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FIG. 1: Left: Existing constraints on an A0. Shown are constraints from electron and muon anomalous magnetic moment
measurements, ae and aµ, the BaBar search for ⌥(3S) ! �µ+µ�, three beam dump experiments, E137, E141, and E774,
and supernova cooling (SN). These constraints are discussed further in Section III. Right: Existing constraints are shown in
gray, while the various lines — light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green
(lower) solid — show estimates of the regions that can be explored with the experimental scenarios discussed in Section IVA–
IVE, respectively. The discussion in IV focuses on the five points labeled “A” through “E”. The orange stripe denotes the
“D-term” region introduced in section IIA, in which simple models of dark matter interacting with the A0 can explain the
annual modulation signal reported by DAMA/LIBRA. Along the thin black line, the A0 proper lifetime c⌧ = 80µm, which is
approximately the ⌧ proper lifetime.

energy e+e� colliders are a powerful laboratory for the
study of an A0 with ✏ & 10�4 and mass above ⇠ 200
MeV, particularly in sectors with multiple light states
[32, 33, 34, 35, 36]. Their reach in ✏ is limited by lu-
minosity and irreducible backgrounds. However, an A0

can also be produced through bremsstrahlung o↵ an elec-
tron beam incident on a fixed target [34]. This approach
has several virtues over colliding-beam searches: much
larger luminosities, of O(1 ab�1/day) can be achieved,
scattering cross-sections are enhanced by nuclear charge
coherence, and the resulting boosted final states can be
observed with compact special-purpose detectors.

Past electron “beam-dump” experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain & 10
cm vertex displacements and ✏ & 10�7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ✏ and mA0). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled “A” through “E”
in Figure 1 (right) require di↵erent approaches to these
challenges, discussed in Section IV. We have estimated
the reach of each scenario, summarized in Figure 1
(right), in the context of electron beams with 1–6 GeV
energies, nA–µA average beam currents, and run times
⇠ 106 s. Such beams can be found for example at the

Thomas Je↵erson National Accelerator Facility (JLab),
the SLAC National Accelerator Laboratory, the electron
accelerator ELSA, and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump
experiments. Low-mass, high-✏ regions (e.g. B and C)
produce boosted A0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy — a limiting
factor. At still higher ✏, no displaced vertices are re-
solvable and one must take full advantage of the kine-
matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A0 decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with di↵erent ex-
clusions) if the A0 decays to lighter U(1)0-charged scalars,
and to direct production of axion-like states.

Outline

In Section II, we summarize the properties of A0 pro-
duction through bremsstrahlung in fixed-target colli-

2



Dark Beginnings

2

Rouven 
Essig

Philip 
Schuster

me

In 2009, three Stanford/SLAC 
postdocs were very excited 
about a class of models with 
light, weakly coupled force 
carriers.

now at 
Stony Brook

now at 
SLAC



Dark Beginnings

3

Rouven 
Essig

Philip 
Schuster

me

In 2009, three Stanford/SLAC 
postdocs were very excited 
about a class of models with 
light, weakly coupled force 
carriers.

Standard Model

+ 1 massive vector boson A′￼

generically mixes with photon ( )ϵFμν∂μA′￼ν
80’s: Holdom, Okun, 

Galison and Manohar 
➝ electric charges 

couple to it with 
strength ϵ



Dark Beginnings

4

Standard Model

massive vector boson A′￼

Natural bridge through 
which matter neutral under 
familiar forces (including 

dark matter?) could interact 
with familiar matter

Dark matter 
sector?

ϵFμν∂μA′￼ν

Rocketed to prominence with 2008 papers (Arkani-Hamed- 
Finkbeiner-Slatyer-Weiner and Pospelov-Ritz) invoking an  
with ≲GeV mass to explain several dark matter anomalies – 
similar interactions studied by Fayet and Boehm in 2003
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familiar forces (including 

dark matter?) could interact 
with familiar matter
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sector?

ϵFμν∂μA′￼ν

Shocking claim: new physics in a very well-studied mass 
range –– the realm of light-flavored mesons!  

Hidden by the relative weakness of its coupling, but still 
copiously produced at high-intensity accelerators. 
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✉ From: Michael Peskin 2/14/2009 
You will notice that Bjorken was an (experimental) co-author on the first two 
papers.  BJ has a soft spot in his heart for this physics.  You should write to 
him.”

✉ From: Philip Schuster 4/10/2009 
Dear Professor Bjorken… 
A great way to search for these are with beam dump experiments…
somewhat similar to beam dump searches for axions, although there are 
some important differences.  
It would be really great if we could meet and talk with you, not only about 
past experiments that have been done, but also about possible future ones.

Unfortunately for us, bj was driving to Driggs the next day…
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The SLAC Sector The Driggs Sector

We posted our paper to the arXiv in early June, after two months 
of phone calls and emails.  
bj was back in late June, but we were traveling — so we didn’t 
actually meet until September. 
By that time, our remote collaboration with bj had already 
profoundly influenced how all of us approach physics.



✉ Subject: bj in the dumps (4/17/09) 
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How I remember the early rhythm of our  
collaboration: 
• We sent bj an email with results of several days’ calculations 

and asked to talk on the phone. 
• bj’s reply (usually with a colorful self-deprecating subject 

line) compared our results with what he calculated over 
breakfast, and proposed a time to talk in between his day-
long hikes in the Tetons. 

• Between phone calls, we scrambled to understand 
experimental terms (e.g. the virtues of “small angle stereo” 
configurations in silicon strip detectors) that bj used, to 
reconstruct experimental scenarios from his verbal 
descriptions of drawings, and to calculate their signal yields 
before our next discussion

It was delightful, because we were learning all the time and 
could just barely keep up.  
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The old beam dump experiments, including bj’s own E137, 
explored a lot of the interesting parameter space!  But 
there were also large swaths they couldn’t reach.
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FIG. 1: Left: Existing constraints on an A0. Shown are constraints from electron and muon anomalous magnetic moment
measurements, ae and aµ, the BaBar search for ⌥(3S) ! �µ+µ�, three beam dump experiments, E137, E141, and E774,
and supernova cooling (SN). These constraints are discussed further in Section III. Right: Existing constraints are shown in
gray, while the various lines — light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green
(lower) solid — show estimates of the regions that can be explored with the experimental scenarios discussed in Section IVA–
IVE, respectively. The discussion in IV focuses on the five points labeled “A” through “E”. The orange stripe denotes the
“D-term” region introduced in section IIA, in which simple models of dark matter interacting with the A0 can explain the
annual modulation signal reported by DAMA/LIBRA. Along the thin black line, the A0 proper lifetime c⌧ = 80µm, which is
approximately the ⌧ proper lifetime.

energy e+e� colliders are a powerful laboratory for the
study of an A0 with ✏ & 10�4 and mass above ⇠ 200
MeV, particularly in sectors with multiple light states
[32, 33, 34, 35, 36]. Their reach in ✏ is limited by lu-
minosity and irreducible backgrounds. However, an A0

can also be produced through bremsstrahlung o↵ an elec-
tron beam incident on a fixed target [34]. This approach
has several virtues over colliding-beam searches: much
larger luminosities, of O(1 ab�1/day) can be achieved,
scattering cross-sections are enhanced by nuclear charge
coherence, and the resulting boosted final states can be
observed with compact special-purpose detectors.

