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Introduction
• This analysis: LDMX is sensitive to a much broader range of both
thermal and non-thermal DM, new particles like axions with either
photon or electron couplings, very weakly coupled millicharges, visibly
and invisibly decaying dark photons and other gauge bosons, and Higgslike scalars.
• Three classes:
1. Dark Matter Particles (section 3):calculations for thermal freezeout scenario, and also relic abundance for viable freeze-in models
with heavy dark photon mediators. Find sensitivity in keV-GeV
mass range.
2. Millicharged Particles and Invisible Decays of New Particles (section 4): calculations of millicharge production, rates for invisibly
decaying gauge bosons, simplified models of sub-GeV scalars, and
muonic forces motivated by the (g − 2)µ anomaly. Find sensitivity
to millicharged particles below the 500 MeV mass range.
3. Axion Particles, Dark Photons, and Visible Displaced Decays of
New Particle (section 5): calculations for the production and visible displaced decays of axion and dark photon particles. Consider
both electron and photon coupled axions (signal is electromagnetic
shower in the back of the LDMX ECal).
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Theory Primer

2.A

Light Dark Matter

Figure 1: Landscape of DM models. 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.
• Is DM ever in thermal equilibrium with visible matter?
– If no, DM abundance arises from cosmological initial conditions
and/or from ultra-weak interactions with a thermal bath.
– Even tiny couplings of DM to SM will bring the two into thermal contact: when interaction rates Γ exceeed expansion rate of
2
universe, or Γ ∼ gD
mDM at temperatures comparable to the DM
mass, with gD dimensionless coupling constant.
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– For GeV scale DM, this implies equilibration is expected for couplings larger than
r
mDM
∼ 10−9 (equilibration)
(1)
gD &
MPl
So unless the forces mediating DM interactions are extremely feeble (much weaker than SM electroweak force), DM equilibrates
with SM bath. Once equilibrated, the DM number and entropy
densities at early times are determined by the photon plasma temperature, nDM ∝ sDM ∝ T 3 .
Implications of equilibriation:
1. Insensitivity to Initial Conditions: DM distribution is set by temperature.
2. Necessary Entropy transfer: reduce abundance of DM else would exceed
current measured value:
• Transfer to Dark Sector
• Transfer to Standard Model
3. Bounded mass range: Before 10−22 eV . mDM . 10M from cosmological data. If thermal equilibrium, then MeV . mDM . 100TeV. If
lighter than lower bound, entropy transfer (freeze-out) occurs during
nucleosynthesis and often spoils the successful predictions of Big Bang
nucleosynthesis (BBN). If heavir than upper bound, the annihilation
cross section governing the entropy transfer violates perturbative unitarity, so needs nontrivial model building.
Derivation for Eq. (1):
2
Γ ∼ gD
mDM

Friedman’s equation:
 2
8πG
kc2 Λc2
ȧ
=
ρ− 2 +
H ≡
a
3
a
3
2

with H the hubble parameter for the expansion rate of the universe at a
certain time, ρ the mass-energy density of the universe, which is related to
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mDM . Now the later two terms is small compared to the first term in the
early universe when DM is semi-relativistic, so we can approximate
p
H ∼ Gρ
Planck mass is defined to be
r
Mpl =

~c
⇒ G ∝ 1/Mpl2
G

Then by a dimensional analysis argument,
H(T ∼ mDM ) ∼

m2DM
Mpl

When interaction rates exceed expansion rate of the universe,
2
Γ & H ⇒ gD
∼

mDM
Mpl

Plugging in mDM ∼ 1GeV , and Mpl ∼ 1019 GeV , then gD & 10−9 .
Comments: The second term in the Friedman’s equation is a scale factor
defined by d(t) = a(t) · d0 , with a(t0 ) = 1 the current value. The universe
expands, so a is a very small number in the early universe.
The third term is on the order of magnitude of 10−35 s−2 .

