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Overview

• Intro: Discovering the Laws of Nature 

• New Forces & Matter

• Ongoing Experimental Efforts

• Fresh Opportunities to Search for Dark Matter 
using Electron Beams
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The Big Questions Driving 
Particle Physics
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What are we?

Where did we come from?

Are we alone?
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What Are We? 

4

Matter particles:
quarks, leptons...baryons, mesons...etc

Force particles:
photon (EM), gluons (strong), 
W&Z (weak), higgs, graviton

Fundamental Principles:
quantum mechanics & relativity

...The Standard Model
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Where Did We Come From?

...The Lambda-Cold Dark Matter Model
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Are We Alone?

Almost certainly not!
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Just Look Up!
A wealth of evidence for dark matter 
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...but we don’t yet know what it is, how it got here, or 
how it interacts (if at all).  

5x more abundant than the matter we understand
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Known matter interacts through three gauge 
forces (strong, weak, and electromagnetic)

If new matter is interacting through the same 
forces, we would see it unless it is heavy

What Else Is there?

Search at high 
energy with the 
Large Hadron 

Collider!

Tuesday, 10 December, 13



...but what about matter that is not charged under 
known forces?

Quantum mechanics and relativity severely restrict 
possible interactions of such matter with us

What Else Is there?

New matter, even with proton mass or 
smaller, would not be visible unless we 
search correctly! 
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U(1)D ⇥ ...

U(1)Y ⇥ SU(2)W ⇥ SU(3)s

New matter & new forces?

Dark matter may be a sector of matter like our own (but more 
abundant), with gauge forces, matter...etc

...a “Dark” Sector

We Are Not Alone...

EM weak strong
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U(1)D ⇥ ...

U(1)Y ⇥ SU(2)W ⇥ SU(3)s

New matter & new forces?

We Are Not Alone...

Dark sector gauge forces provide a simple explanation for
long-lived dark matter

(1) the dark matter carries a “dark charge” → stability
       (2) we are not “dark charged”, so we don’t interact with it 

EM weak strong
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U(1)D ⇥ ...

U(1)Y ⇥ SU(2)W ⇥ SU(3)s

New matter & new forces?

We Are Not Alone...

We can study this scenario by searching for 
residual interactions allowed by symmetry, and by 

searching for dark matter more broadly!

EM weak strong
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EM Weak Strong

Electron ✓ ✓ ––

Neutrino –– ✓ ––

Quarks ✓ ✓ ✓

Forces
Matter

New Forces?
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EM Weak Strong New 
force?

Electron ✓ ✓ –– ––

Neutrino –– ✓ –– ––

Quarks ✓ ✓ ✓ ––

Dark 
Matter? –– –– –– ✓

The X ✓ ? ? ✓

Forces
Matter

The X might be so heavy that humans never produce 
it.  It’s reasonable to think that there are many 
particles with very high masses, and some might 
talk to both EM and new forces.

New Forces?
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That Which is not 
Forbidden is Mandatory

time

An electron 
can emit 
photons...

Photons talk to the X 
which talks to dark 
photon

Electron can 
emit dark 
photons

Quantum mechanics: 
states you don’t have 
energy to produce still 
affect dynamics in 
calculable way.
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Production

Decay

e�

e+

A′ 
e�

e+

A′ 

e�

A′ 

Annihilation:

Radiation:

(like ordinary 
radiation of light, 
but suppressed 
by ε)

Put it together:

Basic Picture
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Direct detection experiments can search above 
a few GeV. Below a few GeV, 
there is much less sensitivity
(too low recoil energy)

20

New Dark Matter Scenarios

New dark sector forces also open up a broad class of 
dark matter scenarios where the mass is sub-GeV 

High intensity accelerator experiments can 
explore the sub-GeV scenarios!

sub-GeV?
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The GeV-Scale Frontier

Tremendous opportunity to explore GeV-Scale dark 
matter and weakly coupled physics with novel 

small-scale experiments! 

What will we find?

