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1 Introduction

Long-standing open questions in particle physics have motivated ongoing searches for physics Beyond
the Standard Model (BSM). However, using conventional detectors, the LHC has not yet observed any
direct evidence for New Physics (NP). These searches by the LHC have already begun to shift the
theory landscape, ruling out well-known BSM extensions and requiring theoretical assumptions to be
broadened. This has led to signature-based searches including decays-in-flight of Long-Lived Particles
(LLP), which could emerge from any number of BSM scenarios involving hidden and dark sectors.

While the main LHC detectors can probe parts of the LLP parameter space, a new class of hermetic
detectors that are both shielded and displaced transverse to the beam-line, are necessary for further
coverage. These transverse detectors can search for LLPs with lighter masses (on the order of MeV to
GeV) and long lifetimes (on the order of c7 > 10 m). Additionally, the high parton center-of-mass
energy available for transversely-produced states in LHC collisions allows these transverse detectors
to access possible high-mass portals such as the Higgs boson or other mediators above the electroweak
scale; currently, the limit on the invisible width of the Higgs is 13% [1]. Consequently, this is a physics
opportunity unique to the LHC and is of pressing interest to the physics community. The COmpact
Detector for EXotics at LHCb (CODEX-b) proposal is such a detector and utilizes the space around
the LHCb detector to build an economical yet competitive shielded transverse detector.



1.1 Goals

The CODEX-g detector is a demonstrator for the proposed full-scale CODEX-b detector. Its primary
design goal is to validate the key concepts which justify the full design, construction, and operation
of CODEX-b. Specifically:

1. Validate the preliminary background estimates from the CODEX-b proposal and the background
measurement campaign in 2018 [2]. Demonstrate the ability to reconstruct known SM
backgrounds expected to decay inside UX85A (the proposed location for CODEX-£ and the
nominal location of CODEX-b) and validate the agreement of the background rates with a full
simulation of the LHCb detector and cavern environment. These studies will demonstrate that
CODEX-b can be operated as a zero-background experiment.

2. Demonstrate the seamless integration of the detector with the LHCb software-based trigger, so
that any events of interest in CODEX-b can be tagged with the corresponding LHCb detector
information to aid in their interpretation. This feature is unique to CODEX-b because LLP
detectors linked to ATLAS or CMS must, by necessity, implement hardware triggers. Transverse
detectors are sensitive to many signatures that correspond to high activity proton-proton
interactions with unique topologies, so such integration with a traditional detector is invaluable.

3. Demonstrate the suitability of Resistive Plate Chambers (RPCs) as a baseline tracking technology
for CODEX-b in terms of spatial granularity, hermeticity, and timing resolution, as well as
establishing operational expertise within the CODEX-b team.

4. Demonstrate the suitability of the mechanical support required for these RPCs and its scalability
to the full CODEX-b detector.

The production and installation of CODEX-S will provide critical experience to the CODEX-b team,
as well as ensure any possible integration issues with LHCb are encountered in a controlled and
low-risk/impact environment.

The timeline outlined in this document for the production and installation of CODEX-§ supports
these goals above. The urgency of this timeline is motivated by producing a viable prototype for
a shielded and displaced transverse detector. The high luminosity LHC (HL-LHC) is a once-in-a-
lifetime opportunity to search for LLPs, but to utilise the full HL-LHC dataset, a demonstration of
the feasibility for near zero-background measurements by such a detector needs to happen in the
very near future. Already CODEX-f can perform novel measurements both for specific new physics
and SM measurements, such as kaon production. Furthermore, for any transverse detector, feasible
large-scale instrumentation such as RPCs will be necessary. CODEX-S will allow the community
to understand the performance of such detectors in this context. These background measurements
will permit data-driven modeling of background simulations relevant to a wide range of LLP detector
proposals, while the trigger integration will demonstrate how transverse detectors can be run in tandem
with traditional detectors. To convince the community that IP8 remains the most plausible location for
a zero-background transverse detector, a successful demonstration with CODEX-S is necessary. Such
a demonstration can lead to the convergence among proponents of transverse LLP detector proposals
towards a detector located at IP8. Regardless of this specific outcome, achieving all these milestones
will help validate the goal of building a transverse detector that runs during the HL-LHC.



The support of CODEX- by LHCD benefits the entire LHCb collaboration, which is now
recognised for physics well beyond the original design of the LHCb detector. Nearly one third of
the physics case for LHCb Upgrade II [3] corresponds to this expanded physics portfolio. Some
key measurements justify running LHCb for the full HL-LHC, including dark photon searches, the
charm Yukawa coupling of the Higgs, axion searches, and more. These capabilities are well known
by the broader community, and are featured in the CERN HL-LHC Yellow Reports [4, 5] and in
a number of 2022 Snowmass summaries [6, 7]. Already this physics programme has attracted
significant funding and personnel, including many early career physicists. By supporting CODEX-g,
the LHCb collaboration is able to further contribute to the BSM community with very little cost
and significant benefits, including: attracting new collaborators, institutes, funding agencies, and
countries; supporting current collaborators; generating good will in the wider high-energy physics
community; enhancing LHCb’s reputation for leadership; and most importantly, contributing to
important physics goals and results.

The remainder of this document addresses how the proposed CODEX-S demonstrator will achieve
the enumerated goals above. In addition to these goals, the CODEX-f demonstrator may be able to
set first limits on certain BSM signatures, as discussed further in the next section.

1.2 Physics reach

Residual neutron scattering inside the decay volume is one of the most important backgrounds identified
in the CODEX-b proposal [8, 9]. In addition, a second important background arises from decays of
muon-scattering-produced secondaries, such as Kg mesons, produced by strange muoproduction in
shielding elements. These backgrounds require a combination of active vetoes and passive shielding
to be reducible. Accurate and fully data-driven estimates of the backgrounds present in the proposed
CODEX-b installation site are crucial to the design of these passive and active shielding elements,
allowing them to be optimized to be as small and inexpensive as possible.

During Run 2, preliminary background measurements were performed in the UX85A hall using a
pair of scintillators [2]. However, these were simply measurements of hit counts — particle trajectories
were not reconstructed — and were used to approximately cross-check the expectations from numerical
simulations of the background [9]. The CODEX-8 demonstrator detector will, by contrast, allow
tracking of particles with similar performance to the full detector and, in particular, allow for the
separation of particle backgrounds produced outside the decay volume from backgrounds induced by
particle scattering inside the decay volume itself. This includes allowing for the study of potential
soft charged particles that could be bent around the CODEX-b shield by LHCb’s magnet “focusing”
and produce background within the detector [2].

