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The era of strong priors 199x~2016

• Hierarchy problem 

• Weak scale DM 

• Questions of the SM (unification, neutrino mass, strong CP…)



Dark matter in the era of strong priors

Hierarchy problem Thermal relics

weak scale DM

“WIMP” miracle made (and makes) a motivating case



breaking down priors



rapid progress in WIMP search
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LHC - no sign of weak scale BSM



Neutrinos/GUTs

• Neutrino mass guess: few x 10-3 

• Neutrino mixing guess: small (CKM) 

• Proton decay?



We have pursued scenarios under 
very strong assumptions

• Where do we go from here?



Moving beyond the era of strong 
priors

• No priors? 

• Weak priors? 

• New priors?

We know there is physics beyond the standard model (DM)!



Example: axion

• weak priors: EFT of scalars and pseudoscalars coupling to SM 

• moderate priors: QCD axion 

• strong priors: QCD axion + standard cosmology



cosmo priors
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EFT couplings to new 
physics
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EFT couplings to new 
physics

thermal and quasi 
thermal relics, 

scalars from EUPT
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EFT couplings to new 
physics

thermal and quasi 
thermal relics, 

scalars from EUPT

QCD axions w/o 
cosmology; scale-free 

DM
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EFT couplings to new 
physics

thermal and quasi 
thermal relics, 

scalars from EUPT

QCD axions w/o 
cosmology; scale-free 

DM

WIMPs; “classic” PQ 
axions
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BSM in the era of moderate priors
• Opportunity to ask broader questions 

• Can’t simply be fishing expedition (although IMHO a certain amount 
of cost effective fishing is important) 

• Take one step back on some prior axis and find target regions 

• e.g., consider a thermally connected particle 

• a broader class of axion like particles



The story of the WIMP

From J. Feng

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

< �v >ann⇡ 3⇥ 10�26cm3sec�1

⇡ ↵2

(200GeV)2
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The story of the WIMP

From J. Feng

Low cross section
decouples early
too much DM

High cross section
decouples late
too little DM

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

< �v >ann⇡ 3⇥ 10�26cm3sec�1

⇡ ↵2

(200GeV)2



Broadening the scope

unitarity bound:  
too much DM

BBN “bound” 
no new relativistic 

DOF at BBN 
if TDM ~ TSM

structure “bound”:  
if DM not enough SSS 

if TDM ~ TSM

~keV ~MeV ~100 TeV
WIMPs

Huge range of possibilities from keV to GeV scale



WIMP complementarity
cosmic rays (indirect)
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Coupling and decoupling a light 
particle

Holdom; Boehm + Fayet

A light DM particle needs a new interaction to stay in equilibrium

Simple example a “dark photon” - can naturally be very weakly mixed



SM Annihilation Hidden Sector Annihilation



SM Annihilation Hidden Sector Annihilation



Complementarity “Classic”

Limited final states so complementarity is more robust
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Cosmology: already powerful

• CMB, LSS much more advanced than in 90’s 

• CMB constraints light relics more effectively

Planck Collaboration: Cosmological parameters
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Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible to a cosmic-variance-limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-
relic cross-section multiplied by the appropriate fe↵ for di↵er-
ent DM annihilation channels. The dark grey circles show the
best-fit DM models for the PAMELA/AMS-02/Fermi cosmic-
ray excesses, as calculated in Cholis & Hooper (2013) (caption
of their figure 6). The light grey stars show the best-fit DM mod-
els for the Fermi Galactic centre �-ray excess, as calculated by
Calore et al. (2015) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

by the increased ionization fraction in the freeze-out tail follow-
ing recombination. As a result, large-angle polarization infor-
mation is crucial for breaking the degeneracies between param-
eters, as illustrated in Fig. 40. The strongest constraints on pann
therefore come from the full Planck temperature and polariza-
tion likelihood and there is little improvement if other astrophys-
ical data, or Planck lensing, are added.35

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other parameter extensions of base
⇤CDM (Ne↵ , dns/d ln k, or YP) to vary together with pann.
We found that the constraint is weakened by up to 20 %.
Furthermore, we have verified that we obtain consistent results
when relaxing the priors on the amplitudes of the Galactic dust
templates or if we use the CamSpec likelihood instead of the
baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic-variance-limited
experiment with similar angular resolution to Planck.36 The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to

35It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

36We assumed here that the cosmic-variance-limited experiment
would measure the angular power spectra up to a maximum multipole
of `max = 2500, observing a sky fraction fsky = 0.65.

fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see, e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-
mal relic cross-section for DM particles of mass m� <⇠ 44 Gev
annihilating into e+e� ( fe↵ ⇡ 0.6), m� <⇠ 16 GeV annihilating
into µ+µ� or bb̄ ( fe↵ ⇡ 0.2), and m� <⇠ 11 GeV annihilating into
⌧+⌧� ( fe↵ ⇡ 0.15).

