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Beyond the SM + ΛCDM

Where is new physics?

69% Dark Energy

26% 
Dark Matter

5% Atoms
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Beyond the SM + ΛCDM

•neutrino mass

•baryon asymmetry

•dark matter

• accelerated expansion

•cosmological density 
perturbations

•naturalness of the 
weak scale

• strong CP problem

•naturalness of the 
cosmological constant

observational evidences theoretical arguments
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Challenge for me …

•try to comment on few of those DM candidates 
- necessarily incomplete

•give some arguments about  
„theoretical motivation“ (miracles)

•will not discuss specific experimental projects 
(see talks later today)

• strongly personal biased - apologizes…
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Outline

•WIMPs (freeze-out)  
natural / un-natural

•FIMPs (freeze-in)  
gravitational, keV neutrinos

•Axions (QCD)  
ALPs, hidden photons
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The WIMP hypothesis: thermal freeze-out

⌦DM ⇡ 2⇥ 10�37cm2

h�annihvi
⇡ 0.23

Lee, Weinberg, 1977 
Bernstein, Brown, Feinberg, 1985 
Scherrer, Turner, 1986
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The WIMP hypothesis: thermal freeze-out

⌦DM ⇡ 2⇥ 10�37cm2

h�annihvi
⇡ 0.23

Lee, Weinberg, 1977 
Bernstein, Brown, Feinberg, 1985 
Scherrer, Turner, 1986

“typical” annihilation cross section:

h�annihvi ⇠
g4

2⇡m2
' 6⇥ 10�37cm2

⇣ g

0.1

⌘4 ⇣ m

100GeV

⌘�2

• “Weakly Interacting Massive Particle” (WIMP)

• relation with new physics at the TeV scale
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The WIMP miracle 

order of the kaon mass, is given by

MK0
L
− MK0

S

MK0
L

=
G2

F f 2
K

6π2
sin2 θc Λ2, (8)

where fK = 114 MeV is the kaon decay constant and sin θc = 0.22 is the Cabibbo angle. If we

require that the result in eq. (8) be smaller than the measured value (MK0
L
−MK0

S
)/MK0

L
=

7 × 10−15, we find Λ < 2 GeV. Indeed, before reaching this energy scale a new particle (the

charm quark with mass mc ≈ 1.2 GeV) modifies the short-distance behavior of the theory,

implementing the so-called GIM mechanism [53]. Incidentally, while the other two examples

are a posteriori deductions, the case of K0–K̄0 mixing is historically accurate: this is the

actual argument used by Gaillard and Lee [54] to compute the mass of the charm quark

before its discovery.

We can formulate the problem of the Higgs mass mH in the same fashion. Using the

Standard Model as an effective theory, we can compute the contributions to mH due to

Higgs interactions. The leading effect is

δm2

H =
3GF

4
√

2π2

(

4m2

t − 2m2

W − m2

Z − m2

H

)

Λ2, (9)

where mt, mW , mZ are the masses of the top quark, W and Z gauge bosons, and Λ is the

maximum momentum13. The request that the contribution in eq. (9) be not larger than

182 GeV (the 95% CL limit from Standard Model fits of present experimental data [55]),

implies Λ < 1.0 TeV. Only the LHC will tell us if the naturalness criterion is successful in

this case as well, and whether new particles exist with masses below the TeV.

Unfortunately not all examples are successful and there is one important case in which

nature does not seem to respect the naturalness criterion. Astronomical observations place

bounds on the energy density of the vacuum in our universe which constrain the scale of

the cosmological constant to be less than 3 × 10−3 eV. Since quantum corrections to the

cosmological constant grow with the maximum energy Λ, the naturalness criterion implies

that our theoretical description of particle physics should start failing at an energy scale as

low as 3 × 10−3 eV. We have good evidence that this is not the case. Nature could have

chosen supersymmetry to deal with this problem in a natural way because the cosmological

constant vanishes in supersymmetric theories. However, we already know that nature has

13Naively one may think that the Higgs naturalness problem disappears for the special value of mH that
cancels the right-hand side of eq. (9) (which happens to be about 200–300 GeV, depending on the value
of the renormalization scale). Unfortunately this is not sufficient because eq. (9) gives only the infrared
contribution to mH . Modes with masses of order Λ (outside the domain of the effective theory) give new
contributions of the same size. For example, in a softly-broken supersymmetric theory, quadratic divergences
are absent, but this is not sufficient to solve the hierarchy problem. It is also necessary that the masses of
the new particles lie below the TeV scale.

14

Naturalness of the Higgs mass suggests 
new physics close to the EW scale.

The same physics which cures the 
hierarchy problem may provide DM.
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14

Naturalness of the Higgs mass suggests 
new physics close to the EW scale.

The same physics which cures the 
hierarchy problem may provide DM.

prime example: Supersymmetry
(but there are others as well)
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•neutrino mass

•baryon asymmetry

•dark matter

• accelerated expansion

•cosmological density 
perturbations

•naturalness of the 
weak scale

• strong CP problem
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cosmological constant

WIMP
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The WIMP miracle 
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WIMP searches
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WIMP searches

WIMP hypothesis is getting cornered
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Figure 2: 95% CL upper limits on the thermally-averaged cross-section for DM particles annihilating into
bb̄ (upper-left), W+W� (upper-right), ⌧+⌧� (bottom-left) and µ+µ� (bottom-right) pairs. Thick solid lines
show the limits obtained by combining Fermi-LAT observations of 15 dSphs with MAGIC observations of
Segue 1. Dashed lines show the observed individual MAGIC (short dashes) and Fermi-LAT (long dashes)
limits. J-factor statistical uncertainties (Table 1) are considered as described in Section 3.2. The thin-dotted
line, green and yellow bands show, respectively, the median and the symmetrical, two-sided 68% and 95%
containment bands for the distribution of limits under the null hypothesis (see main text for more details).
The red-dashed-dotted line shows the thermal relic cross-section from Ref. [54].

this magnitude would be expected in 5% of the experiments under the null hypothesis and
is therefore compatible with random fluctuations.

As expected, limits in the low and high ends of the considered mass range are dominated
by Fermi -LAT and MAGIC observations, respectively, and the combined limits coincide
with the individual ones. The combination provides a significant improvement in the range
between ⇠1 and ⇠100 TeV (for bb̄ and W+W�) or ⇠0.2 and ⇠2 TeV (for ⌧+⌧� and µ+µ�),
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FIG. 2. Observed events in the 2013 LUX exposure of 95 live
days and 145 kg fiducial mass. Points at <18 cm radius are
black; those at 18–20 cm are gray. Distributions of uniform-
in-energy electron recoils (blue) and an example 50 GeV c�2

WIMP signal (red) are indicated by 50th (solid), 10th, and
90th (dashed) percentiles of S2 at given S1. Gray lines, with
ER scale of keVee at top and Lindhard-model NR scale of
keVnr at bottom, are contours of the linear combined S1-
and-S2 energy estimator [19].

by 210Po plated on the wall. The leakage of wall events
towards smaller r depends strongly, via position reso-
lution, on S2 size. The wall population in the fiducial
volume thus appears close to the S2 threshold, largely
below the signal population in S2 at given S1. It is mod-
eled empirically using high-r and low-S2 sidebands in the
search data [33].

Systematic uncertainties in background rates are
treated via nuisance parameters in the likelihood: their
constraints are listed with other fit parameters in Table I.
S1, S2, z and r are each useful discriminants against back-
grounds and cross sections are tested via the likelihood
of the search events in these four observables.

Search data were acquired between April 24th and
September 1st, 2013. Two classes of cuts based on pre-
vailing detector conditions assure well-measured events in
both low-energy calibration and WIMP-search samples.
Firstly, data taken during excursions in macroscopic de-
tector properties, such as xenon circulation outages or
instability of applied high voltage, are removed, consti-
tuting 0.8% of gross livetime. Secondly, an upper thresh-
old is imposed on summed pulse area during the event
window but outside S1 and S2. It removes triggers dur-
ing the aftermath of photoionization and delayed elec-
tron emission following large S2s. The threshold is set
for >99% tritium acceptance and removes 1% of gross
livetime [34]. We report on 95.0 live days. Fig. 2 shows
the measured light and charge of the 591 surviving events
in the fiducial volume.

A double-sided, profile-likelihood-ratio (PLR) statis-
tic [41] is employed to test signal hypotheses. For each
WIMP mass we scan over cross section to construct a
90% confidence interval, with test statistic distributions
evaluated by MC using the RooStats package [42]. At all
masses, the maximum-likelihood value of �n is found to

be zero. The background-only model gives a good fit to
the data, with KS test p-values of 0.05, 0.07, 0.34, and
0.64 for the projected distributions in S1, S2, r, and z

respectively. Upper limits on cross section are shown in
Fig. 3. The raw PLR result lies between one and two
Gaussian � below the expected limit from background
trials. We apply a power constraint [43] at the median
so as not to exclude cross sections for which sensitiv-
ity is low through chance background fluctuation. We
include systematic uncertainties in the nuclear recoil re-
sponse in the PLR, which has a modest e↵ect on the limit
with respect to assuming the best-fit model exactly: less
than 20% at all masses. Limits calculated with the alter-
nate, Bezrukov parametrization would be 0.43, 0.95, and
1.26 times the reported ones at 4, 33, and 1000 GeV c

�2,
respectively. Uncertainties in the assumed dark matter
halo are beyond the scope of this letter but are reviewed
in, e.g., [44].