2.B

Dark Sector Mediators

Sub-GeV dark sectors are motivated by many Physics Beyond the SM, including models that addressed the hierarchy problem [9,41,42], strong CP
problem [43-46], and the (g − 2)µ anomaly [47-49]; the context for string theory is also motivated by dark sector [50] in the sub-GeV mass [39,40,51-53]
range.
For dark sector neutral under SM gauge forces, effective field theory gives
approach to classify by operator dimension interactions between DM or between DM and the SM. Focus on low dimension operators, because they’re
more relevant at low energy (the universe today).
Allowed operators constrained by Lorentz symmetry and the spin of dark
sector particles. Lowest-dimensional possible spins: spin-0, spin-1/2, spin-1.
4

Figure 2: Generic GeV-scale dark sector states that can interact with SM
via low-dimension operators
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Predictive Light DM Models

Nearly all viable thermal DM scenarios below the GeV-scale contain all of
the following:
1. SM Neutrality: Unlike WIMPs (can realize thermal freeze-out via SM
gauge interactions), sub-GeV relics must not carry electroweak quantum numbers
2. Light New ”Mediators”: FOr light DM, the Z-mediated cross section
for χχ → Z ∗ → f f¯ annihilation is
2
 m
χ
(2)
σv ∼ G2F m2χ ' 1.5 × 10−29 cm3 s−1
100MeV
which falls short of the familiar thermal relic cross section ∼ few ×
10−26 cm3 s−1 . This motivates the presence of new force carriers more
strongly coupled than the electroweak force.
Contents overview: For mMED > 2mDM (mediator decays invisibly), relic
density arises from the freeze-out of ”direct annihilations” (DM DM → MED∗
→ SM SM):
• Section 3.A: different spin and mass structure for the dark sector, under
the assumption of a kinetically mixed dark photon mediator.
• Section 3.B: generalize discussion to include models of other spin-1
mediators and simplified models of viable spin-0 mediators.
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• Section 3.E: beyond minimal thermal freeze-out that involve 3 → 2
and 2 → 1 annihilations in a confining dark sector. (invisible and semivisible)
For mDM > mMED (mediator decays visibly), DM entropy transferred
via two-step ”secluded annihilation” (DM DM → MED MED → SM):
• In absence of additional lighter field content in the dark sector, the
mediator decays visibly to SM particles and can yield visible resonances,
displaced vertices, or other (semi-)visible signatures: Section V.
• Section 3.C: LDMX invisible signature also sensitive to secluded scenario through DM production via an off-shell mediator.
Outside the minimal direct or secluded annihilation paradigm:
• Section 3.D: summarize the target implied by CMB-safety for asymmetric DM in the kinematic range where direct annihilations dominate.
• Section 3.E: the sensitivity of LDMX and other experiments to strongly
interacting DM models.
• Section 3.F, signals associated with nonthermal freeze-in production of
DM.

3.A

Predictive Dark Photon Models

DM directly annihilates to SM particles through an intermediate
dark photon mediator (A0 ), a massive gauge boson of a broken U (1)D
symmetry which kinetically mixes with SM hypercharge.
L ⊃

1

0
Fµν
B µν + m2A0 A0µ A0µ
2 cos θW
2

(3)

where θW is the weak mixing angle,  is the kinetic mixing parameter, and
mA0 is the dark photon mass. In the limit mA0 . GeV , the dark photon
dominantly mixes with the SM photon.
After diagonalizing the kinetic and mass terms, A0 inherits an -suppressed interaction with the electromagnetic current JEM and retains an unsuppressed
coupling to the U (1)D current JD . In the mass eigenstate basis,
µ
− L ⊃ A0µ (eJEM
+ gD JDµ )
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(4)

with the U (1)D coupling constant
gD ≡

√

4παD

(5)

The annihilation raates for models in Sections 3.A1-3.A4 have the same parameter dependence,
4

2 αD m2χ
y
mχ
2
¯
(6)
σv(χχ → f f ) ∝
≡ 2 , y ≡  αD
m4A0
mχ
mA0
with dimensionless interaction strength y.

