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What is this stuff ?

Zeroth Order Outstanding Problems

Accelerated

Expansion
Cosmic

Matter Asymmetry

Also Quantum Gravity

Inflation

2

Open Questions in Fundamental Physics & Cosmology

Neutrino Masses



How to look for new physics?
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What have we learned on the “energy frontier”?

Null LHC results:  no evidence yet of new SM charged particles
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Overview

Part 2) Add Light ~ GeV Dark Matter

Part 1) Minimal Single Particle SM Extensions 
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How to couple single neutral particle to the SM?

Option 1: New gauge force directly coupled to SM currents
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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).
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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)
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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.

Only anomaly free possibilities: 

Two parameter family of models: 

Qualitatively similar, but some differences in bounds



How to couple single neutral particle to the SM?

Option 2: Mass or kinetic mixing with neutral SM particles
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Figure 4.2: Production (left) and subsequent decay (right) of the particle NI .

the Universe (see Section 4.6.1 for the formulation of the problem). Moreover, the same parti-
cles can be responsible for both neutrino masses and matter-antimatter asymmetry generation.
HNLs with the masses ranging from O(MeV) to O(1012 GeV) provide mechanisms of generation of
matter-antimatter asymmetry, described in Sections 4.6.2–4.6.4.2 below. In particular, the suc-
cessful baryogenesis is possible when HNL have experimentally accessible masses (Sections 4.3.2.2,
4.3.2.3). This opens an exciting possibility of direct experimental resolution of these BSM puzzles
by finding HNLs experimentally. The phenomenology of neutrino oscillations provides (under cer-
tain assumptions, discussed above) the lower bound on Yukawa couplings, while the requirement
of successful baryogenesis provides an upper bound on their values.

Right-handed neutrinos can appear as a part of a wider theory, for example as a part of the
fermion representation of a gauge group in GUT theories, see Section 4.3.2.1. Interestingly HNLs
can be postulated as the only new particles beyond the Standard Model up to a very high energy
scale, providing explanations of all major observational BSM phenomena (Section 4.8 below). This
brings the questions of the complete UV theory (discussed in Section 4.8.3). The SM supplemented
by 3 HNLs, with Majorana mass terms for all of them, and all possible Yukawa couplings with the
Higgs boson and left-handed lepton doublets has an intriguing property of charge quantisation. The
Majorana mass term (4.1.2) means that the hypercharge of NI is zero and therefore hypercharges of
left lepton double and Higgs field are the same. As a result of this, the requirement of cancellation
of gauge chiral anomalies has a unique solution in terms of charges [327], quantised exactly as it is
observed. In other words, the charge quantisation may be a requirement of the self-consistency of
the theory, rather than a consequence of a larger symmetry, as in Grand Unified Theories.

4.2 Active neutrino phenomenology

Neutrino physics provides strong motivation for the existence of HNLs. Although properties of
HNLs cannot be fully fixed by data from low-energy neutrino experiments, it serves as a source of
important constraints. Therefore we review main results of neutrino theory and experiments below.

4.2.1 Three-flavour neutrino oscillations. A theoretical overview

A decade of revolutionary neutrino experiments has established that the SM neutrinos are massive
and mix like quarks do. The measurement of their tiny masses has been possible thanks to neutrino
oscillations, a quantum phenomenon first conjectured by Pontecorvo [328]. Neutrinos are produced
and detected via weak processes, therefore by definition they are produced or detected as flavour
states (ie. the states that couple to the e, µ and ⌧ leptons respectively). However, such states
of a definite flavour are superpositions of the vacuum Hamiltonian eigenstates or mass eigenstates
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Minimal Kinetically Mixed Dark Photon

Bauer, Foldenauer, Jaeckel, 1803.05466
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Figure 12: Constraints from current (upper panel) and future (lower panel) experiments on a secluded
U(1)X gauge boson with kinetic mixing parameter ✏. Additional constraints from supernova cooling
are not shown (see Section 3.6).

