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The dark sector: introduction

Dark matter: it is there, but very little is known about it! What is it?
Where did it came from?

• “WIMP miracle:” electroweak scale
masses (≃100 GeV) and DM
annihilation cross sections (10−36

cm2) give correct dark matter
density / relic abundances
(ρDM ≃ 2 · 10−27kg/m3). No need
for a new interaction!

• Intense experimental program
searching for a signal in this mass
region. So far, no positive evidences
have been found.

• What about light dark matter, in
the mass range 1 MeV ÷ 1 GeV?

arXiv:1408.4371 – old reference, for illustration only
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The dark sector - cosmological prior

Cosmological hypothesis: dark matter particles were in
equilibrium with the primordial thermal bath in early Universe.
Reaction: χ + χ ↔ f + f

Thermal history:
• Early Universe: high-T,

relativistic regime. Both reactions
(← and →) were permitted

• As Universe expands and cools
down (T < mχ), only the →
reaction occurs. DM number
density is exponentially
suppressed: Boltzmann regime

• Eventually, DM particles can’t
find each other to annihilate
further, thermal equilibrium
breaks: freeze-out

χχ↔ f + f

n ∝ T 3

χχ→ f + fn ∝ e−M/T

4 / 35



Introduction Invisible decay searches: passive Invisible decay searches: active Conclusions

The dark sector - cosmological prior

Cosmological hypothesis: dark matter particles were in
equilibrium with the primordial thermal bath in early Universe.
Reaction: χ + χ ↔ f + f

Thermal history:
• If annihilation cross section is too

high (too small), DM particles
would survive for a longer
(shorter) in equilibrium in the
Boltzmann regime, resulting in a
lower (higher) density at present

• Observed relic abundance
requires:
⟨σv⟩ann ≃ 3 · 10−26 cm−3s−1

• This number corresponds to the
scale of weak-force cross
sections

χχ↔ f + f

n ∝ T 3

χχ→ f + fn ∝ e−M/T
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The dark sector - particle physics prior

WIMP miracle: weak-scale DM particle interacting with SM
through weak force reproduces the presently observed DM relic
density.
If DM is made of WIMPs, no necessity for new interactions.

Successful thermal freeze-out for weak scale-masses and cross sections
• Predicts direct-detection cross section
• Driven main experimental efforts so far in the DM field
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The dark sector - particle physics prior

WIMP miracle: weak-scale DM particle interacting with SM
through weak force reproduces the presently observed DM relic
density.
If DM is made of WIMPs, no necessity for new interactions.

Successful thermal freeze-out for weak scale-masses and cross sections
• Predicts direct-detection cross section
• Driven main experimental efforts so far in the DM field

So far, no clear WIMP signals. Where to look next?
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The dark sector - particle physics prior revisited

• WIMPs are natural DM candidates if DM has ≃ O(1)
coupling to SM through the EW force

• Sub-GeV scale arises if the coupling is ≪ 1 → search for
sub-GeV Light Dark Matter

A light WIMP does not reproduce the correct relic abundance:

If mχ ≃ 1 GeV, ⟨σv⟩ann ≪ ⟨σv⟩relic

A new SM-DM interaction mechanism is necessary.
Different mechanisms are possible - in the following, I’ll focus
on the so-called “dark-photon” hypothesis.
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The dark sector - dark photon prior

• Model parameters:

• Dark photon and dark matter
masses (sub-GeV)

• A′ − χ coupling eD ≃ 1
• A′ − SM coupling via kinetic

mixing, ε ≪ 1
• Annihilation cross section reads:
⟨σv⟩ ∝ ε2αDm2

χ
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For a fixed mχ value, the thermal origin hypothesis imposes a unique value of y
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Light dark matter searches at accelerators

• Dark Matter direct detection experiments, typically optimized for Mχ ≥ 1 GeV,
have a limited sensitivity in the sub-GeV range

• ER ∝ v2M2
χ/MN , v ≃ 220 km/s ∼ 7 · 10−4c (Try to derive this yourself!)

• Many ongoing efforts to overcome this limitation

• LDM-SM interaction cross section at low energy has a sizable dependence on the
impinging particle velocity, with a drastic reduction for specific models

ER ≳ 5 keVNR, MN ≃ 122 GeV
Latest Xenon1T WIMP results - 1805.12562
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Light dark matter searches at accelerators
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have a limited sensitivity in the sub-GeV range

• ER ∝ v2M2
χ/MN , v ≃ 220 km/s ∼ 7 · 10−4c (Try to derive this yourself!)

• Many ongoing efforts to overcome this limitation

• LDM-SM interaction cross section at low energy has a sizable dependence on the
impinging particle velocity, with a drastic reduction for specific models

10−15

10−14

10−13

10−12

10−11

10−10

10−9

10−8

10−7

110−3 10−2 10−1

𝛼𝐷 = 0.1

𝑦
=

𝜖2 𝛼
𝐷

(𝑚
𝜒
/𝑚

𝐴
′)

4

𝑚𝜒, 𝐺𝑒𝑉

Pseudo-D
ira

c Ferm
ion Relic

Majorana Relic

Scalar Relic

LSND

E137

NA64

BaBar

MB-N

MB-e

Direct

Detection

Nucleon

Fermion
Scalar

LDM at accelerators
Accelerator-based experiments are
uniquely suited to explore the light
dark matter hypothesis: high intensity
/ high energy.

