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Résumé

Le Grand Collisionneur de Hadrons (LHC) au CERN, pres de Geneve, est congu pour faire
entrer en collision des protons a une énergie dans le centre de masse de 14 TeV. Il a été testé
a plus faible énergie en novembre 2009. Durant ces premiers jours, le LHC a établi un nouveau
record du monde avec ces deux faiseaux de protons a I’énergie de 1180 MeV.

Le LHC a quatre points d’interaction pour les quartes grandes expériences que sont : ALICE,
ATLAS, CMS et LHCb. Le détecteur LHCD est situé au point d’interaction P8 (France). C’est
un spectrometre a bras unique dédié a la physique des hardons contenant un quark b. Son but est
I’étude des processus qui ne conservent pas la symétrie CP et ainsi que certaines désintégrations
rares. Pour ce faire, le détecteur LHCD a la capacité de distinguer, avec une résolution de l'ordre
d’une dizaine de microns, des vertex de désintégration dans la région d’interaction.

Durant cette these, deux sujets distincts ont été abordés. Dans le premier sujet, nous avons

étudié la sensitivité de I'expérience LHCb a détecter un boson de Higgs du modele standard

(MS) dans les canaux HW* — bb + ¢+ (;Z et HZ" — bb + £*¢~ (ou des événements ayant une

topologie similaire). Le défi a été de discriminer les événements de signal par rapport aux grandes
contributions des principales sources de bruit que sont les canaux tt, ZOW=*, Z0Z° W+42b
et v*/Z%+2b. Pour ce faire, plusieurs outils ont été congus pour cette tiche qui demande la
reconstruction de jets contenant un quark b. En particulier, nous avons optimisé un algorithme
cherchant les b-jets, ainsi qu’un réseau de neurones destiné a la mesure de I’énergie de b-jets. Nous
avons obtenu une résolution du pique de masse des dijets de 38 %. L’efficacité d’identification des
b-jets est de 70 %, tout en rejetant 70 % des c-jets (90 % pour jets de quarks légers). La sélection
des événements contenant un Higgs a été obtenue grace a l'utilisation d’'un second réseau de
neurones basé sur la topologie de ’événement. En considérant cinq ans de prise de données,
nous obtenons environ une cinquantaine d’événements et une significance statistique dans le
spectre de masse du Higgs d’environ 1, en prenant pour compte une masse de 120 GeV/c? pour
le Higgs. Cette statistique n’est en principe pas assez suffisante pour découvrir un MS higgs.
Cependant, la possibilité qu’un nouveau mécanisme produisant des événements de topologie
similaire pourrait aider cette découverte.

Le second sujet de cette these est porté sur 'intégration des cartes électroniques d’acquisition
de donnée, dévelopée et construite a Lausanne, (les cartes TELL1) dans le Systeme de Contole
de 'Expérience (ECS). Le détecteur LHCD a environ un million de canaux de détection qui sont
lus par 300 cartes TELL1. Un projet complet a été developpé permettant de controler, interagir,
surveiller et configurer les TELL1s depuis 'ECS. Ce projet est maintenant utilisé par tous les
sous-détecteurs de l'expérience LHCb ayant des cartes d’acquisition TELL1.

Mots-clé : CERN, LHCb, Standard Model-Like Higgs, b-jets, TELL1, PVSS, DAQ, ECS






Abstract

The Large Hadron Collider (LHC) accelerator at CERN near Geneva is designed to collide
protons with a centre-of-mass energy up to 14 TeV. It was tested at lower energy in November
2009. The world record collisions of beams of 1180 MeV was achieved.

The LHC has four interaction points for the four large experiments: ALICE, ATLAS, CMS,
and LHCb. LHCbD is the “LHC beauty” experiment, located at interaction point P8 (France).
It is a single arm forward spectrometer dedicated to the b-hadron sector optimised to study
CP-violating processes and rare decays. In particular the LHCb detector has the capability to
measure decay vertices with a resolution of few tenths of microns.

Two topics have been addressed in this thesis. In the first part we study the LHCb sensitivity
to detect a Standard Model Higgs boson in the HW* — bb + ¢+ (;2 and HZ® — bb + (14~
channels (or events with similar topologies). Here we face the challenge to discriminate signal
events from the huge background sources which have been identified to be tt, Z'W=*, 2920
W*+4+2b and v*/Z%+2b events. Several tools have been designed for this goal which requires the
reconstruction of b-jets. In particular we have optimised a b-jet finder algorithm, and a Neural
Network procedure for the b-jet energy measurement. We have achieved a dijet mass resolution
(giving the Higgs mass) of 38 %. The efficiency to identify b-jets is 70 %, and we discard more
than 70 % c-jets (90 % for lighter quark-jets). The Higgs event selection uses another Neural
Network based on the event topology. If we consider 5 years of data taking we obtain about
50 events and a statistical significance in the Higgs mass spectrum of about 1, assuming a SM
Higgs with a mass of 120 GeV/c?. This statistics is in principle not enough to discover a SM
Higgs. The only hope is that a new mechanism exists producing events with a similar topology.

