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Dark matter / dark sector / dark photons

• A natural explanation to explain observed dark matter 
properties is “freeze out”: dark matter and standard 
model matter were in thermal equilibrium in the early 
universe.  

• As the universe cooled, dark matter production and 
annihilation essential stopped, giving the observed relic 
density.  

• For low mass dark matter, this requires a new feeble 
interaction: dark sector.
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• Particularly simple case: dark matter χ plus dark 
photon A′.  

• Dark photon mixes with strength ε with the photon.  
 

• Dark photon decays and interactions are then related 
to standard model interactions. 
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Caveats; things I am not going to discuss

• The dark photon could itself be dark matter if it were light 
enough to only decay to three photons. 

• There are other simple cases: dark scalar S that mixes 
with the Higgs; heavy neutral leptons that mix with 
neutrinos.  

• Dark sector could be much more complicated, giving 
more complicated experimental signatures.  
  - e.g. “inelastic dark matter”

4C. Hearty | Dark photons | TRIUMF May 2022



• Interactions could be more complicated, e.g., 
couplings to only the 2nd and 3rd generations; 
protophobic. 

• Some of these models are motivated by anomalies 
other than dark matter: 
  - muon g-2 
  - B → Kℓℓ and related 
  - ATOMKI  
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Which is heavier? Dark photon or dark matter? 

• Determines how dark matter annihilates in the early 
universe. 
 
 
 

• In the 2nd case, the dark matter relic density depends on 
the parameter ; there are specific 
combinations of parameters that give the observed value. 

y = ε2αD(mχ /mA′ 
)4

6

dark matter is heavier than dark photon dark photon is heavier than dark matter

coupling of dark photon 
to dark matter, 𝒪(1)
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Dark photon decay (and experimental signature) 
also depends on relative mass

• If : 
experimental signatures: 
  - missing energy / mass 
  - scattering in downstream (neutrino) detectors 

• Otherwise, dark photon decays like a virtual photon of 
mass .  

mA′ 
> 2mχ

mA′ 
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where LSM is the SM Lagrangian, LDS is the dark sector
Lagrangian involving only non-SM states, mX is the mass
parameter of the new gauge boson, gX parametrizes the
coupling to SM currents, and " parametrizes the kinetic
mixing term. Note that, even if the kinetic mixing term is
absent at tree level, it can be loop induced by fields charged
under both gauge groups. Importantly, even if the kinetic
mixing term is forbidden by, e.g., embedding U#1$X in a
larger, non-Abelian gauge group, nonzero values of " can be
induced at loop level when the larger gauge group is broken.
In the following, we present FASER’s reach for new light

gauge bosons in three simple cases. We begin in Sec. IVA
with dark photons, where the only coupling between the
new gauge boson and the SM is through kinetic mixing. We
then discuss scenarios with U#1$B!L and U#1$Li!Lj

gauge
bosons, where there is no kinetic mixing at tree level in
Secs. IV B and IV C, respectively.

A. Benchmark V1: Dark photons

The dark photon Lagrangian extends the SM Lagrangian
with the following terms:

L " ! "0

2
F!$F0!$ " 1

2
m02X2; #9$

where F!$ and F0
!$ are the field strength tensors for the

SM photon and a new gauge boson X, respectively. After
rotating to the mass basis, the dark photon-SM fermion

coupling parameter is given by " ! "0 cos #W, cf. Eq. (8).
(See, e.g., Appendix A of Ref. [30] for a detailed
discussion.) The kinetic mixing parameter is naturally
small if it is induced by loops of new heavy charged
particles. After a field redefinition to remove the kinetic
mixing term, the dark photon A0 emerges as a physical mass
eigenstate that couples to the charged SM fermions propor-
tional to their charges through

L "
1

2
m2

A0A02 ! "e
X

f

qff̄=A0f: #10$

The parameter space of the model is spanned by the dark
photon mass mA0 and the kinetic mixing parameter ".

Production.—Light dark photons are mainly produced
through decays of light mesons, %, & ! 'A0 and
through dark bremsstrahlung. To a good approxima-
tion, these processes are suppressed by "2 relative to
their SM counterparts.

Decay and lifetime.—Dark photons can decay into all
kinematically accessible light charged states, but,
especially for mA0 below a few hundred MeV, they
mainly decay into e"e! and !"!! pairs. Heavier A0s
have various hadronic decay modes, but they are
typically dominated by decays into %"%!. The decay
width is proportional to "2. Thanks to this, dark
photons naturally have decay lengths that are large
enough for them to be observed in FASER, especially
when they are highly boosted by the large energies
they inherit from pp collisions at the LHC. The dark
photon decay length and branching fractions into
leptonic and hadronic final states are shown in the
left panel of Fig. 6, following Refs. [30,54].

