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Abstract

:

SND@LHC (Scattering Neutrino Detector at the Large Hadron Collider) is a compact and stand-alone experiment to perform measurements with neutrinos produced in the LHC in a hitherto unexplored pseudorapidity region of 7.2 < η < 8.6. The experiment is located in the Tl18 (Target line 18) LHC tunnel, 480 m downstream of the ATLAS detector interaction point. The SND@LHC detector is composed of a hybrid system based on an 800 kg target mass of tungsten plates, interleaved with emulsion and electronic trackers, followed downstream by a muon system. This configuration allows us to distinguish all three neutrino flavors, opening a unique opportunity to probe the physics of heavy flavor production in the LHC in a region that is not accessible to the ATLAS, CMS, LHCb and FASER experiments. The detector concept is also well suited to searching for feebly interacting particles via signatures of scattering in the detector target. The first phase of the experiment has been carried out during the ongoing LHC Run 3, and the first data of the LHC Run3 commissioning period are being processed and analyzed.
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1. Introduction


The Large Hadron Collider (LHC), today’s highest-energy proton-proton (pp) collider, is a unique facility for the study of neutrinos in an energy range (from 350 GeV to several TeV) which has been inaccessible so far. The high intensity of pp collisions achieved by the LHC machine produces a large neutrino flux in the forward direction, and the high neutrino energies imply relatively large neutrino–nucleon cross-sections. Neutrinos in pp interactions in the LHC arise from leptonic W and Z boson decays (the pseudorapidity region, 4 < η < 5, as well as b and c quark decays (η > 7).



The Scattering Neutrino Detector experiment at the LHC—SND@LHC experiment [1,2,3]—to study high-energy neutrinos at the LHC was approved by CERN (the European Organization for Nuclear Research in Geneva, Switzerland) on March 2021, and the detector installation was completed in December 2021. The detector is located slightly off the pp beam axis, although very close to it. An intense and highly collimated (within polar angles of less than 2.5 mrad) beam of the produced neutrinos passes through the detector. The pseudorapidity region under study (7.2 < η < 8.6) is complementary to all of the other experiments in the LHC, including the similar experiment FASER [4].



The off-axis detector arrangement is ideal for studying the production of heavy quarks in the unexplored pseudorapidity range. Unlike    ν τ    and     ν ¯  τ    originating exclusively from heavy hadron decays,    ν e    and     ν ¯  e    mainly come from charmed hadron decays with a small admixture from kaons at low energies, where the interaction cross-section in the detector is lower, while    ν μ    and     ν ¯  μ    show significant contribution from pion and kaon decays. In the proposed pseudorapidity range,    ν μ    from π and K decays show a softer energy spectrum. This allows us to distinguish between components from charm and from π/K decays by measuring neutrino energy. Since in this range of pseudorapidity, a large fraction of the neutrinos originate from charmed-hadron decays, the neutrinos can be seen as being a probe of heavy-flavor production. Moreover, the SND@LHC experiment is sensitive to feebly interacting particles (FIPs) [5] via the FIPs’ scattering-off atoms in the detector target [6]. The new particles scatter similarly to neutrinos, such as light dark matter (LDM) particles that interact with the standard model particles via portal mediators, playing the role of FIPs. The direct search strategy gives the experiment sensitivity in a region of the FIP mass-coupling parameter space that is complementary to other indirect searches. In detail, the physics goals of the SND@LHC experiment are set forth in the technical proposal [1].



Given the expected LHC integrated luminosity during 2022–2025 (290 fb−1), about two thousand high-energy neutrino interactions is expected to be observed and studied by SND@LHC. The neutrino flavor can be identified in charged–current (CC) interactions via the identification of the corresponding charged lepton produced in the final state. The expected energy spectrum of incoming neutrinos and anti-neutrinos in the pseudorapidity range covered by the SND@LHC detector normalized to the integrated luminosity is presented in Figure 1 [3], which illustrates the leading contribution of muon neutrinos (73%) and electron neutrinos (25%).




2. Detector


The detector (Figure 2) was designed to find the best compromise between geometrical constraints and the following physics requirements: a good calorimetric measurement of the energy requiring about 10 λint (where λint is the interaction mean free path), a good muon identification efficiency requiring enough material to absorb hadrons and a transverse size of the target region having the desired azimuthal angular acceptance.



The Upstream Veto Detector (UVD) located upstream of the target acts as a veto for charged particles, mostly muons coming from the ATLAS detector interaction point. The baseline technology for the UVD is scintillating bars readout by silicon photomultipliers (SiPMs) that tag incoming muons.