Complementarity is crucial!
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Light dark matter searches at accelerators

In the past few years, many different and complementary programs
were proposed (and some already started) to search for LDM at
accelerators, looking both for LDM particles and for mediators
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LDM production with lepton-beam experiments

Three main LDM production mechanisms in fixed-target, lepton-beam experiments
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a) A′-strahlung
• Radiative A′ emission in nucleus

EM field followed by A′ → χχ

• Scales as Z2α3
EM

• Forward-boosted, high-energy A′

emission

here p = (E0,p) is the 4-momentum of incoming electron, Pi = (M, 0) denotes the Z Nucleus 4-
momentum in the initial state, final state Z Nucleus momentum is defined by Pf = (P 0

f ,Pf ), the
A′-boson momentum is k = (k0,k) and p′ = (E ′,p′) is the momentum of electron recoil. It is
convenient to perform calculation in the frame where vector V = p− k is parallel to z-axis and
vector k is in the xz-plane. We define a 4-momentum transfer to the nucleus as q = Pi−Pf . In this
frame the polar and axial angles of q are denoted by θq and φq respectively. In contrast to Ref. [13]
we use mostly minus metric, such that t = −q2 = |q|2 − q20 > 0. After some algebraic manipulations
one can obtain

cos θq = −|V|
2 + |q|2 +m2

e − (E0 + q0 − k0)2
2|V||q| , q0 = − t

2M
, |q| =

√
t2

4M2
+ t. (9)

We assume that nucleus has zero spin [13, 14, 15, 16], as a consequence the photon-nucleus vertex is
given by

ie
√
Gel

2 (t)(Pi + Pf )µ ≡ ie
√
Gel

2 (t)Pµ.
We also use a convenient designation for the partial energy of A′-boson x = k0/E0 and for the angle
θ between k and p.
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Figure 1: Left panel: Comparison of the values of the differential cross section (dσ/dx)ETL as a
function of x = EA′/E0 for various A′ masses and mixing strength ε = 1 calculated in this work
(curves labeled with GKKK) and in Ref. [13] (LM curves). The spectra are normalized to the same
number of electron on target. Right panel: ratio of ETL cross-sections shown on the left panel for
various masses of dark photon, 10 keV < mA′ < 100 MeV.

One can express the relevant differential cross-section in the following form [13]

dσ

dx d cos θ
=
ε2α3|k|E0

|p||k− p| ·
tmax∫

tmin

dt

t2
Gel

2 (t) ·
2π∫

0

dφq
2π

|A2→3
X |2

8M2
, (10)

4

Exact tree-level calculation: 1712.05706
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LDM production with lepton-beam experiments

Three main LDM production mechanisms in fixed-target, lepton-beam experiments
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b) Non-resonant e+e− annihilation
• e+e− → A′γ followed by

A′ → χχ

• Scales as Zα2
EM

• Forward-backward emission,
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FIG. 2. Three different A′ production mechanisms by high-
energy positrons on a fixed target: (a) resonant A′ production
in e+e− annihilation; (b) A′-strahlung in e+e− annihilation;
(c) A′-strahlung in e+-nucleus scattering.

described in an electron-beam fixed-target scenario, ex-
ploiting secondary e+ emitted through standard elec-
tromagnetic processes. When a high-energy electron
impinges on a material, it initiates an electromagnetic
shower (EM), that is a cascade multi-particle production
process. The two main reactions contributing to the pro-
cess are photons production through bremmstrahlung by
electrons and positrons, and e+e− pairs production by
photons. As a consequence, after few radiation lengths
the developing shower is made by an admixture of elec-
trons, positrons and photons, characterized by different
energy distributions.

In previous papers describing A′ production in electron
beam-dump experiments [37] only the bremmstrahlung-
like dark photon production by electrons has been in-
cluded (we refer to Ref. [50] for a critical discussion of
limitations of the widely used Weizsäcker-Williams ap-
proximation within this context). In this work, we dis-
cuss how, in the positron-rich environment produced by
the high-energy electron showering in a beam-dump, con-
tributions from non-resonant and resonant annihilation
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FIG. 3. The angular distribution in the laboratory frame of A′

produced in non-resonant annihilation of 20 GeV positrons for
different dark photon masses: 20 MeV/c2 (red, short-dashed),
50 MeV/c2 (green, long-dashed), 100 MeV/c2 (blue, continu-
ous). For comparison, the angular distribution of photons in
the process e+e− → γγ is also shown (black, dash-dotted).

can be sizable. As a rule of thumb, compared to the
characteristic shape of A′-strahlung exclusion limits, the
resonant annihilation process leads to a more stringent
constraint at low ε, in the A′ mass window constrained
by the primary beam energy (right bound) and by the
detection threshold (left bound).

To evaluate the A′ production by positrons and the
subsequent detection of the visible decay products (e+e−

pairs) in an electron-beam dump experiment we em-
ployed the following Montecarlo procedure. First, we
evaluated the energy spectrum and the multiplicity of
secondary positrons in the beam-dump through a Geant4
based [51] simulation. Then, we used this result as input
for a custom Montecarlo code that generates A′ events
according to the two positron annihilation processes de-
scribed above, handles the A′ propagation and subse-
quent decay to an e+e− pair, and includes the experi-
mental acceptance of a detector placed downstream of
the dump. The code also computes the total number
of produced particles per electron-on-target (EOT). We
found this dual-step method more effective than includ-
ing the dark photon as a new particle in Geant4, together
with the corresponding production mechanisms. Decou-
pling the A′ production in the dump from the EM shower
development allows to handle cases with ε � 1 without
generating a very large number of EM showers in the
target. This is possible by artificially enhancing the A′

production cross section in the second step, properly ac-
counting for this in the final reach evaluation. Also, this
method saves computation time while evaluating the sen-
sitivity of a beam-dump experiment as a function of the

E0 = 20 GeVMA = 100 MeV
MA = 50 MeV
MA = 25 MeV
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LDM production with lepton-beam experiments

Three main LDM production mechanisms in fixed-target, lepton-beam experiments
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c) Resonant e+e− annihilation
• e+e− → A′ → χχ

• Scales as ZαEM

• Closed kinematics:
Pχ + Pχ ≃ Pe+

• Resonant, Breit-Wigner like cross
section with MA′ =

√
2meER
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See also: E. Nardi et al, Phys. Rev. D 97

16 / 35



Introduction Invisible decay searches: passive Invisible decay searches: active Conclusions

Light dark matter signatures

(a) mA′ < mχ: secluded scenario. Provides no thermal target for accelerator-based
experiments: any ε value is allowed.

