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Introduction
Despite the intensive searches at the LHC and in non-accelerator experiments Dark Matter (DM) is still a great puzzle. Though stringent constraints obtained on DM coupling to Standard Model (SM) particles have ruled out many DM models, little is known about the origin and dynamic of the dark sector itself. One difficulty so far is that DM can be probed only through its gravitational interaction with visible matter. An existing possibility that could make a breakthrough, is that in addition to gravity an interaction between the dark sector and visible matter particles transmitted by a vector boson A’ (dark photon) might exist. Such A’ could have a mass ≤ 1 GeV – associated with a spontaneously broken gauged U(1)D symmetry – and couple to the SM through kinetic mixing with the ordinary photon, -½εFμνA’μν, parameterized by the mixing strength ε<<1 [1-3]. This has motivated worldwide theoretical and experimental efforts toward investigation of dark forces and other portals between the visible and dark sectors [4, 5].
Additional motivation for these efforts has been provided by hints on astrophysical signals of DM [6], as well as the 3.6 σ deviation from the SM prediction of the muon anomalous magnetic moment (g-2)μ[7], which can be explained by a sub-GeV A’ with the coupling ε≈10-3 [8-10]. Such small values of ε could naturally be obtained from loop effects of particles charged under both the dark and SM U(1) interactions with a typical 1-loop value ε=egD/16π2 [3], where gD is the coupling constant of the U(1)D gauge interaction. If the A’ is the lightest state in the dark sector, then it would decay mainly visibly, i.e. typically to SM leptons l = e, μ or hadrons, which could be detected. Previous beam dump [11-26], fixed target [27-29], collider [30-32], and rare meson decays [33-42, 71] experiments have already put stringent constrains on the mass mA’ and ε of such dark photons excluding, in particular the parameter region favored by the (g-2)μ anomaly.
However, in presence of light dark states, in particular dark matter, with masses <mA’, A’ would predominantly decay invisibly into those particles provided that gD> εe. Models introducing such invisible A’ offer new intriguing possibilities to explain the (g-2)μ  and various other anomalies [43] and have been subjected to different experimental constraints [44-47]. The most severe limits on the invisible sub-GeV A’s decays have been obtained from the beam dump experiments LSND [48] and E137 [49], however under certain assumptions on the strength of the coupling gD and properties of the DM decay products. 
The NA64 experiment is specially designed for a direct search of decays A’ → invisible at the CERN SPS. In this search no assumptions on the nature of the transition A’ → invisible is made.
The NA-64 experiment has also a capability to search for decays of the produced massive dark photons A' into e+e- pairs.  If the mass of the dark photon MA' ≤ 100 MeV, then the only possible decay into visible particles would be e+e- pair production, A’ → e+ e-. The experimental signature of this process – two very close tracks after the target and e-m shower in the detector – has never been experimentally tested before.
The NA-64 experiment exploits the upgraded 100 GeV secondary electron from the H4 beam line at the CERN SPS. The beam has maximal intensity of(3-4) 106 per SPS spill of 4.8 s length produced by the primary 450 GeV proton beam with an intensity of 1012 protons on target. The detector consists of two dipole magnets with an integral magnetic field of ≈ 7 Tm, low-material-budget tracker, 15 m long vacuum vessel between the magnets and a specially designed active target – an e-m calorimeter of high longitudinal hermeticity, synchrotron radiation detector (SRD), hadron calorimeter and beam defining scintillator counters and wire chambers for tagging of the incoming particles. 
Our feasibility study shows that a sensitivity for the search of the A’→invisible decay mode, in terms of the product σ(e-Z → e-Z A')/σ(e-Z → e- Z γ)xΓ(A’→invisible), at a level below 10-11-10-12 could be achieved. The intrinsic background due to the presence of low energy electrons in the beam can be suppressed by using a tagging system based on detection of the synchrotron radiation emitted by the high-energy electrons. 
The proposed search could allow to cover a significant fraction of the yet unexplored parameters space for both A’→invisible and A’→ e+ e- decay modes. 

