CERN-THESIS-2013-261

@ 20/09/2013

Apiototéieto Iavemothuo Oecoahovinng

Turuo Puorg

Me?\é‘cn TWYV L&o*cv']uov TOL xoudcpx
b UE TA TEWTA OECOUEVI TOU

ATLAS

Iwdvvne Noutone

Awdoxtoput| dtatplP

Ocoocahovixn, YentéuPBplog 2013






Aristotle University of Thessaloniki
Department of Physics

Study of the b-quark properties
with the first ATLAS data

[oannis Nomidis

A thesis submitted for the degree of
Doctor of Philoshophy, Ph.D.

Thessaloniki, Greece

September 2013






OPERATIONAL PROGRAMME
E EDUCATION AND LIFELONG LEARNING == 2N00§ ZRUE
investing in krwwée = ]

MINISTRY OF EDUCATION & RELIGIOUS AFFAIRS EUROPEAN SOCIAL FUND

EuropeanUniun MANAGING AUTHORITY
European Social Fund

Co-financed by Greece and the European Union

This research has been co-financed by the European Union (European Social Fund - ESF)
and Greek national funds through the Operational Program “Education and Lifelong
Learning” of the National Strategic Reference Framework (NSRF) - Research Funding
Program: Heracleitus II. Investing in knowledge society through the European Social

Fund.

H napotoo épeuva €yer ouyyenuatodotniel and tnv Evpwnoixy Evwon (Evpwnaixd
Kowwvixd Tageio - EKT) xou anéd edvixoic ndpouc péow tou Emnyepnotonod Hpoypdupotog
“Exnaidevon xar Awo Biov Mddnon™ tou Edvixod Etpatnyixod Ihousiou Avagopdc (EXIIA)
- Epeuvntnd Xenuotodotoluevo Eeoyo: Hpdxertog I Enévbuon otny xowmvio tng yvoong

uéow tou Eupwndixol Kowvwvixol Touceiov.

EMNIXEIPHZIAKD NPOTPAMMA
EKIMAIAEYZH KAI AlA BIOY MAGHZH : EZI—IA
EMEVIVEN GTNY UOLVWYLIA TNE YVIEN 2007'20]3

=] | opigpoyya v v |
YNOYPTEIO NMAIAEIAL KAl BPHEIKEYMATON  EYPOMAIKO KOINONIKO TAMEID

Evpwrdikn ‘Evwon EIAITKH YNHPEIZIA AIAXEIPILHE
Eupunaié Konwcs Tapeio Me tn guyxpnuaredamnon e EAMadag kat tng Evpwmaikrg Evwong







Vil

PhD. commitee:

Ch. Petridou (supervisor), Professor, Department of Physics, AU of Thessaloniki

Th. Alexopoulos, Professor, School of SAMS, NTU of Athens

M. Dris, Professor Emeritus, School of SAMS, NTU of Athens

S. Palestini, Dr, Researcher A’, CERN, Switzerland

R. Nikolaidou, Dr, Researcher A’, IRFU, CEA Saclay, France

D. Sampsonidis, Assistant Professor, Department of Physics, AU of Thessaloniki

K. Kordas, Lecturer, Department of Physics, AU of Thessaloniki

Day of the defense: 20/9/2013

Signature from head of PhD committee:






Dedicated to my parents,
for bringing me all the way here
& my friends,

for supporting me in times of need.






ITepiindn

H mapoloa dwbaxtopins dater eoTidlel oTn UEAETN TV WOTATWY TOU UECOVIOU BT
UEOW TNG avdAuoTg TV Te®twy dedopévey tou LHC oto CERN and cuyxpoloeig
TEWTOVIWY O eVERYELL XEVTPOU UAaloC Vs =7 TeV. Ta OEDOMEVL XAUTOYEAPTXAY ATO
Tov aviyveutry ATLAS tnv nepiodo 2010-2011 xan mpoc@épouy Tn BuVATOTNTA YLot VEES
MEAETEC TNG QUOKNC TOU x0LdEX b e DO CUYXEXPUIEVOUS GTOYOUC: o) Vo emBefou-
OOOLY TNV XUAT] ATOXELOY) TOU OVLYVEUTY| AVATHUEAYOVTAS TIG YVWOTES WOIOTNTES TOV
Bopidyv yecoview xou ﬁ) VoL DOOOLY TU TEWTOL ATOTEAEGUATA PUOIXTC OTIC EVEQYELES TOU
LHC. Kadoe 1o yeobvio BT anotedeiton and évor ovti-xoudpx b xon évor ehoppltepo
X0OUBEX, TO U, CUVOTY LWUVIXO EQYUAElD YLl VO UEAETACOUUE TIC IOLOTNTEC TOU XOU-
dox b, Yéow e ddonachc tou oe yeadwia J /P xou Kt 6mou o J/1p Seomdvior o€
800 wovie (putp™). H avélvon tov dedopyévev mou culhéydnxav to 2010 (mepimou
40 pb~! OLYONXE) O0NYNOE OTNV TUQATAENOT TNG TURAYWYHEC TWV UECOVIKY B* ono-
devoovtag TNy wovotnta Tou aviyveutry ATLAS va avoxotaoxevdlel Slondoelc tou
tornou B — J/¢YX. Y11 ouvéyela, TopouotdleTon 1 u€tenon tne udlag xaL Tou Yeovou
Lwhc tou pecoviou BE pe 1 uédodo tou Tautdypovou mpocdioptopol. Avomopdyovteg
TIC THEC TWV WOOTATOY AUTOY, YVWOOTEG XUl XA TROGOLOPICUEVES OO TEOTYOUUEVL
TELRAUATOL, AVUBEXVUETOL 1) ECOUPETIXY) AMOXEION Xol AMOOOCT) TOU ECWTEPIXOU AVLYVEUTH
xo TV ohyopidunmy avoxataoxevic. Hon ue to mpdta dedouéva ToTonoETL 1) 6WO T
AeLToupYlar TOU oVl VEUTY) EVOEL TV UETEPNOEMY Xt avaxahbpewy Tou axoloudoly. To
x0pto amoTéAeoya Quolxrc Tng mapoloug dluTedric elvar 1 uétenon g evepyol OLo-
Touhc mapaywyhic BE uecoviev pe debypa 2.4 b1 v dedopévwv mou culEydnxay
t0 2011. H evepydc datour| mopaywyhc METPRUNXE WS CUVAETNOT TNG EYXAEOLIS Op-
whc Tou pecoviou BE, extetvovioac aviictolyec uetpoelc mou éyvay tpdcpata oand To
netpdpotoe CMS xow LHCb oty B evépyewa twv /s = 7 TeV oe peyahltepeg Tyéc
eyxdpotag opuric Uéypel mepimou tar 100 GeV. T mpwtn gopd Ytoy duvat 1 cUyxpeLom
TV omOTEAEOUATOVY Ue Yewentnéc mpoBiédeic tne KBavtinrc Xpwpoduvauixric hote
VoL BLamo TUEL 1) 1oy U¢ TV YewenTix®dy utoloylouwy oTic evépyelec Tou LHC, edind
UETE TIC TPOoQUTES BEATIOOELS 0TOUE YeWENTIX0UEC UTOAOYIOUOUE TOU TEAYHATOTOLAUT-
xav Ue Bdon mponyolueva dedouéva and to Tevatron. Emnpdoldeta, o éheyyoc tov
VEWENTIXOY UTOAOYIOUGOY EYIVE OE UEYAAUTERO EVPOC WXVTNTUC XU EYXAPCLIS OPUTC

amod autd mou elye yeketniel oto TapeAIoY, xomg oL TEployEc aUTES Eyvay TEOGRAoL-

x1
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UEC O TEQOUATIXG U€CW TWV ATOTEASOUATLY TNg Tapovoag dwtel3ng. Ot petprioeic
NG evepYoU Olotounc ouyxpivovton pe TeoPAEdelc and BlapopeTind Vewpntixd mhalola,
omwe o POWHEG xou to MC@QNLO ahhd xon pe mpofiédeic g uedodov FONLL, ta
omolo hopfdvouv unddr uTtohoylopols uPniéTeENS TdENE oF dlorypdupata Feynman xon
TEOGEY YO TIXEC TEYVXES ddpolong hoyopldumy. Y& OAEC TIC TEQITTOOELS DLAUMIO TWVETOL
xoh1} ouppovia pe Tic YewpnTixée mpoBiélelc, Wialtepa GTNY TEPLOYT UEYSAWY TYLWDV
eYxdpotag opurc, OTOU Ol TPOCEYYICES TWV UTOAOYIOUMY Omd To TORUTVG YewenTixd
mhalota ebvon Wloktepa evaicintec. Ov petprioeic Tou Topouctdlovial PEOUY GUVORLXT)
ofefoudTnTa uxpdTepn aUTAS TV YewpnTixdy teoBiédewy, divovtag €Tl xivnteo yiu

TNV TEoYUaTOTolNCT VEWY YEWENTIX®MY UTOAOYLoUMY XUALTERNS axpifeloc.



Abstract

In this doctoral thesis a study of the properties of the BT meson is presented, ana-
lyzing the first pp collision data at v/s = 7 TeV recorded with the ATLAS detector at
the LHC at CERN in 2010-2011. The first data from the LHC provide an excellent
opportunity for B-physics studies with two important goals: a) to validate the perfor-
mance of the detector by reproducing well-known properties of heavy-flavor mesons
and b) to provide the first physics results from the LHC. The Bt meson consists of
a b anti-quark and a u quark, with the b being much heavier than the light v quark.
The decay of BT mesons to J/¢ KT, with J/1) mesons decaying to two muons, is
an ideal testbed for extended studies on b-quark properties. This thesis presents an
analysis of the data recorded in 2010 (about 40 pb~! in total) that led to the ob-
servation of the production of B* mesons, demonstrating the ability of the ATLAS
detector to reconstruct exclusive B — J/1X decays. Next, a simultaneous measure-
ment of the mass and lifetime of B* mesons is presented, in good agreement with
the world-average values. By reproducing these well-known properties, the excellent
performance of the inner detector system and the vertex reconstruction algorithms is
demonstrated already with the first ATLAS data and its proper functioning is val-
idated in light of the physics measurements and discoveries that follow. The main
physics result of this thesis is the measurement of the B* production cross-section
with 2.4 fb~! of data collected in 2011. The cross-section was measured as a function
of transverse momentum and rapidity of B* mesons, extending recent measurements
by the CMS and LHCb experiments at /s = 7 TeV to a higher transverse momentum
region, up to about 100 GeV. The comparison of results with theoretical predictions
of Quantum Chromodynamics is interesting in order to assess their validity at the
new energy regime, especially after recent developments in the calculations that also
showed good agreement with data from Tevatron. Moreover, comparisons are made
in wider rapidity and transverse momentum ranges than what was previously stud-
ied. The measured cross-sections are compared with predictions obtained with the
PowHEG and MC@NLOQO theoretical frameworks and with predictions of the FONLL
approach, comprising next-to-leading-order calculations and resummation techniques.
Good agreement is found with the measurements provided by this doctoral thesis, es-

pecially in the high-pr region, where the approximations used in the calculations
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within these frameworks are particularly sensitive. The measurements presented in
this doctoral thesis provide points with total uncertainty smaller than that of the the-
ory predictions, thus providing a motivation for theorists to improve the theoretical

uncertainties.
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MeAETn TV LWBLOTATWY TOU XOLAEX

b UE T TEWTA OECOUEVI TOU

ATLAS

Avtixeipevo g datpiPric amotehel 1 pehétn Tou xoudpx b To omolo mapdyeTon oF
agplovia 6T ouyxpoloel Tpwtoviwy oto LHC, €tot yag dlvetan 1 euxonplor vor mpory-
UOTOTIOLACOUUE ONUOVTIXES UEAETEC PE ToL TEMTO BedoUEVA TOL GUAAEY XY amd Tov
oviyveutr) ATLAS xou to omofor apopolv Ty maporywyr) auto) Tou cwuatidiou. Xtdyog
elvor vor EETACOUUE TNV AmOBOGT) TOU oVLY VEUTY| AL Xou vor €8y OUNE ATOTEAEGUOTOL TTOU
elvon evotapépova amd VewpenTnrg TAeLpds xupltg 6oov aPopd Tov EAeY Yo TNg Loy vog
TV TEolAédeny Tou Katicpwuévou Ilpotimou.

Metd amd yior cOvToun TEpLypa@r TOU UNYUVIGUOD TUEXY WY UECOVIWY B axohou-
Yolv Ta 800 Baowd péen tne SwteBhc. To mpwto agopd Ti¢ mpoeToAGlES Yo TNV
TeoyUaTOTOING METPROEWY QuUOIXNC, oTa TAlG Tou omolou avarTUyInxe Aoyiouxd
enonTeElUg TNG TOWOTNTUC TWV OEBOPEVGLY Xot avohOinxay Bedopéva amd cuYxEOVGCELS
UE OXOT6 TNV ETOAAUEVOT) TNC OWOTAC OVOXATAOKEUNC UECOVIWY B e TOV vy VEUTH
ATLAS. To 6eltepo pépog apopd T pétenorn tng dlapopnic eVERYo) BLUTOUNAE ToRO-
YOYNS YECOVIKY BT, mou elvou xon t0 %0plo AMOTEAEGUO TIOU TUPOUCIALETAL OE QUTH
™ ot H uétpnom auty) ouyxpiveton pe Yewpntixéc mpofBrédeic, xodde xon pe G-
AEC TOPOUOLES PETPNOELS ToRUYWYHC UEGOVIwY B, yiot TNy e€aywyr| CUUTEQUGUATWY TOU

apoEoUY TNV oYL TwV VEWENTIXGY UTOAOYIOUMY.



Melérn Ty 1botnTwy tov Koudpi b e ta mpdta dedouéva tov ATLAS 2

OcwpenTind vnoBadeo

H mopaywyy| Tou xoudpex b xou 1 adpovomoinot Tou meptypdpeTon, €m¢ VA CUYXE-
xpuévo PBodud, and 1o xouudtt exeivo tou Kathepwpévou Ilpotimou mou ovoudletan
KBavtin Xpwuoduvouxr ). Tw o TUnAua exelvo Tng adpovorolnong mou dev unopel
var Teptypapel amd Ty Yewplo YeNoYLOTOL0OVTAL QPOUVOUEVOAOYIXE. LOVTENN TIEQLY PAUPNS.

Ou umohoytopol e KBavtinre Xewuoduvouxhc Bacilovtoun otn Oswpior Atortopo-
Y@V, 7 oTolol G AUTH TNV TERIMTMOT UTOREL Vo EPAPUOG TEL VLol TNV AVEAAC TLXT) OXEDBAO
ToL 0dNYEL OTNY oAy WYY| TOU x0UdEX b xon Yo To apytxd xouudTL TNE dadixaciug TNng
adpovoroinong. To tehxd oTtddlo Tng adpovonoinong ebvar auTtd Tou BV UTopEl Vo TEQL-
yoopel oty Oswplor Alatopay v, ahhd dev anotehel TEOBANUA Yiot TOUC UTOAOYIGUOUC,
vl umopetl vo mapopetpomoiel xou var Tpocdlopto Tel TELpaUAUTIXG UE UEYAAN axplBela.
HporyuatomoudvTtag Ouwe VTOAOYIoUOUS 0TV Oempla AlaTopay Oy Yior YNy oavioUoUs To-
paywyhc BEVTEENC 1 UEYUALTEENS TAENG, TEOXUTTOUY GEOL Ol oTtolol GTNV TERITTWON
EXTIOUTNAC YXAOUOVIWY UXpnc EVERYELNS /%ol GUYYEUUUIXGDY YXxhovoviwy ameipilovto
%L €TOL oL LUTOAOYLoMOL TNG EVERYOU dLaToung amoxhivouy ce Ueydheg evepyeleg. L
TNV eniAUCT) QUTGY TOV TEOBANUATOY amalTOOVTAL EWXES TEYVIXES oL TROCEYYIoELS, N
vAomoinon Twv onoiwv yiveton og didpopa VewenTnd Thaiowa, OTwe auTéd TN Pedodou
FONLL [2/3], tnc pevédou POWHEG [4[5] xar tng MC@QNLO [6[7]. Yxonée tne na-
polocog dlTEBhc elvon 1 UEAETH TNG TopaywYNS TOU xoudpx b xou 1 cUYXEIoT UE TIC
TEOPBAEPES amd UTOAOYIOUOUE QUTOY TWY VEMENTIXGY TAUGIWY, OCTE Vo AToQavIoUUE
YL TNV oYY TV YEVOBMY QUTOY XAl TWV TEOCEYYIGEWY TOU UAOTIOLOVV.

[oe Ty p€tenon e mapaywyNg Tou xoudex b yenoworowivion T B adpovia (ps—
o6via xan Bapudvia) Tou ebvor To amotéheoua Tne adpovoroinone tou xoudex b. o T
ueréteg auThg TNG dlatePrc YpnotonoLElTon To UEGOVIO BT nou anoteheiton and éva xou-
G b xou éva dAho ehappitepo Xxoudex, To u. H Bidonaon twy pyecoviwy Bt oe pyeobvia
J/1p xow K elvar and Tic mo mdovéc AVAPETA OTIC UTOAOLTTES OLUOTAOES B uecoviwy.
Emnmiéov, ta J/9) Swondvton oe dvo wévia (uhp™) ye enione peydhn mbavotnro xa
HEALo T apXETA YRR YORX, Gpol 1) DIdOoTAoT YIVETOL HECW TNG NAEXTEOUXYVNTIXHG OAAT-
Aemidpaomng. MUVETKS, 1) OLdoTaoT) aUTH EYEl UEXETA omAr) xat xadopr) TEAXT xaTdoTao

TOU OMOTEAELTAL A6 TRl POPTIOUEVH CWUATIOIL UE OYETIXG UEYAAO YEOVO (WhC TEOER-
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YOUeVa amd Tov (810 %6uBo dAANAETIBp0oNG Ko Elval EOXOAO VO AVUXATAOEVAC TEL GTOV
aviyveutr) ATLAS. Eminiéov, n nopoucio oviev 6tny TEAXN xaTdo TooT TPOCPEREL Lot
Eexdrdopn EVOeLln yia TN YE1Yopn xou EUXOAT ETAOYT YEYOVOTWY avAUeEsH o TANUOEA
AV YEYOVOTWY LToPdioou ue TN Borjdeia Tou UG THUUTOS GXAVOUAMGHOD. LUUTEQAL-
VOUUE £TOL TWS 1) ETASYHEVT OLAC TGN Eival €VOL LOAVIXO EQYAUAEID YLl VO UEAETHOOUNE TIG
WIOTNTEG TV PECOVIWY B, %ot PO TO UE To TEOTO OEDOPEVA, DEDOUEVNS TNG UEYAANG

mdovoTnTog Topaywyhc xoudex b oto LHC.

AL QPAANOT TNG CWOTAG andxplong Tou aviyveuth ATLAS uye ta npwta

OEOOUEVA

To nelpoapa ATLAS 8] YENOWOTOLEL VOV OVLY VEUTT) YEVIXTG OXOTUUOTNTOG TOU OTTO-
Tehelton amd TOV VLY VEUTY| TEOYLOY, To VEQUIOOUETEN Xl TO UoVIXO aouatoueTeo. O
oV VEUTTC TROYLWY TEpLxhelel To onueio 6mou cupfaivouy ol cuyxpoloels xou Peloxeton
uéoa o payvntixd nedio 2 T. O aviyveutric autdg mepBdiheton amd Eva VeEQUIOOUETEL-
%6 00CTNUA TOU OTOTEAELTOL OO EVAL NAEXTEOUNYVINTIXG Xl €V ABEOVIXG LTOG)G TNHUA.
To Vepudouetod oot TepBdAAeTaL amd Eva UEYHAD ULOVIXO PUCUATOUETEO TOU
Beloxeton péoa o 1oy LEO TOPOEWES HaryvNTxd Tedlo. Mio Thpng dmoldm Tou aviyveutr
ATLAS o twv umocus TUdtwy Tou Tov anoteholy gaivetar 6to oyfuo [Il

[ow v avaataoxewy| Tne OLdonaong Tou Yecoviou BT YENOUOTOLETaL TANPOQO-
plot amd TOV AVLYVEUTH TROYLOY X0l TO UOVIXO QUOUUTOUETEO. O aviyVEUTAS TEOYLWDV
oVOXATUOXEVELEL TIC TPOYES TV QYOPTIOUEVKDY owuotdiny (1 xar K) xau petpder tny
£Yxdpola 0pUY| ToUG e PEYAAN axpifeta. Eniong, mpoobdiopiler tn Wéomn tng ohyxpouong
TV TewToviwy 6mou mopdyetar To BT peodvio (tpwtoyevic xéuBoc alknlenidpoong)
xou TNy Véon 6mouv 1o BT pecbdvio dwondton (Seutepoyevic xoufoc ddonaonc). To
HOVIXO PAUoUAUTOUETEO Bornidel oTNY TUUTOTOMNOT) TWV WOVILY X0 TOV DL WELOUO TOUG
am6 To umoBadeo.

H Siaocqdhon tng TotdTnTag TV OEDOUEVWY XUl TNG AVUXAUTUOKELNG TOV CWUITL
dlewv yilvetar pe éva eldwd TpoyeaUUaTIo TG Thalolo, 1 avdmTuln Tou omolou Teorhie
AL UEOK TNG TEOCKTXNG HoU oUPUETOYC. EddTepa, 1 GUVEIGPORE Lou cuvic TaTo

OTO XOUMETL TOU APORE TNV AVIXATACKELT) TWV TEOYUOY OVIKDY XUl TWV GUVTOVIGUOY
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Tile calorimeters

‘ L LAr hadronic end-cap and
) forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiafion fracker
Semiconductor tracker

Yyfua 1: O aviyveutigc ATLAS o 1o UTOGUOTARATA TOU TOV ATOTEAODV.

7oL OLoTIWVTAL G 000 wovia. Me autd o mpoypaupaTioTind TAxlolo To SEBOUEVA TOU
xatorypdpovtan amd To TElpopo EAEYYOVTOL UE EVOY QUTOUNTOTIONUEVO TEOTO UE TEOXO-
Yopiouévoug alyopriuouc. H Sradcacior autr elvon amapaitnTn dote va Slacpoiileton
1 %ok AetToupyiol TOU vy VELTH Xa 1) txavOTNTOL VoL EE8YOUUE allOTIO TaL ATOTEAEGUATA
oo Ta 6edouéva. Xto oyfual Siveton wa 6m Tou Thousiou mou TeaypaTOTOLEL TOUG
ehéyyoug autolg xan eU@aviCeEl Tor AmOTEAEOUATA Yiol TN AELTOLEYIO TWV UOVIXMDY aVL-
YVEUTOV, TV ahyOpLduwY avoXaTUOXEVHAS TROYLOV Xl CUVTOVIOUWY J /1) xou Z and Tig
TEOYLES AUTEC.

LNV oLVEYEL, TUPOVCIALETAL Yo AVEAUOT) TWV BEGOUEVWY Yol UEAETEC QUOLXDY Olar-
OLXACLOY. XE TPWTO CTABLO YENOLOTOLOVVTAL TO TEMT DEBOUEVA TTOU XAUTOYRAUPNXAY TO
2010 xou omd TNV avdAUOT) EVOS BElYHATOC TOU AVTIO TOLYEL OE OAOXANPWUEVT POTEWVOTN
o Tepimou 3.4 pb~! nopotnerdnxe N mopoywyh BT uecoviwv (oyfual), emdenviovtag
Vv avotnTo Tou avyveut) ATLAS v avaxataoxeudlel diaondoeic B yecoviny mou

neptéyouv J/1 yeodvia oty telixr| xotdotoon. Me tn Bordeia uedodou npocapuoyhc
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Run 155160, 1/express_express

Location in ROOT file:

Last Update: 1970-01-01 01:00 CET

[E!a]

_trk_chi2oDoF

Muan/MuonTrackMonitering/NoTrigger/MuonTrkParameters/Converted MBoy Tracks/muon_trk_chi2oDoF

[Un] MuonTradks/ConvertedMBoy/ NoMuonTriggerSelection/muon_trk_chi2oDoF

Assessment Details:
Name: muon_
Status: Green
Algorithm: MuonT

Num. of Entries: 0.0

Configuration Paramet

Results:

GatherData |Mean: 0.082¢
GatherData |RMS: 1.366

Yyfua 2: ‘Odm tou mhanciou emonteiog TNG TOLOTNTAS BEBOPEVLV.
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250 ————
ATLAS Preliminary Mg: = 52838+ 34, MeV

stat.)

o= 36%4 MeVv

(stat)

Ny = 325+ 36,

200~ \s=7Tev

J'L dt=3.4 pb*

stat)

Entries / (30 MeV)

150

100

50

No vertex displacement cut applied
o by by by b
5%00 5100 5200 5300 5400 5500 5600
My (MeV)

Yy 3: Katoavour tne avahholwtng pdloc Tou UG THUNTOS J/)-K og OEly oL ONOXAT-
pwpévne potevdtToc 3.4 pb! tou cUAAEYITKE xartd TN Bidipxeta Tou 2010. Tapatnpee-
Tou xardopd 1) Untapdn onfpatog mou Leywpellel and to undPBadeo oTNY TEpOYT TNE Halag
tou pecoviou BY. H ouveyrc umhe ypoups delyvel to anotéleouo Tng Tpooappoyhic
0T OEDOUEVY YPNOHIOTIOUMVTAS XUVOVLXT) XATUVOUT] Yol TNV TEELYQUPT TOU CTUATOS X0l
Yoo cuvdptnom yia To utoBadeo.

TV OEBOPEVLY ECAYOUNE TIC WOLOTNTES TOU OTUATOC Ol OTOLES oVaLYPAPOVTAL GTO Oy L.
Bpioxouye 6Tt 1 udlor TV oVAXATIOXEUACUEVWY YEYOVOTWY GHUATOS elvor cUUBATY UE
™ YV0o T Th and mponyolueve mewpduata [9] xon dti n Saxprtixd) tavdTnTo Efvon
CUUPUTY PE TNV AVOUEVOUEVT TWT| TNG, CUPPOVA UE EXTIUACELS and TEOCOUOIKGT. XT0
dedoyévo detypa (3.4 pb!) petpolue mepinou 325 yeyovéta ofjuatoc [10].
XpnowonoidvTag To GUVOAXS Belyua Bedouévwy mou cuRAEYdnxe To 2010 tou avti-
otoyel oe ohoxhnpwpévn gutewvdtnta tepitou 40 pb~t, utopolue vo petpricouue Gy
uévo tn pdla ahhd xar Tov ypévo rnuioetog Lwhc tou pecoviou BY. H udlo unopel vo
TPOCOLOPIO TEL, OTWE o OTNY AVEAUCT] YL TNV TUEATARNON TN TUEAYWYNG TOU UECO-
viou, and TNy €0peECT) TNG PEOTIC TWNAC TNS XAVOVIXNC XOTAVOURC TG avolholwTng udlog
TWY TEOIGVTWY TOU GHHUATOS, EVK 0 Ypovog nuicetag (whc tpoodioptletal and Tnyv xhiom
e exdetxic xatavounrc Tou ypévou TTRoNe Tou pecoviou BT and tov npmtoyev xou-
Bo ahknhemidpaone uéypl Tov x6ufo dldoTaong, avNYHEVO GTO GUGC TN AvapoRdS TOU
uecoviou (LBLO—Xpo'vog C(mr']g). H pédodoc mou yenowono|inxe mpocpépel ToautdyEOVN
uétenon tne udlac xon Tou yeovou LwhAC UE TNV TPOCUQUOYT TwV BEBOUEVGLY Yo TNV
ovahholewTn pdlo xon Tov WBLo-Yeovo (nfg TmV UTOPAPLY YEYOVOTKV BT. Agol emi-

AEYTNHOLY TA XAUTHAANAS LOVTENN TTUXVOTNTOC TWIAVOTNTOG YLOL TNV TEPLYRUPT| TOU GHUATOS
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Eyfuo 4: Kotovouée tne avorhointng udloc (aptotepd) xat tou 1io-ypdvou {one (de-
&1d) avoataoxevoouévey BT yecoviov mou duondvia oe J /1 KT, H xdxoavn cuveyhic
Yoot etvon 1 TeoBokr) TNg TEOCUEUOCUEVNS cLVAETNOTS TavVOoPdvELIS 0TI BUO XAUTo-
vopéc. H ouvdptnomn mpooopuoyric €xel EEYwEIOTEC CUVICTOOES Lo TNV TEQLYRUPT] TOU
ONUATOC X0 TOV OlpopewY TNY®Y LTofdlpou, ol otoleg @aivovTon 610 oy fua. XTo Oel-
Yo oL avahbdnxe xat avTio Totyel oe 35 pb~! ONOXANPWUEVNS POTEWVOTNTAC Peédnx oy
nepinou 3080 yeyovota onpatog pe udlo 5278.4 £ 0.8 GeV o ypdvo nuioeiog (g
1.63 £ 0.04 ps.

xat Tou uTodlpou, 1 UEVOBOS EPUPUOCTNIXE OTA DEBOUEVOL XAl OL TYES TTOU TEOXVTTOLY

yror T walo xou tov ypdvo nuioetog Lwrc tou BT yecoviou etvou:
mp+ = 52784+ 0.8 MeV , 75+ = 1.63 £0.04 ps .

O xatavouéc tng avarlolwtng udlog xan o wio-yeévou Lwrig gaivovtar 6to oyfuc
woll pe To amoteAéoya TG TpooupuoY e oTa dedopéva. H uétenon auty eivon og mohd
XONT oupLvio Ue Tic 1O Yvwotée Twée tne palag xou tou yeovou Lotc [9] xa aro-
TeAel onuavTiny emPefalwon TG XoAAS AELTOURYING TOU ECWTEQLXO) OVLYVEUTY| XAl TOU
HLOVIXOU (PUCUATOUETEOU AAAGL X0l TOU AOYLOULXOU UVAXUTUCHEVHC TROYLOV %ol XOUB®Y

oLdoTaomC.
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Meézpnor tnc evepyol SLatophs tapaywyhs Tou pecoviov BT

‘Eyovtoac Slao@ahicel T 0wo Ty amoOXELOY TOU OVLYVEUTH UE TIC TOQITAVG UEAETEC,
TO ETOUEVO Briua €lvor 1) UETENOT TNE BLAPOEIXTE EVERYOU BLUTOUNG ORIy WY1 TOU UEGO-
viou BT, tou givon 1 evBLapépouoa puo TooGTNTA TOLU OXOTEVOUPE VoL UETPHOOUUE OToL
mhadowa authc Tne dtateBric. To tn pétenomn auth yenouomolinxoy To Sedouéva amd
™ Aettovpyio Tou LHC 7o 2011 oe cuvifixeg aunuévng oTeVOTNTIC TOU TEOCEPERLY
TOA) UeYaAOTERO Oelyua OEDOUEVMY o UBALOTA OE TOAD UXQEOTEQO YEOVIXO OLAC T
oe oyéon ue ™ hettovpyla Tou 1o 2010. To delyuo mou yenowonotinxe avtioToryel
ot ohoxhnpwpévn gwtevotnta 2.4 bt H Swpopid evepyde Batopn mopayeyh e-
TeNINXE WG CUVEETNOT TNEG EYHAPCLAS OPUNG oL TNG WXVTNTUS TWV PHECOVIWY BT oTnV
evépyewa xévipou udlac 7 TeV. H olyxplon twv anotekeoudtov ye Jewpntixéc mpo-
BAédec amd unohoyiouole ota mhaiow tng KBavtinic Xewmuoduvouxhc etvon yphown
®OOTE VoL amo@avioUUE yior TNV o)) TV TeoBiédeny otny evépyela Tou LHC, wbialtepa
UETA amd TIC TPOCPUTES EEEMEEIC TWV VEWENTIXGY UTOAOYIOUOY TOU 081 YNO0Y OE XOAT
ouupovio ye to dedopéva and to Tevatron [11]. Emmiéov, 1 UETENON TNE TOEAUYWYTNS
v yeooviov BT eivar ypfown, yiotl unopel va emteuyVel ye xahltepn axpifela and
oUTH TV YewpenTnoy TeoPAédewy, ol omoleg Eyouv affefordTnTo TOU YTEVEL XU TO 40%.
'Etol, o cuyxploeic twv petpriocwy pe tic Yewpntixés mpoBiédeic elvar onuavtinésg yia
™V UEAETN TNg e&dpTnomng Twv Vewpntixdy teoliédeny and audaipetes TopopéTpoug
OAAG o Yo GAAOUC TELROATIXOUEC O%0ToUE. Xdpn oTNY eCUEETIXNY YEWUETEIXT XEAU-
b xon an6doon Twv aviyveutov oto LHC, ol yetprioelc, xon cUVETOS 0 EAEYYOC TwV
TeoPAédewy Tng Vewplag oe olyxplon pe To TElpoud, UTOPOLY Vo TEayuaToToudoly
O€ TOAD UEYUAVTERO EVPOC EYXAPOLAG OPUNG Xt WXOTNTAC ad O,TL €yel ueAetnlel oTo
ToEeA)OV.