(b) mχ < mA′ < 2mχ: visible decay scenario (although off-shell χ − χ production
is allowed!)

(c) mA′ > 2mχ: invisible decay scenario. 17 / 35
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Fixed passive thick-target LDM searches: beam-dumps

Beam dump experiments: LDM direct detection in a e− beam, fixed-target setup1

χ production
• High-energy, high-intensity e− beam impinging on a

dump
• χ particles production: radiative A′ emission (both

on-shell or off-shell) / via e+e− annihilation

χ detection
• Detector placed behind the dump, O(10-100) m
• Neutral-current χ scattering trough A′ exchange, recoil

releasing visible energy
• Different signals depending on the interaction (most

promising channel: χ − e− elastic scattering)

Number of events scales as: N ∝ αDε4

m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
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LDM production: thick-target effects

Thin target kinematics (on-shell A′):
• A′ emitted forward, EA ≃ E0
• χ beam forward peaked

e− in the dump:
• Energy loss: χ kinematics gets broader
• Secondary e−/e+ are produced: more χ

particles are emitted

To account for this:

dN
dEA′

∝
∫ E0

Emin
dEeT (Ee) dσ(Ee)

dEA′

• “Traditional” approach: T+ = X0δ(E0 − Ee)

• Correct approach: account for shower
development in the thick target.

• Evaluate T (Ee) with MonteCarlo
(Geant4)

• Compute DM yield for each electron
energy

• Sum yields with weight T+(Ee)
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E137 at SLAC

ALPs search experiment, results
re-interpreted as LDM search.

• Beam: 20-GeV e− beam, ≃ 2 · 1020 EOT
• Target: Water-filled Al beam dump
• Shielding: 179 m of ground (hill)
• Decay: 204 m of open air
• Detector: 8-X0 EM calorimeter +

MWPC

Different production mechanisms have been
considered:

• First analysis focused on A′-strahlung
production mechanism
(Phys. Rev. Lett. 113, 171802 (2014))

• New analysis focused on secondary
positrons: new resonant production
mechanism e+e− → χχ
(Phys. Rev. Lett. 121, 041802 (2018))
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FIG. 1. Top: Layout of the E137 experiment (adapted from
Fig. 2 in [35]). Middle and Bottom: An electron beam hits an
aluminum target, creating DM particles χ via bremsstrahlung
of A′ (bottom left). The χ traverse a ∼ 179 m deep hill and
another ∼ 204 m-long open region before scattering off elec-
trons (bottom right), which are detected in an electromagnetic
shower calorimeter.

can detect charged particles or photons produced by the
hypothetical particles coming from the dump. The de-
tector also employed multiwire proportional chambers to
achieve superb angular resolution, rendering it sensitive
to directional information that was crucial in eliminating
(cosmic) background. Two experimental runs were per-
formed. The lateral dimensions of the detector were 2m
× 3m during Run 1 and 3m × 3m in Run 2. The number
of electrons on target was ∼ 10 C (∼ 20 C) in Run 1
(Run 2).

The original analysis in [35] searched for axion-like
particles decaying to e+e−, or photinos decaying to a
photon and gravitino. No events were observed that
passed quality cuts, pointed back to the dump, and had a
shower energy above 1 GeV, placing strong limits on ax-
ions/photinos. In [40], the results were used to set strong
constraints on the visible decay A′ → e+e−.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, χ, see Fig. 1 (middle and bot-
tom). We focus on scenarios where χ’s are produced from
an on-shell A′ that decays invisibly to χχ̄ or via an off-
shell A′. Such χ inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced χ thus intersect the E137

detector and can scatter with electrons in the calorimeter
material. The ejected electrons will initiate an energetic
electromagnetic shower of the type constrained by the
E137 search. With no observed events, and conserva-
tively assuming no expected background events, we em-
ploy a Poisson 95% C.L. limit of N95 = 3 events. Below,
we shall calculate the number of signal events for a fixed
mχ as function of mA′ , ε, and αD, and derive bounds in
this parameter space by requiring less than 3 events.
SIGNAL RATE CALCULATION. We
have employed a Monte-Carlo simulation using
MadGraph5 aMC@NLO v2.1.1 [41] to generate DM
events produced in electron-aluminum nucleus collisions,

e−N → e−NA′(∗) → e−Nχχ̄ (where N is a nucleus with
Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, σχχ̄ (we checked all our numerical
results against analytic formulas [18, 40, 42]). We include
the form factor of the aluminum nucleus [40, 42], which
accounts for coherent scattering, as well as nuclear and
atomic screening. The model (1) is implemented using
FeynRules 2.0 [43]. We take the thickness of the target
to be one radiation length, a reasonable approximation
that accounts for beam degradation [18, 40]. The total
number of χ produced is then

Nχ = 2σχχ̄NeXAlNA/AAl , (2)

where Ne = 30 C, XAl = 24.3 g cm−2, NA is Avogadro’s
number, and AAl = 26.98 g/mol.

