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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?

• The DM puzzle motivated a large
number of experimental programs
searching for DM from the galactic
halo, exploiting different techniques.

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

• Where to look next?

arXiv:1408.4371
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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: χχ↔ 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
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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: χχ↔ f + f

Thermal history:
• If annihilation cross section is too

high (too small), DM particles
would stay more (less) in
equilibrium in the Boltzmann
regime, resulting in a lower higher
density at present time

• 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
trough weak force reproduces the observed DM relic density today.
If DM is made of WIMPs, no necessity for new interactions!
DM-SM interactions in the early Universe:

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
trough weak force reproduces the observed DM relic density today.
If DM is made of WIMPs, no necessity for new interactions!
DM-SM interactions in the early Universe:

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 positive observations in the DD field. Where to look
next?

7 / 40



The Dark Sector LDM searches at accelerators Searches with e+ and e− beams The POKER project Conclusions

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 <
GeV scale Light Dark Matter
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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 <
GeV scale Light Dark Matter

A light WIMP does not reproduce 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

DM-SM interactions:

• 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〉 ∝ ε2e2

Dm
2
χ

m4
A′

= ε2e2
Dm

4
χ

m4
A′

1
m2
χ
≡ y

m2
χ

For a given value of mχ, thermal origin hypothesis imposes a unique value of y 11 / 40
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Light dark matter

The light dark matter hypothesis can explain the (gravitationally) observed relic
abundance, provided a new interaction mechanism between SM and dark
sector exists1

• Simplest possibility: “vector-portal”. DM-SM
interaction trough a new U(1) gauge-boson
(“dark-photon”) coupling to electric charge

Model parameters:
• Dark-photon mass, M ′A and coupling to

electric charge ε

• Dark matter mass, Mχ and coupling to dark
photon, gD (αD ≡ g2

D/4π)

Experimental searches:
• A comprehensive LDM experimental program

must investigate both the existence of χ
particles and of dark photons

• A collection of complementary searches
sensitive to all possible A′ decays is required,
visible & invisible
1For a comprehensive review: 1707.04591, 2005.01515, 2011.02157 12 / 40
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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
13 / 40
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Light dark matter searches at the intensity frontier

• Dark Matter direct detection experiments, typically optimized for Mχ ≥ 1 GeV,
have a limited sensitivity in the sub-GeV range
• ER ∝M2

χ/MN

• 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 the intensity frontier

• Dark Matter direct detection experiments, typically optimized for Mχ ≥ 1 GeV,
have a limited sensitivity in the sub-GeV range
• ER ∝M2

χ/MN

• 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

LDM at accelerators
Accelerator-based experiments at the
intensity frontier are uniquely suited to
explore the light dark matter
hypothesis
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LDM production mechanisms with lepton beams

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 mechanisms with lepton beams

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,
EAVGA′ = E0

2 (1 + M2
A
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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 mechanisms with lepton beams

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′ =

√
2meE
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Fixed passive thick-target LDM searches: electron beam-dumps

Beam dump experiments: LDM direct detection in a e− beam, fixed-target setup2
χ production
• High-energy, high-intensity e− beam impinging on a

thick target
• Secondary χ particles beam produced through all

previously discussed physics reactions

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)

2For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
20 / 40
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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))

2
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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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)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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BDX: Beam Dump eXperiment

Modern beam-dump experiment at JLab: 11-GeV
e− beam, Al/H2O beam-dump

Experimental setup
• Detector installed O(20 m) behind Hall-A beam

dump, in a new experimental hall
• Passive shielding layer between beam dump and

detector to reduce SM beam-related background
• Sizable overburden (' 10 m water-equivalent) to

reduce cosmogenic background

Detector design
• EM calorimeter: CsI(Tl) crystals+SiPM readout
• Two plastic-scintillator -veto layers
• Passive lead layer between inner and outer veto

Total active volume: ' 0.5 m3
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BDX: reach and status

BDX reach:
• With O(1022) EOT, BDX can

explore an unique region in the
MeV-GeV LDM mass region, with a
discovery potential up to two orders
of magnitude better than existing or
planned experiments

• Final reach is limited by the
beam-related irreducible ν
background

Experiment status:
• Experiment approved by JLab PAC

in 2018 with the highest scientific
rating

• Completed test run with small-scale
prototype (BDX-MINI), results
expected by the end of 2021

• Currently securing fundings to build
experimental infrastructure and
detector
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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) escaping the detector

2
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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

