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ABSTRACT

Giovanni Polese
The Detector Control Systems for the CMS Resistive Plate Chaber at LHC

Acta Universitatis Lappeenrantaensis 365
Diss. Lappeenranta University of Technology 2009
ISBN 978-952-214-855-1 ISBN 978-952-214-856-8 (PDF) 1S13186-4491

97 pages.

The RPC Detector Control System (RCS) is the main subjechiefRhD work. The
project, involving the Lappeenranta University of Tectowy, the Warsaw University
and INFN of Naples, is aimed to integrate the different sstmys for the RPC detector
and its trigger chain in order to develop a common frameworéointrol and monitoring
the different parts. In this project, | have been stronglolaed during the last three
years on the hardware and software development, constnuatid commissioning as
main responsible and coordinator.

The CMS Resistive Plate Chambers (RPC) system consist2ad@dble-gap chambers
at its start-up in middle of 2008. A continuous control anchitaring of the detector, the
trigger and all the ancillary sub-systems (high voltages,\oltages, environmental, gas,
and cooling), is required to achieve the operational stgkihd reliability of a so large
and complex detector and trigger system. Role of the RPCcligt€ontrol System is
to monitor the detector conditions and performance, cbaimd monitor all subsystems
related to RPC and their electronics and store all the inftion in a dedicated database,
called Condition DB. Therefore the RPC DCS system has toragte safe and cor-
rect operation of the sub-detectors during all CMS life tifm®re than 10 year), detect
abnormal and harmful situations and take protective andnaattic actions to minimize
consequential damages.

The analysis of the requirements and project challengesyrtthitecture design and its de-
velopment as well as the calibration and commissioninggheespresent the main tasks of
the work developed for this PhD thesis. Different techn@egmiddleware and solutions
has been studied and adopted in the design and developmdsetdifferent components
and a big challenging consisted in the integration of théfferent parts each other and
in the general CMS control system and data acquisition freonie

Therefore, the RCS installation and commissioning phasestisas its performance and
the first results, obtained during the last three years CM#haoruns, will be described
in this thesis.

Keywords: CMS, DAQ, Detector Control System, Resistivad@hambers.

UDC 681.5.08 : 539.1.074
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Author’s Contribution

The author has contributed actively to the work describedllinthese publications by
doing software development and hardware commissioningestohg. Part of the main
result of his work during the PhD are described in Publicatiand IV, of which he is
the correspondent author. They dealt with the RPC DCS, girsfarted from scratch by
the author whose he is the main designer, developer, andnsiie person for the CMS
RPC community. The results of these publications have biserpeesented by the author
at IEEE 2008 and at CHEPO9 international conferences. €atldns Il, Ill, and V are
written together with the RPC Collaboration as result of oussioning phase, where the
first results of the Detector control and power supply systigueloped during the thesis
by the author, are described.

Summary of Publications

Publication | represents the first publication in the RPC Community whieeeRPC De-
tector Control System is described. The mission and rexopgénts of such system as well
the challenges in the design and development are descuingldrlying the particular
solutions adopted in the different scenarios.

Publication Il describes the first results obtained by the RPC detectongluhie first
integrated test of a part of the CMS experiment performedEERK in autumn 2006.
Here all the RPC subsystems involved in the RPC operationeseribed, e.g. DAQ,
DCS and DQM as well as their performances.

Publication Il briefly summarizes the installation and commissioningqakrillustrating
the challenges and the problematic encountered duringlittsolutions adopted in the
system optimization. A large section of the power supplyeaysand its performance is
here presented where the author has been deeply involvid itesign, installation and
testing.

Publication 1V illustrates the state of art of the RPC DCS. It summarizeéitsteyears of
RPC DCS activities, describing its evolution and pecuiiesi The technical solutions and
the design choices implemented by the author for the diftespecific tasks are described
and the key points are pointed out. For each subsystem mddlvthe RPC DCS is



also presented the characteristics and the performanciegydbese two years and the
integration process inside the central CMS DCS.

Publication V describes the RPC gas system monitoring. It illustrategiilssion and the
challenges for operating the RPC detector in the CMS enmimnt. An overview of both
the CMS-RPC gas system and gas monitoring system is giveitamdegration in the
RPC DCS.
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Chapter 1

THE CMS EXPERIMENT

1.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [1] is the larger and most poiul collider ever built
and will provide extraordinary opportunities in high enegarticle physics thanks to its
unprecedented collision energy and luminosity. In factiit accelerate two counter-
rotating beams of protons, delivered by the Super Protorci8wtron (SPS), that will
collide at 14 TeV center mass energy every 25 ns at the dagiginosity of 1¢*cm's2.

It will operate manly in proton-proton mode but will also kdé lead nuclei to study
heavy ion collisions. Collisions will take place at fourérction points where detectors
(ATLAS [2], ALICE [3], CMS [4], and LHCb [5]) are located, ashewn in Fig. 1.1.
ATLAS and CMS are general purpose experiments designeddiarphysics searches
and precision measurements, LHCb is a B physics and CP igioldedicated detector
while ALICE is a heavy ion experiment which will study the la@four of nuclear matter
at very high energy densities.

In the first beam production stage, the protons are accetbiata linear accelerator
(LINAC) before being passed to the Proton Synchrotron (BSJurther boosting. The
beams enter then the Super Proton Synchrotron (SPS) whepedtons gain an energy
of 450 GeV. Finally, the particles are injected into the LH@nel, which has a circum-
ference of 26.7 km, where the nominal energy of each protamhkis 7 TeV and at a peak
luminosity of 1G*cm~!s~2, aiming at an annual integrated luminosityofL00 fbo~!. The
machine parameters relevant for the operation of CMS awallis Table 1.1. The beams

13
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PP HI
Energy per nucleon E 7 2.76 Tev
Dipole field at 7 TeV B 8.33 8.33 T
Design Luminosity L 16 10" cm?s!
Bunch separation 25 100 ns
No of bunches kp 2808 592
No. particles per bunch N 1.5x10' 7x10

Table 1.1. The machine parameters relevant for the LHC detectors.

follow circular trajectories inside the tunnel thanks te field generated by superconduct-
ing magnets. Each beam line consist of 1,232 supercondudipole bending magnets
generating a magnetic field of 8.36 Tesla. To acceleratertiters in opposite directions,
two separated vacuum beam lines are used. At the runningnasity of 1G*cm!s2,

a number of 27 interaction per bunch crossing will be produtieus the total number of
proton-proton interactions will be of about1per second, allowing studies of physics
processes with very small cross sections.

CERN Accelerator Complex

cMvMS
LHE .
"y Narth Area
&

SPS
1976 (7 m) |

P LINAC &
~ LINAC 3
lons

ton) = /@ntiproton conversion

LHG Large Hadron Collder  SPS

PS Proton Bynchrotron

Figure 1.1. Schematic view of the LHC and the SPS accelerator ring, wihereifferent interac-
tions points and the corresponding detectors are shown [1].
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1.2 The LHC Physics goals

The prime goals of LHC are to explore physics at the TeV scateta study the mech-
anism of electroweak symmetry breaking-through for whiwh Higgs boson, predicted
by the Standard Model (SM), is presumed to be responsible.qliest for the Higgs bo-
son, the desire to investigate the limits of the Standarddé¥ladd its possible extensions
and the study of the Quark Gluon Plasma (QGP) are the mairuatsquestions of the
modern physics and LHC, thanks to the energy scale reachaitilee able to provide a
fundamental contributes in the understanding of thesegss®s.

¢ LHC  Js=14TeV L=10%cm?s rate  eviyear
barn g £ 0"
L A ] 1GHz 10 8
a inelastic L1 input A
10
i . i 10 ™
mb £ bh
IMHz 410 ®
Li-output = HLT input 10 2
E L Jets k|
ub = = J o M
£ ] 10
o V& ngz 10
Ny maot HUT-butput ] 10°
E piZlv | E
nb & .-t 108
- 4Hz 107
e g99—Hgy SUSY: qqtqgtgg E
e - tahfi=2, u=m_=m 2! 1 106
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pb £ mi E 10
H Bt ]
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%Z—‘ ; h 3
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Hou2Z i —4il 3
s UHzZ 10
E bz, —3 scalar LQY, Z —’"\E:'
50 100 200 500 1000 2000 5000 L

jet E; or particle mass (GeV)

Figure 1.2. Inclusivep — p cross section and corresponding interaction rates at th@ désign
luminosity for selected physics processes [17].

In the design phase of CMS and ATLAS, the detection of the Siypsliboson was used
as a benchmark to test the performance of the proposed dedigs a particularly ap-
propriate benchmark since there is a wide range of decay smbefgending on the mass
of the Higgs boson. All existing direct searches and prenisneasurements performed
at LEP and SLD are compatible with the existence of a SM-likggs boson of mass
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between 114.4 GeViand 251 GeV/tat the 95% C.L [6] [7], with the exclusion of the
region 160-170 GeV/owith 95% C.L. from Tevatron experiments [8]. Since in theiwic
ity of this limit the branching fractions of the Higgs bosore alominated by hadronic
decays, difficult to detect due to the large QCD backgroundgliae relatively poor mass
resolution, the search is preferentially conducted usingl ftates that contain isolated
leptons and photons, despite the smaller branching r&gigs {.2), and in the detection
of these particular final states CMS has been optimized. dnifieeach second are ex-
pected at low luminosity (18 cm?s™1!) the production of one+pair, five Z bosons, which
decay into lepton pairs, 50 W bosons, 100 QCD jets with a #ense momentum larger
than 200 GeV and half a milliontbpairs within the CMS detector. These large rates of
physics processes provide not only a good opportunity fgin precision tests of the Stan-
dard Model, but are also a huge background to many hypothetiphysics channels, as
discussed in [9].

However the high luminosity and the large center of massggnef the LHC proton-
proton collisions allow also the test of various theordtivadels, like Supersymmetry
(SUSY), that foresee the existence of an entire new clasadifoovered particles. Ac-
cording to this theory, particles are said to have supanpest(sparticles). Since they
have not been observed so far, SUSY must be a broken symmvatcpy means that spar-
ticles have masses different than their counterparts. T&YSmasses are expected in the
TeV range, which makes them visible to LHC. Theory preditieast five SUSY Higgs
bosons and it can provide an explanation for the dark mattéreouniverse. When col-
liding lead ions instead of protons, the energy density ishmhigher. Thus, it is expected
to rebuild a very early stage of the universe called quadogiplasma, which may reveal
different physical properties.

Another motivation is the Charge-Parity (CP) ViolationtsEireported in the 1960s, sev-
eral experiments have measured the CP violation even if,now, it is only possible to
observe a very small effect in the decay rates of Kaon pagicLHC will enter a new
energy range and serve as a huge B-factory, reaching crossmsir bb pair production
of the order of hundred microbarns. The LHCb experimenthéltedicated to this study.

1.3 The CMS detector

The Compact Muon Solenoid (CMS)[4] is a general-purposeatet, designed to ob-
serve all possible decay products of the LHC subatomicgdestinteractions (heavy ions
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or protons), by covering as large an area around the interapbint as possible. It is

able to detect as many particle types as possible: leptdigpps, jets, and b-quarks
and isolate at each bunch crossing the events of interesthigsic studies. It has been
designed to be “hermetic” and provide a very good muon systhitst keeping the de-

tector dimensions compact. The CMS structure follows thpécgl design used in the
general purpose experiment with collider: several cylcadiayers, coaxial to the beam
direction, referred as barrel layers, closed at both endselbgctors disks orthogonal to
the beam pipe to ensure the detector hermeticity, as shofigiri.3.

The entire detector has a full length of 21.6 m, a diameterdo® In and reach a total
weight of 12,500 t. Considering this particular geometrpsaudo-angular coordinates
reference frame is adopted, required by the invariant gegum of the pp physics. It
has the origin centered at the nominal collision point iadige experiment, the y-axis
pointing vertically upward, and the x-axis pointing ratliiaghward toward the center of
the LHC. Thus, the z-axis points along the beam directioratdhe Jura mountains from
LHC Point 5. The azimuthal angl@) is measured from the x-axis in the x-y plane. The
polar angle f) is measured from the z-axis. Pseudorapidity is defineg=adn tan/2).
Thus, the momentum and energy measured transverse to timediregtion, denoted by
pr and E, respectively, are computed from the x and y components.

The detector structure is formed by the several subsysteoaddd between the beam
pipe and the solenoid magnet frame (the central trackerelderomagnetic calorime-
ters (ECAL), the hadronic calorimeter (HCAL)), whereas ting¢on system is all around
embedded in the iron yoke. Common for all multipurpose detsds the working prin-
ciple illustrated in the Fig. 1.4. Photon and electron eisrgre measured by the elec-
tromagnetic calorimeter, whereas the hadronic energy ialynabtained by the hadron
calorimeter. Muons are identified by chambers in the outstrdetector layers. Their
momenta, as well as those of other charged particles, arsurezhin the tracker, placed
inside the magnetic field. Hence the construction is divimhtd several sub-detectors,
each of them responsible for detection of specific partict®se of the key point of the
CMS detector is the choice of the magnetic field configurat@rthe measurement of
the momentum of muons. Large bending power is needed to meepeecisely the mo-
mentum of charged particles, imposing the choice of supehecting technology for the
magnets. In order to achieve good momentum resolution ivdldiompact spectrometer
without making stringent demands on muon-chamber resmwthd alignment, a high
magnetic field was chosen. The return field is large enouglatirate 1.5 m of iron,
allowing 4 muon “stations” to be integrated to ensure robess and full geometric cov-
erage. Each muon station consists of several layers of alumidrift tubes (DT) in the
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CMS
A Compact Solenoidal Detector for LHC

FORWAPD MUON CHAM BERS
CALORMET ER A

Todal welght : 12, "
Overmll length

Magnetic flekd  : 4 Tesla CMS-PARA-DI-11/07/37 JLBPR

Figure 1.3. Schematic view of the CMS Detector. Close to the interacfoimt is an all sil-

icon Tracker, that is surrounded by the Electromagnetio@akter (ECAL) and the Hadronic

Calorimeter (HCAL). All these systems are contained insidesuperconducting solenoid. The

detectors of the muon system: Drift Tubes (DT), ResistivetePChambers (RPC) and Cathode
Strip Chambers (CSC) are embedded in the iron return yokeecdalenoid [4].
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Figure 1.4. Transversal view of the CMS Detector [4].
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barrel region and cathode strip chambers (CSCs) in the prrégéon, complemented by
resistive plate chambers (RPCs).

1.3.1 Requirements

The main distinguishing features of CMS are a high-fieldsoi@, a full silicon-based in-
ner tracking system, and a fully active scintillating cajstbased electromagnetic calorime-
ter. These features allow to fulfill the following requirente to meet the LHC physics
programme:

e Good muon identification and momentum resolution over a vadge of momenta
in the regionsj| < 2.5, good dimuon mass resolutioa { at 100 GeV/¢), and the
ability to determine unambiguously the charge of muons withl TeVi/c.

e Good charged particle momentum resolution and recongtruefficiency in the
inner tracker. Efficient triggering and offline tagging 0§ and b-jets, requiring
pixel detectors close to the interaction region.

e Good electromagnetic energy resolution, good diphotondgldctron mass reso-
lution (=~ 1% at 100 GeV/t), wide geometric coverages(|< 2.5), measurement
of the direction of photons and/or correct localization loé fprimary interaction
vertex, 7" rejection and efficient photon and lepton isolation at highihosities.

e GoodEZ, . and dijet mass resolution, requiring hadron calorimetets wlarge
hermetic geometric coverage|(k 5) and with fine lateral segmentatior\ ] x

|A¢|(<0.1x0.1).

