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Outline

• What’s new in dark photon searches?

• HPS analysis status and plans

• HPS ops and future run plans
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HPS in the Bigger Picture

The competition is coming…

• LHCb recently released A′⟶𝜇𝜇 results for full 

RunII dataset.

⟹ actual reach much less than projected — 

getting to zero background is hard!

• Seaquest running, hoping to add ECal

⟹ actual 𝜇𝜇 reach appears likely much less than 

projected (trigger efficiency) 

⟹ DarkQuest proposal (including ECal) for DMNI 

funding declined

… but still room for HPS to have a 
big impact with future runs!

from 2019
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FIG. 22: Constraints on visibly-decaying mediators (shaded regions) and projected sensitivities of
currently running or upcoming probes (solid lines). Visible decays of the mediator dominate in the
m� > mA0 secluded annihilation regime. Courtesy R. Essig.
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HPS in the Bigger Picture

Progress has been incremental. What happened?

a) These are hard experiments

b) These are difficult searches

Where has there been progress?

Where is progress likely soon?
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Beam Dumps: 
NA64

Long-lived e+e- search with electron beam 2

e−, 100 GeV

S1
V1 T1

T2

Vacuum vessel
SRD

γ

e−
Magnet2

Magnet1

e−

e+WCAL
X

V3

MU4

MU1

MU2

MU3

HCAL1

HCAL2

HCAL3

HCAL4

T3
T4

S4

ECAL

S3

S2
V2

FIG. 1. Schematic illustration of the NA64 setup to search for the A0, X ! e+e� decays.

tons excluding, in particular, the parameter space region
favored by the gµ � 2 anomaly. However, the range of
mixing strengths 10�4 . ✏ . 10�3 corresponding to a
short-lived A0 still remains unexplored. In this Letter we
report the first results from the NA64 experiment specif-
ically designed for a direct search of the e+e� decays of
new short-lived particles in the sub-GeV mass range at
the CERN SPS [54–57].

The method of the search for A0 ! e+e� decays is
described in [54, 55]. Its application to the case of the
X ! e+e� decay is straightforward. Briefly, a high-
energy electron beam is sent into an electromagnetic (e-
m) calorimeter that serves as an active beam dump. Typ-
ically the beam electron loses all its shower energy in the
dump. If the A0 exists, due to the A0(X) � e� coupling
it would occasionally be produced by a shower electron
(or positron) in its scattering o↵ a nuclei of the dump:

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

Since the A0 is penetrating and longer lived, it would es-
cape the beam dump, and subsequently decays into an
e+e� pair in a downstream set of detectors. The pair
energy would be equal to the energy missing from the
dump. The apparatus is designed to identify and mea-
sure the energy of the e+e� pair in another calorimeter
(ECAL). Thus, the signature of the A0(X) ! e+e� de-
cay is an event with two e-m-like showers in the detector:
one shower in the dump, and another one in the ECAL
with the sum energy equal to the beam energy.

The NA64 setup is schematically shown in Fig. 1.
The experiment employs the optimized 100 GeV electron
beam from the H4 beam line in the North Area (NA) of
the CERN SPS. 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 was equipped with two dipole magnets and a
tracker, which was a set of four upstream Micromegas
(MM) chambers (T1, T2) for the incoming e� angle selec-
tion and two sets of downstream MM, gas electron mul-
tiplier (GEM) stations and scintillator hodoscopes (T3,
T4) for measurements of the outgoing tracks [58, 59]. To

enhance the electron identification the synchrotron radia-
tion (SR) emitted by electrons was used for their tagging
allowing to suppress the initial hadron contamination in
the beam ⇡/e� ' 10�2 down to the level ' 10�6 [57, 60].
The use of SR detectors (SRD) was a key point for the
improvement of the sensitivity compared to the previous
electron beam dump searches [24, 25]. The dump was a
compact e-m calorimeter WCAL made as short as pos-
sible to maximize the sensitivity to short lifetimes while
keeping the leakage of particles at a small level. It was
followed by the ECAL to measure the energy of the de-
cay e+e� pair, which was a matrix of 6⇥ 6 shashlik-type
modules [57]. The ECAL has ' 40 radiation lengths (X0)
and is located at a distance ' 3.5 m from the WCAL.
Downstream of the ECAL the detector was equipped
with a high-e�ciency veto counter, V3, and a hermetic
hadron calorimeter (HCAL) [57] used as a hadron veto
and for muon identification with a help of four muon
counters, MU1-MU4, located between the HCAL mod-
ules. The results reported here were obtained from data
samples in which 2.4 ⇥ 1010 electrons on target (EOT)
and 3 ⇥ 1010 EOT were collected with the WCAL of 40
X0 (with a length of 290 mm) and of 30 X0 (220 mm),
respectively. The events were collected with a hardware
trigger requiring in-time energy deposition in the WCAL
and EWCAL . 70 GeV. Data of these two runs (hereafter
called the 40 X0 and 30 X0 run) were analyzed with sim-
ilar selection criteria and finally summed up, taking into
account the corresponding normalization factors. For the
mass range 1  mA0  25 MeV and energy EA0 & 20
GeV, the opening angle ⇥e+e� ' 2mA0/EA0 . 2 mrad
of the decay e+e� pair is too small to be resolved in the
tracker T3-T4, and the pairs are mostly detected as a
single-track e-m shower in the ECAL.

The candidate events were selected with the following
criteria chosen to maximize the signal acceptance and
minimize background, using both Geant4 [61, 62] based
simulations and data: (i) There should be only one track
entering the dump. No cuts on reconstructed outgoing
tracks were used; (ii) No energy deposition in the V2
counter exceeding about half of the energy deposited by
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occur in the last layers of the WCAL with decay photons
escaping the dump without interactions and accompanied
by poorly detected secondaries is another source of fake
signal. To evaluate this background we used the extrap-
olation of the charge-exchange cross sections, � ⇠ Z2/3,
measured on di↵erent nuclei [65]. The contribution from
the beam kaon decays in-flight K� ! e�⌫⇡+⇡�(Ke4)
and dimuon production in the dump e�Z ! e�Zµ+µ�

with either ⇡+⇡� or µ+µ� pairs misidentified as e-m
event in the ECAL was found to be negligible.

Table I summarizes the conservatively estimated back-
ground inside the signal box, which is expected to be
0.07 ± 0.034 events per 5.4 ⇥ 1010 EOT. The dominant
contribution to background is 0.06 events from the K0

S

decays, with the uncertainty dominated by the statisti-
cal error. In Fig. 2 the final distributions of e.m. neutral
events, which are presumably photons, and signal candi-
date events that passed the selection criteria (i)-(iii) and
(v)-(vii) are shown in the (EECAL;EWCAL) plane. No
candidates are found in the signal box. The conclusion
that the background is small is confirmed by the data.

The combined 90% confidence level (C.L.) upper limits
for the mixing strength ✏ were obtained from the corre-
sponding limit for the expected number of signal events,
N90%

A0 , by using the modified frequentist approach, tak-
ing the profile likelihood as a test statistic [66–68]. The
NA0 value is given by the sum :

NA0 =
2X

i=1

N i

A0 =
2X

i=1

ni

EOT
✏i
tot

ni

A0(✏,mA0) (2)

where ✏i
tot

is the signal e�ciency in the run i (30 X0 or
40 X0), and ni

A0(✏,mA0) is the number of the A0 ! e+e�

decays in the decay volume with energy EA0 > 30 GeV
per EOT, calculated under assumption that this decay
mode is predominant, see e.g. Eq.(3.7) in Ref. [55].
Each i -th entry in this sum was calculated by simu-
lating signal events for the corresponding beam running
conditions and processing them through the reconstruc-
tion program with the same selection criteria and e�-
ciency corrections as for the data sample from the run-i.
The A0 e�ciency and its systematic error were deter-
mined to stem from the overall normalization, A0 yield
and decay probability, which were the A0 mass depen-
dent, and also from e�ciencies and their uncertainties
in the primary e�(0.85 ± 0.02), WCAL(0.93 ± 0.05),
V2(0.96± 0.03), ECAL(0.93± 0.05), V3(0.95± 0.04), and
HCAL(0.98± 0.02) event detection. The later, shown as
an example values for the 40 X0 run, were determined
from measurements with e� beam cross-checked with
simulations. A detailed simulation of the e-m shower
in the dump [63] with A0 cross sections was used to cal-
culate the A0 yield [64, 69, 70]. The . 10% di↵erence
between the calculations in Ref.[64] and Ref.[69, 70] was
accounted for as a systematic uncertainty in nA0(✏,mA0).
In the overall signal e�ciency for each run the acceptance
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FIG. 3. The 90% C.L. exclusion areas in the (mX ; ✏) plane
from the NA64 experiment (blue area). For the mass of
16.7 MeV, the X � e� coupling region excluded by NA64
is 1.3⇥ 10�4 < ✏e < 4.2 ⇥ 10�4. The allowed range of ✏e ex-
plaining the 8Be* anomaly (red area) [2, 3], constraints on the
mixing ✏ from the experiments E141 [22], E774 [25], BaBar
[40], KLOE [45], HADES [48], PHENIX [49], NA48 [51],
and bounds from the electron anomalous magnetic moment
(g � 2)e [71] are also shown.

loss due to pileup (' 7% for 40 X0 and ' 10% for 30 X0

runs) was taken into account and cross-checked using re-
constructed dimuon events [57]. The dimuon e�ciency
corrections (. 20%) were obtained with uncertainty of
10% and 15%, for the 40 X0 and 30 X0 runs, respectively.
The total systematic uncertainty on NA0 calculated by
adding all errors in quadrature did not exeed 25% for
both runs. The combined 90% C.L. exclusion limits on
the mixing ✏ as a function of the A0 mass is shown in
Fig. 3 together with the current constraints from other
experiments. Our results exclude X-boson as an expla-
nation for the 8Be* anomaly for the X � e� coupling
✏e . 4.2⇥ 10�4 and mass value of 16.7 MeV, leaving the
still unexplored region 4.2 ⇥ 10�4 . ✏e . 1.4 ⇥ 10�3 as
quite an exciting prospect for further searches.

