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What is this stuff ?

Zeroth Order Outstanding Problems

Accelerated

Expansion
Cosmic

Matter Asymmetry

Also Quantum Gravity

Inflation

2

All other problems generically require extremely  
high scales …. DM can be much lighter 



Gravitational 
Lensing

Cluster 
Collisions

Rotation 
Curves

Bulge
Disk

Halo
(Dark Matter)

Obligatory DM Slide

BBN

CMB

lots of  evidence, but all gravitational…



Each step required revolutionary theoretical/experimental leaps 

GF ⇠ 1

(100 GeV)2
Fermi Scale identified

W/Z bosons 

(1930s)

Discovery of  radioactivity (1890s)

Higgs discovered 

Non-Abelian Gauge Theory (1950s)

(1970s)

(2010s)

Higgs Mechanism (1960s)

t ⇠ 100 years

Historical Analogy
Understanding the  Weak Force



No clear target of opportunity
Non-gravitational interactions not guaranteed 

Discovery time frame? 

Discovery of  missing mass (1930s)

Relevant scale? > 2017

 CMB power spectrum (1990s)

Rotation curves (1970s)

How long will we wait for DM?

t > 80 yrs



Bad news: DM-SM interactions are not obligatory
If nature is unkind, we may never know the right scale

Good news: most discoverable DM candidates are in             
thermal equilibrium with us in the early universe 

Why is this good news?

DM Prognosis?

mDM

mPl

⇠ 1019 GeV
⇠ 100M�

must be compositemust be bosonic

⇠ 100 eV
⇠ 10�20 eV
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Equilibrium, achieved easily with a tiny DM/SM coupling

Requires much larger annihilation cross section to deplete

�v � �vrelic ⇠ 3⇥ 10�26cm3s�1

Generically overproduces DM 

Thermal Equilibrium
Advantage #1:  Minimum Annihilation Rate

nDM =

Z
d3p

(2⇡)3
gi

eE/T ± 1
⇠ T 3

= symmetric thermal DM > asymmetric DM 



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 {
18

*NB prior is not flat!

< MeV
Neff



Heavy vs. Light # 1
LDM needs new forces

Heavy DM can achieve right abundance w/ SM weak force

For  LDM, annihilation via SM forces is too weak
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m� ⇠ GeV =) �v ⌧ 3⇥ 10�26 cm3/s

DM overproduced unless there are light new force carriers

�v ⇠
m2

�

m4
Z

⇠ 3⇥ 10�26 cm3s�1
⇣ m�

TeV

⌘2

  so equilibrium is lost too soon



Neutrino Portal

✏Fµ⌫F
0
µ⌫

mix w/ RHN

Higgs Portal

H†LN

mix w/ SM Higgs

 Must be SM singlet, options limited by SM gauge invariance 

Choose light mediator
Avoiding LDM Overproduction

(H†H)�

Vector Portal
mix w/ photon

(or gauge B-L etc.)



Neutrino Portal

Vector Portal
✏Fµ⌫F

0
µ⌫mix w/ photon

mix w/ RHN

Higgs Portal

H†LN

mix w/ SM Higgs

� Lots of attention here

Hard to make thermal �
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FIG. 1. Leading Feynman diagrams giving rise to � annihilation in
the early universe. If m� > m� the annihilation is predominantly
through the t-channel and the mediator decays into SM states via
Higgs mixing. If m� < m�, DM annihilates directly to SM fermions
through the s channel which depends on the SM-mediator coupling
and is the most predictive scenario; If m� > 2m� the � will decay
invisibly to dark matter. In the 2m� > m� > m� regime, it may
also be possible to annihilate through the forbidden channel [17]

one of many scenarios for DM interacting through the Higgs
portal, it captures much of the essential physics, so most of
the constraints and projections will apply to a much broader
class of variations on this simple setup.

Light DM interacting through the Higgs portal has been
considered before in the context of minimal DM coupled di-
rectly to the portal [18], as a byproduct of Higgs decays [19],
as pair produced in rare B and K decays [20], as coupled to
a scalar mediator mixed with the Higgs [21–23], as a sub-eV
non thermal candidate [24]. The bounds on a light, Higgs por-
tal scalar in the context of self-interacting DM were consid-
ered in [25, 26]. This paper adds to the literature by carefully
computing the relic density of DM through a highs-mixed me-
diator including the effects of hadronic final states; updating
constraints in light of recent direct detection, LHC, and rare
meson decay results; and discussing the implications for the
simplest DM variations (e.g asymmetric, inelastic, scalar). We
find that for heavier mediators m� > m�, DM annihilating di-
rectly into SM particles is ruled out for nearly all DM candi-
dates under the most conservative assumptions regarding the
DM-mediator couplings and mass ratios. We also find that
when the mediator is lighter and the relic abundance is set by
secluded annihilation ��̄ ! ��, the mediator-Higgs mixing
is bounded from below by the DM thermalization requirement
and there remains much viable parameter space. Finally, we
identify a representative set of future direct detection and me-
son decay experiments to extend coverage to much of the re-
maining territory.

This paper is organized as follows: In section II we outline

how varying the assumptions about the DM candidate relative
to our benchmark (introduced above) changes the viable pa-
rameter space; In section III we compute the DM relic density
and discuss how to conservatively compare this target against
different kinds of bounds; in sections IV, we describe generic
constraints and future experimental projections applicable to
the entire parameter space, while in sections V and VI we
specify to the regimes in which the mediator decays to the
DM and SM respectively; finally in section VII we offer con-
cluding remarks.

