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DM Orthodoxy

We know there is Dark Matter.

We know the vast majority is some new form of matter.

A new, massive particle that interacts via the weak interaction (WIMP) 
seems to be the simplest explanation, BUT…

Gravitational LensingGalactic Rotation Curves Structure of CMB
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The Search for WIMPs

Searches for WIMPs 
where we most expect 
to find them haven’t 
seen anything.

Within next few years, 
LZ, SuperCDMS, and 
the LHC will either 
find WIMPs or rule out 
most of the accessible 
parameter space.

1310.8327

Direct Detection Landscape

an active, important, and exciting program!What if the WIMP Miracle turns out to be the WIMP Coincidence?
Where else should we look?
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Light Dark Matter?
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??

Can we go lower in DM mass?

and even lower??
DM

?? 
In principle, lower masses are fine, 
but require a new, light force carrier 
to achieve required annihilation rate.
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“Lee-Weinberg Bound”
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A New Force?  Why Not?

The Standard Model is 5% of the universe.

Why should the 27% that is Dark Matter be any simpler?

What would a “dark force” look like?

you are here

~ 27%~ 68%
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Dark Forces Primer

simplest case is a U(1)′ analogous to EM

The “dark photon” A′ can mix with the SM photon.

This kinetic mixing               creates “vector portal”…  
(N.B. also allowed by gauge and Lorentz invariance:  
higgs portal, neutrino portal, gauge portal)

…generating an      coupling to SM fermions:  
 
 

If SM in GUT                             and  
as small as 10-7 if both U(1) in unified groups.

U(1)′ can be broken ⟹ MA′ > 0: if a massless A′ couples to DM, 
then DM is strongly constrained ⇒ “heavy photons”
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Dark Photon Parameter Space

Possible origin for mass: related 
to mZ by small parameter

e.g. SUSY+kinetic mixing  
⇒ scalar coupling to SM Higgs:
mA0 ⇠

p
✏ mZ ⇡ MeV – GeV

14 The Low-Energy Frontier of Particle Physics

Figure 4: Summary of cosmological and astrophysical constraints for hidden pho-

tons (kinetic mixing χ vs. mass mγ′) (compilation from Ref. [35]). See the text

for details. In addition we also show laboratory limits (see Sect. 4 for details on

the constraints in the sub-eV regions; at higher mass we have electroweak pre-

cision measurements (EW), bounds from upsilon decays (Υ3S) and fixed target

experiments (EXXX)). Areas that are especially interesting are marked in light

orange.

plasma: the larger ρ, the sooner the p-n freezing the closer n/p becomes to the

high temperature value of 1/2. After decoupling, during the proper primordial

nucleosynthesis, neutrons are mostly confined into 4He nuclei whose primordial

abundance can be measured today, leading to a bound on the non-standard energy

density ρx during BBN, usually expressed as the effective number of extra thermal

neutrino species,

N eff
ν,x ≡

4

7

30

π2T 4
ρx. (22)

A recent determination of this number [42] resulted in

N eff
ν,x = −0.6+0.9

−0.8, (23)

for three standard neutrinos. Therefore, while an extra neutral spin-zero particle

thermalized during BBN is allowed, this is not the case for other WISPs like a

mini-charged particle, for which

N eff
ν,MCP ≥ 1, (24)

or a massive hidden photon, with

N eff
ν,γ′ = 21/16. (25)

l
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g

1
0
✏

log10 mA0
(eV)

l+

l�

A0 ✏e
“visible decays”

gD

l+

l�

A0
�

�“invisible decays”

2Mee < MA′ < 2MDM: A′ favors decay to SM fermions ⟹ HPS

If MA′ > 2MDM: presume              so A′ favors decays to DM.gD � ✏e

Two interesting possibilities:

✏ ⇠ 10�2 � 10�7
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Searches for Visibly Decaying Dark Photons

Any process that produces photons will produce dark photons at a reduced 
rate as long as it is kinematically allowed

µ+

µ�

𝜖e

𝜖e

e+e- colliders

BaBar

pp collider

ATLAS
CMS
LHCb

A0

A0

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
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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

e- fixed target

“darkstrahlung”

p fixed target

NA48/2
@ SPS

meson decays

+ meson decays “lepton jets”
+ meson decays

?
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We present a new determination of the parity of the neutral pion via the double Dalitz decay
⇡

