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Why particle dark 
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Why particle dark 
matter?

Why not just ordinary (dark) baryons? 


A: BBN and CMB make independent measurements of the baryon fraction.  
Observations only accounted for with non-interacting matter 

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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Why particle dark 
matter?

Why not just ordinary (dark) baryons? 


A: BBN and CMB make independent measurements of the baryon fraction.  
Observations only accounted for with non-interacting matter 

Baryon 
density

sound speed = baryon to radiation ratio

curvature, z_eq



Why particle dark 
matter?

Make baryons non-interacting by binding DM into 
MaCHOs?


A: looked for those and did not find them; 
eliminated MACHO range from 


2

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& 10�10 M�
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3. simulations of Ly-α forest

Afshordi, McDonald, Spergel
& 10�8M�

Katz et al, 1807.11495

Figure 6. Future femtolensing sensitivity to primordial black holes compared to other probes. In
particular, we compare our projected limits (blue dashed contours) to limits based on extragalactic
background photons (EG�) from PBH evaporation [13], from the non-destruction of white dwarfs
(WD) [18], from microlensing searches by Subaru HSC [4], Kepler [57], MACHO [1], EROS [2], and
OGLE [3], from the dynamics of ultra-faint dwarf galaxies [58], and from CMB distortions due to
accretion onto PBHs [59]. (Stronger CMB limits are obtained if more aggressive assumptions on
accretion by PBHs are adopted [60].) The Subaru HSC limits are cut off at M ⇠ 10

�11M� because
below that mass, the geometric optics approximation employed in ref. [4] is not valid. We also do
not include neutron star limits [15] because of their dependence on controversial assumptions about
the DM density in globular clusters. We have taken the limits shown here from the compilation in
ref. [36]. In computing our projected limits, we have assumed the redshift of all GRBs in the sample
to be zS = 1, we have used the BAND model for the GRB spectrum, and we have assumed a 5%
systematic uncertainty, uncorrelated between energy bins.

is not true that photons travel from the source to the detector along one of just two discrete
paths. In fact, when the time delay becomes comparable to the inverse photon frequency
(which for point-like lenses is equivalent to the photon wave length becoming comparable
to the Schwarzschild radius of the lens), wave optics effects become non-negligible. It is
then necessary to integrate the photon amplitude over the whole lens plane. This leads to
O(1) corrections to the interference pattern at the lower end of the photon energy spectrum.
Second, while the approximation of a point-like lens works for primordial black holes, it is
not satisfied for ultra-compact mini-halos, and even less so for NFW-like structures. We
have therefore computed femtolensing effects for generic power-law density profiles, and have
explicitly shown numerical results for the self-similar infall profile with ⇢(r) / r�9/4.

The most important correction in femtolensing of GRBs is coming from the non-negligible
size a

S

of the GRB source itself. In fact, we have argued that a GRB could only be treated
as point-like for the purpose of femtolensing if the photon emission region was smaller than
a
S

⇠ 10

8 cm. And while estimates for the size of the emission region can vary by a few

– 18 –



Why particle dark 
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Why not 
modify 
gravity?


A: Modified 
gravity 
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A: Must get the entire range 
of observations right, not just 
galactic rotation curves



Why particle dark 
matter?

Why not 
modify 
gravity?


A: Modified 
gravity 
theories tend 
to be sick

A: Must get the entire range 
of observations right, not just 
galactic rotation curves

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

http://arxiv.org/abs/astro-ph/0511345
http://arxiv.org/abs/astro-ph/0608407


Why particle dark 
matter?

By contrast, it is easy to explain everything 
with particle dark matter


From theoretical point of view, theories are 
compelling, testable. 


As the proverb says:



Particle dark matter

No shortage of 
theories


Supersymmetry


Extra dimensions


Massive neutrino


MeV dark matter


Scalar dark matter


axion



Particle dark matter

No shortage of 
theories


Note however: most 
based on a couple of 
very popular theories


Axions and WIMPs 
(usually, 
supersymmetric)



XKCD Version

My theory is that dark matter is actually just a thin patina of grime covering the whole universe, and we don't notice 
it because we haven't thoroughly cleaned the place in eons.



Dark Matter:  
Standard Paradigm

Usual picture of dark matter is that it is:


single


stable 


(sub-?) weakly interacting


neutral



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 .....



PROGRAM

Paradigms for DM density


freeze-out, freeze-in, asymmetric DM, 
freeze-out and decay, misalignment, 
compact object formation


The classic: Supersymmetric Dark Matter


Direct and indirect detection basics



PROGRAM

Looking beyond the vanilla WIMP


motivations, experimental search 
techniques


Cosmological constraints on particle DM


BBN, CMB, formation of structure, stellar 
capture, DM self-interactions


New Ideas in Dark Matter Direct Detection



Paradigms for Dark 
Matter Density

(Thermal freeze-out is only one mechanism for 
setting the DM density)



Setting the dark matter 
density

Relate the macroscopic observable of DM 
density to the microscopic properties of DM


Mechanisms to review:


thermal DM, freeze-out, freeze-in, 
asymmetric abundance, production 
through decay


Microscopic properties: mass and interactions


i.e. a Lagrangian!



Thermal Dark Matter
Assumption: Dark matter has 
strong enough interactions at 
early time that it thermalizes 
with SM


Then number densities set by 
Bose-Einstein or Fermi-Dirac 
distributions


If particles remain in thermal 
equilibrium, number densities 
become exponentially suppressed 

⇢ =
g

(2⇡)3

Z
E(~p)f(~p)d3p

f(~p) = [exp((E � µ)/T )± 1]

�1

DM

DM

SM

SM



Thermal Dark Matter
Assumption: Dark matter has 
strong enough interactions at 
early time that it thermalizes 
with SM


Then number densities set by 
Bose-Einstein or Fermi-Dirac 
distributions


If particles remain in thermal 
equilibrium, number densities 
become exponentially suppressed 

Relativistic

Non-relativistic

⇢ = (7/8)
⇡2

30
gT 4

n = (3/4)
⇣(3)

⇡2
gT 3

n = g

✓
mT

2⇡

◆3/2

e�m/T

⇢ = mn



Thermal Dark Matter’
Assumption: Dark matter has strong enough 
interactions at early time that it thermalizes

DM

DM

DM

DM

SM

SM

SM

SM

f(~p) = [exp((E � µ1)/T1)± 1]

�1 f(~p) = [exp((E � µ1)/T2)± 1]

�1

T1 T2



Thermal Dark Matter

--> dark matter must drop out of thermal 
equilibrium (or have a chemical potential)


This process is called freeze-out


More efficient annihilation 
= lower DM density

n = g

✓
mT

2⇡

◆3/2

e�m/T

Y ⌘ n

s
s =

2⇡2

45
g⇤sT

3

Kolb and Turner, The Early Universe, chapters 3 and 5



Back of the envelope 
estimates

Often helpful in cosmology to know how 
things scale


H2 =
8⇡G⇢

3

G ⇠ 1

M2
pl

⇢ ⇠ T 4

H ⇠ T 2

Mpl

⇢X ⇠ ⇢0X
T 3

T 3
0

Friedmann Equation
(Non-relativistic DM is 
subdominant and scales 


as                    ) 



Boltzmann Eq

Evolution of number density described by 
Boltzmann Eq.  In the absence of 
interactions, it simply describes the dilution 
of the number density with the expansion of 
the universe.


dnX

dt
+ 3HnX = 0

ȧ

a
= H

nX ⇠ a�3 ⇠ T 3

a

a ⇠ T0

T



Thermal Dark Matter

In equations, not words.  Boltzmann Eqn:


i.e. Y = const if Y = Y_EQ


Then Y_EQ drops precipitously, so annihilation 
begins


Eventually RHS becomes small and Y = const 


dnX

dt
+ 3HnX = �h�XX̄!ff̄ |v|i(n2

X � nEQ
X

2
)

Y ⌘ n

s
x = m/T

dY

dx
= �xh�|v|is

H(m)
(Y 2 � Y 2

EQ)



Thermal Dark Matter

In equations, not words.  Boltzmann Eqn:


Relevant threshold is always


Equilibrium distribution maintained when 
condition met


dnX

dt
+ 3HnX = �h�XX̄!ff̄ |v|i(n2

X � nEQ
X

2
)

�ann = nXh�XX̄!ff̄ |v|i & H

nX ' nX
EQ

Y ⌘ n

s
x = m/T

dY

dx
= �xh�|v|is

H(m)
(Y 2 � Y 2

EQ)



Thermal Dark Matter

When             , equilibrium distribution 
becomes exponentially suppressed


Freeze-out occurs when equilibrium condition 
is no longer met


mX & T

n
X

�
ann

v ' H(T
fo

) ⇠ 1.66g1/2⇤
T 2
fo
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pl

n
X
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X

/T

fo

�ann = nXh�XX̄!ff̄ |v|i & H



Thermal Dark Matter
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Chemical Potential  
Dark Matter

Another way to stop the annihilation is 
simply to run out of anti-particles.  This is 
what happens with baryons in the SM.


Anti-matter  Matter   

nX ⇠ T 3

nX ⇠ 10�10T 3

Anti-matter  Matter



Chemical Potential Dark 
Matter

Visible Dark

Matter    Anti-matter Matter   Anti-Matter



Baryon and DM Number 
Related?

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


Accidental, or dynamically related?

Experimentally,
Mechanism

�DM � 5�b

nDM � nb

mDM � 5 GeV



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

KZ 1308.0338

nX � nX̄ ⇠ nb � nb̄ mDM � 5 GeV



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

Strongly constrained 
by colliders



Asymmetric DM
“Integrate out” heavy state

Higher dimension operators:

Standard Model
Dark Matter


(Hidden Valley)

N

X

X

Inaccessibility

En
er

gy

Luty, Kaplan, KZ 
0901.4117

mp ⇠ 1 GeV

Xucdcdc



Asymmetric DM
“Integrate out” heavy state

Higher dimension operators:

Standard Model
Dark Matter


(Hidden Valley)

N

Inaccessibility

En
er

gy

Luty, Kaplan, KZ 
0901.4117

mp ⇠ 1 GeV

OB�LOX

OB�L = LHu, LLEc, QLdc, ucdcdc OX = X, X2



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

KZ 1308.0338

nX � nX̄ ⇠ nb � nb̄ mDM � 5 GeV



Late time dark matter 
production

The dark matter may not have strong enough 
interactions to thermalize with the SM


Two other well-known ways for dark matter 
to be produced:


“Freeze-in”


Freeze-out and decay



Freeze-in

DM not part of thermal bath to start


Production is IR (low temp) dominated


--> no sensitivity to initial conditions


SM thermal bath; no DM production
+e Portal Coupling   


eg  d=4

Hidden sector 
thermal bath

T �

Visible sector 
thermal bath

T

Visible sector 
thermal bath

T

FIMP DM:

Hidden DM:

X

X

�

�

10�13 < � < 10�6



 Allows X production
V

V X X

V V

V

Dimensional analysis

YX � �2 MPl

v
 IR dominated; cutoff by masses

YX(T ) � �2 MPl

T

Hall et al, 0911.1120



Freeze-in

Production through low temp interactions


Naive dimensional analysis says IR dominated


+e Portal Coupling   


eg  d=4

Hidden sector 
thermal bath

T �

Visible sector 
thermal bath

T

Visible sector 
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Freeze-in
Naive dimensional analysis says IR dominated:


dY

dT
= � h�vi

HTs
n2

n ⇠ s ⇠ T 3 h�vi ⇠ �2

s
⇠ �2

T 2

=) Y ⇠ �2Mpl

T

Y ⌘ n

s
x = m/T(                    )                   

dY

dx
= �xh�|v|is

H(m)
(Y 2 � Y 2

EQ)

Boltzmann Eq:

NDA!



Freeze-inHeading “In” and “Out” of Equilibrium   

Y FI
X � �2 MPl

v

Y FO
D � 1

��2
v

MPl

Hall et al, 0911.1120



Naive dimensional analysis says IR dominated:


Freeze-in

n ⇠ s ⇠ T 3 h�vi ⇠ �2

s
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NDA!
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Figure 1: Processes that are relevant for the production of DM and thermalization of the hidden
sector through kinetic mixing. We work in the basis in which the DM is millicharged so that the
hidden photons, �0, only couple to DM and not the SM degrees of freedom (see text).

contribution from Z ! e0ē0 decay. These discussions therefore apply to the case of mDM > mZ/2
case, where obviously there is no Z ! e0ē0 decay. It also applies to mDM . 1 GeV. Indeed, in
the latter case the Z decay contribution can be neglected because, as we will see, the production
from the � mediated f ¯f ! e0ē0 scattering is enhanced at low temperature (being maximum at
T ⇠ Max[mDM ,mf ]), whereas the production from the Z decay is Boltzmann suppressed at these
temperatures. There is however an intermediate mass range, 1GeV . mDM . mZ/2, for which the
Z ! e0ē0 decay may dominate the DM production. In this case, it is technically more convenient to
express all Boltzmann equations directly in terms of the decay width rather than to hide it in the on-
shell part of the scattering contributions. This we have done in section 6 for the Higgs portal because,
in this case, the Higgs decay to a DM particle pair (if allowed, thus for mDM < mh/2) always
dominates the production of DM. For a better comprehension of results within this intermediate
mass range we therefore refer to section 6, where all equations apply in the same way, as well as
to Appendix D, where a few supplementary subtleties concerning the interplay between decay and
scattering in the case of the kinetic mixing portal are discussed in details.

Note also that, a priori, we would expect the scattering fe0 ! fe0 of DM particles with SM
fermions to be also relevant for the transfer of energy between the visible and the invisible sector.
Ev However the behaviour of this t-channel process is very different from that of the s-channel
processes. To begin with, the energy transfer in this t-channel process is a priori sub-dominant
compared to that from the s-channel processes. Moreover this process involves a hidden sector
particle in the initial state, whose number density with respect to the one of the visible sector
particles is suppressed by a factor of ⇠3, with ⇠ ⌘ T 0/T the hidden-to-visible sectors temperature
ratio. However, the t-channel has a collinear divergent behaviour at low-energy transfers which
could compensate for the two suppression effects. Nevertheless, we have checked that it is not the
case and that the t-channel processes can be safely neglected in the calculation of the energy transfer
between the visible and the hidden sector, as we will do in the sequel.

Since the processes connecting the visible and hidden sector discussed above depend only on the
combination

 ⌘ ✏̂
p
↵0/↵ , (5)

in what follows, we will express all results in term of this parameter, , which we call the connector
parameter, and of ↵0, the equivalent of the fine structure constant in the hidden sector. The later
coupling controls the process e0 ¯e0 $ �0�0 that takes place in the hidden sector, see Eq.(75) of
Appendix A.

To study the evolution of the number density of DM particles, we will solve a simple Boltzmann
equation in presence of both the connector processes, SMiSMi $ DMDM with i the various SM
species, and the hidden sector process, e0ē0 $ �0�0. It is convenient to write this Boltzmann equation
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Figure 4: Values of  that give the observed relic density through freeze-in (↵0 is assumed to be
negligible). The continuous line corresponds to the contribution of both the � and Z channels, the
dashed line is only for the �.

mostly at a temperature that is a factor of 2-3 times smaller than max[mi,mDM ]. This is the
temperature at which Boltzmann suppression is actually effective.

Provided that the production of DM is non-resonant, analytically we get that the abundance
of DM particles scales as Y ' �connect/(sH)|T=max[mf ,mDM ] / 2/mDM if mf < mDM , and as
Y / 2/mf if mf > mDM . The channels that dominate the production are those for which
mf < mDM , since they are effective down to T ⇠ mDM . Therefore, if the candidate is heavier
than the electron, Y is independent of mf and scales as 2/mDM , and so ⌦DM is independent of
mDM (modulo threshold effects each time mDM becomes larger than the mass of one of the SM
particles). This can be seen in Fig. 4, which gives the value of  required to have the observed DM
relic density. If instead mDM < me, then ⌦DM scales like 2mDM , as can also be seen in Fig. 4.
Finally, for mDM & 1 GeV and up to mZ/2, DM production is dominated by a resonance, i.e. Z
decay. In this case, the DM abundance is independent of mDM (see Appendix D and also section 6)
and scales like 2, so that ⌦DM scales like 2mDM . This behaviour corresponds to the dip in Fig. 4.
Notice that it implies that a smaller value of  is required to reach the observed DM abundance, a
feature also visible in Fig.3.

The various scaling properties discussed above can also be seen in Fig. 5, which displays Y
as a function of  for various values of ↵0 and mDM . In this figure one clearly sees, for tiny
values of ↵0, the characteristic volcano shape of the transition between the freeze-in and freeze-
out regime, from the processes driven by . The top of the volcano corresponds to the point
where the connector interaction thermalizes, delimiting the ⌦DM ⇠ 2 freeze-in behaviour from
the ⌦DM ⇠ 1/h�connectvi ⇠ 1/2 freeze-out behaviour. In Ref. [3] similar transitions have been
obtained for other types of interactions. For larger values of ↵0 however, there is no more freeze-in-
to-freeze-out transition. The volcano becomes a truncated volcano and the transition from freeze-in
to freeze-out undergoes an intermediate regime of reannihilation, which we will now discuss.

3.2 Phase II: freeze-out with a source term: the reannihilation regime

Starting from a freeze-in situation, if one increases  and/or ↵0, at some point, to be defined below,
there are enough DM particles and the interactions in the hidden sector are fast enough for the

10
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IV. SUPERWIMPS

The WIMP miracle might appear to require that dark matter have weak interactions
if its relic density is naturally to be in the right range. This is not true, however — in
recent years, two other mechanisms have been shown to be viable and lead to dark matter
particles that also exploit the WIMP miracle to have the correct relic density, but have
vastly di↵erent interactions and implications for detection. These two possibilities are the
topics of this section and Sec. VI.

In this section, we discuss superWIMPs, superweakly-interacting massive particles, which
have the desired relic density, but have interactions that are much weaker than weak. The
extremely weak interactions of SuperWIMPs might naively be thought to be a nightmare for
searches for dark matter. In fact, superWIMP scenarios predict signals from cosmic rays, at
colliders, and in astrophysics that can be far more striking than in WIMP scenarios, making
superWIMPs highly amenable to experimental investigation.

A. Production Mechanisms

1. DECAYS

In the superWIMP framework, dark matter is produced in late decays: WIMPs freeze out
as usual in the early Universe, but later decay to superWIMPs, which form the dark matter
that exists today (125; 126). Because superWIMPs are very weakly interacting, they have
no impact on WIMP freeze out in the early Universe, and the WIMPs decouple, as usual,
with a thermal relic density ⌦WIMP ⇠ ⌦DM. Assuming that each WIMP decay produces one
superWIMP, the relic density of superWIMPs is

⌦SWIMP =
mSWIMP

mWIMP

⌦WIMP . (17)

SuperWIMPs therefore inherit their relic density from WIMPs, and for mSWIMP ⇠ mWIMP,
the WIMP miracle also implies that superWIMPs are produced in the desired amount to
be much or all of dark matter. The evolution of number densities is shown in Fig. 12.
The WIMP decay may be very late by particle physics standards. For example, if the
superWIMP interacts only gravitationally, as is true of many well-known candidates, the
natural timescale for WIMPs decaying to superWIMP is 1/(GNm

3
weak) ⇠ 103 � 107 s.

Because the WIMP is unstable and not the dark matter, it need not be neutral in this
context — to preserve the naturalness of the superWIMP relic density, all that is required is
⌦WIMP ⇠ ⌦DM. In the case of supersymmetry, for example, the WIMP may be a neutralino,
but it may also be a charged slepton. Even though charged sleptons interact with photons,
on dimensional grounds, their annihilation cross sections are also necessarily governed by
the weak scale, and so are ⇠ g4weak/m

2
weak, implying roughly the same relic densities as

their neutral counterparts. Of course, whether the WIMP is charged or not determines the
properties of the other particles produced in WIMP decay, which has strong consequences
for observations, as we will see below.

2. REHEATING

SuperWIMPs may also be produced after reheating, when the energy of the inflaton
potential is transferred to SM and other particles. This creates a hot thermal bath, and, if

ψ G̃

φ

(a)

λ G̃

A

(b)

Figure 7.3: Goldstino/gravitino G̃ interactions with superpartner pairs (φ,ψ) and (λ, A).

The above remarks apply to the breaking of global supersymmetry. However, taking into account
gravity, supersymmetry must be promoted to a local symmetry. This means that the spinor parameter
ϵα, which first appeared in section 3.1, is no longer a constant, but can vary from point to point in
spacetime. The resulting locally supersymmetric theory is called supergravity [148, 149]. It necessarily
unifies the spacetime symmetries of ordinary general relativity with local supersymmetry transforma-
tions. In supergravity, the spin-2 graviton has a spin-3/2 fermion superpartner called the gravitino,
which we will denote Ψ̃α

µ. The gravitino has odd R-parity (PR = −1), as can be seen from the definition
eq. (6.2.5). It carries both a vector index (µ) and a spinor index (α), and transforms inhomogeneously
under local supersymmetry transformations:

δΨ̃α
µ = ∂µϵ

α + . . . (7.5.3)

Thus the gravitino should be thought of as the “gauge” field of local supersymmetry transformations
[compare eq. (3.3.1)]. As long as supersymmetry is unbroken, the graviton and the gravitino are
both massless, each with two spin helicity states. Once supersymmetry is spontaneously broken, the
gravitino acquires a mass by absorbing (“eating”) the goldstino, which becomes its longitudinal (helicity
±1/2) components. This is called the super-Higgs mechanism, and it is analogous to the ordinary Higgs
mechanism for gauge theories, by which the W± and Z0 gauge bosons in the Standard Model gain mass
by absorbing the Nambu-Goldstone bosons associated with the spontaneously broken electroweak gauge
invariance. The massive spin-3/2 gravitino now has four helicity states, of which two were originally
assigned to the would-be goldstino. The gravitino mass is traditionally called m3/2, and in the case of
F -term breaking it can be estimated as [150]

m3/2 ∼ ⟨F ⟩/MP, (7.5.4)

This follows simply from dimensional analysis, sincem3/2 must vanish in the limits that supersymmetry
is restored (⟨F ⟩ → 0) and that gravity is turned off (MP → ∞). Equation (7.5.4) implies very different
expectations for the mass of the gravitino in gravity-mediated and in gauge-mediated models, because
they usually make very different predictions for ⟨F ⟩.

In the Planck-scale-mediated supersymmetry breaking case, the gravitino mass is comparable to
the masses of the MSSM sparticles [compare eqs. (7.4.2) and (7.5.4)]. Therefore m3/2 is expected to be
at least of order 100 GeV or so. Its interactions will be of gravitational strength, so the gravitino will
not play any role in collider physics, but it can be important in cosmology [151]. If it is the LSP, then
it is stable and its primordial density could easily exceed the critical density, causing the universe to
become matter-dominated too early. Even if it is not the LSP, the gravitino can cause problems unless
its density is diluted by inflation at late times, or it decays sufficiently rapidly.

