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1) Physics Motivations and 
World Status	


!
!

2) APEX Strategy &           
2010 Test run results	


!
!

3) Preparations for Full Run	


and how to contribute

In brief: APEX is a search for 50-500 MeV hidden-sector photons 
decaying promptly to e+e– using Hall A HRS spectrometers.  

PRL 107:191804,2011, arxiv:1108.2750

Snowmass NLWCP report,   arXiv:1311.0029

JHEP 1102:009,2011,   arxiv:1001.2557

PhysRevD 80,075018,2009, arXiv:0906.0580
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APEX proposal to PAC37 
[2010]
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Why Look for New Forces?
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✦ We’ve never looked before – 
There’s room for surprises!	
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✦ We’ve never looked before – 
There’s room for surprises!	


!

✦ Evidence that Nature has 
rich physics still to be 
understood	



!

Bulge
Disk

Halo!
(Dark Matter)

CMB Power Spectrum

Gravitational lensing Cluster collisions

Rotation Curves

Needs new massive 
particle(s)!

– Non-gravitational 
interactions likely, 
help explain 
abundance
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New Forces
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How does it !
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h

Z We’ve learned that DM 
doesn’t talk to Z (with 
important caveats)

Present generation of DM 
experiments constrains 
coupling to Higgs

WW



Why Look for New Forces?

✦ We’ve never looked before? 
There’s room for surprises!	


!

✦ Evidence that Nature has 
rich physics still to be 
understood	



!
Known forces

New Forces

(weak & Higgs)

How does it !
interact with us?

a simple possibility motivated by 
structure of SM



Three Roads to New Forces: The “Portals” 

Vector Portal

Higgs Portal exotic rare Higgs decays

Neutrino Portal not-so-sterile neutrinos 

Only three sizeable interactions allowed by Standard 
Model symmetries: 
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�⌫ (hL)⇥
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The Vector Portal – Where Does Mixing                 Come From?1
2�Y FY

µ�F
0µ�

• If absent from fundamental theory, can still be generated 
by perturbative (or non-perturbative) quantum effects!
– Simplest case: one heavy particle ψ with both EM 

charge & dark charge
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– In Grand Unified Theory, symmetry forbids tree-
level & 1-loop mechanisms.  GUT-breaking enters at 
2 loops

A0γ 
ψ

e gD
X ✏ ⇠ 10�3 � 10�5

(→          if both U(1)’s are in unified groups)10�7
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(→          if both U(1)’s are in unified groups)10�7

– Related effects can induce A’ mass 
below weak-scale  

mA0 ⇠
p
✏MZ . 1GeV

[e.g. Cheung, Ruderman, Wang, Yavin; Katz, Sundrum; Morrissey, Poland, Zurek]
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✦ Evidence that Nature has 
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✦ Hints that new forces might 
be realized in Nature	
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DM->4µ, Jin et al. JCAP 1311 (2013) 026 arXiv:1304.1997

High-energy cosmic e+/e–  !
(PAMELA, FERMI, AMS)

[Arkani-Hamed, Finkbeiner, Slatyer, 
Weiner; Cholis, Finkbeiner, 
Goodenough, Weiner; Pospelov & Ritz]
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Light dark matter hints?

INTEGRAL 511 keV 	


line Bouchet et al.

Daylan et al.	


Liu, Weiner, Xue	


galactic-center 	



gamma-ray excess

Bulbul et al. X-ray line
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MAMI A1 Aʹ′ Search	


PRL 112 (2014) 	


(final result)	


!

Pair spectrometer search	


like APEX, but at lower 
beam energy & wider 
angles

2

Of special interest for the parameter range probed in this ex-
periment is the discrepancy of the measured anomalous mag-
netic moment (g � 2) of the muon [10] in comparison with
SM calculations [11]. This discrepancy could be explained
by loop contributions of dark photons with a mass range of
10MeV/c2 � 200MeV/c2 and a mixing parameter around
✏2 ⇡ 10

�5 [12].
This paper describes the search for a dark photon in the

mass region of 40MeV/c2 � 300MeV/c2 by a fixed target
electron scattering experiment. A possible dark photon could
be produced radiatively on a heavy target nucleus with high Z
(see Fig. 1), followed by a subsequent decay into an electron-
positron pair [13]. Since this decay is suppressed by the small
mixing parameter ✏2, the decay width would be far below the
experimental resolution, resulting in a sharp peak in the in-
variant mass of the produced lepton pair.

