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“Man can will nothing unless he has first understood that he must
count on no one but himself; that he is alone, abandoned on earth in the
midst of his infinite responsibilities, without help, with no other aim than the one

he sets himself, with no other destiny than the one he forges for himself on this earth.”
JP. S.
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IlepiAnyn

H 16¢a ng «eAdttwong iapapérpevy Baoiletal oty eUPeot) 0XE0E®V AvaAAoinTtev KAT® a-
o TtV OpAda EMmavakavovikornoinong petady @aivopeviKA ave§Aptniov MAapapPETpwy 1iag
EMAVAKAVOVIKOTTIOO1ING dewpiag, o1 o1oieg 10XUoUV 0 0Aeg TG tadelg dewpiag Satapa-
Xov. Autn n pébodog prnopet va epappootet oe N = 1 uniepoupperpikeg Sewpieg peyaing
evortoinong, kadiotoviag 11§ nernepacpéveg oe kKAbe eminedo Ppoxwv. 10 MPOTO HEPOS
g napouvoag datpiBng, petd arno ouviopn avadpopr oug Pacikeg apxEg g EAATIOONG
MAPAPETPROV KAl TG IEpATOTNTag, £§etddovial t€oogpa POVIEAA OV TTapPoUctalouv PHeyAAo
(PAIVOPEVOAOYIKO eVB1aPEPOV : 1a edayiotorotnpévn ekdoyxn tou N = 1 urepouppeTpikoy
povtédou SU(5), to menepaopévo N = 1 unepouppetpiko poviedo SU(5), to menepaopévo
(oe eminedo dvo Bpodxwv) N = 1 unepoupperpiko poveedo SU(3) @ SU(3) ® SU(3) xat
Hia sAaxiororoinpévn ekdoyxn tou EAdyiotou Yriepouppetpikou Kabiepwuévou Ipoturou
(EYKII). H ernave§étaon avutov 1oV HOVIEA®V rapouotddetl pia Bedtiopévn tpn tng padag
Tou gAdadppou ocopatndiou Higgs, ormou yla tyv avdduon ypnowpornou)dnke n kKawvoupla
exboyn tou mpoypappatog FeynHiggs. To eAadputepo UMEPOUPHETPIKO oopatidlo, e-
@ooov eivat neutralino, propet va 9ewpnbel g vrmoynPplo copatidlo oxkotevng UAnNG,
unoBeor nou e§etddetal pe 1o npoypappa MicrOMEGAS, av Kat Kaveéva poviédo Sev divet
1IKAVOTTIOINTIKA ATTOTEAE0PATA O AUTNV TV KAteubuvorn. Zia Tpid evoroinuéva Hovieda
apaATnEOUVIAl OXETIKA Bapld UTIEPOUPHETIPIKA @dopata (ta omoia mapnyOnoav pe ta
npoypappata FeynHiggs kat SPheno) nou §ekivouv ave aro to 1 Tel/, onodte eivat
OUVETTY] P€ TV Un napatpnon toug ano tov Meydado Erutayxuviry Adpoviev (LHC), eve
10 gAayotoniompévo EYKIT napouoiadet ) pada tou weudoBabpwtou proloviou Higgs,
M 4, oe meploxn mou arokAeietal and npoéocpata arrotedéopata ou nelpapatog ATLAS.
H 6uvatotnra avakdailuyng kabevog arno ta tpia povieda evoroinong otov HL-LHC eivat
pndapwvn, opwg o FCC-hh motevetat 6t Sa eivatl oe 9€on va ntapatnprost peydaio pépog
1OV PACHATOV TOV TPV POVIEAGV.