Search for the decay A’ → invisible
The interaction between γ's and A's is given by a kinetic mixing [1, 3, 4]:Lint= - ½ ε Fμν A'μν, where Fμν,A'μν are the ordinary and the dark photon fields, respectively, and parameter ε is their mixing strength. The kinetic mixing term can be diagonalized resulting for massive A' in a nondiagonal mass term and γ- A' mixing. Therefore, any source of photons could produce a kinematically permitted massive A' state due to the mixing. Then, depending on the A' mass, the A's could decay into e+e- pair or, invisibly, into dark matter particles, see [52] and references therein. The diagram for production of A' in the reaction   e- Z → e- Z A', A’ → invisible   is shown in Fig. 1.
[image: Description: diagrinv.png]



Figure 1. Diagram illustrating production of massive A' by electrons scattering off a nuclei (A,Z), in the reaction e- Z → e- Z A', with subsequent A' decay into dark sector states.
Part f of the primary energy is carried away by the dark photon, i.e. EA’ = fE0. The dark photon, or its invisible decay products, penetrates the detector without interaction. The remaining part of the primary energy Ee = (1-f) E0 is deposited in the target by the scattered electron. Thus, occurrence of A’ would appear as an excess of events whose signature is a single electromagnetic (e-m) shower in the target with energy Ee accompanied by the significant missing energy Emiss = E0 – EA’ above those expected from the background [50, 51].
The process of the dark photon production and subsequent invisible decay, A’ → invisible is expected to be a very rare event. The total number of A's produced by ne electrons in a target with thickness t >> X0 is [11]: 
nA'  ~  ne C (ε2 me2)/MA'2,
where the parameter C ≈ 10 is only logarithmically dependent on the choice of target nucleus, me is the electron mass and MA'- the A' mass. The spectrum is 
dnA'/dEA' ~ k x (1+x2 / {3 (1-x)}) ,
where k is a constant, and x=EA'/E0. 
(For recent works on heavy particles production through photon exchange with a nucleus see also [57, 58].)
It is argued in [26], that the parameter C is actually C≈ 5. Nevertheless, one can see that, compared to the bremsstrahlung rate, the A' production is suppressed by a factor ≈ε2 me2/MA'2. Therefore, for the parameter region of our interest, it is expected to occur with rate ≤10-13-10-9of the ordinary photon production rate. Hence, its observation presents a challenge for the detector design and performance. 

The setup
[image: Description: setup348_nosize27May.png]The experimental setup specifically designed to search for the A' → invisible decays is schematically shown in Fig. 2.

Figure 2. Schematic illustration of the current version of the NA-64 setup to search for A’ → invisible decays of the bremsstrahlung A’s produced in the reaction eZ → eZA’ of 100 GeV e- incident on active ECAL target.
The experiment employs upgraded very clean e- beam from the H4 beamline. The primary proton energy of 400 GeV from the SPS enables secondary electron beam in the energy range from 10 to 300 GeV with typical intensities ranging from 107 down to 105 electrons per SPS spill [26]. We will work with 100 GeV beam energy, where the admixture of other charged particles in the beam (beam purity) is below 10-2.
The detector utilizes beam defining scintillator (Sc) counters S1-S3, and magnetic spectrometer consisting of two successive dipole magnets and a low-material-budget tracker. The tracker includes two upstream Micromega chambers (T1, T2) and two down stream GEM stations (T3, T4) allowing for the measurements of e- momenta with precision δp/p≈1% [53]. The magnet also served as an effective filter rejecting low energy component of the beam. It is proposed the setup to be additionally equipped with at least4 (2 X and 2 Y oriented) double layer straw chambers with a sensitive area of 200×200 mm2 each based on Kapton tubes with wall thickness of 70 μm. To enhance the electron identification the synchrotron radiation (SR) emitted by electrons is used for their efficient tagging. A 15m long vacuum vessel between the magnets and the ECAL minimizeсabsorption of the SR photons before their detection immediately at the downstream end of the vessel by a SR detector (SRD). The latter can be either an array of BGO crystals or Pb-Sc sandwich calorimeter with a very fine segmentation [50]. By using SRD the level of the hadron contamination in the beam, π/e-≤ 10-2,can be further suppressed by a factor ~103. The detector is also equipped with an active target, which is e-m calorimeter (ECAL) for measurement of the electron energy with an accuracy δE/E≈10%/√E. The ECAL is a matrix of 6x6 “shashlyk” type modules assembled from Pb and Sc plates with the wave-shifting read-out fibers inserted in spiral in order to avoid energy leak into the fibers if they would be inserted straight. Downstream the ECAL, the detector is equipped with high-efficiency veto counter V2, and a massive, hermetic hadron calorimeter (HCAL) of length 30λint (nuclear interaction lengths). The HCAL serves as a dump to absorb completely and measure the energy of hadronic secondaries, produced in the e-A  interaction in the target. Three muon plane counters, MU1-MU3, located between the HCAL modules are used for final-state muon identification.
The signal candidate events should satisfy the following selection criteria:  
· the incoming particle track should have a small angle with the beam axis to reject large angle tracks from possible upstream interaction;
· the energy deposited in the SRD should be within the SR range emitted by e-s and intime with the trigger;
· the lateral and longitudinal shape of the shower in the ECAL should be consistent with the one expected for a signal shower [54];
· no signal in the veto counter V2.


