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Do we care about MeV-GeV scale DM?

¯\_(ツ)_/¯
Gordan Krnjaic 



Electron Proton HiggsNeutrino EarthPlanck

Huge Range of Possible DM Masses 



de Broglie wavelength can’t

Electron Proton HiggsNeutrino EarthPlanck

indirectly via microlensing
Greene, Kavanagh 2007.10722

exceed dwarf galaxy scales 
Would have been observed

Huge Range of Possible DM Masses 

Can’t be all (or even most) of the dark matter



Huge Range of Possible DM Masses 

Electron Proton HiggsNeutrino EarthPlanck

Must be bosonic (integer spin)
or extended object
Must be primordial black hole

GK, Sigurdson  1406.1171
Example: dark nuclei

Fermions require
to populate halo
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WIMPs

Huge Range of Possible DM Masses 

Allowed to reach equilibrium
at some point in early universe 

DM SM
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Electron Proton HiggsNeutrino EarthPlanck

WIMPs

Huge Range of Possible DM Masses 

No equilibrium for m < MeV

Allowed to reach equilibrium
at some point in early universe 

DM relativistic at BBN 
spoils* light element yields

*unless thermalization after BBN [Berlin, Blinov 1706.07046]



Electron Proton HiggsNeutrino EarthPlanck

WIMPs

Huge Range of Possible DM Masses 

No equilibrium for m < MeV

Allowed to reach equilibrium
at some point in early universe 

DM relativistic at BBN 
spoils* light element yields

*unless thermalization after BBN [Berlin, Blinov 1706.07046]

No equilibrium for m > 100 TeV

DM overproduced unless 
unitarity is violated** 

** nonstandard cosmology can evade this

Griest, Kamionkowski PRL 1990




Electron Proton HiggsNeutrino EarthPlanck

WIMPs

Huge Range of Possible DM Masses 

Allowed to reach equilibrium
at some point in early universe 

Narrows viable DM mass range 
… and scales are under our noses!

Ok, but why should we care? ¯\_(ツ)_/¯



Was DM ever in equilibrium with SM?



NO

Feeble coupling to us

Sterile Neutrino (Dodelson/Widrow)
Freeze In

Initial conditions

WIMPzilla
Primordial Black Holes

Axion/ALP

How was it populated?

…

Was DM ever in equilibrium with SM?

Rarely predictive
Very hard to test

[few known examples]

…



YES

Was DM ever in equilibrium with SM?

n� ⇠ n� ⇠ T 3

Today we have measured that 

Nowhere

Where did its density go?

⇢� ⇠ 103 eV cm�3

n� ⇠ 102 cm�3

Equilibrium predicts DM mass
m� ⇠ 10 eV

Too hot for large scale structure
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Where did its density go?

Stable dark states

Heavy Light

Ne↵ > 3too much stuff
CMB/BBN/LSS

spoils

Was DM ever in equilibrium with SM?

X
⌦dark > ⌦DM

n� ⇠ n� ⇠ T 3

Requires nonstandard cosmology
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Where did its density go?

Was DM ever in equilibrium with SM?

Visible matter
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FIG. 2: The landscape of dark matter models, organized according to underlying principles and elementary
questions. Early universe thermodynamics offers an especially simple way of understanding the important
ways in which models are different, and how they relate to high-level questions about the origin of dark
matter. If dark and visible matter are equilibrated in the early universe, dark matter has a large (⇠ T 3)
entropy, which must be reduced or transferred to visible particles to avoid overproducing dark matter. Blue
checkmarks highlight branches for which we include representative models in this paper, as these often
involve invisible or visible decays of light mediators. The abbreviations DM, DS, and SM are shorthand for
dark matter, dark sector, and Standard Model particles, respectively. The red arrows indicate time flow for
DM/DS processes in the early universe.

where MPl ⇠ 10
18 GeV is the Planck mass. Once equilibrated, DM number and entropy densities

at early times are determined by the photon plasma temperature, nDM / sDM / T 3. Thus, unless
the forces mediating dark-visible interactions are extremely feeble – much weaker than the SM
electroweak force – DM equilibrates with the SM bath. In fact, this is often (but not always) a
natural outcome of demanding that these scenarios are testable in the laboratory. This fact has
several far-reaching, model-independent implications:

1) Insensitivity to Initial Conditions: Since the equilibrium DM distribution is set by
the temperature, its subsequent evolution is independent of earlier, unknown cosmological
epochs (e.g. inflation, baryogenesis).