FIG. 6. Benchmark model V1. The dark photon decay length (top left panel), its branching fractions into hadronic and leptonic final
states (bottom left panel) and FASER’s reach (right panel). In the right panel, the gray-shaded regions are excluded by current bounds,
and the projected future sensitivities of other experiments are shown as colored contours. See the text for details.

FASER’S PHYSICS REACH FOR LONG-LIVED PARTICLES PHYS. REV. D 99, 095011 (2019)

095011-9

“invisible”

“visible”
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• Large standard model backgrounds for visible case, 
e.g. . Experimental signatures: 
  - mass peak on a smooth background; 
  - displaced vertex (non negligible dark photon 
lifetime); 
  - extensive shielding (even longer lifetime).  

• Invisible decays: relic density targets for ε.  

• Visible decays: relic density targets only if 
.

γ* → ℓ+ℓ−

mχ < mA′ 
< 2mχ
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Focus of my talk

• Experiments that are operating. 

•  or invisible. 

• 10 MeV/c2 <  < 10 GeV/c2. 

• Most of the content is based on these two papers:

A′ → ℓ+ℓ− A′ →

mA′ 

9

B. Batell, N. Blinov, C. Hearty, and R. McGehee, Exploring Dark Sector Portals with High 
Intensity Experiments, Snowmass RF6 summary white paper “Big idea 2” (to appear on 
arXiv). 

M. Graham, C. Hearty, and M. Williams, Searches for Dark Photons at Accelerators, 
Annu. Rev. Nucl. Part. Sci. 2021. 71:37–58. 
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Experiments that I should cover 

   Visible decay            Both                         Invisible decay
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• LHCb 

• HPS


• FASER 

• Mu3e

• NA64 

• Belle II 

• COHERENT 

• NA62


• The experiments I am actually covering are in bold.
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NA64 — electron beam fixed target  
experiment at CERN

• Searches for new light particles produced in electron 
interactions in an active target.  

• 100 GeV or 150 GeV e- beam, CERN SPS H4 line.  

• Different detector configurations for visible and invisible 
searches. 

11

resonant production 
when Ee+ ∼ m2

A′ /2me

from electromagnetic 
shower in the target
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incident e- or from 
electromagnetic 

shower in the target



• 3 main requirements:

• clean mono-energetic electron beam of 100 GeV
• e- tagging with MM tracker and SR
• 4π fully hermetic ECAL + HCAL

• Signature:

• in: 100 GeV e- track.
• < 50 GeV EM shower in ECAL
• no energy in Veto + HCAL
• Sensitivity ~ ε2

Direct search for A’—> invisible decay at CERN
NA64 search for invisible dark photon decays

• 100 GeV e- from H4 beam line. 3×109 e- in July 2016 

12

SM processes will deposit full energy in 
ECAL+HCAL; A′ will give no energy in 

HCAL and low energy in ECAL

micromegas tracking 
for momentum

tag e- using 
synchrotron radiation

5x1010 e-/month

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

criteria for signal events, a blind analysis was performed.
Candidate events were requested to have the missing
energy Emiss ! E0 ! EECAL > 50 GeV. The signal box
(EECAL < 50 GeV; EHCAL < 1 GeV) was defined based
on the energy spectrum calculations for A0s emitted by e"

from the electromagnetic (e-m) shower generated by the
primary e!s in the target [48,49]. A Geant4 [50,51] based
Monte Carlo (MC) simulation used to study the detector
performance, signal acceptance, and background level,
as well as the analysis procedure including selection of
cuts and estimate of the sensitivity are described in detail
in Ref. [38].
The left panel in Fig. 2 shows the distribution of

"3 ! 104 events from the reaction e!Z ! anything in
the #EECAL;EHCAL$ plane measured with loose selection

criteria requiring mainly the presence of a beam e!

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

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

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

PHYSICAL REVIEW LETTERS 123, 121801 (2019)

121801-3

e−Z → e−Zγ; γ → μ+μ−

signal region; expect 0.4 
background, observe 0

the steepest curve is seen for mA0 ! 225 MeV, since in this
case the resonant energy corresponds to the nominal 50 GeV
ECAL missing energy threshold. The uncertainty on the
ECAL energy scale is mostly due to short-term fluctuations
within individual SPS spills of the ECAL PMTs gain that are
not corrected for in the calibration procedure. This effect was
quantified using data collected during the 2018 high-intensity
run period with the “open-trigger” configuration, tracking the
position of the 100 GeV deposition peak as a function of
the event time relative to the beginning of the spill, and found
to be approximately 3%. This corresponds to a !1.5 GeV
variation of ETHR

ECAL that translates to a !35% uncertainty on
the signal efficiency at this mass value, already dropping to
1.5% for mA0 " 250 MeV. A similar procedure, applied
to the ECAL preshower threshold, showed that the corre-
sponding signal efficiency was approximately 100% with
negligible systematic uncertainty.
The new exclusion limit in the A0 parameter space (! vs