We gratefully acknowledge the support of the CERN
management and sta↵ and the technical sta↵s of the
participating institutions for their vital contributions.
We also thank Attila Krasznahorkay for useful discus-
sions about the Atomki experiment. This work was sup-
ported by the HISKP, University of Bonn (Germany),
JINR (Dubna), MON and RAS (Russia), SNSF grant
169133 and ETHZ (Switzerland), and grants FONDE-

1803.07748 [hep-ex]

• Strongest modern constraint at 17 MeV

• NA64 operates in several modes 
: I expect future runs to 

focus on invisible (DM) searches
(e−, e+, μ, h)

https://arxiv.org/abs/1803.07748
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Beam Dumps: 
FASER 16

(a) (b)

FIG. 7. 90% confidence level exclusion contours in (a) the dark photon and (b) the B � L gauge boson
parameter space are shown. Regions excluded by previous experiments are shown in grey. The red line
shows the region of parameter space that yields the correct dark matter relic density, with the assumptions
discussed in the text.

also cosmologically relevant. Assuming a dark matter particle � with a mass in the range of
0.5⇥mA0

B�L
< m� < mA0

B�L
and a very large B�L charge, the region of parameter space favored

by thermal freeze-out includes regions of parameter space that are now excluded by the new FASER
constraint [55, 56]. Alternatively, since the B �L model necessarily includes 3 sterile neutrinos, it
is natural to consider the possibility that these sterile neutrinos are the dark matter. These sterile
neutrinos may be produced through the freeze-in mechanism, and the resulting relic density may
be significant in the regions of parameter space probed by FASER [56–58].

X. CONCLUSIONS

The first search for dark photons by the FASER experiment has been presented, providing a
proof of principle that very low background searches for long-lived particles in the very forward
region are possible at the LHC. The search applies an event selection requiring no signal in the
veto scintillator systems, two good quality reconstructed charged particle tracks and more than
500 GeV of energy deposited in the calorimeter. No events are observed passing the selection, with
an expected background of (2.3 ± 2.3) ⇥10�3 events. At the 90% confidence level, FASER excludes
the region of ✏ ⇠ 4⇥ 10�6

� 2⇥ 10�4 and mA0 ⇠ 10 MeV� 80 MeV in the dark photon parameter
space, as well as the region of gB�L ⇠ 3 ⇥ 10�6

� 4 ⇥ 10�5 and mA0
B�L

⇠ 10 MeV � 50 MeV in
the B�L gauge boson parameter space. In both the dark photon and B�L gauge boson models,
these results are one of the first probes of these regions of parameter space since the 1990’s, and
they exclude previously-viable models motivated by dark matter.

XI. ACKNOWLEDGMENTS

We thank CERN for the very successful operation of the LHC during 2022. We thank the
technical and administrative sta↵ members at all FASER institutions for their contributions to the
success of the FASER project. We thank the ATLAS Collaboration for providing us with accurate
luminosity estimates for the used Run 3 LHC collision data. FASER gratefully acknowledges the
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FIG. 1. A sketch presenting a side view of the FASER detector, showing the di↵erent detector systems as
well as the signature of a dark photon (A0) decaying to an electron-positron pair inside the decay volume.
The white blobs depict where measurements are taken for the A0 signal and the solid red lines represent the
reconstructed tracks produced by the e+e� pair.

due to the crossing angle in IP1, the LOS is o↵set vertically by 6.5 cm with respect to the centre
of the detector, which is properly accounted for in the simulation. The detector is described in
detail in Ref. [10]; a brief description is given here. The FASER⌫ tungsten/emulsion detector is
dedicated to neutrino measurements, and it is not used in this analysis, but the eight interaction
lengths of tungsten suppress potential backgrounds. Fig. 1 presents a sketch of the detector. In
this analysis, the detector components of interest are the 1.5 m long detector decay volume and
the tracking spectrometer, both of which are immersed in a 0.57 T dipole magnetic field, as well
as the scintillator system and the electromagnetic calorimeter. The active transverse area of the
detector is defined by the circular magnet aperture with a radius of 10 cm.

The scintillator system is composed of four stations, each consisting of multiple scintillator
counters. At the front of the detector is the VetoNu station, composed of two scintillator counters.
Further downstream is the Veto station, constructed from three scintillator counters in front of
the decay volume. Both the VetoNu and Veto stations have scintillators with a transverse size
(30 ⇥ 35 cm2 and 30 ⇥ 30 cm2 respectively) significantly larger than the active region of the
detector, which allows for the rejection of muons entering the detector at an angle with respect
to the LOS. The next scintillator station is the Timing station with two scintillator counters that
separately cover the top and bottom half of the detector (with a small overlap) installed in front of
the tracking spectrometer, used for triggering and timing measurements. Finally, the Pre-shower
station is in front of the calorimeter and constructed from two scintillator counters with both a
graphite absorber and a tungsten radiator in front of each counter.

The tracking spectrometer is built from three tracking stations, each with three layers of double-
sided silicon microstrip detectors, interleaved with two 1 m-long 0.57 T dipole magnets. The tracker
sensors are Semi-Conductor Tracker (SCT) barrel modules from the ATLAS experiment [15], which
have a hit position resolution of about 20 µm in the precision coordinate, and about 0.6 mm in the
other coordinate. Each tracker plane contains eight SCT modules, arranged as a 24 ⇥ 24 cm2 square
in the transverse plane. The magnets bend charged tracks in the vertical direction, corresponding
to the precision coordinate of the tracker. The FASER tracker is described in more detail in
Ref. [16].

The electromagnetic energy of particles is measured by an electromagnetic calorimeter, the
most downstream component of the detector. The calorimeter is constructed from four outer
ECAL modules from the LHCb experiment [17]. Each module is 12 ⇥ 12 cm2 in the transverse
plane, with 66 layers of interleaved 4 mm thick plastic scintillator and 2 mm thick lead plates,
corresponding to a total of 25 radiation lengths. A module has 64 wavelength-shifting fibers that
penetrate the length of the module and end in a photomultuplier tube (PMT). The readout of
the PMTs saturates for large pulses corresponding to energy deposits above 3 TeV. From July
to August 2022 the readout was set to saturate at 300 GeV for commissioning purposes, and
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• Neutral pion decay ⇡0
! A0�: This mode is accessible for mA0 < m⇡0 ' 135 MeV. The

branching fraction is B(⇡0
! A0�) = 2✏2(1�m2

A0/m2
⇡0)3B(⇡0

! ��) where B(⇡0
! ��) '

0.99 [14].
• Eta meson decay ⌘ ! A0�: This mode is open for mA0 < m⌘ ' 548 MeV. The branching

fraction is B(⌘ ! A0�) = 2✏2(1�m2
A0/m2

⌘)
3B(⌘ ! ��) where B(⌘ ! ��) ' 0.39 [14].

• Dark bremsstrahlung pp ! ppA0: In this process, a dark photon is emitted via initial or final
state radiation from colliding protons in a coherent way. This mode is open for dark photon
masses up to O(2 GeV) [5].

These processes produce a high-intensity beam of dark photons in the far-forward direction along
the beamline. Neutral pion decay is typically the leading signal contribution, but ⌘ decay can be
comparable for mA0 ⇠ 100 MeV, and dark bremsstrahlung can be comparable near the boundary
of FASER’s sensitivity [5]. Other production mechanisms include the decays of heavier mesons
(such as ⌘0 or !) and direct Drell-Yan production qq̄ ! A0, but these are subdominant and are
neglected.

Once produced, dark photons then may travel a macroscopic distance, leading to a striking
signal of high-energy particles far from the pp interaction point. FASER’s dark photon sensitivity
is largely determined by its location. For EA0 � mA0 � me, the decay length for a dark photon
with lifetime ⌧ travelling at speed � = v/c is [5]

L = c�⌧� ⇡ (80 m)


10�5

✏

�2 
EA0

TeV

� 
100 MeV

mA0

�2
. (2)

For dark photons with TeV energies, FASER can be expected to be sensitive to parameter space
with ✏ ⇠ 10�5 and mA0 ⇠ 100 MeV. For dark photon masses in the range 2me < mA0 < 2mµ '

211 MeV, dark photons decay to electrons with B(A0
! e+e�) ⇡ 100%.

In the B � L model, the properties of the B � L gauge boson A0
B�L are determined by the

Lagrangian terms [9]

L �
1

2
m2

A0
B�L

A0 2
B�L � gB�L

X

f

Qf
B�LA

0µ
B�L f̄�µf , (3)

where Qf
B�L is the B � L charge of fermion f . The parameter space of this model is defined by

the B � L gauge boson’s mass mA0
B�L

and the B � L gauge coupling gB�L.

The A0
B�L gauge boson is produced in a similar manner to the dark photon, with light meson

decays and dark bremsstrahlung the dominant production mechanisms; the production rates are
proportional to g2B�L, compared to ✏2 as in the dark photon model. The boson can decay to all
kinematically accessible states that possess B�L charge. In this analysis, the region of phase space
which FASER is sensitive to is confined to the mass range 2me < mA0

B�L
< 2mµ ' 211 MeV, where

the possible decays are to electrons, SM neutrinos, and possibly sterile neutrinos. It is assumed
that sterile neutrinos have masses greater than half the A0

B�L gauge boson mass, and so decays to
sterile neutrinos are kinematically inaccessible. The visible signal from decays to electrons therefore
has a branching fraction of B(A0

B�L ! e+e�) ⇡ 40%. If decays to sterile neutrinos are allowed,
the visible branching fraction could be as low as B(A0

B�L ! e+e�) ⇡ 25%, slightly reducing the
search sensitivity, but not to a significant extent.

III. THE FASER DETECTOR

The FASER detector, located approximately 480 m away from IP1 in the TI12 tunnel that
connects the LHC with the Super Proton Synchotron (SPS), is aligned with the IP1 LOS. However,

12

FIG. 3. The energy spectrum of dark photons in FASER produced with meson production modeled by di↵er-
ent generators (EPOS-LHC, QGSJET II-04 and SIBYLL 2.3d). Also shown is production from bremsstrahlung
with a factor of two variation in the pT cut o↵. The bottom panel shows the ratio between the di↵erent
estimates, and the parameterisation of the uncertainty as a function of energy. A representative signal model
(with mA0=50 MeV and ✏=3 ⇥ 10�5) is shown.

dominated by photon conversions initiated by high-energy muons. Only the two lowest momentum
tracks are considered when calculating the E/p since the highest momentum track is assumed to
be the muon. The reconstructed E/p peak position in data and MC simulation is consistent and
well within the 6% uncertainty across the momentum range probed, as shown in Fig. 4.

The uncertainty due to the tracking e�ciency of single tracks is assessed by comparing the
relative e�ciency for finding tracks in events with a single track segment in each of the three
tracking stations between data and MC simulation. This yields a 1.5% uncertainty per track.

