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Resum

El Model Estandard (ME) és la descripcié més fonamental de la matéria i les seves
interaccions, i la seva consisténcia ha estat validada per un gran nombre d’experiments.
Malgrat el seu éxit, el ME no incorpora elements com la gravetat, I’energia fosca, la
mateéria fosca o les (ja observades) oscil - lacions de neutrins.

Els hadrons B constitueixen un excel - lent banc de proves per a mesurar parametres
del ME tals com els elements de la matriu CKM or la violacio de simetria CP. A més,
els corrents neutres amb canvi de sabor (CNCS), que no séon possibles a nivell arbre
i, per tant, s6n molt sensibles a noves particules massives, poden ser utilitzats com a
proves per a la recerca de fisica més enlla del Model Estandard. Les desintegracions
radiatives d’hadrons B s6n un bon exemple d’aquest tipus de corrent. L’experiment
LHCDb, un dels sis experiments del Gran Col-lidor d’Hadrons, estd dedicat a ’estudi
de la violacié de CP i de les desintegracions rares dels hadrons B.

Per tal d’estudiar desintegracions radiatives d’hadrons B a LHCDb, és necessari
distingir-les i salvar-les d’entre la gran quantitat d’esdeveniments de fons produits
a 'LHC, la majoria del quals son rebutjats pel sistema de trigger de I'experiment in-
stants després que s’hagin produit. Aquest document descriu el procés de redisseny
i optimitzacié dels algoritmes de trigger ja existents per a aquest tipus de desinte-
gracions, i la introduccié de nous per tal d’ampliar el programa de desintegracions
radiatives d’LHCDb a canals no previstos inicialment.

A més, aquest document descriu la mesura de la rad entre les fraccions
d’embrancament B de B — K*0y i B — ¢y a partir d’1.0 fb~! de dades recollides el
2011. El resultat obtingut és compatible amb la predicci6 teorica i amb les mesures
anteriors, i s’ha fet servir, juntament amb la mitjana mundial de B(B? — K*?v), per a
obtenir la mesura més precisa de B(BY — ¢).

Desintegracions radiatives de mesons B

En el Model Estandard, els CNCS del tipus b — sy s6n unicament possibles a través
de transicions electromagnétiques a un loop, dominades per un quark top virtual que
s’aparella amb un bos6é W. Extensions del ME prediuen particules addicionals que,
circulant en el loop, poden introduir efectes mesurables a la dinamica de la transicio.

Els processos a nivell de quarks tals com b — sy no es poden observar directament
perqué la interacci6 forta fa que es formin hadrons a partir dels quarks. Aquest procés
d’hadronitzacié es majoritariament no pertorbatiu, i per tant provoca incerteses sig-
nificants en el calcul de les fraccions d’embrancament exclusives.

Les prediccions tedriques es realitzen separant les parts pertorbativa i no pertorbativa
dels elements de matriu hadronics mitjangant SCET (Soft Collinear Effective Theory).



Les contribucions pertorbatives son conegudes parcialment fins a NNLO (Next-to-Next-
Leading Order), i el calcul de les contribucions no pertorbatives s’efectua mitjangant
regles de suma de QCD (Quantum Chromodynamics) sobre el con de llum. La prediccio
per a les B de B® — K*0y i BY — ¢y és (4.3 4+ 1.4) x 1075, i el calcul de la seva ra6
déna 1.0 + 0.2 a causa de la cancel - laci6 d’algunes incerteses.

Les desintegracions radiatives del mes6 BY van ser observades per primer cop per
la col-laboraci6 CLEO, Iany 1993, a través del mode BY — K*Oy. EI 2007, la
col - laboraci6é Belle va anunciar la primera observacié de la desintegracié analoga del
mes6 BY, BY — ¢v. Els valors measurats per a B(B? — K*0v) i B(B? — ¢v) son
(4.3340.15) x107%i (5.7721) x 1075, respectivament. Aquest valors son compatibles
amb les prediccions teoriques obtingues de calculs a NNLO. El valor experimental de
la ra6 de B(B? — K*0v) entre B(B? — ¢v) és 0.7 + 0.3, també compatible amb la
prediccié del ME.

El CERN i PLHC

L’Organitacié Europea per a la Recerca Nuclear, coneguda com a CERN, és el labora-
tori de fisica de particules més gran del moén, i esta situat a la frontera franco-suissa,
prop de Ginebra. Actualment compta amb 20 Estats Membres, perd molts paisos no
Europeus es troben involucrats de maneres diverses. En total, uns 10,000 cientifics de
608 instituts i universitats de 113 paisos, la meitat dels fisics de particules del mon,
utilitzen les seves instal - lacions.

Al CERN s’hi han fet un gran nombre de descobriments, com per exemple els bosons
W+ i Z. Al llarg de la seva historia, diversos cientifics que treballaven alla han estat
guardonats amb premis Nobel de fisica. A més, el laboratori ha estat la seu de diversos
col - lidors de particules, incloent el primer col-lidor proto-proto, el primer col - lidor
proté-antiprot6 i, actualment, el col-lidor més potent del moén, el Gran Col- lidor
d’Hadrons (Large Hadron Collider, LHC).

L’LHC és un col-lidor proto-proté dissenyat per a funcionar amb una energia al
centre de masses de 14 TeV i esta instal -lat al tunel circular de 27 km de perimetre
que antigament havia contingut I'accelerador LEP.

Al voltant de quatre punts d’interaccié de ’anell de 'LHC es troben situats quatre
grans detectors i dos petits experiments, que son:

o ALICE, dedicat a l’estudi de la fisica derivada de la col-lisi6 de nuclis pesants
(Pb-Pb).

o ATLAS, un experiment de proposit general construit amb 'objectiu de posar a
prova el ME a l’escala del TeV i de buscar el bos6 de Higgs i fisica més enlla del
Model Estandard.

o CMS, un altre experiment de proposit general destinat a I’estudi del mecanisme
de la ruptura de simetria electrofeble, de la qual es considera responsable el
mecanisme de Higgs, i a ’estudi del ME a energies per sobre d’1 TeV.

o LHCDb, dedicat a 'estudi de la violacié de CP i de les desintegracions rares de
particules amb contingut de quark b.

o LHCf, un petit experiment dissenyat per a mesurar la secci6é eficag de pions
neutres i neutrons a angles molt petits.
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Resum

o TOTEM, que intenta mesurar la secci6 efica¢ pp amb un métode independent de
la lluminositat, basat en el Teorema Optic.

L’experiment LHCb

L’experiment LHCb esta dedicat a ’estudi de la fisica dels quarks massius a 'LHC. El
seu principal objectiu és la mesura de la violacié de CP i de les desintegracions rares
d’hadrons b i , Esta situat al Punt d’Interacci6 8 de 'LHC, antigament utilitzat per
I’experiment DELPHI de LEP.

Disseny del detector

Tal i com es mostra a la Fig. 1, LHCb és un espectrometre que cobreix un angle
d’aproximadament 15 — 300 mrad en el pla horitzontal i de 15 — 250 mrad en el ver-
tical. L’elecci6 d’aquesta geometria ve motivada pel fet que, a PLHC, les parelles bb
son produides majoritariament en la mateixa direccid, ja sigui cap endavant o cap
endarrera.
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Figure 1. Vista lateral del detector LHCb.

Comengcant pel punt d’interaccio, situat a I’esquerra de la Fig. 1, el sistema de traces
d’LHCD esta format per tres subdetectors:

o El Vertex Locator (VELO), format per tires de silici que permeten mesurar amb
precisié la posicié dels vértexs de produccié i desintegracié de les particules,
envolta la zona d’interaccié proto-protod (pp).

o El TT, que consta d’una gran superficie de tires de silici i esta situat davant d’un
imant amb una capacitat de curvatura d’aproximadament 4 Tm.
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0 Les estacions de mesura de trajectories (Inner Tracker (IT) i Outer Tracker
(OT)), sén una combinacié de detectors de tires de silici i de tubs de deriva
situats al darrera de I'imant.

El sistema de traces complet té una resolucié en moments dp/p que va del 0.3% al 0.5%
en el rang de moments 5 — 100 GeV/c.

Dos detectors d’anells Cherenkov, Ring Imaging Cherenkov (RICH), equipats amb
diversos tipus de materials radiadors, sén responsables de la identificacié d’hadrons
carregats en el rang de moments 2 — 100 GeV/c.

El sistema de calorimetria és I’encarregat de la deteccié de particules neutres i de
la identificacié d’electrons i fotons. Esta format per un calorimetre electromagnétic,
PECAL, i un d’hadronic, 'THCAL. A més, dos plans de material centellejador, separats
per un absorbent de plom i situats abans de 'ECAL, son utilitzats per a millorar la
identificaci6 de particules, especialment al primer nivell de trigger. El primer d’aquests
plans esta destinat a la separacié fotons i electrons, mentre que el segon s’utilitza per a
la identificaci6 de cascades electromagnétiques. La correcta calibracié de 'ECAL és un
requisit clau per a la mesura de desintegracions radiatives, ja que la seva caracteristica
distintiva a nivell experimental és un foté d’alta energia.

Finalment, els muons sén identificats i mesurats a les cambres de muons, formades
per cinc capes de cambres proporcionals multifils separades per absorbent de ferro.

Sistema de trigger

El sistema de trigger ’LHCDb redueix el ritme d’esdeveniments dels 10 MHz produits
per les col - lisions de 'LHC fins als 3 kHz permesos per els recursos d’emmagatzematge.
Esta dividit en dues fases: la primera fase, el L0, estd implementada mitjancant
plaques electroniques dissenyades especialment per a aquesta tasca, i redueix el ritme
d’esdeveniments fins a 1 MHz fent servir la informacié proporcionada pels sistemes de
calorimetria i de muons; la segona fase, el High Level Trigger (HLT), consisteix en un
conjunt d’algoritmes que s’executen en una gran granja d’ordinadors i que efectuen de
manera selectiva la reconstruccié completa dels esdeveniments.

Sistema Online

El sistema Online és 'encarregat d’assegurar que la transferéncia de dades des de
I’electronica del detector fins als sistemes d’emmagatzematge s’efectua d’'una manera
consistent i controlada. Esta dividit en tres sub-sistemes:

o El sistema d’adquisici6 de dades (DAQ) transporta les dades acceptades pel L0
fins al sistema d’emmagatzematge.

o El sistema de Timing and Fast Control (TFC) controla el flux de dades entre el
detector i la granja d’ordinadors.

o El sistema de control de 'experiment (ECS) permet controlar i monitoritzar el
detector i els sistemes de trigger, DAQ i TFC.
Aplicacions informatiques

El programari d’LHCb esta basat en I’arquitectura GAUDI, que proporciona un marc
comu per a totes les aplicacions usades a ’experiment i que té la flexibilitat per a
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permetre executar el flux de dades d’LHCb per a simulacions Monte Carlo (MC) i
per a dades reals fent servir les mateixes eines. Les dades es guarden en disc en un
format basat en ROOT, un conjunt de paquets de programari dissenyat per a manejar
i analitzar grans volums de dades.

La simulacié de col-lisions pp i la interaccié dels seus productes amb el detector
és realitzada per I'aplicacio6 GAUss; llavors, 'aplicaci6 BOOLE simula la digitalitzacio
de les deposicions energétiques en el detector i en el LO. Arribats a aquest punt, les
dades, reals o simulades, passen a través de ’aplicaci6 MOORE, que executa I'HLT i
decideix si els esdeveniments son acceptats o descartats; en el cas de les dades reals, els
esdeveniments acceptats son transferits al sistema d’emmagatzematge per a ser proces-
sades i arxivades posteriorment. Aquestes dades (reals o simulades), encara pendents
de processar, s’analitzen amb ’aplicaci6 BRUNEL, que s’encarrega de reconstruir les
particules. A continuacio, I'aplicaci6 DAVINCI classifica filtra aquestes particules en
un procés anomenat Stripping, i acaba produint al final un arxiu en format ROOT,
anomenat Summary Data Tape (DST). Aquests arxius DST poden ser analitzats més
tard mitjangcant DAVINCI per tal de produir NTuples de RooT, adequades per a la
realitzaci6 d’analisi.

Les dades reals sén reprocessades diversos cops a I'any per tal d’afegir millores en
les aplicacions, algoritmes i constants de calibracié de la reconstruccié, ’aliniament i
I’ Stripping.

Condicions de presa de dades de 2010 i 2011

El 2010, PLHC va proporcionar a LHCb 37 pb~! de dades i va aconseguir arribar al
80% de la lluminositat de disseny. Malgrat aixo, aquesta lluminositat es va assolir
mitjancant 1'is de parametres de I'accelerador diferents dels previstos, i com a conse-
qliéncia es va produir un augment del nombre d’interaccions visibles, pu. L’augment de
p implica un nombre major d’interaccions (i, per tant, de vértex) per xoc, un augment
en les taxes de lectura del detector i un augment en de la mida dels esdeveniments
i del temps necessari per a processar-los. Tot i el gran efecte que una u alta té so-
bre les condicions de treball del trigger, el sistema de trigger I’LHCb ha sigut capag
d’adaptar-se perfectament.

El 2011, PLHC ha proporcionat a LHCb ~ 1.2 fb~! de dades, les quals han estat
desades amb una eficiéncia del 91%. El nombre mitja de col - lisions pp inelastiques ha
estat també per sobre del valor de disseny, perd ha estat considerablement inferior al
de 2010.

Estratégies de trigger per desintegracions radiatives
d’hadrons B a LHCb

Un trigger eficient és essencial per a 'estudi de desintegracions radiatives d’hadrons
B, ja que la seva raé d’embrancament és petita, de I'ordre de 107> o inferior, i per
tant la seva produccio es troba limitada a un maxim d’uns pocs milions per fb™!, que
a més es troben diluits entre un gran nombre d’esdeveniments de fons.
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Estratégies de trigger

En el LO, els canals LOElectron i LOPhoton seleccionen aquells esdeveniments que tenen
una deposici energética a TECAL amb una energia transversa respecte a la direccio
dels feixos de protons, E1, superior a un cert llindar, col-locat a 2.5 GeV durant el
2011. A més, un subgrup dels esdeveniments que sén acceptats per aquests canals
també passen els canals LOElectronHi i LOPhotonHi, de caracteristiques similars pero
amb un llindar superior, 4.2 GeV. El requisit per a desintegracions radiatives és que
el fot6 de senyal hagi estat la causa de disparar el L0, aixd és, que o LOElectron o
LOPhoton siguin TOS (7Trigger On Signal).

En 'HLT1, les linies rellevants per a desintegracions radiatives son les linies d’una
traca, H1t1TrackA11LO and Hlt1TrackPhoton, que seleccionen els esdeveniments
basant-se en el moment transvers, pr, i el parametre d’impacte, IP, d’una de les traces
de l'esdeveniment. Per un costat, H1t1TrackA11LO accepta esdeveniments amb fo-
tons de baixa Er mitjancant un tall més dur en el pr de la traca. Per ’altre costat,
Hlt1TrackPhotonLO permet relaxar el tall en pt de les traces requerint una EtT més
alta al fot6. Per a desintegracions radiatives, el requisit aplicat en 'HLT1 és que o
H1t1TrackA1l1LO o Hlt1TrackPhotonLO siguin TOS.

En ’'HLT2, s’han estudiat dues estratégies, inclusiva i exclusiva. Les linies exclusives
per a desintegracions radiatives, H1t2Bd2KstGamma i H1t2Bs2PhiGamma, sén versions
relaxades de les seleccions utilitzades a les analisis. Per a 2011, s’han modificat per
tal que tnicament s’executin en esdeveniments que passen els canals LOElectron o
LOPhoton al LO; a més, s’han optimitzat els talls emprats en la seleccié d’esdeveniments.
La seva eficiéncia esta per sobre del 85% per a B — K*%y 1 BY — ¢, tal i com es mostra
a la Taula 1, pero no ofereixen un bon resultat per a altres canals, com BT —¢K T i
Bt — K*97 T+, per als quals no van ser dissenyades.

H1t2Bd2KstGamma (%) H1t2Bs2PhiGamma (%)

B — K*0y 85.6 + 0.3 0.002 £ 0.004
BY — ¢y 35.4+0.4 89.4 +0.2
Bt oKty 17.5+0.8 18.0+0.8
Bt — K01ty 42.2+1.8 0.5+0.2

Table 1. Eficiencia TOS de les linies exclusives de I’HLTZ2, calculada sobre es-
deveniments simulats, amb els requisits LOPhoton o LOElectron TOS i
H1t1TrackAl1lLO o Hlt1TrackPhoton TOS.

El rendiment de les linies topologiques de ’'HLT2, basades en un métode multivariat
anomenat BBDT i ampliament utilitzades a LHCb, es mostra a la primera columna
de la Taula 2. S’ha conclos que, tot i que clarament milloren 'eficiéncia de seleccid
dels canals BT — ¢K*v i BT — K*07%+, el seu impacte negatiu en les eficiéncies de
BY— K*% i BY— ¢ és massa alt.

Per aquesta ra¢ s’ha desenvolupat i introduit un nou conjunt de linies topologiques
radiatives per a 'HLT2. Tot i estar basades en les mateixes idees que el trigger
topologic, les linies topologiques radiatives s’aprofiten de la preséncia del fotd per
tal de relaxar alguns dels criteris de sel-leccié aplicats sobre la resta dels productes
de la desintegracié. Per a aquestes linies, s’han estudiat dos enfocs diferents, un basat
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Topo basat Radiatiu basat Radiatiu basat
en BBDT (%) en talls (%) en BBDT (%) ¢ inclusiu (%)

B — K*0y 33.14+0.4 75.6 £ 0.4 80.5 4 0.4 —

BY — ¢y 471404 77.3+0.3 84.4+0.3 95.51 +0.15
Bt 5 ¢K*r 50.1+1.1 90.0 £ 0.6 91.4 + 0.6 81.4+0.8
Bt K97ty 488418 89.3+1.1 91.5+ 1.0 —~

Table 2. Eficiencia TOS de les linies inclusives de I’HLTZ2, calculada sobre es-
deveniments simulats, amb els requisits LOPhoton o LOElectron TOS i
H1t1TrackAl1lLO o Hlt1TrackPhoton TOS.

dinicament en talls i ’altre basat en el métode BBDT. La segona i tercera columnes de
la Taula 2 mostren les diferéncies en el rendiment d’aquestes dues linies sobre dades
MC. Es recuperen bones eficiéncies per a BY — K*y i BY — ¢+, aproximadament un
5% inferiors a les proporcionades per les linies exclusives, i a la vegada eficiéncia per a
Bt —¢K+yi Bt — K 07T~ es veu augmentada fins al 90%. Per tant, mitjancant 1'ts
d’aquestes linies es pot obtenir una eficiéncia en I’'HLT?2 superior al 80% per a totes les
desintegracions estudiades.

Finalment, per tal d’augmentar l’eficiéncia en un canal clau com és B? — ¢, la linia
inclusiva per al mes6 ¢ ha estat redissenyada i inclosa en el trigger per a 2011. Aquesta
linia funciona amb la idea de buscar traces de carrega oposada, identificar-les com a
kaons mitjancant un tall suau en les variables d’identificacié proporcionades pel RICH,
i combinar-les per a formar un meso6 ¢. Aquesta linia proporciona un enfoc transversal
per al trigger de desintegracions que contenen una ¢ i, tal i com es mostra en la tltima
columna de la Taula 2, proporciona un rendiment excel - lent per a B? — ¢r.

Resumint, la comparaci6é entre les Taules 1 i 2 mostra que, en tres dels quatre canals
estudiats, el rendiment de ’estratégia inclusiva és superior al de I’exclusiva. L’eficiéncia
de les linies és exclusives és tinicament més alt en el cas de B — K*0.

Reconstruccié del calorimetre a ’HLT?2

La introduccié de les linies radiatives topologiques a 'HLT2 provoca un augment de
nombre d’esdeveniments pels quals és necessari reconstruir un fot6. Aquest fet provo-
caria un augment inacceptable del temps d’execucié de 'HLT?2, ja que la reconstruccié
del calorimetre en el trigger no ha estat optimitzada per a ser executada amb limita-
cions de temps.

Aix0 ha obligat al desenvolupar un nou procediment de reconstruccié del calorimetre
per a 'HLT?2, basat en restringir el procés d’agrupacié de deposicions energétiques a
zones situades al voltant d’objectes calorimétrics del L0. Aquest métode, introduit
al trigger el juny de 2011, proporciona una disminucié d’un factor tres en el temps
d’execucié amb el cost d’una petita pérdua d’eficiéncia.

Rendiment al 2011

En general, la determinacié de les eficiéncies absolutes de les diverses linies de trigger
mitjancant les dades preses el 2011 no ha estat possible a causa de la falta de dades.
El métode TISTOS només ha pogut ser utilitzat en el cas de la linia exclusiva per a
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B — K*%v, i s’ha trobat una eficiéncia de (84 +3)%, en acord amb el valor determinat
amb el MC, (85.6 + 0.3)%

Tot i aixi, ha estat possible realizar una comparativa quantitativa del rendiment de
les diverses linies de trigger, basada en l'estudi de les distribucions de massa invariant
de BY— K*%y i BY— ¢v. Sha conclos que, tot i que les linies exclusives proporcionen
una quantitat més alta d’esdeveniments, les linies inclusives tenen més capacitat per a
rebutjar esdeveniments de fons, i per tant proporcionen una millor raé S/B amb el cost
d’una petita disminucié d’eficiéncia. A més, el trigger inclusiu de mesons ¢ ha tingut
un rendiment extraordinari per a B? — ¢, tant en termes de nombre d’esdeveniments
de senyal com en termes de rebuig d’esdeveniments de fons.

Plans per a 2012

El gran rendiment de les linies radiatives topologiques de 'HLT2 a finals de 2011
permet afirmar que, el 2012, U'estratégia de trigger per a desintegracions radiatives
sera inclusiva.

Aquest canvi serda molt beneficids, tant per a diverses analisis ja iniciades, com
I'estudi de la asimetria CP en BT — ¢K Ty i BT — K*%7%y o 'estudi de les desinte-
gracions radiatives dels barions Ay, com per a obrir cami a noves analisis com ’estudi
de la asimetria d’isospin de B? — K*Ov o la asimetria CP de les transicions b — dv,
representades per B — pry.

Les linies exclusives es mantindran com a control de les linies inclusives, perd han
estat modificades per tal de disminuir el maxim possible el seu impacte en el nombre
d’esdeveniments acceptats per PHLT2. Aquesta reduccio s’ha aconseguit mitjancant
I’aplicacioé de talls molt més durs, convertint-les de manera efectiva en quasi-seleccions
offline.

Mesura de la raé B(B°— K*'v)/B(B%— ¢v)

El principal objectiu d’aquesta analisi és Dlextraccié de la raé de les fraccions
d’embrancament de B — K*%y, amb K*0 — K*7F i B = ¢v, amb ¢ - KK,
i els seus complexos conjugats. A partir d’aquesta mesura, el valor de B(B? — K*%y)
pot ser utilitzat per a obtenir B(BY — ¢7).

Seleccié d’esdeveniments

La seleccié de les dues desintegracions B s’ha dissenyat per tal d’obtenir la maxima
cancel - lacié6 d’incerteses sistematiques al calcular la rad de les seves eficiéncies. En
aquest sentit, tant el procés de reconstruccié dels candidates com els requisits que s’hi
apliquen es mantenen el més similars possible: els mesons B° (BY) sén reconstruits
a partir de la combinacié d'un foté i un mesé vector K*° (¢), construit a partir de
parelles ka6-pi6 (pi6-pio) de carrega oposada.

Les dues traces carregades amb les quals es construeix el meso vector (V) han de tenir
pr > 500 MeV/c i no poden apuntar cap a un vértex d’interaccié pp, condici6 garantida
pel requisit IP x? > 25. La identificacié de les traces com a kad o pi6 es realitza
mitjancant Paplicacio de talls en la identificaci6 de particules (PID) proporcionada
pel RICH. El PID esta basat en la comparacié entre dues hipotesis d’identificacio
de particula, i es representa amb la diferéncia entre els logaritmes de les funcions de
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Resum

versemblanga (DLL) entre les dues hipotesis. Els kaons ham de tenir DLLg, > 5 i
DLLg, > 2, mentre que els pions han de complir DLL; g > 0. Amb aquests talls, els
kaons (pions) que formen part dels canals estudiats son identificats correctament amb
una eficiéncia del ~ 70 (83) %, amb un ~ 3 (2) % de contaminacié de pions (kaons).

Les combinacions de dues traces sén acceptades com a candidats a K*? (¢) si formen
un vértex amb y? < 9, si el pr d’una de les dues traces esta per sobre de 1.2 GeV/e, i
si la seva massa invariant es troba dins d’una finestra de massa de 50 (10) MeV/c? al
voltant de la massa nominal del K*0 (¢).

El candidat a V resultant és combinat amb un foté6 amb E1 > 2.6 GeV. Els clusters
electromagnétics a TECAL soén separats entre neutres i carregats basant-se en la seva
compatibilitat amb traces extrapolades al calorimetre, mentre que els diposits neutre
de fotons i ¥ sén identificats en base a la forma de les cascades electromagnétiques a
I’ECAL.

Els candidats a B han de tenir la massa invariant dins d’una finestra de masses
d’1 GeV/c? al voltant de la massa nominal del mesé corresponent, pr > 3 GeV/c, han
d’haver volat des del punt d’interaccié un minim de 100 unitats en x2, i han d’apuntar
a un vértex d’interaccié pp, IP x? < 9. L’angle d’helicitat 6y, definit com I’angle entre
el moment de qualsevol de les filles de V' i el moment del candidat a B en el sistema de
referéncia en qué V esta en repos, es distribueix com sin? § per B— Vi com a cos? 0
per els fons de tipus B— V7', Per tant, I'estructura d’helicitat imposada per la senyal
pot ser explotada per a eliminar fons del tipus B— V7, en els quals el pié neutre s’ha
identificat incorrectament com un foto, requerint que |cos 0| < 0.8. El fons provinent
de desintegracions parcialment reconstruides d’hadrons B es rebutja mitjancant un tall
en laillament del vértex: el x? del vértex del candidat ha d’augmentar en més de dues
unitats quan se li afegeix qualsevol altra traga de 1’esdeveniment.

Extracci6é de la radé de fraccions d’embrancament

La ra6 de fraccions d’embrancament es calcula a partir del nombre de candidates de
senyal en els canals BY — K*0y i B — ¢,
B(B° = K*%y)  Npooy B¢ = KTK™) fs €8¢y
B(Bg—>¢’}/) NBQ‘@'Y B(K* — K+7T7) fd EBOHK*O’V,

(1)

on N correspon al nombre de candidats de senyal observats, B(¢ — KT K~)iB(K*? —
K*77) son les fraccions d’embrancament visible del mesons vector, fs/fq és la rad de
les fraccions d’hadronitzacié dels mesons BY i BY en col-lisions pp a /s = 7TeV i
€ B0y /€Ro K0, €s la rad de les eficiéncies dels dos canals. Aquest dltim terme es
pot dividir en les contribucions provinents de I’acceptancia (racc), la la reconstruccio i
seleccid (TRecotSelNoPID ), €ls requisits de PID (7seipip), i la seleccio de trigger (rrvigger) :
M = TTrigger X TAcc X TReco&SelNoPID X T'SelPID- (2)
€BOK*0
La rao d’eficiéncies de PID, rpip = 0.839 + 0.005 (stat), s’ha calculat a partir de
les dades mitjancant un procediment de calibracié realitzat sobre mostres pures de
kaons i pions procedents de desintegracions D** — DO(K+7~)r* seleccionades
dUnicament amb criteris cinematics. La resta de raons d’eficiéncia s’han extret a
partir d’esdeveniments simulats. La ra¢ d’eficiéncies d’acceptancia i reconstruccio,
TAce = 1.099 + 0.004 (stat), és més gran que la unitat a causa de la correlaci6 en
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I’acceptancia dels kaons provocada per les limitacions en ’espai de fases en la desinte-
gracio ¢ — KT K~. Aquests limitacions en 1’espai de fases també provoquen una pitjor
resolucié espacial del vértex de la ¢, i afecten Deficiéncia de seleccio de BY — ¢ry
a través dels talls en IP y2, distancia de vol i aillament del vértex. Per contra,
els talls en el pp de les traces séon menys eficients a I'actuar sobre el pi6 del K*9,
amb un espectre molt més suau. La rad d’eficiéncies de reconstruccié i seleccio val
TReco&SelNoPID = 0.881 £ 0.005 (stat) i s’observa la cancel - lacié majoritaria de les in-
certeses sistematiques gracies a que les seleccions cinematiques sén quasi iguals pels
dos canals. La ra6 d’eficiencies de trigger, myigger = 1.080 4= 0.009 (stat), s’ha calculat
tenint en compte les contribucions de les diverses configuracions del trigger durant el
periode de presa de dades.

El nombre d’esdeveniments de senyal s’ha extret d’un ajust simultani de maxima
versemblanca de les distribucions de la massa invariant de les dades recollides el 2011.
Cadascuna de les senyals s’ha descrit mitjangant la combinacié de dues funcions Crystal
Ball, amb els parametres de cua fixats a partir de dades simulades, i amb la diferéncia
de masses entre el mesé B° i el mes6 BY limitada al valor extret del PDG mitjancant
una distribucié Gaussiana amb mitjana 87.0 MeV/c? i amplada 0.6 MeV/c?. L’amplada
dels pics de senyal s’ha deixat lliure en I'ajust.

El fons combinatori s’ha parametritzat amb una funcié exponencial, amb diferent
constant de desintegracié per cada canal. La contribucié de B— hh ¥, de B — K*0~,
de Bt — K*01ty, de Bt — ¢K T~ i de desintegracions barioniques radiatives a la
senyal s’ha avaluat a partir de dades MC. La forma d’aquestes contaminacions s’ha
fixat a partir de la simulacid, i les seves amplituds s’han fixat, excepte en el cas dels
canals parcialment reconstruits B — K*%y i Bt — K*Ont~. Altres fons parcialment
reconstruits, que podrien contaminar la finestra de massa d’una manera considerable
en el cas de B — K*0v, han estat modelats mitjancant una funcié Argus extreta del
MC, i la seva contaminaci6 a la finestra de massa s’ha deixat com a parametre lliure de
I’ajust. S’ha determinat que les contribucions de la contaminaci6 entre els dos canals
i dels multiples candidats a B per esdeveniments s6n negligibles.

Finalment, s’ha introduit una funcié d’acceptancia per tal de modelar els efectes de
la incorrecta calibracié del calorimetre en el trigger, ja que les constants de calibracio
aplicades a posteriori, en la reconstruccié, no estaven aplicades a aquest nivell. Els
seus efectes son perceptibles fins a 200 MeV/c? de distancia dels limits de la finestra de
massa.

Els resultats de I'ajust, que inclou tant la senyal com el fons, es mostren en la Fig. 2.
Per un costat, s’observen 5280 4 89 esdeveniments del canal B® — K*0v, amb una raé6
S/B de 5.4 £ 0.4 a la finestra de masses de 20. Per altre costat, s’observen 694 + 42
esdeveniments corresponents a BY — ¢, amb una raé S/B de 7.3 + 0.7 a la finestra
de massa de 20. L’ajust ha retornat un valor de X?/dof = 101.23/100 ~ 1.0123, que
correspon a una probabilitat del 45%.

Incerteses sistematiques

El nombre limitat d’esdeveniments MC emprats en el calcul de racc, TReco&SelNoPID 1
TTrigger iNdueixen una incertesa sistematica en la raé¢ de fraccions d’embrancament. A
més, Tacc és afectat per les incerteses en l'eficiéncia de reconstruccié d’hadrons que
sorgeixen de les diferéncies entre la interacci6é de pions i kaons amb el detector i de les
incerteses en la descripcié de la quantitat de material en el detector. Les diferéncies
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Figure 2. Distribucié de massa invariant dels esdeveniments de B — K*%v i BY — ¢ry
data samples. El model ajustat esta dibuizat amb una linia continua blava,
amb la senyal i els fons representats amb linia discontinua verda i vermella,
respectivament.

en la mida de la finestra de masses dels mesons V', combinada amb petites diferéncies
entre dades i MC en la posicié dels pics de massa dels mesons K*°/¢, produeixen una
incertesa sistematica en rseNopID que s’ha avaluat movent el centre de la finestra de
masses a la posicié dels pics de massa determinats de les dades.

La poca fiabilitat de la simulacié per a descriure I'IP x? de les traces i I'aillament
del vértex de la B s’ha propagat com a incertesa de rseinopID: la mostra de MC s’ha
repesat per a reproduir la corresponent distribucié de les dades, obtinguda mitjancant
I’aplicacié de la técnica sPlot per a separar la senyal del fons a partir de 'ajust de
la distribucié de la massa invariant. No s’assignen més incerteses sistematiques a
I'ds de simulaci6 MC, ja que és ben conegut que les propietats cinematiques de les
desintegracions estan ben descrites. Les incerteses sistematiques associades amb el
fot6 son negligibles, ja que la seva reconstruccié en ambddés canals és idéntica.

La incertesa sistematica associada al métode de calibraci6é del PID ha estat calculada
fent 4s de la simulaci6 MC. L’error estadistic provocat per la mida de les mostres de
pions i kaons emprades per a la calibracié també ha estat propagada a rsepp.

L’efecte sistematic de la finestra de massa escollida s’ha avaluat repetint el procedi-
ment d’ajust en una finestra de massa de 700 MeV/c?.

Els efectes de fixar la forma i 'amplitud de les contaminacions del fons a partir
del MC també s’han tingut en compte. L’ajust s’ha repetit 10,000 vegades, variant
aleatoriament els valors del parametres fixos dins de la seva incertesa, i I'efecte sobre
la rad entre el nombre d’esdeveniments s’ha calculat mitjancant el métode d’intervals
centrals.

Mitjangant els resultats resumits a la Taula 3, s’ha obtingut un valor per a la ra6 de
fraccions d’embrancament de

B(B?— K*'y)

B(BV— ) = 1.31 +0.08 (estad) + 0.04 (sist) &+ 0.10 (fs/ fa), (3)
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Table 3. Resum dels resultats intermitjos, amb les corresponents incerteses sistema-
tiques, necessaris per a calcular la rad de fraccions d’embrancament segons

compatible amb la prediccié teorica, 1.04+0.2. El valor d’aquesta raé s’ha combinat amb
el valor ben conegut de la fraccié d’embrancament del B® — K*9~ per tal d’extreure el
valor mesurat més acurat de la fraccié6 d’embrancament de la desintegracié radiativa
B)— ¢,

que també és compatible amb la prediccié teorica, (4.6 4 1.4) x 107°. La incertesa en
B(B? — ¢y) es redueix des del 35% al 9%, i, per tant, el coneixement d’aquesta fraccio

T'B del mes6 vector 0.735 £ 0.008
fsl fa 0.26770 030
Te 0.877 £0.017

7% 7.63 4 0.38 TO1%

B(B? = ¢v) = (3.3£0.3) x 1077,

d’embrancament ha millorat considerablement.
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Summary

The Standard Model (SM) is currently the most fundamental description of elemen-
tary particles and their interactions, and its consistency has been validated by a large
number of experiments. Despite its success, the SM fails to incorporate elements such
as gravity, dark energy, dark matter, and the already observed neutrino oscillations.

B hadrons constitute an excellent benchmark for measuring SM parameters such
as the CKM matrix elements or CP violation. Furthermore, flavor-changing neutral
currents (FCNC), which are only possible through loop processes and thus are very
sensitive to new heavy particles circulating in the loop, can be used as probes of
physics beyond the Standard Model. Radiative B hadron decays constitute excellent
an example of this type of currents. The LHCb experiment, one of the six experiments
of the Large Hadron Collider (LHC), is dedicated to the study of CP violation and
rare decays in the B sector.

In order to study radiative B decays at LHCD, it is necessary to distinguish and save
such events from the copious amount of background produced at the LHC, most of
which is rejected by the experiment trigger system. Existing trigger algorithms have
been redesigned and optimized, and new ones have been introduced in order to increase
the efficiency and extend the LHCD radiative decays program to channels which were
not initially foreseen.

Using 1.0 fb~! of data recorded by LHCb in 2011, the ratio between the branching
fractions of the B® — K*%y and BY — ¢7v has been measured. The value obtained
is compatible with the theoretical prediction and with previous measurements, and it
has been used, together with the well-known value of B(B? — K**v), to obtain the
world-best measurement of B(B?— ¢).

Radiative decays of B mesons

In the Standard Model the FCNC b — sv proceeds through one-loop electromagnetic
penguin transitions, dominated by a virtual intermediate top quark coupling to a W
boson. Extensions of the SM predict additional one-loop contributions that can intro-
duce sizeable effects on the dynamics of the transition.

Quark-level FCNC processes such as b — sy cannot be directly observed because
the strong interaction forms hadrons from the underlying quarks. The hadronization
process is largely non-perturbative, and therefore introduces significant uncertainties
in the calculation of exclusive branching fractions. Theoretical predictions are made by
separating the perturbative and non-perturbative parts of the hadronic matrix elements
with the help of Soft Collinear Effective Theory (SCET). Perturbative contributions
are partially known up to NNLO, while non-perturbative calculations are performed
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by making use of light cone QCD sum rules. The current prediction for the branching
fractions of both B — K*9y and B?— ¢y is (4.3 + 1.4) x 1077, with their ratio being
calculated to be 1.0 + 0.2 due to the cancellation of some uncertainties.

Radiative decays of the B? meson were first observed by the CLEO collaboration
in 1993 through the BY — K*°y mode. In 2007 the Belle collaboration reported the
first observation of the analogous decay in the B? sector, B?— ¢y. The current world
averages of the branching fractions of B® — K*%v and B? — ¢ are (4.334:0.15) x 1075
and (5.7f%é) x 1077, respectively. These results are in agreement with the theoretical
predictions from NNLO calculations. The ratio of experimental branching fractions is
measured to be 0.7 & 0.3, also in agreement with the SM prediction.

CERN and the LHC

The European Organization for Nuclear Research, known as CERN, is the world’s
largest particle physics laboratory, and is situated on the Franco-Swiss border, near
Geneva. It is currently run by 20 European Member States, but many non-European
countries are also involved in different ways. Overall, a total of 10,000 visiting scientists
from 608 institutes and universities from 113 countries around the world —half of the
world’s particle physicists— use its facilities.

Many discoveries have been made at CERN, such as the W* and Z bosons, and, dur-
ing its history, several Novel Prizes have been awarded to scientists working there. In
addition, the laboratory has hosted many particle colliders, including the first proton-
proton collider, the first proton-antiproton collider, and, currently, the largest collider
in the world, the Large Hadron Collider.

The LHC is a proton-proton collider installed in the 27 km tunnel built to host the
LEP machine, designed to run at a center-of-mass energy of 14 TeV. Four big detectors
and two smaller experiments are located around the four interaction points of the LHC
ring. These experiments are:

o ALICE, dedicated to the study of the physics of strongly interacting matter and
quark-gluon plasma in heavy nuclei (Pb-Pb) collisions.

o ATLAS, a general purpose experiment with the objective to test the SM at the
TeVscale, and to search for the Higgs boson and physics beyond the Standard
Model.

o CMS, another general purpose experiment with the aim of studying the mecha-
nism of electroweak symmetry breaking, for which the Higgs mechanism is pre-
sumed to be responsible, and testing the SM at energies above 1TeV.

o LHCDb, dedicated to the study of CP violation and rare decays in the b quark
sector.

o LHC{, a small experiment designed to measure the very forward production cross
sections and energy spectra of neutral pions and neutrons.

o TOTEM, which intends to measure the total pp cross section with a luminosity-
independent method based on the Optical Theorem.
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Summary

The LHCb experiment

The LHCDb experiment is dedicated to the study of heavy flavor physics at the LHC.
Its main aim is to make precise measurements of CP violation and rare decays of
beauty and charm hadrons. It is located at Interaction Point 8 of the LHC accelerator,
previously used by the DELPHI experiment from LEP.

Detector layout

Shown in Fig. 3, LHCb is a forward spectrometer with a polar angle coverage of
approximately 15 — 300 mrad in the horizontal bending plane and 15 — 250 mrad in
the vertical non-bending plane. This geometry choice is motivated by the fact that bb
pairs produced at the LHC are produced in a large proportion in the same direction,
either forward or backward.

// ECAL HCAL

SPD/PS
RICH2 M1

Figure 3. View of the LHCb detector.

Starting from the interaction point, at the left of Fig. 3, the LHCb tracking system
consists of a silicon strip device surrounding the proton-proton (pp) interaction region
(the Vertex Locator), a large area silicon strip detector (the TT) located upstream of a
dipole magnet which has a bending power of about 4 Tm, and a combination of silicon
strip detectors and straw drift-tubes placed downstream of the magnet (the IT and
OT). The combined tracking system has a momentum resolution dp/p that varies from
0.3% to 0.5% in the 5 — 100 GeV/c range.

Charged hadron identification in the momentum range 2 — 100 GeV/c is provided by
two Ring Imaging Cherenkov (RICH) detectors with different radiators.

A calorimeter system is used for the detection of neutral particles and for the iden-
tification of electrons and photons. It consists of an electromagnetic (ECAL) and a
hadronic (HCAL) sampling calorimeter. In addition, two scintillating planes separated
by a lead absorber placed upstream of the ECAL are used to provide improved particle
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identification, especially for the first level of trigger. The first of these planes provides
separation between electrons and photons, while the second one is used for tagging elec-
tromagnetic showers. The correct calibration of the ECAL is a key requisite for the
study of radiative decays, since their distinct experimental signature is a high energy
photon.

Finally, muons are identified and measured by means of the muon chambers, which
consist of five layers of multiwire proportional chambers separated by iron absorbers.

Trigger system

The LHCb trigger system reduces the event rate from the 10 MHz produced by the
LHC collisions down to the 3 kHz allowed by the storage resources. It is divided in two
stages: the first stage, the L0, is implemented using custom front-end electronics and
reduces the event rate down to 1 MHz by making use of the information provided by
the calorimeter and muon systems; the second stage, the High Level Trigger (HLT),
consists in a set of software algorithms running on a large farm of commercial processors
which applies a selective full event reconstruction.

Online system

The Online system is in charge of ensuring the transfer of data from the front-end elec-
tronics of the LHCD detector to permanent storage in a known and controlled fashion.
It is divided in three subsystems: the Data Acquisition (DAQ) system, in charge of
transporting the L0-accepted data from the front-end electronics to permanent storage,
the Timing and Fast Control (TFC) system, in control of the data flow between the
front-end electronics and the Event Filter Farm, and the Experiment Control System
(ECS), which allows to control and monitor the LHCb detector, the trigger, DAQ and
TFC systems.

Computing

The LHCb software is based on the GAUDI architecture, which provides a common
framework for all the applications used within the experiment, and has the flexibility
to allow running the LHCb data flow for Monte Carlo simulation and real data with
the same tools. Data persistency is based on the ROOT software, a set of frameworks
designed to handle and analyze large amounts of data.

In MC simulation, pp collisions and the interaction of their products with the detector
are handled by the GAUSS application; then, the BOOLE application simulates the
digitization of the energy depositions in the detector and in the LO trigger. At this
point, real and simulated data go through the MOORE application, which runs the HLT
and decides whether an event is to be kept or not; in the case of real data, accepted
events are transferred to permanent storage for further processing and archiving. These
unprocessed data, real or simulated, are used by the BRUNEL application to reconstruct
the physical particles, which are then further filtered using the DAVINCI application,
in a process called Stripping, the final result of which is a Data Summary Tape (DST
file); in the case of real data, only stripped data are available for physics analysis. DST
files can be further analyzed with DAVINCI in order to produce RooT-based NTuples
suitable for analysis.
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Summary

Real data are reprocessed several times a year to incorporate improvements in the
reconstruction, alignment and stripping software, algorithms and calibration constants.

2010 and 2011 running conditions

In 2010, the LHC delivered 37 pb~! to LHCb and managed to achieve 80% of the
design luminosity. However, this luminosity was achieved with different accelerator
parameters than the nominal ones, leading to an increase of the number of visible
interactions, p ~ 2.5. An increase in y means more interactions —and thus, vertices—
per bunch crossing, an increase in the readout rate per bunch crossing, and an increase
of the event size and processing time. Even though a high u affects greatly the trigger
working conditions, the LHCDb trigger has managed to adapt perfectly.

In 2011, the LHC has delivered ~ 1.2 fb~! to LHCb, which have been recorded with
an efficiency of 91%. The average number of inelastic pp collisions, pu ~ 1.5, has also
been above the design value, but they have been substantially lower than in 2010.

Trigger strategies for radiative B decays at LHCb

An efficient trigger is an essential prerequisite for radiative B decays, since their branch-
ing ratio is small, of O(107°) or lower, and therefore their production is limited at most
to few millions per fb~!, diluted in a large amount background events.

Trigger strategies

In LO, LOElectron and LOPhoton select those events with an electromagnetic deposi-
tion in the ECAL with a transverse energy with respect to the beam direction, Er,
greater than a given threshold, placed at 2.5 GeV during 2011. Additionally, a subset
of the events that pass these two lines also pass the LOElectronHi and LOPhotonHi
lines, which require a higher Et value of 4.2 GeV. The L0 requirement for radiative B
decays is that the signal photon has been responsible for firing the L0, i.e., either the
LOElectron or LOPhoton is TOS (Trigger On Signal).