?
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Broad Array of Searches! (done, ongoing, planned)

High Energy Hadron Colliders 
(indirect) – New heavy particles can 
decay into dark sector “lepton jets”

(ATLAS, CMS, CDF & D0)

Colliding e+e-: On- or Off- shell A’, 
X=dark sector or leptons & pions

(BaBar, BELLE, BES-III, 
CLEO, KLOE)

A�
E1 E1 x

E1 (1� x)

Fixed-Target: Electron or Proton collisions,
A’ decays to di-lepton, pions, invisible

(FNAL, JLAB (Hall A & B & FEL), MAMI 
(Mainz), WASA@COSY ...)

24
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Wide Breadth of Searches
(just a few representative examples)

Minimal Decay
KLOE, 1110.0411 
� ! ⌘AD

! ⌘(e+e�)

Reach:
↵0/↵⇠10�5

Non-Abelian Dark Sector
0908.2821

Vector + Higgs: 
[KLOE 1107.2531] 
[BaBar 1202.1313]
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Invisible Decay
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Figure 5: 90% C.L. upper limits on the branching fraction B(Υ (3S) → γA0) × B(A0 → invisible).
The dashed blue line shows the statistical uncertainties only, the solid red line includes the system-
atic uncertainties.

We wish to acknowledge Adrian Down, Zachary Judkins, and Jesse Reiss for initiating the
study of the physics opportunities with the single photon triggers in BABAR. We thank Radovan
Dermisek, Jack Gunion, and Miguel Sanchis-Lozano for stimulating discussions.
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“Minimal” visible decay (l+l–)
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Beam-Dump Limits
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Two Search Strategies
High-Statistics

 Resonance Search

180 200 220 240 260
100
1000
104
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106
107
108

e+e- mass HMeVL

Ev
en
tsêH1

M
eV
L

2s
5s

window Δm

Long-lived
particle search

(MAMI, APEX, HPS, DarkLight) (HPS)

Demands high data-taking
rate, background suppression
and excellent mass resolution

...and forward vertex resolution
   (well-controlled tails)Si Tracker/Vertexer

January 11, 2011 11

• 6 Layers of Si detectors mounted 
on CF modules supports, split into
upper and lower planes:

XY, XY, XY,XX’,XX’,XX’,
where X measures momentum, 
X’ provides small angle stereo.       

• 4 x 10 cm2 Hamamatsu sensors.
60 �m sense pitch; CMS APV25
provides 40 MHz analogue readout.

• Entire assembly in vacuum to
minimize backgrounds. Rolls in/out 
for installation and servicing.

Layer  6 
S and V

Heavy Photon Search

B

Vertex Search 
Trident rejection is all in the tails!

• Trident vertices originate in the target, Zv = 0.
• A’ decays can extend to large Zv.
• Count vertices beyond Zcut to minimize trident background.

January 11, 2011 26

Ebeam = 5.5 GeV
�’/� = 10-8.5

�’/� = 10-9.5

Vertex Distribution for mA’ = 200 MeV ± 1.25�

Heavy Photon Search

Demonstrated in test runs:   
Mainz (1101.4091) and APEX 
(1108.2750)
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Lead Glass  

Calorimeter 
S2m 

Gas Cherenkov 

VDC 

S0 

APEX A′→ e+e– resonance search using Hall A high-
resolution spectrometers and septa magnet
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Field region, 0.5 to 1.5 T

Tungsten
Target

Si Strip Tracker

Calorimeter Muon detector

Momentum and Vertex Trigger and Particle ID

min θA’ ~ 15 mrad (0.85°)
Δm/m ~ 1% (bump hunt)
Δz ~ 1mm   (vertexing)

HPS: Resonance + Vertex Searches

e+

e−pe+ + pe−

~1m

Vertexing allows sensitivity to 
weakly coupled A! that produce 
only ~25 events!

Decay Length Distribution
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Figure 1: Rendering of the HPS Test apparatus installed on the beam line.

• high rate electronics with excellent timing resolu-
tion to minimize out of time backgrounds,

• data handling rates of 100 MB/s to permanent stor-
age,

• detector components that can survive and e�-
ciently operate in a high radiation environment
with local doses exceeding 100 Mrad.

