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A Prime EXperiment:
Sensitive search for a heavy photon

1

• Motivation
• Physics beyond SM
• Dark matter astronomical observations 
• Heavy photon as a DM force mediator

• APEX-2019 data quality and sensitivity
• New configuration for a e+e- machine: VAC

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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New physics indication  

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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1985ApJ...295..422C

DM in 1933 by F. Zwicky.  The plot from D. Clemens, 1985

New physics indication 

1619

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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D. Clowe et al., ”A direct empirical proof of the existence of dark matter”, 
Astrophys. J., Vol.648, L109 (2006). doi:10.1086/508162

New physics observed 

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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The connection of the dark matter to SM

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22


B. Wojtsekhowski                                 September 20, 2019                LNF seminar

Search for the DM particles
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http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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7Li+p -> 8Be*-> 8Be + e+e-

Signal of the DM particle

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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The DM overview
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SIMPs / ELDERS 

Ultralight Dark Ma er 

Muon g-2

Small-Scale Structure 

Microlensing 

Dark Sector Candidates, Anomalies, and Search Techniques 

Hidden Sector Dark Ma er 

Small Experiments: Coherent Field Searches, Direct Detec on, Nuclear and Atomic Physics, Accelerators 

GeV TeV keV eV neV feV zeV MeV aeV peV µeV meV PeV 30M☉ 

WIMPs QCD Axion 

≈

GeV TeV keV eV neV feV zeV MeV aeV peV µeV meV PeV 30M☉ 

≈

Beryllium-8 

Black Holes 

Hidden Thermal Relics / WIMPless DM 

Asymmetric DM 

Freeze-In DM 

Pre-Infla onary Axion 

Post-Infla onary Axion 

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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The DF mediator parameter space
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http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Ways to search for a new particle

§ Search for a bump in the mass spectra 

as it was done - Vector Mesons, Z/W, H 

§ Impact of  “invisible” modes in decay products

How large is the e+e- decay branching fraction?
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http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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A

C

B

The laboratory, founded in 1984
in Newport News, Virginia, operates
a 12 GeV continuous electron beam

accelerator.

Three experimental halls  (A, B, C)
are equipped to study electron and

photon induced reactions.

A new hall D constructed for
searches of the exotic states 
produced in γp interactions.

Jefferson Laboratory

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Hall A is equipped with two high resolution magnetic spectrometers.

Hall A at JLab

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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VDC tracker
S0 plane
S2 hodoscope
Gas Cherenkov
Lead-glass calorimeter

Detectors of the HRS spectrometers
HRS-Left

HRS-Right

DAQ has fADCs for:
1. S0 plane, 2
2. S2 hodoscope, 32
3. Gas Cherenkov, 10
4. Lead-glass on L-arm (a negative 

charged particle arm), 64
5. BPM, 8
6. SciFi, 64

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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• Like photon Bremstrahlung, production is enhanced by 

high Z target, but suppressed by ~ (εme/mA’)2

• Emitted mostly at beam energy (EA’ ≈ E) 

and at small angle

• Huge QED background

A’  radiation and decay

Bjorken et al., PRD 80 (2009) 075018

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Looking for a small, 
narrow bump on top 

of a smooth histogram 
of QED processes

Excellent mass resolution required
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A’ radiation and decay => bump search

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Searches for a gauge boson A’ in Hall A

Direct production at JLab
‣Produce low mass hidden gauge bosons with weak coupling to SM via high energy 

electron beam incident on fixed high-Z (Ta) target
‣    decays to           pair with opening angle  ~ mA / Ebe+ e−A

e+

e−

e−

Z

A

γ

Θ0 ≈ 5◦

Dipole septum magnets allow for 
detection of             produced at 

small angles
e+ e−

16

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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To identify Aʹ signal, must study invariant mass distribution

In mass window Δm:

m_{A'}

window Δm

To search at small αʹ, need:
� High e+e–

statistics
� Best possible 

mass resolution

A’ radiation and decay => bump search

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Example from the APEX-2010 
analysis

0.8M events

Phys.Rev.Lett. 107 (2011) 
191804 -arXiv:1108.2750

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Layout of the APEX-2019 experiment

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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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.

