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Abstract

Using a Timepix3 Radiation Monitor, we measured the
muon rate at the proposed CODEX-b experiment location
within the Large Hadron Collider during luminosity pro-
duction at the LHCb collision point. Filters were applied
to the data to differentiate the background radiation from
the muon signal by analyzing the particle track morphol-
ogy—specifically cluster type, length, and angle within the
detector. The resulting filtered muon rate was determined
to be (4.27 + 0.60) - 103 counts/cm?/nb~'. These results
were further compared to simulations performed with the
FLUKA Monte Carlo code, revealing a good agreement
within a factor of 2.

INTRODUCTION

Data-driven decision-making based on real collision data
from accelerators as is the Large Hadron Collider (LHC) [1],
is paramount to assess the feasibility of proposals for fu-
ture experiments. For this purpose, a test campaign was
performed to measure the background particle flux in the
foreseen location of the CODEX-b experiment [2—4], which
is envisioned as a Standard Model (SM) background-free
detector searching for Long Lived Particles (LLPs). Located
at [P8 of the LHC, the CODEX-b experiment is planned to
be hosted in the D1 shielded area, which is separated from
the LHCD [5] experimental cavern by an existing 3.2 m thick
concrete wall. Our measurements have been performed dur-
ing October and November of 2022, the first year of Run 3
(2022-2026) operation with proton-proton (pp) collisions.

The particle (mostly muons) flux during luminosity pro-
duction at the LHCb Interaction Point (IP8) was measured
with the recently developed Timepix3 Radiation Monitor [6],
within the Radiation to Electronics (R2E) [7, 8] activity at
CERN. It measured an increased count rate during lumi-
nosity production, owing to its ability to detect Minimum
Ionising Particles (MIPs) on a particle-by-particle basis with
virtually 100% detection efficiency [9]. The measured signal,
both as a flux rate and as energy deposition, was compared
with dedicated simulations [10] performed with the FLUKA
Monte Carlo code [11-13]. A previous campaign for muon
measurements [14] was done with repurposed scintillators,
light-guides and photomultiplier tubes, revealing a system-
atic disagreement (under-measurement) with simulations,
which is not the case for this study. In parallel, a BatMon
unit [15] has been deployed for almost 82 days, measuring
no signal above its threshold, indicating that the proposed
area is safe from a point of view of radiation effects on
electronics [16].
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Prior to these measurements, a full FLUKA geometry has
been implemented, as described in detail in Ref. [10]. The
radiation shower is dominated by inelastic proton—proton col-
lisions at IP8. The simulation predictions have been bench-
marked with the Beam Loss Monitor (BLM) system [17]
in the tunnel and with the RadMon system [18] in the
shielded alcoves, similar to other interaction regions [19,20].
Although not directly benchmarked in the D1 area, the
FLUKA model represents the best available tool to predict
the collision-driven muon flux in the location of the CODEX-
b experiment.

In the D1 cavern, where the Timepix3 Radiation Mon-
itor was installed, only muons and possibly neutrons are
assumed to arrive, as the other particles would stop within
the concrete shieldings. To understand the muon flux that ar-
rives at the detectors, there are several features of the LHCb
cavern that are critical, covered in Ref. [3, 14], which indi-
cate that the infrastructure of the LHCb cavern generally
stops muons with momentum below p;j,.s = 1500 MeV/c.
The slowed-down muon momenta at the detector position
peaks around a momentum of p =~ 200 MeV/c [14], which
are close to the MIP regime with roughly constant stopping
power dE/dx|s; ~ 4.15 MeV/cm in Silicon. Considering
the track length inside the sensitive volume, the energy de-
position of muons coming from IP8 in the Timepix3 sensor
is expected to be approximately:

L

dE dE

Edepzj —dx~L — =107keV. (1)
o dx dx =200 MeV

TIMEPIX3 RADIATION MONITOR DATA

The detector has been oriented with an incidence (polar)
angle of 8 = 15° wrt. the normal from the IP (i.e. wrt. the
incoming muons). This choice has been made because a
particle that arrives at an angle of @ﬁgﬁopuel:l? or larger
must interact with at least two pixels of the detector, thereby
allowing to filter the signal by the number of pixels in the
particle track, while minimally compromising on the accep-
tance angle with a 1/cos 6 factor.

