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Abstract. The status of the experiment to search for a new gauge boson, A′, in e+e− annihilation by means of a

positron beam incident on a gas hydrogen target internal to the bypass at the VEPP-3 storage ring is reported.

The search method is based on a missing mass spectra in reaction e+e− → γA′. It allows observation of the

A′ signal independently of its decay modes and life time. The projected result of this experiment corresponds

to an upper limit on the square of coupling constant ε2 = (0.2÷ 1.0) · 10−7 with a signal-to-noise ratio of two to

one at A′ mass of 5-20 MeV.

1 Introduction

The search for an experimental signature of physics be-

yond the Standard Model is a major effort of modern

particle physics. The existence of Dark Matter (DM) is

supported by many astrophysical data. At first, weakly-

interacting massive particles (WIMPs) were considered as

main candidates for DM. However, up to now no evidence

for WIMPs at LHC or in direct detection experiments has

been reported. That has initiated a hunt in a wider area and

sparked a renewed interest in searching for a new gauge

boson, the so-called dark photon or A′-boson, which me-

diates interactions between DM particles, as well as be-

tween DM particles and Standard Model particles through

the kinetic mixing mechanism [1]. In recent years, con-

siderable efforts have been devoted to the re-analysis of

existing data in attempts to observe a manifestation of a

new boson. An extended review of the present status of

such searches can be found in the recent report [2]. So far,

no evidence of new particles has been found. In parallel, a

series of new dedicated experiments has been proposed.

Here we present the status of the experiment to search

for a dark photon, proposed to be conducted at the

VEPP-3 electron/positron storage ring at the Budker In-

stitute, Novosibirsk.

2 The concept

The concept of the method is partly described in [3]. A

positron beam in a storage ring with an energy E+ of a few

hundred MeV and an internal hydrogen gas target make

up an “e+e−–collider”. In such a collider it is possible to

search for the production of a light A′-boson with a mass

of up to m
A′ [MeV] ∼ √

E+[MeV]. Unlike many other ex-

periments with a fixed target, which are based on the de-

tection of e−e+ or μ+μ− pairs from A′-boson decay, in the
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described experiment no special assumptions about decay

modes of the A′-boson are required.

Specifically for the VEPP-3 storage ring an experi-

mental approach looks as follows:

• A positron beam in VEPP-3 repeatedly crosses an inter-

nal gas target. The target is a cooled windowless storage

cell filled with hydrogen gas.

• VEPP-3 will work with the new injection complex, com-

missioned recently at the Budker Institute. The new in-

jector is capable of providing 2 × 109 positrons per sec-

ond. Besides linear accelerators, it contains a damping

ring which can be used as a positron booster storage ring

for VEPP-3. The switching between old and new injec-

tion facilities at VEPP-3 is ongoing.

• The beam energy will be equal to the injector energy,

which is up to 500 MeV, so no energy ramping in

VEPP-3 is envisaged. This ensures the highest lumi-

nosity.

• A six-bunch regime of VEPP-3 operation will be imple-

mented. Bunches are equally spaced in the VEPP-3 or-

bit, and every 10 seconds the oldest bunch is replaced by

a new one, which was accumulated in the injector dump-

ing ring. Thus, a luminosity of up to 3 × 1033cm−2s−1

can be achieved.

• A special magnet will be installed downstream from the

target to turn away the positron beam and thus to allow

a free flight for gamma-quanta from target to photon de-

tector.

• A segmented EM-calorimeter will be used to detect pho-

tons.

• To control the systematics a run with the electron beam

in VEPP-3 can be performed, thus making sure that a

putative boson is seen only with a positron beam.
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Figure 1. The layout of the proposed experiment with a bypass built along the straight section of the VEPP-3 ring. D1 − D3 - dipole

magnets, Q1 − Q4 - quadrupole lenses.

3 The proposed experimental setup
VEPP-3 is a buster–ring, operating as an intermediate ac-

celerator/storage ring of electrons and positrons for the

VEPP-4 collider. There are time slots when VEPP-3 is

available for other experimental programs, including the

electro/photo-nuclear experiments, utilizing a super-thin

internal target technique.

Usually the internal target is located in the first 12-

meter-long straight section of the VEPP-3 ring. In the

same straight section there are also two RF cavities, four

quadrupole and one sextupole lens and elements of beam

injection and extraction. The space available for the in-

ternal target equipment is 217 cm long. In our earlier pro-

posal [4] we have described a possible configuration of the

experiment based on a chicane magnet installed in this seg-

ment of VEPP-3. However, such a configuration has sig-

nificant difficulties, both technical and organizational. The

latter follows from the fact that when a chicane magnet is

installed in the ring, VEPP-3 becomes completely inac-

cessible to other working regimes, including operation as

a booster for VEPP-4, or as a synchrotron radiation source.