This peak is expected to be on top of a smooth background
of standard radiative electron-positron pair production via a
virtual photon. This background can be calculated in QED
and the tools to integrate the background and a possible sig-
nal over the acceptance of the experiment were developed and
discussed in detail in refs. [14, 15].

EXPERIMENT

The experiment was performed at the spectrometer setup of
the A1 Collaboration at the Mainz Microtron (see ref. [16] for
a detailed description). The experimental technique was simi-
lar to the technique used in the precursor experiment [17] with
a few modifications of the target and of the vacuum system to
further reduce multiple scattering and to improve the overall
mass resolution.

Table I summarizes the kinematical settings. For all set-
tings, the incoming electron beam of the accelerator hits a
target consisting of one or several strips of tantalum foils
(99.99% 181

Ta) with the thickness of each separate foil be-
tween 1 µm and 6 µm. The target configuration was op-
timized separately for each setting for maximum luminosity
with minimized load by radiation background in the focal
plane detectors of the spectrometers.

For the detection of the lepton pair from the decay of a pos-
sible dark photon, the spectrometers A and B of the A1 setup
were placed at their minimal angle (see table I). With these
fixed angles, the settings were adjusted to cover the production
of a dark photon in beam direction and to cover the maximum
energy transfer to the dark photon. The choice of the polarity
of the spectrometers was given by the background conditions.
Since the theoretical description of the background process
improved during the analysis, it turns out that some of these
settings were not chosen optimally. The settings of the pilot
experiment [17] were included and reanalyzed with additional
event samples covering the same mass region.

The vacuum system of the spectrometers was connected
with the scattering chamber to minimize multiple scattering.
Both spectrometers were equipped with four layers of verti-
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Setting 6, 12, 18, 24

FIG. 2. (color online). Mass distribution of the individual settings
(color/shaded) and of the sum (black). The experiment probes the
invariant mass region between 40 and 300 MeV/c2.

cal drift chambers for position resolution, two layers of scin-
tillator detectors for trigger and timing purposes, and gas
Čerenkov detectors for pion-electron separation and further
background reduction.

The beam current of up to I = 80 µA was measured
with a fluxgate-magnetometer (Förster probe). The angu-
lar acceptances of the spectrometers were defined by heavy
metal collimators. For spectrometer B, a collimator setting
of 40 mrad (horizontal) ⇥ 140 mrad (vertical) = 5.6 msr

was used for all settings, while for spectrometer A two differ-
ent collimators with 150 mrad ⇥ 140 mrad = 21 msr and
200 mrad⇥ 140 mrad = 28 msr were used. The momentum
acceptance of the spectrometers was 20% for spectrometer A
and 15% for spectrometer B.

DATA ANALYSIS

The lepton pair was detected in coincidence between the
two spectrometers. For reaction identification, a cut was ap-
plied first on a signal in the Čerenkov detectors of both spec-
trometers with an efficiency of ⇡ 98%. The coincidence time
between spectrometer A and B was corrected for the path
length in spectrometer A of ⇡ 10 m and spectrometer B of
⇡ 12 m. After this correction a clear coincidence peak with
a width of less than 1 ns (FWHM) was seen. The range of
|�tAB | < 1 ns was used to identify lepton pairs. The back-
ground contribution from random coincidences was estimated
by a cut on the sideband with 5 ns < |�tAB | < 15 ns.

Additional cuts were applied for the acceptance of the spec-
trometers to further reduce the contribution of backscattered
particles from the entrance flange of spectrometer B. Finally,
cuts on the validity of the overall kinematics was applied to
remove e.g. accidental coincidences where the total energy of
the pair exceeds the beam energy.

In total the background contribution ranges from 4% up to
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Goudzovski, DHF2014	


π0➝Aʹ′ γ➝ e+e–γ  

Most sensitive search for 10–20 MeV A’ 	


!

With BaBar & PHENIX, excludes (g-2)μ–favored region 
assuming 100% visible decays of Aʹ′

DP signal: peak in Mee spectrum 

MA’, GeV/c2 

Ev
en

ts
 Nexpected and Nobserved  

vs mass hypothesis  
� Scanned DP mass range: 
    10 MeV/c2<MDP<125 MeV/c2. 

