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Axion bremsstrahlung by an electron beam

I SEPTEMBER 1986

+ung SU Tsal
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

(Received 5 May 1986}

Compact expressions for energy-angle distribution and energy distribution for axion from electron
scattering on an atomic target are derived using the generalized %'eizsacker-Williams method. The
axion flux from an electron beam dump is estimated. It is also shown that even in a proton beam
dump, the mechanism of producing axions is still predominantly due to electrons in the dump.

I. INTRODUCTION
A 1.7-MeV object witnessed in the heavy-ion collisions

at GSI has stimulated searches for an axion' of this mass
range. This calculation deals with the production cross
section and flux of axions produced by an electron beam
on atomic targets in order to see rvhether such an object
can be produced in the beam-dump experiment. Previous
calculation by Donnelly et al. assumed an axion mass
negligible compared arit the electron mass. Hence it is
inapplicable for the present purpose.
We first calculate the energy-angle distribution

do /d Q,dE, of axions produced in the process
e +atomic target~e +a+anything using the general-
ized Weizsacker-Williams method. Atomic screening as
well as production from atomic electrons are important in
the energy range of interest ( E, = 1—100 GeV). The angle

is then integrated out and an expression for der/dE, de-
rived. In a beam-dump experiment, the energies of the in-
cident electrons as well as e +from t-he decay of axions are
degraded due to emission of bremsstrahlung as these par-
ticles go through a thick target. These effects are also
considered. Axion production in a proton beam dump is
also discussed.

II. GENERALIZED WEIZSACKER-WILLIAMS
METHOD

The energy-angle distribution of axions from the pro-
cess e+P;~e+a+Pf, shown in Fig. 1(a), can be ob-
tained from the Compton-type process y+ e~e +a,
shown in Fig. 1(b), using the formula

dg (P) +P;~P2+k +Pf )
d(P~ k)d(k. P;) %eizsacker-Williams

dtr(q+P, ~P2+k)
d(P) k)

where P&, P2, P;, Pf, and k are four-momenta of the in-
cident electron, outgoing electron, initial target particle,
final state of the target particle, and the axion, respective-
ly. (tz/m)g is the equivalent radiator thickness for the
Weizsacker-Williams photon fiux and is related to the W&
and W2 functions of the target particle in the electron
scattering. The target form factors required depend upon
the value of minimum momentum transfer tm;„which is
given by

P) P,

(o)
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tmin = U
2E)(1—x) (2) P)
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2trI 2
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Pl~

FIG. I. (a}Axion bremsstrahlung by an electron in the atom-
ic target e+P;~e+P~+axion. (b} Axion production by ey
collision: @+e~axion+e.
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New fixed-target experiments to search for dark gauge forces
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Fixed-target experiments are ideally suited for discovering new MeV–GeV mass Uð1Þ gauge bosons

through their kinetic mixing with the photon. In this paper, we identify the production and decay

properties of new light gauge bosons that dictate fixed-target search strategies. We summarize existing

limits and suggest five new experimental approaches that we anticipate can cover most of the natural

parameter space, using currently operating GeV-energy beams and well-established detection methods.

Such experiments are particularly timely in light of recent terrestrial and astrophysical anomalies

(PAMELA, Fermi, DAMA/LIBRA, etc.) consistent with dark matter charged under a new gauge force.

DOI: 10.1103/PhysRevD.80.075018 PACS numbers: 14.70.Pw, 95.35.+d

I. NEW GAUGE FORCES

The interactions of ordinary matter establish that three
gauge forces survive to low energies. Two striking features
of these forces—electroweak symmetry breaking at a scale
far below the Planck scale and apparent unification assum-
ing low-energy supersymmetry—have driven model build-
ing for a quarter century. But the strong and electroweak
forces need not be the only ones propagating at long
distances. Additional forces, under which ordinary matter
is neutral, would have gone largely unnoticed because
gauge symmetry prohibits renormalizable interactions be-
tween standard model fermions and the other ‘‘dark’’
gauge bosons or matter charged under them.

