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What is this stuff ?

Zeroth Order Outstanding Problems

Accelerated

Expansion
Cosmic

Matter Asymmetry

Also Quantum Gravity

Inflation
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Neutrino Masses
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• Historical Perspective

• Light DM (<GeV)

Overview 

• Accelerator Searches

Thermal DM & WIMPs

Proton & Electron Beams 

Models & Milestones
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Each step required revolutionary theoretical/experimental leaps 

Fermi Scale Identified

W/Z Bosons Discovered 

(1930s)

Discovery of  Radioactivity (1890s)

Higgs Discovered 

Non-Abelian Gauge Theory (1950s)

(1970s)

(2010s)

Higgs Mechanism (1960s)

t ⇠ 100 years

Understanding the Electroweak Sector
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Fermi Scale Identified GF ⇠ 1

(100GeV)2
(1930s)
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No clear target for non-gravitational contact
Discovery time frame? 

Discovery of  missing mass (1930s)

Relevant scale? > 2017

Precision CMB measurements (1990s)

Rotation curves (1970s)

t > 80 yrs

Understanding the Dark Sector?
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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

15

DM Prognosis?
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H ⇠ n�v =)

If interaction rate exceeds Le↵ =
g2

⇤2
(�̄�µ�)(f̄�µf)

Equilibrium is easily achieved in the early universe if 

T 2

mPl
⇠ g2T 5

⇤4

����
T=m�

g & 10�8

✓
⇤

10GeV

◆2 ✓GeV

m�

◆3/2

 Hubble expansion

Trivially satisfied in nearly all discoverable models

Thermal Equilibrium
Advantage #1:  Easily Achieved 
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Thermal Equilibrium
Advantage #2:  Minimum Annihilation Rate

Griest et. al. 1992

Observed density requires

Asymmetric Thermal DM:
Just need to deplete antiparticles

 Rate can be bigger, but not smaller

Symmetric Thermal DM 

�vasym > 3⇥ 10�26cm3s�1

�vsym ⇠ 3⇥ 10�26cm3s�1

⌦� ⇠ h�vi�1

n(eq.)
DM =

Z
d3p

(2⇡)3
gi

eE/T ± 1
⇠ T 3

DM is overproduced, need to annihilate away the excess!

Freeze out

Either way, there’s a target!
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Initial condition known

Thermal Equilibrium
Advantage #3:  UV Insensitive

Mass & couplings set abundance

Compatible with nearly all UV scenarios

Can learn a lot from a discovery!

Only two known UV insensitive mechanisms
1) Freeze out (thermal + annihilation)

tiny couplings = very hard to test 
2) Freeze-in (nonthremal, no annihilation)
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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

< MeV

Thermal Equilibrium
Advantage #4: Narrows Viable Mass Range

Neff  / BBN
⇠me ⇠mp mh

Luckily the thermal window is in our neighborhood
it didn’t have to be this way!13



Classifying WIMP Interactions
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FIG. 3: 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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FIG. 5. The diagrams for dark matter elastic scattering with nuclei corresponding to the case in which the dark matter
annihilates to hh through the t-channel exchange of a fermonic mediator mediator, �2 (see Sec. VB). Crossed diagrams are
not shown.

rescaled for the case of annihilations to hh). In contrast,
the annihilation cross section is velocity suppressed in
the case of a purely scalar coupling (�

p

= 0), leading
to no appreciable indirect detection signals. In none of
these cases are the current constraints from direct detec-
tion experiments very restrictive, and unless m

A

is quite
small, such scenarios predict elastic scattering cross sec-
tions that are below the neutrino floor. Furthermore, if
the coupling between the dark matter and the media-
tor is purely pseudoscalar (�

s

= 0), no detectable elastic
scattering cross section is generated.

B. t-channel fermionic mediator

In this subsection, we consider Majorana dark matter,
�
1

, that annihilates to hh through the t-channel exchange
of an additional fermion, �

2

:
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The expanded low-velocity annihilation cross section in
this case is given by:
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Scattering with quarks and gluons occurs in this simplified model at leading order through the diagrams presented
in Fig. 5. Similar to Sec. VA, the full set of diagrams involves Higgs-vertex corrections, but now also includes the
Higgs box diagram of Fig. 5(b). Although this latter process is suppressed by the Yukawa couplings of the light
valence quarks and is subdominant, for completeness we include it in our numerical analysis. The quark and gluon
Wilson coe�cients are given by:
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p

Very different at low energy, despite high energy similarities 
Each     interaction can realize thermal annihilation at T ~ M

time �!

EW loop

� ⌘ m2 �m1
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Classifying WIMP Interactions
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Scattering with quarks and gluons occurs in this simplified model at leading order through the diagrams presented
in Fig. 5. Similar to Sec. VA, the full set of diagrams involves Higgs-vertex corrections, but now also includes the
Higgs box diagram of Fig. 5(b). Although this latter process is suppressed by the Yukawa couplings of the light
valence quarks and is subdominant, for completeness we include it in our numerical analysis. The quark and gluon
Wilson coe�cients are given by:
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Ruled out with first generation direct detection experiments
But still a long way to go to fully test others …
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

Elastic
Z exchange

Higgs

1-Loop
EW box

Cushman et al. arXiv:1310.8327

exchange

Rough targets due to  
WIMP model dependence 
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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

< MeV
Neff  / BBN

Thermal Equilibrium
Advantage #3: Narrows Viable Mass RangeA Mature LDM program?

Mature search program
will test most WIMP milestones 
(but LHC + neutrino floor…)

?
17



• Historical Perspective

• Light DM (<GeV)

Overview 

• Accelerator Searches

Thermal DM & WIMPS

Models & Milestones

B-factories & Fixed Targets
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Would be overproduced without light “mediators”

LDM must be a SM singlet 
Otherwise would have been discovered (LEP etc.)

LDM needs new forces

�v ⇠
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⇠ 10�29cm3s�1
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⌘2

Lee/Weinberg ‘79

Key point: models must be renormalizable 
Greatly simplifies range of viable models 

 Model Building Requirements
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 Model Building Requirements

Planck Collaboration: Cosmological parameters
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pann [10�27cm3 s�1 GeV�1]
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Planck TT+lowP

WMAP9

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

1 10 100 1000 10000
m�[GeV]

10�27

10�26

10�25

10�24

10�23

f e
�

��
v
�[

cm
3
s�

1
]

Thermal relic

Planck TT,TE,EE+lowP
WMAP9
CVL
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.

