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ITepiAndn

H napotoa epyaoio mpaypatedeton Ty avalAtnon Yia avOUOAeS TpLY paixéc ou-
Cel€eic unoloviny Paduidag oto meipopa ototyeiwd®y cwpatdiov CMS, yéow tng
TeMxg xatdotaong e éva unolovio Z xou éva gotovio. Lo v avdntudn twyv
ped6dwy yenotuonotinxay tpocouotwuéva delypata, xou axohoVUnoe 1 avdAuor de-
dopévewy amd T ouyxpoloelg mpwtoviny otov emtayuvth LHC xou o xadopiopodg
EMTPENTWY TWAOVY Yia Ti¢ oLleLEELS.

Metd and pio cOvtoun mopousiasn Tou TEPAUATOS, avahloVTAL TA YAUPUXTNELO TIXH
Tou ofuatog and TiC Véeg oulevielg, to omolo mpoépyeTtan and xopuer wetall 800
uroloviwv Z xou evég putoviou. Avalbovion eniong To YopaxTneto Tixd twy UToPd-
Ypwv, o onofa eggavilovy tny Bl TeAxr] xatdotaon eite péow OlEPYATLOV EVTOQ
Tou Kabdepwyévou Ilpotimou eite Aoyw havidaouévng tautonoinong. Xt ouvéyela
napovotdleton 1 Bladixacion TPOTOUOIWOTNS YEYOVOT®Y Xl O YEVVATORUS YEYOVOTWY
oL AV TOYUNXE Yiol T OUYXEXPWEVT avdAuoT. Axohloulel n oulhtnon g ahuoidag
%0 TNRlwY EMAOYHC TOV PUOLXWY AVTIXEWEVWY TR0 aviyveuar), dnhady Tou puToviou
XL TV Nhexteovimy xat woviey and tn didonacn tou unoloviou Z.

[Mo vo avtigetonioto0v ta yeyovota utofddpou nou emloly 1wy xpitnpleny emthoyg,
avontOyOnxe ula teyvixd n onola emitpénet v extiunon tou TARdouc toug yenot-
pomotdvTag TN METENOY TOU Xavahioh Z7 xa €vOg Belypatog oxavOahlouévou amd
adpovixolg midaxeg. Tivetan meprypagy tng Tte)vXAg, xat mapouctdlovTal To Ano-
TEMEOPOTA TNG AVIAUOTG OTA OEDOUEVA TWV PETEHOEWY, YENOWOTOIOVTAUS Td TEMTA
36.1 pb*1 anod TIC OLYXPEOVGCEL TEWTOVIWY.

Kodde 1o mhfdoc twv yeyovotwy elvar moAd wmxpd yia dueon aviyveuvon tov mi-
Yavev véwv oulebieny, Tpayuatonoeiton avdluoT mdavoPaveldg o TNy XATavour| g
£YAdPOLIC EVEQYELNS TOU PwTOVIOU. Xp1OoWOTOWWVTAS To TPOCOUOIWUEVA DELYUATA UE
avopaheg ouledielg, hauBdvovtar cuvapTthoeic TEOBAedNng Twv omolwy 1 cupPfatdtnta
we TN u€tpnon ehéyyetan, xar Yéow peylotonoinong tne mavopdvelag Yétovtar dpta
OTIC EMTPENTES TIUES TV OLLEVEEWV.

Or nopatnproei Beédnxay ouuBatéc ye to Kathepwpévo Ipdtuno. Ta dpta tou téin-
xay oTic TIéS plag ex v 800 culelZewy elvon 0TEVOTEPR Ad EXEVA TEONYOVUEVWY
TELPUUATOY, EVE Yo TEQIOPIOWS NG delTEPNG anautelitan YeyaAbTtepog dyxog dedoyué-
VOV.



Summary

This study deals with the search for anomalous trilinear couplings between gau-
ge bosons at the elementary particles experiment CMS, in the final state consisting
of a Z boson and a photon. Simulated datasets were used for the development of
the methods, which was followed by the analysis of data from proton collisions at
the LHC accelerator, and the specification of allowed values for the couplings.

A brief presentation of the experiment is followed by discussion about the cha-
racteristics of the signal from the new couplings, which occurs from a vertex in-
volving two Z bosons and one photon. The characteristics of the backgrounds are
discussed as well; the backgrounds consist of the same final state as the signal,
coming from either Standard Model processes or misidentification. After this, the
simulation process is presented along with the event generator developed for the
specific analysis. The chain of the selection criteria for the physics objects under
detection is eventually discussed, namely the selection of photons and electrons
and muons, as the latter two occur from the Z boson’s decay.

In order to deal with the background events which survive the selection, a tech-
nique was developed which permits the estimation of their number by using the
measurement in the Zv channel and a dataset triggered by hadronic jets. The
technique is discussed, and then the analysis results are presented as obtained wi-
th the first 36.1 pb~! of proton collisions.

As the number of events is too low for a direct observation of any new couplings,
a likelihood analysis is performed on the distribution of the photon transverse
energy. Prediction functions are obtained by using the simulated datasets with
anomalous couplings, and their compatibility with the measurement is examined.
Finally, new limits are set on the possible values of the couplings through maxi-
mization of the likelihood.

The observation is compatible with the Standard Model. The limits on one of
the two couplings are tighter than those from previous experiments, while more
data are required for constraining the second one.






At the end of the academic year, the students asked me
to give a talk about my experiences of teaching in Brazil.

Finally, I said that I couldn’t see how anyone could be
educated by this self-propagating system (...). “However,”
I said, “I must be wrong. There were two students in my
class who did very well, and one of the physicists I know
was educated entirely in Brazil. Thus, it must be possible
for some people to work their way through the system, bad
as it is.” (...)

Then something happened which was totally unexpected
for me. One of the students got up and said, “I'm one

of the two students whom Mr. Feynman referred to at the
end of his talk. I was not educated in Brazil; I was
educated in Germany, and I've just come to Brazil this
year.”

The other student who had done well in class had a similar
thing to say. And the professor I had mentioned got up and
said, “I was educated here in Brazil during the war, when,
fortunately, all of the professors had left the university, so
I learned everything by reading alone. Therefore I was not
really educated under the Brazilian system.”

— R. Feynman, “Surely you’re joking Mr.Feynman”
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ITebhoyocg

H ywelc nponyoduevo emtuyio tou Kathepwuévou Ilpotinou - g dewpntixnc
HoPQOTOINONE TNS YVAOOTS Ko YR antd To G TOLYEIWDT CUCTATIXG TOU XOGPOU - 0T
ynoe oe eviatixéc mpoondveieg edpeong wag pwyuhc oty doun tou. ‘Eva and ta
onuelor Tou pEAETOVTOL EvTaTixd yio plor Tétola €voelln Peloxetar 0Ny %ApOLd TKV
BV TV oLUUETELOY TTou uTayopelouy To IlpdTuno, Ye TN popyt oyéocwy avdye-
oo otoug Qopeic Twv duvdpewy: H noupovoia véwv ouletéewy twv nediny Baduidog
Vo ofjuanve pla anodxhion, aveZdptny and cUYXEXPEVES VewpnTIXéC TapadoyEc, o
anoTéNESE Ve amd TA AVTIXEUEVA TWV TEMTWY UEAETWY TOU TEAYHATOTOINXaY G0
nelpopa tou Yuunoyols Lwinvoedois Mioviev ye dedoyéva and cuyxpoloels Tpw-
Toviwy otov Meydho Emtayuvtr Adpoviewy tou CERN.

H nopoloa yehétn aoyoheiton pe autr Ty avalhtnon yia ‘avopares’ ouledéeig Pod-
widac oe yeyovéta 6mou 1 Tehixh xatdotaon anoteheitar and éva pnolévio Z° xou
€val PwTOVIo, xou Tpaypatonotiinxe ye ta dedouéva mou oUAAEyUnxay and To melpapa
CMS o1 dudpxeta tou 2010.
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Kegpdiaio 1

O emtayvvine LHC xou to
nelpopo CMS

1.1 O enwtayvvric LHC

O Meydhoc Entayuvtrc Adpoviwy (Large Hadron Collider, LHC) [15] anotehel
EVoL UNYAVNUA Yio LY XEOUGCELS TPWTOVIWV-TpwToviwy, xou Bploxetal eYXATECTUEVOC
oto tolvel mepuétpou 26.6km 1o omolo eiye yenowonomiel and Tov emrTaYLVTA
LEP, oto CERN, ot Bddoc aviyeoa ota 50 xar ta 175m %dtw and v enpdvela
Tou £ddgoug. H péyiotn Suvath evépyeia ouyxpoloewy, 1 onola avagévetal va M-
tevy el petd 1o 2012, elvon /s = 14 TeV eved 1) uéyiotn duvath gwtetvdtnTa eivan {om
ue L =10 cm™?s71. O tipée tov noupapétpev hertovpyioc tou LHC divovia otov
[Tivanco 4.1.

O LHC anoteheiton and 800 daxtuAioug oUyYypoTpov, xoTd Uxos TV 0Toiwy xvolv-
Tou 800 aveZdpTtnteg déopes mpwtoviny ot avtidetes xateudivoel, xou yenoonoLel
emmAéOV TO GUUTAEYUA TROo-EMTaLVT®Y oy unpye Nd1 oto CERN. Ot 8éopec Slo-
oTavpdvovtal oe téacepa onuela YOpw amd ta omolu elvar Tomodetnuéva técoepa
retpdparta: To 800 and ta onpeia anotehody neploy€c UYNAAC PWTEVOTNHTAC XaL O TE-
ydaouv toug aviyveutés ‘yevixnc yprionc’ ATLAS[16] xou CMS[17], o€ avudiapetpixés
Véoelc oo daxtuhto. Ot dhhot dlo aviyveutég, Tonodetnuévol ota onueio eloaywyhc
¢ Béounc and tov npo-emtayLvTH Super Proton Synchrotron (SPS), npoopilovto
v eZedixevpéveg épeuvec: O LHC-b[18] éyer avoantuyel yio tn uehétn tne puohc
TV x0udpx b xou cuyxexpuéva tne napaBiaone tne ovppetpiac CP, xar o ALICE[19]
yenowonoteitar Yo T UEAETT oUYXP0VoEWY BapémV 1OVTWY.

To @dhivonwpo tou 2009 npayyatonotfinxay ot tpwtec cuyxpovoelc otov LHC, oe
evépyetec xévtpou pdlac 900 GeV xar 2.136 TeV. And to Mdptio tou 2010, o LHC
Aertovpyel ot 7TeV. H Aertovpyla otn didpxeia tou 2010 eehiydnxe oyold, pe
Badatar adEnon tne otrypaiac potevétntac péyer T L = 2 x 1032 cm 257! tov
Oxtofpto touv 2010. O LHC Aeitobpynoe ye déouec mpwtoviwy uéypet Ty apyr Tou
NoeuBplou 2010, ondte xou yenowonotinxay déoucs Bupéwy téviwy. H ohoxinpwué-

13



Evépyeio avd vouxheovio 7TeV
IIedio owméhwy ota 7TeV 8.33T
Pwtevotnta (L) 103 em 257!
Anéotaon Seouidwy (bunches) 25ns
[T Adoc Beouidwy (1) 2808
Mowtévia avd deopido (N,) 1.15 x 101!
Hogdpetpog Ptatpov (5%) 0.55m
RMS oxtivag déoung (o) 16.7 pm
Xpovog Lwhc pwTevdTnTag 15 hr
Yuyxpoloeg avd Lo TALEWaT) ~ 20

Mivaxoc 1.1: Tiués oyedaouot twv rapauétpwy tov LHC ya ovykpovoerg
TpwToViwy.

VI WTEVGTHTA ToU TapaddInKe oTn didpxeta Tou 2010 Htay oyeddv ion ue 50 pb L.



Supercondugting Solenoid

Calorimeter

Bectronfagnetic
Calorimeter

Compact Muon Solenoi

Yyfua 1.1: To meipapa CMS ka1 ta vroovotrpatd Tov.

1.2 To netpapo CMS

To Yuunayéc Ywinvoedéc Mioviov (Compact Muon Solenoid, CMS) eivor évag
AVEYVEUTHS SPaTIdlnY “Yevixrg Yenong’, o onolog yenotponolel cuyxpoloelc and Tov
LHC. O oyeduoudg tou Eexivnoe otny apy e dexaetiog Tou ‘90, eved axololinoe
1 QAoN AVATTUENS X XATAOXEVHS TWV UTOoUC THEdTwY Tou. H cuvappohdynon xa 7
EYXATACTAOT| TOL xpdtnoe wia dexaetia, uéypl TNV apyr| g Aertoupyiog Tou LHC 1o
Noéufpeto tou 2009.

‘Onwe gaiveton oto Xyfua 4.1, to CMS nepthaufdver Evay ECWTERIXG AV VELTH| TPO-
yuov (tracker) Boaotopévo oe teyvohoyia mupttiou, xa éva nhextpopayvnTixd Veput-
SOUETPO %pUOTAAAWY TO 0TO{0 cUVOdEDETAL b Evay avty VEUTY Tpoxatatylopol (pre-
shower) ota dxpa Tou, TtepBeBnuéva and éva adpovixd Vepuiddpetpo. Ta cuvothpota
autd Bploxovtal eyxates THUEVA PECA OE EVA UTERAYDYLHO CWANVOEIES TO OTOolo Uno-
pel va mapdryet poryvntixd medio 4T yio Ty xoaundAwor TOV TPOYLWBY TOV QOpTIoUE-
vov copatdioy. Elw and tov poyvitn undpyouy wovixol VdAopol, EVOOUITWIEVOL
07O GUOTNUO EMGTEOPNC TNG Loy VNTiXAg porg. XTig eunpoodieg neployég tou CMS
Beloxovtow adpovixd Vepudouetpa, Yo TNV xGAun eVOC TUAUATOS TOU YWEOU TOU
aprivouy Tor unohoina VepurdoueTEOL.

To oyfua tou CMS etvon xUAVEIXO, UE TIC DECUES TPWTOVIWY VL BIATEEYOLY TOV XEV-
TEwO d€ova Tou XUAVOPOL ot TG CUYXEOVOELS Vol AaPdvouy ywpa 0To %xEVTEo Tou.
To clotnua cuvtetaypévoyv elvar 8e€ld6TR0YO, 1) apy | Tou eivon TotodeTnuévn 6To
WBavixd onueio abyxpouong, o dZovag y xatevdiveTal xd¥ETa TPOC TA TAVW, O EOVIC
x xatevdivetar axtivixd mpog to xévipo tou LHC xo o d&ovag z Peloxeton xoatd
unxoc e drevduvong tne déounc. H alipovdaxr) ywvia, ¢, yetpdtou and tov dZova
Z T4V 070 eMUNEdO T — Y, xou N Tohxn Ywvia, 0, yetpdton and Tov dZova 2. Luvidwg
ypnotponoteitar 1 Yeudowxitnta (pseudorapidity) avti yio tn yovia 0, xou opiletar
wcn=—In (tang). LUVETOS, 0 UTONOYIOUOS TNS OPUNG XAt TNG EVERYELNG TOU UE-
TPOLVTAUL EYXJPOLN w¢ Tpog TN StedYuvor Tng déoung, xat ol onoleg auuSolilovton e
pr xou Ep avtiotowya, yiveton and to otoyelo & xou .



Kegpdhaio 2

AvalNTnon Yo AVOUAAES

TEeLYpauuLxeES cLLEVEELS
Baduloag 6TO *aAVAAL 70~

To napdv xepdhato neptypdpet Ty aval(Tnon Yio AVOUIAES Tty pauxés oulel-
Zetc Badpidac (ATGCs) 610 xavéht Z0(— 1117 )y, bnwc exteréotnxe oe ~ 36.1% pb ™!
dedouévey and T ouyxpoloelc atov LHC ta onola culhéydnxay and to melpoypa
CMS o1 didpxea touv 2010. [44][45]

To xepdharo apyilel ue TNV TEQLYPAPY| TWV YARAXTNEIO TIXWY TOL LTS eEETAOT) OHUATOC
XL TV XLELOTEPWY LToPdlpwy, oty Tapaypdpo §2.1. Mtnv §2.2 napousidlovta o
YEVVATOPEC YEYOVOTWV (event generators) mou Stadétouy Tn duvatdTNTa TOPAY WY HS
OUVOAWY DEBOPUEVKY UE AVWUUNES TELY PURUXES XOPUYES, Xat OL AETTOUEPEIES TG TPO-
copolwong 1 onola ypnotwonotfinxe otny avdiuon.

To xpitrpla Yo THY TAUTOTOMON TWV AVTIXEWEVGLY Tou eupavilovtal oTny Tehxr xa-
TAO TAOT) X0 YA TNV ETAOYT TV YEYOVOT®Y culntovia oty §2.3. Ennpocdétwe, 7
§2.4 topovordler tn Pactopévn ot pétpnomn uédodo (data-driven method) mou yper-
owonotiinxe Yoo TNV eXTIUNCN TwV XUPLOTEPWY UTOPBAYE®Y TOU UTG UEAETH OHUATOC.
Ta anotehéopoata TN AVIAUOTE TV BESOPEVWY aTtd T oUYXPOVGEIC ToPOoLaLIloVTaL
otnv §2.5.

Télog, n otatio iy avdiuor TV yetphioewy oulnteitan otny §2.6. H yehétn oho-
xhnedveTow pe Tov xadoploud VE oplwv i Tic Tiwég Twv aTGCs.
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2.1 XAua xo voPadpa

2.1.1 lIlepitypoyn TwV avouoiwy cLlebewy »al Yo-
EAXTNELC TIX& TNS TEMXAS xaTtdoTaone 2y

[Tpoxewévou va undpletl Teptypay| TwV TELY AUXOY cULEDEEWY AVAUESH O OLOE-
tepa unolovia Badpidag aveZdptntn and cuyxexpiéves Yewpleg, amaiteiton plo evep-
Y6< hayxpavtliavA[5].  Auth mpoxdnter av xataypapody 6hot ot duvatol bpol oh-
Anhenidpaong avdueoa oe tpla avuopatind unolovia, xou tedoly uévo moAs yevixol
neploptopol, Onwe elvar o avakholwto und Lorentz tou on-shell gwtoviou, 10 avol-
Molwto Baduidag und Tov NhexTpopaYVNTIOWS, Xat 1) Topadoy T aUEANTEWY UaldV TwY
peppioviwy. Ev télet 1 ouvdptnon tng xopughc 1 onolo mepthauBdvel GpuTOVIAL Xou
uroZévia Z0, Snhadh n Z99V (V = virtual Z°, ), uropet va neprypagel péow teo-
odpwv mapapétowy Yio Ty xdle tepintwon, twv hY o5, (V = 29, 7):

v oppéc Z°%(q1)v(q2)V (P),

hV
Po(arae, P) = A b (5™ — a8"°) + 5 PO((P - 2)g"” — 45 P
Z
hV
+hY PP gy, + m742 PP Pygos | (2.1)

z

’ nafBp o / / / 7 ’ ’
OToU € elvor 0 TARPWS AVTIOLUUETEXOS TaVUO TR, Mz elvon 1 udla Tou urnoloviou
79, evéd 0 ohixde TIP3y OVTAS AV yiveto
P2 2 P2
.AZ:qulthxV:Zo, wxaw AV = — yia V =1.
myz my

H urnd pehétn tehnr| xatdotoon yopaxtneileton and v Omapln evog Ledyoug avti-
Veta QopTiouévey Aentoviwy g (Blag oixoyévelag xo evog gwtoviov. Ta Aemtdvia
anotelolv TpoidvTa Tng didonacng evog unoloviou 70, Kadéxe N ev Aoy Bradixaoio
apopd avidpahes tptypapuxéc ouleviele Baduidac (aTGCs), npoxiintet péow 10U xo-
vahio0 s Tou Yyfuatog 2.1.

H (B tehixt| xotdotaon propel vo npoxifet evidg twv nhosiwy tou Kadiepwyévou
Ipotinou (KII) yéow touv xavakiod t tou Lyfuatog 2.1, ahhd avtipetwniletar o¢
unoBadpo oty avalitnon avopakwy ouletiewy, xalOe o AUTH TNV TEPITTWOT T
000 unolovia dev mpoépyovta and xowr xopupt. Evtog tou KII undpyer enfong ou-
Velo@opd and axtivoBohia tehxfic xatdotaone (Lyfue 2.2) xou exnopnt| oe eninedo
Bedyywy, ev TolTolc 1 deltepn elvan apelntéa (wxpdtepn xatd 14En 1073 oe oyéon
we t drodixaoio 6o xavdhe t [7]). Xuveispopéc evtde touv KII ot onolec pnopodv va
wundodyv 1o ofua Z% oulntdvior ot oUVEYELD, OTNY EVOTNTA Yiol To ENUTTOOUUY
vnéPadpa (§2.1.4).

Av 1 ropayeyh Yeyovétev Z% péow tou xavahiol s ouuPaiver ot @loT, oTov



Syfhue 2.1 Awypdupata tns rapaywyris Z%y o€ leading order. Ta 6Yo bia-
ypdupata otnr mpdtn oepd emtpénovtar evtds tov KII. Ta daypduuata tng
devtepng oeipds, e V= Z° 1j v, uropodv va mpoxdihovr av vrdpyour avdpales
TOIYPAUHIKES KOPUPES.

Syfue 2.2: Hapaywyn Z°y oto KII péow axtivofodias teAikiis katdotaorn.



LHC Yo mpoxOiet yéow tng arinienidpaong avipeoa o€ €va XOUGEX - XUTA PEYO-
Motepn mavotnta o oto3dda o¥évoug -, xar evog avTi-xoudpx g Vdhacoug Tou
npwtoviou. O gopéac tne ahnhenidpuonc pnopel va eivor éva off-shell Z° 1o omofo
yivetar on-shell exnéunoviac éva pwToOVIO, B, AMYOTERO CUYVA, EVAL POTOVIO TO OTOLO
exnéunet éva Z° o yivetar on-shell.

To urolévio Z° unopel 611 ouvéyela va Blaomaotel péow AETTOVIXOY X ABPOVIXGY
TEOTWY, Pe Toug dedTepoug va utepxepdlovtar otov LHC and 1o yéyedoc twv unofd-
Yowv QCD, xou cuvendg va un hayPdvovtor u’odn otny napoloa avdiuvor. ‘ANkec
duvatéc daondoeic tou Z0 eivau wéow Levy®v vetpivwy, ot onoleg dev avtipetonilov-
Tar o auTH) TN pEAéTn. XTn ouvéyela Yo eEeTaoToOY o Aemtovixol tpdmot dSidonaong
OE NAEXTEOVLAL X0 ULOVLL,

O Méyou didonaonc 1wV Aentovindy dtaondocwy tou Z° eivar: 3.363 £ 0.004% vy
nhextpévia xar 3.366 + 0.007% yia piévia[46).

[Tap’okn v Umoapln Te00dowy dBUVATOY avOUaAny oLebEenwy Yia xdle uio xopupt
Z09V (V = Z,7), 670 napaxdte Yo culntnioly yia uxolia pévo ot ouledieic hY
hY , ot onofec Sratnpoly T cuppetpia CP. Ae Yo undpZel andAela T YEVIXOTNTAC,
xadodg oL oulelielg hY,Q’ ot omoleg napaPialouy 1 oupuetpio CP, €youv cuprneplpopd
TOPOUOLL UE TWV h;)/A avtioToyo. Xta axdrouda, Yl TIC EVEQYOUS DLATOUES Xot TIC
XATOVOUES TWV XIVUATIXWY PETUBANTOVY Yenotponotinxe tAnpogopia and 1o eninedo
npocopolwonc (generation-level) and tov yevvitopa yeyovdtwy ‘BAUR Z0% (§2.2).
Ta podva xpithpta ETAOYNC TOU EQPUPUOCTNXAY 6TO eninedo mpocopoiwone elvon ta

e€hc:

o cyxdpoa evépyeta Tou pwtoviou EJ > 5GeV,
o cYXxdpoio 0pUt| TWV AETTOVIWY pljfpton > 5GeV/c,

e anHOTACT AVAUESH OE PWTOHVIO Xou AETTOVIO o TV TeEAix) xatdotaon AR(,v) >

0.5 (6mouv AR(l,7y) = v/ (A¢)? + (An)?, ¢: alyovdions ywvia, n: Peudowxd-

™).

O Hivaxag 2.1 diver Tic evepyolc datopée vl v tapaywyh Z%y oto KII, yio ev-
dewtixéc 1pée twv aTGCs ot onoleg ypnowonoodviar 6Ny TapoLoa avdAuoT), %ot
yio ta xuptotepa umoBadpa. Ot evepyol dlatopés yio Oha Ta Tpocouotwuéva delyuata
mou mepthapPBdvouy aTGCs xou to omola yenoponotinxay otny aviiuon Beloxovia
ouvyxevtpwuéveg otov Ilivoxa 2.3, §2.2. H emhoyn tov ttuev o 1i¢ ouledieic h:‘{A,
xoddS 1o ot ToPAdOYES YId TIC UTOMOLTES VEES QPUOIXEC UETUPANTES TTOL UTELGERY OVTL
0Toug uTohoylopole, oulntwvta oty §2.6.1.

2.1.2 IouotnTeg tou oRuatog - MeTofSAnTtég avaxd-
SRS

Tuyobv cuvelopopd and x0pLYES UE UN-Undevixés tptypaumuxés ouletiel Vo Ael-
TOUPYNOEL CUUTANOWUATIXE W¢ Tpog Tig dlepyaoieg mou divouv v (Brar Tehiy| xa-



KII 0, 0.004 | 0, 0.004 | 0.12, —0.004 | 0.12, —0.004
(Z2Zy) | (Zv) (Z227) (Z77)
Evepydc dwtout; (LO) (pb) 22.53 45.64 41.51 51.99 46.31
Avopevépeva (36.1 pbil) 813.33 | 1647.60 | 1498.51 1876.84 1671.79
Z+jets | Wijets tt QCD (e) QCD (u)
Evepydc duatopry (NLO) (pb) 3048 31314 157.5 6.45 - 10° 84679
Avapevépeva (36.1pb~1) || 110032 | 1130435 | 5686 2.3 108 3056912

ITivaxoac 2.1: Evepyol dwatopés kar avauevipeva tAndn yeyovétwy o€ oAokAn-
pwpévn potavétnta 36.1pb~" ya to kavddi Z°%y oo KII, yia evdeirktinés
tpés twv aTGCs, kar yia ta ovvoda dedopévwy mov Angdnoar vr’oyn otny
rapovoa avdlvon oav kpia vréfalipa otn dadikaoia Z%. Ta Letyn twr aprd-
poy aTnr mpdTn oapd avtiotooly 0TS TS Twr avdpaer ouvletéewv hY
kar hY (V = Z° ~) avtioroiya, yia tig 00 duvatés avduales kopupés Z04V.
Or exléteg n mov vmewwépyovtar oTnY €KPpacn yia Tous mapdyovteS Hopeng
(Eiowon(3.6)) Oétovtar ioor e undév. (Or evepyol datopés yia dAe§ Tig Tipés
twr aTGCs mov ypnoonominkay otny avdAvon Ppiokovtar otov Hivaxa 6.3,

§1.2.)

| [ h \ I | h |

LEP II (700pb™ ') || —0.20 | 0.07 [ —0.05 0.12 | —0.049 | —0.008 | —0.002 [ 0.034
(A =2TeV)
CDF (5fb~ 1) —0.018 [ 0.020 | —=9-10"* [ 9-10=* | —0.021 | 0.021 | —9-10~* | 0.001
(A=1.2TeV)
CDF (5fb 1) —0.017 [ 0.016 | —=6-10~* [ 5-10~* | —0.017 | 0.016 | —6-10~* | 6-10~*
(A =1.5TeV)

DO (A =1.5TeV) || —0.033 [ 0.033 [ —0.0017 | 0.0017 | —0.033 | 0.033 | —0.0017 | 0.0017

(1fb~'1,3.6fb ')

[Tivaxoac 2.2: Tpéyorta katdtepa kar avwtepa nepapatikd épia Yia TS avopaAes
ovlevéeas hy, (V = Z° v) o¢ eninedo eumotooivng 95%, oo ouvdvaoud twy
kavaAiy Owordoewy o€ NhekTpovia, povia, kai, yia to Tevatron, vetpiva. Ia
kdUe Tiun, okes o1 vrddoimes aTGCs tidevtar ioeg pe unoév. H petapAntny A
ovlnteirar otnr §3.2.3.




tdotaon oto KII, ouvenwg 1 evepydg Satour| avopévetar va avéniel napovoia twv
aTGCs. H evepyodg dratopr| €xer drypaumxy| e€dptnon we npog v xdde oblevin. H
o0levEn hY epgaviletan otn hayxpavtliavi pe teheotéc didotaonc 6 [5] xo odnye
oe eEdpnon Paduot 5%/2 we mpoc Y evépyeld 6o xévtpo pdlac, evéd 1 hY éyel te-
Aectég ddotaong > 8 xat e€dpTno §5/2 Q¢ AmOTENESUA, 1| h}( emnpedlel oy updTEPA
NV EVERYO dlatopn, EVE LTdEYEL ot Yevixr adénon e evaoinoiag o ueyahiTepeS
evépyeieg x€vipou pdlag.

‘Onwe yivetar gavepd and v EZicwon (2.1), ot dlo tprypapuixéc xopugpée, Z0Z%y
xa Z%y, ouvelopépouy ev Yével dlapopeTind oty evepy datoph. H Z0Z% éyel
Loy LEATERT GUVEIGPOPS, xS oe auTh TNV tepintwon éva off-shell Z9 exnéurer éva
dualo pwToVIO, Tapd To avtideTo.

Ta undpyovta TelpauaTIXd OpLo OTIC TIHES TWV h§f4 Beloxovtar otov Ilivaxa 2.2 [47].
Or tipéeg toug ot omoleg ypnotwonoidnxay oIy Tapay®YT| Yiol THY Tapoloa avdALoT
eivar hg = {0,2£0.12}, hy = {0,40.004}. Iepioobtepec heMTOPEPEIES VLol TOL YAPO-
ATNPIOTIXG TG Tapaywyhg divovton otig §2.2 xou §2.6.1.

H adénon otov apdud twv yeyovotwy und v Onapln aTGCs elvon epgovic otny
xatavopt| Tg ey xdpotac opufic Tou gwtoviou pr (Syfua 2.3), oe Tiwéc peyahiTepeC
and ~ 100 GeV/c (enione Tydua 2.5, §2.2). Kadde n xatavoyur e p emitpénet o
droywptopd avdpeoa otig aTGCs xan 1o KII, xou xododg €yel emnpooiétnwg ouvap-
notoxy) €€dpTNon and TIC TWES TV hi{%/A’ TpooépeTal Yiot ‘PETUPANTY avoxdAudng,
xou emtpéner Ty mpooapuoyy (fit) e ouvdptnone akndogdvewrs (likelihood) ota
netpapatixd dedopéva (§2.6).

‘Onwg avagépdnxe, n napaywyr) tou off-shell unoloviouv Ya tpoxtiel péow tng aAin-
Aemidpaong evog avti-xoudpx tng Ydhacoag Tou TpwToviou xot, oyYEdOV TAVTA, EVOS
xoLdpx oévouc, ue amotéhecpa TN oyetxio Tl winon (boost) xatd phxoc e
BievuVoNE TOU ELCEPYOUEVOU XOUBPX. LUVETKS 1) TApousia avOUolwy cLlediewy
uropel va €yel tpogavég anotéheoua otV avolholnTn udla Touv TEAX0Y GUG TAUATOC
TPUOV-OWUETWY XAl OTIC XUTAVOPES TWV EYXAPOILY 0pUAOY TwY Aentoviny (LyAua 2.7,
§2.2)[12].

H napovoia avouoroy ouledlewy Yo ennpedoet axdua TNy xatoavour| tne eEAxdTnTog
Tou LeUyoug AenTOViDY, xa®C 6TO XAVAAL § OL EYXAPOLES OPUES TV BUO TEMXOV Uno-
Coviwv Va etvar {oegc. Ot ywvieg didonaong twv Aentoviwy Yo dpouv wg dievdivoeig
TpoPolrc Twv aTotyelwy Tng eEMxdTNTIS, To omoia axolovdolv 6e aUTH THY TEPINTWOT
exelva tou ZY. To arotéheopa eivon nwg ot alipovdioxés ywvieg didomaong Ty Ae-
rroviey, ¢!, tapouctdlouvy cuoyétion pe Ty aliovdiax’ Ywvia Tou gwtoviov ¢V[11].
Avutéc o1 petafintéc unopolyv va pehetniolv yio tapousia VEag QUOIXAS GTAY GLY-
xevtpwiel enopxnc 6yxog dedoyévmy and Tic ouyxpoloelc otov LHC. Ev toltoi, 7
xatavopt| TN pg. Yo cuveyioer va tapouotdler ThAeovéxTpaTa K TS TV evacinoia
oe un-xadiepwpéves ouleviels, xadwe TpoxELTL Yio dueca TopatneNolpo péyedoc.
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Lyfue 2.3: Ilpooopoiwuévn eykdpoia evépyeia pwtoviov oe eninedo otolyeiwy
munTpag oo Oetyua Z%y, yia to KII ka1 ordpopes Tiués twv avadpadwy ovletéewy
h§4. O1 katavoués éxovr mpooapiootel oc kAijuakxa 36.1pb™".

2.1.3 Mn-ehattooipa vnoBadpa

‘Onwe oulntidnxe mapandve, 1 topaywyh 1wy Z° xa v and wla xowh xopueh
anayopeetar €vtog tou KII addhd n ev Aoyw tehxr] xatdotaon propel va npoxidel
o eninedo Born péow tne mapayeyhc Z° 6tav auth cuvodeletor and Tautbypov
axtvoPolia apyxfc xoatdotaone (ISR) 7 axtivoBola tehixic xatdotaone (FSR)
(Zyfuata 2.1, 2.2). Xty npon nepintwon, 1 exnouny| Tou @wtoviou yivetar and
€val and T OAAAETUOPOVTA x0LdEX, Xou O TN OEVTERPY Amd €Vol And T AETTOVIAL TOU
npoxUnTouy and 11 didoracy tou Z°.

Koatd xavéva n FSR unopel eite va tavtonomiet, xoadog oTic neplocdtepeg nepint-
OEIC EXTEUTETOL OUYYPUUIXA UE ToL AETTOVLAL, lTE v Angiel um’ o o TNy avaxaTaoxeuy
TV Aemtoviwy. And v dAAn, 1 ISR anotekel un-ehattdoipo vnéPadpo.

2.1.4 Elattwowo unoBadpa

To ehattdotpa vndfadpa ooy va tpoxdYouy and haviacuévrn tautonoinom,
elte Tou gwTtoviou eite Tou eVog 1 %o TV 800 Aentoviwy. To uévo adioonueinto and
autd o unbPadpa eivor to Z0 /4 + jets, dmou ol nidoxec UnopoUY Vo XEPUAUTIGTOVY
0€ OLBETEPA PETOVLOL X0 XATOTY VO TAUTOTONI00Y AAVUACUEV OC UEUOVWUEVIL Q-
tovio. ‘Eva 1060616 tou unofdipou unopel va emilhoet axdpo xou UETA THY EQPAUPUOYT
XtV xprtneiny emthoyrc (§2.3.3), xou 1 1O ATOTENECUATIXY, AVTIHETWTIOY TOU
ebvon 1 yperon pedodwy Pacioyéveoy otn UETeNon Yo TOV UTOAOYLoUS Tou aptipol
evanopeivavtwy yeyovétny unofddpou oty mewpapatixd pétpnon (§2.4). e xdde
TepinTwon, xoddC N XATAVOPR TV 0pUGY TV 0LdETEPLY pecoviwy (t.y. 7, 1, p)



ehattovetan, N mavétnta Addoug tawtonoinong yiveton mold uixpr oe uPniotepeg
EVEPYELES, Xou Yot TWEC TNS EYXApotag opunic TV gutoviey >~ 100 GeV /c avayéve-
Tan v efvon aeAnTéQ.

Emniéov, et} xotdotaon anoteholyevy and €va (eOyoc AenToviwy xot €Vol Qw-
TOVIo unopel va tpoxidel and pla mowia Siepyaotdy evtog tou KII, ahhd oe autég
TIC TEPINTAOOELS 1) xatavopr tne udlag tou (evyoug Aentoviwy de Yo mapouotdlel
yapoxtneto Tixd, aiEnom yopw and v T e pdlag tou Z°.

Kémota Mydtepo onpavtixd vndPadpea to onola nepthouBdvouy Addog tautonoinon
ebvou:

o tt — ITI™ + jets, pe éva havdacpéva Tautonomnuévo PuTévIo,

o pp — WH(— 1F1)) + jets, ye havdaopév avoxataoxeut] Aentoviny xot guTo-
viwv,

o dicpyaoicg ypwuoduvouxnc ot omoleg xatahfyouv oe (elyn AenToviwY xou Po-
oI, elte aAndvd eite and haviaopévn tavtonoino.

Ev toltoig, autéc o1 Bigpyaoieg dev mapousidlouy abénon g xatavours tng udlag
YOpw amd TV 1A Tou ZY, evid ouvideg tpolnovétouy todhanhéc Aavdaouéves tou-
tonooeig. H e&dheun toug péow xpitnplomv emthoyhc YEYOVOTWY ot avTIXEUEVWY
elvon e0XOAT.

Or evepyég Satopéc twv avagepléviny urtoBddpny eivar cuyxevipwuéves otov Iliva-
xo 2.1

Ev xatackeldr, 1 yapaxtnpio x| unoypapr) e und pehétn diepyaosiag, dnhadh 1)
EVIOYUPEVT) XoTavour, TS Py, Zeywpiler ebxola and exelvr tou KII otnyv nepoyh twv
vdnhotepwy TGy >~ 100 GeV /¢, xar Tuyoloa napathenor e Yo anotehovoe dye-
on évoeln véag puotxiic. Ev to0tolg, oe yaunhotepeg Tée, ot onoleg lvon o TNy Tpddn
o ot wévee mpoofBdotuec e 36 pb! dedopévev and cuyxpoloeic Twv /s = 7TeV,
1) TUPOUGIA VEWY QoUVOUEVKY UTOPEL Var Blaywpeto el and to un-eAattwotwo undBadeo
ISR poévo péow otatioTix®v mpooapuoywy. Kotd cuvénewa 1 xuptdtepn Suoxohio
EYAELTAL OTNY EAGTTOON X0l TN 0WoTH extiunon tou evanopeivavtoc uroBdvpou and
Z + jets.



2.2 Tlopaywyn YEYOVOTWY

Auth 0 evoTnTa TEPLYPAPEL TU TEOCOUOLWUEVA GUVORX BEBOUEVLY XL TOUG YEVVH-
TOpES YEYOVOTWY (event generators) mou yenoponotidnxay otny napodoa avdhuoT).
O yewv#topuc otowyelwy uhtpac ‘BAUR 20 nailer xevipted pdho xadoe avartiyin-
XE EWIXA VIOl TNV TAPAYOYT] AVOUIAWY oNpdtwy. Xta axdhovda diveton 1 meprypapt
e oyenxn Topay YR, Holl e Slory AUUATI TWY XIVNUUTIXWY TOCOTHTWY OF ENINE-
do mopaywyfc (generation level).

Na onuewwie! €66 6TL T TpocopOIOUEVA BElY AT TOU CHUATOS TOU YENoYLoTOM XY
rapdydnxay pe 500 YEVVATOPES YEYOVHT®LY, Tov ‘BAUR Z%4’ xou 10v SHERPA, ot omof-
ot glvat o oL UOVOL YEVVATORES oL TERLAAUBAVOUY aVWUAAES XOPUQES Xa elvor Bio-
Véowol oto enionuo Aoylouxd avaxataoxevric tou CMS. To vnéBadpo avixer otny
enlonun mopaywyt Tou newpduatoc CMS, ue ypfion v yevwntépwy MADGRAPH[48]
avd PYTHIA[49] (ot Siepyaoiec unodipou oulntodvtor oty §2.1). Ltnv npocopoi-
o dev TpooTéUnxay Yeyovota pile-up, Aoyw tng youninig otiypiolag QWTENVOTNTAS
tou LHC o1 didpxeta tou 2010 (péytotn tph ~ 2 x 1032 em=2s71).