Zto deutepo pépog tng SratpBng, petd amno pia avadpopr| otg Baocikég Evvoleg tng Ala-
otatkrg EAdttwong os Xopoug IIndikou, mapouoidadetal pia enéktaorn tou Kabiepopévou
[Tpoturou, n ormoia IpPoKUItel anod ) daoctatikny eddattwon pag N = 1, 10D Eg Sew-
piag oe éva xopo g popepng My x By/Zs, onou By eivat n nearly-Kéahler roAAarAdtnta
SU(3)/U(1) x U(1) xat Z3 eivar pa "freely-acting" diakputty ouppetpia tou By. H epap-
Hoyr) Tou punxaviopou onacipatog Wilson flux kataArnyet oe pia N = 1 Sewpia Babpidag
SU(3)3, ne 8vo erurméov kaBoAikég ouppetpieg U(1). Kdte and v xkAipaka evoroinong
€xoupe €va poviédo pe 6uo ounAéteg Higgs oe pa split-like uniepouppetpikr) ekdoyn tou
KaBiepopévou [potumou n omoia eivatl @aivopevoAoyiKA OUVETTHG, EPOCOV TTAPAYEL PAES
yla to prtodovio Higgs kat ta Koudpkg tng tpitng 01koyEvelag oe ouppavia pe tig npoopa-
TeG MEPAPATIKEG PETPNOELG, EVO 1] THI NG PAdag Tou eAappUTEPOU UTIEPOUNPETPIKOU
oouatdiou npoBAénetal ota ~ 1500 GeV .






Abstract

The reduction of couplings’ idea consists in the search for renormalization group in-
variant (RGI) relations between seemingly independent parameters of a renormaliz-
able theory that hold to all orders of perturbation theory. This concept can be applied
to N = 1 supersymmetric Grand Unified Theories (GUTs) and make them finite at all
loops. In the first part of this thesis, after a review of the reduction of couplings method
and the properties of the resulting finiteness in supersymmetric theories, four phe-
nomenologically interesting models are analysed: a minimal version of the N = 1 su-
persymmetric SU(5), a finite N = 1 supersymmmetric SU(5), a two-loop finite N = 1
supersymmetric SU(3) ® SU(3) ® SU(3) model and a reduced version of the Minimal
Supersymmetric Standard Model (MSSM). A relevant update in the phenomenological
evaluation has been the improved light Higgs-boson mass prediction as provided by
the latest version of FeynHiggs. The lightest supersymmetric particle (LSP), which
is a neutralino, is considered as a cold dark matter (CDM) candidate and put to test
using the latest MicrOMEGAs code, although no model supports an acceptable value
of the CDM relic density. The first three models predict relatively heavy supersymmetric
spectra (produced using the FeynHiggs and SPheno codes) that start just above the
TeV scale, consistent with the non-observation LHC results, while the reduced MSSM
results in a pseudoscalar Higgs boson mass M4 that is ruled out by recent results of
the ATLAS experiment. The prospects of discovery of the three models at the HL-LHC
vary from very dim to none, depending on the model. The FCC-hh, however, will in
principle be able to test large parts of the predicted spectrum of each unified model.

In the second part of the thesis, after a review of the Coset Space Dimensional Reduc-
tion (CSDR) scheme, an extension of the Standard Model is presented that results from
the dimensional reduction of the N = 1, 10D Es group over a M, x By/Z3 space, where
By is the nearly-Kéhler manifold SU(3)/U(1) x U(1) and Zj is a freely acting discrete
group on Bj. Using the Wilson flux breaking mechanism we are left in four dimen-
sions with an N = 1 SU(3)3 gauge theory plus two global U(1)s. Below the unification
scale we have a two Higgs doublet model in a split-like supersymmetric version of the
Standard Model which is phenomenologically consistent, since it produces masses of a
light Higgs, the top and the bottom particles within the experimental limits and predicts
the LSP ~ 1500 GeV'.
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Chapter 1

Zovoyn

1.1 Euwayoyn

Mta ano 11§ onpavikotepeg avadntnoelg 1oV teAeutaiov dekactiowv ot Zopandiakr duot-
K1 eivatl 1 poomniabsia EKPPaacng Tou peydalou aplbpou eAeubepav apaperpav tou Kabie-
papévou Ipotunou (KII) wg mipog Atyeg Sepediwdelg mapaprpoug, 6nAadn va emteuyOet
«cdattwon napapérpawv: [1]. 'Opng, mapd tig moAAég serurtuyieg tou KIT otnyv neptypadr) tov
OTOEIWOOV 0OPATIHIOV KAl TOV Jepedaddv toug adAnAermbpdaocewyv, 1 pododog oe autnv
v rateubuvon sivatr pndapivr). H maBoloyia g mAnbwpag eAeubepmv mapapéipev ei-
val Babid ouoyKeTIOPEV e TOUG ATIEIPIOPOUG ITOU UTIEloEpXovtal otr] dewpia os KBAVIIKO
eninedo. H emavakavovikomoinon agaipei autoug ToUg amelploplous, aAAd 1€ 10 KOOT0G
g e10aywyng counterterms, ot oroiot mpooBEtouv otov aplBpo eAeubep®v MAPAPETPOV.

