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Evidence for DM 
Overwhelming

• Hunt dates over 75 years

Begeman, Broels and Sanders (1991)
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Advent of Precision 
Cosmology

20. Big-Bang nucleosynthesis 3
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Figure 20.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis [11] − the bands show the 95% CL range. Boxes
indicate the observed light element abundances (smaller boxes: ±2σ statistical
errors; larger boxes: ±2σ statistical and systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL). Color version at end
of book.
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Evidence for DM 
Overwhelming

All evidence points 
toward

BBN
(baryons)

CMB
(curvature)

LSS
(matter)

Supernovae
(DE)

Galaxy curves
(matter)
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New Physics

Dynamical 
Selection?

New Dynamics 
in Particles, 

Definitely BSM
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What Do We Know About 
the Dark Matter?

BBN
(baryons)

CMB
(curvature)

LSS
(matter)

Supernovae
(DE)

Galaxy curves
(matter)

BBN                CMB           
Not Free Baryons

MACHO searches + Lya
Not Bound Baryons
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where the δ
PBH

,δp and δr are the relative overdensities
of PBHs, Poisson fluctuations and radiation, respectively.
Since δp in Eq.(1)is observable and constant, one would
conclude that the quantity

S ≡ δ
PBH

−
3

4
δr = δp (4)

is gauge-invariant and conserved. Indeed this is the en-
tropy per PBH, which should remain constant as long as
the universe expands adiabatically (e.g. see Mukhanov
et al. 1992). The associated perturbations, generated in
this way are isocurvature(or entropy) perturbations, as the
curvature at large scales is not (immediately) affected by
the formation of compact objects at small scale.

As we are assuming that PBHs are the present day Cold
Dark Matter (CDM), the overdensity of CDM is given by

δ
CDM

(k) = Tad(k)δi,ad(k) + Tiso(k)S(k), (5)

where Tad(k) and Tiso(k) are the transfer functions for
adiabatic and isocurvature perturbations respectively. For
the following analysis we will use the analytical fits quoted
in Bardeen et al. 1986 to the transfer functions. Eq. (5)
leads to the following power spectrum

P
CDM

(k) = T 2
ad(k)Pi,ad(k) + T 2

iso(k)Pp. (6)

In this expression,Pi,ad(k) = Akn with n ≃ 1 is the adia-
batic power spectrum which is produced through inflation
(or an alternative method of generating scale-invariant adi-
abatic perturbations), while Pp is given in Eq.(2).

One can easily see that the isocurvature term on the
RHS of Eq.(2) contributes a constant to the power spec-
trum as both Pp and

Tiso(k) =
3

2
(1 + zeq) for k ≫ aeqHeq (7)

are independent of k (e.g. Peacock 1998). Note that this
is the simple linear growth due to gravitational cluster-
ing which is the same for adiabatic fluctuation. Since the
power spectrum of adiabatic fluctuations decays as k−3 at
small scales, one expects to see the signature of this Pois-
son noise at large k’s. Combining Eqs. (2),(6) and (7)
gives the power offset

∆P
CDM

≃
9M

PBH
(1 + zeq)2

4ρ
CDM

= 4.63

(

M
PBH

103M⊙

)

(Ω
CDM

h5)(h−1Mpc)3 (8)

which is also a lower bound on the matter linear power
spectrum.
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Fig. 1.— Linear power spectrum for different masses of the PBHs.
σ∗

8
is σ8 for the model without the PBHs and the amplitude of the

(initially) adiabatic modes is the same for all models.

Fig.(1) shows the linear power spectrum for different

masses of the PBHs. We see the Poisson plateau (Eq.
8) at large k’s which drops with decreasing mass. The
impact of this plateau on the Ly-α forest power spectrum
is discussed in the next section.

Fig. 2.— Influence of PBHs on the Ly-α forest flux power spec-
trum, PF (k). The black, solid curve shows our prediction for PF (k)
in a standard ΛCDM model (i.e., no PBHs) in which the amplitude
of the linear power spectrum, σ∗

8
, was adjusted to match the data

points from Croft et al. (2002). The other curves show the predicted
PF (k) when white noise power due to PBHs with various masses is
added. The Ly-α forest model parameters and σ∗

8
were not adjusted

to find a best fit for each mass so the disagreement between the PBH
models and the data points does not indicate that the models are
ruled out.

3. simulations of Ly-α forest

Afshordi, McDonald, Spergel

DM clumpiness
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What Do We Know About 
the Dark Matter?

BBN
(baryons)

CMB
(curvature)

LSS
(matter)

Supernovae
(DE)

Galaxy curves
(matter)

CMB LSS+Bullet Cluster
Not Modified GravityLSS

X-ray: NASA/CXC/CfA/ M.Markevitch et al.; 
Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/ D.Clowe et al. 

Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al
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What Do We Know About 
the Dark Matter?

BBN
(baryons)

CMB
(curvature)

LSS
(matter)

Supernovae
(DE)

Galaxy curves
(matter)

Halo Shapes
Weakly Self-interacting

Direct Probes
Weakly Interacting with Us

FIG. 1: Allowed regions in (mX ,αX) plane, where mX is the mass of the dark matter charged
under the unbroken hidden sector U(1)EM with fine-structure constant αX . Contours for fixed
dark matter cosmological relic density consistent with WMAP results, ΩXh2 = 0.11, are shown

for (tan θh
W , ξRH) = (

√

3/5, 0.8), (
√

3/5, 0.1), (10, 0.1) (dashed), from top to bottom, as indicated.
The shaded regions are disfavored by constraints from the Bullet Cluster observations on self-

interactions (dark red) and the observed ellipticity of galactic dark matter halos (light yellow).
The Bullet Cluster and ellipticity constraints are derived in Secs. VIII and VII, respectively.

of the parameter space of these models are excluded because the predicted minimum mass
halo is in conflict with observations.

In this section, we analyze the kinetic decoupling of hidden charged dark matter. One
notable difference between the WIMP and hidden charged dark matter is that the charged
dark matter interacts not only through weak interactions, but also through EM interactions.
For the case of τ̃h dark matter, this implies that the dark matter remains in kinetic contact
not only through the weak process τ̃hνh ↔ τ̃hνh, but also through the Compton scattering
process τ̃hγh ↔ τ̃hγh. As we will see, at low temperatures, the thermally-averaged weak cross
section is suppressed by T h 2/m2

X , but this suppression is absent for Compton scattering,
creating a large, qualitative difference between this case and the canonical WIMP scenario.
Note also that, in principle, in the case of charged dark matter, bound state formation also
impacts kinetic decoupling. As we will see in Sec. V, however, very few staus actually bind,
and so this effect is not significant and may be neglected in our analysis.

We follow Refs. [54, 55] to determine the temperature of kinetic decoupling for the dark
matter particle. In the hidden sector, the Boltzmann equation governing the evolution of
the dark matter particle’s phase space distribution is

df(p⃗)

dt
= Γ(T h)(T hmX△p⃗ + p⃗ ·∇p⃗ + 3)f(p⃗) , (6)

6

Feng, Tu, Yu
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How Dark is Dark 
Matter?

BBN
(baryons)

CMB
(curvature)

LSS
(matter)

Supernovae
(DE)

Galaxy curves
(matter)

Consider All Epochs!

McDermott, Yu, KZ 
1011.2907
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How Dark is Dark 
Matter?

• Which probe is the most constraining?

Figure 1: Constraints from various sources, from top to bottom: (i) Scattering in the bullet

cluster and NGC720, (ii) DM as a charged thermal relic, and (iii) DM virial processes, and (iv)

recombination epoch.

The thermally averaged momentum transfer per unit time is

d⟨δp2X⟩/dt =
∑

b=e,p

nb

∫

d3vBd
3vXf(vB)f(vX)dΩ∗

dσXb

dΩ∗
vrelδp

2
X , (11)

where dσXb/dΩ∗ is given by Eq. (2), nb is the number density of the baryon, and δp2X is the
momentum transfer after one collision:

δp2X = 2µ2
bv

2
rel(1− cos θ∗). (12)

Note that this quantity is reference frame independent. The thermally averaged momentum
squared of the DM particle in its comoving frame is

⟨p2X⟩ =
∫

d3vXf(vX)(mXvX)
2 =

3

2
m2

Xv
2
0 = 3mXT (13)

for a DM particle in a thermal Maxwell distribution. To evaluate the thermal average for
v2rel, we derive a general formula. For a given function of g(vrel), we have

∫

d3vad
3vbf(va)f(vb)g(vrel) =

∫

dvrelv
2
rel

4√
π

1

(v20a + v20b)
3
2

e
− v2rel

v2
0b

+
v2relv

2
0a

(v20a+v2
0b

)v2
0b g(vrel), (14)

7

McDermott, Yu, KZ 
1011.2907
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Constraint on DM charge ε
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Super-Weakly 
Interacting

Standard Model Dark Matter

Gravitational Interactions

?
Mp � 1 GeV

Mpl � 1019 GeV

Inaccessibility

En
er

gy

Weak Interactions
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Super-Weakly 
Interacting

• Gravitational Coherence ....

• Helps us learn about aggregate 
properties of dark matter

• Particle properties much harder

• Fundamental premise: DM has interactions 
other than gravitational

... on cosmological scales!
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Particle Physics 
Provides Some Ideas

• Fundamental 
premise: DM 
has interactions 
other than 
gravitational

Weak Interactions
Sub-weak Interactions

Standard Model Dark Matter

?
Mp � 1 GeV
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Dark Matter Hunter’s 
Tool Kit

Direct Detection

Indirect Detection

Terrestrial

Astrophysical and 
Cosmological

PAMELA (charged particles)
COMPTEL, EGRET, Fermi (gammas)

AMS (charged particles)
HESS (gammas)

ACT (future, gammas)
HEAO-1,INTEGRAL .... (x-ray)

IceCube / DeepCore / PINGU (neutrinos)

LHC

Intensity -- low energy, weak couplings -- 
B-factories (Belle, BaBar), beam dumps 

(APEX, DarkLight, Heavy Photon Search)

More exotic?

History of Universe
Structure formation

Relic abundance
Stellar Evolution (sun; supernovae; white 

dwarves; neutron stars)
BBN

CMB Neff; DM interactions

N
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Figure 4: (Left) Nucleon scattering through a vector mediator. The green shaded region indicates the allowed
parameter space of direct detection cross sections. The lighter green region imposes the bound of thermal coupling
between the two sectors (“large width”) while the larger shaded region only requires mediator decay before BBN.
Also shown is the lower bound for the heavy mediator (mφ ≫ mX) case. (Right) Electron scattering through a vector
mediator, for mφ < mX (green) and mφ ≫ mX (red); the intersection of the two regions is shaded brown. We show
the projected sensitivity of a Ge experiment, taken from [64]. Beam dump, supernova, and halo shape constraints
apply here and carve out the region of large σe at low mX . For more details, see the text. In the lighter green region,
the condition of thermal equilibrium between the visible and hidden sectors is imposed.

in this mass range if φµ decays dominantly to electrons, for which the efficiency factor is f ∼ 1. For φµ

coupling primarily to quarks, f ≈ 0.2 and CMB bounds don’t apply above mX ∼ 2 GeV. Then the minimum
annihilation cross section is ⟨σv⟩ ≈ πα2

X/m2
X ≈ 10−25cm3/s, giving a bound of αX ! 5.2× 10−5(mX/GeV).

Requiring thermal equilibrium between the hidden and visible sectors, we take the bound on gq in Eq. (26),
with

√
geff ≈ 9. Combining the limits above results in a lower bound on the nucleon scattering cross section:

σn ! 10−48cm2 ×
( mX

GeV

)4
(

GeV

mφ

)6
( µn

0.5GeV

)2
. (34)

Since mφ < mX , this quantity is saturated for any mX if we set mφ to its maximum value of mφ ∼ mX .
This bound is indicated by the “Large width” line in Fig. (4). Coincidentally, the lower limit here is similar
to the best achievable sensitivity for WIMP-nucleon scattering if the dominant irreducible background is
coherent scattering of atmospheric neutrinos off of nuclei [71–73]. However, these studies focused on WIMP
DM; for light DM, solar neutrinos become much more important and the best achievable sensitivity may be
several orders of magnitude weaker.
The lower bound on σn given in Eq. (34) is derived by requiring the two sectors be in thermal equilibrium.

We may relax this assumption, and just demand the mediator decay by nucleosynthesis. This gives gq !
1.6 × 10−11

√

1 GeV/mφ, as discussed in Section IVB. For such gq the two sectors are decoupled through
freezeout; then the relic density calculation is slightly more complicated and depends on the thermal history
of the sectors. The change in the relic density then modifies the bound on αX . We have checked that the
full calculation generally only changes the bound on αX by an O(1) factor [33], so here we take the bound
on αX from the large φ width case for simplicity. In this limit, the lower bound on σn is given by

σn ! 5× 10−54cm2 ×
( mX

GeV

)

(

GeV

mφ

)5
( µn

0.5GeV

)2
(35)

15

Lin, Yu, KZ
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Viability Assumes Rates

�v ⇠ 3⇥ 10�26 cm3/s ⇠ 1

(20 TeV)2
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [44] (dark yellow line), CDMS II [45] (green
line), ZEPLIN-III [46] (magenta line), CDMSlite [47] (dark
green line), XENON10 S2-only [20] (brown line), SIMPLE [48]
(light blue line) and XENON100 100 live-day [49] (orange
line), and 225 live-day [50] (red line) results. The inset
(same axis units) also shows the regions measured from annual
modulation in CoGeNT [51] (light red, shaded), along with
exclusion limits from low threshold re-analysis of CDMS II
data [52] (upper green line), 95% allowed region from
CDMS II silicon detectors [53] (green shaded) and centroid
(green x), 90% allowed region from CRESST II [54] (yellow
shaded) and DAMA/LIBRA allowed region [55] interpreted
by [56] (grey shaded). Results sourced from DMTools [57].

upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.

The 90% upper C. L. cross sections for spin-
independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [45,
46, 50, 51]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [45, 51, 54, 55].
These results do not support such hypotheses based
on spin-independent isospin-invariant WIMP-nucleon
couplings and conventional astrophysical assumptions

for the WIMP halo, even when using a conservative
interpretation of the existing low-energy nuclear recoil
calibration data for xenon detectors.

LUX will continue operations at SURF during 2014
and 2015. Further engineering and calibration studies
will establish the optimal parameters for detector
operations, with potential improvements in applied
electric fields, increased calibration statistics, decaying
backgrounds and an instrumented water tank veto
further enhancing the sensitivity of the experiment.
Subsequently, we will complete the ultimate goal of
conducting a blinded 300 live-day WIMP search further
improving sensitivity to explore significant new regions
of WIMP parameter space.
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• Abundance of new stable states set by 
interaction rates

Why the (sub-)Weak 
Scale is Compelling

Γ = nσv = H

Measured by CMB + LSS

Freeze-out

=) � ⇠ 1

(20 TeV)2
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Particle Physics 
Provides Some Ideas

• Particle Physics Zoo!
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Particle Physics 
Provides Some Ideas

• Particle Physics Zoo!
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Dark Matter Resides 
Here!

Weakly Interacting 
Massive Particles

(WIMPs)Mp � 1 GeV
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

Sub-Weakly Interacting 
Massive Particles

Scattering through the Z boson: ruled out

Next important benchmark:
Scattering through the Higgs

�n ⇠ 10�39 cm2

�n � 10�45�46 cm2
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Idea Focus: 
Supersymmetry

• Provides sharp predictions

• Must be neutral.  

• Options sneutrino, bino, wino, higgsino

• Sneutrino scatters through Z

• Neutralino scattering through Z spin-
dependent or velocity suppressed

�̃ B̃, W̃3, H̃
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Are there ways around 
for the Neutralino?