Past electron “beam-dump” experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain & 10
cm vertex displacements and ✏ & 10�7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ✏ and mA0). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled “A” through “E”
in Figure 1 (right) require di↵erent approaches to these
challenges, discussed in Section IV. We have estimated
the reach of each scenario, summarized in Figure 1
(right), in the context of electron beams with 1–6 GeV
energies, nA–µA average beam currents, and run times
⇠ 106 s. Such beams can be found for example at the

Thomas Je↵erson National Accelerator Facility (JLab),
the SLAC National Accelerator Laboratory, the electron
accelerator ELSA, and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump
experiments. Low-mass, high-✏ regions (e.g. B and C)
produce boosted A0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy — a limiting
factor. At still higher ✏, no displaced vertices are re-
solvable and one must take full advantage of the kine-
matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A0 decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with di↵erent ex-
clusions) if the A0 decays to lighter U(1)0-charged scalars,
and to direct production of axion-like states.

Outline

In Section II, we summarize the properties of A0 pro-
duction through bremsstrahlung in fixed-target colli-
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FIG. 9: Left: Schematic diagram of a beam dump design for benchmark point E (✏ ⇠ 5⇥ 10�8, mA0 ⇠ 50 MeV). A 200 MeV
electron beam with a large current of about 5 mA (delivering 1 megawatt in power) is incident upon a thick tungsten target
that together with shielding is about 5 m in length. Behind the shielding is a decay region 5 m long, consisting of a tracking
system (2 m ⇥ 2 m transverse to the beam line) and surrounded by electromagnetic calorimeters — see text for further details.
Right: Solid Red Contour: 10 events with A0 energies above 100 MeV after the experiment has run for 106 s (5000 C total
charge dumped). Gray contours and Orange Stripe: exclusions from past experiments (E137 and SN1987A) and the region
that explains DAMA/LIBRA in a simple model — see Figure 1 for more details.

V. DISCUSSION AND CONCLUSIONS

In this paper, we have described five scenarios for
fixed-target experiments that probe kinetically mixed
U(1)’s with MeV-GeV masses. Kinetic mixing of size
✏ ⇠ 10�2

� 10�8 between a light gauge boson and the
photon can be generated by loops of particles at any mass
scale, with the magnitude determined by the structure of
high-scale physics. An MeV-GeV mass for the A0 can in
turn be generated from the weak scale, especially in a su-
persymmetric context. An A0 in this mass range is also of
interest as a possible explanation of several current dark
matter anomalies.

The parameter space of A0 mass mA0 and mixing ✏
has been constrained from two corners by existing data.
Beam dump experiments and supernovas exclude the
low-mass, small-✏ region. Larger ✏ ⇠ 10�3

�10�2 are con-
strained for a broad range of masses by lepton anomalous
magnetic moments and B-factory searches.

The five approaches we have described cover the re-
maining parameter space using fixed-target experiments
of various geometries and 200 MeV–6 GeV beams. A
natural extension of past beam dumps, with modest in-
tensity and 10 cm–1 m length, can fill in the crevice of pa-
rameter space between past beam dumps. Beam dumps
are not well suited to searching for A0 with less displaced
decays. For these parameter ranges, thin-target experi-
ments are required.

Any thin-target experiment must contend with the

backgrounds from electromagnetic electron scattering
and trident production, which can be tackled with a
combination of kinematics and displaced vertex selec-
tion. Depending on mA0 , more forward or wide-angle
geometries are called for, and small-scale silicon micro-
strip tracking can be utilized to isolate displaced de-
cays. We have considered three such scenarios: a forward
two-arm spectrometer, a collinear detector in a di↵use,
low-intensity beam, and a wide-angle spectrometer. To-
gether, they are sensitive in the range ✏ ⇠ 10�5

� 10�3

for A0 masses from 10 MeV to 1 GeV.
The wide-angle scenario is of particular interest, be-

cause existing spectrometers can cover a large fraction of
its reach. The Hall A spectrometers and the CLAS de-
tector [51] at JLab seem well suited for initial searches,
and other labs may have comparable capabilities.

Searches at low ✏, below the reach of the dump ex-
periment E137, are limited by practical rate limitations.
Power above a megawatt (MW) is di�cult to sustain,
making ✏ ⇠ 10�8

� 10�7 inaccessible with beams of any
energy in under a year of running. Our fifth scenario
saturates this limit, with a 200 MeV MW dump, which
can possibly be accommodated at the JLab Free-Electron
Laser accelerator.

When combined with existing limits, these five scenar-
ios can either confirm the existence of new U(1) gauge
forces at low masses or close the door on their most likely
parameter range.

For masses below the electron threshold, very di↵erent
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FIG. 1: Left: Existing constraints on an A0. Shown are constraints from electron and muon anomalous magnetic moment
measurements, ae and aµ, the BaBar search for ⌥(3S) ! �µ+µ�, three beam dump experiments, E137, E141, and E774,
and supernova cooling (SN). These constraints are discussed further in Section III. Right: Existing constraints are shown in
gray, while the various lines — light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green
(lower) solid — show estimates of the regions that can be explored with the experimental scenarios discussed in Section IVA–
IVE, respectively. The discussion in IV focuses on the five points labeled “A” through “E”. The orange stripe denotes the
“D-term” region introduced in section IIA, in which simple models of dark matter interacting with the A0 can explain the
annual modulation signal reported by DAMA/LIBRA. Along the thin black line, the A0 proper lifetime c⌧ = 80µm, which is
approximately the ⌧ proper lifetime.

energy e+e� colliders are a powerful laboratory for the
study of an A0 with ✏ & 10�4 and mass above ⇠ 200
MeV, particularly in sectors with multiple light states
[32, 33, 34, 35, 36]. Their reach in ✏ is limited by lu-
minosity and irreducible backgrounds. However, an A0

can also be produced through bremsstrahlung o↵ an elec-
tron beam incident on a fixed target [34]. This approach
has several virtues over colliding-beam searches: much
larger luminosities, of O(1 ab�1/day) can be achieved,
scattering cross-sections are enhanced by nuclear charge
coherence, and the resulting boosted final states can be
observed with compact special-purpose detectors.

Past electron “beam-dump” experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain & 10
cm vertex displacements and ✏ & 10�7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ✏ and mA0). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled “A” through “E”
in Figure 1 (right) require di↵erent approaches to these
challenges, discussed in Section IV. We have estimated
the reach of each scenario, summarized in Figure 1
(right), in the context of electron beams with 1–6 GeV
energies, nA–µA average beam currents, and run times
⇠ 106 s. Such beams can be found for example at the

Thomas Je↵erson National Accelerator Facility (JLab),
the SLAC National Accelerator Laboratory, the electron
accelerator ELSA, and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump
experiments. Low-mass, high-✏ regions (e.g. B and C)
produce boosted A0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy — a limiting
factor. At still higher ✏, no displaced vertices are re-
solvable and one must take full advantage of the kine-
matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A0 decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with di↵erent ex-
clusions) if the A0 decays to lighter U(1)0-charged scalars,
and to direct production of axion-like states.