Evo 1o KIT eivat pia erutuxnpévn Sewpia, etval modu supémg dradedopévn n avildnyn
ot Ya arnodeiyOel 6T elvat o Op1o ot XapnAég evépyeteg pag (o) Sepediwdoug Sewpiag.
H ¢peuva ya guoikr niegpav tou KII enekteivetal oe didpopeg kateubuvoelg. 'Evag ano
TOUG TT10 ATIOH0TIKOUG TPOTIOUS VA PEIMOEL KAVEIG ToV ap1Opo tov aubaipetov mapapeétpov
Hag dewpiag (KAt OUVENIOS va TNV KATAOCTNOEL TT0 10XUPH A0 TTAEUPAS TIPOBAETITIKAG
Kavotntag) sivat n eloaywyn ermriéov ouppepwyv. Mia kabiepopévn epappoyr autng
g 16¢ag eivat o1 Bewpieg Meyadng Evoroinong (OME) [2-7]. TIpwv amno dekactieg, pa
npetapXikr) ekdoxr) tou poviédou SU(H) peiwoe tov aplbpo tev ouletéenv Babpibag tou
KIT (katagépvoviag pia -IpooeYYIoTIKI]- EVOTIOiNOoT TOUg), TIPoBAEOvVIag pia amo auteg,
H ewoayeyn pag N = 1 (gma napaBiacpévng) uvniepouppetpiag [8-10] katéotnoe autr)
mv 1poBAeyn Bioon. 1o rmiaioto v ®ME o1 ouletelg Yukawa priopouv pie t oelpd
TOUG VA OUOXETIOTOUV PETASU TOUG, OIS MAVNKE KAt IAAt péow tou poviédou SU(5), rou
10 €kave 1poBAErovtag 1o Adyo petady tewv palewv v copatdiov tau kat bottom [11] yua
10 KII. Auotuxwg, n sloaywyr) ermrAéov oupperplov Pabpidag dev gaivetar va Bonbaet,
Kab®g véeg emAokeg avaduovtal pe toug véoug Babpioug eAeubepiag.

'Evag evaAAakTikog TpOrtog va PAagel Kaveig yia oXEoelg HETASU @atvoPeEVIKA aoUVoeTeg
napapérpoug eivat n péBodog edattwong napapérpev [12-14] (6eite kat [15-17]). Avtn 1
TEXVIKI] HEIOVEL TOV aplOPo TV Mapapepev plag dewpiag ouoyetridoviag 0Aeg -1 KATIOEG
amo- tg ouleuielg NG pe pia «kupla rapdpetpor. H pébodog autr propei va avadeiet
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KPUPPEVEG OUPETPieg o€ €va ouotnpa, aAAd yivetal va £XoUpe EAATIOO0N TIAPAPETIP®V KAl O
ouotnpata Xopig tetola oupperpia. I[IpotnotiBevial, ®otdco, dUo anapaitnteg UTIOOEOEG :
Kdl 1 apX1Kr addd Kat i eAattopévn dempia IPEMEL va eival EMAVAKAVOVIKOTIO|OTHES KAl
Ol OXE0E1G NETASU TV TAPAPETIP®V TIPETEL va eival avaAloiwteg KAT® aro v Oudda
Enavakavovikonoinong (AOE).