In conclusion, we have improved the WIMP sensitivity
of the 2013 LUX search data, excluding new parameter
space. The lowered analysis thresholds and signal model
energy cut-o↵, added exposure, and improved resolution
of light and charge over the first LUX result yield a 23%
reduction in cross-section limit at high WIMP masses.
Reach is significantly extended at low mass where the
cut-o↵ has most e↵ect on the predicted event rate: the
minimum kinematically-accessible mass is reduced from
5.2 to 3.3 GeV c

�2. These techniques further enhance
the prospects for discovery in the ongoing 300-day LUX
search and the future LUX-ZEPLIN [45] experiment.
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% CL. Observed limit in black,
with the 1- and 2-� ranges of background-only trials shaded
green and yellow. Also shown are limits from the first LUX
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LUX, 1512.03506

σscatt < 10-45 cm2  ↔    
σannih. ~10-36 cm2
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UV-complete 
models (SUSY)

EFT: only SM + 
DM particle

The comparison is necessarily model dependent

“simplified” models
DM particle + mediator
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UV-complete 
models (SUSY)

EFT: only SM + 
DM particle

MSSM 
industry

conceptual problems 

The comparison is necessarily model dependent

“simplified” models
DM particle + mediator
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Figure 6. The case of very small SM couplings gq and ✓, shown in the m�–mZ0 parameter
plane (top-left), the m�–ms parameter plane (top-right) and the ms–mZ0 parameter plane for
m� = 100GeV and m� = 500GeV (bottom row). For m� . 100GeV, indirect detection constraints
become relevant (yellow region, double-dashed line). The red shaded regions (long dashed) are
excluded by direct detection, the purple shaded regions (double dash-dotted) by the observed Higgs
signal strength and the bound on invisible Higgs decays. The black contours show constant g�.

find that the parameter region with mZ0 , ms > m� is very tightly constrained, essentially

because it is impossible to reproduce the relic abundance via annihilation into SM final

states using perturbative couplings. For smaller masses of either mZ0 or ms, large allowed

regions open up, which are very di�cult to probe experimentally. If both mZ0 and ms

are small, however, the indirect detection constraints discussed above become important,

provided the DM mass is su�ciently small so that Fermi LAT is sensitive to the thermal

cross section.

To conclude this section, we note that for m� ⇠ 30–50GeV it may be possible within

this framework to provide a viable explanation for the Galactic centre excess [75–79].

For example if 0.5m� < mZ0 < 0.9m� and ms + mZ0 > 2m� the s-wave cross section

of �� ! Z 0Z 0 is naturally close to the thermal value. Alternatively, for ms ⌧ mZ0 and
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Figure 4. Constraints for the case of two mediators, with the (common) DM–mediator coupling
determined by the requirement to reproduce the observed relic abundance. Plots in the same row
correspond to constant ✓, plots in the same column correspond to constant gq. In all panels, we
have fixed m� = 100GeV. In the grey shaded regions (solid lines) at least one of the couplings
leads to violation of perturbative unitarity. The yellow shaded regions (dotted) are excluded by
dijet searches, the green shaded regions (short dashed) by monojet searches, the red shaded regions
(long dashed) by direct detection, the purple shaded regions (double dash-dotted) by the observed
Higgs signal strength and the bound on invisible Higgs decays. The dark blue regions (short dash-
dotted) are excluded by EWPT and the light blue regions (long dash-dotted) by dilepton searches,
both for loop-induced kinetic mixing.

dominant final state is either qq̄ or W+W�. Both LHC searches and direct detection

place significant constraints on this parameter region.

• For either ms < m� or mZ0 < m�, the relic density can be easily reproduced via

annihilation into two dark terminators. However, if gq and sin ✓ are fixed to relatively

large values, these regions are typically tightly constrained by direct detection and

the Higgs signal strength.

• Moreover, forms < m� the requirement that y� remains perturbative places an upper
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Figure 8. Global scan for m� = 100GeV. In the first panel (top-left) a global scan has been
performed to determine those values of the two SM–mediator couplings that give the weakest
constraints (see text for details). The red shaded region is excluded for all possible combinations,
while in the white region all constraints can be evaded. In the orange shaded region it is not possible
to exclude large values of gq, corresponding to �Z0/mZ0 > 0.3. The remaining five panels show
the various constraints as a function of the couplings between the two mediators and SM states
for di↵erent benchmark cases (indicated by black dots in the top-left panel) with the common
DM–mediator coupling fixed by the relic density requirement. The colour coding is the same as in
figures 5–7.
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fixed masses Example for a particular 
simplified model:
fermionic DM
dark U(1) → vector boson
dark Higgs to break U(1)

Dürr, Kahlhöfer, Schmidt-Hoberg, TS, Vogl, 16
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Figure 8. Global scan for m� = 100GeV. In the first panel (top-left) a global scan has been
performed to determine those values of the two SM–mediator couplings that give the weakest
constraints (see text for details). The red shaded region is excluded for all possible combinations,
while in the white region all constraints can be evaded. In the orange shaded region it is not possible
to exclude large values of gq, corresponding to �Z0/mZ0 > 0.3. The remaining five panels show
the various constraints as a function of the couplings between the two mediators and SM states
for di↵erent benchmark cases (indicated by black dots in the top-left panel) with the common
DM–mediator coupling fixed by the relic density requirement. The colour coding is the same as in
figures 5–7.
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Global scans

> For a given combination of the three masses, we can now scan over all coupling 
combinations to #nd parameter points compatible with the observed relic density 
and all experimental constraints.

Red: All coupling combinations are 

excluded by at least one constraint.

White: At least one coupling combination is 

compatible with all constraints.

Orange: Large values of g
q
 cannot reliably 

be excluded due to the mediator width 

becoming large (Γ/m
Z'
 > 0.3).
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partial wave expansion of the matrix element. In the following we will focus on the J = 0

partial wave, which typically provides the strongest constraint. Since d0µµ0 is non-zero only

for µ = µ0 = 0, we then obtain from eq. (2.1)

M0
if (s) =

1

64⇡
�if �µ0�µ00

Z 1

�1
d cos ✓Mif (s, cos ✓) . (2.4)

2.2 Application to a simplified model with a Z 0 mediator

Let us consider a simplified model for a spin-1 mediator Z 0µ with mass mZ0 and a Dirac

DM particle  with mass mDM.1 The most general coupling structure is captured by the

following Lagrangian:

L = �
X

f=q,l,⌫

Z 0µ f̄
⇥
gVf �µ + gAf �µ�

5
⇤
f � Z 0µ  ̄

⇥
gVDM�µ + gADM�µ�

5
⇤
 . (2.5)

Although these interactions appear renormalisable, the presence of a massive vector boson

implies that perturbative unitarity may be violated at large energies. In the following, we

will study this issue in detail and derive constraints on the parameter space of the model.

Let us first consider diagrams between 2-fermion states with the Z 0 as mediator. The

appropriate propagator for the mediator is

hZ 0µ(k)Z 0⌫(�k)i = 1

k2 �m2
Z0

✓
gµ⌫ � kµk⌫

m2
Z0

◆
, (2.6)

where kµ is the momentum of the mediator. For the case of a gauge boson this corresponds

to unitary gauge in which the Goldstone boson has been absorbed. Since we are interested

in the high-energy behaviour of the theory we concentrate on the second term, which

does not vanish in the limit k ! 1. This corresponds to restricting to the longitudinal

component of the mediator, Z 0
L, which dominates at high energy [47].2 For instance,

considering DM annihilations, we can contract the longitudinal part of the propagator

with the DM current. Making use of k = p1 + p2, where p1 and p2 are the momenta of the

two DM particles in the initial state, leads to a factor

kµv̄(p2)
�
gVDM�µ + gADM�µ�

5
�
u(p1) = v̄(p2)

h
gVDM(/p2 + /p1) + gADM(/p2�

5 � �5/p1)
i
u(p1)

= �2 gADMmDM v̄(p2)�
5u(p1) . (2.7)

Hence, the second term in the propagator behaves exactly like a pseudoscalar with mass

mZ0 and couplings to DM equal to 2 gADMmDM/mZ0 , just like the Goldstone boson present

in Feynman gauge. Note that the term is independent of the vector couplings. The same

1In the case of Majorana DM the vector current vanishes and hence there can only be an axial coupling

on the DM side. We will come back to this case shortly but will consider Dirac DM here to allow for both

vectorial and axial couplings.
2It turns out that for certain processes the transversal part of the propagator leads to a logarithmic

divergence for m2
Z0 ⌧ s. This divergence is not related to the UV completeness of the theory, but signals

breakdown of perturbativity in the IR, see also [14]. By restricting to the longitudinal components of the

Z0 [47] we can avoid the occurence of those IR divergences.

– 4 –
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Figure 10: Shaded areas denote the maximal region in the M
2

vs |µ| � M
2

plane for
µ > 0 where the relic density is as observed and the limit from dSphs di↵use gamma
searches is respected within parameter ranges considered. The darker the grey region,
the more stringent is the choice of the bound as described in the text. The grey lines
mark the weakest possible limit of the region excluded by the 2016 LUX results and the
same limit weakened by a factor of two as indicated. The limit from the previous LUX
result is the dotted line. The di↵erent bounds are calculated at di↵erent parameter sets
p1, p2 and p3, as indicated.

Note that the direct detection limits presented on the plot are for the choice of
MSSM parameters giving the weakest possible constraints. This is possible because the
boundaries of the maximal region allowed by indirect searches do not depend as strongly
on the parameters governing the wino-Higgsino mixing as the spin-independent scattering
cross section does. The only exceptions are the boundaries of the mixed-wino region,
arising from the relic density constraint, which indeed depend strongly on M

sf

. However,
as varying these boundaries does not significantly change the allowed region, since it is
mostly in the part excluded by the LUX data, we choose to display the LUX bound for a
value of M

sf

di↵erent from that defining these boundaries. Therefore, all in all, the case
of the mixed wino-Higgsino with µ > 0 is verging on being excluded by a combination
of direct and indirect searches, when imposing that the lightest neutralino accounts for
the entire thermally produced dark matter density of the Universe. Note, however, that
the small close-to-pure wino region is not a↵ected by direct detection constraints.
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Figure 11: Maximal region in the M
2

vs µ�M
2

plane for µ < 0, obtained as in Fig. 10.
The limit from the 2016 LUX result weakened by a factor of two is not visible within the
ranges considered in the plot. The di↵erent bounds are calculated at di↵erent parameter
sets p1, p2 and p3, as indicated.

