The H1 First Level Fast Track Trigger

Y. H. Fleming Mid-term Report September 2000

Particle Physics Group, School of Physics and Astronomy, University of Birmingham

0.1 Abstract

In September 2000, the e−p collider HERA and the H1 detector shut down for approximately a year to upgrade the luminosity by a factor of five. Currently, different detector parts are being upgraded or partially replaced in order to cope with the higher luminosity and the increased background rates which are associated with it. In order to exploit the full physics potential after the upgrade, it was decided to replace the old track trigger by a more efficient Fast Track Trigger (FTT). The latter should be used to trigger on exclusive states like the D^⋆ → κππ channel. This will improve our understanding of QCD in the low x region of proton structure. Furthermore it will allow us to investigate the proton’s gluon structure in detail. This report explains the L1-algorithm of the FTT as currently evolved, the implementation of the latter using ALTERA FPGA technology and tries to explain the general use of the FTT for triggering on physics events.

Contents

0.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i

1 Introduction 1 1.1 The HERA Accelerator . . . . . . . . . . . . . . . . . . . . . . 1 1.2 The H1 Detector . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.3 Tracking at H1 . . . . . . . . . . . . . . . . . . . . . . . . . . 5 1.3.1 The Central Tracking Detector (CTD) . . . . . . . . . 6 1.3.2 The Forward Tracking Detector (FTD) . . . . . . . . . 7 1.3.3 The Backward Drift Chamber (BDC) . . . . . . . . . . 7 1.3.4 The Silicon Trackers . . . . . . . . . . . . . . . . . . . 7 1.4 The H1 Triggering Concept . . . . . . . . . . . . . . . . . . . 8 1.5 HERA Physics . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 The H1 Upgrade 12 2.1 Motivation for the Upgrade . . . . . . . . . . . . . . . . . . . 12 2.2 The Different Upgrade Projects . . . . . . . . . . . . . . . . . 12

3 The Fast Track Trigger 14 3.1 Motivation for the Fast Track Trigger . . . . . . . . . . . . . . 14 3.2 Structure of the Fast Track Trigger . . . . . . . . . . . . . . . 15 3.3 Basic Principle of The Fast Track Trigger . . . . . . . . . . . . 16 3.4 The Program FTTemu . . . . . . . . . . . . . . . . . . . . . . 18

4 The Level 1 Trigger 22 4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 4.2 The L1 algorithm . . . . . . . . . . . . . . . . . . . . . . . . . 23 4.2.1 Signal Digitisation . . . . . . . . . . . . . . . . . . . . 23 4.2.2 The Q-t algorithm . . . . . . . . . . . . . . . . . . . . 24 4.2.3 Valid Pattern Matching . . . . . . . . . . . . . . . . . 26 4.2.4 Track Segment Ambiguities and Cell Boundaries . . . . 28 4.3 An Example of how the Segment Finding Algorithm can be implemented . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.3.1 The QUARTUS © software . . . . . . . . . . . . . . . 33 4.4 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 5 Summary 38

List of Figures

1.1 HERA and PETRA (pre-accelerator) . . . . . . . . . . . . . . 2 1.2 Layout of the H1 Detector . . . . . . . . . . . . . . . . . . . . 4 1.3 Side view of the H1 tracking system . . . . . . . . . . . . . . . 5 1.4 Projection of the Central Tracker detector in the r − ϕ plane . 6 1.5 Examples of deep inelasic scattering processes . . . . . . . . . 9

3.1 The dominant open-charm production processes . . . . . . . . 15 3.2 r − ϕ projection, showing the 4 groups of 3 wires chosen for the FTT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 3.3 Overview of the modular structure of the Level 1 FTT (L1 trigger card not shown) . . . . . . . . . . . . . . . . . . . . . 18 3.4 This figure shows the efficiency (left hand scale) relative to Off-line Selection against the cut ΔM = M(κππ)−M(κπ) for different choices of the D^0 mass window M(κπ) − M(D^0). It also shows the expected trigger rate (right hand scale) at peak post-upgrade luminosity, based on extrapolations of present rates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 3.5 t0 determination. . . . . . . . . . . . . . . . . . . . . . . . . . 20 3.6 69 out of 72 elastic J/ψ → μ^+μ^− events are reconstructed with the right number of tracks. . . . . . . . . . . . . . . . . . 21

4.1 Overview of the first level front end module and trigger . . . . 24 4.2 Basic in-/output signals of the Q-t algorithm . . . . . . . . . . 25 4.3 Block diagram of Q-t algorithm . . . . . . . . . . . . . . . . . 26 4.4 This figure shows squares where the simulation of the FTT found track segments in the κ/ϕ plane using a real D^⋆ event with FTTemu. As a comparison the circles show which tracks were found by the full reconstruction at the time. Note that the Fast Track Trigger does not look for non-primary tracks. . 27

4.5 Here, a particle which crosses the wire plane leaves a valid mask pattern in the three shift registers of a particular trigger group. The entries in the shift registers correspond to the leftright space ambiguity and give rise to more than one valid track segment. . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 4.6 This figure shows an example of how the segment finding algorithm can be implemented. . . . . . . . . . . . . . . . . . . 31 4.7 This figure shows how the encoded and unencoded CAM modes work. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 4.8 Example of a design using the QUARTUS software tool. This figure shows an 80 MHz shift register that feeds a 20 MHz shift register. Next to the clock inputs (’clock20 ’ and ’clock80 ’) and the ’reset’ input pin, there is only one signal input pin. The four output pins represent shift registers clocking to the left and right at 80 or 20 MHz. . . . . . . . . . . . . . . . . . . . . 34 4.9 This figure shows the schematic of the main design shiftcam. . 35 4.10 This figure shows the contents of the CAM used during the simulation of part of the L1 algorithm fitted into the chosen FPGA chip. In the left-hand (0) column, the CAM contents of all even content addresses are displayed whereas in the righthand (+1) column, the CAM contents of all odd content addresses are displayed. The valid patterns in the final design will be considerably more complicated. . . . . . . . . . . . . . 36

List of Tables

3.1 Wires used in a cell of CJC1 . . . . . . . . . . . . . . . . . . . 17 3.2 Wires used by FTT in CJC2 . . . . . . . . . . . . . . . . . . . 17

