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Complementarity of direct detection and accelerators experiments
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Target for accelerator searches

R. Essig, J. Mardon, and T. Volansky, PRD85, 076007 (2012), 1108.5383.
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Production mechanisms for Dark Photons in e+/e- beams
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Decays of Dark Photons
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Adapted from Natalia Toro, Dark Sectors 2017 (1608.03591)
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Visible searches for A’ → e+e- in accelerators 

6

e

e

�

e

e

ee

�

ee

e

e

e

e

Wiggly lines don’t always close well. Sometimes you can adjust them by hand.

I don’t have a good solution for this. One option specifically for semi-circles is here: http:
//bit.ly/1vFCNzi. I think it can be adapted for arbitrary angles. For further discussion, see:
http://bit.ly/12wA4kQ.
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Example 1: search A’ → e+e-  with electron beam: E137@SLAC
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• Limits considering A’ bremsstrahlung 

• Limits extended considering secondary e+ annihilation on atomic e−
Marsicano et al., PRD 98, 015031 (2018) 


beam-dump experiments reanalyzed in the context of an A0

search [37], E137 is the one sensitive to the smallest values
of ε, down to ≃10−8 (see Fig. 1). We decided to focus on
this experiment, because, as shown below, the two new
production mechanisms extend the exclusion limits to
lower values of A0 coupling with respect to the brems-
strahlunglike diagram only.
The E137 experiment searched for long-lived neutral

objects produced in the electromagnetic shower initiated by
20-GeV electrons in the SLAC beam dump. Particles
produced in the water-cooled aluminum plates forming
the dump would have to penetrate 179 m of earth shielding
and decay in the 204 m region downstream of the shield.
The E137 detector consists of an 8-radiation length
electromagnetic calorimeter made by a sandwich of plastic
scintillator paddles and iron (or aluminum) converters.
Multiwire proportional chambers provided an accurate
angular resolution, essential to keep the cosmic background
to a negligible level. A total charge of ∼30 C was dumped
during the live time of the experiment in two slightly
different experimental setups: In the first run (accumulated
charge ≃10 C), the detector had a transverse size of
2 × 3 m2, while in the second run this was 3 × 3 m2.
The original data analysis searched for axionlike par-

ticles decaying in eþe− 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 provided stringent limits on axions and photinos.
Negative results were used in Refs. [37,43] to set strong
constraints on the visible decay A0 → eþe− assuming the
A0-strahlung [Fig. 2(a)] as the only production mechanism.
Including the resonant and nonresonant positron annihila-
tion, we have derived extended and more accurate limits for
the A0 coupling to SM particles.
To derive the E137 exclusion limits for resonant and

nonresonant A0, we used the Monte Carlo–based numerical
approach described above. The experimental acceptance
was evaluated separately for the two E137 runs and
combined with proper weights to account for the different
accumulated charges. In the calculation, we employed the
same selection cuts used in the original analysis:

(i) The energy of the impinging eþ=e− particle has to
be larger than 1 GeV. We note that, in the case of
resonant production, this puts a hard limit on the
minimum value of the A0 mass of about 33 MeV=c2.

(ii) The angle of the impinging particle on the detector,
measured with respect to the primary beam axis, has
to be smaller than 30 mrad.

We found that both particles from A0 decay hit the detector
in a non-negligible fraction of events. In these cases, we
applied previous selection cuts respectively considering the
sum of the two energies to be greater than 1 GeV and the
energy-averaged impinging angle to be less than 30 mrad.
Based on the null observation reported by E137,

we derived the exclusion contour considering a

95% C.L. upper limit of three events. Figure 7 shows
results for both resonant (short-dashed blue line) and
nonresonant (long-dashed red line) annihilation. Limits
obtained by the A0-strahlung from Refs. [37,43] are
shown in the figure as a black solid line and a
black dotted line, respectively. Resonant annihilation
provides the best exclusion limits for mA0 in the
(33 MeV=c2 < mA0 < 120 MeV=c2) range, strengthen-
ing by almost a factor of 2 the previous limits. The
lowest limit on ε∼10−8 is obtained for mA0 ¼
33 MeV=c2. In the case of resonant annihilation, the
sharp cutoff at a low mass is determined by the energy
detection threshold. At large ε, the reach is limited by
the small A0 decay width, not sufficiently dilated by the
Lorentz boost factor and thus resulting in the A0 decay
within the shielding. The nonresonant contribution is
slightly less sensitive but extends the reach to lower
masses down to mA0 ∼ few MeV=c2, for ε values ranging
from Oð1Þ to Oð10Þ with respect to the limit obtained
by considering the A0-strahlung.

V. CONCLUSIONS

In this paper, we showed that eþ resonant and nonresonant
annihilation are two viable dark photon production mech-
anisms competitive with thewidely considered A0-strahlung.
This argument can be applied to electromagnetic showers
initiated by an electron beam in a thick target. We used a
Monte Carlo–based approach to numerically derive the
energy and angular distribution of A0 produced in a beam
dump and evaluated the effect on the accepted yields on a
downstream detector. We explicitly recalculated the reach of
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FIG. 7. Exclusion limits on the ε vs MA0 parameter space
derived from the E137 experiment considering eþ nonresonant
(long-dashed red line) and resonant (short-dashed blue line)
production. Results from a previous analysis which included only
production via A0-strahlung are depicted as black solid [37] and
black dotted [43] lines.
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dump is much larger than the length of the latter, to
compute the detection acceptance, we neglect the longi-
tudinal dependence of the A0 production vertex, fixed at
t ¼ 0 [see Eq. (11) and related comments in the afore-
mentioned reference].
The differential dark photon distribution per EOT reads

[see Eq. (6) for target luminosity factors]

dN

dEA0dΩ⃗A0
∝
Z

E0

ER
min

dEe

Z

4π
dΩ⃗eTþðEe; Ω⃗eÞ

×
dσðEeÞ
dΩ⃗0

A0
δðEA0 − fðEe; Ω⃗

0
A0ÞÞ; ð9Þ

where dσðEeÞ
dΩ⃗0

A0
is the differential A0 production cross

section, Ω⃗A0 and Ω⃗0
A0 are, respectively, the dark photon

momentum direction in the laboratory frame and in the
rotated positron frame, and fðEe; Ω⃗

0
A0Þ is the kinematic

function relating the A0 energy to the impinging positron
energy and to the A0 emission angle.
After being produced, dark photons propagate along the

direction Ω⃗A0 with a differential decay probability per unit
path given by

dP
dl

¼ 1

λ
e−l=λ; ð10Þ

where λ ¼ EA0
mA0

1
ΓA0

is the A0 decay length.
Electron and positrons from the A0 decay are emitted on a

cone with a typical aperture θe
þe−
D ≃ MA0

EA0
with respect to the

Ω⃗A0 axis. The total signal yield is thus obtained combining
the A0 angular distribution [Eq. (9)] with the decay
kinematics and integrating the result over the geometrical
acceptance of the detector. The latter can be roughly
determined as the product of a longitudinal factor εL
depending on the shielding Lsh and decay region Ldec

length and a transverse factor εT related to the detector face
width S (see Fig. 6):

εL ≃ e−Lsh=λ · ð1 − e−Ldec=λÞ; ð11Þ

εT ≃ S=ðθrms
A0 ðLsh þ LdecÞ ⊕ θe

þe−
D LdecÞ; ð12Þ

with θrms
A0 being the width of the dark photon angular

distribution and θe
þe−
D the typical opening angle between

the eþe− pair from A0 decay. It is worth noticing that the
above expression for εT holds exactly in the case of A0

decay happening at the beginning of the decay volume
(large ε case). In other cases, it leads to a detection
acceptance underestimate, since the contribution of θe

þe−
D

to the transverse displacement is actually smaller. Given
that, for typical beam-dump experiments, Ldec ≈ Lsh and
that θrms

A0 ≈ θe
þe−
D , the obtained result is valid within a factor

of ≃2.
To evaluate the detection acceptance, we generate a large

set of A0 events by randomly sampling positrons from the
TþðE; Ω⃗eÞ distribution. For each positron, a dark photon is
generated according to the production cross section.
Finally, the A0 is propagated along the Ω⃗A0 direction, with
the eþe− pair generated at the decay vertex assuming an
isotropic distribution in the dark photon rest frame. The
detector acceptance is determined by counting the number
of electrons or positrons hitting the detector. To speed up
calculations, dark photons are always forced to decay in the
region between the shielding and the detector. A weight εL
is associated to each event to account for it.