4 Results

Our main results are summarized in Figs. 13-16, showing exclusion contours for a U(1)B�L, U(1)Lµ�Le ,
U(1)Le�L⌧ and U(1)Lµ�L⌧ , respectively. For each of the considered gauge groups we show two plots.
One with the existing limits and another one with the planned and future experiments.

For comparison we show the usual secluded hidden photon case U(1)X in Fig. 12. Note the features
in the projected SHiP reach in Fig. 12; for hidden photons with masses above the pion threshold, the
production through pion decays shuts off and the sensitivity for small gauge couplings is decreased. The
dips for sizable masses correspond to hadronic resonances, which increase sensitivity for small gauge
couplings and decrease it for sizable gauge couplings, as the hidden photon becomes short-lived.

Let us now consider each of the different gauge groups and discuss the similarities and changes with
respect to the case of a secluded hidden photon. For a detailed discussion of the calculation of beam
dump limits and how they are related to the recasted limits we refer to Appendix B.
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Collider strategy: prompt decays

Resonance searches for visible daughters: BABAR, Belle II, LHCb…
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Figure 2: Regions of the [m(A0), "2] parameter space excluded at 90% CL by the prompt-like A0

search compared to the best existing limits [27, 38].

nA0
ob[m(A0)], from which an upper limit at 90% confidence level (CL) is obtained. The

signal PDFs are determined using a combination of simulated A0
! µ+µ� decays and

the widths of the large resonance peaks observed in the data. The strategy proposed in
Ref. [65] is used to select the background model and assign its uncertainty. This method
takes as input a large set of potential background components, which here includes all
Legendre modes up to tenth order and dedicated terms for known resonances, and then
performs a data-driven model-selection process whose uncertainty is included in the
profile likelihood following Ref. [66]. More details about the fits, including discussion on
peaking backgrounds, are provided in Ref. [61]. The most significant excess is 3.3� at
m(A0) ⇡ 5.8GeV, corresponding to a p-value of 38% after accounting for the trials factor
due to the number of prompt-like signal hypotheses.

Regions of the [m(A0), "2] parameter space where the upper limit on nA0
ob[m(A0)] is

less than nA0
ex [m(A0), "2] are excluded at 90% CL. Figure 2 shows that the constraints

placed on prompt-like dark photons are comparable to the best existing limits below
0.5GeV, and are the most stringent for 10.6 < m(A0) < 70GeV. In the latter mass
range, a nonnegligible model-dependent mixing with the Z boson introduces additional
kinetic-mixing parameters altering Eq. 1; however, the expanded A0 model space is highly
constrained by precision electroweak measurements. This search adopts the parameter
values suggested in Refs. [67,68]. The LHCb detector response is found to be independent
of which quark-annihilation process produces the dark photon above 10GeV, making it
easy to recast the results in Fig. 2 for other models.

For the long-lived dark photon search, the stringent criteria applied in the trigger
make contamination from prompt muon candidates negligible. The dominant background
contributions to the long-lived A0 search are as follows: photon conversions to µ+µ� in
the silicon-strip vertex detector (the VELO) that surrounds the pp interaction region [69];
b-hadron decays where two muons are produced in the decay chain; and the low-mass
tail from K0

S ! ⇡+⇡� decays, where both pions are misidentified as muons. Additional
sources of background are negligible, e.g. kaon and hyperon decays, and Q-hadron decays
producing a muon and a hadron that is misidentified as a muon.

Photon conversions in the VELO dominate the long-lived data sample at low masses. A

4

LHCb Collaboration 1710.02867

B-factories: continuum production e+e� ! �A0 ! �(e+e�)

Colliders (also short-er baseline fixed targets) K+ ! ⇡+A0 ! ⇡+(e+e�)

and many other channels/mesons etc.



Beam Dumps: LLP searches

Dark Matter Search in a Proton Beam Dump with MiniBooNE
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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).

ar
X

iv
:1

70
2.