51

Planck 
1303.5076

S-wave thermal relic ruled out < 10 GeV

Viable models need either : 

P-wave annihilation

Different DM population
during CMB epoch

LDM annihilation (after freeze out) can distort CMB

h�viCMB ⌧ h�viFreezeOut

OR 

e.g. asymmetric DM
e.g. pseudo-dirac DM



Hidden  vs. Direct Annihilation

Annihilation to Dark Sector

�

�

Annihilation to Visible Sector
Entropy transfer from annihilation

�

�

�

DM transfers entropy indirectly

Relic abundance set by 
mediator coupling to SM

OR

�

�
�

mediator

mediator
�

�
mediator

Predictive!

SM

SM



Annihilation to Dark Sector

�

�

Annihilation to Visible Sector
Entropy transfer from annihilation

�

�

�

DM transfers entropy indirectly

Relic abundance set by 
mediator coupling to SM

OR

�

�
�

mediator

mediator
�

�
mediator

Predictive!

SM

SM

Hidden  vs. Direct Annihilation



Pospelov, Ritz, Voloshin 0711.4866

�

�

�
�

�

SM

SM

�

D’Agnolo, Ruderman 1505.07107
Carlson, Machacek, Hall ‘92

(m� > m�)

“Forbidden” DM

“Secluded” DM

4

10-3 10-2 10-1   10 100

10-10

10-8

10-6

10-4

10-2

my@GeVD

e

Signals from Kinetic Mixing Had=0.1L

Not Forbidden DM

No Thermal Contact

Direct
Detection

No Thermal Contact

CMB

SN Cooling

SuperCDMS

Self-Interactions

Beam Dumps
Electron
Scattering

10-7 10-6 10-5 10-4 10-3 10-2 10-1   10 10010-12

10-10

10-8

10-6

10-4

10-2

1

my@GeVD

a d

Thermally Decoupled Dark Sector He=0L

Pauli Exclusion

Self-Interactions

Overclosure

4y Æ 2y

FIG. 3. The left side shows constraints on the kinetic mixing parameter, ✏, versusm , with� chosen to match the observed relic
density and ↵d = 0.1. Annihilation to SM states dominates over forbidden channels in the upper gray region, and the dark sector
is thermally decoupled from the SM in the lower gray region. Limits are shown from beam dump experiments (orange) [50–54],
supernovae cooling (blue) [50, 55], Planck (purple) [15, 56], and direct detection (pink) [57–59]. The dashed brown (black)
curves show the projected reach of SuperCDMS SNOLAB [2] (electron scattering [60]). The red shaded area (dashed curve)
shows the approximate sensitivity of current observations to DM self-interactions, �SI/m & 1 (0.1) cm2

/g [19, 20, 38–41].
The right side shows constraints on the dark sector when it is thermally decoupled from the SM. In the upper gray area
4 ! 2 dominates over forbidden annihilations. In the lower gray area DM is overabundant. The red shading and dashed
curve represent the same values for the self-interaction cross section as in the left panel. In the purple shaded area the DM mass
is too small to be simultaneously consistent with the Pauli exclusion principle and the densities observed in dwarf spheroidal
galaxies [35–37].

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

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

�
 N

⇡ ✏2
16⇡↵↵

d

µ2
 p

m4
�d

Z2

A2
, (8)

where µ
 p

= m
 

m
p

/(m
 

+ m
p

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

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

L � q
n

g
d

n̄�
µ

n �µ

d

(9)

where m
n

⌧ m
 

and q
n

⌧ 1 is the charge of n under
the dark force. We assume that q

n

is large enough to
keep �

d

in equilibrium with n but small enough to pre-
vent   ! nn̄ decays from dominating over forbidden
annihilations. A large range of parameters satisfies these
conditions, 10�10 . q

n

. 10�4. For m
n

. 1 eV, n is a
warm, subdominant, component of DM that contributes
less than 10% of the DM energy density, satisfying con-
straints on warm DM [32].

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

Tdark

T
SM

=

✓
gSM

⇤S

(T
SM

)

gSM

⇤S

(T0)

gdark
⇤S

(T0)

gdark
⇤S

(Tdark)

◆1/3

. (10)

In our model, the hidden sector becomes cooler than the
SM because more states freeze-out in the SM sector. At
low temperatures, T ⌧ m

 

, Tdark ⇡ 0.5 T
SM

. Because of
the smaller dark temperature, the hidden sector is con-
sistent with constraints on the number of relativistic de-
grees of freedom from BBN [30, 31] and the CMB [15],
including when m

 

⌧ T
BBN

⇠ 1 MeV. We computed
these constraints in the presence of a dark Higgs with the
same mass as the dark photon.

To the right of Fig. 3, we show the parameter space of
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Direct Annihilation: Lepton Portal? HLN

1) If N is the DM, it must be non thermal Dodelson & Widrow ‘92

2) If N is the mediator for direct annihilation
� N ⌫

' H

3) If DM annihilates to light N (e.g. low scale see-saw)
� N

N�

DM must be heavy

N ⌫
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Direct Annihilation: Higgs Portal?

Higgs portal ruled out 

H†H�

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-
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FIG. 3. 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�).

mechanism pp ! jets + (h ! ��). A recent ATLAS mea-
surement has extracted a limit of Br(h ! invisible) < 0.3
[38]. which for our scenario implies

g2� sin

2✓ ⇠< 4 ⇥ 10

�5 , (11)

or in terms of the variable plotted in top left panel of Fig. 2,
e ⇠< 7 ⇥ 10

�18, where the mass ratio is conservatively taken
to be m�/m� = 1/3; heavier mediators make this constraint
more severe, so this choice reveals the available gaps subject
to the condition that the mediator decays invisibly and that
�� ! ff annihilation is off resonance.

