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FIG. 5: Expected mass vs coupling parameter space reach full 2014-2015 running (solid red). Red
line contour corresponds to 1 week of beam time at 1.1 GeV, and 3 weeks of beam time at 2.2 GeV
and 6.6 GeV.

spatial resolution. The expected parameter reach in the first phase of the HPS is shown

in Figure 5. The reach in mass-coupling parameter space is calculated using the simulated

detector response as shown in Section 6. The plot shows two distinct regions, one at larger

coupling corresponding to a purely bump-hunt region and another at lower coupling where

the vertex of the A0 decay is displaced.
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The SuperHPS Concept: 
“Making Physics Great Again”

Matt Graham,  
Takashi Maruyama,  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Introduction

• A few specific concepts were briefly explored for “Snowmass 2013” for next-
generation dark photon searches.

• These studies assumed experiments would be operated at JLab's CEBAF.

• Among them, the “SuperHPS” concept turned out to be particularly interesting

• The detector costs are undoubtedly higher than for HPS, but perhaps by less 
than originally thought.

• In addition to expected performance gains, some additional strengths have been 
realized: these are critical to the feasibility of operating this experiment at SLAC.

• Further study is required to verify initial estimates, understand possible issues, 
optimize performance, and fully establish feasibility of the SuperHPS concept.



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�

The Heavy Photon Search

• The Heavy Photon Search is a search for a dark or “heavy” 
photon using the CEBAF 12 beam at JLab.

• The electron beam is directed onto a tungsten foil, radiating 
heavy photons which then decay to e+e- pairs.

e�

e+

e�



1 meter

Linear shifts for 
tracker/target motion

e�

Vacuum feedthroughs for
power, data, cooling

Hall B pair spectrometer vacuum chamber

sensors on low 
mass supports

e+

e�

readout outside
tracking volume

HPS Setup at JLab

Silicon Vertex Tracker
BUILT AT SLAC

• SVT measures trajectories of electrons to reconstruct e+e- mass and vertex position.
• A PbWO4 ECal provides trigger with precision timing to reject background.
Both systems provide coverage only down to 15 mrad above/below beam plane to allow scattered 
primary beam to pass through middle of detector. 14

Mechanical Structure

• Solution to crane 
issue

– Install lifting 
devices on the  
mounting 
system directly

• System rigidity 
has been 
reinforced

• ECal Mobility

– Necessary to 
access the PA 
and LMS

ECal
Built at JLab

~B



HPS Signal Sensitivity
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spatial resolution. The expected parameter reach in the first phase of the HPS is shown

in Figure 5. The reach in mass-coupling parameter space is calculated using the simulated

detector response as shown in Section 6. The plot shows two distinct regions, one at larger

coupling corresponding to a purely bump-hunt region and another at lower coupling where

the vertex of the A0 decay is displaced.
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Small signal, NO background

HPS Physics Reach & Run Plan

Heavy Photon Signatures

7

500 A’ at 80MeV
α~5×10−8toy MC for example only...

does not reflect  reality

4000 bkg events
(50-100MeV)

10M bkg 
events

50 A’ at 80MeV
α~5×10−8

(after vertex cut) (after mass cut) 

2D search in mass & vertex position (z)
→ small coupling region (α~10−8 − 10−10)

“vertexing”HPS Physics Reach & Run Plan

Heavy Photon Signatures

6

toy MC for example only...
does not reflect  reality

40M bkg events
(50-100MeV)

30k A’ at 80MeV
α~3 ×10−7

Two types of searches, covering 
different coupling regions.

Pure bump hunt in m(e+e−) 
→ large coupling region

(α>10−7)

Background 
Subtracted

“bump-hunt”

Large signal, HUGE background

“Mont’s Gap”



Closing Mont’s Gap from Below

Extending the vertex reach to higher couplings is extremely 
difficult.  Need at least a factor of 10 improvement and vertex 
resolution is dominated by multiple scattering in first layer.

• must bring Layer 1 closer to target.

• sensors must be closer to scattered beam to maintain 
angular acceptance down to 15 mrad.  
silicon already 500 𝜇m from center of the beam! 