• Make the Neutralino a 
pure state -- coupling 
to Higgs vanishes

• However, Wino and 
Higgsino pure states 
can be probed by 
indirect detection

g̃ q

q̃

(a)

W̃ qL, ℓL, H̃u, H̃d

q̃L, ℓ̃L, Hu, Hd

(b)

B̃ q, ℓ, H̃u, H̃d

q̃, ℓ̃, Hu, Hd

(c)

Figure 6.3: Couplings of the gluino, wino, and bino to MSSM (scalar, fermion) pairs.

interactions of gauge-coupling strength, as we will explore in more detail in sections 9 and 10. The
couplings of the Standard Model gauge bosons (photon, W±, Z0 and gluons) to the MSSM particles are
determined completely by the gauge invariance of the kinetic terms in the Lagrangian. The gauginos
also couple to (squark, quark) and (slepton, lepton) and (Higgs, higgsino) pairs as illustrated in the
general case in Figure 3.3g,h and the first two terms in the second line in eq. (3.4.9). For instance, each
of the squark-quark-gluino couplings is given by

√
2g3(q̃ T aqg̃+ c.c.) where T a = λa/2 (a = 1 . . . 8) are

the matrix generators for SU(3)C . The Feynman diagram for this interaction is shown in Figure 6.3a.
In Figures 6.3b,c we show in a similar way the couplings of (squark, quark), (lepton, slepton) and
(Higgs, higgsino) pairs to the winos and bino, with strengths proportional to the electroweak gauge
couplings g and g′ respectively. For each of these diagrams, there is another with all arrows reversed.
Note that the winos only couple to the left-handed squarks and sleptons, and the (lepton, slepton)
and (Higgs, higgsino) pairs of course do not couple to the gluino. The bino coupling to each (scalar,
fermion) pair is also proportional to the weak hypercharge Y as given in Table 1.1. The interactions
shown in Figure 6.3 provide, for example, for decays q̃ → qg̃ and q̃ → W̃ q′ and q̃ → B̃q when the final
states are kinematically allowed to be on-shell. However, a complication is that the W̃ and B̃ states
are not mass eigenstates, because of splitting and mixing due to electroweak symmetry breaking, as
we will see in section 8.2.

There are also various scalar quartic interactions in the MSSM that are uniquely determined by
gauge invariance and supersymmetry, according to the last term in eq. (3.4.12), as illustrated in Fig-
ure 3.3i. Among them are (Higgs)4 terms proportional to g2 and g′2 in the scalar potential. These are
the direct generalization of the last term in the Standard Model Higgs potential, eq. (1.1), to the case
of the MSSM. We will have occasion to identify them explicitly when we discuss the minimization of
the MSSM Higgs potential in section 8.1.

The dimensionful couplings in the supersymmetric part of the MSSM Lagrangian are all dependent
on µ. Using the general result of eq. (3.2.19), µ provides for higgsino fermion mass terms

− Lhiggsino mass = µ(H̃+
u H̃−

d − H̃0
uH̃

0
d ) + c.c., (6.1.4)

as well as Higgs squared-mass terms in the scalar potential

− Lsupersymmetric Higgs mass = |µ|2(|H0
u|2 + |H+

u |2 + |H0
d |2 + |H−

d |2). (6.1.5)

Since eq. (6.1.5) is non-negative with a minimum at H0
u = H0

d = 0, we cannot understand electroweak
symmetry breaking without including a negative supersymmetry-breaking squared-mass soft term for
the Higgs scalars. An explicit treatment of the Higgs scalar potential will therefore have to wait
until we have introduced the soft terms for the MSSM. However, we can already see a puzzle: we
expect that µ should be roughly of order 102 or 103 GeV, in order to allow a Higgs VEV of order
174 GeV without too much miraculous cancellation between |µ|2 and the negative soft squared-mass
terms that we have not written down yet. But why should |µ|2 be so small compared to, say, M2

P,
and in particular why should it be roughly of the same order as m2

soft? The scalar potential of the
MSSM seems to depend on two types of dimensionful parameters that are conceptually quite distinct,
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Figure 38: Tree level diagrams for neutralino annihilation into gauge boson pairs.
From Ref. [319].

U =

(
cosφ− − sinφ−
sinφ− cosφ+

)
(181)

and

V =

(
cosφ+ − sinφ+

sinφ+ cosφ−

)
, (182)

where

tan 2φ− = 2
√

2mW
(µ sinβ + M2 cosβ)

(M2
2 − µ2 + 2m2

W cos 2β)
(183)

and

tan 2φ+ = 2
√

2mW
(µ cosβ + M2 sinβ)

(M2
2 − µ2 − 2m2

W cosβ)
. (184)

The amplitude for annihilations to Z0-pairs is similar:

A(χχ→ Z0Z0)v→0 = 4
√

2 βZ
g2

cos2 θW

4∑

n=1

(
O′′L

1,n

)2 1

Pn
. (185)

Here, βZ =
√

1 − m2
Z/m2

χ, and Pn = 1 + (mχn/mχ)2 − (mZ/mχ)2. The sum is

over neutralino states. The coupling O′′L
1,n is given by 1

2 (−N3,1N∗
3,n +N4,1N∗

4,n).
The low velocity annihilation cross section for this mode is then given by

σv(χχ → GG)v→0 =
1

SG

βG

128πm2
χ

|A(χχ → GG)|2, (186)

where G indicates which gauge boson is being considered. SG is a statistical
factor equal to one for W+W− and two for Z0Z0.

It is useful to note that pure-gaugino neutralinos have a no S-wave annihi-
lation amplitude to gauge bosons. Pure-higgsinos or mixed higgsino-gauginos,
however, can annihilate efficiently via these channels, even at low velocities.
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Are there ways around 
for the Neutralino?

• Make the Neutralino a 
pure state -- coupling 
to Higgs vanishes

• However, Wino and 
Higgsino pure states 
can be probed by 
indirect detection

Ovaneysan, Slatyer, Stewart

Data!
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FIG. 2. Left panel: Our NLL+SE cross section for �0�0 annihilation to line photons from �� and �Z, compared to earlier
results. Right panel: current bounds from H.E.S.S and projected reach of 5 hours of CTA observation time, overlaid with our
(and previous) cross section predictions, for an NFW profile.

Treating Sommerfeld e↵ects at tree-level the ratio of cross
sections is given by the Sudakov form factors

�NLL+⇢⇢SE
�+��!X

�tree
�+��!X

= |⌃1|2,
�NLL+⇢⇢SE

�0�0!X

�tree
�+��!X

= |⌃1 � ⌃2|2 . (16)

This nonzero result for �0�0 ! ZZ, Z�, �� at short
distances starts at NLL in |⌃1 � ⌃2|2, and occurs be-
cause there is a Sudakov mixing between the W+W� and
W 3W 3 from soft gauge boson exchange. This is similar
in spirit to the Sommerfeld mixing of the initial states.

In Fig. 1 we plot |⌃1|2 and |⌃1 �⌃2|2 as a function of
m�. To obtain theoretical uncertainty bands we use the
residual scale dependence at LL and NLL obtained by
varying µm� = [m�, 4m�] and µZ = [mZ/2, 2mZ ]. The
one-loop fixed order results of [5] are within our LL un-
certainty band. Our NLL result yields precise theoretical
results for these electroweak corrections. To test our un-
certainties we added non-logarithmic O(↵2) corrections
to C1,2(µm�), of the size found in [5], and noted that the
shift is within our NLL uncertainty bands.

Indirect Detection Phenomenology Combining
Eqs. 8 and 14 with the standard Sommerfeld enhance-
ment (SE) factors s00 and s0±, we can now compute
the total cross section for annihilation to line photons
at NLL+SE and compare to existing limits from indirect
detection. We sum the rates of photon production from
�0�0 ! ��, �Z, as the energy resolution of current in-
struments is typically comparable to or larger than the
spacing between the lines (see e.g. [6] for a discussion).

In Fig. 2 we display our results for the line cross sec-
tions calculated at LL+SE and NLL+SE. Our theoretical
uncertainties are from µm� variation. (The µZ variations
are very similar. Since both cases are dominated by the
variation of the ratio of the high and low scales we do

not add them together.) In the left panel we compare to
earlier cross section calculations, including “Tree-level +
SE” where Sudakov corrections are neglected, the “One-
loop fixed-order” cross section where neither Sommer-
feld or Sudakov e↵ects are resummed (taken from [7]),
and the calculation in [5] where Sommerfeld e↵ects are
resummed but other corrections are at one-loop. At low
masses, our results converge to the known ones (except [5]
which focused on high masses and omits a term that be-
comes leading-order at low masses). At high masses, our
NLL+SE result provides a sharp prediction for the anni-
hilation cross section with ' 5% theoretical uncertainty.

In the right panel of Fig. 2 we compare the NLL cross
section to existing limits from H.E.S.S [23] and projected
ones from CTA. In the latter case we follow the prescrip-
tion of [6], based on [24], and in both cases we assume an
NFW profile with local DM density 0.4 GeV/cm3. We
assume here that the �0 constitutes all the DM due to a
non-thermal history (the limits can be straightforwardly
rescaled if it constitutes a subdominant fraction of the
total DM). For this profile, we see that H.E.S.S already
constrains models of this type for masses below ⇠ 4 TeV,
consistent with the results of [6] (which employed the
tree-level+SE approximation), and that five hours of ob-
servation with CTA could extend this bound to ⇠ 10
TeV. Any constraint on the line cross section should be
viewed as a joint constraint on the fundamental physics
of DM and the distribution of DM in the Milky Way [25].

The method we developed here allows systematically
improvable e↵ective field theory techniques to be applied
to DM, and enabled us to obtain NLL+SE predictions for
the DM annihilation cross section to photon lines. This
enables precision constraints to be placed on DM.

Note added: As our paper was being finalized two pa-
pers appeared [26, 27] which also investigate DM with
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Are there ways around 
for the Neutralino?

• Tune away the coupling 
to the Higgs

• Smaller cross-sections 
correspond to more 
tuning in the neutralino 
components

Cheung, Hall, Pinner, Ruderman

m� condition signs

M
1

M
1

+ µ sin 2� = 0 sign(M
1

/µ) = �1
M

2

M
2

+ µ sin 2� = 0 sign(M
2

/µ) = �1
�µ tan � = 1 sign(M

1,2/µ) = �1⇤

M
2

M
1

= M
2

sign(M
1,2/µ) = �1

Table 1: Table of SI blind spots, which occur when the DM coupling to the Higgs vanishes
at tree-level. The first and second columns indicate the DM mass and blind spot condition,
respectively. All blind spots require relative signs among parameters, as emphasized in the
third column. ⇤For the third row, the blind spot requires that µ and M

1

(M
2

) have opposite
signs when M

2

(M
1

) is heavy.

of any of neutralino to the Higgs boson can then be obtained by replacing v ! v+h, as dictated
by low-energy Higgs theorems [45, 46]:

Lh�� =
1

2
m�i(v + h)�i�i (13)

=
1

2
m�i(v)�i�i +

1

2

@m�i(v)

@v
h�i�i +O(h2), (14)

which implies that @m�i(v)/@v = ch�i�i [47, 48].
Consider the characteristic equation satisfied by one of the eigenvalues m�i(v),

det(M� � 1m�i(v)) = 0. (15)

Di↵erentiating the left-hand side with respect to v and setting @m�i(v)/@v = ch�i�i = 0, one
then obtains a new equation which defines when the neutralino of mass m�i(v) has a vanishing
coupling to the Higgs boson1:

(m�i(v) + µ sin 2�)

✓
m�i(v)�

1

2
(M

1

+M
2

+ cos 2✓W (M
1

�M
2

))

◆
= 0. (16)

The above equation implies that for regions in which ch�i�i = 0, m�i(v) is entirely independent
of v. At such cancellation points, m�i(v) = m�i(0), so the neutralino mass is equal to the mass
of a pure gaugino or Higgsino state and m�i(v) = M

1

,M
2

,�µ. As long as Eq. (16) holds for the
LSP mass, m�1(v), then the DM will have a vanishing coupling to the Higgs boson, yielding a
SI scattering blind spot. It is a nontrivial condition that Eq. (16) holds for the LSP, rather than
a heavier neutralino, because for some choices of parameters the DM retains a coupling to the
Higgs but one of the heavier neutralinos does not. We have identified these physically irrelevant
points and eliminated them from consideration. The remaining points are the SI scattering

1
We have checked that Eq. 16 can also be derived using analytical expressions for bilinears of the neutralino

diagonalization matrix from Ref. [49].
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Where Does the LHC 
Come In?

• LHC provides strongest constraints 
when there are new colored states in 
addition to the dark matter
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Figure 8. Exclusion limits for mSUGRA/CMSSM models with tan β = 30, A0 = −2m0 and µ > 0

presented (left) in the (m0, m1/2)-plane and (right) in the (mg̃,mq̃)-plane. Exclusion limits are obtained

by using the signal region with the best expected sensitivity at each point. The blue dashed lines show the

expected limits at 95% CL, with the light (yellow) bands indicating the 1σ excursions due to experimental

and background-only theory uncertainties. Observed limits are indicated by medium dark (maroon) curves,

where the solid contour represents the nominal limit, and the dotted lines are obtained by varying the signal

cross-section by the renormalisation and factorisation scale and PDF uncertainties.
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1
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= 0 from ATLAS at 7 TeV [16] are represented by the shaded (light blue) area. Results at 7 TeV

are valid for squark or gluino masses below 2000 GeV, the mass range studied for that analysis.

– 24 –

24Tuesday, March 24, 15



Where Does the LHC 
Come In?

• Constraints are much weaker when it is 
dark matter being directly produced

(a) ℓ̃L-mediated (b) τ̃L-mediated

(c) WZ-mediated (d) Wh-mediated

Figure 1. The Feynman diagrams for the four simplified models of the direct production of χ̃
±
1 χ̃

0
2

studied in this paper. The different decay modes are discussed in the text. The dots in (d) depict
possible additional decay products of the lightest Higgs boson decaying via intermediate ττ , WW
or ZZ states.

the electroweakinos are governed by the ratio of the expectation values of the two Higgs

doublets tan β, the gaugino mass parameters M1 and M2, and the higgsino mass parameter

µ. For the hierarchy M1<M2 <µ (M1 <µ<M2), the χ̃0
1 is bino-like, the χ̃±

1 and χ̃0
2 are

wino-like (higgsino-like) and the dominant electroweakino production process leading to a

final state with three leptons is pp → χ̃±
1 χ̃

0
2 (pp → χ̃±

1 χ̃
0
2, pp → χ̃±

1 χ̃
0
3). If M2 <M1 <µ

(µ<M1 <M2), the χ̃
0
1 (χ̃

0
1, χ̃

0
2) and the χ̃

±
1 are wino-like (higgsino-like) with similar masses

and the dominant process leading to a final state with three high transverse momentum

leptons is the pair-production of the higgsino-like (wino-like) χ̃
±
2 and the bino-like χ̃

0
2 (χ̃

0
3).

Finally, the pMSSM scenarios under study are parametrised in the µ–M2 plane and

are classified based on the masses of the right-handed sleptons into three groups,

pMSSM ℓ̃R: the right-handed sleptons are degenerate in mass, with mass mℓ̃R
=(mχ̃0

1
+

mχ̃0
2
)/2. Setting the parameter tan β = 6 yields comparable χ̃0

2 branching ratios

into each slepton generation. The χ̃±
1 decays predominantly via a W boson when

kinematically allowed and to τ̃ otherwise because the sleptons are right-handed. To

probe the sensitivity for different χ̃
0
1 compositions, three values of M1 are considered:

100 GeV, 140 GeV and 250 GeV,

– 3 –
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When Should We Start 
Looking Elsewhere?

• Cannot kill neutralino DM, but 
paradigm does become increasingly 
tuned

• Somewhat below Higgs pole -- 
Neutrino background?

• Well-motivated candidates that are 
much less costly to probe

• Light WIMPs
26Tuesday, March 24, 15
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

CF1 Snowmass report, 1310.8327
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The Lamppost Problem

• Great ideas!  But are we too restricted 
by them?

• How can we be ready for anything?

PAMELA

Fermi positron

Fermi line

CoGeNT

DAMA

CDMS
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Hidden Valleys

Standard Model

Dark WorldWeak Interactions

Sub-weak Interactions
(DM here.)

LH
C Torres del Paine
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Hidden Dark Worlds

Standard Model

?
Mp � 1 GeV

Our thinking has shifted

From a single, stable weakly 
interacting particle .....

(WIMP, axion)

...to a hidden world 
with multiple states, 

new interactions
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Hidden Dark Worlds

Standard Model
Mp � 1 GeV

Our thinking has shifted

From a single, stable weakly 
interacting particle .....

(WIMP, axion)

...to a hidden world 
with multiple states, 

new interactions

Models: Supersymmetric light DM sectors,
Secluded WIMPs, WIMPless DM, Asymmetric DM .....

Production: freeze-in, freeze-out and decay, 
asymmetric abundance, non-thermal mechanicsms .....
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Chemical Potential Dark 
Matter

Visible Dark

Matter    Anti-matter Matter   Anti-Matter
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Baryon and DM Number 
Related?

