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I. INTRODUCTION

The Z E P L IN -III instrument [1 , 2 ] is a two pha se (liquid/ g a s) xeno n detec to r with pho to multiplier (P MT) rea do ut desig ned to o bserv e the lo w energ y nuc lea r rec o ils fro m ela stic sc a ttering o f wea k ly intera c ting ma ssiv e pa rtic les (WIMP s). Z E P L IN -III rec o rds bo th direc t sc intilla tio n lig ht (S1) a nd elec tro luminesc enc e fro m io nisa tio n (S2 ) o f the xeno n ta rg et [3 ] fo llo wing a n energ y depo sitio n. The ra tio o f the sig na l streng th in these cha nnels diff ers fo r elec tro n a nd nuc lea r rec o il intera ctio ns, a llo wing disc rimina tio n between inc ident pa rtic le spec ies a nd the effi c ient rejec tio n o f mo st ba ck g ro und ev ents. H o wev er, a s is the c a se fo r a ll direc t da rk ma tter sea rch experiments, sing le ela stic sc a ttering o f neutro ns a nd WIMP s g enera te the sa me sig na ture, rendering the fo rmer a pa rtic ula rly pro blema tic ba ck g ro und. F urthermo re, ev en where elec tro n rec o il disc rimina tio n is exc ellent, it is pro ba bilistic a nd there a lwa ys rema ins a sma ll pro ba bility fo r tho se elec tro n rec o ils to be misidentified a s nuc lea r rec o ils. A n externa l pla stic sc intilla to r ba sed v eto detec to r c a n help dec rea se these ba ck g ro unds by re- * corresponding author: c.ghag@ed.ac.uk mo v a l o f c o inc ident γ-ra y a nd neutro n induc ed nuc lea r rec o il ev ents (WIMP s a re extremely unlik ely to sc a tter in bo th detec to rs). In a dditio n, by pro v iding a n independent mea surement o f γ-ra y a nd neutro n ra tes in the WIMP ta rg et, it will a lso help dec rea se the systema tic unc erta inty in the estima tio n o f these ba ck g ro und ra tes, thereby inc rea sing the sig nific a nc e o f a no n-z ero o bserv a tio n. E xperienc ing the sa me physic a l c o nditio ns a s Z E P L IN -III, the v eto system a lso pro v ides v a lua ble env iro nmenta l dia g no stic info rma tio n a s well a s independent in situ mea surements o f a mbient ba ck g ro und ra dio a c tivity lev els.

The first sc ienc e run o f Z E P L IN -III resulted in the exc lusio n, with 9 0 % c o nfidenc e, o f spin-independent WIMP -nuc leo n c ro ss sec tio ns a bo v e 8 .1 ×1 0 -8 pb fo r a WIMP ma ss o f 5 5 GeV / c 2 [4 ], a nd spin-dependent WIMP -neutro n c ro ss sec tio ns a bo v e 1 .8 ×1 0 -2 pb [5 ]. The expla na tio n o f the D A MA a nnua l mo dula tio n signa l [6 ] by inela stic da rk ma tter [7 ] in a Ma xwellia n ha lo sc a ttering o n io dine wa s ruled o ut with 8 7 % c o nfidenc e [8 ]. Sinc e then the instrument ha s underg o ne a n upg ra de with the repla c ement o f the interna l P MT a rra y, the do mina nt so urc e o f ba ck g ro und during the first sc ienc e expo sure. The a dditio n o f the v eto detec to r will further impro v e the sensitiv ity o f a sec o nd run o f the experiment. These upg ra des a re a s o rig ina lly c o nc eiv ed, planned and scheduled prior to the first science run. As such, the necessity for a veto detector with high neutron rejection efficiency has been motivated by conservative nuclear recoil expectation levels from the first science run. Since considerably reduced second science run neutron induced nuclear recoil predictions have been successfully met following the internal PMT array replacement, the diagnostic capability and γ-ray tagging efficiency of the veto detector become increasingly significant.

By design, the veto detector itself contributes negligible additional background to the xenon target. All detector components have had their performance characterised extensively to maximise the expected detection efficiencies for both electron and nuclear recoils. These studies, supplemented with Monte Carlo simulations using the GEANT4 toolkit [9], have been presented previously [10].

In the following sections we present the realised performance of the veto detector following six months of continuous operation. We first give a brief description of the system followed by results from calibrations showing detector stability and operational robustness. In the subsequent sections the efficiencies for rejecting coincident γ-ray and neutron events in ZEPLIN-III are presented. These so-called 'tagging' efficiencies are defined as the fractions of events occurring in the xenon target that are successfully identified and may be vetoed. As is described in Section V, γ-rays that deposit energy in the liquid xenon and the veto detector do so approximately simultaneously. Consequently, such coincident vetoed events are labelled 'prompt' tags. Signals in the veto following neutron recoils in ZEPLIN-III, however, arrive after a time which depends on the passive shielding and veto detector geometry and composition. The majority of these neutron events are well separated in time from prompt tags and, as is described in Section VI, are labelled 'delayed' tags. In Section VII we discuss briefly how the tagging of a unique background adds to the statistical evidence of a signal appearing among the untagged events.

II. DETECTOR DESCRIPTION

The veto instrument has two main components. A Gd-loaded polypropylene structure, close-fitting around and above ZEPLIN-III, moderates and captures neutrons that may have scattered in the WIMP target; this structure is shown in Figure 1 during assembly. The capture γ-rays are detected by 52 plastic scintillator modules (polystyrene-based U PS-923A) which are assembled around the polypropylene; these are shown in Figure 2 after assembly. The entire structure is subequently enclosed in a Pb castle, as depicted in Figure 3, a schematic drawing of ZEPLIN-III, the veto system, and passive shielding. A detailed description of the veto detector hardware is given in Ref. [10], here only a brief summary is presented.

