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

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27
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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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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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New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter
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I. INTRODUCTION AND SUMMARY
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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.
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iDM direct detection: Weiner, Tucker-Smith arXiv: 0101338
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where Yi ⌘ ni/s is the comoving number density of each
species, a (0) superscript denotes an equilibrium quan-
tity, s(T ) = 2⇡2gs,⇤T

3/45 is the entropy density, and
�A, �S , and �D are dimensionless annihilation, scatter-
ing, and decay rates respectively. gs,⇤(T ) is the number
of entropic degrees of freedom. The first line of the right-
hand side characterizes the change in DM density due to
co-annihilation, the second line gives the change due to
self-annihilation, and the third and fourth lines charac-
terize scattering and decay processes that keep �

1

and �
2

in chemical equilibrium with one another and in kinetic
equilibrium with the SM. Using the Hubble rate during
radiation domination H(T ) = 1.66

p
g⇤T

2/mP ` (g⇤ is the
number of relativistic degrees of freedom), the dimen-
sionless rates are defined to be
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for �
1

�
2

co-annihilation, �
2

f ! �
1

f inelastic scattering,
and �

2

! �
1

+ SM decays respectively. The diagonal
rate �ii

A is non-zero if there exist processes that allow
�i�i ! SM + SM annihilation.

For the dark photon model, the scalar dark matter
scenario is purely inelastic and so �ii

A = 0. For fermion
DM, there exists a self-annihilation channel whose rate
is proportional to the di↵erence of Majorana masses in
Eq. (10), and is also p-wave (helicity) suppressed for the
SM vector (SM axial) current. For the pure dipole sce-
nario, the �i�i ! ��, �Z, and ZZ channels are always
open if kinematically accessible, but the self-annihilation
rate is suppressed by additional powers of the dipole mo-
ment.

As in most co-annihilation scenarios, the scatter-
ing/decay processes preserve kinetic and chemical equi-
librium between �
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throughout freeze-out, and
so the system of Boltzmann equations for Y
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FIG. 12: Freeze-out for fermion iDM (including co-
annihilation and sub-dominant self-annihilation) mediated by
an s-channel A

0 with m1 = 10 GeV, � = 0.2 m1, and
mA0 = 3 m1 with h�vi ⇠ 10�24cm3 s�1, for which ⌦�1 ⇠ ⌦DM

at late times. The solid (dashed) curves represent the actual
(equilibrium) number densities for the �1,2 species and we de-
fine the dimensionless evolution parameter x ⌘ m2/T . Note
that the excited state continues to steadily decay and down-
scatter into �1 o↵ SM particles even after �1 has frozen out.

This approximation is valid over our parameter space.
Considering an example point in the dark photon

model, we show in Fig. 12 the �
1

and �
2

yields as a
function of m

2

/T . For each model, we determine the pa-
rameters of the theory that give the observed DM relic
abundance as a function of m

1

, and we show these curves
in Figs. 2-5. We provide more comprehensive information
on the rates that appear in the Boltzmann equations in
Appendix A.

V. CONSTRAINTS

In this section, we consider other constraints on the
parameter space of the dark photon and dipole mod-
els, reviewing those which are complementary to collider
searches and those which are ine↵ective in iDM models.
These probes include direct detection experiments, preci-
sion measurements of SM parameters, indirect detection,
and LEP.

A. Precision Electroweak and QED Measurements

For models with new neutral gauge interactions,
mixing between the massive gauge bosons can lead to
shifts in observed SM electroweak couplings that are
excluded by electroweak precision and other observables.
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FIG. 3. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 18] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
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instrumented, active target volume [19]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building1 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see
Sec. II C and [26] for a discussion of this issue), so we restrict

1 A fermionic mediator coupled to the lepton portal requires additional
model building to simultaneously achieve a thermal contact through this
interaction and yield viable neutrino textures; the coupling to the mediator
must be suppressed by neutrino masses, so it is generically difficult for the
interaction rate to exceed Hubble expansion.

our attention to abelian vector mediators; a nonabelian field
strength is not gauge invariant, so kinetic mixing is forbidden.