The track finding procedure is more complex when there are two closely-spaced tracks, as in
the signal, in particular when the tracks share hits. The uncertainty due to this is assessed by
overlaying the raw tracker data from two di↵erent events, each of which has a single reconstructed
track. The track reconstruction is then re-run on the combined event, built from the two overlaid
events, so that the tracking e�ciency can be calculated. This is performed using both data and
simulation, shown in Fig. 5, where the ratio of the e�ciency between the two, as a function of the
distance between the two tracks at their first measurements, is used to assess the uncertainty. The
e�ciency in data is up to 7% less than in MC simulation, at track separations comparable to that
expected in the A0 signals, hence a 7% correction to the two-track tracking e�ciency is applied,
with a corresponding systematic uncertainty, assumed to be the di↵erence between the nominal

With help of private funding, FASER got a quick start.
Near term focus seems to be turning to neutrino physics.

arXiv:2203.05090 [hep-ex]
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Beam Dumps: 
DarkQuest

Figure 1. Top view of the proposed DarkQuest detector upgrade to the SpinQuest experiment adapted from Ref.4. Different
components of the spectrometer are drawn approximately to scale: a focusing magnet (FMag) and beam dump placed ⇡1 m
downstream the target, an open-aperture magnet (KMag) to sweep away soft SM radiation, a system of drift chambers and
scintillator hodoscopes grouped into stations that serve for tracking and triggering, respectively and an absorber placed
upstream the muon prototube station. The DarkQuest detector upgrade has an electromagnetic calorimeter (in red) to extend the
detection capability to electrons, pions and photons. The calorimeter is drawn as currently placed in the simulation (before the
absorber), but, when installed, it will require the drift chambers in Station 3 to be moved further upstream.

2 DarkQuest Science Goals and Physics Signatures
The SNOWMASS RF6 group has identified three Big Ideas that can be tested at various high-intensity experiments, corre-
sponding to probing different classes of dark sectors. These directions are organized by their main signature: (1) production of
invisible BSM states that could be responsible for the DM of the universe, (2) production of a mediator particle to the dark
sector and detection of its decay back into SM states and (3) production of mixed visibly-decaying and invisible states, signaling
the existence of a rich dark sector.

In this Section we argue that DarkQuest can test theoretical scenarios that exemplify each of these main ideas. We begin
by describing dark sector searches at fixed target experiments in general and outline the specific capabilities of DarkQuest.
We then define several specific benchmark scenarios that embody the key RF6 directions and show that DarkQuest can reach
unexplored parameter space in each case. The purely-SM signals are studied in the context of dark photon, Higgs portal scalars,
sterile neutrinos and axion-like particle models (ALPs), while the DM and rich dark sectors are captured by models of inelastic
dark matter (iDM) and Strongly Interacting Massive Particles (SIMPs). The latter models offer the possibility of explaining the
dark matter of the universe in a predictive framework with concrete experimental targets.

2.1 Dark sector searches at accelerators
In a spectrometer-based experiment such as DarkQuest, weakly coupled dark sector states with lifetimes of order 1i m, once
produced, can be detected through their displaced decays to visible SM particles. Fixed target proton beam dump experiments,
in particular, offer several key advantages in probing light dark sectors. First, enormous luminosities can be attained, allowing
access to tiny couplings. Second, light particles are typically produced with a significant boost enhancing their decay length in
the laboratory frame. This ensures that the decays of these particles can occur behind a shield that filters out SM backgrounds.
Third, in many scenarios, including those with dark photon mediators, high-intensity proton beams dumps provide the largest
production rates of dark sector particles, relative to lepton beams. Secondary fluxes of hadrons, photons, and muons produced
in the proton-target reactions can lead to production mechanisms for a variety of dark - visible sector couplings. In particular,
high-energy protons beams, such as the 120 GeV Fermilab Main Injector, offer kinematic access to heavier dark particles in the
mass range of ⇠10 GeV and below.

Fixed-target beam-dump experiments have already been used to test dark sector models. However, the sensitivity of past

4/37

120 GeV p+

Evolution of SeaQuest/SpinQuest experiment

Awarded NSF MRI funding in 2023 to install 
decommissioned Phenix ECal

Recently operated test beam of ECal at FNAL
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Figure 2. Comparison of the DarkQuest reach and the reach of other proposed experiments with the corresponding timescale
for models that encapsulate RF6 Big Idea 2: production and detection of an unstable dark sector mediator. Upper left panel:
visible dark photon model5. Upper right panel: Higgs portal scalar model6. Lower left panel: Right-handed neutrinos mixing
with the SM tau-neutrino6. Lower right panel: axion-like particles coupled to photons7. In gray we show the bounds from past
experiments.

Higgs Portal Scalars Perhaps the simplest extension of the SM involves a new singlet scalar field, S, that couples through the
Higgs portal. Such a dark scalar may mediate interactions with a dark sector as well as play an important role in addressing a
variety of outstanding questions, such as inflation, Higgs naturalness, etc. Dark scalars inherit the couplings of the Higgs boson
through their mixing, with interactions strengths scaled by sinq , where the q is the dark scalar-Higgs mixing angle. Thus,
dark scalars can be produced at DarkQuest through rare kaon and B meson decays, proton Bremsstrahlung, and gluon-gluon
fusion5, 6. Given that it couples to SM particles in proportion to their masses, the dark scalar typically decays to the heaviest
available final states and can be naturally long-lived. For low masses below the dimuon threshold S dominantly decays to
e+e�, while for scalar masses above the dimuon and hadronic thresholds the S branching ratio to e+e� is negligible and S
mainly decays to µ+µ�, pp , or other hadronic states. For mS & 2mµ , the scalar decay length is longer than O(1 m) provided
the mixing angle is smaller than about 10�3. This implies that searches for displaced dimuon and hadronic final states can
provide interesting sensitivity to the dark scalar model in this mass range, as is highlighted in the upper right panel of Fig. 2. It
is seen that DarkQuest will be able to explore substantial new regions of parameter space, which nicely complements the reach
of several other experiments that will take data during the next decade.

Sterile Neutrinos Sterile neutrinos are well-motivated BSM particles with no ordinary weak interactions except those induced
by the mixing with the SM neutrinos, through the neutrino portal HL̄N, where H is the SM Higgs doublet and L the SM lepton
doublet. Sterile neutrinos can be copiously produced at DarkQuest through meson and t decays. They will subsequently decay
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performance of the detector, together with the associated readout electronics, was studied at the Fermilab Test Beam
Facility [8] during the summer of 2024.

2. EMCal Readout Electronics

Each EMCal “module” consists of four independent readout channels, and the entire 2 m x 4m EMCal sector
consists of 648 modules (2592 total readout channels). The light for each channel is concentrated into a 6mm diameter
bundle of optical fibers, which is well matched for a single 6mm x 6mm SiPM. The EMCal is expected to produce
O(10, 000) photons per GeV of energy. The selected SiPM is the Hamamatsu™ S14160-6010PS, which has a photon
detection efficiency of approximately 18% at the peak of the EMCal’s emission spectra (→490nm) and an intrinsic
gain of ↑ 105. Furthermore, these SiPMs have a 10µm pixel pitch and contain 359011 pixels, which helps prevent
saturation at the highest energies. Custom front-end electronics boards that house the SiPMs and send the analog
signal off the detector were developed and can be seen in Fig. 1 (left). The board consists of a chip-carrier onto which
the SiPM is reflow soldered, and a separate mother board which contains the other circuit components. Each channel
has an individual cable connection to the CAEN DT5202. The modular design is useful to allow for easy switching
between different SiPM models or testing different readout circuits.

The target dynamic range of the EMCal is for energy deposits between 250 MeV and 80 GeV. During tests with
cosmic rays it was predicted that some level of attenuation of the detector signal would be necessary to prevent
saturation of the SiPM signal or the DT5202 circuit. Therefore, a primary goal of the beam tests were to study the
effects of optical and electrical attenuation on the performance of the EMCal. For the purpose of optical attenuation,
we used a 1-stop neutral density filter attached to a frame placed between the optical fibers and the SiPMs. In order
to test electrical attenuation, the cables connecting the SiPMs to the DT5202 were spliced with an SMA connection.
This allows for the ability to switch between various electrical attenuation options without disturbing the EMCal. In
particular, we chose to use a 10dB attenuator for this purpose. The expected effects from both sources of attenuation
were tested prior to their usage in the test beam using studies of the SiPM response to direct LED light as well as with
cosmic muons.

Figure 1: Left: A photograph of the 4 channel custom SiPM board. Right: A photograph of the 16 channel EMCal test module before being closed
with the front end readout boards installed.

3. Experimental Setup

The experiment was located on the MTest beamline at the Fermilab Test Beam Facility. This beamline is designed
for testing detectors and has several beam configurations capable of providing protons, pions, electrons, and muons

2

Figure 5: Left: EMCal response as a function of beam energy. Note the maximum readout ADC for a single channel is 8000. Right: EMCal
resolution as a function of beam energy compared with other similar experiments [9, 10, 11]. Note the “with filter” data points have been shifted
0.2 GeV to the right and “without anything” data points have been shifted 0.4 GeV to the right. This was done to allow each point to be clearly
visible.

attenuation for energies up to 60 GeV and saw a lower relative non-linearity when using the optical filter than when
using the electrical attenuator. If the beam was directed between two channels, the response remained linear. However,
if the beam was instead directed directly into the center of one channel, a non-linearity of →8% was observed. For the
purpose of achieving a linear response, optical attenuation is expected to be more effective than electrical attenuation.
This is most immediately due to optical saturation of the SiPMs for high energies showers, as these can produce
approximately the same number of photons as the number of pixels in the SiPM.

Figure 6: High energy ADC vs energy plots with an electrical attenuator only and with an optical filter only. These runs had an intensity of roughly
200k counts per spill and were focused at the center of an individual channel. Note that the lines of fit shown are linear fits from energies less than
or equal to 30 GeV extrapolated to higher energies in order to gauge non-linearity.

6. Electron and pion separation

The sensitivity of the EMCal to the shower shape of particles in otherwise similar events could be a useful tool
in improved particle identification (PID). This section details the differences in shower shape between electrons and
pions in the EMCal, confirms this effect is an effect of particle flavor, not energy, and demonstrates the PID feasibility.

6
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Missing Mass: 
PADME

Originally intended to search over a broad 
mass range: more challenging than expected
X17 gave the experiment a focal point
Insignificant excess (p = 4%) in recent results 
have excited those with strong priors.

±1ω and ±2ω coverages. The median closely matches the result from the Rolke log-likelihood
method [35, 36], shown as a dashed line (RL) in the figure. Including all systematic uncertainties
leads to weaker expected limits than those arising purely from background-only fluctuations, which
is represented by the dotted blue line. Compared to the sensitivity reported in Ref. [10], the present
result shows an improvement that is primarily due to the reduced total uncorrelated uncertainties
on gR(s).
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Figure 22: Expected exclusion upper limits at 90% CL in the absence of a signal (left), and in the presence of a

signal with gve = 5→ 10→4
and MX = 16.9MeV (right), in addition to the predicted background.

The right panel of Fig. 22 shows the median upper limit in the presence of a signal (red line)
assuming gve = 5→ 10→4 and MX = 16.9MeV. The 1ω and 2ω exclusion bands for such a signal-
plus-background scenario are overlaid as blue filled regions onto the background-only exclusion
bounds (green and yellow regions) and the background-only median upper limit (dashed blue
line).