There is an important exception to the above claim: new
dark Abelian forces can couple to the standard model
hypercharge through the kinetic mixing operator
!
2F

Y
"#F

0"#, where F0
"# ¼ @½"A

0
#% and A0 is the dark gauge

field [1]. If the A0 is massive, standard model matter
acquires millicharges proportional to ! under the massive
A0. Kinetic mixing with !& 10'8–10'2 can be generated
at any scale by loops of heavy fields charged under both
Uð1Þ0 and Uð1ÞY , and the A0 can acquire mass through a
technicolor, Higgs, or Stueckelberg mechanism (from
string theory, the possible range of ! is much larger,
namely, 10'23–10'2 [2–5]). A mass scale near but beneath
the weak scale is particularly well motived—Uð1Þ0 sym-
metry breaking may be protected by the same physics that
stabilizes the electroweak hierarchy [6]. Indeed, if the
largest symmetry-breaking effects arise from weak-scale
supersymmetry breaking, then the Uð1Þ0 symmetry-
breaking scale is naturally suppressed by a loop factor or
by

ffiffiffi
!

p
, leading to MeV- to GeV-scale A0 masses [2,6–10].

An A0 can be produced in collisions of charged particles
with nuclei and can decay to electrons or muons. The
production cross section ($A0) and decay length (%c&),

$A0 & 100 pbð!=10'4Þ2ð100 MeV=mA0Þ2; (1)

%c&& 1 mmð%=10Þð10'4=!Þ2ð100 MeV=mA0Þ; (2)

vary by 10 orders of magnitude for the !’s and masses mA0

we consider. This wide range calls for multiple experimen-
tal approaches, with different strategies for confronting
backgrounds. Beam-dump searches from the 1980s ex-
clude the low-mass and small-! parameter range, and other
data constrain large !. In this paper we suggest five scenar-
ios for fixed-target experiments sensitive to distinct but
overlapping regions of parameter space (see Fig. 1).
Together they can probe six decades in A0 coupling and
three decades in A0 mass with existing beam energies and
intensities.
Dark matter interpretations of recent astrophysical and

terrestrial anomalies provide a further impetus to search for
new Uð1Þ’s. Annihilation of dark matter charged under a
new Uð1Þ0 into the A0 can explain the electron and/or
positron excesses observed by PAMELA [11], ATIC [12],
Fermi [13], and HESS [14,15] (see e.g. [16–23]). If the
dark matter is also charged under a non-Abelian group,
then its spectrum naturally implements an inelastic dark
matter scenario [24], thereby explaining the annual modu-
lation signal reported by DAMA/LIBRA [25,26] and rec-
onciling it with the null results of other experiments
[16,24,27,28]. Several decaying dark matter scenarios
also make use of a hidden sector [29–33].
In view of these suggestive data and the abundant theo-

retical speculation surrounding them, insight from new
experiments is clearly called for. New probes of weakly
mixed MeV–GeV Uð1Þ’s directly probe the low-energy
structure of these scenarios, where the nature of their
interactions is most manifest. As such, the experiments
we advocate here are complementary to upcoming
gamma-ray observations (see e.g. [34,35]) and to the next
generation of direct detection experiments [36–40] that
will shed light on the scattering of dark matter.

A. Direct tests of low-mass gauge sectors

Constraints on new A0’s and the reach of different ex-
periments are summarized in Fig. 1. To begin, low-energy
eþe' colliders are a powerful laboratory for the study of an
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A0 with ! * 10!4 and mass above"200 MeV, particularly
in sectors with multiple light states [41–45]. Their reach in
! is limited by luminosity and irreducible backgrounds.
However, an A0 can also be produced through bremsstrah-
lung off an electron beam incident on a fixed target [43].
This approach has several virtues over colliding-beam
searches: much larger luminosities, of Oð1 ab!1=dayÞ,
can be achieved, scattering cross sections are enhanced
by nuclear charge coherence, and the resulting boosted
final states can be observed with compact special-purpose
detectors.

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

The five benchmark points labeled ‘‘A’’ through ‘‘E’’ in
Fig. 1 (right) require different approaches to these chal-
lenges, discussed in Sec. IV. We have estimated the reach
of each scenario, summarized in Fig. 1 (right), in the
context of electron beams with 1–6 GeV energies, nA–
"A average beam currents, and run times "106 s. Such
beams can be found, for example, at the Thomas Jefferson
National Accelerator Facility (JLab), the SLAC National
Accelerator Laboratory, the electron accelerator ELSA,
and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump ex-
periments. Low-mass, high-! regions (e.g. B and C)
produce boosted A0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy—a limiting fac-
tor. At still higher !, no displaced vertices are resolvable
and one must take full advantage of the kinematic proper-
ties of the signal and background processes, including the
recoiling electron, using either the forward geometries of B
and C or a wider-angle spectrometer (e.g. for point D).
Spectrometers operating at various laboratories appear
capable of probing this final region. Table I summarizes
the various experimental scenarios.
We focus on the case where the A0 decays directly to

standard model fermions, but the past experiments and
proposed scenarios are also sensitive (with different ex-
clusions) if the A0 decays to lighter Uð1Þ0-charged scalars,
and to direct production of axionlike states.