Alternatively, the mediator could couple directly to SM
particles if both dark and visible matter are charged under
the same gauge group. In the absence of additional fields,
anomaly cancellation restricts the possible choices to be

U(1)

B�L

, U(1)

`

i

�`

j

, U(1)

3B�`

i

, (2)

and linear combinations thereof. In most contexts, the rele-
vant phenomenology in fixed-target searches is qualitatively
similar to the vector portal scenario, so below we will ignore
these possibilities without loss of essential generality. We
note, however, that viable models for both protophobic [27]

Proton 
LSND 
MiniBooNE 

Electron 

Beam Dump Signals

E137 
BDX 

Others possible (SeaQuest, T2K, DUNE…)  Kim Park Shin 1612.06867
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FIG. 2. Inelastic DM production at electron and proton beam dump experiments via dark bremsstrahlung and meson decay. The resulting
�1, �2 pair can give rise to a number of possible signatures in the detector: �2 can decay inside the fiducial volume to deposit electromagnetic
energy; both �1 and �2 can scatter off detector targets T and impart visible recoil energies to these particles; or �1 can upscatter into �2,
which can then decay promptly inside the detector to deposit a visible signal.

7

e� �!

ECAL/HCAL

Target
Tracker

e�

�1�2

Invisible

e� �!

Active Target (ECAL/HCAL)

e�

�1�2

Invisible

A�

Z

e�

e�

�1

�2
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loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
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instrumented, active target volume [19]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building1 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see
Sec. II C and [26] for a discussion of this issue), so we restrict

1 A fermionic mediator coupled to the lepton portal requires additional
model building to simultaneously achieve a thermal contact through this
interaction and yield viable neutrino textures; the coupling to the mediator
must be suppressed by neutrino masses, so it is generically difficult for the
interaction rate to exceed Hubble expansion.

our attention to abelian vector mediators; a nonabelian field
strength is not gauge invariant, so kinetic mixing is forbidden.

Alternatively, the mediator could couple directly to SM
particles if both dark and visible matter are charged under
the same gauge group. In the absence of additional fields,
anomaly cancellation restricts the possible choices to be

U(1)

B�L

, U(1)

`

i

�`

j

, U(1)

3B�`

i

, (2)

and linear combinations thereof. In most contexts, the rele-
vant phenomenology in fixed-target searches is qualitatively
similar to the vector portal scenario, so below we will ignore
these possibilities without loss of essential generality. We
note, however, that viable models for both protophobic [27]

Heavier state decays outside veto region
Signal looks like missing energy/momentum

LDMX NA64

Missing Energy/Momentum

May also be sensitive to the decay! 
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which achieve the observed relic density; see Sec. II for more details.

and protophilic [28] mediators exist, so the complementarity
provided by both proton- and electron-beam experiments is
highly advantageous.

B. Representative Model

Our representative dark sector contains a 4-component
fermion  that transforms under a hidden abelian U(1)

D

gauge group. The fermion couples to a vector mediator A0

as

L = i /D + M ¯  + �� c + h.c., (3)

where � is a U(1)

D

symmetry breaking scalar whose vacuum
expectation value v

D

gives A0 a nonzero mass m
A

0 ⇠ g
D

v
D

and gives  a Majorana mass ⇠ �v
D

. Diagonalizing the re-
sulting Dirac and Majorana masses gives rise to fermion mass
eigenstates �

1,2

with a small mass splitting � ⌘ m
2

� m
1

and an off-diagonal coupling to A0,

L � g
D

A0

µ

�
2

�µ�
1

+ h.c., (4)

where g
D

⌘ p
4⇡↵

D

is the dark coupling constant. Note that
it is technically natural to have � ⌧ M since the Majorana
mass breaks the global symmetry associated with  number.2

2 If, unlike the construction in Eq. (3), the Majorana masses for the two Weyl
components in  = (⇠, ⌘†) are different, there is also a subleading diago-
nal interaction of the form (�/MD)�i 6A0�i, where � ⌘ m⇠ � m⌘ is the
difference of Majorana masses for the the interaction eigenstates. We ne-
glect this interaction in our analysis, assuming the off-diagonal interaction
dominates.