2.2.1 llopaywy”n KE TOV YEVVATORPX YEYOVOTWY ‘BAUR
ZO’}/’

[poxepévou va ypnowonoimiel o yevvitopag ototyelnwy uitpag twv U.Baur et al
[12] 6ta mhadota Tou enionuou hoytowxol avaxataoxeuric tou CMS, avartiydnxe pio
eZedueupévn epapuoyy tou. O yewhtopac ‘BAUR Z09’ [52] emitpéner v napaywyH
YeYovéTwY o onola tepthauBdvouy Tic avdpakes xopupée Z0Z0%y o Z0yy, wall pe
Vv avtiotoyn dienagn oTto yevvAtopa PYTHIA yia v avdntudn tou xatarylouo
TapToviwy xal TNV adpovoroinot.

H mapaywyr mou yenowonoidnxe otny avdluon nepthayBavel TNy ovOUOAT xopu-
of) Z0Z0% xan éyive Eeyopiotd yio o 800 xavdhia hentovixdyv dondoewy tou Z°,
onAadt, o nhextpdvia xou woévia. Egapudotnxay ot e€¥g xtvnuatixéc ouviixeg:

o cyxdpota evépyeta Tou gwtoviou EJ. > 5GeV,

o eYxdpota opun) TV AenTOViKY pfﬁpto" >5GeV/e,

’ 4 7 ’ /7 4
o anOOTUCT AVGUESH O TO PWTOVIO XAt T AETTOVIAL 6Ty Tehx T xatdotoon AR(l,y) >

0.5 (6nov AR(1L,7) = /(A@)% + (An)?, ¢: alipovdionch; Yovia, n: Peudowxi-

™).

IMapdydnxav evvéa chvola dedouévwy yior xdde xaviht, ye tig avouahes ouledielg
va nafpvouv Tic dudxprtec tpée hy = {0,£0.12}, hy = {0,£0.004}. Ae ypnot-
pomoriinxayv mopdyovtes popghc (form factors) yia v meprypagtr twv oulebiewv
(§2.6.1). Ou evepyol dratopéc twv derypdtoy Bploxoviou ouyxevipwuévee otov Iliva-
xa 2.3. Hop’dho mou o yevvhTopag €yEL Th SUVITOTNTA TEUYUATOTOINOTS UTOAOYLOUWY



hZ 012 [-012[-012] 0 [O(KI)| 0 | 012 | 0.12 | 0.12
hZ[-0.004| 0 |0.004 | -0.004 | 0 (KII) | 0.004 | -0.004 | 0 |0.004

| oo (pb) || 40.71 [23.39 | 51.98 | 45.64 | 22.53 | 45.64 [ 51.99 | 23.38 | 40.89 |

[Tivaxag 2.3: Evepyol Suatopés ya tny mapaywyn tns kopueris Z°Z% e tov
yevvitopa BAUR Z%y o€ erinedo Born, ya sidpopes Tiués twv avduadov
ovlevéewr hgz, 4

devtepne TéEne (next-to-leading-order, NLO), yia tnv napaywyh tov napdviwy de-
dopévev evepyomotinxay uévo ot digpyaoieg oe eninedo Born. Autd €yve mpoxer-
wévou va ano@euy Vel 1 BITAY) XATAUETENON TWV ADPOVIXWY TBAXWY XATY TO TEQACUA
WV YEYOVOTwY 0Ty PYTHIA, adld xar enedr o alydprduog Tou BAUR otepeitan )
duvatoTnTa eExmounrc axtivoBoAlag nédnong and ta Aentévia oe NLO, xadde yenot-
womotel Tpooéyyion atevol TAdtog (narrow width approximation) yio tn wdlo tou
Z°.

[poxewévou va Anedodv ur’odn or cuvelsopég avitepng TdEng, Tparypotonotiinxe
otddwon (reweighting) ye ypron e pedddou twv ‘k-factors”. H otddmon epopud-
CTINXE GTIC XoTAVOUEC TNS TEMXAC EYXSpotac opufic Tou pwToviou, pl., xadde auth
elvar 1 ueTaBANTH mou yenowonoteiton oty napoloa avalfmon yio aTGCs (§2.1).
Or d0o nepintwoee, pe axtvofolio apyxfic xou tehxhc xatdotaone (ISR xou FSR)
vroloyloTnxav xat egapudotnxay Eeywptotd. O unoloyioude tou k-factor yia FSR
Tpaypatonotinxe ypnowonowwvtac to npdypoupa MCFM[53], xou Beélnxe va €yet
™ otadepr) Twh 1.2. T v ISR ypnowonominxe o untoloyouds TWV XATAVOUWY
oe LO xou NLO oné tov BAUR. O k-factor pe e€dptnon and v pl. opiletu wc o
AOYOC TV dagopixwy evepy®V datouwy oe NLO xou LO:

_ donro/dpr
doro/dpr

Y10 Aoyo mou mpoéxule mpayuatonolfinxe TEOCUPUOYT UE TOALOYLUO Tpitou Po-
wol, ue Vv npooixn otadephc Thc and ta 150 GeV/c xar mdve (Lydua 2.4). Ot
k-factors vrnoloylotnxav yioa v nepintwon tov KII xo egapudotnxay oe oha ta
olvola Sedopévwy, eved Mgdnxe pio emnhéov cuotnuatxy afefadtnta 10% ot
TEPLYPAUQPT) TOU OHUATOC.

Yta axohovda oyfuata TapoucIdoVTaL Ol XATAVOUES TV XIVNUATIXWY TOCOTAT®V
oe LO, og eninedo napaywync. O xatavouée yio ta KIT xan 1o oxte delypato pe aT-
GCs eugaviCovton yall yioa Adyoug abyxpiong. ‘Ola ta anotehéopata €youv UTOOTEL
xatdAAnAn ahhory# xhipaxac ot 36.1 pb~ L, n omola efvon 1 ohoxANpwUEVN POTEVTN-
Toe Tou GUAAEYUNxe and to CMS ota avtioTtoya xavdhio 6N Sidpxela Tou 2010.

Ta Eyfupata 2.5 xou 2.6 napouctdlouy tny eYxdpota opun xou TV xatavopr Yeudow-
x0ttac tou gotoviou. (H eyxdpoia opur| napouctdleton 610 £0pog TWMV TV TpOTOV
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Syfua 2.4: Apiotepd: Awgopikés evepyol datopés ya tn dadikaota Z% tov
KII oe NLO (endvw) ka1 LO (kdtw), ya gwtévio ané axtivoPodia apxiknig
katdotaong, VToAoyiouéves ue tov yevvitopa yeyovétwv BAUR Z%y, ue
Kkwnuatikd kpieripla emAoyrg mov xpnouoroiyinkay atny avdlvon (§2.3) [45].
Ae&id: O Abyog twry NLO/LO kai o k-factor érws npokdnta oav ovvdptnon
g €ykdpoiag evépyeias tov teAikol gwtoviov[45].

dedopévmy tou LHC. To nhfipec edpoc tywmyv Bploxetoun oo Lyfua 2.3 e §2.1). Ta
Yyhuortar 2.7 o 2.8 delyvouv Tig xatavoués eyxdpotag opung xot PeudomxhTnTag TRV
woviewy. Ot xatavopés v nhextpoviwy eivar tapduotes.

2.2.2 Tlopaywy”n UE TOV YEVVATORX YEYOVOTWY SHER-
PA

O yevvritopag SHERPA mepthopdvel To 8ix6 Tou LOVTERO avdmTung xatonytogos
naptoviwy xor mapéyel ouvelopopés QCD avdtepne tédéng otoug unoloylouols ot
eninedo Born. o ouyxexpiuéva, mépa and ta diorypdupata oe eninedo dévipwy, o
SHERPA mepthou3dver exmounty] YAouoviwy and €va and ta xoudpx apytxig Xotdo Ta-
ong (Sepyaoio LO), xou exmounyy axtivoBohiag nédnong and 1o tehixd xoudpx oTic
diepyaoiec alknhenidpaone xoudpx-yhovoviou (Siepyasio hoydprduou npdtne Tédne,
leading-logarithm order).

O SHERPA ypnotponotflnxe Yiol TNV Topay®Yr] cuVOAwY dedouévey Ue Tig 800 xopu-
wéc 209V (V = Z°,7) pe téc ouletiewv hi = {0,40.12}, ) = {0,£0.004}. Ae
Yenowonoiinxay tapdyovies xAiuaxog Yo TV TUpAUETPoToMon TwV culediewy.
Egapudotnxav ot e€ig xivnpatixés ouviixeg:

o cyxdpota evépyeto Tou gwtoviou E). > 5GeV,
® cYXdpOLa OpUT| TWV AETTOVIWY piﬁpto" > 5GeV,

’ 4 ’ ’ 7/ 4
o andoTUON AVAUESD O TO YWTOVIO X0t T AeTTéVLa 6Ty Tehxd xatdotaon dR(1,y) >
0.5,
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Yyfuo 2.5: Eykdpoia evépyeaa twr pwtoviowv twy otoyelwy untpas oto Octy-
pa Z%y, oe eninedo yevvitopa, ya to KII ka1 Sidpopes Tpés v avdpalwv
ovletéewr h:,{ 1. O1 katavoués éyovr vrootel katdAAnAn aAdayn kAipaxas ota
36.1pb~ 1.
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Yyfuo 2.6: Yevdowritnta twr potovior twry otoelwy untpas oto Octyua
Z%, o€ erinedo yevvijropa, ya to KII kai sidpopes Tipés twv avdpalwy ov-
levewr hi,. Or katavoués éxour urootel katdAAnAn aAdayn kAiuakas ota
36.1pb~ L.
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Syfua 2.7: Eykdpoia opprj twv povieyv oto defypa Z%, oe eninedo yevvitopa,
yia to KII ka1 oidpopes Tijués twv avopadwy ovlebéewr h§4. Or katavopés
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Syfue 2.8: YevbowkUtnta twv puovioy oto defypa Z°v, o€ erinedo yevvitopa,
yia to KII ka1 doidpopes Tijués twv avopadwy ovlevéewy h§4.
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e avalholwtn pdla Twv 800 hentoviwy My > 10 GeV/c?,
o cYxdpota oput| Tou Tdaxo pf;t > 10GeV.
Koty T adAnemdpdvto naptdvia:
o cyxdpora opph P > 10 GeV,
e onOCTACT AVAUESH GTO TEAIXS PWTOVIO Xal To taptovia dR(parton,y) > 0.05,

e anbotaon aviyeoo ota naptévia dR(parton, parton) > 0.001.

2.2.3 X0yxplomn TV YEVVNTOPWY

H nopaywyn derypdtwv tou KII ye tov yevvitopa BAUR ouyxpiUnxe pe exeivy
Tou MADGRAPH 670 eninedo nopaywyng, xat Ue 10U SHERPA UETE TNV AVOXATACKEUT.

O yevvritopag MADGRAPH mepthapPdver dopdwoeig QCD, ouyxexpiéva uéypt xou
dvo nidaxeg, otoug unohoytopovs LO. Ytnv noupaywyt| yenowonotinxe emmiéoyv 1)
ouvdfixn 10 GeV /c yio v eyxdpoto oppi| Tov TOEXOV.

To Eyfua 2.9 nagouotdlet tn olyxplon o 1g xatavopés Tou pwtoviov ato KII yio tny
eYxdpaota oput|, TNV Yevdowxitnta, Ty alipouvdiaxt Ywvic xou Ty ando oot aviueca
070 PWTOHVIO xou T Aemtovia. To Byrua 2.10 ouyxpivel ta Aentovia Ye 0 U€YLoT)
XL TNV EAGYLo TN opu, TNV avorlholwty wdla tou (edyoug AETTOVImY, Xl TNV oVok-
Molowtn wdla tou Lebdyoug xar Tou gutoviou. ‘Oleg ot xatavoués delyvouy cugpwvia
AVIPESH TNV TopaywYT| ywelic tidaxes, eved ta delypata MADGRAPH e éw¢ xat 000
Tidaxeg mopouctalovy oxANEdTERO Pdoua Yo TNV eyxdpota opun gwtoviov ISR. H
{BLo cuUTEPLPOPA UTAPYEL XAl OTO QACUA TOU AETTOVIOU PE TN UEYIO TN EYXAPTLO OPUY.

H napaywy? SHERPA mepthoufBdver uéypt évay nidaxa. To Mydua 6.12 napouotd-
(et T oUYXPION TWV TOCOTATWY TOU OVIXATACXEVAOUEVOLU QwToviou oto KII, yu
TIC XATAVOUES TNG EYXAPOIAS OpUnc, NS Peudowxitntag, tne alipoudiaxhc ywviog
xo TG ywewhc andotaong. To Lydua 2.12 cuyxpiver o Aentovia pe T U€yoT
X TNV ENdyto T oput, xou TNV avadholomtn udla tou Lebyoug Aentovimy, xadog xo
tou Cebyoug xau Tou gwrtoviou. Tevixd undpyer xahy cupgwvio avdyeca cToug dUo
YEVVATORES.
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Yyfuo 2.9: (a) Kavavoun tng eykdpoiag oppung twv gwtoviov até BAUR
(Hatpo ouvexés wtdypaupua), MADGRAPH e 0 midakes (kOkkives mavdeg) kat
MADGRAPH pie uéypt ka1 2 midakes (umAe dakekoppévo). (b) Katavour toun
twv gwtoviwr, (c) Katavoun tov ¢ twv gwtoviov. (d) Xwpikni atéotaon tov
pwrtoviov ard ta Aertovia.
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Yyfuo 2.10: (a) Eykdpoia opun tov ‘rpétov’ Aentoviov (0nAadr) e tn peya-
AUtepn eykdpoia opurj) ané BAUR (uatpo ovveyés wtdypappa), MADGRAPH
pe 0 midaxes (kokkwes navdes) kar MADGRAPH pe uéypt kar 2 midakeg (umAe
daxexopévo). (b) Eykdpoia opurj tov ‘devtepov’ Aerroviov. (c¢) Katavoun
g avaAdoiwtng pdlag vov Levyous Aemtoviwr. (d) Katavourj tns avaAdoiwtng
pdlag tov LeUyous Aemtoviwy Kai Tov gpwTtoviov.
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Yyt 2.11: (a) Kavavoun wng eykdpoias opuns wov teAikol gwtoviov and
BAUR (patdpo owvexés iwotdypappa) kar SHERPA (umAe dwakexopjiévo). (b)
Katavourj tov n twv gwtoviorv. (c¢) Katavourj tov ¢ twr pwtovior. (d) Xwpikn
aréotaon tov gwtoviov atd ta ActTovia.
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Yyhua 2.12: (a) Eykdpoia opuny tov ‘mpdtov’ pioviov (ue tn peyalitepn ey-
kdpoia opuny) ané BAUR (uadpo ovveyés wotdypappia) kar SHERPA (umAe Oia-
kekoppévo). (b) Eykdpoia opun tov ‘devtepov’ Aertoviov. (c¢) Katavoun tng
avaAdoiwtng pdlag tov Levyouvg Aemtoviw. (d) Kazavoun tng avaAdoiwtng

pdlag tov LeUyous Aemtoviwy Kai Tov gpwtoviov.



2.3 Emoyn vyeEyovotwy

H noapoloa evotnta mporyUateeTon TNV TAUTOTONCT TV PUOIXWY AVTIXELUEVWY
o ool apopd 1 uerétn tou xavahol Z%. EZetdleton 1 Paowd oupnepiwopd TV
woviwy, NAexTpoviny xat gwtovieoy otov aviyveuti CMS, xadde xar ot yetafAntéc
Xall TOL XEITHELO TOU Y PMOWLOTO00VTUL 0 TNV ETLAOYT X TNV anopbvwot| toug. Ot ok-
Anhouylec tavtomoinong €youv avantuyVel yia ypron and to 6lvoro Tou TELRIUATOC,
XAl 7 €YXVEOTNTE TOUS 0T TAAOIL TWV NAEXTEACVEVHDY AVAALOEWY TG ToTolUNXE
apyxd otn wétpnom tne mapaywyhc WE xar Z0 unoloviev5], xu o1 cuvéyela
o TNV TAEOLCA AVAAUGOT).

2.3.1 Mtidvia
ExavOaAlopog

[o v mpoemAoy? Twv YEYOVOTV Yenowonotdnxay Tpelg dlapopetixol un-
npocappoopévol oxavdahotéct, mpoxewévou va undpyet avtioToyla e TOUC OXaV-
OUMO TEC IOV YENOLHOTOOVYTAY G TO Telpauo ot dlaPopeTxés TEPIddoug Aing dedo-
wévev. Autol yenowomolody TAnpopopleg and TOV aviyVELTH TROYIWY XAl TO UOVIXO
obotua Yo vo emthéEouy urodhipia avuxelpeva pe Peudowxinta [n| < 2.1, eyxdpoia
anbdotaon apyfic do < 2 cm, xon eyxdpota opuh pr > 9, 11, 115 GeV /c. (TTivaxac 6.8,
§2.5)

H anodotixdtnta 100 oxavOOMOHOY Yid TN CUYXEXPWEVY TpoeTthoyT, unoloyileto
6t ebvon peyoaltepn tou 80% yior wbvia ge pr > 5 GeV /e xar Bedtidveton Waitepa
600 auidvetar N pr, eV ouvodeletal and ok xoly| andperdm[55].

ITeoenihoyy

To wévia tov emAéyovion Yia TepauTépn €EETACT TAVTOTOWUVTOL YECW TNG AeYO-
wevng ‘Tight” ahknhovylac emhoyng, 1 onola Teplypd@eT 0T GUVEYELX.
Avo and i xatnyopieg avaxataoxevaouévwy woviny oto CMS eivar ta Global (twv
OTOlWYV 1) AVAXATACKEVT| EXXIVELTAL A plot TPOYId 0 TO Wiovixd oUo TNHUA, 1) ool TEETEL
va touptdler Ue war Tpoytd oTov aviyveuty Tpoytedv), xau ta Tracker wévia (to onola
eXXIVOUVTOL amt6 Wid TPOYLE GTOV AVIYVEUTH TPOYL®Y, 1 omola mpénel va Tauptdlet pe
éval ToUNGYLoTOV TR TPoYtdc 610 wovixo obotnua). O adydprdpoc yia Tracker
wovia efvan To anoteheopatinog Yo oppés peptxayv GeV/c, xadde anoutel hydtepeg
UETPNOELS 0TOUC WOVIXOUE aVIYVELTES, eV 0 akydptipog yio Global wévia etvar mo
ATOTEAEGPATIXOS OTAV GTO UIOVIXG GUGTNUA UTHP)Y 0LV TEPIOGOTERY ATO EVOL TURUATA
TEOYLOY, ONAadY| o€ LPNAOTERES TIES OPUWY.
H Tight adknhouvyla emhoyig amantel €va uiovio var et avaxataoxevas el 1660 g

TH ypron npocaploouévey oxavdolotoy yiveto Yo avTioTdiiion Twy Teptddwy ew-
pévne pwtewotnrac otov LHC, xa Swathenon otodepod puduod oxavdoMopol yeyovotwy.
‘Onwe avagépetar 610 XelPevo, N Tapolcoo AVIAUGT) YENOUWOTIOLGE GXAVOUNOTES Ywplc auTh

™ pOWon (UN-TEoCupUOcUEVOUS).



Global 660 xau w¢ Tracker. Kat ot 800 autéc xatnyopieg €youv oyediaotel €10t Gote
VoL Vo aTaoxeLalouy ue atomio to To Tapary OUE VAL ILOVLAL, AhRd Oyt amopEDYOVTaG Ko
N AovUaou€vn avoxataoxeut| AV cwpatdiny. £2¢ ex toltou amauteiton 1 yeromn
emmiéov xprtnplwy yia va e€acpahlotel 1 andppin twv avemdiuntwy vroPiplov
woviwv[56].

Ta ‘xadapd’ wovia, dnhadrn doa mpoépyovion and Suondoelg proloviwy, cuvidng
APHAVOLY UPXETES PETPHOEIC TOGO GTO Wovixd 06 TUN OGO X0l GTOV OVLYVELTH| TPO-
YOV, AvemdOunta piévia Tov Tpoépyovial and BUoTACES UECOVIWY 1) TOU avixouy
o€ adpovixolg TdaxeC UTopolY va agricouy Ta (Bio ofuarta, ahhd autd Tetvouy va eivon
UN-ATOUOVWUEVAL, VA €Y OUV UETATOTUOUEVES XOPUYPES, ot O TEEBALUEVA Bpayéa Turua-
TOL TROYLOY GTOV QVLYVEUTH TEOYLOY Xat To Wovixd olotnua. Emniéov, ta owpatid
To onofa PTAVOUY GTO WoVixd cUoTNUA Ywelc Vo elvor wovia TElvouy va uny ag@rivouy
‘xavovixég’ amoV€celg EVEQYELNG O XAVEVAY AT TOUG LTO-AVLYVEUTES, xat ouvAdwg
€Y 0LV ATAPLOC TO TUAUATA TROYUWY EVEK APTIVOLY UETPHOELS UOVO GTOV TEWTO WOVIXO
otaduo.

And autd ta yopaxTneio Tixd TpoxinTTouy Ta axdlova emimpdoUeTa XpITHpLA Yiol THY
Tight emhoyn woviewv:

o TUWAUATA TPOYLWY GE TOUAAYIoTOV 2 Wovixovs otaduolc,

o T x? < 10 yio TV xavovixoromuévn pocapuoy tne Global tpoytdc oto
wovixd cho TN,

® 7] TEOYLQ GTOV AVLYVEUTH TEOoYLOV TEémel va €xel meptocotepa and 10 onpeio
wétpnoms otov aviyveuth hwpidwy mupttiou (silicon strip tracker), xou Tould-
yiotov pio uétpnon otov aviyveuth Yneidwy nupttiou (silicon pixel detector),

® YLI TNV TPOYIA GTOV AVLYVEUTY TROYIWY, 1] EYXAEOLa andoTaoT, and TNV apyn
npénel va efvan |dp| < 0.2 cm.

Téhog, n xoowx) axtivofolia anoppinteton pe 0 ypron eZedixcvgévou alyodpriuou
xar xprtnplwy ypoviopol. Ye xdlde mepintwon, 1 mapousion x0ouX®Y Uioviwy elvo
aueANTEéR UETA TNV EPAUPUOYT TOU XpLTNEloL TG EYXAPOING ATOC TAOYS.

H Tight emhoyt, woviwy unopel va detydel nwg napouctdler onuavtind BeATiwpévn
anédoon oe oyéon ue tg alnrouvyieg emhoydv mou BaciCovion anoxAeiloTixd ota
Global 1 ota Tracker woévia. ¥e avahboeic pe yeyovota minimum-bias, nepinou to
50% twv vrodhguwy Tight wovieov eivar xadopd wévia, eved hydtepo and 1o < 0.5%
TV utoYhipuwy elvar Yeudn udvia.

Anopdvwon

Metd v npoemhoyy Tidovta xpiThplo amoUdVLong TV Wovixey uvtorguwy. H
oyeter] petaBAnty| opileton we:

- EE,ZECCLl 4 EEIHCGI 4 Ep%rk
pr

I*



6mou SEE v pHeal ¢iyyy 1o adpolopata twv evanodéocwy evépyelac oo Yepui-
douetpa, xor Lpirk eivan to dlpolopa TC pr TV TPOYIOY GTOV AVEYVEUTH TPOYLOY,
bha péoa oe xwvoue axtivac AR = /An? + A¢? yipw and to urodhipa wovio.
H tpoyid tou {Bou tou unodrglou, xadwg xo ol evarodéoelg evépyelag oe €va -
%00 AOVO ECTINOUEVO GTO omueio YEyioTng evandleong evépyelag, ESoupolVTaL and Ta
adpolopata. ITio cuyxexpéva, ot TIES TOU EEWTEPIXOY %ot TOU ECWTERIXOU XWVOU
(‘Béro) eivau:

e ooV aviyveuty tpoytov: AR = 0.3, Béto 0.015,

e ot0 ECAL: AR = 0.4, Béto 0.045/0.070 o710 Bapéht xa tic Bdoeic avtioTol-
X%, €V® emmpooVETeg wia Awplda TAGTOUS TEUOY XEUO TAAAWY AT UAXOS TNG
dievduvong ¢ e€apeitan and to ddpotopa,

e o610 HCAL: AR = 0.4, Béto 0.15.

H tipn e petofAntic anoudvwong dioupeitar UE TNV eYxdpota opur| BIOTL To Uovid
Tou Tpoépyovtal and dradixaciec uToPdlpou TelVouy va €xouy YounAOTERES TWES TNG
pr oc oyéon ue ta xadapd wovia, xot 1 andppthn tou vroBddpou BeEATIOVETUL UE XI-
VOVIXOTIO(NOT TNE EVERYELNG ATOUOVWOTS WG TROG TNV PT.

H iy tou xprtnplov anoudvwong tideton ton ye 1# = 0.15.

Yav mopdderyua Twv avetépn, To Nyfue 2.13 mapouvotdlel T xatavoués NG e-
TaBANTAC amoudvmong Yo tpocouotwuéva Sefypota xadupdy uoviwy and to orua
Z%(— ptp™)y tou KII, xor amé 10 gunhoutiopévo pe wévia delype QCD.

Kuwnuatixy emhoy

Metd tny tautonoinon dAwy twv woviov oc xdde veyovdc, udvo YEYOVOTO UE
7
ToUlGytoToV B0 wévia, ue pr > 20 GeV/c xa |n| < 2.4, yivovta dextd. Metd v
eQapuoY” autol Tou xputnelou, 1 tapousio utdBadpou and un-xodopd uidvia yiveto
aohuav .
Ennpoodétwe, anouteiton toukdytotov éva and o wdvia var €yet || < 2.1 xou va
avTioTotyel 610 AVTIXElPEVO TOU TpoXdAEsE TOV oxavdakiowd tou yeyovotog. Téhog,
7 4 /7 7 Z ? /7 ’ 2

1 avadhoiwtn udlo tou Ledyous woviov npénet vo eivon yeyahitepn and 50 GeV /c”.

Y10 Tyfua 2.14 napovoidleton 1 xatavour; TG TEAXNAS EYXApoLaC OpUhc, HETE TNV
EQUPUOYT] OAWY TwV XEITNElwY EMAOYAC, YId TO TPOCOUOIWUEVA dEdOPEVA TOGO amd
70 KII 600 xau pe tnv avopohn xopupt Z°20.

2.3.2 HAiextpdvia
DI AN o fT¥ o T

[ty mpoemAoy Y| YEYOVOTWY Yenotonoliinxay 800 SiapopeTiXol Un-TpocapUocUEVOL
oxAVOANO TEC NAEXTEOVIWY, TPOXEWEVOU VoL UTHPYEL CUUPWVIA JE TOUG ORAVOUAIOTES
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Yo 2.13: Katavopés g petapAntis aropdvwons twr poviov, ya mpo-
oopoiwpéva ‘kalapd’ évia and orjua Z°(— ptp~)y ovo KII, kar and defyua
QCD mAovow oe pdvia. Or katavoués éyovr vrootel aAdayn) kAiuaxag ota
36.1pb—1.
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Yyfuo 2.14: Katavoués tng petapAntris aropudrwons twy piovioy oe Octyuata
Z%— wtp™)y, ya to KII ka1 idgopes Tipés twv avduadwr ovledéewr h??,m
perd Ty mAnpn eAvoida tavtomoinons. Or katavoués éxovy vmootel aAiayn
kA ifuakag oca 36.1 pb~t.



TIOU Y PNOWLOTO00VTAY OE SLPopETIXES TERLOBOUS ANE dedopévwy. Ot oxavdahiotég
nhextpoviwv mpodtouv emnédou (L1) Basilovtou ot yetprioeic evépyeiag oto ECAL,
eV 10 delTEPO entinedo oxavduliopol (HLT) yenowonoiel eminhéov nhnpogopio and
Tov oty veutt| Yneidwy. To eAdytoto dpto yio TNV TIEN TNS EYXAEOLAS EVEPYELIS TOU
vrodngov 6to HLT #tav eite 15 GeV cite 17 GeV, avdhoya ye v neplodo Aidng
dedopévwy (Hivaxac 6.7, §2.5).

H 1 ™g anodotxdtntag v UYXEXPIUEVODY oxaviahoTdV Peédnxe va eivor ouy-
Both pe 100% oe minimum-bias delypota dedopévwv]55].

ITpoenihoyy

To nhextpovia yapaxtneilovtar eV Yével and 1o oyfua TNG OPAdIS XpUO TIANGY
(cluster) oto ECAL, ané 1o taiptacypa toug pe pia tpoyid, xou and tn wuxerh adpovixt
dpactnprotnTa. H petofSAnts 1 onola ouvdéetan ue to oyfua TG opddog xpuo TAAAWY
eva 1 Oipin, 1N omola umoloyileton amd TIC EVEPYEIEC TV XPUOTIAAWY PEGL AOYO-
etduxdy Papdyv, xou mapéyel €va P€Tpo Tou TOCO EXTETAUEVES Efval Ol UTEQOUUDES
xpuoTéAwv (superclusters) wc mpoc v Yeudowxdtnre?. To taiplaopa avdueco
otV apyh TNS TEOYLAC xar TN ¥€om TNC UTEPOUADOC XEUO TAAAWY TEAYUATOTOLEITAL
¢ mpog TNV Yeudowxbtnta xou TNy aliwovdaxt) Yovia, Ani,, A, eve 1 adpovixt
dpao TNEIOTNTA EAEYYETAUL HEOW TOU AOYOU TWV PETEOEWY EVERYELNS oTa BU0 Vepul-
douetpa, H/E.

Suyxexppéva, ol TS Tou Yenotporotinxay yio Tic eToSAntéc Tautonoinone ivou[32]:

e Ueudowxitnta e unepopddas xpuotdhwy |n| < 1.444, 1.566 < |n| < 2.5 -
mpoxertan yioo Ty ‘evepy)’ meptoy) Tou ECAL, ywplc v neproyy| yetdBaong
avapeoa 6o Papéhl xou TIg BACEIC XAt Ywplg TNV TEPLOY ) TOL XUADTTETIUL UNO TIG
TEYVIXES EYXATACTAGELS, Xt AoPdvovTag LT ol TN YEWUETPIXT Xdhun Tou
VLY VEUTY| TROYLOY,

® EVEQYELN NS UTEPOUADIC xpuoTdhhwy Er > 20 GeV/,

o Ehheuhn uetprioewy To ToAD o€ pia emPAVELN TOU ovy VEUTT) TUELTIOU TIELY Ao TNV
UTONOYIOUEVY) dpY T TNS TEOYLAS, TPOXEWEVOL Vo anoppipoly oL VAOTOLACELS
POTOVIWY,

® 0inin < 0.01 oty neploy Tou Bapehiod, 0.03 otig Paoe,

o A¢in < 0.8 oty meproyn Tou Bapehiod, 0.7 otig Bdoelg,

ZH mMipng exppaon yia T1) WETOBANTH Tipiy EVOL

2 - ZfX5 w; (Z"r]i - inseed)Q

inin T 5%5
Zi w;

ag

E;
, w; = max <0, 4.7+ 1n >,
Esxs

6mou in; xou I ebvon o BelxTng 1 xou 1) EVEPYELO TOU XPUGTAANOU %, iNsecq EIVAL O BElXTNC 17 TOUL
xpuoTAAoU e TNV uPmAbtepn evandieon evépyelas (‘onbpoc’), xau Esxs elvat 1 eVEpyeLld oe
plo ufTea 5 X 5 xpLGTEAAWY YOPW antd TOV XEUGTUANO-CTLOEO.



o Any, <0.007 oty meptoyt) tou Bapehot, 0.01 otic Bdoel,
e H/E <0.15 oty neproyy) tou Bapgehol, 0.07 ot Bdoei,

Or ouyxexpévee emhoyéc avantiydnxay yia anodouxdtnta 95% otny avaxoto-
oxevf MhexTpoviwy, av xat e avopevouevy andieta 1 — 2% oy xadapdtnta, Aoyw
AoVIOOUEVTS AVOXATACKEVTS ADPOVIXWY TOAXWY.

Anoubdvwon

To v egapuoyn xpltneleny anoudvwone 6 toug TpoemtAeYuévous vroPigloug Yo
NAEXTPOVIAL, Ol TEELG EUTAEXOUEVOL AV VEUTES, ONAaDT| 0 aviy veLTHE Tpoy Y, To ECAL
xo 10 HCAL, ypnowornooivtar Zeywpotd. O petafhnuéc Sphrk S EEl qvp
YEHeal opilovian dnwe reprypdoetar yioo Ty mepintwon tov wovioy (§2.3.1). Ta
xplthpla Tou egapudlovtal Yol T adpoloUaTa TWY XAVOVIXOTOINUEV®Y, S TPOS TNV
eYxdpota evépyeta, alpoloUdTeny TV UETPRoEWY 610V Xdie aviyveuty eivon to e€Xg:

o Splrk /Ep < 0.15/0.08, oty meptoyh Tou Papehiol xat Ty Bdoswy avioTol-
X%

o YEEl/Br <2.0/0.06, oty mepioy tou Bapehiot xan 10V Bdoswy aviiotol-
X%

o SEHel /B < 0.12/0.05, otnv nepioyt Tou Papehiot xot Ty Bdoewy avti-
oTOLY O

Yov mapdderypa TV avetépw, To Lyhuata 2.15-2.20 napouctdlovy TIC XATAVOUES
TRV TPLOV PETABANTOV anoubvVeOoNS YIol Tpocopolwpuéve delypata nhextpovioy (and
10 o Z%(— eTe™)y tou KII) xou yia defypata QCD gumhovtiopéva ue nhextpdvia,
EeYwPLOTA Yia TIC TEPLOYES TOL Bopehlol xot TwV PAoewy.

Kuwnuatixy emthoy

To yeyovota mou yivovton dextd €youv oxavdahloTel and pepovwuéva urtohripua
NAexTEOVIA, oARd TpénEl Vo TEPLEYOUY TOUAdYIoToV 000 unodrgloug mou va Eyouy
nepdoet TNV Tpoemhoyt xar va €youv eyxdpota opuh pr > 20 GeV/c. H egappoyn
aUTOL TOU XEITHELOU oUCIAC TXd eCURElPEL TIC OUVELCPOEES amd AavIAoUEVT) AVoXATO-
oxevy|. H avadloiwtn wdla tou (ebyoug nhextpoviwy mpénel va eivon peyahdtepn and
50 GeV /c2.

Y10 Tyfua 2.21 nopouctdleton 1 XATavour| TG €YXAEOIaC OpUAS TWV NAEXTROVIWY,
UETE TNV eQapuoY” OA®V TwV xpltnplwy emAOYRS, Yio To TPOcOoUolwuéva Selyuota
7% 1600 ané 1o KII b00 %ot pe v avépeln xopuef Z°0Z%.
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Syfuo 2.15: Katavoués tng petafAntnig aropdvwons twy nAektpoviov otov
aviYveuTn TpoxIwy, Yia TNy Teploxn tov faperiol, o€ tpooopoiwpéva Oetyuata
Z%(— ete )y and o KII, ka1 ya detypa QCD mhodowo o€ nhektpdvia. O
katavoués éxovr vrootel aAayrj kAiuakag ota 36.1pb~t.
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electron Tracker isolation variable (Endcaps)

Lyfuo 2.16: Katavoués tng petafAntnig aropdvwons twy nAektpoviov otov
aviyveutn Tpoyiy, yia tny mepioyn twr Pdocwr, o€ npooouoiwuérva Octyuata
Z%(— ete )y and wo KII, ka1 ya defypa QCD mAotowo o€ nlektpdria. O
katavoués éxovr vrootel aAdayrj kAfuakag ota 36.1pb~t.
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Yo 2.17: Katavopés tng petapAntis anopudvwons twy nAektpoviov oto
nAextpopayvntiké Jepidopetpo, yia thy mepioxn tov PapeAiol, o€ Tpooopolw-
péva detypata Z°(— ete™ )y and to KII, ka1 ya defypa QCD mAovoio oe nie-
ktpdria. Or katavoués éxovr vnootel aldayr kAipakas ota 36.1pb".

= === QCD background

-o oz oz |_L!_|_H—| ﬂﬂ_ﬂ_‘ =L

. 0.6 0.8
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Lyfuo 2.18: Katavoués tng petafAntis anopuovwons twy nAektpoviov oto
nAextpopayvntiké Jeppidoduetpo, yia tnv mepioyn twr Pdoewy, o€ Tpooouoiw-
péva detyuara Z°(— ete™ )y and vo KII, kar ya detypa QCD mAovoio oe nle-
ktpéria. Or katavoués éxovr vnootel aldayr) kAipakas ota 36.1pb~".
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Syfuo 2.19: Katavopués tng petapAntis anopuovwons twy nAektpoviowr oto
adpoviké Jeppudouetpo, yia tny mepioyn tov Paperiod, o€ mpooopoiwuéva Oety-
pata Z°(— ete™)y and vo KII, kar ya defypa QCD mhovoo oe nAektpdra.
Or katavoués éxour vrootel aldayn kAiuakas ota 36.1 pb~.
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Do 2.20: Katavopués tng petapAntnis anopudvwons twy nAektpoviowv oto
adpovikd Veppnoduetpo, yia tny mepoyn twv Pdoewy, o€ tpooopoiwpéva Oety-
pata Z°%(— ete”)y and to KII, ka1 ya defypa QCD mAovowo o€ nAektpdra.
Or1 katavoués éxovr vrootel aldayn kAiuakas oca 36.1 pb~.
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Yyfua 2.21: Eykdpoa opurj twv nhextpoviov oe defypata Z°(— ete™)y, ya
o KII ka1 didpopes Tipés twv avdpalwy ovlebéewy h§4, petd Tny mAnpn
aAvoioa emdoyns niextpoviwr. O katavoués éxovr vrootel aAdayn rkAiuarxag
ota 36.1pb~L.

2.3.3 PwTtoOVIA
ITpoenihoy

Metd to oynpationd evoc anodextol Levyoue Aemtoviwy (§2.3.1, §2.3.2), 10 ye-
YOVOG amoute(Tan VoL €€l TOUAGYLO TOV €VOL AVAXATACKEVACUEVO LTOPHPIO PpuTovio. Ta
puTovia yapaxtneilovtal ev yével péow tne evanddeong evépyetag oto ECAL. Yuve-
TS, To utoYRPlo PwToVIo Yo mpénel Baod va anoteleiton and plo UTELOUABA XEU-
otdMwy oto ECAL, va un ouvdéeton Ue Spao TNpLdTnTo GTOV OVLYVEUTH| TROYLWOY, X0l
va Tapouctdlel teploplouévn adpovixt| dpactnetotnta. Il ouyxexpwéva, ta xprtipla
Tpoemhoy g elvan[33]:

o Eyxdpowx evépyeta tng unepoudda xpuotdhhwy oto ECAL E7 > 10 GeV,

e Ueudowxitnta e LEPOUAdUS EVTHS TwVY TEptoy Y || < 1.442, 1.566 < |n| <
2.5,

e Abyoc evepyeidv ota Yepwudopetpa H/E < 0.05, 6nou 1 evépyea tou HCAL
adpoileta evtdg xdvou pe AR < 0.15 nlow and tn ¥éon tou gwtoviov 610
ECAL.

e Anoucia petprioewy oTtov aviyveuty Yneldwy, xou anovcia eETXAAVPEWY TV
TEOYIWV XxAPop®dY NAEXTEOVIKY %ot TV TROYIOY and VAOTOWOEIS PWTOVIKY,

e Emnpooiétng, 1 petofAnty tou oyfuatog tng ouddas xpuo Tdhhwy TEENEL Vo
elvot 0jpiny < 0.013 oty meproyr Tou Bapehiol xou 0.03 otic Bdoeic.



Anoubdvwon

O nidaxeg adpoviwy, ot onolot anotehody t0 xVplo LTOPatpo 6TV TaUTOTOMON
POTOVIOY, cUVAUKLS TEOXAAODY PEYAAO OPLIUO OVOXATUOXEVMY OUDETEPWY XL (POp-
TIOUEVLY OUATOILY oc ToAD xovivy andotaoy. Katd cuvéneia, or adpovixée xau
nhextpopayvntixéc evanoVéoeic and midoxec Yo elvan Ayodtepo amopovmuéves omd
exelve TV xoapdv uTOViWY.

