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THE SEARCH FOR DARK MATTER 
IS A STORY OF LAMP POSTS



Reasonable Weird Crazy

(also “obviously 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



THE SCALES OF DARK 
MATTER

10-22 eV10-43 GeV 1019 GeV100 eV 102 GeV 

(SM)

boson 
excluded

fermion excluded 
(Tremaine-Gunn) WIMPs

(courtesy S. Rajendran)



APPROACHING DARK MATTER 
THEORIES

• “Top down” - Begin with theory motivation (hierarchy problem, strong CP 
problem..) develop model (SUSY, axion) look for stable, neutral particle 
(LSP, axion)

• “Bottom up” - Motivated often by specific experimental anomalies, 
theories constructed. Implications for other experiments (and often SUSY)

• “Phenomenological” - Motivated by considering whether a viable and 
detectable model could exist of a certain type

• All give some hope of detection (almost by design)



OUTLINE

• Briefly on the axion

• A WIMP status update

• Dark forces and anomaly mediated dark matter : 
two cases



A STRONG CP PR0BLEM

critical point 1: quark mass matrix phase contributes

critical point 2: this is a real problem for QFT

leads to neutron EDM => less than 10-10



A STRONG CP PR0BLEM

idea -> make ϴ a field



THE AXION
• Pseudo-goldstone boson arising from a global 

symmetry breaking

• This symmetry breaking occurs at some scale fa

Peccei, Quinn; Weinberg, Wilczek

higher temp lower temp



THE AXION
• Pseudo-goldstone boson arising from a global 

symmetry breaking
motions along 

valley  
correspond to 

massless particle

For the axion, this flat direction is identified 
with the QCD θ (or θ parameter) 

Peccei, Quinn; Weinberg, Wilczek



THE AXION
Peccei, Quinn; Weinberg, Wilczek

This symmetry is anomalous and QCD instanton effects “tilt”
this potential at T~𝝠QCD, leading to a minimum at θ=0

potential  
minimum

energy density  
in dark matter

The axion acquires a mass 
m⇡f⇡
fa

⇡ 0.6meV

✓
1010GeV

fa

◆



TWO HISTORIES
PQ Phase Transition 

After Inflation

O(1) on average

PQ Phase Transition 
Before Inflation

Could be anything -
anthropic arguments(?)



COUPLINGS TO OTHER 
MATTER
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FIG. 1. Parameter space for axions (top) and axion-like particles (ALPs) (bottom). In the

bottom plot, the QCD axion models lie within an order of magnitude from the explicitly shown

“KSVZ” axion line (red band). Colored regions are: experimentally excluded regions (dark green),

constraints from astronomical observations (gray) or from astrophysical or cosmological arguments

(blue), and sensitivity of planned and suggested experiments (light green) (ADMX [14], ALPS-

II [15], IAXO [16–18], Dish antenna [19]). Shown in red are boundaries where ALPs can account for

all the dark matter produced either thermally in the big bang or non-thermally by the misalignment

mechanism.
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from Essig et al 1311.0029 via PDG)
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“KSVZ” axion line (red band). Colored regions are: experimentally excluded regions (dark green),
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II [15], IAXO [16–18], Dish antenna [19]). Shown in red are boundaries where ALPs can account for

all the dark matter produced either thermally in the big bang or non-thermally by the misalignment

mechanism.
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new ideas will be coming, e.g. CASPEr (exp) 
or new implications e.g., BH superradiance (th)



WIMPS AND WIMPY THINGS



A THERMAL RELIC
Assume dark matter is in thermal contact with the SM 

bath, and then at some temperature T (when DM is non-
relativistic) it decouples



From J. Feng

A THERMAL RELIC
Assume dark matter is in thermal contact with the SM 

bath, and then at some temperature T (when DM is non-
relativistic) it decouples

Low cross section 
decouples early 
too much DM

High cross section 
decouples late 
too little DM



From J. Feng

For a thermal relic, you learn precisely one number, namely the 
annihilation cross section

< �v >ann⇡ 3⇥ 10�26cm3sec�1

⇡ ↵2

(200GeV)2



THE “WIMP MIRACLE”
< �v >ann⇡ 3⇥ 10�26cm3sec�1

⇡ ↵2

(200GeV)2

NB1: This is only a pretty good miracle O(10±3)



THE “WIMP MIRACLE”
collider

time

“indirect”
annihilation signals

ti
m

e

“d
ire

ct
”

sc
at

te
rin

g 
sig

na
ls

NB: Direct and collider 
 rely on SM= q or gluon  

(or direct mediator)  
[see seminars by Martin Schmaltz]



“DARK MEDIATORS”

DM in thermal 
equilibrium with ϕ 

ϕ in thermal 
equilibrium with SM 

changes expectations dramatically of what signals can be



DIGRESSION: SOME 
COMMENTS ON SUSY

• The Lightest Super Partner (LSP) in SUSY is often 
an excellent DM candidate (typically neutralino)

• In general, a stable weak scale neutral particle also 
works.

• In general, any model can be made 
supersymmetric



Lawrence Hall, Savasfest 2012 
(cf Matt Reece talk LHCP2013)

SUSY Spectrum, 1984

Text



Lawrence Hall, Savasfest 2012 
(cf Matt Reece talk LHCP2013)

SUSY Spectrum, 1984

Text

squark limits ~ 700 GeV

gluino limits ~ 1400 GeV



• The WIMP miracle was supposed to be bi-
directional



• IMHO good to think generally about DM models 
because conventional wisdom on the weak scale has 
not proven itself reliable

• So, even if it is a WIMP, it needn’t look or act as we 
anticipated

• Light WIMPs, very heavy WIMPs, hidden sector DM…



SOME COMMENTS ON 
DIRECT DETECTION

• We haven’t seen a WIMP in direct detection yet. 
How worried should we be?



THE SEARCH FOR WIMPS

e, γ 

DM 

• Generic idea: look for nuclear recoils (Goodman + Witten ’85)



SO WHAT ABOUT THE 
SEARCH FOR WIMPS?

DM DM 

q q 
h 

DM DM 

q q 
Z 

slide from J Feng



THE SEARCH FOR WIMPSCANONICAL PLOT 



MODEL 1: HEAVY DIRAC 
“NEUTRINO”
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MAJORANA DOUBLET WIMP:
 HIGGS MEDIATED
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MAJORANA TRIPLET:
LOOP MEDIATED

W

q q

DM DM

h

DM

W W

q
q q

DM DM
DM

±

W

W

q
q q

DM DM
DM

±

Figure 2: One loop DM/quark scattering for fermionic MDM with Y = 0 (two extra graphs
involving the four particle vertex exist in the case of scalar MDM).

As discussed in Sec.2, MDM candidates with Y = 0 have vanishing DMN direct detection
cross sections at tree level (see eq. (17)). The scattering on nuclei N proceeds therefore at one-
loop, via the diagrams in fig. 2 that involve one of the charged components X± of the multiplets.
An explicit computation of these one-loop diagrams is needed to understand qualitatively and
quantitatively the resulting cross section. Non-relativistic MDM/quark interactions of fermionic
X with mass M � MW � mq are described by the e↵ective on-shell Lagrangian

L W
e↵ = (n2� (1±2Y )2)

⇡↵2
2

16MW

X

q

✓
1

M2
W

+
1

m2
h

◆
[X̄X ]mq[q̄q]� 2

3M
[X̄�µ�5X ][q̄�µ�5q]

�
(15)

where the + (�) sign holds for down-type (up-type) quarks q = {u, d, s, c, b, t}, mh is the Higgs
mass and mq are the quark masses. The first operator gives dominant spin-independent e↵ects
and is not suppressed by M ; the second operator is suppressed by one power of M and gives
spin-dependent e↵ects. Parameterizing the nucleonic matrix element as

hN |
X

q

mq q̄q|Ni ⌘ fmN (16)

where mN is the nucleon mass, the spin-independent DM cross section on a target nucleus N
with mass MN is given by

�SI(DMN ! DMN ) = (n2 � 1)2⇡↵4
2M

4
Nf 2

64M2
W

✓
1

M2
W

+
1

m2
h

◆2

. (17)

The case of scalar X is not much di↵erent: the M -independent contribution to �SI is equal to
the fermionic result of eq. (17) but there is no spin-dependent e↵ect.

Assuming mh = 115 GeV and f ⇡ 1/3 (QCD uncertainties induce a one order of magnitude
indetermination on �SI

2) we find therefore for the fermionic MDM 5-plet

�SI = 1.2 · 10�44 cm2. (18)

As usual [1, 14, 15], �SI is defined to be the cross section per nucleon. The prediction is a
definite number (as opposed to the large areas in the plane M/� that is covered by typical
supersymmetric constuctions by varying the model parameters) and Fig. 3 shows that this
value is within or very close to the sensitivities of experiments currently under study, such
as Super-CDMS and Xenon 1-ton [16]. The annual modulation e↵ect of the DAMA/Libra
experiment [13] cannot be explained by MDM candidates, since they have too large masses and
too small cross sections with respect to the properties of a WIMP compatible with the e↵ect.

2More precisely, one needs to consider the e↵ective Lagrangian for o↵-shell quarks, finding various operators
that become equivalent only on-shell. Their nucleon matrix elements can di↵er; we ignore this issue because
presently it is within the QCD errors.

9

Hill + Solon ’13; 
Hill + Solon ‘14 ⇥⇤N, ⇥0

⇥⇤Nlat, ⇥slat

100 120 140 160 180 200

10�49

10�48

10�47

10�46

mh�GeV⇥

⌅
�cm2 ⇥

Figure 3: Cross section for low-velocity scattering on a nucleon for a heavy real scalar in the
isospin J = 1 representation of SU(2). The dark shaded region represents the 1⇤ uncertainty
from perturbative QCD, estimated by varying factorization scales. The light shaded region
represents the 1⇤ uncertainty from hadronic inputs.

variation is insignificant compared to other uncertainties. We perform the RG running and
heavy quark matching from µt to µc at NLO. Hadronic input uncertainties from each source
in Table 1 and Table 2 are added in quadrature. We have ignored power corrections appearing
at relative order �s(mc)�2

QCD/m
2
c ; typical numerical prefactors appearing in the coe⇧cients of

the corresponding power-suppressed operators [18] suggest that these e⇤ects are small.
Due to a partial cancellation between spin-0 and spin-2 matrix elements, the total cross

section and the fractional error depend sensitively on subleading perturbative corrections and
on the Higgs mass parameter mh. We find

⇤p(mh = 120GeV) = 0.7±0.1+0.9
�0.3�10�47cm2 , ⇤p(mh = 140GeV) = 2.4±0.2+1.5

�0.6�10�47cm2 ,
(33)

where the first error is from hadronic inputs, assuming ⇥lat
s and ⇥lat

�N from Table 1, and the
second error represents the e⇤ect of neglected higher order perturbative QCD corrections. For
the illustrative value mh = 120GeV, and as a function of the scalar strange-quark matrix
element ⇥s, we display the separate contributions of each of the quark and gluon operators in
Fig. 4.

7 Summary

We have presented the e⇤ective theory for heavy, weakly interacting dark matter candidates
charged under electroweak SU(2). Having determined the general form of the e⇤ective la-
grangian (4) through 1/M3, we demonstrated matching conditions for subleading operators in

12

sample lattice inputs 

baryon spectroscopy inputs

Dark band: perturbative uncertainty
Light band: hadronic input uncertainty

Numerical benchmark: low velocity, spin 
independent cross section on nucleon

Richard  Hill                    University of Chicago                                      Universal behavior in heavy, weakly interacting DM23

ATLAS,CMS July 2012
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All of these are perfectly  
ordinary “WIMPs”



• This era will answer the question: does the dark 
matter couple at O(0.1-0.01) to the Higgs boson

• But perfectly plausible WIMPs can have very weak 
nucleon interactions



“INDIRECT” DETECTION

• Cosmic ray missions, WMAP, Planck all have been 
critical in constraining dark matter models

• Converts <σ v> into a signal (i.e., we observe the 
annihilation products)



MOST PROMINENT LIMITS

look here
(lots of DM)

look here [dwarf galaxy]
(low background)
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Figure 5. 95% C.L. upper limits on DM annihilation cross section vs. DM mass from Fermi-LAT’s inclusive
photon spectrum for the indicated final states. Each plot shows constraints for the Isothermal (green), NFW
(red), Einasto (blue), and NFWc (orange) DM density profiles. Solid lines show constraints derived from
including only the prompt radiation produced in the annihilation process (i.e. final-state radiation or in the
decay of hadrons). When available, we show the limits from the 4-year P7REP analysis of 15 nearby dwarf
spheroidal galaxies with a cyan dashed line [12].

6.311⇥ 10

28 cm2/s (see §2.2). The propagation was performed as described in §2.2, i.e. over

a cylindrical geometry with radius Rh = 20 kpc and half-height zh = 4 kpc. With ICS

included and for cuspy profiles, DM annihilation to leptonic final states, particularly for

electrons, can be probed well into the annihilation-cross-section regime of a thermal relic

that freezes out early in the Universe, h�virelic ⇡ 3 ⇥ 10

�26 cm3/s. The inclusion of extra

particle content in DM annihilations, namely the particle �, is motivated by the best fit to

the PAMELA, Fermi, and AMS-02 cosmic-ray positron and electron data [78–81], if those

excesses are interpreted as coming from DM annihilation. Fig. 4 shows the approximate

19

“Conservative” limits 
Massari et al 2015
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95% Containment

Thermal Relic Cross Section
(Steigman et al. 2012)

FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].

FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [33], 112 hours of observations
of the Galactic Center with H.E.S.S. [34], and 157.9 hours of observations of Segue 1 with MAGIC [35]. Closed contours and
the marker with error bars show the best-fit cross section and mass from several interpretations of the Galactic center excess
[16–19].

DM distribution can significantly enlarge the best-fit re-
gions of h�vi, channel, and mDM [36].

In conclusion, we present a combined analysis of 15
Milky Way dSphs using a new and improved LAT data
set processed with the Pass 8 event-level analysis. We ex-
clude the thermal relic annihilation cross section (⇠ 2.2⇥
10�26 cm3 s�1) for WIMPs with mDM

<⇠ 100 GeV annihi-
lating through the quark and ⌧ -lepton channels. Our
results also constrain DM particles with mDM above
100 GeV surpassing the best limits from Imaging Atmo-
spheric Cherenkov Telescopes for masses up to 1 TeV.
These constraints include the statistical uncertainty on
the DM content of the dSphs. The future sensitivity to

DM annihilation in dSphs will benefit from additional
LAT data taking and the discovery of new dSphs with
upcoming optical surveys such as the Dark Energy Sur-
vey [37] and the Large Synoptic Survey Telescope [38].
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Dwarf limits 
Fermi collab 2015

NB: The cross section needn’t be as large today!



FOR HIGH ENERGY LINES: 
HESS
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, ⟨σv⟩χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on ⟨σv⟩χχ→γγ . Limits are obtained in a neutralino

For heavier DM, this is often important
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• Energy deposition during recombination affects 
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FIG. 4: The upper panel shows the fe↵ coe�cients as a function of DM mass for each of a range of SM final states, as indicated
in the legend. The V V ! 4X states correspond to DM annihilating to a pair of new neutral vector bosons V , which each
subsequently decay into e

+
e

�, µ+
µ

� or ⌧+
⌧

� (labeled by X). The lower panels show the resulting estimated constraints from
recent Planck results [8], as a function of DM mass, for each of the channels. The left panel covers the range from keV-scale
masses up to 5 GeV, and only contains results for the e

+
e

�, �� and V V ! 4e channels; the right panel covers the range
from 5 GeV up to 10 TeV, and covers all channels provided in the PPPC4DMID package [26]. The light and dark gray regions
in the lower right panel correspond to the 5� and 3� regions in which the observed positron fraction can be explained by DM
annihilation to µ

+
µ

�, for a cored DM density profile (necessary to evade �-ray constraints), taken from [35]. The solid yellow
line corresponds to the preferred cross section for the best fit 4-lepton final states identified by [36], who argued that models in
this category can still explain the positron fraction without conflicts with non-observation in other channels.

but its e↵ect is generally small (at the percent level).
In general, we see that the final states considered fall

into three categories:

• Final states where the bulk of the power pro-
ceeds into e

+

e

� and photons, where at masses
above 100 GeV the constraint approaches h�vi .
10�27(m�/1GeV) cm3/s.

• Annihilation to neutrinos, where the constraint
arises entirely from electroweak corrections, and is
negligible below ⇠ 200 GeV; at O(TeV) masses,
cross sections as low as a few ⇥10�23 cm3/s can be
constrained. Interestingly, this bound is competi-
tive with that placed by IceCube from observations
of galaxy clusters [39], the Galactic Center [40], and
the Milky Way halo [41], and unlike those limits is
independent of uncertainties in the local DM den-
sity, the DM distribution, and the amount of DM
substructure.

• A band with a width of roughly a factor of 150% in
h�vi that encompasses all the other channels stud-
ied, which at high masses corresponds to h�vi .
2� 3⇥ 10�27(m�/1GeV) cm3/s.