Background
The search for the A’ → invisible decays requires particular attention to the background. There are several sources which may mimic the A’ → invisible signal: upstream e- interactions, μ→eνν and π, K→eν decays in-flight, energy leakage from particle punch-through in the HCAL, processes due to pile-up of two or more particles, instrumental effects due to energy loss through cracks in the upstream detector coverage, etc.
Table 1. The expected contributions to the total level of background from different sources estimated for beam energy 100 GeV.
	Source 
	Expected level

	Beam contamination:
- π, p, μ reactions and  punch-through,… 
- e- low energy tail due to bremsstrahlung,
   π,μ-decays in flight
	
< 10-13-10-12

< 10-12

	Detector imperfectness:
ECAL+HCAL energy resolution, transverse hermeticity, holes, dead material, cracks…
	
<10-13


	Physical:
- hadron electro production, e.g. 
- e-A→e-A* + n,π,ρ,J/Ψ
- n punch-through, μ inefficiency
- the weakprocess e- Z→e- Zνν
	
< 10-13

< 10-13


	Total
	< 10-12



The background was estimated by Monte-Carlo simulation (MC) and with real data obtained during the beam tests in 2015-2016 [55]. Due to the small coupling strength of the A’ the reaction e- Z → e- Z A', A’ → invisible occur typically with the rate ≤10-9 per incoming electron. To perform full detector simulation in order to investigate the background down to this level would require a huge number of generated events resulting in a prohibitively large amount of computer time. Consequently, we have evaluated with the MC simulation all known background sources to the extent that it was possible with the available computing resources. Events from the particle interactions or decays in the beam line, pile up activity created by them, hadron punch-through the target and HCAL, etc. were included in the simulation. Such background as decays in-flight of beam μ, π, K or dimuons from the reaction e-Z → e-Zμ+μ- was simulated with statistics comparable to the full data. The much more frequent processes like upstream beam interactions and punch-through of secondary hadrons were also studies extensively, although simulated samples with statistics similar to the data was not feasible. To eliminate possible instrumental effects not present in MC, the uniformity scan of the central part of the ECAL target was performed with the tracker. Table 1 summarizes the estimated background contamination inside the signal box. For details see [55, 51].

Search for the decay A’ →e+e-
The experimental setup designed to search for  A’ →e+e-decays is schematically shown in Figure 3.
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Figure 3. Schematic illustration of the setup proposed to search for dark photons in a light-shining-through-a-wall type experiment.






The diagram for the reaction    e- Z → e- Z A', A’→e+e-  is shown in Figure 4.
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Figure 4. Diagram illustrating the massive A’ production in the electron scattering off nuclei,e−Z → e−ZA′,with a subsequent decay into e+e− pair. 

