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New Particle Decays to SM: LLP @ Beam Dumps 
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To directly compare to previous studies [], we will focus
on vector portal models of the dark sector [14–16]. Here,
a massive dark photon A0 from a new U(1)D kinetically
mixes with the standard model hypercharge gauge boson
via the operator1

L =
✏Y
2
F 0
µ⌫B

µ⌫ (1)

Dark matter, which can either be a scalar or a fermion,
has charge +1 under the U(1)D. This model has four
free parameters: the A0 mass mA0 , the dark gauge cou-
pling gD, the kinetic mixing parameter ✏Y , and the dark
matter mass mDM. After electroweak symmetry breaking
and diagonalizing the kinetic terms, A0 inherits a univer-
sal coupling to electromagnetic currents with strength ✏e,
where ✏ ⌘ ✏Y cos ✓W . In particular, the A0 can replace a
photon in any kinematically-allowed process, with an ac-
companying factor of ✏, such that any tree-level process
coupling the visible sector to the dark sector is propor-
tional to ✏2. DM can be produced via

⇡0 ! �A0(⇤) ! � DM DM, (2)

where the A0 can either be on- or o↵-shell.2 Similarly,
DM can be detected in a scintillator or mineral oil detec-
tor through electron recoil e+ DM ! e+ DM or nuclear
recoil Z+DM ! Z+DM through a t-channel A0. (Gor-
dan, change this sentence once we know which one
gives us the best sensitivity. –yk) (With the recoil
cuts we have to impose to avoid neutrinos, I be-
lieve the answer is electron recoils, but I need to
do a few more scans to be sure. –gk) The main de-
tection backgrounds come from neutral-current neutrino
scattering on nuclei, but because the maximum energy of
neutrinos produced from ⇡+ decays at rest is 52.8 MeV,
these backgrounds can be substantially mitigated by a
simple cut on the nuclear recoil energy.

This paper is organized as follows. In Sec. II, we de-
scribe the mechanism of A0 and dark matter production
in the DAE�ALUS target. In Sec. III, we describe the
mechanism of dark matter scattering in a detector such
as NO⌫A, and the associated signals. in Sec. IV, we sur-
vey the backgrounds to such a search, and in Sec. V we
present our sensitivity to the parameters ✏ and mA0 for
various dark matter masses. We conclude in Sec. VI. De-
tails of the various production and scattering calculations
can be found in Appendices A and B.

1
The A0

can acquire mass either through a Stückelberg field or a

dark Higgs.
2
Throughout this paper, we focus on the region of parameter

space where the A0
primarily decays into dark matter rather

than visible-sector particles, namely gD > ✏e.
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FIG. 10: a) Scalar DM pair production from electron-beam
collisions. 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 in-
side 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.

FIG. 1: Schematic diagram of DM production in proton-
Carbon collisions, which copiously produce neutral pions
whose exotic decays yield A0 through kinetic mixing.

II. DARK MATTER PRODUCTION IN THE
DAE�ALUS TARGET

As mentioned in Sec. I, A0 vectors are produced by re-
placing a photon with an A0 in any kinematically allowed
process. At the 800 MeV proton kinetic energies of the
DAE�ALUS beam, ⌘ mesons are kinematically inacces-
sible, so photons come primarily from ⇡0 decays, with
a small portion coming from bremsstrahlung in the tar-
get and � decays � ! p + �. We have checked (Matt,
check this? –yk) that modes other than ⇡0 decay are
negligible for our sensitivity estimates, so we will focus
on DM production through

p +12 C ! p +12 C + ⇡0, ⇡0 ! �A0(⇤), A0 ! ��̄ (3)

where the A0 can be either on- or o↵-shell depending on
the mass of the DM.