2. Detector Overview

The HPS experiment will run in Hall B at JLab using
the CEBAF electron beam, a 499 MHz beam at ener-
gies ranging up to 11 GeV and currents up to 800 nA.
The design of the experiment follows from the kinemat-
ics of A0production which typically results in final state
particles within a few degrees of the incoming beam,
especially at low mA0 . So detectors must be placed
close to the beam. The intense electron beam and the
degraded electrons produced in the target and spread
out horizontally by the analyzing magnet constitute a
”dead zone” which must be completely avoided, so the
apparatus is split vertically above and below the beam
plane. The beam is transported in vacuum to minimize
beam gas backgrounds. Even so, background rates in
the detectors remain high, so high rate detectors, a fast
trigger, and excellent time tagging are required to mini-
mize their impact. At masses below 2mµ only decays to

electrons are allowed, so the key trigger comes from a
lead-tungstate calorimeter with 250 MHz readout.

A rendering of the HPS Test apparatus installed on
the beam line is shown in Fig. 1. Most technologies
used in the HPS Test apparatus will be used in the HPS
detector with some improvements to each of the sys-
tems; both from lessons learned during running of the
HPS Test but also from less schedule and budget con-
straints.

An overview of the coverage, segmentation and per-
formance of the HPS Test detector is given in Tab. 1.

The silicon tracking and vertexing detector for HPS
Test, or SVT, operates in an existing vacuum chamber
inside the pair spectrometer analyzing magnet in Hall
B at JLab. The design principles of the SVT are de-
scribed in further detail in the HPS Test Run Proposal
[7]. There are five measurement stations, or “layers,”
placed immediately downstream of the target. Each
layer comprises a pair of closely-spaced planes and each
plane is responsible for measuring a single coordinate,
or “view.” Introduction of a stereo angle between the
two planes of each layer provides three-dimensional
tracking and vertexing throughout the acceptance of the
detector with one redundant layer.

In order to accommodate the dead zone, the SVT
is built in two halves that are mirror reflections of
one another about the plane of the nominal electron

4
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that transfers motion into the vacuum box through bel-
lows to open and close the two halves around the dead
zone. The C-support is mounted to an aluminum base-
plate that defines the position of the SVT with respect to
the vacuum chamber. Figure 5 shows a photograph of
both completed detector halves prior to final assembly.

Figure 5: Both halves of the HPS Test SVT after final assembly
at SLAC. The cooling manifolds and integrated cable runs are
clearly seen.

4.2. Components

The sensors for the SVT are selected according to a
number of requirements. First, the sensors must be ra-
diation tolerant to approximately 1.5⇥1014 1 MeV neu-
tron equivalent/cm2 for a six month run. This corre-
sponds to about 4 MHz/mm2, so the sensor and readout
technology must be capable of handling very high lo-
cal occupancies. Since sensitivity is limited by multiple
scattering, a material budget of less than 1% X0/layer
is imperative and far less is desirable. To achieve the
required vertex resolution single-hit resolutions better
than XXXX µm are required. Finally, the sensor tech-
nology must be mature and readily available at low
cost. Silicon microstrips are the best match to these re-
quirements, and a supply of appropriate microstrip sen-
sors purchased from the Hamamatsu Photonics Corpo-
ration for the Run 2b upgrade of the DØexperiment [11]
are readily available. These are p+-on-n, single sided,
AC coupled, polysilicon-biased sensors fabricated on
< 100 > silicon and have 30 (60) micron sense (read-
out) pitch over their 4 ⇥ 10 cm2 surface. Although a
maximum bias of 350 V is specified, the vast majority
are operable to 1000 V and therefore remain fully de-
pleted to a dose of approximately 1.5⇥1014 1 MeV neu-
tron equivalent/cm2.