The fraction of χ that intersect the detector, εacc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting χ that are produced
with angles tan θx < ∆x/L and tan θy < ∆y/L trans-
verse to the beam direction, where L = 383 m, ∆x =
1.5 m, and ∆y = 1 m (1.5 m) for Run 1 (2). The an-
gular distribution of scalars χ produced through an A′ is
suppressed along the forward direction, which results in
a lower εacc compared to fermionic χ [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/Nacc

χ )(dNacc
χ /dEχ), and convolute it

with the χ− e− differential scattering cross section,

dσf,s
dEe

= 4πε2 ααD
2meE

2
χ− ff,s(Ee)(Ee −me)

(E2
χ −m2

χ)(m2
A′ + 2meEe − 2m2

e)
2
,

(3)
where the subscripts f, s stand for fermion and scalar
χ, respectively, ff (Ee) = 2meEχ − meEe + m2

χ + 2m2
e,

fs = 2meEχ + m2
χ, and Ee is the recoil electron energy.

To conform to the E137 signal region, we impose Ee >
Eth = 1 GeV and θe > 30 mrad, where θe is the angle
of the scattered electron, to obtain σcut

χe . The number of
expected signal events is then given by

Nχe = Nχ εacc σ
cut
χe

∑

i

ndet,i Ldet,i , (4)

where ndet,i (Ldet,i) denotes the e− number density
(length) of detector sub-layer i. To pass the trigger, χ
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FIG. 2. Top left: Constraints (95% C.L.) in the ε −mA′ plane for dark photons A′ decaying invisibly to light DM χ, with
mχ < 0.5 MeV. The SLAC E137 experiment excludes a Dirac fermion (red shading/red solid line) or complex scalar (red
long dashed) DM. We fix αD = 0.1 and assume an electron recoil threshold energy of Eth = 1 GeV in the E137 detector
(for comparison, the red dotted line shows Eth = 3 GeV for a fermionic χ). Also shown are constraints from the anomalous
magnetic moment of the electron (ae, 2σ, blue dashed) and muon (aµ, 5σ, dark green dashed), and a light-green dashed region
in which the A′ explains the aµ discrepancy. Other model-dependent constraints (see text for details), arise from LSND (yellow
solid), SLAC mQ experiment (cyan solid), BABAR (blue dotted), and BNL E787 and E949 (brown dotted). The inset focuses
on mA′ = 100 − 300 MeV. Top right and Bottom left: Same as top left but for mχ = 10 MeV and 50 MeV, respectively.
Above the black solid line, the thermal relic abundance of a scalar χ satisfies Ωχ ≤ ΩDM; the region above the blue solid
line is excluded if χ can scatter off electrons in the XENON10 experiment, assuming χ makes up all the DM; the light gray
regions/dotted lines are excluded from searches for A′ → e+e− (if this mode is available for mA′ < 2mχ) in E141, E774, Orsay,
HADES, or A1. Bottom right: 95% C.L. upper limits on αD as a function of mA′ for a Dirac fermion χ, assuming ε is
fixed to the smallest value consistent with explaining the aµ anomaly. The E137 constraint is shown for mχ < 0.5 MeV (red
shading/solid line) and for mχ = 10, 50 MeV (dashed red), while the remaining constraints are only shown for mχ < 0.5 MeV.
The solid gray curve is the limit from A′ → visible searches, while the gray dashed represents the transition between A′ → χχ̄
and A′ → visible decays dominating.
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E137 at SLAC

ALPs search experiment, results
re-interpreted as LDM search.

• Beam: 20-GeV e− beam, ≃ 2 · 1020 EOT
• Target: Water-filled Al beam dump
• Shielding: 179 m of ground (hill)
• Decay: 204 m of open air
• Detector: 8-X0 EM calorimeter +

MWPC

Different production mechanisms have been
considered:

• First analysis focused on A′-strahlung
production mechanism
(Phys. Rev. Lett. 113, 171802 (2014))

• New analysis focused on secondary
positrons: new resonant production
mechanism e+e− → χχ
(Phys. Rev. Lett. 121, 041802 (2018))
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FIG. 1. Top: Layout of the E137 experiment (adapted from
Fig. 2 in [35]). Middle and Bottom: An electron beam hits an
aluminum target, creating DM particles χ via bremsstrahlung
of A′ (bottom left). The χ traverse a ∼ 179 m deep hill and
another ∼ 204 m-long open region before scattering off elec-
trons (bottom right), which are detected in an electromagnetic
shower calorimeter.

can detect charged particles or photons produced by the
hypothetical particles coming from the dump. The de-
tector also employed multiwire proportional chambers to
achieve superb angular resolution, rendering it sensitive
to directional information that was crucial in eliminating
(cosmic) background. Two experimental runs were per-
formed. The lateral dimensions of the detector were 2m
× 3m during Run 1 and 3m × 3m in Run 2. The number
of electrons on target was ∼ 10 C (∼ 20 C) in Run 1
(Run 2).

The original analysis in [35] searched for axion-like
particles decaying to e+e−, or photinos decaying to a
photon and gravitino. No events were observed that
passed quality cuts, pointed back to the dump, and had a
shower energy above 1 GeV, placing strong limits on ax-
ions/photinos. In [40], the results were used to set strong
constraints on the visible decay A′ → e+e−.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, χ, see Fig. 1 (middle and bot-
tom). We focus on scenarios where χ’s are produced from
an on-shell A′ that decays invisibly to χχ̄ or via an off-
shell A′. Such χ inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced χ thus intersect the E137

detector and can scatter with electrons in the calorimeter
material. The ejected electrons will initiate an energetic
electromagnetic shower of the type constrained by the
E137 search. With no observed events, and conserva-
tively assuming no expected background events, we em-
ploy a Poisson 95% C.L. limit of N95 = 3 events. Below,
we shall calculate the number of signal events for a fixed
mχ as function of mA′ , ε, and αD, and derive bounds in
this parameter space by requiring less than 3 events.
SIGNAL RATE CALCULATION. We
have employed a Monte-Carlo simulation using
MadGraph5 aMC@NLO v2.1.1 [41] to generate DM
events produced in electron-aluminum nucleus collisions,

e−N → e−NA′(∗) → e−Nχχ̄ (where N is a nucleus with
Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, σχχ̄ (we checked all our numerical
results against analytic formulas [18, 40, 42]). We include
the form factor of the aluminum nucleus [40, 42], which
accounts for coherent scattering, as well as nuclear and
atomic screening. The model (1) is implemented using
FeynRules 2.0 [43]. We take the thickness of the target
to be one radiation length, a reasonable approximation
that accounts for beam degradation [18, 40]. The total
number of χ produced is then

Nχ = 2σχχ̄NeXAlNA/AAl , (2)

where Ne = 30 C, XAl = 24.3 g cm−2, NA is Avogadro’s
number, and AAl = 26.98 g/mol.