IV. EXCLUSION LIMITS FROM THE
E137 EXPERIMENT

In this section, we derive the contributions of resonant
and nonresonant eþ annihilation in the specific case of the
SLAC E137 experiment [39]. Among the past electron

FIG. 6. Typical setup of a beam-dump experiment for visible decay A0 search. Lsh is the total length of target and shielding, while Ldec
is the length of the downstream decay region, preceding the detector. The two insets show schematically the angles involved in the A0

production and decay processes, as described in the text.

L. MARSICANO et al. PHYS. REV. D 98, 015031 (2018)
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S. Andreas et al., PRD 86, 095019 (2012) , Y.-S. Liu  et al. PRD 96, 016004 (2017). 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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 � via bremsstrahlung
of A0 (bottom left). The � traverse a ⇠ 179 m deep hill and
another ⇠ 204 m-long open region before scattering o↵ 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 A0

! e+e�.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, �, see Fig. 1 (middle and bot-
tom). We focus on scenarios where �’s are produced from
an on-shell A0 that decays invisibly to ��̄ or via an o↵-
shell A0. Such � inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced � 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
m� as function of mA0 , ✏, and ↵D, 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�NA0(⇤)

! e�N��̄ (where N is a nucleus with
Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, ���̄ (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 � produced is then

N� = 2���̄ Ne XAl NA/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 � that intersect the detector, ✏acc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting � that are produced
with angles tan ✓x < �x/L and tan ✓y < �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 � produced through an A0 is
suppressed along the forward direction, which results in
a lower ✏acc compared to fermionic � [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/Nacc

� )(dNacc
� /dE�), and convolute it

with the � � e� di↵erential scattering cross section,

d�f,s

dEe
= 4⇡✏2 ↵ ↵D

2meE2
�� ff,s(Ee)(Ee � me)

(E2
� � m2

�)(m2
A0 + 2meEe � 2m2

e)
2

,

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

� + 2m2
e,

fs = 2meE� + m2
�, and Ee is the recoil electron energy.

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

�e . The number of
expected signal events is then given by

N�e = N� ✏acc �cut
�e

X

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, �

Proposed for ALPs search (1980-1982) 

• Beam: 20-GeV e− beam, ≃ 2 x1020 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
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FIG. 1: Schematic illustration of the setup to search for A0, X ! e+e� decays of the bremsstrahlung A0, X produced in the
reaction eZ ! eZA0(X) of 100 GeV e� incident on the active WCAL target.

various phenomenological aspects of light vector bosons
weakly coupled to quarks and lepton, see e.g. [6–11]

Another strong motivation to the search for a new light
boson decaying into e+e� pair is provided by the Dark
Matter puzzle. An intriguing possibility is that in ad-
dition to gravity a new force between the dark sector
and visible matter, transmitted by a new vector boson,
A0 (dark photon), might exist [12, 13]. Such A0 could
have a mass mA0 . 1 GeV, associated with a sponta-
neously broken gauged U(1)D symmetry, and would cou-
ple to the Standard Model (SM) through kinetic mixing
with the ordinary photon, � 1

2✏Fµ⌫A0µ⌫ , parametrized by
the mixing strength ✏ ⌧ 1 [14–16], for a review see, e.g.
[4, 17, 18]. A number of previous experiments, such as
beam dump [19–33], fixed target [34–36], collider [37–
39] and rare particle decay [40–51] experiments have al-
ready put stringent constraints on the mass mA0 and ✏ of
such dark photons excluding, in particular, the parame-
ter space region favored by the gµ�2 anomaly. However,
a large range of mixing strengths 10�4 . ✏ . 10�3 cor-
responding to a short-lived A0 still remains unexplored.
These values of ✏ could naturally be obtained from the
loop e↵ects of particles charged under both the dark
and SM U(1) interactions with a typical 1-loop value
✏ = egD/16⇡2 [16], where gD is the coupling constant
of the U(1)D gauge interactions. In this Letter we report
the first results from the NA64 experiment specifically
designed for a direct search of the e+e� decays of new
short-lived particles at the CERN SPS in the sub-GeV
mass range [52–55].

The experiment employs the optimized 100 GeV elec-
tron beam from the H4 beam line in the North Area
(NA) of the CERN SPS. The beam delivers ' 5⇥106 e�

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 NA64 setup designed for the searches of X
bosons and A0 is schematically shown in Fig. 1. Two
scintillation counters, S1 and S2 were used for the beam
definition, while the other two, S3 and S4, were used to
detect the e+e� pairs. The detector is equipped with a
magnetic spectrometer consisting of two MPBL magnets

and a low material budget tracker. The tracker was a
set of four upstream Micromegas (MM) chambers (T1,
T2) for the incoming e� angle selection and two sets
of downstream MM, GEM stations and scintillator ho-
doscopes (T3, T4) allowing the measurement of the out-
going tracks [56, 57]. To enhance the electron identifica-
tion the synchrotron radiation (SR) emitted by electrons
was used for their e�cient tagging and for additional sup-
pression of the initial hadron contamination in the beam
⇡/e� ' 10�2 down to the level ' 10�6 [55, 58]. The use
of SR detectors (SRD) is a key point for the hadron back-
ground suppression and improvement of the sensitivity
compared to the previous electron beam dump searches
[23, 24]. The dump is a compact electromagnetic (e-m)
calorimeter WCALmade as short as possible to maximize
the sensitivity to short lifetimes while keeping the leakage
of particles at a small level. It is followed by another e-m
calorimeter (ECAL), which is a matrix of 6⇥ 6 shashlik-
type modules [55]. The WCAL(ECAL) was assembled
from the tungsten(lead) and plastic scintillator plates
with wave lengths shifting fiber read-out. The ECAL has
' 40 radiation lengths (X0) and is located at a distance
' 3.5 m from the WCAL. Downstream the ECAL the de-
tector was equipped with a high-e�ciency veto counter,
V3, and a massive, hermetic hadron calorimeter (HCAL)
[55] used as a hadron veto and muon identificator.
The method of the search for A0 ! e+e� decays is

described in [52, 53]. The application of all further con-
siderations to the case of theX ! e+e� decay is straight-
forward. If the A0 exists, it could be produced via the
coupling to electrons wherein high-energy electrons scat-
ter o↵ a nuclei of the active WCAL dump target, followed
by the decay into e+e� pairs:

e� + Z ! e� + Z +A0(X); A0(X) ! e+e� (1)