II. DARK MATTER SCENARIOS

Before returning to the benchmark model introduced in
Eqs. (3) and (4), we first comment on the simple variations
involving different DM scenarios and how the analysis in this
paper applies when the the assumptions of the benchmark
model are modified.

Parity Odd Couplings In the Lagrangian for our benchmark
scenario, Eq. (3), allows a � ¯ �5 term. This interaction gives
rise to s wave annihilation for both ��̄ ! f ¯f and ��̄ ! ��
channels, which is robustly ruled out for thermal relic DM
below ⇠< 10 GeV (see Sec. IV), so at minimum, we require
g0� ⌧ g�. Although in principle, we could keep this sub-
dominant in our analysis, its presence would not significantly
change the qualitative character of any plots; it would only
introduce percent level corrections for couplings that evade
CMB bounds, so for the remainder of this paper we set g0� = 0

without loss of essential generality.

Majorana DM The simplest variation on our benchmark sce-
nario involves exchanging our Dirac DM with a Majoarana
fermion. However, most of the constraints we encounter be-
low involve accelerator production, meson decays, or direct
detection; none of which differs substantially with this mod-
ification. Thus, the constraints and relic density projections
will differ only by order one amounts.

Scalar Symmetric DM If the DM, itself, is a stable scalar
' that couples to the Higgs-portal mediator �, the relic
abundance can be achieved through either direct annihilation
'' ! �⇤ ! f ¯f (m' > m�) or t-channel '' ! ��
(m' > m�) annihilation. In both cases, the leading annihi-
lation rates will be s-wave (velocity independent) and, there-
fore, ruled out by CMB power-injection limits for ' masses
below 10 GeV [27].

Asymmetric DM If the dark matter abundance is set by a
primordial asymmetry [28–32] and the dark matter achieves
thermal equilibrium with the SM, the annihilation rate must be
larger than the nominal freeze out value [33, 34]. However, all
other constraints on its direct production and detection remain
identical; since antiparticles are exponentially depleted below
T ⇠< m

DM

, the indirect detection signatures are generically
suppressed at late times, so asymmetric DM can be compati-
ble with the CMB. Thus, the results in this paper apply fully
well to this variation, but the parameter space compatible with
the observed abundance (for the direct annihilation topology

sin ✓

 Must be SM singlet, options limited by SM gauge invariance 

SM coupling / fermion mass 

Choose light mediator
Avoiding LDM Overproduction

(H†H)�

(wont discuss here)

(decays,     masses etc.)⌫

(or gauge B-L etc.)



Planck Collaboration: Cosmological parameters
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Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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WMAP9
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Possible interpretations for:
AMS-02/Fermi/Pamela
Fermi GC

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 by 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↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤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 ver-
ified 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 Planck31. 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
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-

30It 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.

31We assumed 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.
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Heavy vs. Light # 2
CMB rules out LDM < 10 GeV?

 cross section is smaller @ CMB
or annihilation stops @ CMB 

Planck 
 1303.5076

Safe models:

@CMB



Option 1: Smaller Cross Section

h�vi
��
T=m�

= 3⇥ 10�26 cm3/s =) ⌦� = ⌦DM

h�vi
��
T=eV

⌧ 3⇥ 10�26 cm3/s =) CMB safe

              Velocity redshifted at late times 

Rate large at freeze-out  w/  v ~  0.1 c 

Choose DM/mediator combination to get v-dependence

Velocity/Temperature Dependence

�v / v2



Option 2: Annihilation Stops Later

Counterintuitive:  larger cross section is safer!

 Annihilation @ T ~ m reduces antiparticle fraction

Case Study: Asymmetric DM

n� 6= n�̄ / exp(�h�vi)

fe↵.h�vie�h�vi

m�
⌧ 2⇥ 10�28 cm3 s�1 GeV�1

Easily satisfies CMB bound with 
as required for asymmetric DM 

h�vi > 3⇥ 10�26cm3 s�1



Option 2: Annihilation Stops Later
Case Study:  Inelastic couplings

Two-level co-annihilating system 

5

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

u, c, t, d, s, b

e, µ, ⌧, ⌫e, ⌫µ, ⌫⌧

�,W, Z,G,H

� SM

 ̄ SM

FIG. 5: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

�1

�2

� ⌘ m2 �m1

As universe cools, heavier state is Boltzmann suppressed 

n�2 / e��/T

Generic (e.g if dark there are dark Dirac & Majorana masses)
annihilation shuts off at late times 



Choose CMB safe DM for for scalar mediator

Scalar DM
s-wave
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annihilation

Need particle asymmetry and/or inelasticity for CMB safety



Choose CMB safe DM for for scalar mediator

Fermion DM

g���̄�

�v / v2Both CMB safe 
��̄�5�Can also include 

must be small (adds s-wave terms)

Scalar DM
s-wave

Need particle asymmetry and/or inelasticity for CMB safety
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Thermal Target: Direct Annihilation to SM

Coupling scales with SM fermion mass 

gf = ge

✓
mf

me

◆

⇢
y ⌘ g2�g

2
e

✓
m�

m�

◆4

Define dimensionless target

Normalized to electron coupling because rate exists for every mass point 
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Clarke, Foot, Volkas 