B. Outline

In Sec. II, we summarize the properties of A0 production
through bremsstrahlung in fixed-target collisions.
Constraints from past experiments and from neutrino emis-
sion by SN 1987A are presented in Sec. III. In Sec. IV, we
describe the five new experimental scenarios and estimate
the limiting backgrounds. We conclude in Sec. V with a
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FIG. 1 (color online). Left: Existing constraints on an A0. Shown are constraints from electron and muon anomalous magnetic
moment measurements, ae and a", the BABAR search for !ð3SÞ ! #"þ"!, three beam-dump experiments, E137, E141, and E774,

and supernova cooling (SN). These constraints are discussed further in Sec. III. Right: Existing constraints are shown in gray, while the
various lines—light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green (lower) solid—show
estimates of the regions that can be explored with the experimental scenarios discussed in Secs. IVA, IVB, IVC, IVD, and IVE,
respectively. The discussion in Sec. IV focuses on the five points labeled ‘‘A’’ through ‘‘E.’’ The orange stripe denotes the ‘‘D-term’’
region introduced in Sec. II A, in which simple models of dark matter interacting with the A0 can explain the annual modulation signal
reported by DAMA/LIBRA. Along the thin black line, the A0 proper lifetime c$ ¼ 80 "m, which is approximately the $ proper
lifetime—see Eq. (11).
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Hall A Beamline Transport Assembly, Electron and Hadron Arms

m-drive/martz//graphics/3dart/halla/newfolder/Adomefr.ai  jm  8/9/00

Hall A
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Beam parameters:
     energy up to 11 GeV
     intensity up to 180 µA
     polarization 85%
     pol. flip systematic 10-9

     time structure 2(4) ns

Luminosity: 1039 cm-2/s

Detector systems: HRSs, SBS

Polarized targets:
3He:           L ~1036 cm-2/s
 NH3/ND3:  L ~1035 cm-2/s

graphics/adobeillusart/3Dart/Halla/elec&hadarms.ai  jm  2/00

Hall A Eletron and Hadron Arms

momentum up to 4.3 and 3.2 GeV/c

Hall A
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The HRS spectrometers
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HRS Design Layout
(design magnet effective lengths displayed)

Q1
Q2

Dipole

Q3

20.76

1st VDC Plane

Dimensions in meters

1 m Two HRS Spectrometers
● 0.3 < p < 4.0 GeV/c
● -4.5% < Δp/p < 4.5%
● 6 msr at 12.5° <θ<150°
● 4.5 msr at θ=6° with septum
● -5cm<Δy<5cm

Optics: (FWHM) 
● δp/p ≤ 2·10-4 (achieved)
● δϑ=0.5 mrad, δϕ=1 mrad
● δy=1mm

● Luminosity ~ 1039 cm-2s-1
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VDC tracker
S0 plane
S2 hodoscope
Gas Cherenkov
Lead-glass calorimeter

Detectors of the HRS spectrometers
HRS-Left

HRS-RightHigh Resolution Spectrometer Detector 
Layout

2 PMTs

Lead Glass CalorimeterS2m

Gas Cherenkov

Total 4 layers
368 wires each

VDC

S0

16 Paddles

10 PMTs

2 segmented layers 
of lead glass blocks

3Searching for a New Gauge Boson at JLab9/22/2010
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Specialized APEX hardware: Septa magnet

HRS−right

HRS−left

.

Positron, P = E0/2

Electron, P = E0/2

Septum

10 high−Z thin targets

Beam

.

Septa works well for Δp/p << 1. In HRS Δp/p is of 0.09
Required field integral is 0.44 Tesla-m per 1 GeV/c 
APEX is approved to run with 1.1, 2.2, 3.3, and 4.4 GeV beam energies, 
which requires 0.55, 1.1, 1.65, and 2.2 GeV in HRS

This concept was used in two previous septa magnets and well tested

Target

Septa magnet

5 deg.
HRS at 12.5 deg.

