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Ze aut ) SatpiBr) apouotddetal pia PeAEt) UTEPOUPPETPiag Pe TEAKT)
unoypa¢r) §uo @etoviev Kal eykapolag eAAeirmouoag opurng, IIPOEPXOHEVRV
and COUPHEIPIKY dlaoracr yAOuoviev, Pe KAAOOIKI Unoypadr] UmEpoUPe-
TPIKOV poviedwv. Ta dedopéva ou avaAubnkav aviiotolxouv oe Aappotnta
35.88 fb~! kat culAéxBnoav amé tov aviyveut; CMS 1o 2016 ot evépyela
kévipou padag 137eV. Ze auty ) SatpiBr) apouoiaovial oAeg ot pebdot
eKTipnong urBabpou Kabmg Kat 1) EMAOYH TOV YEYOVOT®OV £101 WOTE va BeAtt-
MOOUV Td 0pld ATIOPPIYNG OTr Pada yAouwvimv.

In this master theses a search for SUSY with general gauge mediation
in events with two photons and high missing transverse momentum is pre-
sented. The analysis uses data from proton-proton collisions collected at a
center-of-mass energy /s = 13TeV with the CMS detector in 2016, corre-
sponding to an integrated luminosity of 35.88 fb~!. Background estimation
methods are explained which can be used to set exclusion limits in gluino
masses.
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Kepaiawo 1

To Kafiepwpévo IIpotuno

To KaBiepopévo nipoturo (KIT) -Standard Model - tng oopatidiakng Quoikng
EXEL IPOKUYPEL ATIO H1AXPOVIKEG EMITUYIEG TNG TEPAPATIKAG KAl Je@PNTIKLG
(PUOIKIG OTNV Ieplypadr) g MOAUTTAOKOTITAG TTOU Hag mepBAAAet, Xpnotpo-
nowoviag depeAdwdn oopatidta kat aAAndsrmbpdaocelg. ArMoteAel ) OUPMAYT)
datunoon pag oelpdg JePldv Ol OIoieg EPUNVEVOUV KAl MEPLYPAPOUV 1)
ouprep1popd g UAng oe eninedo ortoxeiwdov oopatdiov. E€akoloubei va
TIAPAPEVEL TO IO OAOKANP®IEVO POVIEAO TIOU OUHPBAAAEL OTNV KATAVON 01| TOU
ouprnaviog pag. Iepypdget tig tpelg anod 11§ 1€ooepls YVaoteg depelindng
aAAnAerubpdaoelg petady v OToXE1wdMV oOPaTSinV, TNV NAEKTPOVIAYVITIKY
mv aocBevr) Kat v woxupt) ardnlenidpaor, ota mAaiola pag dewpiag kBavit-
KOV nediov g ornoiag 1 depeAdiddng noootnta (Lagrangian) eivat avaddoiot
KATE Ao Pid KATNyopia ouvex®v TOTIKGV petacnpatopev Babpidag (Gauge
Theory).

To KII ownpidetat ounpidetat oe pa Sewpia Babpidag (gauge group theory)
1 ortoia arayopevet tny Unapsn padag os 6da ta oopartidia. 'Etot yevvdrtat 1o
epatnpa Tiati ta otorxewdn oopatidia eépouv pada ”. H ewoaywyr) tou pn-
xavipou Higgs , Sivel pdadeg ota Siavuopatika pro¢ovia (Vector Bosons: W,
Z) rabog ertiong KAt o€ 0AOKANPO 10 PACHA TOV OTOIXEI®d®V opatidiav, eve
rapdAAnda aprvetl 10 EIOVIO Xopis pada. Tov IovAto tou 2012 ta niepapata
CMS kat ATLAS avakoivoodav tTautdxpova TV avakaAuyn evog VEOU OOUATL-
blou padag niepinou 125 GeV, pe 1810tteg oUpPBATEG 1€ AUTEG TOU PITodoviou
Higgs.

To KII aréyet amo 10 va XapaKinplotel @g pia mAnpng dewpia tov depedin-
8dv aAAnlermbpaenv , S10T1 Hev mepAapBavel ) QUOIKY TG OKOTEWVHS UANG
Kat evépyelag Kat aduvatei ve e§nyrjoet ) mArpn Sewpia tng Papuntag Ornwg
neptypdgetal anod i yevikn oxetkotta. Evioutig 1o KII eivat oy onpaviko
€€io0U y1a ) depntikr 600 KAl yld ) MEPAPATIKY 0OPATS1akr) euoikn. Ot
dewpnTikol 10 XPNOOIIo0UV G BACH Yia TOV OXe61a010 EEOTIKWV POVIEA®V
TIOU EPMEPIEXOUV UMOOETIKA ompationa, erurmdéov S1a0tdaoelg Kat mpaypatevo-
Vial OUpPHETpieg. AVIIOTOlXd Ol TMEPAPATIKOL QUOIKOL £X0UV EVORPAT®OOEL TO
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KII 0e Ipo0oOP01)TEG WOTE VA EPEVUVIOOUV TI) QUOLKI) TIEPA ATIO TO KAB1EPOIEVO
rpoturo. ITapdAinda to KIT pedetdtal e§0vVUX10TIKA Artd T0UG MEIPAPATIKOUG
oe 51aPopEeg EVEPYELEG KA TIELPAPATA.

1.1 TIeprypadpr) tou KaOiepwpivou Ipotumnou

To KII tng copatdlakrg QUOIKLG IEPLYPAPeL 0XeO0V 0Aeg TG Fepediddelg aA-
AnAemmdpaocelg tov oopatdiov. Mropel va xwopilotel os 1pia pépn: To mpodto
neptAapBavel ta Pfaocika oeopatidia g UAng, ta oroia givatl ta @eppiovia pe
spin-1/2. Ta @eppidévia priopouv va xeplotouv ot §vo £16n, ta Koudpk ([Tiva-
kag 1) kat ta Aermtovia (ITivakag 2) ta oroia KAtatdooovial O€ TPELG YEVVIEG
pe auvavopevn pada. Ta owpatidia vwnAotepng yevviag diaorovial pEo®
g aoBevoug aAAnlemnidpaong oe owpatidia g PG yevvidg. Yrapxouv
eriong €81 yevoeg (flavor) tov koudpkg. To up (u), charm (c), top(t), ta o-
noia @épouv +2/3 nAekipiko @optio, kat to down (d), strange (s), bottom
(b) ta oroia @épouv goptio -1/3. Emiong ta Aermtdvia €xouv €81 yeUoelg, 10
NAeKTPOVIO (€), T0 povio (p) xat to tau (7) kat ta avtiotoa verpivo toug.
Zta mAaiola tou KaBlEpOPEVOU TIPOTUTIOU Ta VEIPIVo £€Xouv Pndevikd @optio
Katl apXikd dewpouviav apala. 'Opwg poodateg PeA€teg anod melpapatia ta-
Aaviooswv verpivav £6ei§av ot ta verpivo Sev €xouv apedntéa pada. Te kabe
£€va aro autd ta 6wdeka ocopatidia avilotolkel éva avtiompatidilo 1o oroio £xet
avtibeto poptio.

[Tivakag 1.1: Koudpkg

. , up (u) down (d)
IMpwtn yevvia

) , charm (c) | strange (s)
AgUtepn yevvia

top (t) bottom (b)

Tpitn yevwia

[Mivakag 1.2: Aentovia

, , electron (e) | electron neutrino (v.)
ITpotn yevvia

, , muon (u) muon netrino (v,)
AgUtepn yevvia

tau (7) tau neutrino (v;)

Tpitn yevvia

[Tivakag 1.3: Ogpedindelg adAnAermbpaoelg

Interaction Strength Theory Mediator boon | Charge
Strong 1 Chromodynamics | 8 colored gluons | O
Electromagnetic 1072 Electrodynamics v10
Weak 1077 Flavordynamics W, W~,Z | +1,-1,0
Gravitational 10739 General Relativity Graviton | O
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To devtepo pépog eptdapBavet 1ig depediddetg aAdndsmudpaoeig ([livakag
1.3) ota omoia avtiotolkouv ta pmnodovia pe spin-1. Ot duvdapelg autég eivat
drapopetikng epBéAdeiag kat duvaung. Ot @opélg Toug eival: to yAouovio yla
Vv 10XUpr] aAAnAenidpaocr), 10 PXOTOVIO yia TNV NAEKTPORAyvnTIKY, ta 6uo W
Kat Z yla v acBevr] Kat 1o uroBetiko ykpabitovio ya ) fapvtnta.

To tpito pépog mepthapBavet tov pnyaviopd Higgs mou elonyBet amo tov
Englert-Brout-Higgs (1964) kat emipénetl ota oeopatidia va anoxktouv pala
avdloya pe v emdpaot) toug pe o nedio Higgs. O pddeg kabopidoviat a-
vdaloya He o ooo 1oXUp ivat r ouleudn (coupling) pe to riebio Higgs. To SM
Higgs €xe1 pada 125 GeV kat eivatl arnotédeopia 1ou aubBoppntou onacipatog
¢ nAektpacHevoug ocuppetpiag.

1.2 EnReKtdo:s1g TOU KAOIEPOPEVOU MPOTUIOU

1.2.1 Kivntpa yua tnv Ynepouppetpia

To xkaOlepwévo TTPOTUTIO NG OMHATIOUKNG (PUOIKNG AITOTEAOUHEVO AITO TO
nAektpabeveg poviédo kat 1 kKBaviikn Xpewpoduvapiky eivatl pia KBaviikr)
Jewpia nediou e€arpetikd erutuyng otg npoBAéyeig mg. Qotdoo Urapyouv
QPKETA AVATIAVINTA EPATNHIATA MTPAKTIKOU aAAd KUPIRG PA0COPIKOU TIEPlE-
xopévou ta oroia 1o KII amotuyyavet va avupetoriost. To poviédo mepiéxet
19 eAevbepeg mapapérpoug 11§ oroieg 1 dewpia aduvatel va mpoBALpetl Kat
peTplovvial ano 1o meipapa. Asv mapéxel 0poug padag yla ta verpiva oute
gepUnveia g acuppetpiag UVANG-avitvAng tou ouprnaviog. Emiong aduvatet
va mep€xel KatdAAnAo pabnuatko nepiBaidov evomnoinong pe ) Sewpia Pa-
PUTNTAG TNG VEVIKIG OXETKOTNTAG. Agv ITApEXEL UTToWrdpla oxpatidia ta ormoia
9a pmopoucav va epunveloouV TNV MAPATPOUEVT] OKOTELVY] UAI KAl OKO-
TEWVH] evEPYEL TOU oupmaviog. TéAdog spmepiéxel 1o mpoBAnpa tepapyxiag, 1o
ortoio ocuvoyrdetal otV Araitnorn YU QUOIKOV TePAcTIoV 810p0woewmv, otav
yiveratl urodoyiopog g padag tou Higgs oe peyalutepeg tagetg tng dewpiag
dlatapayav.