This sector can interact with the SM through a renormaliz-
able and gauge-invariant kinetic mixing term between U(1)

D

and U(1)

Y

gauge fields,

L � ✏

2 cos ✓
W

F 0

µ⌫

Bµ⌫

= ✏F 0

µ⌫

Fµ⌫

+ ✏ tan ✓
W

F 0

µ⌫

Zµ⌫ , (5)

where ✏ ⌧ 1 is the kinetic mixing parameter and F 0

µ⌫

and
B

µ⌫

are respectively the dark and hypercharge field strength
tensors and the kinetic mixing interaction has been written in
terms of the SM mass eigenstates A and Z after electroweak
symmetry breaking. Diagonalizing the kinetic terms in Eq. (5)
and rescaling the field strengths to restore canonical normal-
ization induce a coupling between A0 and the SM fermions
[29]. To leading order in ✏, the A0-SM interaction becomes

eA
µ

Jµ

EM

! e(A
µ

+ ✏A0

µ

)Jµ

EM

, (6)

where Jµ

EM

is the SM electromagnetic current and all charged
fermions acquire millicharges under U(1)

D

. There is also
an analogous A0 interaction with the SM neutral current that
arises from A0 � Z mixing, but in our mass range of inter-
est, m

A

0 ⌧ m
Z

, the mixing parameter is suppressed by an
additional factor of (m

A

0/m
Z

)

2 [30–33], so we neglect this
interaction for the remainder of paper.

C. Direct Coannihilation vs. Secluded Annihilation

In the hot early universe (T � m
i

, m
A

0 ), all dark species
are in chemical and kinetic equilibrium with the SM radia-
tion bath; this initial condition is guaranteed as long as the
DM-SM scattering rate exceeds the Hubble expansion rate
at some point during cosmic history. If m

i

> m
A

0 , the
freeze-out process is analogous to that of WIMP models. Be-
low the freeze-out temperature T

f

⇠ m
1,2

/20, the number
densities of both species are depleted predominantly through
�
i

�
i

! A0A0 self-annihilation (which depends only on ↵
D

),
not coannihilation, which depends on the combination ✏2↵

D

and is greatly suppressed by comparison. Although both com-
ponents undergo freeze-out separately, since �

2

is heavier and
unstable, it will be depleted through downscattering and de-
cays. Thus, up to order-one corrections, the requisite self-
annihilation cross section satisfies the familiar WIMP-like re-
quirement h�vi ⇠ 3 ⇥ 10

�26cm3

s

�1 in order for �
1

to have
the observed abundance at late times.

However, this secluded (m
i

> m
A

0 ) regime has several
drawbacks. Since the self-annihilation rate for fermions is s-
wave, annihilation continues to occur out of equilibrium dur-
ing recombination, which ionizes newly-formed hydrogen and
thereby modifies the CMB power spectrum. For a thermal an-
nihilation rate, this bound rules out DM below ⇠ 10 GeV
[8].3 Furthermore, since the secluded annihilation cross sec-
tion scales as �v ⇠ ↵2

D

/m2

i

, the abundance is independent

3 If instead, the DM is a scalar and annihilates directly to SM fermions
through an s-channel vector mediator, its annihilation rate is p-wave sup-
pressed, which can evade CMB bounds.

Generically Macroscopic Decays
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FIG. 7. Top row: Same as the top-left panel of Fig. 6, but with different choices for ↵D . For larger couplings near the perturbativity limit [60]
(left with ↵D = 0.5) the viable parameter space increases slightly relative to Fig. 6. For smaller couplings (right with ↵D = ↵) the thermal
target is nearly closed. Bottom row: Same as the-top left panel in Fig. 6, but with different choices for the inelastic splitting � = 0.01m1

(left) and the mediator mass mA0 = 10m1 (right). Note that for very small mass splittings, the decay searches become ineffective and the best
limits arise from scattering and collider searches, whose observables do not rely on a prompt �2 decay.

resolution of LSND means it is potentially sensitive to well-
separated e+/e� pairs, which can be distinguished from the
fake elastic events we used in estimating the sensitivity in this
work and could enhance the sensitivity. However, this would
require access to the LSND data as this signal of two charged
tracks in the detector is not present in any published analy-
sis. These existing constraints are illustrated in Fig. 6 for ↵

D

= 0.1, m
A

0
= 3m

1

, and various values of �. For all but the
smallest splittings, the combination of LSND and E137 covers
a large portion of the thermal target in the 1-100 MeV range.
However, for 2m

1

+� > m
⇡

0 , DM production through pions
is kinematically forbidden, so we see sharp kinematic cutoffs
at the pion threshold.