• Standard picture: freeze-out of 
annihilation; baryon and DM 
number unrelated

• Accidental, or dynamically 
related?

nDM � nb

�DM � 5�bExperimentally,
Mechanism

mDM � 5mp

Nussinov, 
Hall, Gelmini, 

Barr, Chivukula, Farhi, 
D.B. Kaplan
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What Does an ADM 
Model Do?

1. Share an asymmetry between the visible 
and dark sectors

2. Decouple transfer mechanism to 
separately freeze-in the asymmetries in 
both sectors

3. Annihilate the symmetric abundance

4

I. MOTIVATION: WHAT IS ASYMMETRIC DARK MATTER?

The dark matter (DM) and baryon abundances are very close to each other observa-

tionally: ⇢DM/⇢B ⇡ 5 [1]. In the standard Weakly Interacting Massive Particle (WIMP)

paradigm, however, these quantities are not a priori related to each other. The DM density

in the WIMP freeze-out paradigm is fixed when the annihilation rate drops below the Hubble

expansion [2, 3]:

n(Tfo)h�annvi < H(Tfo), (1)

where Tfo is the temperature when DM annihilation freezes-out, n(Tfo) is the DM number

density, and h�annvi is a thermally averaged annihilation cross-section. Thus the macroscopic

quantity of the DM number density in the universe today is related to the microscopic

quantity of the annihilation cross-section. On the other hand in baryogenesis [4–6], the

baryon density is set by CP-violating parameters and out-of-equilibrium dynamics (such as

order of the electroweak phase transition) associated with baryon number violating processes.

Since the quantities setting the baryon density and the DM density are unrelated to each

other in these scenarios, it seems surprising that the observed energy densities are so close to

each other. While it is possible that this is an accident, or that this ratio is set anthropically,

dynamics may also play a role. The theory of DM may, in fact, tie the DM density to the

baryon density.

The connection between the DM and baryon densities arises naturally when the DM has

an asymmetry in the number density of matter over anti-matter similar to baryons.1 The

DM density is then set by its asymmetry, which can be directly connected to the baryon

asymmetry, rather than by its annihilation cross-section. Thus we have

nX � n
¯X ⇠ nb � n

¯b, (2)

where nX , n
¯X are the DM and anti-DM number densities, and nb, n

¯b are the baryon and

anti-baryon asymmetries. The asymmetry is approximately one part in 1010 in comparison

1 In some theories connecting the DM and baryon densities, the DM does not have a matter-anti-matter

asymmetry. Even though the DM is not asymmetric in these cases, we discuss these models in this review

where appropriate.

5

to the thermal abundance, since

⌘ ⌘ nB

n�

=
nb � n

¯b

n�

⇡ 6 ⇥ 10�10, (3)

with the last relation being obtained most precisely from Cosmic Microwave Background

(CMB) data [7]. Since ⇢DM/⇢B ⇠ 5, the relation of Eq. 2 suggests mX ⇠ 5mp ' 5 GeV.

The natural asymmetric DM mass may di↵er from this value by a factor of a few due to the

details of the model.2 Furthermore, since this scale is not far from the weak scale, in some

models the DM mass may be related to weak scale dynamics, reducing the question of why

the baryon and DM densities are close to each other to the question of why the weak scale

is close to the QCD confinement scale. In other models, the DM mass scale is set by the

proton mass scale itself.

The idea that the DM and baryon asymmetries might be related to each other dates

almost from the time of the WIMP paradigm itself [8, 9]. The initial motivation for a

DM asymmetry was to solve the solar neutrino problem, by accumulating DM that a↵ects

heat transport in the Sun, as pointed out by [10]. The subsequent development of DM

models with an asymmetry focused on electroweak sphalerons to relate the baryon and

DM asymmetries [11–15], though such models usually involve electroweak charged DM, and

have become highly constrained by both LEP and the LHC. In other cases decay mechanisms

were utilized [16, 17]. The Asymmetric Dark Matter (ADM) paradigm [18] provided a robust

framework to relate the baryon and DM number densities via higher dimension operators;

it encompasses many realizations and easily evades all experimental constraints. With this

paradigm as a sound and flexible framework, significant activity and development of ADM

models and phenomenology ensued. This development is the subject of this review. More

generally, the ADM mechanism3 works as follows.

2 This natural relationship is broken in two instances. First, if DM-number violating process creating the

DM asymmetry decouples (at a temperature TD) after the DM becomes non-relativistic, in which case

there is a Boltzmann suppression in the asymmetry which scales as e�mX/TD , where mX is the DM mass.

Thus the DM can be much heavier than 5 GeV. Second, if the DM and baryon setting mechanism yields

very di↵erent asymmetries in the visible and dark sectors, the DM may be much heavier or lighter than

5 GeV. We will review models that realize both cases, with the former occurring most prominently in

sphaleron models, and the latter occurring most prominently in decay models.
3 While the name “Asymmetric Dark Matter” was introduced in [18] to describe the higher dimension

operator models proposed there, we use the name “ADM” in this review to describe all models where the

dark matter density is set via its chemical potential.
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1. Sharing

• Really 3 basic mechanisms

1. Sphalerons (often EW)

2. Higher dimension operators (HDO)

3. Decay (different dynamics than HDO 
but same Lagrangian)

KZ 1308.0338

35Tuesday, March 24, 15



2. Decoupling
“Integrate out” heavy state

Higher dimension operators:

Standard Model
Dark Matter

(Hidden Valley)

Mp � 1 GeV

N

X

X

Inaccessibility
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2. Decoupling
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Affleck-Dine Cogenesis
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We propose a novel framework in which the observed baryon and dark matter abundances are
simultaneously generated via the Affleck-Dine mechanism. In its simplest realization, Affleck-Dine
cogenesis is accomplished by a single superpotential operator and its A-term counterpart. These
operators explicitly break B − L and X, the dark matter number, to the diagonal B − L +X. In
the early universe these operators stabilize supersymmetric flat directions carrying non-zero B − L
and X, and impart the requisite CP violation for asymmetry generation. Because B − L + X is
preserved, the resulting B − L and X asymmetries are equal and opposite, though this precise
relation may be relaxed if B − L and X are violated separately by additional operators. Our dark
matter candidate is stabilized by R-parity and acquires an asymmetric abundance due to its non-
zero X number. For a dark matter mass of order a few GeV, one naturally obtains the observed
ratio of energy densities today, ΩDM/ΩB ∼ 5. These theories typically predict macroscopic lifetimes
for the lightest observable supersymmetric particle as it decays to the dark matter.

I. INTRODUCTION

The existence of the baryon asymmetry and dark mat-
ter (DM) are key pieces of evidence for physics beyond
the standard model (SM). In particular, the SM pro-
vides neither enough CP violation to generate the ob-
served baryon asymmetry nor a viable DM candidate.
On the other hand, supersymmetry can accommodate
both, albeit through unrelated mechanisms. The baryon
asymmetry is set by new CP violating phases and out of
equilibrium dynamics, while the DM density arises from
thermal freeze out.
In this paper we unify the production of baryon and

DM number through a simple extension of the Affleck-
Dine mechanism [1, 2] which exploits the fact that super-
symmetric flat directions can also carry DM number. In
particular, we consider a setup with the usual U(1)B−L

symmetry carried by MSSM fields and a U(1)X symme-
try carried by additional states which we refer to col-
lectively as the DM sector. Typically, there exists an
operator

OB−LOX , (1)

where OB−L and OX are gauge invariant products of
chiral superfields which carry B − L and X number, re-
spectively. In general, we are interested in operators of
the form

OB−L = LHu, LLE
c, QLDc, U cDcDc, (2)

which have charge −1 under U(1)B−L, while we choose
X charges such that OX has charge +1 under U(1)X . In
this convention, OB−LOX explicitly breaks B−L and X
number down to an exact, diagonal B − L+X number.
As in canonical AD, inflation induces supersymmetry

breaking effects proportional to the Hubble parameter
which can efficiently drive ⟨B − L⟩ and ⟨X⟩ to non-zero
values in the early universe. As the universe cools, these
operators become ineffective and the vacuum settles to

the present day B−L and X preserving minimum. Dur-
ing this transition, the A-term counterpart of the opera-
tor in Eq. (1) enters into the scalar potential and induces
a “torque” on the phases of the complex scalar fields.
This A-term provides the required CP violation needed
to generate B−L and X asymmetries. Because the the-
ory preserves B − L + X , the resulting asymmetry has
vanishing B − L+X number, so

− nB−L = nX ̸= 0. (3)

Since the baryon and DM asymmetries are produced si-
multaneously, we refer to this mechanism as AD “coge-
nesis.” The relation in Eq. (3) can be modified in the
presence of additional operators which separately violate
B − L and X .
As we will see, the DM sector is thermalized after infla-

tion, albeit at a low temperature, and chemical equilib-
rium distributes the initial nX asymmetry among all X
charged states which are sufficiently long-lived to freeze
out. An example of such a state is the lightest X number
charged particle (LXP), which is often meta-stable, but
will in general decay late to B − L charged SM states
via OB−LOX . In this paper, we will assume that the
lightest supersymmetric particle (LSP) carries X num-
ber and it thus attains an asymmetric relic abundance
from the initial X asymmetry. Moreover, because the
lightest observable supersymmetric particle (LOSP) and
the LXP are typically long-lived, this class of theories
accommodates an interesting collider phenomenology.
Operators of the form OB−LOX were considered more

generally in Asymmetric DM [3], which relates a present
day asymmetry in baryons and DM via similar symmetry
considerations. However, while in [3] the baryon asym-
metry was assumed initially and then shared with the
DM, in the present work the baryon and DM asym-
metries are generated dynamically and simultaneously.
Other types of mechanisms for generating or transferring
an asymmetry between sectors have been discussed in the
literature, from electroweak sphalerons [4], to out of equi-
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We propose a novel framework in which the observed baryon and dark matter abundances are
simultaneously generated via the Affleck-Dine mechanism. In its simplest realization, Affleck-Dine
cogenesis is accomplished by a single superpotential operator and its A-term counterpart. These
operators explicitly break B − L and X, the dark matter number, to the diagonal B − L +X. In
the early universe these operators stabilize supersymmetric flat directions carrying non-zero B − L
and X, and impart the requisite CP violation for asymmetry generation. Because B − L + X is
preserved, the resulting B − L and X asymmetries are equal and opposite, though this precise
relation may be relaxed if B − L and X are violated separately by additional operators. Our dark
matter candidate is stabilized by R-parity and acquires an asymmetric abundance due to its non-
zero X number. For a dark matter mass of order a few GeV, one naturally obtains the observed
ratio of energy densities today, ΩDM/ΩB ∼ 5. These theories typically predict macroscopic lifetimes
for the lightest observable supersymmetric particle as it decays to the dark matter.

I. INTRODUCTION

The existence of the baryon asymmetry and dark mat-
ter (DM) are key pieces of evidence for physics beyond
the standard model (SM). In particular, the SM pro-
vides neither enough CP violation to generate the ob-
served baryon asymmetry nor a viable DM candidate.
On the other hand, supersymmetry can accommodate
both, albeit through unrelated mechanisms. The baryon
asymmetry is set by new CP violating phases and out of
equilibrium dynamics, while the DM density arises from
thermal freeze out.
In this paper we unify the production of baryon and

DM number through a simple extension of the Affleck-
Dine mechanism [1, 2] which exploits the fact that super-
symmetric flat directions can also carry DM number. In
particular, we consider a setup with the usual U(1)B−L

symmetry carried by MSSM fields and a U(1)X symme-
try carried by additional states which we refer to col-
lectively as the DM sector. Typically, there exists an
operator

OB−LOX , (1)

where OB−L and OX are gauge invariant products of
chiral superfields which carry B − L and X number, re-
spectively. In general, we are interested in operators of
the form

OB−L = LHu, LLE
c, QLDc, U cDcDc, (2)

which have charge −1 under U(1)B−L, while we choose
X charges such that OX has charge +1 under U(1)X . In
this convention, OB−LOX explicitly breaks B−L and X
number down to an exact, diagonal B − L+X number.
As in canonical AD, inflation induces supersymmetry

breaking effects proportional to the Hubble parameter
which can efficiently drive ⟨B − L⟩ and ⟨X⟩ to non-zero
values in the early universe. As the universe cools, these
operators become ineffective and the vacuum settles to

the present day B−L and X preserving minimum. Dur-
ing this transition, the A-term counterpart of the opera-
tor in Eq. (1) enters into the scalar potential and induces
a “torque” on the phases of the complex scalar fields.
This A-term provides the required CP violation needed
to generate B−L and X asymmetries. Because the the-
ory preserves B − L + X , the resulting asymmetry has
vanishing B − L+X number, so

− nB−L = nX ̸= 0. (3)

Since the baryon and DM asymmetries are produced si-
multaneously, we refer to this mechanism as AD “coge-
nesis.” The relation in Eq. (3) can be modified in the
presence of additional operators which separately violate
B − L and X .
As we will see, the DM sector is thermalized after infla-

tion, albeit at a low temperature, and chemical equilib-
rium distributes the initial nX asymmetry among all X
charged states which are sufficiently long-lived to freeze
out. An example of such a state is the lightest X number
charged particle (LXP), which is often meta-stable, but
will in general decay late to B − L charged SM states
via OB−LOX . In this paper, we will assume that the
lightest supersymmetric particle (LSP) carries X num-
ber and it thus attains an asymmetric relic abundance
from the initial X asymmetry. Moreover, because the
lightest observable supersymmetric particle (LOSP) and
the LXP are typically long-lived, this class of theories
accommodates an interesting collider phenomenology.
Operators of the form OB−LOX were considered more

generally in Asymmetric DM [3], which relates a present
day asymmetry in baryons and DM via similar symmetry
considerations. However, while in [3] the baryon asym-
metry was assumed initially and then shared with the
DM, in the present work the baryon and DM asym-
metries are generated dynamically and simultaneously.
Other types of mechanisms for generating or transferring
an asymmetry between sectors have been discussed in the
literature, from electroweak sphalerons [4], to out of equi-
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3. Annihilation

Visible Dark

Anti-matter  Matter   Matter   Anti-Matter

?
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Astrophysical 
Implications

• DM does not annihilate

• It can accumulate in the center of 
stars

• Notable case: neutron stars

• Elastically scatter, come to rest in 
core

• High density!
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ADM, Black Hole and 
Neutron Stars

• Spin-0 ADM can lead to BH formation:

• DM continues to accumulate until 
there are enough that they self-
gravitate

• OR, they first form Bose-Einstein 
condensate and then self-gravitate

• Once they self-gravitate, they can 
collapse to form a BH!

McDermott, Yu, KZ  1103.5472
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ADM, Black Hole and 
Neutron Stars

Figure 2. Regions (colored) excluded by the nearby pulsars J0437-4715 (left) and J2124-3358

(right). The shaded, diagonal and square cross-hatched, and black regions are as in Fig. 1.

With the formation of a BEC, it is also sensitive to the mass range mX ⇤ 5 MeV� 13 GeV.
The captured scalar ADM cannot form a BEC in the pulsar J2124-3358. This is because it
has a relatively high central temperature, and the formation of a BEC requires a DM-nucleon
cross section larger than the saturation cross section ⇥max ⌅ 2.1⇥ 10�45 cm2.

Since the bound is sensitive to the DM density, we also consider neutron stars in regions
with high �X . Globular clusters o�er this type of environment, and observations of Pulsar
B1620-26 place it in the globular cluster M4 [47] with an age of 2.82⇥ 108 years [44]. Since
it is far away from us, its surface temperature is unknown, and we are not able to calculate
its central temperature. In our analysis, we take T = 106 K as a reasonable approximation
due to its advanced age. We take �X = 103 GeV/cm3 for the DM density and v̄ = 20 km/s,
motivated by simulations [24, 37]. Note that the exact value of DM density in globular
clusters is uncertain; see discussions in Refs. [24, 25, 37], and references therein. In Fig. (3),
we show the constraints on the DM-nucleon scattering cross section of scalar ADM from the
pulsar B1620-26 in the globular cluster M4. Note that when the DM mass is larger than
⇤ 4.7⇥ 103 GeV, NBEC � Nself and all captured DM particles collapse before a BEC forms.

VII. CONCLUSIONS

We have studied the consequences of scalar ADM accumulation in neutron stars. Neutron
stars have high density and are ideal objects for capturing DM at high rates. Since ADM
does not self-annihilate, a high mass of DM can accrete in the neutron star, and, lacking
Fermi degeneracy pressure, rapidly self-gravitate and exceed the Chandrasekhar limit. Fur-
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Dark Forces and DM 
Interactions

• Dark Forces Very Important for 
Asymmetric Dark Matter!

