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Abstract. To achieve the challenging target of 1% precision for luminosity measurement at
the high-luminosity LHC (HL-LHC) with instantaneous luminosity up to 7.5x10% cm™2s71,
the CMS experiment will employ multiple luminometers with orthogonal systematics. A key
component of the proposed system is a standalone luminometer, the Fast Beam Condition
Monitor (FBCM), which is fully independent of the central trigger and data acquisition and
hence is able to operate outside of CMS data taking periods at 40 MHz providing bunch-by-
bunch luminosity measurement with 1 s time granularity. FBCM will be placed inside the cold
volume of the tracker as it utilizes silicon-pad sensors with an asynchronous read-out. A zero-hit-
counting algorithm will be used to measure luminosity. FBCM will also provide precise timing
information with a few ns precision enabling the measurement of beam-induced background.
We report on the optimization of the design and the expected performance of FBCM.

1. Introduction
The motivation for high precision luminosity measurement is driven by the expected precision of
physics measurements. For example the total uncertainty of the differential Z-boson production
cross section measurement is expected to be less than 1% excluding the luminosity uncertainty
[1]. Therefore, luminosity measurements for Phase-2 are targeted to reach a precision of 1%
at the high-luminosity LHC (HL-LHC) [2,3]. To reach this goal, the full potential of CMS
instrumentation will be exploited and a dedicated stand-alone luminometer—the Fast Beam
Conditions Monitor (FBCM), is also being developed. The FBCM will allow to precisely measure
the bunch-by-bunch luminosity of the LHC beams. Being independent of central trigger and
data acquisition systems, it can be operated always when there is beam in the machine. TIts
design is inspired by the successful BCMI1F project [4, 5] which has been already developed for
data-taking in Run 3 based on AC-coupled double silicon-pad sensors. The current location of
the BCM1F subsystem will be occupied by the Tracker Endcap Pixel Detector during Phase-2
of the CMS upgrade. Therefore, the FBCM should be designed for a higher z inside the tracker
volume. Readout electronics and detector design of the FBCM will be optimized to reach the
challenging luminosity measurement requirements.

The FBCM detector utilizes 336 silicon-pad sensors with a fast asynchronous digital readout
and active cooling inside the tracker volume for which the cooling and power supply services
are available similar to the inner tracker subsystems [6]. In addition, the FBCM will be able to
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measure the beam-induced background (BIB) based on the time separation between the beam-
induced particles and the head-on collision products only in bunch-crossing (BX) positions where
there is no significant out-of-time afterglow.

2. FBCM architecture and readout protocol
The FBCM is divided into four quarters, where each quarter comprises of half of one end of the
detector. The key building blocks of the FBCM are four front-end modules and four hybrid port
cards. Figure 1 shows the logical connections among different parts of each FBCM quarter.
Every seven pads are grouped on a silicon die and will be fabricated with the general
technologies being developed for the CMS Phase-2 upgrade with AC-coupled connections. The
thickness of sensors is assumed similar to that of the inner tracker [6] in order to ensure the
sensors’ longevity. Each front-end module includes 21 silicon-pad sensors and the relevant
electronics. The hybrid port cards [6] receive the front-end output signals and transmit the data
to the back-end over optical links. Each hybrid port card includes three IpGBT chips—a chip for
low power gigabit transmission [7] in the Phase-2 of CMS—and three versatile link transceivers
(VTRx+) [8] to send and receive data via optical fibers. Once a hit is received on a silicon-pad
sensor, the generated ionization charge produces a short pulse. The signal will be amplified
and shaped in the front-end ASIC, then a non-clocked digital output pulse will be produced,
where the rising edge corresponds to the threshold crossing of the amplified analog signal and the
duration is equivalent to the time-over-threshold. Within the port cards, the IpGBT continuously
samples the output signal of the front-end channels. Then the data will be sent to the back-
end by the VTRx module. At the back-end, blades based on Advanced Telecommunications
Computing Architecture (ATCA) will be employed to histogram the number of hits per BX.
Since the FBCM is based on detecting individual particle hits, it is not able to distinguish
between one or more particles hitting the system at the same time. Hence, the hit-counting
method is not effective in FBCM. Therefore, the fraction of events with zero-hits per BX is used
to estimate the hit rate and the luminosity, assuming that the number of interactions follows
the Poisson statistics; such method is known as the zero-counting [9] approach.
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Figure 1. Architecture of a quarter of FBCM. Each FBCM quarter contains 84 silicon sensors
and four port cards.

The FBCM is foreseen to be located behind the last disk of the Tracker Endcap Pixel Detector
corresponding to 8 < r < 30cm and 277 < |z| < 290cm. The radiation dose at the foreseen
location has been estimated using FLUKA [10] and CMSSW (the CMS software framework) [11]
resulting in ~23.1 hits/cm?/BX for a single bunch instantaneous luminosity of 28 Hz/ub at a
radius of r ~ 14.5cm. This is acceptable for the zero-counting algorithm implementation.
Regarding the hardness of components against the radiation, FLUKA simulations show that the
total ionization dose (TID) and the 1 MeV neutron equivalent fluence are less than 175 MRad
and 3.2 x 10'° cm ™2, respectively: those are acceptable for the front-end modules and the hybrid
port cards.
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3. Optimization and expected performance