In contrast, gauge-mediated supersymmetry breaking models predict that the gravitino is much
lighter than the MSSM sparticles as long as Mmess ≪ MP. This can be seen by comparing eqs. (7.4.3)
and (7.5.4). The gravitino is almost certainly the LSP in this case, and all of the MSSM sparticles will
eventually decay into final states that include it. Naively, one might expect that these decays are ex-
tremely slow. However, this is not necessarily true, because the gravitino inherits the non-gravitational
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Summary: paradigms for 
DM relic density

thermal freeze-out is the most commonly 
considered paradigm for setting the DM 
density, but it is not the only way, e.g.


chemical potential (ADM)


freeze-out and decay


freeze-in


mis-alignment mechanism (oscillating scalar 
field)



XKCD Version

My theory is that dark matter is actually just a thin patina of grime covering the whole universe, and we don't notice 
it because we haven't thoroughly cleaned the place in eons.
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Appendix A: Why Nugget Synthesis is Di↵erent from Standard Model Synthesis

Large nuclei are not synthesized in the SM. Here we argue that much larger nuclei would be

synthesized in the absence of the Coulomb force. We further argue that in the absence of the

Coulomb force, a small change in the structure of the dark sector could imply the absence of a

bottleneck.

1. In the Absence of a Bottleneck

We first consider synthesis in the absence of a bottleneck, but with the presence of the

Coulomb force. With no bottleneck, the size, N , of a typical bound state evolves as

�N

�t
⇠ N

(n�v)�1

! dN

dt
= N�NnNvN = N�

0

N2/3e�↵N2/vN
nX

N
vN

where the exponential term in the cross section characterizes the Coulomb barrier. We will

assume that vN scales as vN = v�N
�1/2. It is convenient to define the dimensionless time scale

as in Eq. (13)
d�

dt
= �

0

nXv�.

Then the evolution equations for average size N are

dN

d�
= N1/6e�

↵
v�(�)N

5/2

.

If v0
�(��)�� is very small compared to v�(��), then, defining � = ↵/v�(��) we have

� =

Z
N�1/6e�N

5/2
dN ⇡

⇢
2

5

��1N�5/3e�N
5/2

if �N5/2 & 2
6

5

N5/6 if �N5/2 ⌧ 1
.

In the SM, with the synthesis starting around 0.1 MeV due to the Deuterium bottleneck,

� ⇡ 3000, v� ⇠ p
T
BBN

/GeV ⇠ 10�2. Solving for N , one obtains N ⇡ 2.56 due to the strong

exponential dependence, indicating the ine�ciency of SM synthesis (and correctly predicting

that synthesis stops at around Z = 2, helium). On the other hand, if the Coulomb barrier were

absent, the same calculation would predict N ⇠ 104.
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In the SM, with the synthesis starting around 0.1 MeV due to the deuterium bottleneck,

� ⇡ 3000, v� ⇠ p
T
BBN

/GeV ⇠ 10�2. Solving for N , one obtains N ⇡ 2.56 due to the strong

exponential dependence, indicating the ine�ciency of SM synthesis (and correctly predicting

that synthesis stops at around Z = 2, helium). On the other hand, if the Coulomb barrier were

absent, the same calculation would predict N ⇠ 104.

2. In the Presence of a Bottleneck

If there is a bottleneck at low N , large nuggets can build up by capture of small bound

states on sparse nucleation sites that squeeze through the bottleneck. Suppose the bottleneck

is at size k. The the size of the nucleation sites grows as

dN

dt
= knk�kNvk. (A5)

Taking knk = nX(1 � pN) and �kN = ��N
2/3e�↵N/vkf(vk) with f(vk) a possible suppression

factor due to quantum reflection e↵ects we have

dN

d�⇤ = (1 � pN)N2/3e�↵N/vk (A6)

where
d�⇤

dt
⌘ ��nXvkf(vk). (A7)

Here p is the probability of squeezing through the bottleneck. In the limit where vk is approx-

imately constant over the interaction timescale and if pN ⌧ 1 then

dN

d�⇤
= N2/3e��N (A8)

so that

�⇤ =

Z
N�2/3e�NdN ⇡

⇢
��1N�2/3e�N if �N & 2

3N1/3 if �N ⌧ 1
(A9)

Again using SM as an example, with �⇤ ⇠ 3000 and � = 1 one predicts N ⇠ 9.5. This estimate

confirms that a sparse population of A > 4 nuclei could not grow substantially through capture

of helium during BBN. If the Coulomb barrier were absent, however, one would predict N ⇠ 109.
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Compound Nucleus 
Model

Like Clay Putty: two 
nuclei fuse together


Excited state settles 
to ground state by 
emitting fragments or 
force mediators

FIG. 4. Schematic picture of large nugget fusion in the Compound Nucleus (CN) model. In the early

Universe, synthesis begins when T = T
syn

. 2X binding energy ⇥ Boltzmann factor and—absent

a bottleneck at small N—proceeds to fusion processes as depicted above until reaching freeze-out

due to number density depletion at typical size N
fo

⇠
h
nX
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�
4⇡n

sat

3

��2/3
q

T
m̄X

i
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T=T
syn

. In the late

Universe, �
DM

m
DM
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N
fo

4⇡
3

n
sat

⌘
2/3

1

N
fo

m̄X
. SIDM bounds translate to bounds on N

fo

, and there are

stronger bounds from indirect detection if the fusion byproducts decay to SM particles. Furthermore,

since the energy carried o↵ by fusion byproducts is generally not redeposited, fusion is a cooling

mechanism that can lead to accelerated core collapse at the centers of galaxies or collapse of (rare)

early protohalos to form primordial black holes or exotic compact stars. Refer to Fig. 2 for definitions

of parameters.

where the second inequality follows from maximizing x7/5(1 � x)9/5 in the interval 0 < x < 1.

With a set mass scale, m̄X , we see that N
fo

is directly limited by naturalness alone.

D. Products of Fusion

Here we address fusion byproducts, as predicted by the Compound Nucleus (CN) model.

This is critical for understanding both heat loss through fusion relevant for galactic halo evo-

lution and indirect detection constraints. We will find that fusion generally produces an abun-

dance of either force mediators (analogous to photons) or small nugget fragments (analogous

to neutrons or alpha particles). The CN model allows us to predict both the number of these

fusion byproducts, as well as their energy spectra.

The essential feature of the CN model is that when two nuggets interact, they rapidly

thermalize into an excited compound nucleus, which then decays through thermal emissions.
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FIG. 2. Contours of typical nugget number exiting big bang darkleosynthesis, k̄

fo

(dashed red) and

typical nugget mass M̄

fo

(solid purple) for ↵� = 0.03 (left) and ↵� = 0.3 (right). The temperature of

the dark sector is assumed to be roughly TX ⇡ T� . The blue shaded region corresponds to BE
2

< m�,

where 2

X synthesis will not be e�cient (Eq. (5)). The upper mX cuto↵ corresponds to the requirement

that 2

X fusion rate is smaller than Hubble as in Eq. (6), and the lower mX cuto↵ corresponds to

T

synth

. 10T

eq

. (See Fig. 1.). The various kinks in the contours are results of the change in g⇤ as the

synthesis temperature passes through QCD phase transition and neutrino decoupling.

so that the Boltzmann equation, Eq. (18), becomes

dyk
d�

=

"
X

ij

yiyjK(i, j, k) �
X

k+l<2m

ykylK(k, l, m)

#
. (30)

Analogous equations have been considered in the statisitical and mathematical physics literature

(see Ref. [16] for a pedagogical introduction), and when K(i, j, k) / �i+j,k, Eq. (30) is known

as the Smoluchowski equation for coagulation [17]. Here we consider the saturation limit and

utilize the CN-like picture for two-to-two processes, such that the kernel scales simply as,

K(i, j, k) =

r
1

i
+

1

j

⇣
i
1
3 + j

1
3

⌘
2 �k

�
, (31)

where �k is proportional to the partial width of a compound state i+j transitioning into a final

state k + (i + j � k), the squared factor characterizes the scaling of the geometric cross section,

and the square root factor characterizes the relative speed. A similar kernel was considered in

[7], but with �k = �i+j,k, corresponding to the case of coagulation [17]. There are generally

no closed form solutions even for a simplified choice of fusion kernel [16], and given that k̄

21

Gresham, Lou, KZ 1707.02316



PROGRAM

Paradigms for DM density


freeze-out, freeze-in, asymmetric DM, 
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compact object formation
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Direct and indirect detection basics
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Looking beyond the vanilla WIMP
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Cosmological constraints on particle DM
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SUSY Dark Matter

(let’s back up and talk about the most studied case)

Further reading:

Martin, a Supersymmetry primer, hep-ph/9709356


Supersymmetric Dark Matter, Jungman, Kamionkowski, Griest



Models of Dark Matter

The classic


SUSY


has all the ingredients


and they are present for other reasons


DM (sort of) free




DM Paradigm: 
recap

Usual picture of dark matter is that it is:


single


stable 


(sub-?) weakly interacting


neutral



Stability

To make candidate absolutely stable, need a 
symmetry in the theory


In SM:


p: stable by baryon number (global symm)


e-: electric charge (gauge symm)


nu’s: lepton number (global symm)



Stability
SUSY has built in symmetry to stabilize one 
of the SUSY particles


Each SM particle has a superpartner that 
differs in spin by 1/2 from SM particle


(actually, require two 
Higgses in SUSY)

gauginos

scalar superpartners 
to SM fermions

fermionic superpartners to 
SM scalar and gauge bosons



Stability

Why is one of these states stable? R-parity


Symmetry which appears in UV completions


For proton stability; DM stability by-product


Because, scalars in SUSY allow to write down 
additional interactions


t̃L t̃∗R

H0∗
d

(a)

b̃L b̃∗R

H0∗
u

(b)

τ̃L τ̃∗R

H0∗
u

(c)

Figure 6.4: Some of the supersymmetric (scalar)3 couplings proportional to µ∗yt, µ∗yb, and µ∗yτ . When
H0

u and H0
d get VEVs, these contribute to (a) t̃L, t̃R mixing, (b) b̃L, b̃R mixing, and (c) τ̃L, τ̃R mixing.

namely the supersymmetry-respecting mass µ and the supersymmetry-breaking soft mass terms. Yet
the observed value for the electroweak breaking scale suggests that without miraculous cancellations,
both of these apparently unrelated mass scales should be within an order of magnitude or so of 100
GeV. This puzzle is called “the µ problem”. Several different solutions to the µ problem have been
proposed, involving extensions of the MSSM of varying intricacy. They all work in roughly the same
way; the µ term is required or assumed to be absent at tree-level before symmetry breaking, and then
it arises from the VEV(s) of some new field(s). These VEVs are in turn determined by minimizing a
potential that depends on soft supersymmetry-breaking terms. In this way, the value of the effective
parameter µ is no longer conceptually distinct from the mechanism of supersymmetry breaking; if we
can explain why msoft ≪ MP, we will also be able to understand why µ is of the same order. In sections
11.2 and 11.3 we will study three such mechanisms: the Next-to-Minimal Supersymmetric Standard
Model, the Kim-Nilles mechanism [64], and the Giudice-Masiero mechanism [65]. Another solution
appropriate for GMSB models and based on loop effects was proposed in ref. [66]. From the point of
view of the MSSM, however, we can just treat µ as an independent parameter, without committing to
a specific mechanism.

The µ-term and the Yukawa couplings in the superpotential eq. (6.1.1) combine to yield (scalar)3

couplings [see the second and third terms on the right-hand side of eq. (3.2.18)] of the form
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Figure 6.4 shows some of these couplings, proportional to µ∗yt, µ∗yb, and µ∗yτ respectively. These play
an important role in determining the mixing of top squarks, bottom squarks, and tau sleptons, as we
will see in section 8.4.

6.2 R-parity (also known as matter parity) and its consequences

The superpotential eq. (6.1.1) is minimal in the sense that it is sufficient to produce a phenomenolog-
ically viable model. However, there are other terms that one can write that are gauge-invariant and
holomorphic in the chiral superfields, but are not included in the MSSM because they violate either
baryon number (B) or total lepton number (L). The most general gauge-invariant and renormalizable
superpotential would include not only eq. (6.1.1), but also the terms

W∆L=1 =
1

2
λijkLiLjek + λ′ijkLiQjdk + µ′iLiHu (6.2.1)

W∆B=1 =
1

2
λ′′ijkuidjdk (6.2.2)

where family indices i = 1, 2, 3 have been restored. The chiral supermultiplets carry baryon number
assignments B = +1/3 for Qi; B = −1/3 for ui, di; and B = 0 for all others. The total lepton number
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assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.
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in eq. (6.1.1) are allowed. This discrete symmetry commutes with supersymmetry, as all members of
a given supermultiplet have the same matter parity. The advantage of matter parity is that it can
in principle be an exact and fundamental symmetry, which B and L themselves cannot, since they
are known to be violated by non-perturbative electroweak effects. So even with exact matter parity
conservation in the MSSM, one expects that baryon number and total lepton number violation can
occur in tiny amounts, due to non-renormalizable terms in the Lagrangian. However, the MSSM does
not have renormalizable interactions that violate B or L, with the standard assumption of matter parity
conservation.

It is often useful to recast matter parity in terms of R-parity, defined for each particle as

PR = (−1)3(B−L)+2s (6.2.5)

where s is the spin of the particle. Now, matter parity conservation and R-parity conservation are
precisely equivalent, since the product of (−1)2s for the particles involved in any interaction vertex in
a theory that conserves angular momentum is always equal to +1. However, particles within the same
supermultiplet do not have the same R-parity. In general, symmetries with the property that fields
within the same supermultiplet have different transformations are called R symmetries; they do not
commute with supersymmetry. Continuous U(1) R symmetries were described in section 4.11, and are
often encountered in the model-building literature; they should not be confused with R-parity, which is
a discrete Z2 symmetry. In fact, the matter parity version of R-parity makes clear that there is really
nothing intrinsically “R” about it; in other words it secretly does commute with supersymmetry, so its
name is somewhat suboptimal. Nevertheless, the R-parity assignment is very useful for phenomenology
because all of the Standard Model particles and the Higgs bosons have even R-parity (PR = +1), while
all of the squarks, sleptons, gauginos, and higgsinos have odd R-parity (PR = −1).

The R-parity odd particles are known as “supersymmetric particles” or “sparticles” for short, and
they are distinguished by a tilde (see Tables 1.1 and 1.2). If R-parity is exactly conserved, then there can
be no mixing between the sparticles and the PR = +1 particles. Furthermore, every interaction vertex
in the theory contains an even number of PR = −1 sparticles. This has three extremely important
phenomenological consequences:

• The lightest sparticle with PR = −1, called the “lightest supersymmetric particle” or LSP, must
be absolutely stable. If the LSP is electrically neutral, it interacts only weakly with ordinary
matter, and so can make an attractive candidate [71] for the non-baryonic dark matter that
seems to be required by cosmology.

• Each sparticle other than the LSP must eventually decay into a state that contains an odd number
of LSPs (usually just one).

• In collider experiments, sparticles can only be produced in even numbers (usually two-at-a-time).

We define the MSSM to conserve R-parity or equivalently matter parity. While this decision seems
to be well-motivated phenomenologically by proton decay constraints and the hope that the LSP will
provide a good dark matter candidate, it might appear somewhat artificial from a theoretical point of
view. After all, the MSSM would not suffer any internal inconsistency if we did not impose matter
parity conservation. Furthermore, it is fair to ask why matter parity should be exactly conserved,
given that the discrete symmetries in the Standard Model (ordinary parity P , charge conjugation C,
time reversal T , etc.) are all known to be inexact symmetries. Fortunately, it is sensible to formulate
matter parity as a discrete symmetry that is exactly conserved. In general, exactly conserved, or
“gauged” discrete symmetries [72] can exist provided that they satisfy certain anomaly cancellation
conditions [73] (much like continuous gauged symmetries). One particularly attractive way this could
occur is if B−L is a continuous gauge symmetry that is spontaneously broken at some very high energy
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In the Minimal Supersymmetric Standard Model (MSSM), the neutral elec-

troweak gauginos (B̃, W̃ 3) and higgsinos (H̃0
1 , H̃0

2 ) have the same quantum num-
bers and, therefore, mix into four mass eigenstates called neutralinos. The neu-
tralino mass matrix in the B̃-W̃ 3-H̃0

1 -H̃0
2 basis is given by

MN =

⎛

⎜⎜⎝

M1 0 −MZ cosβ sin θW MZ sinβ sin θW
0 M2 MZ cosβ cos θW −MZ sinβ cos θW

−MZ cosβ sin θW MZ cosβ cos θW 0 −µ
MZ sinβ sin θW −MZ sinβ cos θW −µ 0

⎞

⎟⎟⎠ ,

(146)
where M1, M2 and µ are the bino, wino and higgsino mass parameters, respec-
tively, θW is the Weinberg angle and tanβ is the ratio of the vacuum expectation
values of the Higgs bosons. This matrix can be diagonalized by the matrix, N .

Mdiag
χ0 = N †Mχ0N. (147)

The masses of the four mass eigenstates are then given by [207, 62]
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where ϵi is the sign of the ith eigenvalue of the neutralino mass matrix, and

C2 = (M1M2 − M2
Z − µ2) −

3

8
(M1 + M2)

2 , (152)
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Figure 37: Tree level diagrams for neutralino annihilation into fermion pairs. From
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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)
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Figure 3.3: Supersymmetric gauge interaction vertices.

eq. (3.3.3). In the MSSM these are exactly the same as the well-known QCD gluon and electroweak
gauge boson vertices of the Standard Model. (We do not show the interactions of ghost fields, which
are necessary only for consistent loop amplitudes.) Figures 3.3c,d,e,f are just the standard interactions
between gauge bosons and fermion and scalar fields that must occur in any gauge theory because of the
form of the covariant derivative; they come from eqs. (3.3.5) and (3.4.2)-(3.4.4) inserted in the kinetic
part of the Lagrangian. Figure 3.3c shows the coupling of a gaugino to a gauge boson; the gaugino line
in a Feynman diagram is traditionally drawn as a solid fermion line superimposed on a wavy line. In
Figure 3.3g we have the coupling of a gaugino to a chiral fermion and a complex scalar [the first term
in the second line of eq. (3.4.9)]. One can think of this as the “supersymmetrization” of Figure 3.3e or
3.3f; any of these three vertices may be obtained from any other (up to a factor of

√
2) by replacing two

of the particles by their supersymmetric partners. There is also an interaction in Figure 3.3h which
is just like Figure 3.3g but with all arrows reversed, corresponding to the complex conjugate term in
the Lagrangian [the second term in the second line in eq. (3.4.9)]. Finally in Figure 3.3i we have a
scalar quartic interaction vertex [the last term in eq. (3.4.12)], which is also determined by the gauge
coupling.

The results of this section can be used as a recipe for constructing the supersymmetric interactions
for any model. In the case of the MSSM, we already know the gauge group, particle content and the
gauge transformation properties, so it only remains to decide on the superpotential. This we will do
in section 6.1. However, first we will revisit the structure of supersymmetric Lagrangians in section 4
using the manifestly supersymmetric formalism of superspace and superfields, and then describe the
general form of soft supersymmetry breaking terms in section 5.

4 Superspace and superfields

4.1 Supercoordinates, general superfields, and superspace differentiation and in-
tegration

Supersymmetry can be given a geometric interpretation using superspace, a manifold obtained by
adding four fermionic coordinates to the usual bosonic spacetime coordinates t, x, y, z. Points in su-
perspace are labeled by coordinates:

xµ, θα, θ†α̇. (4.1.1)

Here θα and θ†α̇ are constant complex anticommuting two-component spinors with dimension [mass]−1/2.
In the superspace formulation, the component fields of a supermultiplet are united into a single su-
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C Elastic Scattering Processes

C.1 Scalar Interactions

Consider a WIMP with scalar interactions with quarks given by

Lscalar = aqχ̄χq̄q, (197)

where aq is the WIMP-quark coupling. Then the scattering cross section for
the WIMP off of a proton or neutron is given by

σscalar =

∫ 4m2
rv2

0

dσ(v = 0)

d|v⃗|2
=

4m2
r

π
f2

p,n, (198)

where v is the relative velocity of the WIMP, mr is the reduced mass of the
nucleon (mr ≃ mp,n for WIMPs heavier than ∼ 10 GeV) and fp,n is the WIMP
coupling to protons or neutrons, given by

fp,n =
∑

q=u,d,s

f (p,n)
Tq aq

mp,n

mq
+

2

27
f (p,n)

TG

∑

q=c,b,t

aq
mp,n

mq
, (199)

where f (p)
Tu = 0.020 ± 0.004, f (p)

Td = 0.026 ± 0.005, f (p)
Ts = 0.118 ± 0.062, f (n)

Tu =

0.014 ± 0.003, f (n)
Td = 0.036 ± 0.008 and f (n)

Ts = 0.118 ± 0.062 [209]. f (p,n)
TG is

related to these values by

f (p,n)
TG = 1 −

∑

q=u,d,s

f (p,n)
Tq . (200)

The term in Eq. 199 which includes f (p,n)
TG results from the coupling of the WIMP

to gluons in the target nuclei through a heavy quark loop. The couplings of
squarks and Higgs bosons to heavy quarks leads to a loop level coupling of the
WIMP to gluons [276, 61, 323]. Such diagrams are shown in Fig. 45.

To attain the scalar cross section for a WIMP scattering off of a target
nucleus, one should sum over the protons and neutrons in the target:

σ =
4m2

r

π

(
Zfp + (A − Z)fn

)2

, (201)
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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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Kinematics of scattering
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✓
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Apply to scattering 
through Z boson

�N =
m2

DMm2
N

4⇡(mDM +mN )2
(Zfp + (A� Z)fn)2

m4
Z

�N = �p
µ2
N

µ2
n

(Zfp + (A� Z)fn)2

f2
p

F 2(ER)

The maximum momentum transfer depositable in the detector is 2µ
N

v, where µ
N

is the DM-
nucleus reduced mass. Since the typical momentum transfers observed by CoGeNT are lower
than those observed by DAMA, and the reduced mass of germanium is higher than that of
sodium, the typical velocities of particles observed by CoGeNT are significantly lower than
those of DAMA, further suppressing the overall scattering rate in CoGeNT, and further
shifting the CoGeNT region up relative to DAMA. The relative importance of these e↵ects
and the amount that it improves the agreement between DAMA and CoGeNT is a question
we address in detail in this paper.

The types of models in which the anapole and magnetic moment operators dominate
the scattering are not hard to construct. For a Majorana particle scattering through a
vector mediator, for example, O = �̄�

µ

�N̄�

µ

N vanishes, and one expects the anapole to
be the dominant contribution. For Dirac particles, one can explicitly construct models
where the coupling of the DM particles is purely axial. Likewise, the DM can have a
large magnetic moment when constituents charged under a dark force are bound into a
neutral state. Because the rates are velocity and momentum suppressed, the corresponding
scattering cross-section must be large. This can be accommodated with a light mediator
which is weakly coupled to Standard Model particles. We discuss a model where the large
cross-section generates both the observed rate and is consistent with the results of null
experiments.

The outline of this paper is as follows. In the next section we lay out the rates for standard
spin-independent scattering and for the anapole and magnetic dipole operators. We then
turn to discussing the e↵ect of the experimental uncertainties on standard spin-independent,
anapole and magnetic dipole scattering cases, and show how, properly accounting for these
uncertainties, we can bring the two results into better agreement. We focus in particular on
the sodium quenching factor, xenon prompt photon (S1) to nuclear recoil conversion factor
Le↵ , the stochasticity of photo-electrons in XENON10, and the systematic uncertainty in
the CDMS-Si energy threshold. Lastly, we discuss models that generate the observed event
rates, and conclude.

