
DARK DYNAMICS IN THEORY 
SPACE AND THEIR SIGNALS IN 

ANOMALY SPACE
Neal Weiner
CCPP - NYU
DM Aspen
Jan 31, 2013

work w/ Dan Hooper, Jia Liu, Brian Shuve, Wei Xue, Itay Yavin





Reasonable Weird Crazy

(also “wrong”)

sometimes also 
called “normal”

THE ZOOLOGY OF DARK 
MATTER

Three basic categories of dark matter :



Is your model a 
WIMP?

Is it an axion?

Is it a 
neutralino?

Is it an MSSM 
neutralino?

Sounds 
reasonable

Sounds 
weird

Sounds 
crazy

has the paper been 
cited a large number 

of times?

do you invoke new 
states or forces to 

explain one of: 
DAMA, CoGeNT, 
PAMELA, Fermi 
excesses, etc?

Is it the usual 
KSVZ or DSVZ axion? 

no

yes yes

yes
yes

yes

yes

no

no

yes

no

no

no no





“expected” signal
qualitatively 

expected

unexpected 
but similar

not similar but 
detectable

unexpected, 
not detectable



HOW DO WE DECIDE WHEN 
A SIGNAL IS NOT DARK 

MATTER

•No easy answer

•One element: theoretical understanding of models for signal

• anomalies push the envelope of what dark matter could be 
and make new predictions



HOW TO APPROACH AN 
ANOMALY

Tim Tait tells us to put on our 
effective field theorist hat

I don’t care about your 
stinking model!

your model

effective field theory hat



HOW TO APPROACH AN 
ANOMALY

effective field theory hat

I don’t care about your 
stinking model!

model is important for complementarity of searches

details matter



EXAMPLE 1: INTERACTING DM

dwarfs have cores - interacting dark matter?

need σ/m ~ 10-24cm2 ~ strong scale



Spergel+Steinhardt ’99; Hogan+Dalcanton ’00; Feng, Kaplinghat+ Yu ’09; Buckley+Fox ’09; Loeb+NW ’10

constant σ⇒σ v goes up 
for high velocity

σ ~ 1/vp = σ v goes up 
for low velocity

a realistic model: note SIDM ≠ SIDM
self int ≠ strong int

low velocity high velocity
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parameters remains open. Nonetheless, the absence of
dramatic departures from CDM predictions has allowed
important constraints to be placed [24, 25].

In this Letter, we examine the possible existence of a
dark force from a di↵erent perspective. Rather than limit
its allowed range of parameters based on observations,
we show that it can ameliorate tensions in astrophysi-
cal data. In particular, we find that a Yukawa force in
dark matter scattering would naturally produce cores in
dwarf galaxies while avoiding the myriad constraints on
SIDM which arise in systems with a much larger veloc-
ity dispersion, such as clusters of galaxies. The specific
velocity dependence of the interaction cross-section, as
well as the possible exothermic nature of the interaction,
alleviate earlier concerns about the SIDM model. To dis-
tinguish from previous approaches with a constant cross
section or a simple power law velocity dependence, we
label this scenario as Yukawa-Potential Interacting Dark
Matter (YIDM).

Dark Forces. The mediator of the force � could be
either a scalar or a vector, as magnetic-type interactions
are negligible. The force could couple to standard model
fields through kinetic mixing with the photon, or through
mass mixing with the Higgs boson. Constraints on the
presence of such a force come from a wide range of pro-
cesses [26, 27], but ample parameter space remains for

a small mixing angle, ✏
<⇠ 10�3. New searches are un-

derway to find precisely such a force carrier at ⇠ GeV
energy experiments [28].

Scattering through a massive mediator is equivalent to
having a Yukawa potential. The elastic scattering prob-
lem is then analogous to the screened Coulomb scatter-
ing in a plasma [29], which is well fit by a cross-section
[24, 30],
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where � = ⇡v2�/v

2 = 2↵dm�/(m�v
2), and v is the rela-

tive velocity of the particles. We use angular brackets to
denote that this is the momentum-transfer weighted cross
section. Here, v� is the velocity at which the momentum-
weighted scattering rate h�vi peaks at a cross section
value of �

max

= 22.7/m2

�. The above expression can be
approximately generalized to the inelastic case by sub-
stituting m� !

p
m�� for the characteristic minimum

momentum transfer when m� <
p
m�� (see discussion

in [30]). This expression is derived using classical physics,
and thus, it is important to note what quantum e↵ects
can come into play. In cases where the de Broglie wave-
length is longer than the Compton wavelength of the
force m�1