5.2 µ < 0

When µ < 0 the spin-independent cross section decreases, particularly for smaller values
of tan �. This allows for parameter choices with small |µ|�M

2

giving viable neutralino
DM, in agreement with the direct detection constraint. Indeed, for appropriate param-
eter choices the direct detection limits are too weak to constrain any of the relevant
regions of the studied parameter space. In particular, the weakest possible limits corre-
spond to M

sf

= 1.25M
2

, MA = 0.5 TeV and tan � = 15. Note that for MA = 0.5 TeV a
significantly lower value of tan� would be in conflict with constraints from heavy Higgs
searches at the LHC.

The result of varying MA, Msf

and tan � is a sizeable mass region for viable mixed-
wino dark matter in the MSSM, ranging from M

2

= 1.6 to 3 TeV, as shown in Fig. 11.
The parameter |µ| �M

2

for the Higgsino admixture varies from close to 0 GeV to 210
GeV below the Sommerfeld resonance, and from 200 GeV upwards above, when the most
conservative dSphs limit (shown in light grey) is adopted.

We note that in determining the viable mixed-wino parameter region we did not
include the di↵use gamma-ray and gamma line data from observations of the Galactic
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µ > 0 where the relic density is as observed and the limit from dSphs di↵use gamma
searches is respected within parameter ranges considered. The darker the grey region,
the more stringent is the choice of the bound as described in the text. The grey lines
mark the weakest possible limit of the region excluded by the 2016 LUX results and the
same limit weakened by a factor of two as indicated. The limit from the previous LUX
result is the dotted line. The di↵erent bounds are calculated at di↵erent parameter sets
p1, p2 and p3, as indicated.

Note that the direct detection limits presented on the plot are for the choice of
MSSM parameters giving the weakest possible constraints. This is possible because the
boundaries of the maximal region allowed by indirect searches do not depend as strongly
on the parameters governing the wino-Higgsino mixing as the spin-independent scattering
cross section does. The only exceptions are the boundaries of the mixed-wino region,
arising from the relic density constraint, which indeed depend strongly on M

sf

. However,
as varying these boundaries does not significantly change the allowed region, since it is
mostly in the part excluded by the LUX data, we choose to display the LUX bound for a
value of M

sf

di↵erent from that defining these boundaries. Therefore, all in all, the case
of the mixed wino-Higgsino with µ > 0 is verging on being excluded by a combination
of direct and indirect searches, when imposing that the lightest neutralino accounts for
the entire thermally produced dark matter density of the Universe. Note, however, that
the small close-to-pure wino region is not a↵ected by direct detection constraints.
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sets p1, p2 and p3, as indicated.
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When µ < 0 the spin-independent cross section decreases, particularly for smaller values
of tan �. This allows for parameter choices with small |µ|�M

2

giving viable neutralino
DM, in agreement with the direct detection constraint. Indeed, for appropriate param-
eter choices the direct detection limits are too weak to constrain any of the relevant
regions of the studied parameter space. In particular, the weakest possible limits corre-
spond to M

sf

= 1.25M
2

, MA = 0.5 TeV and tan � = 15. Note that for MA = 0.5 TeV a
significantly lower value of tan� would be in conflict with constraints from heavy Higgs
searches at the LHC.

The result of varying MA, Msf

and tan � is a sizeable mass region for viable mixed-
wino dark matter in the MSSM, ranging from M

2

= 1.6 to 3 TeV, as shown in Fig. 11.
The parameter |µ| �M

2

for the Higgsino admixture varies from close to 0 GeV to 210
GeV below the Sommerfeld resonance, and from 200 GeV upwards above, when the most
conservative dSphs limit (shown in light grey) is adopted.

We note that in determining the viable mixed-wino parameter region we did not
include the di↵use gamma-ray and gamma line data from observations of the Galactic

23

mixed wino-Higgsino mixed wino-Higgsino

~pure wino ~pure wino

WIMP is cornered

„adopting a less conservative 
approach […] the entire parameter 
region [… is] in strong tension with 
the indirect searches“
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Remarks on WIMPs

•WIMP hypothesis under scrutiny by experiment

•always possible to „hide“ the WIMP but the 
core parameter space will be covered
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Remarks on WIMPs

•Where is the new physics at LHC? Does the 
naturalness argument for the EW scale fail?

•How attractive is the WIMP without the 
naturalness argument? (No miracle any more)

•WIMP hypothesis under scrutiny by experiment

•always possible to „hide“ the WIMP but the 
core parameter space will be covered
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WIMPs without naturalness

•Higgs portal DM

•DM as SU(2) x U(1) representation  
[minimal DM, Cirelli, Fornengo, Strumia, 05]

•Weak scale neutrino mass models linked to DM 
[Scotogenic Model, E. Ma, 05,…] 

•many more…

Many many models …(very incomplete list)
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WIMPs without naturalness

• freeze-out works for a wide range of mass-scales 
connection to weak-scale physics is lost
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Figure 2. Prospects for Benchmark Models: Selected
95% C.L. exclusion reach for the DAMIC (green curves)
and SuperCDMS-silicon (dark red curves) experiments,
compared with other constraints for the benchmark mod-
els discussed in §2. White regions are unconstrained, while
thick blue curves illustrate possible predictive mechanisms
for generating the DM abundance. Top: DM interacting
via a massive dark photon (F

DM

(q) = 1), for complex-
scalar DM with freeze-out abundance (left), and Dirac-
fermion DM with asymmetric abundance (right). Bottom:
DM interacting via an ultralight dark photon (F

DM

(q) =

(↵me/q)
2), with an abundance generated by freeze-in. The

DAMIC and SuperCDMS projections assume 100 g-year
and 10 kg-years background-free exposures, with 2- and 1-
electron thresholds, respectively, in a silicon target. See text
for details.

electron-recoil DM constraint set with XENON10 data [31]. The black curve labelled “Current
NR Constraints” shows constraints from conventional nuclear-recoil searches from [3, 75, 76].
Some measurements only constrain ✏ as a function of m

A

0 . Among these, we only show the
strongest constraints, which are a BaBar search for e+e� ! � + invisible [49, 51, 52] as well
as electroweak precision tests (EWPT) [77, 78]; however, to guide the eye, we also show the
“favored” 2�-region for which the A0 can explain the discrepancy between the measurement
and SM prediction for the muon anomalous magnetic moment, a

µ

[79]. We translate these
into the �

e

versus m
�

plane by using the constraint on ↵
D

from either perturbativity [80] or �

– 7 –

R. Essig et al., 1509.01598

Ex.: complex scalar DM 
interacting with a massive 
dark photon

http://de.arxiv.org/abs/1509.01598
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•particle never in thermal equilibrium

•(tiny) interactions with thermal bath produce 
the DM until the interaction rate << expansion

•relic abundance  
proportional to 
interaction strength

DM production via freeze-in (FIMP)

How to obtain the correct relic abundance Alternatives to thermal freeze-out

freeze-in:

x < xFI ⇠ 1
dY
dx
⇡ C 0Mpl

m
�2

FI

integrate x from 0 to xFI

Y1 ⇡ YFI ⇡ C 0Mpl

m
�2

FI xFI

Y1 ⇠
Mpl

m
�2

FI

�FI . 10�11 (FIMP)

freeze-out:

x > xFO ⇠ 10
dY
dx
⇡ �C

Mpl

mx2 �2
FOY 2

integrate x from xFO to 1
1

Y1
⇡ C

Mpl

m
�2

FO
1

xFO

Y1 ⇠
m

Mpl

1
�2

FO

�FO . 1 (WIMP)

T. Schwetz 31
Hall, Jedamzik, March-Russel, West, 09
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DM production via freeze-in (FIMP)
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Figure 2. Prospects for Benchmark Models: Selected
95% C.L. exclusion reach for the DAMIC (green curves)
and SuperCDMS-silicon (dark red curves) experiments,
compared with other constraints for the benchmark mod-
els discussed in §2. White regions are unconstrained, while
thick blue curves illustrate possible predictive mechanisms
for generating the DM abundance. Top: DM interacting
via a massive dark photon (F

DM

(q) = 1), for complex-
scalar DM with freeze-out abundance (left), and Dirac-
fermion DM with asymmetric abundance (right). Bottom:
DM interacting via an ultralight dark photon (F

DM

(q) =

(↵me/q)
2), with an abundance generated by freeze-in. The

DAMIC and SuperCDMS projections assume 100 g-year
and 10 kg-years background-free exposures, with 2- and 1-
electron thresholds, respectively, in a silicon target. See text
for details.

electron-recoil DM constraint set with XENON10 data [31]. The black curve labelled “Current
NR Constraints” shows constraints from conventional nuclear-recoil searches from [3, 75, 76].
Some measurements only constrain ✏ as a function of m

A

0 . Among these, we only show the
strongest constraints, which are a BaBar search for e+e� ! � + invisible [49, 51, 52] as well
as electroweak precision tests (EWPT) [77, 78]; however, to guide the eye, we also show the
“favored” 2�-region for which the A0 can explain the discrepancy between the measurement
and SM prediction for the muon anomalous magnetic moment, a

µ

[79]. We translate these
into the �

e

versus m
�

plane by using the constraint on ↵
D

from either perturbativity [80] or �

– 7 –

•works for a huge 
range of masses

• testability very 
model dependent

•many model 
realizations of this 
mechanism

R. Essig et al., 1509.01598

http://de.arxiv.org/abs/1509.01598
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Nightmare scenario: gravitational interacting DM

• DM interacts only via gravity 
Planck scale suppressed operators: 
 

• freeze-in mechanism can produce right amount of DM for

LI =
1

Mn
Pl

ODMOSM

3

III. PRODUCTION MECHANISM FOR GDM

In this section, we discuss how to produce dark mat-
ter particle in the early Universe. The dominant contri-
bution to produce gravitational dark matter is through
the tree-level s-channel process by mediating a graviton,
�+ � ! X +X (� can be any other particle in the ther-
mal bath). The thermal cross section has the following
form

h�vi ⇠ 

4

T

2

, (3.1)

where T is the temperature of thermal bath in the uni-
verse. Due to the weakness of gravity, the interacting
rate n�h�vi (n� ' T