If the DM � is a scalar, the analytic expression for the
three-body matrix element ⇡0 ! � ��̄ through an A0,
averaged over photon spins, is

h|A⇡0!���̄|2i =
✏2↵2

D↵2

⇡f2
⇡ [(s�m2

A0)2 + m2
A0�2

A0 ]

h
(s� 4m2

�)
�
m2

⇡0 � s
�2 � 4s(p · k1 � p · k2)2

i
,(4)

and if � is a Dirac fermion, this expression is

h|A⇡0!� ��̄|2i =
4✏2↵2

D↵2

⇡f2
⇡ [(s�m2

A0)2 + m2
A0�2

A0 ]

h
(s + 2m2

�)
�
m2

⇡0 � s
�2 � 8s(p · k1)(p · k2)

i
,(5)

where ↵D ⌘ g2D/4⇡, p is the photon momentum, �A0

is the A0 width, k1 and k2 are the DM momenta, and
s = (k1+k2)2. If the A0 can go on-shell, the narrow width
approximation can be used to obtain a simple expression
for the branching ratio,

Br(⇡0 ! ���̄) = 2✏2
✓

1 � m2
A0

m2
⇡0

◆3

Br(⇡0 ! ��), (6)

valid for both scalar and fermionic DM.
We simulated dark matter production by obtaining a

list of ⇡0 events from a GEANT4 simulation (Matt, ref-
erence? –yk) modeling the DAE�ALUS target geome-
try, and generating Monte Carlo events by decaying the

LLP decay
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✏Y
2
F 0
µ⌫B

µ⌫ (1)
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coupling the visible sector to the dark sector is propor-
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do a few more scans to be sure. –gk) The main de-
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scattering on nuclei, but because the maximum energy of
neutrinos produced from ⇡+ decays at rest is 52.8 MeV,
these backgrounds can be substantially mitigated by a
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This paper is organized as follows. In Sec. II, we de-
scribe the mechanism of A0 and dark matter production
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mechanism of dark matter scattering in a detector such
as NO⌫A, and the associated signals. in Sec. IV, we sur-
vey the backgrounds to such a search, and in Sec. V we
present our sensitivity to the parameters ✏ and mA0 for
various dark matter masses. We conclude in Sec. VI. De-
tails of the various production and scattering calculations
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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 in-
side 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.

FIG. 1: Schematic diagram of DM production in proton-
Carbon collisions, which copiously produce neutral pions
whose exotic decays yield A0 through kinetic mixing.

II. DARK MATTER PRODUCTION IN THE
DAE�ALUS TARGET

As mentioned in Sec. I, A0 vectors are produced by re-
placing a photon with an A0 in any kinematically allowed
process. At the 800 MeV proton kinetic energies of the
DAE�ALUS beam, ⌘ mesons are kinematically inacces-
sible, so photons come primarily from ⇡0 decays, with
a small portion coming from bremsstrahlung in the tar-
get and � decays � ! p + �. We have checked (Matt,
check this? –yk) that modes other than ⇡0 decay are
negligible for our sensitivity estimates, so we will focus
on DM production through

p +12 C ! p +12 C + ⇡0, ⇡0 ! �A0(⇤), A0 ! ��̄ (3)

where the A0 can be either on- or o↵-shell depending on
the mass of the DM.

If the DM � is a scalar, the analytic expression for the
three-body matrix element ⇡0 ! � ��̄ through an A0,
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where ↵D ⌘ g2D/4⇡, p is the photon momentum, �A0

is the A0 width, k1 and k2 are the DM momenta, and
s = (k1+k2)2. If the A0 can go on-shell, the narrow width
approximation can be used to obtain a simple expression
for the branching ratio,

Br(⇡0 ! ���̄) = 2✏2
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valid for both scalar and fermionic DM.
We simulated dark matter production by obtaining a

list of ⇡0 events from a GEANT4 simulation (Matt, ref-
erence? –yk) modeling the DAE�ALUS target geome-
try, and generating Monte Carlo events by decaying the

DM scatter
Beam dump

A’ decays promptly to DM DM scatters inside detector
/ g2SM

New Particle Decays to DM:  Scatter @ Beam Dumps 

/ g2SM

The energy deposited in detector is the signal
Rate / g4SM
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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.

Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A

0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A
0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents

A
0
�
J
�

SM
! gV A

0
µ

�
ē�

�
e + ⌫̄e�

�
⌫e � µ̄�

�
µ + ⌫̄µ�

�
⌫µ

�
, (7)

where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A

0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA

0
�
J
�

DM interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active

13

The beam is the signal, don’t observe DM

Mediator Decays to DM :  Missing Energy/Momentum

Rate / g2SM

Ebeam

Eout ⌧ Ebeam

Nearby

�
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Relevant Experiments

Signal: Energy in detector

International Complementarity 
Belle II
LHCb(+UpgradeII)
FASER, Codex-b, MATHUSLA
DUNE/LBNF
SBN
BDX
T2K
JSNS**2
MiniBoone
SeaQuest/(DarkQuest?)

Signal: Energy of the beam
SHiP: proton Beam Dump Facility
NA62(++): proton beam (dump mode)
REDTOP: proton beam

Keep an eye out for Flavour Physics, 
particularly pertinent given current 
Flavour anomalies. SPS ideal playground  
TauFV: proton Beam Dump Facility
KLEVER: proton beam
NA62(++): proton beam

LDMX: electron beam / muon beam
NA64(++): electron/muon beam

!6



Scope of Fixed Target BSM Program: Visible Decays

Low Scale Leptogenesis HNL search

Broad search for new forces (pseudo) scalar, vector

Origin of neutrino masses 

Light physics related to hierarchy problem (relaxion)

 7

Scenarios related to νMSM

νMSM also contains non thermal DM candidate (indirect detection)



Also with muon/tau flavor couplings (need muon beam LDMX/NA64)
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FIG. 2: Feynman diagrams for LDM with secluded annihilation (left) with m� > mA0 and direct anni-
hilation (right) with m� < mA0 . In the secluded regime, the dark photon decays visibly to kinematically
accessible SM final states and motivates experimental searches for hidden forces (see [1]), but the DM anni-
hilation cross section is independent of the A0 coupling to visible matter. In the direct annihilation regime,
the cross section for achieving the correct relic density depends on the parameter ✏ which couples the A0 to
charged SM particles, so there is a minimum value of this coupling for each choice of � mass that realizes
a thermal history in the early universe. These minimum values define predictive experimental targets for
discovery or falsification (see Fig. 5).

mediator) A
0. The generic Lagrangian this family of models contains

L � �
1

4
F

0µ⌫
F

0
µ⌫

+
m

2
A0

2
A

0
µ
A

0µ
� A

0
µ
(✏eJµ

EM + gDJ
µ

D
), (1)

where ✏ is the kinetic mixing parameter, mA0 is the dark photon mass, and J
µ

EM ⌘
P

f
Qf f̄�

µ
f

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

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

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

and � masses.

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

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

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

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

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

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

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

mal relic cross-section. No robust constraint on this case can be extracted from CMB data.

12

��

��

(m� < m�)

�v / g
4
�

A
0 �

�

�

e
+

e
�

� H

�

�

e
+

e
�

Z
0 �

e
±

e
±

e
± Z

0

e
�

e
+

⌫̄µ,⌧

Z
0

⌫µ,⌧⌫µ,⌧

⌫̄µ,⌧ ⌫µ,⌧

Z
0

⌫̄µ,⌧
⌫̄µ,⌧

⌫µ,⌧

Z
0

⌫µ,⌧

⌫̄µ,⌧

⌫µ,⌧

⌫̄µ,⌧Z
0

Z
0

Figure 2. Z 0 induced scattering and decay processes that can delay ⌫µ and ⌫⌧ decoupling.

where x = mZ0/T , H ⌘ ȧ/a is the Hubble expansion rate, a is the scale factor in an FLRW metric,
�Z0 is the rest frame width, K1,2 are Bessel functions of the first and second kind, and an (eq) label
denotes an equilibrium quantity – for a derivation and discussion, see Appendix A. Although there
are many other processes that can a↵ect nZ0 in the early universe, but since we are interested in the
weakly (or even feebly) coupled regime gµ�⌧ ⌧ 1, it su�ces to consider only decays and inverse decays
in the collision term.

