥ �s/8M3
�

C1 ⌅†⌅q̄q mq/M2
�

C2 ⌅†⌅q̄⇥5q imq/M2
�

C3 ⌅†⌃µ⌅q̄⇥µq 1/M2
�

C4 ⌅†⌃µ⌅q̄⇥µ⇥5q 1/M2
�

C5 ⌅†⌅Gµ⇥Gµ⇥ �s/4M2
�

C6 ⌅†⌅Gµ⇥G̃µ⇥ i�s/4M2
�

R1 ⌅2q̄q mq/2M2
�

R2 ⌅2q̄⇥5q imq/2M2
�

R3 ⌅2Gµ⇥Gµ⇥ �s/8M2
�

R4 ⌅2Gµ⇥G̃µ⇥ i�s/8M2
�

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, M,

C, R apply to WIMPs that are Dirac fermions, Majorana fermions, complex scalars or real scalars

respectively.

recent interest in dark matter with dipole interactions, which have the potential to reconcile

the DAMA signal while remaining consistent with the null search results from CDMS and

XENON [35–39].

The complete list of operators that we consider is shown in Table I. We adopt a naming

convention where the initial letter refers to the spin of �: D for Dirac fermion, M for

Majorana, C for complex scalar, and R for real scalar and the number specifies the particular

operator belonging to a given WIMP spin. Within each family, the earlier numbers refer

to coupling to quark scalar bilinears (D1-4, M1-4, C1-2, and R1-2), the middle numbers to

7

Dirac WIMPs

FIG. 1: Representative Feynman diagram for the loop level annihilation of two DM particles �

to a photon and a second vector boson, either another photon or a Z boson, through an operator

coupling the DM to SM quarks (represented as the shaded circle).

quark vector bilinears (D5-8, M5-6, and C3-4) and quark tensor bilinears (D9-10) and the

largest numbers to coupling to gluons (D11-14, M7-10, C5-6, and R3-4). The WIMP electric

and magnetic dipole moment operators are labelled D15 and D16.

III. GAMMA RAY LINE SEARCH CONSTRAINTS

We compute the rate for the processes ⇥⇥� �� and ⇥⇥� �Z for each of the operators

considered above. Generally, stronger bounds arise from the �� process because it produces

two photons per annihilation (compensating for the Z coupling to quarks being typically a

little stronger than the photon). Consequently, we consider the �Z final state only in the case

where annihilation into �� vanishes. For the cases with a Dirac fermion or complex scalar, we

assume that the dark matter in our galactic halo is composed of equal numbers of particles

and anti-particles. It should be borne in mind that one could evade the constraints from

any annihilation process if the interactions preserve the U(1)⇥ symmetry and the galactic

halo is made entirely of WIMPs or anti-WIMPs.

For the operators D15 and D16 mediating a direct interaction between the WIMPs and

the photon, this process occurs at tree level. Generally, the quark operators mediate an-

nihilations into �� or �Z at the one loop level as shown in Figure 1. For the operators of

the form ⇥̄�µ⇥q̄�µq, a final state containing two photons is forbidden by the Landau-Yang

theorem [40]. For these operators, we rely on ⇥⇥ � �Z to determine the implications of

searches for gamma ray lines. For operators coupling the WIMPs directly to gluons and for

the tensor operators D9 and D10, the leading contribution to �� and �Z final states occurs

at two loops, and as a result the rate is expected to be small enough that these operators

8
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Fermi and Direct Detection

For dark matter theories amenable to an effective theory description, the 
line search can be a powerful probe of dark matter interacting with 
quarks, comparable to bounds from colliders.
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Bounds from Lines
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The ‘Weniger’ Line

Recently, Weniger (et al) claim 
observation of a feature 
around ~130 GeV 
corresponding to a cross 
section around ~10-27 cm^3/s 
in the Fermi public data.

While it is premature to take 
the viewpoint that this feature 
is due to dark matter, we can 
take a look at what the data 
would be telling us, if it 
eventually is realized as 
something iron clad.

Figure 3. TS value as function of the line energy Eγ , obtained by analysing the energy spectra
from the different target regions in Fig. 1. Left and right panels show the results for the SOURCE
and ULTRACLEAN event classes, respectively. The inset shows a zoom into the most interesting
region. The horizontal gray dotted lines show respectively from bottom to top the 1σ to 3σ levels
after correcting for trials (without trial correction the significance is given by

√
TSσ). In the right

panel, the gray crosses show the TS values that we obtain when instead adopting the target region
and energy window sizes from Refs. [44, 45].

regions, from which only the five most interesting ones are shown in this paper.6 These
target regions are partially subsets of each other, but we conservatively treat them as being
statistically independent. However, we do not attribute trials to the scan over SOURCE and
ULTRACLEAN event classes, as these are obviously strongly correlated.