In the next sections an overview of all CMS subdetectors fimgide to outside will be
given, underling the main features and peculiarity of tlehtwlogy design to fulfill the
LHC physic programme.

1.3.2 The Tracking system

The CMS Tracker detector [10] [11], encompassing the beg®; 5 the closest detector
to the interaction point, able to measure the trajectorngsmaomenta of charged particles



20

Figure 1.5. A schematic of the pixel tracker. The barrel is colored grélee endcaps red [10].

up to phl~ 2.4. Its main purpose is to detect, identify and charaateitie tracks and
vertexes of the particles produced in the interaction. ldahbas to assure an efficient
track reconstruction, needed to identify W and Z bosonsgchwlaire involved in many
new physics signatures at the LHC, and a good track isolatémjuired to suppress the
jet backgrounds to isolated high energy photons and eletrbhe Tracker is composed
by several silicon pixel layers close to the interactiompasurrounded by a large silicon
tracking detector. Fine granularity pixels are placedesbv$o the interaction point, where
the particle flux is highest, to maintain a low channel occuayaand minimize track
ambiguities. The pixel system consists of 3 barrel layerd:cfn, 7.3 cm, and 10.2 cm
from the beam-pipe with a length of 53 cm and 2 endcap dis@ndkig from 6 cm to
15 cm in radius, at |z| = 34 cm and 46.5 cm. Here 66 million gixélsize~100 x 150
m? are arranged across 768 and 672 modules in the barrel andpdespectively. To
maximize vertex resolution, an almost square pixel shagebkan adopted. A Lorentz
angle of 23 in the barrel improves theg-resolution through charge sharing. The endcap
discs are assembled with a turbine-like geometry with [dadtated by 20to also benefit
from the Lorentz effect. The resultant spatial resolut®a®ym in r-¢ and 20um in z,
allowing a primary vertex resolution of 4ém in z. The layout is illustrated in Fig. 1.5.
The silicon strip tracker (SST) is divided into four main systems (Fig. 1.6). The
central region is made of the Inner Barrel (TIB), that exefrdm r=20cm to r=55cm
and is composed of four layers, and the Outer Barrel (TORBY,eéktends to r=116cm and
consists of six layers. In the forward region, the Inner Bi§KID) and the Endcaps (TEC)
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Figure 1.6. Schematic cross-section through the CMS tracker. Eachréipeesents a detector
module [10].

are made of respectively three and seven disks, up to |zjn28Phere are 24244 single-
sided micro-strip sensors covering an active area of 298rroughout the tracker, the
strip pitch varies from the inner to the outer layers (fromuB80to 205:m) in order to
cope with the anticipated occupancy and to grant a good ftue$olution. The size of
the device has led to a design where the basic unit, calledduleohouses the silicon
sensors and the readout electronics, for a total of 1514&itesd

Representative results of the tracker performances argtridited in Fig. 1.7a , which
shows the transverse momentum in thieand z planes for single muons with a pp to
100 GeV/c, as a function of pseudorapidity. Track recomsion efficiency as a function
of pseudorapidity for single muons is shown in Fig. 1.7b.

1.3.3 The Calorimeters

Inside the solenoid magnet of about 6 m diameter, two caktens measure the energy
of particles produced in the interaction.
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Figure 1.7. Tracker performance [11].

— Modules

Pre-shower

Figure 1.8. The CMS electromagnetic calorimeter [4].
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ECAL

The CMS Electromagnetic Calorimeter [12] is designed tovigl® very precise energy
measurement of electrons and photons. It will consist ouaB6000 Lead Tungstate
(PbWO4) crystals with pointing geometry, arranged in a 8apart and two Endcaps
(Fig. 1.8). The design can be kept compact, since PbWO4 issedmaterial{ = 8.3 g
cm?). The crystals have a short radiation lengify € 8.9 mm) and Moliere radius (RM
= 2.19 mm), which allows the construction of a compact andhljigranular detector.
The scintillation light decay time is approximately 10 nise fpeak emission is at 440
nm while 80% of the light is emitted in 25 ns. The crystals haveht yield (LY) of
9.3+ 0.8 pe/MeV so photo-detectors with intrinsic gain are resgli The scintillation
light is collected by Silicon Avalanche Photo-Diodes (ARpDsthe Barrel and Vacuum
Photo-Triodes (VPTs) in the Endcaps. Especially for lowddighasses p < 150 GeV

, the decay channdll® — ~v plays an important role due to its clear signature. Its
identification requires good energy resolution, which isvied by the ECAL and can

be described by
[ S N

i = ﬁ ©® b3 e C
with a stochastic term S, noise N and constant term C. Thettgerformance for the
energy resolution is a stochastic term of 2.7% (5.7%), aenteism of 155 (770) MeV and
a constant term of 0.55% (0.55%) for the ECAL Barrel (Endc&®presentative results

on the energy resolution as a function of the beam energyhasersin Fig. 1.10a.

HCAL

The Hadronic Calorimeter (HCAL)[13] plays an essentiattiolthe identification and the
measurement of quark, gluons, and neutrinos by measuringrtérgy and the direction
of jets and of missing transverse energy flow in events. Tlogvshs of strongly inter-

acting particles, like pions, kaons, protons or neutrorescantained inside the hadronic
calorimeter HCAL. The hadron calorimeter barrel and endcdjbehind the tracker and
the electromagnetic calorimeter as seen from the interapint. The hadron calorime-
ter barrel is radially restricted between the outer extéthi@electromagnetic calorimeter
(R =1.77 m) and the inner extent of the magnet coil (R = 2.95 Tilis constrains the

total amount of material which can be put in to absorb the ¢r@drshower. Therefore,

an outer hadron calorimeter or tail catcher is placed oettid solenoid complementing
the barrel calorimeter. To provide good hermeticity, vemufard calorimeters are placed
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Figure 1.9. Longitudinal view of the CMS detector showing the locatiaighe hadron barrel
(HB), endcap (HE), outer (HO) and forward (HF) calorimetdr2].

close to the beam pipe, covering the range from<3.0;| < 5.0, as shown in Fig. 1.9.
In the HCAL, brass absorber plates are interleaved with 3rvthin plastic scintillators
tiles, which are read out by wavelength-shifting fibres (Wltrsthe barrel and endcap
region. In the forward calorimeter quartz fibres are embddde steel absorber matrix
and the emitted Cerenkov light is guided by fibres to photdiplidrs. The performances
of the HCAL is shown in diagram 1.10b, where the jet transvensergy resolution is
plotted versus the simulated transverse energy for diffedetector regions. The curves
show the typical Xdgr E behavior and for high particle energies; B 50 GeV , 10 - 20
% resolution can be achieved, depending on the detectasiredihe hadronic energy
resolution combined with ECAL measurements [4] is

g = LO% & 4.5%
E E[GeV]

and it is expected to sensibly degrade aroumé |1.4, where there will be installed ser-
vices and cables resulting in a higher amount of inactiveenadt The performance of
the very forward calorimeter

138%

= ———— ® 5%(electrons)
E[GeV]

1 Yy
g - _18%% ® 9%(hadrons)
E E[GeV]

SIS
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is sufficient to improve the missing transverse energy te&nl to the desired level.
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(a) ECAL supermodule energy resolutien; /E, (b) HCAL resolution as function of particle en-
as a function of the electron energy as measuredyy in different detector regions for simulated jet.
from a beam test

Figure 1.10.Calorimeter resolutions [13].

1.3.4 The Magnet

The CMS magnet [14] is a large superconducting solenoid withameter of 5.9 m.
It provides an inner uniform 4 T magnetic field obtained witbhuarent of 20 kA. The
main features of the CMS solenoid are a central flat supetazimdy cable, an high pu-
rity aluminium stabilizer and an external aluminium-all@yreinforce the sheath. The
superconducting cable is a Rutherford type with 40 NiThratsaand is kept cooled by a
liquid helium cryogenic system. The magnetic flux is closed ioop via a 1.8 m thick
saturated iron yoke, instrumented with four muon statidie bore of the magnet coil is
also large enough to accommodate the inner tracker and libréncetry inside.

1.3.5 The Muon System

One of the most strictly requirements for CMS [15] is to havelaust muon system since
muons represent a cleanest signature of many physics deauch as the Higgs decay to
two vector bosons{ — ZZ — 4i, H — WW) and are a reliable observable for trigger-
ing purposes. In order to achieve good physics performaicstsndalone resolution of
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9%at 200 GeV and from 15 to 40% at 1 TeV in the measurement ahtlhen transverse
momentum is required. Global resolutions of 1% at low gnd around 5% at 1 TeV
would hence be obtained in combined measurement with thkeeraThe muon trigger
must have no dead time in order to cope with the 40 MHz colisaie. Muon identifi-
cation and charge assignment must be granted up to 7 Te 2.4. A very hermetic
and redundant detector is therefore mandatory. On top tfttteadetectors must work in
hostile environments, with magnetic field up to 3.5T and mtaia up to 1000 Hz/ctn
in the endcaps. The constraints are less severe in the balete the magnetic field is
much lower and the expected muon rate will not be above 1 Hz/¢tmCMS three dif-
ferent types of detector technologies were chosen to thizose (Fig. 1.11) and to build
a redundant system: for the tracking and triggering of mubmi$t Tube chambers (DT)
in the barrel region { <1.2) and Cathode Strip Chambers (CSC) in the forward grsdca
(0.9 < | < 2.4) form the muon spectrometer. Additionally, both ia barrel and endcap
regions, Resistive Plate Chambers (RPC) are installed thighaim of complementing
the muon detector with a fast trigger-dedicated detectbe dingle muons identification
efficiency in the muon system as a function of the muon pseuuidity is showed in Fig.
1.12a whereas in Fig. 1.12b the transverse momentum regsohitthe muon tracks as
function of increasing pis presented with and without tracker information. In Figl2a
the muons were generated flat in the intervals 5 < pT < 100 GeN¢c})| < 2.4, and
the average identification efficiency of the Global Muon Gegis 98.3%; the losses of
efficiency in somerj| regions are due to the gaps between the muon chambers.

Drift Tube

The DT chambers are inserted in the pockets of the 5 slicekg@ig”) that form the
magnet return yoke. They are distributed in 4 concentrieday“stations”) with respect
to the beam line, segmented in 12 sectors. It makes a totdi®tBambers. High
muons will cross up to four stations in the barrel region. Rilesscomposed of rectangular
drift cells with a maximum drift time of 380 ns. The cells arstdbuted in 4 staggered
layers, forming independent measurement units called é8upmyers” (SL). Each DT
chamber is composed of three of these SL, two of them with Hegise wires oriented in
parallel to the beam line, measuring the track projecticdhér- plane , and another one
with wires placed in the transverse direction, measurimgctiordinate in the ¢ plane.
Superlayers are glued together with a honeycomb paneliagsplanarity and rigidity.
A local track is formed by the intersection of the differeoimis measured in each layer.
Up to 12 points per muon track in each station provide the se=rg redundancy. The
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Figure 1.11.Longitudinal view of a quarter of the muon system, subdigideo barrel, with drift
tubes (DT) and resistive plate chambers (RPC), and enddépcaihode strip chambers (CSC)
and RPCs [15].

different trigger candidates in each chamber are seleatddpeopagated with no dead
time to subsequent levels. The final selection of the DT mtigger propagates the best
4 muon candidates per bunch crossing to the global muoretrigg

Resistive Plate Chambers

The system is completed by Resistive Plate Chambers (RRfIs)jrbbarrel and endcap
zones, granting redundancy and fast performance in thgetrigystem. In the barrel
region RPCs and DTs are coupled together, having each DT oheooRPC planes.
In the endcaps, similarly to CSCs, RPCs are installed on dhesf of the iron disks.
A maximum of 6 RPC planes in the barrel and 3 planes in the grsdaee crossed by
high momentum muons. In total, 480 chambers in the barrel48#in the endcaps
constitute the whole system. The RPCs work in avalanche ritodeder to cope with
high background rates, while ensuring excellent time teggm (better than 1.5 ns), and
precise bunch crossing assignment. A space resolutioreadrdter of 1 cm is adequate
for triggering purposes. An exhaustive description of th&temm, performances and the
design issues will be presented in the next chapters.
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Figure 1.12. Muon System Performances [15].

Cathode Strip Chambers

Cathode Strip Chambers CSCs are installed on the endcap aliskMS. They are dis-
tributed in concentric rings of 18 or 36 chambers, 3 ringshim internal face (ME1), 2
more in the middle disks (ME2, ME3) and one more ring in thénigh eta region (ME4),
covering from 0.9 to 2.4 in pseudorapidity. Except for théeomost ring in ME1, cham-
bers in the same ring have a certain overlap region, leayingsi no dead zones. There is
a total of 468 chambers. Each CSC is a multiwire proportichamber with trapezoidal
shape, composed of 6 gas gaps, each one equipped with afagthode strips running
in radial direction. The strip width varies from 3.2mm to 1®rin the furthermost points.
Also for each gas gap there are anode wires of variable lengihing in perpendicular
to the strips (except in the innermost station ME1/1, wheey tare tilted by 25 degrees
in order to compensate for the Lorentz effect). The wire st can be 2.5 or 3.175
mm, depending on chamber type. Each crossing muon can prapitb 6 spatial points
per chamber. The point is obtained combining the cathogessind anode wire signals.
The cathode strips collect the charge induced in the gaséyntssing muon, and by
charge interpolation in three-strip clusters a very peagasurement (between 80 and
450 microns) is obtained. The anode coordinate is provigetid combined readout of
wire groups (from 5 to 17 wires). The wire measurement is pgssise, but faster. A
spatial resolution of about 1Q@m per chamber is obtained. Similarly to DTs, CSC work
not only as muon trackers but also as trigger detectorsyiagsine redundancy to the
muon system.
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1.4 The CMS Online Trigger and Data Acquisition (Tri-
DAS)

The CMS Trigger and Data Acquisition (TriDAQ) [16] systendissigned to collect and
analyze the detector information at the LHC bunch crossieguency of 40 MHz. The
small rate of the interesting events and the actual linaiteith the storage and processing
of the resulting data, require an online selection for addrgction of them. This task is
quite difficult not only due to the high rejection factorsetuires (10), but also because
the output rate is almost saturated already by standar@gses like Z and W production.
Therefore the trigger, in order to make its decision, shtwalee a level of sophistication
comparable to offline reconstruction, even if the time al#é to perform this selection
is limited. The accept/reject decision will be taken in salisteps (levels) of increasing
refinement, where each one takes a decision using only amapbesaf the available data.
Another crucial function of the DAQ system is the operatiba Detector Control System
(DCS) for the supervision of all detector components andythreeral infrastructure of the
experiment. The DCS is a key element for the operation of CAm8,guarantees its safe
operation and that high-quality physics data are obtail@dS has decided to split the
full selection task in two steps: Level-1 Trigger and HighveETrigger(HLT) as shown
in Fig. 1.13a.