02
68

8v
1 

 [h
ep

-e
x]

  9
 F

eb
 2

01
7

2) Passes through shielding

3) Decays in detector

12

��

��

(m� < m�)

�v / g
4
�

A
0 �

�

�

e
+

e
�

� H

�

�

e
+

e
�

Image: MiniBooNE Collab. Phys. Rev. Lett. 118 (2017)

1) LLP produced in target
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Figure 12: Constraints from current (upper panel) and future (lower panel) experiments on a secluded
U(1)X gauge boson with kinetic mixing parameter ✏. Additional constraints from supernova cooling
are not shown (see Section 3.6).

4 Results

Our main results are summarized in Figs. 13-16, showing exclusion contours for a U(1)B�L, U(1)Lµ�Le ,
U(1)Le�L⌧ and U(1)Lµ�L⌧ , respectively. For each of the considered gauge groups we show two plots.
One with the existing limits and another one with the planned and future experiments.

For comparison we show the usual secluded hidden photon case U(1)X in Fig. 12. Note the features
in the projected SHiP reach in Fig. 12; for hidden photons with masses above the pion threshold, the
production through pion decays shuts off and the sensitivity for small gauge couplings is decreased. The
dips for sizable masses correspond to hadronic resonances, which increase sensitivity for small gauge
couplings and decrease it for sizable gauge couplings, as the hidden photon becomes short-lived.

Let us now consider each of the different gauge groups and discuss the similarities and changes with
respect to the case of a secluded hidden photon. For a detailed discussion of the calculation of beam
dump limits and how they are related to the recasted limits we refer to Appendix B.

23

Minimal Kinetically Mixed Dark Photon

Bauer, Foldenauer, Jaeckel, 1803.05466



Gauged 5th force U(1)

Bauer, Foldenauer, Jaeckel, 1803.05466
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Figure 13: Constraints from current (upper panel) and future (lower panel) experiments on a U(1)B�L

gauge boson with gauge coupling gB�L ⌘ ✏ e. Additional constraints from supernova cooling and BBN
are not shown (see Sections 3.6 and 3.7).

4.1 U(1)B�L

The beam dump, fixed target and collider limits are very similar to the case of a secluded hidden photon.
We note that the limit from CHARM and the LHCb displaced searches are absent because we lacked
sufficient information to adequately reproduce these limits, not because there is a physics reason that
makes these searches insensitive. However, the CHARM region is mostly covered by other experiments
as one can also see from the rescaling done in [10].
The most notable difference arises from the coupling to neutrinos. This makes the B-L gauge group
testable in a variety of neutrino experiments strongly constraining the (10-200) MeV region. It also leads
to constraints from the cooling of white dwarfs. The most promising future probes are the beam dumps
SHiP and SeaQuest, Belle-II, and at LHC, LHCb and FASER (similarly CodexB and MATHUSLA).
The projected SHiP reach shows similar features as in the case of a secluded U(1)X couplings due to
the tree-level coupling to hadrons.
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Gauged 5th force U(1)

Bauer, Foldenauer, Jaeckel, 1803.05466

��-� ��-� � ��
��-�

��-�

��-�

��-�

��-�

��-�

��-��

��-��

��-��

��-��

��-��

��-��

��-�

��-�

��-�

��-�

��-�APEX

Belle-II

Belle - II γνν

DarkLight

DUNE

FASER

MAMI
MESA

Mu3e
NA64μ

SHiP

VEPP3
g - 2μ

Figure 14: Constraints from current (upper panel) and future (lower panel) experiments on a U(1)Lµ�Le

gauge boson with gauge coupling gµ�e = ✏ e. Additional constraints from supernova cooling and BBN
are not shown (see Sections 3.6 and 3.7).