Accordingly, for any linear combination of these final
states that does not contain a significant branching ratio
for DM annihilation directly to neutrinos, one must have
h�vi . 3⇥10�27(m�/1GeV) cm3/s. It is thus challenging
to obtain the correct thermal relic cross section for s-wave
annihilating DM with mass much below m� ⇠ 10 GeV,
without violating these limits (although models with sup-
pressed annihilation at late times may still be viable,
e.g. asymmetric DM models or the scenarios proposed in
[42, 43]). At higher masses, the cross sections constrained
are well above the thermal relic value, but are highly rele-
vant for DM explanations of the positron excess observed
by PAMELA [44], Fermi [45] and AMS-02 [46]. For exam-
ple, [36] identified a favored scenario by which to explain
this excess via DM annihilation, respecting all existing
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FIG. 4: The upper panel shows the fe↵ coe�cients as a function of DM mass for each of a range of SM final states, as indicated
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subsequently decay into e

+
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µ

� or ⌧+
⌧

� (labeled by X). The lower panels show the resulting estimated constraints from
recent Planck results [8], as a function of DM mass, for each of the channels. The left panel covers the range from keV-scale
masses up to 5 GeV, and only contains results for the e

+
e

�, �� and V V ! 4e channels; the right panel covers the range
from 5 GeV up to 10 TeV, and covers all channels provided in the PPPC4DMID package [26]. The light and dark gray regions
in the lower right panel correspond to the 5� and 3� regions in which the observed positron fraction can be explained by DM
annihilation to µ

+
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�, for a cored DM density profile (necessary to evade �-ray constraints), taken from [35]. The solid yellow
line corresponds to the preferred cross section for the best fit 4-lepton final states identified by [36], who argued that models in
this category can still explain the positron fraction without conflicts with non-observation in other channels.

but its e↵ect is generally small (at the percent level).
In general, we see that the final states considered fall

into three categories:

• Final states where the bulk of the power pro-
ceeds into e

+

e

� and photons, where at masses
above 100 GeV the constraint approaches h�vi .
10�27(m�/1GeV) cm3/s.

• Annihilation to neutrinos, where the constraint
arises entirely from electroweak corrections, and is
negligible below ⇠ 200 GeV; at O(TeV) masses,
cross sections as low as a few ⇥10�23 cm3/s can be
constrained. Interestingly, this bound is competi-
tive with that placed by IceCube from observations
of galaxy clusters [39], the Galactic Center [40], and
the Milky Way halo [41], and unlike those limits is
independent of uncertainties in the local DM den-
sity, the DM distribution, and the amount of DM
substructure.

• A band with a width of roughly a factor of 150% in
h�vi that encompasses all the other channels stud-
ied, which at high masses corresponds to h�vi .
2� 3⇥ 10�27(m�/1GeV) cm3/s.

Accordingly, for any linear combination of these final
states that does not contain a significant branching ratio
for DM annihilation directly to neutrinos, one must have
h�vi . 3⇥10�27(m�/1GeV) cm3/s. It is thus challenging
to obtain the correct thermal relic cross section for s-wave
annihilating DM with mass much below m� ⇠ 10 GeV,
without violating these limits (although models with sup-
pressed annihilation at late times may still be viable,
e.g. asymmetric DM models or the scenarios proposed in
[42, 43]). At higher masses, the cross sections constrained
are well above the thermal relic value, but are highly rele-
vant for DM explanations of the positron excess observed
by PAMELA [44], Fermi [45] and AMS-02 [46]. For exam-
ple, [36] identified a favored scenario by which to explain
this excess via DM annihilation, respecting all existing

Slatyer ‘15



WHAT ABOUT THAT HARD-
TO-SEE CASE?
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WHAT ABOUT THAT HARD-
TO-SEE CASE?

• It is not just another scenario, it is actually a critical 
point in parameter space



HEAVY DARK MATTER

• is the “Nightmare” scenario upon us?

• No sign at the LHC of new particles suggests that the scale of 
new physics may be very high



HIGGS AND SUSY SPECTRA
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Figure 2: Prediction for the Higgs mass mh at two loops in High-Scale Supersymmetry (left

panel) and Split Supersymmetry (right panel) as a function of the supersymmetry breaking scale

m̃ and tan � for the central values of ↵3 and mt. In the case of Split Supersymmetry we have

chosen the light sparticle spectrum of eq. (28); in the case of High Scale Supersymmetry we

assumed maximal stop mixing. Excluded values mh < 115GeV and mh > 128GeV are shaded

in gray; the favorite range 124GeV < mh < 126GeV is shaded in green.

eq. (28), and computed the thresholds at the high scale assuming degenerate sparticles at the

scale m̃ and (in the case of High Scale Supersymmetry) maximal stop mixing.

Next we want to study the uncertainty in the Higgs mass prediction due to the errors in

mt and ↵3. In fig. 3 we show the allowed ranges for mh as functions of m̃, taking into account

experimental uncertainties: the boundaries at tan� = 1 and at large tan � are computed

varying ↵3 (black bands) and mt (colored bands) by ±1�. The largest uncertainty comes from

the measurement of mt and corresponds to a 1-� error in mh of about 1–1.5 GeV, depending

on m̃ and tan �. We assume maximal stop mixing in the case of High Scale Supersymmetry

at large tan �, and zero stop mixing otherwise. Of course, the unknown sparticle mass spectra

provide extra uncontrollable uncertainties.

Finally we study the e↵ect of the couplings needed to generate neutrino masses. We assume

type-I see-saw and fix the largest right-handed neutrino Yukawa coupling to its “minimal”

value, g⌫ =
p
matmM/v, where M is the right-handed neutrino mass and matm ⇡ 0.06 eV is

the light neutrino mass renormalized at M . Taking into account its RGE e↵ects at two loops,

we find that, for m̃ > M , the predicted Higgs mass in High-Scale Supersymmetry increases as

shown in fig. 4. The e↵ect is roughly equivalent to the following correction to the high-energy

11

Giudice + Strumia



MINI-SPLIT

MZ

M𝝌 ~ Mgauginos few TeV

Msquark ~ 100 TeV

Wells; Kane; Hall & Nomura; Arvanitaki 
et al; Arkani-Hamed et al

WIMP is often (but not always) a Wino (masses from anomaly 
mediation)

often 
inaccessible to 

colliders



TESTS WITH COSMIC RAYS
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considered in our analysis becomes
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where LLAT

i

denotes the binned Poisson likelihood that is
commonly used in a standard single ROI analysis of the
LAT data and takes full account of the point-spread func-
tion, including its energy dependence; i indexes the ROIs;
D represents the binned gamma-ray data; pW represents
the set of ROI-independent DM parameters (h�

ann

vi and
m

W

); and {p}
i

are the ROI-dependent model parame-
ters. In this analysis, {p}

i

includes the normalizations
of the nearby point and di↵use sources and the J factor,
J
i

. log
10

(J
i

) and �
i

are the mean and standard devia-
tions of the distribution of log

10

(J
i

), approximated to be
Gaussian, and their values are given in Columns 5 and
6, respectively, of Table I.

The fit proceeds as follows. For given fixed values of
m

W

and bf , we optimize � lnL, with L given in Eq. 1.
Confidence intervals or upper limits, taking into account
uncertainties in the nuisance parameters, are then com-
puted using the “profile likelihood”technique, which is
a standard method for treating nuisance parameters in
likelihood analyses (see, e.g., [32]), and consists of calcu-
lating the profile likelihood � lnL

p

(h�
ann

vi) for several
fixed masses m

W

, where, for each h�
ann

vi, � lnL is min-
imized with respect to all other parameters. The inter-
vals are then obtained by requiring 2� ln(L

p

) = 2.71 for
a one-sided 95% confidence level. The MINUIT subrou-
tine MINOS [33] is used as the implementation of this
technique. Note that uncertainties in the background fit
(di↵use and nearby sources) are also treated in this way.
To summarize, the free parameters of the fit are h�

ann

vi,
the J factors, and the Galactic di↵use and isotropic back-
ground normalizations as well as the normalizations of
near-by point sources. The coverage of this profile joint
likelihood method for calculating confidence intervals has
been verified using toy Monte Carlo calculations for a
Poisson process with known background and Fermi-LAT
simulations of Galactic and isotropic di↵use gamma-ray
emission. The parameter range for h�

ann

vi is restricted
to have a lower bound of zero, to facilitate convergence of
the MINOS fit, resulting in slight overcoverage for small
signals, i.e., conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the b

¯

b final state are shown in
Fig. 1; see also [34]. Including the J-factor uncertainties

FIG. 1. Derived 95% C.L. upper limits on a WIMP anni-
hilation cross section for all selected dSphs and for the joint
likelihood analysis for annihilation into the bb̄ final state. The
most generic cross section (⇠ 3 · 10�26 cm3s�1 for a purely s-
wave cross section) is plotted as a reference. Uncertainties in
the J factor are included.

FIG. 2. Derived 95% C.L. upper limits on a WIMP annihila-
tion cross section for the bb̄ channel, the ⌧+⌧� channel, the
µ+µ� channel, and the W+W� channel. The most generic
cross section (⇠ 3 ·10�26 cm3s�1 for a purely s-wave cross sec-
tion) is plotted as a reference. Uncertainties in the J factor
are included.

in the fit results in increased upper limits compared to
using the nominal J factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper
limit compared to using nominal J factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultrafaint satel-
lites with small kinematic data sets and relatively large

Fermi, 1108.3546

Wino cross section
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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FIG. 3. Flux upper limits on spectral features arising from
the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, ⟨σv⟩χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on ⟨σv⟩χχ→γγ . Limits are obtained in a neutralino

wino cross sectionfermi dwarf search

HESS gamma line search

HESS 1301.1173

Cohen, Lisanti, Pierce, Slatyer ; Calore, Cholis, Weniger



Excluding Wino DM

• Plot assumes NFW (Einasto also constrained)

• If strong theory prior for Winos, very flat profiles allowed

• This is an important scenario that would not be tested by colliders or direct 
detection for the foreseeable future

Cohen, Lisanti, Pierce, Slatyer ; Calore, Cholis, Weniger
0.5 1.0 1.5 2.0 2.5 3.0

10-27

10-26

10-25

10-24

10-23

10-22

M2 @TeVD

W h2 = 0.12

s
gg
+
12 gZ vAcm

3ësE

10-26

10-25

10-24

10-23

10-22

10-21

s
W
W
v
Acm

3
ësE

H.E.S.S. (NFW)

Fermi



DM RELIES ON A 
COMBINATION OF SEARCHES

• Colliders, direct and indirect searches give very 
complementary searches for dark matter

• Direct and indirect especially useful as can probe parameter 
space totally inaccessible to colliders (and vice versa)



ANOMALY DRIVEN DARK 
MATTER

• DAMA

• INTEGRAL positrons (MeV scale)

• PAMELA/AMS positrons (100-1000 GeV scale)

• The galactic center gamma rays (few GeV scale)

• The 3.5 keV x-ray line (keV scale)



DISCLAIMER: 
I THINK ANOMALIES, EVEN WRONG 
ONES ARE OFTEN GOOD THINGS

• Before we try to address an anomaly, conventional wisdom will tell 
you certain things are unlikely

• When pressed, many of these assumptions fall away (Sommerfeld 
enhancement, leptophilic models, light WIMPs, SIDM models…)

• Anomalies give a directed way to challenge CW ideas on dark 
matter

• My impression is that a lot of pushing in the boundaries of theory 
and experiment has come as a result of these



A MORE INTERESTING DARK 
SECTOR

• A major consequence of recent anomalies has been to 
consider dark matter with its own “dark sector”

• E.g., dark forces, multiple states of dark matter (akin to atomic 
states or neutron-proton), and multiple dark matter species 
are much better understood, and are fairly simple models to 
write down

• At this point, I think dark force scenarios are more theoretically 
motivated than an explanation of any particular anomaly



DIRECT ANOMALIES21

neural-network timing cut has been identified as a ro-
bust method with the highest signal e�ciency at low en-
ergies (see Fig. 10) and good sensitivity at lower WIMP
mass ( 9 GeV/c2). The classic extended-threshold limit
rules out about half of the silicon 68% C.L. region ob-
tained in a previous CDMS II publication [37]. This
indicates that the low-threshold results from the Ge de-
tectors are marginally compatible with the Si-detector
measurements taken during the same data period, under
standard assumptions. Comparisons of such direct de-
tection results on di↵erent nuclei will be a powerful tool
for understanding WIMP dark matter both in terms of
the fundamental WIMP interactions [85, 86] and possible
backgrounds.
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FIG. 15. This figure compares the main results from
this analysis (the current 5d-�2 analysis combined with prior
CDMS II exposures, black solid and the classic extended-
threshold analysis, black dashed) with previously published
results (all limits are at 90% C.L.): XENON100 [80] (blue
triple-dot-dashed); LUX [81] (red dot-dashed); SuperCDMS
low-threshold [82] (green dotted); CDMS II/EDELWEISS
combined [79] (purple long dashed); CRESST-II [83] (ma-
genta long-dot-dashed); CDMS II Si [37] (90% and 68% C.L.
contours, blue, with the best-fit point marked with a black
dot); DAMA/LIBRA [41, 84] (3� region, light red) and Co-
GeNT [38] (90% C.L., brown).

I think light WIMPs are more theoretically motivated than 10 years ago

but it appears converged that they are not the 
explanation of various direct detection anomalies
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ABSTRACT

We detect a weak unidentified emission line at E = (3.55 � 3.57) ± 0.03 keV in a stacked XMM
spectrum of 73 galaxy clusters spanning a redshift range 0.01 � 0.35. MOS and PN observations
independently show the presence of the line at consistent energies. When the full sample is divided
into three subsamples (Perseus, Centaurus+Ophiuchus+Coma, and all others), the line is seen at
> 3� statistical significance in all three independent MOS spectra and the PN “all others” spectrum.
The line is also detected at the same energy in the Chandra ACIS-S and ACIS-I spectra of the Perseus
cluster, with a flux consistent with XMM-Newton (however, it is not seen in the ACIS-I spectrum of
Virgo). The line is present even if we allow maximum freedom for all the known thermal emission
lines. However, it is very weak (with an equivalent width in the full sample of only ⇠ 1 eV) and located
within 50–110 eV of several known faint lines; the detection is at the limit of the current instrument
capabilities and subject to significant modeling uncertainties. On the origin of this line, we argue that
there should be no atomic transitions in thermal plasma at this energy. An intriguing possibility is
the decay of sterile neutrino, a long-sought dark matter particle candidate. Assuming that all dark
matter is in sterile neutrinos with ms = 2E = 7.1 keV, our detection in the full sample corresponds to
a neutrino decay mixing angle sin2(2✓) ⇡ 7⇥ 10�11, below the previous upper limits. However, based
on the cluster masses and distances, the line in Perseus is much brighter than expected in this model,
significantly deviating from other subsamples. This appears to be because of an anomalously bright
line at E = 3.62 keV in Perseus, which could be an Arxvii dielectronic recombination line, although
its emissivity would have to be 30 times the expected value and physically di�cult to understand. In
principle, such an anomaly might explain our line detection in other subsamples as well, though it
would stretch the line energy uncertainties. Another alternative is the above anomaly in the Ar line
combined with the nearby 3.51 keV K line also exceeding expectation by factor 10–20. Confirmation
with Chandra and Suzaku, and eventually Astro-H, are required to determine the nature of this new
line.

1. INTRODUCTION

Galaxy clusters are the largest aggregations of hot in-
tergalactic gas and dark matter. The gas is enriched
with heavy elements (Mitchell et al. (1976); Serlemitsos
et al. (1977) and later works) that escape from galaxies
and accumulate in the intracluster/intergalactic medium
(ICM) over billions of years of galactic and stellar evo-
lution. The presence of various heavy ions is seen from
their emission lines in the cluster X-ray spectra. Data
from large e↵ective area telescopes with spectroscopic ca-
pabilities, such as ASCA, Chandra, XMM-Newton and
Suzaku, uncovered the presence of many elements in the
ICM, including O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni
(for a review see, e.g., Böhringer & Werner 2010). Re-
cently, weak emission lines of low-abundance Cr and Mn
were discovered (Werner et al. 2006; Tamura et al. 2009).
Relative abundances of various elements contain valuable
information on the rate of supernovae of di↵erent types in
galaxies (e.g., Loewenstein 2013) and illuminate the en-
richment history of the ICM (e.g., Bulbul et al. 2012b).
Line ratios of various ions can also provide diagnostics
of the physical properties of the ICM, uncover the pres-
ence of multi-temperature gas, nonequilibrium ionization

ebulbul@cfa.harvard.edu

states and nonthermal emission processes such as charge
exchange (Paerels & Kahn 2003).
As for dark matter, 80 years from its discovery by

(Zwicky 1933, 1937), its nature is still unknown (though
now we do know for sure it exists — from X-ray and
gravitational-lensing observations of the Bullet Cluster,
Clowe et al. (2006), and we know accurately its cosmo-
logical abundance, e.g., Hinshaw et al. (2013)). Among
the various plausible dark matter candidates, one that
has motivated our present work is the hypothetical ster-
ile neutrino that is included in some extensions to the
standard model of particle physics (Dodelson & Widrow
(1994) and later works; for recent reviews see, e.g.,
Abazajian et al. (2007); Boyarsky et al. (2009)). Ster-
ile neutrinos should decay spontaneously with the rate

��(ms, ✓) = 1.38⇥ 10�29 s�1

✓
sin2 2✓

10�7

◆⇣ ms

1 keV

⌘5

,

(1)
where the particle mass ms and the “mixing angle” ✓
are unknown but tied to each other in any particular
neutrino production model (Pal & Wolfenstein 1982).
The decay of sterile neutrino should produce a photon of
E = ms/2 and an active neutrino. The mass of the ster-
ile neutrino may lie in the keV range, which would place
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An unidentified line in X-ray spectra of the Andromeda galaxy and Perseus galaxy cluster

A. Boyarsky1, O. Ruchayskiy2, D. Iakubovskyi3,4 and J. Franse1,5
1Instituut-Lorentz for Theoretical Physics, Universiteit Leiden, Niels Bohrweg 2, Leiden, The Netherlands
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4National University “Kyiv-Mohyla Academy”, Skovorody Str. 2, 04070, Kyiv, Ukraine
5Leiden Observatory, Leiden University, Niels Bohrweg 2, Leiden, The Netherlands

We identify a weak line at E ∼ 3.5 keV in X-ray spectra of the Andromeda galaxy and the Perseus galaxy
cluster – two dark matter-dominated objects, for which there exist deep exposures with the XMM-Newton X-ray
observatory. Such a line was not previously known to be present in the spectra of galaxies or galaxy clusters.
Although the line is weak, it has a clear tendency to become stronger towards the centers of the objects; it is
stronger for the Perseus cluster than for the Andromeda galaxy and is absent in the spectrum of a very deep
“blank sky” dataset. Although for individual objects it is hard to exclude the possibility that the feature is due
to an instrumental effect or an atomic line of anomalous brightness, it is consistent with the behavior of a line
originating from the decay of dark matter particles. Future detections or non-detections of this line in multiple
astrophysical targets may help to reveal its nature.