Aside from measuring background levels, observing long-lived SM particles decaying inside
the detector acceptance will allow us to calibrate the detector reconstruction and the RPC timing
resolution. The most natural candidates are Kg mesons. Table 1 summarizes the expected multitrack
production from decay or scattering on air by neutral fluxes entering CODEX-S, as well as the
contribution from just KE mesons entering the detector. A few x 107 KE decays to two or more tracks
are expected in the CODEX- volume in 15fb~! of data taking in Run 3, so that CODEX-4 will
have the opportunity to reconstruct a variety of Kg decays. Measurements of the decay vertices and
decay product trajectories will allow the boost of the LLPs to be reconstructed independently from
time-of-flight information [10]. Moreover, measurement of the distribution of KE decay vertices can



Table 1. Total neutral-initiated (together with charged-initiated after a 10™* rejection factor from the front
face veto) and Kﬁ-initiated multitrack production on air during Run 3 inside the CODEX-S volume for total
integrated luminosity £ = 15 b1, requiring Eyj, > 0.4 GeV per track [9]. Reproduced from [9]. CC BY 4.0.

Tracks Total KE contribution
1 (39+0.1)x 108 (2.9+0.1) x 108
2 (4.1+0.1) x 107 (3.7+0.1) x 107

(6£1)x10°  (29+0.4)x10°

4+ (9 +2) x 10* (7 +2) x 10*

be compared to expectations from the background simulations of the expected KE boost distribution
combined with the KE decay probability, allowing calibration and validation of our detector simulation
and reconstruction. Conversely, one may possibly combine the predicted boost distribution and
measured vertex distribution to extract the KE lifetime itself.

The acceptance of CODEX-g is roughly 1% that of the full CODEX-b detector [9], and no
shielding beyond the existing UX85 concrete wall will be in place; its reach for physics beyond
the Standard Model (BSM) is therefore limited. Roughly 10'3 h-hadrons will be produced at IP8
during Run 3, however, which will allow CODEX-g to probe some novel regions of parameter space;
specifically, those where the branching ratio of b-hadron decays to LLPs is independent of the LLP
lifetimes. Further, as shown in table 1, because the multitrack background falls relatively fast with
the number of tracks, a potential LLP signal region for CODEX-g can be defined as those events
with 4 or more reconstructed tracks (requiring Eyj, > 0.4 GeV per track from expected minimum
tracking requirements).

This type of signal morphology can arise, for example, in models that address the baryogenesis
puzzle, in which one searches for B — X y decays, where X is a SM (multi)hadronic state with baryon
number +1, and y is an LLP decaying to an (anti-)baryon plus a number of light mesons. Though the
Run 3 reach for LHCD itself for such a model exceeds that of CODEX-g by an order of magnitude [9],
CODEX-f may be able to set a first limit well before the completion of a (more complicated) LHCb
study. Further, in such a portal, the full CODEX-b experiment will outperform LHCb, so examining
these multitrack signatures would provide an early proof-of-concept for probing these types of models.

2  Detector design

As shown in figure 1, CODEX-f will comprise a 2m cube with an additional face spanning the
interior. Each face will contain two modules, which will each house a stacked triplet of 2 X 1 m?
RPCs, requiring a total of (6 + 1) X 2 X 3 = 42 RPCs housed in 14 modules.

Each module is described by a two-letter name. The first letter indicates its face (Front, Center,
Back, Left, Right, Ground, or Sky) and the second its position within that face (Front, Back, Left,
or Right). Figure 1 summarizes the relative positions of each module.

2.1 Requirements and operation objectives

Beyond its raw geometric acceptance, the physics reach of the full CODEX-b detector is determined
mainly by its signal efficiency and the ability to separate this signal from any background. Considering
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Figure 1. Two sketches of CODEX-8 from two perspectives. (Left) A diagram showing the mechanical
framework for the RPC modules; the arrow indicates the direction of incoming particles; module LB, which
will also be on a rolling cart, is not shown. (Right) An exploded sketch of CODEX-g with module labels and
dimensions; the arrow labeled “BEAM” indicates the direction of incoming particles, corresponding to the
arrow on the left diagram; note that this diagram shows CODEX-S from a different perspective than the one
on the left.

the broad, inclusive searches considered, the best strategy for background separation is its suppression
(both passive suppression and active veto) to a negligible level, so that any detection of a synchronous
particle from LHCD can be investigated closely. One of the key objectives of CODEX-£ will be
to provide more information about the distributions and production rates of background particles.
These particles are mainly

* neutrons, as they are difficult to track and can produce multitrack LLP-like events from scattering
on air;

o KE mesons, for the same reasons as neutrons, because they are muoproduced secondaries, and
because they decay with topologies mimicking LLPs;

* neutrinos, which are produced in such quantities at LHCb that they need to be considered,
including rare neutrino scattering on shielding;

» muons, which are difficult to absorb and can also create secondary particles close to CODEX-b.

2.1.1 Principle of the CODEX-b shield

The total expected number of neutrons and KE mesons in the CODEX-b acceptance, absent any
shielding, is around 10'#/300fb~!. To reduce this flux to less than 1 expected particle (modulo
kinematic cuts), we need to use a 32 A-thick hadronic shield. Of these interaction lengths, 7 are
already provided by the concrete wall, meaning a 25 A lead shield would be installed along the axis
from the LHCb IP to CODEX-b. To reduce the required volume of this shield, it would be installed
close to the IP, as shown in figure 2.
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Figure 2. Positions of the LHCD detector and the CODEX-b volume. For CODEX-g, the lead shield and
active veto will not be present, leaving only the = 7 A shielding provided by the UXA shield. Reproduced with
permission from [11].

Additionally, muons slowly stopping in the lead absorber can create a KE meson or a neutron,
which then could not be absorbed by the smaller amount of shielding left. We call this background
“stopped-parent secondaries”. To address this background, we would introduce a layer of active
material inside the shield. This active material is yet to be determined, but current simulations use a
silicon plane with a 2 cm? granularity [9]. It would then be placed 20 interaction lengths inside the
shield, so that most particles would have already stopped and that the veto would only remove those
rare muons that decay far enough into the shield that their decay products could reach the detector.

2.1.2 Role of CODEX-f

The base design of CODEX-S is shown in figure 1 and described at the beginning of section 2. Since
CODEX-b searches are extremely dependent on the precision of the background veto, the main role of
CODEX-p will be to validate the flux predictions in the presence of the concrete wall. These predictions
are based on hypotheses of the primary fluxes, the material budget, and the propagation of these
particles in said budget. In the absence of PID and calorimetry, only absolute fluxes will be measured as
well as angular dependencies. It is however possible to consider reconstructing KE mesons to separate
them from other particles. This represents an opportunity to develop the whole data acquisition chain
as well as the reconstruction algorithms. For a more detailed discussion, see section 1.2.

2.2 RPC design

The CODEX-B RPC design is based on the one of the BIS78 project [12]. The entire development
performed in the BIS78 project in terms of gas gap, detector structure, front-end electronics, Faraday
cage and detector-electronics integration have been inherited by the CODEX-f experiment. Each RPC
singlet has two panels of orthogonal strips, with strip pitches of 20-25 mm, providing two orthogonal



X,Y ReadOut

| \ Insulator |

‘/ Polycarbonate ‘

spacer Gas mixture \

‘ Resistive Electrodes

— Graphite layer

Figure 3. Schematic of the structure of a singlet RPC. Reproduced from [13]. CC BY 4.0.

coordinates (see figure 3). The Faraday cage design of the singlet, suitable for low-threshold operation,
has been developed to allow a better shielding of the more sensitive front-end electronics.