H andpprn tou urofddpou and Aavdacuévn tautonoinor abpovixdy mddxwy yenot-
womotel xau Toug Teel epmAexduevoug aviyveutés. Ot oyetinég petainté etvan:

o YTOV AV VEUTY| TPOYLOY, TO d¥pOoloUd TV PT TWV TROYIWY EVIOS £VOS x0{Aov
xWvou YOpw amd TN Yéomn tou unodnpiou pwtoviov, Ue cowtepix axtiva R =
0.04 xar e€wtepny B = 0.4. Iloap’ohn v anovcia tpoytds, T0 €0WTERIXS
Béto thdeton mpoxepévou va unv mepthngdoly oto ddpoloua ot TpoylEs and
vhorotfoeic potoviey. H petaintd anopéveone npéret va xavorotel I <
2 +0.001 pJ.

o To dpoiopa tne evépyetag mou evanotivetar 6to HCAL yOpw and to urodrigio
PwTOVIo, 0 €vay xolho xwvo Ue eowtepix) axtiva B = 0.15 xar e&wtepxy
R = 0.4. H anopdvwon npénet va ebvor 114 < 2.2 +0.0025 pr..

o Y10 ECAL, pla yetafinth anopdvwone n onolo anotekeitar and 1o ddpolopa
NG EVEPYELIC GTOUG XpUo TdAAoug oe évay doaxtiAo 0.06 < R < 0.4 ylpw and
10 unohpto Pwtovio. Mio Awplda TAATOUS TELWY XPUG TIAAGY XATE UAXOS TN
dievuvong ¢ eCanpeiton and 1o dpolopa, mpoxelpévou va eCapedel n evandieon
EVEQYELOG O LAOTIOOELS QWTOVIWY, 1 onola Elvol EXTETAYEVY] WS TEOS TO @
A6y Tou payvntixol mediov. H amopdveon meéner va eivor 64 < 4.2 +
0.006 E7..

To Cyhuota 2.22 - 2.24 mopouctdlouy TI¢ XATAVOUES TWV TEIOY UETUPANTOV anous-
voong, Onhady Tev Itk — 0.001 P, Theal — 0.0025 El, Iecat — 0.006 EJ, 1600 Yy
puTovia and 1o ofue evtdg tou KII oo xar yio ta 800 xlpta undPadpa, Z + jets,
tt + jets.

To Uyhua 2.25 nopouctdlet v tehixt| xatavopd e pp Tou gwtoviou oto KIT xou
ot dedopéva pe aTGCs yia Ty Tepoy| Yoaunhdy Tdy pl., 1 onola xat Aty ou-
ol TXd 1 WOV mpooPdowun pe To dEdoPEva and TIC CUYXPOVCELS GTY) DldpXEld TOU
2010. To Iyfuo 6.27 delyver v xotavous| yio v Teptoyt) VYNAOTEPLY WOV Pr.,
6mou 1 andxhon and to KII avoapéveton va ebvan o epgavig. Télog, 1o Lyfua 2.27
Tagouctdlet Ty xatavoun yia To npocouotwpévo detypa KII, 1600 nowv 600 xou petd
v e@apuoyy Twv k-factors yio v ahhayr sahipoxag and LO o NLO.

Tehwxn enthoyy YEYOVOTWY

Y10 Yyfuo 2.28 mopouctdleTa 1) XUTUVoUn TNG AVUXATAOXEVACUEVNS AVIALOIDTAC
walog Twyv 800 Woviey xo Tou YWTOVIoL, W ouVAETNoT TN wdlag Twv 8Vo woviwy, Yia
NV Ttpocoyuotwpévy tapaywyr oto KII xou e éva and ta Ledyn tipdy wwv aTGCs. H
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Yo 2.22: Katavopés tng petaPpAntis anopdrwons otov aviyveutn Tpoxioy,
yie gwtéria oe mpooopowpéva detypata Z°(— ptpT)y ard o KII, ka1 ya
detypata Z + jets, tt + jets, perd tny mpoemroyry pwtoviwr. Or katavoués
éxovr vrootel aldayn kAiuakas ota 36.1 pb~t.
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Yo 2.23: Katavoués tng petapAntis aropdrwons oto adpovikd Jepuiddpe-
o, Yia pwténia o€ tpooouowpéva defypata Z°(— ptpT)y and to KII, kai
yia defypata Z + jets, tt+ jets, petd tny mpoemAoyn pwtovivr. Or katavoués
éxovr vnootel aAdayry kAiuakas ota 36.1pb~t. O ditdeg kopupés ogpeilovtal
0€ DAPOPETIKES TUVEITPOPES Ao TIS TEPIOYES Tou Paperiol kal Twy Pdoewy.
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Yyfuo 2.24: Katavopés s petaPAnTng anopuovwons oto nAEKTpouayynTiké
Jeppuddpetpo, yia pwtévia oe mpooopniwuéva detypara Z°(— ptu~)y and o
KII, ka1 ywa befypata Z + jets, tt + jets, perd tny mpoemikoyn pwtovior. O
katavoués éxovr vrootel aAayrj kAiuakag ota 36.1pb~t.
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Yo 2.25: Katavour) tng eykdpoiag opuis gwtovioy oe mpooopoiwpéva dety-
pata Z°(— ptp~)y ya to KII kai ya Sidpopes Tijués twv avdpadwr ovletéewr
h% 4, petd Ty mijpn avoide emhoyns pwtoviwy. Or katavoués éxovr vrootel
adayr kA ipakag ota 36.1pb~".
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Yo 2.26: Katavourj tng eykdpoiag opuns gwrtovioy o€ mpooopoiwiéva Oety-
pata Z°(— ptp™)y ya vo KII kai ya Sidgpopes Tijiés twv avdpadwy ovletéewr
hi 4, petd Ty mAnpn aAvoioa emAoyns pwtoviwr. Or katavoués éxovy vrootel
aAayrj kAipaxag ota 36.1pb".
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Yyfuo 2.27: Katavour tng eykdpoiag opunis ¢wtoviov oto mpoooHoIwUEVo
detypa Z°(— ptu~)y tov KII, mpw kar petd tnr epappoyri tov k-factor ya
aAdayn kAipakas and tny mpooopowpérn katavouny LO oty NLO (§2.2). O
katavoués éxovr vrootel aAdayrj kA iuakag ota 36.1pb~.
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Yyfuo 2.28: Katavoun tng avakataokevaopuérns avadoiwtng pdlas twy 6o
Hiovioy kai Tov pwtoviov ouvaptioe tng pdlag twy ovo poviov, yia to mpo-
oopoiwpévo detypa tov KII (patpor kokAot) kai evés ané ta Levyn aTGCs
(kéxkiva Tpiywra).

Cwvn yOpw and tn udla M,y = Mzo avtictotyel o€ YeyovdTa 6To omola T QuTOVIA
npoépyovtan and axtivoBoiia nédnong. Evtéc tou KII, n {ovn yopw and tn udla
M, = Mzo avtiotoyyel oe gotovia and axtvofola apyxfc xatdotaonsg. Metd
TNV EQAPUOYT TV XELITNPlwY ETAOYNS YEYOVOT®Y Xl XWVNUATIXTG ETAOYTC Ol oTtoleg
TEPLY PAPTUOY TAUPATAV®, OmoUTeETOL ETUTAEOY To YEYOVOTA UE €var (VYOS AETTOVIWY ol
éva QwTovio va napouctdlouvy yweix anbéotaon AR(lepton,y) > 0.7 avdpyeosa 610
POTOVIO Xl 6T0 X3VE AETTOVIO, TPOXEWEVOU VoL ATOEEITTETOL 1) axTVOBOAla TEdNoNC.



2.4 Exztiunon touv uvroBadgou

H dradixaoio Z9(— 1)+ jets anotekel 10 x0pio unéBadpo oo ohpa Z0 (§2.1.4).
Axbpor xou petd v ohoxhfipwor tne emthoyrhc yeyovétwy (§2.3), ta dedopéva and
Tic oUYXpOVTELC avapéveTar va TepthapBdvouy évay apriub yeyovétwy Z0 + jets, oav
anoTéAEoUO AaVIACUEVWY TAVTOTOIACE®Y TWV ABPOVIXOY TUOIXWY ¢ PwToVIA. Autd
10 {htnpe avtipetoniletor péow plog extipnone tou appol 1oV Yeyovétoy Z0+ jets
mou emBiwvouy, 1 onofo AapPdveton v 6N oty avdiuor. Autd emTUYYAVETUL PE
xphon uedodwy Baociouévwy ot uétpnon’ (data-driven methods), ot onoteg avantio-
oOVTAL X0 EAEYYOVTOL GE TEOCOUOLWUEVA GUVOLAL SESOUEVLDY, ahAd xaTooxeudlovTo
UE TPOTO WO TE Vo €4YOUV Tol AmOTEAESUATO A TNV (Bla TNV TELROPATIXT UETENOT).

IMo tic avdyxeg g nopolooag avdivone avantiydnxe 1 Aeyouevn ‘wédodog ho-
ywv' (‘ratio method’)[44]. Ilpbxertan yia mopahhay) e ‘uedodou Peudodv Adyw-
v’ (‘fake-ratio method”) n omoia éyer ypnowonomiel oto nupeddbév oty emhoyt
Aemtoviwv[57]. Ilpoxewévou va yiver 1 eloaywyR e uedddou Aoywyv mo Eexddopn,
napovotdletar TeaTa N uéYodog Peudwy AOYwy.

H péfodog pevocv Adywr Paciletar oto 611, 6tay e€etdleton €vag nAnduouds ouyxe-
APUEVODY QUOIXOY AVTIXEWEVKY, To U€YEVOg TOU T060GT00 Tou To oTolo Yo Ixavoroiel
éva xadoplouévo olivoho xpitnpiwy emAoyrc arotekel WB1oTHTA TOU {Blou TOU AVTIXEL-
wévou (evtde v neprinpiwy e xvnuatixic e€dptnong), xot dev eaptdtat and Toug
unyaviopols tapaywyns tou. Katd ocuvénewa n pétpnon unopel va ‘uetagepiel’ and
€val 6UVOLO DeBOUEVLVY oE €val dAAO TO oTtolo Vo TepLEyEL To eEETAlOUEVO AVTIXEIUEVO,
T0 onolo 61N oLYXEXPWEVT TEpinTwo elvor abpovixol Tidaxeg Tou LLolVTL PWTOHVLOL.

To {nrodyevo eivan va peteniel 1 cuyvotnTa pe Ty omolo évar ‘yohopd Yeudés’
puotxd avtixeiuevo - 1o onolo opileton we éva Peudéc avtixelpevo mou ixavonolel wovo
opropéva and Ta xpITHpLa TAUTOTOINONS -, XaTaPéRVeL emiong va txavorotel Ty mArpn
alvoida tautonoinong tou ‘akndivol avtixewévou. Auth n pétpnorn ouvidwe mpay-
wotonotgiton YpnotwonowwvTag €vay TANYUoUS PEUBWY aVTIXEWEVLY. XTN OUVEYEL,
auth 1 TAnpogopia yenotponoteitar yia TV npofBoly (extrapolation) and éva Seiypa
T0 onolo meptéyel yohapd Peudr aviuxeipeva 6tov TEAxS TANYUoUS UETA TNV TAYEN
emhoyh Tautonoinone. T napdderypa, oty nepintwon tou Z0%:

TLOQKES TOU ULILOVVT AL 7Y €T TNV TANPN TQUTOTOLNOT
TLOQKES TOU LKAV OTOLOVY TT) HEPLKT) TQUTOTOLNOT Setypa QCD

_ Z° + T ke TOU ULIOVYT AL Y WET QL TNV TANPY) TQUT OO
Z0 + TLdQKES TOU LKAV OTOLOVY T1) JLEPLKT) TQUTOTOLNOT) Sevya 20~

= Trmofabpo = [ZO + TLOQKES TOU [ULILOVVT QL 7Y [LETCL TNV TANPT) Tam'owoman]

Sevypa Z0 =



=R x [ZO + TLOQKES TOU LKAV OTTOLOVY T1) UEPLKT Tam'mroman] (2.2)

Setypa Z0
7
OTIOL

R = TLOQKES TOU [LLIOUVT L Y JWETQ THY TANPN TAUTOTOLTON

TLIQKES TOU LKAV OTOLOVY T1) UEPLKT) TQUTOTOLNOT Sty QCD ’

O minduopdg o omolog ixavorotel ta Thpn xptthpia TavTonoinong cuVAlLS aToXa-
Aefton ‘apriuntnic’, eved o mAnduopds o omolog xavonolel oplouéva and Ta XpLThpLA
elvon o ‘mapovopastic. Ev téhel, 1 uétpnomn autol tou Aéyou oe belypota mholowa
oe Tidocec Vo pnopoloe ot cuvéyel Vo epapuoctel o dedopéva Z% to onofa me-
ptéyouv xat midaxeq.

‘Eva and ta mheovexthygata g pedodou Peuddy Aoywy elvar 1 anolelpr twv ou-
oTNUATIXOY aBefatoThTeY Yio exelva Ta xpLthpia mAoY g T omolo TepthaBdvovTon
1660 610V oploud Tou aptunTh 6co o Tou napovouaoTy. [lapadootaxd, o oploude
TOU TOPOVOUOO T ONUIOVEYELTAL aPatpOVTIS TO L0 UPOTERD XPLTHPI0 EMAOYHS And TOV

oprdunTy.

Yty Wavixy| tepintwon o nopovouaothc Yo meptéyel uévo Peudr| avtixelyeva, yw-
plc mopovsio oknivey. Ev toltoc 1 obotao tou nupovouas ) anotehel €va and o
xOpla {nTripata oty eQappoy) TNg Ue6d0u Yeuddv AoYwy.

H pédodog Aéywr nopoxduntel autd 10 TpoBAnua U€ow Tng EI0AYWY NS EVOS DIAQOPETI-
%00 oplopol Yo Tov Tapovouas T Avtl va ixavorotel éva utocivolo TV xpitnplnwy
TAVTOTOMONG TWY POTOVIWY, O TUPOVOUAC TAS TEETEL TWOEA VoL IXavoToLel plor ‘ovTi-
emAoyr, dnhadn xprthpla o ool emAéyouv unodRQloug Tou Sev elval PETOVIAL
Koatd ouvénela, otn gédodo hoywv o Adyog unohoyiletar wg e€ng:

TLOQKES TOU ULUOVVT L Y WET QX TNV TANPN TQUTOTOLNTT)

(2.3)

7TL(506K76§ TTOU LKAVOTTOLOVY TNV VTL — TAUTOTOLNOT)

OTOUL TaL TATEY XELTAPLN TAUTOTOMONG PO TOVIWY axohovloly TN teprypapn otny §2.3,
EVG Ta xpIThpLl AVTI-EMAOYHC PwToViou arnoteholvTal and:

e JeudoxdTnTa TNe unepouddos xpuo tdAhwy Tou ECAL evtée twv tpodv |n] <
1.442, 1.566 < |n| < 2.5,

® EVEQYELN NS UTEPOUADUS xpuoTdhhwy Er > 10 GeV,
o anousio UETPNOEWY 0TOV aviyVeuTr| Ynpidwy,

o avTI-EmAOYY UE YeNON TNG UETUBANTAC AMOUOVWONC GTOV VLY VEUTY| TROYLDY
(§4.3.3): Toxlo0—0.001 Ex > 3 GeV (n emhoyh guwtoviey anutel < 2GeV).

Optopéva emimhéov xpitrpta ypetdlovton Tpoxeévou va Angdolyv v’ o oL GxavduAL-
0 TEC TUOAXWY TOU YENOILOTOLOVVTAL VIO TO CYNUATIOUS CUVORWY SEBOUEVWY TAOVGLLY
ot TOaXES:



o évac LToPNPLOC TBAXAG TOU CUUPWVEL YWEIXA PE TOV OXAVOUMGC TT,

o YW ANOCTACT AVIPESH GTO UTOPRPLO YWTOHVIO Xou Tov umodrglo Tidaxa o
omoloc oxavddhioe to yeyovoc, AR(y, jet) > 0.7,

o cyxdpota evépyela Tou unodripiou gutoviou, Er, ueyahldtepn and Tiur xovTivy
o€ exelvy TOU OXAVOAALT T TOU EXACTOTE YEYOVOTOG.

Metd v e@apuoyy quTOY TV XEITNEiwY, T0 TOCOCTO TEAYUATIXMOY POTOVIKY GTOV
Topovouas T elvon wixpdtepo tou 1% oty npocoyoinon.

O Aoyoc R umohoyloTnxe UE TOV TPOTO TOL TEPLYPAPNXE G GUVORA DEDOUEVWLY amd
TIC CUYXPOVOELS, oxavdaAlopéva and adpovixolg nidaxec. Katomy eqoppdotnxe ot
olvoha dedopévey pe Z0 + ‘avi-emheypéva aviixelpeva’, ohugove pe v Eflcw-
on(2.2).

O oxavdahiopds 1wy TAo0oLY ot TBUXES CUVOAWY DEBOUEVMY €YIVE and “YaAdpwUE-
VOUg’ OXAVOUAIO TEC UEUOVOUEVWY TUBAXWY, UE TO XATWTATO OPL0 TNS PT VoL XUPAVETAL
and 15 éwc 100 GeV /c. Anathiinxe emniéov va ixavonololvton ta eidixd xpLthpto
EMAOYTC YLl AdPOVIXOUS OXaVOUAIG TEC Tal omolol avapépdnxay.

[Tpoxewévou va urohoyio el 0 Aoyog 610 Tholcto o€ Tidaxec aUVOLo Bedouévmwy aly-
pwva pe ty EZicwon(2.3), to tpdto Brus Atav 1 anexéviorn 1ou 6uvohixol Adyou
f tou apriyol yeyovotwy 6tov apiunth Tpog Tov aptiud YEYOVOT®Y GTOV TapOVo-
woo T, ouvapthoel Tne pr. Ev to0tolg, Aoyw tou 6Tt o apiuntrc unopel vo neptéyet
xo oAnivd wTévia, o f TNV TRayaTiXOTNTA anoTeEAElTaL and B0 uépn:

f=focp + 15,

orou focop eivou n {Intoduevn mocdtnta, dNAUdY 0 AOYOS TV PELIWY AVTIXEUEVKDY
TPOS Ta AVTI-ETAEYUEVA avTIXEIUEVA, EVG fry Elvol 0 AOYOS TwV IANIVOY AVTIXEUEVWY
mpog ta avti-emheyuéva. Ot 800 ouveEloQopéc elvon BuVITO var BiaywpelaToly, xoog
oty nepoyt pe pr >~ 100 GeV/c o aptdunthc nepiéyet oyedov anoxhelo xd ohr-
Mvd pwTtévia, xon wg ex To0Tou o fy emixpatel otov f (Uyfua 2.29).

Katd ouvéneta, 1o oyfua tou f, xadopileton yéow npocapuoync otny neploy pr >
100 GeV/c, xar axolovdeiton and npocappoyn tou focp + fy 08 ohéxhnen v me-
ooy Ty e pr (Syhua 2.29). Me autéd tov tpémo o foop vrohoyileton xa
epapubleTar 670 6OVoho dedopévey pe Z° + ‘aviremheypéva aviixelueve’ ooV
we v EZiowon(2.2), yia tov unoloylopd twv yeyovotwy vrnofddpou nou emlolv
570 Tehix6 oUvoho dedopévey ZV.

O Noyoc foep €xer e€dptnon and tny pr, xou EQUEUOLETOL GTNY TEALXY XATAVOUT TNS
Py TV yeyovétwy pe Z° 4+ ‘avtremheypéva aviixelueve’, Zeywplotd ot xdde bin.
H Srobixaoio exteheltar Eeywplotd Y Tic Teptoy€c Tou Bapeiiod ot Twv dxpwv. Me
Y101 TPOGOUOIOUEVLY GUVOAWY dedoUEveY urohoyiletar 6Tt 1 extiunon tou aprduod
WV YEYOVOT®Y UTORdlpou cuugwyvel pe Tov mparydatixd aprdud toug yéoa oc 1o.
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Syfuo 2.29: O Adyog tou mAntous mpaypatikdy kar Pevdwy aropovwuévawy
pwTorior ws Tpos to A0S un-aropovwuévoy (avti-emie yuévwr) pwtovioy,
ouraptioel TN €Ykdpoias evépyeiag Tov wToriov, o€ Tpooopoiwiéva defyuata,
kai o1 katavoués fo(Er) kat foop(Er) dnws mpokUntovy and T mpooapioyes
oty mepoy1) tov Papediot (apotepd) kar twy Pdoewr (bekad) [45].



2.5 Aecdouéva anod Tig cLYXEOVOELS TEWTO-
viwy

To obvoha dedouévmy and tic ouyxpotoeic 6tov LHC xatd tn Sidpxela touv 2011,
T omola ypnoworotdnxay Yo TV avdhuon tou xavahiot Z0y, emhéydnxav and
oxavdahotég eite nhextpoviny eite woviey xa tépacav and optopéva Tohd Poaoctxd
xplthpla emthoyhc. XENotwomotunxay Un-tpocupUOcUEVOL GXAVOUANOTEC UELOVWUE-
VOV NAEXTPOVI®Y Xat WoVikY UE Ta XACTOTE EAAYIO T OpLa OTIC TWES TNG EYXAPOIAG
opuhc, avdhoya pe e dragopetinéc neptbdouc Midne dedouéveyv (Hivoxee 2.4 xa
2.5). H ohoxhnpwpévn gwtevotnta (vteypated Avgvoott) yia xdde éva and ta 800
oOvoha dedouévey efvar ~ 36.1pb~ 1. Stn ouvéyeto to dedouéva enelepydoTnXAY Ue
10 enlonuo Aoylopxd avaxatacxeuric Tou CMS, xat egoupudotnxe 1 TAHieng aAuoida
xprtnplowy emhoyrc n onola teprypdgeton oty §2.3. O tehixdg aprduds yeyovotwy
7% eivar 81 610 xavdht didonaone oe nhexteévia xot 90 610 XUVEAL TOV WOoViwY.
To mhfdog twv yeyovdtwy Ta onola extiudtar 6Tt ogelhoviar o adpovixole midouxeg
vnohoylotnxe ue ), Bactoyévn otn uétpnom, uédodo 1 onola teplypdpnxe otny §2.4.
To dlpoopa authg TN exTiunong xat Tou TARYOUC AVOPEVOUEVKDY YEYOVOTY YLd TO
KII ané tnv mpocoyoinon xatarrfyet oc 88.9 £+ 4.0 xou 100.6 £ 4.6 yeyovota yia ta
xavahia nhextpoviwy xou plovieoy avtiototya.

O tehixég xatavoués TN eYxdpotag oppnc TwV QOTOViwY ota dedouéva Twv ouY-
xpoVoewy mapovatdlovtar oto LyHuota2.30 xar 2.31, pali ye v extiunon v o
unoBadpo xou TRV TEOBReYN yia o KII and v mpocopoiwor. To YyHpa2.32 napgou-
OlaZEL TNY XATAVOUT TNG AVAXATAOXEVACUEVNS avahholwTng walog Ty 800 Aentovinwy
X0l TOU QwToViou w¢ cuvdptnom e pdloc twv 800 Aentoviwy, pall ye v aviioTol-
X1 Teoooyoilwon tou KII. H {avn yipw and tnv tun M,y = Mzo avtiotolyel o
YEYOVOTA 6T OTolol To P TOVIA TpogpyovTal and axtivofolio tédnong. H {wvn yiew
and v T M, = Mzo avuotoiyel o @wtovia axtivoBollag apyixfi XaTdo oG
evtog tou KII, eved mdavy) napousio avouoroy culedZewmy Ya avauevotay va tpoxahel
Teplooeio YEYOVOTWY, EWdixd o LmhoTtepeg TéS g M.



Afn Bedopévwv (runs) L1 HLT Exavdohotég Oroxhnpwuévn
(GeV) | (GeV) pwt. (pb™ 1)
135821-140401 5 15 HLT_Elel5_.LW_L1R 0.27
140402-143962 5 15 HLT_Ele15_.SW_L1R 2.20
143963-144114 5 15 HLT_Ele15_SW _CaloEleld_L1R 0.72
144115-147116 8 17 HLT _Elel17_SW _CaloEleld_L1R 5.06
147117-148058 8 17 HLT _Elel17_SW _TightEleld_L1R 9.47
148059-149064 8 17 HLT Elel7_SW _TighterEleldIsol_L1R_v2 3.86
149065-149442 8 17 HLT_Ele17_SW _TighterEleldIsol_L1R_v3 8.11

Iivaxag 2.4: Ykavdahiotés nAextpoviony yia oidpopes mep1doovg Ang dedopé-
vov oto CMS. H deltepn kar n tpitn otrAn ofvour ta dagpopetikd eAdyiota
dpra oty eykdpowa opunj, yia to okavdahiotr yapunAov (Level-1) kai avdte-
pou emmédov (High Level Trigger) avtiotorya. H televtaia otiAn oiver tny
ohorkAnpwpérn gpwtewdétnta ya kdle mepiodo pétpnons.

A#dm dedopévey (tuns) | HLT (GeV/c) | Sxavdohotéc | Ohoxdnpwpévy got. (pb ')

133874-147195
147196-148821
148822-149442

9
11
15

HLT_Mu9 8.24
HLT _Mull 9.47
HLT Mul5_v1 18.44

Hivaxag 2.5: Ykavoahiotés pnovior yia didgopes mepiddovs Anng dedouévawr
oto CMS. H 0eUtepn otiAn diver ta dapopetikd eAdyrota dpia otny €ykdp-
o opun). H tedevtaia otnAn ofver tnv odokAnpwuévn gwtavitnta ya kdde

Tepiodo péTpnons.
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Yyhua 2.30: Eykdpoa opun tov tehikod pwtoviov oto kavdhi Z°(— ee)y and
dedopéva auykpoloewy (Halpes tedeleg), pall pe tny ektudpern katavoun
twy yeyovitwy vrofdipov (umke mavAeg), kar tny mpooopoiwpérn katavoun
tov KII (onjua ovv vndBatpo, kdkkivn ouvexns ypauun), petd ané aAdayn
kA iuakag oca 36.1pb~.
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Syfua 2.31: Eykdpoia opuri tov teAikol pwtoviov oo kavdhi Z°(— pp)y and
dedopuéva ovykpoloewy (Halpes teleles), pall pe tny ekTiuduern katavour
twy yeyovdtwr vrofdpov (umAe mavdes), kar Tty mpoocouowwudvn katavoun
tov KII (onjua ovr vrdBatpo, kékkwn ouvexnis ypauun), petd ané aAdayn
kA uakag ota 36.1pb~t.
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Syfuo 2.32: Katavour) tng avakataokevaopuérns avadoiwtng pdlas twy 6vo
Aemtoviwr kai Tov pwtoviov, ws ouvdptnon tns pdlag twy Vo Aettoviwy (jud-
via and Oedouéva: kUKAoL, nAektpdvia amd dedouéva: tekeles), pall pe tny

tpooouoiwon tov KII (ykpr onueia)[44].



2.6 Avopoieg ouledielg - TATIOTIXY] AVA-
Auom

2.6.1 Tweég TV QUOLKDY TARPAUETEWY CINV TEOCO-
polwon

H nopoloa avdhuon emitpénet tny avalAtnon vEag @uotxic xatd tpdmo avedp-
™To and YewpenTxd woviéha - av ot avepaieg oulelEelg LTdEYOLY, Ta yvng Toug
umopoly va aviyvevdoly ota dedopéva aveldptnta and Ty mny7 toug. Ev toltoic,
wio avdhuon mdavogdvewas (likelihood) n onola yenotponotel npocopoiwyéva delypo-
o Yo Eyel e€dpTNOT AnO OPIOUEVES TIORABOYES OYETIXG UE TN (QUOLXT| TTOU UTELCERYETIU
0TOUG UTOAOYIOUOUS, GE O,TL AQOopd TNV TUpAUeTEoToNon Twv oLlelZewy clupwva
we Vv xhgoxo oty omoio epgavilovton ta véo gouvoueva.  Mio dAlr, ehdocova,
Topadoy | el Vo xAvel e T ouvnliogévn emAoYY) Vo ueAetolvTal uévo ot culeliele
h}{A ot omoleg datneolv 1 ouppetpia CP, yio Aoyoug guxoliag.

Ytoug adpovixolg emtayuvtée ouvndileton v yiveton pior ouyxexptuévy mapadoyn
OYETIXS UE T1) CUUTERLPORE TV OLLEVEEWY CUVAPTHOEL TNG EVERYELIS, OOV GUUVOL oTté-
vavtt oty topafiaon tne unitarity oe eninedo Born. H xadicpwpévn emhoyh[47]
efvar 1) yprion Simohxdy napay6viwy popehc (dipole form factors), epnvevouévn and
TV emTuyia TwY TopaYdVTILY Poppic 6T vouxhedvia. D mopdderypa, 1 o0leuin hZ
umopel var exppoo el we:

hZ

hi(?,07,5) = —0~,
(14 22)

6mou A eivon m ‘tpn enavagopde’ (regularization value) [12], n evépyeta émou ot xou-
voUpYIES GLVEIOQOpES apyllouv va avarpoly Tic anoxhioelc (1 onola cuvdéeTton ywpic
AVALYROO TIXS VoL LlOOVTOL PE TNV YAoK TV VEWV Qouvopévmy). hgp eivon 1 npooéy-
yion g oulevéng oe younhy evépyeta. Koo ot ouleliewg €youv e€dptnon and tig
0pUéS TV cwuaTdiwy, 1 exVeTing LopPr| Tou TapovopacTH eYyLdTal 0Tt o LPNAEC
evépyeleg ot TS TwV ouleliewy POivouy Ypryopa, avtl va augdvovTon XaTas TpopIxd,
WEow xATIAANANG emAoYHC Tou n. AuTy 1 anaitnon Yy dlathipnon tne unitarity €yet
cav amoTéheoua TeploploTixée oyéoelc avdueoa oTic Tpelc tapapétpouc A, n xu hZ).
Kotd ouvéneia, ot nopduetpol ot onofeg mpénel va xadopilovioan otny mpocouoinon
ebvon ot A, n, xau BePaiwe o iwég mou Ya yenowonomdolv yia Tig ouledielg h§0740.
‘Oleg oL undpyovoeg avalboelg €youv npayuatonotniel Yo cuyxexpéva oOvoha Ti-
LoV Twv A xa n.

Ev to0toig, ta xivntpa unép wlag avdluong ywels teploptopotc and urodetixéc naupa-
wetponotfoelc eivar toyvpd [10][11]. Buvenwme, yia v napoloo avdluon emhéynxe
va ) Yiver ypromn g TapaeTeomolnong Ye TapdyovIeS pop®nc, To onolo petappdle-
Tan o UNdEVIXES TWES Yo Toug exVéteg 1 xon yia Tig 600 culedielg h%, hf.



NLO (L=361pb ) [KO -- -0 -+ 0 0+ -+ +0 ++
Z0(= )y 72 255 95 446 337 344 448 93 252
Z0(= ee)y 67 257 86 452 340 346 457 86 253

Mivoxac 2.6:  [Afjdog yeyovétwv oe NLO ota kavdia Z°(— pp)y kai
Z°%(— ee)y oty npocopoiwon, ya to KII kar yia un-undevikés aTGCs, pevd
tny TArjpn aAvoida emloyrj yeyordtwr, kar pe aldayn kAipaxag ota 36.1pb".
Yy mpdtn oepd ta Levyn +, —, 0" ovpporilovr tis ovletéeas hf Kai hf ay-
tiotorya, avuimpoownetortas tig Tpés hy = {+0.12,0} ka1 hf = {£0.004,0}.

Or ipée ot onofec emthéydnoay yia Tic avduohee ouledZelc eivar hf = {0, +£0.12}, hZ =
{0,40.004}. (Tt oxéhowde, o deixtne ‘Z’ mopoheineton and tic h¥, hy v euxpl-
veta.) Ov ouyxexpiuévec tipée xahimtouy éva edhoya TAAT) Qaopa, HOTE Vo ETLTPE-
metan 1) TPoPBoNY TV anoTEAEOUdTWY TN TpocapuoYnc (fit) 160 o010 eowtepind G0
%0l 070 EEWTEPIXO TNE TEPIOYNS UE TI EVOLAPEQOVTES TIPES, OTwS auTég opilovtal and
o undpyovta Gpta (Hivaxag 2.2, §2.1), ye tn Swdaoio mov teptypdpeta oty §2.6.3.

Me yprion autdVY TV TGV VLo TIC QUOIXES TUPAUETEOVS, TapdyUnxay evvéa al-
voha, Bedouévev Yia Ty avodpekn xopuer Z°Z% yia xdie xavéht Aentovix®y diaond-
cEwY, PE Yphon Tou Yevvhtopa BAUR Z0.

2.6.2 IIAY0g YEYOVOTWY ®all TEALXES XATAVOUES TNG
py TOL PwToviou

Yrov Iivaxa 2.6 ouyxevipovovion to ThRdn YEYOVOTWY Yioo T evvEa delypatd,

HETd amd TV TATen aducida emhoyhg xow TV ahhory | xhiponcag odugwya e T olo-
AANEWUEVT PWTEVOTNTA, Yia ToL Xavahior oviey xan nhextpoviwy. H ahhayr xiipaog
ané LO oe NLO o1ic xatavopés tng p% ToU QwToviou eapudoTXE o€ xdde YeYOVoQ
Zeywplotd, PE Yphon TV EEdpTOUEYLY and TNy pr. topaydéviwy ‘k-factors’ ot onofo
neptypdpovtan oty §2.2. (To Uyfua 2.27, §2.3, Selyver tnv adhayn xAipoxos yia to
KII.)
Or tehixéc xotavopéc e pr TOU QwToviou Yyl to evvéa delypata tapoustdovTo
ota Lyhuata 2.33, 2.34, ue Saueptopd xatdhAnha TEOGUPUOCUEVO GTO TEPLOPLOUEVO
@dopa TOY TN P ota dtadéotpa dedopéva and T cuyxpovoelc. To tekeutaio bin
(‘overflow bin”) nepthayfBdver dha to yeYOVOTA TOU Aviixouy o€ LYNAOTEPES TIHES TNS
pr-
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Yo 2.33: Eykdpoia opun tov teAikol gpwtoviov ota mpooopoiwuéva Oetypata
Z%(—= pp)y, ya vo KII ka1 idgopes Tipés twv avdpalov ouledéewr h§4, M€
aAayr) kAipakag ota 36.1pb".
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Yyfuo 2.34: Eykdpoia opun tov teAikod gpwtoviov ota mpooopoiwuéva Octypata
Z%(— ee)y, ya to KII ka1 Sidgopes tijiés twv avdpadoy ovledéewv hi,, e
aAayr) kAipaxag ota 36.1pb".



2.6.3 H yevixn pedodog xal Ol CUVAPTHOELS TEO-
BAedhng yvia T AVOUAAA YEYOVOTA

Ipoxewévou va unohoyiotel 1 ouuBatdTNTA TOU AVOPEVOUEVOL TAHDOUS ‘ave-
Hohwv’ yeyovotwy pe to mAflog mou uyetpdtar oto CMS, xar va tedolv dpia otny
evauoUnoio Tou TERdUATOS 0TIC avOualeg oulebelg, Yivetar 1 mapadoyr| 6Tt N xo-
Tavopr) mavotntag axohoult| cuvdptnon Poisson, xot yenolponoleiton dlayeptopévn
npooappoyy uéytotne mavogdvelag (binned maximum likelihood fit).

ITio ouyxexpéva, yivetar 1 Topadoyn 0Tt yiot EVa GUYXEXPWUEVO QACUAL TIHOY TNG EY-
x8potog opufic Tou pwtoviou, pl., N mbavéTnTa Vo tapatnendel o petpolpevo Thhdog
YEYOVOTLY, Yo SEBOPEVO avapevouevo TAlog YEYoVOTwy pe avopaieg oulediels, el-

VaL:

N _—n
nace ac

N!

6mou N elvon To uetpoluevo TARYOC YEYOVOTWY Xl Nge VoL TO avopevouevo TAftog
YEYOVOTWY Yia dedouévo Lebyog Twy Ty ha, hy, 6twe e€nyeiton oty cuvéyeia.

H mdavogdveio xataoxevdletor and 1o Yvépevo twv P oe dha ta bins ¢ tng po:

P(N; h3, ha) =

L= H Pz(N7 nac(hi’n h4))

Avtl va peyiotoromiel n miavopdvewa, ypnowonoteitar 1 ehaylo Tonolnoyn Tou apvr-
Tix00 hoydprduol tne (negative log-likelihood):

—InL = n’;ocml - Z N; Innge,; + const.

7

To avayevoyevo TAfdog avOPIA®Y YEYOVOTOY Ta oTolo UTEIGEPYOVTUL OE QUTH TNV
éxgpaon urohoyiletar wg e€hc: Koadodg 1o mhdtog tne xopuphc elivan ypopuxd g
mpog g avepokes ouletiec (E€lowon(3.4), §2.1), n mo yevixh| gopeh tne evepyolc
dtatounc, %ot x0T CUVETELXL TG CUVARTNONS oL TUPEYEL To TARYOC TV YEYOVOTWY,
et tetpaywvixy e€dptnon and tig ouledielg. LNy TEpinTwoT OTOU CUYXEXPLUEVA OL
oulelielg ot omoleg Satnpoly T cuppetpio CP elvon un-undevixéc, to mpoBienduevo
mAfdog Ty yeyovotey eivan pla eAhetntixnt| topaBoloeldric ouvdptnon twv ha, by, Yia
x&de bin g pi:

Nac(hg ha) = NM 4+ A - hs + B-hy+C -h3-h3+D -hy-hy+FE-hs-hy

6mou NSM
TEAEC TEC.
[Tpoximter Ot, av 1 TR T p% Topopeiver evtog plag wixprhc TEpLOY NS, 1 Y VOO axoud
xat eVOC Wxpol GLUVOROL TANIGOY YEYOVOTWY Yio StopopeTind (ebYN TWOV TwV h3, hy
apxel yio Tov xadopoud TN Tapaoloedolc CUVARTNONG Y AUTO TO GUYXEXPIUEVO
bin p}..

elvor 10 Yo twv yeyovotwy evtog tou KII xou ot A, ..., E elvar ouv-



oEvents/36.1pb !
o Events/36.1pb *

o Events/36.1pb *
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Yyfuo 2.35: Ilpooapuoyn twv mapaforocdwr empaveisy ota tARdn yeyovo-
tov twr evvéa deryudtwr Z°(— up)y (otovg déoves x ka1 y Bplokovtar o1 Tiuég
twr ovletéewr hs 4 y1a to kdle defyua ). H Tpooapoyn €KTeAeital Ywpiotd ya
kdOe bin tov py. tov gwtoviov, ota tAdtn tudy [10, 30, 50, 70, 90].

Mpdypatt, apxel 1 ypfion TV xatoavou®y g pr. and Ta evvéa apyela Tou BATP
Zvy Yy 10 xd0e xavdht, yetd v ahhayn xhipaxoc ané LO oe NLO tipéc pe v
e@apuoy? TV eZapTdpEVLY and Ty pr. nopaydviwy k-factors. To yeyovérta xato-
veuROnxayv oe bins ovpPatd ye v xatavour twv dedouévewy tou CMS, ue xatwtato
bp10 1 10 GeV /c. Ta yeyovda pe pl. > 90 GeV /¢ npostéinxav 610 tehevtaio bin,
xat 1o ThYog Toug amodeviETL XadopLo TIXG Yiol TNV EVEEST] TwV 0plwY, OTWS fTay
AVAPEVOUEVO AOY® TOGO TOL Uixpol TAHYoUS YEYOVOTOVY and cuYXpoVGES 650 Xou
TWY YONAGY TV Pl mou T yopoxtnpilouy.