The nature of dark matter (DM) is a question of crucial im-
portance for both cosmology and for fundamental physics. As
neutrinos – the only known particles that could be dark mat-
ter candidates – are known to be too light to be consistent with
various observations (see e.g. [1] for a review), it is widely an-
ticipated that a new particle should exist to extend the hot Big
Bang cosmology paradigm to dark matter. Although many
candidates have been put forward by particle physicists (see
e.g. [2]), little is known experimentally about the properties
of DM particles: their masses, lifetimes, and interaction types
remain largely unconstrained. A priori, a given DM candidate
can possess a decay channel if its lifetime exceeds the age
of the Universe. Therefore, the search for a DM decay signal
provides an important test to constrain the properties of DM in
a model-independent way. For fermionic particles, one should
search above the Tremaine-Gunn limit [3] (! 300 eV). If the
mass is below 2mec2, such a fermion can decay to neutrinos
and photons, and we can expect two-body radiative decay with
photon energy Eγ = 1

2
mDM. Such particles can be searched

for in X-rays (see [4] for review of previous searches). For
each particular DM model, the particle’s mass, lifetime and
other parameters are related by the requirement to provide the
correct DM abundance. For example, for one very interesting
DM candidate – the right-handed neutrino – this requirement
restricts the mass range to 0.5 − 100 keV [4, 5]. A large part
of the available parameter space for sterile neutrinos is fully
consistent with all astrophysical and cosmological bounds [6],
and it is important to probe it still further.

The DM decay line is much narrower than the spectral res-
olution of the present day X-ray telescopes and, as previous
searches have shown, should be rather weak. The X-ray spec-
tra of astrophysical objects are crowded with weak atomic and
instrumental lines, not all of which may be known. Therefore,
even if the exposure of available observations continues to in-
crease, it is hard to exclude an astrophysical or instrumental
origin of any weak line found in the spectrum of individual

object. However, if the same feature is present in the spectra
of a number of different objects, and its surface brightness and
relative normalization between objects is consistent with the
expected behavior of the DM signal, this can provide much
more convincing evidence about its nature.

The present paper takes a step in this direction. We present
the results of the combined analysis of many XMM-Newton
observations of two objects at different redshifts – the Perseus
cluster and the Andromeda galaxy (M31) – together with a
long exposure “blank sky” dataset. We study the 2.8–8 keV
energy band and show that the only significant un-modeled
excess that is present in the spectra of both M31 and Perseus
is located at ∼ 3.5 keV energy and the line in Perseus is cor-
rectly redshifted as compared to Andromeda (at 95% CL). The
relative fluxes for the two objects are in agreement with what
is known about their DM distributions. We also study sur-
face brightness profiles of this line and find them consistent
with expectations for a DM decay line. We do not detect such
a line in the very deep “blank sky” dataset, which disfavors
some of the scenarios for its instrumental origin (e.g. features
in the effective area). The upper bound from this dataset is
consistent with expectations for a DM signal that would come
in this case primarily from the Milky Way halo. However, as
the line is weak (∼ 4σ in the combined dataset) and the uncer-
tainties in DM distribution are significant, positive detections
or strong constraints from more objects are clearly needed in
order to determine the nature of this signal.1

Below we summarize the details of our data analysis and then

1 During our work we became aware that a similar analysis has been carried
out by different group for a collection of galaxy clusters. When this paper
was in preparation, the arXiv preprint [7] by this group appeared, claim-
ing a detection of a spectral feature at the same energy from a number of
clusters.
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73 Clusters, XMM, central, 
to z=0.35

incl Coma, Perseus 

Perseus Chandra, central

Virgo Chandra, central (not seen)

M31 XMM 
central+non-central

Perseus XMM, non-central
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Dataset Exposure χ2/d.o.f. Line position Flux ∆χ2

[ksec] [keV] 10−6 cts/sec/cm2

M31 ON-CENTER 978.9 97.8/74 3.53± 0.025 4.9+1.6
−1.3 13.0

M31 OFF-CENTER 1472.8 107.8/75 3.53± 0.03 < 1.8 (2σ) . . .
PERSEUS CLUSTER (MOS) 528.5 72.7/68 3.50+0.044

−0.036 7.0+2.6
−2.6 9.1

PERSEUS CLUSTER (PN) 215.5 62.6/62 3.46± 0.04 9.2+3.1
−3.1 8.0

PERSEUS (MOS) 1507.4 191.5/142 3.518+0.019
−0.022 8.6+2.2

−2.3 (Perseus) 25.9
+ M31 ON-CENTER 4.6+1.4

−1.4 (M31) (3 dof)
BLANK-SKY 15700.2 33.1/33 3.53± 0.03 < 0.7 (2σ) . . .

TABLE I: Basic properties of combined observations used in this paper. Second column denotes the sum of exposures of individual observa-
tions. The last column shows change in∆χ2 when 2 extra d.o.f. (position and flux of the line) are added. The energies for Perseus are quoted
in the rest frame of the object.
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FIG. 1: Left: Folded count rate (top) and residuals (bottom) for the MOS spectrum of the central region of M31. Statistical Y-errorbars on the
top plot are smaller than the point size. The line around 3.5 keV is not added, hence the group of positive residuals. Right: zoom onto the line
region.

with such a large exposure requires special analysis (as de-
scribed in [16]). This analysis did not reveal any line-like
residuals in the range 3.45−3.58 keVwith the 2σ upper bound
on the flux being 7× 10−7 cts/cm2/sec. The closest detected
line-like feature (∆χ2 = 4.5) is at 3.67+0.10

−0.05 keV, consistent
with the instrumental Ca Kα line.3

Combined fit of M31 + Perseus. Finally, we have performed
a simultaneous fit of the on-center M31 and Perseus datasets
(MOS), keeping common position of the line (in the rest-
frame) and allowing the line normalizations to be different.
The line improves the fit by ∆χ2 = 25.9 (Table I), which
constitutes a 4.4σ significant detection for 3 d.o.f.

Results and discussion. We identified a spectral feature at
E = 3.518+0.019

−0.022 keV in the combined dataset of M31 and
Perseus that has a statistical significance 4.4σ and does not
coincide with any known line. Next we compare its properties
with the expected behavior of a DM decay line.

3 Previously this line has only been observed in the PN camera [9].

The observed brightness of a decaying DM line should be pro-
portional to the dark matter column density SDM =

∫

ρDMdℓ –
integral along the line of sight of the DM density distribution:

FDM ≈ 2.0× 10−6 cts

cm2 · sec

(

Ωfov

500 arcmin2

)

× (1)
(

SDM

500 M⊙/pc2

)

1029 s

τDM

(

keV

mDM

)

.

M31 and Perseus brightness profiles. Using the line flux
of the center of M31 and the upper limit from the off-center
observations we constrain the spatial profile of the line. The
DM distribution in M31 has been extensively studied (see an
overview in [13]). We take NFW profiles for M31 with con-
centrations c = 11.7 (solid line, [22]) and c = 19 (dash-dotted
line). For each concentration we adjust the normalization so
that it passes through first data point (Fig. 2). The c = 19
profile was chosen to intersect the upper limit, illustrating that
the obtained line fluxes of M31 are fully consistent with the
density profile of M31 (see e.g. [22, 24, 25] for a c = 19− 22
model of M31).
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Figure 5. Top panels: 3�4 keV band of the stacked MOS (left panel) and stacked PN (right panel) spectra of the samples. The figures
show the energy band where the new spectral feature is detected. The Gaussian lines with maximum values of the flux normalizations of K
xviii and Ar xvii estimated using AtomDB were included in the models. The red lines in the top panels (shown only for the full sample)
show the model and the excess emission. The blue lines show the total model after another Gaussian line is added, representing the new
line. Middle panels shows the residuals before (red) and after (blue) the Gaussian line is added. The bottom panels show the e↵ective area
curves (the corresponding ARF). Redshift smearing greatly reduces variations of the e↵ective area in the high-z sample.

bution of each cluster i to the total DM line flux in the
stacked spectrum is

!i,dm =
Mproj

i,DM (< Rext)(1 + zi)

4⇡D2
i,L

ei
etot

. (4)

where zi is the redshift of ith cluster, and ei and etot are
the exposure time of ith cluster and the total exposure
time of the sample.
The dark matter mass within the extraction radius is

16

1.9 ⇥ 10�10, consistent with the MOS detection. Figure
6 shows both XMM-Newton Perseus spectra.
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Figure 7. 3�4 keV band of the core-excised stacked MOS spec-
trum of the Perseus cluster. The figures show the energy band,
where a new spectral feature at 3.57 keV is detected. The Gaus-
sian lines with peak values of the flux normalizations of K xviii

and Ar xvii estimated using AtomDB were included in the mod-
els. The red lines in the top panels show the model and the excess
emission in both spectra. The blue lines show the total model after
a Gaussian line is added, indicating that the unidentified spectral
line can be modeled with a Gaussian.

Since this is a single-cluster spectrum, we first check
whether the Perseus signal is not an artifact of our blue-
shifting procedure. For this we fit the original, redshifted
MOS spectrum with a line-free apec model. We obtained
a best-fit �2 463 for 385 dof. Adding a Gaussian line at
3.57 keV (rest energy) improved the fit by ��2 of 16 for
an additional degree of freedom. The best-fit flux was 5.3
± 1.2 (2.0) ⇥ 10�5 photons cm�2 s�1, is in agreement
with the flux obtained from the blue-shifted spectrum.
We conclude that our detection is independent of shifting
the spectrum.
Not ready to abandon the sterile neutrino explanation

based on the line flux incorrectly scaling with cluster
mass that we see for Perseus, we tried to investigate
possible astrophysical reasons behind the excess of the
line flux in Perseus. First, we investigated the depen-
dence of the energy and flux of this unidentified line on
the AtomDB predicted fluxes of nearby lines, i.e., the
K xviii line at 3.51 keV and the Ar xvii DR line at
3.62 keV. Allowing the energy of the Gaussian compo-
nent to vary produced a best-fit for an energy of 3.56
+0.01
�0.02 (+0.02

�0.03) keV, with a flux of 6.0+1.8
�1.4 (+2.4

�1.7) ⇥ 10�5

photons cm�2 s�1 (�2 of 598.1 for 572 dof). The best-fit
energy is consistent with the energy measured from the
MOS observations of the full sample. However, the fluxes
of the nearby K xviii line at 3.51 keV and the Ar xvii

DR at 3.62 keV line were at their allowed upper limits
predicted from the AtomDB. Relaxing the upper limits
has shifted the line energy higher, to 3.59 +0.01

�0.03 (+0.02
�0.04)

keV with a flux of 5.5+1.7
�0.8 (+3.7

�1.5) ⇥ 10�5 photons cm�2

s�1 gave a slightly better fit (�2 of 594.5 for 572 dof). We
note that the line energy of this extra line gets close to
the Ar xvii DR line at 3.62 keV. So we removed the extra

Gaussian line and re-fit the Perseus spectrum removing
the upper limits on the Ar xvii DR line. We obtained
only a slightly worse fit than the previous case, with a �2

of 598.8 (574 dof). The measured flux of the Ar xvii DR
line at 3.62 keV in this case was 4.8+0.7

�0.8 (+1.3
�1.4) ⇥ 10�5

photons cm�2 s�1, which is a factor of 30 above the pre-
dicted maximum flux of the Ar xvii DR line based on
the measured flux of the Ar xvii line at ⇠3.12 keV and
AtomDB line rates. The predicted maximum flux of the
Ar xvii DR line for the Perseus spectrum was 1.6 ⇥ 10�6

photons cm�2 s�1 (< 0.01 times the flux of the Ar xvii
triplet at ⇠3.12 keV).
This test showed that the line detected in the Perseus

cluster could also be interpreted as an abnormally bright
Ar xvii DR line. We note that, however, that obtaining
such a bright DR line relative to the He-like triplet at
3.12 keV is problematic. The emissivity of the satellite
line peaks at kT=1.8 keV, and declines sharply at lower
temperatures, in addition to the change in the ionization
balance which reduces the Ar+17 content of the plasma.
The emissivity ratio for the DR/3.12 keV has its max-
imum value of 0.04 at kT=0.7 keV, but the emissivity
of both lines is weak here, so any hotter component will
dominate and lead to a lower ratio being observed.
To avoid cool gas in the Perseus core contaminating

the flux of the nearby Ar and K lines, we also tried ex-
cising the central 10 region of the cluster and performed
the fit on the core-excised co-added MOS spectrum. We
found that adding an extra Gaussian line at 3.57 keV has
improved the fit by ��2 of 12.8 for an additional degree
of freedom with a best-fit flux of 2.1 +0.7

�0.6 (+1.2
�1.1) ⇥ 10�5

photons cm�2 s�1 (see Figure 7). Excising the inner-
most 10 reduced the flux of the detected line by a factor
of two, indicating that the most of the flux of this emis-
sion originates from the cool core. The mixing angle that
corresponds to the line flux from the core-excised Perseus
spectrum is consistent within 1 � 2� with those for the
bright clusters (Centaurus+Coma+Ophiuchus) and the
full sample, respectively (Table 5).

3.5. Refitting full sample with anomalous 3.62 keV line

With the knowledge that the 3.62 keV line can be
anomalously high (at least in Perseus), we should now
try to re-fit the stacked MOS spectrum of the full sample
to see if the line in the full sample is a↵ected by the 3.62
keV excess from Perseus, which is part of the full sam-
ple. We set the flux of the 3.62 keV line to the Perseus
contribution of the Ar xvii DR line to the full-sample
spectrum (2.3 ⇥ 10�6 photons cm�2 s�1), assuming all
the new line flux in Perseus originates from the abnor-
mally bright DR line. We note that this flux was already
a factor of 30 above the predicted upper limits by the
AtomDB. Adding an extra Gaussian component, repre-
senting the new line, to a model with the anomalous 3.62
keV line, still improves the fit by ��2 of 6.52 for 2 de-
grees of freedom. The best-fit energy and flux were 3.55
± 0.03 (0.05) and 2.23+1.6

�0.9 (+2.2
�1.5) ⇥ 10�5 photons cm�2

s�1, respectively. The new line is still required with 2.5�
in the full sample; however, the energy of this line gets
lower and its confidence interval wider. The line energy
comes into agreement with the energy detected in PN
full sample (see Figure 8 left panel). If we completely
free the normalization of the 3.62 keV line in the full-

Bulbul et al

Boyarsky et al



DECAYING DARK MATTERDecaying dark matter

• Sterile neutrino N → ν + γ
νNs

e± ν

W∓

γ
W∓

• R-parity violating gravitino
g̃ → ν + γ

•

(a)

ℓ ℓ

ν

p − k

˜G

p

γ

k

ℓ̃

̸R

• Also R-parity violating axino, . . .

• For bosonic DM axions (or axion-like particles) would decay a → γγ

Oleg Ruchayskiy DECAYING DARK MATTER IN X-RAYS 11from talk by Ruchayskiy,  April 2014



A COMPLETE LIST OF RECENT 
CLAIMS

Positive Negative
Bulbul et al - Perseus (XMM)

Bulbul et al - Perseus (Chandra)
Bulbul et al - Coma+Centaurus+Ophiocus (XMM)

Bulbul et al - Stacked Clusters (XMM)
Boyarsky et al - Perseus (XMM)

Boyarsky et al - M31 (XMM)
Boyarsky et al - Milky Way (XMM)

Urban et al - Perseus (Suzaku)
Profumo et al - Perseus

Horiuchi et al - M31 (XMM)
Tamura et al - Perseus (Suzaku)

Riemer-Sorensen - Milky Way (XMM)
Malyshev et al - Stacked dwarfs (XMM)

Anderson et al - Stacked Galaxies (XMM)
Anderson et al - Stacked Galaxies (Chandra) 

Profumo et al - Milky Way
Urban et al - Coma, Centaurus, Ophiocus (Suzaku)

Yes, but



TENSIONS

• Signal seems very present in clusters (stacked) and 
Perseus (individually)

• Seems not in Virgo, not in dwarfs, and not in the 
outer parts of ordinary galaxies



STACKING OUTER PARTS OF GALAXIES

1408.4115

Anderson, Churazov, Bregman

Non-Detection of Sterile Neutrinos 7

Figure 3. Stacked spectra and best-fit spline model (top), residuals (middle), and e↵ective area curves (bottom) of stacked Chandra

and XMM-Newton MOS spectra. The black curve indicates a fit with the normalization of the line allowed to float across positive and

negative values (the ”free line” model); in the red curve the normalization of the was fixed to the best-fit value from Bu14 (the ”fixed
line” model). The upper panels also list the mixing angle for each model and the di↵erence in �2 between the two models. For both

spectra, the best-fit mixing angle is consistent with zero within 3�. On the other hand, using an F-test, we find the ”fixed line” model

is ruled out at 11.8� for the XMM-Newton spectrum and 4.4� for the Chandra spectrum.

c� 0000 RAS, MNRAS 000, 000–000



MODEL TESTS NOT ANOMALY 
TESTS

• The decaying interpretation of this is in trouble

• Alternative scenarios?