H 9ewpia tng Yriepouppetpiag ivat pia amo tig moAAd urooxopeveg dewm-
pieg, n oroia pedetdrat anod ta nepdpata 10U PeEYAAoU adpovikoU EIMITAXUVIH
oto CERN, otn) T'evetn ing EABetiag. H Ynepoupperpia katapeépvel va dadoet
Auon oto ripoBAnpa g lepapxiag apou mapEXel Pia o PeyaAn ouppeTpia oto
poviédo kat Sivel ) Suvatotta evourtoinong T®v SUvApe®y e TTIo PeYAAn e-
VEPYELAKN KATPAKA y1a OUYKeRppeéva povigda. [Tapéxet emiong véa ompatibia
unoyndla yla myv epunveia g okotewng VAng. H 16¢a g uniepouppetpiag
nnydadel ano 1 napatr)pnon ot n kBavukn nAekipoduvapiky) dev mapouot-
alel kavéva npoBAnjia g UMOAOY1010UG PeYaAUTEP®OV TASemV, ylati akpiBwg
IPOCTATEVETAL A0 OUYKEKPIPEVEG ouppetpieg. Emekteivoviag tig 6 undp-
X0uoeg ouppetpieg tou poviédou oe aviadAayr] prodoviov Krat @eppioviav,
epgavidoviat véot 6pot ardnAermidpaong, ot oroiot eagavidouv to mPdBAnpa

g epapyxiag.
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1.2.2 Ynepouppetpia (SUSY)

'Onwg nipoavadepObnke n uniepoupperpia (SUSY) ewvat pia SnpoplAng enékra-
on twou KII n ormoia mpoBAénel v Unapsn evog urepoopatdiou yia kdbe
ompatibio tou KII. Autd ta unepoepatidia £€xouv toug i61oug kBaviikoug a-
pBpoug pe toug avtiotoiyoug v ceopatidiov tou KIT adld dapépouv kata
pon) povada oto spin. ‘Etot 1o kabe copatidio amoktd €va urepoUpPpPEIpPL-
KO "ouvipodo”. Ta véa copatidia ermmAéov Sa mpémet va sivat apketa Bapia
WOTE Va PNV £X0UV eRg orfjpepa rapatnendet -n vriepouppetpia Sa npémnet va
eival pa ontacpévn cuppetpia- aAdd Ox1 oAU MAvVe arod TV NAEKIpacHevr
KAtpaka. Ztov ITivaka 1.4 mapouciadovial ta copatibia 1ou kabiepapévou
TIPOTUIIOU 1€ TOUS AVIIOTO1X0UG UTIEPOUHHEIPIKOUG CUVIPOPOUG.

[Mivakag 1.4: Zepatidua KIT kat Yriepuppepika oopatidwa

SM particles SUSY particles
spin Name Symbols Name Symbols spin
e v, €, U,
w 1/2 leptons He Uy sleptons s 1, 0
E T, Vs g T, Vr
5 : m
- ud = i, d
1/2 quarks c.s squarks ¢, 8 0
tb ib
g 1 gluons g g gluinos g 1/2
2 1 EW bosons ~.Z" W+ E winos W, wooo1/2
9 = bino B° 1/2
0 higgs H,. H, | ™= higgsinos H,. H, 1/2

1.2.3 The Minimal Supersymmetric Standard Model

To Minimal Supersymmetric Standard Model (MSSM) eivat pia @atvopevo-
AOY1KI] TIPOCEYY1OTN HPOVIEA®V UTIEPCUHHETPIAG OE OXETIKA XAMPNAIN €VEPYELA.
Eivatl ) mo amnr enéktaon tou Kabiepopévou mpoturou n oroia mpotddn-
ke 10 1981 kat mapéxel Avon oto poBAnpa g epapyiag. Xta miaiola tou
MSSM o apiBpog tov npoBAeniopevev copatidiov eivat o Hikpotepog duva-
106, £€xoupe dratrpnor g R-parity kat n Sewpia nmapapével avaroiotn KAT®
andé Gauge xkat Poincare petaoxnpatiopousg. 'Onwg oe kabe Sswpia Yrep-
ouppETpiag €101 KAt €80 UMTAPXEL £vag UTIEPOUPHETPIKOG OUVIPOPOG Yia KAOe
oopatibio tou KII pe i61oug kBaviikoug apiBpoug kat pe Stadopd oto spin
1/2. Emniong 1 Sewpia mpénet va eival oupBatn pe tig 1810t1eg 10U Kadiepw-
HEVOU TPOTUIToU, OM®G 1) UIApsn XEPAAK®V QEPUIOVIOV Kat 1) rtapabiaon g
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opoupiag. H Aaykpavdiavry tou MSSM eivat g popdng

Lyssm = Lsusy + LBreaking (1.1)

orou 1 Lgysy eivat n Aaykpavliavr) g Yriepoupperpiag kat ieptdapBavet
g aAAnAemudpdoelg Yukawa kat Babpidag Siatnpoviag v UMEPUPHETPIKT)
avvadodtnta Kat 1 L Bregking TEPTYPAPEL TO OMACTHO TG Untepouppetpiag. Ot
napdpetpot tou MSSM propouv va neptypadouv EEX®Potd yia to Siatnprot-
PO Katl Jrn KOPPdAtt.

'Etot to MSSM urnopei va evo@pat®oet v uriepouppetpia oto kabiepn-
Hévo mpotuTio Kaveviag sAdaxioteg npoobéoelg (minimal) ot omoieg eival ana-
paitnteg ya ) petabaon amnod to KII o Sewpia tng Ymepoupperpiag. Ot
Baoikég tou unobeoeig etvat:

Bewpel UMEPUPETPIKOUG OUVIPOPOUG ota prtodovia Badbpidag (gauginos)

e Jewpel UMTEPOUPETPIKOUG OUVIOPOUG ota PepHIovia (sparticles)

Yewpel ouvnBrG AV Ao £va UTIEPOUHETPIKO CUVIOPHO yia 1o 1edio Tou
Higgs (higginos)

[Tpoobétet 6poug "soft symmetry breaking"

e IIpooBétetl pia 6evtepn SumAéta tou Higgs.

Ot ITivakeg 1.5 kat 1.6 napouoiadouv 11§ 1810kataoctacelg tou MSSM .
Eivat duvatu) n pi§n pewadu v gauginos kat higgsinos tou i610u goptiou
KaBwg Kat S1apop®Vv UTIEPOUPHEIPIK®OV Qepioviev (sfermions) tou i61o0u pop-
tiou. Movo oto ykAouivo Sev erutpénetat i€tota Pighn adpou 1o popTio Xpwhratog
(color charge) eprnobidet ) pi§n toug pe dAda cwpatidia. Ta oubétepa hig-
gsinos (flg Kat ﬁg] ouvdiddovtatl pe ta oudétepa gauginos (B xa1 W) ya
va dnuoupyrcouv 1810KaATaoTAcelg Padag yvaoteg oG vetpadivo (neutrlinos)
()2?, i=1,2,3,4). Ta @optiopéva higgsinos (]:Iqj' Kat }NIC?] ouvdiadovtat 6uo ka-
taotdoeig padag yvaoteg wg charginos ()th, i=1,2).
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Table 1.5: The MSSM chiral supermultiplets

Names spin-0  spin-1/2 SU3)s SU(2), Uy

squarks, quarks Q (u; dy)  (up dp) 3 2 l,l—]
(x3 families) @ i ul, 3 1 -2
d ds dl, 3 1 L

sleptons,leptons L (7 ér) (v ep) 1 2 —%
(x3 families) ¢ & el 1 1 1
Higgs, higgsinos H, (H} HY) (4} H) 1 2 :
H, (HYH)) (HSH)) 1 2 -1

Table 1.6: The MSSM gauge supermultiplets

Names spin-1/2 spin-1 SU@). SU(2), UMy
gluino, gluon 17 g 8 1 0
winos, W bosons W+ W° W+ W° 1 3 0
bino, B boson B BO 1 1 0

1.2.4 Gauge Mediated Supersymmetry Breaking scenario

To oevaplo yia i Gauge mediated Supersymmetry Breaking (GMSB) sivat
anod ta aniouoctepa Kat nalaidtepa osvapla. 'Exet moAu Sewpnuiko evdia-
(PEPOV Y1a TI) VEA PUOIKL apou OX1 povo otabepormotel ) pada tou Higgs tou
KIT aAAd amogevyet ta oudétepa pevpata aAdayrg yeuong rmou ugdiotavial o
dAAa oevapla ortacipatog g uniepouppetpiag. H Baoikn apyrn authg tng Sew-
plag eival MG 01 UMIEPCUHETPIKOL GUVTPOPOL TRV PEPHIOVIOV TOU KAD1EPpOIEVOU
TIPOTUIIOU AIOKTOUV 1dda péow adAnAermdpacenv Badbpidag. To poviédo auv-
10 avartuxdnke v Sexkaetia tou 80 Katl TePEXEL OAEg TIS TTAPAPETIPOUS ATTO
tou MSSM kaBag kat 10 “padakoéd onaoipo g Yrepouppeipiag™. Lo GMSB
0EVAPLO TO €AAPPUTEPO UTIEPOUPPETIPIKO 0®PATidO0 eivatl 1o gravitino (@) evo
10 AP€0®S EAAPPUTEPO UTTEPOUPPETPIKO oPATido eival 1o verpaldivo ()2?).
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To IIeipapa CMS

2.1 To Euvponaiko Kévrpo IMupnvirov Epsuvov

To Euponaiko Kévrpo [Mupnvikeov Epeuveov CERN eivat éva aro ta peyadutepa
KEVIPA TTUPNVIKAG KAl OOPATIOAKIG PUOIKNG otov Koopo. To 1954 dwbeka
Avukég Euponaikég xopeg, petaiy avtov kat n EAAGSa oupgovnoav otnv
idpuon tou opyaviopou. Znpepa 1o CERN apiBpel 22 xopeg-péAn. Zto CERN
mpaypatoriolouvial moAdd melpapata pe Siebveig ouvepyaaoieg. O Baocikog
TOUG 0T0X0G €ival va mapéxel ta analpaitnra epyaleia (emraxuvieg oopatt-
blwv, avixveutég) yia ) pedétn g Paoikng épeuvag ot @uoiky. 'Eva aro
1a peyadutepa ermtevypata tou CERN mépa aro ) Baocikn €peuva eivat 1
dnpoupyia tou ITaykoopou Iotou (World Wide Web).

