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• Introduction 

• Existing limits 

• The BaBar search for dark photons 

• Future projects 

• Summary 
 

• My apologies to the groups whose work I will not have 
time to show today.
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Dark Sector

• Dark sector contains massive particles that carry a “dark 
charge”; new force moderated by a “dark photon” A′. 

• A′ mixes with the ordinary photon with strength ε.  
 
             

• Any process that creates a photon can create an A′
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B. Holdom, Phys. Lett. B 166, 196 (1986). 



• A couple of production mechanisms: 
 
 
 
 
 

• There are naturalness arguments that say that ε 
should be in the range 10-5—10-2 and MA′ in the 
range MeV—GeV. 

• If the A′ is the lightest dark sector particle, it will decay 
to standard model fermions. 
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• Lifetime (and decay length) 
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• Branching fractions are the same as a virtual photon 
of mass MA′ (i.e.                            ) e+e� ! �⇤ ! X
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Figure 1: Dark photon branching fraction to specific final states as a function of the dark
photon mass.

1.1 Searches at BABAR

A dark photon can be readily produced in the reaction e+e− → γA′, and decay sub-
sequently into SM leptons via kinetic mixing. This signature is similar to that of light
CP-odd Higgs (A0) production in e+e− → γA0, A0 → ℓ+ℓ−. Searches for narrow dimuon
and ditau resonances in Υ (3S) and Υ (2S) decays [9] have been reinterpreted as constraints
on the coupling α′ = αϵ2 between the dark photon and SM fermions [10]. Upper limits
on the square of the mixing parameter ϵ2 = α′/α of the order of 10−5 have been set,
as shown in Fig. 2. These limits must however be taken with caution; they are derived
from a measurement where the efficiency is determined assuming a scalar resonance, not
a vector one. Constraints derived from other experiments are also shown. They include
results derived from beam-dump experiments [11], the electron anomalous magnetic mo-
ment [12], KLOE [14, 15], WASA-at-COSY [16], HADES [17], A1 at MAMI [18] and the
test run from APEX [19]. The red line shows the value of the coupling required to explain
the discrepancy between the calculated and measured anomalous magnetic moment of the
muon [13].

The decay A′ → invisible can be probed through the e+e− → γ + invisible reaction,
scanning the photon energy spectrum (or, alternatively, the recoiling mass against the
photon) for a peak. BABAR has collected about 50 fb−1 of data with a single photon
trigger, and an analysis of this channel is currently performed. Preliminary estimates
indicate that values of ϵ2 down to 10−6 could be reached, substantially improving the
existing limits (see for example [20]).

Extensions of dark sectors to a non-Abelian groups introduce additional dark gauge
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Connection to dark matter

• Dark matter could be TeV scale dark fermions. They 
would annihilate into A′ pairs, which in turn would decay 
to e+e- ⇒ astronomical excess of positrons.
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• No excess of anti-protons observed, which could 
indicate an A′ mass less than a few GeV.

AMS-02 collaboration, Phys. Rev. Lett. 
110, 141102 (2013); this plot from 
update at  http://ams.nasa.gov/
AmsScientificPublications.html 

Should see rate drop above 
~1/2 the dark matter mass
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Existing limits on ε and MA’
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A1 experiment at the Mainz Microtron (MAMI)

• 180—855 MeV e- beam on tantalum foils
8

 (GeV)    A'm
-210 -110 1 10

   
 

ε

-410

-310

-210

σ 2±
µ

(g-2)

favored A1

Phys. Rev. Lett. 112 (2014) 221802

Christopher Hearty, Dark Photons



• Two high-resolution spectrometers. Not a 4π detector! 
Adjust beam energy and magnets (22 settings) to 
scan mass.  Mass resolution ~0.1—0.4 MeV/c2. 