We are interested in the e↵ect of Z 0 decays on the total radiation density at the surface of last
scattering, which can be written in terms of Ne↵ , the e↵ective number of neutrino species

⇢R = ⇢� + ⇢⌫ =

"

1 +
7

8

✓
4

11

◆4/3

Ne↵

#

⇢� , (3.2)

where ⇢� is the photon energy density, the factor of 7/8 accounts for the fact that neutrinos are
fermions, and the (4/11)1/3 = T⌫/T� in the SM. Note that the SM prediction for N

SM
e↵ = 3.046 is

slightly larger than 3 because of the small amount of entropy transferred to the neutrinos during e
+
e
�

annihilation [12, 13]. We categorize our study into four qualitatively distinct regimes whose impact
on �Ne↵ has distinct parametric dependence on model parameters.

3.1 Equilibrium Regime (Negligible Kinetic Mixing)

If gµ�⌧ is su�ciently large, the inverse decay process satisfies h�Z0i � H before neutrino-photon
decoupling and the Z

0 population is in equilibrium with SM particles at early times. In this scenario,
the Z

0 population always satisfies nZ0 = n
(eq)
Z0 where

n
(eq)
Z0 =

Z 1

0

d
3
~p

(2⇡)3
gZ0

eE/T � 1
, (3.3)

is the equilibrium number density and gZ0 = 3 is the number of spin states. Since the coupling is
su�ciently large, the (inverse)decays occur rapidly in equilibrium and their entropy is transferred to
other species once the population becomes nonrelativistic and inverse decays become kinematically
forbidden. We can write the e↵ective neutrino species as

Ne↵ =
8

7

✓
11

4

◆4/3
⇢⌫

⇢�

�����
T=Tcmb

, (3.4)

– 4 –
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What is the connection to 
Future Collider programme at 

CERN?



What is the optimal use of facilities in 
light of the international effort of 

broadening our strategies?

(why CERN vs SLAC vs FNAL vs…)



How are these approaches complementary 
to Direct or Indirect Detection, Collider 

(including B-factories) searches etc?



Case Study 1

We first see a signal at existing/near future experiments 

(eg. FASER, NA62, SENSEI…)

What do SHiP, LDMX, NA64++… uniquely bring to the table?



Case Study 2

We first see signal at SHiP or LDMX

How can one experiment confirm/uncover model behind 
signature of another?

How can other techniques help?



How can experiments best confirm that a potential signal 
is not an instrumental effect or unaccounted background? 



Backup

!15



Experimental aspects
• Looking for very rare 

signatures requiring 
background 
suppression of multiple 
orders of magnitudes


• Need to be able to 
validate understanding 
of residual backgrounds 
or instrumental effects


• Can achieve this 
through the use of 
redundant systems to 
define control regions in 
data.

Background studies
Redundancy is key:

1 Combination of momentum and vertex information to reject candidates not
originating from collision point

2 Combine with veto subsystems
⇤ Surrounding the decay vessel
⇤ At the entrance of the decay vessel
⇤ Backgrounds leave multiple hits in veto systems ! very effective vetos

3 Add timing information between candidate tracks (�=100 ps)
! Aim for zero background experiment
! Well defined control regions to measure backgrounds

SHiP (PBC Input) SHiP news PBC meeting June 2018 4 / 14

Example from SHiP
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Complementarity
• Comprehensive coverage of Hidden Sector models

• Without a smoking gun, need to probe multitude of potential sectors with 
maximum coverage    

• Wide range of couplings and mass

• Multiple experiments to maximise coverage

• Variety of approaches

• Different techniques to search for same physics 

•SHiP and LDMX approaches satisfy these

•Important to consider interplay with Direct DM searches, LHC, B-
factories…

!17



Planck Collaboration: Cosmological parameters
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Planck EE+lowP

Planck TT+lowP
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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

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.
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Classify DM by Annihilation During  CMB Era

7

Was DM ever in thermal equilibrium with the SM?

no

Where did the DM entropy go?
stayed in the  
dark sector

SM(often under tension  
with BBN+CMB+LSS 

or requires non-standard cosmology)

How was the DM entropy transferred?