H Swpopixt| evepyde Satoun mapaywyhic BT yecoviov 6e ouyxpoloels TpwTtoviwy

UETPLETAL UE TNV OYEOT)

d*c(pp — Bt X) NB*

’% - )
dprdy Line - Apr - Ay

omou A elvor 1 mdovoTNTH BLUOTIUONG TOU Bt 070 oUYXEXPYEVO XaVEAL, TIOU Elvou

(6.03 £0.21) x 1077 xou TEOXVTTEL AT TOV GUVBUUOUS TWY YVWOTOV TGOV Yo TNV
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mdavétta Sidonacng tou BY oe J/¢ KT xou tou J/4 e d0o wévia [9], NB* eivon o
apriUOS TV BLUCTIACEWY TOU OAUATOS, Liy = f L dt etvor 1 0OhOXANPOUEVT QOTEVOTNTA
Tou avtioTolyel 6To delypo xou Apr, Ay elvor Tor TAATN TV SLUUEPICEWY GTNY XATOVOUN
e eyxdpotac opunc (pr) xou wxdtntoc (). Trovétovtag ot T VeTind xou tar apvnTind
ueoévia B mapdyovton pe {on mbavotnta (xdtt mou Beédnxe 6t toyver oTny xivnpotix
TEPLOY T} TTOU TEOXELTAUL VO UEAETACOUUE, GUUPOVA UE VeWENTIXOUS UTOAOYLOHOUS GAAY
X0l UE UETPHOELS OO T Bsﬁopévu), 0 aptluoS TV BIOTIACEWY GHUNTOS NB" Bivetow amd
Tov (UYLOPEVO PEGO 6pO0 TWV BVO0 AVUXATUOHEVUOUEVWY QPOPTIOUEVWV XUTAGTACEDY GE

x&e doéplon (pr,y), SopdWUEVO Yior TNV ambd0oT %o TNV YEWUETEXT amodoy ) Tou

VLY VEUT
B AN _INZ, 1 NE
A Bt A BT AeBT 4B

6mou NB civor 0 aprdudc TV ovaxoTooXEUaoUévmy doTHoEWY ONUUTOG TOU WE-
TpTal oTo dedopéva amd TNV avolhoiwtn udla Twv pecoviwy B (Detind xou oEVNTLXSL
PopTIoUEVLY), A €lvan 1) amOBOY T TWV XIVNUATIXOVY XELTNEinV eTA0YHC oL @apudlouue
ot i, K pLog ldoTaong OHUATOS, Kol B v 6poL ToL aPoEODY TNV ATHOOOoT| TOU
VLY VEUTY] X0l TWV AAYORIIUMY YIol TNV VOXATACKELY| YEYOVOTWY OUATOC. AToutodvTal
oLapopeTinol Gpot yior VeTind xon apvnTixd @optiouéva B peodvia e€utiag tng dlapo-
PETIXNG EVERYOU OLatounc ahANAETDpaoNg VeTnd xou apvnTixd QopTiouévewy K Ue tny
UAM, mou odNyel og dlpopETIX ambdooT avoxataoxeurc. H uetenorn tou Nfg:o yive-
Ton e ot p€Yodo TPOGUPUOYHS OTA BESOUEV YENOYOTOWWVTOS TNV ovoAAolwTn wdla
v utoPguwy BT yeyovdtwy yio tov Bloywplond tou ofuatog and to utdPadpo. Ot
opoL B v A TEOXUTITOLY U6 TEOCOUOIWOT| TNG AVUXATUAOKEVNG YEYOVOTWY OTjud-
T0¢ oTov aviyveuth|. H mpocopoiwon eréyyeton xatdhhnha (dote vo dlamotwiel dv 1)
HOVTEAOTIOINOT] TWYV OLUPORKY CTOLYEIWY TOU aPOEOVY TNV AVAXUTACKELT| TOU CHUATOC
OVTOTOXEIVOVTAL GTNY TEAYUoTXoTNnTo. ALdpopa ETWUELOUC GTOLYElD TOL UTELGERYOVTAL
OTOV 6pO UTOBOCTC EXTIUWOVTOL OO ToL OEGOUEVYL XAl ETELTAL 1) TEOCOUO{WaT dlopUmveTol
XxoTdAANAa WoTe vor hogfBdveTtan uTodn 1) Blapopd avEUEGH OToL DEBOUEVA XL TNV TEO-
copoinwon, epdoov LpioTaton TEToL dlapopd. Katd toug ehéyyoug autolg extiudton xou

TO GUOTNUATIXG GPIAU OTOV TIPOGOLOPLOUS TV GPWY ATOBOCTS XUl ATOB0YAG. MUVU-

ToAoY{{OVTaG TO OTATIGTIXG GQIAUN XL TO CUCTNUATIXG GQIAUA TNG LEVHOOU Yiar TOV
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Yyfua 5 Awagopix| evepyoc dtatour) mopaywyhe BT pecoviwy we ouvdptnon e
eyxdpotag opufc xon wxdTnTag. Ta onuela avtiototyody oo dedopéva xon cuyxpivovto
UE TEOPBAEPES TwV VeWENTUWY LTOROYIOU®Y TeV TAwciwy POWHEG xouw MC@NLO. Ta
oxtaopéva TAaloto YOpw amd Tic Yewpnuixég mpofiédeic avtioTolyoly otny afefondtnTa
TV YEWENTIXOV UTONOYIOUOV.

TEOGOLOPLOHO TOL 0ELIUOU YEYOVOTWY GHUNTOS, XATUAAYOUPE OTL 1) UETENOT TNG dlapo-
EAC EVERYOL Blatopnc €yel ouvolxn afeBandtnta Tne tEng touv 10%.

To amoteréopara yioo T evepyd dtatour| Toparywylc pecovioy BT napovotdlovton
OTOL TTOEOXATE OYAUATA, OTOL XL cuyxpeivovTon Ue avtiototye Yewpntixéc mpofiédeic.
Y10 oyl paveToL 1) EVERYOS DLUTOUY| THPAY WY NS G CLUVARTNOT TNE EYXAEOLAS OPUTC
oe téooepig Teployéc wxvTnTag. H uétenon ouyxpiveton ue mpofiédec tomv Yewentinmy
uTohoYIoU®OY Tou TAaciou POWHEG xou tou mAauctou MC@NLO. T euxordtepn ci-
yxplon oto oyfualll gaivetar o Adyog tng pétenong we mpog Ty Vewpntiny meoBiedn
Eeyweotd yio POWHEG xar MC@NLO. To 6edopéva emBefonmvouy Tic mpofiédelg
Tou Thawciou POWHEG oe dhec Tic mepoyéc wxitnrac. To mialoto MC@QNLO mpo-
BAETEL YUUNAOTERT, EVERYO OLUTOUY Ad AUTY| TOU TORUTNEELTAL OTal BEDOUEVY OTIC i
%pég TWéS eyxdpotag opuric. EmmAdov, mpoPAémel 6T 1 xatavour| Tng Y*3eoLag 0puric
pOivel yenyopdtepa amd O,Tt TapaTnEe(Ton OTa OESOUEV OTNY TEQLOY Y| XEVTPIXNG WX 0T
¢ (Jy] < 1), evdd oty mpdatho neploy) wxdtntog (Jy| > 1) napatneeitoan o avtiveTo,

ONnAadY| N xatavour T eyxdpotlag opung @divel o apyd amd 6,TL mapatrneeiton oTA
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xaw MC@GNLO o€ dpeploeic eyxdpotag opufic o TECOEQIC TEPLOYES WXVTNTOG.

ornuelor avTioToL 00V GTo BEBOUEVA X0l TO GQIAUN TOUG avTioToyel 0T cUVOAXY| ofde-
BoudTnTor TNG PETENOMG TTOU TEOXUTTEL UG TO GUVUTIOAOYIOUO TOU OTATIC TIXOU XAl TOU
ovoTNUATXOL o@didatog. To oxwaouéva mhalowr Yopw amd Tic Yewpentinés mpofiédelg

VTG TOLYOLY TNV oBeBoudTnTa TV YEWENTIXOY UTOAOYIGUMY.
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OEDOUEVAL.

OhoxAnpe®vovtag Tn UETENCT QUTH KOS TEOS TNV EYXEECLYL 0pun 1 TNV wxOTNTa £€4-
YOUUE TNV EVEQYO OLUTOUN WS CLVAETNON TN WXLTNTAS N TNS EYXdEolIC OpUNAg avTi-
otoya. Xto oyfualll patveton 1 evepyde Slatopr) k¢ CLUVEETNOT TNG EYXAPCLAC OPUHC
xou cuyxplveton pe T meoPAédelg and utoroyiopolg g uedédou FONLL, 6nou damt-
O TWVETOL XohY| CUPEVia. YTo (Blo oyfuc gaiveton 1) avtioTotyn UETENOT) TOL TELRAUATOS
CMS [12] xau Swmotdveton 6Tt 1 Y€tenon mou napouctdleton o€ auTh TN dtotplBn ex-
telveton oe peyohltepeg TWEG g eyxdpotag opufic. H meploy| twv peydhwy Tov
™G eYxdpotag opunc elvon evdlapépouca yior ToV EAEYYO0 TV VewpnTix®y TeoBié(e-
wv. Téhog, oto oyfualll gaivetar 1 evepyde Slatopr) wS cLVEETNOT TNG WXOTNTOC XAl
ouyxpivetal Ye Ti¢ TEOPALPE OAWY TrV VempnTix®Y TAaciny Tou Tpoavapépinxay. Ot
Vewpntixéc mpoPAédelc tvan cuufatéc ye T pétenom, av AdBouue uddmn v aBefondtn-
oL TV YewpnTindy Teoliédewy tou elvan epitou 30% xau elvar TopouoLo Yo OhoL To
YewenTtind miolota.

Oloxhnpdvovitag ) uétenon oe OAn Ty xwvnuatxn nepoyy| (9 GeV < pr < 120 GeV
xou |y| < 2.25), maipvoupe TV T

o(pp — BTX) =10.6 + 0.3 (stat.) £ 0.7 (syst.) £ 0.2 (lumi.) £ 0.4 (#) ub ,

OTOL TO TEMOTO GPIAUA Vol CTATIOCTXG, TO BEOTEPO CUCTNUATIXO, TO TpiTo elvar amd
TOV TPOGOLOPIOUO TNG OAOXANPOUEVNS POTEWVOTNTIS Xl TO TEAEUTAO amd TNy aveldpTn-
™ pé€tenon e mavétTnTac Tou cUYXEXELWEVOU xavakol Bidonaone [9]. H mpoBredn
¢ pevdoov FONLL pe v ofeBardmntd tng Adyw emAoyng mopdyovTo ETOVAXAVOVL-

XOTOINOMNG XAl TAUPAYOVTOTONONG Xo TNG TWNE TNg Halag Tou xoudpx b eivou
o(pp — bX) - fr_p+ = 8.6737 (scale) + 0.6 (my) ub ,

émou fr_p+ = (40.1£0.8)% eivor 1 yvwoth tun yio v mdavdTnta adpovonoinang [9].
Ou avtiototyec npofBiédeic Twv mhouciewv POWHEG xou MCAQNLO etvon 9.4 ub xan 8.8 ub,
avtioTtoya, pe offefoundTnTeg TapouoLeg P auTéS TS TEOPBAeng g uedodou FONLL.
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Yo 71 Awgopixny evepyoc dlatour| mopaywyic BT UECOVIWY ¢ cuVdETNON TNg
eyxdpotag opunc. To onuelo pe o@diyota avTio OO0V GTN UETENOY TNG EVERPYOU
OLUTOUNC ME TO GUVOANXO GPIAUNL (otatioTxd xou ouompomxé) 070 €0POC WXVTNTAC
ly| < 2.25. To nepopotixd onueior ouyxpivoviar e anotehéopoto and o melpoo
CMS ané pa pétpnon mou xahintel to edpoc pr < 30 GeV xa |y| < 2.4 [12] xou
ue g mpofBrédec e pedddov FONLL [13] poll pe v afefondmnta tov Yewpnti-
AWV UTOAOYIOUMY, YENOWOTOIWMVTOS TN YVOO T T Yot Ty mdavotnta adpovoroinong
fomp+ = (40.1 £ 0.8)% [9]. Emniéov, 610 %dte gépoc Tou oyfuatog Qoivetor 0 AdYog
NG UETEPNONS TN EVERYOL SlaTounc ¢ Teog TNV Vewentxh meoBiedm pall ye Tic afe-
BoudtnTéC TOUC.
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Yyfua 8: Awpopixt| evepyog dlotour) mopoywy g BT MECOVIWY ¢ CUVETNOT TG W-
x0tnrag. To onueio ye 6PIAPATA AVTIOTOLYOLY OT1 UETENOT) TNE EVERYOU OLUTOUTNG UE TO
GUVOAIXO GOPAAUAL (Ol XOUNIVES YROUUES UTOBEWVIOUY TO GTATIOTIXG PEPOC TOU RN
T0¢) 070 eVpog eYxdpatac opuiic 9 GeV < pp < 120 GeV. TlpoBrédeic v Yewpntindv
mhouctiwy POWHEG, MC@NLO xoau FONLL 6ivovton mpog oOyxpion. O mpofiédelg
¢ pedodou FONLL Sivovton poli pue to dvey xon %dte dptor afeBandtnrog, eved oL avti-
otoyeg mpofiédec 1wv POWHEG, MCAGNLO éyouv nopduoteg afeBodtntec mou dev
epgaviCovtal oTo oy
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Yupnepdopata

Y1oy0¢ avdiuone mou mponyRinxe HTov 1 YETENom TN Spopixic evepyol Ola-
TopAC Yoo TNV Toporywyh BT ueodviwv dote va peretnlel n woylc twv Yewpentixdv
vroroylopov e KBavtinig Xewuoduvounrc. H uyétenon npayuotonoiinxe ye dety-
HoL ONOXATPWUEVNS POTENVOTNTOG 2.4 fh1 ME OEBOUEVA aTd CLUYXEOUGCELS TEWTOVIWY G
evépyelo 7 TeV oto xévtpo udlag, o omoior cuEyUnxay to 2011 ye ToV aviyveuTH
ATLAS oto LHC. H evepydc Sotour| etpInxe w¢ cuVdeTnoT Tng €YX3eoto opuhc
xou g wxbTnTog oto glpogc 9 GeV < pp < 120 GeV xou |y| < 2.25 xou Siveton ye
ouvohut| afeBondtnta 7%-30%, ue v xVpla tnyY aeBoudTntag vo efvor cUGTNUOTIX.
H pérenom auth| extelvetar o oyéon pe to anotéhecyo and 1o nelpoua CMS oty (Ol
evépyela oe LPNAOTERES TWEC eYXdpotag opunc, 1 omola lvon Lo evBlapépouca TEPLOYT
Yo Tic ouyxpioeic ue Tic Yewpnuixéc mpofBrédeic. Eréyydnxav or mpofrédeic tng ue-
Y660ou FONLL xod¢ xon dAwy mpooeyyicewy ol onolec uhonotodvtal oto Jewpntixd
mhaiole POWHEG xaw MC@NLO. Ot Yewpntixol utoloyiouol gépouy afieBardtntoa omd
TNV ETAOYY| TNG XAUOXAG ETOVUXAVOVIXOTIOMONG XL TOROYOVTOTIOMNONG, AAAS XL TNg
emhoyhc e e e uwdloc Tou xoudpx b, tne téEng tou 20%-40%. Méoo ota dpla
auThAg TNS a¥efondTnTog, ol Yewpntixol utoloyilopol efvan oe cuuQvia Ue TN UETENOT TNG
eVERYOU BlaTouNg ohhd Xou UE TNV TERLYPOPT) TNG ECBOTNONE OO TNV EYXURECLY OPUT) Xl
Vv wxOTTe. o to MC@NLO mopotnpeiton pio ibiontepdtna, xodog 1 e€8eTtnom tne -
veRY0U DLITOUNC amtd TNV €YAAECL OpUT) OEV EVOL O XOAT) GUUPW VLN UE ToL DEBOUEVA TV
ouyxpiveta oe empépouc Teptoyés xeviprc (|y| < 1) xaw mpdodag wxitrag (Jy| > 1)
0710 €UpOC oL xuAUTTETL amd TV Tapovoa pétenon (|y| < 2.25). Enuewdhvoupe €86
OTL 7 (Bl cuUTEPLPOE EyEL avapeRUEl OTN UETENOT TNG TORUYWYHE THOBXWY TEOY LDV
Tov TEoépyovTon and xoudex b [14] xutd ) olyxplon Twv YewpnTixwy teofrédewy pe
T 6edouéva ot TapdUoleS TEpoyES wxlTNnToc. H pedodoc FONLL biver npofrédeic yia
TNV EVERYO OLoTour| Tou elval O Xk} cLUQViK UE Tal BEBOopEVA, LTOVETOVTOG TN YVOK-
oThH TW1 Yot Ty mdavotnTo adpovoroinong fi_ g+, 1) omola Tpoéxude and aveldpTnTeg
TelpapoTiXéC YeTenoelc. EoTidlovtog otny meploy ) UEYIA®MY TYOVY EYXIECLIC OPUAC, Ot
meoPiédec tne FONLL avopévetan va eivor o axpiBeic and exelveg twv dhewv Yewpen-

Ty mhaowwy. O tpofiédec Tou POWHEG, xaddg xou exetvee tng FONLL, Bpédnxay



Melérn Ty 1botnTwy tov Koudpi b e ta mpdta dedouéva tov ATLAS 15

OUUPUTEC UE TN UETPOVUEVY Blaopixr] EVEQYO Olatoufc Uéypetl mepitou ta 100 GeV. H
TPOCEYYIOY ToU POWHEG €yel mopohol auTd TO TASOVEXTTUO VoL TUREYEL TANET) TEQLY PO
@) TNEG TEANC XATAC TUONG Xatt OEby VEL Var Elvor XahOTERT ETULAOYY| YEVVHTORA YEYOVOTWY
ue xoudpx b.

To anoteréopata Tng TopoLoag BLTEYBHS Yiar TNV TapaywyY| b adpovinwy, Tou Teay-
MUTOTOLAUMXE PE TNV OVOXOTOOXELT ToL pecoviou BT anoxheioixd oty Sidonaon o
J/ KT, unopel vo ouyxpdel pe mopduotec yetproeis tou mepduatoc ATLAS. H no-
eayoYn b adpovieny €yet uetpniel avoxataoxeLdlovTag UERIXME TIC BLIOTIUOEIS TOUG GE
J /1 [15], xohOntovtag éva euph gdoua eyxdpotac opunic Tou J /1 yecoviou (and nepinou
3 GeV péypt mepinou 40 GeV) oe téooepic neployéc wxitntag oto evpog |y| < 2.4. H
(Ol uétpnon €yer yiver xou oto melpopo CMS oe mapduolo ebpoc opurc xow wXOTN-
¢ [16], eved xou otic BYo mepnToEC xdmoles uxpés Slapopéc Eyouv mapatnenlel oe
umiéc Twéc opunc (Topduoto oyoho yiveton otny avagopd [13]). H nopodoo pétenon
Bonid va dieuxpviotel To (ATNUA aUTO, XadKg exTelveTol OE UEYARDTERES THIES OPUT|C
xon OV Topatneeltal xdmola Tpogavic amdxAlor. Emlong, n mapoywyr| b adpoviwy Eyet
uetpnel ye dwondoeg o D* peodvia poli ye wévia oty tehixry xatdotoon [17] ele-
TdlovTog TopOHOoL XIVNUATXT TEployT. ‘OTwe xou 0To anoTéAeoUa Tou TapouctdleTal
otnv mapolou dlTE3n, ol Yewentnéc mpofiédelg utoleinovtar 6oov aopd TNV ToEo-
YOYT) HECOVIOVY, oV XaL 1) TUEATNEOVUEYY SLapopd XohOTTETOL amd TNV UEYIAT ofeBat-
OTNTAL TV VEENTIXGY TEOPALPewy. XTo Blo cuUTEPAoUN 00T YOUY XL Ol PETEVOELS
Tou Tepdpatog CMS and yehéteg nopaywyrc B uecoviov oe didpopa xavdio SLdomo-
one (B — J/¢ K* [12], BY — J/ K° [I8], BY — J/wé [19], A — J/& A [20]),
Emnniéov, pe 1o neipapa LHCD éyer yetpniel n evepyde Swtoun nopaywyhc BT ye-
coviwv e ) ddonaon oe BT — J/i Kt omy npdoda nepoyn) (2 < y < 4.5) [21],
ETOEXVVOVTOC XA CUUPwVia e Tic TpoBAédeic tng pedodou FONLL.

Yuvoilovtag To TUpAmdve), GUUTERUVOUUE OTL UTIHPYEL XOAT] XATOUVONCT| TNG TOR0-
ywyhg b xovdpx oto LHC pe Bdon tig undpyouceg Yewpnuinéc mpofrélelg, eve otny
ToEOVoN UEAETT Xt O SAREC avTIoTOLYES Ol UETPHOELS EmTUYYdvouy axpifela xahbTepn
omo exebvn twv Yewpntixey tpoliédeny. Me autd Tov TpoTO Slveton xivnTEo Yior TNV
TEOYUATOTOMGT VEWENTIXDY UTOAOYLOUGY avOTERNS TENE Tou Yo Bivouy Tpofiédels ue

wuxpoteen afefourdtnTo. Emmiéov, uetd tov EAeyyo TV UTOAOYIONGY oTa TAAloLL TG
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KBavtinig Xpouoduvouxhc, UTopolUe Vo EXPETUAAEUTOVUE Tol OLIEGLIO ATOTEAECUATA

xo TIC UEVODOUC TIOU TEELYRAPNXAY O auTH TNV SlTeldr), xS xaL Tov TAOUTO TKV

Séotuwy dedopévev amd Ty Aertoupyio Tou LHC 1o 2012 (mepinou 20 fb™! ot 8

TeV) vy ty eZétaon xon AV oTavdTER®Y BLaBXICLOY 0TS 0Toleg 1) SLadixaaia Tou

ueheTOnxe oty Topolca pyacia yenotloToleltal we oNueio avapopdc.
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Introduction

The quest for finding out what is the fundamental entity from which our universe
is made of is exciting. Democritus first expressed the beautiful idea of entities he
called dropo (read atoma, meaning those that cannot be split) that must be the
fundamental ingredients from which all matter is made of. It is fascinating that
this idea was a result of pure philosophical thought. Centuries later, remarkable
discoveries have been made, leading to the identification of the atom - as our physics
textbooks name it. We found later that what we had named ‘atom’ has nothing to
do with the original idea as it has structure, consists of certain particles (protons,
neutrons, electrons) and can be easily decomposed. So scientists kept looking for the
truly fundamental, leading to the foundation of particle physics.

Particle physics today, however, has gone much further than just discovering the
elementary particles and is closely related to astrophysics. By studying the interac-
tions of the elementary particles an elegant theory has been established, called the
Standard Model (SM), with which we have achieved the description of extremely com-
plicated physical phenomena to unprecedented accuracy. Therefore the SM provides
a well-tested ‘template’ for constructing a more universal theory which will answer
much more fundamental questions. Such theoretical models, called Grand Unified
Theories (GUTSs), assume the existence of a fundamental entity, called the string,
from which all known particles originate. The validity of such models lies beyond
any chance of experimental confirmation at the moment. However, one cannot ne-
glect the rich phenomenology accompanying these models: unification of forces, extra
dimensions, multiple universes...

The progress in particle accelerators and detection techniques over the past 30

18
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years was of extreme importance to the establishment of the SM. For example, it was
the SppS at CERN which offered the ground for the discovery of the W= and Z bosons
and, consequently, for the confirmation of the electroweak unification. Then with LEP
collider at CERN and with Tevatron collider at Fermilab, a conclusive picture of the
SM has been drawn, but still some important issues remain open. The Large Hadron
Collider (LHC) at CERN was built to probe a new energy regime, elucidating the
mechanism of spontaneous symmetry breaking by finding the Higgs boson, and put
ambitious phenomenological theoretical models to the test. The recent discovery of
a Higgs-like particle justified the purpose of building the LHC to the society, but for
us, scientists, it is only the beginning of a new era with an endless list of studies that
need to be made in order to both measure its properties and probe searches for new
physics.

The quest is still on: we need to explore nature and find the truly fundamental
constituent from which our universe is made of. Supersymmetry (SUSY), aspects
of which are commonly inherited by many GUTSs, provides solutions to problematic
parts of the SM by predicting a partner particle for each of the known particles of
the SM and also more than one Higgs bosons. This has a cosmological impact, as
it can introduce candidates for the large amount of dark matter that we observe in
the universe. With the LHC we aim at new discoveries that could be matched to
predictions of SUSY or, in the absence of new discoveries, we will be able to set
stringent limits on the validity of SUSY models. At the same time, we look for hints
for extra-dimensions and a variety of exotic signatures beyond the SM.

The research for this thesis was carried out from 2009 to 2013 within the ATLAS
experiment, starting at a time of preparations for LHC operations which were resumed
in 2010, and was completed by analyzing data recorded in 2011. During the efforts
for the commissioning and testing of the muon spectrometer before LHC operations,
I contributed to the development of the Data Quality Monitoring Framework for the
assessment of the quality of the reconstructed data from the muon spectrometer. The
framework was tested with cosmic-ray muons and simulated data and provided useful
information during the early LHC operations, when the detector was operating for the

first time after the accelerator was turned on. The subject of this thesis was chosen
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such in order to both understand the detector performance and exploit the early
LHC data for the extraction of physics results which are of interest to the scientific
community. The production of bb pairs is abundant at the energy of the LHC, offering
a good choice for studies with the first data of ATLAS.

The exclusive decay channel BT — J/¢ K+ with J/v — p*tpu~ was a natu-
ral choice for this purpose: it is produced in abundance at the LHC, has a large
branching ratio with respect to other B-meson decays, a final state that can be fully
reconstructed and offers a clean signature to trigger on, that is the dimuon decay of
a J/¢ meson. Via direct reconstruction of this decay channel, I was able to prove the
observation of the production of the first heavy flavour events at ATLAS with just
300 nb~! of data and to validate the performance of the muon spectrometer, inner
detector and vertexing algorithms by reproducing the well-known properties of B*
mesons with a measurement of their mass and lifetime. The next item, which is the
actual goal on which this thesis concentrates, was the measurement of the differential
production cross-section of B* mesons in a wide range of pr and y, extending previ-
ous measurements to the interesting high-pr region up to about 100 GeV, allowing
detailed comparisons with the available theoretical predictions. The understanding of
heavy quark production at the new energy regime is of interest to theorists and also a
prerequisite to searches for new physics that include b quarks, like H — bb, where it
contributes as background. Moreover, the method for the cross-section measurement
using this decay channel sets the ground for new interesting B-physics measurements
in which BT — J/¢ K% is used as a reference channel. Such measurements involve
the production rate and angular properties of rare muonic and very rare purely muonic
B-meson decays, which are interesting because they are means to indirect searches
for new physics phenomena.

The structure of this thesis is as follows. In Chapter 1, a short summary of
the theoretical background behind heavy flavour production is presented, followed
by a discussion on the motivation for such studies at the LHC. Chapter 2 gives the
technical design parameters of the LHC and Chapter 3 gives an overview of the
ATLAS detector. Then, the reconstruction of the relevant to this analysis physics
objects in the ATLAS detector is described in Chapter 4. Chapter 5 introduces the
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Data Quality Monitoring Framework which was used during data-taking, focusing
on the parts where I have contributed the most, namely the monitoring of single-
muon and dimuon off-line reconstruction. Chapter 6 gives the details of data and MC
samples used for this analysis. In Chapter 7, the analysis for the B meson using data
collected in 2010 is presented. This analysis led to the first observation of B meson
production at ATLAS and to a measurement of the B¥ mass and lifetime. Chapter
8 provides the main physics result of this thesis obtained with data recorded in 2011,
namely the B* differential production cross-section measurement, and reports the
results in comparison with the theory predictions. Chapter 9 discusses the results,
comparing them to other experimental measurements and to the theoretical prediction
for b-quark production at y/s = 7 TeV. In addition, conclusions and an outlook for

future studies involving the BT — J/¢ K™ decay channel are given.



Chapter 1
Theoretical background

This chapter gives a short description of the Standard Model, which is the collec-
tion of field theories that describe all of the observed phenomena in particle physics
up to date, regarding the electromagnetic, strong and weak interactions. The basics
of Quantum Chromodynamics are presented, in order to understand the steps than
comprise the production of B mesons, from bb production to b-quark fragmentation
and hadronization. As the main goal of this thesis is to test experimentally the theo-
retical calculations of b-hadron production, the formulation of how these calculations
are performed is also given. For a more detailed description, the reader may refer
to existing literature [1,2,3]. Finally, the properties of the B* — J/¢ K* decay are
discussed in order to support the choice of this channel for the study of b-hadron

production.

1.1 The Standard Model of Particle Physics

The Standard Model (SM) is a relativistic quantum gauge field theory of funda-
mental particles and their interactions. It was brought to its current form in the 1960s
and has been tested over the years by numerous experiments, so far with great suc-
cess. According to the SM, matter consists of spin-% particles (fermions) organized
in three categories (generations) with identical characteristics but increasing mass.

For each fermion there is an identical particle (anti-particle) of opposite charge. In

22
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Figure 1.1: The fundamental particles of the Standard Model, organized in three
generations of fermions and four force-carrying gauge bosons. For each fermion, an
identical particle of opposite charge exists (not shown in the table), named anti-
particle.

the SM, electromagnetic, weak and strong interactions are mediated by spin-1 par-
ticles (bosons), while a proper description of gravity within the same context is not
available yet.

All the particles of the SM shown in Figure[LLTl have been observed, directly or
indirectly, including a Higgs boson that was recently discovered by the ATLAS and
CMS experiments [4.[5]. This is a scalar, spin-0, particle which appears as a conse-
quence of the Higgs mechanism after the spontaneous electroweak symmetry breaking.
Through this mechanism, as a consequence of the interaction with the Higgs field,
the vector bosons and the fermions acquire mass.

