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- If light, smaller annihilation CS 
- DM overproduction 
- “Overclosed" Universe 
- In contrast with cosmological data.

The way out: 
- postulate a new interaction 
- annihilation via a new force carrier 
If coupling small enough, DM can be light!
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Beam Dump (Invisible Decays)

Introduction Experimental setup Background Experiment reach Conclusions

A fixed target LDM experiment

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

‰ production

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

• ‰ particles pair-produced radiatively, trough AÕ emission
(both on-shell or o�-shell).

‰ detection

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

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

elastic, p quasi-elastic,. . . )

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

m4
A

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

Neutrino Experiments, Proton BD Experiments 
Possible future locations: JLab, MESA, … 
Re-analysis of old experiments
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Thin/Thick Target + Vertexing (Visible Decays)

Intense Experimental Activity: 

DarkLight: FEL 200MeV beam (JLab) 
APEX: e+e- pairs (JLab) 
HPS: e+e- pairs + displaced vertex (JLab) 
A1@MAMI: e+e- pairs (Univ. Mainz) 
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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 A

0 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
A

0 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 A

0 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

9
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Collider (Visible/Invisible)

B-Factories (BaBar/Belle/Belle II) 
LHC Experiments 
Meson Decays

15

BaBar and NA64 collaborations has published new results this year.   
Search of e+e- à g + V à g + cc

§ Covers all of the dark photon parameter space, decaying invisibly, 
consistent with alleviating the muon g-2 discrepancy

Missing energy/momentum searches
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nificance S = 3.1 (global significance of 2.6�). Blue solid
line shows the full PDF, while the magenta dashed line cor-
responds to the background contribution. Top: distribution
of the normalized fit residuals (pulls).

the frequentist profile-likelihood limits [29]. Figure 5
compares our results to other limits on " in channels
where A0 is allowed to decay invisibly, as well as to the
region of parameter space consistent with the (g � 2)µ
anomaly [5]. At each value of mA0 we compute a limit
on " as a square root of the Bayesian limit on "2 from
Fig. 4. Our data rules out the dark-photon coupling as
the explanation for the (g�2)µ anomaly. Our limits place
stringent constraints on dark-sector models over a broad
range of parameter space, and represent a significant im-
provement over previously available results.
We are grateful for the excellent luminosity and ma-

chine conditions provided by our PEP-II colleagues, and
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Model for A’ Bremsstrahlung 

cross section according to Bjorken et al., Phys. Rev. D80, 075018 (2009): 
 

� unstable mediators appear in many Beyond Standard Model constructions 
 
 
 

� radiative production of (massive) dark photon A’ coupling with ε 
� cross section peaked in forward direction 
� subsequent (invisible) decay to dark matter pair coupling with αD 
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Dark Sector Physics Opportunities at MESA      May 2o17 
P Achenbach, U Mainz 

Dark Beam Source 

approx. total A’ no. according to Bjorken et al., Phys. Rev. D80, 075018 (2009): 
 

example calculations  
for mA‘ = 50 MeV/c2 and ϵ = 10-4 
 
� x-integrated total A’ no.: 2 x 106 

for 2 mΧ < mA’  and not too small αD  
prompt decays into DM pairs in dump:   

from P.Achenbach (JGU)

Detection Mechanism: 

- Nuclear Recoil 
- Electron Recoil 

Opening angle: 

Production Mechanism:

✓RMS ⇠ mA0

Ebeam

 Production 

 off-shell radiative 

on-shell A’-strahlungmA0 > 2m� =)

mA0 < 2m� =)

� ⇠ ✏2

m2
A0

� ⇠ ↵D✏2

m2
�

How to Search 

A’ gets large fraction of  beam energy 
Thursday, June 18, 15

Electron Scattering
Low recoil energies, light mediator

Quasi-elastic Nucleon
Higher recoil energies > 10s MeV,  

How to Search 

Coherent Nuclear
Low recoil energies, light mediator

enhancement, form factor Z2

High Q transfer 
Inelastic hadro-production

⇡,K · · ·

� = 0 Elastic Detection

Thursday, June 18, 15
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Elton S. Smith             LDMA 2017          May 24-28 , 2017 