3 is number density of �) is much
smaller than the expansion rate of universe, so X is not
in thermal equilibrium with other particle. Now we cal-
culate how much X can be produced. The Boltzmann
equation that describes the changes of number density
nX is given by

d

�
nXa

3

�

a

3

dt

=
dnX

dt

+ 3HnX = h�vi
h
n

2

X � (n
eq

)
2

i
, (3.2)

where a is the scale factor, H ⌘ ȧ/a is the Hubble param-
eter, ⇠ T

2

/MP , neq

is the equilibrium number n
eq

⇠ T

3.
Define the yield Y ⌘ nX/s, s is the entropy density, we
have

dY

dT

=
�h�vis
HT

�
Y

2 � Y

2

eq

�
' neqh�vi

HT

Y

eq

, (3.3)

where we can ignore Y in the right-handed side of the
first equation. Therefore Y would be power-law function
of T with positive index after we put in h�vi ⇠ 

4

T

2 and
neq ⇠ T

3. We also should sum over all particles with
gravitational interaction, which means we can replace Y

eq

with ⇠ 1. Integrate Eq. 3.3 over T from O (mX) to the
maximal temperature T

max

, then to get the right relic
abundance of X, we would need

n�h�vi
H

����
T=T

max

' YX ⌘ ⌦Xmp

⌦bmX
⌘, (3.4)

where T
max

may refer as the maximal temperature of our
universe after inflation, or reheating temperature, ⌦b and
⌦X are the energy density fractions of baryon and dark
matter, respectively, mp is proton mass and ⌘ ' 6⇥10�10

is baryon-to-photon ratio. From Eq. 3.4, we obtain

mX ⇠ ⌦XM

3

P

⌦bT
3

max

mp⌘. (3.5)

We also need check whether the universe can be hot
enough to produce X, namely T

max

& mX ,

T

max

&
✓
⌦XM

3

Pmp⌘

⌦b

◆
1/4

' 10�7

MP , (3.6)

which can be definitely satisfied. If we take T

max

as high
as the inflation scale . 10�4

MP which is constrained

(a) (b) (c)

(d) (e) (f)

FIG. 1. Some typical Feynman diagrams at loop level. Scalars
(gravitons) are displayed with dashed (double) lines. Solid
lines can be scalar, fermion and gauge fields.

by non-observation of primordial gravitational wave, we
would have the finite range for the mass of gravitational
dark matter,

103mp . mX . 10�7

MP ,TeV . mX . 1011GeV. (3.7)

This is one of our main results, which predicts the mass
range for GDM.

IV. EFFECTIVE OPERATORS OUT OF
GRAVITY

In this section, we consider loop contributions
and show how they induce both lower- and higher-
dimensional operators. Some typical Feynman diagrams
are shown in Fig. 1. Calculations of these diagrams are
involved with UV divergences which can be handled with
regularization. To cancel these UV divergences, we must
introduce counterterms. Below we just list some opera-
tors with explicit mass-dependent coe�cients,

m

2

�m
2

XX

2

�

2

,m

4

XX

4

,m

4

��
4

,m

2

XX

2

@

µ
�@µ�,

m

2

��
2

@

µ
X@µX,��m

2

XX

2

�

4

, · · · , (4.1)

with common factor 

4

/16⇡2. The finite coe�cients Ci
in front of these operators are of the following form,

Ci ⇠ O
✓
ln

µ

2

E

2

◆
+ ..., (4.2)

after we introduced the counterterms to cancel the di-
vergences, where µ is the renormalization scale, E is the
energy, “...” refers to finite O(1) constant.
Note that discrete Z

X
2

symmetry is still maintained if
µX = 0 in the potential V. Importantly, as seen above,
non-zero �X��

2

X

2 term is induced with

�X� ⇠ 

4

m

2

�m
2

X

16⇡2

, (4.3)

which is inevitable once we include gravity. In princi-
ple, those induced operators would also contribute to the
production of GDM in the early universe. However, their

Tang, Wu, 1604.04701

http://de.arxiv.org/abs/1604.04701
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Nightmare scenario: gravitational interacting DM

• DM interacts only via gravity 
Planck scale suppressed operators: 
 

• freeze-in mechanism can produce right amount of DM for
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In this section, we discuss how to produce dark mat-
ter particle in the early Universe. The dominant contri-
bution to produce gravitational dark matter is through
the tree-level s-channel process by mediating a graviton,
�+ � ! X +X (� can be any other particle in the ther-
mal bath). The thermal cross section has the following
form

h�vi ⇠ 

4

T
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, (3.1)

where T is the temperature of thermal bath in the uni-
verse. Due to the weakness of gravity, the interacting
rate n�h�vi (n� ' T

3 is number density of �) is much
smaller than the expansion rate of universe, so X is not
in thermal equilibrium with other particle. Now we cal-
culate how much X can be produced. The Boltzmann
equation that describes the changes of number density
nX is given by
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where a is the scale factor, H ⌘ ȧ/a is the Hubble param-
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where we can ignore Y in the right-handed side of the
first equation. Therefore Y would be power-law function
of T with positive index after we put in h�vi ⇠ 
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3. We also should sum over all particles with
gravitational interaction, which means we can replace Y
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, then to get the right relic
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universe after inflation, or reheating temperature, ⌦b and
⌦X are the energy density fractions of baryon and dark
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is baryon-to-photon ratio. From Eq. 3.4, we obtain
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FIG. 1. Some typical Feynman diagrams at loop level. Scalars
(gravitons) are displayed with dashed (double) lines. Solid
lines can be scalar, fermion and gauge fields.

by non-observation of primordial gravitational wave, we
would have the finite range for the mass of gravitational
dark matter,

103mp . mX . 10�7

MP ,TeV . mX . 1011GeV. (3.7)

This is one of our main results, which predicts the mass
range for GDM.

IV. EFFECTIVE OPERATORS OUT OF
GRAVITY

In this section, we consider loop contributions
and show how they induce both lower- and higher-
dimensional operators. Some typical Feynman diagrams
are shown in Fig. 1. Calculations of these diagrams are
involved with UV divergences which can be handled with
regularization. To cancel these UV divergences, we must
introduce counterterms. Below we just list some opera-
tors with explicit mass-dependent coe�cients,
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with common factor 
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/16⇡2. The finite coe�cients Ci
in front of these operators are of the following form,
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✓
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µ

2
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after we introduced the counterterms to cancel the di-
vergences, where µ is the renormalization scale, E is the
energy, “...” refers to finite O(1) constant.
Note that discrete Z

X
2

symmetry is still maintained if
µX = 0 in the potential V. Importantly, as seen above,
non-zero �X��

2

X

2 term is induced with
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4
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2
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X
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which is inevitable once we include gravity. In princi-
ple, those induced operators would also contribute to the
production of GDM in the early universe. However, their

Tang, Wu, 1604.04701

• Bi-metric gravity: consistent generalization of GR 
including a massless and a massive graviton → DM

Babichev, Marzola, Raidal, Schmidt-May, Urban, Veermae, von Strauss, 16

http://de.arxiv.org/abs/1604.04701
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keV sterile neutrino DM matter

Figure 4: Constraints from structure formation on the sterile neutrino parameter space.
The areas in green and yellow are excluded by Lyman-↵ bounds (based on the V13 and
B15 reference models, see Sec. 4.1). The brown area is excluded by Milky-Way satellite
counts (see Sec. 4.2). The parameter space is delimited by an upper and lower thin
line corresponding to zero (non resonant production) and maximum lepton asymmetry.
The thick line illustrates the X-ray constraints from Suzaku [36, 37], the dashed line an
independent X-ray limit from Refs. [16, 38]. The tentative line signal [39, 40] at 7.1 keV
is shown by the red symbol.

disfavours the sterile neutrino interpretation of the suggested X-ray line signal.

In summary, the bounds presented in Fig. 4 show for the first time that it is possible

to not only rule out the non-resonant sterile neutrino scenario with structure formation,

but to put strong pressure on the resonant production mechanism. However, before

drawing final conclusions, it is important to note that the observational data used here

could be subject to systematics which might somewhat reduce these limits. For example,

the authors of Ref. [91] point out that the Lyman-↵ bounds of V13 could be relaxed to

m
WDM

' 2.1 keV, provided no specific temperature evolution of the intergalactic medium

is assumed. This would shrink the green area to a size comparable to the brown area

from satellite counts. On the other hand, B15 stress in their paper that the arguments

of Ref. [91] do not a↵ect their limits on the sterile neutrino particle mass (i.e the yellow

area would not be reduced). The analysis of B15 could, however, su↵er from systematics

15

• it is likely that sterile neutrinos exist (which scale?)

•mixing angle required by DM is too small to be relevant  
for neutrino mass generation via seesaw

•simplest production mechanism (oscillations) ruled out  
→ more complicated mechanisms (resonant prod., scalar decay)

Lyman-α

Milky-Way 
satellite counts

X-Ray

A. Schneider, 1601.07553
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The areas in green and yellow are excluded by Lyman-↵ bounds (based on the V13 and
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The thick line illustrates the X-ray constraints from Suzaku [36, 37], the dashed line an
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is shown by the red symbol.

disfavours the sterile neutrino interpretation of the suggested X-ray line signal.

In summary, the bounds presented in Fig. 4 show for the first time that it is possible

to not only rule out the non-resonant sterile neutrino scenario with structure formation,

but to put strong pressure on the resonant production mechanism. However, before

drawing final conclusions, it is important to note that the observational data used here

could be subject to systematics which might somewhat reduce these limits. For example,

the authors of Ref. [91] point out that the Lyman-↵ bounds of V13 could be relaxed to

m
WDM

' 2.1 keV, provided no specific temperature evolution of the intergalactic medium

is assumed. This would shrink the green area to a size comparable to the brown area

from satellite counts. On the other hand, B15 stress in their paper that the arguments

of Ref. [91] do not a↵ect their limits on the sterile neutrino particle mass (i.e the yellow

area would not be reduced). The analysis of B15 could, however, su↵er from systematics

15

• it is likely that sterile neutrinos exist (which scale?)