The scintillator modules each have one PMT (ETEL-9302KB) optically coupled to one end. The PMT and FIG. 1: An image of the passive Gd-loaded polypropylene sections of the veto detector partially assembled around the ZEPLIN-III instrument. Thirty-two such sections form a closed barrel and a roof plug is lowered onto the barrel to enclose ZEPLIN-III completely. The active scintillator modules are then placed around the polypropylene, and make up in total 3 0 cm thickness hydrocarbon shielding. associated electronics are housed in a plastic cylinder which is bonded chemically to the scintillator; some such tubes are visible on the roof section in Figure 2. To minimise loss of light within a scintillator bar, each piece has been wrapped along its length with PTFE sheet of high diffuse reflectivity, and then in black opaque sheet to provide light tightness. A reflector (aluminised Mylar film) is placed at the far end from the PMT to increase the light collection of the unit. All scintillator modules are 15 cm thick. Modules on the roof vary in length from ∼40 cm to ∼100 cm to form an approximate disc whereas the trapezoidal shaped barrel modules are all 100 cm in length.

The scintillator modules of the barrel surround individual 15 cm thick polypropylene sections that are loaded with 0.4% Gd by weight. The active and passive plastic sections together maintain the 30 cm hydrocarbon shielding thickness of the first science run. A single Gd-loaded polypropylene roof plug supports the 20 roof modules of scintillator. At 0.4% concentration of load-FIG. 2: An aerial view of the completed veto detector before the Pb castle is built up around the entire assembly. The Gd-loaded polypropylene sections have been completely enclosed by the scintillator modules. Thirty-two sections make up the barrel with a further twenty modules on the roof above ZEPLIN-III. The enclosures for the PMTs attached to the scintillators on the roof can be seen whereas those on the standing barrel scintillators are in recesses built into the polypropylene sections. The outer diameter of the barrel is 160 cm.

ing >99% of neutrons moderated to thermal energies undergo radiative capture on 157 Gd (natural abundance 15.7%) which has an extraordinarily high capture cross section of 2.4×10 5 barn [11]. The benefit of using Gd is two-fold. Firstly, the states populated in 158 Gd by the neutron capture decay with the emission of up to 8 MeV distributed amongst typically 3-4 γ-rays rather than the single 2.2 MeV γ-ray that follows radiative capture on H. The inclusion of Gd, thus, increases significantly the neutron tagging efficiency. Secondly, the mean capture time is reduced relative to that on H. This allows adoption of a shorter coincidence window resulting in reduced data volume and a lower accidental coincidence rate. The Gd, in the form of Gd 2 O 3 , is mixed into an epoxy and set into slots in the polypropylene sections, with slot pitch and width 10 mm and 2 mm, respectively. The veto detector and the ZEPLIN-III instrument stand on a 30 cm thick polypropylene base and are enclosed within a 20 cm Pb castle. A single blue LED transmits light through 52 optical fibres to the far end of each of the veto detector modules for weekly monitoring of the scintillator/PMT response. Each PMT output is digitised with 14-bit resolution at 100 MS/s for a waveform duration of 320 µs.

The operation of the veto detector allows for a combination of 'slave' and 'master' modes. In slave mode, timelines from all modules are recorded when an external trigger from ZEPLIN-III is received. In m aster mode, when certain conditions are met, the veto system triggers independently. In the present configuration this happens when three or more modules each register at least 10 FIG. 3: Cross-sectional view of the ZEPLIN-III experiment in its second science run configuration. In the centre is the ZEPLIN-III detector (labelled A) showing the outer copper vacuum vessel. Forming a barrel around ZEPLIN-III are the 32 Gd-loaded polypropylene pieces and roof plug (labelled B and hatched). Surrounding these are the active scintillator modules (C) with PMTs housed in cups and recessed into the lower polypropylene structure. The 20 roof modules of scintillator (D) rest on the roof plug. The lower polypropylene structure (E) contains no Gd and rests on a copper and a lead base (F). Finally, the lead castle (G) envelopes the entire assembly.

photoelectrons in the same event. This threshold results in an event rate of approximately 2 Hz and allows for an independent measure of background from the detector surroundings, especially ambient neutrons from the laboratory rock.

Finally, a muon trigger is derived from the roof modules with no condition on multiplicity (i.e., the number of modules with simulataneously occurring pulses). This requires an external triggering unit in order to avoid the large data volumes otherwise generated by a software trigger testing individual modules. In addition to providing a direct measure of the atmospheric muon flux through the laboratory, the purpose of the unit is to help determine the muon-induced neutron production rate in Pb, a measurement of interest to the rare-event search community. Using the Pb castle as a target and taking advantage of the low energy threshold of the veto detector as well as its segmented design to provide angular information, it is hoped that an improvement upon previous measurements conducted in a similar fashion may be made [12]. Results of these studies will be presented at a later date. Here we focus on the results from the system in its primary role of a veto detector.

Daily calibration of the veto detector with a radioactive γ-ray source is impractical: besides taking too long to calibrate all 52 modules, a high γ-ray flux inside the castle might compromise the stability of ZEPLIN-III. To probe the stability of the veto system we monitor, separately, the light transmission of the scintillators (using the fibre-coupled LED signal) and the electronic gain (by measuring the single photoelectron (SPE) response of the PMTs). In addition, we confirm the rate of coincidences with ZEPLIN-III on a daily basis, record the rate and energy spectrum of the master-mode triggers, and measure the γ-ray tagging efficiency and a number of environmental parameters which can be correlated with the data a posteriori. The PMT and LED calibrations are described next, followed by the methods used to synchronise the two instruments, looking in particular at how these evolved over several months of underground operation.

