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To achieve the challenging target of 1% precision on luminosity determination at the high-

luminosity LHC (HL-LHC) with an instantaneous luminosity of up to 7.5⇥1034 cm�2s�1, the CMS

experiment will employ multiple luminometers with orthogonal systematics. A key component

of the proposed system is a stand-alone luminometer, the Fast Beam Condition Monitor (FBCM),

which is fully independent from the central trigger and data acquisition services and able to operate

at all times at 40 MHz providing bunch-by-bunch luminosity measurement. FBCM is foreseen

to be placed inside the cold volume of the Tracker as it utilizes silicon-pad sensors exploiting the

zero-counting algorithm for luminosity measurement. FBCM will also provide timing information

with a few ns precision enabling the measurement of beam induced background (BIB). We report

on the optimisation of the design and the expected performance of FBCM.
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1. Introduction

During Run 2, the instantaneous luminosity at CMS was measured with two dedicated lumi-
nometers - Fast Beam Condition Monitor (BCM1F) and Pixel Luminosity Telescope (PLT), and by
exploiting measurements of CMS subsystems [1], [2], [3]. The same approach is planned for Run
3. FBCM is planned as a standalone luminometer and BIB monitor for the HL-LHC era [4], as an
upgrade of the tried and successful BCM1F. It will not only provide independent operation but also
monitoring outside of stable beams and during central DAQ downtimes.

2. BCM1F

Based on the Run 2 experience with a mix of silicon and pCVD sensors, BCM1F was re-built for
Run 3 as a fully silicon-based system, shown in Fig. 1. Sensors were produced as a part of the Phase
2 Outer Tracker prototype production [5] with the aim to provide a benchmark for the material to be

Figure 1: Picture of the Run 3 BCM1F
front-end C-shape. One-third of the full
module is visible, including the ASIC and
two double diodes [6].

used at the HL-LHC. Double diodes with dimensions of
1.7 ⇥ 1.7 mm were used, forming a total of 48 indepen-
dent channels. Sensors have improved radiation tolerance
and show excellent signal-to-noise ratio. A 3D printed Ti
cooling loop was added, providing active cooling at�20�C
with C6F14, thus improving longevity. The front end (FE)
uses a fast asynchronous ASIC, providing narrow pulses
and fast return to baseline. AC-coupling of sensors was
added to prevent baseline drift due to leakage current. A
`TCA backend system with an improved peak finder algo-
rithm was introduced to enhance the double hit resolution.
The system has sub-bunch-crossing time resolution which
enables discrimination between the collision products and
background, and thus the bunch-by-bunch luminosity and
BIB can be measured. The luminosity is obtained with the
"zero-counting" method:

` = � ln[?(0)] = � ln[1 � ?(< 0)] .

The number of hits per bunch crossing follows the Poisson distribution. Since the occupancy is
very low, it is possible to infer the mean value of the number of hits (`) by counting the probability
of no hits ?(0).

3. Key components of the FBCM design

The full system is composed of four D-shaped front-end quadrants, shown in Fig. 2. In the
baseline design, each quadrant has 4 modules with 21 sensors and 3 FE ASICs (to be customized
design for FBCM). Each module is connected to an Inner Tracker port card for opto-transmission,
control and monitoring (using IpGBT & VTRX+ chips) [7]. The full system is made up from a
total of 336 silicon-pad sensors. Advanced Telecommunications Computing Architecture (ATCA)
blades are planned to be used for signal processing and histogramming the number of hits per BX,
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Figure 2: Sketch of a single FBCM quarter at the proposed location
with the available infrastructure, behind the last disk of the CMS Inner
Tracker Endcap Pixel Detector in the forward region of CMS.

as presented per quarter in Fig.
3. FBCM is going to be in-
stalled very close to the beam-
pipe, at radius of 8.5 cm < ' <

21 cm, and a pseudorapidity of

|[ | ⇠ 3.5, just outside the last
Tracker layer, at I = 283.5 cm.
The radiation environment was
estimated for 4000 fb�1, result-
ing in a total ionizing dose be-
low 200 Mrad and a 1 MeV equivalent neutron fluence below 3.5 ⇥ 1015 cm�2.
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Figure 3: Architecture of a quarter of FBCM. Four portcards, four modules and 84 silicon sensors are used
per quarter.

4. Sensor choice
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Figure 4: All metrics evaluated at average pileup of 200, for di�erent
sensor sizes and placement radii, assuming 336 sensors in FBCM.

AC-coupled sensors with a
thickness of 300 `m and a size of
2.89 mm2 provide a good compro-
mise between statistical power and
linearity over a wide pileup range.
Good statistical precision for low-
pileup Van der Meer scan (VdM)
conditions as well as a low occu-
pancy and unrecognised multiple-
hit probability were found for a ra-
dius of ' = 14.5 cm. The simu-
lated metrics used for optimization
are shown in Fig. 4, and the prefer-
able placement radius and sensor
area are highlighted.

5. FBCM performance

The e�ect of loss of modules as well as aging on luminosity performance were studied. The
changes to the rate uncertainty at the maximum pileup and at VdM conditions as a function of
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Figure 5: Rate uncertainty per BX as a function of
the number of failed sensors, front-end ASICs, and port
cards.

the number of failed elements are shown in
Fig. 5, showing that FBCM can tolerate the
loss of half of its elements. A simulation cov-
ering the expected wide range of pileup was
performed. Results are shown in Fig. 6 - the
mean number of hits per BX per sensor (left),
the deviation from linearity (center), and the
statistical uncertainty in the rate (right) were
estimated. The aging e�ects on the expected
performance of FBCM are also shown for in-
creasing values of integrated luminosity. No
significant change to the performance is ex-
pected. However, degradation of the charge collection e�ciency will a�ect the signal-to-noise ratio.
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Figure 6: Expected performance of FBCM and the e�ect of aging for three values of integrated luminosity.

6. Beam Induced Background

The BIB is measured either at the beginning of a bunch train or at non-colliding bunches, so
that it can be separated from out-of-time contributions (e.g., albedo or afterglow). Two di�erent
reference times were considered for the BIB separation. Time of flight (ToF) is defined with
respect to nominal collision time at the Interaction Point. The time of arrival (ToA) is the delay
with respect to the expected in-time collision products, hence the �C actually measured by FBCM.
BIB simulations using CMS reconstruction software (CMSSW) with input from FLUKA [8] were
carried out. Using a time binning of 0.78 ns at 40 MHz rate will allow to identify incoming BIB at
a ToA = 6 ns with a clear signature.
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