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Abstract

The subject of this doctoral dissertation is the construction and phenomenological analysis of four-
dimensional non supersymmetric unified models in the framework of heterotic string theory. These
models are analysed using a dual approach, in which we employ both the free fermionic formulation as
well as the equivalent description in terms of orbifold compactifications in order to identify models whose
low energy phenomenology is consistent with a set of constraints. These include the absence of physical
tachyons, as well as the presence of chiral matter and scalar Higgs bosons needed to induce the required
gauge symmetry breaking.

In this context, supersymmetry is spontaneously broken via a stringy realisation of the Scherk—Schwarz
mechanism, implemented as a freely-acting Zs orbifold which includes an order-two shift along a compact
dimension coupled to the spacetime fermion parity. When supplemented with sufficient super no-scale
conditions, these models may exhibit a low scale of supersymmetry breaking of the order of a few TeV,
with a simultaneous exponential suppression of the cosmological constant in the large volume limit.

We present a detailed analysis of a class of models with a Pati-Salam gauge symmetry, in which the
worldsheet fermions parametrising the compactified dimensions are complex. We exhaustively scan the
parameter space of possible models, subjecting them to the aforementioned phenomenological conditions,
and explicitly calculate their one-loop effective potential using numerical methods. We then provide a
classification for those that satisfy all conditions based on their partition function and one-loop effective
potential. We present some specific models as examples. These include models with a positive effec-
tive potential, as well as a model in which gauge symmetry enhancement can be utilised to confine all
fractionally charged exotic fermions.

We then proceed with the analysis of a more realistic class of Pati-Salam vacua, in which we consider
all possible shifts in the internal directions, parametrised by real worldsheet fermions, which allows for
the construction of models with three generations of chiral matter. We perform a random two-stage scan
over a large part of the parameter space of models, identifying those with semi-realistic phenomenology
and classifying them based on their effective potential. In the analysis of the one-loop effective potential
of these models, we show that the Bose-Fermi degeneracy in the massless spectrum employed in the
literature as the super no-scale condition is necessary but not sufficient for the exponential suppression
of the cosmological constant. We present a three-generation model in which explicit calculations of the
effective potential highlight the power-law behaviour in the large volume regime.

We then provide a second condition to be imposed in parallel with massless Bose-Fermi degeneracy,
which we interpret as an additional degeneracy of massive bosons and fermions that become asymptot-
ically massless in the large volume regime. We provide an explicit example of a three generation model
with a positive semi-definite potential exhibiting the desired exponential suppression.






Extetopevn Ilepiindmn

H olyypovn guoixn €xel TporyUaTOTOMoEL AALATAOdY Briuato Teoodou, 1660 6To Yewentnd, 660 ot GTOo
TELPUUATIXG ETINEDO, UE AMOTERECUO TNV XATAOXEVT] VEWELWY Ol ontolec unopolV va Teplypdouv pe UeydAn
axp{Belor To puoLxd pouvéueva amd TNV LToaTouY) xAaxa, W To bpla TOL TapaTeioylou cluTavtoc. Méow
e KPBavuxne Oewplog Iedlov xar tng Ievinrc Oswploag tng LyeTixdTNTAC UTOPOVUE VO HEAETACOUPE TIG
1éooeplc VeeDBELS BUVAPELC TTOU BLETOLY TO GUUTAV.

To Kadepwuévo Ipbtuno amotehel v axpiBéotepn nepapotixd emPBeBorwuévn dewpla yioo Ty nept-
YUY TV YARUXTNPLO TIXWY Xl TV AAANAETLBEAoERY TKV VeUENWOOY cwUaTdiwy 0To utoaTowxd eninedo
%t ond v loyuer, Acev| xan Hiextpoporyvnuxr Advoun. Me tv avoxdiudn tou uroloviou Higgs otov
Meydho Emtoyuvth Adpoviwyv (LHC) tou CERN emfBeBaicydnxe xou n teheutaio evamouévousa npdfBied
Tou oyeTXd pe o audtdpunto ondowwo g Hiextpaotevolc cuupetplac xou tnv mpoéheuoy) tng Ualoc twv
pepoviwy. Hapdhinia, n npdopotn avoxdhudn twv BapuTixdy xupdtwy ot ThAien cuppevio pe Tic Yewpen-
wxéc mpoPhédec, emBePoiwoe i AN wor popd e 1 'evinr) Oewpla e Lyetindtntog elivon xatdAAnAn
yia TNV oxpl3) mepLypa ] Twv PapuTinedy dAANAETIORAcEWY OE UeYIAeS HAlUoxES.

IMopd Tic emtuyleg Toug duwe, ot 8Vo autée Yewplee mapapévouy acuuPifactec. H I'evixr) Oswpla tng
Syetwotnroag anotehel wa Kooy Oswpla Iledlou, 1 xBdvtworn tne omolag xatd tic ouvideic uedddoug
omoutel TNV ooy Y1) evog dmelpou aptdpod dpwv yia TNy eEAAELPN TwY AmEPOROY oTIC xBavTixég dlopdnoels,
xahoTtdvTag TRy un enavoxavovixomoioln. To Koatiepwpévo llpotuno ayvoel tig Paputixég arinieni-
dpdoelg, xadwe avtée avopévovial vo tatgouv onuavtixd pdro oe Tohd uPnhoTepes evépyeleg amd OTL elvon
dlardéowueg melpapotind, xovid ot xAipaxa Planck. H acupBatétnta petald twv 50o autdy dewptdy xou 1
avdyxrn e0peong evOC Véou YewpenTixol mAausiov und To onofo Yo uropoloay va evomointoly yiveton eupa-
Vg am6 to «mpofBinua e Koopohoyurc Xtadepdcy: O umohoyiopds tng evépyelog Tou XeEvoy, 6Tny omola
opelleTan 1 ETITAYVYOUEVT BLoG TOAY) Tou Glunavtog, pe Tic uedodoug tng KBavtixic Oewplag Iedlov, odnyet
ot anoteAéopata mou Eenepvoly TIC TUPATNENoELC xotd ToAEC TéEelc yeyédoug.

To Kadiepwpévo Ilpdtuno agprivel plar oelpd and onuovTind epeTRUAT avamdvInTo, YEYOVOE TOU UTo-
dewvieL TNV avdyxn enéxtaong tou. Koplo e€fynon yio v mpoéhevorn tng Lxotewnc Yang, n Unopén tng
omolag etvar avoryxador yior TNV eERYNOT TV XOUTVAGY TERLO TEOPNE TV YUAXELOV Xl TwV QoUVOUEVKY Bopu-
TIXOY goaxdv (gravitational lensing) dev nephopBavetan oto Kabepwpévo Ipdtuno. Lnuavtind epeythuoto
eniong eyelpel n peydhn drapopd petald tneg xhipaxoc Planck xow tg xhigoxog oty omolo ondet ) nhextpa-
oVevic ouupetpio, to enovoualduevo «mpofBinua tng tepapyiagy. Emmpdoldeta, n e€éMEn twv otadepdy
o0OCeuEng Twv aAAnAemdpdoewy Baduldag utodnidver Ty mdavoTnTa VuEEng Wag evepyetoig Xhipoxag
otny onolo ol otadepéc evomololvtar ot mhalota ploc avetepne ovudetelog Boduldac. H mopathipnon ta-
AvTOoEwy VETpivev anotehel cagy| tetpopatixy anddeln nwe 1o Kabdiepwuévo Ilpdtuno dev npocpépel uia
e EOVA TOV COUATIOLXMY IANAeTdpdoewy, xodde cuverdyeton un undevixéc udlec yia to vetpiva,
oe avtideon pe ™ Yewpntixh tedBred.

H evornoinon tne AcYevoic xou tne Hiextpopayvnuxhc adinienidpoaone oto mhaioto tou Kahepwpévou
IIpotimou, n onola mopaPLdleton o yaunhéc evépyeles, Edwoe T0 xivnteo Yiot TNV avalATNoT ENEXTACEDY
Tou oL ontoleg oe PeYdAes evepyelaxés xhipaxes e TEENC Twv 1016 GeV diénovton and Olepupéveg Vewpleg
Barbuidoc. Ye oployéves TEQITTOOELS, 0L GLUUPETPIEC aUTEC UTopolV Vo 0d1yTicouv oe evorolinoy tne loyverhc
xou e Hhextpaotevoic alhnheniSpoone ota mhaiota piog Meyahoevonompévne Ocwplac (Grand Unified
Theory, GUT). Ot Jewpiec autéc unopolv vo Tapéyouy anavTthoels oe avoixtd epwthipata tou Katepo-
uévou Ilpotinou, 6mwe 1 ¥PBdviwon tou niextexol @optiou. Iapdtl amotehel Baocixd otéy0 cbYyEOVLV
TELROUdTWY, U€pl ofuepa Sev €xoule Loyupés evdelZelc yia Ty Unopdn «Puourc népa and to Kadiepwuévo
IIpbtumoy.

Q¢ wo mdoavh Aon tou mpoPhuatog tne tepapyiog €xel mpotodel 1 unepouuueTpla (supersymmetry,
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SUSY), 1 onola anotelel enéxtaon tne oupuetplac Poincaré pe tnv eloaywyh gepulovixcdy Badudy eheuvde-
plag. H unepouyyetpla tpofrénel tn Unapln Leuydyv pnoloviwv-gepuioviwy ta onola epgpavilouy Toug (Bloug
xBavtixote aprduole. Ou ouvelogopéc Toug ot xBavtixéc doplnoels Pedywy ahknhoavoupoival, eEocpa-
ACovtag v euotddeio e Yewplag ywple Ty avdyxn Aentouepoic pliwone twv napauétpnv. Asdouévng
opwe e anovasiog tng emPefalwonc e ota oY YEOVA TEWRGUATA, EQY 1) UTEpGUUUETElA Elvor TEGYUATL HLal
ouppetplor Tou clunavtog, Yo meénet vo etvor plor onaouévn ouvupetela. Edv 1 xhipoxo tou onasiyoatog e
unepouupetelag elvon e tdéne twv uepxwv TeV, téte umopel enlong va 0dnyHoel oty evononon Twy ota-
Vepddv 00leving twv alknhemdpdoewy Baduidac. O oxpBhc unyoviowdc péow tou omolou Yo umopolce vo
emtevydel xdtL tétolo anotehel onpatind nedlo épeuvag. O unyavioude Scherk—Schwarz amotehel yia ehxu-
oY) emhoy | Xl emtuyydvel To addpUNTO OTEGIIO TG UTERCUUUETEIOG EXPETUAAELOUEVOS TNY Uapén
emnpoc¥eTV Do TACE®Y. Lo TPOTUTA Tal omtolo TEoxOTToLY, 1) xhipoxa onaciyatoc Tne unepouUPeTelag
oyeTlEToL UE UL AXTIVOL TOU ECWTEPIXOD YWEOU.

H Oewplo Xopdhv mapéyel éva evononmuévo mhaioto yia T cuumiipwaon tou Kotepwuévou Ilpotinou
oe umhotepeg evépyeleg, ouumepthauBdvovtag mapdhhnho xou TN BapltnTa.  Baoiletw otn unddeon o
10 Yepehliddec cuoTatind Tou clUTAVTOS SV elvol Xdmolo cwUaTidlo, oANE Eval EXTETAUEVO LOVOBLACTATO
avTixelyevo, 1 }opdn, ol SLdpopoL EMITEETOUEVOL TEOTOL TUAAVTIWGNE TN OTOl0C YEVVOUY Tl TUPATNRToULL
owpatidia xou ahknhemidpdoeic. H extetapévn @ion tne yopedric mapéyet évo puotxd xatihehl mou eunodilet
Tic anoxhioec oto unepiddec. IIépo amd v mopdn evde dualou Poputoviou (graviton) oto @doua e,
napéyovtag To mhalolo yia TN peAéTn g PoapltnTtag oto xBavtind eninedo, 1 Vewplo y0opddv emidelxviel
eEMUOTIXG. YopoXTNELO TG X UTopel Vo GUUTERLAEBEL TNV unepoLUPeTEld, EVE 1) AVEAUCT TV ETERK-
WOV Yopdhv odnyel oe Yewpleg ye extetapévn Yewplo Boduldag, ol onoleg unopolv va cugneptAdfBouy 1o
Kadepwuévo Ipbdtumno 1 yvwotéc Meyaloevonomuéveg Oewpleq.

H padnuatinry ouvéneio tne Yewplog yopdwy npobmotétel ty dnupsn emnpdodetnv dlactdoewy, népa
TWV TECOAPWY TOU €YOUUE ToPATNENTEL, Ol oTtoleg VewpodVTOL UXEES XOL CUUTAYOTONUEVES, MOTE va efval
oupPatéc pe Tic nopatnenoec. Iloapdtt otic 10 Biaotdoeic undpyouv ehdyloteg cuvenelc Yewpleg yoEdOY,
oL onofec cuvdéovtal Yéow cupPETEWOV dutopol (dualities), 7 cupmayonoinomn oTic téooepic dlaoTdoEL
odnyel oe évay tepdotio aptdud miavedy hAooewy. Ou hioelg autée eupavilouy SLPOPETIXG Y oEOXTNELOTIXG
o onoflot e€aptdvion amd TV axplPr] YEWUETPI TOL GUUTAYOTIONUEVOL YWPOU, YEYOVOS Tou Buoyepaivel
v e€aywyn ouyxexpévey Jewentndv tpoBiédeny. To yeyovog autd divel onuovtnd xiviteo yio
CUCTNUOTIXY AVAAUCY) UEYEAWY OXOYEVEWDY ADCEWV, UE OXOTO TNV ToEVOUNCY TOUG Yol TOV EVIOTOUS
TEOTUTWY ToL YOEUXTNEIOTIXA TwV onolwvy elvar cuyPatd ye to Kothepwuévo Ilpdtuno ¥ xdmoia yvwoty
Meyahoevonoinuévrn Oewpla.

Ewluoétepa oL tetpodidotates Yewplee mou mpoxUmtouy and CUUTOYOTOIOELS NS ETEPWTLXAC Y 0pdNCS,
UTopolV va 0dnyRoouy oe TpdTuTA To ontola Teptéyouy T cuppeTelo Boduldag Tou Kadiepwyuévou Ipotinou,
ot onolal EMTUYYAvETOL ETlong 1) evoroinoT twv otadepdv o0leving Twv ariniemidedoewy Baduidac. To
TpoTUTTA AUTA SlordéTouy ETtioNg YoEaXTNELOTIXG, OTwe eminpdoveTa unoldvio Baduidag xou eEwTind cwuotidia,
o omola Yo pmopoloay Vo avly VEUTOUY Ot Teé€yovTa 1 EAAOVTIXG elpdpata. Emniéov, xdie cupnoayonoinon
X0pdhY 0dNYEl OE Evay «OXOTEWVG TOUENY, TO YOEAXTNELOTIXG Tou ontolou Vo puropoloay vo e€nyricouy Thy
OmapEn tng oxotewvic VANC.

H unepovppetpla 010 Ywpdypovo dev elvan amopaltntn yior T cuvénela tng Yewploc yoedov. Ilupd to
yeyovog autd, 1 awvopevohoyla tne Yewplog yopdwy elye uéypl tpdopata emixevTpwiel GTIC UTEQCUUMETEIXES
X0pdEc, MapoTL Elyay evTomoTel Un UTERCLUUETEXES Vewpieg TOL amopEEOLY Amd TNV ETERWTIXT Y0EOT, X Mg
N UEAETN TV TeEheLTalwY Epyetal avTIWETWTY YE Wit oelpd and mpoPifuate. H amovoio duwe nelpapotindc
emBeBaiwone e unepouppetploc 6to LHC xardotd ebhoyrn tn HEAETH YN UTEQCUUUETEIXMOY TEOTUTWY Xol
v mpoonddeia enliluone Twv TpoBAnudtwy autdv. H avtetodniorn tou onaciuatog tng unepouuueTelog
o7o mhaioto e Yewplag yopdwv xodiotaton avaryxola Yo Tov utoloyloud xBovtixdy dlopdwoewy, ol onoleg
dEyovtan évay dmelpo apLipd GUVELTPORKOY, TOU CUUTEPLAUUBAVOUY XUTACTACELS Ywpelc avtioTolyn teplypopy
otn Yewpla nediou, 6mwe ol xataotdoeic neprtdMEne (winding modes).

‘Eva Baowd mpdBinua mou epgaviletor otic wn unepouuueteés Yewples yopdmv eivar 1 actdlela tou
xevol. To mpoPBinuo autd ogelheton ot Wn UNdevixy TWY TNg xoopohoywrc otadepdc oto eminedo tou
evog PBedyov, 1 omola odnyel oe yeydheg dopdnoeic mou oyetilovto pe to medio tou dilaton. IlaupdTi o
undevioude g xoouoloyic otadepdc oe Un UTEPCUMUETELXE TpdTuTa dev €yel emtevydel, To mEdBANnU
e aoTddelog Tou Xevol Umopel Vol avVTIUETWTLOTEL OE Uiot OUADA UN UTEQCUUUETEIXWOY CUUTAYOTOLCEWY Ol
omnoleg elvon oupPatéc ye to unyavioud Scherk—-Schwarz, npocapuocuévo ota mhalowo tng ewplag YoEdWY.
Ewwotepa ot tpdtuma tou epgavilouy (oo aprdud dualnmv urolovindy xat gepuiovixdy Badudv ehevieplog,
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o enovopaloueva “super no-scale” mpdtumna, emituyydvetal 1) exdeTiny Uelwon Tng xoouoloyixic otadepdc
Yio HEYSAES TWES TN axTivag cupnayononong.

Avuxelyevo yelétne tne napoloog dlatpifric anoTehoby Tal W) UTEPCUUUETEIXE EVOTOINUEVO TEHTUTA TTOU
amoppéouv and TNy etepwTny] Yewpla Yopddv. Aol avapepdolue emlypaupotixd oto Baod oTolyela Tou
Kodepwpévou Ipotimou xadde xou mdavée enextdoeic tou, 6nwe ot Meyohoevonowmuévee Oewpiec SO(10)
xon Pati-Salam, nopouoidloupe tov pnyoviopd Scherk—Schwarz. Xtn ocuvéyeia elodyoupe tic Booixée év-
voleg e pnoloviniic Yewplog yopdmv ot Twv Jewpldv LTEpY0pdHY, 0 UBEWIoUOS TV onolwy odnyel otny
etepwTiny) YopedY. Ilopoucidlovuye emione avVOAUTIXE TNV XUTAOXEUY TNG CUVAPTNONG ETUEPLOUOY, 1) omtola
anotehel onuoavTind epyoheio yior TNV avdhuon Uog.

Y ouvéyelo avolbouue v ehetlepn geppiovinf Yeperivwon (Free Fermionic Formulation, FFF), na-
pouoldlovTog X4moleg amd T BUVATOTNTES NG UECK TNG XATIYOPLOTOMONG TWV ETEPWTIXMY VEWPLWY OTIC
0éxa Slaotdoelc. Ewodyouye mapdhhnia tov @opuaiiopsd twv orbifolds to onola teplypdpouy Tic cupnayonol-
NoelC oTIC onolec emxevTpwvouaoTte. H ooduvouio twv 8uo Qopuahlou®y TapouoldleTal YEeNOULOTOLMVTAS
e Topddetypa pLot xatnyopla cuunayonojoewy pe cuupetpla Boduidac SO(10), v v onolo avolbouue
%o Tl BUoLXS POVOUEVOROYIXG YApaXTNELOTLX ToL OTtolor UEAETAE.

Xenowomoldvtag tautdypova TeXVIXES TG ehelepng pepplovinhc Yeyeliwong xou twv orbifolds avalrn-
TOUME TPOTUTIAL UE MUL-pEdAMo Ty gatvopevohoyio. 1lo cuyxexpiuéva, xatooxeudlouUe xol oVOADOUUE WULa
oudda ~ 10'3 potinwv pe ouppetplo Poduidoc Pati-Salam. Yto mpbtuna autd emBEAOUYE WL OELS. Te-
PLOPLOUY UE O%OTO TNV eE00@ANN WBLOTATWY OTwe 1 amoucio Tayvoviwy, 1 Orapn oto dualo @dopa T6oo
xewpbuoppwy (chiral) geppoviey, oo xou twv xatddhiniov unoloviewy Higgs yia to auddpunto ondowo
e ouppetplag Poduidoc, ue v napdhAnin anoucio eEWTIXOY PEPUIOVIY UE XAACHATIXG NAEXTEIXS PopTio
oe youniéc evépyetec. Anoutolpe enlone to avdopunto omdoo TS UTEPCUHUETEIOG HECL TOU UNYAVIOUOU
Scherk—Schwarz xou tnv towtdyeovn exdetiny yelwon e xoopohoynic otadepdc yio UeYSAeS TWES TN
oxTivag TOU EoKTEPLXOY YMpov. Meletdue Siegodxd 1 cuVEETNON ETWEPLOUOU XaL TO EVERYOS Buvaxd 010
eninedo evoc Bpoyou v GAEC TIC CUUTUYOTIOLACELS TIOU IXUVOTOLOUV TOL TOPOTAVG, X0l ToEOUGLULOUE (Lot
xatnyoplononon ue Bdomn to povopevohoyixd toug yoapoxtnelotixd. Ilapovoidlovue avoluTind cuyxexpt-
uéva mpoTuma T omola eppavilouy emuunTd yopuxTElo Td, OTwe YeTixd Suvouixd oTo eninedo Tou evog
Bedyou. Mapoucidlouvye enione to npdTo ToPddeLYpo 010 oTolo eTTLYYdvVETOL 0 Teploplodc (confinement)
v eEOTXOV pepuoviwy ot tpdtuno Pati-Salam.

Téhoc, EMXEVTPWVOUACTE OE Wiot opdda ~ 102 cuunayorofoewy 1 onola emnpdodeta and Tic mpoa-
vagepieioee cuvixeg umopel va eugavicel Teelg YeVEC pepioviny. Melettviag 10 evepyd duvoxd oTo
eninedo evig Bpodyou mapatneolue 6Tl 1 cuvRdNg cuv N expulloUol peta€ld uroloviwy xou PepUIoviwY
oto dualo @dopa tng Yewplag elvon ovoryxala AN oyt txavy) Yot Ty ex¥eTinn xoTao TOAY TNE XOOUOAOYLXAC
otodepdc. Ewodyouye pio véa suvihixn 1 onola tpénel va ixavonoleltan TopdhAnAa BOTE To TEOTUTA VoL EUPAL-
viCouv super no-scale yopaxtnpotixd. Ipaypatonoolue po Tuyaia avalATNOT OTOV TUPAUETEIXE YWEO TLV
TPOUVAPEPVEVTLV GUUTOYOTIOLAGEMY XoU TUEWVOUOUUE To TPOTUTOL TOU LXAVOTIOLOUY GAOUC TOUG TEPLOPLOHOVE
ue Bdomn to evepyd Suvauixd touc. Télog, mapouotdlovye avahuTxd éva CUYXEXPWEVO TEOTUTIO UE TEELS
veviéc pepuloviwy, JeTind evepyo duvopxs xat exVETIXN XAUToo TOAT] TNE XOOUOAOYLXNC o Tadepdc YLol UeYdheg
Tuég e axtivag cuunayonoinomng.
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Chapter 1

Introduction

In this introductory chapter we will briefly outline the Standard Model of particle physics, which provides
a high precision description of physics at the quantum regime, subject to decades of experimental scrutiny.
We will introduce its most important features and highlight some of the open questions that it leaves
unanswered, motivating the search for new physics. We will then present some proposed theories of
physics “Beyond the Standard Model”. Within the context of Grand Unification, we will outline the
S0O(10) and Pati-Salam schemes, the investigation of which in the framework of heterotic string theory
will be the main focus of this thesis. We will also introduce supersymmetry and present the Scherk—
Schwarz mechanism which can be used to spontaneously break it. Finally, we will provide the motivation
for the development of string theory, setting the stage for a more detailed presentation in the following
chapter.

1.1 The Standard Model of Particle Physics

The Standard Model of particle physics (SM) [5-7] is the product of decades of theoretical and experimen-
tal efforts to understand the natural phenomena that take place at the sub-atomic level. In a theoretical
framework encompassing Quantum Mechanics and Special Relativity, it provides a description of all
known elementary particles and determines the rules which govern their interactions under the Strong,
Weak and Electromagnetic forces. It has been tested to very high accuracy in various experiments over
the years [8], with the discovery [9,10] of the Higgs boson [11-14] at CERN confirming its last remaining
prediction regarding electroweak symmetry breaking.
The SM is based on the framework of a renormalisable Quantum Field Theory exhibiting an

SU(?))C X SU(Q)L X U(].)y (11)

gauge symmetry. In this framework, the elementary constituents of matter are organised into represen-
tations, based on their properties under gauge transformations. The SU(3)¢ symmetry encompasses
Quantum Chromodynamics, the theory that describes the Strong force. This force, mediated by 8 mass-
less gluon fields, divides fermions into quarks, which carry colour charge and transform as SU(3) triplets,
and leptons, which do not interact via the strong force, transforming as singlets. Gluons also carry colour
charge and therefore interact with one another. The complex pattern of interactions among quarks and
gluons gives rise to protons and neutrons, the basic building blocks of nuclei.

The SU(2)r, x U(1)y symmetry, formulated in terms of two quantum numbers termed weak isospin
and hypercharge, is mediated by four massless vector bosons, W23 and B. This symmetry is responsible
for the description of the Weak and Electromagnetic forces, which are unified in the framework of the SM.
Quarks and leptons come in left-handed and right-handed pairs. Left-handed fermions subject to Weak
interactions transform as SU(2)y doublets, while right-handed fields transform as singlets. Each fermion
also carries a hypercharge, which is fixed up to an overall scale factor by the requirement of anomaly
cancellation [15]. The electric charge is obtained by the linear combination of the third component of
weak isospin and hypercharge:

Q=Ts+Y. (1.2)
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Electroweak unification is only achieved at energy scales above ~ 100 GeV, below which spontaneous
symmetry breaking via the Higgs mechanism [11-14] occurs, leaving an unbroken U (1), symmetry cor-
responding to Quantum Electrodynamics. As a result of this symmetry breaking, three of the electroweak
gauge bosons acquire mass, providing the Weak gauge bosons W+ and Z, while one massless degree of
freedom, the photon, remains. In addition to the left-handed quarks, the weak interactions mediated by
W= and Z also involve the left-handed leptons, while right-handed fermions do not interact via the Weak
force. The theory of weak interactions thus only requires the existence of left-handed neutrinos. This
asymmetrical nature of the weak interactions, called chirality, is one of the defining features of the SM.

A remarkable feature of the SM is that each fermion representation has a triple degeneracy; quarks
and leptons come in three copies, called “generations”. All particles of a given representation exhibit
identical quantum numbers. The only exception to this is mass, with each subsequet generation being
more massive. Each particle is accompanied by an antimatter counterpart with equal mass but opposite
electric charge. The particle content of the SM is outlined in table 1.1.

Particles Representation
spin-1 Gluons: Gy G(8,1,0)

W bosons: wg W(1,3,0)

B boson: B, B,(1,1,0)
spin-1/2 | Quarks: (. (9, (D) | QB.2.1/6)

Anti-quarks: u®, ¢, t¢ u¢(3,1,-2/3)

de, s¢, b° d®(3,1,1/3)

Leptons: (50 (). (0 | Lt2,-1y2)

Anti-leptons: e, ut, ¢ e’(1,1,1)
spin-0 Higgs boson: H H(1,2,-1/2)

Table 1.1: Representations of all elementary particles under the Standard Model SU (3)cx SU(2), xU(1)y
gauge symmetry.

While gauge invariance prohibits the addition of any fermion mass term, this can be elegantly cir-
cumvented by the introduction of Yukawa couplings, describing the strength of the interaction between
fermions and the Higgs. The mass of each fermion is then proportional to the corresponding Yukawa
coupling, which can be determined experimentally. An exception to this are neutrinos. Since the Weak
interactions do not require right-handed neutrinos, the SM does not admit neutrino Yukawa couplings
and therefore predicts that they should be massless.

The Lagrangian describing the SM can be famously summarised in the compact form!:

L=-— EFWFW
+ i@ + h.c.
+ Yiyi; v H + h.c.
+|D,H? —=V(H) .

(1.3)

The first line corresponds to the kinetic terms of the gauge bosons. If we reintroduce all the suppressed
indices and express it explicitly in terms of the field strength tensors it takes the form:
1o 1g 1
RO WRZ I S G PRRET
A=1

a=1

(1.4)

1The SM Lagrangian also includes gauge-fixing and ghost terms, which are omitted here for simplicity.
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where G4 W and B* correspond to the SU(3), SU(2) and U(1) factors respectively:

Gi, = 0,G) = 0,Gyy — g3 fAPCGRGE
Wi, = 0,W = 9,W — goe® WIW | (1.5)
B,, =3,B, —d,B,

Here, g3 and g9 are the gauge couplings of the strong and weak interactions, while f45¢ and €* are the
totally antisymmetric structure constants of SU(3) and SU(2).

The second line comprises the fermionic fields, which obey the massless Dirac equation. The full
covariant derivative, having restored all relevant indices reads:

Dy, =0, —igsfsGiT" —igobw WiT* —igyY B, (1.6)

where gy is the gauge coupling of the hypercharge component and T4, T® denote the generators of the
non-abelian gauge factors. The constants fg y vanish when a state is a singlet under the corresponding
gauge group and are equal to unity when the transformation is non-trivial.

The third line consists of the allowed Yukawa couplings mixing left-handed and right-handed fermions
with the Higgs field, which notably does not involve neutrinos:

3
- Z YHQ! (iooH™) Z YAQIH"dS — Y YELIH €S + hec. (1.7)

4,j=1 4,j=1 ,j=1

where Yi?’d’e are 3 X 3 matrices which are related to the fermion masses.
Finally, the last line contains the kinetic term of the Higgs, as well as its potential which takes the
form:

V(H) = —p2HTH + )\(HTH) (1.8)

illustrated in figure 1.1, where p is the Higgs mass and A is the Higgs self-coupling. This potential is
invariant under the SU(2);, x U(1)y transformations, but its ground state is not. The Higgs potential
exhibits a set of minima, which lead to the spontaneous symmetry breaking of SU(2), xU(1)y — U(1)em
when the Higgs field acquires a non-vanishing vacuum expectation value (vev):

<0|H|0>:\}§(8> , U= “; (1.9)



Chapter 1 — Introduction

Im H

Figure 1.1: Illustration of the Higgs potential leading to spontaneous symmetry breaking.

1.2 Physics Beyond the Standard Model

Despite its remarkable theoretical success and steadfast consistency with experimental data, the Stan-
dard Model is ultimately unsatisfying as a fundamental theory of nature, due to arguments arising from
experimental, observational, theoretical and philosophical points of view. First of all, while the SM makes
outstanding predictions about the interactions of elementary particles, these only cover three out of the
four fundamental forces of nature. The first and foremost issue therefore is that the SM completely
ignores the gravitational force.

The most successful gravitational theory to date on the other hand, General Relativity, is equally
successful at describing gravity at large scales, under the assumption that other forces are negligible.
It is a classical theory whose quantisation using the standard methods is rendered impossible due to
its non-renormalisable nature. The quantisation of gravity is one of the most important open problems
physics is faced with and the main hurdle in our attempts to derive a unified theory of all interactions.

This apparent fundamental incompatibility between the SM and GR has spawned one of the most in-
famous discrepancies in theoretical physics calculations, regarding the value of the cosmological constant
responsible for the accelerated expansion of the universe. Calculating the vacuum-to-vacuum amplitude
using the standard techniques of QFT results in a value that overshoots the upper bound set by obser-
vations [16,17] by as many as 120 orders of magnitude [18-21]. This “cosmological constant problem”
highlights the need for a new theoretical framework, in which the SM and GR can be reconciled.

Moreover, the SM fails to provide an explanation for the existence of Dark Matter, needed to ac-
count for observed cosmological phenomena such as galactic rotational curves [22-25] and gravitational
lensing [26-29]. Unable to incorporate Dark Matter and Dark Energy within its framework, the SM is
thus a highly accurate theory which cannot, however, account for ~ 95% of the energy content of our
universe [30]. Even within the ~ 5% that it does describe, however, certain issues have appeared. As
mentioned previously, the SM predicts massless left-handed neutrinos with no right-handed counterparts.
The observational confirmation of neutrino oscillations [31-38], a process in which neutrinos seemingly
swap their flavour eigenstates, implies that they do have mass, resulting in the first experimentally veri-
fied indication that “Physics Beyond the Standard Model” is needed. One possible theory that generates
masses for the neutrinos is the see-saw mechanism [39-42], in which a sterile neutrino is introduced.
Adding right-handed neutrinos (v°) then allows for gauge invariant neutrino Yukawa couplings, similar
to those of the other fermions. A Majorana term can also be added to the Lagrangian, setting the scale
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for the right-handed neutrino mass:

3
. 1
— Y YYLI(iopH S + SViMpvj + he. (1.10)
ij=1
Another unexplained phenomenon within the SM is the apparent non-violation of CP symmetry by the
strong interactions. The most general QCD Lagrangian includes the term

2 8 B
055" ao, o (1.11)

2
327 o

which violates the CP symmetry [43,44]. Experimental measurements of the electric dipole moment of the
neutron [45], which can be related to 6 [46], pose stringent constraints which require 6 to be very close, if
not equal, to zero. The SM lacks a mechanism that would account for this without fine-tuning, leading to
the “strong CP problem”, which has important cosmological consequences, as CP violation is needed to
explain the matter-antimatter asymmetry of the universe [47-49]. A possible solution is the introduction
of an additional global U(1) symmetry, termed Peccei-Quinn symmetry [50,51]. In this framework, ¢
is promoted to a dynamical field, whose potential is minimized when § = 0. This additional symmetry
involves pseudoscalar Axion particles [52,53], which also function as Dark Matter candidates [54,55].

Furthermore, the SM does not offer an explanation for the apparent quantisation of electric charge.
Given that the proton and electron have charges of equal absolute value, Q, = —Q. = e, while the
neutron is electrically neutral, the charges of the up and down quarks must be g4 = —%qu = —%e. In this
case, the absolute values of the electric charges of all known elementary particles are integer multiples of
the down quark charge, though this appears to be accidental within the framework of the SM.

An additional limitation of the SM is the dependency on many ad-hoc parameters which cannot
be determined theoretically. These parameters are the gauge couplings, the Yukawa couplings which
result in fermion masses, the values of the CKM matrix [56,57], 6, and the Higgs potential. Once
experimentally measured, incorporating the values of these parameters in SM calculations does lead to a
very accurate description of sub-atomic phenomena, but the mechanism by which they obtain their values
remains unknown. In this light, while the addition of new particles and interactions can solve some of
the open problems of the SM, it also introduces additional parameters which need to be experimentally
determined.

The existence of physics beyond the SM is also strongly suggested by the “running of the gauge
couplings”. Gauge couplings are sensitive to the energy scale at which they are measured and the
extrapolation of their behaviour to high energies of order ~ 10'6 GeV hints at the possibility of gauge
coupling unification, which is however narrowly avoided in the SM, as depicted in figure 1.2. Modifications
of the SM in which the gauge couplings are unified are then highly motivated, as they could lead to a
unified description of the Strong and Electroweak interactions, analogous to the unification of the Weak
and Electromagnetic forces within the SM itself.
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Figure 1.2: Running of the SM gauge couplings. Figure adapted from [8].

Additionally, the hierarchy problem [58-60] emerging from the existence of two independent energy
scales within the SM, them being the Planck scale, M,,, and the electroweak scale, Mgy, which differ by
many orders of magnitude, also needs to be addressed. The Higgs mass, in particular, is not protected
by any symmetry and is therefore sensitive to radiative corrections which should drive its mass to high
energy scales. This calls for a mechanism taming the quantum corrections, in order to avoid fine-tuning.

The self-consistency of the SM also appears to come under question by the results of recent experiments
concerning the anomalous magnetic moment of the muon [61,62] and the mass of the W boson [63]. Should
these deviations from the theoretical prediction persist, they are an indication that the SM is incomplete
and in need of revision.

As a final motivating factor towards searches for new physics, we resort to some philosophical musings
regarding the gauge symmetry and fermion generations. The SM provides no insight as to why our
universe appears to be governed by an SU(3)c x SU(2)r, x U(1)y gauge symmetry rather than a simpler
one at low energies. Given the existence of the appropriately labeled “exceptional” symmetries, the fact
that subatomic physics involve the infinite family of SU(N) for no apparent reason seems unsatisfying.
Likewise, the SM includes three generations of fermions, with no explanation as to why this specific
number is chosen.

In light of the aforementioned shortcomings, the modern view of the SM is to interpret it as an Effective
Field Theory: an approximate description of a more fundamental underlying theory. This approximation
is valid up to an energy scale A, beyond which the SM breaks down and the full fundamental theory is
needed for an accurate description of physics. What this underlying theory is exactly is not yet clear,
with many possible avenues being considered, attempting to resolve the deficiencies outlined above by
considering new particles, new interactions, or more unified frameworks.

1.2.1 Grand Unified Theories

Grand Unified Theories (GUT) are rooted in the observation that low energy physics need not respect
the symmetries present at higher energy scales. This is already apparent in the SM, where at energies
below the electroweak scale the SU(2)r x U(1)y gauge symmetry is broken. Extrapolating from this, an
argument can be made that at higher energy scales the gauge symmetry is enlarged, potentially allowing
for the unification of the strong and electroweak forces. This unification may offer better insight on
the hypercharge assignment, charge quantisation, as well as the apparent asymmetries inherent in the
SM, by the presence of a more fundamental symmetry giving rise to the SM at lower energies. Such
attempts were first considered shortly after the formulation of the SM and over the years many different
unification schemes have been proposed [64-72]. Unfortunately, no experimental observation has yet
uncovered evidence of such new physics, and the search for a successful GUT continues. In this section,
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we will briefly present the two GUT symmetries that will be relevant to this thesis: SO(10) and Pati—
Salam models.

Pati—Salam Models

The Pati-Salam model [64] was historically the first attempt at unification beyond the SM. While the
underlying symmetry is still a product of three gauge groups, thus not realising gauge coupling unification,
it does achieve a unification among quarks and leptons, while also restoring the left-right symmetry which
was explicitly broken in the SM. The unification of quarks and leptons is accomplished by reinterpreting
the lepton number not as an additional quantum number, but rather as a fourth colour charge, promoting
the colour symmetry of QCD to SU(4). In addition to this, the introduction of a right-handed isospin
symmetry, SU(2)g, which incorporates right-handed neutrinos, naturally predicts neutrino mass, in line
with observations. This framework, governed by the gauge symmetry SU(4) x SU(2)r, x SU(2)g, is
considered to be valid at high energy scales, with the SM recovered at low energies by the spontaneous
symmetry breaking of SU(4) to SU(3)c x U(1)p—y, concurrent with the SU(2)gr x U(1)g—r. — U(1)y
breaking which must occur at some energy scale sufficiently higher than the electroweak scale. The
spontaneous breaking of the SU(2);, x SU(2)r symmetry then offers an explanation for parity violation
which the SM lacks. The SM hypercharge is identified as a linear combination of the (B — L) quantum
number and the diagonal generator Tsg of SU(2)g.

In this scheme, all SM fermions with the addition of right-handed neutrinos can be accommodated in
two representations, transforming as colour (anti-)quadruplets, and as doublets under SU(2)y,/p:

Fr(4,2,1) = Q(3,2,1/6) + L(1,2,-1/2) ,

_ _ _ 1.12
Fr(4,1,2) =u®(3,1,-2/3) +d°(3,1,1/3) + €°(1,1,1) + v°(1,1,0) . (1-12)

The SM Higgs boson is accommodated in a bi-doublet representation
h(1,2,2) = H,(1,2,1/2) + Hq(1,2,-1/2) (1.13)

and the coupling F; F ph generates fermion masses.

In order to realise the spontaneous symmetry breaking needed to recover the SM at low energy scales,
an additional “heavy” Higgs boson is required. In the original construction by Pati and Salam [64],
spontaneous symmetry breaking was achieved by giving a vev to the neutral component of a scalar
in the adjoint representation. An alternative choice [73] employs the representation H(4,1,2). This
modification of the original construction is what Pati-Salam models formulated in heterotic string theory
employ, as the level K = 1 Kat—Moody algebra of the string worldsheet does not contain scalars in the
adjoint representation [74].

SO(10) Models

The Pati-Salam SU(4) x SU(2) 1 x SU(2) g symmetry is isomorphic to SO(6) x SO(4), which can naturally
be embedded in SO(10) [66,75]. This symmetry allows for the unification among matter particles to go
one step further: SO(10) is the simplest gauge symmetry that can accommodate an entire fermion
generation, including right-handed neutrinos, in a single representation: the spinorial 16. In addition
to this, all representations of SO(10) in d = 4 dimensions are anomaly free, which could provide an
explanation for the anomaly cancellation inherent in each generation of the SM. The SM Higgs boson is
placed in the vectorial 10 representation, accompanied by additional SM triplets:

10 =(1,2,1/2) +(1,2,-1/2) + (3,1,—-1/3) + (3,1,1/3) . (1.14)

The SO(10) symmetry can be broken to the SM in various ways, by implementing a combination of
scalars in either 45 or 54 representations, along with a pair of either 16 and 16 or 126 and 126 [66]. A
non-zero vev of a Higgs in the 54 breaks SO(10) to the Pati-Salam subgroup, SU(4) x SU(2)r, x SU(2)g.
The spinorial representations 16 and 16 can be seen to decompose to the Pati-Salam representations:

16 = F(4,2,1) + Fr(4,1,2)

o (1.15)
16 = F(4,2,1) + Fr(4,1,2) ,
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while the SM Higgs boson in the vectorial 10 representation, produces a bi-doublet and a colour sextet:
10 =h(1,2,2)+ D(6,1,1) . (1.16)

Choosing instead the 45, breaks SO(10) to either SU(5), flipped SU(5), SU(4) x SU(2) x U(1), SU(3) x
SU(2)r x SU(2)g or SU(3) x SU(2)r x U(1)%. Giving a vev to either 16 and 16 or 126 and 126 breaks
S0O(10) to SU(5), while a combination of both 45/54 and 16 +16/126 + 126 breaks SO(10) to the SM.