The RPC singlet is the base element of the modular design of CODEX-£ and comprises a gas
gap sandwiched between two orthogonal readout-strip panels containing the front-end electronics.
Figure 3 shows a schematic of the singlet RPC design. A “module” is composed of three independent
singlets, comprising a triplet, as well as the on-module services and support structures required for
installation. The use of triplet RPCs allows the modules to work in self-trigger mode if necessary,
avoiding any external reference system for the particle detection. This is not the preferred mode of
operation, but is a possible fall back if integration with the LHCb DAQ system is not possible.

The resistive electrodes consist of two sheets of phenolic High Pressure Laminate (HPL), with
resistivity p between 10'® and 10'' Qcm. The electrode thickness is ~ 1.2mm. A matrix of
polycarbonate spacers, of ~ 10 mm diameter each, guarantees the uniformity of the gas gap thickness
for the entire detector area. The spacer matrix causes an intrinsic inefficiency of the detector which
must be taken into account. The spacer separation is 7 cm, causing a geometric inefficiency of = 1%.

The external surface of the electrodes is covered with a paint of graphite with a superficial
resistivity p of ~ 500kQ/[], which allows a uniform distribution of the high voltage and at the same
time allows the inductive pick-up of the charge created within the gas. The inner surfaces of the
electrodes are coated with a few pm thick layer of polymerized linseed oil to avoid the spike effect,
which creates electrical field inhomogeneity and increases the detector noise. This is a fundamental
component for the detector to work properly.

Readout strips, separated from the graphite by an insulating material, are used to read the
electron-induced signal. The front-end electronics and the readout panels are then integrated with the
gas gap within a Faraday cage structure, which suppresses most of the external noise.

The gas mixture which shows the best performance at the moment is 94.7% R-134a (1,1,1,2
tetrafluoroethane), 5% isobutane, and 0.3% SF6 (sulfur hexafluoride). Tetrafluorethane is characterized
by high density and relatively low operating voltage. Isobutane is a hydrocarbon which acts as streamer
quencher, absorbing the UV photons. The addition into the gas mixture of the sulfur hexafluoride
causes a net separation between the avalanche and the streamer mode, allowing a better control on the



Table 2. Overall properties of preamplifier and full-custom ASIC discriminator.

Preamplifier Properties Discriminator Properties

Si standard component SiGe full custom

Preamplifier sensitivity | 0.2—-0.4 mV/fC Discrimination Threshold | 0.5 mV

Power Consumption 3-5V 0.5-1 mA Power Consumption 2-3V4-5mA
Bandwidth 100 MHz Bandwidth 100 MHz

working regime. The strong electronegative property of SF6 allows for electron capture during the
avalanche formation, leading to a huge suppression of the streamer. The avalanche mode operation is
preferable over the streamer mode due to the huge difference in the average charge per count produced
between the two processes and its effect on the detector rate capability and ageing.

The last point related to the RPC structure which must be stressed is the relationship between
gas-gap thickness and time resolution. The RPC suffers from a contribution to the time resolution
given by the statistics of the saturated avalanche development. The most effective way to reduce the
contribution to time resolution given by the saturated avalanche development is to reduce the signal
induction time. A faster signal development reduces its contribution to time resolution. Experimental
observations show that the most direct approach allowing an improvement of the RPC time resolution
is the reduction of the gas gap thickness. The gas-gap width of 1 mm permits a time resolution of
~ 400 ps. However, a gas-gap thickness reduction comes along with a decrease of the pulse duration.
To exploit such faster signals, very sensitive and high-performing front-end electronics are required.
The preamplifier developed for such a purpose should perform an ideal integration of the pulse, down
to a few hundreds picoseconds duration, without deteriorating the rise time of the output signal.

The developed front-end electronics board is composed of eight channels of a new preamplifier
coupled with two full-custom ASIC discriminators with four channels each and Low-Voltage Differential
Signaling (LVDS) transmitters integrated directly inside the board. The overall features of the
preamplifier and of the ASIC discriminator are reported in table 2. The preamplifier is described in
more detail in section 2.2.1, and the full-custom ASIC discriminator is described in section 2.2.2.

2.2.1 Discrete components preamplifier

The preamplifier developed in the INFN laboratory of Rome Tor Vergata for RPCs is made using
Silicon Bipolar Junction Transistor (BJT) technology. The main feature of this new kind of preamplifier
is a fast charge integration with the possibility to match the input impedance to a transmission line.
The working principle of this amplifier is shown in figure 4.

Figure 4 shows how the injected signal is integrated. The output of the preamplifier is a signal
which has the rise time and the maximum amplitude directly proportional to the duration of the
injected signal and its charge. The fall time is an intrinsic parameter of the preamplifier; it is not
related with the physical injected signal but depends only on the constants of the preamplifier. The
detailed properties of the silicon BJT preamplifier are shown in table 3.

2.2.2 Full-custom ASIC discriminator

The new full-custom discriminator circuit dedicated to the RPC detector for high rate environments
uses silicon-germanium (SiGe) Hetero-junction Bipolar Transistor (HBT) technology. The principle



A
A S
= Input
F=1/T =l \
B+ s
s 10004————_
= N t(ns)
5] N| A
£ 1004+— . < y Output
= . £| /
N =1 y, \
g . gl i/ ™N
104+— - < i/ N
h t(ns)
1000 ' ft
Frequency (MHz)
25
> ;
E ¢} T
N
10
=
g s
< ,
S 3 % % %
Time (ns)
Output pulse iffrom the preamplifier for a 1 mm gap RPC
600
S00
E 400
N -
300
=8
E 200
100
“0 20 40 510 ' * * BIO - * * IOIO

Time (ns)
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BIT transimpedance amplifier realized for the RPC detector. It shows how the charge integration is achieved by
working outside of the band of the circuit. The two plots below are an example of a not-amplified pulse from a
1 mm gap RPC as seen with a current readout (on top) and with the custom charge preamplifier (on bottom).
Reproduced from [13]. CC BY 4.0.

Table 3. Detailed properties of the preamplifier.

Amplifier Properties

Voltage supply 3-5V

Sensitivity 0.2-0.4 mV/fC
Noise (independent from detector) | 1000 e~ RMS

Input impedance 100-50 Ohm
Bandwidth 10-100 MHz

Power Consumption 5SmW/ch

Rise time §(¢) input 300-600 ps
Radiation hardness 1 Mrad, 1083 ncm—2
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Figure 5. Working principle of the discriminator. (Top) The conceptual scheme of the limit amplifier
discriminator, composed by a first stage of amplification by means of a transimpedance amplifier and three
saturation stages, represented by the inverters. (Bottom) The output of each stage, showing how the signal is
amplified until saturation leading to a digital signal in output. Reproduced from [13]. CC BY 4.0.

of SiGe HBT is to introduce a silicon-germanium impurity in the base of the transistor. The advantage
of this device is that the band structure introduces a drift field for electrons into the base of the
transistor, thus producing a ballistic effect that reduces the base transit time of the carriers injected in
the collector. The net effect is to improve the transition frequency and to introduce a directionality
in the charge transport, allowing a much lower value of Base-Collector capacitance; hence a much
higher charge amplification can be achieved.