For comparison, Fig. 7 shows the effect of varying our
benchmark parameters (each panel varies one detail relative to
the top-left panel of Fig. 6) to demonstrate that these bench-

marks are conservative and representative of the viable param-
eter space. In particular, the top row of Fig. 7 shows how the
parameter space in the top-left plot of Fig. 6 changes as we
increase and decrease ↵

D

while holding all other parameters
fixed. Although there is slightly more viable parameter space
for the large value ↵

D

= 0.5, this choice is close to the pertur-
bativity limit for abelian dark sectors [60], so we regard our
benchmark choice as a representative and conservative value;
choosing a smaller coupling excludes more parameter space
on the y vs. m

1

plane, as we see for ↵
D

= ↵ in the same
figure. In the bottom row of Fig. 7, we vary our � and m

A

0

benchmarks from Fig. 6. In the bottom-left plot, we show the
nearly-elastic case of � = 0.01m

1

, where the decay signal
shuts off and the constraints are dominated by scattering. For
comparison, we also show the recent MiniBooNE elastic scat-
tering results [50], for which the beam energy is sufficiently

Tiny Splitting ~ 1%

Similar to plots from plenaries
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FIG. 6. Parameter space compatible with thermal inelastic DM for different choices of � with constraints and future projections presented.
The black relic density curve is computed using the procedure described in Appendix A. For each choice of �, the relic density curve is
insensitive to the relative values of ✏, ↵D , or m1/mA0 , however, some constraints depend sensitively on these choices. Typical examples of
this sensitivity are LEP and (g � 2)µ for which the curves shown here are based only on their limits on ✏; the observables in question do
not depend on ↵D or the DM/mediator mass ratio. Thus, where appropriate, we have adopted the conservative prescription ↵D = 0.1 and
m1/mA0 = 3 to place these constraints on this plot, thereby revealing the remaining viable parameter space; see text for a discussion. The
colored curves in these plots represent new results computed in work: solid lines are existing constraints, and dashed lines are projections. The
gray shaded regions represent kinetic mixing constraints (g � 2)µ [57]; LEP [58]; and BaBar [17]. Finally, the vertical dashed line labeled
Ne↵. is a model-dependent bound from DM freeze-out reheating photons preferentially over neutrinos during BBN [59], excluding parameter
space to the left of the line; if there are other sources of dark radiation, this bound can be alleviated.

to discover iDM models. We begin with a brief discussion of
existing constraints.

The parameter space of inelastically coupled DM for mass
scales beneath ⇠ GeV is constrained by precision measure-
ments, B-factories, and previous fixed-target experiments. On
the precision front, the anomalous magnetic moment of the
muon and electron constrains the interaction strength between
the dark photon A0 and the SM particles [57]. On the collider
front, both LEP and BaBar set a bound for larger values of ✏.
The former arises from the shift in m

Z

induced from mixing
with A0 [58], and the latter from a monophoton and missing
mass re-analysis [35, 37, 43].

Some of the strongest constraints from elastic DM arise
from E137 [21, 44], an electron beam dump experiment, and
LSND [20, 47], a proton beam fixed-target neutrino produc-
tion experiment. Here, we reinterpret the constraints in terms
of coannihilating DM. As discussed in Sec. III C above, there
are two qualitatively different signals: a scattering signal,
where �

1,2

up- or downscatter at the detector and produce a
recoiling target and possibly an e+e� pair, and a decay signal,
where �

2

survives to the detector and decays inside, produc-
ing an e+e� pair. The reach of these experiments depends
on their ability to distinguish these multiple signals. While
E137 is only sensitive to total energy deposits, the angular

Small Splitting ~ 10%
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FIG. 6. Parameter space compatible with thermal inelastic DM for different choices of � with constraints and future projections presented.
The black relic density curve is computed using the procedure described in Appendix A. For each choice of �, the relic density curve is
insensitive to the relative values of ✏, ↵D , or m1/mA0 , however, some constraints depend sensitively on these choices. Typical examples of
this sensitivity are LEP and (g � 2)µ for which the curves shown here are based only on their limits on ✏; the observables in question do
not depend on ↵D or the DM/mediator mass ratio. Thus, where appropriate, we have adopted the conservative prescription ↵D = 0.1 and
m1/mA0 = 3 to place these constraints on this plot, thereby revealing the remaining viable parameter space; see text for a discussion. The
colored curves in these plots represent new results computed in work: solid lines are existing constraints, and dashed lines are projections. The
gray shaded regions represent kinetic mixing constraints (g � 2)µ [57]; LEP [58]; and BaBar [17]. Finally, the vertical dashed line labeled
Ne↵. is a model-dependent bound from DM freeze-out reheating photons preferentially over neutrinos during BBN [59], excluding parameter
space to the left of the line; if there are other sources of dark radiation, this bound can be alleviated.

