


1.6 Luminosity Measurement at CMS


A precise knowledge of the proton-proton luminosity at the CMS interaction region is an essential ingredient in the measurement of absolute cross sections in the experiment. Monitoring the instantaneous luminosity is also important for making corrections to the data for detector effects related to the number of interactions per beam crossing.  A luminosity working group was formed in 1994 with representatives from several associated areas within CMS. The responsibilities of the working group include the following topics:


-	absolute luminosity measurements


-	relative luminosity monitoring over time


-	monitoring of beam-gas backgrounds and backgrounds during beam tuning and scraping


-	providing real-time luminosity information to CMS and the LHC machine


-	development of detectors for luminosity and background monitoring as needed.


-	physics topics associated with detectors used for luminosity monitoring.


Several guidelines have been established for the luminosity measurements:


-	The group will aim to measure the luminosity at CMS with a precision of better than 5%. This precision is chosen to match approximately the precision which theorists expect to achieve in predictions for hard scattering cross-sections at LHC energies by the year 2005.


-	There should be sufficient redundancy in the detectors and techniques for luminosity monitoring to allow for consistency checks and the situation when one monitoring technique is not operational.


-	Separate luminosity measurements must be made for all 2835 bunch crossings.


Two techniques are under study for determining the absolute luminosity. The first is called "counting zeros". Here, two sets of luminosity monitors, symmetrically located on each side of the IP, count the fraction of times a given bunch crossing results in no detected particles on either side. The luminosity is inferred from the rate of such zeros. This technique is used by the D0 and CDF experiments at the Fermilab Tevatron collider and leads to an uncertainty of order 5%.  The second is the Van der Meer method in which the proton-proton interaction rate is measured while the beams are displaced transversely through each other. This method was used successfully at the ISR with continuous beams and at the Fermilab Tevatron collider with bunched beams. 


This section also describes the monitoring of relative luminosity over time and accelerator backgrounds using overlapping techniques.  Both HF and the Level 1 Calorimeter Trigger are used in relative luminosity monitoring.


Calibrating the luminosity system will require both low-luminosity running, where there will be an average of one interaction per bunch crossing, and running the LHC at a center-of-mass energy of 1.8 or 2.0 TeV, so that the calibration can be cross checked with certain measured cross sections at the Fermilab Tevatron. The former will happen as a matter of course, since the LHC start-up luminosity will be a factor of 10 to 100 lower than the design luminosity of 1034 cm-2 s-1. The latter is also feasible, according to discussions with LHC machine physicists.


1.6.1 Absolute Luminosity Measurements


Two techniques are presently foreseen to determine the absolute luminosity. 


1.6.1.1 Counting zeros method 


The counting zeros technique works as follows. Two sets of luminosity monitors, symmetrically located on each side of the IP, count the fraction of times a given bunch crossing results in no detected particles on either side. The luminosity is inferred from the rate of such zeros.


The counting zeros technique is used by the D0 and CDF experiments at the Fermilab Tevatron collider and leads to an uncertainty of order 5%. A modified version of this technique is expected to yield similar precision at CMS even at the design luminosity when the number of interactions per crossing is large. 


The probability of having an empty crossing, a "zero", where  the forward/backward counters detect no particles is given by:


� EMBED Equation  ���


where n2 is the average number of forward/backward coincidences and n1 is the average number of one-side hits. n1 and n2 are related to the instantaneous luminosity, L, according to 


� EMBED Equation  ���


and


� EMBED Equation  ���


In these expressions, t is the LHC machine revolution period, sdd, sdd, and shc are the cross sections for single-diffractive, double-diffractive, and hard-core scattering, respectively.  � EMBED Equation  ���, � EMBED Equation  ���, and � EMBED Equation  ��� are the acceptances for forward/backward coincidences from these processes, and � EMBED Equation  ���, � EMBED Equation  ���, and � EMBED Equation  ��� are the acceptances for single-side hits. 