2.2 O Meyalog ASpovirog Emttayuving (LHC)

O Meydldog Adpovikog Eruitayuvirig LHC eivat évag emmtayuvirg adpoviev pe
nepipépela nepinov 26.7 km . H eykatactaon tou LHC éywe o 16n vu-
IAPY0UOod UITOYELd KUKALKY 0Upayyd TOU EIMTAXUVIE NAeKTpoviou-moditpoviou
LEP . H orjpayya autr] Staoyiet ta ouvopa F'aAdiag-EABetiag o fabog petadu
45 xat 175 m. H soayeyn tev npetoviov otov SakTUAl0 emtdyuvong tou
LHC yivetatl pe xprion piag og1pdg AdAA@V eMTAXUVIOV ITOU AE1ITOUPYOUV OTIS
eykataotrdoelg tou CERN. Ta mpetdvia rmou Snpioupyouvidl PHECK 1OVIOHO-
U ubpoyovou &exkvouv aro tetparioda padioacuyvotntag (Radio Frequency
Quadrupoles ) €xoviag evépyelia 750 keV. AkoAoubwg ermtayuvovial aro-
Ktovrag evépyeta 50 Mev pe 1 Ponbeia tou ypappikou ermtayxuviry LINAC
Kal kateuBuvovtal otov npowBntr| (Booster ) omou avartiocouv evépyela ion
pe 1.4 GeV . Z1n ouvéxela odnyouvial oto ouyxpoto npwioviov (Proton Syn-
chrotron ) omou ermtaxuvovtat pExpt tyv evépyeia tov 25 GeV Katl Katormy oto
peydldo ouyypoto rpetoviov (Super Proton Synchrotron ) émou kataAnyouv
otnv evépyeta twv 40 GeV. Ano ekel kateuBuvovial Ipog Toug SU0 OPOKEVTPOUG
daxktudioug tou LHC, pe avtiBeteg kateubuvoeig PEXP1 va ArtoKIr|oouV TV EITl-

7
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Meutron Time OF Flight
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ians = electrons LHC  Large Hadron Collider CTF3 CUC TestFacility 3
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Zxnpa 2.1: OAoxrAnpo to cuprideypa tou CERN padi pe ta onpeia ouykpou-
ong KaAl Td aviitola mepapata

Supun evépyela. Katomyv cuykpouovial ota onpeia mou eivatl EyKATECTIEVOL
01 AVIXVEUTEG T®V Teooapwv relpapdtov ATLAS, CMS, ALICE, kat LHCb. 'OAa
autd cuvoyidovial otV MApaKATe E1KOVA.

2.3 To CMS

To Compact Muon Solenoid (CMS) eivat évag yevikoU OKOITOU aviyVEUTH|G TO-
noBstnpévog oto IZnpeio 5 tou daxktudiou tou LHC kovid oto YaAMKO X010
Cessy oty I'aAAia. Katakeudonke yia va 6ooetl anaviroelg oe mAndopa e-
PHTNHATOV, OTIOG O AKP1BHG PNXAVIONOG TOU OTacipatog g NAeKipabevoug
ouppetpiag, Payveviag yia to progovio tou Higgs kabwg eriong kat yla arto-
KAioelg aro 1o Kabiepopévo Ipdturo waxveviag yla evoei§elg véag QUOIKnAg
OTI®G 1] UTIEPUHETPIA, N OKOTEWV] UAL Kat ot £§tpa 81aotdoelg. Ttny rmaparate
€1kova rapouctaletat o aviyveut)g CMS .

O avixveutrg reptAapBavel £va UIEPAYOY1I0 OOANVOE1ST] LAY VLT 1€ TTOA-
AAmAoUg UTIO-aviXVeUTEG péoa o autov. To omAnvoeldég mapexet Eva payvn-
ko niedio 3.8 T kA1d PNKOG TOU AVIXVEUTI £101 WOTE va UIOPEl va OTpEYPel
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CM$ DETECTOR PEEL RETURK YOKE

_

‘Lotal weight + 14,000 tonnes 12,500 Lonmes SILICON TRACKERS

Overall diameter @ 15.0m Pixel [ 10150 pm} - 16m® —66M channels

Overalllength 287 m Blicrostrips (BUxlB0 poz) - 200m " -9.68 chuuzels

Tagnetic field AT
SUPERCONDUCTING SOLENOLD
Nichiwm Litunivm coil carrying - 150004

p—

- MUON CHAMBERS
Barrel: 250 Drilt Tube, $580 Lesislive Plate Clunbers
Endcags: 468 Cathode Slup, 432 Resistive Plale Cluunlers

PRESHOWER
Silizon strips ~1&m® — 117,000 channals

TORWARD CALORIMETER
Stocl + Quartefibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER {ECAL)
~ 76,000 seintdTating TURO, cepstals

HADEON CALORIMETER (HCAL)Y
Brass + Llasliv acinlillalor ~7000 Jsnoels

Zxnua 2.2: O avixveutig CMS . daivovial ta Bacikd 10U XApaKINPloTKA
KAaBe KOPPATIOU TOU AVIXVEUTH).

TIG TPOXIEG TOV POPTIHIEVEV oPATIOimV. LXeO1AoTtnKe Pe OTOXO0 TV PEALT TRV
IIPOOVI®V OUYKPOUONG IPATOVIRV-IIPOTOVI®OV KAl @G €K TOUTOU duvatdl va a-
VIXVEUOEL PAOTOVIA, NAEKTOVIA adpovia Kal Piovia PETPOVIAS Pe akpiBela v
evépyeld toug. TlapdAAnAa kataypddetl éppeoa ta nmapdyeya rnou dev adAn-
AemdpoUV pE Ta UAIKA TOU AVIXVEUTH], HETPOVIAS TO EAAEA OtV £YKAPOd
OoUVIOT®OOA TNG OPUNG 1] AAANG METPWVIAG TNV eAAEITOUCA EYKAPOIA EVEPYELQ.
To ocuotnpa ouvietaypévev rmou €xet ulobetnOel amo to neipapa CMS , €xet
Vv apxn) tou (0,0) 010 KEVIPO TOU AVIXVEUTH], 010 onpeio ouykpouorng. O &o-
vag y deixvel kaBeta 1mpog ta ndve, eve o agovag y Seixvel IPOg 10 KEVIPO
tou LHC . H alQipoubiavr) ywvia ¢ petpdtatl and tov agova y oto erinedo xy
eV® 1 TIOAKY yevia 0 petpdtat tov dfova z . EmnpooBétng, to £éAAepa g
EVEPYELQG OTIWG UTTOAOYidetatl To eyKaApoto erinedo, oupBoAiletal wg E}mss.

Ot draotdoeig tou aviyveutr) CMS eivat 21.6 m pnkog, 14.6 m 51apetpog
Ka 0UVOAKO Bapog 12500 t. O11poX1EG TV POPTIHEVOV OOPATIOI®V PETpOVIAl
amnod 10 £0MTEPIKO ouotnpa Tpoxldg (inner tracking system ), to omoio arto-
tedeital ano éva aviyveutn pixel (pixel detector) kat éva aviyveutr] 1poxiag
ruptttiov (silicon strip tracker) xaAurttoviag 0 < ¢ < 27 xat |n| < 2.5 6nou
1 1 peudowkutnta. To cuotnua TPOX1Ag EPIKAEIETAL A0 TO NAEKTIPOPAY V-
KO deppidoperpo (ECAL) kat 1o adpovikod Seppidoperpo (HCAL) . To ECAL
arotedeital and 61200 kpuotaddoug BoAppapikoy poiuBdou (POW Oy) ot o-
roiot eival eykateotnpévol oto KeViplko pépog tou PapeAiou (ECAL Barrel,
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EB) kat 7324 mou Bpiokovtal tonoBetnpéveg otg akpeg (ECAL Endcap, EE).
Emun¢ov £évag aviyveutrng npoxkatatylopou (preshower detector) €xet toroOe-
el pnpoota amo toug kpuotdddoug oto EE, pe okomnd v avayvopilon tov
oubétepwv moviev v neploxn 1.653 < |n| < 2.6. Zuvtedet entiong oto dlaxe-
P10 T®V NAEKTPOVIKV artod 1a oepatidia yvootd og minimum bias ionizing kat
ETITPETIEL TOV IMTPOCO1I0PIONO TG Y€01G TOV NAEKIPOVIOV Kal TV potoviov. To
ouotnpa okavdéadipou (trigger system) eivat opyavepévo oe §uo enineda kat
£XEL ®G OTOXO TNV EMMAOYT] TV IO EVOAPEPOVIRV YEYOVOT®OV OTIRNG TIPOKUITIOUV
HPETA Artd CUYKPOUOELS PETATU MPRTOVIMV.