Tehixd 1 nopoBoroedfc cuvdptnon hauBdveta oe xdde bin g p) Zeywpiotd, Tpo-
capudlovtag plo diddo TaTy EMQAVELX TdVW GTO TAEYHA TOU TAHYOUC YEYOVOT®Y TwVY
evvéa deryudtwy ouvaptioel v hy xa hy (Eyfpoata 2.35, 2.36). H npocappoyn
yiveton oe meploy ) TGOV ehagpnds TAATOTERN and TIC TWES TOU YenoloTotinxay Yo
Tic oulelEElS, XAl UTEPXAADTITEL Tl TEEYOVTA TEIPUUATIXE Oplal. XENOLUOTOUWVTIS TIC
OLVOPTAHOELS TOU TPOXUTTOUY PE OUTO TOV TPOTO, eivan BUVATO Vo YIVEL ETEXTACT, TNC
TpoBAedng Tou TARYoUE YEYOVOTWY Yo 0olecONToTE THES TV oLlevEewy h3, hy €V-
TOC NG TEPLOYNC TWWV TNE TPOCUPUOYNE, Xot CUVETWS Va Bpettolv oL Tiwég Toug mou
elvou mo oupPatéc ye T yetproeg tou CMS.

2.6.4 llepapatixd dpLa

H ehayrotonoinon tou apvntixol hoydprduou e mdavopdveiag, Ue dedouévr )
wétpnon and 1o CMS, exteléotnxe pe yprion tou naxétou Aoylomxoh ROOFIT[58]
10 omofo avantiyUnxe yia otatioTixée avarloeg. To unéBadpo, dnwe extiuRinxe
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Yo 2.36: Llpooapuoyn twv napafolocidcy empaveisy ota mAnin yeyovo-
tov Tov evvéa deyudrov Z°(— ee)y (otovs déoves x ka1 y Ppiorovtar o1 Tiuég
twr oulevéewr hs 4 yia to kdle defyua ). H TpooapjoYn ektedeital Ywpiotd yia
kdOe bin tov p. tou gwtoviov, ota tAdtn tudy [10, 30, 50, 70, 90].

wéow tne pedddou Moywy (§2.4), mpootiveton 610 avayevoyevo tAflog yYeyovotwmy
TOU OHUATOC TPOXEEVOU VO OYNUATIOTEL TO OUVOAIXO TARYOC AVOUEVOUEVWY YEYO-
votov (Uyhuata 2.30, 2.31 oty §2.5).

Télog, 1660 6T0 AVAUEVOUEVO GTUd OGO XAl GTO EXTIWUEVO LTOBadpo emtpénovTo
Sroxupdvoels Aoyw optouévewy Topapétpewy OyAnong (nuisance parameters), ot tuég
TV onolwyv teptopilovtar xatdhAnha evTog Tou apvnTixol hoydprduou tne miavopd-
vewoc. ITpdxerton yior v oBeBatdtnta 6NV OAOXANPEOUEVY GOTENVOTNTY, fr, Xal TIC
ovoTNuaTxég aPefoudtnteg 0Ty emhoyT Tou ofuatos, fg, xu Tou unofBddpou, fpa.
Koatd ouvénela, n nifiene éxgpaon tng mavogdvelog yivetot:

L=Gr(fr) Gs(fs)-Gpa(fa) - le (N; {nac(hs, ha) - fr - fs + g - fBG})

IMo tic pée v afefauotitwy yivetar 1 topadoyr| 6Tt neplopilovtal and xUTUVOUES
‘xavovixol hoydprdpou’ (log-normal, ¥ xatavouéc Galton), G(f), ot onoleg o Ao-
ydpiuos tng petoBAnthc axoloudel yxaouvotavy xatavouy|, ue andxhion {on pe To
mhdtog tng affefondtnrag. H emhoyh g xatavourc xavovixol hoydprdgou yia Tig
petaPAntée, avti g mo ouvniiopéyng Yxaouolavic xatavoprc, anotehel tpo@lagn
xatd T yeon eeaypévey tocothtmv[59].

To v ebpeon TV TPOY TV avOpolwy culediewy ol omoleg eivon mo cuufatéc
we o Strdéotpa dedopéva yenowonotinxe 1 poutiva MIGRAD. Ot Tiéc twv ha xo
hy petofdihoviar TautdyEova xaTd PBrudTo EVE 0 apvnTixdc Aoydprdpog tng mavo-
PAVELNG EAALYLO TOTOLELTOL WE TPOG TIC UTONOITES TUPAUUETEOUS, XOl 1 TEWTY ot DEVTERT



ToEAYWYOS TOU YENOLUOTOLOUYTAL Yid TNV E0PEGT) TOU EALYLO TOU.

Metd v elpeon tou ehdytotou 1B TV EAdYOTOY, 0 akydprtpog MINOS ypernoiyo-
motelton yia To mpogthivy xou TNV ebpeon Twv oplwv: O apyntinde hoydprluog tng
mdavogpdvelag vnoloyileton ex VEou YLl O ToL GNUEL TOU TOPOPETEIXOV YWEOV, EVED
ehayto tomoteltar Zavd we Tpog TiC TopapeTeous Oyhnone (‘profiling”). Me autd tov
Teomo yivetar aprduntixdc unohoylouds e emtduunTAC andoTaoNS and TNV EAAYI-
o 1 xar tou avtictoyou doThuatog euniotoovvre (confidence interval), xou
TOPAYOVTOL o TEPLY PAUUOT TwV EMTEdWY epmioToovvrc (confidence level).

2.6.5 Xvotnuatixn aefatdoTnTo

‘Onwe avagépdnxe otny §2.6.4, tpeic neptoyég ennpedloviat and cuoTHUATIXY ofe-
Baubtnto: H pérpnon tov yeyovétwv 2%, 1 extipnon tou unofdipou, xar 1 pétenom
NS OAOXANPOUEVTS POTEVOTNTOC.

H ofefadtnra oty ohoxhnpwuévn gwtevétnta vrtoloyiotnxe and 1o neipoya CMS
fon pe 4% [60].

O mnyée g afefoudtnrag ot pétenon Tou 7% etvon n afefodtnTar amd v PDF
(parton density function, cuvdptnorn tuxvéTntac TapTOViKY), oand Y anodoTxdTn-
TOL TOU OXOVOUALOUOY, TNG AVAXATAOKEVTS, Xot TNS TAVTOTOINOTG TWV owUaTidlwy, Xou
and Tt draxprtixt| txavotnta (resolution) xou v xhipaxo evépyeloc (energy scale)
TWV AETTOVIWY XAl TOV POTOVIKY.

Ytov unohoytoud tou unoBdipou pe ™ uédodo Peudwyv Aoywyv (§2.4) ureioépyovta
Teelg TNYEC ouotnuatixnc ofefordtnrac: H emhoyy touv xatwgiiov otn uetaBAnTA
ATOPOVWOTS TN TPOYIES Yl TNV avTi-emhoyT|, 1 tpooappoyy (fit) yia ™y elaywyn
TV AOYWY, XL Ol GTATIO UXES DIUXUUAVOELL GTO TOGOGTO TV AANUIVGY QWTOVIKY
Tou Peloxovtoar 610 delypa adpovixwy mddxwy. H teleutaio etvar xou 1 uévn onuav-
0 TNy T oBeBandtnTag o Tov uToloyiopd Tou unofdipou.

H enidpaomn 10V cuotnuatin®y ofeBoutottwy o UETeNon TwV 500 AETTOVIXGOY XaVa-
Moy Beloxeton otov Ilivoxa 2.7. H egapuoyr toug otn otatio uxt| avdivor culnreito
otny §2.6.4.

2.6.6 AmnoteAéopoTa

Metd Ti¢ 8idido tateg npoocapuoyés oTig Twée Twv aTGCs, ta Xyfuata 2.37 - 2.40

ropovotdlovy ta 6ptd toug ot eninedo epmiotoolvne (CL) 68% xa 95%, Yo tor xo-
VAL BIIOTAONG OE ULOVIAL X0 NAEXTEOVIA, TOCO EEYWEIOTA GO Xal GUVOUUOUEVAL.
Ta EyAuota 2.37, 2.38 nopovoidlouy ta BLdLdo Torta anoteAéouata oTa 800 AETTOVIXY
XAVAALYL X0 TO GUVDLAOUS TOUS, OTWS LTohOYIo TNV UE Bdon To ohVoha BEBOUEVLY
ané tov yevvitopa BATP Z0%.
H otatio x| avdivon enovolfpinxe xa ye to detypoata aTGCs ta onola naprydnoay
UE Tov Yevvitopa SHERPA. Xpnowomoidvtag Tig Topaoloetdelc ouvapthoeig and ta
delypotat Tou SHERPA YIo TNV TROCOQUOYT) O Ta TELpapaTixd dedouéva, haydvovtar to
Biotdo Tt Gptal TV Ly nudtwy 2.39, 2.40.



IIny eey | puy

Khipoxa evépyetag nhextpoviou 2.8% | n/a
Araxpttied, xavotnta evépyetac nhextpoviou | 0.5% | n/a
Khiyoxa pr wioviou n/a | 1.5%
Aaxpltix) avoTnTo pr Uoviou n/a | 0.7%
Kfpaxa evépyelog pwtoviou 3.7% | 3.0%
Ataxprtiny) eovoTn T EVERYELIC PwTOVioU 1.7% | 1.4%
Pile-up 2.3% | 1.8%

PDF 2.0% | 2.0%

Avoxortaoxeur| nhextpoviou 0.9% | n/a
Tavtonoinon xor anoudvwon nhextpoviov | 0.7% | n/a
Tautomoinom xaw avoxataoxevy| woviou n/a | 1.1%
Tautomoinor xaL AmouOVKCY PwToViou 1.0% | 1.0%
Ol ofeBoudtnro Luarog 6.0% | 4.5%
Oy oBeBoudtnrar YroBddpou 9.3% | 11.4%
Ohuxry ofeBardotnTa PwtevotnToag 4.0% | 4.0%

ITivaxac 2.7: Alota ouotnuatixay afefaotitwy oto xavdh Z%. (n/a: dev
agopd tny mepinTwon)

Emuniéov, otov Ilivaxa 2.8 magousidlovtar povodidotata dpla i xdde plo and Tig

ouleEelg, TPOXEWEVOL Vol YIVEL GUYXQPLOT UE TA UTHQ)YOVTA TEIQOUATIXG ATOTEAECUITAL.

Ta ev Moyw dplar tpoxtnTovy Y€tovTag TNy exdotote GAAT oUleuin lom pe TV TN
4 , 7 N4

mou €yet oto KII, onhadr lon ue 1o undév.

Toa povodidotata dpta mou Tidevton oTic TWwéS Twv hzy UE TOUC BVO YEVVATOPES
elvon ouyPotd petal toug. Ev tobtowg, o1n ouvéyeta culntodvton dvo mdavéc mnyéc
NG SLaopdc avaPEsH 6Tl SLBLEO TATA ATOTEAECUATAL.

‘Onwe avagépinxe oty §2.2, oty mapaywyy UE T0 YEVVHTOpa SHERPA OL UTOAOY!-
ouol LO mepthapPdvouv cuveisgopéc QCD, evdd n napaywyt tou BAUR 11 nepthoy-
Bdaver oe eninedo NLO. And tn wla, t0 yeYovég autd elvon duvatd va ennpedlet to
oyfuo e xatavophc pr xatd v alhay xhipaxas pe ypRon v k-factors (§2.2).
Av autéd ovyPatver, avopévetar va €yl pxpod wéyedocg.

Ané v dhhn, ot cuvelopopéc QCD avayéveton vo xavouy TNy TEPLYpaQn TNS Topo-
yoyhe Z% mo axpih. Ev to0towc, mepthapBdvouy emimhéov xvnuotind xprthpia oe
eninedo nopaywyne, T omola eivon Suvatd Vo ennEedlouy ToL IAAAETIBPOVTA TAPTOVIX
xau Toug adpovixolg ntidaxes (§2.2).
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BAUR Z%(— pp)y | -0.07 | 0.07 | -0.0006 | 0.0006
BAUR Z%(— ee)y | -0.06 | 0.06 | -0.0005 | 0.0005
BAUR ouvduacuéc | -0.07 | 0.06 | -0.0005 | 0.0005
SHERPA Z°(— p1)7 | -0.06 | 0.09 | -0.0006 | 0.0055
SHERPA Z°(— ee)y | -0.06 | 0.08 | -0.0005 | 0.0005
SHERPA ouvduaoués | -0.05 | 0.08 | -0.0005 | 0.0004

Mivoxag 2.8: Movodidotata dpia 95% CL orig aTGCs otnv kopuer Z°Z 7,
XIS T xprion tapaydvtowy popens (§2.6.1). Ta arotedéopata tapovordlovar
Eexwpiotd yia Ty Tapaywyr) pe tous yevvitopes yeyovdtwr BAUR Z% kai
SHERPA.

h4

0.8
0.6
0.4
0.2

0.2
04—
0.6

0.8

Yyfuo 2.37: Opia ouig tipés wwv aTGCs o¢ eninedo epniorootvns (CL) 95%
(ovrvexés Teptypappa) kar 68%C L (Siakexoupéro), ota kavdhia Z°(— pp)y
(apiotepd) kar Z°(— ee)y (be&id). Xpnoornomdrike o yevvijropags BAUR
Z%.

Me tnv napoloa avdhuon delyveton dtt to meipopa CMS npooeyyilet to dpta oTic
Tipég g ouleuing th o omola Tédnxay and ta nelpdpata oto Tevatron, map’dého
mou yenowonotinxe onpavtixd Atydtepn ohoxAnpwpévny gwtewvotnta. Ta véa dpla
ot oUlevén h¥ | n onola éyer 1oyvpdtepn e€dpTnom and TNV evépyeta Tou xéVTpou ud-
Cag twv ahAnAenidpdoewy, etvon KOn o oTeVd. Autd To anoTteAéouato 001 YOUY G TNV
nenoldnon 6t 1 enavdAngyn g avdhuong ue ta dedouéva and Tig cUYXEOVCE GTOV
LHC ta onola Yo culheydolv otn didpxela tou 2011 Ya odnyrioet eite o onuavTtixy
oLEEIXVWOTN TwV EMTEENTOY TGOV Twv aTGCs eite og avaxahiders.
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Yyfua 2.38: Opa ouig upés wwv aTGCs o€ 95%CL (ovvexés meptypaua)
ka1 68%CL (daxexoupévo), pe ovvdvaoud twv kavahidy Z°(— pp)y kai

Z%(— ee)y. XpnoworomOnke o yevvitopag BAUR Z%.
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Yyfhua 2.39: Opia otis nipés wwv aTGCs o€ 95%C L (ouvexés neplypaupa) kai
68%C L (Suukexoupévo), ota kavdhia Z°(— pu)y (epotepd) ka1 Z°(— ee)y
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(6e&ad). Xpnoporoninke o yevvijtopag SHERPA.
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Yyfuo 2.40: Opa ouig nipés v aTGCs o€ 95%CL (ovvexés meptypapia)
kar 68%CL (drakexouévo), pe ovvdvaoud twv kavahidr Z°(— pu)y kai
Z%(— ee)y. Xpnoworondijke o yevvrjtopag SHERPA.



The unprecedented success of the Standard Model - the theoretical formula-
tion of our knowledge about the elementary constituents of the world - has given
rise to intensive attempts at finding a crack in its structure. One of the places
scrutinized for such a hint by Nature lies within the very symmetries dictating
the Model, in the form of relations between the mediators of forces: The presence
of new couplings involving gauge fields would signify a deviation independent of
any specific theoretical presumption, and was among the objects of the searches
performed in the Compact Muon Solenoid experiment with the first data available
from proton-proton collisions in the Large Hadron Collider at CERN.

The present study deals with this search for “anomalous” gauge couplings in even-
ts with the final state comprising of a Z° boson and a photon, and was performed
on the data collected by the CMS experiment during 2010.

Chapter 1 provides an introduction to the Standard Model of elementary par-
ticles, and to the role of trilinear gauge couplings, along with phenomenological
elements about the calculation of the possible contribution of new couplings.
Chapter 2 deals with the description of the LHC machine, and the CMS experi-
ment and its subsystems. In conjunction with this, three studies concerning the
detection of particles in the electromagnetic calorimeter and its preshower detector
are discussed in Chapter 3.

The study for anomalous couplings is expanded on in Chapter 4. After a discussion
of the characteristics of the expected new signal and the main background proces-
ses, and the tools used for their simulation, the experimental techniques employed
for the identification of the involved particles and the elimination of background
are examined. Subsequently, their application on the data from LHC collisions
is presented. Finally, the analysis is concluded with the statistical treatment of
the experimental measurement, and the obtained new limits on the presence of
anomalous couplings.
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Kegpdhato 3

Appendix A: Theoretical
introduction

3.1 The Standard Model

3.1.1 Particle content

Particle Physics studies the elementary particles that constitute matter and
describes the interactions between them. According to current knowledge we can
distinguish two types of elementary particles which constitute matter: quarks and
leptons, both with spin 1/2h and arranged in three generations. The fundamental
interactions discovered and studied in detail so far are four: the electromagnetic,
the weak, the strong and the gravitational. However, the main concept of the
quantum field theory is the unified description of both matter and interactions in
terms of quantum fields, the former having semi-integer spin (fermions), the latter
having integer spin (bosons).

Within the -extremely successful experimentally- description of the interactions of
the fundamental components of matter known as Standard Model[1], the existence
of the gauge bosons and the form of their interactions are dictated by local gauge
invariance. In fact, gauge bosons are a manifestation of the Standard Model’s
symmetry group,

SUB)c®@ SU(2)r@U(1)y

where :

e SU(3)c¢ is the non-abelian gauge symmetry group which describes the strong
interactions. Such a structure involves eight independent matrices, which
are the generators of the group, reflecting the fact that the strong interac-
tion is carried by eight vector bosons, the gluons. The gluons are massless,
electrically neutral and carry the charge of strong interactions, known as ” co-
lour”. The strong interactions are well-described by the theory of quantum
chromodynamics (QCD).
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e SU(2)L ® U(1)y is the weak isospin symmetry group which describes the
electromagnetic and weak interactions together (electroweak interaction)[2].
Three vector bosons, W*, Z9 are the mediators of the weak interactions,
while the photon is exchanged in electromagnetic interactions. The weak
bosons are massive particles, and can interact among themselves (more de-
tails are found in §3.2). W¥ have electrical charges of Q = +1 respectively,
while Z is electrically neutral (charges are given in units of the elementary
charge, e). The photon is massless, chargeless and does not interact with
itself.

The main characteristics of strong, weak and electromagnetic interactions and
their mediators are summarized in Table 3.1.

The fundamental constituents of matter, lacking known internal structure to date,
are classified under two groups: quarks and leptons. Quarks are triplets under the
SU(3)¢ group and hence undergo strong interactions; leptons are singlets under
SU(3)c. The left-handed states of all fermions are SU(2);, doublets, while their
right-handed partners transform as SU(2), singlets; placing right-handed and left-
handed fermions into different multiplets of the SU(2), group describes the parity
violation.

The Standard Model includes three generations of fermions, which are identical
except for the masses. Ordinary matter is composed of particles from the first
generation. The other generations only appear briefly in high-energy processes
(cosmic rays, accelerators).

The leptons are the electron (e™), the muon (1~) and the tau (77), each of which
has electric charge Q = —1, and their corresponding neutrinos, ve, v, v, with
@ = 0. The quarks are of six different flavours: u, d, ¢, s, t and b, and all have
fractional charge () = %, —%, %, —%, % and —% respectively. In nature quarks are
found confined within the hadrons, a wider class of stable particles. The particle
content of each generation is:

1% generation: ( ;/f ) y €R) ( Z > , UR, AR
L L

ond generation: < V‘i > s PR ( ¢ ) , CR, SR
K/ S /)L

. _ t
374 generation: ( v ) TR < b ) , tR, bR
T /L L

along with the corresponding antiparticles. The left-handed (L) and right-handed
(R) fields are defined by means of the chirality operator vs, e.g.:
1 _

_ _ 1 _
e; 25(1—")/5)6 : eR:§(1+’y5)e

Although the original formulation of the Standard Model included massless neu-
trinos, there are now experimental indications of them being massive.



Interaction Electromagnetic Weak Strong
Gauge bosons 7y w=, Z° gluons
Mass (GeV/c?) 0 80.4, 91.2 0

Coupling strength o~ 13))—7 Gr=1167x10°GeV? a,~0.1

Range (cm) 00 10716 10713

P’inakas 3.1: The characteristics of the three fundamental interactions desc-
ribed by the Standard Model, and their mediator fields.

Quarks additionally carry the colour charge, g,, o = 1, 2, 3. There is mixing
between the three generations of quarks, which is parametrised by the Cabibbo-
Kobayashi-Maskawa (CKM) matrix. The origin of this mixing is still unexplained.

3.1.2 The electroweak theory

As discussed above, the bosons which serve as interaction mediators result

from the gauge symmetry of SU(3)c ® SU(2)r, ® U(1)y. Local gauge invariance
makes the theory re-normalisable but also requires the gauge bosons to be mas-
sless. However, the fact that the weak gauge bosons are massive indicates that
SU(2)p ® U(1)y is not a symmetry of the vacuum. In contrast, the masslessness
of the photon reflects that electromagnetism, U(1)e,, is a good symmetry of the
vacuum.
Thus, the Standard Model postulates the so-called Higgs mechanism[3], which
spontaneously breaks the electroweak symmetry SU(2); ® U(1)y to the electro-
magnetic symmetry U(1)e., by introducing a complex scalar field: The Higgs field,
o = < Z?; >, is a doublet under SU(2)r, with U(1)y charge yo = +1/2. The
Lagrangian of this field must be invariant under SU(2); ® U(1)y local gauge tran-
sformations, and takes the form:

Ltiggs = (Du®)' (D'@) — V(@) (3.1)

where, in the most general case, the potential is:
1
V(®) = — 20T + §A(<I>T<I>)2,

with A > 0 and ;2 > 0 in order to have non-trivial minima, and the gauge covariant
derivative is defined as:

— g
where 7¢ are the Pauli matrices, and g(g') are the SU(2) (U(1)y) gauge coupling
constants. Wli, i =1, 2, 3 are the SU(2)r, gauge fields, and B,, is the U(1)y field



associated with the weak hyper-charge Y = @ —T3, where ) and T3 are the electric
charge operator and the third component of weak isospin, respectively. It should
be noted that although the full form of the covariant derivative is presented here,
its introduction is justified in the discussion that follows.

The minima of the potential V(®) lie on a circle of radius \/?, therefore the
calculation of the Lagrangian for spontaneous symmetry breaking will involve per-
turbative expansion around this value. More specifically, if, out of the four degrees
of freedom included in the ® doublet, only one of the components of the neutral
field is assumed to acquire non-zero vacuum energy value, i.e.

+ 0_0 0 _ ﬁ
¢1727¢2_ ) (bl - A7

then four new fields are used to describe the fluctuations:

p? i i
n=g—\ 5 f=¢h £=123
After the breaking of the symmetry and the perturbative expansion, a mass term
emerges in the Lagrangian for the scalar field n, along with the massless £ fields
which clearly pose a problem to the model[4].
However, one additional element is the enforcement of invariance under local gauge
transformation. This is done by introducing the following form, using a phase 6,

> — 0@ (3.3)

along with the replacement of the derivatives in the Lagrangian with the covariant
derivatives, defined in Equation (3.2). If Equation (3.3) is written in terms of its
real and imaginary parts,

D — (cost’ +isinb")(y + i DY),

then it can be seen that imposing a suitable choice of gauge for the phases,

i
0t = —tan"' =2,
Of}

is enough to eliminate ®% to zero.

The full form of the Lagrangian, after the spontaneous symmetry breaking and
the enforcement of local gauge invariance, contains mass terms for the gauge fields
entering the covariant derivative. It can be noted that these terms arose from in-
teractions with the scalar fields and the subsequent acquisition of vacuum energy
value (by ¢{). The disappearance of the massless fields ¢ and the acquisition of
mass from vector bosons occurred in the same move, by an - invariant - selection



of gauge. According to the common interpretation, the degrees of freedom corre-
sponding to & were absorbed by the vector bosons in order for them to acquire
longitudinal polarization and mass.

In brief, the electroweak bosons turn out to be constructed from combinations of
the Wﬁ, B, fields,

Z,, = cos 0, W} — sin 0, By, Wi =—(W, —iW}

— %‘»—\
[\]

Ay = sin0, Wy + cos 0, By, W, = E(Wj +iWy
where the mixing phase 6,, is the so-called “Weinberg angle”. At the same time,
the minimum value of the Higgs field is invariant under U(1),,, transformations,
which means that this symmetry is unbroken and the photon stays massless.

The degree of freedom which survives from the original scalar doublet after the
symmetry breaking corresponds to a new scalar particle, the Higgs boson, which
must be massive and electrically neutral. However, its mass, which is acquired
through self-coupling in the potential V' (®), is arbitrary in the theory and the
Higgs boson has not been observed in experiments so far.

The Higgs boson mass at tree-level is:

m% = 2 \0°

where v = \/‘;2 is the vacuum expectation value and is related to the boson masses
and their gauge couplings to fermions (g, ¢’) in the following way:

1 1
My = 5gv, Mz =50V g2 +g”

The strength of the self-interaction of the Higgs boson, A, can in turn be expressed
in terms of the Higgs and gauge boson masses and the gauge coupling as:

2
_ 1y my
2
W=

A

8" m

and is completely arbitrary within the Standard Model, therefore the Higgs boson
mass is unknown.

The mechanism of symmetry breaking is also used to provide mass to the fer-
mions, making them couple to the Higgs boson with different strength (Yukawa
couplings) according to their mass. The value of each coupling constant, G, is
directly related to the corresponding fermion mass, my:

my =

v



The values of the Yukawa couplings are arbitrary as well within the Standard Mo-
del, and they are determined from the experimental measurements of the fermion
masses.

The full lagrangian of the electroweak theory has the form:

£SU(2)><U(1) = £gauge + Lo + Ef + Lyukawa
o The gauge part is:

1 |
*Cgauge = ZW,ZVWHW i ZB/“’B#V

with field strength tensors
B,, =0,B, - 0,B,,

Wi, =0, Wi —0,W) — Ve Wiwe,

where €;; is the totally antisymmetric tensor, and Wﬁ, t=1,2,3 and B,
are the SU(2) and U(1)y gauge fields.

e [g is the scalar, or Higgs, part of the lagrangian, which was examined above
(Equation (3.1)).

o L and Lyykawa describe, respectively, the couplings of the free leptons and
the Yukawa couplings, acting between the Higgs doublet and the various
flavours of quarks and leptons. These couplings make possible the quark
and lepton mass terms generation in the Standard Model.

In total, the simplest version of the Standard Model contains 19 free parameters:
5 couplings (gs, g, ¢', 4%, \), 9 masses (6 for the quarks and 3 for the leptons, with
the assumption that neutrinos are massless), the 4 independent phases in the CKM
matrix which describes the quark flavour mixing, and 1 phase which accounts for
QCD interaction among gluons which can violate the CP symmetry.



Z’(a)

v(Q,)

Sq’hma 3.1: Effective vertex involving photons and Z° bosons (V = Z°,~
virtual).

3.2 Trilinear gauge couplings

3.2.1 Trilinear gauge couplings in the Standard Model
As stated in §3.1.2, the gauge boson part of the electroweak Lagrangian is

1. |
Lgauge = ZW;WW}WZ - ZBMVB“V

where WZV and B,,, are the field strength tensors of the SU(2), and U(1)y gauge
fields, W, i =1, 2, 3, and B, respectively.

After the symmetry breaking, the electroweak bosons are built from combinations
of the W/i, B, fields,

Z, = cos@wWS — sinby By, WJ = Wﬁ

A, = sz’n@wW/‘Z’ + cost,,B,, W, = Wi

resulting in trilinear interactions which can only involve both charged and neutral
gauge bosons.

The absence of trilinear vertices with all neutral gauge bosons reflects the fact that
(i) no self-interactions can enter the B, term since the U(1)y group is abelian,
(ii) the B, field cannot enter the W), term, since the two respective groups are
factorized by construction, and consequently the relevant structure constant is
Zero.

3.2.2 Effective treatment of trilinear gauge couplings

Within the Standard Model, the relation between the symmetry structure and
the allowed trilinear gauge vertices is absolute. However, there is no known law
which in principle prohibits additional trilinear vertices, and their existence could



be a legitimate deviation from the Standard Model predictions. The method for
treating this possibility is to use a parametrisation independent of any particular
theoretical model, by means of an effective Lagrangian[5].

In the following, only the trilinear interactions involving exclusively neutral gauge
bosons will be examined.

The effective Lagrangian is built by including all possible interaction terms with
three vector bosons, and imposing only the most general restrictions[5]: Lorentz
invariance of the on-shell photon, electromagnetic gauge invariance, and assum-
ption of negligible fermion masses. Eventually, the function of the vertex involving
photons and Z° bosons, Z°yV (V = Z° v virtual), shown in Figure 3.1 can be
parametrised using four free parameters in each of the two cases, named h}/’27374
(V=2%7):

for momenta Z°(q1)v(q2)V (P),

hV
Ppv(an e P) = A0 (g™ = a59"") + 5 P[P 02)g" — ¢4 P{BA)
Z
v hy
+h3 Euaﬁpfﬂp + WpaeuﬂpUPpQZU , (3'5)
z
where €“*PP is the totally antisymmetric tensor, my is the Z° boson mass, and the
overall factor A" becomes
P2 2

_Q% 0 o' P
———for V=2"and A" = — for V =+.
mz myz

.AZ

The eight couplings h,}/ are dimensionless functions of the squared momenta. The
couplings h}f?) consist of operators of dimension 6, while th receive contributions
from operators of dimension > 8 [5]. The couplings h} and hY are CP-violating,
while hY and h) are CP-conserving. The couplings have no physical meaning
per se, but they are related to the electric and magnetic dipole and quadrupole
moments of the V — Z° transition, as a result of the involved invariance principles
on the Lagrangian[6]:

e 1 k?
dg = —— — — Y —hY Electric dipole transition moment
my 2 mQZ (h3 i) p
QY = % V10 (2RY) Electric quadrupole transition moment
mZ
c 1K (hY —hY)  Magnetic dipole transiti ¢
7=———=— - agnetic dipole transition momen
K mz 2 mQZ 1 2 g p

e
QY = — V10 (2hY) Magnetic quadrupole transition moment.
m



Within the Standard Model all couplings hZV vanish at leading order, but at
one-loop level the CP-conserving h§4 are non-zero, due to triangular diagrams
with internal fermion loops. These one-loop contributions are calculated to be
negligible[7].

It should be stressed that, in the vertex function (Equation (3.4)), the denomi-
nator of the overall factor and of the terms proportional to hé/’ 4 should formally
contain the characteristic energy scale at which the new interactions are expected
to occur. The choice of the Z° boson mass, mz, is arbitrary and does not cause
any loss of generality; for a different mass scale, M, all subsequent results can be
obtained by scaling h¥3 (hg:4) by a factor M?/m?2, (M*/m%).

Finally, possible sources of the new couplings could include the existence of excited
Z* bosons which would decay into a Z° and a photon, or internal structure of the
Z9 e.g. a fermion-antifermion bound state. As an example, in the second case
the characteristic scale of new physics, A, could be related to the size A~! of such
bound states.

3.2.3 Parameterisation of the trilinear gauge couplings

A crucial consideration when studying the anomalous trilinear gauge couplings
(“aTGCs") is partial-wave unitarity. Since the b} couplings depend on the particle
momenta, the preservation of unitarity at high centre-of-mass energies must be
ensured, and appropriate dependence on the energy has to be included in their
description. A way to achieve this is by using form factors for the couplings,
making sure they fall off rapidly for large momenta and asymptotically vanish at
high energies, essentially restricting the couplings to their Standard Model values.
The common choice for the form factors has been the dipole form factors[8]:

hls
(1+32)"

where A is the cutoff scale, i.e. the energy at which the novel interactions may
start to appear. The subscript 0 denotes the low energy approximation of the
couplings. Unitarity bounds of the involved quantities were first derived for the
helicity amplitudes, and then “translated” to the couplings[9]. The assumption
that only one aTGC is non-zero at a time leads to the following bounds when
A >>my:

hy (p”,p7,8) = (3.6)

2.\n 3
p 7 (3m) 0.126 TeV
|hiol, [hsol < (%n — 1)n3/2 A3 ’
2,.\n -3 5
7 P (1) 2.1 x107°TeV
’h20’7 ’h40’ < (%n _ 1)7175/2 A5 ’
WL K| < (3n)"  0.151TeV?

(%n _ 1)n73/2 A3 ’



(n)" 2.5 x 1073 TeV?

(%n— 1)n—5/2 A5

|hols [hig] <

The exponent n is arbitrary and model-dependent, and has to be provided along
with A. However, it must be n > 3/2 for h{'y and n > 5/2 for hy, to preserve
the unitarity. In the case that more than one of the couplings are non-zero, the
bounds may be weaker due to cancellations.

However, the reasons behind the use of this or any other parametrisation of the
couplings are purely calculational, in the sense that unitarity will not be violated
in the actual experimental measurement. One qualitative way to understand the
issue is the following[10][11]: Unitarity can only be violated for an energy /s’
around or larger than A. But if there is some excess at /s’ which could be attri-
buted to new physics, setting a conservative limit is not desirable. On the other
hand, if no excess is observed, then there is no violation of unitarity.! In addition,
the assumption about the specific form of the parametrisation is not founded, and
actually results in a loss of the predictions’ generality.

Another issue which may arise is bias due to the choice of the A value[11][12].
Smaller values of A result in the form factor suppressing the number of events
with high pr, therefore in less enhanced cross-sections. In the case that aTGCs
exist, this means that a choice of, e.g., smaller A than the one in nature will lead to
an overestimation of the couplings. If aT'GCs do not exist, then the use of smaller
As will result in a loss in sensitivity during limit setting. (To a lesser degree, these
bounds also depend on the power n in the form factor.)

In an electron collider there would not be any need for this technique, since the
energy of each event would be precisely known. For hadron colliders though, the
ideal alternative to using form factors would be to perform the search as a function
of §, without any assumption on the couplings’ behaviour; this method would avoid

LA more quantitative argument involves the factorization of the effective Lagrangian
into terms dependent on A: If there is physics beyond the Standard Model, then the
Lagrangian at low energies can be expressed as a sum of Lagrangians|[6],

LWVs<<A)=Lsy+d Y. A{?LOM

n=>5 j

(where f are couplings and O operators,)

meaning that corrections to the Standard Model are suppressed by powers of %

In this light, if signal excess is observed at /s << A, then no higher order terms need to
be considered, and the coupling does not depend on +/s.

If, on the other hand, signal excess is observed at /s > A, then the higher order terms
have a big impact. However, nothing is known about these terms’ behaviour, and the
assumption that they all have a dependence on a factor F'(5z), which in addition follows
a very specific form, is a long shot.



any bias that the choice of form factors and of the A value has on the maximal
discovery potential[11]. With the collection of enough LHC data, a meaningful
analysis as a function of § would become possible.

Finally, although another reason for using the dipole form factors would be the
direct comparison of the limits with previous experiments, in this case it would
have been meaningless: So far the maximum energy scale of possible new physics
was set to 2 TeV by previous experiments, a value which is surpassed in LHC.

Taking all the above into consideration, the choice of not using form factor pa-
rametrisation was made for the present analysis. In practice, this translates to
setting the exponents n to zero, for all hy, in the event generator software (§6.2,
§6.6.1).



3.3 Calculation of the Z'y production

The matrix element calculation of the Z%y production has been performed

using the helicity amplitudes summation method[12][13]. The cross-sections and
dynamical distributions have also been evaluated; the calculations employed a
combination of analytic and “Monte Carlo” integration techniques.
The algorithm for the “matrix element generation” has been incorporated in a so-
ftware package by U.Baur, et al, and was eventually employed for the production
of the simulated datasets used in the present analysis. A detailed discussion of the
relevant software is found in §6.2. Here, the terms contributing to the calculations
and their phenomenological treatment are presented in brief.

The terms contributing to the Z°%y production up to the next-to-leading-logarithm
(NLL) order have been included in the calculations, both for the Standard Model
(§3.1) and for new trilinear vertices (§3.2.2). This refers to 2 — 2 and 2 — 3 body
processes of leading order (LO), bremsstrahlung emission at leading-logarithm or-
der (LL), gluon emission, and the next-to-leading order (NLO) terms of one-loop
gluon corrections[14].

3.3.1 Two-body contributions

The Feynman diagrams contributing to the subprocess ¢1go — Vv, (V =
ZY ), are shown in Figure 3.2 (LO, with the photon emitted off one of the inte-
racting quarks in the case of Standard Model, and from the new interaction vertex
in the case of aTGCs), and Figure 3.3 (NLO, virtual correction from one-loop
gluon processes).

The two-body part of the production cross-section has the following general form,
consisting of three terms:

dé’NLL
dv

aglf)L = Z dvdzidra ¥ [G‘11/p($1> MQ)Gtiz/p(xQ’ MQ)

q1,92

In more detail:

e The sum in the first term runs over all contributing quark flavours, ¢, go,
while the integration is performed over all the relevant phase-space; v is a
dimensionless variable used instead of the centre-of-mass scattering angle 6*,
v = %(1 + cos6*). The cross-section at parton level, déNEL s convoluted
with the parton density functions G,/,. (A caret will denote cross-sections
at parton level.) It consists of the following parts:

d&NLL d&LO dé_m'rt. da_soft dé’SC
= + + - , (3.7)
dv dv dv dv dv
where dé™© is the contribution from the LO diagrams (Figure 3.2) and
dév* is from the gluon one-loop corrections (Figure 3.3). The last two
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Sq’hma 3.2: Leading order diagrams for the Z°,~ production. The two dia-
grams in the first row are the only ones permitted within the Standard Model.
The diagram in the second row, with V. = Z° or ~y, can occur if anomalous
trilinear vertices exist.

terms originate from corrections for singularities in the soft region of phase-
space; the contribution of d&*°f* is discussed in §3.3.3, while d6°¢ is a
correction term fixing the integration limits in the collinear region.

e The term agéﬁ deals with photon bremsstrahlung up to NLL order. At NLL
order, there are collinear singularities associated with final-state bremsstrah-
lung which are appropriately absorbed into the fragmentation function; the

term aéﬁfn’—; is the “remnant” after this process.
e o/C is the term dealing with singularities in the collinear region of phase-

space (§3.3.3), which are absorbed into the initial-state parton density func-
tions.

3.3.2 Three-body contributions

The three-body contributions to the calculation of the Z%y production for
the subprocesses q1g — V~vg2 and ¢gag — V~yq originate from the diagrams in
Figure 3.4, which are of leading-logarithm (LL) order, with a photon emitted off
the final-state quark. For the subprocess ¢1Ga — Vg the contributions come from
the diagrams in Figure 3.5 which involve soft gluon emission.

The relevant cross-sections at parton-level are convoluted with the parton density
functions. They are then integrated numerically over the three-body phase-space,
except for subprocesses which are found to fall in the soft or collinear regions of



Sq’hma 3.3: Neat-to-leading order diagrams for the Z°,~ production with
one-loop gluon corrections. The diagrams in the first and second row are
permitted within the Standard Model, along with the corresponding u-channel

diagrams. The diagrams in the third row, with V = Z° or v, can occur if
anomalous trilinear vertices exist.



Sq’hma 3.4: Leading-logarithm order diagrams for the Z°,~ production; these
are processes permitted within the Standard Model.

the phase-space (§3.3.3). Finally, a sum is performed over all partons contributing
to the initial and final state of the three subprocesses.

3.3.3 Phase-space singularities

As mentioned in §3.3.1, corrections for collinear and soft singularities in the
three-body phase-space have to be taken into account in the calculation of the
Z9% processes. The idea behind the method for dealing with the singularities is
to partition the phase space into soft, collinear, and finite regions, by introducing
(and tuning) cutoff parameters; and then by comparing the values of the kinematic
invariants s, t (for collinear regions) or the gluon energy (for soft regions) with the
values of the cutoff parameters.