The counting zeros technique for measuring absolute luminosity relies on knowing the above components of the total cross section at the center-of-mass energy of 14 TeV. The Roman pot detectors described below will aid in these measurements at CMS. Measuring these cross sections is also part of the physics program of the proposed FELIX experiment. 


� REF _Ref388149469 \* MERGEFORMAT �Fig. 1. 1� shows the average number of interactions per bunch crossing as a function of instantaneous luminosity, assuming a proton-proton total cross section of 100 mb. One sees that for luminosities in the range 1032 to 1033, which is the anticipated luminosity range during the first 2 years of LHC operation, there are only 1-2 interactions per crossing, similar to the present situation at the Fermilab Tevatron. Only when approaching the design luminosity of 1034 does one encounter > 10 interactions per bunch crossing. 


�


Fig. 1. � SEQ Fig._1. \* ARABIC �1�:  The number of interactions per bunch crossing vs. instantaneous luminosity.


� REF _Ref388249386 \* MERGEFORMAT �Fig. 1. 2� shows the probability of recording a zero as a function of luminosity. In this figure, “full acceptance” refers to the geometric acceptance of the HF and assumes that the HF is 99% efficient for detecting single minimum ionizing particles. Also shown are curves for detector acceptances which are 10% and 1% of full acceptance. � REF _Ref388149690 \* MERGEFORMAT �Fig. 1. 3� shows the time between zeros as a function of luminosity for full, 50%, and 10% acceptance. At start-up luminosity, the HF array yields a counted zero as frequently as every microsecond, yielding a luminosity measurement with negligible statistical uncertainty in a fraction of a second. At higher luminosity values, one uses a smaller fraction of the array elements to make the measurement, effectively reducing the geometric acceptance for counting zeros. Hence, the number of counters in the array which are read-out and scaled must be able to change with the LHC luminosity to maintain small statistical uncertainty in the measurement.


�


Fig. 1. � SEQ Fig._1. \* ARABIC �2�:  The probability of recording a zero (no particles detected in the forward and backward luminosity counters) vs. instantaneous luminosity.


�


Fig. 1. � SEQ Fig._1. \* ARABIC �3�:  The average time between recorded zeros vs. instantaneous luminosity.


1.6.1.2 Van der Meer method


The Van der Meer method is a promising candidate for a measurement of the absolute luminosity. With bunched beams as in the LHC, the Van der Meer method involves calculating the luminosity according to the formula 


L = N1  N2 f/heff weff


where N1 and N2 represent the number of particles in the two protons beams, f is the LHC machine revolution frequency, and heff and weff are the effective height and width of the beam overlap region at the interaction point. The two beam currents are determined precisely by the accelerator, and f is known exactly. heff and weff are measured by displacing the beams with respect to each other, separately in the horizontal and vertical directions, while monitoring the proton-proton interaction rate with one or several relative luminosity detectors as a function of the beam displacement. Difficulties may arise because the small transverse beam sizes (s’s of order 15 mm) will require the control and monitoring of beam displacements with mm precision. It is expected that Van der Meer scans would be performed on an occasional basis at relatively low luminosity and would serve to calibrate relative luminosity monitors for continuous measurements. The feasibility of controlled Van der Meer scans is being studied by LHC machine physicists, and discussions between CMS and the LHC machine are being coordinated by LEMIC (the LHC Experiment - Machine Interface Committee).


1.6.3 Luminosity detectors


The luminosity detectors described below will also prove useful for triggering and important physics measurements, in particular, elastic and hard-diffractive scattering. The latter physics topic is studied by tagging hard-scattering events in the CMS detector with beam-like final-state protons in one or both arms (called single diffraction and double-pomeron-exchange, respectively). Such measurements were first made by experiment UA8 at CERN, which tagged events in the UA2 detector with protons detected in Roman pot spectrometers. Currently, such measurements are being carried out (or in the planning stage) by the ZEUS and H1 experiments at DESY and by the CDF and DZERO experiments at Fermilab. 


It should be noted that both single diffraction and the double-pomeron-exchange processes will likely only be accessible during relatively low-luminosity running of the LHC, that is, during the first year or two aftern start-up, or later during special low luminosity runs. 