Therefore, for the proposed experiment it was decided

to implement a special setup. The main element of this

setup is a bypass, which has to be built along the second

straight section of the VEPP-3 ring.

3.1 Bypass

The proposed configuration of the bypass is shown in Fig-

ure 1. It consists of i) a vacuum chamber with a total length

of about 18 m; ii) vacuum pumps; iii) three dipole mag-

nets with a combined bending angle of 45◦; iv) a number

of quadrupole lenses; v) elements of beam diagnostics; vi)
an internal target section containing a thin-walled storage

cell and set of powerful vacuum pumps.

The bypass will occupy the place which several

decades ago was already used for another bypass, contain-

ing the Free Electron Laser. FEL has been dismounted, but

some elements providing its operation at VEPP-3 (switch-

ing magnets, inlet/outlet vacuum channels) are still there.

This should simplify significantly the commissioning of

the new bypass.
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Figure 2. Calculated beam size (X and Y) along the bypass for

the proposed electron optics. Vertical lines show the location of

the internal target.

The R&D of the bypass electron optics has been re-

cently completed, see Fig. 2, and detailed specifications of

the magnetic elements of the bypass have been obtained.

3.2 Internal target

A thin-walled open-ended storage cell cooled to 25◦K and

filled with hydrogen gas will be used as an internal tar-

get. The magnetic structure of the bypass is designed in

such a way as to provide small values of beta-functions in

the location of the storage cell, Fig. 2, allowing the use

of a small–opening cell. Together with cell cooling this

permits us to obtain the required target thickness of about

1016 at/cm2 with a smaller amount of hydrogen gas in-

jected into the target. The gas leaks out of the cell ends

into the ring vacuum chamber and must be pumped out

promptly. A set of powerful turbomolecular and cryogenic

pumps will be installed in the target chamber, as well as

upstream and downstream from the target chamber.
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Figure 3. Calorimeter configuration: 624 CsI(Tl) crystals from

the CLEO-II endcap calorimeter assembled in a ring shape.

3.3 Photon detector

The photon detector can be placed at a distance of up to

8 m from the target. The requirements for the detector are:

• Energy resolution on the level of σE/E = 5% for pho-

tons with energy Eγ = 100 − 450 MeV.

• Angular resolution on a level of 0.1◦.
• Angular acceptance as defined by the requirement to de-

tect both photons from two-photon annihilation:

– in θ : symmetrical range in θCM
γ around 90◦, e.g.

θCM
γ = 60◦ − 120◦, which corresponds to θLAB

γ =

1.5◦ − 4.5◦.
– in φ : total 2π coverage.

• The detector should be able to sustain a moderate total

photon rate at a level of 1 MHz.

A calorimeter with sufficient energy resolution could

be constructed using crystals from the discarded CLEO-II

detector [5] from Cornell University. It is especially ef-

fective because, the Cornell group is considering a similar

experiment with a 5 GeV positron beam [6]. The collab-

oration between the Budker Institute and Cornell Univer-

sity for development of such a detector is already orga-

nized [7].

The end-cap electromagnetic calorimeter of the

CLEO-II detector consists of 1600 CsI(Tl) crystals of

5 × 5 × 30 cm3 size (16.2X0). It was used to measure

electron and photon energy in a wide range, and a di-

rect measurement of its performance at a photon energy

of interest for the proposed experiment, Eγ = 180 MeV, is

available: energy resolution δE/E = 3.8%; spacial reso-

lution δx = 12 mm, which results in angular resolution of

δθ = 1.5 mrad for a distance of 8 m.

In this case it would take 624 crystals to cover the re-

quired angular range, see Fig. 3. A few notes on this de-

tector option should be mentioned:

• The CLEO-II calorimeter assembly is clearly inappro-

priate for the proposed experiment, so a new mechani-

cal support must be designed and constructed. This was

recently completed.

• CsI(Tl) crystal has a long light emitting time. There-

fore, its ability to work at a high background rate is

limited. However, due to the high segmentation of the

calorimeter, a long output pulse seems not to be a prob-

lem. Even for crystals covering the lowest polar angle,

the expected rate of background photons is estimated to

be at a level of a few tens kHz for the projected lumi-

nosity of 1033cm−2s−1.

The experiment will require a careful account of the

detector responses. The energy response will be calibrated

by using γγ coincidence events produced with the hydro-

gen target. These data will also provide a detector line

shape determination. The use of the electron beam in-

stead of the positron beam provides the way to obtain the

“white” photon spectra without the A′-boson signal and

the two-photon line.