In addition to the mixing, the mixed � � h quartic interac-
tion may also contribute to exotic Higgs decays via h ! ��
[39]. If � decays invisibly to DM, this process contributes
to the Higgs invisible width, and if � decays visibly the pro-
cess can induce an array of SM final states, which reconstruct
the Higgs invariant mass and yield nested internal resonances.
However, the bounds and prospects for both scenarios depend
exclusively on the size of the quartic which does not affect the
DM thermal history or the bounds presented in this paper, so a
proper treatment of this possibility is beyond the scope of the
present work.

We also note that there are additional constraints on the
mixing angle sin ✓ from rare h ! �� decays. However, the
branching ratio for this process depends on a different dia-
grams which are sensitive to the mixing angle, mixed h2�2

quartic coupling, and the �3 cubic coupling, so the precise
bound arising from this process is model dependent and can-
not be presented in Fig. 2 without additional assumptions
about these other parameters.

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

Rare Meson Decays If � decays invisibly, this scenario in-
duces rare meson decays B+ ! K+� and is constrained by
limits on the B+ ! K+⌫⌫̄ branching fraction. The loop

level process arises from the effective Higgs mixing interac-
tion [20, 22]

LFCNC � (Csbs̄LbR + Csds̄LdR)� , (12)

where Csb,sd are effective coefficients that induce flavor
changing processes.

B-Meson Decays For B-mesons, The effective coefficient of
interest is

Csb =

3g2Wmbm
2
tV

⇤
tsVtb sin ✓

64⇡2m2
W v

= 6.4 ⇥ 10

�6
sin ✓ , (13)

and this interaction has the partial width [40]

�B!K�=

|Csb|2f0(m�)

2

16⇡m3
B+

✓
m2

B+ � m2
K

mb � ms

◆2

⇠(mB ,mK ,m�), (14)

⇠(a, b, c) =

p
(a2 � b2 � c2)2 � 4b2c2 , (15)

where the scalar form factor can be parametrized f0(q) =

0.33(1 � q2/38 GeV2
)

�1 [41]. The total B-meson width is
�B+

= 4.1 ⇥ 10

�13 GeV [42], 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✓, (16)

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

�5

[43] requires

e = (g�ge)
2

✓
m�

m�

◆4

⇠< 5.6 ⇥ 10

�19 . (17)

The exact bound for this DM/mediator mass ratio shown in
Fig. 2 (left) is computed from Eq. (14) using the efficien-
cies used in [43] 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
16⇡m3

K

✓
m2

K+ �m2
⇡+

ms�md

◆2

⇠(mK ,m⇡,m�), (18)

Unlike in Eq. (14), the analogous scalar form factor is close to
unity [44] and can be neglected. The effective FCNC coeffi-
cient from Eq. (12) is

Csd =

3g2Wmsm
2
tV

⇤
tsVtd sin ✓

64⇡2m2
W v

= 1.2 ⇥ 10

�9
sin ✓ , (19)

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

�17 GeV, so the
branching ratio is approximately

Br(K+ ! ⇡+�) ⇠ |Csd|2
16⇡

m3
K+

m2
s�K+

⇡ 6.7 ⇥ 10

�3
sin

2✓ , (20)

This final state contributes to the E797 and E949 measure-
ments of Br(K+ ! ⇡+⌫⌫̄) = (1.73

+1.15
�1.05) ⇥ 10

�10 [45]). To

Independently of DM assumption

time �!

30



Light neutral particle coupled to both DM & SM 

Scalar-Higgs mixing

Vector-photon mixing 

Fermion-neutrino mixing HLN

H†H�

Fµ⌫F 0
µ⌫

Vector mediates new force Jµ
SMVµ

Direct Annihilation:Which Mediator?

31



Representative Model: Dark QED
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Electron Direct Detection: Ionization
3

of outgoing electrons are found by numerically solving
the radial Schrödinger equation with a central potential
Z
e↵

(r)/r. Z
e↵

(r) is determined from the initial electron
wavefunction, assuming it to be a bound state of the same
central potential. We evaluate the form-factors numeri-
cally, cutting o↵ the sum at large l0, L once it converges.
Only the ionization rates of the 3 outermost shells (5p,
5s, and 4d, with binding energies of 12.4, 25.7, and 75.6
eV, respectively) are found to be relevant.

The energy transferred to the primary ionized electron
by the initial scattering process is ultimately distributed
into a number of (observable) electrons, n

e

, (unobserved)
scintillation photons, n

�

, and heat. To calculate n
e

, we
use a probabilistic model based on a combined theoreti-
cal and empirical understanding of the electron yield of
higher-energy electronic recoils. Absorption of the pri-
mary electron energy creates a number of ions, N

i

, and
a number of excited atoms, N

ex

, whose initial ratio is
determined to be N

ex

/N
i

⇡ 0.2 over a wide range of ener-
gies above a keV [18, 19]. Electron–ion recombination ap-
pears well-described by a modified Thomas-Imel recombi-
nation model [20, 21], which suggests that the fraction of
ions that recombine, f

R

, is essentially zero at low energy,
resulting in n

e

= N
i

and n
�

= N
ex

. The fraction, f
e

,
of initial quanta observed as electrons is therefore given
by f

e

= (1 � f
R

)(1 + N
ex

/N
i

)�1 ⇡ 0.83 [21]. The total
number of quanta, n, is observed to behave, at higher
energy, as n = E

er

/W , where E
er

is the outgoing energy
of the initial scattered electron and W = 13.8 eV is the
average energy required to create a single quanta [23].
As with f

R

and N
ex

/N
i

, W is only well measured at en-
ergies higher than those of interest to us, and thus adds
to the theoretical uncertainty in the predicted rates. We
use N

ex

/N
i

= 0.2, f
R

= 0 and W = 13.8 eV to give
central limits, and to illustrate the uncertainty we scan
over the ranges 0 < f

R

< 0.2, 0.1 < N
ex

/N
i

< 0.3,
and 12.4 < W < 16 eV. The chosen ranges for W and
N

ex

/N
i

are reasonable considering the available data
[9, 18, 19, 22]. The chosen range for f

R

is conserva-
tive considering the fit of the Thomas-Imel model to low-
energy electron-recoil data [20].