1.6.3.1 HF as the Luminosity Monitor for couting zeros


The HF detectors are on each side of the interaction region, covering the pseudorapidity range of approximately 3 < |h| < 5, and will be used in the counting zeros technique.


The HF elements have the following characteristics: good and well-determined acceptance for detecting hard-core scattering, very tight (i.e. sub-ns) timing resolution in the high-rate environment, high efficiency for single minimum ionizing particles, a large dynamic range and radiation hardness.


Hits in the HF towers will be used to count the number of front-back coincident events, the number of front-only or back-only events, and the number of neither-side-hit events for each of the bunch crossings. These rates, the acceptances of the counters for hard-core scattering, single diffractive and double-pomeron-exchange scattering, and measured (by CMS and other experiments) cross sections for these processes at � EMBED Equation  ��� = 14 TeV will combine to yield the luminosity for each bunch crossing. The HF towers will be used for several other purposes. They will monitor interaction rates during separated beam scans (Van der Meer method), which will aid in the absolute luminosity calibration. They will also provide real-time accelerator diagnostics during scraping, beam tuning, and throughout a physics store (run). 


During the first few years of LHC running, the anticipated luminosity will be a factor of 10 to 100 lower than the design luminosity of 1034 cm-2 s-1, although the number of bunches will be the design value of 2835. Rates in the HF towers during low luminosity running will calibrate other luminosity tools for transfer to higher luminosities. Other tools include the rates of easily-identified and reconstructed physics process. Rates for W, Z, and high-pT J/y production are candidate physics processes for luminosity monitoring.


An important step in calibrating the HF towers will be to run the LHC at a lower center-of-mass energy where the total pp cross section and its components (hard-core, elastic, single-diffractive, ...) have been accurately measured. For example, it will be possible to run the LHC as low as 2 TeV, albeit with reduced luminosity, so that the luminosity calibration can be cross checked with the measured cross sections at the Tevatron. (Note that the cross sections in proton-proton and proton-antiproton collisions are approximately equal for the above processes at 2 TeV.) 


1.6.3.2 Detectors in Roman Pots


The luminosity group proposes to design and install the only "extreme forward" detectors in CMS, located in Roman pots and placed symmetrically at large distances (> 100 m) from the interaction region. The Roman pot detectors are designed to measure the tracks of particles which emerge from a pp interaction at extremely small angles with respect to the beam. The detection of recoil protons at low-t will be essential for measurements and monitoring of elastic and diffractive cross sections at sqrt(s) = 14 TeV, which will play an important role in the luminosity measurement. The inherent physics interest in these processes in the new energy regime provides additional motivation for the Roman pot detectors. 


Tracking such small-angle particles calls for detectors which can be moved close to the circulating beams (in the machine vacuum) when stable beam conditions are established. A system of at least 6 pots are proposed, 3 on each side of the interaction region. Early studies show that the existing accelerator beam optics in the vicinity of the CMS detector will displace scattered protons with momentum loss in the range 2 x 10-3 < D(p)/p < 0.1 outside the envelope of the unscattered beams. At a distance of approx. 300 m on either side of the interaction point, detectors in Roman pots which are positioned 10 s from the beam axis will intercept scattered protons in the above range. 


Roman pot detectors and their associated mechanics (pot movement, position monitoring, vacuum interface, interlocks, ...) have already been used widely at CERN, DESY and Fermilab. Thus, we anticipate using standard technologies. Detectors based on scintillating fibers and silicon pixel devices are being studied. The final design of this system will no doubt be influenced by the experiences of the CDF and DZERO experiments which will be using the latest state-of-the-art Roman pot detectors during Run II of the Tevatron. 


Due to the large distance of the Roman pots from the CMS detector, it is foreseen to transmit digitized information from the pots to the central DAQ. The CMS Slow Controls (DCS) group is involved in various mechanical and control aspects of the proposed Roman pots. Feasibility  studies and integration issues for the Roman pots are being  coordinated by LEMIC, the LHC Experiment Machine Interface Committee.