Outline

In Section II, we summarize the properties of A0 pro-
duction through bremsstrahlung in fixed-target colli-
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FIG. 4: Left: Experimental scenario for benchmark point A (✏ ⇠ 10�5, mA0 ⇠ 50 MeV). An electron beam is incident on a 10
cm thick tungsten target. Behind the target is a 10 cm (or thicker) shield followed by an instrumented decay region consisting
of a combination of tracking planes, electromagnetic calorimetry and scintillator triggers. Right: Reaches of the high- and
low-energy dump configurations described in Section IVA, delineated by regions with 10 or more events and the following
configurations — Blue (inner) Solid Contour: 0.3 C total charge dumped with a 200 MeV electron beam, a 20 cm shield, and
a detector with 5 cm radius 50 cm behind the front of the target. The lepton pair must have total energy exceeding 100 MeV.
Blue (inner) Dashed Contour: same configuration, but with no shield. Green (outer) Solid Contour: 0.1 C (100 nA beam ⇥
106 s) total charge dumped with a 6 GeV electron beam, a 3.9 m shield, and a detector with 10 cm radius 7 m downstream.
The lepton pair must have total energy exceeding 3 GeV. Green (outer) Dashed Contour: same configuration, but with 0.9 m
of shielding. Gray contours and Orange Stripe: exclusions from past experiments (E137 and E141) and the region that explains
DAMA/LIBRA in a simple model — see Figure 1 for more details.

of the ⇢, with a leading charged pion from the rho de-
cay undergoing a charge-exchange reaction into a ⇡0 a
few radiation lengths in front of the detector region. We
have used the experience obtained in E141 to make rough
estimates, which indicate that such backgrounds are sur-
mountable. But the soft backgrounds such as neutrons
and hard x-rays also need to be carefully studied.

B. Thin Target and Double Arm Spectrometer;
✏ = 3⇥ 10�5; mA0 = 200 MeV

Modern micro-vertex detectors allow much better life-
time resolution than the above example. When ✏ is in-
creased from the previous example, the rate of A0 pro-
duction per incident electron increases, and a thin target
can be used instead of a beam dump. For the parame-
ters of interest here, we consider a 0.1 radiation length
tungsten target. We choose a 6 GeV beam with an av-
erage current of 100 nA. Downstream of the target is
a two-arm mini-spectrometer with silicon strip detectors
as the tracking elements, backed up with fast calorime-
ter/scintillator triggers.

With these parameters, the A0 production rate (before
acceptance) out of the target is about 10 per hour. The
angular divergence of the A0 beam is only about 5 mrad.
The laboratory decay length is about 1 cm, and the de-
cay products of the A0 have an average angle of about

35 mrad from the beam axis. A spectrometer with polar
angle coverage of 20 to 55 mrad and 50% azimuthal an-
gle coverage has about 25% acceptance for the A0 decay
products. The trigger requirement includes the demand
that the energies in each of the calorimeters are between
1 and 5 GeV, with the sum between 5 and 6 GeV. The
tracking system must identify one track in each arm that
points to the calorimeter hit (if the calorimeter is seg-
mented) and is consistent with a decay-vertex origin. Af-
ter reconstruction, additional kinematic constraints pro-
vide rejection power. In Figure 5, we show the reach
of this experimental scenario for various geometries and
di↵erent beam currents.

A major background is simultaneous elastic coulomb
scattering in each arm. An elastically scattered electron
deposits 6 GeV in the calorimeter, and is rejected, but
the singles rate must be below one per timing window
(100 MHz or less for fast calorimeters). This require-
ment is safely met by the beam intensity quoted above.
The elastic-scattering radiative tails will contribute to
the trigger, but at a significantly lower rate of 10 kHz or
so. Other sources for background triggers, such as Bethe-
Heitler pair production (cf. Figure 3), lead to smaller or
comparable trigger rates. When one of the two scattered
electrons scatters again in the first layer of silicon, the
intersection of the two reconstructed tracks is displaced.
We find that the rate for these fake vertices is adequately
suppressed if the first layer is placed close to the target,
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FIG. 5: Left: Experimental scenario for a small two-arm spectrometer for benchmark point B (✏ ⇠ 3 ⇥ 10�5, mA0 ⇠ 200
MeV). An electron beam is incident upon a thin 0.1 radiation length tungsten target. A small two-arm spectrometer with
silicon-strip trackers and a fast calorimeter or scintillator trigger is downstream from the target. Signal events are identified by
requiring a displaced vertex ⇠ 1 cm behind the target. More details are given in the text. Right: Regions corresponding to 10
or more events within acceptance in 106 sec for three di↵erent geometries. From right to left: 6 GeV electron beam at 100 nA
(0.1 C delivered), with angular acceptance from 20 to 55 mrad and a 1 m long detector (solid red line); 6 GeV beam at 5 nA
(5⇥ 10�3 C delivered), with angular acceptance from 10 to 27 mrad in a 2 m-long detector region (dashed darker red line); and
2 GeV beam at 0.5 nA (5⇥ 10�4 C delivered) with the same geometry as the dashed red line (solid dark red line). In all cases,
we require that the A0 carry at least 83% of the beam energy, the track impact parameters at the target exceed 50 µm, and
the reconstructed vertex displacement exceed 1 cm. We assume 50% � coverage. Gray contours and Orange Stripe: exclusions
from past experiments (E137 and E141) and the region that explains DAMA/LIBRA in a simple model — see Figure 1 for
more details.

within ⇠ 5� 10 cm.
Another basic requirement is that the occupancy in the

tracking system be acceptably low. High-resolution sili-
con strip detectors are beneficial in this regard. Within
a cone of opening angle of 10 mrad at a distance of 50
cm downstream of the target, we estimate that the den-
sity of electrons and photons produced in the target with
energy above 1 MeV is of order 109/cm2/s [58]. In this
scenario, the silicon is placed further from the beam, but
this rate serves as a rough upper bound, which would give
one percent occupancy for a 1 cm ⇥ 25 µm strip. While
these numbers are encouraging, a serious simulation is
certainly required.

C. Silicon Strip Layers in a Di↵use Electron Beam;
✏ = 10�4; mA0 = 50 MeV

At even higher ✏ and lower masses, there exists the
option of halving the number of silicon strip tracking ele-
ments and placing them directly into a defocused primary
electron beam of low intensity. For this study, we choose
the beam size to be about 1 cm ⇥ 1 cm and the beam
energy to be 1 GeV. The beam intensity is limited by
silicon occupancy to about 108 e�/s, if we require occu-
pancy of about 1% in 1 cm ⇥ 25 µm strips with a timing
window of 20 – 50 ns.

Triggering is again accomplished by a calorimeter, with
a strategy similar to case B and the same limitations. For
A0 masses of 20–50 MeV, decay opening angles ⇠ 20�50
mrad are anticipated, so the calorimeter must extend
close to the beam. For simplicity we consider an an-
nular calorimeter with angular coverage above 20 mrad
(for example, located at 2.5 meters from the target, with
inner radius of 5 cm). The beam electrons emerge from
a 0.1 radiation-length tungsten target in a Molière dis-
tribution, with typical transverse momenta of 5 MeV.
Therefore less than 1% of the electron beam hits the
calorimeter, leading to a <

⇠ 1 MHz singles rate, which
is high but manageable for a trigger requiring two hits.

With these parameters the A0 production rate is about
1 every ten hours. O↵-line track reconstruction can
be used to remove the backgrounds associated with
the Coulomb scattering pile-up and other background
sources, in particular Bethe-Heitler pair production from
the target. The quality of the experiment will depend
crucially on the precision of the vertex reconstruction
using the silicon strip information. Our sample point
has typical impact parameter ⇠ 160 µm and laboratory
decay lengths of order 2.3 mm, which should be cleanly
resolvable. The sensitivity of this configuration, assum-
ing several di↵erent resolutions, is illustrated in Figure
6.