WIMP, Sub-GeV Relic,  
Asymmetric variants, …

How was it produced?

initial  
conditions

QCD axion,  
ALP,  

WIMPZILLA,  
late decays, 

primordial BH, …

ultra-weak  
contact with   

a thermal bath

freeze-in, 
sterile-neutrino, 
superWIMP, …

*UV insensitive

*economical 
*predictive

indirectly

✓

✓

DM

DM

SM

SM

➤

➤

➤

➤

or variants  
(co-annihilation,  

semi-annihilation, …)

yes

directly

Secluded, SIMP, ELDER,  
Asymmetric variants, …

✓

DM ➤

➤

➤

➤ + ➤

➤

➤

DM

DS

DS

DS

SM

SM

or variants  
(3 → 2, …)

✓ = missing momentum/visible decay

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

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

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

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

2) Necessary Entropy Transfer: Without a mechanism to significantly reduce its thermal
abundance, the DM number density would be comparable to the relic photon and neutrino
number densities at late times. In this case, unless the DM is very light (. 10 eV and,
thus, unacceptably hot), its energy density would greatly exceed the measured value at late

Rare out-of-equilibrium annihilation ionizes H (z=1100)
CMB photons pass through more plasma (modifies peaks)

Rules out s-wave relic cross section for  DM < 10 GeV

Planck Collaboration 1502.01589



P-wave annihilation Different DM population @ CMB
Asymmetric Dirac or Pseudo-Dirac

Safe models require either:

L � gDA0
µJ

µ
�

Jµ
� =

8
>>><

>>>:

��µ� Asym.Dirac

�1�
µ�2 Pseudo�Dirac

1
2��

µ�5� Majorana

i�⇤@µ� Scalar

Scalar or Majorana

 all annihilate away pre-CMB

Heavier �2 decays pre-CMB

�

�v / v2

tiny annihilation rate at CMB

}

Classify DM by Annihilation During  CMB Era

velocity redshifts

no more coannihilation partners

no more annihilation partners
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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-

Higgs Portal Direct-Annihilation Ruled Out! 
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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

g
2
�

sin2
✓

⇠
< 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 h

2
�
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 =
3g2

W
mbm

2
t
V

⇤
ts
Vtb sin ✓

64⇡2m2
W
v

= 6.4 ⇥ 10�6 sin ✓ , (13)

and this interaction has the partial width [40]

�B!K�=
|Csb|

2
f0(m�)2

16⇡m3
B+

✓
m

2
B+ � m

2
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 � q

2
/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|
2
f0(m�)2

16⇡

m
3
B+

m
2
b
�B+

⇡ 1.5 sin2
✓, (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

✓
m

2
K+ �m

2
⇡+

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 =
3g2

W
msm

2
t
V

⇤
ts
Vtd 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⇡

m
3
K+

m2
s
�K+

⇡ 6.7 ⇥ 10�3 sin2
✓ , (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

✏

✏

✏

Similar situation for pseudo-scalar mediator



Higgs Portal Secluded-Annihilation OK

Benchmark models for visible decays

! Dark photon:
– meson decays, proton

bremsstrahlung, qq → γ′

– expect improvements at low
mass from:

• cascade production
• EM showers

! Dark scalar:
– couple to Higgs in FCNC K and B

decays

! Axion-like particles:
– couple to fermions and to

photons
– SplitCal developed for ALP → γγ

17 / 12

E. Gaverini’s talk

2

7

��

��

(m� < m�)

�v / g4
�

� h

(m� > m�)

�v / g2
�g

2
f

�

�

f

f

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

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

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

This paper is organized as follows: In Section II we com-

pute the DM relic density and discuss how to conservatively
compare this target against different kinds of bounds; in Sec-
tion III, we describe generic constraints and future experi-
mental projections applicable to the entire parameter space;
in Sections IV and V we specify to the regimes in which the
mediator decays to the DM and SM respectively; In Section
VI we discuss the unique features of the compressed region of
parameter space in which m� < m� < 2m�; in Section VII
we outline how varying the assumptions about the DM can-
didate relative to our benchmark scenario (introduced above)
changes the viable parameter space; finally in Section VIII we
offer concluding remarks.