A0 mass) are shown in Fig. 3, for the two model variations
discussed before. We observe that, due to the significantly
smaller A0 width predicted by the scalar case, in this case
the shape of "̃RES does not change significantly with #D,
resulting to almost the same exclusion limit for the two
values #D " 0.5 and #D " 0.1. Thanks to the signal yield
enhancement provided by the resonant annihilation
mechanism, the new limit is up to one order of magnitude
stronger than the currently published A0-strahlung limit in
the mass range between 200 and 300 MeV, corresponding
to a resonant energy approximately between 40 GeV and
90 GeV. The sensitivity projection for a NA64-like
experiment performed with a 100 GeV positron beam,
assuming the same run conditions and accumulated
statistics, is also reported for comparison in the same
figure, to highlight the strong potential of an e#-beam

effort in exploring the large-mass A0 region. The possibil-
ity to perform such a measurement in the future with the
NA64 experiment is currently under evaluation within the
collaboration.
As discussed before, this result was obtained without

including explicitly any systematic uncertainty in the upper
limit evaluation. To check the effect of this procedure, we
performed a full reevaluation of the experimental upper limit
for the worst case scenario MA0 " 225 MeV and #D " 0.1,
analyzing simultaneously the 2016, 2017, and 2018 datasets
using the multibin limit setting technique described in
Ref. [37], adding the contributions from the A0–strahlung
and the e#e"-annihilation in the expected signal yield. The
systematic uncertainties associated with the efficiency cor-
rections discussed before, the background estimate, and the
EOT number (!5%) were added as independent nuisance
parameters in the likelihood model, with a log-normal
distribution [52]. The dominant factor affecting the upper
limit value is the efficiency correction uncertainty, of about
35% (10%) for the e#e" (A0-strahlung) channel. The
obtained upper limit for ! was 10% lower than the one
calculated with the simplified procedure discussed previ-
ously. Since for different mA0 values the ECAL threshold
effect on the A0 signal efficiency is significantly smaller, as
discussed previously, we decided to conservatively quote the
results obtained from the latter, and to consider the 10%
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FIG. 2. The ECAL signal efficiency curve for LDM production
via e#e" annihilation as a function of ETHR

ECAL, for different values
of the dark photon mass.

FIG. 3. The new NA64 exclusion limit including the resonant
A0 via e#e" annihilation, comparing the scalar and the fermionic
LDM cases. Existing limits from BABAR [26], E787 and E949
[48], and NA62 [49] are shown, as well as the favored area from
the muon g " 2 anomaly [50], also including the new result that
takes into account the latest results from Fermilab [51] (red lines).
The dashed cyan line report the previous NA64 result, without
including the contribution from e#e" annihilation. The orange
dashed line is the sensitivity projection for a NA64-like experi-
ment with an e# beam, assuming the same run conditions and
accumulated statistics.

IMPROVED EXCLUSION LIMIT FOR LIGHT DARK MATTER … PHYS. REV. D 104, L091701 (2021)

L091701-5

world-leading limits for 
mass < 300 GeV/c2 

resonant production

Improved exclusion limit for light dark matter from e+e− 
annihilation in NA64, Phys. Rev. D104, L091701 (2021).

Dark Matter Search in Missing Energy Events with 
NA64, Phys. Rev. Lett. 123, 121801 (2019);
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NA64 search for the X17 decaying to e+e- 
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can be tested in laboratory experiments. A possibility is that
this new force is carried by a vector boson A0, called dark
photon. Stringent limits on the ! and mass mA0 of such dark
photons, excluding the parameter space region favored by
the g" ! 2 anomaly have already been placed by beam
dump [5–19], fixed target [20–22], collider [23–25], and
rare particle decay searches [26–37].
A great boost to search for new light bosons weakly

coupled to Standard Model particles was triggered by the
recent observation of a "7# excess of events in the angular
distribution of e!e! pairs produced in the nuclear tran-
sitions of the excited 8Be" to its ground state via internal
e!e! pair creation [38,39]. The latest results of the
ATOMKI group report a similar excess at approximately
the same invariant mass in the nuclear transitions of another
nucleus, 4He [40]. It was put forward [41,42] that this
anomaly can be interpreted as the emission of a proto-
phobic gauge boson X with a mass of 16.7 MeV decaying
into e!e! pairs. To be consistent with the existing con-
straints, the X boson should have a nonuniversal coupling
to quarks and a coupling strength with electrons in the
range of 2 ! 10!4 ! !e ! 1.4 ! 10!3 which translates to a
lifetime of the order of 10!14 ! $X ! 10!12 s.
Such a new boson could also resolve the tension between

