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Introduction
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searching for low-mass e+e- resonances
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• Construction of full experiment about to begin, with initial 
installations for test experiments in place
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Muon g-2: 4.2(?) σ discrepancy
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Run !a/2⇡ [Hz] !̃
0
p/2⇡ [Hz] R0

µ ⇥ 1000
1a 229081.06(28) 61791871.2(7.1) 3.7073009(45)
1b 229081.40(24) 61791937.8(7.9) 3.7073024(38)
1c 229081.26(19) 61791845.4(7.7) 3.7073057(31)
1d 229081.23(16) 61792003.4(6.6) 3.7072957(26)
Run-1 3.7073003(17)

TABLE I. Run-1 group measurements of !a, !̃
0
p, and their

ratios R0
µ multiplied by 1000. See also Supplemental Mate-

rial [66].

COMPUTING aµ AND CONCLUSIONS

Table I lists the individual measurements of !a and
!̃
0
p, inclusive of all correction terms in Eq. 4, for the four

run groups, as well as their ratios, R0
µ (the latter multi-

plied by 1000). The measurements are largely uncorre-
lated because the run-group uncertainties are dominated
by the statistical uncertainty on !a. However, most sys-
tematic uncertainties for both !a and !̃

0
p measurements,

and hence for the ratios R0
µ, are fully correlated across

run groups. The net computed uncertainties (and cor-
rections) are listed in Table II. The fit of the four run-
group results has a �

2
/n.d.f. = 6.8/3, corresponding to

P (�2) = 7.8%; we consider the P (�2) to be a plausible
statistical outcome and not indicative of incorrectly esti-
mated uncertainties. The weighted-average value is R0

µ

= 0.0037073003(16)(6), where the first error is statistical
and the second is systematic [67]. From Eq. 2, we arrive
at a determination of the muon anomaly

aµ(FNAL) = 116 592 040(54)⇥ 10�11 (0.46 ppm),

where the statistical, systematic, and fundamental con-
stant uncertainties that are listed in Table II are com-
bined in quadrature. Our result di↵ers from the SM value
by 3.3� and agrees with the BNL E821 result. The com-
bined experimental (Exp) average[68] is

aµ(Exp) = 116 592 061(41)⇥ 10�11 (0.35 ppm).

The di↵erence, aµ(Exp)� aµ(SM) = (251± 59)⇥ 10�11,
has a significance of 4.2�. These results are displayed in
Fig. 4.

In summary, the findings here confirm the BNL exper-
imental result and the corresponding experimental aver-
age increases the significance of the discrepancy between
the measured and SM predicted aµ to 4.2�. This result
will further motivate the development of SM extensions,
including those having new couplings to leptons.

Following the Run-1 measurements, improvements to
the temperature in the experimental hall have led to
greater magnetic field and detector gain stability. An
upgrade to the kicker enables the incoming beam to be
stored in the center of the storage aperture, thus reducing
various beam dynamics e↵ects. These changes, amongst
others, will lead to higher precision in future publications.

Quantity Correction terms Uncertainty
(ppb) (ppb)

!
m
a (statistical) – 434

!
m
a (systematic) – 56

Ce 489 53
Cp 180 13
Cml -11 5
Cpa -158 75
fcalibh!0

p(x, y,�)⇥M(x, y,�)i – 56
Bk -27 37
Bq -17 92

µ
0
p(34.7

�)/µe – 10
mµ/me – 22
ge/2 – 0
Total systematic – 157
Total fundamental factors – 25
Totals 544 462

TABLE II. Values and uncertainties of the R0
µ correction

terms in Eq. 4, and uncertainties due to the constants in Eq. 2
for aµ. Positive Ci increase aµ and positive Bi decrease aµ.