For smaller masses, the calorimeter must be placed at
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FIG. 6: Left: Experimental scenario for benchmark point C (✏ ⇠ 10�4, mA0 ⇠ 50 MeV). Silicon strip tracking elements,
together with a 0.1 radiation length (300µm) tungsten target directly behind one of the elements, are inserted into a 1 GeV
di↵use (1 cm ⇥ 1 cm) electron beam of intensity <⇠ 108 e�/s. Triggering is accomplished by an annular calorimeter with
angular coverage above 20 mrad (e.g. 2 cm inner radius, 1 m downstream) by demanding three coincident hits carrying the
beam energy. Signal events give rise to measurable impact parameters for the leading two tracks, and the excellent tracking
provided by this design exploits this feature to reject background. Invariant mass reconstruction can provide an additional
search variable (see Sec. IV D). More details are given in the text. Right: Concentric purple contours: Regions with detectable
signal yield � 10 events, background rejection of ⇠ 10�6 (yielding S/B >⇠ 1), and an impact parameter of at least 33 µm, 66µm,
or 150µm, respectively, for the contours from the outside in. We assume a run time of 106 s at 108 e�/s. Red Dotted Contour:

Analogous sensitivity with lower average current (107 e�/s) and a smaller calorimeter aperture (10 mrad). Thin black dashed

line: a rough estimate of the total region of sensitivity that could be accessible to this geometry using both displaced-vertex
discrimination and invariant mass search windows with good momentum resolution (see Sec.IV D). Gray contours and Orange

Stripe: exclusions from past experiments (E137, E141, E774, electron and muon anomalous magnetic moments, and ⌥(3S)
resonance searches) and the region that explains DAMA/LIBRA in a simple model — see Figure 1 for more details.

a narrower angle or the beam energy reduced. In either
case, the Molière scattering becomes more acute. On the
tails of the Molière distribution, one can compensate by
lowering the intensity of the beam. At low beam inten-
sities, a fast scintillator/calorimeter trigger system will
resolve the passage of individual electrons in the beam
(in a CW machine like CEBAF). Therefore, if the scintil-
lator/calorimeter system is segmented (e.g. scintillating
fiber calorimetry), the trigger requirement can be simul-
taneous deposition of the beam energy in more than one
detection element — typically three. For larger masses,
the beam intensity would have to be increased, and the
silicon-strip occupancy presents a sharp barrier.

D. High Resolution, High Rate Trident
Spectrometer: ✏ = 3⇥ 10�4; mA0 = 1 GeV

Large A0 masses present two challenges: a low produc-
tion rate and short A0 lifetime. In the absence of a dis-
placed vertex, the A0 can only be observed as a small peak
on the electromagnetic trident background. Reducing
these backgrounds as much as possible is essential here.
Additionally, targets with somewhat lower Z than tung-

sten are preferable in this high A0 mass range in order
to maintain charge coherence in scattering. For definite-
ness, we shall discuss the di-muon final state, though it is
arguable that the electron-positron final state is prefer-
able.

As discussed in Section II, the trident background
arises from two subprocesses, which we call radiative and
Bethe-Heitler (c.f. Figure 3). The radiative process gives
an upper bound on the ratio of signal to background as
in equation (19). The Bethe-Heitler process has a much
larger (⇠ 100⇥) cross-section than the radiative trident
process due to collinear logarithmic enhancements in the
e ! e � splitting and sub-process �� ! µµ. These en-
hancements can be avoided by demanding kinematically
symmetric µµ decay products carrying the majority of
the beam energy, and by demanding that the recoiling
electron (if it can be identified) scatter at a wide angle.
This preserves the large logarithm in the forward-peaked
A0 production cross-section, while regulating all logs in
the Bethe-Heitler process. These selections are discussed
further in Appendix C.

In addition to the trident processes, radiation of real
photons by incident electrons, and their subsequent con-
version in the target must be considered. This process
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FIG. 7: Left: Schematic diagram of an experimental scenario for benchmark point D (✏ ⇠ 3⇥10�4, mA0 ⇠ 1 GeV). An electron
beam with an energy of ⇠ 6 GeV and a current of about 100 µA – 200 µA is incident upon a 0.1 radiation length aluminum
target. A wide-angle high-resolution spectrometer allows triggering on events in which one electron and one positron carry
most of the beam energy. The signal is distinguished from background events with the help of various kinematic selection cuts
(relatively symmetric l+l� final state and possible recoil electron tagging) and a “bump hunt” — see text and appendix C for
further details. Right: Various estimates of the possible reaches of a wide-angle spectrometer, with (bottom) and without
(top) tagging vertices displaced by > 1 cm to reject background. In each case, the outer thin black line represents a significant
total rate, with no geometric acceptance requirements (S/

p
B > 5 in the no-vertex (top) region, 10 or more events in the vertex

(bottom) region). The thick blue curve shows the reach when decays are required to land more than 200 mrad away from the
beam line, and the inner dotted curves assume an additional 1% signal e�ciency from acceptance. In these two cases, each
curve represents the total reach obtained by running at several beam energies. Gray contours and Orange Stripe: exclusions
from past experiments (E137, E141, E774, electron and muon anomalous magnetic moments, and ⌥(3S) resonance searches)
and the region that explains DAMA/LIBRA in a simple model — see Figure 1 for more details.

is naively enhanced by O(T/↵) relative to Bethe-Heitler
trident production, but can be rejected e↵ectively with
the same kinematic cuts. It is, of course, reducible by
thinning the target, which allows a compensating in-
crease in average beam current. We have not consid-
ered pile-up processes, but assume they are small when
the three products are required to reproduce the beam
energy within resolution.

For this scenario, we consider a 0.1-radiation-length
aluminum target in a 4 GeV beam. The total yield of A0s
is roughly 10�16 per incident electron. If we assume an
average beam current of 250 µA (beam power of 1 MW)
and an experimental duration of 106 sec, the total rate of
A0 production is of order one per second, or >

⇠ 105 per
experiment. These are emitted in a cone of size ⇠ 100
mrad, with decay products at opening angles near 250
mrad and the recoiling electron at a rather wide angle,
0.5 radians. The yield of background tridents having
a di-muon mass within one percent of the A0 mass is,
according to (19), about 300 times larger, or 3⇥ 107 per
experiment. The estimated cumulative sensitivity of this
configuration, and similar ones obtained by lowering the
beam energy down to ⇠ 1 GeV, is illustrated in Figure
7. To obtain the contours in this figure, we require that
S/
p

B � 5, i.e. (S/✏bB0) ⇥ S � 25, where S is the
signal rate, and B is the background rate, B0, times the

background rejection e�ciency ✏b. We use equation (19)
to obtain S/B0, and choose reasonable values for ✏b.

The signal rate above is, indeed, larger than necessary
for the A0 resonance to be statistically significant. A less
ambitious (and perhaps more realistic) experiment would
also su�ce for discovery. There are at least three ways
to back o↵ from this scenario. One way is evidently to
improve the mass resolution. A second way is to reduce
the beam intensity, keeping the acceptance complete. A
reduction in beam current by a factor of 100 would still
leave a viable signal. The third way is to reduce the ac-
ceptance; a one percent acceptance by itself would again
leave a viable signal.

Optimization involves a choice of a combination of
these factors. Je↵erson Laboratory looks like an espe-
cially appropriate venue for this scenario, with two spec-
trometers with very good electron momentum resolution.
In particular, the small-acceptance, high-rate spectrom-
eters in Hall A has momentum resolution of order 10�4

and the large-acceptance Hall B CLAS detector has elec-
tron momentum resolution better than 1% [51]. There-
fore it would seem that using an electron-positron pair for
the A0 decay products may make more sense than using
a di-muon pair. However, we feel further investigation is
best done with the aid of expertise within the Je↵erson
Laboratory experimental community.
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FIG. 9: Left: Schematic diagram of a beam dump design for benchmark point E (✏ ⇠ 5⇥ 10�8, mA0 ⇠ 50 MeV). A 200 MeV
electron beam with a large current of about 5 mA (delivering 1 megawatt in power) is incident upon a thick tungsten target
that together with shielding is about 5 m in length. Behind the shielding is a decay region 5 m long, consisting of a tracking
system (2 m ⇥ 2 m transverse to the beam line) and surrounded by electromagnetic calorimeters — see text for further details.
Right: Solid Red Contour: 10 events with A0 energies above 100 MeV after the experiment has run for 106 s (5000 C total
charge dumped). Gray contours and Orange Stripe: exclusions from past experiments (E137 and SN1987A) and the region
that explains DAMA/LIBRA in a simple model — see Figure 1 for more details.