The stringy realisations of SO(10) we introduce in chapter 4 and employ as intermediate setups in
later chapters are limited to the case of unbroken SO(10), as the level k = 1 Ka¢-Moody algebra does not
admit massless scalars in the 45, 54, 126 or 126 representations. Nevertheless, these models are useful
both as a way of introducing the necessary notation and defining the plan of our analysis in a simplified
framework, as well as identifying some key phenomenological features of the more realistic Pati-Salam
models which will be our main focus in chapters 5 and 6.

1.2.2 Supersymmetry

In addition to considering enlarged gauge symmetries in which it is embedded, another way of expanding
the SM is by investigating extensions of the Poincaré symmetry via the introduction of fermionic degrees
of freedom [76]. The resulting spacetime symmetry that arises, supersymmetry, provides a mapping
between particles whose spin differs by a half-integer. This provides a connection between bosons and
fermions which are paired up into supermultiplets, essentially yielding a unification of matter and forces.
Supersymmetry implies the existence of a partner for each SM particle, identical in all of its properties
with the exception of spin. The additional particle content dictated by supersymmetry is precisely the
kind of “new physics” needed to realise gauge coupling unification, as figure 1.3 shows.

MSSM: my=M,=2 TeV, Ag=0, tanp=30

60 l . .
2
50 ¢ S og |
~ 30t N
=
20 r I 1
10F 1
O | SOFTSLIJSY362
0 5 10 15
log4(Q/GeV)

Figure 1.3: Running of the gauge couplings in the Minimal Supersymmetric Standard Model (MSSM) [77].
Figure adapted from [8].

In the presence of supersymmetry, fermionic and bosonic contributions to quantum corrections cancel
against one another, stabilising the Higgs mass and thus offering a solution to the hierarchy problem by
protecting the vacuum from large radiative corrections. This cancellation also applies to the vacuum-
to-vacuum amplitude, predicting an exactly vanishing value for the cosmological constant. Furthermore,
while supersymmetry can function as a global symmetry, gauged supersymmetry has even more appeal-
ing characteristics, as it provides the framework for the unification of particle physics and gravity in the
framework of supergravity theories [78-80]. By implementing supersymmetry within the framework of
GUT we can therefore obtain models in which the hierarchy and cosmological constant problems are
naturally resolved, gauge coupling unification can be achieved and Dark Matter candidates are present
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in the spectrum.

Despite being a very appealing option due to the elegant way in which it resolves many of the issues
inherent in the SM, the main argument against supersymmetry is the complete absence of experimental
evidence supporting it, despite it being the focus of many experimental searches [81-83]. If supersymme-
try were a property of nature, then the masses of bosons and their fermion partners should be degenerate,
which is clearly not what we observe. Since we have not detected any superpartners, supersymmetry,
if present at all, must be a broken symmetry. Furthermore, in order to preserve the solutions to the
hierarchy and cosmological constant problems, supersymmetry must be broken at a low energy scale of
the order of a few TeV [84-86].

Identifying the precise mechanism driving supersymmetry breaking is a complicated task, which is
beyond the scope of this thesis. For the purposes of this work, we will restrict the discussion to the
spontaneous breaking of supersymmetry via the Scherk—Schwarz mechanism [87,88], which takes advan-
tage of compactified dimensions. In its simplest field theory form, the Scherk—Schwarz mechanism can
be interpreted as a generalisation of Kaluza—Klein compactifications [89,90]. Consider the simplest case
of a D + 1 dimensional theory containing a scalar field ¢ described by a Lagrangian which is invariant
with respect to a global symmetry ). For the sake of simplicity, we will assume that @ is diagonal and
the charge of a state under @ is q. By compactifying the extra dimension into a circle of radius R, we
obtain a theory living on an M P x S* manifold. The scalar ¢ will then be periodic along the compactified
direction, up to a phase factor related to Q:

¢(at,y +2mR) = e (at,y) , (1.17)

implying that ¢ can be expanded in terms of Fourier modes:

p(at,y) = WP " e/ R, (g1 . (1.18)

nez

Consider now the kinetic term in the Lagrangian:

1
Lyin = §8M¢3M¢, (1.19)
where M = 0,1,...,D. If we substitute the Fourier expansion of ¢ we obtain the following:
e 1 M — 1 Iz Y — 1 Iz _ 1 i 4q ? 42
Lin = 50" 60016 = 5 (9" 00,6 + "60,0) = 50 60,0 27%32 <n+ 2) o2 . (1.20)

From a D-dimensional point of view, the degrees of freedom associated with the extra dimension appear
as an infinite number of massive particles. The mass of this tower of states is given by:

2 1 q\?
m? = = (n+ 5) . (1.21)
This tower of states is shifted compared to the standard Kaluza—Klein form mgx = n/R, by a factor
proportional to the charge under ). Taking @ to be the identity matrix, or equivalently setting ¢ = 0
recovers the Kaluza—Klein theory.

Now consider a more general case, in which the Lagrangian is a function of multiple fields ¢; that
have an SO(N) rotational symmetry. Assuming that all fields have the same charge under the global
symmetry @, we obtain the mass formula of equation (1.21) for all of them and the SO(N) symmetry
remains. We can generalize this even further by assuming that the charges under @ differ for each field
¢, so the boundary conditions read:

di(xh, y + 27 R) = ™% ¢ (xH, y) . (1.22)

This results in a very elegant way of spontaneously breaking the SO(N) symmetry: each tower of KK
modes (including their zero modes) has different mass levels, dictated by the charges ¢;. As the mass
shifts differ among the fields, the SO(N) rotations no longer leave the Lagrangian invariant.

The ability of Scherk—Schwarz compactifications to spontaneously break symmetries can also be ex-
ploited to break supersymmetry. This can be achieved by identifying the spacetime fermion number as
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the operator (). Different boundary conditions are thus assigned to states within a supermultiplet which
no longer have equal masses, as the mass shifts now differ between superpartners. In such constructions,
the supersymmetry breaking scale is naturally set at ms/3 ~ 1/R and can in principle be dynamically
determined by the theory [2,3,91]. We note that the spectrum of the theory is non supersymmetric at
all energy scales. These constructions therefore differ from theories predicting supersymmetry at high
energy scales, as there is no continuous transformation that transitions between a supersymmetric and
non supersymmetric phase. Supersymmetry is only restored in the higher-dimensional theory obtained
when the compactification radius becomes infinite.

The Scherk—Schwarz mechanism can be generalised in the framework of string theory, in the form of
coordinate dependent compactifications [92-96]. This method of spontaneous supersymmetry breaking
will be employed throughout this thesis to obtain non supersymmetric constructions, in which the operator
(—=1)¥, where F is the spacetime fermion number is coupled to a freely-acting orbifold on an internal
circle. The exact implementation of these momentum shifts in the internal lattice is presented in chapter
3 and showcased in the context of four-dimensional SO(10) toy models in chapter 4, while concrete
applications in four-dimensional heterotic Pati-Salam models are the focus of chapters 5 and 6.

1.3 String Theory

The need for a unified framework in which the SM and GR can be combined without inconsistencies has
brought string theory to the forefront. String theory is based on the hypothesis that the fundamental
building blocks of our universe are not point-like, but rather extended one-dimensional objects called
strings, whose different vibration modes produce the observed spectrum of particles and interactions. In
this framework, we can obtain consistent theories with only one parameter: the string tension, which can
be associated with the Planck scale.

While originally intended as a theory that would explain the interactions between hadrons, string
theory quickly fell out of favour when QCD emerged as a successful framework for studying the Strong
force, only to resurface as a much more ambitious theory potentially unifying all interactions. Seminal
results in early string theory research include the discovery of a massless graviton in its spectrum [97,98],
the incorporation of supersymmetry eliminating all tachyons [99], the cancellation of all anomalies [100],
and the discovery of heterotic strings [101-103], with gauge symmetries that could accommodate the SM
within well-studied GUT frameworks. The unification of the five supersymmetric string theories under
the umbrella of M-theory [104] further implied a common background for all model-building attempts,
in contrast with the infinite possibilities within field theory.

There is, however, one significant problem in string model building. In order to be consistent, the
superstring theories require 10 spacetime dimensions, which is in conflict with the (3, 1)-dimensional sig-
nature of the observable universe. In order to overcome this problem, the six extra dimensions must be
compactified. In going from the critical 10 dimensions to four, the uniqueness of the superstring theories
gives way to the string landscape: an immense number of possible vacua arise [105], with wildly different
characteristics that depend on the exact geometry of the compactified space.

Spacetime supersymmetry is not a necessary ingredient for consistent string theory models, as shown
in the SO(16) x SO(16) heterotic theory [106,107]. String phenomenology, however, tended to focus
on supersymmetric vacua, under the assumption that supersymmetry breaking can be tackled at a later
stage, in the framework of a low-energy EFT. In the context of heterotic string theory, various N = 1
supersymmetric vacua showing promising phenomenology were identified, including models with flipped-
SU(5) [108-110], Pati-Salam [111,112], and SM-like gauge symmetries [113]. Given the fact that a
comprehensive study of all solutions is impossible, numerous classification attempts have been carried
out [114-120], seeking to scan large regions of the parameter space of possible vacua and identify those
whose low energy phenomenology resembles that of the SM.

The ongoing failure to detect evidence supporting supersymmetry in modern experiments, however,
motivates the investigation of non supersymmetric strings. The investigation of supersymmetry breaking
within the full string theory context is made necessary by the need to accurately account for quantum
corrections, which are sensitive to the entire tower of string states, including those with no field theory
analogue such as winding modes.

Non supersymmetric strings have received attention over the years [93-96,121-133], though their de-
tailed analysis has been hindered by a series of issues that arise in addition to the ones supersymmetric
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strings are already facing. Besides the possibility of tachyonic excitations, non supersymmetric construc-
tions typically predict large values for the vacuum energy, thus reintroducing the cosmological constant
problem, as well as leading to dilaton tadpoles signaling instabilities [134,135]. While a non-vanishing
one-loop cosmological constant appears to be inevitable [136], conditions ensuring it can be exponentially
suppressed have been identified [137-140] and used in the construction of models with interesting impli-
cations [2,91,141-146].

In addition to the above, in the absence of supersymmetry the theory is faced with the decompact-
ification problem: the large volume limit of the theory either predicts very small values for the gauge
couplings, or a divergence growing linearly with the compactification volume. In the latter case, the
theory exhibits strong coupling, rendering the perturbative approach invalid. Possible ways to avoid this
have been considered [147,148], while recent research proposes the reinterpretation of decompactification
as a selection rule for realistic vacua rather than a problem [143].

In this thesis, we will focus on the analysis and classification of a specific family of non supersymmet-
ric string vacua with Pati-Salam gauge symmetry realised as orbifold compactifications of the heterotic
string [2]. These models will be subjected to a series of phenomenological conditions ensuring that they
lead to semi-realistic predictions of low energy phenomena including chirality, spontaneous symmetry
breaking and an exponentially suppressed cosmological constant. We will then concentrate on a particu-
lar class of vacua capable of generating three fermion generations [3] and explore the moduli dependence
of the vacuum energy at the one-loop level, identifying models in which the large volume regime exhibits
exponentially suppressed values.

1.4 Thesis Outline

The structure of the thesis is as follows: In chapter 2, we present a brief introduction to the framework
of string theory. We summarise the main features of the bosonic string, as well as the superstring, the
two ingredients needed for the construction of 10 dimensional heterotic strings. Chapter 3 focuses on
the generalisation of heterotic string constructions to D < 10 dimensions. We present the framework of
the free fermionic formulation, highlighting its features in the classification of 10-dimensional heterotic
string theories. We also briefly remark on the finiteness properties of string theory in the absence of
supersymmetry. We conclude the chapter by introducing orbifold compactifications and provide explicit
formulas for the toroidal lattices parametrising the compactified space. In chapter 4, we highlight the
process by which we construct our models using a class of vacua with SO(10) gauge symmetry as an
example. We introduce some of the phenomenological aspects of these vacua that will be relevant to our
further analysis. Chapter 5, based on [2], is focused on the detailed analysis of models with a Pati-Salam
gauge symmetry. We detail the massless particle spectrum of these models, as well as all possible tachyonic
states. We then apply a series of constraints to reveal phenomenologically appealing solutions and classify
them based on the behaviour of their one-loop effective potential. We conclude the chapter by presenting
some explicit model constructions with interesting phenomenological characteristics. In chapter 6 we
generalise the previous models by allowing for all possible shifts in the internal directions. This allows us
to search for solutions with more appealing phenomenology, at the cost of losing the ability to exhaustively
scan the parameter space of solutions. The requirements imposed in order to obtain models with three
fermion generations reveal the need for more strict conditions for the exponential suppression of the
cosmological constant [3], which we derive and apply in our search for semi-realistic vacua. We present
the results of our analysis, as well as an example of a super no-scale model with three fermion generations.
Finally, in chapter 7, we summarise our work, discuss the results, and present options for possible avenues
of further analysis in the future.

11



Chapter 2

A Brief Introduction to String
Theory

In this chapter, we will introduce the basic ideas behind string theory, establishing the theoretical back-
ground upon which the rest of the thesis will rest. This is, of course a vast topic whose detailed pre-
sentation has been the scope of numerous textbooks [149-155]. In this work, however, we will be very
concise, only covering the most crucial elements. Throughout this thesis, we will focus on closed strings,
leaving aside the possibilities offered by open string constructions, as heterotic string theories which are
the main focus of this work are described purely in terms of closed string modes.

We will first introduce the bosonic string, highlighting its most salient features and discuss the issues
which arise when the theory is quantised. We will then present the supersymmetric RNS string, in which
some of these deficiencies are alleviated. Subsequently, we will outline the hybrid approach in which these
two theories are combined into the heterotic string which appears promising from a phenomenological
perspective. Finally, we will focus on the various components entering the string partition function, a
tool which will be of great use to our analysis in the following chapters.

2.1 The Bosonic String

Our starting point is the simplest theory describing strings: the bosonic string. The basic principle behind
string theory is the promotion of the fundamental building blocks of nature from particles to extended
objects, strings, which propagate in a D-dimensional spacetime. In a straightforward generalisation of a
particle’s worldline, a string covers a two-dimensional worldsheet as it propagates, as depicted in figure
2.1. The embedding of this worldsheet in the target spacetime is then described by a set of scalar fields
X*(o,7), parametrised by two coordinates 0 = o, 0! = 7 which can be interpreted as the continuous
set of all points along the string (o) and the proper time for each such point (7) respectively. These
parameters do not correspond to any observable and therefore any consistent string theory must be

invariant under the reparametrisations:

o = f%o) =0" and hap(o) = 350 5P Jo(a) . (2.1)
Closed strings are then defined by the boundary conditions:
X*(o,7) = X*(o +2m,7), o € (0,27] . (2.2)

12
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X0 X0
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Figure 2.1: Left: the worldline of a particle. Right: the cylindrical worldsheet of a propagating closed
string.

2.1.1 Action and Equations of Motion

By analogy with a relativistic particle moving along a geodesic, the Nambu-Goto action [156,157] de-
scribing a string will extremise the area of its worldsheet. Defining the induced metric

9xk ox”
Yo = Oo® OoP My

describing the pullback of the flat metric on Minkowski space, the action is given by:

S = —T/ d?cy\/—dety , (2.4)
)

where T is the string tension, which is related to the string length and Regge slope parameter:

7= 1, —aa. (2.5)

2ma’’

The Nambu-Goto action can alternatively be written in a more explicit form:

S = —T/ d%\/(X SX")2 - X2X72 (2.6)
b
where ax 8%
X=" and X' = —— (2.7)
or do

and the scalar product is defined as ' )
X X' =n,XrX". (2.8)

While the Nambu—Goto action has a clear physical interpretation, describing the area of the worldsheet,
the square root present in the action is problematic when quantisation of the theory is considered and
an alternative description is required. Taking advantage of their equivalence at the classical level, we can
reformulate the theory in terms of the string sigma model, or Polyakov action [158-160]:

T
S = —5 /deO'\/ —hhaﬂaaX'uaﬁxynuu- <29)

In addition to the reparametrisation invariance which, as mentioned, is necessary for the consistency of
the theory, the Polyakov action is also invariant under the Poincaré transformations:

OXH =wlXY +a* and 6h™P =0, (2.10)

13
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as well as Weyl transformations:
has — €®hap and 0X* =0. (2.11)
Reparametrisations and Weyl transformations are local symmetries and can be utilised in order to simplify

the Polyakov action. In the conformal gauge, hog can be reduced to the flat worldsheet metric 1,4, in
which case the action simplifies to:

T
S = —g/dzaaaX”aaX”nW , (2.12)
where the two equations of motion amount to a free wave equation for X*:
0,0 XH* =0, (2.13)

and the vanishing of the stress-energy tensor, given by:

21 45
T /=F 6hoB

whose components are given by:

1
Taﬁ = = nﬂuaaX"@gX” - 577&[377757]#V87XN85XV ) (214)

Too=Tw=X-X'=0,
1. (2.15)
Too =Ti = 5 (X2+X/2) —0.

In order to solve the equations of motion, it is convenient to introduce the light-cone coordinates on
the worldsheet: o =7+ 0, 04 = %(87 + 0,). The wave-equation in light-cone coordinates then takes
the form: 0,0_X* = 0 and the general solution can be decomposed into a sum of left-moving and
right-moving waves:

Xt(o,1)=XG(r—0)+ X[ (T+0). (2.16)

In the case of the closed string, these waves can expanded in Fourier modes as follows:

1 1 ' 1 ,
Xh=zal+ ilgp“(T —o)+ %ls Z ﬁage_m"(“”) ,

: n#0
1 1 i 1 (2.17)
X = 5:5” + Elgp“(T +o0)+ §ls Z Edﬁe_z’"(”") ,
n#0

where x# and p* are the position and momentum of the string’s center of mass. The requirement that
X1 and Xy are real implies that z* and p* must also be real, while positive and negative modes must
be conjugate to each other:

o, = ()" and a&", = (ab)*. (2.18)

The vanishing of the stress-energy tensor then implies:
T++ - 8+XH8+XM == 0 5
T__=0_X"0_X,=0, (2.19)
T+7 = T,+ = 0 .

After expanding the stress-energy tensor in terms of Fourier modes, we obtain:

T = 26% Z Lm672im(‘rfo') ’

- (2.20)
T++ — 265 Z ime—Qim(T—i-a) ,

m=—0oo
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where the Fourier coefficients are given by the Virasoro generators:

1 &
Lm:§ Z Am—n * Gn

n=—oo

= (2.21)
L = 3 n;@ Gmn - Gn »
and in the classical theory satisfy the condition
Lyy=Ln=0 YmeZ. (2.22)

2.1.2 Quantisation

In order to extract physical predictions from the theory, we need to quantise it and analyse the physical
states it contains. There are three different approaches to the quantisation of the string: Canonical (or
Covariant) quantisation, light-cone quantisation and BRST quantisation [161-164].

The covariant quantisation approach consists of promoting all fields X* to operators, finding the
corresponding canonical momenta P* = TX* and imposing the commutation relations

[X*(o,7), PY (0, 7)] = in"6(0 — o) ,

N . R . (2.23)
[X*(o,7),X"(c',7)] = [P*(0,7), P"(c',7)] =0,
which then imply the following commutation relations for the Fourier modes x#, p*, a# and a#:
[xu,pv] =,
H, 2’ = [p*,p’] =0,
| V] [Zi p~]u » (2.24)
[aﬁu an] = [al;l’ an] = mn# 6m+n,0 5
[agw &n] =0.
By redefining a# and a’ as
1
Uy = ﬁa% and  af = ﬁaﬁm ) (2.25)
we recover the commutation relations of the harmonic oscillator
[ab | a,”lT] = [ak, d,”f] =" 0mtn,0 - (2.26)

We can now define the ground state of the theory, |0), as the state annihilated by all lowering operators:
ak 10y =a* |0y =0, m>0 (2.27)

and construct the Hilbert space of states by acting on the ground state with the creation operators a/.
A generic state @ carrying momentum k* is then generated by:

&) = atitall . akrT |0 k), (2.28)

where k is the eigenvalue of the momentum operator p*.
Upon quantization, the Virasoro modes defined in (2.21) are promoted to operators, subject to normal
ordering:

Lm—% i D Qp—nlp *
) . o (2.29)
m=3 n;@ T
where we define .
Ly = %ag + ;7; SA_pQp t . (2.30)
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These can be shown to satisfy the Virasoro algebra [151]:

(Lms Lo) = (m = n) Lo g + ~=m(m?

B — 1)0m—4n,0 » (2.31)

m(m
where c is the central charge or conformal anomaly, leading to the loss of conformal invariance when the
last term is non-zero.
The vanishing of the stress-energy tensor can now be expressed as a series of constraints on the
physical states of the theory: }
(Lo — Lo) |®) =0,

Ly |®) =Ly |®) =0, m >0, (2.32)
(Lo —a)|®) = (Lo —a)|®) =0,

where a is a yet undetermined constant arising due to the normal ordering ambiguity of Ly and L.

A critical issue that arises when trying to quantize the bosonic string in this manner is the appearance
of states with negative norm, signaling a breakdown of unitarity. Consider, for example, the state
|p) = a% |0), whose norm is:

(¢l6) = (0l ap,ay! [0) = —(0]0) . (2.33)

Such states can be eliminated from the spectrum in the canonical quantisation scheme when the conditions

a=1 and D =26 (2.34)

are satisfied [153]. The critical bosonic string thus lives in D = 26 dimensions.

The residual diffeomorphism symmetries of the bosonic string theory which are present even after
choosing a gauge such that the space-time metric h*? becomes Minkowskian, allow for the possibility
of an additional gauge choice. This presents another approach to string quantisation. By utilising the
light-cone gauge, it is possible to construct a Hilbert space that is manifestly free of negative-norm states
and explicitly solve the Virasoro conditions instead of imposing them as constraints. After introducing

light-cone coordinates:
1

X+ = (X4 xP-1) 2.35
7 ) (235)
the D space-time coordinates X* consist of the null coordinates X* and the D — 2 transverse coordinates
X*. The space-time coordinates still satisfy the two dimensional wave equation, decomposing into a sum
of left and right-movers. The light-cone gauge uses the residual freedom described above to make the
choice:
X6, 7)=a" +12ptT, (2.36)
which corresponds to setting ;b = 0 for all n # 0, eliminating the oscillator modes of X . The modes
of X~ can be determined by solving the Virasoro constraints:

(X+£X)?=0, (2.37)

which in the light-cone gauge take the form:

X x- =1 (X + (X’)i)2 . (2.38)
213p*

This pair of equations can be used to solve for X~ in terms of X?. The light-cone gauge therefore allows
the elimination of both X+ and X, except for their zero modes, and the description of the theory
in terms of the transverse oscillators. In doing this, however, the manifest Lorentz invariance of the
theory is lost. In this case, the conformal anomaly manifests as a Lorentz anomaly, which needs to be
eliminated [153].

The commutation relations obtained in the light-cone gauge are similar to (2.24) and (2.26) and
the ground state and physical states are obtained in the same manner as (2.27) and (2.28). In this
case, however, the Hilbert space is positive definite and the theory is free of negative norm states. The
downside to this approach is that manifest Lorentz invariance is lost and its presence must be imposed
as a condition. This constrains the parameters a and D, once again leading to the critical bosonic string,
in D = 26 dimensions, where a =1 [149].
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Having fixed the values of a and D we can proceed with the determination of the string spectrum.
The spectrum of closed string states is made up of tensor products of the left and right-movers, whose

masses satisfying the mass-shell condition M7 = M3 = —p,p" can be cast in the form:
o/ M? = 4(N —1) = 4(N — 1), (2.39)
where
D—-2 ~ D—-2 ~
N = al,-al, and N=Y">"a' -a, (2.40)
i=1 n=1 i=1 n=1

subject to the level-matching condition
N=N. (2.41)

The ground state of the closed string spectrum, |0, k), defined by N = N=0,isa tachyon with mass
o' M? = —4.

At the N = 1 level, there are states of the form |Q”> = a',a’ | |0,k) corresponding to the tensor
product of two massless vectors. The symmetric, traceless part of ’Qij > transforms under SO(24) as
a massless spin-two particle, the graviton. The discovery of a massless graviton in the bosonic string
spectrum was a major milestone in the development of string theory, implying that it can incorporate
a quantum theory of gravity [97,98]. The trace term 0;; ’Qij > is a massless scalar called the dilaton.
The antisymmetric part ‘Qij > - |Q“> transforms under SO(24) as an antisymmetric second rank tensor
(Kalb-Ramond two-form). The rest of the string spectrum consists of bosonic states of increasing mass,
obtained by taking N > 1.

In summary, the quantisation of the bosonic string may be approached in various ways, each with its
advantages and drawbacks. In the canonical quantisation, the theory is manifestly Lorentz invariant yet
contains negative norm states and identifying the physical spectrum is difficult. Light-cone quantisation
on the other hand is free of negative norm states and physical states are easily identified, but at the cost of
losing manifest Lorentz invariance. In addition to these, there is a third approach, BRST quantisation, in
which the Polyakov action is modified by the addition of fermionic ghost and gauge fixing terms, leading
to a manifestly Lorentz invariant theory with unphysical states which must be eliminated. A detailed
derivation of the BRST approach can be found in [150,151,153].

2.2 The Superstring

The bosonic string theory described above contains no fermions in its spectrum, and thus cannot possibly
provide a realistic description of nature. In addition to that, the presence of a tachyon in the physical
spectrum indicates an instability of the vacuum. Both of these problems can be solved by introducing
fermionic fields on the string worldsheet. At the technical level, the introduction of fermions can be
achieved in two ways: the Ramond-Neveau-Schwarz formalism [165-167], which requires worldsheet
supersymmetry, and the Green—Schwarz formalism [168-171], which involves spacetime supersymmetry
in a ten-dimensional Minkowski background. In this work, we will make use of the RNS formalism, in
which the bosonic fields X#(7,0) are paired with fermionic partners ¢¥*(7,0). These fermions are two
component spinors on the string worldsheet that transform as vectors with respect to spacetime.

2.2.1 Action and Equations of Motion

After adding d free massless Majorana spinors ¥* (7, o) to the bosonic theory, the action, in the conformal
gauge, reads:

1 _
S = 5 /dQU(aaX“a"‘X# + P p*0ay) (2.42)

where 1* = (¥")Tip?, and p® are the 2 dimensional Dirac matrices, which can be defined as:
0 -1 0 1
p°=<1 0 ) pl:(l 0), {p%, 0} = 20" (2.43)
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In the light-cone coordinate system, the action describing the two component Majorana spinors

n
()

The resulting equation of motion is the Dirac equation, which splits into separate equations for left-moving
and right-moving waves:

Sp=1 / Po (0 + VD) - (244)

a+¢— :07
a—¢+ 207

where we have suppressed the spacetime indices.

The timelike spinors 1° would, in similar fashion to the bosonic string, lead to states with negative
norm, requiring the presence of a symmetry in order to be eliminated. Superstring theory does possess
such a symmetry: the super-reparametrisation invariance of the string worldsheet. In addition to Poincaré
invariance, the action of equation (2.42) is invariant under the infinitesimal transformations:

(2.45)

OXH = et |
f (2.46)
OYH = p0,XHte
where € = Z_ ) is a constant infinitesimal Majorana spinor. The supersymmetry transformations
+

then take the form:
SXP = (et — eyl
St = —20_X"ey (2.47)
&Z_Ji =20, X"e_ .

The RNS string possesses two conserved currents, corresponding to the global symmetries. The stress-
energy tensor, arising from the translational symmetries, is given by:

1- 1-
Top = 0 X"05X,, + iw“paagw” + zw“pﬁ&ﬂ/}“ — (trace) , (2.48)
while the conserved current associated with supersymmetry is:
o4 1 B Iz
T = =5 (070" u) 4 0 X" (2.49)
In light-cone coordinates we have:

i
iy = 0. X0 XV 4 S0

i
To = 0-X,0- X"+ S920 -4y, (2.50)
T+* = T*+ =0 3
Jr =950+ X,
which satisfy the constraints: 0_Jy = 0+J_ = 0_T4 = 0.1 _ = 0. However, upon quantisation, the

superconformal symmetry imposes even more strict constraints on the stress-energy tensor and supercur-
rent:

Jy=J =Ty, =T _=0. (2.51)

By considering variations of the fermionic fields 14 the action can be shown to be stationary if the
equations of motion are satisfied and the boundary term

=T

o5 ~ [ dr(wssvy —v-dv.) (2.52)

o=
o=0
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vanishes. The periodicity conditions in this case are: ¥(o,7) = +¢(0 + 7,7) and can be imposed on
the left-movers and right-movers separately. The periodic Ramond boundary conditions imply the mode

expansions:
no_ § w,—2in(t—o)
wf - dn € ’

nez

er _ Z dze—%n(r—i—a') ,

nez

(2.53)

for the left-moving and right-moving fermions respectively, while anti-periodic Neveu—-Schwarz conditions
lead to the expansions:

w,t_t _ Z b7/:¢672ir(770) ’
reZ+1/2
He S e, o
reZ+1/2
where d¥, d" b* and b* satisfy:
", =dit
", =dit,
ot (2.55)
b=t

The independent choice of boundary conditions for left-movers and right-movers then leads to four distinct
sectors, labeled R-R, NS-NS, R-NS and NS-R.

2.2.2 Quantisation

In order to quantise the theory, we promote both X* and ¥* to operators and complement the commu-
tation relations for the bosonic modes (2.26) with the corresponding anti-commutation relations for the
fermions. These are:

{bﬁfv bg} = {Bﬁfv 5?} = nNV(STJrs,(] ,

{de,ds}y = {d",d’} = 0" 6,150 , (2.56)
(o1, ds} = {br, ds} = {b",d%} = {b,d5} = 0.

We can then define the ground state of the R and NS sectors as being annihilated by both the bosonic
and fermionic lowering operators:

ak [0)p=dh 10), =0, m>0,

al |0y yg = b 10)yg =0, m,r>0. (2:57)
The full spectrum is obtained by acting on the ground states with the bosonic and fermionic creation
operators. In the NS sector, the ground state is unique and corresponds to a spin-0 state in spacetime.
All states constructed in the NS sector will then also be spacetime bosons, since all oscillators transform
as spacetime vectors. The R sector ground state, on the other hand, is a spin-1/2 spacetime spinor, which
is degenerate, since the dfj creation operators act on the vacuum without changing its mass. Moreover,
the algebra they satisfy is identical to the Dirac algebra:

{dy,dg} =", (2.58)
allowing the expression of the degenerate states as:

1

V2

where I'* is a matrix representation of dy, with spinor indices «, 5. States constructed by acting on this
vacuum with oscillators will give rise to spacetime fermions.

dgy |ev) Ihs18), (2.59)
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Similarly to the bosonic string, we can expand the stress-energy tensor and supercurrent in terms of
Fourier modes and obtain the super-Virasoro generators. In addition to the bosonic modes introduced in
(2.29), we now also have fermionic modes, given by:

1
=2 ¥ (M@);b_r.bmr:, mez,

T€Z+1/2 2 (2 60)
{ .
L%):§Z<n+%>:d_n~dm+n:,mGZ,
nez

with similar expressions for i%). The Fourier modes of the supercurrent in the R and NS sectors are

given by:

\/i " ino
Fm - 7 . doe J+ = ZO(_n . dm+n (261)
and Y
2 (7 -
G, = 7 . da,ezroJ+ = Za—n : b7"+n . (262)

The algebra satisfied by the Fourier modes of the stress-energy tensor and supercurrent also depend
on the sector. In the R sector, the set X{L, L, F, F} forms the super-Virasoro algebra defined by the
(anti-)commutation relations:

D
[Lma Ln] = (m - n)Lm-i-n + §m36m+n,0 ,
Ly Fo] = (5 =) Pt (2.63)
D 2
{Fm7 Fn} = 2Lm+n + 5m 6m+n,0 5

while the NS sector super-Virasoro algebra is given by:

D
[Lm; Ln] = (m — n)Lm_;,_n + g’ﬂ’l(?’n2 — 1)6m+n70 5

m
[Lim, G| = (5 - T) Gm+r (2.64)
D 1
{GT,GS} = 2Lr+s + 5 <r2 _ 4) 6T+S70 .

The super-Virasoro constraints can then be expressed as conditions on the physical states. In addition
to the level-matching condition ~
(Lo — Lo) |®) =0, (2.65)

in the R sector, these include:
Fo|®)=0, n=0,
L, |?)=0, m>0, (2.66)
(Lo —ar)|®) =0,

with the zero-modes

(2.67)
. 1 .
L) = a3+ N,
defined in terms of the number operators:
Ngr = Zafn'an'i_zndfn'dn;
et et (2.68)

o) o0
Ngr = Z&—n G+ an—n “dp )
n=1 n=1
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The corresponding NS sector conditions are:

G.|®)=0, r>0,
Ln|®) =0, m>0, (2.69)
(Lo —ans) @) =0,

with number operators:

NNS:iafn'an'i_ i rbfr'bra
n=1

- e (2.70)
Nyg = Za,n-anJr Z rb_, - by .
n=1 r=1/2

These conditions imply that the mass of a state is given by o/ M? = NR,NS —ar,Nns = Nr,Ns — GR,NS»
where ap yg are constants that allow a normal-ordering ambiguity. In order for negative norm states to
decouple from our theory the constants ar and a g must take the values:

1
ar=0 and ayg= 3 (2.71)

in D = 10 dimensions [153].
As was the case in the bosonic theory, it is convenient to use the residual symmetries to go to the
light-cone gauge, where:
Xt(6,7) =t +2ptr (2.72)
and
Y(o,7) =0. (2.73)

The coordinate X —, as well as 1/~ are not independent degrees of freedom in the light-cone gauge, and the
spectrum of physical excitations is obtained by the action of transverse bosonic and fermionic oscillators.
Given that ag = 0, the mass for a state in the R sector is given by:

o M? = Z a' ,al +nd_ d . (2.74)
n=1

The ground state is defined by the action of the annihilation operators,
ol [05k) p =dl |05k) , =0, n>0, (2.75)

in addition to the condition
g [0s k), =0, (2.76)

which is equivalent to the massless Dirac equation [152]. This ground state is degenerate, as mentioned
earlier, since the zero-modes satisfy the ten-dimensional Dirac algebra. The combination of the Dirac
equation and the fact that worldsheet fermions are constrained by both Majorana and Weyl conditions
reduce the number of independent components to 8 and the ground state transforms as a spinor of SO(8).
The excited states are then obtained by the action of either a bosonic or a fermionic oscillator. In either
case, the states comprise a tensor product of two spacetime vectors and are therefore massive spacetime
fermions.
In the NS sector, ays = 1/2, and the mass is given by:

/ 2 7 i 7 A
a M* = 7;_1 a_,Qy, + T_El/z Tb—r T 5 : (277)

The ground state is obtained by solving:

ay, [0; k)ns = by 0;k)ys =0, n,r>0, (2.78)
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as well as 4
ag |05 k) yg = V2o'KH |03 k) N g (2.79)

and its mass can be read from (2.77) to be o’/ M? = —1/2. The theory is thus still plagued by tachyons,
which we will need to eliminate from the spectrum. The first excited state can be obtained by acting on
the ground state with both a left-moving and a right-moving oscillator. While we have the option of both
bosonic and fermionic modes, the first excitation corresponds to the oscillator with lowest frequency, in
which case the states are: B

bl_1/2b]71/2 |07 kli> ’ (280)

transforming as spacetime vectors.

2.2.3 The GSO Projection and Type II superstrings

The string spectrum outlined above leads to an inconsistent theory, since the ground state of the NS
sector is tachyonic. Moreover, while fermions are now present in addition to bosons, the spacetime
spectrum is not supersymmetric, as is evident by the absence of a massless gravitino. The spectrum is
also inconsistent with respect to the worldsheet modular invariance and is therefore not protected against
global anomalies. These issues can all be resolved by a careful truncation of the spectrum, accomplished
by the application of the Gliozzi-Scherk—Olive (GSO) projection [99] on physical states, such that:

V) = Paso [¥) - (2.81)
The NS sector GSO projection is given by:
1
Paso = 5 [1-(=DF], (2.82)

where F' is the worldsheet fermion number operator, counting the number of b-oscillator excitations:
o0
F= b, -b. (2.83)
r=1/2

In the R sector, the GSO projection is modified by introducing I';1, the ten-dimensional analogue of the
Dirac 5 matrix:

1
P+caso = 3 1+Tu(-1)"], (2.84)
with the fermion number operator:
F=>Yd,-d. (2.85)
n=1

The GSO projection then effectively acts as spacetime chirality, with I'1; projecting fermions with either
positive or negative chirality:
Tyt = £t (2.86)

While this definition for the GSO projection may seem arbitrary, it is well motivated by the requirement
for the theory to be invariant under modular transformations at the one-loop and two-loop level. We will
return to this in more detail in a later part of this chapter where we will analyse the partition function
of the string and derive the conditions that ensure modular invariance. We note here that the result of
the GSO projection is the elimination of the NS sector tachyon, as well as the enforcement of spacetime
supersymimetry.

The choice of G-parity in the R sector leads to two distinct theories: In type IIB theory, the left-moving
and right-moving R sector ground states have the same chirality, which can be taken to be positive, while
in type ITA theory they have opposite chiralities. The massless spectrum of the type ITA and IIB theories
consists of the following states:

B r® g >

bL1/210) ys ® bj—1/2 0) s
[E)r® bi—1/2 0 ns
b 1/2 10 ns © [H)g

(2.87)
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where |+) , denotes the chirality of the R sector ground state.

The R-R sector contains the tensor product of two Majorana—Weyl spinors, with either the same
(IIB) or opposite (ITA) chiralities. In the type ITA theory, these states correspond to a vector field and a
three-form, while in IIB these are a two-form gauge field and a four-form gauge field with self-dual field
strength. The NS-NS spectrum is identical in the two theories, giving rise to a rank two tensor which
decomposes into the graviton, dilaton, and Kalb-Ramond two-form. Finally, each of the R-NS and NS-R
sectors contains a spin-1/2 dilatino and a spin-3/2 gravitino.

2.2.4 Heterotic string theories

The introduction of fermions on the string worldsheet in conjunction with the GSO projection resulted in
the elimination of the tachyon and the appearance of fermionic states in the string spectrum, alleviating
the two major deficiencies of the bosonic string and leading to a consistent quantised theory which
includes gravity. The type II theories, however, fail to realise a framework in which the SM can be
accommodated, as they only admit a U(1) gauge symmetry. In addition to that, the presence of unbroken
N = 2 supersymmetry excludes the possibility of chirality.

A more careful consideration of the possibilities offered by the decoupling of bosonic and fermionic
worldsheet degrees of freedom into independent left-moving and right-moving components, however, pro-
vides a framework in which both of the aforementioned issues can be tackled. A hybrid approach to the
construction of supersymmetric strings can be realised, in which the left-moving degrees of freedom of
the 10-dimensional superstring and the right-moving degrees of freedom of the 26-dimensional bosonic
string are combined into a heterotic string [101-103]. In this case, the left-movers carry the supersymme-
try charges corresponding to A" = 1 supersymmetry, while the right-movers carry gauge currents. The
critical dimension in this case remains D = 10, with the 16 additional bosonic degrees of freedom on the
right-moving part interpreted as internal degrees of freedom. In order to ensure the absence of tachyons,
a GSO projection must also be imposed.

The heterotic string is the only pertrubative theory of closed strings which admits extended gauge
symmetries, large enough to accommodate the Standard Model'. More specifically, the consistency
conditions required by anomaly cancellation allow for 10-dimensional heterotic superstrings with either
SO(32) or Eg x Eg gauge symmetry [100].

There are two equivalent ways to construct the heterotic string: the fermionic and bosonic construc-
tions. In the bosonic construction, the heterotic string is obtained by compactifying 16 dimensions of
the bosonic theory on a torus described by a Lorentzian, even, self-dual lattice of dimension 16 [152].
In the fermionic construction, by taking advantage of the correspondence between bosons and fermions
in the 2-dimensional conformal field theory of the string worldsheet [154], the 16 additional degrees of
freedom of the bosonic string are instead interpreted as a set of 32 real fermionic fields, labeled A 4, which
propagate freely on the string worldsheet. These, together with the 10 left and right-moving bosonic
degrees of freedom, as well as the 10 left-moving fermions of the superstring, can be described by the
action:

32
S = % / d%(zmxﬂa_){ﬂ RO iy )\A8+>\A> . (2.88)
A=1

For the left-moving modes, there is a world-sheet supersymmetry defined by the transformations:
OXH =deypt |

St = —2ed_ X" . (2:89)

The worldsheet action of (2.88) has a manifest SO(32) symmetry that rotates the A fermions into each
other. As long as all of these fermions have the same boundary conditions, this will give rise to a local
S0O(32) gauge symmetry in spacetime.

