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Dark Sectors with Heavy Photons

Is it made by a 
“Dark Sector” of 

new particles and 
interactions?
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CMB Structure

Gravitational Lensing

An additional U(1) gauge symmetry in Nature is predicted 
in many Beyond Standard Model theories  

Heavy Photon



Kinetic Mixing

An old idea: if there is an additional U(1) symmetry, the new 
vector boson A’ kinetically mixes with the SM photon

“Kinetic mixing” 

Loops of heavy 
particles charged 

under photon and A’

A' acts as a “portal” between the SM and the new sector 



Coupling to electric charge 

Mixing induces an effective weak 

coupling ε·e to electric charge 



Motivations …
… for a light weakly coupled U(1) gauge boson

It is theoretically well motivated and it can explain various puzzling measurements 

(g-2)µ anomaly
M.���������	
��������������������  Pospelov,���������	
��������������������  Phys.���������	
��������������������  Rev.���������	
��������������������  D80���������	
��������������������  (2009)���������	
��������������������  095002

Astrophysical anomalies  
(INTEGRAL, WMAP… 

 PAMELA, FERMI,AMS-02…)
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theoretical expectation

M. Aguilar et al. PRL 110 141102

Dark matter decaying or annihilating in a light A’	

which in turn decays to e+e-

No corresponding excess in anti-protons mA’ < 2mp

N.���������	
��������������������  Arkani-Hamed���������	
��������������������  et���������	
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if the anomaly is 
due to A’

> 3 σ deviation experiment - SM prediction



The Hot Spot
Both theoretical arguments and fits to astrophysical data suggest 

the same region in mass-coupling space

𝝐   ̴10-5 - 10-2 

mA’   ̴MeV - GeV
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Present limits 
!
•  Fixed target with e- beam  
      JLAB (APEX test), Mainz (A1) 
!
• Fixed target with p beam  
    Fermilab 
!
• Beam dump experiments 
     E774,E141,U70,Orsay 
!
• Annihilation 
    BABAR, BELLE, KLOE 
!
• Meson decay 

KLOE, BES-3, WASA-COSY

A large region is still 

unexplored 
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2σ experimental reach  
1 week @ 1.1 GeV 
1 week @ 2.2 GeV 
2 weeks @ 4.4 GeV

Heavy Photon Search

High intensity e- beam of JLab 
+ 

High-rate, high-acceptance and 
high-resolution detector

A new dedicated experiment at JLAB to search for heavy photons over a 
wide range of masses and couplings in unexplored parameter space 



A! Production Kinematics
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Fixed target experiments
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Resonant Search (Bump-Hunting) approach 

HPS needs !
✓High luminosity e- beam 
!
✓ Momentum reconstruction and good 

invariant mass resolution (Δm/m ~ 1%) 
!
✓ Large acceptance in the forward region 

(detectors close to the beam) due to 
kinematic constrains 

~ a few degrees

Narrow resonance in the e+e- 
invariant mass spectrum 

Fight background with  

high intensity and resolution



– Distinctive kinematics:

A!  Production and Background Kinematics (mA!≪Ebeam)  
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QED Backgrounds

A! products carry (almost) 
full beam energy!

γ*

(rates before angular cuts)

σ ~ α!/m2 = ε2α/m2 dσ~α2/m3 dm

Symmetric energy, angles in two 
arms optimize A′ acceptance

            E+ ≈ E– ≈Ebeam/2

Radiative  
same kinematics as A’ decay, irreducible

Bethe-Heitler  
different kinematics, cross section >> radiative, dominant

– Distinctive kinematics:

A!  Production and Background Kinematics (mA!≪Ebeam)  
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QED Backgrounds

A! products carry (almost) 
full beam energy!

γ*

(rates before angular cuts)

σ ~ α!/m2 = ε2α/m2 dσ~α2/m3 dm

Symmetric energy, angles in two 
arms optimize A′ acceptance

            E+ ≈ E– ≈Ebeam/2

Physics Backgrounds

Two physics backgrounds known as “tridents”



Problem: explore small couplings (𝝐 <10-4) and intermediate mass region

Small couplings mean very few events => Intense beam => lot of background 

Searching for an A’ with small coupling

HPS solution: reconstruct A’ decay vertex to 
beat down trident background 

HPS needs !
✓  Vertex reconstruction with good resolution      
Δz ~ 1mm (detectors close to the target)
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Bump Hunting + Vertexing

Aʹ Decay Lengths

But small couplings also make  A’ long-lived !