0 ! e

+
e

�

e

+
e

�. Our sample, which consists of 30 511 candidate decays, was collected from KL !
⇡

0
⇡

0
⇡

0 decays in flight at the KTeV-E799 experiment at Fermi National Accelerator Laboratory.
We confirm the negative ⇡

0 parity, and place a limit on scalar contributions to the ⇡

0 ! e

+
e

�

e

+
e

�

decay amplitude of less than 3.3% assuming CPT conservation. The ⇡

0
�

⇤

�

⇤ form factor is well
described by a momentum-dependent model with a slope parameter fit to the final state phase
space distribution. Additionally, we have measured the branching ratio of this mode to be B(⇡0 !
e

+
e

�

e

+
e

�) = (3.26± 0.18)⇥ 10�5.

PACS numbers: 14.40.Aq, 13.40.Gp

The parity of the neutral pion has been determined
indirectly by studying negative pions captured on deu-
terium [1, 2]. The observed reactions imply that the ⇡

�

is a pseudoscalar and that the parities of the ⇡

� and
the ⇡

0 are the same. It has long been known that the
decay ⇡

0 ! �� in principle o↵ers a direct means of de-
termining the ⇡

0 parity through the polarizations of the
photons [3, 4]. Given that there are no available meth-
ods for measuring the polarization of a high-energy pho-
ton, this measurement has never been performed. How-
ever, it was soon noted that the double Dalitz decay
⇡

0 ! e

+
e

�

e

+
e

�, which proceeds through an interme-
diate state with two virtual photons (see Fig. 1), is sen-
sitive to the parity of the pion since the plane of a Dalitz
pair is correlated with the polarization of the virtual pho-
ton [5, 6]. This process was studied in a 1962 hydro-
gen bubble chamber experiment using stopping negative
pion capture (⇡�p ! n⇡

0). That group observed 206
⇡

0 ! e

+
e

�

e

+
e

� events and reported that the observed
distribution of the e

+
e

� planes was consistent with a
pseudoscalar pion and disfavored a scalar pion at the
level of 3.6 standard deviations [7]; this experiment also

FIG. 1: Lowest order Feynman diagram for ⇡

0 ! e

+
e

�

e

+
e

�.
The direct contribution is shown; a second diagram exists
with e

+
1 and e

+
2 exchanged.

produced a measurement of the branching ratio of this
decay, which remains the most precise result to date.

Using a sample of more than 30 000 ⇡

0 ! e

+
e

�

e

+
e

�

decays, we report new precise measurements of the prop-
erties of this decay. Our modeling of the decay includes
for the first time a proper treatment of the exchange
contribution to the matrix element, and consideration
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Dark Photon Search:  
Current Constraints

Gray: Beam Dump

All other colors: Pair 
resonance searches
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Constraints on Visibly Decaying Dark Photons

�c⌧ / 1
✏2m2

A0

Lepton jet constraints not comparable 
since production mechanism unknown.

Generally, searches are “bump hunts” 
for m(e+e-) resonances.

One more lever: A′ becomes long lived at 
small couplings. 

Leads to constraints from  
“beam dump experiments”
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with a few photons) coming from decaying pion secon-
daries. These "skyshine" particles were very useful for
timing the electronics and setting the experimental gate,
as well as for checking out and monitoring detector per-
formance. During the data taking with the beam dump,
the target was, of course, removed, and the primary elec-
tron beam was transported, without changing steering, to
Beam Dump East.
In order to reduce skyshine background considerable

concrete shielding was added around the beam transport
through End Station A. A lead wall at the upstream end
of End Station A was also useful in reducing skyshine
from sources immediately upstream of End Station A.
The direction and focusing of the electron beam be-

tween End Station A and Beam Dump East was checked
with remotely controlled roller screens. The screens were
coated with ZnS material and marked with a fiducial
grid. The luminescence of the screen when bombarded
with electrons allowed fine adjustment of steering and
focusing. After adjustment and during data taking, the
screens were moved to a position with empty holes, such
that the beam transversed the hole without intercepting
any material.

