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Dark Matter Freeze-out:  WIMPs and wIMPS
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BUT, this doesn’t work for  
…  annihilation too small for weak-scale mediators 

χ < ∼ 2 GeV
χ



Kinetic Mixing and the Dark Photon
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WIMP miracle⇒wiMP miracle

link between SM and 
hidden sector is weak…
good place for DM to 
hide!

Hidden 
Sector 

(SU????xU???) 

(SUSY???)

SM
“Portal”

ℒ=ℒSM+ℒHS+ℒportal

LU(1)� = −1
4
V 2

µν −
�

2
VµνFµν + |Dµφ|2 − V (φ)

Kinetic Mixing
term

vector portal mixing with SM photon 
is very generic…if there is another U(1) 
in nature,  mixing must occur.  



Dark Photon Production and Decay (at Fixed Target)
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Production is analogous to bremsstrahlung: 

•prefers x~1 (i.e. EA’ = Ebeam) 
•small angle emission dominates

Aʹ decays back to charged SM fermions 
with BFs taken from  

R(e+e−→hadrons/e+e−→µ+µ−)

The decay length depends on mA’ and ε:

assumes mAʹ<m   i.e. can’t decay to hidden sector particlesχ



Visibly-Decaying  Dark Photon Parameter Space
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Visibly-Decaying  Dark Photon Parameter Space
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Prompt/Bump Hunt Region 
(Dependent on Beam Energy)



Visibly-Decaying  Dark Photon Parameter Space
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Prompt/Bump Hunt Region 
(Dependent on Beam Energy)

Beam Dump Region



Visibly-Decaying  Dark Photon Parameter Space
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Prompt/Bump Hunt Region 
(Dependent on Beam Energy)

Beam Dump Region
Displaced Vertex Region



HPS (as a template)
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Mechanical Structure

• Solution to crane 
issue

– Install lifting 
devices on the  
mounting 
system directly

• System rigidity 
has been 
reinforced

• ECal Mobility

– Necessary to 
access the PA 
and LMS

ECal

7 module (uv-stereo) Si Strip 
tracking detector in magnet

PbW crystal calorimeter 
for triggering etc.   

1 m



HPS Searches and Reach (it’s a long story)
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Small signal, NO background

HPS Physics Reach & Run Plan

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

does not reflect  reality

4000 bkg events
(50-100MeV)

10M bkg 
events

50 A’ at 80MeV
α~5×10−8

(after vertex cut) (after mass cut) 

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

“vertexing”

HPS Physics Reach & Run Plan

Heavy Photon Signatures
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toy MC for example only...
does not reflect  reality

40M bkg events
(50-100MeV)

30k A’ at 80MeV
α~3 ×10−7

Two types of searches, covering 
different coupling regions.

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

(α>10−7)

Background 
Subtracted

“bump-hunt”

Large signal, HUGE background

These are HPS projections including data we have on tape 
 (including 2019 & 2021 runs) 

bump-hunt is projection for combined 2015, 2016, 2019   
and 2021 data sets

HPS  
Preliminary  
Projections



The A’ is produced very forward → silicon has to be very close to beam 
•  we sit at ~15mrad around beam, at closer layers (5/10cm) it’s very hot! 

• the 15mrad set’s our lower-mass acceptance at a give beam energy 
• requiring ~1% max per/strip occupancy (so we can vertex cleanly) sets the max lumi  

• at e.g. 4 GeV we ran at 200nA on 20um W target

What limits HPS?  

11

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

10 13

10 14

X  (cm)

Y
 (

cm
)

H its/cm /30days2

Y
 (

m
m

)

Old Layer 1 e- exposure
8×1014

X (mm)

2

3

4

5
6
7

0.01

2

3

4

5
6
7

0.1

O
cc

up
an

cy
@

40
0n

A

6543210

X (mm)

Old Layer 1 occupancy

8 
ns

 o
cc

up
an

cy
 @

 4
00

 n
A

si
lic

on
 e

dg
e

active sensor area



To get the bump-hunt reach to 
lower coupling need more 
lumi…that’s it.   

Improves at sqrt(ℒ).   