The integration over the singular regions results in finite two-body contributions,
which appear in the cross-sections in §3.3.1, plus singular pieces. Subsequently,
dimensional regularization exposes the poles. In the case of the collinear singula-
rities, the poles are factorised and absorbed into the parton distribution functions
or the photon fragmentation functions; in the case of the soft singularities, they
cancel with the virtual infrared ones (terms df};:t' and d&(;;ft in Equation (3.7)).

Both kinds of remaining finite contributions depend on the choice of values for
the cutoff parameters, but when they are added any dependence on the cutoff
parameters is cancelled.




Sq’hma 3.5: Soft gluon emission processes accompanying the Z°,~ produc-
tion. The diagrams in the first row are permitted within the Standard Model,
along with the corresponding u-channel diagrams. The diagrams in the second
row, with V.= Z° or 7, can occur if anomalous trilinear vertices ewist.
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Appendix B: The Compact
Muon Solenoid experiment

This Chapter describes the Large Hadron Collider (LHC) and the Compact
Muon Solenoid (CMS) experiment at CERN and its subsystems, with some em-
phasis on the electromagnetic calorimeter as the analyses presented in Chapter 3
deal with it more extensively.

LHC is described in §4.1. In §4.2, the CMS experiment is overviewed and each
detector is covered in some detail. §4.3 deals with the description of the electro-
magnetic calorimeter and its design, as motivated by the physics requirements.
The reconstruction of muons is also briefly discussed in §4.2.7.

4.1 The LHC machine

The Large Hadron Collider[15] is a proton-proton collider installed in the
26.6 km circumference tunnel formerly used by the LEP electron-positron colli-
der at CERN, at a depth ranging from 50 to 175m underground. The design
collision energy, projected to be reached after 2012, is /s = 14 TeV and the design
luminosity is L = 103* cm™2s~!. The luminosity is the number of collisions per
unit-time and cross-sectional area of the beams, and depends only on the collider
parameters; the LHC design specifications will provide ~ 1 billion proton-proton
interactions per second. For a beam with Gaussian kinematic distribution, the
luminosity is given by:

_ frpNJy

[ =2 """ 7
dme, B*

where f is the revolution frequency, n; is the number of bunches in the beam,
with N, protons in each bunch, v is the relativistic (Lorentz) factor, €, is the
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Energy per nucleon 7 TeV
Dipole field at 7 TeV 8.33T
Luminosity (L) 103 em 257!
Bunch separation 25ns
Number of bunches (n;) 2808
Protons per bunch (N,) 1.15 x 10"
Betatron value (%) 0.55m
Beam radius RMS (o) 16.7 pum
Luminosity lifetime 15 hr
Collisions per crossing ~ 20

P’inakas 4.1: Design values of the LHC machine parameters for proton-
proton collisions.

normalized transverse emittance of the beam!, 3* is the betatron function!, and
F' is the geometric reduction factor, due to the crossing angle of the beams. The
values of the LHC machine parameters can be found in Table 4.1.

Usually, the integrated luminosity £ = [ Ldt is used to express the amount of
available collision data.

The LHC is composed of a set of two synchrotron rings along which two inde-
pendent proton beams circulate in opposite directions, and uses the whole pre-
accelerator complex that already existed at CERN as an injector. The beams
intersect at four points around which experiments are placed: Two of these are
high luminosity regions and house the “general purpose” ATLAS[16] and CMS[17]
detectors, located in opposite positions along the ring. The other two detectors,
placed at the beam insertion points from the Super Proton Synchrotron (SPS),
are devoted to specific research topics: LHC-b[18] is optimized to study b-quark
physics and CP-symmetry violation in particular, and ALICE[19] is used for the
study of heavy ion collisions.

In autumn 2009, the first collisions at the LHC were delivered at centre-of-mass
energies of 900 GeV and 2.136 TeV. Since March 2010, the LHC has been ope-
rating at 7TeV. The operation during 2010 proceeded smoothly, with a gradual
increase of the instantaneous luminosity up to L = 2 x 1032 cm™2s~! in October
2010. LHC operated with proton beams until the beginning of November 2010,
when the heavy ion fill started. The proton-proton integrated luminosity delivered
by LHC in 2010 was almost equal to 50 pb~!.

!The emittance ¢, is defined as the product of the RMS of the beam particles’ position
distribution, o, with the RMS of their momenta distribution, ¢’. The betatron function,
(3%, is defined as the ratio o/o’ at the interaction point. While ¢, is constant for all the
beam lifetime, §* can be reduced by focusing the beams using magnetic optics at the
interaction points.



4.2 The CMS subsystems

The Compact Muon Solenoid (CMS) is a “general purpose” particle detector,
using collisions from the Large Hadron Collider (LHC). Its design began in the
early 90’s, followed by the developmental phase and the construction of its subsy-
stems. Its assembly and commissioning spanned the last decade up to the start of
LHC operations in November 2009.

In order to meet its physics goals, the detector requirements for CMS were sum-
marised as follows[17]:

e Good muon identification and momentum resolution over a wide range of
momenta in the region |n| < 2.5, good dimuon mass resolution (~ 1%
at 100 GeV/c?), and the ability to determine unambiguously the charge of
muons with p < 1TeV/c.

e Good charged particle momentum resolution and reconstruction efficiency
in the inner tracker. Efficient triggering and offline tagging of 7 and b-jets,
requiring pixel detectors close to the interaction region.

e Good electromagnetic energy resolution, good diphoton and dielectron mass
resolution (~ 1% at 100 GeV /c?), wide geometric coverage (|| < 2.5), mea-
surement of the direction of photons and/or correct localization of the pri-
mary interaction vertex, rejection and efficient photon and lepton isolation
at high luminosities.

e Good missing Er and dijet mass resolution, requiring hadron calorimeters
with a large hermetic geometric coverage (|n| < 5) and with fine lateral
segmentation (An x A¢ < 0.1 x 0.1).

As seen in Figure 4.1, the CMS includes a silicon-based inner tracker and a crystal
electromagnetic calorimeter preceded by a preshower detector at its endcaps, all
surrounded by a hadronic calorimeter. These systems are placed inside a supe-
rconductor solenoid which produces a nominal magnetic field of 4T to curve the
charged particle paths. Outside the magnet there are muon chambers embedded in
the magnet yoke which returns the magnetic flux into the detector. In the forward
regions of CMS there are two identical hadron calorimeters, covering part of the
space left uncovered by the rest of the calorimetry. Each subsystem is discussed
in some detail in the following sections.

The CMS has a cylindrical shape, with the beam pipe set along the central axis
of the cylinder and the collision of the two beams taking place at the centre of the
cylinder. The coordinate system is right-handed, with the origin centred at the
nominal collision point, the y-axis pointing vertically upward, the z-axis pointing
radially inward towards the centre of the LHC and the z-axis pointing along the
beam direction. The azimuthal angle, ¢, is measured from the z-axis in the z — y
plane, and the polar angle, 0, is measured from the z-axis. The pseudorapidity is
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Sq’hma 4.1: Layout of the CMS experiment and its subsystems.

normally used instead of the 6 angle and is defined as n = —In (tan g) Thus, the
momentum and energy measured transverse to the beam direction, denoted by prp
and F7, respectively, are computed from the x and y components.

4.2.1 Superconducting magnet

The bore of the superconducting magnet[21] of the CMS experiment has an
inner diameter of 6 m and a length of 12.5 m, and encompasses the tracker and the
calorimeters. The flux is returned through a 10,000t yoke comprising five wheels
and two endcaps, composed of three disks each. Cooled with liquid helium, it is
designed to generate an axial and uniform magnetic field with nominal value of 4T
in the central region of the detector, causing the charged particle tracks to bend
and separate, as well as stay confined. The stored energy at full current is 2.6 GJ,
and for the NbTi cold mass of 220t (i.e. the superconducting coil and its support)
the ratio of stored energy over the cold mass is distinctively high (11.6 kJ/kg).
Due to its large size in combination with the value of the magnetic field, the CMS
magnet does not operate at its nominal field so far but at 3.8 T, in order to protect
against possible quenching.

4.2.2 Trigger system

In order to control the amount of stored data at CMS, the Trigger and Data
Acquisition System[22] was developed to ensure that the prompt data is stored
while other non-prompt events are rejected quickly without overloading the elec-
tronic circuits and devices.

The trigger chain is divided into the “Level-1”7 (“L1”) and the “High Level Trig-
ger” (“HLT”). At the nominal LHC luminosity, one begins with a rate O(107) Hz



of collisions. The L1 trigger consists of custom-designed, largely programmable
electronics, and reduces the rate to O(10°) Hz. The HLT is a software system
implemented in a filter farm of about one thousand commercial processors, and
finally reduces the rate down to the order of 100 Hz, which matches the storage
capability.

The L1 Trigger uses coarsely segmented data from the calorimeters and the muon
system, while holding the high-resolution data in pipe-lined memories in the front-
end electronics. The HLT has access to the complete read-out data and can the-
refore perform complex calculations similar to those made by the off-line analysis
software, if this is required for events with special interest. It is also divided into
internal “steps”, named L-2, L-2.5 and L-3.

The selection process used in the trigger chain is described in some more detail for
the case of muons in §4.2.7, and electrons in §5.1.

4.2.3 Inner tracking system

The inner tracking system[23] of the CMS (Figure 4.2) is designed for a precise
and efficient measurement of the trajectories of charged particles emerging from
the LHC collisions, and of the secondary vertices. Along with the electromagnetic
calorimeter and the muon system the tracker has to identify electrons, muons, and
tau leptons. In addition, tracking information is heavily used in the HLT system
to reduce the recorded event rate.

The tracking system surrounds the interaction point and has a length of 5.8 m and
a diameter of 2.5m. The solenoid magnet provides a homogeneous magnetic field
of 3.8 T over the full volume of the tracker.

At the LHC design luminosity, about 1000 particles from more than 20 overlapping
proton-proton interactions for each bunch crossing, i.e. every 25ns, are expected
to traverse the tracker. In order to identify reliably the charged particles’ trajec-
tories and the respective bunch crossings, a detector with high granularity and
fast response is essential. However, these requirements imply a high power density
of the on-detector electronics, which in turn requires efficient cooling and results
in an increase of the amount of material in the tracker, leading to undesirable
interaction effects (multiple scattering, bremsstrahlung, photon conversion, nuc-
lear interactions); the final decision was a compromise between these two aspects.
Another issue, actually the main challenge in the design of the tracker, was deve-
loping components able to operate in the intense radiation environment for about
ten years.

All these requirements lead to a tracker design entirely based on silicon sensor
technology. In addition, given the hit rate density from collisions, in order to keep
the occupancy < 1%, pixel detectors have to be used at radii below 10cm. At
intermediate and higher radii however, micro-strip silicon detectors can be used.
In the outer region (55 — 110 cm) the strip width is increased in order to limit the
number of read-out channels (an increase in the length would result in an increase
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Sq’hma 4.2: Schematic cross-section of the tracker detector.

in the capacitance, and therefore electronics noise).

The pixel detector has three barrel layers at radii of 4.4, 7.3 and 10.2 cm, and the
silicon strip tracker has ten barrel detection layers extending outwards to a radius
of 1.1 m. Their endcap regions consist of two disks in the pixel detector and twelve
disks in the strip tracker, on each side, extending the acceptance of the tracker up
to a pseudorapidity of |n| < 2.5. With a total active silicon area of about 200 m?,
the CMS tracker is the largest silicon tracker ever built.

The pixel detector

The pixel detector measures points in (r — ¢, z), and the arrangement of its
components ensures that there are at least three points for each charged particle
trajectory. Its total area covers ~ 1 m? and contains 66 million pixels.

The detector covers the area of pseudorapidity || < 2.5. The pixels’ area measures
100 x 150 yum?, and they are arranged in three barrel layers (“BPix”) and two
disks at each endcap (“FPix”). The BPix layers are 53 cm long, placed at radii of
4.4, 7.3, 10.2cm away from the beam axis, and contain a total of 48 million pixels.
The Fpix disks have a radius of 6 — 15cm, are placed at z = £34.5 and 46.5 cm,
and contain 18 million pixels.

The position resolution obtained by the pixel detector is 15 — 20 pym.

The silicon strip detector

The silicon strip detector comprises of three subsystems (Inner, Outer and En-
dcaps) and ensures the measurement of nine hits for each charged trajectory, with
at least four of them being two-dimensional. It totals 9.3 million strips and covers
an area of 198 m?.

The Inner detector provides measurements in r — ¢. It extends between 20 and



55 cm in radius and comprises of the Tracker Inner Barrel (TIB) and Disks (TID).
Its strips have a thickness of 320 um. The TIB includes four layers, where the
strips are placed parallel to the beam and the pitch is larger in the two outer
layers, while the TID includes three disks at each endcap, with the strips placed
radially.

The Tracker Outer Barrel (TOB) surrounds the Inner detector, and its six barrel
layers provide six measurements in 7 — ¢. It extends up to a radius of 116 cm,
between z = +118cm, and uses strips with a thickness of 500 yum. The single
point resolution of the silicon strips is 23 — 35 pm in TIB, and 35 — 53 ym in TOB.
The Tracker Endcaps (TEC+, TEC-) cover the range of 22.5 < r < 113.5cm and
124 < |z| < 282 cm and provide up to nine measurements in r — ¢. Each Endcap
comprises of nine disks, each of them holding up to seven rings of radial strips.
Their thickness is 320 yum on the four innermost rings and 500 pm on the rest.

In addition to these systems, a second micro-strip system is attached to some of
their modules. This system is attached to the first two layers and rings, respecti-
vely, of TIB, TID and TOB, as well as to rings 1, 2, and 5 of each TEC. These
extra modules are mounted back-to-back, with a stereo angle of 100 mrad, in order
to provide a measurement of z in the barrel and r on the disks. The achieved single
point resolution of this system is 230 ym and 530 um in TIB and TOB respectively.

4.2.4 Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL)[24] is a hermetic homogeneous ca-

lorimeter built of lead tungstate (PbWO,) crystals (Figure 4.3). The choice of
its material and the geometric design have been optimized for the reconstruction
of electromagnetic objects, with energies relevant for Higgs boson decays, at the
intermediate region of Higgs boson mass values (§4.3.1). ECAL is divided into the
barrel, covering the pseudorapidity region of |n| < 1.48, and the two endcaps, at
1.48 < |n| < 3.
The endcap part of ECAL includes a preshower detector (Figure 4.4) consisting of
three radiation lengths of lead radiator interleaved with two layers of active silicon
strips, covering the region of 1.65 < || < 2.6. The main objective of the pre-
shower detector is the rejection of neutral pions imitating single photons through
their decay into pairs of closely emitted photons.

More details about the relevant physics and the requirements behind the ECAL
design, as well as about the properties of the PbWQy crystals, can be found in
§4.3.

Barrel ECAL

The barrel ECAL (EB) forms a cylinder with an inner radius of 1.3m. It
consists of 61,200 PbWOy crystals in the shape of a truncated pyramid, with a
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front area of 22 x 22mm? (corresponding to A¢ x An = 0.017 x 0.017) and a
depth of 23 cm, corresponding to 25.8 X (radiation lengths). EB consists of 36
supermodules, 18 for each side of the cylinder. There are 17 different shapes of
crystals, each shape having a slightly different orientation, while all of the crystals
are off-pointing by 3% with respect to the nominal collision point, in order to avoid
alignment of particle trajectories with the inter-crystal gaps. Each supermodule is
segmented into four modules across 7, to facilitate this arrangement. Furthermore,
matrices of 5 x 5 crystals share the front-end electronics and form “trigger towers”.
With this topology, EB is effectively 360-fold in ¢ and (2 x 85)-fold in 7.

Endcap ECAL

The two ECAL endcaps (EE) are 315.4cm away from the interaction point,
after an estimated shift of 1.6 cm inwards when the CMS magnetic field is switched
on, and each endcap consists of 7,324 crystals. The crystals are identical truncated
pyramids, with a front area of 28.6 x 28.6 mm and a length of 22 cm, corresponding
to 24.7 Xy. Each endcap is divided into two halves (“Dees”), while groups of 5 x 5
crystals form mechanical “units” called supercrystals.

The preshower detector

The preshower detector (ES) is a sampling calorimeter with lead radiators,

which initiate electromagnetic showers, and silicon strip sensors placed after each
radiator plane, which measure the deposited energy and the transverse shower
profiles. The total thickness of the preshower on each endcap is 20 cm. There are
two lead plates, the first of which has a thickness of 2 Xy, the second of 1 Xy. The
orientation of the strips in the two silicon planes is orthogonal, with the innermost
plane measuring the x and the outermost the y coordinate.
Each of the two silicon planes at each endcap is divided into two Dees; these consist
of “ladders”, which house several micromodules and their common motherboard.
Each micromodule holds one silicon sensor as well as its front-end electronics. The
silicon sensors measure 63 x 63 mm?, with an active area of 61 x 61 mm? divided
into 32 strips at 1.9mm pitch and nominal thickness of 320 yum, and they can
achieve a spatial resolution of ~ 300 um. The total number of silicon strips is
~ 137, 000.

4.2.5 Hadron calorimeter

The ECAL is completely surrounded by a sampling hadron calorimeter (HCAL)[25]
with coverage up to |n| < 3.0 and radius 1.77 < r < 2.95m (Figure 4.5). The goal
of the HCAL is the measurement of the direction and energy of hadron jets, while
high hermeticity is essential to the calculation of missing transverse energy (expec-
ted from neutrinos or exotic particles). The central HCAL (HB, HE for the barrel
and endcaps regions respectively) is a brass/scintillator calorimeter fully immersed



Sq’hma 4.5: Cross-section of one quadrant of the hadronic calorimeter.

within the magnetic field of the solenoid. In order to ensure hermeticity, it is com-
plemented by very forward calorimeters (HF) located outside the muon system to
complete the coverage up to |n| < 5.2. The HF are iron/quartz-fibre calorimeters,
radiation-hard, located at 11.2m from the interaction point. In the barrel, the
volume allowed within the magnet is not sufficient for full shower containment and
therefore an additional array of scintillators is placed outside the magnet (HO).
The granularity of the sampling elements has been chosen such that the jet energy
resolution, as a function of E7p, is similar in all three main parts of HCAL (HB,
HE and HF).

Central HCAL

The central part of HCAL is divided into the barrel (HB) and the endcaps
(HE) and covers up to |n| < 3 (HB covers up to |n| < 1.3). Both parts consist
of brass absorber plates, a choice driven in part by the HE being inserted to the
very ends of the solenoidal magnet, and plastic scintillators which are read-out by
wavelength-shifting fibres.

The brass plates are 40 — 75mm and 79mm thick in HB and HE respectively,
and they are interleaved with the 3.7 mm thick plastic scintillator leaves (made of
Kuraray scsn81). Between ECAL and the first brass plate, there are 9 mm of extra
scintillator (made of Bicron BC408) in order to sample hadronic showers developing
in the inert material between the two detectors. The segmentation of the active
medium is (An, A¢) = (0.087,0.087) up to |n| = 1.6, and (An, A¢) = (0.17,0.17)
for higher n values, to match the ECAL granularity.

It can be noted that one of the main challenges in the design of HCAL was the
mounting of HE to the muon endcap yoke (with the attached ECAL endcaps and
ES detectors the weight totals 300t), in conjunction with the minimization of
the accompanying non-instrumented material; as a result a special interface was



developed for the accurate positioning of HE.

Outer HCAL

As in the central pseudorapidity region the ECAL and HCAL detectors do not

provide sufficient containment for hadronic showers, HCAL is extended outside the
solenoid for |n| < 1.3. The outer HCAL (HO) uses the magnet coils as additional
absorbers.
HO contains the same scintillators as the central HCAL, placed at a radius of
4.07m. Up to |n| ~ 0.2, there is a second layer of scintillators at 3.82m, and an
iron absorber between the two layers. This arrangement ensures a total of 11.8 Ay
(interaction lengths) for the whole HCAL in the CMS barrel region.

The forward calorimeter

The forward calorimeter (HF) is essentially a cylindrical steel structure with
an outer radius of 130.0 cm, located around the beam pipe at 11.2m from the inte-
raction point, with a depth of 1.65m. In order to withstand the extreme radiation
at the high pseudorapidity region, the active medium comprises of quartz fibres
(with fused-silica core and polymer hard-cladding). The fibres are placed inside
holes in the absorber, at a distance of 5 mm from each other in both directions.
The signal is produced via Cherenkov mechanism, when charged shower particles
with energies above their respective Cherenkov threshold (e.g. 6190keV for elec-
trons) generate light, which is then guided by the fibres to photomultipliers. This
procedure is mostly sensitive to the electromagnetic component of showers, as it is
mainly electrons which move at a speed close to that of light inside the medium.
In addition, this mechanism renders the detector insensitive to the high neutron
flux from showers initiated in the absorber.

4.2.6 Muon system

The muon system[26] is the outermost sub-detector of the CMS experiment,
and it is interleaved with the iron wheels which serve as the return yoke of the
magnet (Figure 4.6). Its goal is to identify muons and to provide, together with
the inner tracker, an accurate measurement of their transverse momenta. This
goal is crucial for the CMS, as is also proclaimed in its physics goals, in order to
take full advantage of the detectability of muons (which permits the discernment
of useful signatures over LHC background) and of their participation in several
important channels. These channels include t£, W*, Z° and Higgs boson decays.
The muon system is composed of three independent subsystems, and, given its
large volume and number of cells, gaseous detectors were chosen. The Drift Tubes
(DT) are located in the barrel region, the Cathode Strip Chambers (CSC) in the
endcaps, and the Resistive Plate Chambers (RPC) in the barrel and endcaps,
adding redundancy to the measurement.
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Sq’hma 4.6: Quarter-view of the CMS detector, highlighting the muon cathode
strip chambers at the endcaps.

Drift tubes

Drift tubes (DT), made of aluminium and containing wires of stainless steel
inside a 85% Ar - 15% COy mixture, are installed in layers up to |n| < 1.2, an
area with low track occupancy and low residual magnetic field. In total, there are
about 172,000 wires.

The drift tubes are arranged on four stations, which form concentric cylinders
around the beam line. Each of the first three stations contains twelve layers of drift
tubes, with wires placed so that eight r — ¢ measurements and four z measurements
are provided, while the fourth station contains only the z-measuring planes. Each
station has twelve unavoidable dead zones in the ¢ coverage because of the yoke
supports, although they are placed so as not to overlap in ¢.

Within single stations, spatial resolutions of 100 ym in the r — ¢ plane and 150 pm
in the r — 6 plane are achieved.

Cathode strip chambers

In the two endcaps, Cathode Strip Chambers (CSC) are used, since in these
regions the muon rates and background levels are high and the residual magnetic
field between the plates of the yoke is large and non-uniform. They are multi-wire
proportional chambers with fast response time, fine segmentation, and radiation
resistance. They cover the area of 0.9 < |n| < 2.4, and they overlap with the drift
tubes up to |n| = 1.2.

The CSCs are arranged in four disks (stations) perpendicular to the beam line
and placed between the iron disks of the yoke. They comprise of six anode wire
planes interleaved with seven cathode planes. The cathode strips, with 5mm
width, run radially outward and provide a precision measurement in the r — ¢



bending plane. The anode wires run approximately perpendicular to the strips
and are also read out and used at Level-1 trigger, although they provide a coarser
measurement; they consist of gold-plated wires of 30 um diameter, at a spacing of
about 2.5 mm. The total number of wires is about 2 million. The gas mixture used
is Ar — COg — CF4. A spatial resolution of 80 — 150 um within a single station
is achieved.

Resistive plate chambers

Redundancy and accurate time measurement for muon triggering are obtained
with a system of resistive plate chambers (RPC), gaseous parallel plate detectors
which are installed both in the barrel and in the endcaps and cover the region
In| < 1.6. The time resolution of RPCs is excellent, much shorter than 25ns,
providing unambiguous identification of the p — p bunch crossing of the event.
The RPCs are double-gap chambers operated in avalanche mode to ensure good
operation at high collision rates. They consist of Bakelite planes, coated with
graphite layers on which voltage difference is applied to generate the electric field,
and read-out strips placed between each two RPCs, gathering the signal from both.
A total of six layers of chambers are embedded in the barrel iron yoke, two located
in each of the first and second muon stations and one in each of the two last
stations. The redundancy in the first stations is intended for low-pr tracks which
may stop before the two outer stations. In the endcaps three layers are present,
one for each of the first three stations.

4.2.7 Muon reconstruction

The reconstruction of muons[20] in CMS proceeds in three stages, mainly using
measurements from the muon system (§4.2.6) and the tracker detector (§4.2.3).
The output of the consecutive stages forms candidates for different levels of the
HLT. Initially, the Level-1 trigger runs on simple measurements from the muon
detectors, providing muon candidates to the next levels.

The first step of the reconstruction, the “local reconstruction”, runs on the output
from Level-1 trigger. The specialized software combines the muon hits into muon
track segments in each system, using pattern recognition techniques.

In the second stage, tracks are created by fitting the track segments and the
detector hits from all three muon subsystems. The fitting is performed by Kalman
Filter, using the detector hits as seeds. The formed tracks are called “standalone
muons” and are passed to the L-2 of the HLT for the real-time evaluation of the
event.

In addition to standalone muons, the segments from the first reconstruction stage
are combined with tracks formed in the tracker detector to form a different class
of muon candidates, the “tracker muons”. This is shown to be more efficient for



muons of low transverse momentum.

In the third stage, the standalone muons are matched to the tracker tracks, and a
subsequent common fitting of the detector hits of both tracks is performed. Dif-
ferent hypotheses are used for combining the measurements in the muon stations,
in an effort to compensate for the muons’ passing through the iron yoke.

Finally, the “global muons” are formed, passed to L-3 of the HLT, and comprise
the main class of objects used in the muon identification. There are two additio-
nal classes: The “tracker muons” mentioned above, and the “calo muons”, which
combine tracker detector and calorimetric measurements.



4.3 ECAL design

In this section, the technical characteristics of the CMS ECAL are examined,
as consequences of the specifics of the measurement that ECAL has to carry out.
With this focus, §4.3.1 presents the considerations occuring from the physics of
electromagnetic objects’ measurement in CMS, §4.3.2 continues to the specific
requirements that those impose on the detector, and §4.3.3 discusses the speci-
fications into which the requirements “translate”. With these demands in place,
the choice for the components and materials of ECAL (and for the accompanying
preshower detector) is discussed in §4.3.4, along with a brief description of its pho-
todetectors and readout chain.

An overview of the ECAL’s structure and characteristics can be found in §4.2.4.

4.3.1 Considerations from physics and the LHC envi-
ronment

The electromagnetic calorimeter of CMS was designed to play an essential role
in the study of the physics of electroweak symmetry breaking, in particular for the
exploration of the Higgs sector. The CMS “benchmark channels” for Higgs boson
discovery are H — ~7 in the low (114 — 130 GeV) mass region, H — WW — 4l
in the intermediate (130 — 150 GeV), and H — Z°Z°*) — 4] for the intermediate
and the high (150 — 700 GeV) mass regions. The electromagnetic final states we-
re preferred over the hadronic ones because of the large QCD background in the
LHC, so the aforementioned channels were the ones to set the CMS design goals,
which were specified as[27]:

1. A very good and redundant muon system.

2. The best possible electromagnetic calorimeter consistent with 1.

3. A high quality central tracker to complement 1 and 2.

4. A financially affordable detector.

In addition, there are other “prime” potential discovery channels, enhancing the
need for a detector oriented towards good lepton identification. These include the
leptonic decays of new heavy vector bosons, Z' — 2, supersymmetric higgsinos,
h? — 41, also any new high-mass object with one or more Z°’s in its decay chain,
and cascade decays of gluinos and squarks, where the lepton pair mass provides
information about the supersymmetric particle spectrum.

For charged leptons states, an excellent momentum resolution (< 1% below 100 GeV)
is desirable to discover the intermediate mass Higgs boson, as well as higgsinos and
new heavy gauge bosons. As many of these states are predicted to decay via inter-
mediate vector bosons, a dilepton mass resolution that matches the width of the
Z9 boson is a reasonable requirement.

However, the benchmark for optimizing the ECAL design has been the diphoton
channel in the Higgs mass region up to 150 GeV. The natural width of the Higgs



boson mass is expected to be small (< 10 MeV) in that region, so the observed
width will be dominated by the instrumental resolution, therefore dictating a de-
tector with excellent resolution for the electromagnetic energy and the diphoton
mass.

Among the backgrounds to the Higgs boson signals, special care needs to be taken
against neutral pions which are produced abundantly during the collisions and can
be easily mistaken for single photons by their 7% — 4+ decay. They carry mostly
moderate (20 — 60 GeV) transverse energy.

Apart from the physics search, the LHC potential posed its own demands, because
of the high multiplicity and frequency of inelastic events (estimated to produce
1,000 charged tracks every 25ns at high luminosities), and the background from
the minimum-bias interactions. Resistance to the radiation flux was another c-
rucial factor for the choice of detector materials and front-end electronics, while it
also had to be balanced against the need for extreme hermeticity.

In addition to these considerations, the electromagnetic calorimeter had to be
compact enough to fit along with the hadronic calorimeter inside the CMS supe-
rconducting solenoid.

4.3.2 Requirements

The CMS Technical Design Report[20] summarises the requirements from ECAL
as “good electromagnetic energy resolution, good diphoton and dielectron mass re-
solution (~ 1% at 100 GeV /c?), wide geometric coverage (|n| < 2.5), measurement
of the direction of photons and/or correct localization of the primary interaction
vertex, 10 rejection and efficient photon and lepton isolation at high luminosities”.
As mentioned in the previous paragraph, the decay of the Higgs boson to two pho-
tons has been used as the benchmark for optimising the ECAL design, dominated
as it is by the detector performance (while the dilepton mass resolution is set by
the width of Z°). As will be seen in §4.3.4, the requirement for determination
of the primary interaction vertex by ECAL was dropped later, with significant
change on its overall design.

Mass resolution

As the reconstructed mass of diphotons is given by m., = 2E Ez(1 — cos 0.),
its resolution depends on the resolution of the photons’ energy and the error on
their measured angular separation, according to:
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where: 72 is the mass resolution, Ell‘; are the energy resolutions for the two

photons, 6 is the angle between the two photons, and oy is the angular resolution.



For optimum performance, each term of the energy resolution should be small and
of the same order at the relevant electron/photon energies. Also, the direction of
the photons has to be measured to a sufficient precision so as not to degrade the
mass resolution, especially at high luminosities.

It should be noted that, in addition to the resolution requirements, the calorimeter
should be able to detect electromagnetic particles down to very small transverse
momenta, ~ p; < 5GeV /¢, to assure good kinematic acceptance.

Energy resolution

For the energy range of ~ 25 — 500 GeV, appropriate for photons from the
H — 77 decay, the energy resolution can be parametrised as:
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where: a is the stochastic term, b is the constant term, and o is the noise term.

The stochastic (or statistical) term represents statistics-related fluctuations such
as intrinsic shower fluctuations, photoelectron statistics, sampling fluctuations, as
well as effects from dead detector material. The fluctuations in the fraction of
initial shower energy which generates a detectable signal, are the factor which
places the overall limit on the resolution. While a is at a few percent level for a
homogeneous calorimeter, it is typically ~ 10% for sampling calorimeters.

The constant (or systematic) term is the one which dominates at high energies.
It represents the ability to contain shower losses, the uniformity in the response
of the channels, and the stability of calibration. Radiation damage of the active
medium adds to the constant term of calorimeters operating in a high-intensity
environment. Apart from using radiation-hard materials, this effect can be mini-
mised by frequent in situ calibration and monitoring. With effort, b can be reduced
to values below one percent, but its relevance is always connected to the value that
« can achieve.

Even in the absence of energy deposition in the calorimeter, the read-out chain
generates Gaussian noise, which is summed over the channels within a few Moliere
radii. The fluctuation of energy entering the measurement area from sources other
than the primary particle also contributes (“pile-up energy”). The noise term is
responsible for the degradation of the resolution at low energies.

As an illustration, for a Higgs mass around 100 GeV/c? the mean photon energy
in the central barrel region would be around 50 GeV. If the ECAL constant term
is required to be 0.5%, then the stochastic and noise terms in the barrel should be
kept around 2%/ V'E and 150 MeV, respectively, to be of the same order.

In the outer part of the endcaps (1.5 < |n| < 2.0) the mean photon energy would



be around 140 GeV. This means that, keeping the same constant term, higher
stochastic and noise terms are acceptable (around 5% /v/E and 250 MeV).

Angular resolution

In order to not dominate the mass resolution, the angular resolution should
be around 50 mrad/v/E. The angular measurement requires the photon incidence
positions on the ECAL to be measured accurately, as well as exact calculation of
the primary vertex position. However, the latter depends strongly on the precise
knowledge of the minimum-bias pileup at LHC energies.

Radiation hardness

Several physics search channels, in particular the Standard Model Higgs decays
and various supersymmetric channels, require an extremely hermetic ECAL with
high geometric acceptance. However, the coverage at high n is limited by the
radiation dose which would be received. At the barrel (endcaps) region, for an
integrated luminosity of 5 x 10° pb~!, corresponding approximately to ten years
of LHC running at nominal luminosity, the ECAL would receive an estimated
dose of 0.5krad (> 7Mrad) and an equivalent neutron fluence of 2 x 103 n/cm?
(> 10" n/cm?). The active material, as well as the electronics and readout, have
to be suitable for such a hostile environment.

Background rejection

The spatial separation between the two photons emitted from the decay of
neutral pions within hadronic jets is ~ 1 cm in the barrel region of CMS, but much
smaller at the endcaps. The distinction of the two photons, which will otherwise
mimic one single photon, necessitates either adequately fine granularity of the
ECAL cells, or the presence of a preshower detector.

Read-out speed

The time between proton bunches crossing at nominal LHC operation is 25 ns.
It is obvious that the correct identification of collision events and handling of the
pile-up energy necessitates the use of active material with short decay constant,
as well as a quick read-out chain and front-end system.

4.3.3 Specifications
Types of detectors

In general, with sampling calorimeters it is difficult to obtain a stochastic term
below about 10%/ VE without demanding strict mechanical tolerances, while ho-
mogeneous calorimeters have the potential to achieve stochastic terms of ~ 2%/ VE



due to their much smaller sampling fluctuations. In this case the challenge is the
control of systematics which build up the constant term, which with effort can get
as low as 0.5%. However homogeneous calorimeters do not provide longitudinal
measurement, and are generally more expensive than sampling ones.

Apart from the calorimeter, the use of a preshower detector could enable the iden-
tification of pairs of photons from neutral pion decays (§4.3.2), especially in the
endcaps region, where their spatial separation is smaller than the size of a typical
calorimeter cell.

In principle, an important distinction between homogeneous and sampling calo-
rimeters is that homogeneous ones aim at optimising the energy resolution (with
their low stochastic term), while sampling calorimeters optimise the measurement
of the direction of particles.

A usual choice for electromagnetic calorimeters is the use of scintillating crystals.
The reason behind using crystals is that heavier materials are richer in electrons
which interact strongly with light, while at the same time ordered systems can
confine electrons in well separated energy bands, thus rendering the material tran-
sparent to its scintillation light. (In scintillation, light is emitted from the tran-
sition between a conduction band, where the electrons end up after excitation,
and a valence band.) However, an obvious drawback of crystals is the inability to
partition into smaller readout cells.

All the aforementioned facts were taken into account during the design of the
detector and the choice of its material (§4.3.4).

Quantities

As mentioned in §4.3.2, the desired values for the stochastic term in the energy
resolution are < 2%/+/E in the central region, and up to < 5%/v/E in the forward
region.

The stochastic term relies on a good and stable sampling of the electromagnetic
shower. A usual choice for the detector dimensions in crystal calorimetry is a leng-
th of ~ 25 X (radiation lengths), which contains almost all of the energy in an
electromagnetic shower for the energies relevant at the CMS (§4.3.1), even more
so for materials of lower atomic number, and a lateral area of ~ 1 x 1 ppsr (Moliere
radius), which gathers ~ 90% of an electron’s initial energy.

Understandably, the smaller the radiation length and Moliere radius of a medium
the better it is, since this allows for a smaller detector and a more accurate measu-
rement. High density is also crucial, in order to convert all of the incident particles’
energy into light[30].

In addition, a good stochastic term depends heavily on the light yield, which
should be high and preferably with output at a wavelength compatible with the
available photodetectors’ range (usually ~ 400 nm), and /or on photodetectors with
good intrinsic gain. The photodetectors’ area and quantum efficiency also influe-
nce the overall light yield. In addition, a small dependence of the light output on



temperature and generally good mechanical properties are also essential.

For the constant term in the energy resolution, which practically forms the li-
mit of the resolution value at high particle energies, the acceptable value is around
0.5%. This is achieved mainly by controlling the longitudinal leakage (therefore
the depth of the active material), the effects of dead material, the calibration and
intercalibration of the cells, and the radiation damage. The latter requires a suf-
ficiently radiation-hard material and the monitoring of the active material during
the detector’s operational lifetime with the use of flashing light and laser, and it is
quantified by requiring that the light attenuation length remains always > 3 times
the crystal length. An additional issue is the longitudinal uniformity of the light
collection which has to be ensured (inter alia, by accounting for focusing effect,
attenuation).

The noise term in the energy resolution is expected to be kept around 150 MeV.
The noise has dependence on the shaping time (fs,.) in a complex way, throu-
gh two of its sources, photodetector capacitance and dark current (which depend
on 1/4/ts,. and /T4, respectively). It also involves control of the equivalence of
electronics noise to energy, and of the handling of the pile-up energy. The latter
involves the fast shaping of signals and an inner detector radius large enough to
enable good separation of objects. This last specification also stems from the re-
quirement of good angular separation.

In the case of scintillating crystals, fast shaping and good read-out speed are rela-
ted to the detector material having a short decay constant with no slow component.
This can be enhanced with dopants, by creating a high concentration of acceptor
levels which can speed the transition from the conduction band (however this is
also expected to diminish the light yield).

Concerning the detector dimensions, the choice of the inner radius of the elec-
tromagnetic calorimeter was governed by many issues. As mentioned above, the
pile-up, especially at high luminosities, and the two-shower separation ability drive
the inner radius to larger values; while the installation of both calorimeters inside
the coil, the cost of crystals, and the compactness of the overall detector drive it to
smaller values. Eventually, allowing a radial space of 60 cm for the electromagnetic
calorimeter and fitting ~ 7 A; of total calorimetry inside the coil (at n = 0) led
to an inner radius of 1.3 m for the ECAL. At this radius, and for an approximate
area of Anx A¢ ~ 0.1 x0.1 used for measuring the energy of a high-energy photon
or an electron, there is an estimated average of 130 MeV of pile-up energy at a
luminosity of L = 103* em=2s7!.

The final choice on the pseudorapidity coverage is |n| < 2.6, as the radiation dose
doubles from |n| = 2.5 to |n| = 3. The resulting loss in efficiency affects mainly
the H — 4l channels, by ~ 20%.



Concerning the sensors, in addition to the intrinsic gain, area and quantum ef-
ficiency mentioned for the stochastic resolution term, other crucial characteristics
are the stable response, tolerance to magnetic field, and compactness.

Finally, an overall acceptable cost for the detector materials and construction
is essential.

In summary, the relevant quantities which have to be controlled to obtain the
requirements described in §4.3.2 are:

e The radiation length and Moliere radius of the material should be as small
as possible, with a density as high as possible; the Moliere radius and the
total active length are additionally constrained by the outer radius of ECAL
and its fitting inside CMS.

e The light yield of the material should be as high as possible, preferably with
a wavelength compatible with the photodetectors’ range.

e Small scintillation decay constant.
e Good radiation hardness of the material.

e Inner detector radius as large as possible (eventually fixed at 1.3 m by global
CMS considerations).

e Concerning the photodetectors: gain, area, quantum efficiency and stable
response are important.

e Finally the uniformity of the active material, as well as the control of dead
areas, irregularities and calibration, all play an essential role.

4.3.4 Design and materials
ECAL history

Taking into account all the issues discussed above led to a decision about “a
high energy resolution calorimeter using scintillating crystals readout with silicon
photodiodes”.

However the proposed design underwent changes as regards the material and the
topology of the readout, before the current design was finally put forth and imple-
mented. Initially, the proposals were also driven by the requirement for measuring
the shower position in at least two depths, in order to provide a direct measure-
ment of the photons’ direction, a fact which changed later.