• occupancy, radiation dose increase as 1/r2 from target:  
peak occupancies are already >1 MHz/mm2 with 
radiation doses that limit detector lifetime.

• must reduce material in Layer 1.

• Fast, high-occupancy, radiation tolerant silicon detectors 
have large material budgets:  
current material budget is already very aggressive at 
0.7% X0/ 3-d measurement.

Nonetheless… we are looking into it (but that’s a different talk …)
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Searching for New Vector Bosons A0
Decaying to e+e� p. 21
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Background vs. Signal Kinematics

Figure 13: Positron and electron momenta in A0 signal events with mA0 = 200 MeV (red crosses)
and in Bethe-Heitler background events, for a 3 GeV beam energy. Comparably sized signal and
Bethe-Heitler samples were used to highlight the kinematics of both; in fact the expected signals
are much weaker than the Bethe-Heitler process. The clustering of A0 events at high momenta
near the kinematic limit and of Bethe-Heitler events along both axes are evident. A spectrometer
acceptance window that optimizes signal sensitivity is indicated by the blue box.

spectrometers and momentum acceptance of each spectrometer close to half the beam energy
(blue box).

While the signal over background (S/B) can be significantly improved with a judicious
choice of kinematic cuts, the final S/B in a small resolution limited mass window is still
very low, ⇠ 1%. A “bump-hunt” for a small signal peak over the continuous background
needs to be performed. This requires an excellent mass resolution, which has an important
impact on target design and calls for a target that is tilted with respect to the beam line
(see Appendix B for a discussion of the mass resolution).

5.1 Calculation of the ✏ reach

For all cross sections and rates of reactions described in this proposal, Monte Carlo based
calculations were performed over a grid of beam energy settings and central spectrometer
angular settings. Interpolation was used to extend this grid continuously to intermediate
beam energies and angles — all rates exhibited expected power law behavior, thereby pro-
viding confidence in the reliability of an interpolation. Additional cross checks at specific
points were performed to test the accuracy of our interpolation, which was generally better
than ⇠ 5%.

In order to calculate the ↵0/↵ reach of the proposed experiment for a particular choice
of target nucleus, spectrometer angular setting, profile of wire mesh target, and momentum
bite, the following procedure is performed:

Background vs. Signal Kinematics

Closing Mont’s Gap from Above

Extending bump-hunt reach to lower couplings is much simpler, at 
least in principle: collect much more data!

• Running time

• Beam intensity

• Target thickness

➡Need 2-3 orders of magnitude more data to convincingly close the gap:  
so it appears that a big factor needs to come from luminosity.

Look to JLab APEX experiment for inspiration.  APEX…

• generates enormous luminosity with high currents  
(>10 𝜇A) and thick targets (>1% X0).

• spreads out particles in large two-armed spectrometer

• reduces occupancies to acceptable levels for slower detectors.

• provides excellent mass resolution. 

• Despite tiny acceptance,  APEX develops competitive reach at 
selected masses with relatively short running times.

Can we apply these concepts to a detector using HPS technologies?

2

Z

e�

e+

e� A�

(a)

Z

e�
e+

e�

(b)

e�

Z

e�
e+

(c)

FIG. 1. Top: (a) A0 production from radiation off an incoming e�

beam incident on a target consisting of nuclei of atomic number Z.
APEX is sensitive to A0 decays to e+e� pairs, although decays to
µ+µ� pairs are possible for A0 masses mA0 > 2mµ. Bottom: QED
trident backgrounds: (b) radiative tridents and (c) Bethe-Heitler tri-
dents.

liders [5, 9, 12–14]. Hidden sector collider phenomenology
has also been explored in detail in e.g. [15]. Electron fixed-
target experiments are uniquely suited to probing the sub-GeV
mass range because of their high luminosity, large A0 pro-
duction cross section, and favorable kinematics. Electrons
scattering off target nuclei can radiate an A0, which then de-
cays to e+e�, see Fig. 1. The A0 would then appear as a
narrow resonance in the e+e� invariant mass spectrum, over
the large background from quantum electrodynamics (QED)
trident processes. APEX is optimized to search for such a
resonance using Jefferson Laboratory’s Continuous Electron
Beam Accelerator Facility and two High Resolution Spec-
trometers (HRSs) in Hall A [16].