7. Results and post-unblinding checks

Upon successful unblinding, the CLs method was applied to data to determine the final observed
upper limit. The results are shown in Fig. 23. The observed upper limit at 90% CL (solid
red line) is weaker than the background-only expectation, exceeding the 2ω local coverage for
MX = 16.90MeV and gve = 5.6 → 10→4. The local probability (black dots in the bottom panel)
shows a corresponding minimum of 1% (a 2.5ω e!ect).
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Figure 23: Exclusion upper limits as a function of MX at 90% CL. The solid red line is the observed limit curve, and

the green and yellow bands are the 1ω and 2ω local envelopes around the median expected curve (dashed blue line)

for the background-only hypothesis. The gray filled areas are the excluded regions at 90% CL from the KLOE [31]

and NA64 [37] experiments. The bottom panel shows the probability values corresponding to the observed upper

limits. Black and red dots denote local and global probabilities, respectively.

The global probability to obtain such an excess assuming the background-only hypothesis was
evaluated via simulation. The range between the median value of the coupling strength and the 2ω
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upper band (multiplied by 3) was split into 48 “test points”. The fraction of times a background-only
upper limit exceeds a test point anywhere in the mass interval of interest (16.6 < MX < 17.2MeV)
is an estimator of the global probability. The global probability for the observed limit (red points
in the bottom panel of Fig. 23) is calculated by interpolating the results from the test points. The
minimum global probability value is 3.9+1.5%

→1.1%, corresponding to an excess of (1.77 ± 0.15)ω. A
reduced mass interval of 16.85 ± 0.12MeV, corresponding to a ±3ω range around the combined
fitted mass as reported in Ref. [38], would lead instead to a global p-value of (2.00± 0.19)ω.

For illustration purposes, the distribution of gR(s) is shown as a function of
→
s in Fig. 24. The

data from Scans 1 and 2 are represented by di!erent markers, with the energy points that were
masked by the “blind unblinding” procedure described in Section 5 shown in red. The signal-plus-
background fit to the observed data corresponding to the minimum global p-value is shown with
orange points.
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Figure 24: Observed distribution of gR as defined in Eq. (2) vs.
→
s. Circle (square) points denote the data collected in

Scan 1 (Scan 2). Red points denote the region masked by the automatic unblinding procedure. The solid blue curve

represents a fit to the sideband points, assuming only background contributions. The dashed red line interpolates

the sideband fit into the masked region. Finally, the solid red line denotes the full signal-plus-background fit to the

data.

A second excess is present at MX ↑ 17.1MeV, corresponding to a local (global) probability of
approximately 8% (40%).

7.1. Post unblinding checks
After data unblinding, a number of systematic checks were also carried out:

• An alternative evaluation of the statistical significance was performed using the CLs+b statis-
tic and the power-constrained limit method. The result shows a weaker upper limit in the
same mass point as in the nominal CLs-based analysis, with only a slightly weaker global
significance of (1.63± 0.13)ω;

• An alternative form for the K(s) correction in Eqs. (4) and (5) was assumed, corresponding
to the absence of a CoM energy slope. The result again shows a weaker upper limit at the
same mass value observed in the nominal analysis. The statistical global significance slightly
lowers to (1.60± 0.15)ω;

• An alternative correction for radiation-induced losses was implemented. The uncertainty
related to the slope as a function of the integrated flux was treated as a separate nuisance
parameter instead of an uncorrelated error per energy point. The statistical global signifi-
cance was only slightly reduced to (1.65± 0.13)ω;

• The correction due to radiation-induced losses can be verified ex-post by fitting the uncor-
rected gR values as a function of the integrated positron flux. Using a linear fit similar to
Eq. (6), we computed a slope of 0.10 ± 0.04, in excellent agreement with the determination
in Section 4.2.2.
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Calorimeter

arXiv:2505.24797 [hep-ex]

https://arxiv.org/abs/2505.24797
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Resonance Searches 
APEX?, Mu3e?, X17

APEX: Search using Hall A high-resolution 
spectrometers and dark bremsstrahlung production.

These searches are deceptively difficult!
Rafo will give us an update on X17 in Hall B, slated to run early next year.

Mu3e @ PSI: search for with up to 5×1016 𝜇μ+ → e+e−e+

YITP-SB-14-36

Projections for Dark Photon Searches at Mu3e

Bertrand Echenard,1, ⇤ Rouven Essig,2, † and Yi-Ming Zhong2, ‡

1California Institute of Technology, Pasadena, California 91125
2C.N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook, NY 11794

We show that dark photons (A0) with masses ⇠ 10 � 80MeV can be probed in the decay µ+ !
e+⌫e⌫̄µA

0, A0 ! e+e�, with the upcoming Mu3e experiment at the Paul Scherrer Institute (PSI)
in Switzerland. With an expected 1015 (5.5⇥ 1016) muon decays in 2015–2016 (2018 and beyond),
Mu3e has the exciting opportunity to probe a substantial fraction of currently unexplored dark
photon parameter space, probing kinetic-mixing parameter, ✏, as low as ✏2 ⇠ 10�7 (10�8). No
modifications of the existing Mu3e setup are required.

I. INTRODUCTION

There are only a few ways in which new particles and
forces below the weak-scale can interact with the stan-
dard model (SM) particles and have remained undetected
thus far. Among the simplest possibilities is the existence
of a light, massive vector boson called a dark photon (A0).
A substantial e↵ort is underway to search for a dark pho-
ton with a variety of experiments. In this paper, we show
that the upcoming Mu3e experiment at the Paul Scher-
rer Institute (PSI) in Switzerland is also sensitive to dark
photons. Using an unprecedented number of muon de-
cays1 in their search for the lepton flavor violating de-
cay µ+

! e+e�e+, Mu3e can also search for the decay
µ+

!e+⌫e⌫̄µA0, A0
!e+e� shown in Fig. 1. This allows

them to probe currently unexplored regions of the dark
photon parameter space. We note that while our focus
will be on vector bosons (the dark photon), other parti-
cles that couple to electrons and/or muons and decay to
an e+e� pair could also be probed with Mu3e.

The dark photon is the mediator of a new, broken
U(1)D gauge group and appears in many theoretical sce-
narios, see e.g. [1–3] and references therein. It can inter-
act with ordinary matter through “kinetic mixing” [4–6]
with the SM hypercharge, U(1)Y, gauge boson. At low
energies, the dominant e↵ect is a mixing of the U(1)D
with the SM photon, U(1)EM, as described with the La-
grangian

L = LSM �
✏

2
F 0

µ⌫Fµ⌫
�

1

4
F 0

µ⌫F 0µ⌫ +
1

2
m2

A0A0
µA0µ . (1)

Here LSM is the SM Lagrangian, ✏ is the kinetic mix-
ing parameter, F 0µ⌫ (Fµ⌫) is the U(1)D (U(1)EM) field
strength, and mA0 is the dark photon mass (the mech-
anism for generating this mass is not important for our
purposes). The mixing between the dark photon and
the SM photon leads to an ✏-suppressed coupling of the
dark photon to the electromagnetic current, Jµ

EM, i.e., to

⇤echenard@hep.caltech.edu
†rouven.essig@stonybrook.edu
‡yiming.zhong@stonybrook.edu
1 “Muon” refers to µ+ in this paper.
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FIG. 1: Feynman diagrams for (on-shell) dark photon pro-
duction in muon decays, µ+ ! e+⌫e⌫̄µA

0, A0 ! e�e+.

quarks and charged leptons,

L � ✏ e A0
µ Jµ

EM . (2)

The two relevant parameters of the model are the kinetic
mixing parameter and the dark photon mass. The cou-
pling in Eq. (2) allows the dark photon to be probed with
a wide range of experiments, see e.g. [1–3] for a recent
review and references. We do not consider the addition
of other low-mass particles to this model.

Theoretically, the values of the kinetic mixing and the
dark photon mass can take on a wide range of values.
However, much attention has recently been focused on
the MeV–GeV mass range. In this mass range, the dark
photon could explain the ⇠ 3.6� discrepancy between the
observed and SM value of the muon anomalous magnetic
moment (aµ ⌘ gµ � 2, where gµ is the muon’s gyromag-
netic ratio) [7–9] and o↵er an explanation for various dark
matter related anomalies through dark matter-dark pho-
ton interactions [10–13]. Moreover, a dark photon mass
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FIG. 7: Prospects and constraints in the ✏2 versus mA0 plane for dark photons that decay directly to SM particles (see e.g. [1]
and references given in Sec. I of this paper). The projected sensitivity of a resonance search for promptly decaying dark photons
with the Mu3e experiment is shown in blue (red) assuming 1015 (5.5⇥ 1016) muon decays for Mue3 phase I (II).

part of this theoretically interesting parameter space.

B. Displaced Vertices From Dark Photons

For su�ciently small values of ✏, the dark photon life-
time can be sizable (see Eq. (5)), leading to displaced
decay vertices observable in the laboratory frame. While
smaller values of ✏ lead to smaller muon branching frac-
tions to dark photons, the backgrounds associated with
displaced vertices are substantially reduced, providing an
opportunity to observe a signal. The discovery potential
depends on the geometrical acceptance of the detector,
the vertex resolution, and the backgrounds. The assump-
tions introduced in the prompt decay scenario to treat the
accidental backgrounds, i.e., pile-up events arising from
muons decaying within the same time window and at the
same position in the target, might not be valid anymore
for displaced vertices. A full analysis should include con-

tributions from pile-up of several (radiative) muon decays
generated everywhere in the target, which is beyond the
scope of our paper, given the large number of muon de-
cays involved. Furthermore, a small residual background
from misreconstructed µ+

! e+⌫e⌫̄µe+e� events is ex-
pected to remain, and the accuracy of FastSim might be
too limited to reliably predict its level. We encourage the
Mu3e Collaboration to perform a detailed reach estimate,
both because the tools at our disposal are not su�cient
for a reliable estimate and because the sensitivity that
could potentially be achieved is well worth the e↵ort.

IV. CONCLUSIONS

We have studied the possibility to search for dark pho-
ton in µ+

! e+⌫e⌫̄µA0, A0
! e+e� decays with an appa-

ratus similar to the Mu3e experiment. We derive sensi-
tivity estimates for both prompt and displaced dark pho-

APEX Status & Near-term Goal

• APEX took data in Feb to mid-March 2019; beam energy ~2.2 GeV

• We collected ~100 times more data than during the 2010 test run

• The analysis of this new data 
has been progressing very 
slowly due to lack of a postdoc 
working on APEX

• The expected sensitivity of this 
data is shown in figure on right

• A preliminary analysis confirms 
our projected mass resolution

estimated  
expected  
sensitivityHRS−right

HRS−left

Electron, P = E0/2

Positron, P = E0/2

.