� , the quantum calculation should be consid-
ered for quantitative results. Nonetheless, the same qual-
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FIG. 1: Dependence of the self-interaction cross-section (�) on
the relative velocity (v) for dark matter interacting through a
Yukawa potential. The normalizations of � and v are set by
free parameters in the underlying Lagrangian (see Appendix),
and we show two possible curves peaking at v

�

= 10 km s�1

and = 100 km s�1 (blue, solid and purple, dashed, respec-
tively).

itative features should remain: the cross section should
saturate at low velocities near � ⇠ m�2

� , and at high
velocities, where the classical approximation is valid, it
should fall rapidly.
Figure 1 depicts the velocity dependence of the elas-

tic cross-section in Eq. (1). Interestingly, the scattering
rate is nearly constant at low velocities, peaks at a ve-
locity v�, and declines sharply at v > v�, allowing it to
introduce cores in dwarf galaxies where the velocity dis-
persion is low (v ⇠ 10 km s�1) but not in clusters of
galaxies where the characteristic velocities are larger by
two orders of magnitude (v ⇠ 103 km s�1). The nor-
malizations of the cross-section and velocity are deter-
mined by free parameters in the interaction Lagrangian
(see Appendix), with the Compton wavelength of the in-
teraction setting the relevant spatial scale. We show two
possible values of the peak velocity, one that would pro-
duce cores only in dwarf galaxies (v� = 10 km s�1), and
another that would produce cores in more massive galax-
ies (v� = 102 km s�1) as implied by data on low surface
brightness galaxies [31]. At any given halo mass, we ex-
pect scatter in the core properties of individual halos,
due to variations in their age and assembly history.
Having one collision per Hubble time at the character-

istic core density of dwarf galaxies ⇠ 0.1M� pc�3, trans-
lates to the condition (m�/10GeV)(m�/100MeV)2 ⇠ 1
(see Appendix). An order of magnitude larger cross-
sections are also allowed by the data. Figure 2 shows
the allowed parameter ranges [25] that would naturally
explain the dark matter distribution in observed astro-
physical objects. We find that even though collisions
shape the central profiles of dwarf galaxies, the standard
collisionless treatment still provides an excellent approx-
imation for the dark matter dynamics in X-ray clusters.

Loeb and Weiner 2011

Spergel+Steinhardt ’99; Hogan+Dalcanton ’00; Feng, Kaplinghat+ Yu ’09; Buckley+Fox ’09; Loeb+NW ’10



“DARK FORCE” MODELS

Finkbeiner, NW ’08; Pospelov, Ritz, Voloshin ’09; Arkani-Hamed et al ’09; Pospelov, Ritz ’09



EXAMPLE II: LEPTONICALLY 
ANNIHILATING DMAnnihilation Products in the Fermi Bubbles? 

 If we assume that the electron 
spectrum does not vary significantly 
throughout the volume of the 
bubbles, we can subtract the 
Inverse Compton contribution from 
the observed spectrum  
 

 The residuals shown display a 
spectrum and morphology that is 
very similar to that observed from 
the Galactic Center region  
 

 The dotted line is the prediction for 
a 10 GeV WIMP annihilating to +-, 
distributed according to an NFW-like 
profile with an inner slope of 1.2 
 

 
 
 
 
 
 

Hooper and Slatyer, in progress 



MODELS

Higgs portal? 2nd Higgs portal?

Invisible Higgs 
decay

B-physics? 
Leptonic Higgs?

SUSY?

t-channel stau?



MODELS
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FIG. 4: The spectrum of gamma-rays from dark matter an-
nihilations to a pair of 1.2 GeV dark force carriers compared
to the spectrum from dark matter annihilations to ⌧+⌧�, for
four choices of the dark matter mass (top), and compared to
the spectrum from dark matter annihilations to bb̄ or ⌧+⌧�

for mX = 240 GeV (bottom). The gamma-ray spectrum from
� decays is dominated by decays of mesons (especially decays
to ⇡+⇡�⇡0⇡0 and !⇡0) and is similar to that resulting from
⌧± decays.