4.1 This table shows the number of valid masks generated within one cell for each trigger group at 20 MHz clocking frequency for the shift registers . . . . . . . . . . . . . . . . . . . . . . . 23 4.2 This table shows the number of valid masks generated if a particle crosses the cell boundary within the region of one trigger group, such that one of the three hits lies outside the main cell. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 4.3 This table shows the number of logic elements and pins that were used in the Quartus simulation described in section 4.3.1. In this simulation an Apex20KE600 chip was used. . . . . . . 36

Chapter 1

Introduction

1.1 The HERA Accelerator

The Hadron Electron Ring Accelerator (HERA)(see figure 1.1), based at DESY, was completed in 1992 in order to study deep inelastic lepton scattering. HERA is the first colliding beam DIS^1 experiment. Like previous fixed target experiments, HERA tries to provide a deeper understanding of the fundamental forces of nature, in particular the electro-magnetic interaction between quarks and leptons and the strong interaction between the quarks. With a centre of mass energy of 300 GeV, a new kinematic region became accessible. The unique kinematics at HERA makes it possible to study weak neutral and charged currents at high momentum transfer and to observe the hadronic recoil. Proton and lepton beams are accelerated and stored in separate beam pipes of circumference 6336 metres. Currently, positrons are accelerated to 27.5 GeV using conventional magnets. Protons, however, require super-conducting magnets in order to reach 920 GeV. As the cross section for e−p interactions is small, very high fluxes are required. These are stored in electron and proton bunches with a typical current of 30 mA and 80 mA respectively. The time period between each bunch crossing is 96 ns.

Four experiments are located on the HERA ring. Two multipurpose detectors, H1 and ZEUS, are situated at the North and South interaction points respectively. A further two fixed target experiments called HERMES and HERA-B are located at the East and West interaction points respectively. However, the beams are only colliding at the North and South interaction points.

HERMES utilises the longitudinally polarised electron beam together with polarised targets in order to investigate the proton and neutron spin

1DIS stands for deep inelastic scattering.

Figure 1.1: HERA and PETRA (pre-accelerator)

structure functions whereas the aim of HERA-B is to study CP violation. In order to do this, the latter produce b-quarks by inserting tungsten wires into the proton beam halo.

In this report the aim is to shortly review the operation of H1 so far, to motivate the HERA and H1 upgrades currently taking place and to give an overview of the trigger upgrade projects. The main part of this report will then be devoted to the Fast Track Trigger, which should eventually replace the current DCr − ϕ track trigger. The UK is mainly involved with the Level 1 design of the FTT.

1.2 The H1 Detector

The H1 detector was designed to look at all aspects of e − p scattering. As all previous collider experiments collided either two identical particles or particle anti-particle pairs of equal energy, their detectors were symmetric about the interaction point. HERA, however, collides different particles of different energies. This constraint led to an asymmetric detector design. In order to look at all aspects of e − p scattering, certain requirements have to be fulfilled:

• The detector should have a high resolution in energy and polar coordinates. This requires the calorimeters to have high granularity and to be calibrated as well as possible.

• The drift chambers should be able to reconstruct tracks accurately in order to identify all sorts of events.

• Often the kinematic variables x, y, Q^2 are reconstructed from the scattered electron, it is therefore very important to have a high efficiency and very good resolution in electron detection.

The detector layout and the coordinate system used at H1 are shown in figure 1.2. The beam pipe 1 runs along the centre of the detector. The end where the electron (proton) enters the detector is referred to as the forward (backward) region. The tracking detectors are centred around the nominal interaction point. The silicon micro-vertex detectors in the central and backward regions give the best vertex constraints and are also used for reconstructing secondary vertices. More outward lie the central and forward tracking devices (CTD 2 and FTD 3 resectively). The Liquid Argon Calorimeter, which is divided into a electromagnetic 4 and hadronic 5 section, is used to reconstruct most of the hadrons and electrons at very high momentum transfer [1]. The trackers together with the Liquid Argon Calorimeter are surrounded by the solenoidal magnet 6 that bends the tracks of charged particles. The SPACAL^2 12 and the PLUG Calorimeters 13 are located in the backward and forward regions of the detector. Both are situated close to the beam pipe. The SPAghetti CALorimeter’s main task is to efficienty identify electrons and measure energy accurately. One can also get hadronic energy in the backward region which is also measured by the SPACAL [3]. The PLUG Calorimeter minimises missing transverse momentum of hadrons by closing the gap in between the beam pipe (θ = 0.75^{∘ 3}) and the LAr calorimeter(θ = 3.4^∘) [4]. The Muon detection system consists of the instrumented iron return yoke 10 9 of the solenoidal magnet in the central region. In the forward region it is complemented by the Forward Muon Detector (FMD) 11 . The instrumented iron yoke is also used to measure the hadronic energy leaked from the LAr calorimeter and SPACAL. Another detector is the proton remnant tagger(PRT). It is utilised in diffractive studies. It is located at 24 m in the +z direction along the beam pipe. The Forward Proton Spectrometer (FPS) is constituted of Roman Pots positioned at certain intervals along the beam pipe. When being brought close to the proton beam, the pots are used to detect intact final state protons in DIS and photoproduction [5]. Situated at 107 m in the forward direction, the Forward Neutron Calorimeter (FNC) is used to detect high energy leading neutrons [6]. The H1 Luminosity system is constituted by three electron taggers (ET) and a photon detector (PD) [7]. This System

2The Backward electromagnetic calorimeter (BEMC) was replaced by the SPACAL in 1995. For a description of the BEMC see [2]

3The H1 coordinate system defines the +z axis as the outgoing proton direction. The polar angle θ is measured with respect to this axis.

Figure 1.2: Layout of the H1 Detector also tags photoproduction events [8]. It is positioned down the pipeline in the −z direction. The luminosity is extracted from the rate of the Bethe-Heitler Bremsstahlung process (ep → epγ) which has a calculable cross-section [9]. Coincident events are required by each of the taggers. The taggers and the PD are Cherenkov calorimeters which contain an array of rectangular crystals. There is also a veto counter situated in front of the PD. The Very Low Q^2 Spectrometer (VLQ) provides acceptance for electron detection over the region 0.02 < Q^2 < 1 GeV^{2 4}. This means that it can be used in studies of the transition between photo-production and DIS. The two modules, each housing a calorimeter and a tracking detector, are situated above and below the beam pipe at a z position of -2.95 m [10].