•mixing angle required by DM is too small to be relevant  
for neutrino mass generation via seesaw

•simplest production mechanism (oscillations) ruled out  
→ more complicated mechanisms (resonant prod., scalar decay)
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structure formation constraints
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•neutrino mass

•baryon asymmetry

•dark matter

• accelerated expansion

•cosmological density 
perturbations

•naturalness of the 
weak scale

• strong CP problem

•naturalness of the 
cosmological constant

Axion

observational evidences theoretical arguments

Axion DM



T. Schwetz @ The Future of Non-Collider-Physics Physics, Mainz, 27.04.1729

The strong CP problem

• limit on neutron electric dipole moment:

2 Models

A classic review of models for axions in particle physics and string theory is Ref. [9], where
many more details are given. A modern review of axions in string theory is Ref. [5], and
for pedagogical introductions and phenomenology see e.g. Refs. [17, 14]. This section is
intended only as an overview: we will wave our hands through the particle physics com-
putations, and wave them even more wildly through the string theory. This section is also
self-contained, and can be skipped for those interested only in cosmology and astrophysics.
The salient points for cosmology are repeated in Section 3.1.

2.1 The QCD Axion

2.1.1 The Strong-CP Problem and the PQ Solution

QCD su↵ers from the “strong-CP problem.” A topological (total derivative) term is allowed
in the Lagrangian:

L✓QCD =
✓QCD

32⇡2
Tr Gµ⌫G̃µ⌫ , (2)

where Gµ⌫ is the gluon field strength tensor, G̃µ⌫ = ✏µ⌫↵�G↵�/2 is its dual, and the trace
is over the adjoint representation of SU(3) (a notation I drop from now on).1 This term
arises due to the so-called “✓-vacua” of QCD [18], which are discussed in Appendix A.

The ✓ term is CP violating and gives rise to an electric dipole moment (EDM) for the
neutron [19]:

dn ⇡ 3.6 ⇥ 10�16✓QCD e cm , (3)

where e is the charge on the electron. The (permanent, static) dipole moment is constrained
to |dn| < 2.9 ⇥ 10�26 e cm (90% C.L.) [20], implying ✓QCD . 10�10.

This is a true fine tuning problem, since ✓QCD could obtain an O(1) contribution from
the observed CP -violation in the electroweak (EW) sector [21], which must be cancelled to
high precision by the (unrelated) gluon term. Specifically, the measurable quantity is

✓QCD = ✓̃QCD + arg detMuMd , (4)

where ✓̃ is the bare quantity and Mu, Md are the quark mass matrices.2

The QCD axion is the dynamical pseudoscalar field coupling to GG̃, proposed by Peccei
and Quinnn (PQ) [3], which dynamically sets ✓QCD = 0 via QCD non-perturbative e↵ects
(instantons) [23]. The simple idea is that there is a field, �, which enjoys a shift symmetry,
with only derivatives of � appearing in the action. Taking ✓QCD = C�/fa, where � is the
canonically normalized axion field, fa is the axion decay constant and C is the “colour
anomaly” (discussed in Section 2.2), this is a symmetry under � ! � + const. Then, as
long as shift symmetry violation is induced only by quantum e↵ects as (C�/fa)GG̃, any
contribution to ✓QCD can be absorbed in a shift of �. The action, and thus the potential
induced by QCD non-perturbative e↵ects, only depends on the overall field multiplying GG̃.
If the potential for the shifted field is minimized at C�/fa = 0 mod 2⇡, then the strong CP
problem is solved. In fact, a theorem of Vafa and Witten [23] guarantees that the instanton
potential is minimized at the CP conserving value. We will discuss the instanton potential
in more detail in Section 2.2.

1I have chosen the normalization for the gluon field, Aµ, appropriate for the vacuum topological term,
which takes ✓QCD 2 [0, 2⇡]. In this normalization the gluon kinetic term is �Gµ⌫Gµ⌫/4g23 , where g3 is the
SU(3) gauge coupling constant.

2The phase of the quark mass matrix is not measured, but could be O(1). CP -violation in the standard
model leads to a calculable minimum value for ✓QCD even in the axion model (e.g. Ref. [22]).
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2 Models

A classic review of models for axions in particle physics and string theory is Ref. [9], where
many more details are given. A modern review of axions in string theory is Ref. [5], and
for pedagogical introductions and phenomenology see e.g. Refs. [17, 14]. This section is
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QCD su↵ers from the “strong-CP problem.” A topological (total derivative) term is allowed
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the observed CP -violation in the electroweak (EW) sector [21], which must be cancelled to
high precision by the (unrelated) gluon term. Specifically, the measurable quantity is

✓QCD = ✓̃QCD + arg detMuMd , (4)

where ✓̃ is the bare quantity and Mu, Md are the quark mass matrices.2

The QCD axion is the dynamical pseudoscalar field coupling to GG̃, proposed by Peccei
and Quinnn (PQ) [3], which dynamically sets ✓QCD = 0 via QCD non-perturbative e↵ects
(instantons) [23]. The simple idea is that there is a field, �, which enjoys a shift symmetry,
with only derivatives of � appearing in the action. Taking ✓QCD = C�/fa, where � is the
canonically normalized axion field, fa is the axion decay constant and C is the “colour
anomaly” (discussed in Section 2.2), this is a symmetry under � ! � + const. Then, as
long as shift symmetry violation is induced only by quantum e↵ects as (C�/fa)GG̃, any
contribution to ✓QCD can be absorbed in a shift of �. The action, and thus the potential
induced by QCD non-perturbative e↵ects, only depends on the overall field multiplying GG̃.
If the potential for the shifted field is minimized at C�/fa = 0 mod 2⇡, then the strong CP
problem is solved. In fact, a theorem of Vafa and Witten [23] guarantees that the instanton
potential is minimized at the CP conserving value. We will discuss the instanton potential
in more detail in Section 2.2.

1I have chosen the normalization for the gluon field, Aµ, appropriate for the vacuum topological term,
which takes ✓QCD 2 [0, 2⇡]. In this normalization the gluon kinetic term is �Gµ⌫Gµ⌫/4g23 , where g3 is the
SU(3) gauge coupling constant.

2The phase of the quark mass matrix is not measured, but could be O(1). CP -violation in the standard
model leads to a calculable minimum value for ✓QCD even in the axion model (e.g. Ref. [22]).
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contribution from quark masses at the 10-10 level.
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The QCD Axion

•mass determined by PQ breaking scale:  
 
 

•all interactions with SM suppressed by 

• single parameter model!

1 Introduction

The QCD axion [1,2] remains to be one of the most attractive candidates for the dark matter
in the Universe. It is the Goldstone mode related to a U(1) symmetry which is sponaneously
broken at the Peccei Quinn (PQ) scale f

PQ

[3, 4], much larger than the electro-weak scale.
Around the QCD scale the symmetry is explicitly broken by the potential created by QCD
instanton e↵ects. Axions are produced by various mechanisms in the early Universe and
hence they can potentially account for the dark matter, see Refs. [5, 6] for reviews of axion
cosmology.

One of the ways to generate a cosmological axion density is the so-called re-alignment
mechanism: when the PQ symmetry is broken at temperatures T ⇠ f

PQ

the axion field A

takes random values in causally disconnected regions. Being a Goldstone mode, A can be
associated to an angular field ✓ = A/f

PQ

, which can take values between zero and 2⇡. When
the potential for ✓ is generated at the QCD scale at tempertaures T ⇠ 1 GeV, the field starts
to oscillate around the minimum of the potential defined by QCD e↵ects. The corresponding
energy density is proportial to the square of the mis-match between the initial value of ✓
and the QCD minimum – the so-called mis-alignment angle.

If the PQ symmetry is broken before the end of inflation, the axion field is homogenized
over the Hubble volume and takes on a constant value ✓ through-out the whole observable
Universe. The corresponding energy density at late times as a function of the cosmic scale
factor a can be estimated as [7–10] (see for instance Refs. [11–13] for more recent treatments)

⇢(a) ⇠ f 2

PQ

m(a⇤)m0

✓
2

⇣a⇤
a

⌘
3

. (1)

Here m(a) denotes the temperature dependent axion mass as a function of the corresponding
cosmic scale factor, whereasm

0

is the zero-temperature axion mass, and a⇤ is the cosmic scale
factor defined by the moment when the axion mass becomes equal to the Hubble parameter,
i.e., m(a⇤) = H(a⇤), which happens at temperatures T ⇠ 1 GeV. The zero-temperture mass
is related to f

PQ

by

m
0

' m
⇡

f
⇡

f
PQ

p
m

u

m
d

m
u

+m
d

' 10�4 eV
6⇥ 1010 GeV

f
PQ

. (2)

For mis-alignment angles ✓ ⇠ 1, Eq. (1) leads to a cold dark matter abundance comparble
to the observed one if m

0

⇠ 10�4 eV or f
PQ

⇠ 1011 GeV.
strings [14, 15] [16, 17]
QCD [18–20]
reviews:
mini cluster [21] [22, 23] [24, 25] [26]

2 White noise initial conditions

In the scenario where PQ symmetry breaking happens after inflation, the axion field takes
random values in causally disconnected regions with a flat distribution for ✓, since at tem-
peratures above the QCD scale the axion feels no potential and all values for ✓ are equally

2

fPQ
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•Axion field starts oscillating when its mass becomes 
comparable to the expansion rate 

• cosmic energy density behaves like non-relativistic matter

Axion relic abundance

�annih ⇠ H(T ) ma(T ) ⇠ H(T )

WIMP (freeze-out) Axions (ALPs)

1 Introduction

The QCD axion [1,2] remains to be one of the most attractive candidates for the dark matter
in the Universe. It is the Goldstone mode related to a U(1) symmetry which is sponaneously
broken at the Peccei Quinn (PQ) scale f

PQ

[3, 4], much larger than the electro-weak scale.
Around the QCD scale the symmetry is explicitly broken by the potential created by QCD
instanton e↵ects. Axions are produced by various mechanisms in the early Universe and
hence they can potentially account for the dark matter, see Refs. [5, 6] for reviews of axion
cosmology.