Large theory uncertainty in SM coupling near QCD scale 

Estimate from different 
numerical extractions
from light Higgs literature 

1310.8042

Thermal Target: Direct Annihilation to SM

2

consider is proportional to sin2 ρ, the branching fractions
are independent of sin2 ρ, and the lifetime is inversely
proportional to sin2 ρ:

cτ =
cτSM

sin2 ρ
, (4)

where cτSM is the mean decay length of a scalar of
mass mh with exactly SM Higgs couplings, i.e. h when
sin2 ρ = 1. Our approach is to explore (mh, sin

2 ρ) pa-
rameter space, which allows us to test the models of Foot
& Kobakhidze and Bezrukov & Gorbunov concurrently.
In models where h decays also into invisible exotic

states, one may repeat our analysis in the following way:
the production cross section is unaffected, the branch-
ing fraction to SM final states is altered by a (gener-
ally) mass-dependent quantity BSM ≡ Br(h → XSM ),
and the lifetime becomes shorter by a factor BSM . One
would also need to take into account the branching to
invisible states for the invisible searches considered. We
take BSM = 1 in our benchmark model and comment on
the BSM < 1 case when appropriate.
The paper is organised as follows. In Sec. II we review

the properties of our benchmark scalar, discussing some
large, apparently unresolved uncertainties in branching
fractions and lifetime. In Sec. III we determine exist-
ing bounds from LEP, meson decays, and fixed target
experiments. In Sec. IV we explore phenomenology and
prospects at the LHC. Our main result is the prediction
of many inclusive displaced dimuon events for mh ! mB

and the observation that the subdominant V h channel
has the best sensitivity for mh " mB. We conclude in
Sec. V.

II. PROPERTIES

Of interest is the value ofBr(h → µ+µ−) and the mean
decay length of h. For sin2 ρ = 1, h is a hypothetical SM
Higgs boson of mass mh. We may therefore appeal to the
literature on the SM Higgs before it was ruled out below
2mb [12].
The width to leptons is given by

Γ(h → l+l−) = sin2 ρ×
m2

lmh

8πv2
β3
l , (5)

where βl =
√

1− 4m2
l /m

2
h and v ≈ 246 GeV. For

mh < 2mµ ≈ 210 MeV, h decays almost entirely to
e+e−. Above 2mµ the decay to µ+µ− takes over un-
til the 2mπ ≈ 280 MeV threshold, where the ratio
Rπµ = Γ(h → ππ)/Γ(h → µµ) was historically the sub-
ject of much debate [12–19]. In Fig. 1 we reproduce a se-
lection of results to illustrate the large uncertainty in this
mass range attributable to resonant ππ enhancements.
We note that Ref. [19] is the most recent paper, that we
are aware of, that is dedicated to the subject. Above the
2mK ≈ 1 GeV threshold the decay to KK must be taken
into account, and has been by a selection of these authors
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cτ
S
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B
r(
h
→

µ
+
µ
−
)

FIG. 1. Branching fraction for a light scalar h decaying into
muons and its mean decay length for sin2 ρ = 1 (see Eq. 4) as
predicted by a number of models (see text) [12, 13, 16, 18, 19].
The Duchovni et al. prediction is an application of the Raby
& West result [15].

[17–19]. Above the 2mη ≈ 1.1 GeV threshold we know of
no reliable prediction. Somewhere above 2 GeV, where
the energy involved in the decay is much larger than the
typical quark binding energy, the perturbative spectator
approach may be utilised [12]:

Γµµ : Γss̄ : Γcc̄ : Γττ : Γgg ≈ m2
µβ

3
µ : 3m2

sβ
3
K : 3m2

cβ
3
D

: m2
τβ

3
τ :

αs(mh)2m2
h

9π2

∣

∣

∣

∣

∣

∑

q

I

(

m2
q

m2
h

)
∣

∣

∣

∣

∣

2

, (6)

where

I(z) = 3

[

2z + 2z(1− 4z)

(

sin−1 1√
4z

)2
]

. (7)

In Fig. 1 we plot this result alongside that of Ref. [12].1

The large uncertainties between 2mπ < mh < 4 GeV
are apparently unresolved. It would be interesting to
know whether a more sophisticated approach is now pos-
sible which would provide new insight. A new result
would be useful since, in this region, the mean decay
length plays an important role in LHC phenomenology.

1 Ref. [12] set mu = md = 40 MeV, ms = 450 MeV and αs =
0.15π in order to match the result of Ref. [13] at mh ≈ 1.5 GeV;
this is no longer well-motivated. We use ms = 100 MeV and run
αs according to Figure 17 of Ref. [20]

4

FIG. 3. Existing constraints on the mediator-Higgs mixing in the visibly decaying � ! SM SM regime. Top row: The DM is a particle-
antiparticle symmetric thermal relic whose abundance is set by t-channel �� ! �� annihilation, which determines the requisite g� coupling
for a given DM mass point. Note that most of the parameter space is covered by direct searches for the mediator decaying into SM particles, so
except for direct detection, the plots do not require any assumption about the DM provided that the mediator decays visibly. For direct detection,
we show two different regimes: m� ⇡ m� (but with a slightly lighter mediator) which is the least constrained regime, and m� = 10m�; for
m�/m� > 10, the DM is no longer light in this parameter space, so this regime is beyond the scope of this work. Bottom row: Same as top
row, but with g� = 1, which corresponds to couplings larger than thermal, but still compatible with asymmetric DM, whose antiparticles have
all been depleted by annihilation; these plots represent the most aggressive bounds and projections compatible with both DM-SM equilibration
and perturbative unitarity. Combined, these four plots bracket the full parameter space of interest; smaller mass ratios than shown on the left
column would invalidate the visibly decaying assumption; larger mass ratios than the right column would no longer correspond to the light
DM regime; smaller DM-mediator couplings than the top row would overclose the universe; larger DM-mediator couplings than the bottom
row would require a UV completion near the GeV scale.

gf . In the regime where annihilation is predominantly to elec-
trons, the � achieving the observed relic abundance requires

g2�g
2

e

✓
m�

m�

◆
4

' 10

�11

✓
0.1

⌦�h2

◆⇣ m�

10 MeV

⌘
2

. (6)

At the m� ⇠ mµ threshold, the right hand side is rescaled by
approximately (me/mµ)

2 and adjusted accordingly for each
additional threshold. For a more careful treatment of thermal
freeze out , see Appendix B.