The neutrino target, designed according to the Emulsion Cloud Chamber (ECC) technology [9], acts as a vertex detector. The ECC technology makes use of nuclear emulsion films interleaved with passive layers to build up a tracking device with a sub-micrmetric position and milliradian angular resolution, as in the OPERA experiment [10,11]. It is capable of detecting τ leptons and charmed hadrons by disentangling their production and decay vertices [12]. It is also suitable for FIP detection through the direct observation of their scattering-off electrons or nucleons in the passive plates. The high spatial resolution of nuclear emulsion films allows for identifying electrons by observing electromagnetic showers in the brick.



The SND@LHC neutrino target and vertex detector is made of five walls with a sensitive transverse size of 384 × 384 mm2, and it amounts to 830 kg. Each wall consists of four cells (bricks), made of 60 emulsion films, interleaved with 1 mm tungsten plates. Tungsten was selected as the target material in order to maximize the interaction rate per unit volume. Its small radiation length allows for good performance in the electromagnetic shower reconstruction. The resulting brick has a mass of 41.5 kg and a total thickness of ∼78 mm, making ∼17 X0, where X0 is the radiation length. A schematic of one wall is shown in Figure 3. The entire SND@LHC neutrino target contains 1200 emulsion films, for a total of about 44 m2.



Each of the five walls of the ECC is followed by a scintillating fiber (SciFi) plane. The use of the SciFi detectors makes it possible to measure the position of the neutrino interaction in the emulsion block and complements the emulsion target, amounting to a total of 85 X0, for the calorimetric measurement of electromagnetic showers. SciFi also connects the reconstructed emulsion track with the muon candidate track identified by the muon detector.



A nuclear-emulsion plate consists of two sensitive emulsion layers, each poured onto a plastic substrate. The reconstruction of the so-called micro-tracks, which are the tracks traversing each sensitive layer of an emulsion plate, is performed in the process of online scanning. The xy coordinate plane is related to the surface of the emulsion plate. Since an emulsion film is formed by two emulsion layers, the connection of the two micro-tracks through the plastic base provides a reconstruction of the particle’s trajectory in the emulsion film, called a base-track. The reconstruction of particle tracks in the full volume requires connecting the base-tracks in consecutive films (Figure 4a). The track reconstruction in the emulsion target is performed using a Kalman filter seeded on the base-tracks recorded in the single emulsion films. An example of the track reconstruction is presented in Figure 4b. Comparing the position and angle of each base-track with a linear fit on the xz and yz planes leads to an estimation of the tracking resolution. The z axis is directed along the beam.



The muon detector is located downstream of the ECC/SciFi target detector. It identifies muons, crucial to identifying the muon neutrino CC interactions. The muon identification system consists of iron slabs interleaved with planes of scintillating bars. The combination of SciFi and the scintillating bars of the muon detector also act as a non-homogenous hadronic calorimeter for the measurement of the energy of the hadronic jet produced in the neutrino interaction, and hence the neutrino energy. As the hadronic shower already starts developing in the target region, an average total length of the detector makes about 11 λint, thus providing a good coverage of the hadronic showers.



The chemical treatment of the irradiated emulsions of the neutrino target are being performed in a dark room at CERN, equipped with the necessary tools to process 1200 emulsion films in one week. The entire thickness of the emulsion is analyzed using optical microscopes acquiring tomographic images at equally spaced depths. The total emulsion-film surface to be scanned in the first phase of the SND@LHC experiment requires at least five scanning systems fully devoted to this activity in order for the readout time to be approximately equal to the exposure time. The emulsion readout is being performed in dedicated laboratories at the Universities of Bologna and Naples (Italy), the University of Zurich (Switzerland), the Lebedev Physical Institute (Moscow, Russia) (Figure 5 [13]), and the CERN Emulsion Facility. The last one was completely equipped and prepared for operation in November 2021. The laboratories are equipped with automated optical microscopes, whereby the scanning speed of which, measured in terms of film surface per unit time, reaches ∼180 cm2/h.




3. Reconstruction


Event reconstruction is performed in two stages, as shown in Figure 6. The first stage is the data-taking using the response of the electronic detectors. The second stage incorporates the emulsion data that are available about six months after the exposure. The occurrence of the neutrino interaction or FIP scattering is first detected by the target tracker and muon system (Figure 6a). Electromagnetic showers are absorbed within the target region and are therefore identified by the target tracker, while muons in the final state are reconstructed by the muon system. The determination of the neutrino flavor is made by identifying the charged lepton produced at the primary vertex (Figure 6b). Particularly, tau-leptons are identified through the observation of the tau decay vertex in the emulsion, along with the absence of any electron or muon in the primary vertex.