quences for heavier WIMPs interacting through a dark
force. The leptonic signals (e.g., PAMELA) have been
widely discussed previously, but the case with m� >⇠
1GeV (for which �’s decay a significant fraction of the
time to hadronic final states) has been less explored (see,
however, Ref. [45]). We show in the top frame of Fig. 4
the gamma-ray spectrum fromWIMPs of various masses,
annihilating to �’s with a mass of 1.2 GeV. We directly
compare this to the spectrum from dark matter of the
same mass annihilating into ⌧+⌧�. We see that very
similar spectra result from these two cases, although the
gamma-ray flux in the dark forces case is suppressed by
about 25% relative to that predicted from annihilations
to ⌧+⌧�. This similarity is not surprising when one con-
siders that the gamma-ray spectrum from � decays is
dominated by decays to mesons, such as � ! ⇡+⇡�⇡0⇡0

and � ! !⇡0, whereas the gamma-ray spectrum from
tau decays is dominated by the channels ⌧� ! ⌫⌧⇡�⇡0

and ⌧� ! ⌫⌧⇡�⇡0⇡0. In both of these cases, the highly
boosted ⇡0’s lead to a very hard gamma-ray spectrum,
especially when compared to that resulting from dark
matter annihilations to quarks or gauge bosons (as can
be seen in the bottom frame of Fig. 4.

VI. SUMMARY AND CONCLUSIONS

Models in which the dark matter interacts through
dark forces (i.e., forces without tree level couplings to
the Standard Model) possess a number of interesting and
distinctive phenomenological characteristics. Whereas
previous studies of such models have focused on heavy
WIMPs, in this article we have discussed the implica-
tions for direct and indirect detection of light WIMPs
(mX ⇠10 GeV) which interact through a light dark force
carrier (m� ⇠100 MeV-3 GeV).
Dark matter particles in this scenario annihilate to

pairs of dark gauge bosons, �, which then decay through
kinetic mixing with the photon to combinations of Stan-
dard Model leptons and mesons. The gamma-ray spec-
trum that results from such annihilations depends on the
mass of the �. For m� <⇠ 700 MeV, final state radia-
tion from charged leptons dominates, whereas decays of
mesons dominate the gamma-ray spectrum in the case
of m� ⇠ 1 � 2 GeV (resulting in a spectrum similar to
that found from dark matter candidates which annihilate
to pairs of tau leptons). In either case, this gamma-ray
spectrum provides a good fit to that observed from the
Galactic Center. Furthermore, the � decays to e+e� lead
to synchrotron signals consistent with that observed from
the Milky Way’s radio filaments and di↵usely throughout
the Inner Galaxy (the “WMAP Haze”). The normaliza-
tion of each of these signals can be accommodated by a
dark gauge coupling of gX ⇡ 0.06, which also leads to
a thermal relic abundance consistent with the measured
cosmological abundance of dark matter.
Dark matter in this class of models is predicted to scat-

ter elastically with protons, with a cross section that is
determined by the mass of the dark force carrier and
the degree of kinetic mixing between the force carrier
and the photon, ✏. For m� ⇠ 100 MeV-3 GeV, values
of ✏ ⇠ 10�3 � 10�6 can lead to an elastic scattering
rate capable of accounting for the signals reported by
the DAMA/LIBRA, CoGeNT and CRESST-II collabo-
rations. This range for ✏ is consistent with that naively
expected from loop-suppressed processes. Lower values
for m� and ✏ are not viable due to constraints from a
combination of labortory experiments, supernovae, and
the ellipticity of dark matter halos.

We would like to thank Matt Buckley, Pavel Fileviez
Perez, Paddy Fox, Charles Gale, Patrick Meade, Guy
Moore, Tracy Slatyer, and Kathryn Zurek for valuable
discussions. DH is supported by the US Department of

Hooper, NW, Xue ’12
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lepton jets @ LHC



EXAMPLE III: A FERMI LINE

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.
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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.
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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.
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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.
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Weniger, ’12; Bringmann et al ’12; Finkbeiner + Su ’12Figure 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 –



MODEL REQUIREMENTS

Figure 5. Best-fit values for the annihilation cross-section into a photon pair, as obtained for different
DM halo profiles in the different target regions of Fig. 1, together with their 68.2% CL and 95.5% CL
errors. Previous upper 95% CL limits are shown for comparison [45, 46]. All values are derived
assuming that mχ = 129.0 GeV.