Figure 3: DM parameter space in the y−mχ plane for various models. (Thermal targets for representative dark matter candidates coupled to kinetically
mixed dark photons)
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1. Scalar Elastic Dark Matter
If χ is a complex scalar with unit charge under U (1)D , then the DM
current that couples to A0 in Eq. (4) is given by
JDµ = i (χ∗ ∂ µ χ − χ∂ µ χ∗ )

(7)

The non-relativistic cross section for DM annihilations to a pair of light
(m`  mχ ) SM leptons is:
∗

0∗

+ −

σv χχ → A → ` `



8παem v 2 y
8π αem 2 αD m2χ v 2
'
'

3 4m2χ − m2 0 2
3
m2χ
A

(8)

where v is the relative DM velocity, and the last step is taken the
mA0  mχ limit.
Incorporate DM annihilations to hadronic final states through the approximate relation

σv (χχ? → A0∗ → hadrons ) ' R(s) × σv χχ? → A0∗ → µ+ µ− (9)
where R ≡ σ (e+ e− → hadrons )/σ (e+ e− → µ+ µ− ) from data.
At direct detection experiments, the non-relativistic χ − f elastic scattering cross section is approximately
σ(χf → χf ) '

16παem 2 αD µ2χf
(q 2 + m2A0 )

2

(10)

where µχf is the DM-target reduced mass.
There is no suppression in the non-relativistic scattering limit, this
scenario is the most favorable for direct detection experiments.
2. Scalar Inelastic Dark Matter
A variation on the scalar elastic model described above can arise if
χ acquires additional mass terms that explicitly break U (1)D (scalar
analogue of Majorana masses), such as
− L ⊃ m2χ |χ|2 + µ2χ χ2 + h.c.

(11)

where the µχ mass term may arise after the spontaneous symmetry
breaking of U (1)D . Diagonalizing this system yields the mass eigenstates χ1,2 , which couple off-diagonally (inelastically) to the dark photon in Eq. (4) through the current
JDµ = χ1 ∂ µ χ2 − χ2 ∂ µ χ1
8

(12)

DM couples off-diagonally to dark photon in this scenario, so scattering
processes (e.g. χ1 f → χ2 f ) at direct detection experiments are kinematically suppressed if the χ1,2 fractional mass-splitting is larger than
O (10−6 ).
For fractional mass-splittings that are smaller than than O (10−1 ) the
cosmology and accelerator phenomenology discussed in this paper is
left unchanged.
3. Majorana Elastic Dark Matter
For a Majorana fermion coupled to a dark photon, the U (1)D current
of Eq. (4) is
1
(13)
JDµ = χ̄γ µ γ 5 χ
2
Identical to Section 3.A1, the non-relativistic cross section for DM direct annihilations to leptons is approximately
0∗

+ −

σv χχ → A → ` `



8π αem 2 αD m2χ v 2
8παem v 2 y
'
'

3 4m2χ − m2 0 2
3
m2χ
A

(14)

At direct detection experiments, the non-relativistic χ − f elastic scattering cross section is
σ(χf → χf ) '

8παem 2 αD µ2χf 3m2χ + 2mχ mf + m2f 2
v
m4A0
(mχ + mf )2

(15)

where v is now the relative χ − f velocity. The velocity suppression
significantly weakens prospects for direct detection experiments.
4. Pseudo-Dirac Inelastic Dark Matter

(Small Splitting: ∆ << mχ )
For a Dirac pair of two-component Weyl fermions (η, ξ) that have opposite unit charge under U (1)D , and possess both a U (1)D conserving
(breaking) Dirac (Majorana) mass term,mD (mM ), the relevant mass
terms are

1
− L ⊃ mD ηξ + mM η 2 + ξ 2 + h.c.
(16)
2
In the limit mD  mM 6= 0, the mass eigenstates (χ1,2 ) correspond to
a pseudo-Dirac pair given by
i
1
χ1 ' √ (η − ξ), χ2 ' √ (η + ξ)
2
2
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(17)

with nearly degenerate masses m1 ≤∼ m2 , where
m1,2 ' mD ∓ mM

(18)

Define the dimensionful mass-splitting
∆ ≡ m2 − m1 ' 2mM

(19)