7.5 deg.

175 cm0                 40                80

.

.

HRS vertex
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Vertical Drift Chambers – four planes in each HRS, 368 sense wires per plane
Upgrade of the front-end electronics - completed
Very good stability against oscillation

0...10V
Threshold PSPS +6.0V

GND+6.0V
+

- internal threshold
adjustment

Detectors of the HRS spectrometers
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Detectors of the HRS spectrometers

Vertical Drift Chambers – four planes in each HRS, 368 sense wires per plane
Upgrade of the front-end electronics - completed
Very good stability against oscillation
Rate capability of 8 MHz (in the whole chamber) was demonstrated 
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Detectors of the HRS spectrometersLead Glass Particle ID in Positron Arm
(high rate)

11

• EPS – Energy deposition in 1st layer
• ESH – Energy deposition in 2nd layer
• p – Particle momentum

Searching for a New Gauge Boson at JLab9/22/2010

pions + muons

positrons

30 μA on Pb Target
Positron arm rate – 765 kHz  

Two-layer Calorimeters – total ~ 100 elements per HRS

Energy resolution of 5.5%/E0.5

energy in layer #1

en
er

gy
 in

 la
ye

r #
2
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Detectors of the HRS spectrometers

Two-layer Calorimeters – total ~ 100 elements per HRS

Energy resolutuon of 5.5%/E0.5

Lead Glass Particle ID in Positron Arm
(high rate)

13

Electron detection eff.        0.977
Pion rejection eff.                0.985

Searching for a New Gauge Boson at JLab9/22/2010

Meson background rejected by 
a factor of 60

This analysis didn’t use 
coordinate information

+ sample e sample

+ sample from GC
e sample from GC

30 μA on Pb Target
Positron arm rate – 765 kHz  

• EPS – Energy deposition in 1st layer
• ESH – Energy deposition in 2nd layer
• p – Particle momentum
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Detectors of the HRS spectrometers

Gas Cherenkov counters – 10 PMTs in each HRS

In recent beam test (April 2014): 15 photo-electrons per e+/- track

9

2 μA on Pb Target
Positron arm rate – 57 kHz  

Searching for a New Gauge Boson at JLab9/22/2010

+ sample e sample

+ sample from LG
e sample from LG

Electron detection eff.        0.995
Pion rejection eff.                0.987

Meson background rejected by a 
factor of 75

Gas Cherenkov in Positron Arm
(low rate)

From the test run (2010) analysis

5 photo-electrons
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Detectors of the HRS spectrometers

Trigger hodoscopes  – 16 counters in each HRS
Online time gate width of 10 ns
off-line time resolution ~ 0.25 ns 

TDC Channels, 0.5 ns
400 450 500 550 600 650 700

E
v
e
n

ts

0

200

400

600

800

1000

1200

1400

1600

1800

2000

Run #1780   Tantalum target with 56 uA

Coincidence trigger events
Tantalum

Coincidence Peak

10 ns

From the test run (2010) analysis
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Detectors of the HRS spectrometers

DAQ trigger is a triple coincidence of the Gas Cherenkov (e+ arm) and 
Scintillator hodoscopes of two arms

TDC Channels, 0.5 ns
400 450 500 550 600 650 700

E
v
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Run #1780   Tantalum target with 56 uA

Coincidence trigger events
Tantalum

Coincidence Peak

10 ns

From the test run (2010) analysis
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Beam from the upgraded accelerator in Hall A, 4/1/2014

Rate vs. raster current
Beam on the holey target

Energy Shower PID

Cher. vs Shower Cherenkov
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Septa magnet view and correctors
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By, Gauss

External shield

Inner shield

5 deg. trajectory passes here

Permendur

Field vs. distance from the beam, �
in the septa middle plane

Specialized APEX hardware: Septa magnet

beam at x =0 trajectories to HRS from 4 to 6 deg.
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Specialized APEX detector: SciFi detector

x-plane
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Calibrated optics is good to 0.1 mrad! 
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Specialized APEX detector: SciFi detector

Active “sieve slit”: a Sci Fiber detector 
with 1 mm fibers with 1/4” pitch connected 
via a bundle of 1.5 mm clear fibers to 
a 64-channel PMT.