Figure 6. 68.2% (dotted), 95.5% (dashed) and 99.7% CL (solid) band of the annihilation cross-section
〈σv〉χχ→γγ obtained when using a circular target region of radius 10◦ centered at the indicated values of
"c and bc. The left (right) panel shows a latitudinal (longitudinal) scan. We assumed mχ = 129.0 GeV
during the fits. Note that the abscissa scales are different in both plots.

errors are respectively statistical and systematical, the latter being due to uncertainties in
the overall energy calibration of the LAT, ∆E/E =+5%

−10% [70].
In Fig. 5 we show central values and 68.2% CL and 95.5% CL errors for the annihilation

cross-section 〈σv〉χχ→γγ as derived from Reg1 to Reg5, assuming different DM profiles and
mχ = 129.0 GeV. We stress that the DM profiles only affect how signal normalizations
from the spectral fits translate into annihilation cross-sections, but not the actual spectral
analysis itself. In most of the regions, non-zero values of the annihilation cross-section are
preferred at more than 95.5% CL, in agreement with Fig. 3. In case of the cored isothermal
or the contracted DM profiles, we find some tension between the annihilation cross-sections
obtained from different target regions. In case of the Einasto and NFW profiles, however, the
values are mutually consistent. Using SOURCE class events and the spectrum from Reg4,
we find best-fit annihilation cross-sections of 〈σv〉χχ→γγ = (1.27± 0.32+0.18

−0.28)× 10−27 cm3 s−1

in case of the Einasto profile, and of 〈σv〉χχ→γγ = (2.27± 0.57+0.32
−0.51)× 10−27 cm3 s−1 in case

of the NFW profile. The systematic uncertainties are here derived from the effective area
(about 10% [70]) and from the energy calibration.

In order to test the locality of the observed signature, we extract the gamma-ray energy

– 11 –

Buchmuller, Garny; Cohen, Lisanti, Slatyer, 
Wacker; Cholis, Tavakoli, Ulio

5

where 2� lnL = ��2 and the number of degrees of freedom (d.o.f.) is the number of fit parameters.
In Fig. 2, the 1, 2, and 3 � contours refer to � lnL = 1.76, 4.01, and 7.08 (3 d.o.f.). In Fig. 5, the
1, 2, and 3 � contours refer to � lnL = 2.36, 4.86, and 8.13 (4 d.o.f.).

Next, we use this statistical procedure to show that the photon spectrum in the region of interest
is consistent with the presence of a photon line. For now, we assume that the photon continuum
does not contribute to the signal, reserving the case where Nann > 0 for the next section. Scanning
over m� and

✓�Z/�� ⌘ arctan
N�Z

N��
, (6)

while maximizing over ↵, �, and N�� , we find that the best fit point corresponds to

�
m�/GeV, ↵, �, N�� , ✓�Z/��

 
max

= {130, 2.67, 0.88, 30.3, 0} (unmasked);

(7)
�
m�/GeV, ↵, �, N�� , ✓�Z/��

 
max

= {130, 2.62, 0.80, 31.6, 0} (masked),

where masked (unmasked) refers to removing (including) data within 1 degree of the Galactic
Center. The significance of the best fit point relative to the null model (power-law background) is
5.5 � for both the masked and unmasked cases, not including look-elsewhere.4 Masking a 1 degree
radius circle around the Galactic Center has little e↵ect on the best fit dark matter parameters,
though it prefers more shallow power-law backgrounds. From this point onwards, we will only
consider the masked data.

Figure 1 shows the spectrum of photon counts in the region of interest. The solid red line
corresponds to the best fit model in Eq. (7) obtained by maximizing the likelihood function over
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FIG. 1: Photon counts within 3� degrees of the Galactic Center with the inner degree masked. The solid
red line shows the best fit model given in Eq. (7), assuming no continuum contribution. The dashed
black line shows the continuum spectrum for a 130 GeV dark matter annihilating into W+W� (arbitrary
normalization); the spectrum for Z0Z0 is indistinguishable.

4 The best fit null model is {↵,�}
null

= {2.65, 0.95} for the unmasked case and {↵,�}
null

= {2.58, 0.87} for the
masked case.
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CONTINUUM

10-3 smaller

these are really the same question



LESSON

• There is not a lot of tree-level continuum annihilation if this is 
Dark Matter

• (I.e., the things in the loop are heavier than the WIMP)



MODELS FOR THE LINES

• Lots of models (Weniger - 116 citations)

• Simple approach: effective theory



SIMPLEST MODEL: RAYDM

scale ΛR ~ 500 GeV (really 300 GeV w/ EM coupling)
continuum not a problem

probably shouldn’t be using the effective theory



2ND SIMPLEST: MIDM

Goodman et al ’10

Chang, NW, Yavin ’10

*



MAGNETIC INELASTIC DM
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FIG. 1: The weighted-atomic mass and weighted-magnetic
dipole moment (Eq. (2) in units of the nuclear magneton µN

of various dark matter search targets. (C,O and Ca,Ar have
been shifted slightly so as not to overlay each other.)