In summary, we find that the significance of a maximal TS value TSmax can in good
approximation be derived from 10×12.7 = 127 trials over a χ2

k=1.35 distribution. In practice,
one has to solve

CDF(χ2
k=1.35;TSmax)

127 = CDF(χ2
k=1;σ

2) (2.9)

for σ. Here, CDF(χ2
k;x) is the cumulative distribution function, which gives the probability

to draw a value smaller than x from a χ2
k distribution.

3 Main Results

In each of the spectra shown in Fig. 1 we perform a search for gamma-ray lines in the range
Eγ = 20–300 GeV as described above. The resulting TS values as function of the gamma-
ray line energy Eγ are shown in the left and right panels of Fig. 3 for the SOURCE and
ULTRACLEAN event classes, respectively. In regions Reg2, Reg3 and Reg4, we find TS
values that are surprisingly large, and which indicate a high likelihood for a gamma-ray line
at Eγ ≈ 130 GeV. The largest TS value is obtained in case of the SOURCE events in Reg4
and reads TS = 21.4 (corresponding to 4.6σ before trial correction). Taking into account
the look-elsewhere effect as discussed above, the trial corrected statistical significance for the
presence of a line signal in the LAT data is 3.3σ.

The fits that yield the highest significance for a line contribution are shown in Fig. 4 for
the regions Reg2, Reg3 and Reg4, and for SOURCE and ULTRACLEAN events. In the upper
sub-panels, we plot the LAT data with statistical error bars, as well as the total predicted

6The other target regions correspond to α = 1.05, 1.1, 1.2 and 1.4 as well as the Fermi Bubble template
from Ref. [64].

– 7 –

Figure 1. Left panel: The black lines show the target regions that are used in the present analysis in
case of the SOURCE event class (the ULTRACLEAN regions are very similar). From top to bottom,
they are respectively optimized for the cored isothermal, the NFW (with α = 1), the Einasto and the
contracted (with α = 1.15, 1.3) DM profiles. The colors indicate the signal-to-background ratio with
arbitrary but common normalization; in Reg2 to Reg5 they are respectively downscaled by factors
(1.6, 3.0, 4.3, 18.8) for better visibility.
Right panel: From top to bottom, the panels show the 20–300 GeV gamma-ray (+ residual CR)
spectra as observed in Reg1 to Reg5 with statistical error bars. The SOURCE and ULTRACLEAN
events are shown in black and magenta, respectively. Dotted lines show power-laws with the indicated
slopes; dashed lines show the EGBG + residual CRs. The vertical gray line indicates E = 129.0 GeV.

– 4 –

Weniger,  1204.2797

Bringmann et al 
1203.1312



The morphology looks a little weird, clearly more statistics are needed...
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Figure 2: Left: a Fermi “photograph” of our Galaxy in gamma-rays with the energy 120 GeV <

E� < 140 GeV. Fermi data is shown with blue dots. Fermi bubbles are also shown for illus-
tration. Right: intensity of the 120 GeV < E� < 140 GeV photons in the Galaxy. The white
circles denote the signal regions that provide the excess with highest statistical significance; grey
circles denote other regions showed in Table 1; green dot mark the assumed centre of the Galaxy.

the signal intensity, takes into account both the height of the peak and the number of photons
from the signal region.

We plot in the right panel of Fig. 2 the resulting signal intensity in the Galaxy. As seen in the
figure, the most intense signal originates from the centre of Galaxy. This region is centered at
(l, b) = (�1�,�0.7�), called “Central” region in the following, and has a radius ⇠ 3�, drawn
with a white circle in Fig. 2. The total number of high-energy photons and the number of
120 GeV < E� < 140 GeV photons coming from this signal region is presented in Table 1.
However, there exist other regions, spatially well separated from the centre, that also exhibit
large 130 GeV gamma-ray excess over the background. The most intense of them, with the
same radius, is located at (l, b) = (�10�, 0�), called “West” region in the following, and is also
shown in the figure. The remaining bright signal regions are all listed in Table 1. Presently
statistically significant fits are obtained only for the first two-three regions, but with more Fermi
statistics the other regions may become relevant too.

