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Abstract. APEX is an experiment at Thomas Jefferson National Accelerator Facility (JLab) in Virginia, USA,

that searches for a new gauge boson (A′) with sub-GeV mass and coupling to ordinary matter of g′ ∼ (10−6 −
10−2)e. Electrons impinge upon a fixed target of high-Z material. An A′ is produced via a process analogous

to photon bremsstrahlung, decaying to an e+e− pair. A test run was held in July of 2010, covering mA′ = 175

to 250 MeV and couplings g′/e > 10−3. A full run is approved and will cover mA′ ∼ 65 to 525 MeV and

g′/e > 2.3 × 10−4, and is expected to occur sometime in 2016 or 2017.

1 Motivations

The Standard Model (SM) of particle interactions is de-

scribed by an SU(3)C×SU(2)L×U(1)Y gauge group, where

the forces are mediated by vector bosons. For an exten-

sion of this model to have thus far evaded detection the

corresponding gauge boson must have a mass of O(TeV)

or must be very weakly coupled to ordinary matter, with

a coupling strength g′ suppressed relative to the electro-

magnetic charge e by ε ≡ g′/e ∼ 10−6 − 10−2 [1] (or,

equivalently, α′/α = ε2). This new gauge boson, A′, cor-

responding to a U(1)′ extension of the SM can acquire

an effective interaction with electromagnetism via kinetic

mixing, where quantum loops of arbitrarily heavy particles

provide a means by which the hidden U(1)′ sector couples

to the visible sector; see, e.g., [2–4]. The possibility of the

existence of an A′ with a small EM charge can be tested

at fixed target facilities such as the Thomas Jefferson Na-

tional Accelerator Facility (JLab). APEX, The A Prime

EXperiment, searches for an A′ at JLab and is described in

brief here. For a full description of the experiment see [5]

and for a more detailed description of the results of the test

run see [6].

In addition to the general interest in discovering an ex-

tension of the SM, a hidden gauge sector with a gauge bo-

son with mass in the MeV to GeV range could address

dark matter anomalies and the anomalous magnetic mo-

ment of the muon. For a complete discussion of these pos-

sibilities, see [7].

2 Existing Constraints

Aside from these suggestive motivations, the coupling

strength and mass of the A′ are not predicted. Thus,
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searches for this new gauge boson must be conducted over

wide ranges of both. As a result, prior to 2009, the ar-

eas of parameter space probed by APEX were remarkably

weakly constrained, since previous collider experiments

that are sensitive to low mass particles would not have

been able to collect large enough datasets to discover a

particle with such a weak coupling to ordinary matter. Fol-

lowing the observation [7] that much of this range could be

probed at existing experimental facilities, a renewed inter-

est in such experiments has led to the current constraints

and planned experimental sensitivities shown in Figure 1.

For a complete description of these constraints, see [8] and

references therein.

As seen in Figure 1, APEX covers a large portion of

this area of parameter space, from mA′ ∼ 65 to 525 MeV

and with coupling reach to g′/e > 2.3 × 10−4. A test

run for APEX was performed in July of 2010 and demon-

strated the feasibility of the full experiment.

3 APEX at Jefferson Lab’s Hall A

APEX is designed to take full advantage of JLab’s Con-

tinuous Electron Beam Accelerator Facility and the two

High Resolution Spectrometers (HRSs) in Hall A. For the

test run, an electron beam of energy 2.260 GeV and an

intensity of up to 150 μA was used, incident upon a tanta-

lum foil of thickness 22 mg/cm2. The central momentum

of each HRS was � 1.131 GeV with a momentum accep-

tance of ± 4.5%.

An A′ is produced via a process analogous to photon

bremsstrahlung and decays to an e+e− pair; thus, the A′
signal will appear as a small, narrow bump in the invari-

ant mass spectrum of e+e− pairs from background QED

processes. The diagrams for signal and irreducible back-

grounds are shown in Figure 2.
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Figure 1: Existing and planned constraints in the ε − mA′

plane, as of late 2014. From [9].
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Figure 2: A′ signal process (a) and irreducible QED

backgrounds (b) and (c).

The opening angleΘ0 of the e+e− pair is set by mA′ and

the incident electron beam energy as Θ0 ∼ mA′/Eb ≈ 5◦,
with no such expectation for the QED backgrounds. This

motivates a symmetric HRS configuration with both spec-

trometer arms positioned far forward. To optimize sensi-

tivity to A′ decays, dipole septum magnets are placed be-

tween the target and the HRS aperture. A schematic over-

head (side) view of this setup is shown in Figure 3 (4).