to discover iDM models. We begin with a brief discussion of
existing constraints.

The parameter space of inelastically coupled DM for mass
scales beneath ⇠ GeV is constrained by precision measure-
ments, B-factories, and previous fixed-target experiments. On
the precision front, the anomalous magnetic moment of the
muon and electron constrains the interaction strength between
the dark photon A0 and the SM particles [57]. On the collider
front, both LEP and BaBar set a bound for larger values of ✏.
The former arises from the shift in m

Z

induced from mixing
with A0 [58], and the latter from a monophoton and missing
mass re-analysis [35, 37, 43].

Some of the strongest constraints from elastic DM arise
from E137 [21, 44], an electron beam dump experiment, and
LSND [20, 47], a proton beam fixed-target neutrino produc-
tion experiment. Here, we reinterpret the constraints in terms
of coannihilating DM. As discussed in Sec. III C above, there
are two qualitatively different signals: a scattering signal,
where �

1,2

up- or downscatter at the detector and produce a
recoiling target and possibly an e+e� pair, and a decay signal,
where �

2

survives to the detector and decays inside, produc-
ing an e+e� pair. The reach of these experiments depends
on their ability to distinguish these multiple signals. While
E137 is only sensitive to total energy deposits, the angular

Target moves up, bounds/projections move down

Large Splitting ~ 40%
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(left) and the mediator mass mA0 = 10m1 (right). Note that for very small mass splittings, the decay searches become ineffective and the best
limits arise from scattering and collider searches, whose observables do not rely on a prompt �2 decay.

resolution of LSND means it is potentially sensitive to well-
separated e+/e� pairs, which can be distinguished from the
fake elastic events we used in estimating the sensitivity in this
work and could enhance the sensitivity. However, this would
require access to the LSND data as this signal of two charged
tracks in the detector is not present in any published analy-
sis. These existing constraints are illustrated in Fig. 6 for ↵

D

= 0.1, m
A

0
= 3m

1

, and various values of �. For all but the
smallest splittings, the combination of LSND and E137 covers
a large portion of the thermal target in the 1-100 MeV range.
However, for 2m

1

+� > m
⇡

0 , DM production through pions
is kinematically forbidden, so we see sharp kinematic cutoffs
at the pion threshold.

For comparison, Fig. 7 shows the effect of varying our
benchmark parameters (each panel varies one detail relative to
the top-left panel of Fig. 6) to demonstrate that these bench-

marks are conservative and representative of the viable param-
eter space. In particular, the top row of Fig. 7 shows how the
parameter space in the top-left plot of Fig. 6 changes as we
increase and decrease ↵

D

while holding all other parameters
fixed. Although there is slightly more viable parameter space
for the large value ↵

D

= 0.5, this choice is close to the pertur-
bativity limit for abelian dark sectors [60], so we regard our
benchmark choice as a representative and conservative value;
choosing a smaller coupling excludes more parameter space
on the y vs. m

1

plane, as we see for ↵
D

= ↵ in the same
figure. In the bottom row of Fig. 7, we vary our � and m

A

0

benchmarks from Fig. 6. In the bottom-left plot, we show the
nearly-elastic case of � = 0.01m