SLAC E137 Beam Dump 

2 

Bjorken PRD 38 (1988) 3375 

“Search for neutral metastable penetrating particles” 

!  Axions 
!  Photinos 
!  EM calorimeter and multi-wire proportional chambers 
!  Masses < 100 MeV, small production σ, long lifetime 

PEP Ring 

End Station A 

E137 

Beam 
Dump 

SLAC E137 Experiment

Axions, Heavy neutrinos from Z decays, photinos, other neutrals. 
20GeV electron beam, 1020 EOT accumulated. 
Mass range: 1-200 MeV. 
EM Cal + Wire Chambers: Detect EM showers + Direction. 
Distance from beam dump: 383m. 
Operation: 1980-1982. 
No events observed.

B.Batell et. al, Phys. Rev. Lett. 113, 171802
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FIG. 2. Top left: Constraints (95% C.L.) in the ✏ � mA0 plane for dark photons A0 decaying invisibly to light DM �, with
m� < 0.5 MeV. The SLAC E137 experiment excludes a Dirac fermion (red shading/red solid line) or complex scalar (red
long dashed) DM. We fix ↵D = 0.1 and assume an electron recoil threshold energy of Eth = 1 GeV in the E137 detector
(for comparison, the red dotted line shows Eth = 3 GeV for a fermionic �). Also shown are constraints from the anomalous
magnetic moment of the electron (ae, 2�, blue dashed) and muon (aµ, 5�, dark green dashed), and a light-green dashed region
in which the A0 explains the aµ discrepancy. Other model-dependent constraints (see text for details), arise from LSND (yellow
solid), SLAC mQ experiment (cyan solid), BABAR (blue dotted), and BNL E787 and E949 (brown dotted). The inset focuses
on mA0 = 100 � 300 MeV. Top right and Bottom left: Same as top left but for m� = 10 MeV and 50 MeV, respectively.
Above the black solid line, the thermal relic abundance of a scalar � satisfies ⌦�  ⌦DM; the region above the blue solid
line is excluded if � can scatter o↵ electrons in the XENON10 experiment, assuming � makes up all the DM; the light gray
regions/dotted lines are excluded from searches for A0 ! e+e� (if this mode is available for mA0 < 2m�) in E141, E774, Orsay,
HADES, or A1. Bottom right: 95% C.L. upper limits on ↵D as a function of mA0 for a Dirac fermion �, assuming ✏ is
fixed to the smallest value consistent with explaining the aµ anomaly. The E137 constraint is shown for m� < 0.5 MeV (red
shading/solid line) and for m� = 10, 50 MeV (dashed red), while the remaining constraints are only shown for m� < 0.5 MeV.
The solid gray curve is the limit from A0 ! visible searches, while the gray dashed represents the transition between A0 ! ��̄
and A0 ! visible decays dominating.
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Figure 20: Implementation of the BDX detector and Hall-A dump in GEMC. The
white line shows the beam centerline.

4 Signal and background rates

4.1 Simulations of the experimental set-up

The proposed detector, the new underground facility and the Hall-A beam-dump ge-
ometry have been implemented in GEANT4 within GEMC simulation package [51].
In the following sections we present results concerning the expected rates from interac-
tion of a � particle, beam-related background and cosmogenic background. Figure 20
shows the geometry as implemented in simulations.

4.2 Signal

The expected number of signal events measured in the detector was estimated trough
a Monte Carlo calculation, according to the model for LDM production and detection
described in Sec. 2.3. The calculation involves three steps. First, the evaluation of
the number of � particles electro-produced in the beam dump, trough on-shell or
o↵-shell A0 mediatior. Then, the calculation of the interaction rate in the detector.
Finally, the estimation of the actual detection e�ciency for the scattered electrons and
protons. All these numbers -� production yield, � scattering rate, detector e�ciency
- depends on four parameters: the mass of the � (m�), the mass of the exchanged A0

44

Figure 11: A GEANT4 implementation of the BDX detector. On the right, the Outer
Veto is shown in green, the Inner Veto in blue, the lead in gray and the crystals in
cyan.

reduces the sensitivity to low-energy environmental background (mainly low energy
photons). A sketch of the BDX detector is shown in Fig. 11. The detector concept
has been validated by a campaign of measurement at INFN - Sezione di Catania
and Laboratori Nazionali del Sud (LNS) with a prototype, extensively discussed in
Appendix B.