2) Necessary Entropy Transfer: Without a mechanism to significantly reduce its thermal
abundance, the DM number density would be comparable to the relic photon and neutrino
number densities at late times. In this case, unless the DM is very light (. 10 eV and,
thus, unacceptably hot), its energy density would greatly exceed the measured value at late
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electroweak force – DM equilibrates with the SM bath. In fact, this is often (but not always) a
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Q: What’s so great about equilibrium?
A: Generic and easy to achieve
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Thermal Equilibrium
Advantage #2:  Insensitive to high scales 

Only other UV insensitive mechanism is “freeze-in”

- DM produced through tiny couplings, very hard to test 

Q: What’s so great about equilibrium?
A: Insensitive to unknown high energy scales

- Ad hoc initial condition n�(0) = 0

Initial condition known

Mass & couplings set abundance

Independent of unknown physics (e.g. inflation)

Calculable, can learn a lot about hidden sector if lucky



LDM must be neutral under SM
Else would have been discovered @ LEP/Tevatron/LHC…

 Light DM vs. WIMPs 
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Else rate too small — greatly simplifies space of possible theories 
LDM interactions renormalizable at accelerator energies 



Hidden Annihilation Direct Annihilation

Abundance depends on 
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What kind of mediator for direct annihilation? 8
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FIG. 2: Feynman diagrams for LDM with secluded annihilation (left) with m� > mA0 and direct anni-
hilation (right) with m� < mA0 . In the secluded regime, the dark photon decays visibly to kinematically
accessible SM final states and motivates experimental searches for hidden forces (see [1]), but the DM anni-
hilation cross section is independent of the A0 coupling to visible matter. In the direct annihilation regime,
the cross section for achieving the correct relic density depends on the parameter ✏ which couples the A0 to
charged SM particles, so there is a minimum value of this coupling for each choice of � mass that realizes
a thermal history in the early universe. These minimum values define predictive experimental targets for
discovery or falsification (see Fig. 5).

mediator) A
0. The generic Lagrangian this family of models contains
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where ✏ is the kinetic mixing parameter, mA0 is the dark photon mass, and J
µ

EM ⌘
P

f
Qf f̄�

µ
f

is the SM electromagnetic current where f is a SM fermion with charge Qf , gD ⌘
p

4⇡↵D is
the U(1)D coupling constant, and JD is the dark matter current. Although each possible choice
for � has a different form for JD, the relic density has the same dependence on our four model
parameters {✏, gD, m�, mA0} and can be captured in full generality with this setup.

This framework permits two qualitatively distinct annihilation scenarios depending on the A
0

and � masses.

• Secluded Annihilation: For mA0 < m�, DM annihilates predominantly into A
0 pairs as

depicted on the left panel of Fig. 2. This annihilation rate is independent of the SM-A0

coupling ✏. While this makes direct A
0 or DM production difficult in laboratory experiments,

the simplest version of this scenario is robustly constrained by CMB data [13], which rules
out DM masses below O(10) GeV for simple secluded annihilation models. More complex
secluded models remain viable for low DM masses; these are potentially discoverable by
LDMX but are not our primary focus.