Although many of the SM predictions have been confirmed with astonishing pre-
cision, there are still several open questions that the SM theory does not explain.
The SM has 19 free parameters. It does not include gravity, does not explain the
different masses of fermions, neither the number of generations nor the origin of the
CP violation observed in the universe.

The SM provides a unified approach for the description of electromagnetic, weak
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and strong interactions. The interactions arise through the requirement that the the-
ory is invariant under local gauge transformations of the U(1)y x SU(2), x SU(3)¢
symmetry group. The indices refer to the conserved quantity in each transformation:
weak hypercharge Y, weak isospin L and color C, respectively. The U(1)y x SU(2)r
group describes the electromagnetic and the weak interactions, unified into the elec-
troweak interaction, and SU(3)¢c describes the strong interaction.

For the B¥ — J/v) K* decay that is studied in this thesis, all three interac-
tions are relevant. The production of B mesons involves the strong interaction; this
thesis concentrates on this part which will be described in more detail in the next
sections. Their decay to J/1¢ occurs via a b — ¢ transition that is mediated by the
weak interaction and, finally, the J/1) meson decay to opposite-charge muons is an

electromagnetic process (see Figure[.2).

=Y

Figure 1.2: Left: The b — c¢ transition, mediated by a W™ boson. Right: The decay
of the J/1¢ meson (c¢) to muons via a virtual photon.

1.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the SU(3)¢ component of the SM that
describes the strong interactions of quarks and gluons. In QCD there is an additional
quantum number, introduced originally to explain how quarks coexist in hadrons

without violating the Pauli exclusion principle. It is named color charge, taking three
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possible values, “red”, “green”, “blue”, with the red+4green+blue combination being
“color-neutral”. Quarks carry color and anti-quarks carry anti-color, while all hadrons
should be color-neutral. Then baryons, which are bound states of three quarks, must
consist of a red, a blue and a green quark. Mesons are formed from a quark carrying
a color and an anti-quark carrying the same anti-color, so that they are also color-
neutral. The gluons, being the generators of the SU(3)s symmetry group, have eight
independent color states that consitute a color octet.

QCD comes with two basic properties, confinement and asymptotic freedom. Con-
finement dictates that color states do not exist freely in nature, but only in color-
neutral bound states (color singlets). Once a colored final-state particle is pro-
duced, like a pair of b quarks (bb), it undergoes fragmentation (see next section)
and hadronizes by pulling ¢q pairs from the vacuum to form a color-neutral bound
state. Asymptotic freedom deducts from the fact that the strong coupling constant
decreases as the interaction distance becomes smaller [6], allowing us to treat partons

inside hadrons essentially as free particles.

1.3 b-quark production at colliders

In pp collisions at the LHC, bb production can be attributed to three parton-level
production subprocesses, shown in Figures[[.3] and [L4. These are:

e Flavor creation (FCR), involving two incoming gluons or quarks which annihi-

late to produce outgoing heavy quarks.

e Flavor excitation (FEX), which involves a b quark from the sea of one proton

that is scattered by a parton from the other colliding proton.

e Gluon splitting (GSP), involving an outgoing gluon from a gg — gg process

that splits into a bb pair.

FCR is the leading-order (LO) mechanism in ay (probability oc ai?). Next-to-leading
order (NLO) contributions from these diagrams consider gluon emissions or a self

coupling loop. FEX and GSP mechanisms are also considered as NLO diagrams
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Figure 1.4: Next-to-leading order production mechanisms of bb pairs. On the left,
heavy quarks are produced by gluon splitting and on the right by flavor excitation.

(probability o< a,,®). Although one expects NLO contributions to be suppressed by a
factor of a, with respect to LO, this is not the case for heavy flavor production at
the high energies of the LHC; actually FEX and GSP contribute more than the LO
diagrams, as seen in Figure

1.4 b-quark fragmentation

After a heavy quark is produced, it goes through the fragmentation process, which
can be factorized in two steps. In the first, produced b and b quarks radiate gluons,
losing part of their energy. This is a strong process described by QCD and is calculable

by theoretical calculations and Monte Carlo techniques implemented in particle gen-

!Taking the case of GSP for example, one finds that gg — gg scattering at the LHC is strongly
favored against gg — ¢gq by one-two orders of magnitude. Even though reduced by ~ ag, the
contribution of GSP is still larger than that of the LO FCR.
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Figure 1.5: Breakdown of the inclusive b-jet spectrum into the three major hard
underlying channels contributions: flavor creation (FCR, green), flavor excitation
(FEX, yellow) and gluon splitting (GSP, cyan). Figure taken from Ref. [7].

erators. Pertubation theory is applicable because in this high-energy regime, where
the energy scale Q% > AQCD the strong coupling constant « is small. This part is
usually referred to as the pertubative fragmentation. As b and b quarks draw away
from each other, the strong interaction between them gets stronger (the color-force
potential increases with distance, V(r) o 7). At some point, the energy of the field
becomes sufficient to pull a ¢¢ pair from the vacuum, and this is repeated until all
quarks couple to form color-neutral bound states. Here is where mesons and baryons
are formed by pulling one or more lighter quarks from the vacuum, respectively, and
the process is referred to as hadronization. This part of the quark fragmentation
process is non-pertubative and cannot be determined analytically. To draw the line
between the pertubative and the non-pertubative parts of the fragmentation an arbi-
trary parameter is defined, the factorization scale. It can be proven that the hadronic
cross-sections, when calculated up to all orders, are independent of the choice of this
scale. However, the calculations are usually performed up to a finite order and have a
dependence on the choice of the factorization scale that becomes less significant when

going to higher orders.

'Aqep is a parameter in QCD used to define the energy scale at which the running strong
coupling constant a,(Q)) becomes strong. Its value is about 200 MeV, which corresponds to the
typical size of a hadron (1/200 MeV~! ~ 1 fm) and is a free parameter in the theory, determined
from experiments.
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1.5 b-hadron production cross-section

The total cross-section for inelastic scattering of two incoming partons can be

written as
o= Z/d% dxy fi(xy, pp?) f5(w2, pe®) 6i(p1, P2, s(pg), Q2 pw, Q° /), - (1.1)
.3

In this formula, 7,7 run for the partons in the colliding hadrons, with x being the
proton momentum fraction carried by each parton. With f, we denote the parton
distribution functions (PDFs) for each interacting parton inside the proton, defined
at a factorization scale up; PDF's incorporate the non-pertubative effects of the frag-
mentation. With ¢, ;, we denote the cross-section of the short-distance interaction,
that is the hard process leading to bb production (ij — bb -+ X). Since the strong
coupling, ay, is small at high energies, & can be calculated as a pertubation series of

a, given by
o =(0:)*) Cy ()", (1.2)
v=0

where C, are functions of the kinematic variables and the factorization and renor-
malization scales; their expression depends on the renormalization scheme [3]. The
order of the approximation is v + 2.

At leading order (n = 0), the parton scattering cross-section is calculated exactly
as for a QED process. At higher orders, exact calculations are not possible because
of singularities introduced by collinear and soft emitted gluons. Instead, the factor-
ization theorem [8] allows the non-pertubative component to be factored out from
the integral of Equation (I.I) and be calculated independently of the hard-process
cross-section. The factorization theorem is an essential property of QCD allowing
singularities to be absorbed into the PDF's, for which phenomenological models and
parametrized functions receiving input from experimental data are employed. The
calculation of the heavy-quark cross-section then is a matter of determining the cross-
section coefficients C,, for different contributing parton subprocess diagrams up to
some order of a, and convoluting them with the structure functions.

Theoretical calculations for inclusive heavy-quark production at order «,? have

been made more than twenty years ago by Nason, Dawson and Ellis (NDE) [9,10].
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These calculations come with non-negligible renormalization /factorization scale de-
pendence and with limited validity for pr > m, where pr and m is the transverse
momentum and the mass of the b quark, respectively. The latter originates from
the presence of large logarithms of powers of pr/m, accompanying each power of «j
in the pertubative expansion. The leading and next-to-leading logarithms become
divergent in the high energy limit and are calculated by a resummation approach.
The contribution of these logarithmic terms has been evaluated to next-to-leading
logarithmic (NLL) accuracy and is matche to the fixed-order exact NLO calcula-
tion; the theoretical framework in which this procedure is performed is referred to as
FONLL [11[12].

In parallel to the above, new theoretical tools have become available, which
emerged from the successful matching of NLO QCD calculations with parton shower
(PS) Monte Carlo programs, like HERWIG and PyTHIA. The PowHEG [13[14] and
MC@NLO [I5,[16] frameworks realize the NLO+PS approach and can provide predic-
tions for fully defined exclusive final states, while guaranteeing that inclusive quan-
tities retain full NLO accuracy. Some differences between the FONLL and NLO+PS
methods are noted in Ref. [17], according to which the NLO+PS methods should be
viewed as approaches that work at small and moderate energies, and that are bound to
fail at some large transverse momentum scale. This is because the NLO+PS methods
implement the GSP and FEX diagrams only at order of a,®, which is the lowest-order
contribution to these processes. At small and moderate pr, the NLO+PS approaches
have the same accuracy with FONLL.

Regarding the b-quark fragmentation, a functional form was first given by Kartvel-
ishvili et al. [18], while different parameterizations are also available by Peterson and
et al. [19] and Bowler [20]. The parameters for the fragmentation functions are de-
termined best from experimental data from eTe™ collisions [21] and can be treated as
universal, in order to give input for theoretical predictions at hadron colliders. The

fragmentation function is convoluted with the predicted cross-section for bare b-quark

! Matching is a term commonly used to describe the separation of NLO matrix elements according
to multiplicity, which is useful in order to avoid double-counting terms which are present both in
the FO and the NLL resummed expression.
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production in order to obtain the differential cross-section for b-hadron production.
The integral of the fragmentation function equals one, so that the overall probability
of a b quark to fragment into a hadron is one. The probability of the b quark to pick
a specific light quark is referred to as the fragmentation fraction; for b — B7, it is
40.1 £ 0.8% [22]. Therefore, the prediction for the B™ production is the result of the
convolution of the b-quark production cross-section with the fragmentation function,
multiplied by the B fragmentation fraction.

The procedure described above is closer to what is performed within FONLL. The
Kartvelishvili parametrization is used, with parameters obtained from data containing
an admixture of b-hadrons. In the NLO+4PS methods, fragmentation is handled by the
individual PS MC program and tuned using experimental data. PYTHIA implements
the Lund string model [23] with the Bowler modification [24] of the Lund symmetric
fragmentation function [25]. HERWIG [26], employed in the MC@QNLO package, uses

a cluster model [27], instead.

1.6 B* — J/(utp) K* decay

B mesons may deduct from excited states (B*, B**) that decay fast (through
electromagnetic or strong interactions) to ground states. A list of the ground-state B
mesons and their properties is given in Table[[.LTl Then B mesons decay weakly with
the selected decay occurring through a b — ¢ transition, as shown in Figure They
are characterized by a long lifetime and high mass and, as a result, the decay vertex
is displaced with respect to the vertex of the primary interaction by a measurable
distance while the final-state particles are of high momentum. These characteristics
make the experimental identification of the B mesons quite easy.

The B* — J/¢ K* decay channel, chosen to be studied in this thesis, has a
rather large branching ratio with respect to other B-meson decays. Considering also
the significant branching ratio of J/¢ — putu~ (OZI suppression, see Chapter 2.5
from Ref. [2]) and the long lifetimes of muons and K* mesons, it can be seen that
the B¥ — J/1 K* decay has experimental characteristics that make this choice quite

reasonable for studies with early data from the LHC.
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Figure 1.6: Leading-order diagram for the decay of a B* meson (ub) to J/1 (c¢) and
K™ (us).

B meson | Quark content | Mass (MeV) | Mean lifetime (ps)
BT bu 5279.26 £ 0.17 1.641 £ 0.008
BY bd 5279.58 £0.17 1.519 £ 0.007
B? bs 5366.77 £ 0.24 1.516 £ 0.011
Bf be 6274.5 4+ 1.8 0.452 £ 0.033

Table 1.1: List of ground-state B mesons with their measured masses and mean
lifetimes, from Particle Data Group [22]. The quoted lifetime for BY is the average
of the lifetimes of the heavy and light eigenstates.

1.7 Motivation for b-hadron production studies at

the LHC

As already mentioned in the previous section, the b-hadron production cross-
section has been predicted with next-to-leading-order (NLO) accuracy for more than
twenty years [9,[10] and more recently it has been predicted with fixed order plus
next-to-leading-logarithms (FONLL) calculations [11,[12]. These predictions have
been tested at SppS collider (CERN) [28/129] and at the Tevatron collider (Fermi-
lab) 30131132133, 34,3536,37,38,39]. These measurements made a significant con-
tribution to the understanding of heavy-quark production in hadronic collisions [40].
However, the dependence of the theoretical predictions for b-quark production on

the factorization and renormalization scales, and the b-quark mass my, [10], results
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in theoretical uncertainties of up to 40%. In addition, measurements of b-hadron
production cross-sections are of theoretical interest at higher /s [41] and also for B
mesons of higher pr [40], in order to validate the accuracy of the FONLL calculations
and the NLO+PS approaches. Therefore, it is important to perform precise mea-
surements of b-hadron production cross-sections at the Large Hadron Collider (LHC)
to provide further tests of QCD calculations for heavy-quark production at higher
centre-of-mass energies. Thanks to the excellent performance of the LHC detectors
and their extended coverage, such tests can be realized in wider transverse momen-
tum and rapidity ranges that what studied previously at Tevatron. Because of the
expected large cross-section for b-quark production, such studies are both feasible
with the early data from the LHC and a prerequisite to many interesting B-physics
studies (namely rare B-meson decays) and new-physics searches where bb production

is a background.

Bibliography

[1] F. Halzen and D. Martin, Quarks and Leptons. Wiley (1984).
[2] D. Griffiths, Introduction to Elementary Particles. Wiley VCH (1987).

3] R. K. Ellis, W. J. Stirling, and B. R. Webber, QCD and collider physics.
Camb. Monogr. Part. Phys. Nucl. Phys. Cosmol. 8 (1996).

[4] ATLAS Collaboration, Observation of a new particle in the search for the
Standard Model Higgs boson with the ATLAS detector at the LHC),
Phys. Lett. B 716 (2012) 1-29, arXiv:1207.7214 [hep-ex].

[5] CMS Collaboration, Observation of a new boson at a mass of 125 GeV with the
CMS experiment at the LHC, Phys.Lett. B 716 (2012) 3061,
arXiv:1207.7235 [hep-ex].

[6] D. J. Gross and F. Wilczek, Ultraviolet Behavior of Non-Abelian Gauge
Theories, Phys. Rev. Lett. 30 (1973) 1343-1346. http://link.aps.org/doi/
10.1103/PhysRevLett.30.1343.

[7] G. Zanderighi, Accurate predictions for heavy quark jets,
arXiv:0705.1937 [hep-ph]l


http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://arxiv.org/abs/1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
http://dx.doi.org/10.1103/PhysRevLett.30.1343
http://link.aps.org/doi/10.1103/PhysRevLett.30.1343
http://link.aps.org/doi/10.1103/PhysRevLett.30.1343
http://arxiv.org/abs/0705.1937

Chapter 1: Theoretical background 33

8]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

J. C. Collins, D. E. Soper, and G. F. Sterman, Factorization of Hard Processes
in QCD, Adv. Ser. Direct. High Energy Phys. 5 (1988) 1-91,
arXiv:hep-ph/0409313 [hep-ph].

P. Nason, S. Dawson, and R. K. Ellis, The total cross-section for the production
of heavy quarks in hadronic collisions, Nucl. Phys. B 303 (1988) 607.

P. Nason, S. Dawson, and R. K. Ellis, The one particle inclusive differential

cross section for heavy quark production in hadronic collisions,
Nucl. Phys. B 327 (1989) 49.

M. Cacciari, M. Greco, and P. Nason, The pr spectrum in heavy flavor
hadroproduction, JHEP 05 (1998) 007, arXiv:hep-ph/9803400.

M. Cacciari, S. Frixione, and P. Nason, The pr spectrum in heavy flavor
photoproduction, JHEP 03 (2001) 006, arXiv:hep-ph/0102134.

P. Nason, A new method for combining NLO QCD with shower Monte Carlo
algorithms, JHEP 11 (2004) 040, |arXiv:hep-ph/0409146.

S. Frixione, P. Nason, and G. Ridolfi, A positive-weight next-to-leading-order
Monte Carlo for heavy flavour hadroproduction, JHEP 09 (2007) 126,
arXiv:0707.3088 [hep-phl].

S. Frixione and B. R. Webber, Matching NLO QCD computations and parton
shower simulations, JHEP 06 (2002) 029, arXiv:hep-ph/0204244.

S. Frixione, P. Nason, and B. R. Webber, Matching NLO QCD and parton
showers in heavy flavor production, JHEP 08 (2003) 007,
arXiv:hep-ph/0305252.

M. Cacciari, S. Frixione, N. Houdeau, M. L. Mangano, P. Nason, et al.,
Theoretical predictions for charm and bottom production at the LHC,
JHEP 10 (2012) 137, arXiv:1205.6344 [hep-phl].

V. Kartvelishvili, A. Likhoded, and V. Petrov, On the Fragmentation Functions
of Heavy Quarks Into Hadrons, Phys. Lett. B 78 (1978) 615.

C. Peterson, D. Schlatter, I. Schmitt, and P. M. Zerwas, Scaling Violations in
Inclusive e+ e- Annihilation Spectra, Phys. Rev. D 27 (1983) 105.

M. Bowler, ete™ production of heavy quarks in the string model,
Z. Phys. C 11 (1981) 169-174. http://dx.doi.org/10.1007/BF01574001.

M. Cacciari, P. Nason, and C. Oleari, A Study of heavy flavored meson
fragmentation functions in e+ e- annihilation, JHEP 0604 (2006) 006,
arXiv:hep-ph/0510032 [hep-ph].


http://arxiv.org/abs/hep-ph/0409313
http://dx.doi.org/10.1016/0550-3213(88)90422-1
http://dx.doi.org/10.1016/0550-3213(89)90286-1
http://arxiv.org/abs/hep-ph/9803400
http://arxiv.org/abs/hep-ph/0102134
http://dx.doi.org/10.1088/1126-6708/2004/11/040
http://arxiv.org/abs/hep-ph/0409146
http://dx.doi.org/10.1088/1126-6708/2007/09/126
http://arxiv.org/abs/0707.3088
http://arxiv.org/abs/hep-ph/0204244
http://arxiv.org/abs/hep-ph/0305252
http://dx.doi.org/10.1007/JHEP10(2012)137
http://arxiv.org/abs/1205.6344
http://dx.doi.org/10.1016/0370-2693(78)90653-6
http://dx.doi.org/10.1103/PhysRevD.27.105
http://dx.doi.org/10.1007/BF01574001
http://dx.doi.org/10.1007/BF01574001
http://dx.doi.org/10.1088/1126-6708/2006/04/006
http://arxiv.org/abs/hep-ph/0510032

Chapter 1: Theoretical background 34

[22] J. Beringer et al., Review of Particle Physics, Phys. Rev. D 86 (2012) 010001.

[23] B. Andersson, G. Gustafson, G. Ingelman, and T. Sjostrand, Parton
fragmentation and string dynamics, Phys. Rep. 97 (1983) 31.

[24] M. G. Bowler, et e~ production of heavy quarks in the string model,
Z. Phys. C 11 (1981) 169.

[25] B. Andersson, G. Gustafson, and B. Soderberg, A general model for jet
fragmentation, Z. Phys. C 20 (1983) 317.

[26] G. Corcella, I. Knowles, G. Marchesini, S. Moretti, K. Odagiri, et al., HERWIG
6: An event generator for hadron emission reactions with interfering gluons
(including supersymmetric processes), JHEP 01 (2001) 010,
arXiv:hep-ph/0011363.

[27] B. R. Webber, A QCD model for jet fragmentation including soft gluon
interference, Nucl. Phys. B 238 (1984) 492.

[28] UA1 Collaboration, C. Albajar et al., Beauty production at the CERN
proton-antiproton collider, Phys. Lett. B 186 (1987) 237.

[29] UA1 Collaboration, C. Albajar et al., Measurement of the bottom quark
production cross section in proton-antiproton collisions at \/s = 0.63 TeV,
Phys. Lett. B 213 (1988) 405.

[30] CDF Collaboration, D. Acosta et al., Measurement of the ratio of b quark
production cross sections in pp collisions at \/s = 630 GeV and /s = 1800
GeV, Phys. Rev. D 66 (2002) 032002.

[31] CDF Collaboration, F. Abe et al., Measurement of the bottom quark production
cross section using semileptonic decay electrons in pp collisions at /s = 1.8
TeV, Phys. Rev. Lett. 71 (1993) 500.

[32] CDF Collaboration, F. Abe et al., Measurement of the B meson differential
cross section do /dpr in pp collisions at \/s = 1.8 TeV,
Phys. Rev. Lett. 75 (1995) 1451,

[33] CDF Collaboration, D. Acosta et al., Measurement of the B total cross
section and B differential cross section do /dpt in pp collisions at \/s = 1.8
TeV, Phys. Rev. D 65 (2002) 052005.

[34] DO Collaboration, S. Abachi et al., Inclusive u and b-quark production cross
sections in pp collisions at /s = 1.8 TeV, Phys. Rev. Lett. 74 (1995) 3548.


http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1016/0370-1573(83)90080-7
http://dx.doi.org/10.1007/BF01574001
http://dx.doi.org/10.1007/BF01407824
http://dx.doi.org/10.1088/1126-6708/2001/01/010
http://arxiv.org/abs/hep-ph/0011363
http://dx.doi.org/10.1016/0550-3213(84)90333-X
http://dx.doi.org/10.1016/0370-2693(87)90287-5
http://dx.doi.org/10.1016/0370-2693(88)91785-6
http://dx.doi.org/10.1103/PhysRevD.66.032002
http://dx.doi.org/10.1103/PhysRevLett.71.500
http://dx.doi.org/10.1103/PhysRevLett.75.1451
http://dx.doi.org/10.1103/PhysRevD.65.052005
http://dx.doi.org/10.1103/PhysRevLett.74.3548

Chapter 1: Theoretical background 35

[35]

[39]

[40]

DO Collaboration, B. Abbott et al., Small angle muon and bottom quark
production in pp collisions at \/s = 1.8 TeV, Phys. Rev. Lett. 84 (2000) 5478,
arXiv:hep-ex/9907029.

DO Collaboration, B. Abbott et al., Cross section for b jet production in pp
collisions at \/s = 1.8 TeV, Phys. Rev. Lett. 85 (2000) 5068,
arXiv:hep-ex/0008021.

CDF Collaboration, D. Acosta et al., Measurement of the J/v meson and
b-hadron production cross sections in pp collisions at \/s = 1960 GeV,
Phys. Rev. D 71 (2005) 032001, arXiv:hep-ex/0412071.

CDF Collaboration, A. Abulencia et al., Measurement of the BT production
cross section in pp collisions at \/s = 1960 GeV,
Phys. Rev. D 75 (2007) 012010.

CDF Collaboration, T. Aaltonen et al., Measurement of the b-hadron
production cross section using decays to p~ DX final states in pp collisions at
Vs = 1.96 TeV, Phys. Rev. D 79 (2009) 092003.

M. Cacciari, S. Frixione, M. Mangano, P. Nason, and G. Ridolfi, QCD analysis
of first b cross-section data at 1.96 TeV, JHEP 07 (2004) 033,
arXiv:hep-ph/0312132.

J. C. Collins and R. K. Ellis, Heavy-quark production in very high energy
hadron collisions, Nucl. Phys. B 360 (1991) 3.


http://dx.doi.org/10.1103/PhysRevLett.84.5478
http://arxiv.org/abs/hep-ex/9907029
http://dx.doi.org/10.1103/PhysRevLett.85.5068
http://arxiv.org/abs/hep-ex/0008021
http://dx.doi.org/10.1103/PhysRevD.71.032001
http://arxiv.org/abs/hep-ex/0412071
http://dx.doi.org/10.1103/PhysRevD.75.012010
http://dx.doi.org/10.1103/PhysRevD.79.092003
http://dx.doi.org/10.1088/1126-6708/2004/07/033
http://arxiv.org/abs/hep-ph/0312132
http://dx.doi.org/10.1016/0550-3213(91)90288-9

Chapter 2

The Large Hadron Collider

The Large Hadron Collider (LHC) [1] is a circular accelerator of ~27 km circum-
ference, installed in LEP’s existing tunnel at CERN in a depth ranging from about
50 to 175 m underground. The LHC is the largest and highest-energy existing par-
ticle accelerator, designed to accelerate protons up to 7 TeV with peak luminosity
L = 103 cm~2s7!, and also heavy-ions (?*®®Pb) to an energy of about 2.76 TeV per
nucleon.

To exploit the full discovery potential of the LHC, four major detectors are in-
stalled at different points around the LHC ring and are considered as independent

experiments, all run by international collaborations. These are (in alphabetic order):

e ALICE (A Large Ion Collider Experiment), devoted to lead-ion collisions in

order to study the properties of quark gluon plasma,

e ATLAS (A Toroidal LHC ApparatuS), a general-purpose experiment, designed
for high-pr physics and with the ability to detect whatever may come out of pp
collisions at the LHC,

e CMS (Compact Muon Solenoid), a general-purpose experiment much alike to
ATLAS,

e LHCD, devoted to b-physics studies, with special focus on CP violation and rare

B-meson decays.

36
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In addition to the above, three experiments of significantly smaller scale also exist
named TOTEM (TOTal cross-section, Elastic scattering and diffraction dissociation
Measurement at the LHC), LHCf (LHC forward) and MOEDAL (MOnopole and
Exotics Detector At the LHC), built for different objectives.

The purpose of this Chapter is to give a brief description of the LHC, regarding

its operation principles and its technical specifications.

2.1 Proton acceleration

Protons are extracted from a bottle of hydrogen gas and are then accelerated to
90 keV by a radio frequency quadrupole (RFQ2). To reach the energy of 7 TeV,
they are going through a complex of different accelerators (see Figure2.1]). Firstly,
protons are sent to a linear accelerator, called LINAC2, where they speed up to 50
MeV. Secondly, they are injected to the Proton Synchrotron Booster, which boosts
them to 1.4 GeV. The protons are then inserted in another circular accelerator, called
Proton Synchrotron (PS), where they reach the energy of 25 GeV. The beam is then
sent to the Super Proton Synchrotron (SPS) where it is accelerated up to 450 GeV.
In the last stage, protons are fed to the LHC where they reach the energy of 7 TeV
after being accelerated for 20 minutes. Specifically, LHC has two storage rings where
it accelerates two independent beams, one moving clockwise and one anti-clockwise.
Each beam consists of 2808 bunches with 1.15- 10! protons each. The bunches travel
at almost the speed of light, with frequency equal to f = 11.245 kHz and period
T =1/f ~ 9-107 s. The distance between two consecutive bunches is 7.5 m,
so keeping in mind that protons travel at almost the speed of light, one can easily
calculate that the collisions will happen every 24.95 ns.

For the acceleration of the protons, the LHC is equipped with 1232 superconduct-
ing dipole magnets (see Figure[22]), 14.3 m each, placed around the ring, providing a
magnetic field of 8.33 T. Each magnet has two sets of coils producing opposing fields
for the acceleration of two beams of particles of the same charge in opposite direc-
tions. Liquid helium is used for cooling of the magnets down to 1.9 K. In addition,

there are also 392 quadrupole, 688 sextupole and 168 octupole magnets for focusing
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Figure 2.1: The LHC injection complex. The LINAC2, PSB, PS and SPS machines
are used as pre-accelerating phases of the two counter rotating proton beams that are
finally inserted into the LHC ring.

the beams. The above and also other basic design parameters of the LHC machine
are summarized in Table 2Tl

Collisions of the accelerated protons occur at the four interaction regions where
the experiments are located. To avoid parasitic collisions inside the common beam
pipe, the two beams have been designed to collide with a sufficiently large cross-
ing angle (this affects negatively the peak luminosity). The beams are squeezed as
much as possible at the collision point to increase the chances of a collision (see Fig-
ure 2.3]), while protons that do not interact, continue to circulate around the LHC
ring. The number of protons in the bunches decreases with time due to collisions and
interactions in the beam pipe. Eventually, after some time, the beams are dumped
controllably (unless the beams are lost due to field instabilities that may occur) and

a new fill is done.
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Figure 2.2: Sketch of an LHC dipole.
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Parameter Value
Proton beam energy 7 TeV
Number of bunches per beam 2808
Number of particles per bunch ~ 1.15- 10!
Circulating beam current 0.584 A
RMS of bunch length 7.55 cm
Peak luminosity 103 em=2 571
Collision time interval 24.95 ns
Number of main bends 1232
Field of main bends 833 T

Table 2.1: Values of basic design parameter of the LHC machine.

2.2 Beam parameters

The beam size can be expressed in terms of two quantities, the transverse emit-
tance € and the amplitude function #. Emittance is a measure of the parallelism of a
beam and has units of length. Low emittance means bigger concentration of particles
of nearly the same momentum which results in higher probability of particle interac-
tions. The emittance measured on the plane transverse to the beam is the transverse
emittance er. The emittance is a function of the beam momentum, with higher beam
energies leading to lower values of emittance. Because of this, it is usually more con-
venient to use the normalized emittance, €, = - ep, with v being the Lorentz factor,
which is constant under acceleration. The normalized emittance is useful because
it can be used in the comparison of the beam properties in the various parts of the
accelerator complex.

The amplitude function (3 is determined by the accelerator magnet configuration
and relates to the focusing of the beam. It can be expressed in terms of the cross-

sectional size of the bunch (X? =%, - %,) and €,:
722
8= . (2.1)

€n

From the above equation it is clear that [ has units of length and is proportional
to the beam size Sigma. A useful quantity is §*, which is the distance from the

interaction point at which the beam size becomes double. The design values for the
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5* quantity and the normalized transverse emittance are:

g*=055m , €, =375um.

2.3 Luminosity determination

Apart from the center-of-mass energy, another important parameter of a collider
is the instantaneous luminosity, L. It is defined from beam parameters and its im-
portance in physics analysis is that it relates the event or collision rate R to the
cross-section o of the process:

R=L-o. (2.2)

Given a process with known cross-section, one can estimate the event rate for this
process with this formula (or measure the cross-section from the observed event rate).

To estimate the instantaneous luminosity of the LHC [2], inelastic pp collisions
can be used, so that the luminosity will be given by

Rinel o Mnbfr
Oinel Oinel

I —

) (2.3)

where o is the average number of inelastic interactions per bunch crossing, n;, is
the number of bunches per beam and f, is the revolution frequency. However, the
inelastic pp cross-section, oi,e, needs to be measured at the energy of the LHC, so
an alternative method is used for the determination of the absolute instantaneous
luminosity directly from the machine parameters:

o ny frning

213, 5, (2:4)

where nq, ny are the numbers of particles in each of the two colliding bunches and >,
¥, characterize the widths of the horizontal and vertical beam profiles. Typically,
the X, ¥, profiles are measured with van der Meer scans, also called just luminosity
scans. The scans are performed by moving the beams across each other in steps of
known distance first in the horizontal (x) and then in the vertical (y) direction. The

relative interaction rates are measured as a function of the beam separation distance
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in each direction. The resulting distributions are gaussian with the maximum rate at
zero separation and are fitted to extracts the values of X, and ¥,.