.

Septum

W target

Beam

A! Production Kinematics

�
�mA

E

⇥3/2

(wide)

(narrow)

e�

Energy = E

e�

�
�mA

E

⇥1/2 l+

l�

� mA

E
A�

EA!≃Ebeam-mA! 

Ee-≃mA! 

Note mA!/E ↔ θ : 0.5 (DarkLight), 0.3 (MAMI), 0.1 (APEX), 0.03 (HPS) 5

HRS−right

HRS−left

Electron, P = E0/2

Positron, P = E0/2

.

.

Septum

W target

Beam

Nucleus

A�

e+

e�

e� 𝜖e
𝜖e

data in hand, lacking effort
A very aggressive apparatus/experiment. 
First beam planned later this year.
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Displaced Vertexing 
LHCb – Run 2 (2015-2018) and Run 3 (2022-2026)

Run 2 and Run 3 above dimuon threshold

Potential for reach in two mass ranges.

Unexpected long-lived backgrounds impacted reach.

arXiv:1603.08926 [hep-ph]

A′ → μ+μ−

Run 3 below the D⋆0-D0 mass difference

Requires upgraded vertex detector (VELO) and triggerless 
readout = full recon in real time. Backgrounds still unknown.

D⋆0 → D0A′ 

A′ → e+e−

LHCb R3 (projected)

LHCb (projected)

(actual)

LHCb R3 (projected)
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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.

A. Benchmark V1: Dark Photons

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

L � �
✏
0

2
Fµ⌫F

0µ⌫ +
1

2
m

02
X

2
, (9)

where Fµ⌫ and F
0
µ⌫ 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 re-definition to remove the kinetic mixing
term, the dark photon A

0 emerges as a physical mass eigenstate that couples to the charged
SM fermions proportional to their charges through

L �
1

2
m

2
A0A

02
� ✏ e

X

f

qf f̄ 6A
0
f . (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,
⇡, ⌘ ! �A

0 and through dark bremsstrahlung. To a good approximation, 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

15

A pressure failure rendered VELO inoperable early in Run 3. 
Replacement and restart occurred last April.

https://arxiv.org/abs/1603.08926
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Fig. 2. Definition of the particle track types in the LHCb
experiment, according to which detectors are hit. The di!erent
tracker layers and the magnet in the center are sketched.

Long tracks: they have information from at least the
VELO and the SciFi, and possibly the UT. These are
the main tracks used in physics analyses and at all
stages of the trigger;

Downstream tracks: they have information from the
UT and the SciFi, but not VELO. They typically cor-
respond to decay products of K0

S and ! hadron decays;

T tracks: they only have hits from the SciFi. They
are typically not included in physics analysis. Never-
theless, their potential for physics has been recently
outlined [14].

When simulating collision data, particle tracks meet-
ing certain thresholds are defined to be reconstructible and
have an assigned type according to the sub-detector re-
constructibility. This is, in turn, based on the existence of
reconstructed detector digits or clusters in the emulated
detector, which are matched to simulated particles if the
detector hits they originated from are properly linked [15].
Requirements for long tracks imply VELO and SciFi re-
constructibility, downstream tracks must satisfy the UT
and SciFi reconstructibility, and T -tracks only require the
SciFi one.

2.2 The High-Level Trigger (HLT)

The trigger system of the LHCb detector in Run 3 and
beyond is fully software-based for the first time. It is com-
prised of two levels: HLT1 and HLT2, described in detail
in Ref. [9; 16]. Most notably, the HLT1 level has to be ex-
ecuted at a 30MHz rate and, as such, su”ers from heavy
constraints on timing for event reconstruction.

The first HLT1 trigger performs partial event recon-
struction in order to reduce the data rate. Tracking algo-
rithms play a key role in fast event decisions, and the fact
that they are inherently parallelisable processes suggests a
way to increase trigger performance. Thus, the HLT1 has
been implemented on a number of GPUs using the Allen
software project [17], which allows to manage 4TB/s and
reduces the data rate by a factor of 30. After this initial

selection, data is passed to a bu”er system, which allows
nearly real-time calibration and alignment of the detector.
This is used for the full and improved event reconstruction
carried out by HLT2.

Due to timing constraints, the LHCb implementation
in the HLT1 stage has been based on partial reconstruc-
tion and focuses solely on long tracks, i.e., tracks that have
hits in the VELO. This trigger thus significantly a”ects
the identification of particles with long lifetimes, particu-
larly for LLP searches in LHCb, where some of the final-
state particles are created further than roughly a metre
away from the IP and thus outside of the VELO accep-
tance. A new algorithm [18; 19] has been developed and
implemented to widen the reach of particle lifetimes of the
HLT1 system. It is briefly described in the following.

2.3 The new Downstream algorithm

A fast and performant algorithm has been developed to
reconstruct tracks that do not let hits in the VELO detec-
tor [18].1 It is based on the extrapolation of SciFi seeds
(or tracklets) to the UT detector, including the e”ect of
the magnetic field in the x coordinate. Search windows in
the UT detector for hits that are compatible with tracks
coming from the SciFi, and that are not used by other re-
construction algorithms, are considered. In addition, fake
tracks originating from spurious hits in the detector are
suppressed by a neural network with a unique hidden
layer. The reconstruction e#ciency for downstream tracks
of the algorithm is about 70%, with ghost rates (random
combinations of hits) below 20%. This has been verified
for SM particles (! and K0

S) and for LLPs in the hidden
sector, in the range 0.25GeV/c2 - 4.7GeV/c2, decaying
into muons or two hadrons. The track momentum resolu-
tion at this stage is less than 6% [19], and the algorithm
has a high throughput that fulfills the tight HLT1 time
requirements.

3 Signal characterisation

3.1 Benchmark LLP models

Many models with LLPs exist. In this paper, some of the
benchmark models recommended by the Physics Beyond
Colliders (PBC) working group [2] will be considered, with
the names being BCX :

1. Dark photons V (BC1 ), which have kinetic mixing
with UY (1) SM hyperfield. Below the EW scale, the
coupling is given by the kinetic mixing parameter ω.
The dark photon phenomenology (how it is produced
in proton-proton collisions and its decay modes) is
taken from the Refs. [20; 21].

1 In practice the algorithm is also performant and has a large
e”ciency for particles decaying after 30 cm, being able to re-
cover some of the long tracks which have not been properly
reconstructed.

[arXiv:2312.14016]
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Fig. 6. Sensitivity to dark photons (BC1, the left panel) and B → L mediators (the right panel) in the plane LLP mass-LLP
coupling. The sensitivity of future LHCb searches restricted by VELO is taken from [37], while the excluded parameter space and
the sensitivity of FASER and FASER2 experiments is taken from [3]. For the Downstream algorithm, in this and subsequent
figures, two values of the integrated luminosity are assumed: 25 fb→1, corresponding to the partial statistics of Run 3, and
300 fb→1, which is the full statistics of Run 6. For the description of the models, see Sec. 3 and Ref. [26]. See the text for the
discussion on the sensitivity.

Fig. 7. Sensitivity to Higgs-like scalars, models BC4 (the left panel) and BC5 (the right panel). The excluded domain, as well
as sensitivities of FASER, FASER2, and the search of B ↑ KS(↑ µµ) are taken from [3].

D/ω (mN ↭ 2 GeV/c2), B (2 GeV/c2 ↭ mN ↭ mBc →ml,
where l is the lepton corresponding to the HNL mixing),
and W (mN ↫ mBc). The Downstream setup allows an
e!cient probe of the first two domains, with the maxi-
mal mass of the HNL being as large as ↑ 20 GeV/c2. The
HNLs produced by decays of D/ω , following the kinemat-
ics of these particles, mainly point to the far-forward re-
gion not covered by LHCb. In comparison, FASER2 would
be able to probe HNLs only up to masses 2 GeV/c2 ↭
mN ↭ 3 GeV/c2, mainly because of its distant placement
relative to the production point.

Unlike the dark scalar case, there is no possibility to
utilize the signature B ↓ K +N(↓ µµ) for HNLs. First,
HNLs are fermions, and the angular momentum conser-
vation, together with the HNL interaction properties, re-
quires the presence of an additional lepton in the B de-
cay. The probability of such process, Bs ↓ K + N + ε,
is very suppressed [23]. Finally, the only HNL decay with
the dimuon state is a three-body process N ↓ µµϑ; as a
result, the dimuon mass distribution is not resonant.

The comparison with FASER/FASER2 shows the same
pattern as in the case of dark scalars, again reproducing
qualitative conclusions of Sec. 5.2.

For the ALPs with the universal coupling to fermions
(Fig. 9), BC10, the situation is very similar to the case
of dark scalars since the dominant production channel is
the same – decays of B mesons, while the decays into
fermions have the similar Yukawa-like hierarchy: the cor-
responding decay width scales as ϖa→ff ↔ m2

f . The gaps
in the sensitivity correspond to the vicinity of the masses
of the neutral light mesons m0 = ϱ0, ς, ς↑ where the de-
scription of the ALP phenomenology based on the mixing
with these mesons becomes inadequate.

In the case of the ALPs coupled to gluons (BC11 ), the
mixing becomes the main production channel. This results
in a worse sensitivity of the Downstream setup compared
to FASER2. Indeed, m0s have a very narrow angular dis-
tribution – their characteristic pT is of the order of φQCD.
Given the typical energies of the order of TeV, the angu-
lar flux of mesons starts falling at ↼ < 1 mrad, i.e. well
below the angular coverage of LHCb but within the range

LHCb “Downstream”
tracking. 

Assumes 2.3 events signal,
no background

https://arxiv.org/pdf/2312.14016
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Belle II Detector (Torben Ferber) 27

iDM

l+/h+

l−/h−

A′ 

γ

Figure 1: Schematic view of the Belle II detector (xy-plane) and example displaced sig-

nature e+e� ! �A0, A0 ! l+l�/h+h� (l± = e±, µ± and h± = ⇡±,K±).

very similarly to muons in the Belle II detector, see e.g. the discussion in [39], we do not

simulate these particles explicitly. Instead, we rescale the simulated events with final state

muons taking into account the relevant branching ratios, which we take from [43]. As

in [39] events are generated in the centre-of-mass frame with
p
s = 10.58GeV and then

boosted and rotated to the Belle II laboratory frame.

3.3 Signal selection

Signal events consist of a high energy photon recoiling against a pair of high energy charged

particles of opposite charge (see Fig. 1). The two charged particles originate from a common

vertex and combine to an invariant mass of the dark photon A0. The two charged particles

and the photon together combine to the collision energy of the incoming e+e� beams.