We extend this model to DM-induced ionization as fol-
lows. We calculate the di↵erential single-electron ion-
ization rate following Eqs. (1–3). We assume the scat-
tering of this primary electron creates a further n(1) =
Floor(E

er

/W ) quanta. In addition, for ionization of the
next-to-outer 5s and 4d shells, we assume that the pho-
ton associated with the de-excitation of the 5p-shell elec-
tron, with energy 13.3 or 63.1 eV, can photoionize, cre-
ating another n(2) = 0 (1) or 4 quanta, respectively, for
W > 13.3 eV (< 13.3 eV). The total number of detected
electrons is thus n

e

= n0

e

+ n00

e

, where n0

e

represents the
primary electron and is thus 0 or 1 with probability f

R

or (1 � f
R

), respectively, and n00

e

follows a binomial dis-
tribution with n(1) + n(2) trials and success probability
f
e

. This procedure is intended to reasonably approxi-
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FIG. 2: Top: Expected signal rates for 1-, 2-, and 3-electron
events for a DM candidate with �e = 10�36 cm2 and FDM = 1.
Widths indicate theoretical uncertainty (see text). Bottom:
90% CL limit on the DM–electron scattering cross section
�e (black line). Here the interaction is assumed to be in-
dependent of momentum transfer (FDM = 1). The dashed
lines show the individual limits set by the number of events
in which 1, 2, or 3 electrons were observed in the XENON10
data set, with gray bands indicating the theoretical uncer-
tainty. The light green region indicates the previously allowed
parameter space for DM coupled through a massive hidden
photon (taken from [2]).

mate the detailed microscopic scattering processes, but
presents another O(1) source of theoretical uncertainty.
The 1-, 2-, and 3-electron rates as a function of DM mass
for a fixed cross section and F

DM

= 1 are shown in Fig. 2
(top). The width of the bands arises from scanning over
f
R

, N
ex

/N
i

and W , as described above, and illustrates
the theoretical uncertainty.

RESULTS. Fig. 2 (bottom) shows the exclusion limit in
the m

DM

-�
e

plane based on the upper limits for 1-, 2-,
and 3-electrons rates in the XENON10 data set (dashed
lines), and the central limit (black line), corresponding
to the best limit at each mass. The gray bands show the
theoretical uncertainty, as described above. This bound
applies to DM candidates whose non-relativistic inter-
action with electrons is momentum-transfer independent
(F

DM

= 1). For DM masses larger than ⇠15MeV, the
bound is dominated by events with 2 or 3 electrons, due
to the small number of such events observed in the data
set. For smaller masses, the energy available is insu�-
cient to ionize multiple electrons, and the bound is set
by the number of single-electron events. The light green
shaded region shows the parameter space spanned by
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FIG. 3: 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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FIG. 1: Top: The spectrum of XENON10 dark matter
search data, corrected for trigger e�ciency. Blue boxes in-
dicate statistical uncertainty, while green boxes indicate the
systematic uncertainty arising from the the trigger e�ciency.
The e�ciency curve crosses 5% within the orange-hatched ver-
tical band. The thick gray curve is the best-fit triple Gaussian
function. Thin solid red curves indicated the best-fit individ-
ual components. Dashed lines indicate curves allowed at the
90% upper limit for each component. Small open squares in-
dicate the raw spectrum (uncorrected for trigger e�ciency)
from [10]. Arrows indicate 1-� upper limits on the number
of events for bins with no events. Bottom: The trigger e�-
ciency as determined by Monte Carlo simulation, whose range
is chosen such that the e�ciency curve crosses 5% at, or be-
fore, the first non-zero bin in the blue histogram.

shown in Fig. 2 of [10]. In this context, we define the
turn-on point as the location where the e�ciency curve
crosses 5%, which is indicated by the orange-hatched ver-
tical band in Fig. 1. If the e�ciency were to turn on at a
higher point, the peak of the single-electron distribution
would be shifted to values much lower than that of the
known detector response to these events, demonstrated
by Fig. 2 (top) of [10].

The measured spectrum of triggering ionization events,
which we analyze for a signal, is given in Fig. 2 (top)
of [10]. We reproduce this spectrum in Fig. 1 (top), cor-
rected for the trigger e�ciency. Wide (blue) bars rep-
resent statistical uncertainty, while the narrow (green)
bars indicate the systematic uncertainty introduced by
the range of allowed trigger e�ciencies. This spectrum
is fit by a triple Gaussian function with five free pa-
rameters: the heights, H

i

, of the three components and
the mean and width of the first component (µ

1

, �
1

).
The means, µ

i

, and widths, �
i

, are constrained to fol-
low the relations µ

i

= µ
1

i and �
i

= �
1

p
i, respectively,

where i = 1, 2, 3 identifies the Gaussian component. In-
dividual marginal posterior probability distributions are
obtained for the event rates of the three components,

r
i

= H
i

�
i

p
2⇡/✏S�x, where ✏ = 0.92 is the overall cut

e�ciency reported in [10], S=15 kg-days is the exposure,
and �x=0.1 electrons is the histogram bin width. From
these, upper limits are extracted taking the measured
spectrum to be due entirely to signal (i.e. no background
subtraction). The result of the fit, including statisti-
cal and systematic uncertainties, gives 90% upper con-
fidence bounds of r

1

< 23.4, r
2

< 4.23, and r
3

< 0.90
cts kg�1 day�1.
DIRECT DETECTION RATES. We assume that
DM particles scatter through direct interactions with
atomic electrons. If the DM–electron interaction is in-
dependent of the momentum transfer, q, then it is com-
pletely parametrized by the elastic cross section, �

e

, of
DM scattering with a free electron. For q-dependent in-
teractions, we define a cross section �

e

by fixing q = ↵m
e

in the matrix element [2]. The q dependence of the matrix
element is then described by a DM form-factor, F

DM

(q);
for example, if the interaction proceeds through a mass-
less vector mediator then F

DM

= (↵m
e

/q)2.
A large fraction of the kinetic energy carried by a DM

particle, E
DM

= m
DM

v2/2 ' 10 eV(m
DM

/20MeV), can
be transferred to a primary ionized electron. We treat the
target electrons as single-particle states bound in isolated
xenon atoms, using the numerical RHF bound wavefunc-
tions tabulated in [16]. The electron recoils with energy
E

er

, with a di↵erential ionization rate [2]

dR
ion

d lnE
er

= N
T

⇢
DM

m
DM

X

nl

dh�nl

ion

vi
d lnE

er

, (1)

where N
T

is the number of target atoms, ⇢
DM

=
0.4GeV cm�3 is the local DM density, and the velocity-
averaged di↵erential ionization cross section for electrons
in the (n, l) shell is given by

dh�nl

ion

vi
d lnE

er

=
�
e

8µ2

�e

Z
q
��fnl

ion

(k0, q)
��2��F

DM

(q)
��2⌘(v

min

) dq . (2)