II. MAGNETIC INELASTIC DARK MATTER

If one wants to understand how DAMA could have a
positive signal while other experiments do not, there are
many directions one can pursue. Narrowing the focus
on nuclear recoils induced by WIMP collisions, we must
examine what the di↵erences are between NaI and the
other existing targets.

The original iDM proposal focused on a single dimen-
sion, namely the kinematical properties of iodine. As it
is much heavier than many targets, in particular germa-
nium, this allowed a significant departure from conven-
tional elastic expectations. The fact that DAMA focuses
on relatively high energies (⇠ 20+ keV

R

o↵ iodine as-
suming the standard quenching factor qI = 0.08) and
modulation gave additional changes when comparing to
elastic scattering limits, but ultimately the key distinc-
tion was the kinematical change of a heavy target.

This simple one-dimensional analysis is important, but
iodine’s magnetic properties also distinguish it from most
other target nuclei. The quantity that we will see is most
relevant is the weighted dipole moment

µ̄ =

0

@
X

isotope

fiµ
2

i
Si + 1

Si

1

A
1/2

, (2)

where fi, µi, and Si are the elemental abundance, nu-
clear magnetic moment, and spin, respectively, of isotope
i. We show in Fig. 1 the abundance-weighted atomic
masses, and the weighted dipole moment of various tar-
get nuclei. We see that while tungsten (W) has a large
mass, its magnetic moment is rather small. Fluorine (F)
and sodium (Na) have large magnetic dipoles but are very
light. Xenon (Xe) has a couple of isotopes with apprecia-
ble dipoles, however, they are insu�cient to make it com-
petitive with iodine. The combination of large mass and

large dipole makes the iodine target used by DAMA quite
unique among the nuclear targets, with only KIMS’ [50]
cesium (Cs) target similar in its qualitative features. The
iodine dipole arises dominantly from the angular momen-
tum of unpaired protons [51], with additional contribu-
tions from the neutron and proton spin.
We are therefore led to consider models that make both

kinematical and magnetic distinctions between targets.
Since its proposal, the focus of iDM model building has
dominantly been on electrically coupled WIMPs, either
directly to charge, or to some combination of the mass
number A and the atomic number Z, such as through the
Z

0-boson. Since we wish to take advantage of the large
magnetic dipole of iodine, we instead focus on models of
magnetically-coupled inelastic dark matter (MiDM).

III. SCENARIOS FOR MIDM

The magnetic interactions of a WIMP can appear at
di↵erent orders in the multipole expansion. The first
order, namely a magnetic monopole, is interesting but
problematic [69]. Instead we choose to focus on the case
of a magnetic dipole which has a sizable interaction with
the magnetic dipole of iodine. However, a magnetically
interacting WIMP also feels a velocity-suppressed inter-
action with the charge of the nucleus, thus one cannot
simply consider scattering o↵ magnetic moments. For
iodine the contribution from Z

2

v

2 is subdominant to
µ

2, but for magnetically-challenged nuclei, such as W,
or even Xe, the charge coupling can dominate the scat-
tering.

A. Dipole-Dipole Inelastic Scattering

The idea that the WIMP could have a magnetic dipole
has been long studied (see., e.g., [53–58].) The dipole
operator is naturally o↵-diagonal [44, 59], and mediates
transitions between the ground state � and the excited
state �

⇤ ,

L �
⇣
µ�

2

⌘
�̄

⇤
�µ⌫F

µ⌫
�+ c.c. (3)

where µ� is the dipole strength and �µ⌫ = i[�µ, �⌫ ]/2.
[55] considered such transitions in the early universe for
dark matter in the range of few keV� fewMeV. [60] con-
sidered inelastic WIMP dipole-nuclear charge scattering
to explain DAMA. Such an interaction, however, does
not significantly change the relative strength of the vari-
ous experiments compared with charge-charge (i.e., vec-
tor current) interactions, and the viability of the scenario
found in [60] was largely because the significant con-
straints from the CRESST experiment were ignored. [44]
considered a related idea, studying the parameter space
under the assumption of an iDM that couples to pro-
ton nuclear spin exclusively, although no particle physics
model generating the required interaction was found.

µ�Nv2

2
> �

1



MUST BE INELASTIC

Figure 1: 90% confidence level (CDMS-II, XENON100, DAMA, CoGeNT, LEP, Tevatron)
and 5σ reach (LHC) plots for direct detection and collider experiments for DMDM with
magnetic dipole moment. The dash line corresponds to the 90% confidence level plot for the
low threshold CDMS analysis.