Luminosity scans are carried out relatively infrequently, as their purpose is to
calibrate the results of event-counting techniques which determine the luminosity

using
I — Hobs nbfr

2.5
. (2.5)

where piohs (= € 1) is the average number of observed inelastic interactions per bunch
crossing in the luminosity detectors, obtained after applying corrections of including
detector efficiency and acceptance () , and gops (= €+ Oinel) is the corresponding cross-
section. Therefore, with the luminosity scans o, is determined without relying on
explicit measurements of j,,. Then different methods which provide pips from raw
event counts are used to measure the absolute luminosity either in real time, providing
feedback for the tuning of the accelerator, or off-line, with more precise calibration

and careful evaluation of results.
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Chapter 3

The ATLAS detector

The ATLAS experiment [1] uses a general purpose detector consisting of an inner
tracker, a calorimeter and a muon spectrometer. The inner detector (ID) directly
surrounds the interaction point and is embedded in an axial 2 T magnetic field. The
ID is enclosed by a calorimeter system (CS) containing electromagnetic and hadronic
sections. The CS is surrounded by a large muon spectrometer (MS) inside an air-core
toroidal magnet system. An overview of the ATLAS detector including all subsystems
can be seen in Figure[3.Jl In the next sections details are given for the various

subsystems.

3.1 Coordinate system

ATLAS uses a right-handed coordinate system (z, y, z) with its origin at the
center of the detector (nominal interaction point). The z-axis is along the beam pipe,
the x-axis points to the centre of the LHC ring and the y-axis points upward. In the
transverse plane, z-y, ¢ (€ [—m,r]) is the azimuthal angle around the beam pipe. In
polar coordinates, 6 (€ [0, 7]) is the polar angle from the z-axis.

Quantities like momentum p and energy FE are usually given in the transverse
plane, where in this case the transverse components of these two quantities are defined
as:

pr=p-sinf, Er = FE -sinf . (3.1)

43
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Figure 3.1: The ATLAS detector and subsystems.

Another important quantity that is widely used in particle physics experiments is the
rapidity (noted with y from now on, but not to be confused with y coordinate) which

is defined by
E+p.

E_pz

where p, is the z-component of the momentum of a particle of energy E. Rapidity is

(3.2)

1
= -1
y=3hn

a Lorentz-invariant quantity, and for particles travelling at energies much larger than

their mass, it can be written as a function of 8, defining pseudorapidity:

n=—In (tan g) | (3.3)

Pseudorapidity is also useful, especially when the exact mass and momentum of the
particle is not known. Lastly, we define the distance between the direction of two

particles in the n and ¢ plane as

AR = /(An)? + (Ag)? (3.4)
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where An = |m — nz| and A¢ = |¢p1 — 9| — k- 27, with kK = +1 if |1 — ¢o| > 7 and

k = 0 otherwise.

3.2 Magnet system

The purpose for the Magnet System is to bend the trajectories of charged particles
and allow independent momentum measurements in the ID and the MS sub-detectors.
The Magnet System in ATLAS is built using superconducting magnets cooled by
liquid helium at 4.8 K. A solenoid magnet (see Figure[B3.2]) surrounds the ID and

Figure 3.2: The ATLAS solenoid providing the magnet field in the ID.

provides it with an axial field of 2 T at the center and 0.5 T at the edges, parallel
to the beam axis. It has been optimized to minimize the thickness of the material
in front of the electromagnetic calorimeter and has a contribution of 0.66 radiation
lengths. For this purpose, the solenoid windings and the LAr calorimeter share the
same cryogenic system. The solenoid is a single layer coil wounded on the inside of
a cylinder with an inner radius of 1.23 m and outer radius of 1.28 m, with a 5.8
m length. The flux of the magnetic field is returned via the steel of the hadronic
calorimeter. A magnet system of three toroids provides the magnetic field for the

MS. The barrel toroid consists of eight superconducting coils circularly positioned
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Figure 3.3: The ATLAS barrel toroid, comprising eight coils which provide the magnet
field in the MS.

around the beam axis (see Figure33]), while in the end-cap regions two extra toroids
(one in each end-cap) have been employed (see Figure[3.4]). The magnetic field lines
follow the azimuthal direction and are perpendicular to the solenoidal field lines. The
size of the magnet system in the barrel region is 25.3 m in length, with inner and outer
diameters of 9.4 m and 20.1 m respectively. The resulting strength of the magnetic

field is 0.5 T in the central region and 1 T in the end-caps.

3.3 Inner detector

The Inner Detector is the innermost part of the ATLAS detector. It is contained
inside a 7 m long envelope with radius of 1.15 m and the whole system is immersed
inside the 2 T magnetic field formed by the central solenoid, described in the previous
section. It is divided in three subsystems which, in order of radial distance from the
collision point, are: the Pixel Detector, the Semiconductor Tracker (SCT) and the
Transition Radiation Tracker (TRT). These three, although technically independent,
act complementary to fulfill the basic experimental duties carried out by the ID,
which are track reconstruction and vertexing. A schematic representation of the ID

and its three sub-systems is shown in Figure.5 The ID is installed at the closest
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Figure 3.4: One of the two ATLAS end-cap toroids in its position fitting between the
barrel toroid coils.
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Figure 3.6: The Inner Detector comprises three subsystems. The innermost system is
the Pixel Detector while the middle is the SemiConductor Tracker. Both use silicon
as the detecting technology. The outermost part is the Transition Radiation Tracker
which uses the straw tube technology.
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distance from the interaction point, where about 1000 particles emerge every 25 ns
(for the design bunch spacing). For this reason, radiation tolerance of the detecting
elements was considered carefully during the design. Moreover, it is important to
maintain efficient pattern recognition and high resolution of momentum and vertex
measurements. Therefore, after about three years of operation (2010-2013), the first
layer of the Pixel Detector from the interaction point (B-layer) is going to be replaced
because of radiation damage, whereas the other parts and the SCT and TRT are
expected to withstand large particle fluxes for over ten years at nominal luminosity.
Regarding performance, the ID has very fine granularity to reduce occupancy levels
and high efficiency in track reconstruction. Precision measurements are achieved by
combining the three systems; the Pixel Detector and the SCT provide few space point
measurements but with high precision and at the same time TRT improves pattern
recognition and momentum resolution by contributing 36 hits per track on average.

A more detailed description of the ID subsystems follows.

Pixel Detector

The operation principle of the Pixel Detector is based on a modular unit of detector
substrates and integrated read-out electronics. The active material is silicon arranged
into rectangles (pixels) of size 50 x 400 pm? and thickness 250 pm. There are three
layers of such units in the barrel region at radial distances from the interaction point
of 5.05 cm, 8.85 cm and 12.25 ¢m while in the end-caps the pixel units are arranged
on three disks on each side at distances of 49.5 cm, 58.0 cm and 65.0 cm. The
overall rapidity coverage of the pixel detector is |n| < 2.5. The B-layer, located
closer to the collision point than any other detector element, guarantees optimal
impact parameter resolution and, accompanied with the other two layers of pixels,
provides high precision space-point measurements of intrinsic accuracy 10 um in R-
¢ and 115 um in the z direction and also the ability to reconstruct tracks of short
lived particles and their corresponding vertex. The accuracy is similar in the end-cap
region where the pixel disks are present. In total, the Pixel Detector has 80.4 million

read-out channels.
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Semiconductor Tracker

The SCT is the intermediate subsystem of the ID and its basic building block is a
module consisting of two layers of silicon micro-strip wafers glued back to back and a
hybrid system containing the read-out electronics. In the barrel there are four layers
of such modules giving four precise space-point measurements located at radii of 30,
37, 45 and 52 c¢m, while at the end-caps modules are arranged perpendicularly to the
beam axis on 9 disks on each side, extending from 85.4 cm to 272.0 ¢cm in z axis and
with an outer radius of 56 cm. In total there are 2112 modules in the barrel and 1976
modules in the end-caps. Instead of pixels, the SCT uses silicon strip technology with
a strip pitch of 80 um and each layer consists of 768 strips. The two layers of silicon
wafers are rotated by 40 mrad stereo angle with respect to each other to allow for
second coordinate measurement. The resolution in the R-¢ plane is 22 pum and in the
z coordinate is 580 pm.

The particle detection principle for the SCT (as well as for the Pixel Detector)
is based on the ionization caused by charged particles when they traverse the silicon
bulk. Ionisation produces electrons and holes (positive-charge ions) which drift in
opposite directions under the influence of the electric field created by a potential
difference applied to the two sides of silicon wafer. Charges are collected at each end
of the detector and after the signal is amplified, is read out through the electronics.
In order to reduce noise from leakage currents emerging in silicon’s bulk because
of thermal excitation and radiation damage of the detector, the SCT operates at a

temperature of -7 °C.

Transition Radiation Tracker

TRT is the subsystem of the ID which is further away from the interaction point
and uses different technology than the other two ID subsystems. It extends radially
from 56 cm to 107 cm and is capable of providing on average 36 measurements per
track with intrinsic accuracy of 130 um. It uses straws of only 4 mm in diameter and
144 cm length that are filled with a gas mixture of 70% Xe, 20% CO, and 10% CF,

and have a sense wire in the centre of 30 um diameter.
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The operation principle of the TRT is based on the ionization of the gas by the
passage of a charged particle. The drift time of electrons, produced at the ionization
and collected at the wire, provides discrimination between tracking hits and hits
from transition radiation, which is the radiation emitted by charged particles in the
X-ray range when they traverse the boundary between two substances with different
dielectric properties. This is used to enhance the identification of electrons and their
discrimination against pions, while the intensity of the transition radiation depends

on the energy of the particle.

3.4 Calorimeters

The ATLAS Calorimetric System (CS) is located between the ID and the MS
and is divided into electromagnetic, hadronic and forward calorimeter parts. The
electromagnetic calorimeter covers the range |n| < 3.2 and the hadronic calorimeter,
including the forward calorimeter, extends up to |n| < 4.9. The different parts and
technologies of the CS are described briefly in the following sections and a schematic

view is given in Figure[3.7. The CS is designed to satisfy multiple objectives. It is

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic

barrel i il
LAr forward (FCal) 5

Figure 3.7: View of the Calorimetric System of ATLAS.
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responsible for
e precise measurements of the energy of electrons, photons and jets,

e the determination of the missing transverse energy, which requires both excellent

energy measurement resolution and hermeticity,

e the identification of particles (electrons and photons, mainly) from the shower

shape of particles and the longitudinal energy leakage, and

e the determination of the spatial isolation of particles, extremely valuable to

suppression of the background in various searches for rare processes.

The CS is also important for muons. It can provide muon identification independently
of the MS which can be used to study the performance of the MS. Moreover, it limits
the amount of particles that escape to the MS to a minimum, realized by the thickness
of the calorimeter which corresponds to more than 22 radiation length (Xp) in the
barrel region and more than 24 X, in the end-caps. At the same time, the amount of
the material in the CS is crucial for the reconstruction of muons, as they lose energy
and also undergo multiple scattering while traversing the calorimeters. The loss of
energy in the CS sets a threshold on the lowest amount of energy that a muon can
have in order to reach the MS, while multiple scattering degrades the momentum

resolution, especially for low-energy muons.

Electromagnetic Calorimeter

The ATLAS electromagnetic calorimeter (LArEM) is detector using liquid ar-
gon as active material and steel-coated lead as absorber. It is characterized by the
accordion-shaped structure of its detection elements, chosen to provide uniformity
of the detector in ¢. When electrons or photons enter the LArEM, they initiate
cascades of electrons and photons from successive bremsstrahlung irradiation and

electron-positron pair creation. In the end, the largest fraction of the initial energy of

!The radiation length of a material is defined as the mean distance in which the energy of a
traversing electron is reduced by a factor of 1/e.
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the electron/photon is absorbed by the material. The choice of liquid argon is justified
by its radiation hardness and its fast and linear response. The LArEM consists of the
barrel part, covering |n| < 1.4575, and two end-cap parts covering 1.375 < |n| < 3.2.
In the range |n| < 2.5, in which the LArEM and the ID overlap, the LArEM has three
compartments (front, middle and back), each of them segmented in cells of different
sizes. The cell granularity is finer at the front compartment, allowing precision posi-
tion measurements along the 7 coordinate, and coarser at the back compartment. In
the end-caps, the granularity varies with 1. An additional active layer of liquid ar-
gon is placed before the front compartment (presampler), useful to corrections of the

energy losses of incident particles due to the detector material before the calorimeter.

Hadronic Calorimeter

The ATLAS hadronic calorimeter, similarly to all the other subdetectors, is di-
vided into one barrel and two end-cap sections. Like the LArEM, it is segmented
in three compartments with varying cell granularity. The barrel part (|n| < 1.7) is
the Tile Hadronic Calorimeter (TileCal), using tiles of plastic scintillator as active
material embedded in iron absorbers. For the hadronic end-cap calorimeter (HEC)
(1.5 < |n| < 3.2), the use of liquid-argon technology is imperative due to the high

radiation levels, and the absorbing material is copper.

Forward Calorimeter

The ATLAS Forward Calorimeter (FCAL) occupies the pseudo-rapidity range
3.1 < |n| < 4.9, employing liquid-argon technology. Its coverage is well outside the
acceptance of both the ID and MS, and thus cannot be used for precision measure-
ments related to reconstructed tracks of charged particles. However, FCAL is as
important as the rest of the CS system because it provides hermeticity in calorimetry
thus reliable measurement of the missing energy in each event and also jet energy

measurements in the very forward region.
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3.5 Muon spectrometer

The muon spectrometer of ATLAS has been designed to provide identification and
momentum measurement of muons in the range |n| < 2.7 with full azimuthal coverage
and trigger in the range |n| < 2.4. This can be done for muons of momenta of a few
GeV up to momenta of the TeV scale and independently of the ID, providing thus
the so-called stand-alone momentum measurement. For stand-alone reconstruction,
the resolution is ~3% for muons with pr = 50 GeV and around 10% for muons
with pr = 1 TeV. The MS can also operate combined with the other subdetectors,
especially with the ID, for full track reconstruction of muons.

Due to cost considerations, radiation tolerance and performance requirements,
four different technologies of muon-detection chambers are used. Monitored Drift
Tubes (MDTs) and Cathode Strip Chambers (CSCs) provide precise position mea-
surements in the bending plane in |n| < 2.0 and 2.0 < || < 2.7, respectively. In
addition, Resistive Plate Chambers (RPCs) and Thin Gap Chambers (TGCs) with
a coarse position resolution but a fast response time are used primarily to trigger
muons in the ranges |n| < 1.05 and 1.05 < |n| < 2.4, respectively, and also to provide

measurements in the non-bending plane. Details for each subsystem follow.

Monitored drift tubes

The detection elements of the MDT's are aluminium tubes of 30 mm diameter and
400 pm thickness, filled with a gas mixture of Ar/CO; (93%:7%) at 3 bar absolute
pressure. In the center of each tube there is a tungsten-rhenium (W-Re) wire of
50 um diameter which acts as the anode while the tube wall is the cathode, forming
a potential difference of 3080 V. An MDT chamber consists of two sets of either three
of four layers of tubes, with the chambers at the inner station having more detect-
ing layers for better granularity. Each set of layers, called multi-layer, is separated
from the other by a mechanical spacer. After the installation of each chamber in
its permanent position in the spectrometer, mechanical deformations are monitored
by an optical alignment system, justifying the naming of this type of chambers. A

schematic representation of an MDT chamber is seen in Figure 3.8
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Figure 3.8: Sketch of a Monitored Drift-Tube chamber.

The detection principle of an MDT is as follows. When a charged particle traverses
the tube, it ionizes the gas and liberates electrons from the gas atoms. Under the
influence of the electric field, electrons start drifting towards the wire and at the
same time positive ions drift in opposite direction towards the tube’s wall. Primary
electrons, while moving towards the wire accelerated by the electric field, acquire
more energy and cause the ionization of more atoms, creating an avalanche near the
wire where the potential is highest. The secondarily produced ions drift toward the
tube wall traversing the whole distance from the wire to the wall. The signal induced
on the wire propagates to the end of the tube, where an amplifier followed by a
discriminator feeds the pulse to the time-to-digital converter (TDC) installed on the

chamber.

Cathode-strip chambers

The CSCs are multi-wire proportional chambers that substitute the MDT tech-
nology in the forward, high-activity regions. The CSCs are designed to provide high
spatial and time resolution, measurement of two coordinates at a high-rate environ-
ment. They are made of cathode planes segmented into strips in orthogonal directions.
The plane with the strips perpendicular to the wires provides the precision coordi-
nate, while the one parallel to the wires provides the transverse (¢) coordinate. A
schematic representation of the above is shown in Figure B.I0. The chambers are filled

with gas mixture of Ar/COy (80% : 20%) and ionization of the gas caused by the
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Figure 3.9: Sketch of a Cathode-Strip Chamber.

passage of a charged particle is transformed into an electron avalanche near the wires.
The position of the track is obtained by interpolation between the charges induced
by the avalanche on neighboring cathode strips. The expected resolution of the CSC
system is about 60 wm in the bending plane and 5 mm in the transverse coordinate.
The ability to operate in a high-rate environment is mainly due to the small electron
drift times, which are of the order of 40 ns, resulting in timing resolution of 7 ns.

This also allows the CSCs to be used as trigger chambers in this region.

Resistive-plate chambers

The RPCs are gaseous detectors which provide triggering for the MDT chambers
and also measurement of two coordinates. They are made of two parallel resistive
electrode-plates of phenolic-melaminic plastic laminate which are separated by each
other by insulating spacers forming a gas gap of 2 mm. The gap is filled with a gas
mixture containing mainly CoHsFy (94.7%). The electric field, which is created be-
tween the plates, is about 4.9 kV/mm and allows the production of electron avalanches
along the tracks of ionizing particles towards the anode. The signal is read out from
metallic strips, which are mounted on the outer faces of the two resistive plates and
are perpendicular to each other. These are called n and ¢ strips because they are
parallel and orthogonal to the MDT wires and determine the n or ¢ coordinate, re-
spectively. The spatial resolution is roughly 1 cm while timing resolution is 2 ns. A

schematic view of a cross section of an RPC is shown in Figure 3.10.
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Figure 3.10: Sketch of a Resistive-Plate Chamber.
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Figure 3.11: Sketch of a Thin-Gap Chamber.

Thin-gap chambers

The TGCs are used for triggering and measurement of two coordinates similarly
to the CSC system and they are installed in the end-cap regions. They are multi-wire
proportional chambers which consist of two cathode plates forming a 2.8 mm gas gap.
The anode wires are located in the middle of the two plates and the distance from
each other is 1.8 mm. The gas mixture used is n—CsHjy (n-pentane) and CO,. The
high electric field around the TGC wires and the small wire-to-wire distance lead
to very good time resolution for the large majority of the tracks (except for those
that pass midway between two wires, where the drift field vanishes). This setup is
illustrated in Figure[3.I1l The bending coordinate is measured by groups of TGC

wires while the azimuthal coordinate is measured by the radial strips.
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3.6 Trigger system

Considering that recording a collision event requires about 1 MB of storage space
and also that ATLAS is designed to operate at 25 ns bunch crossings, it becomes
clear that there is an enormous amount of data coming from the LHC per second. In
order to cope with computing and storage limitations while retaining the potential of
studying various physics processes, ATLAS deploys a sophisticated trigger system [2]
to distinguish potentially interesting events and reduce the amount of data that are

eventually stored.

Interaction rate
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Figure 3.12: The ATLAS trigger system.

Figure 312 shows the three levels of the ATLAS trigger system: the hardware-
based Level-1 trigger and the two-stage High Level Trigger (HLT), comprising the
Level-2 trigger and Event Filter (EF). At Level-1, signals are received from the
calorimeters and muon spectrometer (RPCs and TGCs). Concerning the muon trig-
ger, it searches for patterns of hits corresponding to different pr thresholds, thus
defining Regions of Interest (ROIs) around these Level-1 hit patterns. The time nec-
essary for Level-1 to decide whether such an ROI is defined in order to reject or keep

the event is 2.5 us. ROIs then serve as seeds for the muon reconstruction at the
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HLT. At Level-2, information is retrieved from different parts of the detector in order
to extract an better estimation of the location and pr of the object within no more
than 40 ms, and reduce the event rate below 3.5 kHz. The final decision is taken at
the EF, where dedicated and highly selective algorithms incorporate all the detector
information through the Event Builder and achieve a position and momentum reso-
lution close to that provided by the offline muon reconstruction. For this purpose,
the EF reconstruction runs on a dedicated computer cluster near the ATLAS site.
The EF system dedicates 4 s of processing time per event to decide whether the event
should be recorded or not and reduces the event rate to about 200 Hz.

Events that are selected by the trigger system are sorted accordingly in data
streams, depending on signature (muon, electron, jet, or other) that allowed the
event to be selected. I.e. the muon stream contains events that are selected by
muon triggers. The rate of data coming from the muon stream corresponds to about
20% of the total bandwidth. Besides data streams that are used for physics analysis,
there is a calibration stream collecting data that are used for the calibration of the
detectors (rate about 30% of the total bandwidth) and also an express stream used

for monitoring purposes (about 5%).

B-Physics Triggers

As already mentioned, ATLAS can record data with a rate of about 200 Hz. The
bandwidth is balanced for the various ATLAS physics groups and the trigger rate
dedicated to B-physics is typically 20 Hz. In ATLAS, the B-physics program and
trigger is thus mostly relying on muonic final states. The main signatures searched by
the B-physics triggers are single muons or dimuons with various transverse momentum
thresholds and dimuon vertices various invariant mass cuts. A description of the

available trigger algorithms is given in Ref. [2].



Chapter 3: The ATLAS detector 60

3.7 Data format and Computing

The reconstruction of signals received from the detector, as well as the physics
analysis tools, is implemented within Athena, the ATLAS software framework. The
reconstruction chain starts from byte-stream data (RAW), that is is output of the
HLT. The output of reconstruction algorithms is producing Event Summary Data
(ESD), in which physics objects like tracks and muons are built following the prin-
ciples of object-oriented programming. Most physics applications should be able to
run on ESD, which keep extended information from the detector. Then Analysis Ob-
ject Data (AOD) are derived from ESD, including all the necessary information and
objects that are suitable for physics analysis. At this level, analysis-specific selections
on the amount of information and the type of events can be applied on AOD to pro-
vide Derived AOD (DAOD) or Derived Physics Data (DPD), which are technically
identical to AOD but significantly smaller in size than AOD and can be stored in
small-scale computing facilities for fast and efficient user analysis.

For the storage and processing of the data from ATLAS and the LHC, in general,
a large-scale grid infrastructure has been developed, the Worldwide LHC Computing
Grid (WLCG). It is a global collaboration of more than 150 computing centres in
nearly 40 countries, linking up national and international grid infrastructures. In the
WLCG, there is an hierarchical structure of facilities. The Tier-0 computing center
is the heart of the grid. It is located at CERN and keeps a copy of all data received
from the detectors. After reconstruction of the data, ESD and AOD are distributed
to Tier-1 and Tier-2 centers so that they become available for physicists to run their

physics analysis.
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Chapter 4
Reconstruction of physics objects

Following the hardware description of the inner detector and muon spectrometer
subsystems in the previous chapter, in this one the basic concepts behind the recon-
struction of relatively stable particles relevant for this thesis, namely charged hadrons
and muons, are presented. In addition, vertex reconstruction is also discussed, as it is
of particular importance for the reconstruction of unstable particles like J/1) mesons
and b-hadrons. For a detailed description of the procedure of track and vertex recon-
struction, the interested reader may refer to Ref. [I]. Performance studies with data

from 2010 and 2011 LHC operations are shown in Ref. [2].

4.1 Inner detector tracks

The inner detector employs three technically independent subsystems which act
complementary in order to reconstruct tracks of charged particles. The Pixel and
the SCT (see Section[3.3]) provide few but high-precision space-point measurements
(three and eights hits per track on average, respectively). The TRT improves pattern
recognition and momentum resolution by contributing 36 hits per track on average,
which allow an accurate measurement of the curvature of the track. The baseline
algorithm designed for the efficient reconstruction of primary charged particles is
the inside-out strategy. It starts by finding a track candidate in the pixel and SCT

detectors (silicon track) and then extends the trajectories of successfully fitted tracks
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to the TRT to reconstruct a full ID track. The main steps are:

e pattern recognition: Three-dimensional space-points are formed from clus-
ters of silicon pixels or from the intersection of the front and backside silicon
strips in an SCT module. Space-points that are compatible with a minimum
pr of 400 MeV are selected as track seeds. Then a fast Kalman filter is used
to associate additional silicon hits moving away from the interaction point. If
the track seeds can be extended to contain a minimum of 7 silicon hits, a track

candidate is formed.

e ambiguity solving: At this step, a dedicated process is followed to resolve
ambiguities from tracks sharing the same hits and also to distinguish fake tracks
from those originating from a real particle trajectory. This process takes into
account the number of hits-on-track and number of “holes”, defined as the
absence of hits in the passage of the track through a detector element, in order
to assign a “score” to each track candidate. Shared hits between tracks are
assigned to the track with the highest score and are removed from the other
track. After the ambiguity solving process, tracks are required to have at least

7 associated hits, otherwise they are not used for further processing.

e TRT track extension: Silicon tracks, formed during the previous steps, are
refitted with the addition of TRT hits that are compatible with the silicon track
direction. The refitted track is compared with the original silicon track using
the track scoring mechanism. The refitted track is kept, unless the silicon track

has a higher score, where in this case the silicon track is kept.

In a second stage, a complementary procedure follows that performs a track search
starting from segments reconstructed in the TRT and extends them inwards by adding
silicon hits, which is referred to as back-tracking. This is designed to reconstruct
secondary tracks that originate from particles produced in the interactions of pri-
mary particles. Finally, tracks with a TRT segment but no extension into the silicon
detectors are referred to as TRT-standalone tracks. Both back-tracking and TRT-

standalone reconstruction have severe drawbacks in high-luminosity environments and
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are not considered in the analysis for this thesis.

4.2 Vertices

Most of the reconstructed tracks from a proton-proton collision will originate from
the collision point, indicating the primary vertex of that collision. As more than one
pp interactions may occur in a given bunch crossing, it is probable that many primary
vertices can be reconstructed per event, while all vertices should lie within the beam
spot, a region that is defined by the geometrical properties of the colliding beams.
The beam spot is described by a Gaussian with the standard deviation of ~5 cm in

the direction of the beam and ~15 pm in the transverse plane.

Primary vertices

The reconstruction of primary vertices comprises the primary vertex finding algo-
rithm, dedicated to associate reconstructed tracks to vertex candidates, and the vertex
fitting algorithm, dedicated to reconstruct the vertex position and its corresponding
error matrix. An iterative vertex finding algorithm is used [2]. First, ID tracks com-
patible with originating from the interaction region are selected and a vertex seed is
found by looking for the global maximum in the distribution of zp-parameter of the
tracks (z-coordinate of the distance of closest approach of the track to the beam-spot
center). Taking as input the seed position and the tracks around it, the vertex posi-
tion is determined using a y2-based vertex fitting algorithm. The beam-spot position
is used to constrain the vertex fit, with significant impact on vertices reconstructed
out of very few tracks. Tracks incompatible with the vertex by more than 7o are used
to seed a new vertex. This procedure is repeated until no unassociated tracks are left
in the event or no additional vertex can be found.

Reconstructed primary vertices are sorted according to the sum of pp? of the
constituent tracks. In analyses of 2010 and 2011 data, the usual choice of primary
vertex is the one with the highest Y pr?, which is usually the one having the best

vertex fit quality, as well.



Chapter 4: Reconstruction of physics objects 64

Secondary vertices

The J/v meson decays fast (t ~ 10723 sec) and, if produced promptly in pp
collisions, its decay vertex lies on the primary vertex within the uncertainty of its
reconstructed position. For J/1) mesons produced in decays of b-hadrons, their decay
vertex is displaced with respect to the primary vertex by a measurable distance, due to
the relatively long lifetime (t ~ 107 sec) of b-hadrons. Therefore, tracks originating
from such decays can be used to identify secondary vertices in order to measure the
b-hadron lifetime or distinguish prompt from non-prompt J/v¢ production. In the
case of a BT — J/¢(uTu~) KT decay, the secondary vertex is determined from
three tracks, the muons and the charged kaon. To improve the resolution of the
reconstructed decay vertices, kinematic constraints are posed on the vertex fit. In the
case of the B*, in addition to requiring that all three tracks originate from the same
point, the dimuon invariant mass is constrained to the well-known J/v mass, which
compensates for detector resolution on the determination of the muon momenta and

has a significant improvement effect on the reconstructed BT mass resolution.

4.3 Muons

The ATLAS Muon spectrometer provides muon identification and reconstruction
up to |n| < 2.7 for muons with pr ranging from 1 GeV to more than 1 TeV. Muon
reconstruction is based on drift-radius measurements (hits) in MDTs, which provide
an accurate measurement of the n coordinate, while the ¢ coordinate is taken from
hits in the RPCs and TGCs, and also CSCs in the forward region (1 measurements
of these chambers are also used in track fitting but do not improve the resolution).

As a first step, within a single chamber, patterns are defined as collections of hits
consistent with a trail left by a traversing muon and are subjected to a straight-line
track fit (given the large radius of the muon trajectory in the bending plane, within
a chamber this is a good approximation, see Figure @] right). Based on the x? per
degree of freedom of the resulting fit, high-quality segments are selected and used as

seeds for the next step, where a full track fit is performed from track segments in
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Figure 4.1: Sketch of a muon track segment formation from drift-radius measurements
in the two multi-layers of an MDT chamber (left). Trigger hits from RPCs or TGCs
are also used, but only to select hits in a given bunch crossing. A full muon track
is fitted after combining segments from three MDT stations, and the pr is measured
from the sagitta of the three super-points (see text) of resulting track (right).

the three stations of MDT chambers. In the middle of each chamber and between
multilayers, a super-point is defined. From the three super-points the sagitta of the
track is formed which is used for the measurement of the muon pr. Examples of
fitting muon segments and tracks are shown in Figure [l

The conditions for muon identification and reconstruction are quite different in
the central and forward rapidity region and also at low-p. Therefore three categories

of reconstructed muons are defined, depending on the reconstruction strategy that is
followed [3]:

e Stand-alone muons are tracks reconstructed in the MS, as described above,
extrapolated back to the interaction point taking into account multiple scat-
tering and energy losses in the traversed material. Tracking information from
the ID is not used, so this type of reconstructed muons has larger background
contamination and worse momentum and spatial resolution than what can be
achieved by muons in the next categories. However, stand-alone muons are use-

ful in order to extend muon identification beyond the coverage of the ID up to
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In| = 2.7.

e Combined muons are tracks reconstructed in the MS which are associated to
tracks in the ID. A fit is performed using the combined information from the 1D
and MS, achieving higher purity and better resolution than the ID, especially
in the end-cap region. For low-pr muons, fluctuations of the energy loss in the
calorimeters dominate the resolution and make the gain of the combined fit
not significant. Due to the ID coverage, combined reconstruction is limited to

In| < 2.5.

e Segment-tagged muons are reconstructed from segments that were not as-
sociated with an MS track, but that are matched to ID tracks. This type of
reconstruction is extremely useful for increasing the acceptance of the MS for
muons of low-pr which are bent before reaching the middle and outer stations
of the MS, thus lacking the chance of being reconstructed as combined muons,
or for muons in the end-cap-barrel transition or |n|~0 regions, where the muon
might have missed one or more stations. As such reconstructed muons do not
give a full MS track, they adopt the measured parameters of the associated ID

track.