1

, where the decay signal
shuts off and the constraints are dominated by scattering. For
comparison, we also show the recent MiniBooNE elastic scat-
tering results [50], for which the beam energy is sufficiently
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FIG. 6. Parameter space compatible with thermal inelastic DM for different choices of � with constraints and future projections presented.
The black relic density curve is computed using the procedure described in Appendix A. For each choice of �, the relic density curve is
insensitive to the relative values of ✏, ↵D , or m1/mA0 , however, some constraints depend sensitively on these choices. Typical examples of
this sensitivity are LEP and (g � 2)µ for which the curves shown here are based only on their limits on ✏; the observables in question do
not depend on ↵D or the DM/mediator mass ratio. Thus, where appropriate, we have adopted the conservative prescription ↵D = 0.1 and
m1/mA0 = 3 to place these constraints on this plot, thereby revealing the remaining viable parameter space; see text for a discussion. The
colored curves in these plots represent new results computed in work: solid lines are existing constraints, and dashed lines are projections. The
gray shaded regions represent kinetic mixing constraints (g � 2)µ [57]; LEP [58]; and BaBar [17]. Finally, the vertical dashed line labeled
Ne↵. is a model-dependent bound from DM freeze-out reheating photons preferentially over neutrinos during BBN [59], excluding parameter
space to the left of the line; if there are other sources of dark radiation, this bound can be alleviated.

to discover iDM models. We begin with a brief discussion of
existing constraints.

The parameter space of inelastically coupled DM for mass
scales beneath ⇠ GeV is constrained by precision measure-
ments, B-factories, and previous fixed-target experiments. On
the precision front, the anomalous magnetic moment of the
muon and electron constrains the interaction strength between
the dark photon A0 and the SM particles [57]. On the collider
front, both LEP and BaBar set a bound for larger values of ✏.
The former arises from the shift in m

Z

induced from mixing
with A0 [58], and the latter from a monophoton and missing
mass re-analysis [35, 37, 43].

Some of the strongest constraints from elastic DM arise
from E137 [21, 44], an electron beam dump experiment, and
LSND [20, 47], a proton beam fixed-target neutrino produc-
tion experiment. Here, we reinterpret the constraints in terms
of coannihilating DM. As discussed in Sec. III C above, there
are two qualitatively different signals: a scattering signal,
where �

1,2

up- or downscatter at the detector and produce a
recoiling target and possibly an e+e� pair, and a decay signal,
where �

2

survives to the detector and decays inside, produc-
ing an e+e� pair. The reach of these experiments depends
on their ability to distinguish these multiple signals. While
E137 is only sensitive to total energy deposits, the angular
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FIG. 6. Parameter space compatible with thermal inelastic DM for different choices of � with constraints and future projections presented.
The black relic density curve is computed using the procedure described in Appendix A. For each choice of �, the relic density curve is
insensitive to the relative values of ✏, ↵D , or m1/mA0 , however, some constraints depend sensitively on these choices. Typical examples of
this sensitivity are LEP and (g � 2)µ for which the curves shown here are based only on their limits on ✏; the observables in question do
not depend on ↵D or the DM/mediator mass ratio. Thus, where appropriate, we have adopted the conservative prescription ↵D = 0.1 and
m1/mA0 = 3 to place these constraints on this plot, thereby revealing the remaining viable parameter space; see text for a discussion. The
colored curves in these plots represent new results computed in work: solid lines are existing constraints, and dashed lines are projections. The
gray shaded regions represent kinetic mixing constraints (g � 2)µ [57]; LEP [58]; and BaBar [17]. Finally, the vertical dashed line labeled
Ne↵. is a model-dependent bound from DM freeze-out reheating photons preferentially over neutrinos during BBN [59], excluding parameter
space to the left of the line; if there are other sources of dark radiation, this bound can be alleviated.

to discover iDM models. We begin with a brief discussion of
existing constraints.

The parameter space of inelastically coupled DM for mass
scales beneath ⇠ GeV is constrained by precision measure-
ments, B-factories, and previous fixed-target experiments. On
the precision front, the anomalous magnetic moment of the
muon and electron constrains the interaction strength between
the dark photon A0 and the SM particles [57]. On the collider
front, both LEP and BaBar set a bound for larger values of ✏.
The former arises from the shift in m

Z

induced from mixing
with A0 [58], and the latter from a monophoton and missing
mass re-analysis [35, 37, 43].