The second part of this thesis is a contribution to the integration of the Data Acquisition
electronics boards built in Lausanne (the TELL1 boards) into the Experiment Control System
(ECS). The LHCD detector consists of roughly one million detector channels which are readout
by about 300 TELL1 boards. A complete framework has been developed allowing to configure,
control, interact, “spy” and check the TELLI1s from the ECS. This project is now used by all
the different LHCb subdetectors using TELL1 boards.

Keywords: CERN, LHCb, Standard Model-Like Higgs, b-jets, TELL1, PVSS, DAQ, ECS



































































































































































































































































































































































































































































































154 Software Integration of Data Acquisition Cards

Figure 5.16: Left: TTC and Flow Control counters. Right: Memory Usage, the counters turn
orange when the corresponding memory is close from being full (90 %) and red upon reaching
the limitation.

Figure 5.17: MEP decoding panel for VeLo sensors of type ¢ (left) and r (left). These panels
are accessed from the DataMon panels of the main panel (see Figure 5.13). The MEP complex
structure is decoded in the VELO and ST cases. To read the MEP buffer on the TELLI, it is
necessary to freeze the processing, potentially creating throttles. Nevertheless as soon as the
processing is frozen the MEP location map is read and the last 4 MEPs are upload into the panel
variables. By clicking on one MEP, this MEP is completely decoded and allows the user to see
all the information. Each bank can be decoded and displayed in a human readable way. These
panels are useful for debugging or to the TELL1 developers. The access for data monitoring
requires some access time to the data buffers and can therefore throttle the system.
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5.3.3 Control Script and Check Functions

In order to check and control the TELL1 board via PVSS, a complete library (fwTelll.ctl) was
created. This library uses of the fwHw and fwCcpc libraries. It contains several useful sets of
functions that can be grouped by functionality:

Utility Functions are frequently used functions that are not network depended.

fwTelll cloneManyTelllBoards clones many Telll boards from one original and assigns
the credit card PC.

fwTelll AssembleAndCreateRecipes assembles various sub-recipes into one single recipe.
It takes care of masked operations, meaning that the bits can be set in one register by
different sub recipes do not overwrite each other. This function is particularly used to
create the global recipe for a specific TELL1 type.

fwTelll BitsFromInt and fwTelll BitsFromString are used to get some bits from a int
or string (hexadecimal) value. It is useful to manipulate only some bits in register.

Common Hardware Functions are used to get fast answers from the hardware, these func-
tions work with the hardware name (DP name) as parameters, but needs the TELL1 board
to have been subscribed to the ccserv. The functions return -1 if the registers could not
be read on the board.

fwTelll TypeOfBoard returns the TELL1 configuration type. TELL1 of different sub-
detectors can be recognised by reading various bits of a special register ConstantReg
implemented on every PP-FPGA.

fwTelll enableMDIOCtrl sets second bit (0x2) in the MDIO-Control register (0x683)
of the MAC chip to enable/disable the autoscan feature. The flag “true” (=default)
enables the autoscan, “false” will disable the autoscan. It checks if the WriteRead function
terminated successfully and compares the written bit with the value that was read back.

fwTelll chkTriggers checks if Triggers are sent to Telll board. If so, Accessing the board
e.g. applying recipes should be prohibited.

fwTelll disableBoard disables the GBE ports on the SL (no data sent) and sets ECS as
trigger source (no TTC triggers accepted). The TELL1 does not accepted TTC triggers
anymore and does not sent any data to the Event Builder.

fwTelll resetVeloSampleClockPhase resets the sample clock circuit and reinitialises all
ADC clock phases in the VELO TELL1 type. This function has to be called after config-
uring the Telll board. If this operation is not performed the data from the A-Rx boards
is not sampled correctly. The function is part of the FSM.