Here v
min

= (|Enl

binding

|+E
er

)/q + q/2m
DM

, and ⌘(v
min

)

has its usual meaning h 1
v

✓(v�v
min

)i. We assume a stan-
dard Maxwell-Boltzmann velocity distribution with cir-
cular velocity v

0

= 220 km s�1 and a hard cuto↵ at
v
esc

= 544 km s�1 [17].
With full shells, the form-factor for ionization of an

electron in the (n, l) shell, escaping with momentum k0 =p
2m

e

E
er

after receiving a momentum transfer q, can be
written as

��fnl

ion

(k0, q)
��2= 4k03

(2⇡)3

X

l

0
L

(2l+1)(2l0+1)(2L+1)


l l0 L
0 0 0

�
2

⇥
����
Z
r2dr R

k

0
l

0(r)R
nl

(r)j
L

(qr)

����
2

, (3)

where [· · · ] is the Wigner 3-j symbol and j
L

is a spher-
ical Bessel function. The radial wavefunctions R

k

0
l

0(r)

(Stay tuned for Xenon 100)

Needs atomic form factor 
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FIG. 6: a) Scalar DM pair production from electron-beam col-
lisions. An on-shell A0 is radiated and decays o↵ diagonally to
'h,` pairs. b) Inelastic up scattering of the lighter '` into the
heavier state via A0 exchange. For order-one (or larger) mass
splittings, the metastable state promptly de-excites inside the
detector via 'h ! '`e

+e�. The signal of interest is involves
a recoiling target with energy ER and two charged tracks to
yield a instinctive, zero background signature.
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FIG. 7: a) Scalar DM pair production in electron-nucleus col-
lisions. An on-shell A0 is radiated and decays o↵ diagonally to
'h,` pairs. b) Inelastic up scattering of the lighter '` into the
heavier state via A0 exchange inside the detector. For order-
one (or larger) mass splittings, the metastable state promptly
de-excites inside the detector via 'h ! '`e

+e�. This process
yields a target (nucleus, nucleon, or electron) recoil ER and
two charged tracks, which is a instinctive, zero background
signature, so nuclear recoil cuts need not be limiting.

Scatter off atomic electrons

mA0 ⌧ m� ! �e / q�2 ⇠ 1

m2
ev

2

Best for visibly decaying dark photons

30

Electron Direct Detection: Semiconductors

Figure 6. Dark Matter–Electron Cross-Section Sensi-
tivity: The 95% C.L. exclusion reach in the DM–electron
scattering cross-section, �e, of an experiment with 1 kg-
year exposure and zero background events, for different ex-
perimental thresholds. Solid (dashed) lines show the reach
for silicon (germanium) targets. Ionization thresholds of 1,
5, and 10 electron-hole pairs are shown with blue, green,
and red lines, respectively. The corresponding energy
thresholds are 0, 11.6, and 26.1 eV in germanium, and 0,
14.4, and 32.4 eV in silicon. The gray shaded region shows
the existing constraint from XENON10 data [31]. The three
plots assume different DM form factors, F

DM

(q) = 1,
↵me/q, (↵me/q)

2, corresponding to different DM mod-
els.

and E
e

, for both silicon and germanium. The rapid fall-off as q increases is clearly visible. The solid
line in the figure corresponds to v

min

= v
esc

+ v
E

from Eq. (3.12) as m
�

! 1. The region below
this line is kinematically inaccessible for any DM mass. The dashed line uses the velocity of a typical
DM particle in the halo, i.e. v

min

= 300 km/s. We see that larger recoil energies require larger q, for
which the crystal form factor is suppressed. The implication of this is that the DM-electron scattering
rates increase dramatically for smaller recoil energies, resulting in a dramatic increase in sensitivity
as detector thresholds are lowered.
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FIG. 3: 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.

Awesome potential, but BG poorly understood (R&D in progress)
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When calculating rates, we assume a Maxwell-Boltzmann distribution with a sharp cutoff (we
describe this in more detail, and give analytic formulas for ⌘(v

min

), in Appendix B). The requirement
of energy conservation is captured by v

min

(q, E
e

), the minimum speed a DM particle requires in order
for the electron to gain an energy E

e

with momentum transfer q (note that E
e

was also denoted as
�E

e

in §3.1). This is given by

v
min

(q, E
e

) =

E
e

q
+

q

2m
�

. (3.12)

Figure 4. Scissor corrected band structure for silicon (left) and germanium (right) as calculated with Quantum

ESPRESSO [69] with a very fine k-point mesh. The horizontal dashed line indicates the top of the highest valence band. The
four bands below the horizontal dashed line are the valence bands while the bands above the dashed line are the conduction
bands. We also show the density-of-states (DOS) as a function of the energy for a very fine k-point mesh (blue) and for our
243 k-point mesh (red). A Gaussian smearing of 0.15 eV was used to generate a smooth function.

Differential rate. As we show in Appendix A.4, the differential electron scattering rate in a semi-
conductor target (with the approximation of a spherically symmetric DM velocity distribution) can be
written as

dR
crystal

d lnE
e

=

⇢
�

m
�

N
cell

�
e

↵

⇥ m2

e

µ2

�e

Z
d ln q

✓
E

e

q
⌘
�
v
min

(q, E
e

)

�◆
F
DM

(q)2
��f

crystal

(q, E
e

)

��2 , (3.13)

where ⇢
�

' 0.4 GeV/cm3 is the local DM density, E
e

is the total energy deposited, and N
cell

=

M
target

/M
cell

is the number of unit cells in the crystal target. (M
cell

= 2 ⇥ m
Ge

= 145.28 amu =

135.33 GeV for germanium, and M
cell

= 2 ⇥ m
Si

= 56.18 amu = 52.33 GeV for silicon.)
We have written this in such a way that the first line gives a rough estimate of the rate, about
29 (11) events/kg/day for silicon (germanium) for ⇢