One of the ways to generate a cosmological axion density is the so-called re-alignment
mechanism: when the PQ symmetry is broken at temperatures T ⇠ f

PQ

the axion field A

takes random values in causally disconnected regions. Being a Goldstone mode, A can be
associated to an angular field ✓ = A/f

PQ

, which can take values between zero and 2⇡. When
the potential for ✓ is generated at the QCD scale at tempertaures T ⇠ 1 GeV, the field starts
to oscillate around the minimum of the potential defined by QCD e↵ects. The corresponding
energy density is proportial to the square of the mis-match between the initial value of ✓
and the QCD minimum – the so-called mis-alignment angle.

If the PQ symmetry is broken before the end of inflation, the axion field is homogenized
over the Hubble volume and takes on a constant value ✓ through-out the whole observable
Universe. The corresponding energy density at late times as a function of the cosmic scale
factor a can be estimated as [7–10] (see for instance Refs. [11–13] for more recent treatments)

⇢(a) ⇠ f 2
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m(a⇤)m0
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⇣a⇤
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⌘
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. (1)

Here m(a) denotes the temperature dependent axion mass as a function of the corresponding
cosmic scale factor, whereasm

0

is the zero-temperature axion mass, and a⇤ is the cosmic scale
factor defined by the moment when the axion mass becomes equal to the Hubble parameter,
i.e., m(a⇤) = H(a⇤), which happens at temperatures T ⇠ 1 GeV. The zero-temperture mass
is related to f

PQ

by
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For mis-alignment angles ✓ ⇠ 1, Eq. (1) leads to a cold dark matter abundance comparble
to the observed one if m

0

⇠ 10�4 eV or f
PQ

⇠ 1011 GeV.
strings [14, 15] [16, 17]
QCD [18–20]
reviews:
mini cluster [21] [22, 23] [24, 25] [26]

2 White noise initial conditions

In the scenario where PQ symmetry breaking happens after inflation, the axion field takes
random values in causally disconnected regions with a flat distribution for ✓, since at tem-
peratures above the QCD scale the axion feels no potential and all values for ✓ are equally

2
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•Axion field starts oscillating when its mass becomes 
comparable to the expansion rate 

• cosmic energy density behaves like non-relativistic matter

Axion relic abundance

�annih ⇠ H(T ) ma(T ) ⇠ H(T )

WIMP (freeze-out) Axions (ALPs)

1 Introduction

The QCD axion [1,2] remains to be one of the most attractive candidates for the dark matter
in the Universe. It is the Goldstone mode related to a U(1) symmetry which is sponaneously
broken at the Peccei Quinn (PQ) scale f

PQ

[3, 4], much larger than the electro-weak scale.
Around the QCD scale the symmetry is explicitly broken by the potential created by QCD
instanton e↵ects. Axions are produced by various mechanisms in the early Universe and
hence they can potentially account for the dark matter, see Refs. [5, 6] for reviews of axion
cosmology.

One of the ways to generate a cosmological axion density is the so-called re-alignment
mechanism: when the PQ symmetry is broken at temperatures T ⇠ f

PQ

the axion field A

takes random values in causally disconnected regions. Being a Goldstone mode, A can be
associated to an angular field ✓ = A/f

PQ

, which can take values between zero and 2⇡. When
the potential for ✓ is generated at the QCD scale at tempertaures T ⇠ 1 GeV, the field starts
to oscillate around the minimum of the potential defined by QCD e↵ects. The corresponding
energy density is proportial to the square of the mis-match between the initial value of ✓
and the QCD minimum – the so-called mis-alignment angle.

If the PQ symmetry is broken before the end of inflation, the axion field is homogenized
over the Hubble volume and takes on a constant value ✓ through-out the whole observable
Universe. The corresponding energy density at late times as a function of the cosmic scale
factor a can be estimated as [7–10] (see for instance Refs. [11–13] for more recent treatments)
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. (1)

Here m(a) denotes the temperature dependent axion mass as a function of the corresponding
cosmic scale factor, whereasm

0

is the zero-temperature axion mass, and a⇤ is the cosmic scale
factor defined by the moment when the axion mass becomes equal to the Hubble parameter,
i.e., m(a⇤) = H(a⇤), which happens at temperatures T ⇠ 1 GeV. The zero-temperture mass
is related to f
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For mis-alignment angles ✓ ⇠ 1, Eq. (1) leads to a cold dark matter abundance comparble
to the observed one if m

0

⇠ 10�4 eV or f
PQ

⇠ 1011 GeV.
strings [14, 15] [16, 17]
QCD [18–20]
reviews:
mini cluster [21] [22, 23] [24, 25] [26]

2 White noise initial conditions

In the scenario where PQ symmetry breaking happens after inflation, the axion field takes
random values in causally disconnected regions with a flat distribution for ✓, since at tem-
peratures above the QCD scale the axion feels no potential and all values for ✓ are equally
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Figure 3: Relation between the axion’s mass and the initial angle ✓0 in the pre-inflation scenario.
The post-inflation scenario corresponds to ✓0 = 2.155 with a strict lower bound on the axion’s mass
of m

A

=28(2)µeV . The thick red line shows our result on the axion’s mass for the post-inflation case.
E.g. m

A

=50(4)µeV if one assumes that axions from the misalignment mechanism contributes 50% to
dark matter. Our final estimate is m

A

=50-1500µeV (the upper bound assumes that only 1% is the
contribution of the misalignment mechanism the rest comes from other sources e.g. topological defects).
For an experimental setup to detect post-inflationary axions see [17]. The slight bend around m

A

⇠ 10

�5

µeV corresponds to an oscillation temperature at the QCD transition [4, 11].

leaving a very mild O(10%) continuum extrapolation to be performed. In addition, the direct determina-
tion of �(T ) all the way up to 3 GeV means that one does not have to rely on the dilute instanton gas
approximation (DIGA). Note that a posteriori the exponent predicted by DIGA turned out to be compatible
with our finding but its prefactor is o↵ by an order of magnitude, similar to the quenched case.

As a possible application for these two cosmologically relevant lattice QCD results, we show how to
calculate the amount of axionic dark matter and how it can be used to determine the mass of the axion.
As we have seen, �(T ) is a rapidly decreasing function of the temperature. Thus, at high temperature m

A

(which is proportional to �(T )1/2) is small. In fact, much smaller than the Hubble expansion rate of the
universe at that time or temperature (H(T )). The axion does not feel the tilt in the Peccei-Quinn Mexican
hat type potential yet and it is e↵ectively massless and frozen by the Hubble friction. As the Universe
expands the temperature decreases, �(T ) increases and the axion mass also increases. In the meantime,
the Hubble expansion rate –given by our equation of state– decreases. As the temperature decreases to
Tosc the axion mass is of the same order as the Hubble constant (Tosc is defined by 3H(Tosc) = m

A

(Tosc)).
Around this time the axion field rolls down the potential, starts to oscillate around the tilted minimum
and the axion number density increases to a nonzero value, thus axions as dark matter are produced. The
details of this production mechanism, usually called misalignment, are quite well known (see e.g. [18,
17]).

In a post-inflationary scenario the initial value of the angle ✓ takes all values between -⇡ and ⇡, whereas
in the pre-inflationary scenario only one ✓0 angle contributes (all other values are inflated away). One
should also mention that during the U(1) symmetry breaking topological strings appear which decay and
also produce dark matter axions. In the pre-inflationary scenario they are inflated away. However, in the
post-inflationary framework their role is more important. This sort of axion production mechanism is less
well-understood and in our final results it is necessary to make some assumptions.

6

Borsanyi et al., Nature 539 (2016) 69

fPQ > Treheat

•pre-inflation: unique 
misaligment angle in 
observable Universe → 
accurate prediction for 
given θ0 

•post-inflation: average 
misaligment angle, but 
additional contributions 
from domain walls and 
strings (difficult to 
calculate)

fPQ < Treheat

h✓2i = ⇡2/3

⌦mis
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✓
fPQ
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Figure 3: Relation between the axion’s mass and the initial angle ✓0 in the pre-inflation scenario.
The post-inflation scenario corresponds to ✓0 = 2.155 with a strict lower bound on the axion’s mass
of m

A

=28(2)µeV . The thick red line shows our result on the axion’s mass for the post-inflation case.
E.g. m

A

=50(4)µeV if one assumes that axions from the misalignment mechanism contributes 50% to
dark matter. Our final estimate is m

A

=50-1500µeV (the upper bound assumes that only 1% is the
contribution of the misalignment mechanism the rest comes from other sources e.g. topological defects).
For an experimental setup to detect post-inflationary axions see [17]. The slight bend around m

A

⇠ 10

�5

µeV corresponds to an oscillation temperature at the QCD transition [4, 11].

leaving a very mild O(10%) continuum extrapolation to be performed. In addition, the direct determina-
tion of �(T ) all the way up to 3 GeV means that one does not have to rely on the dilute instanton gas
approximation (DIGA). Note that a posteriori the exponent predicted by DIGA turned out to be compatible
with our finding but its prefactor is o↵ by an order of magnitude, similar to the quenched case.

As a possible application for these two cosmologically relevant lattice QCD results, we show how to
calculate the amount of axionic dark matter and how it can be used to determine the mass of the axion.
As we have seen, �(T ) is a rapidly decreasing function of the temperature. Thus, at high temperature m

A

(which is proportional to �(T )1/2) is small. In fact, much smaller than the Hubble expansion rate of the
universe at that time or temperature (H(T )). The axion does not feel the tilt in the Peccei-Quinn Mexican
hat type potential yet and it is e↵ectively massless and frozen by the Hubble friction. As the Universe
expands the temperature decreases, �(T ) increases and the axion mass also increases. In the meantime,
the Hubble expansion rate –given by our equation of state– decreases. As the temperature decreases to
Tosc the axion mass is of the same order as the Hubble constant (Tosc is defined by 3H(Tosc) = m

A

(Tosc)).
Around this time the axion field rolls down the potential, starts to oscillate around the tilted minimum
and the axion number density increases to a nonzero value, thus axions as dark matter are produced. The
details of this production mechanism, usually called misalignment, are quite well known (see e.g. [18,
17]).