3.2.1 The electromagnetic calorimeter

The core of the BDX detector is an electromagnetic calorimeter sensitive to both the
�-electron and �-nucleon scatterings. The signal expected in the two cases are quite
di↵erent: a few GeV electromagnetic shower in the first and a low energy (few MeV)
proton/ion recoil in the latter. Among the di↵erent options we chose a high-density,
inorganic crystal scintillator material to reduce the detector footprint, fitting in the
new proposed facility for beam-dump experiments at JLab (see Sec. 3.6). The com-
bination of a low threshold (few MeV) sensitivity for high ionizing particles (light
quenching not higher than few percents), a reasonable radiation length (few centime-
ters), together with a large light yield limits the choice to few options: BGO, BSO,
CsI(Tl) and BaF

2

‡. Considering that the request of about 1 cubic meter of active
volume would drive costs of any possible options in the range of few million dollars,
and that the timeline for producing and testing thousands of crystals would be of
the order of several years, we decided to reuse crystals from an existing calorime-
ter. Former experiments that still have the desired amount of crystals available from
decommissioned EM calorimeters include: BaBar at SLAC (CsI(Tl)), L3 at CERN
(BGO)and CLEO at Cornell (CsI(Tl)). After consulting with the management of the
di↵erent laboratories, we identified the BaBar option as the most suitable for a BDX
detector. In particular, the BaBar EM end-cap calorimeter, made by 820 CsI(Tl)

‡We are not considering some new very expensive crystals such as LYSO or LaBr.

27

Figure 4: Aerial view of the CEBAF accelerator complex at
Jefferson Laboratory, showing the race-track configuration of the
accelerator. The four experimental Halls are highlighted. Figure
taken from [21].

maximize the event yield. This also permits to build a
large-volume detector with a versatile configuration, and
reduced costs. To enhance the detector sensitivity to elec-
tromagnetic showers (induced by the χ-e− interaction), we
plan to interleave plastic layers with lead-sheets, to incre-
ment the overall radiation length. Although plastic scintil-
lator seems a promising solution, other choices are also
currently being investigated, such as liquid scintillators
and inorganic crystals.

The detector geometry is still being optimized, since it
has to match the foreseen angular distribution of the sec-
ondary χ beam arising from the dump, that, in turns, de-
pends on mA and mχ. However, in the kinematic range of
interest (m′

A ! 500 MeV and mχ ! 100 MeV), the primary
electron beam energy is high enough to focus the sec-
ondary χ beam in the forward direction. A detector with a
50×50 cm2 front-face placed 15 m downstream the beam-
dump has a ≃ 95% (≃ 60%) acceptance for mA′ = 50 MeV,
mχ = 10 MeV (mA′ = 150 MeV, mχ = 68).

To exploit the forward χ kinematic, a possible choice
is to construct a 2 m3 modular detector, with 20
50 × 50 × 45 cm3 modules aligned along the primary beam
axis to form a 9-m long detector. Each module is made
by a matrix of 3 × 3 independent optical channels, read

at both ends by photomultiplier tubes. This configuration
would have the advantage of permitting to probe different
kinematic ranges by changing the modules alignment dur-
ing data-taking. The low-mass region, corresponding to
strongly-peaked forward χs, would be explored by align-
ing all the modules along the beam direction, while the
high-mass region, corresponding to a broader χ beam,
would be better covered (due to the enhanced acceptance)
by increasing the detector front-face, at the price of a re-
duced length.

Finally, to reduce the number of background hits,
mainly due to cosmic muons and neutrons, the detector
will be surrounded by an active veto, made by plastic scin-
tillator counters, and by passive shielding (iron). The con-
figuration we considered foresees a 1 m iron shield all
around the detector, and assumes a 5% inefficiency for the
veto system.