To do that, need to get away 
from the beam (and give up 
vertexing)

Pushing the bump-hunts down
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Idea #1:  Two-Armed HPS
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Removes all detectors from magnet ~130cm downstream of target 

Large separation between electrons & positrons;  

Stay off the nominal beam line and photon trajectories at only small efficiency loss

2
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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 mA0 ⇠ 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 ⇠ (mA0/Eb)3/2 ⌧ 1, and decays to an
e+e� pair with a typical angle of mA0/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



• Being off the beam trajectory lets 
us get away with a much smaller 
vertical gap 

• earlier studies say ~5mrad is 
safe (at 10uA & 2.5% target) 

• since production cross section 
falls as 1/m2 this improves low-
mass reach significantly 

• Note:  early studies were done 
using 6.6 GeV beam…I switched 
to 4 GeV for this talk.  

Dead zone for TA-HPS
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Estimated reach for TA-HPS
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30 days @ 4 GeV on 1% W target  
(includes lifetime smearing)• Even with low current (100nA), this 

setup can reach new parameter space.   

• Large lever-arm and constraining 
vertex to beam spot @ target gives 
extremely good mass resolution! 

• BUT,  at low epsilon, these A’ will travel 
significant distances!!! 

• I’ve tried to account for this by: 

• simulating correct gammactau 
distribution/epsilon for decays in 
efficiency 

• degrading the mass resolution 
depending on expected distortion 
we’d see for a given m/epsilon 

Contours are from very simplified MC, for entertainment purposes only 



beam dump experiment’s 
diagonal edge is set by the 
distance of detector from the 
start of (mostly) the dump.  

To push up, need a stumpy 
dump with detector right after.  

Pulling the beam dumps up
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…this is a crowded space… 
NA62, FASER, DAMSA Pathfinder (CDR) are on trail 

http://arxiv.org/pdf/2601.15255


Dump HPS
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fancy diagram of hps floating in space with W dump instead of thin target 

(plus muon detector) 



About that dump…
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Ebeam = 6.6 GeV

1015/day @ 1 𝜇A

FLUKA simulation 
assuming just W 

dump (circa 2014)

Dump will have to be actively cooled 

• kWs of power to go somewhere 

For a W-only target:  

• Lots of fast neutrons!   
• note the units on y-axis here (/8ns/100 uA) 

• these are not great for silicon 

• assume running at 1uA, still have handful of p/
𝛑/𝛍 per 8ns 

• photons from hadronic reactions at back of 
dump?   

Forward-going A’ only produced in first few 
radiation lengths



Let’s assume we get beam dump sorted out 

• The beam will be ~gone after the dump, charged particles exiting dump will be softer and more spread 
out →  reduce gap to 5mrad  

• Look for pairs of charged tracks that give vertex downstream of the dump

Better(?)  schematic of beam-dump-HPS
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Charged tracks in 8 ns @ 10𝜇A 6.6 GeV



Looks like a beam-dump exclusion:  

• lower mass edge set by 5mrad gap 

• lower eps edge set by lumi x lifetime 

• upper diagonal set by lifetime (too 
short) 

Don’t really need a lot of current for this (sorry).   

The high-epsilon (higher production 
rates) gets filled in first.  Higher currents 
push limit down and to higher mass.  

Estimated reach for dump-HPS 

20

30 days @ 4 GeV



There is still unexplored parameter space for visible dark photon decays 

…particularly in the very interesting thermal-freeze-out parameter space 

• HPS, X17, NA64, FASER, DAMSA(tbd), SHIP (looming), BELLE II should take some serious bites 

• We shouldn’t be scared off by these huge future experiments with their claims of covering swaths of 
parameter space 

• “No battle plan survives contact with the enemy data” 

• of course, this goes for any estimated exclusions in this talk too 

• We’ve presented two relatively small, quick (in beam-time…design?) experimental  concepts that 
should give significant new reach.  Who will pick up and run with them?  

• We didn’t talk about the m(A’)>2m(𝝌) case:  decays to invisibles 

• BDX (JLAB), LDMX(SLAC), NA64, SHIP etc 

Summary & Extras

21



Yeah, what about CLAS?   

• Nominal dark photon → f+f— is too forward for most (all?) parameter space 

• at very high current maybe higher mass A’ where opening angle is large?   

• There are some really interesting non-minimal dark sector models that give signatures that are not 
dead-forward 

• SIMPs (Strongly Interacting Massive Particles:  

•  A’ decays to VD(→e+e—)𝛑D(invisible) 

• iDM (interacting Dark Matter):  

• A’ decays to 𝝌𝝌’(→𝝌e+e—) 

• There are more that could benefit from CLAS’ larger angular acceptance, and probably from higher 
luminosity too (acceptance would still probably be small).  

What about high-lump CLAS? 
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