SCATTERING MODELS

Just reapplication of older model for INTEGRAL

Finkbeiner, NW 1402.6671 

Convert kinetic energy to CR signal rather than mass energy



SCATTERING
• Signal traces ρ2 not ρ

• Turns off in low velocity systems

• Variations in NFW profiles give significant differences between e.g., 
Perseus and Virgo

• Astro-H and possible additional XMM time on Perseus could help 
distinguish scenarios

• Important to recognize that most tests are of individual models, not the 
excess itself



A SIGNAL IN THE GC?
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0.5-1 GeV residual
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FIG. 6: Intensity maps (in galactic coordinates) after subtracting the best-fit Galactic di↵use model, Fermi bubbles, and
isotropic templates. At energies between ⇠0.5-5 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly
visible around the Galactic Center.

analysis of Ref. [8], the cut on CTBCORE significantly
hardens the spectrum at energies below 1 GeV, render-
ing it more consistent with that extracted at higher lati-
tudes (see Appendix A). Shown for comparison (as a solid
line) is the spectrum predicted from a 35.25 GeV dark
matter particle annihilating to bb̄ with a cross section of
�v = 1.7 ⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢

local

]2. The
spectrum of this component is in good agreement with
that predicted by this dark matter model, yielding a fit
of �2 = 26.4 over the 25 error bars between 0.3 and 100
GeV. We also note that the spectral shape of the dark
matter template is quite robust to variations in �, except
at energies below ⇠ 600 MeV, where the spectral shape

can vary non-negligibly with the choice of inner slope (see
Appendix C).

In Fig. 6, we plot the maps of the gamma-ray sky in
four energy ranges after subtracting the best-fit di↵use
model, Fermi Bubbles, and isotropic templates. In the
0.5-1 GeV, 1-2 GeV, and 2-5 GeV maps, the dark-matter-
like emission is clearly visible in the region surrounding
the Galactic Center. Much less central emission is vis-
ible at 5-20 GeV, where the dark matter component is
significantly less bright.
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FIG. 4: The spatial templates (in galactic coordinates) for the Galactic di↵use model (upper left), the Fermi bubbles (upper
right), and dark matter annihilation products (lower), as used in our Inner Galaxy analysis. The scale is logarithmic (base
10), normalized to the brightest point in each map. The di↵use model template is shown as evaluated at 2 GeV, and the dark
matter template corresponds to a generalized NFW profile with an inner slope of � = 1.3.

These cuts on CTBCORE have a substantial impact
on Fermi ’s PSF, especially at low energies. In Fig. 3,
we show the PSF for front-converting, Ultraclean events,
at three representative energies, for di↵erent cuts on
CTBCORE (all events, Q2, and Q1). Such a cut can
be used to mitigate the leakage of astrophysical emission
from the Galactic Plane and point sources into our re-
gions of interest. This leakage is most problematic at
low energies, where the PSF is quite broad and where
the CTBCORE cut has the greatest impact. These new
event classes and their characterization will be further
detailed in an upcoming paper, which will be accompa-
nied by a data release of all-sky maps for each class, and
the instrument response function files necessary for use
with the Fermi Science Tools [40].

Throughout the remainder of this study, we will em-
ploy the Q2 event class, corresponding to the top 50%
(by CTBCORE) of Fermi ’s front-converting, Ultraclean
photons, except at energies above 10 GeV, where we do
not apply any additional cuts to CTBCORE.

IV. THE INNER GALAXY

In this section, we follow the procedure previously pur-
sued in Ref. [8] (see also Refs. [41, 42]) to study the
gamma-ray emission from the Inner Galaxy. We use the
term “Inner Galaxy” to denote the region of the sky that
lies within several tens of degrees around the Galactic
Center, excepting the Galactic Plane itself (|b| < 1�),

which we mask in this portion of our analysis.

Throughout our analysis, we make use of the Pass 7
(V15) reprocessed data taken between August 4, 2008
and December 5, 2013, using only front-converting, Ul-
traclean class events which pass the Q2 CTBCORE cut
as described in Sec. III. We also apply standard cuts to
ensure data quality (zenith angle < 100�, instrumental
rocking angle < 52�, DATA QUAL = 1, LAT CONFIG=1).
Using this data set, we have generated a map of the
gamma-ray sky, smoothed to 2 degrees full-width-half-
maximum. We apply the point source subtraction
method described in Ref. [42], using the 1FGL catalogue
and masking out the 200 brightest sources. We then per-
formed a pixel-based maximum likelihood analysis on the
map, fitting the data in each energy bin to a sum of spa-
tial templates. These templates consist of: 1) the Fermi

Collaboration p6v11 Galactic di↵use model (which we
refer to as the Pass 6 Di↵use Model),1 2) an isotropic
map, intended to account for the extragalactic gamma-
ray background and residual cosmic-ray contamination,
and 3) a uniform-brightness spatial template coincident
with the features known as the Fermi Bubbles, as de-
scribed in Ref. [42]. In addition to these three back-

1 Unlike more recently released Galactic di↵use models, the p6v11
di↵use model does not include a component corresponding to
the Fermi Bubbles. By using this model, we are free to fit the
Fermi Bubbles component independently. See Appendix D for a
discussion of the impact of varying the di↵use model.

Hooper + Goodenough ’09; Hooper + Linden ’11; Abazajian+Kaplinghat ’12; Hooper+Slatyer ‘13

Daylan, Finkbeiner, Hooper, Linden, Portillo, Rodd + Slatyer  ‘14

See talk tomorrow by T. Slatyer



DARK ANNIHILATION TO BB?6

FIG. 5: Left frame: The value of the formal statistical �2� lnL (referred to as ��2) extracted from the likelihood fit, as
a function of the inner slope of the dark matter halo profile, �. Results are shown using gamma-ray data from the full sky
(solid line) and only the southern sky (dashed line). Unlike in the analysis of Ref. [8], we do not find any large north-south
asymmetry in the preferred value of �. Right frame: The spectrum of the dark matter component, for a template corresponding
to a generalized NFW halo profile with an inner slope of � = 1.26 (normalized to the flux at an angle of 5� from the Galactic
Center). Shown for comparison (solid line) is the spectrum predicted from a 35.25 GeV dark matter particle annihilating to bb̄
with a cross section of �v = 1.7⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢

local

]2.

ground templates, we include an additional dark matter
template, motivated by the hypothesis that the previ-
ously reported gamma-ray excess originates from annihi-
lating dark matter. In particular, our dark matter tem-
plate is taken to be proportional to the line-of-sight inte-
gral of the dark matter density squared, J( ), for a gen-
eralized NFW density profile (see Eqs. 2–3). The spatial
morphology of the Galactic di↵use model (as evaluated
at 2 GeV), Fermi Bubbles, and dark matter templates
are each shown in Fig. 4.

As found in previous studies [8, 9], the inclusion of the
dark matter template dramatically improves the quality
of the fit to the Fermi data. For the best-fit spectrum and
halo profile, we find that the inclusion of the dark matter
template improves the formal fit by ��2 ' 1672, cor-
responding to a statistical preference greater than 40�.
When considering this enormous statistical significance,
one should keep in mind that in addition to statistical er-
rors there is a degree of unavoidable and unaccounted-for
systematic error, in that neither model (with or without
a dark matter component) is a “good fit” in the sense
of describing the sky to the level of Poisson noise. That
being said, the data do very strongly prefer the presence
of a gamma-ray component with a morphology similar
to that predicted from annihilating dark matter (see Ap-
pendices B and D for further details).2

2 Previous studies [8, 9] have taken the approach of fitting for the
spectrum of the Fermi Bubbles as a function of latitude, and then
subtracting an estimated underlying spectrum for the Bubbles
(based on high-latitude data) in order to extract the few-GeV

As in Ref. [8], we vary the value of the inner slope of
the generalized NFW profile, �, and compare the change
in the log-likelihood, � lnL, between the resulting fits in
order to determine the preferred range for the value of
�.3 The results of this exercise (as performed over 0.5-
10 GeV) are shown in the left frame of Fig. 5. While
previous fits (which did not employ any additional cuts
on CTBCORE) preferred an inner slope of � ' 1.2 [8],
we find that a slightly steeper value of � ' 1.26 provides
the best fit to the data. Also, in contrast to Ref. [8],
we find no significant di↵erence in the slope preferred
by the fit over the entire sky, and by a fit only over the
southern sky (b < 0). This can be seen directly from
the left frame of Fig. 5, where the full-sky and southern-
sky fits for the same level of masking are found to favor
quite similar values of � (the southern sky distribution
is broader than that for the full sky simply due to the
di↵erence in the number of photons).

In the right frame of Fig. 5, we show the spectrum of
the emission correlated with the dark matter template,
for the best-fit value of � = 1.26. While no significant
emission is absorbed by this template at energies above
⇠10 GeV, a bright and robust component is present at
lower energies, peaking near ⇠1-3 GeV. Relative to the

excess. However, this approach discards information on the true
morphology of the signal, as well as requiring an assumption for
the Bubbles spectrum. It was shown in Ref. [8] (and also in this
work, see Appendices B and D) that the excess is not confined
to the Bubbles and the fit strongly prefers to correlate it with a
dark matter template if one is available.

3 Throughout, we denote the quantity �2 lnL by �2.
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FIG. 14: The quality of the fit (�2, over 25-1 degrees-of-freedom) for various annihilating dark matter models to the spectrum
of the anomalous gamma-ray emission from the Inner Galaxy (as shown in Fig. 5) as a function of mass, and marginalized
over the value of the annihilation cross section. In the left frame, we show results for dark matter particles which annihilate
uniquely to bb̄, cc̄, ss̄, light quarks (uū and/or dd̄), or ⌧+⌧�. In the right frame, we consider models in which the dark matter
annihilates to a combination of channels, with cross sections proportional to the square of the mass of the final state particles,
the square of the charge of the final state particles, democratically to all kinematically accessible Standard Model fermions, or
80% to ⌧+⌧� and 20% to bb̄. The best fits are found for dark matter particles with masses in the range of ⇠20-40 GeV and
which annihilate mostly to quarks.

FIG. 15: The range of the dark matter mass and annihilation cross section required to fit the gamma-ray spectrum observed
from the Inner Galaxy, for a variety of annihilation channels or combination of channels (see Fig. 14). The observed gamma-ray
spectrum is generally best fit by dark matter particles with a mass of ⇠20-40 GeV and that annihilate to quarks with a cross
section of �v ⇠ (1� 2)⇥ 10�26 cm3/s.

VII. IMPLICATIONS FOR DARK MATTER

In this section, we use the results of the previous sec-
tions to constrain the characteristics of the dark matter
particle species potentially responsible for the observed
gamma-ray excess. We begin by fitting various dark mat-
ter models to the spectrum of the gamma-ray excess as
found in our Inner Galaxy analysis (as shown in Fig. 5).
In Fig. 14, we plot the quality of this fit (�2) as a function

of the WIMP mass, for a number of dark matter annihila-
tion channels (or combination of channels), marginalized
over the value of the annihilation cross section. Given
that this fit is performed over 25-1 degrees-of-freedom,
a goodness-of-fit with a p-value of 0.05 (95% CL) cor-
responds to a �2 of approximately 36.8. We take any
value less than this to constitute a “good fit” to the Inner
Galaxy spectrum. Excellent fits are found for dark mat-
ter that annihilates to bottom, strange, or charm quarks

not really chi-squared 



ANNIHILATIONS
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FIG. 14: The quality of the fit (�2, over 25-1 degrees-of-freedom) for various annihilating dark matter models to the spectrum
of the anomalous gamma-ray emission from the Inner Galaxy (as shown in Fig. 5) as a function of mass, and marginalized
over the value of the annihilation cross section. In the left frame, we show results for dark matter particles which annihilate
uniquely to bb̄, cc̄, ss̄, light quarks (uū and/or dd̄), or ⌧+⌧�. In the right frame, we consider models in which the dark matter
annihilates to a combination of channels, with cross sections proportional to the square of the mass of the final state particles,
the square of the charge of the final state particles, democratically to all kinematically accessible Standard Model fermions, or
80% to ⌧+⌧� and 20% to bb̄. The best fits are found for dark matter particles with masses in the range of ⇠20-40 GeV and
which annihilate mostly to quarks.

FIG. 15: The range of the dark matter mass and annihilation cross section required to fit the gamma-ray spectrum observed
from the Inner Galaxy, for a variety of annihilation channels or combination of channels (see Fig. 14). The observed gamma-ray
spectrum is generally best fit by dark matter particles with a mass of ⇠20-40 GeV and that annihilate to quarks with a cross
section of �v ⇠ (1� 2)⇥ 10�26 cm3/s.

VII. IMPLICATIONS FOR DARK MATTER

In this section, we use the results of the previous sec-
tions to constrain the characteristics of the dark matter
particle species potentially responsible for the observed
gamma-ray excess. We begin by fitting various dark mat-
ter models to the spectrum of the gamma-ray excess as
found in our Inner Galaxy analysis (as shown in Fig. 5).
In Fig. 14, we plot the quality of this fit (�2) as a function

of the WIMP mass, for a number of dark matter annihila-
tion channels (or combination of channels), marginalized
over the value of the annihilation cross section. Given
that this fit is performed over 25-1 degrees-of-freedom,
a goodness-of-fit with a p-value of 0.05 (95% CL) cor-
responds to a �2 of approximately 36.8. We take any
value less than this to constitute a “good fit” to the Inner
Galaxy spectrum. Excellent fits are found for dark mat-
ter that annihilates to bottom, strange, or charm quarks



BEWARE OF THEORISTS 
BEARING MODELS

• NB: “DM annihilating into bb, what could be simpler?” ≠ actual 
model

• In general requires a decent amount of machinery at ~ 100 
GeV. Can evade constraints, but not at all trivial
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Therefore, we are led to consider a pseudoscalar media-
tor, instead of a scalar, between the (fermionic) DM and
the SM, leading to an e↵ective dimension-six operator of
the form

Le↵ =
mb

⇤3
�̄i�5�b̄i�5b, (1)

where � is the DM. This operator has been singled out
previously as a good candidate to describe the e↵ective
interaction between the SM and the dark sector [12, 13].
It implies s-wave DM annihilation, which allows the
gamma ray excess to be fit while having a large enough
suppression scale ⇤ that it is not immediately ruled out
by collider measurements of monojets/photons. The di-
rect detection signal from this operator is spin-dependent
and velocity-suppressed, rendering it safe from current
constraints.

To move beyond the e↵ective, higher dimensional op-
erator in Eq. (1) requires confronting electroweak sym-
metry breaking because the SM portion of Le↵ is not an
electroweak singlet:

b̄i�5b = i
�
b̄LbR � b̄RbL

�
. (2)

Therefore, Le↵ has to include the Higgs field (which
would make it a singlet) which then gets a vacuum ex-
pectation value (VEV), implying a mediator which can
couple to the Higgs.

It is easy to construct a scalar-scalar interaction be-
tween DM and the SM using the “Higgs portal” operator
H†H, where H is the SM Higgs doublet, since it is a
SM gauge singlet. This portal has been well explored in
the literature, particularly in its connection to DM [14].
In this paper, however, we expand the Higgs sector of
the SM to include a second doublet, which has enough
degrees of freedom to allow for a pseudoscalar to mix
with the dark matter mediator. In the presence of CP
violation one could also induce a pseudoscalar-scalar cou-
pling via this portal, however it is puzzling why a new
boson with CP violating couplings would not also have a
scalar coupling to the dark fermion. Including two Higgs
doublets allows CP to be an approximate symmetry of
the theory, broken by the SM fermion Yukawa coupling
matrices. Tiny CP violating couplings will need to be
included in order to renormalize the theory at high or-
ders in perturbation theory, but we simply assume that
all flavor and CP violation is derived from spurions pro-
portional to the Yukawa coupling matrices, and so has
minimal e↵ect on the Higgs potential and dark sector.

The outline of this paper is as follows. In Sec. II we
introduce the two Higgs doublet model (2HDM) and the
pseudoscalar mediator which mixes with the Higgs sector.
We also discuss CP violation in the dark sector and in
interactions between DM and SM fermions. We briefly
discuss the annihilation cross section for our DMmodel in
Sec. III. In Sec. IV, we catalog constraints on this model,
such as direct detection, Higgs and B meson decays, and
monojets. Section V contains our conclusions.