8. The detector
FIG. 2. Layout of SLAC experiment E137.

through End Station A, site of the classic deep-inelastic
electron scattering experiments. Then the beam contin-
ued through a vacuum pipe to reach Beam Dump East,
located in the beam at the downstream end of the SLAC
research area, where all the beam power was absorbed in
an assembly of aluminum plates interlaced with cooling
water. After Beam Dump East, a hill of 179 m in thick-
ness served as additional absorber for all known particles
other than neutrinos. The detector, an electromagnetic
shower counter with excellent angular resolution, was lo-
cated across a valley from this hill, with 204 m of decay
path between the exit point of the beam from the hill and
the detector.

A. Beam setup

The beam transport to End Station A acted as a
double-focusing spectrometer with an energy-defining slit
located at the intermediate focus. From End Station A
to Beam Dump East, the beam was made parallel. There
were no magnetic elements in this portion of the beam
transport system. The intensity of the beam was rnea-
sured by two 33-in.-diameter toroids on a pulse-to-pulse
basis. The typical momentum spread of the beam was
4p/p =1%.
In End Station A, a remotely controllable aluminum

target of various thicknesses could be inserted into the
beam to generate beam-associated "skyshine" back-
ground. Charged pions produced in this target emerged
into the air space above the top of the hill which was
viewed by the detector. These pions could interact with
the air, producing at the detector mainly muons (along

The detector consisted of an eight-layer, 8-radiation-
length shower calorimeter. Each layer consisted of a
hodoscope of 1.5 mX0. 5 rnX1 cm plastic scintillation
counters, one radiation length of iron or aluminum con-
verter, and one multiwire proportional chamber. For the
first phase of the experiment (-10C of 20-GeV electrons
dumped), each plane was a 2 X 3 mosaic of the 1 m X 1 m
proportiona1 chambers used in the Ferrnilab experiment
of Heisterberg et al. which measured v„e elastic scatter-
ing; aluminum radiator was used. For the final phase of
the experiment (-20 C of 20-GeV electrons dumped)
new 3 m)&3 m proportional chambers of similar design
were installed, and the aluminum radiator was replaced
by steel.
Clearly good angular resolution ( «50 mrad) was

essential, and this capability was obtained from the mul-
tiwire proportional chambers. As shown in Fig. 3, the
two cathode planes of the chambers consist of delay lines
milled from copper-clad 610, one for horizontal readout,
the other for vertical. Each delay line was tapped at
several points (five for the 1 m X 1 m chambers, and 24
for the 3 m X 3 m chambers) and each cathode signal was
fed into a charge-coupled device (CCD) operating at 50
MHz. In order to reduce the attenuation, the delay lines
on the 3 m)&3 m chambers were cut into 23 pieces; 22 of
them had readout on one end only, and one was read out
from both ends. The CCD, acting as a fast analogue shift
register, subdivided an incoming pulse into 20-nsec seg-
ments and stored the charge of each segment into con-
secutive CCD "buckets. " When a trigger from the scin-
tillation hodoscope occurred, the CCD clock rate was re-
duced to 20 MHz until the charges stored in the 36
"buckets" of each CCD could be digitized in sequence by
one analogue-to-digital (ADC) converter. This provided
essentially analogue information on the cathode pulse

SLAC E137

e- A′ e+e-

soccer field!



A! Production Kinematics
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The Heavy Photon Search Experiment

• HPS is an e- fixed-target search for visibly decaying dark 
photons using the CEBAF12 (1-12 GeV) beam in Hall B at JLab.

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

• Analyzing magnet spreads out e+e- pairs and enables 
momentum measurement.

e�
e+

e�

~B

~1 meter



~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

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

11

Key Components of HPS

• SVT measures trajectories of electrons to reconstruct e+e- mass and vertex position.

• ECal provides trigger with precision timing to reject background.

Relative to APEX/A1: much smaller apparatus, much larger acceptance, precision vertexing

Silicon Vertex Tracker
Built at SLAC

PbWO4 ECal
Built by JLab/Orsay/INFN



Virtual photon tridents have identical 
kinematics for given m(e+e-) ⇒ irreducible 

Bethe-Heitler tridents are kinematically 
different but still dominant in signal region.

Searching for New Vector Bosons A0
Decaying to e+e� p. 21
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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:

APEX
acceptance

HPS
acceptance
(after cuts)
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HPS Signal Sensitivities
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g

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 SM trident background

𝜖2

�c⌧ / 1
✏2m2

A0

*

*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”
−9
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Beam Backgrounds Dominate Occupancies

Signal kinematics demand acceptance very close to beam axis where scattering from target creates extreme backgrounds.