The reconstructed cluster event rate during collisions
increases with the instantaneous luminosity, however the
Signal-to-Noise Ratio (SNR) is less than 2, due to the small
active area of the detector (A;px = 2.12 cm?). As such, the
natural background will have to be taken into account dur-
ing the analysis. It consists of averaging the total counts
Ny g over the background time period, revealing an average
background count rate of:
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N
REFICE = “PX8 = (754 +0.26) pixel hits/60s,  (2)
Tbkg

where the total acquisition time of about 104.01 hours
has been divided into background (no pp collisions) for
Tpke = 58.66 hours, and signal time periods, during pp
collisions (luminosity production) summing up to Ty;gnai =
43.45 hours. This background is assumed to come primar-
ily from cosmic rays, with a lower count rate compared
to the surface (where the same detector measured about
RZ'ngf 4ce ~ 20 pixel hits/60 seconds), since the LHC is
about 100 m underground. Moreover, natural decay chains
could also play a role underground (e.g. Radon). Finally,
there is no background assumed to come from beam-induced
activation of materials or other equipment at the installed
location.

To extract the signal from the total Timepix3 particle
counts and to correlate it with the total luminosity delivered,
the background count rate from Eq. 2 multiplied by the
duration of luminosity production is subtracted for each time
period, thus obtaining only the signal induced by proton-
proton collisions at IP8, as:

Nsignal = Niotal — Rbkg * Tsignal - 3)

A good linear correlation (R? = 0.97) is obtained be-
tween the Timepix3 reconstructed count rate and the total
luminosity, at (38 + 1) counts/pb~".

SIGNAL AND BACKGROUND SELECTION

The signal discrimination from background is done using
the directionality of the incoming muons, by analysing their
tracks inside the detector pixel array, forming multi-pixel
clusters. The x (y) axis of the detector was placed parallel
(perpendicular) to the normal from the IP, in order to discrim-
inate the muons coming from the collision point and those
that constitute the background. In the following discussion,
the clusters are treated separately according to the number
of pixels N in the cluster. At first, the difference between the
signal and background time periods is tackled, by looking at
the raw (non-normalized) counts measured by the Timepix3
Radiation Monitor along the horizontal direction (parallel to
the normal from the IP, on the line of sight, corresponding
to the signal).

Clusters of just one pixel cannot be attributed to any di-
rection. However, from the detector geometry wrt. the inter-
action point, if a muon originates from a collision it should
have an angle of at least ®;,cigence = 15° as mentioned
above, implying that its track inside the Timepix3 sensor is
strictly greater than 1 pixel. This is confirmed by the 1-pixel
cluster rate and energy distribution, where no difference can
be observed between the signal and the background data sets.
Cluster tracks that cannot be assigned to any direction (e.g.
circular blobs) are discarded from the analysis.

For clusters with N = 2 and more pixels, a directional-
ity can be assigned. For the purpose of this analysis, the
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Figure 1: (Top panel) Time-over-Threshold (ToT) distribu-
tion of the 2-pixel clusters aligned along the x-direction, for
signal and background data sets. The background is fitted
using a Moyal distribution and subtracted from the signal.
(Bottom panel) Signal after the background subtraction, fit-
ted using a Moyal distribution, revealing a clear peak at the
expected signal location and along the expected direction.

directionality is restricted to either horizontal (correspond-
ing to the signal) or vertical. The background data set does
not reveal any difference between the two aforementioned
directions, confirming the angular isotropy of the cosmic
background radiation arriving at the detector location. Dif-
ferently, the signal data sets (during pp collisions) reveal a
cluster rate excess in the horizontal-direction, as expected
from the detector orientation. The background is fitted using
a Moyal [21] distribution and then subtracted from the signal
histogram. Then, the signal thus obtained is fitted as well
using a Moyal distribution revealing a peak at the expected
energy, as shown in Fig. 1. This procedure is applied for
all clusters from N = 2 up to 5 pixels. The summed results
reveal an excess count rate that is fitted with a Moyal distribu-
tion, revealing a peak at an energy deposition of 118+16 keV,
matching the expected signal from Eq. 1. Subsequently, the
total average event rate, with its energy distribution shown
in Fig. 2, is:

t
D = (5.64 +0.34) - 1073 —COI;H >, @)

where the error is the statistical one evaluated at Ag;,; = 6%
from the Poisson counting process of the events.