�

= 0.4 GeV/cm3, m
�

= 100 MeV, and �
e

'

– 13 –

�Eband gap ⇠ O(eV)
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Also semiconductor electrons  

DM scatter off atomic electrons

Superconductor Cooper pairs
Hochberg, Zhao, Zurek 1504.07237 

Emerging DD Revolution

See A. Manasalay’s Talk

FIG. 6: Constraints and projections for the DM-electron scattering cross section �̄e. The left (right)

plots assume a momentum-independent (dependent) interaction, FDM = 1 (FDM = (↵me/q)2). Existing

constraints from XENON10 (XENON100) [90, 91] are shown in the blue (red) shaded regions. Projections

show 3 events for a 1-year exposure [50, 90, 94, 95, 98, 99]; the label includes the threshold (in terms of number

of electrons, photons, or the electron recoil energy) and target mass. Solid/dashed/dotted lines indicate

an estimate of the time to start taking data, corresponding roughly to a short/medium/long timescale,

respectively. A solid line indicates a mature technology: data taking can begin in . 2 years and a zero

background (radioactivity or dark currents) is reasonable for the indicated thresholds. A dashed line indicates

more R&D is required and, if successful, data taking could start in ⇠ 2 � 5 years; the projected sensitivity

assumes that backgrounds can be controlled. A dotted line indicates longer-term R&D e↵orts. Bottom left

plot assumes DM scatters through an A0 with mA0 = 3m�. Five theory targets are shown as explained in

Section IV B. In addition to electron-recoil experiments, we show projections from nuclear-recoil experiments

(from Fig. 8). Gray shaded regions are constraints from LSND, E137, BaBar, and current WIMP nuclear-

recoil searches [50]. Bottom right plot assumes DM scatters through an A0 with mA0 ⌧ keV; a

freeze-in target is shown. Shaded gray regions are bounds from WIMP nuclear-recoil searches, stellar, and

BBN constraints [50]. The superconductor projection in bottom plots include in-medium e↵ects for an A0

and assume a dynamic range of 10 meV–10 eV. 50
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Classify Viable Models by DD Scattering
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FIG. 3: a) ��̄ pair production in electron-nucleus collisions
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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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Natural Variable for Thermal Targets 
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�v ⇠ 3⇥ 10�26cm3s�1

Define new variable optimized for thermal targets 

Insensitive to ratios of inputs, unique y for given DM mass
up to subleading corrections

Izaguirre, GK, Schuster. Toro  1505.00011  

NB: not every experiment measures y directly 
Important to be conservative in presenting bounds
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Signatures @ B-Factories 
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FIG. 5: Upper bounds on the coupling of electrons to a me-
diator decaying invisibly to dark-sector states (region (b) of
Fig. 2). The solid black line / blue shaded region shows the
bound from BABAR data (this work), for a vector or pseudo-
vector mediator. The dotted line shows the bound for a scalar
or pseudo-scalar mediator. The black dashed line shows the
projected upper limit from an “improved BABAR” analysis
for a vector or pseudo-vector mediator, where the �/� back-
ground has been reduced by a factor of 10. The projected
reaches of four possible searches for a vector mediator at Belle
II are shown by the solid blue lines: a converted mono-photon
search (dashed, labelled (a) and (b), which respectively as-
sume no (a factor of 10) improvement in the �/� background
rejection over the “improved BABAR” projection), a standard
mono-photon search (solid), and a low-energy mono-photon
search (dot-dashed) (see Sec. VI). The gray shaded region is
excluded by LEP [5]. Additional limits relevant for sub-GeV
mediators are shown in Fig. 7. See text for more details.

in our analysis, since our signal would also appear in
the o↵-resonance sample. The search becomes there-
fore background-limited for mA0 <⇠ 1 GeV in the current
BABAR data. However, an improved background esti-
mate may be possible. We therefore show a projection
for an “improved BABAR” limit, assuming that the �

/

�

background can be reduced by a factor of 10. For this
case, we fit smooth curves to the current BABAR data to
show the expected limit. At Belle II, additional improve-
ments in both background rejection and resolution may
decrease the value of mA0 at which the search becomes
background-limited to a few hundred MeV, see Sec. VI.

We convert the limits on N

signal

into limits on ge using
simulation, accounting for the cut e�ciency as described
above. The limits are shown in Fig. 5, along with pro-
jections for Belle II and limits from LEP (see Secs. VI
and V A). In Figs. 7 and 10 we show our limits in the "

versus mA0 plane for the special case of an invisibly de-
caying hidden photon. The bounds and projected reach
of various other experiments are also shown, and are dis-
cussed further in Sec. V B.
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∂ + perturbativity
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FIG. 6: Upper limits on geg� for the o↵-shell light media-
tor region (region (c) of Fig. 2), for a fixed mediator mass of
100 MeV. The coloring and assumptions of the BABAR and
Belle II curves are as in Fig. 4. The gray shaded region is ex-
cluded by LEP [5]. With a hidden-photon mediator, there is
a stronger constraint from combining g�-perturbativity with
a search for visibly-decaying hidden-photons at KLOE (green
line). The possible reach of an edge search is not shown,
but may allow some improvement. The solid and dotted blue
line both show the projected reach of Belle II in the vector-
mediated case assuming that the various background compo-
nents are known at the 5� 20% level (“systematics” limited)
or, more idealistically, are known perfectly up to statistical
fluctuations (“statistics” limited) (see Sec. VI for details). See
text for more details.

C. Constraints for O↵-Shell Light Mediators

When 2me < mA0
< 2m� (region (c) of Fig. 2), � +��

production proceeds through a light o↵-shell mediator,
giving a broad mono-photon spectrum as seen in Fig. 3.
This spectrum has a kinematic edge at m

2

�� = 4m

2

�.
Without good control over backgrounds, this spectrum is
di�cult to distinguish from backgrounds, and we conser-
vatively place constraints by requiring that the expected
signal does not exceed the observed number of events by
more than 2� in any bin.