SVT and ECal must be split above/below beam plane but instrument as close as possible for good acceptance

Creates challenges for occupancy/data rate, radiation tolerance, detector safety (SVT L1 500 𝜇m from beam axis!)

Reducing SVT occupancy to a manageable level requires precision hit timing in ECal, trigger and SVT  
to take advantage of 2 ns CEBAF bunch timing.

Signal

~ 10-100 mrad
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HPS Detector

HPS Collaboration meeting, JLab June 2014

 

8

Connection board

SVT
• 6 layers, 0.7% X0/layer, in beam vacuum
• 𝜎y = 6 𝜇m, 𝜎x= 60(120) 𝜇m in L1-3 (L4-6)
• 𝜎t = 2 ns (offline) 
• 50 kHz max trigger rate
• >100 gb/sec max data rate
• L1-3 vertically retractable
• 6 month lifetime (1.6×1014 1 MeV neq.),  

biased at 1000V and cooled to -20C.

ECal
• 442 PbWO4 crystals

•                 

• 𝜎t = 8 ns (trigger), <1 ns (offline) 
• >100 kHz max trigger rate

�E = 4%p
E

@ 1 GeV

power
flange

signal
flange

SVT, target
movers

e�

e+

e�

target

sensorsFE ASICs

DAQ
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HPS Run Plan and Reach

HPS approved to run for 180 days, 
but Hall B is heavily oversubscribed.

HPS run plan maximizes physics 
from first month of running time.

Early running has been opportunistic 
(mostly nights and weekends) as 
allowed by construction of large 
general-purpose detector, CLAS12.

HPS 
1 week @ 1.1 GeV 
1 week @ 2.2 GeV 
2 weeks @ 4.4 GeV

HPS
e-
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2015 and 2016 Running

SVT @ 0.5 mm

In
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 ×
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)

unplanned CEBAF down
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 ×
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tim
e 

(m
C

)

commissioning with
SVT @1.5 mm

SVT
@1.5 mm

SVT @ 0.5 mm
2016 Physics Run

200 nA @ 2.3 GeV

5.4 days (92.5 mC) of 
physics data

2015 Engineering Run

50 nA @ 1.06 GeV

1.7 days (10 mC) of 
physics data
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ECal Performance

Hit Energy [GeV]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

_t
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0
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Figure 8: Measured energy of elastically-scattered electrons after calibration and correction f

due to shower leakage, at a beam energy of 1.05 GeV. This plot sums over all seed hit crystals

except those on a calorimeter edge.

regime.290

For each WAB event, the energy sum of the two corrected clusters was

calculated as :

E

sum

⌘ E

e

�

f

e

�
+

E

�

f

�

(3)

where E

i

and f

i

are respectively the cluster energy and the shower leakage

correction for the electron or the photon. Using Eq. 3, the correction functions

f

i

were adjusted for each particle such that the sum of the two corrected clusters295

matches the incident beam energy. It was also required that the ratio f

e

�/f
�

be unchanged with respect to the simulation and that the elastically-scattered

electrons were not a↵ected. These changes to the energy correction functions

were found to be within 1%.

15

Energy [GeV]
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E
=
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E
� 2.87p

E
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(E in GeV)

cluster energy resolution single-crystal time resolution

fit @ 1.06 GeV fitted pulse
shape
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SVT Performance

�p

p = 6.8%

momentum resolution at 1.06 GeV

8

FIG. 4: Distribution of measured momenta for Coulomb scattered full energy electrons.

for heavy photons. The Moller invariant mass peak, shown in Fig.5, demonstrates that tracking

resolution is already very good. The mass resolution is essentially at design and the mass scale

o↵set within 3%.

FIG. 5: The invariant mass of e�e� from Moller scattering.

All in all, the SVT is operating reliably in its design location, e�ciently taking data, and

mass resolution @ ECM =
p

2meEbeam

Figure 5.14: The mass resolution as a function of mass calculated using the in-
variant mass distributions of A0 (blue) and Møller Monte Carlo (red) as well as
Møller data (purple). The mass resolution calculated using data is within 10% of
the expected value calculated with Monte Carlo.

5.3 Trigger Performance

The performance of the trigger was studied by using a simulation of the trigger

and comparing it to the hardware trigger. First, the raw FADC hits are converted

to simulated clusters using a simulation of the hardware clustering algorithm.

