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11 Years of Oscillation

A distinctive recoil spectrum



Inelastic Dark Matter
Tucker-Smith & Weiner (2001)

Large modulation fraction

Large recoil energy

Scatters off of heavier nuclei

Ψ1

Ψ2

δm ∼ O(100 keV)

Dark matter has 2 nearly 
degenerate states

Ψ1

Ψ2 N

N

Scattering off the SM is
Ψ1 → Ψ2

3 Consequences:
(CDMS ineffective)

(Xenon10 didn’t look)



A new number to explain:

10−6δm

m
∼

Breaking of an approximate global symmetry

Sign of dark sector dynamics

Inelastic Dark Matter

Like Yukawas
Radiatively stable

Hard to discover origin

First of many splittings
New interactions to discover

Changes what questions are interesting



Composite Dark Matter
A new SU(Nc) gauge sector

Confines at ΛDark

A pair of quarks:
qL

qH

mL ! Λdark

mH ! Λdark

mH

mL

Λdark



Composite Dark Matter
A new SU(Nc) gauge sector

Confines at ΛDark

A cosmological asymmetry
(nH − nH̄) = −(nL − nL̄) "= 0

At T ! ΛDark DM is in  
qH q̄L bound states

Dark Mesons

A pair of quarks:
qL

qH

mL ! Λdark

mH ! Λdark

mH

mL

Λdark



Degeneracy of the Ground State

Dark Chromomagnetic interaction breaks spin symmetry

Spin 1

Dark Rho

ρd

Spin 0

Dark Pion

πd
mρd −mπd

Λ2
Dark

mH
∼

πd

ρdqH q̄Lm δH ∼ "σ · "B

mH

Heavy quark spin preserved in electric interactions

Doesn’t require adding new symmetry and breaking it
Accidental global symmetry from Lorentz Invariance



Coupling to the SM
Kinetically Mix U(1)darkU(1)Y with

Lmix = ε Fµν
darkFY µν

At low energy Lint = ε Aµ
dark jEM µ

Higgs U(1)dark near EW scale

LHiggs = |Dµφd|2 − V (φd) −→ m2
dA2

d

SM DM
U(1)Y U(1)dark

χGUTCharged under SM



Charging the Dark Quarks
Two Choices Anomaly-Free Charges

jµ
dark = gd(q̄HγµqH − q̄LγµqL)

Vector coupling

Doesn’t forbid dark quark masses
Has both elastic and inelastic scattering channels



Charging the Dark Quarks
Two Choices Anomaly-Free Charges

jµ
dark = gd(q̄HγµqH − q̄LγµqL)

Vector coupling

Doesn’t forbid dark quark masses
Has both elastic and inelastic scattering channels

jµ
dark = gd(q̄Hγµγ5qH − q̄Lγµγ5qL)

Axial Vector coupling

Forbids dark quark masses until U(1)dark Higgsing
Only inelastic scattering channels



Inelastic Axial Transitions
Must compute couplings to dark mesons

Lint =
gd

Λdark
Fµν

dark ρ†d ν ∂µ πd

πd ↔ ρdDim 5
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Figure 2: Nuclear recoil spectrum (red line) for inelastic scattering as compared to the

DAMA annual modulation signal (blue data points). At low recoil energy, only the high

velocity tail of the halo can scatter (see equation (1), thereby suppressing low energy events.

At higher energy, recoil rates are suppressed by both the nuclear form factor and the falling

halo profile as a function of relative velocity. Consequently, a peak in the recoil spectrum

scaling with ∆ is characteristic of inelastic dark matter.
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1 2 3 4 5 6 7 8

All πd ↔ πd
ρd ↔ ρd

transitions forbidden

Recoil
Spectrum

µ = 0 ν = iuse
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Figure 3: Left: Cartoon of an event in which quarks in a simple confined dark sector are
produced through an off-shell A′. The quarks shower and hadronize into mesons, which
decay into Standard Model particles. Final states frequently contain many leptons, but can
also include hadrons and long-lived dark states that escape the detector unobserved. Right:
Phase space structure of different kinds of events. An off-shell A′ produces jet-like structure
if ΛD !

√
s (top), and approximately spherical final states if ΛD !