Ke¢padawo 3

Avaxkatakeun I'eyovotov rat
IIpocopolwoelg

H avakataokeun 1oV YEYOVOT®V KAl TOV AVIIKEIEVOV IIPAYHATOMOEITAl NEOR
tou aAyopiBpou Particle Flow (PF) o oroiog £xe1 oxebiaotel oote va propet
va TauToronoetl ta otabepd oopatidia mou mpoEPXovial Ao T CUYKPOUOELS
npwIovinv ouviiadoviag MANPoPopIieg amnod EMPIEPOUG UTTO-aviXveuteg tou CMS
. Autd glvat uvatov xapn oty e§a1PETIKY] S1IAKPITIKY 1KAVOTHTA TOU AVIXVEUTE
TPOX1®V MTUPITIOU Kal ToU nAsKtpopayvnukou deppidoperpou. I'a v tauto-
oinorn TPOoXIOV Xprotpornolouvial adyoptfpol enavaAnyng UwnAng amnodott-
rottag (interative tracking algorithm) kataAAnAa oxediaopévot oto va tauto-
nowjoouv midakeg (jets) Hivoviag pia pikpr mbavotnta va avakataoKkeudoouv
AdBog v Tpoxla. Autr n rmbavotnta urnodoyidetal g eival PIKPOTEPT TOU
1% axoépa xkat yia 1g mo nepinlokeg Meputtaoslg XapnAng opung e TPOX1EG
rmou £x0uv PogABet amnod tov dfova g oung. Ta ) evépyela mou evaro-
tiBetat ota eppdoperpa vnapyet €vag alyopiOpog opadonoinong (clustering
algorithm ) 1kavog va Eexwpilel kovuveg evanobéoeig datnpwviag uwnin a-
nodoon akopa Kat oe Xapnleg evépyeteg. O adyopiOpog PF avayvepidet piovia
OUYKPIVOVIAG TPOXIEG ATIO TOV AVIXVEUTH] TPOXIWV ITIPITIOU KAl TPOXIEG aro 1a
plovika cuotnpata avixyveuong tou CMS . Ta nAsktpovia avakataokeudadoviat
XPNOIOIIOIOVIAS PATaBANTEG ATtd T0 NAEKTPOUAYVITIKO JEPIOOPETPO KAl TOV
aviyveutr] tpoxiov. ‘OAa ta unddoira oopatidia prnopouv va tautornoinfouv
®g adpovia, oudétepa adpovia 1 PETOVIA CUYKPIvovag TV 0PI TOV TPOXIOV
pe v evanobeon mou agrnoav n pn oto Jeppidoperpo. Xta oopatidia mou
AVAKATAOKEUAOTNKAV £POPIOLOVIAL AUOTNPOTEPA KPITipla Katl XPI1O1110Io10-
Uvial ®S PaoiKn ITAPAPETIPOG 0 AAAOUG aAyopifl0ug OMKG Tg AVAKATAKEUNG
10V TI8AKGV 1 OTOV UITOAOY1oP0 NG eAAeimouoag eykApolag oppng. XTo Imma-
PAKAT® OXNHA QAIVETAL Il YEVIKY] £1KOVA AVAKATAKEUNG TOV AVIIKEIPIEV@V TTIOU
Xprotporotouviat v avaiuon.

11
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Zxnua 3.1: M topn tou avixveutr) CMS padi pe 1t aAAnderudpdoeig and
dagpopa copatidia.

3.1 Tpoxiég kat Kopugég

Ot 1poY1€g ToV oToXelwdmv copatdiov avayvepilovial Xpnotonoloviag v
Kalman Filter pé6o6o otnv onoia mpaypatonoteitat pa rpocappoyy) (fit) Aap-
Bavoviag uroytv tig moAAarAég okedAOELS e ATTOTEAEOIA ) TTAPAPETPO KPO-
Uong Kat v apxikr oppn. Ot Baowkég Tpoyiég (Primary Vertices) avaxkata-
Keuadovial ano v opadortoinon TpoX1wv Ol ortoieg eival oupBatég pe 1) e-
ploxn g Baoikng adAnAenidpaong. H 9¢on tng kaOe kopupng npoocappodetat
and v avtiototyn Kopudr| xprnotponolnviag to adaptive vertex fitting.

3.2 Potovia

'Eva potovio 1ou rapdyetatl oto onpeio tg oUuyKpouong, MPWwIia IIEPVAEL a-
IO TOV AVIXVEUTI] TPOXIOV KAl ETIELTA EI0EPXETAL OTO NAEKIPOPAYVITIKO deppit-
dopetrpo ECAL o1ou xavetl 0An 10U TNV eVEPYELA PEOK TOU NAEKIPOPAYVITIKOU
Kataylopou. Yridpyouv U0 MEPUTINOELS. TNV NPT MEPITIOOT TO0 PATOVIO
TEPVAEL ATIO TOV AVIXVEUTH] TPOX1®OV X®PIS va adAnAemudpdoet Kat aprjvel oxe-
80V 0An 10U TV evépyela otou KpuotdadAoug tou ECAL. 'Eva 11010 @atovio
ovopadetal unconverted. Xt v SeUtepn) MEPIMI®OOT), TO PAOTOVIO PETATPETIETAL O
{éuyog nAexkTpoviou-moditpoviou mptv £10¢A0el 010 NAEKTIPOPAYVNTIKO deppit-
b8opetpo. To nAeKIPOVIO KAl TO TTOGITPOVIO TTIOU SnloupynOnke ennpealoviat
and 1o payvnuiko rnedio kat aprivouv v evépyela oto JepiboPETPO O Peya-
AUtepeg yovieg ¢. Autd ta @wetovia ovopdaloviat converted. Ta va ouvrept-
AdBouv 0An Vv evandBeon evEPYELAG, TA PROTOVIA AVAKATAKEUALOVTIAL XP1O110-
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nowpviag "superclusters”. H evépyeia 1ov potoviov cuddéystatl abpoiloviag
Vv evépyela Tou €xel evarobebel oToUug KPUOTAAAOUG KAl TNV €VEPYELA TIOU
€Xel oUuAAexOel OTIG AKPEG ATIO TOV AVIXVEUTH MPO-Katatylopou. ("pre shower
detector").

3.3 HAektpovia

Ta nAektpovia avakataockeudadoviat cuvoialoviag ta supercluster tou Seppat-
dpétpou pe pa tpoxia. H uroywrdia tpoxid mpoKUIttel KAvovIag Ipooapoyr)
TOV KIUMNPATOV TOU aVIXVEUTH] TPOX10V PE Tov aAyopiOpo Gaussian-sum fil-
ter (GSF) otnv oroia povielornoteital n anwAela evépyelag Aoy® aktivoBoAiag
niednong pe €éva abpoia arno yKoauolaveG CUYKEKPIIEVOU BAPOUg.

3.4 Miovua

Ta pdvia avakataokeuadovial xpnotponowwviag ) pébodo global muon re-
construction n oroia ouvdiadel v MANPoPOpia Ard TOV AVIXVEUTL] H1OVIOV
KA1 TOV aVIXVEUTH] TPOXIOV.

3.5 IIiSareg Krat eAAeinouoca eyKAapola Opui)

O1 mibakeg Kat 1 eAeirmouvoa eyKkapola Opir) E?“‘ss avaxkataokeuadoviatl arno
Ta unoyndla NAEKIPOVIa, HP1ovVid, PXATOVIAQ KAl Ao td @OopTiopéva adpovia
IOV TIPOKUIITOUV aro tov particle flow aAyopiOpo. Autd avaxkatakeualoviat
Xpnowornoiwviag tov alyopiBpo anti-kr o omoiog AapBavel urrowv Tou T0
ooPatidlo pe 1 peyaAutepn Op}ir KAl OPAadoIolel Ta YEITOVIKA ompatidia o
éva midaka pe Baon v evéyela Kat v oppr.

'Onwg £xel avapepbel ta copatidia spgpavidovial @G TPOXIEG KAl EVATIO-
Y¢oeig evépyelag. O PF adyopiBpog arnookoriel oto va avayvepiost 0da ta
otaBepa oopatidia cuvduddoviag mAnpodopia aro KAOe EMPIEPOUG AVIXVEU-
. H ouvoAikr eykapoila oppur) opiletal ®g to dravuopatiko abpoiopa oAwv
TV AVAKATAOKEUAOPEVOV oapatidiov tou yeyovotog. H eykdpotla edAeinmouca
oppr) opidetal G T0 APVNTIKO H1aVUOHATIKO AOpo10jia OA®V TOV AVAKATAKEUd-
OpéVeV oONATISIOV TOU YEYOVOTOoG :

Eﬁiss - _ Zﬁi’ i = PF candidates (8.1)
i

H E:’}”SS eivat to pérpo autou tou Stavupatog. H E}mss uropet va rpo-
EpXetal anod moAAég MnyEg TOU mMelpdpatog. Mropel va urnapxetl “aAndwr”
eyrapola eAAeirmouca opprn amnod diepyaoieg rmou meptéXouv verpadivo kat dev
QAVIXVEVUOVTAL ATI0 TOV AVIXVEUTY], ] and UTOypadEg UTIEPOUPHETPIAG OTIOU O
€AappUTEPOG UTIEPOUPHEIPIKOG OUVIPOPOS CUVIEAAEL otV epdavion vPning
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Parton level

4 ]
Vhﬁ ‘p\ Particle Jet Energy depositions

in calorimeters

Zxnua 3.2: M avarapdotaon tng dnpoupyiag evog midaka aro tg ou-
yKpouoelg npwtoviov oto CMS kat ot avtiototxeg evariofeoelg evépyelag ota
Seppidoperpa

Zxfpa 3.3: EAAeinouoa eykapoila oppr) opidetal wg 1o apvntuiko dbBpoiopa tov
EYKAPOI®V OpH®V 0Awv Tov PF urmoyneiov.

Eg’w”ss . 'Opeg 1 E}”iss HITOpEl va MPOoEPYXETAl Ao KAKY HEIPNOoN g pr KAtd
1 S14PKEL AVAKATAOKEUTG PEOK TOV P1eB0dmV rou meptypayape. O akpBng
UTIOAOY10110G TG €ivatl TIOAU onpuavtikog oto rieipapa CMS kat €xouv Snpioup-
yNOel moAAEG TeXVIKEG WOTE 1] PETPNON TG va gival akpiBrg.