FIG. 4. From top to bottom: experimental values of aµ

from BNL E821, this measurement, and the combined aver-
age. The inner tick marks indicate the statistical contribution
to the total uncertainties. The Muon g � 2 Theory Initiative
recommended value [13] for the standard model is also shown.
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Phys. Rev. D 95, 035017 (2017)

Phys. Rev. D 95, 035017 (2017)

Dark photon, visible decays: 
single universal coupling ε 

proportional to SM γ couplings

Massive boson with reduced 
coupling to protons. Here, limits 
from e+e- interactions only

X17

Both anomalies appear in lepton interactions. Depending on 
couplings, new boson could avoid constraints from pion 

interactions but can be cleanly probed at e- machine. 
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high intensity e- beam 

from ARIEL e-linac

Radiative 
production of 
new particle

Broad opening 
angle: measure 

e+ and e- in 
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on opposite 

sides of 
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mass of e+e- pair and 

search for resonant peak 
over smooth SM 

background

Pair production
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Spectrometers & chamber: 

Ready to construct

GEMs: complete; commissioning

Triggers: 

testing 2nd prototype

Readout/DAQ: in progress
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Spring 
2021: 

beam time 
approved

@ TRIUMF

Dec 2021: 
test chamber 

installed in 
beamline

May 2022: 
workshop at 
TRIUMF, first 
collaboration 

meeting

August 2022: 
First beam on 

targets, 
background 

tests

Winter 
23/24: Run 

full 
experiment 
@ 30 MEV

2024/2025: 
energy 

upgrade 
(TBC); first run 

@ 50 MeV

Today
2025+: finish 
data taking, 

plan next 
experiments!

Fall 2023: install 
experiment and 

begin background 
measurements

DarkLight timeline

Winter 22/23: 
convergence 
of experiment 

design
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FIG. 3: Minimal vector portal model. Existing constraints (gray shaded region) and future

experimental projections (colored contours) are shown in the mA0 � ✏ plane. The existing

bounds are from Refs. [13–32]. Also shown are projections from a number of existing and

proposed future experiments, including DUNE [33], Belle II [34–36], LHCb [37], FASER

and FASER2 [38, 39], HPS [40], NA62-Dump [6], LDMX [41], DarkQuest [42], APEX [43],

Mu3e [44], DarkLight [45], FACET [46], REDTOP [47], MUonE [48], SHiP [49], an ILC

beam dump experiment [50, 51], and a muon beam dump experiment [52].

Figure 3 displays the current bounds and future sensitivity projections from a variety of
experiments in the mA0 � ✏ parameter space.

Visibly-decaying dark photons detectable at near-future experiments are motivated by
many solutions to the big questions including the nature of DM. For secluded DM models
in which DM annihilates to lighter dark-sector states [58, 59], the requirement of thermal
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continual progress from 

many experiments searching 
for new bosons and dark 

matter at accelerators
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proposed future experiments, including DUNE [33], Belle II [34–36], LHCb [37], FASER

and FASER2 [38, 39], HPS [40], NA62-Dump [6], LDMX [41], DarkQuest [42], APEX [43],

Mu3e [44], DarkLight [45], FACET [46], REDTOP [47], MUonE [48], SHiP [49], an ILC

beam dump experiment [50, 51], and a muon beam dump experiment [52].

Figure 3 displays the current bounds and future sensitivity projections from a variety of
experiments in the mA0 � ✏ parameter space.

Visibly-decaying dark photons detectable at near-future experiments are motivated by
many solutions to the big questions including the nature of DM. For secluded DM models
in which DM annihilates to lighter dark-sector states [58, 59], the requirement of thermal
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Light BSM boson: g-2 anomaly
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Many investigations into source of 4.2 σ muon g-2 anomaly

One possibility: new massive boson

Would be low mass, moderate coupling - kinetic mixing 
model disfavoured, but experimentally accessible region
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Figure 4: Obtained upper limits at 90% CL on the mixing parameter ε2 versus the DP mass
mA′ , compared to other published exclusion limits from meson decay, beam dump and e+e−

collider experiments [16–22]. Also shown is the band where the inconsistency of theoretical and
experimental values of muon (g − 2) reduces to less than 2 standard deviations, as well as the
region excluded by the electron (g − 2) measurement [2, 23,24].

the mass range 2me < mA′ < mK − mπ. The expected branching fraction value is B(K± →
π±A′) < 2 · 10−4ε2 over the whole allowed mA′ range [24], in contrast to B(π0 → γA′) ∼ ε2

for mA′ < 100 MeV/c2. In the NA48/2 data sample, the suppression of the DP production
in the K+ decay with respect to its production in the π0 decay is partly compensated by the
favourable K±/π0 production ratio, lower background (mainly from K± → π±$+$− for $ = µ
or mA′ > mπ0) and higher acceptance [25,26].