In the HLT1, the relevant lines for radiative B decays are H1t1TrackAl11lLO and
Hlt1TrackPhoton single track lines. They select events based on the transverse mo-
mentum (pr) of the tracks with respect to the beam direction and their impact pa-
rameter (IP). On one side, H1t1TrackA11LO selects low-ET photons with a harder cut
in the required track; on the other side, Hl1t1TrackPhotonLO allows to lower the pt
requirement for the track at the cost of a harder Er cut on the photon. For radiative
decays it is required that H1t1TrackA11LO or Hlt1TrackPhotonLO are TOS.

In HLT?2, two strategies, exclusive and inclusive, have been studied. The exclusive
radiative lines, H1t2Bd2KstGamma and H1t2Bs2PhiGamma, which are loose versions of
the respective offline selections, have been redesigned to run on events that pass the
LOElectron and LOPhoton lines and their cuts have been optimized. Their efficiency
is above 85% for B — K*y and B?— ¢, as shown in Table 4, but they offer a poor
performance for other channels, such as Bt — ¢K*~ and Bt — K*%zt~, for which
they were not designed.

The performance of the widely used multivariate BBDT-based HLT2 topological
lines, shown in the first column of Table 5, has been assessed and it has been concluded
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H1t2Bd2KstGamma (%) H1t2Bs2PhiGamma (%)

B — K*0~ 85.6 £0.3 0.002 + 0.004
BY— ¢y 35.440.4 89.4 4+ 0.2
Bt —¢K*y 17.5+0.8 18.0+0.8
Bt - K1ty 4224+ 1.8 0.540.2

Table 4. TOS efficiency of the HLT2 exclusive lines over LO and HLTI1 TOS, de-
fined as LOPhoton T'OS or LOElectron T0S and Hlt1TrackA11lLO TOS or
Hlt1TrackPhoton T'OS, respectively, in offline-selected simulated data.

BBDT-based Cut-based BBDT-based

Topo (%) Radiative (%) Radiative (%) Inclusive ¢ (%)
B — K*0ny 33.1+£04 75.6 + 0.4 80.5 £ 0.4 -
BY— ¢y 471+£0.4 77.3+0.3 84.4+0.3 95.51 £0.15
Bt — oKty 50.1+1.1 90.0 £ 0.6 91.4+0.6 81.4+0.8
Bt K97ty 488 +1.8 89.3+ 1.1 91.5+1.0 -

Table 5. TOS efficiency of the HLT2 inclusive lines over LO and HLTI TOS, de-
fined as LOPhoton TOS or LOElectron TOS and Hl1t1TrackAl1lLO TOS or
Hlt1TrackPhoton T'OS, respectively, in offline-selected simulated data.

that, while they clearly improve the efficiency for selecting Bt — ¢ K+ and BT —
K*97 %7, their negative impact on the B®— K*%vy and B? — ¢ efficiencies is too high.

For this reason a new set of radiative topological lines has been developed and
introduced in mid-2011. Based on the same ideas as the regular topological lines, they
take advantage of the presence of the photon to relax some of the selection criteria.
Two different approaches have been used for these new lines: cut-based or BBDT-
based. The second and third columns of Table 5 show the performance on MC data of
the two radiative topological lines. Good efficiencies are recovered for the BY — K*0
and BY — ¢ decays, around 5% less than when using the exclusive lines, while the
efficiency for Bt — ¢K+~ and BT — K*97~ gets bumped to ~ 90%. Therefore,
by making use of the radiative topological lines, an HLT2 efficiency over 80% can be
obtained for the studied radiative decays.

In order to increase the efficiency for the key channel B? — ¢, the inclusive ¢ line
has been redesigned and included in the 2011 trigger. This line works by looking for
pairs of oppositely charged tracks identified as kaons by a soft requirement in their
RICH PID. It provides a transversal approach to the trigger of decays containing a
¢, and, as shown in the last column of Table 5, it provides an excellent efficiency for
BY— ¢ry.

Summing up, the comparison between Table 4 and Table 5 shows that in three out of
the four studied channels, the inclusive strategy outperforms the exclusive one. Only
in the case of B®— K*%y the exclusive lines show a slightly better performance.
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Summary

Calorimeter reconstruction in HLT2

The introduction of the HLT2 radiative topological lines has the effect of increasing
the number of events for which the photon reconstruction is needed. Given the fact
that the HLT2 calorimeter reconstruction was not optimized for running with timing
constraints, the addition of the inclusive lines implies an unacceptable increase of the
HLT2 timing budget.

For this reason a new reconstruction procedure for the calorimeter in the trigger has
been developed. Based on reducing the calorimeter clusterization to regions of interest
around LO calorimeter objects, it provides a three-fold decrease in the timing at the
cost of a small efficiency loss. This new procedure was introduced in the trigger in
June 2011.

Performance in 2011

The determination of the absolute efficiencies of the various radiative trigger lines
during the 2011 data taking has not been possible due to the lack of statistics. Only
in the case of the exclusive line for B® — K*~ it has been possible to use the TISTOS
method, and the HLT2 efficiency has been found to be (84 + 3)%, in good agreement
with the value calculated from MC, (85.6 £ 0.3)%

A quantitative performance comparison between the exclusive and inclusive triggers
has been performed by studying the invariant mass distributions of the BY — K*94 and
BY? — ¢7y. Tt has been concluded that, while the exclusive lines provide a higher yield
than the individual inclusive lines, the latter offer an improved background rejection,
resulting in an enhanced S/B ratio for a moderate loss in efficiency for B? — K*'. In
addition, the inclusive ¢ trigger has shown an outstanding performance for BY — ¢,
both in terms of yield and S/B.

Prospects for 2012

Given the excellent performance provided by the HLT2 radiative topological trigger at
the end of 2011, the radiative decays trigger strategy for 2012 will be inclusive.

Several new analyses, such as the CP-asymmetry studies for BY —¢K T~ and BT —
K*07t~, or the study of radiative decays of Aj, baryons, which were not included in the
exclusive lines, will benefit from this change. Further studies with other channels, such
as the B® — K*0y isospin-asymmetry, or the CP asymmetry of b— d~y transitions such
as B — p, will also be possible in the future because these events will have already
been triggered with significant efficiency.

The exclusive lines will also be kept for cross checks of the inclusive lines, but they
have been modified in order to lower their rate to a negligible rate. This rate reduction
has been achieved by tightening the cuts in the lines, effectively turning them into
quasi-offline selections.

Measurement of the ratio B(B"— K*)/B(B%— ¢v)

The main aim of this analysis is to extract the ratio of branching fractions of B® — K*Vy
with K*0 — K*7F and B? — ¢y with ¢ — K+*K~ (and complex conjugates). From
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this measurement, and using the well-known value of B(B® — K*y), B(B? — ¢v) has
been extracted.

Event selection

The selection of both B decays is tuned to maximize the cancellation of systematic
uncertainties in the ratio of their efficiencies. The procedure and requirements are kept
as similar as possible: the B® (BY) mesons are reconstructed from a selected K*0 (¢),
built from oppositely charged kaon-pion (kaon-kaon) pairs, combined with a photon.

The two charged tracks used to build the vector meson are both required to have
pr > 500 MeV/c and to point away from all pp interaction vertex by requiring IP x? >
25. The identification of the kaon and pion tracks is made by applying cuts to the
particle identification (PID) provided by the RICH system. The PID is based on the
comparison between two particle hypotheses, and it is represented by the difference in
logarithms of the likelihoods (DLL) between the two hypotheses. Kaons are required
to have DLLg, > 5 and DLLg, > 2, while pions are required to have DLL;x > 0.
With these cuts, kaons (pions) coming from the studied channels are identified with a
~ 70 (83) % efficiency for a ~ 3(2) % pion (kaon) contamination.

Two-track combinations are accepted as K*° (¢) candidates if they form a vertex
with 2 < 9, the highest pr of the two tracks is above 1.2 GeV/c, and their invariant
mass lies within 50 (10) MeV/c? of the nominal K** (¢) mass. The resulting vector
meson candidate is combined with a photon of Et > 2.6 GeV. Neutral and charged
electromagnetic clusters in the ECAL are separated based on their compatibility with
extrapolated tracks while photon and 7" deposits are identified on the basis of the
shapes of the electromagnetic shower in the ECAL.

B candidates are required to have an invariant mass within 1 GeV/c? of the corre-
sponding B hadron mass, to have pt > 3GeV/c, to have a flight distance x? above
100 units, and to point to a pp interaction vertex by applying a cut at IP x? < 9. The
distribution of the helicity angle ff, defined as the angle between the momentum of
any of the daughters of the vector meson V' and the momentum of the B candidate in
the rest frame of the vector meson, is expected to follow a sin?  function for B — V7,
and a cos? O for the B— Vr¥ background. Therefore, the helicity structure imposed
by the signal decays is exploited to remove B — V7 background, in which the neutral
pion is misidentified as a photon, by requiring that | cos 0| < 0.8. Background coming
from partially reconstructed b-hadron decays is rejected by requiring vertex isolation:
the x? of the B vertex must increase by more than 2 units when adding any other
track in the event.

Extraction of the ratio of branching fractions

The ratio of the branching fractions is calculated from the number of signal candidates
in the B — K*%y and BY — ¢~ channels,

BB = K*y)  Npogwo, B¢ = KTK™) fo €pospy
B(BY—=¢v)  Nposg, BEK*—= K+tn~) fqepogeo,’

(5)

where N corresponds to the observed number of signal candidates (yield), B(¢ —
K*K~)and B(K*® — K*r~) are the visible branching fractions of the vector mesons,
fs/f4 is the ratio of the B and BY hadronization fractions in pp collisions at /s =
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Summary

7TeV, and €po_,/€pox+0, is the ratio of efficiencies of the two decays. This latter
ratio is split into contributions coming from the acceptance (racc), the reconstruction
and selection requirements (7Reco&SelNoPID), the PID requirements (rseipip), and the
trigger requirements (rryigger) :

M = TTrigger X TAcc X TReco&SelNoPID X T'SelPID- (6)

€BOK*0
The PID efficiency ratio is measured from data to be rpip = 0.839 £ 0.005 (stat),
by means of a calibration procedure using pure samples of kaons and pions from
D** — DO(K+7~)n* decays selected utilizing purely kinematic criteria. The other
efficiency ratios have been extracted using simulated events. The acceptance efficiency
ratio, racc = 1.099+0.004 (stat), exceeds unity because of the correlated acceptance of
the kaons due to the limited phase-space in the ¢ — K"K~ decay. These phase-space
constraints also cause the ¢ vertex to have a worse spatial resolution than the K*0 ver-
tex. This affects the B? — ¢y selection efficiency through the IP x2, FD x?, and vertex
isolation cuts. Conversely, the pt track cuts are less efficient on the softer pion from the
K*0 decay. Both effects almost compensate and the selection efficiency ratio is found
t0 be rReco&SelNoPID = 0.881 £ 0.005 (stat), where the main systematic uncertainties in
the numerator and denominator cancel out since the kinematical selections are mostly
identical for both decays. The trigger efficiency ratio rmigger = 1.080 £ 0.009 (stat)
has been computed taking into account the contributions from the different trigger
configurations during the data taking period.

The yields of the two channels are extracted from a simultaneous unbinned maximum
likelihood fit to the invariant mass distributions of the data. Each of the signals is
described using two Crystal Ball functions, with their tail parameters fixed to their
value extracted from MC simulations and the mass difference between the B? and
BY signals constrained to the PDG value with a Gaussian distribution with mean
87.0MeV/c? and width 0.6 MeV/c?. The width of the signal peak is left as a free
parameter.

Combinatorial background is parametrized by an exponential function with a differ-
ent decay constant for each channel. The contribution of the B — hh 7%, B? — K*0~,
Bt - K*97*~, Bt — ¢K ™', and baryonic radiative decays to the signal has been as-
sessed from MC data. The shape of these contributions has been fixed from simulation,
and their amplitudes have been fixed, except in the case of the partially reconstructed
BY— K*% and Bt — K*O1%~. Other partially reconstructed backgrounds, which can
have a potentially large contribution, specially in B® — K*%v, have been parametrized
with an Argus function from MC simulation, and their contamination in the mass win-
dow has been left free. The contribution from cross feed between signal channels and
multiple candidates per event has been found to be negligible.

Finally, an acceptance function is introduced to model the effects of calorimeter
miscalibration in the trigger, where the calibration coefficients applied at the recon-
struction level were not applied. Its effects are noticeable up to 200 MeV/c? from the
border.

The results of the fit, including both the signal and the backgrounds, are shown in
Fig. 4. On one side, B — K*Yv is observed with a yield of 52804 89 events and a S/B
ratio of 5.4 & 0.4 in the 20 mass window. On the other side, 694 4 42 BY — ¢~y events
have been observed with a S/B of 7.3 + 0.7 in the 20 mass window, constituting the
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largest BY — ¢y sample collected. A value of X?/dof = 101.23/100 ~ 1.0123 has been
determined for the fit, which corresponds to a p-value of 45%.
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Figure 4. Mass distribution of the B® — K*%y and B% — ¢~ data samples. The fit
model PDF is overlaid in a solid blue line, with the signal (dashed green) and
background (dashed red) components.

Systematics

The limited MC statistics in the calculation of racc, TReco&SelNoPID, and T'Tyigger induce
a systematic uncertainty in the ratio of branching fractions. In addition, r .. is affected
by uncertainties in the hadron reconstruction efficiency, arising from differences in the
interaction of pions and kaons with the detector and the uncertainties in the description
of the material of the detector. Differences in the mass window size of the vector
mesons, combined with small differences in the position of the K*°/¢ mass peaks
between data and MC, produce a systematic uncertainty in rsenoprp Which has been
evaluated by moving the center of the mass window to the value found in data.

The reliability of the simulation to describe the IP x? of the tracks and the B vertex
isolation have been propagated into an uncertainty for rsenopin; the MC sample has
been reweighted to reproduce the background-subtracted distributions from data ob-
tained by applying the sPlot technique to separate signal and background component
on the basis of the B candidate invariant mass distribution. No further systematics are
associated with the use of MC simulation, since kinematical properties of the decays
are known to be well modeled. Systematic uncertainties associated with the photon
are negligible due to the fact that the reconstruction in both decays is identical.

The systematic uncertainty associated with the PID calibration method has been
evaluated using MC simulation. The statistical error due to the size of the kaon and
pion calibration samples has also been propagated to rgepip.

The systematic effect of the chosen mass window is assessed by applying a narrower
B mass window of 4700 MeV/c? and repeating the fit procedure.

The systematical effects of fixing the shape and amplitude of the background con-
taminations from the simulation have also been taken into account. The fit has been
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Summary

TN 7.634+0.38 1017
T'vector meson B 0.735 + 0.008
fsl fa 0.26710:050

Te 0.877 + 0.017

Table 6. Summary of the intermediate results, with their corresponding systematic er-
rors, needed for the calculation of the ratio of branching fractions, as defined
m Fq. 5.

repeated 10,000 times, randomly varying the values of the fixed parameters within
their uncertainties, and the effect on the ratio of yields has been determined using the
central intervals method at 95% confidence level.

Results and conclusions

By making use of the intermediate results summarized in Table 6, the ratio of branching
fractions has been measured as

B(B?— K*y)

BB i) = 1.31 £ 0.08 (stat) + 0.04 (syst) £ 0.10 (fs/ fa). (7)

and thus has been found to be compatible with the theory prediction of 1.0 +0.2. The
value of the ratio has been combined with the well-measured value of the B? — K*0
branching fraction to extract the world-best measurement of the branching fraction of
the radiative BY — ¢~ decay,

B(BY—¢vy) = (3.34£0.3) x 1077, (8)

which is also in agreement with the theoretical prediction of (4.6 & 1.4) x 107>, The
uncertainty in B(B? — ¢) is reduced from 35% down to 9%, and thus the knowledge
of this branching fraction is largely improved.
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Introduction

The Standard Model of particle physics is a set of theories, developed during the second
half of the 20" century, which aim to explain the electromagnetic, weak and strong
interactions of subatomic particles. While its theoretical formulation was finalized in
the 1970’s, experimental confirmation of some of its predictions, like the top quark and
the tau neutrino, had to wait until the end of the century. The last key piece of the
Standard Model, the Higgs boson, still remains to be experimentally confirmed.

Despite its success, the Standard Model fails to incorporate gravity, as described by
general relativity, dark energy, dark matter, as it doesn’t contain any viable candidate
for dark matter, and neutrino oscillations, already observed by several experiments. It
also contains several unnatural features that give rise to the strong C'P and hierarchy
problems.

Particles containing a beauty quark, called B hadrons, constitute an excellent bench-
mark for measuring Standard Model aspects, such as the mixing between quark families
and CP violation, controlled by the CKM matrix, and indirect effects caused by some
of its extensions. The LHCb experiment, one of the experiments of the Large Hadron
Collider, is dedicated to the study of CP violation and rare decays in the B sector.

One topic of interest is flavor-changing neutral currents, which are only possible
through loop processes and thus are very sensitive to new heavy particles circulating
in the loop. Radiative B hadron decays, i.e., B hadron decays with a photon in the
final state, constitute an excellent example of this type of decays.

With branching fractions of O(107°) or lower, the production of rare B decays in
LHCb, specially those in the BY sector, is small and found diluted in a large amount
background events. Therefore, in order to avoid limiting the analysis potential of the
experiment, it is critical to develop efficient trigger strategies to pick these events apart
at the data taking stage. In the case of radiative B decays, the presence of a neutral
particle, the photon, makes this selection even more challenging.

The first measurement of radiative B decays in the LHCDb experiment, as well as the
development of the trigger strategies that allow this and future measurements, are the
subject of this work.

Chapter 1 describes the Standard Model and provides the key elements to under-
stand how to formulate predictions for radiative B decays within its framework. While
inclusive calculations have good predicting power for branching fractions, exclusive
predictions, more accessible experimentally, suffer from big uncertainties. These uncer-
tainties lead to a situation where the experimental results, also summarized in Chapter
1, are more precise than their theoretical counterparts.

Chapter 2 briefly introduces the European Organization for Nuclear Research, known
as CERN, and its history. It also describes the world’s largest particle accelerator, the



Large Hadron Collider, including its six experiments.

The LHCDb experiment is described in Chapter 3. The running conditions during the
data taking periods of 2010 and 2011 are analyzed, and the LHCb detector systems
and subsystems are presented in detail.

Two trigger strategies for radiative B decays are studied in Chapter 4, an exclusive
and an inclusive approach. New or redesigned trigger lines are described, and their
efficiencies on simulated data are presented. The performance of the 2011 strategy is
analyzed, and the strategy adopted for the 2012 data taking is outlined.

Chapter 5 presents the measure of the ratio of branching fractions of the BY — K*0~
and BY — ¢v decays on the full 2011 dataset. The procedure for extracting this
ratio, including event selection, signal yield extraction and systematical uncertainties
determination, is discussed. From the measured result, the value of B(BY — ¢7) is
extracted.

The conclusions of this work, as well as its impact on future radiative measurements
to be carried out in LHCb, are discussed in Chapter 6.




Radiative decays of B mesons

Radiative b — sy decays are an example of effective flavor-changing neutral current
interactions, which arise from the Standard Model through loop processes such as pen-
guin or box diagrams. Such processes allow to probe physics at high energies through
the virtual particles circulating in the loop. This feature makes them a good testing
ground in searches for Physics beyond the Standard Model, which may introduce new
heavy flavor-changing particles to which radiative decays could be sensitive to.

Theoretical predictions for exclusive radiative decays, more accessible experimentally
than inclusive ones, are more difficult to calculate; quark-level processes cannot be ac-
cessed directly in the experiment, and thus predictions have to be made at the hadronic
level, where there are sizeable non-perturbative —and thus hard to calculate— contri-
butions. Predictions are based on QCD factorization theorems derived from effective
field theories, but suffer from large uncertainties due to non-perturbative QCD con-
tributions. Some observables, such as CP or isospin asymmetries, benefit from can-
cellations of some these uncertainties, making them better targets for experimental
study.

1.1. The Standard Model

The Standard Model (SM) is the theory that describes our current knowledge of the
elementary constituents of matter and their interactions. It was formulated in the
1960’s and 1970’s and it has been very successful so far. Many of its predictions have
been confirmed experimentally with a high level of precision, except for the neutrino
masses [1-4| and the yet unobserved Higgs boson [5-7].

The SM is built upon the foundation of relativistic quantum field theory, which em-
beds the dynamical framework of quantum field theory within the space-time structure
of special relativity [8].

Symmetries are imposed to the theory through the principle of local gauge invariance
[9-11], which postulates that the theory is invariant under transformations of the fields
following the form

Y(y) = e Tey(z,), (1.1)

where T;, are the generators of a Lie group and oy(z,) are a set of arbitrary real
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functions of the space-time coordinate x,,, one for each generator. In order to preserve
the invariance of the kinetic term of the lagrangian, it is necessary to replace the partial
derivatives d,, by covariant derwatives D), build with gauge fields Aj:

8y = Dy = 0, +igT" A%, (1.2)

where the gauge fields transform as:
a a 1
Al — A - gﬁﬂaa(xu). (1.3)

This construction allows the transformations of the gauge field to cancel terms arising
from the derivative of the gauge-transformed field ¢ (z,). Local gauge and Lorentz
invariance dictate that the A, particles are spin-1 Lorentz vectors transforming under
the adjoint representation of the Lie group. The coupling constant ¢ is universal for a
given gauge group, and determines the strength of the interaction.

The Standard Model is a collection of gauge theories in which the constituents of
matter —the fermions— interact through the exchange of force carrier gauge bosons
arising from the symmetry group

SU(3)C X SU(Q)L X U(l)y. (1.4)

The electroweak interaction corresponds to the SU(2)z x U(1)y [12-14], and is me-
diated by the massless photon and the massive W+ and Z° bosons, while the strong
interaction, described by Quantum ChromoDynamics (QCD), derives from SU(3)¢ [15]
and is carried by the massless gluons.

The representation of the T, generators within the covariant derivative for the
fermions determines their group transformation and gauge interaction properties. The
fermions couple with the gauge bosons through the covariant derivative if the T, gener-
ators are a non-trivial representation of the group. Otherwise, they are singlets under
the gauge group and are transparent to the considered interaction.

As a final step, the mechanism of spontaneous symmetry breaking [16-20] is required
to give mass to the particles within the SM through the introduction of a new field,
the Higgs field. Electroweak gauge bosons —and the Higgs boson itself— and fermions
acquire mass through quadratic terms and Yukawa mass terms, respectively.

In summary, the Standard Model Lagrangian can be written as

L= ‘CQCD + £EW + £Higgs + EYukawa' (15)

In the SM, elementary particles are divided into bosons and fermions according to
their spin. Each particle has a corresponding antiparticle which carries the opposite
quantum numbers. In some cases, such as the photon or the Z°, the particle is its own
antiparticle.

1.1.1. Elementary Particles

Fermions are the constituents of matter and are indivisible. They have spin 1/2 and
obey Fermi-Dirac statistics. Taking into account the group representation of the SM
symmetries, fermions are divided into two categories:

o Six quarks, which transform under the fundamental representation of SU(3)¢,
and thus participate in QCD.
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o Six leptons, which are SU(3)¢ singlets, and therefore are not affected by QCD.

Both groups can be divided into three families or generations. The various types
of quarks and letpons are collectively called flavors, and their main properties are
summarized in Table 1.1.

Q (e) m (MeV/c?) L B
e” —1  0.510998910 + 0.000000013 +1 0
s ve 0 <2.2x 10-6 +1 0
2 u~ -1 105.6583668 +0.0000038 +1 0
S v, 0 <0.19 +1 0
™ -1 1776.82 & 0.16 +1 0
v, 0 <182 +1 0
u  +23 2.34 +0.19 0 +1/3
s d =13 4.78 £0.11 0 +13
4
T ¢+ 1294 + 4 0 413
S s s 100.2 + 2.4 0 +1/3
t 423 (1729+£06+£09)x 10> 0 +1/3
b —1/3 (4.67070:065) x 10° 0 +1/3

Table 1.1. The Standard Model fermions. The classification includes three families of
leptons and quarks with electric charge @, mass m, and their correspond-
ing leptonic (L) and baryonic (B) numbers [21]. The corresponding anti-
fermions are omitted for simplicity..

Leptons

Leptons interact through the electroweak interaction, but are unaffected by the strong
interaction, as they are SU(3)¢ singlets. As shown in Table 1.1, there are six known
leptons —plus their corresponding antiparticles—, which are distinguishable by their
masses, electric charge and interaction modes.

The three charged leptons are the electron, e™, the muon, =, and the tau, 7—. They
all carry the same electric charge, Q@ = ¢ = —1.602 x 10719 C. The charged leptons
are associated to three neutral leptons, the neutrinos, which are assumed to have zero
mass in the Standard Model. However, the phenomenon of neutrino oscillations [2—4]
between the three neutrino families requires that at least two of them have non-zero
mass.

Leptons are divided horizontally into generations and vertically into an electroweak
SU(2);, doublet consisting of a pair of left-handed neutrino and the corresponding
charged lepton. The interaction projects out the left-handed component of the fermion
field, resulting in parity violation (see §1.1.3).

() () (), 0

The right-handed components are singlets of SU(2)y, and thus each doublet (I,v;)r,
has a corresponding singlet [r which is not sensitive to the weak interaction.
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Quarks

Quarks transform under the fundamental representation of chromodynamic SU(3)¢
and therefore carry an extra quantum number, the chromodynamic charge, called
color. The six quarks are classified into up-type quarks, with electric charge +2/3, and
down-type quarks, with electric charge —1/3, as shown in Table 1.1.

Similarly to the leptons, quarks are horizontally divided into generations and verti-
cally grouped in pairs of up- and down-type left-handed quarks as SU(2);, doublets.
The first family is composed by the lightest quarks, the up (u) and down (d), which are
the most abundant in Nature as they constitute the basic components of the proton
and the neutron; the second quark family is composed by the heavier charm (c¢) and
strange (s) quarks; the heaviest quarks, the top (t) and the bottom or beauty (b) make

up the third family.
U c t
(5)-()- ) w

Due to the confinement property of QCD (see §1.1.2), colored objects can only
appear in colorless combinations; thus, quarks are always found grouped in colorless
particles, called hadrons. There are two types of hadrons: mesons, composed by a
quark-antiquark pair (¢q), and baryons, antisymmetric color triplets of different color

(999, Gqq)-
1.1.2. Fundamental Interactions

In the SM, particles interact through the exchange of the gauge bosons that arise
from imposing local gauge invariance with respect to the symmetry groups in Eq. 1.4.
Gravitation is not included in the Standard Model, so the three interactions to consider
are:

Electromagnetic interaction. It affects all particles with electric charge. It is de-
scribed by Quantum ElectroDynamics (QED) [22-29], a quantum field theory
with the photon as the force mediator.

Strong interaction. Interaction which confines the quarks into hadrons. It is de-
scribed by the theory of Quantum ChromoDynamics (QCD). The eight massless
gauge bosons arising from the adjoint representation of SU(3)¢ are called gluons,
and are said to carry the color charge. QCD has two distinct properties:

o Confinement. Unlike all other forces, the strength of the strong force does
not diminish with increasing distance. This phenomenon is called color
confinement, and it implies that only hadrons, and not individual free quarks
or gluons, can be observed. In simple terms, the energy needed to pull two
quarks apart is so high that a new pair of quark-antiquark, which will pair
up with the original ones, can be produced. Although analytically unproven,
confinement is believed to be true due to the consistent failure of free quark
searches.

o Asymptotic freedom. At very high-energy reactions, quarks and gluons in-
teract very weakly. This analytical prediction of QCD was discovered in
the 1970’s by Politzer, Wilczek and Gross [30, 31|, which were awarded the
Nobel Prize in Physics.
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Weak interaction. Responsible for the $-decay, the weak interaction has an ex-
tremely short range, about 10716 cm, implying very massive mediators. The
three gauge bosons associated with it are the charged W™* and W™, and the
neutral Z°, with masses of ~ 80 GeV/c? for the first two and ~ 90 GeV/c? for the
latter. This interaction allows decays forbidden by the strong and electromag-
netic interactions, such as flavor-changing decays and CP violation processes.

The main properties of the gauge bosons are summarized in Table 1.2.

Electric charge (¢)  Mass (GeV/c?)

0 0 0

Gluon 0 0

Wt /w- +1/ -1 80.399 + 0.023
70 0 91.1876 + 0.0021

Table 1.2. Electric charge and mass of the strong, electromagnetic and weak gauge
bosons [21].

1.1.3. Discrete symmetries

The connection between symmetries and conservation laws, summarized in the Noether
theorems [32], is a fundamental piece in building particle physics theories, since consid-
erations on symmetries of the interactions determine the structure of the Lagrangian.

Some discrete transformations are particularly interesting in the Standard Model.
Considering a particle of momentum p and helicity h = §-p/|p], where § is its spin,
represented by the quantum state |7, h), we can define

Parity Spatial inversion, represented by the parity operator P,
P‘ﬁvh’> :77P’*17»*h>7 (18)
where np is the parity of the particle.

Charge Conjugation Exchange between the particle and antiparticle, represented
by the charge conjugation operator C"

Clp,h) = nclp. h), (1.9)
where 7¢ is a phase factor.
Time Inversion Reversion of the direction of time, represented by the operator 7"
T|p,h) = nr| — P, h)", (1.10)
where 77 is a phase factor that depends on the spin.

These three symmetries C, P and T are preserved by the strong and electromagnetic

interactions, but experimental evidence shows clear violations of charge conjugation
and parity [33, 34].
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Even though C' and P are violated, it is possible that the combination between two,
CP, remains unbroken. Violation of the CP symmetry in the kaon system was observed
by Cronin and Fitch in 1964 [35], and in the B system by the B-factories at the turn
of the 2000’s [36, 37]. A first indication of CP violation in decays of neutral D mesons
has been recently reported by the LHCb collaboration [38].

The combination of the three symmetries, CPT, is considered a fundamental sym-
metry of physical laws. The CPT theorem proves that any Lorentz invariant local
quantum field theory with a Hermitian Hamiltonian must have C'PT symmetry. It
was implicitly used by Schwinger to prove the connection between spin and statistics
in 1951, and explicitly derived by Liiders and Pauli in 1957 [39]. It has very important
and general consequences, e.g., the mass and the lifetime of an elementary particle
and its antiparticle must be equal. Up to now, all experimental measurements are
consistent with C'PT' conservation.

1.1.4. Standard Model Lagrangian

The Standard Model is the combination of QCD, the theory describing strong inter-
actions, and the Electroweak Theory, the unification of the weak and electromagnetic
interactions. Globally, it is based on the gauge symmetry SU(3)c x SU(2) x U(1)y
with spontaneous symmetry breaking SU(2)r, x U(1)y — U(1)q.

The electroweak theory, proposed by Glashow, Salam and Weinberg [12-14] is a
non-abelian theory based on SU(2)r, x U(1)y describing the electromagnetic and weak
interaction between quarks and leptons. In addition of the SU(2) generators, I+ and
I3, the hypercharge Y = 2(Q — I3), where @ is the electric charge, is introduced in
order to accommodate the difference between the electric charges for the left-handed
doublets. Thus, the four generators I+, Is and Y are associated to four gauge fields,
W= (Wl}, Wﬁ, Wl‘:’) and B, respectively.

The strong interaction, based on the color symmetry group SU(3)¢, adds eight gauge
fields GZ to the SM, corresponding to the eight gluons.

Combining the gluons with the electroweak gauge bosons, the following lagrangian
can be written:

T Y
with the tensor field strengths defined as
By = 0,By, — 0,B, , (1.12)
W, = 8,W — 8,W! + g/ WhW., J=123, (1.13)
Géw = 8qu/ - 8VGL - gSfijkG{thcn j=1--8, (1.14)

where /% and f7* are the SU(2);, and SU(3) structure constants, respectively, and go
and g, is the coupling constant for corresponding the group. The non-abelian nature of
the SU(2), and SU(3)¢ groups is showcased by the presence of the structure constants,
and it leads to the appearance of self-interactions of the gauge fields V,, from Eq. 1.11%:

triple gauge boson coupling = ig;Tr(9,V,, — 9,V,,)[Vy, Vo], (1.15)

1
quadruple gauge boson coupling = 5 G TV, V). (1.16)

'V, denotes either the W, or the G, gauge fields, with the corresponding g;, g or gs, implied whenever
V. is used.
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Following Eq. 1.2 we need to introduce the covariant derivatives to preserve the
invariance of the kinetic terms of the lagrangian. A suitable representation of the
generators T'* of the SM symmetry groups is chosen: the hypercharge generator Y, for
U(1)y; the 2 x 2 Pauli matrices 7;, with ¢ = 1, 2,3 for SU(2); and the 3 x 3 Gell-Mann
matrices A;, with ¢ = 1,--- |8, for SU(3)¢ [40]. Thus, the partial derivatives in the SM
have to be replaced by the following covariant derivative:

/
Dy = (8 — 120G — i Wi — 2,5, v, (1.17)
S—— ~~
QCD EWT

This covariant derivative leads to fermion-gauge boson couplings of the type
=gV, y#1p. In addition, when coupling left- and right-handed fermion fields to a
gauge field, ¢, and g are assigned to different representations of the gauge group,
and thus the covariant derivative affects them differently. Therefore,

o Left-handed fermions

(), ws() o

where ¢ runs through the 3 lepton families (e, p, 7) and j through the three quark
generations, are grouped in weak isodoublets with I3 = £1/2, and Y = —1/2 and
Y = +1/6, respectively. Right-handed fermions, eg,, u r; and dg; form weak
isosinglets with I3 = 0, and therefore Y = +2/3 for ug and Y = —1 for ep.

o Leptons are not affected by the strong interaction and therefore are singlets in
SU(3)c.

0 Mass terms of the form —mec(érer + érer) are forbidden because the fields ey,
and ep belong to different SU(2) representations and have different U(1) charges.

Ignoring fermion masses, the fermion kinetic energy terms can be written as
L= Ep,(iD)EL, + ég,(iD)er, + Qr,(iDP)Qr, + ug, (il))ur, + dg,(iD)dg,, (1.19)

where the covariant derivative is given by Eq. 1.17; only the particular representation to
which each of the fermion field belongs is considered, i.e., leptons are SU(3)¢ singlets,
and therefore the )\int term gives zero coupling.

Spontaneous Symmetry Breaking

At this point of the discussion, the electroweak theory is formulated as a SU(2), xU(1)y
gauge theory with massless bosons and fermions. Its explicit lagrangian can be written
as

Low = = BuB" = JWi, W'+
/ /
4 Ep " <au - ignwg - 2'923/(13“> Ep, + ég" <au - i% un> e+

/ /
+ QA" (% —iSnWj - iZY;BH) Qr, + ur," <au = i%)@BM) R+

/
+ dp, 7" <8M - z‘g2Yun> dp, (1.20)
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The Higgs-Brout-Englert-Guralnik-Hagen-Kibble mechanism of spontaneous symme-
try breaking [41-43], known as the Higgs Mechanism, allows the creation of massive
gauge bosons without the the violation of the gauge symmetry which would otherwise
result if explicit mass terms for the W+ and Z° bosons were inserted into the SM
lagrangian. It can also be used to generate mass for the leptons and quarks.

The fundamental idea is to introduce an extra scalar field, the Higgs field, which
does not vanish into the vacuum (defined at the state in which all the fields have their
lowest possible energy). This field is a complex SU(2);, doublet ¢,

¢+
o = <¢0> Y = +1, (1.21)
which is assumed to carry no color.

In order to respect the gauge invariance, the kinetic term of the Higgs field must
also enter the lagrangian via the gauge covariant derivative:
2

/
Liiggs = '(m - ignW[L - iQQYqBM> o —V(®), (1.22)

where the Higgs potential V' (¢) is such that its minima are at non-zero values of the
Higgs field.
V(D) = *(@T0) + A(2T®)?, (1.23)

with z2 < 0. The Higgs field acquires then a non-zero vacuum expectation value (vev)

v = \/? (1.24)

and the electroweak gauge fields acquire mass from terms quadratic in the Higgs field.
Since QED must stay an exact symmetry in order to keep the photon massless, the
vev cannot be in the charged direction:

(0]®0) = (i%‘@;’g;) _ (;) . (1.25)

Then, the @ field can be parametrized by writing

b — U(gg)\}i (U . OH(:C)> , (1.26)

where U(z) is an arbitrary SU(2) gauge transformation that allows to produce the
most general complex-valued spinor field, and H(x) is a fluctuating real field with
(H(x)) =0. U(x) can be eliminated from the lagrangian with a gauge transformation,
and therefore the ¢ field is reduced to a field with one physical degree of freedom.
Expanding the covariant derivative of Eq. 1.22 in terms of the Higgs doublet, one
can identify the new electroweak boson fields Wﬁt, Z, and A, as the mass eigenstates:

1 1
Wi = E(W,} FW) mw = =g, (1.27)

2
=t mz = v\/g> + g%, :
Ve +g? 2
_gWi+g'By

1/‘92_‘_9/2

A, ma = 0. (1.29)

10



1.1. The Standard Model

The Higgs mechanism breaks the SU(2)7, x U(1)y symmetry and decouples the weak
and electromagnetic interaction, giving rise to the massless photon, A,, and the three
massive weak bosons, W+ and Z°.

The Higgs boson
The terms related to the Higgs potential in Eq. 1.23 give rise to

1
Ly = - ?H? — \wH? — ZAH‘*, (1.30)

and therefore the field H(z) is a scalar particle with mass m?, = 2\v? = —2u2. This
particle is known as the Higgs boson, and remains the only undiscovered piece of the
Standard Model.

Fermion masses

It is not possible to put ordinary mass terms for the fermions into the Lagrangian, be-
cause left- and right-handed components of the fermionic fields have different quantum
numbers and so simple mass terms violate gauge invariance.

Fermions acquire their masses through the spontaneous symmetry breaking mecha-
nism. Using the Higgs field it is possible to write a gauge-invariant coupling linking
Er, er and ®:
éAeELqu + h.c., (1.31)
where the SU(2) indices of the doublets Ej, and ® are contracted, and A, is a new
dimensionless coupling constant. Introducing the parametrization of Eq. 1.26 and
choosing the unitary gauge, the previous equation becomes

Lo=-

1
Lo=——=
V2

This is a mass term for the electron, with

Aever®er +hoe. + - - . (1.32)

AV
V2
The Standard Model makes no predictions for the A.: it is an input parameter of

the theory that has to be determined from experiment.
The mass terms for the quark fields can be written in the same way:

(1.33)

me =

1 - 1
——A\gvdrdr — —=A\yvurur + he.+ -+, (1.34)

S V2

with
(1.35)

11



1. Radiative decays of B mesons

The CKM Matrix

When additional generations of quarks are introduced into the theory, there can appear
further terms that mix generations. This can be avoided by diagonalizing the Higgs
couplings through a base change for the quark fields. However, these mass eigenstates
may not be the same as the flavor eigenstates that arise from the electroweak lagrangian
(Eq. 1.20). Let

uy = (ur,cr,tr), Y = (dr,sL,br), (1.36)
denote the up- and down-type quarks in the flavor basis, and u’iL and d’ ZL the corre-

sponding quarks in the mass-diagonal —physical— basis. The two bases are related
by unitary transformations:

uh = U, P =Udd", (1.37)
In this new basis, the coupling of the W™ bosons to the quarks take the form
1 . . 1 _. A o 1 . .
_ + 7 ktrrkiy 317 + 7 L +
EUZL’}/M(FLWM = ﬁu’L’y“(U& Ud )d LWM = EU/L’}/M‘/@JCZ LWM N (138)
where the Vj; is the unitary Cabibbo-Kobayashi-Maskawa (CKM) matrix [44, 45]. The

off-diagonal terms of the CKM matrix allow transitions between quark generations,
which are more clearly visualized when writing the previous expression explicitly:

1 Vud Vus Vub dL
7 (ur e to)Y" [ Vea Ves Ve sp | Wi (1.39)
Via Vis Vi br

This result is analogous for the W~ boson.

The complex CKM matrix contains 18 parameters. Its unitarity, VCKMVéKM =1,
can be exploited to reduce the number of independent parameters to nine by applying
the set of constraints

3
> ViVis = 0. (1.40)
k=1
Six of the remaining parameters correspond to relative phases between the quark fields;
all but one —the overall common phase— can be absorbed in the quark fields. The
resulting four free parameters are three rotation angles, the quark mizing angles 0;;,
and one complex phase §, which is the only source of CP-violation in the SM:

0

C12C23 $12€13 S13€e
_ i i
Vekm = | —s12c23 — c12523513€"° 1223 — S12523513¢€" s23€13 |, (1.41)
6 i
512823 — €12€23513€"°  —C12523 — S12C23513€"  C23C13

where s;; = sinf;; and ¢;; = cos 0;;.

While the weak interactions are characterized by a universal coupling constant re-
sulting from the SU(2); x U(1)y symmetry, the interactions between quarks of different
generations are scaled by the appropriate CKM matrix elements; this means that cer-
tain quark transitions are more favorable, while others are suppressed due to small
CKM matrix elements. To clearly show this hierarchy, it is useful to use the Wolfen-
stein parametrization [46], which allows to write the CKM matrix as an expansion on

512,
Vs |

S12 = .
V |Vud|2 + |Vus|2

A=

(1.42)

12



1.1. The Standard Model

For CP violation studies it is necessary to expand the CKM matrix up to terms of
O()N°) because V;4Vis is of this order:

2 . . 2
1-2 A AN3 (p—m—km%)
_ 2 5
Vekm = —A 1= A2\t AN (1 +ipp2) | TOW),
AN (1 —p—in) —AN? 1
(1.43)
with the A, p and n defined as
_ 2 __ M 0 __ 3 s N rx

S93 = AN = A\ , s13e” = AN (p + ZT]) =V, (1.44)

Vus

and with the following experimental values [21]:
A =0.2253+0.0007, A=0.808T00%, p=0.132700%, 7 =0.341£0.013. (1.45)

The SM makes no predictions for the V;; matrix elements aside from unitarity, so
they need to be determined from experiment. Interestingly, the individual elements of
the CKM matrix can be measured independently without making use of the theoretical
unitarity requirement; thus, unitarity can be used to over-constrain the CKM matrix
and test the weak sector of the SM.

The unitarity of the CKM matrix can be conveniently summarized in unitarity tri-
angles by picturing each of the unitarity relations in Eq. 1.40 as a triangle in a complex
plane. For example, the first and third columns of the CKM matrix, i.e., the b and d
sectors, can be used to build an unitarity relation,

VaaVab + ViaVer + VigVes = 0, (1.46)

U

which can be represented as a triangle, as shown in Fig. 1.1, with its sides normalized
and rotated by dividing by V5 Vi,. The angles o, § and v are defined as

ViiVip VoiVe ViiVub
—_ _ — __c = —__ua 1.47
« arg( vg;vcb>’ 8 arg( v;zvtb>’ I arg( Ve, )

with the (p,7) vertex given by

. VJd Vub

. 1.48
VeV (1.48)

p+in =

The sides of the triangle, which correspond to magnitudes of CKM elements, can be

measured by analyzing the decay rates of processes involving these elements, while the

angles, which correspond to the relative phases between the elements, can be accessed

experimentally through CP-violating asymmetries. The current experimental situation
of this unitarity triangle is shown in Fig. 1.2 [47].

GIM Mechanism

Spontaneous symmetry breaking, which gives quarks different masses, is responsible for
the GIM suppression —from Glashow, Iliopoulos and Maiani [48]— in loop processes
by interfering with the balance imposed by the unitarity of the CKM matrix, which
would otherwise forbid effective flavor-changing neutral current processes.

13



1. Radiative decays of B mesons

(p,7)
VudVJb
VeaVy «
Via Vi
VeaV,
g B

Figure 1.1. Unitarity triangle summarizing the orthogonality of the first and third
columns of the CKM matriz in Eq. 1.39. The size of the sides and an-
gles depicted are arbitrary.

The couplings of the quarks to the neutral Z° boson are flavor-diagonal by definition
—the terms with the neutral boson have the form @;y*urZ,—, and therefore there
are no tree-level Flavor-Changing Neutral Currents (FCNC) in the Standard Model.
FCNC can only occur at higher orders in perturbation theory, in loop processes, such
as the penguin [49] and box diagrams shown in Fig. 1.3, collectively known as effective
flavor-changing neutral currents.

For example, in Fig. 1.3a, the b— s7 transition contains contributions from the three
up-type quarks, scaled by the appropriate CKM matrix elements, and therefore the
amplitude can be written as

Ab— sv) = VigVis f(me) + Vg Ves f(me) + Vi Vus [ (ma), (1.49)

where f(m) is the result of the loop integration, which depends on the mass m of the
intermediate up-type quark. If the masses of the up-type quarks were degenerate (and
equal to my), the amplitude would vanish owing to the unitarity of the CKM matrix,

A(b—s7) = f(myg) [VipVis + Vi Ves + Vi Vus] = 0. (1.50)

However, the existence of mass splitting of the up- or down-type quarks leads to a
finite amplitude which is related to the mass difference of the quarks.

Thus, effective FCNC processes in the SM are allowed at loop level, but at a sup-
pressed rate due to the quark mass splitting and loop factors. Since mass splitting in
the up-quark section is large, this suppression is weaker and the ¢ quark dominates the
amplitude. In the down-quark sector, however, the mass splitting between quarks is
smaller and therefore the GIM suppression for FCNC processes is more effective.

1.2. Radiative B Decays in the Standard Model

The huge mass of the top quark relative to the other up-type quarks (see Table 1.1)
weakens the GIM suppression in effective FCNC such as b — s, shown in Fig. 1.3a.
Therefore, FCNC, and in particular radiative decays, offer a testing ground of physics
at high mass scales, since the top quark contribution dominates in the virtual loop.