The reaction (1) typically occurs within the first few
radiation lengths (X0) of the WCAL. The downstream
part of the WCAL served as a dump to absorb completely
the e-m shower tail. The bremsstrahlung A0 would pene-
trate the rest of the dump and the veto counter V2 with-

Signature:  
1) EWCAL+EECAL = 100 GeV

2) No activity in V2,3 and  
    HCAL  
3) Signal in S3, S4

4) e-m shower in ECAL  

Example 2: NA64 search at SPS for A’/X17→ e+e-  - exp. signature

100/150 GeV electrons  
from SPS H4 3 m
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Example 2: NA64 search at SPS for A’/X17→ e+e-  - results 
(2017-2018)
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NA64 collaboration, PRL 120, 231802 (2018), PRD 107, 071101 (R) 2020

~ 8x1010 EOT
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Equation (57) demonstrates that in both limits, the ALP
lifetime is in the experimentally interesting range for an
LDMX-style experiment. The total yield of ALPs can
also be estimated as

Na ≈

8
<

:
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!
104 GeV
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"
2

γ-dominated

8 ×
!
100 GeV

Λe

"
2
!
100 MeV
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"
2

e-dominated:
ð58Þ

We show the sensitivity of an LDMX-style experiment
to photon- and electron-coupled ALPs in Fig. 22 along
with existing constraints and future projections. For the
photon-coupled ALPs (top row), we show recasts of
constraints from beam dump experiments E141, E137,
νCal, and the BABAR monophoton search from Ref. [161],

FIG. 21. Axionlike particle production at an electron fixed-target experiment in the photon- (left) and electron-coupling- (right)
dominated regimes. In the left panel, a secondary bremsstrahlung photon undergoes Primakoff conversion in the electric field of a
nucleus. In the right panel, an axion is emitted as bremsstrahlung radiation in an electron-nucleus collision.

FIG. 20. Sensitivity of an LDMX-style experiment to visibly decaying dark photons for 1016 (left panel) and 1018 (right panel) EOT.
The solid red lines show the 95% C.L. reach of a search for late decays inside the detector (assuming late γ conversion background),
while the green-dashed lines correspond to the missing momentum channel where the dark photon decays outside of the detector. In both
cases, the two sets of lines correspond to 8 and 16 GeV beams, with Ebeam ¼ 16 GeV having slighter better reach in mass. The high-
luminosity configuration (1018 EOT) must forgo single-electron tracking, so the missing momentum search (and the use of pT as a
background discriminant in the visible channel) is not possible. Existing constraints from E141, Orsay and E137 beam dump
experiments [108], NA48=2 [158], LHCb [21], and BABAR [19] are shown in gray. Projected sensitivities of HPS (orange) [1], an
upgraded version of SeaQuest [103] (purple), Belle II (green, 50 ab−1 integrated luminosity) [1], and LHCb (blue) [74,75] are shown as
thin dashed lines (see text for details).

DARK MATTER, MILLICHARGES, AXION AND SCALAR … PHYS. REV. D 99, 075001 (2019)
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Reach of FCC-e- injector at 20 GeV  for A’ → e+e- 
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Projection for HL-LDMX with 1018 EOT at 16 GeV   
 

γ

Z

e−

e−e−
A′

e+

Fig. 1: A representation of the production of a dark photon, A0, in a fixed-target experiment with an
electron beam. The dark photon subsequently decays to an e+e� pair.

mised target thickness. Therefore a dark photon decay is determined via detection of the decay products,
reconstruction of a displaced vertex and reconstruction of the A0 invariant mass. The sensitivity to dark
photon production is evaluated at 90% confidence level in the ✏�mA

0 plane, assuming a background-free
case and an overall signal reconstruction efficiency of ⇠50%.

23 cm

Tungsten target
width, 10 cm

50 GeV

decay volume ~ 10 m MM1 MM2 MM3

ECALMagnet

9 electron bunch5x10

Fig. 2: A sketch of the experimental setup for a bunch of 5⇥ 109 electrons each of 50 GeV produced via
the AWAKE scheme impinging on a tungsten target of depth 10 cm. The target is followed by a decay
volume and a dipole magnet to separate the electrons and positrons which are then tracked through three
tracker planes (MM1, MM2 and MM3), followed by an electromagnetic calorimeter (ECAL).

The NA64 experiment is, however, already making significant progress investigating new regions
of phase space for dark photons and as shown in Fig. 3 will cover much new ground in the ✏�mA

0 plane.
Given the limitations of the number of electrons on target, the AWAKE acceleration scheme could make
a real impact as the number of electrons is expected to be several orders of magnitude higher. Assuming
a bunch of 5 ⇥ 109 electrons and a running period of 3 months gives 1016 electrons on target and this
is shown in Fig. 3; to visualise the effect of the number of electrons on target, the expectation for 1015

electrons is also shown. Our results in the figure clearly show that we will be able to probe a new region,
in particular extending to higher masses in the region of 10�3 < ✏ < 10�5. Also shown in the figure
are results using bunches of electrons, each of energy 1 TeV, again with 1016 electrons on target. Such
a search could be part of a future collider programme, e.g. a very high energy ep collider (discussed in
Section 3.3), in which active use of the beam dump is made. The higher energy electron beam extends the
sensitivity significantly to higher mass dark photons, covering a region unexplored by current or planned
experiments, between the regions covered by current colliders and previous high intensity beam-dump
experiments.

Further studies are ongoing and a higher number of electrons on target should be possible de-
pending on the SPS injection scheme as well as the success of AWAKE in accelerating bunches of
electrons. An optimised detector configuration will be investigated, as will other decay channels, such
as A0

! µ+µ� or A0
! ⇡+⇡� as well as the invisible modes, and effects of the beam energy. Such an

experiment could be realised during and after LS3 in extensions of the current AWAKE area; technical
studies of this possibility and infrastructure requirements are discussed elsewhere [4].
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Figure 128: Dark photon into visible final states (BC1): " versus mA0 . Current bounds and future
projections for 90% CL exclusion limits. Legend: filled gray areas are bounds coming from interpretation
of old data sets or astrophysical data; filled coloured areas are bounds set by experimental collaborations;
Solid coloured lines are projections based on existing data sets; Dashed coloured lines are projections
based on full Monte Carlo simulations; Dotted coloured lines are projections based on toy Monte
Carlo simulations. Filled areas are existing limits from searches at experiments at collider/fixed target
(A1 [1403], LHCb [1002],CMS [1404],BaBar [1226], KLOE [1405, 1406, 1407, 1408], NA64(e) [1295]
and NA48/2 [1214]) and old beam dump: E774 [1374], E141 [743], E137 [1359, 1409, 1285]), ⌫-
Cal [1379, 1380], CHARM (from [1410]), and BEBC (from [1411]). Bounds from supernovae [213]
and (g � 2)e [1412] are also included. Coloured curves are projections for existing and proposed
experiments: Belle II [1413]; LHCb upgrade [1414]; NA62 in dump mode with 1018 [1415] and HIKE-
dump with 5 ⇥ 1019 pot [1392]; NA64(e) [1154, 1144]; FASER [1416] and FASER2 [1067, 1068];
FACET [1044]; DarkQUEST [580]; LDMX [582]; DarkMESA [1417]; Mu3e [1418]; HL-LHC [964];
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Equation (57) demonstrates that in both limits, the ALP
lifetime is in the experimentally interesting range for an
LDMX-style experiment. The total yield of ALPs can
also be estimated as
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We show the sensitivity of an LDMX-style experiment
to photon- and electron-coupled ALPs in Fig. 22 along
with existing constraints and future projections. For the
photon-coupled ALPs (top row), we show recasts of
constraints from beam dump experiments E141, E137,
νCal, and the BABAR monophoton search from Ref. [161],

FIG. 21. Axionlike particle production at an electron fixed-target experiment in the photon- (left) and electron-coupling- (right)
dominated regimes. In the left panel, a secondary bremsstrahlung photon undergoes Primakoff conversion in the electric field of a
nucleus. In the right panel, an axion is emitted as bremsstrahlung radiation in an electron-nucleus collision.