In a post-inflationary scenario the initial value of the angle ✓ takes all values between -⇡ and ⇡, whereas
in the pre-inflationary scenario only one ✓0 angle contributes (all other values are inflated away). One
should also mention that during the U(1) symmetry breaking topological strings appear which decay and
also produce dark matter axions. In the pre-inflationary scenario they are inflated away. However, in the
post-inflationary framework their role is more important. This sort of axion production mechanism is less
well-understood and in our final results it is necessary to make some assumptions.
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•relic abundance 
comparable to 
observed DM 
abundance for 
θ0~1 and

fPQ ⇠ 1011 GeV

ma ⇠ 10�4 eV

Is there an  
„axion miracle“?

the strong CP problem by 
itself does not point to a 
particular energy scale 

Axion relic abundance
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Axion miracle? - some numerology

• associate PQ symmetry with U(1) lepton number 

•Axion and Majoron become identical

fPQ ⇠ ⇤seesaw
fPQ ⇠ 1011 GeV

ma ⇠ 10�4 eV

Langacker, Peccei, Yanagida, 1986
Ballesteros, Redondo, Ringwald, Tamarit, 2016
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• associate PQ symmetry with U(1) lepton number 

•Axion and Majoron become identical

fPQ ⇠ ⇤seesaw
fPQ ⇠ 1011 GeV

ma ⇠ 10�4 eV

ma ⇠ m2
⇡

fPQ
m⌫ ⇠ y2

hHi2

⇤seesaw coincidence?

Axion miracle? - some numerology
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QCD axion parameter space

– 11–
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Figure 2: Exclusion ranges as described in the
text. The intervals in the bottom row are the ap-
proximate ADMX, CASPEr, CAST, and IAXO
search ranges, with green regions indicating the
projected reach. Limits on coupling strengths
are translated into limits on mA and fA us-
ing z = 0.56 and the KSVZ values for the
coupling strengths, if not indicated otherwise.
The “Beam Dump” bar is a rough represen-
tation of the exclusion range for standard or
variant axions. The limits for the axion-electron
coupling are determined for the DFSZ model
with an axion-electron coupling corresponding
to cos2 β′ = 1/2.

We translate the conservative constraint, Equation 12, on

GAγγ to fA > 3.4 × 107 GeV (mA < 0.2 eV), using z = 0.56

and E/N = 0 as in the KSVZ model, and show the excluded

range in Figure 2. For the DFSZ model with E/N = 8/3,

the corresponding limits are slightly less restrictive, fA >

1.3 × 107 GeV (mA < 0.5 eV). The weak indication of an

extra energy loss points to a range 76 meV <∼ mA <∼ 150 meV

(0.21 eV <∼ mA <∼ 0.41 eV) for the KSVZ (DFSZ) model. The

exact high-mass end of the exclusion range has not been
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Figure 2: Exclusion ranges as described in the
text. The intervals in the bottom row are the ap-
proximate ADMX, CASPEr, CAST, and IAXO
search ranges, with green regions indicating the
projected reach. Limits on coupling strengths
are translated into limits on mA and fA us-
ing z = 0.56 and the KSVZ values for the
coupling strengths, if not indicated otherwise.
The “Beam Dump” bar is a rough represen-
tation of the exclusion range for standard or
variant axions. The limits for the axion-electron
coupling are determined for the DFSZ model
with an axion-electron coupling corresponding
to cos2 β′ = 1/2.

We translate the conservative constraint, Equation 12, on

GAγγ to fA > 3.4 × 107 GeV (mA < 0.2 eV), using z = 0.56

and E/N = 0 as in the KSVZ model, and show the excluded

range in Figure 2. For the DFSZ model with E/N = 8/3,

the corresponding limits are slightly less restrictive, fA >

1.3 × 107 GeV (mA < 0.5 eV). The weak indication of an

extra energy loss points to a range 76 meV <∼ mA <∼ 150 meV

(0.21 eV <∼ mA <∼ 0.41 eV) for the KSVZ (DFSZ) model. The

exact high-mass end of the exclusion range has not been
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Axion-like particles (ALPs)

ma ⇠ m2
⇡

fPQ
ga ⇠ 1

fPQ

remember, for the QCD axion:
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Axion-like particles (ALPs)

ma ⇠ m2
⇡

fPQ
ga ⇠ 1

fPQ

remember, for the QCD axion:
fixed by QCD
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Axion-like particles (ALPs)

ma ⇠ m2
⇡

fPQ
ga ⇠ 1

fPQ

ma ⇠
m2

non-pert

fa
ga ⇠ 1

fa

remember, for the QCD axion:

let’s give up the explanation of the strong CP problem
Axion → p-Goldstone of a general U(1)
other new physics to generate mass for the Goldstone

mass and coupling (or fa) become independent
generic prediction in many BSM models

ALP:
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ALP DM parameter space
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Figure 1. Parameter space for axions (shaded band labelled “Axion models”) and axion-like par-
ticles. The regions where they could form DM are displayed in di↵erent shades of red (for details
see text). The lines representing DM regions are uncertain through a model-dependent multiplicative
factor, N , which we have set equal to 1 here. The DM regions move towards larger couplings g, pro-
portional to this factor. The exclusion regions labelled “ALPS”, “CAST+Sumico” and “HB” arise
from experiments and astrophysical observations that do not require ALP dark matter (for a review,
see [38]). The remaining constraints are based on ALPs being DM and are described in the text.

problems either fitting the cosmic microwave background (CMB) data or with the WKB
approximation we have used. In this sense this bound is very conservative. Importantly, for
N ⇠ 1, it seems to exclude the possibility of providing DM from the type of ultralight ALP
field that has been invoked to explain the puzzlingly small opacity of the universe for ⇠ TeV
gamma rays (see Ref. [39] and references therein) in terms of photon $ ALP conversions in
astrophysical magnetic fields, requiring4 g ⇠ 10�11GeV�1 and m� . 1 neV, see [40–43]. To
allow an ALP to explain these observations and simultaneously to be dark matter requires

4The required coupling is determined by the extragalactic background light and the size of the astrophysical
magnetics fields, therefore plagued by sizeable uncertainties.
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Arias, Cadamuro, Goodsell, Jäckel, Redondo, Ringwald, 12

•ALP mass and  
g ~ 1/fa are now 
independent

• red region: viable 
DM parameter 
space

extragalactic

background light

sm
all θ

0

1 Introduction

The QCD axion [1,2] remains to be one of the most attractive candidates for the dark matter
in the Universe. It is the Goldstone mode related to a U(1) symmetry which is sponaneously
broken at the Peccei Quinn (PQ) scale f

PQ

[3, 4], much larger than the electro-weak scale.
Around the QCD scale the symmetry is explicitly broken by the potential created by QCD
instanton e↵ects. Axions are produced by various mechanisms in the early Universe and
hence they can potentially account for the dark matter, see Refs. [5, 6] for reviews of axion
cosmology.

One of the ways to generate a cosmological axion density is the so-called re-alignment
mechanism: when the PQ symmetry is broken at temperatures T ⇠ f

PQ

the axion field A

takes random values in causally disconnected regions. Being a Goldstone mode, A can be
associated to an angular field ✓ = A/f

PQ

, which can take values between zero and 2⇡. When
the potential for ✓ is generated at the QCD scale at tempertaures T ⇠ 1 GeV, the field starts
to oscillate around the minimum of the potential defined by QCD e↵ects. The corresponding
energy density is proportial to the square of the mis-match between the initial value of ✓
and the QCD minimum – the so-called mis-alignment angle.

If the PQ symmetry is broken before the end of inflation, the axion field is homogenized
over the Hubble volume and takes on a constant value ✓ through-out the whole observable
Universe. The corresponding energy density at late times as a function of the cosmic scale
factor a can be estimated as [7–10] (see for instance Refs. [11–13] for more recent treatments)

⇢(a) ⇠ f 2

PQ

m(a⇤)m0

✓
2

⇣a⇤
a

⌘
3

. (1)

Here m(a) denotes the temperature dependent axion mass as a function of the corresponding
cosmic scale factor, whereasm

0

is the zero-temperature axion mass, and a⇤ is the cosmic scale
factor defined by the moment when the axion mass becomes equal to the Hubble parameter,
i.e., m(a⇤) = H(a⇤), which happens at temperatures T ⇠ 1 GeV. The zero-temperture mass
is related to f

PQ

by

m
0

' m
⇡

f
⇡

f
PQ

p
m

u

m
d

m
u

+m
d

' 10�4 eV
6⇥ 1010 GeV

f
PQ

. (2)

For mis-alignment angles ✓ ⇠ 1, Eq. (1) leads to a cold dark matter abundance comparble
to the observed one if m

0

⇠ 10�4 eV or f
PQ

⇠ 1011 GeV.
strings [14, 15] [16, 17]
QCD [18–20]
reviews:
mini cluster [21] [22, 23] [24, 25] [26]

2 White noise initial conditions

In the scenario where PQ symmetry breaking happens after inflation, the axion field takes
random values in causally disconnected regions with a flat distribution for ✓, since at tem-
peratures above the QCD scale the axion feels no potential and all values for ✓ are equally

2

ALPS, CAST+S, HB: indep. of DM assumption
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Ultra-light scalar DM

•ALPs with m ~ 10-22 eV

•deBroglie wavelength becomes of order kpc 
(dwarf galaxy size)

•no structure smaller than this can form

•may address some issues with CDM

•„Fuzzy DM“ Hu, Barkana, Gruzinov, 2000
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ALP miracle?
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Figure 1. Parameter space for axions (shaded band labelled “Axion models”) and axion-like par-
ticles. The regions where they could form DM are displayed in di↵erent shades of red (for details
see text). The lines representing DM regions are uncertain through a model-dependent multiplicative
factor, N , which we have set equal to 1 here. The DM regions move towards larger couplings g, pro-
portional to this factor. The exclusion regions labelled “ALPS”, “CAST+Sumico” and “HB” arise
from experiments and astrophysical observations that do not require ALP dark matter (for a review,
see [38]). The remaining constraints are based on ALPs being DM and are described in the text.