The fraction of χ that intersect the detector, εacc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting χ that are produced
with angles tan θx < ∆x/L and tan θy < ∆y/L trans-
verse to the beam direction, where L = 383 m, ∆x =
1.5 m, and ∆y = 1 m (1.5 m) for Run 1 (2). The an-
gular distribution of scalars χ produced through an A′ is
suppressed along the forward direction, which results in
a lower εacc compared to fermionic χ [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/Nacc

χ )(dNacc
χ /dEχ), and convolute it

with the χ− e− differential scattering cross section,

dσf,s
dEe

= 4πε2 ααD
2meE

2
χ− ff,s(Ee)(Ee −me)

(E2
χ −m2

χ)(m2
A′ + 2meEe − 2m2

e)
2
,

(3)
where the subscripts f, s stand for fermion and scalar
χ, respectively, ff (Ee) = 2meEχ − meEe + m2

χ + 2m2
e,

fs = 2meEχ + m2
χ, and Ee is the recoil electron energy.

To conform to the E137 signal region, we impose Ee >
Eth = 1 GeV and θe > 30 mrad, where θe is the angle
of the scattered electron, to obtain σcut

χe . The number of
expected signal events is then given by

Nχe = Nχ εacc σ
cut
χe

∑

i

ndet,i Ldet,i , (4)

where ndet,i (Ldet,i) denotes the e− number density
(length) of detector sub-layer i. To pass the trigger, χ
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FIG. 3. Left: Continuous lines show exclusion limits at 90% CL for electron BDE and aBDE due to resonant and non-resonant
positron annihilation (only). Dashed lines show exclusion limits obtained by considering A′ − strahlung only. The combined
exclusion region is shown as filled area: light-gray indicates previous limits (including E137, BaBar [23] and LSND [24]);
dark-gray shows the effect of including positron annihilation on existing limits. Different colors correspond to the different
experiments: E137 (blue), BDX (magenta), NA64 (yellow), and LDMX (brown). Limits are given for the parameter y ≡
αDε

2
(
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mA′

)4

as a function of mχ. The prescription αD = 0.5, mA′ = 3mχ is adopted when applicable. Right: The same

as in the Left plot but for possible positron-beam BDE and aBDE. Exclusion limits are derived assuming the same (positron)
charge and experimental efficiency quoted for the corresponding e−-beam setup.

ing in e+ e− pairs, requiring a deposited energy in the
calorimeter larger than 1 GeV with a track pointing to
the beam-dump production vertex. The absence of any
signal above threshold, satisfying a tight directionality
cut (θtrack < 30 mrad), provided stringent limits on ax-
ions/photinos. Negative results were used in [25] to pro-
vide the most stringent limits in LDM parameters space
in the mass range 1 MeV/c2 < mχ < 100 MeV/c2.

BDX is a BDE planned at JLab that will improve
the E137 sensitivity by using the high intensity CEBAF
beam [26], running for ∼1 year with currents up to 60
µA, and positioning the detector closer to the dump.
The main parameters of the experiments are reported in
Tab. I. The detector consists of a ' 0.5 m3 EM calorime-
ter made by CsI(Tl) scintillating crystals, surrounded by
two active veto layers made by plastic scintillator for cos-
mic backgrounds rejection. The average signal efficiency
is ∼ 15%. The experiment sensitivity is ultimately lim-
ited by the irreducible neutrino background, expected to
be at level of O(few) events for 1022 electrons on target
(EOT). In case of a negative result, BDX is expected to
improve the E137 exclusion limit by one or two order of
magnitudes, depending on the χ mass.

The NA64 experiment is an aBDE making use of the
100 GeV secondary electron beam at SPS-CERN. The
detector consists of an upstream magnetic spectrometer
(tracker + bending magnet), followed by an active tar-
get, a Shashlik-type EM calorimeter made of lead and

plastic-scintillator plates. A signal event is defined as an
upstream reconstructed track with less than 50 GeV en-
ergy deposited in the EM calorimeter, and no activity in
the surrounding veto system or in the hadron-calorimeter
installed downstream. The corresponding detection effi-
ciency, slightly dependent on mA′ , is about 50%. NA64
accumulated so far 4.3 · 1010 EOT, with no events mea-
sured in the signal-search window, and an expected back-
ground contribution of 0.12 events. The 90% CL exclu-
sion limit extracted from the measurement spans from
ε ' 2 · 10−5 at mA′ = 1 MeV/c2 to ε ' 3.6 · 10−2 at
mA′ = 1 GeV/c2.

LDMX is a missing momentum experiment proposed
at SLAC that will use the LCLS-II 4 GeV e− beam [27].
The detector is made by a silicon tracker surrounding
a 10% X0 Tungsten thin-target to measure each incom-
ing and outgoing electrons individually; a fast and highly
hermetic Si-W sampling EM calorimeter, and a hadron-
calorimeter used to identify and reject penetrating par-
ticles. In the first phase, LDMX plans to collect ' 1014

EOT, with an expected sensitivity for a zero background
measurement that spans from ε ' 1.2 · 10−6 at mA′ = 1
MeV/c2 to ε ' 7 · 10−3 at mA′ = 1 GeV/c2. Although
LDMX is designed for missing-momentum searches us-
ing tracker and the EM calorimeter information, it can
also acts as aBDE using the EM calorimeter as an active
target with a corresponding energy cut of 1.2 GeV.