Traditional sieve pattern Positively charged particle optics 
needs a better method: the SciFi 

SciFI will be used during the optics calibration run with 1 µA beam intensity.
Readout via 1877S TDC; 1-3 MHz rate per fiber; off-line time window of < 5 ns
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Specialized APEX targetTarget Design: Minimizing Multiple Scattering

schematic overhead view

beam
5º

15µm W

Goals: 
• σ(θ)mult scat≤0.5 mrad

⇒ typical e+e– pair must only go through 0.3% X0 (2-pass) 
• Target thickness 0.7–8% X0 (depending on Ebeam)

• High-Z target (reduce π yield for given QED rates)
• Stable under currents up to ~100 μA

long target ⇒ wider single-run mass coverage 13

Target designed and built by SLAC APEX group for the 
test run (but not installed), currently at JLab.

Wednesday, 26 February, 14
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APEX:  A Search for Dark Photons in Hall A
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APEX:  A Search for Dark Photons in Hall A



           May 22, 2018                                                                      Bogdan Wojtsekhowski, APEX                               28 

Organization of experiments

1.  Spokespeople write a proposal 
2.  Spokespeople recruit collaborators
3.  PAC considers the proposal
4.  Spokespeople organize experiment preparation
5.  Collaboration provides students and postdocs
6.  Physics division schedules the beam time
7.  Collaboration organizes the data taking run
8.  Core group organizes the data analysis
9.  Collaboration circulates the results  
10. Core group writes a paper
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Why HRSs can do the search?
Concept of the experiment

8

Experiment sensitivity (in mass window Δm):

high e
+
e

− 
statistics and excellent mass resolution play key 

roles in the searches at small α'.

s

√B
∼α '

α2 √ mA'

Δ m
NQED

Symmetric energy, angles in two arms optimize A′ 

acceptance.

                          E
e+

 ≈ E
e–

 ≈ E
beam

/2

Presented in my talk at  Hall A Winter Collaboration Meeting, Jan 19, 2017

HRS acceptance takes about 5% of 

signal events (A') while the 

background rate is reduced 

dramatically (by several orders of 

magnitude).

A' events

Background
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New equipment for APEXExperimental Setup

New septum: 

➢ allows registration of small-angle e+e− pairs in HRS; 
➢ provides operation for full momentum range of the 

experiment (up to 2.2 GeV); 
➢ has a good magnetic shielding of the beam line.

Jan 25 2018, Hall A Winter Collaboration Meeting 10
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Phase space for invisible decay A’
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Beam time schedule in Hall AHall A Projected Experiment Schedule as of 7/2013 

 

Spring' Fall' Spring' Fall' Spring' Fall' Spring'

Hall$
checkout$
(DVCS$–I/$
GMp)$

DVCS$8$I/$
GMp$
checkout$

DVCS$8$I/$
GMp$

3H/3He$

A1
n$

APEX$

PREX$

CREX$

A1
n$

APEX$

PREX$

CREX$

DVCS-II$

MOLLER,$
SOLID…?....$

2014$

2016$

2015$

SBS$Experiments$in$italics,$being$further$out$in$time,$have$less$scheduling$

certainty$and$could$be$rescheduled$amongst$the$2016,2017$run$periods.$

The$2017$period$shown$indicates$a$potential$time$for$any$not$yet$run.$$

2017$

available at: hallaweb.jlab.org/wiki/index.php/Main_Page#12_GeV_Era_Run_Schedule 
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Fall	

CREX	

Hall A Projected Experiment Schedule as of 1/18 (also see https://www.jlab.org/exp_prog/
experiment_schedule/2018/20180108.2a.pdf through 12/18)�

 

Spring	 Fall	 Spring	 Fall	 Spring	
	

Summer	
!!!!	

	
Ar(e,e’p)	

	

3H/3He	
group*	

3H/3He	
group	

3H/3He	
group	

APEX	
	

PREX2	

	CY	
2017	
	
CY	
2018	

CY		
2019		

SBS	2020	
MOLLER?,	SoLID?	à	

11 

New	and	exciting	news!		
This	is	the	plan…	
…BUT...there	are	caveats….	

Experiments in red represent PAC “high impact” experiments 
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Updated plan (all energies)

  

10 days at 1.1 GeV beam
10 days at 1.65 GeV beam 
10 days at 2.2 GeV beam

15 days at 1.1 GeV beam
15 days at 2.2 GeV beam

18

APEX reach

Jan 25 2018, Hall A Winter Collaboration Meeting

Scheduled