 

� Below 10 MeV/c2, acceptance is low 
    and difficult to simulate. 
 

� Variable DP mass step: |0.5VMee. 
 

� DP mass hypotheses tested: 398. 
 

� Confidence intervals for NA’ are 
    computed from Nexpected, Nobserved and 
    GNobserved in the signal mass window 
    using the Rolke-Lopez method. 

 

� Signal mass window optimized for 
    maximum sensitivity: r1.5VMee 
    (acceptance vs S0

D background). 
 

� GNobserved is a statistical uncertainty: 
    limited MC statistics and the limited 
    control sample for trigger efficiency 
    measurement. 

Observed 

Expected 

E. Goudzovski / Messina, 25 September 2014 

Signal acceptance 
vs mass hypothesis 

MA’, GeV/c2 

0.01 

0.02 

0.03 

0 

KroSrS0, S0oJA’, A’oe+e� 



e+

e−pe+ + pe−

Field region, 0.5 to 1.5 T

Tungsten
Target

Si Strip Tracker

Calorimeter Muon detector

Momentum and Vertex Trigger and Particle ID

~1m
Allows sensitivity 
to very weak 
couplings with ~cm 
decay vertex
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Commissioning presently, physics run Spring 2015
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1) Physics Motivations and 
World Status	


!
!

2) APEX Strategy &           
2010 Test run results	


!
!

3) Preparations for Full Run	


and how to contribute

PRL 107:191804,2011, arxiv:1108.2750

Snowmass NLWCP report,   arXiv:1311.0029

JHEP 1102:009,2011,   arxiv:1001.2557

PhysRevD 80,075018,2009, arXiv:0906.0580
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APEX Concept and Dark Photon Production
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Experimental Setup
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HRS−right
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.
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Lead Glass  

Calorimeter 
S2m 

Gas Cherenkov 

VDC 

S0 Momentum resolution 1�10�4

Angular resolution : Horizontal 0.5 mrad
Vertical 1.0 mrad

Momentum acceptance (�p/p) ±4.5%
Angular acceptance : Horizontal ±30 mrad

Vertical ±60 mrad
Min. central angle 12.5�

horiz. angular resolution 	


⇒ mass resolution ~0.5%



APEX test run 

• Test run performed in Hall A, July 2010	



• Verified all key aspects of apparatus performance	


– VDC tracking performance at 4–6 MHz singles rates	


– Gas Cerenkov detector in coincidence trigger to reject π+’s	


– spectrometer optics & mass resolution	


– measurement of physics backgrounds	



• Resonance search on 700K good trident events

24

Many thanks to JLab & Hall A staff for tremendous support! 

Accidental

QED 	


(no efficiency 

correction)

Data

(highly   
cited PRL)
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1 Month Beam Time	


– 6 days at 1,2,3 GeV	


– 12 days at 4.5 GeV)	



>100x test-run statistics

Approved by JLab PAC 37 with 
recommendation to run as soon as 
possible, prioritized by PAC 41	


Explores parameter space with 
unparalleled efficiency 
(particularly above ~300 MeV)

Goal: Ready to run at first opportunity



Outline
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1) Physics Motivations and 
World Status	


!
!

2) APEX Strategy &           
2010 Test run results	


!
!

3) Preparations for Full Run	


and how to contribute

PRL 107:191804,2011, arxiv:1108.2750

Snowmass NLWCP report,   arXiv:1311.0029

JHEP 1102:009,2011,   arxiv:1001.2557

PhysRevD 80,075018,2009, arXiv:0906.0580

10-3 10-2 10-1 110-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

mA' [GeV]

�2

APEX
Test

A1
PHENIX

U70

E141

E774

a�, 5�

a�,±2� favored

ae

BaBar

KLOE
KLOEHADES

Orsay

HPS
2015

HPS
2015

APEXDarkLight

NA48/2

http://arxiv.org/abs/1108.2750
http://arxiv.org/abs/1311.0029
http://arxiv.org/abs/1001.2557
http://arxiv.org/abs/0906.0580