II. THE MODEL

A. CP-Conserving Extended Higgs Sector

As mentioned above, a straightforward way to couple
dark matter to the SM through pseudoscalar exchange is
by mixing the mediator with the pseudoscalar Higgs in a
2HDM.
For concreteness, we take the DM to be a Dirac

fermion, �, with mass m�, coupled to a real, gauge sin-
glet, pseudoscalar mediator, a0, through

Ldark = y�a0�̄i�
5�. (3)

The mediator couples to the SM via the Higgs portal in
the scalar potential which is

V = V2HDM +
1

2
m2

a0
a20 +

�a

4
a40 + Vport, (4)

Vport = iBa0H
†
1H2 + h.c. (5)

with H1,2 the two Higgs doublets. B is a parameter with
dimensions of mass. We assume that Ldark and V are CP-
conserving (i.e. B and y� are both real, and there is no
CP violation in V2HDM) and we will comment on relaxing
this assumption in Sec II B. In this case, a0 does not
develop a VEV.We write the most general CP-conserving
2HDM potential as

V2HDM = �1

✓
H†

1H1 �
v21
2
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,

with all �i real. We have also imposed a Z2 symmetry
under whichH1 ! H1 andH2 ! �H2 to suppress flavor-
changing neutral currents, which is only softly broken by
V2HDM and Vport. The potential is minimized at hHii =
(0, vi/

p
2)T, i = 1, 2, and the W and Z masses fix v21 +

v22 = v2 = (246 GeV)2. The angle � is defined by tan� =
v2/v1. In unitary gauge we can decompose the doublets
as

Hi =
1p
2

✓ p
2�+

i
vi + ⇢i + i⌘i

◆
. (7)

The spectrum contains a charged Higgs,

H± = sin� �±
1 � cos� �±

2 , (8)

with mass m2
H± = �4v

2/2.
The CP-even Higgs mass matrix in the (⇢1, ⇢2) basis is
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where � is the DM. This operator has been singled out
previously as a good candidate to describe the e↵ective
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suppression scale ⇤ that it is not immediately ruled out
by collider measurements of monojets/photons. The di-
rect detection signal from this operator is spin-dependent
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couple to the Higgs.

It is easy to construct a scalar-scalar interaction be-
tween DM and the SM using the “Higgs portal” operator
H†H, where H is the SM Higgs doublet, since it is a
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dimensions of mass. We assume that Ldark and V are CP-
conserving (i.e. B and y� are both real, and there is no
CP violation in V2HDM) and we will comment on relaxing
this assumption in Sec II B. In this case, a0 does not
develop a VEV.We write the most general CP-conserving
2HDM potential as
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with all �i real. We have also imposed a Z2 symmetry
under whichH1 ! H1 andH2 ! �H2 to suppress flavor-
changing neutral currents, which is only softly broken by
V2HDM and Vport. The potential is minimized at hHii =
(0, vi/

p
2)T, i = 1, 2, and the W and Z masses fix v21 +

v22 = v2 = (246 GeV)2. The angle � is defined by tan� =
v2/v1. In unitary gauge we can decompose the doublets
as

Hi =
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i
vi + ⇢i + i⌘i

◆
. (7)

The spectrum contains a charged Higgs,

H± = sin� �±
1 � cos� �±

2 , (8)

with mass m2
H± = �4v

2/2.
The CP-even Higgs mass matrix in the (⇢1, ⇢2) basis is
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Therefore, we are led to consider a pseudoscalar media-
tor, instead of a scalar, between the (fermionic) DM and
the SM, leading to an e↵ective dimension-six operator of
the form

Le↵ =
mb

⇤3
�̄i�5�b̄i�5b, (1)

where � is the DM. This operator has been singled out
previously as a good candidate to describe the e↵ective
interaction between the SM and the dark sector [12, 13].
It implies s-wave DM annihilation, which allows the
gamma ray excess to be fit while having a large enough
suppression scale ⇤ that it is not immediately ruled out
by collider measurements of monojets/photons. The di-
rect detection signal from this operator is spin-dependent
and velocity-suppressed, rendering it safe from current
constraints.

To move beyond the e↵ective, higher dimensional op-
erator in Eq. (1) requires confronting electroweak sym-
metry breaking because the SM portion of Le↵ is not an
electroweak singlet:

b̄i�5b = i
�
b̄LbR � b̄RbL

�
. (2)

Therefore, Le↵ has to include the Higgs field (which
would make it a singlet) which then gets a vacuum ex-
pectation value (VEV), implying a mediator which can
couple to the Higgs.

It is easy to construct a scalar-scalar interaction be-
tween DM and the SM using the “Higgs portal” operator
H†H, where H is the SM Higgs doublet, since it is a
SM gauge singlet. This portal has been well explored in
the literature, particularly in its connection to DM [14].
In this paper, however, we expand the Higgs sector of
the SM to include a second doublet, which has enough
degrees of freedom to allow for a pseudoscalar to mix
with the dark matter mediator. In the presence of CP
violation one could also induce a pseudoscalar-scalar cou-
pling via this portal, however it is puzzling why a new
boson with CP violating couplings would not also have a
scalar coupling to the dark fermion. Including two Higgs
doublets allows CP to be an approximate symmetry of
the theory, broken by the SM fermion Yukawa coupling
matrices. Tiny CP violating couplings will need to be
included in order to renormalize the theory at high or-
ders in perturbation theory, but we simply assume that
all flavor and CP violation is derived from spurions pro-
portional to the Yukawa coupling matrices, and so has
minimal e↵ect on the Higgs potential and dark sector.

The outline of this paper is as follows. In Sec. II we
introduce the two Higgs doublet model (2HDM) and the
pseudoscalar mediator which mixes with the Higgs sector.
We also discuss CP violation in the dark sector and in
interactions between DM and SM fermions. We briefly
discuss the annihilation cross section for our DMmodel in
Sec. III. In Sec. IV, we catalog constraints on this model,
such as direct detection, Higgs and B meson decays, and
monojets. Section V contains our conclusions.

II. THE MODEL

A. CP-Conserving Extended Higgs Sector

As mentioned above, a straightforward way to couple
dark matter to the SM through pseudoscalar exchange is
by mixing the mediator with the pseudoscalar Higgs in a
2HDM.
For concreteness, we take the DM to be a Dirac

fermion, �, with mass m�, coupled to a real, gauge sin-
glet, pseudoscalar mediator, a0, through

Ldark = y�a0�̄i�
5�. (3)

The mediator couples to the SM via the Higgs portal in
the scalar potential which is

V = V2HDM +
1
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a20 +

�a

4
a40 + Vport, (4)

Vport = iBa0H
†
1H2 + h.c. (5)

with H1,2 the two Higgs doublets. B is a parameter with
dimensions of mass. We assume that Ldark and V are CP-
conserving (i.e. B and y� are both real, and there is no
CP violation in V2HDM) and we will comment on relaxing
this assumption in Sec II B. In this case, a0 does not
develop a VEV.We write the most general CP-conserving
2HDM potential as
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with all �i real. We have also imposed a Z2 symmetry
under whichH1 ! H1 andH2 ! �H2 to suppress flavor-
changing neutral currents, which is only softly broken by
V2HDM and Vport. The potential is minimized at hHii =
(0, vi/

p
2)T, i = 1, 2, and the W and Z masses fix v21 +

v22 = v2 = (246 GeV)2. The angle � is defined by tan� =
v2/v1. In unitary gauge we can decompose the doublets
as

Hi =
1p
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. (7)

The spectrum contains a charged Higgs,

H± = sin� �±
1 � cos� �±

2 , (8)

with mass m2
H± = �4v

2/2.
The CP-even Higgs mass matrix in the (⇢1, ⇢2) basis is

+ harder hierarchy problem + no sannihilon (scalar annihilon)

Ipek, McKeen, Nelson ‘14



GC SIGNALS OF LIGHT DARK FORCE 
MODELS

“light” mediator 
(below proton production)

(Hooper, NW, Xue 1206.2929;  Martin, Shelton, Unwin 1405.0272; Berlin, Gratia, Hooper, McDermott 
1405.5204; Liu, NW, Xue 1412.1485; Elor, Rodd, Slatyer 1503.01773) 

photons from π0 decay or
FSR/IB

(cf PAMELA models)

~5-10 GeV

~ 0.1 - 1 GeV



0.5 1.0 5.0 10.0 50.0
!1." 10!6

0

1." 10!6

2." 10!6

3." 10!6

4." 10!6

5." 10!6

EΓ !GeV"

E2
$
!E
"
#G
eV
cm
!
2
s!
1
sr
!
1
$

Dark Photon Global Best Fit

Prompt

mDM%6.0GeV, mΦΜ%0.6GeV, BF%1.06

0.5 1.0 5.0 10.0 50.0
!1." 10!6

0

1." 10!6

2." 10!6

3." 10!6

4." 10!6

5." 10!6

EΓ !GeV"

E2
$
!E
"
#G
eV
cm
!
2
s!
1
sr
!
1
$

Dark Photon

ICS

Brem

Prompt

Total

mDM%6.0GeV, mΦΜ%0.6GeV, BF%0.68

0.5 1.0 5.0 10.0 50.0
!1." 10!6

0

1." 10!6

2." 10!6

3." 10!6

4." 10!6

5." 10!6

EΓ !GeV"

E2
$
!E
"
#G
eV
cm
!
2
s!
1
sr
!
1
$

Dark Photon

Prompt

mDM%6.5GeV, mΦΜ%0.8GeV, BF%0.36

0.5 1.0 5.0 10.0 50.0
!1." 10!6

0

1." 10!6

2." 10!6

3." 10!6

4." 10!6

5." 10!6

EΓ !GeV"

E2
$
!E
"
#G
eV
cm
!
2
s!
1
sr
!
1
$

Dark Photon

ICS

Brem

Prompt

Total

mDM%6.5GeV, mΦΜ%0.8GeV, BF%0.33

0.5 1.0 5.0 10.0 50.0
!1." 10!6

0

1." 10!6

2." 10!6

3." 10!6

4." 10!6

5." 10!6

EΓ !GeV"

E2
$
!E
"
#G
eV
cm
!
2
s!
1
sr
!
1
$

Dark Photon

Prompt

mDM%7.5GeV, mΦΜ%1.4GeV, BF%0.16

0.5 1.0 5.0 10.0 50.0
!1." 10!6

0

1." 10!6

2." 10!6

3." 10!6

4." 10!6

5." 10!6

EΓ !GeV"

E2
$
!E
"
#G
eV
cm
!
2
s!
1
sr
!
1
$

Dark Photon

ICS

Brem

Prompt

Total

mDM%7.5GeV, mΦΜ%1.4GeV, BF%0.15

Figure 3: Same as Figure 2, but for m� values that produce ⇡

0 contributions and thus prompt

photon signals are dominant.
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Figure 2: Left Panel : the prompt photon spectra from FSR and IB for the dark photon scenario

with di↵erent DM mass and mediator mass. The dashed green is the total prompt photon spectrum,

while other color lines corresponds to decay channels for dark photon in the Figure 8. Right Panel :

the photon spectra with ICS and Bremsstrahlung. (see text)
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A NEW FORCE

Dark matter

Dark force carrier

maybe look for this?



HIDDEN SECTOR MODELS

• models with new interactions are now a part of the standard 
toolbox (i.e., Dark matter 𝝌 and dark force ϕ, A’, ZD…)

• depending on how those mediators interact with us, radically 
different search strategies appear



DARK SECTORS
Standard model can connect to hidden sectors through “portals”

✏Y F
Y
µ⌫F

µ⌫
d

✏hh
†h�⇤�

✏⌫(LH)n

vector or
kinetic mixing

Higgs

neutrino

dark photon couples like 
photon or hypercharge

dark scalar couples like Higgs

dark fermion couples like 
neutrino

Backgrounds make even O(.1-.001) difficult to see depending 
on mass



LHC?
• What happens if these states are produced at the 

LHC?
squark

neutralino

quark

leptons

dark matter

A
super-A

N.Arkani-Hamed, NW,  arXiv:0810.0714

invariant mass ~GeV



• \

Baumgart, Cheung, Ruderman, Wang, Yavin, ‘ 09

for light mass range, 
yields “lepton jets”



HRS−right

HRS−left

Electron, P = E0/2

Positron, P = E0/2

.

.

Septum

W target

Beam

FIG. 5: The layout of the experimental setup — see text for
details.

positron and one of the electrons, gives a spectrometer
e⇥ciency of ⇤ 0.14%.

IV. EXPERIMENTAL SETUP

In this section, we describe the experimental setup of
the APEX experiment in JLab Hall A. Many of these
features are also readily adaptable to other experimental
facilities.

The APEX experiment will measure the invariant mass
spectrum of e+e� pairs produced by an incident beam
of electrons on a tungsten target. The experiment uses
the two high-resolution spectrometers (HRS) [82] avail-
able in Hall A at JLab (see Table I for design specifica-
tions), together with a septum magnet constructed for
the PREX experiment [26], see Figure 5. The physical
angle of the HRS with respect to the beam line does not
go below ⇤ 12⇥, but the septum allows smaller angles to
be probed down to ⇤ 4⇥ � 5⇥ by bending charged tracks
outward. The detector package in each HRS available in
JLab Hall A includes two vertical drift chambers (VDC),
the single photo-multiplier tube (PMT) trigger scintilla-
tor counter (“S0 counter”), the Gas Cherenkov counter,
the segmented high-resolution scintilator hodoscope, and
the double-layer lead-glass shower counter.

The electron beam has a current of 80 µA (correspond-
ing to ⇤ 7 C on target per day!), and will be incident on
a solid target located on a target ladder in a standard
scattering chamber. The target will be made of tungsten
wires strung together in a horizontal plane orthogonal to
the beam direction. The target plane will be mounted at
an angle of about 10 mrad with respect to the horizontal
plane. The beam will be rastered by ±0.25 mm in the
horizontal and ±2.5 mm in the vertical direction to avoid
melting the target.

The electron will be detected in the the right HRS
(HRS-R) and the positron will be detected in the left
HRS (HRS-L). The trigger will be formed by a coinci-
dence of two signals from the S0 counters of the two arms

Beam

zig−zag tilted target

5

0.5
o

o

.

.

0.01 mm diameter W wires

Electrons

Positrons

FIG. 6: The top view of the tilted target. The beam is
rastered over an area 0.5�5 mm2 (the latter is in the ver-
tical direction). The beam intersects the target in four areas
spread over almost 500 mm. Pair components will be de-
tected by two HRS spectrometers at a central angle of ±5⇥.
Each zig-zag of the target plane is tilted with respect to the
beam by 0.5⇥ and consists of a plane of parallel wires perpen-
dicular to the beam. This reduces the multiple scattering of
the outgoing e+e� pair (produced in a prompt A⇤ decay), as
described in the text.

and a coincidence of the signal in the S0 counters with
a signal from the Gas Cherenkov counter of the HRS-L
(positive polarity arm). A timing window of 20 ns will be
used for the first coincidence and 40 ns for the second co-
incidence. The resulting signal will be used as a primary
trigger of data acquisition (DAQ). An additional logic
will be arranged with a 100 ns wide coincidence window
between signals from the S0 counters. This second type
of trigger will be prescaled by a factor 20 for DAQ, and
is used to evaluate the performance of the primary trig-
ger. Most of the DAQ rate will come from events with
a coincident electron and positron within a 20 ns time
interval.
Note that since we want to search for a narrow peak

in the invariant mass spectrum of e+e� pairs, which re-
quires a high level of statistical precision, it is especially
important to have a very small level of systematics and a
smooth invariant mass acceptance. In [1], we show that
APEX has these properties.

A. The long tilted target

The experiment will utilize the standard Hall A scat-
tering chamber as it is used by the PREX experiment,
with a target consisting of a 50-cm-long tilted wire mesh
plane. The concept of the target is presented in Figures 6
and 7. The wires comprising each plane are perpendicu-
lar to the beam-line. The tilt angle of 10 mrad is su⇥cient
to ensure stability of the beam-target geometry, and at
the same time such a tilt angle is 10 times smaller than
the central angle to the HRS, which results in a reduc-
tion of the path length traversed by the produced e+e�

pairs. The wires comprising of each zig-zag plane are
spaced so that outgoing e+e� pairs coming from prompt
A⇤ decays inside a wire only travel through a single wire
(for some configurations, the outgoing e+e� pair may not
have to traverse any wire if the A⇤ does not decay inside
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⇥

FIG. 5: Left: Experimental scenario for a small two-arm spectrometer for benchmark point B (� ⇥ 3 � 10�5, mA� ⇥ 200
MeV). An electron beam is incident upon a thin 0.1 radiation length tungsten target. A small two-arm spectrometer with
silicon-strip trackers and a fast calorimeter or scintillator trigger is downstream from the target. Signal events are identified by
requiring a displaced vertex ⇥ 1 cm behind the target. More details are given in the text. Right: Regions corresponding to 10
or more events within acceptance in 106 sec for three di�erent geometries. From right to left: 6 GeV electron beam at 100 nA
(0.1 C delivered), with angular acceptance from 20 to 55 mrad and a 1 m long detector (solid red line); 6 GeV beam at 5 nA
(5� 10�3 C delivered), with angular acceptance from 10 to 27 mrad in a 2 m-long detector region (dashed darker red line); and
2 GeV beam at 0.5 nA (5� 10�4 C delivered) with the same geometry as the dashed red line (solid dark red line). In all cases,
we require that the A⇥ carry at least 83% of the beam energy, the track impact parameters at the target exceed 50 µm, and
the reconstructed vertex displacement exceed 1 cm. We assume 50% ⇤ coverage. Gray contours and Orange Stripe: exclusions
from past experiments (E137 and E141) and the region that explains DAMA/LIBRA in a simple model — see Figure 1 for
more details.

within ⇤ 5� 10 cm.
Another basic requirement is that the occupancy in the

tracking system be acceptably low. High-resolution sili-
con strip detectors are beneficial in this regard. Within
a cone of opening angle of 10 mrad at a distance of 50
cm downstream of the target, we estimate that the den-
sity of electrons and photons produced in the target with
energy above 1 MeV is of order 109/cm2/s [58]. In this
scenario, the silicon is placed further from the beam, but
this rate serves as a rough upper bound, which would give
one percent occupancy for a 1 cm ⇥ 25 µm strip. While
these numbers are encouraging, a serious simulation is
certainly required.