The A' is emitted with respect to electron beam axis predominantly at an angle ΘA’ ≤ Θe+e-≈mA’/EA', which is typically smaller than the opening angle of the A’→ e+e- decay products Θe+e-. Thus, the approximation of A' emission collinear with the beam axis is justified; the same is done in many calculations [11].
The corresponding A’−> e+e- decay rate is given by:
Γ(A’−> e+e-) = α/3 ε2 MA'  √ {1- 4me2/MA'2 (1+ 2 me2 /MA'2)} . 
It is assumed that this decay mode is dominant and the branching ratio Γ(A’−> e+e-) / Γtot ≈ 1.
For this experiment the detector (see Fig. 3) is additionally equipped with a high density, compact e-m calorimeter (ECAL1) to detect e- primary interactions. The decay volume (DV) and space after the downstream end of the DV up to the e-m calorimeter ECAL will be additionally equipped with high precision low-material-budget tracking detectors based on the straw tube technology (do not shown in the Fig. 3).
The method of the search is the following [59]. The dark photons A' are produced through the mixing with bremsstrahlung photons from the electrons scattering off nuclei in the W-Sc target, an e-m calorimeter with energy resolution ΔE/E ≃ 0.18/√E, X,Y resolution ≃ 3 mm, e/π rejection  ~10−2. This happens typically within the first few radiation lengths (X0) of the target. The bremsstrahlung A' then penetrates the rest of the target and the veto counter V2 without interaction, and decays in flight into an e+e- pair in the decay volume DV with diameter ≃30 cm and15 m length. 
A fraction f of the primary electron energy, E1 = f E0,is deposited in the target calorimeter. Its downstream part serves as a dump to absorb completely the e-m shower tail. For radiation length ≤1 cm, and total thickness of the W-Sc target of≈30X0 the energy leak into the V2 is negligibly small. The remaining part of the primary electron energy E2 = (1-f)E0 is transmitted through the “targetwall'' by the dark photon A', and deposited in the downstream calorimeter ECAL via the A' decay in flight in the DV, as shown in Fig.4.  At high A' energies, EA' ≥ 30 GeV, the opening angle Θe+e- ≈ mA’/EA’ of the decay e+e- pair is too small to be resolved as two e-m showers in the ECAL, so the pairs are mostly detected as a single electromagnetic shower. Thus, if mA’ ~ 50 MeV and EA’ = 50 GeV, one obtains Θmin ~ 2 mrad, so the e+e- pair can be resolved as two separated tracks in the fine grained straw tube tracker in front of the ECAL.
The occurrence of A’→e+e-  decays would appear as an excess of events with two e-m-like showers in the two calorimeters that should satisfy the following selection criteria:
· the starting point of (e-m) showers in the W-Scand ECAL should be localized  within a few first X0s,
· the lateral and longitudinal shapes of both showers are electromagnetic like. The fraction of the total energy deposition in the W-Sc is f≤ 0.1, while in the ECAL it is (1-f)≥ 0.9,
· no energy deposition in  the V2,
· the signal (number of photoelectrons) in the decay counter S2 is consistent with the one expected  from two minimum ionizing particle (mip) tracks. At low beam energies, E0≤30 GeV,  two isolated tracks in the straw tube tracker are required,
· the sum of energies deposited in the W-Sc+ECAL is equal to the primary energy,  E1 +E2 = E0.
The final design of the setup is under development in order to be able to provide the desired a level of sensitivity. Taking into account that approximately 85% of e+e− events have an opening angle in the interval1<Θ/Θmin<2, a high two-hit spatial resolution of at least ~ 1 mm is required for reconstruction of low-mass A’s with efficiency above 50%.It is planned to use chambers with straw tubes of 2 mm diameter for this purpose.

Background
The background processes with the same signature ase- Z → e- Z A', A’→e+e- can be due to physical and beam-related sources. Similar to the decay channel A’ → invisible, to perform full simulation of the setup in order to investigate these backgrounds down to the level ≤10-12would require a very large number of generated events resulting in a prohibitively large amount of computation time. Consequently, only the following, identified as the most dangerous background processes have been considered and evaluated with reasonable statistics:
· γe- punch through
Leak of part of the primary electron energy into the ECAL could be due to bremsstrahlung e-Z  → e-Zγ when the emitted  photon carries away almost all initial energy, while the final state electron with the much lower energy  Ee-≈0.1E0is absorbed in the target. The bremsstrahlung photon could punch through the target and V2 without interaction and produce an e+e- pair in the S2, which, in turn, deposits all its energy in the ECAL. The photon could also be absorbed via photonuclear reaction occurring in the ECAL and, as a result, an energetic leading secondary neutron could be produced. 
In the first case, to suppress this background, one has to use the ECAL1 of enough thickness, and as low veto energy threshold as possible. Assuming that the primary interaction vertex is selected to be within a few first X0s, for the total remaining target+V2 thickness of ~ 30X0, the probability for a photon to punch through both the target and V2 without interaction is ≤ 10-13. Thus, this background is at an eligible level. In the second case, an estimation gives a similar background level≤10-13.
Punch-through primary electrons that penetrate the target and V2 without depositing much energy could produce a fake signal event, too. It has been found that this is also an extremely rare event.
The beam-related background can be due to a beam particle misidentified as an electron. This background is caused by the pion, proton and muon contamination in the electron beam.  
· Hadronic background
The first source of this type of background could be due to p(π) + A → n + π0 + X, n → ECAL reaction chain: 
i) an incident hadron produces a neutral pion with energy Eπ0≤ 0.1E0 and an energetic leading neutral hadron, e.g. neutron, carrying the rest of the energy of the primary collision with the nucleus (A,Z).
ii) the neutral pion decays,π0→ 2γ, generating an e-m shower in the target, while 
iii) the neutron penetrates the rest of the target and the veto counter V2  without interaction, scatters in the counter S2, producing low energy secondaries and deposits all its energy in the ECAL. The probability for such a reaction chain to occur was estimated as P ≤10-13 (for details see the NA-64 Proposal [51]).
In another case, the leading neutron could interact in a very downstream part of the veto counter producing leading π0without being detected. The π0 decays subsequently into 2γ or e+e-γ. The background from this events chain is also estimated to be very small.
Fake signature may also arise when the incoming pion produces in a very upstream part of the W-Sc a low energy neutral pion, escapes detection in the V2 counter due to its inefficiency, and either deposits all its energy in the ECAL, or decays in flight in the DV into an eν pair with the subsequent decay electron energy deposition in the ECAL. In the first case, also relevant for protons, an analysis similar to the previous one shows that this background is expected to be at a level≤10-13. In the second case, taking into account the probability for the π → eν decay in flight,  and that the electron would typically have about one half of the pion energy, results in a suppression of this background to the level ≤ 10-15.
The overall probability of a fake signal produced by an incoming hadron is estimated to be Pp(π) ≤ 10-13 per incoming electron. Another type of background is caused by the muon contamination in the beam.
· muon background
The muon could produce a low energy bremsstrahlung photon in the target, which would be absorbed in it, then penetrates the V2 without being detected, and after producing signal in the S2 counter, deposits all its energy in the ECAL2through emission of a hard  photon: μ + Z → γ + μ + Z, μ → ECAL. The probability for this chain is estimated to be P ≤ 10-14. 
Another background source can be due to the event chain μ + Z → γ + μ + Z, μ→ eνν when the incoming muon produces in the beginning of the target low energy bremsstrahlung photon, escapes detection in the counter V2, and then decays in flight in the DV into eνν. There are several suppression factors for this background: i) the relatively long muon lifetime resulting in a small probability to decay, ii) the presence of two neutrinos in the μ decay. The energy deposition of decay electron in the ECAL would be typically significantly smaller than the primary energy E0, and iii) the requirement to have double mip energy deposition in the beam counter S2. All these factors lead to an expectation for this background level to be at least ≤10-14.
A random superposition of uncorrelated events during the detector gate time could also results in a fake signal. Taking into account the selection criteria of signal events results in a small number of such background events ≤10-14.
The overall probability for fake signal from muons is estimated to be Pμ ≤ 10-14per incoming electron, and the accidental background is below ≤10-14.
The contributions from all background sources are summarized in Table 2 for beam energy 100 GeV. The dependence on the energy is rather weak. The total background level is conservatively estimated to be ≤ 3 10-13, and is dominated by the admixture of hadrons in the electron beam. Thus, a search accumulating ≈10-13 e- events is expected to be essentially background free.
Table 2. Expected contributions from different background sources estimated for beam energy of 100 GeV.
	Source of the background
	Expected level