In this mass basis, χ1,2 couple off-diagonally to the dark photon. In
4-component notation where χ1,2 are Majorana fermions, the current
in Eq. (4) becomes
JDµ = iχ̄1 γ µ χ2
(20)
Like Sec. 3A 2, scattering off of SM fermions (χ1 f → χ2 f ) is kinematically suppressed for mass-splittings larger than ∆/m1 ≥ O (10−6 ). In
the limit ∆  m1 (define mχ ≡ m1 ' m2 ), the coannihilation cross
section to light SM leptons via an intermediate A0 is
0∗

+ −

σv χ1 χ2 → A → ` `



16παem 2 αD m2χ m 0 mχ 16παem y
'
(21)
2 ' A
m2χ
4m2χ − m2A0

which is valid for mχ  m` .
If ∆ > 2me , then χ2 is depleted via decay to χ1 e+ e− , leading to a
negligible χ2 abundance at recombination.
If ∆ < 2me , the depletion of χ2 through scattering leaves some residual
freeze-out abundance of χ2 , but over much of the parameter space
this abundance is sufficiently small to completely alleviate the CMB
constraints. Fig. 3, thermal target for this scenario assuming that the
mass-splitting is negligible (∆ . O(0.1)mχ ).
5. Pseudo-Dirac Inelastic Dark Matter

(Large Splitting: ∆ > 2me )
If the pseudo-Dirac model in the previous section features a larger masssplitting, the heavier state χ2 is potentially unstable on accelerator
timescales → opportunity for searches for visible χ2 decay products at
fixed-target and collider experiments.
For nA0 > m1 + m2 and ∆ . O(1)m1 , DM freeze-out is dominantly

controlled by coannihilations into SM fermions χ1 χ2 → A0∗ → f f¯ .
In this case, χ2 decays via an off-shell dark photon into χ1 and a pair
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of SM leptons.
In the limit mA0  m1,2  m` and ∆  m1 , the decay rate is
 4αem 2 αD ∆5
∝ y (∆/m1 )5 m1
Γ χ2 → χ1 `+ `− '
15πm4A0

(22)

→ proper lifetime of χ2 dictated by the same couplings that control
the DM relic abundance (y and m1 ).
Difference between small and large mass-splitting regimes: cosmology
is highly sensitive to ∆ if the splitting is comparable to (or larger than)
the χ1 freeze-out temperature Tf ' m1 /20.
For ∆ & Tf , the population of the heavier χ2 is Boltzmann suppressed
at freeze-out compared to χ1 , i.e., nχ2 /nχ1 ∝ e−∆/Tf (since n ∝ e−/Tf ).
To compensate, the χ1 χ2 → A0∗ → f f¯ coannihilation cross section
must increase exponentially to obtain a abundance of χ1 in agreement
with the observed DM energy density.
4: mA0 /m1 = 3, ∆ = 0.1m1 , and αD = 0.1.

Figure 4: Parameter space for pseudo-Dirac DM.
6. Resonant and Forbidden Regimes: 1 < mA0 /mχ < 3 In previous sections, we focused on mediator/DM mass ratio of mA0 /mχ = 3,
which allows on-shell decays of A0 to DM and avoids resonant enhancement of the annihilation rate in the early universe.
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Figure 5 and 6: effects of relaxing this assumption by varying mχ /mA0 .
Figure 5: mA0 ≈ 2mχ where DM annihilation is resonantly enhanced.
Figure 6: mass range mχ . mA0 . 2mχ , fixing mA0 /mχ = 1.5. This
choice forbids on-shell A0 decays to DM.

Figure 5: Thermal targets for a subset of the dark photon mediated models
in Fig. (3), but represented in the 2 − mA0 plane with fixed αD = 0.5.

3.B

Predictive Dark Matter with Other Mediators

Generalize Sec. 3A to include more general couplings to the SM for spin1 and spin-0 mediators. In most models, the electron coupling dominantly
controls DM freeze-out → searches for mediators through electron coupling.
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Figure 6: Thermal targets for a subset of the dark photon mediated models
in Fig. (3), shown in the mχ − 2 αD plane for mA0 /mχ = 1.5.
1. Predictive Dark Matter with Other Spin-1 Mediators : DM
coupling to SM via Spin-1 mediator Z 0
Variations to the dark photon mediated models of Sec. 3 A by coupling
the DM sector to SM currents other than electromagnetism.
Focus on new light forces corresponding to the following gauged global
symmetries of the SM,
U (1)B−L , U (1)B−3Li , U (1)Li −Lj , U (1)B