For the A′ → e+e− decay, the expected sensitivity of the NA48/2 data sample to ε2 is
maximum in the mass interval 140 MeV/c2 < mA′ < 2mµ, where the K± → π±A′ decay is not
kinematically suppressed, the π0

D background is absent, and B(A′ → e+e−) ≈ 1 assuming that
the DP decays only into SM fermions. In this mA′ interval, the expected NA48/2 upper limits
have been computed to be in the range ε2 = (0.8 − 1.1) × 10−5 at 90% CL, in agreement with
earlier generic estimates [2, 24]. This sensitivity is not competitive with the existing exclusion
limits.

Conclusions

A search for the dark photon (DP) production in the π0 → γA′ decay followed by the prompt
A′ → e+e− decay has been performed using the data sample collected by the NA48/2 experiment
in 2003–2004. No DP signal is observed, providing new and more stringent upper limits on the
mixing parameter ε2 in the mass range 9–70 MeV/c2. In combination with other experimental
searches, this result rules out the DP as an explanation for the muon (g − 2) measurement
under the assumption that the DP couples to quarks and decays predominantly to SM fermions.
The NA48/2 sensitivity to the dark photon production in the K± → π±A′ decay has also been
evaluated.
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experimental values of muon (g − 2) reduces to less than 2 standard deviations, as well as the
region excluded by the electron (g − 2) measurement [2, 23,24].

the mass range 2me < mA′ < mK − mπ. The expected branching fraction value is B(K± →
π±A′) < 2 · 10−4ε2 over the whole allowed mA′ range [24], in contrast to B(π0 → γA′) ∼ ε2

for mA′ < 100 MeV/c2. In the NA48/2 data sample, the suppression of the DP production
in the K+ decay with respect to its production in the π0 decay is partly compensated by the
favourable K±/π0 production ratio, lower background (mainly from K± → π±$+$− for $ = µ
or mA′ > mπ0) and higher acceptance [25,26].

For the A′ → e+e− decay, the expected sensitivity of the NA48/2 data sample to ε2 is
maximum in the mass interval 140 MeV/c2 < mA′ < 2mµ, where the K± → π±A′ decay is not
kinematically suppressed, the π0

D background is absent, and B(A′ → e+e−) ≈ 1 assuming that
the DP decays only into SM fermions. In this mA′ interval, the expected NA48/2 upper limits
have been computed to be in the range ε2 = (0.8 − 1.1) × 10−5 at 90% CL, in agreement with
earlier generic estimates [2, 24]. This sensitivity is not competitive with the existing exclusion
limits.

Conclusions

A search for the dark photon (DP) production in the π0 → γA′ decay followed by the prompt
A′ → e+e− decay has been performed using the data sample collected by the NA48/2 experiment
in 2003–2004. No DP signal is observed, providing new and more stringent upper limits on the
mixing parameter ε2 in the mass range 9–70 MeV/c2. In combination with other experimental
searches, this result rules out the DP as an explanation for the muon (g − 2) measurement
under the assumption that the DP couples to quarks and decays predominantly to SM fermions.
The NA48/2 sensitivity to the dark photon production in the K± → π±A′ decay has also been
evaluated.
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energy levels

Invariant mass and opening angle of 
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Phys. Rev. Lett. 116, 042501 (2016)

Reproduced in 4He 
(Phys. Rev. C 104, 
044003), 12C (arXiv/
2209.10795)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.044003
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.044003
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.044003
https://arxiv.org/abs/2209.10795
https://arxiv.org/abs/2209.10795
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energy levels
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Not-yet-understood detector effect? 
Unexpected SM cause? Possibly!
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the X17 excess

Decay of excited 8Be 
through characteristic 
energy levels

Invariant mass and opening angle of 
e+e- pair show resonant signal  

Phys. Rev. Lett. 116, 042501 (2016)

Not-yet-understood detector effect? 
Unexpected SM cause? Possibly!