A. SPE c alib ratio n

An automated daily SPE analysis examines the preceding day's dataset (excluding the portion of the waveforms where a signal in prompt coincidence with ZEPLIN-III would appear) and searches for the smallest area pulses found above the baseline. This is done by the pulsefinding software 'raVen', a dedicated code derived from the ZEPLIN-III data reduction application ZE3RA [13]. Most of the 320 µs long timelines are empty save for signals from spontaneous photoelectron emission from the PMTs, due to both dark noise and low-level light leakage. The peak position of the resulting SPE spectrum from each channel, which is very well defined for all modules, has been used to equalise the PMT gains across the array prior to the science run.

The SPE analysis ensures stability of the gains as well as providing a conversion from pulse size to number of photoelectrons, allowing accurate calibration of the signal response. Calibrating using SPEs from the science acquisition itself, rather than a dedicated SPE dataset, avoids interrupting the science run and maximises the WIMP search exposure. Moreover, this ensures signal pulses are calibrated with contemporaneous SPE data subjected to identical operational conditions. Figure 4 shows the average of the mean SPE values from all 52 PMTs. With continuous dark operation of the PMTs, their gains are found to be rising on average by ∼0.6% per month in the first 3 months of operation. With the PMTs on the outside of the plastic shielding, it is expected that they should be affected by seasonal environmental changes in the underground laboratory. Although this effect is small, it nonetheless highlights the need for this regular calibration. 

B. LED c alib ratio n

The response of the PMTs to light transmission through the plastic scintillator is measured with weekly illumination from a blue LED coupled through an independent fibre optic cable to each module. Datasets are acquired during a brief pause in the running of ZEPLIN-III used to perform maintenance operations such as filling of the LN 2 reservoir. The LED is mounted in an acrylic light guide from which 52 optical fibres emerge. These fibres are secured in recesses in the plastic scintillators at the opposite ends to the PMTs. The LED is pulsed at a frequency of approximately 30 Hz for 300 s and light emitted from the fibres is transmitted through the scintillator to the PMT photocathode, generating for each pulse an average of 48 photoelectrons in each module. A relatively low rate is used so as not to distort spectral shape through induction of afterpulsing or saturation effects in the PMTs. The number of photoelectrons contributing to the peak LED response is calculated from the SPE peak position and estimated from the width of the distribution for consistency. The normalised number of photoelectrons detected in each module is then tracked as a function of time throughout the course of the experiment and is plotted in Figure 5, showing no detectable change in optical transmission so far. A full study of the properties of UPS-923A scintillator, including results from dedicated measurements of its nuclear quenching factor for low energy recoils, will be presented elsewhere [14]. 

C. ZEPLIN-III -Veto event synchronisation

The ZEPLIN-III and veto detector data acquisition systems operate at different sampling speeds and digitise waveforms of different duration with different resolutions. Accurate target-veto timing is achieved using a bespoke synchronisation unit clocked at 1 MHz. This sends a 32bit digital stamp to both acquisition systems following a trigger from either detector. A number of additional methods have been implemented for redundancy. This is critical since, in case of malfunction of the synchronisation unit, the veto efficiency might be compromised for a significant part of the dataset. Firstly, an internet time server is used to synchronise the two data streams to 4 ms. It is then required that the time difference between consecutive coincident events (i.e., excluding veto self triggers) agrees to within 1 ms; since the target trigger rate is only ∼0.4 s -1 and all genuine coincidences have triggers sourced from ZEPLIN-III, the event time distribution proves to be a powerful selector. Finally, the summed signal of the PMT response of ZEPLIN-III is digitised into the veto data acquisition and pulse parameters must agree. Using these methods the fraction of unsynchronised events is negligible.

IV. DETECTOR INTERACTION RATES

The integral signal rate in the veto detector during science data-taking is shown in Figure 6. This is the cumulative distribution of pulse sizes, given in total number of photoelectrons, as a function of threshold. Note that there may be several pulses per event, the latter being determined by a single data acquisition trigger. As such, Figure 6 indicates the actual background pulse rate as measured by the veto detector. The plot extends to the point of pulse saturation, which is due to the full range of the digitiser ADCs and the gain settings of the PMTs, and occurs at approximately 65 photoelectrons (equivalent to several MeV of energy deposition across the array). The pulse rate from background data is well described by a combined fit of three components. The first is a semi-Gaussian fit to the SPE peak up to 2 photoelectrons, characterising thermionic emission from the photocathodes and ambient light leakage into the scintillators. As described in Section V, such single pulses are considered below threshold for valid coincident events. The second component is an exponential fit to background from radiological contamination from within the veto detector PMTs. In particular, the 40 K content dominates between 2-15 photoelectrons. 40 K has an 89% β -decay branching ratio. For a refractive index of 1.49 at 400 nm, β - radiation emitted from the potassium generators in the PMT behind the photocathode will produce Cherenkov photons in the window when the electron energy exceeds 178 keV. Dominated by signal from these photons and supplemented by Bremsstrahlung radiation in the window and the scintillator from β -particles with energies in the tail of the distribution that escape the window, the slope and magnitude of the contribution from this component are consistent with expectations [15]. The third component in the combined fit to the pulse rate spectrum dominates at higher energies and is of particular relevance to ZEPLIN-III. It is an exponential fit to the background component due to γ-ray radioactivity from U and Th decay chains and 40 K γ-rays within shielding and surrounding materials interacting within the scintillator. This includes the contributions from all of the veto detector components such as the plastic and the PMTs, and is dominated by both plastics, despite their low radiological content, due to their high mass. The measured γ-ray background agrees with predictions from Monte Carlo simulations presented in Ref. [10] provided that one adopts contamination levels just consistent with the sensitivity of the radio-assays that produced null results, most notably the Gd-loaded polypropylene. This is also consistent with the γ-ray background observed in the liquid xenon target [16]. The radiological activity from the veto detector will contribute less than 0.01 single neutron elastic scatters per year in the ZEPLIN-III fiducial volume. γ-ray emission from radioactive impurities in the plastic scintillator also poses a low risk since it is tagged with near unity efficiency.