The super-Virasoro conditions introduced in the previous section continue to hold for the left-moving
modes of the heterotic string, which satisfy similar constraints to those of type II superstrings, giving
rise to a Ramond and a Neveu—Schwarz sector. In the NS sector, the conditions:

G |®) =Ly |®)=0 , rm>0, (2.90)

IType I superstring theory, which contains both open and closed strings, admits an SO(32) gauge symmetry. In this
work, however, we will only consider theories of closed strings.
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are imposed to obtain on-shell physical states and the mass formula is given by:

(Lo - ) @) = ( 82 + N — ) ) =0, (2.91)

where

NL—Za nt Oy + Z rb_, (2.92)

r=1/2
In the R sector, on-shell states are identified by:
Fno|®)=Lp|®)=0 , m>0 (2.93)
with the mass-shell condition: )
Lo |) = (l; + NL> 8) =0, (2.94)
where -
Ny = Z(a_n cap +nd_y, - dy) . (2.95)
n=1

In addition to the above, GSO projections are then imposed on both sectors.

The right-moving fermionic fields A* can have periodic or anti-periodic boundary conditions. These
boundary conditions give rise to the P and A sectors which are analogous to the R and NS sectors of the
superstring respectively. The mode expansion in the P sector is given by:

(r—o0) Z AAg2in(r=0) (2.96)

ne”Z

with the anti-commutation relation defined by:
{)‘:rlw )‘E = 5AB5m+n,O . (297)

In the A sector, the mode expansion for the fermionic fields is:

Mr—o)= > Me 2= (2.98)
r€Z+1/2
which satisfies:
(MABY = 6485, .0 (2.99)

The Virasoro constraints for the right-movers are:
Lp|®) = (Lo—a)|®) =0 , m>0. (2.100)

Once again, the P and A sectors need to be evaluated separately. In the P sector we have the condition:

- 2
(Lo — ap) |B) = (1’; + Np— &p> 18) =0, (2.101)
where -
Nr =) (G_p-dn+nr, A, (2.102)
n=1
while in the A sector: )
(Lo an)19) = (% + Na =) 19) =0, (2.103)
with
Np = Za_n n + Z A4, A (2.104)
r=1/2
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The normal ordering constants are then determined to be &4 = 1 and a&p = —1. An easy way to verify
this is by working in the light-cone gauge [153]. The mass formula can then be written as:

EMI%:NL:NR+1,
B (2.105)
gMi:NL:NR—l,

for the P and A sectors respectively. In both cases, the physical spectrum is non-tachyonic since Nz, g > 0.
Massless states can only be generated in the A sector, as tensor products of left-moving modes with
Np = 0 and right-movers with Ny = 1. After applying a GSO projection, these states can be shown to
be identical to those of the NS sector of the type II theories.

We have thus far only considered the case where the same boundary conditions (A or P) were assigned
to all of the right-moving fermions A\, respecting the SO(32) symmetry of the action and obtaining an
S0O(32) gauge symmetry in spacetime. This, however, is not the most general solution. We can consider
instead the case where n of the A4 fermions satisfy A or P boundary conditions, while the other (32 —n)
fermions satisfy the opposite. This results in four different choices for the normal-ordering constant &
and four different sectors, labeled AA, AP, PA and PP, with:

dan=1,
dAP = 1,'% -1 5
3 . n (2.106)
apa=1-——
PA 16 ’
app =—1.

Physical states in each sector must then obey a level-matching condition Ny = Np — &. Since Ny has
integer eigenvalues, while Ni can be integer of half-integer, & must be an integer or half-integer, implying
that n must be a multiple of 8.

The n = 0 or n = 32 cases trivially reproduce the SO(32) theory, while n = 8 and n = 24 lead
to a spectrum with gauge anomalies and must therefore be ruled out. The only remaining choice that
leads to an anomaly free theory is therefore n = 16. In this case, the AP and PA sectors have vanishing
normal-ordering constants, and can therefore contribute to the massless states, while the AA and PP
sectors are identical to the A and P sectors of the SO(32) theory. After imposing the GSO projection,
the massless spectrum can organised in supermultiplets of Fg x Fg, as we will show in chapter 3, in the
framework of the free fermionic formulation.

We conclude this section by noting that while we have so far limited the discussion of string theories
to the case of critical dimensions, it is also possible to formulate the theory in D < 10. A more detailed
discussion on this will follow in chapter 3, while chapters 4, 5, and 6 will focus on the construction and
analysis of 4-dimensional models.

2.3 Modular Invariance and the String Partition Function

While the focus of our attention so far have been freely propagating strings, string theory also provides
an elegant mathematical background in which string interactions can be described in a similar manner
to the perturbation theory approach of Quantum Field Theory. In typical perturbative QFT, scattering
amplitudes are calculated using an approximation in which the strength of the interaction is considered to
be small. The amplitude is then written in the form of a perturbative expansion in terms of the coupling
constant and the processes can be encoded in the form of Feynman diagrams. Figure 2.2 illustrates a
tree-level example.
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Figure 2.2: A tree-level Feynman diagram depicting the scattering of two fermions.

In the framework of string theory, any interaction can be described as a process in which strings either
join or split. This process can then be represented by the combination of the worldsheets of all strings
that take part in the interaction, in a string theoretical version of Feynman diagrams. All interactions
can then be reduced to a description purely in terms of a single worldsheet, from which the amplitude can
be calculated. An example is presented in figure 2.3. This is in contrast to the QFT framework in which
multiple Feynman diagrams are needed to account for all possible interactions at a specific loop-level.

Figure 2.3: A stringy Feynman diagram representing a scattering process with two incoming and two
outgoing strings.

Another notable difference concerns the properties of the interaction vertex. In QFT, this vertex
corresponds to a specific point in spacetime where the interaction takes place. This singularity leads
to a divergence in the UV regime which needs to be tamed. In string theory, the picture is different.
Due to the extended nature of strings, the interaction vertex has a finite size. String theory smooths
out the singularity by introducing a natural cutoff, the string length, and protects the theory from UV
divergences.

Since string worldsheets are described by two dimensional Riemann manifolds, the perturbative ex-
pansion in the framework of string theory must involve a summation over all inequivalent manifolds. The
expansion in that case essentially becomes a sum over topologies, as illustrated in figure 2.4, with higher
order terms of the coupling constant corresponding to manifolds of higher genus.

'

o

Figure 2.4: The perturbation theory expansion of an interaction vertex depicted as a sum over topolo-
gies. At tree-level, the vertex corresponds to a worldsheet with the topology of a sphere, while n-loop
calculations correspond to tori of genus n.

+ +

In order to analyse string interactions while taking into account the effects of quantum corrections,
we will focus our attention on the toroidal one-loop worldsheet. In principle, we also need to consider
higher order calculations. While such calculations at the two loop level have been performed in specific
cases [144,172-178] this is in general a very complicated procedure, especially when supersymmetry is
broken, as is the case in our work.

If we omit all external lines, the one-loop worldsheet will directly correspond to the vacuum-to-vacuum
amplitude, generating a contribution to the vacuum energy of the theory. While the exact calculation
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of this is of high importance, in light of the cosmological constant problem of QFT, the discussion of
this section will only concern the consistency of this calculation in general. Precise calculations in four
dimensional constructions will be provided in chapters 5 and 6.

The genus—1 torus of the one-loop string worldsheet can be interpreted as the quotient of the complex
plane modulo a lattice. This mapping can be obtained by cutting the torus into a cylinder, slicing it
along its length then unfolding it into a plane. Due to the scale invariance of the string worldsheet, the
resulting rectangle can be described by a single parameter, as one side can always be taken to be equal to
unity. The lattice, as depicted in figure 2.5, can then be parametrised by a complex modulus 7 = 7 + 79,
which takes into account the possibility of twisting the cylinder. The unit cell which tiles the complex

Figure 2.5: The representation of a torus as a plane modulo a two dimensional lattice, defined by the
vectors “1” and “7”. The shaded region corresponds to the unit cell.

plane can be described by two basis vectors which cannot, however, be uniquely defined. In fact, the
worldsheet is invariant under the modular transformations:

T:t—>71+1,
1 2.107
ST ——=. ( )
T

These transformations generate the modular group PSL(2;Z) = SL(2;7Z)/Z2, whose general transforma-
tions are given by:
at +b
ct+d’
Since the worldsheet is invariant under the modular transformations, all physical quantities must be
invariant under these transformations as well. As we will see in the later parts of this chapter, modular
invariance will be a key ingredient in the construction of consistent theories.

Having parametrised the one-loop worldsheet by the 7 modulus, the integration over all moduli [ df2
in the calculation of the one-loop amplitude then amounts to an integration over all 7: [ drdr = [ d*r.
Due to the modular transformations, however, the domain of integration must be restricted in order
to avoid over-counting. More specifically, the region in the interior of the unit circle is mapped to the
exterior and vice-versa due to the S transformation, while the T' transformation identifies the two lines
at = £1/2 with each other. The moduli space of interest then, as long as modular invariance holds, is
the fundamental domain defined as:

T = a,byec,de€Z, ad—bc=1. (2.108)

F={reCt:|r| >1,|Re7| <1/2}, (2.109)

which we illustrate in figure 2.6.
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Figure 2.6: The fundamental domain of the torus, F = {7 € C* : |7| > 1, |Re7| < 1/2}.

The restriction of the integration to the fundamental domain has a very important consequence: the
point at 0 is excluded from the integration, implying that, as long as our theory is modular invariant,
UV divergences can be avoided. The integration measure drd7 is not modular invariant, since under the
modular transformations of equation (2.108):

Pr — &P = |er +d|dPr . (2.110)

In order to restore modular invariance, it is therefore necessary to add a term to the integration measure.
It is easy to check that the term needed is the square of the imaginary part of 7. Integration over all

moduli then amounts to:
d>r
o= 5. (2.111)
F T3

The standard path integral in quantum mechanics reads:
/Dq e Sl = Tr(ePH) | (2.112)

where ¢ = ¢(t) is a coordinate, and we consider a time interval 0 < ¢ < . In the lattice introduced above,
the real axis corresponds to the o! direction and the imaginary axis to the Euclidean time. If 7 = 0,
then the path integral takes the form:

/DX e SEX] = Ty(e=2mmH) | (2.113)

When 7 # 0, we have an additional contribution that represents the twisting of the cylinder. This
contribution can be traced to the action of the momentum operator P, as a rotation by 277 is achieved
by e¥’27m) The most general expression for the path integral therefore is:

/Dq e Sl = Ty(e 22 HA2mTPY (2.114)

The momentum and Hamiltonian operators can be expressed in terms of the zero-mode Virasoro opera-

tors: B
H=Ly—-1+Ly—1,

P=1Lo— L.
By substituting these expressions in equation (2.114), the path integral can be brought to the form:

(2.115)

/Dq efs[q] — Tr |:627ri‘r(L071)727ri‘7'(Z/071)i| . (2116)
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In the heterotic string theories under consideration, the left-moving part of the string is taken to be an
RNS superstring, while the right-moving part is described by the bosonic string, as previously mentioned.
In order to arrive at the partition function of the full heterotic string, we need to identify the correct
expressions for the contributions of bosons and fermions.

2.3.1 Bosonic Partition Functions

The first step is to split the trace of equation (2.116) into a left-moving and a right-moving part. These
will be functions of 7 and 7 respectively. The traces we need to compute, can be cast in the form of an
expansion:

Tr [62771'7'(L0—1):| — Zdnqn ’ (2-117)

where ¢ = e and d, counts the number of states with Ly — 1 eigenvalue n. The Hilbert space of
physical states is obtained by acting on the vacuum with creation operators. In the simplest case of one
oscillator a_,,, the trace yields:

2miT

— n— n— — 1
e A e el
—q

(2.118)

Adding more oscillators then amounts to taking a product of such expansions, since each oscillator acts
independently. The full contribution of a set of D oscillators will thus be:

g JJa-¢". (2.119)
n=1
This can be expressed in terms of the Dedekind eta function:
77(7—> — eTriT/lQ H (1 _ e27rin7—) — q1/24 H (1 _ qn) ) (2120)
n=1 n=1

If we take the number of dimensions to be D = 26, as is the case in critical bosonic string theory, and
consider the corresponding right-moving oscillators, the partition function is given by:

—24 —24 (-

= |n(r)|7*®. (2.121)

ZB.ose(7,T) = () - n(=7)]77" = n(7)

Having identified the contribution of bosonic oscillators, we now need to compute the contribution of the
momentum excitations of the vacuum. Since these can take continuous values, instead of a trace we will
now have an integral:

dD—Q

ZB,rnom(T,?) - /(2/”)7]3?26_271-7-2(%1)2) = (ZW\/E)Q_D . (2122)

All things considered, the one-loop integral for the 26 dimensional bosonic string is found to be:

_ d*r _
[ plate s~ [ Sl (2:123)
1-loop F T3
Under modular transformations, n(7) has the following properties:

n(r +1) =™/ 1n(r),

_ (2.124)
n(=1/7) = v—=irn(r) .
It is easy to check that the combination /7o \77(7')|2 is in fact modular invariant, since:
n(r+1) =|n(7)|,
In(T+1)| = In(7)| (2.125)

n(=1/m)* = |7]In(7)| .

The extra |7| factor that appears in the S-transformation cancels against the factor coming from the
transformation of the momentum contribution ,/75.
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2.3.2 Fermionic Partition Functions

Having dealt with the bosonic string, we now turn our attention to the second main element of the
heterotic string. The RNS superstring lives in D = 10 dimensions and its worldsheet spectrum in the
light-cone gauge consists of 8 bosons and 8 fermions both on the left and the right-moving part of the
string. The bosonic contribution to the partition function, as follows from the discussion above will be:

Zp = (1) n(r)| 7. (2.126)

In the case of worldsheet fermions, the oscillators acting on the vacuum anti-commute. Each fermionic
oscillator can therefore act on the NS sector ground state at most once. If we consider a single fermionic
oscillator, this will contribute:

Tr ¢ =¢*(14+q"), (2.127)

where the factor ¢* accounts for the vacuum energy. This can be generalised to the case of multiple
oscillators, in which case we have:

Zns(q)=q /*® [ 0+ 4. (2.128)
r=1/2

In the R sector, the oscillator modes take integer values. The ground state is a spinorial representation
of SO(N) and the contribution to the partition function is:

Zr(q) = V2q"/** ﬁ(l +q"). (2.129)

n=1

Since the purpose of partition function coefficients is to count the number of states, the v/2 factor might
appear to be problematic. This is not the case, however, since fermions will always come in pairs and
expressions of the form Zg(q)", which appear in the partition function, will not be problematic when N
is even. If we also consider the effect of right-movers, then the product Zg(q)N Zz(q)"" will have integer
coefficients for all N.

The two kinds of partition functions introduced above correspond to taking either anti-periodic (NS)
or periodic (R) boundary conditions along the real axis. In addition to that, due to the topology of
the torus, we are free to choose periodic or anti-periodic boundary conditions along the imaginary axis
as well. The path integral corresponding to the choice of anti-periodic boundary conditions along the
imaginary axis is:

/ Dipe5(¥) = Ty ¢=AH (2.130)
A

Choosing periodic boundary conditions on the other hand, amounts to making a twist in the cylinder
and is equivalent to flipping the sign of each fermion. In this case, we have:

/dee*SW) =Tr [(—1)Fe PH] (2.131)
P

where F is the fermion number operator:

F=> :ibb,: (2.132)

which has the property (—1)fb = —b(—1)¥ for any fermionic oscillator b,,.

In order to compute this trace, we need to determine the effect the operator (—1)f" has on the ground
state. In the NS sector, it is enough to require that the fermion number of the vacuum is zero, as this
naturally leads to:

(=1)" [0) = |0) (2.133)

and

Znsp =Tr [(71)FqL071/48 = glo—1/48 H (1—q). (2.134)
r=1/2
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In the Ramond sector, the addition of dy oscillators transforms the ground state back to itself, while
flipping the fermion number. The ground states then split into even and odd, depending on the eigenvalue

of (—1)¥ and the trace vanishes:
Zpp=0. (2.135)

The same can be shown to hold for all excited states.

All things considered, the fermionic partition function involves a combination of periodic and anti-
periodic boundary conditions on the real and imaginary axes, corresponding to the R-R, R-NS, NS-R
and NS-NS sectors. This partition function can be expressed in terms of the Jacobi theta functions with

characteristics:
I (r) = Z einl(n—a/2)*r—(n—a/2)b] (2.136)
nez

The particular cases of interest are those in which the characteristics a, b take the values 0,1. In order
to simplify the notation, we use the standard definitions:

)r) =)
91)r) = 0200

2.137
9I8)r) = 0s(r). 2
) = 7).

The partition functions for the four sectors can then be summarised in the following table [155]:

Sector Partition Function

R-R Trg [(=1)Fghe=? = (01 /m)N/?
NS-NS | Tryg [glo=</?4] = (93/n)
R-NS | Trg [qhom/*] = (J2/m)N/?
NS-R | Tins [(=1)"g"=*"] = (94/n)

Table 2.1: The four possible fermionic partition functions for N real fermions in terms of Jacobi and
Dedekind functions.

At this point, there are four possible choices for the boundary conditions leading to four different
possible contributions to the partition function. In order to find out how to construct a modular invariant
partition function for the fermions out of them, we need to investigate the modular transformations of
the Jacobi functions. These can be determined to be:

(r 1) =), Du(=1/r) = Vi)
Vo(T +1) = ™ *5(1) , Da(=1/7) = V=ir94(7) (2.138)
9s(r+ 1) = 94(7) | I3(=1/7) = V—it95(7) ,
Da(r+1) = V5(7) Va(=1/7) = V=irda(r) .

The partition functions for the left-moving part of the RNS superstring corresponding to the four types

of boundary conditions are:
di(r)\*
Pi(r) =n(r)~® ( : ) , (2.139)

Pi(t+1)=P(r), Py (~1/7) =77*Pi (1),
= —1/7) =174 Py(r
P2(T+1)—P2(T)’ P2( 1/ ) _4P( ), (2140)
Py(t+1)=—=Py(1), Ps(-1/7)=7""Ps(1),
Pyt +1) = —P3(1), Pyu(—1)7)=71"1Py(7).



Chapter 2 — A Brief Introduction to String Theory

The above transformations clearly show that it is impossible to construct a modular invariant partition
function by choosing only one type of boundary conditions. What we need is a specific linear combination
of the four P; which leaves the partition function invariant, the GSO projection [99]:

Paso = 5 ( Po(r) = Pa(r) = Po(r) £ Ai(r)) (2.141)

The sign difference between Ps(7) and Py(7) in the GSO projection is there to cancel the sign difference
arising from the transformations. In the NS sector, the combination

N |

(P3(1) = Py(1)) = Trns B (1-(-1F) qL01/2} (2.142)

acts as a projection operator to the partition function, eliminating all states that have even fermion
number, including the tachyon. The coefficient of P;(7) is undetermined at the one-loop level, but can
be fixed to £1 by requiring that modular invariance continues to hold at two-loops. In the R sector, the
combination

%(Pg(f) + Py(r)) = Trn [; (14 (—1)F) qLO_l} (2.143)

projects out half of the states, depending on their chirality. The free choice of sign leads to two different
partition functions, corresponding to the two type II string theories: type IIB, when the same sign is
chosen for the left-movers and right-movers and type IIA when opposite signs are chosen.

Altogether, the full partition function for the RNS superstring in D = 10 dimensions is:

Zu(7,7) = (r2)"*Paso(r) Paso(—7) - (2.144)

2.3.3 Bosonisation / Fermionisation

The hybrid approach of heterotic string theory in D = 10 dimensions exhibits a number of appealing
features including extended gauge symmetries, indicating a possibility of realising a consistent theory
unifying all interactions. In order to make contact with low energy physics, however, the question of how
to reduce this theory to four dimensions must then be addressed. In D = 10 dimensions, the construction
of the heterotic string involves a bosonic string whose additional degrees of freedom needed to eliminate
the conformal anomaly are encoded in 32 freely propagating internal fermions. An alternate way of
describing the theory is to regard the construction of the heterotic string as a compactification of the
bosonic string from D = 26 to D = 10 dimensions, in which case all right-moving degrees of freedom
are bosonic. The construction of heterotic strings in D < 10 dimensions can then be seen as a further
compactification which includes the left-moving sector of the theory.

The equivalence of the two descriptions [124,179-184] is based on the idea of bosonisation / fermion-
isation, in which the theory is invariant under the exchange of fermionic variables with bosonic ones and
vice versa [185-187]. This is a property inherent to two-dimensional field theories since all representations
of the SO(2) Lorentz group are one-dimensional. This allows us to alternate between a fermionic and
bosonic point of view, taking advantage of the tools offered by both formulations in order to investigate
large classes of models. This dual approach is instrumental in the analysis of string theoretical construc-
tions in four dimensions, which are the focal point of this thesis, and the subject of chapters 4, 5, and
6.

In this section, we will highlight a simple example where the partition functions of bosons and fermions
can be seen to match. In order to show this, we need to consider the effect compactification has on
the bosonic partition function. Our starting point will be the oscillator and momentum contributions
of (2.119) and (2.122). While the oscillator contribution is unaffected by the compactification, the
momentum contribution needs to be modified in order to properly account for the quantisation of the
momentum along the compactified direction. The discrete nature of the momentum eigenvalues then
naturally leads to a description in terms of a lattice I', contributing a multiplicative factor of

Zr(1,7) = Z e TPL ¢TI (2.145)

(Pr,Pr)ED
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to the mass of states, instead of the factor (1/,/72) that is present when momentum takes continuous
values. In order for the partition function to remain modular invariant, the lattice I' on which the
momenta lie must be Lorentzian, even, and self-dual [188].

Consider now a pair of real left-moving fermions in the NS-NS sector. Following the analysis of the
previous section, their partition function will be given by:

) 9 1 :
Tenslg™ ™) = = = =3 "¢v/?, (2.146)
n n nez

which clearly reproduces the oscillator and momentum contributions of a left-moving boson. This result
can also be shown to hold in the NS-R, R-NS and R-R sectors, due to the properties of ¥[¢]/n, implying
that a boson and a pair of real fermions are equivalent at the partition function level.

This equivalence can also be shown to hold for the linear combination

3| (55) - (8) - (53) = (G| 2

entering the GSO projection, which can be brought to the form

% S (-1, (2.148)

FeEAT

where F is the spacetime fermion number, and the lattices A* are defined by vectors of the form:

(n17n23n37n4) ) n; GZa Zni:Odd7
(2.149)

+1 +1 +1 +1 ez Z odd , AT
n+-,no+=,n3s+-,ng+=-1,, n , n; =

DL T S T D) ! ileven,Af
It is therefore possible to bosonise the left-moving fermions of the RNS string and obtain a description
of the heterotic string purely in terms of bosons. Alternatively, by fermionising the bosonic degrees of
freedom we can obtain an equivalent description purely in terms of fermions. The bosonic and fermionic
points of view will be introduced in the following chapter, with the latter applied in the classification of
10-dimensional heterotic string theories. The equivalence of the two descriptions is highlighted in chapter
4, in which we construct four-dimensional models, showcasing the dual approach we employ in chapters
5 and 6 to tackle more realistic vacua.
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Chapter 3

Heterotic Strings in D < 10
Dimensions

Up to this point, we have only considered string theories living in spacetimes with ten dimensions.
The focus of this chapter is the introduction of the mathematical tools that allow the investigation of
constructions in D < 10 dimensions. We introduce the Free Fermionic Formulation (FFF) [189-193] and
proceed with the derivation and classification of all possible string theories in D = 10. We then discuss
the finiteness of the theory in the absence of supersymmetry. We complete this chapter by discussing
string compactifications to lower dimensions, introducing the orbifolds we will utilise in the following
chapters.

3.1 The Free Fermionic Formulation

We begin this chapter by outlining the framework of the free fermionic formulation [189-193], which can be
implemented to construct heterotic string theories directly in D < 10 dimensions. The free fermionic for-
mulation employs fermionisation, expressing bosonic degrees of freedom in terms of worldsheet fermions.
In this formalism, compactification takes place on tori whose radii are fixed to the self-dual point, termed
the “fermionic point”, in which case the Thirring coupling vanishes and we obtain a theory purely in
terms of free fermions.
The D-dimensional left and right-moving conformal anomaly of the heterotic string is given by [149,
150]:
3Dy,
cr, = —15+ 5 (3.1)
Cr = —26 + DR s

which vanish in the D = 10 heterotic theory. Canceling the conformal anomalies and restoring conformal
invariance in D < 10 necessitates the introduction of additional degrees of freedom on the string world-
sheet. In the general case, where D < 10, the vanishing of the conformal anomaly requires 3(10 — D)
real Majorana—Weyl fermions on the supersymmetric (left-moving) part of the string and 2(26 — D) real
fermions on the non-supersymmetric (right-moving) part. These are needed in addition to the X%, ¥
and A\? which parametrise the D = 10 theory. All things considered, the worldsheet degrees of freedom

in light-cone gauge consist of:
(i) D — 2 left-moving and D — 2 right-moving bosons: X*, X*
(ii) D — 2 real, left-moving fermions: ¢*
.,10=D ,1,...,10-D
) y )
(10 — D) real, right-moving fermions: ¢ , @
123 Gl...8

(iii) 1,..,10—D
(iv)
)

(v) 16 complex, right-moving fermions: ¢*° 7

3(10 — D) real, left-moving fermions: -
2

Here the fermions are labeled using the conventional notation we will employ in four dimensional construc-
tions. Essentially, the D < 10 framework boils down to taking the bosonic and RNS strings and separating
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the degrees of freedom corresponding to the 10 — D compactified dimensions from those corresponding to
the D extended ones. X* and X* are the left-moving and right-moving modes of the coordinate vector
in the light-cone gauge of a D-dimensional spacetime, while ¥* are the fermionic superpartners of X*,
as required by supersymmetry on the left-moving part of the string.

The 10— D compactified dimensions would normally admit an identical description, in terms of left and
right-moving bosons: X1+»10=D = X1.-,10=D "and the corresponding real left-moving fermions, labeled
pb10=D would be required to implement supersymmetry. These bosons are instead fermionised by
replacing each one with a pair of fermions y, w. The corresponding '+ 1°=P fermions are then relabeled
to yb10-D.

The remaining right-moving complex fermions are responsible for the gauge symmetry of the D-
dimensional theory and the naming scheme will become clear in later chapters where we focus on D =4
constructions with SO(10) and Pati-Salam gauge symmetries.

The physical content of the theory can then be determined by the partition function. At the one-loop
level, the toroidal topology of the string worldsheet requires the assignment of boundary conditions to the
bosonic and fermionic degrees of freedom. While the boundary conditions of the bosonic fields are fixed
by the worldsheet metric, the boundary conditions of fermions are restricted by conformal invariance,
the worldsheet supersymmetry [192,194], as well as invariance under both local reparametrisations and
modular transformations. When transported around the non-contractible loops of the two-dimensional
torus, fermions may acquire phase factors

fA — —emai(fA)fA N (3.2)

where a;(fa) € (—1,1]. Consider, for example, a theory with m left-moving and n right-moving fermions.
The boundary conditions of all fermions for any non-contractible loop a can be described by an m + n
component vector:

a= {a1<f{)’ = "am<frln)‘am+1(f{)> s >am+n(f£>} ) (33)

where a(f;) = 1 and a(f;) = 0 correspond to periodic and anti-periodic boundary conditions respectively?.
These boundary conditions can be independently imposed on the spatial and temporal directions along
the string worldsheet. The allowed choices of boundary conditions are then determined by modular
invariance conditions which define the spin structure [195].

The vast number of distinct models arising from variations in the boundary conditions of fermions are
in turn defined by the choice of spin structures, which can be expressed by a set of basis vectors [193]. A
set of n such vectors, labeled u;, then builds up a finite additive group of sectors

(1]

:Zmiui, mi:07...7Ni—1, (34)

where N; is the smallest integer satisfying N;u; = 0 mod 2. This implies that Z is isomorphic to an
additive set of Zy factors Zn, @ --- ® Zy, , suggesting that = = 0 if and only if m; = O0mod V; for all ¢,
in which case the basis {uy,...,u,} is said to be canonical.

Assuming all fermions are taken to be complex for simplicity, the one-loop partition function can then
be written as:

14—D gralfo)yy 26—D gralfr) =
/deT \/;277 i(F )] (D-2) H ﬁ[b(?)l( ) H ﬂ[bgfrg}( )’ (3.5)
abes o ) s )

encompassing the contributions of the D — 2 left and right-moving bosons as well as the left and right-
moving fermions.

In order to define a specific model, we then need to determine the exact form of all basis vectors u;,
i =1,...,n encoding the boundary conditions of fermions, and fix all corresponding c[2] phases. The
requirement of a modular invariant partition function, along with the modular transformation properties
of the Jacobi and Dedekind functions as covered in the previous chapter, govern the behaviour of the

n addition to (anti-)periodic boundary conditions, consistent theories including complex phases can also be realised.
Such constructions are in fact necessary for the construction of four dimensional theories realising the SM gauge symmetry,
but will not be considered in this thesis.
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spin structures c[2] under modular transformations, imposing a set of conditions known as the ABK
rules [189,190], which all consistent realisations must satisfy. A one-loop level evaluation reveals the
constraints:
c[§] = ermlerett D cly 4 4] (3.6)
and
clg] = eI L] (3.7)

where we have introduced the basis vector 1 corresponding to periodic boundary conditions for all
fermions, whose presence in the basis is necessitated by consistency requirements. The dot product
gives half weight to real fermions and opposite signs to left and right-movers:

1 1
a-b= B E + E ~3 E - E a(f)b(f) . (3.8)
real complex . real | complex
left-moving  left-moving right-moving  right-moving

Imposing modular invariance at the two-loop level leads to the additional condition:

’

c[31el3] = Sadare™ ™ ey 2 lel4 Y] - (3.9)

with the spacetime spin-statistics index J, defined as:

1, #)y =0

5, =4 Thoaw)=0 (3.10)
—L a(r) =1

Equation (3.9) further implies that c[J] = 1, as well as c[§] = J,, where 0 in this case corresponds to

anti-periodic conditions for all fermions. If we define the set of vectors 2 = {a|c[§] = o}, we can see
that for any two vectors 3,y € =, the sum (8 + = is also part of the set:

el )] = Saclglels] (3.11)

If all the boundary conditions in the vector « are rational, = is finite.
Moreover, from (3.6) we can see that

(03

o z‘:r((x'a+]l']l)/4c[%]

c[?] = ¢ (3.12)

)

which together with (3.7) implies that for any pair of basis elements u;, u;, the phase c[,’] where j > i
can be determined by c[;], c[t.]. The N x N matrix accommodating all phases c[}] corresponding to
the set of N vectors will thus only have N(N — 1)/2 + 1 independent elements, them being c[}] and
the elements above the diagonal. Each of these phases can then be freely chosen, generating a set of
oN(N=1)/2+1 5 priori distinct models.

The basis =, defined in (3.4), must contain a vector u; satisfying

%Nlul ~0, (3.13)
while equation (3.7) also implies that given a pair of basis vectors u;, u;,
et Niguiui /2 — (6ui5uj)N"f , (3.14)
where Nj; is the least common multiple between the pair of vectors. This imposes the constraints
Niju; - u; = 0mod4 and Niu? =0mod8, N;=0mod?2. (3.15)
Moreover, when 1 N;(u; + 1) = 0mod 2,
Nyu? = N;1 - Tmod 16 . (3.16)

Supersymmetry on the left-moving RNS string is non-linearly realised, with the supercurrent in this
framework given by:

Tr = Y*0X,, + fapeX*y'w®, a,bc=1,...,10- D, (3.17)

where fupe are the structure constants of a Lie group of dimension 3(10 — D).
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Lie group
SU(2)5, SU(3) x SO(5), SU(2) x SU(4)
SU(2)%, SU(4)
SU(2)*
SU(2)
SU(2)?
SU(2)

@OO\ICT)OT»P@

Table 3.1: All possible Lie groups for each given number of dimensions.

In the four dimensional constructions analysed throughout this thesis, we will only consider the SU(2)°
case, as it is the only one allowing the construction of models with A" = 1 supersymmetry. The non-linear
implementation of supersymmetry of (3.17) imposes the additional condition:

wi(x?) 4+ uily") + ui(wh) = u; (") mod 2 (3.18)

on the basis vectors.

The Hilbert space of states for each sector is obtained by acting on the vacuum with bosonic and
fermionic oscillators with frequencies vy, vf, vf+. The one-loop partition function (3.5) can be rewritten
in terms of the Hamiltonian:

drdt - )
z= [T [anmam) Y ) T e (3.19)

a,be=

where F, is the fermionic number in a given sector «, defined as F(f) =1, F(f*) = —1 for fermions and
their complex conjugates respectively, and H,, is the Hamiltonian in the Hilbert space H,. The operator
B8 - F, follows the Lorentzian form of the dot product:

sR=l; Lo+ ¥ 5 X - X a0r0). (320)

complex . real | complex
left- rnovlng left-moving right-moving  right-moving

The partition function then takes the form of a sum over sectors:

Z_/deT 25 Tr|:H (1+5ac[uzzi]eiﬂ'urFa

" N (3.21)
+ (6040[7.(&11' ]eiﬂ—ui’.Fa)Q + -+ (6(10[171_ ]eiﬂ'“i'Fa)N'i_1>eiTrTHa:| )

which implies that the Hilbert space of physical string states that have non-zero contribution is:
n
H=.2]] {6”“"“' = dacl ., ]*}Ha : (3.22)

The condition
ei‘/rui.Fa |3>a — 5ac[a ]* |S>a (3.23)

Us

is the generalised GSO (GGSO) projection, and as such the phases c[; ] are also termed GGSO coefficients.
The mass of a string state in a given sector a is determined by the zero-moment Virasoro gauge
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conditions, which take the form:

1 1
MI%:**#**O,L'CLL#* Z vy,

2 8
left
moving
M2:71+1aRoaR+ Z v 320
R 8 ' fo
right
moving

where a;, and agr are the components of the vector a corresponding to the left and right-movers re-
spectively. Physical states are additionally subject to the level-matching condition M7 = M3. The
summation in equation (3.24) is taken with respect to all the fermion oscillators that act on the vacuum
to create the state under consideration. The frequency of the fermionic modes is determined by:
1+«
vy = T(f) +E(f). (3.25)
For each complex worldsheet fermion f, there is a corresponding U(1) current of the form f*f whose
conserved U(1) charge is given by:
a(f)
Q) = S+ Fp). (3.26)
The sectors that are crucial from a phenomenological point of view are those that give rise to massless
states, as any state that is massive at the string level will obtain a mass comparable to the Planck scale,
rendering it irrelevant to low energy physics. In addition to massless sectors, non supersymmetric models
also exhibit tachyonic sectors, whose physical tachyonic states must be eliminated from the spectrum by
appropriate GGSO projections in order to ensure the consistency of the theory.
The gauge symmetry of a model is determined by the boundary conditions imposed on the 16 complex

e gal - < : : . 1N
fermions 1% 7123 @b8. In general, when a group of N right-moving fermions ¢ ;" share the same

2
boundary conditions in all sectors of the theory, an SO(2N) gauge symmetry is generated by the resulting
0-sector bosons:

@i%@i%
W10} x| eyely ] 10), (3.27)
¢*a Lﬁ*b

[N
i

In special cases, however, additional gauge bosons may arise in the string spectrum, resulting in enhance-

ments of the gauge symmetry. This can either be an inherent feature of the vector basis itself, or arise

due to specific combinations of the GGSO phases, as we will see in the following section. The latter will

be explicitly showcased in the context of the SO(16) x SO(16) and Eg x Eg theories which share the same

vector basis. We will revisit the topic of gauge symmetry enhancements in chapters 4, 5, and 6, in which

four dimensional constructions are analysed, employing a more extensive, model-independent approach.
In addition to the gauge bosons, the 0-sector also gives rise to the state

wﬁl/Q 10), x OXZ, |0}, (3.28)

which always survives the GGSO projection, regardless of the choice of GGSO coefficients that defines
a model. Thus, all models obtained in this formulation are provided with a massless graviton, dilaton,
and Kalb—Ramond two-form. The existence of their fermionic partners in the massless string spectrum,
however, is not guaranteed. A careful analysis of the spectrum reveals that massless gravitinos are only
present in models which satisfy two conditions [189]. The first condition concerns the elements of the
vector basis, necessitating the inclusion of the vector S = {i*, x1+10=P}  corresponding to periodic
boundary conditions for the left-moving #, x'10=P fermions and anti-periodic boundary conditions
for the remaining left and right-movers. This provides the theory with an S-sector, capable of generating
states of the form |(y#, x'197P)) x 9X", |0), which include the gravitino(s), provided they survive
the GGSO projection. In fact, the survival of the gravitino can be ensured if and only if the GGSO
phases c[?] for all basis vectors a satisfying S N a = () are fixed to —1. In the following chapters, we will
explicitly violate this condition in order to restrict our focus to the study of non supersymmetric vacua.

The free fermionic formulation has been widely utilised in the literature, and has aided in the con-
struction of four-dimensional models with GUT symmetries, including flipped-SU (5) [110,196-202], Pati—
Salam [111,112], and Standard-like models [113,203-214].
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3.2 Classification of Ten-Dimensional Heterotic String Theories

The uniqueness of string theories in spacetimes with critical dimension D = 10 provide a motivation
for categorising them. Having introduced the technical background of the fermionic formulation in the
previous section, we now proceed by utilising it to derive all consistent heterotic string theories in ten
dimensions [107,215], and classify them based on their gauge symmetry, the presence of unbroken space-
time supersymmetry, their massless fermion content, as well as the number of physical tachyons in their
spectra.

In the D = 10 light-cone gauge, the worldsheet particle content consists of 8 bosons X* and 8 real
fermions ¥* on the left-moving part of the string, and 8 bosons X* in addition to 16 complex fermions,
which we choose to relabel ¢!+ for simplicity, on the right-moving part. In the following, we will adopt
the common convention of representing the basis vectors as sets of all fermions which are periodic in the
corresponding sector, omitting those that satisfy anti-periodic boundary conditions.

3.2.1 Non Supersymmetric SO(32)

The starting point of any vector basis, as necessitated for the consistency of the theory, will be the vector

uy =1 = {p#|ph10} (3.29)
corresponding to periodic boundary conditions for all fermions. The trivial basis B = {1} generates a
pair of sectors = = {0,1}:
0= {(Z)} )
1= {yr|ph-10)

which along with the single GGSO phase c[}] = £1 define the model in question. The sign of the GGSO
phase can be freely chosen, establishing the chirality convention of the theory. Given the mass formula
(3.24), we can now investigate the spectrum of the theory. The sector 1 is not relevant to our analysis,
as its level-matched mass-squared is positive definite, indicating that any physical state arising in this
sector will be supermassive and will therefore decouple from the observable states at low energy scales.
Massless states can be generated in the 0 sector by taking the product of left-movers with frequency
fi = 1/2 and right-movers with frequency f,. = 1. These states are:

(3.30)

|G) = 1/15% 0), x 9XY 1 10) (3.31)

and

1 S
* 2
Q
1 S
o o
(SN
=

[N

(3.32)

ZJ\:J/

[N

V) =", [0}, %

[
[N

-1
*
2

hsyl
*
&

where a,b =1,...,16. It is easy to verify that all these states trivially satisfy the Hilbert space constraint
(3.22) and are therefore physical. The first state, labelled |G), gives rise to the graviton, Kalb-Ramond
field and dilaton?, while the states labelled |V') correspond to a Lorentz vector, with 120 + 256 + 120 =
496 degrees of freedom. These states comprise the gauge bosons of our theory, in the adjoint 496
representation of SO(32).

In addition to the above massless states, the 0 sector spectrum also features physical tachyons with
M? = —1/2, obtained by acting on the vacuum with right-moving f. = 1/2 oscillators:

e
|T> = |O>L X <¢*1.2,.,.15> |O>R . (333)

We also note that the theory under consideration is purely bosonic, with no fermionic states appearing at
the massless level. The simplest ten-dimensional heterotic string theory is therefore non supersymmetric,
exhibiting an SO(32) gauge symmetry and 32 physical tachyons.

2The Neveu-Schwarz sector has a fixed GGSO projection, which along with the definition of the spin structure ensuring
spacetime spin-statistics can never project out |G). This holds in all following models, including the four-dimensional
constructions of later chapters, and will not be explicitly repeated in the following sections.
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In the subsequent sections, we proceed by introducing additional basis vectors. The addition of new
vectors will have a twofold effect on the string spectrum. Each new vector will introduce an additional
GGSO projection, thus truncating the spectrum, while simultaneously introducing new sectors which may
potentially generate massless or tachyonic states. While the presence of the vector u; = 1 is necessitated
by consistency conditions, modular invariance constraints restrict the form of additional vectors, but
allow for different possibilities [216]. More specifically, the left-moving part of the string may feature 8
periodic or anti-periodic ¥* fermions, while on the right-moving part vectors may independently imply
anti-periodic boundary conditions for all fermions, or define groups of 4, 8, or 12 periodic fermions. In
this section, we will derive the models obtained by considering all possible combinations of the above.