It’s all about rejecting the prompt background (  ̴10-7 !)

e+

e-e-

Prompt decay e+

e-e-

Displaced vertex



HPS apparatus

Dipole 
magnet

e- beam

e+
e-

̴1m

Thin W target (~10-3 X0) 

✓Determine invariant mass of A′ decay products (estimate momentum vectors) 	

✓Distinguish A′ decay vertexes as non-prompt (extrapolate tracks to their origins) 

compact Si microstip tracker
Fast PbWO4 electromagnetic 

calorimeter
✓ Electrons identification	

✓ Triggering on e+e- pairs

Thin target needed to reduce 
background (high beam current 
to probe small cross sections)

Fast and radiation-hard detectors and high trigger rate (up to 50 kHz)



Up to 5 orbitsE
 
= 1.1GeV/Linac 

Continuous Electron Beam Accelerator Facility 

A B C

recirculating arcs

north linac

injector

experimental 
Halls

HPS will run in Hall B 

south linac

Tight beam spot in y helps tracking & vertexing	

Very low halo = low background 

High
Intensity

Frequency

Quality

Ibeam < 100 μA Hall A, C - < 800 nA Hall B (HPS: 200 - 400 nA)

  ̴DC beam,  2 ns bunch separation (1 bunch ~ 10000 e-) 	

Spread out beam background over time for manageable occupancies

JLab recently 
completed the energy 

upgrade from 6 to 
Emax =12 GeV 



±15 mrad “Dead Zone”

Controlling Beam Background
Vertexing A’ decays and maximize low mass acceptance require  

detectors close to the target and the beam (just 0.5 mm for the first Si sensor) 

• Avoid most of the Multiple Coulomb Scattered (MCS) beam (THE background for HPS)	

• Avoid photons radiated in target	

• Avoid the electrons which have radiated photons, lost energy and been deflected in the 

horizontal plane by the magnet (“sheet of flame”)	

• Avoid beam gas interactions	

• Avoid errant beam motions

Backgrounds matter !

HPS design solutions !
✓Both SVT and Ecal are split vertically to avoid the “Dead Zone” 
!
✓ SVT in vacuum to eliminate beam gas interactions 
!
✓ Tightly collimate the incident beam

☠



HPS apparatus: SVT

Design 

• Si microstrip detectors single-sided with 60 μm sense pitch over a 4x10 cm2 surface	

• 6 layers of detectors, split top-bottom, extending from 10 to 90 cm downstream of the target	

• Two sensors per layer, one axial and the other at small stereo angle (100 or 50 mrad) 	

• <1% X0 per layer to reduce MCS that dominates mass and vertexing uncertainties

Readout 

• CMS APV25 ASIC, 40 MHz continuous sampling	

• Six-sample readout and the shortest possible shaping time (35 ns) to best distinguish hits that overlap in time	

• Fit CR-RC shaping curve to determine the amplitude and the time of the hit	

• Position and time of the cluster: amplitude-weighted mean of position and t0 of individual hits



HPS apparatus: Ecal

Crystals are arrayed above and  

below the Ecal vacuum chamber

• Light readout by 10x10 mm2 LA-APD and custom pre-amp	

• Data recorded with 250 MHz 12 bit FADCs. 	

• Energy and time transferred every 32 ns to Trigger Processor FPGA for cluster finding 	

• Trigger: pair of clusters from top and bottom half in a 8 ns coincidence window

Design 
Fully absorb electrons with energies 0.5-6.5 GeV

Modules are assembled inside temperature 
controlled enclosure to stabilize gains

APID blue/red LED Monitoring for both 
radiation damage and APD response

Readout 

☝



 Test Run in Hall B with photon beam: parasitically + 8 hours dedicated time 

Study detector 
performances 

& 
Confirm trigger rates 

and occupancies

HPS Test run 2012
description���������	
��������������������  and���������	
��������������������  results���������	
��������������������  @���������	
��������������������  arXiv:1406.6115v1

SVT: 5 layers instead of 6 
Ecal:  before the upgrade (old 5x5 mm2 APD and preamp) 



HPS test run: SVT performances

Good agreement data-MC  
for kinematic distributions 
and track vertex

>97% channels ok 
Hit efficiency > 98% 
Hit resolution   ̴ 6 µm

☺
☺
☺

S/N   ̴25 ☺

Hit time resolution

 σ    ̴2 ns ☺

☺



HPS test run: Ecal performances

Good agreement data-MC for energy reconstruction, trigger efficiency and 
trigger rates.  

 
Dead Zone 

Missing Channels

Mean pulse amplitude per channel 

Background occupancy 
for HPS under control !EEcal/PSVT Trigger Efficiency

Trigger Rates

☺



Conclusions

HPS is now preparing for installation at JLab

The HPS Test Run demonstrated the feasibility of the detector technologies 
proposed to conduct the full experiment successfully  

Next week - Ecal installation in Hall B 

October 2014 - Ecal commissioning with LED and cosmic rays 

Fall 2014 - Beam commissioning in Hall B 

December 2014 - commissioning of the full HPS with beam 

Spring 2015 - Start of data taking 

HPS is a new experiment at JLab dedicated to search for heavy photons in the 
10-200 MeV mass range and couplings 𝝐=10-3 -10-5