For m� ⇠> ⇤

QCD

, the annihilation also proceeds through
several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! ⇡+⇡�). To account for these final states, we extract
this coupling from simulations of hadronically-decaying light-
Higgs bosons [40] with the ansatz

gf (s) ' sin ✓

r
8⇡

mh
�(h ! SM)

����
m

h

=

p
s

, (7)



Thermal Target: Rare B/K Decays 
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FIG. 4. Leading short distance contribution to B+ ! K+�� and
K+ ! ⇡+�̄� decay due to scalar mediated interactions. For m� <
mB � mK , this decay can also proceed via B+ ! K+� Similar
diagrams yield for � mediated contributions to fully SM final states
(e.g. B+ ! K+µ+µ�).

or in terms of the variable plotted in left panel of Figure 2,
(g�ge)

2

(m�/m�)

4 ⇠< 10

�14, where the mass ratio is conser-
vatively taken to be m�/m� = 1/3. Although this is the most
robust bound on the total Higgs width, we note that there is
mild model dependence in the precise limit because, in princi-
ple, the Higgs coupling to gluons and gauge bosons could vary
with energy in a nonstandard scenario (e.g. due to a form fac-
tor) , so that the ratio of on-shell and off-shell Higgs-diboson
cross section �(gg ! h ! ZZ⇤

)/�(gg ! h⇤ ! ZZ) no
longer provides direct access to the total Higgs width. Thus,
in Fig. 2, we plot this constraint as a dotted purple line.

After EWSB there is also an allowed h ! �� decay, but
the relative contribution of this channel is model dependent as
the size of the quartic is not fixed by the DM interactions of
interest in this work. In Fig. 3 we conservatively keep only
the bound from the h ! ��̄ channel which is required by the
mixing interaction that sustains thermal equilibrium for the
DM in the early universe.

V. INVISIBLY DECAYING MEDIATOR (m� > 2m�)

If � decays invisibly, this scenario induces rare meson de-
cays B+ ! K+� and is constrained by limits on the B+ !
K+⌫⌫̄ branching fraction. The loop level process arises from
the effective Higgs mixing interaction [20, 22]
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� (Csbs̄LbR + Csds̄LdR)� , (10)

where ✓ is the h-� mixing angle.

B-Meson Decays: For B-mesons, The effective coefficient of
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Csb =
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and this interaction has the partial width [51]
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where the scalar form factor can be parametrized f
0

(q) =
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�1 [52]. The total B-meson width is
�B+

= 4.1 ⇥ 10

�13 GeV [53], so the branching ratio has the
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The exact bound for this DM/mediator mass ratio shown in
Fig. 2 (left) is computed from Eq. (12) using the efficien-
cies used in [54] is slightly stronger because the two-body
B+ ! K+� process has greater kinematic acceptance rela-
tive to B+ ! K+⌫⌫̄.

Kaon Decays An invisibly decaying light scalar can also yield
K ! ⇡� decays for which the partial width is

�K+!⇡+� =

|Cds|2
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Unlike in Eq. (12), the analogous scalar form factor is close to
unity [55] and can be neglected. The effective FCNC coeffi-
cient from Eq. (10) is

Csd =

3g2Wmsm
2

tV
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tsVtd sin ✓

64⇡2m2

W v
= 1.2 ⇥ 10
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The total Kaon width is �K+
= 5.3 ⇥ 10

�17 GeV, so the
branching ratio is approximately
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This final state contributes to the E797 and E949 measure-
ments of Br(K+ ! ⇡+⌫⌫̄) = (1.73

+1.15
�1.05) ⇥ 10

�10 [56]).
To avoid an order one correction to we demand sin
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The exact bound computed using Eq. (16) and the efficiencies
in [56] is presented as the orange regions of Fig. 2; the sen-
sitivity gap near m� corresponds to an experimental cut on
final-state pion momentum. Also shown in Fig. 2 is the pro-
jected sensitivity of NA62 [57] assuming 10

13K+ and sensi-
tivity for a 10 % measurement of the K+ ! ⇡+⌫⌫̄ branching
ratio with identical cuts and efficiencies as [56].
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or in terms of the variable plotted in left panel of Figure 2,
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)/�(gg ! h⇤ ! ZZ) no
longer provides direct access to the total Higgs width. Thus,
in Fig. 2, we plot this constraint as a dotted purple line.

After EWSB there is also an allowed h ! �� decay, but
the relative contribution of this channel is model dependent as
the size of the quartic is not fixed by the DM interactions of
interest in this work. In Fig. 3 we conservatively keep only
the bound from the h ! ��̄ channel which is required by the
mixing interaction that sustains thermal equilibrium for the
DM in the early universe.