3.2.2 The SO(32) superstring theory

Let us first consider adding the vector

uy = S = {"} (3.34)

corresponding to periodic boundary conditions for the left-moving fermions and anti-periodic boundary
conditions for all right-movers.
The new vector basis, B = {1, S}, generates the set of four sectors Z = {0,1, 5,1 + S}, where

0={0},

1= (vH[gh1%)
S = W”} ’

O

from which the full spectrum of the theory emerges. As mentioned in the previous section, in order to
define a model we must supplement the vector basis with appropriate GGSO phases. In this case, given
the rules outlined above, there are two possible configurations:

wl=(h 5) o a=( D). (3.35)

where we have taken advantage of the freedom in the choice of c[}] to fi it to +1. The two configurations
turn out to be equivalent, with the only difference between c[5] = ¢[3] = £1 also being an overall flip in
the chirality of the right-moving fermions. Since the choice of chirality is a matter of convention, both
choices lead to the same model.

The physical states arising in the 0 sector, outlined in (3.31),(3.32) and (3.33) are now subject to an
additional GGSO projection associated with the vector S. It is easy to verify that this projection results
in the elimination of the physical tachyons, while the graviton multiplet and SO(32) gauge bosons remain
unaffected.

In addition to the O-sector, massless states can now also be encountered in the sector S. The S-sector
massless states are obtained from the Ramond vacuum of the sector, containing the zero-modes of left-
moving fermions, upon the action of right-moving oscillators with frequency f. = 1. These states are:

l9) = |(¥")), x OX¥1 [0} (3.36)

and

S
* o
°
S S
> | =
[
=)

N

[0) = [(¥")), % (3.37)
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N

[V
[N

S
*
Q

-1
*
-

These states are the superpartners of the 0-sector bosons, as their spins clearly differ by 1/2: |g) will give
rise to a spin-3/2 gravitino, as well as a spin-1/2 dilatino, while |v) introduces fermions in the adjoint 496
representation of SO(32), which can be paired up with the gauge bosons into SO(32) supermultiplets.
The massless spectrum of the model we have obtained is therefore that of an N' = 1 theory with an
S0(32) gauge symmetry. By inspecting the full one-loop partition function, we can verify that this is
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not an accidental property of the massless states, but rather persists to all mass levels, notably including
non level-matched states. Indeed, the full partition function can be factorised into:

Zsow = gy (VB — 9E1G) — 0B ) (81 + TS0 + TS0 ) L (338)
which vanishes identically due to Jacobi’s “abstruse” identity:
Il (r) = 911 (r) = Ofe)* (1) = 0. (3.39)

In deriving (3.38), we have also taken advantage of the fact that 9[1](7) = 9[1](0|7) = 0.
The introduction of the S sector thus clearly generates N' = 1 spacetime supersymmetry and the basis

B=11,S)} (3.40)

is the minimal basis that results in a consistent supersymmetric theory, that of the heterotic SO(32)
superstring.

3.2.3  Es x SO(16)

As previously mentioned, while the vector 1 must be the starting point of any consistent vector basis,
many alternatives arise when additional vectors are considered. Instead of S, we now consider adding
the vector

up = 21 = {p1%} (3.41)

implying periodic boundary conditions for half of the right-moving fermions. The sectors introduced by
the new vector basis B = {1, z} are:

0= {0}
1= {prjg1o},
= {3,

1+ 21 = {g#]§19)

(3.42)

Since the right-moving fermions responsible for the gauge symmetry are now split into two sets of 8, we
would naively expect this family of models to exhibit an SO(16) x SO(16) gauge symmetry. This basis,
however, provides a textbook example of gauge symmetry enhancement, as the analysis of the massless
spectrum reveals.

The 0-sector spectrum is, once again, truncated by the introduction of an additional vector. The
0-sector gauge bosons that survive the projection are:

o1
|V1>:z/)ﬁ% 0), x fi‘g{*’,% 0)r , a,b=1,....,8, (3.43)
¢*_a%¢*_b%
and
¢ 1"y
[Va) =, 10}, x ZZ 0), . ab=0,....16, (3.44)

[N

S

with states mixing oscillators of the two groups of 8 ¢ fermions eliminated from the spectrum. The gauge
bosons now transform in the (120,1) and (1,120) representations of SO(16) x SO(16). In addition to
these, the 32 tachyons of the SO(32) theory are now reduced to 16 by the z; projection, leaving

(279 ,,,,, 16
[T) =10} x <¢m3ww>|0hz (3.45)
to be physical.
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Additional contributions to the mass spectrum can now be traced to the z; and 1+ z; sectors. In the
z1 sector, massless states are comprised of the degenerate vacuum containing zero-modes of the fermions
with periodic boundary conditions, subject to a left-moving oscillator with frequency f; = 1/2. Since the
action of a zero mode on a ground state does not change its mass, we are free to act on it with any number
of zero modes and still get a massless ground state of the form |(¢%t, @2, ... ¢%)). While the mass of the
ground state does not change by the action of the zero-modes, the result of the GGSO projection does.
The GGSO projection essentially eliminates half of the possible degrees of freedom, those with either
even or odd number of zero modes, leaving

8
1 8 1 g
3. (k> =528 =128 (3.46)
k=0
physical degrees of freedom, associated with new gauge bosons
|V3) = 7/’5% 0), |(¢1’""8)>R . (3.47)

These additional gauge bosons transform in the (128,1) representation of SO(16) x SO(16), and form
the adjoint 248 representation of Eg in the SO(16) embedding:

248 = 120 + 128 (3.48)

when taken together with |V;). Their presence in the spectrum therefore leads to the gauge symmetry

enhancement:
SO(16) x SO(16) — Eg x SO(16) . (3.49)

The final sector which generates massless states is 1+ z;, which is responsible for the spacetime fermions:

o) = (@) x |[(671%)) s (3.50)

resulting in two copies of the representation (1,128).

3.2.4 SO(24) x SO(8)
A third possible vector that can be added to 1 is

29 = {FTRO1) (3.51)

forming the vector basis B = {1,22}3. While naively we would expect this to generate an SO(24) x
SO(8) theory, this basis actually recovers the non supersymmetric SO(32) theory, due to symmetry
enhancements similar to the one described above. While the O-sector tachyons and gauge bosons are
truncated by the z projection, additional states arise in the sector z,, enhancing the gauge symmetry
and bringing the number of tachyons back to 32.

Linear combinations of the three vectors S, z1, zo may also be considered. A careful analysis of the
resulting models reveals that the bases {1,S + 21} and {1, z; + 22} reproduce the Eg x SO(16) and non
supersymmetric SO(32) theories, essentially corresponding to a relabelling of the sectors. We stress here
that while the 10-dimensional heterotic string theories themselves are unique, there are many alternative
descriptions of them in the fermionic formulation. In the following sections, we will only introduce
vector bases which generate models not previously introduced. The full table of possible bases and the
theories they generate can be found in Appendix B. In contrast to {1,5+ 21} and {1, z1 + 22}, the bases
{1,S+ 22} and {1, S + z1 + 22} produce equivalent descriptions of a distinct ten-dimensional theory with
an SO(24) x SO(8) gauge symmetry™.

Let us consider the case

uy = S + 2o = {YpH|p7 10}, (3.52)

3Consistent realisations of z2 can be obtained by any choice of four ¢. We have chosen to introduce it with this specific
choice of fermions in order to avoid relabelling it in following constructions.

4In addition to the aforementioned vector bases, the SO(24) x SO(8) theory can also be derived in the basis {1, ¢},
where ( is a vector under which 12 right-movers are periodic. We choose not to present it in this notation in order to avoid
unnecessarily introducing an additional vector in our classification.
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The 0-sector gauge bosons that survive the GGSO projection in this case are:

SNl
)

SN
3

1 1
-2 T2
Vi) =", [0), x | 4<%y | [0)p , a,b=1,...,6,11,...,16, (3.53)
’ 7y 3"
2 2
and o
¢i%¢i%
Vo) =9 [0), x | 23985 | 10)g » a,b=7,8,9,10, (3.54)
2 — _
d)*a ¢*b

[V

N=

transforming as (276,1) and (1,28) under SO(24) x SO(8) respectively. In addition to these, the 0
sector exhibits 8 physical tachyons:

2

&7,81,9,10
IT) =10)p, x <¢ﬂ§9Jo>0>R. (3.55)

Massless fermions arise in the S + z9 sector. These are

Fa

w>:K¢@hy<(;%)|WZM“%%2,a:lr.wﬁlL“WIG, (3.56)

yielding two copies of the (24, 8) representation.

Before moving on to more complicated vector bases, we stress the important role the vector S plays.
As explicitly shown in the two SO(32) theories, the addition of .S to the vector basis introduces spacetime
supersymmetry and eliminates all 0-sector tachyons. On the other hand, any vector basis that does not
include S, will always lead to models which exhibit tachyons in the 0 sector. Modified versions of S
of the form S + z, = {y*|¢™ "} obtained by adding m periodic right-moving fermions also tend
to be problematic for the same reasons, indicating that supersymmetry is either absent, or explicitly
broken. Consistent tachyon-free theories thus necessitate the incorporation of us = S to the vector
basis. In general, tachyonic states may also arise from sectors other than 0, such as the z5 sector of the
S0O(24) x SO(8) model. In such cases, the introduction of the S-vector is not adequate to ensure complete
absence of all tachyons by itself, as additional GGSO projections are needed to eliminate the tachyons in
all sectors.

3.2.5 Eg X Eg and SO<16) X 50(16)

We now enlarge the dimension of our vector bases by considering those comprised of three basis vectors.
This allows for many potential bases, which however turn out to only generate a few independent models.
A table of all possible bases and the resulting models can be found in Appendix B. In the following, we
will only provide one example for each new theory we encounter.
Let us first consider the basis: _
Uy = 1= {wu|¢1,i..,16} ,

up =S ={y"}, (3.57)
Uz = 21 = {&1""’8} .

The resulting theory will consist of the 8 sectors:
E={0,1,8, 2, 1+8, 142, S+2,1+S5+2z}.

Massless states in this case may potentially arise in the 0, S, 21, S + 21, 1 + 21 and 1 + S + 27 sectors,
while the splitting of the right-moving fermions into two groups of 8 hints at an SO(16) x SO(16) gauge
symmetry. By expanding the vector basis, we have also introduced additional GGSO coefficients whose
sign needs to be specified. These are c[§'] = c[%]=46., =1, ¢[}] = ¢[! ] and ¢[J | = ¢[Z']. In the previous
constructions, all GGSO coefficients were determined by the consistency conditions, with the only free
choices amounting to chirality conventions. In this case, however, while the phases c[{], ¢[§] and [} ] do

amount to overall chirality factors, the choice of sign in c[fl] has important consequences. Before making
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a choice, let us first investigate the partition function, keeping c[fl] as a free parameter. After a bit of
algebra, we can bring the partition function to the form

1 014 _ 047__ 147_ 701677_ 701677_ 711677_
Zis5) =5 i {(w (7) = 91r) — 911 ) (8170 + 9% (0) + 31 5(0) )
(19 (e >+c[zlw[éﬁm)@[818(%)@[?18(%)

(3.58)
(ﬂ )+ S 0014 ﬁ[é]‘*m)ﬁ[&B(ﬂ%P(ﬂ

- (c[;iw[m‘*(r) LR + 19[51%))ﬂ[?]%)%]%)} ,

in which all terms are multiplied by modified versions of Jacobi’s abstruse identity, pending the definition
of ¢[]. Expanding the Dedekind and Jacobi functions in terms of ¢, = ™™™ and ¢; = €™ then
yields:

; 2048
Zi1,5,20y = (2] +1) {461 + (—1056 +—+ 646]?) +
- ' (3.59)
122880 147312
+ (73728 + Z o 16896¢; + 576q§-‘">qr + O(qr)2] )
7 7

Some very critical properties of the two cases are already apparent from this expansion. First of all,
neither choice of ¢[J ] leads to physical tachyons in the string spectrum. Level-matched tachyons in this
notation would mamfest as poles in the ¢, expansion with no accompanying ¢; factors. An unphysical
tachyon does appear, if c[fl] is taken to be +1. This state is known in the literature as the “proto-
graviton” | since its construction follows that of the graviton itself. More specifically, while the graviton
is obtained by oscillator excitations in both the left and right-moving vacua of the 0 sector, the proto-
graviton corresponds to the case where the left-moving vacuum is excited, while the right-moving vacuum

is not:
Wi% 10}, X [0)g - (3.60)

In supersymmetric constructions, this off-shell, tachyonic state is accompanied by its superpartner and
their contributions to the partition function cancel against each other. However, the proto-gravitino is
eliminated by any GSO projection that eliminates the gravitino, thus generating a non-vanishing leading
term of '
(D-2)L (3.61)
qr
in all non supersymmetric partition functions in D-dimensions.

Another important feature, is that the one-loop vacuum to vacuum amplitude vanishes to all orders
of perturbation theory if we set c[fl] = —1. This is a clear indication that unbroken supersymmetry is
present, ensuring that all bosonic and fermionic contributions cancel against each other to all orders.

The GGSO projections in the 0, S + 21 and 1 + z; sectors do not depend on c[7 | and the massless
spectrum of these sectors is therefore identical in both models. Massless O-sector states are, again,
constructed by taking the product of left-movers with frequency f; = 1/2 and right-movers with frequency
fr = 1. The gauge bosons that survive the GGSO projection are:

¢l.,i,,8q§1,,1.,,8
-2 2
Tx1l,..., 8 71,..., 8
Vi) =92, 10), x| 22377005 | 10)g (3.62)
(23*1,...,8(2;*1 ,,,,, 8

and

2
[Va) =9 [0, x| 90500 o), (3.63)

SO(16) gauge symmetry generated by ¢b+8 and ¢%+16.
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In the S + 21 sector, the states are comprised of the degenerate vacuum containing zero-modes of the
fermions with periodic boundary conditions, generating fermions in the (128, 1) representation.

[vg) = (")) x [(7%)) s, - (3.64)
Similarly, 1 + 21 generates massless fermions transforming as (1,128):
j0s) = (), x [(@%19)) (3.65)

Here, we have labeled these fermions with the indices 3,4 in anticipation of their gauge boson partners
which will accompany them in the supersymmetric theory.

The rest of the massless spectrum is sensitive to the choice of sign for the phase c[fl] and will have to
be tackled on a case by case basis. Let us first focus on the case c[fl] = —1, which we expect to generate
a supersymmetric spectrum. In this case, the S sector states that survive the GSO projection are:

lg) = |(¥")), % XY 0) g

(51,.1..,8(131,.1..,8
T2 2

Tx1,..., 871,..., 8

lor) = 1(@*))p x| 2-177¢21 [ 10)R
Tx1,..., 8 7x1,..., 8
PfT (3.66)
q;g,.l..,wq;g,.l..,w

m &*;,2‘,.,16&_9,2‘“,16
lva) = [(")), < -1 -1 0)g -

clearly providing the superpartners of the 0-sector states. The gravitino coming from |g) is present in the
spectrum and the fermions |vy 2) transform as (120,1) and (1,120) under SO(16) x SO(16) as needed
to form supermultiplets.

Finally, the z; and 1 + S + z; sectors contribute the following states to the massless spectrum:

[Va) = 4% [0), = [(@"%)) (3.67)

and
Va) = 0%, [0, x [(@719) .- (3.68)

These additional gauge bosons, transforming as (128,1) and (1, 128) form the adjoint 248 representations
of Fg when taken together with the vector bosons arising in the 0 sector. Their presence in the spectrum
is therefore responsible for the enhancement of the SO(16) x SO(16) gauge symmetry to Eg x Eg. The
fermions in the S, S+ z; and 1 + 27 sectors are also accommodated in the adjoint of Fg and the spectrum
is, indeed, supersymmetric.

Consider now the case c[J ] = +1. The only additional states that survive the GGSO projection now
are those whose right-movers mix the two groups of 8 ¢ coming from the S sector:

By
2 2
(gili,.,,sqgg_,i.,lﬁ
[va) = 1W))p x| g1 lisgeo e [ 1005 - (3.69)
&»5?.,,8&:95{..,16

These transform as (16, 16) under the SO(16) x SO(16) gauge symmetry. All massless states from the
z1 and 1 + S + 21 sectors are eliminated. In addition to the SO(32) and Eg x Es heterotic superstring
theories, we have thus obtained a non supersymmetric heterotic string which does not exhibit physical
tachyons. This SO(16) x SO(16) theory, was the first tachyon-free non supersymmetric heterotic string
theory discovered [106,107].

Tt is important to note that both the Fg x Eg and the SO(16) x SO(16) models were obtained using the
same basis of vectors. Gauge symmetry enhancements sensitive to the choice of specific GGSO coefficients
such as this example are common in free fermionic model constructions, and as such, care needs to be
taken when determining the gauge symmetry. We reiterate that in order to define a specific model both
the vector basis and the GGSO coeflicients must be fully determined. We note, also, that the coefficient
choice responsible for SUSY breaking in the example above is c[J ] = +1, which explicitly violates the
second condition for the existence of unbroken supersymmetry.
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3.2.6 E2x SU(2)

Consider now the basis:

up =1 = {gH]|gl-10) |
uy = S+ 21 = {P"|pt %Y (3.70)
uz = 21 + 29 = {1, $10)

The 0-sector gauge bosons surviving the GGSO projections in this case are:

w1, 671,...,6
Vi) = wﬁ% 0)p, x | ¢2i790 0)r
(E*_li...,ﬁé*_li..ﬁ
57’%437’81 \
Va) =, 00, x | 757 | 10)
2 -1 1ML 3 3 R >
¢i7%8¢>:7%8
3910 59,10 (3.71)
1 1
-3 3
2%9,10 79,10
Vo) =92, 10), > | 223 92y |0
$i9%10$i9%1o
L1y 1651116
-3 -3
Tx11,..., 16 711,..., 16
Vi) = 4", 10), x ¢7% ¢—% 0)g -
2 43*11 ,,,,, 16(2)* 1,...,16

transforming as (66,1,1,1), (1,6,1,1), (1,1,6,1), and (1,1,1,66) under an SO(12) x SO(4) x SO(4) x
SO(12) ~ SO(12)1 x SU(2); x SU(2)2 x SU(2)3 x SU(2)4 x SO(12)2 gauge symmetry. The SO(4
sextuplets of |V32) and |V3) can be decomposed to triplets transforming in the adjoint of SU(2).

In addition to these, the 0-sector gives rise to four tachyons:

1

(57,8
IT) =10),, % <¢wfs> 0)p - (3.72)

2
Furthermore, additional gauge bosons are also present in the massless spectrum. The z; + z5 sector
generates the states: ~ ~
Vs) = 0%, [0, x [(@",6"1)) 1 (3.73)
which lie in the (32,1,2,1) representation. These, along with V1) and a triplet from |V3) comprise the
adjoint 133 representation of E7, thus leading to the enhancement of SO(12); x SU(2)s/4 — E7. A
similar enhancement can be attributed to gauge bosons arising in 1 + S + z7:

[Ve) =9, 10}, x [(8%10,11+19)) (3.74)

transforming as (1,1, 2,32), which together with |V) and the second triplet of |V3) comprise a second
133 representation of 7, enhancing SO(12)2 x SU(2)4/3 to E7. The full gauge symmetry in this case

therefore turns out to be E? x SU(2)2.
In addition to the above, the model also exhibits massless fermionic states which can be traced to the

S+ 21, S+ 29 and 1 + 21 + 25 sectors:

(3.75)

Jus) = (%)), x |

and fall into the representations (56,2;1,1),
hanced E? x SU(2)? symmetry.
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3.2.7 U(16)

We conclude the investigation of 10-dimensional heterotic string theories by considering dimension-4
vector bases. As exhibited in the previous section, the enlargement of the vector basis can be achieved in
many inequivalent ways. In dimension-4 bases, there is one final distinct model to be encountered, which
we choose to present in the vector basis:

w=1= g,

uy = S+ 21 = {Y*pt8)

us =21+ 2 = {10, "1}

Uy = 23 = {(5277'_1}, n = 1,...78,
obtained by adding the vector z3 which implies periodicity in all odd-labelled fermions to the EZ x SU(2)?

basis (3.70). The addition of z3 further truncates the 0O-sector spectrum, admitting the following gauge
bosons:

(3.76)

w
-
|
w

o

1,3, 53,
173
Vi) = ¢" 4 [0), x ‘ET;S(EI—ES [OF
2 —%1,3,5 7%1,3,5
I
2 2
ey
2 2
7%2,4,6 72,4,6
Vo) = 92, [0)p x| 2257073 | |0)g
(g*_zg,agg»iz;,a
Vig) = W,‘% 0), x #7191 |0)p , i =7,8,9,10, (3.77)

—11,13,15 711,13,15
LT

7=11,13,15 711,13,15

Vo) =92, 100, > | 22y e

¢i1%1,13,10¢i1;1.5,1o

({)172,;14,16&172,114,16
2 2

|Vg) = @[Ji‘% |O>L % Fr1zan16g12 14,16 |O>R 7

2 2
$*12,14,16 2x12,14,16
_1 1

2 2

responsible for an SO(6)* x U(1)* gauge symmetry. Moreover, the 4 tachyons of the E? x SU(2)? theory
are now reduced to two:

) =10), x (Z) 1) - (3.78)

The gauge symmetry is enhanced to U(16) ~ SU(16) x U(1) by the presence of the following vector
bosons:

Vo) =, 0), % [(6" 1)) on=1,....8,
Vi) = 9%, [0) x (67,671

Vi) =, [0), x |(¢*46,67, 91001 113:15))

Via) = w#i 10}, x | (9,610, p111315 gl2ts 16)>R ’ (3.79)
Vi) = 07, [0), (655,57, 10, §21419))

[Vaa) =, [0), x |(649.67.6%, 12141

2
arising in the z3, 21 + 22, 21 + 23, 1L + S + 21, 1 + S + 21 + 23, and 1 + S + 23 + 23 sectors respectively.
The fermionic content can be traced to the S+ 21, S+ 21 + 23, S+ 29, S+ 20+ 23, 1 + 23, 1 + 21 + 29,
and 1 + 2z + 22 + z3 sectors, and transforms as (120, £2) and (120, £2) under SU(16) x U(1).

3.2.8 Summary

Utilising the tools offered by the Free Fermionic Formulation, subject to the consistency conditions
previously outlined, we have systematically analysed all possible realisations of heterotic string theory
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in D = 10 dimensions. In addition to the two supersymmetric theories, SO(32) and Eg x Fg, we have
also obtained six non supersymmetric theories exhibiting rank-16 gauge symmetries. All six theories turn
out to be anomaly-free [107], either due to being non-chiral, due to the trivial cancellation of the SO(8)
and SO(16) anomalies, or in the cases of EZ x SU(2)? and U(16), by application of the Green—Schwarz
anomaly cancellation mechanism [100]. While the absence of spacetime supersymmetry predictably leads
to tachyonic behaviour in 5 of the above theories, in the case of the SO(16) x.SO(16) heterotic string theory
all physical tachyons are eliminated from the spectrum. All non supersymmetric rank 16 vacua outlined
above have been shown to be connected to one another by intricate symmetries upon compactification in
the presence of constant background fields [121,188,217].

In the aforementioned analysis, we have restricted ourselves to models realising a level k = 1 Kac—
Moody algebra, which we summarise in table 3.2. We will retain this restriction in all following chapters,
including four dimensional theories. For the sake of completeness, we note that there is an additional
tachyonic non supersymmetric solution in D = 10-dimensions at the k = 2 level, with an Eg gauge
symmetry [215].

Basis Vector(s) Gauge Symmetry SUSY Tachyons Fermion Representations
1 1 S0(32) NO 32 -
2 1,5 S0(32) YES 0 496
30 1,4 Es x SO(16) NO 16 2 x (1,128)
4 1,5+ 2 S0O(24) x SO(8) NO 8 2 x (24, 8)
5 | 1,82 Egs x By YES 0 (248,1), (1,248)

50(16) x SO(16) | NO 0 (128,1), (1,128), (16,16)
6 1,5+ 21,21 + 2o E2 x SU(2)? NO 4 (56,2:1,1), (1,1;56,2),
(56,1;1,2), (1,2;56,1)

7 1,5+ 21,21 + 22, 23 U(16) NO 2 2 x 120, 2 x 120

Table 3.2: Minimal vector bases generating all possible level k = 1 heterotic string theories in D = 10
dimensions. The vectors 1, S, z1, z2 and zs follow the definitions of (3.29), (3.34), (3.41), (3.51), and
(3.76) respectively.

3.3 Finiteness and Misaligned Supersymmetry

The realisation of a tachyon-free heterotic string theory without spacetime supersymmetry was a seminal
result [106], motivating the further study of the SO(16) x SO(16) theory, as well as the investigation of non
supersymmetric theories in four dimensions [134,135,218,219], which can be considered compactifications
of SO(16) x SO(16). This subject has recently seen renewed interest [2,3,91,132,133,141,143-146,220—
229], in light of the absence of experimental evidence towards supersymmetry up to this point.

One of the most striking features of the five superstring theories is the complete elimination of IR and
UV divergences. This result is owed to the presence of unbroken spacetime supersymmetry, which leads
to exact cancellations in the contributions to the vacuum energy, ensuring it vanishes to all orders, and
providing a solution to both the hierarchy and cosmological constant problems. Given the fact that nature
does not exhibit unbroken supersymmetry, the existence of non supersymmetric string theories offers
interesting opportunities for string model building, but brings the issue of finiteness to the forefront. In the
absence of supersymmetry, we are driven to search for an alternative mechanism by which divergences can
be eliminated, if the theory is to remain finite. Finiteness is, of course, trivially violated in theories where
physical tachyons are present, as on-shell tachyons inadvertently lead to a divergence in the partition
function. In the case of tachyon-free models such as the aforementioned SO(16) x SO(16), however,
resolving the issue of finiteness is critical. If the theory is not finite, then spacetime supersymmetry
would appear to be a necessary ingredient of any realistic attempt at string model building, which in
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conjunction with the absence of experimental evidence towards supersymmetry in modern experiments
would be problematic. If, on the other hand, the theory is indeed finite, that implies the existence of a
mechanism besides supersymmetry by which finiteness is achieved. Such a mechanism was first proposed
in [126] and further expanded in [222,230-237].

In order to investigate the properties of the non supersymmetric vacua, we must analyse the string
partition function. In general, the partition function takes the form of a double expansion in terms of
q) q:

Z2(q.0) =7 " amnd™7" (3.80)

m,n

where the coefficients a,,, encode the difference between bosonic and fermionic degrees of freedom at the
mass level (m, n), with m = n corresponding to the level-matching condition identifying on-shell states. In
supersymmetric vacua, the partition function trivially vanishes due to the exact cancellation of all a,,. In
non supersymmetric vacua, on the other hand, this does not happen. Besides supersymmetry, however,
the string spectrum is also restricted by the invariance of the theory under modular transformations.
UV divergences can be traced to the 7 — 0 region of the fundamental domain of the modular group,
which is excluded from all calculations due to modular invariance. In addition to being well-behaved in
the UV regime, the theory is also protected from IR divergences as long as physical tachyons are not
present. Thus, while exact cancellations cannot occur at each mass level, we expect modular invariance in
conjunction with the absence of physical tachyons to prevent divergences by imposing highly non-trivial
constraints on the string spectrum.

The string spectrum consists of a set of infinite towers of states generated in the various sectors of the
theory. Each sector includes a ground state with a vacuum energy H; and excited states with energies
n = H; + £, where ¢ € Z, which generate a tower of physical states given by:

> e (3.51)
nezZ+H;

Since the ground state energies H; are not identical in all sectors of the theory, what we obtain are
towers of states that are shifted relevant to one another, thus precluding the possibility of their spectra
cancelling against each other at each mass level. In order to retain finiteness, instead, it is the entirety
of the physical string spectrum that must conspire into cancelling out divergences. The net degeneracies
of physical states in a given sector can be analytically continued into the smooth, continuous function
&) (n) [238,239], which reproduces a') for all appropriate n € Z+ H;. We now define the sector-averaged
state degeneracies (a,,) as a sum of the functions ®* (n) over all sectors of the theory:

(ann) =Y _ @D (n) . (3.82)

%

We note here that the sector-averaged state degeneracies do not coincide with the degeneracies of any
sector, nor with the total degeneracies a,,, of the physical states. In order for the theory to remain finite,
these sector-averaged degeneracies must vanish, even though the physical degeneracies a% do not.

In order to see how the cancellation of divergences comes forth, consider a toy model with two
sectors, A, B, contributing towers of states at energy levels n € Z + H4 and n € Z + Hp respectively,

with H4 < Hp. The cancellation of the sector-averaged degeneracies implies that
A (n)+ 0B (n)=0. (3.83)

Due to the difference in the ground state energy of the two sectors, even when (a,,) vanish, there is
no cancellation of the physical degeneracies a,, at any mass level, as these are simply equal to <I>(A)(n),
when n € Z + Hy and ®P)(n), when n € Z + Hp, and are non-vanishing in general. By inspecting a
specific mass level in both sectors, we can see that the net number of states at the mass level m of sector
A are given by ®) (m + H,), while sector B contributes ®#)(m + Hp) = —®) (m + Hpg). This implies
that a surplus of bosons (fermions) must be followed by an even larger surplus of fermions (bosons) at the
next mass level, leading to an oscillation between bosonic and fermionic excesses with growing amplitude.
Figure 3.1 depicts an example of this oscillation occurring in the SO(16) x SO(16) theory.
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Figure 3.1: Boson-fermion oscillations in the physical spectrum of the non supersymmetric 10-dimensional
SO(16) x SO(16) heterotic string theory, indicating the presence of misaligned supersymmetry. The sign
of log(|ann]|) is chosen according to the sign of the physical state degeneracies a,, at a given mass level
n, with positive (negative) values corresponding to an excess of bosons (fermions).

The physical state degeneracy in the asymptotic limit n — co has been shown to grow exponentially
[239]:
all) ~ eCroevm (3.84)

where Ciot is the inverse Hagedorn temperature. The sector-averaged degeneracies meanwhile exhibit
similar asymptotic behaviour, (@) ~ eCevn - However, the exponential growth is cancelled out in
the high-energy limit [125], thus leading to a slower growth of (ann,), as Ceg < Ciot. It is further
conjectured [126] that in some constructions Ceg = 0, in which case the growth in the sector-averaged
degeneracies is merely polynomial. This conjecture has been proven to hold in a number of string theory
constructions, including heterotic theories such as SO(16) x SO(16) [237].

The finiteness of the theory is thus closely tied to the exponential increase in the number of string
states as the mass level increases. The restricted growth in the sector-averaged degeneracies suggests
a constraint on the degree to which supersymmetry can be broken, as the cancellation of bosonic and
fermionic contributions appears to not be entirely absent, but rather misaligned. Any tachyon-free closed
string theory therefore possesses a mechanism guaranteeing finiteness, attributed to a residual “misaligned
supersymmetry” in the string spectrum [126,230-233]. This is a generic property of all modular invariant
tachyon-free string models, and has been shown to hold in any spacetime with D > 2 dimensions,
regardless of the compactification scheme [126].

Misaligned supersymmetry has been explicitly demonstrated in semi-realistic non supersymmetric
constructions [141], and has also been identified in theories incorporating open strings [236,237]. We note
here that while misaligned supersymmetry was derived under the assumption of a tachyon-free theory,
the characteristic boson-fermion oscillations can also be observed in the spectra of the five tachyonic
non supersymmetric theories defined in the previous section, as depicted in figure 3.2. In fact, similar
oscillations have been encountered in other tachyonic constructions [131]. This hints at the possibility
that misaligned supersymmetry might still persist in the spectrum even in the presence of tachyons,
though further analysis is required.
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Figure 3.2: Boson-fermion oscillations in the physical spectrum of the five tachyonic non supersymmetric
10-dimensional theories.

3.4 String Compactifications

The heterotic string theories outlined thus far exhibit some appealing features, such as the incorporation
of gravity in a quantum mechanical framework and the natural way in which gauge symmetries large
enough to accommodate the Standard Model appear as a result of anomaly cancellation. There is,
however, a significant hurdle we need to overcome if we are to make contact with low energy physics
modern experiments can probe. This hurdle is the critical dimension of the string. String theories are
constrained by consistency conditions to live in a D = 10-dimensional spacetime, while our current
experimental observations imply a (3, 1)-dimensional spacetime at low energies. In the previous sections,
we introduced the techniques of the fermionic formulation which can be used to directly construct strings
in D < 10 dimensions. The lower-dimensional theories can be shown to be equivalent to a compactification
of a critical, 10-dimensional theory. This is, however, not manifest in the fermionic language, as the
additional degrees of freedom corresponding to the free fermions needed to cancel the conformal anomaly
are only defined at the self-dual radius, obscuring the moduli-dependent dynamics of the theory.

In this section, we will develop an equivalent description of heterotic strings in which the effect of the
compactified space will be made explicit. In this context, we assume that the 10-dimensional target-space
factorises into a product of a 4-dimensional non-compact spacetime describing our observable universe,
and a 6-dimensional compact space, whose size is assumed to be small enough to not produce any
detectable effects at low energies. In this description, the low-energy predictions of the theory depend on
the geometry of the compactified space.

While 10-dimensional string theories form a small set of unique solutions, upon compactification we
arrive at an astounding number of possible solutions, the so-called string landscape, with wildly differing
physics. This necessitates the search for viable solutions and a classification of the parameter space of
possible models.

3.4.1 Toroidal Compactifications

Let us first consider the simplest example, by compactifying the bosonic string on a circle of radius R.
The coordinate along the compactified dimension will exhibit periodicity:

X® (o +2m,7) = X*(0,7) + 27nR , (3.85)

where n is the winding number, which takes into account the possibility of the string winding around the
compactified direction. The mode expansions in the remaining 25 directions are unaffected by the com-
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pactification and follow the definitions of (2.16), (2.17), while the mode expansion along the compactified
direction is modified due to the boundary condition above:

XB(r— o) = 2 (2% — 3) + (55 —mB) + ... ,
(3.86)
XP(r+0)= 5(:v25 +3P)+ (P +mR) +...,

where the ellipses correspond to the oscillator excitations. In addition to this, the momentum of the
string will also be affected, with the periodicity of the position implying a quantisation in the momentum
eigenvalues. The left and right-moving components of the momentum are given by:

PLZ%(%-FTLR) ,

pRZ%(%—TL}O ,

where m, and n are the momentum and winding numbers respectively. This also results in a modification
of the mass formula:

(3.87)

2 R2
o' M? = o [(Z) + 7;—, } 42N +2Np —4, (3.88)

which exhibits the T-duality invariance under the simultaneous exchange of R <+ o//R and m +> n. The
level matching condition is now given by

NR—NL:mn. (389)

In chapter 2, the partition functions of bosons in compactified dimensions were shown to be proportional
to the momentum lattice: o
> emTPLeT R (3.90)
(Pr,Pr)ED

The contribution to the partition function of bosons with momenta (3.87) will therefore be:
1 /m 2
=Z(R) = 22 {zm— ( +nR) z7rT2(RnR)] ,

which after a Poisson resummation can be brought to the form:

R 2
Z(R) = \/sz mznéz Xp|: —|m—n7’| ] (3.91)

This result can be straightforwardly generalised to multi-dimensional compactified spaces. In that case,
the momentum will be defined by a d-dimensional lattice:

Iy.4(G, B) Z qPE PR, (3.92)
m,nez

which we explicitly depict as a function of the metric G;; and the antisymmetric tensor B;;. The general
solution for the left-and right-moving momenta is obtained by:

pr = GY (m;(Bjr + Gir)ni)

; i (3.93)
Pr =G (m;(Bjk — Gjk)nk)
and their square is defined as: 4 ‘

Pi(r) = PLir)GisPL(ry - (3.94)

The partition function contribution we obtain in this case is:

VdetG G + Bij _
Z(G,B) = + Z exp [—W (mi —n;7) (my +n;7)| . (3.95)
N ™
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While such toroidal compactifications are appealing due to the exactly solvable nature of their underlying
CFT, they are unfortunately unable to produce realistic phenomenology when the low energy limit of the
theory is considered. This is due to the fact that such compactifications to 4 dimensions exhibit extended
supersymmetry and are therefore incapable of generating chiral matter, a key ingredient of the SM. In
order to preserve N’ = 1 supersymmetry and obtain chiral spectra, the compactification manifold must
be Calabi—Yau [240]. Further analyses showed that the gauge symmetry in that case could be reduced to
Es x Es, and even further towards the SM gauge symmetry by the introduction of Wilson lines [241-243)].

The difficulty in approaching low energy phenomenology is further increased by the complexity of
Calabi—Yau manifolds. In fact, the only Calabi—Yau metrics explicitly known are those of the simplest
constructions: the 2-dimensional torus and the K3 surface. In order to overcome this issue orbifold
compactifications [244,245] can be employed, in which the manifold contains singularities, which however
admit exact solutions to the equations of motion. In this thesis, we consider compactifications on toroidal
orbifolds, which correspond to the singular limit of a Calabi—Yau manifold.

3.4.2 Orbifold Compactifications

An orbifold is defined as the quotient of a smooth manifold by a discrete group I'. Under the action of
T, the points = and g - x, g € I are identified, so in addition to the states X'(o + 2m) = X*(0) we also
have to take into account the states X*(o + 27) = g - X?(0), which give rise to the “twisted” sectors.

Consider the simplest orbifold: S'/Zs, where the Z, symmetry acts on the points of S! as: z —
g - x = —x. The partition function is given by:

_ 1 T 1 T
Zor = (qq) 1/24 [Truntwisted (2(1 4 g)qLo qLo> + Triwisted (2(1 + g)qLo qLo>:| , (3.96)

where the twisted and untwisted sectors are defined by the action of the Zy symmetry. This partition
function can be split into four sectors: the untwisted-untwisted sector which gives the same contribution
as (3.91), and the twisted sectors which have the following contributions:

L 1)1 (gq) /> ‘ Ui
2y o Zggloghe | = = _
(QQ) Tuntwisted <2gq q ) 2 H;l..;l(l + q”)(l + qﬂ) 192 s
L 1oz 1 (gq) /> U
1/24 . ZqLozLo | — =
(QQ) Trthsted (2(] q > - 2 Hzo;l(l _ qn_l/Q)(l _ qn—l/Q) - 194 ) (397)
. I 1 (gq)~ /> n
1/24T - - Lo =Lo —— _ )
(49) Twisted (2961 q ) S (s e VDA 1717 ~ |95

The contribution of the twisted sectors can be seen as a result of a new kind of boundary conditions for
the fermions, in which the string is wrapped around the extra dimension. The total contribution to the
partition function is:

101, (R) ‘n ’77 ‘77
Z(R) = -— — |+ |+ 3.98
(B)=3 PE re Rl e Rl by (3.98)
which can be recast in the more compact form:
1 Tia[P (R
Z(R) =5 71’1[92}( ), (3.99)
h,g=0,1 |77|
where I'y 1 [ 2] (R) is defined as follows:
Fl,l(R) ’ (h'a g) = (030)
Pia[g]R) =q |2 (3.100)
19[%:};] , (h,g) #(0,0)

The parameter h labels the twisted and untwisted sectors of the orbifold, while summation over g = 0,1
imposes the invariance projections associated to them.

Up to this point, we have considered the contribution of string states that either close in the com-
pactified dimensions or are wound around them. The presence of the Zs symmetry allows a third kind
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of boundary conditions: we can also consider transporting the string half way along the compactified
dimension. This transportation is known as a Zs shift, as the action of two consecutive shifts is the same
as the identity.

To construct a modular invariant partition function that incorporates shifts, we must consider the
action of the shift on both directions of the string worldsheet. While asymmetric orbifolds have received
attention in the literature [217,246-249], throughout this work we will restrict ourselves to symmetric
shifts, which are introduced simultaneously on both the left and right-moving sectors. The Z, shifts will
have an effect on the left-moving and right-moving momenta. In order to avoid having to relabel the
indices we introduced in equation (3.87), we add an extra contribution to the momenta, which in the case

of S1/Zy will be:
=2 i (n+ )R
PL= R 2 )

m H

The corresponding contribution to the partition function is found to be:

(3.101)

shift [H
Zsnist (R) :% Z Z w, (3.102)

2
H,G=0,1m,neZ ]
where the shifted lattice is defined as:
shi m 1 2_1 2
TPENR) = D (~1)Fmgilvelgalenl™, (3.103)
m,n€”z

The full twisted and shifted lattice is then defined as follows:

IEENR),  (h,g) = (0,0)

H,G)=(0,0)
T2 M(R) = { | -2 |, (H, ’ , 3.104
1,1[G|g]( ) 0[1_21 or (H,G) _ (h,g) ( )

0, otherwise
where the contributions of a simultaneous shift and twist vanish.
At the self-dual point, R = v/2, the partition function factorises into Jacobi functions:

1 € € €

raléhlva =5 > ‘19[4]19[(1’;} (—1)HCHGE+HG (3.105)
€,(=0,1

This is directly related to fermionisation, which allows the redefinition of the theory in the free fermionic
formulation.