14
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Figure 1.2. Current best fit for the unitarity triangle in the (p,7) plane by the CKM-
Fitter collaboration [47].
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Figure 1.3. Effective flavor-changing neutral current processes.

Moreover, these processes are sensitive to any other flavor-changing particles that
may circulate in the loop and that are not included by the Standard Model. Since these
contributions can affect the branching ratio and CP violation, among other observables,
FCNC can also be sensitive probes to new physics (NP) beyond the Standard Model,
provided that reliable theoretical predictions can be made. Up to now, none of the
current measurements of B meson decays have observed any unambiguous sign of
NP [50]. However, there is still room for sizeable effects from new flavor structures,
since FCNC processes have been tested up to only the 10% level.

Quark level FCNC processes such as b— sy cannot be directly measured because the
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1. Radiative decays of B mesons

strong interaction forms hadrons from the underlying quarks, which cannot be detected
directly due to the confinement property of QCD. Therefore, in order to establish a
connection between experimental observations and the CKM parameters, one needs to
unfold the effects of confinement.

Inclusive B — X4y decays, which include all hadron combinations that arise from
the b— sy transition, are theoretically clean because they are dominated by partonic,
perturbatively calculable, contributions, with small (~ 5%) non-perturbative correc-
tions [51|. Experimentally, inclusive quantities are difficult to define due to the fact
that it is not feasible to measure all possible final states; the poor knowledge of the
relative branching fractions of those that are measured makes it difficult to extract
reliable inclusive values. Exclusive final states with one or a few specific hadrons in the
final state, e.g., B — K*0v, have less predictive power due to larger non-perturbative
QCD corrections. However, measurements are easier and better defined than inclusive
ones, and many other useful observables beyond branching fractions can be obtained,
such as CP, forward-backward, isospin, and polarization asymmetries.

To tackle the mixture of regimes of QCD behavior —perturbative and non-
perturbative—, calculations are divided into two parts by making use of factorization
theorems, which can be found using various techniques, such as effective field theories.
Factorization allows to separate the contributions of perturbative QCD, occurring at
scales well above the B meson mass, from the contributions from lower mass, long
distance, scales, where perturbative calculations are no longer possible. Long distance
contributions are calculated using non-perturbative techniques such as QCD sum rules
or lattice calculations. QCD Factorization (QCDF) [52-54] can be used to obtain a
factorization theorem which allows to put together these long distance contributions
and the perturbative calculations, while the use of Soft Collinear Effective Theory
(SCET) [55-58] allows to reach a deeper understanding of this factorization.

1.2.1. Effective Field Theories

Effective field theories [59, 60| are used to express a full, complete theory as an effective
Hamiltonian constructed from a set of local operators O; in which the high energy
degrees of freedom, defined with respect to a mass scale A, have been integrated out.
The amplitude for a given weak process i — f is expressed as a sum of matrix elements
of the local operators:

([ Hetli) = (jg SV IO, (1.51)

where G is the Fermi constant characterizing the strength of the underlying weak
processes, V; are the suitable CKM matrix elements for the quark transitions, C; are
the Wilson coefficients and O; are the local operators forming a complete set for a given
transition. The Wilson coefficients C; are the numerical coefficients associated with
these effective transitions expressed with the local operators O;. Therefore, the ampli-
tude of the effective Hamiltonian is expressed as a sum of local operator amplitudes
scaled by their Wilson coeflicients.

The Wilson coefficients include the effects of interactions at scales higher than pu,
and the operators absorb all the effects below. While the choice of p is arbitrary, it
is usually chosen to be O(m;) for the study of B decays; this is well above the Aqcp
scale where perturbative QCD starts to break down.
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1.2. Radiative B Decays in the Standard Model

Wilson coefficients are calculated by matching the prediction of the effective theory
with the full theory (with all degrees of freedom) at a high mass scale, typically myy;
at this scale the relevant diagrams and their QCD corrections can be calculated per-
turbatively and evolved down to the relevant energy scale —the previously mentioned
mp in our case—by making use of the renormalization group equations. After renor-
malization, the local operators O; can be identified within the full calculation and their
corresponding Wilson coefficients extracted.

In general, there are several operators of the same dimension which mix under renor-
malization.

Oi)p = Z Zij (€, 1){O;) R, (1.52)

where the subscript B (R) denotes the bare (renormalized) operator. This operator
mixing can affect the decay rate: in b — sv, this can result in a three-fold enhance-
ment [61, 62].

Effective Weak Hamiltonian for B — Vv Transitions

Following the convention by Becher, Hill and Neubert [63], in the Standard Model, the
effective weak Hamiltonian mediating FCNC b— s processes has the form

weak - \/» Z pb ClOp + C2Op + Z C O (153)

p=u,c 1=3

with the operators

O = 5v"(1 = 75)ppyu(l — 75)b 05 = 59" (1 = 73)p" PP u(1 — 75)0"

O3 = 57" (1= )b Y quu(1=75)q Os =59 (1L —)b' > @u(1 = 5)¢’

q a (1.54)
Os = 7" (L+5)0 > @l +15)a Op = 59 (L+75)6 3 @y(L + )¢’
q q
e - v g = UV
O7 = —@mbsa“ (1 + v5)bF,. Os = —@mbsa" (1+75)T0G,,,,

where i,j are color indices. The effective weak Hamiltonian for b — d transitions is
obtained by replacing s with d in the above expressions.

The most relevant operators are the four-quark operator O}, the electromagnetic
penguin operator (J7, and the chromomagnetic penguin operator Og, specially for CP
studies. The matrix elements of the QCD penguin operators O%, ..., Og contributes at
O(as) and are multiplied by small Wilson coefficients, while the contribution from O}
starts at O(as).

At one-loop order, the decay is mediated entirely by the O7 electromagnetic penguin
without mixing with the four-quark operators, which occurs at higher orders. The rate
of the inclusive B — Xy transition can be written [64] at one-loop as

Z VppCr(my)

) 2
aGFmb

I'(B— Xgy) = 1287

(1.55)
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1. Radiative decays of B mesons

1.2.2. Exclusive Radiative Decays

The Wilson coeflicients of the effective weak Hamiltonian in Eq. 1.51 are process-
independent and therefore can be used directly in the description of exclusive modes.
The theoretical precision is thus limited by the difficulty of computing the hadronic
matrix elements between meson states, (f|0;|i).

In the case of radiative decays, Heavy Quark Effective Theory (HQET) [65, 66]
has been extensively used, specially in the prediction of inclusive B decays. HQET
was constructed as a general framework in which to explore heavy quark physics by
performing an expansion in Aqcp/m, where m is the mass of the heavy quark. In it,
all light degrees of freedom must have momenta of the order Aqcp, ¢.e., the momentum
Pheavy Of the heavy quark inside a heavy meson moving with velocity v = pmeson/Mmeson
is decomposed as pheavy = mv + k and all components of the residual momentum k£ are
assumed to be of O(Aqcp).

However, in a decay of a heavy quark into a light quark one may have a kinematical
situation in which the light degrees of freedom carry a large energy in the rest frame of
the heavy quark, and therefore vpjignt ~ m. For example, one may consider a radiative
decay in the corner of phase space where the energy E, of the photon is close to is
maximal value Ey ax ~ Mp/2, if we ignore the mass of the final state. In this case, the
hadronic final state corresponds to a collimated “jet” of hadrons with small invariant
mass but large energy in the rest frame of the decaying B meson.

At this point, one is faced with a multi-scale problem, which can be tackled by
making use of SCET [55]. The three relevant energy scales are:

o The soft scale of O(few x Aqcp), set by the typical energies and momenta of the
light degrees of freedom in the hadronic bound states.

0o The hard scale of O(my), set by the b quark mass and the energy of the outgoing
hadron in the B meson rest frame.

o The hard-collinear scale, 1 = /mpA, appearing through interactions between
soft and energetic modes in the initial and final states.

The dynamics of hard and hard-collinear modes can be described perturbatively in the
heavy quark limit, m; — oo. SCET then describes B decays to light hadrons with
energies much larger than their masses, assuming that their constituents have momenta
collinear to the hadron momentum.

Hadronic Matrix Elements for B—V~y

The QCDF formula for the matrix element of a given operator of the effective weak
Hamiltonian can be written in the form [67]

(VA|0i|B) = FEVAT! 4 / duodu 2 ()Y (u)TH (w, ), (1.56)

which is expected to be valid up to corrections of O(Aqcp/m).

The non-perturbative effects are contained in FP~V2  a form factor evaluated at
¢*> = 0, and in ¢¥ and ¢V, the light-cone distribution amplitudes (LCDAs) for the
B and V mesons, respectively. The hard-scattering kernels TiI , related to virtual
corrections to the inclusive decay rate, and TiI I related to parton exchange with the
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1.2. Radiative B Decays in the Standard Model

light quark in the B meson, include only short distance effects, calculable through
perturbation theory.

The derivation of the factorization formula from SCET allows to reach a deeper
understanding of Eq. 1.56. In the SCET approach, the factorization formula can be
written as [63]

(V1018) = 8y, + I [avauob et il @, (157

where F' and fy/, are meson decay constants, and (y, is the SCET form factor, related
to the QCD form factor through perturbative and power corrections. In SCET, the
perturbative hard-scattering kernels TiI and TiH can be identified with the Wilson
coefficients A;C# and I which are completely known to next-to-leading order (NLO),
O(as). In addition, the hard-scattering kernels for O7 and Og are further known up to
next-to-next-to-leading order (NNLO), with only partial results known for O; [67].

Non-perturbative calculations: sum rules

Form factors, which summarize the non-perturbative effects of QCD interactions, can
be calculated by making use of light cone QCD sum rules (LCSR) [68, 69], based on
Shifman- Vainshtein-Zakharov (SVZ) QCD sum rules [70, 71]

SVZ sum rules are based on the idea that the quarks comprising hadronic states are,
on average, close to each other, at a distance of O(A™!) [72]. Then, it is not necessary
to use the full machinery of the first principles of QCD to approximately describe
properties of the hadrons: their basic parameters depend on how the quarks of which
they are built interact with typical vacuum fluctuations. Furthermore, it is assumed
that QCD vacuum is sufficiently characterized by a small number of (low dimensional)
vacuum condensates, such as the quark condensate (gq), the gluon condensate (Glzw),
the mixed condensate (GoGq), the four-quark condensate, among others.

SVZ sum rules allow to approximately determine the regularities and parameters of
the classical mesons and baryons from a few simple condensates. To do so, they make
use of the vacuum-to-vacuum correlation function (and its dispersion integral) of the
quark vector current .J,,, defined as

: L[ pls)

I 2:—2:i/d4xe“1’30TJxJT0 o:/ ds——"2_, 1.58

@ =-¢) OT@ o0 = L[4 B )
where p(s) is the spectral function containing the information about the hadronic state,
and the QCD correlation function calculated at Q2 > A(QQCD with the help of Operator
Product Expansion (OPE) [73|. In it, short distance contributions are absorbed into
Wilson coefficients obtained from perturbative calculations of the vacuum condensate

operatorSQ:

1
Q@

Quark-hadron duality, which states that I1(Q?) = II(Q*)qcp, allows to express the
hadronic parameters —the spectral function—, in terms of QCD parameters such as
a, and the quark masses.

(Q%)qep = Y, Car(Q%, s, 1) 5 (0] Ok (1) 0). (1.59)
k

2Tt is convenient to perform the expansion sorting the operators according to their dimension. The
higher the dimension, the higher the power of 1/M of the corresponding Wilson coefficient.
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1. Radiative decays of B mesons

The LCSR approach is a variant of the SVZ sum rules designed to overcome diffi-
culties of the latter in three-point functions, e.g., in the case of A— B C. In them, the
standard condensate expansion contains a series of operators with derivatives which
give rise to the expansion parameter of type pc(pa + pB)/ p% 5 ~ 1. Therefore, all
terms in this subseries must be summed over. 7

This partial summation is carried out automatically if one considers the correlation
function of the currents j4 and jp sandwiched between the vacuum and state |C),
instead of the three-point function (ja,jp,jc). The vacuum expectation values of
the condensates (operators) in the SVZ sum rules are substituted by the light-cone
wave functions ¢. The OPE is then performed with the light-cone wave functions
sorted in increasing twist, defined as the difference of the dimension and the spin of
the condensate operator. In order words, using LCSR allows the partial summation
with the tradeoff that large distance dynamics are no longer parametrized by numbers,
as in SVZ sum rules, but by functions —the leading twist, the next-to-leading twist,
and so on. Quark-hadron duality then relates the twist expansion to the desired form
factor.

1.3. Current theoretical and experimental status

While exclusive radiative decays offer a larger variety of experimentally accessible ob-
servables than the inclusive ones, the non-perturbative uncertainties in theoretical
predictions are in general sizable.

Branching ratios

Large hadronic uncertainties arising from the non-perturbative input in Eq. 1.57 do not
allow precise theoretical predictions of the branching fractions of exclusive radiative
decays. The SCET soft function (y, is the main theoretical uncertainty, which can be
reduced by improved QCD non-perturbative QCD calculations.

NNLO calculations [67], which make use of form factor calculations in LCSR from
[74] are compared to the latest experimental results in Table 1.3. It can be seen that the
measurements in the B? sector, coming from CLEO [75], BABAR [76] and Belle [77],
are more precise than the theoretical calculations; measurements in the BY sector,
performed in Belle through the Y(5S) resonance [78|, suffer from great uncertainties
due to the low collected statistics.

The measure of the ratio of the branching fractions of B% — K*9y and B? — ¢y
is rather interesting, since in this case only uncertainties in the quantities which are
different between the two decays add significant error. Ali, Pecjak and Greub find [67]

B(B? — K*%4)
B(B)— ¢)
to be compared with the experimental ratio 0.7 + 0.3.

=1.0+0.2, (1.60)

Isospin Asymmetry
The isospin asymmetry ratio, given by

['(B°— K*9) — T'(B* — K%)
Aot (B — K*0) = 1.61
0+(B7 = K™) [(B0— K*0v) + T'(B* — K0%y)’ (o0
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BT - K*ty(x107°) BY— K*0y(x107°) BY—¢y(x107°)

Theory [67] 4.6+1.4 43+1.4 43+14
CLEO [75] 3.767089 4+ 0.28 4.55T072 4 (.34 —
BABAR [76]  4.22+0.1440.16  4.47+0.10+0.16 —
Belle [77, 78]  4.25+0.31+£0.24  4.01+0.21 £0.17 57118 2
HFAG [79] 4.21£0.18 4.33£0.15 5.7

Table 1.3. Clurrent theoretical prediction by Ali, Pecjak and Greub and experimental
results of the branching ratios (in units of 107°) from the BABAR, Belle and
CLEO collaborations. In addition, the average of the experimental results by
the Heavy Flavour Averaging Group (HFAG) [79] is included.

is also a very interesting measurement because it is very sensitive to NP effects in
the penguin sector, specially to the ratio of the Wilson coefficients Cs/C7 and the
sign of C7 [80]. It has also been shown to be more effective than inclusive radiative
measurements in constraining the mSUGRA parameter space [81].

Theoretical predictions by various authors are of O(5%) [53, 74, 82|, consis-
tent with the current measurements of BABAR and Belle, (1.7 < A¢— < 11.6)% and
Aot = (1.2 £ 4.4 +2.6)%, respectively.

Direct CP asymmetries

The direct CP asymmetry in B® — K*97 is defined as

F(BO—>K*07) — F(B—)K*Ofy)
Acp(B?— K*%) = — . 1.62
el ) [(B0— K*05) 1 (B — K*07) (162)

This asymmetry is expected to be very small within the SM, because it is double
Cabibbo suppressed. Its value has been computed making use of QCDF', and it suffers
from large uncertainties [83],

AL = —(0.61 £ 0.46)%,

1.63
Alp = —(0.57 £0.43)%. (1.63)
Measurements from BABAR and Belle also suffer from large uncertainties [76, 77],

Alp = —(1.6+£22+0.7)%,
Abp = (1.8£28+0.7)%, (1.64)
Agombined — (0.3 +1.740.7)%,

leaving room for improvement in LHCb [84].
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CERN and the LHC

The European Organization for Nuclear Research, known as CERN, is the world’s
largest particle physics laboratory, and is situated on the Franco-Swiss border, near
Geneva. In its 50 years of existence, many high-energy physics experiments have been
built within its facilities, usually by large international collaborations. It currently
hosts the largest particle accelerator in the world, the LHC, and its six experiments:
ALICE, ATLAS, CMS, LHCb, LHCf and TOTEM.

2.1. The European Organization for Nuclear Research
(CERN)

CERN is the European Organization for Nuclear Research. The CERN acronym comes
from the French Conseil Européen pour la Recherche Nucléaire, European Council for
Nuclear Research. At the time of the foundation of the Organization, in the mid-
1950’s, the frontier for pure physics research was the inside of the atom, and hence
the use of the nuclear in the name. This becomes also clear in the phrasing of the
Convention that established CERN in 1954, which lays down the main missions for the
Organization:

The Organization shall provide for collaboration among European States
in nuclear research of a pure scientific and fundamental character (...). The
Organization shall have no concern with work for military requirements
and the results of its experimental and theoretical work shall be published
or otherwise made generally available.

Although our current understanding of matter goes deeper than the nucleus, CERN’s
main mission remains the same.

CERN is run by 20 European Member States, but many non-European countries
are also involved in different ways. The current Member States are: Austria, Belgium,
Bulgaria, the Czech Republic, Denmark, Finland, France, Germany, Greece, Hungary,
Italy, the Netherlands, Norway, Poland, Portugal, the Slovak Republic, Spain, Sweden,
Switzerland, and the United Kingdom, while Romania is nowadays a candidate to
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2. CERN and the LHC

become a Member State of CERN. Some states (or international organizations) for
which membership is either not possible or not yet feasible are Observers.

Overall, a total of 10000 visiting scientists from 608 institutes and universities from
113 countries around the world use CERN’s facilities, amounting to half of the world’s
particle physicists. Moreover, CERN employs around 2400 people between scientific
and technical staff.

History highlights

French physicist Louis de Broglie was the first to put forward an official proposal for
the creation of a European laboratory at the European Cultural Conference in Lau-
sanne in December 1949. At the end of 1951 the first resolution for the creation of
an European Council For Nuclear Research was adopted, and a few months later 11
countries signed an agreement establishing the provisional Council —CERN. At the
end of 1952 Geneva was chosen as the site of the future laboratory. On September
291 1954 the 12 founding Member States ratified the CERN Convention and the Eu-
ropean Organization for Nuclear Research was created, keeping the provisional CERN
acronym. CERN’s history highlights are presented in a schematic way in Fig. 2.1, and
will be summarized below.

The maximum expression of CERN’s achievements is the construction of several
great colliders, from the first 600 MeV Synchrocyclotron (SC), built in 1957 and closed
down in 1990, to the 7TeV Large Hadron Collider (LHC), which started up in 2008
and is currently the world’s biggest collider. In between, the first proton-proton col-
lider —the Intersecting Storage Rings (ISR)— commissioned in 1971, the first proton-
antiproton collider —the Super Proton Synchrotron (SPS)—, that led to the discovery
of the W* and Z° bosons, and the Large Electron Positron (LEP) collider, commis-
sioned in 1989, which provided a detailed study of the electroweak interaction. These
colliders have been at the core of CERN’s research and have provided great discoveries
such as the existence of neutral currents.

During the history of CERN several Nobel Prizes in Physics have been awarded to
scientists working at its facilities, which can be seen marked as yellow stars (ﬁ?) in
Fig. 2.1. In 1976, the afterwards LEP experiment L3 spokesman Sam Ting, along
with Burt Richter, received the Nobel prize “for their pioneering work in the discovery
of a heavy elementary particle of a new kind”. The J/ip had been discovered two
years before, but not at CERN. In 1984, just one year after the discovery of the W+
and ZY bosons, Carlo Rubbia and Simon Van der Meer were awarded the Prize for
“their decisive contributions to the large project which led to the discovery of the field
particles W and Z, communicators of the weak interaction”. The experimental results
confirmed the unification of weak and electromagnetic forces, the electroweak theory
of the Standard Model. Less than a decade later, Georges Charpak, a CERN physicist
since 1959, received the 1992 physics Nobel Prize for “his invention and development
of particle detectors, in particular the multi-wire proportional chamber, a breakthrough
in the technique for exploring the innermost parts of matter”. Charpak’s multi-wire
proportional chamber, invented in 1968, and his subsequent developments launched the
era of fully electronic particle detection. In 1988, Jack Steinberger, a CERN physicist
since the late 1960s and head of the LEP ALEPH experiment at the time, was awarded
the Nobel Prize, together with Leon Lederman and Mel Schwartz, “for the neutrino
beam method and the demonstration of the doublet structure of the leptons through the
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CERN birth O 1954

First accelerator (SC) begins operation I 1957
PS start up O 1959

Multi-wire proportional chamber invented by G.Charpak O 1968

World’s first pp collider (ISR) I 1971

Neutral currents discovered O 1973

Commissioning of the SPS{E{IQ?G

Discovery of the W and the Z particles at UA1 and UA2 O 1983

1984

First heavy ion collisions O 1986

o 1988
LEP commissioning and start up O 1989

Tim Berners-Lee invents the Web O 1990
1992

Precise matter-antimatter asymmetry results by NA31 O 1993

Figure 2.1.

First observation of antihydrogen at LEAR O 1995

Creation of thousands of cold antihydrogen atoms I 2002
CERN 50" anniversary O 2004

LHC start up O 2008
First collisions at the LHC % 2009

CERN history highlights, with relevant Nobel Prizes marked with a yellow
star (ﬁ? ).
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discovery of the muon neutrino”. The discovery, made in 1962 at the US Brookhaven
National Laboratory, showed that there was more than one type of neutrino.

Finally, one must not forget to mention Tim Berners-Lee, a scientist at CERN who
defined the World Wide Web’s basic concepts —the URL, http and HTML— and wrote
the first browser and server software in 1990. The World Wide Web was conceived and
developed to meet the demand for information sharing between scientists around the
world, and has changed the way we live nowadays.

2.2. The Large Hadron Collider

The Large Hadron Collider (LHC) at CERN is the most powerful tool for particle
physics in the world [85]. It is a two-ring superconducting hadron accelerator and
collider installed in the existing 26.7 km tunnel built between 1984 and 1989 to house
the LEP machine. The tunnel has eight straight sections and eight arcs and lies
between 45 m and 170 m below the surface on a plane inclined 1.4% towards the Léman
lake. There are two transfer tunnels of about 2.5 km that link the LHC to the CERN
accelerator complex, which acts as injector.

The LHC project was approved by the CERN council in December 1994. At that
time, the plan was to build the machine in two stages, starting with a center-of-mass
energy of 10 TeV, which would be upgraded to 14 TeV at a later stage. In the end, in
1996 the CERN council approved the construction of the 14 TeV machine in one stage.

The aim of the LHC and its experiments is to test or reveal the physics beyond the
Standard Model. The number of events of a given type generated each second in the
LHC is given by:

Nevent = LOevent, (21)

where Tevent is the cross section for the event under study and £ the machine luminosity.
The machine luminosity solely depends on the beam parameters and can be written
as [86, 87]:

= Nl?nbfrev")/r

dme, B*

where Nj is the number of particles per bunch, n; the number of colliding bunches,
frev the revolution frequency, v, the relativistic gamma factor, ¢, the normalized trans-
verse beam emittance, 8* the beta function at the collision point and F' the geometric
luminosity reduction factor. This latter factor is has its origin in the crossing angle of
the beams at the interaction point (IP), and can be expressed as

1

<acaz>2] =
1+ , (2.3)

20*

being 6. the full crossing angle at the IP, o, the RMS bunch length, and ¢* the
transverse RMS bunch size at the IP. Therefore, we can see that the exploration of
rare events in the LHC collisions, characterized by very low cross sections, requires a
high luminosity, achieved through both high beam energies and high beam intensities.
The ATLAS and CMS experiments, detailed in §2.3, are designed to run with a peak
luminosity of £ = 103 ecm~2s~! for proton operation. Furthermore, there are two low
luminosity experiments, also introduced in §2.3: LHCb, aiming at £ = 1032 cm 2571,
and TOTEM, aiming at a peak luminosity £ = 2 x 10?? cm™2?s~! with 156 colliding

F, [em™2s ! (2.2)

F=
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bunches. The LHC has also one dedicated heavy ion experiment, ALICE, aiming at a
peak luminosity of £ = 102" cm~2s~! for nominal lead-lead ion operation.

The high beam intensity required for the nominal luminosity £ = 103* cm=2s7!
excludes a proton-antiproton (pp) collider. Therefore, the LHC was designed as a
proton-proton (pp) collider. Furthermore, since colliding two counter-rotating proton
beams requires opposite magnetic dipole fields in both rings, the collider configuration
with common vacuum and magnet systems for both circulating rings was excluded. The
adopted configuration was thus a pp collider with separate magnetic fields and vacuum
chambers in the main portion of the rings (see Fig. 2.2), with common sections only
at the 4 insertion regions where the experimental detectors are located. Since there is
not enough room for two separate rings of magnets in the LEP tunnel, the LHC uses
twin bore magnets that consist of two sets of coils and beam channels within the same
mechanical structure and cryostat. The peak beam energy depends on the integrated
dipole field around the storage ring, which bends the trajectory of the proton beams.
For a beam energy of 7TeV in the LHC machine, a peak dipole field of 8.33T is
needed. These high field strengths are achieved through the use of superconducting
electromagnets cooled down to a temperature of 1.9K.

ALIGNMENT TARGET

——— MAIN QUADRIPOLE BUS-BARS
HEAT EXCHANGER PIPE

——— SUPERINSULATION
SUPERCONDUCTING COILS
BEAM PIPE
VACUUM VESSEL
BEAM SCREEN
AUXILIARY BUS-BARS
SHRINKING CYLINDER / HE I-VESSEL
THERMAL SHIELD (55 to 75K)
NON-MAGNETIC COLLARS

R IRON YOKE (COLD MASS, 1.9K)

DIPOLE BUS-BARS

SUPPORT POST

CERN AC/DI/MM - HE107 - 30 04 1999

Figure 2.2. Cross-section of a LHC superconducting cryodipole [85].

The high peak luminosity of £ = 10* cm™2s7! is reached through a high number
of bunches per beam, n, = 2808, a high revolution rate, fio, = 11245 Hz, and a large
number of protons per bunch, N, = 1.1 x 10!, This gives a minimal distance of ~ 7m
between bunches, and a time of 25 ns between two bunch crossings, amounting to a
bunch crossing frequency of 40 MHz.
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Acceleration

The proton energy of 7TeV is achieved through a chain of accelerators, shown in
Fig. 2.3, of which the LHC is the last step. The protons are produced at 100 keV by
an ion source, and are first accelerated by the LINear ACcelerator 2 (LINAC 2) up
to an energy of 50 MeV. They are then injected into the Booster, a small synchrotron
that increases their energy to 1 GeV. Afterwards, the Proton Synchrotron (PS) boosts
them to 26 GeV and injects them into a third accelerator, the Super Proton Synchrotron
(SPS), which accelerates the protons up to 450 GeV. At this energy the proton beam
is split into two beams, which are injected in a counter-rotating configuration into the
LHC. The final energy of 7TeV is reached during an acceleration process in the LHC
itself.

CMS

LEE

Nn;r:th Area

ALICE

SPS

il ATLAS
= TT
AD

neutrinos

2005 ] Gran Sasso

East Area

w7 LINAC 2

v geisd
~ LINAC 3

2005 (78 m
lons
» ion » neutrons » P [antiproton) —H— // antiproton conversion » neutrinos  » electron
LHC Large Hadron Collider ~ SPS  Super Proton Synchrotron  PS  Proton Synchrotron
AD  Antiproton Decelerator IF3 Test Fe CNGS Cern Neutrinos to Gran Sasso JE Is
LEIR Low Energy lon Ring  LINAC LINear ACcelerator n-ToF Neutrons Time O

© CERN 2008

Figure 2.3. The CERN accelerator complex, with the LHC as its last step (not to scale).

A total beam current of 0.584 A corresponds to a stored energy in the beams of
~ 362 MJ, while the total energy stored in the superconducting magnets is ~ 600 MJ.
Therefore, the LHC must be able to safely absorb a total energy of O(GJ) in the event
of an emergency situation. Several safety measures have been put in place, and are
detailed elsewhere [85].

A very similar chain is used to accelerate the heavy lead ions 82Pb to an energy of
574 TeV, which corresponds to a center-of-mass energy of 2.76 TeV /nucleon, in Pb-Pb
collisions.
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2.3. The experiments at the LHC

Four big detectors (ALICE, ATLAS, CMS, LHCb) and two smaller experiments in size
and staff (LHCf, TOTEM) are placed around the four interaction points of the LHC
ring. A brief description of the six experiments is included below:

ALICE [88] A Large Ion Collider Experiment is dedicated to the study the physics of
strongly interacting matter and the quark-gluon plasma (QGP) at extreme values
of energy density and temperature in heavy nuclei (Pb-Pb) collisions. Its design,
shown in Fig. 2.4a is optimized for studying hadrons, electrons, muons, and
photons produced in the nucleus-nucleus collisions up to the highest multiplicities
produced in the LHC. An example collision from the 2010 Pb-Pb run is shown
in Fig. 2.4b.

T ] :
o

Pb+Pb @ sart(s) = 2.76 ATeV.

Figure 2.4. (a) The ALICE apparatus and (b) an example Pb-Pb collision from the
2010 run.

ATLAS [89] A Toroidal LHC ApparatuS is a general purpose experiment with the
objective to test de Standard Model at the TeV scale, and to search for the Higgs
boson and physics beyond the Standard Model. ATLAS is the biggest 47 detector
built on the LHC, with a diameter of 22m and a length of 40 m (see Fig. 2.5b),
and weights 7000 tons. Its solenoidal magnetic field of 2 T is achieved through
three superconducting toroidal magnets arranged with an eight-fold azimuthal
symmetry around the calorimeters. This design decision affects the whole design
of the rest of the detector. A sample collision with a muon candidate in the
ATLAS detector is shown in Fig. 2.5b.

CMS [90] The Compact Muon Solenoid is a multi-purpose apparatus with the main
aim of elucidating the nature of electroweak symmetry breaking for which the
Higgs mechanism is presumed to be responsible, as well as testing the mathe-
matical consistency of the Standard Model at energy scales above 1TeV. The
choice of the magnetic field configuration for the measurement of the momentum
of muons is what conditioned the design of this 13m long, 6 m inner-diameter
apparatus (see Fig. 2.6a). A 4 T superconducting solenoid was chosen to provide
the large bending power needed. A CMS sample event is presented in Fig. 2.6b.
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Figure 2.5. (a) The ATLAS apparatus and (b) an example collision from the 2010 run
with a muon candidate.
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Figure 2.6. (a) The CMS apparatus and (b) a sample collision from the 2010 run.

LHCDb [91] The Large Hadron Collider beauty experiment is dedicated to the study
of CP violation and rare decays in the b-sector. It is a single-arm forward spec-
trometer, and it will be described in detail in Chap. 3. Its layout is presented in
Fig. 2.7a, along with a BY — i candidate event of the 2011 LHC run in Fig. 2.7b.

LHCf [92] The Large Hadron Collider forward experiment is the smallest of all of
the LHC experiments. Its aim is to perform a measurement of the very forward
production cross sections and energy spectra of neutral pions and neutrons. This
will help to verify hadronic models at very high energy for the understanding of
ultra-high energy cosmic rays. It consists of two small detectors, placed 140 m
on both sides of the ATLAS interaction point.

TOTEM [93] The TOTEM experiment —small in size compared to the four big
experiments at the LHC— is dedicated to the measurement of the total pp cross
section with a luminosity-independent method based on the Optical Theorem.
Moreover, its physics programme aims at obtaining a deeper understanding of the
proton structure by studying elastic scattering processes with large momentum
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Figure 2.7. (a) The LHCb apparatus and (b) a B — up candidate event from the 2011
Tun.

transfers, and via diffractive processes. It is located around CMS, as can be seen
in Fig. 2.8, with detectors placed at different distances from the interaction point
in the very forward region.

Figure 2.8. The TOTEM setup around the CMS detector.

2.4. Computing resources for the LHC

When the LHC accelerator is running optimally, it produces ~ 15 PB of data annually.
Access to these data needs to be provided for the thousands of scientists in hundreds
of institutes involved in the LHC experiments, not only when it is produced but also
during all the estimated lifespan of the LHC project. Furthermore, the analysis of these
data requires a huge amount of computing power. The LHC Computing Grid Project
(LCG) was constituted on 2001 with the mission to develop, build and maintain a
data storage and analysis infraestructure for the entire high energy physics community
related to the LHC [94].

Instead of the traditional approach of centralizing the computing capacity at one
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location near the experiments, a novel globally distributed model —a computing Grid—
was chosen for the LHC. This model allows, on one side, to share the maintenance and
upgrade costs of the computing resources by distributing them in smaller computing
centers run by the individual institutes. On the other side, a distributed model has no
single points of failure as long as multiple copies of data and automatic reassigning of
computational tasks to available resources is provided.

The Worldwide LHC Computing Grid (WLCG) is now the world’s largest computing
grid. It is based on the two main global grids currently in operation —the Furopean
Grid Infraestructure (EGI) and the USA Open Science Grid (OSG)—, as well as many
associated regional and national grids across the world, such as the Taiwan Grid and
the FU-IndiaGrid.

Figure 2.9. QOverview of the WLCG connections.
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The LHCDb experiment

The LHCb experiment is dedicated to the study of heavy flavor physics at the LHC [91,
95, 96]. Its main aim is to make precise measurements of CP violation and rare decays of
beauty and charm hadrons. It is located at Interaction Point 8 of the LHC accelerator,
previously used by the DELPHI experiment from LEP.

The LHC is the most extensive source of b-hadrons in the world, including BY, BY
and B, mesons, and b-baryons such as A;. The LHCb detector must be able to exploit
this large number of b-hadrons in a high track multiplicity hadronic environment, i.e.,
it must be able to trigger, reconstruct and correctly identify the b-hadrons coming from
bb pairs generated by pp interactions. Events with multiple pp interactions are more
difficult to analyze since secondary vertices coming from the b-hadron decay are harder
to distinguish from primary vertices coming from different pp interactions.

As Fig. 3.1 shows, the probability for multiple interactions increases with the lumi-
nosity. In order to simplify B decay identification, the LHCb design target luminosity
is lower than the LHC peak luminosity Lruc = 10%* em™2s7 !, effectively reducing
the mean number of pp interactions per event. With the 2011 target luminosity of
Liacy, = 3.5 x 1032 em™2s7 !, and a measured bb cross section at Vs = TTeV of
o(pp—bbX) = (284 & 20 + 49) pb [97] (see Fig. 3.2 for predictions at different LHC
luminosities), the number of produced bb pairs in a nominal year is expected to be
~ 10'2. They hadronize into b-hadrons —charged B, neutral B, neutral B? and
b-baryons— with proportions depending on the kinematics of the event [98]:

fB(;CB_SE = 0.134 + 000410011
ffibf = (0.404 £ 0.110) x [1 — (0.031 £ 0.005) x pr (GeV)] (3.1)
BO By,

%‘j — 0.267+0.021

Roughly speaking, at pt = 10 GeV, B, and B? are produced ~ 35% of the times, while
BY and A, are produced ~ 10% and ~ 20% of the times, respectively.

The physics requirements for LHCb, combined with the LHC running conditions,
give rise to a specific set of detector requirements:

33



3. The LHCb experiment

Figure 3.1.
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3.1. LHCb 2011 running conditions

0 An efficient, robust and flexible trigger is essential. It must be sensitive to many
different final states and it must be able to adapt to varying LHC running con-
ditions.

o0 Excellent vertex and momentum resolution are essential for good B decay time
resolution, necessary to study the B? — By system —with very rapid oscillation—,
and for good mass resolution, required to reduce the high combinatorial back-
ground.

o Identification of a very wide range of particle types —electrons, muons, photons,
protons, kaons, and pions, both charged and neutral— is crucial in order to
cleanly reconstruct many B-meson decay final states.

o A data acquisition system with high bandwidth and powerful online data pro-
cessing capability is needed to optimize the data taking.

In a proton-proton collision, b quarks are always produced through the strong inter-
action. The partons involved in the inelastic scattering of the pp interaction exchange
a great fraction of momentum. Since the exchanged momentum increases with the
center-of-mass energy, the bb pairs are boosted in the direction of the most energetic
parton, following the direction of the beam. Therefore the b-hadrons coming from
bb pairs are produced in a very large proportion in the same direction, either in the
forward or the backward direction. Fig. 3.3 shows the angular correlation between the
produced b- and b-hadrons. This distribution is crucial in the design of the detector,
which will be detailed in §3.2.

Figure 3.3. Polar angle correlation of the b-hadron and the b-hadron produced by a bb
pair, as calculated by the PYTHIA event generator. The yellow area marks
the LHCbH acceptance region.

3.1. LHCb 2011 running conditions
The design running conditions for LHCDb require a luminosity of

n 1772
JrevlN; NS 32 -2 -1
L= —r 1 —2x10 3.2
; yP—cT X cm” s, (3.2)
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3. The LHCb experiment

where

0 np = 2622 is the number of colliding bunches per beam,

O

frev = 11254 kHz is the bunch revolution frequency around the LHC,

Nil’2 ~ 10! is the number of protons per bunch,

O

o S ~ 673 mrad is the beam crossing angle at LHCb,
o0 € = 3.75 pm is the normalized emittance for Fyeam = 7 TeV, and
o * =10m is the beta function [99].

With these nominal values, the expected average number of visible pp interactions per
bunch crossing in the LHCb acceptance is p ~ 0.4, and therefore the collected data
would be dominated by single-interaction events.

In 2010, the LHC delivered 37 pb~! to LHCb and managed to achieve 80% of the
design luminosity. However, this luminosity was achieved with ~ 10% of the nominal
number of colliding bunches per beam (n, ~ 344) and 1/3 of the nominal value of
5%, B* = 3.5m, leading to an increase of the number of visible interactions. Fig. 3.4
compares the design value for p and its behavior from July 2010 to the end of the 2010
data taking period.

An increase in p means more interactions —and thus, vertices— per bunch crossing,
an increase in the readout rate per bunch crossing, and an increase of the event size
and processing time. A high p also affects greatly the trigger working conditions, but
the LHCD trigger has shown a great flexibility to adapt to LHC running conditions
during 2010 and 2011 (see §3.5 for more details).

In 2011, the LHC has delivered ~ 1.2 fb~! to LHCb, of which ~ 1.1 fb~! have been
recorded, as shown in Fig. 3.5. This corresponds to an efficiency of 91%.

Except for the ramp up period during the month of April, the 2011 data taking
conditions have been very stable at LHCb. Data have been collected with n; in the
range 1000 — 1300 (np = 1296 in the July-October period in which most of the data
were recorded) and a target luminosity of 3.5 x 1032 em~2s~!. That means that LHCb
has been running at O(150%) of the design luminosity with O(35%) of the bunches per
beam. As a consequence, the average number of inelastic pp collisions has been above
the design value, as can be seen in Fig. 3.6, but substantially lower than the values
from 2010.

The trigger configuration during the 2011 data taking period has been more stable
than during the 2010 data taking, in which 18 different TCKs were used. Only a handful
of Trigger Configuration Keys (TCKs, see §3.7.1) have contributed significantly to the
bulk of the recorded luminosity, as summarized in Table 3.1.

3.2. Detector layout

LHCb is a single-arm spectrometer with a forward coverage from approximately
10 mrad to 300 (250) mrad in the horizontal bending (non-bending) plane. In terms of
pseudorapidity,

n = — Intan <§> , (3.3)
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J£(pb7")
TCK Magnet Up Magnet Down

0x360032 - 3.36
0x480032 - 2.00
0x4A0033 - 2.09
0x561710 - 0.03
0x5A0032 38.63 28.45
0x5B0032 2.20 0.03
0x5D0033 2.25 -
0x6D0032 - 100.33
0x700034 - 1.14
0x710035 - 0.90
0x730035 134.35 61.83
0x740036 5.18 -
0x760037 107.11 191.64
0x790037 39.30 -
0x790038 153.97 209.43

Table 3.1. Trigger settings used in the 2011 data taking, with their corresponding inte-
grated luminosity split by magnet polarity.

the acceptance of LHCb is 1.9 < n < 4.9.

The choice of this detector geometry, as previously discussed, is motivated by the
fact that at high energies both b-hadrons coming from a bb pair are mainly produced
in the same forward or backward cone, and comes as a compromise between budget,
available space in the cavern, and efficiency to detect b-hadrons. A modification of the
LHC optics, displacing the interaction point by 11.25 m from the center, has permitted
an optimal use of the existing cavern for the LHCb components.

The layout of the LHCb spectrometer is shown in Fig. 3.7. A right-handed coordinate
system is defined with its origin at the nominal interaction point (on the left side of
the detector in Fig. 3.7), z axis along the beam —positive downstream and negative
downstream—, and z and y axes respectively as the horizontal —looking downstream,
positive to left and negative to the right— and vertical —positive up and negative
down— coordinates in the beam axis transverse plane. The detector is 20m long
(z-axis), 12m wide in the horizontal direction (z-axis) and 10m high (y-axis).

The LHCb detector is composed of six subdetectors, which are grouped in three
interdependent systems:

o The Tracking System, described in §3.3, consists in:
— the VErtex LOcator (VELO) [100].
— the Tracker Turicensis (TT) [95].

— three tracking stations —T1, T2, and T3—, each composed of a central
Inner Tracker station (IT) [101] surrounded by an Outer Tracker station
(OT) [102].

— the LHCb Magnet [103].
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3.2. Detector layout
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Figure 3.7. View of the LHCb detector.

o The Particle Identification System, described in §3.4, consists in
— two Ring and Imaging Cherenkov detectors (RICH1 and RICH2) [104].

— the Calorimeters [105], composed by the Scintillating Pad Detector (SPD),
the Pre-Shower detector (PS), the Electromagnetic CALorimeter (ECAL)
and the Hadronic CALorimeter (HCAL).

— five muon stations —M1, M2, M3, M4, and M5— which compose the Muon
Detector [106].

o The Trigger System, described in §3.5, is composed by some of the already men-
tioned subdetectors plus the pile-up detector, dedicated exclusively to triggering.

Furthermore, the Online System [107] is used to manage all data taking activities
and detector operation, from the frontend electronics to the storage system. It will be
discussed in §3.6.

The beampipe

The beampipe (see Fig. 3.8) is designed to minimize its contribution to the material
budget in the detector acceptance. This is specially important in the high-rapidity
region (see Fig. 3.9 for a summary of the material budget before the calorimeters),
where the particle density is higher. Since the number of secondary particles depends
on the amount of material seen by incident primary particles, the presence of the
beampipe, along with its flanges and bellows, has a direct influence on the occupancy,
in particular for the tracking chambers and RICH detectors.

The first 12 m out of 19 m of the beampipe are composed of beryllium, a material with
long radiation length and resistant enough for the vacuum in the region of the detector.
Beryllium is, however, a very toxic, fragile and costly material, and these drawbacks
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3. The LHCb experiment

had to carefully be taken into account in the design, installation and operation phases.
The last 7m of beampipe, placed outside the critical zone in terms of transparency,
are made of stainless steel, a material with good mechanical and vacuum properties.

M1/ECAL/HCAL MUON system

VELO exit window
Aluminum, 800 mm dia.
uxssi
Beryllium, 1.9 m length
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Aluminum, 0.5 m length
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Figure 3.8. The beampipe layout through LHCb, with the interaction point at the top
left part of the image.
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Figure 3.9. Material seen by a neutral particle from the nominal position of the interac-
tion point as a function of the pseudorapidity at three different z positions
before the calorimeter (1 — 3), averaged over the azimuthal angle.

3.3. The Tracking System

CP violation and rare decay studies require a precise knowledge of the lifetime of the
B mesons. It is therefore a strong requirement for LHCb to be able to accurately
measure the distance of flight and momentum of particles: to achieve several of the
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3.3. The Tracking System

key measurements of the LHCb physics program [84] it is important that the detector
provides an excellent momentum resolution of dp/p ~ 0.4%.

The Tracking System, depicted in Fig. 3.10, is dedicated to the reconstruction of
the trajectories of charged particles that pass through the LHCb detector. It consists
of the VELO (see §3.3.1), the Magnet (see §3.3.2), and four planar tracking stations:
TT upstream the dipole magnet and T1-T3 downstream of the magnet. The VELO
and TT use silicon microstrip detectors. In T1-T3, silicon microstrips are used in the
region close to the beampipe —the I'T— and straw-tubes are used in the outer region
of the stations —the OT, see (see §3.3.4). The TT and the IT were developed in a
common project called the Silicon Trackers (ST), detailed in §3.3.3.

Figure 3.10. The Tracking System of the LHCbH detector.

3.3.1. VErtex LOcator

The VELO is designed to provide precise measurement of track coordinates close to
the interaction region, which are used to identify the distinctive displaced secondary
vertices of b- and c-hadron decays® [100]. The VELO is able to detect particles with
1.6 < < 4.9 and emerging from interactions in the range |z| < 10.6 cm.

Most b-hadrons decay inside the VELO, in a so-called secondary vertex (SV). In a
secondary vertex, the b-hadron daughter tracks converge to a point displaced from the
interaction point or primary vertex (PV). Detached (secondary) vertices play a vital
role in the High Level Trigger (HLT, see §3.5.2) and are used to enrich the b-hadron
content of selected data. Therefore, a precise track reconstruction in this region is
needed in order to separate primary from secondary vertices.