C. Silicon Strip Layers in a Di�use Electron Beam;
� = 10�4; mA� = 50 MeV

At even higher � and lower masses, there exists the
option of halving the number of silicon strip tracking ele-
ments and placing them directly into a defocused primary
electron beam of low intensity. For this study, we choose
the beam size to be about 1 cm ⇥ 1 cm and the beam
energy to be 1 GeV. The beam intensity is limited by
silicon occupancy to about 108 e�/s, if we require occu-
pancy of about 1% in 1 cm ⇥ 25 µm strips with a timing
window of 20 – 50 ns.

Triggering is again accomplished by a calorimeter, with
a strategy similar to case B and the same limitations. For
A⇥ masses of 20–50 MeV, decay opening angles ⇤ 20�50
mrad are anticipated, so the calorimeter must extend
close to the beam. For simplicity we consider an an-
nular calorimeter with angular coverage above 20 mrad
(for example, located at 2.5 meters from the target, with
inner radius of 5 cm). The beam electrons emerge from
a 0.1 radiation-length tungsten target in a Molière dis-
tribution, with typical transverse momenta of 5 MeV.
Therefore less than 1% of the electron beam hits the
calorimeter, leading to a <⇤ 1 MHz singles rate, which
is high but manageable for a trigger requiring two hits.

With these parameters the A⇥ production rate is about
1 every ten hours. O�-line track reconstruction can
be used to remove the backgrounds associated with
the Coulomb scattering pile-up and other background
sources, in particular Bethe-Heitler pair production from
the target. The quality of the experiment will depend
crucially on the precision of the vertex reconstruction
using the silicon strip information. Our sample point
has typical impact parameter ⇤ 160 µm and laboratory
decay lengths of order 2.3 mm, which should be cleanly
resolvable. The sensitivity of this configuration, assum-
ing several di�erent resolutions, is illustrated in Figure
6.

For smaller masses, the calorimeter must be placed at
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(as mentioned previously, similar considerations apply
to pseudo-vectors, scalars, and pseudo-scalars with sub-
GeV mass that couple to electrons). It is useful to param-
eterize the coupling g⇥ of the A⇥ to electrons by a dimen-
sionless ⌅ ⇤ g⇥/e, where e is the electron charge. Cross-
sections for A⇥ production then scale as �⇥/� = ⌅2, where
�⇥ = g⇥2/(4⌃) and � = e2/(4⌃) are the fine-structure con-
stants for the dark photon and ordinary electromagnetic
interactions, respectively. This experiment will search
for A⇥ bosons with mass mA� ⌅ 65 MeV – 550 MeV and
�⇥/� � 6 ⇥ 10�8, which can be produced by a reaction
analogous to photon bremsstrahlung (see §III) and de-
cays promptly to e+e� or other charged particle pairs.
We refer the reader to Figure 1 for a summary of the
reach of this experiment.
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FIG. 1: Anticipated 2⇧ sensitivity in �⇥/� = ⇤2 for the A⇥

experiment (APEX) at Hall A in JLab (thick blue line), with
existing constraints on an A⇥ from electron and muon anoma-
lous magnetic moment measurements, ae and aµ (see [27]),
the BaBar search for �(3S) � ⇥µ+µ� [28], and three beam
dump experiments, E137, E141, and E774 [29–31] (see [3]).
The aµ and �(3S) limits assume equal-strength couplings to
electrons and muons. The red region indicates the region of
greatest theoretical interest, as described in the text. The
gray dashed line indicates the scale used for other plots in
this paper. The irregularity of the reach is an artifact of com-
bining several di⇥erent run settings (see Table II). The precise
mass range probed by this type of experiment can be varied by
changing the spectrometer angular settings and/or the beam
energies. We stress this point as other experimental facilities
may be able to perform experiments similar to APEX, but
targeting complementary regions of parameter space.

A. Motivation for New Physics Near the GeV Scale

New light vector particles, matter states, and their as-
sociated interactions are ubiquitous in extensions of the
Standard Model [2, 32–40]. However, the symmetries of
the Standard Model restrict the interaction of ordinary
matter with such new states. Indeed, most interactions
consistent with Standard Model gauge symmetries and
Lorentz invariance have couplings suppressed by a high
mass scale. One of the few unsuppressed interactions is
the coupling of charged Standard Model particles ⌥

⇤L = g⇥A⇥
µ⌥̄⇥

µ⌥ (1)

to a new gauge boson A⇥, which is quite poorly con-
strained for small g⇥ (see Figure 1)[3]. Similar couplings
between the A⇥ and other Standard Model fermions
are also allowed, with relations between their couplings
(anomaly cancellation) required for the A⇥ gauge symme-
try to be quantum-mechanically consistent. For example,
the A⇥ can couple only to electrons and muons, with op-
posite charges g⇥e = �g⇥µ ( a U(1)e�µ boson), or can have
couplings proportional to the electromagnetic charges qi
of each fermion, gi = ⌅eqi.
A⇥ couplings to Standard Model matter with the lat-

ter structure can be induced by ordinary electromagnetic
interactions through the kinetic mixing interaction pro-
posed by Holdom [2],

⇤L =
⌅Y
2
F ⇥
µ⇥F

µ⇥
Y , (2)

where F ⇥
µ⇥ = ↵µA⇥

⇥ � ↵⇥A⇥
µ is the field strength of the

A⇥ gauge boson, and similarly Fµ⇥
Y is the hypercharge

field strength. This e�ect is generic, ensures that the
A⇥ interactions respect parity, and (as we discuss below)
naturally produces small g⇥ and A⇥ masses near the GeV
scale. This mixing is equivalent in low-energy interac-
tions to assigning a charge ⌅eqi to Standard Model parti-
cles of electromagnetic charge qi, where ⌅ = ⌅Y /(cos ⇧W )
and ⇧W is the Weinberg mixing angle. The A⇥ couplings
to neutrinos and parity-violating couplings are negligible
compared to Z-mediated e�ects (see e.g. [13]).
As noted in [2], a new gauge boson A⇥ that does not

couple to Standard Model matter at a classical level
can still couple through quantum-mechanical corrections.
For example, loops of any particle X that couples to both
the A⇥ and Standard Model hypercharge generates mix-
ing of the form (2), with

⌅ ⌅ 10�3 � 10�2 (�⇥/� ⌅ 10�6 � 10�4). (3)

These quantum e�ects are significant regardless of the
mass mX of the particle in question, which could be well
above the TeV scale (or even at the Planck scale) and
thus evade detection.
Smaller ⌅ are expected if nature has enhanced sym-

metry at high energies. For example, it has been con-
jectured that the strong and electroweak gauge groups
of the Standard Model are embedded in a grand unified

3
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APEX, HPS, Darklight... - searches for new physics at the <GeV scale

At low energy accelerators:
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Figure 14. Summary of dark photon constraints and prospects (see Sec. 1 for references). High-energy collid-
ers (LHC14, 100 TeV, ILC/GigaZ) are uniquely sensitive to dark photons with mZD & 10 GeV, while precision
QED observables and searches at B- and �-factories, beam dump experiments, and fixed target-experiments
probe lower masses. Dark photons can be detected at high-energy colliders in a significant part of open pa-
rameter space in the exotic decay of the 125 GeV Higgs boson, h ! ZZD ! 4`, (blue curves) in Drell-Yan
events, pp ! ZD ! ``, (red curves) and through improved measurements of electroweak precision observ-
ables (green/purple dashed curves). Note that all constraints and prospects assume that the dark photon decays
directly to SM particles, except for the precision measurements of the electron/muon anomalous magnetic mo-
ment and the electroweak observables. If, in addition to kinetic mixing, the 125 GeV Higgs mixes with the
dark Higgs that breaks the dark U(1), then the decay h ! ZDZD would set constraints on ✏ that are orders of
magnitude more powerful than other searches down to dark photon masses of ⇠ 100 MeV, see Fig. 10.

8 Discussion and Conclusions

Dark sectors with a broken U(1)D gauge group that kinetically mixes with the SM hypercharge are
well motivated and appear in a variety of new physics scenarios. In this paper, we showed that high-
energy proton-proton and electron-positron colliders, like the LHC14, a 100 TeV collider, and an
ILC/GigaZ, have excellent sensitivity to dark photons. In fact, they may provide the only probe for
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FIG. 6: Left: Experimental scenario for benchmark point C (✏ ⇠ 10�4, mA0 ⇠ 50 MeV). Silicon strip tracking elements,
together with a 0.1 radiation length (300µm) tungsten target directly behind one of the elements, are inserted into a 1 GeV
di↵use (1 cm ⇥ 1 cm) electron beam of intensity <⇠ 108 e�/s. Triggering is accomplished by an annular calorimeter with
angular coverage above 20 mrad (e.g. 2 cm inner radius, 1 m downstream) by demanding three coincident hits carrying the
beam energy. Signal events give rise to measurable impact parameters for the leading two tracks, and the excellent tracking
provided by this design exploits this feature to reject background. Invariant mass reconstruction can provide an additional
search variable (see Sec. IV D). More details are given in the text. Right: Concentric purple contours: Regions with detectable
signal yield � 10 events, background rejection of ⇠ 10�6 (yielding S/B

>⇠ 1), and an impact parameter of at least 33 µm, 66µm,
or 150µm, respectively, for the contours from the outside in. We assume a run time of 106 s at 108 e�/s. Red Dotted Contour:
Analogous sensitivity with lower average current (107 e�/s) and a smaller calorimeter aperture (10 mrad). Thin black dashed
line: a rough estimate of the total region of sensitivity that could be accessible to this geometry using both displaced-vertex
discrimination and invariant mass search windows with good momentum resolution (see Sec.IV D). Gray contours and Orange
Stripe: exclusions from past experiments (E137, E141, E774, electron and muon anomalous magnetic moments, and ⌥(3S)
resonance searches) and the region that explains DAMA/LIBRA in a simple model — see Figure 1 for more details.

a narrower angle or the beam energy reduced. In either
case, the Molière scattering becomes more acute. On the
tails of the Molière distribution, one can compensate by
lowering the intensity of the beam. At low beam inten-
sities, a fast scintillator/calorimeter trigger system will
resolve the passage of individual electrons in the beam
(in a CW machine like CEBAF). Therefore, if the scintil-
lator/calorimeter system is segmented (e.g. scintillating
fiber calorimetry), the trigger requirement can be simul-
taneous deposition of the beam energy in more than one
detection element — typically three. For larger masses,
the beam intensity would have to be increased, and the
silicon-strip occupancy presents a sharp barrier.

D. High Resolution, High Rate Trident
Spectrometer: ✏ = 3⇥ 10�4; mA0 = 1 GeV

Large A

0 masses present two challenges: a low produc-
tion rate and short A

0 lifetime. In the absence of a dis-
placed vertex, the A

0 can only be observed as a small peak
on the electromagnetic trident background. Reducing
these backgrounds as much as possible is essential here.
Additionally, targets with somewhat lower Z than tung-

sten are preferable in this high A

0 mass range in order
to maintain charge coherence in scattering. For definite-
ness, we shall discuss the di-muon final state, though it is
arguable that the electron-positron final state is prefer-
able.

As discussed in Section II, the trident background
arises from two subprocesses, which we call radiative and
Bethe-Heitler (c.f. Figure 3). The radiative process gives
an upper bound on the ratio of signal to background as
in equation (19). The Bethe-Heitler process has a much
larger (⇠ 100⇥) cross-section than the radiative trident
process due to collinear logarithmic enhancements in the
e ! e � splitting and sub-process �� ! µµ. These en-
hancements can be avoided by demanding kinematically

symmetric µµ decay products carrying the majority of
the beam energy, and by demanding that the recoiling
electron (if it can be identified) scatter at a wide angle.
This preserves the large logarithm in the forward-peaked
A

0 production cross-section, while regulating all logs in
the Bethe-Heitler process. These selections are discussed
further in Appendix C.

In addition to the trident processes, radiation of real
photons by incident electrons, and their subsequent con-
version in the target must be considered. This process

10
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FIG. 1. Constraints and projections for representative vector-portal DM scenarios. For definiteness, we evaluate all constraints for
mDM/mA0 = 1/3 and (except for the LSND⇥SIDM bound – see below), ↵D = 0.5, near the perturbativity limit. The relic density,
CMB, and direct detection contours scale roughly as ✏2↵D(mDM/mA0)4 (plotted on the y-axis), and so are insensitive to separate factors in
the above. For other constraints, this choice is conservative, in that smaller choices of ↵D and/or mDM/mA0 would shift the shaded regions
downward (see text); arrows denote the shift in sensitivity for ↵D ! 0.05. We illustrate these constraints for (left) pseudo-Dirac/inelastic
fermion thermal-relic DM, with splitting � & 100 keV, (center) asymmetric Dirac fermion DM, and (right) scalar elastic-scattering thermal
relic DM. Dirac fermion thermal-relic DM is fully excluded by the CMB constraint and inelastic or asymmetric scalar DM is quite similar to
the right figure, but with CMB and direct detection constraints weakened. CMB, self-interaction (SIDM), and direct detection constraints all
depend on the �(') abundance, and are computed assuming the full DM abundance, not the thermal abundance expected for given masses and
couplings. In all plots, gray shaded regions (color online) represent traditional DM constraints (e.g. direct detection), while non-traditional
accelerator probes are shaded beige. We note that pseudo-Dirac limits are modified (and new dedicated searches are possible [10]) if � is large
enough that �+ can decay on detector length-scales.

Before comparing existing data to this milestone, we com-
ment on obvious and important variants of the model above.
First, the DM may be a fermion instead of a scalar. A Dirac
fermion � = (�1,�

†

2) (decomposed here into Weyl spinors)
can couple to the A0 through vector and/or axial currents.
The axial piece leads to velocity-suppressed p-wave annihi-
lation with scaling similar to Eq. (2), while the vector current
J µ

D

= �†

1�̄
µ�1 � �†

2�̄
µ�2 leads to s-wave annihilation, and

typically dominates. For this reason, we shall focus on the
pure vector coupling.

If the global symmetry under which �1,2 have opposite
charges is broken (e.g. by a higgs field that gives mass to the
A0), operators such as L

break

= ��1�1 yield mass eigenstates
�
±

= 1/
p
2(�1 ± �2) split in mass by �, with off-diagonal

A0 couplings L
int

= A0

µ

�†

+�̄
µ�

�

. This exemplifies the in-
elastic or pseudo-dirac scenario [11]. Analogously inelastic
interactions can also arise in the scalar case.

Finally, for either scalar or fermionic DM, its total abun-
dance may be set by a primordial particle/anti-particle asym-
metry that dominates over the thermal relic abundance. In this
case Eq. (2) sets a lower bound on the collective interaction
strength so that the symmetric component is sub-dominant.

Each scenario above has a counterpart where the A0 couples
to a global symmetry current of the SM (e.g. baryon minus
lepton number), rather than via kinetic mixing. The results
that follow rely mainly on the A0 coupling to electrons, and so
apply equally well (with O(1) corrections to the thermal relic
curve) to these scenarios, unless the A0 gauges a symmetry
under which electrons are neutral, such as µ� ⌧ number [12,
13].

Scalar Mediators To illustrate the strong meson-decay

constraints on scalar mediators, we consider one explicit
model: a scalar mediator � that mixes with the Higgs boson
and couples to a DM fermion �, with Lint =

P
i

✏�yi�f̄ifi+
y
�

��̄�, where y
�

and ✏� are free parameters and the y
i

are SM Higgs Yukawa couplings, y
i

=
p
2m

i

/v with v =
246GeV. Such a � can mediate the partly invisible B-meson
decays B+ ! K+(⇤)� ! K+(⇤)��̄, with a rate computed
(for on-shell �) in [14, 15]. When m� > M

B

� M
K

�
m

�

, this process (with off-shell �) has similar kinematics
to B+ ! K+(⇤)⌫⌫̄, the limit on the latter [16] implies
y2
�

y2
t

✏2�/m
4
� . 1.6 ⇥ 10�6 GeV�4. The DM annihilation

rate scales similarly, but with y
t

replaced by the much smaller
electron and muon Yukawas. This bound rules out thermal-
relic DM for m

�

. GeV. The limits for lighter � and on
scalar DM are even stronger, and constraints on axion-like
couplings to Standard Model matter are comparable within
O(1) factors. We defer a complete discussion of these scenar-
ios for future work [10].