Some of the strongest constraints from elastic DM arise
from E137 [21, 44], an electron beam dump experiment, and
LSND [20, 47], a proton beam fixed-target neutrino produc-
tion experiment. Here, we reinterpret the constraints in terms
of coannihilating DM. As discussed in Sec. III C above, there
are two qualitatively different signals: a scattering signal,
where �

1,2

up- or downscatter at the detector and produce a
recoiling target and possibly an e+e� pair, and a decay signal,
where �

2

survives to the detector and decays inside, produc-
ing an e+e� pair. The reach of these experiments depends
on their ability to distinguish these multiple signals. While
E137 is only sensitive to total energy deposits, the angular
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FIG. 7. Top row: Same as the top-left panel of Fig. 6, but with different choices for ↵D . For larger couplings near the perturbativity limit [60]
(left with ↵D = 0.5) the viable parameter space increases slightly relative to Fig. 6. For smaller couplings (right with ↵D = ↵) the thermal
target is nearly closed. Bottom row: Same as the-top left panel in Fig. 6, but with different choices for the inelastic splitting � = 0.01m1

(left) and the mediator mass mA0 = 10m1 (right). Note that for very small mass splittings, the decay searches become ineffective and the best
limits arise from scattering and collider searches, whose observables do not rely on a prompt �2 decay.

resolution of LSND means it is potentially sensitive to well-
separated e+/e� pairs, which can be distinguished from the
fake elastic events we used in estimating the sensitivity in this
work and could enhance the sensitivity. However, this would
require access to the LSND data as this signal of two charged
tracks in the detector is not present in any published analy-
sis. These existing constraints are illustrated in Fig. 6 for ↵

D

= 0.1, m
A

0
= 3m

1

, and various values of �. For all but the
smallest splittings, the combination of LSND and E137 covers
a large portion of the thermal target in the 1-100 MeV range.
However, for 2m

1

+� > m
⇡

0 , DM production through pions
is kinematically forbidden, so we see sharp kinematic cutoffs
at the pion threshold.

For comparison, Fig. 7 shows the effect of varying our
benchmark parameters (each panel varies one detail relative to
the top-left panel of Fig. 6) to demonstrate that these bench-

marks are conservative and representative of the viable param-
eter space. In particular, the top row of Fig. 7 shows how the
parameter space in the top-left plot of Fig. 6 changes as we
increase and decrease ↵

D

while holding all other parameters
fixed. Although there is slightly more viable parameter space
for the large value ↵

D

= 0.5, this choice is close to the pertur-
bativity limit for abelian dark sectors [60], so we regard our
benchmark choice as a representative and conservative value;
choosing a smaller coupling excludes more parameter space
on the y vs. m

1

plane, as we see for ↵
D

= ↵ in the same
figure. In the bottom row of Fig. 7, we vary our � and m

A

0

benchmarks from Fig. 6. In the bottom-left plot, we show the
nearly-elastic case of � = 0.01m

1

, where the decay signal
shuts off and the constraints are dominated by scattering. For
comparison, we also show the recent MiniBooNE elastic scat-
tering results [50], for which the beam energy is sufficiently
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FIG. 8. Same parameter space as the top-left and bottom-right panels of Fig. 6, but with the mass range extended out to the electroweak scale.
Here we combine the results of this paper with the LHC, BaBar, and Belle II constraints and projections presented in Ref. [17]. The combined
reach from the sum of these efforts suffices to cover nearly all remaining parameter space for thermal coannihilation; thermal DM models with
masses below the MeV scale suffer generic conflicts with Ne↵ [61] and masses above ⇠ 100 TeV generically violate perturbative unitarity
[5]. The only gaps not covered by this program of searches occur at very small mass splittings � ⌧ 0.01m1, depicted in the lower left panel
of Fig. 7. For such small splittings, the decay searches become weak on account of the ��2 / �5 scaling, and are not even kinematically
allowed at low masses since � < 2me.

large that the small 1% mass splitting does not affect the reach.

In the bottom-right plot, we show results for a larger hi-
erarchy, m

A

0/m
1

= 10. For a given m
1

, �, and ↵
D

,
the production rate is decreased as that event now arises
from a much heavier A0. If we parameterize the produc-
tion rates at m

A

0/m
1

= 3 and m
A

0/m
1

= 10 as N
3

✏2 and
N

10

✏2, respectively, the total decay or scattering yield scales
as N

3,10

✏4/m4

A

0 . Thus, for a fixed event yield, ✏ scales lin-
early with m

A

0 but only as N
1/4

3,10

. Far from any kinematic
boundaries, the sensitivity in y / ✏2/m4

A

0 improves relative
to the thermal target since the scaling with m

A

0 dominates
the scaling with (N

3

/N
10

)

1/4. However, the reach at large
masses degrades as the A0 mass approaches the maximum
available energy more rapidly and A0 production shuts off.