4.2 U(1)Lµ�Le

For this and all the following gauged lepton family number groups one main difference is the weaken-
ing of all hadronic collider, beam dumps and fixed target experiments, since the only interaction with
hadrons is via a loop-suppressed kinetic mixing. Electron beam dumps are favorable to explore very
small couplings. The upper boundaries of the beam dump limits are significantly less affected, because
this boundary arises from the premature decay of the produced particles in the shielding. It therefore
mostly depends on the total decay width and is less sensitive to the production. Here, a favorable geome-
try is more important. Strong limits from neutrino experiments lead to additional constraints. Especially
strong constraints arise from Super-K [11] due to the non-universal coupling of neutrinos to matter that
modify the neutrino oscillations and the scattering of electron neutrinos in TEXONO [8].

Future interesting probes may be provided by SHiP (in the region where it benefits from a suitable
geometry and a high boost factor), Belle-II, DUNE and NA64µ. The reach for small couplings in SHiP
and NA64µ is slightly diminished above the pion and the muon threshold, respectively.
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Scalar/Higgs Mixing
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Figure 3.8: Currently excluded parameter space for a light scalar with Yukawa-like couplings.

a previous proton fixed target experiment, is shown. The treatment of the experimental contraints
in order to arrive at these bounds has been identical to the treatment in [232] with the di↵erence
that pseudoscalars2have been considered there. In practice this means that the flavour changing
couplings as well as the branching ratios and total width had to be adapted to the scalar case.

3.2.2 What SHiP can do

The main production mechanism for light scalars with Yukawa-like couplings at SHiP comes from
B-meson and kaon decays. Note that although very light scalars are predominantly produced via
kaon decays due to the larger production cross section of kaons, SHiP is designed such that kaons
will typically be stopped in the target before decaying, so that the fraction of scalars emitted in
the direction of the detector is much smaller. We estimate the fraction of kaons which decay before
absorption and therefore contribute to the production of scalars boosted towards the detector to
be 0.2%.

To estimate the number of scalars produced in kaon and B-meson decays we first estimate the
total number of kaons and B-mesons produced, using NB,K = NPoT�B,K/�pN with �pN the total
cross section for proton nucleon collisions and NPoT = 2 ·1020 the total number of protons on target
for SHiP. We take �pN ⇠ 10 mb and assume �K = 20mb and �B = 3.6nb, such that in total about
8 · 1017 kaons and 7 · 1013 B mesons will be produced.

The number of scalars produced in B-meson decays is then simply given by NS = NB⇥BR(B !

2Pseudoscalars are considered in Chapter 5 where one can also find some more details on the employed procedure.
Comparing Figs. 3.9 and 5.2 we find that the di↵erence in parity has only a subdominant e↵ect.
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Sterile/Active Neutrino Mixing
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Figure 4.2: Production (left) and subsequent decay (right) of the particle NI .

the Universe (see Section 4.6.1 for the formulation of the problem). Moreover, the same parti-
cles can be responsible for both neutrino masses and matter-antimatter asymmetry generation.
HNLs with the masses ranging from O(MeV) to O(1012 GeV) provide mechanisms of generation of
matter-antimatter asymmetry, described in Sections 4.6.2–4.6.4.2 below. In particular, the suc-
cessful baryogenesis is possible when HNL have experimentally accessible masses (Sections 4.3.2.2,
4.3.2.3). This opens an exciting possibility of direct experimental resolution of these BSM puzzles
by finding HNLs experimentally. The phenomenology of neutrino oscillations provides (under cer-
tain assumptions, discussed above) the lower bound on Yukawa couplings, while the requirement
of successful baryogenesis provides an upper bound on their values.