	punch-through e-s or γs
	≤ 10-13

	hadronic interactions
	≤ 2x10-13

	μ interactions and decays
	≤ 10-14

	accidentals
	≤ 10-14 

	Total 
	≤ 3x10-13



Sensitivity of the experiments
To estimate the sensitivity of the proposed experiment a simplified feasibility study based on GEANT4 [56] MC simulations has been performed.
For the decay mode A’ → invisible
The mA’-depend upper limit on the mixing ε is calculated as follows. For a given number of electrons on the target neot and mass mA’, the number of signals events NA’ expected from the reaction e- Z → e- Z A', A’ → invisible in a signal box is given by the relation
NA’ = neot nA’ (ε,mA’,ΔEA’) εA’(mA’),
where nA’ (ε,mA’,ΔEA’)is the number of A’s with coupling ε, mass mA’, and energy in the range ΔEA’: 0.5E0<EA”<E0, produced along with an e-m shower generated  by a beam electron in the target [53]. The variable εA’ ≈ 0.60 is the overall signal selection efficiency. The calculation of the yield nA’ (ε,mA’,ΔEA’) is described in [53]. 
If no excess events are found, the obtained results can be used to impose bounds on the γ-A’ mixing strength as a function of the dark photon mass. Using the relation NA'(mA') < NA'90%(mA'), where NA'90%(mA') is the 90% C.L. upper limit for the  number of signal events from the decays of the A' with a  given mass mA’  one can  determine the expected 90% C.L. exclusion area in the (mA’;ε) plane. For the background free case NA'90%(mA')  = 2.3 events, the exclusion regions corresponding to accumulated electrons on the target109, 1010, 1011, 1012are shown in Fig. 5. 
The statistical limit on the sensitivity of the proposed experiment to search for decay channels e-Z → e-ZA’; A’→invisible, is proportional to ε2 and is set mostly by its value and by possible background. Thus, it is important to accumulate a large number of events. We anticipate up to ≈ 3x101 collected e-s during ~ 3 months of runtime. 
In the case of the e-Z → e-ZA’; A’→invisible signal observation, several methods could be used to cross-check the result. For instance, one could perform measurements taken with different HCAL thicknesses. If the fake signal is due to the HCAL non-hermeticity, its expected level can be obtained by extrapolating the results to a very large (infinite) HCAL thickness. See [55, 51] for the details.
[image: Description: excl_inv_rd1.png]This experiment began operations in July 2016 for a period of two weeks, and the collaboration completed a second four-week run in November 2016. The obtained statistics is estimated preliminary as 3-5 1010 e- on the target. Data analysis is in progress. Though no signs of dark photons have been found so far, the results have already set new limits on the strength of the visible-dark-matter interaction. Significantly more data accumulated in the coming years will allow to narrow the search further.