The first suggestion (“CMS Letter of Intent”)[28] involved an electromagnetic ca-
lorimeter built of cerium fluoride (CeF3) crystals, segmented longitudinally into
two parts, with a lateral area of An x A¢ = 0.02 x 0.03. In the early 90’s, CeF3



was the best choice available for satisfying the requirements and specifications for
ECAL (§4.3.2, §4.3.3).

For the neutral pion rejection and the measurement of the photon direction, two
possibilities were considered: Either a lateral segmentation of the first longitudinal
part into four parts of 1.2 x 2cm area, to a depth of 8 X, followed by a part of
> 17 Xy; or a position detector of 2 mm pitch, placed after the first longitudinal
part, which would be 4 — 5 X deep.

An alternative suggestion was also considered and tested at the same time, that
of a lead/scintillator sampling calorimeter, read out by plastic wavelength shifter
fibres running perpendicular to the plates through holes[27]. This kind of struc-
ture (“shashlik”) permits the quick extraction of light from the scintillators. The
detector under consideration consisted of 2 mm thick Pb and 4 mm thick scintil-
lator plates, with a total of 26 Xy depth extending to ~ 45cm. The fibres had a
separation of 9.5 mm. The stochastic term was brought down to ~ 8%/ VE.

The technical advantages of CeFs were considered marginal with respect to the
“shashlik”, which had a lower cost. In 1992 however a new material for crystals
was presented for use in high energy physics, lead tungstate (PbWQOy). Its cha-
racteristics are discussed in detail in the next section, as it formed the final choice
for ECAL. All three designs were tested in a beam test in 1994, with PbWOQOy
performing better with the design described below.

The preshower detector

Meanwhile, it was determined that a fine lateral size of crystal cells would be

enough to distinguish photons from 7% decays in the barrel region, although not at
the endcaps. Therefore, the decision for a preshower detector at the endcaps was
taken, consisting of two orthogonal overlapping planes of silicon strips with 2 mm
pitch, measuring the = and y coordinates, placed after ~ 3X of lead at each of
the two endcaps.
However, it was still considered necessary for the ECAL to provide measurement
at two depths during the LHC operation at high luminosity (10**cm=2s71), in
order to determine the photons’ direction and the primary vertex to which they
belong. To this end, it was decided to use PbWQy crystals without any longitu-
dinal segmentation, but with the addition of a preshower detector in front of the
crystals during the high luminosity period, at the region |n| < 1.1. The barrel
preshower was decided to consist of a single plane of silicon strips, measuring the
z coordinate, behind ~ 2.5X of lead.

Some details can be added here about the choice of the passive and active material
for the CMS preshower detectors and their dimensions[31]. The optimum thick-

ness of an absorber is ~ 3Xj, resulting from a balance between the probability

_ e—(thickness/Xo)

to initiate a shower from a photon (given by P = 1 and to



not degrade the performance of ECAL. Lead was chosen due to its high density,
although, because of its malleability, it needs to be “sandwiched” between thin
layers of aluminum for structural rigidity.

Solid-state detectors offer in general compactness and good segmentation, with
linear response even in the dense core of electromagnetic showers. A usual choice
of using p* strips on n bulk structure with DC-coupled electronics was made, and
during the 90’s an international program was implemented for the development of
wide-strip silicon detectors.

The size of the strips was determined by the area of the silicon wafers feasible to be
constructed, along with a balance between the requirements for smaller strip size
(from low noise and occupancy) and for larger one (for lower cost, and to avoid
dominance from the sampling fluctuations).

After the initial proposal, two subsequent changes took place until the design of the
preshower detector was fixed. First, the single 3X(-thick layer was abandoned[31];
the reason was the spiraling of low-energy charged shower particles after they lea-
ve the absorber, because of the presence of the magnetic field. This would cause
“shifted” energy deposits in the second plane, which would result in a degradation
in the 7° rejection. Since placing the sensors as close as possible to the absorber
turned out to be crucial, a design with two lead layers, of ~ 2 4+ 1X{ thickness,
was adopted. Finally, it was determined that there was no need for the ECAL
to measure the photon direction or the interaction vertex, as this task could be
carried out by the tracker detector. Therefore, the plans for a barrel preshower
detector were abandoned|[24].

A description of the final structure of the preshower detector is found in §4.2.4.

Lead tungstate crystals

A new kind of crystal was developed by the CMS collaboration using lead tung-

state (PbWOy), in an effort which started in 1992 and lasted almost a decade[24].
Lead tungstate is very effective at energy containment (because of its values for
Xo, pym and density, Table 4.2), and resulted in a detector with fine granularity
and compactness. In addition, it is a quite fast scintillator, with ~ 80% of the light
emitted within 25 ns. However, it has very poor light output (~ 100~/MeV) which
is also temperature-dependent (—2%/°C). This issue had been overcome in part
by the development of large-area silicon avalanche photodiodes for the readout,
along with a sufficient cooling system.
An important part of the crystal development had been aimed towards the study
and prevention of radiation damage. Ionising radiation forms colour centres in the
crystals through impurities in the lattice and oxygen vacancies; the result is loss
in light transmission, subject to the balance between damage and self-recovery.
Eventually the best solution came from doping of the crystals with niobium and
yttrium, which suppresses the colour centres.



Radiation  Density =~ Moliere Decay Maximum Light
length radius  time wavelength yield
Xo(em)  p(g/em3)  py(cm) 7 (ns) A (nm) LY (%Nal)
CeF; 1.68 6.16 2.6 30 310/340 5
BiysGez0,2 1.12 7.13 24 300 480 10
PbWO, 0.89 8.3 2.2 15 420 0.5

P’inakas 4.2: Properties of lead tungstate, compared to other materials com-
monly used in high energy physics.

Finally, the crystals for the barrel region were constructed with a length of 23 cm,
i.e. 25.8 Xp, and a lateral area of 2.2 x 2.2cm, i.e. 1 x 1pys. At the endcaps, they
have a front area of 2.86 x 2.86 cm and a length of 22 cm, corresponding to 24.7 Xj.
All crystals have the shape of truncated pyramids.

Details about the overall structure of the detector are found in §4.2.4.

ECAL photodetectors and read-out chain

Adding to the problem of lead tungstate’s low light yield, the standard amplif-
ying photodetector tubes cannot operate well in the magnetic field of 4 T. There-
fore, silicon avalanche photodiodes (APDs) were used for the readout of the ECAL
barrel crystals, and vacuum phototriodes (VPTs) for the endcap crystals[24][20].
The APDs have a significant internal gain of 50 up to 200, good quantum ef-
ficiency, and they can operate in the high magnetic field, but are unsuitable for
the radiation at the endcaps. The light-to-electron conversion and the subsequent
electron multiplication take place in a thickness of a few tens of um, so they are
both thin and non-sensitive to minimum ionising particles traversing the crystal
(a minimum ionising particle traversing the APD is equivalent to ~ 100 MeV of
energy deposited in the crystals). However the maximum area at which the APDs
can be constructed is 5 x 5mm, and therefore a pair of them is glued to the rear
surface of each crystal. The VPTs are photomultipliers with gain ~ 10, and mea-
sure 25 mm in diameter, so there is one VPT attached to each endcap crystal.

In ECAL the crystals are complemented by a “light-to-light” readout chain, which
begins with the photodetectors and the collection of scintillation light at the rear
end of the crystals. The light output is thus converted into electric current, which
is received by the front-end amplifiers and converted into voltage. This signal
reaches the front-end electronics where the digitization is performed (along with
other treatment of the signal, like pedestal adjustment and zero suppression), and
therefore they deliver information in the form of bits. Finally the digitized signal is
once more transformed to light, to be transmitted through optical fibres and leave
the detector for the data acquisition system, in order to be used for triggering and



possibly stored for offline analysis.
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Appendix C: ECAL Studies

In this Chapter the reconstruction of electromagnetic objects in CMS and some
relevant studies are presented.
The reconstruction of electrons and photons in the official reconstruction software
is first introduced briefly. Then, three studies connected to the measurement of
energy, position, and clustering in the electromagnetic calorimeter (ECAL) and
the preshower detector (ES) are discussed in detail.
In addition, a brief presentation of the reconstruction of electromagnetic objects
in the CMS Particle Flow algorithm is included in the last study.

5.1 Electron and photon reconstruction

Electrons are mainly characterized by the presence of a charged track poin-
ting to a deposition of energy from an electromagnetic shower. Therefore the
reconstruction of electrons|20][32] consists of the handling of measurements from
the ECAL and tracker detectors and, to some extent, HCAL. Its main steps are
briefly described in this paragraph. The “online” reconstruction steps, i.e. those
performed by the triggering system (§4.2.2), have similarities to those performed
“offline”, i.e. on the stored data by the reconstruction software. Therefore, in
order to give a more concise overview, the triggering steps will be described in
parallel with the reconstruction steps.

In addition, the reconstruction chain for photons[20][33] practically forms a subset
of the one for electrons, therefore it is included in the same description in a way
that should cause no ambiguity.

L1 Trigger - Trigger primitives

Before the actual reconstruction starts, electromagnetic candidates are for-
med by the transverse energy measurement of adjacent ECAL trigger towers (i.e.
groups of 5 x 5 crystals sharing the same readout electronics, §4.2.4). These “trig-
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ger primitives” are passed to the Level-1 trigger system (§4.2.2), where they are
combined to form electron and/or photon candidates.

Clustering - Energy corrections

After the Level-1 trigger, the reconstruction is initiated by the ECAL measu-
rement, and more precisely with the grouping of PbWQOy crystals.
The main issues shaping the techniques developed for the reconstruction and iden-
tification of electromagnetic objects, including the grouping of individual channel
(i.e. crystal) measurements to clusters, are linked to the presence of the tracker’s
and services’ material budget in front of the calorimeters. The ECAL clustering
algorithms are designed towards an appropriate combination of energy deposits in
individual crystals for each incoming particle. An issue they specifically address
is the spread of energy because of bremsstrahlung and conversions of secondary
photons inside the tracker detector.
The grouping begins by the formation of clusters around crystals with the highest
local energy deposits, when these are above ~ 20 over the electronics’ noise. The
clustering algorithm uses these crystals as seeds in the barrel region; it then runs
over a fixed length of crystals in pseudorapidity 7, performing a dynamical scan
across the azimuthal angle ¢ until either a larger energy deposit or no deposit
at all is encountered, thus defining the boundaries of a cluster. The clusters are
grouped into “superclusters” in a similar way. The algorithm’s extension in ¢ aims
at minimizing the containment variations due to the strong magnetic field.
The superclustering in the endcaps region proceeds similarly, but the clustering
uses a slightly different algorithm, which adds together clusters of fixed 5 x 5 size.
The cluster positions are extrapolated to the ES, and ES clusters are built around
them (§5.3.3). The total endcap energy is a linear combination of cluster energies
in the endcaps and the geometrically matching ES clusters.
The barrel algorithm was designed for high-energy electrons and has also been
tuned to work well for lower energies. However, in the case of single showers such
as those coming from unconverted photons or electrons in beam tests, energy sums
over fixed arrays of crystals offer better resolution.

The position of an ECAL cluster is calculated by weighting the mean position
of the crystals, x;, by the logarithm of their relative energy, F; (the logarithm
is taken since the energy density in a shower decreases exponentially with the
distance from its core):

in Wy

r=——-, with weight w; = wg + log
Zwi

)

SE;

The position of the supercluster is obtained from the mean of the energy-weighted
positions of its clusters.

Certain corrections on the energy measured are required and can be pre-calculated



and applied as functions of coordinates and energy. Their sources are: Rear lea-
kage close to the cracks between modules and supermodules as a result of the
reduced effective depth, containment variations because of the spread of energy
due to showering inside the tracker and because of the variation of its material
- and, in the special case of fixed-array clustering, lateral front leakage with de-
pendence on pseudorapidity, and containment variations depending on the shower
incidence position. The last variation is known as “local containment” and a me-
thod developed for its treatment in the ECAL Beam Test of 2006 is discussed in
§5.2.

In the case of photon candidates, the final energy measurement depends upon
the ratio of the energy contained within the 3 x 3 array of crystals centered on
the seed crystal to the total energy of the supercluster. This quantity is used to
determine if the photon is converted or unconverted. If the ~ is unconverted, then
the energy of the 5 x 5 crystals around the crystal with highest energy is used.
Otherwise, the energy of the whole supercluster is used.

L2 Trigger

The first stage of the HLT for electrons, -2, checks the spatial matching of
the reconstructed superclusters with the trigger primitives, essentially verifying
the Level-1 trigger results. Also, this is the only HLT step used for photons.

Matching between ECAL measurement and tracker hits

The position of the supercluster is propagated backwards to the tracker de-
tector, in order to find the associated hits in the pixel detector (§4.2.3). The
propagation is done on a helical trajectory taking into account the magnetic field,
and under both charge hypotheses. After the innermost pixel hit compatible with
the supercluster within a predefined geometrical window in (7, ¢) is found, it is
used to make an updated calculation of the trajectory, and search for a second hit
within a narrower window in the next pixel layers. These two innermost hits are
the “seeds” which will be used to initiate the electron track building.

L2.5 Trigger

The second step of the HLT is based on the search for hits in the pixel detector
described above. If pixel hits consistent with a supercluster are found, then an
electron candidate is formed, otherwise a photon candidate is formed.

Electron track building

The track building is initiated from the innermost pixel hit found, by propa-
gating the state vectors (i.e. momentum and direction information) of each hit to



the next detector layer.

The radiation losses after each hit in the tracker layers do not follow a Gaussian
distribution, which would be the case in e.g. multiple scattering. For this reason
the propagation is performed using Gaussian mixtures[34] for the distribution of
the state vectors and their errors, and Bethe-Heitler modeling for the energy los-
ses. This algorithm is found to model particularly well the electron track at its
two ends, enabling the calculation of the momentum at its inner and outer points
and the calculation of the electron isolation, which are to be used in the final steps
of triggering and preselection.

Electromagnetic object isolation

The two detectors whose isolation measurement is useful for the triggering and
the preselection for the electron reconstruction are the tracker and the hadronic
calorimeter (HCAL).

The tracker isolation calculation consists of summing the transverse momentum of
tracks found within a hollow cone around the candidate’s track. The tracks ente-
ring the sum have to pass a momentum threshold, pz > 1.5 GeV/c?, and originate
from a point consistent with the candidate’s calculated interaction vertex in the
longitudinal direction, |2¢ — 2/"*| < 0.1cm. The cone lies within 0.02 < AR < 0.2
(AR = \/A¢? + An?). The exclusion of the cone’s central region aims at excluding
the contribution from bremsstrahlung radiation and its subsequent conversions to
electron pairs.

The HCAL isolation is calculated by the sum of the energy deposited in the HCAL
towers, within a cone of AR < 0.15 behind the ECAL seed cluster.

For photons, the detectors used for the isolation are ECAL and HCAL. A de-
scription of the isolation variables can be found in §6.3.3, where they are used for
the photon identification.

L-3 trigger

Eventually, the relative isolation sum of the tracks with respect to the candida-
te’s transverse momentum, as described above, and the sum of the HCAL energy
are examined. As a final requirement, the ratio of the energy of the ECAL cluster
which seeds the supercluster over the momentum at the beginning of the track is
calculated and checked.

Final preselection - Track-ECAL matching

The reconstruction preselection uses additionally the ratio of the calorimetric
activities, defined for electrons as the ratio of the energy deposited in the HCAL
towers behind the ECAL seed cluster, over the seed cluster’s energy. The ratio
has to be H/E < 0.2. For photons, the whole ECAL supercluster is used, and the



ratio must be H/E < 0.5, while the supercluster must have Ep > 10 GeV.

Finally, a spatial matching between the track and the supercluster is performed
for electrons. The two relevant variables are

extr. extr.
Anin = nsc — Nyt s Abin = dsc — Pig
extr.

where 7/¢gc is the supercluster’s position, and 7n/¢§%" is the closest point to the
supercluster’s position after extrapolation of the track from its innermost point.

Photon conversions

In addition to photon reconstruction, a check for photon conversions is perfor-
med. After a loose supercluster preselection, a backward propagation starts from
each cluster of the supercluster, taking into account the measured ECAL energy
and the expected mean energy loss of electrons in the tracker material. For the
tracks which are built in this way, the innermost tracker hits are used as star-
ting points for the other arm of the conversion, by moving outwards. All found
tracks with opposite charges are combined and conversion candidates are formed.
The candidates are finally examined for the angular separation in A¢ and A cot 6
between the two arms, and for the x? value of the vertex fitting.



5.2 Crystal containment corrections in the
energy measurement

5.2.1 Energy containment in ECAL crystals

A fraction of the energy of incoming electromagnetic particles will be lost to
ECAL because of showering in the gaps between adjacent crystals, modules, and
supermodules. In addition, when the energy deposited in ECAL by a particle is
summed over a fixed array of crystals there is variation in the energy containment
between events. The magnitude of both these effects depends on the particle’s
position of impact on the crystal’s surface. More specifically, the energy contain-
ment depends on the distance of the incidence point from the crystal surface’s two
central axes, decreasing towards the crystal edges.

5.2.2 Ln(E2/E1) Method

The containment variation can be compensated for with the use of predeter-
mined correction functions, according to the position of the impact point. Two
methods have been developed for their derivation, which use the pattern of the
energy deposition in the cluster for measuring the “centrality” of the impact on
the hit crystal.

The first method determines the impact position, and subsequently its distance
from the crystal centre, by weighting the positions of all crystals in the surroun-
ding array according to the logarithm of the energy received by each crystal.

The second method, known as “Ln(E2/E1)”[35], is the one used in the analysis
presented here[36]. This method calculates the point of incidence of the particles
on a crystal’s surface by using the balance of energy deposited in subgroups of the
surrounding crystals.

As shown in Figure 5.1, in the case of the energy summed on an array of 3 x 3
crystals, two submatrices E;, Ey of either 3 or 6 crystals are defined, according
to the energies Wy, W1 deposited on the two immediate neighbours of the central
crystal. The orientation of the submatrices always remains the same, with W;
(and Es) towards higher values of 7 or ¢, but the number of crystals in each sub-
matrix varies: The neighbour which acquired the largest energy always denotes
the smaller submatrix. (Corresponding definitions are used for the 5 x 5 array.)
There is a rough correspondence between In(FEs/E;) values and the x, y coordina-
tes, as confirmed by test beam measurements (Figure 5.2). Events impacting near
the centre of a crystal deposit most of their energy on the middle column of the
matrix, resulting in higher mean values of In(FEy/E7), while events near the crystal
edges divide their energy almost equally between the two submatrices and have a
value close to zero.

Using this parametrisation, the crystal’s surface is divided into bins of In(Es/E}),



Sq’hma 5.1:  Definition of submatrices across the n direction for the
“Ln(E2/E1)” method, for the energy sum on an array of 3 X 3 crystals.
E5 is always the submatrix at the side of higher n, and vice versa for Ej,
but their size is defined by the energy deposition (Wi, W5) on the hit cry-
stal’s immediate neighbours. The figures show the cases for a) Wy > Wy, b)
Wo < W7.

and the gaussian mean of the energy measurements in each bin is plotted as a
function of In(FEy/E1), and it is normalized to the largest energy value.

The correction functions are then obtained by fitting the distribution. The fit is
performed for each half of the crystal independently, using third-degree polyno-
mials. The analysis is performed independently across each direction, for arrays of
both 3 x 3 and 5 x 5 crystals centred around the hit one. Figure 5.3 is an example
of the plots obtained for an individual crystal after the analysis.

5.2.3 Beam test and event selection

An overview of ECAL can be found in §4.2.4, but it is useful to repeat at this
point that the ECAL barrel consists of 36 “supermodules”, each of them holding
1700 PbWOy4 crystals. Each supermodule is segmented into four “modules” along
its long side, i.e. across the n direction of CMS.

This study uses data collected during the 2006 ECAL Beam Test, which took place
at Point H4 of the SPS accelerator at CERN. During this Beam Test, nine ECAL
supermodules equipped with the full readout electronics have been tested using
electrons in an energy range between 15 GeV and 250 GeV. The quasi-projective
geometry of ECAL inside CMS was retained with respect to the beam. The im-
pact point position of the beam on the crystals’ front face was measured with an
accuracy of 125 um by four planes of fibre hodoscopes.

When analyzing each direction, only events lying on a narrow band in the other
direction were kept (within either £2mm or 4 mm around the mean incidence
point) in order to disentangle the effects of the two directions. The analysis was
performed both on individual crystals and on groups of crystals (e.g. crystals on
the same module) by taking their average containment of energy.

An analysis with simulated data was performed in parallel. The overall agree-
ment with the Beam Test results was good, except for one case which is discussed



5x5_ YvsRalio X5 _TUshatio
— Entries 245002

15 - = Mean:x 0.2351
c S | Meany 0s1aa

RMS s
RMSy

2013
LT

=]
TI T T [TT I T[T I T T[T T [TI T [TTTT

H::

Sq’hma 5.2: Correspondence between the distance of the incidence point from
the crystal centre (vertical azis) and the In(Es/Ey) value (horizontal axis);
in this example, for energy summed on 5 X 5 crystals, across the ¢ direction.

’ 3 x 3 crystals H 5 X 5 crystals ‘

lower 7 higher n lower 7 higher n
1.2-23%(21-3.0%| 05-2.0% | 1.1 —21%
lower ¢ higher ¢ lower ¢ higher ¢
04—-19% [ 12-29% || 0.1 —1.5% | 0.5 — 1.8%

P’inakas 5.1: Qwerall ranges of energy loss for impact at the crystal edges,
with respect to impact at the crystal centre.

in the next paragraph.

5.2.4 General characteristics of the containment - De-
rivation of the correction functions

The overall percentage of energy losses for electron incidence close to the cry-
stal edges, with respect to incidence close to the centre, lies within the ranges
shown in Table 5.1.

The results justify the derivation of “sets” of containment correction functions,
where each set would consist of separate functions for (i) 3 x 3 and 5 x 5 arrays,
(ii) each direction (n/¢), and (iii) each half of the crystal (i.e. in the manner of
Figure 5.3).

The asymmetry in containment between the opposite edges of the crystals across
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Sq’hma 5.3: Normalised energy vs. In(FEy/Ey) on one of the studied crystals,
fitted with 3" degree polynomial functions. Upper row: energy summed on
3 X 3 crystals; lower row: 5 x 5 crystals. Left column: results across n; right:
results across ¢. The schematic index shows the correspondence between
In(Es/Ey) and the crystals’ surface. A(a) and B(b) denote the opposite edges
of the surface across the n(¢) direction, while C(c) corresponds to its centre.
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B(b) is the edge with the higher value of n(¢).



Xtal232 SM22 - E_ n - 120 GeV ]_____'_____ | Xtal232 SM22 - E , ¢ F_mr____'_____

1.005F E 1.005F =

B:

.995F

Normalized Energy
Normalized Energy
¢ o
©
=

P TR B BT BRI B - S E
-2 -1 0 1 3
In{l JE)

Sq’hma 5.4: Normalized energy vs. In(Es/Ey) on one crystal: Asymmetry
between opposite edges across the same direction. (Energy summed on 3 X 3
crystals; left: n, right: ¢.) The schematic index shows the correspondence
between In(FEy/Ey) and the crystals’ surface. A(a) and B(b) denote the op-
posite edges of the surface across the n(¢) direction, while C(c) corresponds
to its centre. B(b) is the edge with the higher value of n(®).

the same direction, which calls for separate functions for each half of the crystal,
is demonstrated in Figure 5.4. This asymmetry is expected because of the quasi-
projective geometry of the supermodules, and it is enhanced by keeping only those
events which deposited the largest part of their energy at the hit crystal.

On the other hand, the need for separate corrections for each direction (Figure 5.5)
is not fully understood. All analysed crystals had larger energy loss across their
n direction than across ¢ at an average of ~ 0.5%, independently of the specific
half-side or the size of the array, an effect which is in contrast with the simulation
but which was also present in studies with data from the 2004 Beam Test[37]. Two
possible explanations are the construction of the supermodules being less uniform
across 7, and effects arising from the intercalibration coefficients (discussed below).

The containment was found to be practically independent of the beam energy
up to 150 GeV (Figure 5.6).

Notably, all the features mentioned above are observed on different supermodules
indistinguishably, indicating that the same corrections could be globally used on
all ECAL barrel supermodules.

However, analysis on crystals located on different modules of the same supermodule
showed an overall dependence of the energy loss on the module. The losses beca-
me more significant moving towards modules of higher 5. The variation reaches
~ 0.5% and ~ 0.8% for the n and ¢ directions on the surface respectively, when
comparing between crystals of lowest and highest 7 values across the supermodule.
In any case, this dependence describes the average behaviour of crystals in diffe-
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Sq’hma 5.5: Normalized energy vs. In(Es/E;) on one crystal: Asymmetry
between n and ¢ direction. (Energy summed on 3 X 3 crystals; left: n, right:
¢.) The schematic index shows the correspondence between In(Fy/FEy) and
the crystals’ surface. A(a) and B(b) denote the opposite edges of the surface
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edge with the higher value of ().
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Sq’hma 5.6: Normalized energy vs. In(Ey/Ey) for various beam energies; the
energy is summed on a matriz of 3 X 3 crystals. The schematic index shows
the correspondence between In(FEy/Ey) and the crystals’ surface. A(a) and
B(b) denote the opposite edges of the surface across the n(¢) direction, while
C(c) corresponds to its centre. B(b) is the edge with the higher value of n(¢).
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Sq’hma 5.7: Averaged normalized energy vs. In(Ey/Ey) across n (left) and
¢ (right), for T crystals, after changing individually their intercalibration
coefficients by £1%. Similar results are obtained after changing by £1% the
intercalibration coefficients of two or three of their immediate neighbours.

rent modules, but the containment can fluctuate between individual crystals in any
module, within the overall observed range (Table 5.1). However, it was found that
this crystal-by-crystal fluctuation, as well as its different behaviour across the two
directions, can be reproduced by varying the intercalibration coeflicients of either
the hit crystal or its immediate neighbours by up to 1% (Figure 5.7)

Taking all of these characteristics into consideration, four sets of correction fu-
nctions, one corresponding to each module, were produced by averaging several
crystals belonging to the same modules and supermodules.

5.2.5 Tests of the correction functions

The sets of corrections have been applied on a number of crystals, belonging to

either the corresponding or to different modules (as mentioned above, the super-
module from which the corrections were calculated is irrelevant). The examined
crystals are left with a residual loss with a maximum close to the edges, ranging
from ~ 0.3% to ~ 1%.
In addition, the effect of the containment corrections on the energy resolution has
been studied. As an example, in Figure 5.8 the energy resolution obtained for
a crystal, after applying the set of corrections from the same module of another
supermodule, is compared to the resolution obtained when using direct position
information from the hodoscopes, and to the resolution after correcting the resi-
dual error for this specific crystal.
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Sq’hma 5.8: Energy resolution for one crystal using the position informa-
tion from the hodoscopes (bottom), after applying one of the sets of produced
correction functions (top), and after additionally correcting for the crystal’s
residual error (middle).



5.3 Electron position resolution with the pre-
shower detector

The studies of electron and photon position measurement in CMS are based on
the information obtained from the electromagnetic calorimeter (ECAL) in both the
barrel and endcaps regions. In the endcaps region, the position resolution could po-
tentially be improved by taking advantage of the finer granularity of the preshower
(ES) detector. (A description of ECAL and ES is found in §4.2.4, Figures 4.3, 4.4.)

In order to compare the performance of the two detectors in the position mea-
surement, the geometrical matching between the electron position in ECAL/ES
and the corresponding track in the tracker detector is used. Both the (n, ¢) coor-
dinates, in which ECAL is designed to operate, and the Cartesian coordinates, in
which ES is designed to operate, are checked.

5.3.1 Event selection

The analysis[38] was performed on a dataset of events with electrons from
Z° decays, produced under the official CMS simulation schedule in 2007[39]. The
events were selected by single and double electron triggers. Only electrons reaching
the endcaps region covered by both the tracker and the ES (1.65 < || < 2.5) and
having transverse momenta p$. > 20 GeV /c were considered.
Isolation criteria based on information from the tracker detector (§4.2.3) were
imposed: The sum of transverse momenta of tracks with ptTka > 1.5GeV/c in-
side a hollow cone of 0.02 < AR < 0.3 around the electron’s direction was used
(AR = \/An? + A¢?, with n: pseudorapidity, ¢: azimuthal angle). Electrons were
considered to be isolated when the ratio of the sum of pgl"“k over the electron’s p%
was smaller than 0.01 (Figure 5.9).

5.3.2 Clustering and position measurement

The clustering algorithm for ES was optimized for the ECAL endcaps cluste-
ring algorithm which was in use when this analysis was performed (the current
ECAL clustering is described in §5.1). Each of the clusters at the ECAL endcaps
(“EE”) is assigned ES clusters by extrapolation of its barycentre towards the nomi-
nal interaction vertex, and a subsequent search performed around the intersection
point on each of the ES planes. The search runs on +15 strips around the inter-
section point and on the corresponding rows of strips in the sensors directly above
and below it. The ES clusters are formed by the most energetic strips along with
the £2 neighbouring ones on the same row. A maximum of 4 ES clusters is allowed
for each EE basic cluster.

The energy deposited in each of the ES clusters which correspond to a single EE
cluster is shown in Figure 5.10.
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Sq’hma 5.9: Tracker isolation for simulated electrons from Z° decay.

For both the cases of individual ES clusters and energy-weighted groups of ES
clusters, each ES layer provided two-dimensional points, (X, Z;) and (Y}, Z,),
which could be combined to prov1de three-dimensional points:

X-plane: (X,, Y), Z,) = (Xz, Z * Zyy Zy)

Y-plane: (X, Y, Z,) = (Zz * Zy, Yy, Zy)

The two points are equivalent; in all of the following, the value of the ¢ (1) coordi-
nate was arbitrarily chosen to be read from the point formed on the X (Y') plane.
The z coordinates were set to the default values for each ES plane used in the
production of the samples, namely |Z,| = 303.215cm, |Z,| = 307.185cm. For
| X;| and |Y}| the maximum spatial error is corresponding to a minimum ionizing
particle, as derived from the pitch between the silicon strips (1.9/v/12mm).

5.3.3 Comparison in geometrical matching with track
Determination of the matching variables in 7, ¢ coordinates

Two of the variables (“inner”) used in the identification and selection of elec-
trons concern the geometrical matching between the ECAL and tracker detectors.
These variables measure the difference between the energy-weighted position of
the EE supercluster, (n5&, ¢£f), and the extrapolation from the innermost track
point up to the EE (nffr.  geair.

EFE EE extr EFE extr
Anin ="NsC — Mrk_in> ¢7,n (bSC’ - %Ytrk_n

In the case of An the extrapolation is a simple projection from the innermost
track point up to EE. In the case of Agf)m the propagation is performed using a
helix, up to a distance of ~ 4 cm inside the crystals in order to compensate for the
electrons’ showering; more precisely, the approximation for a slightly curved helix
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(right) clusters: mazimum-energy cluster (solid thick), second most energetic
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segment is used (i.e. the radius at the detector is much larger than the radius at
the start of the track[40]).

Another relevant pair of geometrical variables (“outer”) is given by the matching
between the position of the electron seed-cluster on EE (nZ£, ¢ ) and the extra-

seed’ ¥'seed
polation of the track from the outermost track point up to the EE (nfZf"  ¢euir  ):

FE _ _FEFE extr FE _ EFFE extr
Anout = Nseed — Mtrk_out> Agi)out — ¥Vseed ¢)trk,out

The variable A¢Z% is used in the identification of electrons least affected by brems-
strahlung emission. However, in this analysis the “outer” variables can serve as a
better measure of the position resolution (with respect to the “inner” ones), since
the distance between the ES detector and the outermost tracker hit is small, so

the outermost hit provides a good estimation of the electron’s position.

In the present analysis, position information from the ES was used as well for the
determination of the geometrical matching variables mentioned above. Because of
the differences in the two subdetectors’ structure, the calculation of the variables
needed to be performed in a way different than in the EE case. The differences in
the calculation are:

e The EE cluster which received the largest amount of energy is considered;
the coordinates of only the ES cluster with the largest amount of received
energy, among the ES clusters corresponding to that specific EE cluster, we-
re used. (Instead of the energy-weighted position of all the clusters, which
is used in ECAL).



This choice was found to perform better, and the reason is related to the
bremsstrahlung radiation: Electrons with small bremsstrahlung losses re-
sult in more “focused” depositions of energy, and in that case the ES finer
granularity provides a better measurement than ECAL. The ES behaviour
according to the bremsstrahlung fraction is discussed in more detail below.

e In the case of A¢;y, the helix propagation starts from the track vertex (in-
stead of the innermost track point).
The observed improvement with this choice was a result of the algorithmic
treatment of the electron’s momentum at the track vertex (and not so much
a result of the different spatial start of the track extrapolation, even though
this also became more accurate). More specifically, the electron’s momen-
tum at each layer of the tracker detector is reconstructed according to a
Gaussian Sum Filter of components (§5.1, [34]), and the difference in results
was related to using the mode of the Gaussian components (instead of their
mean value).
The ES measurement was sensitive to this effect because of its finer granu-
larity, and this modification was subsequently applied to the ECAL recon-
struction software as well.

Comparison in 7, ¢

The An;, distribution (Figures 5.11) as obtained from the ES (solid line)
showed a prominent improvement with respect to the EE (dashed line). For the
Agj, distribution the ES offered only a slight improvement (Figures 5.11). This
can be explained by the sensitivity of the Ag¢;, variable to bremsstrahlung emis-
sion from electrons inside the tracker: ES is expected to be more accurate than
EE in the case of electrons with low or moderate bremsstrahlung, while it would
be less accurate in the case of large bremsstrahlung, when the supercluster of EE
crystals is developed to gather the spread energy of the photons more effectively.
This effect is made clear in Figures 5.12, where A¢;, was evaluated for three dif-
ferent groups of electrons for each detector separately. Electrons were classified
according to their value of the “bremsstrahlung function”:

fbrem = (Pin,trk - Pout,trk’)/})in,trk

where Py, ¢rk, Pouttrr 1S the momentum at the innermost and outermost track
measurement respectively.

The distributions of the outer variables, Ay, and Ay, as obtained from the
ES, show a clear improvement with respect to the EE (Figures 5.13). As men-
tioned, these variables provide a better measure of the accuracy of the position
measurement, because of the proximity of the EE/ES to the pixel outermost hit.
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Determination of the matching variables in cartesian coordinates

As ES is designed to give optimum position measurement in cartesian coordi-
nates, the analysis was repeated with a geometrical matching in z,y. This required
the development of dedicated functions to complement the official reconstruction
software, for the extrapolation of the electron tracks. A number of differences
arose in their implementation with respect to the matching variables in n, ¢:

e The full helix formula was used (instead of the approximation of the helix
segment).

e The trajectory was allowed to extrapolate up to a plane created with the
appropriate z value (instead of extrapolating up to a specific point).

e Optimizing the existing algorithm, the beginning of the coordinates was
placed at the interaction vertex (instead of the calculated track vertex).

The new sets of functions were found to agree with the previous ones within less
than 10~*rad in ¢, and were used for the geometrical matching by forming the
AxiE(ES), A fuf(ES) and AyiE;E(ES) and Aygf(ES)Variables, according to the

respective quantities in 7, ¢ described at the beginning of this paragraph.



e v 2o O T =
Eo00- ] ElZOOi s
1000; * 1000; 4
800 ] 800; *

600; * eoo; *

400; * 400; 4

200; * 200; *

0 YT L L L) T ] 0 ST L L LR

2 -15

1050 05 1 15 2
Ax (cm)

215 1050 05 1 15 2
Ay (cm)

Sq’hma 5.14: Az, (left) and Ay, (right) from ES (solid line) and EE (da-
shed).

Comparison in cartesian coordinates

Figure 5.14 shows the values of Ax;,, Ay;, achieved by ES and EE. Figure 5.15

shows the “effective sigma”! and the “effective two-sigma” of Az;, for the two
detectors. For comparison, the values for the Az, from ES are also presented,
i.e. for the matching between the x measurement and the extrapolation from the
outermost track point. ES is found to have better resolution than EE within one
effective sigma but not within two sigma, where the resolution is dominated by
the high-bremsstrahlung events.
Indeed, in Figure 5.16 the last plot is broken down to electrons with low (< 0.2)
bremsstrahlung and medium / high bremsstrahlung, according to their value of the
“bremsstrahlung function” described above. In some cases high-bremsstrahlung
events were found to correspond to unusually large values of Ax,y:, as a result
of the endcaps clustering algorithm. (The algorithm currently in use for ECAL
clustering is discussed in §5.1).

5.3.4 Conclusions

The position resolution for electrons from Z° decays when using the measu-
rement from the ES detector is improved with respect to the EE, as seen from
the An, ¢out variables. In addition, the electron identification variable A, is also

L “Effective sigma” refers to that width away from the mean within which 68.3% of a
distribution’s values fall.
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improved significantly, while ES performs better in Ag;, for electrons with low
bremsstrahlung losses. It was found in general that for electrons with low brems-
strahlung fraction ES is superior, while in the opposite case ECAL performs better
at collecting all the spread radiation.



5.4 Electromagnetic objects in the Particle
Flow algorithm

In addition to the standard reconstruction of objects in CMS, the Particle
Flow (“PF”) algorithm was developed, following the practice of previous collider
experiments, and is used in an increasing number of physics analyses. This section
gives an overview of the reconstruction of electrons and photons in PF, and of the
study of the relevant commissioning of the preshower detector (ES) with LHC data.

The main characteristic of the PF algorithm is that the reconstruction of every
object in the event occurs from a common set of measurements; therefore, in order
to describe the reconstruction of photons, the reconstruction for all kinds of par-
ticles has to be overviewed in parallel. This is discussed in a qualitative manner in
§5.4.1, along with an introduction to the general principles of the PF algorithm.
The reconstruction of electrons follows in more detail in §5.4.2.

Finally, the commissioning of the ES detector in the PF algorithm with photons
from the first LHC collisions in 2009 is presented in paragraph §5.4.3.

5.4.1 Overview of the Particle Flow algorithm - Pho-
ton reconstruction

The aim of the PF algorithm[41][42] is to reconstruct and identify all stable
particles in each event, through a combination of all CMS subdetectors. A list of
individual particles is thus created and subsequently used for the reconstruction of
the event, inter alia, in building hadronic jets, tagging b and 7 jets, determining
the missing transverse energy, quantifying the isolation of particles.

Building of PF blocks

The logic permeating the PF algorithm is treating the subdetectors’ measu-
rements as “building elements”, and creating “blocks” by linking spatially the
elements in an appropriate manner. In the end, each block will constitute a par-
ticle.

More specifically, the “building elements” include tracks formed in the tracker de-
tector, clustered energy measurements in the calorimeters, and tracks in the muon
system.

The topological linking of the elements proceeds in-out, allowing the PF recon-
struction to take advantage of the position resolution of the tracker detector.
However, a very accurate reconstruction of tracks is required in order to make
this approach meaningful. Therefore, a special iterative algorithm was developed,
involving the removal of the used hits at each step while at the same time loosening
the constraints on the track seeding.



The clustering algorithm for the calorimeters and the ES detector consists of th-
ree steps: First, “cluster seeds” are identified as energy measurements larger than
that of their immediate neighbours and above a given energy. Second, “topolo-
gical clusters” are grown from the seeds by aggregating cells with at least one side
in common with a cell already in the cluster and with an energy in excess of a
given threshold (in the ECAL and ES, these thresholds represent two standard
deviations of the electronics noise). Finally, the energy of each cell is shared to all
clusters according to the cell-cluster distance (assuming Gaussian shower shapes),
and the determination of the cluster energies and positions is recalculated. The
calculation is iterated until convergence is reached.