II. SCATTERING RATES

We begin by reviewing the standard scattering rates and then turn to a discussion of the
anapole and dipole rates. The rate for scattering is

dR

dE

R

= N

T

⇢

�

m

�

Z

|~v|>vmin

d

3
vvf(~v,~v

e

)
d�

dE

R

, (5)

where

v

min

=

p
2m

N

E

R

2µ
N

, (6)

4

f ⇠ 1

(⇡v0)3/2
e�v2/v2

0Maxwell-Boltzmann 
distribution:
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dER
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mN�N

2µ2
Nv2



Apply to scattering 
through Z boson

plug in and compare


Active    DM excluded by 
direct detection 


� ⇡ g4µ2
n

4⇡m4
Z

⇡ 10�39 cm2

Can evade constraint by mixing in sterile   ,   .  This state 
does not couple to Z.  But is not present in minimal model

⌫̃ Ñ

⌫̃
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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



What about neutralino?

2 component fermion       Majorana fermion


Possible operators, four Fermi, V-A structure:


SI vanishes identically; others are SD or 
velocity suppressed


OSI = (�̄�µ�)(q̄�
µq) = 0

Ovel dep. = (�̄�µ�5�)(q̄�
µq)

OSD = (�̄�µ�5�)(q̄�
µ�5q)

�



What about neutralino?

Actually, a little worse.


Bino and Wino do not couple to Z


Higgsino does, but in the limit that bino and 
Wino decouple, SD coupling via the Z 
vanishes


the SD coupling vanishes. Instead, the Higgsino forms a Dirac state, and the large vector
scattering of the Dirac neutrino is recovered. Hence, mixing with B̃ and/or W̃ (so that
|ZHu | 6= |ZHd

|) is required in order for the dq’s to be non-zero. This requirement also implies
a non-zero SI cross section, giving the correlation demonstrated below.

The typical cross section for SD DD in the MSSM (again see Sec. IV) is given by

�MSSM
SD (� p ! � p) ⇡ 4⇥ 10�4 pb

✓ |ZHd
|2 � |ZHu |2
0.1

◆2

(MSSM: SD typical). (25)

There are reasons to expect the squarks do not make a sizable contribution to the DD cross
sections. In the MSSM, satisfying the LEP bound on the Higgs boson mass requires large
radiative corrections from the stop loops. This implies that at least one stop must have a
TeV scale mass. Renormalization group flow tends to make the third generation sparticles
lighter than the partners for the first and second generations. Therefore, it is plausible that
squark contributions to DD scattering are negligible since only the first and second generation
squarks contribute (see Appendix A for details about squark exchange). For concreteness, in
all scans below we take the scalar superparters to be O(2TeV). This is also why Eqs. (23)
and (25) are expected to be good approximations. For a study which focuses on the e↵ects
of light squarks, see [16].

IV. THE ARGUMENT FOR A WELL-TEMPERED NEUTRALINO

Arkani-Hamed, Delgado and Giudice [9] argued that when one takes the LEP limits on
charginos and sleptons into account, a pure neutralino (i.e. composed of only one gaugino
eigenstate, usually taken to be Bino) is no longer the “natural” MSSM DM candidate, at
least when one imposes the requirement of a thermal cosmology. They claim that one should
instead consider a mixed neutralino, which they have dubbed “well-tempered.” Since the
relic density of mixed DM is set by annihilations to W+ W� (and t t̄ when kinematically
allowed) there is a further condition that m� > mW . Hence, we will impose this requirement
when we refer to “thermal” DM in the analysis that follows. In what follows, we review their
argument and then discuss some non-thermal options. Note that SI DD has previously been
studied for well-tempered models [38, 39], but no dedicated SD study exists.
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Higgs Scattering

So neutralino is safe from 
Z-pole scattering


It scatters predominantly 
through Higgs boson


Higgs boson coupling to 
nucleon comes 
predominantly through a 
loop

q q

H, h

χ χ

q~

q q

χ χ

Figure 44: Tree level Feynman diagrams for neutralino-quark scalar (spin-independent)
elastic scattering. From Ref. [319].

C Elastic Scattering Processes

C.1 Scalar Interactions

Consider a WIMP with scalar interactions with quarks given by

Lscalar = aqχ̄χq̄q, (197)

where aq is the WIMP-quark coupling. Then the scattering cross section for
the WIMP off of a proton or neutron is given by

σscalar =

∫ 4m2
rv2

0

dσ(v = 0)

d|v⃗|2
=

4m2
r

π
f2

p,n, (198)

where v is the relative velocity of the WIMP, mr is the reduced mass of the
nucleon (mr ≃ mp,n for WIMPs heavier than ∼ 10 GeV) and fp,n is the WIMP
coupling to protons or neutrons, given by

fp,n =
∑

q=u,d,s

f (p,n)
Tq aq

mp,n

mq
+

2

27
f (p,n)

TG

∑

q=c,b,t

aq
mp,n

mq
, (199)

where f (p)
Tu = 0.020 ± 0.004, f (p)

Td = 0.026 ± 0.005, f (p)
Ts = 0.118 ± 0.062, f (n)

Tu =

0.014 ± 0.003, f (n)
Td = 0.036 ± 0.008 and f (n)

Ts = 0.118 ± 0.062 [209]. f (p,n)
TG is

related to these values by

f (p,n)
TG = 1 −

∑

q=u,d,s

f (p,n)
Tq . (200)

The term in Eq. 199 which includes f (p,n)
TG results from the coupling of the WIMP

to gluons in the target nuclei through a heavy quark loop. The couplings of
squarks and Higgs bosons to heavy quarks leads to a loop level coupling of the
WIMP to gluons [276, 61, 323]. Such diagrams are shown in Fig. 45.

To attain the scalar cross section for a WIMP scattering off of a target
nucleus, one should sum over the protons and neutrons in the target:

σ =
4m2

r

π

(
Zfp + (A − Z)fn

)2

, (201)
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Figure 45: Feynman diagrams for neutralino-gluon scalar (spin-independent) elastic
scattering. Notice that no tree level processes exist. From Ref. [319].

where Z and A − Z are the numbers of protons and neutrons in the nucleus,
respectively.

The above expression is valid only at zero momentum transfer between the
WIMP and the nucleon. For finite momentum transfer, the differential cross
section must be multiplied by a nuclear form factor. The appropriate factor,
called the Woods-Saxon form factor, is given by [221]

F (Q) =

(
3j1(qR1)

qR1

)2

exp[−(qs)2], (202)

where j1 is the first spherical bessel function and the momentum transferred
is q =

√
smNQ. R1 is given by

√
R2 − 5s2, where R and s are approximately

equal to 1.2 fmA1/3 and 1 fm, respectively.
Although less accurate than the Woods-Saxon form factor, the following

simple form factor is sometimes used in its place [17, 240]:

F (Q) = exp[−Q/2Q0]. (203)

Here, Q is the energy tranferred from the WIMP to the target and Q0 =
1.5/(mNR2

0) where R0 = 10−13 cm [0.3 + 0.91(mN/GeV)1/3].
In the context of neutralino scattering, the value of aq can be calculated

from the parameters of the MSSM [248, 459, 197, 196]. Following Ref. [209], aq

117

fp,n
mp,n

=
X

q=u,d,s

fp,n
Tq

yq
mq

+
2

27
fp,n
TG

X

q=c,b,t

yq
mqShifman, Vainshtein, Zakharov, 

Phys.Lett. B78 (1978) 443



Higgs Scattering

Scattering cross-section depends on DM 
coupling to Higgs; structure of Higgs boson 
sector.


MSSM has two Higgses,     and


Ratio of vevs


Cross-section:


tan� =
vu
vd

mu,c,t = yu,c,tvu md,s,b = yd,s,bvd

Hu Hd

2

fp
u = 0.020, fp

d = 0.026, fp
s = 0.118, fn

u = 0.014, fn
d =

0.036, fn
s = 0.118 [17]. Note the value of the strange quark

content of the nucleon has a large effect on the cross section.
For example, taking the value of the strange quark content
as in [18], as motivated by recent lattice determinations, the
scattering cross sections become smaller by a factor of 2.

The neutralino masses and mixings depend on tan� =

vu/vd, µ, and the soft gaugino masses M1 and M2. The
scattering cross section is a function of the bino, wino and
Higgsino fractions of the neutralino, decomposed as �0

=

ZB
˜B + ZW

˜W + Zd
˜Hd + Zu

˜Hu. The masses of the lightest
CP even Higgs bosons, mh and mH , and the coupling of the
Higgs to the quarks, as determined by tan� and ↵, the Higgs
mixing angle, are also important. Higgsino fractions are found
by diagonalizing the neutralino mass matrix. For reference,
the (tree level) CP even Higgs masses are given through the
relations to the CP odd Higgs mass mA:

m2
h,H =

1

2

�
m2

A +m2
Z

⌥
q
(m2

A �m2
Z)

2
+ 4m2

Zm
2
A sin

2
2�

◆

m2
H± = m2

A +m2
W . (3)

At tree level, relevant parameters for the LSP and Higgs
sector phenomenology are tan�, M1, µ, MA, M2. Tak-
ing loop corrections into account, At and sfermion masses
also enter. We use Pythia 6.4 [19] to calculate spectra and
branching ratios where necessary. For large tan� and light
Higgs region, we find the scattering cross section

�n ⇡ 8.3⇥ 10

�42 cm2

✓
Zd

0.4

◆2 ✓
tan�

30

◆2 ✓
100 GeV

mH

◆4

⇥ 1

(1 +�mb)
2
, (4)

where we have taken the expression from [17] and added im-
portant corrections from the shifts in the b mass from super-
partner loops, which can be O(1) at large tan�[20]. These
modify the Yukawa coupling as yb ! yb(1 + �mb)

�1. We
quantify the exact size of these corrections below. At large
tan�, the cross section Eq. (4) agrees numerically with Mi-
crOMEGAs [21, 22] within a few percent. At somewhat
smaller tan� (as will be preferred by B decays, see below),
this formula is good to 10%. We see that CoGeNT is push-
ing the limits of the MSSM. To obtain a large enough scatter-
ing cross section we require a light Higgs, a substantial Hig-
gsino fraction of the lightest neutralino, and large tan� to en-
hance the couplings of the Higgs to the nucleon. The lighter
Higgs H is mostly a down type, and is nearly degenerate with
the pseudoscalar Higgs A, as can be seen from Eq. (3). The
charged Higgs also is light. While the near exact degeneracy
of the A and the lighter H is modified at the loop level, the
correction is typically small – in a numerical scan, covering
the region 350 GeV < Mf̃ < 2 TeV, |A| <2 TeV, M3 < 2
TeV, |µ| <300 GeV, but specializing to 20 < tan� < 30,

we find a maximum correction to the degeneracy no larger
than 5%. Similarly, the tree level relation between the pseu-
doscalar and charged Higgs mass is a good approximation,
with a maximum correction of 5%. It is often much smaller.

Since the Higgsino fraction of the neutralino should be
large to maximize the cross section, constraints from the in-
visible Z width are important. We impose the 2� constraint,
�(Z ! �0�0

) . 3 MeV [23]:

�(Z ! �0�0
) =

g2

4⇡

(Z2
u � Z2

d)
2

24c2w
MZ

"
1�

✓
2m�0

mZ

◆2
#3/2

.

(5)
where cw is the cosine of the weak mixing angle. This im-
plies a constraint, |Z2

u � Z2
d | . 0.13. While the scattering

cross section is not directly proportional to this combination,
when combined with the structure of the neutralino mass ma-
trix, it effectively implies a limit on Z2

d of 0.13. Cancellation
between Zu and Zd, which could allow Zd to be larger and
consistent with this constraint, occurs for small tan�. For
M1 ⌧ MZ ,M2, the Zd bound implies |µ| >⇠ 108 GeV.

Because the Higgs parameters are well-specified (low
mA0 , mH0 , mH+ and large tan�), it is possible to identify
several constraints. See [24] for a recent summary of similar
issues. Both direct production of the Higgs bosons and rare
decays are relevant.

First, the lightness of the charged Higgs opens the channel
t ! H+b. At tree level, and for moderate ( >⇠ 15) tan�, to
good approximation, the width is

�

tree
(t ! bH+

) =

g2mt

64⇡M2
W

✓
1� m2

H+

m2
t

◆2

m2
b tan

2 �,

(6)
where mb should be evaluated at the top mass, mb(mt) ⇡ 2.9
GeV. The corrections to the b-quark mass, �mb, change the
effective coupling of the charged Higgs (see e.g. [25]):

�

eff
(t ! bH+

) =

1

(1 +�mb)
2
�

tree
(t ! bH+

), (7)

We now quantify the size of the shift [20]:

�mb = (✏0 + y2t ✏Y ) tan�, (8)

with

✏0 =

2↵s

3⇡
M3µC0(m

2
b̃1
,m2

b̃2
,M2

3 ) (9)

✏Y =

1

16⇡2
AtµC0(m

2
t̃1
,m2

t̃2
, µ2

), (10)

where

C0(x, y, z) =
y log(y/x)

(x� y)(z � y)
+

z log(z/x)

(x� z)(y � z)
. (11)

It is possible to get good estimates for the experimentally
allowed ranges of ✏Y and ✏0. The limits from CDF, BR(Bs !

v2u + v2d = v2 = (246 GeV)2
q q

H, h

χ χ

q~

q q

χ χ

Figure 44: Tree level Feynman diagrams for neutralino-quark scalar (spin-independent)
elastic scattering. From Ref. [319].

C Elastic Scattering Processes

C.1 Scalar Interactions

Consider a WIMP with scalar interactions with quarks given by

Lscalar = aqχ̄χq̄q, (197)

where aq is the WIMP-quark coupling. Then the scattering cross section for
the WIMP off of a proton or neutron is given by

σscalar =

∫ 4m2
rv2

0

dσ(v = 0)

d|v⃗|2
=

4m2
r

π
f2

p,n, (198)

where v is the relative velocity of the WIMP, mr is the reduced mass of the
nucleon (mr ≃ mp,n for WIMPs heavier than ∼ 10 GeV) and fp,n is the WIMP
coupling to protons or neutrons, given by

fp,n =
∑

q=u,d,s

f (p,n)
Tq aq

mp,n

mq
+

2

27
f (p,n)

TG

∑

q=c,b,t

aq
mp,n

mq
, (199)

where f (p)
Tu = 0.020 ± 0.004, f (p)

Td = 0.026 ± 0.005, f (p)
Ts = 0.118 ± 0.062, f (n)

Tu =

0.014 ± 0.003, f (n)
Td = 0.036 ± 0.008 and f (n)

Ts = 0.118 ± 0.062 [209]. f (p,n)
TG is

related to these values by

f (p,n)
TG = 1 −

∑

q=u,d,s

f (p,n)
Tq . (200)

The term in Eq. 199 which includes f (p,n)
TG results from the coupling of the WIMP

to gluons in the target nuclei through a heavy quark loop. The couplings of
squarks and Higgs bosons to heavy quarks leads to a loop level coupling of the
WIMP to gluons [276, 61, 323]. Such diagrams are shown in Fig. 45.

To attain the scalar cross section for a WIMP scattering off of a target
nucleus, one should sum over the protons and neutrons in the target:

σ =
4m2

r

π

(
Zfp + (A − Z)fn

)2

, (201)
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Higgs scattering cross-
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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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fp
u = 0.020, fp

d = 0.026, fp
s = 0.118, fn

u = 0.014, fn
d =

0.036, fn
s = 0.118 [17]. Note the value of the strange quark

content of the nucleon has a large effect on the cross section.
For example, taking the value of the strange quark content
as in [18], as motivated by recent lattice determinations, the
scattering cross sections become smaller by a factor of 2.

The neutralino masses and mixings depend on tan� =

vu/vd, µ, and the soft gaugino masses M1 and M2. The
scattering cross section is a function of the bino, wino and
Higgsino fractions of the neutralino, decomposed as �0

=

ZB
˜B + ZW

˜W + Zd
˜Hd + Zu

˜Hu. The masses of the lightest
CP even Higgs bosons, mh and mH , and the coupling of the
Higgs to the quarks, as determined by tan� and ↵, the Higgs
mixing angle, are also important. Higgsino fractions are found
by diagonalizing the neutralino mass matrix. For reference,
the (tree level) CP even Higgs masses are given through the
relations to the CP odd Higgs mass mA:

m2
h,H =

1

2

�
m2

A +m2
Z

⌥
q
(m2

A �m2
Z)

2
+ 4m2

Zm
2
A sin

2
2�

◆

m2
H± = m2

A +m2
W . (3)

At tree level, relevant parameters for the LSP and Higgs
sector phenomenology are tan�, M1, µ, MA, M2. Tak-
ing loop corrections into account, At and sfermion masses
also enter. We use Pythia 6.4 [19] to calculate spectra and
branching ratios where necessary. For large tan� and light
Higgs region, we find the scattering cross section

�n ⇡ 8.3⇥ 10

�42 cm2

✓
Zd

0.4

◆2 ✓
tan�

30

◆2 ✓
100 GeV

mH

◆4

⇥ 1

(1 +�mb)
2
, (4)

where we have taken the expression from [17] and added im-
portant corrections from the shifts in the b mass from super-
partner loops, which can be O(1) at large tan�[20]. These
modify the Yukawa coupling as yb ! yb(1 + �mb)

�1. We
quantify the exact size of these corrections below. At large
tan�, the cross section Eq. (4) agrees numerically with Mi-
crOMEGAs [21, 22] within a few percent. At somewhat
smaller tan� (as will be preferred by B decays, see below),
this formula is good to 10%. We see that CoGeNT is push-
ing the limits of the MSSM. To obtain a large enough scatter-
ing cross section we require a light Higgs, a substantial Hig-
gsino fraction of the lightest neutralino, and large tan� to en-
hance the couplings of the Higgs to the nucleon. The lighter
Higgs H is mostly a down type, and is nearly degenerate with
the pseudoscalar Higgs A, as can be seen from Eq. (3). The
charged Higgs also is light. While the near exact degeneracy
of the A and the lighter H is modified at the loop level, the
correction is typically small – in a numerical scan, covering
the region 350 GeV < Mf̃ < 2 TeV, |A| <2 TeV, M3 < 2
TeV, |µ| <300 GeV, but specializing to 20 < tan� < 30,

we find a maximum correction to the degeneracy no larger
than 5%. Similarly, the tree level relation between the pseu-
doscalar and charged Higgs mass is a good approximation,
with a maximum correction of 5%. It is often much smaller.

Since the Higgsino fraction of the neutralino should be
large to maximize the cross section, constraints from the in-
visible Z width are important. We impose the 2� constraint,
�(Z ! �0�0

) . 3 MeV [23]:

�(Z ! �0�0
) =

g2

4⇡

(Z2
u � Z2

d)
2

24c2w
MZ

"
1�

✓
2m�0

mZ

◆2
#3/2

.

(5)
where cw is the cosine of the weak mixing angle. This im-
plies a constraint, |Z2

u � Z2
d | . 0.13. While the scattering

cross section is not directly proportional to this combination,
when combined with the structure of the neutralino mass ma-
trix, it effectively implies a limit on Z2

d of 0.13. Cancellation
between Zu and Zd, which could allow Zd to be larger and
consistent with this constraint, occurs for small tan�. For
M1 ⌧ MZ ,M2, the Zd bound implies |µ| >⇠ 108 GeV.

Because the Higgs parameters are well-specified (low
mA0 , mH0 , mH+ and large tan�), it is possible to identify
several constraints. See [24] for a recent summary of similar
issues. Both direct production of the Higgs bosons and rare
decays are relevant.

First, the lightness of the charged Higgs opens the channel
t ! H+b. At tree level, and for moderate ( >⇠ 15) tan�, to
good approximation, the width is

�

tree
(t ! bH+

) =

g2mt

64⇡M2
W

✓
1� m2

H+

m2
t

◆2

m2
b tan

2 �,

(6)
where mb should be evaluated at the top mass, mb(mt) ⇡ 2.9
GeV. The corrections to the b-quark mass, �mb, change the
effective coupling of the charged Higgs (see e.g. [25]):

�

eff
(t ! bH+

) =

1

(1 +�mb)
2
�

tree
(t ! bH+

), (7)

We now quantify the size of the shift [20]:

�mb = (✏0 + y2t ✏Y ) tan�, (8)

with

✏0 =

2↵s

3⇡
M3µC0(m

2
b̃1
,m2

b̃2
,M2

3 ) (9)

✏Y =

1

16⇡2
AtµC0(m

2
t̃1
,m2

t̃2
, µ2

), (10)

where

C0(x, y, z) =
y log(y/x)

(x� y)(z � y)
+

z log(z/x)

(x� z)(y � z)
. (11)

It is possible to get good estimates for the experimentally
allowed ranges of ✏Y and ✏0. The limits from CDF, BR(Bs !
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Figure 6.1: The top-quark Yukawa coupling (a) and its “supersymmetrizations” (b), (c), all of
strength yt.
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Figure 6.2: Some of the (scalar)4 interactions with strength proportional to y2t .

Since the Yukawa interactions yijk in a general supersymmetric theory must be completely sym-
metric under interchange of i, j, k, we know that yu, yd and ye imply not only Higgs-quark-quark and
Higgs-lepton-lepton couplings as in the Standard Model, but also squark-Higgsino-quark and slepton-
Higgsino-lepton interactions. To illustrate this, Figures 6.1a,b,c show some of the interactions involving
the top-quark Yukawa coupling yt. Figure 6.1a is the Standard Model-like coupling of the top quark
to the neutral complex scalar Higgs boson, which follows from the first term in eq. (6.1.3). For variety,

we have used tL and t†R in place of their synonyms t and t (see the discussion near the end of section
2). In Figure 6.1b, we have the coupling of the left-handed top squark t̃L to the neutral higgsino field
H̃0

u and right-handed top quark, while in Figure 6.1c the right-handed top anti-squark field (known

either as t̃ or t̃∗R depending on taste) couples to H̃0
u and tL. For each of the three interactions, there is

another with H0
u → H+

u and tL → −bL (with tildes where appropriate), corresponding to the second
part of the first term in eq. (6.1.3). All of these interactions are required by supersymmetry to have
the same strength yt. These couplings are dimensionless and can be modified by the introduction of
soft supersymmetry breaking only through finite (and small) radiative corrections, so this equality of
interaction strengths is also a prediction of softly broken supersymmetry. A useful mnemonic is that
each of Figures 6.1a,b,c can be obtained from any of the others by changing two of the particles into
their superpartners.

There are also scalar quartic interactions with strength proportional to y2t , as can be seen from
Figure 3.1c or the last term in eq. (3.2.18). Three of them are shown in Figure 6.2. Using eq. (3.2.18)
and eq. (6.1.3), one can see that there are five more, which can be obtained by replacing t̃L → b̃L
and/or H0

u → H+
u in each vertex. This illustrates the remarkable economy of supersymmetry; there

are many interactions determined by only a single parameter. In a similar way, the existence of all
the other quark and lepton Yukawa couplings in the superpotential eq. (6.1.1) leads not only to Higgs-
quark-quark and Higgs-lepton-lepton Lagrangian terms as in the ordinary Standard Model, but also
to squark-higgsino-quark and slepton-higgsino-lepton terms, and scalar quartic couplings [(squark)4,
(slepton)4, (squark)2(slepton)2, (squark)2(Higgs)2, and (slepton)2(Higgs)2]. If needed, these can all be
obtained in terms of the Yukawa matrices yu, yd, and ye as outlined above.