5 Discussion and Conclusion

We have considered a dark matter particle which interacts with the Standard Model through
an electric or magnetic dipole moment. This is an interesting portal connecting the dark
sector to ordinary matter, mediated by the massless photon. As such, it is also one of the
most challenging cases for colliders, because its rate drops rapidly with the mass of the
WIMP.

We have considered updated direct detection bounds from CDMS, the thermal relic
density, and collider constraints from LEP II and the Tevatron. We have also considered
the long-term LHC prospects for a discovery in the channel of ψψ̄+ jet. Our results are
summarized in Figures 1 and 2.

For masses between a few to 100 GeV, direct detection constraints are already quite

8

Fortin + Tait 1103.3289

(pseudo) Dirac fermion with magnetic dipole
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Want dipole ~ 1/TeV for relic abundance
Rate O(10) too low
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UV COMPLETIONS
5

(a)

� ��
X

X̃

�

(b)

� �
X

X̃

� �

FIG. 2. (left) Loop diagram contributing to dipole operator for MiDM model. (right) Comparable diagram contributing the
Rayleigh operator.

dipole is generated by a loop process as show in Fig. 2.
Assuming a coupling ��XX̃, the natural size for the
dipole operator is

g

Y

�

2

16⇡2

1

M

X

. (12)

The Rayleigh operator has a natural size

g

2

Y

�

2

16⇡2

1

M

3

X

. (13)

Thus, annihilation to �� through the RayDM process is a
one-loop process, while annihilation through the MiDM2

process is e↵ectively two-loop. Thus RayDM annihilation
is relatively enhanced over MiDM2 by a factor of

✓

�

2

16⇡2

◆�2

m

2

�

M

2

X

. (14)

Even for m

�

⇠ M

X

, if the theory is at all perturba-
tive, the Rayleigh contribution should dominate. If the
Rayleigh contribution to the amplitude is even a few
times larger than the MiDM2 contribution, the size of
the signal should be easily large enough to explain the
130 GeV signal. Thus, not only is it reasonable to believe
that the Rayleigh operator could contribute, it should be
a likely expectation.

A second possibility is the presence of CP violation.
While both CP-conserving magnetic and CP-violating
electric dipole moments produce s-wave �� signals, only
the s-channel diagram via a magnetic dipole yields an
s-wave annihilation to charged fermions [15]. Thus,
with EDMs one can increase the present day �� sig-
nal while producing only a p-wave suppressed annihila-
tion at freezeout into ff̄ . With only EDMs, assuming
a freezeout at T ⇡ m�/20, the annihilation into gauge
bosons dominates, and one has a signal cross section of
⇡ 6 ⇥ 10�26 cm3s�1 (as it is a Dirac fermion at freeze-
out), exceeding the Fermi limits. Thus, while pure EDM
is excluded, a combination of EDM and MDM could pro-
duce the signal consistent with constraints. However, as
we have stated, in the presence of such a large EDM, the
direct detection limits would have excluded it unless the
excited state is completely inaccessible. So while the first

possibility still o↵er the prospect of discovery at upcom-
ing direct detection experiments, this second case seems
unlikely to be found underground.

III. RayDM

A. Searching for RayDM in Gamma Rays

The non-relativistic annihilation cross-section of
RayDM into the di↵erent electroweak vector-bosons is
sensitive only to the axial �̄�

5

� components to leading
order in the velocity expansion. The di↵erential cross-
section is given by

�(�� ! V V )v =
g

2

V V

4⇡

m

4

�

⇤6

R

KV V (15)

with the kinematic functions KV V and couplings gV V de-
fined as

K
��

= 1 g

��

= c�cW
2 + s�sW

2 (16)

K
�Z

= 2

 

1 � m

2

Z

4m2

�

!

3

g

�Z

= (s� � c�)sWcW (17)

KZZ =

 

1 � m

2

Z

m

2

�

!

3/2

gZZ = c�sW
2 + s�cW

2 (18)

KWW= 2

 

1 � m

2

W

m

2

�

!