FIG. 20. Sensitivity of an LDMX-style experiment to visibly decaying dark photons for 1016 (left panel) and 1018 (right panel) EOT.
The solid red lines show the 95% C.L. reach of a search for late decays inside the detector (assuming late γ conversion background),
while the green-dashed lines correspond to the missing momentum channel where the dark photon decays outside of the detector. In both
cases, the two sets of lines correspond to 8 and 16 GeV beams, with Ebeam ¼ 16 GeV having slighter better reach in mass. The high-
luminosity configuration (1018 EOT) must forgo single-electron tracking, so the missing momentum search (and the use of pT as a
background discriminant in the visible channel) is not possible. Existing constraints from E141, Orsay and E137 beam dump
experiments [108], NA48=2 [158], LHCb [21], and BABAR [19] are shown in gray. Projected sensitivities of HPS (orange) [1], an
upgraded version of SeaQuest [103] (purple), Belle II (green, 50 ab−1 integrated luminosity) [1], and LHCb (blue) [74,75] are shown as
thin dashed lines (see text for details).

DARK MATTER, MILLICHARGES, AXION AND SCALAR … PHYS. REV. D 99, 075001 (2019)

075001-31

 
Even for 1020 EOT at 20 GeV difficult to compete with LHCb and SHiP because of the different time 
scales … 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INVISIBLE DECAY MODE

New electron beam-dump experiments to search for MeV to few-GeV dark matter
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In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter

through weakly coupled GeV scale mediators. We show that a suitable meter scale (or smaller) detector

situated downstream of an electron beam dump can sensitively probe dark matter interacting via sub-GeV

mediators, while B-factory searches cover the 1–5 GeV range. Combined, such experiments explore a

well-motivated and otherwise inaccessible region of dark matter parameter space with sensitivity several

orders of magnitude beyond existing direct detection constraints. These experiments would also probe

invisibly decaying new gauge bosons (‘‘dark photons’’) down to kinetic mixing of !! 10"4, including the

range of parameters relevant for explaining the ðg" 2Þ" discrepancy. Sensitivity to other long-lived dark

sector states and to new millicharge particles would also be improved.

DOI: 10.1103/PhysRevD.88.114015 PACS numbers: 95.35.+d, 12.38.Qk

I. INTRODUCTION AND SUMMARY

Dark matter (DM) is sharp evidence for physics beyond
the standard model, and may be our first glimpse at a rich
sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV to TeV dark matter [1–12], these experi-
ments are essentially blind to dark matter of MeV to GeV
mass. We propose an approach to search for dark matter in
this lower mass range by producing it in an electron beam
dump and then detecting its scattering in a small down-
stream detector (Fig. 1). This approach can explore signifi-
cant new parameter space for both dark matter and light
force carriers decaying invisibly, in parasitic low beam-
backgrounds experiments at existing facilities. The sensi-
tivity of this approach complements and extends that of
analogous proposed neutrino factory searches [13–16].
Combined with potential B-factory searches, these
experiments would explore a well-motivated and otherwise
inaccessible region of dark matter parameter space.
Experiments of this type are also essential to a robust
program searching for new kinetically mixed gauge bo-
sons, as they complement the ongoing searches for such
bosons’ visible decays [13,14,17–37].

Various considerations motivate dark matter candidates
in the MeV to TeV range. Much heavier dark matter is
disfavored because its naive thermal abundance exceeds
the observed cosmological matter density. Much beneath a
MeV, astrophysical and cosmological constraints allow
only dark matter with ultraweak couplings to quarks and
leptons [38]. Between these boundaries (MeV–TeV), sim-
ple models of dark matter can account for its observed
abundance through either thermal freeze-out or nonthermal
mechanisms [39–54]. The conventional argument in favor
of weak scale (*100 GeV) dark matter—that its annihi-
lation through standard model (SM) forces alone suffices to
explain the observed relic density—is dampened by strong
experimental constraints on dark matter with significant

couplings to the Z or Higgs bosons [12,55] and by the
absence to date of evidence for new SM-charged matter at
the LHC.
The best constraints on multi-GeV dark matter interac-

tions are from underground searches for nuclei recoiling off
nonrelativistic dark matter particles in the Galactic halo
(e.g. [1,2,5–9,12]). These searches are insensitive to few-
GeVor lighter dark matter, whose nuclear scattering trans-
fers invisibly small kinetic energy to a recoiling nucleus.
Electron scattering offers an alternative strategy to search
for sub-GeV dark matter, but with dramatically higher back-
grounds [56–58]. If dark matter scatters by exchange of

FIG. 1. Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump produces
a secondary beam of dark sector states. In the basic setup, a small
detector is placed downstream so that muons and energetic
neutrons are entirely ranged out. In the concrete example we
consider, a scintillator detector is used to study quasielastic
#-nucleon scattering at momentum transfers *140 MeV, well
above radiological backgrounds, fast neutrons, and noise.
Similar layouts with much smaller detectors or shorter target-
detector distances than shown above are similarly sensitive.
To improve sensitivity, additional shielding or vetoes can be
used to actively reduce high-energy cosmogenic and other
environmental backgrounds.

PHYSICAL REVIEW D 88, 114015 (2013)
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particles heavier than the Z, then competitive limits can be
obtained from hadron collider searches for dark matter pair-
production accompanied by a jet, which results in a high
missing-energy ‘‘monojet’’ signature [9,10]. But among the
best motivated models of MeV–GeV dark matter are those
whose interactions with ordinary matter are mediated by
new GeV scale ‘‘dark’’ force carriers (for example, a gauge
boson that kinetically mixes with the photon) [41,59]. Such
models readily account for the stability of dark matter and
its observed relic density, are compatible with observations,
and have important implications beyond the dark matter
itself. In these scenarios, high-energy accelerator probes of
sub-GeV dark matter are as ineffective as direct detection
searches, because the missing energy in dark matter pair
production is peaked well below the Z ! ! !! background
and is invisible over QCD backgrounds [60,61].

Instead, the tightest constraints on light dark matter
arise from B-factory searches in (partly) invisible decay
modes [62], rare kaon decays [63], precision (g! 2)
measurements of the electron and muon [64,65], neutrino
experiments [16], supernova cooling, and high-background
analyses of electron recoils in direct detection [56]. These
constraints and those from future B-factories and neutrino
experiments leave a broad and well-motivated class of sub-
GeV dark matter models largely unexplored. For example,
with a dark matter mass *70 MeV, existing neutrino
factories and optimistic projections for future Belle II
sensitivity leave a swath of parameter space relevant for
reconciling the ðg! 2Þ" anomaly wide open (see Fig. 3).