Common CCPC Functions have as input parameter the CCPC name (name of the server
related to the Telll board). These functions work even when the board registers are
not subscribed yet. Most of these function are used during the initialisation and the
configuration of the TELL1 boards. Therefore to avoid timing and sequencing problems
during this primordial phase, they are linked directly to the tellllib provided with the
C-code command line tools. These functions are mostly part of the FSM. The relevant
functions are:

fwTelll EPC16ToFPGA loads the FPGA from EPC16. The initialisation of the glue card, of
the GBE and of the TELLL1 is done with these hard coded functions. To properly configure
of a TELL] its initialisation function fwTell1l_iniTelll must be called. In turn, it calls

all the necessary hard-coded sequences directly on the server before applying the recipes.



156 Software Integration of Data Acquisition Cards

TELL1 boards have to be reset at the end of each run, therefore two function are imple-
mented in this section. These functions are call in the RESET command of the FSM.

It is also possible to enable or disable all the links on receiver cards (O-Rx or A-Rx) in
one command line.

Functionality Check Functions evaluate the status of the Telll boards. They are used for
testing, whether the TELL1s are operational and functional. The input parameter of these
functions will always be the hardware name (DP name) and these functions just work, if
the board is subscribed. Most of These functions are used for the board evaluation on the
device unit panels.

Theses functions check whether the CCPC is running (fwTelll_chkCCPC), as well as
whether that the configuration was successful checking bits on SyncLink-FPGA registers
(fwTelll chkCFG) and that any GBE ports are enabled and not plugged, which would lead
to a data loss (fwTelll_chkGBE) or if they are all disabled. A function checks that the
TTCrx is operational (fibre is plugged) (fwTell1_chkTTC). The O-Rx and A-Rx have dedi-
cacted function to check that the O-Rx links that are enabled are not in state error and that
the DACs are connected and accessible via ECS (fwTelll_chkORx or fwTelll_chkARx).
The processing counter register on the FPGAs are frozen and compared to check that
the processing may be not corrupted (fwTelll_chkProcessing). The data flow is check
on the TELL1 by looking if whether throttles are arriving or not. Therefore the throttle
counter is read twice with a pause of 100ms in between (fwTelll_chkFlow). The two
values are checked whether they are equal or not which would hint incoming throttles.
Memory overflows occur if the number of bits used exceeds a certain limit of each RAM
(fwTelll _chkFlow).

Further internal functions are used for string manipulation, for the creation and manipulation
of internal functionality of the recipes and for FSM commands.

5.3.4 Recipes

As mentioned before the number of register per TELL1 boards variates together with their name
and functionality. In order to be configured some of these register have to be set to the correct
values. During the initialisation recipes are sent to important register of the boards that have
to be configured. Consequently the definition of recipes used depends on the TELLI type.

In order to create recipes for a hardware, it was useful to use the defined function of the
fwHw framework. These functions have multiple features. As recipes are DP in the PVSS
point of view it is necessary to create their own type, therefore a function creates recipe types
specifying which registers should be part of a recipe of this type. The recipe type do not get a
type of board as parameter. Functions are also provided to delete or get the registers included
in a defined recipe type. Table 5.5 gives the numbers of registers in each of the different recipe
types, these type correspond to the TELL1 type.

Even is the definition of the recipe type is possible for very large number of registers in a
simple way, it is not a user-friendly feature to set the data and mask value of the 308 registers
that are used in the VELO TELLI recipe. Therefore the idea was to create smaller recipes
which are defined by the different controls that wanted the users.

To achieve this goal, the sub-recipes type definition were done in parallel to the development
of GUIs which could be used for creation of specific recipes. It is from the “recipes” tabular of
DU panel (see Figure 5.18 (right)) that the user can defined and creates his recipes. The recipes
that are attached to the board are listed and can be assembled in a global one which will be
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tagged with a configuration name (e.g. PHYSICS, COSMICS.,...). The assembly function has
to take care of the registers that are attached to each sub recipes. Several registers are used in
multiple sub recipes, therefore it is necessary to use and check the associated masks in order
to combined correctly the recipes. In a first step the recipe type is created, if it is nonexistent,
with the register list that is passed as parameter.

This sub structure of recipes allows multiple configuration without the creation of the whole
recipe, one can change some value of a sub recipe and reassemble a new global one.

The creation and parameter configuration are access for the different buttons. Figure 5.18
(right) shows the common control recipe panels, Figure 5.19 (right) illustrates the configuration
of the network parameters. Figure 5.19 (left) shows the main panels to configure the specific
VELO recipes.

Each panels allows to save the current status of the TELL1 as a recipes. It loads and displays
all the parameters that belong to the sub recipes, the user can change some value or save it as
recipe.