The main idea behind this new discriminator is the limit amplifier. If the signal surpasses
the threshold, it will be amplified until saturation, giving as output a square wave (see figure 5).
Moreover, the Full Width Half Maximum of the discriminator output is proportional to the time that
the input signal stays over the threshold, allowing the time over threshold to be measured directly
with the discriminator. The SiGe HBT technology is particularly suitable for this kind of working
principle, since the performance of this kind of discriminator is mainly determined by the switching
frequency of the transistor and its S.

The main features of this kind of discriminator are:

* It provides the optimal characteristic function for the RPC. The characteristic function of the
discriminator is reported in figure 6. It shows a very small logic state transition of around
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Figure 6. Characteristic function of the discriminator showing the logic transition from O to 1 and the length of
the transition region. Reproduced from [13]. CC BY 4.0.

300 1V, which becomes practically negligible when this discriminator is operated within the

RPC detector and its charge distribution is taken into account. Moreover, the threshold can be

easily regulated with just a few mV.

* The time-over-threshold measurement can be performed directly with the discriminator. The

calibration curve of this measurement is reported in figure 7.

* It has a minimum pulse width of 3ns. This is one of the most important parameters for a

discriminator since it defines the shortest signal which can be injected inside the discriminator

to keep the working regime linear (see figure 8).

2.3 RPC layout

Each module shown in figure 1 comprises a support structure, shown in figure 9, around a stacked

triplet of RPC singlets as described in section 2.2, each with an area of 2 x 1 m?. The long and short

sides of the module are referred to as the ¢ and 7 sides, respectively, as in figure 10. One ¢ side and

one 71 side of each module contain readouts for the corresponding perpendicular readout strips of the
RPCs. In order to form a full 2 x 2 m? face of the CODEX-/ cube, two modules are placed side-by-side
along their ¢ sides such that the readouts are on the opposite outer-edges of the module, as in figure 10.

The modules on each face have a specific orientation depending on which face of CODEX-$
they are on (see figure 1 and the beginning of section 2):

* The modules on the S and G faces will be oriented such that the ¢ sides are perpendicular and

the n sides are parallel to the incoming particles. This is due to the expectation that the LLLP

candidates will mostly originate from the LHCb IP and travel in the direction perpendicular

to the beam-pipe to be incident on CODEX-S. The ¢ side has finer resolution and therefore
should be positioned to obtain the best tracking of these LLP candidates.
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Figure 7. Calibration curve of the Time-Over-Threshold measurement realized by the discriminator. The
amplitude of the input signal is varied checking the correlation with the width of the output signal. Reproduced
from [13]. CC BY 4.0.

* The modules on the F, C, and B faces are all oriented such that the ¢ sides are parallel to
the vertical axis and both the ¢ and n sides are perpendicular to the incoming particles. The
inclusion of the central C face allows for improved tracking of LLP candidates, as it increases
the number of detection planes along the expected direction of LLP candidates.

* Finally, the modules on the L and R faces are oriented such that the ¢ sides are parallel to the
vertical axis and the 7 sides are parallel to the incoming particles.

Different module locations and orientations require different methods of installation and mechanical
support. For example, the modules on the F, C, and B faces form the main rigid structure of CODEX-g,
but the modules on the L and R faces are mounted on move-able trolleys that allow access to the
interior, as in figure 1. See section 3.2 for further details on the installation procedures.

The cubic geometry of CODEX-f is analogous to the baseline geometry of the full CODEX-b
detector outlined in the CODEX-b expression of interest [9]. In this reference, the reasons for such a
geometry are outlined in detail, driven primarily by the need for a hermetic detector and the minimal
structural component of an RPC module, with full details of the RPC design outlined in section 2.2.

2.4 Mechanical framework
2.4.1 Introduction

The installation of the fourteen modules in the D1 barrack requires a frame that is compact and
precise and that allows the modules to be transferred directly onto the frame in a simple and efficient
manner. The ATLAS experiment’s BIS7 module frame served as the basis for the design of the
CODEX-f module frame, and it has been redesigned, reinforced, and equipped with multiple fixation
points that allow the CODEX-8 modules to be transported, lifted, rotated, and mounted in a number
of different ways.
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Reproduced from [13]. CC BY 4.0.

Figure 9. Diagram of the frame that supports the RPC triplet within each module. Its design is referred to as
“CX1”. Itis entirely composed of aluminum (and stainless steel fasteners); the colors shown are only to help

visually distinguish certain components.
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Figure 10. Schematic of a face of CODEX-g, comprising two RPC chambers and their support frames.
(“PHI” = ¢ and “ETA” = n.) Each of the two modules includes a support frame, shown in figure 9.

The installation and positioning of all but four of the modules is done with aluminum rails,
channels, and tracks. The modules ride either in or on these features using rollers attached directly to
the module frames. The upright modules (those on the F, C, and B faces — those on the L. and R
faces are a special case, described below) rest on rollers attached to their lower edges that ride inside a
channel; these modules are constrained at the top in a similar manner. The horizontal modules (those
on the S and G faces) have rollers attached to the sides of the frames, and these wheels ride on tracks.

To ease the installation process and to allow reasonable access to the electronics located inside
CODEX-g, at least one face of the cube must be possible to open. The four modules on the L. and R
faces are therefore permanently attached to the same transport carts that are used to transport them,
described in section 3.2.1 and shown in figure 18. These carts are also used to position the modules
to slide them into the rail system and are designed to place the modules at the same height as all
the other upright modules. This allows one or both modules to be rolled away from the structure
in order to access the interior without disturbing any other modules.

A more detailed description of the mechanical installation of the modules can be found in
section 3.2.

2.4.2 Frame design

The structural components consist of 100 mm- and 150 mm-wide aluminum I-beams, C-channels,
and angles that will be bolted together inside the D1 barrack. The heaviest individual component
weighs less than 30 kg, while most weigh less than 15 kg. Although the profiles are made of U.S.-type
extrusions and the dimensions are in inches, the frame is designed to be integrated into the existing array
of 150 mm-wide steel floor-beams, even using those floor beams as an essential part of the structure.
Only structural-type metric fasteners (10, 12, 14 mm) will be used and all the beam connections will
make use of 6.4 mm-thick steel gusset plates as both edge and corner reinforcements for the top plane of
the structure. To properly secure the structure to the floor, either (1, preferred) a series of 14 mm holes
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Figure 11. CX1 module frame for CODEX-£ with dimensions in mm. Relevant pick points are also indicated.

will be drilled into the top flanges of the three adjacent floor beams the structure rests upon to enable the
structure to be bolted to the floor or (2) clamps will connect the frame to top flanges of these same floor
beams. No welding would be required except during the actual fabrication of the beams and columns.

The frame is designed to support four sets of rails that allow six modules to be positioned upright
on the F, C, and B faces and to support tracks that allow four more modules to be installed on both the
S and G faces in a horizontal orientation. These rails are composed of two aluminum profiles welded
together to form a “wineglass” shape; it is made by attaching a 100 mm-wide C-channel to the top of a
100 mm square wide-flange I-beam with 8 mm-thick sections across the entire profile.