The VELO layout, shown in Fig. 3.11, has been optimized to minimize the amount
of material in the acceptance region while providing good geometrical acceptance.
It consists of a series of 21 stations arranged in the beam direction, which provide

!The typical distance traveled by b-hadrons coming from the interaction vertex is a few centimeters.
Their proper time is 78 ~ 1.5 x 072 s, and they come with a Lorentz boost of v ~ 10 — 100.
Therefore, their distance of flight is

dB =7YCTB ~ 458.7}11’!1
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3. The LHCb experiment

a measure of the » and ¢ coordinates. They are mounted in a vessel that maintains
vacuum around the sensors and is separated from the machine vacuum by a thin walled
corrugated aluminum sheet. The use of a cylindrical geometry (r¢) was chosen in order
to enable fast 2D (rz) reconstruction of tracks and vertices in the LHCD trigger. Two
planes perpendicular to the beam line are located upstream of the VELO sensors and
constitute the pile-up system, which is a part of the Level-0 Trigger (L0, see §3.5.1).

Each of the 21 VELO stations is composed by one r-sensor and one ¢-sensor, with
the configuration shown in Fig. 3.12. The sensitive part of VELO sensors starts at
a radius of about 8 mm, which is the smallest possible for safety reasons. During
injection, however, the aperture required by the LHC machine increases, so the VELO
is retracted up to a distance of 3 cm.

R sensors 1m

& sensors

. e

cross section at y=0 -
&

e N
VETO | ™ interaction region
stations | view of c=53cm
| most upstream

| VELO station

VELO fully closed VELO fully open
(stable beam)

Figure 3.11. Cross section in the x — z plane of the VELO sensors at y = 0 with the
detector in the fully closed position. The front face of the first modules
in the x — y plane is also illustrated in both closed (left) and open (right)
position.

The r-sensors are made of concentric semicircular strips (4 x 512 strips) centered on
the nominal LHC beam position. In order to minimize the occupancy, each strip is
subdivided into four 45 deg regions. The minimum pitch at the innermost radius is of
32 pm, increasing linearly to 101.6 pm at the outer radius.

The ¢-sensors are subdivided into two regions, inner and outer, with 683 and 1365
strips, respectively. This allows to avoid unacceptably high strip occupancies in the
innermost edge and too large strip pitch at the outer edge of the sensor. A skew of
20° (10°) is introduced in the inner (outer) region to improve pattern recognition, with
reversed skew between the inner and the outer regions. Furthermore, the modules
are placed so that adjacent ¢-sensors have opposite skew with respect to each other,
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3.3. The Tracking System

achieving a traditional stereo configuration.

90.5mm

y %, ) 683 slrip’s;'
4 Outer
1365 strips

Phi Sensor

Figure 3.12. Schema of the r¢ geometry of the VELO sensors, only showing one portion
of the strips. In the ¢-sensor (right), strips of two adjacent modules are
shown to highlight the stereo angle.

The track definition within the LHCb acceptance (1.6 < n < 4.9) requires hits in
at least three modules and are reconstructed with the polar coordinates collected in
these modules. The spatial resolution on the primary vertex depends on the number
of tracks, but on average it is found to be ~ 42 pnm on the z-axis direction and ~ 10 pm
in the r — ¢ plane.

3.3.2. Dipole Magnet

The trajectory of a charged particle is bent in the presence of a magnetic field, and
thus the ratio between its electric charge and its momentum (¢q/|p]) can be computed.
Hence, the LHCb dipole magnet is used to measure the momentum of charged particles,
covering a forward acceptance of £250 mrad vertically and £300 mrad vertically.

A warm magnet design was adopted over that in [96] due to budget and time rea-
sons [103, 108, 109], with saddle-shaped coils in a window-frame yoke with sloping
poles in order to match the required detector acceptance. The two identical coils,
which weigh 54 tons, are of conical saddle and are placed mirror-symmetrically to each
other in the 1500-ton magnet yoke. Each coil consists in of fifteen pancakes arranged
in five triplets and produced of pure Al-99.7 hollow conductor in an annealed state.
The full magnet schema can be found in Fig. 3.13.

The design of a magnet with an integrated magnetic field of 4 Tm for tracks of 10 m
length had to accommodate two contrasting needs: on one hand, the need of a field
level inside the RICHs envelope of less than 2 mT, and on the other hand a field as
high as possible in the regions between the VELO and the TT. Furthermore, in order
to achieve the required momentum resolution for charged tracks, the magnetic field
integral [ B(l)dl must be measured with a precision of a few millimeters. The final
magnetic field, superimposed on the LHCb schema, is found in Fig. 3.14.
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Figure 3.13. Perspective of the LHCb dipole magnet with its current and water connec-
tions.
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Figure 3.14. The magnetic field along the z-axis, superimposed on the LHCb layout.
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3.3.3. Silicon Tracker

The ST is made up of two detectors: the Tracker Turicencis, located upstream of the
dipole magnet and covering the full LHCb acceptance, and the Inner Tracker [101], a
cross-shaped region located at the center of the three tracking stations T1-T3, down-
stream the magnet. Both the TT and IT detectors use microstrip sensors with a strip
pitch of about 200 pm. Furthermore, each of the four ST stations has four detection
layers in an z-u-v-x arrangement with vertical strips in the first and last layers and
strips rotated by a stereo angle of —5° and +5° in the second and third layers (see
Fig. 3.15a), respectively.

Tracker Turicensis

The TT is a 150 cm wide and 130 cm high planar tracking station placed just before
the magnet with four layers that cover the full LHCb acceptance. It has an active area
of 8.4m? with more than 140k readout strips of up to 38 cm in length. To aid track
reconstruction algorithms, the four detection layers are arranged in two pairs, (z,u)
and (v, x), that are separated approximately 27 cm along the z-axis.

Each detection layer is composed by half-modules that cover half the height of the
LHCDb acceptance, as shown in Fig. 3.15a. A module, shown in Fig. 3.15b, consists of
a row of seven silicon sensors organized into either two or three readout sectors. The
regions above and below the beampipe are covered by one such half module each. The
regions to the sides of the beampipe are covered by rows of seven (for the first two
detection layers) or eight (for the last two detection layers) 14-sensor long full modules.
Furthermore, adjacent modules within a detection layer are staggered by about 1 cm
in z and overlap by a few millimeters in x to avoid acceptance gaps and to facilitate
the relative alignment of the modules. In the v and v detection layers, each module is
individually rotated by the respective stereo angle.

A sensor is 500 pm thick, 9.64 cm wide and 9.44 c¢cm long. It carries 512 readout
strips with a pitch of 183 pm.

With a maximal strip occupancy of ~ 3.5% in the region close to the beampipe, the
TT has a spatial resolution of about 50 pm.

Inner Tracker

The IT covers a 120 cm wide and 40 cm high cross shaped region at the center of the
T1-T3 stations, located after the dipole magnet. Each of the three I'T stations consists
of four individual detector boxes arranged around the beampipe as shown in Fig. 3.16a.

The detector boxes are light tight, and electrically and thermally insulated, with a
temperature below 5°C inside them. Each detector box contains four detection layers
and each detector layer consists of seven detector modules. Adjacent modules are
staggered by 4 mm in 2z and overlap by 3 mm in x to avoid acceptance gaps and to
facilitate the relative alignment of the modules.

Detector modules in the boxes above and below the beampipe consist of a single
320 pm thick silicon sensor and a readout hybrid, while detector modules in the boxes
to the left and right of the beampipe consist of two 410 pm thick silicon sensors and
a readout hybrid (see Fig. 3.16b). Different widths of the sensors have been chosen
to ensure sufficiently high signal-to-noise ratios while minimizing the material budget
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Figure 3.15. Views of the Tracker Turicensis detector.

of the detector. The sensors are 11 cm long and 7.6 cm wide, and contain 384 silicon
strips with a pitch of 198 pm.
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Figure 3.16. Views of the Inner Tracker detector.

The Inner Tracker has a spatial resolution of about 57 pm.

3.3.4. Outer Tracker

The OT is a drift-time detector [102] for the tracking of charged particles and the
measurement of their momentum over a large acceptance area in the outer region of
the LHCb detector. Each module contains two staggered monolayers of drift-tubes
with inner diameters of 4.9 mm, shown in Fig. 3.17b. A mixture of Argon (70%) and
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CO2 (30%) is chosen as a counting gas in order to guarantee a drift time below 50 ns
and a drift-coordinate resolution of 200 pm.

The detector modules are arranged in three stations, as shown in Fig. 3.17a, located
in the T1-T3 trackers and surrounding the IT stations. Each of the OT stations
consists in four layers, arranged in a x-u-v-x geometry: modules in the z-layers are
oriented vertically, whereas those in the u and v layers are tilted by £5°, respectively.
The total active area of a station is 5971 x 4850 mm? covering all the LHCb acceptance
not covered by the IT stations.

(a) Layout of the OT (blue) and the (b) Cross section of a straw-tube module of the OT.
ST (purple) modules.

Figure 3.17. Views of the Outer Tracker detector.

The Outer Tracker has a spatial resolution of about 200 pm.

3.3.5. Track reconstruction

The LHCD track reconstruction consists in combining the hits in the VELO, the TT,
the OT and the IT detectors to form particle trajectories from the interaction region
to the calorimeters, regardless of their origin. Depending on their trajectories through
the tracking system, the following classes of tracks, illustrated in Fig. 3.18, are defined:

Long tracks cross the full tracking system from the VELO to the T stations. These
have the most precise momentum determination and therefore are the most com-
monly used set of tracks for physics analyses.

Upstream tracks transverse only the VELO and the TT stations. These are low
momentum tracks that are bent out of acceptance by the magnetic field, and
usually have poor momentum resolution. However, they may generate Cherenkov
photons in the RICH1 and maybe used for background studies in the RICH
particle identification algorithms.

Downstream tracks only transverse the TT and T stations. They are relevant in
the cases of long-lived particles which decay outside the VELO, such as K and
A.

VELO tracks are measured in the VELO only and are usually large angle or back-
ward tracks, useful for primary vertex reconstruction.
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T-tracks are only measured in the T stations, and are typically produced in secondary
interactions. They are useful for global pattern recognition in RICH2.
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Figure 3.18. Schematic illustration of the various types of tracks: long, upstream, down-
stream, VELO and T tracks. The B, magnetic field component responsible
for their bending s plotted for reference.

The track reconstruction starts with a search for track seeds, the initial track can-
didates, in the VELO and the T stations where the magnetic field is low. These track
seeds, the so-called VELO track seeds and T track seeds, should be almost aligned.
After tracks have been found, their trajectories are refitted with a Kalman filter in
order to account for multiple scattering and correct for dE/dx energy loss. This al-
gorithm then tries to associate hits in the other parts of the tracking system to form
track candidates. The quality of the reconstructed tracks is monitored by the x? of
the fit and the pull distribution of the track parameters.

The performance of the tracking algorithm has been evaluated on a Monte Carlo
(MC) sample of B — J/ip K events in terms of two quantities [91]:

Reconstruction efficiency is defined as the fraction of the possible reconstructible
tracks that have been actually reconstructed. To be considered as reconstructed,
a track must have at least 70% of its associated hits coming from the same single
MC particle.

Ghost rate is the fraction of the tracks reconstructed with hits that do not correspond
to a single particle.

The efficiency to reconstruct a long track from a particle with a momentum larger
than 10 GeV/c is on average ~ 94%. The corresponding average ghost fraction is ~ 9%,
but most ghost tracks have a low reconstructed pr.
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Figure 3.19. Momentum (left) and IP (right) resolution as a function of track momen-
tum and 1/pr, respectively. For comparison, the p and pr spectra of B
decay particles is shown in the lower part of the plots.

Another measure of the performance of the LHCb tracking system is the resolution
of the momentum and the impact parameter — the perpendicular distance between
the track and its PV— of the reconstructed long tracks, which are shown in Fig. 3.19:

0 The momentum resolution increases from dp/p = 0.35% for low momentum tracks
to dp/p = 0.55% for tracks in the high end of the spectrum.

o The impact parameter (IP) resolution can be parametrized as

dip = 14 pm + 35pllm (pr in GeV/c) (3.4)
T

The efficiency of upstream track finding for particles with p > 1GeV/c is ~ 75%,
with a corresponding ghost rate of 15%. The momentum resolution is very poor,
op/p = 15%, due to the small value of the total magnetic field integral in the track
region.

The efficiency of finding downstream tracks with p > 5GeV/c is ~ 80%, with a
corresponding ghost rate of 15%. Since downstream tracks transverse most of the
magnetic field, their momentum resolution is relatively good with dp/p = 0.43% for
pions originating from K{ decays.

K9 candidates are reconstructed through their decay to 7= 7—. For K? from B®—
J/p K2 decays, about 25% decay inside the active region of the VELO, 50% decay
outside the active region of the VELO but upstream of TT, and the rest decay after
TT, and will therefore be difficult to reconstruct. The K decaying outside (inside) the
VELO are reconstructed using pairs of oppositely charged downstream (long) tracks.
The corresponding mass plots for MC are shown in the left part of Fig. 3.20.

The prompt K¢ production in 6.8 £ 1.0 pb™! in pp collisions at /s = 0.9 TeV was
the first paper published by LHCb [110], thanks to the the excellent performance of
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Figure 8.20. Reconstruction of KO — mTn~ using downstream-downstream tracks (up)
and long-long tracks (bottom). The used data samples are B® — Jjip K?
MC (left) and 2009 data at /s = 0.9 TeV (right)

the tracking system. The downstream-downstream and long-long mass plots are shown
in the right of Fig. 3.20, and show very good agreement with the corresponding plots
from MC.

3.4. The Particle Identification System

In order to reconstruct and tag b-hadrons with the best efficiency and accuracy the
LHCb experiment needs excellent Particle IDentification (PID).

The purpose of the Particle Identification system is to provide a means of distin-
guishing the different particle types that are produced in b-hadron decays by collect-
ing information from the detectors shown in Fig. 3.21: two Ring Imaging Cherenkov
counter detectors RICH1 and RICH2 (described in §3.4.1), the Calorimeters (detailed
in §3.4.2), and the Muon Detector at the far end of the detector (see §3.4.3).

3.4.1. Ring Imaging Cherenkov Detectors

It is essential for the physics goals of the LHCb experiment to separate pions from
kaons in selected B decays. LHCDb uses Ring Imaging Cherenkov Detectors (RICH),
which use the Cherenkov effect [111] to distinguish these two mesons. When a charged
particle crosses a medium with a speed v greater than the speed of light in that medium,
¢/n, it emits electromagnetic radiation. Cherenkov photons are emitted within a cone
whose aperture angle 6 is given by

c 1

cosf) = —

nv  Bon (3:5)

Since the momentum spectrum at large polar angles is softer than at small polar an-
gles, the particle identification system uses two RICH detectors with different radiators
to cover the full momentum range (see Fig. 3.22).
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Figure 3.21. The PID System of the LHCb detector.
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Figure 3.22. Cherenkov angle 0 ¢ versus particle momentum for the RICH radiator ma-
terials.

The RICH1 detector [104, 112] is located upstream of the magnet, at the end of the
VELO, covering the full LHCb acceptance. It covers the low momentum range, from
1GeV/e to 60 GeV/c with the use of a C4F1p (n = 1.0014) gas radiator and aerogel
(n = 1.03). Its schematic view can be seen in Fig. 3.23a.

The RICH2 detector [104, 113], is located downstream of the magnet, between the
T Stations and the SPD/PS, and has a limited angular acceptance of ~ +15mrad to
+200 mrad in the bending plane and +100mrad in the non-bending plane. RICH2
is designed to separate charged particles with a momentum between ~ 15 GeV/c and
100 GeV/¢, and thus its coverage is limited to the inner region where high momentum
particles are produced. It uses CF4 as radiator, which has a tunable refractive index
n between 1.01 and 1.10. The RICH2 side view can be found in Fig. 3.23b.
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Figure 3.23. The RICH detectors at LHCb.

In both RICH detectors the focusing of the Cherenkov light is accomplished using a
combination of spherical and flat mirrors to reflect the image out of the spectrometer
acceptance. This light is captured using Hybrid Photon Detectors (HPDs), which
capture the Cherenkov photons in the wavelength range of 200-600 nm. The 196
HPDs of RICH1 and the 288 HPDs of RICH2 are isolated from the magnetic field
and have 1024 pixels each. On average, a charged particle with n8 > 1 produces 6.7
Cherenkov photons in aerogel, 30.3 in the C4F1¢ and 21.9 in the CFy.

The information from the HPD pixels is used to reconstruct the light cones from
the Cherenkov radiation, and this information is used by the particle identification
algorithms explained in §3.4.4 to distinguish between the different types of charged
particles going through the RICH detectors. A typical (simulated) LHCb event in
RICHLI is shown in Fig. 3.24, in which the reconstructed rings can be clearly identified.

3.4.2. The Calorimeter

The LHCb Calorimeter [105] is used for particle identification of electrons, photons and
hadrons, as well as for their energy and position measurement. Accurate reconstruction
of 7 and prompt photons is essential in the study of radiative B decays, and also in
flavor tagging. Furthermore, the calorimeter is in charge of selecting high transverse
energy hadron, electron and photon candidates for the Level-0 trigger (L0, see §3.5.1),
which makes a decision 4 ps after the interaction.

The Calorimeter is composed of the pad/preshower Detector (SPD/PS), the Elec-
tromagnetic CALorimeter (ECAL) and the Hadronic CALorimeter (HCAL), as shown
in Fig. 3.21.

The use of the calorimeter in the L0 trigger imposes strong constraints on its design:
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Figure 3.24. Simulation of a typical LHCb event in RICHI.

o For the separation of the electromagnetic and hadronic particles —mainly elec-
trons from charged pions— the longitudinal profile of the electromagnetic showers
constitutes an excellent factor of discrimination. For that purpose a preshower
detector (PS) is located in front of the ECAL just after a layer of lead absorber.

0 In order to provide good rejection of background 7° with high Et in the LO
electron trigger, the Scintillating Pad Detector (SPD) is located just before the
layer of lead in front of the PS. Furthermore, the SPD is used to provide an
estimate of the number of charged tracks at the L0 level.

o The segmentation is approximately projective in the direction of the interaction
point to get a fast evaluation of the trigger candidates.

The SPD/PS, ECAL and HCAL have variable lateral segmentation (shown in
Fig. 3.25) to avoid a large range of cell occupancy, as the hit density varies by two
orders of magnitude as a function of the distance to the z-axis. A segmentation into
three different sections with different cell sizes was chosen for the ECAL, and pro-
jectively for the SPD/PS. Given the dimensions of hadronic showers, the HCAL is
segmented in two zones with larger cell sizes.

All the calorimeter subdetectors are based on the same basic concept: scintillating
light is transmitted to PhotoMultiplier Tubes (PMT) by wavelength-shifting (WLS)
fibers. The single fibers for the SPD/PS cells are read out using MultiAnode Photo-
Multiplier Tubes (MAPMT), while the fiber bunches in the ECAL and HCAL require
individual phototubes. In order to have a constant transverse energy (ET) scale over
the whole detector acceptance, the gain in the ECAL and HCAL phototubes is set as a
function of their distance to the beampipe. Furthermore, since the light yield delivered
by the HCAL modules is a factor 30 less than that of the ECAL, the HCAL tubes
operate at a higher gain.
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Figure 3.25. Transverse segmentation of the LHCb Calorimeters.

The Pad/Preshower detector

The Pad/Preshower (SPD/PS) detector consists of a 15 mm, 2.5 Xy thick, lead con-
verter sandwiched between two almost identical planes of rectangular scintillator pads
of high granularity —the SPD before the lead layer, and the PS after— with a total
of 12032 detection channels. The sensitive area of the detector is 7.6 m wide and 6.2 m
high, and the centers of the two scintillator planes are separated by 56 mm. In order
to achieve a one-to-one projective correspondence with the ECAL segmentation (see
Fig. 3.25a), each of the subdetectors is subdivided into inner (1536 cells), middle (1792
cells) and outer (2688 cells) sections with approximately 4 x 4, 6 x 6 and 12 x 12 cm?
cell dimensions, with the SPD cells being smaller than those of the PS by ~ 0.45%.

The SPD is used to separate photons from electrons at the L0 trigger by making use
of the fact that it is a binary —and therefore very fast— detector. Charged particles
deposit energy in the scintillator material, while neutral particles do not interact.
The amount of deposited energy is converted to a binary 0 or 1 depending on a cell-
by-cell threshold value set to minimize photon misidentification while keeping good
charged particle identification. Misidentifcation comes mainly from photon conversion
in the material before the SPD, but also can come from interactions in the SPD that
produce charged particles inside it, and backwards moving charged particles, the so-
called backsplash, that are generated in the lead absorber or in the ECAL. Test beams
showed that photons arriving at the SPD with an energy between 20 and 50 GeV
have a misidentification probability of 0.8% when applying a threshold of 0.7 Minimum
Ionizing Particles (MIPs).

The distinction between charged pions and electrons is done by making use of the
electromagnetic shower dispersion measured in the PS. Test beam results show that
with a threshold of 4 MIPs, charged pion rejection factors of 99.6%, 99.6% and 99.7%
with electron retentions of 91%, 92% and 97% are achieved for 10, 20 and 50 GeV/c
momentum particles, respectively.

The Electromagnetic CALorimeter

The ECAL thickness, 25 X, was chosen so it would contain the full electromagnetic
shower of high energy incoming photons in order to ensure optimal energy resolution.
The choice of using shashlik calorimeter technology, i.e., a sampling scintillator /lead
structure read out by plastic WLS fibers perpendicular to the scintillator, was made
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taking into account modest energy resolution, fast response time, acceptable radiation
resistance and the reliability of this technology, used in other experiments such as
HERA-B or PHENIX. Its design energy resolution is given by

- 1%0 ®1% (E in GeV) (3.6)
where the first term is the statistical fluctuation of the shower while the second comes
from the systematic uncertainties of the calibration.

The ECAL is placed at 12.5m from the interaction point. Its dimensions match
projectively those of the tracking system, 6, < 300mrad and ¢, < 250 mrad, but its
inner acceptance is limited to 0,, > 25mrad due to the substantial radiation dose
level in that region. Since the ECAL was designed for b-hadron physics, the maximum
transverse energy per cell was limited by the possible gain applied to the PMTs and is
optimized for 0 < Er < 10 GeV. Measures of E1 beyond this point are saturated.

The energy resolution and the uniformity of the ECAL were studied at the calorime-
ter test beam [114]. Module response was found to be uniform within 8%. The energy
resolution was also studied, and the results are shown in Fig. 3.26. The experimental
curve was parametrized as - . .

E
E-U5° b % (3.7)
where a, b and ¢ stand for the stochastic, constant and noise terms respectively. De-
pending on the module type and the test beam conditions the stochastic and constant
terms were measured to be 8.5% < a < 9.5% and b ~ 0.8%, in good agreement with
the design resolution in Eq. 3.6.

4

G(E)/E (%)

Figure 3.26. FEnergy resolution as measured in the test beam with electrons on a surface
of (£15 mm, +30 mm) in an outer module.

The performance of each of the cells of the ECAL can be slightly different, and they
may suffer aging at different rates. Therefore, it is necessary to regularly perform a
calibration procedure to obtain a set of calibration coefficients, one per cell, in order
to provide the best possible operation from the whole calorimeter.

In a first calibration stage, the energy flow technique [115] allows to even out the
differences between neighboring cells by making use of the smoothness of the sum of
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transverse energy depositions in the calorimeter. While this method allows to achieve a
5% calibration level, it cannot provide a global energy scale for the calorimeter energy.

Starting from the energy flow calibration constants, the decay of resolved neutral
pions into two photons is used to iteratively attain a calibration level of 2%, including
a global energy scale [116]. Still, this method doesn’t allow to calibrate the calorimeter
at high energies, since for E1 > 3 GeV all 7° are merged. Also starting from the energy
flow calibration constants, the F /p ratio of electrons, where E is the calorimeter energy
and p is the particle momentum measured by the tracking system, has also been used
to achieve a fine calibration up to higher energies than the 7° method.

Hadronic CALorimeter

The HCAL is used mainly for trigger and particle identification. It is a sampling device
made from iron and scintillating tiles, as absorber and active material respectively.
The special feature of this sampling structure is the orientation of the scintillating tiles
that run parallel to the beam axis (see Fig. 3.27). In the lateral direction tiles are
interspersed with 1 ¢m of iron, while in the longitudinal direction the length of tiles
and iron spacers corresponds to the hadron interaction length in steel.

particles

Figure 3.27. Schematic of the HCAL internal cell structure. The exploded view of
two scintillator-absorber layers illustrates the elementary structure of an
HCAL module.

The overall HCAL structure is built at a distance of 13.33 m from the interaction
point, with dimensions of 8.4m in height, 6.8 m in width and 1.65m in length. Due to
limited space in the cavern, the HCAL thickness is only 5.6 Xy, which is not enough
for containing the full hadronic shower. Therefore, it gives only an estimation of the
hadron energy with a design resolution of

o 80% .

—=—0610 FE in GeV 3.8

I3 NG ®10% (F in GeV) (3.8)
It is segmented transversely into square cells of 131.3 mm (inner) and 262.6 mm
(outer), as illustrated in Fig. 3.25b.
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The energy resolution and uniformity of the HCAL were measured at the calorime-
ter test beam [114]. From a lateral scan of a particle beam across the prototype front
surface the uniformity in response was measured to be well within +3%. Test beam
results for energy resolution were compared with expected results from different soft-
ware packages for the simulation of the hadronic shower development, as illustrated in
Fig. 3.28. The resolution extracted from a fit to the data at several energies is
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Figure 3.28. Energy resolution as measured in the test beam with 50 GeV/c pions, as
well as for three different hadronic simulation codes.

op _ (695)% in Ge
T ®(9+2)% (Ein GeV) (3.9)

also in agreement with the design values.

3.4.3. Muon Detector

Muon triggering and offline muon identification are fundamental requirements of the
LHCb experiment. Muons are present in the final states of many CP-sensitive B
decays, such as BY — Ja) (uTp")K? and BY — Jip (uTp~)¢, and also play a major
role in CP asymmetry and oscillation measurements in semileptonic decays, in which
the muon can be used to provide the tag of the initial flavor of the accompanying B
meson. Furthermore, muons are involved in rare B decays such as the flavor-changing
neutral current BY — pu*p~, which could provide a hint to new physics beyond the
Standard Model [84].

The muon detector provides fast information for the high-pr muon trigger at the
Level-0, and muon identification for the High Level Trigger (HLT, see §3.5.2) and offline
analysis.

Muons have a long lifetime 7, ~ 2.2ps, which means c7, ~ 659m, and a low in-
teraction probability, and thus they fly through the whole detector. Therefore, muon
chambers are installed at the end of the detector, where all other possible charged
particles have been filtered. The muon detector, shown in Fig. 3.29, is composed of
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Figure 3.29. Side view of the muon chambers location, with the calorimeter between the
M1 and M2-M3.

five stations, M1-M5, of rectangular shape, with a total of 1380 chambers covering a
total area of 435m?. The inner and outer angular acceptances of the muon detector
are 20 (16) mrad and 306 (258) mrad in the bending (non-bending) plane, respectively,
resulting in an acceptance of about 20% for muons from inclusive b semileptonic decays.
The geometry of the stations is projective, so all their transverse dimensions scale with
the distance to the interaction point.

The five muon stations consist of Multi-Wire Proportional Chambers (MWPC) with
their planes perpendicular to the beam axis. Station M1 is located in front of the
calorimeters and is used to improve the pr measurement in the trigger. Stations M2-
M5 are placed downstream the calorimeters and are interleaved with iron absorbers
80 cm thick to select penetrating muons. The minimum momentum of a muon to cross
M1-M5 is 6 GeV/c since the total absorber thickness of M1-M5 and the calorimeter is
~ 20 interaction lenghts.

The detectors provide space point measurements of the tracks, and binary infor-
mation is passed on by partitioning the detector into rectangular logical pads whose
dimensions define the z, y resolution. These are shown in Fig. 3.30. The muon trigger
is based on standalone muon track reconstruction and pt measurement and requires
aligned hits in all five stations. Stations M1-M3 are used to rapidly (< 25ns) define
the track direction with a design efficiency of 95%, and to calculate the pr of the
muon candidate with a resolution of 20%. Stations M4 and M5 have limited spatial
resolution, and their main purpose is the identification of very penetrating particles.
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Figure 3.30. Front view of a quadrant of a muon station, with logical pads marked as
dark rectangles.

3.4.4. Particle Identification

Each particle type has a different signature in the LHCb detector, as illustrated in
Fig. 3.31. The information from the two RICH detectors, the calorimeters and the
muon detector is combined for the identification of charged particle types (e, u, 7, K,
p), while neutral particles (y and 7°) are identified using the ECAL.

For each type of charged particle, the different particle identification contributions
are combined into a log-likelihood difference (DLL) between a given PID hypothesis
and the pion hypothesis. The DLL for a particle of type a is then given by

DLL, =AInLyr =L, —InL; =In |:§a:| 7 (310)

where L, is the combination of the information of the various subdetectors used for the
identification. Therefore, the DLL between two particle hypotheses a and b is given
by

L,

DLLy =AInLy =AlnL,; —AlnLy, =1n [ﬁ] , (3.11)
b

Hadron identification

Particle identification with the RICH is performed by an algorithm based on a log-
likelihood approach which matches the observed pattern of hit pixels in the photode-
tectors to that expected from the reconstructed tracks under a given set of particle
hypotheses [117]. The likelihood is maximized by varying the particle hypothesis of
each track in turn, through electron, muon, pion, kaon and proton. This method, which
considers all found tracks in the event and all three RICH radiators simultaneously, is
referred to as global pattern-recognition. Its output is a best hypothesis for each track,
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Figure 3.31. Schematic view of the different particle signatures in the LHCb detector,
with corresponding hits in the tracking system and muon stations, rings
in the RICH and showers in the calorimeter.

and the decrease in log-likelihood when changing from this best hypothesis to another
one.

For physics analyses and detector diagnostics the performance of the RICH particle
identification algorithms must be understood independently of simulation studies. The
dominant D** — DO(K*7~)7" decay (and its complex conjugate) provides a very high
statistics unbiased sample of pions and kaons that can be used to measure the RICH
performance (see §5.6.7).

The RICH system provides excellent particle identification over the entire momentum
range. The average efficiency for kaon identification for momenta in the 2 — 100 GeV/c
is ~ 95%, with an average pion misidentification rate of ~ 5%. The RICH perfor-
mance has been studied both on MC and data, and the results can be compared in
Fig. 3.32 [118, 119].

Muon identification

Muon identification is performed by extrapolating well reconstructed tracks with
p > 3GeV/c —particles with p < 3GeV/c do not reach the M2-M5 detectors— into
the muon stations. In order to be selected as a muon, a track must be matched to hits
in a number of muon stations that depend on its momentum [120, 121], as illustrated
in Table 3.2. Around 50% of muons with p > 3 GeV/c arrive to the M3 station. A
hit is considered to match a track if it is within a Field Of Interest (FOI) around the
extrapolation in the M2-M5, parametrized as a function of momenta for each station
and region.

Using a Monte Carlo sample of BY — J/i K2 the muon identification efficiency was
measured to be €(p — p) ~ 94%, with a corresponding misidentification e(m — p) ~
3%. The efficiency is a flat function of the momentum above 10 GeV/c.
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Figure 3.32. Kaon/pion separation as a function of the particle momentum.

Track momentum (GeV/c¢) Required stations
3<p<6 M2+ M3
6 <p<10 M2+ M3+ (M4 or M5)
p> 10 M2+ M3+ M4+ M5

Table 3.2. Stations required to have a hit within FOI for tracks at different momentum
ranges.

For each track, two likelihoods, one for the muon and one for the non-muon hy-
pothesis, are built using information from the tracking system and the muon stations.
These likelihoods are built from the comparison of slopes in the muon detector and the
tracking, and from the average track-hit distance of all hits in FOI associated to the
track. Then the log-likelihood difference DLL,, is determined, and summed with the
values from the RICH and calorimeter systems (if available). By doing this the pion
misidentification rate can be reduced to ~1%, while maintaining a muon efficiency of
~ 93% for muons above 3 GeV/c.

The high purity that can be achieved with such cuts is illustrated in one of the
early results of the LHCb collaboration [122]. In the early stages of the experiment,
with an integrated luminosity of £ = 5.2 pb™!, the J/) cross section was measured
by building J/i) — pu~ pt taking oppositely charged pairs of tracks that pass the muon
identification requirements. The J/i) mass peak is reconstructed with a resolution of
12.3 £ 0.1 MeV/e, as shown in Fig. 3.33.

Electron Identification

calo

o/non-e based on

Electron identification [123] is performed using a combination of Aln L
the information of different subdetectors:

ECAL. All reconstructed tracks in the event are extrapolated to the ECAL plane
and an all-to-all matching with the reconstructed clusters is performed. A X%, is
constructed based on the distance of the extrapolated tracks and the clusters, and
it is used to discriminate between charged and neutral clusters. A x? estimator
is build and minimized using the matching between the corrected barycenter
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Figure 3.33. Dimuon mass distribution for the 3 < pr < 4GeV/c and 2.5 < y < 3
bin obtained with 5.2pb~' of data from the 2010 LHC run. The mass
resolution is 12.3 £ 0.1 MeV]c.

position of the cluster with the extrapolated track impact point, as well as on
the balance of track momentum and energy of the charged cluster in the ECAL,
shown in Fig. 3.34a. For each track the difference of log likelihood for electron

and non-electron hypotheses, Aln Ef/%AL , is computed by using reference two-

dimensional histograms of tanh x? versus tanh p.

PS. Since the PS detector is placed just after 2.5 X of lead absorber, a significant

H

part of electrons start an electromagnetic shower in it, while hadrons and muons
are visible as minimum ionizing particles (MIP), as illustrated in Fig. 3.34b. The
log likelihood for electron and non-electron hypotheses Aln Egi is computed in

a similar manner as Aln Ef/(ﬁAL, on a basis of two-dimensional distributions of

tanh Epg versus tanh p.

CAL. Due to the thickness of ECAL, very small leakage of the electromagnetic
shower into HCAL is expected. Therefore, the energy deposited in the HCAL
along the particle trajectory can be used to compute Aln ngAL , based on a

two-dimensional distribution of tanh Fycay versus tanh p.

Bremsstrahlung. Since there is no material in the region of magnetic field, the elec-

tron can emit Bremsstrahlung photons only before or after the region with size-
able magnetic field. The position of possible Bremsstrahlung photons can be
predicted by a linear extrapolation of the reconstructed track segment before the
magnet to an ECAL face plane. The distance of this prediction and the corrected
barycenter position of all reconstructed photons can be used to build a X%rem,
which is minimized and used as a discriminating variable. Aln Es;‘flm is built

based on a two-dimensional tanh X%)rem versus tanh p distribution.

In the same simulated BY — J/i) K{ sample used for muon identification efficiency

studies, efficiency is measured to be e(e — €) ~ 95%, with a corresponding misidenti-

fic

ation e(m — e) ~ 0.7%.
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Figure 3.34. Comparison of main electron PID discriminating variables for (a) ECAL
and (b) PS, for electrons (open histogram) and hadrons (shaded his-
togram).

Neutral Particle Identification

Neutral particles in the detector are identified according to their isolation with respect
to charged tracks [124] by using the X% described above.

Neutral clusters are associated with photons. Conwverted —photons that produced
an eTe™ pair before the PS lead absorber— and unconverted photons are distinguished
using SPD information by analyzing the number of hits in the SPD cells in front of
the ECAL cluster.

Neutral pions decay into a pair of photons. Below a transverse energy of Er <
2.5 GeV, 7° are mostly reconstructed as a resolved pair of separated photons, and thus
are called resolved ™ . However, a large fraction of photon pairs coming from high
energy ¥ cannot be resolved as a separate pair of clusters given the ECAL granularity.
These are called merged 70 .

Resolved 7¥ are reconstructed by looping over the photon candidates with Ep >
200 MeV, pairing them and comparing their invariant mass with the nominal 7° mass.
The 7° identification efficiency strongly depends on the transverse momentum: on the
lower pr side, because of the minimum FE7 cut in the photons, necessary in order to
reduce the huge combinatorial background; on the upper pt spectrum, because high-pt
70 are more likely to be merged and therefore are not identified by this pairing method.
The good performance of the resolved ¥ identification is illustrated in Fig. 3.35, where
the invariant mass of 7% — v+ for the first data in 2009 shows a clear 7° peak with a
very good resolution.

The procedure to reconstruct merged 7¥ consists in splitting each cluster in two in-
terleaved subclusters and iteratively recalculating the energy of each of the subclusters
using the expected transverse energy shape of photon showers. The identification is
performed by requiring that the 7% energy is compatible with a pair of merged photons,
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Figure 3.35. Invariant mass of n° — ~v for November 2009 data. A peak at
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i.e., the distance between the two photons is kinematically allowed for 7%, and that
the invariant mass of the pair of merged photons is compatible with the 7° mass.

The global reconstruction efficiency for 7¥ that give photons inside the geometrical
acceptance is summarized in Fig. 3.36.
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Figure 3.36. Reconstruction efficency for n1° decaying into photons with Et > 200 MeV
versus the m° transverse momentum for resolved (solid blue) and merged
(dashed red) m°.

3.5. The Trigger System

The rate of visible pp interactions, defined as those collisions that produce at least
two charged particles with enough hits in the VELO and T1-T3 to allow them to be
reconstructible, is too high to store all of them. The trigger system aims to reduce
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this high rate of visible collisions to a rate of events at which they can be written to
storage for offline analysis, selecting those of higher interest for the physics goals of the
experiment.

While the rate of visible interactions that contain bb pairs is about 1/200 of the total
visible interaction rate, only 15—20% of them contain at least one B meson with all its
decay products inside the detector acceptance. Furthermore, the branching ratios of the
key B decays used in CP violation studies are typically below 1073, Triggering criteria
must keep the largest fraction possible of the events necessary for offline analysis, while
keeping the background event rate as low as possible.

An important feature of the LHCb trigger system is its flexibility. The number of in-
teractions per bunch crossing at the design configuration was expected to be dominated
by single interaction due to the relatively low LHCb luminosity of 2 x 1032 em=2s7!,
which facilitates triggering and reconstruction due to low channel occupancy. In this
case, a visible interaction rate of 10 MHz has to be reduced by a factor 5000, down to
2kHz. However, as it has been in explained in §3.1, the running conditions in 2010 and
2011 have been substantially different than those considered in the design of the trigger
system: running at 3.5 x 1032 cm~2s~! with a low 3*, the experiment is not dominated
by single interactions and the visible collision rate is 12 — 15 MHz; this causes the event
size to become larger than designed, further changing the trigger working conditions
and the storage requirements. The LHCb trigger has been able to adapt remarkably
well to these significant modifications of its running conditions thanks to its flexibility,
and has provided excellent performance throughout the data taking periods of 2010
and 2011. The output of the trigger in 2011 has been 3 kHz of very clean samples of b
and c¢ decays, exceeding the design value of 2kHz. The output of the trigger planned
for 2012 is ~ 4.5 kHz.

The trigger system is divided in two levels [125], shown in Fig. 3.37: the Level-
0 Trigger (LO), detailed in §3.5.1, and the High Level Trigger (HLT), described in
§3.5.2. The L0 uses custom electronics operating synchronously with the 40 MHz bunch
crossing frequency, while the HLT is executed asynchronously on a processor farm, the
Event Filter Farm, made up with commercially available equipment.

40 MHz
Pile-up system Level-0:
Calorimeters p; of Custom Electronics
Muon system U, e h,y
1 MHz
F_u" detec,tor HLT Event Filter Farm
information
3 kHz

Figure 3.37. Schema of the event flow in the LHCb trigger system.
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3.5.1. Level-0 Trigger

The first level of trigger (Level-0) is designed to reduce the visible event rate to the
1 MHz at which the whole detector can be read out. It is implemented using custom
made hardware, running synchronously with the LHC clock. Since B meson decay
products are usually particles with a large transverse momentum and transverse energy,
high pr and ET objects constitute a very clear signature to trigger on. Therefore, the
Level-0 trigger focuses on the reconstruction of:

o The highest Et hadron, electron and photon clusters in the calorimeters.
o0 The two highest pr muons in the muon chambers.

Furthermore, events with high particle multiplicity are rejected in order to reduce the
processing time in the HLT.

The Level-0 Trigger is subdivided in three components: the LO calorimeter trigger,
the LO muon trigger and the pile-up system. Each component is connected to one
detector and to the Level-0 Decision Unit (LO DU), which collects the information
provided by the three LO components to produce a final decision as a logical OR of its
inputs.

The LO DU has to release its decision 4 ps after each collision, which corresponds
to the buffer length implemented in the front-end read-out chips. Furthermore, the
time-of-flight of the particles, plus the cable delays, plus the front-end electronics delay
leave only 2 ps for processing the data in the LO DU and delivering a decision.

The LO Calorimeter Trigger looks for high Et electron, photon, neutral pion or
hadron candidates. It forms clusters by summing the E1 of 2 x 2 cells and selects
those which have the highest Ep. Then the information from the SPD/PS, ECAL and
HCAL is combined to tag the clusters as electron, photon or hadron. In addition, the
total Ep in the HCAL is used to reject crossings without any visible interaction and
to reject events triggered by halo muons.

The total number of cells of the SPD which have a hit is used to evaluate the charged
track multiplicity and to reject high occupancy events. In 2010, events with more than
900 hits in the SPD were rejected in order to keep the OT occupancy at ~ 20% and
allow a good performance. In 2011, the running conditions allowed to lower the SPD
multiplicity cut 600 hits, as a balance between the calorimeter occupation, the muonic
triggers and the output rate.

The LO Muon Trigger uses a fast stand-alone reconstruction of muon tracks with a
opr ~ 20%. A track is found if hits in the five muon chambers can form a straight
line pointing to the interaction region. The two highest-pt muon candidates of each
quadrant of the muon chambers are selected for the decision.

The Pile-Up System was designed to distinguish between single interactions from
multiple ones. Four r-sensors, similar to the ones used in the VELO, are located
before the interaction region to measure the radial position of the backward tracks.
Since the average number of interactions in 2010 and 2011 is higher than one, and
therefore the collected events are not dominated by single interactions, this system is
currently only used to trigger beam-gas interactions.
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3.5.2. High Level Trigger

The High Level Trigger (HLT) filters events using a software application. It uses the
Online Event Filter Farm (EFF), which contains up to 20,000 CPU cores, to process
and reduce the rate at which events are kept down to ~ 3 kHz.

The high rate of incoming events from the Level-0 Trigger and the computing power
limitation of the EFF do not allow the up-front use of the full event data information
in the decision-making process. Thus, the HLT is divided in two stages: the first stage
(HLT1) uses only a partial reconstruction to reduce the rate by a factor of ~ 20 so
that the second stage (HLT2) is able to perform full event reconstruction to further
discriminate signal events.

HLT1

The HLT1 is designed to minimize the impact of varying running conditions on its
performance. It is based around a single track trigger [126], which searches for a sin-
gle track with high momentum, a large impact parameter with respect to all primary
vertices in the event, and a good track quality. In addition to this, lifetime unbiased
muon [127] and electron triggers are used for analyses which are sensitive to the pres-
ence of lifetime biases. These latter triggers are based around the confirmation of the
LO trigger decision by matching tracks reconstructed in the HLT to the objects used
in the LO decision, i.e., muon segments or calorimeter clusters.

HLT1 takes ~ 15ms to process a LO-accepted minimum bias event, and accepts
~ 5% of such events with an efficiency of more than 80% on signal events for most of
LHCb’s benchmark B decay modes [126, 127]. The ~ 50kHz selected by HLT1 are
passed to HLT2.

HLT2

The HLT2 input rate is sufficiently low to perform an almost-full-offline reconstruc-
tion, the main difference being that in the HLT2 only tracks with pp > 500 MeV/c
and p > 5000 MeV/c are reconstructed. Having fully reconstructed events allows the
HLT?2 trigger lines to use event selection criteria more in line with those used in of-
fline analyses. Furthermore, Global Event Cuts (GEC), such as the reconstructed track
multiplicity, are used to reject complex events which require a big amount of processing
time.

The HLT?2 trigger is made up of a mixture of inclusive, which search for generic B
decay features such as displaced vertices or dilepton pairs, and exclusive trigger lines,
which select specific decays using similar selections to those used offline. In 2011 [128],
~ 1/3 of the bandwidth was taken by the inclusive topological trigger [129], which allows
to obtain a high efficiency and low background retention on almost all n-body B decays.
Muon triggers, which select high-pr single or dimuons, used up about another third of
the bandwidth. Charm decays accounted for ~ 1/3 of the HLT2 bandwidth, while the
rest was used by several exclusive lines, such as the radiative lines [130], and inclusive
lines such as the ¢ trigger [131].
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3.6. The Online System

The job of the Online system is to ensure the transfer of data from the front-end
electronics of the LHCb detector to permanent storage in a known and controlled
fashion [107, 132]. This involves moving the data themselves, and the configuration and
monitoring of all operational parameters of the detector, such as temperatures, voltages
and pressures. Furthermore, the Online system must ensure the proper synchronization
of all detector channels, both among themselves and with the LHC clock.

The Online System can be divided into three different subsystems, illustrated in
Fig. 3.38: the Data Acquisition System (DAQ), the Timing and Fast Control System
(TFC) and the Experiment Control System (ECS).