II. THERMAL RELIC COMPARISON

Direct Annihilation (m� < m�)

In the regime where the mediator is heavier than the DM,
the annihilation can only proceed via direct annihilation to SM
fermions through the s-channel.1 To leading order, the anni-
hilation rate for Dirac fermion annihilation into elementary
fermions ��̄ ! f̄f is p-wave

�vrel.(�� ! ff̄) =
g
2
�
g
2
f
m

2
�
v
2
rel.

8⇡(m2
�

� 4m2
�
)2

/ g
2
�
g
2
f

✓
m�

m�

◆4 1

m2
�

, (5)

where vrel. is the relative velocity between annihilating parti-
cles. Away from resonance at m� ⇠ 2m� (and up to correc-
tions of order m2

�
/m

2
�
), for a fixed value of g2

�
g
2
f

(m�/m�)4,
the annihilation rate is independent of the m�/m� ratio or the
individual values of g� and gf . From the parametric depen-
dence in Eq. (5), it is convenient to define a dimensionless
quantity

f ⌘ g
2
�
g
2
f

✓
m�

m�

◆4

= g
2
�

⇣
mf

v
sin ✓

⌘2
✓
m�

m�

◆4

, (6)

so that the annihilation rate �� ! �
⇤

! ff is uniquely spec-
ified by the value of f for a given value of m�. In the regime
where annihilation is predominantly to electrons, achieving
the observed relic abundance requires

e ' 10�11

✓
0.1

⌦�h
2

◆⇣
m�

10 MeV

⌘2
. (7)

Including all kinematically accessible channels and exploiting
the mass proportionality of Higgs couplings, the full annihila-
tion cross section can be written in terms of e

�vrel.(�� ! SM) /
1

m2
�

X

f

f =
e

m2
�

X

f

✓
mf

me

◆2

, (8)

1 For an interesting counterexample see [17] where DM annihilates predom-
inantly to pairs of heavier mediators (the so-called “forbidden” channel)
by sampling the tail of the DM Boltzmann distribution at freeze out. For
completeness, we also mention the possibility of 2 ! 3 [27] and 3 ! 2
annihilation [28] though the cases studied in these papers represent depar-
tures from the Higgs-mixing benchmarks considered in this paper

�

f

f
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FIG. 7: As in Fig. 4, thermal targets for the representative dark matter candidates of Sec. III A but instead
coupled to U(1)B�L (top-left), U(1)B�3e (top-right), U(1)e�µ (bottom-left), and U(1)B (bottom-right)
Z 0 gauge bosons, fixing mZ0 = 3m� and ↵D = 0.5. The black line corresponds to parameter space
where the relic abundance of � agrees with the observed dark matter energy density. The shaded gray
regions are excluded from previous experiments, such as a BaBar monophoton analysis [89], and beam
dump searches at LSND [78], E137 [16, 79], and MiniBooNE [88]. Also shown in dot-dashed blue is the
projected sensitivity of a monophoton search at Belle II presented in Ref. [1] and computed by rescaling the
20 fb�1 background study up to 50 ab�1 [80]. Future direct detection experiments will have sensitivity to
the cosmologically motivated regions of parameter space shown for scalar DM (see Fig. 4). We also show
constraints derived from the observed ⌫̄�e scattering spectrum at TEXONO [104, 105], and for the baryonic
current, U(1)B , bounds from considerations of enhanced anomalous decays into Z 0 final states [55, 56]. The
projected sensitivity of LDMX is shown in solid (dot-dashed) red, assuming 1016 EOT from a 8 (16) GeV
electron beam and a 10% radiation length tungsten (aluminum) target.