Missing energy experiment at CERN North Area, 100 GeV e− beam3

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

Shashlik
• Hadron calorimeter: 4 m, 30 λI
• Beam identification system: SRD +

MM trackers
• Plastic scintillator based scintillator

counters for VETO

σE/E ∼ 0.1/
√
E

3Phys.Rev.Lett. 123 (2019) 121801
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NA64

Missing energy experiment at CERN North Area, 100 GeV e− beam3

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

Shashlik
• Hadron calorimeter: 4 m, 30 λI
• Beam identification system: SRD +

MM trackers
• Plastic scintillator based scintillator

counters for VETO

100 GeV π−

punchthrough ∼ 10−3

3Phys.Rev.Lett. 123 (2019) 121801
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NA64

Missing energy experiment at CERN North Area, 100 GeV e− beam3

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

Shashlik
• Hadron calorimeter: 4 m, 30 λI
• Beam identification system: SRD +

MM trackers
• Plastic scintillator based scintillator

counters for VETO

SπSRD ∼ 10−5

3Phys.Rev.Lett. 123 (2019) 121801
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NA64
Latest results
• NA64 results based on 2.84 · 1011

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

• Most competitive exclusion limits in
large portion of the LDM parameters
space

Compared to the analysis of Ref. [38], a number of
improvements, in particular, in the track reconstruction
were made in the 2018 run to increase the overall efficiency.
Also, the zero-degree calorimeter HCAL0 was used to
reject events accompanied by hard neutrals from the
upstream e− interactions; see Fig. 1.
In order to avoid biases in the determination of selection

criteria for signal events, a blind analysis was performed.
Candidate events were requested to have the missing
energy Emiss ¼ E0 − EECAL > 50 GeV. The signal box
(EECAL < 50 GeV; EHCAL < 1 GeV) was defined based
on the energy spectrum calculations for A0s emitted by e�
from the electromagnetic (e-m) shower generated by the
primary e−s in the target [48,49]. A Geant4 [50,51] based
Monte Carlo (MC) simulation used to study the detector
performance, signal acceptance, and background level,
as well as the analysis procedure including selection of
cuts and estimate of the sensitivity are described in detail
in Ref. [38].
The left panel in Fig. 2 shows the distribution of

≃3 × 104 events from the reaction e−Z → anything in
the ðEECAL;EHCALÞ plane measured with loose selection

criteria requiring mainly the presence of a beam e−

identified with the SR tag. Events from area I originate
from the QED dimuon production, dominated by the
reaction e−Z → e−Zγ; γ → μþμ− with a hard bremsstrah-
lung photon conversion on a target nucleus and charac-
terized by the energy of ≃10 GeV deposited by the dimuon
pair in the HCAL. This rare process was used as a
benchmark allowing us to verify the reliability of the
MC simulation, correct the signal acceptance, cross-check
systematic uncertainties, and background estimate [38].
Region II shows the SM events from the hadron electro-
production in the target that satisfy the energy conservation
EECAL þ EHCAL ≃ 100 GeVwithin the energy resolution of
the detectors.
Finally, the following selection criteria were chosen to

maximize the acceptance for signal events and to minimize
background. (i) The incoming particle track should have
the momentum 100� 3 GeV and a small angle with
respect to the beam axis to reject large angle tracks from
the upstream e− interactions. (ii) The energy deposited in
the SRD detector should be within the SR range emitted
by e−s and in time with the trigger. (iii) The lateral and

FIG. 1. Schematic illustration of the setup to search for A0 → invisible decays of the bremsstrahlung A0s produced in the reaction
eZ → eZA0 of 100 GeV e− incident on the active ECAL target.
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FIG. 2. The left panel shows the measured distribution of events in the (EECAL; EHCAL) plane from the combined run data at the earlier
phase of the analysis. The right panel shows the same distribution after applying all selection criteria. The shaded area is the signal box,
which contains no events. The size of the signal box along the EHCAL axis is increased by a factor of 5 for illustration purposes. The side
bands A and C are the ones used for the background estimate inside the signal region.
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The overall signal efficiency ϵA0 is slightly mA0, EA0

dependent and is given by the product of efficiencies
accounting for the geometrical acceptance (0.97), the track
(≃0.83), SRD (≳0.95), VETO (0.94), and HCAL (0.94)
signal reconstruction, and the DAQ dead time (0.93). The
signal acceptance loss due to pileup was ≃8% for high-
intensity runs. The VETO and HCAL efficiency was
defined as a fraction of events below the corresponding
zero-energy thresholds. The spectrum of the energy dis-
tributions in these detectors from the leak of the signal
shower energy in the ECAL was simulated for different A0