V. INVISIBLY DECAYING MEDIATOR (m� > 2m�)

If � decays invisibly, this scenario induces rare meson de-
cays B+ ! K+� and is constrained by limits on the B+ !
K+⌫⌫̄ branching fraction. The loop level process arises from
the effective Higgs mixing interaction [20, 22]
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�1 [52]. The total B-meson width is
�B+

= 4.1 ⇥ 10

�13 GeV [53], so the branching ratio has the
approximate scaling

Br(B+ !K+�) ⇠ |Csb|2f0(m�)

2

16⇡

m3

B+

m2

b�B+

⇡ 1.5 sin

2✓, (14)

which, for our conservative benchmark inputs g� = 1 and
m� = 3m�, the BaBar limit Br(B+ !K+⌫⌫̄) < 1.6⇥10

�5

[54] requires

(geg�)

2

✓
m�

m�

◆
4

⇠< 1.1 ⇥ 10

�18 . (15)

The exact bound for this DM/mediator mass ratio shown in
Fig. 2 (left) is computed from Eq. (12) using the efficien-
cies used in [54] is slightly stronger because the two-body
B+ ! K+� process has greater kinematic acceptance rela-
tive to B+ ! K+⌫⌫̄.

Kaon Decays An invisibly decaying light scalar can also yield
K ! ⇡� decays for which the partial width is
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Unlike in Eq. (12), the analogous scalar form factor is close to
unity [55] and can be neglected. The effective FCNC coeffi-
cient from Eq. (10) is

Csd =

3g2Wmsm
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tsVtd sin ✓
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The total Kaon width is �K+
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�17 GeV, so the
branching ratio is approximately
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This final state contributes to the E797 and E949 measure-
ments of Br(K+ ! ⇡+⌫⌫̄) = (1.73

+1.15
�1.05) ⇥ 10
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To avoid an order one correction to we demand sin
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The exact bound computed using Eq. (16) and the efficiencies
in [56] is presented as the orange regions of Fig. 2; the sen-
sitivity gap near m� corresponds to an experimental cut on
final-state pion momentum. Also shown in Fig. 2 is the pro-
jected sensitivity of NA62 [57] assuming 10

13K+ and sensi-
tivity for a 10 % measurement of the K+ ! ⇡+⌫⌫̄ branching
ratio with identical cuts and efficiencies as [56].
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independent of DM
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for thermal comparison 

�Br(B+ ! K+ 6E) / g2f = y ⇥ 1

g2�

✓
m�

m�

◆4

g� , m�/m� ! O(1)Conservative worst-case “y” reach

⇢
(choose smallest mass ratio still consistent with direct annihilation)



Thermal Target: Other Constraints

Higgs Invisible Width 

Low Mass Direct Detection ~ GeV 
Assuming elastic scattering

9

��

��

��

��

(m� < m�)

� h

(m� > m�)

�

�

f

f

Possibly compensate with additional h 
production, but can’t avoid interference 

with 4l final state 

13

�

�

h �

��

N N
h

�
invariant comparison with  

 thermal target



Direct Annihilation: Ruled Out 
3

E787/E949
K+→ π+ϕ

BaBar B+→ K+ϕ

B+→ K+χχ

sin θ = 1

LHC Γ(h→ χχ)

Reli
c De

nsity

sin θ = 1

CRESST II
LUX &
Super-
CDMS

NEWS

Super-CDMS
SNOLABNA62

K+→ π+ϕ

N
ef
fm
od
el
de
p.

K+→ π+χχ

LZ

10-3 10-2 10-1 1 10
10-24
10-23
10-22
10-21
10-20
10-19
10-18
10-17
10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9

mχ [GeV]

κ e
=
(g

χg
e)
2 (
m

χ
/m

ϕ
)4

Invisibly Decaying Scalar Mediator, Dirac DM, gχ = 1, mϕ = 3 mχ

FIG. 2. Experimental constraints on Dirac fermion DM that annihilates through a light, Higgs-mixed mediator. We normalize the vertical axis
using the e-� coupling, ge introduced in the text because this coupling always contributes to the annihiation over the mass range considered
here– see discussion in Section II. Top Left: Parameter space for m� < m� compared against the relic density contour computed assuming
m� = 3m� (solid black curve). The curve bifurcates near m� ⇠ m⇡ where there is disagreement in the literature about light Higgs couplings
to hadronic states (see text). Like the relic density contour, the direct detection constraints are also invariant under different assumptions about
the mass ratio and DM-mediator coupling since the SM-DM scattering cross section is proportional to the e variable plotted on the vertical
axis. However, for meson decay and collider constraints, which only constrain the mediator-Higgs mixing, we adopt the conservative values
g� = 1 and m�/m� = 1/3 for building (g�ge)

2(m�/m�)
4 for comparison with the solid black relic curve; choosing smaller values of

either quantity makes these constraints stronger – except in the resonant annihilation region. Top Right: Same as left, but in the resonant
annihilation region m� ⇡ 2m�, which is the only regime in which the relic density curve moves appreciably. This plot also adopts the extreme
value g� = 2⇡ near the perturbativity limit, and reveals the maximum amount of viable parameter space for this scenario. As on the top-left
plot, direct detection constraints and projections remain invariant, but the meson and collider bounds shift slightly as they are now computed
for m�/m� = 1/2.2 instead. Bottom Right: Same as top-left, but with m� = 10m�. Bottom Left: Same as top-left, but with the reduced
coupling g� = 0.1.

which is applicable to all m� (MeV–GeV) considered in this
paper, so we will present our direct annihilation results in
terms of e without loss of generality. For a more careful
treatment of thermal freeze out, corresponding to the method-
ology in our numerical studies, see Appendix B.