More broadly, the interaction strength best motivated in the
context of models with kinetically mixed force carriers
(mixing 10!5 & # & 10!3) lies just beyond current sensi-
tivity across a wide range of dark matter and force carrier
masses in the MeV–GeV range. These considerations,
along with the goal of greatly extending sensitivity to
any components of MeV–GeV dark matter beyond direct
detection constraints motivates a much more aggressive
program of searches in the coming decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states
(see Fig. 3), including GeV scale dark matter, any compo-
nent of dark matter below a few GeV, and millicharged
particles. This includes a swath of light force carrier pa-
rameters motivated by the ðg! 2Þ" anomaly, extending

beyond the reach of proposed neutrino-factory searches
and Belle II projections (see Fig. 3). The setup requires a
small 1 m3 scale (or smaller) detector volume tens of
meters downstream of the beam dump for a high-intensity
multi-GeV electron beam (for example, behind the
Jefferson Lab Hall A or C dumps or a linear collider
beam dump), and could run parasitically at existing facili-
ties (see [66] for a proof-of-concept example). All of the
above-mentioned light particles (referred to hereafter as
‘‘$’’) can be pair-produced radiatively in electron-nucleus
collisions in the dump [see Fig. 2(a)]. A fraction of these

relativistic particles then scatter off nucleons, nuclei, or
electrons in the detector volume [see Fig. 2(b)].
Within a year, Jefferson Laboratory’s CEBAF (JLab)

[67] will produce 100 "A beams at 12 GeV. Even a simple
meter scale (or smaller) instrument capable of detecting
quasielastic nucleon scattering, but without cosmic back-
ground rejection, positioned roughly 20 meters (or less)
downstream of the Hall A dump has interesting physics
sensitivity (upper, dotted red curves in Fig. 3). Dramatic
further gains can be obtained by shielding from or vetoing
cosmogenic neutrons (lower two red curves), or more
simply by using a pulsed beam. The lower red curve
corresponds to 40-event sensitivity per 1022 electrons on
target, which may be realistically achievable in under a
beam-year at JLab. The middle and upper red curves
correspond to background-systematics-limited configura-
tions, with 1000 and 2$ 104 signal-event sensitivity,
respectively, per 1022 electrons on target. Though not
considered in detail in this paper, detectors sensitive to
$-electron elastic scattering, coherent $-nuclear scatter-
ing, and pion production in inelastic $-nucleon scattering
could have additional sensitivity. With a pulsed beam,
comparable parameter space could be equally well
probed with 1 to 3 orders of magnitude less intensity.
A high-intensity pulsed beam such as the proposed ILC
beam could reach even greater sensitivity (orange curve).
The parameter spaces of these plots are explained in the
forthcoming subsection.
The beam-dump approach outlined here is quite com-

plementary to B-factory %þ invisible searches [62], with

(a)

(b)

FIG. 2. (a) $ !$ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on or off shell)
and (b) $ scattering off a detector nucleus and liberating a
constituent nucleon. For the momentum transfers of interest,
the incoming $ resolves the nuclear substructure, so the typical
reaction is quasielastic and nucleons will be ejected.
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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 � via bremsstrahlung
of A0 (bottom left). The � traverse a ⇠ 179 m deep hill and
another ⇠ 204 m-long open region before scattering o↵ 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 A0

! e+e�.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, �, see Fig. 1 (middle and bot-
tom). We focus on scenarios where �’s are produced from
an on-shell A0 that decays invisibly to ��̄ or via an o↵-
shell A0. Such � inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced � 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
m� as function of mA0 , ✏, and ↵D, 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�NA0(⇤)

! e�N��̄ (where N is a nucleus with
Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, ���̄ (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 � produced is then

N� = 2���̄ Ne XAl NA/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 � that intersect the detector, ✏acc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting � that are produced
with angles tan ✓x < �x/L and tan ✓y < �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 � produced through an A0 is
suppressed along the forward direction, which results in
a lower ✏acc compared to fermionic � [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/Nacc

� )(dNacc
� /dE�), and convolute it

with the � � e� di↵erential scattering cross section,

d�f,s

dEe
= 4⇡✏2 ↵ ↵D

2meE2
�� ff,s(Ee)(Ee � me)

(E2
� � m2

�)(m2
A0 + 2meEe � 2m2

e)
2

,

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

� + 2m2
e,

fs = 2meE� + m2
�, and Ee is the recoil electron energy.

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

�e . The number of
expected signal events is then given by

N�e = N� ✏acc �cut
�e

X

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, �

Example of a search A’ → 𝛘𝛘̅ with electron beam: E137@SLAC
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Battel et al., Phys. Rev. D 91, 094026 (2015)
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FIG. 2. Top left: Constraints (95% C.L.) in the ✏ � mA0 plane for dark photons A0 decaying invisibly to light DM �, with
m� < 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 ↵D = 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 �). Also shown are constraints from the anomalous
magnetic moment of the electron (ae, 2�, blue dashed) and muon (aµ, 5�, dark green dashed), and a light-green dashed region
in which the A0 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 mA0 = 100 � 300 MeV. Top right and Bottom left: Same as top left but for m� = 10 MeV and 50 MeV, respectively.
Above the black solid line, the thermal relic abundance of a scalar � satisfies ⌦�  ⌦DM; the region above the blue solid
line is excluded if � can scatter o↵ electrons in the XENON10 experiment, assuming � makes up all the DM; the light gray
regions/dotted lines are excluded from searches for A0 ! e+e� (if this mode is available for mA0 < 2m�) in E141, E774, Orsay,
HADES, or A1. Bottom right: 95% C.L. upper limits on ↵D as a function of mA0 for a Dirac fermion �, assuming ✏ is
fixed to the smallest value consistent with explaining the aµ anomaly. The E137 constraint is shown for m� < 0.5 MeV (red
shading/solid line) and for m� = 10, 50 MeV (dashed red), while the remaining constraints are only shown for m� < 0.5 MeV.
The solid gray curve is the limit from A0 ! visible searches, while the gray dashed represents the transition between A0 ! ��̄
and A0 ! visible decays dominating.

Results re-interpreted as a invisible A′ search. 
Experiment observed 0 events,  exclusion limits at 95% CL = 2.3 signal events.
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2.2) Missing energy/momentum searches for A’ → 𝛘𝛘̅ in accelerators
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2) NA64/LDMX APPROACH
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Wiggly lines don’t always close well. Sometimes you can adjust them by hand.

I don’t have a good solution for this. One option specifically for semi-circles is here: http:
//bit.ly/1vFCNzi. I think it can be adapted for arbitrary angles. For further discussion, see:
http://bit.ly/12wA4kQ.

3 W Diagrams
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𝛾

N
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e 𝜀

Missing energy: produced A’s carry  
away energy from the active dump 
used to measure recoil e- energy

INVISIBLE DECAY MODE

Introduction Dark photon visible searches Light Dark Matter searches Conclusions

Fixed active thick-target LDM searches: missing energy/momentum

Two complementary approaches

Missing Energy
• Higher yield (thick target)

• Higher acceptance

Missing Momentum
• Lower yield (thin target), but

includes a missing energy experiment

• pT as background discriminator and
signal identifier

22 / 29

From E. Izaguirre et al,  Phys. Rev. D 91, 094026 (2015)
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- ACTIVE BEAM DUMP 

HADRONIC CALORIMETER (HCAL) 

STANDARD MODEL: 
EECAL+EHCAL = 100 GeV

A’→ MISSING ENERGY: 
ECAL < 50 GeV, HCAL < 2 GeV  

e

Detected  
scattered  
electron  

Nucleus DM  
particles 
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detection 

The NA64 method to search for A’ → 𝛘𝛘̅
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The CERN SPS H4 electron beam
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NA64 LDM latest results (2016-2022)
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For αD=0.1, NA64 excludes the Scalar and Majorana scenarios for almost all mχ values. Exploiting the e+e- 
resonant enhancement, we also exclude the Pseudo-Dirac Fermion scenario for a narrow mχ interval.