Mia @uoikr) enéktaorn g 16éag g Meyddng Evornoinong eivat nj Evoroinon petadu
ouleutenv PBabpibag katYukawa (EBY). Autr) spgavidetal oe 9ewpieg rmou epappodetat
efattwon napaucpwv. H apyXikn potaon ya v eAdttoon napapérpev oe @ME odnyet
otV npoortdBela eupeong oxéoewv AOE mou 1oxuouv kdte amo v riipaka Planck, ot
ortoieg Hratnpouvial pexpt Kat v KAtpaka evortoinong. H mapatipnon auvtr) eyyudtat
dlatr)pnon €101V ox€oe®V 0 OAEG TG TASeLS g Yewpiag dratapaxwv. AUTO erMITUYXAVETAL
HeAetvTag T Hovadikottd toug ot erinedo evog Bpoxou. Axkopa, eivat duvato va Bpe-
Youv t€to1eg oxéoeig AOE mou kabiotouv 1 Sewpia nenepacpévn os Kabe eminedo Bpoxmv.
Ta napanave Bpiokouv epappoyrn povo oe N = 1 unepouppetpikég ®OME, yia Adyoug
rou 9a e§nynOouv otg mapakate evotnteg. H epappoyn tng EBY oe adidotateg ouleudelg
TETOOV POV HTav MOAU ermtuxng ano vepis. Xapaxkmplotkd rnapadsiypata sivat n
rpoBAeyn g padag tou top koudpk oto Edaxiotoroipévo N = 1 SU(5) [18] xat oto
[enepaopévo N = 1 SU(5) [19,20] mpwv v Melpapatiky 1ou avakdiuyn [21].

H uniepouppetpia gaivetatl va eival anmapaitntn ya v epappoyr) tov napanave. Ila-
pOAa autd, rpénet va cuprnepAngOei kat n mapabiaon ing. H avalninon yia oxéoeig AOE
€xel enektaBel Kat otov Topéa mou rapabiadet tnyv uniepouppetpia (TITY) avtov tov Sewpt-
®v, 0 oroiog ieptdapBavetl apapérpoug diaotaong 1 kat 2. Ermutdéov, kateubuvor otnv
ortoia onpewBdnke peydAn npoodog g tedeutaieg dexkaetieg. H epappoyr) ng edartwong
napapuétpov oe N = 1 uniepoUppETpIKES Sewpieg 001 yNoE 08 EVOIAPEPOUCES PATVOLIEVOAO-
VIKEG e§eAielg. Te mPOnyouneveg SOUAEIEG PEAGV TG EPEUVNTIKIG OPAdag TPOEKUYPE Kat
XPNotporotnke €vag «kaboAKOG» MPOOOETIKOG KAvovag HETady tov «Imeavy Badpetov
padov tou TITY wg potlndbeon yia rnepatdtnta pexpt Kat 1o eminedo duo Bpoxav. 'Opwmg
0 Kavovag autog anodeixbnke apyotepa moAu meploplotikog Kal TEAIKA avilKataotabnke
amno &vav AlyOTePO TEPIOPIOTIKO MPOCOETIKO KAVOVA, O OTI010G KPATdel TI§ evOlapEPOUTES
1610TNTEG TOU TIPONYOUHEVOU, X®WPIG OI®G TIS PATVOPEVOAOYIKEG ermmiooelg. 'OAa ta ma-
panave epyaleia avoi§av 1o Spopo yia v avadutikn PeAET MEMEPACUEVRV de@PlOV PE
HKPO ap1Opo eAetbepwv apapétpav, divoviag Eépgaon oty nmpoBAeWn TOU UITEPOUPIE-
TPIKOU ACPATOG KAl g padag tou copatidiouv Higgs.

H mpoBAeyn tng pdadag tou pnodoviou Higgs, n omia cuvéneoe pe 1a amotedéopata
tou LHC (ATLAS [22, 23] and CMS [24, 25]) -oe ouvbuaopio pe éva OXeTKA Bapy urep-
OUPHETPIKO pAopa- frav ermtuyia yua 1o Ienmepaopévo (oe kaOe eminedo Ppoxwv) N =1
UIEPOUPPETPIKO poviédo SU(5) [26], eve éva adAo nienepacpévo poviédo (oe eminedo §uo
Bpoxwv), to Menepaopévo N = 1 unepouppetpiko poveedo SU(3) @ SU(3) ® SU(3) [27],
€TTIONG OUPPOVOUCE PE Ta TIEPAPATIKA anotedéopata. EmmA¢ov, 10 mapandve mpoypap-
Ha epappooinKe Kal oy nepinmtoon tou EAdyiotou Ymepoupperpikou Kabiepopévou
[Tpotumou (EYKII) [28, 29] pe ermtuyn arnotedéopata yia tg padeg tov top kat bottom
KOUAPKG Kat tou prodoviou Higgs, @époviag éva oXeTikd Bapu UNEPOUPHETPIKO @Aaopud
(maAadtepeg avaduoelg neptypagovrat oto [30]). Axkdpa, eivat yvooto Ot edv 10 neu-
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tralino 9ewpnOei wg 10 EAapputepo Yriepoupperpiko Zopatidio (EYE), tote amnotedet oAy
KAAO urioyn o yla v avarailuyn g Zkotewrg YAng (£Y) [31].