problems either fitting the cosmic microwave background (CMB) data or with the WKB
approximation we have used. In this sense this bound is very conservative. Importantly, for
N ⇠ 1, it seems to exclude the possibility of providing DM from the type of ultralight ALP
field that has been invoked to explain the puzzlingly small opacity of the universe for ⇠ TeV
gamma rays (see Ref. [39] and references therein) in terms of photon $ ALP conversions in
astrophysical magnetic fields, requiring4 g ⇠ 10�11GeV�1 and m� . 1 neV, see [40–43]. To
allow an ALP to explain these observations and simultaneously to be dark matter requires

4The required coupling is determined by the extragalactic background light and the size of the astrophysical
magnetics fields, therefore plagued by sizeable uncertainties.
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Figure 1. Parameter space for axions (shaded band labelled “Axion models”) and axion-like par-
ticles. The regions where they could form DM are displayed in di↵erent shades of red (for details
see text). The lines representing DM regions are uncertain through a model-dependent multiplicative
factor, N , which we have set equal to 1 here. The DM regions move towards larger couplings g, pro-
portional to this factor. The exclusion regions labelled “ALPS”, “CAST+Sumico” and “HB” arise
from experiments and astrophysical observations that do not require ALP dark matter (for a review,
see [38]). The remaining constraints are based on ALPs being DM and are described in the text.

problems either fitting the cosmic microwave background (CMB) data or with the WKB
approximation we have used. In this sense this bound is very conservative. Importantly, for
N ⇠ 1, it seems to exclude the possibility of providing DM from the type of ultralight ALP
field that has been invoked to explain the puzzlingly small opacity of the universe for ⇠ TeV
gamma rays (see Ref. [39] and references therein) in terms of photon $ ALP conversions in
astrophysical magnetic fields, requiring4 g ⇠ 10�11GeV�1 and m� . 1 neV, see [40–43]. To
allow an ALP to explain these observations and simultaneously to be dark matter requires

4The required coupling is determined by the extragalactic background light and the size of the astrophysical
magnetics fields, therefore plagued by sizeable uncertainties.
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• requiring the correct 
DM abundance for 
m ~ 10-22 eV and  
θ0 ~ 1 leads to:

fa ⇠ 1017 GeV



T. Schwetz @ The Future of Non-Collider-Physics Physics, Mainz, 27.04.1743

ALP miracle?

• requiring the correct 
DM abundance for 
m ~ 10-22 eV and  
θ0 ~ 1 leads to:

fa ⇠ 1017 GeV

•preferred range for 
string-motivated ALPs 
is between the GUT 
and Planck scales:

1016 . fa . 1018 GeV

Hui, Ostriker, Tremaine, Witten, 16
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Hidden photon DM (no miracles)

• light U(1) vector boson

•kinetically mixed with photon

•need to include coupling to gravity to describe 
cosmic evolution

resonant cavities [70, 71]. Moreover improvements are expected from upcoming experiments
in the microwave regime [72–74]

The “CAST+SUMICO” constraint arises from the helioscopes10 [75] CAST [76, 77] and
SUMICO [78]. As we can see these experiments already exclude sizable regions of the ALP
CDM parameter space. Also for these experiments significant improvements are expected in
the future. In particular if a next generation axion helioscope such as IAXO [79] is realized.

Finally, the bound “HB” arises from comparing the observed cooling rate of horizontal
branch stars with the expected rate. This places strong bounds on additional energy losses
caused by a production of ALPs in the star’s core [80, 81]. These bounds are currently
the strongest and probe the ALP DM region. However, as these bounds are limited by
astrophysical uncertainties we expect that the more controlled experiments discussed above
will overtake them in the not too distant future.

As already alluded none of these experiments make use of ALPs being DM. This makes
them particularly model independent, but also ignores a potential plentiful source of ALPs.
We will return to haloscopes which indeed exploit this source in Sect. 5.

4 Hidden photons

In a recent article [11], Nelson and Scholtz have considered the possibility that the misalign-
ment mechanism could also be applied to generate a population of hidden photons (HPs), an
Abelian gauge boson under which SM particles are uncharged. The Lagrangian is

L = �1

4
Xµ⌫X

µ⌫ +
m2

�0

2
XµX

µ + Lgrav + LI , (4.1)

where Xµ is the HP gauge field and Xµ⌫ its field strength. Moreover LI contains the inter-
actions with the Standard Model particles and Lgrav specifies potential non-minimal gravita-
tional couplings discussed below. The HP mass might result from the Higgs or Stückelberg
mechanisms. In the first case, we have to worry when the phase transition happens and
we might have a similar scenario to the one sketched in the previous section for Nambu-
Goldstone bosons. Also a Higgs particle appears in the spectrum, with mass ⇠ p

�m�0/gh
where gh is the hidden sector gauge coupling and � the Higgs self-coupling. Even if we
take gh to be really small, the Higgs particle phenomenology tightly constrains this scenario,
especially for the sub-eV values of m�0 we explore [82]. As in the original proposal [11],
we focus therefore on the Stückelberg case, which occurs naturally in large volume string
compactifications [83–85]. In this case, there is no SSB phase transition.

Let us briefly discuss the evolution of the HP in an expanding Universe11. For reasons
that will become clear at the end of this discussion we also include a non-minimal coupling
to gravity of the form12

Lgrav =


12
RXµX

µ. (4.2)

For simplicity let us focus on the homogeneous solution, @iXµ = 0. The equation of
motion then enforces X0 = 0. As explained in [86] the invariant XµXµ = �1/a2(t)XiXi is a

10Helioscopes use the same idea as light-shining-through walls experiments. The ALPs are however produced
inside the sun from photons interacting with the electromagnetic fields of electrons and ions in the plasma.

11We would like to thank Valery Rubakov and Christof Wetterich for noticing an error in the treatment of
the cosmological evolution of a vector field (which is also present in Ref. [11]).

12We use a coordinates such that ds

2 = dt

2 � a

2(t)dx2

i , i.e. the metric is gµ⌫ =
diag(1,�a

2(t),�a

2(t),�a

2(t)). Moreover, the gravitational part of the Lagrangian is L
GR

= �R/(16⇡GN ).
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Hidden photon DM

•DM production by re-alignment mechanism 
Nelson, Scholtz, 11, Arias et al., 12

• initial field value not bounded  
(because not an angular field as for ALPs)  
easy to accommodate observed DM abundance 

•alternative production during inflation 
P. W. Graham, J. Mardon, S. Rajendran, 1504.02102

spires-search://a%20graham,%20peter%20w.
spires-search://a%20mardon,%20jeremy
spires-search://a%20rajendran,%20surjeet
http://de.arxiv.org/abs/1504.02102
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Figure 5. Allowed parameter space for hidden photon cold dark matter (HP CDM) (for details see
text). The exclusion regions labelled “Coulomb”, “CMB”, “ALPS”, “CAST” and “Solar Lifetime”
arise from experiments and astrophysical observations that do not require HP dark matter (for a
review see [38]). We also show constraints on the “cosmology of a thermal HP DM”. Note that
only constraints on HPs with masses below twice the electron mass are shown since otherwise the
cosmological stability condition requires unreasonably small values of the kinetic mixing, �. The
four constraints that bound the allowed region from above, “⌧2 >1”, “CMB distortions”, “N e↵

⌫ ” and
“X-rays” are described in the text.

Similar to the ALP case one may also wonder about constraints from photon and cos-
mic ray propagation. Photon propagation is essentially una↵ected by a HP dark matter
background since the combined photon-HP equations of motion are still linear and conse-
quently the superposition principle holds. In other words photons pass right through the HP
background without interacting.

Cosmic rays on the other hand could scatter of the HPs via Compton scattering, q+�0 !
q + �. However, for the relevant values of the kinetic mixing parameter the cross section is
too small to have a significant e↵ect.

4.4 Direct experimental and observational constraints on HPs

In Fig. 5 we have also displayed the existing experimental bounds on the existence of HPs
which do not rely on HPs being DM. The bounds labelled “Solar lifetime” and “CAST”,
coming from the non-observation of HP emission from the Sun, exclude a large portion of
parameter space [91]. It is clear that improving the sensitivity of future searches of solar HPs

– 25 –

Hidden photon DM

Arias, Cadamuro, Goodsell, Jäckel, Redondo, Ringwald, 12
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arise from experiments and astrophysical observations that do not require HP dark matter (for a
review see [38]). We also show constraints on the “cosmology of a thermal HP DM”. Note that
only constraints on HPs with masses below twice the electron mass are shown since otherwise the
cosmological stability condition requires unreasonably small values of the kinetic mixing, �. The
four constraints that bound the allowed region from above, “⌧2 >1”, “CMB distortions”, “N e↵

⌫ ” and
“X-rays” are described in the text.

Similar to the ALP case one may also wonder about constraints from photon and cos-
mic ray propagation. Photon propagation is essentially una↵ected by a HP dark matter
background since the combined photon-HP equations of motion are still linear and conse-
quently the superposition principle holds. In other words photons pass right through the HP
background without interacting.

Cosmic rays on the other hand could scatter of the HPs via Compton scattering, q+�0 !
q + �. However, for the relevant values of the kinetic mixing parameter the cross section is
too small to have a significant e↵ect.

4.4 Direct experimental and observational constraints on HPs

In Fig. 5 we have also displayed the existing experimental bounds on the existence of HPs
which do not rely on HPs being DM. The bounds labelled “Solar lifetime” and “CAST”,
coming from the non-observation of HP emission from the Sun, exclude a large portion of
parameter space [91]. It is clear that improving the sensitivity of future searches of solar HPs
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Hidden photon DM

Arias, Cadamuro, Goodsell, Jäckel, Redondo, Ringwald, 12

FUNK @ KIT
coming soon…
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Conclusions?
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- we don’t need miracles but data!

Conclusions?
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• the game is completely open

• no clear preference from 
theory (some candidates more 
motivated than others)

• some candidates are getting 
really cornered→ excellent 
prospects for discovery
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• the game is completely open

• no clear preference from 
theory (some candidates more 
motivated than others)

• some candidates are getting 
really cornered→ excellent 
prospects for discovery

If you don't yet know where you're going, 
any road may take you there.   [Lewis Carroll]

John Ellis, Where is particle 
physics going? 1704.02821