The generalisation of the above to higher-dimensional compact spaces is straightforward. The two-
dimensional (un)twisted toroidal orbifold can be described by:

F2,2(T7 U)v (h7g) = (070)

Too[p(T,U) = ) . (3.106)

o (hg) #(0,0)

2n3
s

The orbifolds we will be employing in our attempt to construct semi-realistic 4-dimensional models will
be of the form (T2 x T2 x T?)/T', where I is a product of Z factors. These will include a Zy x Zo twist
responsible for the A/ = 4 — 1 reduction of supersymmetry, a Z, realising the Scherk—Schwarz breaking
of the remaining supersymmetry via an order-2 shift along the first torus, as well as additional factors
encoding model dependent information. This choice of compactification is a compromise between the
complexity of Calabi-Yau manifolds and the trivial but exactly solvable nature of toroidal manifolds and
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is motivated by the capacity of toroidal orbifold compactifications to produce chiral matter and family
repetition, two defining features of the SM any realistic model must possess.

The implementation of shifts on the toroidal orbifold can be performed in two ways: either as simul-
taneous shifts along the two directions of the torus, or as two independent shifts. Let us first consider
the case of two independent shifts H; 5. The momenta, expressed explicitly in terms of the Kahler and
complex structure moduli can be cast in the form®:

bL = )
V12U,

f 3.107)
_m2+%—Um1+T(n1+h;1—|—Ung) (
o VI ’
and the shifted lattice is obtained by taking:
1 2 1 2
Fsh]ft[gi,gj](T’ U) _ Z (_1)G1m1+G2n2q4|Pb| q4|PR‘ . (3.108)
e,
ni,n2

The full twisted/shifted lattice is given by:

Y ET,U), h=g=0

s |2 (H1,G1) = (H2,G2) = (0,0)
aalf T 0) = | | oG = O (0 ) = () 1A =12
g or (Hy,G1) = (H2,G2) = (h,g)
0, otherwise

(3.109)
The maximal symmetry point is now defined as T" = 2U = 4, in which case the fermionic description is
once again recovered:

1
Hy H h h G G G G
DoolBi i) = 1 Y PRIl Tl (1) a st G oot (3.110)
GG €22
At the fermionic point, the (2,2) lattice can be seen to decompose to a product of two (1,1) lattices,
taken at their respective fermionic points defined as R = V2:

Daolfl a2l i/2) = TEE PV 22 M (V2). (3.111)

We stress that this decomposition is only valid at the fermionic point. In fact, when deformations to
generic points are considered, the two I'y ; fail to properly account for all the moduli. While I's 5 explicitly
depends on four real moduli, the product of two I'; ; lattices only involves two radii. The lattices defined
n (3.108), (3.109) will be a key component in our attempts to construct semi-realistic 3-generation
models, as we will see in chapter 6.

Alternatively, we may consider a simultaneous shift in the two directions, by taking H; = H, and
G1 = G4 in (3.107) and (3.108), in which case the lattice is given by:

MR [EN(T,U), h=g=0
2
Hih _ )| e (H,G) = (0,0)
Loplglgl(T,U) = 79[{7::} ; or (H.C) = (hg) (3.112)
0, otherwise

5While this is not the most general form, we will nevertheless adopt it throughout this thesis as it can be easily translated
to the framework of the free fermionic formulation.
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In this case, while the fermionic point now defined as T =4, U = (1 4 ¢)/2 does factorise into a product
of Jacobi theta functions:

C14d, 1 e rennil? .
Loolflf G ) =5 D2 [leIEh)| (-pfercerie, (3.113)
€,(EZ2

offering an equivalent fermionic picture, it cannot be expressed as a product of two I'; ; lattices. This
restriction also manifests itself in the corresponding fermionic description, where the internal space is
parametrised by complex rather than real fermions. While this description tends to greatly reduce the
parameter space of possible vacua, thus simplifying the search for models with specific characteristics,
it comes at a phenomenological cost. Models constructed in this manner do not exhibit fully realistic
phenomenology, but they do retain important features such as chirality and can be considered to be
“semi-realistic”. We construct such models with SO(10) gauge symmetry in the following chapter, as a
prelude to Pati-Salam constructions which are the focus of chapter 5.
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Chapter 4

A Warm-up: Four Dimensional
SO(10) Models

In this chapter, we will outline the procedure we follow in the construction of four dimensional models
in a step-by-step approach. We will focus on a class of models with unbroken SO(10) gauge symmetry
and employ the fermionic formulation in conjunction with orbifold compactifications in order to identify
models with semi-realistic phenomenological properties.

4.1 Model Construction

As we saw in the previous chapter, the cancellation of the conformal anomaly requires 3(10 — D) real
left-moving and 2(26 — D) real right-moving fermions on the worldsheet, in addition to the D — 2 left-and
right moving bosons X* and X" in the light-cone gauge of a D dimensional heterotic string theory. For
the purposes of this section, all real fermions will be grouped in pairs forming complex fermions in the
following manner: {x%,x’} = x%, {v", v/} — v, {w", 0w’} = w7, {7, 97} — §", {&",&07} — @*. This
allows for a simpler vector basis and corresponds to a significantly smaller class of models which can then
be exhaustively analysed, at the cost of introducing degeneracies in the massless spectrum, which notably
exclude the possibility of models with three fermion generations. Since the purpose of this chapter is to
merely showcase our dual approach and highlight only the most important features that will be relevant
to more realistic constructions, we postpone further discussion of these issues to the following chapters.

The worldsheet spectrum in D = 4 dimensions is comprised of the following: (i) 2 left and 2 right-
moving bosons X#, X" corresponding to the non compactified spacetime coordinates. (ii) 10 complex
left-moving fermions which include the light-cone gauge spacetime fermions ¥*, the internal fermionic
coordinates 223456 as well as the fermionised internal bosonic coordinates y!2:34:56  (,12:3456 " (jji) 22
complex right-moving fermions, with 12:34:56 512:34.56 coming from the fermionisation of the internal
coordinates, in addition to the 16 complex fermions ¢'%, 7123, @18 realising the right-moving gauge
currents.

The starting point of our vector basis corresponds to periodic boundary conditions for all fermions,
as required for consistency:

12,34,56  12,34,56  12,34,56(-12,34,56 —12,34,56 71,....5 =1,2,3 71,..,8
ulzﬂ:{wu,l‘ LY W ‘y y W ﬂﬁ » 1 7¢ } (41)

In order to generate spacetime supersymmetry and eliminate all 0 sector tachyons of the form

@_
10), <¢*

S

) |0>R , (Z_S_% c {g12,34,56’@12,34,56’1/;1,.‘.,57 —172,37(51,...,8} , (42)

1
2

we introduce the second basis vector:
Uy = S = {1pu7 X12’34’56} . (43)

This is the simplest vector basis that leads to consistent supersymmetric models, which exhibit an SO(44)
gauge symmetry with N' = 4 supersymmetry, the maximal amount a four dimensional heterotic model
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can have. In this framework, the left-moving sector supersymmetry is realised in a non-linear manner,
with the supercharge being [190]:

6
Tp =4"0X, + > X'y'w'. (4.4)
=1

These models correspond to a compactification on a Narain lattice I'g 22(G, B) [188]. The corresponding
partition function, following the discussion of the previous chapter will be:

Z a-‘rb-‘ruabﬁ[g]‘l F6722 (4 5)
"~ 2y 772 = nt S '
a, 2

Here, the 1/1?7? factor encodes the contribution of the two left and right-moving bosons!, while the *
and 2123456 fermions periodic under S are responsible for the 9[¢]%/n* factor. In general, the lattice
partition function depends on 6 x 22 moduli: the metric G;;, the antisymmetric tensor B;; as well as
the Wilson lines that appear in the two dimensional worldsheet. For the sake of simplicity, we do not
explicitly denote the dependency on the moduli of the lattice.

The parameter u determines the overall chirality of the fermions. The free fermionic partition function
can be reproduced in the orbifold formalism by fixing the lattice of (4.5) to its maximal symmetry point,
termed the “fermionic” point, where the description simplifies to a product of Jacobi functions

1 _
Po22 =5 > 9199517 (4.6)
k£
and associating p with the GGSO phase c[4]:

M:

DN | =
—~
—
I
S
e
f—
—
i
\]
S~—

in which case the full partition function reads:

19[“]4 ﬂ[k]ﬁ ﬁ[k]22
a b+pab “lb 4 4
Zso(44) = P22 Z Z o nt b 22 (4.8)

a,bEZs> k} AE Lo

Let us now add three more vectors to our basis:

uz = Tl — {y12 12‘y12 —12}
uy = T3 _ {y56,w56\g56,w56} )

These additions break SO(44) to SO(32) x SO(4)? and allow us to have a more clear geometrical inter-
pretation, as the Narain lattice can now be factorised into the product of a 6 dimensional internal space
and an extra contribution due to the fermionised degrees of freedom of the right-moving bosonic string:
I'g,20 = I'g,6 X I'16. In fact, the three T; basis vectors split the I's ¢ lattice into 3 complex planes:

Dol ale] = Hrm : (4.10)

which correspond to the shifted lattices of (3.112) and factorise into Jacobi functions at the fermionic
point according to (3.113), with h = g = 0.
In order to reduce supersymmetry from A" =4 to A/ = 1, we introduce two additional basis vectors:

ug = bl — {X34,X56,y34,y56\ﬂ34,3756,1[)1 .5 —1}

5 =2

o (4.11)
ur = by = {x'%, X",y y g%, 770 0 )

IThe bosonic part also contributes a factor of 1/72 which we drop for simplicity.
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The introduction of each of these vectors corresponds to a Zs twist reducing supersymmetry by half.
While the end goal of our analysis are non supersymmetric models, we nevertheless refrain from adding a
third Zs twist to explicitly break supersymmetry to A/ = 0, as such supersymmetry breaking generically
occurs at the string scale. A spontaneous breaking of N/ = 1 — 0 is utilised instead, via a stringy
realisation of the Scherk—Schwarz mechanism, which we outline in a later part of this chapter.

In addition to the N' = 4 — 1 supersymmetry breaking, b; and b, are also responsible for breaking
the SO(32) x SO(4)? gauge symmetry to U(1)% x SO(10) x U(1)? x SO(18). The SO(10) factor will act
as the observable gauge symmetry of our models, while the rest of the gauge factors will constitute the
“hidden sector”.

We finally introduce two more vectors in order to reduce the hidden sector gauge symmetry:

71,4
ug = 21 = ,
e {¢5 8} (4.12)
ug =z = {¢7°}.
The final gauge symmetry of this class of models, gauge symmetry enhancements aside, will then be:
G = SO(10) x SO(8); x SO(8)y x U(1)3, (4.13)

where we have suppressed the standard U (1) factor originating from the compactification. The partition
function, at the fermionic point takes the form:

et DL IO 3D SN

a+hq a-+ho a—h1—ho
5[8] 19 ] ﬁ[b—i—gl } ﬁ[b—&-gQ] ﬁ[b—gl—gz ]

ak,p = Y725 ’Ys Hh1,h2 n n n
bl.o 01,02,03 G,91,92
h h —hi1—h
19[}11]19[31%3] Il an ) VR0 )
U n? 7> (4.14)
3 hi1q ho1 3 hi1—h
IR0 e 9G] L1905 g, Zgr )
U U U
k+h k+ho1 gtk—h1—ha1 = 3 H
o e ooy e A Ve
UK Ui U] ] Uk n*

The Ramond and Neveu-Schwarz sectors of the left-moving fermions are defined by a = 1 and a = 0
respectively, while summation over b introduces the GSO projection. For the right-movers, (k,#) and
(p, o) label the boundary conditions of the 16 complex fermions realising the two Eg factors of the ten-
dimensional theory, while (H, G) are responsible for a twist in the gauge currents which breaks the hidden
sector gauge symmetry to SO(8)2. The naming scheme of the right-moving fermions is now apparent:
1% generate the observable SO(10) gauge symmetry, Whlle pt2:3 produce three U(1) factors. The
hidden sector includes two SO(8) groups associated to ¢'~* and ¢°® respectively. The twisted sectors
of the non-freely acting Zs x Zo orbifold are labeled by (hhhg), with (h1,he) = (0,0) defining the
untwisted sector, while (hq, hs) = {(1,0),(0,1), (1,1)} make up the three twisted sectors of the model.
The corresponding invariance projection is obtained by summing over g; and go.

We have also introduced the orbifold phase {[2] in terms of the two vectors a = (a, a+h1,a+ho, ..., p+
H)T and b = (b,b+ g1,b+g2,...,0+ G)T containing all upper and lower theta function characteristics
respectively. This phase plays a crucial role in our constructions. In addition to ensuring that the
partition function is modular invariant, it also carries all model dependent information and its exact form
can determine whether supersymmetry is broken spontaneously or explicitly. It is straightforward to show
that any sector of the fermionic theory can be reproduced by fixing the elements of a modulo 2, while all
possible projections within a sector can be matched by also fixing b in a similar manner, implying the
existence of a 1 — 1 correspondence between the GGSO coefficients and the orbifold parameters.

In order to ensure that the partition function of (4.14) is invariant under modular transformations at
one and two-loops, as well as that it factorises into two one-loop amplitudes at the two-loop level, the
orbifold phase must satisfy the following conditions modulo 2:

1
flazbrn) =& —1— 2
€ =€l - 5a-b. (1.15)

i) =Bl +Eb ] +a
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These are analogous to the conditions (3.6), (3.7), and (3.9) imposed on the GGSO coefficients in the
free fermionic formulation.
Under these conditions, the orbifold phase takes the form:

Rl =a+b+ HG+ O], (4.16)

where ®[2] is comprised of modular invariant bilinears of the upper and lower theta function parameters.
In order to complete the mapping between the two formalisms, there is one final issue we need to address.
In the free fermionic formulation, the theta function characteristics are always defined modulo 2, and the
sign of each term in the partition function is fully encoded in the corresponding GGSO phase 0[7‘1] This,
however, is not the case in (4.14), as the sign of each term is sensitive to additional contributions arising
due to the periodicity of the theta functions:

I[pta] =™ I[5] . (4.17)

In order to properly take these contributions into account in the orbifold phase, we include an additional
term

Afg] = efma-lalbrz (4.18)
where [a] = amod 2 and the orbifold phase finally takes the form

€] =a+b+ HG + O3] + AR . (4.19)

The bilinears that enter the orbifold phase are correlated to the values of the GGSO coefficients. We define
the vectors X = (a, k, p, 71,72, V3, H, h1,h2)T, Y = (b,¢,0,61,02,03,G, g1,92)T and the 9 x 9 symmetric
matrix M with Zs elements, which encode the model dependent component of the phase:

PR] = X"MY . (4.20)

The exact form of ®[}] can be computed by evaluating M for all choices of X, Y which correspond to
the basis vectors of table (4.1) and identifying each element with the corresponding GGSO phase. The
symmetry conditions fully determine half of the non-diagonal elements of M, by requiring M;; = M,;,
while invariance under T-transformations introduces additional conditions. This procedure always leads
to an equal number of free parameters as the free fermionic formulation, as for a general basis of n vectors

the n X n matrix M is subject to n(n—1)/2+ (n—1) conditions, resulting in n(n —1)/2+ 1 independent

choices, and therefore 9 1 vacua, in agreement with the discussion in section 3.1.

Having established the equivalence of the fermionic and orbifold formulations, we finally reintroduce
the full twisted / shifted 2,2 lattices by employing (3.113). After taking everything into account, the
partition function of the orbifold will be:

a a+h a+h a—hi1—h
Z Z Z (_1)a+b+HG+<I>19[b] 19[174»911} ﬁ[b+922] [b*gllfg;]
93 93
?2 a,k,p 2 hl,h27G ghg%gi& N n N N

blU 91,92, 1,G2,G3

Doo[o! [M])(TM, UM) Dy 8252)(TP, UP) Ty 5[4 \3;15;]@(5) U®) (4.21)
020> %> %>
— k+h k+ho1 grk—h1—ha1 —= 3
o i e iy e o el
Uk Ui Ui Ui Uk it

where we use the short-hand notation ® to denote the ®[3] and A[%] components of the orbifold phase,
which are now functions of the lattice parameters H;, G; instead of ~;, d;.

Given the set of rules outlined in the previous chapter, the vector basis we employ, summarised below
in table 4.1, will generate a family of models, which after choosing c[%} = +1 in order to limit our focus
to non supersymmetric vacua, encompasses 236 models. A detailed analysis of the phenomenology of
these models is beyond the scope of this thesis. We will instead provide a brief introduction of some key
elements which will be relevant to the construction of Pati—Salam models in the following chapters.

60



Chapter 4 — A Warm-up: Four Dimensional SO(10) Models

us = T) = {y'2,w'2[5'2, &'2)
ug =Ty = {y3, w3734, 034}
us = Ty = {y%, w|3%8, &6}
ug = by = {x34, %9, y34, 456|534, %6, pL5 it}
wr = by = {x'2, %, y12, %8 |512, 556, p15, 72}

ug = zg = {¢" 8}

Table 4.1: The full vector basis of the N =1 supersymmetric SO(10) x SO(8)% x U(1)? class of models.

4.2 Elimination of Tachyons

In the absence of supersymmetry, or constructions are vulnerable to the appearance of tachyons in the
string spectrum, which imply an instability of the vacuum and invalidate the perturbative approach.
Before proceeding with their analysis, we must therefore ensure that the models are tachyon free. In
order to do that, we must identify all possible sectors in which tachyons can potentially arise, and make
sure that the GGSO projection eliminates all of them from the spectrum. This results in a constraint on
the allowed combinations of GGSO phases.

In the SO(10) models under consideration, tachyons can either arise from the Ramond vacuum of the
sectors z; or zo, in which case their mass is M? = —1/2, or from the sectors T;, T; + z1 and T; + za,
i =1,2,3, with mass M? = —1/4. In the T;+ 2 2 sectors, these states are also obtained from the Ramond
vacuum, while T; tachyons require the action of a right-moving fermion oscillator. The first constraint
imposed on the models must therefore be the elimination of tachyons from all the aforementioned sectors.
While this can be fully translated to conditions on the GGSO phases themselves, we will defer the full
derivation to the next chapter where Pati—Salam models are analysed. We note that an evaluation of the
conditions allowing tachyon-free constructions reveals that roughly ~ 50% of the aforementioned models
exhibit tachyons and are therefore not consistent SO(10) vacua.

4.3 Basic Elements of the Massless Spectrum

Assuming that all tachyons have been eliminated via appropriate GGSO projections, we are now free to
dive into some of the features of their massless spectrum. In the analysis of the spectrum of these models,
two linear combinations of the basis vectors of table 4.1 are of high relevance. These are

3 2
r=1+S+> Ti+> o= {K"" 5% (4.22)
i=1 k=1
and
bg _ bl + b2 +p= {X12,X347y12,y34|§12,ﬂ3471;1""’5,773} . (423)

In order to make contact with low energy physics, we must ensure that these models reproduce some of
the key features of the SM. The first property we will investigate is chirality. As presented in chapter
1, the chiral matter of the SM, in addition to right-handed neutrinos can be accommodated in the 16
and 16 representations of SO(10). Fermions in the above representations can arise in the sectors labeled
S;q = S+b;4+pT;+qT), where p,g = 0,1 and {i, j,k} = {(1,2,3),(2,1,3),(3,1,2)}. The GGSO projection
which determines whether states generated in those sectors are present in the physical spectrum follows
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the definition of (3.22), which can be determined by suitable projection operators:

9

P, =11 ; (1 —c[sl } ) . (4.24)

Jj=1

We can take advantage of the fact that any vectors that have nonzero overlap with S;q do not project
out the states in question, but rather fix the internal chiralities of the worldsheet fermions, to define
the generalised projectors, which only include the vectors that can eliminate a state from the spectrum.
Given a state constructed purely out of the Ramond vacuum of a sector a, such vectors form a set =*(a)
and the result of the GGSO projection can be determined by the operator

Pr= ] % (1 + cm) , (4.25)

£€E*(a)

with physical states satisfying the condition P} = 1, while states where PZ = 0 are eliminated from the
spectrum.
The projection operators which determine which of the S, sectors give rise to physical states are

therefore P si with

(1]

- (S;q) = {Ti,Zl,Zg} . (426)

While these operators determine the presence of chiral matter in each of the S;q sectors, they cannot

distinguish between states that transform as 16 and 16. In order to determine the exact representation
they will fall into, we utilise the representation operators:

S | il
_C|:Sj :|7J7é7’_172

SO(10 1—q
Xgt? = O T : (4.27)
—c Sllq,o} , 1=3

which return +1 and —1 for fermions in the 16 and 16 respectively. The net number of fermion generations
can then be expressed as:
Ng = N1 — Nig (4.28)

where

31
n1g =4ch (") Z Z IP <1+XSO(10)) ,

i=1 p,q=0

1
> By 5 (1-x30™)
0

i=1 p,q=

(4.29)

Mw

n1g =4ch(y*)

with ch(y") denoting the chirality of the spacetime fermions. Spinorial fermions can also arise in the
S -+ x sector, but they always come in pairs of 16 + 16 and thus have no effect on the net chirality. In
figure 4.1, we present a plot of the net chirality exhibited by the non-tachyonic models of the class defined
in table 4.1.
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Figure 4.1: A plot of the number of tachyon-free models along with the corresponding net chirality. This
roughly follows a normal distribution around zero. The lack of models with +28 generations appears to
be in line with [250], where supersymmetric models with real fermions were considered.

The bosonic sectors Z;q = b; + pTj + ¢}, similarly give rise to spinorial states and are subject to the

projection operators ]P;i , with
Praq

E+ (E;’Q) = {T"La 21722} . (430)

In this case, there is no well-defined representation operator implying that scalars always come in 16 +16
pairs. These sectors will be of high importance in the Pati-Salam constructions, as they include the heavy
Higgs H(4,1,2) necessary to induce the spontaneous symmetry breaking of the Pati-Salam symmetry.
As figure 4.2 shows, the existence of such states in the string spectrum is common, as a majority of the
models include at least one sector giving rise to scalars in the spinorial representation.
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Figure 4.2: A plot of the number of tachyon-free models along with the number of sectors generating
scalars in the (anti-)spinorial 16/16 representation.

Moving on, the sectors T;q = X}, + 2 can give rise to various massless bosonic states depending on

which right-moving fermionic oscillator is acting on the vacuum. Among these is

Pyt .
|(¢L)>L X <w*1f..,5> |(¢R)>R ) ¢La¢R c T;q ) (431)

which accommodates the SM Higgs in the vectorial 10 representation. In order to analyse the GGSO
projection on states which contain fermion oscillators @, which take the general form

|a)p, x <¢:%>|a>3 y pelp —ar, (4.32)
-
we introduce the generalised projectors
P¢ = AL * 4.33
a 5 + a ,BC 5 ’ ( . )
BeE(a)
with
-1
o5 = wen (4.34)
+1, p¢p

In this notation, P¥ = 1 identify physical states, while P¥ = 0 project the state under question out of
the massless spectrum.
Returning to the 7, sectors, the state (4.31) including the SM Higgs is identified by the operator

—4,5 .
IP;ﬁpiq =1, 2(1,) ={Ti, 21, 22} . (4.35)

Figure 4.3 clearly shows that as was the case with the spinorials, a majority of the models include at
least one sector responsible for physical scalars in the vectorial representation.
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Figure 4.3: A plot of the number of tachyon-free models along with the number of sectors generating
scalars in the vectorial 10 representation.

By proceeding in a similar manner we can analyse the entire massless spectrum of the theory, extract-
ing algebraic expressions in terms of the GGSO coefficients which encode phenomenological features in a
model independent way. We will explicitly do this in the following chapters.

While the fermionic formulation offers powerful tools for the analysis of the string spectrum, its de-
scription of the dynamics of the theory is restricted to the “fermionic point”. All moduli are fixed to
specific values and the behaviour of the theory in generic points of the moduli space is obscured. In addi-
tion to this, the fermionic description offers no insight on the mechanism which induces supersymmetry
breaking, revealing only whether unbroken supersymmetry is present or not. These limitations are what
motivates the redefinition of the theory in the orbifold language. In the following sections, we briefly
discuss some of the main phenomenological features this allows us to investigate.

4.4 Spontaneous Supersymmetry Breaking

In this section, we will provide a short argument for the consistency of supersymmetry breaking imple-
mented as a Zs momentum / winding shift along the first torus defined by the lattice (3.112) with the
Scherk—Schwarz mechanism.

Consider a model of the class defined by the vector basis of table 4.1, described in the orbifold notation
by (4.21). In addition to the conditions (4.15) imposed by modular invariance and factorisation, the mod-
ular invariant phase ® is subject to strict constraints by the requirement of spontaneous supersymmetry
breaking. More specifically, if we consider the modified Riemann identity
5 (U)X gl eyt ha) — g S g e

a,b=0,1

(4.36)
which appears as a multiplicative factor in the one-loop partition function, we can see that the right-hand
side is non-vanishing if any X € {k,p,H,H;}, Y € {l,0,G,G;} are coupled to b and a in the orbifold
phase. Since this factor is precisely what causes the partition function to vanish in supersymmetric
theories, the presence of such couplings indicate explicit supersymmetry breaking and must therefore be
eliminated. The only allowed couplings to a,b come from the modular invariant term aG; +bH, + H1G1,
which must be present in order to implement the Scherk—Schwarz breaking?, in addition to potential

2We assume for simplicity that the Scherk-Schwarz mechanism is implemented solely along the direction of the first
torus, avoiding more complicated implementations involving the other two tori.
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model-dependent terms of the form ag; + bh; + h;g;, which trivially reshuffle the Jacobi functions on the
right-hand side.

In order to verify that supersymmetry is spontaneously broken under the aforementioned assumptions,
we focus on the sector of the theory which is responsible for generating the gravitino. In the fermionic
formulation, this is sector S. In the orbifold notation, this corresponds to the following choice for the
parameters in (4.21):

azl,k:p:H:h1:h2:H1=H2=H3ZO. (437)

Upon closer inspection, the choice a = 1 restricts non-vanishing contributions to the sub sector b = g; =
g2 = 0, as otherwise the partition function vanishes due to the appearance of ¥[}] factors. Moreover, the
vanishing of all other upper arguments implies that no terms containing G; besides aG; remain in the
phase. Since hy = g1 = 0, the shifted lattice is involved, contributing

Z (_1)G1(m1+n2)q%\pL\zqi|l)R|2 , (4.38)
"ni iy €2
with lattice momenta following the definition of (3.107), with identical shifts in the two directions of the
torus.

Given the presence of the additional GG; factor in the modular invariant phase ®, when summation
over (71 is performed, m; +ns is forced to be odd. The level matching condition places further constraints,
imposing the condition n; = no = 0 and therefore restricting m; to odd values. The lowest mass state,
which can be associated with the gravitino mass, is then obtained by taking ms = 0 and m; = 1, in
which case the mass takes the form 0l

ms /g = .
3/2 /7T2U2

In the simplest case of a square torus, where T'= iRy Ry and U = iRs/R;, the mass then simplifies to

(4.39)

1
M2 = 7 (4.40)

recovering the Scherk—Schwarz prediction.

We emphasise that the exact form of (4.36) and the constraints it places on the couplings of a and b
are common to all constructions making use of the vectors S, by, and bs, while the vanishing of all upper
arguments besides a in (4.37) follows from the definition of the S-sector, thus implying that (4.39) is also
valid in more general constructions, including those with Pati-Salam gauge symmetry we investigate in
the following chapters.

4.5 Effective Potential and the Cosmological Constant Problem

In addition to tachyonic instabilities, in order to construct realistic models without spacetime supersym-
metry we must ensure that the predicted value of the cosmological constant is sufficiently low, in line
with cosmological observations. The cosmological constant can be calculated at the one-loop level by
integrating the partition function over the moduli space of the worldsheet torus. The vacuum-to-vacuum
amplitude then appears as a function of the moduli:

1 d*r Z(1,7;tr)
Vidoop = ———— [ L2 TN 441
1-loop 2(2m)* /]_- T2 T ( )

where t; = {T +i7{" U +iU" T = 1,2,3}. While the partition function depends explicitly on the
12 moduli 7(1:2:3) (1:2:3) 4 full analysis of the dynamics when taking them all into account is beyond
our technical capabilities. In order to probe the modular dependency of the theory, we resort to a series
of numerical simplifications.

Firstly, while spontaneous supersymmetry breaking can be achieved by appropriate Z, shifts along any
of the three tori, or even in combinations of them, we only consider the case where the shift responsible
for breaking supersymmetry is solely along the direction of the first torus. We then fix the remaining two
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tori to their fermionic points, by taking 7 = T®) = j and U® = UG = (1 +14)/2 and replace them
with their equivalent description in terms of theta functions.

Further simplification can be achieved, without loss of generality, by taking advantage of the Riemann
identity (4.36) to perform the summation over the spin structures a, b. In addition to this, we can
restrict our attention to the sub-sector (Hi,G1) # (0,0), as in that case supersymmetry is restored.
Supersymmetry is also restored in the sub-sectors satisfying (Hq,G1) # (h1,91). Since simultaneous
shifts and twists also lead to vanishing contributions due to the lattice definition (3.112), numerical
calculations can safely be performed by taking h; = g; = 0, in which case only the shifted lattice
contributes. The partition function then takes the simplified form:

1 sn1 1
Z=5 Y. VG0, (4.42)
H1,G1€Z2
where
H H Hi+h
\I’[Gﬂ - 24 26 Z Z Z HG+¢19HIGH219HIGiIg;]
k p€Z2 ’gzvgs Zs hz,gezz
’ 4.43
> 79[72]19[724‘}12]19[73]19[ 3— hz]ﬁ[ }19[724‘}12]19[ ]19[ 3— hz] ( )
0217 1624+g2 1710317 153 —g2 0217 182+g2 03—g2
SR el S T AR AR

with the phase now relabeled to ® to reflect the above simplifications have been taken into account.
The lattice-independent factor can be Fourier expanded in terms of ¢, g:

al= 3" 3 e At (4.44)

A>—1A>-1

We finally fix the T7,U; and U; moduli of the Scherk—Schwarz torus to their fermionic point values
and consider deformations of 7. While the exact shape and characteristics of the effective potential are
highly model dependent, we can deduce some of its properties which will be encountered in all cases. First
of all, assuming supersymmetry is spontaneously broken by a stringy realisation of the Scherk—Schwarz
mechanism, in which the masses generated are inversely proportional to the volume of the internal space,
the potential must asymptotically vanish as the limit 75 — oo where supersymmetry is restored in
a higher-dimensional theory is approached. Additionally, since the momentum lattice respects the T-
duality symmetry as T <> 1/T5, the same asymptotic behaviour will be present in the limit T — 0.
This further implies that the self-dual fermionic point 75 = 1 will correspond to a local extremum. In
figure 4.4 we illustrate the typical form of the potential, taking all of the above into account.

V(T,) V(T,)

Figure 4.4: The typical form of the one-loop potential as a function of the 75 modulus.

In the vast majority of models, this potential takes the form of a puddle, with a global minimum
at T = 1. In addition to predicting large, negative values for the cosmological constant, this implies
that supersymmetry is broken at the string scale, while deformations of the moduli around the minimum
typically give rise to tachyons.

Even when the potential is positive definite, however, the situation is still not ideal. The asymptotic
behaviour of the effective potential can be extracted by using the unfolding method [245, 251, 252] by
decomposing the lattice into modular orbits. A more detailed showcase of this procedure can be found
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in [91]. For the purposes of this work, we will merely reiterate the result, in which the asymptotic form
is given by:

C[O]((D 0) U3
—2(210)4V; 00 ~ A ) § 2 .
( ) 1—loop 3T22 . |m1 % m2’6 9 (4.45)

where the ellipses denote exponentially suppressed terms. If we take into account the current experimental
constraints on the size of the extra dimensions and assume that the compactification scale is of the order
of a few TeV [253], then the value of the one-loop potential exceeds the observed value of the cosmological
constant by many orders of magnitude. In order to obtain small values for the cosmological constant,
within the bounds set by observations, it is therefore necessary to ensure the exponential suppression of
the effective potential by requiring that the power-law term vanishes:

C[°(0,0) =0. (4.46)

In order to obtain a physical interpretation of the above condition, we need to investigate the components
of the full partition function in which it appears by incorporating the lattice contribution. The lattice

generates moduli dependent contributions, with one exception: the term I'$%*[9] always takes the form

Dl =1+ f(Ty) (4.47)

where f(T5) includes all moduli-dependent terms. The moduli independent term equal to unity gives rise
to physical massless states when taken together with the (A, A) = (0,0) contribution of ¥. These will
be the only massless states of the theory at generic points, as all other (Hy, G1) sectors exhibit moduli-
dependent masses. We note that in the (H1,G1) = (0,0) case the partition function vanishes identically,
in which case we can recast the condition in the form.

> C18,1(0,0)=0. (4.48)
G1

This condition can be reinterpreted as a constraint on the physical massless states of the theory, as
summation over G; imposes the appropriate invariance projection. The requirement of an exponentially
suppressed cosmological constant therefore imposes a strict cancellation between massless bosonic and
fermionic degrees of freedom, in which case we arrive at the conventional condition of

ng =nr, (4.49)

which defines a class of models that exhibit boson-fermion degeneracy in their massless spectra. These
models, known in the literature as super no-scale models [137-140] yield exponentially small values for
the vacuum amplitude for sufficiently large values of the compactification radius.
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Chapter 5

Classification of Four Dimensional

non supersymmetric Pati—Salam
Models

Having outlined all the necessary mathematical tools, we are now ready to introduce the class of non
supersymmetric Pati-Salam heterotic string models comprising the main focus of this thesis. Using the
tools offered by the free fermionic formulation we analyse the massless string spectrum, as well as possible
tachyonic modes that may appear, and formulate a set of model-independent conditions that guarantee the
consistency of the theory with low energy phenomenology. We then switch to the orbifold notation which
allows us to investigate the theory at generic points of the moduli space, away from the fermionic point.
In this framework, additional conditions are needed in order to ensure that supersymmetry is broken
spontaneously, in a manner consistent with the stringy realisation of the Scherk—Schwarz mechanism as
outlined in section 4.4. We also require that the models be Bose-Fermi degenerate in their massless
spectrum, in order to facilitate the construction of vacua with an exponentially suppressed cosmological
constant, in line with observational constraints. Utilising the basic properties of the one-loop effective
potential for models satisfying all the above criteria, we then present a classification of the full parameter
space of compatible models and present some explicit examples with appealing phenomenology.

5.1 Model Setup

The construction of the class of models under consideration follows the procedure of the SO(10) models
outlined in the previous chapter, with the addition of the basis vector ujg = a = {45, ¢12}. The full
vector basis is:

up = 1 = g, b g6 LBl Glie6 GL23 15 gLy
ug = S = {y" x" 0%,

uz = Tl — {y127w12|512’@12} ,

us =Ty = (g%, g™, &) |

us = Ty = {4, w5, 0%} |

ug = bl — {X347X56’y347y56|g347g56’1;1,...,5’77]1} ,

uy = b2 _ {XIQ,X56,y12’y56|§12’g56’,¢_}1,u.,5’7—’2} ,

ug = 21 = {(51,...74} 7

ug = zg = {¢> "},

Ulp = a = {1/;4,57(231,2} .

The addition of « to the vector basis breaks the observable SO(10) gauge symmetry to SO(6) x SO(4) ~
SU(4) x SU(2), x SU(2)r, while also reducing the hidden sector: SO(8) x SO(8) — SO(4) x SO(4) x

(5.1)
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SO(8) ~ SU(2); x SU(2)2 x SU(2)3 x SU(2)4 x SO(8). The full gauge symmetry these models possess

G = SU(4) x SU(2)r x SU(2)g x U(1)? x SU(2)* x SO(8) , (5.2)

with special choices of the GGSO phases potentially giving rise to various enhancements, which we will
cover in a later part of this chapter. A standard U (1)6 factor arising due to the compactification has
been suppressed. We note that the models exhibit a cyclical symmetry among the three SO(4) factors.
In the following we adopt the standard convention where the SU(2), x S U(2)r factor of the Pati-Salam
gauge symmetry is attributed to the fermions ¢*°, while ¢*? and ¢>* are responsible for the hidden
sector SU(2) gauge groups.

The string spectrum is organised in 20 sectors given by the linear combinations of basis vectors

10
Zmlﬁl s ml,...,mm:{(),l} 5 (53)
i=1

subject to GGSO projections, encoded in the generalised projectors (4.25), (4.33). This class of models
comprises 246 =~ 7 x 10'3 a priori distinct vacua, each defined by specifying the sign of the independent

GGSO phases C[Zi_], i=7=1,i<j=1,...,10. In order to focus our efforts on non supersymmetric
J
vacua, we project out the S-sector gravitino by explicitly fixing the GGSO coefficient
U9 S
C = C = +1 s 5.4
LJ [TJ 54

associated with the first torus. We stress that while this ensures the construction of non supersymmetric
vacua, it is not sufficient by itself to ensure that supersymmetry breaking is in line with the stringy
Scherk—Schwarz mechanism. In order to ensure the spontaneous breaking of supersymmetry, we employ
additional conditions as discussed in section 4.4.

The one-loop partition function of the models in the orbifold picture is given by:

7 — 2172 i 1 1 (_1)a+b+HG+H’G’+<I>
n2n2 24 23 23
hi,ho,H,H' a,k,p Hy,H>,H3
91,92,G,G’ bl,o G1,G2,G3
a a+h a+h a—hi1—h
79[b] [b+911} 19[51922] 19[17—911—522]
n n n n
Stk—H'1 grk+hi1 Jrk+he] grk—hi—h
X 19[5]3 ﬂ[ﬁig’] 19[?75] 19[5:1111] 19[4:(122] 19[@—911—922} (5'5)
Uk U] ] U] U] ]
_ S H'y = _ H
A R AR AT
U] ] U *
1 2 3 .
L DS3lE @™, u) TG I, U®) T (@, UD)
n*n? n*n? n*n?

This notation follows the conventions of the SO(10) constructions outlined in the previous chapter,
and the parametrisation is consistent with that of (4.21), with the additional SO(10) breaking twist
introduced via the vector a parametrised by (H’,G'). Supersymmetry can be broken spontaneously & la
Scherk—Schwarz, generating a gravitino mass mg/, = 1/R as long as the orbifold phase ® satisfies the
constraints described in section 4.4.

In order to probe the modular dependency of the theory, we proceed with the numerical simplifications
outlined in section 4.5. The partition function can then be cast in the simplified form

Z-1 3 v (5:9)
Hy,Gy
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with the lattice-independent factor

Hyy _ HG H'G'+®& qr1+H 112 q11+Hy+ho12
\II[GH 12 24 27 Z Z * " q9[1+Gﬂ 19[1+G1+922}
k,p,v2,¥3 ho,H,H'
l,0,02,03 92,G,G’ (5 7)
% 19[72]19[724%2]19[ 3]19['Ys*h2}5[72]§[72+h2]1§[73]1§[73*h2} ’
S2+g2 03—g2 6217 Ld2+g2 6317 L63—g2
Rl e A T e ATttt v AT AT AR v

Since the lattices we employ in the parametrisation of the compactified space are identical to those used
in the SO(10) construction of the previous chapter, the asymptotic behaviour of the one-loop effective
potential is similar to 4.45, necessitating Bose—Fermi degeneracy in the massless spectrum in order to
exponentially suppress the cosmological constant. We note that we require the exponential suppression of
the cosmological constant in the 75 > 1 limit, which implies that the super no-scale condition ngp = ng
must be imposed at the generic point. In fact, it is easy to show that none of the models in the framework
defined by (5.1) which exhibits a degeneracy between bosons and fermions at generic points of the moduli
space will retain this feature at the fermionic point, as the additional massless contributions arising at
the maximal symmetry point can never cancel out against each other due to the form of (5.7) [2].

5.2 Tachyonic Modes

Since non supersymmetric constructions are the focus of this chapter, we must first ensure that the
corresponding vacua are free of physical tachyons. In the absence of a mechanism automatically projecting
out these states, we must ensure that the GGSO projections resolve in such a way as to eliminate all of
them.

By evaluating the mass-shell condition (3.24), tachyons can be traced back to 19 sectors. States
with mass M? = —1/2 may arise out of the vacuum of the T-1)2 € {z1, 22,0, 21 + a} sectors. The
corresponding projection operators that must be evaluated are thus IP}'EI/Z, where

Et(z1) = {9, T1, T», T5, b1, ba, 20} ,

(22) = {8, 11,15, T5,b1,b2, 21, 0} (5.8)
() ={8, 11,12, T5,b1 + b2, b1 + 21 + a0, 22} ,
ET(z1+a)={5T1,T5,T3,b1 + b2, b1 + 0, 22} .

The ground states of the sectors T_y/4 € {T; + 21, T; + 22, T; + pz1 +a}, where i = 1,2,3 and p = 0, 1
are also tachyonic, with M? = —1/4. The associated projector operators are IE’;F:U4 with

[1]

(1]

+
+
+

[1]

T+ 21) = {8, Tj, Ty, bi, 22}

T+ 22) = {8, 15, Th, bi, 21, 0} (5.9)
T +a) = {8, T, T, by + x,b; + 21 + a, 22},

T+ 21 +«) = {S,Tj, Ti, b + ,b; + v, 22},

(1] [1]

[1]

where i = 1,2,3,i £ j # k.