2.4.3 Dimensions

Dimensions of the CX1 frame can be found in figure 11, along with the dimensions of the various
pick points.

Dimensions of the support structure can be found in figure 12. Note the nine plates shown on
bottom where the lower wineglass profiles would attach to three of the existing D1 barrack floor beams.

2.5 DAQ

Each module is read out via a low-power GigaBit Transceiver (IpGBT) link which sends data via
optical cables to a single TELL40 board located in one of LHCb’s Event Builder nodes. All electronics
required at the front end will be mounted on the module itself, minimizing the complexity of cabling
inside the D1 barrack. The cables required to go from the barrack to the surface have already been put
in place and can be accessed from the barrack. The overall data volume is such that one TELL40
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Figure 13. Schematic of the front-end readout of an RPC module.

board suffices to process all of it. Once the data is received by the TELLA4O0, it will be treated in
exactly the same way as for any other LHCb subdetector and is made available for decoding and
processing in HLT1 and HLT?2.

The basic front-end readout is shown in figure 13. Each DCT reads out two triplets, so there are
seven DCTs required in total. There are two challenges here compared to the usual LHCb readout
schema. First, the use of the IpGBT protocol, which is expected to become available in the second half
of 2023, and which the CODEX-f team will help commission (an activity that is useful for LHCb
looking towards LS3). The IpGBT protocol used by the DCT operates at 10.24 Gbs™! while the
TELLA40 is qualified for 5.12 Gbs™!. However from discussions with firmware specialists, this is not
expected to cause major issues. Note that in any case, the actual data volume being transmitted is
significantly smaller than the full bandwidth allowed by the protocol.
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The second is that the DCT expects to communicate bidirectionally with a FELIX board, sending
data and receiving commands and control instructions via the same link. However, within the LHCb
DAQ these functions are separated: data is sent up to TELL40 back-end readout boards (one TELL40
in the case of CODEX-f) while a separate SOLL40 board sends commands and control instructions
to the front ends. The TELL40 and SOLL40 are both variants of the same basic PCle40 board, but
with different firmware and fulfill different purposes.

In order to reconcile these two architectures another PCle40 board is required to act as an interme-
diate layer between the bidirectional DCTs at the front-end and the unidirectional TELL40/SOLL40
boards at the back end. This board will have separate command and data streams looking towards
LHCb, and communicate bidirectionally towards the DCT front end. There is a third flavour of the
PCle40 architecture which already mixes command and data which is well suited for this purpose: the
MiniDAQ board. We have had preliminary discussions with LHCb readout specialists who believe
this approach is generally speaking feasible. We are in the process of working out a detailed design
based on this outline which will be submitted to the online and technical teams for review.

3 Installation and commissioning

3.1 Site preparation

The three main challenges confronting site preparation are

» removal of the server racks from the D1 barrack and conditioning of the room to host the cube
(already complete),

* preparation for safe transportation of the RPC modules from the surface to the D1 barrack, and
* ensuring that the power supply in the room meets the needs of the demonstrator.

Strategies to address these challenges are proposed in the following sections.

3.1.1 Preparation of the D1 barrack

As described in section 2, CODEX-$ will consist of a cube, 2 m on each side. Because of the size and
weight of the detector support structure, it cannot be moved without disassembly. Consequently, the
very first task towards the installation of CODEX-g is the preparation of the D1 barrack, shown in
figure 14, for the in-situ assembly of the demonstrator. The most natural location for the demonstrator
would be where the D1DO01 to D1D04 and D1EO1 to D1E04 racks were located, next to one of the doors.
Figure 15 shows CODEX-g situated in the D1 barrack. Face F of CODEX-f should be approximately
0.5 m from the wall nearest the LHCb detector to maximize its physics potential while still allowing
access to the Face F modules. We propose placing CODEX-f atop the second, third, and fourth beams
from the RB84 wall, thus allowing plenty of space for installation and access on faces B, L., and R.

After the initial preparation is complete, some additional work will be required to prepare three of
the existing 150 mm-wide floor beams by drilling a number of 14 mm holes in the top flanges. This
will allow the entire cube structure to be anchored directly to the floor and is the preferred method of
attachment, rather than clamping. Note that the currently proposed bottom of the support structure
does not have cross-beams that fix the columns in place. Consequently, there may be some lateral stress
on the columns which would be mitigated with bolting rather than clamping. However, if the CERN
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Figure 14. Schematic of the D1 barrack [14], where we propose to install CODEX-3. The area in red shows
the approximate location of CODEX-p. Face F of CODEX- would be along the wall nearest the detector (at
the top of the figure), and face L would be along the RB 84 wall (on the right side of the figure). Reproduced
with permission from [14].

safety teams believe clamping of the support structure will be sufficient, then this is also a possibility.
There may be a need to modify — or even replace — the floor tiles that would be underneath the cube,
to facilitate cable or gas line routing or for structural reasons. The full weight of the demonstrator frame
would be entirely on the floor beams and not on any of the floor tiles; see section 2.4.2. Temporary
floor plates may be required when rolling the chambers in, however, both to reinforce relevant floor
tiles and to provide for smooth movement of the components once inside the barrack.

3.1.2 Access to the D1 barrack and module transportation

A module has the shape of a rectangular parallelepiped of 2 X 1 x 0.05 m® with an approximate weight
of 140 kg. The module-transportation carts may weigh about the same as a module. Given their size
and weight, each module can be transported from the surface to the underground cavern using the
personnel elevator located at the PZ85 shaft. They will remain on their carts until they are inside
the barrack and can be transferred to the support structure; see figure 16.

Maneuvering the modules into the UXA-C entrance of the D1 barrack will be challenging because
of the narrow gangway (94.5 cm) around an air-conditioning unit, as well as the narrow stairway
(80cm) leading up to it (see figures 16 and 17). Both types of cart (see figures 18 and 25) are
designed to fit through the 83 cm-wide doorway.
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Figure 15. Diagram of CODEX-g in the D1 barrack with needed services racks and proposed cable tray. The
floor panels of the D1 barrack are not shown, but the structural support beams are.

3.1.3 Power supply in the D1 barrack

Remote monitoring and control of the power system is necessary, as well as integration in to a
SCADA system (such as WinCC). A standard way to power and control the detector is to adopt
a modular integrated system combining HV, LV, and monitoring. Taking as example the CAEN
EASY products, the full system would require the following rack-mounted devices adjacent to the
demonstrator (vertical cooling is needed):

* CAEN low cost mainframe SY5527LC (4U wide) containing one branch controller
* 48V DC (1000 W) primary power generator with 2 channels.

e 2 EASY A3001 crates (21 slots)

* passive power distributors

A simple alternative configuration makes use of suitable modules installable directly in the mainframe
(in this case aSY4527LC 8U wide is recommended). Most of the power consumption of each chamber
is absorbed by the LVDS driver (5 W) and by the DCT (10 W). The rest of the power (amplifiers,
discriminators, and HV) is contained in 2 W per chamber.