Ao v dAAn mAgupd, Epa amno v npoornddela eAdttoong g aubalpetdotntag otnv
nieptypadn g duong, n evoroinon oAewv tewv depediwdav addnisrmudpdoswv eivat -e66
KAl ITapandve aro Hiod aiwva- 0 0ploTiKOg 0toXog g Bewpntikng Puokng kat diado-
peg evdlapEpouoeg mpooeyyioelg €xouv mpotabei oe autn v KaAteubBuvorn T1g MEPATPEVEG
b6ekaetieg. H 1o moAAd umooxopeveg eival autég rmou urootnpi{ouv 1)/ Kat Xp1o1Hoolouv
Vv 16éa g vraping erurdéov Staotdoswv. Autd ta oevapla evhappuvovtatl arnod éva oAy
OUVETIEG TTAQI010, AUTO ToV Yerpl®Vv uttepXopdwv [32], amod tig oroieg n o evdlapépouoca
etvat n heterotic string [33] (opiopévn oe 6éka Sraotdoeig), Adyw tng duvatotntag rmou
divetat yia @awvopevodloyikn eétaon. I110 OUYKEREPIHEVA, 1] (PAIVOHEVOAOYIKY] MAEUPA
¢ £ykettal oug mapayopeveg ®@ME, o1 oroieg sprepiexouv 11g opddeg fabpidag tou KII.
AUTéG amoKTOVIAl PETA T CUUTIAYOTIOIN o TOU 8eKad1A0TATOU X®POXPOoVoU Kal tr 61a-
OTATIKI) €AATIOOT NG apXkng opadag Babpidag Fs X Fg g Sewpiag. ErmrAéov, pepika
Xpovia rpv 1) Sepedinon 1oV Sepldv urepXopdnv, £éva evaAAaKTiko mAaiolo H1a0tatkng
eddttwong peyalodiaotatev denplov fabpidag mpoékuye. AUto T0 ONPAVIIKO eyXeipnua,
10 OTT010 £XE1 KOWVOUG OTOX0UG He TTOAAEG Dewpieg urtepxopdwv, dpyxloe anod toug Forgacs-
Manton kat Scherk-Schwartz katd ) pedétn toug mave ot Alwactatiky EAdttoon oe
Xwpoug InAikou (AEXTI) [34-36] kat v eAdattwon noAdariot)tov opdadev [37] avtiotor-
Xa.

Ztn peyadodidotatn Sewpia ta nedia Babpidag evortoiovv toug topeig Babupidag kat
Babpotwv, eved petd ) 61a0TatiKy €AATIOON T0 COPATIOAKO PAcHd TG MTAPAYOHEVHS TE-
tpadiaotaing Sewpiag arotedeital anod 11§ ouvictwoeg rou smbinvocav. Ewdika own AEXITI,
av ouprieptddBoupie @eppiovia ot peyalodiaotatn Sewpia, t0TE MPOKUITTOUV AAANAETTL-
dpaoelg Yukawa otnv tetpadidotatn Sewpia. EmumAéov, yia ouykekpipévr ermdoyr) apyt-
KOV dlaotdoenv propel kaveig va evoroinoet nepattépe ta nedia eav n peyalodiaotatn
Jewpia eivat N = 1 unepoUuppetpikn, umnd vy évvola ot ta redia Padpidag kat ta @ep-
povia avikouv oty i6ia supermultiplet. Ilpémetl va toviotei ot np AEXII pag smpenet
va €X0oUupe XelpaAika @eppiovia [38, 39], aAAd kat -pe v KatdAAnAn emAoyr CURIAYO-
rownpévou xopou- N = 1 unepoupperpia otg 1€00eptg 61a0TACELS, OTOXEUOVIAS £T01 O
PEAAIOTIKA HOVIEA.