L1 Accept

Detectors

=S P Globat Trager }={Tiercor sy
% Front end pipelines 41 with MIP/ISO bits Bely. 8, 47, ZE, Hy 12 Ny B
e {? Global Calorimeter Trigger
| Readout buffers / QMI MIFISc:biey
| 2xdp
DT_ I:i CSC_: Regional Calorimeter Triggerl
m ’ Track Finder| ™ '[Track Finder|
Switching networks T T RPC I
| Laocal Local Trigger - —
[__| Processor farms DT Trigger CSC Triggel ‘[ | Trigger Primitive Generators |
= T T 1 T 1
DT csc RPC ECAL HCAL HF
[ Muon Trigger | [ calorimeter Trigger
(a) The CMS Trigger+DAQ data (b) Overview of the Level-1 trigger.

flow.
Figure 1.13.The CMS Trigger system [16].
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Figure 1.14.Data flow in the CMS Trigger/DAQ system. The software-baseghH evel Trigger
(HLT) filters via the Data Acquisition system (DAQ) the evepassing hardware based Level-1
trigger [16].

1.4.1 The Level 1 Trigger

The Level-1 trigger [17] is implemented on custom-builtgn@ammable hardware. It runs
dead-time free and has to take an accept/reject decisi@abbrbunch crossing, i.e. every
25 ns. At every bunch crossing, each processing elemergpassesults to the next ele-
ment and receives a hew event to analyze. During this prptessomplete detector data
are stored in pipeline memories, whose depth is technitiadiyed to 128 bunch cross-
ings. The Level-1 decision is therefore taken after a fixewtof 3.2us. This time must
include also the transmission time between the detectotl@dounting room (a cable
path of up to 90 m each way) and, in the case of Drift Tube detecthe electron drift
times (up to 400 ns). The time available for calculationstteenefore be as low asis.
The Level-1 trigger is divided into three subsystems: thiv@aeter Trigger, the Muon
Trigger and the Global Trigger (Fig. 1.13b). The Calorimeted Muon Triggers identify
trigger objects of different types: isolated and nonisadaglectrons/photons, jets, and
muons. The four best candidates of each type are selecteskantb the Global Trigger,
42 together with the measurement of their position, trarsg/energy or momentum and
a quality word. The Global Trigger also receives the total arissing transverse energy
measurement from the Calorimeter Trigger. The Global Eigglects the events accord-
ing to programmable trigger conditions, that can includpineements on the presence of
several different objects with energies or momenta abogdgimed thresholds. In total
128 algorithm will be provided, each representing a conepetysics trigger condition
and a final logical OR is applied to them to generate the L1@cignal.
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1.4.2 The High Level Trigger

The second trigger level, the High Level Trigger (HLT), pidms further rate reduction by
analyzing full granularity detector data by mean of sofevaconstruction and filtering
algorithms running on a large computing cluster consistingommercial processors, the
Event Filter Farm. In fact once the acceptance signal isrgéee by the L1 trigger, the
data from the front-end electronics are readout to the Hit&rffiarm, as shown in Fig.
1.14. It aims to execute online physics selection algoritlom the events read out, in
order to accept the ones with the most interesting physisteabd and discard as soon as
possible the other events. It is done reconstructing, whesrieis possible, only those
objects and regions of the detector that are actually netedeeireconstructed. This leads
to the idea of partial reconstruction and to the notion of ynartual trigger levels, e.g.,
calorimeter and muon information are used, followed by dsketracker pixel data and
finally the use of the full event information (including fullacking). The full detector
data, ( 1MB) corresponding to the events accepted by the telal out by the DAQ
system at a rate up to 100 kHz, are at this stage output at 1@Qistainable by the actual
mass storage devices. Events accepted by the HLT are fad/i&wdhe Storage Managers
(SM), which stream event data on disk and eventually tramafe data files to the CMS
Tier-0 computing center at CERN for permanent storage aftid@processing.
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Chapter 2

THE CMS EXPERIMENT CONTROL
SYSTEM

The CMS Experiment Control System (ECS) is a complex disteith control system
in charge for the configuration and monitoring of all the sldtectors and equipments
involved in the experiment operation, like Trigger, DAQ t&m, and the auxiliary infras-
tructures. The use of a common online framework, able tolleathé entire operations in
the online activities, is a fundamental requirement in &hduaye system where all these
activities have to be synchronized among them and with thecttas operations. More-
over, all the components are designed in a way such thatritisiaae implementation can
be staged as the LHC accelerator luminosity increases dsasvédie experiment's need
for higher throughput and the future technologies evotutldence it must be highly scal-
able and also support diverse hardware bases. Integratieel BAQ computers network,
it is composed by the Run Control and Monitor System (RCMI&, Detector Control
System (DCS), a distributed processing environment (XDA®@Y the sub-system On-
line Software Infrastructure (OSWI), as illustrated in F&1 . These components and
their integration in the CMS DAQ are described in the follog/sections.

2.1 Data Acquisition System (DAQ)

The DAQ system is the first place where the entire informditiom the physics collisions
can be inspected and monitored, thus providing early fegddtmaphysicists running the

33



34

RCMS
Run Control
and Monitor -
System

Distributed Processing
Environment

(XDAQ)
/ DCS
Detector

Control
Systems

Components

Figure 2.1. Overall online software architecture. Circles represabtsystems that are connected
via XDAQ [16].

experiment. The DAQ is in fact the first system of CMS that iempénts the two crucial
functions, that eventually determine the reach of the msyprogram: event selection,
and control and monitoring of the CMS detector elementseasnibed in Fig. 2.3. The
design of the DAQ must therefore address widely differegtinements, varying from the
fast transfer of large amounts of data, to provide resouaethe intelligent filtering of
this data, record the selected data and finally present aitiviet functional and powerful
interface to physicists running the data taking.

ot
Eptarm®

Figure 2.2. DAQ scheme highlighting the “slices” structure [16].

Its architecture is composed by different building blookgh different aims, where the
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data are transmitted and processed. First stage corresporide readout of the data
from the sub-detectors front-end systems. Once the synohsolL1 trigger acceptance
signal is generated via the Timing, Trigger and Control (JE¢stem [18], the data are
extracted from the front-end buffers and pushed into the R&&em by the Front-End
Drivers (FEDs). At each trigger, the whole CMS detectorfimation for a given bunch
crossing, containing the digitalized data of the signalemdéd and the relative delay due
to the trigger offset and time of flight delay, is read out. #ié data of a single event,
spread over: 700 FEDs, are sent to the Builder unit. The event builderrabtes the
event fragments belonging to the same L1 from all FEDs intorapiete event and trans-
mits it to one Filter Unit (FU) in the Event Filter for furthprocessing. Once a Filter Unit
receives an event, it performs the High Level Trigger alpons and decides whether to
trash it or to forward it to the Computing Services. Also amiased random sample of
events are forwarded regardless of the HLT. This is usedhéotwofold purpose of check-
ing the quality of HLT algorithms and monitor the detectotl the events which passed
the Filter System are stored and a fraction of them is andlgndéine in order to monitor
the quality of collected data. The Computing Services aksfopm the calibration and
alignment of the detectors. Both these operations areatrumcorder to push the detector
performances to the design requirements. There are twti@dlisystems following the
data flow from the front end to the Computing Services: thesettee Event Manager,
which monitors the data flow through the DAQ and the Contral ®fonitor, which is
devoted to the configuration and monitoring of all the eletmemd will be described in
the next section.

2.1.1 Cross-platform DAQ framework

The complexity of the DAQ system and the different sub-gysteith whom it has to
communicate, require a common and ad-hoc software enveahio facilitate the effi-
cient control of CMS and the data taking operation. For thippses, CMS has developed
an in-house domain-specific middleware, XDAQ (Cross-BtatfDAQ Framework) [19],
able to match the different requirements of the data adipnsapplications and to provide
to all CMS subsystems a common environment where to devieéopustom applications.
It is used by the different sub-systems for communicatiamfiguration, control, and
monitoring. The central DAQ and each sub-system local DA€ dawveloped in XDAQ as
well as the sub-detector electronics configuration and tadng components (FEC and
FED), and the trigger supervisor architecture. Writterirelytin C++, it provides applica-
tions with efficient, asynchronous communication in a platf independent way, thanks
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to the use of the SOAP/http [20]protocol and Intelligentuti@utput (,O) protocol [21]
over TCP/IP, widely used in Web applications. A rich set ofadstructures, including
lists, vectors and histograms are exportable and can bedtesp by clients through the
executive SOAP services. Additional utility componentevide support for hardware
and database access, allowing the developer to focus oidprg\an application layer
that exposes the hardware functionalities. In additiomis, XDAQ also provides a web
interface, HyperDAQ, and a generic Finite State MachineM}-finctionality, allowing
the CMS detector and DAQ to be globally configured, enabletdisabled from a single
point of control.

un Control Run Contro|
Session 1 o x8 Session 8

RUs, Bus,

Trigger crates @

Figure 2.3. Architecture of the CMS Experiment Control System [19].

2.2 Run Control and Monitoring System

The Run Control and Monitor System (RCMS) [22] is the coilattof hardware and
software components responsible for controlling and nooimig the CMS experiment
during data taking. It allows to operate the experiment anchonitor the detector and
data taking status through a single interface. The mainmements are:

e Provide interactive graphical user interfaces to opefaentire CMS experiment,

e Manage the correct configuration of all components and symite all the opera-
tions,
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e Control and monitor of the data acquisition system and eglegub-detector sys-
tems, during the data taking.

In order to achieve its goals, the RCMS operates with thed@t€ontrol System (DCS),
to ensure the correct and proper operation of the CMS expeatinthe data acquisition
components and the trigger subsystem, as shown in Fig h?a®igh the services provided
by the XDAQ distributed processing environment. Anothepamant sub-system, that
cooperates with the RCMS, is the Trigger Supervisor (TS].[28is aimed to set up,

test, operate and monitor the L1 decision loop componentgeovide the trigger status
to the RCMS. At the beginning of each run the RCMS controls emfigures through

it all the physics parameters, such as energy or momentwshbids in the L1 trigger

hardware, for the specific physics task to be provided byrigger, loading predefined
configurations. Once the TS and the DCS has determined thatyiem is configured
and operational, the RCMS can start a run and monitor throligim the performances
and the quality of the data taking.

™S 24/08/09 Mon 19:31 | Session 78361 [6:25] <toppro> | DAQ "Configured”

Data Flow ata ns Data Flow

[Rate(kH2) | Stored events] / Time
180+

g

Figure 2.4. Typical GUI for data taking operation control [22].

2.2.1 Architecture and Functionalities

Because of the complexity and the huge number of applicationer its control (O(1)
applications, running on O(¥PPCs), the RCMS is organized into several different sub-
systems: a sub-system can be corresponding to a subdstectprto the Hadron Calorime-
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ter, or to a partition like central DAQ or global trigger. Bgucture is implemented as a
tree of finite state machines by means of RCMS controls theetdéitng operation of the
experiment, as shown in Fig. 2.5. All the operation are heshly a “Function Manager”
(FM), characterized by finite state machine and a set of aesviEach FM is in charge,
during the data taking, to prepare the respective subsysitthe right configuration
and synchronize it with all the other sub-systems under @®R control. The hierar-
chical structure indeed assures scalability of the systhos it can be easily expanded
by adding additional components. Different functionebtare available from each FM in
order to accomplish the standard control operation: aco@ssol, configuration, moni-
toring, error handling, logging and synchronization wither subsystems. All of these
are configurable by the sub-system experts even if a stamddrdtate machine model
has been adopted by the sub-system for the first level of FiMsder to assure commu-
nication and homogeneity between different levels. Ondefnbain tasks of the RCMS
is the start and configuration operations of all the onlinecpsses of the DAQ and the
sub-detectors during the data taking operation. It is pledivia a key mechanism, based
on the loading of predefined configuration for each subsystieat allows the partition-
ability of the system and an easy handling of the operatitmghis way in fact specific
configurations can be prepared for the different subsystawrding to the different data
taking scenarios and physics performances to be accoraglish

w WEB Browser (GUI)

Level 0 FM: Run Control System entry point

o
>
(o]

‘ GrC H RPC H s H DT

‘ HCAL

ECAL H TRK ‘

Level 1 FMs:interfaces to Level 0 FM and have
o implement a standard set of input and states

Level 2 FMS: sub-system specific FEC FED

custom implementations

‘ FB H RB H FF

Ll Zods

RESOURCES:on-line system components

Figure 2.5. The RC hierarchy showing the full DAQ system. The Top Fumcitanager controls

the next layer (Level 1) of Function Managers who in turn oolrthe Level 2 (sub-detector level)

Function Managers. The sub-detector Function Managerespensible for managing the online
system component resources. [22]
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2.2.2 Software Components

Because of the complexity and of the different functiomediprovided by the RCMS, the
software architecture is developed using different tetdgies and programming environ-
ments. The Run Control applications and services are imgaéeal in Java as components
of a common web application “RCMS” provided by the framewoYeb technologies
and related developments play a strong role in the impleatientof the RCMS and tools
and solutions based on Web technologies are largely usddiframework. The inter-
face is indeed based on the Web Service Description LangM&§8L) using the Apache
Axis [24] implementation of Web Services (WS) and the Javde®e¢echnology Tomcat
[25] as platform, allowing different web clients, develdge different programming lan-
guages or frameworks like Java, LabView and Perl, to acogbetRun Control services.
The storage of the key and the loading of the configuratioasrestead developed using
both MySQL and Oracle technologies to assure persisterttyeafata and the correctness
and reliability for the thousands of parameters handlece @mmon database (Oracle)
is shared by all online processes and RCMS installations.

2.3 Detector Control System

The Detector Control System (DCS) [26] is aimed to provideomglete control over

all subdetectors, all infrastructure and services needethé CMS operation, its active
elements, the electronics on and off the detector, the rpatal hall as well as commu-
nications with the accelerator. All operator actions ondbtector will be through DCS.
Similarly, the presentation of all error messages, waanyl alarms to the operator will
be notified by the DCS. The protection of the apparatus isgbpansibility of each sub-
system. Many of the functions provided by DCS are needed #trads, and as a result
selected parts of the DCS must function continually on a @drtbasis during the entire
year. Itis integrated in the DAQ system as an independetitipar(Fig. 2.6), and during

data taking, is supervised by the RCMS that instructs it taipeand monitor partitions
corresponding to the detector elements needed for thealdtaytrun.



40

ul

Session S
Manager Services
Services Connection
EVB DCs TRG Cs EVF
Ctrl Crl Ctrl Ctrl Ctrl
FEC||FED || RU Calo| | Mu || GTP
EVB Sub-System TRG Sub-System EVF Sub-System

Data/Calibration Archive
Configuration

Run Conditions
Apparatus History

Figure 2.6. Overall online software architecture. Circles represabtsystems that are connected
via XDAQ [26].