The full APEX experiment proposes to probe couplings
↵0/↵ & 10�7 and masses m

A

0 ⇠ 50 � 550 MeV, a consid-
erable improvement in cross section sensitivity over previous
experiments in a theoretically interesting region of parame-
ter space. Other electron fixed-target experiments are planned
at Jefferson Laboratory, including the Heavy Photon Search
(HPS) [17] and DarkLight [10] experiments; at MAMI [18];
and at DESY (the HIdden Photon Search (HIPS) [19]).

We present here the results of a test run for APEX that took
place at Jefferson Laboratory in July 2010. The layout of the
experiment is shown in Fig. 2. The distinctive kinematics of
A0 production motivates the choice of configuration. The A0

carries a large fraction of the incident beam energy, Eb, is
produced at angles ⇠ (m

A

0/Eb)3/2 ⌧ 1, and decays to an
e+e� pair with a typical angle of m

A

0/Eb. A symmetric con-
figuration with the e� and e+ each carrying nearly half the
beam energy mitigates QED background while maintaining
high signal efficiency.

The test run used a 2.260 ± 0.002 GeV electron beam
with an intensity up to 150 µA incident on a tantalum foil
of thickness 22 mg/cm2. The HRSs’ central momenta were
'1.131 GeV with a momentum acceptance of ±4.5%. Dipole

Septum

Beam

Ta target

Electron, P = E /2

HRS−right

Sieve
Slit

Detectors

.

.

Positron, P = E /2
b

b

HRS−left

FIG. 2. The layout of the APEX test run. An electron beam (left-to-
right) is incident on a thin tantalum foil target. Two septum magnets
of opposite polarity deflect charged particles to larger angles into
two vertical-bend high resolution spectrometers (HRS) set up to se-
lect electrons and positrons, each carrying close to half the incoming
beam energy. The HRSs contain detectors to accurately measure the
momentum, direction, and identity of the particles. Insertable sieve
slit plates located in front of the septum magnets were used for cali-
bration of the spectrometer magnetic optics.

septum magnets between the target and the HRS aperture al-
low the detection of e� and e+ at angles of 5� relative to the
incident beam. Collimators present during the test run reduced
the solid angle acceptance of each spectrometer from a nomi-
nal 4.3 msr to ' 2.8 (2.9) msr for the left (right) HRS.

The two spectrometers are equipped with similar detector
packages. Two vertical drift chambers, each with two orthog-
onal tracking planes, provide reconstruction of particle trajec-
tories. A segmented timing hodoscope and a gas Cherenkov
counter (for e+ identification) are used in the trigger. A two-
layer lead glass calorimeter provides further offline particle
identification. A single-paddle scintillator counter is used for
timing alignment.

Data were collected with several triggers: the single-arm
triggers produced by the hodoscope in either arm, a double co-
incidence trigger produced by a 40-ns wide overlap between
the hodoscope signals from the two arms, and a triple coinci-
dence trigger consisting of the double coincidence signal and
a gas Cherenkov signal in the positron (right) arm. Single-arm
trigger event samples are used for optics and acceptance cali-
bration, described below. The double coincidence event sam-
ple, which is dominated by accidental e�⇡+ coincidences, is
used to check the angular and momentum acceptance of the
spectrometers. These e�⇡+ coincidences are largely rejected
in the triple coincidence event sample by the requirement of a
gas Cherenkov signal in the positron arm.