The new exclusion limits at 90% C.L. obtained consid-
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Fixed active thick-target LDM searches: missing energy experiments

Beam-dump experiments pay a penalty NS ∝ ε4 in the event yield:
production × detection
New approach: missing energy measurement - the active thick target is the
detector, NS ∝ ε2

Missing Energy Experiments
• Specific beam structure: impinging

particles impinging “one at time” on
the active target

• Deposited energy Edep measured
event-by-event

• Signal: events with large
Emiss = EB − Edep

• Backgrounds: events with ν /
long-lived (KL) / highly penetrating
(µ) particles escaping from the
detector
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10−2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10−1X0 with
varying PT cuts on the recoiling electron in different kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3× 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the χ has a thermal-relic annihilation cross-section
for mA′ = 3mχ assuming the aggressive value αD = 1; for
smaller αD and/or larger mA′/mχ hierarchy the curve moves
upward. Below this line, χ is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g− 2)e [23, 24], and (g− 2)µ [25]. If m′A � mχ, there are
additional constraints from on-shell A′ production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ψ)
[26], E787 (K+) [27], and E949 (K+) [28].

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-
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FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A′, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.
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NA64-e: setup

Missing energy experiment at CERN North Area, 100 GeV e− beam2

Experiment Setup
• EM-Calorimeter: 40X0, Pb/Sc

Shashlik
• Hadron calorimeter: 4 m, 30 λI

• Beam identification system: SRD +
MM trackers

• Plastic scintillator counters for
VETO / beam tagging

σE/E ∼ 0.1/
√

E

2Phys.Rev.Lett. 123 (2019) 121801
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NA64-e: setup

Missing energy experiment at CERN North Area, 100 GeV e− beam2

Experiment Setup
• EM-Calorimeter: 40X0, Pb/Sc

Shashlik
• Hadron calorimeter: 4 m, 30 λI

• Beam identification system: SRD +
MM trackers

• Plastic scintillator counters for
VETO / beam tagging

100 GeV π−

punchthrough ∼ 10−3

2Phys.Rev.Lett. 123 (2019) 121801
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NA64-e: setup

Missing energy experiment at CERN North Area, 100 GeV e− beam2

Experiment Setup
• EM-Calorimeter: 40X0, Pb/Sc

Shashlik
• Hadron calorimeter: 4 m, 30 λI

• Beam identification system: SRD +
MM trackers

• Plastic scintillator counters for
VETO / beam tagging

Sπ
SRD ∼ 10−5

2Phys.Rev.Lett. 123 (2019) 121801
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NA64-e: backgrounds
Possible background sources: production of long-lived and highly penetrating
neutral SM particles upstream / within ECAL (neutrons, kaons)

(i) Di-muon events: eZ → eZµ+µ−, with
one or both muons decaying or
escaping without being detected by
VETO/HCAL.

(ii) Decay of mis-identified contaminating
hadrons to eνe final state.

(iii) Electro- / photo-nuclear interactions
with upstream beamline materials.
Critical contribution, yield estimated
directly from data by side-band
extrapolation.

(iv) Hadron productions in the ECAL
undetected by VETO/HCAL.

Background yield for 2021-2022 runs
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NA64-e: results

Latest results from NA64-e
• Accumulated statistics ≃ 1012

EOT

• After applying all selection cuts,
no events are observed in the
signal region EECAL < 50 GeV,
EHCAL < 1 GeV

• Expected number of background
events ∼ 0.5 compatible with
null observation

• Today, the most competitive
exclusion limits in large portion
of the LDM parameters space

In the large-mass region,
mA′ ≳ 100 MeV, the NA64-e yield -
and thus the exclusino limit - suffers
a penalty from the σrad

A′ ∝ 1/m2
A′

dependency. How to overcome this
limitation?
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POKER (NA64-e+): POsitron resonant annihilation into darK mattER
A missing-energy, active thick-target, light dark matter search with positrons

Why positrons?

Signal production reaction: e+e− → A′ → χχ

• Large event yield:
Nannihil

s ∝ ZαEM vs
Nbrem

s ∝ Z2α3
EM

• Missing energy distribution shows a peak

around ER =
M2

A′
2me

Thanks to the resonant enhancement, the use
of a positron beam allows to effectively explore
the large A′ mass range (≳ 100 MeV)
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POKER (NA64-e+): current status

A first proof-of-concept measurement was
completed in 2022 (1010 E+OT at 100 GeV)
Goals: backgrounds study (higher beam hadronic
contamination), resonant production
characterization via the e+e− → µ+µ− reaction,
extraction of the first upper limit with an analysis
optimized for resonant LDM production.

Experimental setup: as in NA64-e−.

Analysis strategy: blind-analysis (signal-like region
EECAL < 50 GeV, EHCAL < 3 GeV).

Main backgrounds:
• π+ → e+νe + fake-SRD tag
• Upstream hadrons electro-production, soft e+

in ECAL
• Overall yield: < 0.1 events.

Results: no events observed in the signal region
after unblinding, new upper limits set to the LDM
parameters space.
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Fixed active thick-target LDM searches: missing momentum experiments

Missing-momentum search with a muon beam impinging on a
fixed target, complementary to e± searches in the high-mass
region.
• Signal production: A′ radiative emission

by beam muons impinging on an active
target (ECAL).

• Signal signature: well-identified
impinging beam track and final-state
low-energy deflected track. No additional
activity in downstream detectors (VETO
/ hadronic calorimeters).

