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RMS-R3 - THE SYSTEM FOR MONITORING THE REGION OF INTERACTIONS
AND BACKGROUND AT THE LHCb EXPERIMENT (CERN)?

The upgraded Large Hadron Collider beauty (LHCb) detector will provide data taken in Run3 at the instantaneous
luminosity of proton-proton collisions increased to 2-10% cm™2s™* at energies of up to 14 TeV. To ensure the safe operation
of the experiment a new beam and background Radiation Monitoring System (RMS-R3) was built. RMS-R3 is based on
metal-foil detector technology developed at the Institute for Nuclear Research, National Academy of Sciences of Ukraine
(Kyiv, Ukraine). The system comprises four detector modules with two sensors in each. Their frequency response is
proportional to the flux of incident charged particles. The modules are located around the beam pipe at a distance of 2.2 m
from the interaction point. The results measured during the Run3 in 2022 testify to the reliable operation of the system.
Applying the asymmetry method, high-accuracy data were obtained on the localization of the interactions region and the

beam and background contribution.

Keywords: LHCb experiment, beam and background radiation monitoring system, metal foil detectors, asymmetry

method.
1. Introduction

The Large Hadron Collider beauty (LHCb) detec-
tor (Fig. 1) is a general-purpose forward spectrometer
at the Large Hadron Collider (LHC). The main goal
of the experiment is to study the physics of heavy
quarks flavors. During Runl and Run2 data taking,
the unique ability to accumulate physical data simul-
taneously in the collider mode and the fixed (gas) tar-
get mode (SMOG) has been demonstrated. During the
2019 - 2021 LHC long shutdown the experiment has
been upgraded [1] enabling studies of nuclear-nuclear
collisions at a wide range of energies from ~ 0.1 TeV
in the fixed target mode [2] up to 14 TeV in the col-
lider mode at five times increased instantaneous lu-
minosity of ~2-:10% cm™s™%. In fact, the upgraded
LHCb is a totally new detector aiming in Run3 to get
data with the integrated luminosity of ~ 50 fb. Ex-
pected integral luminosity for heavy ions measure-
ments lasting one month are estimated in work [2]
with the following indicators: Pb-Pb — ~ 0.5 nb™?;
p-Pb — ~ 150 nb™* [3].

In particular, a new gas injection system (SMOG2,
[4]) has been installed. The design of the SMOG2
system allows for an increase in the surface density of
the gas by several orders of magnitude and
significantly expands the number of injected gases

(Helium, Neon, Argon, Krypton, Xenon, Hz, D2, N2,
0O). The energy of collisions varies from 0.07 to
0.115 TeV (nucleon-nucleon c.m.s.).

The new RMS-R3 follows the principle of its
predecessor, the RMS-R2 [5 - 10]. Their operation is
based on the technology of metal foil detectors (MFD,

[11]).
2. Technical features of the RMS-R3

RMS-R3 is produced following the concept of
MFD developed at the Institute for Nuclear Research
of the National Academy of Sciences of Ukraine [11].
The operation principle of MFD is based on the
phenomenon of Secondary Electron Emission (SEE,
[12]) originated by the incident charged particles. The
system has improved features (modular structure,
additional protection against induced noise, etc.) and
uses an autonomous reading system that includes
commercially available electronics.

The RMS-R3 system comprises four detector
modules located around the LHCb experiment’s
beam pipe (Fig. 2).

Each module of the RMS-R3 contains two
sensors. The sensors are made out of 9 x 9 cm? copper
foil, surrounded from both sides by foils collecting
SEE electrons, to which a positive voltage of 24 V is
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applied. In addition, this assembly is surrounded by
two protective foils. The charge originated in a sensor
under a flux of incident charged particles due to the
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Fig. 1. Schematic view of the LHCb detector upgraded for Run3 [1].
(See color Figure on the journal website.)

Fig. 2. Schematic representation of the location of the
RMS-R3 modules relative to the beam pipe at the LHCb
experiment. (See color Figure on the journal website.)