Experimentally, a vertex fit of the two electrons followed by a kinematic fit of all three

particles will improve the invariant mass resolution significantly and allows exploiting the

full potential of e+e� colliders. For A0 ! e+e� we expect that dominant background

events for displaced A0 decays are e+e� ! e+e�� with a misreconstructed prompt decay

vertex, and e+e� ! �� followed by a pair conversion � ! e+e�; for A0 ! µ+µ�/h+h�

the dominant background is e+e� ! µ+µ�� and e+e� ! ⇡+⇡�� with a misreconstructed

prompt decay vertex, as well as the production and decay of K0
S mesons.

As in [39] we select events based on the radial vertex position R of the A0 decay

products (region selection), their trigger signatures (trigger selection), and the final state

kinematics (kinematic selection). The region selections are used to select the following

vertex regions:

• Decays with R =
p
x2 + y2 < 0.2 cm are very close to the nominal interaction point

– 3 –

arXiv:2312.12522 [hep-ph]

10-2 10-1 100
10-6

10-5

10-4

10-3

mA' [GeV]

ϵ Belle II displaced

BaBar LHCb
KLOE

NA48/2
(g-2

)e

E141

NA64

NuCal

Orsay

U70

Belle II prompt
50 ab-1

Faser2

LHCb

SHiP

Apex

mu3e

S
ea
qu
es
t

50 ab-1

0.5 ab-1

2 ab-1

Figure 4: Overall expected sensitivity of the displaced search at Belle II in the ✏ � mA0

parameter plane compared with other projections assuming an integrated luminosity of

0.5 ab�1 (dashed), 2 ab�1 (dashed-dotted), and 50 ab�1 (solid). Existing limits as well as

future projections are taken from [44]. The Belle II projection for the prompt A0 decays is

taken from [52].

reduction of signal e�ciency by a factor of 0.23 to reach zero background events.

4.3 Combined sensitivity

In Fig. 4 we show the combined sensitivity taking into all displaced final states, assuming

✓ee = 0.025 and 10 events for the electron final state as an optimistic estimate. In addition

we show all relevant projections of other future experimental facilities for comparison.

We see that Belle II not only covers a large region of parameter space which is currently

still unexplored, but is also uniquely sensitive in particular for dark photon masses close

to 1 GeV. As we do not expect any background events in this region, the underlying

experimental uncertainties are rather small and our projection therefore correspondingly

robust.

5 Discussion

A kinetically mixed dark photon is one of the simplest and most well motivated options

to extend the SM of particle physics and has attracted a huge amount of interest over

the past couple of years. In this letter we point out that Belle II will be able to probe

a significant part of the uncovered parameter space by looking for events with a single

high energy photon and a pair of displaced charged particles. The non-electron final states

– 8 –

Figure 6: 90% C.L. regions for a long-lived dark photon search using displaced
vertices in the beam pipe of Belle II. We assume an exponential profile with length
ω for the mis-reconstruction of the conversion background and a prompt background
suppression of 10→6 unless stated otherwise. Previous limits are shown in gray and
the sensitivities obtained in [1] are indicated by gray lines. Left: Various mis-
reconstruction decay lengths ω are shown. The integrated luminosity is 50 ab→1.
The worst case (red) refers ω → ↑ and a mis-reconstruction probability of 10→4 for
the prompt background. The dashed green line shows a situation where the search
region is shrunk to [0.2 cm, 0.6 cm]. Right: Various integrated luminosities as
indicated for ω = 0.05 cm.

However, taking into account the Standard Model background from photon conver-
sions into lepton pairs inside the detector material (calculated in the present work)
renders most of this region insensitive. This leaves the 0.2 cm < R < 0.9 cm vac-
uum region inside the beam pipe. Despite this region being in vacuum, the pair
conversion in the detector material further outside leads to a background from mis-
reconstruction. This background is in principle reducible. In any case, already for
modest rejection of this background, significant new areas of parameter space can be
probed at Belle II.
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it unlikely that prompt tracks are reconstructed as displaced [55]. Since the prompt background is
quite large we also briefly discussed the impact of not complete rejection.
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Figure 1: Top left: Schematic view of displaced vertices in the Belle-II detector
(the shown plane is perpendicular to the beam axis). Top right: Schematic view
of a mis-reconstructed photon conversion event. Bottom left: O!-centered prompt
events are a background for searches within R < 0.2 cm. Bottom right: Mis-
reconstructed prompt events are also a source of background near the beam axis.
f = e, µ, ω, K..

originating from a displaced vertex and is balanced by a high energy photon. The
energy and momentum of the two colliding e+e→ beams must be equal to the energy
and momentum of the three visible particles. A schematic of such displaced vertices
is shown in the top left panel of figure 1. The number of signal events obeys (cf.,
e.g. [51] from whom we have adapted the formula)

Sff̄ =

ˆ
Ldt

ˆ
d cos εlabdϑe+e→↑ωX

d cos εlab

(
e
→ rmin

ωX cos εlab → e
→ rmax

ωX cos εlab
)
Br(X ↑ f f̄)A. (2.2)

As usual the branching ratio of interest is defined as

Br(X ↑ ff̄) =
!(X ↑ ff̄)

!X

, (2.3)

where !X is the total decay width of dark photons,

!X =
∑

2ml↓mX

!(X ↑ l+l→) + !(X ↑ hadrons). (2.4)
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 recently surpassed BaBar∫ ℒ

https://arxiv.org/abs/2312.12522
https://arxiv.org/abs/2202.03452
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Where were we a year ago? PAC52 Review

Heavy Photon Search Update

Tim Nelson -

PAC 52 Review - July 11, 2024
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Summary

Thermal relic dark matter in the MeV-GeV range is motivating a worldwide search program 
for dark photons.

HPS has unique capabilities to search for dark photons with masses and couplings of particular 
interest for thermal relic dark matter, and has continued broadening these searches alongside 
theoretical developments.

Starting with opportunistic engineering runs in 2015 and 2016, HPS has used ~40% of its 
allocated running time refining the experiment, collecting data with discovery potential, 
developing the necessary analysis techniques, and publishing search results that demonstrate 
the sensitivity of the experiment.

The rest of the previously approved running time will provide sensitivity to dark photons over 
an ever-broadening range of masses and couplings and new scenarios for sub-GeV dark matter.

We put our best foot forward, showing only our greatest hits.  

What did that look like and how have we progressed since then?

https://indico.jlab.org/event/838/contributions/15017/attachments/11463/17733/HPS_PAC52.pdf

https://indico.jlab.org/event/838/contributions/15017/attachments/11463/17733/HPS_PAC52.pdf
http://www.apple.com


1

10

210

310

410

0 20 40 60 80 100 120 140 160 180 200
Invariant Mass [MeV]

30−

20−

10−

0

10

20

30

40

50

60

70

Ve
rte

x 
z 

[m
m

]

 2016HPS
 @ 2.3 GeV-110.6 pb

0 0.05 0.1 0.15 0.2 0.25 0.3
) [GeV]-e+M(e

1

10

210

310

410

510

dN
/d

m
 [1

 / 
0.

5 
M

eV
]

0.055 0.06 0.065 0.07 0.075

Invariant Mass [GeV]
45000

50000

55000

60000

65000

70000

dN
/d

m
 [1

 / 
0.

5 
M

eV
]

0.055 0.06 0.065 0.07 0.075
Invariant Mass [GeV]

1500−

1000−

500−

0

500

1000

1500

)/d
m

 [1
 / 

0.
5 

M
eV

]
bk

g-
fit

-N
to

t
(N

14

Recent Results: PRD 108, 012015 (2023)

displaced vertex searchresonance search

A thorough exposition focusing on final engineering run results incorporating many improvements to 
calibration, reconstruction, and analysis techniques. 

from PAC52 talk (2024)



1

10

210

310

410

60 70 80 90 100 110 120 130 140 150
Invariant Mass [MeV]

10−10

9−10

8−10

2 ε

1

10

210

310

410

1

10

210

310

410

1

10

210

310

410

 2016HPS
 @ 2.3 GeV-110.6 pb

ra
te

 r
el

at
iv

e 
to

 m
in

im
al

 A
’ p

re
di

ct
io

n

40 60 80 100 120 140 160 180
 (MeV)A'm

6−10

5−10

4−10

2 ε

 2016HPS
 @ 2.3 GeV-110.6 pb

ε2ε2

Background modeling uncertainty significantly 
impacts resonance search reach.

Displaced search very close to expectations, and also 
generated ideas for further analysis improvements.

Highlighted key areas for further development.
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Recent Results: PRD 108, 012015 (2023)

displaced vertex searchresonance search

A thorough exposition focusing on final engineering run results incorporating many improvements to 
calibration, reconstruction, and analysis techniques. 

from PAC52 talk (2024)
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Evolving Landscape in Dark Sector Theory

Introduction Experimental setup Background Experiment reach Conclusions

A fixed target LDM experiment

Beam Dump eXperiment: LDM direct detection in a e≠ beam, fixed-target setup1

‰ production
• High-energy, high-intensity e≠ beam impinging on a

dump
• ‰ particles pair-produced radiatively, trough AÕ emission

(both on-shell or o�-shell).

‰ detection
• Detector placed behind the dump, O(10m)
• Neutral-current ‰ scattering trough AÕ exchange,recoil

releasing visible energy
• Di�erent signals depending on the interaction (e≠

elastic, p quasi-elastic,. . . )

Number of events scales as (on-shell): N Ã –DÁ4

m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
3 / 25

DM

DMe−

e+A′ 
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SIMP - Theory Overview

HPS Signal
Visible 2-body decay

HPS signal is visible 2-body decay of two 
neutral VD’s, ρD and FD

Key SIMP parameter

Two mπ/fπ benchmarks
● Max BR(A’4 VDπD) = 4π
● Min BR(A’4 VDπD) = 3

minimal A′

new dark vector
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SIMP - Theory Overview

HPS Signal
Visible 2-body decay

HPS signal is visible 2-body decay of two 
neutral VD’s, ρD and FD

Key SIMP parameter

Two mπ/fπ benchmarks
● Max BR(A’4 VDπD) = 4π
● Min BR(A’4 VDπD) = 3

  e−

 e− e−

e+

SIMPs

+ strong dynamics in dark sector

Status

Good News

Have MadGraph model that

calculates this diagram.