The background signal rate in the veto detector is also of direct consequence to its performance since this defines the probability of an event in ZEPLIN-III being accidentally vetoed. The accidentals rate is determined separately for prompt γ-ray tagging and for delayed neutron tagging since the selection criteria (such as energy threshold, pulse arrival time, multiplicity, etc) for a coincident event to be labelled as a γ-ray or neutron differ. In principle, the signal multiplicity could be an important characteristic with which to discriminate between veto events caused by γ-ray and by neutron backgrounds, due to the multiple, several MeV γ-rays that result from radiative capture on the Gd loading. Figure 7 shows the multiplicity distributions of tagged γ-ray background signals in the veto detector and of tagged neutron events from calibration data. That the tagging efficiency for background γ-rays falls more rapidly with multiplicity than for delayed neutron signals is clearly illustrated. However, as is explored in Section VI B, exploitation of this difference was not found to be beneficial for the present application, although it might be a useful characteristic in other applications. Successful algorithms for γ-ray and neutron tagging have been found that use only timing and energy deposition information; these are now described.

V. γ-RAY TAG G ING

Following a γ-ray Compton scatter in the xenon target, the energy deposition from an electron recoil will trigger both ZEPLIN-III and veto detector data acquisitions. The scattered γ-ray may interact promptly within the veto detector and only a narrow coincidence window is required to identify these γ-rays. The criteria for designation of such 'prompt tags' are described below. These include determining the optimal prompt coincidence win- The relative efficiencies of the prompt γ-ray and delayed neutron tags, as a function of module multiplicity. The thresholds for selection of prompt and delayed events are as described in Sections V and V I. It is solely the multiplicity req uirement that is varied. The maximal efficiencies have been normalised to unity to provide a direct comparison. Lines through the points have been added to guide the eye. The delayed neutron tag varies considerably more slowly with increasing multiplicity than the prompt tag. This results from the former being dominated by detection of multiple high energy γ-rays following de-excitation of the 158 Gd nucleus.

dow and setting of an appropriate veto detector threshold (in energy and multiplicity) to maximise acceptance for genuine prompt events whilst minimising those that are accidentally coincident. This is followed by the resulting tagging efficiency for prompt γ-ray signals.

A. Selection criteria for p rom p t sig nals ZEPLIN-III discriminates between incident particle species by recording a prompt scintillation coming directly from the interaction site, S1, and a delayed electroluminescence signal caused by the ionisation escaping into the gas volume, S2. The delay between S1 and S2 can be up to ∼16 µs depending on the depth in the liquid at which the interaction took place. ZEPLIN-III derives its own trigger either from S1 or S2 depending on the energy deposit and hence digitises timelines ±16 µs either side of the trigger. Consequently, the veto data acquisition must do likewise (in fact a slightly wider pretrigger timeline is adopted, -20 µs). The trigger point in ZEPLIN-III corresponds to the 17.7 µs mark in the veto detector timelines. For S1 triggered events, any prompt coincidences in the veto detector will appear as a peak at approximately 17.7 µs. This is illustrated in Figure 8 showing the times of veto detector pulses recorded in background data, having been triggered in slave mode by ZEPLIN-III. A single peak with a FWHM of 226 ns corresponding to prompt coincidences with S1 triggers is visible above background (insert) and the region around this peak has been enlarged. The events triggered by S2 have S1 signals preceding the trigger point and S1 coincident pulses in the veto detector are distributed in the region prior to the prompt peak. The lower level of signals occurring after the prompt peak, unrelated to the trigger signals in ZEPLIN-III, are random background seen in the veto detector itself.

Pulse Start (µs) Amplitude (evt/µs) A number of factors affect the timing resolution of the target-v eto combination. N aturally , the limited sampling speed of the v eto digitisers (1 0 0 ns sampling) dominates this, as illustrated in F igure 8 . In addition, there is a smaller contribution from the timing jitter in Z E P L IN -III itself (2 ns sampling), both in determining the arriv al time of S1 and, more importantly , in measuring the S1-S2 separation. T he latter applies to S2 triggers and is a few tens of ns, refl ecting the slower build up of the electroluminescence response in the target and charge diffusion whilst drifting to the liq uid surface. T ak ing these factors into account, a coincidence window of 0 .4 µs has been defi ned as the prompt window. E xtending the win-dow bey ond this only increases the number of ev ents by introducing accidental coincidences, which lower the effectiv e exposure of the xenon target by unduly rejecting potential W IM P ev ents. F igure 9 shows the effi ciency of the v eto detector for tagging prompt ev ents rising rapidly as the coincidence window is opened to 0 .4 µs. T he rate of accidental coincidences can be calculated from the product of the ev ent rates in both sy stems, and can be measured directly by apply ing the same window off-coincidence. T his rate is 0 .4% for a 0 .4 µs window centred on the peak in F igure 8 using a 2 photoelectron threshold. F igure 9 corroborates independently the accidental coincidence rate. Since the plot shows the prompt γ-ray tagging effi ciency v alues with the thresholds as described abov e, extrapolating a fi t to the linear region at high acceptance window v alues to the y -axis results in an estimate of the tagging effi ciency in the absence of accidental coincidences. T he difference between this v alue and the measured tagging effi ciency for any giv en acceptance window is then the accidental coincidence rate for that window. At 0 .4 µs window width the accidental rate is predicted to be less than 0 .4% , in agreement with measurements.