• May also be important for structure of 
DM halos

• May be important for DM direct 
detection and collider searches
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FIG. 2: Magnetic dipolar DM �
1

annihilates to ��, �Z,ZZ (Left), while ff̄ occurs by coannihilation only with �
2

(Right).

• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
Boltzmann equation
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The DM relic density today is given by
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can be done iteratively. Alternately, one can directly solve Eq. (2) numerically; for the cases we consider below, we find that the
agreement with Eq. (5) is better than ⇠ 1� 3% depending on the mass splitting.

Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2
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• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.
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explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
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DM Interactions and DM 
Halos 

• Dark matter self-interactions 
randomize momenta and 
isotropize halos

• Lead to lower density dark 
matter halo cores

• Dark matter halos (including 
baryon poor dwarf galaxies) 
seem to have cores rather 
than cusps (still controversy 
as to cause)

12 Cosmological Simulations of SIDM

based on number of collisions, but their scaled result is con-
tradicted by our direct simulations. We estimate that this
may be because they use a CDM value for the scale radius
and cNFW of dwarfs, and compare them to SIDM values
for their cluster. We find that σDM = 10−24 cm2GeV−1

produces NFW scale radii that are double that of CDM
(cf. Figure 6 and discussion); such a factor would go a long
way towards alleviating the discrepancy. Taking this into
account, we find the simulations of Yoshida et al. (2000b)
to be broadly consistent with ours.

Figure 13: Halo profile of the largest halo in our 643 simula-
tions, for a range of σDM values. Halos are progressively less
concentrated and have larger cores with increasing σDM.

In order to explore the high-σDM limit, we ran 643 sim-
ulations of SIDM with σDM = 10−25 − 10−22 cm2GeV−1.
The most illustrative result is to compare the density pro-
file of the largest halo in all our 643 simulations, as shown
in Figure 13. As seen in Figure 1, there is a smooth
trend of increasing core radius with σDM. SIDM with
σDM = 10−25 cm2GeV−1 is quite similar to CDM, though
it may also have a core below our 2h−1kpc resolution limit.
Increasing σDM to 10−22 cm2GeV−1, we continue to see no
evidence for the development of an isothermal core due to
accelerated heat transfer. The reason is because the colli-
sions are so frequent in the outer portion of the halo that
a dense core cannot develop. Instead, collisions randomize
the dark matter velocities and prevent a smooth radial in-
flow required to generate a dense core. As dynamically hot
material accretes onto the halo, heat keeps flowing inward
and a large core is maintained. Our results are in better
agreement with Bryan as opposed to Moore et al. (2000)
and Yoshida et al. (2000a). This also illustrates why sim-
ulating SIDM beginning with an isolated cuspy Hernquist
profile may not be appropriate for large σDM; one should
at least begin with a halo profile that is self-consistently
stable for a few dynamic times.

7. SUMMARY

We present a set of cosmological self-interacting dark
matter simulations having cross-sections in the range fa-
vored by Spergel & Steinhardt (2000). Our simulations
include the growth of halos from linear fluctuations in a
random volume of the universe, with sufficient volume and
resolution to obtain a statistical sample of galactic halos
resolved to 1h−1kpc. We compare the resulting halos on
a case-by-case basis to those in a collisionless CDM simu-
lation having the same initial conditions.

Overall, SIDM is remarkably successful at reproducing

observations of the inner portions of dark matter halos
where CDM appears to fail. In particular, we find:

1. The inner slopes of SIDM with σDM =
10−23 cm2GeV−1 typical halos have α ≈ −0.4 at
r ∼ 1h−1kpc, with some scatter in α. Our CDM
halos have α ≈ −1.5, in agreement with previ-
ous studies (e.g. Moore et al. 1999). SIDM with
σDM = 10−24 cm2GeV−1 is intermediate between
these cases, with median α ≈ −0.9. SIDM is in
better agreement with a preliminary analysis of Hα
rotation curves of low surface brightness galaxies
(Dalcanton & Bernstein 2000).

2. SIDM with σDM = 10−23 cm2GeV−1 produces cen-
tral densities ρc ∼ 0.01 M⊙pc−3 at 1h−1kpc, and
shows no trend with halo mass. SIDM with σDM =
10−24 cm2GeV−1 has somewhat higher ρc values,
but remains fairly independent of mass. Conversely,
ρc in CDM halos is much larger than observed, typi-
cally ∼> 0.1 M⊙pc−3 at 1h−1kpc, and shows a strong
trend with halo mass. With their steep profiles,
CDM halos are in significantly worse agreement at
smaller radii. SIDM is thus is in better agreement
with observations, as has also been argued by Fir-
mani et al. (2000a).

3. Simulations with SIDM having σDM =
10−24 cm2GeV−1 are intermediate between CDM
and SIDM with σDM = 10−23 cm2GeV−1, indi-
cating a smooth increase in the effect of SIDM
with cross section, a result that extends (using
lower-resolution simulations) from σDM = 10−25 →
10−22 cm2GeV−1. In particular, the generation
of singular isothermal halos is not seen in any
of the massive halos simulated, even for σDM =
10−22 cm2GeV−1. This suggests that the dynami-
cal process of halo growth in a cosmological setting
helps keep outer regions of halos hot and prevents
core collapse in a Hubble time.

4. We introduce a new mass concentration parameter
cM based on a more directly observable quantity,
the enclosed mass within tens of kpc. This halo con-
centration is significantly lower in SIDM models as
compared to CDM, providing an observationally ac-
cessible discriminant that is not dependent on fitting
a particular profile form. A rough estimate of cM for
the Milky Way, with large corrections for baryonic
effects, favors SIDM over CDM.

5. The central phase space density is lower in SIDM vs.
CDM mostly due to the reduction in ρc. The veloc-
ity dispersions in the inner regions are quite similar.
Both SIDM and CDM are consistent with observa-
tions shown in Dalcanton & Hogan (2000), though
SIDM is mildly favored.

6. SIDM produces halos that are more spherical, espe-
cially in their inner regions, as compared to CDM.
In principle, this is one of the strongest tests of the
SIDM paradigm, as near the center any value of σDM

that has a non-negligible effect on the dark matter
distribution will increase the core sphericity, while
CDM cores are almost always significantly triaxial.

Dave, Spergel, Steinhardt, Wandelt
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A dark force can impact the cosmological history of dark matter (DM), both explaining observed cores in
dwarf galaxies and setting the DM relic density through annihilation to dark force bosons. For GeV – TeV DM
mass, DM self-scattering in dwarf galaxy haloes exhibits quantum mechanical resonances, analogous to a Som-
merfeld enhancement for annihilation. We show that a simple model of DM with a dark force can accommodate
all astrophysical bounds on self-interactions in haloes and explain the observed relic density, all through a single
coupling constant.

I. Introduction: The paradigm of cold, collisionless dark
matter (DM) has been extraordinarily successful in explaining
astrophysical observations of structure, from the recombina-
tion epoch to the present large scale structure of the Universe.
Nevertheless, it is expected that DM possesses some type of
interactions beyond gravity. Nongravitational interactions are
required to produce DM particles in the early Universe, and
ultimately determine the DM relic density observed today.

Additionally, it is unclear whether cold, collisionless DM
can successfully account for the small scale structure of
the Universe. Precision observations of dwarf galaxies by
THINGS show DM mass distributions with flat cores, com-
pared to steep cusps predicted by collisionless DM simula-
tions [1]. The gravitational effect of massive baryonic out-
flows from supernovae can potentially flatten central DM
cusps [2–4], but it is unknown whether this effect can ex-
plain the observed cores in other less luminous (more DM-
dominated) dwarf galaxies [5–8]. Another discrepancy is the
apparent underabundance of Milky Way (MW) satellite dwarf
galaxies, compared to predictions from collisionless DM sim-
ulations [9, 10]. The missing low mass satellites may simply
be fainter than expected if energy injection from astrophysi-
cal processes strips away interstellar gas and suppresses star
formation [11]. However, this mechanism cannot explain the
apparent absence of the most massive subhaloes predicted by
simulations [15] which are “too big to fail” in star formation
and are too dense to host any observed MW satellite, accord-
ing to their predicted stellar circular velocities [12, 13].

These small scale structure anomalies can be explained if
DM, denoted X , is self-interacting [16]. An elastic scat-
tering transfer cross section �T /mX ⇠ 1 � 10 cm2/g on
dwarf galaxy scales can generate central DM cores in dwarf
galaxies and subhaloes [17, 23].1 The most massive sub-
haloes from simulation can be reconciled with the observed
MW satellites since stellar circular velocities are reduced in
their central cores [12, 13]. At the same time, constraints
on MW and cluster scales from halo shapes [ref], gravita-
tional lensing arcs [ref], and the Bullet cluster [ref] constrain
�T /mX . 0.1 � 1 cm2/g on these scales, although ...[men-

tion Manoj et al]. (Moreover, Refs. [26, 27] have found evi-

1 We note 1 cm2/g ⇡ 2⇥ 10�24 cm2/GeV.

dence for central density cores in galaxy clusters through lens-
ing and stellar velocity studies.)

Given these results, it is important to explore the particle
physics nature of DM self-interactions. For typical weakly-
interacting DM models, self-scattering has a weak-scale cross
section, �T ⇠ 10

�36

cm

2, far too small to play a role in galac-
tic dynamics. Since a much larger cross section is required,
�T ⇠ 10

�24

cm

2 ⇥ (mX/GeV), several works [18–22] have
suggested the existence of a light dark force, denoted �. A per-
turbative calculation for DM self-scattering from � exchange
gives �T ⇡ 4⇡↵2

Xm2

X/m4

� at small velocity (v ⌧ m�/mX ),
where ↵X is the “dark fine structure constant.” This provides
a large enough cross section

�T ⇡ 5⇥ 10

�23

cm

2

⇣ ↵X

0.01

⌘
2

⇣ mX

10GeV

⌘
2

✓
10MeV

m�

◆
4

(1)
if � is light. At large velocities (v � m�/mX ), correspond-
ing to the Coulomb limit, the cross section falls as �T / v�4,
providing a mechanism to suppress self-interactions within
MW and cluster haloes compared to dwarf haloes [20]. Be-
yond Eq. (1), nonperturbative effects can become important;
however, previous work has largely focused specific param-
eter regimes where �T can be described through a classical

approximation and for an attractive force only [20, 21, 23].
Ref. [24] first studied quantum effects in DM self-scattering,
although within a limited context motivated by cosmic ray
anomalies.

In this Letter, we present a comprehensive picture of this
simple model of DM and dark forces, moving beyond pre-
vious studies in several respects: (i) A light dark force pro-
vides an efficient annihilation channel X ¯X ! �� in the early
Universe for setting the DM relic density today, and we show
that a single coupling ↵X can account for both the abundance
and small scale structure of DM. (ii) Within a large DM mass
range (mX ⇠ GeV � TeV), relic density and small scale
structure considerations point toward a nonperturbative “reso-
nant regime” where �T can exhibit quantum mechanical res-
onances, analogous to Sommerfeld enhancements for annihi-
lation. We compute �T numerically in this region. (iii) We
consider the case where � is a vector boson, allowing for at-
tractive and repulsive interactions. (iv) We confirm numeri-
cally the validity of classical approximations for �T used in
the literature for both attractive and repulsive forces [refs].
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A dark force can impact the cosmological history of dark matter (DM), both explaining observed cores in
dwarf galaxies and setting the DM relic density through annihilation to dark force bosons. For GeV – TeV DM
mass, DM self-scattering in dwarf galaxy haloes exhibits quantum mechanical resonances, analogous to a Som-
merfeld enhancement for annihilation. We show that a simple model of DM with a dark force can accommodate
all astrophysical bounds on self-interactions in haloes and explain the observed relic density, all through a single
coupling constant.

I. Introduction: The paradigm of cold, collisionless dark
matter (DM) has been extraordinarily successful in explaining
astrophysical observations of structure, from the recombina-
tion epoch to the present large scale structure of the Universe.
Nevertheless, it is expected that DM possesses some type of
interactions beyond gravity. Nongravitational interactions are
required to produce DM particles in the early Universe, and
ultimately determine the DM relic density observed today.

Additionally, it is unclear whether cold, collisionless DM
can successfully account for the small scale structure of
the Universe. Precision observations of dwarf galaxies by
THINGS show DM mass distributions with flat cores, com-
pared to steep cusps predicted by collisionless DM simula-
tions [1]. The gravitational effect of massive baryonic out-
flows from supernovae can potentially flatten central DM
cusps [2–4], but it is unknown whether this effect can ex-
plain the observed cores in other less luminous (more DM-
dominated) dwarf galaxies [5–8]. Another discrepancy is the
apparent underabundance of Milky Way (MW) satellite dwarf
galaxies, compared to predictions from collisionless DM sim-
ulations [9, 10]. The missing low mass satellites may simply
be fainter than expected if energy injection from astrophysi-
cal processes strips away interstellar gas and suppresses star
formation [11]. However, this mechanism cannot explain the
apparent absence of the most massive subhaloes predicted by
simulations [15] which are “too big to fail” in star formation
and are too dense to host any observed MW satellite, accord-
ing to their predicted stellar circular velocities [12, 13].

These small scale structure anomalies can be explained if
DM, denoted X , is self-interacting [16]. An elastic scat-
tering transfer cross section �T /mX ⇠ 1 � 10 cm2/g on
dwarf galaxy scales can generate central DM cores in dwarf
galaxies and subhaloes [17, 23].1 The most massive sub-
haloes from simulation can be reconciled with the observed
MW satellites since stellar circular velocities are reduced in
their central cores [12, 13]. At the same time, constraints
on MW and cluster scales from halo shapes [ref], gravita-
tional lensing arcs [ref], and the Bullet cluster [ref] constrain
�T /mX . 0.1 � 1 cm2/g on these scales, although ...[men-

tion Manoj et al]. (Moreover, Refs. [26, 27] have found evi-

1 We note 1 cm2/g ⇡ 2⇥ 10�24 cm2/GeV.

dence for central density cores in galaxy clusters through lens-
ing and stellar velocity studies.)

Given these results, it is important to explore the particle
physics nature of DM self-interactions. For typical weakly-
interacting DM models, self-scattering has a weak-scale cross
section, �T ⇠ 10

�36

cm

2, far too small to play a role in galac-
tic dynamics. Since a much larger cross section is required,
�T ⇠ 10

�24

cm

2 ⇥ (mX/GeV), several works [18–22] have
suggested the existence of a light dark force, denoted �. A per-
turbative calculation for DM self-scattering from � exchange
gives �T ⇡ 4⇡↵2

Xm2

X/m4

� at small velocity (v ⌧ m�/mX ),
where ↵X is the “dark fine structure constant.” This provides
a large enough cross section

�T ⇡ 5⇥ 10

�23
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(1)
if � is light. At large velocities (v � m�/mX ), correspond-
ing to the Coulomb limit, the cross section falls as �T / v�4,
providing a mechanism to suppress self-interactions within
MW and cluster haloes compared to dwarf haloes [20]. Be-
yond Eq. (1), nonperturbative effects can become important;
however, previous work has largely focused specific param-
eter regimes where �T can be described through a classical

approximation and for an attractive force only [20, 21, 23].
Ref. [24] first studied quantum effects in DM self-scattering,
although within a limited context motivated by cosmic ray
anomalies.

In this Letter, we present a comprehensive picture of this
simple model of DM and dark forces, moving beyond pre-
vious studies in several respects: (i) A light dark force pro-
vides an efficient annihilation channel X ¯X ! �� in the early
Universe for setting the DM relic density today, and we show
that a single coupling ↵X can account for both the abundance
and small scale structure of DM. (ii) Within a large DM mass
range (mX ⇠ GeV � TeV), relic density and small scale
structure considerations point toward a nonperturbative “reso-
nant regime” where �T can exhibit quantum mechanical res-
onances, analogous to Sommerfeld enhancements for annihi-
lation. We compute �T numerically in this region. (iii) We
consider the case where � is a vector boson, allowing for at-
tractive and repulsive interactions. (iv) We confirm numeri-
cally the validity of classical approximations for �T used in
the literature for both attractive and repulsive forces [refs].

