Emittance scans for CMS luminosity calibration
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Emittance scans are short van der Meer type scans performed at the beginning and at the end of
LHC fills. The beams are scanned against each other in X and Y planes in 9 displacement steps
and are used for LHC diagnostics and since 2017 for CMS luminosity calibration cross check.
An XY pair of scans takes less than 4 minutes elapsed time. BRIL project provides to LHC
three independent online luminosity measurement from PLT, BCM1F and HF. The excellent performance of BRIL detectors, fast back-end electronics and CMS XDAQ based data processing
and publication allow the use of emittance scans for linearity and stability studies of the luminometers. Emittance scans became a powerful tool and dramatically improved understanding of
luminosity measurement during the year. Since each luminometer is independently calibrated in
every scan the measurements are independent and ratios of luminometers can strictly be used as a
final validation. Two independent analyses of emittance scans are launched: offline python based
framework and online XDAQ based application. Results are published on the monitoring webpages in real-time for the XDAQ based analysis and within typically 15 minutes for the python
based framework, which has however the advantage of being rerunnable.
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CMS emittance scans

The CMS detector at the LHC has a number of systems to measure luminosity. Every luminometer provides a counting rate R proportional to the instantaneous luminosity L by a characteristic visible cross section σvis = R/L . It is calculated from beam parameters that are determined
through a van der Meer (VdM) scan [1] program conducted yearly as described in Ref. [2].
Since the start of 2017, at the beginning and end of each normal-conditions fill, a VdM-like
scan, called an "emittance scan", consisting of 9 10-second steps is conducted. Data from each
bunch for each of the scans is fitted with a Single Gaussian shape, then σvis and the Single Bunch
Instantaneous Luminosity (SBIL) are calculated according to Ref. [2].
The per-bunch σvis calculated from the scans in a single fill are studied as a function of SBIL.
Fig. 1, left shows such a dependency for leading and train bunches for Pixel Luminosity Telescope
(PLT) detector, illustrated with data from fill 6362. Slopes of the PLT nonlinearity per unit of
SBIL obtained from linear fits are shown in the legend. A data driven simulation shows this slope
is linearly dependent on the nonlinearity in the detector rates. Emittance scans allow for a perfill nonlinearity measurement based on these fits, as shown in Fig. 1, center. Consistently higher
nonlinearity is measured for leading bunches. These slopes were studied for each luminometer and
used as a nonlinearity correction to deliver final luminosity values.
Under consistent conditions σvis should be constant, so its fluctuations indicate changes in
detector performance. E.g. Fig. 1, right, shows σvis for the whole year, and the highlighted areas
correspond to periods where the PLT wasn’t fully efficient. Deficiencies were mitigated by raising
the operational high voltage of the detector. For fast feedback to LHC and CMS emittance scans
are automatically analysed and results displayed on a web page as a quick reference check and as
a long term stability monitor.
Emittance scans have proven to be a powerful tool for luminosity calibration and stability
monitoring. They were instrumental in decreasing the systematic uncertainty caused by detector
signal nonlinearity in the final luminosity values for 2017. They also continue to be utilised by
CMS in 2018, and have also since been adopted by ATLAS.
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Figure 1: Left: PLT σvis as a function of SBIL in Fill 6362, both scans. Center: Per-scan slope of PLT
σvis (SBIL). Right: Avg. PLT σvis per fill for all data from 2017.