masses [48] and cross-checked with measurements at the
e− beam. The uncertainty in the VETO and HCAL
efficiency for the signal events, dominated mostly by the
pileup effect from penetrating hadrons in the high-intensity
run III, was estimated to be ≲4%. The trigger efficiency
was found to be 0.95 with a small uncertainty 2%. The A0

acceptance was evaluated by taking into account the

selection efficiency for the e-m shower shape in the
ECAL from signal events [48]. The A0 production cross
section in the primary reaction was obtained with the exact
tree-level calculations as described in Ref. [49]. An addi-
tional uncertainty in the A0 yield ≃10% was conservatively
accounted for the difference between the predicted and
measured dimuon yield [36,38], which was the dominant
source of systematic uncertainties on the expected number
of signal events. The total signal efficiency ϵA0 for high-
(low-) intensity runs varied from 0.53� 0.09 (0.69� 0.09)
to 0.48� 0.08 (0.55� 0.07), decreasing for the higher A0
masses.
Using constraints on the cross section of the DM

annihilation freeze-out [see Eq. (2)], and obtained limits
on mixing strength, one can derive constraints on the LDM
models, which are shown in the (y;mχ) and (αD;mχ) planes
in Fig. 4 for masses mχ ≲ 1 GeV. On the same plot one
can also see the favored y parameter curves for scalar,

FIG. 4. The top row shows the NA64 limits in the (y;mχ) plane obtained for αD ¼ 0.5 (left panel) and αD ¼ 0.1 (right panel) from the
full 2016–2018 data set. The bottom row shows the NA64 constraints in the (αD; mχ) plane on the pseudo-Dirac (left panel) and
Majorana (right panel) DM. The limits are shown in comparison with bounds obtained in Refs. [12,13,25–27] from the results of the
LSND [24,34], E137 [35], MiniBooNE [37], BABAR [39], and direct detection [59] experiments. The favored parameters to account for
the observed relic DM density for the scalar, pseudo-Dirac, and Majorana type of light DM are shown as the lowest solid line in top
plots; see, e.g., [16].
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POKER: 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

Project goal

• Demonstrate the technique and set the
basis of the first optimized light dark
matter search at a positron-beam facility

• Design, construct, and run pilot
experiment

• Study all the physics cases accessibile
with the new methodology 14 16 18 20 22 24 26 28 30 32
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POKER

Key POKER elements
• Beam: high energy, 1 e+ “at time” impinging on the detector
→ H4 beamline at CERN

• Active target: enhanced energy resolution to exploit the missing energy
kinematic signature

• Hermetic veto system to reject backgrounds

POKER strategy:
• Beam: exploit the H4 beamline

at CERN and the NA64 beam
tagging and diagnostic devices
• H4 beam: 100 GeV e+ with

1e+/µs, ≈ 1010 e+ot/day
• Veto: re-use the existing NA64

hadronic calorimeter
• Active target: design and

construct an optimized,
high-resolution EM calorimeter

H4 beamline particle fluxes
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POKER active target
Preliminary design: 35X0 PbWO4 calorimeter with SiPM readout

• 10x10 matrix of 20x20x250 mm3 crystals
+ 3 layers in front

• Absorb high-energy γ produced by
Bremmstrahlung in first few X0 at
level 10−13/e+ot

• Avoid transverse energy leakage

• Required σE/E ∼ 2%/
√
E

• LY ∼ 2.5 phe/MeV
• Use four 6x6 mm2 SiPMs, 25 µm

cell coupled to each crystal

Radiation levels are critical
• EM dose up to 200 rad/h (CMS ECAL

max: 500 rad/h)

• Light-induced radiation damage
annealing

• Beam-spot rastering

• φn ≤ 104 neq cm−2s−1: no effects
expected
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POKER sensitivity to LDM

Pilot measurement at the H4
beamline with 100 GeV e+ beam
• Baseline scenario: 5 · 1010 e+ot,

50 GeV missing energy threshold
• Aggressive scenario: 3 · 1011

e+ot, 25 GeV missing energy
threshold

• Future experimental program with
multiple 1013 e+ot runs at
different energies

The pilot run will also assess the
POKER sensitivity to further physics
cases
• Visible-decaying A′

• Strongly Interacting Massive
Particles

Pilot run sensitivity - 0 bck

Future high-statistics run
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50 GeV missing energy threshold
• Aggressive scenario: 3 · 1011

e+ot, 25 GeV missing energy
threshold

• Future experimental program with
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different energies
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POKER sensitivity to LDM
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50 GeV missing energy threshold
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A related process is the decay of the dark photon into
vector mesons whose quantum numbers do not permit
mixing with the dark photon, as shown in the bottom-
right diagram of Fig. 1. These vector mesons decay to
πD`

+`− final states with even longer lifetimes.