3.6 IIpoowpoiwosig Monte Calro

I QUOLKY] UPNAQV EVEPYEL®V XPNOLHOITO0UVIAL IIPOCOHOIWOELG TOU AVIXVEU-
1] KAl IOV S1apOp®V QUOIK®V d1Epyacidv. AUTEG O1 LOVIEAOIIOOELS 08 yoUV
oto va BeAtiwbouv o1 1eXVIKEG avaduong Kat va katavonBei n eriboon roA-
AQV KAl TIEPIMAOK®V UTTOAVIXVEUTOV OTIOG AUTOV IOV Tepiexoviatl oto CMS. Ot
IIPOCOHOIWOELG ITpaypatoriotouviatl pe ) pébodo Monte Carlo otnv oroia xpn-
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owornolovvtal tuyaia detypata ota Yem®pntikd Povieda wote va poBAedOetl 1)
AVAPEVOHEVT] CUPTIEPIPOPA TOUG KAT® Ao peaA1oTikeG ouvOrkeg. Baoiletatl oe
UTIOAOY10TIKEG TIPOCOHOINOELS KAl PITOPEL va SHOOEL COOTEG ATTAVINOELS EKEL TTOU
bev propel va 6wbel vieteppiviotikn Avor. [Mapabeiypata otnv @uoiky vyn-
AV evepyelwv TEPAapBAVOUV TIPOCOHOINOEIS YEYOVOTOV OTTOU Ta oepatidia
napdyovial og tuxadia kateubuvorn Katl 9€on unakouyoviag oe Yep1Tikoug
TIEPIOPIOPOUG KABMG KAl O TIPOC®IOINCELS TOU AVIXVEUTH Orou AapBavoviat
oY S1dpopot TapAPETPOl OIS 0 NAEKTIPOVIKOG S6pubBog k.a. Ta Paocikd
Ipoypappata pooopoionong ya m dnuouvpyia yeyovotev eivat n PYTHIA
POWHEG, MADGRAPH xait TAUOLA. H PYTHIA eivai évag yevvrjtopag yeyo-
VOT®V yevikou okorou. [TeptdapBavel Baoikég diepyaoieg onwg g KBavikng
xpopoduvapikng QCD kat g Yriepouppetpiag, tng napaywnyng tou Higgs ai-
Ad ka1 e§wtikng @uoikng. H PYTHIA xpnowporoieitatl oe ouvB1aopo Kat pe aA-
Aoug yevvrjtopeg onwg tov MADGRAPH kat POWHEG . H pé8obog POWHEG
etval pua BeAtiwpévn exdoxn tg PYTHIA agou xpnowpornotei Next to leading
order (NLO) urnodoyipioug AapBavoviag urmoytv Kat tov KAtdylopo TV map-
toviov. H PYTHIA eivat oAU amotedeCpaTiKn Ot MEPLypAdT] Armov 2 — 2
diepyaoidv. Ilapoda autd Tig MEPLOOOTEPES POPEG OTIG TEAIKEG KATAOTAOELS
€xoupe neploodiepa omnpatidla . O yevvritopag MADGRAPH propei va 6aoet
KaAUTePT Meplypadr) TETOIRV MEPIMAOKOV TEAIKOV KATAOTACEDV.

H niepurmdoxkotnta tou avixveutr) CMS anattel pia oAy moAUnAoxn 1po-
O®P01®OT WOote va avartapaxBel ) CUPNEPIPOPA TOU AVIXVEUTI] OV ITapoucia
oopaTdi®v amod T OUYKPOUOElS TOV MPOTOViov. Autd oupBaivel xpnotpo-
nowwvtag 1o taketo GEANT4 1o oroio meptypdget tov aviyveutr] AapBavoviag
UnOY W v akpiBr) 10U YEHETPIA, TO0 UAIKO KATAOKEUANG K.A.
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Kepaliawo 4

SUSY Diphoton plus E%”SS
analysis

4.1 Introduction

Final states in pp collisions with high-FE7 photons ans significant E’Tniss
emerge naturally from a variety of new physics scenaria, particularly in
models of supersymmetry (SUSY) broken via gauge mediation and including
a stable, weakly interacting lightest supersymmetric particle (LSP). Models
with general gauge mediation (GGM) can have a wide range of features,
but typically entail a gravitino LSP and a next-to-lightest supersymmetric
particle (NLSP) commonly taken to be a neutralino or a stau.

This master theses presents a search for GGM SUSY signature involving
the decay of a neutralino )2(1) to a gravitino G and a photon ~. The data
sample, corresponding to an integrated luminosity of 35.88 fb~! of proton-
proton collisions at /s = 13TeV, was collected by the CMS detector at the
LHC in 2016. For the interpretation of the results, gluino pair production
has been assumed, with the decay of the gluino shown in Figure 4.1. In this
scenario the NLSP neutralino decays to a gravitino and a photon, )2(1) — é%

q 7y
FANN o0 o U AN Y [N
g q Xi G

Figure 4.1: Decay of a gluino g to an antiquark and squark g. The subse-
quent decay of the squark produces a quark and a neutralino )2[1), and teh
neutralino decays to a v and a gravitino G

17
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Figure 4.2: Feynman diagram of the t5gg process as described in the text

resulting in characteristic events with jets, two photons and large missing
transverse energy E7**, defined as minus the magnitude of the vector sum
of the pr from the visible objects in the event. The full decay chain Feynman
diagram of the above process (known as "T5gg") can be seen in figure 8.2.

The analysis is based on a search for an excess of these events, requir-
ing at least two energetic photons and significant E%”SS. This diphoton and
E:,”?‘iss signature can also arise from standart model processes. Direct dipho-
ton production with initial state radiation and multijet events (possibly with
associated photon production) lack genuine E{,Piss, but can emulate GGM
signal topologies if the hadronic activity of the event is poorly measured.
In te latter case, photons may be reconstructed in the event as a result
of the misidentification of electromagentically rich jets. The estimation of
the contribution of these events is the main work of this theses and it is
described later in detail. This estimation relies on the empirical observation
that the EIWSS resolution in multijet events is typically poorly measured
compared to the di — E M pr resolution, where di — E M pr is defined as the
vector sum of the transverse momenta of the two electromagentic objects
in the event. Another significant background comes from the events with
real ng”ss, principally W~ and W + jets production, where W — er, and
the electron is misidentified as a photon. The responce of the electromag-
netic calorimeter (ECAL) to electrons is nearly identical to the responce of
a photon, so electrons differ primarily due to the presence of a matching
hit in the pixel tracker. As decribed in later the rate of an electron faking
a photon can therefore be measured from Z — eTe™ events, where one of
the electrons is misidentified as a photon.

The contribution to the signal region from other processes with real
E%’”“ and photons is quiet small. This includes Zyy — viyy and ttyy.
Because of their small cross sections, the background from this sources
was estimated from simulation.
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4.2 Data sets

The data sets used in this analysis are listed in Table The data corre-
sponding to an integrated luminosity of 35.88 b~ were centrally recon-
structed with CMSSW_8_0_26 and various patch levels. The events were
then analyzed using the ggNtuple framework with root trees generated with
CMSSW_8_0_26.

Table 4.1: List of data sets and JSON files used in the 35.88 fb~! data
sample.

Data sets

/DoubleEG/Run2016B-03Feb2017_ver2-v2/MINIAOD
/DoubleEG/Run2016C-03Feb2017-v1/MINIAOD
/DoubleEG/Run2016D-03Feb2017-v1/MINIAOD
/DoubleEG/Run2016E-03Feb2017-v1/MINIAOD
/DoubleEG/Run2016F-03Feb2017-v1/MINIAOD
/DoubleEG/Run2016G-03Feb2017-v1/MINIAOD
/DoubleEG/Run2016H-03Feb2017_ver2-vl/MINIAOD
/DoubleEG/Run2016H-03Feb2017_ver3-vl/MINIAOD

JSON
Cert_271036-284044_13TeV_PromptReco_Collisions16_JSON.txt

4.3 Trigger

This analysis has used the set of diphoton triggers developed for the search
of the Higgs boson decaying into two photons via H — . The primary and
the control trigger used to collect the events in the signal region is shown in
table 4.2. The variou parts of the trigger name, which correspond to specific
requirements, are discussed below.

Because we only use photons with || < 1.4442 in this analysis for full
event selection requirements, only the trigger requirements in the barrel are
listed here.

e Diphoton30_18: The triggers require two photons with an asymmet-
ric E7 cut of 30 GeV and 18 GeV on the leading and sub-leading
photons, respectively. The transverse energy Er of a photon is de-
fined as the magnitude of the projection of the photon momentum on
the plane perpendicular to the beams.

e R9Id: Photons satisfy Rg9 > 0.85, where Ry is a measure of the overall
transverse spread of the shower. It is the ratio of the energy deposited
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Table 4.2: List of triggers used to accumulate the events in the 35.88 fb~!
data sample. The full name represents the various cuts applied.

Primary Trigger

HLT_Diphoton30_18_R9Id_OR_IsoCalold_AND_HE_R9Id_Mass90_v*

Trigger for Control Samples

HLT_Diphoton30_18_R9Id_OR_IsoCalold_AND_HE_R9Id_DoublePixelSeedMatch_Mass70_v*

in the ECAL inside a 3x3 crystal matrix centered on the most energetic
crystal in the supercluster to the supercluster raw energy.

e IsoCalold:

Oinin < 0.015: Photons are required to have a shower width in in-
space less than 0.015. The shower width oy, is the energy-
weighted spread within the 5x5 crystal matrix centered on the
crystal with the largest energy deposit in the supercluster. The
symbol in indicates that the variable is obtained by measuring
position by counting crystals.

ECAL isolation < (64 0.012x Photon E7): The ECAL isolation is the
sum of all energy deposits in the ECAL within a cone of AR <
0.3 centered on the photon.

Track isolation < (6 + 0.002% Photon E7): The track isolation is the
sum of the energies of tracks in the tracker within a cone of AR
< 0.3 centered on the photon.

¢ HE _R9Id:

Rg > 0.5

H/E < 0.1: The ratio between the energy deposited in the HCAL tower
closest to the supercluster position and the energy deposited to
that supercluster in the ECAL is required to be less than 0.1.