75

momentum (GeV)

tr
ac

ks
 / 

40
 M

eV

m(e+e-) (GeV)

ev
en

ts
/1

25
 K

eV

mass resolution data/mc comparison
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Resonance Search Status (Large 𝜖)

Refining analysis on small 
subset of data before 
freezing cuts and 
unblinding full dataset.

Initial result on unblind 
2015 sample with very 
tight cuts in first HPS 
thesis (Omar Moreno).

Expect complete result 
soon, followed more 
quickly by 2016 results.

0.47 mC (~ 2 hours of data)

Figure 7.9: Upper limits on the coupling strength.

110

Prel
im

ina
ryFigure 7.3: Probability density function obtained by applying a smoothing algo-

rithm to the Heavy Photon Search Monte Carlo invariant mass distribution.

100 MeV with the total number of events, 437,766, chosen to match the num-

ber observed in data. The resulting pseudo data is binned to match the data

distributions with the expectation value of each bin Poisson distributed.

7.2.2 Mass Binning

Ideally, an unbinned maximum likelihood fit would be used to estimate the fit

parameters describe previously. However, due to the large number of statistics,

this wouldn’t be possible to do in a reasonable amount of time. Instead, a binned

100

Measured e+e- Masses 

Prel
im

ina
ry

90
%

 C
L 

U
pp

er
 L
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it 
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2
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FIG. 10: The flight distance in millimeters beyond which the expected background from a PAC week of

data at 1.056 GeV is 0.5 events versus the e+e� mass in GeV. The data is given in black, the value used in

the proposal to estimate the reach in blue.

as needed for the A0 search, but with slightly reduced e�ciency compared to the proposal. We

expect further cut optimization to minimize the resultant small impact on the expected vertex

reach.

VII. Requests for Approval and Scheduling

In its 2015 Engineering Run, HPS proved that it is a working experiment ready to conduct a

meaningful search for heavy photons. It took enough data to begin the search at low masses. The

Hall B beamline delivered the needed small spots, low beam halo, and beam position stability at

the < 60 µm level, as needed for the experiment. This beam allowed the SVT to be positioned

as per design just 500 µm from the beam and operate there e�ciently and reliably. The ECal

pre-run calibration with cosmic rays was more than adequate to determine the ECal’s energy

response, set the needed trigger thresholds, and record events with low noise and good positional

and energy resolution. A sophisticated, high-rate trigger which exploited both energy and position

information of clusters in the ECal performed perfectly; online diagnostics proved all the algorithms

fully e�cient; and tridents were recorded at the expected levels in the data. Data taking worked

Prel
im

ina
ry

13

spurious large decay length vertices, are in excellent agreement with Monte Carlo simulation. The

same cuts were used as those which had been used in the proposal, and they have the desired e↵ect.

Remember that the analysis proceeds by counting the number of vertices beyond a cut where the

background is at the level of 0.5 events. Long-lived A0 events will survive the cut. For tridents,

the e�ciency of the tracking and vertexing cuts in the data matches that in the Monte Carlo, and

this e�ciency for A’s (in full Monte Carlo) and hence the vertexing reach per PAC day in the 2015

data is consistent with that of the proposal.

FIG. 9: A sample of the vertex distribution for events with invariant mass between 38.5 MeV and 42.9 MeV

from the unblinded sample of the 2015 engineering Run data. Other mass bins are similar. The observed

vertex distribution (black) is in good agreement with the Monte Carlo prediction (red), even in the extreme

tails. The slight o↵set of the data with respect to the Monte Carlo reflects the need for further tuning of

the actual target location in the data, but does not a↵ect the conclusion.

These vertex distributions can be fit with a Gaussian core and exponential tail. The fits are

used to predict the cut in vertex z position beyond which we expect just 0.5 background event

for one PAC week of data. This so-called z-cut distribution is shown in Fig.10. The distribution

is in very good agreement with that used in the proposal to estimate the reach. So, modulo an

e�ciency factor, the reach of the present data will coincide with that projected from the proposal.

To reiterate, the trident yield and invariant mass resolution observed give HPS the reach that

was projected in the proposals. Present vertex cuts reduce the far tails of the vertex distributions

Prel
im

ina
ry
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Vertexing Search Status (Small 𝜖)

Refining analysis on small 
unblinded data sample.