After the elements are built, they are connected with the linking algorithm to form
blocks, which are then the inputs to the particle reconstruction and identification.
Each block typically contains up to three elements, with the smallness of the blocks
ensuring the persistance of the algorithm performance, regardless of the event com-
plexity. The linking is performed between (i) tracker tracks and ES/ECAL/HCAL
clusters, (ii) between ES/ECAL clusters and ECAL/HCAL clusters respectively,
(iii) between tracker tracks and tracks in the muon system. In the first two cases,
in order to establish a link the extrapolated position from the innermost detector
element has to fall within the boundaries of a cluster. The cluster envelope can
be enlarged by up to the size of one cell in each direction to account for the pre-
sence of gaps between calorimeter cells, cracks between calorimeter modules, the
effect of multiple scattering for low-momentum charged particles, and the uncer-
tainty on the position of the shower maximum (the extrapolation is performed at
a depth corresponding to the expected maximum of a typical longitudinal electron
shower profile in ECAL and at a depth corresponding to one interaction length in
HCAL). The link distance is defined as the distance in the (7, ¢) plane between the
extrapolated position and the cluster position. In the third case, a link between a
track in the tracker and a track in the muon system is established when a global
fit between the two tracks returns an acceptable x? value. When several tracker
tracks can be fit with a given muon track, only the link that returns the smallest
x? is retained.

The link between ES and ECAL clusters is studied in more detail in §5.4.3.

Object reconstruction

After the collection of blocks is assembled for each event, the reconstruction of
objects takes place.
Muons are the first to be formed, from linked tracks in the tracker and the muon
system, if the momentum of the combined track is consistent with that from the
tracker. The corresponding track is subsequently removed from the block, and
the expected energy depositions in the calorimeters are subtracted from the cor-
responding clusters.
Next, electrons are formed from tracks and linked ECAL clusters, including those
coming from bremsstrahlung photons, and the corresponding elements are removed



from the block. (The reconstruction and identification of PF electrons is discussed
in more detail in §5.4.2.)

Before proceeding, the linking between the tracker and the calorimeters is re-
visited. If more than one tracks are linked to a HCAL cluster, their momenta are
summed. If more than one tracks are linked to an ECAL cluster, only the closest
one is kept. If, however, a track is linked to more than one ECAL clusters, the
closest cluster is kept and a decision must be taken about whether the rest of the
links are kept or rejected: The linked ECAL clusters are ordered according to their
distance from the track, and added increasingly to the measured HCAL energy;
as long as the sum of energy is smaller than the track momentum, the links are
kept. (This choice is related to the presence of photons, where there are not any
real links, and the presence of hadrons, where the links should be preserved.)

If the total calorimetric energy is still smaller than the track momentum, then the
search for muons is repeated with relaxed criteria. The remaining elements and
blocks are used for the reconstruction of hadrons and photons.

Each track gives rise to a charged hadron, and the relevant elements are remo-
ved from the block.

In addition, the cases where the calorimetric (ECAL+HCAL) energy of only the
closest clusters to the track is larger than the track momentum are examined fur-
ther: If that energy is larger than the total energy collected in the ECAL, then the
energy in the ECAL gives rise to a photon, and the remaining excess (with respect
to the track momentum) gives rise to a neutral hadron; otherwise, the excess gives
rise to a photon.

After all the tracks and the corresponding calorimetric clusters are removed, the
remaining clusters give rise either to photons, if they had never been linked to a
track, or to neutral hadrons, if they had links which were then disabled.

5.4.2 Electron reconstruction
Track building

Tracking is considered to be the cornerstone of the PF algorithm in CMS, since
the granularity of the tracker detector is superior to the other detectors’, and since
PF aims at reconstructing all individual particles of an event, even if belonging to
hadronic jets.

The tracking and pre-identification of electrons is based on an iterative strategy,
as hits unambiguously assigned to tracks get removed and the remaining ones are
refitted, with progressively looser criteria.

The first step of the tracking is identifying “seed tracks”, i.e. tracker hits be-
longing to track candidates, which will be considered for the full application of the
tracking algorithm.



One track-seeding method relies on tracks reconstructed with the Kalman Filter
(KF) algorithm, as the Gaussian Sum Filter method[34] proves too CPU-intensive
for this step. Although less precise than the GSF algorithm for the description of
radiative losses, KF is capable of reconstructing accurately tracks with negligible
bremsstrahlung emission.

Each KF track is extrapolated up to ECAL; if it is matched with a topological
cluster both spatially (§5.4.1) and in momentum-energy, it is selected for further
consideration. Otherwise, a “light” GSF refit is performed, using a smaller number
of gaussian components than usual, and the track is passed through a multivaria-
te analysis using a Boosted Decision Tree; the input for this selection uses the
number of tracker hits, the energy loss in the track, the quality of fit from both
fitting algorithms, and the matching with ECAL. If the track does not satisfy the
selection, the track is no longer considered for electron reconstruction. (At this
step, the electron candidate sample is still dominated by pions faking electrons.)
A second track-seeding strategy proceeds inwardly, by starting from the ECAL
topological cluster and selecting the tracker hits compatible with a track, under
both charge hypotheses.

Eventually, the track-seeds from both strategies are merged in a common col-
lection, and the GSF fitting algorithm is used for the building of tracks. The
emerging tracks are used both within the PF framework and the official CMS
reconstruction framework.

However, before proceeding with the electron reconstruction, a cleaning of the
tracks is needed to ensure there is no duplication because of bremsstrahlung pho-
ton conversions.

The cleaning strategy is applied only to pairs of GSF tracks which have a distance
|An| < 0.05 and |A¢| < 0.3rad between them, since this is the commonest case
for conversion legs.

If one or both the tracks have a distance of more than 5cm between their inner-
most tracker hit and the beam line, then the one with the smallest distance is
considered to be the primary track. Otherwise, if both tracks were seeded from
ECAL topological clusters, then the one with momentum matching better the to-
pological cluster’s energy is considered to be the primary one. If at least one of
the tracks was seeded from the tracker, then two criteria are applied sequentially:
The reconstructed charge has to be the same at the vertex and at the outermost
tracker hit; and if the tracks share at least 50% of the hits then the one with most
hits is considered as the primary, unless they have the same number of hits, when
the one with the best x? fit is selected.

Bremsstrahlung recovery - Clusters association

In the next step, an identification of the potential bremsstrahlung clusters is
carried out. For each tracker layer, bremsstrahlung emission is sought by extra-



polating a straight line, tangential to the direction of the GSF track, up to the
ECAL. If an ECAL cluster, not already linked to another track, can be linked to
the straight line then its energy is assigned to the total electron energy.

Finally, in order to assign correctly the electron cluster to the GSF track, and also
deal with late bremsstrahlung emission, a special treatment is used: After linking
a cluster to the GSF track, all clusters which belong to the same topological cluster
(85.4.1), within a distance |An| < 0.05 from the track, and not linked to any other
KF track, are considered. The cluster closest to the GSF track extrapolation is
considered to be the electron cluster, while any other clusters are simply added to
the list of clusters connected to the GSF track.

When the list of the ECAL clusters associated to the GSF track is defined, the ES
clusters associated to them and the HCAL cluster linked to the GSF track, if any,
are stored in the list of the electron identification elements. All the ECAL clusters
connected to the GSF track and to its tangents form one PF ECAL supercluster.

Electron identification

In the last step of electron selection, variables from the three involved detectors
are input in a discriminator using a multivariate Boosted Decision Tree (BDT).
These variables are:

e Tracker - ECAL matching observables:

— fraction of energy in ECAL over momentum at outermost tracker hit,

EECAL /pouh
— ratio between bremsstrahlung as measured by ECAL and tracker, ) 7 i}out ,
— total ECAL energy over innermost track momentum, Epcar+d By (whe-

Pin
re y_ E, is the energy associated with bremsstrahlung),

— matching in pseudorapidity, |ngsr — NEcALl,s

— appropriate cluster-extrapolation matching, for determining the prese-
nce of early (in the first three tracker layers) and late bremsstrahlung
are taken into account, as they cause bias in the ECAL-tracker ma-
tching.

e (Calorimetric observables:

— lateral shower shape variable, o,

— hadron fraction of the shower energy, H/(H + Egcar).
e Tracking observables:

— “bremsstrahlung fraction”, fprem = pi”pfﬂ,
— number of reconstructed hits and x? value of KF tracks,

— n, pr, X° value, and momentum resolution ((;LTT) of GSF tracks.



5.4.3 Preshower commissioning in the Particle Flow
algorithm

As described in §5.4.1, the “building ingredients” of the PF algorithm are
tracks, energy clusters, and the links between them. The links play a major role in
the reconstruction algorithm, as they define the “blocks” from which the particles
are inferred, and missing links could result in the creation of additional particles
and therefore in double counting of energy in the event. In the analysis presented
here, the linking between the ECAL and ES detectors was tested with photons
from the first LHC collisions, at /s = 900 GeV[42].

The used simulated datasets came from the official CMS simulation of summer
2009. Events from both collisions and simulation were selected without any requi-
rement other than having a good fraction of high-quality tracks.

Most electromagnetic particles entering the ES start showering in the lead ra-
diator; a small fraction of the shower energy is detected in the silicon-strip layers,
and the shower develops further in the crystals of the ECAL endcap, where it is
detected as an ECAL cluster (a detailed description of ECAL and ES is found in
§4.2.4). The energy of both electrons and photons is obtained from the ECAL
cluster energy, and from the energy detected in the two layers of the ES, in an
attempt to correct for the energy lost in the lead radiator.

An example of reconstructed PF photons, with the corresponding ECAL and ES
clusters, is shown in Figure5.17. In PF, an ECAL cluster is considered to be linked
to a ES cluster if at least one strip in the ES cluster overlaps with at least one
crystal in the ECAL cluster, in the (1, ¢) plane (§5.4.1). As missing links could
give rise to a lower performance of the electron identification in the endcaps, and
to a slightly lower energy response for both electrons and photons, the procedure
is checked in real data with respect to the simulation. The performance of the
ECAL-ES linking procedure was investigated using photon candidates with an
energy larger than 2 GeV (the threshold is applied because of limitations in the
simulation production).

Figure 5.18 shows the difference between the ECAL cluster position and the po-
sition of all linked clusters in the outermost ES layers (“ES2”), along the x and
y directions. Along the y direction, which is measured with high precision by the
ES2 layer, the width of the distribution is dominated by the ECAL cluster width.
Along the z direction, it is dominated by the ES strip length.

The fraction of the ECAL clusters linked to a number of clusters in ES1 (the in-
nermost ES layers) and ES2 is shown in Figure 5.19. A larger number of clusters
is observed in ES2, which is placed behind a larger amount of lead radiator than
ES1. The agreement between data and simulation validates the ECAL-ES link
procedure.



0.6

0 [rad]

0.55

&

O

0-5 O
0.45
0.4

0.35

NP BRI R PR RS R B R
215 22 225 23 235 24 245
n

Sq’hma 5.17: Two Particle Flow photons, reconstructed in the 2009 data
from one ECAL cluster (red dots), linked to ES clusters (blue squares).

Figure 5.20 shows the total energy deposited in ES (sum for all linked ES clusters
on both planes) as a function of the energy measured in the ECAL cluster. The
observed difference requires more investigation after establishing the corresponde-
nce between detector counts and minimum ionizing particles with collisions data.

It could be noted that the same study was repeated with the early data from LHC
collisions at /s = 7TeV with the same overall results[43].
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Appendix D: Search for
anomalous trilinear gauge
couplings in the Z'+ channel

This chapter describes the search for anomalous trilinear gauge couplings (aT-
GCs) in the Z%(— I*17)y channel, performed on ~ 36.1% pb~! of LHC collisions
data collected by the CMS experiment during 2010 [44][45].

It begins with the characteristics of the signal under study, and the main back-
grounds to this search, in §6.1. §6.2 introduces the event generators capable of
producing datasets with anomalous trilinear vertices, and gives the details of the
simulation used in the analysis.

The criteria for the identification of the objects involved in the final state and the
selection of events are discussed in §6.3. In addition, §6.4 introduces the data-
driven method employed for estimating the main backgrounds to the signal under
study. The results from the analysis on the collisions data are presented in §6.5.
Finally, the statistical analysis of the measurement is discussed in §6.6; the study
is concluded with the placement of limits on the values of aTGCs.

6.1 Signal and backgrounds

6.1.1 Characteristics of the Z'y final state

The final state under study is characterized by one pair of oppositely charged
leptons of the same flavour, and one photon. The leptons are the decay products
of a Z° boson. Since the process involves anomalous Trilinear Gauge Couplings
(aTGCs), it occurs through the s-channel of Figure 6.1.

The same final state can occur within Standard Model (SM) through the ¢ and
u-channels of Figure 6.1, but, since in this case the two bosons do not originate
from a common vertex, it is treated as a background to the search for anomalous
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Sq’hma 6.1: Leading order diagrams for the Z°v production. The two dia-
grams in the first row are permitted within the Standard Model. The diagram
in the second row, with V = Z° or~, can occur if anomalous trilinear vertices
ex1st.

couplings. Within SM there can also be contribution from final state radiation
(Figure 6.2) and emission from fermion loops, but the latter is almost negligible
(lower by an order of 1073 with respect to the t-channel process[7]). Different SM
contributions which can mimic a Z%y signal are discussed below, in the sections
about reducible backgrounds (§6.1.4).

If the Z% production through the s-channel happens in nature, in the LHC
it will occur from the interaction between a - most probably valence - quark, and
a sea anti-quark. The mediator can be an off-shell Z° which radiates a photon
and becomes on-shell, or, less probably, a photon which emits a Z° and becomes

Sq’hma 6.2: Standard Model Z%y production through final state radiation.



on-shell (Equation (3.4)).

The ZY can subsequently decay into leptonic modes and hadronic modes, which
in the LHC are overwhelmed by the size of QCD background and thus not consi-
dered for the analysis. Other possible Z° decays are into pairs of neutrinos, which
are not discussed in this study. In the following, the leptonic decay modes into
electrons and muons are examined.

The branching ratio for the leptonic decays of Z is: 3.363 4 0.004% for electrons
and 3.366 £ 0.007% for muons[46].

Although there are four possible anomalous couplings for each Z°YV (V = Z,~)
vertex (Equation (3.4)), in the following only the CP-conserving couplings hY,
h) will be discussed for simplicity. There will be no loss of generality, since the
CP-violating couplings h}{2 have behaviour similar to hg:4 respectively. In the
following, generation-level information from the “BAUR Z%y” matrix element ge-
nerator (§6.2.2) was used for the cross-sections and the distributions of kinematic
variables; the only selection cuts applied at generation-level are:

e photon transverse energy EJ. > 5GeV,

e leptons’ transverse momentum plTep on > 5GeV/c,

e photon - lepton separation in the final state AR(l,y) > 0.5 (where AR(l,v) =

V (A@)? + (An)2, ¢: azimuthal angle, n: pseudorapidity).

Cross-sections for the SM Z%y process, for indicative values of aT'GCs used in
the present analysis, and for the main backgrounds, can be found in Table 6.1.
The cross-sections for all simulated samples with aT'GCs which were used in the
analysis are gathered in Table 6.3, §6.2. The choice of values for hf‘;A’ along with
the assumptions for the other new physical variables entering the calculations, are
discussed in §4.6.1.

6.1.2 Signal properties - Discovery variables

Any contributions from vertices with non-zero trilinear couplings will comple-

ment the SM processes with the same final state, therefore the cross-section is
expected to increase in the presence of aTGCs. The dependence of the cross-
section on each coupling is bilinear. The coupling hY enters the lagrangian with
operators of dimension 6 [5] and gives a dependence of §3/2 on the centre-of-mass
energy, while h} has operators with dimension > 8 and a dependence of §5/2
the result is a stronger effect of h} on the cross-section and a general enhanced
sensitivity at larger centre-of-mass energies.
As evident from Equation (3.4) in §3.2.2, the two trilinear vertices, Z°Z%y and
Z%y~, have in principle different contributions to the cross-section. The higher
contribution comes from Z°Z%y, since an off-shell Z" emits a massless photon ra-
ther than the other way around.



SM 0, 0.004 | 0, 0.004 | 0.12, —0.004 | 0.12, —0.004
(Z2Zy) | (Zvy) (Z2Zy) (Zvv)
Cross-section (LO) (pb) 22.53 45.64 41.51 51.99 46.31
Expected (36.1pb~") || 813.33 | 1647.60 | 1498.51 |  1876.84 1671.79
Ztjots | Wjets | QCD (e) QCD (0)
Cross-section (NLO) (pb) || 3048 31314 157.5 6.45 - 10° 84679
Expected (36.1pb™1) | 110032 | 1130435 | 5686 2.3-108 3056912

P’inakas 6.1:

Cross sections and expected number of events at integrated

luminosity of 36.1pb~" for the SM Z°y channel, for indicative values of
aTGCs, and for the datasets taken into account in the present analysis as
main backgrounds to the Z%y process.
row denote the values for the hY and hY (V = Z° ~) anomalous couplings
respectively, for both possible anomalous vertices Z°yV. The exponents nj 4
entering the form-factors expression (Equation (3.6)) are set equal to zero,
as explained in §3.2.53. (The cross sections for all the aTGC values used in
the analysis can be found in Table 6.3, §6.2.)

The pairs of numbers on the first

| [ h \ hi \ hs \
LEP II (700pb~ ') || —0.20 | 0.07 | —0.05 0.12 | —0.049 [ —0.008 | —0.002 [ 0.034
(A =2TeV)
CDF (5fb 1) —0.018 [ 0.020 | —9-107* [ 9-107% | —0.021 | 0.021 | —9-10~* | 0.001
(A =1.2TeV)
CDF (5fb~7) —0.017 [ 0.016 | =6-10~% [ 5-10~* [ —0.017 | 0.016 | —6-10"* | 6-10~7
(A =1.5TeV)
DO (A =1.5TeV) || —0.033 | 0.033 | —0.0017 | 0.0017 | —0.033 | 0.033 | —0.0017 | 0.0017
(1fb~11, 3.6fb ' v)

P’inakas 6.2: Existing lower and upper experimental limits at 95%CL on the
anomalous couplings h¥4 (V =27°~), in combined electron, muon, and, for
Tevatron, neutrino decay channels. For each quoted value, all other aTGCs
are assumed equal to zero. The A wvariable is discussed in §3.2.3.




The existing experimental limits on hi‘{,ﬁl are found in Table 6.2 [47]. Their va-
lues used in the production for the present analysis are hs = {0,£0.12}, hy =
{0,40.004}. Further details on the production characteristics are given in §6.2.3
and §6.6.1.

The increase in the number of events in the case of aTGCs is prominent in the
distribution of the photon’s transverse momentum pJ. (Figure 6.3), starting at va-
lues larger than ~ 100 GeV /c (also Figure 6.6, §6.2). Since the p;. distribution is
quite differentiating between aTGCs and SM, and as it also has functional depen-
dence on the values of hz‘{4, it serves as an excellent discovery variable, enabling
likelihood fits on collisions data (§6.6).

As mentioned, the production of the off-shell boson will occur from the interac-
tion between a sea anti-quark and, almost always, a valence quark, resulting in a
boost along the incoming quark’s direction. In this way the presence of anomalous
couplings can have a visible effect on the invariant mass of the final three-body
system and on the distributions of the leptons’ transverse momenta (Figure 6.8,
§6.2)[12].

The presence of anomalous couplings will also affect the helicity distribution of
the lepton pair, since in the s-channel process the transverse momenta of the two
final bosons will be equal. The lepton decay angles will act as projectors of the
different helicity components, which in this case follow that of Z°. As a result, the
azimuthal decay angles of the leptons, ¢!, can be shown to correlate to the photon
azimuthal angle ¢7[11].

These variables can be investigated for the presence of new physics when sufficient
data become available from LHC collisions. However, the p% distribution will still
have an advantage in being more sensitive to non-standard couplings, since it is
directly observable.

6.1.3 Irreducible backgrounds

As discussed above, the production of Z° and v from a common vertex is
prohibited within SM, but the same final state can occur at Born level through Z°
production with simultaneous initial state radiation (ISR) or final state radiation
(FSR) processes (Figures 6.1, 6.2). In the former, a photon is emitted off one of
the interacting quarks, and in the latter it is emitted off one of the leptons from
the Z° decay.

In principle, FSR can be either distinguished, since it is collinear with the leptons
in most of the cases, or taken into account in the lepton reconstruction. On the
other hand, ISR forms an irreducible background.
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Sq’hma 6.3: Generated transverse energy of matriz element photons in the
Z% sample, for SM and various values of the anomalous couplings h§4.

Distributions are scaled to 36.1pb~".

6.1.4 Reducible backgrounds

Reducible backgrounds can occur from misidentification of either the photon
or one or both of the leptons. Among these backgrounds the only sizeable one is
Z9%/y* + jets, where jets can fragment to neutral mesons and then be mistakenly
reconstructed as single photons. The most effective way to deal with the part of the
background which might survive the application of suitable selection cuts (§6.3.3)
is to make use of data-driven methods for estimation of the remaining number
of background events in the measurement (§6.4). In any case, as the momentum
distribution of the neutral mesons (e.g. 7°, 1, p) falls off, the probability of
misidentification becomes very small at higher energies; normally it is negligible
for photon transverse momenta >~ 100 GeV /c.

In addition, a final state of a dilepton and a photon can occur from a variety
of processes within SM, but in these cases the dilepton mass distribution is non-
peaking around the Z° mass.

Less significant backgrounds involving misidentification are:

e tt — [T~ + jets, with a photon from misreconstruction,

* pp — Wi(—> I*1;) + jets, involving leptons and photons from misrecon-
struction,

e QCD processes resulting in lepton pairs and photons, either real or from
misreconstruction.



However these processes are non-peaking around the Z° mass and usually involve
multiple misidentifications. They are easily removed by event and object selection
cuts.

The cross-sections of the mentioned backgrounds are found in Table 6.1.

In conclusion, the tell-tale signature of the process under study, i.e. the enha-
nced distribution of pJ., is well conspicuous with respect to SM in higher values
(>~ 100 GeV /c), and its observation would provide direct evidence of new physics.
In low values however, which are practically the only ones accessible with 36 pb™*
of data at /s = 7TeV collisions, the presence of new effects can be told apart
from the irreducible ISR background only by statistical fits. Therefore, the main
difficulty lies in the reduction and correct estimation of the remaining background
from Z + jets.



6.2 Event generation

This section describes the simulated datasets and the event generators used in
the present analysis. The “BAUR Z%4” matrix element generator plays a central
role as it was developed specifically for the production with anomalous signals,
therefore it is discussed in more detail. A description of the related production is
offered along with generation-level plots of kinematic quantities.

6.2.1 CMS simulation

The simulated samples of the signal processes used in the analysis were genera-

ted with both the BAUR Z%y (§4.2.2) and SHERPA (§4.2.6) event generators. The
background comes from the official production of the CMS experiment in fall 2010
using the MADGRAPH[48] and PYTHIA[49] generators (a discussion of the various
background processes is found in §4.1.3, 4.1.4).
The events which were generated using the MADGRAPH matrix element generator
can be examined as an example of the simulation within the CMS framework.
These events have to be interfaced to PYTHIA for the parton showering and hadro-
nization. MADGRAPH uses the CTEQ 611 PDF set of parton density functions,
and the kT-MLM scheme for jet matching with PYTHIA. The rest of the simulation
chain is common to all production used by the experiment: The actual interfacing
to PYTHIA is done inside the official CMS reconstruction framework[20], using
the commonly used text file format LHE (Les Houches Event)[50]. The generated
events are then propagated through the full volume of the detector, and their in-
teractions with its active and dead areas are simulated by a package based on the
GEANT4 toolkit[51]. The resulting detector hits are digitized, at which step the
effect of electronics noise is added, and they are finally converted into simulated
output of the electronics. No pile-up events were added for the present analysis,
because of the low instantaneous luminosity during the LHC operation in 2010
(maximum ~ 2 x 1032 cm~2s71).

6.2.2 The BAUR Z"y event generator

A dedicated implementation of the matrix element generator by U.Baur et
al.[12] was developed for the official CMS reconstruction framework. The “BAUR
Z%" generator[52] permits the generation of events which include the anomalous
vertices Z°Z%y and Z%v~, along with the corresponding interface to PyTHIA. The
generator produces Born-level 3-body events (¢ — ~1*17) in the final state.

Originally the BAUR Z%y code produced weighted events, therefore an unwei-
ghting technique was used in order to pass them to PyTHIA for hadronization: 10
million events were created, of which the first 0.5 million were skipped in order to
stabilize the generator, and the maximal weight of the following 9.5 million events
was selected. This maximal weight is then used for unweighting the events, by



comparing a random number with the ratio of each event’s weight to the maxi-
mum; if the random number is smaller than the ratio, then the event is selected
and its weight is set to unit.

An issue which arises after the unweighting of the events is that the BAUR gene-
rator sums over all initial parton states (involving up, down, strange and charm
quarks), while PYTHIA requires one specific parton initial state. In order to choose
specific initial states for the selected unweighted events, the following technique
is employed: Using the 4-vector of the initial-state parton as input to the parton
density function, the latter returns flavours distributed by their associated pro-
babilities for the specific momentum slice. The initial state is selected randomly,
assigning equal probabilities to all flavours.

Finally, the interface to the official CMS software reads the generated information,
saved in LHE format, and passes it to PYTHIA for the hadronization process, which
is followed by the detector simulation and the reconstruction (§4.2.1).

Comparisons have been performed in the SM production, between the BAUR Z%
and MADGRAPH generators on generation level, and between BAUR and SHERPA
on reconstruction level. These are found at the end of this Paragraph (§6.2.7).
It should be noted that BAUR and SHERPA are the only event generators which
can treat anomalous vertices and which are currently available within the CMS
reconstruction software.

6.2.3 Characteristics of the BAUR Z"y production

Although BAUR Z%y has the functionality of next-to-leading-order (NLO) ca-
lculations, only processes at Born level are activated for the production of the
present datasets. This is done in order to have a correct matching with PyTHIA
avoiding double counting of jets, and also because of the BAUR algorithm using a
narrow width approximation for the Z° mass at NLO, thus lacking the possibility
of bremsstrahlung emission off the final leptons.

The two leptonic Z° decay channels, i.e. to electrons and muons, involving the
7970 vertex, were produced separately. The following kinematic cuts were im-
posed:

e transverse photon energy EJ. > 5GeV,

e transverse leptons’ momentum pl;p fon > 5GeV /e,

e photon - lepton separation in the final state AR(l,v) > 0.5 (with AR(l,v) =
V(A®)2 + (An)?, ¢: azimuthal angle, : pseudorapidity).
Nine datasets were produced for each channel, with the anomalous couplings taking
the discrete values hg = {0,£0.12}, hy = {0,£0.004}. No formalism with form-
factors was used, i.e. the exponents n34 in Equation (3.6) were set to zero (a more
detailed discussion about this choice is found in §3.2.3). The cross-sections of the
produced samples are listed in Table 6.3.



hZ 012 [-012]-012] 0 JO(SM)| 0 | 012 | 0.12 | 0.12
hZ |[-0.004 | 0 |0.004 [-0.004 | 0 (SM) | 0.004 | -0.004 | 0 | 0.004

| oo (pb) | 40.71 | 23.39 | 51.98 | 45.64 | 22.53 | 45.64 | 51.99 | 23.38 [ 40.89 |

P’inakas 6.3: Born-level cross-sections for the BAUR Z%y production in the
Z0 7% wertex, according to the values of the anomalous couplings h§4 in each
process.

6.2.4 Scaling to NLO

Since the next-to-leading order (NLO) calculations are not used in the BAUR
Z% production, the effect of higher contributions has been taken into account
by reweighting, with use of the “k-factors” method. The reweighting was applied
on the distributions of the final photon transverse momentum, p%, as this is the
sensitive variable used in the present search for aTGCs (§6.1.2). Since the criteria
used in the event selection are quite generic and do not affect differently the leading
order (LO) and NLO p7. spectrum shape, there are no concerns for the use of a
scaling between LO and NLO.

The two cases of initial state radiation (ISR) and final state radiation (FSR) were
calculated and applied separately.

The k-factor calculation for FSR was performed using the MCFM[53] code, and is
found to have a constant value of 1.2.

For the calculation of the k-factor for ISR, both the LO and NLO p7. distributions
were generated with BAUR Z°v, without passing through PyTHIA and the rest of
the simulation process (Figure 6.4). The pJ-dependent k-factor is defined as the
ratio of the NLO and LO differential cross-sections:

b donro/dpr
doro/dpr

The same criteria as for the photon selection were imposed (§6.3.3), with the ad-
ditional requirement that the three-body invariant mass be My, > 110 GeV/ 02, a
choice which rejects most of FSR and keeps ~ 99% of ISR events. The resulting
ratio of differential cross-sections was fit with a three-order polynomial, with the
addition of a flat line above 150 GeV/c (Figure 6.4).

The k-factors were calculated in the SM case and applied to all datasets. In the
samples with aT'GCs, the high-pJ. events are produced mainly through LO proces-
ses; this results in lower NLO/LO ratios with respect to SM for momenta larger
than the order of a few hundreds of GeV/c (Figure 6.5). However, this difference
in k-factors is compensated to some extent by the sharply falling aTGC pJ. spec-
trum (Figure 6.1, §6.1), and is taken into account by an additional systematic
uncertainty of 10% in the signal modelling.
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Sq’hma 6.4: Left: Differential cross-section of the SM Z%y process at NLO
(upper) and LO (lower), for the photon occurring from initial state radiation,
calculated with the BAUR Z°y event generator, with the kinematic cuts used
in the analysis selection (§6.3.3)[45]. Right: The ratio of NLO/LO and the
resulting k-factor as a function of the final photon’s transverse energy[45].
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Sq’hma 6.5: The Ej.-dependent k-factors, for various values of the h}
coupling[45]. The events with higher EJ. tend to be produced in leading-order
processes; therefore, using the SM k-factor could result in an overestimation
of the signal in the presence of aTGC. However, this is compensated in part
by the sharply falling E7J. distributions, and this effect is taken into account
in the systematic uncertainties of the signal-modelling.
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Sq’hma 6.6: Generated transverse energy of matriz element photons in the
Z% sample, for SM and various values of the anomalous couplings h§4.
Distributions are scaled to 36.1 pb~1.

6.2.5 BAUR Z’y production for SM signal and anoma-
lous couplings

The generation-level distributions of kinematic quantities at LO are presented

in this section. The distributions of the SM and the eight samples with aTGCs are
plotted together for comparison. All results are scaled to 36.1 pb~! to match the
integrated luminosity collected by LHC in the relevant channels during the 2010
Run.
Figure 6.6 and Figure 6.7 show the transverse momentum and pseudorapidity
distribution of the photon. (The transverse momentum is shown in the range of
values relevant for the first LHC data; the full range of the photon transverse mo-
mentum is found in Figure 1 of §6.1.) Figure 6.8 shows the transverse momentum
distribution of the muons, and Figure 6.9 shows their pseudorapidity distribution.
The distributions for electrons are similar.

6.2.6 Production with the SHERPA generator

SHERPA[54] is a standalone generator which includes its own showering model
and provides higher-order QCD contributions to the Born-level calculations. More
specifically, in addition to the tree-level diagrams, SHERPA has the functionality
of gluon emission from one of the initial-state quarks (LO process), and of brems-
strahlung emission from the final-state quark in quark-gluon interactions (process
of leading-logarithm order). The relevant Feynman diagrams are found in Figures
3.4 and 3.5, §3.3.
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Sq’hma 6.7: Generated pseudorapidity distribution of matrix element photons
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Distributions are scaled to 36.1pb™".
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i)y sample, for SM and various values of the anomalous couplings h§4.
Distributions are scaled to 36.1pb™".

SHERPA v1.2.2 was used for the production of datasets for both Z%4V (V = Z° v)
vertices, with the couplings taking the values hY = {0,£0.12}, h} = {0,40.004}.
No form-factor parameterization was used for the couplings (§3.2.3).

The kinematic cuts imposed are:

e photon transverse energy EJ. > 5GeV,

e leptons’ transverse momentum pljfp ton 5 5GeV,
e spatial separation between the final photon and the leptons dR(l,~) > 0.5,
e dilepton invariant mass My > 10 GeV/c?,
e jet transverse momentum p%f b~ 10 GeV,
and for the interacting partons:
e transverse momentum pg,arton > 10GeV,

e spatial separation between the final photon and each parton dR(parton,y) >
0.05

e spatial separation between partons dR(parton,parton) > 0.001.

In order to scale to NLO by using the k-factors derived with the BAUR Z%v ge-
nerator, the SHERPA datasets were assumed to have only the leading-order cross-
sections.



6.2.7 Comparison of generators

The SM production with the BAUR generator was compared to the one wi-
th MADGRAPH at the generation level, and to the SHERPA production after the
reconstruction.

The MADGRAPH[48] generator is interfaced to PYTHIA for the hadron showering
and hadronization (§6.2.1) and includes QCD corrections. More specifically, the
MADGRAPH production is of LO and, in contrast to BAUR, can also contain up to
two jets. In addition to the generation cuts described in §6.2.3, in MADGRAPH a
minimum cut of 10 GeV/c is applied on the transverse momentum of the jets.
Figure 6.10 shows comparisons in the distributions of SM photon transverse mo-
mentum, pseudorapidity, azimuth angle and spatial separation between photon
and leptons. Figure 6.11 compares the maximum and minimum momentum le-
pton, the dilepton invariant mass, and the dilepton-plus-photon invariant mass
distributions in SM. All the plots show agreement between BAUR and MADGRAPH
generation with no jets, while the MADGRAPH samples with up to two jets have a
harder ISR photon transverse momentum spectrum. The same behaviour is also
seen in the maximum transverse momentum spectrum of the leptons.

The SHERPA[54] production includes up to one jet and uses the generation cu-
ts described in §6.2.6. Figure 6.12 show the comparison of reconstructed photon
quantities in SM, with distributions of the transverse momentum, pseudorapidity,
azimuth angle and spatial separation. Figure 6.13 show the comparison in the
maximum and minimum transverse momentum lepton distribution, and the inva-
riant mass of the dilepton and dilepton-plus-photon distributions. There is good
overall agreement.
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Sq’hma 6.10: (a) Photon transverse momentum distribution in BAUR (black
solid histogram), MADGRAPH with 0 jets (red dashed) and MADGRAPH up to
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(d) Photon spatial separation from the leptons.
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solid histogram), MADGRAPH with 0 jets (red dashed histogram) and MAD-
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trailing lepton. (c) Di-lepton invariant mass distribution. (d) Di-lepton +
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Process \ onro (pb) \ cm dataset name

Z%(—= 1) + jets 3048 DY JetsToLL_TuneZ2_M-50
(dilepton mass > 50GeV /c”) _7TeV-madgraph-tauola
tt + jets 157.5 TTJets_TuneZ2_7TeV-madgraph-tauola

P’inakas 6.4: Simulated datasets used for the background processes

6.3 Event selection

This section deals with the identification of the physics objects involved in the
Z% study. The basic behaviour of muons, electrons and photons within the cm
detector is examined, followed by discussion of the selection and isolation variables
and cuts, along with their efficiency as derived from dedicated studies. The iden-
tification chains have been developed for the use of the whole collaboration, and
their validity for electroweak studies was first verified in the measurement of W+
and Z production[55], and subsequently demonstrated in the present analysis[44].

6.3.1 Muons
Triggering

The event preselection used three different unprescaled single muon triggers’,
to be in line with the various triggers used during different periods of data taking.
These use information from the tracker and the muon system to select candidates
with pseudorapidity |n| < 2.1, transverse impact parameter dy < 2 cm, and trans-
verse momentum pp > 9, 11, or 15GeV /c. (Table 6.8, §6.5)

The triggering efficiency for the specific preselection scheme used is estimated by
dedicated analyses to be larger than 80% for muons with pr > 5GeV/c and im-
proving greatly with increasing pr, accompanied by very good rejection[55].

Preselection

The muons considered for further selection are identified by the so-called “Ti-
ght” selection scheme, which is described here.
As detailed in §4.2.7, two of the categories of reconstructed muons in CMS are the
Global (which are initiated from a track in the muon system that has to match
a tracker track), and the Tracker muons (which are initiated from a tracker track
that has to match at least one track segment in the muon system). The Tracker
muon algorithm is more efficient for muon momentum values around a few GeV /c,

!Prescaled triggers are used in order to compensate for periods of reduced luminosity
during a LHC beam fill, and therefore keep the trigger rates stable. As mentioned in the
text, this analysis made use of triggers without this special weighting (unprescaled).



since it requires less hits in the muon detectors, while the Global algorithm beco-
mes superior when more than one segments are present in the muon system, .e.
at higher momenta.

The Tight selection scheme requires a muon to be reconstructed as both Global
and Tracker. Both categories are designed to be quite inclusive, but not necessa-
rily with high purity, so some additional criteria are needed to ensure rejection of
unwanted muon candidates[56].

The “prompt” muons, i.e. those coming from boson decays, usually leave several
hits in the muon system, as well as in the tracker. Undesired muons from meson
decays or within hadron jets can leave the same signals, but these tend to be non-
isolated, have displaced vertices, and contorted track stubs in the tracker and the
muon system. On the other hand, particles that reach the muon system but are
not muons tend to lack the “normal” depositions in all of the sub-detectors, and
usually have mismatched track stubs and leave hits only in the first muon station.
(An overview of the muon system is found in §4.2.6.)

Those characteristics give rise to the following additional criteria for the Tight
muon selection:

e track segments in at least 2 muon stations,
e a normalized fit of the overall Global muon track with value of x? < 10,

e the tracker track must have more than 10 hits in the silicon strip tracker
detector, and at least 1 hit in the silicon pixel detector (§4.2.3),

e for the tracker track, the impact parameter in the transverse plane with
respect to the beam spot position has to be |dp| < 0.2 cm.

Finally, a dedicated cosmic tagger algorithm[56] as well as timing cuts are used
to reject cosmic radiation. In any case the presence of cosmics is found to be
negligible after putting in place the cut on the impact parameter.

The Tight muon selection is shown to have considerably improved efficiency over se-
lections based only on either Global or Tracker muons. In analyses with minimum-
bias events, about 50% of Tight muon candidates are prompt muons, while fake
muons make up < 0.5% of the candidates.

Isolation

An isolation cut is imposed on the muon candidates after preselection. The
isolation variable is defined as:

_ EE]]:;cal + EEJIEIcal + Epgrk:
pr

TH

where ZE:'FEC‘”, ZE:IF{ cal are the sums of the energy deposits in the calorimeters, and
YpLrk is the sum of the tracker tracks’ pr, all within cones of AR = \/An? + A¢?



around the muon candidate. Within these cones, the candidate’s own track, and
the energy deposits inside a small cone centred on the maximum energy point, are
excluded from the sums. More specifically, the values of the outer cone and of the
inner (“veto”) cone are:

e in the Tracker: AR = 0.3, veto 0.015,

e in ECAL: AR = 0.4, veto 0.045/0.070 in the Barrel and the Endcaps region
respectively; additionally, a three-crystal-wide strip along the ¢ direction is
excluded from the sum,

e in HCAL: AR = 0.4, veto 0.15.

Relative isolation is used because the muons originating from background processes
tend to have lower pr values than the prompt ones, and the background rejection
is improved by normalizing the isolation energy to the pp.

The isolation cut is placed at I* = 0.15.

As an illustration of the above, Figure 6.14 shows the isolation distributions for
simulated samples of the prompt muons from the SM Z°(— p* ™)y signal, and
of the muon-enriched QCD sample.

Kinematic selection

Having identified all of the muons in each event, only events with at least two
muons with pr > 20GeV/c and |n| < 2.4 are accepted. After this criterion the
background from non-prompt muons becomes insignificant.

Additionally, at least one of the muons must have |n| < 2.1 and be matched to the
HLT muon object which triggered the event. Finally, the dimuon invariant mass
has to be larger than 50 GeV /c?.

After the application of all the selection criteria, the final transverse momentum
distribution is plotted for the simulated SM Z%y dataset and all of the datasets
with the anomalous vertex Z°Z%y, in Figure 6.15.

Selection efficiency

The efficiency of the various selection requirements for muons has been checked
in the data, with dedicated analyses using the so-called tag-and-probe method[55].
The events studied have two muons originating from Z° boson decay.