2. Predictive Dark Matter with Spin-0 Mediators

In this section, we focus on another variation of the models previously considered in Sec. III A.
In particular, we will investigate the cosmologically motivated parameter space for DM that anni-
hilates to SM leptons through the exchange of a spin-0 mediator, which we denote as '. Compared

Berlin, Blinov GK, Schuster, Toro arXiv: 1807.01730Test of other direct-annihilation models 
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Also with muon/tau flavor couplings (need muon beam LDMX/NA64)
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FIG. 2: Feynman diagrams for LDM with secluded annihilation (left) with m� > mA0 and direct anni-
hilation (right) with m� < mA0 . In the secluded regime, the dark photon decays visibly to kinematically
accessible SM final states and motivates experimental searches for hidden forces (see [1]), but the DM anni-
hilation cross section is independent of the A0 coupling to visible matter. In the direct annihilation regime,
the cross section for achieving the correct relic density depends on the parameter ✏ which couples the A0 to
charged SM particles, so there is a minimum value of this coupling for each choice of � mass that realizes
a thermal history in the early universe. These minimum values define predictive experimental targets for
discovery or falsification (see Fig. 5).

mediator) A
0. The generic Lagrangian this family of models contains

L � �
1

4
F

0µ⌫
F

0
µ⌫

+
m

2
A0

2
A

0
µ
A

0µ
� A

0
µ
(✏eJµ

EM + gDJ
µ

D
), (1)

where ✏ is the kinetic mixing parameter, mA0 is the dark photon mass, and J
µ

EM ⌘
P

f
Qf f̄�

µ
f

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

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

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

and � masses.

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

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

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

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

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

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

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

mal relic cross-section. No robust constraint on this case can be extracted from CMB data.
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Figure 2. Z 0 induced scattering and decay processes that can delay ⌫µ and ⌫⌧ decoupling.

where x = mZ0/T , H ⌘ ȧ/a is the Hubble expansion rate, a is the scale factor in an FLRW metric,
�Z0 is the rest frame width, K1,2 are Bessel functions of the first and second kind, and an (eq) label
denotes an equilibrium quantity – for a derivation and discussion, see Appendix A. Although there
are many other processes that can a↵ect nZ0 in the early universe, but since we are interested in the
weakly (or even feebly) coupled regime gµ�⌧ ⌧ 1, it su�ces to consider only decays and inverse decays
in the collision term.

We are interested in the e↵ect of Z 0 decays on the total radiation density at the surface of last
scattering, which can be written in terms of Ne↵ , the e↵ective number of neutrino species

⇢R = ⇢� + ⇢⌫ =

"

1 +
7

8

✓
4

11

◆4/3

Ne↵

#

⇢� , (3.2)

where ⇢� is the photon energy density, the factor of 7/8 accounts for the fact that neutrinos are
fermions, and the (4/11)1/3 = T⌫/T� in the SM. Note that the SM prediction for N

SM
e↵ = 3.046 is

slightly larger than 3 because of the small amount of entropy transferred to the neutrinos during e
+
e
�

annihilation [12, 13]. We categorize our study into four qualitatively distinct regimes whose impact
on �Ne↵ has distinct parametric dependence on model parameters.

3.1 Equilibrium Regime (Negligible Kinetic Mixing)

If gµ�⌧ is su�ciently large, the inverse decay process satisfies h�Z0i � H before neutrino-photon
decoupling and the Z

0 population is in equilibrium with SM particles at early times. In this scenario,
the Z

0 population always satisfies nZ0 = n
(eq)
Z0 where

n
(eq)
Z0 =

Z 1

0

d
3
~p

(2⇡)3
gZ0

eE/T � 1
, (3.3)

is the equilibrium number density and gZ0 = 3 is the number of spin states. Since the coupling is
su�ciently large, the (inverse)decays occur rapidly in equilibrium and their entropy is transferred to
other species once the population becomes nonrelativistic and inverse decays become kinematically
forbidden. We can write the e↵ective neutrino species as