For this thesis, stand-alone muons are not used, as it is important to reconstruct
the secondary vertex of the dimuon, thus the ID component of a muon track is
needed. The combined muons are of best quality, as they have negligible background
(coming from hadrons punching through the calorimeters or decays-in-flight) and
better resolution than segment-tagged muons. Nevertheless, depending on the needs
posed by the analysis, segment-tagged muons may be used to increase the overall
muon reconstruction efficiency at low pr. This is particularly important for B-physics
studies where muons of low pr down to a few GeV are used. In the low-p region
(pr < 20 GeV), the pr resolution is dominated by the ID measurements and is about
1.5% [4].
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Chapter 5

Data Quality Monitoring of the

Muon Spectrometer

Data Quality Monitoring (DQM) is an important project within the Data Prepa-
ration group. ATLAS has about 140 million electronic channels receiving data with
a rate of 100 Hz, and it is essential to monitor the status of data-taking (on-line
monitoring) and off-line reconstruction (off-line monitoring) in order to assess the
proper functioning of the detector and reconstruction algorithms, especially during
LHC operation. Using predefined algorithms for the analysis of data from dedicated
streams, conclusive results are provided during data processing in an automated way.
When DQM occurs in the on-line environment, it provides the shifter with current
run information that can be used to overcome problems early on. During the off-line
reconstruction, the results of on-line monitoring are re-evaluated and, in addition,
more complex analysis of physical objects is performed to assess the quality of the
reconstructed data and the ability of the detector to reconstruct well-known reso-
nances. My contribution has been in the development of the off-line DQM framework

for the muon system.
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5.1 On-line, off-line and express streams

The on-line stream receives input from the data acquisition system and offers real-
time monitoring (latency of only tenths of seconds) of detector-level quantities. In
the on-line environment, this information can flag the shifter to take action to prevent
taking faulty data. At this step, there should be reasonable agreement between the
on-line environment and the Detector Control System (DCS) status. Part of the muon
data collected by the data acquisition system are transferred to dedicated computing
farms (calibration centers) for the determination of the calibration parameters needed
for muon reconstruction in the MS. Data from the off-line streams become available
with latency of about one day), using the full reconstructed ATLAS event information.
The express stream is dedicated to monitoring, giving priority to processing of received
data in order to provide information from all detector subsystems with only 10% of
the full data sample, in order to have conclusive results within a few hours, using old

values for the calibration parameters from a database.

5.2 Off-line Muon Data Quality Monitoring

The purpose of off-line muon DQM [I] is to perform more complex and fine-
grained checks of the data to determine their quality and provide useful feedback
to the hardware experts and various physics groups. Muon data quality is per-
formed on hit-level quantities, on reconstructed segments and tracks and, finally,
on reconstructed physical objects decaying to muons. The organization of the off-line
Muon DQM follows this logical and practical order. Four software packages have
been developed to cover the needs for each level, named MuonRawDataMonitoring,
MuonSegmMonitoring, MuonTrackMonitoring and MuonPhysicsMonitoring, where
the author has contributed to the development of the last two, mainly. These pack-
ages have been developed within the Athena framework and are executed as part of
the off-line reconstruction chain in order to produce monitoring histograms. The his-
togram output is gathered in a ROOT file respecting the aforementioned structure.

The histogram output is of use to the off-line shifter, which can obtain the infor-
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mation either by running ROOT scripts prepared for this purpose or by browsing
the histograms from a publicly available web-page, called Web DisplayEr The Web
Display is part of the Off-line Data Quality Monitoring Framework (DQMF'), which
provides the functionality of running pre-defined algorithms automatically on selected
histograms to determine the quality of the data. For each histogram, all the corre-
sponding details are given, like the specific check/algorithm applied and its result.
A user-friendly code (red=problem, yellow=potential problem, green=no problem)
is adopted to flag the result, which propagates to upper levels in order to determine
the overall status of a subsystem. In FiguresBb.1] and B.3] some representative
screen captures are shown for each muon monitoring step, using the DQMF output
from a 7M event run (155160, 16-17 May 2010, period B2) from pp collision data
collected by the express stream. The off-line monitoring software runs on ESD, con-
currently with reconstruction software during the ESD to AOD processing step at
Tier-0, and provides the final information on the data quality which is stored in a
database. Apart from the express stream, the off-line monitoring software runs also
on the full statistics from the off-line streams, providing a useful tool for experts to

perform analysis using the extended output from the ROOT files.

5.2.1 Muon Raw Data Monitoring

This is the first step of monitoring where hit-level quantities are monitored such
as occupancies and correlations between different chambers. The main goal at this

level is to check the readout chain from the on-line to the off-line environment.

5.2.2 Muon Segment and Track Monitoring

At this step the reconstruction of tracks and segments is monitored by looking
at quantities such as track/segment parameters describe the position of the track
perigee, direction of the track and also hit multiplicities, occupancies and fit quality

parameters; this information is used to check calibration constants, chamber efficien-

'Look for Tier-0 Histograms in https://atlasdqm.cern.ch/webdisplay.
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Figure 5.1: Selected output from Raw Data Monitoring package in DQMF Web
Display. Shown is a list of histograms for MDTs in side-A of the barrel region.
By clicking on each histogram, all corresponding details are given. In the left side

pane it can be seen that similar output exists for all regions of the MS and also for
RPCs, TGCs and CSCs.
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Figure 5.2: Selected output from Muon Track Monitoring package in DQMF Web Dis-
play. Shown is a profile histogram of the quality of muon track fitting, demonstrated
by the x? per degree of freedom, as a function of 7.

cies and detector resolution. Part of the Muon Track Monitoring code was developed
as part of my MSec. thesis, in which more detailed examples are given in Ref. [2].
More details on Muon Segment Monitoring can be found in a relevant MSc. thesis

by V. Kouskoura [3].

5.2.3 Muon Physics Monitoring

Physics Monitoring is the last step of Muon Monitoring, where the reconstruction
of dimuon decays of known resonances such as J/1 and Z is used a monitoring tool for
the MS performance. The important quantities from which we can extract valuable
information are the dimuon event yields and the dimuon invariant mass. For a given

run where statistics are limited, the goal is to make sure that the data include well
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Figure 5.3: Selected output from Muon Physics Monitoring package in DQMF Web
Display. Shown is a histogram of the dimuon invariant mass in the range 0-6 GeV,
with a clear excess of reconstructed events at the J/¢) mass region.

reconstructed objects and can be used for physics analysis. With higher statistics
(from long runs or from integration of data from different runs), more detailed checks
can be made on the mass position and width to detect various sources of bias which
introduce deterioration of resolution, such as detector misalignment, magnetic field

uncertainty and material effects.
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Chapter 6
Data and simulation

This chapter gives details about the collection of the data samples and the prepa-
ration of simulated samples used in this thesis and is organized as follows. In Sec-
tion [6.1] the evolution of luminosity is shown, along with details on the used triggers
and pile-up conditions for the 2010 and 2011 data samples. In Section Bl the aspects
of Data Quality Monitoring of the ATLAS muon spectrometer are presented, as this
project is an integral part of the data-taking procedure, with important contributions
from the author. Lastly, Section 6.2 gives details on the simulation of the bb process,
highlighting difficulties which are relevant B-physics studies in ATLAS.

6.1 Data samples

Data for this thesis were collected during 2010 and 2011, when the LHC was
operating with proton beams colliding at /s = 7 GeV.

Data 2010

The total integrated luminosity delivere and recorded by ATLAS during 2010

is about 45 pb~!. During this period, the peak instantaneous luminosity was increas-

!The delivered luminosity accounts for the luminosity delivered from the start of stable beams
until the LHC requests ATLAS to turn the sensitive detector off to allow a beam dump or beam
studies.
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ing, reaching a maximum of 2.1 - 1032 em~2sec™!. The evolution of the integrated

luminosity with time is shown in Figure[6.T], together with the maximum of the aver-

age number of pp interactions per bunch crossin observed per day. The 2010 data
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Figure 6.1: Cumulative luminosity (left) versus day delivered to and recorded by
ATLAS during stable beams and for pp collisions at /s = 7 TeV in 2010. The
maximum of the average number of interactions per bunch crossing observed per day
(right) ranged from about one to 3.8.

sample is of relatively low luminosity and pile-up, which allowed single muon triggers

with very loose thresholds to operate.

Data 2011

The performance of the LHC increased drastically in 2011, delivering more than
5 fb~! in about 5 months. During this period, the peak instantaneous luminosity
reached a maximum of 3.65 - 10%* cm~2sec™!. The evolution of the integrated and
peak luminosity with time is shown in Figure[6.2] where it can be seen that significant
improvement was achieved after a Technical Stop of the LHC in September. The
distribution of the mean number of pp interactions per bunch-crossing is shown in
Figure[6.3] before and after September’s Technical Stop, when (* was reduced from

1.5m to 1 m.

IThis number corresponds to the mean of the poisson distribution on the number of interactions
per crossing. It is calculated from the instantaneous luminosity as g = L - gipe1/(np - fr), where L is
the instantaneous luminosity, i is the inelastic cross-section which we take to be 71.5 mb, n; is
the number of colliding bunches and f, is the LHC revolution frequency.
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Figure 6.2: Cumulative (left) and peak luminosity (right) versus day delivered to and
recorded by ATLAS during stable beams and for pp collisions at /s = 7 TeV in 2011.
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Figure 6.3: Luminosity-weighted distribution of the mean number of interactions per
crossing for LHC operation in 2011.
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Trigger conditions changed dramatically in 2011 and the pr thresholds of the
available un-prescaled single muon triggers were significantly higher than in 2010.
This is not optimal for B-physics studies, so data for the analysis of this thesis were
selected with a dimuon trigger which requires the presence of at least two muon
candidates with pr > 4 GeV (a more detailed description of this trigger is given in
Section [8.2). After the significant increase of the luminosity in September 2011, this
trigger was also prescaled. Therefore, the analysis is restricted to the data sample

from the LHC operation in early 2011, from April to August.

Good-run list selection

Both 2010 and 2011 data samples are subjected to a set of quality criteria, which
require proper functioning of the detector subsystems which are relevant for the anal-
ysis (ID and MS). Selected events are also required to have occurred during stable
beams, meaning that the colliding bunch of each beam if filled with protons so that
collisions were possible. The quality of the data is determined by the Data Prepara-
tion group per luminosity block and is stored in a good-run list (GRL). The names of
the used GRLs for 2010 and 2011 data are given in Table[6.1l For 2010, the resulting
integrated luminosity with this GRL is calculated to be 39.4 pb~! with an uncertainty
of 3.4%. For 2011 it is 2.4 fb~! with an uncertainty of 1.8% [I].

2010 2011
Data tag datal0_7TeV datall_TTeV
Run periods B-1 B2, D-J, K1-K4
Physics trigger (various) EF_2mu4_Jpsimumu
GRL DetStatus-v21-pro05_Muon DetStatus-v36-prol0_Muon.xml
Total luminosity 39 nb~! 2.4 fb~1

Table 6.1: Shown are the details of the integrated luminosity calculation, performed
with the tool found in https://atlas-lumicalc.cern.ch.


https://atlas-lumicalc.cern.ch
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6.2 Monte Carlo simulation

In the analysis two Monte Carlo (MC) samples are used. The first sample simu-
lates the signal B* — J/¢ K* — p*p~ K*, while the second simulates bb production,
with bb — J/¢» X — ptp~ X, including the signal and also the backgrounds which
are relevant for the analysis. Both samples were generated with PYTHIA 6 [2] using
the 2011 ATLAS tune [3]. The response of the ATLAS detector was simulated [4]
using GEANT4 [5]. Additional pp interactions in the same and nearby bunch crossings
(pile-up) were included in the simulation. In the following subsections, some tech-
nical issues regarding the MC sample production are discussed in order to highlight

difficulties which are relevant for B-physics studies.

6.2.1 Production of bb pairs with Pythia

PYTHIA is a generator that includes all bb production mechanisms (flavour cre-
ation, flavour excitation, gluon splitting), and also a MC showering program that
implements the Lund string model for the fragmentation of the b quark. The prob-
ability to obtain a signal B* decay from a bb pair is given by the branching ratio of
the signal process B* — J/¢ K*, with J/¢) — ptp~, which is about 6 x 1075 [6].
Taking also into account the fragmentation fraction of b — B* which is about 0.4,
this means that, by default, one has to generate at least 100k bb events to get just a
single BT or B~ signal decay. Moreover, a signal decay will not be detected unless
the final-state particles are within the fiducial volume of the detector and the trigger
system. It is clear from the above that in order to produce a high-statistics sample
for a specific channel and ensure that it will contain detectable events, a different
approach has to be followed.

A dedicated interface to PyTHIA for B-physics, PYTHIAB [7], is used for this
purpose. In order to speed up the generation by producing events with a good chance
of being detected, PYTHIAB checks at parton level (before the hadronization) for the
presence of bb quarks satisfying thresholds in pp and 7 defined by the user. Moreover,

it allows multiple hadronizations of the same parton content and the application



Chapter 6: Data and simulation 80

of trigger-like and offline-like selection cuts on the kinematics (pr, 1) of the final
state particles. Lastly, another important functionality provided by PYTHIAB is that
of forcing a given b-hadron to decay in a specific mode without intervening in the
PYTHIA code; in this case it is the B* meson that is forced to decay to J/¢ K*, and
then the J/1) meson is forced to decay to muons.

When applying cuts at generation-level and forcing specific decay modes, the usual
approach is to use these requirements only on one quark of a bb pair, either on b or
b. Consequently, two independent samples are produced for the B* signal. In the
first sample, the BT meson is forced to decay to J/¢¥ K, and cuts are posed on the
pr and 7 of the b quark and final-state particles (muons, kaons) to ensure that the
signal decay products are inside the detector acceptance; no requirements are used
for the b quark. In the second sample, the corresponding procedure to produce B~
signal events is followed, applying cuts on the b quark, instead. The reason for that
is clear: if both b and b quarks are forced to decay in the same signal mode in the
same event satisfying fiducial kinematic cuts, we end up with an unrealistic sample
in which every event contains two signal decays and many combinatorial solutions.
In the case of the production of the inclusive bb — .J/v X sample, requirements are
applied to the b-quark only, forcing it to decay to modes containing a .J/v¢» meson
in the final state (including feed-down from higher c¢ states). For example, in this
sample the BT — J/¢ Kt decay is found in abundance, while the probability of
finding a B~ — J/v K~ decay is tiny, due to its actual branching ratio. The cuts
posed at generation level for the production of the various MC samples are given in
Table [6.2]

Sample ‘ Process ‘ b-quark ‘ b-quark ‘ muons ‘ kaons
108540 | BT — J/v KT | - - |25 25|25 2505 25
108541 | B~ — J/Y K~ |25 25| - - 125 25105 2.5
108411 | bb — J/op X - - 4 25| 4 25| - -

Table 6.2: Cuts on b and b quarks and final state particles, posed at generation level
to enhance the production of signal decays inside the fiducial volume of the detector.
For the pair of numbers quoted for each particle type, the first number is the minimum
pr in GeV that is required and the second is the maximum || required. Dashes in
some fields indicate that no requirement was applied.
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By default, PyTHIA includes only a few b-hadron decays, so for the production
of the inclusive bb — .J/1) X sample a dedicated effort was made to include as many
processes as possible, using input from PDG for the branching ratios of various b-
decays [§].

In addition to the samples listed in Table[6.2, which are official ATLAS samples
with full detector simulation, another sample of private production is used. This
has not gone through detector-simulation and was produced with same settings as
for the signal MC samples but without any cuts on the final-state particles, in order
to estimate the kinematic acceptance of the analysis cuts used for the cross-section

measurement (see Section [8.4.1]).

6.2.2 Correction of angular properties

In the signal decay B* — J/¢ K*, the J/1 meson is produced isotropically,
while the J/¢ — putp~ decay is not isotropic (see Appendix[Al). PYTHIA does not
consider spin-momentum correlations in the J/1v — pTu~ decay, as well as for all
complex sequencial B of D-meson decays and CP violating decays. This should be
corrected for by reweighting generated events so that the correct angular properties
are reproduced. Alternatively, the EVTGEN event generator [9] can be used, which
takes care of this problem. It is not, however, the baseline generator for the official
B-physics sample production in ATLAS, as it is significantly slower than PYTHIA.

Figure[6.4] shows the distribution of cos§* for PYTHIA and EVTGEN where 6*
is the angle between the positively charged muon and the kaon in the J/¢) meson
rest frame. In the case of PYTHIA where the J/1¢ meson decays isotropically, this
distribution is flat. The correct distribution is given by sin® #*, which is the case for
EVTGEN. In the same Figure, it is shown that the same result as for EVTGEN is
achieved by reweighting the events generated with PYTHIA to the correct distribution.
It must be noted that the shown distributions were obtained from samples generated
without any cuts on the final-state particles. The PYTHIA sample without such cuts
is used for the acceptance calculation, where the effect of this reweighting procedure

is significant.
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Figure 6.4: Spin-momentum alignment of the leptons in the decay of J/¢ meson is
such that the zero helicity is conserved.

6.3 Pile-up

In the high-luminosity environment of the LHC, most hard-scattering events have
additional softer interactions occurring in the same bunch crossing, called in-time
pile-up. The number of additional interactions follows a Poisson distribution with a
mean determined from the beam parameters. The beam parameters changed in the
middle of 2011 LHC operation, with a significant effect on pile-up, as can be seen in
Figure[6.3] It is noted that the number of additional interactions in a given bunch
crossing is determined from the number of reconstructed vertices.

In-time pile-up is included in the MC simulation. To account for the different pile-
up conditions during 2011, MC samples include four different configurations, as can
be seen in Table[6.3] Each configuration is assigned a run number and uses different
pile-up conditions and trigger menus, in accordance with the various periods of data-
taking. Simulated events with run number 189751 are not used for the analysis of the
first half of the 2011 data, as they use a have different pile-up setup and trigger menu,
corresponding to the high-luminosity second half if the full 2011 data sample. Events
in the simulation are not produced equally for the different configurations; they are

produced following ratios determined by the integrated luminosities corresponding to
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the relevant data-taking periods. Usually, these ratios are not known a priori, when
the MC sample production occurs, so they are corrected a posteriori with an event-
reweighting procedure. In this case, where the pile-up and trigger conditions are
stable and these ratios well-defined, such a procedure was found to have a negligible

effect on the various parts of this analysis.

MC run number | (Npy)
180164 4.3
183003 4.4
186169 5.1
189751 7.5

Table 6.3: The average number of reconstructed vertices per event, (Npy), given for
four different configurations in the MC simulation. Each configuration is assigned
a run number. The last configuration (189751) corresponds to the high-luminosity
data-taking periods.
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Chapter 7

Observation and lifetime

measurement of Bj: ImMesoI1ns

During the early periods of data taking from pp collisions, there was high interest
in reconstructing well-known resonances in order to validate the performance of the
ATLAS detector. After the observation of J/1 mesons decaying to two muons, ob-
serving B¥ mesons decaying to J/¢¥K* was the next challenge. Using the first data
recorded by ATLAS in 2010, an analysis for the observation of B¥ meson production
was conducted, in order to provide the first B-physics result of the experiment. The
B* — J/Y K* and J/¢ — ptu~ signals were used as “standard candles” in the
initial phase of data-taking for the assessment of the performance of the inner detec-
tor and muon spectrometer and also of the techniques involved in measurements of
b-hadron masses, lifetimes, production rates and angular properties. With measure-
ments of the well-known mass and lifetime of these signals which I performed, the
performance of the inner detector was validated for mass and vertex reconstruction.

In Section [7.1], the details of the analysis that led to the observation of B mesons
with a few pb~! are given. Using the full 2010 dataset of about 40 pb~!, a simulta-
neous (two-dimensional) likelihood fit method was employed for the measurement of

the BT mass and lifetime, described in Section [T.2]

85
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7.1 Observation analysis

Clear evidence of B* production was already seen with a few hundreds of nb™*
(see Figure[.T]), which was reported to the ATLAS collaboration on 3 August 2010H
The data sample was growing fast, so the analysis was repeated with larger statistics

to provide a publishable result [I].
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Figure 7.1: Invariant mass of .J/1 K* using 290 nb~! of data recorded in early in 2010,
showing a clear excess of events at the B* mass. The continuous blue line indicates
the result of a fit to the B candidates, returning a total of 49 & 13 signal events over
a background of about 94 events. The reconstructed B* mass returned by the fit is
5280 £ 16 MeV, consistent with the world-averaged value of 5279.17 & 0.29 MeV [2].

7.1.1 Data sample and event selection

The data sample for the observation analysis was collected during LHC operation
with protons colliding at /s = 7 TeV between 24th June and 29th August 2010 (data-
taking periods D—F). For the reconstruction of the signal decay, the muon and tracking
systems are of particular importance. Only data where both subdetectors were fully
operational, and where the LHC beams were declared to be stable, are considered

for physics analysis. The data were collected in a period of rising instantaneous

Link to presentation (restricted to ATLAS): https://indico.cern.ch/conferenceDisplay.py?conf1d=72824.
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luminosity of the LHC, and the trigger conditions varied considerably over this time.
Consequently, the trigger selections differ depending on the period of data taking. In
the beginning, when the High-Level Trigger (HLT, see Section[3.6]) was not active,
single and dimuon triggers at Level-1 were used, without any prt threshold for muons.
At later periods the HLT was activated and events passing a variety of single and
dimuon triggers were accepted, with thresholds ranging from 4 to 10 GeV. For higher
luminosity runs the HLT single muon triggers with low thresholds were prescaled;
events passing these triggers were accepted nevertheless. Applying these requirements
of data quality and trigger, the data sample corresponds to 3.4 pb~!. This luminosity

estimate has an uncertainty of 11% [3].

Track selection

Tracks to be considered as muon candidates are required to pass certain quality
criteria, based on the numbers of hits in the pixel, SCT and TRT detectors, according
to standard recommendations provided by the ATLAS Muon Combined Performance
group. For the data considered here, the selections on the track quality require at least
one hit in the pixel detector and at least six hits in the SCT. Tracks reconstructed
in the ID that are matched with combined or segment-tagged muons are selected as
muon candidates. The matching is done between ID tracks and the ID components
of reconstructed muons. In this analysis the muon track parameters are taken from
the ID measurement alone, as the resolution for low-pr muons is driven by the ID
track reconstruction. The same track quality criteria are applied to tracks selected

as potential KT candidates.

Reconstruction of .J/¢ candidates

To veto events triggered by cosmic-ray muons and ensure that there is one pp
collision, we require that there is at least a reconstructed primary vertex in the event
with at least three associated tracks. Then to identify J/v candidates, events must
have at least one pair of reconstructed muons of opposite charge.

Muon pairs are fitted using a vertexing algorithm [4] constraining the tracks to
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Figure 7.2: Invariant mass of oppositely signed dimuons. Dimuons in the shown
range are fitted to derive the reconstructed J/1) mass, with its value shown with its
statistical uncertainty. Dimuons with an invariant mass within the range indicated by

the dashed vertical lines, which corresponds to +30 of the reconstructed J/i¢ mass,
are considered as J/¢ — pu*pu~ candidates and are used to select B* mesons.

originate from a common vertex and the refitted track parameters returned by the
algorithm are used to derive the momenta of muons and the dimuon invariant mass.
In each pair, the highest-pr muon should have a pr of at least 4 GeV, and the other
a pr of at least 2.5 GeV. Muon pairs fitted successfully to a common vertex with
X%/Ng.os < 10 are retained in the mass range 2700-3500 MeV, and their invariant
mass is shown in Figure[Z2l Dimuons are considered as J/¢¥ — pu™p~ candidates
if their invariant mass lies in a 30 window (£180 MeV) around the reconstructed
J/1) mass, corresponding to the mass range 2915-3275 MeV. The reconstructed .J/v
mass was obtained with a maximum likelihood method, where the .J/v signal is
described using a Gaussian with per-candidate uncertainties and a linear background
description; for details, see [5]. If more than two muons are found in the event, all
the allowed charge combinations are made to find J/¢ candidates. If multiple J/1)
candidates are found in the event, which happens in about 2% of the total number
of events, we consider all of them in the formation of B* candidates. A total of 75k

J /1 candidates fulfilling the above criteria are found in the preselected events.
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Figure 7.3: Invariant mass distributions of selected J/¢ K (solid circles) and J /¢ K~
candidates (triangles) in the mass range 4000-7000 MeV.

Reconstruction of B* candidates

Dimuon track pairs passing the J/1 candidate selection presented above are again
fitted to a common vertex with an additional third track having pr greater than 2.5
GeV. The three-track vertex fit is performed by constraining the muon tracks to
the J/v¢ world average mass and assigning the kaon mass to the third track. Fitted
triplets are considered to be B*¥ — J/¢ K* candidates if the vertex fit is of good
quality, requiring x? /Na.os < 6, and the pr of the three-track combination is greater
than 10 GeV. A total of 13k candidates fulfilling the above criteria are found in a
wide mass range 4000-7000 MeV. Figure[.3] shows the invariant mass distribution
of these J/¢ K* candidates, separated by charge. The signal peak is clearly seen
in both the positive and negative-charge combinations on top of the background,
which has different contributions and shapes in the low and high-mass sidebands. B
mesons which are only partially reconstructed as B™/B~ candidates populate the
low-mass sideband. The high-mass sideband is dominated by the flat background
formed by random combinations of J/¢ with tracks coming from the primary vertex.
In this figure, good response of the inner detector in reconstructing both positive and
negative tracks is seen which allows to combine both BT and B~ candidates in the

analysis to double the statistics.
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7.1.2 Per-candidate invariant mass fit

To extract the signal properties (B* mass and resolution) and number of signal
events in the data sample, an unbinned maximum likelihood fit is performed using
J /1 K* candidates in a restricted mass range from 5000 to 5600 MeV. The likelihood
function is defined by:

L= H Faig S(mi) + (1 = fuig) B(my) (7.1)

where m; is the J/i K* invariant mass of the i-th candidate and N is the total
number of J/¢ K* candidates in the chosen invariant mass range. S and B are
probability density functions that model the B* signal and background shapes in

this mass range. For the signal, the mass is modelled with a Gaussian distribution:

(mi — mB:l:)2]
2(s - om;)?

B 1
) = s -omn) P [‘

whose mean value mp+ will be taken as the reconstructed B* mass (one the free

(7.2)

parameters of the fit), and the width of the gaussian is the product s - dm;. The
mass error dm; is calculated for each J/1 K* candidate from the covariance matrix
associated with the three-track vertex fit and fs;, represents the signal fraction. The
scale factor s accounts for differences between the per-candidate errors on the candi-
date masses (calculated from tracking parameters) and the overall mass resolution.
Ideally, the value of this parameter is 1. For the background, the mass distribution

is modelled with a linear function:
B(m)=1+b-m; (7.3)

where b is the slope of the linear background. Because of partially reconstructed B
mesons and kinematic reflections, no attempt is made to model the background far
from the BT mass region. In the mass region 5000 — 5600 MeV a linear approximation
of the background is adequate, given the available statistics.

The fit has four free parameters: fg4, mp+, s and b. Their values and covariant-

error matrix returned by the fit are used to calculate the number of B* signal decays
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Figure 7.4: Invariant mass of J/¢» K* candidates in a narrow mass window. The
solid line is the projection of the result of the unbinned maximum likelihood fit to all
J/¢ K* candidates in the shown mass range. The dashed line is the projection for
the background component of the same fit. The results of the fit for the number of
signal events, the reconstructed B* mass and its resolution are also shown with their
statistical uncertainties.

N4, the mass resolution o, and the number of background events Ny, in the mass
interval mpg+ + 30,,. The mass resolution o, is defined as half of the width of the
B* mass distribution for which the integral of S retains 68.3% of Ny;, symmetrically
around the fitted mass mp+. The uncertainty of o,, is calculated using the covariance
matrix of the fit. The number of background events Ny, in the mass interval mp= +
3o, and its error is calculated from fy;4, b, N and the error matrix of the fit.

The fit is applied as described above, and the result is shown in Figure[l.4l The
B* mass returned by the fit is 5283.8 £ 3.4 MeV, which is consistent with the world
average of 5279.17 + 0.29 MeV [2]. The signal mass resolution o,, is 36 = 4 MeV, in
agreement with the expectation from simulation (39 MeV). The B* signal extracted
from the data sample, which corresponds to an integrated luminosity of 3.4 pb™1, is
325 + 36 and the background is 756 + 87. As a check, the properties of BT and
B~ signal events have been extracted separately with the same fit method and were
found to be consistent [1I]. With this study we conclude to the good performance of
the ID and MS in reconstructing the B* — J/¢(u*p~) K* decay and reproducing

the known mass of BT mesons with the first data recorded in 2010.
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7.2 Lifetime measurement

A characteristic of the B mesons is their long lifetime, resulting in a measurable
displacement of their decay vertex (secondary vertex). This can be used, therefore,
for the identification of b hadrons and b jets, in general. With the selection of B
signal events and a measurement of their lifetime, the performance of secondary vertex
reconstruction in the ID is evaluated. Using pp collision data from the early LHC
operation in 2010, an analysis for the simultaneous measurement of the B* meson
mass and lifetime was performed to validate the reconstruction of B¥ mesons with the
ATLAS detector by reproducing their well-known properties (mass and lifetime). The
analysis employs a simultaneous (two-dimensional) likelihood fit to the invariant mass
and proper decay time of B* candidates in order to disentangle the signal component

from the background in the proper-time distribution.

7.2.1 Data sample and event selection

The full 2010 data sample is used for the B* mass and lifetime measurement. Due
to the increasing luminosity of the collider, the trigger conditions were not stable, so
a list of unprescaled triggers is used, considering the triggers with the lowest-pr
thresholds per data-taking period Using this list of triggers and after data quality
selections, the integrated luminosity of the resulting data sample corresponds to about
35 pb L.

Event selection for the lifetime measurement is similar to the one described in the
previous section for the observation of B* meson production, with small variations on
certain requirements because of the different needs posed by the different fit methods.
Muons reconstructed either as combined or segment-tagged are used, requiring at least
one combined muon per J/v¢ candidate, in order to maintain good mass resolution

and signal-to-background ratio. The invariant mass selection for the B* candidates

Following official recommendations: (access restricted to ATLAS)
https://twiki.cern.ch/twiki/bin/viewauth/Atlas/MuonTriggerPhysicsTriggerRecommendations.
The list of wused triggers is: EF mu0missingRoi, EF muO_rpcOnly, EF muO_outOfTimel,
EF_mu4 MSonly, EF mu6 MSonly, EF mulO_MSonly, EF mu4, EF mu6, EF mulO,

EF mu4 DiMu FS, EF_mu4 DiMu, EF_2mu4, EF_2mu4 DiMu, EF mu4_Jpsimumu.


https://twiki.cern.ch/twiki/bin/viewauth/Atlas/MuonTriggerPhysicsTriggerRecommendations
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Figure 7.5: Invariant mass (left) and proper decay time (right) of selected J/¢ K*
candidates, using different definitions for the preferred B* solution in events where
multiple exist. Histograms drawn with a continuous line (red) are obtained using the
candidate with the highest p as the preferred solution and histograms with a dashed
line (blue) are obtained using the candidate with the best vertex-fit quality.

is stricter than in the previous section, set to 5060-5500 MeV respectively and is
justified later in this Chapter. Moreover, only one B* candidate is selected when
multiple ones survive all the selection steps in the event; the candidate with the
highest pr is selected, which is usually the one having the best vertex fit quality, as
well. Following the above selection requirements, we end up with a sample of 13.5k
events which is used for the mass-lifetime fit. The invariant mass and proper decay
time (defined in the next section) of selected candidates in shown in Figure To see
the effect of the definition of the preferred solution, when multiple exist, we compare
in this Figure the mass and propertime distributions obtained with two different
definitions: the first is the one used, where the B* candidate with the highest pr is
chosen, and the second is using the candidate with the best vertex-fit quality (lowest
x?) as the preferred solution. The second definition is found to have slightly better
background rejection. However, it was found to have a slightly lower signal efficiency

in MC simulation, so the first definition is chosen in the analysis, instead.
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7.2.2 Definition of proper decay time

For each B* meson candidate, the flight distance L from the primary to the
secondary vertex (L = |L| = |7z — Fpy|) is measured in the lab frame, from which we

derive the proper decay time 7 using the Lorentz factor:

ngzﬂ—a:L'pﬁ, (7.4)
where we used the relativistic expressions § = v/c = v and p = ymgv (mg = mp+)
and the world-average value of the B¥ mass for mp+. Taking the projections of the
decay length and momentum on the transverse plane, where the determination of L

and p is more accurate, the previous expression becomes

S Lay - mp+ ’ (7.5)
pr

where L, = L pr/pT, it is the signed projection of the flight distance on the direction
of the BT transverse momentum, as shown in Figure[Z.6. This projection is a better
approximation of the decay length, because the momentum is measured with better
precision than that of the vertex position (although this may not be evident in the
Figure, in which the difference between the direction of the BT transverse momentum
and the direction of the primary to the secondary (B™) vertex has been artificially
enhanced for demonstration purposes.