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Sieve slits for optics calibration

θ+ + θ- ~180 mm

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Data taking four-hall operation

22

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Data taking

23

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22


B. Wojtsekhowski                                 September 20, 2019                LNF seminar

Data taking

24

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Data taking, tracking in HRS

25

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Data taking, detector occupancy

26

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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e+e- pair mass reconstruction

27

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Optics calibration first look

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Optics calibration and the sieve

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Online data analysis plots

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Online data analysis plots

Resolution 1.4 ns => 0.9 ns

S2m time alignment

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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APEX plan

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

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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80M events

collected

APEX-2019

Analysis is going.
The signal of this size 

is not excluded.

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Options for e+e- experiment  at low s

1. 10 MeV x 10 MeV collider of e+e- => very low luminosity

2. Sliding beams of e+e- (250 MeV x 250 MeV)=>
need specialized accelerator with two rings  

3. Positron beam and atomic electrons, m <  20 MeV: PADME

3. A head-head collider for the mass range 100-200 MeV

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Very Asymmetric Collider

in collaboration with
V.S. Morozov, Y.S. Derbenev

see also arXiv:1705.00051 

35

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Luminosity of the colliders
from W. Panovsky’s article in BEAM LINE

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Options for a e+e- experiment  at “low” s

a) 10 MeV x 10 MeV head-head circular collider 
The problem is a very low luminosity                    cm-2/s

b)  Sliding beams of e+e- (250 MeV x 250 MeV)=>
Project needs a specialized accelerator setup with two rings
(it was recently proposed in BINP)

c)  DAΦNE’s 500 MeV positron beam and a 10-100 MeV (ERL?)
looks like an ideal combination for a new device:

a Very Asymmetric Collider 

37

Can we reach the luminosity close to 1032  cm-2/s?

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Luminosity

• Luminosity comes from charge (particles/bunch Ne+, Ne-), current 
(collision frequency fc), and beam size (σx, σy)

• If beam-beam interaction is strong enough and bunch charges 
asymmetric, the “weak” bunch can be disrupted and dumped.

• An estimate of luminosity by using:  
• We evaluated luminosity, for a few system concepts:

– Cornell-BNL Cβ + CESR e+

– DAΦNE e+ + JLab-style ERL at 100 MeV
– DAΦNE e+ + warm cw linac at 10 MeV for 1 MW power

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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The VAC at LNF

e+

QQ

e−

Calorimeter
Split Dipole

Q Q

10 MeV, 100 mA

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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The VAC at LNF

Using DAΦNE parameters for a positron beam of 1.4 Amp, 325 
ns period, 111 bunches, for σx = 0.2 mm and σy = 10 µm and a 
focused bunched 100 mA electron beam, the luminosity could be 
estimated from the classical formula as 8 x 1031 cm-2/s.

The full calculation with the beam-beam effects taken into 
account by using a BeamBeam3D code for a 0.8 Amp positron 
beam current and a 100 mA electron beam current with σx = 0.26 
mm and σy = 4.8 µm resulted in 4.5 x 1031 cm-2/s.

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Additional application(s)

41

Slow positrons produced with the proposed
high intensity electron beam for:

1. Applied material research and industry

2. Plasma physics experiments

3. Positronium decay – new physics search 

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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N.Mondal, AIP Conference Proceedings 1970, 040005 (2018)

Applied and fundamental use of 
the slow positrons in the world

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Recent and past conferences
on the slow positrons topics

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Applied and fundamental uses 
of the slow positrons

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Applied use of the low energy linac
A huge applied physics field is positron-based material research

Our MC studies see in J.Appl.Phys. 115 (2014) 234907 
arXiv:1404.1534

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Summary
§APEX took a very good data sample. Projected search 

sensitivity for αD is of 0.1 ppm of the αEM coupling
(assuming 100% decay to the SM particles).

§ The e+e- initial state has many advantages (as in PADME)   
which could be extended to much high masses by means   
of a Very Asymmetric Collider. 
We propose to use the beam of 500 MeV positrons in 
DAΦNE and 10 MeV electrons from a new low energy   
machine (cw linac). With 25 MeV electron beam energy   
VAC will be able also produce the µµ-atoms.

§ Best low energy positron beam for applied research with 
a proposed 10 MeV accelerator is an important bonus.

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22
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Comment on the recent NA64 result

47

Options for the A’ decay modes:

Search method
1. large SM – > APEX
2. large DM – > NA64
3. omni – > PADME

The A’ decay mode is not known.
It could be 100% semi-DM for 
such a case the most reliable 
bump search method is PADME.

http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22