2.3.1 Mission and Requirements

Several are the requirements imposed for such system aegdaithe complexity and
the importance of the task to accomplish. First and foremhst DCS has to assure
reliability at the experiment operation and provide safe/go redundancy and reliable
hardware in numerous places. It has also to be modular atitiggaable in order to allow
independent control of individual subdetectors of parthtefmh and an easy integration
of new components. Another crucial point is the automatmadf the procedure and
action required to act on it, required to speed up the exatati commonly action and to
avoid mostly human mistakes in such repetitive action. Fiteenusability point of view,
it must provide generic interfaces to the other system, thg.accelerator,the magnet,
the RCMS, and has to be easy to operate, allowing also to thexuerts to be able to
control the routine operation. Finally it has to be easy tantaén and to integrate with
new features, favouring the usage of commercial hardwateaftware components that
assure reliability and easy maintenance for the compodmtg all the CMS life time.

2.3.2 Architecture and Functionalities

The architecture of the DCS and the technologies used fonilementation are strongly
constrained by environmental and functional reasons. Eaetlof the control operation



41

Supervisor

‘ A
2 ECAL RACK LHC CRATE
i D Supervisor Contral HCOOI‘INGH BsS Interface Control ..8:
£< =
m .
EX
EQ&
8 o3
=g EndCapr Barrel- ‘ Barrel+ || EndCap+
28
= "
z G G @D
]
HY v ECAL || Temp. w u
channel channel Safety Menitoring) o =
£ | &
orc] opc| 57| caN] z
BT :
y -— I

Figure 2.7. Outline of the Detector Control System hierarchy. Shownadirglobal services and
ECAL as an example of a sub-detector control [26].

consists of a distributed Supervisory Control And Data Astjion system (SCADA) run-
ning on PCs and called Back-End (BE), and of the Front-Eng @y&tems. The name
SCADA indicates that the functionality is two-fold: It adges the data from the front-end
equipment and it offers supervisory control functions hsaig data processing, presenting,
storing and archiving. This enables the handling of commameéssages and alarms. The
detector control system architecture is developed in afghical structure where at the
top the Central DCS Supervisor controls the single subtiatetrees and interact with
the RCMS, as described in Fig. 2.7. These sub-detector DB§y/stems control all the
individual detector services and electronics, such asalepsupplies, both commercial
and custom made, and all the auxiliary systems requiredetalé¢hector operation. Ad-
ditional components such as front-end detector read-nk lare also monitored by the
DCS.

The detector controls are organized in a tree-like FSM nadraithy representing the
logical structure of the detector, where commands flow domah states and alarms are
propagated upwards. FSM trees are created using logicalriesligls to model the control
logic plus FSM device leaf nodes connected to hardware. h&llsdubdetectors control
systems are integrated in a single control tree headed bgah&al DCS to ensure a
homogeneous and coherent experiment operation. The D@ isarge also of the de-
tector configuration during the start up operation and ferdhta taking preparation of
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many DCS front-end components and their power suppliess iBhiequired either to
bring them into a running condition or to simply define theinming mode. These con-
figurations are performed as in the RCMS by mean of predefinafigurations, stored
in a configuration database and loaded automatically thrabig FSM. Monitoring of
the working condition is another crucial task performed iy DCS. The DCS instru-
mentation consists of a wide variety of equipment, from defpnt-end elements like
sensors and actuators, up to complex computer systemsé¢hatranected to the SCADA
stations by means of standard fieldbuses. It provides batkKe®ping of detector param-
eters and safety-related and automatic functions, inefudiarm handling and limiting
the control of critical components via a software accessrobrirherefore, selected data
from DCS is exported to the CMS conditions database, whictiatos all the data de-
scribing the detector environment needed for the offlinemstruction and for studying
the detector response and for tuning its physical behaMany of the features provided
by the DCS are needed at all times, and as a result selectisdopéine DCS must func-
tion continually on a 24-hour basis during the entire yearefisure this continuity UPS
and redundant software and hardware systems are implednartstical areas, however
even non-critical nodes can be recovered in the order of teéthanks to a CMS specific
automated software recovery system. In total the DCS sigssrw O(10') hardware
channels, described by O(1(°) parameters, through about 100 PCs with the majority
of them running Microsoft Windows, although Linux is alsgpported. The software
architecture, used to fulfill these tasks, is describedémtxt paragraphs.

2.3.3 Software Framework

PVSS

PVSS is a Supervisory Control And Data Acquisition (SCADAphcation designed by
ETM of the Siemens group [27] and used extensively in ingustrthe supervision and
control of industrial processes. The CERN decided to adupdalf the LHC control sys-
tems this common SCADA solution in order to provide a flexjllistributed and open
architecture, easy to customize to a particular applioagi®@a. PVSS is mostly used to
connect to hardware (or software) devices under the DCSalpacquire the data they
produce and use it for their supervision, i.e. to monitoirtbehaviour and to initial-
ize, configure and operate them. PVSS has a highly distdbartghitecture and a PVSS
application is composed of several software processesdclhnagers. Its software ar-
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chitecture is based on a PVSS project, running on a singlamtcomposed by several
processes, called “Managers” with specific purposes, agited in Fig. 2.8. Different
types of Managers may be used for each single project an@soeirces can be split over
different projects in order to avoid unnecessary overhead.

User-Interface
Layer
Application
Layer
D . R

Communication

and Storage Layer

DB
Driver
Layer

Figure 2.8. PVSS Manager structure showing the respective functiayars. Several Projects
can be connected via LAN to form a Distributed System [27].

walsAs SSAd

The Event Manager (EV) is the PVSS central processing urat,Handle the intercom-
munication among all the other managers in the same projettreanage the process
variables in the memory. Data flow, commands and alert cammdétre handled and or-
chestrated by the EV, as well as the broadcasting of thistdatards the drivers man-
agers. The device data in the PVSS database is structuredtasPBints (DPs) of a
predefined Data Point Type (DPT). PVSS allows devices to firatkusing these DPTSs,
similar to structures in Object Oriented programming laages. It describes the data
structure of the device and a DP contains the informaticated|to a particular instance
of such a device (DPs are similar to objects instantiateoh fstructure in OO terminol-
ogy). The DPT structure is user definable and can be as comapl@xe requires and
may also be hierarchical. Data processing is performed gvant-based approach using
multithreaded callback routines upon value changes, irgube processing and com-
munication load during the steady-state operation withirenges. The communication
among the different project inside the distributed systemmandled via TCP/IP protocol
by a “Distribution” Manager , allowing to remotely accese thata and events of all con-
nected Projects. The persistency of the data acquired isekby an “Data Manager”
that stores data into a relational database and allows éinformation to be read back
into PVSS, e.g. trending plots, for the diagnostic purpasdsr quality data check. In
addition the possibility to connect to a relation databasenits data access from other
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sources for configuration and detector calibration purposeorder to interface with the
FE hardware, PVSS offers a number of Managers as “Drivetgiface for data read-
out of the most used industry standard protocols like Prefi@anBus, DIM, Modbus,
for communication with Programmable Logic Controllers (BL.and OPC are available.
PVSS offers the possibility to accomplish specific taskeulgh an additional application
layer, based on C-like scripting, called “Control”. Is issked on a multithreading ANSI
C-like scripting language is and allows to define backgrasaripts, able to access to the
project database and all the system variables and operateonat run-time level while
at the same time protecting the low level data acquisitiah@ocessing. The usability
and the human readability of the system data is accomplititedgh The User Interface
(UI) layer. It offers, by mean of panels, widgets, synoptaglams and graphical objects,
the possibility to define the operator interface level tglig control system conditions
and processes to an operator. Any Ul allows the correct tiparan the system by not
expert and protected the hardware by mean of an access loo@cbanism, restricting
the interaction with all other Managers according to preefiprivileges. PVSS pro-
vides also a APl Manager that allows the users to write their programs in C++ and
access the data in the PVSS database. On this way CMS has desigpecific com-
munication mechanism between DCS and external entitiesedban the PVSS SOAP
interface (PSX). The PSX is a SOAP server implemented witiA®ising the PVSS
native interface and JCOP framework, and allows acces®terttire system via SOAP.

JCOP

Because of the common tasks and requirements for controhg@ralb the LHC experi-
ment, the Joint Controls Project (JCOP)[28] was createdderato provide a set of fa-
cilities, tools and guidelines in the experiment contrateyn development to develop an
homogeneous and coherent system. The project main aims i@duce the development
effort, by reusing common components and hiding the coniiglekthe underlying tools,
and obtain a homogeneous control system that will ease theatipn and maintenance
of the experiments during their life span. The JCOP enhathe=fVSS functionalities
providing several tools and a common framework, as illustimFig. 2.9. It defines also
guidelines for development, alarm handling, control as@xl partitioning, to facilitate
the development of specific components coherently in vieitsohtegration in the final,
complete system. The framework includes PVSS componetstivol and monitor the
most commonly used commercial hardware (CAEN and Wienetjedisas control for ad-
ditional hardware custom devices designed at CERN. Fomrarinot covered by JCOP,
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PVSS offers the possibility of implementing new drivers aothponents, and CMS has
developed sub-detector specific software. The controliegtpdn behaviour of all sub-

detectors and support services are modelled as Finite Ig&tkine (FSM) nodes, using
the FSM toolkit provided by the JCOP framework. It is basedstate Management In-
terface (SMI++) [29] , a custom language object orientecetigyed by CERN to control

and define the FSM behaviour.
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Chapter 3

THE RPC DETECTOR CONTROL
SYSTEM

In this chapter the RPC Detector Control System (RCS) [3@fésented. The project,
involving the Lappeenranta University of Technology, thargaw University, and INFN
of Naples, is aimed to integrate the different subsystemshie RPC detector and its
trigger chain in order to develop a common framework to cdrénd monitoring the
different parts. The analysis of the requirements and ptajeallenges, the architecture
design and its development as well as the calibration andrdssioning phases represent
the main tasks of the work developed for this PhD thesis. Wask has required a
deep knowledge of the different RPC subsystems (detee@adout, front end electronic
and environmental conditions), and their behavior durimg different working phases.
Different technologies, middleware and solutions has tstadied and adopted in the
design and development of the different components and aHatienging consisted in
the integration of these different parts each other andargtimeral CMS control system
and data acquisition framework. | have been following thiggct, as main responsible
for the RPC Group, along all the operative phases and in tkteseetion | will describe its
starting requirements and challenges, the design chaicktha development problematic
as well as the installation and commissioning phases.

47
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3.1 Mission and Requirements

Role of the RPC Detector Control System (RCS) is to moniteidstector conditions and
performances, control and monitor all subsystems involw&PC operation as well as its
electronics. The RCS has to assure a continuous control andaring of the detector,
the trigger and all the ancillary sub-systems (high volsad@wv voltages, environmental,
gas, and cooling), required to achieve the operationalliyadind reliability of a so large
and complex detector and trigger system. It has also to fgepriate corrective actions
to maintain the detector stability and ensure high quakttgadproviding also an adequate
user interfaces for experts or simple shifters. Therefioregmmunicates with external
systems such as the databases and the control systems attlerator. The working
environment represents as well a challenge for the conysibm because of the high-
radiation and magnetic fields environment. In fact the grpent is located in a cavern
100m underground in a not-accessible area during the apetscause of the presence of
ionizing radiation. Therefore, the control system mustésétftolerant and allow remote
diagnostics. Another main task of the RCS is the control anditaring of the systems
environment at and in proximity of the experiment. Thes&gase historically referred
to as "slow controls” and include: handling the electrigtypply to the detector, control
of the cooling facilities, environmental parameters, €sadnd racks. Also safety related
functions such as detector interlock are foreseen by the D@®llaboration with the
Detector Safety System (DSS). Many functions of the RCS aegled at all time. Thus
the technologies and solutions adopted must ensure a 24fhwationing for the entire
life of the experiment (more then 10 years). Finally, the REB8uld be integrated in the
central DCS and Experiment Control System (ECS) in ordeptrate the RPC detector
as a CMS subsystem.

3.2 The CMS RPC Detector

Resistive Plate Chambers (RPCs) are gaseous parallelg@dstctors that combine high
time resolution & 1 ns) with good spatial resolutionz(1 cm), as already introduced in
chapter 1. It makes them as an optimal choice for the CMS miggetr systems. CMS
in fact uses it to identify unambiguously the relevant buoabssing at which the muon
tracks are associated, even in presence of the high rateaakdround expected (up to
1000 Hz/cm). In the next sections, the CMS RPC system design charsiitsriand
operational performances will be described, underlyirgrdquirements and the design
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strategies to match the CMS physics requests.

3.2.1 Design Requirements

The RPCs should fulfill some basic specific requirementsddiming, low cluster size,
good rate capability. Moreover, they are expected to redpoth high intrinsic efficiency
and to withstand long term operation in high background @&@nts. For these purposes,
the CMS Collaboration imposed the following requirememd$R#C Detectors [15]:

e Detection efficiency> 95% at radiation rates up to 1 kHz/ém

¢ Time resolution better than 3 ns and 98% of signals must b&gwd within 20 ns
time windows to allow bunch crossing identification.

¢ The width of the efficiency plateau300V with streamer probability:10%.

e The cluster size (i.e. the number of contiguous strips whieh signals at the cross-
ing of an ionizing particle) should be smalk(2 ) in order to achieve the required
momentum resolution and minimize the number of possiblesghi associations.

e Power consumption < 2-3 WAn
e The intrinsic RPC noise have to ke15-20 Hz/cm.

e The very front end electronic must be radiation-hard ortoieto levels of few Gy
per year. In addition, depending on the location, a magfietat of up 1.5 T has to
be tolerated.

e Finally, it has been chosen to operate RPCs in avalanche,rkedping the gas
gain relatively low.

3.2.2 Detector Layout

The RPC system is divided in two regions: barrek((y| < 1.2) and endcap (09 || <
1.6). It is composed by 912 double gap chambers with in tdialin2 x 10 readout
channels, covering a sensitive area of 34G0 m

The basic schema of the CMS RPC gap is made by two paralleliteagéates (1-2
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Figure 3.1. A barrel RPC chamber made by two double-gaps and with a daiepn the middle

[15].

10'°Q2 cm) placed at a distance of 2 mm and filled with a gas mixturesd@® C, H, F,
3.5%1i — CyHyo and 0.3% ofS F§; [31]. The High voltage is applied to the outer graphite
coated surface of the bakelite plates in order to have arrieléield inside the gas gap,
able to generate a charge avalanche along the track of airigmarticle. The avalanche
induces a signal on the copper strips placed outside therghisalated from the graphite
and connected to the front-end electronic. The gas mixtumgposition, the width of the
gas gap and the operative parameters has been optimizelfiltaHe requirements and
the CMS operational working condition [32]. A barrel RPC wetger schema, with two
double-gaps and a strip plane in the middle, is shown in Ei§uLt.