Bad News

Struggling to find phase space at

HPS 2016 beam energy.

e�

N

e�

�1

�1

e�

e+

A0

�2

A0⇤

Tom Eichlersmith (UMN) HPS May 2023 CM May 10, 2023 2 / 11

iDM

+ multiple states in dark sector

6

beginning of operations in September 2021. Similarly, the operation of the detector, much of which
was done remotely, went relatively smoothly amidst the obstacles created by pandemic restrictions.
E↵orts to harden and protect the detector with improved procedures successfully avoided the kinds
of damage observed in 2019. With much better beam conditions, HPS collected 168 pb�1 over 29
PAC days between September 9 and November 5, which was 84% of the total expected. With
fewer data quality issues than in 2019, work to calibrate and optimize the reconstruction of 2021
data has proceeded more rapidly, and with similar beam energies, and therefore reach in the same
region of parameter space, we anticipate analyzing 2019 and 2021 data in tandem to produce
combined results. Meanwhile, before further operations, maintenance and repair of the SVT will
be performed, including replacement of the modules in the first layers, replacement of some older
modules with a significant fraction of dead channels, and rebuilding a pool of spares for the SVT
DAQ. In addition, minor work on the ECal and updates to the trigger and back-end DAQ will also
be completed.

3. ANALYSIS AND RESULTS

HPS can search for dark photons via multiple signatures, shown in Table I along with the
attributes of the three major sources of background; radiative tridents, Bethe-Heitler tridents, and
converted wide-angle hard bremsstrlung events.

Signal Background

Minimal A0 Minimal A0

Signature ✏2 & 10�7 ✏2 . 10�8 SIMPs iDM radiative Bethe-Heitler Converted WAB

x =
|pe++pe� |

Ebeam
high high low low high low medium

resonance yes yes yes no no no no

prompt/displaced prompt displaced displaced displaced prompt prompt prompt

TABLE I. The key signatures of di↵erent A0 models in HPS, and the corresponding attributes of the three
major classes of QED backgrounds. These features are the foundation of the sensitivity to dark photons
with HPS.

In the minimal A0 model, the only assumption is that A0 decays to dark sector particles are
kinematically disallowed so that on-shell A0 must decay back to Standard Model particles. With
no other particles in the final state, the A0 carries away most of the beam momentum so that
x = PSum/Ebeam is peaked near unity, where PSum = |pe+ + pe� |. While this is kinematically
identical to radiative QED tridents, the dominant QED background from Bethe-Heitler tridents
peaks at low x. HPS searches for these minimal dark photons both at larger couplings, where
A0 are produced abundantly but decay promptly, so can only be distinguished by observing the
e+e� resonance atop much larger QED backgrounds, and at smaller couplings, where few A0 are
produced but their decays can also be distinguished by their long lifetime. Results from these
searches using data from the engineering runs are published in [10] and [11] and will be discussed
in Sections 3.1 and 3.2.

In models with other light degrees of freedom in the dark sector, such as SIMPs and iDM, dark
particles in the final state carry away energy so the signal tends to have x < 1. Meanwhile, for
SIMPs, as in the minimal A0 case, the e+e� pair in the final state comes from an on-shell A0, while
for iDM, the A0 is virtual so that there is no resonant structure. However, both SIMPs and iDM

Increasing interest in exploring richer dark 
sectors coupled to dark photons

• Strongly Interacting Massive Particles: 
 resonant, displaced , 

• inelastic DM with large mass splittings: 
 non-resonant, displaced , 

⇒ e+e− E

⇒ e+e− E

HPS is sensitive to SIMPs, possibly also iDM.

from PAC52 talk (2024)



Improved background modeling can make the prompt resonance search competitive.
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Recent Analysis Progress: Resonance Search

2016 Published Result

sqrt(N) Statistical Limit  

HPS Work in Progress

from PAC52 talk (2024)
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Recent Analysis Progress: low-PSum Displaced Search

Improved selection criteria expands reach for displaced searches.

from PAC52 talk (2024)



Calibration and Reconstruction for 2019/2021 Data

6

beginning of operations in September 2021. Similarly, the operation of the detector, much of which
was done remotely, went relatively smoothly amidst the obstacles created by pandemic restrictions.
E↵orts to harden and protect the detector with improved procedures successfully avoided the kinds
of damage observed in 2019. With much better beam conditions, HPS collected 168 pb�1 over 29
PAC days between September 9 and November 5, which was 84% of the total expected. With
fewer data quality issues than in 2019, work to calibrate and optimize the reconstruction of 2021
data has proceeded more rapidly, and with similar beam energies, and therefore reach in the same
region of parameter space, we anticipate analyzing 2019 and 2021 data in tandem to produce
combined results. Meanwhile, before further operations, maintenance and repair of the SVT will
be performed, including replacement of the modules in the first layers, replacement of some older
modules with a significant fraction of dead channels, and rebuilding a pool of spares for the SVT
DAQ. In addition, minor work on the ECal and updates to the trigger and back-end DAQ will also
be completed.

3. ANALYSIS AND RESULTS

HPS can search for dark photons via multiple signatures, shown in Table I along with the
attributes of the three major sources of background; radiative tridents, Bethe-Heitler tridents, and
converted wide-angle hard bremsstrlung events.

Signal Background

Minimal A0 Minimal A0

Signature ✏2 & 10�7 ✏2 . 10�8 SIMPs iDM radiative Bethe-Heitler Converted WAB

x =
|pe++pe� |

Ebeam
high high low low high low medium

resonance yes yes yes no no no no

prompt/displaced prompt displaced displaced displaced prompt prompt prompt

TABLE I. The key signatures of di↵erent A0 models in HPS, and the corresponding attributes of the three
major classes of QED backgrounds. These features are the foundation of the sensitivity to dark photons
with HPS.

In the minimal A0 model, the only assumption is that A0 decays to dark sector particles are
kinematically disallowed so that on-shell A0 must decay back to Standard Model particles. With
no other particles in the final state, the A0 carries away most of the beam momentum so that
x = PSum/Ebeam is peaked near unity, where PSum = |pe+ + pe� |. While this is kinematically
identical to radiative QED tridents, the dominant QED background from Bethe-Heitler tridents
peaks at low x. HPS searches for these minimal dark photons both at larger couplings, where
A0 are produced abundantly but decay promptly, so can only be distinguished by observing the
e+e� resonance atop much larger QED backgrounds, and at smaller couplings, where few A0 are
produced but their decays can also be distinguished by their long lifetime. Results from these
searches using data from the engineering runs are published in [10] and [11] and will be discussed
in Sections 3.1 and 3.2.

In models with other light degrees of freedom in the dark sector, such as SIMPs and iDM, dark
particles in the final state carry away energy so the signal tends to have x < 1. Meanwhile, for
SIMPs, as in the minimal A0 case, the e+e� pair in the final state comes from an on-shell A0, while
for iDM, the A0 is virtual so that there is no resonant structure. However, both SIMPs and iDM18

Analysis fundamentals are in place:

from PAC52 talk (2024)
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6

beginning of operations in September 2021. Similarly, the operation of the detector, much of which
was done remotely, went relatively smoothly amidst the obstacles created by pandemic restrictions.
E↵orts to harden and protect the detector with improved procedures successfully avoided the kinds
of damage observed in 2019. With much better beam conditions, HPS collected 168 pb�1 over 29
PAC days between September 9 and November 5, which was 84% of the total expected. With
fewer data quality issues than in 2019, work to calibrate and optimize the reconstruction of 2021
data has proceeded more rapidly, and with similar beam energies, and therefore reach in the same
region of parameter space, we anticipate analyzing 2019 and 2021 data in tandem to produce
combined results. Meanwhile, before further operations, maintenance and repair of the SVT will
be performed, including replacement of the modules in the first layers, replacement of some older
modules with a significant fraction of dead channels, and rebuilding a pool of spares for the SVT
DAQ. In addition, minor work on the ECal and updates to the trigger and back-end DAQ will also
be completed.

3. ANALYSIS AND RESULTS

HPS can search for dark photons via multiple signatures, shown in Table I along with the
attributes of the three major sources of background; radiative tridents, Bethe-Heitler tridents, and
converted wide-angle hard bremsstrlung events.

Signal Background

Minimal A0 Minimal A0

Signature ✏2 & 10�7 ✏2 . 10�8 SIMPs iDM radiative Bethe-Heitler Converted WAB

x =
|pe++pe� |

Ebeam
high high low low high low medium

resonance yes yes yes no no no no

prompt/displaced prompt displaced displaced displaced prompt prompt prompt

TABLE I. The key signatures of di↵erent A0 models in HPS, and the corresponding attributes of the three
major classes of QED backgrounds. These features are the foundation of the sensitivity to dark photons
with HPS.

In the minimal A0 model, the only assumption is that A0 decays to dark sector particles are
kinematically disallowed so that on-shell A0 must decay back to Standard Model particles. With
no other particles in the final state, the A0 carries away most of the beam momentum so that
x = PSum/Ebeam is peaked near unity, where PSum = |pe+ + pe� |. While this is kinematically
identical to radiative QED tridents, the dominant QED background from Bethe-Heitler tridents
peaks at low x. HPS searches for these minimal dark photons both at larger couplings, where
A0 are produced abundantly but decay promptly, so can only be distinguished by observing the
e+e� resonance atop much larger QED backgrounds, and at smaller couplings, where few A0 are
produced but their decays can also be distinguished by their long lifetime. Results from these
searches using data from the engineering runs are published in [10] and [11] and will be discussed
in Sections 3.1 and 3.2.

In models with other light degrees of freedom in the dark sector, such as SIMPs and iDM, dark
particles in the final state carry away energy so the signal tends to have x < 1. Meanwhile, for
SIMPs, as in the minimal A0 case, the e+e� pair in the final state comes from an on-shell A0, while
for iDM, the A0 is virtual so that there is no resonant structure. However, both SIMPs and iDM18

Analysis fundamentals are in place:
1. use distribution to 

understand background components and 
determine yield of radiative tridents

PSUM = | ⃗pe+ + ⃗pe− |
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beginning of operations in September 2021. Similarly, the operation of the detector, much of which
was done remotely, went relatively smoothly amidst the obstacles created by pandemic restrictions.
E↵orts to harden and protect the detector with improved procedures successfully avoided the kinds
of damage observed in 2019. With much better beam conditions, HPS collected 168 pb�1 over 29
PAC days between September 9 and November 5, which was 84% of the total expected. With
fewer data quality issues than in 2019, work to calibrate and optimize the reconstruction of 2021
data has proceeded more rapidly, and with similar beam energies, and therefore reach in the same
region of parameter space, we anticipate analyzing 2019 and 2021 data in tandem to produce
combined results. Meanwhile, before further operations, maintenance and repair of the SVT will
be performed, including replacement of the modules in the first layers, replacement of some older
modules with a significant fraction of dead channels, and rebuilding a pool of spares for the SVT
DAQ. In addition, minor work on the ECal and updates to the trigger and back-end DAQ will also
be completed.

3. ANALYSIS AND RESULTS

HPS can search for dark photons via multiple signatures, shown in Table I along with the
attributes of the three major sources of background; radiative tridents, Bethe-Heitler tridents, and
converted wide-angle hard bremsstrlung events.