However, the dimensionless interactions determined by the superpotential are usually not the most
important ones of direct interest for phenomenology. This is because the Yukawa couplings are already
known to be very small, except for those of the third family (top, bottom, tau). Instead, production
and decay processes for superpartners in the MSSM are typically dominated by the supersymmetric
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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 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

h ,H
χ

χ

W

W

W
Z

χ

χ W
χ

χ

χ

W

W

+
n

χ

χ

χ

n
h ,H

χ

χ

Z

Z
Z

Z

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

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

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

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

SUMMARY AND CONCLUSIONS

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

central Milky Way halo were used to calculate upper lim-
its on ⟨σv⟩χχ→γγ . Limits are obtained in a neutralino
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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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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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While wino and Higgsino may be constrained 
by indirect detection, bino escapes


But, even bino has Higgsino component set by 


Require                        to get rid of 
Higgsino component


Same parameter enters into Z boson mass


Pure bino DM escapes

determine the phase of µ. Taking |µ|2, b, m2
Hu

and m2
Hd

as input parameters, and m2
Z and tan β as

output parameters obtained by solving these two equations, one obtains:

sin(2β) =
2b

m2
Hu

+m2
Hd

+ 2|µ|2
, (8.1.10)

m2
Z =

|m2
Hd

−m2
Hu

|
√
1− sin2(2β)

−m2
Hu

−m2
Hd

− 2|µ|2. (8.1.11)

(Note that sin(2β) is always positive. If m2
Hu

< m2
Hd

, as is usually assumed, then cos(2β) is negative;
otherwise it is positive.)

As an aside, eqs. (8.1.10) and (8.1.11) highlight the “µ problem” already mentioned in section 6.1.
Without miraculous cancellations, all of the input parameters ought to be within an order of magnitude
or two of m2

Z . However, in the MSSM, µ is a supersymmetry-respecting parameter appearing in
the superpotential, while b, m2

Hu
, m2

Hd
are supersymmetry-breaking parameters. This has lead to a

widespread belief that the MSSM must be extended at very high energies to include a mechanism that
relates the effective value of µ to the supersymmetry-breaking mechanism in some way; see sections
11.2 and 11.3 and ref. [66] for examples.

Even if the value of µ is set by soft supersymmetry breaking, the cancellation needed by eq. (8.1.11)
is often remarkable when evaluated in specific model frameworks, after constraints from direct searches
for the Higgs bosons and superpartners are taken into account. For example, expanding for large tan β,
eq. (8.1.11) becomes

m2
Z = −2(m2

Hu
+ |µ|2) + 2

tan2 β
(m2

Hd
−m2

Hu
) +O(1/ tan4 β). (8.1.12)

Typical viable solutions for the MSSM have −m2
Hu

and |µ|2 each much larger than m2
Z , so that signifi-

cant cancellation is needed. In particular, large top squark squared masses, needed to avoid having the
Higgs boson mass turn out too small [see eq. (8.1.25) below] compared to the direct search limits from
LEP, will feed into m2

Hu
. The cancellation needed in the minimal model may therefore be at the several

per cent level, or worse. It is impossible to objectively characterize whether this should be considered
worrisome, but it certainly causes subjective worry as the LHC bounds on superpartners increase.

Equations (8.1.8)-(8.1.11) are based on the tree-level potential, and involve running renormalized
Lagrangian parameters, which depend on the choice of renormalization scale. In practice, one must
include radiative corrections at one-loop order, at least, in order to get numerically stable results. To
do this, one can compute the loop corrections ∆V to the effective potential Veff(vu, vd) = V +∆V as a
function of the VEVs. The impact of this is that the equations governing the VEVs of the full effective
potential are obtained by simply replacing

m2
Hu

→ m2
Hu

+
1

2vu

∂(∆V )

∂vu
, m2

Hd
→ m2

Hd
+

1

2vd

∂(∆V )

∂vd
(8.1.13)

in eqs. (8.1.8)-(8.1.11), treating vu and vd as real variables in the differentiation. The result for ∆V has
now been obtained through two-loop order in the MSSM [135, 188]. The most important corrections
come from the one-loop diagrams involving the top squarks and top quark, and experience shows that
the validity of the tree-level approximation and the convergence of perturbation theory are therefore
improved by choosing a renormalization scale roughly of order the average of the top squark masses.

The Higgs scalar fields in the MSSM consist of two complex SU(2)L-doublet, or eight real, scalar
degrees of freedom. When the electroweak symmetry is broken, three of them are the would-be Nambu-
Goldstone bosons G0, G±, which become the longitudinal modes of the Z0 and W± massive vector
bosons. The remaining five Higgs scalar mass eigenstates consist of two CP-even neutral scalars h0
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When Should We Start 
Looking Elsewhere?

Cannot kill neutralino DM via direct 
detection, but paradigm does become 
increasingly tuned


Somewhat below Higgs pole -- Neutrino 
background?


Well-motivated candidates that are much 
less costly to probe


We will talk about alternative models later



“Massive” Dark Matter
Typically means heavier than 
a keV


Relativistic and non-
relativistic matter form 
structure differently


Relativistic matter free-
streams out of gravitational 
wells (hard to trap) -- allows 
us to constrain neutrinos


Dark matter needs to clump
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Astrophysical and 
Cosmological Constraints 

on the Dark Matter
(The DM sector is not as unconstrained as you 

thought)



Check Cosmology
What are good things to look for?


We have a lot of information about the DM 
sector from the time of BBN (t = 1 sec)


BBN
(baryons)
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1. BBN
Late-decaying or 
annihilating DM can 
ionize nuclei and 
change the predictions 
of BBN


BBN occurs at T ~ 1 
MeV or t ~ 1 sec


Particularly relevant 
for decay to gravitinos 
or for MeV mass (or 
lighter) DM

Figure 38: Upper bounds on mXYX at 95% C.L. for Bh = 1 and mX = 100 GeV. The
horizontal axis is the lifetime of X. Here, the lines with “D/H (low)” and “D/H (high)”
are for the constraints (2.1) and (2.2), respectively. The straight dashed line is the upper
bound by the deviation from the Planck distribution of the CMB.

where x̄th
i and x̄obs

i are the center values of xi determined from the theoretical calculation
and observations, while σth

i and σobs
i are their errors, respectively. In our analysis, (σth

i )2

is calculated by the Monte Carlo analysis. Notice that the χ2 depends on the model
parameters through xth

i and σth
i . For xi = r3,2 (n6Li/nH) and log10[(n7Li/nH)] we only use

the upper bound. In this case case, we define χ2
i as

χ2
i =

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

(x̄th
i − x̄obs

i )2

(σth
i )2 + (σobs

i )2
: x̄th

i < x̄obs
i

0 : otherwise

for xi = r3,2, (n6Li/nH) and log10[(n7Li/nH)]. (9.7)

Notice that, contrary to the case of SBBN, we do not use the lower bound on (n7Li/nH).
This is because we do not include the non-thermal 7Li production processes through α-α
collisions. All the observational constraints on primordial abundances of the light elements
have been summarized in Section 2.

In Figs. 38, 39 and 40, we plot the results of the χ2 analysis at 95 % C.L. (i.e., χ2
i = 3.84

for xi = (nD/nH) and Y ; χ2
i = 2.71 for xi = r3,2, (n6Li/nH) and log10[(n7Li/nH)]) on the

τX vs. EvisYX plane for mX = 100 GeV, 1 TeV, and 10 TeV, respectively. Here, the
hadronic branching ratio is unity, and X decays into two hadronic jets with the energy
2Ejet = mX . As mentioned in Section 2, the constraint with use of the highest observed
value of D/H (Eq. (2.2)) is shown together with that obtained by taking our standard
value (Eq. (2.1)). One can see that the constraint from D/H changes by a factor 2− 3 by
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band indicates the BBN concordance range (both at 95% CL). Color version at end
of book.
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2. CMB epoch
CMB multipoles + LSS are consistent with 
baryon-photon fluid plus non-interacting 
matter


Baryon density

sound speed = baryon to photon ratio

matter-
radiation 

equality --> 
measurement 

of matter 
density



2. CMB epoch

DM interactions with baryo-photon fluid would 
damage agreement with observations of CMB


This constrains DM milli-charge
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)
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the discussion encompassed by this paper does bring to light a number of constraints that
strongly disfavor some recent models in the literature. We comment on these models below
where relevant. DM may also have a magnetic or electric dipole; this has been thoroughly
considered recently [21], and we do not discuss it here.

The outline of this paper is as follows. We begin with a brief discussion of models and the
implications of this study for the viability of these models. We then review the relic density
calculation before turning to constraints. We discuss halo shape constraints and the bound
from scattering at recombination times. We discuss direct detection of charged particles in
light of the signals from CoGeNT and DAMA, and the implications of the bounds discussed
here for these experiments and models designed to fit them. Finally, we conclude.

II. MODELS AND GENERAL CONSIDERATIONS

Since DM that carries an electric charge must conserve U(1)EM, it must be a Dirac
particle. There are a number of models in the literature where the DM carries a fractional or
epsilon-charge. If a dark photon is massive and kinetically mixes with the photon, an epsilon-
charge arises in Stueckelberg models [22] on account of the unique form of Stueckelberg mass
term. If, on the other hand, the dark photon is massless, kinetic mixing between the dark
and visible photons induces an electric charge for the DM (or equivalently, a dark charge
for visible states) [23]. This mechanism is utilized for example in the Mirror Charged DM
model proposed by [20] to generate the signals in CoGeNT and DAMA. We will see that
the constraints we discuss here strongly disfavor such a model as the explanation for these
signals. In either case, we denote the charge of the DM as ϵe.

When determining the constraints on the DM charge, the essential features will be the
irreducible coupling to the photon (and charged SM particles), and, more importantly, the
velocity dependence of the scattering cross-section. For example, the Rutherford Scattering
cross-section of DM off DM through a photon is

dσXX

dΩ∗
=

α2
emϵ

4

m2
Xv

4
rel sin

4(θ∗/2)
, (1)

where mX is the DM mass, vrel is the DM relative velocity, and θ∗ is the scattering angle in
the center-of-mass frame. Likewise, the scattering cross-section of DM off baryon is

dσXb

dΩ∗
=

α2
emϵ

2

4µ2
bv

4
rel sin

4(θ∗/2)
, (2)

where µb is the DM-baryon reduced mass.

The important point phenomenologically is the very large enhancement in the scattering
cross-section at low velocity, giving a hint for where to look for strong constraints on

3

Rutherford scattering:



3. DM Annihilations and 
CMB epoch

A high rate of DM annihilations would inject 
ionizing photons into the CMB
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FIG. 5: CMB power spectra for three different DM annihilation models, with power injection normalized to that of a 1 GeV
WIMP with thermal relic cross section and f = 1, compared to a baseline model with no DM annihilation. The models give
similar results for the TT (left), TE (middle), and EE (right) power spectra. This suggests that the CMB is sensitive to only
one parameter, the average power injected around recombination. All curves employ the WMAP5 fiducial cosmology: the
effects of DM annihilation can be compensated to a large degree by adjusting ns and σ8 [4].

known to within a factor of ∼ 2 (which is then squared
to determine the annihilation rate), and density enhance-
ments from local substructure could also contribute an
O(1) boost to the cosmic-ray flux. The excess measured
by Fermi requires generically smaller boost factors than
ATIC, by a factor of ∼ 2 − 3: such models are not ruled
out by WMAP5 even without taking into account astro-
physical uncertainties, but will be constrained by Planck.

The degree of uniformity between the models should
not be surprising, despite the wide range of masses and
boost factors. The variations in f(z) between different
channels arise in large part from the energy carried away
by annihilation products other than photons and elec-
trons – but these annihilation products also do not con-
tribute to the cosmic-ray excesses measured at ATIC and
PAMELA. The cosmic-ray excesses are more sensitive
measures of the high-energy spectrum of the annihilation
products than the CMB, whereas the CMB is sensitive to
soft photons and electrons which may be absorbed into
the background in cosmic-ray measurements, but to a
first approximation both measurements are simply prob-
ing the total power in electrons (at least when the power
in photons produced by annihilation is small).

B. Implications for Sommerfeld-enhanced DM
annihilation

As described in the Introduction, the CMB has the po-
tential to act as an especially sensitive probe of DM mod-
els with Sommerfeld-enhanced annihilation. The sim-
plest example of the Sommerfeld enhancement with a
massive mediator is the case of WIMPs interacting via a
Yukawa potential. More complicated models can contain
small mass splittings among the dark sector particles,

and multiple light force carriers (e.g. [23]), but in this
work we will consider only the simplest case.

If the dark matter particle couples to a scalar media-
tor φ with coupling strength λ, then the enhancement is
solely determined by the dimensionless parameters,

ϵv =
(v/c)

α
, ϵφ =

mφ

αMDM
, (5)

where α = λ2/4π. In the limit where the φ mass goes to
zero (ϵφ → 0), the enhancement to the annihilation cross
section – denoted S – can be determined analytically, and
S ∼ π/ϵv at low velocities. For nonzero ϵφ, there are two
important qualitative differences. The first is that the
Sommerfeld enhancement saturates at low velocity–the
attractive force has a finite range, and this limits how
large the enhancement can become. Once the deBroglie
wavelength of the particle (MDMv)−1 exceeds the range
of the interaction m−1

φ , or equivalently once ϵv drops
beneath ϵφ, the Sommerfeld enhancement saturates at
S ∼ 1

ϵφ
[23]. The second effect is that for specific values

of ϵφ, resonances occur where the enhancement scales as
∼ 1/ϵ2v instead of ∼ 1/ϵv, potentially increasing the en-
hancement factor by several orders of magnitude. In the
resonant case the velocity at which the enhancement sat-
urates is also smaller than in the non-resonant case (for
the same value of ϵφ).

1. Saturation of the enhancement

At first glance it might appear that our calculation
would not apply to Sommerfeld-enhanced models, due
to the variation of the enhancement with velocity, since
we have assumed a constant ⟨σAv⟩ with respect to z.
However, for models which are not already ruled out

Final State 
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3. DM Annihilations and 
CMB epoch

Powerful constraint on ionizing radiation                    
injection rate = annihilation rate
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FIG. 6: Constraints on the annihilation cross-section ⟨σAv⟩
the efficiency factor f . The dark blue area is excluded by
WMAP5 data at 95% confidence, whereas the lighter blue
area shows the region of parameter space that will be probed
by Planck. The cyan area is the zone that can ultimately be
explored by a cosmic variance limited experiment with angu-
lar resolution comparable to Planck. Constraints are taken
from [42] (Fig. 4). The data points indicate the positions of
models which fit the observed cosmic-ray excesses, as fitted in
[20, 55]. Squares: PAMELA only. Diamonds: PAMELA and
Fermi. Crosses: PAMELA and ATIC. Error bars indicate the
factor-of-4 uncertainty in the required boost factor due to un-
certainties in the local dark matter density (any substructure
contributions are not taken into account). For models labeled
by “XDM” followed by a ratio, the annihilation is through an
XDM intermediate light state to electrons, muons and pions
in the given ratio (e.g. “XDM 4:4:1” corresponds to 4:4:1
annihilation to e+e−, µ+µ− and π+π−).

by WMAP5 constraints, either the enhancement must
be saturated over the redshift range in question (z ∼
100 − 4000), or α or f(z) must be extremely small – in
which case the model could not explain the cosmic-ray
anomalies described in the Introduction. For the models
of greatest interest, the enhancement S thus provides a
constant boost factor to the annihilation cross section at
z ∼ 1000, and our constraints apply directly.

At redshift z, the CMB temperature is ∼ 2.35 ×
10−4(1 + z) eV. This places an upper bound on the tem-
perature of the DM: however, after kinetic decoupling
the DM temperature evolves adiabatically as T ∝ z2,
and thus the WIMPs can be much colder than the pho-
ton temperature. [42] suggests v/c ∼ 10−8 at z ∼ 1000
for a 100 GeV WIMP.

If the enhancement is still unsaturated at such low ve-
locities, then the force carrier must be extremely light
compared to the WIMP mass. For the models recently
proposed in the literature [21, 23, 25, 57], the enhance-
ment has always saturated by this point as the force carri-
ers are much heavier than 10−8MDM. Other constraints
on models with very low-mass mediators also exist: as

one example, a 1/v enhancement which saturates at too
low a velocity can also cause runaway annihilations in
the first DM halos at the onset of structure formation
[58]. Furthermore, as shown in Fig. 6, models which fit
the recently observed cosmic-ray anomalies are already
close to being ruled out by WMAP5. If the Sommer-
feld enhancement in such models has not saturated by
(v/c) ∼ 10−8, this implies an effective cross section at re-
combination ∼ 4 − 5 orders of magnitude higher than in
the present-day Galactic halo. Such models are therefore
strongly excluded by WMAP5. Similarly, if the WIMP
annihilates to the same particle which mediates the Som-
merfeld enhancement, then in order for the enhancement
to evade the constraints in Fig. 6, the coupling α between
the WIMP and the force carrier must be extremely small
– reducing the annihilation cross section at freeze-out to
unacceptable levels for a thermal relic. Thus for a broad
range of well motivated models, it is self-consistent to as-
sume that the Sommerfeld enhancement is saturated for
the redshift range of interest (z ∼ 100 − 4000).

We can write the 95 % confidence limits from WMAP5
in terms of constraints on the total cross section,

⟨σAv⟩saturated <
3.6 × 10−24cm3/s

f

(

MDMc2

1TeV

)

, (6)

or as constraints on the maximum saturated enhance-
ment, relative to the thermal relic cross section ⟨σAv⟩ =
3 × 10−26 cm3/s,

Smax <
120

f

(

MDMc2

1TeV

)

. (7)

In both cases values of f for the different channels are
given in Table I.

These results directly limit the maximum boost fac-
tor possible from substructure, in Sommerfeld-enhanced
models. There has recently been considerable interest
in possible annihilation signals from dark matter sub-
halos, where the DM velocity dispersion is reduced and
the Sommerfeld-enhanced cross section is boosted (e.g.
[59, 60, 61, 62]). However, the saturated cross section
cannot be much larger than that required to fit the cos-
mic ray anomalies, so for models which fit the cosmic ray
anomalies, the lower velocity dispersion in subhalos will
not result in a higher annihilation cross section.

2. Sommerfeld-enhanced models fitting cosmic ray excesses

In Sommerfeld-enhanced models which produce the ob-
served excesses in e+e− cosmic rays, the saturation of
the enhancement is even more constrained than in the
general case. Since the cross sections required to fit
the cosmic ray anomalies are already nearly excluded by
WMAP5, as shown in Fig. 6, the enhancement must al-
ready be close to saturation at v ∼ 150 km/s (5×10−4c),
the estimated local WIMP velocity dispersion. Astro-
physical uncertainties – in the propagation of cosmic rays,

Finkbeiner, Padmanabhan, Slatyer 0906.1197



4. Large Scale Structure

Dark matter halos are not exactly spherical!


If DM had strong self-interactions, the 
resulting halo would be approx spherical



Places constraint on DM self-interactions


Require one scattering 
or fewer per DM 
particle over the age 
of the halo


4. Large Scale Structure

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

the discussion encompassed by this paper does bring to light a number of constraints that
strongly disfavor some recent models in the literature. We comment on these models below
where relevant. DM may also have a magnetic or electric dipole; this has been thoroughly
considered recently [21], and we do not discuss it here.

The outline of this paper is as follows. We begin with a brief discussion of models and the
implications of this study for the viability of these models. We then review the relic density
calculation before turning to constraints. We discuss halo shape constraints and the bound
from scattering at recombination times. We discuss direct detection of charged particles in
light of the signals from CoGeNT and DAMA, and the implications of the bounds discussed
here for these experiments and models designed to fit them. Finally, we conclude.

II. MODELS AND GENERAL CONSIDERATIONS

Since DM that carries an electric charge must conserve U(1)EM, it must be a Dirac
particle. There are a number of models in the literature where the DM carries a fractional or
epsilon-charge. If a dark photon is massive and kinetically mixes with the photon, an epsilon-
charge arises in Stueckelberg models [22] on account of the unique form of Stueckelberg mass
term. If, on the other hand, the dark photon is massless, kinetic mixing between the dark
and visible photons induces an electric charge for the DM (or equivalently, a dark charge
for visible states) [23]. This mechanism is utilized for example in the Mirror Charged DM
model proposed by [20] to generate the signals in CoGeNT and DAMA. We will see that
the constraints we discuss here strongly disfavor such a model as the explanation for these
signals. In either case, we denote the charge of the DM as ϵe.

When determining the constraints on the DM charge, the essential features will be the
irreducible coupling to the photon (and charged SM particles), and, more importantly, the
velocity dependence of the scattering cross-section. For example, the Rutherford Scattering
cross-section of DM off DM through a photon is

dσXX

dΩ∗
=

α2
emϵ

4

m2
Xv

4
rel sin

4(θ∗/2)
, (1)

where mX is the DM mass, vrel is the DM relative velocity, and θ∗ is the scattering angle in
the center-of-mass frame. Likewise, the scattering cross-section of DM off baryon is

dσXb

dΩ∗
=

α2
emϵ

2

4µ2
bv

4
rel sin

4(θ∗/2)
, (2)

where µb is the DM-baryon reduced mass.

The important point phenomenologically is the very large enhancement in the scattering
cross-section at low velocity, giving a hint for where to look for strong constraints on

3
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4. Astrophysical objects

If DM interacts with nucleons in 
object, it can scatter, lose 
energy and become trapped


DM slowly thermalizes with 
object and sinks to center



Annihilation Inside

Equilibrium achieved when capture and 
annihilation balance


As long as capture and annihilation rate is 
large enough, this is achieved


Capture rate prop to scattering rate


Ṅ = C �AN2 = 0

AN2 = C tanh2(t�/⌧E) ⌧E =
p
CA

trino mixing and the effects of WIMP evaporation from the Sun. The muon energy thresholds
of ANTARES and IceCube are 10 GeV or higher and are therefore not able to observe the
neutrinos produced by a several-GeV WIMP. We therefore consider bounds arising from the
Super-Kamiokande experiment, which can identify muons with energies as low as 1.6 GeV. The
limits imposed by Baksan and MACRO are similar to those coming form Super-Kamiokande.
We study the DAMA allowed region arising from both the two-bin study of Ref. [5] and the
parameter space arising from the full spectral analysis both with and without the 2−2.5 keVee
bin [8, 9].

Our conclusions are that that upper limits to the flux of energetic neutrinos from the Sun
severely constrain the DAMA spin-independent parameter space if WIMPs annihilate directly
to neutrinos or to tau leptons. The constraints from Super-Kamiokande on the spin-dependent
scenario are even more severe; they exclude any spin-dependent WIMP in the DAMA region
that annihilates 1% of the time or more to any combination of neutrinos, tau leptons, or charm
or bottom quarks.

Our paper is organized as follows. We review in Section II the formalism of WIMP capture
and annihilation in the Sun, including the effect of evaporation, which is important for dark
matter near the 3-GeV lower edge of the DAMA allowed region. In Section III we discuss the
detection of the neutrinos from WIMP annihilation using upward-going muons in the Super-
Kamiokande detector and study the constraints imposed by this process on the DAMA allowed
region. We also present in Sec. III the spin-dependent parameter space (including channeling)
implied by DAMA. In Sec. IV, we comment on the energetic-neutrino constraint as applied to
the case of light neutralino dark matter. Finally, we summarize our conclusions in Section V.