T he prompt tag threshold req uires a minimum of 2 photoelectrons eq uiv alent pulse signal distributed in any pattern across the v eto detector, prov ided that any coincident pulses across multiple modules are themselv es within ±0 .2 µs of one another. L owering the threshold any further would result in a prohibitiv e accidental rate due to PMT dark noise and light leakage at the single photoelectron level. This is illustrated in Figure 10, showing the fraction of events accidentally tagged as γrays in ZEPLIN-III, as a function of signal threshold in the veto detector. H ere, the veto detector channel timelines are searched for accidental coincident pulses outside of the prompt coincidence window and the pre-trigger region. This ensures genuine coincidences with S1 signals are ignored. Veto threshold (number of photoelectrons) Accidentally coincident events (percent) FIG. 10: Accidentally tagged events in the 0.4 µs prompt window as a function of veto detector threshold. The band represents 1σ errors. For the prompt tag threshold of 2 phototelectrons eq uivalent signal in the veto detector, the probability that a tagged event is not correlated with the signal in ZEPLIN-III is 0.4% .

B. γ-ray tag g in g e ffi c ie n c y

With the prompt tag criteria set out above, the tagging efficiency can be determined from synchronised background data triggered by ZEPLIN-III with the veto detector running in slave mode. The resulting prompt tagging efficiency is shown as a function of veto detector threshold in Figure 11. The plot shows the measured efficiencies for all triggered events below 100 keV ee energy in ZEPLIN-III (where keV ee is electron-equivalent energy using 122 keV γ-rays from a 57 C o source to set the energy calibration). Also shown is the tagging efficiency for those events that occur in the fiducialised xenon of the ZEPLIN-III instrument. As expected, the efficiency increases when considering the central fiducial target xenon. H ere background events are more likely to be from C ompton scatters (rather than, for example, β-induced background or α-particles that cannot directly give signal in the veto modules) and the γ-rays have consequently a higher probability of being detected in the veto modules. The tagging efficiency for prompt events is (28.1±0.2)% for synchronised electron recoil background in the fiducial liquid xenon volume. Monte C arlo simulations of the γ-ray induced background in the xenon from each of the components contributing to it, as determined from the ZEPLIN-III data, have been performed. The weighted average tagging efficiency is predicted to be (27 .0±0.6 )%, which, when supplemented by the 0.4% accidental coincidence rate, rises to (27 .4±0.6 )% and is consistent with the measured value. Since much of the γray background in the xenon target arises in components beneath the xenon [16 ], low energy shallow angle single scatters are preferentially tagged by the roof modules. Additionally, these modules are shorter than those in the barrel such that equivalent energy depositions result in larger photoelectron signals in the former. As a result, the efficiency for rejecting γ-ray background is dominated by the roof. FIG. 11: The percentage of coincident events satisfying the prompt tag as a function of veto detector threshold, for all synchronised ZEPLIN-III events depositing up to 100 keV ee in the target x enon as well as for the fi ducialised target. No additional cuts or restrictions have been applied to the data.

The prompt tagging efficiency has been explored as a function of the energy of the coincident signal seen in ZEPLIN-III. Figure 12 shows the differential rate of background events in ZEPLIN-III for energies up to 200 keV ee . The rate of electron recoils in the liquid xenon WIMP target (6 .5 kg fiducial region), before any veto or other cuts, is 0.7 5 ±0.05 events/ kg/ day/ keV at low energy, which represents a 20-fold improvement over the rate observed in the first run of the experiment [16]. The prompt tagging differential rate is approximately a constant fraction of the total. For synchronised signals depositing less than 20 keV ee in ZEPLIN-III (the approximate upper boundary of the WIMP acceptance region), the average fraction is (28.2±0.6)%. 12: Differential background energy spectrum in the fiducial target of ZEPLIN-III in the second science run -labelled 'B ackground (no cuts)'. This rate is over an order of magnitude lower than the first science run as a result of the upgrades to the instrument. O verlaid are histograms of the differential rates of all events tagged as only prompt coincidences (labelled 'PTAG'), constituting approximately 28 % of the total rate, and events tagged as only delayed coincidences (labelled 'DTAG'). The latter population is consistent with accidentally coincident delayed tags (as described in S ection VI), and represent 0.7 % of the electron recoil background. Also shown is the background spectrum after the PTAG and DTAG events have been removed -labelled 'B ackground (veto cuts)'. The vertical line represents the approximate upper boundary of the W IM P acceptance window.

This efficiency represents a significant improvement over the veto system used in the ZEPLIN-I and ZEPLIN-II experiments [18][19][20]. This is as a result of successful operation at the low threshold of only 2 photoelectrons (equating to ∼40 keV of energy deposition in the scintillator) and a narrow coincidence window mitigating the effects of background rate in a large tonne-scale external veto device that also doubles as shielding. In addition to background rejection, the significant γ-ray tagging efficiency further enhances the effectiveness of the veto detector as a diagnostic aid. In particular, it allows definition of an unbiased sample of background events for detector characterisation in a blind analysis and provides an independent estimate of the γ-ray background in the xenon target. This is especially important at low energies where particle discrimination is not perfect. Furthermore, as is discussed in Section VII, if a small population of WIMP candidates is found in ZEPLIN-III, the (lack of) prompt tagging can rule out a significant γ-ray component. Finally, a discrepancy between predicted and observed tagging efficiencies in the science exposure could indicate that electron recoil backgrounds have a significant β -contribution, such as that expected from 85 K r or surface contamination.