3.4 Positron veto counter

The main single–photon QED background comes from

positron bremsstrahlung on hydrogen and from the ra-

diative Bhabha process. Therefore, a rejection of such

background events with an efficiency ε would result

in an increase of the search sensitivity by a factor of

1/
√

1 − ε. Since in these processes the positron loses

energy and is swept out by the D2 dipole magnet, such

background events can be vetoed by detecting the scat-

tered positron. For this purpose, a compact sandwich will

be installed downstream from the D2 magnet. The frac-

tion of bremsstrahlung events detected by this counter de-

pends on its geometry. The total rate of positrons emit-

ting a photon with energy above a Eγ = 50 MeV thresh-

old can be estimated to be 60 MHz for the luminosity of

L = 1033 cm−2s−1. Hence, the veto counter would be use-

less at this luminosity if it detects all positrons including

those which emit photons outside the photon detector ac-

ceptance. Using the MC simulation we have chosen a con-

figuration with a positron rate of fe+ ∼ 2.5 MHz, which

gives only 10% event loss due to accidental coincidences

– see Fig. 4. The simulation has shown that the veto effi-

ciency is a function of missing mass range and it is gen-

erally higher for the bremsstrahlung from a hydrogen tar-

get process than for the radiative Bhabha one, with overall

mean value of about 70%.

However, in the case of a visible decay of A′ to an

electron/positron pair the use of such a veto counter results

in a loss of signal events because positrons from the A’ de-

cay often hit the veto counter. We have considered a sim-

ple extension – a layer of scintillation strips placed in front

of the veto sandwich, Fig. 5. This allows us to reconstruct

a positron energy and, together with photon energy, re-

constructed in the calorimeter, allows us to distinguish be-

tween the A′decay process and the bremsstrahlung on the

proton. However, the veto efficiency for radiative Bhabha

events is rather low in this case. Nevertheless, such a rel-

atively inexpensive configuration of the veto counter does

improve the search sensitivity and we are going to imple-

ment it.
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Figure 4. Schematic layout of the positron veto detector placed

behind the D2 dipole magnet, and its efficiency as a function of

missing mass.
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Figure 5. Positron veto detector with a layer of scintillation

strips, capable to reconstruct positron energy, and its efficiency

as a function of missing mass.

3.5 Background from QED annihilation process

Conventional QED e+e− annihilation processes have two

or more gamma quanta in the final state, while in the signal

process there is strictly one photon. This can be used to

reject such background.

For this purpose the acceptance of the photon

calorimeter is chosen to be symmetrical with respect to

θcm
γ = 90◦ in the center of mass frame of an elec-

tron/positron pair. This means that for the 2-photon an-

nihilation, the calorimeter will always detect either both

photons or none. Therefore, the 2-photon annihilation

events will be rejected very effectively. Three-photons

events will also be largely rejected.
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Figure 6. Charged veto scintillator behind the tungsten

“blocker”, covering the calorimeter acceptance.

3.6 Secondary background suppression

Secondary sources of background events should also be

considered. Such events are produced when secondary

particles (photons, positrons, electrons) hit the materials

inside and outside the target area. Special efforts should

be devoted to install shielding wherever it is applicable.

Also, since most secondary showers, born outside the tar-

get area, contain electrons and positrons, an additional

suppression of such background can be achieved by in-

stallation of charge veto counters.

In the proposed configuration we investigate an instal-

lation of a tungsten rod (a “photon blocker”) to dump a

high flux of photons, emitted from the target at small an-

gles outside the acceptance of the photon detector, and a

thin scintillator, covering the colorimeter acceptance, to

veto charged particles. Both elements are installed close

to the exit of the dipole magnet – see Fig. 6.

3.7 Data Acquisition

The expected rate of events with a threshold of minimum

energy deposition in the calorimeter Ecal > 25 MeV is

about 450 kHz for the projected luminosity of the experi-

ment. Assuming a conservative value for the on-line sup-

pression factor of 3 for combined veto-channels and for

events with two or more photons in the calorimeter, one

obtains a 150 kHz final trigger rate.

It is clear that a conventional readout (based, e.g. on

FASTBUS ADCs) does not meet the specifications. The

front-end and digitizing electronics should be based on

Flash ADC and FPGA logic to provide an on-line tim-

ing, cluster-finding and zero-suppression. Similar or sub-

stantially faster systems are now widely used or being de-

signed for Data Acquisition of various experiments. How-

ever, at the moment the DAQ electronics for the described

experiment is at an early stage of development.

