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Vector mediated LDM

New massive U(1) gauge-boson (Dark Photon / A′) acting as a portal between SM and DS.

Model parameters:
• Dark Photon mA′ and Dark Matter mχ masses (sub-GeV)
• A′ − χ coupling eD ≃ 1
• A′ − γ coupling via kinetic mixing ε

Annihilation cross section (χχ̄ → SM) reads:
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mA′ = 3mχ

If χs make DM, the thermal origin hypothesis (freeze-out) imposes a “thermal target” y(mχ).
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Missing energy approach - the active thick target is the detector

1 High intensity e+/e− beam impinging on
thick active target → EM shower is
initiated

2 A′ are produced from e+/e− in the
shower and promptly decay to χ particles
- “invisible decay”

3 χs escape the detector without
interacting

Missing Energy Signature
• Specific beam structure: particles impinging “one

at a time” on the active target

• Deposited energy Edep measured event-by-event

• Signal: events with large Emiss = Ebeam − Edep

Main A′production mechanisms:
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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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The NA64-e experiment at CERN

• Missing-energy experiment at CERN SPS H4, 100 GeV e− beam
• H4 beamline: ≃ 107 particles/spill, σE < 1%, contamination ∼ 0.4%

The NA64-e detector
• Active Target: 40 X0 Pb + Sc calorimeter (ECal) with

PMT readout (σE /E ≃ 10%/
√

E ⊕ 5%)
• Magnetic spectrometer + SRD for beam particle tagging

( ∆p
p ≃ 1%)

• Sc VETO + large sampling hadronic calorimeter
( ∼ 30 λI) for hermeticity (HCal)

Signal signature (see A. Marini’s talk):
• Large missing ECal energy:

Emiss ≳ 0.5 · Ebeam
• Well-reconstructed 100-GeV

impinging e− track
• Negligible activity in the downstream

VETO and HCal
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LDM yield in NA64-e: A′-Strahlung

• Radiative A′ emission in nucleus EM field followed by A′ → χχ̄

• Scales as Z 2α3
EM

• Forward-boosted, high-energy A′ emission
• Dominant over large mA range.

ETL calculation: 10.1016/j.physletb.2018.05.010
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LDM yield in NA64-e: Resonant annihilation

• Resonant annihilation of secondary positrons with atomic e−:
e+e− → A′ → χχ̄

• Breit Wigner-like cross section
• Scales as ZαEM
• Dominant in the

√
2meEthr ≲ m′

A ≲
√

2meEbeam mass range
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POKER: POsitron resonant annihilation into darK mattER

An optimized light dark matter search with positrons in the NA64-e framework

Project goal
• Perform a dedicated missing energy measurement in

NA64-e with the SPS positron beam, replacing the
existing NA64-e ECAL with a new high resolution
active target
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The PKR-Cal Detector

Requirements:
• Improved energy resolution (σ(E )/E ≃ 2.5%/

√
E ⊕ 0.5 − 1%) → match the resonant peak width

• Fast response time → Reduce pile-up effects.
• High-density material → EM shower absorbed in a compact detector.
• Low passive-material volumes → Reduce spurious missing energy/improve resolution.

The new PKR-CAL detector:
• ∼ 29 X0 PbWO4 calorimeter.

• 9x9 matrix of 20 × 20 × 220 mm3 crystals.

• 2 layers in front (pre-shower).

• Readout: 4x 6 × 6 mm2 Hamamatsu
S14160-6010 SiPM per crystal (10 µm cell
size)
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PKR-Cal R&D status

POKERINO: small-size prototype
(3 × 3 crystals matrix) built to
validate the PKR-Cal technical
choices

• POKERINO test-beam
performed at H8, H6 beam lines
of CERN SPS

• response linearity tested in the
10 GeV - 120 GeV energy range

• measured resolution well within
the PKR-Cal requirements

• crucial role of the SiPMs heating 0 10 20 30 40 50 60 70 80 90 100
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PKR-Cal Status
• Detector fully assembled and operational at INFN-Genova labs
• First tests with cosmic rays ongoing
• Installation in NA64-e scheduled in June 2025
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NA64-e+ - 100 GeV measurement and post LS3 program
During the R&D of the POKER active target, a first measurement with a 100 GeV e+ beam, using the current NA64-e
setup has been performed in 2022: ∼ 1010 e+OT collected