In order to compare to previous measurements [14] and
FLUKA simulations [10], the total measured count rate
of Fig. 2 has to be renormalized for three factors: (i) the
Timepix3 detector area of A;p, = 2.12 cm?, (ii) the ac-
ceptance angle via cos (6 = 15.17°) factor, (iii) the average
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Figure 2: The full reconstructed signal using 2- to 5-pixel
clusters, fitted with a Moyal distribution (black dashed
curve), revealing a peak at the expected energy deposition
value of 107 keV (yellow dashed vertical line).

meas

_ i _
inst.LHCH = 2:32pb7 /h =

0.645 nb~!/s during the Timepix3 campaign, compared to
the nominal L;’n”s’t”i"“l = 0.45 nb~!/s used for both the previ-
ous measurements [14] and the simulations [10]. Thus, the
calibrated Timepix3 Radiation Monitor measured a muon

flux of:

instantaneous luminosity of

1 1 L(lominal

(I)exp,culib =@y - i inst 5
tpx3 0 Atpx cos 6 L:’:ll(;';,t& &)
t
= (1.94£0.28) - 107 20
cm~- S
t
= (4.27£0.60) - 10—
cm?nb”

where the value given also per unit luminosity £ (pb™!)
is also given. In addition to Agy; = 6%, the error also
contains a luminosity measurement uncertainty assumed at
AL = 2% [1] and an angular error of A6 = 1°.

Figure 3 shows the hit rate from the simulation across a
vertical plane parallel to the beam line, normalized to the
Run 2 (2015-2018) LHCb luminosity production and per
unit area. Geometrically, from the installation location, the
Timepix3 Radiation Monitor result corresponds to a data
point at z = 700 cm, agreeing with the FLUKA simulations
of LHCb reported in Ref. [10] at:

sim, FLUKA _ 103 counts

(Dtpx3 = (3.80+£0.76) - 10 —(cm2 5’ ©6)

where we considered a systematic simulation uncertainty

of o-ssiyrit = 20% (benchmark studies usually have an agree-

ment of a few tens percent [10, 19,20]). Finally, the ratio of
FLUKA to measured Timepix3 data reveals itself at:

_ asim FLUKA exp,calib _
Re = @) EUKA jexnicalil = 1 96+ 48%.  (7)
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Figure 3: Comparison of muon fluence from FLUKA sim-
ulations and measurements. This study adds the Timepix3
measurement (purple square), compared to the previous mea-
sured results using scintillating fibers reported in Ref. [10]
(here, scaled up by a factor of 100). The assumed luminosity
rate production was the nominal (levelled) 0.45 nb~!/s.

The agreement within a factor of 2 confirms that the
collision-induced muon background in the D1 cavern is well
understood and within expected levels.

SUMMARY AND PROSPECTS

In summary, a successful background measurement cam-
paign was held to measure the muon flux rate in the proposed
CODEX-b location, during LHCb pp luminosity produc-
tion. The lower energy threshold of the Timepix3 Radiation
Monitor allowed to measure a slight increase in the instan-
taneous count rate during luminosity production, with a
SNR of about 2. The expected muons originating from the
proton-proton pp collision point are only aligned along one
direction, allowing to geometrically discriminate the signal
from the background; hence, the analysis then looks at clus-
ters with 2 up to 5 pixels. Finally, the total count results
are compared to dedicated FLUKA simulations reported in
Ref. [10]. The Timepix3 measured count rate was found
to be (4.27 + 0.60) - 103 counts/(cm” nb~!), matching the
normalized simulated predictions with a ratio of simulated
to measured data of Rgp = 1.96 + 48%.
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