NA64, Phys. Rev. Lett. 131, 161801 (2023)
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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 in 2021-2022 runs.

HCAL4 was used to reject beam electrons accompanied
by neural secondaries.
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FIG. 2. The measured distribution of events in the
(EECAL;EHCAL) plane after applying all selection criteria.
The shaded area is the signal box, with the size along the
EHCAL axis increased for illustration purposes. The side
bands A and C are the ones used for the background esti-
mate inside the signal region.

Our data were collected in several runs, during two
periods with the trigger requiring the ECAL energy
EECAL . 90 GeV. The first period had 2.83 ⇥ 1011

electrons on target (EOT) accumulated during 2016-2018
runs ( (hereafter called respectively runs I-III) [47, 48].
The second, with 2021 run (run IV) [67] and 2022 run
(run V), had 6.54 ⇥ 1011 EOT collected with the beam
intensity in the range ' (5� 7)⇥ 106 e� per spill. Data
with a total of 9.37 ⇥ 1011 EOT from these five runs
were processed with selection criteria and combined as

described below.
A Geant4 [68, 69] based Monte Carlo (MC) simulation

package DMG4 [70] is used to study the performance of
the detector, signal acceptance, and background level, as
well as the analysis procedure including selection of cuts
and sensitivity estimate. To maximize the signal accep-
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FIG. 3. The NA64 90% C.L. exclusion region in the (mA0 , ✏)
plane. Constraints from the E787 and E949 [41, 42], BABAR
[49] and NA62 [50] experiments, from the consideration of
the anomalous magnetic moment of electron ↵e [51–54], as
well as the favored area explaining the ↵µ anomaly with the
A0 contribution [10] are also shown. For more limits from
indirect searches and planned measurements; see, e.g., Refs.
[28–30].

tance and to minimize background, the following selec-
tion criteria were used: (i) The incoming track should
have the momentum 100± 10 GeV. (ii) The track angle
with respect to the deflected beam axis should be within
3 mrad to reject large angle events from the upstream
e� interactions. (iii) The detected SR energy should be
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tance and to minimize background, the following selec-
tion criteria were used: (i) The incoming track should
have the momentum 100± 10 GeV. (ii) The track angle
with respect to the deflected beam axis should be within
3 mrad to reject large angle events from the upstream
e� interactions. (iii) The detected SR energy should be

Main background from interaction high-pt hadronic secondaries from upstream electroproduction 
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NA64 LDM prospects before LS3
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NA64e
2016-2018

2.84 × 1011 EOT

2021 2022

6 × 1010 EOT ~6.3 × 1011 EOT

1.5 x 1012 EOT

2023

~5.1× 1011 EOT

2025

~ 3× 1012 EOT

2024 LS3

Improved set-up

VHCAL prototype: to suppress 
high-pt hadronic secondaries from 

upstream electroproduction

Preliminary results from 2023 analysis

High-pt background 
suppressed by a factor > 10!

Very promising results!

Step forward towards the design and 
construction of the optimised VHCAL during LS3

χ
χ
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Additional new physics scenarios
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New Physics in (g-2)e  vs (g-2)e 
 from measurement of alpha 


B-L Z´ vs neutrino scattering 
A’ -> visible  and X17


QCD axion and ALPs Lmu-Ltau Z’ models 
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Fig. 6.1 Current exclusions and future NA64 projections for fermionic iDM in the parameter space compatible with the thermal target for different
combinations of D , aD and mA0/mc1 . The boundaries from E137 and LSND data are taken from Ref. [66] (to obtain the beam-dumps limits for the
two plots in the bottom row the lines were rescaled). The NA64 and BaBar constraints and the NA64 future sensitivities depicted for two different
statistics were instead derived in this work

for discovery. The D/mc1 = 0.4 scenarios are shown on the
right panels of Fig. 6.1, and prove that the thermal target is
already tightly constrained in this case. Given that the NA64
sensitivity scales as e2, when translating the bounds to the y
variable, there is an overall linear shift by a factor aD, as can
be seen by comparing the two panels on the right column. In
fact, the aD = 0.1, mA0/mc1 = 3, D/mc1 = 0.4 relic curve is
essentially excluded, as discussed in Section 5, whereas in
the aD = 0.5 case, an open window above mc1 > 110 MeV
emerges, also due to the reduced c2 lifetime (see Eq. (5.1))
that shifts the fluctuation feature in the NA64 boundary to
lower mA0 and e . NA64 has a partial coverage of the unprobed
parameter space below mc1 ⇠ 0.25 GeV with an optimized
analysis on the new 2022 data, and almost full coverage of
the relic target for the milestone 5⇥1012 EOT statistics. In
conclusion, NA64 alone can probe the full mass range of this
thermal light iDM parameter space within a reasonable time
frame.

In the case of a spectrum with reduced splitting, where
D/mc1 = 0.1, the overall y-reach of the bounds is severely
weakened. In the upper-left panel of Fig. 6.1, the beam-dump
constraints span only the mc1 & 12 MeV part of the ther-
mal relic line. NA64 can provide complementary coverage

at low masses, approaching the relic density curve in the
mc1 ⇠ 1�100 MeV region for thermal co-annihilating iDM
by the start of LS3.

Finally, the last degree of freedom that influences the ex-
isting limits is the ratio between the mediator and the DM can-
didate masses. The bottom left plot of Fig. 6.1 illustrates the
change in the existing constraints when this ratio is increased
w.r.t. the commonly used value R=mA0/mc1 = 3 (this param-
eter slice is usually chosen to yield a conservative evaluation
of the experimental sensitivities and avoid the resonance in
the DM annihilation at mA0 ⇠ 2mc1 [80, 81]). The experimen-
tal reach is much improved for lighter DM particles;however,
the reach of beam-dump experiments quickly decreases as
it approaches the kinematical threshold for c2 ! c1e+e�

decays. Since NA64 does not rely on the observation of the
decay products, its sensitivity is not affected by this fact. In
this context, the NA64 projections for 5⇥1012 EOT can un-
equivocally test the relic curve from mc1 = 1 MeV up to the
point where the BaBar constraint begins.

As discussed in Ref. [81], for thorough coverage of the
LDM parameter space, it is also necessary to consider the
interplay between experimental sensitivity and the DM relic
density as a function of the R=mA0/mc1 ratio. We show the R

Thermal iDM

the convolution between the 50 GeV threshold on the
energy deposited in the ECAL and its finite resolu-
tion. Therefore, by including the energy dependence of
ηdown in R, we effectively take into account the modifica-
tion to the Z0 line shape due to the detector effects,
particularly important in case of resonant production
with resonant energy close to the threshold value, i.e.,
for mZ0 ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meEMiss

cut

p
≃ 225 MeV.

