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Dark Photons

Boldom, Phys. Lett. B166, 1986

● Under A' interaction, ordinary charged matter acquires a new charge e:

● Consider an additional U(1) hidden symmetry in nature: this 
leads to a kinetic mixing between the photon and the new gauge 
boson A'

● General hypothesis to incorporate new physics in the SM: the A' 
acts as a “portal” between the SM and the new sector

New interaction term:

 is a huge mass scale particle 
(M~1EeV) coupling to both SM and HS
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Dark photons and dark matter
Most of the dark matter searches so far focused on WIMPS:

● High mass (10 GeV – 1 TeV)
● Low cross-sections for interaction with SM matter (10 -15 barn)

Dark photons with ~ GeV mass coupled to DM would permit to explore DM existence in 
the mass region:

         10 MeV – 1 GeV

Complementary search to explore another region 
in the parameter space M

DM
, g

D

M

Important! 

Testing the idea of dark sectors 
requires a collection of searches 
sensitive to all possible A' decays, 
visible & invisible.
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Dark photons and dark sector

4 parameters: 

A simple model:

● A' interacts with trough kinetic mixing
● Dark sector particle  interacts with A'

A' production: A' decay:

● Minimal scenario
● Decay suppressed by small 

mixing 
● Valid for any M value

Visible First scenario

HPS, APEX, DarkLight (JLab)
A1 (Mainz)

Babar, Kloe, NA48/2, ... 
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A' current searches and constrains
Any -rich environment is suitable for A' searches.

● Fixed target with e- beam
●  JLab, Mainz

● Fixed target with p beam
●  Fermilab

● Annihilation
●  BABAR, BELLE, KLOE

● Meson decay
●  KLOE, BES-3, WASA-COSY

So far, no positive A' evidences: 
limits in the parameters space
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Dark photons and dark matter

4 parameters: 

The simplest model:

● A' interacts with trough kinetic mixing
● DM  interacts with A'

A' production: A' decay:

Invisible Second scenario

● Only if M< M
A'

 / 2 
● Not -supressed
● If present, is the preferred 

A' decay mode
● If present, visible decays 

are 2 suppressed

BDX experiment at JLab
(LOI submitted to JLab PAC 42)
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Dark photons invisible decay: g2
● Muon g-2 anomaly: “traditional” motivation for A' search

● New results (Babar, Kloe) seem to exclude the g-2 motivated region in the  – M
A
 plane

● This conclusion is model-dependent: if invisible decay is included, limits do not hold!

[arXiv:1406.2980]

Muon g-2 anomaly has to be investigated considering visible AND invisible decay modes
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Dark photons invisible decay: g2
● Muon g-2 anomaly: “traditional” motivation for A' search

● New results (Babar, Kloe) seem to exclude the g-2 motivated region in the  – M
A
 plane

● This conclusion is model-dependent: if invisible decay is included, limits do not hold!

[arXiv:1406.2698]

Muon g-2 anomaly has to be investigated considering visible AND invisible decay modes

“New” approach:

● For a given M
A
, fix  to explain g-2

● Exclusion plot: 
D
 – M

A
 plane

● Depending on (M
A
) and 

D 
decay can 

be visible or invisible
● Use both searches to constrain g-2
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Beam dump experiments for dark matter searches
Two-Step Detection Process:

● Fixed-target: A' produced in the dump, decays 
promptly to invisible 

● Detector: Neutral-current scattering of  trough A' 
exchange, detect recoil. Different signals depending on 
the interaction (e- scattering, coherent nuclear, quasi-
elastic,..)

Background sources:

● Beam-related: mainly neutrinos, provided the dump is 
thick enough to shield other particles.

● Cosmogenic: mainly neutrons. Can shield or veto. 
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x detection
1) Elastic scattering on nucleon

The  scatters elastically on a nucleon (p) in the detector 
producing a visible recoil (~ MeV)

Experimental requirements:

● Sensitivity to ~MeV nucleon recoil (low detection 
thresholds)

● Low energy backgrounds rejection capability
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x detection
2) Elastic scattering on electrons

The  scatters elastically on an electron in the 
detector producing a well visible recoil ( ~ GeV)

Experimental requirements:

● Sensitivity to ~GeV electrons (EM showers)
→ Easy background rejection

3) Inelastic scattering

The scatters inelastically on a nucleon / electron,
producing a  that decays promptly to e+ e- 

Experimental requirements:

● Sensitivity to ~100 MeV nucleon recoil
● Sensitivity to ~GeV electrons (EM showers)

→ Easy background rejection
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Experimental technique

4.0 ns

Detector Time Res          
              ~ 0.1-0.2 ns

Beam structure
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Veto for charged

Segmented 
Detector

Passive shielding

Detector requirements
●  Good time resolution to reject beam-uncorrelated 

background
●  Segmentation 
●  Active veto
●  Passive shielding
●  Low threshold for nucleon recoil detection (~MeV)
●  EM showers detection capability

1 m3 segmented plastic 
scintillator + lead foils

Detect   interaction in a detector placed 
behind the beam-dump of an high intensity
(~ 100 A) Hall 

Make a tight coincidence with the primary e- 
beam to reject cosmogenic (beam-uncorrelated) 
backgrounds
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Full detector prototype: CORMORINO

CORMORINO is a full working prototype of the full-scale detector.
● Validate detector design
● Measure background rates and validate MC simulations

● Scale MC results to full detector
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Full detector prototype: CORMORINO
First CORMORINO test with cosmic rays + FADC-based DAQ

Time resolution:


T
 ~ 110 ps / MIP

CORMORINO preparation for background 
measure campaign:

● Add active veto (plastic scintillator + PMT)
● Add passive shielding (5cm lead)
● Optional: add a second VETO between

detector and shield 
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Beam-related backgrounds