3/2

gWW = s� (19)

Here c� = cos ✓� and s� = sin ✓� and cW and sW 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). The Rayleigh scale, ⇤R is normalized by re-
quiring the right relic abundance of dark matter, which
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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�3

µ

N

, 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 B

µ⌫

B

µ⌫ and W

µ⌫

W

µ⌫

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

�

/M

mess

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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sociated with the non-abelian groups are

(

1

⇤3

R

,

1

⇤̃3

R

)

=

 

g

2

�

2

C

f

48M3

f

⇡

2

!

n

F , F̃
o

(8)

up to corrections of order O �m�/Ms

�

. (See [29] for the
equivalent calculation for a neutralino.) Here C

f

is de-
fined through the generators of the representation of the
matter in the loop tr(tatb) = C

f

�

ab and is equal to 1/2 for
matter in the fundamental representation. In the abelian
case this factor should be replaced by the square of the
hypercharge times the size of the representation (so a
factor of 2 ⇥ (1/2)2 = 1/2 for the matter we consider).
The functions F(r) and F̃ are given explicitly in the ap-
pendix. In general these are functions of all the masses
in the problem as well as the Mandelstam variables s, t,
and u. To lowest order in an expansion in the messenger
mass they are given by

F(r) =
r

2

�

2 + 3r2 � 6r4 + r

6 + 12r2 log(r)
�

(1 � r

2)3
, (9)

F̃(r) =
r

2

�

3 � 3r4 + 12r2 log(r)
�

(1 � r

2)3
. (10)

with F(1) = 0 and F(1) = 1. When evaluating the
resulting cross-sections we use the full contribution to
1-loop order as discussed below.

When a pseudo-Dirac state is present at freezeout the
annihilation rate is dominated by the s-channel annihi-
lation into SM charged fermion pairs through a �/Z ex-
change. In the non-relativist limit appropriate for freeze-
out this is given by,

� v

�

�̄� ! ff̄

�

=
⇡↵

2

q

2

f

m

2

�

(c�1

W
F

1

+ 2m�

�

µ�

e

�

F

2

)2
⇣

1 � m

2

Z

/4m2

�

⌘

2

⇥
✓

a

2

f

sW
2 +

⇣

v

f

sW +
⇣

1 � m

2

Z

/4m2

�

⌘

cW

⌘

2

◆

(11)

Here cW (sW) is the cosine (sine) of the Weinberg angle,
q

f

is the electric charge of the fermion and v

f

(a
f

) is the
ratio of its vector (axial) coupling to the Z boson to its
electric coupling.

When only a single Majorana state is present the an-
nihilation rate is dominated by the RayDM operators
which contribute through WIMP annihilation into ��,�Z,
ZZ and W±W⌥ [20]. By fixing the annihilation rate
through these operators we can obtain a simple relation
between the messenger mass scale and the Yukawa cou-
pling � in the case of a WIMP with mass at 130 GeV,

M

med

= 150 GeV
⇣

↵

�

5.5

⌘

1/3

✓

�v

3 ⇥ 10�26 cm3s�1

◆

1/6

(12)

The relation between the Yukawa coupling and the mes-
senger mass in both scenarios is shown in Fig. 3.
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FIG. 3. The Yukawa coupling vs. the messengers’ mass fixing
the freezeout rate at �v = 3 ⇥ 10�26cm3/s (solid) and �v =
6⇥ 10�26cm3/s (dashed). The upper (blue) curves are in the
case when a single Majorana state is present at freezeout. The
lower (black) curves are for the case when a pseudo-dirac state
is present where the annihilation into SM fermions dominates.

III. SCENARIOS FOR THE FERMI LINE

With this in hand, we can explore the degree to which
this UV scenario will actually provide the appropriate
physics for the putative line signal observed by the Fermi
satellite. We have essentially two scenarios to consider:
MiDM, with a pseudo-Dirac state at freezeout and one
with a pure Majorana state (where the heavier dark state
is decoupled).

To begin with, it is worth emphasizing that except for
the most strongly coupled region of parameter space for
the MiDM scenario, the �� signal in the present day is
dominated by the dimension-7 Rayleigh operators, as ar-
gued in [20], where the hybrid scenario was proposed.
Consequently, for both MiDM and RayDM scenarios,
the ratios of �� and �Z are determined essentially by
the representation of the messengers. For doublet mes-
sengers, the relative sizes of the Rayleigh operators is
cos ✓

�

= g

2

Y

/

p

g

4

Y

+ g

4 ⇡ 0.29 (i.e., the sizes are deter-
mined by the gauge couplings alone).