C. Z0 events yield

We used the MADDUMP event generator to simulate the Z0

production in the NA64-e ECAL [63]. MADDUMP is a
plugin for the MadGraph5_aMC@NLO program [64,65] devel-
oped for fixed thick-target setups that allows to compute the
differential yield of Z0 particles in the lead material of the
NA64-e ECAL from the knowledge of electrons and
positrons differential track length. For the radiative emis-
sion process, we adopted the nuclear form-factor para-
metrization reported in Ref. [50]. We also explicitly
included the factor Πðq2Þ in the e − e − Z0 vertex, setting
gZ0 ¼ 1 as justified before. For simplicity, we used an
effective polynomial interpolation of the full calculation
result presented in Sec. II—to account for the cusp at
q2 ¼ 4m2

μ, this was implemented separately for the low and
high momentum region. Further details are provided in the
Appendix.
For a given reaction channel, MADDUMP provides both an

unweighted set ofNMC Monte Carlo events and the value of

the energy-dependent total cross section integrated over
the track-length distribution. To include the downstream
signal acceptance and detection efficiency, and to account
for the ECAL resolution, for each event we computed
εdownðEZ0Þ, summed all these values, and normalized the
sum toNMC, finally multiplying the integrated cross section
by the result. We repeated the calculation independently for
the Z0-strahlung on the lead nucleus target and for
the Z0 resonant annihilation on atomic electrons. By fixing
Πðq2Þ ¼ 1, we also simulated the radiative dark photon
emission on the lead material, necessary to compute the R
numerator in Eq. (14).

V. RESULTS

The 90% C.L. exclusion limits in the mZ0 vs gZ0

parameter space obtained from the NA64-e experiment
are shown in Fig. 7, for the vanilla model (left panel) and
for the dark one (right panel). In the latter case, to check
the effect of changing the Z0 width, we considered the
dark coupling values αD ¼ 0.1 (gD ¼ 1.1) and αD ¼ 0.02
(gD ¼ 0.5), with the fixed mass ratio mZ0=mχ ¼ 3. Since,
for these values of αD, the missing energy resolution of the
ECAL is larger than the Z0 width, no significant differences
are observed between the two cases. Due to tension with
perturbative unitarity bound, larger αD values were not
considered [25]. The shape of the upper limit curve is
associated to the diagram that mostly contributes to the
signal yield for a given mZ0 value. In the region where it is

FIG. 7. The NA64-e exclusion limit for the Lμ − Lτ model, for the “vanilla” (left) and “dark” (right) flavor (red curve). The red
(orange) dashed curves represent the sensitivity projections for a future high-statistics NA64-e run with an electron (positron) beam, for
a total accumulated charge of 1013 EOT, while the green dashed curve is the sensitivity projection of NA64-μ [42]. The gray areas are the
regions excluded by phenomenological reanalysis of neutrino experiments [34,35], while the blue region is the area excluded by BABAR
[28] for the vanilla case. Finally, the black curves represent the so-called “thermal target” for the two values of αD ¼ 0.1 and αD ¼ 0.02,
i.e., the preferred combination of the parameters to explain the observed dark matter relic density. These have been calculated through
Eq. (5) by rescaling the results from Ref. [25].

YU.M. ANDREEV et al. PHYS. REV. D 106, 032015 (2022)

032015-8

 PRD 106, 032015 (2022)

PRL 125, 081801 (2020)

PRL 129, 161801 (2022)
PRL 126, 211802 (2021)

PRL 120, 231802 (2018),  
PRD 107, 071101 (R) 2020

Results obtained with 
3x1011 EOT 

(2016-2018 statistics)

Analysis in progress of  

10 x more data on “tape”

Eur. Phys. J. C (2021) 81: 959

Eur. Phys. J. C (2023) 83: 391

e−Z → e−ZX; X → invisible



||Paolo Crivelli 28.11.2024

Post LS3 prospects for LDM searches at NA64
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GOAL > 1× 1013 EOT Planned upgrades include: 
i) Increase the e- beam intensity up to  >~ 107 e-/spill

- new readout electronics: 80-> 250 MHz digitisers,  
trackers APV ->VMM 


- DAQ speed up to 30-40 kevent/ spill 


ii) Improve detector hermeticity and performance 

ECAL: radiation hard central part, improve stability,…  
HCAL:, larger acceptance modules, longitudinal segmentation 
VHCAL: to reject high Pt  hadronic secondaries, 2023 prototype 
test was successful  
New LYSO based SRD: higher granularity, lower SR threshold


To improve our sensitivity in the (high) mass range and on scenarios with 
alphaD=0.5 →use positron and muon beams
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Challenge: Hadron contamination in H4 beam  
in e+ mode is significantly higher at 100 GeV


First results of LDM searches at NA64 with positrons

22

NA64 collaboration,  
NIM. A 1057 (2023), 168776

NA64 collaboration, Phys.Rev.D 109 (2024) 3, L031103

Resonance annihilation channel with 100 GeV e+beam
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Figure 4. Left: The HCAL vs ECAL energy distribution for events satisfying all analysis cuts.
The signal region is also reported (for better visualization, it has been expanded by a factor ⇥3
along the vertical axis). Right: The obtained sensitivity (orange curve) in the " vs mA0 space for the
100 GeV positron-beam test performed. The most stringent LDM exclusion limits from BaBar [22]
and NA64 [21] are also shown, as well as the favored area from the muon g � 2 anomaly [26, 30]
(red lines).

production are negligible. Combining all the contributions, a total background yield of

B = (0.09 ± 0.03) events was obtained. This result shows the detector’s capability to

detect and reject hadron-induced background events at 100 GeV e
+ beam energy. Since

at lower beam energies the hadronic contamination significantly decreases (see Sec. 3.1),

we expect this background channel to be suppressed, thus further supporting the idea of

exploring the low A
0 mass region using the NA64 missing-energy approach.

After unblinding the data, no events were observed in the signal region, defined as

EECAL < 50 GeV and EHCAL < 1 GeV, as reported in Fig. 4. Based on this result,

we derived an upper limit on the coupling parameter " of the A
0 particle as a function
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Figure 1. Left: di↵erential positrons track-length distribution in a thick target for an impinging
100 GeV e

�/e+ beam, normalized to the radiation length X0.
Right: the latest NA64 exclusion limit for invisibly-decaying dark photons [21]. Existing limits
from BaBar [22], E787 and E949 [23], and NA62 [24] are shown, as well as the favored area from
the muon g�2 anomaly [25, 26]. The continuous blue line report the previous NA64 result, without
including the contribution from e
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� annihilation. The three lines labeled with “Fermion, ↵D = 1”,

“Fermion, ↵D = 0.5”, and “Scalar, and ↵D = 0.1” correspond to the exclusion limit obtained by
also considering the resonant contribution from the annihilation channel, for di↵erent parameters
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e
+OT for each configuration, this e↵ort will explore the LDM parameters space down to
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0 mass range in the near
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+ measurement using the existing
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impinging on the existing NA64 detector, sketched schematically in Fig. 2 (for more details

see Sec. 3.2). The total accumulated statistics was ' 1010 e
+OT [1]. The main goal

of this measurement was to demonstrate, for the first time, the validity of the positron-

beam missing-energy technique to search for LDM, identifying the corresponding critical

items and determining an appropriate strategy to mitigate them, in view of the future
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mechanisms are relevant, the radiative and the resonant A0 production [17, 18]. In partic-

ular, the second channel, in which a positron – either the primary or a secondary one –

annihilates with an atomic electron producing a �� pair via the A
0
s�channel exchange,