Figure 3: A schematic overhead view of JLab’s Hall A,

indicating septum magnets placed just past the target

enclosure, to allow for the detection of A′ decay products

(expected to have a very small opening angle).

The Hall A HRSs (Figure 5) consist of several differ-

ent components to allow for the measurement of the posi-

Figure 4: A schematic side view of the setup in JLab’s

Hall A.

tion and momentum of charged particles to a high degree

of accuracy. Vertical drift chambers allow for an accurate

determination of the full 3D track of an incoming parti-

cle. Two separate sets of scintillators provide timing in-

formation, to identify coincident e+e− pairs. Online par-

ticle ID is provided by a gas Cherenkov detector and a

lead glass calorimeter allows for further offline rejection

of pion backgrounds. A sieve-slit method is used for op-

tics calibration.

Figure 5: A schematic side view of electron-arm High

Resolution Spectrometer (HRS) in JLab’s Hall A. A

similar setup is available in the positron arm.

Excellent mass resolution is required to enable the

identification of an A′ resonance. The HRSs are de-

signed to achieve high momentum resolution at the level

of δp/p ∼ 10−4, providing a negligible affect upon the

mass resolution. Angular resolution and multiple scatter-

ing in the target are the dominant contributions to the mass

resolution, as shown in Table 1. For the test run, APEX

achieved a mass resolution of σ ∼ 0.85 − 1.11 MeV, vary-

ing over the full mA′ range.

Reducible backgrounds, including electron or proton

singles, pions, accidental e+e− coincidences, and e+e−

EPJ Web of Conferences

01004-p.2



mrad Optics Tracking MS in target

σ(horiz) 0.11 ∼0.4 0.37

σ(vert) 0.22 ∼1.8 0.37

Table 1: Contributions to APEX mass resolution.

pairs from real photon conversions, are rejected using a

combination of different triggers.

The final event sample trigger for the test run required

a double coincidence gas Cherenkov signal within a 12.5

ns window in each arm. The resulting data sample con-

sisted of 770,500 true e+e− coincident events with 0.9%

(7.4%) meson (accidental e+e− coincidence) contamina-

tion.

4 Resonance search

The final data sample forms the basis of an invariant mass

spectrum of e+e− pairs (shown in Figure 6), which is the

starting point for the A′ → e+e− search. Since the A′
is expected to appear as a small, narrow bump on top of

a smooth spectrum of background processes, a resonance

search (also known as a raster scan or bump hunt) is per-

formed to identify statistically significant excesses along

the full mass spectrum.

Figure 6: Distribution of me+e− , the result of the final

selection for the APEX test run data.

In general, the procedure is as follows: One scans

along the mass spectrum, and at each mass bin one hypoth-

esizes a Gaussian peak of an unknown height and width

σ (also unknown but expected to be O(MeV/c2)) equal to

the experimental mass resolution. For a fixed A′ mass mA′

and given hypotheses for the number of signal events S

and number of background events B, one models events as

distributed according to a probability distribution given by

P(me+e− ) =
1

S + B
(S · N(me+e− |mA′ , σ)

+ B · Polynomial(me+e− , ai)) (1)

where me+e− is the invariant mass of the electron-positron

pair, N is a normal/Gaussian probability distribution, and

the background shape is given by a polynomial with co-

efficients ai. From the likelihood function, L, based on

this probability model, we form a test statistic, −2 ln λ(S),

where λ(S) is the profile likelihood ratio (PLR),

λ(S ) =
L(S , ˆ̂B, ˆ̂ai)

L(Ŝ , B̂, âi)
(2)

and where ˆ (ˆ̂ ) indicates the unconditional (conditional)

maximum likelihood estimator for that parameter, arrived

at via fits of the model to the data. The systematic un-

certainty in the background shape is incorporated into the

profile likelihood ratio via the nuisance parameters ai, the

coefficients of the polynomial. An example of the results

of the procedure of fitting the probability model to the data

within one window (zoomed in to show detail) is shown

in Figure 7. We then determine a confidence interval in

number of signal events S, i.e., we determine the range

in S consistent with the data at a given confidence level.

The upper limit of this confidence interval corresponds to

a limit on S.