Finally, tachyons with mass M? = —1/4 can also be generated in the sectors Ty, Ty, T3 by acting on
the ground state with a right-moving fermion oscillator. In that case, the associated projectors are IP%
with ¢ € 1r — T; g and

E(Tz) :{S,Tj,Tk,bi,Zl,Zg,a}, 7,75]75]{} (510)
The first condition we impose on our models, in order to ensure that they are free of physical tachyons,

is that all projectors defined above vanish:
IPZ'_ =0, ac {7:1/2,7:1/4}, (5 11)
Pf =0, pelr—Tig, i=1,23. '

While tachyons carrying oscillators of the internal coordinates {3312’34’56, w12’34’56} are not present in the
spectrum at generic points of the moduli space, we insist on their elimination, in order to ensure that
our models are consistent at the fermionic point as well.
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5.3 Analysis of the Massless Spectrum

We now proceed with the analysis of all sectors of the theory which give rise to massless states. The
models introduced in (5.1) exhibit a total of 229 such sectors, with 122 giving rise to bosons and 107
generating fermions. This mismatch in the number of bosonic and fermionic sectors can be attributed to
the absence of spacetime supersymmetry, as will become clear in a later part of this section.

In order to proceed with the analysis in an organised manner, we divide the spectrum as follows.
Firstly, we consider all sectors that can give rise to gauge bosons, introducing the necessary conditions
which ensure that the observable Pati—Salam gauge symmetry is not enhanced, followed by the fermionic
sectors which in supersymmetric theories would be responsible for the gauginos. We then focus on the
subset of sectors that are responsible for the particle content which is compatible with a minimal low
energy implementation of the Pati-Salam theory, deriving additional constraints to ensure the consistency
of the models with such constructions. The next step of the analysis concerns sectors which may give
rise to fractionally charged exotic states. We discuss the implications of the existence of such states in
the spectrum and introduce constraints that ensure they decouple from the low energy theory. The next
subset of sectors corresponds to those giving rise to Pati—Salam singlets which transform non-trivially
under the hidden sector gauge groups. We conclude the analysis by outlining the 15 unpaired bosonic
sectors which are unique to non supersymmetric models. We note here that the above organisation of the
spectrum is purely for bookkeeping purposes and does not reflect any underlying structure in the GGSO
projections, or the massless spectrum in general.

5.3.1 The Gauge Sector

The starting point of our analysis is the gauge sector of the theory, comprising all sectors where gauge
bosons may arise. We begin by focusing on the 0 sector, whose spectrum is model-independent, as all
relevant GGSO projections are fixed. This sector is responsible for providing the spectrum of all models
with a massless graviton and dilaton. In addition to these, the vector bosons responsible for the gauge
symmetry of (5.2) are also present. Finally, the 0 sector generates various scalars, outlined in Table 5.1.

SU(4) x SU(2)r x SU(2)g x U(1)3 x SU(2)* x SO(8) representation(s)
(6,1,1,+1,0,0,1,1,1,1,1), (6,1,1,0,+1,0,1,1,1,1,1),
(6,1,1,0,0,+1,1,1,1,1,1), (1,1,1,4+1,+1,0,1,1,1,1,1),
(1,1,1,41,0,41,1,1,1,1,1), (1,1,1,0,£1,+1,1,1,1,1,1),

12 x (1,1,1,0,0,0,1,1,1,1,1)

Table 5.1: Model independent spectrum of massless scalars generated in the 0 sector.

We now proceed with the analysis of the model dependent sectors of the theory, starting with those
that can generate additional vector bosons, resulting in the enhancement of the gauge symmetry. These
are the 10 sectors

Gef{a,zo,0,21+ 20,21+, 20+ 0,21 + 2+, w004+ 3,21 o+

Besides gauge bosons, these sectors may also generate scalars. However, we do not consider these to be
of interest for the purposes of our analysis.

Let us first discuss the sectors which are responsible for enhancements of the observable gauge group.
The only sector which can enhance the observable gauge group without also affecting the hidden gauge
symmetry is = {¢1+% 7123}, The gauge bosons of this sector are of the form:

S5 23
and their presence in the spectrum, signaled by the projector

PiP; =1, (5.13)
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with
E+($) = {T17T23T3721722} 5

= (2) = {S} (5.14)

leads to the enhancement

SU(4) x SU(2) /5 x U(1) — SU(6) , (5.15)

where U(1)" denotes a linear combination of the three U(1) factors. This symmetry enhancement can
be utilised to investigate SU(6) x SU(2) models in the framework of heterotic string theory. While such
models have interesting phenomenological implications [254-259], they lie beyond the scope of this thesis.

The enhancement of parts of both the observable and hidden sector gauge groups can be realised
by gauge bosons in the sectors {z1, 20, a, 21 + @, 22 + o, 21 + 22 + a, @ + x, 21 + o + x}. Gauge bosons
in sectors z1, z9, a and z; + « are constructed by acting on the right-moving vacuum with a fermion
oscillator. In the cases of z; and zo, in order to obtain an enhancement of both the observable and hidden
symmetries the right-moving oscillator must be 1123 or ¢/*°, while in o and 2z; + & mixed enhancements
occur for all oscillator choices. The exact GGSO combinations which result in these enhancements are
equivalent to those derived for supersymmetric models in [117], subject to slight modifications due to the
complexification of the internal fermions, and will not be repeated here.

Since we are only interested in models with an observable Pati—Salam gauge group, we must ensure
that all gauge bosons generating the enhancements presented in (5.15) and table 5.2 are eliminated from
the spectrum. In order to do so, we impose the conditions:

PIP, =0, a€{z,a+z,21 +a+z,20+0,21 + 22 +a},
P :O,q_Se]lR—aR,ae{a,zl+a}, (516)
]Pf = Oa (Z_S € 1R — agR, (;_5 ¢ {771’2’37(51’.“’8}3 ac {21722} 5

Q B

where:

z) ={T, 12,13, 21, 22} ,

a+z)={T1,T>,T3,22,21 + a},

z1+a+z)={T1,T5,T3,29,a} ,

2o+ o) = {T1, T, T5,b1 + b2, b1 + 21 + o},

21+ 22+ a) = {11, T, T5,b1 + ba, b1 + a} (5.17)
a)={S}t,ae{z,a+x,z1+a+x,20+ 0,21 +220+a},

a) = {8, T1,T5,T5,b1 + b, by + 21 + a, 22} ,

z14+a)={5,T1,T2,T5,by + ba, by + 0, 22} ,

z1) = {8, T1, Ts, T3, b1, ba, 22}

z9) = {8, T1,T2,T3,b1,bo, 21,0} .

~—~ Y~~~ —~ —~

oW
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Sector Gauge Symmetry Enhancement
21 U(4) x SU(2)1, x SU(2)r x SU(2)* — SO(10) x SO(8)
SU(4) x SO(8) — SO(14)
. SU©2)1 x SU(2)r x SO(8) — SO(12)
SU(4) x SU(2)r x SU(2)p x SU(2)* — SO(10) x SO(8)
SU2)r/r x SU(2)1/2 x SO(8) — SO(12)
! SU2)r g x SU(2)1/2 x U(1) = SO(6)
SU2)/r X SU(2)1/2 > SO(5)
SU(4) x SU(2) x SU(2)r x SU(2)* = SO(10) x SO(8)
cita SU(2)r/r x SU(2)3/4 x SO(8) — SO(12)
SU(2)r/r x SU(2)3/4 x U(1) — SO(6)
SU2)r/r x SU(2)3/4 — SO(5)
zo+a SU(2)r/r x SU(2)1/2 x SO(8) — SO(12)
21+ 22+ SU(2)r g x SU(2)3/4 x SO(8) — SO(12)
a+zx SU(2)p g x SU(2)1/2 x U(1) — SU(6)
o+ SU(2)p g x SU(2)3/4 x U(1)" — SU(6)

Table 5.2: All possible simultaneous enhancements of the observable and hidden gauge symmetries.

Finally, there is the possibility of enhancements affecting only the hidden part of the gauge symmetry.
Since such enhancements leave the observable Pati-Salam gauge symmetry unaffected, the corresponding
models in which they occur are relevant to our analysis. The enhancement of the hidden gauge groups can
be attributed to massless gauge bosons arising in the sectors 2z, z5 or z; + 2. Vector bosons constructed
by taking oscillators of 7522 or ¢'»® in the z; and 2z sectors enhance the hidden gauge symmetry,
leaving the Pati—Salam group unaffected. More specifically, the z; sector gauge bosons of the form

~1,2,3

nt )
AR UPE B B [y DI (5.18)

-

lead to the enhancement SU(2);/2 x SU(2)3/4 x U(1) — SO(6), while

K q}iés 71,...,4
Wy 100 X 5758 (6" ) g (5.19)
-3
enhance the SU(2)q/2 x SU(2)3/4 x SO(8) factor to SO(12). Furthermore, in sector 2y, the states
7li23
_1 —
wﬁ% 10}, % 77*1’22’3 ‘(¢57'.'78)>R (5.20)
1
-2

are responsible for the U(1) x SO(8) — SO(10) enhancement, and

-
W

:J;[\J\HH;

¢h
wi% ‘0>L X a)*l

ol N

[ PP PR IV B R ) (5.21)

N

[
-
W]
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generate SU(2); x SU(2)2 x SO(8) — SO(12) and SU(2)3 x SU(2)4 x SO(8) — SO(12) enhancements
respectively. The above states are identified by the projection operators

(5.22)

In addition to these, the z; + 23 sector gauge bosons result in the enhancement of the hidden SU(2); /o x
SU(2)3/4 x SO(8) gauge symmetry to SO(12). The corresponding projection operator indicating this
enhancement is:

IP;‘—1+Z2IPZ_1+Z2 =1 ’ (523)
where
=¥ (21 + 22) = {11, T2, T, b1, ba} (5.24)

[1]

T(21+22) ={S}.

We note that the appearance of gauge bosons in a given sector does not preclude additional gauge bosons
from emerging in other sectors as well, in which case more complicated gauge symmetry enhancements
may arise. After ensuring that the observable gauge symmetry is unaffected, and imposing further
phenomenological conditions which we outline in the following sections, the hidden sector gauge symmetry
is restricted to four combinations: U(1)% x SO(6) x SO(12), U(1)3 x SU(2)? x SO(12), U(1)? x SU(2)* x
SO(10), and U(1)2 x SU(2)? x SO(6) x SO(8), in addition to the unenhanced U(1)? x SU(2)* x SO(8).

In a supersymmetric theory, the 11 fermionic sectors {G, S+ G} are responsible for the gauginos of the
theory and their spectrum is fully determined by the same projection operators as the ones introduced
above for the gauge bosons. Since we have ensured the absence of supersymmetry by making the choice
c[ﬁl ] = +1, this is no longer the case. The GGSO projections for states in these sectors are decoupled
from the corresponding bosons and their spectra are highly model dependent. We will present the most
critical states arising in these sectors in the following sections.

5.3.2 Minimal Pati—Salam Content

We now shift our focus towards the twisted sectors of the theory, starting from those providing the
necessary states for the construction of a minimal Pati-Salam low energy model. These must include
at least 3 chiral fermion generations, while also exhibiting copies of the heavy and light Higgs bosons
required to implement the spontaneous symmetry breaking chain

SU4) x SU(2), x SU(2)r = SUB)e x SU2)r, x U(1)y = SUB)e x U(1)em - (5.25)

Chiral fermionic matter can be generated in the 12 sectors labeled S;,q = S+ b; + pT; + qT), where
p,q=0,1,(i,75,k) = {(1,2,3),(2,1,3),(3,1,2)}. Each of these sectors may give rise to chiral or anti-chiral
matter in the PS representations Fr (4,2,1), Fr(4,1,2), F1(4,2,1), Fr(4,1,2) . In this framework, each
(anti-)family requires the combination of appropriate states arising in two different sectors. Due to the
asymmetric nature of the GGSO projections of «, the existence of complete generations is not guaranteed
and must be imposed as a constraint.

In order to determine which SZi)q sectors give rise to chiral fermions that survive the GGSO projection,
we employ the projection operators

Pg » E7 (Spq) = {Ti, 21, 22} (5.26)

while the exact representation of the resulting states can be determined by the operators

St *
—c{sj ”m} L Ai=12

SU (4 1—q
Xor® = R T : (5.27)
_C{Siq,o-ﬁ-a} , 1=3
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which distinguish between fermions transforming as 4 and 4, in conjunction with

XgoW = —e[%] i=1,23, (5.28)
which identify whether a given sector generates doublets of SU(2)y, or SU(2)g. These operators allow
the derivation of expressions that count the multiplicities of Fr, Fr, Fr and Fr, denoted nr, i, 7L,
and np respectively. The latter take the form':

_ 1 su@)) 1 S0(4)
=13 Y s B ) L (1 xg)
i=1 p,q=0
1 SU(4) 1 50(4)>
”R*4ZZP 2(1 )2(1 X, ')
b paso (5.29)
_ 1 SU(4 1 50(4)
=Y 3 e L () L (exg)
= 1pq 0
1 @) 1 50(4)
—4 Py 7(1 x5 >7<1—Xi )
R Z Z 2 + 2 Sk,
i=1 p,q=0
with the number of generations given by
ng =ngp — Ay =7g —Ng. (5.30)

The condition ny, — n; = ng — ng must be imposed as a constraint in order to ensure that our models
exhibit complete generations. In addition to the S, sectors, chiral fermions may also be generated in the

S + x sector. In this case, however, there is no well defined X§g S ( ) operator that distinguishes between
the 4 and 4 representations, indicating that chiral fermions in thls sector are forced to come in pairs of
(4 +4,2, 1) or (4 +4,1, 2). These have no effect on the net chirality of (5.30) and are therefore excluded
from our analysis.

At this point we must address a severe limitation of the current class of models regarding the number
of fermion generations. As is apparent from (5.29), the number of generations will always be a multiple
of four and the string spectrum can therefore not be considered to be “realistic”. This multiplicity can
be traced back to our choice of parametrising the internal coordinates in terms of the complex fermions
{y'2, 34, 455, w2 w34 W%} and their right-moving counterparts {72, 734, %6, @2 w34, %}, In fact, it
has been shown that models with three generations can be constructed in theories where all internal
coordinates are parametrised by real fermions [3,114-120,259-264], a fact we will explicitly demonstrate
in the following chapter.

We note that the complexification of the fermions was not mandated by any consistency conditions,
nor was it required by phenomenology, but was rather chosen due to technical reasons. First of all, the
mapping between the free fermionic and orbifold formulations is significantly simpler when all fermions
are taken to be complex. Moreover, spontaneous supersymmetry breaking in a similar framework [91,143]
has been shown to produce models with appealing features and, as we saw in section 4.5, the conditions
which allow for small values of the cosmological constant have a clear, physical interpretation in terms
of a degeneracy in the massless string spectrum. Furthermore, when the theory is formulated in terms of
real fermions, the parameter space of possible models is enlarged to such a degree that a systematic scan
of all models is rendered unfeasible.

Moving on, the 13 corresponding bosonic partners of the aforementioned sectors, namely Z;q =
b, + pT; + qT), where p,q = 0,1, (4,4, k) = {(1,2,3),(2,1,3),(3,1,2)} and , can potentially give rise to
scalars in the spinorial representations introduced above. As we mentioned in chapter 1, the spontaneous
breaking of the Pati—Salam gauge symmetry in this framework is realised by giving a vev to the neutral
component of the heavy Higgs, H(4,1,2), and thus the outcome of the GGSO projection on these sectors
is critical.

1Here we have chosen the chirality of the spacetime fermions, ch()*), to be positive without loss of generality.
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The projection operators determining whether states survive the GGSO projection are PT, P i
rq prq

where
=t (x,) ={Ti, 21,22} , 2 (X)) ={a}, (5.31)
with the « projection essentially acting as X;?(4), identifying the SU(2)g doublets. The x sector, like
Prq
S + x, also turns out to be irrelevant to our analysis, though in this case the reason is more subtle.

Consider a massless scalar state in the x sector. Since the left-moving vacuum is tachyonic, such a state
must be of the form

G-y 100, x |12, 723 (5.32)

where ¢_1 is a left-moving fermion oscillator. However, the choice ¢_1 = {x1234:56} is problematic, since

the GGSO projection cannot distinguish physical scalars of this form from the gauge bosons obtained

when (b_% = 4", which enhance the observable Pati-Salam gauge symmetry. Such scalars are thus
2

irrelevant to our analysis as they are never encountered in models with a Pati-Salam gauge symmetry. If
we choose, instead, to act with a y'23%5% or w!2:3456 gscillator, then the resulting states carry non-trivial
charge under the compactification lattice and, as such, disappear from the massless spectrum when we
deform the theory away from the fermionic point.

Taking the above into consideration, the number of copies of the heavy Higgs multiplets responsible
for breaking the PS symmetry can be determined by

3 1
ng =4y > PL Py, . (5.33)

. pa rq
i=1 p,q=0

In addition to the above, the minimal implementation of the PS models also requires the presence of the
SM Higgs boson h(1,2,2), in order to realise the spontaneous breaking of the electroweak symmetry.
This scalar bi-doublet can be generated in the sectors T;q = Z‘;q +x=b+pl + gl +x,1#j #k,
and T, + Ty, a # b = {1,2,3}, by acting on the vacuum with the right-moving fermionic oscillator Eii
We will, however, not take the sectors T, + T} into consideration, as they only generate massless states
at the fermionic point. The number of SM Higgs scalars can therefore be expressed as

3 1
—4.5
np =4 § g ]Pwi s (534)
i=1 p,q=0 e

where 2 (7},) = {Ti, 21, 22, a}.

The minimal Pati-Salam realisation in our framework includes 4 fermion generations as well as 4
copies of the heavy and light Higgs scalars. The massless string spectrum of the aforementioned sectors,
however, may potentially include many additional states. In fact, the qu sectors can generate various
states depending on which fermion oscillator acts on the vacuum. When 1123 acts on the vacuum, the
results are scalars transforming as (6,1,1), which give rise to SM triplets, while ¢*? and ¢>* generate
Pati-Salam singlets transforming as bi-doublets of SU(2); x SU(2), and SU(2)3 x SU(2)4 respectively.
The action of a ¢®® oscillator is responsible for vectorials of the hidden SO(8), which transform as
singlets under the Pati-Salam gauge symmetry. Finally, the 723 oscillators generate scalars transforming
as singlets of all non-abelian gauge groups. In addition to these scalars, the sectors

Vog = Spg Tt =5+0; +pTj +qTx +a, i #j #k,
can give rise to fermions in the aforementioned representations. All states presented above can be

identified by their corresponding projection operators P2, and IP? .
Pa rq

5.3.3 Fractionally Charged Exotics

Up to this point we have discussed states transforming non-trivially under either the observable Pati—
Salam gauge symmetry or the hidden sector groups, but not under both simultaneously. All these states
exhibit standard electric charge assignments, given by the generator

1

1 1
Qem - %Tﬂi + 5 3L + 5 3R> (535)
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where T15 and I3, , correspond to the diagonal generators of SU(4) and SU(2)r,r-

In addition to these, however, a generic feature of string compactifications is the appearance of exotic
fractionally charged states [265-269]. The appearance of these states can be attributed to the breaking
of the SO(10) gauge symmetry and their presence can thus be traced to sectors which include the basis
vector a.. In the Pati-Salam framework we are investigating, these states either transform as colour (anti-)
quadruplets in the representation (4,1,1) or (4,1, 1), or as colour singlets in the (1,2,1) or (1,1,2). The
(anti-)quadruplets will give rise to SM triplets and singlets with fractional charge Q = +1/6, while (1,2,1)
leads to additional leptons with @ = +1/2. Finally, (1,1, 2) generates SM singlets with @ = £1/2. In
addition to the Pati-Salam transformations outlined above, these states also transform as doublets under
one of the hidden sector SU(2) groups.

Let us first consider the fermions carrying colour charge. These states can be traced to the sectors:

5;qr:Sf,qurzl+a:S+bi+ij+qu+ml+a,

where i # j # k and p,q,r = 0,1. Following the procedure outlined above, the projection operators
signaling their presence in the spectrum are:

P, =1,E(&,)={T,(1-r)zn+a,2}, (5.36)

pqr par

while the representation operators determining their transformation properties under SU(4) are given
by:

g 1"
—e| | L i#i=1,2
S
X50@ - { 01 ] ) (5.37)
S —¢| G i=3
Siqo]|
The number of exotic quadruplets and anti-quadruplets is then determined by:
3 1 1
_ - SU(4)
"o 4; zr:—OIPEZ’qT 2 (1 + X‘g;qr ) ’
; pqulf 1 (5,38)
_ - 1 (1_ xSU®
ng=4) > Pg (1 Xej,, ) '
i=1 p,q,r=0

In addition to E;qr, the untwisted sectors S+ a+ x, and S+ 2; + o+ = can also generate exotic fermion
quadruplets. In that case, however, they are always generated in pairs of (4 +4,1,1). The existence
of the aforementioned colour-charged states in the massless spectrum poses a problem for our models,
since such violation of charge quantisation has never been observed experimentally [270-274]. In order to
obtain models with compatible low energy phenomenology, we therefore need to add another condition
to our models, ensuring the elimination of all exotic states from the low energy spectrum. Viable models
satisfying such a constraint have been shown to exist in theories where the internal coordinates are
described using real fermions [116,259,275], but when complex fermions are introduced instead, as is the
case in our analysis, this possibility is eliminated.

Since the appearance of exotic states in the massless spectrum of our models is inevitable, we must
ensure that they acquire heavy masses, rendering them irrelevant at low energies. As a minimal phe-
nomenological requirement in order to have models whose low energy predictions are compatible with
experimental data, we therefore demand that exotic fermion quadruplets always be vector-like, satisfying
the condition ns = njz. Since the states arising in S+ a+ x, and S+ 21 + a + = automatically satisfy this,
we will not be taking them into account in the counting of ny and nz. The condition ny = njz is sufficient
to ensure all exotic states decouple from the low energy spectrum, as all exotic fermion representations
are real.

We now move on to exotic fermions transforming as bi-doublets of SU(2),r x SU(2)1/2/3/4. We can
encounter such fermions in the sectors

gI;qr :y;q+T21+Oé=S+bi+ij+qu+x+rz1 +a,
when the corresponding projection operators:

P-

ri )
€ bar

2" ) ={Ti, 20, (1 = p)Tj + (1 — )Tk + b; + (1 — 1)z + a} (5.39)

pgr
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take non-vanishing values. Moreover, the Ramond vacuum of the untwisted sectors a = {S+ 22 + o, S +
z1 + z2 + a} also generates exotic bi-doublets. The projection operators in this case are P, where:

Ei(S"’_ZQ‘i_CY) = {Tl,TQ,T3,.’K+Zl —|—a},

) (5.40)
(S+Zl + 29 +a) = {Tl,TQ,Tg,x—l—Oz} .

(1]

Furthermore, exotic fermions can also arise in the sectors 5 = {S + «, S + z1 + a} upon the action of a
right-moving fermion oscillator. Their exact transformations depend on the choice of oscillator, with:

250, (074 ) 5,89 g 6o € (29, 50) (541
and
(25500 (D7) @5 35)) e € (720,62, 6 (5.42)

transforming as SU(2)1,r x SU(2)1/2/3/4 bi-doublets, while

rut P
’(1/JM7X12’34’56)>L>< 1;*1%2,3 ’(w4,5’¢1,2)>R (5.43)
1
3
and
( e W
|(wu7X12,34,56)>Lx &*12‘23 |(¢4,57¢3,4)>R (5.44)

2

transform as SU(4) vectorials. The appearance of the above states in the spectrum is determined by the
projection operators ]Pg7 where:

[1]

(S+a)={T",12,T3, 22,2+ 21 + a} ,

5.45
E(S+Zl+a):{Tl,T27T3aZQ,:E+a}' ( )

We do not consider states containing 7'234%6 or @12:34:56 oscillators to be relevant to our analysis, as

these are not present in the massless spectrum at generic points of the moduli space. 4
Fractionally charged scalars can arise in the 48 bosonic counterparts of the sectors £, and £,
Exotic bosons transforming as colour quadruplets can be traced to the sectors
E! :Z‘;q—i—ml +a=0b; +pT; + ¢TI} +rzi +a,

par

while bi-doublets occur in

Elqur:T;q+ml+a:bi+ij+qu+x+r21+a.

All bosonic states in these sectors come in vector-like pairs, and can therefore acquire heavy masses.

5.3.4 Hidden Sector States

After concluding the analysis of all the sectors that generate states charged under the observable gauge
symmetries, we now move to the sectors which generate “hidden” states. These include states with
standard charge assignment that are singlets under the observable gauge symmetry but transform non-
trivially under the hidden sector gauge groups. We note that we have already encountered such states in
the sectors qu and y;,q. Since these states are not part of the minimal Pati—Salam setup, they are not a
focus of our analysis. Nevertheless, we outline them here for the sake of completion.
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The twelve sectors
H;q :y;q+21 :S+bl+ij +(]Tk+.’£+21

can generate Pati-Salam singlets transforming as bi-doublets of the hidden sector SU(2); /2 x SU(2)3.4,
while fermions from the sectors

Hipg = Vpq + 22 =S+ b +pTj + qTi + @ + 25
transform as SO(8) octuplets. The corresponding bosonic states can be obtained from the sectors
H), =7 +21=0b+pTlj+qT,+z+2xn
and
H), =Yy, + 20 =bi +pT; +qT + x + 2o

respectively.

5.3.5 Lone sectors

We conclude the analysis of the massless spectrum with the group of 15 sectors:
Le {E+Tj+pzl+qa7ﬂ+Tj+22}a j#Z: 1a2a3a p7q:051 .

The level-matched states arising in the fermionic sectors S + L that would give rise to the superpart-
ners of the above are always massive, as can easily be deduced from (3.24). The GGSO projection in
supersymmetric models therefore projects out the sectors L in their entirety. Massless states arising in
these sectors are thus unique to non supersymmetric models, where the GGSO projections of bosons
and fermions decouple. Moreover, the massless states arising in these sectors acquire moduli-dependent
masses when deformations of the moduli are considered. Despite possibly contributing to the massless
spectrum at the fermionic point, the sectors L are consequently excluded from our analysis.

5.4 Full Analysis of the Parameter Space and Classification of
Viable Models

We now proceed with the analysis of the parameter space of all possible vacua. As shown in the beginning
of this chapter, (5.1) defines a class of 245 ~ 3.5 x 10'3 a priori distinct non supersymmetric models.
Following the discussion of the previous sections, however, it is obvious that the phenomenology of a large
number of these models will not be consistent with low energy experiments. In this section, we focus on
identifying models which are consistent with a set of conditions that ensure they exhibit “semi-realistic”
behaviour. These conditions are:

(i) Absence of on-shell tachyons, imposed by (5.11).
(ii) Absence of enhancements of the observable Pati-Salam gauge symmetry, by demanding (5.16).

(iii) Existence of complete chiral generations under SU(4) x SU(2)r, x SU(2) g, requiring ny = np —iy =
nr —nr # 0 as defined in (5.29), (5.30).

(iv) Existence of heavy and light Higgs bosons responsible for the spontaneous breaking of the Pati-
Salam and SM gauge symmetries, implying ng > 0 and nj, > 0 in (5.33) and (5.34).

(v) Vector-like fractionally charged exotics, satisfying ny = nz in (5.38).

(vi) Spontaneous supersymmetry breaking, consistent with the Scherk—Schwarz mechanism, as covered
in section 4.4.

(vii) Exponential suppression of the cosmological constant in the region T5 > 1, by imposing ng = np,
satisfying the condition (4.48).
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The set of conditions (i)-(vii) can be directly expressed as a set of algebraic equations involving the GGSO
coefficients. These can then be included into a computer program which scans over all relevant GGSO
coefficients, applying the classification techniques introduced in [114,117,276]. However, it turns out that

not all GGSO phases are relevant to our analysis. In fact, the phases c[1], c[L] and c[bf ,] correspond to

conventions and can be safely fixed to +1 without loss of generality. Moreover, 0[2;] is only responsible for
an overall chirality flip, while the six additional coefficients c[bT;}, c[be], C[bfl,z] and C[Zf ,] do not enter any
of the algebraic expressions related to the above criteria. We are therefore free to also fix these phases to
+1, without affecting any of the phenomenological characteristics under investigation, essentially reducing
the parameter space of vacua to 234 ~ 1.7 x 10'%. We note that each of these vacua actually corresponds
to a family of 2! models with identical behaviour under the criteria (i)-(vii), obtained by iterating over
all combinations of the 11 coefficients we have fixed.

At the technical level, the scan can be significantly accelerated by applying a two-stage process
[2,3,119,264], in which we take advantage of the fact that some critical properties of the models are already
established at the intermediate SO(10)-level, obtained by ignoring the SO(10)-breaking vector v and the
relevant projections. More specifically, since Pati-Salam generations are obtained by a combination of
states arising in two sectors, all Pati-Salam models with complete generations will descend from SO(10)
models with an even number of sectors giving rise to spinorial fermions, whose net chirality as defined
in (4.28), (4.29) is non-vanishing and equal to n, = 0 mod 8. Further constraints can be identified by
requirement (iv). In order for the necessary Higgs bosons to be present in the spectrum, at least one
sector generating scalars in the 10 and 16/16 representations of SO(10) must lead to physical states,
which translates to the requirements

> PE#0,
pq

i=1,2,3
p,q=0,1
—4.,5
e
> P #0,
i=1,2,3
p,q=0,1

(5.46)

employing the projection operators defined in (4.30), (4.35). We note, that while these conditions are
necessary for the existence of heavy and light Higgs bosons, they are not sufficient to guarantee their
presence in the massless spectrum, as these states will also be subject to projections associated with
u19 = «, which can only be determined at the full Pati-Salam level. Moreover, while the full conditions
that ensure the absence of physical tachyons and symmetry enhancing gauge bosons of conditions (i)
and (ii) must be evaluated at the Pati-Salam level, a subset of models can be eliminated at the SO(10)
level by noticing that when tachyonic states arise in sectors 8 such that 8N« # ), the a-related GGSO
projection will never be able to eliminate them.

We therefore perform a first scan at the SO(10) level, identifying models which satisfy the conditions
outlined above. These models then form “fertile cores” which have a higher likelihood of generating
semi-realistic Pati—-Salam models when the a-related GGSO phases are reintroduced and iterated over.
The implementation of the SO(10)-level conditions involves 22 GGSO phases, as in addition to the nine
c[%] phases we omit, c[Tf}M] are also irrelevant at this stage of the analysis.

After imposing the relevant conditions, and performing the computer-aided scan, ~ 5 x 10° models
satisfying the SO(10)-level criteria are found. Upon reintroducing all Pati-Salam relevant phases, these
will give rise to a class of ~ 2 x 10 models, significantly reducing the parameter space that needs to be
evaluated. Each of these models is then subjected to the full Pati-Salam constraints (i)-(vii). In total,
approximately one in a hundred Pati-Salam models satisfy conditions (i)-(v), resulting in ~ 2.4 x 10%
models. When introducing conditions (vi) and (vii), this number is significantly reduced to ~ 5.6 x 10°
models, implying that consistency with the Scherk—Schwarz mechanism and the super no-scale condition
are difficult to achieve. In total, approximately one in 30000 models satisfy all constraints.

Each of the models satisfying all the above constraints is further analysed in terms of its one-loop
partition function and the corresponding effective potential. After implementing the numerical simplifi-
cations outlined in section 4.5, we calculate the effective potential as a function of the T modulus of the
first torus by applying numerical methods. It turns out that the partition function and effective poten-
tial offer an efficient way to classify the above models, as they can be grouped into 26 subclasses, each
corresponding to a family of models with identical partition functions. It is important to note, however,
that models with identical partition functions do not necessarily exhibit the same characteristics, as their

81



Chapter 5 — Classification of Four Dimensional non supersymmetric Pati-Salam Models

spectra can vary. Each subclass then corresponds to a specific effective potential, shared by all the models
in the class. The overall shape and characteristics of the effective potentials can then be used to organise
all models in four broad classes, labelled A through D.

The first class of models, labelled class A, includes models which exhibit a positive semi-definite
potential, with a global maximum at the fermionic point 7o = 1. As a consequence of the super no-
scale property, these models exhibit an exponential suppression of the cosmological constant at large
volume, while preserving the positivity of the potential. In addition to this, the shape of the potential
dynamically leads to a supersymmetry breaking scale significantly lower than the string scale. Class A
is further divided into two subclasses, A1 and A2 based on the exact form of the partition function,
whose breakdown in terms of the net chirality, as well as the number of heavy and light Higgs bosons is
presented in table 5.3.

Class [ng] ny np # of models
Al 4 4 8 1536
A2 8 4 8 2048

Table 5.3: Class A model synopsis.

The second class of models, class B, also contains two subclasses: Bl and B2. While the effective
potential of models in class B is also positive semi-definite, with an exponential suppression at large
volumes, what sets them apart from class A models is the behaviour near the fermionic point. In
this case, instead of a global maximum, the fermionic point corresponds to a local minimum, with the
potential exhibiting two maxima at nearby 75 values. While a naively one might interpret this as a
metastable vacuum, we note that further analysis is required, as tachyonic excitations typically appear
when considering marginal deformations of all moduli near the self-dual fermionic point, in which case
the region is instead unstable already at tree level. Table 5.4 contains a synopsis of the models of class
B.

Class [ng] ny np # of models
B1 4 4 4 3584

4 8 8 1792

8 4 8 4096
B2 4 4 4 1792

Table 5.4: Class B model synopsis.

Figure 5.1 illustrates some of the results of our analysis, including the number of fermion generations
each model exhibits. The light-shaded bars correspond to models satisfying conditions (i)-(v), while
medium shading covers models satisfying all conditions (i)-(vi). Finally, the dark-shaded bars correspond
to the 1.5 x 10* models of classes A and B which in addition to satisfying all aforementioned conditions
also exhibit a positive semi-definite one-loop effective potential.
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Figure 5.1: Number of PS models exhibiting each number of chiral matter generations. Light shaded bars
correspond to configurations satisfying criteria (i)-(v), whereas medium shading corresponds to models
satisfying all conditions (i)-(vii). Dark shaded bars represent the subset of models satisfying all previous
criteria while simultaneously exhibiting a positive semi-definite one-loop effective potential.

The third class of models contains 10 subclasses, labelled C'1 through C10. In this case the potential
exhibits an oscillation between positive and negative values. The fermionic point corresponds to a global
minimum at negative values, while at large volumes the potential asymptotically vanishes from above.
The dynamics imply a stabilisation of the vacuum at the fermionic point, which is problematic on many
accounts. First of all, the cosmological constant takes large negative values, causing a backreaction to the
tree-level geometry. In addition to this, supersymmetry appears to be broken at the string scale, spoiling
the resolution of the hierarchy problem, while tachyonic excitations typically lead to a breakdown of the
perturbative analysis when deformations around the fermionic point are considered. We present a further
classification of the models within class C based on their chiral fermion and Higgs spectrum in table 5.5.

Class | |ng| | ng | nn | # of models Class | [ng| | ng | nn | # of models
C1 4 4 4 9984 c4 4 4 8 1792
4 4 8 22784 8 4 8 2048
4 4 12 3584 C5 4 4 4 43264
4 8 | 4 8192 4 4 | 8 11776
4 8 8 3072 4 4 12 6144
8 4 4 8192 4 8 4 1792
8 4 8 6144 8 3 4 4096
8 8 | 4 4096 8 8 | 8 1024
8 8 8 2048 C6 4 8 4 1792
C2 4 4 | 4 20480 4 8 | 8 1792
4 4 8 12544 c7 4 4 4 1792
4 4 12 1792 4 4 8 1792
4 8 4 15104 4 8 4 1792
4 8 8 1792 8 4 4 4096
8 4 4 18432 C8 4 4 4 12288
8 8 4 6144 4 4 8 9600
C3 4 4 4 3584 4 4 12 6144
4 4 12 1792 c9 4 4 4 6144
4 8 12 896 C10 4 4 4 1536

Table 5.5: Class C model synopsis.

Finally, we have class D, comprising 12 subclasses, D1 through D12. The effective potential in this
class is negative semi-definite, with a global minimum at the fermionic point and an exponential sup-
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pression asymptotically leading to vanishing from negative values. The potential is once again stabilised
at the fermionic point, and the cosmological constant, supersymmetry breaking and tachyon instability
problems of class C' are also present here. Table 5.6 summarises the subclasses of class D.

Class [ [ng] | | 7 | % of models Class | |ng| | ng | nn | # of models
D7 4 4 4 1792
D1 8 8 | 8 3072
D8 4 4 4 19712
D2 4 4 8 8192
4 4 8 14336
8 3 3 3072
4 4 12 1792
8 | 16 | 8 1024 4 3 |4 8704
D3 4 4 4 61184
4 8 | 8 1792
4 4 8 34560
8 4 4 10240
4 4 |12 3072
8 4 8 2048
4 4 |16 1536
8 8 4 10240
4 8 | 4 5376
8 4 4 2048 8 8 8 2048
D9 4 4 4 19520
8 8 4 2048
4 4 8 8960
8 8 3 14336
4 4 12 1344
8 | 16 | 8 512
4 8 | 4 6528
D4 4 4 | 4 7168
4 4 3 6656 4 8 8 1344
D10 4 4 4 3584
8 4 4 2048
4 4 12 1792
8 8 4 2048
4 8 | 12 896
D5 4 4 8 1152
D11 4 4 8 384
D6 4 4 8 1152
8 8 N 768 D12 4 4 8 224
4 12 | 8 96

Table 5.6: Class D model synopsis.

In figure 5.2 we collect the effective potentials of all subclasses into a single plot. This showcases the
combined effect of the T-duality symmetry, the asymptotic recovery of supersymmetry in the 7o — oo
(and its dual T — 0) limit and the super no-scale structure of the potential, which act as boundary
conditions bounding the curves between the maximum value 43.7351 (class Al) and the minimum at
—172.913 (class D12) as the effective potential varies discontinuously. Figure 5.3 illustrates the one-loop
effective potential, along with the number of models constituting each subclass.

V(Ty)
50 r

-50
~100}

150

Figure 5.2: The rescaled effective potentials corresponding to the 26 distinct subclasses of models.
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Figure 5.3: The rescaled effective potential V(Ty) = 2(27)*V (T3) for each of the 26 distinct subclasses of
models. The number of models in each class is also displayed.
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The classification of Pati—Salam models presented above offers an interesting opportunity to study
the effect the reduction of the gauge symmetry has on the moduli-dependent dynamics of the theory.
Given the fact that we use SO(10) models defined by the vector basis of table 4.1 as an intermediate step
in the construction of our Pati—Salam models, and that the corresponding class has been studied in the
literature [91], direct comparisons between the two can be made.

The main results of this comparison can be extracted without the need for a systematic analysis.
Starting from any Pati-Salam model within our classes, we can obtain an SO(10) “parent” model by
removing the vector u;g = « and ignoring the related GGSO phases. In the orbifold picture of (5.5)
this corresponds to eliminating the sectors and projection labeled by (H',G’) # (0,0). We note that
in doing this, Pati-Salam models with spontaneous supersymmetry breaking will always correspond to
SO(10) models in which supersymmetry is also spontaneously broken. The opposite, however, is not true.
Any SO(10) model can generate a family of 27 Pati-Salam models by introducing the aforementioned
projections, in precisely the same manner as the second stage of our scan. The additional Zs orbifold
introduced, however, can lead to explicit supersymmetry breaking, unless the GGSO phases are appro-
priately chosen.

The super no-scale structure of the models and the behaviour of the effective potential appear to
be completely unrelated and are generally not preserved when interpolating between the two classes. A
super no-scale SO(10) model with a positive potential such as the ones presented in [91] can generate
Pati-Salam models which may or may not be super no-scale themselves, and which may exhibit both
positive and negative potentials, with no strong preference for either. In fact, super no-scale Pati-Salam
models with a positive potential may originate from SO(10) models which are neither super no-scale, nor
positive. This is not surprising, as these properties involve the entire spectrum of the theory, including
massive and non level-matched states at both the fermionic and generic points of moduli space. The
string spectrum undergoes a significant rearrangement when a Zs orbifold is added or removed and there
is no mechanism guaranteeing that the theory will continue to exhibit similar structure under such a
transition.

The main conclusion of this comparison is that the shape of the effective potential by itself does not
constitute a criterion by which a model should be excluded. Thus, while a majority of the Pati-Salam
models of figure 5.3 appear to be unsatisfying at first glance due to their negative potentials, further
reductions of the gauge symmetry and the corresponding rearrangement of the spectrum may cause sig-
nificant changes. The models residing in classes C' and D may therefore still be useful as parent models
themselves, in the construction of models where the observable Pati—Salam gauge symmetry is further
reduced, such as SM-like vacua.