These distinctive signatures can be searched for at
beam dump and fixed-target experiments. Such searches
are complementary to the minimal signals of HS DM, e.g.,
nuclear/electron recoils and invisible dark photon decays,
the latter of which is shown in the top diagram of Fig. 1.
Data from the E137 beam dump experiment is already
able to probe interesting regions of parameter space, es-
pecially for ∼ 100 meter decay lengths. Complementary
viable regions will be tested in the near future at the
currently running Heavy Photon Search (HPS) experi-
ment, an upgrade of the SeaQuest experiment, and at
the proposed Light Dark Matter eXperiment (LDMX).
Our main results are summarized in Fig. 5, where we
show existing constraints as well as sensitivity of HPS,
SeaQuest, and LDMX to cosmologically-motivated mod-
els that have not been tested otherwise. Similar signals
are also observable above the muon threshold at the B-
factories BaBar and Belle-II and at the Large Hadron
Collider (LHC).

This paper is organized as follows. In Sec. II, we de-
scribe a benchmark model of a strongly interacting HS
that we use throughout this work. We also show that
HS vector mesons are long-lived for well-motivated pa-
rameter values and, therefore, can give rise to displaced
vertex signals at fixed-target and collider experiments.
In Sec. III, we discuss the cosmological importance of
these vector mesons and clarify the issue of pion stabil-
ity. We then demonstrate in Sec. IV that existing and

future fixed-target, collider, and direct detection experi-
ments are sensitive to cosmologically-motivated parame-
ter space. We also briefly comment on various astrophys-
ical and cosmological probes. Finally, we summarize our
conclusions in Sec. V. Details of the model, cross-sections
and decay rates, and Boltzmann equations are provided
in Appendices A–C.

II. A STRONGLY INTERACTING SECTOR

We consider a strongly interacting HS described by a
confining SU(Nc) gauge theory with Nc = 3 colors, anal-
ogous to SM QCD. We also introduce Nf light flavors of
Dirac fermions in the fundamental representation. We
are interested in the relative importance of 3πD → 2πD
and πDπD → πDVD in dictating the DM abundance. We
choose Nf = 3, as this is the minimum number of flavors
that is required to allow either process. In this section,
we briefly outline the basics of the model, while a more
detailed discussion is provided in Appendix A. Hereafter,
we denote the HS pions and vector mesons as π and V , re-
spectively (a subscript “D” is implied). For π and V , the
superscripts, 0 and ±, denote charges under U(1)D, while
for `, they denote charges under U(1)em. The global chi-
ral symmetry, SU(Nf )L × SU(Nf )R, is spontaneously
broken by the hidden quark condensate to the diagonal
subgroup, SU(Nf )V , during confinement. Thus, at low
energies this is a theory of N2

f −1 pions, π, which consti-
tute the DM of the universe. The low-energy pion self-
interactions are described by chiral perturbation theory;
the strength of these interactions is characterized by the
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POKER test run

Measure 100 GeV e+ at ' 1 MHz rate: demanding conditions for DAQ and trigger

• Trigger: Identify impinging e+ by coincidence
between scintillators installed on the beam line and
minimal energy deposition in ECAL
• No sensitivity to extreme cases with
Emiss = Ebeam

• DAQ: Reduce rate to disk with online cut on Edep,
prescale FEE+ by factor ' 100
• Online calibrations and monitoring are critical
• Same strategy adopted by NA64

Figure 17. Photo of the Prescaler module.

3.5 Plans for 2021 run

(i) 4 weeks of beam time are requested for the 2021 run in invisible mode:

- 1 week for the commissioning of the beam and the detector at the new location

in the H4 beam area;

- 3 weeks for running at the intensity ' 1.5×107 e−/ spill. With such intensity,

' 5.3× 1010 EOT are expected to be collected per day. This will result in total

in ' 5 × 1011 events, that passed the selection criteria, assuming on average

3500 SPS spills per day and the overall efficiency ' 50%.

(ii) The other 6 weeks will be requested for the fall run 2020 in visible mode for

searching for the X17 from the Be-anomaly and the A′ → e+e− decays:

- 1 week for the commissioning of the 150 GeV beam and the detector at the

new location in the H4 beam area;

- 5 weeks for running at 150 GeV with the intensity ' 2× 106 e−/ spill. With

such intensity, ' 1.5× 1011 EOT in total are expected to be collected per day,

assuming on average 3500 SPS spills per day and the overall efficiency ' 50%.