1.3 Tracking at H1

The H1 tracking system is designed to enable jets with high particle densities to be reconstructed to a high precision and to measure the momentum and angle of isolated tracks very accurately.

Figure 1.3: Side view of the H1 tracking system

The layout of the trackers can be seen in figure 1.3. The tracker system consists of four main components:

4In this region, the exchanged photon is almost real.

• the Central Tracking Detector (CTD)

• the Forward Tracking Detector (FTD)

• the Backward Drift Chamber (BDC)

• the Silicon Trackers

1.3.1 The Central Tracking Detector (CTD)

The CTD (see figure 1.4 )consists of two large drift chambers (CJC1 and CJC2), two multiwire proportional chambers (CIP and COP) and two thin drift chambers (CIZ [11] and COZ [12]). It covers an angular range 22 ≤ θ ≤ 155^∘.

Figure 1.4: Projection of the Central Tracker detector in the r − ϕ plane

The Central Jet Chambers CJC1 and CJC2 [13] are drift chambers with sense wires strung parallel to the beam direction, such that the r and ϕ coordinate is best measured. The different drift cells are inclined at 30^∘ to the radial direction. The angle by which ionisation moving in the drift cell’s electric field is deflected due to the effect of the magnetic field is called the Lorentz angle γ. Sometimes, the latter is also referred to as the drift angle. The fact that the Lorentz angle is about 40^∘, means that the drift direction for high momentum tracks is never far from perpendicular to the track direction. Furthermore, tracks of all momenta are sampled a number of times.

The z coordinate measurement from the CJC has a resolution varying between around 3 cm (pions etc.) and 22 cm (minimally ionising particles eg. muons).

CJC1 includes 30 cells with 24 sense wires each whereas CJC2 has 60 cells each of which cointains 32 sense wires.

CJC1 is sandwiched in between CIZ and COZ. These drift chambers have sense wires perpendicular to the beam direction and provide the measurement of the z coordinate with a resolution of 260 μm.

The main purpose of the two multiwire proportional chambers CIP and COP is to provide fast trigger information on where tracks originated from. The requirement that the z-vertex lies in the norminal interaction region which will also be used by the Fast Track Trigger after the upgrade 2000 − 2001 is a powerful way to reject background.

1.3.2 The Forward Tracking Detector (FTD)

Extra tracking detectors are needed due to the higher track multiplicity in the forward direction. The FTD is used to cover the angular range 6^∘ < θ < 25^∘ and consists of three supermodules each composed of 12 layers of planar drift chambers, a layer of MWPCs, passive transition radiators and 12 layers of radial drift chambers [14]. The single hit resolutions of the planar and radial drift chambers are 170 μm and 200 μm respectively.

1.3.3 The Backward Drift Chamber (BDC)

The Backward Drift Chamber [15] consists of four layers of octagonal drift chambers overlaid in order to povide a measurement of ϕ and as a consequence to accurately measure the scattering angle of low momentum transfer DIS event electrons. Hits in the BDC are often extrapolated to the electromagnetic part of the SPACAL inorder to perform electron identification.

1.3.4 The Silicon Trackers

The two silicon trackers, the backward - (BST) and Central Silicon Trackers (CST), were added into the H1 design in 1996 in order to aid the identification of primary and secondary vertices [16]. A further objective was to improve the measurement of electron tracks in the low Q^2 region. The CST which is centered at the nominal interaction point comprises 2 layers of silicon strip detectors and covers a range 20^∘ < θ < 150^∘. The BST is made up of 8 planes of silicon detector discs used to reconstruct backward scattered electron tracks and covers a polar angular range 162^∘ < θ < 176^∘.

1.4 The H1 Triggering Concept

Most subdetectors have their own trigger system. These trigger systems are all linked to the H1 central trigger. For each bunch crossing, all of the subtrigger systems do a quick limited reconstruction. This information, summarised by a small number of trigger elements, will then be sent to the first level central trigger CTL1 [17]. The CTL1 collects all trigger elements. Depending on the preset conditions that define interesting physics, CTL1 makes a decision on whether the event passes or not. If it passes then an L1Keep signal is sent to all subsystems and the detector falls into deadtime whilst the event is read out in full. During deadtime no more events can be triggered.

All L1 triggers send their trigger elements at each bunchcrossing. L1 has to make a trigger decision after 2.3 μs, for the total information from all readout channels is pipedlined (stored in memory) for 24 bunch crossings only.

Currently, 199 L1 trigger elements are in use. These are combined between 128 subtriggers. When an appropriate set of trigger elements in a subtrigger passes the CTL1 conditions, the L1Keep signal causes the L2 triggering procedure to begin and stops all data pipelines at the same time^5.

The second level triggers of the subdetectors have 25 μs to send their L2 trigger elements to the Central Trigger Level 2 (CTL2). If an event passes the CTL2 conditions it is immediately passed onto the level 4 filter farm as the existing Level 3 (L3) procedure is not used. If, however, the event is rejected by L2, the process is interrupted immediately and pipelining is resumed.

Now, L4 makes the final decision on which event to take and defines a further prescale for each event in order to keep the ‘filter farm’ data logging rates down (≃ 30 Hz). The event is then recorded onto disk. The final reconstruction of the event is done offline at level 5.

5Depending on the prescales for a particular subtrigger, CTL1 will not always give an L1Keep. If the prescales are set to say 20, then CTL1 only fires on one in 20 valid events.

1.5 HERA Physics

When colliding leptons with protons two different processes are possible:

- charged current (CC) reactions, that proceed via W^± exchange

- neutral current (NC) reaction, that proceed via photon or Z^0 exchange

(a) charged current event (b) neutral current event

Figure 1.5: Examples of deep inelasic scattering processes

The two processes are shown in figure 1.5. The incoming electron has 4- momentum k. After scattering off the proton system the 4-momentum of the outgoing electron is k^′. The 4-momentum of the exchanged boson is called q. The photon virtuality is defined as follows:

Q^2 = −q^2. (1.1)

If the exchange boson is a photon, then interactions can proceed over the whole Q^2 range, as the latter is massless. If, on the other hand, a weak boson is exchanged, interactions cannot proceed over the entire range of Q^2. They only become important at Q^2 ≃ M^2_Z0_{/W} ± .