II. WIMP CAPTURE AND ANNIHILATION IN THE SUN

We briefly review here the basic formulae describing WIMP capture and annihilation in the
Sun. A generic species of dark-matter particle present in the solar system will scatter elastically
with and become captured in the Sun at a rate given by [25]

C⊙ ≃ 1.3 × 1025 s−1

(

ρDM

0.3 GeV/cm3

) (

270 km/s

v̄

) (

1 GeV

mDM

)

×
[(

σH

10−40 cm2

)

S(mDM/mH) + 1.1

(

σHe

16 × 10−40 cm2

)

S(mDM/mHe)

]

, (1)

where ρDM is the local dark-matter density, v̄ is the local root-mean-square velocity of halo
dark-matter particles, and mDM is the dark-matter mass. σH and σHe are the elastic scattering
cross sections of the WIMP with hydrogen and helium nuclei, respectively. The factor of 1.1
reflects the solar abundance of helium relative to hydrogen and well as dynamical factors and
form factor suppression. The quantity S is a kinetic suppression factor given by

S(x) =

[

A(x)3/2

(1 + A(x)3/2)

]2/3

, (2)

where

A(x) =
3x

2(x − 1)2

(

⟨vesc⟩
v̄

)2

. (3)
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Collection Inside

What if annihilation does not occur? (ADM)


Then only collection occurs


Not very much mass, but if x-sect large 
enough, may have impact


Scalar DM may form black hole; fermion DM 
may alter stellar evolution


N = Ct

progenitor usually has much lower density and shorter lifetime which results in lower capture
efficiency. The total number of DM particles captured by the neutron star is given by the
solution of Eq. (7)

NX = CBt. (13)

To evaluate CB, we note that if the sum of individual nucleon-DM scattering cross sections is
larger than the geometric surface area of the star, the capture rate will saturate. Therefore,
the capture rate increases with the cumulative nucleon-DM scattering cross section σtot =
NBσn, where σn is the DM-neutron elastic scattering cross section, as long as σtot is smaller
than σgeom = πR2

n; that is, we can constrain the individual scattering cross section σn as
long as σn is less than or equal to σmax = πR2

n/NB. Taking typical neutron star parameters
Mn = 1.44 M⊙ and Rn = 10.6 km, we estimate the maximum cross section as [29]

σmax = 2.1× 10−45 cm2

(

Rn

10.6 km

)2(1.44 M⊙

Mn

)

, (14)

and the effective cross section is given by

σXB = Min [σn, σmax] . (15)

Note that since we consider scattering off only one nucleon, this scattering can be regarded
as either spin-dependent or spin-independent.

Now we can estimate the total number of ADM in the neutron star at a given time, using
generic parameters vesc = 1.8×105 km/s, v̄ = 220 km/s, and NB ≃ 1.7×1057. In the regime
mX ! 1 GeV, we have ξ ≃ 1, which gives

NX ≃ 2.3× 1044
(

100 GeV

mX

)(

ρX
103 GeV/cm3

)(

σXB

2.1× 10−45 cm2

)(

t

1010 years

)

. (16)

When the DM mass is less than ∼ 1 GeV, the degeneracy effect on the capture process is
important so that ξ ≃

√
2mXvesc/pF , and we have

NX ≃ 3.4× 1046
(

ρX
103 GeV/cm3

)(

σXB

2.1× 10−45 cm2

)(

t

1010 years

)

. (17)

It is interesting to note that the DM number does not depend on the DM mass in the second
case.

In the above derivation ofNX , we have assumed that the evaporation effect is negligible for
the DM. Now we estimate the DM mass scale below which the evaporation is relevant. Since
energy states below the Fermi surface are occupied, only those neutrons with momentum
above pF can transfer kinetic energy to the DM. Since T ≪ pF for the neutron star, the
number of these free neutrons is order ∼ 10−8 smaller than that of the neutrons in the Fermi
sea. So the scattering probability for the DM evaporation is highly suppressed. Furthermore,
compared to the sun, neutron stars have much higher density and deeper gravitational wells,
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Black Hole Formation
When collected DM a) self-gravitates AND b) 
exceeds Chrandrasekhar number, then form a 
black hole


As N increases, the radius shrinks and the Fermi momentum increases; eventually fermions
become relativistic with total energy

E ∼ −
GNm2

R
+

N1/3

R
. (3)

If the total number of the fermions increases beyond the limit

Nfermion
Cha ∼

(

1

Gm2

)3/2

=

(

Mpl

m

)3

≃ 1.8× 1051
(

100 GeV

m

)3

, (4)

whereMpl = 1.2211×1019 GeV is the Planck scale, the gravitational energy will dominate the
total particle energy and gravitational collapse will occur. This is the famous Chandrasekhar
limit [40].

Now we discuss bosons. Similar to the fermion case, the gravitational collapse occurs when
particles are relativistic. But the bosonic system is significantly different from the fermionic
system because it has no Fermi pressure to hinder gravity. Since the bosons are confined
inside a sphere with radius R, they have zero point energy 1/R due to the uncertainty
principle in the relativistic limit. Therefore, the typical energy for a boson in a sphere of
radius R is

E ∼ −
GNm2

R
+

1

R
. (5)

Again, the radius cancels in the critical limit. In this case, the Chandrasekhar limit is

N boson
Cha ≃

(

Mpl

m

)2

≃ 1.5× 1034
(

100 GeV

m

)2

. (6)

Comparing Eq. (4) and Eq. (6), we can see that for a given particle mass, a particle that
obeys Bose-Einstein statistics will experience gravitational collapse much more readily than
a particle that obeys Fermi-Dirac statistics.

When the total number of DM particles accumulated in a neutron star surpasses the
Chandrasekhar limit, the captured DM particles collapse to a black hole and destroy the
host neutron star. Therefore, observations of old neutron stars can be used to constrain
the DM-neutron scattering cross section. Since bosons have much smaller Chandrasekhar
limit than fermions, we can obtain stronger limits on bosonic DM. In this work, we take
typical neutron star parameters Mn = 1.44 M⊙, Rn = 10.6 km and the central density
ρB = 1.4× 1015 g/cm3 [29, 41].

III. CAPTURE OF ASYMMETRIC DARK MATTER IN NEUTRON STARS

The accretion of DM onto stars has been studied in [20–22]. In this section, we review
the basic formulas for the capture of asymmetric DM in neutron stars.

4
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It is interesting to note that the DM number does not depend on the DM mass in the second
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In the above derivation ofNX , we have assumed that the evaporation effect is negligible for
the DM. Now we estimate the DM mass scale below which the evaporation is relevant. Since
energy states below the Fermi surface are occupied, only those neutrons with momentum
above pF can transfer kinetic energy to the DM. Since T ≪ pF for the neutron star, the
number of these free neutrons is order ∼ 10−8 smaller than that of the neutrons in the Fermi
sea. So the scattering probability for the DM evaporation is highly suppressed. Furthermore,
compared to the sun, neutron stars have much higher density and deeper gravitational wells,
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Figure 9: Excluded scattering cross-section o↵ a nucleon from Bose-Einstein (and eventual black

hole) formation in the neutron star J0437-4715. In the hatched region constraints are lifted because

the mini-black hole evaporates. For comparison, the constraint from CDMS-II is shown. From the

analysis of [184].

The sign of the interaction is, however, important. A scalar mediator will generate an

attractive coupling that will only strengthen the constraint [191, 192].

B. The Sun

ADM may modify energy transport in the Sun, and hence change neutrino production in

the Sun [10, 193–198]. We focus on the discussion of [194], and refer the reader to the other

papers for further details. The capture rate in the Sun can be approximated by
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Stellar Constraints

Disrupt main 
sequence evolution


Heat neutron stars

47

Figure 10: left: The Hertzsprung-Russell diagram for a 1 M� star, with �SD = 10�37 cm2. For a

moderate amount of DM accumulation, the star compensates for nuclear energy being lost in the

core by increasing it outside the core, making the star hotter and more luminous. This is shown by

the darkest blue curve with ⇢DM = 103 GeV/cm3. Eventually this is no longer possible, and the

star contracts and cools, which is shown by the evolution along the green and orange curves. This

yields a dramatic change in the usual evolution of the star that may be observable in a DM dense

region. From [194]. right: Impact of ADM on brown dwarves. Solid curves show the standard

evolution of low mass stars between 0.05 and 0.11M�. The main sequence is reached as t increases

when the luminosity stabilizes to a constant value, indicating that hydrogen burning has been

ignited. In the standard case, this occurs for M > 0.08 M�. By contrast, when DM is added (with

boost �B = 103 in comparison to the usual collection rate in the Sun for the same DM parameters,

so that enough DM is collected), the red and blue curves result. Stars between 0.08 and 0.1M�,

that entered the main sequence in the standard case, no longer enter the main sequence and instead

become brown dwarves. From [199].

C. Brown and White Dwarves

Similar types of e↵ects can be present in the evolution of low mass stars. In usual stellar

evolution, a low mass star, below 0.08 M�, evolves to a brown dwarf because the core

Taoso et al, 1005.5711
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Figure 1. Dark kinetic heating sensitivity to dark matter-
neutron cross-sections (�

nx

), obtainable from neutron stars
near Earth with blackbody temperatures of 100�1750 Kelvin,
are indicated with dashed lines. A 1750 K blackbody temper-
ature is the maximum imparted by dark kinetic heating, for a
1.5 M�, R = 10 km neutron star that captures the entire flux
of dark matter passing through it, for dark matter density
⇢
x

= 0.42 GeV cm�3 [8]. While radiation from a 1750 K neu-
tron star at 10 parsecs could be detected by JWST, TMT, or
E-ELT, imaging a . 1000 K neutron star requires future tele-
scopes. As detailed in Sec. 3, old neutron stars cool to ⇠ 100
K after a billion years. Dark kinetic sensitivity curves apply to
both spin-dependent (SD) and spin-independent (SI) interac-
tions, since scattering occurs o↵ individual neutrons. Bounds
from LUX [10], PandaX [11, 12], CDMS [13], and CRESST
[14] are shown, which use ⇢

x

= 0.3 GeV cm�3, alongside the
SD and SI xenon direct detection neutrino floors [15].

dark matter to scatter against nucleons and electrons.
We define a capture probability

f ⌘ Min


�

nx

�

sat

, 1

�
, (4)

where �
sat

is the “saturation” cross-section, for which all
transiting dark matter is captured. Dark matter becomes
captured in the neutron star’s gravitational potential, if
the energy it deposits from scattering with the neutron
star exceeds its initial halo kinetic energy far away from
the neutron star. We now determine the size and scaling
of �

sat

, which will depend on the dark matter mass m
x

.
Here we consider dark matter scattering o↵ neutrons –
this treatment can be extended to scattering o↵ electrons
and protons in the neutron star [9].

2a. Capture for GeV . m

x

. PeV. In this mass
range, dark matter is captured after scattering once with
the neutron star. In the rest frame of the neutron star,
a dark matter-nucleon scattering event depletes the dark
matter kinetic energy by

�E

s

=
m

n

m

2

x

�

2

v

2

esc

m

2

n

+m

2

x

+ 2�m
x

m

n

(1� cos ✓
c

) , (5)

where v

2

esc

' 2GM/R is the incoming speed of dark
matter, and ✓

c

is the scattering angle in the center-
of-mass frame. For dark matter masses smaller than
m

x

' PeV, dark matter becomes bound after one
scattering event. This follows from comparing dark
matter’s initial kinetic energy in the halo, blueshifted
in the rest frame of the neutron star, �m

x

v

2

x

/2, to the
kinetic energy lost in an average scatter, �E

s

. Equating
these two quantities, we find that the maximum mass
for dark matter captured by one scatter is m

x

⇠ PeV.
Therefore for GeV – PeV mass dark matter, the mini-
mum cross-section for dark matter to deposit all of its
kinetic energy into the neutron star is the per-neutron
cross-section for which dark matter scatters once,
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2b. Capture for m

x

. GeV. For dark matter lighter
than about a GeV, the saturation cross section increases
inversely with dark matter mass as a result of “Pauli
blocking.” Because the neutron star is composed of highly
degenerate neutrons, protons, and electrons, the proba-
bility for dark matter to scatter with these fermions is di-
minished by the Pauli exclusion principle, which forbids
degenerate fermions from becoming excited to a momen-
tum state already occupied by another fermion. This re-
duces the number of nucleons available for the dark mat-
ter to scatter against by a factor ⇠ �p

p

F,n
, where the mo-

mentum transferred by the dark matter is �p ⇠ �m

x

v

esc

,
and a typical neutron Fermi momentum in the neutron
star is p

F,n

' 0.45 GeV (⇢
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/(4 ⇥ 1038 GeV cm�3))
[16]. Therefore, the saturation cross-section for sub-
GeV mass dark matter is �Pauli
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2c. Capture for m

x

& PeV. A single scatter will be
insu�cient to capture dark matter heavier than a PeV.
In this case, multiple scatters during dark matter’s pas-
sage through the star are required for the dark matter
to become gravitationally bound. The energy lost after
N ⇠ n�

nx

R scatters inside the neutron star is approx-
imately �E

s

N ⇠ �E

s

n�

nx

R, where n is the number
density of neutrons in the neutron star and N is the typ-
ical number of scatters for dark matter transiting the
neutron star. Because the energy lost in multiple scat-
ters scales linearly with �

nx

, and dark matter’s initial
halo kinetic energy also scales linearly with m

x

, it fol-
lows that at large dark matter masses m

x

& PeV, the
cross-section required for dark matter capture increases
linearly with the dark matter mass (see discussion in [6])

so that �multi
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In all above cases, as is evident in Eq. (4), the amount
of dark matter captured and the resulting dark kinetic
heating will decrease linearly with cross-sections smaller
than �

sat

, because Ė

k

/ �

nx

. Minor refinements can be
made to these capture calculations [17–20], e.g. account-
ing for the slightly increased escape velocity in the neu-
tron star interior [4, 21, 22], enhanced multiscatter cap-
ture for m

x

⇠ PeV dark matter particles using a Boltz-
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Dark Matter Model 
Dynamics

(Looking beyond the vanilla WIMP paradigm)



DM Paradigm: 
recap

Usual picture of dark matter is that it is:


single


stable 


(sub-?) weakly interacting


neutral

Supersymmetry and axions fit the bill. 



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 mechanisms .....



Our Thinking Has 
Shifted: Why?

Perhaps overly influenced by only a couple 
of paradigms?  Overly single minded focus?
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Broad Range of Models

Dark MatterStandard Model Connector

pure glue, light flavors, heavy flavors,  
quirky asymmetric dark matter, Strongly 

Interacting Massive Particle (SIMP), 
Wess-Zumino-Witten SIMP 

Mirror Matter, Atomic Matter, Self-
Interacting Dark Matter, Magentic, Dark 

Anapole and EDMs

Darkogenesis, Xogenesis, Hylogenesis, 
Cladogenesis, ADM from Leptogenesis, 

Dark Affleck-Dine

MeV DM, WIMPless, Anomalies: PAMELA, 
ATIC, Fermi I, Fermi II, Fermi III, DAMA, 

CDMS, Cogent

Dark Disk — Killing the Dinosaurs

Dark photons, Freeze-in, WIMPless 
miracle
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Figure 1: Representative tree-level Feynman diagrams for the (a) WH and (b) ZH production processes with the
subsequent decays W ! `⌫, Z ! `` (` = e, µ) and H ! aa ! 4b.

Several kinematic variables, including the reconstructed masses in the decay H ! aa ! 4b, are combined
to identify signal events. The background estimation techniques, systematic uncertainties and statistical
treatment closely follow those used in other ATLAS searches with similar signatures [28–32].

2 ATLAS detector

The ATLAS experiment [33] is a multipurpose particle physics detector with forward–backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle.1 The interaction point is surrounded by an
inner detector (ID) tracking system, a calorimeter system, and a muon spectrometer (MS). The ID covers
|⌘ | < 2.5 and consists of a silicon pixel detector, a silicon microstrip detector, and a transition radiation
tracker. The ID includes the insertable B-layer [34], a pixel layer close to the interaction point, which
provides high-resolution measurements at small radius to improve the tracking performance. A thin
superconducting solenoid surrounds the ID and provides a 2 T axial magnetic field. The calorimeter
system features a high-granularity lead/liquid-argon sampling calorimeter that measures the energy and
the position of electromagnetic showers within |⌘ | < 4.9. Liquid-argon sampling calorimeters are also
used to measure hadronic showers in the endcap (1.5 < |⌘ | < 3.2) and forward (3.1 < |⌘ | < 4.9) regions,
while a steel/scintillator tile calorimeter measures hadronic showers in the central region (|⌘ | < 1.7). The
MS surrounds the calorimeters and consists of three large superconducting air-core toroid magnets, each
with eight coils, a system of precision tracking chambers (|⌘ | < 2.7), and fast trigger chambers (|⌘ | < 2.4).
For Run 2, the ATLAS detector has a two-level trigger system. The first-level trigger is implemented
in hardware and uses a subset of the detector information to reduce the rate of accepted events to 100

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). The transverse momentum pT and other transverse
variables are defined by projecting these variables into the x–y plane, and the transverse energy ET is defined as

q
m2 + p2

T,
where m represents the mass of a considered object. The distance in the pseudorapidity–azimuthal-angle space is defined as
�R =

p
(�⌘)2 + (��)2.
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Figure 10: Summary of the expected and observed combined 95% CL upper limits on � ⇥ B(H ! aa ! 4b)
with prompt and long-lived a-bosons. Expected (observed) limits for prompt a-bosons are shown as empty (filled)
circles. Expected (observed) limits for long-lived signals are shown as dashed (solid) lines for two signal scenarios:
ma = 20 and 60 GeV.

9 Conclusion

This paper presents a search for exotic decays of the Higgs boson into a pair of spin-zero particles, H ! aa,
where the a-boson decays into two b-quarks. The search focuses on processes in which the Higgs boson is
produced in association with a W or Z boson that decays leptonically. The analysis uses the pp collision
dataset at

p
s = 13 TeV recorded by the ATLAS detector at the LHC in 2015 and 2016, corresponding to

an integrated luminosity of 36.1± 0.8 fb�1. The search for H ! aa ! 4b is performed in the mass range
20 GeV  ma  60 GeV, considering prompt as well as long-lived a-bosons with mean proper lifetimes
c⌧a up to 6 mm. The analysis uses several kinematic variables combined in a multivariate discriminant in
signal regions and uses control regions to reduce uncertainties in the background estimates. No significant
excess of data is observed relative to the SM predictions. Upper limits at 95% CL are derived for the
WH and ZH production cross-section times branching ratio of the decay H ! aa ! 4b. The combined
observed upper limit for promptly decaying a-bosons ranges from 3.0 pb for ma = 20 GeV to 1.3 pb
for ma = 60 GeV, assuming that the ratio of WH to ZH cross-sections follows the SM prediction. For
a-bosons with longer proper lifetimes, the best limits are 1.8 pb and 0.68 pb, for ma = 20 GeV and 60 GeV
respectively, at c⌧a ⇠ 0.4 mm.

23
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FIG. 22: Constraints on visibly-decaying mediators (shaded regions) and projected sensitivities of
currently running or upcoming probes (solid lines). Visible decays of the mediator dominate in the
m� > mA0 secluded annihilation regime. Courtesy R. Essig.
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Exp. Implications of      
Dark Sectors ....

.... with dark forces


Direct Detection


Intensity experiments


DM self-scattering and halo shapes



Direct Detection

Mediates _large_ scattering cross-sections


Simplified model gives rise to many effects
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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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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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Connection to Intensity 
Experiments

Dark sectors may be more efficiently 
produced in low energy intensity experiments 


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
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0
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+
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0
µ

, (3)
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is the Standard Model Lagrangian, F

0
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=
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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
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µ⌫
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⌫

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

3

FIG. 22: Constraints on visibly-decaying mediators (shaded regions) and projected sensitivities of
currently running or upcoming probes (solid lines). Visible decays of the mediator dominate in the
m� > mA0 secluded annihilation regime. Courtesy R. Essig.
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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 .
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FIXED TARGET COLLISIONS
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by DAMA/LIBRA can be explained by dark matter,
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through A

0 exchange. We therefore include these lines for
reference in our plots.
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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].
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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 .
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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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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
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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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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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FIG. 2: Symmetric (left) and asymmetric (right) DM parameter space in mX -m� plane. Blue regions show where DM self-scattering solves
dwarf-scale structure anomalies, while red (green) lines show bounds from Milky Way (cluster) scales. Numerical values indicate h�T i/mX

in cm2/g on dwarf (“dw”), Milky Way (“MW”), and cluster (“cl”) scales. For symmetric DM, ↵X is fixed to obtain the observed relic density;
for asymmetric DM, ↵X = 10�2 is fixed to deplete X, X̄ density for mX . 300 GeV (dotted line). Dashed lines show extrapolation using
analytic formulae, while “x” marks parameter points utilized in Fig. 1.

These two cases illustrate how �T may be enhanced at dwarf
scales due to resonances. The dashed line shows an exam-
ple with an antiresonance (the Ramsauer-Townsend effect),
which can suppress �T at small v. All of these parameters
have been chosen to give the correct DM relic density and
�T /mX ⇠ 0.1 � 10 cm

2/g to solve structure problems on
dwarf scales (except for the antiresonance case).

III. Results: We show the complete parameter space where
a dark force can account for DM small scale structure and
relic density. For scattering, to compare with astrophysi-
cal bounds, we consider the velocity-averaged cross section
h�T i =

R
d3v �T e�

1
2 v

2/v2
0/(2⇡v2

0

)

3/2, where v
0

is the most
probable velocity for a DM particle. Fig. 2 shows contour
plots of h�T i for two cases, symmetric and asymmetric DM,
in the mX -m� parameter space.

For symmetric DM (Fig. 2, left), we take the average of at-
tractive and repulsive cross sections, �T = (�att

T + �rep

T )/2,
with ↵X chosen to reproduce the observed DM relic density
at each point.2 The blue contour regions show h�T i/mX on
dwarf scales (v

0

= 10 km/s) in the ranges 0.1 � 1 cm

2/g
(light) and 1� 10 cm

2/g (dark) to solve small scale structure
problems. The lower range is prefered for a constant cross

2 We compute the relic density by solving numerically the Boltzmann equa-
tions for DM freeze-out, accounting for a possible Sommerfeld enhance-
ment in h�vi. We assume X kinetically decouples at a temperature
0.5 MeV, e.g., if X were weakly coupled to electrons [20].

section; Ref. [10] found 0.1 cm2/g matched small scale struc-
ture observations, while 1 cm

2/g caused too low central den-
sities in dwarf spheroidals. Simulations with a v-dependent
classical (attractive-only) force prefered the upper range (or
larger) [9]. The red (green) contours show h�T i/mX = 0.1
and 1 cm

2/g on MW (cluster) scales with v
0

= 200 (1000)
km/s, showing the approximate upper limits from observa-
tions. Ref. [10] found that 1 cm

2/g produced a too-small
central DM density in galaxy clusters and is only marginally
consistent with MW-scale halo shape ellipticity constraints,
while 0.1 cm2/g is consistent with these constraints [10]. In
the resonant regime, we have computed �T numerically. This
region shows a pattern of resonances for mX ⇠ 10 GeV
– TeV, where �att

T is enhanced, allowing for larger mX for
fixed h�T i/mX . The dashed lines indicate where we use
analytic formulae to extrapolate our results into the Born
(mX ⌧ m�/↵X ) and classical (mX � m�/v) regimes. Our
numerical calculation maps smoothly into these regions, again
confirming our agreement with the analytic formulae.3 The
crosses show the example parameters from Fig. 1 for the res-
onant (mX = 100 GeV), Born (mX = 4 GeV), and classical
(mX = 2 TeV) regimes.