Because the regions of high occupancy are small
spots in two dimensions, only a short length of any one
strip see a significant occupancy, and the strips in that

region act as long pixels. However, the rates are still
very high and lowering the peak occupancy in the sen-
sors to approximately 1% for tracking requires a trigger
window and tagging of hit times to roughly 8 ns. The
FADC readout for the ECal and muon system are ca-
pable of this (see Sec. 5.3), but achieving 2� e�ciency
for silicon hits then requires 2 ns time resolution for the
hits in the SVT. This performance can be achieved with
the APV25 readout ASIC developed for the CMS ex-
periment at CERN [12]. When operated in “multi-peak
mode”, the APV25 captures successive samples of the
output of the shaper in sets of three at a sampling rate
of approximately 40 MHz. By fitting the known CR-RC
shaping curve to these samples, the initial time of the hit
can be determined to a precision of 2 ns for S/N> 25,
an achievable figure with our sensors if read out indi-
vidually [13]. For the SVT, six-sample readout and the
shortest possible shaping time (35 ns) will be used to
best distinguish hits that overlap in time. The APV25
ASICs are hosted on simple FR4 hybrids since these hy-
brids and their cooling system are outside the tracking
volume. Along with the sensors, these are assembled
into half-modules, one for each tracking view, with a
short cable pigtail to provide power and configuration
to the modules and signal readout.

The sensor modules for the SVT consist of a pair
of identical half-modules, sandwiched back-to-back
around an aluminum cooling block at one end and a sim-
ilar PEEK spacer block at the other. Figure 6 shows a
single module after assembly. The cooling block pro-

Figure 6: A prototype module assembly (foreground) with the
50 mrad (left) and 100 mrad (right) module assembly fixtures
in the background. A pair of cooling blocks and a spacer block
can be seen on the fixtures.

vides the primary mechanical support for the module as
well as cooling via copper tubes pressed into grooves
in the plates. The spacer block defines the spacing be-
tween the sensors at the far end of the module, sti↵ens
the module structure, and improves the stability of the
sensor alignments.
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sensor alignments.

7
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Approved and funded experiments will explore much of 
the parameter space below 300 MeV in next few years 

APEX, HPS, Mainz strategies following
scenarios discussed in Phys.Rev. D80 (2009) 075018

(Bjorken, Essig, Schuster, NT)

Electron Beam Sensitivity

JLAB CEBAF
Newport News VA

MAMI/A1 (sensitivity not shown)
Mainz, Germany  [1101.4091]Mainz Microtron MAMI-C: Emax=1.6 GeV  

MAMI C beam parameters: 
•  1604 MeV, 'E<0.100MeV 
•  max. 100µA (150kW beam power) 
•  ca. 80% Polaration up to 40µA 
•  ca. 7000 hours / year 

Cascade of 3 race track microtrons + 
Harmonic Double Sided Microtron (HDSM) 

HIGH Intensity 
       HIGH Resolution 
              HIGH Polarization 
      HIGH Reliability 

Achim Denig                                                                                                                              Dark Photon Search @ MAMI 

A1 Experiment 

Achim Denig                                                                                                                              Dark Photon Search @ MAMI 

direct
 decay
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Overview

• Intro: Discovering the Laws of Nature 

• New Forces & Matter

• Ongoing Experimental Efforts

• Fresh Opportunities to Search for Dark Matter 
using Electron Beams
[with Eder Izaguirre, Gordan Krnjaic & Natalia Toro]
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GeV-Scale Dark Matter

New dark sector forces also open up a broad class of 
dark matter scenarios where the mass is sub-GeV 

High intensity accelerator experiments can 
explore the sub-GeV scenarios!

sub-GeV?

Not well explored!

5

0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keV

ee

x-ray from 127Xe.
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FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

Confidence intervals on the spin-independent WIMP-
nucleon cross section are set using a profile likelihood
ratio (PLR) test statistic [35], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus three
Gaussian-constrained nuisance parameters which encode
uncertainty in the rates of 127Xe, �-rays from internal
components and the combination of 214Pb and 85Kr.
The distributions, in the observed quantities, of the four
model components are as described above and do not
vary in the fit: with the non-uniform spatial distributions
of �-ray backgrounds and x-ray lines from 127Xe obtained
from energy-deposition simulations [31].