All photons are required to pass the H/E and loose Ry cutsin _HE_R9Id_,
and either the tighter Rg cuts in _R9Id_ or the isolation and shape cuts in
_IsoCalold_. The leading leg of the filter requires the photon candidate to
be matched to an L1 seed. It can be matched to one of several SingleEG
and DoubleEG L1 filters, but the largest contribution comes from the low-
est unprescaled triggers: namely, SingleEG40 and DoubleEG_22_15. Both
photons must satisfy the sub-leading filter, which is unseeded. In addi-
tion to the cuts in Table 4.2, the invariant mass of the diphoton system is
required to be greater than 90 GeV.
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Trigger efficiency

The efficiency of the trigger can be divided into two parts: the efficiency of
the seeded, leading leg and the efficiency of the unseeded, sub-leading leg.
Both efficiencies were measured using a tag-and-probe method. The HLT
path XX was used as a control trigger. The tag was required to match the
control trigger and to pass loose cut-based photon identification cuts. The
probe was required to pass our full set of analysis selection requirements.
To measure the sub-leading leg efficiency, the tag was also required to pass
the leading filter.

Because the L1 seed is a combination of several prescaled and un-
prescaled L1 filters and because the exact combination evolved over the
course of the 2016, the L1 efficiency was not measured independently.
Instead, the efficiency of the seeded leg was calculated without explicitly
requiring the probe to match to an L1 seed. In this way, the combined
efficiency of the L1 seed and the leading HLT leg was calculated.

Figure 4.3 shows the efficiency of the leading and trailing filters as a
function of photon E7. For photon Er above 40 GeV, the efficiency of the
leading leg was measured to be 98.2% and the sub-leading efficiency was
found to be 99.8%.

Efficiency of Trailing Filter vs Photon Pt N Efficiency of Leading Filter vs Photon Pt )
CMS Preliminar 35.9fb CMSprelimin: 35.9fb
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Figure 4.3: Efficiency of the sub-leading (left) and leading (right) legs as a
function of photon F7. The leading leg includes the efficiency of the L1
seed requirement. For photon Er above 40 GeV, the leading leg is 98.2%
efficient and the sub-leading leg is 99.8% efficient.

The efficiency of the trigger with respect to the invariant mass of the
diphoton system was also measured. This is shown in Figure 4.4. Above
100 GeV, the invariant mass cut is 99.4% efficient.

The total trigger efficiency is the product of the seeded leg efficiency,
two factors of the unseeded leg efficiency, and the efficiency of the invariant
mass cut. Overall, the trigger is 97.2% efficient.



22 KE®PAANAIO 4. SUSY DIPHOTON PLUS E{,\f[ 1SS ANALYSIS

I%\;Ifisciency of HLT Path vs DiPhoton InvMass

1
Preliminary 3591fb

Efficiency
=

X /ndf 1.847e+04 / 57
/ p0 0.4931 + 0.0001199

o
©

pl 89.42 + 0.003177
p2 0.5013 + 0.0001223

0.6

T
/

TR R L
%O 90 100 110 130
DiPhoton Invariant Mass (GeV)

Figure 4.4: Trigger efficiency as a function of the invariant mass of the
diphoton system. Above 100 GeV, the trigger is 99.4% efficient.

4.4 Event selection

4.4.1 Event categorization

For this analysis we construct several event categories which are later used
for different studies. After the selection of the objects which is described
below, they are classified into four different event categories;

e photon - photon event
e electron - electron event
o fake - fake event

e electron - gamma event

Here, “fakes” refer to electromagnetically-rich jets that have been misiden-
tified as photons. The photon - photon category is our signal sample. The
other three categories are used for the data-driven background estimates.

4.4.2 Photon reconstruction and selection

Photon candidates are reconstructed from clusters of the energy deposited
in the ECAL and merged into superclusters. The reconstruction algorithm
of photon clusters allows almost complete recovery of the energy of photons
that convert when interacting with the material in front of the ECAL. The
reconstruction algorithm consists of three steps. Firstly, cluster seeds are
identified as local calorimeter cell (ECAL crystal) energy maxima above a
given energy. Secondly, topological clusters are grown from the seeds by
aggregating crystals with at least one side in common with a cell already
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in the cluster, and with an energy in excess of a given threshold. These
thresholds represent about two standard deviations of the electronic noise
in the ECAL (i.e. 80 MeV in the barrel and up to 300 MeV in the endcaps).
The calorimeter granularity is exploited by sharing the energy of each cell
among all clusters according to the cell-cluster distance with an iterative
determination of the cluster energies and positions assuming a Gaussian
shower profile. In the third step, the so called particle flow (PF) Clus-
ters are dynamically merged into superclusters. Dynamic superclustering
allows good energy containment, robustness against pileup and automati-
cally takes into account the detector geometrical variations with 7 (e.g. EE
crystal size). Clusters lying in the area between two parabolas, function of
1 and centered around the most energetic cluster, are dynamically gath-
ered giving to the supercluster a mustache-like shape. This is particularly
important when moving to higher |7| regions as the shape of the shower
becomes to extend in 77. A fixed supercluster size will suffer from pileup
in the low pseudorapidity region and miss some electron bremsstrahlung
in high 7. Finally, a supercluster is promoted to a photon candidate if its
reconstructed transverse energy is greater than 10 GeV'.

In our analysis, all photon objects are required to have Pr > 40 GeV
and be within the barrel fiducial region of the detector (|| < 1.4442). The
offline photon Pr cut is selected to be above where our primary HLT trig-
ger becomes fully efficient. Photon candidates are also required to satisfy
several cluster shape and isolation identification requirements. We use the
recommended requirements from the EGM POG cut-based medium photon
ID working point. The requirements are summarized below:

o Single tower H/E : This ratio is required to be less than 0.0396.

e 0ipint The width of the shower in in-space is required to be less then
0.01022 .

e Particle Flow Charged Isolation : Sum of Pr of all charged hadrons
within a hollow cone of 0.02 < AR < 0.3 around the supercluster, is
required to be less than 0.441 GeV.

o Particle Flow Neutral Isolation : Sum of Py of all neutral hadrons
within a cone of AR = 0.3 around the supercluster, is required to be
less than 2.725 + 0.0148 x Pr, 4+ 0.000017 x (PTW)Z.

o Particle Flow Photon Isolation : Sum of Pr of all photons within a
cone of AR = (.3, excluding a strip in 7 of 0.015 around the super-
cluster, is required to be less than 2.5718 + 0.0047 x P}’

In addition to the medium ID/isolation photon selection, we require the
following cuts:
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e Pixel Track-Seed Veto: Boolean variable used to reject electrons.
This veto rejects any photon for which a pixel track seed consisting of
at least two hits in the pixel detectors is found.

e Rg: Due to the trigger requirements, photon R9 must be greater than
0.5. For the rejection of spikes, Ry < 1.0 is required, as well as a
Oinin > 0.005 cut.

Rather than using the pixel seed veto, we could have chosen to use the
conversion-safe electron veto. This veto is more efficient, but it leads to an
unacceptably large rate of electrons being misidentified as photons.

The photon isolation cone is susceptible to pileup from interactions not
corresponding to the primary vertex. The correction from the pile-up en-
ergy contribution to the photon identification is applied using the following
equation:

1s0corrected = 150 — (P * Aeff) 4.1)

where the energy density p, is the median background density per unit
area and a measure of the pile up activity in the event. The effective
area A.;s is defined as the ratio of the slope obtained from linearly fit-
ting Iso(/Ny¢z) to the one from linearly fitting p(/V,¢;). The corresponding
effective areas are provided by the EGM POG and are shown in Table 4.3.

Table 4.3: Effective areas for the SPRING16 ID

’ Bin ‘ EA Charged Hadrons ‘ EA Neutral Hadrons | EA Photons
In| < 1.0 0.0360 0.0597 0.1210
1.0 < |n| < 1.479 0.0377 0.0807 0.1107

Our signal region consists of at least two photons passing all of the
above criteria and passing the object cleaning cuts. After selecting the two
most energetic photons we also require that the two photons are separated
by AR > 0.3 and that the invariant mass of the diphoton system m.,, is
greater than 105 GeV. This invariant mass requirement is applied so that
the event meets the primary trigger requirements as described previously.
Finally, the event is required to pass the primary trigger as described in the
previous section.

4.4.3 Electron selection

Electron objects are obtained using the photon object collection, but have
an orthogonal set of cuts to photons. Electrons are required to pass all of
the photon requirements described in detail above, except for a reversed
pixel seed veto (PSV) cut. Object cleaning is applied as well and will be
described later .
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When constructing our electron - electron control sample, we addition-
ally require that the invariant mass of the two electrons is in the window
75 < Mmee < 95 GeV. This requirement is designed to select Z—ee events,
which helps ensure that the purity of the control sample is high. Due to
the different invariant mass requirement, the di-electron control sample is
collected with a different trigger (see Table 4.2).

4.4.4 Fake photons selection

Fakes must satisfy the majority of the photon identification requirements,
except that the charged hadron isolation and oy, requirements are re-
versed. This results in a fake photon selection that is orthogonal to the
photon selection. In order to keep the fakes as “photon-like” as possible,
the fake photons are not allowed to fail both the ¢;,;, and charged hadron
isolation cuts. In addition, an upper bound is put on both selections so that
the fake selected objects are more photon-like. In more detail, fake photons
pass the following criteria:

Single tower H/E : < 0.0396.

e Particle Flow Neutral Isolation : < 2.725+0.0148 % P% +0.000017 x
(P7)2.

Particle Flow Photon Isolation : < 2.571 + 0.0047 x P%.
e Pixel Track-Seed veto: applied.

Rg < 1.0

Pr > 40 GeV

0.01022 < 04yin < 0.015 XOR 0.441 < Charged Isolation < 15.0.

The last criterion means that we select fake photons passing the first
or the second criterion, but not both. The ff control sample is built from
events which have at least two objects passing the above fake definition and
which satisfy my; > 105 GeV. The events are collected with the primary
trigger (see Table 4.2).

