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To fulfill the heightened requirements of real-time and precision bunch-by-bunch luminosity
determination and beam-induced background monitoring at the High-Luminosity LHC (HL-
LHC), the CMS Beam Radiation Instrumentation and Luminosity (BRIL) project is constructing a
stand-alone luminometer, the Fast Beam Condition Monitor (FBCM). It will be fully independent
from the CMS central timing, trigger and data acquisition services and able to operate at all times
with a fast triggerless readout. The FBCM device is based on a modular design, adapting several
electronics components from the CMS Tracker for power, control, and read-out functionalities.
The 𝐶𝑂2-cooled silicon-pad sensors will be connected to a dedicated front-end Application-
Specific Integrated Circuit (ASIC) to amplify and discriminate the signals and provide a few
nanosecond timing resolution on the arrival time. The 6-channel FBCM23 ASIC outputs a binary
high-speed asynchronous signal carrying the Time-of-Arrival (ToA) and Time-over-Threshold
(ToT) information. Careful simulation, verified with laboratory tests and beam tests, is required
to ensure a successful construction of the FBCM luminometer. The simulation was performed
to optimize the FBCM performance in HL-LHC conditions: choose sensor size, sensor position
and estimate statistical precision. Final simulation shows a maximum deviation from linearity of
0.5% at pileup 200 for the selected sensor location. The detector design, performance simulation
and the results of the first validation tests with proton beams are reported.
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1. FBCM luminometer calibration and linearity

The FBCM is a standalone silicon-pad sensor-based luminometer designed to operate inde-
pendently from the CMS data acquisition, replacing the current Fast Beam Condition Monitor
(BCM1F) [1]. FBCM for High-Luminosity LHC is equipped with 288 sensors. From a physics
perspective, the FBCM sensors must be positioned at a specific distance from the beamline to
balance occupancy and acceptance. Our previous studies indicate that the optimal configuration is
achieved with sensors placed 14.5 cm from the beamline and with an area of 2.88 mm² [2]. The
FBCM is designed for precise luminosity measurement with 1% accuracy and its nanosecond-level
time resolution can be leveraged for an independent measurement of beam-induced background. To
withstand the total ionizing dose of 200 MRad predicted for HL-LHC, 65-nm ASIC technology was
selected. The precision of the integrated luminosity associated with the data analyses in physics
measurements typically has a direct impact on the final uncertainties. The uncertainty in the lumi-
nosity measurement is subdivided into normalization and integration uncertainty. Normalization
uncertainty is due to the absolute calibration of the rate measurement of a given luminometer. The
contributing factors to integration uncertainty are three-fold: The calibration extrapolation from the
Van der Meer (VdM) scan to actual physics conditions in the presence of detector non-linearity, a
disagreement between different luminometers, and dissipating stability over time. The VdM method
allows for precise calibration of available luminometers by performing dedicated scans with special
beam settings once or twice per year. These scans are conducted at low pileup1 values (below
1.5), while data collection takes place at higher pileup values (up to 200 at HL-LHC). Thus, the
VdM scan calibration constant must be extrapolated for high pileup conditions. Therefore linearity
for full pileup range is crucial and any non-linearity must be understood, measured and corrected
for. To study FBCM linearity in HL-LHC, simulations were performed within the CMS software
(CMSSW_11_2_0_pre10) framework. In this study, two types of sensors both with a pad size of
1.7×1.7 mm2 but differing in thickness (150 𝜇m and 290 𝜇m) positioned at a distance of 14.5 cm
from the beamline and a longitudinal position of z =±2.8 m are simulated. The hits are digitized
using the simulated FBCM ASIC [3][4] and counted using the zero-counting method. The thresh-
old on the deposited charge (𝑄𝑡𝑠ℎ) in the ASIC simulation is set to stay in linear regime for each
sensor type. The mean number of hits per sensor per bunch crossing (BX) was extracted across
various simulated pileup values. This dependency is shown in Fig. 1a. To study the deviation
from linearity, a linear function is fitted to pileup values between 0.5 and 1.5, and extrapolated to
higher pileup values. A deviation from linearity of less than 0.5% is measured, as shown in Fig.
1b. A study of the statistical uncertainty of the rate per second also shows that the target of 0.2% is
reachable for the physics range, i.e., 140 < PU < 200, as shown in Fig. 1c.

2. Test beam

To verify the functionality of the FBCM, a test beam with varying beam conditions and detector
radiation doses was conducted. This note presents selected results for testboards with ASIC [4][5]
and 2-pad sensors that are exposed to a 15 GeV proton beam. Figure 2a shows the setup including
the FBCM and two auxiliary detectors in the form of the AIDA telescope [6], a six pixel plane

1Average number of proton-proton collisions per bunch crossing
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(a) (b) (c)

Figure 1: The mean number of hits per BX (a), the deviation from linearity (b), and the statistical uncertainty
in the rate (c) estimated at pileup 200 with an integration period of 1 second for 288 sensors, each with a
sensor size of 2.89 𝑚𝑚2, positioned at r ≈ 14.5 cm.

detector used to reconstruct the trajectory of incoming particles, and the inner tracker pixel module,
which serves as a timing layer. Fig. 2b shows six sensor pads with a pitch adapter for ASIC bonding

(a) (b) (c)

Figure 2: Sketch of the test beam setup illustrating the traversal of the incoming particle beam through the
different detectors from right to left (a). Illustration of a testboard with a single ASIC and the six sensor pads
(b). Comparison of triggered vs. untriggered readout in channel 4 for one specific threshold (c).

Besides the untriggered readout mode at the test beam, there was a second mode referred to
as triggered readout. Triggered hits are acquired during short 400 ns wide time windows after
a particle was detected by the inner tracker pixel module, thus yielding a considerably enhanced
signal-to-noise ratio (SNR) compared to the untriggered readout. However, this mode is only used
for validation tests and will not be available under real operating conditions. By comparing the ToT
spectrum of the untriggered versus triggered readout (Fig. 2c), one can clearly identify the primary
peak of the distribution obtained in untriggered mode as noise, since it is filtered out in the triggered
mode. The real signal peak instead resides at a ToT of roughly 6 nanoseconds. In operation, the
threshold will have to be selected high enough to cut all the noise.
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