Or, compatible with new boson with 
mass ~ 17 MeV

Reproduced in 4He 
(Phys. Rev. C 104, 
044003), 12C (arXiv/
2209.10795)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.044003
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.044003
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Complementary experiments

• Type 1: ATOMKI-like; intending to 
reproduce and validate experiment


• Montreal, Notre Dame among groups 
working on this


• No conflict with collider/accelerator goals

18

• Type 2: mixed hadronic-leptonic


• Leading experiment LHCb: will cover all 
X17 space (even with protophobic 
assumptions) with full Run 3 data


• Complementary to DarkLight, which can 
probe electron coupling independently of 
hadronic couplings

• Type 3: pure leptonic production


• Lots of experiments covering 
invisible decay: LDMX, Na64, …


• A few experiments with similar 
visible final state sensitivity. 


• Na64 currently setting lower 
boundary. Future (2023+) 
runs with modified setup can 
probe higher ε


• MAGIX very powerful here but 
on longer timeline (2025+)



Background processes
• Dominant background is e+ from pair production combined with e- from 

simultaneous scattering event. Coincidence is key


• Two ways to control rates: 
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ARIEL e-linac facility
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Installed
to

D
ate

9
/34

• 650 MHz frequency; currently 30 MeV energy


• Currents: Projections shown for 150 μA; 
considering designs that can support full 
design current of ~ a few mA


• Total design power ~ 100 kW 


• Each bunch has ~ 9x106 electrons



Why ARIEL?

• Low energy, high intensity beam.


• Energy not much above the production threshold is 
nice because it gives an opening angle that we can 
easily pick up with spectrometers


• Peak intensity of 10 mA gives us plenty of 
instantaneous luminosity - don’t need to run forever


• Finally, because the e-linac is available! No need to share 
beam time with any other targets until ~phase 2, at which 
point parasitic running will be an option 
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Experiment components: spectrometers

• Two identical dipole 
spectrometers, 0.32 T


• Design nearing completion


• Try to maximise 
acceptance, minimise 
scattering of high-E 
electrons into detectors


• Metrics of success: low 
background and best 
possible mass resolution
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+/- 20% p acceptance

+/- 5° acceptance 
in this dimension +/- ~1.6° 

acceptance 
the other 

way



Experiment components: GEM detectors
• 25 x 40 cm triple-GEMs already completed by Hampton University collaborators


• Commissioning in progress (JLab/ELPH)


• GEM fast readout mode takes ~ 200 μs


• Timing resolution probably ~ 10 ns depending on details of readout etc. Tests ongoing
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2x triple-
GEM 

chambers
Spatial 

resolution 
~100 μm



Experiment components: trigger detectors
• Key performance 

metric: timing resolution 
~200 ps


• 8 - 10 strips of fast 
plastic scintillator read 
out via SiPMs


• Shielding will be 
important for 
longevity


• Prototype testing at 
TRIUMF under way


• DAQ design in progress
26

Exact dimensions and number of 
SiPMs remains open

Adaptor board 
holding 2 to 3 

scintillators

SiPMs

Light 
guides 



Experiment status: read-out and DAQ

• GEM read-out electronics already in place: timing ~ 
200 μs


• Trigger uses coincidence of scintillator outputs 


• Discrimination step, then FPGA will determine 
coincidence between individual scintillator strip pairs


• Investigated various existing systems 


• Likely to begin design from one of DarkSide or 
alpha-g DAQ boards also designed and 
manufactured at TRIUMF


• Also investigating MAGIX experiment board

MAGIX board with 32 
inputs & FPGA


H. Merkel27



Rates and detector timing

28

Bunch spacing is 1.5 ns
Rates for various backgrounds from simulation (Preliminary!):

Singles e- poses greatest challenge: trying to keep this under 
~5 MHz to keep within prediction of GEM timing resolution

Trigger rate will be coincidence rate: max ~600 Hz > 1.5 ms 
between triggers