V. DISCUSSION AND CONCLUSIONS

In this paper, we have described five scenarios for
fixed-target experiments that probe kinetically mixed
U(1)’s with MeV-GeV masses. Kinetic mixing of size
✏ ⇠ 10�2

� 10�8 between a light gauge boson and the
photon can be generated by loops of particles at any mass
scale, with the magnitude determined by the structure of
high-scale physics. An MeV-GeV mass for the A0 can in
turn be generated from the weak scale, especially in a su-
persymmetric context. An A0 in this mass range is also of
interest as a possible explanation of several current dark
matter anomalies.

The parameter space of A0 mass mA0 and mixing ✏
has been constrained from two corners by existing data.
Beam dump experiments and supernovas exclude the
low-mass, small-✏ region. Larger ✏ ⇠ 10�3

�10�2 are con-
strained for a broad range of masses by lepton anomalous
magnetic moments and B-factory searches.

The five approaches we have described cover the re-
maining parameter space using fixed-target experiments
of various geometries and 200 MeV–6 GeV beams. A
natural extension of past beam dumps, with modest in-
tensity and 10 cm–1 m length, can fill in the crevice of pa-
rameter space between past beam dumps. Beam dumps
are not well suited to searching for A0 with less displaced
decays. For these parameter ranges, thin-target experi-
ments are required.

Any thin-target experiment must contend with the

backgrounds from electromagnetic electron scattering
and trident production, which can be tackled with a
combination of kinematics and displaced vertex selec-
tion. Depending on mA0 , more forward or wide-angle
geometries are called for, and small-scale silicon micro-
strip tracking can be utilized to isolate displaced de-
cays. We have considered three such scenarios: a forward
two-arm spectrometer, a collinear detector in a di↵use,
low-intensity beam, and a wide-angle spectrometer. To-
gether, they are sensitive in the range ✏ ⇠ 10�5

� 10�3

for A0 masses from 10 MeV to 1 GeV.
The wide-angle scenario is of particular interest, be-

cause existing spectrometers can cover a large fraction of
its reach. The Hall A spectrometers and the CLAS de-
tector [51] at JLab seem well suited for initial searches,
and other labs may have comparable capabilities.

Searches at low ✏, below the reach of the dump ex-
periment E137, are limited by practical rate limitations.
Power above a megawatt (MW) is di�cult to sustain,
making ✏ ⇠ 10�8

� 10�7 inaccessible with beams of any
energy in under a year of running. Our fifth scenario
saturates this limit, with a 200 MeV MW dump, which
can possibly be accommodated at the JLab Free-Electron
Laser accelerator.

When combined with existing limits, these five scenar-
ios can either confirm the existence of new U(1) gauge
forces at low masses or close the door on their most likely
parameter range.

For masses below the electron threshold, very di↵erent
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EOur paper focused on ideas to cover the  
short-lifetime parameter space – broadly,  
spectrometer experiments at a high-rep-rate beam, and we 
focused increasingly on on JLab.

✉ Subject: jlab – 4/30/09 



✉ Subject: bj in the dumpster  – 4/23/09   
✉ Subject: bj crawling out of the dumpster

11

bj thought through the physics of experimental issues like 
backgrounds and detector resolutions, in a way unlike any 
other theorist I’ve met.  

Of course, one needs detailed simulations eventually (and 
as John Jaros taught me, the factors of 2 always go the 
wrong way) but once you understand the dominant effects, 
basic calculations get you in the ballpark.

Overnight I recognized a huge background which I should have seen from
the getgo. [Described the background from two Coulomb-scattered 
electrons hitting the calorimeter at the same time…and an approach to 
mitigate it]  So far I do not see the problem as a killer, but it certainly is 
one of the first things that needs to be thought through well.



A general comment--we should not try to design a full experiment 
ourselves. That is for the proponents; they should put their stamp of 
originality on it and…identify strongly with the design and 
implementation from start to finish. If that is followed, the product is 
sure to be better. As I see it, we only have to go far enough to make 
sure that we don't suggest a program that is patently unrealistic.
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✉ Subject: RE: Large angle search, magnets, 
backgrounds…etc 4/29/09

bj knew a lot of physics – and a lot of physicists!   

We benefitted greatly from bj’s phone conversations with old 
friends and discussions on cross-country roadtrips.  His 
example led us into serious discussions with 
experimentalists at JLab (especially Bogdan Wojtsekhowski, 
Stepan Stepanyan) as well as SLAC (John Jaros, …) that 
grew into collaboration on proposals for APEX and HPS.
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✉ Subject: talking later, and name ordering
When it came time to publish, bj had misgivings about 
ordering the author list alphabetically, which would put him 
first.  

We thought he deserved it –– but rather than argue, we 
accepted his justification that it would make for a good 
acronym.  SLAC-PUB-13650
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New Fixed-Target Experiments to Search for Dark Gauge Forces

James D. Bjorken,1 Rouven Essig,1 Philip Schuster,1 and Natalia Toro2

1
Theory Group, SLAC National Accelerator Laboratory, Menlo Park, CA 94025

2
Theory Group, Stanford University, Stanford, CA 94305

(Dated: June 3, 2009)

Fixed-target experiments are ideally suited for discovering new MeV–GeV mass U(1) gauge bosons
through their kinetic mixing with the photon. In this paper, we identify the production and decay
properties of new light gauge bosons that dictate fixed-target search strategies. We summarize
existing limits and suggest five new experimental approaches that we anticipate can cover most of the
natural parameter space, using currently operating GeV-energy beams and well-established detection
methods. Such experiments are particularly timely in light of recent terrestrial and astrophysical
anomalies (PAMELA, FERMI, DAMA/LIBRA, etc.) consistent with dark matter charged under a
new gauge force.

I. NEW GAUGE FORCES

The interactions of ordinary matter establish that
three gauge forces survive to low energies. Two strik-
ing features of these forces — electroweak symmetry-
breaking at a scale far below the Planck scale and ap-
parent unification assuming low-energy supersymmetry
— have driven model-building for a quarter-century.
But the strong and electroweak forces need not be the
only ones propagating at long distances. Additional
forces, under which ordinary matter is neutral, would
have gone largely unnoticed because gauge symmetry
prohibits renormalizable interactions between Standard
Model fermions and the other “dark” gauge bosons or
matter charged under them.