�/mX ⇠ 0.1 cm2/g ' 0.2⇥ 10�24 cm2/ GeV (�weak ⇠ 10�39 cm2)
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FIG. 1: Parameter space for SIDM � with a vector mediator �, as a function of their masses m�,m�, for symmetric DM with ↵� fixed by
relic density (left) and asymmetric DM with ↵� = 10�2 (right). Shaded region indicates the region where DM self-interactions would lower
densities in the central parts of dwarf scales consistent with observations. Dot-dashed curves show halo shape constraints on group scales
(�/m� < 1 cm2/g) and the Bullet Cluster constraint (�/m� < 1 cm2/g). Dashed lines show direct detection sensitivity from XENON100
and XENON1T if � has kinetic mixing with the photon with ✏ = 10�10. Horizontal line shows exclusion from CMB if � ! e+e�. See text
for details.

the cross section � can be computed using standard methods from quantum mechanics as a function of the three parameters
(m�,m�,↵�) and the relative velocity v [15].

Different size DM halos have different characteristic velocities, giving complementary information about �(v). Similar to
Rutherford scattering, DM self-scattering through a light mediator is typically suppressed at large velocities compared to smaller
velocities. Therefore, it is natural for DM to be self-interacting in smaller dwarf halos, while appearing to be collisionless in
larger halos. For example, the Bullet Cluster is often quoted as an example of an observation that categorically rules out self-
interactions in the dark sector. This is not true since the relative velocity in the Bullet Cluster system (v ⇡ 3000 km/s) is much
larger than in dwarf halos (30 km/s). As we show below, this constraint, while important, eliminates only a small region of
SIDM parameter space.

Aside from self-interactions, the mediator � can also set the DM relic density in the early Universe through ��̄ ! ��
annihilation. For symmetric DM, the required annihilation cross section is h�viann ⇡ 5 ⇥ 10

�26
cm

3/s, which fixes ↵� ⇡
4⇥ 10

�5
(m�/GeV). For asymmetric DM, although the relic density is determined by a primordial asymmetry, h�viann has to

be larger than in the symmetric case, implying ↵� & 4⇥ 10

�5
(m�/GeV).

Fig. 1 shows the parameter space for this SIDM model as a function of m� and m�. The left panel corresponds to sym-
metric DM, where ↵� is fixed by relic density, while the right panel corresponds to asymmetric DM with ↵� = 10

�2.
The shaded regions show where SIDM can explain halo anomalies on dwarf scales, with a generous range of cross section
0.1 . �/m� . 10 cm

2/s and taking a characteristic velocity v0 = 30 km/s. The contours labeled “SIDM” show where
�/m� = 0.1, 1, 10 cm/s on dwarf scales. To implement the Bullet Cluster constraint, we require �/m� . 1 cm

2/g for a
relative velocity v ⇡ 3000 km/s [25], shown by the green dot-dashed contour. Other constraints arise from the ellipticity of DM
halos of groups of galaxies; we require �/m� . 1 cm

2/s for halos of characteristic velocity v0 ⇡ 300 km/s [13], shown by the
red dot-dashed contour (“Halo shapes”). From these bounds, the low (m�,m�) region is excluded in Fig. 1.

The dark and visible sectors need not be completely decoupled. For example, if there exist new states charged under both
the Standard Model (SM) and U(1)

0 gauge symmetries, mixing can arise between � and the photon or Z boson. This generates
effective couplings of � to protons and neutrons, giving rise to signals in direct detection experiments. In the limit of zero
momentum transfer, the spin-independent (SI) �-nucleon cross section can be written as

�SI
�n =

16⇡↵�↵em✏2e↵µ
2
�n

m4
�

⇡ 10

�24
cm

2 ⇥ ✏2e↵

✓
30 MeV

m�

◆4

⇥
⇢

(m�/200 GeV) symmetric DM

(↵�/10�2
) asymmetric DM

, (3)

where µ�n is the �-nucleon reduced mass, ↵em is the electromagnetic fine structure constant, and ✏e↵ is the effective �-nucleon
coupling, normalized to the proton electric charge e. Since SIDM prefers a very light mediator, with mass m� ⇠ 10� 100 MeV,
it is clear that direct detection experiments, with current XENON100 limits approaching �SI

�n ⇠ 10

�45 [26], are sensitive to very
small couplings ✏e↵ .

Reachable scattering cross-sections!
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If gf is less than the bound given in Eq. (26), the DM sector can have a different temperature from the
SM sector and the standard freezeout calculation can be modified in a number of ways. We have checked
that these effects lead to change in the minimum annihilation cross section by less than a factor O(10),
compared to the results we derived, in Sections II-III. Furthermore, the massive mediator is a late-decaying
particle and in the case where the mediator decays to the SM states, can modify standard nucleosynthesis
(BBN). There are stringent constraints on the hadronic decay of long-lived particles from the 4He fraction,
which requires that the lifetime of the mediator be less than 10−2 s [46–48]. This leads to a lower bound of
gq ! 1.6 × 10−11

√

1 GeV/mφ for a vector mediator, where we take N c
f = 3. For leptonic decay modes, we

take the lifetime of the mediator τφ " 1 s, and obtain a slightly weaker bound, ge ! 5×10−11
√

10 MeV/mφ,
for a vector mediator with N c

f = 1.
Finally, we comment on the calculation of the relic density and application of the CMB constraints in the

light mediator case. When mφ < mX , X̄X can annihilate to φφ, but φ decays to standard model particles
rapidly compared to the relevant time scales at recombination so that the CMB constraints are unchanged.
The only difference between a heavy mediator and light mediator with large width is whether there is a
contribution to the effective degrees of freedom, g∗, from the light mediator. A slightly higher g∗ in the
light mediator case gives rise to smaller r∞, which in turn weakens the lower bound on ⟨σv⟩ from CMB
constraints.
In addition, we have neglected the Sommerfeld enhancement effect. As we will discuss in the following

section, the mediator mass is bounded from below by DM halo shapes; this limits the size of any Sommerfeld
enhancement. In addition, since ⟨σv⟩ ≈ πα2

X/m2
X , for light DM the coupling αX can be much smaller

and still satisfy the relic density constraint. For the DM masses considered here, we have checked that the
Sommerfeld enhancement effect is negligible for s-wave and p-wave annihilation processes at both freezeout
and during recombination, if we take αX and mφ close to their minimum allowed values.

V. HALO SHAPE CONSTRAINTS ON THE MEDIATOR MASS

The presence of the light mediator allows for significant DM self-interactions, which can have non-trivial
effects on DM halo dynamics. A number of astrophysical observations constrain DM self-interactions, for
example observations of the Bullet Cluster [49], elliptical galaxy clusters [50] and elliptical DM halos [51, 52].
Among these, the upper bound on DM self-interaction from the ellipticity of DM halos is the strongest [51].
DM self-interactions can erase the velocity anisotropy and lead to spherical DM halos, so the observed
ellipticity of DM halos constrains the DM self-scattering rate. Because the strength of self-interaction
increases as the mediator mass decreases, we can use the elliptical halo shape constraint to place a lower
limit on the mediator mass. Note that in the case of mφ = 0, the ellipticity of the DM halos then places a
strong upper limit on the hidden sector coupling gX [53]; it is only possible to obtain the correct relic density
if mX ! 103 GeV [51, 54]8 .
The effect of DM self-interactions on DM halo shapes can be parametrized by the average rate for DM

particles to change velocities by O(1) [52]:

Γk =

∫

d3v1d
3v2f(v1)f(v2)(nXvrelσT )(v

2
rel/v

2
0), (27)

where nX is the DM density in the DM halo, vrel = |v⃗1 − v⃗2|, and f(v) is the DM velocity distribution in

the DM halo, for which we take f(v) = e−v2/v2

0/(v0
√
π)3. σT is the scattering cross section weighted by the

momentum transfer: σT =
∫

dΩ∗(dσ/dΩ∗)(1− cos θ∗).
The form of σT depends on the particle physics nature of DM self-interactions and the relevant momentum

scales. If the mediator is lighter than the typical momentum transfer in collisions, DM particles interact
through long-range forces and σT depends on velocity. In the opposite limit where the mediator is heavy

8 This limit can be relaxed if the hidden sector is much colder than the visible sector when DM freezes out. In this case, DM
can achieve the correct relic density with a smaller annihilation cross section [55].
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sions. Constraints from past experiments and from neu-
trino emission by SN 1987A are presented in Section III.
In Section IV, we describe the five new experimental sce-
narios and estimate the limiting backgrounds. We con-
clude in Section V with a summary of the prospects for
new experiments. More detailed formulas, which we use
to calculate our expected search reaches, and a more de-
tailed discussion of some of the backgrounds, are given
in Appendices A, B, and C .

II. THE PHYSICS OF NEW U(1) VECTORS IN
FIXED TARGET COLLISIONS

A. Theoretical Preliminaries

Consider the Lagrangian

L = L
SM

+ ✏

Y

F

Y,µ⌫

F

0
µ⌫

+
1
4
F

0,µ⌫

F

0
µ⌫

+ m

2

A

0A
0µ

A

0
µ

, (3)

where L
SM

is the Standard Model Lagrangian, F

0
µ⌫

=
@

[µ

A

0
⌫]

, and A

0 is the gauge field of a massive dark U(1)0

gauge group [1]. The second term in (3) is the kinetic
mixing operator, and ✏ ⇠ 10�8 � 10�2 is naturally gen-
erated by loops at any mass scale of heavy fields charged
under both U(1)0 and U(1)

Y

; the lower end of this range
is obtained if one or both U(1)’s are contained in grand-
unified (GUT) groups, since then ✏ is only generated by
two-or three-loop GUT-breaking e↵ects.

A simple way of analyzing the low-energy e↵ects of the
A

0 is to treat kinetic mixing as an insertion of p

2

g

µ⌫

�p

µ

p

⌫

in Feynman diagrams, making it clear that the A

0 couples
to the electromagnetic current of the Standard Model
through the photon. This picture also clarifies, for ex-
ample, that new interactions induced by kinetic mixing
must involve a massive A

0 propagator, and that e↵ects
of mixing with the Z-boson are further suppressed by
1/m

2

Z

. Equivalently, one can redefine the photon field
A

µ ! A

µ+✏A

0µ as in [37], which removes the kinetic mix-
ing term and generates a coupling eA

µ

J

µ

EM

� ✏eA

0
µ

J

µ

EM

of the new gauge boson to electrically charged particles
(here ✏ ⌘ ✏

Y

cos ✓

W

). Note that this does not induce
electromagnetic millicharges for particles charged under
the A

0. The parameters of concern in this paper are ✏

and m

A

0 .
We now explain the orange stripe in Figure 1 — see

[3, 4, 5] for more details. In a supersymmetric theory,
the kinetic mixing operator induces a mixing between
the D-terms associated with U(1)0 and U(1)

Y

. The hy-
percharge D-term gets a vacuum expectation value from
electroweak symmetry breaking and induces a weak-scale
e↵ective Fayet-Iliopoulos term for U(1)0. Consequently,
the Standard Model vacuum can break the U(1)0 in the
presence of light U(1)0-charged degrees of freedom, giving
the A

0 a mass,

m

A

0 ⇠ p✏g
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p
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where g

D

, g

Y

, and g

2

are the the U(1)0, U(1)
Y

, and
Standard Model SU(2)

L

gauge couplings, respectively,
and m

W

is the W-boson mass. Equation (4) relates
✏ and m

A

0 as indicated by the orange stripe in Figure
1 for g

D

⇠ 0.1 � 1. This region is not only theoret-
ically appealing, but also roughly corresponds to the
region in which the annual modulation signal observed
by DAMA/LIBRA can be explained by dark matter,
charged under the U(1)0, scattering inelastically o↵ nuclei
through A

0 exchange. We therefore include these lines for
reference in our plots.

B. A

0 Production in Fixed-Target Collisions

A

0 particles are generated in electron collisions on a
fixed target by a process analogous to ordinary pho-
ton bremsstrahlung, see Figure 2. This can be reli-
ably estimated in the Weizsäcker-Williams approxima-
tion (see Appendix A for more details) [38, 39, 40].
When the incoming electron has energy E
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, the di↵er-
ential cross-section to produce an A
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where Z is the atomic number of the target atoms,
↵ ' 1/137, ✓
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0 is the angle in the lab frame between the
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0 and the incoming electron, the Log (⇠ 5� 10
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FIG. 1: Left: Existing constraints on an A

0. Shown are constraints from electron and muon anomalous magnetic moment
measurements, ae and aµ, the BaBar search for ⌥(3S) ! �µ

+
µ

�, three beam dump experiments, E137, E141, and E774,
and supernova cooling (SN). These constraints are discussed further in Section III. Right: Existing constraints are shown in
gray, while the various lines — light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green
(lower) solid — show estimates of the regions that can be explored with the experimental scenarios discussed in Section IVA–
IVE, respectively. The discussion in IV focuses on the five points labeled “A” through “E”. The orange stripe denotes the
“D-term” region introduced in section IIA, in which simple models of dark matter interacting with the A

0 can explain the
annual modulation signal reported by DAMA/LIBRA. Along the thin black line, the A

0 proper lifetime c⌧ = 80µm, which is
approximately the ⌧ proper lifetime.

energy e

+

e

� colliders are a powerful laboratory for the
study of an A

0 with ✏ & 10�4 and mass above ⇠ 200
MeV, particularly in sectors with multiple light states
[32, 33, 34, 35, 36]. Their reach in ✏ is limited by lu-
minosity and irreducible backgrounds. However, an A

0

can also be produced through bremsstrahlung o↵ an elec-
tron beam incident on a fixed target [34]. This approach
has several virtues over colliding-beam searches: much
larger luminosities, of O(1 ab�1

/day) can be achieved,
scattering cross-sections are enhanced by nuclear charge
coherence, and the resulting boosted final states can be
observed with compact special-purpose detectors.

Past electron “beam-dump” experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain & 10
cm vertex displacements and ✏ & 10�7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ✏ and m

A

0). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled “A” through “E”
in Figure 1 (right) require di↵erent approaches to these
challenges, discussed in Section IV. We have estimated
the reach of each scenario, summarized in Figure 1
(right), in the context of electron beams with 1–6 GeV
energies, nA–µA average beam currents, and run times
⇠ 106 s. Such beams can be found for example at the

Thomas Je↵erson National Accelerator Facility (JLab),
the SLAC National Accelerator Laboratory, the electron
accelerator ELSA, and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump
experiments. Low-mass, high-✏ regions (e.g. B and C)
produce boosted A

0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy — a limiting
factor. At still higher ✏, no displaced vertices are re-
solvable and one must take full advantage of the kine-
matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A

0 decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with di↵erent ex-
clusions) if the A

0 decays to lighter U(1)0-charged scalars,
and to direct production of axion-like states.

Outline

In Section II, we summarize the properties of A

0 pro-
duction through bremsstrahlung in fixed-target colli-
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sions. Constraints from past experiments and from neu-
trino emission by SN 1987A are presented in Section III.
In Section IV, we describe the five new experimental sce-
narios and estimate the limiting backgrounds. We con-
clude in Section V with a summary of the prospects for
new experiments. More detailed formulas, which we use
to calculate our expected search reaches, and a more de-
tailed discussion of some of the backgrounds, are given
in Appendices A, B, and C .

II. THE PHYSICS OF NEW U(1) VECTORS IN
FIXED TARGET COLLISIONS

A. Theoretical Preliminaries

Consider the Lagrangian

L = L
SM

+ ✏

Y

F

Y,µ⌫

F

0
µ⌫

+
1
4
F

0,µ⌫

F

0
µ⌫

+ m

2

A

0A
0µ

A

0
µ

, (3)

where L
SM

is the Standard Model Lagrangian, F

0
µ⌫

=
@

[µ

A

0
⌫]

, and A

0 is the gauge field of a massive dark U(1)0

gauge group [1]. The second term in (3) is the kinetic
mixing operator, and ✏ ⇠ 10�8 � 10�2 is naturally gen-
erated by loops at any mass scale of heavy fields charged
under both U(1)0 and U(1)

Y

; the lower end of this range
is obtained if one or both U(1)’s are contained in grand-
unified (GUT) groups, since then ✏ is only generated by
two-or three-loop GUT-breaking e↵ects.