Running
Ll._ICb Modes/ Operations
Trlgger Partitioning
LHCb .
Physics
Detector Y
Data_ Infra-

Processing/ structure

Offline Accelerator Services
Computing

Figure 3.38. Architecture of the Online System

3.6.1. Data Acquisition System

The goal of the Data Acquisition (DAQ) system is the transport of the L0-accepted
data belonging to a given bunch crossing from the detector front-end electronics to
permanent storage.

In order to construct a reliable and robust system, several basic principles were ob-
served in its design: simplicity, scalability, usage of point-to-point links to connect
components, and usage of commercial off-the-shelf products wherever possible. Fur-
thermore, the adopted design is flexible enough to cope with possible new requirements,
motivated by experience with real data.

Data arrive to the front-end electronics (on/near-detector electronics) and are
buffered to LHCb-wide standardized readout boards (TELL1) [133], which are placed
outside the irradiated area, using optical or analog links. All subdetector DAQ systems
use the TELL1 board, aside from the RICH, which use the UKL1 boards, with a very
similar functionality to the TELL1. These boards make use of Field Programmable
Gate Arrays (FPGA) technology and are designed to use simple protocols, a small
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number of components, and are able to react to changing system parameters. The
data are zero-suppressed, compressed, packed, buffered and sent via Gigabit-Ethernet
links to the Event Builder, which collects the data coming from all the subdetectors
for a single event. These data are sent forward to the HLT, that selects which events
—corresponding to physically interesting interactions— are sent to permanent storage.
The storage system has a capacity of ~ 40 TB, which offer enough buffer space to cope
with possible interruptions of the transfer of the data to permanent storage at CERN.
Gigabit-Ethernet is used throughout the Online system as link technology.

3.6.2. Timing and Fast Control System

The TFC system is in charge of driving all stages of the data readout of the LHCb
detector between the front-end electronics and the Event Filter Farm by distributing
the beam-synchronous clock, the L0 trigger, synchronous resets and fast control com-
mands. The system is a combination of electronics components common to all LHC
experiments and LHCDb custom electronics. It is formed by three main parts: the TFC
distribution network transmits the beam synchronous clock, featuring a low-latency
trigger channel and a second channel used to encode control commands; the optical
throttle network is used to transmit a trigger inhibit from the asynchronous parts of
the readout system to the Readout Supervisor in case of congestion of the data path;
the Readout Supervisor (ODIN), the most important part of the system, implements
the interface between the LHCb trigger and the readout chain, synchronizing trig-
ger decisions and beam-synchronous commands to the LHC clock. Furthermore, the
Readout Supervisor is able to perform load balancing among the nodes in the EFF by
dynamically selecting the destination node for the incoming events, and to provide a
wide variety of auto-triggers for calibration and test purposes.

3.6.3. Experiment Control System

The Experiment Control System (ECS) ensures the control and monitoring of the en-
tire LHCDb detector, including traditional detector control domains, such as voltages,
temperatures, gas flows, or pressures, and the trigger, TFC and DAQ systems. The
LHCDb ECS is based on the PVSS IT [134, 135], a commercial SCADA (Supervisory Con-
trol and Data Acquisition) system, also used in other LHC experiments, that provides
features such as the management of databases, the communication between distributed
components, graphical libraries and an alarm system.

The LHCb ECS is a hierarchical and distributed system which allows the control
of the whole detector from the top level, but also a finer control of any given sub-
tree, which can be released from the top control and operated in standalone mode.
Commands are propagated down the hierarchy, while states and alarms go upwards.
This command and state/error flow is managed using a Finite State Machine package
based on SMI++ [136, 137], which allows the creation of the complex logic needed, for
example, in the implementation of elaborate sequencing or automated error recovery.

3.7. Computing and resources

The LHCb computing model allows to perform an efficient processing of the collected
data, an accurate alignment and calibration of the subdetectors and an efficient selec-
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tion of events of interest, and also provides facilities for extracting physics results from
the selected data samples. Fach physics working group relies heavily on a full central
processing chain from the raw data to the pre-selected reconstructed data sample used
for physics analyses: individual analyses generally only deal with small samples while
the manipulation of larger datasets is handled centrally by the LHCb production team.

Similar algorithms need to be executed in very different contexts, from the Online
Event Filter Farm to a physicist’s laptop, and therefore a high level of standardization
of the software is needed. Furthermore, the large amounts of data and of computing
power needs imply that data processing must be performed in a distributed manner,
taking best advantage of all resources available in computing facilities around the
world. These resources (CPU and storage) are accessible through a standard set of
services provided to all LHC experiments —and also to the larger HEP community
and beyond— by the WLCG project [94].

3.7.1. LHCDb software

The LHCb software is based on the GAUDI [138, 139] architecture, which provides an
Object Oriented framework for all the applications used within the experiment [140]. It
has the flexibility needed for running the LHCb chain from the Monte Carlo generation
to the real data analysis using the same tools. Data persistency is based on the RooT
software [141, 142], a set of object-oriented frameworks designed to handle and analyze
large amounts of data.

The main software applications used in LHCb are:

GAuss. The validation of physics analyses or reconstruction schemes need to be per-
formed using Monte Carlo simulation. The simulation of the physical aspects of
pp collisions in the LHCb detector is handled by the GAUSS software [143, 144].
In a first step, the PYTHIA software [145] is used to simulate the proton colli-
sions, the generated particles and their corresponding momentum four-vectors.
The decays of the produced particles are handled either with PYTHIA or through
an LHCb-tuned EVTGEN package [146] in the case of B hadrons, with the final
state radiation handled by PHOTOS [147, 148]. The particle-detector interaction
is handled by the GEANT package [149], which is used to transport the particles
through the detector. Detector geometry and materials are stored in a database.

BoOOLE. The BOOLE software package [150] simulates the digitization of the energy
depositions in the LHCb detector and the LO trigger. This digitization takes into
account the interference from previous pp events —the spillover. After a BOOLE
pass, the simulated and the real data can be reconstructed and analyzed using
the same software.

MooORE. The MOORE package [151] is used to run the HLT in the Online System,
processing real data from the LHCb DAQ system, or offline starting from real
data or from the output of BOOLE. The trigger is configured via a unique key,
called a Trigger Configuration Key (TCK), which defines the sequence of algo-
rithms and their cuts. It is represented by a 32-bit number, with the lower 16 bits
reserved for the LO configuration? and the higher 16 bits for the HLT. Each of

2For simplicity purposes, when dealing with TCKs for 2010 and 2011, the first 6 bits of the L0
configuration will be omitted because they are 0, i.e., TCK 0x00360032 will be referred to as
0x360032.
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these TCKs needs to be processed with a specific version of the MOORE software
to ensure the correct reproduction of the algorithms and configuration that was
run in the Online during data taking; version details for the TCKs from Table 3.1
are summarized in Table 3.3.

TCK MOORE version
0x00360032 v12r3
0x00480032 v12r4
0x004A0033 v12r4
0x00561710 v12r8
0x005A0032 v12rb
0x005B0032 v12rh
0x005D0033 v12rb
0x006D0032 v12r6pl
0x00700034 v12r6pl
0x00710035 v12r6pl
0x00730035 v12r6pl
0x00740036 v12r6pl
0x00760037 v12r8
0x00790037 v12r9pl
0x00790038 v12r9pl

Table 3.3. Version of MOORE used to process each of the 2011 TCKs listed in Table 3.1.

BRUNEL. The reconstruction of real or Monte Carlo events, i.e., the conversion from
hits and calorimetric depositions into tracks and, eventually, particles, is per-
formed by BRUNEL [152], using the algorithms described in §3.3.5, among others.
The output data are saved in RooT-based files which can be used by analysis
software.

DAVINcI. The analysis and selection tools are contained within the DAVINCI soft-
ware package [153]. The particle identification algorithms, described in §3.4.4,
are included in this package, as well as functions for vertex fitting. It also in-
cludes several frameworks, written both in C++ and PYTHON, that allow users
to extract information from the physics events and store it in ROOT tuple format.

3.7.2. Computing resources

The LHCb computing model [140, 154] is based on a distributed multi-tier regional
center model. This model includes multiple data replication and is robust against
single points of failure.

A schema of the organization of the LHCb computing model can be seen in Fig. 3.39.
CERN is the central production center, the Tier-0, and is responsible for distribut-
ing the raw data in quasi-real time to the Tier-1 centers: CNAF (Italy), GRIDKA
(Germany), IN2P3 (France), NIKHEF/SARA (The Netherlands), PIC (Spain), RAL
(United Kingdom), and CERN itself, which also takes the role of a Tier-1 center. Fur-
thermore, there is a number of Tier-2 centers. The Tier-1 centers are responsible for
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Figure 3.39. Overview of the Tier structure of the LHCb computing model.
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all the production-processing phases associated with real data, as well as user analy-
ses. The Tier-2’s are reserved for Monte Carlo simulation tasks, which have less strict
storage requirements, with the Tier-1 centers acting as central repositories for the sim-
ulated data; recently they have also been used to provide extra CPU power to deal
with the reprocessing of the full 2011 dataset.

3.7.3. Data flow in LHCDb

The raw data of the events selected by the trigger system coming from the experi-
ment are transferred to the CERN Tier-0 for further processing and archiving. These
unprocessed data are then used to reconstruct the physical particles, made up from
tracks and particle identification information, by making use of the raw information
such as the hits or the calorimeter cluster energies. This reconstruction process is per-
formed in the Tier-1’s. Reconstructed events are saved in a Stripping Data Summary
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Tape (SDST) file, which contains the necessary information for further event filtering
without including the raw data.

The SDST files are analyzed in order to further filter events for physical analyses
by making use of the full reconstructed information and with looser timing constraints
than in the HLT. This sequence is known as Stripping, and finally produces a Data
Summary Tape (DST) file, to which the raw data event information is attached. DSTs
are the files accessible to scientists for physics analyses.

A summary of the data flow within the LHCb computing model is given in Fig. 3.40.
The data are reprocessed several times a year with the improvement of the reconstruc-
tion, alignment and stripping software and algorithms.
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Trigger strategies for radiative B
decays at LHCDb

During 2010 and 2011, the HLT2 trigger for radiative decays has been based on loose
exclusive selections for the B®— K*%y and BY — ¢~ decays, which provide a high effi-
ciency for signal candidates passing the selection requirements of the analyses, referred
to as offline-selected signal. This approach fails to provide good efficiencies for other
radiative decays, such as BT —¢K ™ty or BT — K*O1t~, and thus limits the ability to
perform measurements outside the two main radiative channels.

Inclusive HLT?2 triggers, mainly the topological trigger, took more than 1/3 of the
LHCDb trigger bandwidth in 2011 and are used in a wide variety of analyses. While
these generic triggers provide a uniform selection efficiency for many radiative channels,
they only make use of tracks as generic B signatures, and this leads to compromises in
order to keep the rate within acceptable boundaries. In the case of radiative B decays,
the presence of the photon in the final state provides an extra signature that can be
used in inclusive lines to relax some of the adopted requirements for the tracks, leading
to a better trigger efficiency.

The adoption of an inclusive strategy would allow to expand the radiative decays
program to many radiative channels besides BY — K*?vy and BY — ¢~ and would open
the possibility of exploring a wide range of analysis options in the future, provided that
good signal efficiencies can be achieved at an acceptable rate.

4.1. Data samples

For the trigger studies in this chapter, data from the full 2011 LHCb dataset have been
used. These data include a mixture of the TCKs detailed in Table 3.1.

The signal Monte Carlo samples for the B® — K*'vy, BY — ¢y, Bt — ¢K*v and
Bt — K*O1t~ channels have been generated simulating the 2011 running conditions
(see §5.1 for details). Unless specifically stated, the 0x790038 TCK, corresponding to
~ 30% of the 2011 data set, has been applied to these datasets.

Data, both real and simulated, have been offline selected with the criteria specified
in Table 4.1. Details of the individual cuts and their meaning can be found in §5.2. It
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can be observed that many of the selection criteria are the same, and some of these
similarities are precisely what is exploited in inclusive trigger selections.

4.2. Methods for determining trigger efficiencies

In MC simulation, it is possible to evaluate the trigger efficiency of an offline-selected
sample by counting how many events pass the trigger requirements and dividing be-
tween the size of the offline-selected sample.

However, this procedure cannot be applied on data because the available data sam-
ples have already been selected by some trigger, and therefore its effect cannot be
directly estimated. For this reason, the trigger efficiencies are computed using an al-
ternative method: the TISTOS method [155, 156] provides a means of determining
trigger efficiencies directly from data, and can be used on MC as well. It is based
on the idea of obtaining the most unbiased event sample possible from the from the
offline-selected, triggered sample, and from it extract the trigger efficiency.

In order to describe the main concepts related to the TISTOS method, two types of
objects need to be defined:

o A signal object is the collection of tracks and calorimeter objects used to build
the offline reconstructed B candidate.

o A trigger object is the collection of tracks and calorimeter objects responsible for
firing a particular trigger line.

The study of signal and trigger objects and their relation for a given trigger line leads
to define the following types of events:

Trigger Independent of Signal (TIS). Events which are triggered by a given line
independently of the presence of the signal object. In order for an event to be
TIS, there must exist at least one trigger object which does not overlap with
the signal object. The overlap between signal and trigger objects is checked by
comparing the identifiers (LHCbIDs) of the detector elements that were hit by
each track or photon that is part of the signal or the trigger object. Two tracks
don’t overlap if they share less than 1% of their hits; since tracks in LHCb can
have around 60 hits, this requirement means that the tracks may not share a
single hit. Similarly, two ECAL objects do not overlap if they share less than
0.99% of their hits. TIS events are trigger unbiased saving correlations between
the signal B decay and the rest of the event.

Trigger On Signal (TOS). Events which are triggered by a given line on the signal
object, independently of the rest of the event. The TOS criterion is satisfied if
there exists at least one trigger object all of whose tracks and calorimeter objects
have overlap with the signal object. Two tracks (calorimeter objects) overlap
when they share more than 70% (1%) of their hits, 60% in the case of muon
segments.

Trigger On Both (TOB). Events which are neither TIS nor TOS, i.e., they require
both the signal and the rest of the event in order to be triggered by a given
line. In HLT2, typical TOB events are those where the trigger is fired because
of a signal track combined with a ghost to form a displaced vertex. Even in the
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case of the HLT1 single track trigger, it is also possible to have a TOB event,
e.g., the VELO segment of the signal track is combined with a T-station ghost.
TOB events are problematic because their efficiency cannot be defined without
constructing a model for the trigger efficiency on background events. Hence,
TOB events are of limited use to any analysis which needs to know the trigger
efficiency or acceptance.

With these definitions, the TOS efficiency can be calculated as

NriseTos
€TOS = (4.1)
and, likewise for the TIS efficiency:
NroseTis
€TIS = %. (4.2)

All trigger efficiencies quoted in this chapter are TOS efficiencies, unless specifically
stated. In the case of MC samples, the TOS efficiency can also be obtained directly by
counting events that pass the given TOS requirement and dividing between the size of
the offline-selected sample.

The TISTOS method allows to estimate the TOS efficiency of a signal by normalizing
the number of TOS events with the TIS requirement. The precision of the efficiencies
obtained with this procedure is limited by the statistics of TIS events available, since
these constitute a small fraction of the total offline-selected signal. Furthermore, since
there may exist a correlation between the signal B and the other B in the event,
efficiencies computed using the TISTOS method have to be determined as a function
of variables of interest, such as the B momentum, the B transverse momentum and
the B meson lifetime.

4.3. LO channels

The relevant LO channels for radiative decays are those included in the LO Calorimeter
Trigger [125]. The idea behind this set of L0 channels is to search for high E1 objects
and identify them as electrons, photons, 7° or hadrons. Since showers are relatively
narrow, their corresponding Et is computed in a 2 x 2 cells zone, which is wide enough
to contain most of the energy and small enough to reduce significantly the probability
of overlap between different particles. Furthermore, at each stage of the process only
the candidate with the highest Er is kept, thus reducing the number of candidates to
process. The selection of these L0 candidates is performed as following:

1. High Er deposits are selected by the Front-End (FE) cards, which handle ECAL
and HCAL information. Each of these handles 32 cells, and the highest Er over
the 32 sums of 2 x 2 cells is selected. To calculate these sums it is essential to
have access to neighboring cells in other cards.

2. Information from the SPD and PS is added in the Validation Cards in order to
identify the type of electromagnetic candidate. L0 candidates are distinguished as
electromagnetic by making use of the PS information of the cells in front of them:
a certain energy deposit is required in order to ascertain that the electromagnetic
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shower has begun in the lead absorber. The SPD information (hit/no hit) is
then used to distinguish between electron (LOElectron) and photon (LOPhoton)
candidates. Only one candidate per card and per type is selected and forwarded
to the Selection Crate. The types are not exclusive, i.e., the same 2 x 2 cluster
can be selected by different LO calorimeter triggers. Finally, the ECAL transverse
energy is added to the relevant HCAL 2 x 2 clusters for hadron (LOHadron)
candidates.

3. The candidate with the highest Et for each type is selected in the Selection
Crate. In addition, the total Ep in the HCAL and the total SPD multiplicity are
computed as a measure of the activity in the event.

While the LOPhoton and LOElectron thresholds were high and not completely stable
during 2010, 3.2 GeV and 4.4 GeV for the bulk of the data, in 2011 they have been
very stable and almost all data have been collected with a lower threshold of 2.5 GeV.
In the case of the LOHadron, during 2010 the threshold was placed at 3.6 GeV almost
for all the data taking, while in 2011 the cut was lowered to 3.5 GeV throughout most
of the year.

LO trigger on the photon

It has been shown on simulation that using only LOPhoton candidates is an ineffective
way to trigger photons for radiative decays [157]. On one side, the requirement of
PS energy to identify electromagnetic energy depositions rejects 20% of the photon
clusters. On the other side, the SPD only identifies as photon ~ 60% of these elec-
tromagnetic clusters due to the fact that 40% of the photons convert before the SPD,
mostly in the M1 (~ 0.265X)).

Therefore, incorporating the LOElectron to the definition of photon at the L0 level
helps recovering part of those photons lost due to conversion, as can be seen in Fig. 4.1,
at the cost of an increased rate. This rate can be controlled by tightening the Et cut for
both LOPhoton and LOElectron, and doing so results in better efficiency (at a given
rate) than keeping a looser E1 cut and using only LOPhoton. For this reason, two
further L.O channels have been added to the L0, LOPhotonHi and LOElectronHi, which
correspond to LOPhoton and LOElectron but with a tightened E7 cut, Bt > 4.2 GeV.
These high Er channels can be used in the HLT1 to provide a performance boost for
decays with photons.

LO trigger on hadrons

In order to add robustness to the L0 trigger strategy, the LOHadron requirement, which
relies on the HCAL estimation of the transverse energy of the hadrons, can be added
in order to trigger, for example, on the daughter tracks of the K*° or the ¢. This opens
the possibility of loosening the photon Et cut in the offline selections, since events not
triggered by the photon could be recovered if they were selected due to the hadrons.

4.4. HLT1 lines

Commissioning of the HLT1 in 2010 showed that hadronic triggers suffered from con-
tamination by ghost tracks (reconstructed tracks with no real counterpart, produced by
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Figure 4.1. Efficiency on the signal photon of the LOPhoton (blue) and LOElectron
(red) requirements, or the combination of both (black) on offline-selected
B° — K*% and B? — ¢y MC11 signal as a function of the Et cut on the
offline-reconstructed photon.

spurious track hit combinations). To solve this problem, the L0 confirmation strategy,
where the HL'T1 line “confirms” the corresponding L0 candidate by adding tracking in-
formation, was abandoned, and the HLT1 alleys' were replaced by the single track [126]
and muon triggers [127].

The HLT1 trigger strategy for radiative decays in 2011 revolves around the single
track trigger. In it, a single detached high momentum track is searched for in a region of
interest defined by a straight VELO track segment and its assumed momentum, with-
out confirmation of the L0 trigger decision. The track used for triggering is required
to have:

o Good track reconstruction in the VELO, which is measured by the number of
VELO hits, the difference between the number of VELO hits and the expected
number of hits given the track direction and its first measured point, and by its
corresponding impact parameter.

0 A minimum momentum p and transverse momentum pr, since the B average
momentum at the LHC is high, ~ 100 GeV/c. Furthermore, only tracks over
a given p and pr threshold are considered at this stage in order to reduce the
search windows in the tracker stations, resulting in low timing requirements and
a reduced dependency of the reconstruction time on .

o Detachment of the track, measured by its IP 2.

0 Good quality of the track, measured by its x?.

!See [158] for a review of the HLT1 Electromagnetic Alley, which was the alley responsible for trig-
gering on electromagnetic objects, such as the photon.
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Although no LO confirmation is performed, the LO information is used in these lines
to trigger more effectively in some specific decay types, resulting in three single track
lines:

o The All L0 line (H1t1TrackA11L0), which runs on all LO Physics-passed events.

0o The Muon line (H1t1TrackMuon), which runs on LOMuon- or LODiMuon-passed
events, and benefits from the extra muonID cut to loosen most of the cuts applied
on the track.

o The Photon line (HltiTrackPhoton), which runs on those events passing the
LOPhotonHi or LOElectronHi channels, and makes use of the L0 photon require-
ment to relax the p and prt requirements on the track. This line was specially
added to aid in the trigger of radiative decays.

The gain obtained when adding a requirement B as the logical OR over a requirement
A is quantified by calculating

gB:NAORB_
A NA

With this definition, we can use MC to estimate the gain of adding the HLT1 Photon
line requirement to the HLT1 All LO line,

1. (4.3)

JitiTrackatito. ~ 13%, (4.4)
for both the B® — K*9y and B?— ¢.

Discarding the HLT1 Muon line, which does not provide any intrinsic gain, radiative
decays have two possible (non-exclusive) trigger paths in HLT1, the All L0 and the
Photon lines, the cuts of which are detailed in Table 4.2. On one side, the All L0 line
allows to trigger on harder tracks while keeping relatively low Et requirements on the
photon. On the other side, some of the efficiency lost by the All L0 line due to the pr
and p requirements on the track can be recovered by making use of the Photon line,
which loosens the requirements on the track at the cost of requiring a harder photon.
The combination of these two lines allows to cover a bigger phase space for triggering
radiative decays, as shown in Fig. 4.2.

Furthermore, adding LOHadron to the LO requirements would allow access to the
top-left region in Fig. 4.2. If we compute the gain, defined in Eq. 4.3, of adding
the LOHadron requirement on offline-selected MC11 events with the photon Et cut
loosened to E1 > 2 GeV and the HLT1 TOS selection, we obtain

LOHadron ~
JLoPhoton OR LOElectron ~ 1270, (4.5)

for both BY — K*%y and BY — ¢v. Thus, O(10%) more events would be available to
HLT2, but the effects of lowering the photon Et on the S/B ratio would have to be
assessed.

4.5. HLT?2 lines

The majority of trigger work in radiative decays in 2011 has been made on the HLTZ2,
resulting in an optimized set of lines which greatly exceed the performance of those
used in 2010.
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All L0 line Photon line

LO channel LO physics LOPhotonHi or LOElectronHi
Implicit photon Ex  (GeV) > 2.5 > 4.2

VELO track IP (pm) > 100 > 100

VELO track hits >9 >9

Missed VELO hits <3 <4

Track p (GeV/e) > 10.0 > 6.0

Track pr (GeV/c) > 1.7 > 1.2

Track x?2 <2 <2

Track IP 2 > 16 > 16

Table 4.2. Cut values for the HLT1 single track lines relevant to radiative decays for
2011. The implicit photon ET cut corresponds to the photon cut in the L0
channels on which the given HLT1 line runs.
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Figure 4.2. Distribution of the mazimum prt of the vector meson daughter versus the
photon Er on MC11 offline-selected events (the track pr and photon Er
cuts have not been included) for B® — K*%v (left) and B — ¢y (right). Su-
perimposed, the pr-Et cuts of the HLT1 All L0 single track line (solid line)

and the Photon single track line (dotted line), combined with the implicit
L0 photon cuts.

On one side, the HLT2 exclusive lines used in 2010 were optimized from their original
version in order to improve their signal selection efficiency. On the other side, an
inclusive approach has been tested by studying a set of already existing lines, the HLT?2
Topological trigger, by introducing a new set of lines, the HLT2 Radiative Topological
trigger, and by improving the useful inclusive ¢ line. Furthermore, a new procedure for
reconstruction of the calorimeter in the HLT2 has been developed in order to diminish
the timing problems of those lines that make use of photons.
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4.5.1. Calorimeter Reconstruction in HLT?2

As it has already been discussed, timing is critical when dealing with trigger algo-
rithms due to the limited time available to make a decision. For this reason, the only
reconstruction performed upfront in the HLT2 is the tracking, limited to long tracks
with pp > 500 MeV/e. All other reconstruction algorithms, such as the PID or the
calorimeter, are triggered on demand when needed by specific lines. Therefore, one
must be very careful to trigger on-demand reconstruction as efficiently as possible in
order to avoid excessive CPU consumption, e.g., filtering the tracks by making use of
kinematic criteria before making any RICH PID requirement.

Dealing with trigger lines that make use of photons implies dealing with calorimeter
reconstruction. Reconstruction of the calorimeter in the HLT2 has been a long standing
problem in LHCb owing to the fact that it was not optimized for online running. In
fact, the online calorimeter reconstruction mainly consisted in the offline code with the
necessary software tweaks to allow it to run in the Online context.

The offline calorimeter reconstruction takes ~ 56 ms/event, the slowest parts being:

o Clusterization, in which energy deposits in the individual ECAL cells are grouped
together using a Cellular Automaton algorithm [159] to form clusters. This clus-
tering algorithm is based on finding local energy maxima in the calorimeter,
defining them as the cluster seed and iteratively adding neighboring cells to it.
Having to perform the clustering procedure for the full calorimeter is thus a slow
process in HLT2 timing terms.

o Track matching for Calorimeter PID, in order to separate charged from neutral
calorimeter particles. As detailed in §3.4.4, the distance of each of the tracks to
the energy cluster needs to be calculated, and doing this for each track and each
cluster results in the use of a large number of CPU cycles.

To reduce the time consumption of the calorimeter reconstruction, these two issues
need to be addressed. Namely, steps need to be taken to reduce the number of clusters
being built and to eliminate the need for track matching. Given these premises, a new
calorimeter reconstruction procedure for the HLT2 was designed and introduced after
the June 2011 LHC technical stop.

In the new procedure, clusters are only searched for in 3 x 3 regions of interest defined
by LO calorimeter candidates (LOCaloCandidates) above a certain Et threshold and
the CaloPID of the associated particle is defined by the type of LO candidate. This
method presents three main advantages in the HLT context:

o0 Fewer clusters are built due to Et cut on the LOCaloCandidates.

0 Better scalability with the number of visible interactions due to the fact that
there is only one L0OCaloCandidate per Validation Card and per LOCalo type,
and thus the maximum number of LOCaloCandidates per type is equal to the
number of Validation Cards, 28. Therefore, processing time is less affected by
event multiplicity.

o No need for track matching.

Moreover, this procedure can be used not only for photons, but also for electrons
and 70, using the following inputs for clusterization:
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o0 Photons are built from LOElectron or LOPhoton LOCaloCandidates with Er >
2000 MeV.

O FElectrons are built from LOElectron LOCaloCandidates with Er > 300 MeV.

o Neutral pions are built from LOElectron or LOPhoton L0CaloCandidates with
Er > 300 MeV.

The clustering process is therefore performed three times, albeit using a very limited
number of calorimeter cells, and the resulting objects are stored in three different loca-
tions. While this adds some inefficiencies due to duplication of cluster reconstruction,
having three separated containers allows to have a much faster CaloPID assignment
since the track matching step is no longer necessary.

The timing and performance of L0-based calorimeter reconstruction have been tested
on simulated B — K*0v events, and compared to the previous offline-like reconstruc-
tion. The results of this comparison can be seen in Table 4.3. Tasks performed in
both cases, like the unpacking of the RAW event, which takes 0.9 ms/event, are not
taken into account because there is no improvement to be made in that respect. In
total, the LO-based reconstruction takes 9.3 ms/event while the offline-like reconstruc-
tion takes 27.5 ms/event, i.e., the new reconstruction procedure is 3 times faster. More
specifically, there is a ten-fold and a four-fold speed increase in clustering and particle
reconstruction, respectively.

Offline-like reconstruction  LO-based reconstruction

v et ol Total ~y et 70 Total

Clustering (ms/evt) - - - 3.1 0.08 0.13 0.07 0.28
Particle reco (ms/evt) 8.4 1.7 4.4 14.5 03 15 1.6 3.4

Table 4.3. Timing comparison of the clustering and particle reconstruction parts be-
tween the offline-like and the LO-based calorimeter reconstruction.

Having only one L0CaloCandidate per Validation Card and type has the downside
that some efficiency is lost. The new HLT2 calorimeter reconstruction produces a 7.5%
lower rate, and the TOS efficiency for photons is reduced by ~ 6%.

4.5.2. Exclusive radiative lines

The exclusive HLT2 lines for radiative decays consist in one line for B? — K*0v
(H1t2Bd2KstGamma) and one for B? — ¢y (H1t2Bs2PhiGamma), plus several prescaled
monitoring lines. In each of them, the target decay is reconstructed using roughly the
same procedure as it is done for offline analysis: two oppositely-charged tracks are
combined to build the vector meson V', which is then combined with a photon to build
a B candidate.

At the end of the 2010 data taking period, several changes were introduced to the
lines in [130] in order to cope with the running conditions, adapt the HLT2 strategy
to the HLT'1 changes, and to increase the overall signal retention:

o The HLT2 lines were running on the output of the HLT1 Photon line of the HLT'1
Electromagnetic alley, which performed the confirmation of LOPhoton candidates.
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Therefore, following the ideas discussed in §4.3, to increase the global trigger
efficiency of radiative decays events coming from the LOElectron channel were
been included in the trigger path. Thus, events entering the HLT2 radiative
exclusive lines are required to have fired either LOPhoton or LOElectron.

o The replacement of the HLT1 alleys, including the Electromagnetic alley, by
the single track lines, triggered the removal of the explicit dependence on any
HLT1 lines, leaving only a requirement that events should have been trigger
by any HLT1 physics line. As can be seen in Fig. 4.2, explicitly requiring the
single track trigger removes a sizeable amount of events that would otherwise be
selected offline. Therefore, removing the HLT1 single track requirement from the
HLT?2 lines allows to select more signal events, even if they are TIS; this helps in
those analyses that don’t require any knowledge of the trigger efficiency, such as
the CP asymmetry for BY — K*0~.

o The HLT2 lines were completely rewritten before the 2011 run, adding a cut in
the quality of both charged tracks and improving their speed by applying the
cuts in the correct order —fastest, more discriminant, first. The value of the B
candidate IP x?, K*° mass window and V vertex x? cuts were relaxed, adapting
to the experience with 2010 data. The final cuts used to filter the candidates,
looser than their offline counterparts, are summarized in Table 4.4.

o The use of the new calorimeter reconstruction was adopted after the June tech-
nical stop, greatly improving the timing budget of these lines.

The changes in the LO and HLT1 dependency, combined with the optimized code,
result in half the execution time, approximately one third of the rate and double the
efficiency with respect to 2010.

In addition, the monitoring lines for B — K*9y and BY — ¢~y were optimized in order
to help in the estimation of possible biases produced by the trigger cuts, prescaled to
1/20 and 1/10, respectively:

o Wide B and B? invariant mass window lines, H1t2Bd2KstGammaWideBMass and
H1t2Bs2PhiGammaWideBMass, which can be used for checking for the appearance
of structures in the background mass distribution.

o A wide K*¥ invariant mass window line, H1t2Bd2KstGammaWideKMass, to see the
full line shape of the resonance, since the mass window cut in the non-prescaled
line must be kept tight, at twice the natural width of the K*°, to keep the rate
under control. The analogous line for the ¢ is not necessary, because its narrow
width allows to have a wide cut of 50 while keeping a reasonable rate.

The efficiency of these improved exclusive lines on simulated data is shown in Ta-
ble 4.5. The table showcases that the exclusive lines are very effective in selecting those
events for which they were designed, particularly when taking into account that these
efficiencies include a 6% loss of efficiency due to the new HLT?2 calorimeter reconstruc-
tion. Furthermore, it can be seen that the BT — ¢ KT~ and BT — K*97 %y decays
have a fairly high TOS efficiency with the exclusive line that contains the same vector
meson, mainly due to the loose IP and DIRA cuts on the B candidate.
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B? — K*04 line B — ¢y line
Track p (MeV/c) > 5000 > 5000
Track pr (MeV/e) > 500 > 500
Track x? <5 <5
Track IP y? > 10 > 10
V AMppg  (MeV/c?) < 100 (200) <20
V vertex x? < 16 < 25
Photon Et (MeV) > 2600 > 2600
B IP y? <25 <25
B DIRA (mrad) < 63 (140) < 45 (140)
B AMppg  (MeV/c?) < 1000 (2000) < 1000 (2000)
L0 channel LOPhoton or LOElectron LOPhoton or LOElectron
HLT1 lines HLT1 Physics HLT1 Physics

Table 4.4. Cuts applied in the HLT2 exclusive lines for B®— K*%y and B? — ¢y, sepa-
rated in track cuts, vector meson V' cuts, photon cuts, B candidate cuts and
trigger filters. Cut values for the monitoring lines can be found in parenthe-
ses, when applicable.

H1t2Bd2KstGamma (%) H1t2Bs2PhiGamma (%)

B — K*0 85.6 + 0.3 0.002 £ 0.004
BY — ¢y 35.4+0.4 89.4 +0.2
Bt —¢Ktny 17.5+0.8 18.0£0.8
Bt 5 K 0xty 4224+ 1.8 0.54+0.2

Table 4.5. TOS efficiency of the HLT2 exclusive lines over L0 and HLT1 TOS, de-
fined as LOPhoton TOS or LOElectron TOS and H1t1TrackAl1lLO TOS or
Hlt1TrackPhoton TOS, respectively, in offline-selected simulated samples
with TCK 0z2790038.

4.5.3. HLT2 Topological lines

The HLT?2 topological trigger family is a group of lines designed to trigger inclusively
on 2-,3- and 4-body B decays, regardless of the B flavor, keeping a high efficiency on
signal data and a very low background retention [129]. To achieve inclusiveness, cuts
on variables such as the B candidate mass, the DIRA or the IP of such candidate
cannot be used; instead, cuts on quantities that preserve inclusiveness are employed.
Furthermore, if a trigger candidate only contains a subset of its daughter particles,
the mass of the candidate will be less than the mass of the corresponding B meson,
and therefore mass cuts need to be avoided. The corrected mass variable, defined as

Mcorrected = \/m2 + |pT,missing|2 + |pT,missing|a (4'6)

where pr missing is the missing momentum transverse to the direction of flight of the B
candidate, can be used to account for missing daughters of a decay without knowing

86



4.5. HLT?2 lines

how many there are or of which type they are, as shown in Fig. 4.3. The value of
Meorrected COrTesponds exactly to the mass of the B candidate if the missing particle is

massless.
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Masses from B— Knnt decays for the 2-body (left) and 3-body (right) topo-
logical trigger candidates. In each plot, the measured mass of the 2- or 3-
body object is shown shaded, while the corrected mass obtained using FEq. 4.6
is shown as a solid line. This figure has been taken from [129].

The HLT2 topological lines were introduced in 2010 as a set of cut-based lines,
providing very good performance with good signal retention and high background
rejection. However, with 2011 conditions —more colliding bunches— the background
rejection needed to be three times higher in order to keep the same rate, and this
could not be achieved with simple cuts without compromising the signal efficiency. For
this reason a multivariate approach was introduced, using the Bagged Bonsai Decision
Tree (BBDT) method [160], a discretized version of the Bagged Decision Tree [161].
This method performs simple few-dimensional cuts in regions of the phase space with
low background, and complex many-dimensional cuts in regions with high levels of

background.

In the 2011 topological lines, the following strategy was used:

1. Upfront cuts in track x2, pr, p, IP x? and candidate mass are performed.

2. Regions with low background are factored out of the BBDT and simple cuts are

applied.

3. The full 7-dimensional BBDT cut is performed in high background regions. The
variables included are the sum of pr of the tracks, the minimum track pr, the
candidate mass and corrected mass, the distance of closest approach (DOCA)
between the tracks, defined as the minimum distance between the vectors defined
by the momentum of the tracks, their IP y?, and the flight distance x? of the
candidate.

A cut-based version of the topological, so-called Simple, is also kept to provide cross
checks of the multivariate decision. However, its cuts have been tightened to keep up
with the rate budget, and therefore its signal efficiency is significantly lower.
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While very effective for many of the key channels in LHCb [162], it can be seen in
Table 4.6 that the HLT2 topological lines are not as effective with radiative decays,
mainly due to the presence of the photon, which is not used as an input object in these
lines. However, as expected, it can be seen that a significant efficiency is obtained for
the three-body decays, both in the 2-body and 3-body lines.

If the 2- and 3-body BBDT lines are combined, efficiencies of (50.1 + 1.1)% and
(48.841.8)% are obtained for BT — ¢K T and BT — K*Or T, respectively. Therefore,
the combined efficiency of the BBDT-based topological is slightly higher for the 3-
body decays, and thus some of the efficiency lost by the exclusive HLT2 lines can be
recovered.

2-body 3-body
Simple (%)  BBDT (%)  Simple (%)  BBDT (%)
BO—>K*O’7 9.8+ 0.3 33.1+04 0.026 £0.014 0.018 £0.012
BY— ¢y 18.5+£0.3 47.1+04 0.050+0.017 0.052+£0.017
BT — oK™y 6.7+ 0.5 42.1+£1.1 8.9+ 0.6 36.3+1.0
Bt - K0ty 9.5+1.0 43.2+ 1.8 4.1+£0.7 28.7+1.6

Table 4.6. TOS efficiency of the HLT2 topological lines over L0 and HLT1 TOS, de-
fined as LOPhoton T'OS or LOElectron TOS and Hlt1TrackA11LO TOS or
Hlt1TrackPhoton TOS, respectively, in offline-selected simulated samples
with TCK 0x790038.

4.5.4. HLT?2 Radiative Topological lines

The HLT?2 radiative topological lines have been designed to efficiently trigger on any B
decay with at least two tracks and one high- F1 photon, and their goal is to improve the
efficiency provided by regular topological lines to radiative decays. This is achieved by
adopting an inclusive strategy very similar to that used by the cut-based topological
trigger and making use of the photon information to lower the rate.

In the radiative topological lines the B candidates are built as follows:

1. Tracks are selected following usual momentum and quality criteria, as shown in
the first section of Table 4.7.

2. A 2-body object is built using two selected tracks, with cuts detailed in the second
section of Table 4.7. This di-track object is filtered according to the DOCA of
the two tracks, the quality of its vertex and its pr. The mass of this object is also
limited in order to avoid selecting too-heavy intermediate particles. In addition,
it is required that at least one of the tracks of the combination has a lower y?
than in the previous step.

3. The di-track object is then combined with a photon with Et > 2.5 GeV to build
a 3-body object, the B candidate. Candidates are selected with similar criteria
as the HLT?2 topological lines, that is, requiring a minimum pr, a corrected mass
range, a minimum flight distance of the candidate and a sum of the pr of the
daughters greater than 5GeV/c (see the fourth section of Table 4.7 for details).
The mass is not used in this case in order to maintain inclusiveness.
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Track p (MeV/c) > 5000
Track pr (MeV/c) > 700
Track x? <5
Track IP 2 > 10
Min track x? <3
Di-track DOCA (mm) < 0.15
Di-track vertex x?2 <10
Di-track mass (MeV/c?) < 2000
Di-track pr (MeV/c) > 1500
Photon Er (MeV) > 2500
Candidate pr (MeV/c) > 1000
Candidate Meorrected (MeV/c?) > 4000, < 7000
Candidate FD x? > 64
Daughters ¥ pp (MeV/c) > 5000
# of forward tracks with pp > 500 MeV/c < 120

Table 4.7. Selection criteria for the HLT2 radiative topological lines, divided in sections.
The first section details the cuts on input tracks, the second the di-track com-
bination cuts, the third the photon cuts, the fourth cuts on the B candidate
and the last one is the GEC.

In addition, a Global Event Cut (GEC) on the track multiplicity is applied in order to
reject events with a high level of background.

Furthermore, in order to achieve robustness under possible changes of the L0 trigger,
two different radiative topological lines, with different LO and HLT1 requirements, have
been introduced:

o L0 photon line (H1t2RadiativeTopoPhotonL0): this line runs on those events
that have passed either the LOPhoton or the LOElectron lines, and any HLT1
physics line. The requirements are similar in this case to the exclusive lines, but
the efficiency of the line is highly dependent on the LOPhoton and LOElectron
threshold, i.e., a higher cut on the E1 would imply a sizeble loss of efficiency.

o HLT1 Track TOS line (Hl1t2RadiativeTopoTrackT0S): this line requires the
event to pass one of the HLT1 Track lines and requires that one of the used
tracks was actually responsible for firing the HLT'1 track trigger —this is the so-
called TOS track filter. Thus, this line allows to recover those events that haven’t
been triggered on the photon by triggering on one of the daughter particles of the
2-body object. It is thought of as backup of the L0 photon line in the event that
the LO thresholds were to be increased, but it will also be useful in the scenario
where the photon Et requirement of the radiative selections is lowered and the
LOHadron is added to the current TOS selection.

To assess the effect of the HLT1 Track TOS line, trigger efficiencies with SPD multi-
plicity < 600 and thresholds of LOPhoton and LOElectron set at 4.2 GeV —a possible
scenario for a high luminosity TCK— have been considered. The effect of increasing
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the threshold of LOPhoton and LOElectron is a ~ 30% efficiency drop in the exclusive
lines —and similarly in the radiative L0 Photon TOS line. In this case, the HLT1
Track TOS line only loses ~ 10% of its efficiency thanks to the LOHadron channel.

As explained previously, the HLT2 topological lines used in the 2011 data taking
period include a multivariate-based selection (BBDT) that allows to achieve a very
high efficiency on signal while rejecting most of the background. At the end of the
2011 data taking period, two extra lines for radiative decays have been incorporated
to the topological trigger to benefit from this multivariate technique:

o A 2-body BBDT line (H1t2TopoRad2BodyBBDT) which runs on the output of
LOPhoton and LOElectron. This line builds the 2-body object from a track and
a photon, and therefore cuts need to be very tight in order to reject combinatorics.

o A 3-body BBDT line (H1t2TopoRad2plus1BodyBBDT) in which one of the bodies
is forced to be a photon; it is therefore a 2 track plus one photon line. This line
benefits from the presence of the photon, which allows to loosen the BBDT cut
while keeping a reasonable rate.

Both lines apply a TOS track filter.

The efficiency of the HLT2 radiative topological lines has been assessed on MC
simulation and documented in Table 4.8. In it we can see that, in general, the BBDT-
based lines outperform the cut-based lines, specially in the case of B® — K*Ov and
BY — ¢y. When comparing to other HLT?2 lines, the radiative topological provides
efficiencies only slightly lower than the exclusive lines for B® — K*%y and B? — ¢y, but
the improvement with respect to the regular topological lines ranges is approximately
two-fold.

Cut-based (%) BBDT-based (%)

B — K*0y 75.6 0.4 80.5 4 0.4
BY— ¢y 77.3+0.3 84.44+0.3
BT —¢K*ry 90.0 + 0.6 91.440.6
Bt — K01ty 89.3 £1.1 91.5 £ 1.0

Table 4.8. TOS efficiency of the cut- and BBDT-based HLT2 radiative topological lines
over L0 and HLT1 TOS, defined as LOPhoton TOS or LOElectron TOS and
H1t1TrackA11LO TOS or HltiTrackPhoton TOS, respectively, in offline-
selected simulated samples.

A detail on the individual performance of the BBDT-based lines is shown in Ta-
ble 4.9. The 2-body radiative line, which uses one track and one photon as input, does
not add any significant efficiency, and thus its removal should be considered.

4.5.5. Inclusive ¢ line

The inclusive ¢ trigger provides a robust and transversal trigger for radiative decays
involving ¢ vector mesons, such as BY — ¢~y and Bt — ¢K . It looks for detached ¢
mesons built from pairs of oppositely charged tracks identified as kaons by making use
of RICH information.
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2-body BBDT (%) 3-body BBDT (%)

BY— K*0~ 51.0 £ 0.4 80.2 +0.4
BY— ¢y 66.4 4+ 0.4 84.04+0.3
Bt —¢Kty 63.24+1.0 90.74+0.6
Bt - K71ty 62.4+1.7 91.14+1.0

Table 4.9. Detailed TOS efficiency of the 2- and 3-body BBDT-based HLT?2 radiative
topological lines over LO and HLT1 TOS, defined as LOPhoton TOS or
LOElectron TOS and Hlt1TrackA1l1LO TOS or Hlt1TrackPhoton TOS,
respectively, in offline-selected simulated samples.

The current implementation, which has been running throughout 2010 and 2011,
has been designed based on the DC06 inclusive ¢ stream [131]. In it, ¢ candidates are
built in a three step process, with the corresponding cuts listed in Table 4.10:

1. Reconstructed tracks with RICH information are filtered according to their pr,
IP x? and quality. A cut in DLL is also applied to improve the kaon purity of
the track sample.

2. Opposite sign tracks are combined to build ¢ candidates. Prior to the vertex fit,
a cut in the DOCA of the two tracks is applied, and afterwards the pr and the
vertex quality are used for filtering bad combinations.

3. ¢ candidates are further filtered by applying a HLT1 Track TOS requirement.

Before this process is performed, a GEC on the number of tracks is also applied. This
cut, along with the TOS filter applied in the third step, was added in order to reduce
the rate of the ¢ lines, which was ~ 575 Hz at the beginning of 2011, to ~ 36 Hz [163].