There is an important exception to the above claim:
new “dark” Abelian forces can couple to Standard
Model hypercharge through the kinetic mixing operator
✏
2FY

µ⌫F 0µ⌫ , where F 0
µ⌫ = @[µA0

⌫] and A0 is the dark gauge
field [1]. If the A0 is massive, Standard Model matter ac-
quires milli-charges proportional to ✏ under the massive
A0. Kinetic mixing with ✏ ⇠ 10�8

�10�2 can be generated
at any scale by loops of heavy fields charged under both
U(1)0 and U(1)Y , and the A0 can acquire mass through a
technicolor or Higgs mechanism. A mass scale near but
beneath the weak scale is particularly well-motived —
U(1)0 symmetry-breaking may be protected by the same
physics that stabilizes the electroweak hierarchy [2]. In-
deed, if the largest symmetry-breaking e↵ects arise from
weak-scale supersymmetry breaking, then the U(1)0 sym-
metry breaking scale is naturally suppressed by a loop
factor or by

p
✏, leading to MeV to GeV-scale A0 masses

[2, 3, 4, 5, 6].
An A0 can be produced in collisions of charged particles

with nuclei and can decay to electrons or muons. The
production cross-section (�A0) and decay length (�c⌧),

�A0 ⇠ 100 pb
�
✏/10�4

�2 (100 MeV/mA0)2 (1)

�c⌧ ⇠ 1 mm (�/10)
�
10�4/✏

�2 (100 MeV/mA0) (2)

vary by ten orders of magnitude for the ✏’s and masses
mA0 we consider. This wide range calls for multiple ex-
perimental approaches, with di↵erent strategies for con-
fronting backgrounds. Beam-dump searches from the
1980’s exclude the low-mass and small-✏ parameter range,
and other data constrains large ✏. In this paper we sug-
gest five scenarios for fixed-target experiments sensitive
to distinct but overlapping regions of parameter space
(see Figure 1). Together they can probe six decades in
A0 coupling and three decades in A0 mass with existing
beam energies and intensities.

Dark matter interpretations of recent astrophysical
and terrestrial anomalies provide a further impetus to
search for new U(1)’s. Annihilation of dark matter
charged under a new U(1)0 into the A0 can explain the
electron and/or positron excesses observed by PAMELA
[7], ATIC [8], FERMI [9], and HESS [10, 11] (see
e.g. [12, 13, 14, 15, 16, 17, 18, 19]). If the dark matter
is also charged under a non-abelian group, then its spec-
trum naturally implements an inelastic dark matter sce-
nario [20], thereby explaining the annual modulation sig-
nal reported by DAMA/LIBRA [21, 22] and reconciling it
with the null results of other experiments [12, 20, 23, 24].

In view of these suggestive data and the abundant the-
oretical speculation surrounding them, insight from new
experiments is clearly called for. New probes of weakly
mixed MeV–GeV U(1)’s directly probe the low-energy
structure of these scenarios, where the nature of their in-
teractions is most manifest. As such, the experiments we
advocate here are complementary to upcoming gamma-
ray observations (see e.g. [25, 26]) and to the next gener-
ation of direct detection experiments [27, 28, 29, 30, 31]
that will shed light on the scattering of dark matter.

Direct Tests of Low-Mass Gauge Sectors

Constraints on new A0s and the reach of di↵erent ex-
periments are summarized in Figure 1. To begin, low-
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Dark Forces Workshop
bj attended the “dark forces” workshop we organized at 
SLAC on hidden sector searches. He graciously co-chaired 
the fixed-target working group with 
John, and summarized their findings.

How? Possible Experiments 
Data Mining:

– J Lab Existing Data  eA->A’->e+e-X (6GeV)  .2<m<2 GeV  ε > 10-3

– BLAST?

– Proton experiments?  Miniboone, Microboone analyzing...

– Muons (COMPASS, MINOS)

J Lab Future Proposals with Existing Apparatus

– 50 MeV up, ε > 10-4?  Ticking clock (2 mo. to propose) 

– Hall C: muon wall behind Qweak? 

New J Lab Experiments
 FEL – MIT/Berkeley (LOI this fall, also Mainz) 10<m<80 MeV, ε > 10-3.5

 Hall B – JLab/SLAC 100<m<600 MeV, ε > 2 10-5 (gap ~10-4)

      New beam dump experiments: m<100 MeV, ε ∼10−5  ορ 10−8−10−7

Positron Experiments

      e+ on H: 5<m<30 MeV, ε > 10-4 (indep. of decay mode)

      OLYMPUS internal target  ep elastic (data taking 2012)

Resonant Extraction from Damping ring experiments:

– Possible opportunities at SLAC, CESR, Bonn, MAMI (cw)

23

Conclusions

Heavy Photon Searches

Two Thumbs Up

Peter Fisher: 
“People will look 

back and point to 
this workshop as 
the place where 

something big 
started”



Collaboration Membership , 2024
• Membership list updated for the 2024 Jeopardy update document. 

• Need to update the Confluence page membership. 

• 58 current members  (was 75 for the 2016 run) 
• 17 institutions,  7 US, 7 Italy, 1 France, 1 Armenia, 1 UK 

• Some junior members left for other positions. 
• Some groups left due to the funding tension: HEP - NP.  
• Some retirements. 
• We also gained some new members, and hopefully will recruit some 

more in the near future.

Update on the Heavy Photon Search Experiment
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From the back of an envelope to the beamline…

Bj’s infectious enthusiasm for this science played a major role in getting 
these program off the ground, and his model of going out and talking 
about it broadly inspired us to do the same. 

He gave us valuable advice, both technical and political, as we became 
co-spokespeople with Bogdan Wojtsekhowski of the APEX experiment at 
JLab and connected John Jaros and Stepan Stepanyan to work on HPS.
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FIG. 5: Left: Experimental scenario for a small two-arm spectrometer for benchmark point B (✏ ⇠ 3 ⇥ 10�5, mA0 ⇠ 200
MeV). An electron beam is incident upon a thin 0.1 radiation length tungsten target. A small two-arm spectrometer with
silicon-strip trackers and a fast calorimeter or scintillator trigger is downstream from the target. Signal events are identified by
requiring a displaced vertex ⇠ 1 cm behind the target. More details are given in the text. Right: Regions corresponding to 10
or more events within acceptance in 106 sec for three di↵erent geometries. From right to left: 6 GeV electron beam at 100 nA
(0.1 C delivered), with angular acceptance from 20 to 55 mrad and a 1 m long detector (solid red line); 6 GeV beam at 5 nA
(5⇥ 10�3 C delivered), with angular acceptance from 10 to 27 mrad in a 2 m-long detector region (dashed darker red line); and
2 GeV beam at 0.5 nA (5⇥ 10�4 C delivered) with the same geometry as the dashed red line (solid dark red line). In all cases,
we require that the A0 carry at least 83% of the beam energy, the track impact parameters at the target exceed 50 µm, and
the reconstructed vertex displacement exceed 1 cm. We assume 50% � coverage. Gray contours and Orange Stripe: exclusions
from past experiments (E137 and E141) and the region that explains DAMA/LIBRA in a simple model — see Figure 1 for
more details.

within ⇠ 5� 10 cm.
Another basic requirement is that the occupancy in the

tracking system be acceptably low. High-resolution sili-
con strip detectors are beneficial in this regard. Within
a cone of opening angle of 10 mrad at a distance of 50
cm downstream of the target, we estimate that the den-
sity of electrons and photons produced in the target with
energy above 1 MeV is of order 109/cm2/s [58]. In this
scenario, the silicon is placed further from the beam, but
this rate serves as a rough upper bound, which would give
one percent occupancy for a 1 cm ⇥ 25 µm strip. While
these numbers are encouraging, a serious simulation is
certainly required.

C. Silicon Strip Layers in a Di↵use Electron Beam;
✏ = 10�4; mA0 = 50 MeV

At even higher ✏ and lower masses, there exists the
option of halving the number of silicon strip tracking ele-
ments and placing them directly into a defocused primary
electron beam of low intensity. For this study, we choose
the beam size to be about 1 cm ⇥ 1 cm and the beam
energy to be 1 GeV. The beam intensity is limited by
silicon occupancy to about 108 e�/s, if we require occu-
pancy of about 1% in 1 cm ⇥ 25 µm strips with a timing
window of 20 – 50 ns.