Right-handed neutrinos can appear as a part of a wider theory, for example as a part of the
fermion representation of a gauge group in GUT theories, see Section 4.3.2.1. Interestingly HNLs
can be postulated as the only new particles beyond the Standard Model up to a very high energy
scale, providing explanations of all major observational BSM phenomena (Section 4.8 below). This
brings the questions of the complete UV theory (discussed in Section 4.8.3). The SM supplemented
by 3 HNLs, with Majorana mass terms for all of them, and all possible Yukawa couplings with the
Higgs boson and left-handed lepton doublets has an intriguing property of charge quantisation. The
Majorana mass term (4.1.2) means that the hypercharge of NI is zero and therefore hypercharges of
left lepton double and Higgs field are the same. As a result of this, the requirement of cancellation
of gauge chiral anomalies has a unique solution in terms of charges [327], quantised exactly as it is
observed. In other words, the charge quantisation may be a requirement of the self-consistency of
the theory, rather than a consequence of a larger symmetry, as in Grand Unified Theories.

4.2 Active neutrino phenomenology

Neutrino physics provides strong motivation for the existence of HNLs. Although properties of
HNLs cannot be fully fixed by data from low-energy neutrino experiments, it serves as a source of
important constraints. Therefore we review main results of neutrino theory and experiments below.

4.2.1 Three-flavour neutrino oscillations. A theoretical overview

A decade of revolutionary neutrino experiments has established that the SM neutrinos are massive
and mix like quarks do. The measurement of their tiny masses has been possible thanks to neutrino
oscillations, a quantum phenomenon first conjectured by Pontecorvo [328]. Neutrinos are produced
and detected via weak processes, therefore by definition they are produced or detected as flavour
states (ie. the states that couple to the e, µ and ⌧ leptons respectively). However, such states
of a definite flavour are superpositions of the vacuum Hamiltonian eigenstates or mass eigenstates
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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

Be

Target

EarthAir

Decay Pipe

Steel

Beam Dump MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

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

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

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

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

U(1)B�L , U(1)`i�`j , U(1)3B�`i , (2)

and linear combinations thereof. In most contexts, the rele-
vant phenomenology in fixed-target searches is qualitatively
similar to the vector portal scenario, so below we will ignore
these possibilities without loss of essential generality. We
note, however, that viable models for both protophobic [27]
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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
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Figure 5: Top: Same as Fig. 2, but for an inelastic Majorana DM scenario in which
the A

0 decays to a pair of di↵erent mass eigenstates. The unstable �2 decays in flight,
so the flux at the detector is dominated by �1 states which upscatter o↵ electron,
nucleon, and nuclear targets (bottom) to regenerate the �2 state. Subsequently, the
�2 promptly de-excites in a 3-body �2 ! �1e

+
e

� process, depositing significant ⇠

GeV scale electromagnetic signal inside the BDX detector.

discrepant value of (g � 2) of the muon, in particular the mA0 � m� and ↵D � ✏

regime.
In the following we describe the various searches and comment on their sensitivity.

The paradigm of DM interactions with the SM o↵ers three broad possibilities to search
for it: accelerators, direct, and indirect detection. The first relies on production of
DM, either directly, or through the production and decay of a mediator such as the
A

0. The second approach seeks to directly detect the interaction of DM particles from
the halo, as they pass through the earth. In the third, DM annihilation in the early
Universe could a↵ect cosmological observations; or alternatively, in the present day,
DM could annihilate in dense regions such as the center of our galaxy — giving rise
to final state SM particles that one can look for. We briefly discuss previous, current,
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Only measure electron beam — don’t require DM to scatter
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The Light Dark Matter eXperiment

➡a zero background experiment can 
definitively test thermal DM over 
most of MeV-GeV range with ~1016 e-

LDMX is an e- fixed-target 
missing momentum search 
for light dark matter.
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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
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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. [19]. 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↵ [66] 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.

mon

beam) experiments. We find that the combined reach of
all scattering and decay searches at these experiments can
comprehensively test nearly all remaining parameter space,
thereby providing strong motivation for these efforts.