The reconstruction of e+ and e� trajectories at the target
was calibrated using the sieve slit method, see [16, 20]. The
sieve slits — removable tungsten plates with a grid of holes
drilled through at known positions — are inserted between
the target and the septum magnet during the calibration runs.
In this configuration, data were taken with a 1.131 GeV and a

APEX @ JLab

𝜖2

HPS acceptance

APEX acceptance



SuperHPS Concept

A high acceptance two-armed spectrometer

• Use distance to separate enormous 
flux of scattered beam-energy 
electrons from A’ daughters

• Use HPS detector technologies to 
allow for compact apparatus

➡ double-arm HPS downstream of 
existing dipole: similar to APEX but 
with much larger acceptance

A’#decay#

Beam#background#

Z#=#137#cm#

50#cm#

Ebeam = 6.6 GeV, B = 1.5 T

~1 m

e-

e-

e-

e-

e+

e+

existing HPS dipole field (18D36) ⊗



SuperHPS Mass Resolution

Assume:

• Same sensors as current SVT

• Same material budget as current SVT

• Same magnet as current SVT

• Silicon outside B-field

• Ability to constrain to target  
(vertexing is possible but requires silicon inside field or an additional magnet.)
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These are much better than HPS resolutions @ 6.6 GeV

Toy model of track reconstruction at Ebeam=6.6 GeV gives:



SuperHPS Dead Zone

Dead zone can be much smaller even at extremely high luminosities.
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• Acceptance at high mass obviously smaller than HPS.

• Acceptance at low mass is much higher  
(~10× at MA′=50 MeV) due to smaller dead zone.

➡A very big advantage for SuperHPS because cross 
section rises rapidly at low mass:

Acceptance

HPS: A proposal to Search for Massive Photons at Jefferson Laboratory 
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The rate and kinematics of A' radiation differ from massless bremsstrahlung in several 
important ways: 

x Rate: The total A' production rate is controlled by         
 .  Therefore, it is suppressed 

relative to photon bremsstrahlung by      
     

 . Additional suppression from small  ̃ 
occurs for large     or small   . 

x Angle: A' emission is dominated at angles     such that  (     )   ̃          (beyond this 
point, wide-angle emission falls as    

 .  For   near its median value, the  cutoff emission 
angle is 
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which is parametrically smaller than the opening angle of the A' decay products,        . 
Although this opening angle is small, the backgrounds mimicking the signal (discussed in 
Section 3.2) dominate at even smaller angles. 

x Energy: A' bremsstrahlung is sharply peaked at    ,  where        is minimized.  When an 
A' is produced, it carries nearly the entire beam energy. In fact the median value of        is 
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The latter two properties are quite important in improving signal significance, and are discussed 
further in Section 3.2.   

Assuming the A' decays into Standard Model particles rather than exotics, its boosted lifetime is  
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where we have neglected phase-space corrections, and       counts the number of available 
decay products.  If the A' couples only to electrons, then       .  If the A' mixes kinetically 
with the photon, then        for           when only          decays are possible, and 
          for            where [5] 
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For the ranges of   and     probed by this experiment, the mean decay length    can be prompt 
or as large as tens of centimeters. 

The total number of A' produced when    electrons scatter in a target of     radiation lengths 
is 

= 15 mrad for MA’=100MeV @ 6.6 GeV
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SuperHPS @ 6.6 GeV
HPS: acceptance so “squeezed” by dead zone it almost doesn’t work!
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FIG. 74: The expect reach in mass-coupling parameter space. See text for details about di↵erent
features.

• Commissioning run in 2014, total of 3 weeks of beam time (6 weeks on

the floor assuming 50% for combined e�ciency of the accelerator and the

detector):

– 1 week of detector commissioning

– 1 week of physics run at 2.2 GeV

– 1 week of physics run at 1.1 GeV

• Physics run in 2015, total of 5 weeks of time beam (10 weeks on the floor

6.6 GeV

HPS

MA′ (GeV)

112

decay distance for lower mass A0s, but increases for higher masses. Some of the e�ciency

lost at long decay distances can be recovered by dropping the requirement that the first

stereo pair has a hit, provided the subsequent track would miss the first layer.
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FIG. 62: Trigger e�ciency (solid lines) and combined e�ciency (dashed lines) as a function of A’
mass, at beam energies of 1.1, 2.2 and 6.6 GeV (red, green and blue respectively).