measured and predicted values of the muon anomalous
magnetic moment, the so-called (g" ! 2) anomaly. The
phenomenological aspects of such a light vector bosons
weakly coupled to quarks and leptons were extensively
studied (see, e.g., Refs. [43–56]); quite a few experimental
searches were performed (see, e.g., Refs. [1,57]). Among
those, the NA64 Collaboration has reported results which
excluded a possible coupling strength of the X boson
between 1.3 ! 10!4 ! !e ! 4.2 ! 10!4 [58].
The NA64 experiment in the “visible mode” configura-

tion, i.e., configured for the search for A0 decaying visibly,
into e!e! pairs, is described in [58,59] (Fig. 1). The core of
the experiment consists of the two electromagnetic (EM)
calorimeters: the compact target-tungsten-calorimeter
(WCAL) assembled from the tungsten and plastic scintil-
lator plates with wavelength shifting fiber readout and
electromagnetic calorimeter (ECAL), a matrix of 6 ! 6

shashlik-type lead-plastic scintillator sandwich modules
[60]. The method of the search for A0 ! e!e! (or
X ! e!e!) decays is detailed in Refs. [61–64]. Here we
review it briefly. The A0#X$ is produced via scattering of
high-energy electrons off nuclei of an active target-dump
(WCAL in Fig. 1). Its production is followed by the decay
into e!e! pairs,:

e! ! Z ! e! ! Z ! A0#X$; A0#X$ ! e!e!: #1$

The active target serves as a dump to absorb the EM
showers from the secondary particles emitted by the
primary electrons before the A0#X$ production, with an
energy Es, that carry the fraction s of the primary electron
energy, s % Es=E0, and the shower from the recoil electron
of the reaction (1). The latter carries a fraction f of the
production electron energy. The total energy that is
absorbed in the WCAL is EWCAL % E0#s! f#1 ! s$$.
As shown in Refs. [63,64], the value of f is peaked at
zero for the most interesting masses of A0#X$.
The A0#X$ can be detected if it passes through the rest of

the dump and the veto counter without interactions and
decays in flight into an e!e! pair in the decay volume. The
fraction EECAL % E0#1 ! s$#1 ! f$ of the primary electron
energy is deposited in the second downstream calorimeter
ECAL, as shown in Fig. 1. In the most interesting region of
the parameter space, the probability to decay after the dump
significantly drops for low energy A0#X$ because of the
short lifetime and small gamma factor; therefore, for the
detectable signal events, EWCAL is significantly smaller
than E0, which means that for them s # 1. For example, at
! % 0.0006, in 67% of the detectable signal events the
deposited energy EWCAL is smaller than 50 GeV (average
EWCAL is 38 GeV).
The occurrence of A0#X$ produced in the e!Z inter-

actions and A0 ! e!e! decays would appear as an excess
of events with two EM-like showers in the setup: one
shower in the WCAL and another one in the ECAL, with
the total energy Etot % EWCAL ! EECAL compatible with
the beam energy (E0), above those expected from the
background sources.

FIG. 1. The setup (2018 run) to search for A0#X$ ! e!e! decays of the bremsstrahlung A0#X$ produced in the reaction eZ ! eZA0#X$
of the 150 GeV electrons incident on the active WCAL target.

D. BANERJEE et al. PHYS. REV. D 101, 071101 (2020)

071101-2

dark photon is produced in 
new calorimeter target decays to e+e- in 

vacuum pipe

no signal in veto

two charged 
particles

two showers in 
downstream 
calorimeter
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the cut (vi). The MC sample of K0

S was simulated according
to distributions predicted for the hadron interactions in
WCAL. With this sample, the ratio of signal-like to neutral
events is calculated resulting in the prediction of the
number of background events: 0.06 for the 2017 data
and 0.005 for the 2018 data (Table I). The smaller number
of neutral events and lower background in the 2018 data is
due to the increased distance between the WCAL and
ECAL since in this configuration less K0

S events pass the
criteria (v) and (vi). In addition, the background is
decreased due to the vacuum pipe installed upstream of
the S4.
The charge-exchange reaction !!p ! !"1"!0#

n# $ $ $ that can occur in the last layers of the WCAL,
with decay photons escaping the dump without inter-
actions, accompanied by undetected secondaries, is another
source of fake signal. To evaluate this background, we used
the extrapolation of the charge-exchange cross sections,
" # Z2=3, measured on different nuclei [68]. The beam pion
flux suppression by the SRD tagging is taken into account
in the estimation. Background from punchthrough !! can

arise because of the inefficiency of the veto counter, mainly
due to pileup. This was estimated using the simulation and
the data from the calibration runs with a hadron beam. The
contribution from the beam kaon decays in-flight K! !
e!#!#!!!Ke4" was evaluated from simulation with a
biased kaon lifetime and found to be negligible. The
background from the dimuon production in the dump
e!Z ! e!Z$#$! with either !#!! or $#$! pairs mis-
identified as EM event in the ECAL was also found to be
negligible.
Table I summarizes the estimated background inside the

signal box. The main part of the total background uncer-
tainty comes from the statistical error of the number of
observed EM neutral events. There is also the uncertainty
from the cross sections of the !, K charge-exchange
reactions on heavy nuclei (30%).
After determining and optimizing the selection criteria

and estimating the background levels, we examined the
signal box and found no candidates.
The combined 90% confidence level (C.L.) upper limits

for the mixing strength % were determined from the
90% C.L. upper limit for the expected number of signal
events,N90%