5.5 Explicit Constructions

In this section we present three explicit examples of models satisfying all phenomenological conditions
outlined earlier in this chapter, in order to illustrate some of their properties in more detail. We provide
a comprehensive definition of each model by defining both the GGSO matrix defining the free fermionic
description, as well as the modular invariant phase which realises the equivalent orbifold picture. We then
present the full massless fermionic and scalar spectrum, omitting the gauge and gravitational states, as
well as the partition function at the fermionic point as an expansion in terms of ¢,, ¢;. We reiterate that
these models cannot be considered fully realistic, as they always involve a number of generations that is
a multiple of four, as a result of the complexification of the worldsheet fermions we imposed for technical
reasons. Despite this, all models presented below are tachyon-free, chiral, and possess the necessary
Higgs scalars that are responsible for gauge symmetry breaking. Additionally, they exhibit spontaneous
supersymmetry breaking compatible with the Scherk—Schwarz mechanism and satisfy the super no-scale
condition. We choose to present two models which exhibit positive semi-definite potentials and a third
which offers an intriguing way to avoid exotic states in the low energy spectrum, albeit whose potential
is negative semi-definite potential.
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5.5.1 Model A: A Case With Positive Semi-Definite Potential
As a first example, we present a model from class A2, labelled Model A, defined by the GGSO matrix:

+1
+1
-1
+1
+1
+1
+1
+1
+1
+1

+1 -1 +1 +1 +1 +1 +1 +1 +1
+1 +1 +1 +1 +1 +1 -1 +1 -1
+1 +1 -1 -1 +1 +1 +1 -1 +1
+ -1 -1 +1 +1 +1 -1 -1 -1
+ -1 +1 -1 +1 -1 -1 -1 +1
-1 +1 +1 +1 +1 -1 -1 +1 +1
-1 +1 +1 -1 -1 41 +1 +1 +1
-1 +1 -1 -1 -1 41 +1 +1 -1
+1 -1 -1 -1 +1 +1 +1 +1 +1
-1 41 -1 +1 -1 -1 +1 +1 +1

(5.47)

This model possesses 8 fermion generations, originating in the sectors S+b1+715, S+b1+ 713, S+by+ 17,
and S+b3. In addition to this, the Pati-Salam gauge symmetry is spontaneously broken by non vanishing
vevs of the neutral component of scalars generated in sector bs + 77, while 8 copies of the SM Higgs are
accommodated in the bi-doublets arising in sectors bs + 15 4+ x and b3 + 11 + 15 + x. Moreover, the exotic
colour quadruplets from sectors S 4+ by + T35 + « and S 4+ by + 15 + z1 + « form a vector-like pair and
can be decoupled from the low energy spectrum by acquiring large masses. The full massless spectrum

is presented in Tables 5.7 and 5.8.

Sector SU(4) x SU(2)r x SU(2)g x U(1)3 x SU(2)* x SO(8) representation(s)

S+ 2 (6,1,1,0,0,0,1,1,1,1,8.), (1,1,1,+1,0,0,1,1,1,1,8,)
(1,1,1,0,+1,0,1,1,1,1,8.), (1,1,1,0,0,+1,1,1,1,1,8,)

S +by + T 4><(412,§,0011111)

S+ by + T3 x (4,2,1,4,0,0,1,1,1,1,1)

S+b+Tr+T3+x

1,1,1,0,4,4,1,1,1,1,1), 8 x (1,1,1,0,—1,-1,1,1,1,1,1)

S+b1+T2+T3+ZQ+ZE

)99 9
1,1,1,0,3,-3,1,1,1,1,8,)

DRl

S+b+T5+«

4,1,1,-3,0,0,2,1,1,1,1)

S+b1+T2+Zl+OZ

4,1,1,-1,0,0,1,1,2,1,1)

S+ by + Ty x (4,2,1,0,4,0,1,1,1,1,1)
S+by+Ty +T3+x 1,2,2,-4,0,5,1,1,1,1,1)
S+by+2z1+x '3

S+by+a+x 1,2,1, 70—5,1,2,1,1,1)

S+bo+T1+T3+zn1+a+z

1 1
2,1,1,0,-4,1,1,2,1,1)

S + b3

4,1,2,0,0,—3,1,1,1,1,1)

S+bs+Ts+x

1,2,2,-4,-4,0,1,1,1,1,1)

S+b3+T1+Zl+(E

x (1,1,1,%4,1/0,1,2,2,1,1)

D RIDE

S+b3+Tr+a+x

1 1
1,1,2,1,1,0,2,1,1,1,1)

S+bs+Ti+21+a+zx

x (
x (1,
x (1,
x (
x (
x (
x (
x(1,1,1,3,0,-3,2,1,1,2,1)
x (
x (1,
x (
x (
x (
x (
x (

11
1,1,2,-1,1/0,1,1,1,2,1)

Table 5.7: Spectrum of massless fermionic matter and their representations at the fermionic point of

Model A.
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Sector SU(4) x SU(2)r x SU(2)p x U(1)? x SU(2)* x SO(8) representation(s)
0 (6, 1,1,+1,0,0,1,1,1,1, 1) , (6, 1,1,0,+£1,0,1,1,1,1, 1) ,
(6,1,1,0,0,+1,1,1,1,1,1), (1,1,1,%+1,+1,0,1,1,1,1,1),
(1,1,1,41,0,+1,1,1,1,1,1), (1,1,1,0,+1,+1,1,1,1,1,1),
12 x (1,1,1,0,0,0,1,1,1,1,1)

1,2,1,0,0,0,2,1,1,1,1)

«

1,1,2,0,0,0,1,1,2,1,1)

1a 17 1707 %7 %7 ]—7 ]-7 17 178v)

4,1,1,4,0,0,1,2,1,1,1)

21+«

b1+T2+T3+LE

b1+T2—|—T3+OZ
bi +To +T54+ 21+«
ba

4,1,1,-,0,0,1,1,1,2,1)
4,2,1,0,3,0,1,1,1,1,1)
b2+T3+Z‘ 15272a_5507%7171a1)171)

4% (
4 x (
4% (
4% (
4% (
4% (
4 x (
bo+ Ty + 21+ 2 4%(1,1,1,4,0,—-4,2,1,1,2,1)
4 x (
4 x (
4% (
4% (
4 x (
4% (
4 x (

’ 92
1 1
15271775707 §71a2517171)

1 1
1) 27 ]-a §a07 2 17 1a25 17 1)

bQ+T1+Oé+$

bo+T5+21+a+x
bs + T}

4,1,2,0,0,1,1,1,1,1,1)

1,2,2,1 1 01,1,1,1,1)

b3+T1+T2+JZ y 99 99

1,1,1,%,2.0,1,2,2,1,1)

b3+21+$ GRIDE]

1,1,2,-1,1,0,1,1,1,2,1)

b3+21+04+l' T 299

1,1,2,1 1 021,1,1,1)

bs+Th+Ta+a+w )55 5

Table 5.8: Spectrum of massless scalar matter and their representations at the fermionic point of Model

A.

At the fermionic point, the expansion of the partition function takes the form:

2q; 164; 9 < 7424 9
7 =24 % (94 4 198¢, + 56¢2) + ( 1504+~ — 1280¢, — 41642 ) \/a@r
qr Vd4r ( ) qi

17408 96384 (5.48)
+<16384+ 5+ —

4 i

+ 3424¢q; + 153647 + 792qf> 4 +0(?),

—27To

where ¢; = €™ and ¢, = ¢ . The partition function at generic points can be calculated from (5.5)

using the orbifold phase:

® =ab+ a(G1 + g1+ g2) + b(Hi + h1 + ha) + k(G + G' + g1 + g2) + L(H + H' + hy + hs)
+p(G+Go+g2) +0(H + Ho + ho) + H(G1 + g1 + g2) + G(Hy + h1 + ha)
+H'(G1+ G35+ ¢2) + G'(Hy + Hs + hy) + H'G' (5.49)
+ H1G1 + H1G2 + GiHa + HaGo + Ha(Gs + g1) + G2(Hs + hi) + Hzgr + Gsha
+ h1ge + g1ha + hags .
A numerical evaluation of its one-loop effective potential as a function of the 75 modulus of the Scherk—
Schwarz torus, with all other moduli fixed at the fermionic point is presented in figure 5.4. It exhibits a

positive semi-definite structure, with an exponential suppression in the region T > 1, as expected for a
model in class A.
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V(T,)

35
30
25
20
15

10

1 2 3

4

5

6

7

Ol....l....|....|....|.....9....A....J..T*2

Figure 5.4: Numerical evaluation of the one-loop potential of Model A as a function of the 75 modulus.

5.5.2 Model B: A Local Minimum at the Fermionic Point
As a second example, we present a model from class B2, labelled model B, obtained by the GGSO matrix

+1
+1
+1
+1
vy | 1
) +1
+1
+1
+1
+1

+1
+1
+1
+1
-1
-1
-1
+1
-1
+1

+1
+1
-1
-1
+1
+1
+1
-1
+1
—1

+1
+1
-1
-1
+1
+1
+1
+1
-1
+1

+1
-1
+1
+1
-1
+1
-1
-1
+1
+1

+1
+1
+1
+1
+1
+1
+1
-1
-1
+1

+1
+1
+1
+1
-1
+1
+1
+1
-1
+1

+1
+1
-1
+1
-1
-1
+1
+1
+1
+1

+1
-1
+1
-1
+1
-1
-1
+1
+1
+1

+1
+1
-1
+1
+1
-1
-1
-1
+1
+1

(5.50)

This model exhibits 4 fermion generations arising in the sectors S + b; + T and S + b3. The heavy and
light Higgs bosons are generated in the sectors bs+73 and by +715+ 715+ respectively, while exotic colour
(anti-)quadruplets arise in the sectors, S + 21 + a + «, in vector-like pairs. The full massless spectrum of
model B is presented in Tables 5.9 and 5.10.
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Sector SU(4) x SU(2)r x SU(2)gr x U(1)? x SU(2)* x SO(8) representation(s)

S+« 4x%(1,2,1,0,0,0,1,2,1,1,1)

S+ 2z +a (1,2,1,0,0,0,1,2,1,1, 8,)

S+z+a+zx (4,171,+§,—§,+§,1,1,172,1)7(411+l +1,-3,1,1,1,2,1),
(4,1,1,-3, +3, +1.1,1,1,2.1), (4,1,1,-3, -1, -1 1,1,1,2/1),
(2111—%,%,—%,1,1,1,2,1),(411 3. -3, +3.1,1,1,2,1),
(4,1,1,+3,-3, -1 1,1,1,2,1), (4,1,1,+3,+4,+1,1,1,1,2,1)

S+b + Ty 4><(421—l 0,0,1,1,1,1,1)

S+b+z x(1,1,1,0,4,-1,1,1,1,1,8,)

S+b+To+x x(1,1,1,0,4,1,1,1,1,1,1),8x (1,1,1,0,—3,-3,1,1,1,1,1)

S+b+To+T3+2+x x(1,1,1,0,3,-3,1,2,2,1,1)

S+b+zntw x(1,1,1,0,-3,3,1,1,1,1,8,)

SH+bi+Th+2 +z x(1,1,1,0,—3,-3,1,2,1,2,1)

S+b+Th+a+zx x(1,2,1,0,%,-3,2,1,1,1,1)

S+bh+Tr+Ts+a+a x(1,1,2,0,—-3,3,1,2,1,1,1)

S+by+Ts+x x(1,1,1,-1,0,—3,1,1,1,1,8,)

S+ b3 x (4,1,2,0,0,—5,1,1,1,1,1)

S+b3+ 2z +a x(1,1,1,—-3,-1,0,2,1,2,1,1)

S+bs+Ti 421+ x(1,1,1,-1,2,0,1,2,2,1,1)

S+bs+z1+a+z x(1,2,1,4,-1,0,1,1,2,1,1)

S+bs+Ti4+z+atz x(1,1,2,-3,35,0,1,1,1,2,1)

Table 5.9: Spectrum of massless fermionic matter and quantum numbers under the gauge bundle for
Model B.
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Sector SU(4) x SU(2)r x SU(2)g x U(1)? x SU(2)* x SO(8) representation (s)

0 (6,1,1,41,0,0,1,1,1,1,1), (6,1,1,0,41,0,1,1,1,1,1),
(6,1,1,0,0,+£1,1,1,1,1,1), (1,1,1,+1,41,0,1,1,1,1,1),
(1,1,1,41,0,41,1,1,1,1,1), (1,1,1,0,+£1,+1,1,1,1,1,1),
12 x (1,1,1,0,0,0,1,1,1,1,1)

2 4% (1,1,1,0,0,0,1,2,1,2,1)

2 4x(1,1,1,0,0,0,1,1,1,1,8,)

a (1,2,1,0,0,+1,1,2,1,1,1), (1,2,1,0,£1,0,1,2,1,1,1)

2+ a 4x(1,1,2,0,0,0,1,1,2,1,1)

by + Ty 4z 1,1,1,0,—%,44,2,2,1,1,1)

bi+To+ T35+«

1,2,2,0,3,-3,1,1,1,1,1)

)92

b1+T2+Oé

47 17 15 7%70707 ]-a 27 17 1? 1)

h+T+zsn+at+zx

1727 1707+%7+%3 17 17 1727 1)

b1+T2+T3+Zl+Oé+(L'

1727 1307 _%v—’_%v 1) 1727 1) 1)

bo+T1 + 15+

bs + T

4,1,2,0,0,+3,1,1,1,1,1)

b3+21+$

1,1,1,3,-5,01,2,2,1,1)

bs+T1+21+x

11
17]-’17 2 §a05271a25171)

bs+z21+a+x

1 1
]-7 1727 2 _5707 17 17 1727 1)

b3—|—T1+Zl+Oé+l‘

4 x (
4% (
4 x (
4% (
4% (
4x(1,1,1,+3,0,+3,1,1,1,1,8,)
4 x (
4 x (
4% (
4% (
4 x (

11
1727 15 R 5707 17 15 27 17 1)

Table 5.10: Spectrum of massless scalar matter (at the fermionic point) and quantum numbers under the

gauge bundle for Model B.
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The fermionic point partition function is given by:

2¢; 164 48 6528
gz =0 D% (40 + = + 144q; + 56q3> + (1248 + — 1152¢; — 416q§) VO

" g 18816 1105600 i (5:51)
+ (8192 + 2z + 4960q; + 268847 + 792q§) g + O(g?) |
i 7

while the phase identifying the model in the equivalent orbifold description of (5.5), is:

D =ab+a(G1+ g1+ g2) +b(Hy +h1 + he) + k(G'+ Gy + G3 + g2) + €(H' + Hy + Hz + hy) + k¢l
+p(G1+G3)+o(Hy + H3) + HG +G1+ G2+ g1+ g2) + G(H'+ Hy + Hy + hy + h2)

+ H'Gy + G'Hy + H'G' + HiG1 + H1(G2 + g1 + g2) + G1(Ha + hy + ha) + H3gs + Gsha + hgi.
(5.52)

Being a model of class B, this model exhibits a positive semi-definite potential as we vary 15, with a
local minimum at the fermionic point, as illustrated in figure 5.5.

V(T»)

I “ 0*0

81 :' o .o

6 ‘ .o : :

4_ [ ] [ ]

2_

0‘.| 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 |T| 1 1 PR 1 1 L&

1 2 3 4 5 6 7 T>

Figure 5.5: Numerical evaluation of the one-loop potential of Model B.

5.5.3 Model C: Confinement of all Exotic States
As a third and final example, we present model C, defined by the following GGSO matrix:

+1 +1 -1 -1 -1 41 41 +1 +1 -1

+1 41 41 +1 —1 +1 +1 -1 —1 +1

-1 41 41 -1 +1 +1 41 41 +1 -1

-1 41 —1 +1 +1 +1 41 41 +1 -1
o[ = -1 -1 41 +1 +1 +1 41 41 +1 +1 (5.53)
e +1 -1 41 +1 +1 41 41 +1 +1 -1 :

+1 -1 41 +1 +1 +1 +1 41 +1 +1

+1 -1 41 +1 +1 +1 +1 41 +1 -1

+1 -1 41 +1 +1 +1 +1 41 +1 -1

-1 41 -1 -1 +1 +1 -1 41 -1 -1

Model C resides in class D3 and exhibits a negative semi-definite potential. While this is problematic
from a phenomenological point of view, as discussed in the previous section, model C is exhibits a very
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interesting property regarding its spectrum of exotic states. As previously discussed, the complexification
of the worldsheet fermions is intricately tied to the appearance of fractionally charged exotic fermions
in the massless spectrum of non supersymmetric models. While these exotic states, transforming as
(44+4,1,1) or (1,2,1)/(1,1,2) under the observable Pati-Salam gauge group, can become super-heavy
by forming vector-like pairs, following the discussion of section 5.3.3 and illustrated in models A and B,
an interesting opportunity arises when considering models with gauge symmetry enhancements.

More specifically, there exist models in which all the non-abelian gauge groups of the hidden sector
are enhanced forming groups whose gauge couplings run faster than SU(3). In this case, all fractionally
charged exotics transforming non-trivially under this gauge symmetry may exhibit confinement at energies
higher than the TeV scale, providing an alternative resolution to the problem of fractionally charged exotic
states.

Model C is such an example, which in addition to satisfying all of our phenomenological constraints,
also exhibits simultaneous gauge symmetry enhancements due to gauge bosons arising in sectors z; and
z1 + z2. The full gauge symmetry of model C is:

G = SU(4) x SU(2) x SU(2)g x U(1)* x SO(6) x SO(12), (5.54)

and its partition function at the fermionic point reads:

2¢;  16¢; 4096
g =4 0% (8 — 32¢; + 5647) + (4064 + —— +512¢; — 416q§> Var
" 163;111 122880 " (5:55)
( g+ —— — 84800 - 768¢; + 792q§) 4 +0(¢2?),

The corresponding orbifold phase is given by:

& =ab+a(G1+ g1 +9g2) +b(Hy + hy + ho) + k(G+ G+ £(H + H)
+ H(G +g14g2) + GH' +hi + hy) + HG+ H'(G1 4+ g1) + G'(H, + h1) + H'G' (5.56)
+ H1G1 + HiGy + GoHy + hi1g1 + hags .

The full massless spectrum of Model C is presented in Tables 5.11 and 5.12.
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Sector(s)

SU(4) x SU(2)r x SU(2)r x U(1)? x SO(6) x SO(12) representation(s)

S+ a4z + 22)

(1,2,1,0,0,1,32)

S+ a+zi(+z1 + 22)

(1,1,2,0,0,1,32)

S+ x4+ a(+21)

1 1 =7 1 1
(4,1,1,+5,4+3,4,1), (4,1,1,+£5,+5,4,1)

S+b1+To

x (4,1,2,-%,0,1,1)

S+bi+T12+ T3

x (4,1,2,-1,0,1, 1)

S+bi +x+al+z)

x (1,1,2,0, —

S+bi+ T3 +z+af+z1)

1,1,2,0, — 141

S+be+Th

1)
)
x (4,2,1,0,-3,1,1)
)
)
)

S+by+Ti+Ts x (4,2,1,0,—1,1,1

S+be+x+ a(+z1) x(1,2,1,-1,0,4,1

S +bo+Ts+ 2+ a(+21) x(1,2,1,-%,0,4,1

S+bs+Ti+2 122,;,;,1 1)

S+bs+Te+x 1,2,2,1,1,1,1)

S+ bs + z(+21) 6,1,1,1,2,1,1),4x(1,1,1,-%,-1,6,1), 4 x (1,1,1,—3,1,1,1),
1,1,1,3,-1,1,1)

S+ b3+ T1 + T + x(+21) x(6,1,1,—1,-2,1,1),4x(1,1,1,%,2,6,1),4x(1,1,1,—-%,1,1,1),
1,1,1,1,-1,1,1)

S+b3+T1 + a(+z1)

x (4,1,1,0,0,4,1)

S+ b3 + Tz + a(+21)

><2111004,1)

S+bs+Ti +x+ 21(+21 + 22)

1,1,1, -4,

-1,1,12)

S+bs+To+x+ z1(+21 + 22)

x(
(
(
x(
(
(
(
(
x(
x(
x(
x(
(
x(
(
(
x (
x(

1,1,1, -4,

-11,12)

Table 5.11: Spectrum of massless fermionic matter and quantum numbers under the gauge group of Model
C. Multiplets of the hidden SO(6) and SO(12) gauge groups are obtained from sector pairs of the form
§(+21) ={&E+ 21} and §(+21 + 22) = {€,§ + 21 + 22} respectively.

94



Chapter 5 — Classification of Four Dimensional non supersymmetric Pati-Salam Models

Sector(s) SU(4) x SU(2)1 x SU(2)r x U(1)? x SO(6) x SO(12) representation(s)

0, 21, 22 (6,1,1,0,0,6,1), (6,1,1,+1,0,1,1), (6,1,1,0,41,1,1),
(1,1,1,+£1,0,6,1), (1,1,1,0,+1,6,1), (1,1,1,+1,+1,1,1),
12 x (1,1,1,0,0,1,1), (1,2,2,0,0,1,12)

by x (4,1,2,2,0,1,1)

by + T3 X (4,1,2,1,0,1,1)

by + T+ x4+ a(+21) x(1,1,2,0,3,4,1)

b1 + T+ Ts + a(+21) x(1,1,2,0,3,4,1)

bo X (4,2,1,0,—3,1 1)

by + T3 x (4,2,1,0,—%,1,1)

bo+T1 4z + a(+2) x (1,2,1, — 1041)

bo+Ti +Ts +x + a(+21) x(1,2,1,-%,0,4,1)

bs +x x(1,2,2,3,3,1,1)

by + T + x(+21) x(6,1,1,4,2,1,1),4%x(1,1,1,1,2,6,1),16 x (1,1,1,1, -1 1,1)

by 4+ To + x(+21) x(6,1,1,4,41,1), 4% (1,1,1,4,1,6,1),16 x (1,1,1,1,-1,1,1)

bs+ T +Ts +zx x(1,2,2,1,4,1,1)

bs + a(+21) x (4,1,1,0,0,4,1)

bs +T1 + T + a(+21) x (4,1,1,0,0,4,1)

by + + 21 (+21 + 22) x(1,1,1,1,4,1,12)

by +T1 + To +x + 21(+21 + 22) x(1,1,1,1,1,1,12)

Table 5.12: Spectrum of massless scalar matter and quantum numbers under the gauge bundle for Model
C. Multiplets of the hidden SO(6) and SO(12) gauge groups are obtained from sector pairs of the form
E(Hz1) = {66+ 21} and E(+21 + 22) = {£,§ + 21 + 22} respectively.
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By inspecting the spectrum, we observe that all fractionally charged exotic states transform either
as vectorials or anti-vectorials of the hidden sector SO(6) ~ SU(4) group, implying that they may be
confined. This is the first realisation of such a scenario in the context of Pati-Salam models [2], while
confinement of exotic states along similar lines has also been encountered in the case of supersymmetric
flipped SU(5) models [110,277].
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Chapter 6

Four Dimensional super no-scale
Pati—Salam Models with Three
Fermion Generations

In the previous chapter, we focused on a class of non supersymmetric super no-scale models exhibiting an
observable Pati-Salam gauge symmetry. While models with appealing phenomenological features, such
as the absence of tachyons, chirality and the presence of heavy and light Higgs bosons necessary for the
realisation of spontaneous symmetry breaking were identified, they nevertheless all shared a critical flaw:
the number of fermion generations was always a multiple of four, failing to reproduce the experimentally
observed three fermion generations.

In this chapter, we proceed to investigate a new class of Pati—Salam models, in which the worldsheet
fermions corresponding to the compactified dimensions are not complexified, in order to obtain models
with three fermion generations. The class of models under investigation is defined in the free fermionic
formulation by the set of 13 basis vectors:

Br=1 = {gh, L gyl (gl gli§ Glinb 7L23 (FLes Fl..8Y

52 =9 = {w/t,xl,...,ﬁ} ,

B3 =€ = {y13w1|g17@1} ;

64 = €3 = {Z/Za“)2|§2,@2} )

ﬁB =e€3 = {y3yw3|?]3»@3} )

BG = €4 = {y4aw4|y47@4} )

57 = €5 = {y5yw5|ﬂ5>@5} ) (61)

BS = €6 = {y63w6|g67@6} ;

By = b1 = (X" w0yt 01 5 g g0 0t

ﬁlO =by = {Xle X567 yla y2a y51 yﬁ‘glv g27 3757 g6v wl,...,S’ 772} y

611 =2 = {(51,...,4} ,

Pr2 =22 = {¢35""’8} )

Pz =a= {1;4’5» 51’2} .
This basis closely resembles that of (5.1), with the difference being the replacement of the vectors T;,
1 = 1,2,3, encoding the complexified y, w fermions with six new vectors e;, j = 1,...,6 reflecting the
change to real y, w. This basis gives rise to 27 a priori distinct vacua, defined by the set of phases
c[ﬁ;] ==1,4,5 = 1,2,...,13, subject to the conditions outlined in section 3.1. In this chapter, we will
proceed by analysing the critical components of the string spectrum. Moreover, we will demand that

these non supersymmetric models are consistent with the stringy implementation of the Scherk—Schwarz
mechanism, and exhibit an exponential suppression of the cosmological constant in the large volume limit.
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6.1 Spectrum Analysis

The massless and tachyonic spectrum in this case is similar to the previous constructions and we will
not outline it in its entirety. Instead, we will focus on the critical components of the string spectrum,
including sectors generating tachyonic states, vector bosons, chiral fermions, the vectorial and spinorial
scalar representations needed to accommodate the PS and SM Higgs bosons, as well as the fractionally
charged exotics.

6.1.1 Tachyonic States

We begin by outlining all sectors which can generate on-shell tachyons. In the class of models under
consideration, the mass of level-matched tachyons can take the values M? = —1/2, M? = —3/8, M? =
—1/4 or M? = —1/8. In total, there are 209 sectors which can potentially generate such states.

The projection operators signalling the existence of M? = —1/2 tachyons, generated in the 7_; /2 €
{z1, 22, @, 21 + a} sectors are IP;F:I/Z, where

—

) ={S,e;,b1,b2, 22} ,
) =1{S,ei,b1,b2, 21,0} , (6.2)
Et(a) = {S,e;,b1 + ba, by + 21 + 2, 20}
EF (21 +a) = {5, e, by +bo, by + 0,20},

(=2

(22

[

[l]

andi=1,...,6.
Level-matched tachyons with M? = —3/8 can be encountered in the sectors

T_s/s € {ei,ei + 21,6 + 20,6 Faes +21+a) , i=1,...,6.

The corresponding projection operators ]P%S/8 and P? are defined using:

Et(ei+21) = {S,ej,br, 22} ,
Et(ei+ 22) = {S,ej,br, 21,0} ,
Ef(e; +a) ={S,e;,br +z,br + 21 + x, 22} , (6.3)
Ef(ei+ 21 +a)={S,ej,br +z,b; +a, 2} ,
E(ei) =
where i,j =1,...,6,i# j and I = min{n € Z|n > i/2}.

The sectors T_1/4 € {e; +ej,e; +ej + 21, + ¢ + 20,6 +ej + e +ej + 21 +a}withij—1 ...,6,

i # j can give rise to tachyons with M? = —1/4. The corresponding definitions for IP a and IPe e, AT

- {Sa 8j,b[,Z]_,ZQ,Oé} 3

{S,er,br, 22}, (4,5) = (2n—1,2n), n € Z*
{S, ek, 22}, otherwise

{Sa ekabfvzlaa}7 (Z?J) = (277‘ - 1a2n)7 n e zZ*
{S, e, z1,a}, otherwise

Ef(ei+ej+21) = {

E+(6i + ej + 22) = {

=t (e; + €, + ) {S,er,br + x, 21 + a+x, 20}, (4,5) = (2n —1,2n), n € Z*
B (e; +e; +a)= )
! {S,er, 21 + @+ x, 22}, otherwise
_ S,ep, by +x,br +a, 22}, (i,5) =(2n—1,2n), n € Z*
:+(ei+ej+zl+a): { k> 01 I 2} ( J)=( )
{S,er,x + a, 22}, otherwise
{Saekablazlvz%a}a (’Lv]): (2n_1>2n)7 n € Z*

{S, ek, 71, z2,a} , otherwise

E(ei—i-ej):{
where 4,5,k =1,...,6,1# j # k and I = min{n € Z|n > i/2}.

98



Chapter 6 — Four Dimensional super no-scale Pati—-Salam Models with Three Fermion Generations

Finally, tachyons with M? = —1/8 can be produced in the sectors
T_1ys €{eit+ejter,eitejtep+z,ei+ej+er+2,e+ej+ept+ae+ej+ep+2+a),

with 4,5,k =1,...,6, i # j # k. The corresponding projection operators P and P? are given
Tfl/g €L+ej+ek

by:

Ef(eitej+ex+21)={S e 2},

Et(e; +ej +ex+22) ={S, e, 21,0} ,

Ef(eit+ej+ex+a)={S, e,z +a+z, 2}, (6.5)

Et(eitej+ex+21+a)={Se,z+ a2},
E(ei +ej+ex) = {5 e,21, 22,0} ,

with 4,7, k,l=1,...,6,i £ j £k #£I.
In order to ensure our models are free of physical tachyons we impose the conditions:

PH=0,ac {711/2,7:3/8,711/4,711/8} ,a¢{e;+pej+qer}t ,i#j#Fk=1,...,6, p,g=0,1,
IPfZO, ae{ei-i-pej-l-qek} R @E]IR—GJR,
(6.6)
which are analogous to (5.11).

6.1.2 Massless States

The massless spectrum of the theory can be organised in the same manner as in the previous chapter,
with the combinations b; + pT; + ¢T3 now replaced by b; +pe; + qex +7e; + sep, @ =1,2,3, j #k #1 #
m=1,...,6, 4,k 1,m# {2t —1,2i}, p,q,7,s = 0,1. In this case, it is easy to see that the multiplicity of
four that was always present in the previous class of models is now lifted. This allows the identification
of models with three generations, arising in the sectors S;qrs = S+ b; + pe; + gep, + re; + sep,, where
p,q,rs =0,1, {4,5,k,I,m} ={(1,3,4,5,6),(2,1,2,5,6),(3,1,2,3,4)}, with the modified form of (5.29)
being:
3 1

_ _ 1 SU() 1 50(4)
N Ch(wu) Z Z P ;;qrs 5 (1 + X Png ) 5 (1 + X 17’;”17‘5' ) ’
=1 p,q,r,s=0
3 1 1 1
fig = ch(y™) Z Z P : (1 SU(4 ) . (1 B X;‘?(@) ’
=1 pgra—0 pars pqw pqrs
5 ) . , (6.7)
— ch(dH P- = ( SU(4) 1 (1 XSO(4))
¢ (,l/] ) ; P q;io ;)qrs 2 PqTS 2 + 517"‘17‘3 ’
3 1 1 1
_ -1 SU(4 L/ so@
=Y Y Py g (1+x3Y) 5 (1-xY)
i=1 p,q,r,5=0
resulting in the standard definition for the number of generations:
ng =np —Np =NR —NR, (68)

which must, once again, be imposed as a constraint.
The projection operators indicating the presence of physical states in a sector S;qm now take the form

IP_ = E (SZ ) {627;,1,621',21722} , (69)

Spars pars

while the representation operators determining their transformation properties under SU(4) x SO(4) are
given by:

*
Si
—c| , P i,j=1,2 i+
SU(4 [5]_ s o 50(4 i

X2, ( ) 0,0,1 ‘,1 . X (4) = —c| Spars . (6.10)

Si i ’ S «a
pqrs S};qrs i 3 pqrs
_c =
Sll—r,lfs,o.()-"_a ’
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The corresponding 48 sectors giving rise to scalars in the chiral representations are: Eiqm =b; +
pe] + qek + rel + Sem) Where p’ q7 r’ s = 07 1’ {Z'7j’ k7 l) m} = {(1) 37 47 57 6)’ (27 17 2’ 57 6)7 (3’ 1’ 2) 37 4)} and
the projection operators determining whether states survive the GGSO projection are:

]P+ IP—i = 1 H+(E;qrs) {621'—17622',21722}3 = ( pqrs) = {Oé} (611)

PIN‘ EP‘ITS

and the number of PS breaking Higgs multiplets can be determined by:

ng =y Y ]PZW]PEZ. - (6.12)

The number of SM Higgs multiplets arising in the sectors T;,qrs = E;qm +x = bj+pe;+qep+rej+sen+x
is similarly determinded by:

1
74,5 — i
Z Z Pwéqrs’ :‘(qurs) = {621‘,1, €27, 21,22, a} . (613)

Finally, fractionally charged exotic fermions can arise in the sectors

S;qrst = Sf,qrS +tz1 +a=5+b +pej+qep +rep + sen, +t21 +

which give rise to colour (anti-)quadruplets, as well as S+« +x and S+ 21 +«a+x which give rise to pairs
of (4+4,1,1). The number of exotic (anti-)quadruplets arising in these sectors can then be determined
by:

3 1
_ 1 SU(4)
_ P - (1 X5 ) :
=1p,q,7;s, (6.14)
3 1
B B 1 SU(4)
ng = Z Z Pgéqq 52 (1 B ngluzrsf> ’
i=1 p,q,r,s,t=0
where
[s e ] i#j=12
X:‘lU(4) 0(;1 mi=s (6.15)
pqrst pqrst — 3
¢ 811 1 30.0:|, !
Moreover,

5’;qmt ygqrs—i—tzl—i—a:S—«—bi—i—pej+qek+rel+sem+x+tzl+a,

in addition to S+ 2o + a, S+ 21 + 22 + @, S + «, and S + 21 + @ may produce fermion bi-doublets. The
definitions of the projection operators which can identify their presence in the spectrum and pinpoint
their exact representation follow (5.36)-(5.45). While the use of real fermions in the parametrisation of
the internal coordinates allows for the existence of models in which none of these exotic states survive
the GGSO projection [116,259,275], we only enforce the relaxed condition allowing for their presence in
vector-like pairs, in order to increase the odds of identifying compatible models.

Extra gauge bosouns still arise in the sectors: G = {21, 20,0, 21 + 29,21 + @, 20 + @, 21 + 20 + @, z, a0 +
x,z1 + a+ x}, where x = 1+ S + 2?21 e + Zizl z, and the relevant conditions ensuring that no
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enhancement of the observable gauge symmetry occurs are given by (5.16), with:
:E) = {617 €2, €3, €4, €5, €6, 21, 22} 5
o+ SU) = {617 €2, €3,€4,€5,€6,22,21 t+ a} 3

z1+a+x) ={e1,e2,e3,64,65,€6, 22,0},

21+ 29 + ) = {e1, e, €3, €4, €5,€6,01 + b2, b1 +a} (6.16)

—~ o~~~ —~ —~
N
[\v]
+
o
=
\
~~
5
&
Q
[\v]
Q
w
Q)
Ny

I )
ot
o
[=2)
S
S
+
S
[\V]
S
S
+
0
&
+
Q
—

The rest of the massless spectrum is comprised of states charged under the hidden gauge symmetry,
in addition to states arising in sectors unique to non supersymmetric constructions, which still disappear
at generic points of the moduli space as discussed in 5.3.5 and, as such, are irrelevant to our current
analysis.

6.2 Generic Point Behaviour

In order to obtain three generation models we are forced to modify the vector basis of (5.1) by replacing
each of the T; = {y®,w®|y*®, %} with a pair of vectors e; = {y*,w?|y%, &}, e; = {y°,w’|y’ @*}, in
which the complexification of the internal fermions is undone. The equivalent orbifold description is given
by the expression:

Z:%i Z 2% Z 2% Z 2% Z (_1)a+b+HG+H’G’+<1>

2 94
01 2
hi,he,H,H' Hy,H,Hs Hy,Hs,Hg

a,k,p
G € s Gleae R GGG

olg] Vit dlgthe) ol bt

« b b+g1 b+g2 b—g1—92
n n n n
= a 'y ark—H’1 ark+h ark+h ark—hi1—h
X 19[12]3 19[?1_(1;’1’] 19[? C?’] 19[@1‘]11] 7‘9[@1(122] 19[5—911—922] (617)
Uk i Ui i i 7
— H/ — _ — H
L Olei6) dlo- & 9 dltel!
7 i 72 it
1)(Hy, H 2)Hs,H 3)Hs,H s
DY[Er ez )(r™, UMy T fale) (1@ U®) TF)[E 8 |2315221<T<3 U®)
n2n? N2> N2>

In order to probe the moduli dependent properties of the theory, we proceed with the simplification of
the partition function in a similar manner as in the previous chapters. We substitute two of the lattices
with their equivalent fermionic point description in terms of Jacobi and Dedekind functions, as defined
n (3.110), then take advantage of the Riemann—Jacobi identity in order to perform the summation over
a, b, after which the partition function takes the form:

1 Hq,H shift (H1,H
Z= 1 Z \I}[GI;GE]FQ},E&[G;,G;] ) (6.18)
g13g2622
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where
]. ]. Il F
Hi,Hoy HG+H'G'+® qr1+H112,9[14+H1+h272
tehwen o224 29 Z Z Z (=" ! Uiei " hicite]
b ela €T 301 05,06 2
h h 5 —h —h
x OG0 G OG0 G OG0B 9B 9Gs )] (6.19)

S AR A< RY] e s ] el I e B e R A R e

=D ClEREA M)A
AA

While it is natural to assume that the potential still follows the same asymptotic behaviour:
np —nr

Vl—loop(TQ > 1) ~ = T2
2

+..., (6.20)

upon closer inspection the situation appears to be more complicated. We can now identify three main
contributions to the effective potential:
—2(2m)* Vi _toop(T2) = 1 + I + I3, (6.21)

where drd= 1
TdT H1,0ypshift (H1,0
L Z/Ti > Uleolrss el

2 T HL,G
de77' 1 H,,H hift (H1,H
12:/ o1 2 YesInsanal (6.22)
2 H,,G: ’
drdt 1 Hy,Hoqshift {Hy, H.
13=/ — 7 O VelarEs 6] (Ha, Ga) #{(0,0), (H1, Gh)} -
2 Hy,Ho
G1,G2

The asymptotic behaviour in the large volume regime can be evaluated using the unfolding method. The
I5 contribution corresponds to all sectors satisfying H; = Hy and G; = G3. This essentially reproduces
the contribution to the effective potential of (4.45), which now yields:

_2C[1)(0,0) U3

I, =
372 1 6
w3 mi,mz |m1+§+Um2|

(6.23)

Using similar methods, we can deduce the expressions for I; and I3. These are:

2C1%%(0,0 U3
= [1731](2 ) > = s (6.24)
™ T2 my,mo |m1 + 2 + Um2|

1

and o1
_ 4C[101(0,0) (—-1)m=U3

I3
372 1 6
w13 mi,ma |m1+§+Um2|

, (6.25)

where in the case of I3 we have taken advantage of the modular transformations to reduce it to the

evaluation of

1 1 i

L=3 > 7 (2 Z\If[?:é]rz*;“[?:éz]) : (6.26)
~ve{1,5,ST} Ga

These three contributions once again result in a power-law evolution of the potential, necessitating addi-

tional conditions in order to ensure an exponential suppression. Altogether, the potential now takes the

asymptotic form:

C10%1(0.0) + C11(0, 0 -
lim <_ (27T)4V1-100P(T2)> = ol( 7)r3T2 (1.4](0.0) 5
2

Tr—o0

6
my,mo |m1 + % + Um2|
2C[14(0,0) (=1)™=U3

372 1
@ T2 mi,ma ’m1+§+Um2’

(6.27)
5+ Oy
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where ) is a positive constant of order one. Eliminating the power-law contributions therefore requires
the simultaneous cancellation of the two terms, which results in two independent conditions:

o

0,0 0,0 -
(1)(1)](0 0) + C[11(0,0) =0, (6.28)
Clio

1(0,0) = 0.

Once again, taking advantage of the fact that the partition function vanishes identically when H; = G; =
0, we can rewrite the first condition as

)
)
)

Y Clge,)0.0)=0. (6.29)

G1,G2€Z2

Using a similar argument as in the previous chapter, we can prove that this condition is equivalent to
demanding Bose-Fermi degeneracy at the massless level, recovering the established np = np condition
of super no-scale models as we expected. However, while in previous constructions this condition was
sufficient to ensure the exponential decay of the one-loop potential, this is now no longer the case. In
fact, models which do exhibit Bose—Fermi degeneracy might still exhibit a power-law behaviour and thus
unacceptably large values of the cosmological constant in the large volume regime, if they fail to also
satisfy the condition C [(1):(1)](07 0) = 0. As an example we present a 3-generation model which satisfies all
phenomenological conditions introduced in section 5.4, defined in the free fermionic formulation by the

GGSO matrix:

+1 +1 +1 41 +1 +1 +1 41 +1 +1 +1 +1 -1
+1 +1 +1 -1 -1 -1 -1 -1 +1 +1 +1 41 -1
+1 +1 -1 +1 +1 +1 41 +1 -1 +1 -1 -1 +1
+1 -1 +1 -1 +1 -1 -1 +1 +1 41 -1 +1 +1
+1 -1 +1 41 -1 +1 +1 -1 +1 -1 -1 41 +1
+1 -1 41 -1 +1 -1 -1 -1 +1 -1 -1 41 -1
=+ -1 +41 -1 +1 -1 -1 -1 -1 +1 +1 +1 +1 | . (6.30)
+1 -1 +1 41 -1 -1 -1 -1 +1 -1 +1 41 +1
+1 -1 -1 41 +1 +1 -1 +1 +1 41 -1 -1 +1
+1 -1 +1 +1 -1 -1 +1 -1 +1 +1 -1 -1 ~—1
+1 +1 -1 -1 -1 -1 +1 41 -1 -1 +1 -1 -1
+1 +1 -1 41 +1 +1 +1 41 -1 -1 -1 41 +1
-1 -1 +1 41 +1 -1 +1 +1 -1 +1 +1 +1 -1

The massless spectrum of this model exhibits the desired boson-fermion degeneracy. Additionally, it
features three generations of fermions which appear in the sectors: S 4 b1 + eg, S+ b1 + ez + e4 + eg,
S+b2 —|—€1 —|—€67 S+b2 —|—€2 —|—€5 —|—€67 S+b3+617 S+b3+61 —i-fig—i-647 as Well as PatifSalam and SM nggS
bosons from sectors bs + eg and by 4+ eg + x, b1 + e3 + e4 + e + x respectively. The gauge symmetry is not
enhanced and while it does include exotic fermions, they are organised into vector-like pairs. Moreover,
supersymmetry is spontaneously broken by the Scherk—Schwarz mechanism and its one-loop effective
potential is positive semi-definite.