(23)

with B the baryon number and Li the lepton number of i = e, µ, τ .
Refer to the spin-1 force carriers of Eq. 23 as Z 0 .
Imagine Z 0 couples predominantly to DM currents with strength qD ∼
O(1) and feebly to the SM. Analogous to A0 − e coupling e, define
Z 0 − SM strength as
BL ≡ gZ 0 /e, . . .
(24)
with gZ 0 the gauge coupling constant of a B − L, B − 3Li , Li − Lj , or
B gauge boson. If U (1)D gauge boson (X) kinetically mixes with Z 0 of
23 through
X
0
+ Zµ0 JZµ0
(25)
L ⊃ − X µν Zµν
2
then (in the mass eigenstate basis) X inherits a suppressed coupling to
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the Z 0 current JZ 0
L ⊃ X (mX /mZ 0 )2 Xµ JZµ0 ≡ gZeff0 Xµ JZµ0

(26)

in the limit X  1 and mX  mZ 0 .
Calculate the DM relic abundance by numerically solving the relevant
Boltzmann equation, which incorporates corss sections for χχ → Z 0∗ →
f f¯.
Results in Fig, 7, shows constraints in the y − mχ plane on the invisibly
decaying Z 0 gauge bosons.

Figure 7: As in Fig. 3, thermal targets for the representative dark matter candidates of Sec.3A but instead coupled to U (1)B−L (top-left), U (1)B−3e (topright), U (1)e−µ (bottom-left), and U (1)B (bottom-right) Z 0 gauge bosons,
fixing mZ 0 = 3mχ and αD = 0.5
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2. Predictive Dark Matter with Spin-0 Mediators : DM annihilation to SM leptons through exchange of a spin-0 mediator, φ.
Compared to dark photon, the most analogous version of spin-0 mediator is a new SM neutral scalar that directly couples to the SM Higgs
via the trilinear ϕ|H|2 or quartic ϕ2 |H|2 interactions.
Below electroweak symmetry breaking scale, φ mass-mixes with H, having couplings analogous to the SM Higgs-fermion couplings, ∼ sinθ(mf /v),
with v ' 246GeV the SM vacuum expectation value (vev) and sinθ
that describes strength of φ − H mixing.
Certain constraints on φ are alleviated when it doesn’t couple to hadrons
or SM Higgs, so focus on light spin-0 mediators that couple dominantly
to leptons:
P
¯ (parity-even)
L ⊃ gϕ ϕ ` (m` /me ) ``
(27)
P
¯ 5 ` (parity-odd)
L ⊃ gϕ ϕ (m` /me ) `iγ
where the sum is over all/some subset of the SM leptons.
This lagrangian can be gauge invariant through the dimension-five operator
ϕ
ĒL eR H
(28)
Λ
Define the φ − e coupling strength as
ϕ ≡ gϕ /e

(29)

Take the DM to be comprised of a Majorana fermion, χ, that couples
to φ with the parity-even interaction
1
L ⊃ gχ ϕχ̄χ
2

(30)

Fig. 8: explore the parameter space for DM that couples to a spin-0
mediator with parity-even(scalar) or parity-odd (pseudoscalar) interactions.
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Figure 8: Thermal targets for Majorana dark matter that couples to an
electrophilic (top row) or leptophilic (bottom row) spin-0 mediator, φ

16

3.C

Secluded Dark Matter

3.D

Asymmetric Dark Matter

3.E

Strongly-Interacting Models

3.F

Freeze-in

4

Millicharged Particles and Invisible Decays
of New Particles

4.A

Invisibly Decaying Dark Photons

4.B

Millicharges

4.C

B−L Gauge Bosons Decaying to Neutrinos

4.D

Muonic Forces and (g-2)µ

5

Visibly Decaying Dark Photons, Axions,
and Strongly Interacting Dark Sectors

5.A

Minimal dark photon

5.B

Axion-like particles

5.C

Strongly-Interacting Models

6

Conclusions
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