For a doublet, this yields a ratio of �
��

/(�
�Z

/2) ' 2.2
and �

tot

/(�
��

+ 1/2�
�Z

) ' 5. Thus, it is a natural ex-
pectation for models dominated by Rayleigh annihilation
from a doublet loop that both lines should be visible.
Secondly, we emphasize that there is no issue with con-

straints from continuum emission in these models. The
ratio of monochromatic to continuum photons is safely
below the limits of [11–13]. This is true irrespective
of whether the freezeout occurs through the dipole or
through the Rayleigh operator (as the continuum ratio
is the same in both cases). Essentially, continuum emis-
sion is a problem for models where the line annihilation
is produced at a higher order in some perturbative ex-
pansion from the continuum. Here, they are produced at
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ELASTIC WIMPS
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MONOJETS FROM G-QUARKS
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Figure 5. Inferred 90% CL ATLAS limits on spin-independent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed
limits excluding theoretical uncertainties; the observed limits corresponding to the WIMP-parton
cross section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The
latter limits are conservative because they also include theoretical uncertainties. The ATLAS limits
for operators involving quarks are for the four light flavours assuming equal coupling strengths
for all quark flavours to the WIMPs. For comparison, 90% CL limits from the XENON100 [70],
CDMSII [71], CoGeNT [72], CDF [19], and CMS [21] experiments are shown.

scattering cross sections is done using equations (3) to (6) of ref. [32], and the results are

shown in figures 5 and 6.6 As in ref. [32] uncertainties on hadronic matrix elements are

neglected here. The spin-independent ATLAS limits in figure 5 are particularly relevant in

the low mχ region (< 10 GeV) where the XENON100 [70], CDMSII [71] or CoGeNT [72]

limits suffer from a kinematic suppression. Should DM particles couple exclusively to

gluons via D11, the collider limits would be competitive up to mχ of about 20 GeV, and

remain important over almost the full mχ range covered. The spin-dependent limits in

figure 6 are based on D8 and D9, where for D8 the M∗ limits are calculated using the D5

acceptances (as they are identical) together with D8 production cross sections. Both the

D8 and D9 cross-section limits are significantly smaller than those from direct-detection

experiments.

As in figure 4, the collider limits can be interpreted in terms of the relic abundance

6There is a typographical error in equation (5) of ref. [32] (cross sections for D8 and D9). Instead of

9.18 × 10−40cm2 the pre-factor should be 4.7× 10−39cm2.
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Figure 4: Comparison of the 90% CL upper limits on the dark matter-nucleon scattering
cross section versus mass of dark matter particle for the (left) spin-independent and (right)
spin-dependent models with results from CMS using monophoton signature [14], CDF [15],
XENON100 [16], CoGeNT [17], COUPP[18], CDMS II [19, 20], Picasso [21], SIMPLE [22], Ice-
Cube [23], and Super-K [24] collaborations.

Table 6: Observed 90% CL limits on the dark matter-nucleon cross section and effective contact
interaction scale L for the spin-dependent and spin-independent interactions.

Spin-dependent Spin-independent
Mc (GeV/c2) L (GeV) scN (cm2) L (GeV) scN (cm2)

0.1 754 1.03 ⇥ 10�42 749 2.90 ⇥ 10�41

1 755 2.94 ⇥ 10�41 751 8.21 ⇥ 10�40

10 765 8.79 ⇥ 10�41 760 2.47 ⇥ 10�39

100 736 1.21 ⇥ 10�40 764 2.83 ⇥ 10�39

200 677 1.70 ⇥ 10�40 736 3.31 ⇥ 10�39

300 602 2.73 ⇥ 10�40 690 4.30 ⇥ 10�39

400 524 4.74 ⇥ 10�40 631 6.15 ⇥ 10�39

700 341 2.65 ⇥ 10�39 455 2.28 ⇥ 10�38

1000 206 1.98 ⇥ 10�38 302 1.18 ⇥ 10�37

Table 7: Observed and expected 95% CL lower limits on the ADD model parameter MD (in
TeV/c2) as a function of d, with and without NLO K-factors applied.

LO NLO
d Exp. Limit Obs. Limit Exp. Limit Obs. Limit

(TeV/c2) (TeV/c2) (TeV/c2) (TeV/c2)
2 3.81 4.08 4.20 4.54
3 3.06 3.24 3.32 3.51
4 2.69 2.81 2.84 2.98
5 2.44 2.52 2.59 2.71
6 2.28 2.38 2.40 2.51

should be ~x2 heavier



CONCLUSIONS
• The theory ⇔ experiment interplay is very healthy in the DM 

community

• “Normal” models of DM are an excellent jumping off point, 
but we should understand our prejudices

• If you are more flexible, gymnastics becomes merely 
stretching

•Model details matter : complementarity, extensions to broader 
parameters, tensions with other experiments often require 
going beyond EFT

•Need to stop knocking down straw man models



CONCLUSIONS

•Don’t fear crazy models - they may provide guidance of how 
to look for DM (what if it isn’t a WIMP?)

• The craziest thing would be to get too confident that we 
actually know what we’re talking about



Don’t fear crazy looking models!

Thanks!