2.2 Experimental reach

We evaluated the experimental reach by computing the
foreseen number of background hits in the detector Nbck
trough detailed Montecarlo simulations, and comparing
this to the expected number of signal events Nsig (as a func-
tion of the model parameters). The BDX experiment will
be capable to observe a χ signal in the parameter space
where Nsig " (2 ÷ 3)

√
Nbck, i.e. where the expected num-

ber of signal events is higher than the background counts
statistical fluctuations.

We performed a detailed calculation for the quasi-
elastic nucleon channel, considering for two possible de-
tection thresholds, 1 MeV and 10 MeV respectively. Re-
sults are summarized in Table 1, compared to the expected
event yield for two benchmark scenarios: S.I (m′

A = 50
MeV and mχ = 10 MeV) and S.II (m′

A = 150 MeV and
mχ = 68 MeV). Both scenarios are evaluated at αD = 0.1
and ε2 = 1.5 · 10−7. Given the much higher energy and the
specific signal topology for the χ − e scattering (an elec-
tromagnetic shower developing along the primary e− beam
axis), we performed the reach calculation for this scenario
assuming Nbck = 0. This assumption is somehow sup-
ported by the E137 experiment, that, imposing a 1 GeV
threshold, did not measure any hit during the 3-months
run.

Counts Thr=1MeV Counts Thr=10MeV

χ detection - S.I 0.5 106 ± 700 5.7 104± 240
χ detection - S.II 1.0 104 ± 100 3.3 103 ± 60

Beam-rel bg 100 ± 10 10 ± 3
Beam-unrel bg 1.6 106± 1300 1.4 106± 1200

Table 1: Expected counts for 6 months run time at 100 µA
(corresponding to 1022 EOT) for signal, beam-related and beam-
unrelated backgrounds for 1 MeV and 10 MeV detection thresh-
old.

Concerning the quasi-elastic nucleon channel, beam-
related backgrounds are mainly neutrons and neutrinos

EPJ Web of Conferences
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Proposed Detector: 
820 CsI(Tl) BaBar EM Cal 
Crystals: 32x5x5 cm 
8 Modules, 10x10 crystals 
SiPM readout 
3m length, 0.5x0.5m CS

Beam: 
E = 11GeV 
I  =100uA 
1022 EOT/yr

Figure 40: A picture of the CsI(Tl) crystal inside the prototype. The two charge-
preamplifiers coupled to the SiPM are visible together with the two additional small
plastic scintillators.

a brand new SiPM-based readout. It is 31cm long and has a trapezoidal shape with
a 4.7 x 4.7 cm2 front face and a 6 x 6 cm2 back face (Fig. 40). Two 3x3 mm2 SiPMs
(Hamamatsu S13360-3025CS and S13360-1350CS), with pixel size of 25 and 50 µm,
are glued to the crystal front-face (leaving untouched the existing pin diode used by
BaBar on the opposite side). The 50 µm cell-size has an higher PDE (35%), more
suitable for low energy signals while the 25µm, having a larger number of pixels has a
lower PDE (22%) but results in a fairly linear response for higher energy signals. Both
sensors are coupled to custom trans-inpedence amplifiers [84] with di↵erent gains:
G

50µm=230 and G
25µm=40. The lower gain G

25µm results in an extended dynamic
range allowing the measurement of the high-energy part of the spectrum, up to about
500 MeV. Bias voltage for the two SiPMs was provided by a custom designed board,
with an on-board tunable DC-DC converter, working with 5V input voltage.

The Inner Veto (IV) is made by plastic scintillators, 1cm thick, forming a nearly
hermetic parallelepiped (Fig. 41). Two 35x42 cm2 EJ200 scintillators are used for the
downstream and upstream caps. On each of them a spiral groove hosts a WLS fiber
used to collect and transfer the light to a SiPM (Fig. 41 bottom-left). Three 35x140
cm2 EJ200 scintillators form the top, left and right sides of the veto. In this case, the
WLS fibers are inserted into four linear grooves running parallel to the long side of
the plastic (Fig. 41 bottom-right). This solution results in an high detection e�ciency
(> 99.5%), almost independent on the hit point, but still providing some information
also on the hit position, by correlating the quantity of light detected by each of the
four independent SiPMs. Finally, in order to test another possible technology for the
IV, the bottom side was made by four bars of extruded plastic scintillators, 8x140

83

Figure 43: Left: Response of the preamplifier to a single p.e. (time is shown in 4 ns
samples). Right: comparison of the response to a crossing muon (top) and the result
of the simulation (bottom). The simulation is limited to the highlighted 2µs window
(time is shown in 4 ns samples).