VI. NEUTRON TAGGING

Single low-energy nuclear recoils from elastic neutron scattering in ZEPLIN-III would be indistinguishable from WIMP interactions. A high efficiency neutron veto detector, however, mitigates against this irreducible background. Most neutrons generating a signal in the xenon target are effectively moderated to thermal energies in the polypropylene shielding and undergo radiative capture by the G d. The detection of the capture γ-rays by the veto modules, placed outside of the G dloaded polypropylene, results predominantly in delayed pulses relative to the original scatter in the xenon. As mentioned previously, these veto events are labelled as 'delayed' tags. B oth the capture time distribution and the overall neutron tagging probability depend on the average G d concentration and its spatial distribution in the hydrocarbon shield. The performance of the veto as an effective neutron detector relies more on those factors than on the scintillation yield, as discussed in R ef. [10].

A. M easu rem ent o f th e m ean cap tu re tim e

The veto detector was calibrated in situ using an Am-B e (α,n) source inserted through the shieding to a position above the ZEPLIN-III instrument. This calibrates simultaneously the response of the WIMP target to nuclear recoils (as produced by WIMPs) and the veto detector efficiency for tagging internal background neutrons. The presence of G d in the polypropylene increases the average number of γ-rays emitted per capture and shortens the mean capture time relative to that in the bare hydrocarbon shielding. This raises the detection efficiency and reduces the time window required to search for delayed coincidences with the target, respectively. It is important to measure accurately the time distribution for captures relative to neutron scattering in the xenon, since this validates the spatially-averaged concentration of G d as well as the contribution of captures in other materials.

Nuclear recoils in the liquid xenon are identifiable by their typically lower S2/S1 ratio relative to electron recoils. A population of single elastic scatters from neutrons is defined by selecting a nuclear recoil band within 2 standard deviations of the median. No additional cuts are applied except geometrical ones required to fiducialise the liquid xenon volume. Synchronised veto detector events are then searched for delayed signals that satisfy the selection criteria for neutron events and a neutron tagging efficiency is established, as described in Section VI B. The distribution of pulse times for these events in the veto detector relative to the time of the S1 signal in the xenon is shown in Figure 13 , along with Monte Carlo simulation results for comparison. The mean capture time is measured at (10.7±0.5) µs, which corresponds to a Gd concentration of (0.42±0.03 )% (w/w) [10]. It has been determined that a range of 0.3 -0.5% will vary the neutron tagging efficiency by less than 1%, and a measured content of 0.42% satisifies this design specification. 

B. Neutron tagging efficiency

The design of the veto has been driven by a requirement to maximise the rejection of neutron-induced background nuclear recoils in ZEPLIN-III that might otherwise be misidentified as WIMPs. Veto pulse selection criteria must maximise the neutron tagging efficiency whilst maintaining a low accidental coincidence rate in science data.

The distribution of pulse times in the veto detector measured from the S1 time in the xenon (Figure 13 ), implies that over 99% of pulses arrive within a 70 µs window. The differential rate of events drops by over two orders of magnitude up to this point and, for this neutron calibration exposure, very few de-excitations occur beyond this timescale (sampling limited by statistics). The characteristic timescale obtained is consistent with a Gd concentration of 0.3 -0.5% by weight within the polypropylene shielding [10]. Beyond 70 µs the tagging efficiency increases slowly, but only due to (expected) accidental coincidences. At short capture times, a small fraction of neutrons will undergo capture even within the small prompt coincidence window (described in Section V). While these neutron events will still be rejected by the veto, they will be excluded from the delayed tag efficiency. This contribution to the overall neutron tagging efficiency of the veto must also be considered.

The choice of threshold for the delayed tag, in terms of both number of photoelectrons and multiplicity, has been set so as to limit the accidental coincidence tags in background data to a maximum of 1%. A rate in excess of this poses an unacceptable loss of effective exposure given the neutron-induced nuclear recoil expectation in the WIMP acceptance region of less than 1 event per year following the upgrades to the internal PMT array. The desired threshold is achieved by relaxing the neutron selection criteria in the veto detector until 1% of electron recoil events in ZEPLIN-III from background data are accidentally labelled delayed tags. This is achieved with a 10 photoelectron minimum threshold in the veto detector. No minimum multiplicity condition is applied. As with prompt tags with pulses distributed across the veto detector, all pulses contributing to a delayed tag must be coincident with all others within a ±0.2 µs window.

Figure 14 shows the absolute delayed tagging efficiency as a function of minimum required veto detector multiplicity, when the threshold is held constant. Increasing the multiplicity requirement from 1 to 2 lowers the efficiency by approximately 10%. The 10 photoelectron threshold with no multiplicity is found to yield an efficiency and accidental coincidence rate equivalent to a multiplicity of 2 modules recording a total of at least 8 photoelectrons. The rate of accidental coincidences for delayed tags remains low despite a lower photoelectron threshold as a result of the stronger dependence on multiplicity for background γ-rays that make up the accidental rate. Combining the two selection criteria, i.e., higher photoelectron threshold with no multiplicity and lower photoelectron threshold with a multiplicity of 2, does not result in a gain in efficiency since they each tag correlated datasets. For the same reason, however, the accidental coincidence rate is increased. As such, the delay tag selection criteria is only that a combined minimum of 10 photoelectrons equivalent signal be detected within the delay window, with no minimum multiplicity condition, although any pulses distributed across multiple modules must be in coincidence with all others. FIG. 14: Absolute prompt and delayed tagging efficiencies as a function of veto module multiplicity. H ere the photoelectron threshold is held constant at 2 photoelectrons for prompt tags and 10 photoelectrons for delayed tags, and only the multiplicity requirement varied. Increasing the multiplicity requirement from 1 to 2 for the delayed tag reduces the efficiency by ∼10% for a fixed 10 photoelectron threshold. In contrast to prompt tags, if a higher multiplicity were adopted, such a loss in efficiency could be recouped by using a lower threshold with no increase to delayed accidental coincidences.