Fig. 6 shows the upper limit on geg� as a func-
tion of m� for a fixed mediator mass of 100 MeV, for
various mediator types. The constraint on geg� from
LEP (see Sec. V A) is shown by the gray shaded re-
gion. In the case of a hidden photon mediator there
is a stronger constraint, shown by the green line. This
combines the requirement g� <

p
4⇡ (for perturbativ-

ity) with bound on a visibly-decaying hidden photon by
the KLOE experiment, which constrains ge < 0.002 for
mA0 = 100 MeV [68]. We note that if the mediator can
decay to a second light state in the hidden sector then
the visible constraints do not apply. However, this second
light state is then constrained by the on-shell constraints
in Sec. IVB, which are of comparable strength.

Also shown is the projected reach of Belle II for the

 mono photon + missing energy 
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to an 90% confidence limit on the dark-
matter cross section parameter, Y = ✏2↵0(m�/mv)

4 . 10�8, for ↵0 = 0.5 and for dark-matter
masses of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from
a dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

PACS numbers: 95.35.+d,13.15.+g

Introduction — There is strong evidence for dark mat-
ter (DM) from observations of gravitational phenomena
across a wide range of distance scales [1]. A substantial
program of experiments has evolved over the last sev-
eral decades to search for non-gravitational interactions
of DM, with yet no undisputed evidence in this sector.
Most of these experiments target DM with weak scale
masses and are less sensitive to DM with masses below a
few GeV. To complement these approaches, new search
strategies sensitive to DM with smaller masses should be
considered [2].

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3–18]. In these experiments, DM particles may be
produced in collisions with nuclei in the fixed target, of-
ten a beam dump, and may be identified through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to
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FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o↵-target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o↵-target mode lowering the neutrino flux.

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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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.
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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
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
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)
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, U(1)
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�`
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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]
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FIG. 6: a) Scalar DM pair production from electron-beam col-
lisions. An on-shell A0 is radiated and decays o↵ diagonally to
'h,` pairs. b) Inelastic up scattering of the lighter '` into the
heavier state via A0 exchange. For order-one (or larger) mass
splittings, the metastable state promptly de-excites inside the
detector via 'h ! '`e

+e�. The signal of interest is involves
a recoiling target with energy ER and two charged tracks to
yield a instinctive, zero background signature.
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heavier state via A0 exchange inside the detector. For order-
one (or larger) mass splittings, the metastable state promptly
de-excites inside the detector via 'h ! '`e

+e�. This process
yields a target (nucleus, nucleon, or electron) recoil ER and
two charged tracks, which is a instinctive, zero background
signature, so nuclear recoil cuts need not be limiting.
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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
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
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
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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]
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to an 90% confidence limit on the dark-
matter cross section parameter, Y = ✏2↵0(m�/mv)

4 . 10�8, for ↵0 = 0.5 and for dark-matter
masses of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from
a dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

PACS numbers: 95.35.+d,13.15.+g

Introduction — There is strong evidence for dark mat-
ter (DM) from observations of gravitational phenomena
across a wide range of distance scales [1]. A substantial
program of experiments has evolved over the last sev-
eral decades to search for non-gravitational interactions
of DM, with yet no undisputed evidence in this sector.
Most of these experiments target DM with weak scale
masses and are less sensitive to DM with masses below a
few GeV. To complement these approaches, new search
strategies sensitive to DM with smaller masses should be
considered [2].

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3–18]. In these experiments, DM particles may be
produced in collisions with nuclei in the fixed target, of-
ten a beam dump, and may be identified through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to
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FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o↵-target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o↵-target mode lowering the neutrino flux.

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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FIG. 6: a) Scalar DM pair production from electron-beam col-
lisions. An on-shell A0 is radiated and decays o↵ diagonally to
'h,` pairs. b) Inelastic up scattering of the lighter '` into the
heavier state via A0 exchange. For order-one (or larger) mass
splittings, the metastable state promptly de-excites inside the
detector via 'h ! '`e

+e�. The signal of interest is involves
a recoiling target with energy ER and two charged tracks to
yield a instinctive, zero background signature.
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FIG. 7: a) Scalar DM pair production in electron-nucleus col-
lisions. An on-shell A0 is radiated and decays o↵ diagonally to
'h,` pairs. b) Inelastic up scattering of the lighter '` into the
heavier state via A0 exchange inside the detector. For order-
one (or larger) mass splittings, the metastable state promptly
de-excites inside the detector via 'h ! '`e

+e�. This process
yields a target (nucleus, nucleon, or electron) recoil ER and
two charged tracks, which is a instinctive, zero background
signature, so nuclear recoil cuts need not be limiting.
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New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter

Eder Izaguirre, Gordan Krnjaic, Philip Schuster, and Natalia Toro
Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada

(Dated: November 19, 2013)

In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)

µ

discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

The best constraints on multi-GeV dark matter inter-
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: 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.

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models
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New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter
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In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)

µ

discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

The best constraints on multi-GeV dark matter inter-
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: 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.

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models
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recoil ER and two charged tracks, which is a instinctive, zero
background signature, so nuclear recoil cuts need not be lim-
iting.

�
2

�
1

A0⇤ �

�

�

�
1

�
1

A0⇤ �

�

�

�
2

�
2

⌫

⌫̄

�
1

A0⇤

Can explore/test

2. inelastic scattering & decay

6

a)
A0

· · ·

Z

e�

e�

'`

'⇤
h

b) · · ·

'`

A0⇤

e�

e+

A0

'` 'h

p, n, e� ER

FIG. 6: a) Scalar DM pair production from electron-beam col-
lisions. An on-shell A0 is radiated and decays o↵ diagonally to
'h,` pairs. b) Inelastic up scattering of the lighter '` into the
heavier state via A0 exchange. For order-one (or larger) mass
splittings, the metastable state promptly de-excites inside the
detector via 'h ! '`e

+e�. The signal of interest is involves
a recoiling target with energy ER and two charged tracks to
yield a instinctive, zero background signature.

a)
A0

Z

e�

e�

�1

�2

�
1

�
2

A0
e+

e�

A0

�
1

�
2

Z, p, n, e�

�
1

A0

�
2

e�

e+

FIG. 7: a) Scalar DM pair production in electron-nucleus col-
lisions. An on-shell A0 is radiated and decays o↵ diagonally to
'h,` pairs. b) Inelastic up scattering of the lighter '` into the
heavier state via A0 exchange inside the detector. For order-
one (or larger) mass splittings, the metastable state promptly
de-excites inside the detector via 'h ! '`e

+e�. This process
yields a target (nucleus, nucleon, or electron) recoil ER and
two charged tracks, which is a instinctive, zero background
signature, so nuclear recoil cuts need not be limiting.