For m� ⇠> ⇤QCD, the annihilation also proceeds through

several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! ⇡+⇡�). To account for these final states, we extract
this coupling from simulations of hadronically-decaying light-

This is the most conservative prescription for all experimental bounds

y
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which is applicable to all m� (MeV–GeV) considered in this
paper, so we will present our direct annihilation results in
terms of e without loss of generality. For a more careful
treatment of thermal freeze out, corresponding to the method-
ology in our numerical studies, see Appendix B.

For m� ⇠> ⇤QCD, the annihilation also proceeds through

several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! ⇡+⇡�). To account for these final states, we extract
this coupling from simulations of hadronically-decaying light-
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which is applicable to all m� (MeV–GeV) considered in this
paper, so we will present our direct annihilation results in
terms of e without loss of generality. For a more careful
treatment of thermal freeze out, corresponding to the method-
ology in our numerical studies, see Appendix B.

For m� ⇠> ⇤QCD, the annihilation also proceeds through

several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! ⇡+⇡�). To account for these final states, we extract
this coupling from simulations of hadronically-decaying light-
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which is valid up to corrections of order m2

f/s where s is the
mandelstam variable (s ⇡ 4m2

� near freeze out). However,
there are significant, order of magnitude discrepancies among
the various computations of �h(h ! hadrons) [41–46] (see
Fig. 1 in [40] ), so we regard this ansatz as reasonable in
the interpolation region. We have checked that the couplings
extracted using this approach recover the correct light Higgs
width in the regions well above and below ⇤

QCD

.
The solid black line in Fig. 2 (left) is the relic density con-

tour computed precisely for m� = 3m�, though away from
resonance this curve is insensitive to the mass ratio. The curve
bifurcates near ⇤

QCD

to account for the different theoretical
extractions of hadronic couplings in the region where anni-
hilation is predominantly to hadrons; the upper and lower
curves bracket the range of discrepant values from the lit-
erature [41–46]. However, the B and K decay bounds do
depend on the mass ratio since these bounds only constrain
the mediator-SM coupling, so we have to choose a conserva-
tive value of g2�(m�/m�)

4 to plot these constraints agains the
thermal relic region. To demonstrate the near invariance of
the relic density curve on the g2�g

2

e (m�/m�)

4 vs. m� plane
we also show the upper relic density contour for the hierarchi-
cal regime m� = 50m� (Fig. 2 left, dotted black curve); we
have suppressed the theoretical uncertainty band for the dot-
ted curve. Note that most of the difference between these two
curves is due to the m� = 3m� annihilation being fairly close
to resonance; further increasing m�/m� beyond order one
numbers makes very little difference. On the right panel of
Fig. 2, we evaluate the same relic target, experimental bounds,
and future projections for m�/m� = 2.2, which is very close
to resonance, for which the relic target does move apprecia-
bly downwards relative to the relic density curves on the left
panel. Nonetheless, even in this, most conservative regime
where the constraints are the weakest and thermal freeze out
requires the smallest g2�g2e (m�/m�)

4 values, there is no vi-
able territory left and the direct annihilation scenario is ruled
out.

In analogy with the s-channel annihilation process, the scat-
tering cross section for non-relativistic DM-SM scattering in
direct detection through � exchange also has the same scaling
� / (g�gf )

2

(m�/m�)

2, up to order one corrections when
the DM-nucleon masses are comparable. However, the con-
straints at most accelerator based experiments do not scale
in this way; typically they only constrain the magnitude of
a SM-mediator coupling and are insensitive to the mediator-
DM coupling (and often also the masses of DM and mediator
when the energy scale of the process larger than the masses
of dark sector states). Thus, for B and K decays in Fig. 2,
we choose the conservative DM-mediator mass ratio to be 1/3
(left panel) and 1/2.2 (right panel), which provides a conser-
vative comparison with the solid black curve in each case (see
the caption in Fig. 2 and discussion below for more details).

Annihilation Into Mediators (m� > m�)

If the mediator is lighter than the DM, the direct annihila-
tion annihilation is sharply suppressed relative to the t-channel
process �� ! ��, which no longer scales as the convenient

(g�gf )

2

(m�/m�)

4 combination. Instead we have

�v(�� ! ��) =

3g4�v
2

128⇡m2

�

, (8)

which is independent of the �-h mixing angle, so thermal
freeze out is compatible with a wide range of mixing angle
values. However, for sufficiently small sin ✓, the dark and vis-
ible sectors no longer thermalize, so there is a lower bound
on the parameter space; for smaller mixing angles the abun-
dance must be generated by a nonthremal mechanism, so this
scenario is beyond the scope of this work.

IV. GENERIC BOUNDS

CMB: Although any viable thermal DM candidate is frozen
out well before recombination, out of equilibrium annihila-
tion around z ⇠ 1000 can still reionize hydrogen at the sur-
face of last scattering and thereby modify the CMB power
spectrum. The Planck constraint h�vi

cmb

/m� ⇠< 3 ⇥
10

�28 cm3

s

�1GeV�1 rules out thermal DM below 10 GeV
[27] if the annihilation rate is s-wave (velocity independent).
However, the annihilation rates for our benchmark scenarios
in Eqs. (5) and (8) are p-wave so the annihilation rate is many
orders of magnitude smaller on account of the velocity red-
shift from T ⇠ m� at freeze out and T ⇠ eV at recombina-
tion. Thus neither of our annihilation topologies is constrained
by CMB power injection.