EXISTING DATA CONFRONTS LIGHT DM

Returning to the representative scenarios with a vector me-
diator, we now assess how well they are constrained by cur-
rent data. Fig. 1 quantifies each constraint in the plane of
y ⌘ ✏2↵

D

(m
'

/m
A

0)4 vs. m
'

(or similarly for a fermion �),
to facilitate comparisons with the relic abundance target. The
scalings below apply for m

A

0 > 2m
'(�), where the A0 de-

cays invisibly into ' (�) pairs, but the same experiments also
constrain ' (�) production through a lighter off-shell A0.

Izaguirre, Krnjaic, Schuster + Toro, ’15
c.f. Boehm + Fayet ‘04



CONCLUSIONS: 
THE SEARCH FOR DARK MATTER IS MESSY

• Axions, WIMPs, hidden sector models and other are all well motivated. 

• As WIMP searches mature, absent a discovery, expect increasing 
development of theory in alternate directions (esp axions, dark sectors)

• Top-down motivations (e.g., SUSY) are critical, but we must be careful in 
applying the conventional wisdom gleaned from them

• Anomalies have proven an important in the development of our toolbox 
for DM from the bottom up even when the anomalies ended up not being 
DM

• Theory-experiment interplay richer than ever. Exciting times ahead!
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Figure 14. Sterile neutrino mass and mixing angle measurements
and upper limits obtained from the di↵erent samples used in this
study. The comparison of our stacking method with the limits
placed by the single well-exposed Bullet Cluster at 3.57 keV Bo-
yarsky et al. (2008) and Horiuchi et al. (2014) are also shown and
marked with “B08” and “H14” in the figure, respectively. The
error bars and upper limits are in the 90% confidence level.

neutrinos would be produced by oscillations with active
neutrinos at an abundance determined by the mass and
mixing angle (e.g. Dodelson & Widrow 1994; Kusenko
2009). Accounting for the increase in mixing angle that
would be inferred for a dark matter fraction in sterile
neutrinos less than unity, we find that this fraction is
⇠13%-19% based on the methods in Abazajian (2006)
and Asaka et al. (2007) – and cannot exceed 26% based
on the absolute lower bound distorted wave production
estimate in Asaka et al. (2007).
This implies that either (1) sterile neutrinos are a sub-

dominant component of dark matter, (2) sterile neutrinos
are predominantly produced by some other mechanism,
or (3) the emission line originates from some other radia-
tively decaying light dark matter candidate such as mod-
uli dark matter (Kusenko et al. 2013). The Shi-Fuller
mechanism is one of the possible production mechanisms
for the sterile neutrino dark matter interpretation of this
detection. The implications of the detection for struc-
ture formation in cosmological small scales are discussed
in detail in (Abazajian 2014).
They may also be produced by means that do not

involve oscillations, such as inflaton or Higgs decay
(Kusenko 2006; Shaposhnikov & Tkachev 2006; Petraki
& Kusenko 2008; Kusenko 2009), although there may
still be su�cient mixing to provide an observable radia-
tive decay signal. This detection is consistent with 100%
of dark matter composed of sterile neutrinos produced by
these mechanisms, as well as by the split seesaw mecha-
nism (Kusenko, Takahashi, & Yanagida 2010). Even in
this case, some sterile neutrinos would be produced by
non-resonant oscillations. However, based again on the
calculations in Abazajian (2006) and Asaka et al. (2007),
only ⇠1% -3% of the sterile neutrino abundance (with an
upper limit of 7%) would be accounted for in this way
for a sterile neutrino with mass of 7.1 keV and a mixing
angle corresponding to sin2(2✓) ⇠ 7 ⇥ 10�11.
Our result must be verified using a variety of X-ray

instruments, X-ray emitting dark matter dominated ob-
jects, methods of data reduction, background subtrac-
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Figure 15. 1 Ms Astro-H Soft X-ray Spectrometer (SXS) simu-
lations of the Perseus Cluster. The line width corresponds to line
of sight velocity dispersion of 1300 km s�1. The figure shows that
the decaying dark matter line broadened by the virial velocities of
dark matter particles will easily be distinguished from the plasma
emission lines which are broadened by turbulence in su�ciently
deep observations of the Perseus Cluster.

tion, and statistical techniques to investigate the inter-
pretation of this line. The future high-resolution Astro-H
observations will be able to measure the broadening of
the line, which will allow us to measure its velocity dis-
persion. To detect a dark matter decay line, which is
much weaker than the plasma lines will require a sig-
nificantly long exposure. We performed 1 Ms Astro-H
SXS simulations of the Perseus Cluster assuming that
the width (15 eV) of the dark matter decay line is de-
termined by the virial velocities of dark matter particles
of 1300 km s�1. Figure 15 shows that the broader dark
matter line will be easily distinguished from the plasma
emission lines, which are only broadened by the turbu-
lence in the X-ray emitting gas.

6. CAVEATS

As intriguing as the dark matter interpretation of our
new line is, we should emphasize the significant system-
atic uncertainties a↵ecting the line energy and flux in
addition to the quoted statistical errors. The line is very
weak, with an equivalent width in the full-sample spec-
tra of only ⇠ 1 eV. Given the CCD energy resolution
of ⇠ 100 eV, this means that our line is a ⇠ 1% bump
above the continuum. This is why an accurate continuum
model in the immediate vicinity of the line is extremely
important; we could not leave even moderately signifi-
cant residuals unmodeled. To achieve this, we could not
rely on any standard plasma emission models and instead
had to let all the tabulated lines free (including their
fluxes, energies and widths, within reasonable bounds),
as described in Section 3.
This approach results in a very large number of pa-

rameters to fit simultaneously, among which are the line
energies and widths that notoriously cause problems for
the statistic minimization algorithms. It was di�cult
to make XSPEC find absolute minima; the convergence
of all of the reported fits had to be verified by manu-
ally varying key parameters and refitting using di↵erent
minimization algorithms. Nevertheless, it is not incon-
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(vapec), non-thermal powerlaw component modified by
the phabsmodel to account the Galactic absorption.2 We set
abundances of all elements but Fe to zero and model known
astrophysical lines with gaussians [1, 2, 106]. We selected
the ≥ 2σ lines from the set of astrophysical lines of [2, 99]3.
The intensities of the lines are allowed to vary, as are the cen-
tral energies to account for uncertainties in detector gain and
limited spectral resolution. We keep the same positions of the
lines between two cameras.

The spectrum is binned to 45 eV to have about 4 bins per
resolution element. The fit quality for the dataset is χ2 =
108/100 d.o.f. The resulting values for the main continuum
components – the folded powerlaw index (for the integrated
point source contribution), the temperature of the vapec
model (∼8 keV), and the absorption column density – agree
well with previous studies [93, 94].

Results. The resulting spectra of the inner 14′ of the Galactic
Center shows a ∼ 5.7σ line-like excess at 3.539± 0.011 keV
with the flux (29 ± 5) × 10−6 cts/sec/cm2 (see Fig. 1). It
should be stressed that 1σ error-bars are obtained with the
xspec command error (see the discussion below). The
position of the excess is very close to similar excesses re-
cently observed in the central part of the Andromeda galaxy
(3.53±0.03 keV) and the Perseus cluster (3.50±0.04 keV), re-
ported in [1], and is less than 2σ away from the one described
in [2].

We also performed combined fits of the GC dataset with those
of M31 and Perseus from [1]. As mentioned, the data reduc-
tion and modeling were performed very similarly, so we suf-
fice with repeating that the inner part of M31 is covered by al-
most 1 Msec of cleaned MOS exposure, whereas a little over
500 ksec of clean MOS exposure was available for Perseus
(see [1] for details).

We first perform a joint fit to the Galactic Center and M31,
and subsequently to the Galactic Center, M31 and Perseus.
In both cases, we start with the best-fit models of each indi-
vidual analysis without any lines at 3.53 keV, and then add
an additional gaussian to each model, allowing the energy to
vary while keeping the same position between the models.
The normalizations of this line for each dataset are allowed
to vary independently. In this way, the addition of the line to
the combination of Galactic Center, M31 and Perseus gives 4
extra degrees of freedom, which brings the joint significance
to ∼ 6.7σ.

To further investigate possible systematic error on the line pa-
rameters we took into account that the gaussian compo-

2 The Xspec [105] v.12.8.0 is used for the spectral analysis.
3 Unlike [2] we do not include K XVIII lines at 3.47 and 3.51 keV to our
model. See the discussion below
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FIG. 2: The flux in 3.53 keV line in the spectra of GC (this work),
Perseus cluster, M31 and the upper bound from blank sky (from [1])
as a function of the mass within the XMM’s field-of-view divided
by the distance squared. The vertical sizes of the boxes are ±1σ
statistical error on the line’s flux. For GC this takes into account
degeneracy with the width of the nearby Ar XVII complex; for the
blank-sky dataset the 2σ upper bound on the flux is shown. The hor-
izontal sizes of the boxes represent systematic error in mass model-
ing: projected mass density calculated using different literature mod-
els of DM distribution in the corresponding objects (Appendix A and
refs. therein). Diagonal lines correspond to different lifetimes of DM
particles, assuming decaying DM interpretation of the signal. Blue
shaded regions give an example of the relation between the projected
DM mass densities in the GC and in the blank-sky dataset based on
the Milky Way mass model of Ref. [100] (its horizontal size indi-
cates ±0.5σ errors on the parameters of NFW distribution, derived
in [100]). In particular, τDM ∼ 6 × 1027 sec is consistent with all
datasets.

nent at 3.685 keV may describe not a single line, but a com-
plex of lines (Table II). Using the steppar command we
scanned over the two-dimensional grid of this gaussian’s
intrinsic width and normalization of the line at 3.539 keV.
We were able to find a new best fit with the 3.685 keV
gaussian width being as large as 66 ± 15 eV. In this new
minimum our line shifts to 3.50 ± 0.02 keV (as some of
the photons were attributed to the 3.685 keV gaussian),
has flux 24 × 10−6 cts/sec/cm2 with 1σ confidence interval
(13 − 36) × 10−6 cts/sec/cm2. The significance of the line
is ∆χ2 = 9.5 (2.6σ for 2 d.o.f.). Although the width in the
new minimum seems to be too large even for the whole com-
plex of Ar XVII lines (see Discussion), we treat these change
of line parameters as the estimates of systematic uncertain-
ties. To reduce this systematics one has either to resolve or
to reliably model a line complex around 3.685 keV instead of
representing it as one wide gaussian component.

Discussion. The signal, found in the spectra of the central
14′ of the GC is consistent with the DM interpretation of the
spectral feature, reported in [1, 2] (Fig. 2). For example, given
the mass modeling uncertainties in the individual objects the
decaying DM with the lifetime τDM ∼ 6 × 1027 sec would
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FIG. 1: Left: Folded count rate for MOS1 (lower curve, red) and MOS2 (upper curve, blue) and residuals (bottom) when the line at 3.54 keV
is not added. Right: Zoom at the range 3.0–4.0 keV.

However, significance of this results is not sufficient to con-
firm the hypothesis, they can be considered only as a success-
ful sanity checks. More results are clearly needed to preform
a convincing checking program described above.

A classical target for DM searches is the centre of our Galaxy.
Its proximity allows to concentrate on the very central part
and therefore, even for decaying DM, one can expect a sig-
nificant gain in the signal if the DM distribution in the Milky
Way happens to be steeper than a cored profile. The Galactic
Center (GC) region has been extensively studied by the XMM
and several mega-seconds of raw exposure exist. On the other
hand, the GC region has strong X-ray emission, many com-
plicated processes occur there [91–99]. In particular, the X-
ray emitting gasmay contain several thermal componentswith
different temperatures; it may be more difficult to constraint
reliably abundances of potassium and argon that in the case
of intercluster medium. Therefore the GC data alone would
hardly provide convincing detection of the DM signal, as even
a relatively strong candidate line could be explained by astro-
physical processes. In this paper we pose a different question:
Are the observations of the Galactic Center consistent with
the dark matter interpretation of 3.53 keV line of [1, 2]?

The DM interpretation of the 3.53 keV line in M31 and the
Perseus cluster puts a lower limit on the flux from the GC. On
the other hand, a non-detection of any signal in the off-center
observations of the Milky Way halo (the blank sky dataset
of [1]) provides an upper limit on the possible flux in the
GC, given observational constraints on the DM distribution in
the Galaxy. Therefore, even with all the uncertainties on the
DM content of the involved objects, the expected signal from
the GC is bounded from both sides and provides a non-trivial
check for the DM interpretation of the 3.53 keV line.

We use XMM-Newton observations of the central 14′ of the
Galactic Center region (total clean exposure 1.4 Msec). We

find that the spectrum has a ∼ 5.7σ line-like excess at ex-
pected energy. The simultaneous fitting of GC, Perseus and
M31 provides a∼ 6.7σ significant signal at the same position,
with the detected fluxes being consistent with the DM inter-
pretation. The fluxes are also consistent with non-observation
of the signal in the blank-sky and M31 off-center datasets,
if one assumes steeper-than-cored DM profile (for example,
NFW of Ref. [100]).

Below we summarize the details of our data analysis and dis-
cuss the results.

Data reduction.We use all archival data of the Galactic Cen-
ter obtained by the EPICMOS cameras [101] with Sgr A* less
than 0.5′ from the telescope axis (see Appendix, Table I). The
data are reduced by standard SAS1 pipeline, including screen-
ing for the time-variable soft proton flares by espfilt. We
removed the observations taken during theMJD 54000–54500
due to strong flaring activity of Sgr A* in this period (see
Fig. 3 in Appendix). The data reduction and preparation of the
final spectra are similar to [1]. For each reduced observation
we select a circle of radius 14′ around Sgr A* and combine
these spectra using the FTOOLS [102] procedure addspec.

Spectral modeling. To account for the cosmic-ray induced
instrumental background we have subtracted the latest closed
filter datasets (exposure: 1.30 Msec for MOS1 and 1.34 Msec
for MOS2) [103]. The rescaling of the closed filter data has
been performed to reduce to zero flux at energiesE > 10 keV
(see [104] for details). We model the resulting physical spec-
trum in the energy range 2.8–6.0 keV. The X-ray emission
from the inner part of the Galactic Center contains both ther-
mal and non-thermal components [93, 94]. Therefore, we
chose to model the spectrum with the thermal plasma model

1 v.13.5.0 http://xmm.esa.int/sas

Riemer-Sorensen

Boyarsky, et al

Morphology?
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FIG. 4: Exclusion plot on sterile neutrino mass – mixing angle
plane. All parameter values above the curves are excluded.
The solid dark green and light green lines show the 2σ con-
straints for minimal and mean dark matter column density in
the Milky Way, respectively. The red point with error bars
indicates the parameter values reported by Bulbul et al. [1].
The dashed line indicates the M31 constraints from Horiuchi
et al. [40].

might potentially relax the inconsistency of the Bulbul
et al. [1] result with the dSph data reported here.

The estimates of sin2(2θ2) derived by Boyarsky et al.
[2] from the analysis of M31 and of the Perseus galaxy
cluster are much more uncertain than those derived from
the stacked galaxy cluster sample, because of the much
larger uncertainty in the DM column density in the two
particular individual sources. Taking into account a
roughly order-of-magnitude uncertainty in the estimate
of sin2(2θ2) derived from the analysis of Boyarsky et al.
[2], one could see that our constraints on the DM param-
eters derived from the dSph data are still consistent with
the results of Boyarsky et al. [2].

Our analysis is only marginally ruling out the possi-
bility of the DM decay origin of the unidentified line
at 3.55 keV. An increase of the sensitivity by a factor
of ∼ 2 is necessary to firmly rule out the DM decay
line hypothesis for the line origin. This is possible al-
ready with XMM-Newton (rather than with the next-
generation telescopes like ASTRO-H), via a moderate
increase of exposure towards selected dSph galaxies (e.g.
Ursa Minor, Ursa Major II), which are characterized by
strong DM decay line flux, but are currently not domi-
nating the stacked dSph signal because of the relatively
short exposures. Deeper XMM-Newton observations of
these dSphs galaxies would thus be sufficient to test con-
clusively the DM origin of the 3.55 keV line.
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Dark matter searches going bananas:
the contribution of Potassium (and Chlorine) to the 3.5 keV line
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ABSTRACT
We examine the claimed excess X-ray line emission near 3.5 keV with a new analysis of
XMM-Newton observations of the Milky Way center and with a re-analysis of the data on M 31
and clusters. In no case do we find conclusive evidence for an excess. We show that known
plasma lines, including in particular K XVIII lines at 3.48 and 3.52 keV, provide a satisfactory
fit to the XMM data from the Galactic center. We assess the expected flux for the K XVIII lines
and find that the measured line flux falls squarely within the predicted range based on the
brightness of other well-measured lines in the energy range of interest. We then re-evaluate
the evidence for excess emission from clusters of galaxies, including a previously unaccounted
for Cl XVII line at 3.51 keV, and allowing for systematic uncertainty in the expected flux from
known plasma lines and for additional uncertainty due to potential variation in the abundances
of different elements. We find that no conclusive excess line emission is present within the
systematic uncertainties in Perseus or in other clusters. Finally, we re-analyze XMM data for
M 31 and find no statistically significant line emission near 3.5 keV to a level greater than one
sigma.

Key words: dark matter – line: identification – Galaxy: centre – X-rays: galaxies – X-rays:
galaxies: clusters

1 INTRODUCTION

The particle nature of the dark matter, comprising most of the
gravitationally bound structures in the universe, is unknown. A
far-ranging experimental and observational program is in place
to search for non-gravitational signals that could point to a given
class of particle dark matter candidates. While weakly interact-
ing massive particles have attracted much attention, other particle
candidates remain theoretically robust and observationally viable.
Among such candidates, “sterile” neutrinos offer the appealing pos-
sibility of tying the dark matter problem to the issue of generating
a mass for the Standard Model “active” neutrinos, provide an inter-
esting warm dark matter candidate, and can be potentially associ-
ated with a mechanism to explain the baryon-antibaryon asymme-
try in the universe (see Boyarsky et al. 2009, for a recent review).