In the proton’s infinite momentum frame, the Lorentz invariant variable x represents the fraction of the protons momentum carried by the quark interacting with the boson: x = Q^2 2P · q , (1.2)

where P is the proton’s 4-momentum. A second Lorentz invariant variable, y, is defined as: y = P · q P · k . (1.3)

The latter can be interpreted as the fraction of the incident electron’s momentum transferred to the proton in the proton’s rest frame. Another important variable is the e − p centre of mass energy squared s given by:

s = (k + P )^2 ≃ 4E_eE_p, (1.4)

where E_e and E_p refer to the electron and proton beam energies. The centre of mass energy of the hadronic part of the final state W can be defined as follows:

W^2 = (q + P )^2 (1.5) Finally, Q^2 can be expressed in terms of the variables x, y and s as follows:

Q^2 ≃ xys. (1.6)

As the H1 detector has got a very high capability of measuring electrons, the following equations are often used to extract Q^2 and y:

Q^2 = 4E_eE_e′ cos^2 ( θ_e 2 ) , (1.7) and y = 1 − E_e′ E_e sin^2 ( θ_e 2 ) , (1.8)

where E_e and E_e′ are the initial and final energies of the electrons and θ_e is the angle between the initial and scattered electrons. Then, using equation 1.6 the variable x can be calculated.

At HERA people are investigating lots of different physics processes. Some of the areas under the heaviest study are:

• The proton structure function F_2(x, Q^2) has been extracted from the total ep cross section for 1 < Q^2 < 30000 and 10^{−6} < x < 0.65. F_2 is directly related to the quark distributions in the proton. The gluon distribution can be extracted from the ’scaling violations’ in the Q^2 dependence.

• High transverse momentum di-jet production is highly sensitive to the gluon distribution in the proton through the boson-gluon fusion process γg → qq̄ and is thus a good test of QCD predictions for the proton gluon distribution. It was found that for example high transverse momentum di-jet production in photo-production is dominated by resolved photon processes in which a parton in the photon with a momentum fraction x_γ is scattered from a parton in the proton. By measuring the effective parton density in the photon the gluon density of the photon can be derived [18].

• Heavy quarks are produced at HERA through the process γg → cc̄ and γg → bb̄. Since the production mechanism involves gluons, these processes are also highly sensitive to the gluon distribution of the proton.

• Diffraction: Here, for example, interactions of the type ep → eXY are studied where the component X of the hadronic final state is well separated from the leading order baryonic system Y . These processes can be considered as DIS from the net colour singlet exchange (or pomeron) that is responsible for high energy elastic scattering. HERA data have shown that the pomeron is a gluon dominated object [19].

• High Q^2 interactions, where, for example, cross-sections of neutral and charged current processes are measured in a Q^2 range between 200 and 30000 GeV^2 [20]. This is the region in which new unexpected physics processses are most likely to appear. Together with DIS data at lower Q^2, the data are also used to extract the quark distributions in the proton.

Chapter 2

The H1 Upgrade

2.1 Motivation for the Upgrade

On the 4^{th} September 2000, HERA shut down for a big upgrade project. The main aim is to increase the statistics on physics processes at high Q^2. The luminosity is planned to be increased by a factor of five to a peak luminosity L ≃ 7.4 × 10^{31} cm^{−2} s^{−1} [21]^1. As this means that the beams have to be focussed more efficiently, three more superconducting magnets have to be installed in the H1 detector [22].

2.2 The Different Upgrade Projects

After the upgrade, HERA will run with longitudinally polarized electrons. This means that the measurement of the electron polarisation will become important since the neutral and charged current e − p cross sections depend on the beam polarization. It is thus planned to upgrade the HERA Polarimeters [23].

In the forward region, a Forward Silicon Tracker (FST) will be built using existing components of the BST and the VLQ, which will be removed to make space for the focusing magnets. The FST will cover the angular region 8 ≤ θ ≤ 16^∘ and enhance lepton identification in the forward region (very high Q^2) [24]. The Forward Track Detector will be upgraded in order to increase efficiency and precision. Three additionnal planar chambers are inserted to improve track determination [25]. The PLUG Calorimeter whose performance has degraded over time, will be improved by using copper absorber plates sandwiched in between scintilation plastic [26].

1At present, the design luminosity is 1.5 × 10^{31} cm^{−2} s^{−1}

As the FNC has degraded over time, it will be replaced by a new leadscintillator sandwich calorimeter. This upgrade will help measuring the pion structure function via the reaction ep → e^′nX which is mediated by pion exchange [27]. A new L1 jet trigger is to be attached to the existing calorimeter. It will extend the capabilities to trigger on low energy depositions [28].

In the central region, the CIZ and 2 planes of the existing CIP will be replaced with a cylindrical multiple wire proportional chamber composed out of 5 planes. The latter will help improve the z-position resolution of tracks.

The existing DCr − ϕ trigger will be replaced by the Fast Track Trigger (FTT). Compared to the currently used DCr − ϕ, the FTT is able to trigger on tracks with a transverse momentum threshold of only 100 MeV compared to 300 MeV. It also has the ability to reconstruct charged tracks in three dimensions with high precision. The FTT should also be used to trigger on exclusive final states with high efficiency (see section 3.1) [29].

After the upgrade, the existing L3 triggering procedure will be used in order to reduce the data rate into the L4 ’filter farm’. Finally, the online L4 and offline L5 triggers will be merged into a single system. In this way, H1 will significantly improve overall reliability of its data processing facility [30].

Chapter 3

The Fast Track Trigger

3.1 Motivation for the Fast Track Trigger

After the upgrade, the extremely high background together with the rate of physics events above 1 kHz prevents easy access to data in the low x region^1. The only processes which are easily recognised by the H1 triggers at acceptable rates are high Q^2 deep inelastic scattering events and other processes with very high transverse momentum particles. As the maximum data taking rate is ≃ 100 Hz it is impossible to take all data. The measurements of many exclusive processes, which can be found in the low x region will remain statistically dominated when the upgrade takes place. In order to improve statistics for such channels drastically, on-line particle identification will be required at early stages of the trigger algorithm.