3.2 Mechanical

There are three unique configurations that are used to secure the modules in their proper position,
and each makes use of a different set of fixation points located on the module frame. In the nominal
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Figure 16. Layout of the UX85 safe side (UXA) [11]. Proposed transportation path of the modules is shown in
red, where the narrow staircase and gangway are highlighted with a blue rectangle. This blue highlighted region
is pictured in figure 17. Reproduced with permission from [11].

Figure 17. Pictures of the entrance to the D1 barracks, showing the staircase and gangway, and corresponding
to the highlighted area with a blue rectangle in figure 16.

procedure, six of the ten modules oriented in the upright position (those on the F, C, and B faces)
will roll into position after being placed in the appropriate tracks with a transport cart that allows for
the load to be properly constrained as it is smoothly transferred to the rails; there are four additional
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Figure 18. Perspective diagrams of upright transport carts (with modules attached) used to move F-, C-, B-, L-,
and R-face modules into the D1 barrack. The third and fourth demonstrate the positioning w.r.t. the rails for the
railcar modules (see text) and for face L/R, respectively.

upright modules comprising the L and R faces of the cube that will each remain on their own carts for
the duration of the experiment. (Alternative procedures for installing the upright modules, in addition
to the nominal, are discussed below.) The four remaining modules that are positioned horizontally
make up the S and G faces of the cube and must slide into the frame from the L or R face.

The various configurations needed for the different modules require a specific installation technique
to position them either flat or upright within the cube.

3.2.1 Upright modules

These modules (comprising the F, C, B, L, and R faces) are brought downstairs while mounted to
the installation carts and rolled into the D1 barrack with the module in the upright position at all
times (see figure 18). Nominally, these installation carts allow for the module to be attached to the
cart asymmetrically (outside the wheelbase of the cart) by placing counterweights in the cart, though
alternative designs without counterweights are being considered (see below).

Six “railcar” modules comprise the F, C, and B faces. These modules have rollers mounted
to their 7 sides that ride inside the aluminum “rails” described in section 2.4.2; see figure 19. The
rollers are attached to each end of the module, which is mounted to the cart, and the module is then
guided into the appropriate rail ends while still attached to the cart. In this manner the module is fully
constrained at all times while the load is transferred to the rails. Once the module is completely inside
the rails, the bolts attaching the module to the cart can be removed and the cart rolled away.

The other four upright modules are for faces L. and R. They are each permanently attached to
their own installation carts, and are never placed in the rails. This arrangement simplifies the frame
structure, simplifies the installation of the other modules, and allows for easier access to the interior,
since the carts may be rolled apart. The modules mounted in the 3 sequential faces (F, C, and B)
cannot be moved at all, once both are in place on a given face.

The “rollers” mentioned above may differ for the upper and lower 1 edges of the modules. Two
sets of two wheels, shown in figure 20, could be attached to either side of the lower n edge (using the
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Figure 19. Profile diagram of the F-, C-, and B-face modules (with some eye-bolts used for transport still
attached) after installation in the structural support frame.

appropriate pick points; see figure 11) to allow the modules to roll. A set of bumpers, attached using the
corresponding holes on the upper 17 edge, would be sufficient to constrain the upper end of the modules
inside the upper rails, as shown in figure 21. Figure 22 shows a module with these components attached.

One potential alternative transport cart design is shown in figure 23. These carts do not use
counterweights and would not be able to position the modules directly in the frame; were this design
adopted, a rigging procedure would need to be developed to locate the upright modules in the support
structure, and the support structure may need to be modified to accommodate the modules on the L
and R faces and allow them to be rolled apart for access to the interior of the cube.

To enable installation with the alternative transport carts, one possibility would be to hoist the
modules into the support structure using a portable crane. A system of extendable guidance rails
could be designed to facilitate this procedure and to allow access to the interior of the cube. Figure 24
shows one such design. This guidance rail would essentially be a shorter, portable version of the
same rails that support the F-, C-, and B-face modules inside the cube; it could be placed on either
side and affixed to the structural support rails, and a portable gantry crane could be used to lift the
modules into the rails and help guide them into position. The modules could be attached to such
a crane using eye bolts affixed to the appropriate pick points; see figure 22.

The width of the module and required width of this alternative cart-design’s supports prevent
entry through the D1 barrack door; for this reason, a modular design is proposed where two of
the wheels may be removed, as shown in figure 23, narrowing the profile for the length of time
required to roll through the D1 barrack door.

Despite these additional complications, this alternative design has the merits of simplicity and
stability, especially in that it does not require any counterweights. Input from CERN rigging experts
would be invaluable to finalizing transport cart designs.
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Figure 20. Perspective diagrams of wheels that could be used to allow the F-, C-, and B-face modules to roll
inside the lower aluminum channels; see text.

o

Figure 21. Perspective diagrams of wheels that could be used to constrain the F-, C-, and B-face modules inside
the upper aluminum channels; see text.

3.2.2 Flat modules

There are two types of modules that are configured in the flat position — one type for the G face and
one for the S face. The only difference is the relative height of the rollers (and the clips used to secure
them) projecting out from the sides of the modules; these rollers are used to allow the module to run
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Figure 22. Perspective diagram of module with upper bumpers and lower rollers attached. Some eye bolts are
shown attached in the appropriate positions for hoisting via gantry crane; see text.

)

Figure 23. Perspective diagrams of alternative upright transport carts (with modules attached) that could be
used to move F-, C-, B-, L-, and R-face modules into the D1 barrack. The right image shows two of the wheels
and their supports removed, narrowing the profile and allowing it to fit through the D1 barrack door.

on tracks contained within the rail profiles. For the G face, the wheels are mounted below the modules,
which allows them to roll directly on the floor. For the S face, the wheels are above the modules (to
bring them to the correct elevation within the frame) and cannot be rolled directly on the floor. Each
wheel clip is secured to the module with a single 12 mm bolt attached to the edge of the module frame.

These modules require the use of a different type of installation cart, since it is advantageous
to bring them into the D1 barrack in the horizontal position to avoid the need to rotate them down
from the upright position once inside. Because the module is about 110 cm wide and the doorway is
only 83 cm, the module must be at an angle that allows for the many tight turns required to reach the
final location. For this reason, the use of a specialized “tilt-table” cart is proposed (see figure 25). In

_24_



Figure 24. Potential locations of a guidance rail, shown on the floor in dark blue, that could be used to facilitate
an alternative cart design for the upright modules; see text.

.,

Figure 25. Perspective diagrams of tilt-table transport carts (with modules attached) used to move S- and G-face
modules into the D1 barrack.

this design, the module would be loaded and held by the cart at a static 45-degree angle, reducing
its horizontal dimension to 801 mm and thus allowing it to fit through the door. The cart would be
supported on one side by two wheels attached directly to it, while its other side would be supported by
three wheels mounted to the ¢ edge of the module itself. Care would need to be taken to design safe
mounting and dismounting procedures for the modules to this cart if this design were adopted.
For the tilt-table cart, the module is secured to the cart (and rotated within it) by attaching a
pair of adjustable struts to 14 mm bolts located at the corners of the module. These struts are then
used to rotate the module from flat to about 60 degrees up from horizontal. The other two corner
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14 mm threads are then used to mount pins that become an axis of rotation for the module. This
configuration allows for a total cart width of about 70 cm for transportation.