Most of these resonant features correspond to s-wave res-

3 The small discrepancy on cluster scales is because h�T i at these parame-
ters is dominated by phase space with v ⌧ v0, where the classical approx-
imation is not valid, even though mXv0/m� � 1.
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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

D

p
g

Y

m

W

g

2

, (4)

e�e�

Z

A0

�

FIG. 2: A

0 production by bremsstrahlung o↵ an incoming
electron scattering o↵ protons in a target with atomic number
Z.

`+

`�

`+
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e�

Z Z

e�
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FIG. 3: (a) �

⇤ and (b) Bethe-Heitler trident reactions that
comprise the primary QED background to A

0 ! `

+
`

� search
channels.

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

0 of mass m

A

0 with
energy E

A

0 ⌘ xE

0

is

d�

dxd cos ✓

A

0
⇡ 8Z

2

↵

3

✏

2

E

2

0

x

U

2

Log

⇥

(1� x +

x

2

2
)� x(1� x)m2

A

0

�
E

2

0

x ✓

2

A

0

�

U

2

�
(5)

where Z is the atomic number of the target atoms,
↵ ' 1/137, ✓

A

0 is the angle in the lab frame between the
emitted A

0 and the incoming electron, the Log (⇠ 5� 10

3

✏

��
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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
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(1 +�
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)

3/2
exp(�x�
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)

ge↵
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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]).
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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)
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FIG. 6: Constraints and projections for the DM-electron scattering cross section �̄e. The left (right)

plots assume a momentum-independent (dependent) interaction, FDM = 1 (FDM = (↵me/q)2). Existing

constraints from XENON10 (XENON100) [90, 91] are shown in the blue (red) shaded regions. Projections

show 3 events for a 1-year exposure [50, 90, 94, 95, 98, 99]; the label includes the threshold (in terms of number

of electrons, photons, or the electron recoil energy) and target mass. Solid/dashed/dotted lines indicate

an estimate of the time to start taking data, corresponding roughly to a short/medium/long timescale,

respectively. A solid line indicates a mature technology: data taking can begin in . 2 years and a zero

background (radioactivity or dark currents) is reasonable for the indicated thresholds. A dashed line indicates

more R&D is required and, if successful, data taking could start in ⇠ 2 � 5 years; the projected sensitivity

assumes that backgrounds can be controlled. A dotted line indicates longer-term R&D e↵orts. Bottom left

plot assumes DM scatters through an A0 with mA0 = 3m�. Five theory targets are shown as explained in

Section IV B. In addition to electron-recoil experiments, we show projections from nuclear-recoil experiments

(from Fig. 8). Gray shaded regions are constraints from LSND, E137, BaBar, and current WIMP nuclear-

recoil searches [50]. Bottom right plot assumes DM scatters through an A0 with mA0 ⌧ keV; a

freeze-in target is shown. Shaded gray regions are bounds from WIMP nuclear-recoil searches, stellar, and

BBN constraints [50]. The superconductor projection in bottom plots include in-medium e↵ects for an A0

and assume a dynamic range of 10 meV–10 eV. 50
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Figure 4: Values of  that give the observed relic density through freeze-in (↵0 is assumed to be
negligible). The continuous line corresponds to the contribution of both the � and Z channels, the
dashed line is only for the �.

mostly at a temperature that is a factor of 2-3 times smaller than max[mi,mDM ]. This is the
temperature at which Boltzmann suppression is actually effective.

Provided that the production of DM is non-resonant, analytically we get that the abundance
of DM particles scales as Y ' �connect/(sH)|T=max[mf ,mDM ] / 2/mDM if mf < mDM , and as
Y / 2/mf if mf > mDM . The channels that dominate the production are those for which
mf < mDM , since they are effective down to T ⇠ mDM . Therefore, if the candidate is heavier
than the electron, Y is independent of mf and scales as 2/mDM , and so ⌦DM is independent of
mDM (modulo threshold effects each time mDM becomes larger than the mass of one of the SM
particles). This can be seen in Fig. 4, which gives the value of  required to have the observed DM
relic density. If instead mDM < me, then ⌦DM scales like 2mDM , as can also be seen in Fig. 4.
Finally, for mDM & 1 GeV and up to mZ/2, DM production is dominated by a resonance, i.e. Z
decay. In this case, the DM abundance is independent of mDM (see Appendix D and also section 6)
and scales like 2, so that ⌦DM scales like 2mDM . This behaviour corresponds to the dip in Fig. 4.
Notice that it implies that a smaller value of  is required to reach the observed DM abundance, a
feature also visible in Fig.3.

The various scaling properties discussed above can also be seen in Fig. 5, which displays Y
as a function of  for various values of ↵0 and mDM . In this figure one clearly sees, for tiny
values of ↵0, the characteristic volcano shape of the transition between the freeze-in and freeze-
out regime, from the processes driven by . The top of the volcano corresponds to the point
where the connector interaction thermalizes, delimiting the ⌦DM ⇠ 2 freeze-in behaviour from
the ⌦DM ⇠ 1/h�connectvi ⇠ 1/2 freeze-out behaviour. In Ref. [3] similar transitions have been
obtained for other types of interactions. For larger values of ↵0 however, there is no more freeze-in-
to-freeze-out transition. The volcano becomes a truncated volcano and the transition from freeze-in
to freeze-out undergoes an intermediate regime of reannihilation, which we will now discuss.

3.2 Phase II: freeze-out with a source term: the reannihilation regime

Starting from a freeze-in situation, if one increases  and/or ↵0, at some point, to be defined below,
there are enough DM particles and the interactions in the hidden sector are fast enough for the
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Figure 1: Processes that are relevant for the production of DM and thermalization of the hidden
sector through kinetic mixing. We work in the basis in which the DM is millicharged so that the
hidden photons, �0, only couple to DM and not the SM degrees of freedom (see text).

contribution from Z ! e0ē0 decay. These discussions therefore apply to the case of mDM > mZ/2
case, where obviously there is no Z ! e0ē0 decay. It also applies to mDM . 1 GeV. Indeed, in
the latter case the Z decay contribution can be neglected because, as we will see, the production
from the � mediated f ¯f ! e0ē0 scattering is enhanced at low temperature (being maximum at
T ⇠ Max[mDM ,mf ]), whereas the production from the Z decay is Boltzmann suppressed at these
temperatures. There is however an intermediate mass range, 1GeV . mDM . mZ/2, for which the
Z ! e0ē0 decay may dominate the DM production. In this case, it is technically more convenient to
express all Boltzmann equations directly in terms of the decay width rather than to hide it in the on-
shell part of the scattering contributions. This we have done in section 6 for the Higgs portal because,
in this case, the Higgs decay to a DM particle pair (if allowed, thus for mDM < mh/2) always
dominates the production of DM. For a better comprehension of results within this intermediate
mass range we therefore refer to section 6, where all equations apply in the same way, as well as
to Appendix D, where a few supplementary subtleties concerning the interplay between decay and
scattering in the case of the kinetic mixing portal are discussed in details.

Note also that, a priori, we would expect the scattering fe0 ! fe0 of DM particles with SM
fermions to be also relevant for the transfer of energy between the visible and the invisible sector.
Ev However the behaviour of this t-channel process is very different from that of the s-channel
processes. To begin with, the energy transfer in this t-channel process is a priori sub-dominant
compared to that from the s-channel processes. Moreover this process involves a hidden sector
particle in the initial state, whose number density with respect to the one of the visible sector
particles is suppressed by a factor of ⇠3, with ⇠ ⌘ T 0/T the hidden-to-visible sectors temperature
ratio. However, the t-channel has a collinear divergent behaviour at low-energy transfers which
could compensate for the two suppression effects. Nevertheless, we have checked that it is not the
case and that the t-channel processes can be safely neglected in the calculation of the energy transfer
between the visible and the hidden sector, as we will do in the sequel.

Since the processes connecting the visible and hidden sector discussed above depend only on the
combination

 ⌘ ✏̂
p
↵0/↵ , (5)

in what follows, we will express all results in term of this parameter, , which we call the connector
parameter, and of ↵0, the equivalent of the fine structure constant in the hidden sector. The later
coupling controls the process e0 ¯e0 $ �0�0 that takes place in the hidden sector, see Eq.(75) of
Appendix A.

To study the evolution of the number density of DM particles, we will solve a simple Boltzmann
equation in presence of both the connector processes, SMiSMi $ DMDM with i the various SM
species, and the hidden sector process, e0ē0 $ �0�0. It is convenient to write this Boltzmann equation
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Figure 1: Processes that are relevant for the production of DM and thermalization of the hidden
sector through kinetic mixing. We work in the basis in which the DM is millicharged so that the
hidden photons, �0, only couple to DM and not the SM degrees of freedom (see text).

contribution from Z ! e0ē0 decay. These discussions therefore apply to the case of mDM > mZ/2
case, where obviously there is no Z ! e0ē0 decay. It also applies to mDM . 1 GeV. Indeed, in
the latter case the Z decay contribution can be neglected because, as we will see, the production
from the � mediated f ¯f ! e0ē0 scattering is enhanced at low temperature (being maximum at
T ⇠ Max[mDM ,mf ]), whereas the production from the Z decay is Boltzmann suppressed at these
temperatures. There is however an intermediate mass range, 1GeV . mDM . mZ/2, for which the
Z ! e0ē0 decay may dominate the DM production. In this case, it is technically more convenient to
express all Boltzmann equations directly in terms of the decay width rather than to hide it in the on-
shell part of the scattering contributions. This we have done in section 6 for the Higgs portal because,
in this case, the Higgs decay to a DM particle pair (if allowed, thus for mDM < mh/2) always
dominates the production of DM. For a better comprehension of results within this intermediate
mass range we therefore refer to section 6, where all equations apply in the same way, as well as
to Appendix D, where a few supplementary subtleties concerning the interplay between decay and
scattering in the case of the kinetic mixing portal are discussed in details.

Note also that, a priori, we would expect the scattering fe0 ! fe0 of DM particles with SM
fermions to be also relevant for the transfer of energy between the visible and the invisible sector.
Ev However the behaviour of this t-channel process is very different from that of the s-channel
processes. To begin with, the energy transfer in this t-channel process is a priori sub-dominant
compared to that from the s-channel processes. Moreover this process involves a hidden sector
particle in the initial state, whose number density with respect to the one of the visible sector
particles is suppressed by a factor of ⇠3, with ⇠ ⌘ T 0/T the hidden-to-visible sectors temperature
ratio. However, the t-channel has a collinear divergent behaviour at low-energy transfers which
could compensate for the two suppression effects. Nevertheless, we have checked that it is not the
case and that the t-channel processes can be safely neglected in the calculation of the energy transfer
between the visible and the hidden sector, as we will do in the sequel.

Since the processes connecting the visible and hidden sector discussed above depend only on the
combination

 ⌘ ✏̂
p
↵0/↵ , (5)

in what follows, we will express all results in term of this parameter, , which we call the connector
parameter, and of ↵0, the equivalent of the fine structure constant in the hidden sector. The later
coupling controls the process e0 ¯e0 $ �0�0 that takes place in the hidden sector, see Eq.(75) of
Appendix A.

To study the evolution of the number density of DM particles, we will solve a simple Boltzmann
equation in presence of both the connector processes, SMiSMi $ DMDM with i the various SM
species, and the hidden sector process, e0ē0 $ �0�0. It is convenient to write this Boltzmann equation
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Figure 2: (Top) Minimum ⟨σv⟩ for efficient annihilation of the symmetric component in an ADM scenario, such that
CMB bounds can be evaded, for two different values of the efficiency f . The black dotted line gives the thermal relic
⟨σv⟩ for the symmetric case. (Bottom) The corresponding maximum allowed r∞, the anti-DM to DM ratio at the
present time.

pletely disappear in the ADM scenario, however, because there is a small symmetric component of DM
remaining, r∞, the size of which depends on ⟨σv⟩. Because of the exponential dependence of r∞ on ⟨σv⟩, as
shown in Eq. (8), the CMB constraints lead to a lower bound on ⟨σv⟩. This is shown in Fig. (1), where we
map out the constraints in the ⟨σv⟩CMB and mX parameter space, computing the relic density numerically
and applying the constraint in Eq. (10). The solid line (red) gives the resulting lower bound on f⟨σv⟩CMB.
This lower bound on f⟨σv⟩CMB translates to an upper bound on the residual symmetric component, r∞, as
shown in Fig. (2). We give analytic approximations to these numerical solutions next.
When r∞ ≪ 1, we can ignore the X̄ contribution to the total relic density, and the DM asymmetry

parameter ηX is set by ηX ≈ ΩCDMρc/(mXs0). For a given ηX , the required annihilation cross section at
freezeout to achieve a particular residual symmetric component, r∞, can be obtained by rewriting Eq. (8)
as

⟨σv⟩f ≃
s0xf

0.264ΩCDMρc
√
g∗,fMpl

ln

(

1

r∞

)

≃ cf × 5× 10−26 cm3/s× ln

(

1

r∞

)

, (13)

where cf ≡
(xf

20

)

(

4√
g∗,f

)

is an O(1) factor. We show the numerical result as the horizontal contours of

constant r∞ in Fig. (1); for mX < 1 GeV we obtain a good approximation to the numerical solution by

⟨σv⟩CMB ≃ (vCMB/vf )2 ⟨σv⟩f and since vCMB ∼ 10−8 while vf ∼ 0.3, the annihilation cross section at recombination
is highly suppressed and WMAP constraints are substantially weakened. An increased branching ratio to neutrinos (smaller
f) can also alleviate the tension with CMB data for light DM.
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Figure 1: Processes that are relevant for the production of DM and thermalization of the hidden
sector through kinetic mixing. We work in the basis in which the DM is millicharged so that the
hidden photons, �0, only couple to DM and not the SM degrees of freedom (see text).

contribution from Z ! e0ē0 decay. These discussions therefore apply to the case of mDM > mZ/2
case, where obviously there is no Z ! e0ē0 decay. It also applies to mDM . 1 GeV. Indeed, in
the latter case the Z decay contribution can be neglected because, as we will see, the production
from the � mediated f ¯f ! e0ē0 scattering is enhanced at low temperature (being maximum at
T ⇠ Max[mDM ,mf ]), whereas the production from the Z decay is Boltzmann suppressed at these
temperatures. There is however an intermediate mass range, 1GeV . mDM . mZ/2, for which the
Z ! e0ē0 decay may dominate the DM production. In this case, it is technically more convenient to
express all Boltzmann equations directly in terms of the decay width rather than to hide it in the on-
shell part of the scattering contributions. This we have done in section 6 for the Higgs portal because,
in this case, the Higgs decay to a DM particle pair (if allowed, thus for mDM < mh/2) always
dominates the production of DM. For a better comprehension of results within this intermediate
mass range we therefore refer to section 6, where all equations apply in the same way, as well as
to Appendix D, where a few supplementary subtleties concerning the interplay between decay and
scattering in the case of the kinetic mixing portal are discussed in details.

Note also that, a priori, we would expect the scattering fe0 ! fe0 of DM particles with SM
fermions to be also relevant for the transfer of energy between the visible and the invisible sector.
Ev However the behaviour of this t-channel process is very different from that of the s-channel
processes. To begin with, the energy transfer in this t-channel process is a priori sub-dominant
compared to that from the s-channel processes. Moreover this process involves a hidden sector
particle in the initial state, whose number density with respect to the one of the visible sector
particles is suppressed by a factor of ⇠3, with ⇠ ⌘ T 0/T the hidden-to-visible sectors temperature
ratio. However, the t-channel has a collinear divergent behaviour at low-energy transfers which
could compensate for the two suppression effects. Nevertheless, we have checked that it is not the
case and that the t-channel processes can be safely neglected in the calculation of the energy transfer
between the visible and the hidden sector, as we will do in the sequel.

Since the processes connecting the visible and hidden sector discussed above depend only on the
combination

 ⌘ ✏̂
p
↵0/↵ , (5)

in what follows, we will express all results in term of this parameter, , which we call the connector
parameter, and of ↵0, the equivalent of the fine structure constant in the hidden sector. The later
coupling controls the process e0 ¯e0 $ �0�0 that takes place in the hidden sector, see Eq.(75) of
Appendix A.

To study the evolution of the number density of DM particles, we will solve a simple Boltzmann
equation in presence of both the connector processes, SMiSMi $ DMDM with i the various SM
species, and the hidden sector process, e0ē0 $ �0�0. It is convenient to write this Boltzmann equation
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Figure 1: Processes that are relevant for the production of DM and thermalization of the hidden
sector through kinetic mixing. We work in the basis in which the DM is millicharged so that the
hidden photons, �0, only couple to DM and not the SM degrees of freedom (see text).

contribution from Z ! e0ē0 decay. These discussions therefore apply to the case of mDM > mZ/2
case, where obviously there is no Z ! e0ē0 decay. It also applies to mDM . 1 GeV. Indeed, in
the latter case the Z decay contribution can be neglected because, as we will see, the production
from the � mediated f ¯f ! e0ē0 scattering is enhanced at low temperature (being maximum at
T ⇠ Max[mDM ,mf ]), whereas the production from the Z decay is Boltzmann suppressed at these
temperatures. There is however an intermediate mass range, 1GeV . mDM . mZ/2, for which the
Z ! e0ē0 decay may dominate the DM production. In this case, it is technically more convenient to
express all Boltzmann equations directly in terms of the decay width rather than to hide it in the on-
shell part of the scattering contributions. This we have done in section 6 for the Higgs portal because,
in this case, the Higgs decay to a DM particle pair (if allowed, thus for mDM < mh/2) always
dominates the production of DM. For a better comprehension of results within this intermediate
mass range we therefore refer to section 6, where all equations apply in the same way, as well as
to Appendix D, where a few supplementary subtleties concerning the interplay between decay and
scattering in the case of the kinetic mixing portal are discussed in details.

Note also that, a priori, we would expect the scattering fe0 ! fe0 of DM particles with SM
fermions to be also relevant for the transfer of energy between the visible and the invisible sector.
Ev However the behaviour of this t-channel process is very different from that of the s-channel
processes. To begin with, the energy transfer in this t-channel process is a priori sub-dominant
compared to that from the s-channel processes. Moreover this process involves a hidden sector
particle in the initial state, whose number density with respect to the one of the visible sector
particles is suppressed by a factor of ⇠3, with ⇠ ⌘ T 0/T the hidden-to-visible sectors temperature
ratio. However, the t-channel has a collinear divergent behaviour at low-energy transfers which
could compensate for the two suppression effects. Nevertheless, we have checked that it is not the
case and that the t-channel processes can be safely neglected in the calculation of the energy transfer
between the visible and the hidden sector, as we will do in the sequel.

Since the processes connecting the visible and hidden sector discussed above depend only on the
combination

 ⌘ ✏̂
p
↵0/↵ , (5)

in what follows, we will express all results in term of this parameter, , which we call the connector
parameter, and of ↵0, the equivalent of the fine structure constant in the hidden sector. The later
coupling controls the process e0 ¯e0 $ �0�0 that takes place in the hidden sector, see Eq.(75) of
Appendix A.

To study the evolution of the number density of DM particles, we will solve a simple Boltzmann
equation in presence of both the connector processes, SMiSMi $ DMDM with i the various SM
species, and the hidden sector process, e0ē0 $ �0�0. It is convenient to write this Boltzmann equation
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Nuclear Recoils
Kinematic penalty when DM mass drops 
below nucleus mass
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Next up: electron
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1 GeV
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Electron excitation 
experimental proposals

FIG. 6: Constraints and projections for the DM-electron scattering cross section �̄e. The left (right)

plots assume a momentum-independent (dependent) interaction, FDM = 1 (FDM = (↵me/q)2). Existing

constraints from XENON10 (XENON100) [90, 91] are shown in the blue (red) shaded regions. Projections

show 3 events for a 1-year exposure [50, 90, 94, 95, 98, 99]; the label includes the threshold (in terms of number

of electrons, photons, or the electron recoil energy) and target mass. Solid/dashed/dotted lines indicate

an estimate of the time to start taking data, corresponding roughly to a short/medium/long timescale,

respectively. A solid line indicates a mature technology: data taking can begin in . 2 years and a zero

background (radioactivity or dark currents) is reasonable for the indicated thresholds. A dashed line indicates

more R&D is required and, if successful, data taking could start in ⇠ 2 � 5 years; the projected sensitivity

assumes that backgrounds can be controlled. A dotted line indicates longer-term R&D e↵orts. Bottom left

plot assumes DM scatters through an A0 with mA0 = 3m�. Five theory targets are shown as explained in

Section IV B. In addition to electron-recoil experiments, we show projections from nuclear-recoil experiments

(from Fig. 8). Gray shaded regions are constraints from LSND, E137, BaBar, and current WIMP nuclear-

recoil searches [50]. Bottom right plot assumes DM scatters through an A0 with mA0 ⌧ keV; a

freeze-in target is shown. Shaded gray regions are bounds from WIMP nuclear-recoil searches, stellar, and

BBN constraints [50]. The superconductor projection in bottom plots include in-medium e↵ects for an A0

and assume a dynamic range of 10 meV–10 eV. 50

ADM Benchmark

Cosmic Visions, 1707.04591
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Superconductors and 
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FIG. 6: Constraints and projections for the DM-electron scattering cross section �̄e. The left (right)

plots assume a momentum-independent (dependent) interaction, FDM = 1 (FDM = (↵me/q)2). Existing

constraints from XENON10 (XENON100) [90, 91] are shown in the blue (red) shaded regions. Projections

show 3 events for a 1-year exposure [50, 90, 94, 95, 98, 99]; the label includes the threshold (in terms of number

of electrons, photons, or the electron recoil energy) and target mass. Solid/dashed/dotted lines indicate

an estimate of the time to start taking data, corresponding roughly to a short/medium/long timescale,

respectively. A solid line indicates a mature technology: data taking can begin in . 2 years and a zero

background (radioactivity or dark currents) is reasonable for the indicated thresholds. A dashed line indicates

more R&D is required and, if successful, data taking could start in ⇠ 2 � 5 years; the projected sensitivity

assumes that backgrounds can be controlled. A dotted line indicates longer-term R&D e↵orts. Bottom left

plot assumes DM scatters through an A0 with mA0 = 3m�. Five theory targets are shown as explained in

Section IV B. In addition to electron-recoil experiments, we show projections from nuclear-recoil experiments

(from Fig. 8). Gray shaded regions are constraints from LSND, E137, BaBar, and current WIMP nuclear-

recoil searches [50]. Bottom right plot assumes DM scatters through an A0 with mA0 ⌧ keV; a

freeze-in target is shown. Shaded gray regions are bounds from WIMP nuclear-recoil searches, stellar, and

BBN constraints [50]. The superconductor projection in bottom plots include in-medium e↵ects for an A0
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Utilizing Coherent 
Modes

When the momentum transfer becomes small 
enough, coherent modes become visible


Sub-MeV DM <—> sub-keV momentum 
transfer <—> q ~ inverse angstrom <—> inter-
particle spacing in typical materials


Coherent modes — phonons — acoustic and 
optical — rotons, maxons
Superconductors: 1604.06800

Polar Materials: 1612.06598

Dirac or Weyl Materials: 1708.08929

Superfluid Helium: 1604.08206 



Utilizing Coherent 
Modes

Material is 
characterized by the 
dispersion


Amplitude of 
response = “Dynamic 
Structure Factor”


2

within a recent Dynamic Many-Body theory [20]. The-
oretical and experimental results for S(Q,!) in a broad
sector of the spectrum can be compared directly, leading
to an unprecedentedly accurate description of the dynam-
ics of superfluid 4He.