Signal Background

Minimal A0 Minimal A0

Signature ✏2 & 10�7 ✏2 . 10�8 SIMPs iDM radiative Bethe-Heitler Converted WAB

x =
|pe++pe� |

Ebeam
high high low low high low medium

resonance yes yes yes no no no no

prompt/displaced prompt displaced displaced displaced prompt prompt prompt

TABLE I. The key signatures of di↵erent A0 models in HPS, and the corresponding attributes of the three
major classes of QED backgrounds. These features are the foundation of the sensitivity to dark photons
with HPS.

In the minimal A0 model, the only assumption is that A0 decays to dark sector particles are
kinematically disallowed so that on-shell A0 must decay back to Standard Model particles. With
no other particles in the final state, the A0 carries away most of the beam momentum so that
x = PSum/Ebeam is peaked near unity, where PSum = |pe+ + pe� |. While this is kinematically
identical to radiative QED tridents, the dominant QED background from Bethe-Heitler tridents
peaks at low x. HPS searches for these minimal dark photons both at larger couplings, where
A0 are produced abundantly but decay promptly, so can only be distinguished by observing the
e+e� resonance atop much larger QED backgrounds, and at smaller couplings, where few A0 are
produced but their decays can also be distinguished by their long lifetime. Results from these
searches using data from the engineering runs are published in [10] and [11] and will be discussed
in Sections 3.1 and 3.2.

In models with other light degrees of freedom in the dark sector, such as SIMPs and iDM, dark
particles in the final state carry away energy so the signal tends to have x < 1. Meanwhile, for
SIMPs, as in the minimal A0 case, the e+e� pair in the final state comes from an on-shell A0, while
for iDM, the A0 is virtual so that there is no resonant structure. However, both SIMPs and iDM18

Analysis fundamentals are in place:
1. use distribution to 

understand background components and 
determine yield of radiative tridents

PSUM = | ⃗pe+ + ⃗pe− |

2. optimize/calibrate mass (momentum) 
resolution using scattered beam  and 
Møller  events.
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beginning of operations in September 2021. Similarly, the operation of the detector, much of which
was done remotely, went relatively smoothly amidst the obstacles created by pandemic restrictions.
E↵orts to harden and protect the detector with improved procedures successfully avoided the kinds
of damage observed in 2019. With much better beam conditions, HPS collected 168 pb�1 over 29
PAC days between September 9 and November 5, which was 84% of the total expected. With
fewer data quality issues than in 2019, work to calibrate and optimize the reconstruction of 2021
data has proceeded more rapidly, and with similar beam energies, and therefore reach in the same
region of parameter space, we anticipate analyzing 2019 and 2021 data in tandem to produce
combined results. Meanwhile, before further operations, maintenance and repair of the SVT will
be performed, including replacement of the modules in the first layers, replacement of some older
modules with a significant fraction of dead channels, and rebuilding a pool of spares for the SVT
DAQ. In addition, minor work on the ECal and updates to the trigger and back-end DAQ will also
be completed.

3. ANALYSIS AND RESULTS

HPS can search for dark photons via multiple signatures, shown in Table I along with the
attributes of the three major sources of background; radiative tridents, Bethe-Heitler tridents, and
converted wide-angle hard bremsstrlung events.
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TABLE I. The key signatures of di↵erent A0 models in HPS, and the corresponding attributes of the three
major classes of QED backgrounds. These features are the foundation of the sensitivity to dark photons
with HPS.

In the minimal A0 model, the only assumption is that A0 decays to dark sector particles are
kinematically disallowed so that on-shell A0 must decay back to Standard Model particles. With
no other particles in the final state, the A0 carries away most of the beam momentum so that
x = PSum/Ebeam is peaked near unity, where PSum = |pe+ + pe� |. While this is kinematically
identical to radiative QED tridents, the dominant QED background from Bethe-Heitler tridents
peaks at low x. HPS searches for these minimal dark photons both at larger couplings, where
A0 are produced abundantly but decay promptly, so can only be distinguished by observing the
e+e� resonance atop much larger QED backgrounds, and at smaller couplings, where few A0 are
produced but their decays can also be distinguished by their long lifetime. Results from these
searches using data from the engineering runs are published in [10] and [11] and will be discussed
in Sections 3.1 and 3.2.

In models with other light degrees of freedom in the dark sector, such as SIMPs and iDM, dark
particles in the final state carry away energy so the signal tends to have x < 1. Meanwhile, for
SIMPs, as in the minimal A0 case, the e+e� pair in the final state comes from an on-shell A0, while
for iDM, the A0 is virtual so that there is no resonant structure. However, both SIMPs and iDM18

Analysis fundamentals are in place:
1. use distribution to 

understand background components and 
determine yield of radiative tridents

PSUM = | ⃗pe+ + ⃗pe− |

2. optimize/calibrate mass (momentum) 
resolution using scattered beam  and 
Møller  events.
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vertex resolution using tridents 
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beginning of operations in September 2021. Similarly, the operation of the detector, much of which
was done remotely, went relatively smoothly amidst the obstacles created by pandemic restrictions.
E↵orts to harden and protect the detector with improved procedures successfully avoided the kinds
of damage observed in 2019. With much better beam conditions, HPS collected 168 pb�1 over 29
PAC days between September 9 and November 5, which was 84% of the total expected. With
fewer data quality issues than in 2019, work to calibrate and optimize the reconstruction of 2021
data has proceeded more rapidly, and with similar beam energies, and therefore reach in the same
region of parameter space, we anticipate analyzing 2019 and 2021 data in tandem to produce
combined results. Meanwhile, before further operations, maintenance and repair of the SVT will
be performed, including replacement of the modules in the first layers, replacement of some older
modules with a significant fraction of dead channels, and rebuilding a pool of spares for the SVT
DAQ. In addition, minor work on the ECal and updates to the trigger and back-end DAQ will also
be completed.

3. ANALYSIS AND RESULTS

HPS can search for dark photons via multiple signatures, shown in Table I along with the
attributes of the three major sources of background; radiative tridents, Bethe-Heitler tridents, and
converted wide-angle hard bremsstrlung events.

Signal Background

Minimal A0 Minimal A0

Signature ✏2 & 10�7 ✏2 . 10�8 SIMPs iDM radiative Bethe-Heitler Converted WAB

x =
|pe++pe� |

Ebeam
high high low low high low medium

resonance yes yes yes no no no no

prompt/displaced prompt displaced displaced displaced prompt prompt prompt

TABLE I. The key signatures of di↵erent A0 models in HPS, and the corresponding attributes of the three
major classes of QED backgrounds. These features are the foundation of the sensitivity to dark photons
with HPS.

In the minimal A0 model, the only assumption is that A0 decays to dark sector particles are
kinematically disallowed so that on-shell A0 must decay back to Standard Model particles. With
no other particles in the final state, the A0 carries away most of the beam momentum so that
x = PSum/Ebeam is peaked near unity, where PSum = |pe+ + pe� |. While this is kinematically
identical to radiative QED tridents, the dominant QED background from Bethe-Heitler tridents
peaks at low x. HPS searches for these minimal dark photons both at larger couplings, where
A0 are produced abundantly but decay promptly, so can only be distinguished by observing the
e+e� resonance atop much larger QED backgrounds, and at smaller couplings, where few A0 are
produced but their decays can also be distinguished by their long lifetime. Results from these
searches using data from the engineering runs are published in [10] and [11] and will be discussed
in Sections 3.1 and 3.2.

In models with other light degrees of freedom in the dark sector, such as SIMPs and iDM, dark
particles in the final state carry away energy so the signal tends to have x < 1. Meanwhile, for
SIMPs, as in the minimal A0 case, the e+e� pair in the final state comes from an on-shell A0, while
for iDM, the A0 is virtual so that there is no resonant structure. However, both SIMPs and iDM18

Analysis fundamentals are in place:
1. use distribution to 

understand background components and 
determine yield of radiative tridents

PSUM = | ⃗pe+ + ⃗pe− |

2. optimize/calibrate mass (momentum) 
resolution using scattered beam  and 
Møller  events.
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3. align SVT to optimize and calibrate 
vertex resolution using tridents 

Calibration is mature enough to allow 
development of 2019/2021 signal selection 
requirements in parallel with ongoing 
reconstruction improvements. 
 
Anticipate first results within a year.
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What progress have we made?

Alic and Tom did a great job 
with our first SIMPs search.

We learned at lot, pushing 
our state of the art, and 
have a nice result.

The paper draft is shaping 
up nicely and I look forward 
to seeing it published!
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What progress have we made?

The road to results with 2019 and 2021 data:

• Improve reconstruction

• Establish calibrations

• Tune Monte Carlo

• Develop event selections

• Improve analysis techniques

• Turn the cranks

Each bullet represents a huge amount of work: I gave up trying to summarize all 
that has been achieved, where we have made significant advances in many areas.

We are here to review the latest progress and consider what more should be done.
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techniques from PRD as benchmark

• existing data (75 days) opens up significant region of sensitivity

• future run plan (105 days) more than doubles this region

Optimized with the following assumptions:

• two more run periods with one PAC week commissioning each 
⟹ (105-14)/7 ≈ 13 weeks of useful luminosity 

• Use existing detector models at 2.3 and 3.7 GeV to divide between 
operation with one-pass (≈2 GeV) and two-pass (≈4 GeV) beam

Optimum is ~7 weeks at ≈4 GeV and ~6 weeks at ≈2 GeV

• HPS has requested and is planning 60 PAC days of two-pass running, to 
be followed by a final one-pass run. 

HPS is not close to saturating its sensitivity - sensitivity growing almost 
linearly still at end of approved time.
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Future Run Plan Optimization
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Preparing to Run Again

We had a lot of challenges in 2019, learned from them, and made improvements where possible.

The lessons of 2021 define focal points in preparing for next run:
• SVT alignment needs every advantage possible

• no detector holes
• field off runs with acceptance in all layers
• fully surveyed detector

• Some things need replacement and/or spares, in some cases with improvements
• SVT FEBs - latent design error
• SVT data flange - assembly error
• SVT slim-edge modules (L1-2) - poor sensor quality
• SVT long modules (L5-7) - ESD damage, possible overconstraint of module assemblies?
• ECal HV - frequent trips
• ECal chiller - underperformance of chiller
• DAQ - update to latest
• Chicane - servicing of Frascati magnet system

The lessons of 2021 define focal points in preparing for next run. More on Thursday.
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Summary

Dark sectors, and dark photons in particular, continue to be a hot 
topic, where progress is more difficult that people have imagined.

HPS is well positioned in the current moment to deliver its most 
important results

Time is of the essence: we should narrow our focus on the most 
significant and easily achievable improvements.

While it could take some time to secure another run, there are 
many things to do to prepare, so work there should continue as 
time allows.