Figure 5. Constraints in the ε vs mA’ plane for invisibly decaying A' assuming they can decay invisibly to a pair of dark-sector states χχ, provided mA’ > 2 mχ. The color lines show the expected 90% C.L. exclusion areas corresponding, respectively, to 109, 1010, 1011, 1012 accumulated electrons at 100 GeV for the background free case. Various other constraints (shaded regions) are also shown [arxiv: 1604.08432]. The constraint from the BaBar mono-photon search is given as blue shaded region. Further limits are shown from the anomalous magnetic moment of the electron ae, and muon aμ, the rare kaon decay K+→π+ A' and leptonic decay K+→ μ+νμ A' searches. 
For the decay mode A’ →e+e-
The significance of the A’→e+e- decay discovery with the described detector scales as [60]S=2 (√nA’+nb - √nb),where nA’ is the number of observed signal events (or the upper limit of the observed number of events), and nb is the number of  background events. 
For a given number of electrons on the target of length L', ne t (here, ne is the electron beam intensity andt is the experiment run time) and dark photonflux dnA'/dEA',  the expected number of A’→e+e- decays occurring in the fiducial volume  DV with the subsequent energy deposition in the ECAL, located  at a distance L from the A' production vertex is given by 
,
where pA' is the A' momentum, τA’is the A' lifetime at the rest frame, Γe+e-, Γtot, are the  partial and total A'-decay widths, respectively, and  εe+e- (~0.9)is the e+e-  pair reconstruction efficiency. The flux of A's produced in the process e- Z → e- Z A', A’→e+e-   is calculated by using the A' production cross section in the e-A collisions from [52]. The acceptance of the ECAL calorimeter is calculated by tracing A's produced in the target to the ECAL, and is close to 100% (see [51] for more details).
If no excess events are found, the obtained results can be used to impose bounds on the γ – A’ mixing strength as a function of the dark photon mass. Taking the equation:
Γ(A’−> e+e-) = α/3 ε2 MA'  √ {1- 4me2/MA'2 (1+ 2 me2 /MA'2)}
and using the relation NA'(mA') < NA'90%(mA'), where NA'90%(mA') is the 90% C.L. upper limit for the  number of signal events from the decays of the A' with a  given mass mA’  one can  determine the expected 90% C.L. exclusion area in the (mA’;ε) plane from the results of the experiment. For the background free case (NA'90%(mA')  = 2.3 events), the exclusion regions corresponding to accumulated electrons on the target1011,1012, 1013 are shown in Fig.6.
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Figure 6. Expected 90% C.L. exclusion areas in the (mA';ε) plane for the accumulated electrons on the target of 1010, 1011,1012, 1013at 30 GeV. Shown are in gray all areas which are currently excluded by other searches, see text for details. Expected sensitivities of the planned APEX (full run), DarkLight and HPS experiments are also shown for comparison [61]. For a review of all experiments, which intend to probe a similar parameter space, see Ref. [61, 62] and references therein.
One can see, that these exclusion areas are complementary to the ones expected from the planned APEX (full run), HPS and DarkLight experiments, which are also shown for comparison [61, 62]. For a review of all experiments, which intend to probe a similar parameter space, see Ref. [61, 62] and references therein. Shown are also areas excluded from the electron and muon (g-2)measurements(ae and aμ) [10]in the electron beam-dump experiments E141 [11, 63], E137 [11, 15], E774 [11, 64], KEK [65, 66] and LAL Orsay [26, 65], electron thin target experiments A1 at MAMI [29] and APEX [27], excluded by the ν-Cal I experiment [23], by the KLOE collaboration [35], by SINDRUM data [67, 68], by the WASA-at-COSY collaboration [38] and by the HADES collaboration [39].
The statistical limit on the sensitivity of the proposed experiment is proportional to ε4. Thus, it is important to accumulate a large number of events. As it was shown, the size of the exclusion region is also sensitive to the choice of the length L' of the calorimetric target that should be as short as possible. Assuming the maximal secondary H4 beam rate ne ≈ 5x106 e-/spill at E0 ≈ 30-50 GeV, we anticipate ≈3x1012 collected e-s during ~ 3 months of run time. Note that, since the decay time of the scintillating-fiber light signal is τ ≤ 50 ns, the maximally allowed electron counting rate in order to avoid significant pileup effect is roughly ≤1/τ ≈ 107 e-/s. This is well compatible with the maximal beam rate during the 4.8 s spill, which is expected to be ≤ 107/4.8 s ≈2x106. To minimize the dead time, one could use a first-level trigger rejecting events with ECAL energy deposition less than, say, 0.9 E0 and, hence, run the experiment at a higher event rate.  
The background can also be independently studied with muon and pion beams of the same energy. The evaluation of the A' mass value could be obtained from the results of measurements at different distances L and beam energies. Finally, note that the performed analysis for the sensitivity of the proposed experiment may be strengthened by more accurate and detailed simulations of the H4 beam line and concrete experimental setup.