The RMS-R3 system features extremely high ra-
diation tolerance (stable SEE emission at the fluence
up to 10% MIPs/cm?), low operating voltage (tens of
volts), digital output signal, linear response by charge
integrators in a maximum available configuration of
up to 4 MHz, charged particles flux detection capa-
bility within a range of 10° - 10° MIP/sensor/s, a re-
latively simple construction of a very low mass mo-
dules, low manufacturing cost.
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3. The RMS-R3 performance in Run 3
(year 2022) at the LHCb experiment

3.1. Linearity and stability of the RMS-R3 operation

The main experimental and physical challenge is
to obtain representative, high-accuracy data. The data
needs to be measured under as stable, homogeneous
conditions as possible during the whole campaign of
Run3. It is the main task of the RMS-R3 system to
provide online information on the acceptable beam
and background conditions, related to the LHC beam-
beam or beam-gas interactions in the interactions
region of the LHCb experiment. The RMS-R3 data
have to assure that those conditions are well
reproducible by the LHC beams from fill to fill. The
reliability of RMS-R3 data is determined by its high
linearity and temporal stability of the response,
independent of the accumulated fluence of radiation
load.

Fig. 3 shows the evolution of the RMS-R3 rates
(top figure) and PLUME [13] luminosity measuring
system data (bottom figure) measured during the fill
8102 (proton-proton collisions at a beam energy of
6.8 TeV). One may conclude on a perfect corres-
pondence of both measurements.

PLUME is brand new detector [13] for measuring
the luminosity and beam conditions at the interaction
point at LHCb experiment. PLUME is based on the
registration of Cherenkov radiation produced in
quartz material by particles from the interaction
region.
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Fig. 3. The RMS-R3 response (a) compared with an absolute luminosity measured by the PLUME system (b) during
the fill 8102 (14.2 h, proton-proton collisions at a beam energy of 6.8 TeV). (See color Figure on the journal website.)

The background contribution may be originated
by the beam and beam halo scattering at the edges of
collimators, VELO RF foil and entrance parts of the
SMOG?2 system. It is important to distinguish “poor”
background conditions from the optimal ones during
online operation as well as at the stage of data analysis
(offline process). In the next subsection of this article,
an effective technique of evaluation and imaging of
asymmetries (conditions of experiment) is described
in details.

Such stable conditions of data taking provide
efficient usage of the high-cost LHC operation. The
corresponding integrated luminosity is obtained by
integrating the instantaneous luminosity as a function
of time over a given time interval. The higher
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accuracy of the measured luminosity results in a more
accurate measurement of the cross-section of the
process, or the value that can be derived from it.

An important part of the calibration of detectors at
the LHCb experiment is the u-scan method. By defi-
nition, the u is the average number of visible p-p in-
teractions per bunch-crossing [14]. The instantaneous
luminosity is directly proportional to p. The essence
of the method is the calculation of calibration con-
stant. The constant is obtained from an approximation
of the detector response to the luminosity. Because p
is directly proportional to the luminosity of the expe-
riment, we have the dependence of the detector rates
on w. The dependence is linear and allows to evaluate
the reliability of the detector.
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Fig. 4. Dependence of detector module rates on p (for 5o error). Modules: top (upper left figure);
bottom (upper right figure), left (down left figure) and right (down right figure). (See color Figure on the journal website.)

Fig. 4 shows the response rate of each of the
RMS-R3 detector modules (the average value of the
sum of the response of the two sensors inside of each

150

module) as a function of the pu. The LHCb nominal
instantaneous luminosity of 2-:10% cm s is reached

at u= 4. Taking into account the fact that at p = 0, the
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response of RMS-R3 should also be equal to 0, we
are able to estimate the linearity of the response of
RMS-R3 with minimal impact of the background on
the RMS-R3 response. The RMS-R3 data demon-
strate its perfect linear response (for an error of 5¢) to
increasing luminosity. Moreover, its dynamic range
allows for reliable data taking at the luminosity
increase by an order of magnitude, which is important
from the point of view of the emergency case of a
sudden increase of the luminosity and post-mortem
evaluation of the caused radiation load onto the LHCb
detector.

3.2. RMS-R3 monitoring interactions region
by asymmetry method

The geometrical layout of the RMS-R3 detector
modules was designed in a way to apply the well-
known method of data analysis calculating the “left -
right” and “top - bottom” asymmetries of the detector
rates. The asymmetry is calculated according to

Eq. (1):

1)

where R; and R;j are the rates of sensors i and j,
respectively, corresponding either to “top - bottom”
or “left - right” pairs of detector modules (see Fig. 2).