‘Otav edattwvoupe daotatukd pia N = 1 uniepouppetpikn Sewpia, pia rmoAv ocnuavtt-
Kr] Kat embupnt) 1810tqta ivat n diatpnon g UIMEPOURHETIPIiag NG apXKng dewpiag
oV terpadiaoctatn. Mia kadn mepinmion €ival o1 CUPTNAYEIS E0MTEPIKEG TTOAAATIAOTNTEG
Calabi-Yau (CY) [40]. 'Onng Sewpieg 1€ 1T€1010UG XOPOUG aduvatouv va otabBeportoirjoouv
€va OUYKEKPIPEVO OUVOAO Tediwv, odnywviag otnv PeAétn pag euputepng KAAONG £0®-
epkev noAdarotjtev pe dopr) SU(3). Ebm 9a Sewpnbeil pévo pia unokAdon auvtwv,
ot Nearly-Kahler moAAardotnteg [41-44] , [45-47], [48-51] , [62-54] , [55-63]. Zuyke-
Kpéva, 1 KAGon twv e§adiaoctatev Nearly-Kahler moAAardotfjtev repiéxel toug pir Oup-
pHetpikoug xwpoug rindikou Go/SU(3), Sp(4)/SU(2) x U(1)non—maz> SU(3)/U(1) x U(1)
kat myv noddariddtra opddag SU(2) x SU(2) [63] (kat eriong [41-62]). Agiet va on-
He1wBel o011, oe avtiBeon Pe v nepint@on v rnoAdamniotev CY, n §1aotatikn eAdToon
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nag N = 1 unepouppetpikng Sewpiag Padbpidag mave oe évav pn CUPHEIPIKO X®OPO
ninAikou odnyei oe terpadidotateg Sewpieg OV TEPIEXOUV Opoug napabiaong Ing umep-
ouppetpiag [64-66].

To mapandve mAaiolo €xel TIOAU evdlapépouoa epappoyn ot S1aotatiky] eAATI®OOT
mag N — 1, 10D Eg ave oto cuprnayorotnpévo xwpo SU(3)/U(1) x U(1) x Zs, émou o
tedeutaiog ivat o pun ouppetpikog xwpog rindikou SU(3) /U (1) x U(1) epodiaopévog pe t)
freely-acting diakpitr) ouppetpia Z3. Autt) n ermrmAéov oUPPETPia eivatl anapaitnt) Oote
va epappootei o pryaviopog Wilson flux ( [67-69]), oote va peloesl mepattépm ) oupe-
tpila Babuidag tng tetpadiactaing ®@ME. Zuykekpipéva, n ®©ME Ej (padi pe 600 kaboAikeg
ouppetpieg U(1)) ondve otnv opdda SU(3)? [35,52, 61, 64] (kat [70]). To duvapikd tng
tetpadidotang Sewpiag nepiexet -, D- kat «fjrmoug» 0poug rapabiaong tng UrEPOUPHE-
1piag, orote n tediky) Yewpia eival pa «oraopévrpy N = 1 uniepouppetpikn Sewpia.