Aim is <0.5 background events in 
~1010 event sample: many cross-
checks required before unblinding 
the full dataset!

Background vertex distributions 
match expectations.

Initial results will appear in 
upcoming thesis (Sho Uemura).

MC
data

data
MC
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HPS Outlook

Considering beam 
availability, important to 
obtain maximal physics 
from HPS running time.

Planning upgrade of SVT to 
improve vertex resolution 
and extend reach.

HPS will run periodically at 
JLab until ~2020, as beam 
time becomes available: a 
long run is requested (and 
expected) in 2018.
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 Four “minimal” LDM 
scenarios:

– Dirac fermion
– (Elastic) Complex Scalar

– Majorana (Inelastic)
 fermion

– (Inelastic) Complex Scalar

Landscape of Scenarios

The four minimal models all have a 
thermal DM parameter range of interest!
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What about MA′ > 2MDM?

Assume abundance of light dark 
matter with dark photon 
interaction is determined by 
thermal origins.

Can calculate minimum cross 
section allowed to avoid producing 
too much DM.

Defines a parameter space with 
clear targets for light DM searches.

{

DM annihilation

A0 �

�

�̄

e�

e+

1

+ other modes↵D

✏ ↵

�v ⇠ ↵D✏2↵⇥
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�
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⇥m2
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×

y ≡ dimensionless parameter
controlling cross-section
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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
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Beam Dump and Missing Energy Approaches

BDX @ JLab

LDMX “Stage 1
” 

BDX 

@ JLab

NA64 @ CERN
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LDMX “Stage 1
” 

BDX 

@ JLab
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Missing Momentum: LDMX @ DASEL

There is more information for 
background discrimination in 
measurement of 4-momentum 
change at target.

LDMX concept adds tracking 
both upstream and 
downstream of target, aiming 
for single event sensitivity with 
~1016 electrons on target.

DASEL is proposal to use 
LCLS-II drive beam at SLAC for 
these experiments:  
Dark SEctor Experiments  
at LCLS-II 

Light Dark Matter eXperiment
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Conclusions

In a universe without WIMPs, more 
complicated dark sectors must be 
considered among the likely possibilities.

HPS is a sensitive probe 
of dark forces. 

Accelerator-based 
experiments can also 
probe light dark matter.

Small, fun experiments 
in HEP can have a big  
physics impact!
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The HPS Collaboration

SLAC (15)
JLab (15)
ODU (4)
UNH (4)
UCSC (3)
William & Mary (2)
Stony Brook (1)
Idaho U. (1)
FNAL (1)

INFN Catania (4)
INFN Genova (4)
INFN Rome (2)
INFN Sassari (2)
INFN Torino (2)
INFN Padova (1) 

Orsay (7)
Scaly (1)

Yerevan (3)

Glasgow (2)

HPS has become increasingly diverse, 
but ATLAS/CMS it’s not!



Extra Slides



29

The HPS SVT

L4-6 (stationary)

L1-3 (movable)

DAQ
front-end
boards

power
flange

signal
flange

SVT, target
movers

e�

e+

e�

target

outer box  
w/ support ring

L1-3
support channel 
w/ motion lever

6 layers of silicon strips, each measures position  
(~6 𝜇m) and time (~2 ns) with 0.7% X0 / 3d hit.
Must operate in an extreme environment:
• beam vacuum and 1.5 Tesla magnetic field 
⇒ constrains materials and techniques

• sensor edges 0.5 mm from electron beam in L1  
⇒ must be movable, serviceable

• sensors see large dose of scattered electrons 
⇒ must be actively cooled to -20 C

• 23004 channels outputting >100 gb/sec 
⇒ requires fast electronics to process data
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SVT DAQ

APV25 Amp ADC
ADC 
RX

Sample
Framing

Event
Building

Data
Buffer

Data
Reduction

ROC
Application

ECal
TDAQ

Timing &
Trigger

Clocking & Control

18 

SLAC GEN3 RCE Platform 

DPM 
(2 x RCE) 

DPM 
(2 x RCE) RTM 

Fulcrum 
Ethernet 
Switch 

DTM  
(1 x RCE) 

ATCA 
Back 
Plane 

IPMB 

Ethernet 

Clock & 
Trigger 

Clock / Trigger 

10Gbps 

DPM 
(2 x RCE) 