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [36], with v

0

= 220 km/s; v
esc

= 544 km/s;
⇢

0

= 0.3 GeV/c

3; average Earth velocity of 245 km s�1,
and Helm form factor [37, 38]. We conservatively model
no signal below 3.0 keV

nr

(the lowest energy for which
direct NR yield measurements exist [30, 40]). We do
not profile the uncertainties in NR yield, assuming a
model which provides excellent agreement with LUX
data (Fig. 1 and [39]), in addition to being conservative
compared to past works [23]. We also do not account
for uncertainties in astrophysical parameters, which are
beyond the scope of this work. Signal models in S1 and S2

are obtained for each WIMP mass from full simulations.
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [41] (dark yellow line), CDMS II [42] (green line),
ZEPLIN-III [43] (magenta line) and XENON100 100 live-
day [44] (orange line), and 225 live-day [45] (red line) results.
The inset (same axis units) also shows the regions measured
from annual modulation in CoGeNT [46] (light red, shaded),
along with exclusion limits from low threshold re-analysis
of CDMS II data [47] (upper green line), 95% allowed
region from CDMS II silicon detectors [48] (green shaded)
and centroid (green x), 90% allowed region from CRESST
II [49] (yellow shaded) and DAMA/LIBRA allowed region [50]
interpreted by [51] (grey shaded).

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.
upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.
The 90% upper C. L. cross sections for spin-

independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [42,
43, 45, 46]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [42, 46, 49, 50].

Underground “direct 
detection” experiments
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Accelerator Searches 
for Dark Matter

• The basic strategy
– Proton & Electron beams

• Anatomy of electron beam dump searches
– Discovery potential
– Backgrounds

• Future prospects
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35

Fixed-Target Dark Matter 
Searches

Proton beams and large scale neutrino detectors have 
been considered for fixed-target dark matter searches

+

Production of Dark Matter:
Initiated by meson production, 
followed by A’ decay

Look for neutral current 
scattering

[Recently pioneered by B. Batell, P. deNiverville, D. McKeen, M. Pospelov, A. Ritz] 
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sub- 500 MeV WIMP search using MiniBooNE 

Fix mχ, vary mVFix mV, vary mχ

(see: arXiv:1211.2258 for proposal)

Proton Beams

36
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An Electron Beam-Dump Experiment

on-shell A’-strahlungmA0 > 2m� =)

� ⇠ ✏2

m2
A0

Production:
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An Electron Beam-Dump Experiment

 off-shell radiative mA0 < 2m� =)

� ⇠ ↵D✏2

m2
�

Production:
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An Electron Beam-Dump Experiment

 off-shell radiative mA0 < 2m� =)

� ⇠ ↵D✏2

m2
�

Production:

Yields forward peaked DM beam with nearly the full beam energy!
Tuesday, 10 December, 13
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An Electron Beam-Dump Experiment

Detection:

Electron Scattering
Low recoil energies, light mediator

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

� ⇠ ↵D✏2/m2
A0

Familiar to neutrino physicists, but with different kinematics.
Several other potential signals...
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Existing Electron Beams

Jefferson Lab and SLAC have high energy

JLab

Two types: “continuous” (CEBAF) and low duty cycle “pulsed” 
beams

E = 12 GeV EOT = 1022/year

SLAC’s FACET facility

E = 20 GeV EOT = 1020/year
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• Will deliver beam up to 11 GeV to 4 experimental halls 

40

Example: Continuous Electron Beam Accelerator Facility

• 1.5 GHz RF ⇒ each hall 
gets bunch every 2(4) ns

• upgrade complete in 2014

Halls A,C up to 100 μA
Hall    B:           1 μA    

Tuesday, 10 December, 13
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Possible Set-Up

Aluminum dump ~ 10 GeV beam

Fiducial volume = 1m3
Oil or plastic based detector 

Depth = 15 m.w.e.