One important measurement is open charm production. The dominant production mechanisms are photon-gluon fusion γ^{(⋆)}g → cc̄ and gluon-gluon fusion gg → cc̄ as seen in figure 3.1. The photon-gluon fusion process, for example, is sensitive to the gluon distribution in the proton. This measurement particularly would allow precise test of our understanding of open charm production and is at the same stage a test of QCD. By triggering on the reaction D^{⋆+} → D^0π^+_{slow} → (K^−π^+)π^+_{slow} using the small mass difference ΔM = M(D^⋆) − M(D^0) the gluon structure of the proton and the photon could be investigated with great detail. As this process has got a small cross section and branching ratio, a highly efficient but also low rate trigger is crucial.

Presently, several other areas of physics suffer from low statistics despite being low Q^2 and low p_t. ’Elastic’ vector meson production processes such as ep → eρ^0p and ep → eJ/ψp have been very poorly measured in the region

1At low x, the inclusive cross-sections are comparatively large.

(a) example of the boson-gluon fusion process

e e^′ γ g c c̄ g P P^′

(b) example of the gluon-gluon fusion process

Figure 3.1: The dominant open-charm production processes

where the 4-momentum transfer, |t|, or Q^2 is large [31]. It is believed that the high |t| region is a good filter for hard diffractive processes [32]. In order to trigger on such events after the upgrade, it is necessary to form invariant mass sums through the combination of track momenta and to calculate vector meson invariant masses, Q^2 and |t| at an early stage.

3.2 Structure of the Fast Track Trigger

The Fast Track Trigger (FTT) uses a selection of CJC drift chamber wires. If a charged particle passes through the CJC, it leaves a trail of ionisation behind, which then drifts to the drift chamber wires. A hit is defined when these ionised particles deposit their charge on a wire. Depending on the times at which three selected closely positioned wires are hit, a track segment can be found. If several track segments are found within several adjacent drift cells and can be linked by a helical path, a track is defined.

The FTT is a three stage trigger:

• At the first level trigger, hit information from the drift chambers is read in and analysed first at 20 MHz synchronisation frequency. The main task of L1 is to find track segments within a group of three wires and link them to a specific bunch crossing. A refinement step will then resolve the track segments at 80 MHz. At the same stage, the 20 MHz track segments should be coarsely linked to form full tracks and define the basis for a level 1 trigger decision. The level 1 trigger decision must be made within the 2.3 μs time limit.

• The different track segments, which were previously resolved at 80 MHz at L1, will now be linked to full tracks at the second level L2. All tracks found will have precisely determined 3-momenta associated with them. The trigger decision will be based on the transverse momentum of the track, track multiplicity and track topology. The Level 2 trigger has to reach a decision within 25 μs.

• Finally, L3 selects appropriate events based on calculations of invariant masses based for example on D^⋆ searches through the D^⋆ − D^0 mass difference. It is planned that the event selection will be completed by the 100^{th} μs.

The first two stages of the trigger require fast algorithms to filter the data as effectively as possible. Special electronic boards have to be custom built in order to reach this goal. The hardware used at the last stage will be based on commercial G4 Power PC boards. This solution was chosen because a commercial system is cheap, flexible and easy to maintain.

3.3 Basic Principle of The Fast Track Trigger

The Fast Track Trigger uses carefully chosen wires from the Central Jet Chambers^2 for triggering on the events of interest. As H1 is currently running at a large Lorentz angle of 42 degrees but was designed for 30 degrees, layers 1, 23 and 24 of CJC1 and the first and last wire of each cell in CJC2 should not be used for triggering. This is because the maximum drift times are now too long. Furthermore, not all wires are efficient enough. Some wires, for example, have been replaced and are therefore made of a different set of the same wire material.

So it was decided to use the wires of three trigger groups in each cell of CJC1 and one trigger group of each cell in CJC2 (see tables 3.1 and 3.2^3).

The graphical position of the used wires can be seen in figure 3.2. Figure 3.3 shows the basic organisation of the Fast Track Trigger with emphasis on the level 1 system. The analogue drift chamber signal of a selected wire is read via an existing DCr − ϕ card connected to its appropriate daughter card into a L1 Front-End module, where the L1 algorithm takes

2for a more detailed description of the Central Jet Chambers refer to section 1.3.1. 3Counting of wires begins with 1.

Trigger Group Number Wire Number Radius (cm) 1 3 23.6 1 5 25.3 1 7 27 2 10 29.6 2 12 31.3 2 14 33.1 3 18 36.5 3 20 38.3 3 22 40

Table 3.1: Wires used in a cell of CJC1

Trigger Group Number Wire Number Radius (cm) 4 4 57.1 4 6 58.8 4 8 60.6

Table 3.2: Wires used by FTT in CJC2

Figure 3.3: Overview of the modular structure of the Level 1 FTT (L1 trigger card not shown)

3.4 The Program FTTemu

Once the internal structure of the FTT was defined, a simulation program could be written in order to optimise its efficiency by varying essential parameters. This program is called FTTemu. It knows about the basic structure of each level. Based on the geometry of the H1 detector as it is currently in use, it can for example calculate the length of the shift registers which have to be used at the first level of pipelining hit information. The user can change different parameters like the Lorentz angle and the drift velocity. This means that triggering on particles can be simulated using for example different gas

Figure 3.4: This figure shows the efficiency (left hand scale) relative to Offline Selection against the cut ΔM = M(κππ)−M(κπ) for different choices of the D^0 mass window M(κπ)−M(D^0). It also shows the expected trigger rate (right hand scale) at peak post-upgrade luminosity, based on extrapolations of present rates.

mixtures^4.

Apart from generating tracks and trying to trigger on all of them, the user can also choose a real data sample of the events he is interested in and look how well the FTT triggers on that data sample. Moreover, as it is real data previously recorded and reconstructed by the currently used L5 trigger, the efficiency of the Fast Track Trigger can be compared to the offline reconstruction. A D^⋆ finding efficiency was studied relative to the off-line selection for various cuts on the D^0 mass window and ΔM. The achievable efficiency was found to be approximately 80% (see figure 3.4).

Furthermore, the simulation was used to determine whether the trigger

4Each gas mixture has different characteristics, so parameters like drift velocity change.

will find the right bunch crossing of origin^5. Figure 3.5(a) shows that the t0 of D^⋆ events always falls into one bunch crossing if the shift registers clock at twice the bunch crossing frequency (i.e. 20 MHz). In the case of elastic J/ψ events (see figure 3.5(b)) the t0 determination drops to 99% which is still excellent.