• Normalize to QED background: 

9
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turns out that some of these settings were not chosen
optimally. The settings of the pilot experiment [21] were
included, and were reanalyzed with additional event
samples covering the same mass region.
The vacuum system of the spectrometers was connected

to the scattering chamber to minimize multiple scattering.
Both spectrometers were equipped with four layers of
vertical drift chambers for position resolution, two layers of
scintillator 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 ¼ 80 μAwas measured with

a flux-gate magnetometer (Förster probe). The angular
acceptances of the spectrometers were defined by heavy
metal collimators. For spectrometer B, a collimator setting
of 40 mrad ðhorizontalÞ × 140 mrad ðverticalÞ ¼ 5.6 msr
was used for all settings, while for spectrometer A two
different collimators with 150 × 140 mrad ¼ 21 msr and
200 × 140 mrad ¼ 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 coinci-

dence between the two spectrometers. For reaction iden-
tification, a cut was applied first on a signal in the Čerenkov
detectors of both spectrometers 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 jΔtABj < 1 ns
was used to identify lepton pairs. The background con-
tribution from random coincidences was estimated by a cut
on the sideband with 5 ns < jΔtABj < 15 ns.
Additional cuts were applied for the acceptance of the

spectrometers to further reduce the contribution of back-
scattered particles from the entrance flange of spectrometer
B. Finally, cuts on the validity of the overall kinematics
were 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 11% after all cuts. This background contribution is not
subtracted for the peak search, but has to be taken into
account later in the calculation of the exclusion limit.
For the identified lepton pairs, the invariant pair mass

was determined by the four-momenta of the leptons via
m2

eþe− ¼ ðpeþ þ pe−Þ2. Figure 2 shows the mass distribu-
tion of all settings.
To add up the pair mass distribution of all settings, the

absolute mass calibration of each setting has to be better
than the expected peak width. The magnetic field of the
spectrometers was simultaneously monitored with NMR
probes to δB=B ¼ 10−4 and with Hall probes on the
δB=B ¼ 5 × 10−4 level. This translates, in total, to a mass
calibration of better than 100 keV=c2. The calibration was
verified at several points by additional measurements of

elastic scattering on tantalum. The position and width of the
181Ta ground state was used to confirm the total calibration
and to extract the momentum and angular resolution of the
total setup in situ. The experimental resolutions were used
to tune the detailed simulation of the elastic scattering
process to reproduce the elastic peak shape. Finally, the
simulation was used to determine the mass resolution and
expected dark-photon peak shape, which depend on the
mass including radiative corrections. The resulting reso-
lution varies between 210 keV=c2 FWHM, in the lowest
mass range, up to 920 keV=c2 FWHM, for the settings of
the last experiment.
The estimated peak shape was used to perform a search

for a peak in the total mass distribution. For this, the
background for each bin was estimated by a local fit of the
neighboring bins with a cubic polynomial. The confidence
interval was determined using the Feldman-Cousins algo-
rithm [22]. (Please note that in the literature several different
approaches were used by different experiments to determine
limits for dark-photon searches; however, they differ only
by a few percent.) The results were corrected for the leakage
of the peak outside the bin. The complete procedure was
repeated with shifted binning limits in eight steps.
No significant signal for a dark photon was detected.
Results and interpretation.—Because of the use of thin

tantalum foil stacks as targets, the normalization of the
cross section contains large uncertainties. However, the
identification of the QED background process is very clean,
and can be used as normalization. Therefore, to translate
the exclusion limit in terms of events to an exclusion limit
in terms of the mixing parameter ϵ, we used the ratio of
dark-photon production with mixing parameter ϵ divided
by the QED background process [17],

R ¼ dσðX → γ0Y → eþe−YÞ
dσðX → γ%Y → eþe−YÞ

¼ 3π
2Nf
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BaBar search for dark photons

•   

• Reconstruct photon plus both leptons.  

• Prompt decay; narrow peak on high backgrounds. 
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e+e� ! �A0
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Low mass region, MA’ < 220 MeV/c2 

• Decays to e+e- only. Several challenges:  

• Factor of 2 loss of efficiency due to trigger scaling. 

• Large peaking background from e+e- → γγ, where one γ 
converts in detector material to e+e-.
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• Suppress with neural  
net; flight length + 
event topology
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Figure 10: Distribution of the refitted e+e− invariant mass before and after applying the
NN cut for the optimization sample.
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conversion peak is shifted by 
kinematic fit, which constrains the 
leptons to the beam spot 
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• Event generator (BHWIDE) does not simulate the low-
mass region, where the two electrons are nearly co-
linear. (MADGRAPH does a good job). 

• Signal extraction does not rely on MC prediction.
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High mass region 0.22 < MA’ < 10.2 GeV/c2

• Sensitivity is completely dominated by muon final state. 
Better efficiency and lower backgrounds.  