Average current ~ 80µA

1022 EOT (~ year operation)

10�4Duty cycle ~           ,  live-time ~       s 103

and/or aggressive bkg rejection

Tuesday, 10 December, 13
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Possible Sensitivity

Covers g-2 
anomaly 

region for 
wide range 
of  masses

Probes one-loop mixing with new forces

Tuesday, 10 December, 13
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Direct Detection and Fixed Target

��e =
16⇡↵↵D✏2m2

e

m4
A0

Probes dark sector - matter interactions 
beyond direct detection sensitivity
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Backgrounds 

Source of  “Fast” neutrons (observed by mQ at SLAC)

Beam backgrounds can be negligible for electron beams

, below cuts, and time delayed En < 10MeV

1. Neutrinos from beam  π/µ

Nuclear recoil cut E
recoil

> 10 MeV

Consistent with SLAC mQ rates 

(0.1� 1) BG event per 1022 e�<

2. “Skyshine”

Tuesday, 10 December, 13
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Backgrounds
Beam-unrelated backgrounds more important

1. Cosmic muons
Decays in flight ~ 0.005 Hz (veto)

Stopped decays ~ 100 µs cut (veto)

Consistent with CDMS-SUF (~ 10 m.w.e)

2. Cosmic neutrons 
�(E > 10 MeV) ⇡ 2⇥ 10�2m�2s�1
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Current Efforts
Jefferson Lab test run to measure backgrounds and study 

performance requirements… aiming for 2014/15

Thursday, 3 October, 13Use existing detector behind Hall D (or A) dump
Tuesday, 10 December, 13



m c = 68 MeV, a D = 0.1

H g - 2L e
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Status and Prospects

47

Red lines = quasi-elastic scattering behind JLab-like beam dump, with 
(top to bottom) no neutron bg rejection, 1/20 rejection, 10-3 rejection 
Dedicated MiniBoone run sensitivity comparable to middle line [arXiv:
1211.2258]; see also [arXiv:1309.5084 Essig et al] for impact of aggressive 
analysis with new triggers at Belle 2

one-
loop

two-loop
(GUT)

BaBar

(g-2)μ

(g-2)μ 

± 2σ fit Important parameter 
range:

– (g-2)μ preferred region
– motivated "2 range
– generic possibility of 

light dark-sector matter
– # dark matter not 

constrained by direct 
detection or LHC

[arXiv:1307.6554 
Izaguirre, Krnjaic, 
Schuster, NT]
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m c = 10 MeV, a D = 0.1

Hg - 2Le

LSND

K + Æ p + + inv.
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Status and Prospects

47

Red lines = quasi-elastic scattering behind JLab-like beam dump, with 
(top to bottom) no neutron bg rejection, 1/20 rejection, 10-3 rejection 
Dedicated MiniBoone run sensitivity comparable to middle line [arXiv:
1211.2258]; see also [arXiv:1309.5084 Essig et al] for impact of aggressive 
analysis with new triggers at Belle 2

one-
loop

two-loop
(GUT)

BaBar

(g-2)μ

(g-2)μ 

± 2σ fit Important parameter 
range:

– (g-2)μ preferred region
– motivated "2 range
– generic possibility of 

light dark-sector matter
– # dark matter not 

constrained by direct 
detection or LHC

[arXiv:1307.6554 
Izaguirre, Krnjaic, 
Schuster, NT]

[1205.3499 deNiverville, 
McKeen,Ritz]
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• Dark Forces are an exciting window into 
physics far beyond the Standard Model
– Possible connections to dark matter and physics at 

very high scales
• Excellent Prospects for New Beam-Dump 

Searches
– Ongoing proton beam searches (MiniBooNE)
– Extend coverage with small, low background & 

parasitic electron beam experiment
– Unique sensitivity to broad range of dark matter 

scenarios and long-lived weakly coupled particles

Conclusions
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We are not alone – we’re trying hard to make 
first contact!
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Thanks!
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Target of Interest?
Precision Anomalies

Muon g-2
U(1)D coupling modifies (g-2)μ, 
with correct sign.  ε~1-3 10–3 can 
explain discrepancy with 
Standard Model 

Muonic hydrogen 
MeV-scale force carriers can explain the discrepancy 
between (μ-,p) Lamb shift [Pohl et al. 2010] and other 
measurements of proton charge radius. 