Figure 4.2: Basic in-/output signals of the Q-t algorithm

Figure 4.3: Block diagram of Q-t algorithm

4.2.3 Valid Pattern Matching

Each bunch crossing, contents of shift registers are tested to see if any valid mask pattern corresponding to a genuine track segment is present in a group of three wires. Each valid pattern is associated to one or more κ − ϕ values which are then extracted at a second stage. The more often hit data is read in, the more accurate the κ − ϕ resolution is. As track segments constructed from 20 MHz data are not accurate enough, a refined pattern search is done at 80 MHz. Concurrently to the pattern matching processes, the z coordinate is calculated. Then the κ−ϕ values extracted from valid patterns at the later stage are sent together with the z information to the second level FTT (see figure 4.3).

After having found the 20 MHz track segments, the latter are sent to a first level trigger board. All values associated to the same bunch crossing are collected in a κ − ϕ array from all four trigger groups. The array consists of 16κ bins and 60ϕ bins. If more than one track segment from different trigger groups has got values falling into the same bin, then a track is defined (see figure 4.4).

The Q-t and level 1 algorithms are performed for each trigger group for each cell in the CJC.

Figure 4.4: This figure shows squares where the simulation of the FTT found track segments in the κ/ϕ plane using a real D^⋆ event with FTTemu. As a comparison the circles show which tracks were found by the full reconstruction at the time. Note that the Fast Track Trigger does not look for non-primary tracks.

4.2.4 Track Segment Ambiguities and Cell Boundaries

Recording the different hits in shift registers only gives information about when ionisation hit the wires but it does not include information directly about which side of the wire this ionisation actually came from. So a pattern recorded by the three shift registers of a trigger group represents more than one possible track segment. This is the so called Space-Time Ambiguity (see figure 4.5).

Figure 4.5: Here, a particle which crosses the wire plane leaves a valid mask pattern in the three shift registers of a particular trigger group. The entries in the shift registers correspond to the left-right space ambiguity and give rise to more than one valid track segment.

Charged low momentum particles often cross cell boundaries. Indeed, it can happen that such a particle crosses the cell boundary within the region of a trigger group. Therefore, adjacent cells have to be taken into account as well. Considering one trigger group the only combinations taken into account are the following:

- The 1^{st} wire of the trigger group in the adjacent cell to the left plus the 2^{nd} and 3^{rd} wires of the same trigger group in the main cell.

- All three wires of one trigger group in the main cell.

- The 2 first wires from a trigger group in the main cell plus the 3^{rd} wire of the right adjacent cell.

The combinations where the first wire is part of the right adjacent cell or the one where the third wire is part of the left adjacent cell have been discarded. In fact, because of the geometry of the CJC chambers, less than 1 % of valid patterns were found using any of the above wire combinations. In order to avoid double counting the middle wire of each trigger group defines the main cell looked at. The number of valid masks, shown in table 4.2, take into account adjacent cells only (cf. table 4.1). These numbers were extracted using FTTemu.

Trigger Adjacent Cell taken into Account Layer in Adj. Cell Number of Group Valid Masks 1 on the left 1 220 1 on the left 3 9 2 on the left 1 417 2 on the left 3 38 3 on the left 1 698 3 on the left 3 56 4 on the left 1 867 4 on the left 3 57 1 on the right 1 7 1 on the right 3 214 2 on the right 1 33 2 on the right 3 407 3 on the right 1 50 3 on the right 3 717 4 on the right 1 67 4 on the right 3 873

Table 4.2: This table shows the number of valid masks generated if a particle crosses the cell boundary within the region of one trigger group, such that one of the three hits lies outside the main cell.

The drastic difference in the number of valid masks depending on the wire layer and the side at which the adjacent cell is situated compared to the main cell is explained by the skewing of the CJC cells relative to the perpendicular (see figure 3.2 page 17 for a graphical r − ϕ projection of the CJC).

4.3 An Example of how the Segment Finding Algorithm can be implemented

The algorithm described in section 4.2.4 is more or less finalised. However its implementation in hardware is still under development. This section describes an example of how the algorithm could be installed.

An example of how to implement the level 1 segment finding algorithm can be seen in figure 4.6.

The main devices used are the following:

• Shift registers long enough to hold information to be processed for the level 1 and level 2 triggers ( up to 2.3 μs). The shift registers will clock along at 80 Mhz. All data up to the maximum drift time which is 1.1 μs after the first recording in the shift registers is relevant for the L1 trigger. This region of the shift registers is processed at each bunch crossing and its relevant hit information is multiplexed to 20 MHz. The process is repeated after L1-Keep by which time the relevant information has moved to the far end of the shift register.

• CAMs (Content Addressable Memories): these devices contain a series of patterns and addresses associated to them. By inputing a pattern into a CAM from the shift registers, the latter compares that pattern to the stored patterns. If a match is found the CAM outputs the corresponding address. This address can be output as an encoded or unencoded value (see figure 4.7).

- encoded mode: The address of the matched pattern is put out. In figure 4.7 the output is in hexadecimal format i.e. 04h.

- unencoded mode: The binary output contains information on which line a match occurred. If the CAM contains 8 entries, then the CAM output will be an 8 bit word containing information about exactly which and how many matches have been found. In figure 4.7, the result which is normally passed on in binary format was also converted into a hexadecimal number i.e. 09h.

• RAMs (Random Access Memories) which try to match an inputed address to a value which it then outputs.

Part of the content of the three shift registers is selected and loaded into the appropriate CAM. A total of 31 bins from regions of each of the 3 20 MHz shift registers which corresponds to a 31 bit word will be read in and matched to the content in the CAM, which contains all of the valid mask

Figure 4.6: This figure shows an example of how the segment finding algorithm can be implemented.

CAM CAM

Figure 4.7: This figure shows how the encoded and unencoded CAM modes work.

patterns corresponding to genuine track segments. If matches are found they will be sent to the L1 trigger. There are two possibilities for doing this (see figure 4.6):

- Either the CAM passes the information on in the unencoded mode.