Combined sensitivity of NA64-e (1013 EOT) and

NA64-µ (2×1013 MOT).
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NA64−µ: experimental setup

NA64-µ experiment: muon beam missing energy + momentum search
Beam: M2 beamline at CERN SPS, 160
GeV µ−, 105 − 107 µ/s.
Detector:

• Two magnetic spectrometers, MS1
(impinging µ) / MS2 (scattered µ)

• Three calorimeters: ECAL (active
target), VHCAL, HCAL

• Beam-defining plastic scintillator
counters

Signal signature: P1 ≃ 160 GeV,
P2 < 80 GeV, ECAL ≃MIP.
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The ΝΑ64μ experiment
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33 / 35



Introduction Invisible decay searches: passive Invisible decay searches: active Conclusions

NA64−µ: status

Three test runs have already been
performed in 2021 (5x109 MOT),
2022 (5x1010 MOT), and 2023 (1011

MOT)
• First results from 2021 data

analysis: less than 10−11

background events expected per
MOT. No events observed in the
signal region.

• 2022/2023 data analysis in
progress.

Long physics run foreseen in 2024
• Detector optimization in

progress.
• Final goal: 1012 MOT.

of ðme=mμÞ5 compared to electron bremsstrahlung, is
estimated through MC simulations to be ∼10−7 per
MOT. Because of the phase space associated to this
process, final state muons can be efficiently rejected
through the double/triple MIP signature in the HCAL
modules, as well as within the tracking detectors. For
the typical set of cuts used within this framework, possible
background due to dimuons production is rejected at the
level of <10−12 per MOT.
Combining all of the above main sources of background,

the experiment is expected to be background free at the
level of ∼1011 MOTs (see Table I).

IV. FUTURE SENSITIVITY TO THE ðg− 2Þμ
The signal yield of invisible decay of Z0 to SM neutrinos,

Z0 → ν̄ν, can be estimated according to [37,40] such that

Nðν̄νÞ
Z0 ¼ NMOT ·

ρN A

A
·
X
i

σtotðEi
μÞΔLi · BrðZ0 → ν̄νÞ; ð6Þ

where N A is the Avogadro number, ρ is the target density
and A the target atomic weight, ΔLi is the ith step length of
the muon with energy Ei

μ within the target, and σtot the total
cross section for Z0 emission. The 90% confidence level
upper limit on g0 is calculated using Eq. (6), thus requiring

Nðν̄νÞ
Z0 > 2.3 events, in the ðmZ0 ; g0Þ parameter space. The

corresponding results are shown in Fig. 6 for NMOT ¼ 1011

assuming the selection criteria (i)–(iv) and a single scat-
tered muon with energy E0

μ ≤ 80 GeV. Also shown is the
values of g0 andmZ0 necessary to explain the muon ðg − 2Þμ
within the 2σ band. It can be seen that for NMOT ≥ 1011, the
parameter space necessary to explain the muon anomalous
magnetic moment is fully covered. Additionally, it is also
shown that with 1011 MOT, NA64μ is also sensitive to the
parameters space region explaining the XENON1T
excess [62].
For completeness, existing experimental bounds on Z0

from the gauge extension Lμ − Lτ theory are shown for
neutrino trident production, νN → νNμμ, with the CCFR
experiment [63,64], as well as from neutrino-electron
scattering with the BOREXINO experiment [65,66]. Also
shown are experimental constraints from electron-positron

colliders with the BABAR [67] and Belle-II [68] experi-
ments. As a comparison, projected sensitivities for Dune
[72,73], Belle-II [74] andM3 [38] are plotted alongside our
estimated limits.

V. CONCLUSION

In this work, we presented the expected sensitivity of the
NA64μ experiment to a light Z0 boson coupled to muons as
a remaining low mass explanation of the ðg − 2Þμ muon
anomaly. The minimal model based on the broken
Uð1ÞLμ−Lτ

symmetry is used as a benchmark in these
studies. We focused on the optimization and design of
the experimental setup for the first phase of the experiment
dedicated to demonstrating the feasibility of the technique.
The trigger efficiency and the detector hermeticity have
been studied using a dedicated GEANT4-based MC simu-
lation framework and a realistic M2 beam-optics simula-
tion. A trigger using the scattered muon deflection after
traversing the magnet spectrometer has been designed to
keep the primary beam below 0.1% and a mass-dependent
signal efficiency between 15%–35%. The low trigger
efficiency for smaller masses is compensated by the mass
dependence of the cross section. The main expected
background sources arise from momentum misreconstruc-
tion in the two magnet spectrometers, hadron contamina-
tion and detector hermeticity. The results obtained from the
simulation show that the background level is below 10−11

per MOT being dominated by the decay in flight of
the remaining hadron contamination in the M2 beam line.

3−10 2−10 1−10 1
 [GeV]Z'm

5−10

4−10

3−10

2−10

1−10g'

 MOTs11 10μNA64

 Phase 13M

CCFR

BBN

BaBAR

Borexino

σ 2±μ(g-2)

Belle II

-1Belle II 50 fb

-μ+μDune

XENON1T

FIG. 6. Projected sensitivities for the invisible mode Z0 → ν̄ν in
the ðmZ0 ; g0Þ parameter space for a total of 1011 MOT with the
NA64μ experiment. The limits are given using the selection
criteria (i)–(iv) and the requirement of the event lying in the signal
box. The necessary ðmZ0 ; g0Þ values to explain the ðg − 2Þμ
anomaly are shown within the 2σ green band, as well as the
possible parameters to cover the XENON1T excess [62]. Also
shown are current experimental constraints from CCFR [63,64],
BOREXINO [65,66], BABAR [67] and Belle-II [68], together
with the cosmological constraints from the big bang nucleosyn-
thesis (BBN) [69–71]. Projected sensitivities from Dune [72,73],
Belle-II [74] and M3 [38] are also plotted.

TABLE I. Main sources of background and expected back-
ground level per muons on target (MOT).