For the specifics of the analysis of the APEX test run

data, based on extensive simulated-experiment studies, a

7th-order polynomial fit over a 30.5 MeV window is found

to strike a near optimal balance between the simultane-

ous needs to maximize sensitivity to a signal and minimize

pull (defined asσS ,best f it/S best f it) across the full mass spec-

trum; see Figures 8 and 9.

Figure 7: Detail of an example window for the resonance

search.

A symmetric scanning window is used, except for can-

didate A′ masses within 15 MeV of the upper or lower

boundaries, for which the window size is adjusted to corre-

spond to twice the distance from the candidate mass to the

boundary. The binned PLR described above is computed

as a function of number of signal events S at the candidate

mass, using 0.05 MeV bins. The PLR is used to derive

the local probability (p-value) at S = 0 (i.e. the proba-

bility of a larger PLR arising from statistical fluctuations
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Figure 8: Upper limit on number of signal events, S for

pseudodatasets and Asimov data, for different window

sizes and polynomial orders. The optimal values are a 30

MeV window and 7th order polynomial.

Figure 9: Signal pull for pseudodatasets and Asimov data,

for different window sizes and polynomial orders. The

optimal values are a 30 MeV window and 7th order

polynomial.

in the background-only model) and a 90%-confidence up-

per limit on the signal. The sensitivity of the search is

defined in terms of a 50% power-constraint [10], which

means we do not regard a value of S as excluded if it falls

below the expected limit. This procedure is repeated in

steps of 0.25 MeV/c2. A global p-value, corrected for the

“look-elsewhere effect”, (the fact that an excess of events

anywhere in the range can mimic a signal), is derived from

the lowest local p-value observed over the full mass range,

and calibrated using simulated experiments.

5 Test Run Results
No significant excess was found over the invariant mass

range of mA′ = 175 to 250 MeV; see Figure 10. The most

significant excess was at 224.5 MeV with a p-value of

0.06%. Out of ∼1000 pseudoexperiments based on the

test run data, 40% yielded a p-value at least as extreme

as 0.06% somewhere in the mass range.

The upper limit on number of signal events, S , com-

patible with a background fluctuation at the 90% CL was

translated into an upper limit on the A′ coupling, α′/α,

by exploiting the kinematic similarities between A′ and γ∗
production [7]. Based on Monte Carlo simulations, the ra-

tio f of the radiative-only cross section to the full QED

background cross section varies linearly from 0.21 to 0.25

across the APEX mass range and, thus, all backgrounds

can be normalized to the radiative background. The final

expression relating S max and (α′/α)max is

(
α′

α

)
max
=

(
S max/mA′

f · ΔB/Δm

)
×

(
2Neffα

3π

)
,

where Ne f f counts the number of available decay chan-

nels (Ne f f = 1 for mA′ < 2mμ, and increases to � 1.6 at

mA′ � 250 MeV). The upper limit on coupling is shown in

Figure 11. A schematic view of the approach by which S
and B are calculated for each mass hypothesis is shown in

Figure 12.
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Figure 10: Results of the resonance search.

The data from the test run, in the form of the invariant

mass values of the e+e− pairs, are publicly available [11].

6 Full Run Plans
The APEX full run is approved and is currently ready to

run as an alternate experiment in JLab’s Hall A sometime
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Figure 11: Upper limit on coupling.

Figure 12: A schematic of the approach to determining

number of signal events, S , over number of background

events, B, in a resonance search.

during 2016 or 2017. The full run will take data for ∼34

days at four different energy and spectrometer settings,

and will cover a larger mass range, mA′ = 65 to 525 MeV,

using a 50 cm long multifoil target. The statistics of the

full run will be ∼200 times larger than the test run, al-

lowing sensitivity to α′/α 1-2 orders of magnitude below

current limits. A complete description of the original plans

for the full run is in [5].

A new optics calibration method, using a scintillating

fiber hodoscope, is currently being tested. Additionally,

data acquisition rates are being improved, to allow for up

to 5 kHz. Moreover, a new septum magnet has been built

and tested. The new septum magnet affects the acceptance

of the APEX full run and, as such, the new field is cur-

rently being mapped and the changes in the acceptance

propagated to the APEX sensitivity estimate; these results

will appear soon. Additionally, possible modifications to

the original run plan are being considered that could take

advantage of higher beam energies and wider angles (with
adjustment of the septum magnets) to access the higher

mA′ region.
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