Requires couplings beyond kinetic mixing (lepton 
flavor-violating component)

[Tucker-Smith & Yavin, 1011.4922]
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Target of Interest?
Dark Matter Interactions

High-energy cosmic e+/e–  (PAMELA, FERMI, AMS)
Thermal DM charged under U(1)D  can have large 
local annihilation rate (Sommerfeld enhancement) 
and hard, lepton-rich decays

Light dark matter hints (DAMA, CoGeNT, CRESST, CDMS-Si)

[Finkbeiner et al, 1011.3082]

[Arkani-Hamed, Finkbeiner, Slatyer, Weiner;
Cholis, Finkbeiner, Goodenough, Weiner;
Pospelov & Ritz]

No signals in other probes of DM 
annihilation

– constrained but not excluded
– interesting ways out of constraints

Strong tension with LUX

Many instrumental challenges & constraints…

A dark force easily reconciles ≲10 GeV DM with 
Standard-Model-like decays of Z and h 
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Detector Scattering

Electron Scattering
Low recoil energies, light mediator

Coherent Nuclear
Low recoil energies, light mediator

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

enhancement, form factor Z2

High recoil energies  
Inelastic hadro-production

� ⇠ ↵D✏2/m2
A0

Familiar to neutrino physicists, but with different kinematics

⇡,�,K · · ·
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• Several nice features:
– Negligible beam related background
– Small (meter-scale or smaller) & completely parasitic
– Efficient forward-peaked production over wide mass 

range  
– Excellent sensitivity prospects                

Exploiting Nice Features

54
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Backgrounds

1. Neutrinos from beam  π/µ

Biggest source of  neutrinos is from pion electro-production
through Delta resonance

Assume every pion gives a neutrino with E > 100 MeV

�e+N!e+⇡+X = 2 µbEOT = 1022 LAl = 1025/cm2

N⌫ ⇠ 1017
Acceptance ~ 10-4
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Backgrounds

1. Neutrinos from beam  π/µ

Re-scattering

�⌫+n!⌫+n ⇠ E2
⌫G

2
F ⇠ fb

n
oil

= 3⇥ 1022/cm3 A
oil

= 14 ldet = 100 cm

Probability to scatter: 10�14

Nevents ⇠ O(1)
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Backgrounds

2. Cosmogenic neutrons

Pulsed beam: e.g. livetime ~103 seconds
O(10) cosmogenic neutron events in one year

Sensitivity to ~ 10 signal events

Continuous beam: e.g. livetime ~107 seconds
O(105) cosmogenic neutron events in one year

Sensitivity to ~ 104 signal events
Assuming no further rejection and ~few% Systematics

Some combination of  timing and shielding/veto is required
to reduce cosmics by factor of  1000 to obtain ~10 event sensitivity

Beam-unrelated backgrounds more important
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Background Rejection at CEBAF

Need combination of:

Depth ~15 m.w.e

Active neutron veto or shielding

factor of  10-20 reduction (e.g. CDMS-SUF)

Directional information

factor of  2?

Sub-ns timing

4ns bunch spacing with ~200 ps timing 
would provide ~20 rejection

Aim for combined ~1000 
reduction in cosmic bkg
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mχ

m
A’

mA’=2 mχ 

no Aʹ′ → χχ  decay
(still interesting as a 

DM search)
mπ–π→γA’

10–7:9

e– beam
ε2≳10–6:7

B-factories
ε2≳10–5:6

increasing mass 
coverage but 
decreasing coupling 
sensitivity

The Parameter Space
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Possible Sensitivity

LSND only applies when 
A’ decay products have 

mass less than ~60 MeV

Only applies when A’ decay 
products less than ~50 MeV
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Possible Sensitivity

Electron scattering, uses only coupling of  A’ to lepton current

Covers g-2 
anomaly 
region for 

wide range of 
masses

Probes one-loop kinetic mixing region

Electron scattering
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