6.3 Track Reconstruction

In order to study the tracking performance of the detector, we use samples of A0 events

at a variety of energies and decay lengths. On top of each event, we overlay backgrounds

produced by the passage of beam electrons equivalent to our optimized run conditions at

di↵erent beam energies and with a W target and a beamspot with a Gaussian sigma of 40µm

in the vertical direction and 200µm in the horizontal. The beam energies, currents, target

thickness and analyzing magnetic field used for these simulations are:

• 50nA at 1.1 GeV with X0 = 0.125% and B=0.25 T
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SuperHPS Reach - 6.6 GeV only

This concept could close “Mont’s Gap”, even with HPS-like beam currents.

N.B. Without vertexing, mass resolution becomes degraded for long A′ decay lengths (i.e. in overlap with HPS vertex reach).
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Optimizing for Lower Currents @ LCLS-II 

• Assume 1𝜇A is possible for 150 day run on 2.5% X0 target.  
(222× as much data as 15 day run at 450 nA on 0.25% X0 target.)

• Run at 4 GeV beam energy (acceptance moves down by 40% in mass).

• 1𝜇A current allows even smaller dead zone (acceptance extends downward 60% further in mass.)
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Detector Requirements

A’#decay#

Beam#background#

Z#=#137#cm#

50#cm#

~1 m

e-

existing HPS dipole field (18D36) ⊗

Ecal

Space and Beamline:

• Roughly 4 m × 4 m floor space.

• Dipole magnet with bore large enough to 
pass A′ daughters within full SVT acceptance.  
An 18D36 @ 1 T would be fine at 4 GeV 
beam energy.

• Transport of scattered beam in vacuum.

• Positron tracker doesn’t need vacuum if 
thin vacuum window OK for tracking.

• Same may be true for electron tracker. 

Tracking:

• 20-24 HPS double-ended modules (5-6 
layers) on positron side. (20 built for HPS)

• Electron side is more difficult due to 
scattered beam at inner ends of modules.  A 
new module design, possibly even new 
sensors, could be required. 

Trigger/DAQ:

• In HPS, ECal occupancy on positron side is mostly 
scattered electrons.  Here, only real tridents should 
produce hits in ECal on the positron side.  
Therefore, likely that only the positron side needs 
to be instrumented for a trigger.

• Based upon HPS trident+pion rates (~3 kHz), rates 
for 1 𝜇A on 2.5 X0 W target probably just fit within 
HPS trigger budget so that current DAQ works for 
both ECal and SVT.



Super HPS Beam Requirements

Time structure / bunch charge

• Selecting against backgrounds requires small bunches with high repetition 
rate.  Studies assume HPS time resolution which results in 8 ns window 
for coincident hits.  Therefore, no 8 ns time window should have 
significantly larger bunch charge than 1 𝜇A× 8 ns.

Beam size / stability

• Angular resolutions in tracker imply that IP for an event should be known 
to approximately 0.25 mrad × 1.37 m = 400 𝜇m to achieve best mass 
resolution.

Beam instrumentation

• Need a serious beam dump and radiation shielding.

• Hazard to detector is much lower than HPS: beam diagnostics and 
safeties can be relatively simple.



Super(Duper) HPS?
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• Performance is so strong at low mass, 
that unique reach is maximized by 
running at higher beam energies.

• Operating at 11 GeV at JLab is one 
obvious possibility.

• Maximizing reach at high mass begs for 
muon and pion triggers: these are 
relatively simple to envision if positive-
side-only triggers work.

• Low-Z targets would further enhance 
high-mass reach.
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Conclusions

• Using technologies developed for HPS, a two-arm spectrometer optimized 
for dark photon detection can close “Mont’s Gap”.

• Such a detector could be deployed and operated at SLAC with LCLS-II 
drive beam if:

• well-leveled, low-bunch-charge electron beam can be delivered at 
intensities approaching 1 𝜇A with good spot size and stability.

• space can be found to install and operate the detector for at least a year.

• Starting with infrastructure already in place at JLab, costs could be similar to 
that of HPS.  Costs at SLAC would likely be considerably higher.

• Addition of muon and pion triggers is well motivated for operation at 
higher beam energies and likely much simpler than for HPS.