Once inside the D1 barrack, the module is then rotated flat to better position it for installation. After
the module is flat, and the wheels positioned on a short ramp, the struts and pins can be removed from
both ends of the module. This then frees the cart so it can be rolled off to the side. While the G-face
modules can roll directly off the ramp onto the tracks within the support frame, the S-face modules
will need to be elevated — in the flat position — up the 2.2 m required to reach the tracks they ride on.

The use of structural “scissors’-type lifting fixtures might be considered both for this 2.2 m
lift as well as for lifting the modules the 1 m required just to get them on the same platform the
room is situated on. Each module weighs about 140 kg, and each transport cart may weigh about
as much, for a combined load of almost 300kg. Since the frame can be lifted at either end by a
crane, however, it might be possible to at least get the modules up on the platform with a portable
gantry crane, if one is available. In principle, the modules could be crane-lifted with their carts as a
package. This procedure is still not well understood, and would benefit from suggestions by CERN
rigging experts familiar with the location of the D1 barrack.

3.2.3 Installation sequence

The design of the cube necessitates an order of installation that does not impede (or prevent) the
positioning of successive modules. For this reason, the following order is proposed:

1. S-face modules. Getting them up the 2.2 m and inserting them properly will be less challenging
without any of the sequential (F, C, and B face) rail-modules in place.

2. Sequential (F, C, and B face) rail-modules. (The order is yet-to-be determined.)
3. G-face modules. Once they are in place, access to the interior becomes limited.

4. L- and R-face modules. (The order is yet-to-be determined.) They become the access points for
the interior of the cube.

3.2.4 Alignment

The RPCs’ spatial resolution can reach ~ 1 mm, thus a mechanical alignment precision of < 10 mm
is desirable. A more precise global determination of alignment parameters can be achieved online
through track fitting algorithms.

The geometry and alignment of the singlets within each RPC triplet is surveyed as part of the
production process. External tests of the functionality will be carried out via geometry measurements
and beam tests.

Since the entire detector structure is not located in an area that normally requires precision survey
points, the primary focus will be on aligning the RPCs with respect to each other. There are a number
of external bolt locations on the CX1 module frame that can be referenced to identify the perimeter of
the active areas inside the module frame. Those same bolt locations can also be used to secure the
CXI1 frame to both the support structure frame and adjacent CX1 frames via precision brackets. In
this manner, the physical position the active element for each RPC triplet is already defined prior to
installation, and as long as all the brackets are in place, the modules should be aligned to within 5 mm
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for adjacent modules. A very precise alignment monitoring system, such as the RasNiK [15] system
developed for the ATLAS muon modules or the LHCb BCAM system, is not necessary for CODEX-S.

The global position and orientation of the detector does not require such a high precision because
of its large displacement from the LHCb interaction point. Its coordinates will be determined
by measuring the positions of the frames’ external bolt locations with respect to known reference
points in the D1 barrack using common indoor distance measurement techniques like laser-based
instruments. These measurements do not require any contributions from the CERN surveyor team.
The stability of the detector on the false floor of the D1 barracks is ensured by placing it on the
floor support beams, which are strong enough to sustain the much heavier computing racks that
used to be installed in this place.

The alignment and calibration parameters will be determined independently with cosmic muon
data and measurements of decays of KE mesons produced by neutral particles from the LHCb
interaction point interacting with the shielding. This will allow cross checks and improvements of
the alignment determined from the mechanical setup.

3.3 Cabling and power

The power and control system is installed on a dedicated rack in the neighbourhood of the detector
to avoid excessive length of the low voltage cables. The power system, which will be connected
to the power supply in the D1 barrack, is based on the CAEN mainframe SY4527 equipped with
a supplementary power unit bringing the total power to 1200 W. The mainframe hosts the power
distributors including the following functions: high voltage, Low voltage, monitoring.

3.3.1 High voltage

The RPCs are operated to maximum 6 kV with the standard mixture, the expected current driven
by a single gas gap being < 5 pA. There are, in total, 42 gas gaps. Two suitable boards are CAEN
A1580 HP (single unit, 16 channels, 8 kV 20 pA) or CAEN A1590 HP (double unit, 16 channels,
9kV 50 nA). These boards use high density Radiall connectors and need a transformation kit and
a patch panel for the final distribution. There are 3 options: 3 boards (48 channels no fan out); 2
boards (1590 type only), 24 channels with a distribution fan out 1 to 2; 1 board (1590 type only), 12
channels with a distribution fan out 1 to 3. In any case there will be 42 RG58 coaxial HV cables,
installed in suitable cable trays, connecting the HV distributors to the detector.

3.3.2 Low voltage

The low voltage supply is needed for:
» powering the front-end boards and providing the threshold
* powering the readout FPGA
* powering the sensors

The LV system can be based on six CAEN A2551 (single slot, 8 channels, 8 V, 12 A) power boards.

As shown in figure 26, fourteen channels of two of the boards are needed for the Data Collection
and Transmission (DCT) boxes, which contain the FPGAs and are typically powered at 5 V and absorb
4 A. It is advisable to maintain the single FPGA granularity to ease detector management. Given
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Figure 26. Schematics of the Low Voltage distribution for the DCT boxes, from the LV modules to the detector.
Each DCT box has its own dedicated LV channel. The last 2 channels are dedicated to the H-T-P sensors
distributed along the detector.

the one-to-one relation between a power channel and a readout box, we foresee 14 point-to-point
cables for this function.

An additional channel is reserved for sensor power and the other is left as a spare, so in total,
15 of the 16 available channels across two of the boards are used.

The front-end boards are powered through 4 main supplies: V digital (Vq), V analog (V,), and V
threshold (Vy,), where Vy, is given separately for the two different orientations of the readout strips
(¢ and 7). To have a reasonable compromise between cost and functional system granularity and to
respect the limits of the power boards, we propose to distribute these 4 supplies to every individual
face of the cube (comprising 2 modules). In this case, each 8-channel power board can serve up to
two faces of the cube, as shown in figure 27, so only four power boards are needed to power all of
the front-end boards. An adapter board would distribute the incoming LV supplies to each module,
as shown in figure 28 and described in the next section.

3.3.3 On-chamber power distributor

A special distributor, or detector-face LC-adapter board, is mounted on each face of the cube and
serves the following functions:

* receive the 4 primary LV cables and generate, by means of linear and low-dropout (LDO)
voltage regulators, the needed voltages for the FE boards of each of the 2 modules (Vamp, Vaiscr,
Vpulls Vivdss Vin,)» Vin,), as shown in figure 28;

* distribute to each of the two modules the voltages by means of 2 cables per module, one for the
n and one for the ¢ strips;

» distribute the necessary supply to the local sensors (gas flow, T, RH);

¢ collect monitoring information coming from the 3 gas gap current readouts, the 3 sensors,
and the main LV supply currents (4 currents X 6 panels) per module, in total 30 values per
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Figure 27. Schematics of the Front-End power distribution along the detector. Each detector face has its
own block of LV channels. Each block is composed of 4 channels which provide the various voltages to the
Front-End electronics.
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Figure 28. Schematics of the LV distribution for a single detector face. The 4-channel block is used to provide
the 4 voltages needed to the FE electronics of a detector face (see figure 27). Those 4 voltages are then split to
each triplet by means of an adapter board. Each triplet has a dedicated DCT box which is powered by its own
LV channel (see figure 26).

module. Two 64-wires flat cables deliver directly to the ADC boards placed in the power rack.
We are assuming that the monitoring is performed through the CAEN A3801 boards (128
channels each).