A0 by using the modified frequentist approach for
confidence levels, taking the profile likelihood as a test

Energy in WCAL [GeV]
0 20 40 60 80 100 120

E
ne

rg
y 

in
 E

C
A

L 
[G

eV
]

0

20

40

60

80

100

120

140

160
signal-like events (2017)
neutral events      (2017)
neutral events      (2018)
signal region        (2017)
signal region        (2018)

FIG. 4. Distribution of selected EM neutral and signal-like
events in the !EWCAL; EECAL" plane from 2017 to 2018 data.
Neutral events are shown as hollow (2017) and full (2018)
triangles. The two shadowed bands represent the signal box
regions for the two different runs. A single signal-like event
detected during the 2017 run not falling into the signal region is
shown with a red triangle.

TABLE I. Expected numbers of background events in the
signal box that passed the selection criteria (i)–(vi).

Source of background 2017 data 2018 data

K0
S ! 2!0 0.06% 0.034 0.005% 0.003

!N ! !"1"!0 # n# $ $ $ 0.01% 0.004 0.001% 0.0004
Punchthrough !! 0.0015% 0.0008 0.0007% 0.0004
Punchthrough & <0.001 <0.0005
!; K ! e#, Ke4 decays <0.001
eZ ! eZ$#$!; $% ! e%##̄ <0.001
Total 0.07% 0.035 0.006% 0.003

FIG. 5. The 90% C.L. exclusion areas in the (mX; %) plane from
the NA64 experiment (shaded blue area) using 2017 data only
(dashed line) and 2017–2018 data combined. For the mass of
16.7 MeV, the X ! e! coupling region excluded by NA64 is
1.2 ! 10!4 < %e < 6.8 ! 10!4. The NA48=2 limits only apply to
dark photons but not the X boson because differently from the A0,
it has nonuniversal couplings to u, d quarks allowing to explain
the 8Be& anomaly [41,42]. The full allowed range of %e for the X
boson, 2.0 ! 10!4 ! %e ! 1.4 ! 10!3, is shown as a vertical red
bar. The constraints on the mixing % from the experiments E774
[10], E141 [7], BABAR [25], KLOE [30], HADES [32], PHENIX
[33], NA48 [35], and bounds from the electron anomalous
magnetic moment !g ! 2"e [74] are also shown.

IMPROVED LIMITS ON A HYPOTHETICAL X!16.7" BOSON … PHYS. REV. D 101, 071101 (2020)

071101-5

control sample with 0 
charged particles

5 x 1010 100 GeV e- on target in 2017 
3 x 1010 150 GeV e- on target in 2018

0.08 background expected; 
0 events observed

10−4
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𝜖
𝑚𝐴′ , 𝐺𝑒𝑉

HADES

NA48

PHENIX

(𝑔 − 2) 𝑒

KLOE-2013

BaBar

E141

E774

NA64

8𝐵𝑒

parameter space of 
the ATOMKI anomaly

NA64 exclusion 
region

Improved limits on a hypothetical X(16.7) boson and a dark photon 
decaying into e+e− pairs, Phys. Rev. D101, 071101(R), 2020. 
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NA64 outlook

• Summer 2022: 10 week run, invisible configuration. 

• Summer 2023: visible mode, modified to improve 
sensitivity to shorter X17 lifetime = smaller ε.  
  - denser active target 
  - 200 GeV beam to increase boost 
  - additional magnetic spectrometer to measure electron 
momenta. 

• Need 7× 1011 electrons on target to reach  
ε = 1.4×10-3.
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Belle II 

• Located at the SuperKEKB e+e- collider in Japan. 
Operates at √s = 10.58 GeV (Y(4S)).  

• Collecting data since 2019. Luminosity goal is 50 ab-1 = 
100x BaBar, but ~1x BaBar so far.  

17

positron

electron

KL and muon detector (KLM): 
Resistive Plate Counters (RPC) (outer barrel) 

Scintillator + WLSF + MPPC (endcaps, inner barrel)

Particle Identification (PID): 
Time-Of-Propagation counter (TOP) (barrel) 

Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)

Electromagnetic calorimeter (ECL): 
CsI(Tl) crystals 

waveform sampling (energy, time, pulse-shape)

Vertex detectors (VXD): 
2 layer DEPFET pixel detectors (PXD) 

4 layer double-sided silicon strip detectors (SVD)

Central drift chamber (CDC): 
He(50%):C2H6 (50%), small cells,  

fast electronics

Magnet: 
1.5 T superconducting

Trigger: 
Hardware: < 30 kHz 
Software: < 10 kHz

Belle
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Dark photon production at Belle II

• Dark photon production via initial state radiation, followed 
by invisible or visible decay. 