More than one primary vertex is usually found in the event, as the average num-
ber of interactions goes up to 3.8 in the high-luminosity runs (see Section[6.1]). In
such events, it is assumed that the B* candidate was produced in the vertex whose
constituent tracks have the highest >~ pr?; this vertex is defined as the primary vertex
for the decay length calculation. Different definitions of the primary vertex have been
used and point out the same vertex in more than 99% of the times. The result for
the lifetime measurement was found to be insensitive to this definition.

For an unbiased calculation of the decay length, the position of the the primary
vertex must be determined independently from that of the secondary vertex. It
is possible, however, that tracks of a B* candidate are selected by the vertexing

algorithm to built the primary vertex. In these cases, the primary vertex is refitted
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pr

K+

Figure 7.6: Schematic representation of the transverse decay length (L,,) from the
primary vertex to the B* decay vertex, which is used in the determination of the B
proper decay time. It is extracted from the vector pointing from the primary to the
B* decay vertex (L), projected on the direction of the transverse momentum of the
BT candidate (prB).

after removing the tracks used to reconstruct the B* candidate and the decay-length

calculation uses the position of the refitted vertex.

7.2.3 Sources of background

There are various sources of background to the signal process which can be cat-
egorized according to their invariant mass shape in the B* mass region. Fully and
partially reconstructed b-hadron decays contribute to a non-flat invariant mass shape,
as can be seen in Figure [[.7]

The decay B* — J/v¢ = where the kaon mass is wrongly assigned to the pion is
an example of a fully reconstructed b-hadron decay which is misidentified as a signal
decay, and produces a broad resonance structure inside the signal region. This decay
is Cabibbo-suppressed with respect to the signal decay with a relative ratio:

B(B+ — J/pnt)

= B(BY — JYKT)

= 0.048 + 0.004 (7.6)

according to the world-average values [2] of the branching ratios of the signal and this

decay.
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Figure 7.7: The invariant mass of reconstructed J/¢» K* candidates from fully sim-
ulated bb — J/v X decays, demonstrating various sources of background and the
corresponding signal. The dashed lines indicate the chosen fitted region for the cross-
section measurement (see next Chapter), while for the lifetime measurement a tighter
mass region is used. Other background contributions from J/¢ mesons produced
promptly in pp collisions (prompt J/v background, see text) are not shown.

From the bulk of partially reconstructed b-hadron decays which can be misiden-
tified as signal decays, we deal with the following decays, as they are resonant in the

signal mass region:

o Bt — y.K* — ~.J/1 K*, where the energy of the photon is not considered, so
the distribution of mj/yx is resonant with a peak at about mp+ — (m,, —my/y),
where mp+, m,,, mj,, are the masses of the respective mesons; above 5.04
GeV the contribution of this background is negligible, so the lower bound of the
invariant mass range in which we select B* candidates is chosen such that we

avoid to include it in the fit model.

o B0 — J/p K+ — J/ (K m)*/° and BY° — J/4 (K 7)*/°, where the pion
is not considered in the construction of the decay vertex, so the distribution of

m K is resonant with a peak at mp+ —m,, where m, is the mass of the pion.

Other partially reconstructed b-hadron decays are either negligible or produce reso-

nant structures outside the signal region and are not considered.
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Figure 7.8: Transverse decay length distribution of reconstructed B* — J/¢ K*
candidates in the mass range 5.06-5.5 GeV from simulation. The histograms are the
distributions of simulated MC events. The gaussian distribution around zero is the
background from fully simulated pp — J/¢(utp~) 4+ X events (prompt background).

The distribution with the long-lived tail is from simulated bb — J/¢(utp~) + X
events, in which the signal process is also included. The sum of the two MC dis-
tributions is normalized to unity, with a relative normalization of the non-prompt
component over total of 0.28 [6].

The resonant backgrounds that were described above, sit on top of combinatorial
background, which is either random combinations of J/1) mesons or of dimuon from
b-hadron decays with a random track.

These random combinations are referred to as combinatorial background, which
is the dominant background in this analysis Events from promptly produced J/1)
mesons will be referred to as prompt J/1 background, while events from .J/v that
originate from a b-hadron decay will referred to as non-prompt J /¢ background. The
distinction between these two components is evident when measuring the displace-
ment of the B* candidate from the primary vertex. For example, Figure [7.8 shows
the transverse decay length for these two sources of J/¢ mesons from simulation.

Besides the combinatorial background originating from bb — J /14 X decays, the
non-resonant dimuon+X combinatorial background from bb and cé decays is found

to be negligible. It was evaluated by looking at the sidebands of the J/1 signal peak

!This is a reducible background which in principle can be suppressed with both secondary-
vertex displacement and direction requirements; however, it was chosen not to implement these
requirements in the present work.
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in the dimuon invariant mass distribution.

7.2.4 Mass-lifetime fit method

An unbinned maximum likelihood fit to the reconstructed invariant mass and
proper decay time of the selected candidates is performed to extract the mass and
lifetime of the B* meson. The invariant mass and the propertime are fitted simulta-
neously in order to disentangle the signal from long-lived background which originates
mainly from b-hadrons decaying to J/¢) which are only partially reconstructed. The

likelihood function is

N N
< =1 Pmimilme,7) =[] 1fs-Sm-Se+ (1= f)-Bw-B:],  (T.7)

i=1 i=1
where m; and 7; is the invariant mass and propertime of the i-th B* candidate,
my, and 7, is the B* mass and lifetime (parameters of interest). The total number
of selected B* candidates is denoted by N and the fraction of signal events is fs,
so that the number of signal events is given by f, - N. With S,,, S, we denote
the probability density functions (pdfs) modeling the signal mass and propertime
distributions. Similarly, B,, and B, are pdfs for the mass and propertime distributions
of the background, respectively.

The invariant mass shape of the signal is dominated by the detector resolution,

assumed to be gaussian, so the signal pdf is

1 . (m; —my)?
X _—
\2mo,, P 202, 7

where o, is the mass resolution. The signal pdf for the proper decay time is an

S = Sm(mi|mg, 0y) = (7.8)

exponential of slope 7, smeared with the detector resolution,

/

S; = S;(73,0,,|Ts) = exp <—%) ® R, (1] — 75, 0r,) (7.9)

s

where d,, = s; - 0,,, it is the per-candidate error of the proper decay time returned
by the vertexing algorithm, o, scaled by a constant, s,, and R, is the propertime

resolution function:

1 7‘2-2
R.=R.(1,6;,) = NoET exp <_262 ) : (7.10)

Ti
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The scaling factor s, should equal one if the track parameter errors are gaussian and
their propagation in the propertime calculation is done properly. We allow for a small
scaling of the per-candidate errors as a fine-tuning parameter in the fit and also as a
cross-check of the error calculation.

The background has two components; one is for the description of the prompt

J /1 background, and another is for the non-prompt J/1) background:

Bm — fblBEfompt + (1 _ fbl)B;llon—prompt

(7.11)
B = fu BE™P + (1 — fyy) BRovPromet

with fi; being the fraction of the prompt component. The prompt J/1 background is
flat in invariant mass (BP*™P* = 1) . It is of zero lifetime and its proper time distri-
bution is defined by the resolution model R,. An additional component is considered
for the description of badly reconstructed candidates appearing as exponential tails of
this background component in the proper decay time distribution, so the propertime

pdf for the prompt J/v background is
Bgrompt = Bgrompt@_i’ 57_“ b17 7_0) —

1 Tiz + (1 b) |Tz'/| ®R ( / 5 )
/_27'(' 57—1. €Xp 2 5% 1) €Xp o \T; Tiy 07 )

where by is the fraction of the gaussian-like component and 7, is the propertime slope

(7.12)

of a symmetric exponential around zero, convolved with the resolution function R,.
The non-prompt background has two components. The first represents the partially

reconstructed b-hadron decays like
B0 — JJp K0 — J g (K7)*° B — Jj (K 7))/, (7.13)

where in the final state the pion is not associated to the vertex of the B* candidate.
The energy of the missing pion affects the invariant mass shape by shifting the re-
constructed B* mass to lower values and the resulting shape can be described with

a complementary error function:

erfc(m;) =1 — erf (@) , (7.14)
0
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where my is the position of the center of the function, approximately a pion mass
lower than the BT mass, and s is the slope of the error function. Not considering
the pion in the reconstruction of the B¥ momentum affects its direction with respect
to the direction of the original b-hadron, therefore L, is always underestimated and
results in shorter lifetime than that of the b-hadron. The second component of the
non-prompt .J/1 background is the case where the J/1) meson from a b-hadron decay
is combined with a random track not originating from the same decay. The result-
ing invariant mass shape is non-resonant and is modelled with an exponential. The
resulting proper-lifetime of this component is mostly shorter than that of the actual
b-hadron, as its direction is poorly represented by the B* candidate and L., is under-
estimated, and it also has a longer lifetime component. Then according to the above,

the mass pdf for the non-prompt J/1) background is written as

non-prompt — non-prompt
Bm prompt: — Bm promp (mi, |m0, S0, Slabml) =

= b1 €Xp (—@) + (1 = b)) erfe(m;|mo, so)

S1

(7.15)

where s; is slope of the exponentially dropping invariant mass of the non-prompt J/1)
background and b, is its fraction. The proper time pdf for the non-prompt back-
ground is given from the addition of two exponentials convolved with the resolution
function R, :

non-prompt non-prompt _
Bq— BT (Tia 671- |7-effl> Teff2, brl) -

, , (7.16)
= |ib'rl exp <_ 7 ) + (]- - brl)exp (_ & ):| ® RT(TZ', - Ti’(sﬂ') 5

Teff1 Teff2

with 7ef1, Tere being the effective lifetimes for the two constituents of the non-prompt
J/1 background (one being of short lifetime, ‘short-lived’; and the other being of
longer lifetime, ‘long-lived’) and b,; is the fraction of the first. The B* — J/¢n*
background is not modelled in the mass-lifetime fit as to keep the number of fit
parameters to a minimum. It was found that it does not affect the fit results because
of its small contribution. Considering the lifetime, it can be treated as signal, while
it has a small effect on the B¥ mass position.

The full list of parameters used in the mass-lifetime fit is given in Table[7.1] along
with the results of the fit to data for each parameter. The projections of the likelihood
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Parameter ‘ Fit value ‘ Description
Signal mass pdf (S,,)

M 5278.4 + 0.8 MeV | B* mass
Om 33.9 £ 0.9 MeV | mass resolution
fs 0.228 4+ 0.005 signal fraction

Signal propertime pdf (.S;)
7, | 1.63£0.04ps | B* lifetime

Background mass pdf (B,,)
S1 —0.0012 + 0.0005 | slope of exponential
mo 5168 £ 12 MeV | center of error function
S0 30+ 15 slope of error function
b1 0.91 +£0.04 fraction of exponential

Background propertime pdf (B;)

fin 0.67 £ 0.01 fraction of prompt J/v b/g
by 0.91 £ 0.02 fraction of gaussian core of prompt J/¢ b/g
b1 0.42 +0.03 fraction of ‘long-lived” non-prompt b/g
Teffl 1.44 £ 0.08 ps lifetime of ‘long-lived’ non-prompt b/g
Teff2 0.22 +0.02ps lifetime of ‘short-lived” non-prompt b/g
To 0.23 +0.03 ps lifetime (exponential tails) of prompt b/g
Sy 1.04 +0.02 per-candidate error scaling factor

Table 7.1: Parameters used in the mass-lifetime likelihood fit. The quoted values are
the results of the fit with statistical uncertainty.

function on binned data of the invariant mass and proper decay time are shown in
Figure[7.9. The quality of the fit is indicated by the pull distributions of the resulting

fit, shown in the same figure. Pulls are defined as

Ndata — Nfit
l=—F—= 7.17
P 5ndata 7 ( )

where ngata is the number of candidates in a given bin in data, with a statistical
uncertainty of d0ngata, and ng is the prediction of the fit. The values obtained for the

reconstructed BT mass and lifetime are
mp+ = 52784+ 0.8 MeV , 75+ = 1.63 £0.04ps ,

both consistent with the world-averaged values. The results of the fit for all parame-
ters are given in Table [TTl
A detailed study of systematics including effects of the detector alignment, ex-

pected to be 1-2% [7], was not performed for the purposes of this study, as with this
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fit we aimed to provide a test of the ID performance and not a precision measurement.
However, the stability of the fit has been validated with variations in the event selec-
tion and the fit model. The variations in the event selection include the choice of the
invariant mass range, the definition of primary vertex and using or not all multiple
solutions and, if not, changing the definition of the preferred solution, when multiple
exist. The variations of the fit model include the choice of signal and background
mass pdf and the choice of different scaling factors for the signal and background. In
all cases, the resulting values for the B* mass and lifetime do not change, within their
statistical precision. To conclude, the results of this test demonstrate the excellent

performance of the ATLAS inner detector and muon spectrometer with the very first
data from LHC.
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Figure 7.9: The invariant mass (left) and proper decay time (right) distributions
of reconstructed B* candidates from data. The red line is the projection of the
unbinned simultaneous likelihood fit to the invariant mass and proper time of B*
candidates. The fit has separate components for the signal, prompt and non-prompt
J/1 background, also shown in the figure. A total of about 3080 signal events are
found in the data sample, with mass 5278.4 + 0.8(stat.) GeV and lifetime 1.63 +
0.04(stat.) ps . Below each figure, the pull distributions are shown for the comparison
of the fit result to data.



Chapter 8

Cross-section measurement of B™

production

Measurements of B-meson production are important for the understanding of the
b-quark properties. In this Chapter, the results for the differential cross-section of BT
production are presented as a function of transverse momentum and rapidity. Note
that results are reported for BT meson production, but are derived from both charged
states using B* — J/1¢ K* decays, under the assumption that in the phase space
accessible by this measurement the BT and B~ production cross-sections are equal.
This assumption is in agreement with the predictions of NLO Monte Carlo generators
and is also valid within the precision of the measurement, as will be shown later in
this Chapter, where the results are presented. Comparisons of the measured cross-
sections with theoretical predictions from different approaches that were discussed in
Section [LH] are also shown. The shapes of do/dpr and do/dy can be used to probe
the fragmentation mechanism and also basic attributes of the theory predictions,
such as the factorization/renormalization scale dependence. As it will be shown, the
theoretical uncertainties, mainly due to the scale dependence, are large (up to 40%),
while the experimental measurements can reach much better precision. This makes
measurements of b-hadron production useful for the comparisons with theory and also
important for experimental purposes, in order to have more accurate determinations

of bb production as a background to many interesting processes and searches for new

104
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particles, like the search for the Higgs boson in its decay to a bb pair.

8.1 Outline of the measurement

The differential cross-section for B meson production in pp collisions is given by

2 + Bt
d“o(pp — B X)'%): N ’ (8.1)
dprdy Liye - Apr - Ay

where 4 is the total branching ratio of the signal decay, which is (6.03+£0.21) x 1075,
obtained by combining the world averaged values of the branching ratios for BT —
J/Y KT and J/¢ — ptp~ [1], NP is the number of Bt — J/i K+ signal decays
produced, Ly, = [ Ldt is the integrated luminosity of the data sample and Apr, Ay
are the widths of pr and y intervals. Assuming that B+ and B~ mesons are produced
in equal number, NB" is derived from the average yield of the two reconstructed

charged states in a (pr, y) interval, after correcting for detector effects and acceptance:

1 NBY  1NB 1 NBS

reco __ reco __ reco (8 2)

NBT = == ==
A eB* A B AeBt 4B

where Nﬁ; is the number of reconstructed signal events, obtained from data with a

fit to the invariant mass distribution of B candidates, A is the acceptance of the
kinematic cuts imposed on the final state particles of the signal decay and B are
efficiency factors for the reconstructed B*(7) signal decays. Regarding the efficiency
factors 5B+H, separate corrections are needed for BT and B~ signal decays, because
the different interaction cross-section of K™ and K~ with the detector material results
in different reconstruction efficiencies for the two charged mesons. After giving the
details on the used data sample and the describing the event selection in Section [8.2]

the method for the extraction of the number of signal events N2, is explained in

Section 83 More details about the correction factors A and 87

Section [R.4]

are given in

!This assumption was tested with NLO MC and was found to be accurate to about 99.5% in
the phase space accesible by ATLAS. Later in this Chapter, where results from data are reported,
it is shown that the assumption of equal B* and B~ production is valid within the presicion of the
available data.
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8.2 Data sample and event selection

The first half of the full 2011 data sample is used for the B* cross-section mea-
surement. Events for the analysis were selected with a dimuon trigger that was un-
prescaled during this data-taking period. The used trigger requires two muon ROIs at
Level-1 without requirements on pr. A full track reconstruction of dimuon candidates
was performed by the HLT (Level-2 and EF) where both muons were required to have
pr > 4 GeV. At the EF level, a dedicated B-physics algorithm (EF_2mu4_Jpsimumu)
was used to apply additional requirements, loosely selecting events compatible with
J /1) mesons decaying into a muon pair. Specifically, the muons had to be of opposite
charge and fit successfully to a common vertex. The quality of the vertex fit was
required to be good (x?/Ngos < 10) and the invariant mass of the dimuon had to
be in the J/v signal region (2.5-3.5 GeV). Using this trigger and after data quality
selections, the resulting data sample corresponds to 2.4 pb™! (see also Section [6.T]).

As for the B¥ observation analysis and lifetime measurement, tracks reconstructed
in the ID that are matched to tracks reconstructed in the MS are selected as muon
candidates. Tracks selected as muon or K* candidates are subject to the same selec-
tion criteria, which are given in Appendix Bl

The event must contain at least a reconstructed primary vertex with at least
three associated tracks. Then to identify .J/v¢ candidates, the procedure is the same
as described in previous Chapter for the observation and lifetime measurement. For
the cross-section measumerent, only combined muons are considered for the formation
of J/1 candidates. This ensures that high-quality muons are used in the analysis,
offering better resolution in .J/¢ mass, lower background rates and are accompanied
by precise reconstruction efficiency measurements. In analysis of 2010 data, the use
of segment-tagged muons was imperative in order to increase the signal yield, while
this is not an issue in the analysis of the bulk of 2011 data.

Thus, J/v — ptp~ candidates are selected in a wide mass range 2.7-3.5 GeV,
found to be 100% efficient for selecting signal events. No further vertex quality
requirement is posed on J/1 candidates, other than the x?/Ng.. selection on trigger

level. Due to the trigger acceptance, muons can be identified in the range |n| <
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2.4. However the trigger efficiency measurement is limited to |n| < 2.3, because
of poor statistics at the edge of the acceptance. To ensure that accurate efficiency
measurements are used, J/1 candidates are required to have |y**| < 2.25 and the
muons are required to have pr > 4 GeV and |n| < 2.3. In each event, the muons
of the J/1 candidates are required to be the ones that fired the trigger, so both
offline reconstructed muons must match a EF trigger object in ¢ and 7, requiring
AR = \/(A¢)? + (An)? < 0.01. If multiple J/1 candidates are found in the event,

we consider all of them in the formation of B* candidates.

The muon tracks of the selected .J/1¢ candidates are again fitted to a common
vertex with an additional third track with pp greater than 1 GeV. The three-track
vertex fit is performed by constraining the muon tracks to the J/¢ mass [I]. The
K* mass is assigned to the third track and the pp~ K* invariant mass is calculated
from the refitted track parameters returned by the vertexing algorithm. Regarding
the quality of the three-track vertex fit, a global x? involving all three tracks is
used and must be x?/Ngo.r < 6. This selects about 99% of signal events while
rejecting more than 60% of total background events (more details will be given in
Section B.4.6). We retain B* and B~ candidates with pr > 9 GeV and |y| < 2.25 in
the mass range 5.040-5.800 GeV (Figure B)). The number of selected B* candidates
per event is shown in Figure [8.21and the average candidate multiplicity is 1.3. Multiple
B* candidates result mainly from random combinations of tracks with selected J/1)
mesons produced promptly in pp collisions. More than 90% of the signal is found
in events with only one B* candidate. Although a veto on events with multiple
candidates could improve the signal over background ratio (which was done for the
lifetime measurement), we choose to allow multiple solutions in order to avoid the
determination of the signal rejection for such a veto. Figure 8.3 shows the invariant
mass distribution for events with more than one B* candidates (Ng+ > 1), where it
can be clearly seen that there is a small signal contribution. Moreover, the low and
high-mass sidebands of the B signal region in this distribution show that multiple
combinatorial solutions result in non-resonant background which is trivial to model

and cannot affect the estimation of the signal yield.
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Figure 8.2: B* candidate multiplicity after all selection cuts have been applied.

8.3 Signal yield extraction

The number of signal events (signal yield) is obtained from data with a binned
maximum likelihood fit to the invariant mass of the selected candidates. The choice

of a binned likelihood instead of the unbinned likelihood that was used in the ob-
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servation and mass-lifetime analysis (see Chapter [7) is motivated by the large size of
the data sample. The binned likelihood fit is much faster and allows many studies
of systematics to be performed. The various sources of background were identified
and categorized according to their behaviour in the invariant mass spectrum in Sec-
tion[.2Z.3l First, the likelihood function is defined in Section R3] along with the
probability density functions (pdfs) for the modeling of the signal and background.
Then the parameters for signal and background pdfs are extracted from MC sim-
ulation, as explained in Sections[8.3.2] and B.3.3] Finally, the fits to the data are
performed in intervals of pr and |y| of the B mesons, and the results are reported

in Section [R.3.4]

8.3.1 Likelihood

To obtain the signal yield from a given invariant mass distribution, a binned

maximum likelihood method is used. The likelihood function is defined by:

N

L = HP (mil f) = [ [ 1fs - SOmilews) + (1 = f,) - B(milew)] (8.3)

i=1
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Figure 8.3: Shown with the continuous line is the invariant mass histogram of selected
B* candidates. The invariant mass of candidates coming from events with multiple
B¥ solutions (which is a subset of all selected candidates) is shown with the dashed
line histogram. Such events are enriched in background with a flat mass shape while
there is a small but non-zero signal contribution.
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where m; is the number of counts in the i-th bin of J/¢ K* invariant mass, f, is
the signal fraction (parameter of interest) and o, oy, are sets of nuisance parameters
which enter the signal and the background pdfs, S and B, respectively. The number
of bins is denoted by N and the total number of selected B candidates is given by
ZiN:1 m;, which multiplied by f, returns the number of signal events. In the next
paragraphs, we give the definitions of the signal and background pdfs, and motivate
the choice of function for the description of each component in the fit.

The invariant mass shape of the signal is dominated by the resolution of the
detector which, to a good approximation, follows a gaussian profile. The signal pdf is
defined as the sum of two gaussians with fractions f; and 1 — f;, and different widths

01, 02, both centered at the reconstructed mass of B¥, mp=:

S(ml\as) = S(mi|f1,0'1,0'2,m3:t> = f1 . G(mi\mBi,al) + (1 — fl) . G(mi|mBi,02)
(8.4)

where G(m;|u,0) = —2— exp [—M} The second gaussian is considered in order

2ro 202

to account for the fact that not all events have the same resolution.

The pdf includes three components for the background. The partially recon-
structed b-hadron decays where the pion of the decay is not associated to the decay
vertex (see Section [.2.3 have an invariant mass which has a turn-on shape, due to a
constant amount of missing energy corresponding to a pion mass. The mass of these
decays is modeled with a complementary error function. The B* — J/v 7% decay, in
which the kaon mass is wrongly assigned to the pion, produces resonant mass shape
similar to the signal, but the wrong mass assignment causes the mass distribution of
this decay to be displaced with respect to the B* mass, have worse resolution and a
high-mass tail; a Crystal Ball function is used to model this background. Last, the
remaining background is mainly combinatorial and its invariant mass distribution is

modeled with an exponential function. The total background pdf is

B(ml|ab) = B(mi‘f27m07 S0, f37m67067a07n67ﬂ)

= fo - erfc(milmo, so) + f3 - C(mi|me, oc, ae,ne) + (1 = fo — f3) - exp(B-my) .
(8.5)
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In the above, the complementary error function, erfc, is defined as:

erfc(m;|mo, so) = 1 — erf (@) (8.6)
0

where myg, sg are two parameters which determine the position and the slope of the

error function, and the Crystal Ball function, C', is defined as:

C(mi|m07 O¢, O, nc) -

1 _ (mi_mc)2 mi;—mMe¢ _
B 5= €XD [ el for e > —ap
o () exp (=122 (ne — |ae| — e T for mime < g
Varoe \Joc] PAT727) U 7 1% o ) oo = T

(8.7)
where m, and o, define the mean and width of the gaussian component of the Crystal
Ball function, n, is a power-law exponent and «, defines the transition point between

the gaussian and the power-law function.

8.3.2 Signal modeling

A sample of fully simulated signal events is used to study and extract their in-
variant mass shape. We require that selected B* candidates are matched to a true
signal decay in order to remove combinatorial background events formed by a J/v
meson from a signal decay and a random track from the decay of the other b-quark or
from a pile-up vertex. To describe the invariant mass of signal events, we use the sum
of two gaussians as it was explained in eq.[84. Then the fit is performed in (pr,y)
intervals to extract the values of the parameters which define the shape of the signal
pdf, which are o1, o9 and f;. The mass position is used as a free parameter when
fitting the four rapidity intervals, integrated over pr, as shown in Figure[84l The
derived mass value from the fit in a given rapidity interval is then fixed when fitting
all the pr intervals of this rapidity. This is done to avoid fluctuations of mp+ in bins
with low statistics, taking into account that mp+ does not depend on pr. The fits to
MC-simulated signal events in (pr,y) intervals are shown in Figure R The values
of the signal pdf parameters (o1, 09, f1) change significantly with pr and |y|. We use

the weighted average of the widths of the two gaussian components of the signal pdf,
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(o) = fio1+ (1 — f1)o2, as a measure of the mass resolution; its pr and y dependence
is shown in Figure8.6. In Figure[8.4l the result of the fit to the invariant mass of
simulated signal events in four rapidity regions is shown, and the selected function

for the invariant mass describes the signal very well.

8.3.3 Background modeling

The complementary error function that is used to model the partially recon-
structed b-hadron decays was given in Equation (8.6]). Its position and shape are
determined from the parameters mg and sq, respectively. The slope of the error func-
tion is correlated to the mass resolution, so it is expected to vary with rapidity. To
obtain the values for these parameters, a binned maximum likelihood fit is performed
to a subset of the fully simulated inclusive bb — .J/1) X sample, selecting only the
b-hadron decays in which a final-state pion is not considered in the reconstruction of
the b-hadron decay vertex (see previous section). In Figure[R.7] the result of the fit
in four rapidity regions is shown and the invariant mass distribution of these back-
ground events is found to be well-described with the selected function. Then the fit is
performed in (pr,y) intervals, to extract the values of the parameters mg, so, which
define the shape of the function. The fits are shown in Figure[8.8 and the resulting
values of the parameters are shown in Figure and 810 A small variation of these
parameters with pr and y of the B* candidate is seen. In the fits for the cross-section,
the pdf parameters for this background are constrained to the values obtained for the
corresponding fit to the events from MC simulation.

The B* — J/im* decay is modeled with the Crystal Ball function that was
defined in Equation (87). The shape of this function is also expected to vary with
rapidity due to detector resolution. We extract the shape of this background in four
rapidity regions, neglecting the p variation of the mass shape, which is small. This is
also done with a binned maximum likelihood fit to the mass of B — J/1) m* events
that are extracted using MC truth information from the simulated bb — J/1 X
sample. The fits are shown in Figure [8.11]
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Figure 8.4: Invariant mass distributions of fully simulated B¥ — J/¢ K* decays
in four rapidity intervals. Each interval contains about 40k reconstructed events.
The points with error bars are simulated data and the solid line is the result of the
binned maximum likelihood fit. The likelihood function is the sum of two gaussians,
shown with a dashed line and a solid area, respectively. The quoted numbers are the
resulting values of the reconstructed B* mass in each interval.
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Figure 8.7: Invariant mass of partially reconstructed b-hadron decays in which a pion
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shape of this background component is modeled using an error function. The line
indicates the result of the binned likelihood fit that is used to extract the parameters
which define the position and slope of the error function.
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Figure 8.11: The invariant mass of simulated B* — J/t 7% decays in which the kaon
mass is wrongly assigned to the pion, obtained in four intervals of rapidity. This
background is modeled using a Crystal Ball function and the line indicates the result
of a binned likelihood fit. The resulting fit parameters which define the position and
shape of the Crystal Ball function in each interval are also shown.
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8.3.4 Fitting procedure in the data

To extract the signal yield from data, first the shapes of the signal and background
pdfs are obtained from fits to signal and background events from MC simulation. In
previous sections, it was shown that these shapes depend on the pr and y of the
B* meson candidate, so they are extracted separately for each (pr,y) interval, ex-
cept for the B4 signal mass position and the pdf parameters for the B* — J/¢ 7+
background, which are obtained in the four y intervals. Then the data are fitted in
the same (pr,y) interval, constraining the shapes of the signal and background to
the results from the fits to MC-simulated events and leaving their normalization free.
The fit model comprises 14 parameters for the description of the signal and back-
ground, which are strongly correlated. If one leaves free to fluctuate all parameters
of the fit model, tests with MC-simulated signal+background samples have shown
that the fit behaves as if it is over-parametrized. As a result, the signal and back-
ground pdf parameters obtain unrealistic values, especially in (pr,y) intervals where
the background contamination is larger, the mass resolution is worse and the avail-
able statistics small. By constraining the parameters which define the shape of the
signal and background, we recover the stability of the fit in all (pr,y) intervals and
control potential biases in the estimation of the signal yield. The parameters that are

constraint to the values obtained from fits to MC event samples are:

® 01, 09, f1, which define the shape of the signal pdf,

e mg, So, which define the shape of the error function modeling the partially

reconstructed b-hadrons, and

® M., 0., O, N., which define the shape of the Crystal Ball function modeling

B* — J/¢m* decays.