Although the delay tag criteria have been set for an accidental rate of 1%, it is reduced in background data by 0.28% -the prompt tagging efficiency. This is because the population to which the delayed tag applies has already been decreased in exposure by the prompt tags, which are assessed first. Consequently, the accidental coincidence rate for the delayed tag in the background data is only 0.7%. The differential rate of these events in background data is shown in Figure 12. The combined prompt and delayed tagging accidental coincidence rates for ZEPLIN-III background, 0.4% and 0.7%, respectively, is 1.1%. The accidental tagging rate for WIMPs, however, remains 1.4% (0.4% from the prompt tag and 1% from the delayed tag).

Figure 15 shows the fraction of single scatter nuclear recoils within ZEPLIN-III from an AmBe neutron calibration dataset that are accompanied by a delayed tag in the veto detector, as a function of energy deposition in the xenon target. The delayed tag threshold is as described earlier, namely a 10 photoelectron threshold with no minimum multiplicity requirement. The delayed tagging efficiency accurately reproduces the spectral shape of the nuclear recoils, with no significant deviations, at a constant fraction close to 59%. The mean delayed tagging efficiency for these single scatter nuclear recoils depositing less than 20 keV ee in the WIMP acceptance window is (58.8±0.5)%. The efficiency remains constant with ZEPLIN-III energy since the probability of detection of the delayed γ-rays from the de-excitation of the 158 Gd nucleus is independent of the original neutron energy. This is because the angular distribution of the interacting neutrons in the xenon is destroyed through proton recoils in the polypropylene and thermalisation prior to capture. For a definition of the full neutron tagging efficiency, the delayed tagging fraction must be supplemented by the fraction of neutron coincidences falling in the prompt window. As stated previously, these events would be vetoed by the prompt tag. However, it is not possible to measure this fraction using the neutron calibration data with exposure to an AmBe neutron source. This is due to the emission of high energy γ-rays from the AmBe source in coincidence with the neutron emitted in the Be(α,n) reaction. Such γ-rays are of course detected in the prompt acceptance window and provide accidental tags for neutron scatters in the xenon target. Moreover, due to their high energies (mostly 4.44 MeV), they are not representative of γ-ray background and are indistinguishable in siz e and multiplicity from the delayed γ-rays from de-excitation of the 158 Gd nucleus following radiative capture. Consequently, the population of neutron events in the prompt acceptance window cannot be measured directly, but it may instead be calculated by extrapolating the delayed time distribution for neutron events into the positive half of the prompt window. Given the characteristic time of the delayed tag time distribution, an additional (1.7±0.1)% in neutron tagging efficiency is to be expected from the prompt window. Monte Carlo simulations of the neutron calibration exposure predict (1.5±0.1)% for the equivalent window, and a total neutron tagging efficiency (60.7±0.1)% for a 10 photoelectron threshold [10]. The measured combined (prompt+ delayed window) neutron tagging efficiency is (60.5±0.5)% for the same threshold, in excellent agreement with simulations. With a 60% neutron tagging efficiency, the number of expected nuclear recoil events per year from neutron background in the WIMP acceptance region of ZEPLIN-III (i.e., 6.5 kg fiducial region, ∼5-50 keV nuclear recoil energy [21]) indistinguishable from WIMP signal, is reduced to 0.2.

VII. IMPLICATIONS FOR SIGNAL LIMITS

If one considers vetoed events as a measurement of the rate of un-vetoed background events with Poisson uncertainty, that information can be incorporated into limits on the signal rate. The efficiency, η, for vetoing a background event gives the relative exposure of vetoed to un-vetoed background samples: η 1-η . A confidence interval for signal can then be set using the profile likelihood ratio (PLR) [22] as implemented in the RO O T [23] class TRolke. For a single-background case, Figure 16 shows the number of untagged events that would constitute 3σ evidence for signal, as a function of η. With η= 0.28, it is seen that 15 un-vetoed events (and no vetoed events) in a search region would be sufficient; this number falls for higher veto efficiencies, eventually reaching 1. In ZEPLIN-III and similar experiments, nuclearand electron-recoil background rates must be summed and have different veto efficiencies; however, simulations and measurements away from the search region constrain the neutron background more tightly than an absence of delayed tagged events in the search box alone. Additionally, the signal and the electron-recoil background -and, to a lesser extent, the nuclear-recoil background -are differently distributed in more parameters than just veto tagging efficiency, for example pulse-shape, energy, multiplicity and S2/S1. By using these additional discriminants, one could reject the background-only hypothesis with even fewer un-vetoed, signal-like events than the simple counting case of Figure 16.

VIII. SUMMARY

The veto detector has been operational for over 6 months with stable performance. The duty cycle of the veto detector is 100% to that of the ZEPLIN-III in- The effect of veto efficiency on discovery power for a generic rare event search with a single background and no additional discrimination. NT is the number of tagged events observed, and confidence intervals are calculated as in R ef. [22].

strument, and data streams from both detectors have been synchronised successfully with near unity efficiency. The interaction rates in the veto detector are in excellent agreement with expected background based on dedicated measurements of all detector components, and this validates the impact on both electron and nuclear recoil event rates in ZEPLIN-III. Daily SPE and weekly LED calibrations have been supplemented with neutron exposures to determine energy scales and tagging efficiencies for both γ-ray induced prompt, and neutron-induced delayed coincidences.