- or: The CAM outputs the matched 31 bit word strings in the unencoded mode and passes the resulting 32 bit word string to a priority encoder. The latter then looks for the most important match which is then encoded as a simple 5 bit address^4. By repeating the priority encoding procedure several times, all the other matches can be extracted. Next, a RAM interprets the different addresses as κ−ϕ values. This information is then passed to the Level 1 Trigger.

After a L1-Keep only, the refined pattern matching takes place at 80 MHz. This happens in the following way: Each valid mask extracted at 20 MHz corresponds to three hits A, B, C, in the input register. As these hit patterns have moved along the shift registers for at least 1.2 μs, the region between 1.2 and 2.3 μs has to be considered. The same algorithm as for L1 is repeated, but this time with the t0 known a priori. Now however, after the priority encoding procedure, a reverse look-up RAM extracts the current address of the hits A, B, C in the shift register. Using combinatorial logic the exact position of each of those three hits can be extracted from the underlying 80 MHz shift register^5. Finally, a RAM looks up the relevant more accurate κ − ϕ values and passes them on to the L2 Builder. Here the corresponding

42^5 = 32 5The hit resolution at 80 MHz is now 0.65125 nm

z-information is associated to each κ − ϕ value input by any of the thirty two CAMs. All information is serialised and sent to the L2 FTT.

4.3.1 The QUARTUS © software

The QUARTUS software is a package that knows about the internal structure of ALTERA FPGA devices. This means that the software can be used to simulate a design. Having defined for the simulation program which FPGA chip to use, it tries to embed the constructed design into the chip. Hereafter, the program is able to calculate the amount of space used on the chip and give an estimate of the maximum frequency at which chip output pins can pass on information to the outside world.

The design described in this section is part of the Level 1 algorithm. Figure 4.8 shows the schematic ‘smallshift’ containing two ‘LPM SHIFT ’ blocks that actually represent two shift registers clocking to the left. Incoming binary signals are passed onto a first 80 MHz shift register through the input pin called in. In this particular design, this shift register contains 92 bins which approximately corresponds to the maximum time ionisation produced at the cell boundary needs to drift to the wire plane. The output of the shift register 80 q[91..0] corresponds to the shift register clocking to the left whereas the output 80 q [92..183 ] corresponds to the same shift register clocking to the right. At the same time as incoming binary signals clock onto the 80 MHz shift register, the same signals are ORed four by four and clock onto a second 20 MHz shift register which clocks to the left too. As for the 80 MHz shift register the output pins 20 q[22..0] and 20 q[23..45] of the 20 MHz shift register emulate a shift register clocking to the left and the right respectively. The output pin called data20 can be used to test whether the multiplexing stage has worked correctly.

The design described above is part a a much larger design which can be seen in figure 4.9. The latter embeds five smallshift design blocks and one CAM, which is represented by a block called altcam.

The three middle smallshift design blocks take in data coming from one trigger group of a specific cell, whereas the upper device block (inst3 ) represents the third wire of the same trigger group in its right adjacent cell and the device block at the very bottom (inst4 ) represents the first wire of that same trigger group of its left adjacent cell.

The 20 MHz shift registers of the three middle smallshift design blocks, representing a trigger group of the main cell were connected to the CAM. All those shift registers were chosen to clock to the left for simplicity. As each CAM could only deal with hit-patterns of 31 bits, part of the data output by each of the 20 MHz shift registers is selected only. In general, the data

Figure 4.8: Example of a design using the QUARTUS software tool. This figure shows an 80 MHz shift register that feeds a 20 MHz shift register. Next to the clock inputs (’clock20 ’ and ’clock80 ’) and the ’reset’ input pin, there is only one signal input pin. The four output pins represent shift registers clocking to the left and right at 80 or 20 MHz.

would be sent to enough CAMs to contain all possible valid patterns. The data, was collected in a specific way:

• The 11 first bins of the 1^{st} wire (0L[10..0] ) were given the 11 first bins to enter to CAM (p[10..0] ).

• The 10 first bins of the 2^{nd} wire (1L[9..0]) were given the 10 next bins to enter to CAM (p[20..11]).

• The 10 first bins of the 3^{rd} wire (2L[9..0]) were given the 10 last bins to enter to CAM (p[30..21]).

In the CAM, the incoming bit word p[30..0] was matched during the simulation to the 31 bit words shown in figure 4.10. The CAM was reading in the patterns p[30..0] at 80 Mhz. The important output pin of the CAM was named mbits[31..0]. As the CAM includes 32 different 31 bit words, the port mbits[31..0] outputs a 32 bit word. If a 31 bit word did not correspond to a match, this was notified by the binary number ’0’ in the corresponding bit of the 32 bit word whereas, if a 31 bit word did correspond to a match, it was notified by the binary number ’1’ in the corresponding bit of the 32

Figure 4.9: This figure shows the schematic of the main design shiftcam.

bit word. Knowing the content of the CAM and knowing the input signal, it was checked during the simulation whether the CAM was working correctly.

Figure 4.10: This figure shows the contents of the CAM used during the simulation of part of the L1 algorithm fitted into the chosen FPGA chip. In the left-hand (0) column, the CAM contents of all even content addresses are displayed whereas in the right-hand (+1) column, the CAM contents of all odd content addresses are displayed. The valid patterns in the final design will be considerably more complicated.

As this schematic was compiled, the Quartus software calculated the amount of space used on the chip (see table 4.3).

used total percentage used Logic elements 101 24320 < 1 Pins 73 246 12

Table 4.3: This table shows the number of logic elements and pins that were used in the Quartus simulation described in section 4.3.1. In this simulation an Apex20KE600 chip was used.

In order to simulate the design, the 20 and 80 MHz clocks were chosen to work in phase. A signal lasting for 50 ns was passed through the virtual input port ’in 1 ’ to the CAM. This meant that the input p[30..0] changed in the same way as the 31 bit words shown in figure 4.10.

As the timing of the output p[30..0] was compared to the output port mbits[31..0], it was found that the 32 bit word was delayed by 75 ns, giving a first estimate of the time needed for the segment finding algorithm.

4.4 Future Work

Having been involved in the implementation and design of the L1 algorithm, I will go on implementing and investigating parts of the L1 algorithm. It may well be that the code will have to be optimised for best performance before the algorithm will finally be fitted onto the real chip. Before the startup, many things have to be checked. Once the Fast Track Trigger is installed different tests can be done in order to find out whether the boards are working correctly.