Source of background Level per MOT

Hadron in-flight decay ≲10−11

Momentum mismatch ≲10−12

Detector non-hermeticity ≲10−12

Single-hadron punch through ≲10−12

Dimuon production < 10−12

Total (conservatively) ≲10−11

H. SIEBER et al. PHYS. REV. D 105, 052006 (2022)

052006-6

 L. Molina BuenoICHEP2022 16

I) In-time events

II) Single-hit per tracker

III)Reconstructed momenta in MS1 

[135, 185 GeV].

IV)Quality cut on downstream momenta 

in MS2 based on χ2.

V) Energy compatible with MIP energy 

in calorimeters and veto 

Event Selection Criteria:

Data analysis: work in progress

No background observed at this level

The ΝΑ64μ experiment: preliminary results

(Preliminary)

Cut-flow analysis for the ~5 x 109 MOT collected in 
2021 (in 2022 statistics increased a factor 10)
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Conclusions

• Many different experiments searching for light dark matter at
accelerators started in the last few years, with complementary
methodologies and techniques.

• Each experiment is characterize by its own advantages and
difficulties - I think that only a complete experimental program
will be allow to explore this field.

• I hope this lecture gave you a "tasting" of this large variety of
efforts, with few "hints" of the (very interesting and broad)
technical aspects behind. For any further question or comment,
do not hesitate to ask me!

Thanks for your attention
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Light dark matter signatures

(a) mA′ < mχ: secluded scenario. Provides no thermal target for accelerator-based
experiments: any ε value is allowed.

(b) mχ < mA′ < 2mχ: visible decay scenario (although off-shell χ − χ production
is allowed!)

(c) mA′ > 2mχ: invisible decay scenario. 37 / 35
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A′ production and visible decay in a e− beam, fixed thick-target setup (Phys.Rev.
D86 (2012) 095019)

• A′ production: radiative A′ emission
e−N → e−NA′

• A′ propagation: for low ε values (≲ 10−5)
the A′ is long-lived, resulting to a detached
decay vertex.

• A′ detection: measurement of the e+ e−

decay pair in a downstream detector.

Signal yield dependence on main parameters:
N ∼ Neotnsh

∫
dE′dEedtIe(Ee, t) dσ

dE′ e−Lsh/lA′ (1 − e−Ld/lA′ )

• Upper bound:
Nevt ∝ ε2e−Lsh/lA′ , lA′ ∝ E0/ε2

• Lower bound:
Nevt ∝ ε2Ld/lA′ ∝ ε4

39 / 35



A′ production and visible decay in a e− beam, fixed thick-target setup (Phys.Rev.
D86 (2012) 095019)

• A′ production: radiative A′ emission
e−N → e−NA′

• A′ propagation: for low ε values (≲ 10−5)
the A′ is long-lived, resulting to a detached
decay vertex.

• A′ detection: measurement of the e+ e−

decay pair in a downstream detector.

Signal yield dependence on main parameters:
N ∼ Neotnsh

∫
dE′dEedtIe(Ee, t) dσ

dE′ e−Lsh/lA′ (1 − e−Ld/lA′ )

• Upper bound:
Nevt ∝ ε2e−Lsh/lA′ , lA′ ∝ E0/ε2

• Lower bound:
Nevt ∝ ε2Ld/lA′ ∝ ε4

Target/shielding length Lsh

N ∝ e−Lsh/lA′
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A′ production and visible decay in a e− beam, fixed thick-target setup (Phys.Rev.
D86 (2012) 095019)

• A′ production: radiative A′ emission
e−N → e−NA′

• A′ propagation: for low ε values (≲ 10−5)
the A′ is long-lived, resulting to a detached
decay vertex.

• A′ detection: measurement of the e+ e−

decay pair in a downstream detector.

Signal yield dependence on main parameters:
N ∼ Neotnsh

∫
dE′dEedtIe(Ee, t) dσ

dE′ e−Lsh/lA′ (1 − e−Ld/lA′ )

• Upper bound:
Nevt ∝ ε2e−Lsh/lA′ , lA′ ∝ E0/ε2

• Lower bound:
Nevt ∝ ε2Ld/lA′ ∝ ε4

Beam energy

N ∝ e−Lsh/lA′ , lA′ ∝ E
(smooth production cross section
dependence)
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A′ production and visible decay in a e− beam, fixed thick-target setup (Phys.Rev.
D86 (2012) 095019)

• A′ production: radiative A′ emission
e−N → e−NA′

• A′ propagation: for low ε values (≲ 10−5)
the A′ is long-lived, resulting to a detached
decay vertex.

• A′ detection: measurement of the e+ e−

decay pair in a downstream detector.

Signal yield dependence on main parameters:
N ∼ Neotnsh

∫
dE′dEedtIe(Ee, t) dσ

dE′ e−Lsh/lA′ (1 − e−Ld/lA′ )

• Upper bound:
Nevt ∝ ε2e−Lsh/lA′ , lA′ ∝ E0/ε2

• Lower bound:
Nevt ∝ ε2Ld/lA′ ∝ ε4

Detector/decay length Ld

N ∝ Ld
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E137 at SLAC
Experiment originally proposed for ALPs search, results re-interpreted as a visible
A′ search.

Experiment Parameters:
• Beam: 20-GeV e− beam, ≃ 2 · 1020 EOT
• Target: Water-filled Al beam dump
• Shielding: 179 m of ground (hill)
• Decay: 204 m of open air
• Detector: 8-X0 EM calorimeter +

MWPC

Results:
• Experiment observed 0 events, exclusion

limits at 90% CL = 2.3 signal events.

• Two re-analysis with different
approximations (Miller, Andreas)
resulting in a similar exclusion limit.

• Recent limits extension (Marsicano)
considering secondary positrons
annihilation on atomic e−
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