The detector rates are dependent on the luminosity
and background, polar and azimuthal angles, and
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Fig. 5. Zoomed view of two-dimensional distribution of
asymmetries: “top - bottom” (Owertical) Vs “left - right”
(anorizontat) Observed during a stable fill with p-p collisions
at 6.8 TeV. (See color Figure on the journal website.)

The locus with a c.0.g. value for asymmetries at
Olvertical — -27.75 £ 0.05 and Olhorizontal — —495 + 0.05
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solid angle of the detectors. The remarkable feature
of the asymmetry value Aj is that it is not dependent
either on the luminosity or the solid angle of the de-
tectors as far as they are present in the numerator and
denominator in Eg. (1). It is evident that any change
in the position of the interaction region or background
contribution will change the value of A;;. Two-dimen-
sional distributions of A;; (“left - right” vs “top - bot-
tom”) provide more distinctive and representative
information. Below we present some examples illus-
trating the power of the method. Fig. 5 shows zoomed
view of asymmetries distribution observed during a
stable fill with p-p collisions at 6.8 TeV.

Here, the horizontal and vertical axes are in units
of “left - right” (ohorizontar) @aNd “top - bottom” (owerticar)
asymmetries, correspondingly. Let us notice that
accordingly to the Eq. (1) physical event might popu-
late a 2D plane of asymmetries ranging from -1 to 1
in horizontal and vertical directions. As one can see,
there is the well-pronounced concentration of events
(locus) with a center of gravity (c.0.g.) value for
asymmetries at oyerticat = —25.90-10~ and dhorizontal =
=-9.85-10°%. These values are very small (on a plane
asymmetry with values from —1 to 1) and are measu-
rable due to the extremely stable operation of the
RMS-R3 system.

An example demonstrating the sensitivity of
asymmetries distribution to a change in the experi-
mental conditions is presented in Fig. 6, where two
well-separated events localizations are observed.
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Fig. 6. Zoomed view of two-dimensional distribution of
asymmetries: “top - bottom” (Overtica) vs “left - right”
(anorizontal) Observed during a stable fill with p-p collisions
at 6.8 TeV. Two loci correspond to the cases with VELO
OPEN: ayerticas = (—27.75+ 005)1073 and Ohorizontal =
=(-4.95+0.05)-10% VELO CLOSED: Oyertica =
= (-24.95 £ 0.05)-102 and horizontal = (—9.85 +
+0.05)-1073. (See color Figure on the journal website.)

corresponds to the case of data taking during a period
of time when vertex detector parts were retracted
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from the proton beam line (VELO OPEN). Another
locus with a c.0.g. value for asymmetries at owertical =
=-2495 + 0.05 and Ohorizontas = —9.85 + 0.05
corresponds to the case when vertex detector parts
were positioned at their nominal distance from a
beamline (VELO CLOSED).

Fig. 7 illustrates the procedure of determination of
the c.0.g. values of loci observed on a two-dimen-
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sional distribution of the detector’s rate asymmetries.
As an example, the data from Fig. 6 are used which
were obtained during a stable fill with p-p collisions
at 6.8 TeV, while vertex detector parts were sequen-
tially kept at two positions: VELO OPEN and VELO
CLOSED (corresponding loci are described in the
caption to Fig. 6).
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Fig. 7. Projections of two-dimensional distribution of asymmetries observed during a stable fill with p-p collisions at
6.8 TeV (see Fig. 6) onto horizontal (left panel) and vertical (right panel) axes. (See color Figure on the journal

website.)

A shift of the asymmetry locus at VELO CLOSE
condition could indicate contribution of the beam
halo scattering at the RF shielding of the VELO
system. This is a topic for further research.

Two peaks in Fig. 7 correspond to the projection
of the data from two loci present in Fig. 6. The solid

lines represent their gaussian fit, which is used to
extract values for the c.0.g. of loci as well as related
errors. Some additional results of the asymmetry
measurements for p-p collisions and collisions of the
proton beam with nuclei of the gas target (fixed target
regime) are shown in the Table.