Another possibility is to export to or import from another TELL1 board recipes of the
same type. Most of the TELL1 parameters used by a subdetector are the same, therefore
these function permit a fast creation of all the recipes. In order to set correctly the register
in the recipes, strict definitions of data and masks that are send were developed and tested in
comparison to the the configuration of the TELL1 with the C-code.

These panels are mostly used in the development of the recipes for debugging purpose.
The recipes for the individual configuration parameters for the 300 different boards must be
generated automatically. Therefore when the configuration parameters are optimised in GAUDI
job running in the VETRA project, they are parsed into XML files. These XML files are then
saved in the condition database in a SQL format and also exported as recipes. It is then possible
to apply the new recipes.
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VELO
308

ST
293

oT
64

MUON EHCAL PSSPD
100 56 72

Nb reg:

RECIPES

LoPUS LOCAL LOMUON LODU
52 52 52 48

BCM
48

total:
1145

Nb reg:

Table 5.5: Number of registers that have to be configured during the configuration and therefore
stored in the recipes per TELL1 types.
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defined and created in the panel itself. Right: Common control recipe panel creation and
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5.3.5 FSM

The TELL1 configuration and state monitoring is done on the FSM. Multiple actions can be
taken depending on the current state. As seen in Section 5.2.2 when the board state change from
NOT_READY to READY, the “Configure” command is called. To do this configuration on a
TELL1 board, the simple solution which is “apply the recipes onto the TELL1” was not possible
due to the strict timing that have to be respected. Therefore, The definition of a sequence in
order to initialise and configure correctly the TELL1 boards was required.

Figure 5.20 shows commands in details. All the commands start checking the TELL1 DPs
existence, whether it has an assigned CCPC on which a ccserv is running and finally whether
the TELL1 board type is determined. If either of these checks fails the DU goes to the ERROR

doCommand

[ DPs exist
#()k

[ CCPC assigned

y ok

checking

| CCserv runs
# ok

|| [TELL1 type defined
ok

no

| A

| Configure: | | LoadFrmw: | | Start:
[ Check TTCrx —» fwTelll_FPGAProgramPOF: [ Enable O-Rx links |
ok Upload the pof file to
fwTelll_iniTelll the CCPC and programs Start monitoring

calls c-code on
CCPC to respect
the timing of the

the FPGAs (takes minutes)

=

Throttle counters
and FPGA Error
registers

initialisation: NOT_READY
Program FPGA from
EEPROM and do
necessary resets
ok
[ Clear TTCrx Err Cnts Reset/Recover: | Stop: |
ok
[ Check "llest Regs Disable Tell1 Board [ Stop Monitoring Reg |
ok
[ Check In Triggers Disable O-Rx links [ Check Processing Cnts

no

[ Disable O-Rx links

[(if) Override Parameters
¢ ok
[ Apply Recipes
ok

no

I

Stop Monitoring Reg

[ Disable O-Rx links

fwTelll iniTelll

#01&

NOT_READY

Figure 5.20: Details flow-chart of the Configure, LoadFrmw, Start, Stop, Reset and Recover
commands and their actions available for a DU/CU TELLI.
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state, and a message is printed in the shifter console stating the failure and the possible actions.
Then all the commands take a different path:

Configure (NOT_READY — READY): The TTCrx connection is checked.

Then the main initialisation starts, calling a C-code function provided on the CCPC which
initialises the FPGA from the EEPROM and doing the necessary resets. To respect the
strict timing of the resets on the TELL1, the use of this hard-coded function is mandatory.
Then the TTCrx Error counters are cleared.

It continues by checking the Test Registers performing a write/read operation on one
dedicated register per FPGA. This action ensures that the ccserv, the subscription of the
board and the firmware is loaded and work properly.

The configuration is not allowed if the TELL1 receives triggers. In this case its state is
changed to ERROR Therefore if triggers are sent to the TELL1 the next step puts its state
to ERROR. Then all the O-Rx links (excepted for the VELO and LODU TELL1 type) are

disabled to ensure that no data is received during the configuration.

If some parameters have to be over-written, these actions take place at this step of the
configuration.

Finally the appropriated recipes are applied to the board and upon successful operation
the board state goes to READY.

Start (READY — RUNNING): When the TELLI has been correctly configured and is in
the READY state, a “Start” command can be applied, which enables the O-Rx links and
starts monitoring throttle counters and FPGAs Error registers.

During the initialisation of the FSM DU the FPGA’s Error Mon registers (PPErrorMonReg
and SLErrorMonReg) are “dpConnect-ed” to a callback function. As soon as an error occurs
on the TELL1 one of these five registers would not be read as 0x00000000, therefore the
callback function checks these value during the run and sets the TELL1 DU FSM state to
ERROR if applicable.