Sterile neutrinos can mix with active neutrinos, and decay,
on timescales much longer than the age of the Universe, to the
two-body final state given by an active neutrino and a photon.
The details of such process depend on the particular extension to
the Standard Model that accommodates the sterile neutrino(s) (see
e.g. Pal & Wolfenstein 1982), but the lifetime is set by a model-
independent combination of the sterile-active neutrino mixing an-

⋆ tesla@ucsc.edu
† profumo@ucsc.edu

gle θ and of the sterile neutrino mass ms of the form

τ ≃ 7.2× 1029 sec

(

10−4

sin(2θ)

)2 (

1 keV
ms

)5

. (1)

Such a decay mode produces an almost monochromatic photon sig-
nal at an energy approximately equal to half the sterile neutrino
mass. Cosmological production mechanisms and constraints from
phase-space density restrict the relevant range for the sterile neu-
trino mass to, roughly, 0.5 – 100 keV (Boyarsky et al. 2009). As a
result, the expected line from sterile neutrino two-body decays falls
in the X-ray range.

Earlier this year, Bulbul et al. (2014) claimed the existence of
an unidentified emission line at E = (3.55 − 3.57) ± 0.03 keV
from stacked XMM-Newton observations of 73 galaxy clusters with
redshift ranging between 0.01 and 0.35. The line is observed with
statistical significance greater than 3σ in three separate subsam-
ples: (i) the individual Perseus cluster; (ii) combined data for the
Coma, Centaurus and Ophiuchus clusters; (iii) all stacked 73 clus-
ters in the sample. Chandra observations of Perseus indicate a line
feature compatible with the XMM results; The line was not, how-
ever, observed in the Virgo cluster with Chandra data. Bulbul et al.
(2014) explored possible contaminations from metal lines, notably
from K and Ar, which would require however typical fluxes factors
of 10-30 larger than predicted.

Shortly after the analysis of Bulbul et al. (2014), a 3.5 keV
line was reported from XMM-Newton observations of both the
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FIG. 17: A comparison of the spectral shape of the gamma-
ray excess described in this paper (error bars) to that mea-
sured from a number of high-significance globular clusters
(NGC 6266, 47 Tuc, and Terzan 5), and from the sum of
all millisecond pulsars detected as individual point sources by
Fermi. The gamma-ray spectrum measured from millisecond
pulsars and from globular clusters (whose emission is believed
to be dominated by millisecond pulsars) is consistently softer
than that of the observed excess at energies below ⇠1 GeV.
See text for details.

Fig. 17, we compare the spectral shape of the gamma-
ray excess to that measured from a number of globular
clusters, and from the sum of all resolved millisecond pul-
sars. Here, we have selected the three highest significance
globular clusters (NGC 6266, 47 Tuc, and Terzan 5), and
plotted their best fit spectra as reported by the Fermi

Collaboration [76]. For the emission from resolved mil-
lisecond pulsars, we include the 37 sources as described
in Ref. [11]. Although each of these spectral shapes pro-
vides a reasonably good fit to the high-energy spectrum,
they also each significantly exceed the amount of emis-
sion that is observed at energies below ⇠1 GeV. This
comparison further disfavors millisecond pulsars as the
source of the observed gamma-ray excess.

The near future o↵ers encouraging prospects for de-
tecting further evidence in support of a dark matter in-
terpretation of this signal. The dark matter mass and
annihilation cross section implied by the gamma-ray ex-
cess is similar to Fermi ’s sensitivity from observations of
dwarf spheroidal galaxies. In fact, the Fermi Collabora-
tion has reported a modestly statistically significant ex-
cess (⇠2-3�) in their search for annihilating dark matter
particles in dwarf galaxies. If interpreted as a detection of
dark matter, this observation would imply a similar mass
and cross section to that favored by our analysis [33]. A
similar (⇠3�) excess has also been reported from the di-
rection of the Virgo Cluster [77, 78]. With the full dataset
anticipated from Fermi ’s 10 year mission, it may be pos-
sible to make statistically significant detections of dark
matter annihilation products from a few of the brightest

dwarf galaxies, galaxy clusters, and perhaps nearby dark
matter subhalos [79]. Anticipated measurements of the
cosmic-ray antiproton-to-proton ratio by AMS may also
be sensitive to annihilating dark matter with the charac-
teristics implied by our analysis [80, 81].

IX. SUMMARY AND CONCLUSIONS

In this study, we have revisited and scrutinized the
gamma-ray emission from the central regions of the Milky
Way, as measured by the Fermi Gamma-Ray Space Tele-
scope. In doing so, we have confirmed a robust and
highly statistically significant excess, with a spectrum
and angular distribution that is in excellent agreement
with that expected from annihilating dark matter. The
signal is distributed with approximate spherical symme-
try around the Galactic Center, with a flux that falls
o↵ as F� / r�(2.2�2.6), implying a dark matter distri-
bution of ⇢ / r�� , with � ' 1.1 � 1.3. The spectrum
of the excess peaks at ⇠1-3 GeV, and is well fit by 31-
40 GeV dark matter particles annihilating to bb̄. The
annihilation cross section required to normalize this sig-
nal is �v = (1.4 � 2.0) ⇥ 10�26 cm3/s (for a local dark
matter density of 0.3 GeV/cm3), in good agreement with
the value predicted for a simple thermal relic. In partic-
ular, a dark matter particle with this cross section will
freeze-out of thermal equilibrium in the early universe
to yield an abundance approximately equal to the mea-
sured cosmological dark matter density (for the range of
masses and cross sections favored for other annihilation
channels, see Sec. VII).
In addition to carrying out two di↵erent analyses (as

described in Secs. IV and V), subject to di↵erent sys-
tematic uncertainties, we have applied a number of tests
to our results in order to more stringently determine
whether the characteristics of the observed excess are in
fact robust and consistent with the signal predicted from
annihilating dark matter. These tests uniformly confirm
that the signal is present throughout the Galactic Center
and Inner Galaxy (extending out to angles of at least 10�

from the Galactic Center), without discernible spectral
variation or significant departures from spherical sym-
metry. No known, anticipated, or proposed astrophysical
di↵use emission mechanisms can account for this excess.
And while a population of several thousand millisecond
pulsars could have plausibly been responsible for much of
the anomalous emission observed from within the inner-
most ⇠ 1��2� around the Galactic Center, the extension
of this signal into regions well beyond the confines of the
central stellar cluster strongly disfavors such objects as
the primary source of this signal. In light of these consid-
erations, we consider annihilating dark matter particles
to be the leading explanation for the origin of this signal,
with potentially profound implications for cosmology and
particle physics.
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`2 + b2 < 5�, ±b > |`| 6.0⇥ 10�3

III, IV 5� <
p
`2 + b2 < 10�, ±b > |`| 1.78⇥ 10�2

V, VI 10� <
p
`2 + b2 < 15�, ±b > |`| 2.93⇥ 10�2

VII, VIII 5� <
p
`2 + b2 < 15�, ±` > |b| 3.54⇥ 10�2

IX 15� <
p
`2 + b2 < 20� 1.51⇥ 10�1

X 20� <
p
`2 + b2 1.01⇥ 10�1

Table 3. Definition of the ten GCE segments that are
shown in figure 15, as function of Galactic latitude b and
longitude `, together with their angular size ⌦ROI.

the fit. The definition of the segments aims at studying the symmetries of the GCE around
the GC: Allowing regions in the North (I, III, and V) and South (II, IV, and VI) hemisphere,
as well as in the West (VII) and East (VIII) ones, to vary independently, we can test the
spectrum absorbed by the GCE template in the di↵erent regions of the sky. Moreover, with
the same segments, we can investigate its the extension in latitude.

To facilitate the study of morphological properties of the excess, we furthermore allow
additional latitudinal variations in the ICS components of the individual GDE models. We
split our ICS component into nine ICS segments, corresponding to 9 latitude strips with
boundaries at |b| = 2.0�, 2.6�, 3.3�, 4.3�, 5.6�, 7.2�, 9.3�, 12.0�, 15.5� and 20�. We then allow
the normalization of the ICS strips to vary independently, though we keep the normalization
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• Spectrum
• 6 INTEGRAL LMXBs in inner 5deg 

=>Estimate MSPs in same region. Need 100.
• LMXBs trace stellar population, not DM like

• Luminosity function for MSPs would suggest Fermi should have 
resolved bright point sources



B-MODES AND AXIONS
• If inflationary B-modes are discovered, the scale of 

inflation is ~ 1016 GeV

• The axion field fluctuates during inflation
�a ⇡ H ⇠ 1014GeV

These fluctuations are 
isocurvature and constrained

(Fox, Pierce, Thomas ’04)

Hence seeing B-modes 
would strongly 
constrain pre-

inflationary PQ breaking

This picture is  
too simple
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Figure 4: The 2� and 3� contour plot for the dark scalar with prompt photon only. The red

triangle is the best fit point for the model. We use twice the error-bar of the [15].

B. The role of ICS and Bremsstrahlung

Models that produce copious e+e� pairs can produce secondary photons from interactions

with the surrounding medium (gas, starlight, cosmic rays). These components can contribute

to the total signal. In particular, we find that for very light dark mediators m� . 0.5GeV,

these can be the dominant component in the central region. For heavier mediators, it can

be an O(1) change to the spectral shape at low energies, while for the heaviest mediators

m� & 1GeV, which have ⇡0’s, it is a small e↵ect.

Bremsstrahlung is perhaps the hardest to model, because it has a profile that is tightly

correlated to the gas, and thus to the disk. However, not all of this will be absorbed into

the disk model. To account for this, we calculate the contributions from bremsstrahlung by

masking out the disk region �1� < b < 1�. These plots should be understood to be the

contributions to the signal in the inner galaxy region, where 1� < |b| < 20� and |l| < 20�.

We see in right panel of Figures 2 and 3 that for light mediators, where the dominant

contribution is IB (Internal Bremsstrahlung) and FSR (Final State Radiation), that the ICS

and Bremsstrahlung signals contribute at a sizable level, while for heavier mediators, the

e↵ect can be merely to add additional soft gamma, or to have a marginal e↵ect. Interestingly,

once taking into account the e↵ects of these secondary photons, no point in parameter space

requires a boost factor much larger than 1. In the Figure 5, the dark scalar also has similar

story.
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Figure 5: Left Panel : the prompt photon spectra from FSR and IB for the dark scalar scenario with

di↵erent DM mass and mediator mass. The dashed green is the total prompt photon spectrum,

while other color lines corresponds to decay channels for dark scalar in the Figure 9. Right Panel :

the photon spectra with ICS and Bremsstrahlung. (see text).
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Figure 5: Left Panel : the prompt photon spectra from FSR and IB for the dark scalar scenario with

di↵erent DM mass and mediator mass. The dashed green is the total prompt photon spectrum,

while other color lines corresponds to decay channels for dark scalar in the Figure 9. Right Panel :

the photon spectra with ICS and Bremsstrahlung. (see text).
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In the presence of dark scalar, even small part can be important
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FIG. 6: Current constraints are compared with dark matter
model fits to data from other indirect and direct dark mat-
ter searches. The data from indirect searches include that
from AMS-02, PAMELA, and Fermi, and the data from di-
rect searches include that from CDMS, CoGeNT, CRESST,
and DAMA. The lighter shaded direct detection region allows
for p-wave annihilations, and the dashed vertical lines for the
indirect detection regions allow for p-wave annihilations for
non-thermally produced dark matter.

positron excess [43–46]. Dark matter models considered
in [44] to explain the AMS-02/PAMELA positron excess
cannot have significant annihilation into Standard Model
gauge bosons or quarks in order to be consistent with
the antiproton-to-proton ratio measured by PAMELA,
which is found to agree with expectations from known
astrophysical sources [47]. In addition, the combination
of the Fermi electron plus positron fraction [48, 49] and
the AMS-02/PAMELA positron excess suggest that a vi-
able dark matter candidate would need to have a mass
greater than ⇠ 1 TeV. As found by [44], dark matter
particles in the ⇠ 1.5 � 3 TeV range with a cross sec-
tion of h�vi ⇠ (6 � 23) ⇥ 10�24cm3/s, that annihilate
into light intermediate states that in turn decay into
muons and charged pions, can fit the Fermi, PAMELA,
and AMS-02 data. Direct annihilations into leptons do
not provide good fits [44]. Such high cross sections can
be reconciled with the current dark matter abundance
in the Universe in three ways: (i) Dark matter can have
a thermal cross section at freeze-out, and the cross sec-
tion can have a 1/v dependence, called Sommerfeld en-
hancement [50, 51]. If the cross section is Sommerfeld
enhanced to be ⇠ 10�24 today in the Galactic halo, then
it would be orders of magnitude larger at recombination
(since vrecom < vhalo). Such a possibility is strongly ex-
cluded by the CMB constraints (as noted in [3]) for a
wide range of masses including those that fit the AMS-
02 data. (ii) Dark matter has a thermal cross section at
freeze-out, and Sommerfeld enhancement saturates at a
cross section of ⇠ 10�24cm3/s. So dark matter has this

cross section just before (and during) recombination, and
also in the halo of the Milky Way. (iii) Dark matter par-
ticles are non-thermal, in which case the cross section has
always been (⇠ 10�24cm3/s). The last two possibilities
are shown in Figure 6, and are probed but not excluded
by our current constraints. Here we use the updated fe↵
values from Table III corresponding to the best-fit anni-
hilation channels found by [44].

One additional possibility is that dark matter has a p-
wave annihilation cross section with a ⇠ v2 dependence
on velocity. Dark matter that has a p-wave cross sec-
tion and fits the AMS-02/PAMELA data would have to
be non-thermal, since the cross section during freezeout

TABLE III: E↵ective energy deposition fractions for 41 dark
matter models. The third column is an updated version of
Table I in [3], and the fourth column includes systematic
corrections discussed in Section IIA.

Channel DM Mass (GeV) fe↵ fe↵,new

Electrons 1 0.85 0.45

�� ! e+e� 10 0.77 0.67

100 0.60 0.46

700 0.58 0.45

1000 0.58 0.45

Muons 1 0.30 0.21

�� ! µ+µ� 10 0.29 0.23

100 0.23 0.18

250 0.21 0.16

1000 0.20 0.16

1500 0.20 0.16

Taus 200 0.19 0.15

�� ! ⌧+⌧� 1000 0.19 0.15

XDM electrons 1 0.85 0.52

�� ! �� 10 0.81 0.67

followed by 100 0.64 0.49

� ! e+e� 150 0.61 0.47

1000 0.58 0.45

XDM muons 10 0.30 0.21

�� ! �� 100 0.24 0.19

followed by 400 0.21 0.17

� ! µ+µ� 1000 0.20 0.16

2500 0.20 0.16

XDM taus 200 0.19 0.15

�� ! ��,� ! ⌧+⌧� 1000 0.18 0.14

XDM pions 100 0.20 0.16

�� ! �� 200 0.18 0.14

followed by 1000 0.16 0.13

� ! ⇡+⇡� 1500 0.16 0.13

2500 0.16 0.13

W bosons 200 0.26 0.19

�� ! W+W� 300 0.25 0.19

1000 0.24 0.19

Z bosons 200 0.24 0.18

�� ! ZZ 1000 0.23 0.18

Higgs bosons 200 0.30 0.22

�� ! hh̄ 1000 0.28 0.22

b quarks 200 0.31 0.23

�� ! bb̄ 1000 0.28 0.22

Light quarks 200 0.29 0.22

�� ! uū, dd̄ (50% each) 1000 0.28 0.21

Planck collaboration
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FIG. 8: The same as Fig. ??, except that the orange shaded regions are for the 5 hour CTA
projection of [? ? ].

V. CONCLUSIONS

In this paper, we explored the limits on wino DM. Thermal winos comprise all of the

DM at a mass of ⇠ 3.1 TeV; this provides a motivation for the presence of gauginos at

the weak scale in models with split supersymmetry spectra. Although collider and direct

detection prospects for TeV-scale wino DM are limited, we have shown that Cherenkov

telescopes such as H.E.S.S. and (in the future) CTA are remarkably powerful at exploring

this well-motivated DM candidate.

Assuming a thermal history, winos are excluded by H.E.S.S. from 3.1 TeV, where they

comprise all of the DM, down to ⇠ 1.6 TeV for an NFW profile. Assuming a non-trivial

cosmology, where some additional process is required to keep the wino density at ⌦ h2 = 0.12

for a given mass, H.E.S.S. excludes winos down to 500 GeV for an NFW profile; the Fermi

constraint on continuum annihilation to W+W� from observations of dwarf spheroidals

excludes masses below 500 GeV.

These limits are highly sensitive to uncertainties in the DM density profile. For example,

the line photon annihilation cross section for a 3.1 TeV wino is excluded to 95% confidence

by factors of ⇠12, 22, and 12000 for NFW, Einasto, and Burk(0.5 kpc) profiles, respectively.

It is not excluded for a Burkert profile with 10 kpc core by more than an order of magnitude.

However, winos near the Sommerfeld resonance at ⇠ 2.4 TeV are safely excluded for these