We now turn to the potential of new proposals to largely
cover the entire parameter space motivated by thermal iDM.
We focus on three experiments representative of the setups we
have previously discussed: MiniBooNE, BDX, and LDMX,
which are proton beam dump, electron beam dump, and miss-
ing energy experiments, respectively. As discussed in Sec. III,
the dominant signal at MiniBooNE is �

2

decay in the detec-
tor whenever it is kinematically allowed. Since MiniBooNE
has particle ID [53, 62], electrons can in principle be distin-
guished from photons, and thus a well-separated e+/e� pair
and no other activity in the detector is a signal with few irre-
ducible backgrounds. This stands in sharp contrast to the case
of elastic DM scattering at MiniBooNE [50], which must al-
ways contend with an irreducible neutrino background. Note
that the lower boundary of the decay curve is set by the energy

Small Splitting ~ 10%

Collider Complementarity
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FIG. 8. Same parameter space as the top-left and bottom-right panels of Fig. 6, but with the mass range extended out to the electroweak scale.
Here we combine the results of this paper with the LHC, BaBar, and Belle II constraints and projections presented in Ref. [17]. The combined
reach from the sum of these efforts suffices to cover nearly all remaining parameter space for thermal coannihilation; thermal DM models with
masses below the MeV scale suffer generic conflicts with Ne↵ [61] and masses above ⇠ 100 TeV generically violate perturbative unitarity
[5]. The only gaps not covered by this program of searches occur at very small mass splittings � ⌧ 0.01m1, depicted in the lower left panel
of Fig. 7. For such small splittings, the decay searches become weak on account of the ��2 / �5 scaling, and are not even kinematically
allowed at low masses since � < 2me.

large that the small 1% mass splitting does not affect the reach.

In the bottom-right plot, we show results for a larger hi-
erarchy, m

A

0/m
1

= 10. For a given m
1

, �, and ↵
D

,
the production rate is decreased as that event now arises
from a much heavier A0. If we parameterize the produc-
tion rates at m

A

0/m
1

= 3 and m
A

0/m
1

= 10 as N
3

✏2 and
N

10

✏2, respectively, the total decay or scattering yield scales
as N

3,10

✏4/m4

A

0 . Thus, for a fixed event yield, ✏ scales lin-
early with m

A

0 but only as N
1/4

3,10

. Far from any kinematic
boundaries, the sensitivity in y / ✏2/m4

A

0 improves relative
to the thermal target since the scaling with m

A

0 dominates
the scaling with (N

3

/N
10

)

1/4. However, the reach at large
masses degrades as the A0 mass approaches the maximum
available energy more rapidly and A0 production shuts off.

We now turn to the potential of new proposals to largely
cover the entire parameter space motivated by thermal iDM.
We focus on three experiments representative of the setups we
have previously discussed: MiniBooNE, BDX, and LDMX,
which are proton beam dump, electron beam dump, and miss-
ing energy experiments, respectively. As discussed in Sec. III,
the dominant signal at MiniBooNE is �

2

decay in the detec-
tor whenever it is kinematically allowed. Since MiniBooNE
has particle ID [53, 62], electrons can in principle be distin-
guished from photons, and thus a well-separated e+/e� pair
and no other activity in the detector is a signal with few irre-
ducible backgrounds. This stands in sharp contrast to the case
of elastic DM scattering at MiniBooNE [50], which must al-
ways contend with an irreducible neutrino background. Note
that the lower boundary of the decay curve is set by the energy

Large Splitting ~ 40%

Collider Complementarity



Conclusion
Coannihilation Freeze Out 

•Mass difference changes freeze out
•Need larger couplings (increases with splitting!)

Fixed-Target, Neutrino, & B-Factory Experiments
• Still have scattering/missing energy searches 

•Two level dark sector (pseudo-Dirac example)

•Also have powerful decay searches for excited state

Can test nearly all scenarios
•Increasing the splitting doesn’t decouple the bounds

•Covering splittings up to ~ 50% gets everything!

•Other experiments? SeaQuest, DUNE, NOvA

•Collider displaced vertex searches @ higher masses