The inelastic neutron scattering measurements were
performed on the neutron time-of-flight spectrometer IN5
at the Institut Laue-Langevin using an incoming energy
of 3.55meV (wavelength 4.8 Å) and an energy resolution
at elastic energy transfer of 0.07meV. The high-purity su-
perfluid 4He sample was contained in a thin-walled cylin-
drical aluminum container of inner diameter 15mm. The
e↵ective sample height in the beam was 50mm. Cad-
mium disks were placed inside the cell at intervals of
10mm to reduce multiple scattering, an important exper-
imental artifact discussed below. The cell was connected
to the mixing chamber of a dilution refrigerator via a
copper piece equipped with silver sinter to ensure good
thermal contact, thereby allowing measurements to be
done at very low temperatures, T < 100mK. The mea-
surements were performed at saturated vapor pressure.

The quantity measured by a neutron spectrometer –the
inelastic di↵erential scattering cross section per target
atom– is proportional to the dynamic structure factor:

@2�

@⌦ @~! =
b2c
~
k0

k
S(Q,!)

where bc is the bound atom coherent scattering length, k
and k0 the neutron wave vector before and after the scat-
tering process, Q the wave vector transfer and ~! the
energy transfer [9]. Standard data reduction routines
[21] were used to obtain the dynamic structure factor
from the neutron raw spectra. The magnitude of S(Q,!)
was normalized by requiring that the single quasiparticle
strength Z(Q) = 0.93 for Q = 2.0 Å�1, a value ob-
tained from previous works [9, 10, 20]. Fig. 1a displays
essentially the raw data, after the usual corrections. The
aluminum cell elastic background, measured before in-
troducing the helium in the cell, was subtracted from
the raw spectra. This led to the noisy region seen in Fig.
1a near zero energy. We also subtracted the inelastic sig-
nal originating from scattering events involving the alu-
minum cell and the helium sample. Rotons, due to their
high density of states, dominate these processes, and this
contribution is only significant at the roton energy. Since
it is essentially Q-independent, it can be easily identified
and removed. The subtraction of this contribution spoils
the accuracy of the data in a small range around the ro-
ton energy in regions of the spectrum where the signal
is small. The e↵ect can be seen if the intensity scale is
considerably expanded, for instance as in Fig. 2.

While earlier neutron scattering experiments [10–13]
revealed the presence of broad, rather featureless multi-
particle excitation regions above the single-particle dis-
persion curve, the improved precision (and possibly the
much lower temperature) in the present experiment al-

FIG. 1. (color online) (a) S(Q,!) of superfluid 4He measured
as a function of wave vector and energy transfer, at satu-
rated vapor pressure and temperature T  100mK. Con-
tributions involving scattering with the aluminium cell have
been subtracted, but not multiple scattering within the he-
lium. (b) Helium multiple scattering contribution (numer-
ical simulation); note that its magnitude is comparable to
the multi-particle intensity seen in panels (c) and (d), and in
Fig. 3. The dashed lines show the limits of the instrumen-
tal range, also valid for figures a and c. (c) Experimental
dynamic structure factor S(Q,!) after correction for multi-
ple scattering. (d) Dynamic many-body theory calculation of
S(Q,!). Note that all the detailed features of the experimen-
tal data are reproduced. The units of the contour plots scale
are meV�1. The intensity is cut o↵ at 0.07meV�1 in order to
emphasize the multi-excitations region. The apparent width
of the Landau excitations in the experimental plot is due to
the experimental resolution of 0.07meV, while the calculated
Landau dispersion curve has been highlighted by a thick line.

lowed us to observe a very rich structure in this region,
with increasing weight at large wave vectors, as seen in
the measured S(Q,!) shown in Fig. 1a.
It is particularly important to distinguish the multi-

particle excitations under investigation, which are an in-
trinsic property of helium, from multiple scattering. The
former arise when a neutron creates in a single process
a high energy perturbation which can decay into two or
more excitations, while the latter is a spurious e↵ect,
dependent on the sample size, where a single neutron
creates two or more excitations in successive scatter-
ing events. Since the two kinds of processes fulfill the
same kinematic conservation rules, and their contribu-
tions have similar intensity for typical sample sizes, sub-
tracting multiple scattering from the raw data is essential
when dealing with the multi-particle region of the spec-
trum.
It is di�cult in practice to determine this contribution

Energy deposition

Momentum Transfer
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Different materials have 
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modes


All materials have acoustic 
phonons


Superfluid helium also has 
rotons and maxons


Materials with more complex 
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FIG. 2. Phonon band structures for GaAs (left) and sapphire (right) as computed with phonopy [38]. The x-axis
traces out a path in the Brillouin zone. As is conventional in the condensed matter literature, the points in the
Brillouin zone with high symmetry are indicated with Roman and Greek characters (see Fig. 14 in Appendix A),
where � always refers to the origin of the Brillouin zone q = (0, 0, 0).

wave which stores a finite amount of energy.
A priori, the dark matter can excite both the optical and acoustic modes, but the energy deposited

in the acoustic modes is much smaller and is only detectable in the most optimistic circumstances.
Concretely, for mX . MeV, the DM momentum mXv . keV is sufficiently small that it is only possible
to excite a phonon mode within the first Brillouin zone. Consider a DM scattering with momentum
transfer q and energy deposition !, which excites a single acoustic phonon; the phonon must absorb
all of the energy and momentum transferred. This leads to the scaling

! = cs |q| . 2 cs v mX ⇠ 7 meV ⇥ mX

100 keV

. (1)

with v ⇠ 10

�3 the DM velocity and assuming the speed of sound for sapphire. The threshold for near
future devices will be at best in the 10 � 100 meV range, which means that single acoustic phonon
excitations from light DM will be difficult or impossible to detect, depending on mX . However, the
scaling in (1) does not apply for the optical modes since they have an energy of ! ⇠ 30 meV or more
as |q| ! 0, as is evident from Fig. 2.

The gapped dispersion of optical phonons is a particularly appealing feature, as it allows nearly the
maximum amount of DM kinetic energy to be extracted in the scattering, even when the momentum
transfer is much less than a keV. This is in contrast to recoils off free nuclei, where the energy deposited
from light DM is much less than the initial DM kinetic energy. The presence of optical phonons is also
advantageous compared to a material such as superfluid helium. Superfluid helium does have gapped
quasiparticle excitations (rotons), but they only occur at high q and are much lower energy that
the optical phonons in a solid. Since single phonon production in superfluid helium is undetectable
in the foreseeable future, one must resort to multi-phonon production to break the relation in (1),
as was demonstrated in Refs. [30, 31]. However, the rate is suppressed since this is a higher order
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FIG. 2. Phonon band structures for GaAs (left) and sapphire (right) as computed with phonopy [38]. The x-axis
traces out a path in the Brillouin zone. As is conventional in the condensed matter literature, the points in the
Brillouin zone with high symmetry are indicated with Roman and Greek characters (see Fig. 14 in Appendix A),
where � always refers to the origin of the Brillouin zone q = (0, 0, 0).

wave which stores a finite amount of energy.
A priori, the dark matter can excite both the optical and acoustic modes, but the energy deposited

in the acoustic modes is much smaller and is only detectable in the most optimistic circumstances.
Concretely, for mX . MeV, the DM momentum mXv . keV is sufficiently small that it is only possible
to excite a phonon mode within the first Brillouin zone. Consider a DM scattering with momentum
transfer q and energy deposition !, which excites a single acoustic phonon; the phonon must absorb
all of the energy and momentum transferred. This leads to the scaling

! = cs |q| . 2 cs v mX ⇠ 7 meV ⇥ mX

100 keV

. (1)

with v ⇠ 10

�3 the DM velocity and assuming the speed of sound for sapphire. The threshold for near
future devices will be at best in the 10 � 100 meV range, which means that single acoustic phonon
excitations from light DM will be difficult or impossible to detect, depending on mX . However, the
scaling in (1) does not apply for the optical modes since they have an energy of ! ⇠ 30 meV or more
as |q| ! 0, as is evident from Fig. 2.

The gapped dispersion of optical phonons is a particularly appealing feature, as it allows nearly the
maximum amount of DM kinetic energy to be extracted in the scattering, even when the momentum
transfer is much less than a keV. This is in contrast to recoils off free nuclei, where the energy deposited
from light DM is much less than the initial DM kinetic energy. The presence of optical phonons is also
advantageous compared to a material such as superfluid helium. Superfluid helium does have gapped
quasiparticle excitations (rotons), but they only occur at high q and are much lower energy that
the optical phonons in a solid. Since single phonon production in superfluid helium is undetectable
in the foreseeable future, one must resort to multi-phonon production to break the relation in (1),
as was demonstrated in Refs. [30, 31]. However, the rate is suppressed since this is a higher order
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processes in the superfluid (labeled 2X) as well as ordinary nuclear recoils (labeled NR), with 1 meV energy resolution in the
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have stopped these curves once the scattering begins to probe kinematic regions beyond that tabulated in Ref. [40]. Also shown
are benchmarks based on couplings that are consistent with current limits. For the massive mediator, we assume ↵X = 10�5

for all three curves, while for the light mediator we set ↵X = 10�19.

where ⇢
X

is the local DM density 0.3 GeV/cm3, ⇢0 is
the density of liquid helium, and f

MB

is the Maxwell-
Boltzmann distribution of DM in the Milky Way halo,

f
MB

(v
X

) =
4⇡v2

X

e�v

2
X/v

2
0⇥(v

esc

� v
X

)�
erf(z) � 2ze�z

2/
p

⇡
�
⇡3/2v30

(16)

with z = v
esc

/v0 and where ⇥ denotes the Heaviside step
function. Here we take the root-mean-square velocity
v0 to be 220 km/s and the escape velocity v

esc

to be
500 km/s [44]. For both massive and light mediators,
the rate is peaked at low !.

Integrating over deposited energies, in Fig. 2 we show
the expected sensitivity of a 1 kg-year exposure of super-
fluid helium to a two-excitation process, assuming a min-
imum energy sensitivity of 1 meV, and a dynamic range
of the sensor up to 10 meV. We compute the rate utilizing
the analytic formula, Eq. 11 (dashed), as well as tabu-
lated from Ref. [40] (solid). The two are in good agree-
ment, except at masses approaching an MeV, where the
tabulated S(q, !) also includes a contribution from single
phonon emission. We also show the expected constraints
from ordinary nuclear recoils in the fluid, this time allow-
ing for a larger energy deposit (up to 10 eV) in order to
capture the full sensitivity to ⇠ 100 MeV dark matter.
When showing our results, we constrain �

p

in the case
where f

p

= f
n

, and consider both a light (m
�

⌧ v0mX

)
and heavy (m

�

� v0mX

) mediator. The solar neutrino
background is small on Helium (see Fig. 3 of [24]), so
that the 95% confidence level from a one-sided Poisson
distribution corresponds to 3 events. Other sources of
noise can be controlled by the requirement that there be
two back-to-back excitations in the final state, though we
note that this will be less e↵ective at higher DM masses.
As can be seen from the plot, two-excitation processes
and nuclear recoils provide highly complementary modes

of DM detection, with sensitivity in distinct regions of
parameter space. With 1 meV energy resolution TESs,
we can therefore employ a single multimodal liquid he-
lium experiment to constrain dark matter masses over
five orders of magnitude.

We also show scattering cross-sections corresponding
to fixed ↵

X

, ↵
p

for a given mediator mass. These fixed
couplings are chosen to broadly satisfy terrestrial, cos-
mological and astrophysical constraints. The constraints
applied are described in general terms for DM-electron in-
teractions in [23], and are outlined in great detail in [24].
Existing constraints on DM-nucleon interactions are sim-
ilar for models of interest here (or in some cases weaker,
for instance constraints from big bang nucleosynthesis are
weaker in models with DM coupling only to nucleons),
so we simply make use of these parameters to emphasize
that dark matter models satisfying all terrestrial, astro-
physical, and cosmological constraints are within reach
of the class of experiments we propose. The implications
of a superfluid helium experiment for various DM models
will be explored in future work [31].
Conclusions. We have proposed a new method of

detecting DM using the quantum fluid dynamics of super-
fluid helium. With a kg-year exposure, we have demon-
strated that a superfluid helium experiment would com-
plement recently-proposed superconductor experiments
in detecting low-mass DM scattering on nucleons instead
of electrons. Superfluid helium has additional benefits:
(1) the kinematics of the two-excitation process provide
a coincidence gate for controlling backgrounds for DM
lighter than ⇠1 MeV, and (2) the same experiment can
also search for DM via nuclear recoils o↵ helium nucleii,
extending the range of DM masses that can be probed.
With the benchmarks outlined in this letter, we antici-
pate that the ability to probe DM as light as the ⇠keV
warm DM limit will motivate further development of the

Superfluid Helium: Schutz, KZ 1604.08206 
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Excitations in Superfluid Helium. We begin by
using quantum fluid dynamics to parameterize second-
quantized density and velocity excitations,

⇢ = ⇢0 + V � 1
2

P
k

ei(
~

k·~r�!kt)⇢
~

k

, (1)

~v = V � 1
2

P
k

ei(
~

k·~r�!kt)~v
~

k

(2)

where V is a reference volume and ⇢0 is the mean back-
ground density. Free perturbations satisfy the continuity
equation ~v

~

k

= �~k !
k

⇢
~

k

/⇢0k
2 and the corresponding har-

monic oscillator Hamiltonian in Fourier space,

H0 =
1

2

X

k

⇣
⇢0v

~

k

v�~

k

+ �
k

⇢
~

k

⇢�~

k

⌘
, (3)

where �
k

is the second functional derivative of the en-
ergy density with respect to the background density.
The force constant �

k

is related to the frequency by
!2
k

= ⇢0k
2�

k

and the frequency of perturbations is given
by !

k

= k2/2mHeS(k). Here S(k) is the static struc-
ture factor in units of the mean number density, related
to the two-point correlation function of perturbations in
the liquid, m2

HeS(k) = h⇢
k

⇢�k

i. This function scales lin-
early for k . 1 keV giving a linear dispersion relation,
and levels o↵ to 1 at high k & 5 keV, giving the typical
free-particle dispersion relation [26].

From the commutation relation between the density
and velocity [27], writing ⇢ and ~v in terms of the usual
creation and annihilation operators, we find

⇢
~

k

= mHe

p
S(k)(a

~

k

� a†
�~

k

) (4)

~v
~

k

= � ~

k

2mHe

p
S(k)

(a
~

k

+ a†
�~

k

). (5)

Then, expanding the Hamiltonian to the next (third) or-
der in perturbations, we find, similar to [28, 29],

H3 =

Z
d3r

✓
1

2
~v · ⇢~v +

1

3!

��
k

[⇢0]

�⇢0
⇢3
◆

. (6)

At small k, �
k

[⇢0] = c2
s

/⇢0, implying ��
k

[⇢0]/�⇢0 =
c2
s

(2u0 � 1)/⇢20, where u0 ⌘ (⇢0/c
s

)(�c
s

/�⇢0) = 2.84, as
measured by [30]. Beyond this regime, the inclusion of
the ⇢3 term varies between di↵erent treatments in the
literature and we therefore will drop it for the remainder
of this work. We note that this may cause the computed
rate to be di↵erent by O(1) factors and will address self-
consistent inclusion of the ⇢3 term in future work [31].

This simple picture of quantum fluid perturbations is
substantially complicated by the fact that superfluid he-
lium is an interacting Bose fluid. Excitations with a
wavelength much larger than the interatomic spacing
involves many atoms, implying that a correct descrip-
tion of scattering at low momentum transfer (q . 1 Å)
must include interatomic correlations. Feynman and Co-
hen [32] introduced a correction to the ground state
wavefunction, “backflow,” which accounts for the posi-
tions of the other atoms. The method of correlated ba-
sis functions (CBF) [33] is another natural extension of

�
�pi �pf

�q

�k1

�k2VXN

V3

FIG. 1. The two-excitation process we consider and the cor-
responding kinematics. The dashed lines denote excitations,
while solid lines denote dark matter.

the theory that systematically allows one to compute
the response of the fluid to one or more excitations.
Here we will denote one and two excitation states by
|~ki = ⇢†

~

k

|0i and |~k1~k2i = ⇢†
~

k1
⇢†
~

k2
|0i, respectively. Due to

interactions in the fluid, these states are not orthogonal,
h~k1~k2|~k1 + ~k2i 6= 0, and they must be orthonormalized.
The orthonormalized two-excitation state (denoted with
a rounded bracket) is (see for example the discussion in
[34, 35])

|~k1~k2) =
⇢
~

k1
⇢
~

k2
� h~k1+~

k2|~k1
~

k2i
h~q |~q i ⇢

~

k1+~

k2

h~k1~k2|~k1~k2i1/2
|0i. (7)

One can then compute the matrix element to create two
excitations:

(~k1~k2|H3|~q) = � 1

2mHe(S(q)S(k1)S(k2))1/2
⇥ (8)

⇣
~q · ~k1U(k1) + ~q · ~k2U(k2) + q2U(k1)U(k2)

⌘
,

where U(q) = S(q) � 1 and where we emphasize again
that we are only including the kinetic term in the Hamil-
tonian [34, 36]. Results with similar energy and momen-
tum scalings are obtained from the method of collective
coordinates [37], as well as in the dielectric formulation
[38]. We refer the reader to Ref. [35] for a review of these
results, and leave a more detailed discussion for future
work [31].
Multi-Excitation Scattering Rates. We now turn

to calculating the rate of the interaction shown in Fig. 1.
DM with initial momentum ~p

i

interacts with a helium
nucleus initially at rest, transferring momentum ~q and
energy ! to the nucleus. In an ordinary nuclear recoil,
the maximum momentum transfer is qmax = 2m

X

v
X

,
and a typical energy deposition on the target nucleus
! ' 10�9 eV(m

X

/keV)2.
As suggested above and depicted in Fig. 1, more energy

can be deposited via nuclear targets when energy and mo-
mentum (!, ~q) are deposited on a mediating o↵-shell ex-
citation. This excitation can come back on shell when the
interaction characterized by the Hamiltonian in Eq. (8)
leads to a splitting into two excitations carrying momen-
tum ~k1 and ~k2. When ! � c

s

qmax, these excitations
must be nearly back-to-back in order to conserve mo-
mentum. This configuration has suppressed phase space,
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FIG. 5. Reach for dark photon mediated scattering in GaAs and sapphire, assuming one kg-year exposure. For
sapphire, we indicate the sensitivity if one requires a 2� observation of the daily modulation (see Sec. III C). For
GaAs, we also show the result using the analytic approximations in [34] (dashed line), which is nearly identical
to the full numerical result. GaAs can also be operated as scintillator for dark matter masses above 1 MeV [57],
as indicated by the dashed purple lines. Existing constraints and other proposed experiments are described
further in the text.

we express the result in terms of

�̄e =

4e02↵µ2
Xe

(↵me)
4

. (26)

which corresponds to the typical cross section of dark matter with a bound electron, e.g. in a
semiconductor-based experiment. µXe is the DM-electron reduced mass, ↵ is the fine-structure
constant and me is the electron mass. The result is shown in Fig. 5 for both GaAs and sapphire. For
GaAs, we compare the isotropic limit with the numerical result including phonon eigenmodes and find
excellent agreement. Also shown are existing stellar cooling [58], BBN [59] and Xenon10 [60] con-
straints, as well as the projected reach of other experimental proposals [12, 26, 28, 50]. Interestingly,
we find that as little as a gram-month exposure would suffice to reach the freeze-in benchmark. In
the sub-MeV range, an experiment based on a Dirac material [28] is currently the only other proposal
which could compete with polar materials. Given that Dirac materials have not yet been fabricated
in the quantities needed for a dark matter detector, we expect that the polar material concept could
be realized on a substantially shorter timescale. Also shown in Fig. 5 (dashed blue) is the expected
sensitivity for sapphire if one requires a daily modulation signal at 2�. We elaborate on the daily
modulation in the next section.
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FIG. 2. Phonon band structures for GaAs (left) and sapphire (right) as computed with phonopy [38]. The x-axis
traces out a path in the Brillouin zone. As is conventional in the condensed matter literature, the points in the
Brillouin zone with high symmetry are indicated with Roman and Greek characters (see Fig. 14 in Appendix A),
where � always refers to the origin of the Brillouin zone q = (0, 0, 0).

wave which stores a finite amount of energy.
A priori, the dark matter can excite both the optical and acoustic modes, but the energy deposited

in the acoustic modes is much smaller and is only detectable in the most optimistic circumstances.
Concretely, for mX . MeV, the DM momentum mXv . keV is sufficiently small that it is only possible
to excite a phonon mode within the first Brillouin zone. Consider a DM scattering with momentum
transfer q and energy deposition !, which excites a single acoustic phonon; the phonon must absorb
all of the energy and momentum transferred. This leads to the scaling

! = cs |q| . 2 cs v mX ⇠ 7 meV ⇥ mX

100 keV

. (1)

with v ⇠ 10

�3 the DM velocity and assuming the speed of sound for sapphire. The threshold for near
future devices will be at best in the 10 � 100 meV range, which means that single acoustic phonon
excitations from light DM will be difficult or impossible to detect, depending on mX . However, the
scaling in (1) does not apply for the optical modes since they have an energy of ! ⇠ 30 meV or more
as |q| ! 0, as is evident from Fig. 2.

The gapped dispersion of optical phonons is a particularly appealing feature, as it allows nearly the
maximum amount of DM kinetic energy to be extracted in the scattering, even when the momentum
transfer is much less than a keV. This is in contrast to recoils off free nuclei, where the energy deposited
from light DM is much less than the initial DM kinetic energy. The presence of optical phonons is also
advantageous compared to a material such as superfluid helium. Superfluid helium does have gapped
quasiparticle excitations (rotons), but they only occur at high q and are much lower energy that
the optical phonons in a solid. Since single phonon production in superfluid helium is undetectable
in the foreseeable future, one must resort to multi-phonon production to break the relation in (1),
as was demonstrated in Refs. [30, 31]. However, the rate is suppressed since this is a higher order
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red) and our own updated Xenon100 limits for 50-700 eV (darker shaded red); the projected reach for 1-kg-year exposure of
an aluminum superconducting target (grey line) [23]; and stellar emission constraints (shaded orange) [21, 46].

the strong 4 dependence of the signal, this reach is rel-
atively weak compared to existing constraints. We note
that a ton-scale xenon experiment can achieve a similar
sensitivity to semiconductors only if the electronic energy
threshold of the former can be lowered to ⇠100 eV.