3.4 LV patch panel and cables

The front-end boards and sensors power supplies outputs are interfaced to the main cables by a patch
panel mounted on the power rack. In output of the LV patch panel there are 7 multi-pin connectors,
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one for each face of the cube, each carrying the 5 different voltages, 4 for the main supplies of
the FE boards and one for the sensors.

The cables interconnecting the power rack to the cubes, through appropriate cable trays, are
listed below:

42 GR58 HV cables (suitable for at least 8 kV)

* 7 multi-wire LV cables. Minimum 10 wires, suitable for carrying 6-8 A per couple

14 LV cables for powering the 14 readout boxes

14 flat cables, 64 wires each, to carry the analog monitoring information to the ADCs

3.5 Gas

The gas mixture required for the CODEX-8 demonstrator is the same typically used on other RPCs
made of bakelite, including those in use by both CMS and ATLAS. It is composed of 94.7% R-134a
(1,1,1,2 tetrafluoro-ethane), 5% isobutane, and 0.3% SF6 (sulfur hexafluoride), with enough water
vapor added to bring the relative humidity of the mixture to about 30-40%. The mixture is not
flammable. The full volume of the detector array is about 80 L, and assuming one volume change
every 4 hours, 20 L/hour of this mixture will be needed for normal operation. Nitrogen, possibly
humidified, will also be needed as an inert purge gas.

Since none of the working gases are presently in use at LHCb, several new high-pressure
cylinder stations will need to be installed in the upstairs gas handling/storage area. To avoid creating
redundancies in the LHCb supply area, CODEX-g would like to make occasional use of the nitrogen
source that already exists by tapping into the upstairs piping at an appropriate location. During the
leak check process a maximal nitrogen rate of 20 L/hour will be required, but it is unlikely that
nitrogen will be required afterwards.

The upstairs part of the system, shown in figure 29, consists of both the mixer and the gas storage
area. A single line will run the mixture to the downstairs distribution panels and then to each individual
detector. A humidifier will be installed in the near proximity of the detector apparatus. The flow rate
through the detector is relatively low, but the high global warming potential (GWP) of the mixture
(approximately 1400: .94.7 x 1400 from the R-134a, and .003 x 23,000 from the SF6) is sufficient
to merit the installation of a recirculation system [16] to minimise emissions. This system will be
connected to a single return line, to return the residual gas from the recirculation system to the surface.

All of the gases used for normal operation require special consideration. While all three gases
come as pressurized liquids, only the isobutane cylinder needs to be kept at room temperature because
the vapor pressure is so low; both the R-134a and SF6 have vapor pressures high enough so that any
online cylinders could be kept in an unheated area. A leak detector will be installed in the mixing rack.
This will be a level-3 leak detector which will be installed and coordinated through the relevant CERN
channels. Note, this leak detector is for the mixing rack and will shut down the gas supply from the
surface. It does not necessarily shut down power underground, and should not affect D2-D3. Because
of the relatively low flow rate, only a single cylinder of isobutane would need to be connected to the
system at any one time. Most likely, only one small SF6 cylinder is needed and will last the entire run.

Assuming a nominal year’s operation of 300 days, and recirculation efficiency of 60% (a
conservative estimate; much higher efficiency could be achieved), the following consumptions could
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currently shown, to avoid possible condensation.
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Table 4. Table of the various chamber configurations during the cosmic rays commissioning steps.

HV Trigger Test Name

Off OFF Electronic Noise

off ON Correlated Electronic Noise
4000V OFF Electronic Noise due to HV
1-ly On

@WP /2-ly

Ooff ON Independence Test

2-Ly On

@WP / 1-ly Fake Muon Check (correlated
Off ON noise due to chamber)

All-Ly On

@WwWP OFF Chamber Noise

All-Ly On

@WP ON Cable Check

2-lLyOn/1- Efficiency Scan, Overall checks &
Ly HVscan ON performance

be expected: R134a 300 kg/year, iC4H10 8 kg/year, and SF6 1.2 kg/year. The total annual emissions
correspond to 450 tCO2eq.

The details of the gas system infrastructure are being developed in conjunction with the CERN
gas group, who will work alongside the CODEX-f group to manage installation.

3.6 Chamber certification

The RPC chamber commissioning is structured in several steps that lead to the validation of the fully
assembled detector. The first step consists of the validation of the singlet as an individual detector.
Basic structural controls are performed on the singlet:

1. Gas tightness: the gas gap is checked for eventual gas leakage.

2. High Voltage: the HV distribution is checked and the voltamperometric curve of the detector is
performed in order to verify the functionality of the detector and its stability in terms of current
driven by the gas gap.

3. Low Voltage: the LV distribution is checked and proper current absorption is verified in order
to ensure the functionality of the front-end electronics.

4. Cosmic-ray test: the singlet performance and overall behaviour is tested by means of cosmic
rays and by using an external tracking system as reference.

The validation of the singlets allows the construction of the complete chamber, composed of
three independent singlets (forming a triplet), along with the entire on-chamber services. The fully
assembled triplet is also subject to the above validation tests in order to be certified. The last step of
commissioning is performed using cosmic rays, and all the detector aspects in terms of performance
are checked. The cosmic-ray commissioning steps are reported in table 4.

The channels noise map allows to verify the electronic noise of the chamber and permits the
masking of the noisy channels which would generate fake events. The diagonal maps correspond
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to the correlation plots between the same readout view of different singlets. These plots verify that
the signal cabling is performing correctly. The independent tests aim to verify the absence of any
fake trigger produced by the chamber itself. The completion of the controls previously described
allows the study of the performance of the detector in terms of efficiency (per layers and overall),
time-over-threshold distributions, cluster size, and time-of-flight.

4 Conclusion

The design for a new demonstrator apparatus, the CODEX-f experiment, has been presented. The
components of the detector are under construction as an R&D project of the LHCb experiment. It
is intended that the demonstrator experiment will be integrated with the LHCb DAQ and collect
data during 2025.

The demonstrator project is an essential step in the journey towards a proposed future installation
of the larger CODEX-b experiment during HL-LHC operation. The demonstrator will verify estimates
of background levels in the underground area near LHCb. It will demonstrate the potential to integrate
the future experiment with the LHCb DAQ and provide the CODEX-b collaboration with operational
expertise of an RPC-based tracking detector. Construction of the demonstrator is a valuable opportunity
to prototype elements of the support structure that will be needed for the future CODEX-b experiment.
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