• Peaking backgrounds from initial-state radiation of vector 
states, e.g. 

e+e� ! �J/ ; J/ ! µ+µ�

• no limits in ω, φ, J/ψ, 
ψ(2S), Υ(1S), Υ(2S) mass 
regions.
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Signal extraction

• Fit ±10x mass resolution around each A′ mass 
hypothesis (5704 for e+e-, 5370 for μ+μ-).  

• Resolution 1.5—8 MeV/c2  

• PDF shape for signal from MC; interpolate between 
generated masses.
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• Polynomial for smooth background;  

• Crystal ball/Gaussians for peaking background;  

• Interference terms at the ω and φ.

15

Ev
en

ts
 / 

( 0
.0

05
 G

eV
 )

3600

3800

4000

4200

Ev
en

ts
 / 

( 0
.0

05
 G

eV
 )

3600

3800

4000

4200

 (GeV)A’m
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95

R
es

id
ua

ls

-2

0

2

 (GeV)A’m
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95

R
es

id
ua

ls

-2

0

2

Ev
en

ts
 / 

( 0
.0

05
 G

eV
 )

3800

4000

4200

4400

Ev
en

ts
 / 

( 0
.0

05
 G

eV
 )

3800

4000

4200

4400

 (GeV)A’m
0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

R
es

id
ua

ls

-2

0

2

 (GeV)A’m
0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

R
es

id
ua

ls

-2

0

2

Ev
en

ts
 / 

( 0
.0

02
 G

eV
 )

2000

2500

Ev
en

ts
 / 

( 0
.0

02
 G

eV
 )

2000

2500

 (GeV)redm
0.6 0.65 0.7 0.75 0.8 0.85

R
es

id
ua

ls

-4

-2

0
2

4

 (GeV)redm
0.6 0.65 0.7 0.75 0.8 0.85

R
es

id
ua

ls

-4

-2

0
2

4

Ev
en

ts
 / 

( 0
.0

04
 G

eV
 )

3000

3500

4000

Ev
en

ts
 / 

( 0
.0

04
 G

eV
 )

3000

3500

4000

 (GeV)redm
0.8 0.85 0.9 0.95 1 1.05 1.1 1.15

R
es

id
ua

ls

-4

-2

0

2

 (GeV)redm
0.8 0.85 0.9 0.95 1 1.05 1.1 1.15

R
es

id
ua

ls

-4

-2

0

2

Figure 54: Fits to the dielectron (top) and dimuon (bottom) spectrum near the ω (left)
and φ (right) resonant regions using the functional form described in the text.
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Figure 56: Fits to the µ+µ− data sample. The full fit (signal and background) is shown
as a solid line, while the signal is shown as a dashed line on the residual plot.
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Electron results

16

0 2 4 6 8 10

) f
b

- e+
 e

→
 A

’, 
A

’ 
γ 

→ - e+
(e

σ

-50

0

50

 (GeV)A’m
0 2 4 6 8 10

   SS

-4
-2
0
2
4

Cross section vs mass

Significance of 
signal vs mass

 SS-4 -3 -2 -1 0 1 2 3 4

En
tr

ie
s

1

10

210

-e+e

Significance of all 5704 
mass hypotheses

Christopher Hearty, Dark Photons



Muon results
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Limits

• Only significant systematic error is in the assumed shape 
of the smooth background. Comparable to statistical 
errors at lowest e+e- masses, and near Υ(1S), Υ(2S).  

• Combine the electron and muon cross section 
measurements to obtain limits on ε and MA′.
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BaBar limits on heavy photon parameters
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The future

• Quite a few dedicated experiments planned or proposed. 
Generally fixed-target electron beams.  

• HPS, APEX, and DarkLight at Jefferson laboratory 

• A1 at MAMI: plans to search for displaced vertices, ~10mm 

• A1 collaboration at MESA (Mainz energy-recovering 
superconducting accelerator); 105 MeV e- beam on a gas 
target, high power. 

• VEPP-3; 500 MeV e+ beam on a hydrogen target; photon 
detection only. 

20Christopher Hearty, Dark Photons



HPS — Heavy Photon Search at JLab

• Reconstruct e+e- only. Good mass 
resolution for prompt decays due to 
small beam (beam spot constraint). 

• Worse resolution for displaced 
vertices. 2D search in lifetime and 
mass. 