Existing limits on absorption of halo DM from
Xenon10 and Xenon100 data are shown in Fig. 2
for masses above the ionization threshold in xenon of
12 eV. We include constraints obtained from Ref. [21],
which used 15 kg-day of Xenon10 data [51] for mV =
12 eV�1 keV and the Xenon100 solar axion search [52]
for mV > 1 keV. In addition, we have recast the recent
Xenon100 low-threshold analysis [53], which had a total
exposure of 30 kg-year, to obtain updated limits in the
mass range 50 � 700 eV. Ref. [53] provides their data
in the form of observed photoelectrons (PE) for each
event. For a deposited energy of mV , we obtain the dis-
tribution in PE using Refs. [54, 55], which gives a sig-
nal peaked at (mV /13.5eV)⇥ 20 PE and with a width of
� ⇡ p

mV /13.5eV⇥7 PE. Accounting for the experimen-
tal e�ciency, we compare the signal with the observed
counts in a bin of size 4� to obtain the 90% CL limit. Our
result is roughly an order of magnitude stronger than the
Xenon10 limit from Ref. [21], and is shown as the dark
red shaded region in Fig. 2.

For comparison, we demonstrate that existing semi-
conductor targets already start to probe new parameter
space for DM mass down to 100 eV. Re-interpreting re-
cent results from CDMSlite [24], with 70 kg-day exposure
on germanium, and DAMIC [25], with 0.6 kg-day expo-
sure on silicon, we obtain limits on absorption of DM in
the halo, shown as the shaded green and blue regions in
Fig. 2.

For DAMIC, we derive 90% CL limits by comparing
the DM signal with the observed counts in a single energy
bin of width 100 eV. For the mono-energetic absorption
signal, we apply the given experimental e�ciency and
also account for the finite energy resolution of the exper-
iment. Following Ref. [25], we model the energy resolu-
tion by a Fano model, �2(E) = �2

0 + (3.77eV)FE with
F = 0.133 ± 0.005. With typical total energy resolution
of ⇠ 50 eV, this introduces an additional O(1) e�ciency
for the DM signal to fall in a single bin. Assuming the
best-fit background of ⇡0.5 events/bin, we then obtain
upper limits of the DM signal following Ref. [58], as de-
picted in Fig. 2.

We follow a similar procedure to obtain 90% CL lim-
its from CDMSlite. Here we model the energy resolu-
tion with a modified Fano model [43], given by �2(E) =
�2
0+↵E+�E2. We fit these constants to the measured en-

2

same way that superconductors and metals are excellent
absorbers of electromagnetic fields. For instance, we find
that a kg-day exposure on a superconducting target is
su�cient to exceed the stellar constraints for a hidden
photon whose mass is obtained via the Stuckelberg mech-
anism.

The outline of this paper is as follows. In Section IIA
we discuss how metals can be e�cient absorbers of low
mass particles. The process we consider involves ab-
sorbing all the mass-energy of the DM particle via an
electron recoil, with emission of an athermal phonon to
conserve momentum. We then describe in Sections II B
and II C our method to determine the DM absorption
rate from the optical properties of a metal. In Section III
we present the reach of superconducting detectors for ul-
tralight DM that couples to electrons, including hidden
photons, pseudoscalars, and scalars. We conclude in Sec-
tion IV.

II. DARK MATTER ABSORPTION WITH
SUPERCONDUCTORS

We begin by describing the DM absorption process, be-
fore computing its rate in a superconductor. We compare
our results for consistency against the standard Drude
theory for low-energy photon absorption in metals. Then,
in order to obtain accurate predictions at higher (& 0.1
eV) energies, we relate the DM absorption rate to mea-
sured photon absorption rates.

A. General Principle: Phonon emission

Absorption of low energy particles in a superconductor
can proceed when the energy of the absorbed radiation
(in this case the mass of the DM particle) exceeds the su-
perconducting gap. In the absorption process, a Cooper
pair is broken, and a pair of excitations is created. These
excitations have a long recombination and thermalization
time (of order a few milliseconds in aluminum), which al-
lows for their collection and measurement, as described
in Refs. [23, 24]. Once the energy of the absorbed par-
ticle significantly exceeds the superconducting gap, the
absorption process is identical in the superconducting
and normal phases of a metal. There are several ways
to absorb a particle (be it a photon or DM) in a metal.
One way is via impurities, where an o↵-shell electron pro-
duced in the absorption process becomes on-shell through
interaction with an impurity. In the case of interest here,
however, the target superconductor must be ultrapure in
order to enable the collection and measurement of the
created athermal excitations, and so this possibility is
not viable.

Instead, we make use of another process – that of par-
ticle absorption on electrons through the emission of an
athermal phonon in the final state, as shown in Fig. 1.
The emitted phonon is required for momentum conser-

X �

e e

q Q

k k0

X �

e e

q Q

k k0

FIG. 1. Absorption process on electrons for an incoming relic
particle X, where a phonon � is emitted in the final state:
X(q) + e(k) ! e(k0) + �(Q).

vation of the target material. Consider an electron with
initial momentum ~ki and energy Ei = ~k2

i /(2me). Assum-
ing the electron absorbs a single particle of energy !, the
final momentum of the electron is ~kf = ~ki +~q and energy
conservation gives

(~ki + ~q)2

2me
=

~k2

i

2me
+ !. (1)

(Note that momentum on the lattice is conserved up to an
additive reciprocal lattice vector, ~K. For electrons, the
typical energy scale associated with transitions involving
~K is K2/2me ⇠ 10 eV, which is above the energies con-
sidered here.) Then the required momentum transfer to

the electron is |~q| ⇠ !(me/|~ki|) ⇠ !/vF ⇠ 100 !, where
vF is the Fermi velocity. This cannot be satisfied for an
on-shell DM particle in the halo, which carries momen-
tum ⇠ 10�3!. However, energy and momentum can still
be conserved if a phonon with momentum ⇠ �~q is emit-
ted by the electron in the final state; in other words, the
electron recoils against the lattice. The emitted phonon
carries away a fraction of the excitation energy, but can
balance the large recoil momentum of the electron.

In the Debye model, the dispersion relation of a phonon
with 4-momentum (⌦, ~Q) is given by

⌦ = cs| ~Q| (2)

where the speed of sound in aluminum is cs '
6320 m/sec ⇠ 2 ⇥ 10�5 in natural units. There is a
maximum frequency !D = cskD for phonons, where the
maximum wavevector for lattice vibrations kD ⇠ 1/a
is set by the lattice spacing a. For aluminum, !D ⇡
0.037 eV; therefore the maximum phonon energy is rel-
atively low, but the maximum momentum can be much
higher, !D/cs ⇡ keV.

B. Dark Matter Absorption

We now turn to computing the rate of DM absorption
in a material. The total DM absorption rate per unit
mass per unit time R is

R =
1

⇢

⇢X
mX

hne�abs

v
rel

i , (3)

3

where �
abs

is the absorption cross section on electrons,
⇢ is the mass density of the target material, and ⇢X =
0.3 GeV/cm3 is the local mass density of DM.

Treating the target as a free electron gas with Fermi
energy EF , the rate for the 2 ! 2 process of X(q) +
e(k) ! e(k0) + �(Q) (with � a phonon) is given by

hne�abs

v
rel

i =

Z
d3Q

(2⇡)3
h|M|2i

16E
1

E
2

E
3

E
4

S(q, Q) , (4)

S(q, Q) = 2

Z
d3k

(2⇡)3
d3k0

(2⇡)3
(2⇡)4�4(k + q � k0 � Q)

⇥ f(E)(1 � f(E0)) ,

where h|M|2i is the averaged and summed matrix-
element-squared for the process. The functions f(E) are
electron occupation numbers, with (1 � f(E0)) charac-
terizing Pauli blocking e↵ects. The four-momentum of
the absorbed particle is q = (!, ~q), while the emitted
phonon has Q = (⌦, ~Q) with ⌦ = cs| ~Q|. For T = 0
and |~q| ⌧ ! ⌧ EF , the integral over the initial and fi-
nal electron phase space S(q,Q) ⇡ S(!, ~Q) reduces to
a simple Heaviside theta function of allowed kinematic
configuration, with amplitude

S(!, ~Q) ' (m⇤
e)

2(! � ⌦)/(⇡| ~Q|) . (5)

Here m⇤
e is the e↵ective electron mass in the metal.

For each of the DM models we consider in Sec. III, we
compute h|M|2i for DM absorption via phonon-emission,
treating the phonon as a scalar field � and assigning the
electron-electron-phonon vertex with the dimensionless
coupling

y
�

= C
�

| ~Q|/p
⇢ (6)

(we refer the reader to Appendix J of Ref. [26] for a
derivation of this result). The parameter C

�

has units of
energy and is of order EF , but must be determined by
matching onto data.

In order to check the validity of this procedure and to
fix the electron-phonon coupling using existing data, we
must turn to photon absorption. Photon absorption pro-
ceeds by a similar 2-to-2 process as DM absorption, and
has been measured in aluminum over a range of energies.
By comparing the data with the photon absorption rate
computed with Eq. (4), we can then obtain the coupling
constant C

�

. Equivalently, we will find that the DM
absorption rate can be written in terms of the photon
absorption rate, and this relation holds even at larger
!, where the free-electron approximation breaks down.
We note that although the spatial momenta |~q| of mas-
sive DM di↵ers from that of the photon, this di↵erence
is unimportant for the absorption process. The reason
is that the momentum of both the absorbed photon and
DM particle is negligible compared to the electron mo-
menta.

We first calculate the rate for photon absorption at low
energies. Summing over the diagrams shown in Fig. 1,

and averaging over incoming electron spin and photon
polarizations, we find the matrix-element-squared in the
limit of ! ⌧ | ~Q| is given by

|M� |2 ⇡ 4e2

3

C2

�

⇢

| ~Q|4
!2

. (7)

The total rate for photon absorption is then (for ! ⌧ EF ,
where EF = 11.7 eV in aluminum)

hne�abs

v
rel

i� ' nee2

m⇤
e !2

✓
2⇡

!

Z
d⌦(! � ⌦)⌦4

3 (2⇡)4
C2

�

c6s⇢

m⇤
e

ne

◆

⌘ nee2

m⇤
e!

2

1

⌧(!)
. (8)

The integral over ⌦ is restricted to energies either below
! (due to energy conservation) or below !D (due to the
cuto↵ in phonon momenta), whichever is smaller. Above
we have suggestively defined the !-dependent parameter
⌧(!) as the quantity in parenthesis in the first line of
Eq. (8), in order to compare this result to the standard
theory for absorption of EM fields in metals, the Drude
theory. We will see next that ⌧(!) is a time-scale for
phonon emission.

C. Photon Absorption and Superconductor
Response

In order to make a connection between our calculation
of the photon absorption rate, Eq. (8), and the Drude
theory, we begin by noting that the absorption rate of
photons can be related to the polarization tensor of the
EM field ⇧ via the optical theorem:

hne�abs

v
rel

i� = � Im ⇧(!)

!
, (9)

where in the local limit of |~q| ⌧ ! the transverse and
longitudinal modes of the polarization tensor are of equal
size, which we denote by ⇧(!). This ⇧ is related to
the complex conductivity �̂(!) ⌘ �

1

+ i�
2

, describing
the frequency-dependent response of electrons to an EM
perturbation, by

⇧(!) ⇡ �i�̂! . (10)

(See Appendix A and e.g. Ref. [24] for further details.)
As is evident, the real part of the conductivity �

1

is the
absorption rate for excitations of energy !, and is related
to the absorption cross section of photons by

�
1

= hne�abs

v
rel

i� , (11)

making clear from Eq. (3) that large non-zero �
1

is crucial
for absorption.

We can now compare the rate in Eq. (8) to the conduc-
tivity derived from the Drude model. The Drude model



Reach

2

same way that superconductors and metals are excellent
absorbers of electromagnetic fields. For instance, we find
that a kg-day exposure on a superconducting target is
su�cient to exceed the stellar constraints for a hidden
photon whose mass is obtained via the Stuckelberg mech-
anism.

The outline of this paper is as follows. In Section IIA
we discuss how metals can be e�cient absorbers of low
mass particles. The process we consider involves ab-
sorbing all the mass-energy of the DM particle via an
electron recoil, with emission of an athermal phonon to
conserve momentum. We then describe in Sections II B
and II C our method to determine the DM absorption
rate from the optical properties of a metal. In Section III
we present the reach of superconducting detectors for ul-
tralight DM that couples to electrons, including hidden
photons, pseudoscalars, and scalars. We conclude in Sec-
tion IV.

II. DARK MATTER ABSORPTION WITH
SUPERCONDUCTORS

We begin by describing the DM absorption process, be-
fore computing its rate in a superconductor. We compare
our results for consistency against the standard Drude
theory for low-energy photon absorption in metals. Then,
in order to obtain accurate predictions at higher (& 0.1
eV) energies, we relate the DM absorption rate to mea-
sured photon absorption rates.

A. General Principle: Phonon emission

Absorption of low energy particles in a superconductor
can proceed when the energy of the absorbed radiation
(in this case the mass of the DM particle) exceeds the su-
perconducting gap. In the absorption process, a Cooper
pair is broken, and a pair of excitations is created. These
excitations have a long recombination and thermalization
time (of order a few milliseconds in aluminum), which al-
lows for their collection and measurement, as described
in Refs. [23, 24]. Once the energy of the absorbed par-
ticle significantly exceeds the superconducting gap, the
absorption process is identical in the superconducting
and normal phases of a metal. There are several ways
to absorb a particle (be it a photon or DM) in a metal.
One way is via impurities, where an o↵-shell electron pro-
duced in the absorption process becomes on-shell through
interaction with an impurity. In the case of interest here,
however, the target superconductor must be ultrapure in
order to enable the collection and measurement of the
created athermal excitations, and so this possibility is
not viable.

Instead, we make use of another process – that of par-
ticle absorption on electrons through the emission of an
athermal phonon in the final state, as shown in Fig. 1.
The emitted phonon is required for momentum conser-

X �

e e

q Q

k k0

X �

e e

q Q

k k0

FIG. 1. Absorption process on electrons for an incoming relic
particle X, where a phonon � is emitted in the final state:
X(q) + e(k) ! e(k0) + �(Q).

vation of the target material. Consider an electron with
initial momentum ~ki and energy Ei = ~k2

i /(2me). Assum-
ing the electron absorbs a single particle of energy !, the
final momentum of the electron is ~kf = ~ki +~q and energy
conservation gives

(~ki + ~q)2

2me
=

~k2

i

2me
+ !. (1)

(Note that momentum on the lattice is conserved up to an
additive reciprocal lattice vector, ~K. For electrons, the
typical energy scale associated with transitions involving
~K is K2/2me ⇠ 10 eV, which is above the energies con-
sidered here.) Then the required momentum transfer to

the electron is |~q| ⇠ !(me/|~ki|) ⇠ !/vF ⇠ 100 !, where
vF is the Fermi velocity. This cannot be satisfied for an
on-shell DM particle in the halo, which carries momen-
tum ⇠ 10�3!. However, energy and momentum can still
be conserved if a phonon with momentum ⇠ �~q is emit-
ted by the electron in the final state; in other words, the
electron recoils against the lattice. The emitted phonon
carries away a fraction of the excitation energy, but can
balance the large recoil momentum of the electron.

In the Debye model, the dispersion relation of a phonon
with 4-momentum (⌦, ~Q) is given by

⌦ = cs| ~Q| (2)

where the speed of sound in aluminum is cs '
6320 m/sec ⇠ 2 ⇥ 10�5 in natural units. There is a
maximum frequency !D = cskD for phonons, where the
maximum wavevector for lattice vibrations kD ⇠ 1/a
is set by the lattice spacing a. For aluminum, !D ⇡
0.037 eV; therefore the maximum phonon energy is rel-
atively low, but the maximum momentum can be much
higher, !D/cs ⇡ keV.

B. Dark Matter Absorption

We now turn to computing the rate of DM absorption
in a material. The total DM absorption rate per unit
mass per unit time R is

R =
1

⇢

⇢X
mX

hne�abs

v
rel

i , (3)
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FIG. 3. Estimated reach of a germanium (green lines) and silicon (blue lines) target at 90% CL with a 1-kg-year exposure,
assuming solar neutrino backgrounds only, for absorption of pseudoscalar dark matter. The solid lines show the reach for
absorption of halo DM, while the dashed lines are for absorption of pseudoscalars emitted from the sun. The reach of an
aluminum superconducting target is given by the solid grey line [23]. We show constraints from absorption of solar axions
in Xenon100 (shaded red) [52] and stellar emission from white dwarfs (shaded orange) [56]. The range of couplings for the
QCD axion is indicated by the shaded grey region. Constraints on pseudoscalar decays into photons (shaded blue) assume the
coupling in Eq. (12), and come from a line search for ma = 4.5� 7.5 eV [57] as well as from the extragalactic background light,
early reionization, and x-rays [48].

ergy resolutions given in Table I of Ref. [24] and include
an extra data point for the baseline energy resolution,
�2(0) = (14 eV)2. For mV > 100 eV, we then set con-
servative limits using the observed counts within single
100 eV bins, making no assumption for the background
model. For DM masses closer to the experimental thresh-
old, mV = 56�100 eV, we instead use the 90% CL upper
limit on the rate in the lowest energy bin from Table I of
Ref. [24]. Our result is shown in Fig. 2

In Fig. 2, we also show existing Xenon10 limits on ab-
sorption of solar hidden photons, along with other stellar
cooling constraints from the sun, horizontal branch stars,
and red giant stars, assuming the dark photon obtains
its mass via the Stuckelberg mechanism [21]. (For stellar
constraints in the case that the dark photon mass arises
from a dark Higgs mechanism, see Ref. [46].)

We learn that semiconductor targets, such as germa-
nium and silicon, are powerful probes of hidden photon
DM with mass in the meV�keV range, finding a reach
that can supersede all existing terrestrial and astrophys-
ical bounds, with only mild exposure.

B. Pseudoscalars

Next, we consider a pseudoscalar a that couples to elec-
trons:

L � gaee
2me

(@µa)ē�
µ�5e . (9)

This pseudoscalar may be an axion-like particle, see
for example Ref. [48]. For comparison, we will show
the relation between the mass ma and coupling con-
stant for the QCD axion in our results: then the e↵ec-
tive coupling can be written as gaee = Ceme/fa, with
(0.60 meV/ma) = (fa/1010 GeV), and we take Ce = 1/3
as an upper bound.

For non-relativistic halo DM, the leading
matrix-element-squared for absorption of the
pseudoscalar is related to photon absorption by
|M|2 ⇡ 3(gaee/2me)2(ma/e)2|M� |2 [22, 23]. Then
the rate for pseudoscalar absorption is related to the
measured conductivity by

R ' 1

⇢

⇢DM

mDM

3m2
a

4m2
e

g2aee
e2

�1(ma) . (10)

The expected 90% CL reach for pseudoscalar DM is
shown in Fig. 3, for germanium and silicon targets with
1 kg-year exposure. Here we consider only the reach from

3

where �
abs

is the absorption cross section on electrons,
⇢ is the mass density of the target material, and ⇢X =
0.3 GeV/cm3 is the local mass density of DM.

Treating the target as a free electron gas with Fermi
energy EF , the rate for the 2 ! 2 process of X(q) +
e(k) ! e(k0) + �(Q) (with � a phonon) is given by
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S(q, Q) , (4)

S(q, Q) = 2

Z
d3k

(2⇡)3
d3k0

(2⇡)3
(2⇡)4�4(k + q � k0 � Q)

⇥ f(E)(1 � f(E0)) ,

where h|M|2i is the averaged and summed matrix-
element-squared for the process. The functions f(E) are
electron occupation numbers, with (1 � f(E0)) charac-
terizing Pauli blocking e↵ects. The four-momentum of
the absorbed particle is q = (!, ~q), while the emitted
phonon has Q = (⌦, ~Q) with ⌦ = cs| ~Q|. For T = 0
and |~q| ⌧ ! ⌧ EF , the integral over the initial and fi-
nal electron phase space S(q,Q) ⇡ S(!, ~Q) reduces to
a simple Heaviside theta function of allowed kinematic
configuration, with amplitude

S(!, ~Q) ' (m⇤
e)

2(! � ⌦)/(⇡| ~Q|) . (5)

Here m⇤
e is the e↵ective electron mass in the metal.

For each of the DM models we consider in Sec. III, we
compute h|M|2i for DM absorption via phonon-emission,
treating the phonon as a scalar field � and assigning the
electron-electron-phonon vertex with the dimensionless
coupling

y
�

= C
�

| ~Q|/p
⇢ (6)

(we refer the reader to Appendix J of Ref. [26] for a
derivation of this result). The parameter C

�

has units of
energy and is of order EF , but must be determined by
matching onto data.

In order to check the validity of this procedure and to
fix the electron-phonon coupling using existing data, we
must turn to photon absorption. Photon absorption pro-
ceeds by a similar 2-to-2 process as DM absorption, and
has been measured in aluminum over a range of energies.
By comparing the data with the photon absorption rate
computed with Eq. (4), we can then obtain the coupling
constant C

�

. Equivalently, we will find that the DM
absorption rate can be written in terms of the photon
absorption rate, and this relation holds even at larger
!, where the free-electron approximation breaks down.
We note that although the spatial momenta |~q| of mas-
sive DM di↵ers from that of the photon, this di↵erence
is unimportant for the absorption process. The reason
is that the momentum of both the absorbed photon and
DM particle is negligible compared to the electron mo-
menta.

We first calculate the rate for photon absorption at low
energies. Summing over the diagrams shown in Fig. 1,

and averaging over incoming electron spin and photon
polarizations, we find the matrix-element-squared in the
limit of ! ⌧ | ~Q| is given by

|M� |2 ⇡ 4e2

3

C2
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⇢

| ~Q|4
!2

. (7)

The total rate for photon absorption is then (for ! ⌧ EF ,
where EF = 11.7 eV in aluminum)
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The integral over ⌦ is restricted to energies either below
! (due to energy conservation) or below !D (due to the
cuto↵ in phonon momenta), whichever is smaller. Above
we have suggestively defined the !-dependent parameter
⌧(!) as the quantity in parenthesis in the first line of
Eq. (8), in order to compare this result to the standard
theory for absorption of EM fields in metals, the Drude
theory. We will see next that ⌧(!) is a time-scale for
phonon emission.

C. Photon Absorption and Superconductor
Response

In order to make a connection between our calculation
of the photon absorption rate, Eq. (8), and the Drude
theory, we begin by noting that the absorption rate of
photons can be related to the polarization tensor of the
EM field ⇧ via the optical theorem:
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v
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, (9)

where in the local limit of |~q| ⌧ ! the transverse and
longitudinal modes of the polarization tensor are of equal
size, which we denote by ⇧(!). This ⇧ is related to
the complex conductivity �̂(!) ⌘ �

1

+ i�
2

, describing
the frequency-dependent response of electrons to an EM
perturbation, by

⇧(!) ⇡ �i�̂! . (10)

(See Appendix A and e.g. Ref. [24] for further details.)
As is evident, the real part of the conductivity �

1

is the
absorption rate for excitations of energy !, and is related
to the absorption cross section of photons by

�
1

= hne�abs

v
rel

i� , (11)

making clear from Eq. (3) that large non-zero �
1

is crucial
for absorption.

We can now compare the rate in Eq. (8) to the conduc-
tivity derived from the Drude model. The Drude model



Summary

We have some good ideas about the DM 
sector.  A couple of directions have become 
very well developed: SUSY and axions


New ideas and corresponding search 
strategies have developed.  


Important to keep searches and ideas as 
broad and inclusive as possible



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

Panda-X

XENON


....

SUSY light

Hidden 
Valley 


Secluded 
WIMPless 


ADM

freeze-in 
freeze-out 
and decay 

non-
thermal 