4.4.5 Lepton Veto

In order to avoid overlap with other supersymmetry analyses involving pho-
tons, a lepton veto is applied. For the gg and ff samples, events are
rejected if there are any electrons passing all of the requirements previously
described. For the ee control sample, events are vetoed if there is a third
electron present.
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Additionally, events are rejected if there are any muons passing the loose
muon ID and loose isolation criteria. Muons are required to satisfy 1| < 2.4
and have transverse momentum greater than 30 GeV.

4.4.6 Jet selection

PF Jets are reconstructed using the AK4 algorithm, a jet-clustering proce-
dure that uses the anti-ky algorithm with a distance parameter of 0.4. We
accept jets that satisfy the PF loose identification criteria as provided by the
JetMET POG and have a Pr > 30 GeV. Jets are also required to be within
the fiducial region of the tracker (|n| < 2.4). Object cleaning is applied to
the jet collection, as described later.

4.4.7 Missing transverse energy

In our signal signature, the LSP escapes without being detected, which
leads to an imbalance in the transverse energy of the event. The missing
transverse energy [E}mss) is calculated as the negative vector sum of all the
reconstructed PF particles in the detector and is a measure of the energy of
the particles leaving the detector without depositing their energy.

Several corrections and filters are applied to the E{,l”ss . In our analysis,
we used E}mss with the Type-I correction applied as proposed by the JetMET
POG. This comes from propagating corrections to jet energies to the E%mss.

On top of the Type-I correction, the following EYTC”SS filters are applied to
data, to reject problematic events:

e Primary vertex filter

e CSC beam halo filter

¢ HBHE noise filter

¢ HBHEIiso noise filter

e ECAL trigger primitive filter
e ee badSC noise filter

e Bad PF muon filter

e Bad charged hadron filter

e Duplicate muons filter

Any event not passing the above filters is rejected.
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4.4.8 Object cleaning

To avoid double counting objects, the following set of object cleaning rules
are applied whenever two objects are found to be overlapping.

e Photons are rejected if they overlap with an electron in a cone with
AR < 0.3.

e Fakes are rejected if they overlap with a photon or electron in a cone
with AR < 0.4.

e Jets are rejected if they overlap with a photon, electron, or fake in a
cone with AR < 0.4.

The larger AR requirement for fakes arises from the fact that fakes are
primarily electromagnetically-rich jets. Therefore, we want to make sure
that nothing overlaps with fakes within AR < 0.4, the size of the radius of
a jet.

4.5 Photon selection efficiency

Due to the similarity between the detector response to electrons and pho-
tons, it is possible to use Z — ec events to measure the photon identification
efficiency via the tag-and-probe method. This efficiency is computed in both
data and simulation, and the ratio of the two efficiencies is referred to as
the scale factor.

For this analysis, the official scale factors calculated by the EGM POG
for Moriond 2017 were used

The scale factors from the EGM POG are calculated in bins of photon
Pr and 7. These are shown in Figure 4.5 along with the associated uncer-
tainties.

Rather than using the full map of scale factors shown in Figure 4.5, we
compute a weighted average over all photons passing our selection criteria
in each SUSY signal mass point. The average scale factors and uncertainties
are shown in Figure 4.6.

The final value used in the analysis was an average over the mass points
shown in Figure 4.6:

Photon Scale Factor = 1.002 £ 0.013 4.2)

Our prescription for photon identification is nearly identical to that for
electron identification, differing only by the presence or absence of a seed
track in the pixel detector. As a result, the efficiency of the pixel seed veto
for photons cannot be determined from the tag-and-probe method described
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Figure 4.5: Calculated scale factors (left) and uncertainties (right) in bins of
photon Pr and 7.
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Figure 4.6: Scale factors (left) and uncertainties (right) averaged over all
photons in each bin in the neutralino versus gluino mass plane.
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above, and must be obtained from photons in Z — p4pu_y events. Again
we use the official scale factor calculated by the EGM POG:

Pixel Seed Veto Scale Factor = 0.998 4+ 0.013 (4.3)

Since our candidate sample requires two photons in the final state, two
factors of both values are used.

4.6 Estimation of backgrounds

We select a vy candidate sample as described in the previous sections and
estimate the E:,WSS contribution from backgrounds in the high E%mss region
where we expect to see new physics. In this analysis we have two kinds
of backgrounds: the non-intrinsic EIWSS (QCD) background and the true-
E%”SS (EWK) background. For the QCD background, the E7Tm'53 comes from
instrumental and resolution effects whereas for the EWK background, the
E}}”SS comes from the neutrino(s) in the event.

4.6.1 QCD background estimation

To model the QCD background, two control samples—double electron (ee)
and double fake (f f)—are chosen as described in Section 4.4. As the statis-
tics are very different between the candidate sample and the control sam-
ples, the control samples are normalized to the ngms < 50GeV region of
the candidate sample, where there is minimal (less than 1%) signal contam-
ination. The EZ,W"SS distributions of these samples are also adjusted for the
difference in hadronic recoil arising from the different topologies between
the samples. The hadronic recoil is modeled by the vector sum of the Pr of
the two electromagnetic objects in the event. This variable is referred to as
the di-EM p7 of the event.

Di-EM pr reweighting

The di-EM Pr is defined as:
Pi=PM = pTy + pTa (4.4)

where p71 and p79 are the transverse momenta of the two electromagnetic
objects in the event. This variable is used as a measure of the hadronic
activity of these samples. The di-EM pr distributions for the control and the
candidate samples and the corresponding ratio plots are shown in Figure
4.7.



30 KE®PAANAIO 4. SUSY DIPHOTON PLUS E{,\f[ 1SS ANALYSIS

ee DIEMPt .
+___CMS Preliminary 35.8 fb
210 E
£ E
g %\ :
]
3 T ee
10 =
E ggDIEMPt
- Entries 83502
- Mean 22.95
2 RMS 21.27
10 1! -
E |___eeDEMPt |
- Entries 1161855
- Mean 12.42
RMS 16.68
10E
1E
e
@
3
8 T
100 200 300 400 500 600
DIEMP(GeV)
ff DIEMPt .
CMS preliminary 35.8 fb
2 E
Y "
w3
10 3
= ff
C ggDIEMPt
2 Entries 83502
10 E Mean 37.59
E RMS 4372
~ fIDIEMPt
- Entries 45370
10k Mean 21.93
= RMS 17.84
1
g f
107
J SS—— L . ‘ L
35E |
3E i \
= 25E e
=3 g
3 1sE ++++
05E
007 100 200 300 400

500 60
DIEMP(GeV)

Figure 4.7: Comparison of di-EM Pt distributions of vy and ee samples (left)
and yv and f f samples (right).

Any difference of scale in hadronic activity needs to be corrected. To
achieve this, the ee control sample is reweighted by the ratio of the candidate
di-EM p; to that of the ee sample. The same reweighting procedure for
ff sample was followed as well. A comparison of the unreweighted E:,"?”SS
distributions for the ee and f f control samples and the 7+ candidate sample
is shown in Figure 4.8. The comparison after the di-EM pr reweighting
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procedure is shown in Figure 4.9.
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Figure 4.8: ETT”“S distributions of the ee and ff control samples and the
7 candidate sample. The ee and f f distributions have been normalized to
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The error propagation from di — E M pr reweighting is described in later
sections.

Jet multiplicity reweighting

The difference in jet multiplicity between the candidate sample and the con-
trol samples can also affect the overall E}’”SS resolution of the background
estimation. For example, the energy resolution in an event where there are
three jets having a total Pr of 100 GeV will be worse than that of an event
where there is only one jet with Pr of 100 GeV. The jet multiplicity distri-
bution is shown in Figure 4.10. The jet multiplicity distributions for the
candidate and ff samples are similar, but the candidate and ee distribu-
tions are noticeably different. To extract any possible dependence between
the di — EMpr and the jet multiplicity of the ee sample, we plotted the jet
multiplicity versus di — EMpy. This plot is shown in Figure 4.11.
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Figure 4.10: Jet multiplicity distributions of the candidate, ee and f f sam-
ples.

To investigate the effect of jet multiplicity reweighting, we plotted the ee
E%”SS distribution reweighted by di — EMpr only and the ee E{,’?iss distri-
bution reweighted by the jet multiplicity in bins of di — EMpr. From Figure
4.12, one can see that the difference between them is small. Therefore, we
choose not to reweight by the jet multiplicity. Instead, we take the difference
between the two ee estimates (described at the beginning of this paragraph)
as a systematic uncertainty on our background prediction.
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Figure 4.11: v over ee jet multiplicity distribution ratio in bins of di-EM
pt.

Missing Transverse Energy

CMS Preliminary 3581 "
§2] =
§ —..""-.. ~ " Diempt reweighted
] - e
40* -
10 E . NJet vs Diempt reweighted
E e
- eeMetReweighted
= —— Entries 1185310
103 = Mean 26.06
E - RMS 15.71
- eeMetReweighted_NJet
= = Entries 1185310
10° |— Mean 26.43
g P RMS 16.25
10
1
° 24
5 22E
s 2F
YWo1sE
S 1'GE
g 13 P |
£ L e e i |
> 1
2 08
g osE-
[a) 0 50 100 150 200 250 300 350
N Met (GeV)

Figure 4.12: E:,TC”'SS distributions for the ee sample reweighted by di-EM pr
only and the ee sample reweighted by the 2D distribution of di — EMpr vs
jet multiplicity. The ratio plot shows the ratio of red points to green points.



34 KE®AAAIO 4. SUSY DIPHOTON PLUS E{,\f[ IS5 ANALYSIS
Subtraction of other contributions in the control samples

We choose our control samples such that they do not have any real E}”iss,
but there are other processes which may contaminate our control samples
that contain real E}”“’S. These other processes would influence our QCD
background estimation. The primary processes that have a noticeable effect
on the control samples are tt events where the top decays leptonically. This
will give two electrons and real E}mss (because of the neutrinos), which will

contaminate our ee control sample.

The possible contamination from ¢t events was checked in MC and
found to be non-negligible. Table 4.4 shows the percent contribution to
ech E7** bin in the signal region of the ee control sample.