The normalization of the Crystal Ball function, f3, is constrained to the fraction of
the world-average values for their branching ratios and is corrected for the different

acceptance and efficiency of the two decay modes, as given by:

R/_ ]er{)/cd”Ti . U(pp%BiX—)J/wﬂ'iX).gJ/wﬂ'i _ R gJ/wWi .
= N~ o o BEX S JjokEx) eeiE e (88)

rec
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where R is the fraction of the branching ratios of the two decay modes (see eq. [.6]) and
g/ ”i, el E* are the overall acceptance and efficiency corrections for the two decay
modes. With MC simulation of the two decay modes, we find that //¥™ /e//vK* —
1.1 £ 0.1. The reconstructed BT mass at which the signal pdf is centered, mp=,
is obtained from data by fitting the invariant mass of the selected candidates in
four rapidity intervals (see Figure[8I2), and is constrained throughout the fits in
pr intervals in each rapidity interval. This is done to avoid fluctuations of mp=+
in intervals with limited statistics. Therefore, when fitting the data in each (pr,y)
interval, the free parameters are the normalization of the signal f, the normalization
of the partially reconstructed b-hadron decays fo and the slope of the combinatorial
background J.

From Figure[812, where the signal yields in four rapidity regions are given, we
get a total number of about 126500 BT signal events observed in data in the full
pr and y range covered by this analysis. These events populate eight intervals of pr
and four rapidity intervals for the double-differential cross-section measurement. In
Figure BI3the fit in an interval of intermediate pt and central rapidity is exemplified,
in which all the components of the fit are distinguishable. All fits to data in the 32
(pr,y) intervals are shown in Figures B I4H8TT and the resulting signal yields, not
corrected for efficiency and acceptance, are reported in Table B.Il The quality of the
fits is demonstrated by the residual distributions, shown beneath each figure, and by

the corresponding value of Pearson’s y? test.
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Figure 8.12: Fits to invariant mass distributions of B* candidates in the four rapidity
regions. Points are data. The solid line is the result of the binned maximum likelihood
fit in the shown mass range. The components of the fit for the signal and the back-
ground are shown. The quoted numbers are the signal yields and the reconstructed
B* mass, as obtained from each fit.
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the result of the binned maximum likelihood fit. The various components of the fit
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Table 8.1: Signal yields from fits to B* candidates in (pr,y) intervals, quoted with
their statistical uncertainty returned by the fit.

B* pr range B* rapidity range
[GeV] |0<|y] <05 05<yl<l 1<|yl<1b 15<]y| <225
9-13 | 6478 £ 301 5059 £+ 311 4238 + 334 6226 + 506
13-16 | 7160 £ 213 6456 1 236 D757 4+ 264 7813 + 423
16 - 20 | 7327 £ 168 7379 + 191 5982 4 207 8221 + 337
20- 25| 55104124 5569 + 138 4697 + 152 6161 4+ 244
25 -35| 45204 100 4531 + 113 3907 + 123 5015 4+ 188
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Figure 8.14: Mass fits to data for B* candidates in eight pr intervals in 0 < |y| < 0.5.
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Figure 8.15: Mass fits to data for B* candidates in eight pr intervals in 0.5 < |y| < 1.
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Figure 8.16: Mass fits to data for B* candidates in eight pr intervals in 1 < |y| < 1.5.
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Figure 8.17: Mass fits to data for B* candidates in eight pr intervals in 1.5 < |y| <
2.25.
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8.4 Corrections to the signal yield

8.4.1 Signal acceptance

The kinematic acceptance is the probability that the decay products of a BT
meson with transverse momentum pr and rapidity y falls into the fiducial volume of
the detector. An average acceptance correction is extracted in each (pr,y) interval
using a sample of signal decays generated with PYTHIA, in which no kinematic cuts
are applied to the final state particles. Then to emulate the fiducial volume of the

detector and trigger, the following kinematic cuts are used:
P >1 GeV, |nf| <25 , ph>4 GV, [ <23, |y/¥ <225

resulting in the acceptance map shown in Figure[8.18] in which the acceptance ranges
from about 4% in the lowest pt bins up to more than 80% in the highest pt bins. A
binomial error is assigned to the acceptance in each bin, which ranges from 1% to 4%

(relative to the acceptance) from low to high pr bins.

0.402 0.396

Average acceptance per bin

Iyl

Figure 8.18: Map of the average acceptance for signal events in each (pr,y) bin used
in the analysis, obtained from generated BT — J/¢(utp~) KT decays.

8.4.2 Signal efficiency

The efficiency factors for Bt and B~ are obtained from MC simulation in the

same manner. In the following, e? is implicitly referred to, together with eZ". The
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efficiency for BT events is defined as the product of trigger, muon reconstruction (ID
and MS), kaon reconstruction and vertexing efficiencies:

Bt J/zp +

— e K+  _upK J/ Bk
— “trigger

- + - +
R S T . = cel gl (P )2 KT
€ € € €ID  Evertex — 8trigger EMS T EMS (€ID) €ID ~ Evertex - (89)

In the above equation, Eﬁs and e} are the efficiencies for reconstructing p* and
1~ in the MS, which differ for muons of low pr due to the toroidal magnetic field

bending muons with positive (negative) charge towards higher (lower) pseudorapidity.

I/

The trigger efficiency, €z

depends on the ability of the trigger to identify muons

of given pr and 1 as decay products of a J/¢ meson. The trigger efficiency includes

independent and correlated terms between the two muons, as will be explained later.
The overall signal efficiency 8" for a given (pr,y) interval is obtained from MC

simulated signal events from the fraction

NEY

€B+ _ ]Vi\gjireco : (810)

MC, gen
where the denominator is the number of signal events generated in the given (pr,y)
interval and the numerator is the number of signal events reconstructed in the same
(pr,y) interval that pass all the offline selection requirements. Bin-to-bin migra-
tion effects are included in the efficiency definition of Equation (810), as the signal
events which are reconstructed in a (pr,y) interval are not required to be generated
in the same interval. The overall signal efficiency obtained with this fraction cor-
rects for all the individual efficiencies appearing in Equation (89). However, it has
to be verified that the simulation reproduces each these efficiencies well. The trigger
and muon reconstruction efficiencies are measured explicitely in the data using aux-
iliary single and dimuon triggers and tag-and-probe methods [2] and the simulation

is corrected with per-event weights to reproduce the efficiencies measured with data.

. . + - o .
The derived weights, w};q, whig, wt‘]réggcr are applied in each event, so that le(: reco I
Equation (8I0) is now defined as
Nl\c{gcnts
Bt _ nt "o I/
NMC, reco Z (wMS)Z ’ (wMS)Z ’ (wtriggor)i : (811)
i=1

The efficiency for reconstructing muons in the ID, e}y, and the vertexing efficiency,
pupK

vertex

€ is found to be 99% in both cases and well reproduced by the simulation, thus
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no scale factor is applied. The reconstruction efficiency of hadrons in the ID was
verified in Ref. [3] for data and simulation; for the kaons used in this analysis, it is
obtained from simulation. In the next sections, the muon trigger efficiency, the muon
and kaon reconstruction efficiencies and the B* vertexing efficiency are presented, as

obtained from simulation, and are compared to the measurements with data.

8.4.3 Muon reconstruction efficiency

The muon reconstruction and trigger efficiencies are measured from the data using
a sample enriched in J/1¢ mesons with a tag-and-probe technique. The method for
the measurement and the result from data is taken from [2]. For this thesis, the
method is reproduced on MC-simulated events to extract weights with which the
simulation is corrected in order to reproduce the efficiencies measured in data (see
Equation (8IT])). The basic idea behind the method is given below.

The tag-and-probe technique is a common approach followed in the measure-
ment of efficiencies without relying on simulation, and is usually referred to as a
‘data-driven” method. With this method, one can measure the efficiency of a specific
detector sub-system, relying on information from other independent detector sub-
systems. To measure the efficiency of reconstructing muons in the MS, for instance,
one can select muons that are reconstructed in the ID, without requiring any kind of
information from the MS. These are called ‘probe’ muons as they can be used to mea-
sure the reconstruction efficiency of the MS with respect to the ID from the fraction
Nprobes [(NProbes 4 NP where Ngar;’s]??;ﬂ) is the number of probes that pass (fail)
an additional requirement which justifies whether they were also reconstructed in the
MS or not. The critical point in the tag-and-probe method is to ensure the purity
of the sample of probes. In the case where we want to measure the MS efficiency,
this means that we need to select probes that are true muons instead of pions/kaons,
without requiring MS information. In this implementation of the method, the purity
of the sample of probes is ensured by identifying dimuon decays of J/¢ mesons. The
presence of at least one true muon of high quality (‘tag’ muon) is required, which

provides an indication of a J/¢ — u"p~ decay. Selected probes, in pairs with tag
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muons, are considered as J/¢ candidates and should have characteristics compatible
with a J/1¢ — ptp~ decay.

The measurement of the muon reconstruction efficiency is done on a sample of
events collected with single-muon triggers, with thresholds on pr varying from 4 GeV
to 40 GeV. A tag muon must be identified as a combined muon, associated with an
ID track of good quality based on hits in SCT, TRT and pixel detectors, and must
be the one which fired the trigger in the event. The probe muon must be a good ID

track which, in pair with a tag muon, fulfills the following requirements:
e Probe + tag muon pair must fit successfully to a common vertex.
e Probe + tag muon pair must have an invariant mass in the .J/1 signal region.

e Probes and tag muons must be sufficiently separated in n and ¢ in the trigger

and in reconstruction algorithms.

After this selection, the resulting sample of tag+probe (muon+track) pairs is used
to measure the MS efficiency, by checking if the probe track is associated to a recon-
structed combined muon (thus giving a muon4+muon pair). Then the single-muon

reconstruction efficiency of the MS is defined as:

_ Nt
EMS = N )
ptrk

where Ny, and N,y are the yields of J/¢ mesons reconstructed from two fully
reconstructed muons or a muon and an ID track, respectively. The muon+track and
muon-+muon samples are not background-free, so the yields are extracted with a
fitting procedure using the invariant mass of the tag+probe pairs, before and after
requesting the association with the MS.

Following the procedure as described above, the muon reconstruction efficiency
of the MS is measured with respect to the ID in bins of pr and ¢ - n of the muon.
Due to the toroidal magnetic field, muons with positive (negative) charge are bent
towards higher (lower) pseudorapidity. This introduces a charge dependence in the
muon reconstruction efficiency. We calculate efficiencies as a function of charge-

signed pseudorapidity as negative muons at positive rapidities are affected in the
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same manner as positive muons in negative rapidities. The charge dependence is
particularly noticeable at low pr and high 7, where the muon can be bent outside of
the geometrical acceptance of the detector.

The single-muon reconstruction efficiencies are obtained from a sample of fully
simulated J/1¢ — pTp~ decays, in which only true muons originating from a J/v
meson decay are used, and is shown in Figure[8.I9 The efficiency map from MC-
simulated events is compared to the one derived from data to obtain scale factors
(edata /MO which are used to correct the MC simulation in order to reproduce the
efficiencies measured in data. The resulting scale factors, derived from the division
of the 2-d maps from data and MC simulation, are shown in Figure8.20. The error
associated to the scale factor is dominated by the statistical accuracy of the data-
driven efficiency measurement and includes the uncertainty due to statistics in the

MC-simulated sample.
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O
©
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~ o]
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o
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o
o
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Figure 8.19: Map of the combined muon reconstruction efficiency, obtained from
MC-simulated events.

8.4.4 Trigger efficiency

As for the muon reconstruction efficiency, the method for the measurement of
the muon trigger efficiency and the result from data is taken from [2]. It is a tag-

and-probe method, the basic idea of which is similar to the one described in the
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Figure 8.20: Scale factors for the combined muon reconstruction efficiency (left),
obtained from the comparison of data to MC simulation, and its associated error
(right).

previous section for the measurement of the muon reconstruction efficiency. In its
implementation for the measurement of the trigger efficiency, auxiliary single and
dimuon triggers are used, while a significant complication arises from the fact that
correlations between the two muons need to be taken into account. For this thesis,
the method is reproduced on MC-simulated events to extract weights with which the
simulation is corrected in order to reproduce the efficiencies measured in data (see
Equation (81T])). The method for the efficiency measurement and the extraction of
weights is described in detail below.

The standard trigger used in the cross-section analysis to select dimuons from J/1
mesons is EF_2mu4_Jpsimumu, which was described in Section 8.2l Its efficiency for a
given muon pair (4, o) originating from the decay of a J/¢ meson can be factorized

as

Hip2 B2
trigger = €Ror " €ror1 * Cup > (812)

€
where eror = €rraua 1S the efficiency of the trigger to identify a single muon, deter-
mined in bins of pr and ¢ - n of the muon, and ¢,, is a correction term to account
for correlations between the two muons and is a function of |y| of the dimuon and
the opening angle between the muons. To estimate the single-muon trigger efficiency,

the tag-and-probe method used dimuon resonances reconstructed in events collected
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with a single-muon trigger. The muon that fired the single-muon trigger is defined
as the tag, while the other muon is used as the probe, checking whether it can be
associated to an EF_mu4 trigger object to estimate the single-muon efficiency. In the
available data sample, the single-muon trigger with the lowest pr threshold which is
also un-prescaled, is EF_mu18.

For the estimation of egror and ¢, three auxiliary triggers are used:

1. EF_2mu4 DiMu: a dimuon trigger similar to the standard trigger used in the

analysis, where no cut is made on dimuon invariant mass;

2. EF_2mu4 DiMu_NoVtx_NoQOS: a dimuon trigger similar to the previous trigger,

where no cuts are made on dimuon vertex quality or charge of the two muons;

3. EF mul8: a single-muon trigger with a pr threshold of 18 GeV, which is the

lowest of the available un-prescaled triggers in data.

Although the standard trigger used is EF_2mu4_Jpsimumu, the efficiency measurements
are performed for EF_2mu4 DiMu, which allows the use of both J/¢ and T — putpu~
decays for the trigger efficiency measurement. Both triggers have the same efficiency
in selecting signal J/1 events, as their only difference is the additional requirement of
the ‘Jpsimumu’ trigger to select dimuons with invariant mass around the J/ and
mass (2.5 < my,, < 4.3 GeV), which does not reject signal events. Thus, the efficiency
measurements and scale factors that we extract are common for the two triggers.
The single-muon trigger efficiency is extracted with this formula:

(N, | EFmu18 & EF_2mu4_DiMu) 1
(N | EF mu18) Cup (AR [Yupl)

erot(Ph, q - ") = (8.13)

where (N, |EF-mu18) is the number of dimuons which fire the single-muon trigger
and (N, |EF mul18 & EF_2mu4_DiMu) is the number of dimuon pairs which fire both
the single and the dimuon triers. From their fraction, the efficiency of identifying a

single-muon ROI is obtained ] However, two things should be considered for a valid

IThis definition includes the assumption that the probability of a muon to fire the EF_mu4 trigger,
given that it fires the EF_mu18, is one. This assumption has been tested with MC-simulated events
and was found to be valid.
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measurement: the efficiency of the additional requirements posed by the dimuon
trigger algorithm (vertexing and opposite-charge) and the efficiency of the trigger to
distinguish overlapping ROIs. The J/ mesons selected by such a high-pr single-muon
trigger are boosted and their dimuon decays have a small opening angle (AR). For
AR < 0.3, ROIs begin to overlap and trigger algorithms become deficient because only
one ROI is identified in this case. Moreover, the presence of a second muon close to
the first may affect the identification efficiency of both muons positively or negatively.
Effects from such correlations in the estimation of the single-muon efficiency are also
accounted for with the ¢, correction term, as shown in above equation.

Therefore, we define the dimuon correction c,,, which is the product of two effi-
ciencies, ¢, and cag. The first, ¢,, corresponds to the efficiency of dimuon vertexing
and opposite-charge requirements and is extracted from the fraction

(N, | EF_2mu4 _DiMu)
N, | EF_2mu4 _DiMu_noVtx_noOS)

Ca|Yuul) = ( (8.14)

for dimuons with AR > 0.3, and the result from MC simulation is shown in Fig-

ure 82T in bins of dimuon rapidity. We identify three regions of rapidity in which
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Figure 8.21: The efficiency of the vertex quality and opposite charge requirements
from MC simulation, given in three regions of rapidity in which this efficiency is
relatively constant.

this factor is stable, which are |y,,| <1, 1 < |y,.| < 1.2 and 1.2 < |y,,| < 2.4. The



Chapter 8: Cross-section measurement of Bt production 135

second, cag, is the efficiency of the dimuon trigger to distinguish overlapping ROIs,

extracted from the fraction:

(N, | EFmu18 & EF_2mu4_DiMu)
(N, | EF mu18)

par(AR, |yuu|) = (8.15)

To disentangle various effects entering this fraction, muons are required to be of
pr > 8 GeV, which ensures that the muons are at the plateau of the EF_mu4 effi-
ciency, and then plot the distribution of pag in the three |y,,| regions in which ¢, is
stable. In Figure822 the distribution pag is shown, as obtained from J/¢) and Y
mesons from MC simulation. Due to the high-pt selection, we find no .J/¢ mesons in
the MC-simulated sample with AR > 0.3, so in this region the Y(15) meson is used
instead of J/v, both in data and MC simulation. This combination allows accurate
determination of pagr both at small AR, where dimuon events mainly originate from
decays of boosted J/1) mesons, and also at large AR where dimuon events are only
available from T meson decays. The resulting distributions are fitted with an error
function to describe its turn-on shape (Figure 822). The shape of the error function
corresponds to the cag correction. Its normalisation is irrelevant at this point, since
what we aim to represent with this quantity is the efficiency of the trigger to distin-
guish overlapping ROI. As explained earlier, the total dimuon correction is defined

as:

Cup = Ca " CAR (816)

and the result we obtain from MC simulation is shown in Figure R23] compared to
the same result from data. Within the large uncertainty of the measurement from
the data, a good agreement is seen with MC simulation.

Using the measurement of c,,, we estimate the single-muon trigger efficiency in
MC-simulated events using Equation [8.13in bins of muon pt and ¢ -7, and the result
is shown in Figure[824l Comparing the result from MC simulation with data, we
derive data/MC scale factors. The single-muon trigger efficiency from data is derived
separately for data recorded during periods B-G and H-J ,due to a change in trigger

definition. Therefore, two maps of scale factors are extracted, shown in Figure 8.25]



Chapter 8: Cross-section measurement of BT production

136

o B IS ] o B
. 0.8 .

. 06 .

0< <1 ] 0.4 1< <12 12< <225;

1Yl 1 Yyl <1 2<ly,,l<2.25

. 02 .

mJyymc W )y MC mJyymc

- Y(1S) MC ] ~-Y(1S) MC ] - Y(1S) MC ]

P I NS N SR S P NS NI N S S P I NS N SR S

0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 00 0.10.2 0304 05 06 0.7 08 0.9 0.10.2 0304 05 0.6 0.7 0.8 0.9
AR, AR, AR,

'y 1% % 1 % T ]
osf - 08f osf .
0.6 . 0.6 0.6 .
r 0<|yuu|<1 ] [=f 1<Iyw|<1'2 r l.2<|yw|<2.25:
0.4r- ] 0.4 ] 0.4r- 7
[ —e— J/P+Y(1S) MC I —e— J/P+Y(1S) MC | [ —e— J/P+Y(1S) MC
0.2 — Fit ] 0.2 — Fit 7 0.2 — Fit ]
== Fit uncertainty £ Fituncertainty | == Fit uncertainty

ST TP PR v AP T T T T I T T T T TSI TP PR e AP T T
OO 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 GO 0.1 0.2 0.3 04 05 06 0.7 0.8 0.9 OO 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
ARy ARy, ARy

Figure 8.22: The distribution of par (see Eq. BIH), which is proportional to the
efficiency of the trigger to separate overlapping ROIs, cag, is shown in three dimuon
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extract cag, the pag distribution is obtained from J/v¢ mesons for AR < 0.3 and
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function.
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Figure 8.26: Efficiency of reconstructing K+ (points) and K~ mesons (circles) as a

function of the number of reconstructed vertices in the event.

8.4.5 Kaon reconstruction efficiency

The reconstruction efficiency of charged hadrons in the ID was verified in Ref. [3]
for data and simulation; for the kaons used in this analysis, it is obtained from simu-
lation. Charged kaons have a relatively large decay length (~3.7 m) and can traverse
all the ID layers before reaching the calorimeters. Their reconstruction efficiency is
related to their interaction with the material of the ID and is obtained from the MC
simulation based upon GEANT4.

In this analysis, the reconstruction efficiency for kaons having pr > 1 GeV and
In| < 2.5 is studied with MC simulation and found to be 83.6% (80.7%) for K™
(K~) mesons and also independent of pile-up, as shown in Figure[8.26 The charge
asymmetry of the kaon efficiency is a result of negative kaons interacting more with
the detector material, as nuclei have a higher probability to interact with K~ mesons.
The charge asymmetry of the kaon efficiency is expressed as

Ex+ — EK-
Ag = ﬁ : (8.17)
This asymmetry has been measured with data in an independent analysis [4] and
found to be Ax = 0.0105 4 0.0056 for kaons of pr > 2.5 GeV. We studied the kaon

reconstruction efficiency with MC-simulated events and the efficiency of kaons with
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pr > 2.5 GeV is found to be ex+ = 85% and e~ = 82.6%. This translates to an

asymmetry of 0.014 that is consistent with the result from data.

8.4.6 B* vertexing efficiency

Selected BT candidates are required to satisfy a loose requirement on the quality of
the three-track vertex fit, which is characterized by the x? per degree of freedom. We
require x?/Ngor < 6, which is found to be about 99% efficient in selecting signal events
in MC, fairly independent of pr and y of the B* meson. The high signal efficiency
and background rejection of the chosen requirement is demonstrated in Figure 827
using the invariant mass of BT candidates. A very loose cut on the vertex quality
is employed (x?/Ng.or < 10000) which retains 100% of signal events according to
simulation, as hardly any signal is expected to have x?/Ng.r > 200. The chosen
value of this loose cut is a starting value, in order to set a limit to the number of
background events written in the analysis ntuples. In the Figure it is shown that

hardly any signal can be found in the events rejected by the tight cut used in the

analysis.
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Figure 8.27: Invariant mass distribution of B¥ candidates that fulfill a loose vertex
selection (x2?/Ngof < 10000), shown with the black line histogram. The invariant
mass distribution of B* candidates which pass (fail) the tight vertex selection of
the analysis (x?/Ng.os < 6) is shown with the blue continuous (red dashed) line
histogram.

A study has been done to verify the B¥ vertexing efficiency with data, using the
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ratio

(N5 | x*/Naot < 6)
(NP= | 2/ Naor < 10000)

ppE
vertex

£ (8.18)

where NB* in the numerator and the denominator are signal yields obtained with
fits to the invariant mass of candidates passing the tight and loose vertex selections,
respectively. The fit strategy followed is the same as described in Section B.3.4] with
fits performed in the four rapidity regions for better statistical precision. The result for
the BT vertexing efficiency is seen in Figure 28, compared to the expectation from
simulation. Systematics from the fit will mostly cancel in the ratio of Equation [8.18],
so the statistical uncertainty of the fits in the data is used to assign a binomial error
to the vertexing efficiency in each bin. Within the available statistical precision, the

data-derived estimation agrees with the expectation from simulation. Moreover, the
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Figure 8.28: B* vertexing efficiency measured with data in four bins of rapidity (dots
with error bars), compared to the expectation from simulation (red histogram).

effect of pile-up on the B* vertexing efficiency has been studied with MC simulation,
showing negligible deterioration with the increase of the number of reconstructed

vertices (see Figure [8.29).
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Figure 8.29: B* vertexing efficiency as a function of the number of reconstructed
vertices in the event, obtained from simulated signal events.

8.4.7 B*" / B~ efficiency difference

The efficiency of BT and B~ signal decays is different, due to the charge asym-
metry of the kaon reconstruction efficiency, which was explained in Section 8.4.5. We
obtain the difference of the efficiency for reconstructing Bt and B~ signal decays
in bins of |y| and pr from simulation. In Figure830, shown are the reconstruction
efficiencies (ommiting the trigger selection) for BT (¢8") and B~ (), together
with their relative difference, Ac/e = (e —&87)/eB". We can assume no significant
rapidity dependance of the efficiency difference and thus derive its value in the eight

pr bins used in this analysis from the plot of Ae/e vs pr.
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Figure 8.30: The signal efficiency (top) and the efficiency difference (bottom) for
reconstructing BT and B~ signal events (no trigger selection applied) in bins of
rapidity (left) and transverse momentum (right), obtained from MC. The error bars
correspond to the statistical uncertainty of the MC simulation.
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8.4.8 BT efficiency after corrections

The overall signal efficiency for B* mesons, incorporating all effects that were
discussed in Section [8.4.2] is shown in Figure .31l The Figure shows also the effect of
applying the weights for muon reconstruction and trigger efficiency (see Sections[R.4.3]
and B4.7] respectively). The BT signal efficiency is increasing with pr as an effect
of the increasing reconstruction efficiency of muons and kaons. At high pr, there
is a significant drop of efficiency due to the dimuon trigger, mainly The efficiency
for B~ mesons is obtained by correcting the BT efficiency according to the relative

difference shown in [8.30, as a function of pr.

8.5 Systematic uncertainties

Various sources of systematic uncertainty on the measurement of the B+ produc-
tion cross-section are considered and discussed in the next sections. A list of these
uncertainties is given in Table8.2] along with their range in the four rapidity inter-
vals. Their breakdown in (pr,y) intervals is given in Figure[8.32] In the same figure,
the total systematic uncertainty, including the uncertainties from the luminosity and

branching ratio, is compared to the statistical precision of the measurement.

Trigger efficiency systematics

As explained in Section[8.4.4] the trigger efficiency is obtained in bins of pr and

q - n of the muon, where ¢ is the muon charge, using a tag-and-probe method on

I/

data. Then, the correction weights (scale-factors) for the trigger efficiency, wi/ ycr,

are
obtained from the fraction of the measured efficiency from data over the expectation
from simulation in each (pr, q-n) bin (see Figure B27]). As the statistical component
of the uncertainty associated with the weights for the trigger efficiency is dominant,

the uncertainty on the cross-section is derived from a series of pseudo-experiments by

IThe trigger becomes deficient in separating ROIs of dimuons with very small opening angle AR
(see Figure[B22]), which is the case for muons from decays of boosted J/v¢ mesons originating from
decays of high-pr BT mesons.
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events, obtained from MC simulation before
and after applying corrections for trigger and muon reconstruction, given in pr inter-
vals in the four rapidity regions defined in this analysis. The error bars correspond
to the statistical uncertainty of the MC simulation and do not include uncertainties
from the used scale factors.
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Table 8.2: The statistical and total systematic uncertainties on the cross-section
measurement. The contributions from the various sources of systematic uncertainty
are also given. The quoted numbers are the lower and upper values over the pr
intervals for the four rapidity intervals.

Relative uncertainty [%)]

Source ly <05 05<|yl<l 1<|yl<1b 15<]y] <225
Statistical uncertainty 2.2-14 2.5-17 3.2-22 3.8-24
Total systematic uncertainty  6.7-14 6.5-13 6.9-16 7.6-18
I Trigger 3.8-7.4 3.2-6.2 3.4-7.0 3.6-8.8
2l Invariant mass fit 1.8-3.4 1.7-5.3 2.4-8.9 2.6-7.6
Bl Kaon reconstruction 2.2 2.2-24 2.5-2.9 3.5-4.0
[l Acceptance 0.9-3.5 0.9-3.6 1.0-4.2 1.0-5.8
Bl Muon reconstruction 0.5-1.3 0.5-1.7 0.5-2.1 0.6-5.4
Bl B* vertexing 2.0 2.0 2.0 2.0
[ Branching ratio 3.4 3.4 3.4 3.4
Rl Luminosity 1.8 1.8 1.8 1.8
[ Signal efficiency 1.3-10 1.3-9.1 1.3-9.5 1.2-12

allowing the weights to fluctuate randomly under a Gaussian assumption, according
to their assigned uncertainty. Each pseudo-experiment provides a modified value for
the signal efficiency in each (pr,y) interval of B meson. In each (pr,y) interval,
200 pseudo-experiments are performed to obtain the relative efficiency difference,
(¢/ —€)/e, where ¢ is the nominal and ¢’ is the modified signal efficiency. The RMS
value of the resulting distribution is used as an estimate of the systematic uncertainty
in that (pr,y) interval. Figure833] shows the distribution of the relative efficiency

difference in each interval.

Fit systematics

For the fit method, three sources of systematic uncertainty are identified and
considered to be uncorrelated. These are the shape of the signal pdf, the reconstructed
B* mass and the shape of the background pdf. Below, the procedure to estimate the
systematic uncertainty from each source is described, and the resulting uncertainties

are added quadratically to obtain the total systematic uncertainty from the fit method
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Figure 8.32: Relative systematic uncertainties affecting the cross-section in pr in-
tervals for different rapidity ranges. The total systematic uncertainty (solid area),
including uncertainties from luminosity (1.8%) and branching ratio (3.4%), is com-
pared to the statistical uncertainty (dashed line).

in each (pr,y) interval.

1. Uncertainty on shape of the signal pdf. This uncertainty is estimated with vari-
ations of the fit model, where the values of the signal pdf parameters o1, o9, f1
are varied independently within their uncertainties derived from the fit to signal
events from MC simulation. From these variations of the fit model, the largest
absolute value of the signal yield variation is taken as the systematic uncer-
tainty from the signal pdf shape, in order to account for the large correlations

of these parameters. Two alternative pdfs were considered (three Gaussians,
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Figure 8.33: Results of 200 pseudo-experiments for estimation of the systematic un-
certainty from the trigger efficiency on the cross-section in each (pr,y) interval of the
B* meson. Each experiment uses random variations of the trigger efficiency weights
to obtain the relative efficiency difference, with respect to the nominal signal effi-
ciency. The RMS value of the resulting distribution in each interval is used as an
estimate of the systematic uncertainty from the trigger efficiency.

two Crystal Ball + Gaussian) and no significant differences in the signal yield
were observed. Among the various sources of systematic uncertainty considered

for the fit method, the signal pdf is dominant and its contribution ranges from
1% to 8%.

2. Uncertainty on the B¥ mass value. The reconstructed mass mp+ is obtained
from data by fitting the invariant mass of all candidates with pr > 9 GeV in each
of the four rapidity intervals. The resulting values are used to fix this parameter
when performing the fits in the various (pr,y) intervals and their statistical

uncertainties (0.4-1.0 MeV) is used to estimate the systematic uncertainty on
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the signal yield. The fits in the various (pr,y) intervals are repeated varying

the value of mp+ within its statistical uncertainty. The observed difference in

the signal yield is smaller than 1%.

3. Uncertainty on the shape of the background pdf. The fit includes three compo-

nents for the description of the background. They are listed below, and each

contributes as a possible source of uncertainty. In order to account for the large

correlations between the three components, the systematic uncertainty assigned

to the background modeling for each (pr,y) interval is obtained after varying

each component independently, and taking the largest observed difference in

the signal yield.

(a)

Combinatorial background: Using a polynomial instead of exponential
shape for the combinatorial bacground, the observed difference in the sig-
nal yield ranges from 0.1% to 4%, being larger in higher rapidity and pr

intervals.

B* — J/im*: For the resonant background from B* — J/i7*, the
dominant uncertainty comes from the relative branching fraction of this
decay with respect to the signal, which has an uncertainty of 10% [1].
Varying this fraction in the fit within its uncertainty was found to have a

small effect on the signal yield (~1%).