Triggering is again accomplished by a calorimeter, with
a strategy similar to case B and the same limitations. For
A0 masses of 20–50 MeV, decay opening angles ⇠ 20�50
mrad are anticipated, so the calorimeter must extend
close to the beam. For simplicity we consider an an-
nular calorimeter with angular coverage above 20 mrad
(for example, located at 2.5 meters from the target, with
inner radius of 5 cm). The beam electrons emerge from
a 0.1 radiation-length tungsten target in a Molière dis-
tribution, with typical transverse momenta of 5 MeV.
Therefore less than 1% of the electron beam hits the
calorimeter, leading to a <

⇠ 1 MHz singles rate, which
is high but manageable for a trigger requiring two hits.

With these parameters the A0 production rate is about
1 every ten hours. O↵-line track reconstruction can
be used to remove the backgrounds associated with
the Coulomb scattering pile-up and other background
sources, in particular Bethe-Heitler pair production from
the target. The quality of the experiment will depend
crucially on the precision of the vertex reconstruction
using the silicon strip information. Our sample point
has typical impact parameter ⇠ 160 µm and laboratory
decay lengths of order 2.3 mm, which should be cleanly
resolvable. The sensitivity of this configuration, assum-
ing several di↵erent resolutions, is illustrated in Figure
6.

For smaller masses, the calorimeter must be placed at
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FIG. 7: Left: Schematic diagram of an experimental scenario for benchmark point D (✏ ⇠ 3⇥10�4, mA0 ⇠ 1 GeV). An electron
beam with an energy of ⇠ 6 GeV and a current of about 100 µA – 200 µA is incident upon a 0.1 radiation length aluminum
target. A wide-angle high-resolution spectrometer allows triggering on events in which one electron and one positron carry
most of the beam energy. The signal is distinguished from background events with the help of various kinematic selection cuts
(relatively symmetric l+l� final state and possible recoil electron tagging) and a “bump hunt” — see text and appendix C for
further details. Right: Various estimates of the possible reaches of a wide-angle spectrometer, with (bottom) and without
(top) tagging vertices displaced by > 1 cm to reject background. In each case, the outer thin black line represents a significant
total rate, with no geometric acceptance requirements (S/

p
B > 5 in the no-vertex (top) region, 10 or more events in the vertex

(bottom) region). The thick blue curve shows the reach when decays are required to land more than 200 mrad away from the
beam line, and the inner dotted curves assume an additional 1% signal e�ciency from acceptance. In these two cases, each
curve represents the total reach obtained by running at several beam energies. Gray contours and Orange Stripe: exclusions
from past experiments (E137, E141, E774, electron and muon anomalous magnetic moments, and ⌥(3S) resonance searches)
and the region that explains DAMA/LIBRA in a simple model — see Figure 1 for more details.

is naively enhanced by O(T/↵) relative to Bethe-Heitler
trident production, but can be rejected e↵ectively with
the same kinematic cuts. It is, of course, reducible by
thinning the target, which allows a compensating in-
crease in average beam current. We have not consid-
ered pile-up processes, but assume they are small when
the three products are required to reproduce the beam
energy within resolution.

For this scenario, we consider a 0.1-radiation-length
aluminum target in a 4 GeV beam. The total yield of A0s
is roughly 10�16 per incident electron. If we assume an
average beam current of 250 µA (beam power of 1 MW)
and an experimental duration of 106 sec, the total rate of
A0 production is of order one per second, or >

⇠ 105 per
experiment. These are emitted in a cone of size ⇠ 100
mrad, with decay products at opening angles near 250
mrad and the recoiling electron at a rather wide angle,
0.5 radians. The yield of background tridents having
a di-muon mass within one percent of the A0 mass is,
according to (19), about 300 times larger, or 3⇥ 107 per
experiment. The estimated cumulative sensitivity of this
configuration, and similar ones obtained by lowering the
beam energy down to ⇠ 1 GeV, is illustrated in Figure
7. To obtain the contours in this figure, we require that
S/
p

B � 5, i.e. (S/✏bB0) ⇥ S � 25, where S is the
signal rate, and B is the background rate, B0, times the

background rejection e�ciency ✏b. We use equation (19)
to obtain S/B0, and choose reasonable values for ✏b.

The signal rate above is, indeed, larger than necessary
for the A0 resonance to be statistically significant. A less
ambitious (and perhaps more realistic) experiment would
also su�ce for discovery. There are at least three ways
to back o↵ from this scenario. One way is evidently to
improve the mass resolution. A second way is to reduce
the beam intensity, keeping the acceptance complete. A
reduction in beam current by a factor of 100 would still
leave a viable signal. The third way is to reduce the ac-
ceptance; a one percent acceptance by itself would again
leave a viable signal.

Optimization involves a choice of a combination of
these factors. Je↵erson Laboratory looks like an espe-
cially appropriate venue for this scenario, with two spec-
trometers with very good electron momentum resolution.
In particular, the small-acceptance, high-rate spectrom-
eters in Hall A has momentum resolution of order 10�4

and the large-acceptance Hall B CLAS detector has elec-
tron momentum resolution better than 1% [51]. There-
fore it would seem that using an electron-positron pair for
the A0 decay products may make more sense than using
a di-muon pair. However, we feel further investigation is
best done with the aid of expertise within the Je↵erson
Laboratory experimental community.
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FIG. 5: The layout of the experimental setup — see text for
details.

positron and one of the electrons, gives a spectrometer
e�ciency of ⇠ 0.14%.

IV. EXPERIMENTAL SETUP

In this section, we describe the experimental setup of
the APEX experiment in JLab Hall A. Many of these
features are also readily adaptable to other experimental
facilities.

The APEX experiment will measure the invariant mass
spectrum of e+e� pairs produced by an incident beam
of electrons on a tungsten target. The experiment uses
the two high-resolution spectrometers (HRS) [82] avail-
able in Hall A at JLab (see Table I for design specifica-
tions), together with a septum magnet constructed for
the PREX experiment [26], see Figure 5. The physical
angle of the HRS with respect to the beam line does not
go below ⇠ 12�, but the septum allows smaller angles to
be probed down to ⇠ 4�

� 5� by bending charged tracks
outward. The detector package in each HRS available in
JLab Hall A includes two vertical drift chambers (VDC),
the single photo-multiplier tube (PMT) trigger scintilla-
tor counter (“S0 counter”), the Gas Cherenkov counter,
the segmented high-resolution scintilator hodoscope, and
the double-layer lead-glass shower counter.

The electron beam has a current of 80 µA (correspond-
ing to ⇠ 7 C on target per day!), and will be incident on
a solid target located on a target ladder in a standard
scattering chamber. The target will be made of tungsten
wires strung together in a horizontal plane orthogonal to
the beam direction. The target plane will be mounted at
an angle of about 10 mrad with respect to the horizontal
plane. The beam will be rastered by ±0.25 mm in the
horizontal and ±2.5 mm in the vertical direction to avoid
melting the target.

The electron will be detected in the the right HRS
(HRS-R) and the positron will be detected in the left
HRS (HRS-L). The trigger will be formed by a coinci-
dence of two signals from the S0 counters of the two arms

Beam

zig−zag tilted target

5

0.5
o

o

.

.