Preparations for Full APEX Run
• Long-Lead Items Completed	



– APEX septum	


– SciFi detectors for optics calibration	



• Expanding & Coordinating the Collaboration	


– Advertising for PostDoc position	


– Recruiting APEX Students	


– Bi-weekly BlueJeans meeting & collaboration meeting 	



• Key tasks in progress for full run	


– Vacuum chamber & corrector magnet design	


– Radiation study & shielding	


– Target modifications for full run	


– SciFi: DAQ, commissioning and incorporating in optics fit	


– Analysis: High-rate VDC reconstruction, online software	


– Update reach & QED background model
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Magnet$top$view$

April$22,$2014$ B.$Wojtsekhowski,$APEX2014$ 23$

Long-Lead Item: APEX Septum
• Detecting 0.5–2.2 GeV e±  at 5º essential to APEX sensitivity	



– Challenges: Limited space, beam line fringe field, maximizing 
acceptance & preserving mass resolution	


!

!
!

!

• Conceptual design – May 2013	


• Engineering design – Sept 2013	


• Awarded to Buckley Systems – Dec 2013	


• Completed – Aug 2014	


• Delivered to JLab –  Oct 2014	


• Ready for checkout by Hall A Techs	


• Will need to measure field map

28

Pictures$of$the$equipment$$

Q1Le]$

Q1Right$

Exit$beam$line$
through$septa$

April$22,$2014$ B.$Wojtsekhowski,$APEX2014$ 6$

Magnet$procurement$

Funding$was$provided$by$five$universi?es:$NCCU,$CMU,$CSULA,$SBU,$UW(Ca)$
$
Design$was$completed$in$September$2013.$
$
Request$for$quota?ons:$Rhinestahl,$Buckley$Systems,$Advanced$Cyclotron$
$
Project$was$awarded$to$Buckley$Systems$in$December$2013.$$
$
Design$was$improved$for$the$poles,$small$coils,$coil$clamps.$
$
Produc?on$is$proceeding$now.$
$
Magnet$delivery$is$expected$in$July$2014.$

April$22,$2014$ B.$Wojtsekhowski,$APEX2014$ 26$



Long-Lead Item: SciFi Detectors
• “Active sieve-slit” – enables optics calibration without 

switching beam energy & e+ arm polarity	


!
!
!
!

!

!

– For low-current optics calibration runs only; will be removed 
during production runs	



• Two hodoscopes assembled 2012 & 2013	


• New readout electronics (FADC) being installed 	


• Pete Markowitz & Jonathan Castellanos taking lead on 

testing this summer
29

A New Tool for Optics:  
              Scintillating Fiber 

                      Hodoscope (SciFi) 

Pete Markowitz, Florida International University 

Assembled 1st Detector 

Includes detector head, stepper motor, optical fiber light guide, readout electronics  



Preparations for Full APEX Run
• Long-Lead Items Completed	



– APEX septum	


– SciFi detectors for optics calibration	



• Expanding & Coordinating the Collaboration	


– Advertising for PostDoc position	


– Recruiting APEX Students	


– Bi-weekly BlueJeans meeting & collaboration meeting 	



• Key tasks in progress for full run	


– Vacuum chamber & corrector magnet design	


– Radiation study & shielding	


– Target modifications for full run	


– SciFi: DAQ, commissioning and incorporating in optics fit	


– Analysis: High-rate VDC reconstruction, online software	


– Update reach & QED background model
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APEX Collaboration Developments

• DOE HEP grant for APEX at Stony Brook (Essig)	



• APEX PostDoc ad at Stony Brook:                        
https://academicjobsonline.org/ajo/jobs/5000

31(currently accepting applications)

https://academicjobsonline.org/ajo/jobs/5000


APEX Collaboration Developments

• DOE HEP grant for APEX at Stony Brook (Essig)	



• APEX PostDoc ad at Stony Brook	



• Sent out call for students in September 2014	


– 3 students from UVA, FIU & CMU gearing up for 

APEX theses	


– 2 more potential students from ODU, SMU	



• Collaboration Meetings	


– Bi-weekly meetings of collaboration + sub-group 

meetings on specific tasks	


– See http://hallaweb.jlab.org/experiment/APEX/

meetings.html for the latest agenda	


– Next collaboration meeting @ JLab ~late April 2015 

(exact date TBD)
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http://hallaweb.jlab.org/experiment/APEX/meetings.html


Preparations for Full APEX Run
• Long-Lead Items Completed	



– APEX septum	


– SciFi detectors for optics calibration	



• Expanding & Coordinating the Collaboration	


– Advertising for PostDoc position	


– Recruiting APEX Students	


– Bi-weekly BlueJeans meeting & collaboration meeting 	



• Key tasks in progress for full run	


– Vacuum chamber & corrector magnet design	


– Radiation study & shielding	


– Target modifications for full run	


– SciFi: DAQ, commissioning and incorporating in optics fit	


– Analysis: High-rate VDC reconstruction, online software	


– Update reach & QED background model
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Ongoing Effort: Vacuum chamber & corrector magnet

34

!