Barrel Inthe barrel region, the chambers are located in the iroe ysikictly following
the drift tube system geometry and forming 6 coaxial seresitylinders, with the beam
pipe as common central axis, as described in Figure 3.2. dywmut follows the iron
yoke segmentation into 5 wheels, along the axes directiachivheel is divided into
12 sectors, housing 4 iron gaps or stations. In the first andngemuon stations there
are 2 layers of RPC chambers located internally and extgrrespect to the Drift Tube
(DT) chambers: RB1lin and RB2in at smaller radius and RBladtRB2out at larger
radius. In the third and fourth stations there are again 2 RF&nbers, both located
on the inner side of the DT layer (hamed RB3+ and RB3-, RB4+RBd-). In some
special sectors there are four RB4 (sector 4) or one RB4qis@and 11). In total there
are 4 muon stations and 6 RPC layers, hence 480 rectangualiaxbehs, with an average
length of 2455 mm long in the z direction, and variable widilosn 2500 to 1500 mm,
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Figure 3.2. Schematic layout of one of the 5 barrel wheels. Each wheélidetl into 12 sectors
that are numbered as shown [15].

depending on the chamber type. Each chamber thereforestonéiither 2 or 3 double-
gap modules mounted sequentially in the beam direction vercihe active area. The
strip widths increase accordingly from the inner statiantghe outer ones to cover with
each strip of different layers the same angle of 5ih6p.

Endcap The RPC endcap system is located, as in the barrel, on theyokes. It
consists of three RPC chambers layers, for the initial detemounted on the faces of the
3 disks in the forward and backward regions, complementiagtathode strips chambers
segmentation. Every station is composed by trapezoidglesbdauble-gaps chambers
arranged in 3 concentric rings as shown in Fig. 3.3a. Exagpithtion 1, the chambers
of the innermost ring span 20n ¢, all others span T0and overlap iny to avoid dead
space at chamber edges. Station 1 instead is mounted orteheciion point (IP) side of
the first endcap disk (YE1), underneath the CSC chambers df, &illustrated in Fig.
3.3b. Strips run radially and are radially segmented intoggjér sections for the REn/2
and REN/3 chambers (n = 1-3). The 32 strips of theRPC chambers are projective to the
beam line. Besides the different mechanical shape and abge¢he frontend electronics,
services, trigger, and read-out schemes of the endcap R&i€nsyre identical to the
barrel system.
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Figure 3.3. RPC Detector Endcap layout [15].

3.2.3 Read-out electronics

Front-End electronics The analog signal induced by the passage of the ionizing part
cle inside the RPC active volume is produced on the coppigratd than collected by
a custom electronic boards, called Front-End Boards (HBBJ)attached to the cham-
bers frame. The FEBs are aimed to collect, amplify and disoate the signal from
each strip and then send them unsynchronized to Link Bo&fs placed on the bal-
cony around the detector. The FEBs house two (barrel versiofour (endcap version)
front-end chips, designed with custom ASICs in AMS 0.8 mm C3/4@chnology. Each
chip receives the signals coming from 8 strips and procebees through the following
stages: amplifier, zero-crossing discriminator, onesstwatl LVDS driver, as described
in Fig. 3.4. The 15 trans-resistance input stage, adapted to the charaitesigp
impedance, is followed by a gain stage to provide an ovenalige sensitivity of 2 mV/fC.
To assure accuracy to the RPC timing information and proaig@nambiguous bunch
crossing identification, the zero-crossing discriminatiechnique was adopted to make
it amplitude-independent. The discriminator is followedaone-shot circuit, that pro-
duces a pulse shaped at 100 ns to mask possible after-phésesay follow the avalanche
pulse. Finally, an LVDS driver is used to send the signalti¢oltB in differential mode.

Off-detector electronics Once sent to the LBs, the data are synchronized the 40-MHz
LHC clock and transmitted them to the trigger boards (TBated in the CMS counting
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Figure 3.4. Single channel block diagram of the front-end electronics.
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Figure 3.5. An overview of the trigger and readout path of the CMS RPCalete

room over a 90-m optical link, as shown in the block diagrantigf. 3.5. The com-
munication with the FEBs is handled exclusively by the LBjgtt takes care of the
configuration of the FEB working parameters and the momitpaf their working condi-
tions. On the TB, the data from the links are deserializedteartsmitted by 18 parallel
buses both to the RPC trigger Pattern Comparator (PAC) marzhoards, in charge for
the generation of the L1 signal to the CMT, and the Readoutzisigine Boards (RMB),
towards the DAQ chain [34]. The Trigger Boards contain th@plex PACT logic which
fits into a large FPGA. Since duplicate tracks may be foundtduke algorithm concept
and the geometry, a ghost busting logic is also necessagyRPC muon candidates are
sorted separately in the barrel and forward regions. Thefbesbarrel and the best four
forward muons are sent to the Global Muon Trigger. On the RWMB,data are demul-
tiplexed (selected channels can be masked to avoid duplicat data) and stored in a
FIFO memory, awaiting a trigger signal. The data origingfitom the bunch crossing of
a trigger are transmitted via optical links to the Data Coicegor Cards (DCC). Three
DCC boards concentrate the optical links from all TBs, ea€CDaking data from 36
RMBs.
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3.3 The RCS Architecture

The RCS (RCS) is hierarchically organized in a tree-likacttire and subdivided in sev-
eral sub-systems, aimed for different tasks (Fig. 3.6):hHigltage (HV), Low Voltage
(LV), environmental (humidity, temperature, and pressurent-end electronics, gas, and
cooling systems, where each component has a certain leepleoational independence.
The architecture of each sub-system can be divided in th&faod (FE) equipment, con-
stituted by the hardware components (i.e. sensors, actpateer supplies, etc) located
around all experimental area, and a Back-End (BE) systemposed by the computers
network. Because of the large variety of equipment to berotiet, the standardization of
the hardware and of the software interfaces is of primaryoirigmce for the homogeneous
control of all different detector components. It assuredéeelopment of a uniform oper-
ator interface as well as minimize the implementation anthteaance efforts. Hence for
the connection of the BE system to the FE, the industrial dase protocols are prefer-
entially used, e.g. CAN bus [35] and OPC [36], while some desiare connected custom
protocols via Ethernet (DIP, SOAP messages).

In accordance with the CMS official guidelines [26], all RC&k-end applications have
been developed using the commercial ETM SCADA (Supervi§amytrol And Data Ac-
quisition) software, PVSS [27] and the standard Joint Goroject (JCOP) framework
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components [28]. Due to the large amount of devices fromeudifit subsystems (HV,
LV, environment, gas, and cooling), the control and momigphas to be done in parallel
and distributed over different machines. Neverthelesthalsubsystems are handled and
controlled by the RPC supervisor, aimed to gather and suimenall the information in
order to present a simplified but coherent and homogenedeidace to the operators.
The different subsystem, their requirements and the degigites will be described in
the next sections.

3.4 The RPC Power Supply System

The Power Supply System is in charge to distribute and cbtiteovoltages to all the
chambers and the equipments involved in the RPC operatitve. complexity and the
high granularity of the RPC system impose challenging cairgs on the development
of the power distribution system, particularly considgrihe hostile environment where
they operate. In the muon system, a large part of the pow&msyis located close to the
detector and in particular inside the racks placed on theob&s around the barrel wheel
and the endcap disk. In this area the magnetic field can rga¢h 6110~2 Tesla, while
the radiation is up td0” proton/cnt and 510'° neutron/cm [37]. The power system
has been designed taking into account the environmentairezgents and the necessity
to minimize the probability to have dead or inefficient regsalue to the failure of some
power supply channels.

Every RPC requires to operate two independent floating Hvicéls (one per layer) and
two independent LV channels for powering up the FEBs. Thh higtage lines are aimed
to generate the electric field inside the gas gap active veluvhereas the digital and the
analogue voltages are required for the FEB chips operalifferent configurations are
foreseen between barrel and endcap chambers, choosingl @gmpromise between the
cost and granularity. Every barrel chamber has the two gapstpgether to the same HV
channel and two independent LV lines to supply all its FEBsing different the chamber
size and less its power consumption, the services of twa@adjahambers in the endcap
region are joint together in order to have one single HV clehsupplying 2 double-
gaps, and, from the LV point of view, two independent LV chelsrfor two chambers.
Additional low voltage channels are also required to supjiihk Boards located on the
balconies in the experimental cavern. Hence the entire Ri@ipsystem consists of :



56

Counting Room EAsY svSTEM Experimental Cavern
MASIER CONTROL ROOM HOSTILE AREA S LAVE

Power Line

ADC

Figure 3.7. Schematic view of the Power Supply System, based on the CAEBYETechnology.

e 912 high voltage channels,
e ~ 1000 low voltage channels for front end boards on the chasnber

e ~ 300 low voltage channels for the link boards.

CAEN EASY SYSTEM

The solution chosen by the RPC collaboration for the powstesy is based on the CAEN

EASY [38](Embedded Assembly SYstem) project. It consi§tsmnponents made of

radiation and magnetic field tolerant electronics and basealmaster-slave architecture.
This architecture allows to separate the control part, nigdeomponents not-radiation

hard, from the supply modules, that can operate in such @mvient. For the Power

Supply System a standard approach has been used, basedulamsgdtem where crates
and controllers are common, selecting different power umpdules as needed.

The control part in the CAEN EASY technology is accomplishgdhe SY1527 Main-
frame controller, that by mean of branch controllers boatdsatrols and communicates
over a CAN bus with crates located several meters farawais mhster part has to be
placed in a safe and accessible area as the electronic ro@mpdssible configuration
can be implemented: one solution is to have the complete pswaply situated in the
underground electronics rooms, where the environmentfés g&hereas the other is to
separate the control unit and power module, leaving thedoimthe counting room and



57

placing the latter in the cavern close to detector, beingdbas radiation tolerant elec-
tronics. Both configuration are adopted for the power systentlescribed in Figure 3.7.
The second solution has been adopted for the LV system im to@deoid the consequen-
tial high large voltage drop and the high current requireckise of the 200m long cables.
The first configuration is used for the HV system, being theliregl current=O(6) less
then LV, in order to easily fix any problem regarding the cartiom and the distribution
of the HV.

In order to fulfill the RPC detector power requirements in [€ab.1, different EASY
power supply boards prototypes has been prepared by CAENesated at CERN 904
facilities in the last three years. After a testing and ojtation phase together with
CAEN engineers, a satisfactory board operation has beeasvachin term of read-out
precision and operational stability and reliability, abdefulfill the RPC community re-
quirements. The RPC power supply system at its startup agatign is composed by 96
EASY CAEN A3009 LV boards for powering up the FEB electroniéd EASY CAEN
A3016 LV boards for the Link Boards, whereas the HV systenteind has 116 EASY
CAEN A3512N boards [38]. The latter is designed with an ottmltage that can be
programmed and monitored in the 0-12 kV range with 1 V resmhuand with a moni-
tored current resolution of 0/1A.

Power Supply High Voltage LV for FEB LV for LBB
Hostile Environment Yes Yes Yes
Voltage 12 kv 7V 4V
Current 1 mA 3A 14 A
Programmable Voltage 0-12 kV 09V 0-5V
Current Precision 0.1 uA 100 mA 100 mA
\oltage Precision <10V 100 mV 100 mV
Trip Settings 0-100s 0-10s 0-10s

Table 3.1.Requirements for the HV and LV system for RPC Chambers

3.4.1 The DCS of the Power System

The control operation on the power system is performed thradifferent levels in a
redundant way. First safety mechanisms are implementedttirat the boards level,
assuring fast and safe actions. Programmable parameteis fct available for each
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channels to promptly act in case of major problem and briegdigtector in a safe con-
dition. Indeed each High Voltage (HV) channel has an absdlhardware) over-current
and over-voltage protection that automatically trips thikage if any of these parameters
exceed the limits. The HV current trip limit is programmahtel is usually set to a value
lower than the hardware protection. As for the HV, each LVitted contains a hardware
protection for the analog and digital voltages and currattle output of the LV module,
tripping the channels in case of the this alarm conditionpading to the programmable
trip time selected. The other controls are performed at dtifisvare level by the back-
end applications. The communication with the CAEN poweteaysis managed by the
Mainframe SY1527 through the OPC protocol [36], followitg tschema in Figure 3.8.
The software applications based on PVSS are distributexdfoue servers for resources
optimization and loads balancing. The acquisition is basedn event-driven approach
and the most significant parameters are handled with a 2eskefime.

Figure 3.8. The CAEN mainframe can operate independently the powemgtsuand it commu-
nicates with the DCS via OPC. The DCS monitors the systemasstaid sends commands to the
Mainframe.

The software part is aimed to enhance the hardware levatgiioh by mean of several
slower safety checks on each channel, and to provide an edsyphust interface to op-
erate the system. Additional control on the values set,rtbeming alarm conditions and
the equipment status are performed in order to prevent ldsittiations for the hard-
ware. Programmable actions are foreseen to switch off thand/HV boards or gently
rump down the voltages to safer status conditions in casegbfkorking temperature or
failure of the auxiliary systems. The DCS is also the integfaetween the power supply
channels and the higher levels of the control system. It lesndultiple commands from
the supervisory DCS application, translates those intoitfiet sequences of single com-
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(a) Typical GUI for monitoring the power supply chan¢b) Detailed view of the channel behavior.

nels behavior for a single RPC. All most important parameters can be moni-
tored and controlled through color status ob-
jects and trending plot.

Figure 3.9. RPC Power Supply System GUI.

mands to operate safely and correctly the detector. An fipgcaphical user interface is
also available to the user with a simple interface where todni all the most important

parameters, the alert condition status and the behavidreoingle channels over time
3.11.

3.5 The Environmental Control System

The performances of the RPC detector are strongly relatétetoperative temperature
and humidity since some detector physics parameters, bagndise rate and the dark
current of the chamber, strictly depend on them [39]. Hen@ssure the quality and sta-
bility of the data taking over all the CMS lifetime, a crucialjuirement is to provide an
homogeneous, high granular and robust sensors netwogki@piovide a complete view
of the RPC status. In the RPC system, several quantitiestbadve monitored: the gas
temperature and humidity, the temperature of the air indideletector volume, the tem-
perature of the cooling pipes (sensors located at the ekbatige pipe), the temperature
of front-end boards, and the environmental relative hutnidihe number and type of the
installed sensors in all the RPC system at its start up isrithestin Table 3.2. The map
of the air temperature sensors installed is illustratedigufe 3.10. Additional tempera-
ture probes are also installed on the endcap cooling piperivesrucial points to have
a complete overview of the detector thermic map. The reddtivmidity sensors are in-



60

stead installed on the gas distribution racks for each diskseheel input and output, and
on some reference chambers on the endcap disks. They aré alsaeto provide early
warnings about high humidity conditions that may poteftildad to water condensation
inside the detector.

Figure 3.10. Location of the air temperature sensors inside the chanhéne barrel all the sta-
tions (green) are equipped with one sensor but same bigg@rst that have two probes (orange).
In the endcap region, the sensors are installed only on sefaeence stations (green).

The temperature sensor is the AD592BN, made by Analog deviebereas the sensor
HIH4000 is used to measure the relative humidity. They a&sthe robustness, reliability
and precision required and can operate in the radiation agpheiic field environment as
described in Table 3.3. Both sensors are powered and redut I§AEN ADC (A3801A)
boards, equipped with 128 channels and a 12 V input stageAX boards are placed
in the balcony around the detector, in the same EASY300@<taed for LV.

Additional sensors have been installed also on the eldcsdards inside the chamber
to monitor the working temperate and assure the effecta®enad safety of the working
condition. The RPC is equipped with about 7000 front-endt®-EB) and every FEB
has one or two temperature sensors (AD7417) with a nomiakacy of 0.25C/LSB.