The dark grey shaded area in Fig. 41 shows the approx-
imate allowed region of parameter space, as calculated by
Cholis & Hooper (2013) on the assumption that the PAMELA,
AMS, and Fermi cosmic-ray excesses are caused by DM annihi-
lation; the dark grey dots indicate the best-fit dark matter models
described in that paper (for a recent discussion on best-fitting
models, see also Boudaud et al. 2015). The favoured value of
the cross-section is about two orders of magnitude higher than
the thermal relic cross-section (⇡ 3⇥10�26 cm3 s�1). Attempts to
reconcile such a high cross-section with the relic abundance of
DM include a Sommerfeld enhanced cross-section (that may sat-
urate at h�3i ⇡ 10�24 cm3 s�1) or non-thermal production of DM
(see, e.g., the discussion by Madhavacheril et al. 2014). Both of
these possibilities are strongly disfavoured by the Planck data.
We cannot, however, exclude more exotic possibilities, such as
DM annihilation through a p-wave channel with a cross-section
that scales as 32 (Diamanti et al. 2014). Since the relative veloc-
ity of DM particles at recombination is many orders of magni-
tude smaller than in the Galactic halo, such a model cannot be
constrained using CMB data.

Observations from the Fermi Large Area Telescope
of extended �-ray emission towards the centre of the
Milky Way, peaking at energies of around 1–3 GeV, have
been interpreted as evidence for annihilating DM (e.g.,
Goodenough & Hooper 2009; Gordon & Macı́as 2013;
Daylan et al. 2016; Abazajian et al. 2014; Lacroix et al. 2014).
The light grey stars in Fig. 41 show specific models of DM
annihilation designed to fit the Fermi �-ray excess (Calore et al.
2015), while the light grey box shows the uncertainties of
the best-fit cross-sections due to imprecise knowledge of the
Galactic DM halo profile. Although the interpretation of the
Fermi excess remains controversial (because of uncertainties
in the astrophysical backgrounds), DM annihilation remains a
possible explanation. The best-fit models of Calore et al. (2015)
are consistent with the Planck constraints on DM annihilation.

6.7. Testing recombination physics with Planck

The cosmological recombination process determines how CMB
photons decoupled from baryons around redshift z ⇡ 103,
when the Universe was about 400 000 years old. The impor-
tance of this transition on the CMB anisotropies has long been
recognized (Sunyaev & Zeldovich 1970; Peebles & Yu 1970).
The most advanced computations of the ionization history
(e.g., Ali-Haı̈moud & Hirata 2010; Chluba & Thomas 2011;
Ali-Haimoud & Hirata 2011; Chluba et al. 2012) account for
many subtle atomic physics and radiative transfer e↵ects that
were not included in the earliest calculations (Zeldovich et al.
1968; Peebles 1968).

With precision data from Planck, we are sensitive to sub-
percent variations of the free electron fraction around last-
scattering (e.g., Hu et al. 1995; Seager et al. 2000; Seljak et al.
2003). Quantifying the impact of uncertainties in the ionization
history around the maximum of the Thomson visibility function

52



A signal from z=1100

• Need to turn off annihilation at recombination 
• Annihilation is p-wave (velocity suppressed) [scalar] 
• Mass splitting between Majorana states [pseudo-Dirac fermion]



Direct detection
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Not just nuclear anymore
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Plot from Essig

The Thermal Target



“New” Complementarity

Parametrically linked tightly to thermal diagram
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Missing Mass/Momentum Experiments (Kinetic Mixing)

FIG. 6: Yield projections for various proposed DM search strategies involving missing mass/momentum

plotted alongside constraints based on the same experimental technique and the thermal target for scalar and

fermion DM candidates. Here all bounds and projections conservatively assumem� = 3mA0 , but the thermal

targets are invariant as this ratio changes (see [35] for a discussion). For larger ratios, the experimental curves

shift downward to cover more parameter space; for small ratios m� > mA0 , there is no thermal target as the