The throttle counters are also connected to a callback function checking that the TELL1
does not send throttles.

These registers are used to continuously check that the TELL1 works fine.

Stop (RUNNING — READY): At the end of a run the “Stop” command is sent. The
TELL1 DU stops monitoring the registers, the command checks that the processing coun-
ters are consistent and disables the O-Rx links. If the Processing counters are not equal
the state goes to ERROR and a message is displayed for the shifter.

Reset (READY — NOT_READY): A “Reset” action has been implemented to ensure that
the TELL1 do not send or receive signal anymore at the end of a run. The GBE ports on
the SyncLink-FPGA and the O-Rx links are disabled, and the ECS is set as the trigger

source on the TELL1 board. Finally the fwTell_iniTelll function is called to reset correctly
the TELLL.

Recover (ERROR — NOT_READY): The “Recover” action goes through the same path
that the Reset command. It checks all the functionality of the project from the existence
of the DPS to the initialisation of the TELL1.
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LoadFrmw (NOT_READY — NOT_READY): A special command has been implemented

to load the FPGA firmware. This action sends the pof files to the CCPC and executes the
EPC16 Handling function.

Other commands can be send to the TELL1 such as a restart of the ccserv or a reboot of
the CCPC. These commands executes system functions through the ccserv.






Conclusions

The studies presented in my doctoral thesis cover different aspects of the LHCb experiment
reflecting my main contributions to the collaboration.

Due to its limited angular acceptance and the low LHCb instantaneous luminosity, the LHCb
detector is not designed for the Higgs physics in particular. Nevertheless its capability to tag
b-mesons and to trigger on high-pr leptons has motivated the study of the Higgs boson produced
in association with a gauge vector boson W or Z°.

In the first part of this thesis, a seed finder algorithm used to tag b-jets in this thesis, called
VV Seed Finder, has been implemented in the LHCb software framework. The tests on simulated
data prove that the algorithm presented in this thesis keeps 70 % of the b-jets and rejects 70 %
of the c-jets and more than 90 % of the lighter quark jets. This algorithm configuration has been
chosen to analyse the Higgs event type which were fully simulated. A Neural Network approach
has also been developed to optimise the b-jet energy. This Neural Network is built using all the
available information, from the tracking to calorimetry, within a cone of R-parameter of 0.45
around the b-seed direction. The final relative resolution of the dijet mass peak was improved
from 54 % to 38 % after the application of the Neural Network to optimise the b-jet energy. This
procedure allows to improve the separation between the signal and the irreducible background
from the Z°Z° and Z'W¥ decays.

The channels HW* — bb+(* (;Z and HZ° — bb+¢* ¢~ have smaller cross sections compared
to the possible backgrounds sources. During one year of running at the centre-of-mass energy
of /s = 14TeV it is expected to have about 100 Higgs events with at least one high-pr lepton
within the LHCb detector, and 300’000 background events. The small relative yield reflects the
big challenge of this analysis. To face this challenge it has been necessary to use a second Neural
Network using kinematic, topological and global variables trained to remove tt — bW+ bW~
events, in particular. The analysis has proved to be able to remove more than 99.8 % of the
dangerous background and to keep 6.5 % of the signal events. After five years of data taking at a
centre-of-mass energy of /s = 14 TeV and a yearly integrated luminosity of 2fb~! the expected
number of events is Ny (HW™*/Z%) = 33.5 for a significance of S/v/B = 0.72. Various scenarii
have been analysed, they differ about the centre-of-mass energy and about the yearly integrated
luminosity. The expected numbers of events and their significances remain low.

From the Tevatron data we can expect only a yield of about two times larger than for SM
Higgs (mpg = 120 GeV/c?). Nevertheless it can be expected that this analysis might hint at
the possibility of some non-SM particle with a topology similar to HW*/Z°. The latest CDF
experimental limits allow a factor of about six for the production cross section of such events.

During the second part of my thesis study, I developed an overall framework to integrate the
TELL1 boards in the LHCb Experiment Control System. To accomplish this it was necessary
to understand the general concept of configuration and monitoring and the specialities of the
different subdetector types. The register map was translated into the PVSS internal structure
and the different board types were continuously extended during the ongoing firmware develop-
ment. Over seventy graphical user interfaces were designed, allowing to interact, spy and check
the TELL1 boards. Furthermore, the recipe definitions were written and appropriate tools were
developed to verify the correct configuration. Finally a complete Finite State Machines com-
ponent for the DAQ boards was implemented. This project is now used by all the different
subdetectors to configure, check and run their TELL1 boards.
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