3.5.1 The DCS of the Environmental Control System

The monitoring and control of the environmental informafibeing read out from the
ADCs located inside the EASY crates, are performed via OP@&s@ PVSS with a 10

s refresh rate. All the values are constantly monitored aotkeptive actions are taken
on the chamber hardware in case of high temperature (mane2thdegree) or humidity
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Region Air Temp. Env. RH FEB Temp. Gas Temp.
Barrel Wheel +2 62 - 944 4
Barrel Wheel +1 62 - 944 4
Barrel Wheel 0 62 - 944 4
Barrel Wheel -1 62 - 944 4
Barrel Wheel -2 62 - 944 4
Barrel Total 310 - 4720 20
Endcap Disk +3 12 4 378 4
Endcap Disk +2 12 4 378 4
Endcap Disk +1 12 4 378 4
Endcap Disk -1 12 4 378 4
Endcap Disk -2 12 4 378 4
Endcap Disk -3 12 4 378 4
Endcap Total 72 24 2268 24

Table 3.2. The number of environmental sensors and their physicailalision.

Environmental sensor Temperature Humidity

Hostile Environment Yes Yes
Input range -10°C +60°C  0-100% RH
Accuracy 0.1°C +2.5% RH

Table 3.3.Requirements for the environmental network for RPC Chamber
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(more then 70%) out of the safety ranges. All the informatsosiso available to the users
in several panels of the graphical user interface 3.17bderaio monitor the parameters
evolution over time and correlate them online with the otetlector operation parame-
ters.

The FEB board temperatures are instead read back from thkeBdards, via CCU ring
through XDAQ), and then are sent via soap messages to PSX/Rg$8scribed in Figure
3.17a. During the normal operation the average data flow uned$andwidth is stably
about 2 kB/s. All this information is gathered and contrdlley a dedicated PVSS appli-
cation, able to correlate them and take protective actiews, turn off the power to the
problematic FEB, in case of harmful situations.

== t
===l = & »
Xbaa (BYsS)

(a) Building block diagram of the FEB temperaturéb) Example GUI for monitoring the envi-
data flow. The information is collected from the LBonmental sensors of a detector region.
by a XDAQ application and then sent via PSX to the

PVSS application.

Figure 3.11.RPC Environmental Control System.

3.6 The Gas System Monitoring

Being a gas detector, the RPC performances are stronglgidéd by the quality and the
composition of the gas mixture as well as the working presséieach chamber, hence a
stable and reliable gas monitoring system is a stronglyireaquent for the correct detec-
tor operation. Therefore, the RPC system high granularitytbe large area in which it is
spread as well as the potentially harmful conditions cayserbng mixture composition,
impose challenging constrains to the gas distributioresgsietwork and the design of a
high redundant and reliable monitoring system. The CMS RBCcgmposition is com-
posed by a non-flammable mixture of 96.2%H, F, 3.5%i — CyH,o and 0.3% ofS I,
plus a percentage of about 45% of water humidity to keep tkellbaresistivity constant.
The basic functions of the RPC gas system are to mix the diffayas components in the
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appropriate proportions and to distribute the mixture &itidividual chambers. The large
detector volume and the use of a relatively expensive gagineixnake a closed-loop cir-
culation system mandatory [31]. The system consists ofrabredules distributed along
different locations in the experimental area, as describb&igure 3.12. To avoid the us-
age of flammable gas inside the environmental hall, the patipa of the gas mixture
is done in a separate hall in surface. Here the gas is mixduegirbper concentration,
humidified, analyzed and then distributed to the gas digioh racks, located around
the detector in the experimental hall. The gas mixture ia thistributed to the different
stations and the relative flows are constantly monitoreddieioto detect possible leaks.
The gas mixture in output from the each station is then reealeput in recirculation
and sent in surface to analyze the impurity level and aftetwe-enabled the cycle. Re-
sults from long term tests performed by CMS showed that thguiity concentrations
produced in the RPC chambers are high enough to influenceetketdr performance if
they are not properly removed from the mixture. Therefaseadhieve a high recycling
rate the closed-loop circulation system is equipped withui@fipr module containing 3
cleaning agents.

Gas Building SGX [\ Vent

——  Suppliers
@ EHF, O Pudfe “7._] — Mixer
A L Mixan —  Humidifier
® ICH, Lfnigity Purifier module
—  Pre-distribution and pump
Storage Condirioning — Final distribution
SGX - USC
[ pipe length

Gas Racks ]
in Service @
Area

Figure 3.12.Closed-loop circulation system.

Distribution
Racks for RPC's
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3.6.1 The Gas monitoring Applications

Because of the complexity of the gas system and the high &fvgiotection required,
the gas monitoring system is build on different levels, bmindware and software, and
composed by different projects with different tasks. Theuésition of all the gas system
parameters and the monitoring of the entire chain, from theéng to the chamber, is
provided by a CERN centralized system, LHC GCS project [40]reduce the effort in
the development, maintenance and operation phases, CEgtdledeo crate this project,
aimed to provide the Gas control system for all the 4 LHC eixpents. As the process to
be controlled is very industry-like, it has been decidedde undustrial tools and princi-
ples. Itis based on Schneider Programmable Logic ContsqilC), Profibus, CAN and
a library (UNICOS) to develop applications in both PLCs aE8. The hardware level
control is performed via PLC, allowing to take easy and pridte actions promptly. For
example in the RPC gas system such facility is used to cotiiteojas mixture and keep
it non-flammable. As soon as the- C,H, fraction increases beyond the flammability
limit, the PLC takes care of stopping the flow through the deteand cutting off the
voltages applied to the chambers. Similar actions on HV dmamare foreseen in case
of main failures on the gas distribution lines. All the séimsiparameters acquired by the
CGS are shared also with the RCS via DIP Protocol. Informdtie the gas quality and
the mixture composition, the chambers input and output flsswsell as the actual status
of all the equipments involved in the preparation and distion of the gas mixture, are
monitored in the RCS and used to operate safely the detedimwning to take action on
the other relevant hardware components depending by theal@vior. It also allows to
correlate this data online with other operational paramedteorder to optimize the de-
tector behavior. A typical GUI panel to monitor the gas systeformation is illustrated
in Figure 3.13.

To check the quality of the gas composition and the purifiegoti’eness and to spot
promptly any saturation effects, the RPC Collaboration dmseloped two independent
and complementary projects, aimed to continuously motifi@mixture: the gas quality
monitoring and the gas gain monitoring. The gas quality nuooinig system [41] will per-

form both qualitative and quantitative gas chemical analyith a set-up which includes
gaschromatograph, pH sensors and specific fluoride elestrad order to continuously
monitor the status of the recirculation and to detect a waleye of pollutant produced
during the detector operation. The gas gain monitoringesy$42] is composed by a set
of small single-gap RPCs, located in surface, supplied thighsame gas mixture. They
allows to monitor the work point of the gas mixture used by nseaf gas gain and effi-
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Figure 3.13. The Main Gas Monitoring Panel from where it is possible to itwrall the relevant
parameters involved in the RPC operation.

ciency scan at different high voltages in order to providst énd accurate determination
of any shift in the working point operation.

3.7 External Control System

As External Control System are referred the other contretesys that have their own
independent control and with which the RCS has to interalthoigh these systems are
designed to react in case of problems, early indicationéeif istatus must be notified
to the RCS since they may have consequences onto the dedect@utomatic correc-

tive actions, driven by the DCS, may be required. The coddind DSS system will be

presented in the next sections, being deeply involved ifRB8 operation.

3.7.1 Cooling and Ventilation

The temperature has influence on the stability of the mechésiructures of the detector,
on the response of the detecting elements, and on the elasriifetime and safety.
Hence an efficient cooling system is a mandatory requirefioeran efficient and robust
operation. Cooling and ventilation is an infrastructureviee provided by CERN for all
the LHC experiments. During the CMS operation, the total am®f heat dissipated
in the experimental cavern is about 800 kW, that needs to teeciepted by the cooling
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Point 5 — Cooling Network
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Figure 3.14. CMS cooling plan. The RPC chamber are cooled by differemsliio keep stable
the chamber electronics temperature and to avoid heat egetfeom the other subsystems.
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water at 18 for the Calorimeters and the Muon systems and’p¥, coolant, used in the
Tracking system. A description of the CMS cooling plan iswhan Figure 3.14, where
the different supply lines for the different regions andetiént subsystems are underlined.
In addition, the cooling system has to keep at safe temper#tte hardware equipments
like the rack system and the DAQ server network. Crucial ppatars such as flow rate,
temperature and dew point, are monitored via DSS in seveiat pf the distribution
chain in order to have a detailed overview of the system statul detect eventual loss
of coolant. This information is of primary importance foetRPC detector and are used
inside the RCS to take automatic and protective actions @hahdware involved in case
of problem.

3.7.2 Detector Safety System

The Detector Safety System (DSS) [43] cooperates with th& B€ the experimental
area safety, taking care of the experimental equipmengéption in case on major haz-
ards, like smoke, fire, flammable gas, oxygen deficiency. Kihi$ of harmful conditions
require a level of operation that cannot be accomplisheth®yDICS because of its com-
plexity and high granularity. The DSS is instead designeeteimple and reliable and
consequently its actions have to be fast and quite coarge,cetting the power to the
entire cavern in the case that smoke is detected. DSS adhiossvill in general disrupt
the data taking, but avoid damage to experimental equiparehtonsequential long in-
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terruptions. All alarms of the DSS are transmitted to the R@8 are used to execute
predefined control procedures. For specific DSS harmfuasdnos involving the RPC
detector in which a very fast action is not required, a fewutes delay in the DSS action
execution is foreseen in order to execute more gently sbwidprocedures before that
the DSS switches off the equipments. To fulfill its requiremse the DSS system has
to be based essentially on hardware components. The frohisea redundant array of
two PLCs, that interpret the signals coming from the coredsensors according to a
programmable alarm-action matrix. Actuators, attachatiecmutput of the PLCs trigger
actions. The PLCs are scanning all input channels, praugdke alarm-action matrix
and modifying the state of the outputs accordingly. Such decwill take about 500
ms, allowing the DSS to react to any hazardous situation avigsponse time below one
second.

3.8 The RCS Supervisor

All the control subsystems described in the previous sestare able to work as stand-
alone component and participate the general RPC systeratapereach covering a par-
ticular task. To gather all the information and to preseningptfied but coherent and
homogeneous interface to the operators, a supervisor igveljuired for the correct
operation. The main aim of the RPC Supervisor is to summadhieestatus of all the
sub-systems involved in the RPC operation and presenthetoéntral DCS, defining the
operative conditions for data taking. It uses most of thecfiomalities provided by the
JCOP+PVSS software, such as the finite state machine, tphigah user interface, the
alarm handler and the ORACLE database interface, that sithe/storage of the data in
the CMS online database and the loading of the hardware cwafign from the CMS
configuration database. In the next sections its differenttionalities and the design
solutions are presented.

3.8.1 Architecture

The huge amount of components under the RCS control and gheghanularity of the
system require to describe it in a hierarchical way. The R&8vsare architecture has
in fact been developed following a hierarchical doublestucture: a geographical and
a hardware oriented tree (Fig. 3.15). Both trees give usefaimation on the system
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from different points of view. The status of the equipmemnbined in the operation is
described through the hardware tree, useful to find out andlegroblems occurring in
a particular hardware component, involving several detqudrts. The geographical tree,
instead, describes the system from the detector point of ¥eeusing on the location of
the each component on the detector. This subdivision gldskbws the geometry of the
detector, i.e. wheels and sectors for the barrel, discsiagd for the endcap, allowing
a close correlation with readout data. PVSS and JCOP frankeslow an easy imple-
mentation of such a structure. Every tree node is descrip@ddulefined objects, Control
Unit (CU) and Logical Units (LU) that, with different task drprivileges, are aimed to
drive the behavior of the hardware equipments and subsgateder them. In fact they
can configure, monitor, and control all child nodes and recdrom error state. This
facility assures the partitionability and scalabilitjoaing a robust and powerful man-
agement of the system. At the lowest level, as leaves of tiee tihere are different logical
groups describing the hardware devices: HV, front-end tiyjger LV power supply, and
environmental systems. These tree nodes, representetgoelie channels, are described
instead by Device Units (DUs). Each DU is the interface tohthelware component; it
translates the received commands, understands the deéaies and generates eventual
alarms. The HV and LV channels, the power supplies, and twe slrates are managed
separately through dedicated DUs. The root (top) node oR(BE8 is connected directly
to the CMS central DCS system and is used to communicate atduege actions, states
and commands. The commands, coming from the central DCSirapagated through
the RPC FSM tree, down to the devices. Here they are integhatcordingly as hard-
ware commands. The hierarchical tree structure allowswertycal data flow: commands
move downwards, while alarms and state changes propagatadsp(Fig. 3.15).

3.8.2 The Finite State Machine

In order to fulfil a high rate of automation in control processreduce human errors,
unavoidable in repetitive action, and optimize recoverycpdures in case of undesired
states, all the RCS hierarchy nodes are implemented th&gial State Machine (FSM)
mechanism. It offers an easy, powerful and safe way to gefutheletector control,
through the definition of a finite number of states, transgicand actions. It allows to
summarize the detector status through a limited numberabést drive it to predefined
configurations and translate all the operation modes inlgimgtions, hiding to the oper-
ator the complexity of the actions required. The FMS todlkiPVSS is based on SMI++
[29] and provided by the JCOP framework. It allows thus to rirepcomplete hardware
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Figure 3.15. Structure of the hierarchy tree of the RCS. Different brasctescribe the RPC
system from geographical and hardware points of view. Atho@ands go down the hierarchy,
while information and error messages are reported upwards.

onto a hierarchy of FSM nodes and implement the structurdgtaprocedures to cor-
rectly operate them by mean of an object-oriented approabkre the programmable
behavior of the FSM units are defined in FSM object types. tfeoto be able to operate
different detector parts independently, individual SMivdins can be separated from the
control hierarchy. Further, the partitioning capabibta the FSM toolkit allow operating
parts of the hierarchy in distinct modes. Device-orient&iMFobjects can be detached
from the tree (“Disabled”) such that they do not propagaterthtate nor receive com-
mands. The FSM layer has a detector oriented hierarchy amasts more then 2000
FSM elements interlinked. This software layer hosts moes th000 control loops to
guarantee a safe and automatic detector operation.

The states and the commands for the top nodes as well as thenctbon nodes have
been chosen by CMS in order to have a uniform structure. Tdtesstre: ON, OFF,
STANDBY, and ERROR and the commands are: ON, OFF, and STANOB¥ use of
these particular states and commands ensures uniforndtg@npatibility with the cen-
tral DCS, permitting adequate transitions between thestaTheir small number and
general definition makes them suitable for all sub-detsctartypical device state model
defined for a HV channel is described in Figure 3.16: all thasitedle channels configura-
tions are described by states and the transitions from ae t&t another are handled via
predefined steps that assure correctness and reliabilifyetoperation. In each steps the
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Figure 3.16. Structure of the hierarchy tree of the RCS. Different brasctescribe the RPC
system from geographical and hardware points of view. Athowands go down the hierarchy,
while information and error messages are reported upwards.