• Direct Annihilation: For mA0 > m�, annihilation proceeds via �� ! A
0⇤

! ff to SM
fermions f through a virtual mediator. This scenario is quite predictive, because the SM-A0

coupling ✏ must be large enough, and the A
0 mass small enough, in order to achieve the ther-

mal relic cross-section. No robust constraint on this case can be extracted from CMB data.
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Blinov, Berlin, GK, Schuster, Toro arXiv:1807.01730 
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FIG. 8: As in Fig. 4, thermal targets for the representative dark matter candidates of Sec. III A but instead
coupled to U(1)B�L (top-left), U(1)B�3e (top-right), U(1)e�µ (bottom-left), and U(1)B (bottom-right)
Z 0 gauge bosons, fixing mZ0 = 3m� and ↵D = 0.5. The black line corresponds to parameter space
where the relic abundance of � agrees with the observed dark matter energy density. The shaded gray
regions are excluded from previous experiments, such as a BaBar monophoton analysis [96], and beam
dump searches at LSND [85], E137 [16, 86], and MiniBooNE [95]. Also shown in dot-dashed blue is the
projected sensitivity of a monophoton search at Belle II presented in Ref. [1] and computed by rescaling the
20 fb�1 background study up to 50 ab�1 [87]. Future direct detection experiments will have sensitivity to
the cosmologically motivated regions of parameter space shown for scalar DM (see Fig. 4). We also show
constraints derived from the observed ⌫̄�e scattering spectrum at TEXONO [112, 113], and for the baryonic
current, U(1)B , bounds from considerations of enhanced anomalous decays into Z 0 final states [61, 62]. The
projected sensitivity of LDMX is shown in solid (dot-dashed) red, assuming 1016 EOT from a 8 (16) GeV
electron beam and a 10% radiation length tungsten (aluminum) target.

theoretical footing is a new SM neutral scalar that directly couples to the SM Higgs through the
trilinear or quartic interactions '|H|

2 and '2
|H|

2. Below the scale of electroweak symmetry
breaking, ' mass-mixes with H , inheriting couplings analogous to the SM Higgs-fermion cou-
plings, i.e., ⇠ sin ✓ (mf/v), where v ' 246 GeV is the SM Higgs vev and sin ✓ describes the
strength of ' � H mixing. Hence, for a given mixing angle, ' couples to SM fermions propor-

16

FIG. 4: Thermal targets for representative dark matter candidates coupled to kinetically mixed dark pho-
tons. The black curve in each panel represents the parameter space for which the abundance of � is in
agreement with the observed dark matter energy density. In each model, � freezes out through direct an-
nihilations to SM fermions, i.e., �� ! A0⇤

! ff̄ . The shaded region above the purple curve is excluded
by the BaBar �+ missing energy search [83, 84]. The LSND proton [85] and E137 electron beam dump
searches (green and blue curves, respectively) constrain DM production and scattering in a downstream
detector [86]. The dashed purple curve is the projected sensitivity of a �+missing energy search at Belle
II presented in Ref. [1] and computed by rescaling the 20 fb�1 background study up to 50 ab�1 [87]. The
dashed green curve labeled SENSEI is a direct detection projection assuming a silicon target with 100 g
cdot yr of exposure with 2e� sensitivity [1]. The red dashed curve is the LDMX projection for a 10%
radiation length tungsten target and an 8 GeV beam presented in Ref. [1] , which was scaled up to 1016

EOT relative to a background study with 4 ⇥ 1014 EOT. The vertical dashed curve in the upper left panel
is the limit on �Ne↵ from Table I of Ref. [88], which constrains m� < 3.27 MeV for (pseudo)Dirac parti-
cles; similar bounds apply to the other scenarios for m� < 1 MeV. Note that electromagnetically coupled
particles decrease Ne↵ at the time of recombination, so this effect can be compensated with additional dark
radiation.

where we have defined the dimensionless interaction strength, y.
In Fig. 4, we present the DM parameter space in the y � m� plane for the various DM models

Kahn, GK, Tran, Whitbeck 1804.03144Figure 10. Parameter space for predictive thermal DM charged under U(1)Lµ�L⌧ , for DM charges near the

perturbativity limit (left) or smaller such that the (g�2)µ region overlaps with the thermal relic curves (right).