Relativistic Degrees of Freedom: If DM freezes out after
neutrinos decouple, the annihilation byproducts can reheat
photons relative to neutrinos, thereby decreasing the effective
relativistic degrees of freedom, N

e↵. [47]. At face value this
excludes thermal DM below ⇠< 10 MeV (with order one varia-
tions depending on the particle identity of the DM). However,
this bound is model dependent because the deficit in N

e↵. can
be compensated for with additional hidden sector radiation or
new physics in the neutrino sector.

Higgs Invisible Width: At face value, the �-h mixing in-
duces an invisible Higgs decay mode h ! ��̄, which re-
duces Higgs branching ratios into observed SM final states.
However, bounds on the invisible width from observed Higgs
signal strengths into SM final states are model dependent be-
cause the total width is currently unknown; an apparent dilu-
tion in the predicted Higgs signal can be compensated with
an additional production mode. Nonetheless, it is possible to
extract a model independent bound on the total width from
off shell Higgs interference in WW and ZZ production at
the LHC[48]. The most recent limit from CMS requires
�

(obs.)
h < 33 MeV at 95% confidence [49], while ATLAS ob-

tains a comparable bound of �

(obs.)
h < 22 MeV at 95% con-

fidence [50]. In Fig. 2 we plot this constraint in the purple
shaded region using the more conservative ATLAS limit and
demanding that the invisible width h ! ��̄ induced by the
mixing does not saturate the bound

�(h ! ��̄)  33 MeV =) g2� sin

2✓ ⇠< 6.7 ⇥ 10

�4 , (9)

Can still produce/observe mediator, but no direct target 

Mediator decays visibly to SM final states  
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��
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(m� > m�)

�

�

f

f

So long as annihilation is p-wave
 DM doesn’t matter for bounds 

through Higgs portal mixing



Next best thing?
Minimum mixing for thermal production

Assuming Higgs-mediator mixing *alone* produces thermal DM

11

and have checked that for
p
s away from ⇤

QCD

, where the
final states consist only of elementary particles, this procedure
matches onto the analytical result computed using only SM
yukawa couplings.

Following the procedure in [81], the relic abundance of � is

⌦�h
2

= 1.07 ⇥ 10

9

p
g⇤

g⇤,s

(n + 1)xf GeV�1

mPl h�|v|if , (44)

where n = 0, 1 for s and p wave annihilation, g⇤ and g⇤,s are
respectively the relativistic and entropic degrees of freedom,
x ⌘ m�/T , and an f subscript denotes a freeze out value.

APPENDIX C: THERMALIZATION CRITERIA

To produce DM thermally in equilibrium, at minimum
we require the production rate to exceed the expansion rate
at some point in the early universe, nf (T )h�|v|if ¯f!��̄ ⇠>
H(T ), where nf is the fermion number density and H(T ) '
1.66

p
g⇤T

2/mPl. Per SM fermion species f , the cross sec-
tion for annihilation is

�(s)f ¯f!��̄ =

g2�g
2

f s

16⇡(s � m2

�)

2

r
1 � 4m2

�

s

 
1 � 4m2

f

s

!
3/2

, (45)

The thermal average is

h�|v|if ¯f!��̄=

1

Nf

Z 1

4m2
�

ds�(s)(s � 4m2

f )

p
sK

1

✓p
s

T

◆
, (46)

where Nf = 8m4

fTK
2

2

(mf/T ). At very high temperatures,
the number densities scale as nf (T )h�|v|i / T , whereas
H(T ) / T 2 so as the universe cools, the thermal produc-
tion rate increases relative to Hubble. In the opposite, non
relativistic regime, the number density falls exponentially
nf (T ) / exp(�mf/T ) so the rate decreases sharply relative

to Hubble, which still scales as T 2 during radiation domina-
tion. The total rate for comparison with Hubble is

�

SM!��̄ =

X

f

nf (T )h�|v|if ¯f!��̄ , (47)

which we compare with the Hubble rate �

SM!��̄ near T ⇠
mt because this is the temperature at which the leading pro-
duction cross section (t¯t ! ��̄) no longer scales as T�2 but
acquires mt dependence from the propagator as s ⇡ 4m2

t .

APPENDIX D: THREE BODY MESON DECAYS

For m� > mB+ � mK+ , it is still possible for DM to con-
tribute to rare B decays through B ! K�̄� via virtual �
exchange. The width for this process can be computed as a
convolution of 2 body processes, treating the intermediate �
propagator as a Breit-Wigner function

�B+!K+��̄ =

Z
0.3m2

B

4m2
�

dq2�B+!K+�(q2)F (q2) , (48)

where we define

F (q2) =

m���/⇡

(q2 � m2

�)

2

+ m2

��

2

�

, (49)

�� ⌘ �(� ! ��̄) =

g2�m�

8⇡

 
1 � 4m2

�

m2

�

!
3/2

, (50)

such that F is normalized to recover a delta function in the
vicinity of m� as �� ! 0 limit. The upper integration limit in
Eq. (48), q2 = 0.3m2

B , is chosen in accordance with the cut
imposed in[54]. An analogous expression is used to compute
the width for K+ ! ⇡+��̄ using the cuts in [56], which
constitutes the right most region of the orange shaded contour
in Fig. 2.