DM annihilation proceeds trough �� ! A0A0, which is independent of the SM coupling ✏. This plot serves

to compare proposed missing momentum based searches against similar constraints; bounds not based on

missing momentum techniques (e.g. direct detection or beam dump searches) are omitted. Here, the shaded

regions represent excluded parameter space, dashed projections are based on signal-yield estimates and solid

curves represent sensitivity estimates based on background studies.

to LDM continue in the forward direction. This e↵ectively decouples the two beams
and produces the most physics reach for both neutrino oscillations and LDM searches.
To leverage the investment in the LBNF/DUNE experiment to run simultaneously in
beam dump and neutrino mode could be cost e↵ective but will require more funding
and design work in the next few years. However, this would provide the ultimate
proton beam-dump search. In the absence of a dipole magnet that would sweep the
neutrino beam, it is possible to build an o↵-axis near-detector: the dark matter beam
is rather broad and would reach the near-detector while the neutrino beam is well
collimated reducing the background o↵-axis Timeline: > 2020. See Ref. [107] for more
details.

• SHiP at CERN: 400 GeV protons at CERN’s SPS. Expected to be able to deliver
1020 POT. A neutrino detector consisting of OPERA-like bricks of laminated lead and
emulsions, placed in a magnetic field downstream of the muon shield, will allow to
measure and identify charged particles produced in charged current neutrino interac-
tions. It is followed by a tracking system and muon magnetic spectrometer. Timeline:
> 2026. See Ref. [108].

30

scalar DM

fermion DM



“New” Complementarity

Parametrically linked more weakly to thermal diagram 

DM  self interaction? Anomalies like 8Be?



Asking general questions

• This needn’t be the DM to be interesting 

• Are there any particles leftover from “late” (sub TeV) thermal 
contact?



Scaling of signals
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Scaling arguments

direct signal stable

indirect signal decreases

The thermal target here is *more* robust



Scaling arguments

direct signal decreases

indirect signal decreases 
faster
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fermion DM candidates. Here all bounds and projections conservatively assumem� = 3mA0 , but the thermal

targets are invariant as this ratio changes (see [35] for a discussion). For larger ratios, the experimental curves

shift downward to cover more parameter space; for small ratios m� > mA0 , there is no thermal target as the

DM annihilation proceeds trough �� ! A0A0, which is independent of the SM coupling ✏. This plot serves

to compare proposed missing momentum based searches against similar constraints; bounds not based on

missing momentum techniques (e.g. direct detection or beam dump searches) are omitted. Here, the shaded

regions represent excluded parameter space, dashed projections are based on signal-yield estimates and solid
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to LDM continue in the forward direction. This e↵ectively decouples the two beams
and produces the most physics reach for both neutrino oscillations and LDM searches.
To leverage the investment in the LBNF/DUNE experiment to run simultaneously in
beam dump and neutrino mode could be cost e↵ective but will require more funding
and design work in the next few years. However, this would provide the ultimate
proton beam-dump search. In the absence of a dipole magnet that would sweep the
neutrino beam, it is possible to build an o↵-axis near-detector: the dark matter beam
is rather broad and would reach the near-detector while the neutrino beam is well
collimated reducing the background o↵-axis Timeline: > 2020. See Ref. [107] for more
details.

• SHiP at CERN: 400 GeV protons at CERN’s SPS. Expected to be able to deliver
1020 POT. A neutrino detector consisting of OPERA-like bricks of laminated lead and
emulsions, placed in a magnetic field downstream of the muon shield, will allow to
measure and identify charged particles produced in charged current neutrino interac-
tions. It is followed by a tracking system and muon magnetic spectrometer. Timeline:
> 2026. See Ref. [108].
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qualitative physics information here, too



Moving away from priors changes 
questions 

• Looking for the DM is critical, but finding cosmologically “relevant” 
hidden physics would be profound 

• A WIMP was motivated to be *the* DM, but hidden physics may or 
may not be 

• Broadening the question changes how we think about targets, how 
robust they are and changes the implications of complementarity



Generalizations of thermal history
• Freeze-in (signal arises later) 

• SIMPS (new “miracle” at 100 MeV) 

• ELDERS 

• Forbidden DM 

• Dynamical DM 

• … 

• Major theoretical advancement has been in rethinking “generic” thermal particles

Still need labs for new ideas



Rebalancing our priorhedron