Here the relic abundance arises through direct annihilation to SM particles via s-channel Z0 exchange.The

vertical axis is the product of couplings that sets the relic abundance for a given choice of DM mass and spin

(see Appendix A). Also plotted are constraints from the neutrino trident process from the CCFR experiment

[6, 68] and projected limits from NA64 [11]. Note that there are also bounds onm� = O(MeV) from�Ne↵. that

arise from ��̄ ! ⌫⌫ annihilation during BBN; these bounds di↵er depending on the choice of DM candidate

spin [69, 70] and are not shown here. For the pure Dirac scenario, the annihilation process ��̄ ! µ+µ� is

s-wave, so this process is ruled out by CMB energy injection bounds for m� > mµ [52].

6.2 Phase 2: U(1)Lµ�L⌧ thermal DM sensitivity

Fig. 10 shows the target parameter space for thermal relic DM with a Lµ � L⌧ mediator. The vertical
axis plots the dimensionless variable y = g2

�g2
µ�⌧ (m�/mZ0)4 which controls the DM annihilation rate,

and the black curves represent the unique value of y for each m� which results in the correct DM relic
abundance (see appendix A), for DM a complex scalar, Majorana fermion, or (pseudo)-Dirac fermion
(see Sec. 2.3). The left panel shows the scenario g� = 1 near the perturbativity limit, which corresponds
to the weakest possible bounds on this model, while the right panel shows the case g� = 5 ⇥ 10�2. In
the latter case, there is a region of parameter space compatible with both thermal dark matter and
(g � 2)µ, which can be probed by Phase 1, with the entire viable parameter space for thermal DM
probed by Phase 2.4 Even for the pessimistic case g� = 1, a large portion of the parameter space is
accessible to Phase 2. We emphasize that muon beam experiments like M3 are the only terrestrial
experiments which can probe such a muon-philic model of DM; direct detection signals are absent,
and high-energy collider production cross sections are too small.

Intriguingly, we also find that both Phase 1 and Phase 2 have sensitivity to a class of DM expla-
nations for the ⇠ 3.8� anomaly reported by the EDGES collaboration [72]. It has been shown that
a ⇠ 1% subcomponent of DM with a QED millicharge of order ⇠ 10�3e can cool the SM gas tem-
perature at redshift z ⇠ 20 and thereby account for the magnitude of the observed absorption feature
[73]. However, Ref. [74] pointed out that such a scenario generically requires dark forces to deplete
the millicharge abundance in the early universe to account for the ⇠ 1% fraction needed to resolve

4
See also [71] for other models relating thermal DM to (g � 2)µ.
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Highly predictive for light DM

Direct Annihilation Targets

Bonus connection to muon g-2

Most models testable with similar searches
Rare opportunity to discover/falsify
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FIG. 3. The left side shows constraints on the kinetic mixing parameter, ✏, versusm , with� chosen to match the observed relic
density and ↵d = 0.1. Annihilation to SM states dominates over forbidden channels in the upper gray region, and the dark sector
is thermally decoupled from the SM in the lower gray region. Limits are shown from beam dump experiments (orange) [50–54],
supernovae cooling (blue) [50, 55], Planck (purple) [15, 56], and direct detection (pink) [57–59]. The dashed brown (black)
curves show the projected reach of SuperCDMS SNOLAB [2] (electron scattering [60]). The red shaded area (dashed curve)
shows the approximate sensitivity of current observations to DM self-interactions, �SI/m & 1 (0.1) cm2/g [19, 20, 38–41].
The right side shows constraints on the dark sector when it is thermally decoupled from the SM. In the upper gray area
4 ! 2 dominates over forbidden annihilations. In the lower gray area DM is overabundant. The red shading and dashed
curve represent the same values for the self-interaction cross section as in the left panel. In the purple shaded area the DM mass
is too small to be simultaneously consistent with the Pauli exclusion principle and the densities observed in dwarf spheroidal
galaxies [35–37].

photon plasma from Ref. [56]. The CMB limit supersedes
the present reach of di↵use gamma and X-ray observa-
tions [64].