Track pr (MeV/c) > 800
Track x? <5
Track IP y? > 6
Track DLLg >0
¢ tracks DOCA (mm) <0.2
¢ vertex x2 < 20
¢ mass window (MeV/c?) 20
¢ pr (MeV/c) > 1800
# of forward tracks with pp > 500 MeV/c < 120

Table 4.10. Selection criteria for the HLT2 inclusive ¢ line, divided in sections. The
first section details the cuts on input tracks, the second on the ¢ candidate
and the last one is the GEC.

The performance of the inclusive ¢ lines has been evaluated on the offline-selected
MC B? — ¢y and BT — ¢ Kt~ samples. Considering a TOS selection of LOElectron
or LOPhoton, and HLT1TrackA11LO or HLT1TrackPhoton, the efficiencies of this line
on the relevant radiative decays are detailed in Table 4.11. While the efficiency on
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the B? — ¢ is the highest among the studied lines —even the exclusive one—, the
performance of the inclusive ¢ trigger on BT — ¢ K T+ is lower, mainly due to the high
pr cut. In the latter case, the radiative topological lines provide a better efficiency.

Inclusive ¢ (%)

BY— ¢y 95.51+0.15
Bt oKty 81.440.8

Table 4.11. TOS efficiency of the HLT2 inclusive ¢ line over L0 and HLT1 TOS, de-
fined as LOPhoton TOS or LOElectron TOS and H1t1TrackA11LO TOS or
Hlt1TrackPhoton TOS, respectively, on offline-selected simulated samples.

Furthermore, the gain of adding the inclusive ¢ trigger to the B? — ¢y HLT2 exclu-
sive TOS selection is found to be, in simulation,

H1t2IncPhi -~
9H1t2Bs2PhiGamma ~ 9%, (4~7)

making it a very interesting trigger for BY — ¢~ analyses, such as the photon polariza-
tion, which need a sizeable amount of statistics.

4.6. Exclusive strategy

The exclusive trigger approach for radiative decays relies on selecting the photon at
L0 and performing a loose selection for B® — K*%y and BY — ¢~ in HLT2. In the case
of those B — K*0v and B?— ¢y analyses that need to account for trigger efficiencies,
such as the one in Chap. 5, it is required that the signal photon has fired L0, one of the
daughter tracks of the V meson has fired HLT1, and finally that offline B candidate
matches the one that has been built in HLT2. In other words, the offline-selected
signal is either LOPhoton TOS or LOElectron TOS in L0, H1t1TrackA11L0 TOS or
Hlt1TrackPhoton T'OS in HLT1 and TOS in the corresponding HLT2 exclusive line,
either H1t2Bd2KstGamma TOS or H1t2Bs2PhiGamma TOS.

Detailed trigger MC efliciencies per TCK with this TOS selection are shown in
Table 4.12. In it one can see that the TOS efficiency for the 2011 trigger has been very
uniform except for two TCKs:

0 0x360032 corresponds the 2010 trigger configuration: in it, the HLT2 exclusive
lines run on the output of the H1t1.*Photon. * lines, predecessors of the HLT1
track trigger. The low efficiency of this TCK highlights the sizeable improvement
achieved with respect to 2010 thanks to the changes detailed in §4.5.

O 0x740036 is a test TCK with a LOPhoton and LOElectron cut of Ep > 3GeV
and the SPD multiplicity cut decreased to 450.

However, as one can see in Table 3.1, the contribution of these two TCKs is not relevant
to the total luminosity, as they only contain 38.8 pb™! of the ~ 1 fb™! of data that
have been collected in 2011.

Furthermore, it can also be identified the decrease in efficiency of ~ 6% caused by the
introduction of the new L0-based calorimeter reconstruction for the HLT2, as discussed
in §4.5.1, since TCK 0x760037.
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TCK B K*0 (%) BY— ¢y (%)

0x360032 26.5+0.2 28.3+0.2
0x480032 51.5£0.3 55.5£0.3
0x4A0033 51.4£0.3 55.3£0.3
0x5A0032 51.3+0.3 55.2+0.3
0x5B0032 51.3+0.3 55.3£0.3
0x5D0033 51.3+0.3 55.4£0.3
0x6D0032 51.3£0.3 55.3£0.3
0x700034 51.2+0.3 55.2+0.3
0x710035 51.2£0.3 55.3£0.3
0x730035 51.3+0.3 55.3+£0.3
0x740036 41.3+£0.3 44.9+£0.3
0x760037 48.3+0.3 52.2+0.3
0x790037 48.4£0.3 52.3£0.3
0x790038 48.3+0.3 52.2+0.3

Table 4.12. Full exclusive for B — K*%y and B? — ¢y TOS efficiencies by TCK, com-
puted as the ratio between the events that pass the trigger TOS requirements
over the total number of events on the MC offline-selected sample.

Having exclusive trigger lines for each of the radiative channels has the obvious
benefit that the selection strategy and cuts in each line can be tailored to the specific
decay being studied. This strategy allows to extract the best possible signal efficiencies
for these channels, but it does not provide a significant triggering efficiency for other
decays: the trigger efficiency for B® — K*9y and BY — ¢y with the exclusive strategy
is around 50%, while the efficiencies for B* — ¢ Kty andBT — K*0nty are ~ 16%
and ~ 25%, respectively. These two last channels benefit from their similarity to the
main BY — K*%y and BY — ¢, but decays like the baryonic Ay — A%y do not benefit
from such effects and thus their trigger efficiency is significantly lower.

Therefore, while providing excellent efficiency for the included lines, the exclusive
approach in trigger presents the following disadvantages:

0 The efficiency on channels that are not selected by one of the exclusive lines is
low. A sizeable fraction of events are lost —and cannot be recovered— while
a specific channel doesn’t have its own exclusive line and hence there is no real
possibility for data-mining.

o More maintenance is needed to keep up with the needs of the experiment and
the analyses, i.e., modifying cuts and adding new lines as they are needed.

o Background retention and timing increase with the number of lines.

To mitigate these problems, the solution is to move to an inclusive strategy, in
which generic signatures of B decays (displaced vertices, pairs of high-py tracks, etc.)
are searched for, provided that the efficiency for signal events can be kept at a similar
level.
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4.7. Inclusive strategy

The inclusive trigger approach for radiative decays aims at selecting those events which
contain the typical signatures of B decays with the addition of the distinct high-FEr
photon signal. Robustness is provided by triggers not relying in the photon, namely
the inclusive ¢ trigger, which relies on online PID cuts for selecting a pure kaon sample,
and the HLT2 topological trigger.

Three sets of HLT2 inclusive lines have been considered in §4.5:

o The topological lines, widely tested and used in LHCb, which have provided the
base ground for subsequent inclusive trigger studies.

o The radiative topological lines, inspired in the previous lines, have been tailored
for radiative decays by requiring the presence of a high- Et photon.

o The inclusive ¢ line, which selects events containing a detached ¢ vertex, provides
robustness to the trigger strategy of radiative decays containing a ¢.

The L0 and HLT1 TOS strategies are the same as in the exclusive case, i.e., LOPhoton
or LOElectron TOS for LO and H1t1TrackA11LO or H1t1TrackPhoton TOS for HLT1.
The inclusion of the LOHadron TOS requirement only adds efficiency in the case of
considering a photon Et cut lower than the L0 electromagnetic transverse energy cut
of 2.5 GeV. Since neither the Stripping nor the offline selection has been optimized for
this situation and hence contain a cut in the photon Er, the addition of the LOHadron
requirement will be considered during 2012, as will discussed in §4.9.

The MC efficiencies of the different trigger paths defined by the different inclusive
HLT2 requirements are summarized in Table 4.13.

The highlighted trigger lines in the table easily show that the best performance
is obtained by using the BBDT-based radiative topological lines, except in the case
of BY — ¢, where the inclusive ¢ trigger offers a better efficiency. Furthermore,
comparing these results with those in Table 4.12 we can conclude that the inclusive
approach outperforms the exclusive one in three of the four studied channels, being
B — K*9% the only exception.

BBDT-based Cut-based BBDT-based

Topo (%) Radiative (%) Radiative (%) Inclusive ¢ (%)
B — K*0y 18.7+£0.3 42.74+0.3 45.5+0.3 -
BY— ¢y 27.5+0.3 45.1£0.3 49.2 £0.3 55.7+0.3
Bt s ¢KTry 30.4+0.8 54.7+£0.8 55.6 £ 0.8 49.5+0.8
Bt 5 K7ty  283+1.2 51.84+1.3 53.1+1.3 -

Table 4.13. Full inclusive TOS efficiencies for radiative B decays, computed for the
0x790038 TCK as the ratio between the events that pass a given TOS re-
quirement over the total number of events on the MC offline-selected sam-
ple. The LO and HLT1 requirements are the same in all cases, LOPhoton or
LOElectron TOS for LO and H1t1TrackA11LO or Hlt1TrackPhoton TOS
for HLT1, and the HLT2 TOS requirement is added on top of that. The
most efficient trigger for each decay has been highlighted.
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However, the comparison between exclusive and inclusive approaches is still missing
the study of the background rejection for each line, i.e., the signal-over-background
ratio, S/B. This last piece will be studied directly on data in the next section.

4.8. Performance in 2011

The performance of the trigger strategies defined in the previous sections has been
evaluated on Monte Carlo and using the 2011 data. Two aspects of the performance of
the lines have been studied: the efficiency on offline-selected signal has been evaluated
on both data and Monte Carlo, and the event retention (rate) has been determined from
real data, both running offline and by making use of the instantaneous rate monitors
in the Online System.

Performance for channels not included in the exclusive set of lines, such as BT —
¢K+~y and Bt — K*07 %+, will not be shown due to the lack of suitable Stripping lines
in the Strippingl7 configuration. At the time of writing, this deficiency has been
solved and they have been added to the Strippingl7b configuration, but data have
still not been processed with it.

4.8.1. Efficiency

The TISTOS method detailed in §4.2 can be used to evaluate the TOS efficiencies
of the different HLT2 lines on 2011 data. However, the real data sample contains a
mixture of signal and background events, which needs to be disentangled in order to
correctly evaluate the signal TOS efficiency. The ¢Plot technique [164], a statistical
tool which can be used to unfold the different contributions of different sources to the
distribution of a data sample in a given variable, can be used to separate the signal
from the background contribution.

However, applying the TIS criteria on the offline selected sample produces a sizeable
reduction of the available statistics. Given the available statistics, the adopted TIS
criteria are the most general possible, LOGlobal, H1t1Global and H1t2Global, mean-
ing that an event will be considered TIS if there is at least one TIS decision in L0, one
in HLT1 and one in HLT?2.

In the case of B® — K*0y, the size of the signal sample obtained with the ,Plot
technique is reduced from 6106 events to 160 TIS events for the full 1.0 fb~! of data
recorded in 2011; for BY — ¢, the number of TIS events is 20, from a 781 event
sample. The low number of TIS events available for B — K*%y and B? — ¢, 160 and
20 events, respectively, greatly limits the possibilities of applying the TISTOS method
to extract the trigger efficiencies from data.

Exclusive lines

The global TOS efficiency for the B® — K*9+ exclusive lines, calculated on TIS events,
is found to be o o
enoa T = (5T £ 4)%, (4.8)

which is higher than the value found in simulation, shown in Table 4.12. The calculation
of the TOS efficiency of the HLT2 B — K*0y exclusive line on events passing the TIS
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requirement and the LO and HLT1 TOS requirement is found to be
BO K*O
enrratos = (84 £ 3)%, (4.9)

compatible with the value computed from MC, (85.6 &+ 0.3)%, as shown in Table 4.5.
The reason for the inconsistency in the global TOS efficiency can be traced to the LO
TOS efficiency. In particular, of the LO TOS efficiencies,

Gril:ﬁz%os = (50+£4)% and ef()(si(c*tor’lnTOS = (42+4)%, (4.10)
the LOElectron channel shows a higher efficiency than anticipated from MC (see
Fig. 4.1a).

Further insight can be gained without using the TISTOS method. The invariant
mass distributions for offline-selected B — K**v and B? — ¢ can be directly studied
and their respective yields extracted through unbinned maximum likelihood fits. While
this procedure doesn’t allow to calculate any absolute efficiency, it allows to assess
the relative efficiencies between the different trigger requirements by comparing their
yields and to determine their background rejection performance by comparing their
S/ B ratios; this is precisely the type of information that is needed to shape the trigger
strategies for the future data taking. The invariant mass distributions will be described
by a Crystal Ball function for the signal (see §5.3 for a motivation and details for this
distribution) and an exponential for the background.

Regarding the exclusive trigger strategy detailed in §4.6, one might wonder how much
is lost by applying the TOS requirement. For analyses that don’t need to account for
trigger efficiencies, dropping the L0 and HLT'1 requirements may help to recover events
with low-E1 photons or low-pr tracks which have been triggered by the other B in the
event. However, this comes with a cost in terms of the background level. In the case
of offline-selected BY — K*97 data, removing the TOS requirement produces a gain
in signal yield of ~ 15%, as can be seen in Fig. 4.4, but the S/B ratio is reduced by
30%. In the case of B — ¢, the presence of the inclusive ¢ trigger, with has a high
efficiency, slightly accentuates the difference between no trigger requirement and the
exclusive TOS requirement, which is ~ 20% as shown in Fig. 4.5. However, removing
the exclusive TOS selection induces a 40% decrease in the S/B ratio.

Inclusive ¢ line

It is also worth it to compare the yield for B? — ¢y events with an exclusive TOS
requirement, in Fig. 4.5b, with what is obtained replacing the HLT2 requirement for
a TOS requirement in the inclusive ¢ line, as shown in Fig. 4.6a. This comparison
showcases the importance of a line like the inclusive ¢, which is able to provide great
efficiency with a completely different —and somewhat transversal— triggering strategy,
adding robustness to the BY — ¢ selection. Even further, the inclusive ¢ trigger
benefits from adding the LOHadron in the LO TOS requirement, as shown in Fig. 4.6b,
and would allow to lower the E1 cut on the photon in the selection to recover some
events with high-pt ¢ daughters?.

2Unfortunately, the current Stripping for radiative decays contains a 2.5GeV cut in the photon
transverse energy, and therefore it is not possible to study these kind of events.
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Figure 4.4. Mass distribution for offline-selected B® — K*0v events without any trigger
requirement and with TOS requirement on the exclusive lines.
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Figure 4.5. Mass distribution for offline-selected B — ¢y events without any TOS
requirement and with TOS requirement on the exclusive lines.

Cut-based radiative topological lines

The cut-based radiative topological lines were added to the trigger after the LHC
technical stop in June, 2011. Therefore, in order to compare their performance with
the exclusive lines we have to restrict to a subset of the full data sample; specifically,
events from the 0x760037 TCK onwards are considered, adding up to ~ 700 pb~!.
Comparison between the exclusive lines and the cut-based radiative topological lines is
presented in Fig. 4.7. As predicted by the MC studies summarized in Table 4.12 and
Table 4.13, the exclusive lines are slightly more efficient: the ratio between the signal
yields in Fig. 4.7a and Fig. 4.7b, corresponding to B® — K*Y~, is 1.05 £ 0.05, while the
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Figure 4.6. Mass distribution for offline-selected BY — ¢y events with H1t2IncPhi TOS
requirement, with and without TOS requirement in the LOHadron line.

ratio of BY — ¢ yields for Figs. 4.7c-4.7d is 1.13 4- 0.09. However, it must be taken
into account the HLT2 exclusive lines are built the same way as the offline selection,
and therefore they offer the maximum possible signal efficiency; if the inclusive trigger
approach were to be adopted, both stripping and offline selections for radiative decays
would need to be adapted.

The other side of the coin in the comparison is the background retention, where the
radiative topological lines perform better, removing almost completely the high-mass
combinatorial background.

In summary, the cut-based radiative topological lines perform almost as good as the
exclusive lines, yield-wise, while providing at the same time an improved background
rejection. Furthermore, the track TOS line is free from any L0 requirements, and it can
eventually allow to access a lower Et for the photon with the same rate by tightening
the pr track requirement; this would allow to take advantage of the signal events that
pass through the LOHadron.

BBDT-based radiative topological lines

In order to assess the performance of the BBDT-based radiative topological lines,
introduced after the end-of-August technical stop, only data taken with the 0x790038
TCK, corresponding to ~ 360 pb~!, can be considered. The comparison between the
exclusive TOS, the cut-based radiative topological, and the BBDT-based topological
for BY — K*%y can be found in Fig. 4.8, while the analogous plots for B? — ¢, plus
the inclusive ¢ TOS, can be found in Fig. 4.9. Several conclusions can be extracted
from these figures:

o The BBDT-based radiative topological lines offer a performance almost up-to-par
with the exclusive lines, providing at the same time an excellent combinatorial
background rejection. The price that needs to be paid for this improvement is the
introduction of a multivariate method that performs complex cuts which cannot
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responds to a luminosity of ~ 700 pb~*, collected from June to the end of

the 2011 run.

be easily understood.

The BBDT-based radiative topological lines have big overlap with the regu-
lar topological lines because they are built together using the same machinery.
Therefore, adding the regular topological to the BBDT-based radiative topolog-
ical TOS, as done in Figs. 4.8e-4.9f, does not improve the efficiency. This is not
the case with the cut-based radiative topological, in which the addition of the
regular topological TOS requirement shown in Figs. 4.8¢-4.9d allows to recover
part of the efficiency and puts them at the level of the BBDT-based radiative

topological.

o In the case of B — ¢y, the performance of the inclusive ¢ trigger is outstanding:
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4. Trigger strategies for radiative B decays at LHCb

it provides the best efficiency with a good background rejection. Furthermore,
if it is added to the HLT2 TOS requirement, it pushes the radiative topological
lines to the same efficiency level as the exclusive line, as shown in Fig. 4.10.

4.8.2. Rate

The rate taken by the radiative HLT?2 lines has been tested on a real minimum-bias
data sample with 284k LO-Physics-passed (Routing Bit 11) events. Several trigger con-
figurations have been simulated with MOORE: the trigger configuration from October
2011, and the same configuration without the radiative exclusive lines, without the
cut-based radiative topological lines and without neither. Afterwards, the number of
events that pass each line have been converted to HLT2 rate by assuming a LO rate of
1 MHz.

A summary of the obtained results can be found in Table 4.14. In it, the rate
of the individual lines is given as the estimation obtained by simulating the trigger
on minimum-bias data and as the instantaneous online rate in real running condi-
tions [128|. Furthermore, the rate added to the HLT2 by the exclusive and radiative
topological lines is displayed.

Events Estimated rate (Hz) Online rate (Hz)

B — K*% exclusive 10 35411 27.501
BY — ¢y exclusive 2 7T+5 6.01389
Extra from exclusive lines 12 42+ 12 -

Rad. topological LO photon 76 268 + 31 254.335
Rad. topological Track TOS 59 208 + 27 175.323
Extra from rad. topological 52 183 £ 25 -

H1t2TopoRad2BodyBBDT 78 275 + 32 268.246
H1t2TopoRad2plus1BodyBBDT 129 454 £ 59 449.785
Inclusive ¢ 19 66 £ 21 55.2732

Table 4.14. Rate of the radiative lines, comparing i > 2 minimum-bias data and
the online rate in run 102422 (HLT2 at 2864 Hz, HLT2 topological rate
~ 1500 Hz). The rate added to the HLT2 by the inclusion of both the ex-
clusive and the radiative topological is also shown.

The cut-based HLT?2 radiative topological adds ~ 15% of rate to the regular topo-
logical trigger, 4 times more than the exclusive lines, with the benefit that many new
radiative decays are included. This is a crucial point because if an event is not triggered,
it is lost. Therefore, the cost of the adoption of the inclusive strategy is acceptable be-
cause it greatly opens the analysis possibilities for radiative decays, both in the present
and in the future.

4.9. Prospects for 2012

The LHCD trigger strategy in 2011 was inclined towards inclusiveness, as can be clearly
seen from the fact that the majority of the HLT2 bandwidth was dedicated to inclusive
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Figure 4.8.

ular topological TOS.

Mass distribution for offline-selected B® — K*0v events with HLT2 exclusive
TOS (top), HLT2 cut-based radiative topological TOS (middle) and HLT2
BBDT-based radiative topological TOS (bottom) requirements. The data
sample corresponds to a luminosity of ~ 360 pb~", collected from the end
of August to the end of the 2011 run.
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The data sample corresponds to a luminosity of

~ 360 pb~ ", collected from the end of August to the end of the 2011 run.
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Figure 4.10. Mass distribution for offline-selected BY — ¢y events with HLT2 exclu-
siwe (top), HLT2 cut-based radiative topological (bottom left), and HLT2
BBDT-based radiative topological (bottom right), plus inclusive ¢ TOS re-
quirement. The data sample corresponds to a luminosity of ~ 360 pb~',
collected from the end of August to the end of the 2011 run.

lines such as the HLT2 topological trigger. The usage of exclusive lines has been
reduced to those cases where it is completely necessary because the inclusive triggers
don’t provide enough efficiency, and always with the requirement of a low bandwidth.

Following this path, and given the excellent performance provided by the HLT2
radiative topological trigger at the end of 2011, the radiative decays trigger strategy
for 2012 will be also inclusive. Besides the fact that this strategy better accommodates
the experiment-wise trigger strategy, this decision is also motivated by the start of
several new analyses, such as the CP-asymmetry studies for BT — ¢K v and BT —
K*07t~, or the study of radiative decays of A, baryons, which were not favored by
the exclusive lines. Further studies involving other channels, such as the BY — K*0y
isospin-asymmetry, or the CP asymmetry of b — d~ transitions such as B — pvy, will

103



4. Trigger strategies for radiative B decays at LHCb

also be possible in the future because these decays will have already been triggered
with significant efficiency.

Based on the 2011 performance studies described in the previous section, the HLT?2
cut-based radiative topological lines have been modified to decouple the L0 Photon
and the Track TOS lines. The idea behind the changes is to use the LO Photon line to
select radiative events based on the distinct photon signature and use the Track TOS
line to recover radiative events with low Er photons. To achieve this goal, the Et
cut in the photon has to be lowered, and a cut in the maximum pp of the two used
tracks needs to be introduced to keep a reasonable rate. Exact values of these cuts are
still to be determined during the 2012 HLT commissioning period, but working values
are Ep > 2GeV for the photon and max(pr) > 3.5 GeV/c for the tracks, following
the transverse energy cut in LOHadron channel, which would imply a ~ 10% gain in
efficiency with a similar rate. If this improvement was indeed possible, stripping and
offline selection changes would need to follow this change.

The decision of which inclusive lines to use in 2012 will depend on the running con-
ditions and the necessary background rejection. Since cuts in the radiative topological
lines are currently placed at the limit of the phase space where no substantial effi-
ciency is lost, a need for further background rejection could imply a sizeable loss in
performance. In this scenario, the BBDT-based lines have the potential to provide a
better performance than cut-based ones, as it has already been shown in LHCb [160].
If no further reduction is necessary, and the modifications of the cut-based radiative
topological lines provide a similar performance as the BBDT-based ones, it would be
advisable to keep the cut-based lines because they are easier to interpret. In the case of
BY— ¢y and Bt — ¢K T+, the inclusive ¢ line provides robustness and extra efficiency.

In addition, it is interesting to keep the exclusive trigger lines as a way to cross
check the results obtained by making use of the radiative topological lines, specially de
BBDT-based ones, which may be hard to interpret. However, to do that their impact
on the overall HLT2 rate needs to be negligible. Therefore, the exclusive lines for
BY — K*%y and BY — ¢y have been be modified to lower their rate to an acceptable
level of O(1Hz). This rate reduction has been achieved by tightening the cuts in the
lines, effectively turning them into quasi-offline selections performed in the trigger, as
shown in Table 4.15.

The new, tighter exclusive lines have been tested with two minimum bias testing
samples, one with a higher y and the other with a low u, with 85,417 and 81,635
LO-Physics events, respectively; in addition, the tracking conditions in the HLT2 have
been modified to add downstream tracking and pr > 300 MeV/c and p > 3000 MeV/c
as the requirements for a track to be reconstructed® It has been found that no events
pass the exclusive radiative triggers in the high u sample, while one event passes the
H1t2Bd2KstGamma line in the case of the low p sample; this is equivalent to a rate of
5Hz with almost a 100% uncertainty.

Given the big uncertainty on their rate, these new lines will be checked during the
HLT commissioning work at the beginning of the 2012 run in order to determine with
more precision their rate and to make the proper adjustments. Possible modifications
to lower the rate include the addition of a track TOS filter or a GEC on the number
of tracks.

Summing up, an inclusive trigger strategy for radiative decays has been prepared for

3 At the time of writing, these were the working conditions for the HLT?2 trigger optimization for 2012.
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B? — K*04 line

BY— ¢y line

Track p (MeV/c) > 3000 > 3000
Track pr (MeV/e) > 300 > 300
Track x? <5 <5
Track IP y? > 20 > 20

V AMppc  (MeV/c?) <100 <20

V vertex 2 < 16 <25
Photon Et (MeV) > 2600 > 2600

B pr (MeV/c) > 3000 > 3000

B IP y? <12 <12

B DIRA (mrad) < 63 <45

B AMppg  (MeV/c?) < 1000 < 1000

L0 channel LOPhoton or LOElectron LOPhoton or LOElectron
HLT1 lines HLT1 Physics HLT1 Physics

Table 4.15. Cuts applied in the 2012 HLT2 exclusive lines for B — K*°v and BY — ¢,
separated in track cuts, vector meson (V') cuts, photon cuts, B candidate
cuts and trigger filters.

the 2012 LHC run, replacing the exclusive strategy used so far. Furthermore, all new
lines have been tested and checked at the end of the 2011 run, and have shown good
performance. However, it will be necessary to perform a thorough commissioning of
both the inclusive and the exclusive lines in order to adjust to possible changes in the
tracking conditions in HLT2, which could largely affect the retention rates.
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Measurement of the ratio
B(BY— K*v)/B(B)— ¢)

The main aim of this analysis is to extract the ratio of branching fractions of B — K*0~
with K*0 — K*7F and BY — ¢y with ¢ — K+ K~ and their complex conjugates'. From
this result, and using the well-measured value of B(B? — K*’v), the branching fraction
of BY— ¢7y can be extracted. This is the first analysis of radiative B decays performed
at LHCDb, and as such it requires a detailed study of elements, such as signal shapes
and associated backgrounds, which will extremely helpful in future analyses.

The heart of the measurement is the extraction of the signal yields for each channel.
To do that, the line shape of the mass distributions of the selected BY and B? can-
didates has to be determined, including a detailed account of all possible background
contributions. These yields need to be corrected for the efficiency of the selection and
the relative abundance of both B species in LHC collisions.

In this analysis, the B® and B? candidates are built by combining a vector meson
candidate, either a K*0 or a ¢, and a photon. The vector meson candidates are built
from pairs of oppositely charged tracks, a kaon and a pion in the case of the K*°
and two kaons in the case of the ¢. Those track pairs with an invariant mass located
within the defined mass window for each of vector mesons are combined with a photon
to calculate the invariant mass of the B candidates.

In order to obtain the best possible measurement, the selection is carried out follow-
ing the same procedure for both channels. In this way, most systematical effects cancel
out in the calculation of the ratio of efficiencies, resulting in a reduced uncertainty. For
a complete cancellation, both decays should have:

o The same photon efficiency.
o The same kinematics.
o The same topology.

However, this is not completely true in our case due to the different nature of the

!Throughout this chapter, whenever a mode is given, the charge conjugate is also implied.
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m (MeV/c?) I (MeV/c?)

K*0 895.94 + (.22 48.74+0.8
o 1019.455 + 0.020 4.26 + 0.04

Table 5.1. Mass and natural width of the K*° and ¢ resonances [21].

daughters of the vector mesons —and of the vector mesons themselves. Thus, the main
differences between the two decays are:

0 Since the BY — K*~4 contains one pion and one kaon in the final state and the
BY — ¢ contains two kaons, different particle identification requirements are
needed.

0 Due to the different width of the two resonances, as shown in Table 5.1, different
mass window requirements of the vector mesons need to be applied. The K*°
mass window —the mass difference to the nominal K*Y mass peak position start-
ing from which candidates are rejected— must be tighter than that of the ¢ in
order to reduce the contamination from random kaon-pion pairs.

o The difference between the masses of the ¢ meson and its daughters is very small
compared to the difference between the masses of the K*0 and its daughters.
Kaons coming from a ¢ are closer as there is few extra momentum that they can
take, whereas the kaon and pion coming from a K* can take a larger fraction of
momentum. This implies that the vertex reconstruction efficiency is different for
the two vector mesons.

The photon Et spectrum for both decays is very similar, as it will be seen in Fig. 5.18.
Therefore, the systematics associated to the photon cancel out if the selection and
reconstruction criteria are the same in both channels.

5.1. Data samples and software versions

5.1.1. Real data

The analysis is performed on events from the LHCb 2011 March-November running
period at /s = 7TeV, corresponding to a luminosity of 1.0 fb~!. This number differs
from the recorded luminosity quoted in §3.1 because the previous number comes from
the online measurement, and the number quoted in analyses comes from an offline
analysis procedure, which allows for a more precise luminosity estimation [165, 166].

The branching fractions of the two channels of interest are of the order of 107, as
seen in Table 1.3. Therefore, given the luminosity collected, and using the measured bb
cross section documented in early LHCb publications [97], the approximate number of
events in each channel produced in the LHCb acceptance before trigger, reconstruction
and selection is given in Table 5.2.

Data have been recorded with the Trigger Configuration Keys (TCK) detailed in
Table 3.1, each with its corresponding MOORE version, going from v10r2 to v10r9.
Data have been reconstructed using the Reco12 configuration with BRUNEL v41rl and
stripped with the Strippingl7 configuration with DAVINCI v29r].
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Events in acceptance

B — K*0 O(3M)
BY — ¢y O(740k)

Table 5.2. Approzimate number of events within the LHCb acceptance before (trigger,
reconstruction and selection) for an integrated luminosity of 1.0 fo=t at the
center of mass energy of \/s = 7 TeV, using the measured bb cross section

(75.3 £ 5.4 +13.0) ub~ [97].

5.1.2. Monte Carlo simulation

Many of the signal and background studies have been performed on simulated Monte
Carlo data samples. In LHCb, Monte Carlo (MC) simulation samples are produced
centrally, organized in coherent campaigns. Since the 2010 running conditions were
noticeably different than anticipated, the MC samples that had been used for physics
performance studies, belonging to the DCO06 simulation campaign, did not provide
an accurate description of the collisions collected by LHCb. Therefore, a simulation
campaign, called MC10, was started at the end of that year to produce a dataset
consistent with the 2010 data. Similarly, at the end of 2011 a new campaign, called
MC11, started to produce simulated data consistent with the observed conditions in
2011. This campaign is still ongoing at the time of writing.

Signal and background studies have been performed on simulated samples corre-
sponding to the MC11 Monte Carlo campaign, unless stated otherwise. In some cases,
data from the MC10 simulation campaign have been used due to the lack of the cor-
responding MC11 sample; in addition, loosely selected truth-matched MC10 signal
samples, consisting in reconstructed signal with no further cuts other than the require-
ment of a match with the MC truth, has been used in some studies. The size of each
Monte Carlo sample is summarized in Table 5.3.

The MC11 samples are being produced with the following software versions:

o GAUSS v4lrl with v = 2 to reproduce the average visible number of interactions
in 2011 running (see Fig. 3.6).

o BOOLE v23rl.

o MOORE v12r8gl with the 0x40760037 TCK, a special version of the 0x00760037
TCK specially crafted for Monte Carlo. The trigger is run in flagging mode, i.e.,
not rejecting events, but only flagging the ones that would pass the trigger.

o BRUNEL v41rlpl running the Recol2 configuration.
o DAVINCI v29rlpl running the Strippingl7 stripping pass, also in flagging mode.
The used MC10 samples were produced under the following conditions:

o GAUSS v39r0 with v = 2.5, which roughly corresponds to the average number of
visible interactions in the 2010 data sample.

o BOOLE v21r9.

o MOORE v10r2, used to run the trigger algorithms with the 0x002e002a TCK in
flagging mode.
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MC10 (Mevts) MCI11 (Mevts)

B — K0y 10.18 6.99
BY— ¢y 4.05 3.98
Bt 5 K*0xty — 2.01
Bt —¢K*ry 0.10 2.01
B Ktr— 70 2.01 0.22
BY - Ktn— 7Y 2.01 —
BY s ata—xn0 — 1.01
BY— K*0¢te 1.03 3.98
B’ D pt — 0.22
B — Dt (nrn®)m 1.00 —
B — DY (K7r®) K*0 2.52 —
BT - K*H (Kt Kt K~ 0.10 —
Bt — K*"(K+t70)ntn~ 1.10 —
BT — DY Krra®)rt 0.10 —
BT — Jhp (pPn0) K+ 0.10 —
BY — pt(ntr)) K~ 0.06 —
Ap— A%y — 0.50
Ap— A(1520)y — 1.00
Ay — A(1670)y — 1.16

Table 5.3. Statistics of the MC10 and MC11 datasets used in this study, with radiative
signal in the top section and background in the bottom one. Fach of the
samples is split in two halves of approximately the same size, corresponding
to the two polarities of the magnetic field.

o BRUNEL v37r8p5, with the Reco08 configuration.
o DAVINCI v28r2p2 running the Stripping12 stripping pass, also in flagging mode.

When producing the RooT NTuples for analysis from the MC10 DSTs, an extra recon-
struction pass was applied with DAVINCI v29rl to reproduce the Reco12 calorimeter
configuration from 2011.

5.2. Event selection

As already mentioned, the main point in the analysis strategy is try to benefit from
the cancellations of most uncertainties in the ratio of efficiencies. In particular, the
cancellations are maximized by adopting the same selection strategy for both channels.
B meson candidates are constructed through the following process:

1. Vector meson candidates are built from pairs of oppositely charged tracks.
2. Photon candidates are built from the clusters in the ECAL.
3. Vector meson and photon candidates are combined to build the B candidate.

Common cuts for the tracks and the photon are used to minimize the impact of
systematic effects. However, some inevitable differences appear in the selection of the
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vector meson candidate, especially in the particle identification of its decay products
and in its mass window cut.

As explained in §3.7.3, events used in analysis have been selected through the fol-
lowing steps:

1. Trigger. Data taken by LHCb are filtered by the L0 and HLT trigger stages, and
only those events that are selected by the trigger are kept.

2. Stripping. Stored raw data are reconstructed and selected to produced reduced
data samples for physics analyses. In the case of this analysis, the Radiative
Stripping stream is used.

3. Offtine selection. B candidates are built from stripped events and are selected
using tight cuts in order to achieve the best possible signal significance; these are
the candidates used in the physics analyses.

Details on these three steps follow, with an explanation of the most relevant triggers
in §5.2.1, the Radiative Stripping stream in §5.2.2 and the offline selection used for the
BY— K*%y and B?— ¢ decays in §5.2.3.

5.2.1. Trigger

The exclusive trigger strategy, defined in Chap. 4, has been chosen for this analysis,
and therefore the required trigger lines are the following:

o0 In L0, LOElectron and LOPhoton select those events with an electromagnetic
deposition in the ECAL with a transverse energy with respect to the beam di-
rection, Er, greater than the thresholds detailed in Table 5.4. Additionally, a
subset of the events that pass these two lines also pass the LOElectronHi and
LOPhotonHi lines, which require a higher Et cut.

0 In the HLT1, the relevant lines are H1t1TrackAl11LO and Hlt1TrackPhoton
single track lines. They select events based on the transverse momentum
and impact parameter of the tracks with respect to the beam direction.
H1t1TrackA11LO selects low-ET photons with a harder cut in the required track,
while Hlt1TrackPhotonLO allows to lower the pr requirement for the track at
the cost of a harder Er cut on the photon, as illustrated in Table 5.4.

o In HLT?2, the exclusive radiative lines, H1t2Bd2KstGamma and H1t2Bs2PhiGamma,
which only run on events that pass the LOElectron and LOPhoton lines. Events
are selected by building the vector meson, combining it with a high-E7 pho-
ton and applying loose cuts in the same direction as the stripping and offline
selections. Details of the Ep and pr cuts can be found in Table 5.4.

In order to extract the ratio of branching fractions the exclusive TOS requirement is
made, i.e., it is required that the signal tracks and photon are responsible of firing the
corresponding trigger lines. This requirement is essential for a better understanding
of the trigger efliciencies and for enforcing the similarity of the trigger path of the
BY — K*% and BY? — ¢y, which will ensure the cancellation of the systematic effects
induced by the trigger. With that consideration in mind, the trigger TOS selections
for each channel are those given in §4.6:
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photon Et (MeV/c) track pr (MeV/c)

LOElectron 2500 —
LOPhoton 2500 —
LOElectronHi 4200 —
LOElectronHi 4200 —
H1t1TrackAl1lLO (2500) 1700
HltiTrackPhoton (4200) 1200
H1t2Bd2KstGamma 2600 500
H1t2Bs2PhiGamma 2600 500

Table 5.4. Transverse energy/momentum thresholds for the relevant trigger lines in the
2011 TCKs. Values in parantheses indicate that the threshold is not explicitly
applied, but a consequence of a previous cut.

o L0 TOS is defined as LOElectron TOS or LOPhoton TOS.
o HLT1 TOS is defined as H1t1TrackA11LO TOS or Hlt1TrackPhoton TOS.

o HLT2 TOS is defined as H1t2Bd2KstGamma T'OS and H1t2Bs2PhiGamma TOS for
B® — K*% and B?— ¢, respectively.

No explicit TOS in the LO LOXHi lines is required since it is implied by the regular
LOPhoton or LOElectron lines TOS.

The decision to use the exclusive trigger TOS strategy is justified by several argu-
ments:

o The efficiency of the radiative exclusive lines is twice that from the inclusive HLT2
topological lines, and the overlap between these two HLT2 requirements is very
high. Thus, the small gain obtained by adding the HLT?2 topological requirement
to the exclusive one would bring an unknown systematic effect arising from the
fact that the two decays are topologically different.

o While the efficiency of the radiative topological lines is at par with the exclusive
lines, they were not introduced in the trigger until June 2011. Furthermore, they
suffered from several modifications from this date until the end of the 2011 data
taking period, making them less stable than the exclusive lines.

o The inclusive ¢ line offers a moderate efficiency gain for B? — ¢, as shown in
Table 4.13. However, introducing this line in the analysis implies a full source
of systematic effects that don’t cancel, since it only triggers with significant
efficiency on one of the decays of interest. This goes against the analysis strategy
outlined previously, so the gain of a few % is not enough to justify its inclusion
in this particular case.

5.2.2. Stripping

After having been triggered and stored, the events are reconstructed and stripped in
order to keep under control both the computing time spent needed for physics analyses
and the storage requirements.
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The Radiative stream of the LHCb Stripping is designed as a sum of lines, each of
which performs an exclusive selection of a radiative B decay following the procedure
outlined at the beginning of §5.2. In Strippingl7, only the B — K*9y and B? — ¢y
decays are included, performing an offline-like selection with looser cuts. In addition,
several monitoring lines have been devised, allowing to access, with a prescale, parts
of the dataset that would otherwise be cut out in the Stripping selection, e.g., the
sidebands of the K*° or the B particles. The used cuts are summarized in Table 5.5,
with the monitoring line cuts in parentheses.

5.2.3. Offline selection

Reconstructed candidates are filtered through a cut-based selection. The values of the
cuts have been optimized in order to maximize the significance £ [167]:

f= 2 (5.1
VS +B
where S and B are the number of signal and background events, respectively. The
optimization of ¢ was done using simulated B — K*%y and B? — ¢y Monte Carlo from
DCO06.

At the same time, special care has been taken to keep the cuts and their values the
same for both decays whenever possible. Table 5.5 shows the Stripping and offline
selection cuts for both decays, and it can be seen that only the PID and vector meson
mass window cuts differ.

Following the B candidate building procedure outlined at the beginning of §5.2, the
motivation of the cuts detailed in Table 5.5 follows. In the first step of building the B
candidates, in both the B® — K*9y and BY — ¢y cases a vector meson (K*? or ¢) is
built from two oppositely charged tracks. The requirements applied on these tracks,
corresponding to the first two sections of Table 5.5, are the following:

o Tracks are built by minimizing a x? function of the difference between the hit
position and what is expected from the track model [168]. Track quality is ensured
by requiring the track to have x? < 5.

o In order to make sure that the track does not come from the primary vertex,
PV, a cut on its impact parameter, IP, is applied. Instead of a direct cut in this
distance, the error on its determination is taken into account. Thus, the applied
cut is IP x? > 25.

o In order to reduce combinatorial background coming from soft tracks, a loose
pr > 500 MeV/c cut is applied. Furthermore, the maximum pr of the two charged
tracks is required to be above 1200 MeV/c.

o Tracks are identified as kaons or pions by evaluating the change in log likelihood
under different particle ID hypotheses [118|. Proton and pion hypotheses against
kaon hypothesis are used for the kaon identification, DLLg, > 5 and DLLg, > 2,
and the kaon hypothesis against the pion hypothesis is used to identify the latter,
DLLg, < 0.

The invariant mass distributions after the track selection are shown in Fig. 5.1a.
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)

The vector meson candidates are filtered with very simple criteria, corresponding
to the third section of Table 5.5, to remove background coming from random track
combinations, and their effect is shown in Fig. 5.1b:

0 The quality of the vertex is ensured by cutting in the x? resulting from the vertex

fit, x2 < 9.

The background coming from non-resonant K*7¥ and K+ K~ combinations can
be reduced by applying strict cuts to the mass window around the vector meson
mass. As can be seen in Table 5.1, the K*? resonance is much wider than the ¢.
Adding this to the fact that the K*° has more combinatorial background than
the ¢ because it has one pion in its decay products, it becomes clear that the
mass window cut must be tighter for the K*0 than for the ¢. Indeed, the mass
window for the K*° is cut at ~ 1 width, AMp+ .7 ppg < 50 MeV/c?, while the
¢ mass window is set at ~ 2 widths, AMc+ - ppg < 9 MeV/c?.

The photon that is combined with the vector meson needs to be filtered to avoid
contamination from other calorimetric particles, specially electrons and merged 7, as
detailed in the fourth section of Table 5.5:

o Background coming from low-E1 photons, such as bremsstrahlung photons, is

removed with the requirement that Et > 2600 MeV/c.

As detailed in §3.4.4, discrimination between photons and electrons is done by
an anti-coincidence between the ECAL cluster and the extrapolation of the re-
constructed tracks up to the calorimeter. The Aln L between the photon and
non-photon hypotheses is extracted, and this is transformed to a value CL € [0, 1]
with the following transformation

_ tanh(AInL) +1

CL 5

(5.2)

The optimal cut for photon identification is found to be CL > 0.25.

Discrimination between photons and merged 7° is done using the electromag-
netic cluster shape [169, 170]. Several cluster shape variables are combined in a
multivariate discriminator, and the optimal cut for identifying photons is found
to be > 0.5.

The invariant mass distribution obtained after applying these cuts on the photon is
shown in Fig. 5.1c.

Combinations of one vector meson and a photon are selected to obtain the final
set of B candidates in the mass window of 1 GeV/c? around the nominal mass of the
corresponding meson. The cuts shown in the last section of Table 5.5 are applied in
order to remove as much combinatorial and physical background as possible, improving
the significance &:

o To make sure that the B candidate is well reconstructed, two cuts are applied.

One one side, its IP with respect to its PV must be small, IP x? < 9. On the
other side, the DIRA, i.e., the angle between the momentum of the B candidate
and the direction defined by the vector between the PV and the decay vertex of
the B must also be small, and the cut is set at < 0.02 rad.
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5.3. Signal shape

0 As stated before, B mesons have c¢r = 455.4pum. Due to their boost, they
fly an average of ~ 1 cm in the detector before they decay. To remove the
contamination from random combinations, B candidates are required to be at
a significant distance from their corresponding PV, i.e., their flight distance x?
must be higher than 100.

o B candidates from random combinatorics have a lower pt spectrum. A cut in this
variable is implemented in order to reduce this contamination, pt > 3000 MeV/c.

o To remove B candidates coming from partially reconstructed decays, extra tracks
compatible with the B vertex are looked for: the x? of the vertex is compared
with the x? of the vertex obtained when adding an extra track from the event,
and the difference between them, Ax?2, is computed. The minimum value of Ax?
is an indicator of the B candidate isolation, with smaller values meaning that the
B candidate could be coming from a partially reconstructed B decay. Therefore,
a Ax? > 2 cut is applied in the event selection.

o Contamination from decays with a 7% misidentified as a single photon can be
reduced by exploiting the polarization of the vector meson. In particular, the
angular distribution of the helicity angle 0y, i.e., the angle between one of the
daughters of the vector meson and the B candidate in the rest frame of the vector
meson, is used. This angle is expected to follow a sin? # distribution for signal,
a cos? 0 for the 7m° background, and to be flat for combinatorial background, as
detailed in Appendix A. The optimized value for the cut in 6 is | cosOy| < 0.8.

The invariant mass distribution obtained after applying the kinematical cuts on the B
candidate is illustrated in Fig. 5.1d, while the vertex isolation effect on the partially
reconstructed background is shown in Fig. 5.1e. The final invariant mass distributions,
obtained after applying the TOS criteria, are shown in Fig. 5.1f.

5.3. Signal shape

Using the MC11 signal samples from Table 5.3, the shape of the mass peaks for the B
meson and the vector mesons, K*° and ¢, has been studied. In the case of the vector
mesons, the MC11 signal is compared to the distributions obtained from data.