The c.0.g. coordinates of the asymmetries locus for p-p collisions and proton beam interactions
with a fixed (gas) target nuclei. For beam-gas collisions the vertex detector is always closed (VELO CLOSED)

Collisions

€.0.g. coordinates of the asymmetry loci:
Olhorizontal; Owvertical (DOth, times 10-%)

p-p (VELO CLOSED)

(-9.85 + 0.05); (—24.95 + 0.05)

p-p (VELO OPEN)

(=4.95 + 0.05); (~27.75 % 0.05)

p-Ar (gas target)

(=3.45 £ 0.05); (—26.65 + 0.05)

p-He (gas target)

(-9.75 + 0.05); (—24.55 + 0.05)

p-H: (gas target)

(-9.55 + 0.05); (—25.45 + 0.05)

The data in Table show that mean values of
asymmetries measured by the RMS-R3 are very
close to zero, as should be expected from the point
of view of its symmetrical geometrical layout and
precision mounting of the detectors with respect to
the beam line. On the other hand, data shown in
Figs. 5 and 6 (as well as similar ones for many other
LHC beams fills) demonstrate unambiguous

confidence in the possibility of distinctive
observation of locus movements under variation of
either position of the interaction region or
conditions of the experiment. This is possible due to
the high stability of RMS-R3 performance, allowing
measurement detector rates difference with an
accuracy of a few hertz at the frequency range of
100 kHz.
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4. Summary and outlook

RMS-R3 was successfully built and commis-
sioned at the LHCb experiment for the Run3 data-
taking campaign. The performance results obtained in
the year 2022 prove that the system is stable and has
a perfectly linear response to instantaneous lumino-
sity with a safety factor of 10. It is a reliable integral
part of the LHCb detector, which provides online
monitoring of the beam and background conditions.
Its data allow monitoring of the evolution of the
luminosity as well as the region of its localization.

Using the asymmetry method, it was demonstrated
that RMS-R3 is a sensitive tool to distinguish interac-
tion regions for p-p collisions and proton beam inter-
actions with nuclei of various gases in a fixed target
regime.

We express our gratitude to the LHCb Technical
Coordination team for the help in installation and
metrology procedures. This work has been partially
supported by the National Research Foundation of
Ukraine with grant No. 2020.02/0257.
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RMS-R3 - CUCTEMA MOHITOPHUHI'Y OBJIACTI CBITHOCTI TA ®OHY
B EKCIIEPUMEHTI LHCb (CERN)

Onosrnenwuii nerekrop Benmukwuii anponnwii konatinep (LHCb) 3a6e3mneunts HaKOTIMUEHHS TaHUX y cepii BUMIPIOBaHb
Run3 npu MHUTTEBiH CBITUMOCTI NMPOTOH-NPOTOHHUX 3iTkHeHb a0 2-:10% cM?c™ mpu ewmeprisx mo 14 TeB. Jlns
3a0e3nevyeHHs e()EeKTHBHOTO PEeXUMY POOOTH EKCIIEpUMEHTY Oyio po3poOJIeHO Ta BBEIEHO B EKCIUTyaTallil0 HOBY
CHCTEMY paialliiHOro MOHITOpHHTY Iy4ka ta poHy (RMS-R3). RMS-R3 6a3yeTbcst Ha TEXHOJIOTIT METAIEBO-(OIBIOBUX
JIETEKTOPIB, 10 € po3podkoro [HetuTyTy snepanx nocaimkens HAH Ykpainu (Kuis, Ykpaina). Cucrema ckiagaeTbes 3
YOTHPHOX MOJIYJIB I10 JIBA CEHCOPHU B KO)KHOMY, 3 YACTOTHUM BIJI'YKOM, IPOIIOPLITHUM MOTOKY HAJIITAIOYHX 3aPsIKSHUX
yactiHOK. Moaym RMS-R3 posramoBano HaBkos10 i0HOIPOBOAY Ha BiacTaHi 2,2 M BiJX TOUKH B3aeMmogii. PesynbraTn,
mo OynM OTpUMaHi NpU BHUMIpIOBaHHAX mporsrom Run3 y 2022 p., cBiguaTh npo HaAiliHy pOOOTY CHCTEMH.
3acTOCOBYIOYHM METOJ aCUMETpii, OTPUMaHO BUCOKOTOYHI JIaHi MO0 JIOKasIi3amii 001acTi CBITHOCTI Ta BIUIMBY ITy4Ka i
¢dony.

Kniouosi crosa: exctiepument LHCb, cucrema paniamiiiHOro MOHITOPHHTY yMOB ITydKa Ta ()oHY, MeTajieBi (oJIbroBi
JIETEKTOPHU, METOJ ACUMETPIH.
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