A simple way of analyzing the low-energy e↵ects of the
A

0 is to treat kinetic mixing as an insertion of p

2

g

µ⌫

�p

µ

p

⌫

in Feynman diagrams, making it clear that the A

0 couples
to the electromagnetic current of the Standard Model
through the photon. This picture also clarifies, for ex-
ample, that new interactions induced by kinetic mixing
must involve a massive A

0 propagator, and that e↵ects
of mixing with the Z-boson are further suppressed by
1/m

2

Z

. Equivalently, one can redefine the photon field
A

µ ! A

µ+✏A

0µ as in [37], which removes the kinetic mix-
ing term and generates a coupling eA

µ

J

µ

EM

� ✏eA

0
µ

J

µ

EM

of the new gauge boson to electrically charged particles
(here ✏ ⌘ ✏

Y

cos ✓

W

). Note that this does not induce
electromagnetic millicharges for particles charged under
the A

0. The parameters of concern in this paper are ✏

and m

A

0 .
We now explain the orange stripe in Figure 1 — see

[3, 4, 5] for more details. In a supersymmetric theory,
the kinetic mixing operator induces a mixing between
the D-terms associated with U(1)0 and U(1)

Y

. The hy-
percharge D-term gets a vacuum expectation value from
electroweak symmetry breaking and induces a weak-scale
e↵ective Fayet-Iliopoulos term for U(1)0. Consequently,
the Standard Model vacuum can break the U(1)0 in the
presence of light U(1)0-charged degrees of freedom, giving
the A

0 a mass,

m

A

0 ⇠ p✏g
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where g

D

, g

Y

, and g

2

are the the U(1)0, U(1)
Y

, and
Standard Model SU(2)

L

gauge couplings, respectively,
and m

W

is the W-boson mass. Equation (4) relates
✏ and m

A

0 as indicated by the orange stripe in Figure
1 for g

D

⇠ 0.1 � 1. This region is not only theoret-
ically appealing, but also roughly corresponds to the
region in which the annual modulation signal observed
by DAMA/LIBRA can be explained by dark matter,
charged under the U(1)0, scattering inelastically o↵ nuclei
through A

0 exchange. We therefore include these lines for
reference in our plots.

B. A

0 Production in Fixed-Target Collisions

A

0 particles are generated in electron collisions on a
fixed target by a process analogous to ordinary pho-
ton bremsstrahlung, see Figure 2. This can be reli-
ably estimated in the Weizsäcker-Williams approxima-
tion (see Appendix A for more details) [38, 39, 40].
When the incoming electron has energy E

0

, the di↵er-
ential cross-section to produce an A
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where Z is the atomic number of the target atoms,
↵ ' 1/137, ✓
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0 and the incoming electron, the Log (⇠ 5� 10
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FIG. 1: Left: Existing constraints on an A

0. Shown are constraints from electron and muon anomalous magnetic moment
measurements, ae and aµ, the BaBar search for ⌥(3S) ! �µ

+
µ

�, three beam dump experiments, E137, E141, and E774,
and supernova cooling (SN). These constraints are discussed further in Section III. Right: Existing constraints are shown in
gray, while the various lines — light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green
(lower) solid — show estimates of the regions that can be explored with the experimental scenarios discussed in Section IVA–
IVE, respectively. The discussion in IV focuses on the five points labeled “A” through “E”. The orange stripe denotes the
“D-term” region introduced in section IIA, in which simple models of dark matter interacting with the A

0 can explain the
annual modulation signal reported by DAMA/LIBRA. Along the thin black line, the A

0 proper lifetime c⌧ = 80µm, which is
approximately the ⌧ proper lifetime.

energy e

+

e

� colliders are a powerful laboratory for the
study of an A

0 with ✏ & 10�4 and mass above ⇠ 200
MeV, particularly in sectors with multiple light states
[32, 33, 34, 35, 36]. Their reach in ✏ is limited by lu-
minosity and irreducible backgrounds. However, an A

0

can also be produced through bremsstrahlung o↵ an elec-
tron beam incident on a fixed target [34]. This approach
has several virtues over colliding-beam searches: much
larger luminosities, of O(1 ab�1

/day) can be achieved,
scattering cross-sections are enhanced by nuclear charge
coherence, and the resulting boosted final states can be
observed with compact special-purpose detectors.

Past electron “beam-dump” experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain & 10
cm vertex displacements and ✏ & 10�7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ✏ and m

A

0). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled “A” through “E”
in Figure 1 (right) require di↵erent approaches to these
challenges, discussed in Section IV. We have estimated
the reach of each scenario, summarized in Figure 1
(right), in the context of electron beams with 1–6 GeV
energies, nA–µA average beam currents, and run times
⇠ 106 s. Such beams can be found for example at the

Thomas Je↵erson National Accelerator Facility (JLab),
the SLAC National Accelerator Laboratory, the electron
accelerator ELSA, and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump
experiments. Low-mass, high-✏ regions (e.g. B and C)
produce boosted A

0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy — a limiting
factor. At still higher ✏, no displaced vertices are re-
solvable and one must take full advantage of the kine-
matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A

0 decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with di↵erent ex-
clusions) if the A

0 decays to lighter U(1)0-charged scalars,
and to direct production of axion-like states.

Outline

In Section II, we summarize the properties of A

0 pro-
duction through bremsstrahlung in fixed-target colli-
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FIG. 2: Magnetic dipolar DM �
1

annihilates to ��, �Z,ZZ (Left), while ff̄ occurs by coannihilation only with �
2

(Right).

• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
Boltzmann equation

ṅ
�

+ 3Hn
�

= �h�e↵vi
�
n2
�

� (neq
�

)

2
�

(2)

where n
�

⌘ P
i

n
�i is the total �

i

density. In writing Eq. (2) in terms of only n
�

, we assume the individual densities n
�i are in

chemical equilibrium due to rapid �
i

f $ �
j

f and �
i

$ �
j

f ¯f processes, such that

n
�i

n
�

⇡ neq
�i

neq
�

=

g
i

(1 +�

i

)

3/2
exp(�x�

i

)

ge↵
⌘ r

i

. (3)

We have defined x ⌘ m1/T , �
i

⌘ (m
i

�m1)/m1, and ge↵ ⌘ P
i

g
i

(1 +�

i

)

3/2
exp(�x�

i

), with g
i

degrees of freedom for
�
i

. The thermally-averaged effective cross section is h�e↵vi ⌘ P
i,j

r
i

r
j

h�
ij

vi, where �
ij

is �
i

�
j

annihilation cross section
and its thermal average is

h�
ij

vi = x3/2

2

p
⇡

Z 1

0
dv v2 (�

ij

v) e�v

2
x/4 . (4)

The DM relic density today is given by

⌦dmh
2
=

1.07⇥ 10

9
GeV

�1

g1/2⇤ mPl

hR1
xf

x�2 h�e↵vi dx
i , (5)

where mPl ⇡ 1.22 ⇥ 10

19
GeV is the Planck mass and g⇤ is the number of degrees of freedom in the thermal bath during

freeze-out. The freeze-out temperature T
f

= m1/xf

is obtained by solving x
f

= ln

�
0.038 ge↵m1mPl h�e↵vi /pg⇤xf

�
, which

can be done iteratively. Alternately, one can directly solve Eq. (2) numerically; for the cases we consider below, we find that the
agreement with Eq. (5) is better than ⇠ 1� 3% depending on the mass splitting.

Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2

2 To be clear, our models rely on the mass splitting �m to suppress h�
e↵

vi, which is dominated by large �
1

�
2

and �
2

�
2

annihilation cross sections. This is
distinct from models where �

1

�
1

annihilation is itself too large, and h�
e↵

vi can be suppressed by 1/g
e↵

by having a “parasitic” species �
2

that does not
annihilate strongly (see, e.g., [54, 55]).

�

�

A’

e, n
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Figure 5: (Left) Constraints on mediator mass mφ and coupling to electrons ge for mφ < mX . The shaded region
is excluded from electron anomalous magnetic moment, beam dump experiments, and supernova cooling [65]. The
red dashed line shows the ge value used to derive the corresponding red dashed line (“C”) in the right plot. (Right)
Constraints on electron scattering from Fig. 4. The boundaries A, B, and C are discussed in more detail in the text.

labeled as “Decay before BBN” in Fig. (4).
For reference, we also give the lower bound on the cross section in the case where mφ ≫ mX . Here

DM annihilation occurs directly to SM final states through φµ, with annihilation cross section ⟨σv⟩ =
4αXg2nm

2
X/m4

φ. Since the same combination of parameters enters in both the annihilation cross section and
the nucleon scattering cross section, we can directly apply the relic density constraint to obtain

σn ! 5× 10−37 cm2

(

1 GeV

mX

)2
( µn

0.5 GeV

)2
. (36)

This is the “mφ ≫ mX” line in Fig. (4). However, this scenario is ruled out by the direct detection limits
on the cross section.

B. Electron Scattering

We consider scattering off electrons for DM in the mass range 1 MeV < mX < 1 GeV. The DM-electron
scattering cross section is

σe = 4αXg2e
µ2
e

m4
φ

. (37)

The lower bound on the scattering cross section can be derived in the same way as in the nucleon case,
taking mφ < mX . Here both CMB and relic density constraints apply, since mX < 1 GeV and the energy
deposition efficiency f ≈ 1 for decay to electrons. We take the bound on the annihilation cross section in
Eq. (16) with cf ≈ 1, giving a lower limit on αX :

αX ! 4× 10−7
( mX

10 MeV

)

√

ln

(

40 GeV

mX

)

. (38)

16
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Figure 4: (Left) Nucleon scattering through a vector mediator. The green shaded region indicates the allowed
parameter space of direct detection cross sections. The lighter green region imposes the bound of thermal coupling
between the two sectors (“large width”) while the larger shaded region only requires mediator decay before BBN.
Also shown is the lower bound for the heavy mediator (mφ ≫ mX) case. (Right) Electron scattering through a vector
mediator, for mφ < mX (green) and mφ ≫ mX (red); the intersection of the two regions is shaded brown. We show
the projected sensitivity of a Ge experiment, taken from [64]. Beam dump, supernova, and halo shape constraints
apply here and carve out the region of large σe at low mX . For more details, see the text. In the lighter green region,
the condition of thermal equilibrium between the visible and hidden sectors is imposed.

in this mass range if φµ decays dominantly to electrons, for which the efficiency factor is f ∼ 1. For φµ

coupling primarily to quarks, f ≈ 0.2 and CMB bounds don’t apply above mX ∼ 2 GeV. Then the minimum
annihilation cross section is ⟨σv⟩ ≈ πα2

X/m2
X ≈ 10−25cm3/s, giving a bound of αX ! 5.2× 10−5(mX/GeV).

Requiring thermal equilibrium between the hidden and visible sectors, we take the bound on gq in Eq. (26),
with

√
geff ≈ 9. Combining the limits above results in a lower bound on the nucleon scattering cross section:

σn ! 10−48cm2 ×
( mX

GeV

)4
(

GeV

mφ

)6
( µn

0.5GeV

)2
. (34)

Since mφ < mX , this quantity is saturated for any mX if we set mφ to its maximum value of mφ ∼ mX .
This bound is indicated by the “Large width” line in Fig. (4). Coincidentally, the lower limit here is similar
to the best achievable sensitivity for WIMP-nucleon scattering if the dominant irreducible background is
coherent scattering of atmospheric neutrinos off of nuclei [71–73]. However, these studies focused on WIMP
DM; for light DM, solar neutrinos become much more important and the best achievable sensitivity may be
several orders of magnitude weaker.
The lower bound on σn given in Eq. (34) is derived by requiring the two sectors be in thermal equilibrium.

We may relax this assumption, and just demand the mediator decay by nucleosynthesis. This gives gq !
1.6 × 10−11

√

1 GeV/mφ, as discussed in Section IVB. For such gq the two sectors are decoupled through
freezeout; then the relic density calculation is slightly more complicated and depends on the thermal history
of the sectors. The change in the relic density then modifies the bound on αX . We have checked that the
full calculation generally only changes the bound on αX by an O(1) factor [33], so here we take the bound
on αX from the large φ width case for simplicity. In this limit, the lower bound on σn is given by

σn ! 5× 10−54cm2 ×
( mX

GeV

)

(

GeV

mφ

)5
( µn

0.5GeV

)2
(35)
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Figure 5: (Left) Constraints on mediator mass mφ and coupling to electrons ge for mφ < mX . The shaded region
is excluded from electron anomalous magnetic moment, beam dump experiments, and supernova cooling [65]. The
red dashed line shows the ge value used to derive the corresponding red dashed line (“C”) in the right plot. (Right)
Constraints on electron scattering from Fig. 4. The boundaries A, B, and C are discussed in more detail in the text.

labeled as “Decay before BBN” in Fig. (4).
For reference, we also give the lower bound on the cross section in the case where mφ ≫ mX . Here

DM annihilation occurs directly to SM final states through φµ, with annihilation cross section ⟨σv⟩ =
4αXg2nm

2
X/m4

φ. Since the same combination of parameters enters in both the annihilation cross section and
the nucleon scattering cross section, we can directly apply the relic density constraint to obtain

σn ! 5× 10−37 cm2

(

1 GeV

mX

)2
( µn

0.5 GeV

)2
. (36)

This is the “mφ ≫ mX” line in Fig. (4). However, this scenario is ruled out by the direct detection limits
on the cross section.

B. Electron Scattering

We consider scattering off electrons for DM in the mass range 1 MeV < mX < 1 GeV. The DM-electron
scattering cross section is

σe = 4αXg2e
µ2
e

m4
φ

. (37)

The lower bound on the scattering cross section can be derived in the same way as in the nucleon case,
taking mφ < mX . Here both CMB and relic density constraints apply, since mX < 1 GeV and the energy
deposition efficiency f ≈ 1 for decay to electrons. We take the bound on the annihilation cross section in
Eq. (16) with cf ≈ 1, giving a lower limit on αX :

αX ! 4× 10−7
( mX

10 MeV

)

√

ln

(

40 GeV

mX

)

. (38)

16

Projected maximum sensitivity of direct detection experiment

Cut-out gives combined constraints of beam dump + supernova + g-2
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Complementarity with 
LHC Searches

• Monojet searches appear to rule out low 
mass dark matter
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Figure 2: Left panel: the constraints on the spin-indepedent DM-proton scattering cross section.
Relevant experimental bounds are shown as labeled. Right panel: the same as the left panel but for
the constraints on the spin-indepedent DM-neutron scattering cross section.

For the vector operator, O2, f
p
u = fn

d = 2 and fp
d = fn

u = 1 and for all other quarks f = 0. Note

this means that if the DM couples through vector couplings to second and third generation quarks

only then it can never be discovered in direct detection experiments, but can be found using colliders.

At low DM speed the leading contributions to the scattering cross section in each case are

σNq
1 =

µ2

πΛ4
B2

Nq , (6)

σNq
2 =

µ2

πΛ4
f2
Nq , (7)

where µ is the reduced mass of the dark matter-nucleon system. The Tevatron limits on spin inde-

pendent dark matter scattering for the various operators is shown in Figure 2. The recent results

from CoGeNT [7], CDMS [3] and DAMA [6] with and without channeling are also shown in Figure 2.

Note that the limits are slightly different for protons and neutrons simply because they are derived

from proton rather than neutron collisions. The up-type and vector coupling operator are the most

constrained operators. For dark matter with a mass below around 5 GeV, the mono-jet searches at

CDF provide the world-best spin-independent bound.

3.2 Spin dependent

Models in which dark matter scattering is spin dependent are even more constrained by collider

experiments. This is because SD scattering is suppressed relative to SI at low momentum transfer,

because the scattering is not coherent over the whole nucleus, while there is no relative suppresion

7
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When Direct Detection 
Beats Colliders...

• Direct detection 
experiments are like 
a collider based 
intensity experiment 
at low energies

• Far more effective 
than high energy 
colliders -- e.g. 
monojets with light 
A’ mediator
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Figure 4: Monojet constraints on direct detection cross sections in the case of small MZ0 , assuming
gZ0 = gD and M� = 5 GeV.

shown in Table. 2. They did a binned study in the signal region, and they translated

their constraints on the generator level rate of the monojet + MET in the signal region for

mediator masses of 100 GeV and 10 TeV, respectively. To incorporate it into our study

with general mediator masses other than the two chosen values, we do a interpolation to

get the corresponding constraints. The corresponding constraints on direct detection cross

section is shown as the dotted black curve in Fig. 3, where we can see that the new cuts

is di↵erent from the one set by ATLAS with VeryHighPT cuts and the previous CDF cuts

with 1 fb�1.