This paper also extends earlier work [19], which studied
the collider phenomenology of inelastic thermal coannihila-
tion models over the GeV – TeV mass range. Our work com-
plements this effort by working out the constraints and projec-
tions for the MeV–GeV range, thereby providing a roadmap
for covering thermal coannihilation over nearly all masses for
which a thermal origin is viable (lower masses are in conflict
with early universe cosmology and higher masses generically
violate perturbative unitarity in most models). This full cover-

age, spanning the results of both papers, is presented in Fig. 8.

Finally we note that other existing and future experiments
may also have powerful reach to this class of models. In par-
ticular, the proton beam experiments DUNE [68], SeaQuest
[69] (see forthcoming work by [70]), SHiP [71], and T2K
[72] all involve beam energies in excess of 100 GeV, which
can produce far more boosted DM than the beams consid-
ered in this work (all < 10 GeV and below). Higher energies
at these experiments can open up new production modes for
the DM candidates (e.g. deep inelastic scattering) and impart
greater boosts to the DM system, which can profoundly affect
the sensitivity projections for these setups. In addition, liquid
argon detectors such as ICARUS [73] may be more optimized

Broad variety of search strategies required to cover  “thermal target”

See also Mohlabeng 1902.05075 
deNiverville, Tsai, Liu 1908.07525 
 Berlin, Kling 1810.01879 and… Yu-Dai Tsai and Felix Kling’s talks
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FIG. 5. Existing constraints (shaded gray) and projected sensitivities (color) to models of fermionic inelastic dark matter in
the ✏ � m1 plane for mA0/m1 = 3, ↵D = 0.1, and various choices of the �1 � �2 fractional mass-splitting (� = 0.1, 0.05,
0.03, and 0.01). Along the black contour, the abundance of �1 matches the observed dark matter energy density. The solid
gray regions are excluded from LEP [19, 20] and BaBar [18]. The solid colored contours show the projected reach of various
proposed searches for displaced vertices at the LHC, such as at ATLAS and CMS (light blue) [8], LHCb (yellow) [44–46],
CODEX-b (orange) [51], FASER (dark blue) [52], and MATHUSLA (green) [67]. We also show the sensitivity of a precision
timing search at CMS [43], utilizing a conventional monojet (solid cyan) or an optimistic timing-based (dashed cyan) trigger.
See the corresponding subsections of Sec. VI for further details. Also shown in dot-dashed are the projected sensitivities of
Belle II (red) [33] and SeaQuest (purple) [29]. In the top-left panel, the circled gray star corresponds to the choice of model
parameters in Fig. 4.

based trigger (dashed cyan), which has enhanced sensi-
tivity compared to one utilizing the conventional monojet
trigger.

Fig. 6 examines the restricted thermal DM parameter
space in the ↵D � m1 plane for mA0/m1 = 3 and vari-
ous choices of the mass-splitting, �. For each panel of
this figure, we instead fix ✏ to the specific value required
for �1 to freeze out with an abundance that matches
the observed DM energy density. Hence, every point in
this parameter space is cosmologically viable. In this

case, Eq. (10) implies that for a fixed value of the DM
coannihilation cross section at freeze-out, larger values of
↵D favor smaller ✏, suppressing the A

0 production rate
at accelerators. For m1 ⇠ O(10) GeV, the remaining
viable parameter space favors sub-10% mass-splittings
(� . 0.1), and sizable ↵D, i.e., values larger than or
comparable to the strength of SM gauge couplings.

We have ignored the RG-evolution of ↵D (e.g., from
m1 ⇠ 10 GeV up to LHC energies), which is needed for
a more careful comparison between cosmological and ac-
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Concluding Remarks

Broader priors on BSM physics: light weakly coupled states 

Adding < GeV Dark Matter 

Prompt decays at colliders + B-factories

Minimal single-particle SM extensions

Displaced LLP searches at beam dumps

New U(1) forces (e.g. B-L gauge boson)

Search strategies 

Mixing with neutral SM states (e.g. sterile neutrino)

 LLP signatures at colliders from inelastic DM decays
Comprehensively test thermal freeze out via coannihilation