Data acquisition is based on VME-VXS JLab fa250 digitizers with 12 bit resolu-
tion, 250 MHz sampling rate and 2µs readout window. The main trigger is generated
by a signal over threshold in the CsI(Tl) crystal, namely from the logic OR of the two
SIPMs. The output signals are split by a 50 Ohm-50 Ohm divider: one copy is sent
to the FADC and the other one to a Leading-Edge Discriminator with thresholds set
to 15mV and 50mV for the 25 and 50 µm, respectively. These thresholds correspond
to about 5 p.e. for both SIPMs and, as derived from the proton beam measurements
(see Sec. B.6), they correspond to an energy threshold for protons of about 2 MeV.
Three other secondary triggers, conveniently pre-scaled, were also included for mon-
itoring, calibration and e�ciency studies: logic AND of the two small paddles, logic
AND of two or more IV signals, logic AND of two or more OV detectors.

B.2 Simulation of the BDX prototype

The realistic geometry as well as the material composition of the BDX prototype
have been implemented in GEMC (GEANT4) simulations. The response of indi-
vidual components of the prototype (crystal, IV paddles and SIPM, OV paddles and
lightguides plus PMTs) have been measured by means of cosmic muons, parametrized,
and included in simulations. The resulting good agreement between data and MC for
both cosmic muons and low energy protons will be shown in the next Sections.
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Dark Sector Physics Opportunities at MESA      May 2o17 
P Achenbach, U Mainz 

Dark Beam-Line 

�  multiple scattering of electron in first radiation length of beam-dump:   
𝜃2  = Es/Eo ~ 10° Ö cone at detector site opens to ± 400 cm 

� 20 Xo beam-dump, 70 Xo (~ 8 m) barite concrete  
� total length of 23 m including several shielding walls 
� practically no surviving neutrons at detector site 
� practically free of beam-dump related background 

Dark Sector Physics Opportunities at MESA      May 2o17 
P Achenbach, U Mainz 

Initial Projections for MESA 

estimates by Gordan Krnjaic & Eder Izaguirre 
 
communicated by M. Battaglieri (INFN Genova) 

� assuming every dumped 
electron has one hard 
Bremsstrahlung emission 

� acceptances from BDX@Jlab 
 

� simulation of BDX@MESA 
under development 
 

� FLUKA simulation of neutron 
background promising: 

simulation by Steffen Heidrich 

Dark Sector Physics Opportunities at MESA      May 2o17 
P Achenbach, U Mainz 

Initial Projections for MESA 

estimates by Gordan Krnjaic & Eder Izaguirre 
 
communicated by M. Battaglieri (INFN Genova) 

� assuming every dumped 
electron has one hard 
Bremsstrahlung emission 

� acceptances from BDX@Jlab 
 

� simulation of BDX@MESA 
under development 
 

� FLUKA simulation of neutron 
background promising: 

simulation by Steffen Heidrich 

Dark Sector Physics Opportunities at MESA      May 2o17 
P Achenbach, U Mainz 

The MESA Facility 
two main operation modes: 

1. ERL operation: MAGIX experiment 
high beam currents, thin gas-jet targets,  
Ö dedicated dark sector experiments  

2. EB operation: P2 experiment 
high stability, thick targets, long runs 
Ö high luminosities, stable conditions 
 high-power beam-dump 
 parasitic dark sector experiment 
         

 

MESA accelerator: 
� normal conducting injector 
� two superconducting cavities  
� several recirculations 
� 1.3 GHz c.w. electron beam 

 

BDX 

[see Stefano Caiazza’s 
talk on Saturday] 

hall plans by Daniel Simon 

from P. Achenbach (JGU)