4 Monte Carlo

In the proposed experiment we will search for a bump

in a missing mass distribution on top of a QED-

background. Some part of the background events can

be identified and rejected; the remaining ones define

the search sensitivity. For the study of the detector

response to the background processes and for realistic
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Figure 7. The final configuration accepted for the Monte Carlo

simulation of the experiment.

estimation of the search sensitivity of the experiment, a

detailed Monte Carlo simulation was performed using

the GEANT4 toolkit. A set of dedicated event genera-

tors have been developed for the following processes:
1) positron bremsstrahlung e++H → e+ + X + γ
2) radiative Bhabha scattering e++ e− → e++ e− + γ
3) two-photon annihilation e++ e− → γ + γ
4) three-photon annihilation e++ e− → γ + γ + γ
5) signal process e++ e− → γ + A′

The final configuration accepted for Monte Carlo is shown

in Fig. 7.

To implement a bump search procedure one needs to

know the experimental resolution for a reconstructed miss-

ing mass. This was determined from Monte Carlo. The

missing mass resolution depends on the energy and angu-

lar resolution of the photon detector. Measured resolutions

of the CLEO calorimeter, see ref. [5], were reproduced

in our Monte Carlo by adding an equivalent of “electron-

ics” noise to simulated energy depositions in the crystals.

Noise parameters were taken from [5]. The simulation re-

sults for 4 values of A′-boson masses: 5, 10, 15 and 20

MeV, when purely A′ production events were generated,

are shown in Fig. 8. One can see that the missing mass res-

olution rapidly improves with increasing the masses of A′.
The dependence can be fitted with an exponential function:

σmiss [MeV] = 3.6 · exp (−0.13 · MA [MeV]) , (1)

which was used in the simulation of the search procedure.

Note that such behavior means that a big tail from the

two-photon annihilation (MA = 0) is expected in a miss-

ing mass spectrum, and this indeed is observed in Monte

Carlo. Therefore, for an efficient search at low MA, a

strong suppression of two-photon events is important.

Figure 9 shows the results of a full simulation for the

same 4 possible masses of A′-boson. The kinetic-mixing

parameter was set to ε = 0.1. The shown distributions are

obtained for invisible decay of A’ boson after all cuts are

applied. For a designed experimental luminosity of 1033,

each such spectrum can be collected in about 3 seconds.

5 Projected search sensitivity

The simulation data, presented in Fig. 9, allow us to carry

out a realistic estimation of the search sensitivity. The

search conditions are:

• Positron beam energy is 500 MeV.

• Luminosity is 1033cm−2s−1, which corresponds, for ex-

ample, to a 30 mA beam current and a target thickness

of 5 × 1015 atoms/cm2.

• Run time is taken to be 107 seconds, which means a half-

year run with 65% time utilization.

• The search is performed using a sliding missing mass

window with a width of ±1.5σmiss, where σmiss is eval-

uated using Eq.(1).

As expected, the search sensitivity is a function of

missing mass range, and it exhibits a moderate dependence

on the decay mode of the A′-boson and on the regime of

operation of the veto counter. The best search sensitivity

is demonstrated for invisible decay of A′ and veto-ON

regime; the worst sensitivity is for a veto-OFF regime, but

the difference is only a factor ∼2.

Graphical representations of the projected search sen-

sitivity are shown in Figures 10, 11.
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Table 1. Simulated search sensitivity.

MA′ Mmis window ε2 × 108 (95% CL)

MeV MeV
veto ON veto ON (Ee+ + Eγ)-cut veto OFF
invisible visible visible any

5 ±2.8 9.7 15 13 17
10 ±1.5 8.7 15 12 15
15 ±0.8 5.2 11 8.2 9.1
20 ±0.3 2.4 5.9 3.3 3.5
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Figure 10. Projected parameter space and search sensitivity of the VEPP-3 experiment in the case of invisible decay of A′. Shaded

areas show existing bounds [8–10]. Curves demonstrate the search regions of the proposed experiments [6, 11–14].

6 Conclusions

• A decay mode independent search for a dark photon is

effective in a setup with an intense circulating positron

beam and an internal hydrogen gas target.

• At VEPP-3 such an experiment could be performed at

the ByPass, which is now under development.

• Crystals from the CLEO endcap EM-calorimeter would

be a good choice for the photon detector, but for optimal

performance they should be equipped with fast photo-

sensors and a sophisticated DAQ .

• Monte Carlo simulation shows that with such a setup

in a half-year run, one can conduct a sensitive, decay

mode-independent search in an interesting unexplored

area of parameter space, where the “Atomki boson”

could show up.
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