√
s (middle). In A′/γ

radiative return production, the dark-sector final state recoils against a hard photon.

states that can only decay to Standard Model final states. Gauge boson decays are suppressed
by two powers of the mixing parameter ε, and can be prompt or displaced. Higgs decays can
be suppressed by ε4, depending on kinematics, in which case they leave the detectors before
decaying to visible matter. Typical events in a Higgsed dark sector can produce between
4 and 12 Standard Model particles, with leptons being a significant fraction and easiest to
observe. Caricatures of these events, with and without a recoiling photon, are shown in
Figure 2. The decay phenomenology is similar in hadron colliders [22], and the pure Higgsed
Abelian case for B-factories has been discussed in [16], though the dominant production
modes and kinematics considered here are quite different.

If the non-Abelian factor of GD is confined, then the physical picture is very similar to
the hidden valley models discussed in [18, 19, 20]. U(1)D mixing mediates production of a
light quark-antiquark pair in the dark sector. These states shower and hadronize, producing
few dark-sector mesons with a roughly spherical distribution if the ratio

√
s/ΛD is O(1),

and collimated jets if this ratio is large. Unlike the Higgsed scenario, the multiplicity of
mesons in a typical final state is determined by the ratio of the production energy to ΛD,
not by spectroscopy. Different scenarios are caricatured in Figure 3. These sectors contain
light mesons that can only decay to Standard Model final states. A single event can contain
a combination of prompt and displaced decays, and states that escape the detector. In
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Collider Signatures

Light mesons

Lepton Jets
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FIG. 1: Left: Existing constraints on an A′. Shown are constraints from electron and muon anomalous magnetic moment
measurements, ae and aµ, the BaBar search for Υ(3S) → γµ+µ−, three beam dump experiments, E137, E141, and E774,
and supernova cooling (SN). These constraints are discussed further in Section III. Right: Existing constraints are shown in
gray, while the various lines — light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green
(lower) solid — show estimates of the regions that can be explored with the experimental scenarios discussed in Section IVA–
IVE, respectively. The discussion in IV focuses on the five points labeled “A” through “E”. The orange stripe denotes the
“D-term” region introduced in section IIA, in which simple models of dark matter interacting with the A′ can explain the
annual modulation signal reported by DAMA/LIBRA. Along the thin black line, the A′ proper lifetime cτ = 80µm, which is
approximately the τ proper lifetime.

energy e+e− colliders are a powerful laboratory for the
study of an A′ with ε ! 10−4 and mass above ∼ 200
MeV, particularly in sectors with multiple light states
[32, 33, 34, 35, 36]. Their reach in ε is limited by lu-
minosity and irreducible backgrounds. However, an A′

can also be produced through bremsstrahlung off an elec-
tron beam incident on a fixed target [34]. This approach
has several virtues over colliding-beam searches: much
larger luminosities, of O(1 ab−1/day) can be achieved,
scattering cross-sections are enhanced by nuclear charge
coherence, and the resulting boosted final states can be
observed with compact special-purpose detectors.

Past electron “beam-dump” experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain ! 10
cm vertex displacements and ε ! 10−7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ε and mA′). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled “A” through “E”
in Figure 1 (right) require different approaches to these
challenges, discussed in Section IV. We have estimated
the reach of each scenario, summarized in Figure 1
(right), in the context of electron beams with 1–6 GeV
energies, nA–µA average beam currents, and run times
∼ 106 s. Such beams can be found for example at the

Thomas Jefferson National Accelerator Facility (JLab),
the SLAC National Accelerator Laboratory, the electron
accelerator ELSA, and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump
experiments. Low-mass, high-ε regions (e.g. B and C)
produce boosted A′ and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy — a limiting
factor. At still higher ε, no displaced vertices are re-
solvable and one must take full advantage of the kine-
matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A′ decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with different ex-
clusions) if the A′ decays to lighter U(1)′-charged scalars,
and to direct production of axion-like states.

Outline

In Section II, we summarize the properties of A′ pro-
duction through bremsstrahlung in fixed-target colli-
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New fixed target experiments
sions. Constraints from past experiments and from neu-
trino emission by SN 1987A are presented in Section III.
In Section IV, we describe the five new experimental sce-
narios and estimate the limiting backgrounds. We con-
clude in Section V with a summary of the prospects for
new experiments. More detailed formulas, which we use
to calculate our expected search reaches, and a more de-
tailed discussion of some of the backgrounds, are given
in Appendices A, B, and C .