In the long term, I am also thinking of doing some physics analysis. If the start-up is not delayed and the FTT is working perfectly, I might consider doing an analysis using the new data triggered on by the FTT.

Chapter 5

Summary

In September 2000, HERA shut down for approximately a year to upgrade the luminosity by a factor of five. As a consequence, different H1 detector parts have to be upgraded or partially replaced in order to cope with higher luminosity and the increased background rates which is associated to it. In order to investigate the low x region after the upgrade it was decided to replace the old DCr−ϕ trigger by a more efficient Fast Track Trigger (FTT). The latter should be used to trigger on exclusive states like the D^⋆ → κππ channel. This will improve our understanding of QCD in the low x region. Furthermore it will allow us to investigate the proton’s gluon structure in further detail.

It has been shown that work on the Level 1 algorithm is well on its way. An example of how the basic algorithm works has been given. Furthermore, the report explains how the number of valid mask patterns which describe the path of a particle through a given set of wires was extracted. Moreover, the report explained the implementation of the L1 algorithm using programmable chips produced by ALTERA. In this case, an example was given where part of algorithm was fitted into a virtual Apex20KE600 chip using the Quartus Software program. As the latter knows the internal structure of these chips, it was used to calculate the speed of that part of the algorithm and the use of space inside the chip device.

Bibliography

[1] H1 Collaboration, Nucl. Instr. Meth. A336(1993 ), 460. [2] H1 Collaboration, The H1 detector at HERA, Nucl. Instr. Meth.

A386(1997 ), 310 − 348.

[3] H1 Collaboration, Nucl. Instr. Meth. A180(1981 ), 429.

H1 Collaboration, Nucl. Instr. Meth. A374(1996 ), 149. H1 Collaboration, Nucl. Instr. Meth. A382(1996 ), 398. H1 Collaboration, Nucl. Instr. Meth. A386(1997 ), 397.

[4] W. Hildesheim, V. Reich, M. Seidel, H1 Internal Note 94-372. [5] H1 Collaboration, The Forward Proton Spectrometer of H1, submitted to the 28th International Conference on High Energy Physics, ICHEP96, Warsaw, Poland, July 1996.

[6] M. Beck et al., Proposal for a Forward Neutron Calorimeter for the H1 Experiment at DESY, August 1995.

[7] L. Suszycki, Proc. of the HERA Workshop, p. 505, October 1987, ed. R.

Peccei.

S. Levonian, H1LUMI - A Fast Simulation Package for the H1 Luminosity System, H1 Internal Note 93-287.

[8] H1 Collaboration, Z. Phys. C69(1995 ), 27. [9] H. Bethe, W. Heitler, Proc. Roy. Soc. A146(1934 ), 83. [10] H1 Collaboration, Technical Proposal to Build a Special Spectrometer Covering Very Small Momentum Transfers, revised version, May 1996.

[11] S. Egli et al., Nucl. Instr. Meth. A312(1992 ), 457. [12] H. Ehrlichmann et al., H1 Internal Note 94-350.

[13] J. Bürger et al., Nuc. Instr. Meth. A279(1989 ), 217.

[14] H1 Collaboration, Nucl. Instr. Meth. A383(1997 ), 348.

[15] H1 Collaboration, Technical Proposal to Upgrade the Backward Scattering Region of the H1 Detector, (1993 ).

[16] H1 Collaboration, Technical Proposal to build Silicon Tracking Detectors for H1, (1992 ).

[17] E. Elsen, The H1 Trigger and Data Acquisition, Proc. of the ’International Symposium on Electronic Instrumentation in Physics’, Dubna, May 1991. H1 Internal Note 93-262.

F. Sefkow et al., Experience with the First Level Trigger of H1, IEEE Nuclear Science Symposium, Norfolk, Virginia. H1 Internal Note 94- 407.

[18] H1 Collaboration, Measurement of di-jet Cross-sections in Photoproduction and Photon structure, DESY 00-035, March 2000.

[19] H1 Collaboration, Diffractive dijet production at HERA, DESY 98-092, August 1998.

H1 Collaboration, Inclusive Measurement of Diffractive Deep-Inelastic ep scattering, DESY 97-158, hep-ex/970816, August 1997.

[20] H1 Collaboration, Measurement of Neutral and Charged Current Cross- Sections in Electron-Proton Collisions at High Q^2 at HERA, Submitted to the International Europhysics Conference on High Energy Physics HEP99, Tampere, Finland, July 1999.

[21] V. Andreev et al., Proposal for an Upgrade of the H1 Luminosity System and its Associated Electronics for HERA 2000, PRC 98/05.

[22] H1 Collaboration, e−p Physics Beyond 1999, H1 Internal Note 97-531.

[23] V. Andreev et al., Proposal for an Upgrade of the HERA Polarimeters for HERA 2000, H1 Internal Note 99-565.

[24] H1 Collaboration, A Forward Silicon Tracker for H1, PRC 99/01.

[25] H1 Collaboration, Proposal to Upgrade the H1 Forward Track Detector, PRC 98/06.

[26] Joint Institute for Nuclear Research, Dubna, Upgrade of the H1 Hadron PLUG Calorimeter, First draft of proposal 1998.

[27] W. Brückner et al., Upgrade of the H1 Forward Neutron Calorimeter, H1 Internal Note 99-578.

[28] H1 Collaboration, Proposal to Upgrade the LAr Calorimeter Trigger:

The Jet Trigger, PRC 99/02.

[29] S. A. Baird et al., Proposal to build a Fast Track based Trigger for the H1 Experiment, (1999 ).

H1 Collaboration, A Fast Track Trigger with High Resolution for H1, PRC 99/06.

[30] A. Campbell et al., Proposal to Merge Level-4 and Level-5 Systems of the H1 Experiment., PRC 99/03.

[31] H1 Collaboration, Production of J/ψ Mesons with large |t| at HERA, paper 274 at Int. Europhys. Conf. on HEP, Jerusalem, August 1997.

[32] A. Müller, W. Tang, Phys. Lett. B284 (1992 ), 123.

[33] R. Lipsett, C. F. Schäfer, C. Ussery, (Intermetrics, Inc.), VHDL:

Hardware Description and Design, Kluwer Academic Publishers: Boston/Dortrecht/London.