Requiring DM production rate > Hubble in early universe

sin2✓ & 53⇡3
p

g⇤(mt)mt

g2�⇣(3)mPl
⇡ 2⇥ 10�13 ,

g� ⇠ O(1)Reaching this sensitivity for  

would rule out thermal DM for the secluded annihilation scenario 
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FIG. 3. Existing constraints on the mediator-Higgs mixing in the visibly decaying � ! SM SM regime. Top row: The DM is a particle-
antiparticle symmetric thermal relic whose abundance is set by t-channel �� ! �� annihilation, which determines the requisite g� coupling
for a given DM mass point. Note that most of the parameter space is covered by direct searches for the mediator decaying into SM particles, so
except for direct detection, the plots do not require any assumption about the DM provided that the mediator decays visibly. For direct detection,
we show two different regimes: m� ⇡ m� (but with a slightly lighter mediator) which is the least constrained regime, and m� = 10m�; for
m�/m� > 10, the DM is no longer light in this parameter space, so this regime is beyond the scope of this work. Bottom row: Same as top
row, but with g� = 1, which corresponds to couplings larger than thermal, but still compatible with asymmetric DM, whose antiparticles have
all been depleted by annihilation; these plots represent the most aggressive bounds and projections compatible with both DM-SM equilibration
and perturbative unitarity. Combined, these four plots bracket the full parameter space of interest; smaller mass ratios than shown on the left
column would invalidate the visibly decaying assumption; larger mass ratios than the right column would no longer correspond to the light
DM regime; smaller DM-mediator couplings than the top row would overclose the universe; larger DM-mediator couplings than the bottom
row would require a UV completion near the GeV scale.

gf . In the regime where annihilation is predominantly to elec-
trons, the � achieving the observed relic abundance requires

g2�g
2

e

✓
m�

m�

◆
4

' 10

�11

✓
0.1

⌦�h2

◆⇣ m�

10 MeV

⌘
2

. (6)

At the m� ⇠ mµ threshold, the right hand side is rescaled by
approximately (me/mµ)

2 and adjusted accordingly for each
additional threshold. For a more careful treatment of thermal
freeze out , see Appendix B.

For m� ⇠> ⇤

QCD

, the annihilation also proceeds through
several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! ⇡+⇡�). To account for these final states, we extract
this coupling from simulations of hadronically-decaying light-
Higgs bosons [40] with the ansatz

gf (s) ' sin ✓

r
8⇡

mh
�(h ! SM)

����
m

h

=

p
s

, (7)

1310.8042
beam dump and meson bounds 

Clarke, Foot, Volkas Thermal DM can live anywhere unshaded

Mediator mixing bounds 
(Comparable DM/mediator mass)



Mediator mixing bounds 
(hierarchical DM/mediator mass)
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antiparticle symmetric thermal relic whose abundance is set by t-channel �� ! �� annihilation, which determines the requisite g� coupling
for a given DM mass point. Note that most of the parameter space is covered by direct searches for the mediator decaying into SM particles, so
except for direct detection, the plots do not require any assumption about the DM provided that the mediator decays visibly. For direct detection,
we show two different regimes: m� ⇡ m� (but with a slightly lighter mediator) which is the least constrained regime, and m� = 10m�; for
m�/m� > 10, the DM is no longer light in this parameter space, so this regime is beyond the scope of this work. Bottom row: Same as top
row, but with g� = 1, which corresponds to couplings larger than thermal, but still compatible with asymmetric DM, whose antiparticles have
all been depleted by annihilation; these plots represent the most aggressive bounds and projections compatible with both DM-SM equilibration
and perturbative unitarity. Combined, these four plots bracket the full parameter space of interest; smaller mass ratios than shown on the left
column would invalidate the visibly decaying assumption; larger mass ratios than the right column would no longer correspond to the light
DM regime; smaller DM-mediator couplings than the top row would overclose the universe; larger DM-mediator couplings than the bottom
row would require a UV completion near the GeV scale.

gf . In the regime where annihilation is predominantly to elec-
trons, the � achieving the observed relic abundance requires

g2�g
2

e

✓
m�

m�

◆
4

' 10

�11

✓
0.1

⌦�h2

◆⇣ m�

10 MeV

⌘
2

. (6)

At the m� ⇠ mµ threshold, the right hand side is rescaled by
approximately (me/mµ)

2 and adjusted accordingly for each
additional threshold. For a more careful treatment of thermal
freeze out , see Appendix B.

For m� ⇠> ⇤

QCD

, the annihilation also proceeds through
several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! ⇡+⇡�). To account for these final states, we extract
this coupling from simulations of hadronically-decaying light-
Higgs bosons [40] with the ansatz

gf (s) ' sin ✓

r
8⇡

mh
�(h ! SM)

����
m

h

=

p
s

, (7)

Larger hierarchy is no longer Light DM (more WIMP-like)



Conclusions

Higgs portal thermal target already covered for direct annihilation
Direct annihilation scenario ruled out by rare meson and Higgs bounds 

Independent of DM candidate variations  (fermion/scalar/asymmetric/inelastic)

“Secluded” thermal annihilation to mediators still viable/testable 
Future direct detection (LZ, NEWS, Super-CDMS SNOLAB, Xenon1T…)

Would be interesting to see if other experiments are also sensitive
SeaQuest, DUNE, MiniBooNE, future colliders (FCC,ILC…)?

Thermal DM important organizing principle for discovery effort 
Viable over MeV-TeV range, need new BSM forces for MeV-GeV
Finite, comprehensive list of mediator options for light new forces 

Current/proposed hadronic production searches (SHiP, NA62…)