10Gbps DPM 
(2 x RCE) 

• Developed by SLAC under generic DAQ R&D 
program (Huffer, Haller, Herbst) 
• Core software and firmware with hooks for 

experiment specific software and firmware  
• Strong internal support for base platform as 

well as assistance with custom development 
• COB (Cluster On Board)  

• Carries 1 DTM (Data Transport Module) 
• Single RCE for switch management & 

timing distribution 
• Carries 4 DPM (Data processing module) 

daughter boards 
• Each DPM supports 2 RCE 

(Reconfigurable Cluster Element) 

• RCE is Xilinx ZYNQ based FPGA 
with embedded ARM processor 

• Provides data processing firmware 
and software 

• High rate DAQ engine targeted 
towards > 100Khz trigger rates 

• Supports RTEMs & Linux 
 

Hybrid
(36)

Front End Board
(10)

RCE Platform

High density vacuum
penetration
@200 Gbps

Based upon SLAC RCE platform 
(ATLAS upgrade, DUNE, LSST…)

Some unique challenges too…

• CMS APV25 multi-peak readout 
for 2 ns time resolution

• In-vacuum ADC, voltage 
generation and power 
distribution/control on very 
dense Front End Boards

• Vacuum penetration for digital 
signals via high-density PCB 
through flange w/ external 
optical conversion.

• Supports trigger rates up to 50 
kHz, raw data rates in excess of 
100 gbit/sec.



SVT Construction

Sensor modules designed, assembled and tested at SLAC in close 
cooperation with UCSC/SCIPP.  Sensors from FNAL (D∅ Run2b)

Precision support system and tooling designed and built by SLAC 
and outside vendors.  Carbon Fiber from FNAL.

DAQ designed and assembled by SLAC TID/AIR

Final assembly at SLAC before shipping to JLab in February 2015. 



32

SVT Performance

Heavy Photon Search Collaboration Meeting July 02, 2014Omar Moreno (SCIPP)

Hit Time Resolution - All Sensors
❏ Layer 1 resolution is expected to be worse because of higher 

occupancies

15

Heavy Photon Search Collaboration Meeting July 02, 2014Omar Moreno (SCIPP)

Signal to Noise - All Sensors

❏ Noise of first three layers is higher by ~5-10%  so lower S/N is expected
❏ Also, amplitude is lower for first few layers so this will have an effect as well.

Top Bottom

13

L1L2L3L4L5L6

Heavy Photon Search Collaboration Meeting July 02, 2014Omar Moreno (SCIPP)

Hit Time Resolution - All Sensors
❏ Layer 1 resolution is expected to be worse because of higher 

occupancies

15

Time Resolution by LayerS/N by Layer

Heavy Photon Search Collaboration Meeting July 02, 2014Omar Moreno (SCIPP)

Signal to Noise

❏ Use RooFit to fit the 
cluster amplitude 
with a landau 
convoluted with a 
gaussian

❏ Signal/Noise is 
expected to be ~25 
→ Close to what is 
observed  

12

Heavy Photon Search Collaboration Meeting July 02, 2014Omar Moreno (SCIPP)

Hit time resolution
❏ The hit time of each of the clusters is obtained by computing the 

amplitude-weighted average of the fitted t0 times
❏ The t0 resolution was studied by comparing the cluster hit time to the 

average hit time of all cluster hits composing a track (Track time)

14

Slight shift in mean of track time between top and 
bottom tracks.  Time calibration needs to be improved
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Tracking Performance

layer number

Efficiency for attaching hits to tracks

Heavy Photon Search Collaboration Meeting July 02, 2014Omar Moreno (SCIPP)

Single Hit Efficiency

Top
Bottom
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What Comes Next?

• We are preparing an upgrade to the SVT for 
even better sensitivity (w/ UCSC/SCIPP)

• add another layer even closer to target

• a natural extension of the SVT project

• HPS will run periodically at JLab until ~2020, as 
beam time becomes available.

• The appeal of dark sector physics and the 
success of projects like HPS have bred 
competition! Many proposed experiments are 
hot on our heels for dark photons.

• New proposal to utilize unused bunches in 
LCLS-II drive beam for future dark sectors 
experiments at SLAC: DASEL.
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HPS, APEX… can probe g-2 for 
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