The size of sensors plays an important role in the performance of FBCM, in terms of both the
linearity and the statistical uncertainty. In an ideal scenario where there is no restriction on the
electronic components, an analytical study predicts that the statistical uncertainty in the rate
could be minimized for the relatively large size of the sensors as shown in Fig. 2. However, such
large sensor area is not applicable because probable multiple hits could be missed due to the
limited temporal response of the front-end electronics, resulting in nonlinearity. According to
Fig. 2 which is based on an analytical analysis at the foreseen location of the FBCM detector
for the average pileup of 200, one can find that the rate uncertainty, at an ideal and ultimate
case, cannot be lower than 0.064%. Nevertheless, such level of uncertainty is not achievable
in practice, and a decent accurate simulation is required in order to include the limitations of
electronics for sensor size optimization.
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In order to find a more accurate estimation for the appropriate size of the sensors as well
as the placement radius, full CMSSW simulations based on the GEANT4 [12] framework and
using a behavioral model for the front-end electronics with a customized digitizer (tuned with
the BCMI1F front-end [13] and equipped with a constant fraction discriminator), were carried
out. Eight different sensor sizes (i.e., 2.25, 2.89, 3.85, 5.37, 8.02, 13.27, 26 and 72.22 mm?) and
positions at different 7, spanning the range from 8 to 20 cm, were investigated to find out the
optimal detector performance.

Figure 3 shows the deviation from linearity and the statistical uncertainty as function of
various choices of sensor sizes and placement radius with average pileup of 200, corresponding
to the worse case scenario of leveled instantaneous luminosity of 7.5x1034 cm™2s~! at the HL-
LHC. The linearity of the mean number of hits per BX per sensor (\) estimated by the zero-
counting approach in FBCM was evaluated in CMSSW as a function of average pileup, (PU).
To determine the deviation from linearity, the mean number of hits per sensor per BX as a
function of pileup was fitted with a straight line from (0,0) covering the (PU) = 0.5, 1, 1.5,
and 10. The slope has a post-fit error of 0.1%. The nonlinearity is calculated as the relative
difference between the simulated A and the values of the fit function at (PU) = 200.

As can be seen in Fig. 3, the statistical uncertainty and the linearity are worse for large
sensors. On the other hand, for the very small sensor sizes, even a good linearity is achievable,
but the rate uncertainty will be increased. Therefore, there will be a trade-off between the rate
uncertainty and the linearity. For example, with the sensor size of 2.89 mm? as a case study, it
is possible to reach \ with deviation less than 0.1% and the rate uncertainty about 0.18% at
(PU) = 200.

Another potential strength of the FBCM detector is the capability of beam-induced
background (BIB) measurement, based on time separation between the incoming particles and
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Figure 3. Deviation from linearity (left) and statistical uncertainty of the rate (right) both
evaluated at (PU) = 200, for different sensor sizes and placement radii, assuming 336 sensors in
FBCM. For better illustration, the color bars are presented in logarithmic scale.

BIB reaching the detector either at the beginning of a bunch-train or along with a bunch position
where there is a sufficiently long time without collisions that the afterglow contribution is small.
Assuming that the beam passes from the left to the right of the detector, the beam-induced
particles first reach the —z end of the detector at time-of arrival (ToA) around 6 ns (meaning that
6 ns after the previous BX). Upon traversing through the other end of the detector, the incoming
collision products and the BIB could appear at ToA= Ons. Given that the timing information
of the hits are also sent to the back-end, the FBCM has the capability of recognizing the
incoming beam-induced particles from the head-on collision products for the BIB measurement.
Such effects have been simulated with CMSSW with input from FLUKA simulations of beam
interactions with LHC collimators and various residual beam gas atoms (carbon dioxide, oxygen,
and hydrogen). Figure 4 (upper panel) illustrates the timing definitions, time-of-flight (ToF)
and ToA, and the lower panel shows the simulated ToF and ToA of beam-induced particles at
both ends of FBCM. By using the time binning of around 0.78ns, it is possible to distinguish
the beam-induced particles that reach the FBCM detector only 6ns after the in-time collision
products, and hence BIB could be estimated.

4. Summary

The CMS upgrade coordination endorsed the design of a standalone luminometer for the Phase-
2 upgrade of the CMS. The FBCM detector has been proposed and studied as an independent
luminometer based on 336 silicon-pad sensors with digital readout, sub-nanosecond resolution,
and data transfer rate of 40 MHz. The building blocks of the FBCM and the readout protocol
have been introduced. FBCM benefits from the simplicity of the zero-counting algorithm and is
also able to transmit the time-of-arrival and time-over-threshold which provides the additional
capability to measure beam-induced background. It was shown that the restrictions on the
electronic components, e.g., the limited temporal response, lead to nonlinearities, meaning a
smaller size of sensors approximates an ideal situation in terms of linearity. As a case study, the
expected performance of the FBCM with 336 silicon-pad sensors, 2.89 mm? each, corresponds to
rate uncertainty of 0.18% and deviation from linearity less than 0.1% at average pileup of 200.
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Figure 4. The upper panel illustrates the definition of the time-of-flight (ToF) and time-
of-arrival (ToA) variables. ToA represents the delay with respect to a reference time when
the products of in-time collisions arrive at the detector. The ToF indicates the time after the
nominal collision time at the interaction point. The time-of-flight (lower left) and time-of-arrival
(lower right) of beam-induced particles at each end of the FBCM, for sensors with an area of
2.89 mm? and located at r = 14.5 cm.
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