● Simulated 1.6 109 EOT
● Only neutrinos pass the beam dump and cross the detector
● Rate is negligible

Beam-unrelated backgrounds

1) Cosmic neutrinos 

● Considering flux, interaction cross-sections, and thresholds the 
number of detected cosmic neutrinos is negligible

Total
 

e
 

CORMORINO simulation: backgrounds
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CORMORINO simulation: backgrounds
Beam-unrelated backgrounds

2) Cosmic neutrons

● High-energy neutrons can penetrate the shielding and 
interact inside the detector, mimicking a x-N interaction

● 1 m iron shield + detection threshold introduce an 
energy cut-off on the primary spectrum ~ 50 MeV

3) Cosmic muons: different background contributions

● Crossing muons producing a fake signal for VETO 
inefficiency

● Muons decaying inside the detector not rejected for 
VETO inefficiency

● Muons decaying inside the lead shield  not rejected for 
VETO inefficiency

● Muons decaying between iron and veto
● The  from the rare decay  → e-   could by-pass the 

veto and interact in the detector
● Rate is negligible 
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CORMORINO simulation: rates 

For comparison, also the expected signal rate 
for two theoretical -N elastic scattering 
scenarios is shown.

● Two detection thresholds: 
1 MeV / 10 MeV

● Beam-related background is not an issue

● Cosmogenic backgrounds are dominant

CORMORINO background rates from MC simulation

These results will be validated by a dedicated measurement campaign  
(Autumn 2014)
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Full BDX experiment




BDX detector size: 30x CORMORINO

●  Exploiting the  forward kinematics the front size 
 is the same as CORMORINO (~50x50 cm2)

●  Each optical channel (L/R PMTs) is made by a 3x3 matrix of 5x5x50 cm3 paddles

● CORMORINO-like module: 3x3 optical channels, 0.1 m3

● 20 modules, 360 PMTs
● Factor 30x in counts

● Each scintillator bar is interleaved with 1mm lead foil to increase the EM radiation 
length

BDX accumulated charge: 1022 EOT

● Beam current: 100 A (Hall-A / Hall – C option)
● Accelerator availability: 50%
● Run time: 1 calendar year

BDX improvements under study:

● Better time resolution for cosmogenic backgrounds rejection
● VETO design to reduce inefficiency (5% in current estimates)
● PID (liquid scintillator?)

...
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Full BDX experiment: reach
Elastic - p scattering BDX reach

● Reach is limited by background rate
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Full BDX experiment: reachFull BDX experiment: reach
Elastic - e- scattering and inelastic scattering BDX reach

● (almost) background-free search
● Reach is limited by the signal rate
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Full BDX experiment: work plan

• BDX LOI submitted to PAC42 
• BDX LOI published http://arxiv.org/abs/1406.3028
• Spokespersons: 

● M.Battaglieri, A.Celentano, R. De Vita, E.Izaguirre, G.Krnjaic, 
E.Smith, S.Stepanyan

A significant interested for BDX LOI 

● The Letter of Intent is only the first step 
in the (long) way to run the experiment

ToDo list (very partial) 

● Measure cosmogenic bg rate with 
CORMORINO

● Define the full detector design
● Look for detector financing
● Prepare the full proposal for ’15 July PAC 
●  Set full simulations 
●  Build the detector
●  Prepare the JLab beam-dump
●  Install the detector

●  Run the experiment !!!!

http://arxiv.org/abs/1406.3028
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 BDX@LNF
  production and detection

● 1.5 GeV electron beam
● 7 1019 EOT/year
● 1 year run (50% efficiency)
● Repetition rate: 50 Hz, (0.7A in 10 ns bunch)
● Negligible cosmogenic BG with timing cut
● Expected ~20 counts in 1m3 plastic scintillator detector  (1 MeV threshold)
● Significant sensitivity to low mass (A'/) region

Parameters:

M_A' = 50 MeV 

M_Chi = 10 MeV 

Alpha_dark = 0.1 

Epsilon = 10-3 

Very preliminary study of a very interesting experimental opportunity.

  production angle p recoil energy
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Conclusions
● The dark sector may be more complex than originally expected

● Extensive search for low mass DM
● Natural extension of the heavy photon model to include light DM via invisible A' decay

● Beam Dump eXperiment at JLab: search for light DM particles  in the 10 – 1000 MeV 
range
● High intensity e- beam for 1 year (1022 EOT), 1 m3-size plastic scintillator detector
● Sensitivity to different  interactions:

● -N scattering
● -e scattering
● Inelastic

● BDX would extend the exclusion region and can put an end to the possible A' role in the 
muon g-2 anomaly

● Cosmogenic backgrounds are the main issue (at least for -N scattering)
● These will be measured with a small-scale prototype of the full detector

● Current status:
● LOI submitted to PAC42, waiting for response
● Full proposal in preparation 
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Back up
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MiniBooNE
MiniBooNE DM search:

● 8 GeV protons on a 50m beam dump 
● Detector ~ 500 m after the beam dump

● 800 t mineral oil, 1280 PMTs

MiniBooNE test run (2013):

● 0.4 1020 protons on target
● “Off-axis” configuration to reduce   

background (reduction factor ~ 42)
● Selection cuts for DM events:

● Timing ( can travel slower than c)
● Energy (different  energy deposition) 

MiniBooNE 2014 proposal: 2 1020 PoT

Preliminary, M
A'

=300 MeV,  '=0.1
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First generation fixed target experiments: beam dump

2)

● e- beam incident on thick target
● A' is produce in a process similar to ordinary 

Bremsstrahlung
● A', emitted forward at small angle, carries 

most of the beam energy and decays before 
the detector

● Decay products are measured in the detector

Beam dump experiments for A' search: 
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