Ne↵ =
8

7

✓
11

4

◆4/3
⇢⌫
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�����
T=Tcmb

, (3.4)
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Physics performance: visible decays

[1504.04956, 1504.04855, 1811.00930, 1901.09966]

! from top left: HNL (heavy meson decays), dark photon (decays +
bremsstrahlung + QCD), scalar (K and B decays), ALPs coupled to
fermions, ALPs coupled to photons

! event selection: high signal efficiency + redundant BG suppression
11 / 12
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FIG. 6: Thermal targets for a subset of the dark photon mediated models in Fig. 4, but presented in the
✏2 � mA0 plane with fixed ↵D = 0.5. The different thermal targets (black contours) correspond to various
choices of mA0/m� just above the resonance (mA0 ⇡ 2 m�) where � freezes out through annihilations
to SM fermions, �� ! A0⇤

! ff̄ . The thermal targets presented here are consistent with the results of
Ref. [107]. The shaded gray regions are excluded from previous experiments, such as a BaBar monophoton
analysis [96], and beam dump searches at LSND [85], E137 [16, 86], and MiniBooNE [95]. In dot-dashed
blue is the projected sensitivity of a monophoton search at Belle II presented in Ref. [1] and computed
by rescaling the 20 fb�1 background study up to 50 ab�1 [87]. Also shown in dot-dashed purple is the
projected reach of the beam dump experiment BDX [83, 105]. The projected sensitivity of LDMX is shown
in solid (dot-dashed) red, assuming 1016 EOT from a 8 (16) GeV electron beam and a 10% radiation length
tungsten (aluminum) target.

signals. The resulting bounds are model-dependent since they are significantly weakened if the A0

can decay into any dark-sector final states. In the absence of such a channel, the constraints on
a visibly-decaying A0 are shown in Fig. 7 for ↵D = 0.5 as the thin gray line [109]. Smaller ↵D

would result in moving the bounds from visible searches down in the m� � ✏2↵D plane. Bump-
hunt constraints are, therefore, weakest for large ↵D. However, displaced-decay searches have
a maximum effective ✏ for given mediator mass and because of this, lowering ↵D down towards
⇠ 10

�3 opens up more thermal parameter space by pushing the gray curve down.

Thermal Targets Down Around Near Resonance
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FIG. 7: As in Fig. 4, thermal targets for the representative dark matter candidates of Sec. III A but instead
coupled to U(1)B�L (top-left), U(1)B�3e (top-right), U(1)e�µ (bottom-left), and U(1)B (bottom-right)
Z 0 gauge bosons, fixing mZ0 = 3m� and ↵D = 0.5. The black line corresponds to parameter space
where the relic abundance of � agrees with the observed dark matter energy density. The shaded gray
regions are excluded from previous experiments, such as a BaBar monophoton analysis [89], and beam
dump searches at LSND [78], E137 [16, 79], and MiniBooNE [88]. Also shown in dot-dashed blue is the
projected sensitivity of a monophoton search at Belle II presented in Ref. [1] and computed by rescaling the
20 fb�1 background study up to 50 ab�1 [80]. Future direct detection experiments will have sensitivity to
the cosmologically motivated regions of parameter space shown for scalar DM (see Fig. 4). We also show
constraints derived from the observed ⌫̄�e scattering spectrum at TEXONO [104, 105], and for the baryonic
current, U(1)B , bounds from considerations of enhanced anomalous decays into Z 0 final states [55, 56]. The
projected sensitivity of LDMX is shown in solid (dot-dashed) red, assuming 1016 EOT from a 8 (16) GeV
electron beam and a 10% radiation length tungsten (aluminum) target.

2. Predictive Dark Matter with Spin-0 Mediators

In this section, we focus on another variation of the models previously considered in Sec. III A.
In particular, we will investigate the cosmologically motivated parameter space for DM that anni-
hilates to SM leptons through the exchange of a spin-0 mediator, which we denote as '. Compared
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