18

only the γ is visible in Belle II the γ and both muons are visible
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• We don’t see the dark photon, but we can deduce its 
mass from the photon energy (momentum and energy 
conservation). 

• Given an imperfect detector, there are many processes in 
the Standard Model that also result in a single detected 
photon: 
     e+e- → γ γ  
     e+e- → γ γ γ 
     e+e- → e+e- γ                  e+e- → ν ν̄ γ is negligible

Invisible dark photon at Belle II 
“single photon search”

19

if we miss these particles, 
we end up with a “single 
photon” event

E⇤
� = E⇤

beam � m2
A0

4E⇤
beam

<latexit sha1_base64="jwN8utl8tKqThwn8gK2yqNkpJzg="></latexit>
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• Trigger on single photons 0.5 GeV and above.  

• Belle had no single photon trigger. BaBar had a 
trigger for ~10% of its data, but was unable to 
quantify background from e+e- → γ γ  
  - could not identify a low-mass dark photon.  

• Belle II calorimeter is much more hermetic. Should be 
able to significantly improve on existing BaBar limits. 
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Limits on dark sector parameters from BaBar and 
projections for Belle II
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0.2 GeV/c2 (Belle II)

1.2 GeV/c2 (BaBar)

If astronomical dark matter is due to the dark 
sector, parameters will lie along one of these lines. 
Derived from E. Izaguirre, G. Krnjaic, P. Schuster, 

N. Toro, Phys. Rev. Lett. 115, 251301 (2015)

Belle II projection, 20 fb-1 
KEK-2018-27, 

arXiv:1808.10567 [hep-ex]

BaBar limit, 50 fb-1 

Phys. Rev. Lett. 119, 
131804 (2017)

C. Hearty | Dark photons | TRIUMF May 2022



Search for a dark photon decaying to leptonic final 
states

• Final state is photon plus lepton pair. Large SM 
backgrounds, particularly in electron final state.  

• Muon final state is dominant above threshold due to 
lower backgrounds. 
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BaBar search for A′ → μ+μ-  

PRL 113, 201801 (2014)
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Projected Belle II sensitivity for prompt dark photon 
decays to leptons

• No real analysis yet; projected limits scaled from BaBar, 
assuming twice as good mass resolution.
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lifetime is non-
negligible here;  

next slide

BaBar collab., PRL 
113, 201801 (2014), 
514 fb-1

Upper limit on ε 
scales as luminosity L0.25

BaBar did not go 
below 20 MeV/c2 due 
to backgrounds from 
photon conversions
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Belle II sensitivity to long-lived dark photons 
decaying to two charged particles

• Prompt analysis has very large standard model 
backgrounds. However, these all have zero lifetime.  

• Small dark photon mixing ε  
⇒ non-negligible lifetime.  
i.e., displaced vertex.  

• Small ε also means small  
production cross section  
⇒ need high luminosity. 

24

Belle II Detector (Torben Ferber) 27

iDM

l+/h+

l!/h!

A" 

!

arXiv 2202.03452

C. Hearty | Dark photons | TRIUMF May 2022



Belle II sensitivity to visible dark photon decays 
including displaced vertices
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30 MeV/c2 cut to reject 
photon conversions.

Assumes 10 e+e- and 
0 μ+μ-  background in 

50 ab-1 

~1 μ+μ- signal per ab-1 T. Ferber, C. Garcia-Cely, and K. Schmidt-Hoberg, Belle II 
sensitivity to long–lived dark photons, arXiv 2202.03452
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LHCb — forward spectrometer at the LHC

• LHCb has previously published a dark photon search in 
the μ+μ- final state, prompt and displaced. 
  - Drell-Yan production ;  
  - meson decay, especially .  

qq̄ → A′ 

π0/η → γA′ 
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LHCb collaboration, Search for A′ → μ+μ- 
decays, Phys. Rev. Lett. 124, 041801 (2020).  

misidentified hadrons, 
muons from b or c
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• Non-negligible displaced backgrounds: γ conversions 
to μ+μ-; b decays to two muons; mis-identified Ks 
decays.  

• Displaced limits are unique; prompt limits are world-
best for some masses. 
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LHCb Upgrade I

New optics and 
photodetectors 

New silicon 
pixel trackers

New scintillator 
fibre tracker

first muon station, preshower and 
scintillating pad detectors removed

New software trigger based detector
� 40 MHz readout 
� Instantaneous luminosity                     

Ͷ ൈ ͳͲଷଶܿ݉ିଶିݏଵ to ʹ ൈ ͳͲଷଷܿ݉ିଶିݏଵ
� All electronics replaced in all 

subsystems

17/11/21 Oscar Augusto

2

LHCb outlook — Upgrade I

• About to start Run 3 with a significantly upgraded 
detector, including triggerless  readout of every LHC 
beam crossing. 
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Oscar Augusto de Aguiar 
Francisco, LHCC 148
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• New trigger will enable the inclusive e+e- sample to be 
recorded, in addition to μ+μ-.   