(e+e� ! A
0 ! ��) allows to explore the large-mass A0 region (mA0 & 100 MeV). Indeed,

the A0 radiative production by a high-energy e
+
/e

� on a heavy nuclei scales as 1/m2
A0 , and

it is further suppressed at large dark photon mass due to the loss of nuclear coherence and

the reduction of the Weizsacker-Williams e↵ective photon flux [19]. On the other side, for

a narrow A
0 (↵D . 0.1), the annihilation cross section �res at the resonance peak reads

�
P
res =

1

�

4⇡↵EM ✏
2

mA0
, (1.3)

where � is the total width (a complete description of the resonant cross section is pre-

sented in App. A). It follows that, for mA0 values within the kinematic region accessible by

the missing-energy measurement, the total signal yield, obtained by integrating this cross

section over the positrons track-length distribution T (E+), scales as NS ' ��P
resT (ER) /

T (ER)/mA0 , where ER = m
2
A0/(2me) is the resonant energy. For an electron-beam missing-

energy measurement, thanks to the secondary positrons of the electromagnetic shower,

this mechanisms leads to a sensitivity improvement for ER ' E
thr
miss with a reduction for

ER ! E0 due to the T (E+) suppression1. Recently, the NA64 results from the 2016-

2018 runs have been re-analyzed to include this signal production channel, obtaining an

improvement of the exclusion limits in the 200-300 MeV region by almost an order of

magnitude, touching for the first time the dark matter relic density predicted parameter

combinations [20] (see also Fig. 1, right panel).

For a positron-beam measurement, instead, thanks to the T (E+) enhancement for

E+ ! E0 associated to the primary positron, no signal suppression is present; the sensi-

tivity to " is almost flat for all accessible A
0 masses, roughly corresponding to the rangeq

2meE
thr
miss ÷

p
2meE0, ignoring for simplicity the suppressed contribution of the o↵-

shell A0 production. This motivates a multi-energy experimental program with

a positron beam, allowing to fully exploit the peculiarities of the resonant A
0

production to “scan” the LDM parameter space for mA0 & 100 MeV.

The NA64 experiment at CERN SPS provides the natural environment for such an experi-

mental e↵ort. This new measurement is based on the use of a positron beam impinging on

the NA64 active thick target to search for LDM produced via the resonant annihilation of

the primary positron and its secondaries with atomic electrons. Specifically, we propose to

run a dual-phase measurement, with the first (second) phase running at 60 (40) GeV beam

energy. Assuming conservatively a 50% missing energy threshold, with 1011 accumulated

1Here, E0 is the primary beam energy and Ethr

miss the missing energy threshold.
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Figure 24: The projected sensitivity of the proposed positron measurements in the (y,m�) plane in the (m�, y)
plane, for ↵D = 0.1 (left) and ↵D = 0.5 (right). The other curves and shaded areas report already-existing limits
in the same parameters space from NA64 in electron-beam mode [21], COHERENT [39], and BaBar [22]. The black
lines show the favored parameter combinations for the observed dark matter relic density for di↵erent variations of
the model.

28

CERN-SPSC-2024-003 ; SPSC-P-348-ADD-4

NA64e+
2028 2029 2030

@ 60 GeV 
1010 E+OT

2031 2032
@ 40 GeV  
1011 E+OT

 
@ 60 GeV  
5x1011 E+OT

 
@ 40 GeV  
5x1011 E+OT

 
@ 150 GeV  
1011 E+OT

e+e− → A′￼→ χχ̄



||Paolo Crivelli 28.11.2024

Current landscape and future prospects for A’ → 𝛘𝛘̅ searches

24

10°3 10°2 10°1 100

m¬ [GeV]

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

y
=

≤2
Æ

D
(m

¬
/m

A
0 )

4

Sca
lar

(Pseu
do°

)D
ira

c

Majo
ran

a

Thermal Dark Matter, ÆD = 0.1, mA0 = 3m¬

NA64µ

NA64µ@LS3

NA64µ
@LS4

NA64µ
@LS4+

NA64e°

NA64e+

BaBar

BD
X

LDMX BC2

LDMX BC2@8GeV

LAr@SHiP

SN
D@SH

iP

LDMX Phas
e 1

https://link.springer.com/article/10.1007/JHEP12(2023)092

J
H
E
P
1
2
(
2
0
2
3
)
0
9
2

100 101 102 103

!! [MeV]

10−16

10−15

10−14

10−13

10−12

10−11

10−10

10−9

10−8

10−7

Re
ac
ha
bl
e
"
=
#
"
$2
(!

!
/!

#
′ )4

(a)

(b)

(c)

#" = 0.5
!!/!#′ = 1/3

LDMX Simulation
Excluded

Thermal targets

8GeV, 0.5 ± 0.0 bkg, 1016 EoT

8GeV, 5.0 ± 0.5 bkg, 1016 EoT

8GeV, 5.0 ± 5.0 bkg, 1016 EoT

4GeV, 0.5 ± 0.0 bkg, 4 × 1014 EoT

8GeV, 0.5 ± 0.0 bkg, 4 × 1014 EoT

Figure 1. The projected reach of LDMX in the dark bremsstrahlung model at 4 and 8GeV beam
energies. Several scenarios are shown for the 1016 electrons on target (EoT) run at 8GeV assuming
different background levels. Three thermal relic targets are shown as black lines, corresponding
from top to bottom, (a) to scalar, (b) Majorana fermion, and (c) Pseudo-Dirac fermion models of
DM [2]. The region in grey is already excluded by other experiments [9–16]. A 50% signal efficiency
is assumed across the entire mχ mass spectrum at both beam energies.

2.2 Detector components

As outlined in the previous section, the LDMX detector concept consists of three main
parts: a tracking system to measure the transverse momentum, an ECal to determine the
energy, and an HCal as a veto instrument. The conceptual design is depicted in figure 2.

The nominal target is a tungsten sheet with a thickness corresponding to 0.1 radiation
lengths (X0). Located upstream of the target inside a 1.5T magnetic field is the tagging
tracker, extending nearly 1 m, consisting of seven silicon-strip modules. Downstream of
the target, in the fringe field of the magnet, a recoil tracker based on similar silicon-strip
modules enables tracking of charged particles with p ≥ 50MeV. The ECal is a highly-
granular Si-W sampling calorimeter with 34 layers and a total depth of 40X0, located
20 cm from the target. This depth enables the full containment and precise measurement
of electromagnetic showers. The high granularity, with cells of about 0.5 cm2, makes it
possible to distinguish electromagnetic showers from other energy depositions, such as
hadronic products of photo-nuclear reactions and tracks from minimum-ionising particles.
The ECal is surrounded by the large HCal, except on the beam-facing side. The HCal is

– 4 –
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Unfortunately, for Options I and II do not seem competitive… 
Option III and IV could explore a new region of LDM parameter space (more detailed studies 
are required).

From Hannes Bartosik presentation, Other Science Opportunities at the FCC-ee, 28.11.2024, CERN (UPDATED  07/12/24)                    
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If a slow extraction of 20 GeV positrons from the FCCee booster could be realised an experiment a la NA64 
would be competitive with 8GeV beam LDMX projections allowing to probe all the remaining parameter space 
from LDM of the canonical dark photon model down to alpha_D=0.5.  The advantage of using positron is that 
exploiting the resonant annihilation channel as we do in NA64 (Phys. Rev. D 109, L031103 (2024)), one requires 
10x less statistics for the mass range between the maximal beam energy and the missing energy threshold so 
101 MeV < MA’ < 143 MeV and 33 MeV < MX< 47 MeV. A statistics of 1014  positrons on target could be achieved 
in 40 days (see “educated guess” projection” in the plot). 