The selected events must have fired one of the muon triggers, and include at least
two oppositely charged muon candidates within || < 2.1 (high HLT efficiency
region for muons), with invariant mass within 60 — 120 GeV /c?. The “tag” muon
must pass the full identification criteria described above and match one of the
HLT muon triggers. The “probe” is different in each of the steps described below



1
o
o
o

W
o
o

N
a
o

Events / 36.1

200

150

— SM

---- QCD background

100

50

T N TR BN S toie o o S 21 SRR PO B
0.5 1 1.5 2 2.5 3 3.5 4 4.5
muon isolation

"

o
(4]

Sq’hma 6.14: Distributions of the muon isolation variable, for simulated
prompt muons from the SM Z°(— u*u~)y signal, and for the muon-enriched
QCD sample. Distributions are scaled to 36.1pb™".

[
»

sSM

h3 =-0.12, h4 = -4e-3
h3=-0.12, h4 =0

h3 =-0.12, h4 = 4e-3

[
N

h3 =0, h4 = -4e-3
h3 =0, ha = 4e-3
-- h3=0.12, h4 = -4e-3
h3=0.12, h4=0

[
o

—— h3=0.12, h4 = 4e-3

Events/ 1.4 GeV/c ?/36.1pb

4"r1f49‘.\\‘\\\‘\\\‘\\\‘\\\‘\\\l

8

6

4

2 L

fo) IEFREPRENES | g gy 00 Qg b ity pise o)
(6] 20 40 60 80 100 120 140

final muon, p ! (Gev/c?)

Sq’hma 6.15:  Reconstructed transverse momentum of muons in Z°(—
ut )y samples, for SM and various values of the anomalous couplings h§4,

after the full muon identification chain. Distributions are scaled to 36.1pb™".



| Efficiency | Data(%) | Simulation(%) |
€Trk 99.2+0.1 99.53 + 0.01
EMu 97.6 £0.2 97.91 + 0.02
€1d 99.4+0.1 99.62 £0.01
€Is0 98.0£0.1 98.23 £ 0.02
€EHLT.9 89.8 £ 0.6 95.09 £0.04
€HLT 11 92.0£0.4 95.09 + 0.04
€EHLT 15 92.8 +£0.3 -

P’inakas 6.5: Efficiency of the various muon selections in collisions data and
simulation. The efficiencies are defined in §4.5.1.

according to the specific aspect under testing.

The efficiency checks deal separately with the reconstruction, identification, iso-
lation and triggering parts of the muon selection; the reconstruction efficiency is
calculated separately for the tracker and the muon system. More specifically, the
efficiencies under study are the following: (the efficiencies are calculated sequen-
tially, and the corresponding probe definitions at each step are the candidates
passing the previous one)

e Tracker reconstruction efficiency (ep,t): The efficiency of reconstructing the
tracker track of the muon, with the required number of hits in the pixel and
silicon detectors. The probe is a tracker track accompanied by calorimetric
measurements compatible with a minimum ionizing particle.

e Efficiency of reconstruction in the muon system (eps,): The efficiency of
reconstructing the track in the muon system, with the required number of
hits in the muon stations and chambers.

e Identification efficiency (e74): The efficiency for forming both Global and
Tracker muons, and satisfying the dy and x? requirements.

e Isolation efficiency (ers,): The efficiency of passing the isolation cut, I*.

o Triggering efficiency (emrr): The efficiency for satisfying the requirements
of a muon HLT trigger. All three different HLT used were examined.

The efficiencies are quoted in Table 6.5. The results using simulated datasets are
found to agree with generation-level information within the errors, apart from trig-
gering. The overall muon identification efficiency is the product of the individual
values.



6.3.2 Electrons
Triggering

The event preselection used two different unprescaled single electron triggers, to
be in line with the triggers used during different periods of data taking. As detailed
in §4.2.2, the L1 electron triggers are based on energy measurements in ECAL,
while HLT also uses information from the pixel detector. The HLT threshold for
the candidate’s transverse energy was either 15 GeV or 17 GeV, depending on the
period of data-taking (Table 6.7, §6.5).

The efficiency of these triggers is found to be consistent with 100% in dedicated
analyses using data samples selected by minimum bias triggers[55].

Preselection

Electrons are in general distinguished by their characteristic cluster shape, their
matching with a track, and the reduced hadronic activity. The variable associated
with the cluster shape is o;,;;, which provides a measure of the extent of the
ECAL superclusters in pseudorapidity, calculated with logarithmic weights of the
crystals’ energies.? The matching between the track origin and the supercluster
position is performed in pseudorapidity and azimuthal angle, An;,, Adi, (§5.1,
§5.2), and the hadronic activity is monitored by the ratio of the calorimetric energy
measurements, H/E. An overview of the electromagnetic calorimeter can be found
in §4.2.4.

The specific values used for the identification variables are[32]:

e Supercluster within |n| < 1.444, 1.566 < |n| < 2.5; this is the ECAL fiducial
region, excluding the transition region between barrel and endcaps and the
area shadowed by services, and taking into account the geometrical coverage
of the tracker,

e supercluster energy Er > 20GeV,

e missing hits in at most one layer of the silicon detector before the calculated
origin of the track, in order to reject photon conversions,

® 0inin < 0.01 for the barrel region, 0.03 for the endcaps,

2The full expression for Cinin 18

2 . Z?X5 Wy (ini - Z.'r]seed)2

mnin 5%5

where in; and E; are the 7 index and the energy of the i*" crystal, ineeq is the n index of
the crystal with the highest energy deposit (“seed”), and Fs5yx5 is the energy in the matrix
of 5 x 5 crystals around the seed crystal. The formation of superclusters is discussed in
85.1.

ag

E;
, w; = max (0, 4.7+ 1n ),
Esxs



e A¢p;, < 0.8 for the barrel, 0.7 for the endcaps,
o An;, <0.007 for the barrel, 0.01 for the endcaps,
e H/E <0.15 for the barrel, 0.07 for the endcaps.

This preselection scheme was developed for a high electron reconstruction efficiency
of 95%, albeit with an estimated loss around 1 — 2% on purity, due to misrecon-
struction of jets.

Isolation

For implementing isolation requirements on the preselected electron candida-
tes, all three involved detectors, namely the tracker, ECAL and HCAL, are used
separately. The variables of Ep%q"k, EEIEC‘” and ZE%ICQI are defined in the way
described for the muon case (§6.3.1). The cuts placed on each detector’s relative
energy sums are:

° Zpg”k /E7r < 0.15, 0.08, for barrel and endcaps respectively,
. EEjEcal/ET < 2.0 and 0.06, for barrel and endcaps respectively,
° ZE:IF{ cal | By < 0.12 and 0.05, for barrel and endcaps respectively.

As an illustration of the above, Figures 6.16-6.21 show the distributions of the
three isolation variables for simulated samples of electrons (from the SM Z°(—
ete™ )y signal) and of electron-enriched QCD samples, for the barrel and endcaps
regions separately.

Kinematic selection

The acceptable events are triggered by single electron triggers, but must ha-
ve at least two electron candidates, both passing the preselection and having
pr > 20 GeV /c. This requirement practically eliminates any contamination from
misreconstruction. The dielectron invariant mass has to be larger than 50 GeV/ .

The electron transverse momentum distribution after the application of all the
selection criteria is plotted for the simulated SM Z°y dataset and all of the data-
sets with the anomalous vertex Z°Z%y in Figure 6.22.

Selection efficiency

The efficiency of the electron selection has been studied with dedicated analyses
making use of the tag-and-probe method, in datasets with Z° — e*e™ decays[55].
The events are selected by one of the single electron triggers, and by having the
invariant mass formed by the “tag” electron and the “candidate” electron falling
between 60 — 120 GeV/cZ. The tag electron must satisfy a more stringent set of
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Sq’hma 6.16: Distributions of the electron tracker isolation wvariable in the
barrel region, for simulated electrons from the SM Z°(— ete™)y signal, and
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Sq’hma 6.17: Distributions of the electron tracker isolation variable in the
endcaps region, for simulated electrons from the SM Z°(— e*e™)y signal, and
for the electron-enriched QCD sample. Distributions are scaled to 36.1pb™".
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Sq’hma 6.18: Distributions of the electron ECAL isolation variable in the
barrel region, for simulated electrons from the SM Z°(— eTe™)y signal, and
for the electron-enriched QCD sample. Distributions are scaled to 36.1 pb™~*.

— SM

-=== QCD background

. 0.6 0.8 1
electron ECAL isolation variable (Endcaps)

Sq’hma 6.19: Distributions of the electron ECAL isolation variable in the
endcaps region, for simulated electrons from the SM Z°(— e*e™)y signal, and
for the electron-enriched QCD sample. Distributions are scaled to 36.1pb™".
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for the electron-enriched QCD sample. Distributions are scaled to 36.1pb™".
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Sq’hma 6.21: Distributions of the electron HCAL isolation variable in the
endcaps region, for simulated electrons from the SM Z°(— ete™)y signal, and
for the electron-enriched QCD sample. Distributions are scaled to 36.1pb™".



criteria than the one used in the analysis, while the candidate must at this step
consist of simply an ECAL supercluster. The requirements for the tag electron
are:

e Matching with an electron trigger,
e supercluster within |n| < 1.444, 1.566 < |n| < 2.5,
e transverse momentum pr > 20 GeV/c,

e no layers with missing hits in the silicon detector before the first calculated
hit of the track,

® 0iyin < 0.01 for the barrel region, 0.03 for the endcaps,
o Agp;, < 0.06 for the barrel, 0.03 for the endcaps,

o Ani, <0.004 for the barrel, 0.007 for the endcaps,

e H/FE < 0.04 for the barrel, 0.025 for the endcaps,

e no spatial matching with other tracks, in order to reject electrons coming
from photon conversions.

The efficiency checks deal with the reconstruction, the identification, and the trig-
gering parts of the electron selection. The efficiencies are calculated sequentially,
and the corresponding “probe” definitions at each step are the candidates passing
the previous ones. More specifically, the examined efficiencies are:

e Reconstruction efficiency (€geqo): The probe consists simply of the candida-
te’s ECAL supercluster. In order to pass the selection, it has to satisfy the
H/FE and oy, requirements of the analysis.

e Identification efficiency (€74): The probe has to pass the rest of the cuts used
in the analysis.

o Triggering efficiency (egrr): The probe must satisfy the trigger requiremen-
ts.

The different efficiencies are quoted in Table 6.6, separately for the barrel and the
endcaps regions. The results on the simulation are found to agree with generation-
level information within ~ 0.96 — 1.0. The overall electron identification efficiency
is the product of the individual values.
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Sq’hma 6.22: Transverse momentum of electrons in Z°(— ete™)y samples,
for SM and various values of the anomalous couplings h§4, after the full

electron identification chain. Distributions are scaled to 36.1pb™".

Efficiency | Data(%) | Simulation(%)
Barrel
€Reco 98.3£0.6 98.6
Endcaps
€Reco 96.3 £0.3 96.6

P’inakas 6.6: Efficiency of the various electron selections in collisions data
and simulation. The efficiencies are defined in §6.3.2. The HLT efficiency
refers to the trigger with pr > 17 GeV.



6.3.3 Photons

Preselection

After an acceptable lepton pair is formed (§6.3.1, §6.3.2), the event is requi-
red to have at least one reconstructed photon candidate. In general photons are
characterised by energy depositions in the ECAL. Therefore the candidate will
basically have to consist of an ECAL supercluster, without any associated tracker
activity, and with minimal hadronic activity. More specifically the preselection
criteria are[33]:

e ECAL supercluster transverse energy Er > 10 GeV,
e Supercluster pseudorapidity within |n| < 1.442, 1.566 < |n| < 2.5,

e Calorimetric energy ratio H/FE < 0.05, where the HCAL energy is summed
inside a cone of AR < 0.15 behind the photon’s position on ECAL.

e No hits in the pixel detector and no overlapping of prompt electron tracks
with tracks from photon conversions,

e In addition, the cluster shape variable must be 0y, < 0.013 for the barrel,
0.03 for the endcaps.

Isolation

Hadronic jets, which form the main background to photon identification, ty-
pically have a larger number of neutral and charged particles reconstructed in their
immediate vicinity. Therefore, hadronic and electromagnetic deposits arising from
jets will be less isolated than from prompt photons.

The isolation scheme developed for rejection of background from misreconstruc-
ted hadronic jets uses all three involved detectors, namely the tracker, ECAL and
HCAL. The relevant variables are:

e In the tracker, the sum of tracks’ py inside a hollow cone around the position
of the photon candidate, inside an annular region of inner radius R = 0.04
and outer radius R = 0.4. Although there is no track, the inner veto is
enforced in order to avoid counting the momenta of any photon conversion
tracks. The isolation must satisfy 1'% < 2 +0.001 pJ..

e The sum of energy deposited in HCAL around the photon candidate, in an
annular region of inner radius R = 0.15 and outer radius R = 0.4. The
isolation has to be I"* < 2.2 4 0.0025 pr}.

e In ECAL, an isolation variable which consists of the sum of energy deposited
in the crystals, in an annulus 0.06 < R < 0.4 around the photon candidate.
Additionally, a three-crystal-wide strip along the ¢ direction is excluded from
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the sum, in order to exclude energy from conversion of the photon, spread
in ¢ due to the magnetic field. The isolation must be I¢¢* < 4.2 4 0.006 E.

The distribution of the three isolation variables, i.e. I*"* — 0.001 pr, 1 heal _
0.0025 E7., I°cet — 0.006 E7, is shown in Figures 6.23 - 6.25 for both the SM
signal photon and the two main background samples, Z + jets, tt + jets.

The final distribution of the photon p% in SM and in the datasets with aTGCs is
shown in Figure 6.26 for the low pJ. region, effectively accessible with the 2010
collision data, and in Figure 6.27 for the higher pJ. region, where deviation from
SM is expected to be more prominent. Finally, Figure 6.28 shows the distribution
in the simulated SM sample, both before and after the application of the k-factors,
for scaling from LO to NLO (§6.2.4).

Selection efficiency

Because of the current low number of photons available from Z°(— I*17)y
events, which form the standard choice for photon studies, the efficiency was chec-
ked by a tag-and-probe method using electrons from Z — eTe™ decays, which act
as a substitute for photons if the pixel hit veto requirement is not enforced. More
specifically, the requirement for the tag is the whole photon selection except for
the pixel hit veto. The probe must have pp > 20 GeV/ ¢?, and spatial separation
AR > 0.4 from jets. In addition, the probe has to have a track, in order to reduce
hadronic background. The efficiency is calculated as the fraction of events having
a probe which pass the photon identification chain except for the pixel veto requi-
rement.
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After comparing the results of the tag-and-probe method in collisions data with
the results in the simulation, and also with the use of generated-level information
for photons in the simulation, agreement within 1% was found. Consequently, the
results from the simulation were used to quote the efficiency of the photon identi-
fication.

The calculated value for the identification efficiency is larger than 95% for the
whole pJ. range.

Final event selection

o £ >10GeV,
o AR(lepton,~y) > 0.7.

e my > 50 GeV/cQ.

Figure 6.29 shows the distribution of the reconstructed invariant mass of the
two muons plus the photon, as a function of the mass of the two muons, for the
simulated production of the SM and one of the aT'GCs pairs. The belt around
M, = M zo corresponds to events with the photons coming from bremsstrahlung
radiation. Within SM, the belt around M,,, = Mo corresponds to photons of
ISR. After implementing the object and kinematic selections described above, the
events with a lepton pair and a photon are additionally required to have a spatial
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Sq’hma 6.29: Distribution of the reconstructed invariant mass of the two
muons plus the photon as a function of the mass of the two muons, for
the simulation of the SM (black circles) and one of the aTGCs pairs (red

triangles).

separation of AR(lepton,v) > 0.7 between each lepton and the photon, in order
to reject bremsstrahlung radiation.



6.4 Background estimation from data

The Z°(— Il) + jets process forms the main background to the Z%y signal

(§6.1.4). Even after the complete event selection (§6.3.3), the collisions datasets
are expected to include a number of Z° + jets events, coming from the misrecon-
struction of hadronic jets as photons. The defence against this contamination is to
provide an estimation of the number of Z° + jets events, and take it into account
in the analysis. This is done by using data-driven methods — developed and tested
on simulated datasets, but constructed in such a way as to extract results from
the actual measurement itself.
For the present analysis, the so-called “ratio method” was developed[44]. This is
a variation of the “fake-ratio method” which has been used in the past for lepton
selection[57]. In order to introduce the ratio method more clearly, the fake-ratio
method is first briefly presented.

The notion underlying the fake-ratio method is that, given a population of a speci-
fic physics object, the size of its fraction which will satisfy a defined set of selection
cuts is a property of the object itself (within kinematic dependence), and not of
its production mechanisms. Therefore this measurement can be “transferred” be-
tween different datasets containing the specific object, which in the present case
is hadronic jets faking photons.

The general idea is to measure how often a “loose fake” physics object, which
is defined as a fake object which satisfies some of the identification criteria, also
manages to satisfy the full “real object” identification chain. This measurement
is usually performed using a population of fake objects. Then, this information is
used to extrapolate from a sample containing loose fake objects to the final popu-
lation after the full identification selection. For instance, in the case of Z%:

jets faking v's after full identification

ZY9 + jets faking +'s after full identification

jets satisfying loose identification ] QCD sample - [ Z0 + jets satisfying loose identification

= Background = [Z O 4 jets faking 7's after full identiﬁcation} 20 sample —

=R x [Z 0 4+ jets satisfying loose identiﬁcation] 20+ sample

where

_ [jets faking v's after full identification
| jetssatisfying loose identification OQCD sample )

The population satisfying the full identification criteria is usually known as the
“numerator”, while the population satisfying the looser set of criteria is the “de-
nominator”. The measurement of this ratio in samples rich in jets, could then be

Z0~ sam;



applied to Z%y datasets containing jets.

One of the advantages of the fake-ratio method is the cancellation of systematic
uncertainties for those identification cuts which are included in both the numera-
tor and denominator definitions. Traditionally, it is common practice to form the
denominator definition by removing the strongest selection cut from the numerator.

Ideally, the denominator should contain only fake objects, without any conta-
mination from real ones. However, controlling the denominator’s composition is
one of the main issues when applying the fake-ratio method.

The ratio method circumvents this issue by introducing a different definition for
the denominator: Instead of satisfying a loose set of photon identification criteria,
the denominator now has to satisfy an “anti-selection”, i.e. one which selects can-
didates that are not photons.

Therefore, in the ratio method, the ratio is calculated according to:

jets faking v's after full identification

6.2
jets satisfying anti photon selection (6.2)

where the full photon identification selection is the one described in §6.3.3, while
the anti-photon selection consists of:

e pseudorapidity of supercluster within |n| < 1.442, 1.566 < |n| < 2.5,
e supercluster energy Er > 10GeV,
e 1o hits in the pixel detector,

e anti-selection on the track isolation variable (§6.3.3): Trklso—0.001 Ep >
3 GeV (the photon selection requires < 2 GeV).

Additional selection cuts are needed to take into account the jet triggers which are
used to form datasets rich in jets:

e a jet candidate which matches spatially the trigger,

e spatial separation between the photon candidate and the jet candidate which
triggered the event, AR(y, jet) > 0.7,

e transverse energy of the photon candidate, Ep, above a threshold close to
that of the trigger of each event.

After these cuts, the contribution from real photons to the denominator is found
to be well below 1% in the simulation.

In collisions data, the ratio R was calculated in the way described below on datase-
ts triggered by hadronic jets. Then it was applied on datasets of Z%+ “anti-selected



objects” according to Equation(6.1).

The jet-rich dataset was triggered by loose single jet triggers, with a range of
pr thresholds between 15 and 100 GeV/c. In addition, the special selection cuts
for jet triggers listed above had to be satisfied.

In order to calculate the ratio in the jet-rich dataset according to Equation(6.2),
the first step is to plot the overall ratio f of the event yields in the numerator
over the denominator, as a function of pp. However, since the numerator can also
contain real photons, f actually consists of two parts:

[ = focp + fy,

where focp is the ratio of interest, i.e. that of fake objects over anti-selected
objects, while f, is the ratio of real objects over anti-selected ones. It is possible
to separate the two contributions, since in the region with py >~ 100 GeV/c the
numerator contains almost exclusively real photons, and as a result f, dominates
in f (Figure 6.30).

Therefore, the shape of f, is determined by a fit in the region pr > 100 GeV /c,
and it is followed by a fit of focp + fy over the whole pr range (Figure 6.30). In
this way focp is calculated and can be applied to the dataset of Z 04 “anti-selected
objects” according to Equation(6.1), for the estimation of background events sur-
viving in the final Z%y dataset.

The ratio fgcp is pr-dependent, and it is applied to the final pJ. distribution of
the Z%+ “anti-selected objects”, bin-per-bin. The whole process is performed sepa-
rately for the barrel and endcaps regions. Using simulated datasets, the estimation
for the number of background events is found to agree with their actual number
within 10o.
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Sq’hma 6.30: The ratio of real and fake isolated photon yields over non-
isolated (anti-selected) photon yields as a function of photon transverse
energy in simulation samples, and the resulting f,(E7) and focp(Er) distri-
butions from the fits in the barrel (left) and the endcaps region (right)[45].



Run range L1 HLT Trigger path Integrated

(GeV) | (GeV) lum. (pb™')
135821-140401 5 15 HLT _Elel5_ LW _L1R 0.27
140402-143962 5 15 HLT _Ele15_SW_L1R 2.20
143963-144114 5 15 HLT _Elel5_SW _CaloEleld_L1R 0.72
144115-147116 8 17 HLT _Ele17_-SW _CaloEleld_L1R 5.06
147117-148058 8 17 HLT _Ele17_SW _TightEleld L1R 9.47
148059-149064 8 17 HLT _Ele17_SW _TighterEleldIsol_ L1R_v2 3.86
149065-149442 8 17 HLT _Ele17_SW TighterEleldIsol L1R_v3 8.11

P’inakas 6.7: Electron triggers used for various CMS data-taking periods (run
ranges). The different thresholds applied on the transverse energy are given in
the second and third column for the Level-1 trigger and the High Level Trigger
respectively. The integrated luminosity collected in each range is given in the
last column.

6.5 Collisions data

The datasets from LHC Run 2010 collisions used for the Z%y analysis were
triggered by either electron or muon triggers and passed through a very basic
set of selection cuts. The triggers were unprescaled single electron and muon
triggers, with the lowest available thresholds on transverse momentum in each
data taking period (Tables 6.7 and 6.8). The integrated luminosity for each of the
two sets is ~ 36.1 pb~!. Subsequently, they were processed within the official CMS
reconstruction software, and the full selection chain described in §6.3 was applied.
The final number of Z%y events is 81 in the electron decay channel and 90 in the
muon channel.

The number of events estimated to occur from hadronic jets faking photons was
calculated with the data-driven method described in §6.4. Adding this estimation
to the number of expected SM events from the simulation studies gives a prediction
of 88.9+4.0 and 100.6 £4.6 events for the electron and muon channels respectively.

The final photon transverse momentum distributions from collisions data are
shown in Figure6.31 and Figure6.32, along with the background estimation and
the SM prediction from the simulation. Figure6.33 shows the distribution of the
reconstructed invariant mass of the two leptons plus the photon as a function of the
mass of the two leptons, together with the simulation of the SM. The belt around
M, = M zo corresponds to events with the photons coming from bremsstrahlung
radiation. The belt around M, = Mo corresponds to photons of ISR within SM,
while the presence of anomalous couplings would be expected to cause an excess
of events, especially at higher values of M.




Run

HLT (GeV/c)

Trigger path

Integrated lum. (pb™')

133874-147195
147196-148821
148822-149442

9
11
15

HLT_Mu9
HLT Mull
HLT _Mulb_vl

8.24
9.47
18.44

P’inakas 6.8: Muon triggers used for various CMS data-taking periods (run
ranges). The different thresholds applied on the transverse momentum are
given in the second column. The integrated luminosity collected in each range
1 given in the last column.
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(grey points)[44].



6.6 Anomalous couplings - Statistical analy-
sis
6.6.1 Values of physical parameters in the simulation

The present analysis permits the search for new physics in a model-independent
way — if anomalous couplings exist, their traces can be detected in the data re-
gardless of their source. Still, a likelihood analysis which uses simulated samples
will depend on certain assumptions about the physics entering the calculations,
concerning the parametrization of the couplings according to the scale at which the
new effects appear. Another, minor, assumption is the usual practice of studying
only the CP-conserving couplings for convenience (§6.1.1).

As described in detail in Chapter3, in hadron colliders an assumption about the
behaviour of the couplings as a function of the energy is usually made, as a defence
against tree-level unitarity violation in their calculation at high energies (§3.2.3).
The standard choice[47] has been the use of dipole form factors, motivated by the
success of the nucleon form factors. For instance, as mentioned in §3.2.3, the h3Z
coupling can be expressed as:

hd
(1+32)"

where A is the “regularization value”[12], the energy where the new contributions
begin to cancel the divergences (related but not necessarily equal to the scale of
new physics). hgp is the low energy approximation of the coupling. Since the
couplings have dependence on the particle momenta, the exponential form of the
denominator ensures that at high energies the values of the couplings fall off ra-
pidly instead of exploding, with an appropriate choice of n. This requirement for
preservation of unitarity results in bounding relations between the three parame-
ters A, n and h%, (§3.2.3). Therefore, the parameters which have to be defined in
the simulation are A, n, and of course the various values used for the couplings
h§0740. Each existing analysis is set up for specific sets of A and n values.
Nevertheless, there is strong motivation in favour of having analyses without li-
mitations from a hypothetical parametrisation, with form factors or otherwise, as
discussed in detail in §3.2.3 [10][11]. So, the choice of not using the form factor
parametrisation was made for the present analysis, which translates to the expo-
nents being n = 0 for both h%, hZ.

W (p?,p7,3) =

The values chosen for the anomalous couplings are hZ = {0,40.12}, h7 = {0, £0.004}.
(In the following, the superscript “Z” is dropped from h%,h% for clarity.) These
values cover a range reasonably wide to allow extrapolation of the fitting both
within and outside the range of interesting values according to the existing limits
(Table 6.2, §6.1), with the procedure described in §6.6.3.



NLO (L=36.1pb ") [SM -- -0 -+ 0- 0+ + +0 ++
Z9(— )y 72 255 95 446 337 344 448 93 252
Z9(— ee)y 67 257 86 452 340 346 457 86 253

P’inakas 6.9: Ewvent yields at NLO in the Z°(— pp)y and Z°(— ee)y
channels from simulation, for SM and non-zero aTGC' couplings after the
full event selection, scaled to L = 36.1pb™'. In the first row the pairs of
“+,—,07 denote the values of the hZ and hZ couplings respectively, repre-
senting h¥ = {40.12,0} and hZ = {40.004,0}.

Using these values for the physical parameters, nine datasets were produced for
the anomalous Z"Z"y vertex for each leptonic decay channel, using the BAUR Z%
generator (§4.2.2), as described in §4.2.3 and §4.2.5.

6.6.2 Yields and final photon p.. distributions

The Z%y event yields for all nine samples, after the full selection chain and
the scaling to the appropriate integrated luminosity, are quoted separately for
the muon and electron channels in Table 6.9. The scaling from LO to NLO was
performed on the photon p?,, distributions event-by-event, with the p}—dependent
k-factors described in §6.2.4. (The scaling for SM is shown in Figure 6.28, §6.3.)
The final photon pgp distributions for all nine samples are shown in Figures 6.34, 6.35,
with a binning adjusted to the limited pJ. range of the available collisions data.
The last bin (“overflow bin”) includes all events belonging to higher values of pJ..

6.6.3 General method and predictive functions for ano-
malous events

In order to calculate the compatibility of the expected number of “anomalous”
events with the measured number of events in the CMS, and set sensitivity limits
on the presence of anomalous couplings, we assume Poisson probability distribu-
tion and use a binned maximum likelihood fit.

More specifically, we assume that for a specific range of values of the photon trans-
verse momentum, p.., the probability of observing the actual measured number of
events, given a specific expectation for the number of events with anomalous cou-
plings, is:
N ,—nac
P(N; h3, hy) = %
where N is the measured number of events and ng,. is the expected number of

events for a given pair of hs, hy values, as explained below.
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The likelihood is constructed from the product of P over all p. bins

L= H Pz(Na nac(h?n h4))

Instead of maximizing the likelihood, the minimization of the negative log-likelihood
is used:
—InL = ng‘fal — Z N; Innge,; + const.

)

The expected number of anomalous events entering this expression is calculated as
follows. Since the vertex amplitude is linear in the anomalous couplings (Equation
(3.4), §3.2.2), then the most general form for the cross section, and consequently
for the function giving the number of events, has quadratic dependence on the
couplings. In the specific case of non-zero CP-conserving couplings, the number
of predicted events is an elliptical paraboloidal function of hs, hy for any given bin
of p-:

Nac(hg hy) = NM 4+ A - hs+ B-hy+C -h3-h3+D -hy-hy+FE -hs-hy

where NSM

is the number of SM events and A, ..., E are coefficients.
It follows that, fixing the pJ. value within a small range, even a relatively small set
of known event yields for different pairs of hs, hy values would suffice to determine

the paraboloidal function for that specific pJ. bin.

Indeed, the pj. distributions from the nine BAUR Z~ files for each channel we-
re used, after being scaled to NLO values by applying p)-dependent k-factors
(§6.2.4). The events were binned in a way consistent with the distribution of the
collected CMS data, with a cut at 10 GeV/c. The events with p). > 90 GeV /c
were added to the last bin, and their number turns out to be crucial for the limit-
setting process, as expected because of both the low number of the collision events
available and their low pJ. values.

The paraboloidal function is finally obtained for each pJ. bin, by fitting a two-
dimensional surface over the grid of event yields of the nine samples vs. hg and
hy (Figures 6.36, 6.37). The fitting range is slightly wider than the values used
and provides overcoverage of the current experimental limits. With the use of the
resulting functions, it is possible to extrapolate the prediction of event yields for
any value of the hg, hy couplings within the fitting range, and thus proceed with
finding their values most compatible with the actual CMS measurement.

6.6.4 Limit setting

The minimization of the negative log-likelihood, given the CMS measurement,
was performed using the ROOF1T[58] software package for statistical analysis. The
estimated background, as obtained with the ratio method (§6.4), is added to the ex-
pected signal event yields to form the number of expected events (Figures 6.31, 6.32
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Sq’hma 6.36: Fitting of paraboloidal surfaces over the event yields of nine
Z%(— pup)y samples (the values of the couplings hz4 for each sample are
shown on the x and y azes). The fitting is performed separately for each
photon pl. bin, with the subranges [10, 30, 50, 70, 90].

in §6.5).

Finally, both the expected signal and the estimated background are allowed to
fluctuate due to certain nuisance parameters, which are appropriately constrained
within the negative log-likelihood. These are the uncertainty in the integrated
luminosity, fr, and the systematic uncertainties in the signal, fg, and background
selections, fpg. The origin and the amplitudes of the uncertainties are discussed
in detail in the next paragraph. Therefore, the full form of the likelihood becomes:

L=G.(f1)-Gs(fs) - Gra(fsa) - [[ P (N5 {nac(hs, ha) - fr. - fs + nug - fBc})

The uncertainties are assumed to be constrained by following log-normal (Galton)
distributions, G(f), in which the logarithm of the variable follows a gaussian di-
stribution, with variance equal to the amplitude of the uncertainty. This choice is
made, instead of the more commonly used gaussian distribution of the variables,
as a precaution when dealing with bounded quantities[59].

In order to find the values of the anomalous couplings most compatible with the
available data, the MIGRAD routine is used. The values of h3y and h4 are simul-
taneously stepped while the negative log-likelihood is minimized with respect to
all other parameters, and its first and second derivatives are used for finding the
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Sq’hma 6.37: Fitting of paraboloidal surfaces over the event yields of nine
Z%(— ee)y samples (the values of the couplings hz4 for each sample are
shown on the x and y azes). The fitting is performed separately for each
photon pJ. bin, with the subranges [10, 30, 50, 70, 90].

minimum.

After the minimum or minima are found, the MINOS algorithm is used for the
profiling and the limit setting: The negative log-likelihood is calculated anew for
all points of the parameter space, while being re-minimized with respect to the
nuisance parameters (“profiling”). In this way the desired distance from the mi-

nimal value, and the corresponding confidence interval, are calculated numerically
and the confidence level contours are produced.

6.6.5 Systematic uncertainties

As mentioned in §4.6.4, there are three areas affected by systematic uncertain-
ties: The Z%y measurement, the estimation of background, and the measurement
of the integrated luminosity.

The uncertainty on the integrated luminosity was calculated by the CMS collabo-

ration to be 4% [60]. The sources and the amplitudes of the other uncertainties
are discussed briefly in the following.



Uncertainties on the Z°y measurement

The sources acting on the Z%y measurement are the uncertainty from the
PDF (parton density function), the efficiency of triggering, reconstruction, and
identification of the particles, and the resolution and energy scale of leptons and
photons.

e For the uncertainty on PDF, the reweighting “modified tolerance method”
was used, with the CTEQ61 PDF libraries[61].

e The calculation of the efficiencies in the various steps of reconstruction and
identification of the involved particles, as well as in the triggering, is per-
formed by the tag-and-probe method, as described in the last sections of
§6.3.1, 6.3.2, 6.3.3. The leptons’ uncertainty is derived from the uncertainty
on the ratio of efficiencies from the collisions data and the simulation, and
for electrons it is slightly different in the barrel and endcaps regions. For
photons, as the efficiency was extracted from the simulation, a conservative
extra uncertainty of 2% is used due to potential discrepancy in the modelling
of the photon selection efficiency as a function of its transverse energy; the
overall uncertainty is higher in the endcaps region.

e The energy scale and resolution for the leptons are studied in the invariant
mass of Z0 — [l events; for photons, ECAL calibration studies are used
in parallel with FSR from the Z%y channel. The energy of the particles
is varied by the found values of the energy scale (which are different in
the barrel and endcaps regions, with 2/3% for the electrons and 2/9% for
the photons respectively), and smeared with the corresponding value of the
resolution. The systematic uncertainty is determined from their effect on
the event yield in the simulation.

e For uncertainties from pile-up effect, a recalculation of the signal is perfor-
med with a simulated sample including pile-up, and the deviation is used as
the systematic uncertainty.

Uncertainties on the estimation of the background

There are three sources of systematic uncertainties which enter the estimation
of background with the fake ratio method (§6.4):

e The choice of the anti-selection threshold on the track isolation variable; its
effect is calculated by varying it and taking the largest deviation from the
nominal yields.

e The fitting for the derivation of the ratios; after the fitting error is added to
the fitting parameters, the standard deviation from the initial value is used.



Source eey |y

Electron energy scale 2.8% | n/a
Electron energy resolution 0.5% | n/a
Muon pr scale n/a | 1.5%

Muon pr resolution n/a | 0.7%
Photon energy scale 3.7% | 3.0%
Photon energy resolution 1.7% | 1.4%
Pile-up 23% | 1.8%

PDF 2.0% | 2.0%

Electron reconstruction 0.9% | n/a
Electron ID and isolation 0.7% | n/a
Muon ID and reconstruction n/a | 1.1%
Photon ID and isolation 1.0% | 1.0%
Total uncertainty on Signal 6.0% | 4.5%
Total uncertainty on Background | 9.3% | 11.4%
Total uncertainty on Luminosity | 4.0% | 4.0%

P’inakas 6.10: List of systematic uncertainties in the Z°%y channel.

e Statistical fluctuations in the fraction of real photons in the jets sample;
the uncertainty is estimated varying this fraction and taking the largest
deviation in the yields. This is the only significant source of uncertainty on
the background calculation.

The magnitude of these effects are found to be different for the barrel and the
endcaps region.

The effects of the systematic uncertainties on the measurement in both lepto-
nic channels are quoted in Table 6.10; wherever the value of the uncertainties was
different for the barrel and endcaps regions, the combined result is quoted. The
application of the uncertainties in the statistical analysis is discussed in §6.6.4.

6.6.6 Results

After the two-dimensional fits on the values of the aTGCs, Figures 6.38 - 6.41
show the limits on their values at 68% and 95% confidence level (C'L) for the muon
and the electron channels, separately and in combination.

Figures 6.38, 6.39 show the two-dimensional results in the two leptonic channels
and their combination as calculated with the datasets from the BAUR Z%v gene-
rator (§6.2.2).

The statistical analysis was also repeated with the aTGC samples produced with
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BAUR Z°(— pp)y | -0.07 | 0.07 | -0.0006 | 0.0006
BAUR Z%(— ee)y | -0.06 | 0.06 | -0.0005 | 0.0005
BAUR combined | -0.07 | 0.06 | -0.0005 | 0.0005
SHERPA Z°(— p1)7 | -0.06 | 0.09 | -0.0006 | 0.0055
SHERPA Z°(— ee)y | -0.06 | 0.08 | -0.0005 | 0.0005
SHERPA combined | -0.05 | 0.08 | -0.0005 | 0.0004

P’inakas 6.11: One-dimensional 95% CL limits on aTGCs in the Z°Z%
vertex, without the use of form-factors (§4.6.1). Results are shown separately
for the productions with the BAUR Z%y and SHERPA event generators.

the SHERPA generator (§6.2.6). (A comparison between the SHERPA and BAUR
7% productions is discussed in §6.2.7). Using the paraboloidal functions obtained
from the SHERPA samples for the matching with the measured data, the two-
dimensional limits shown in Figures 6.40, 6.41 are extracted.

In order to compare with the existing experimental results (Table 6.2, §6.1), sepa-
rate one-dimensional limits for each coupling are also quoted in Table 6.11. These
are derived with the other coupling being set to its SM value, i.e. to zero.

The one-dimensional limits set on h3 4 when using either event generator are consi-
stent. However, two possible sources of the difference between the two-dimensional
results are briefly discussed here.

As mentioned in §6.2.6, the SHERPA production includes QCD contributions to the
LO calculations, while the BAUR production includes these at the NLO level. On
the one hand, this might have an effect on the shape of the pJ. distribution when
scaling to NLO level with k-factors (§6.2.4); if such an effect exists, it is expected
to be small.

On the other hand, the inclusion of QCD contributions is expected to make the
description of the Z%y production more accurate. However, this introduces ad-
ditional kinematic cuts at the generation level, which can have an effect on the
interacting partons and the hadronic jets (§6.2.6).

With the present analysis the CMS experiment is shown to be approaching the
limits set on the hg coupling by the Tevatron experiments, although the integrated
luminosity used is significantly lower. The new limits on the hf coupling, which
is more strongly dependent on the centre-of-mass energy of the interactions, are
already tighter. These results provide confidence that the analysis repeated on
the LHC collisions data collected during 2011 will lead to either a considerable
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Sq’hma 6.38: Limits on the aTGC values at 95%CL (solid contour) and
68%CL (dashed), in the Z°(— uu)y (left) and Z°(— ee)y (right) channels.
The BAUR Z%y production was used.

shrinking of the acceptable aTGCs values or to a discovery.
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Sq’hma 6.39: Limits on the aTGC values at 95%CL (solid contour) and
68%C L (dashed), with the combination of Z°(— uu)y and Z°(— ee)y chan-
nels. The BAUR Z%y production was used.
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Sq’hma 6.40: Limits on the aTGC values at 95%CL (solid contour) and
68%CL (dashed), in the Z°(— uu)y (left) and Z°(— ee)y (right) channels.
The SHERPA production was used.
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Sq’hma 6.41: Limits on the aTGC values at 95%CL (solid contour) and
68%C'L (dashed), with the combination of Z°(— uu)y and Z°(— ee)y chan-
nels. The SHERPA production was used.






Conclusions

The analysis presented in the previous pages dealt with the search for new
physics in the LHC proton-proton collisions data, through the possible existence
of anomalous trilinear gauge couplings and their detection in processes with a Z°
boson and a photon in the final state. This study was performed on the data
collected by the CMS experiment during 2010, namely with ~ 36 pb~*. Althou-
gh there was no indication of phenomena beyond the Standard Model, CMS was
shown to be capable of a very precise analysis: The obtained experimental limits
on the values of the couplings were comparable and even stricter than the ones
previously achieved, with only a small fraction of the previous integrated lumino-
sity.

As a consequence, there is confidence that if couplings involving only neutral gauge
bosons truly exist within the reach of LHC, they will be uncovered before long.
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