II. THE PHYSICS OF NEW U(1) VECTORS IN
FIXED TARGET COLLISIONS

A. Theoretical Preliminaries

Consider the Lagrangian

L = LSM + εY FY,µνF ′
µν +

1
4
F ′,µνF ′

µν + m2
A′A′µA′

µ, (3)

where LSM is the Standard Model Lagrangian, F ′
µν =

∂[µA′
ν], and A′ is the gauge field of a massive dark U(1)′

gauge group [1]. The second term in (3) is the kinetic
mixing operator, and ε ∼ 10−8 − 10−2 is naturally gen-
erated by loops at any mass scale of heavy fields charged
under both U(1)′ and U(1)Y ; the lower end of this range
is obtained if one or both U(1)’s are contained in grand-
unified (GUT) groups, since then ε is only generated by
two-or three-loop GUT-breaking effects.

A simple way of analyzing the low-energy effects of the
A′ is to treat kinetic mixing as an insertion of p2gµν−pµpν

in Feynman diagrams, making it clear that the A′ couples
to the electromagnetic current of the Standard Model
through the photon. This picture also clarifies, for ex-
ample, that new interactions induced by kinetic mixing
must involve a massive A′ propagator, and that effects
of mixing with the Z-boson are further suppressed by
1/m2

Z . Equivalently, one can redefine the photon field
Aµ → Aµ+εA′µ as in [37], which removes the kinetic mix-
ing term and generates a coupling eAµJµ

EM ⊃ εeA′
µJµ

EM
of the new gauge boson to electrically charged particles
(here ε ≡ εY cos θW ). Note that this does not induce
electromagnetic millicharges for particles charged under
the A′. The parameters of concern in this paper are ε
and mA′ .

We now explain the orange stripe in Figure 1 — see
[3, 4, 5] for more details. In a supersymmetric theory,
the kinetic mixing operator induces a mixing between
the D-terms associated with U(1)′ and U(1)Y . The hy-
percharge D-term gets a vacuum expectation value from
electroweak symmetry breaking and induces a weak-scale
effective Fayet-Iliopoulos term for U(1)′. Consequently,
the Standard Model vacuum can break the U(1)′ in the
presence of light U(1)′-charged degrees of freedom, giving
the A′ a mass,

mA′ ∼ √εgD

√
gY mW

g2
, (4)

e−e−

Z

A′

γ

FIG. 2: A′ production by bremsstrahlung off an incoming
electron scattering off protons in a target with atomic number
Z.

!+

!−

!+

!−

e−

Z Z

e−

(a) (b)

FIG. 3: (a) γ∗ and (b) Bethe-Heitler trident reactions that
comprise the primary QED background to A′ → "+"− search
channels.

where gD, gY , and g2 are the the U(1)′, U(1)Y , and
Standard Model SU(2)L gauge couplings, respectively,
and mW is the W-boson mass. Equation (4) relates
ε and mA′ as indicated by the orange stripe in Figure
1 for gD ∼ 0.1 − 1. This region is not only theoret-
ically appealing, but also roughly corresponds to the
region in which the annual modulation signal observed
by DAMA/LIBRA can be explained by dark matter,
charged under the U(1)′, scattering inelastically off nuclei
through A′ exchange. We therefore include these lines for
reference in our plots.

B. A′ Production in Fixed-Target Collisions

A′ particles are generated in electron collisions on a
fixed target by a process analogous to ordinary pho-
ton bremsstrahlung, see Figure 2. This can be reli-
ably estimated in the Weizsäcker-Williams approxima-
tion (see Appendix A for more details) [38, 39, 40].
When the incoming electron has energy E0, the differ-
ential cross-section to produce an A′ of mass mA′ with
energy EA′ ≡ xE0 is

dσ

dxd cos θA′
≈ 8Z2α3ε2E2

0x

U2
Log

×
[
(1− x +

x2

2
)−

x(1− x)m2
A′

(
E2

0x θ2
A′

)

U2

]
(5)

where Z is the atomic number of the target atoms,
α ) 1/137, θA′ is the angle in the lab frame between the
emitted A′ and the incoming electron, the Log (∼ 5− 10

3

Bjorken, Essig, Schuster, Toro