�1

�2

Izaguirre, Kahn, GK, Moschella 1703.06881

E137 & BDX

 pseudo-Dirac DM Morrissey, Spray 1402.4817

� ⌘ m2 �m1

43



3

10

Beam

p �!
Target Detector

�i

�

A�
�0, �

�1

�2

A�

�i �j

T T

�
1�

2

f�
f+A�and/or

Beam

e/p �!
Target/Dump Detector

�i

A�

Z

e/p

e/p

�1

�2

p

Z

�

A�
�0, � �1

�2

A�

�i �j

T T

and/or

�
1�

2

f�
f+A�

FIG. 3. 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

FIG. 4. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 15] 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
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [16]. 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.

II. SUB-GEV THERMAL COANNIHILATION

In this section, we describe a class of models of coannihi-
lating DM: DM that couples inelastically to the SM through
a kinetically-mixed dark photon. We detail the early universe
cosmology and freeze out of the model, as well as introduce
a useful parametrization of the parameters of the model in
which the thermal target is largely an invariant under varia-
tion of couplings and of mass hierarchies.

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ m

Z

) new mediators
to generate a sufficiently large annihilation rate [21, 22]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

If SM particles are neutral under the new interaction, a
renormalizable model (without additional fields) requires the
mediator to interact with the SM through the hypercharge,

Signatures @ Missing Energy & 
Momentum Experiments
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a)

FIG. 10: a) Scalar DM pair production in electron-nucleus
collisions. An on-shell A0 is radiated and decays o↵ diago-
nally to 'h,` pairs. b) Inelastic up scattering of the lighter
'` into the heavier state via A0 exchange inside the detector.
For order-one (or larger) mass splittings, the metastable state
promptly de-excites inside the detector via 'h ! '`e

+e�.
This process yields a target (nucleus, nucleon, or electron)
recoil ER and two charged tracks, which is a instinctive, zero
background signature, so nuclear recoil cuts need not be lim-
iting.
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FIG. 10: a) Scalar DM pair production in electron-nucleus
collisions. An on-shell A0 is radiated and decays o↵ diago-
nally to 'h,` pairs. b) Inelastic up scattering of the lighter
'` into the heavier state via A0 exchange inside the detector.
For order-one (or larger) mass splittings, the metastable state
promptly de-excites inside the detector via 'h ! '`e

+e�.
This process yields a target (nucleus, nucleon, or electron)
recoil ER and two charged tracks, which is a instinctive, zero
background signature, so nuclear recoil cuts need not be lim-
iting.
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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
mA0/m1 = 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 Belle II [41] projections are estimated by rescaling the BaBar luminosity for the process e+e� ! �A0 ! ��1�2 in which the �2 decays
outside the detector. The gray shaded regions represent kinetic mixing constraints (g�2)µ [62]; LEP [63]; and BaBar [19]. Finally, the vertical
dashed line labeled Ne↵. is a model-dependent bound from DM freeze-out reheating photons preferentially over neutrinos during BBN [64],
excluding parameter space to the left of the line; if there are other sources of dark radiation, this bound can be alleviated.

Fig. 8 combines the results in this work with the results of
Ref. [19] to show the thermal target over a wide range of DM
masses. We see that except for a few isolated masses, the
thermal target for coannihilating DM could be well-covered
by all three planned experiments below ⇠1 GeV, and by col-
lider experiments from ⇠1 GeV to 1 TeV. The scattering
signals dominate at low mass below the kinematic threshold
� = 2m

e

, while the decay signals dominate when kinemati-
cally allowed.

VI. CONCLUSION

In this paper we have studied the fixed-target phenomenol-
ogy of thermal dark matter with inelastic couplings to the SM
and proposed a series of new searches for these interactions.
These models are an instance of the general case where the
relic abundance arises from thermal coannihilation between
the halo DM candidate �

1

and an unstable excited state, �
2

.
Since the heavier state decays away in the early universe, there
is no annihilation at later times, and therefore no indirect de-
tection. Furthermore, if the mass difference between these
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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
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= 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
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FIG. 10: a) Scalar DM pair production in electron-nucleus
collisions. An on-shell A0 is radiated and decays o↵ diago-
nally to 'h,` pairs. b) Inelastic up scattering of the lighter
'` into the heavier state via A0 exchange inside the detector.
For order-one (or larger) mass splittings, the metastable state
promptly de-excites inside the detector via 'h ! '`e

+e�.
This process yields a target (nucleus, nucleon, or electron)
recoil ER and two charged tracks, which is a instinctive, zero
background signature, so nuclear recoil cuts need not be lim-
iting.
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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.
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have previously discussed: MiniBooNE, BDX, and LDMX,
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ways contend with an irreducible neutrino background. Note
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FIG. 10: a) Scalar DM pair production in electron-nucleus
collisions. An on-shell A0 is radiated and decays o↵ diago-
nally to 'h,` pairs. b) Inelastic up scattering of the lighter
'` into the heavier state via A0 exchange inside the detector.
For order-one (or larger) mass splittings, the metastable state
promptly de-excites inside the detector via 'h ! '`e
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This process yields a target (nucleus, nucleon, or electron)
recoil ER and two charged tracks, which is a instinctive, zero
background signature, so nuclear recoil cuts need not be lim-
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Thermal Equilibrium: Physical Organizing Principle  

• Minimum annihilation rate 
•Insensitive to high scales (e.g. inflation)
• Bounds DM mass range 

MeV-GeV scale DM can realize thermal below weak scale 

•Finite class of DM+mediator combinations
•Testable thermal targets for direct annihilation

• It’s in our neighborhood 

Fixed-Target, Neutrino, & B-Factory Experiments
•Broad program of production/scattering/decay searches
• Can test nearly every direct annihilation model 

No lose theorem: genuine opportunity to discover/falsify

me < mDM < mp

•Easy to achieve

Concluding Remarks
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Towards a mature LDM program

Proton Fixed Targets
Electron Direct Detection
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Thanks!
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