For very large M
Z

0 , we can e↵ectively integrate out the Z 0. The resulting contact interac-

tion provides a good approximation even at LHC energies. In this limit, both the direct

detection and monojet+MET cross sections depend on the same combination g2
Z

0g2
D

/M4

Z

0 ,

therefore the limits shown in Fig. 3 approach a constant value for very large M
Z

0 . We can

also see that the contact-interaction limit is reached at larger M
Z

0 for searches at higher

energies and more sensitive cuts, as expected. The limits become stronger for interme-

diate values of M
Z

0 , since in this regime, the Z 0 can be produced on-shell, leading to a

significantly enhanced cross section for the monojet+MET process. When Z 0 mass is com-

parable or less than the kinematical cuts used in the searches, the monojet+MET cross

section starts to be less sensitive to M
Z

0 . In this regime, the monojet searches are e↵ec-

tively setting limits on g2
Z

0 , while direct detection still depends on g2
Z

0g2
D

/M4

Z

0 . Therefore,

the limits becomes weaker in this range of M
Z

0 , as shown in Fig. 3. The constraints for

very small M
Z

0 is shown in Fig. 4. We see that in this case, the constraints from collider

searches are weak, mainly due to the M�4

Z

0 dependence on the direct detection cross section.

As we will see later in this paper, the collider search to Z 0-like resonances can not provide

useful constraint in this regime either. It remains a challenge to find better probes for

such light Z 0 with only hadronic decay modes. The “kink” feature in Fig. 4 is due to the

threshold e↵ect around the point at which 2M
�

> M
Z

0 , where the signal process can only

proceed through an o↵-shell Z 0.

– 9 –

An, Ji, Wang
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Figure 2: Left panel: the constraints on the spin-indepedent DM-proton scattering cross section.
Relevant experimental bounds are shown as labeled. Right panel: the same as the left panel but for
the constraints on the spin-indepedent DM-neutron scattering cross section.

For the vector operator, O2, f
p
u = fn

d = 2 and fp
d = fn

u = 1 and for all other quarks f = 0. Note

this means that if the DM couples through vector couplings to second and third generation quarks

only then it can never be discovered in direct detection experiments, but can be found using colliders.

At low DM speed the leading contributions to the scattering cross section in each case are

σNq
1 =

µ2

πΛ4
B2

Nq , (6)

σNq
2 =

µ2

πΛ4
f2
Nq , (7)

where µ is the reduced mass of the dark matter-nucleon system. The Tevatron limits on spin inde-

pendent dark matter scattering for the various operators is shown in Figure 2. The recent results

from CoGeNT [7], CDMS [3] and DAMA [6] with and without channeling are also shown in Figure 2.

Note that the limits are slightly different for protons and neutrons simply because they are derived

from proton rather than neutron collisions. The up-type and vector coupling operator are the most

constrained operators. For dark matter with a mass below around 5 GeV, the mono-jet searches at

CDF provide the world-best spin-independent bound.

3.2 Spin dependent

Models in which dark matter scattering is spin dependent are even more constrained by collider

experiments. This is because SD scattering is suppressed relative to SI at low momentum transfer,

because the scattering is not coherent over the whole nucleus, while there is no relative suppresion
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We Should Be Ready for 
Surprises ....
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FIG. 3. Small gray dots are all veto-anticoincident single-
scatter events within the ionization-partition fiducial volume
that pass the data-quality selection criteria. Large encircled
shapes are the 11 candidate events. Overlapping shaded re-
gions (from light to dark) are the 95% confidence contours ex-
pected for 5, 7, 10 and 15 GeV/c2 WIMPs, after application
of all selection criteria. The three highest-energy events occur
on detector T5Z3, which has a shorted ionization guard. The
band of events above the expected signal contours corresponds
to bulk electron recoils, including the 1.3 keV activation line
at a total phonon energy of ⇠3 keV. High-radius events near
the detector sidewalls form the wide band of events with near-
zero ionization energy. For illustrative purposes, an approxi-
mate nuclear-recoil energy scale is provided.

a WIMP-nucleon scattering interpretation of the excess
reported by CoGeNT, which also uses a germanium tar-
get. Similar tension exists with WIMP interpretations
of several other experiments, including CDMS II (Si),
assuming spin-independent interactions and a standard
halo model. New regions of WIMP-nucleon scattering
for WIMP masses below 6 GeV/c2 are excluded.

The SuperCDMS collaboration gratefully acknowl-
edges the contributions of numerous engineers and tech-
nicians. In addition, we gratefully acknowledge assis-
tance from the sta↵ of the Soudan Underground Lab-
oratory and the Minnesota Department of Natural Re-
sources. The iZIP detectors were fabricated in the Stan-
ford Nanofabrication Facility, which is a member of the
National Nanofabrication Infrastructure Network. This
work is supported in part by the National Science Foun-
dation, by the United States Department of Energy, by
NSERC Canada, and by MultiDark (Spanish MINECO).
Fermilab is operated by the Fermi Research Alliance,
LLC under Contract No. De-AC02-07CH11359. SLAC is
operated under Contract No. DE-AC02-76SF00515 with
the United States Department of Energy.

FIG. 4. The 90% confidence upper limit (solid black) based on
all observed events is shown with 95% C.L. systematic uncer-
tainty band (gray). The pre-unblinding expected sensitivity
in the absence of a signal is shown as 68% (dark green) and
95% (light green) C.L. bands. The disagreement between the
limit and sensitivity at high WIMP mass is due to the events
in T5Z3. Closed contours shown are CDMS II Si [3] (dotted
blue, 90% C.L.), CoGeNT [4] (yellow, 90% C.L.), CRESST-II
[5] (dashed pink, 95% C.L.), and DAMA/LIBRA [34] (dash-
dotted tan, 90% C.L.). 90% C.L. exclusion limits shown are
CDMS II Ge [22] (dotted dark red), CDMS II Ge low-threshold
[17] (dashed-dotted red), CDMSlite [20] (solid dark red), LUX
[35] (solid green), XENON10 S2-only [19, 36] (dashed dark
green), and EDELWEISS low-threshold [18] (dashed orange).

⇤ Corresponding author: adama@mit.edu
[1] J. L. Feng, Ann. Rev. Astro. Astrophys., 48, 495 (2010).
[2] M. W. Goodman and E. Witten, Phys. Rev. D, 31, 3059

(1985).
[3] R. Agnese et al. (CDMS Collaboration), Phys. Rev. Lett.,

111, 251301 (2013).
[4] C. E. Aalseth et al. (CoGeNT Collaboration), Phys. Rev.

D, 88, 012002 (2013).
[5] G. Angloher et al., Eur. Phys. J. C, 72, 1971 (2012).
[6] R. Bernabei et al., Eur. Phys. J. C, 67, 39 (2010).
[7] D. Hooper and T. Linden, Phys. Rev. D, 84, 123005

(2011).
[8] D. B. Kaplan, Phys. Rev. Lett., 68, 741 (1992).
[9] D. E. Kaplan, M. A. Luty, and K. M. Zurek, Phys. Rev.

D, 79, 115016 (2009).
[10] A. Falkowski, J. Ruderman, and T. Volansky, J. High

Energy Phys., 1105, 106 (2011).
[11] R. R. Volkas and K. Petraki, Int. J. Mod. Phys. A, 28,

1330028 (2013).
[12] K. M. Zurek, (2013), arXiv:1308.0338.
[13] R. Essig, J. Kaplan, P. Schuster, and N. Toro, (2010),

arXiv:1004.0691.
[14] C. Cheung, J. T. Ruderman, L.-T. Wang, and I. Yavin,

Phys. Rev. D, 80, 035008 (2009).
[15] D. Hooper and W. Xue, Phys. Rev. Lett., 110, 041302
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LineLine--like Feature like Feature Near Near 133 GeV 133 GeV –– 5.8 yr5.8 yr

• Feature is even smaller in 5.8 year P8 Clean dataset
– Consistent with statistical fluctuation in P7 REP 3.7 year dataset

11/13/2014 Andrea Albert (SLAC) 37

Modeling the Emission in the 15º x 15Modeling the Emission in the 15º x 15ºº ROIROI

Residual maps 
from 2-10 GeV for 
CR Pulsar models

Tuned Intensity Tuned Index

• Separate modeling for each of the 4 fore/background models
– i.e. point source candidates (TS > 9) in region determined from scratch for each model

• Intensities for π0 and IC in innermost ring fit using appropriate pt src candidates 
– fore/background model assumed is held fixed
– IC emission in GC (ring 1) is larger (~7-30x) than pre-tuned GALPROP baseline model

• Possibly from higher ISRF and/or higher CR lepton intensities in the GC than 
originally assumed

• Only ~4-15x larger when including NFW template (see next slide)
– π0 HI component is about ~2x larger with NFW template in fit than without

• An excess peaking around a few GeV is seen in all 4 fore/background models
– Morphology & spectrum of excess is strongly dependent on fore/background model

43

Dwarfs as Check of GC ExcessDwarfs as Check of GC Excess

• Expect same DM in dwarfs as in GC
– Independent check of DM interpretation of the GeV excess in the GC

• No excess seen in dwarfs, limits are starting to exclude some of the DM 
signal regions from the GeV excess
– Increased exposure and finding new dwarfs will improve limits and help 

clear up the situation 53
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Ultralight Direction

• Axion

• Can make use of 
coherence effects (bose 
einstein condensate)

• New experimental 
directions to probe more 
of this parameter space
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FIG. 2: Estimated constraints in the ALP parameter space in the EDM coupling gd (where the nucleon EDM is dn = gda and
a is the local value of the ALP field) vs. the ALP mass [17]. The green region is excluded by the constraints on excess cooling
of supernova 1987A [17]. The blue region is excluded by existing, static nuclear EDM searches [17]. The QCD axion is in the
purple region, whose width shows the theoretical uncertainty [17]. The solid red and orange regions show sensitivity estimates
for our phase 1 and 2 proposals, set by magnetometer noise. The red dashed line shows the limit from magnetization noise of
the sample for phase 2. The ADMX region shows what region of the QCD axion has been covered (darker blue) [34] or will
be covered (lighter blue) [59, 60]. Phase 1 is a modification of current solid state static EDM techniques that is optimized to
search for a time varying signal and can immediately begin probing the allowed region of ALP dark matter. To calculate limits
from previous (static) EDM searches as well as our sensitivity curves, we assume the ALP is all of the dark matter.

III. SENSITIVITY

The experimental sensitivity is likely to be limited by the magnetometer, rather than by the backgrounds discussed
below. We assume a SQUID magnetometer with sensitivity 10�16 Tp

Hz
as calculated from [38] for a ⇠ 10 cm diameter

sample and pickup loop (see Supplemental Materials). The sensitivity could be improved with better SQUIDs, a
larger sample/pickup loop (see Supplemental Materials), or other types of magnetometers. For example, atomic
SERF magnetometers could potentially improve this by another order of magnitude [56, 57].

Figure 2 shows the ALP parameter space of the EDM coupling gd versus ALP mass. This coupling is defined such
that the oscillating nucleon EDM is dn = gda where a is the local value of the classical ALP field (see [17] for a
detailed formula). This is di↵erent from the usual ALP-photon coupling parameter. The purple region of Fig. 2 shows
where the QCD axion lies in this parameter space. The dark purple is where the QCD axion may be the dark matter.
This parameter space is described in detail in [17].

The solid (orange and red) regions in Fig. 2 show estimates for the sensitivities for two phases of our proposed
experiments. Phase 1 (upper, orange region) is a more conservative version relying on demonstrated technology.
Phase 2 (lower, red region) relies on technological improvements which have been demonstrated individually but have
not been combined in a single experiment. Thus the phase 2 proposal may be taken as an estimate of one way to
achieve the sensitivity necessary to see the QCD axion with this technique. Since this is a resonant experiment and
the frequency must be scanned, realistically it would likely take several experiments to cover either region.

The dashed (red) line in Fig. 2 shows the ultimate limit on the sensitivity of the phase 2 experiment from sample

Budker et al 1306.6089Barbieri et al Phys Lett B226 (1989) 357

10 TeV

Unitarity = too much 
dark matter10 GeV
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Asymmetric 
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New Experimental 
Results ...

... have forced us to look outside the lamp post.
This is very complimentary to the new 

theoretical landscape.

PAMELA

Fermi positron

Fermi line

CoGeNT
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CDMS
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Direct Detection 
Anomalies

4 Models of Dark Matter 11

Despite the richness of the theoretical work, none of these models can provide a physical explanation that
simultaneously accounts for all of the experimental observations without making the assumptions that one
or more of the measurements is flawed. Resolution of this confusing state of experimental data remains a
high priority for the field. It is also potentially within reach for the next generation of experiments. Several
technologies, which include point-contact Ge detectors, cryogenic Ge detectors, two-phase xenon detectors,
bubble chambers and CCD-based searches, are designing the next generation experiments with the goal of
pushing energy thresholds lower. Such experiments are expected to improve sensitivities by an order of
magnitude or more in the 1–10GeV range over the next 5–10 years. In addition, isospin-violating scenarios
strongly illustrate the need to have several direct detection experiments each with a di↵erent target nucleus.

4.4 Direct Detection Methodology

The basic methodology for direct detection experiments is to search for rare events that might be the signature
of WIMP interactions, namely the “billiard ball” elastic scattering of a WIMP from a target nucleus. The rate
of candidate nuclear recoils is converted into a cross section for WIMP-nucleon interactions following a stan-
dard prescription that includes the e↵ects of nuclear physics and astrophysical properties [23]. Experiments
can be sensitive to both nuclear spin-independent (SI) interactions and spin-dependent (SD) interactions.
For the range of momentum exchange of interest, the SI interaction is expected to be approximately coherent
across the entire nucleus, so for a WIMP with equal coupling to protons and neutrons, the rate scales with
the square of the atomic mass of the target nucleus. Current experiments are therefore more sensitive to SI
dark matter than SD dark matter. Experimental results are usually presented as a plot of WIMP-nucleon
cross section versus WIMP mass to allow comparison among experiments. Fig. 7 shows the current SI

Enectali Figueroa-Feliciano / Future of BSM Physics / Sheffield 2013
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Figure 7. Spin-independent WIMP-nucleon cross section limits vs WIMP mass as of summer 2013.
Experimental limits referenced [24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37]

landscape, where strict upper limits exist for higher mass WIMPs. Fig. 8 zooms in on the low mass region,
where several “hints” for dark matter have been observed.

The SD interaction is generally divided into proton and neutron couplings; the current situation is sum-
marized in Fig. 9. Only direct detection can provide limits on neutron couplings, but solar neutrinos from
WIMP annihilation in the sun are stronger for proton coupling. Other types of interactions are possible,

Community Planning Study: Snowmass 2013

CF1 Snowmass report, 1310.8327
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I, assuming a standard, spin-independent (12) or -dependent (13), isospin-conserving Nucleon-

WIMP interaction. A standard Maxwellian distribution is assumed, as explained in the text. All

constraint curves are 90% C.L. as explained in the appendix. We overlay the CDMSlite bound

for reference; all other curves were generated as described in the appendix. We show both a weak

and strong COUPP bound, as described in the appendix, and the choice of alternative Le↵ for the

Xenon experiments is shown in Fig. 7 in the appendix.
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Fig. 2 shows constraints and regions of interest for DM interacting via the anapole (14)

and magnetic dipole (15) interactions, in the �-mDM plane. Since both the anapole and

dipole have spin- and angular-momentum- dependent scattering components, we include the
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SuperCDMS Weighs In
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FIG. 3. Small gray dots are all veto-anticoincident single-
scatter events within the ionization-partition fiducial volume
that pass the data-quality selection criteria. Large encircled
shapes are the 11 candidate events. Overlapping shaded re-
gions (from light to dark) are the 95% confidence contours ex-
pected for 5, 7, 10 and 15 GeV/c2 WIMPs, after application
of all selection criteria. The three highest-energy events occur
on detector T5Z3, which has a shorted ionization guard. The
band of events above the expected signal contours corresponds
to bulk electron recoils, including the 1.3 keV activation line
at a total phonon energy of ⇠3 keV. High-radius events near
the detector sidewalls form the wide band of events with near-
zero ionization energy. For illustrative purposes, an approxi-
mate nuclear-recoil energy scale is provided.

a WIMP-nucleon scattering interpretation of the excess
reported by CoGeNT, which also uses a germanium tar-
get. Similar tension exists with WIMP interpretations
of several other experiments, including CDMS II (Si),
assuming spin-independent interactions and a standard
halo model. New regions of WIMP-nucleon scattering
for WIMP masses below 6 GeV/c2 are excluded.

The SuperCDMS collaboration gratefully acknowl-
edges the contributions of numerous engineers and tech-
nicians. In addition, we gratefully acknowledge assis-
tance from the sta↵ of the Soudan Underground Lab-
oratory and the Minnesota Department of Natural Re-
sources. The iZIP detectors were fabricated in the Stan-
ford Nanofabrication Facility, which is a member of the
National Nanofabrication Infrastructure Network. This
work is supported in part by the National Science Foun-
dation, by the United States Department of Energy, by
NSERC Canada, and by MultiDark (Spanish MINECO).
Fermilab is operated by the Fermi Research Alliance,
LLC under Contract No. De-AC02-07CH11359. SLAC is
operated under Contract No. DE-AC02-76SF00515 with
the United States Department of Energy.