0.01 mm diameter W wires

Electrons

Positrons

FIG. 6: The top view of the tilted target. The beam is
rastered over an area 0.5⇥5 mm2 (the latter is in the ver-
tical direction). The beam intersects the target in four areas
spread over almost 500 mm. Pair components will be de-
tected by two HRS spectrometers at a central angle of ±5�.
Each zig-zag of the target plane is tilted with respect to the
beam by 0.5� and consists of a plane of parallel wires perpen-
dicular to the beam. This reduces the multiple scattering of
the outgoing e+e� pair (produced in a prompt A0 decay), as
described in the text.

and a coincidence of the signal in the S0 counters with
a signal from the Gas Cherenkov counter of the HRS-L
(positive polarity arm). A timing window of 20 ns will be
used for the first coincidence and 40 ns for the second co-
incidence. The resulting signal will be used as a primary
trigger of data acquisition (DAQ). An additional logic
will be arranged with a 100 ns wide coincidence window
between signals from the S0 counters. This second type
of trigger will be prescaled by a factor 20 for DAQ, and
is used to evaluate the performance of the primary trig-
ger. Most of the DAQ rate will come from events with
a coincident electron and positron within a 20 ns time
interval.

Note that since we want to search for a narrow peak
in the invariant mass spectrum of e+e� pairs, which re-
quires a high level of statistical precision, it is especially
important to have a very small level of systematics and a
smooth invariant mass acceptance. In [1], we show that
APEX has these properties.

A. The long tilted target

The experiment will utilize the standard Hall A scat-
tering chamber as it is used by the PREX experiment,
with a target consisting of a 50-cm-long tilted wire mesh
plane. The concept of the target is presented in Figures 6
and 7. The wires comprising each plane are perpendicu-
lar to the beam-line. The tilt angle of 10 mrad is su�cient
to ensure stability of the beam-target geometry, and at
the same time such a tilt angle is 10 times smaller than
the central angle to the HRS, which results in a reduc-
tion of the path length traversed by the produced e+e�

pairs. The wires comprising of each zig-zag plane are
spaced so that outgoing e+e� pairs coming from prompt
A0 decays inside a wire only travel through a single wire
(for some configurations, the outgoing e+e� pair may not
have to traverse any wire if the A0 does not decay inside
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Rouven, Philip and I have continued to think about new directions 
for experiments, and work closely with experimentalists to realize 
them.  

 
BEST was on the leading edge of a much broader movement 
towards theorists’ creative engagement with new experiments.
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◈ Operated at 135K and high-vacuum regime to

reduce dark current without generating CTI 
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◈ This reduces muon environmental background 
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◈ Inner (1” each) and outer (2” each) lead bricks 
reduces environmental gamma radiation

MINOS setup: location and shielding
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suggesting hermetic, large-acceptance calorimetry placed directly in the beamline behind the target. Because
the vast majority of outgoing particles are scattered electrons or bremsstrahlung photons, the central part
of this calorimeter must be optimized for electromagnetic showers (an “ECal”). Furthermore, because the
ECal signal rate is of the same order as the repetition rate of the beam, the ECal must be fast and have
good spatial and temporal resolution to distinguish energy deposits from di↵erent events. Indeed, the ability
to resolve the ECal responses to individual electrons sets the overall ceiling on the beam repetition rate
(. 40 MHz) as well as limiting each bunch to a few electrons spatially separated within the beam spot. The
LESA beamline (see Sec. 3.4.1) can operate at these limits, allowing LDMX to accumulate 1016 electrons
on target in a reasonable few-year running period. Meanwhile, the most pernicious potential backgrounds
involve a hard bremsstrahlung that carries away most of the electron energy, followed by a highly atypical
muon conversion or photo-nuclear reaction that happens to leave little energy in the ECal (see Figure 5).
Identification of these events calls for a large and highly sensitive hadronic calorimeter (HCal) surrounding
the ECal to veto events with any significant in-time energy deposit.

Figure 7: Left: An overview of the LDMX detector solid model. Right: A cutaway overview of the LDMX detector
showing, from left to right, the trackers, trigger scintillator and target inside the spectrometer dipole, the ECal, and
the Side and Main HCal.

The LDMX apparatus, a compact realization of this concept, has been presented in detail in [63] and is
shown in Figure 7. Following the beam, the detector subsystems in the magnet region are a silicon tagging
tracker (STT) inside a dipole magnet and a silicon recoil tracker (SRT) in the fringe field of the magnet, with
a thin tungsten target interposed between them. Behind the SRT is a compact and highly segmented Si-W
electromagnetic calorimeter (ECal) with excellent MIP sensitivity that is surrounded by a large scintillator-
based hadronic veto system (HCal) with low energy thresholds. Two important details follow from this
picture. First, because the beam passes directly through the trackers and into the ECal, these detectors
must contend with high radiation doses to enable an experiment for 1016 EOT. To mitigate this issue, and
also reduce the peak occupancies in these devices, a large, rectangular beamspot with area on the order of
20 cm2 is used. As a result, only the ECal has challenging requirements for radiation tolerance. Second,
the rates in the detector prohibit streaming readout: a fast trigger is required. Because signal events have
unusually large missing energy in the ECal, and such events are very rare, the simplest strategy is to trigger
on low energy in the ECal. In order to set an appropriate energy threshold for this trigger, the number of
incoming electrons in each beam bunch must be known. This can be easily accomplished with an array of
small scintillator bars – a Trigger Scintillator (TS) system – placed in the path of the beam to count the
number of incoming electrons in each bunch.

These detector subsystems – Beamline and Magnet, Trigger Scintillator, Tracking, ECal and HCal –
along with the trigger and data acquisition electronics (TDAQ) and the software and computing environment
required for simulation and analysis of the data define the scope of the technical systems for the experiment
that are being developed under the DMNI project in preparation for construction. The following provides
an overview of the technical details of these systems.
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longer	pulse,	lower	amplitude	and	looser	tolerances.	The	septum	magnet	is	identical	to	the	LCLS-II	
HXR	and	SXR	Lambertson	septum	magnets.		

The	transfer	line	itself	is	a	250	m	beamline	connecting	the	kicker	at	the	end	of	the	SLAC	linac	to	the	
existing	A-line	leading	into	End	Station	A	(ESA)	as	illustrated	in	Figure	1.	The	beamline	uses	
magnets	already	available	at	SLAC	or,	in	the	case	of	the	kicker	and	septum,	existing	magnet	designs.	
The	detailed	layout	has	been	examined	to	ensure	non-interference	with	other	parallel	beamlines.		

For	a	missing	momentum	experiment	and	test-beam	operations,	the	beam	must	be	degraded	from	
~25	nA	in	the	linac	to	a	desired	current	between	100	fA	and	125	pA,	corresponding	to	between	1	
and	approximately	500	electrons	per	µs,	or	a	maximum	of	0.5	Watts	of	electron	beam	power	at	4	
GeV.		This	is	achieved	by	degrading	the	beam	using	a	spoiler	in	the	A-line	(PR10),	and	then	
collimating	the	secondary	beam	and	tuning	the	A-line	to	transport	electrons	of	an	energy	slightly	
lower	than	the	primary	beam	energy.		This	procedure	increases	the	beam	emittance	which	
generally	results	in	a	beam	spot	size	on	the	scale	of	several	mm2	to	1	cm2.			Where	an	even	more	
diffuse	beam	is	required,	as	for	missing	momentum,	defocusing	quadrupoles	in	the	End	Station	will	
be	used	to	spread	the	beam	over	areas	up	to	O(10)	cm2.	

  
Figure 1. Layout illustrating SLAC linac, the LCLS / LCLS-II beamline, and End Station A with the newly 

proposed kicker and transfer line connecting to the existing A-Line. 
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Another amusing theory-experiment connection
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Bj’s approach influenced each of us – and how we do physics. 
It was from bj that I learned the great value of talking about physics 
especially across perspectives and domains of expertise. 
I learned from bj’s example that “theorist” and “experimentalist” 
(and subspecies thereof) are best thought of as labels of what 
we bring to the table, not as boundaries on what we can work 
on. 

His broad intellectual legacy is a testament to these lessons.
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