FSM takes care of loading from the database the right vatuapply and alarm settings.
The states from central DCS are translated in meaningftdstar RPC. For this reason
a transitional state (RAMPING) has been added to the previtates. It describes the
situation in which the high voltage of one or more chamberarisping up or down. The
STANDBY state is used for the RPC detector as a safe stateighwine LV channels are
ON, while the high voltages are at an intermediate and sdfie va@his state has been im-
plemented for test and calibration runs or for period witlmat“stable” beam and magnet
ramping conditions.

3.8.3 The Graphical User Interface (GUI)

The GUI is developed to be an intuitive tool to control and mtmrthe detector, easy to
use also for non-experts and able to protect the system fngnd@ngerous action. Itis a
collection of panels in PVSS language and offers the follmfunctionalities:

an easy navigation throughout the entire system strudiuseks to a combination
of text, graphical objects and synoptic diagrams;

e visualization and setting of any process variable;

global parameter setting, thus speeding operations angireglhuman errors;

plots, diagrams, histograms, and tables for a first onlirsdyais of the detector
behavior;
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(a) Abarrelwheel panel of the Supervisor DCS. All théb) An endcap Disk panel. Clicking on each

object are colored according the status of the chambeinamber is possible to obtain more informa-
tion about the services status and check the
behavior over time.

Figure 3.17. Typical layout of the Supervisor system.

e complete visualization of the alarm condition on all catielements.

To fulfill the above functionalities, approximately 40 p&néree structure) have been
designed following the naming conventions and the coloesatecided centrally by the
CMS DCS group. Examples of RCS panels are shown in Fig. 4.&8 the general states
of the different data sources are color-coded and the dureandlings of the operational
parameters are also shown in the panel. The GUI allows a aepbntrol of the entire
RPC system and therefore, to prevent any human error, aatiff@ccess levels have
been set. Access Control (AC) for different control aspagthin RCS is provided by a
set of tools restricting access to the control interfacesutborized users. Same specific
actions that require the expert supervision, are alsoicesdrto the normal operator in
order to avoid unsafe operation on the system. The followiglffexplanatory groups:
PVSS expert, RPC expert, and RPC user have been successfitiéig during our pilot
runs.

3.8.4 Alert Handling

During detector operation, any problem occurring must biealed, signaled and possi-
bly automatically recovered from. On the individual devarechannel level, the PVSS
alarm mechanism is used to report any abnormal value of desingnitored parameter.
An alarm is issued every time the system unwontedly leavedéisired state or if a given
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parameter deviates from a predetermined range. A setsraf atanditions severity levels
and recovery procedures have been defined and implemenmtelditfee critical hardware
parameters in order to have a very fast alert of any abnoramalition. A Warning sever-
ity level is raised for example in case a parameter overcaesf the safe ranges, but
its condition doesn't prevent the normal operation. It vgatime operator to investigate
the problem in order to avoid forthcoming malfunctions andesentual interruption in
the operation. More higher severity levels are used in deseroblem may cause the in-
terruption of the operations or eventually cause implaaifor other systems. To avoid
the accumulation of a large number of alarms on the userfater summary alerts are
foreseen for grouping the most sensible parameters andineghin a hierarchical struc-
ture, strictly following the FSM architecture. The RCS akare handled by the operator
through a dedicated GUI and all the most sensible condittwasconnected to the ex-
ternal server in charge of warning the proper experts remeia SMS (mobile “text
messaging”) and emails.

3.8.5 Integration in central DCS and Run Control

The RCS is directly connected with the central DCS and seehiltkin the Central DCS
hierarchical structure. In this way the central DCS propegaommands to it and can
retrieve alarms and messages directly from the RCS, pudjgshe RPC status condi-
tion to the CMS Run Control during the data taking, accordimgdiagram illustrated in
Fig. 3.18.

This bidirectional communication between the RCS and runtroballows to synchronize

the status of the detector with the physics data taking diperaMoreover, The RCS is

also able to operate in standalone mode in order to be uséuydie commissioning

and calibration phase, by means of a direct connection t&R®¥€ Run control. This

connection allows to synchronize the configuration operatamong different RPC parts,
check the status of the entire RPC system and manage ceritralivarning and error

messages coming from different RPC partitions.

3.8.6 DCS Configuration

The hardware description and the configuration of the RP@syare particularly labo-
rious, due to the large number and heterogeneity of the eltsnand require data base
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Figure 3.18.Logical layout RCS with other DAQ subsystems.

infrastructures to keep track of the different running cgmfations. The RCS configu-
ration database is designed to manage the setting of thetolesnd DCS parameters
(such as calibration constants, voltage settings, anthateesholds) depending upon the
operation mode. All the structural information, geographposition and configuration
parameters necessary to put the detector in running congdére stored in the RCS con-
figuration database, based on the ORACLE technology. A “@ardition” contains sets
of devices with their static properties, for example HW addes, archiving settings, re-
quired to recreate the system from scratch. The values tioséte different working
conditions, are instead set in “Recipe”. It is a set of vatheas are run-time specific, such
as set points for output channels and alert thresholds,hathiry change depending on
the detector operation mode. This method allows differenfigurations to be stored as
“recipe” for different conditions (e.g. for stable beamsnoucs). Online changes to the
configuration parameters can be made via the DCS interfateginaded to the Oracle
database. The configuration data can be used within offlic@nstruction and analysis
routines independent from PVSS.

Control
Application

POPCON
Data & Event

\ELEECTS

Figure 3.19. Flow of data through the archiving chain from the PVSS apgilbm to the Offline
database.
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Parameters DeadBand
Chamber Dark current 0,3A
HV Voltage v
LV Voltage 0.1V
LV current 0.2A
Tchamber 0.3°C
Tcooling 0.3°C
Chamber lines gas Flow 0.51/h
Relative humidity 5%
Table 3.4. Deadband used for the most important parameters to storeathes in the online
database

3.8.7 Condition Database

All the information regarding the running conditions andhrevent data controlled by
RCS needs to be stored in order to monitor the system behavéoitime. In particular,
the currents and voltages on all the chambers of the systiilmendonstantly read out and
stored, together with the environmental conditions, t@giVirst glimpse of the chamber
performance. Therefore, the data processed by PVSS comingthe gas system, the
cooling network and the electronics is stored in the same Waig information allows the
optimization of the working condition and the study of thesggnents response during
different phases of the experiment and is useful to undeastae ageing behavior of the
detector. Because of the huge amount of data monitored uetied of the data volume
is necessary, to avoid filling the disk space with values duedise fluctuations. Con-
sequently, “deadbands” are specified for all relevant patara (Table 3.4), optimized
respect to the hardware accuracy and values are writteretddtabase only when new
values are measured outside the deadband. In the final caifiguthe amount of RCS
data stored would be about 10 GBytes per year, almost 1/2@ahonitored informa-
tion. The biggest part of these data is represented by chashabe current. The interface
between PVSS and the different databases is handled thiugllicated PVSS man-
ager for ORACLE DBs, able to assure reliability, redundaacyl stability of the storage
system. The information are stored from PVSS to the CMS @riMilaster Data Storage
(OMDS), used by all the online subsystems. Part of these da&ful for detector per-
formance studies and analysis and reconstruction, aregsed and stored in the Offline
database by a dedicated application PopCon, (Populatoordi@on Objects), aimed to
store data in an object format that best matches the objemtted paradigm for C++
programming language used in the CMS offline software, astithted in Figure 3.19.



Chapter 4

THE COMMISSIONING AND
CALIBRATION

4.1 CMS Global data taking

Several are the milestones reached in the last three yearak® CMS an unique, highly
efficient, and reliable detector. Since summer 2006 diffegéobal data taking campaigns
with parts or all the subdetectors integrated has beenmpeefbin order to learn how to
operate simultaneously all CMS subdetectors, the trigayea, DAQ chains as a unique
system. These runs represented a very useful experiencéefdetectors as well as for
the data analysis structure commissioning. From the detegbint of view, the main
global run aims are to complete the CMS commissioning, etalthe efficiency and
eventually repair faulty channels, and to check the regwiuand improve the detector
performance measuring calibrations and alignment cotssta@n the other hands, the
integration and commissioning of the data acquisition aigdér systems and other online
tools such as the detector control system and data qualitjtanimg as well as the testing
of the full data handling are important tasks fulfilled dgrthe global run. The different
stages and the most important CMS milestones are illustiatéigure 4.1.

The first global commissioning has been performed in theaserhall during August-
November 2006. The main goal of this campaign, called the MTMagnet Test and
Cosmic Challenge) [44], was to fully test the solenoid magvtdle the experiment was
still located in the surface assembly building. As a parheféxercise, a vertical slice of
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Figure 4.1. Overview of global CMS commissioning activities.

most important detector components (pilot silicon tragksgstem, ECAL, HCAL, barrel
and endcap muon chambers) was operated to record the cagnsignal with and with-
out the magnetic field. It demonstrated to be fully operatind able to reach stably the
nominal value of 4 T. After collecting about 200 million coenmuon events, the cen-
tral detectors were removed and the field maps for differefd fralues measured. The
data collected during the MTCC provided an important feelldar the calibration and
alignment procedures. The behavior of the detectors in thgnetic field was verified
by comparing their performance with and without field and alascked with the simula-
tions. In this sense, the MTCC represented a first global dgsioming test of the CMS
at all levels, from the data taking up to the physics analy8@on after the central heavy
elements of CMS have been lowered into the experimentakcageseries of centrally
driven data taking efforts, called “Global Runs”, was perfed with a duration of a few
days and with an increasing humber of subcomponents ineshes soon as the ongo-
ing detector installation and local commissioning adigtwere completing. Starting in
2007, several cosmic rays runs without magnetic field wertopraed, with the detector
partially opened, for a total of more than 300 million everdfected.

In August 2008 the detector was ready and protons circulatde LHC ring in Septem-
ber. Several event types were collected during the first beays: beam halo events
(mostly muons coming parallel to the beam axis) and beansis@aents (when a single
beam of 2~ 10° protons was dumped on the closed collimators 150 meterseaps}.
These events contain horizontal particles, useful for fwdaetectors commissioning and
in particular the splash events delivered large energy slepim the calorimeters. After
the LHC accident on the 19th of September, the CMS experimastkept closed and
a long cosmic run at nominal magnetic field was taken (callBAET, Cosmic Run At
Four Tesla). CRAFT collected 290 million events at 3.8 T negnfield, out of which
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Figure 4.2. Event display showing a global track reconstructed fromsnio ray signal in the
silicon tracker and muon chambers associated with theioadter signal.

87% have a muon track in the muon chambers, 3% have a muontitdidkacker hits and
30000 events have pixel hits. A typical event with a cosmiomtraversing the whole
experiment is shown in Figure 4.2.

4.2 RPC Performance and Calibration

Since the MTCC, the RPC detector has participated to the Abt&agruns with a increas-
ing percentage of system integrated, reaching its final gordtion during the CRAFTO9.
They allowed to achieve the commissioning goals and to atdithe detector response
and performance in its final configuration, demonstratingdtches the CMS require-
ments. A first crucial point for the RPC system is the synctzation of all the chambers
readout inside the apparatus and its electronics, fund@inensatisfy its role of trigger
detector. Signals coming from different regions of the ditearrive to the readout elec-
tronics at different times due to time of flight, time of prggadion along the strip and
different cable lengths. In order to get the maximum efficierall the signals should
be collected in the same bunch crossing interval. Cosmis daya have been used to
synchronize in the best way all the chambers signals and Bt tRgger response with
respect to the other triggers. A very good synchronizatawellhas been reached with
this data for the barrel, as illustrated in figure 4.3a. Fer@éhdcap regions more data is
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Figure 4.3. The Calibration procedure done during the CRAFT09 datantpgeriod.

still required to achieve the same confidence level, duevted@fficiency of the cosmic
rays as probing source for geometrical reason.

After the synchronization, the performance of the detedtoterm of efficiency, cluster
size and noise, have been studied making use of the intelefayeen DT/CSC muon
system and RPCs. Barrel RPCs can be studied by making use lofciéd reconstruction
of the DT hits at chamber level. The extrapolation of DT seginoa the RPC plane gives
the possibility to study the RPC performance at local leMet.every extrapolation on the
RPC surface, RPC fired strips are checked in a small regiamdrthe impact point£

2 strips). Although with a rough precision the RPCs are atjgosdetector. Contiguous
fired strips on the same RPC plane are merged together to definster. The cluster size
is the number of fired strips of the cluster generated by asorgarticle. The results
obtained in terms of efficiency are still preliminary due the random arrival time of the
cosmic rays that could arrive off time on some RPC layer, artti¢ still-not-optimized

signal threshold and working voltage. The method to esgniiafor each chamber is
described in the next section. A typical distribution forRAFT09 run with all the barrel

chamber high voltage at 9.3 kV and FEB threshold 230 mV istithted in figure 4.3b,

where the average valueis90%.
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4.2.1 RPC working point calibration

The detector calibration is an important task to fulfill duyithis first CMS phase with
cosmic rays run and an important rule for it plays the syncized operations between
the online and offline tools. The definition of the best wogkparameters, e.g. operating
voltage and FEB thresholds for each chamber, is crucialliceae the best performance
and is done scanning the detector performance responsieatili working conditions.
RPC detection efficiency is in fact studied taking data dedint applied High Voltage
and estimating the maximum efficiency for every double ga@ BRhe system. The RPC
is considered efficient if at least a fired strip has been faatna distance oft- 2 strips
respect to the impact point extrapolated from the DT/CSGsey. The calibration flow
for such parameters is illustrated in Figure 4.4. The condiion data is stored inside the
config db, where the optimized parameters are defined by nfeanipes.