(iii) This will allow probing the yet unexplored areas in the sub-GeV Dark Matter

parameter space, performing a more sensitive search for the X17 and A′ → e+e−
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Figure 1. Schematic illustration of the setup to search for A′ → invisible decays of the

bremsstrahlung A′s produced in the reaction eZ → eZA′ of 100 GeV e− incident on the

active ECAL target.

2× 107 e− for one typical SPS spill with about 70 Units of protons on target. Note,

that a typical SPS cycle for Fixed Target (FT) operation lasts 14.8 s, including 4.8

s spill duration. The number of FT cycles is typically 2 per minute.

The NA64 detector is schematically shown in Fig. 1. The experiment employed

the optimized 100 GeV electron beam from the H4 beam line. The beam has a

maximal intensity ' 5− 7× 106 per SPS spill of 4.8 s produced by the primary 400

GeV proton beam with an intensity of a few 1012 protons on target. The detector

utilized the beam defining scintillator (Sc) counters S1-S3 and veto V1, and magnetic

spectrometer consisting of two successive dipole magnets with the integral magnetic

field of '7 T·m and a low-material-budget tracker. The tracker was a set of two

upstream Micromegas chambers (T1, T2) and two downstream sets of (MM+GEM)

stations (T3, T4) allowing the measurements of the e− momentum with the precision

δp/p ' 1% [8, 9]. The magnets also served as an effective filter rejecting low energy

component of the beam. To enhance the electron identification the synchrotron

radiation (SR) emitted by electrons was used for their efficient tagging. A 15 m

long vacuum vessel between the magnets and the ECAL was installed to minimize

absorption of the SR photons detected immediately at the downstream end of the

– 5 –

From NA64 2018 SPSC report

37 / 40



The Dark Sector LDM searches at accelerators Searches with e+ and e− beams The POKER project Conclusions

POKER project development

5-years ERC project started in December 2020
• Four working packages:

Working package Year-1 Year-2 Year-3 Year-4 Year-5
a) Signal and backgrounds characterization
b) Experiment design
c) Detector construction and commissioning
d) Pilot run data-taking and analysis

• Pilot run measurement expected in 2024, matched to LHC
injectors schedule

38 / 40



The Dark Sector LDM searches at accelerators Searches with e+ and e− beams The POKER project Conclusions

POKER and NA64

• POKER was presented to the NA64 collaboration
before submitting the ERC proposal, with very
positive feedback.

• The POKER team is now officially joining the
NA64 collaboration.

• A first, preliminary e+ beam data taking run will
be completed in Summer 2021 with the current
setup to characterize beam impurities.

A re-evaluation of the existing NA64
exclusion limit from the
2016-2017-2018 e− dataset, accounting
for the e+e− annihilation channel, is
currently in progress.
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Conclusions

• Light dark matter scenario (MeV-to-GeV range) is largely unexplored
• Can efficiently explain DM relic density
• Theoretically founded as the “traditional” DM paradigm, assuming a new

DM-SM interaction mechanics, exists
• Accelerator-based experiments at the intensity frontier are uniquely suited to

explore it
• POKER: POsitron resonant annihilation into darK mattER

• Missing-energy active thick-target search with high-energy positrons
• Exploit resonant LDM production: high signal yield and unique kinematic

signature
• Goal: perform a pilot run experiment at CERN H4 beamline (100 GeV e+

beam)
• Use a new high-resolution PbWO4 calorimeter and exploit existing NA64

beam diagnostic and hadronic calorimeter devices
• Accumulate at least 5 · 1010 e+ot

New collaborators are welcome!!!
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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.
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A′ production and visible decay detection in a fixed thick-target setup

Reaction topology:
• 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.