Selection criteria for both prompt and delayed tagging have been defined such that the combined accidental coincidence fraction is approximately 1% in ZEPLIN-III. The veto detector rejects over 28% of coincident electron recoil background in the xenon target, improving rejection of leakage γ-rays, providing diagnostic information for any spurious event populations, and supporting background expectation analysis. The neutron tagging efficiency of the veto detector is such that 60.5% of the expected nuclear recoil background in the second science run of the experiment can be identified. After veto tagging and with the PMT array upgrade, the neutron event expectation in a 1 year long dataset with typical signal acceptance is some 10 times lower than the pre-upgrade levels of the first science run [4], and ZEPLIN-III could achieve a sensitivity of ∼1×10 8 pb•year to the scalar WIMP-nucleon elastic cross-section [16]. The veto detector continues to operate in the ongoing second science run of the ZEPLIN-III experiment.
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 4 FIG. 4: Evolution of the mean of the SPE peak positions for all 5 2 veto detector PMTs over a 3 month period. The bars are the r.m.s. of the 5 2 means of the SPE peak positions.
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 65 FIG.5: Evolution of the number of photoelectrons from LED exposures (normalised to the first measurement) for a single typical veto module.

  FIG.7 :The relative efficiencies of the prompt γ-ray and delayed neutron tags, as a function of module multiplicity. The thresholds for selection of prompt and delayed events are as described in Sections V and V I. It is solely the multiplicity req uirement that is varied. The maximal efficiencies have been normalised to unity to provide a direct comparison. Lines through the points have been added to guide the eye. The delayed neutron tag varies considerably more slowly with increasing multiplicity than the prompt tag. This results from the former being dominated by detection of multiple high energy γ-rays following de-excitation of the 158 Gd nucleus.
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 8 FIG. 8: Pulse time distribution from 14-19 µs in the veto detector when triggered by ZEPLIN-III. The peak at 17.7 µs is from pulses in prompt coincidence with the S1. Smaller signals in the WIMP target, which trigger on S2 instead, are c o ntained w ith in a 1 6 µs reg io n b efo re th e p eak . P u lses o cc u rring after th is p eak c anno t b e in p ro m p t c o inc idenc e, and rep resent th e b ack g ro u nd rate in th e v eto detec to r itself. Insert: th e p u lse start tim es in th e v eto detec to r fo r th e fu ll 3 2 0 µs tim elines rec o rded.
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  IG . 9 : T h e effi c ienc y fo r tag g ing p ro m p t c o inc idenc e ev ents b etw een Z E P LIN -III and th e v eto detec to r, as a fu nc tio n o f ac c ep tanc e w indo w w idth . T h e effi c ienc y rises rap idly as th e w indo w is o p ened to 0 .4 µs, b u t b ey o nd th is any inc reases in effi c ienc y c o rresp o nds to th e inc lu sio n o f ac c idental c o inc idenc e ev ents.
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  FIG. 12: Differential background energy spectrum in the fiducial target of ZEPLIN-III in the second science run -labelled 'B ackground (no cuts)'. This rate is over an order of magnitude lower than the first science run as a result of the upgrades to the instrument. O verlaid are histograms of the differential rates of all events tagged as only prompt coincidences (labelled 'PTAG'), constituting approximately 28 % of the total rate, and events tagged as only delayed coincidences (labelled 'DTAG'). The latter population is consistent with accidentally coincident delayed tags (as described in S ection VI), and represent 0.7 % of the electron recoil background. Also shown is the background spectrum after the PTAG and DTAG events have been removed -labelled 'B ackground (veto cuts)'. The vertical line represents the approximate upper boundary of the W IM P acceptance window.

FIG. 13 :

 13 FIG.13: Distributions of pulse times in the veto array relative to the S1 signal from nuclear elastic scatters in ZEPLIN-III, for events that satisfy neutron selection described in the text (filled histogram). The fit to the data includes an exponential time delay distribution and a constant, representing accidental coincidences during calibration. The overall trend (solid line) has a characteristic decay time of (10.7±0.5 ) µs. This is in excellent agreement with Monte C arlo simulations (open histogram), which yield a mean capture time of (10.4±0.3) µs for a 0.42% (w/ w) Gd concentration[10].

FIG. 15 :

 15 FIG.15:The delayed neutron tagging efficiency as a function of nuclear recoil energy deposition in the liquid xenon target. The average tagging efficiency is (58.8±0.5)% for less than 20 keVee energy deposition single scatters in the WIMP acceptance window in ZEPLIN-III. This efficiency remains constant since the probability for detection of γ-rays following radiative capture of the neutron and the de-excitation of 158 Gd is independent of the neutron energy following the scatter in the xenon.

  FIG.16:The effect of veto efficiency on discovery power for a generic rare event search with a single background and no additional discrimination. NT is the number of tagged events observed, and confidence intervals are calculated as in R ef.[22].

  Cumulative background signal rate in the full veto detector array as a function of photoelectron threshold. All pulses are considered irrespective of multiplicity. Statistical errors are too small to be seen on this scale. The pulses are measured from slave mode triggerd events and the rate is truncated at 65 photoelectrons where pulse height saturation takes eff ect. The fit to the data is composed of three well resolved components made up of SPEs, internal background from the PMTs and γ-ray background from radiological contamination within surrounding materials and the veto detector itself.
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