1.6.3.3 Relative Luminosity Monitoring using HF 


Luminosity measurement by HF is intended mainly to serve two purposes; one is to provide input to accelerator tuning during the initial phases of LHC operation and the other is to monitor luminosity during data taking.  The constraints on this system are the following:


a.	it is required that the system is ready to function in day one of LHC start up,


b.	it is independent of other systems, i.e. it can operate in a stand-alone mode, 


c.	it is able to measure relative luminosity within 10% accuracy, and


d.	the data output from this system can easily be transmitted and interpreted.


The principle idea is to measure pile up events as an average current from a group of HF towers.  The average energy deposition and its rms for a minimum bias event as a function of tower number is shown in � REF _Ref387471599 \* MERGEFORMAT �Fig. 1. 4�.





	(Missing, Kuleshov)


Fig. 1. � SEQ Fig._1. \* ARABIC �4�.  missing 


The rms and the average photoelectrons for a given bunch crossing are determined from the following relationships


� EMBED Equation.2  ���


� EMBED Equation.2  ���


where <E> and (rms)1 are the average energy deposition and rms of the energy deposition in one tower for a minimum bias event.  m is the average number of proton-proton interactions per bunch crossing.  G is the number of photoelectrons per GeV of deposited energy in the calorimeter (~ 0.5 p.e./GeV).  For the outer ring towers, for example, at high luminosity, (rms)/<N_pe> is about 2.9.  For a group of 16 towers and <5% accuracy, 0.9 X 103 bunch crossings or 22.5 microseconds, are needed.  A possible set of such combinations are illustrated in � REF _Ref387471680 \* MERGEFORMAT �Fig. 1. 5�.





	(Missing, Kuleshov)


Fig. 1. � SEQ Fig._1. \* ARABIC �5�: missinga


Each tower is assumed to be calibrated in a testbeam prior to HF installation and that each tower is gain monitored during data taking with the aid of LEDs and a laser system to maintain gains of each photomultiplier within 5% .


The electronics readout scheme is shown in Figure 3.  Photomultiplier signal is split into two; one signal is fed into luminosity monitoring system and the other is fed to the standard readout chain.  The split channels are gain compensated by high voltage increase supplied to those photomultipliers.  The luminosity monitoring circuit consists of buffers and current integrators as indicated in � REF _Ref387471775 \* MERGEFORMAT �Fig. 1. 6�.  The output voltage at the summing amplifier is proportional to the sum of currents and can be digitized with any ADC, e.g. standard readout channel ADCs or ADCs of the slow control systems.  The electronics for each half of HF can be housed in a 9U VME unit which will be located in the same crate as the rest of the readout electronics.  The data can be transmitted either via LAN or common CAN system to counting room.





	(Missing, Kuleshov)


Fig. 1. � SEQ Fig._1. \* ARABIC �6�:  missingb  
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Figure captions





Fig. 1.5.3.1. The schematic view of the "reconfigurable-stack calorimeter".


Fig. 1.5.3.2. The plate with scintillating tile/fibre assembly (megatile).


Fig. 1.5.3.3. The set up of measurements with two field orientation and the magnetic field distribution (thin lines).


Fig. 1.5.3.4. The muon pulse height  distribution, the first compartment (9 scintillators).


Fig. 1.5.3.5. The relative change of light yield vs. transverse magnetic field for 100 GeV electrons and 100 and 300 GeV pions.


Fig. 1.5.3.6. The relative change of light yield vs. longitudinal magnetic field for electrons and muons.


Fig. 1.5.3.7. The relative change of light yield vs. longitudinal magnetic field for 50, 100, and 300 GeV pions.


Fig. 1.5.3.8. The lay out of the measurements and the drawing of the active elements.


Fig. 1.5.3.9. Response of the calorimeter vs. beam position.


Fig. 1.5.3.10. Bolted structure of the HE.


Fig. 1.5.3.11. The energy resolution of hadron calorimeter with 8 cm sampling (measurements and MC simulation).
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