JINR contribution to the NA-64 experiment
The NA-64 experiment is approved by the CERN SPSC for realization. The responsibilities of the participants according to the signed MoU are presented in the Table 3. 
Table 3. 	Sub-detector structure and technical participation of the Collaborating Institutions in the Experiment
	Responsibility
	Deliverables
	Institutions

	Scintillators
	Beam trigger counters
	IHEP

	
	Veto counters
	IHEP

	Beam hodoscopes
	Two modules
	IHEP, TPU

	Tracker system
	Micromegas
	ETHZ

	
	Straw tubes
	JINR, LPI, SINP MSU

	
	GEMs
	HISKP

	ECAL
	Preshower, ECAL, Photo-readout, WLS fibers, Trigger modules
	IHEP, INR

	HCAL
	Four Fe-Sc modules, Photo-readout, WLS fibers
	IHEP, INR, UTFSM

	Synchrotron Radiation detector
	BGO Crystals
	ETHZ

	
	LYSO Crystals
	UTFSM

	
	Shashlik
	IHEP, INR

	Theory
	A′ and milli-Q production cross-sections, decay rate
	INR

	Slow control
	Centralized slow control
	IHEP, INR, all

	DAQ
	DAQ modules
	IHEP, all

	Electronics
	Modules
	All



The JINR group is responsible for the manufacturing and operation of the tracking sub-system: coordinate detectors based on thin-wall drift tubes - straw tubes. It is expected that the setup will be equipped with X and Y oriented double layer straw chambers with a sensitive area of 200×200 mm2 each based on the Kapton tubes, with a wall thickness of 70 μm. Several types of chambers are planned to be used: with straw tubes of 6 mm, 4 and 2 mm diameter. At least four double layer straw tube chambers will be installed in addition to the two upstream Micromegas chambers (T1, T2) and two downstream GEM stations (T3, T4).Some more straw tube chambers may be installed in the decay volume to improve separation of the electrons tracks from the decay A’ → e+e-. 
To verify that the construction of the proposed high-resolution straw chambers is feasible, straw tubes with 2 mm diameter have been produced and tested. The prototype of the chamber based on these 2mm straw tubes has been manufactured and is under tests (Fig. 7).
[image: ][image: ]
Figure 7. Kapton straw tubes, with a wall thickness of 70 μm and 2 mm diameter (left); prototype of the double layerstraw tube chamber with a sensitive area of 200×200 mm2 (right).
[image: ][image: ]









Figure 8. Distribution of the electron ionization losses in 2 mm straws at a gas pressure of 1 bar (left panel) and 3 bar (central panel). The gas mixture is Ar/CO2 (80/20). The rightmost panel demonstrates the single straw tube efficiency as a function of the energy detection threshold in the straw tubes (further related to the thresholds of the read-out electronics) for three values of the gas mixture pressure: 1 bar (●), 2 bar (■) and 3 bar (▲).

To estimate the expected straw tube efficiency, a dedicated Monte Carlo simulation has been performed. Distributions of the ionization losses ΔE for 20 GeV electrons crossing a 2 mm straw tube filled with gas mixture Ar/CO2 (80/20)at pressure of 1 and 3 bars are shown in Fig.8. The single straw tube efficiency is also shown in Fig. 8 as a function of the detection threshold. The results are shown for three values of the gas pressure. They demonstrate the rather high probability of the signal loss (particle detection inefficiency) at a pressure of 1 bar, whereas particles can be detected with efficiency of about 99% at a pressure of 3 bar and the detection threshold of ~600 eV. 
The total number of the straw chambers required for the study of both decay modes: A’ → invisible and A’ →e+e-is defined now as (the minimal requirement) 8 double layer chambers with sensitive area of 200×200 mm2, at least 4 of them with straw tubes of 2mm diameter. 