Two algorithms were developed for event identification. The first algorithm is based on the global topology of the event and does not depend on the efficiency of the track reconstruction. This algorithm is used to estimate the NC/CC ratio and provides a general veto for neutral current (NC) events. The second algorithm is based on muon track reconstruction and therefore can only be applied to events where such a track exists, that is mandatory for muon track coupling between electron detectors and emulsions. A significant parameter for the influence of the electron track with respect to the primary vertex allows for the identification of a    ν e    event. The    ν μ    CC events can be distinguished using electronic detectors (the downstream stations of the muon system); the identification of    ν e    CC is quite challenging with electronic detectors since the pattern is similar to NC events. This is one of the topics addressed in the analysis. FIPs can be identified through their scattering-off atoms of the emulsion target material. In the case of FIPs elastic scattering-off atomic electrons, the experimental signature consists of an isolated recoil electron that can be identified through the development of an electromagnetic shower in the target region. For FIPs interacting elastically with a proton, instead, the isolated proton produces a hadronic shower in the detector.




4. Data and First Results


On April 2022, one fifth of the target region was partially instrumented with emulsion films, together with a few independent small emulsion bricks to test the machine-induced background during the LHC commissioning, as the final step of the detector installation. A test with one brick with the first batch of emulsion films (Emulsion Run 0) was conducted in order to test the chemical compatibility of the tungsten plates with the emulsions, the light tightness of the wall box, and the uniformity of the track reconstruction within the brick. The track density in the emulsion films of the Emulsion Run 0 made 7000 tracks per cm2.



The first results are presented in Figure 7, with the Gaussian fits leading to the widths σX ∼9 µm for the position and σTX ∼8 mrad for the slope as the tangent of the track angle in the zx plane. The presented Gaussian fits indicate a high accuracy of track reconstruction in the emulsion target.



According to estimates, emulsions can stand 107 tracks/cm2. The track extrapolation between emulsions across a passive material layer becomes more complex when the track density is high; a level of 105 tracks/cm2 is regarded as a good condition. Thus, given the background estimates in Tl18 (Target line 18) LHC tunnel, one emulsion target exposure should not exceed 30 fb−1. In view of the this luminosity that the LHC is expected to deliver during Run 3, it means that the emulsion target bricks should be replaced at least every two months of irradiation.



The first phase of the SND@LHC experiment was put into operation since the start of LHC Run 3 and was implemented during 2022. Emulsion Runs 1–3 were carried out using full emulsion targets with different luminosity exposures. The last one ended by the time of the LHC Run 2 technical shutdown on 28 November 2022 (see Figure 8).




5. Discussion


The SND@LHC experiment in its first phase accumulated the integrated luminosity of 41.1 fb−1. The first stage of the data analysis is now in progress: the position and angular distributions of muon tracks are being reconstructed in the electronic detectors, and the search for neutrino candidate events is being performed.



The total surface to be scanned makes 3522 emulsion films with a total surface of 130 m2, which requires at least six months of continuous operation of all microscopes. On the basis of reconstruction of the emulsion tracks, the background rejection, neutrino vertex identification, neutrino flavor identification, electromagnetic shower identification and energy measurements are planned be performed. The emulsion data to be compared with the data from the electronic detectors. In the first phase of the experiment, one expects 217 CC and 68 NC neutrino interactions in the target.
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Figure 1. Energy spectrum of the different types of incoming neutrinos and anti-neutrinos as predicted by the DPMJET/FLUKA [7,8] simulation. The result of the simulation has been normalized to produce neutrino spectra for 290 fb−1 [3]. 
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Figure 2. The SND@LHC detector concept. See text for details. 
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Figure 3. A schematic of one wall of the target SND@LHC neutrino target and vertex detector. 
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Figure 4. (a) The charged particle track in an emulsion film. (b) The tracks reconstructed in the emulsion target; randomly selected 15 tracks in 57 emulsion layers in a 1 × 1 cm2 area (Emulsion Run 0 data). 
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Figure 5. One of the scanning systems for the emulsion readout. 
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Figure 6. Event reconstruction: (a) the first stage (online, using electronic detectors); (b) the second stage (offline, using nuclear emulsions). 
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Figure 7. Distributions with the Gaussian fit (red) of the tracking resolution in x position (left) and in the slope as the tangent of the track angle in the zx plane, Tx = Tan(θzx) (right), for the Emulsion Run 0 data. ”Std Dev” stays for the standard deviation, and “ndf” denotes the numbers of degrees of reedom in the Gaussian fit parameters shown. 
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Figure 8. Status of the to-date SND@LHC exposures. In the “Delivered” sessions, the emulsion detector was exposed to the beam (with integrated luminosity of 41.3 fb−1). In the “Recorded” sessions, the emulsion detectors worked synchronously with the electronic ones (39.8 fb−1, or 96% of the “Delivered”). 
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