Number of events:
Dependence on main parameters4:
N ∼ Neotnsh

∫
dE′dEedtIe(Ee, t) dσdE′ e

−Lsh/λ(1− e−Ld/λ)

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

• Lower bound:
Nevt ∝ ε2Ld/lA′ ∝ ε4

4For a review: S. Andreas, Phys.Rev. D86 (2012) 095019
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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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A′ production and visible decay detection in a fixed thin-target setup

Radiative production mechanism:
e−N → e−NA′ → e−Ne+e−, e+e−

pairs detected through a downstream
particle spectrometer.
Two detection strategies:
• High ε: resonance search, look for a

“bump” in the Me+e− spectrum over
the continuos QED background

• Low ε: detached-vertex search
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APEX: setup

JLab Hall-A experiment5: two-arms spectrometers resonance search
(“bump-hunting”) for 50− 500 MeV A′ decaying promptly to e+e−.
Setup:
• 2.26 GeV, 150 µA e− beam impinging on a

thin Ta target.
• e+e− detection: Hall-A HRS

• Momentum reconstruction: drift
chambers

• Triggering and PID: Cerenkov and
scintillator counters

• Central momenta: 1.131 GeV.
Momentum acceptance: ±4.5%.

Data selection (2010 test run):
• Tight time coincidence between two

spectrometers

• Track-quality cut / energy sum cut

• Final data set: 770k e+e− events,
O(7.5%) accidentals contamination. Mass
resolution: 0.85÷1.11 MeV

5Phys. Rev. Lett. 107 (2011) 191804 47 / 40



APEX: results and status
APEX 2010 test run: no signals were observed. Exclusion limits were set for
m′A = 178 . . . 250 MeV, ε2 > 10−6.

Analysis: search for a small, narrow
resonance over a smooth background
• Multiple fits to mass spectrum in narrow

windows (30.5 MeV): signal (gaussian) +
background (7th order pol.)

• Extract local and global p−value trough
Likelihood-ratio test

• Determine 2σ exclusion limit on ε

Status - future plans:
• Test run results published in PRL
• Full experiment just completed (Fall

2019):
• Run with several energies and

spectrometer settings
• Multi-foil Ta-target to enhance

acceptance at large m′A values
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HPS: setup

HPS experiment in Hall-B: fixed-target A′ search, with two complementary ap-
proaches, “bump-hunting” and “detached vertexing”.
Setup: compact forward spectrometer
matched to the A′ kinematics
• Detector mounted in Hall-B “alcohove”,

behind CLAS12
• Thin W target (' 10−3X0)
• Dipole magnet and 6-layers Si-tracker for

momentum analysis and vertexing
• PbWO4 calorimeter (442 crystals, APD

readout) for triggering and PID
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HPS: results and status

• July 2012: HPS demonstrated the
feasibility of the measurement and
the operation of the detector in a
test run3

• Spring 2015: 1.7 PAC days @ 1.06
GeV. Results published in PRD rapid
communications4

• Spring 2016: 5 PAC days @ 2.3 GeV.
Results expected next few months

• Summer 2019: 2 months running @
4.55 GeV - ' 105 nbarn−1

accumulated.

3Nucl. Instrum. Meth. A 777 (2015) 91
4Phys. Rev. D 98, 091101 (2018) 50 / 40



LDMX

Missing momentum experiment with
multi-GeV electron beam6

Goal: 1016 EOT in few years ∼ 1e−/10 ns!
Very challenging detector design
• Fast Si tracker

• Tagging tracker in 1.5 T field
• Recoil tracker in fringe field
• W (0.1-0.3 X0) target in between

• EM Calorimeter
• Design based on ongoing CMS

forward Si/W calorimeter upgrade

• Hadron Calorimeter
• Veto for penetrating hadrons

(most critical: neutrons)
• Sci/steel sampling design
• Hermetic: surrounds ECAL on

back and on sides

6Baseline design paper: arXiv:1808.05219
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LDMX

On-going backgrounds study and
detector design effort
• Close to 0 background target for

pilot run - 1014 EOT
• Particular care for non-trivial

hadronic backgrounds (e.g. n
pairs, backward particles, . . .)

• Large statistics run optimization: pT
signature / HCAL design / beam
energy
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Missing mass searches
Positron beam impinging on a thin target: mono-photon missing mass resonance
search in the reaction e+e− → A′γ. Limiting factor: MA′ <

√
2meEe+

The PADME experiment at LNF-BTF:

• 550 MeV e+ beam, 50 Hz rep. rate.

• MA′ max: 23.7 MeV

• 100 µm C active target to monitor
beam-spot position

• BGO calorimeter, 616 crystals
• First 2019 run: 7.4 · 1012 e+ot
• Ongoing 2020 run

Other proposals:
• VEPP3: Ee+ = 500 MeV, 1016 e+ot/y

• Cornell: Ee+ = 5.3 GeV, 1018 e+ot/y

• JLAB: Ee+ = 11 GeV, 1019 e+ot/y
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