Electron Beam: 150MeV / 100uA (~20 kW) 
In 10.000h operation ~3x1022 EOT / 5400C 
Dark Matter “Beam”: ~10deg opening angle 
Distance from the dump: 23m —> +/- 4m @ detector
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3 Conclusions

The BDX experiment will search for dark-matter particles
in the MeV - GeV mass range, in an electron beam dump
setup, probing a parameter space two orders of magnitude
beyond the reach of existing and proposed experiments.
Searches for particles in this mass range are motivated by
models that feature a dark matter particle χ whose interac-
tions with the Standard Model (SM) through a new mas-
sive dark photon generically appear with strength ϵ near
10−4 − 10−2.

The experiment will measure dark matter particles pro-
duced in the beam dump of one of the high-intensity ex-
perimental halls at JLab and scattering on a plastic scintil-
lator based detector placed ≃ 15 m downstream. With a
primary electron current up to 100 µA, and a 1 year run,
BDX will be capable to collect up to 1022 EOT, approx-
imately 2 orders of magnitude higher than previous elec-
tron beam-dump experiments.

BDX would detect the interaction of elastically scat-
tered χs off nucleons and electrons, by measuring the pro-
ton and electron recoil energies. The sensitivity of the
beam dump experiment and the ability to reject back-
grounds was studied based on a detailed Montecarlo sim-
ulation. These will be validated trough a dedicated mea-
surement campaign at INFN-LNS using an existing detec-
tor prototype, CORMORINO.

In the absence of a signal and with energy thresholds
as low as 1 MeV for detecting χ − p interactions, the ex-
periment would be able to set limits on the production of
dark matter with masses in the range between 100 and 500
MeV and coupling constants ϵ2 between 10−7 and 10−5,
dominated by statistical uncertainty of cosmogenic back-
grounds. Elastic χ−e interactions with thresholds between
0.5 and 2 GeV and essentially no background can be used
to set limits on the production of dark matter with masses
in the range between 20 and 700 MeV and coupling con-
stants ϵ2 between 10−9 and 10−5. These regions of masses
and coupling strengths exceed the expected sensitivity of
previous, existing, and proposed experiments by over two
orders of magnitude.
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FIG. 1. Constraints and projections for representative vector-portal DM scenarios. For definiteness, we evaluate all constraints for
mDM/mA0 = 1/3 and (except for the LSND⇥SIDM bound – see below), ↵D = 0.5, near the perturbativity limit. The relic density,
CMB, and direct detection contours scale roughly as ✏2↵D(mDM/mA0)4 (plotted on the y-axis), and so are insensitive to separate factors in
the above. For other constraints, this choice is conservative, in that smaller choices of ↵D and/or mDM/mA0 would shift the shaded regions
downward (see text); arrows denote the shift in sensitivity for ↵D ! 0.05. We illustrate these constraints for (left) pseudo-Dirac/inelastic
fermion thermal-relic DM, with splitting � & 100 keV, (center) asymmetric Dirac fermion DM, and (right) scalar elastic-scattering thermal
relic DM. Dirac fermion thermal-relic DM is fully excluded by the CMB constraint and inelastic or asymmetric scalar DM is quite similar to
the right figure, but with CMB and direct detection constraints weakened. CMB, self-interaction (SIDM), and direct detection constraints all
depend on the �(') abundance, and are computed assuming the full DM abundance, not the thermal abundance expected for given masses and
couplings. In all plots, gray shaded regions (color online) represent traditional DM constraints (e.g. direct detection), while non-traditional
accelerator probes are shaded beige. We note that pseudo-Dirac limits are modified (and new dedicated searches are possible [10]) if � is large
enough that �+ can decay on detector length-scales.

Before comparing existing data to this milestone, we com-
ment on obvious and important variants of the model above.
First, the DM may be a fermion instead of a scalar. A Dirac
fermion � = (�1,�

†

2) (decomposed here into Weyl spinors)
can couple to the A0 through vector and/or axial currents.
The axial piece leads to velocity-suppressed p-wave annihi-
lation with scaling similar to Eq. (2), while the vector current
J µ

D

= �†

1�̄
µ�1 � �†

2�̄
µ�2 leads to s-wave annihilation, and

typically dominates. For this reason, we shall focus on the
pure vector coupling.