Vector meson mass shape

The K*9 and ¢ resonances can be described by a relativistic P-wave Breit-Wigner
distribution [171, 172]:

B momI'(m)
BV = G =22 & (mI )2 3
@-+1)
T'(m) =Ty ((Z)) — (5.4)

where my is the resonance mass, I'g = I'(my) its natural width, [ = 1 the transferred
angular momentum, and ¢(m) the momentum of the decay products in the rest frame
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)

BO— K*0y BY— ¢ry

Stripping Offline Stripping Offline

Track x? <5H - <5H -
Track IP 2 > 10 > 25 > 10 > 25
Track pr (MeV/c) - > 500 > 500
Max track pr (MeV/e) - > 1200 > 1200
Kaon DLLg > -5 > 5 > =5 > 5
Kaon DLLk), - > 2 > 2
Pion DLL g, - <0 -

V meson vertex Ay? <15 <9 <15 <9
V meson AMppg (MeV/c?) < 100 (150) <50 <15 <9
Photon Er (MeV) > 2600 > 2600 > 2600 > 2600
Photon CL - > 0.25 > 0.25
70/~ separation . > 0.5 > 0.5
B candidate pr (MeV/c) - > 3000 > 3000
B candidate IP y? <15 <9 <15 <9
B candidate DIRA (mrad) < 20 (60) < 20 < 20 (60) < 20
B candidate FD y? - > 100 > 100
B candidate AMppg (MeV/c?) < 1000 (2000) < 1000 < 1000 (2000) < 1000
B candidate | cos 0| - <0.8 <0.8
B candidate isolation Ay? - > 2 > 2

Table 5.5. Selection cuts for the B — K*%y and B%— ¢y decays. For each cut, the stripping (with the monitoring line value in parentheses, if
different) and offline values are shown. The cuts are separated in sections, which are, in order, track cuts, PID cuts, vector meson
cuts, photon cuts, and B candidate cuts.
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5.3. Signal shape
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)

e b o 220F
S 800F 4 s 20 +
s 44 2 2005 +
8 700 t 2 180
2 600E ; < ook + +
§ F t ; g 160>
@ 50F- ; L% 140
c 120 + +
400*}{. 3 t 100 + +
ETEH
3008 #&# 2 4 2 80K {” H + + ++ +
£ 1,
200F- gﬁfﬂ'}* i, 60? t + ++ i
r + 40F
C # £ + + %
100: % ‘“mfé ﬁ‘w 20 + %%
T\‘\\\‘\\\‘\\\\\\‘\\‘\\\‘\\\‘\\\‘\\\‘\ SRR I B \\\‘\\‘\\\\\\‘\\‘\\\
02400 4600 4800 5000 5200 5400 5600 5800 6000 6200 24004600 4800500052005400 560058006000 6200
M(Kmy) (MeV/c?) M(K*K'y) (MeV/c?)
(d) B°— K™%y and BY — ¢ after applying the kinematical requirements on the B candidate.
S F NZ 200
g 700F # 3 1800 +
= f t '}{, =
< 600f {. B 160
g _r } g 140F + +
g 500 $ € F
w r S>j 120
400} $ . 100F- + +
300F ’ ' 80F
3 -
200 ﬁ*ﬁﬁ iﬁ §§§ + 60§i+++ + + H +
4 g, s & a0ty + 4
100 * E M{” + +4
E ® 20~ W
g St - st
Co o b b b b b by P [y i fome 1\\\‘\\\‘\\\\ \\\‘\\\‘\\\‘\\\‘\\\‘\"’
4400 4600 4800 5000 5200 5400 5600 5800 6000 6200 84004600 2800500052005400 560058006000 6200
M(KTy) (MeV/c?) M(K*K'y) (MeV/c?)
e) B®— K*% and B? — ¢~ after applying the vertex isolation requirement.
Y Y ymg
$SOF <, 160
% 600~ H. S
= 'H. 2 140
< 500 t 3 C
s %{- — 120 +
5 L 2 C
& 400 t g 100 +
c Mo
300 t ' 8o +
g 1 ' 601 +
200f- ; : :
|- 40%
100:—;{»&#* # diy 'H' # g + +14 # '
: S TR R
o"mHmHmumumumu\ufWM T‘Hmumu I N I RPN P P
4400 4600 4800 5000 5200 5300 5600 5800 6000 6200 840046004800500052005400 560058006000 6200
M(Kny) (MeV/c?) M(K*K'y) (MeV/c?)

(f) B® = K*%y and B? — ¢v after applying the TOS requirement.

Figure 5.1. Effect of the cuts in Table 5.5 on the B — K*%y (left) and BY — ¢~y (right)
samples from 2011 data. Each of the consecutive subfigures contains the
cuts in the previous one, plus de ones detailed in its caption.

118



5.3. Signal shape

of the mother particle:

vV (m2 — (mk + mﬂ)22n)l(m2 — (mg —my)?) (5.5)

Ve Amic 5.6

q(m)y = 5

q(m) g+ =

To take into account the detector resolution, the Breit-Wigner distribution has been
numerically convoluted with a Gaussian distribution of width o. The resulting PDF
has been fitted to the vector meson invariant mass distributions, as shown in Fig. 5.2,
with I'g fixed to the corresponding values in Table 5.1.

While the chosen PDF for describing the vector mesons is shown to be very accurate
for ¢, the used line shape fails to exactly reproduce the K*9 simulation, specially at the
regions more than 2I'y away from the nominal mass peak position. The high statistics of
the used MC sample highlight all those elements that have not been taken into account
in the description, such as the efficiency dependency on the mass (higher masses tend
contain less slow pions, which are very inefficient), the resolution dependency with the
mass, or the presence of final state radiation.

However, these effects are not visible in the data sample, which has less statistics
and is polluted by the presence of combinatorial background, as shown in Fig. 5.2c.
Furthermore, it can be seen that the lack of a wider mass window for the K*9 doesn’t
allow a good determination of the resolution parameter. Still, data and MC show good
agreement both on the K*0 and the ¢.

B meson mass shape

The width of the shape of the B meson mass distribution is dominated by the calorime-
ter energy resolution of the photon. In addition, two contributions in the signal mass
shape have been considered:

o In the low mass region, possible losses in the photon energy due to the fiducial
volume of the calorimeter have been accounted for by making use of a Crystal
Ball (CB) distribution [174]. This distribution consists of a Gaussian core and a
power-law low-end tail below a certain threshold, and is given by

_ 7)2 _ &
exp (—W) for -2 > —«
20 o
CB(z;a,n,z,0) = N X o ~ , (5.7)
Ax(B—x_x> forx_xg—oz
o o
where A and B are
n\" a?
A=[— _— )
() = (%) (58)
n
B=""jal, (5.9)
o]

and N is the normalization factor.
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)
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Figure 5.2. Mass distribution of the vector meson for simulated events from the MC10
loose sample (up) and 2011 data (down). The offline selection has been
applied except for the vector meson mass window cut, but the areas rejected
by this cut appear shaded. The x? residuals for Poisson-distributed his-
tograms, as detailed by Baker and Cousins [173], are included in the lower
part of the plot to give a visual hint of the goodness-of-fit. However, it must
be taken into account that binned x? tests are not the optimal method for
the determination of the goodness-of-fit in the case of unbinned fits, as this
one.
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5.4. Background composition

o The tail at high masses can be partially explained by the spread in the error
of the reconstructed B meson, and has been observed in several analyses in
LHCb [175, 176]. Toy MC studies show that, while the high mass tail forms
naturally from a B mass with per-event error distribution, there are other effects
contributing to the tail that have yet to be determined. Namely, it has been
observed that there exists a correlation between events in the high mass tail and
events with a large error on the B mass. This high mass tail can be parametrized
by a CB distribution with o < 0.

Taking these contributions into account, the B meson signal shape is parametrized
as the sum of two CB distributions with common mean position p and width o, and
relative fraction f. The subscripts L and H are used to denote the CB with o > 0 and
a < 0, respectively. The results of fitting the MC data for B — K*%y and B? — ¢y
can be seen in Fig. 5.3, with the values of the parameters detailed in Table 5.6. It can
be seen that, due to wide width of the peak and the strong fall of the high-mass tail,
the ny parameter cannot be defined with precision.

BY— K*0 BY— ¢y

no smearing 2% smearing no smearing 2% smearing
W (MeV/c?) 5278.6 £0.5 5279.4+0.6 5365.34+0.5 5365.1+0.6
o (MeV/e?) 758404 928405 755405  93.3+0.6
ar, 2.15£0.05 2.14 +0.06 2.13 4+ 0.05 2.19£0.05
nr, 0.92 £ 0.06 0.99 + 0.07 0.74 £+ 0.05 0.75£0.06
o —-1.0+£0.1 —-1.1+£0.2 —-1.0£0.1 —0.87£0.08
nH 7T+1 T2 9+2 20+ 19
f 0.71 +£0.04 0.72 £ 0.07 0.65 4+ 0.06 0.79 £ 0.03

Table 5.6. Summary of fit parameters obtained when using the sum of two CB contri-
butions to parametrize the mass shape of B® — K*%y and B? — ¢y on MC,
with no smearing of the photon energy and with a 2% smearing to reproduce
the signal width observed in data.

The width of the signal in MC, ~ 75MeV/c?, is narrower than the width of the
data shown in Fig. 5.1f, ~ 95MeV/c?, even though the simulated samples have been
produced with assuming a 1% residual miscalibration in the ECAL. In order to repro-
duce the signal data resolution, a 2% Gaussian smearing is applied to the energy of
the photon, and the fit results are shown in Fig. 5.4. This additional miscalibration is
in good agreement with the performance of achieved by the ECAL 7%-based calibra-
tion procedure in 2011 [116]. It can be seen in Table 5.6 that, as expected, all fitted
parameters are stable when applying the smearing procedure, except for the width of

the CB.

5.4. Background composition

As will be discussed in §5.6, the BY — K*9y and B? — ¢ yields are extracted from
the signal fit of the K*7F~ and K+ K~ ~ mass distributions of the selected B candi-
dates. However, these mass distributions contain a mixture of signal and background
events, since the offline selections from Table 5.5 are not able to completely remove
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)
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5.4. Background composition

the background events. The background contributions to the BY — K*0y and B? — ¢~y
mass distributions can be condensed in the following groups:

o Combinatorial background.

o Contamination from merged Y.

O

Contamination from partially reconstructed B decays.

O

Contamination from baryonic radiative decays.
o Signal cross-feed.

A detailed study of the aforementioned backgrounds is performed in the following
sections. The contamination to the signal from each of the backgrounds to the signal
is calculated as

MC
Cdata — Nokg _ Ssig egicgc Big fsig CMC (5.10)

Pke T NG Eplg Eiee Bbkg forkg ~&

Whenever MC samples are used, PID cuts are not applied directly because of the
bad description of the PID variables in the simulation, as will be explained in §5.6.7.
Instead, a data-based reweighing has been applied to better model their behavior
and extract the correct efficiencies and contaminations. Furthermore, a 2% Gaussian
smearing has been applied to the photon energy in order to account for the ECAL
performance in data.

5.4.1. Combinatorial background

A check of the mass shape for the K7y combinatorial background in B — K*Y~ can
be performed by making use of the K*? mass sidebands. The B® — K*%y monitoring
trigger and stripping selections, with the K* mass window extended to 150 MeV/c?
and a prescaling of 1/20 to match the data flow budget, have been used to get a better
access to these sidebands.

However, as can be seen in Fig. 5.2a, the distribution of the K*? invariant mass in the
MC signal sample still contains a sizeable fraction of signal events for |[AMg, ppc| >
100 MeV/c? (~ 2 times the K*O natural width), specially at higher masses. Thus, in
order to reduce the presence of signal when studying the shape of the combinatorial
background, only the low mass sideband of the K*¥ has been used. The distribution
of the Ky invariant mass in the low mass sideband, AMg, ppg < —100 MeV/ 2, for
the events passing the wide K* mass window monitoring Stripping line is displayed
in Fig. 5.5.

Even within the limited statistics, a hint of a signal mass peak is observed, as ex-
pected. The shape of the combinatorial background is well defined, nonetheless; it has
been fitted with an exponential function excluding 20 around the nominal B° mass
peak position, i.e., in the range [4479,5079] U [5479, 6079] MeV/c2. The decay constant
of the exponential is found to be

Tpogp = —1.5 £ 0.8 GeV !¢ (5.11)
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)
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Figure 5.5. Knvy mass shape for the combinatorial background selected in the low K*°
mass sideband. It has been modeled with a single exponential excluding the
[5079, 5479] MeV/c? range.

5.4.2. Contamination from merged 7°

As discussed in §3.4.4, high energy 7% s likely mimic a single photon when the two elec-
tromagnetic showers of the 70—~y decay cannot be resolved in the ECAL granularity.
Such configuration, called merged 7°, starts occurring when the transverse momen-
tum of the neutral pion exceeds 2GeV/c. Charmless B — hh ¥ meson decays with
branching fractions of O(107%) can thus produce a dangerous contamination to both
the BY — K*0(K*7T)y and B?— ¢(K+ K~ )y signal when a merged 7 is misidentified
as a photon. Several possible contributions have been investigated.

Contamination from B?S) — K*rF79 to BY— K*0y

The efficiency of the B® — K*0v selection on the BOS — K+ 770 decays, as well as the
shape of the resulting mass distribution, has been extracted from MC10 offline-selected
samples (see Table 5.3), removing the restriction in the B mass window. The selection
efficiency used to extract the contamination level with respect to the signal yield has
been obtained on the MC10 offline-selected sample with the TOS requirement.

The mass distributions of the B - KT7~ 7% and B? — K~ 7"7% samples recon-
structed as BY — K*9~, shown in Fig. 5.6, have been fitted with a CB distribution,
and the results can be seen in Table 5.7. They respectively produce a peaking contri-
bution at 5.2 GeV/c? and 5.3 GeV/c? with a resolution 1.84+0.13 and 1.62+0.11 times
wider than that of the B® — K*9(K*7~)y signal, producing a sizeable contamination
under the signal peak.

The ratio of selection efficiency between B? — K+7 770 and the signal B? — K*0y
decay is found to be

€Ro +— 0
REo_yjetp—no = B K nmd 0.8%, (5.12)
GBO—)K*O')/
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Figure 5.6. Mass distribution of the (K*nF~) combinations reconstructed in B°(s) —
K+ta=nm% MC10 samples with a photon energy smearing of 2%. Each mass
distribution is fit with a CB function, and the parameter values are detailed
in Table 5.7. The areas outside the +£1 GeV/c? B mass window have been

shaded.
B Ktn 0 Bl Ktr— 70
o (MeV/c?) 5178 + 17 5287 + 15
o (MeV/c?) 171412 150 + 10
&Y 0.36 & 0.55 0.5+0.1
n 20 + 12 5+0.4

Table 5.7. Summary of parameters obtained when fitting a CB distribution to the mass
distribution of the B( )—>K+7r77ro samples reconstructed as B — K*°v, as
shown in Fig. 5.6.

The reduction factor 60 in efficiency has four causes:

o A factor ~ 12 comes from the requirement that the K 7 pair falls in the K*¢
mass window. This number is in agreement with the contribution of the specific
BY — K070 decay to B® — K+7~ 7%, measured as (8.6 + 1.9)% by the BABAR
experiment.

o A factor ~ 2.5 comes from the ¥ reconstructed as single ECAL cluster, i.e.,
merged 7.

o A factor ~ 2 come from the trigger selection, which rejects these events due to
the v requirement.

o A factor ~ 3 comes from the 7° rejection power provided by the helicity angle,
7ID and «/7" separation variables used in the selection.

Taking into account that B(B® — K+n~n0) = (35.972%) x 1076 [79], the contami-
nation of the B = K7~ 70 decay to the B? — K*0v selected signal is estimated to be
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)

Nsel
BO S K+nx—70
CBO—>K+7r*7r0 == —sti T T — (05 + 01)%, (513)
BO—K*0~
where the dominating uncertainty comes from the error on the measured branching
fractions.

The B? — K~ 770 decay, not yet observed so far, proceeds via a Cabibbo-suppressed
penguin diagram. Conservatively assuming the same branching ratio as for the cor-
responding B? decay and the same K*070 fraction, the contamination to B? — K*0v
offline-selected signal is predicted to be
N%egl—ﬂ(*ﬂ'*WO

sel
NB 0K *0

CRosk—rtro = = (0.2+0.2)%, (5.14)

which is reduced with respect to the analogous BY decay due to the relative hadroniza-
tion factor, fs/f4. A conservative uncertainty has been taken due to the lack of precise
knowledge of the corresponding branching fraction.

Contamination from B? — K*K¥70 to B?— ¢y

In a similar way, the not yet observed BY — K*K¥7° decay can pollute the B? — ¢y
signal. Like the B — K*0 contribution to the BY — K+t7n~ 7" decay discussed in
[177], the dangerous BY — ¢7¥ contribution to the B? — KTK~ 7" decay proceeds
via color-suppressed b — s penguin and b — u transitions. However, these diagrams
interfere with the B? — K*¥(K+70)K™* tree and penguin transitions, which may have
a significantly larger amplitude than the SU(2)-related mode, B® — K*+(K+7%)r~.

A contamination of 0.6+0.6% is assumed, corresponding to the contamination of the
B® — K770 decay to B® — K*0y signal. The large uncertainty is assigned to handle
the unknown level of this contamination, allowing it to be a factor 2 larger than in the
SU(2)-related mode. The line shape is also assumed to be the same as B® — K7~ 7
reconstructed as BY — K*V~, shifting the u position by the mass difference between
the B® and B? mesons.

Other contaminations from charmless decays with 7°

Contamination from B — w7~ 7%, shown in Fig. 5.7, and BY — K+ K7 to the B® —
K*0y invariant mass window requires a 7/ K misidentification and is further suppressed.
The relative contribution of these two decays has found to be of O(10~%), and therefore
they can be neglected. Likewise for the contamination from B?S) — Kt =70 o

B2 — ¢r.

5.4.3. Contamination from partially reconstructed B decays

The partial reconstruction of a decay fragment from both charmless and charmed
B — V(v/7°)X decays, where V denotes either K*¥ or ¢, may provide a sizeable
contamination in the low mass side of the signal region.

As detailed in §5.2, several variables used in the signal selection are designed to fight
against these partially reconstructed n-body B decays; in particular, the angle of the B
candidate momentum with respect to its flight direction provided by the primary and
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Figure 5.7. Mass distribution of the (K*w¥~) combinations reconstructed in the B —
ata 7% MC11 sample with a photon energy smearing of 2%. The mass
distribution is fit with a CB function. The areas outside the +1 GeV/c* B°
mass window have been shaded.

the decay vertices, the DIRA, and the isolation of the K*°/¢ decay vertex. However,
there is still a sizeable remainder of partially reconstructed B decays. They can be
classified in three groups, which will be studied separately:

0 The charmless Bt — K*97 Ty and B* — (Kt~ decays, which can pollute the
B — K*% and B?— ¢y mass distributions, respectively.

0 The B? — K*%¢Te~ decay, where one of the electron showers is misidentified as
a photon.

o Other B—hTh™m%X decays.

Contamination from partially reconstructed radiative decays

The B — K*%7ty decay can be selected as a BY — K*'vy when the 7% has not been
included as part of the signal. Given the low mass of the missing particle and its
low transverse momentum, the contamination in B® — K*% coming from this channel
will be located in a very sensitive region in the low tail of the mass shape and will
compete with the left tail of the B® — K*Y~ signal. Indeed, the mass distribution of
the Bt — K*01rt~ MC10 sample reconstructed as B® — K*?v in Fig. 5.8a shows the
peak location at ~ 30 away from the B? mass. Table 5.8 shows the parameter values
when fitting the obtained distribution with a CB function.

Making use of the MC sample selection efficiency and the measured branching frac-
tion B(Bt — K*0nty) = (207%) x 1076 [178], the contamination of this decay into the
+1 GeV/c? mass window is estimated to be

Chpioiopty = (3.3£1.1)%. (5.15)

In addition, the B — K*070 decay, not affected by the vertex isolation cut, could
contaminate the B® — K*%y up to the 5% level. Other channels, such as Bt — petv
and B?— K*%5(vv), could also contaminate to the signal with a similar shape.
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Figure 5.8. Mass distributions with a photon energy smearing of 2%, fitted with a CB
function. The fit parameter values are detailed in Table 5.8. The areas
outside the BY and BY +1 GeV/c? mass windows, respectively, have been

shaded.
Bt 5 K9ty Bt S¢KTry
p o (MeV/c?) 4944 49 4528 £+ 10
o (MeV/c?) 159 + 6 187+ 6
e! 0.331+0.017  0.382 £ 0.019
n 11.10+£0.09  11.70 +£0.17

Table 5.8. Summary of parameters obtained when fitting a CB distribution to the mass
distribution of the Bt — K97t~ sample reconstructed as B® — K*%y and
Bt —¢K*v as BY— ¢, as shown in Fig. 5.8.

In the case of the BY — ¢K*~ contamination into BY — ¢, the larger mass of
the missing particle shifts the position of the fake peak at the lower edge of the mass
window, as can be seen in Fig. 5.8b and Table 5.8. In this case, the abrupt fall of the
mass distribution due to the kinematical constraint arising from the mass of the missing
K is worse described by the used CB function. The branching fraction of this decay
is B(BT — ¢K*v) = (25.8 £3.3) x 1075 [79], and the corresponding contamination to
the B? — ¢y mass window is expected to be

Chioprt~y = (1.8 £0.3)%, (5.16)
with a possible enhancement due to similarly shaped contributions, as in the case of
BT —¢K*y.

Contamination from B? — K*¢te™

Signal BY — K*0¢te™ events can be reconstructed and selected as a BY — K*%y when
one of the electrons is misidentified as a photon. The mass distribution of the (K*7F)

128



5.4. Background composition

combinations reconstructed in the MC11 sample of B — K*%ete™ events is shown in
Fig. 5.9. As detailed in Table 5.9, this background produces a peaking mass shape at
~ 4.8 GeV with a large tail penetrating the signal region.

Figure 5.9.
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window have been shaded.

BY — K*0ete~
p (MeV/e?) 4789 + 33
o (MeV/c?) 269 + 21
a! 0.16 & 0.02
n 96 + 75

Table 5.9. Summary of the CB parameters obtained when fitting the sum of a CB dis-
tribution and an exponential to the mass distribution of the B® — K*Vete™
sample reconstructed as B® = K*%v, as shown in Fig. 5.9.

This channel has a sizeable relative efficiency with respect the B® — K*9~ signal,

RBO%K*Oe"'e— =

€BOK*0cte— 1.6%
— = = 1.6%,

(5.17)
EBO—)K*O'}/

twice the efficiency of the B® — K7~ 70 background. However, the contamination to
the B — K*0y signal in the +1 GeV/c? mass window,

Nsel

CBogr0ete— =

BO—K*0ete—

~ 0.05%, (5.18)

sel
NB 0K *0~
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)

is negligible due to the O(10?) reduction factor of its branching fraction with respect
to B — K*0y [179), giving B(B® — K*%ete™) = (1.037)12) x 107.

Contamination from other B—hTh 7°X decays

Many meson decays —other than the ones previously discussed— can exhibit a final
state topology close to the B — K*9y and BY — ¢ signals when one of their decay
products is not included. The K*°/¢ production from B°/B7 is of O(10%) and there-
fore the branching fraction of the partially reconstructed background is potentially four
orders of magnitude above the B® — K*y and BY — ¢v signals. Given the fact that
the rejection of the partially reconstructed background by the offline selections is of
O(10%), the remaining contamination may be significant.

These potentially dangerous decays involving high energy neutral pions have been
scrutinized at the simulation level by making use of a cocktail of MC10 B—htTh~ 70X
decays, where X stands for a single particle or a multi-body object, including:

o Bt - K (K+tn0)atr—.

o Bt —J/¥(rta n0)KT.

o B— DY Krr")K*(K+7r™).

0 Bt KtK-K*z".

0 BPD (K +7 7 )pt(ztn?).

The reconstructed K*7 ¥+ mass in this cocktail of partially reconstructed back-
grounds is shown in Fig. 5.10.

Following the ideas in [180], the shape of this background has been parametrized by
a generalized Argus function [181], given by

2

2-P2(p+1) 2\? -1 2(1—’“—)
A(m;mg,c,p) = ¢ T % 1) e m3 ) (5.19)
I(p+1)—T(p+1, 3¢?) mg mg

where I'( - ) is the gamma function and I'( - ; - ) is the upper incomplete gamma function.
The parameters myg, ¢ and p represent the cutoff, curvature and power, respectively,
with 0 < m < my.

B—h*h~(y/7%)X

mo  (MeV/c?) 5089 = 96
c 20 + 4
7T1£1.7

Table 5.10. Summary of the parameters obtained when fitting the Argus distribution
(with an exponential for the combinatorics) to the K*nF~ mass distribution
of the B— hth=(y/m°)X cocktail sample reconstructed as B® — K*%v, as
shown in Fig. 5.10.

Unfortunately, the lack of a sizeable amount of statistics of the suitable MC samples
doesn’t allow to perform the same study with B— hTh~ 79X events reconstructed as
BY — ¢, since the narrow mass window for the ¢ rejects most of the events.
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Figure 5.10. Mass distribution of the B — hth=(v/m)X cockatil reconstructed and
selected as B® — K*Ov with a photon energy smearing of 2%, fitted with
an Argus function and an exponential to parametrize the combinatorics.
The fit parameter values are detailed in Table 5.10. The areas outside the
+1 GeV/c? B® mass window have been shaded.

5.4.4. Contamination from baryonic radiative decays

The contamination coming from the radiative decays of b-baryons Ay, — A, where the
proton has been misidentified as a kaon or pion, has also been studied. On one side, the
Ay decay via the long-lived resonance A? decaying in a pr final state, mostly exhibits
a different topology than the B? — K*0y and BY — ¢7 signal and is hence found to be
harmless. However, the so-far unmeasured A, — A*(Kp)~y decay, where A* stands for
A(1520) and the further massive resonances promptly decaying into a pK final state,
can contaminate the signal via the proton misidentification into pion or kaon. The p
misidentification causes a shift of the Ay and the A* (mis)reconstructed masses towards
the By, and K *0 /¢ mass regions, respectively.

The MC11 Ay — A(1520) and A, — A(1670)~ samples have been used to obtain the
shape of the contamination when they are reconstructed as BY — K*%y or B? — ¢,
as shown in Fig. 5.11 and Table 5.11. The shape of this contamination is modeled by
a CB distribution peaked at ~ 5300 MeV/c?. From visual inspection it can already
be seen that the efficiency selecting Ay decays is larger when reconstructing them as
B? — K*05_ mainly due to the effect of the wider K*° mass window.

Making use of the events selected as B? — K*0v, the Aj, — A*(Kp)y decay has been
observed in the 1.0 fb~! of data collected by LHCb in 2011. The mass peak shown
in Fig. 5.12 has been obtained by recalculating the invariant mass, changing the pion
mass to the proton mass, and by applying the B® — K*9~ offline selection, replacing the
pion identification criteria with a strong proton PID requirement, DLL,, /. > 20. Such
a strong identification criteria is needed to reduce the contamination from misidentified
K*9(K*77)y to the Ay — A*(Kp)y candidates. This contamination is found to be at
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Figure 5.11. Mass distribution of the A, — A(1520)y and Ay — A(1670)y MC11 samples
reconstructed and offline-selected as B — K*%y and B? — ¢, with a
photon energy smearing of 2%. Fach mass distribution is fit with a CB
function, the parameter values of which are detailed in Table 5.11. The

areas outside the B® and B? +1 GeV/c? mass windows, respectively, have
been shaded.

BY — K*0y selection  BY — ¢y selection

p (MeV/c?) 5316 + 4 5367 £ 12
o (MeV/c?) 14144 147+ 10
a 0.77 £ 0.06 1.0+£0.2
n 5.0+ 1.7 444

Table 5.11. Summary of parameters obtained when fitting a CB distribution to the mass
distribution of the Ay — A(1520)y and Ay — A(1670)y MC11 samples re-
constructed and offline-selected as BY — K*%y and B — ¢y, as shown in
Fig. 5.11.

the level of (3.2 £0.5)%, and needs to be subtracted to the number of fitted events in
Fig. 5.12, 263 4+ 26. After the correction, the number of A, — A*y events is found to
be

NBE V(N 5 A*y) = 255 + 25, (5.20)

where the superscript in N indicates that the yield has been obtained on a sample
selected as B — K*0r.

As the visible branching fraction of A, — A*(Kp)~ has not been measured so far, the
contamination from such decays to B — K*0~,

NBOHK*OW(AI] — A*’Y)
NBU—>K*07(BO_>K*O,),)
BEY (N s A* ) B(Ap—A*y) fa

= — 5.21
B K0 (B0 — )(*0~) B(BY— K*0) fy’ (5:21)

Crpstry =
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Figure 5.12. Mass distribution for Ay — A*(Kp)y extracted from B° — K*0v selected
events.

has been estimated using the signal from the dedicated A*(Kp)y selection normalized
to a simulated sample, taking into account that

B(Ay—A") fa PRI (B0 K0y) N, - AT)

48— 5.22
B(BO—>K*07) fd EAbﬁA*’Y(Ab—)A*’y) NBO_’K*O'Y(BO%K*O’)/)? ( )
and thus:
Cm%@w_NM%WmV»mw BTV (A — A*)
Ap—A*y EAbﬁA*W(Ab — A*,.y) NB0—>K*07(BO_>K*O,Y)
=71l X (2.7+£0.4)% = (1.0 £ 0.3)%, (5.23)
where the relative rate of the proton to pion misidentification,
P10
p—T
rlf’)ID = b = (38 + 8)%, (5.24)
p—p

has been determined from the data-driven PID calibration techniques that will be
detailed in §5.6.7, while the rest of efficiencies have been determined from simulation.
Following a similar procedure, the A, — A*y contamination to the BY — ¢ has been

estimated as .
S = (04%03)%, (5.25)

and is found to be reduced thanks to the tight ¢ mass window and to the anti proton-
PID cut, PIDg/, > 2, applied to both kaons.
5.4.5. Signal cross-feeds

The so-called signal cross-feed category actually consists in three contributions, dis-
cussed below.
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)

Irreducible contamination from the B? — K*'y radiative decay

The B? — K*'y decay is indistinguishable from B? — K*°v due to the width of the
mass peak. The branching fraction of this suppressed b — dy transition of the BY
meson is predicted to be B(B?— K*0v) = (1.26 4 0.25 4+ 0.18) x 107% [67].

Since this channel has the same efficiencies as B? — K*%y, its contamination to the
B — K*9 yield is given by

s B(Bg — K*O'Y)

Furthermore, its line shape should be the same as that from BY — K*9v (see Table 5.6),
with its mean value shifted by an amount equal to the mass difference between the B°
and B? mesons.

Bg — ¢y contamination to B’ — K*0y, and vice-versa

Another possible source of background for both channels is the cross feed between
them, when one of the kaons from the ¢ in B? — ¢v is misidentified as a pion, or, on
the contrary, a pion from the K*¥ in B? — K*~ is misidentified as a kaon. By making
use of the MC11 data samples, reweighed with the data-driven PID calibration tables,
the contamination from cross feed between B? — K*Yy and B? — ¢v is found to be
negligible, thanks to the tight PID cuts and the ¢ narrow mass window.

Multiple candidates reconstructed in single signal events

Selected events with several BY — K*y or B? — ¢y candidates and their possible
impact on the background and signal peak shape have also been investigated using
offline-selected data with trigger TOS requirements. The overall rate of such multiple
candidate events is negligible in the full B meson mass window, as can be seen in
Table 5.12.

BY— K*0y BY— ¢y

Events in the B mass window 10483 1145
Events with multiple candidates 3 0

Contamination from multiple candidates (0.029 + 0.017)% —

Table 5.12. Multiple candidate contamination per decay after the offline selection and
the TOS requirement.

5.5. Fit

The yields for B — K*%y and BY — ¢ are extracted simultaneously from an extended
unbinned maximum likelihood fit performed with the RooFit toolkit [182] and the
MINUIT minimization routines [183]. The correlation between the B® — K*’y and
BY — ¢y datasets is taken into account by keeping the difference between the B meson
masses gaussianly constrained at the PDG value, Am = mpo —mpo = 87.0+0.6 [21].
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5.5. Fit

5.5.1. Mass window

Given the sizeable width of the B mass peak discussed in §5.3, ~ 100 MeV/c?, it
becomes necessary to use the widest mass window possible in order to better describe
the shape of the backgrounds.

The mass window given by the trigger and the stripping is of 1 GeV/c? around each
of the B mesons nominal mass. However, this mass window cannot be used naively
due to the effects of calorimeter miscalibration and aging. During 2011, ECAL has suf-
fered from noticeable aging, which has been corrected in the data reconstruction step,
along with possible cell miscalibration, by applying a set of time-dependent cell-by-cell
corrections. Nonetheless, this information was not available at the trigger level during
most of the year, and therefore data were collected with an incomplete calibration of
the ECAL.

Thus, an acceptance effect appears in the vicinity of the calibrated mass window
border, and in order to consider the 1 GeV/c? mass window it is necessary to intro-
duce an acceptance function. The complementary error function is used to model the
threshold effect:

erfe(z) =1 —erf(x) = \/27? /00 e~ dt. (5.27)

With the help of the erfe, the threshold acceptance function is defined as

a(mp;my, my, o) = erfc <mL_mB> x erfc <mB_mH> ) (5.28)
ot gt

where my, i correspond to the position of low (L) and high (H) mass thresholds and o,
corresponds to the quadratic difference between the corrected and uncorrected masses.

The +1 GeV/c? mass window can be used with the help of the threshold acceptance
function. However, the lack of knowledge of the exact shape of threshold acceptance
effect has to be taken into account: a fit with a tighter mass window of 700 MeV/c?
will also be considered when evaluating the systematics of the measurement.

5.5.2. Fit model

The data from the B® — K*%y and B? — ¢ offline selections are put together in
the same dataset, marked with the corresponding decay category. Then, an Extended
Probability Density Function (PDF), i.e., a PDF with the proper normalization to
match the total number of events in the samples, is built as a sum of PDFs:

F(m;x;) = 6(d = dgo)a(m)N? +

S4(m)+ Y Ci'Bi(m)

+6(d = dpo)a(m)N? , (5.29)

S4(m) + Y Ci'Bi(m)

where m is the invariant mass of the B candidates, the § function expresses that each
of the expressions in squared parentheses is only used with data of a given decay, a
corresponds to the threshold acceptance function described in Eq. 5.28, S9 and B;i are
signal and background PDFs, respectively, the N4 correspond to the signal yield of
each decay, and the C; coefficients are the fraction of yield —the contamination— of
each of the considered background PDFs.

135



5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)

Contamination

B (x107?) BY— K*0 BY— ¢y
B Ktrnx0 3.591038 (0.5+0.1)% O(1074)
BY s K*tn— 70 unknown (0.2 £0. 2) O(107%)
B KtK—7° unknown O(107%) (0.5£0.5)%
Bt — K*0gty 2.0M07 (3.3+1.1)% O(10~%)
B — K*070y 41404 O(5%) 0(107%)
Bt Kty 2.58 £ 0.33 O(10~%) (1.8 £0.3)%
B—hth 70X 0(10%) 0(1%) O(1%)
Ap— A*y unknown (1.0 £0.3)% (0.4 £0.3)%
BY— Ky 0.126 + 0.031 (0.8 +0.2)% O(107%)
B — K*%y cross feed ~ 4.3340.15 - O(107%)
BY — ¢y cross feed 57174 O(107%) -

Table 5.13. Erpected relative contamination to the B® — K*Oy and B? — ¢~ yield in
the £1 GeV/c? mass window from the backgrounds considered in §5.4.

Signal shape

The shape of the signal peak for both the B® and the BY has been extracted from
Monte Carlo simulation in §5.3. Thus, S9 consists in the sum of two CB with common
o and p and different o and n parameters:

S4(m) = CBL(m; pa, 04,03, n7) + CBr(m; pa, o4, . ny), (5.30)

with a Gaussian constraint on ppo in the case of BY— ¢r.

Due to the presence of background, when performing the full fit is very difficult to
obtain reliable estimations of the o and n parameters. Therefore, they are kept fixed
at the values obtained from the smeared MC fit, which can be found in Table 5.6, while
the p and o parameters are left free.

Background shapes

The different possible background sources for the B® — K*9y and B? — ¢ decays
have been studied in §5.4, and their expected contaminations to the signal yield are
summarized in Table 5.13. In the fit, all background shapes are fixed from MC. The
contamination fraction of those decays located under the mass peak, and thus indistin-
guishable from the signal, is also fixed from the MC estimation, while the contamination
level from other backgrounds is left free.

For B — K*0v, the following background sources have been included in the fit PDF:

o Combinatorial background, parametrized by an exponential function

TRO

} . (5.31)

0
R
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5.5. Fit

o The irreducible B? — K*%y contamination is parametrized by the same shape as
the B® — K*0y with the CB mean value shifted by Au = 87 MeV/c?,

BO—K*0y (

BBQ%K*OV (m) =5 m; ppo + Ap, O-Bo'af()) nfov O‘go ) ngo)a (532)

Since this contribution is placed well under the mass peak, the contamination
fraction Cgo_,~0, has been fixed from MC.

0 The By = K +7F770 decays reconstructed as B® — K*9 also contribute well
under the B® — K*Y4 mass peak. Their shape is fixed to a CB function with
parameters fixed to the values detailed in Table 5.7:

Bpog+rrm0(m) = CB(m;pupo,opo,apo,npo), (5.33)
Bpog+rvm0(m) = CB(m;ppo,opo,apo,npo). (5.34)
Their contamination fraction has been fixed in the fit.
o The partially reconstructed Bt — K*97 T~ contribution is parametrized by a CB,
where the u, o, a, n parameters are fixed from Table 5.8:
BB+*>K*07T+,Y(m) = CB(m, /‘LK*OW+’y’ O-K*Oﬂ""’yv aK*OTF+'Y’ nK*Oﬂ.+,y), (535)
The contamination fraction Cp+_g+0r+,, is left free in the fit because other

decays can produce a sizeable contribution with a similar shape.

o The baryonic Ay, — A*(Kp)~v decays are also taken into account as a CB-shaped
contribution,
BAb—>A*’y(m) =CB <m7 KAy OAyy BNy n/\b)a (536>
where the parameters have been fixed from Table 5.11 and the contamination
fraction from Eq. 5.23.

0 The partially reconstructed B — hth~7°X decays, referred to from now on as
partially reconstructed background, are modeled by making use of an Argus func-
tion with its parameters fixed to the values obtained from MC (see Table 5.10):

0
B}irtial(m) = A(m;mo, cpo,ppo). (5.37)

The contamination from this source, which cannot be reliably extracted from
MC, is left as a free parameter in the fit.

The B?— ¢ fit PDF includes the following background sources:

o Combinatorial background, parametrized by an exponential function in the same
way as for the BY — K*9v combinatorics:

B m
Bcosmb(m; 7—32) = exp {} . (538)

TBg

o The 7%-related decay to B — ¢y, B?— K+ K7, is parametrized with the same
shape as B? — K*t7~ 70 with the p parameter shifted by AM = 87.0 MeV/c?:

BBS—)KJFK*WO (m) = BBO—>Ki7r:F7r0 (m, Hpo + AM, gpo,Qpgo, nBO) (539)

Its contamination fraction is fixed to Cpox+x—70 = Cposg=r7m0 = 0.5%.
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)

o The partially reconstructed BT — ¢ K T gives a contribution parametrized with
a CB function with parameters fixed from Table 5.8:

Bptgricty(m) = CB(M; fg Rty OpRtrys QpRctays NIy )s

and its contamination fraction is left free.

(5.40)

o All other partially reconstructed background sources are modeled with the same
Argus function as in the BY — K*Ov case, with its threshold mass shifted by

AM = 87MeV/c?:

B
partial

B

(m) = BE

partial(

m;mo + AM,C,]))-

(5.41)

The contamination from partially reconstructed background to BY — ¢ is also
left as a free parameter in the fit.

5.5.3. Simultaneous fit result

An unbinned maximum likelihood fit of the simultaneous PDF described in Eq. 5.29
has been performed on the offline-selected B® — K**y and B? — ¢y data with the
exclusive trigger TOS requirement, corresponding the the full 2011 dataset.

Fit value
NBO_>K*O,7 5279 £ 92
B0 (MeV/c?) 527844+ 1.5
o R0 (MeV/c?)  92.4+1.6
Npgogy 691 + 36
[0 (MeV/c?)  5365.3 + 1.7
o R (MeV/c?) 97+ 6
Noexp.Bo 3928 + 517
TR0 (GeV~lc?) —1.16+0.15
CBtix0nts (15 +5)%
Cpartial,BO (5 + 4)%
Noxp, B0 400 =+ 64
TR (GeV~le?)  —0.7£0.2
Cptogk+n (5+3)%
Cpartial,Bg (OJ—rg)%
oy (MeV/c?) 125+ 39
my, po (MeV/c?) 4342+ 9
my, go (MeV/c?) 6239+ 17
my, go (MeV/c?) 4403 £ 15
My, po (MeV/c?) 6285+ 32

Table 5.14. Summary of free parameters for signal (top section), background (middle
section) and acceptance function (bottom section) for the simultaneous fit.

A list of the free parameters included in the fit, as well as their final values, can be
found in Table 5.14. The invariant mass distributions for B® — K*%y and B? — ¢,

138



5.5. Fit

and the corresponding fitted curve, are shown in Fig. 5.13. On one side, B® — K*0y is
observed with a yield of 5279 + 92 events and a S/B ratio of 5.4 + 0.4 in the 20 mass
window. On the other side, 691 + 36 BY — ¢y events have been observed with a S/B
of 7.34 0.7 in the 20 mass window, constituting the largest B — ¢~y sample collected.
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Figure 5.13. Mass distribution of the B® — K*9y and B? — ¢y data samples, in linear
(left) and logarithmic (right) scale. The fit model PDF is overlaid in a
solid blue line, with the signal (dashed green) and background (dashed red)
components. The parameter values for the PDF are detailed in Table 5.1/.

The 7po parameter is compatible with the value estimated from the K*° sidebands
in Eq. 5.11. However, given the big uncertainty of the decay constant extracted from
the sidebands, this agreement can only be considered as a simple cross check.

The fitted contamination for BT — K*nty and similar partially reconstructed
decays is slightly higher than the sum of the predictions for B* — K*rt~ and
B% — K*070~. As it has been discussed earlier, several other channels can contribute
in a sizeable amount to this shape, and therefore this result is within expectations.
The contribution from generic partially reconstructed background is also found to be
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)

within expectations.

5.5.4. Fit quality

In order to assess the quality of the fit, its goodness-of-fit has been evaluated with
the x? method, while its stability has been assessed with toy Monte Carlo samples
generated following the shape of the fitted PDF.

Goodness-of-fit

Determination of the goodness-of-fit in the case of unbinned maximum likelihood fits
is not as straightforward as it is with binned fits [184]. For example, it has been shown
that the naive method of comparing the value of the likelihood at the maximum with
the distribution of the maximum likelihood of MC-generated toy models is a flawed and
should not be used [185, 186]. Thus, a usual approach to the goodness-of-fit problem
consists in binning the fitted dataset and applying the x? test.

The x? residuals [173] located at the bottom of the invariant mass plots in Fig. 5.13
give already a visual hint about the suitability of the used PDF, since almost all of
them lie within the +20 band. To obtain a numerical value for the goodness-of-fit, the
chi-square test statistic, defined as

n

9 (data; — pdfy)
X2 = 21: FPT— (5.42)
can be used to calculate a p-value by comparing the X? value obtained from the fit
to a x2 distribution of the appropriate degrees of freedom. The number of degrees of
freedom is equal to the number of bins n, minus the reduction in degrees of freedom,
calculated as the number of parameters, minus one, to account for the fact that, once
the number of events in n — 1 bins is known, the number of events in the last bin is
known from the total number of events.

In the simultaneous fit case, however, it is difficult to define the individual number of
degrees of freedom for each plot, since some of the parameters are related. A common
X2 has been extracted, X? = 101.23, and the corresponding degrees of freedom have
been calculated as

dof = 120 bins — (19 parameters) — 1 — 1 = 99. (5.43)

Therefore, a value of X?/dof = 101.23/99 ~ 1.0225 is determined, which corresponds
to a p-value of 42%. This result confirms the good agreement between the data and
the fitted PDF.

Stability of the fit

The pull distribution P, of a given fit parameter z,

P, = TFit — xToy’ (5‘44)

Oz

extracted from a set of toy MC experiments, can be used to assess the stability of the
fit. If the fit is well behaved, the distribution of P, is a Gaussian with ¢ = 0 and
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5.6. Extraction of the ratio of branching fractions

o = 1. If the mean value diverges from 0, it means that the determination of the
parameter is biased, while a divergence in the width of the pull indicates that errors
are not correctly estimated.

A set of 20,000 toy MC samples have been generated following the PDF from Eq. 5.29
with the values of the parameters extracted from the fit to the data. Each of the
generated samples has then been fitted with the same PDF. The pull distributions for
the six free signal parameters in the fit, fitted with a gaussian function, are shown in
Fig. 5.14. It can be seen that these parameters are unbiased and their errors have
been correctly estimated, since the means and the widths obtained from the gaussian
fit are compatible with zero and one, respectively. Thus, it can be concluded that the
fit is stable under variations of the input data and that the signal parameters and their
uncertainties have been correctly extracted within the chosen model.