Kinetic mixing also allows DM to scatter against nu-
clei, as in the fourth diagram of Fig. 1. The DM-nucleon
cross section is [24],

� N ⇡ ✏
2

16⇡↵↵dµ
2
 p

m4
�d

Z
2

A2
, (8)

where µ p = m mp/(m + mp) is the reduced mass of
DM and the proton. In Fig. 3, we show the strongest
present limits from direct detection, which, moving from
heavier to lighter DM mass, come from LUX [58], Super-
CDMS Soudan [59], and CDMSlite [57]. We also show
the projected sensitivity of SuperCDMS SNOLAB [2],
which will probe a significant fraction of parameter space.
DM can also scatter against electrons and we show the
estimated reach of a future germanium detector [60], al-
though it is superseded in this model by the Planck con-
straint.

Thermally Decoupled Dark Sector: We now con-
sider the possibility that the dark sector is thermally de-
coupled from the SM during freeze-out, ✏! 0. Our treat-
ment of the relic density assumes that the dark photons
remain in equilibrium during freeze-out, with zero chemi-
cal potential, as happens if the dark photons are thermal-
ized with radiation. In the ✏! 0 limit, we assume there
is dark radiation, n, that couples to the hidden photon,

L � qngd n̄�µn �
µ
d (9)

where mn ⌧ m and qn ⌧ 1 is the charge of n under
the dark force. We assume that qn is large enough to
keep �d in equilibrium with n but small enough to pre-
vent   ! nn̄ decays from dominating over forbidden
annihilations. A large range of parameters satisfies these
conditions, 10�10 . qn . 10�4. For mn . 1 eV, n is a
warm, subdominant, component of DM that contributes
less than 10% of the DM energy density, satisfying con-
straints on warm DM [32].

In general, the dark sector has a di↵erent tempera-
ture than the SM when the two sectors are thermally
decoupled. We assume that the two sectors begin with
a common temperature above the weak scale, T0 & v.
Then, the relative temperatures of the two sectors is de-
termined by the requirement that they separately con-
serve entropy [65],

Tdark

TSM
=

✓
g

SM
⇤S (TSM )

g
SM
⇤S (T0)

g
dark
⇤S (T0)

g
dark
⇤S (Tdark)

◆1/3

. (10)

In our model, the hidden sector becomes cooler than the
SM because more states freeze-out in the SM sector. At
low temperatures, T ⌧ m , Tdark ⇡ 0.5 TSM . Because of
the smaller dark temperature, the hidden sector is con-
sistent with constraints on the number of relativistic de-
grees of freedom from BBN [30, 31] and the CMB [15],
including when m ⌧ TBBN ⇠ 1 MeV. We computed
these constraints in the presence of a dark Higgs with the
same mass as the dark photon.

To the right of Fig. 3, we show the parameter space of

Hidden  Annihilation to Mediator

(m� < m�)

Motivates mediator searches

…….

Annihilate to heavier mediators



Hidden  Annihilation to DM (3+ to 2)
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 Hochberg Kuflik Volansky Wacker 1402.5143   

Kuflik Prelstein Rey-Le Lorier, Tsai 1512.04545
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SMSM

Annihilation Cooling w/ mediator

SIMP: 3-2 freeze out, then SM scattering cools DM

ELDER: SM-DM scattering decouples first, 3-2 freeze out later

Cannibalization: 3-2 annihilation only (DM hot, ruled out)



Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {
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< MeV

If we can test some predictive thermal DM model, we must

Neff  / BBN
me ⇠ MeV mp ⇠ GeV

Biased view: it’s a no brainer

Thermal DM is grounded in a simple physical requirement 

MeV-GeV range currently under explored 
Finite list of new mediators that enable thermal origin
Direct annihilation = predictive & testable experimental milestones
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