If the global symmetry under which �1,2 have opposite
charges is broken (e.g. by a higgs field that gives mass to the
A0), operators such as L

break

= ��1�1 yield mass eigenstates
�
±

= 1/
p
2(�1 ± �2) split in mass by �, with off-diagonal

A0 couplings L
int

= A0

µ

�†

+�̄
µ�

�

. This exemplifies the in-
elastic or pseudo-dirac scenario [11]. Analogously inelastic
interactions can also arise in the scalar case.

Finally, for either scalar or fermionic DM, its total abun-
dance may be set by a primordial particle/anti-particle asym-
metry that dominates over the thermal relic abundance. In this
case Eq. (2) sets a lower bound on the collective interaction
strength so that the symmetric component is sub-dominant.

Each scenario above has a counterpart where the A0 couples
to a global symmetry current of the SM (e.g. baryon minus
lepton number), rather than via kinetic mixing. The results
that follow rely mainly on the A0 coupling to electrons, and so
apply equally well (with O(1) corrections to the thermal relic
curve) to these scenarios, unless the A0 gauges a symmetry
under which electrons are neutral, such as µ� ⌧ number [12,
13].

Scalar Mediators To illustrate the strong meson-decay

constraints on scalar mediators, we consider one explicit
model: a scalar mediator � that mixes with the Higgs boson
and couples to a DM fermion �, with Lint =

P
i

✏�yi�f̄ifi+
y
�

��̄�, where y
�

and ✏� are free parameters and the y
i

are SM Higgs Yukawa couplings, y
i

=
p
2m

i

/v with v =
246GeV. Such a � can mediate the partly invisible B-meson
decays B+ ! K+(⇤)� ! K+(⇤)��̄, with a rate computed
(for on-shell �) in [14, 15]. When m� > M

B

� M
K

�
m

�

, this process (with off-shell �) has similar kinematics
to B+ ! K+(⇤)⌫⌫̄, the limit on the latter [16] implies
y2
�

y2
t

✏2�/m
4
� . 1.6 ⇥ 10�6 GeV�4. The DM annihilation

rate scales similarly, but with y
t

replaced by the much smaller
electron and muon Yukawas. This bound rules out thermal-
relic DM for m

�

. GeV. The limits for lighter � and on
scalar DM are even stronger, and constraints on axion-like
couplings to Standard Model matter are comparable within
O(1) factors. We defer a complete discussion of these scenar-
ios for future work [10].

EXISTING DATA CONFRONTS LIGHT DM

Returning to the representative scenarios with a vector me-
diator, we now assess how well they are constrained by cur-
rent data. Fig. 1 quantifies each constraint in the plane of
y ⌘ ✏2↵

D

(m
'

/m
A

0)4 vs. m
'

(or similarly for a fermion �),
to facilitate comparisons with the relic abundance target. The
scalings below apply for m

A

0 > 2m
'(�), where the A0 de-

cays invisibly into ' (�) pairs, but the same experiments also
constrain ' (�) production through a lighter off-shell A0.
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FIG. 9. Parameter space for dark photons (A0) decaying invisibly to dark-sector states � for various

m�. Constraints from the electron (red) and muon (green) anomalous magnetic moment [120] are

independent of the A0 decay mode (see also Fig. 6). Constraints from (on-shell) A0 decays to any

invisible final state arise from the measured K+ ! ⇡+⌫⌫̄ branching ratio [120, 223, 263] (brown)

and from a BABAR mono-photon search [264–266] (blue); significant improvements are possible

with DarkLight [267] (dark blue dashed), VEPP-3 [135, 136] (magenta dashed), ORKA [265] (brown

dashed), and BELLE II [265] (light blue solid). If the � are long-lived/stable and re-scatter in a

downstream detector, constraints arise also from LSND (gray) for m0
A < m⇡0 , m� < m0

A/2 [268].