FIG. 4. The 90% confidence upper limit (solid black) based on
all observed events is shown with 95% C.L. systematic uncer-
tainty band (gray). The pre-unblinding expected sensitivity
in the absence of a signal is shown as 68% (dark green) and
95% (light green) C.L. bands. The disagreement between the
limit and sensitivity at high WIMP mass is due to the events
in T5Z3. Closed contours shown are CDMS II Si [3] (dotted
blue, 90% C.L.), CoGeNT [4] (yellow, 90% C.L.), CRESST-II
[5] (dashed pink, 95% C.L.), and DAMA/LIBRA [34] (dash-
dotted tan, 90% C.L.). 90% C.L. exclusion limits shown are
CDMS II Ge [22] (dotted dark red), CDMS II Ge low-threshold
[17] (dashed-dotted red), CDMSlite [20] (solid dark red), LUX
[35] (solid green), XENON10 S2-only [19, 36] (dashed dark
green), and EDELWEISS low-threshold [18] (dashed orange).
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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.

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

11

FIG. 10: The change in the quality of the fit, as performed in Sec. IV’s Inner Galaxy analysis (left frame) and Sec. V’s Galactic
Center analysis (right frame), when breaking our assumption of spherical symmetry for the dark matter template. The axis
ratio is defined such that values less than one are elongated along the Galactic Plane, whereas values greater than one are
elongated with Galactic latitude. The fit strongly prefers a morphology for the anomalous component that is approximately
spherically symmetric, with an axis ratio near unity.

FIG. 11: The change in the quality of the fit in our Galactic
Center analysis, for a dark matter template that is elongated
along an arbitrary orientation (x-axis) and with an arbitrary
axis ratio (y-axis). As shown in Fig. 10, the fit worsens if the
this template is significantly stretched either along or perpen-
dicular to the direction of the Galactic Plane (corresponding
to 0� or 90� on the x-axis, respectively). A mild statistical
preference, however, is found for a morphology with an axis
ratio of ⇠1.3-1.4 elongated along an axis rotated ⇠35� coun-
terclockwise from the Galactic Plane.

FIG. 12: To test whether the excess emission is centered
around the dynamical center of the Milky Way (Sgr A⇤), we
plot the ��2 of the fit found in our Galactic Center analysis,
as a function of the center of our dark matter template. The
fit clearly prefers this template to be centered within ⇠0.05�

degrees of the location of Sgr A⇤.
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FIG. 1. Sample Feynman diagrams for monojet t-channel. In the EFT limit only the first row

dominates.

searches can be simply applied to DM DD in the limit that the mediator mass, m
M

, is well

above the typical production energies at the collider, m
M

� ŝ. The typical diagrams for

DM pair production in association with a single jet are shown in Fig. 1. By taking the

heavy mass mediator limit, only diagrams (a-c) contribute and are encoded in a dimension

six operator with a gluon attached to one of the external legs, while (d-e) contribute at

dimension eight. In this case, the collider DM production cross-section scales roughly as

�
t

⇠ g

4
M

m

4
M

⌘ 1
⇤4
DD

. (3)

In this limit, ⇤
DD

maps uniquely to a constraint on the direct detection cross-section, �
DD

,

which scales precisely the same way, so that monojet constraints can be compared uniquely

to the results from direct detection experiments. However, as already explained in the intro-

duction, when the momentum transfer (i.e. the o↵-shellness of one of the quarks interacting

with the DM) in diagrams (a-c) becomes of the order of the squark mass, the cross-section

will be dependent on the full squark propagator structure. Since the momentum transfer is

controlled by the largest between the p
T

cut on the mono-jet and the MET cut, for the EFT

to be valid m
M

� max
�
pj
T

, /E
T

�
. On the other hand current LHC searches happen to be

sensitive to values of ⇤
DD

not too far from the MET cut, so that the EFT limit requires

both g
M

and m
M

to be large.
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Figure 37: Tree level diagrams for neutralino annihilation into fermion pairs. From
Ref. [319].

B Neutralino Annihilation Cross Sections in the

Low Velocity Limit

In this appendix, we give the amplitudes and cross sections for the most impor-
tant neutralino annihilation channels in the low velocity limit (the first term in
the expansion σv = a + bv2 + ...). This is sufficient for indirect detection but
generally insufficient for relic density calculations in which velocity dependent
contributions are important. For a more complete list, with all S and P-wave
tree level annihilation amplitudes, see Refs. [195, 319, 397, 396, 106].

B.1 Annihilation Into Fermions

Neutralinos can annihilate to fermion pairs by three tree level diagrams [195,
213, 275, 276]. These processes consist of s-channel exchange of pseudoscalar
Higgs and Z0-bosons and t-channel exchange of sfermions (see Fig. 37).

The amplitude for pseudoscalar Higgs exchange is given by

AA = 4
√

2 g TA 11 hAff
1

4 − (mA/mχ)2 + i ΓAmA/m2
χ

. (164)

Here, mA is the pseudoscalar Higgs mass and ΓA is the pseudoscalar Higgs
width. TA 11 is the A0-neutralino-neutralino coupling and is given by

TA 11 = − sinβQ′′
1,1 + cosβS′′

1,1, (165)

where Q′′
1,1 = N3,1(N2,1 − tan θW N1,1) and S′′

1,1 = N4,1(N2,1 − tan θW N1,1).

N is the matrix which diagonalizes the neutralino mass matrix in the B̃-W̃ 3-
H̃0

1 -H̃0
2 basis, Mdiag

χ0 = N †Mχ0N (see Appendix A). θW is the Weinberg angle
and tanβ is the ratio of the Higgs vacuum expectation values. hAff is the
A0-fermion-fermion Yukawa coupling. For up-type fermions, this is given by

hAff = −
gmf cotβ

2mW±

. (166)

For down-type fermions, it is

hAff = −
gmf tanβ

2mW±

. (167)

106

Cheung, Papucci, Sanford, Shah, 
KZ, 1406.6372

Figure 1: Limit on sin θ from LEP (solid line for neutrino channel, dashed line for all channels)
and B decays (dotted line). The colored region is excluded.

4 Singlinos as Dark Matter

Let us now discuss whether the singlino discussed above is a viable dark matter candidate.
We start by showing that the singlino has the right relic abundance to constitute the
observed dark matter, continue by discussing how the interactions with the singlino
may explain the current anomalies in direct detection experiments and finally present a
benchmark scenario which is consistent with present data.

4.1 Relic Abundance

As singlinos are only very weakly coupled to the MSSM sector, annihilation into SM
particles is suppressed. However, singlinos can efficiently annihilate into the light singlet
scalars / pseudoscalars provided that ms̃ > mh1

, mas (see figure 2). It is convenient to

s̃

s̃

h1, as

h1, as

(a)

s̃

s̃

h1, as

h1, as

(b)

h1, as

s̃

s̃

h1, as

h1, as

(c)

Figure 2: Singlino annihilation into (pseudo)scalars.
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FIG. 3: Results of a numerical scan with micrOMEGAs, fixing mh ⇠ 125 GeV, t� = 40, A = �250
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the region of parameter space fitting the GCE: 0.5 < 1026 cm3/s⇥�v|v!0
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shows the observed relic abundance, and the red the excluded LUX region. We have fixed  to
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m� ⇠ 42 ± 0.5 GeV. Consistent with the analytic results shown in Fig. 2, the green strips are

centered around ma = 2m�, and as �/µ (controlling the Higgsino fraction) decreases, the green

strips converge closer to resonant annihilation. The blue relic density strip breaks away from the

green GCE line when annihilation through the Z becomes important.
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FIG. 6: Results of numerical scan with M
1

= 35 GeV µ = -600 GeV, mA = 600 GeV, t� = 20,

� = 0.05, 122 GeV < mh < 128 GeV, GCE: 0.5 < 1026 cm3/s⇥�v|v!0

< 4, 0.1118 < ⌦h2 < 0.128.

The green and blue regions show the parameter space consistent with the GCE and observed relic

density. The black dashed lines show the contours for constant pseudoscalar mass, ma. Notice

that as  increases, the regions with the correct relic abundance pull slightly away from resonance,

as expected from our analytical results. The red region is excluded by A ! ⌧+⌧� searches at the

LHC, while the purple exclusion comes from modification of SM Higgs rates due to the presence

of the open h ! a a channel.

to be decoupled.

Meanwhile, LHC H/A ! ⌧+⌧� limits on a 90 GeV MSSM-like pseudoscalar require t� <

7.19. The production cross-section is suppressed somewhat due to the singlet component

of the lightest pseudoscalar and the fact that no CP-even scalar accompanies it, but the

MSSM-like component is still large enough to result in a strong bound. The pseudoscalar

26

Singlino/Higgsino
Dominated on Resonance

Bino/Higgsino
Off-Resonance

Cheung, Papucci, Sanford, Shah, 
KZ, 1406.6372
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The Road Ahead

• Direct Detection 
experiments will 
continue to probe 
Higgs mediated 
scattering

• Higgs pole largely 
covered within 5 - 
10 years

�n � 10�45�46 cm2
10 Direct Detection Program Roadmap 39
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013
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The Road Ahead

• PAMELA / Fermi / 
AMS and cosmic ray 
positrons

• Fermi photons

• Data rich! Many 
experiments 
collecting data
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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.
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tree-level-SE approximation. One-loop e↵ects have been shown to reduce the cross section to line
photons by as much as a factor of 4 (see Sec. III B). The exclusion from Fermi (relevant for the
W

+

W

� channel) is the shaded red region, which is bordered by the dashed line. The exclusion
from H.E.S.S. (relevant for the � � + 1

2

� Z

0 channel) is the shaded blue region, which is bordered
by the solid line. These exclusion contours assume that the wino abundance is set by thermal
freeze-out. The H.E.S.S. limit is appropriate for an NFW profile, see Sec. III A. The shaded yellow
region between the dotted lines corresponds to ⌦ h

2 = 0.12 ± 0.006. In the black shaded region, a
thermal wino exceeds the observed relic density.

which the LHC and direct detection experiments are not sensitive. In particular, if the wino

makes up a non-trivial fraction of the DM, it can lead to observable rates for experiments that

search for photons from DM annihilation. Even in this case, the perturbative annihilation

cross section for winos is not always large enough to be observable. However, as the wino

mass becomes large with respect to the W±-boson mass, non-perturbative SE e↵ects due

to the presence of a relatively long-range potential become important, especially at low

velocities. The impact of the SE on wino annihilation has been studied in detail [1–8] and

must be properly accounted for when computing the wino relic density, as well as its present-

day annihilation cross section. Appendix A reviews the procedure we follow to compute these

non-perturbative e↵ects, and we refer the reader there for an overview of the computation,

as well as a description of the procedure used to minimize numerical convergence problems.

A number of ground- [33–37] and space-based [38–40] experiments place significant

constraints on wino annihilation. The strongest and most robust bounds come from Fermi

[40], for 100 GeV . M
2

. 900 GeV, and H.E.S.S. [33], for 600 GeV . M
2

. 25 TeV.

Cohen, Lisanti, Pierce, Slatyer

10 GeV the positron fraction decreases with increasing
energy as expected from the secondary production of
cosmic rays by collision with the interstellar medium.
The positron fraction is steadily increasing from 10 to
!250 GeV. This is not consistent with only the secondary
production of positrons [17]. The behavior above 250 GeV
will become more transparent with more statistics which
will also allow improved treatment of the systematics.

Table I (see also [13]) also presents the contribution of
individual sources to the systematic error for different bins
which are added in quadrature to arrive at the total system-
atic uncertainty. As seen, the total systematic error at the
highest energies is dominated by the uncertainty in the
magnitude of the charge confusion.

Most importantly, several independent analyses were
performed on the same data sample by different study
groups. Results of these analyses are consistent with those
presented in Fig. 5 and in Table I (see also [13]).

The observation of the positron fraction increase with
energy has been reported by earlier experiments: TS93
[18], Wizard/CAPRICE [19], HEAT [20], AMS-01 [21],
PAMELA [22], and Fermi-LAT [23]. The most recent
results are presented in Fig. 5 for comparison. The accu-
racy of AMS-02 and high statistics available enable the
reported AMS-02 positron fraction spectrum to be clearly
distinct from earlier work. The AMS-02 spectrum has the
unique resolution, statistics, and energy range to provide
accurate information on new phenomena.
The accuracy of the data (Table I and [13]) enables us to

investigate the properties of the positron fraction with
different models. We present here the results of comparing
our data with a minimal model, as an example. In this
model the eþ and e# fluxes,!eþ and!e# , respectively, are
parametrized as the sum of individual diffuse power law
spectra and the contribution of a single common source
of e$:

!eþ ¼ CeþE
#!eþ þ CsE

#!se#E=Es ; (1)

!e# ¼ Ce#E
#!e# þ CsE

#!se#E=Es (2)

(with E in GeV), where the coefficients Ceþ and Ce#

correspond to relative weights of diffuse spectra for posi-
trons and electrons, respectively, and Cs to the weight of
the source spectrum; !eþ , !e# , and !s are the correspond-
ing spectral indices; and Es is a characteristic cutoff energy
for the source spectrum. With this parametrization the
positron fraction depends on five parameters. A fit to the
data in the energy range 1–350 GeV based on the number
of events in each bin yields a "2=d:f: ¼ 28:5=57 and the
following: !e# # !eþ ¼ #0:63$ 0:03, i.e., the diffuse
positron spectrum is softer, that is, less energetic with
increasing energy, than the diffuse electron spectrum;
!e# # !s ¼ 0:66$ 0:05, i.e., the source spectrum is
harder than the diffuse electron spectrum; Ceþ=Ce# ¼
0:091$ 0:001, i.e., the weight of the diffuse positron flux
amounts to !10% of that of the diffuse electron flux;
Cs=Ce# ¼ 0:0078$ 0:0012, i.e., the weight of the com-
mon source constitutes only !1% of that of the diffuse
electron flux; and 1=Es ¼ 0:0013$ 0:0007 GeV#1, corre-
sponding to a cutoff energy of 760þ1000

#280 GeV. The fit is
shown in Fig. 6 as a solid curve. The agreement between
the data and the model shows that the positron fraction
spectrum is consistent with e$ fluxes each of which is the
sum of its diffuse spectrum and a single common power
law source. No fine structures are observed in the data. The
excellent agreement of this model with the data indicates
that the model is insensitive to solar modulation effects
[24] during this period. Indeed, fitting over the energy
ranges from 0.8–350 GeV to 6.0–350 GeV does not change
the results nor the fit quality. Furthermore, fitting the data
with the same model extended to include different solar
modulation effects on positrons and electrons yields simi-
lar results. This study also shows that the slope of the
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FIG. 4 (color). (a) Stability of the measurement in the energy
range 83.2–100 GeVover wide variations of the cuts fitted with a
Gaussian of width 1.1%. (b) The positron fraction shows no
correlation with the number of selected positrons.
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FIG. 5 (color). The positron fraction compared with the most
recent measurements from PAMELA [22] and Fermi-LAT [23].
The comparatively small error bars for AMS are the quadratic
sum of the statistical and systematic uncertainties (see Table I
and [13]), and the horizontal positions are the centers of
each bin.
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The Road Ahead

• Higgs discovered

• Many models 
covered

• Many models still 
buried → 
theoretical and 
model input

68Tuesday, March 24, 15



New Theoretical 
Landscape

Standard Model

Our theoretical tools have broadened ....

From a single, stable weakly 
interacting particle .....

(WIMP, axion)

...to a hidden world 
with multiple states, 

new interactions

Models: Supersymmetric light DM sectors,
Secluded WIMPs, WIMPless DM, Asymmetric DM .....

Production: freeze-in, freeze-out and decay, 
asymmetric abundance, non-thermal mechanicsms .....
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Summary

• Dark Matter has not shown itself yet, 
but we continue to probe from all sides!

Astro 
Objects
AMS

CDMS
COUPP
CoGeNT

Cresst
DM ICE

Fermi
Icecube
KIMS
LHC
LUX

PAMELA
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XENON

....

SUSY light
Hidden 
Valley 

Secluded 
WIMPless 

ADM
freeze-in 

freeze-out 
and decay 

non-
thermal 
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