• Goals: background
studies, first upper limit
optimized for resonant
A′ production

• Blind-analysis approach:
signal region EECal < 50
GeV, EHCal < 1 GeV

• Main expected
backgrounds: decay of
K and π contaminants
in the beam (larger
contamination in
positron mode), beam
upstream interactions

10.48550/arXiv.2305.19411

No events in the signal region after data unblinding
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10.1103/PhysRevD.109.L031103

• Results motivated the collaboration to propose to SPSC a future program with 40 GeV and 60 GeV e+ beams at H4
beamline (CERN-SPSC-2024-003 ; SPSC-P-348-ADD-4)

• Tentative schedule including two runs of 1011 e+OT each to be performed after LS3
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NA64-e+ - 70 GeV measurement and post LS3 program
• Preliminary measurement at 70 GeV, in view of future post-LS3 program, performed in 2023; ∼ 1.5 × 1010 e+OT

collected
• Improved setup including new veto HCal (VHCal) for better hermeticity
• Reduced hadron contamination w.r.t. the 100 GeV measurement
• Signal window: EECal < 42 GeV, EHCal < 1 GeV
• No event observed in the signal box after unblinding
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The Ce+BAF Proposal

Jefferson Lab (Newport News, Virginia, USA) hosts the Continuous Electron Beam Accelerator
Facility (CEBAF), which accelerates electrons up to 12 GeV.

In recent years, the JLAB community has investigated a
positron-beam upgrade (Ce+BAF) to complement the
laboratory’s physics program.

• Primary ∼ 12 GeV e+ beam with negligible particle
contamination.

• Highly-collimated beam: σx , σy < 300 µm
• Continuous time-structure.

Missing-energy technique requires e+ to impinge
“one at a time” → A dedicated solution is needed
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∼ MHz Positron Beam at Ce+BAF

A low beam current (∼ 0.1 pA) is incompatible with the diagnostic tools that control the
CEBAF beam. A “mixed operation mode” was considered:

• High-intensity macro-pulses are injected in the CEBAF at 60 Hz to operate the beam
diagnostic systems.

• In between, low-intensity physics pulses, populated on average by less than 1 e+, are
injected using an ad-hoc laser system (R&D is needed).

• The experiment acquires data only during
low-intensity pulses in which e+ impinge
on the detector, on average, every 500 ns.

• To reduce the radiation dose in the active
target, a fast magnetic deflector can
transport the high-current pulses to a
beam dump.
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Preliminary Sensitivity Evaluation

Preliminary, semi-analytical evaluation for the sensitivity of a missing-energy experiment
searching for LDM with a future ∼ 10 GeV positron beam at JLAB.

Assumptions:
• 11 GeV e+ beam
• 1 e+/µs × 1y ≃ 1013 POT
• Missing energy threshold = 5.5 GeV
• Zero background events
• Signal efficiency ∼ 50%
• A′ produced only through the resonant

annihilation channel
DOI: 10.1140/epja/s10050-021-00524-6
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Conceptual Design Studies

This promising result motivated a conceptual design study, based on Monte Carlo
simulations, to assess the experiment’s feasibility and perform a preliminary setup optimization.

• Computational limitations: it is critical to adopt a brute-force approach and simulate
∼ 1013 events.

• Extrapolations and multi-step simulations were used to estimate background events.

• Single-event study and simulation precision: the implementation of some phenomena
(e.g. large-angle bremsstrahlung) within the code is based on approximation and
assumptions. Results may deviate from reality for rare events.