Additional parameter space can then also be probed at existing/future proton beam-dump facilities

like Project X, LSND etc., (the solid dark green line shows a proposed MiniBooNE beam-o↵-target-

run [223]), and at electron-beam dumps at JLab (dark red), the ILC (purple), and other facilities

like SLAC, SuperKEKB etc. (not shown) [266]. Supernova constraints are applicable for lower

✏ [131] (not shown).
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Dark Sector Physics Opportunities at MESA      May 2o17 
P Achenbach, U Mainz 

Dark Beam Source 

approx. total A’ no. according to Bjorken et al., Phys. Rev. D80, 075018 (2009): 
 

example calculations  
for mA‘ = 50 MeV/c2 and ϵ = 10-4 
 
− x-integrated total A’ no.: 2 x 106 

for 2 mΧ < mA’  and not too small αD  
prompt decays into DM pairs in dump:   

E0 = 150 MeV
E0 = 30 MeV

Dark Sector Physics Opportunities at MESA      May 2o17 
P Achenbach, U Mainz 

Dark Beam Source 

approx. total A’ no. according to Bjorken et al., Phys. Rev. D80, 075018 (2009): 
 

example calculations  
for mA‘ = 50 MeV/c2 and ϵ = 10-4 
 
− x-integrated total A’ no.: 2 x 106 

for 2 mΧ < mA’  and not too small αD  
prompt decays into DM pairs in dump:   

Dark Sector Physics Opportunities at MESA      May 2o17 
P Achenbach, U Mainz 

Dark Beam Source 

approx. total A’ no. according to Bjorken et al., Phys. Rev. D80, 075018 (2009): 
 

example calculations  
for mA‘ = 50 MeV/c2 and ϵ = 10-4 
 
− x-integrated total A’ no.: 2 x 106 

for 2 mΧ < mA’  and not too small αD  
prompt decays into DM pairs in dump:   

Dark Sector Physics Opportunities at MESA      May 2o17 
P Achenbach, U Mainz 

Dark Beam Source 

approx. total A’ no. according to Bjorken et al., Phys. Rev. D80, 075018 (2009): 
 

example calculations  
for mA‘ = 50 MeV/c2 and ϵ = 10-4 
 
− x-integrated total A’ no.: 2 x 106 

for 2 mΧ < mA’  and not too small αD  
prompt decays into DM pairs in dump:   

Dark Sector Physics Opportunities at MESA      May 2o17 
P Achenbach, U Mainz 

Dark Beam Source 

approx. total A’ no. according to Bjorken et al., Phys. Rev. D80, 075018 (2009): 
 

example calculations  
for mA‘ = 50 MeV/c2 and ϵ = 10-4 
 
− x-integrated total A’ no.: 2 x 106 

for 2 mΧ < mA’  and not too small αD  
prompt decays into DM pairs in dump:   
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A’ rate: 

A’ lifetime:  
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RA0/Rbs ⇠ ✏2
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Logistics

CHAPTER 4. RADIOLOGICAL HAZARDS MITIGATION 74

Figure 4.15: Neutron streaming through the maze between the pre-separator cave
and the Mass Separator Vault. In this FLUKA99 simulation regional biasing has been
used to increase the statistics in the maze regions. The units on the axes are cm.

FLUKA99 simulation of neutrons from the 
pre-separator maze to the separator vault. 

~mSv/h radiation level during operation.
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Beam Properties: 
High power BD (~100kW expected, more w/o ISOL target..500kW?) , bremsstrahlung on Au (+Al) 
Low beam energy (30 MeV): wide A’/DM beam 
Nuclear effects: issue to study 
Have to stay close to BD for good acceptance -> backgrounds? 
Advantage: no muon/neutrino background
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DM constitutes ~25% of the Universe’s energy balance. LDM is a quite generic possibility and 
there are minimal models (which are also UV complete). 

With a rapidly “heavy” DM window closing, “light” DM searches are gaining a lot of 
interest. 

Dark sector experiments discussed at major labs equipped with electron machines: 
SLAC, Cornell, DESY, ELSA, MAMI/MESA, Frascati, KEK, … 

BD-type experiments have the potential to explore unique parameter regions. 

Parasitic running mode, in parallel with normal operation. 

Many experiments around the world investigating the dark sector: fixed targets, BDs, 
colliders. 
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