While this model does satisfy all the phenomenological conditions we introduced to analyse models
with complex worldsheet fermions, it fails to satisfy the second condition of (6.28) and a close inspection
of its effective potential, presented in figure 6.2 reveals that it is not in fact exponentially suppressed.
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Figure 6.1: Numerical evaluation of the rescaled one-loop potential of the model defined by (6.30).
In detail, we present the same potential in semi-logarithmic axes, highlighting the deviation from the
exponential suppression which implies a power-law behaviour in the region 75 > 1.

In order to obtain an effective potential with the desired exponential suppression, we must also impose
the second constraint, which can be recast in the form:

Y. Ol a,)0,00=0. (6.31)

G1,G2€Z2

This condition can be shown to also correspond to a degeneracy of bosonic and fermionic states, but in
this case this must be applied not at the massless level of the theory, but rather at the ground state of
the tower of states which exhibit a winding shift due to Hy = 1.
The two conditions that are necessary for the models to exhibit super no-scale structure can then be
expressed as:
S(H)= Y Clgai0,00=0, Hy=(0,1). (6.32)
G1,G2€Z2

6.3 The Search for Consistent Realisations

The family of models defined by the vector basis of (6.1) comprises 27 a priori distinct models. However,
some of the independent GGSO phases do not appear in our constraints and can therefore be considered to
be irrelevant to our analysis. More specifically, the phases c[{], c[§], c[; ] and C[Z;} amount to conventions

and can be freely taken to be +1, as before. Additionally, the phases c[%], B =A{ei,bg,za},i=1,...,6,

k=1,2,a=1,2 as well as c[;!], c[;2], c[;’] and c[;*] are absent from all the relevant projection operators.
Consequently, we choose to fix them to +1 as well. Finally, we set c[fl] = +1 in order to focus our search
to non supersymmetric models.

Having fixed the GGSO phases that do not affect the aforementioned characteristics of our models, the
parameter space of interest consists of 2°° vacua. While a comprehensive scan of all models as performed
in [2] and outlined in the previous chapter is beyond current technical capabilities, we will still employ
the two-stage scan procedure employed in [2,119,264], utilising the properties of the SO(10) “parent”
models in order to increase the likelihood of obtaining phenomenologically appealing Pati-Salam models.

These PS models are subjected to the phenomenological criteria outlined in section 5.4, with two
amendments. Firstly, since the number of generations is now an integer instead of a multiple of four,
we require that at least 3 fermion generations are present in the massless spectrum. The models are
still expected to follow a normal distribution with respect to the net chirality, with most chiral vacua
exhibiting 1 or 2 fermion generations. This suggests that a much larger subset of models will be eliminated
by this condition compared to its application on the models analysed in the previous chapter.
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Secondly, the condition imposed to ensure the exponential suppression of the cosmological constant
is now expanded. In addition to the Bose—Fermi degeneracy in the massless spectrum, we also require
boson-fermion degeneracy in the states with winding shift due to Hy = 1, which are asymptotically
massless in the 75 — oo limit. In the previous chapter, we saw that the highly non-trivial massless
degeneracy necessary for the super no-scale condition was typically violated, with only a small minority
of models having the desired behaviour for large values of T5. The additional constraint in this case is
expected to shrink the parameter space of viable models even more, rendering the identification of such
models even more difficult.

The updated set of constraints imposed upon the models of class (6.1) are:

(i) Absence of on-shell tachyons, imposed by (6.6).

(ii) Absence of observable gauge symmetry enhancement, by demanding (5.16), with the updated pro-
jectors given by (6.16).

(iii) Existence of at least three complete chiral generations under SU(4) x SU(2)r, x SU(2)g, requiring
ng =ng —Agp =g —ng > 3 as defined in (6.7), (6.8).

(iv) Existence of heavy and light Higgs bosons responsible for the spontaneous breaking of the Pati—
Salam and SM gauge symmetries, implying ng > 0 and nj;, > 0 in (6.12) and (6.13).

(v) Vector-like fractionally charged exotics, satisfying ny = nz in (6.14).

(vi) Spontaneous supersymmetry breaking, consistent with the Scherk—Schwarz mechanism, as covered
in section 4.4.

(vii) Exponential suppression of the cosmological constant in the region T5 > 1, by imposing the condi-
tion (6.32).

Our starting point is a random sample of 2 x 10° SO(10) models, corresponding to ~ 4 x 10'2 possible
models once the relevant Pati-Salam GGSO phases are introduced, which roughly amount to 1/10000 of
all possible vacua. Utilising a DELL PowerEdge R630 workstation with 32 GB of memory, the parameter
space was scanned over a period of 10 days. Our analysis resulted in the identification of 174 models
which satisfy the above criteria. We note that after applying conditions (i) through (vi), roughly 1 : 1000
of the remaining models exhibit Bose-Fermi degeneracy in the massless spectrum, and ~ 1 : 5 satisfy the
second condition of (6.28), but only ~ 1 : 50000 models satisfy both conditions.

After analysing the resulting models in terms of their partition function and effective potential, we
uncover 17 classes, labeled (I)-(XVII) which we present in figure 6.2. The first class of models is the
only one which exhibits a positive potential. Classes (II) through (IX) oscillate between positive and
negative values, asymptotically vanishing from above. The potential of the remaining classes is negative
semi-definite. With the exception of class (IT), which appears to be tachyon-free for all values of T5, all
classes exhibit tachyons in the region 75 < 1.
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Figure 6.2: The rescaled effective potential V(1) = 2(27)*V (T3) for each distinct subclass of models.
All subclasses except for the second one exhibit tachyons in the region Ty < 1.

6.4 A Three-Generation Super No-Scale Model

We conclude this chapter by presenting a specific model of class (I) which satisfies all phenomenological
constraints. It is defined in the free fermionic formulation by the GGSO matrix:

F1 41 41 41 41 41 41 +1 41 41 41 41 -1
+1 41 41 -1 -1 -1 41 -1 41 +1 -1 +1 +1
F1 41 -1 41 41 41 -1 +1 -1 +1 +1 -1 -1
+1 -1 +1 -1 -1 -1 41 -1 -1 41 -1 41 -1
F1 =1 +1 =1 =1 +1 =1 +1 41 41 +1 +1 +1
$1 -1 41 -1 41 -1 —1 +1 +1 +1 +1 +1 +1
dfl=| +1 41 -1 41 -1 -1 -1 -1 -1 41 -1 -1 -1 [. (6.33)
F1 =1 +1 =1 41 41 -1 —1 41 41 -1 -1 -1
$1 -1 -1 —1 41 +1 -1 +1 +1 +1 -1 +1 -1
$1 -1 41 41 41 +1 41 +1 41 +1 -1 -1 +1
F1 -1 41 =1 41 41 -1 —1 —1 —1 41 +1 -1
$1 41 -1 41 41 +1 -1 —1 41 -1 +1 +1 -1
“1 4+1 -1 -1 41 +1 -1 -1 41 -1 +1 -1 -1
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This model exhibits 3 fermionic generations from the sectors S+b;+eg, S+b1+e3+es+eg, S+ba+er+eg,
S+by+ex+e5+es, S+0b3+ep, and S+ bs + e; + ez + eq, as well as the necessary scalars needed
for the spontaneous breaking of the Pati—Salam and Standard Model gauge symmetries which can be
encountered in sectors bs + eg, by + e + x, b1 + e3 + e4 + eg + x, and by + e1 + eg + . It is tachyon free
and supersymmetry breaking can be traced to the Scherk—Schwarz mechanism implemented as a shift
along the first compactified direction. Furthermore, the model satisfies both super no-scale conditions
defined in (6.32) and its potential, presented in figure 6.3, is exponentially suppressed in the large T
limit. Figure 6.4 highlights the exponential suppression of the one-loop effective potential in contrast to
the model introduced in (6.30), which fails to satisfy both super no-scale conditions.

V(T»)
r

V(Ty)

6 7 T,

Figure 6.3: The rescaled effective potential V(T3) = 2(27)*V (T3) for the model defined by (6.33), in the
non-tachyonic region 75 > 1. In detail, we present the same potential in semi-logarithmic axes, focusing
on the region 75 > 1 which clearly exhibits an exponential decay.
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001 | L L L L | L L L L | L L L L | L L L L | L L L L |
2 3 4 5 6 7 T,

Figure 6.4: A direct comparison of the rescaled effective potentials of the two models presented in this
chapter. The black, dashed line corresponds to the model defined in (6.30), whose spectrum satisfies all
relevant constraints, in addition to one of the two super no-scale conditions defined in (6.32) and does
not exhibit exponential suppression of the cosmological constant. In blue, we have the model of (6.33)
which satisfies all conditions and exhibits the desired exponential suppression.

At the fermionic point, its partition function, expanded in terms of ¢, = €™, ¢; = e~ 2", is given
by:
384
qi
14272

K2

2q; 4q; 8q; 16q;
g 2 A4 8¢ 16g

+ _

qr q§/4 Vd4r Var
3008 9

+ | 1424 + + 448¢; + 80q; | \/qr + | —560 +

K2

+ (32 +32¢7) + <6O + — 80¢; — 36q§) Yar

(6.34)

+ 256¢; — 304q§) e+

The partition function at generic points of moduli space can be obtained from (6.17), using the orbifold
phase:

® = ab+ a(Gy + g2) + b(Hy 4 ha) + kl + k(G' + G1 + g2) + L(H' + Hy + hy)
+po + p(G+ Gy + G3) + o(H + Hy + Hs)
+HG+ H(G'+G1 + G3 + Go + g1 + g2) + G(H' + Hy + H3 + He + h1 + ha)
+H'G'+ H(Gy+ G35+ G5 + G + g2) + G'(Ha + Hs + Hs + Hg + ho) (6.35)
+ H\G1+ Hi(Ge + G3+ G5 + g1 + 92) + G1(Ha + H3 + Hs + hy + hy)
+ H3(Gs5 + g2) + Go(Hs + ho) + H3Gs + H3(Gy + G5 + Gg) + G3(Hy + Hs + Hg)
+ Hsg2 + Gsha .

Its massless spectrum at the fermionic point is outlined in tables 6.1 — 6.6.
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Sector SU(4) x SU(2)r x SU(2)g x U(1)? x SU(2)* x SO(8) representation(s)

S+ (4,2,1,-%, -1 -1111,1,1), (4,2,1,-%,+3,+1,1,1,1,1,1),
(4,2,1,+3,-3,+3,1,1,1,1,1), (4,2,1,+4, +4, -1 1,1,1,1,1),
(3,2,1,+3,+3,+3,1,1,1,1,1), (4,2,1,+%, -1 1 1.1,1,1,1),
(4,2,1,-1,+3,-1.1,1,1,1,1), (4,2,1,-3, -3, +1,1,1,1,1,1)

S+ 2y 2% (1,1,1,0,0,0,1,1,1,1,8,)

S+2z +a 2% (1,1,2,0,0,0,1,1,2,1,1)

S+b1+63+€4+66

(4,1,2,+1,0,0,1,1,1,1,1)

S+b1+es

Z7 1727+%’0)O7 17 1’ 17 17 1)

S+bi+es+es+es+es+z

17 ]-7 1707 +%7 _%72727 ]-7 17 1

S+b1+65+66—|—x

15 17 1,0, +%a _%72725 17 17 1

S+bi+est+es+teg+21+2x

S+bi+es+es+eg+z21+x

)
)
1,1,1,0,—1,44,2,1,1,2,1)
1,1,1,0,—%,44,2,1,1,2,1)

S+b+e3+es+x

15 17 170a _%7 +%7 17 15 17 178V)

S+b+tes+es+2x

1 1
la 17 1707 R +§7 17 1a 17 178V)

S+b1+63+65+66+a

S+bi+es+es+eg+a

S+bi+e3+estes+eg+ 21 +a

4,1,1,+,0,0,1,1,1,2,1

S+bi+es+es+ 21+

)
4,1,1,-3,0,0,1,2,1,1,1)
)
)

4,1,1,+3,0,0,1,1,1,2,1

S+bi+estesteg+z+a+x

1a 27 1707 +%a +%7 17 17 27 17 1

S+bi+e+z21t+a+zx

S+bi+est+et+a+zx

15 17270a +%a _%727 15 17 17 1

S+bi+es+egtat+zx

(
(
(
(
(
(
(
(4,1,1,-1,0,0,1,2,1,1,1
(
(
(
(
(
(
(

)
1,2,1,0,4%,44,1,1,2,1,1)
)
)

17 172707 +%7 _%727 ]-a 17 17 1

Table 6.1: Spectrum of massless fermionic matter arising in the untwisted sectors and twisted sectors
which involve by and their quantum numbers under the gauge bundle.
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Sector

SU(4) x SU(2)r x SU(2)g x U(1)? x SU(2)* x SO(8) representation(s)

S+ by +ex+e5+ eg

(47 27 170a _%507 17 1a 17 17 1)

S+by+e1+eg

(4,1,2,0,—1,0,1,1,1,1,1)

S+b2+61+62+65+66+l‘

(63 17 17 7%707 +%7 17 15 17 17 1)? (17 17 15 +%7i17 7%7 17 17 ]-a 17 1)7
2x(1,1,1,+5,0,+3,1,1,1,1,1), 2 x (1,1,1,-1,0,—-1,1,1,1,1,1)

S+b2+66+17

15 2727 _%aoa +%7 17 15 17 17 1

S+bs+e1+x

1) 17 17 +%705 _%72727 17 17 1

S+by+eg+z1+x

1,1,1,+5,0,+3,2,1,2,1,1

S+by+e+21+x

S+by+ert+es+21+x

17 17 17+%70a _%> 172a 27 17 1

S+b2+61+62+65+66+21+f£

1 1
15 17 17 75707 R 1725 1727 1

S+by+e+es+x

)
)
)
1,1,1,-4,0,44,2,1,1,2,1)
)
)
)

17 17 17 +%a05 _%7 17 17 2727 1

S+b2+62+€5+66+22+l‘

1 1
1) 17 17 _§1Oa R 17 11 ]-7 178c)

S+by+eg+ 20+

15 17 17+%a07 _%7 17 15 17 1785)

S+by+e+es+x

1) 17 17 _%701 +%7 17 1a 17 178V>

S+b2+€1+0&

4,1,1,0,—3,0,1,2,1,1,1

S+bs+e1+es+es+es+a

S+bs+eg+ 21+

4,1,1,0,—3,0,1,1,2,1,1

S+b2+61+21+0[

)
)
)
)

4,1,1,0,—3,0,1,1,1,2,1

S+by+est+es+tegt+a+x

1 1
1) 27 17 _5705 +§727 17 17 17 1)

S+br+a+z

]-a 27 17+%a0a +%7 172a 1, 17 1)

S+by+e+e+21t+a+tx

1 1
15 27 17 _§a07 +§7 17 15 27 17 1)

S+by+z1+a+x

1 1
1) 27 17 _5701 Rl 17 1a 1723 1

S+by+e+egt+a+x

1,1,2,+5,0,+3,2,1,1,1,1

S+by+e+estes+atx

S+by+etes+teg+z1t+a+x

1 1
17 1727 _5707 2 17 17 27 17 1

S+by+e+es+tes+z1+a+x

(
(
(
(
(
(
(
(
(
(
(
(4,1,1,0,—1,0,2,1,1,1,1
(
(
(
(
(
(
(
(
(
(

)
)
1,1,2,-4,0,45,1,2,1,1,1)
)
)

15 1727 —%aoa +%7 17 15 1727 1

Table 6.2: Spectrum of massless fermionic matter arising in twisted sectors which involve by and their
quantum numbers under the gauge bundle.
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Sector

SU(4) x SU(2)r, x SU(2)r x U(1)3 x SU(2)* x SO(8) representation(s)

S+bs+e

(4a25 17070a _%a 17 ]-a 1) 17 1)

S+b3+61+€3+64

(47 2; 170707 _%a 17 17 1; 17 1)

S+bs+x

(6a1517_%74_%’0)171’15171)’ (17171a+%7_%7:|:1a17171a131)7
2x(1,1,1,+3,+3,0,1,1,1,1,1), 2 x (1,1,1,-4,-1,0,1,1,1,1,1)

S+bs+es+es+a

(Ga1517_%a+%a05171a15171)’ (17171a+%7_%7i1a15171a171)7
2x(1,1,1,+3,+3,0,1,1,1,1,1), 2 x (1,1,1,-1,-1,0,1,1,1,1,1)

S+bs+es+x

(1a 1; 17+%a +%705 17 1a 1; 17 1)

S+bs+estua

17 ]-a 17+%7+%70a 17 17 ]-a ]-7 1 ) (17 17 17 _%; _%707 17 ]-a 17 17 1)

S+bs+etes+21+x

-5

S+bs+ertes+21+x

)
1a1717 ! _%a05271a17271)
171117 L _%70127]-’1)271)

S+b3+€2+0&

Y
4,1,1,0,0,+5,1,2,1,1,1)

S+bg+es+estes+a

S+bs+e+estatzx

1727 17+%7 _%uoa 17 1727 17 1

S+b3+e+estestes+a+x

1,2,1,+1,-10,1,1,2,1,1

S+bs+et+es+2t+ta+tx

—5s

S+bs+et+es+z1+at+x

(
(
(
(
(4,1,1,0,0,+3,1,2,1,1,1)
(
(
(
(

)
)
1,1,2,-1,-1,0,1,1,2,1,1)
1,1,2,-1,-10,1,1,2,1,1)

Table 6.3: Spectrum of massless fermionic matter arising in twisted sectors which involve by and their
quantum numbers under the gauge bundle.
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Sector

SU(4) x SU(2)r x SU(2)gr x U(1)? x SU(2)* x SO(8) representation(s)

0

(6,1,1,+1,0,0,1,1,1,1,1), (6,1,1,0,+1,0,1,1,1,1,1),
(6,1,1,0,0,+1,1,1,1,1,1), (1,1,1,4+1,+1,0,1,1,1,1,1),
(1,1,1,+1,0,+1,1,1,1,1,1), (1,1,1,0,£1,+1,1,1,1,1,1),
12 x(1,1,1,0,0,0,1,1,1,1,1)

e1+ey+e5+ e+«

2% (1,2,1,0,0,0,1,2,1,1,1

€1 +ex+e5+eg+ 21+«

2% (1,2,1,0,0,0,1,1,1,2,1

b1 +e3+es+eg+x

(17 272707 _%1 _%7 17 17 17 17 1

b1—|—66+I

-3,

bi+e3s+eg+21+x

17 17 170a _%7 +%727 17 27 17 1

b1+64+€6+21+l‘

)
)
)
1,2,2,0,—-1,-11,1,1,1,1)
)
)

]-a 17 1707 _%a +%727 ]-a 27 17 1

b1 +es+es+z0+x

1a 17 17Oa+%7 _%7 17 1a 17 1785)

bi+es+e5+20+x

17 17 1707 +%a _%7 17 17 17 1785)

b1+63+64+66+2’1+a

b1 +eg+ 21+«

4,1,1,-3,0,0,1,1,2,1,1)

by +es+es+eg+a+zx

17 27 1707—’_%7 +%7 1727 17 17 1

bi+es+es+es+a+zx

1,2,1,0,+3,+3,1,2,1,1,1

bi+es+es+test+eg+z1+at+x

—3

by +es+eg+z1+a+x

(
(
(
(
(
(4,1,1,-1,0,0,1,1,2,1,1)
(
(
(
(
(

)
)
17271707 1 _%7171717271)
]-a 27 1707 7%3 7%7 17 ]-a 1727 1)

Table 6.4: Spectrum of massless scalar matter arising in the untwisted sectors and twisted sectors which
involve by and their quantum numbers under the gauge bundle.
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Chapter 6 — Four Dimensional super no-scale Pati—-Salam Models with Three Fermion Generations

Sector

SU(4) x SU(2)r x SU(2)g x U(1)? x SU(2)* x SO(8) representation(s)

by +e1+ex+e5+eg

(4a 27 17()’ —%,0, 17 1a 1) 17 1)

ba + e

(4,1,2,0,43,0,1,1,1,1,1)

b2+62+65+66+£€

(6517177%705+%7171a1a171)’ (171715+%7i177%a17171a1)1)7
2x(1,1,1,-4,0,—%,1,1,1,1,1), 2 x (1,1,1,4+4,0,44,1,1,1,1,1)

b2—|—61+66+l’

1,2,2,-1,0,+1,1,1,1,1,1

by +x

17 17 17+%a07 _%7272a 17 17 1

b2+61+€6+21+l‘

1,1,1,+35,0,4+5,2,1,2,1,1

bo+21 +x

bo+e+exstes+2z1+x

17 17 17+%70u _%7 1727 27 17 1

b2+62+65+66+21+1’

1,1,1,-3,0,+1,1,2,1,2,1

by +e1+ex+es+x

)
)
)
1,1,1,-1,0,+3,2,1,1,2,1)
)
)
)

1a 17 17+%a07 _%7 17 1a 2727 1

b2+61+€2+€5+66+22+$

1 1
17 17 17 _5707 2 17 17 ]-7 178c)

bo+e1+eg+ 20+

1a 17 17+%a07 _%7 17 1a 15 1785)

by + e+

17 17 17 _%a07 +%7 17 17 17 178V)

b2+62+65+€6+a

4,1,1,0,+3,0,2,1,1,1,1

by +

by +e1+eg+ 21+

4,1,1,0,+3,0,1,1,2,1,1

b2+21+0t

)
)
)
)

4,1,1,0,—3,0,1,1,1,2,1

bo+e +etes+egt+a+x

1a2717_%a07+%7271a17171

bo+el+a+x

1,2,1,+35,0,4+5,1,2,1,1,1

bot+es+z1t+ta+x

1,2,1,-10,+1,1,1,2,1,1

bo+e+z1t+ta+x

bo +eg+a+zx

1,1,2,41,0,+1,2,1,1,1,1

by +es+es+a+x

1a 1727 _%aoa +%7 172a 17 17 1

bo+e1+extest+eg+z21+at+x

1 1
17 1727 _5707 R 17 17 27 17 1

bo+es+es+z1+a+x

(
(
(
(
(
(
(
(
(
(
(
(4,1,1,0,—-1,0,1,2,1,1,1
(
(
(
(
(
(
(
(
(
(

)
)
)
1,2,1,-1,0,-1,1,1,1,2,1)
)
)
)
)

1,1,2,-1,0,+1,1,1,1,2,1

Table 6.5: Spectrum of massless scalar matter arising in twisted sectors which involve bs and their quan-

tum numbers under the gauge bundle.
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Sector SU(4) x SU(2) x SU(2)g x U(1)3 x SU(2)* x SO(8) representation(s)
b3 (4,2,1,0,0,—3,1,1,1,1,1)

bz +e3 + ey (4,2,1,0,0,—3,1,1,1,1,1)

bs +e+x (6,1,1,-1,+3,0,1,1,1,1,1), (1,1,1,+%, -1, +1,1,1,1,1,1),

2x(1,1,1,+3,+3,0,1,1,1,1,1), 2 x (1,1,1, -1

R 7%707 1; ]-a 17 1) 1)

bs+e1+es+es+u

(67 17 1a _%a +%707 1a 17 17 17 1) ’ (17 ]-a 17 +%7 _%7i17 17 17 15 17 1)a

2 X (171a17+%7+%70a17171a171)7 2 X (1717177%77%707151717131)

by +e1+e3+x

(15 17 1a +%7 +%707 1a 1; 17 17 1) ) (17 ]-a 1; . _%7()’ 1; 17 1a 1; 1)

b3+€1+64+1’

—5
1a1717+%a+%707171a17171 2

bs+e1+e+e3+2+x

1
15 17 17 R

bs+e+estes+2z21+x

), (1,1,1,-3,-2,0,1,1,1,1,1)
_%70727 15 1727 1)
)

1,1,1,—3

1
R _570727 1) 1727 1

b3+€1+62+0[

4,1,1,0,0,+3,1,2,1,1,1)

bs+e1+exs+es+es+a

bs+es+a+x

17 27 17+%a _%707 1727 17 17 1

b3 +eyt+e3t+es+a+ax

1,2,1,+4,-1,0,1,2,1,1,1

bs+es+z1+a+x

1,1,2,—;

bs+es+z1+a+zx

(
(
(
(
(4,1,1,0,0,+3,1,2,1,1,1)
(
(
(
(

)
)
~-3,-%3,0,1,1,2,1,1)
1,1,2,-1,-1,0,1,1,2,1,1)

Table 6.6: Spectrum of massless scalar matter arising in twisted sectors which involve bs and their quan-
tum numbers under the gauge bundle.
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Chapter 7

Summary And Outlook

In this thesis, we investigate four-dimensional non supersymmetric heterotic string models in which su-
persymmetry is broken via the stringy realisation of the Scherk—Schwarz mechanism and the cosmological
constant is exponentially suppressed for large radii. We dedicate the first chapter to a brief presentation
of the SM, along with some of the open problems it faces and some proposed frameworks in which they
can be resolved. This introductory chapter includes a discussion of the SO(10) and Pati-Salam models,
which comprise the main focus of our work. We also introduce the Scherk—Schwarz mechanism, which
when suitably generalised in the framework of string theory can be employed to spontaneously break
supersymmetry. The chapter concludes with a short historical overview of string theory outlining its key
advantages, as well as the challenges it is facing, and provides a motivation for the examination of non
supersymmetric strings in particular.

Chapters 2-4 are focused on the introduction and development of the various tools that are necessary
for our analysis. More specifically, in chapter 2 we present a concise introduction to some of the crucial
aspects of string theory that are relevant to our work. We discuss the main features and quantisation
of the bosonic string, as well as the 10-dimensional superstring. We then show how their hybridisation
brings forth the heterotic string which provides the cornerstone of our analysis. In the same chapter,
we include a discussion on string interactions, and outline the basic components of the string partition
function, the calculation of which is critical to our analysis.

In chapter 3, we introduce the two main formalisms whose combined application is the basis of our
analysis. The free fermionic formulation is outlined and we showcase some of the tools that it offers
by explicitly analysing and classifying all heterotic string theories in ten dimensions. We also remark
on the finiteness of string theories which do not exhibit spacetime supersymmetry, which is ensured by
misaligned supersymmetry. We conclude the chapter by providing a technical overview of the specific
toroidal lattices we employ in the orbifold compactifications describing our four-dimensional models,
including their connection to the fermionic formulation for specific values of the moduli.

In chapter 4, we focus on a class of four-dimensional toy models exhibiting an unbroken SO(10)
gauge symmetry. While these cannot provide a realistic picture of low energy physics, we take advantage
of their relative simplicity in order to explicitly present our model-building methods and highlight the
equivalency of the free fermionic and orbifold descriptions. The key ingredients of the massless spectrum
of these models which continue to be relevant in Pati-Salam constructions are briefly examined. We then
provide the main arguments from which the conditions that ensure both the spontaneous breaking of
supersymmetry & la Scherk—Schwarz, as well as the exponential suppression of the cosmological constant
can be derived.

Having both set up the theoretical framework, and presented all the technical tools that we employ in
our analysis, in chapter 5 we finally proceed to the investigation of four-dimensional non supersymmetric
models with an observable Pati-Salam gauge symmetry. In order to restrict our analysis to a subset of
vacua whose exhaustive scan is within our technical capabilities, we consider the special case in which all
worldsheet fermions parametrising the compactified dimensions are complex. This choice inadvertently
introduces a four-fold degeneracy in the string spectrum, preventing the construction of models with
three fermion generations. While these models cannot be considered fully realistic, they still reproduce
a series of phenomenological characteristics that are of significant interest. In order to probe the moduli
dependence of the models, we fix the moduli of two tori to their fermionic point values, and consider
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deformations in the T, direction of the Scherk—Schwarz lattice.

We begin the analysis of the aforementioned models by deriving conditions which ensure the elimi-
nation of all physical tachyons from the string spectrum. We then outline all the massless sectors of the
theory, deriving model-independent conditions that allow us to scan for models whose massless spectrum
includes chiral fermions and the Higgs bosons required for the spontaneous breaking of the Pati-Salam
and SM gauge symmetries, while avoiding enhancements of the observable gauge symmetry and allow-
ing the possibility of giving large masses to all exotic fermions. We perform a comprehensive scan over
the full parameter space of vacua and identify those which in addition to the above conditions are also
compatible with the Scherk—Schwarz breaking of supersymmetry and exhibit an exponentially suppressed
cosmological constant in the large volume regime.

We then proceed with the systematic classification of the ~ 5 x 10° models that satisfy all our
conditions based on their one-loop effective potential. This classification results in 26 distinct families of
models comprising four broad classes, which include the first realisations of super no-scale models with a
positive effective potential and a Pati—Salam gauge symmetry. More specifically, two classes comprising
~ 2.6% of all models possess a positive effective potential, with the fermionic point being either a global
maximum (class A), or a local minimum (class B). The third class of models exhibits an oscillating
potential in which the fermionic point corresponds to a global minimum at negative values, while the
potential of the final class is negative.

The classification of the above models allows for a direct comparison with parent models based on
SO(10) gauge symmetry obtained by removing the SO(10)-breaking projections. This comparison results
in no correlation in the super no-scale property nor the main features of the effective potential between
the two classes, implying that both properties are highly sensitive to the rearrangement of the string
spectrum that takes place when the gauge symmetry is reduced. The main takeaway from this comparison
is that upon further reduction of the observable gauge symmetry or reductions of the hidden sector gauge
groups, models exhibiting a negative potential at the Pati-Salam level might eventually produce positive
potential models and as a result should not be excluded from further studies purely based on their effective
potential.

We conclude this chapter by presenting specific examples of models with interesting features, providing
a detailed definition of each one in terms of the GGSO phases of the free fermionic formulation and the
orbifold phase. We present their massless spectra, as well as the expansion of the partition function
at the fermionic point and provide a numeric evaluation of the one-loop effective potential. Two of
these examples correspond to models which in addition to satisfying all conditions we imposed, exhibit
a positive potential. The potential of the first model features a global maximum at the fermionic point,
while in the second one the self-dual point is a local minimum. The third example, exhibiting a negative
potential, also satisfies all our conditions. It involves enhancements of the hidden sector gauge symmetries
whose gauge couplings could grow rapidly, providing a novel solution to the problem of exotic states in
the form of confinement.

Lastly, in chapter 6, we move to a more general class of vacua, in which the degeneracies in the
massless spectrum can be lifted and three-generation models can be constructed. We repeat the analysis
of the tachyonic and massless sectors of the theory, and present the updated form of the constraints we
impose on them. In order to lift the degeneracies and obtain models with three fermion generations,
the toroidal lattices parametrising the compactification must be modified in a manner which drastically
affects the large volume behaviour of the theory. By probing the asymptotics in the large volume regime,
we discover that the degeneracy between massless bosons and fermions, commonly used in the literature
to ensure the exponential suppression of the cosmological constant, is necessary but not sufficient to do
so in such constructions and must be supplemented by an additional condition. We present an explicit
example of a three-generation model with spontaneous supersymmetry breaking whose potential exhibits
a power-law decay for large radii, despite the fact that its massless spectrum is Bose—Fermi degenerate
at generic points.

We identify the supplementary condition needed for the exponential suppression, which we interpret
as an additional degeneracy among bosons and fermions that are massive, but become light at large radii
and asymptotically massless in the infinite volume supersymmetric limit. We stress that this condition
is not an accidental property of the specific Pati-Salam class we analysed, but arises due to the exact
form of the compactification lattices which is required in order to obtain three generation models. As a
result, we expect this condition to also be relevant in other constructions as well.
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We perform a random scan over a large part of the parameter space comprising 1 : 10000 out of
all possible configurations and proceed with the identification and classification of models satisfying our
phenomenological conditions along the lines outlined above. Though the potential no longer exhibits a
T-duality symmetry under the inversion of the 75 modulus due to the exact form of the compactification
lattices and thus produces asymmetrical plots, three main categories of models are still present, them
being: (i) models with positive semi-definite potential, (ii) models whose potential oscillates between
positive and negative values, and (iii) models with a negative semi-definite potential. In total, we uncover
17 distinct classes of models. The appearance of tachyons in the region 75 < 1 in all but one classes
of vacua is notable, though further analysis is required to identify whether this is a peculiarity of this
specific class, a statistical fluke due to our inability to perform an exhaustive scan of the parameter space,
or a feature owed to either the form of the compactification lattices or the strictness of the super no-scale
conditions.

Finally, we present in detail a specific model with spontaneously broken supersymmetry whose massless
spectrum includes three fermion generations, the heavy and light Higgs bosons necessary to break the
Pati-Salam and SM gauge symmetries, and vector-like pairs of exotic fermions that can acquire large
masses. This model notably satisfies both degeneracy conditions and its potential is positive semi-definite
and exponentially suppressed in the large volume regime, proving that three-generation super no-scale
models are indeed possible.

We conclude this thesis by discussing some potential options for further study. Perhaps the most
obvious path for future work is to apply the methods we have developed in the investigation of theories
with alternate gauge symmetries, such as flipped-SU (5), left-right symmetric or SM-like vacua. This is
well-motivated given the fact that models exhibiting super no-scale structure at generic points of the
moduli space have not been explicitly demonstrated in such set-ups. The study of three-generation
constructions is especially warranted in light of the additional super no-scale condition we uncovered.

Alternatively, one might proceed with further investigation of the Pati—-Salam vacua presented in this
work, focusing on additional characteristics which were not covered in this thesis. In particular, it would
be interesting to examine the running of the gauge couplings and ascertain whether the decompactifica-
tion problem can be resolved within the current framework along the lines proposed by [143]. Moreover,
investigating the moduli dependence of the vacua in a more general framework, in which deformations of
all moduli are taken into account is also an interesting option. While this is a technically challenging en-
deavour, identifying vacua which exhibit super no-scale structure at the generic point of all moduli would
be a seminal result. Further analysis of these models is also motivated by the fact that supersymmetric
Pati—Salam models in which all exotic fermions are eliminated from the massless spectrum are known
to exist [116,117], but our analysis of their non supersymmetric counterparts uncovered no such models
consistent with all our constraints.

Given the large rate at which the vacuum configurations grow, in conjunction with the strict restric-
tions imposed by the need for realistic phenomenology, developing improved techniques to aid in the
efficient search of string vacua would also be of great benefit to further analyses. Machine learning algo-
rithms in particular have already started to see use in this context [278-282] and their further exploration
would be interesting.
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Appendix A

Modular Functions and Identities

The Jacobi theta functions with characteristics a,b encode the contribution of fermions to the one-loop
vacuum amplitude and are defined as follows:

I[¢](z]7) = Z explinT(n + a/2)? + 2mi(n + a/2)(z + b/2)] . (A.1)
nez

These functions exhibit periodicity in the arguments a, b:

P52 (r) = 9[5)(7) ,

a iTa,qf a (AZ)
Ipi2](r) =™ I[5](7) .
The theta functions of interest have z = 0 and the characteristics a, b can take the values 0, 1:
OO0 = dr(r) = e7/2 Y (et
neL
I[§](0]7) = Va(T) = Zei”(”ﬂ/mz
nez . . (A3)
IQI0]7) = da(r) = 32 e
neL
n_irrn?
I[9](07) = da(r) = Y (~1)"e -
nez

Since our interest in the theta functions stems from their potential to describe fermionic contributions
to the string partition function, it is important to see how they behave under modular transformations.
The T-transformation, 7 — 7 + 1 of the theta functions yields:

I[G1(r +1) = e @] 451 ](7) (A4)
Under the S-transformation, 7 — —1/7, we have:
I[5)(=1/7) = V=ire ™2 ] (r) (A-5)

The modular transformations of the relevant functions 1, ¥, ¥3 and ¥4 can easily be obtained by
substituting the corresponding values of a and b in equations (A.4) and (A.5):

O1(r+1) =™ (1), V1(=1/7) =ivV—ird (1) ,

Do+ 1) = ™ 5(7) , V2(—1/7) = V—=itda(7) , (A5)
I3(T + 1) = 9y4(7) I3(—1/71) = V/—itd3(1) ,

Va(m +1) =05(7) , D4(—=1/7) = V—=ida(7) .

The theta functions satisfy interesting identities. One of the most important ones is Jacobi’s “abstruse
identity”:
I3(m) = 95() = Ji(r) = 0. (A7)
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This identity appears in the GSO projection and is what guarrantees that the partition function of the
supersymmetric string theories vanishes.

Another very useful identity is the triple product identity, which connects the Jacobi functions to the
Dedekind eta function:

92(T)03(r)0a(r) = 20°(7) . (A.8)

The Dedekind eta function encodes the contribution of the worldsheet bosons and is defined as:
n(r) =g JJ(1-q¢"). (A.9)
n=1

We can also cast it in the form of a sum:

77(7,) _ 67ri‘r/12 Z (_l)newirn(3n+1) ) (AIO)

n—=——oo

Under modular transformations, it has the following properties:

n(r+1) =e™ (7)),

A1l
N(=L/7) = V=in(r) (A1

In order to calculate the partition functions of models in the free fermionic formulation,it is convenient
to express the eta and theta functions as expansions in terms of ¢ = e>™":

(o]
2 —
n(g) = ¢+ (1) TR (¢ )
=t (A.12)
oo
19[%]((]) — qa2/4ei7rab/2 + Z [q(n+a/2)2ei7r(n+a/2)b + q(n—a/2)2€i7r(—n+a/2)b
n=1
Instead of g, it is sometimes useful to expand these functions in terms of ¢, = e~2"™ and ¢; = 2™,
where 7 and 79 are the real and imaginary parts of 7. Then ¢ = ¢, - ¢; and the expansions are:

1@ a:) = (@ - a)72 + D (=1)"(gr - 0> V2 [(gr - 00)" + (g0 - 0:) "]
n=1

2 . > 2 _ 2
0[2](6},«,%’) _ (Q’!’ 'Qi)a /4€z7rab/2 + Z |:(Q'r . qi)(n+a/2) em(n+a/2)b + (Q’!’ Qz)(n a/2) emr( n+a/2)b
n=1

(A.13)
The complex conjugate functions 77 and ¥ can be obtained by taking the complex conjugate of equations
(A.12) or (A.13). In that case, ¢ simply becomes ¢ and the product = ¢, - ¢; is replaced by ¢;/q;.
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Appendix B

Free Fermionic Vector Bases and
10-dimensional Heterotic String

Theories

In this appendix, we summarise the 10-dimensional heterotic string theories constructed by the dimension-
2 and dimension-3 vector bases utilising the vectors 1, S, 21, 22 and z3 following the definitions of (3.29),

(3.34), (3.41), (3.51), and (3.76) respectively.

Basis Vectors Gauge Symmetry SUSY Tachyons Fermions

1 1,8 S0(32) YES 0 496
2 1,2 Es x SO(16) NO 16 256
3 1, 2o SO(32) NO 32 0

4 1,5+ 2 Eg x SO(16) NO 16 256
5 1,5+ 2o S0(24) x SO(8) NO 8 384
7 1,21 + 22 S0O(32) NO 32 0

8 1,5+ 21+ 2 S0(24) x SO(8) NO 8 384

Table B.1: All possible dimension 2 vector bases and the corresponding models they describe.
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Basis Vectors Gauge Symmetry SUSY Tachyons Fermions

1 1,8,z Eg x Eg YES 0 496

SO(16) x SO(16) NO 0 512
2 1,8, 2 S0(24) x SO(8) NO 8 384
3 1,5, 21 + 22 Eg x Eg YES 0 496

SO(16) x SO(16) NO 0 512
4 1,5,5 + 2 Es x By YES 0 496

SO(16) x SO(16) NO 0 512
5 | 1,5,5+z S0(24) x SO(8) | NO 8 384

S0O(32) YES 0 496
6 1,8,8 + 21 + 2 Es x SO(16) NO 16 256
7 1,21, 29 Eg x SO(16) NO 16 256
8 1,5+ 21,21 FEg x Eg YES 0 496

SO(16) x SO(16) NO 0 512
9 1,5+ 21, 2 Es x SO(16) NO 16 256
10 | 1,54 21,21 + 2 E2 x SU(2)? NO 4 448
11 | 1,8+ 2,5+ 2 E2 x SU(2)? NO 4 448
12 | 1,S+2,S+2z+2 | BsxSO(16) NO 16 256
13 | 1,8+ 2,2 E2 x SU(2)? NO 4 448
14 | 1,5+ 2,2 S0(24) x SO(8) NO 8 384

SO(32) YES 0 496
15 | 1,5+ 29,21 + 22 E2 x SU(2)? NO 4 448
16 | 1,8+ 2,S+21+2 | E2xSU(®2)? NO 4 448
17 1,21+ 29,21 Eg x SO(16) NO 16 256
18 | 1,21 + 20, 20 Es x SO(16) NO 16 256
19 1,214 22,5+ 21 + 22 S0(24) x SO(8) NO 8 384

SO(32) YES 0 496
20 | 1,542 + 22,2 E2 x SU(2)? NO 4 448
21 | 1,8+ 21 + 29,20 Es x SO(16) NO 16 256

Table B.2: All possible dimension 3 vector bases and the corresponding models they describe.
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