In order to redefine such constants and upload a new configuiiaside the database,
a HV scan tool is available in the RCS. An example panel togperfthis operation is
illustrated in Figure 4.5. It offers the possibility to ramspfely the voltages for each
chamber through different steps automatically, while tetedtor response is read out
by the DAQ chain at the different conditions. In fact to exkithe optimal working
voltages, at each applied voltage step the efficiency chalmbehamber is estimated. In
Figure 4.7 the curve of efficiency as a function of the apptiigph voltage is shown for a
reference chamber. The chamber behavior can be fitter by nfeasigmoidal function
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Figure 4.5. GUI for a barrel wheel HV scan procedures.

to each curve using the following parametrization:

Emafl?
€= (1 + e 51 x (HV=HVs)) (4.1)

wheree,,.. represents the plateau value of the efficiency, Sl is reltietie slope at
the flection point of the sigmoidal function, HV is the highltame value at which the
efficiency reaches 50% of its maximum value and HV is the dpeyaoltage. At each
voltage step, the data is thus acquired from the detectoraaatyzed by the prompt
analysis tools to estimate the efficiency chamber by chanalsedescribed in the Figure
4.4. The RPC operating voltage depends also on environiparameters [39] such as
gas temperature (T) and pressure (P), according to:

BT (4.2)

H\/effzm/x%><T(J

where HV is the power applied voltag#V,;; is the effective voltage relevant for the
charge avalanche process across the gas gapnd R are reference temperature and
pressure respectively of 29% and 1010 mBar. Both parameters are acquired by RCS
and transmitted offline to be used in the calibration procesiuThe high voltage scan is
usually based on at least four HV values to allow a good fit éodata. Once the proce-
dure is ended, the estimated working point for each chansbzalculated by the prompt
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o

analysis tools fitting the efficiency information. The HV ogional point so calculated

is then stored in the configuration db in a recipe and loadedagplied by the RCS to
the actual configuration. A typical calibration run is déised in Figure 4.6, that were
performed during the CRAFT09. During the procedure tenpegaand humidity were
monitored via RCS (Figur@?) and recorder in order to estimate the relative corrections
on the data to the effective voltage applied on the chambwe.résult of this calibration
campaigns are shown in Figure 4.8, where the best paraniretersn of HV applied and
FEB thresholds are underlined.
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4.3 The RCS performance during the CMS global runs

The RCS was extensively tested during the hardware ingtallphase and already used
during the commissioning phase as official tool for operatite RPC chambers. The use
of the RCS in the RPC commissioning phase was not only impbfta the operation
and safe running of the detector, but also to validate theesydtself and to optimize
the performance and scale it up. The first significant testis thie real hardware have
been performed during the MTCC in the summer 2006, where €fe s been operated
on 5% of the final configuration of the power systems, CMS DAfv&re, data quality
monitor (DQM), and integrated in the central DCS. During lgn&t three years the RCS
has been scaled up with the increasing RPC system compkaxitythe new hardware
installation, including more subsystems as soon as thegrbea@vailable. In the summer
2008 as soon as the installation of the last endcap chambertheir services have been
completed, the RCS reached its final hardware and softwarigaoation foreseen for
the CMS start up phase. All this information acquired by P\¢S&ored in the condition
database and then transferred to the offline db to be useainftine analysis of the
detector and trigger performances. In the next section]liprsésent a selection of the
data collected for the qualification of the system, undadyihe performances of the
crucial systems during the operation and the tools develapperform such analysis.
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4.3.1 RPC Detector Performance analysis tool for not eventata

The most important parameters data is stored in the onlitebdse as discussed in the
previous chapter. This information can be used to study ¢hectior behavior in order to
analyze and tune the detector performances inside theeoinimework. As illustrated
in Figure 4.9, the RCS represents the first place where peidigerompt detector physics
analysis. From the GUI is in fact available for the users sdvenline histograms and
plots over time for the most sensitive detector parametegaieed via RCS, as well ad-
ditional trends to correlate among them online. Being th&Ritused and optimized on
the control and the safety of the detector operations, a ponerful dedicated frame-
work has been developed by CMS in order to allow a more comgletl deep analysis,
based on standard analysis libraries. The informatiom@#ie online database can be
in fact acquired and analyzed through the CMS official WebeBdglonitoring (WBM)
[45], aimed to handle the communication with the OMDS anduto fiast algorithm for
data analysis. Based on a common web browser interfaceystens makes use of a Tom-
cat server by mean of servlets that interacts with the databia JDBC calls and renders
web pages on the client side. As main responsible for the RB&I\¢toject, | developed
together with the WBM team a detailed RPC-oriented GUI, gigieb based technologies
and Java libraries, able to perform a standard analysisesettiata and to describe the
detector status and help the user to spot easily problemmsghrcolor coded maps, synop-
tic diagrams and tables, as showed in Figure 4.10. Morebeérg ROOT libraries [46]
provided inside the WBM framework, all the standard typeaipins, histograms and 2D
map can be produced and specific algorithm, implemented i €fipting languages,
can be run on.

4.3.2 Power System performances

The power system behavior is a crucial requirement to utaleglighe detector response.
During the last three years specific test campaigns on eaglesiomponent have been
performed to optimize the behavior of all the power disttitn network elements (e.g.
power supplies, cable, connectors),in order to stabilizedfark current response from the
chambers and to minimize the external sources effects. fEnerpower supply point of
view, several are the improvements obtained during the dseioming phase both on the
stability of the power supplies read-out and on the powetribigion network grounding
schema. After a long testing and optimization phase | chwig with CAEN engineers,
a stable version of the HV board has been obtained, ablefit finé RPC requirements



84

WheeiZ_Seatord
= o

o

WEB-BASED

ORACLE"
I~/

MONITORING

Figure 4.9. Data flow for the not event data acquired by PVSS. Data aredtor the online
database and here analyzed by the CMS official databaséao#enols and then transmitted to

the offline world.

& Lastvalue
@ csc
=@ or
@ Ecal
© Heal
Q1 picel
@ ReC
3 Tracker

Last Valus Seript

Documentation

WEB-BASED

MONITORING
Zongru Wan

RPC HV Voltage

Now 2009.09.01 10:65:35 UTC
Heartheat 2009.09.01 10:66:10 UTC

JONN PARTIALLY ON

fégx#,g% Eéég“d.',',;;:,‘ 5;3;‘.{.',',,;;:“ 5’;3“""""52_% Eé;gw.',',,;;,,‘ é}‘\'ﬂr'lg,;:,‘
G T o Y Y Y

a

Figure 4.10. Typical GUI provided by the WBM framework to visualize theteletor status from

# of chambers/ 0.2 pA

the stored data.

- m —  3r ]
0y E 3 E ]
80F E 2 250 E
B E o [ 1
70f = S L 1
H E| 3 L CcMS 2008 ]
60 CMS 2008 E| C ]
SOF E 15 4
0E E E ]
30 E . B
20 - C B
E E 0.5 -
10 E £ ]
O:‘ L i S S I ST P S oC | | | | 1

0o 1 2 4 5 6 7 8 9 10 16.10.08 23.10.08 30.10.08 06.11.08
current [puA] time

(a) Dark Current distribution at CRAFT end. The(b) Average Dark current vs. time

operating voltage is 9.2 kV.

voltage is 9.2 kV.
Figure 4.11.RPC Current Behavior during CRAFTO8.

. The operating



85

in term of accuracy, offset stability and reliability in féifent operative conditions. The
measured current is thus only depending on the chambersibeltaamd, as illustrated
in the previous chapter, is highly affected by the variawbrenvironmental conditions.
The detector response from the dark current point of viewligges matching the CMS
requirements during the global runs. Figure 4.11a showslé#nk current distribution
at 9.2 kV for the 480 barrel chambers at the end of the CRAFT&@®g. Fig. 4.11b
shows its average value vs time. Very few chambers have vgiwgater than 3A and
the average has been almost stable aroungiA.3No special correlation, at least on the
mean values, has been found with the temperature variatitreiexplored range. On the
LV system, the stability of supplied voltage has been rede¥ith a acceptable ripple level
of about 50-100 mV, ensuring the safe operation of the firmhthips and minimizing the
external noise. The entire system in the final configuratestieen working without any
interruption since summer 2007, with a failure rate ocalitess then 5%, and all the
reparation has been realized without delaying the operatio

4.3.3 Temperature

The temperature has influence on the stability of the mechésiructures of the detector,
on the response of the detecting elements, and on the elstidetime and safety. The
global chamber operational temperature is highly coreelatith the cooling system effi-
ciency and stability. During the commissioning phase testthe thermal environmental
map have been performed in order to find out the environmentaditions with all the
subsystems on and to spot hottest regions due to specifizvagraonfigurations. The
cooling system was evaluated and the results showed a goedaj@peration stability.
Special effort has been dedicated during the shut downgb&sicrease the cooling cir-
cuit capability, reaching a very stable and satisfactoryking situation and keeping all
the chambers below the safety detector working thresholBigure 4.12 can be seen the
dependency of the chambers and electronics temperatigesvigie cooling temperature
on a reference chamber. Figure 4.13a and Figure 4.13b sleawrtiperature distribution
after a long data taking period and its average versus tinie system temperature is
almost stable but when all the CMS electronics is switchedraoff, a clear variation is
visible.
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4.3.4 DCS performances

The RCS was extensively tested during both the hardwaraliatsbn phase and global
data taking periods . After a short debug phase, the systemithout problems for the
entire test period and showed that the architecture of teesymet the requirements in
speed, configurability and scalability. The DCS proved talreliable tool for the safe
and correct operation of the detectors and trained shiftene able to operate the detector
in a easy and safe way. It was proved to be able to manage prdaperinterruptions
occurred, due to power failures and communication probléth the power supplies,
and to keep the detector in safe condition. The developed &#quately followed the
detector’s behavior and never lost control of the hardware.

The communication and the power supply control performaceea be discussed in terms
of the switching on/off speed and percentage of commandsririited and lost. From the
software point of view, the entire system is described byartben 20000 parameters,
acquired from the hardware at about 100 Mb/hour. The comaation with the CAEN
power system is managed through the OPC protocol [36] anddfieare applications
are distributed over four servers for resources optinmizedind loads balancing. The OPC
server used, developed by CAEN, is the “CAEN OPC serversiver3.0, where the ac-
quisition is based on an event-driven approach. Studieseopowering of the system,
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network load and performance have been performed for diftesettings and refresh
speeds. The results of this test have allowed to identifflésoecks in the system and
have led to a better distribution of the work load among tlffedint groups in the OPC
Client side. In the best configuration achieved, the mostiigint parameters are han-
dled with a 2 s refresh time and an average load per pc of ali@@t Bems, distributed
over several OPC groups. Several studies on timing perfocenavere performed with
an increasing number of hardware channels using this OR@rsaient configuration
and showed a reasonable and effective behavior in the sngtend setting operations
(Fig. 4.14). Hence the time required during the switchingperation to bring the detec-
tor from OFF to ON state has been calculated to be about 478islyndue to the detector
mode operation.

Regarding the database performances, the communicatibndaiabases was worked
stable and reliable along all the period. Data for the condition are acquired from db
and transmitted to the hardware in about 70 seconds, depeadithe database load. The
communication with the condition database has been wostedgly with high efficiency
storage (less then <0.3% of data lost in the last year) ardopiimized deadband. About
4 GBytes of Condition data was collected and stored in the Ebtglition database at
a storing rate of 30 Mbytes/day, reaching with optimizeddizend a prescale factor of
about 400 respect to data acquired.



Chapter 5

CONCLUSIONS

This thesis work was carried out in the frame of the Detectontt®l System (DCS)
project of the CMS experiment at the CERN LHC collider. Thisdis focuses on the
control and monitoring of the RPC detector and all the aarilisystems involved in the
detector operation. The analysis of the requirements aojggirchallenges, the archi-
tecture design and its development as well as the caliloratial commissioning phases
represent the main tasks developed for this PhD thesis Widr&s required a deep knowl-
edge of the different RPC subsystems (detector, readautt énd electronic and envi-
ronmental conditions), and their behavior during the défe working phases. Different
technologies, middleware and solutions has been studig¢@aopted in the design and
development of the different components and a big chaltengonsisted in the integra-
tion of these different parts each other and in the generaS@bhtrol system and data
acquisition framework. | have been following this projeairh the beginning, as main
responsible for the CMS RPC Group, along all the operativeesph and now a stable
version of the system is operative and used by the RPC colitibp.

The RPC DCS (RCS) is aimed to assure a continuous control amitaring of the de-

tector, the trigger and all the ancillary sub-systems (higltages, low voltages, environ-
mental, gas, and cooling), required to achieve the opertistability and reliability of

a so large and complex detector and trigger system. It ak&s tappropriate corrective
actions to maintain the detector stability and ensure higdlity data, providing also an
adequate user interfaces for experts or simple shifters.vildrking environment repre-
sents as well a challenge for the control system because bfgh-radiation and magnetic
fields environment. Therefore, the control system must bie-falerant and allow remote
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diagnostics. As many functions of the RCS are needed anad, tihe technologies and
solutions adopted must ensure a 24/7 functioning for thieeelife of the experiment.

From the hardware point of view, to reduce the design worka®e commissioning and
to minimize the maintenance effort required, commerciahponents have been selected
in the system design wherever possible. The work in thisshess led to the selection of
components and technologies and to their validation incasg¢s. A crucial task carried
out during this period has been the validation, the indialteand the commissioning of
the power supply system. After a long testing and optimiraphase carried out with
CAEN engineers, a stable version of the hardware has beamett able to fulfill the
RPC requirements in term of accuracy, offset stability aidbility in different operative
conditions. It has been delivered, installed and testeghsitely in CMS during the
last three years. Other crucial task has been the validafitime environmental system
in term of stability and efficiency in the operation. Durirfietcommissioning phase
tests on the thermal environmental map have been performedder to find out the
environmental condition with all the subsystems on and w $pttest regions due to
specific hardware configurations. The cooling system waseslaluated ,showing a good
general operation stability. Special effort has been drédétto increase the cooling circuit
capability, reaching a very stable and satisfactory wayldgituation and keeping all the
chambers below the safety detector working threshold. & also demonstrated that the
DSS system provided a satisfactory protection for the detedhe functionality of the
independent hardware interlock were proven on severaktmtaprotecting the detector
modules from critical hazards conditions.

Concerning software, | have designed and developed theedratck end applications for
monitoring the RPC detector operation, using the SCADA tsmi) PVSS, chosen by
CERN for all the LHC experiments control systems. PVSS has lpeoven to be a suit-
able choice for the RPC requirements, able to provide théowganterfaces for various
types of front end equipment, the possibility to store ctiads data persistently in rela-
tional databases, the open design allowing for custom soéwxtensions, and the good
scalability within a highly distributed system. Additiddeatures and further synergy ef-
fects in software development were achieved successhalyks to the usage of the JCOP
framework, developed by CERN IT/CO department to fulfill tmmon requirements
of the four LHC experiments. All the control subsystems dule o work as stand-alone
component and to participate the general RPC system operatich covering a particu-
lar task. A RPC Supervisor level has also been design to galhe information from
all the subsystem involved in the rpc operation and to ptesesimplified but coherent
and homogeneous interface to the operators. The main aied®PC Supervisor is to
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summarize the status of all the sub-systems and presenthietoentral DCS, defining
the operative conditions for data taking. It has been d@ezldollowing the guidelines
of the DCS central group, was proved to be reliable and stable to drive the detector
behavior during all operative phases. It is demonstratdzbta useful tool for a prompt
detector physics analysis and a powerful tool to preveidgsidamages. It uses most of
the functionalities provided by the JCOP+PVSS softwareh sis the finite state machine,
the graphical user interface, the alarm handler and the QEAdatabase interface, that
allows the storage of the data in the CMS online databaseharidading of the hardware
configuration from the CMS configuration database. The R@pésative since summer
2007 and running on a small farm of 6 PCs inside the CMS exparinT he entire project
has been proved to respect all the CMS DCS guidelines andweasssfully integrated
in the CMS DCS during the summer 2007.

The commissioning run has been also used as system benchamatkhe DCS perfor-
mance matched the challenging requirements as reported. cdlibration procedures
have been tested in the CMS environment and the performasctuliilled the require-
ments. During the running-in phase it has been studied aalgzed the behavior of the
Controls system under normal stable operational conditamwell as under abnormal
and critical phases such as start-up, beam filling, magngpiray, power outage, etc. in
order to identify weak parts or bottlenecks of the systemrtHeumore, the RCS allow
studying the detector performance and adjusting the deteperation parameters to ob-
tain the best detector response. This thesis has shown fhatance of the RCS for
CMS because of the complexity of the experiment and the ldirgersity of components
utilized. The commissioning and validation of the RPC dietecontrol system are now
finished and it is currently running in the operational phdse work presented here has
contributed to the fully commissioning of the RPC detectat &@s calibration.
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