21

SLAC Experimental Seminar

The HPS SVT
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Mass Resolution:  Bump-Hunt vs Vertexing

!23

•  two types of searches → two kinematic fits →two mass resolutions  
•  Large coupling Aʹs decay in the target → constrain the e+ & e− 
to originate from beamspot 

•very good constraint on angles 
•Small coupling  Aʹs decay outside of target → point decay 
products back to target 

•good at removing poorly reconstructed tracks
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Small coupling search
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not included yet…recoil electron!   
⟹adds mass resolution/BH discrimination

σm(NC) ~ 2-3 MeV 
σm(BSC) ~ 0.7-2.7 MeVMatt Graham
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• JLab Hall B. Commissioning in December, then 3 weeks 
of data in 2015 (between CLAS installation).
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rate is high enough 
to see bump on 

large backgrounds

lifetime is long enough 
to distinguish from 

prompt backgrounds
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APEX (A′ experiment) at JLab

• Hall A; CEBAF 1—4 GeV CW e- beam on tantalum foil. 
High resolution spectrometers. Beam in 2015? Or 2016.

23Test run results published in Phys. Rev. Lett. 107, 191804 (2011).
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Belle II

• Goal of Belle II is ~100x BaBar integrated luminosity by 
2023.  Also much better mass resolution (large drift 
chamber), and higher trigger efficiency for e+e-. 
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Putting it all together…

• Most of this region of parameter space will be examined 
over the next few years, generally by more than one 
experiment. 
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• Large backgrounds from              
with 1 photon missed, or  
with both tracks down the beam pipe.


• arXiv:0808.0017 [hep-ex] (2008). 
Interpreted as A′ search by R. Essig et 
al, arXiv:1309.5084 [hep-ph] 

Invisible decays of the A′

• If the A′ is not the lightest dark particle, it can decay to 
invisible states, leaving only a photon in the final state: 

• BaBar recorded Y(2,3S) data with single photon trigger. 
Light Higgs search; A′ search in progress. 
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e+e� ! �A0; A0 ! ��

arXiv 0808.0017 [hep-ex] (2008)

e+e� ! ��
e+e� ! e+e��
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• DarkLight (JLab FEL 100 MeV e- beam on a hydrogen 
target) will reconstruct all final state particles in a 
compact magnetic spectrometer, including the recoil 
proton and the scattered electron.  
       ⇒ detect invisible decays via missing mass.  
 
 
 

• data in 2016? 

• BDX: proposal to produce invisible pairs in an electron 
beam dump at JLab; detect via nuclear recoil 
following a thick absorber. 27
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Figure 5. Diagrams contributing to the X boson signal. Here, the X boson propagator is evaluated
in the narrow-width approximation.

Figure 6. Representative diagrams contributing to the radiative QED background. With indis-
tinguishable outgoing electrons, there are 12 diagrams in total, consisting of �

⇤ emission o↵ the
incoming/outgoing electron/proton lines and the Bethe-Heitler process. In this study, we ignore
the electromagnetic form factor of the proton, which contributes at most a 5% correction.

pseudoscalar (axial-vector) case is identical to the scalar (vector) case. While we keep
finite me e↵ects in our calculations, we will only show reaches for the scalar and vector
cases, since the finite me e↵ects are small. While there could be contributions to the signal
from X boson couplings to the proton, we argue in appendix E that such e↵ects can be
ignored. In reconstructing the X resonance, there is combinatoric confusion about which
electron to pair with the positron, and this confusion is included in our plots. We neglect
the electromagnetic form factor of the proton, which is a fair approximation since we are
considering incoming electron energies Ee ⌧ m

proton

.

The background to e

�
p! e

�
p e

+

e

� is due to QED radiative processes e

�
p! e

�
p+�

⇤

with �

⇤ ! e

+

e

� and to the Bethe-Heitler trident process, shown in figure 6. Details of
these backgrounds appear in appendix C, where we again ignore the proton form factor.
We calculated the background cross sections using a custom phase space generator in-
terfaced with the stand-alone version of MadGraph 4.4.17 [46], and checked the results
using CompHEP.
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JHEP 1001 (2010) 111 [arXiv:0909.2862 [hep-ph]]

arXiv 1406.3028 [physics.ins-det]
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Summary

• A dark sector could explain dark matter and produce 
new phenomena at relatively low energies.  

• The new BaBar search did not observe evidence for a 
dark photon, and excludes a significant region of 
parameter space.  

• A large number of experiments over the next few years 
will pursue searches for dark photons in leptonic and 
invisible final states.  

28Christopher Hearty, Dark Photons