• Will cover wide range of parameter space above 
10 MeV/c2 over the next several years. 
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FASER — long-lived and feebly interacting particles 
at the LHC

• Located 500 m downstream of 
ATLAS, on the collision axis. 
100 m of rock/concrete.  

• Low pt. 

30

5

FASER Location
Old SPS→LEP tunnel
“perfect” location

On line-of-sight
(with a little digging)

Shielded from IP by
~100m rock/concrete

Low beam backgrounds

6

FASER Detector

0.5 T dipole magnets

EM 
calorimeter

Tracker 
Stations

Preshower/trigger scintillators

Trigger 
scintillators

Veto 
scintillators

Beam-axisExperiment size:
20 cm aperture (η>9.1)

5m long (1.5m decay volume)

B. Petersen, open LHCC 
session, Nov 2019

Detector privately funded 
by Simons Foundation
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Dark photons in FASER

• Predominantly produced by ; detected in e+e- 
final state. 

π0/η → γA′ 

31

7

FASER Sensitivity – An Example

Dark photon signature:
Two very-high energy, oppositely-
charged tracks originated from a 
common vertex in the decay volume, 
pointing back to the IP 

No signal in the scintillator veto

Energy deposit in calorimeter

Sensitivity
All production channels considered

Reach limited by decay length (high ε) 
and production rate (low ε)  

Sensitivity with just 1/fb in 2021

nothing in veto counters 
(reject muons)

dark photo decays in 
decay volume

electrons trajectories 
from 3 tracking stations

electrons energies from 
calorimeter
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FASER outlook

• Will start collecting data this summer. Should collect 
250 fb-1 by end of Run 3 (end of 2025).

32

7

FASER Sensitivity – An Example

Dark photon signature:
Two very-high energy, oppositely-
charged tracks originated from a 
common vertex in the decay volume, 
pointing back to the IP 

No signal in the scintillator veto

Energy deposit in calorimeter

Sensitivity
All production channels considered

Reach limited by decay length (high ε) 
and production rate (low ε)  

Sensitivity with just 1/fb in 2021

ε

lifetime is too short 
at smaller ε 

lower limit on ε from 
statistics

B. Petersen, open LHCC 
session, Nov 2019

see also FASER’s physics 
reach for long-lived particles, 
Phys. Rev. D 99, 095011 
(2019).
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COHERENT — studying coherent elastic neutrino-
nucleus scattering (CEνNS) at the Oakridge SNS

• Spallation neutron source is also an excellent source of ν 
from the decay of stopped π+.  

• COHERENT has made the  
first observation of CEνNS 
using CsI and LAr.   

33

The COHERENT Experimental 
Program, 2204.04575, 2022.

C. Hearty | Dark photons | TRIUMF May 2022



Dark photons at COHERENT

• Dark photons are produced in the decay of π0 and η 
mesons, and in the nuclear absorption of π-.  

• Will also produce CEνNS, but with different time structure 
than ν signal.    

34

steady-state backgrounds, beam-related neutrons, and
CEvNS. The expected energy distribution of backgrounds,
along with dark matter signal normalized to 4! the
sensitivity limit, is shown in Fig. 3.
Steady-state backgrounds are measured in situ using out-

of-time data taken while the beam is on. Thus, the
distribution of these events is known without bias.
Though directly measured, this background reduces our
statistical sensitivity due to the high rate, primarily from !
decay of 39Ar, a cosmogenically activated isotope of argon
with a lifetime of 269 years. Additionally, environmental
gammas contribute an additional !10% to the steady state
background.
The concentration of 39Ar can be dramatically reduced

by filling the detector with argon mined from underground
[33]. For every 1 "s of live time integrated per spill, we
expect 14.58 (1.52) events for each kg-year of exposure for
atmospheric (underground) argon. For running with under-
ground argon, we expect a 100! reduction of the 39Ar
background with no change to the rate of environmental
gammas. Further reduction has been achieved [33,34], but
at this 39Ar concentration, the steady-state background is
dominated by environmental activity. As the steady-state
background does not introduce a systematic error into the
analysis, we can compensate for the increased 39Ar rate in
atmospheric argon by increasing exposure. Roughly a 3.1!
increase in exposure is needed to match sensitivities

calculated in the case of underground argon if LAr-1t is
filled with atmospheric argon.
We will also have a beam-related background, domi-