!

• Corrector	


– Conceptual design completed	


– Working on engineering design

!

• Vacuum chamber	


– Design completed	


– RFQ sent out; 

expecting 2 bids 
soon



Ongoing Effort: Radiation Study!

• Maduka Kaluarachchi (UVA) is building Geant4 model of 
septa, beamline, and Hall A (since Sept 30)	


– validating on test-run neutron dose rates	



!

!

!

!

!

!

!

!

!

• Aim to design shielding by 2/15 & test in Hall A during 
spring beam delivery 
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Hall A Geant4 geometry 

12/4/2014 Maduka Kaluarachchi, APEX Meeting 5 

Close view of the beamline 

12/4/2014 Maduka Kaluarachchi, APEX Meeting 9 



APEX Target with Motion Interface 

Motion interface 
mechanism, originally 
drawn in 2D by Bogdan 
and modeled in 3D by a 
high school honors 
summer 2014 student: 
Michael Williams (great 
work done by a high 
school student who had 
no prior experience with 
3D mechanical modeling 
software!) 
 

Ongoing Effort: Target modifications

36

– Motion interface	


– Heat-load analysis of 1, 3, 4-pass 

settings (and repeat 2-pass)	


– Stalled Aug 2014 after Hall C 

designer was repurposed	


– Procure target holders for those settings	


– Target operations plan	



• SLAC-designed test-run target is at JLab now	


– designed for test run but never installed	



• Silviu Covrig is leading preparations for full run	


!

!

!

!

!

!

• Actively seeking student!
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Ongoing Effort: Optics & SciFi Integration

37

• Develop an initial optics model based on 
magnetic field mapping	


– Seamus is interfacing w/ PREX/CREX working 

group	


– Gregg Franklin & Alexa Johnson will be APEX 

point people starting Spring	



• Integrate SciFi data into existing optics 
calibration software	


– Need point person to gain expertise with code and 

take lead in integrating SciFi	


!

• More collaborators are welcome to contribute!
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Ongoing Effort: High-Rate Operations

3838

Existing Tracking Algorithm (Thanks to Seamus)

E�ciency Loss goes up to 40% for highest current.

Vlassis Petousis APEX VDC’s 8/11

• VDC tracking inefficiency up to 
~40% at highest e– singles rates 
expected for APEX	


– Main sources: lost clusters & 

ambiguities

• New collaborator Vlassis Petousis (Cyprus) 
working with Seamus (since November) on 
improving reconstruction using high-rate data 
from test run

• HRS electronics upgrade March 2014 improves 
high-rate capability



Ongoing Effort: Analysis

3939

• Online software: mostly overlaps with other experiments’ 
needs	


– Longwu Ou & Barack Schmookler (MIT) building GUIs and 

scripts for GMp	


!

• Most APEX-specific aspects validated in test run but need 
updates/completion	


– coincidence timing, trigger, particle ID

• Largest outstanding task: New SciFi software, optics 
analysis with septa 



Ongoing Effort: Reach and Background Models

4040

• Update sensitivity plot, including most 
current models for 	


– target profile	


– septa acceptance	


– detection efficiencies 0.1 0.3 0.5
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• To reduce systematics in the final analysis, use QED and 
detector model to predict background (not just fit)	


– could buy a factor of √2 in sensitivity

• Konrad Aniol, building on James 
Beacham’s work on test-run analysis 
and reach	





Summary

41

APEX can explore important 
range of mass and coupling  
most efficiently and before 
other experiments	


!
Opportunity for immediate 
science impact.

APEX has demonstrated feasibility and power of 
spectrometer searches for hidden-sector photons
Strong physics impact already from test run (most 
cited Hall A result in last 5 years)
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On track to run 2016 (or even earlier), 
many opportunities to get involved.
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Thanks!