5.6. Extraction of the ratio of branching fractions
The expected yield for a given B decay is given by
N =Lxogx fxBxe, (5.45)

where £ is the luminosity, o,; the bb production cross section, f is the B meson
hadronization fraction, B is the visible branching fraction of the studied decay, and €
the acceptance, trigger, reconstruction and selection efficiencies.

Thus, the expected yield for the studied decays is

Npogo, = L X o x fa x B(B° = K*%) x BIK™ — KT17) X ego_y-o,,

N, L B(B? B KYK~ (5.46)
BOogy = X o5 X fs X B(Bg — ¢y) x B(¢p — )XEBE—xﬁw

and the ratio of branching fractions is calculated as the product of the ratio of fitted
events, the inverse ratio of visible vector meson branching fractions, the ratio fs/f4,
and the inverse ratio of selection efficiencies e:

B(BO%K*O’)/) . NBO%K*OW B(¢ — KJFK*) é € B0y
B(Bg-)gb’}/) B NB(S)_>¢'Y B(K* — K+7T_) fd €BO—>K*O'y.

(5.47)

The efficiency for each channel is split into trigger, acceptance, reconstruction and
selection without PID requirements, and PID selection. The reason for separating the
calculation of the selection efficiency from the PID efficiency is that the PID distribu-
tions are not accurately described by the simulation, and therefore cannot be extracted
directly from MC. With this splitting in mind, the ratio of efficiencies between the two
channels can be written as:

B¢ BY%—¢ BO BO

Boﬂqf)’}’ S, i S 8 S*)(]ﬁ’)/ s%’y

o= _ _Crigger « _Acceptance . €Reco&SelNoPID . _€PID (5.48)

€T BOmK*0y BO—K*0y BO—K*0y BO—K*0y BOK*0~* )
Trigger 6Acceptance €Reco&SelNoPID €pPID

The ratio of efficiencies for trigger, acceptance, and reconstruction and selection with-
out PID have been extracted from MC11 simulation. The ratio of efficiencies of PID
cuts has been extracted by making use of a data-driven reweighing method on the
Monte Carlo simulation.
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Figure 5.14.

Pull distributions of the free signal parameters, obtained from fitting
20,000 toy MC samples generated with the model PDF. The fit of the
pull distributions to a gaussian is shown in a blue solid line, with its pa-
rameters on the top right corner of each plot.
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5.6. Extraction of the ratio of branching fractions

5.6.1. Ratio of signal yields

The signal yields N o0, and N, B0 have been obtained from the simultaneous fit
(see Table 5.14), and their ratio is found to be

_ NBO—>K*07

Ty = = 7.63 £ 0.38 (stat), (5.49)

Npo-ssr
where the given statistical error has been calculated by taking into account the corre-
lation between the two signal yields.

Systematical uncertainties

The signal shape parameters for both BY — K*9y and BY — ¢y decays have been fixed
in the fit from their MC expectations found in Table 5.6. Although Table 5.6 shows
that the values of the parameters are consistent when applying the photon smearing,
possible discrepancies between the shapes of the signal between MC and data have
been assessed by randomly varying, within 2¢ of the MC fit result, the values of each
of the fixed shape parameters, repeating the fit procedure and extracting ryielqs- The
1 — a confidence level intervals for the ratio of yields variation have been extracted
from the distribution of 3500 of such fits using the central intervals criterion [187],
i.e., the probabilities excluded in the high and low limits are each @/2 (shaded areas in
Fig. 5.15). With this definition, the 95% confidence interval has been determined to
be [—1.3,+1.4]%.
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Figure 5.15. Distribution of the yield ratio variation for the 3500 experiments varying
the signal CB parameters within their uncertainty. The area outside the
asymmetric 95% confidence level zone has been shaded.

All background components in the fit model have their shapes fixed from the MC
studies in §5.4. Some of them, specially those backgrounds the contribution of which
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)

is under the mass peak, have their contamination fixed from the MC studies. There
is, however, a big uncertainty emerging from poorly known line shapes or branching
fractions —some of them have not even been measured yet. The systematic effect
induced by the background models has been evaluated with a systematical exploration
of the space of their fixed parameters. The fit procedure has been repeated by varying,
within their uncertainty, the amplitude —when fixed— and the shape parameters
of each specific background, and, for each of the 13,000 repeated fits, r»s has been
extracted. The asymmetric, non-gaussian distribution of the variation of the ratio of
yields is shown in Fig. 5.16. A relative variation of [—1.2,+1.4]% has been observed
by making use of the central intervals criterion at 95% confidence level.
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Figure 5.16. Distribution of the yield ratio variation for the toy background study, vary-
ing all the fized parameters in the fit within their uncertainty. The area
outside the asymmetric 95% confidence level zone has been shaded.

The possible bias induced by the introduction of the acceptance function to model the
calorimeter miscalibration and aging effects and by the chosen model of the partially
reconstructed background has been determined by repeating the simultaneous fit in
a tighter mass window. Given the value of oy and mass thresholds found from the
fit, detailed in Table 5.14, the mass window has been reduced to £700MeV/c?, at
approximately 20 from the threshold. A 1% variation of the ratio of yields is observed
from the fit shown in Fig. 5.17.

Combining the systematical errors of the background model, the signal model and
the mass window choice, a 2.3% relative efficiency is found for the ratio of yields:

ra = 7.63 & 0.38 (stat) TO17 (syst). (5.50)
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Figure 5.17. Mass distribution of the B® — K*%y and B? — ¢~ data samples, in lin-
ear (left) and logarithmic (right) scale, a the narrow mass window of
+700MeV/c?. The fit model PDF is overlaid in a solid blue line, with
the signal (dashed green) and background (dashed red) components. The
X2 /dof of the fit, obtained as detailed in §5.5./, is found to be 1.14; this
larger value is is mainly due to the residual effect of the threshold accep-
tance in the low mass region.
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5.6.2. Ratio of visible vector meson branching fractions

Since not all possible decay modes of the vector meson have been used on this the
analysis, to obtain the visible cross section one needs to add the partial branching
fractions of the observed modes K*0 — K*7F and ¢ — K+ K~. In particular, the K*°
decay is almost a 100% isospin-conserving string decay and therefore one expects a 2/3
partial branching fraction for the charged decays (see Appendix B for more details).

The branching fractions of the vector mesons to the observed charged modes can be
found in [21]:

B(K* - K*7F) = (66.507 + 0.014) x 1072,

5 (5.51)
Blp—KTK™) = (48.940.5) x 10~%.
Thus, the ratio of the visible vector meson branching fractions is
B(¢p - KtK~
(¢ ) = 0.735 £ 0.008. (5.52)

Tvector meson B = B(K* — K+7T_)

5.6.3. Ratio of hadronization fractions

The LHCb experiment has measured the ratio [fs/(f, + f4)] using semileptonic decays
of b-hadrons [188], as well as the ratio fs/ f; using the relative abundance of B — D 7+
to B+ D~K*, and B~ D~ [189).

The ratio fs/fq is taken from the combined LHCb measurement, which has a 7.5%

uncertainty [98]:

j:z = 0.2671) 0%, (5.53)

The contribution of fs/f; constitutes the main source of systematical uncertainty in
the measurement.

5.6.4. Ratio of trigger efficiencies

The trigger efficiencies —including the TOS requirements detailed in §5.2.1— have
been evaluated from the offline selected signal Monte Carlo sample by applying the
following procedure:

1. Run the MOORE software with the studied trigger configuration on the offline-
selected MC sample without trigger requirements.

2. Apply the TISTOSing algorithm with respect to the signal decay.
3. Calculate the efficiency of the TOS selection.

To obtain the trigger efficiency for data with several TCKs run one must average the
individual efficiencies of each TCK, weighted by the luminosity taken with them.

For the data considered, a total number of 15 different TCKs have been used, the
luminosities of which can be found in Table 3.1. Detailed TOS efficiencies per TCK
are shown in Table 4.12, as well as the averaged TOS efficiency. This table can be used
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5.6. Extraction of the ratio of branching fractions

to obtain the ratios of trigger efficiencies per TCK shown in Table 5.15. Calculating
the luminosity-weighted average, the ratio of trigger efficiencies is found to be

Bl—dry
P Iyigger = BT(%KQOW — 1.080 = 0.009, (5.54)
Trigger

where the quoted uncertainty is due to the size of the used MC samples.

TCK TTrigger
0x360032 1.068 + 0.011
0x480032 1.078 = 0.009
0x4A0033 1.076 £ 0.009
0x5A0032 1.076 = 0.009
0x5B0032 1.078 £ 0.009
0x5D0033 1.080 £ 0.009
0x6D0032 1.078 £ 0.009
0x700034 1.078 £ 0.009
0x710035 1.080 £ 0.009
0x730035 1.078 £ 0.009
0x740036 1.087 £0.011
0x760037 1.081 £ 0.009
0x790037 1.081 £ 0.009
0x790038 1.081 £ 0.009

Weighted average 1.080 4 0.009

Table 5.15. Global trigger ratio efficiencies by TCK, considering L0 TOS, HLT1 TOS
and HLT2 TOS as defined in §5.2.1.

Systematical uncertainties

As outlined in the overview of the analysis, the trigger paths enforced for the two
channels through the TOS selection are almost identical in order to cancel most sys-
tematical uncertainties. In the trigger, differences between the two channels appear
in the exclusive HLT2 selection, but cuts applied at HLT2 level are looser than the
corresponding offline cuts, and thus the systematics related to them are included in
the calculation systematical uncertainties of the selection.

A possible source of significant systematics in the trigger could come from the badly
simulated LO energies, which could affect the LOPhoton or LOElectron efficiencies.
However, there is no noticeable difference in the Et spectrum of the B — K*9y and
the B? — ¢y above 2 GeV, as can be seen in Fig. 5.18. Therefore, no systematical error
is expected, even if the difference between the Monte Carlo and the data spectra were
sizeable.

In summary, only the systematical uncertainty related to the size of the used MC
sample in the extraction of the ratio of trigger efficiencies, which amounts to 0.8%, has
been included.
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)
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Figure 5.18. Transverse energy of reconstructed truth-matched Monte Carlo photons,
for B® — K*9 (black) and B? — ¢y (red). No differences are observed
above Ep > 2500 MeV, the critical zone both for analysis and trigger. The
area rejected by the offline cut of Ex > 2600 MeV has been shaded.

5.6.5. Ratio of acceptance efficiencies

When generating the Monte Carlo samples for a given decay channel, only those events
with their final state particles inside the 400 mrad cone of LHCb acceptance are passed
on to the detector simulation step. Thus, acceptance efficiencies have to be considered
even before the reconstruction process takes place. They are calculated at genera-
tion time by the GAUSS software and are incorporated to the particle cut tables for
MC11 [190].

MagUp (%) MagDown (%) Average (%)

B - K*0y 234140.13 2340+0.13 23.414+0.13
BY — ¢y 25.83+0.14 25.51+0.14 25.67+0.14

Table 5.16. Acceptance efficiencies as given by the GAUSS software.

The acceptance efficiency is higher for the B? — ¢y channel because the kaons coming
from the ¢ are more likely to lie both within the detector acceptance, as they come
out in a smaller angle due to the phase-space limitations of the ¢ — K™K~ decay.
With the values shown in Table 5.16, the ratio of the particle cut efficiencies inside the
400 mrad LHCb acceptance cone is

B—dry
€
T Acceptance = %ﬂoﬁf =1.097 + 0.009, (5.55)

€400 mrad

where the quoted uncertainty is due to the limited statistics at the generator level. The
geometrical acceptance is known to be well modeled by the simulation, and therefore
no further systematical uncertainty is added.
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5.6. Extraction of the ratio of branching fractions

5.6.6. Ratio of reconstruction and selection efficiencies

The overall ratio of the reconstruction and selection efficiencies, without considering
the PID cuts, has been extracted from the MC11 signal samples: the efficiency for
each channel has been calculated by dividing the number of offline-selected events
between the size of the samples, extracted from Table 5.3, and then the ratio has been

computed:
(Bao
TReco&SelNoPID = %;Nom = 0.881 + 0.005, (5.56)
€Reco&SelNoPID
where the uncertainty is statistical only. Special care has been taken to remove all PID
cuts that are used in the reconstruction of kaons in order to avoid any double counting
of PID effects.

The specific contribution of the reconstruction efficiencies, i.e., the ratio of the frac-
tion of Monte Carlo events that have been reconstructed over the number of Monte
Carlo events generated, has been extracted by making use of a special version of the
reconstruction. On one side, as already mentioned, the soft PID cuts that are used in
the reconstruction of kaons have been removed. On the other side, the IP cuts that
are applied in building the loose K*° particles —StdVeryLooseDetachedKst2Kpi—
have also been removed in order to study their full effect when considering the offline
selection. This reconstruction efficiency ratio is found to be

i
Boagy = 1.016 +0.014. (5.57)
Reco

As discussed in §5.2, the selection of both BY — K*0y and BY — ¢ is identical except
for the PID cuts and the vector mass window. However, there are significant differences
in the efficiencies of several cuts due to the kinematical differences between the two
decays. Table 5.17 illustrates the efficiency of each cut over the loosely selected MC10
sample for each of the channels. While only providing rough quantitative information
(the concept of “reconstructed sample” is hard to define), the table allows to highlight
the main differences between the two channels of interest:

o Owing to the fact that the ¢ daughters are closer together, the IP x? cut has a
bigger impact on the B?— ¢ry.

o Due to the phase-space constraints of the ¢ decay, the ¢ vertex has worse resolu-
tion (see Fig. 5.19) and thus the DIRA, flight distance and the B isolation Ay?
requirements affect the BY — ¢7 in a larger amount.

o Because the 7 of the K*0 has a softer pt spectrum, the track transverse momen-
tum cut is more restrictive on the B® — K*%y decay.

0 The vector meson mass window cut is more efficient in the BY — ¢y than in the
B? — K*94 because the mass window of the K*Y has been chosen to be of 1
natural width (I'g) of the resonance in order to improve the S/v/S + B, while
the mass window of the ¢ has been left at 2 I'y.

Combining equations 5.56 and 5.57, the selection efficiency is found to be

Bl—gry

€
%’?f’ = 0.867 £ 0.013, (5.58)

€SelNoPID
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)

B K*0y  BY ¢y

Kaon IP x? 82% 68%
Pion IP x? 78% -

Track pr 89% 97%
Max track pr 86% 81%
V meson vertex Ay? 96% 95%
V meson AMppg 75% 85%
Photon Et 56% 54%
Photon CL 81% 81%
70/~ separation 67% 66%
B candidate pr 68% 69%
B candidate IP y? 91% 92%
B candidate DIRA 68% 45%
B candidate FD x? 73% 59%
B candidate |cos 6y 96% 95%
B candidate isolation Ay? 82% 1%

Table 5.17. Efficiency of each of the offline cuts on reconstructed events from simulated
B%— K*% and B%— ¢y samples.

where the uncertainty is due to the Monte Carlo sample statistics.

Systematical uncertainties

Several effects need to be considered when calculating the ratio of reconstruction ef-
ficiencies, mainly material budget effects. Using the tracking efficiency tables [191]
a systematic of the order of 0.2% per track is obtained. However, it will be ignored
because tracking efficiency systematics mostly cancel due to the fact that the spectra
of the tracks are very similar in both decays.

There is a more important systematic effect due to the fact that the reconstruction
efficiency for the hadrons has not been measured in LHCb. Assuming that the material
budget is known within 20%, studies have shown [192] that there is an average difference
of 20% interaction lengths between pions and kaons. Assuming this difference, and
adding the fact that the material budget constitutes ~ 20% of the hadronic interaction
length, the uncertainty in the material budget gives a systematical uncertainty of the
order of 0.4%.

Another possible source of systematics are those variables which have different dis-
tributions for the B — K*%y and the BY — ¢v and, at the same time, are not well
described by the Monte Carlo simulation. These variables are mainly the IP x? and
the vertex isolation Ax?, as they are sensitive to the track multiplicity, which is known
to be poorly described in the current simulation. Other variables with different dis-
tributions between the two decays, such as the flight distance y? and the DIRA, are
well modeled in the simulation. To deal with the systematics associated with these
two variables, the data has been reweighed with the MC distribution and the ratio of
yields has been recalculated. A 1% difference in the isolation Ax? is obtained, while
the IP x? discrepancy is found to be 0.5%.

Therefore, summing up all the contributions, including the statistical uncertainty
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5.6. Extraction of the ratio of branching fractions
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Figure 5.19. Vector meson vertex resolution in the three spatial directions for K* in
B — K*%y (black) and ¢ in B — ¢y (red) simulated events. It can be
clearly seen how the ¢ vertex has a much worse resolution.

quoted in Eq. 5.56, the reconstruction and selection efficiency systematics is found to
be at the level of 1.3%:

I'RecokeSelNoPID = 0.881 % 0.005 (MC stat) + 0.010 (syst). (5.59)

5.6.7. Ratio of PID selection efficiencies

The PID efficiency ratio can be expressed as

6115181;(;5 ’ egID
TPID = BOK 0y = K*0 (560)
€pPID €PID

since the PID cuts do not affect the photon. This €? and e ** efficiencies have to be
understood as an average of the individual efficiencies that can be assigned to each event
depending on its particular kinematics, i.e., they are values that cannot be extracted
generally because they depend on the particular kinematics of the studied sample.

As it can be seen in Table 5.5, pions from the K*V are required to have DLLg, < 0
and kaons, either from the K*V or the ¢, are required to fulfill at the same time the
DLLg7 > —5 and DLLg, > 2 conditions®.

2In a given event, it is important to keep in mind that, in general,

€DLL g - &DLL # €DLLk, X €DLL,»
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)

The distributions for Aln Ly are different from Aln Lgata, and some examples of
this situation for B® — K*%y and B? — ¢ can be seen in Fig. 5.20. That means that
a given PID cut will perform differently in data and in Monte Carlo, and thus MC
cannot be used to estimate the PID cuts efficiency.
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Figure 5.20. Distributions of DLLk, (DLLk) of offline-selected (without PID cuts)
real data (blue dots) and MC11 (red solid line) samples.

A way of determining PID performance from data, i.e., a PID calibration procedure,
has been developed by the LHCb Particle IDentification group [193, 194]. A calibra-
tion sample of prompt D** — DO(K+77)r¥ is reconstructed and selected using only
kinematical variables,i.e., without the use of the RICH detectors; this allows to acquire
calibration samples of pure pions and kaons. Then, the key idea of the data-driven
calibration procedure is that if one bins in PID-dependent variables, all tracks in a
given bin will have consistent RICH PID decisions, no matter their origin, and thus
the efficiency per bin can be evaluated.

The chosen variables for binning by the PID group are those in which the PID
algorithms are more dependent. They have been found to be:

o Number of tracks in the event.

o Track momentum, p.

o Track transverse momentum, pr.
o Track pseudorapidity, 7.

It is not necessary, however, to use all of them, specially in analyses with low statistics,
and one may keep those with a dominant effect on PID efficiency. Once the binning
for each specific analysis has been decided, an efficiency table for that specific binning
can be obtained by reprocessing the sample efficiency tables using the PID software
package.

since DLLk» and DLLg, are correlated. It is therefore mandatory to study the DLLk, and DLLgk),
cuts for the kaon as a unit, and not individually.
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5.6. Extraction of the ratio of branching fractions

Magnet Up Magnet Down Average
KD (70.0+0.3)% (72.2 +0.4)% (71.1 +0.2)%
B K0y eml (90.0+0.3)% (92.0 +0.3)% (91.0 + 0.2)%
KD (63.5+0.4)% (66.9 + 0.3)% (65.2 +0.2)%
by (69.4+0.3)% (72.2+0.4)% (70.8 £ 0.2)%
Bl — ¢y KL (69.6+0.3)% (72.2 +0.4)% (70.8 £ 0.2)%
Sp  (52.8+0.3)% (56.5 4 0.4)% (54.7 4 0.2)%
rpip 0.831 +0.007 0.844 + 0.007 0.839 == 0.005

Table 5.18. PID selection efficiencies, split in magnet polarity, obtained by reweighing
the (p,m) spectrum of the kaons and pions of the B — K*%y and B? — ¢~y
decays with the PID calibration tables. The last line gives the ratio of
the PID selection efficiencies. The quoted errors are due to the statistical
errors of each bin of the PID tables, which arise from the limited size of
the calibration sample.

In this analysis, and given the statistics of the studied decays, seven bins in p and
five in n have been used. The efficiency map for pions with DLL g, < 0, extracted with
the PID software package, is given in Fig. 5.21a; the corresponding efficiency map for
kaons with DLLg, > 5 and DLLg, > 2 is shown in Fig. 5.21b.

Since the ratio of branching fractions measurement is fully inclusive —not binned in
any variable—, a global efficiency is obtained by integrating the full selected sample.
However, as stated before, the PID efficiency for a given event is the product of the
efficiencies of the daughters of the K*0 or ¢, depending on which channel is being
studied. Thus, one cannot consider the p and n distributions of the individual daughters
of the candidate vector meson and sum over the efficiency of each bin. Instead, one
must consider the PID efficiency —calculated as the product of efficiencies for each
Km and KK pair— as a per-event weight, and with that information calculate the
integrated efficiency.

To do that, the momentum, transverse momentum and pseudorapidity of the signal
tracks must be known in order to assign the correct weight to each event. However,
in the data samples signal is mixed with background, and thus they cannot be used
directly because the kaon and pion distribution shapes between signal and background
may be different.

The sPlot technique could be used to extract the required distributions of the signal
tracks from real data. However, the low signal statistics in the data sample would give
rise to big uncertainties when determining the PID efficiencies from the PID tables.
A better precision is achieved by taking advantage of the fact that the simulation
describes well kinematical variables such as p, pr and n. Thus, MC signal tracks can
be used as inputs for the data-driven PID calibration procedure.

Moreover, the PID performance is different depending on the magnet polarity, and
thus PID calibration tables for the up and down configurations need to be used. A
summary of the PID efficiencies determined for each polarity, as well as their average,
can be found in Table 5.18.
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)
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Figure 5.21. Efficiency map for the PID cuts given in Table 5.5 for kaons and pi-
ons, binned in track momentum and pseudorapidity, obtained with a data-
driven calibration method (the leftmost bin in p, which goes from 60 to
400 GeV/c, has been left out to improve readability). Given a bin in mo-
mentum and pseudorapidity, all tracks behave consistently regarding PID
decisions. Therefore, the PID efficiency for a given event is the product
of the efficiencies of its particular K7 and KK combination, obtained by
making use of these tables.
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5.7. Result

Systematical uncertainties

Each of the bins of the data-based calibration table has an associated uncertainty due
to the size of the D** — DO(K+7~)n* calibration sample and the remaining statistics
per bin. The level of uncertainty per bin with the chosen binning scheme, shown
in Fig. 5.22, is the responsible of the uncertainties quoted in Table 5.18, and it is
calculated to be 0.6%.

Furthermore, the uncertainty induced by the data-driven PID method has been
estimated by applying the same method on a D** — DO(K 7~ )r* MC sample and
comparing the resulting efficiencies, shown in Fig. 5.23, to those obtained by directly
applying the PID cuts on the selected data sample. A 1.1% difference is found, and is
taken as a systematic.

Thus, the ratio of PID efficiencies is

Bl—dry
€
EBQ% = 0.839 + 0.005 (stat) & 0.009 (syst). (5.61)
PID

5.7. Result

A summary of the efficiency ratios defined in Eq. 5.48, including their systematical
uncertainties, is presented in Table 5.19. All contributions to the calculation of the
ratio between branching fractions, as defined in Eq. 5.47, are summarized in Table 5.20.

T'Trigger 1.080 4+ 0.009
TAcceptanCe 1099 :l: 0004
TReco&SelNoPID 0.881 +£0.011
TPID 0.839 + 0.010
Te 0.877 £ 0.017

Table 5.19. Summary of intermediate efficiency ratios, as well as the overall ratio of
efficiencies, including all systematical uncertainties.

TN 7.63 +0.38 7014
T'vector meson B 0.735 £ 0.008
fsla 0.26770:050

Te 0.877+0.017

Table 5.20. Summary of the various contributions to the ratio of branching fractions,
as defined in Eq. 5.47.

Combining the information in Table 5.20, the ratio of branching fractions between
BY — K*%y and BY — ¢v in 1.0 fb~! of pp collisions at a center of mass energy of
Vs = 7TeV has been measured to be

B(BY — K*0)

B(B0— ) = 1.31 £ 0.08 (stat) £ 0.04 (syst) = 0.10 (fs/ fa), (5.62)

in good agreement with the theory prediction of 1.0 4+ 0.2.
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)
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(b) Kaons with DLLg~ > 5 and DLLg, > 2

Figure 5.22. Efficiency uncertainties map for the PID efficiency map in Fig. 5.21. The
leftmost bin in p, which goes from 60 to 400 GeV/c, has been left out to
improve readability
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5.7. Result
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Figure 5.23. Efficiency map for the PID cuts given in Table 5.5 for MC kaons and
pions, binned in track momentum and pseudorapidity, obtained with a
data-driven calibration method applied on a MC calibration sample (the
leftmost bin in p, which goes from 60 to 400 GeV/e, has been left out to
improve readability).
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5. Measurement of the ratio B(B? — K*0v) /B(BY — ¢)

This ratio of branching fractions can be combined with the well-known value for
B(B® — K*%v), included in Table 1.3, to extract a new value for B(B?— ¢),

B(B? = ¢v) = (3.3£0.3) x 1075, (5.63)

which agrees with the previous experimental measurement, as well as with the theo-
retical prediction of B(B?— ¢y) = (4.3 £ 1.4) x 107°.
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Conclusions

This document has presented my contribution to the first steps of the radiative B
decays program at LHCb.

Radiative B decays are an example of flavor-changing neutral currents, and as such
they only appear in the Standard Model as loop-level processes. This feature makes
them sensitive to the heavy degrees of freedom circulating in the loop, turning them into
very sensitive probes for New Physics searches. While exclusive branching fractions of
radiative B decays are not well predicted theoretically, other observables such as CP
and isospin asymmetries, and the photon polarization provide a good handle to test
models beyond the Standard Model, such as mSUGRA or the Left Right Symmetric
Model.

An essential requirement for these studies is a good trigger efficiency, so a sizeable
amount of events can be kept from the background-dominated pp collisions at LHC.
The optimizations introduced to the trigger lines for B — K*y and B? — ¢y have been
detailed, and their performance has been assessed both on simulated and real data, with
impressive results. This exclusive trigger strategy, in which only the B® — K*0 and
BY — ¢y decay channels are included, has been used successfully for radiative decays
studies during 2011. However, this strategy does not scale well with the number of
channels and completely discards the possibility of data mining.

An inclusive trigger strategy has been developed in order to overcome this problem
and to open the possibility of new analyses involving channels for which no exclusive
trigger line existed. However, in order to broaden the scope of radiative decays trigger
lines, which involve in all cases the reconstruction of the photon, it has been necessary
to rethink and redesign how the calorimeter reconstruction works in the HLT2. Re-
ducing the timing of the calorimeter reconstruction was mandatory before larger event
samples could make use of photons in the HLT.

A new reconstruction procedure for the calorimeter in the HLT2 environment, based
on L0 objects, has been devised, providing a three-fold reduction in executing time at
the cost of a small efficiency loss.

A new set of HLT?2 inclusive radiative lines, in which only certain common aspects
among radiative decays are exploited when making a trigger decision, and a redesigned
inclusive ¢ line, have been introduced. Their performance on simulated data has
been remarkable, and in three out of the four analyzed radiative channels they have
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6. Conclusions

outperformed the exclusive approach. A direct comparison with the exclusive approach
has also been presented for BY — K*0(K*7F)y and B? — ¢(K* K ™)y data from 2011.
In addition, the experience of the 2011 data taking has led to new ideas on how to
improve the inclusive lines in order to access the lower part of the transverse energy
spectrum of the photon.

LHCb has decided that inclusive radiative lines will form the base of the trigger
strategy for radiative decays in 2012, opening the way for several new analyses of
radiative B decays, such as the CP asymmetry studies in BT — ¢K v and B —
py- This decision has also caused a shift of the radiative stripping strategy towards
inclusiveness, and will open the way for new studies on the optimization of the offline
selection.

Data collected by the LHCb experiment during 2011 have been used to extract the
ratio of branching fractions of the B® — K*0vy and B? — ¢ decays. The theoretical
prediction for this ratio has an uncertainty of 20%, while the error of the current
experimental value is ~ 40%, mainly due to the poor knowledge of the B? — ¢
branching fraction.

By extracting the ratio of branching fractions directly, applying common selection
and trigger criteria for both decays, the cancellation of systematics has been maxi-
mized and the total uncertainty has been reduced. The yield of each decay has been
extracted from a simultaneous fit to the K*n ¥~ and K+ K+ invariant mass distri-
butions. Possible background sources have been studied in detail and they have been
added to the invariant mass fit. Special care has also been taken to account for all
discrepancies between data and its MC description.

The ratio of branching fractions has been measured to be

B(B? — K*0)

B(B0— ) = 1.31 £ 0.08 (stat) 4 0.04 (syst) = 0.10 (fs/ fa), (6.1)

and has been found to be compatible with the theory prediction of 1.0+£0.2. This result
has been combined with the well-measured value of the B® — K*%~ branching fraction
to extract the world-best measurement of the branching fraction of the radiative BY —

¢y decay,
B(BY = ¢v) = (3.34£0.3) x 1075, (6.2)

which is also in agreement with the theoretical prediction of (4.6 + 1.4) x 10~°. This
result largely improves the previous knowledge of B(BY — ¢), reducing its uncertainty
from 35% down to 9%.
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Helicity formalism and angular
distributions

A.1. The helicity formalism

The helicity formalism is the preferred method for obtaining angular distributions in
relativistic scattering and decay processes [195]. This formalism aims to solve the prob-
lem that in the spin-orbit formalism —developed in non-relativistic quantum mechan-
ics [196]— the orbital and spin angular momentum operators are defined in reference
frames that are not at rest with respect to one another. The helicity operator h = S. P
allows to construct relativistic basis vectors that are either eigenstates of total angular
momentum and helicity (or of linear momentum and helicity) thanks to the fact that
h is invariant under both rotations and boosts along p.

A.1.1. Rotation operators and Wigner D-Matrix

An arbitrary rotation R(«f7) from one initial zyz coordinate system to a final XY Z
coordinate system can be constructed from three successive rotations performed in a
specific sequence [197]. The FEuler angles («, 3,7) are defined as the three successive
angles of rotation:

1. The xyz axes are rotated counterclockwise about the z-axis by an angle . The
resulting coordinate system is labeled tuz.

2. The intermediate tuz axes are rotated counterclockwise about the u-axis by an
angle 3 to produce a second intermediate set of axes, the t'uZ.

3. The t'uZ axes are rotated counterclockwise by an angle vy about the Z-axis to
produce the desired XY Z system of axes.

Since a rotation around a given axis n is generated by the angular momentum operator
J -, the complete rotation can be written as

R(apy) = Rz(7)Ru(B)R.(a) = e /27 ubemilze, (A.1)
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A. Helicity formalism and angular distributions

The previous expression is not very useful because it is not expressed in terms of
the original axes xyz. Applying the invariance under rotation of observables of some
physical system, and exploiting the unitarity of the rotation operators, an arbitrary
rotation specified by the Euler angles («, 37) can be expressed in terms of rotations of
the fixed axes xyz:

R(aBvy) = R.(7)Ry(B)R(v) = e~ WV lyB i (A.2)

Angular momentum eigenstates |jm) transform irreducibly under rotations because
[R,J?] = 0. The action of R(a/37) on the basis state |jm) can be written as

R(aBy)ljm) = Z D7, (apy)lim’). (A.3)

The Wigner D-matriz [198] is defined as a 2j + 1-dimensional square matrix with
elements

DI, (aBy) = (jm'|R(af)|jm). (A.4)
Making use of Eq. A.2, the D-matrix can be expressed as
DI, () = (jm’|e™ e TuBemi jm) = emeg] (B)e=m, (A.5)
in which the elements A
&)y = (G |0 |jm) (A.6)
define Wigner’s d-matriz. These matrix elements are given by the complex Wigner

formula, which can be found elsewhere [199]. They have, however, many simple prop-
erties, the most useful of which are:

& (=B) = (1), (B)

& (—B) =dl, . (B)

D, B.y) = D2 (v, —B, ) (A7)
& (1) = (=17 "G (B)

B (27) = (1), (8).

A.1.2. Plane-Wave helicity states

The states of a free particle of arbitrary spin s, momentum p, and mass m correspond
to plane-wave solutions of the relativistic wave equation. For each p there are 2s + 1
linearly independent states of definite helicity (A = —s,s + 1,...,s) if the particle is
massive, and only two if the particle is massless (A = +1). If a rotation R(af7y) of
the system of axes is applied to one of these states, the direction of p changes, but
A remains constant. Similarly, when a Lorentz boost (L(p)) along p is applied to the
system, p changes magnitude and A\ remains unchanged as long as the direction of p is
not reversed.

Therefore, to obtain a state |p, s, A) |0, s, ) is rotated so that its quantization axis
points along p and afterwards apply a Lorentz boost along p (the reversed operation
is completely equivalent):

7,5, A) = L(P)R(a = ¢, 8= 0,7 = —¢)[0, 5, ). (A.8)
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A.1. The helicity formalism

The choice of vy = —¢ is conventional and has no physical meaning [199].

The next step is construct states of two free particles with masses mq and ms, and
spins s; and so. These states are constructed as direct products of the previously
studied one-particle plane-wave states,

D1, A1; P2, A2) = [P, 51, A1) @ [P2, 52, A2). (A.9)

The spins s; and s9 are fixed and therefore suppressed from the notation.

Moving to the CM frame, in which the particles are back to back (p1 = —ps = p),
the same two-particle state can be fully specified in terms of the magnitude of p and
its direction. Defining p = |p1| = |p2| and (0, ) as the angles of p;, the state can be
written as |p, 6, p, A1, A2). Furthermore, since the two-particle CM plane-wave states
are eigenstates of the total four-momentum P, the eigenstate |P“) can be factored
out and, with suitable normalization,

44/s
.0 00.%2) = (2| 200,00, 20} ). (A10)

However, in order to apply conservation of angular momentum to the transition
matrix element one needs to use eigenstates of total angular momentum as the ba-
sis for the two-particle CM states, i.e., one needs to move from a basis of states of
definite direction (plane-wave states) to a basis of states of definite angular momen-
tum (spherical-wave states). For that purpose one can use p, J, the total angular
momentum, M, the eigenvalue of J,, and A\; and As to identify states in a new basis,
|p, J, M, A1, A2). With that, the transformation between the two bases can be written
as

‘p, 9, @, )\1, )\2> = Z CJM(p, 9, ®, )\1, /\2)‘]), J, M, )\1, )\2>. (A.ll)
JM

The cypr(p, 0, ¢, A1, A2) coefficients can easily be evaluated for § = ¢ = 0. After
applying the rotation operator and normalization conditions, one obtains the final
expression of the transformation between the bases:

12J +1
|p707<)07 A17)\2> = % ?D]{/[)\(Q)’pv Ja M? )‘17)‘2>7 (A12)

with the definitions A = A} — A2 and Q = (p,0, —p).

Again, the states |p, J, M, A1, A2) have total momentum P=0 and, since they are
expressed in the CM frame, they are eigenstates of the total 4-momentum P®. That
allows to factor out the |P%) part of the state, similarly to Eq. A.10,

44/s
200 s) = (2 22100, 20) ), (A13)

and thus, taking into account that |P®) is invariant under rotations, Eq. A.12 becomes

2J +1
10,0, A1, 00) = \/ TD}{/D\(Q)M M, A1, A2). (A.14)
JM

163



A. Helicity formalism and angular distributions

A.2. Angular distributions in two-body decays

Now the process 1 — 2 3, in which the decaying particle 1 has spin s; and spin projection
m1 along an arbitrarily chosen z-axis, is considered. The final state particles 2,3 have
helicities A2, A3 and momenta p3 = py, p3 = —py in the CM frame (rest frame of
particle 1). The final state can be expressed by making use of Eqs. A.13-A.14:

)= <2w>3,/fwf,w, A ) [PS), (A.15)

where 0, ¢y are the angles of py. Therefore, the amplitude for 1 to decay into the
final state |f) is

4\/s
A2 3) = (2 [ 22505~ P o, A Nl ), (A.16)

where conservation of momentum has been applied. The constants in Eq. A.16 don’t
have any effect in the angular distributions, so they can be absorbed into U for easier
notation

A(1—=23) = (0,05, A2, A3|U]|s1,m1). (A.17)

Inserting the two-particle helicity basis states |sf,my, A2, A3) and making use of
Eq. A.14, the amplitude can be expressed as

A(1=23) =07, ¢, A2, A3|U|s1,m1)
= Z <9fa(pfv)‘27)‘3|sf7mfa/\27)\3><Sf7mfa/\27)\3‘U|817m1>

Sf,mf
251 +1 o1%
= Z \/TDW}Ll)\(Q))\Sf781)\mfvml<>\27)\3‘U|m1>7 (A18>
Sf,ﬂ’Lf

and since (A2, A3|U|m1) must be rotationally invariant, the m; dependence can be
removed and the braket can be rewritten as Ay, ,:

2s14+1 .,
A(1—-23) = ZF D\ () A, (A.19)

From this equation, one would expect (2s2+1)(2s3+1) helicity amplitudes. However,
conservation of angular momentum requires

’)\2 — )\3‘ S S1, (AQO)
and also it can be shown that, if parity is conserved in the decay,

Alng—ng = mmanz(=1)2 771 Ay . (A.21)
The angular distribution is found by squaring the amplitude in Eq. A.19,

dr _281+1

251+ 1
l 0 DI () Ay, [P = 22T
de1A2>\3( f7<10f) 47T ’ M)\( ) >\2>\3’

= A O Pl (A22)
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A.2. Angular distributions in two-body decays

If the experiment does not measure the final state helicities Ao, A3 they must be summed
over.

The total decay rate is obtained by applying the sum and integrating over €. It does
not depend on m, because the decay rate of a free particle should not depend on which
way its spin vector is pointing. With that in mind, the notation can be simplified by
denoting the angular distribution as

1dT

A.2.1. Spin density matrix

Until this point the considered initial state has always been prepared with a definite
value of my and no distinction has been made between mi and A1. Under experimental
conditions, it is usually not possible to obtain a measurement for A\; on an event-by-
event basis. Therefore, the amplitude in these cases must contain a coherent sum over
A1, and also, in the general case, a dependence in the lab direction of particle 1, as
well as other variables related to the process which generates particle 1.

Considering the parity-conserving process a b — 1 (— 2 3) X, and recalling [196]
that a mixture of states |¢;) with fractional populations w; can be characterized by the
density operator

p=> wili)(Wil, (A.24)
and denoting T as the transition operator corresponding to the interaction, the final
state density operator can be expressed as

p X Z T’ﬁl7)\a7Ab><ﬁ17)‘a7)\b’TT7 (A25>
)\ay)‘b

and be used to construct the density matrix py, X, corresponding to particle 1 by taking
the trace over all final state variables. Thus, the angular distribution becomes

Q) == > AT, A2, A3)a0 AR M, A2, Ag)
AL A2,A3

1251 +1 . . .
T 4n Z Dill,)\(Q)A)\g/\gp)\l)\’lDi}lV)\(Q)A)\z)\g' (A.26)
AL A2, A3

A.2.2. Sequential two-body decays
When considering the decay 1 — 2 (— 4 5) 3, the first thing that must be done is

construct a new coordinate system (z'y’z’) in the rest frame of particle 2. First the
original axes by are rotated R(y, 6, —¢), which effectively aligns the z’-axis onto the
flight direction of particle 2 in the rest frame of particle 1. With that choice of axes,
if particle 2 has helicity As in the rest frame of 1, it will have a spin component in its
own rest frame of ms = Ao along the z’-axis.

The angles Q = (¢/, 0, —¢') are defined in the direction of particle 4 in the 2'y’z’
coordinate system, so €’ is defined with respect to the spin quantization axis of particle

2. The amplitude for the sequential decay is given by

A(1=2 (= 45) 3) = S NA|U ()52, M) QU (1) [s1). (A.27)
A2
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A. Helicity formalism and angular distributions

Following a similar derivation as Eq. A.19, the helicity formalism can be used to
obtain the final expression for the amplitude

Q Q )\17 )\37 )‘41 )\5)

2s1+1 /25941 " ok
\/ \/ ,8\11,)\2_,\3 (Q)AM)\sDiQ Aa—As (Q,)BMAW (A28)

where B), ), are the helciity amplitudes for the 2—4 5 decay. Note the coherent sum
over Ao. From this expression, the angular distribution is again obtained squaring the
amplitude and summing over spins taking into account the spin density matrix:

1(Q,9) =

1 1281+1282+1 Z

, A.29
T, 47 4rn P, = (A-29)

AN A2 XAz A5
{Di:’l*X —)A3 (Q)Df\l A2—A3 (Q)AKIQA3A/\2)‘3D§22*)\4 (Q/)Diz7)\4—)\5 (Q,)B§\4)\5A/\4/\5} '
Expanding the term in braces in Eq. A.29 using Eq. A.5 the angular dependence is

I AL=N)p gi(A2=A5) (¢' =) (A.30)

times a product of d-functions that depend on # and ¢'.

Since usually the interest lies in the angular distributions of particles 4 and 5, the
number of observables in Eq. A.29 can be reduced by performing a change of variables
X = (¢ — ¢) —so the amplitude depends on (6,6’, ¢, x)— and

o Integrating over ¢, yielding dy, -
0 Integrating over x, yielding dj, -
o Using the ortogonality relation of the D-matrix.

8 2
/D]* (af7) mn,dadcosﬁdw = TL&leémmlénn (A.31)

Making use of the fact that the trace of the spin density matrix is 1, the angular
distribution in € can be expressed as

1 2s9+1
I(Q) = Z P DS )\47,\5(9,”2“’4/\2/\3|2|B>\4)\5|2
Iy A A Ao Az Aads 7

1 2s9+1 02 2 2
= I, 4rn ; P Z ’d)\z Ag— ( )‘ |A>\2>\3| ’BM)\s’
1

A2 A3 A4 \5
————
Tr(p)=1
1 2s0+1
152 A2AsAiAs

Thus the angular distribution does not depend on ¢'.
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A.2. Angular distributions in two-body decays

B decay K*0 decay B decay K*0 decay
A0 = 0,+£1 A =0 A0 = 0,£1 Ax =0
| Ar =0 N=0 Ar =0
(a) B— K*(Kn)y (b) B— K™ (Kn)r°

Table A.1. Possible helicities for the different particles involved in B— K*°(Kn)y/m°.
The table is analogous in the case of the BY — ¢(K+ K~ )y/n° decays, re-
placing m — K.

A.2.3. Angular distribution of B— K**(Kr)y

Using Eq. A.32 and the selection rule Eq. A.20 it is easy to determine the angular
distribution of the B — K*Y(K )y decay and the analogous B? — ¢(K+K~)y. Ta-
ble A.la shows all possible helicity values given the spins of the particles involved in
the decay.

However, the selection rule Eq. A.20 only allows Ag+0 = A, so only the A_;_; and
Ajq1 amplitudes are allowed. Therefore, the angular distribution is

1(0) o< {]dL10(0")P| A-r-1]? + [dig(0)*|Ana*} - (A.33)
Making use of the d-function properties, it can be seen that
d%,o(e) = dé,fl(e) = (—1)d£1,0(9)7 (A‘34)
and since the —1 is irrelevant when squared,
1(8') o |d} o(6)]2. (A.35)
The value of dio(ﬁ) can be extracted from [21],

sin 6
\/i )
which, when squared, gives the angular dependence for the daughters of the vector
meson in B— K*O(Km)y and BY — ¢(K+ K~ )y:

d} o(6) = — (A.36)

I(0')  sin? ¢’ (A.37)

A.2.4. Angular distribution of B— K**(Kn)r°

Analogously to §A.2.3, Table A.1b shows all possibilities for the helicity values of the
particles involved in the B— K*O(Km)7? and B?— ¢(KTK )" decays.

In this case, the selection rule Eq. A.20 only allows Ag+0 = Ao = 0, so only the Ay
amplitude is allowed. This makes matters simpler, and the angular distribution for the
daughter particles of the vector mesons in the B— K*O(K7)r® and B? — ¢(K+K~)x°
decays is found to be

I(0) o |djy|* o< cos® 6. (A.38)

167






Isospin-conserving decay of the
K*Y vector meson

The K*° decay is almost a 100% isospin-conserving strong decay. If the particles
involved in the K*0 decay are characterized, taking into account the fact that K** and
K have the same quark content, all the states involved in the K*V decay can be built:

K0) = |K%) =ds= |} —}) |KY)=|K) =ds=1} }
K5 =K =us =13} |K7) = |K*7) = as=|

’7.‘.0> — uu\}tdd |1 0)

Tty =ud = |1 1) lm7)=us=|1 —1)

The Clebsch-Gordan coefficients [21] can then be used to construct the possible final
states for the strong decay:

Ko =31 =9+ B I -9 IR =318 —h -l D

K =E 3Dy D umw:ﬁ\;—% Vilk-b
K%)= 3133 i1 D) )=V3B -h+yin -
Kort) = 513 D43 158 |K0w—>=\§—;>

Kor) =13 3) Ko =313 -5 -2 - D)

Finally, the fractions of each decay mode can be calculated:

(KORO )2 =4 (Kt |[K0)2 = 2
(KOO =] (- E0)2 =
|(K+ 0|K*+>‘2 % |<K0 +|K*+>|2:%
[(K-m K )P =3 [(K°n |[K* )P =3
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