Schedule of the experiment
The schedule for reaching the final sensitivity of ≤10-12 is mainly driven by the availability of electron beam with enough intensity to provide the required total number of collected electrons neot ≈ 1012 -1013. As it was discussed, assuming the maximal secondary H4 beam rate ne ≈5x106/spill at E0 ~ 30-50 GeV, we anticipate   ≈3x1012 collected e-s during ~ 3 months of the experiment run time.
The period of running could be also extended by a factor of 2-3, upon anticipated results and further recommendations of the SPSC.
Therefore, staged approach to perform the experiment is proposed. The required statistics is summarized in Tables 4 and 5.
Table 4. Search for the decay A’ → invisible
	Secondary beam
	Energy, GeV
	Number of events

	π
	30-50
   100
	1010
109

	μ
	30-50
  100
	109
109

	e-
	30-50
  100
	109 - 1012
         109 - 1012



Table 5. Search for the decay A’ → e+e-
	Secondary beam
	Energy, GeV
	Number of events

	π
	30-50
   100
	1010
109

	μ
	30-50
  100
	109
109

	e-
	30-50
  100
	1012 - 1013
         1011 - 1012






Test Phase (was performed in 2015-2016)
A couple of weeks test period at the end of 2015 - beginning of 2016 was requested. It included initial beam tests and debugging of the apparatus. The setup was installed at a secondary beam line, which can produce electrons, pions and muons with an intensity ≤105 particles per spill. During this phase the detector was assembled, realistic tests of sub-detectors and their response to e-, π and μ of different energies, DAQ and corresponding electronics, and the measurements related to detector performance, noise level, etc... were performed with the goal to debug and test the whole setup. First preliminary results on the search for the A’ → invisible decay mode is expected.

Experimental Phase (signal search)
The experimental phase during 2017-2019 aims to perform sensitive search for production of dark photons and their subsequent decays A’ → invisible and A’ → e+e-. We expect to have during this phase 12 weeks of data taking: 6 in 2017 and 6 in 2018. We plan now 6 weeks of data taking for the invisible decay mode and 6 weeks for the decay mode A’ → e+e-. The estimation of the setup sensitivity is in progress, to be presented to the SPSC in January 2017.

Conclusion
Due to their specific properties, dark photons are an interesting probe of physics beyond the Standard Model both from theoretical and experimental point of view. We propose to perform a light-shining-through-a-wall experiment dedicated to аsensitive search for dark photons in the still unexplored intervals of the mixing strength 10-5≤ε≤ 10-3 and masses mA’ ≤ 100 MeV by using available electron beams from the CERN SPS. The experiment has the capability for a sensitive search for A's decaying invisibly to dark-sector particles such as dark matter. Our feasibility study shows that a sensitivity for the search of the A’ → invisible decay mode in terms of branching fraction Br(A’) = σ(e-Z→e-ZA’, A’→ invisible)/σ(e-Z→e-Zγ) at a level below a few parts in 1012 is within reach. The intrinsic background due to the presence of low energy electrons in the beam can be suppressed by using a tagging system, which is based on the detection of synchrotron radiation of high-energy electrons. The search would allow covering a significant fraction of the yet unexplored parameters space for the A’ → invisible decay mode.  
If A's exist, also their decays A’ → e+e- could be observed by looking for events with two-shower topology of energy deposition in the detector. The key point is an observation of events with almost all beam energy deposition in the downstream ECAL calorimeter, located behind the “W-Sc wall''. 
The sensitivity of the search for the A’ → e+e- decay in terms of the ratio of the cross sections σ(e-Z→e-ZA’)/σ(e-Z→e-Zγ) at a level of ≤ 10-13 – 10-12 could be achieved. In the case of non-observation, the expected exclusion areas are complementary to the ones from the planned APEX (full run), DarkLight, and other experiments intended to probe a similar parameter space [61, 62]. 
The experiment can be performed in two phases. In the first phase in 2015-2016 (Fig. 9), the goal is to optimize the detector components. This could be done by using any secondary beam line of the SPS that would provide enough intensity in the given energy range for the background measurements. In the second phase, 2017-2019, the goal is to reach the previously mentioned sensitivity or, better, by exploiting a possible upgrade of the detector that might be necessary given the results of phase I. If excess consistent with the signal hypothesis is observed, this will indicate unambiguously presence of new physics. The full run time of the proposed measurements is requested to be up to several months, and it could be taken at different SPS secondary beams. 
[image: ttp://home.cern/sites/home.web.cern.ch/files/image/update-for_cern_people/2016/11/overview-na64.jpg]










Figure 9. The NA-64 experiment
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