nated by neutrons. The neutron flux through neutrino alley
is low enough that a CEvNS measurement is possible,
though neutrons still yield a notable background compo-
nent for these analyses [6,23]. These scatters are prompt,
occurring concurrently with the #" flux through the
detector. There is a secondary flux of neutrons stemming
from neutrino-induced neutrons (NINs) where a neutron is
emitted in a neutrino interaction with a neutron-rich atom
[35] such as lead used in the detector shielding. The NIN
background is largely uncorrelated with the uncertainty in
the prompt neutron background and is not confined to the
prompt time window. However, fewer than one event per
LAr-1t running in the entire 6 "s analysis window is
expected to penetrate the water shielding surrounding the
detector and produce a signal so that the uncertainty in this
background has a negligible impact on the analysis.
With uncertainties in both the normalization, energy

distribution, and time profile of the neutron background, an
ancillary measurement of the energy-dependent neutron
flux will be essential. The neutron flux is known to vary
with position in neutrino alley, and thus such a measure-
ment is needed at the planned detector location. As the
majority of neutrons are prompt, and thus coincident with
signal, a significant bias in this background rate could result
in a false positive detection of dark matter. The prompt
neutron rate is estimated to be 0.53 events for each kg-year
of exposure. This is a significantly reduced rate compared
to our experience with CENNS-10. A GEANT4 simulation
suggests this rate is achievable with shielding the detector
with a neutron moderator though must be tested in situ. The
projected sensitivity does not strongly depend on the
neutron rate, however. A neutron normalization 10! higher
would only degrade the projected sensitivity on Y by a
factor of roughly 1.8, assuming the neutron event rate is
known to the same precision.
Finally, CEvNS will give a significant background with

2.98 (4.07) selected CEvNS per kg-year in the prompt
(delayed) timing window. The expression for the CEvNS
cross section is cleanly predicted in the SM, however, there is
an uncertainty associated with the argon form factor sup-
pression of the cross section. The effect of this uncertainty on
our predicted CEvNS rates is much smaller than other error
sources.Additionally, the uncertainties on this background in
the prompt window can be constrained with data through
analysis of the delayed CEvNS. As there are strong corre-
lations between prompt and delayed events, a simultaneous
fit of prompt and delayed events will mitigate the systematic
uncertainty on the prompt neutrino background.

C. Systematic uncertainties

We have evaluated the errors associated with the likely
leading sources of systematic uncertainty for this study,
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FIG. 3. The predicted distribution of expected light dark matter
(LDM) signal (blue) and analysis backgrounds expected in three
years with 610 kg of fiducial volume. Prompt events are those that
appear within the first 1 "s of the waveform while delayed events
reconstruct between 1 and 6 "s. The signal lies entirely within the
1 "s prompt window, allowing for in-situ constraint of CEvNS
uncertainties in the 5 "s delayed time bin. The steady-state
background will be measured from out-of-time data and assumes
filling with underground argon. The neutron background
estimate will depend on additional measurements for a precise
prediction. The dark matter component assumes the vector portal
model with $ ! 8.77 ! 10"5, %0 ! 0.5, m& ! 15 MeV=c2, and
mV ! 45 MeV=c2.

SENSITIVITY OF THE COHERENT EXPERIMENT TO … PHYS. REV. D 102, 052007 (2020)

052007-5

dark photons and νμ from π+ 
decay arrive promptly 

dark photon signal

νe and ν̄μ from μ+ decay are 
delayed by muon lifetime 
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Outlook for COHERENT

• New detectors online ~now through 2025. 3 years 
running.
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Summary

• Searches for dark photons aim to shed light on a 
possible dark sector that would explain dark matter.  

• Wide range of experimental approaches, including a 
number of dedicated experiments.  

• Results have started to approach regions of parameter 
space that would explain the observed relic density of 
dark matter.  

• I did not discuss the large number of proposed projects. 
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Summary of invisible dark photon projections

37

Relic Density

10-3 10-2 10-1 1

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

mχ(GeV)

Y
=
ϵ

2
α
D
(m

χ
/m

A
')4

mA'=3mχ

αD=0.5

DUNE

DUNE PRISM COHERENT-STS
CCM200

SHiP

P
IP

2-
B

D

LDMX2

FLArE

BaBar

LSND

N
A
64

COHERENT CsI

MiniBooNE

E
13

7

CCM120

Belle-II 20 fb-1

Belle-II 50 ab-1

BDX

NA64e 5x1
0
12 EOT

NA64μ 5x1013 MOT

M3

G. Krnjaic and N. Toro, Dark Matter Production at Intensity-Frontier Experiments; 
Snowmass RF6 summary white paper “Big idea 1” (to appear on arXiv).
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Summary of visible dark photon projections
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B. Batell, N. Blinov, C. Hearty, and R. McGehee, Exploring Dark Sector Portals with High 
Intensity Experiments, Snowmass RF6 summary white paper “Big idea 2” (to appear on arXiv).
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