Table 4.4: Contribution to the ee control sample from tt events

E}”iss bin (GeV) | Percent Contribution
100 — 115 25.3%
115 — 130 43.6%
130 — 150 54.4%
150 — 185 60.5%
185 — 250 43.8%
250 26.0%

Comparing the ff and cec control samples

We choose to model the candidate vy distribution with the ee and f f control
samples because they represent the two possible extremes for the sample
purity. The ee control sample can be used to give an estimate of the back-
ground coming from events where both of the objects categorized as photons
are actually electromagnetic objects. At the other extreme, the ff control
sample can be used to estimate the background in the case where both of
the photon objects are actually jets that have been misidentified as photons.

The estimate coming from the ee control sample is used as our pri-
mary background estimate, and the ff sample is used to determine the
systematic uncertainty from any differences in energy resolution dependent
on photon purity. To determine this systematic uncertainty, the tails of
both the ee and ff E?”SS distributions are fit to a function of the form
xPoeP1¥ pa. Figures 4.13 and 4.14 shows the fit results for each control
sample.
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is used to calculate the systematic uncertainty from the difference between
ee and ff. The final E;I”SS bin includes all events with E;l"ss > 250GeV,
but to calculate the systematic uncertainty for that bin, the integral from
250 to 350 GeV is used.
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Figure 4.14: Fit of Er}”iss tail for the ff control sample. The distribution
is fit to a function of the form 2P°eP1*"?ps. The integral of the function in
each bin is used to calculate the systematic uncertainty from the difference
between ee and ff. The final E:’}”SS bin includes all events with E:’F”'SS
> 250GeV, but to calculate the systematic uncertainty for that bin, the
integral from 250 to 350 GeV is used.
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The systematic uncertainty is then given by the difference between the
integrals of the fit functions over the width of the bin. Because the final bin
includes all events with EY’Z“'SS > 250 GeV, there is some ambiguity about
what interval to use to calculate the systematic uncertainty from the fits.
We choose to integrate from 250 GeV to 350 GeV in the last bin. This gives a
systematic uncertainty consistent with the ones assigned in the other E%iss
bins in the signal region.

4.6.2 Electroweak background estimation

The subdominant background for this analysis comes from electroweak
(EWK) events with inherent EITC”SS . The background is primarily W+ events
where the W decays to an electron and a neutrino. If the electron is misiden-
tified as a photon, we will end up getting events with two photons and
significant Egi”ss.

Determination of fake rate

To estimate the electroweak background, the rate at which electrons are
misidentified as photons f,._., needs to be measured. This is done using a
tag-and-probe method with Z—ee events.

The Z — ee invariant mass peak is plotted for two samples: a di-
electron (ee) sample and an ey sample containing events with one electron
and one photon. Both samples are collected using a single electron trigger,
and the tags are required to match with AR < 0.2 with an object satisfying
the HLT filter hitEle27erWPTightGsfTracklsoFilter.

The numbers of Z — ee events in the invariant mass peak of both
samples (N, and N,.) are found using an extended likelihood fit, where
the signal shape is modeled by second-order polynomials convolved with a
gaussian distribution with floating mean and width.

The number of observed Z — ee events in the ee mass spectrum is
given by N, = (1 — fe_w)zNZ where N7 is the true number of Z — ee
events. The number of events in the observed Z — ee peak in the ey mass
spectrum is given by Ne, = 2[fe—+(1 — fe—s,)]Nz. The factor of 2 comes
because we do not distinguish between ey events where the electron has a
higher Pr than the photon and vice versa. Solving for f._,, we get

fe%'y = Ne’y/(QNee + Ne'y) (4.5)

The fake rate was calculated in date as a function of various kinematic
variables, including the track multiplicity of the primary vertex, the vertex
multiplicity of the event, the probe’s 7;,;, value, and the EJ** in the event.
To cover all dependencies, a 30% systematic is assigned to the fake rate.
The final value used in the analysis is:

femsy = (2.67 £ 0.80)% (4.6)
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The background N, the fraction of N., that ends up in the candidate
7 sample, is then given by N, = fc_, N,

The estimated number of events from the electroweak background in
the E* > 100 GeV region is given in Table 4.5. The uncertainties include
both the statistical uncertainties and the systematic uncertainty from the
fake rate calculation.

Table 4.5: Estimation of the total EWK background for quu‘ss > 100 GeV.
The quoted uncertainties include the statistical uncertainty from the ey
E;f”ss distribution and the 30% uncertainty from the fake rate calculation.
Ej’f”ss bin (GeV) | Expected
100 — 115 8.33752%
115 — 130 5.617773
130 — 150 4.86712)
150 — 185 4097722
185 — 250 3.607 115
> 250 2.1475:09

4.6.3 Final estimation of backgrounds

After obtaining estimates for both the QCD and electroweak backgrounds,
we put them together in a stack plot and compare this to the candidate
Yy E?”SS distribution (Figure 4.15). The total numbers of expected and
observed events in the signal region are shown in Table 4.6.

Table 4.6: Expected and observed events for Ej’f”ss > 100 GeV
E}m'ss bin (GeV) | Expected | Observed
100 — 115 57.8473150 | Blinded
115130 | 21.8971322 | Blinded

130 — 150 16.627535 | Blinded
150 — 185 13.457717 | Blinded
185 — 250 11.707395 | Blinded

> 250 6.2772%% | Blinded

4.7 Sources of systematic uncertainty

The systematic uncertainties can be grouped into three categories: those
from the QCD background estimation, uncertainties from the EWK back-
ground estimation, and other sources of systematic uncertainties.
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Figure 4.15: Total estimated background.

4.7.1 Systematic uncertainties on QCD background estimation

The QCD background is made up of events that do not have true E}mss.
As described in Section 4.6, the QCD background estimation is determined
from a double electron (ee) sample. See Section 4.4 for details on how this
sample is defined. The background prediction from ee is referred to as
Nee. All of the uncertainties on N, are summarized for each ETWSS bin in
Table 4.7.

Systematic uncertainties on ¢ subtraction

There are several systematic uncertainties associated with the subtraction
of the tt contribution to the ee control sample. In addition to the uncertainty
arising from the limited MC statistics, we consider uncertainties from the
parton distribution functions, jet energy scale corrections, and the cross
section and matching efficiency.

Systematic uncertainties from di-EM pT reweighting procedure

One of the uncertainties on N, comes from the di-EM pT reweighting pro-
cedure. Recall that to correct for differences in hadronic activity in the
events, the E&l”ss distribution of the ee sample is reweighted by di-EM pT,
so that its di-EM pT spectrum matches that of the double photon candidate
sample. To propagate the uncertainty from the di-EM pT reweighting, we
generated a thousand different di-EM pT ratios where the value of each bin
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is obtained by varying the value of the same bin in the original di-EM pT
ratio using a Gaussian distribution. The sigma of the Gaussian distribution
is set equal to the statistical uncertainty of that bin. This way, we get new
central value for each di-EM pT ratio bin, but the statistical uncertainty
remains the same. We then reweighted the E:’}”SS distributions of the ee
control sample with the thousand generated di-EM pT ratios. Uncertainties
are then determined from the fluctuations in each E{}”ss bin using the 1000
new E&l“'ss plots obtained from the new di-EM pT ratio plots.

Another reweighting systematic in the QCD background estimation
comes from the effect of jet multiplicity reweighting. As described in Sec-
tion 4.6.1, because jet multiplicity reweighting has a small effect, we do not
reweight by the jet multiplicity. Instead, we take the difference between
the ee estimate that has been reweighted by di-EM pT only and the ee es-
timate reweighted by jet multiplicity in bins of di-EM pT as a systematic
uncertainty.

Systematic uncertainty from double fake control sample

By using the double electron control sample to estimate the QCD back-
ground, we are implicitly assuming that the QCD background is composed
entirely of true electromagnetic objects. This assumption is not necessarily
valid, as the QCD background could have a large contribution from jets
faking photons. In order to account for this difference in sample purity, we
also perform a background estimation using a double fake sample. This
estimation is performed in the same way as for the double electron sample.
The events are first reweighted by the ratio of the candidate double photon
di-EM pT to the ff di-EM pT. The reweighted EJ*¢ spectrum of the ff
control sample is then normalized to the E&?iss < 50 GeV region of the
candidate double photon sample.

This procedure gives us two estimates for the QCD background in each
bin of E%I”“. The estimate from the ee control sample (/V,.) is used as our
background prediction for the QCD background. The procedure to obtain
the systematic uncertainty coming from the shape difference between ee
and f f sample is described previously.

Table 4.7: Systematic and Statistical Uncertainties from QCD Background
Estimation

EZ¥8 bin (GeV) | QCD Estimate Stat. Diff. with ff | Nje TT Jet Di-EM pT
100-115 49.51 +2.16,-2.07 33.49 7.90 | +1.60, -1.53 0.29
115-130 16.28 +1.23,-1.14 13.93 3.35 | +1.24, -1.17 0.10
130-150 11.76 +1.04, -0.96 8.74 2.79 | +1.22, -1.14 0.08
150-185 9.37 +0.94, -0.85 6.60 1.76 | +1.25, -1.18 0.12
185-250 8.09 +0.96, -0.86 4.50 1.45 | +0.81, -0.73 0.09

> 250 4.13 +0.79, -0.66 2.38 1.08 | +0.43, -0.35 0.12
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4.7.2 Systematic uncertainty from EWK background estima-
tion

The primary uncertainty in the EWK background estimate comes from the
uncertainty in the extended likelihood fit used to calculate the fake rate.
The systematic uncertainty in each E}”iss bin is found by shifting the fake
rate up and down by its uncertainty and scaling the ey E{,l”ss distribution
by the altered fake rates. The difference between the estimates from the
two shifted fake rates gives the systematic uncertainty. The systematic
uncertainty is a constant 30% in each E&?iss bin.

4.8 Conclusions

A search for SUSY with general gauge mediation in events with two photons
and high missing transverse momentum has been reported. The analysis
uses data from proton-proton collisions collected at a center-of-mass energy
/s = 13TeV with the CMS detector in 2016, corresponding to an integrated
luminosity of 35.88 fb~ 1.

The final step of this study is the determination of limits on the gluino
pair production cross section, in order to be used together with NLO + NLL
cross section calculations to constrain the masses of gluinos and neutrali-
nos in the GGM framework. To achieve that we used data driven methods
based on control samples in data to etimate the two sourses of background
the QCD and EWK.