It is clear from Fig. 2 that the excess of photons with energy around 130 GeV does not originate
from Fermi bubbles. Firstly, there is no spatial correlation between the signal intensity and
the Fermi bubbles. Secondly, whatever is the physical mechanism creating the 130 GeV excess,
this mechanism must be at work in several regions of the Galaxy. If the origin of the excess
is astrophysical, it should be possible to observe those astrophysical objects/processes in the
identified regions with other methods. Any such a mechanism must also explain why the

7

Tempel et al 1205.1045

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê
Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

ÊÊ Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê Ê
ÊÊ

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

ÊÊ

Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê
Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê Ê
Ê Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

ÊÊ
Ê

Ê

Ê

Ê ÊÊÊ

Ê

Ê ÊÊ

Ê

Ê

ÊÊ

Ê

Ê
Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê ÊÊ Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê ÊÊ

Ê

Ê

Ê

ÊÊ

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê ÊÊ

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê
ÊÊ Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê ÊÊÊ

Ê

Ê Ê
Ê

Ê

Ê

Ê ÊÊ Ê

Ê

Ê

Ê

Ê

Ê
ÊÊ

Ê

Ê

Ê ÊÊ ÊÊ ÊÊÊ

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê
ÊÊ

Ê

Ê
Ê

Ê

Ê
ÊÊ

Ê

Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

ÊÊ Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
Ê

Ê

ÊÊ
Ê

Ê Ê
Ê

Ê

Ê
Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê
Ê Ê

Ê

Ê

ÊÊ

Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê

ÊÊ

Ê

Ê Ê

Ê

Ê

Ê Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê
ÊÊ

Ê

Ê

ÊÊ

ÊÊ

Ê

Ê
Ê ÊÊ Ê

Ê

Ê
Ê

Ê

Ê

Ê

ÊÊÊ

-100 -50 0 50 100

-60

-40

-20

0

20

40

60

l @degD

b
@deg
D

Figure 2: Left: a Fermi “photograph” of our Galaxy in gamma-rays with the energy 120 GeV <

E� < 140 GeV. Fermi data is shown with blue dots. Fermi bubbles are also shown for illus-
tration. Right: intensity of the 120 GeV < E� < 140 GeV photons in the Galaxy. The white
circles denote the signal regions that provide the excess with highest statistical significance; grey
circles denote other regions showed in Table 1; green dot mark the assumed centre of the Galaxy.

the signal intensity, takes into account both the height of the peak and the number of photons
from the signal region.

We plot in the right panel of Fig. 2 the resulting signal intensity in the Galaxy. As seen in the
figure, the most intense signal originates from the centre of Galaxy. This region is centered at
(l, b) = (�1�,�0.7�), called “Central” region in the following, and has a radius ⇠ 3�, drawn
with a white circle in Fig. 2. The total number of high-energy photons and the number of
120 GeV < E� < 140 GeV photons coming from this signal region is presented in Table 1.
However, there exist other regions, spatially well separated from the centre, that also exhibit
large 130 GeV gamma-ray excess over the background. The most intense of them, with the
same radius, is located at (l, b) = (�10�, 0�), called “West” region in the following, and is also
shown in the figure. The remaining bright signal regions are all listed in Table 1. Presently
statistically significant fits are obtained only for the first two-three regions, but with more Fermi
statistics the other regions may become relevant too.

It is clear from Fig. 2 that the excess of photons with energy around 130 GeV does not originate
from Fermi bubbles. Firstly, there is no spatial correlation between the signal intensity and
the Fermi bubbles. Secondly, whatever is the physical mechanism creating the 130 GeV excess,
this mechanism must be at work in several regions of the Galaxy. If the origin of the excess
is astrophysical, it should be possible to observe those astrophysical objects/processes in the
identified regions with other methods. Any such a mechanism must also explain why the
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Two lines?

Generically, we expect a γγ line to come along with a γΖ line.

We can fit the data to the two line hypothesis, varying WIMP mass and 
relative fraction of γγ and γΖ, to see if there is any mild preference.

Rajaraman, TMPT, Whiteson,
work in progress
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Fit to γγ and/or γZ

Note: These significances are not look-elsewhere corrected!

The data shows a very mild preference for a single line interpretation, 
but does not significantly exclude the γγ + γZ hypothesis.

Rajaraman, Tait, Whiteson,
work in progress
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Region 3 is Similar
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Outlook

WIMP annihilations into gamma ray lines are an interesting and important 
way to search for WIMPs and learn about them, especially in tandem with 
a signal from somewhere else.

Annihilation into γγ and γZ have received a lot of attention.  However, 
there may be more particles in the “dark sector” which can be produced 
as well.  

Finite energy resolutions may merge lines together, but in some cases, 
distinctly observable lines may result.

If we do find a concrete signal, the next step is to disentangle how many 
lines there are, and to try to identify the actual final states.  This can give us 
very interesting information about the WIMP properties, which may be 
difficult to extract from other observations.