Partially reconstructed b-hadron decays: The resonant background from
partially reconstructed b-hadron decays is modeled with a complementary
error function. Varying its parameters within their uncertainties from the
fits to background events from MC simulation, the observed difference in

the signal yield is smaller than 1%.
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Kaon track reconstruction efficiency systematics

The efficiency of hadron reconstruction is determined from MC simulation and
validated with data [3], with the uncertainty dominated by the material description
To estimate the systematic uncertainty for hadron reconstruction efficiency, variations
in the material description in the MC simulation are performed, using more mate-
rial for the ID (+5%, +10%) and for the service structures between Pixel and SCT
detectors (+20%). For hadrons of pr > 0.5 GeV, where the efficiency is relatively
stable with pr, the resulting uncertainty on hadron reconstruction efficiency is con-

sidered as a function of 7 of the hadron, and its value is obtained in five n intervals,

as seen in Table[R.3l This uncertainty, convolved with the 7 distribution of kaons

Relative uncertainty [%] per |n| interval
Inl <13 13<|n<19 19<p <21 21<|n <23 23<|n <25
2.2 3.2 4.1 4.1 7.1

Table 8.3: Tracking efficiency systematic uncertainty for hadron reconstruction for
tracks of pr > 0.5 GeV, taken from Ref. [3].

from signal B* decays, translates to an uncertainty of 2% to 4% on the cross-section

measurement.

Acceptance systematics

The acceptance in each (pr,y) interval has a relative uncertainty ranging from 1%
to 4%, due to the size of the MC sample, which is assigned as systematic uncertainty.
Theoretical uncertainties on the acceptance, due to the underlying kinematic distri-
butions modeled by the generator and choice of PDF, were studied and found to be

negligible, as will be discussed later in in Section.

n this reference, the tracking efficiency is studied with data of 2010 and the systematic uncer-
tainty is evaluated for an older version of ATLAS simulation samples (MC09). However, results are
valid also for data and MC samples of 2011 and 2012, as the track reconstruction algorithms and
the material description have not changed.
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Muon reconstruction efficiency systematics

For the evaluation of the systematic uncertainty on the cross-section for the muon
reconstruction efficiency, the procedure is similar to the one followed for the trigger
efficiency. As explained in Section[8.4.3] the muon reconstruction efficiency is ob-
tained in bins of pr and ¢ - n of the muon, using a tag-and-probe method on data.
This efficiency measurement has an uncertainty which is mainly statistical, and prop-
agates to the muon efficiency weights, wi;y (Figure 820), that we use to correct the
MC samples. Then the systematic uncertainty on the cross-section is evaluated from
200 pseudo-experiments, using random variations of the muon efficiency weights, by
taking the RMS value of the resulting distribution of the difference observed on the
signal efficiency. In addition, there is also an uncertainty coming from the efficiency
for reconstructing a muon in the ID with the selection criteria used in this analysis.
This efficiency is found to be 99% with a systematic uncertainty of 0.5% for each

muon.

B* vertexing efficiency systematics

The vertex quality requirement has an efficiency of about 99%, as shown in Fig-
ure 828 It was estimated with data by comparing the signal yields in four rapidity
intervals before and after applying this requirement and is found to be consistent
with the expectation from MC simulation. A maximum difference of 2% is observed
between the estimate from data and the expectation from MC simulation for this

efficiency and is assigned as systematic uncertainty the cross-section.

Branching ratio uncertainty

The total branching ratio of the selected decay, obtained by combining the branch-
ing ratios of the decays B*¥ — J/¢ K* and J/¢ — p*p~, has an uncertainty of
3.4% [].
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Figure 8.34: Results of 200 pseudo-experiments for estimation of the systematic un-
certainty from the muon reconstruction efficiency on the cross-section in each (pr,y)
interval of the BT meson. Each experiment uses random variations of the muon effi-
ciency weights to obtain the relative efficiency difference, with respect to the nominal
signal efficiency. The RMS value of the resulting distribution in each interval is used
as an estimate of the systematic uncertainty from the muon efficiency.

Luminosity determination systematics

The luminosity calibration is based on data from van der Meer scans and has an

uncertainty of 1.8% [5].

Signal efficiency

The efficiency correction factor for B* signal events is obtained from MC simu-
lation (Equation (8I0)). The systematic uncertainty assigned to this factor has two

components, which are added in quadrature:
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1. Uncertainty from the size of the MC sample. A sample of 2M fully simulated
signal decays is used for the estimation of the signal efficiency, corresponding to
a luminosity similar to that of the data sample. Due to the size of this sample,
which is limited by the available computing resources, the efficiency estimation
has an uncertainty that is small (~1%) in most intervals and becomes significant

in the high-pr interval 70-120 GeV (~10%).

2. Uncertainty from K+ /K~ efficiency asymmetry. Because of the different inter-
actions of K™ and K~ mesons with the detector material, the efficiencies for
the kaons used in this analysis differ by ~3.5%, as obtained from simulation
and verified with data (see Section[84.6). The statistical uncertainty of the
estimation of this efficiency difference from data is used to assign a systematic
uncertainty of 1%, which propagates to the cross-section through the sum of

efficiencies (¢%" + &) in Equation (82).

Theoretical uncertainties on the signal efficiency, due to the underlying kinematic
distributions modeled by the generator and choice of PDF, were studied and found

to be negligible, as will be explained in Section 8.5

Other systematics

Additional sources of systematic uncertainty were examined, but were found to be
less significant. Residual effects related to final-state radiation have been determined
to be smaller than 1% and are neglected. Differences in the underlying kinematic
distributions modeled by the PyTHIA and NLO generators, including PDF's, were
considered. The impact on the acceptance and the signal efficiency was estimated
by reweighting the kinematic distributions of PYTHIA to those of POWHEG and
MC@NLO (details can be found in Appendix[C]). The largest effect is seen in the
high-rapidity intervals (1.5 < |y| < 2.25), where the maximum relative difference
observed is 1%, with a statistical uncertainty of the same order, while in most (pr,y)
intervals the effect is very small (~0.1%). No systematic uncertainty is assigned for
this. Bin-to-bin migration of signal events due to finite detector resolution is studied

with MC simulation. It is found to be a small effect (<0.5%), which is included in
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the definition of signal efficiency (Equation (810)) and no systematic uncertainty is
assigned for it. Potential effects in the calculation of the signal efficiency due to the
difference between the momentum scales in data and MC simulation are expected to
be larger in the lower pr intervals used in this analysis, where they were estimated
to be smaller than 0.5%, and no systematic uncertainty is assigned for this source

either.

8.6 Results

8.6.1 BT production cross-section

Using eq. (8]), the differential cross-section for BT production times branching
ratio 4 is obtained as a function of pp and y of the BT meson and the results
are shown in Tables[84] and BH] averaged over each (pr,y) interval. The double-
differential cross-section is integrated over pr to obtain the differential cross-section
do/dy, or over rapidity to obtain do/dpr, and results are reported in Tables and

RB7  When summing over the intervals in pr or rapidity, the systematic uncertainty

pr interval dg;‘(’iy - BBt — J/YKT) - B(J/v — ptu~) [pb/GeV]
[GeV] 0<|yl <05 0.5 <yl <1

9-13 245+ 1.1 £ 1.7 21,7 £ 1.3 £ 14
13-16 87+ 03 £ 06 85 £ 03 £ 05
1620 3.76 £ 0.09 4+ 0.22 39 + 0.10 =+ 0.27
20-25 1.54 + 0.04 =+ 0.09 1.57 + 0.04 =+ 0.11
25-35 0.467 £ 0.010 =+ 0.027 0.468 £ 0.012 =+ 0.033
35-50 0.097 £ 0.003 =+ 0.007 0.095 £ 0.004 = 0.008
50-70 0.0165 = 0.0012 =+ 0.0014 0.0178 = 0.0014 =+ 0.0015
70-120 0.00188 £ 0.00026 £ 0.00025 | 0.00202 £+ 0.00034 + 0.00026

Table 8.4: Differential cross-section measurement for B+ production multiplied by the
branching ratio to the final state, averaged over each (pr,y) interval in the rapidity
range |y| < 0.5 and 0.5 < |y| < 1. The first quoted uncertainty is statistical, the
second uncertainty is systematic.

from each source is calculated from the linear sum of the contributions from each
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pr interval e B(BT — JIYKY) - B(J[ — ptu”) [pb/GeV]
[GeV] 1<|yl <15 1.5 < |y| < 2.25

9-13 236 £ 1.9 =+ 1.7 23 + 18 =+ 1.9
13-16 80+ 04 + 05 71+ 04 + 06
16-20 329 £ 0.11 =+ 0.20 290 £ 0.12 + 0.21
20-25 1.32 + 0.04 =+ 0.08 1.08 + 0.04 =+ 0.07
25-35 0.408 = 0.013 =+ 0.028 0.312 = 0.012 =+ 0.022
35-50 0.073 £ 0.004 =+ 0.006 0.055 = 0.004 =+ 0.006
50-70 0.0135 = 0.0014 =+ 0.0013 | 0.0097 £ 0.0012 =+ 0.0012
70-120 0.00095 4+ 0.00021 £ 0.00015 | 0.00083 + 0.00019 £ 0.00014

Table 8.5: Differential cross-section measurement for B+ production multiplied by the
branching ratio to the final state, averaged over each (pr,y) interval in the rapidity
range 1 < |y| < 1.5 and 1.5 < |y| < 2.25. The first quoted uncertainty is statistical,
the second uncertainty is systematic.

pr interval d%T - B(BT — J/YKT) - B(J/v — putu™) [pb/GeV]
[GeV] ly| < 2.25
9-13 103 £ 4 £+ 8
13-16 36.0 £ 08 £+ 2.3
16-20 153 £ 03 £ 1.0
20-25 6.1 £ 0.1 =+ 04
25-35 1.81 £ 0.03 &£ 0.12
35-50 0.348 £ 0.008 +£ 0.028
50-70 0.062 £ 0.003 =+ 0.005
70-120 0.0061 £ 0.0006 £ 0.0007

Table 8.6: Differential cross-section measurement for BT production multiplied by
the branching ratio to the final state, averaged over each pr interval in the rapidity
range |y| < 2.25. The first quoted uncertainty is statistical, the second uncertainty is
systematic.

interval, as they are correlated. Tabulated results of the measurements presented in
this paper are available in HEPDAT.
Using the world-average value for the branching ratio %, the differential cross-
sections obtained are compared to predictions of POWHEG (+PyTHIA) and MCQNLO (+HERWIG)
and the FONLL approximations. For POWHEG and MC@QNLO the CT10 [6] param-

'HEPDATA repository for the BT cross-section results: http://hepdata.cedar.ac.uk/view/p8401.


http://hepdata.cedar.ac.uk/view/p8401
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|ly| interval ‘é—;’ - B(BT — J/YKT) - B(J [y — pFum) [ph]
9 GeV < pr < 120 GeV

0.0-0.5 154 £ 5 £ 10
0.5-1.0 143 £ 6 £ 9
1.0-1.5 144 £ 8 £ 10
1.5-2.25 132 £ 7 £ 11

Table 8.7: Differential cross-section measurement for B+ production multiplied by the
branching ratio to the final state, averaged over each y interval in the pr range 9 GeV<
pr < 120 GeV. The first quoted uncertainty is statistical, the second uncertainty is
systematic.

eterization for the parton distribution function of the proton is used, while for FONLL
calculations the CTEQG6.6 [7] parameterization is used. In all cases, a b-quark mass of
4.75+0.25 GeV is used, with the renormalization and factorization scales, fi,, f1f, set
to pu, = py = p, where g has different definitions for the Pownec, MC@QNLO and
FONLL predictions The predictions are quoted with uncertainties due to the b-
quark mass and renormalization and factorization scales. Uncertainties from factor-
ization and renormalization scales are estimated by varying them independently up
and down by a factor of two [g].

POowHEG and MC@NLO predictions are compared with the double-differential
cross-section measurement in Figure 835l To allow a better comparison between the
measured cross-sections and the NLO predictions, Figure [8.36] shows their ratio for
each rapidity range separately for POWHEG and MC@NLO. The data are in good
agreement with POWHEG in all rapidity intervals. MCQ@NLO, however, predicts a
lower production cross-section at low pr and a pr spectrum that is softer than the
data for |y| < 1 and harder than the data for |y| > 1. In the integration of the
four rapidity intervals, this effect averages out and the prediction of the cross-section
do /dpr is compatible with data.

The FONLL prediction is compared with the measured differential cross-section

'For POWHEG: p* = mg, + (mQQQ/ZL —mp) sin? 6 , where mgg is the invariant mass of the QQ
system and ¢ is the polar angle of the heavy quark in the QQ rest frame. For MCQNLO: p? =
mé + (pr, @ +pr, g)°/4, where pr, g and py, g are the transverse momenta of the produced heavy

quark and antiquark respectively, and mg is the heavy-quark mass. For FONLL: p = , /m2Q + p 0
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Figure 8.35: Double-differential cross-section of B* production as a function of pr
and y, averaged over each (pr,y) interval and quoted at its centre. The data points
are compared to NLO predictions from POWHEG and MCQNLOQO. The shaded areas
around the theoretical predictions reflect the uncertainty from renormalization and
factorization scales and the b-quark mass.

do/dpr in Figure@37 In this Figure, the results from CMS [9] for BT meson pro-
duction as a function of pr, covering the rapidity range |y| < 2.4, are shown for
comparison. The FONLL prediction is in good agreement with the data concerning
the behaviour in rapidity and pr, within the theoretical uncertainties.

All available predictions for do/dy are compared with data in Figure[838 The
measured cross-section has a small rapidity dependence and is in agreement with the
predictions within their uncertainties. The theoretical uncertainties in all cases are
large (~30%) and are similar for the PowHEG, MC@QNLO and FONLL predictions.

The integrated BT production cross-section in the kinematic range 9 GeV < pt <

120 GeV and |y| < 2.25 is:
o(pp — BYX) = 10.6 £ 0.3 (stat.) £ 0.7 (syst.) £ 0.2 (lumi.) £ 0.4 (%) ub.

The FONLL prediction, with its theoretical uncertainty from the renormalization and

factorization scale and the b-quark mass, is:

o(pp — bX) - fr_p+ = 8.6730 (scale) 0.6 (my) ub ,
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Figure 8.36: Ratio of the measured cross-section to the theoretical predictions
(o0/onLo) of POWHEG (left) and MC@NLO (right) in eight pr intervals in four
rapidity ranges. The points with error bars correspond to data with their associ-
ated uncertainty, which is the combination of the statistical and systematic uncer-
tainty. The shaded areas around the theoretical predictions reflect the uncertainty
from renormalization and factorization scales and the b-quark mass.
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Figure 8.37: Differential cross-section of B* production vs pr, integrated over rapid-
ity. The solid circle points with error bars correspond to the differential cross-section
measurement of ATLAS with total uncertainty (statistical and systematic) in the
rapidity range |y| < 2.25, averaged over each pr interval and quoted at its centre.
On the left, the data points are compared to results from CMS, for a measurement
covering pr < 30 GeV and |y| < 2.4 [9], and to predictions of the FONLL calcula-
tion [8] for b-quark production with its uncertainty, assuming a hadronization fraction
of fz_p+ of (40.1 £0.8)% [I]. Also shown is the ratio of the measured cross-section
to the predictions of the FONLL calculation (o/oponry). The upper and lower un-
certainty limits on the prediction were obtained considering scale and b-quark mass
variations. On the right, all available theoretical predictions, FONLL, POWHEG and
MCQNLO, are compared to the data points. For each prediction, the ratio of the
predicted cross-section to the data (Giheory/0) is also shown. The uncertainties of
the predictions, which for POWHEG and MC@QNLO are similar to the uncertainty of
FONLL, are not shown.

where f; g+ = (40.1 £ 0.8)% [I] is the world-average value for the hadronization
fraction. The corresponding predictions of POWHEG and MC@NLO are 9.4 ub and
8.8 ub, respectively, with theoretical uncertainties similar to the FONLL prediction.

8.6.2 B'/B~ ratio

We extract the ratio of the production of the two charged states, in order to test the
assumption of equal B* and B~ production. This is performed by fitting the invariant

mass distribution of BT and B~ candidates separately in the four rapidity intervals
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Figure 8.38: Differential cross-section of BT production vs rapidity, integrated over
pr. Points with error bars correspond to the differential cross-section measurement
with total uncertainty (lines on the error bars indicate the statistical component)
in the pr range 9 GeV < pr < 120 GeV, averaged over each rapidity interval and
quoted at its centre. POwWHEG, MCQNLO and FONLL predictions are also given
for comparison. The FONLL prediction is quoted with upper and lower uncertainty
limits, which were obtained considering scale and b-quark mass variations. The rel-
evant uncertainties of the predictions of POWHEG and MC@NLO are of the same
order and are not shown.
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Figure 8.39: Ratio of BT over B~ production, corrected for the efficiency difference
for reconstructing two charged states, as a function of rapidity. The uncertainty
shown is statistical only.

and then correcting for the B™ /B~ efficiency difference (see SectionBZ4.7). In the
ratio of o(pp — BT X)/o(pp — B~ X), all systematics (luminosity, branching ratio,
trigger, acceptance, fit, vertexing) are expected to cancel, except for the systematic
for the charge asymmetry of the kaon reconstruction (1%). In Figure the ratio of
BT over B~ meson production is shown with its statistical uncertainty from the fit to
data. The statistical uncertainty of the data is 1.8-3.3% and within this uncertainty
we see that the ratio the BT to B~ production is consistent with unity. We conclude
that this analysis is not sensitive to potential asymmetry in the production of B

and B~ mesons.

8.7 Discussion of results

A measurement of the differential cross-section for BT meson production has been
presented. The measurement was performed with 2.4 fb~1 of pp collision data at
Vs = T TeV, recorded in 2011 with the ATLAS detector at the LHC. The cross-
section was measured as a function of transverse momentum and rapidity in the

range 9 GeV < pr < 120 GeV and |y| < 2.25, and quoted with a total uncertainty of
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7%-30%, with the main source of uncertainty being systematic in most bins, except
for the high-pr bins were the statistical uncertainty is larger than the systematics.
This measurement extends previous result from CMS at /s = 7 TeV [9] at higher pr,
which is an interesting region for comparisons with available NLO QCD predictions [§]
obtained with two approaches, the NLO+parton shower (PS) and with the FONLL
approach.

Predictions from the NLO+PS approach were obtained with the POWHEG and
MCQNLO frameworks using PYTHIA and HERWIG for the PS step, and are quoted
with an uncertainty from renormalization and factorization scales and b-quark mass
of the order of 20%-40%. Within these uncertainties, POWHEG+PYTHIA is in agree-
ment with the measured integrated cross-sections and with the dependence on pr
and y. At |y| < 1, MC@QNLO+HERWIG predicts a lower production cross-section
and a softer pr spectrum than the one observed in data, while for |y| > 1 the pre-
dicted pr spectrum becomes harder than observed in data The FONLL calculation
for o(pp — b X) is compared to the data, assuming a hadronization fraction f; 5+
of (40.1 £ 0.8)%, and is in good agreement with the measured differential cross-
section do/dpr, within the theoretical uncertainty. Focusing on the high-pr region,
predictions of FONLL are expected to be more accurate than those of POWHEG and
MCQNLO. Predictions of POWHEG+PYTHIA, as well as those of FONLL, are found
to be compatible with the measured differential cross-section up to about 100 GeV,
while the NLO+PS approach has the advantage of providing a full description of the
final state.

The results of this thesis for b-hadron production, obtained with the reconstruction
of B* mesons decaying exclusively to J/¢ K=, can be compared with similar mea-
surements by the ATLAS collaboration. The inclusive b-hadron production has been
measured using B — J/1¢ X decays [11], showing a good agreement with FONLL,
with a comparison covering a wide range in J/¢ pr (from about 3 GeV up to about

40 GeV) in four slices of rapidity up to |y| < 2.4. The same measurement has

"'We note here that the same behavior has been reported in the measurement of b-jet production
[10], when comparing predictions of MC@QNLO with the data in different rapidity regions.
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been provided by the CMS collaboration in a similar fiducial volume [12] and some
small discrepancies have been observed at high pr (also commented in Ref. [§]). The
B* measurement that has been presented in this thesis helps to clarify this issue.
The inclusive b-hadron production has also been measured using B — D**uT X de-
cays [13], and the result is reported in a fiducial volume similar to the one used in
this thesis for B* mesons. As in the result presented in this thesis, an excess is
seen in the data with respect to NLO predictions in the low-pr region but is well-
within the large theoretical and the experimental uncertainties. The same conclusion
has been reached by the CMS collaboration in studies of B-meson production using
fully reconstructed exclusive decay channels (B* — J/v K* [9], BY — J/¢ K? [14],
BY — J/v ¢ [15], A} — J/v A° [16]). In addition, the LHCb collaboration has mea-
sured the B* cross-section using the decay to J/¢» K* in the forward rapidity region
2 <y < 4.5 [17], demonstrating good agreement with the prediction of FONLL.
Summing up the above, we conclude to a good understanding of b-hadron produc-
tion at the LHC, while in many cases the available measurements achieved accuracy
better than that of the theoretical predictions at NLO. This is a motivation for new
theoretical calculations at higher orders that will be free of the large dependence on

the choice of normalization and factorization scale and, thus, more precise.
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Conclusions and perspectives

This doctoral thesis has presented an analysis of BT meson production using the
first pp collision data at /s = 7 TeV collected by the ATLAS detector at the LHC.
The work for this thesis was carried out in two steps. First, the proper functioning and
the good performance of the detector were validated in order to ensure that the data
can be used for the extraction of physics results. For this purpose, contributions to the
development of the Data Quality Monitoring software for the muon spectrometer have
been made to assess the quality of the reconstruction of muons and dimuon resonances.
In addition, this thesis presented an analysis of the first data from the LHC collected in
2010. The production of B* mesons in ATLAS was ensured via the direct observation
of reconstructed B* — J/¢(utp~) K* decays with 3.4 pb™! of data. Then, the full
2010 data sample that corresponds to about 35 pb™! was used for a simultaneous
measurement of the B* mass and lifetime. With this measurement the excellent
performance of the ATLAS detector in reconstructing the B* — J/¢(utu~) K+
decay was demonstrated, as the measured B* mass and lifetime are found to be in
good agreement with the world-average values. At the second step, following the
detector performance studies, was the extraction of the main physics results of the
thesis, that is the measurement of the differential production cross-sections for B
mesons. The cross-section was measured with 2.4 fb=! of data recorded in 2011 as a
function of transverse momentum and rapidity in the range 9 GeV < pr < 120 GeV
and |y| < 2.25, and quoted with a total uncertainty of about 10%. This measurement
extends the range of BT meson production to higher pr values, which is of interest
to theorists for comparisons with available NLO QCD predictions from calculations

obtained with the FONLL method and with the predictions of the POWHEG and
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MCQNLO frameworks. Overall, a good agreement of the predictions with the data
is seen. The POWHEG package, using PYTHIA for the fragmentation step, seems to be
a good choice for the generation of bb events, while for the MC@NLO event generator
some features in the predicted kinematics of B* mesons that are not compatible with
the data have been noted. Predictions of POWHEG+PYTHIA, as well as those of the
FONLL method, are found to be compatible with the measured differential cross-
section up to about 100 GeV, while the POWHEG approach, as an event generator,
has the advantage of providing a full description of the final state. In all cases, the
theory predictions have an uncertainty of the order of 20%-40%, larger than the
precision of the measurement, due to the choice of renormalization and factorization
scales and the b-quark mass. Therefore, the measurement presented in this thesis
gives a motivation for theorists to perform calculations at higher orders to reduce the

theoretical uncertainty.

Outlook

After testing NLO QCD calculations, we can exploit the wealth of the available
data collected until the shutdown of the LHC in early 2013 (about 5 fb™! at 7 TeV
and 20 fb~1 at 8 TeV) to look into more exciting processes, in which the decay that
was studied in this thesis, B — J/¢ K%, is used as a reference. For example, there
is increased interest in the purely muonic decays of BY and BY mesons. Its branching
ratio is tiny according to the SM predictions (~107?%), as flavor-changing neutral
currents are allowed only at loop level. If new particles exist, outside the SM, they
would contribute in the loop and may enhance the branching ratio significantly. The
role of the B* — J/1 K* decay is that the branching ratio of B — pu~ is measured
relative to the well-known branching ratio of this decay, allowing the cancellation of
common systematics (luminosity, trigger efficiency, etc.). By the time that this thesis
is written results have become available, first from LHCb [I] and then from CMS [2],
demonstrating first observations of this rare decay with production rates compatible
with the SM predictions. Results from ATLAS are also available [3] but were obtained

from analysis of only 2.4 fb~! of data, setting an upper limit on the branching ratio
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of BY — uTp~; an update with the full data sample is highly anticipated. In addition
to the search for this very rare purely muonic decay, other rare muonic b-hadron
decays are also of great interest, sharing the same objective. Decays of the type
B — ptp K, involving a b — sutu~ transition, are also suppressed but have larger
branching ratios (~ 107°); results exist from studies at the Tevatron [4]. Analysis of
the angular properties of these decays can also reveal new physics. High statistics are
expected for these decays at the LHC and results are already published from LHCb,
using a fraction of the available data sample. Therefore, analysis of the full available
data sample will give a better insight in the properties of rare b-hadron decays. The
similar topology of the B*¥ — J/u(u*u~) K* decay allows the methods developed
for its cross-section measurement to be used in such analyses in ATLAS.

In view of the large data sample that will be delivered by the LHC after it resumes
operations in 2015 (about 100 fb™!), more studies of rare B decays are planned.
However, it should be clarified that B physics is only a part of the interests of the
ATLAS experiment. After the recent discovery of the Higgs boson, the attention
has been driven to studies of this particle’s properties with the large data samples,
which will allow precise measurements of its couplings in order to fully determine
its nature. Concluding, particle physics is entering a new era, as the LHC will soon
start operating at its design energy (y/s = 14 TeV) and luminosity (10** cm=2 s71).
With the high-luminosity LHC we aim to search for new physics beyond the Standard
Model and its Higgs mechanism. At the same time, B physics is still going to play a
role, as it provides means to indirect searches for new physics.

At this point, this thesis comes to an end... while scientific research will go on

exploring the universe of possibilities, driving our future in the most exciting way.
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Appendix A

Angular properties of the
B* — J/¢ K* decay

The signal decay involves a scalar meson decaying to a vector (J/v) and a scalar
meson (K*). The total angular momentum (J = L + S) of the initial state is zero
and conserved, therefore the J/1 K* final state must have L +S = 0. We denote
the azimuthal (angular momentum) and spin quantum numbers with ¢ and s, and
their corresponding secondary quantum numbers (z-axis projections) with m, and
ms, respectively. The vector meson has s; = 1, mg; = [—1,0, 1], therefore its presence
in the final state suggests that s =1, my = my + mg = [—1,0, 1]. Consequently, we
derive that ¢ must be 1 and my such that ensures that the total angular momentum
is zero. The final state |j,j.) = |0,0) is the combination of states arising from the

vector sum of spin and angular momentum,
|7,7.) = |, mg)|s, mg) = |1, my)|1, myg)

for which the total angular momentum is conserved. Thus we derive that the final
state is
1
v = ciilmg, my) = — (|1, —1) —10,0) + |—1,1)),
> cijlmg, my) 7 (11, -1) = 10,0) +|-1,1))
where ¢;; are the Clebsh-Gordan coefficients. Using the expressions of the spherical
harmonics Y™, we see that for selected spin state (mg = —1,0, 1) the wave function is

not isotropic, but when averaging over all spin states, the probability density ¥*W is
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independent of ¢ meaning that J/1 and K* mesons are produced isotropically. Going
to the J/v rest frame, we can choose the z-axis to be opposite to the direction of the
kaon (same with the direction of the B™ meson), so that # = 0 and only one spin
state survives, that with a z component that equals zero. The .J/¢ meson is produced
with zero helicity in the decay. Regarding the angular properties of the decay of a
vector meson into lepton pairs, a description is found in Ref. [I]. The decay of J/4 is
described as longitudinally polarized along the z-axis, and the angular distribution is

dN dN

[ — ] 2
10 = deosg XS0

where 6 is the angle of the positive-charge lepton with respect to the z axis in the
J /1 rest frame.
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Appendix B

MCP recommendations for track

selection

Following recommendations from the Muon Combined Performance (MCP) group

the track quality selections for the analysis of 2011 data are given below.

o If B-layer hits were expected for the track, it is required to have at least one

B-layer hit.
e Number of pixel hits + number of crossed dead pixel sensors > 1
e Number of SCT hits + number of crossed dead SCT sensors > 6
e Number of pixel holes + number of SCT holes < 2

_ NTRT TRT TRT TRT
o Let N = Nyt + Nytiierss Where Nyttt and Ny, are the number of track

TRT hits and TRT outliers, respectively. We require:

— N >5and NIRT < 0.9 N, if track |n| < 1.9;

outliers

— NIRT < 0.9N,if track |n| > 1.9 and N > 5.

outliers
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Appendix C

Effect of the imperfect modelling

of BT kinematics by the generator

In the next paragraphs, details are given on the dependence of the acceptance and
the signal efficiency on the BT kinematics, as predicted by the used generator. In
this analysis, the PYTHIA generator with the AUET2B-LO** tune [?] is used as the
baseline for the estimation of these corrections. The kinematic distributions for gener-
ated B* mesons are compared to those predicted by POWHEG and MC@NLO using
CT10 [?] PDF in Figure[C.l The fact that the pr distribution does not change
significantly from LO to NLO supports our choice of PYTHIA as the baseline. In
the comparison of the two NLO generators with PyTHiA, MCQNLO shows larger
deviation (mainly in y) and is used in the estimation of systematics.

To estimate systematics on £B" and A, we reweight events in PYTHIA so that the
pr and y distributions match the ones from MCQ@NLQO. The variation we observe on
the value of e?" and A is assigned as systematic uncertainty deriving from imperfect
knowledge of the BT kinematics, also accounting for the choice of PDF.

To obtain the weights, two-dimensional fits are performed to derive analytic func-
tions which describe the pr-y distribution of B*. Neglecting the small correlation of

pr and y variables, the analytic function used, is

F(pr,y) = F(pr) - F(y) , (C.1)
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Figure C.1: Predictions of pr and y distributions from POWHEG (green) and
MC@NLO (dashed red), compared to PYTHIA (solid grey). All histograms are nor-
malized to unity.

where:
Flpr) = ae P 4 (1 — @Mﬁ , F(y)=A+By+Cy>+Dy® (C.2)
kan

The values for the parameters a, A, B, C, D, ky, ko, n are obtained separately from
the fit to POowHEG, MCQNLO and PYTHIA histograms to define the three functions
which describe the shapes of the pr-y distributions for each generator. To make the
events from PyYTHIA match the kinematics from MC@QNLO, event weights are then
defined as a function of pr and y, taking the ratio of the corresponding functions:

Fucanto(pr, v) (C.3)
FPYTHIA(pTa y) ‘ ‘

w(pr,y) =

As the signal efficiency and acceptance is extracted in (pr,y) intervals, the events
have to be weighted so that the kinematics of PYTHIA events in a (pr,y) interval
match the ones from MCQNLO in the same interval. Thus, the event weight function
w(pt,y) has to be defined in each interval after normalizing the FyjcenvLo(pT,y) and
Fpyrua(pr,y) in the bin (their integral in the bin equals one). Finally, the signal effi-

ciency and acceptance are re-calculated after weighting the events from PYTHIA using
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the derived weight functions. The differences we observe are demostrated in Fig-
ure[C.2l The effect of the modified kinematics is found to be negligible, expect for
some bins in the forward rapidity interval, where the observed difference is as large

as the statistical precision. However, such effects are partially correlated and are

neglected.
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Figure C.2: Variation of signal efficiency (left) and acceptance (right) after reweight-
ing events from PYTHIA to match the kinematics from MC@NLO in each bin. The
observed differences are used to estimate the systematic uncertainty on the signal
efficiency and acceptance from b-quark kinematics.
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