• A comparative approach between different simulations was adopted to determine critical
parameters that affect the experimental sensitivity.
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The Simulated Setup

Homogeneous PbWO4 crystals ECAL
• Fast scintillation time (∼ 20 ns)
• High density (∼ 8.3 g/cm3)
• Strong radiation hardness
• Segmentation allows shower-shape studies

to reject backgrounds

Sampling hadronic calorimeter (Sc + Pb)
• Plastic scintillator is divided into tiles
• Covering all the target’s faces
• Modular design
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Signal simulation: ECAL Geometry

• Signal efficiency (Emiss > 5 GeV, veto not activated) as a function of the target geometry.
• HCAL geometry and energy thresholds moderately affect the results.
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• ECAL length ≃ 35X0, width 20×20 cm2 → Signal efficiency ∼ 90%
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Background Simulations: EM Events - Large-Angle Bremsstrahlung

• In ∼ 50/1010 EM shower simulation, an energetic photon is emitted backward
(Eγ > 2 GeV, θ > 90◦), escaping from the target.

• A cavity in the target can shift the beam impact point inside the calorimeter.
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• Few experimental data available
→ MC depend on assumptions
in the implementation.

• Experimental measurements
are needed to investigate this
background.
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Background simulations: Neutral Hadronic Events - Sampling

• ECAL simulation → we selected critical neutral hadronic events:
• EMiss > 5 GeV
• No charged particles exit the ECAL with kinetic energy > 500 MeV

• Average kinetic energy of escaping neutrons (KL) as a function of their multiplicity:
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Background simulations: Neutral Hadronic Events - Inefficiency

• HCAL simulations → veto inefficiency for a single, neutral hadron
• Different geometries (layers thickness), veto conditions (energy threshold, number of hits)

and MC physics lists were tested

• HCAL length ≃ 20 λI , few MeV veto threshold → Expected bkg < 1
21 / 23
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Estimated Sensitivity (90% CL)

• 11 GeV e+ beam
• 1013 POT
• ECUT

Miss : 5 GeV, 7 GeV,9 GeV
• Signal efficiency ∼ 90%
• No background events
• A′ produced only through the resonant

annihilation channel
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• Starting point: further steps forward must be based on experimental measurements.
• The construction a modular detector will necessarily proceed in steps.
• MC will be tuned with experimental results starting from low-statistics, preliminary runs.
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Conclusions

• Positron resonant annihilation is a powerful mechanism
to search for vector-mediated LDM. Fixed-target
missing-energy experiments can fully exploit this
production process.

• The POKER project aims to perform an optimized
LDM search with e+ beams at CERN SPS, within the
NA64-e experimental context

• A new improved active target, to be included in the NA64-e
detector, will be soon tested on beam (summer 2025)

• Preliminary measurements performed with the current
NA64-e apparatus support the feasibility of a post LS3
program with multi-energy e+ beams

• We performed a conceptual design study for a
missing-energy experiment, searching for LDM with an
11 GeV positron beam at JLAB.

• This study represents a first confirmation of the potential and
feasibility of such project
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PKR-Cal R&D - radiation tolerance

• Radiation dose during PKR-Cal operation estimated via FLUKA
simulations

• Maximum dose in the central crystal at ∼ 9X0 depth: 200 rad/h
(dose for CMS PbWO4 calorimeter: ∼ 500 rad/h)

• Crystals exposed to ∼ 30 Gy from 60Co at the
“Strahlenzentrum” (Gießen), to assess radiation tolerance (loss in
transparency).
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Mitigation Strategies
• Most radiation-tolerant crystals placed in

the center of the PKR-Cal
• Beam rastering
• Monitor transparency with laser system
• Crystals annealing
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Background: Muon Pair Photoproduction

Cross-section biasing: collected statistics equivalent to 1012 POT.
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• ∼ 1 event every 106 POT
• Muons mostly produced at forward

angles
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• Analytical calculation to evaluate the required
veto layers

• n ∼ 12 results in less than 1 background event
for 1013 POT 26 / 23
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Signal Simulation: Cross-Section Biasing

• We implemented the χ, A′ particles and their interactions in GEANT4 code.
• Best ε2 value (DM-SM coupling) in Monte Carlo: minimizes computational time without

distorting the simulations of Standard Model processes.
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DM events

f (x) = 1 − e−x/p0

A′ produced per positron on target vs ε2:
• ε2 ≪ p0 linear region.
• ε2 ≫ p0 asymptotic region.
• ε2 = 1 was set to perform the signal

efficiency studies.
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