Zmv napouca datpbr) apykd mapatibetal pa ocuviopn meplypadr) g e7drtwong
Tapapép®L Kal g 10éag g rnepatotntag, n ornoia ypnowponoteitat ya v dnpoupyia
MENMEPAOPEVRV Jenpliv pe adidotateg ouleuelg, aAdd kat pe ouleuelg pe Siaotdoetg €va
Kat 6vo. Enavegetadovial t€ooepa paivopevoAoyiKa Unooxopeva poviéda, to EAayiorto-
rompévo N = 1 SU(5), 1o Menepaopévo (o kabe eminedo Bpoxwv) N = 1 SU(H), 1o
[lemepaopévo (oe eminedo dvo Bpoxav) N = 1 SU(3) ® SU(3) ® SU(3) kat 1o EAatte-
pévo EYKII kat akodouBel 1 avaduor] toug (0Tiwg IPoéKUYe aro IV apyiKeg dnpoote-
voeig [71-73]). Ot pades v ocopatdiov top, bottom kat Higgs nmpoBAérnovratl péoa ota
opla rou &ivouv ot relpapatikég perproelg otov LHC (pe €€aipeon ) pada tou bottom
Kroudpk oto Edayiotonoipévo N = 1 SU(5)), mapdyetal 1o UNIEPOUPHETPIKO QACHA Kat
N rAipaxka napaBiaong tng UMEPOUPPETPiag o KABs MePIMTOON KAl PEAETATAL ] EYKU-
potnta tou EYX wg copatidio XY, eveo kabopiletal n mpoomtiky avakAaAuypng Tou Kabe
povtédou otoug peAdoviikoug emitaxuvies. To EAattopévo EYKII npoBAémnet ) pada tou
yeuboBabpmwtou copatdiou Higgs KATm aro 1o errpernto 0plo Kal EMOPEVOS ATTOKAEIETAl.
‘Oocov agopa tov topéa Higgs, n avaduor pag Paoidetal oty véa €kdoorn toU MPoypap-
patog FeynHiggs 2.16.0 [74-77], ev®d 10 UMTOAOUTO UTTEPOUPHEIPIKO (PACHA UTTOAO-
yiletat pe o npdypappa SPheno 4.0.4 [78,79]. Ot evepyol Sratopég urnodoyioviat
pe 1o mpoypappa MadGraph [80], eved ot untodoyilopol oxetkd pe ) XY yivoviat pe 1o
npoypappa MicrOMEGAs 5.0 [81-83] (6niwg Sa doupe, kavéva poviedo dev €xel KaAo
unoyn oo yua XY).

Zin ouvéxela napatibetal pla ouvioprn avadpopr] ot Bacikég apxES Tou mAdaioiou
g AEXII yua pua Sewpia Yang-Mills-Dirac oe D diwaotdaoelg. Axoloubel 1 edpappoyn
TOoU mAA1oiou autou otnv repintoon piag dekadidotatng, N = 1 unepoupperpikng Fy
Sewpiag Pabpidag, n omoia elattoverat Siaotatikd MAve OTO0 PN CUPHEIPIKO XWPO Ii)-
Aikou SU(3)/U(1) x U(1). 'Onwg yivetat katavonto, eivat anapaitnt) n epappoyn tou
pnxaviopou oracipatog Wilso flux pe ) xprjon puag Z3 iakpiir)g cuppetpiag, ©ote
va aroktnBet n SU(3)? ®ME. Ot aktiveg 10U X@pou TnAikou Sewpolvial Pikpég, OOTe N
KAlpaka oupnayornoinong Kat n KAtpaka evortoinong va tauvti¢oviat. Autr) ) ertdoyn 0d1n-
yel 0g éva UrepoUPPETPIKO 0evaptlo rou Supidet ) split unepouppetpia, oto onoio kKamnowa
UTIEPOUPPETPIKA oopatidia sival urtepBapid, eve) AAAd aroKTouv Padeg otnv KApaka tev
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TeV. Metwd v napabiaocn ng ocupperpiag Pabuidag g ®ME 10 POVIEAO AVrKeL OtV
Katnyopia poviédov pe duo Higgs dimdéteg. TéAog, mapatiBetatl n aivopevoAoyikr a-
vaAuorn tou poviédou ( [84]), otnv omoia npoBAenetat ) pdada towv copatdiov top, bottom
rat Higgs, aAAd kat n kAipaka evortoinong, 60nweg kat n KAtpaka otnyv oroia naipvetl pada
10 EYZ. H 61atp1Br] 0AOKANp@VeTAl 1€ KATIO1d CUVIONA KATAANKTIKA OXOAld.
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1.2 EAattoon Hapapétpov xat Iepatotnta

H 11£6060¢6 g €eAATIOONG IAPAPETP®V, OTIOG ITAPOUCIACTNKE apX1KdA oto [12] kat e§edixOn-
KE TIG eTIOPEVEG HU0 deKAETIEG, £XEL G OTOXO TNV EKPPAOCT] TOV EAEUOEPOV TAPAPETPWV TNG
Yewpiag ouvaptoel plag kuptag apap€rpou. H Paoikn 16éa €ykettal otnv avadninon
AOE ex@ppdoemv petady 1wv ouletemv, apXika petadu adldotatov mapapetpav, addd kat
HETAdU mapapetpev pe pun pndevikr) diaoctaon padag, Onwg .. ot oUeUEelg Kat ot padeg
rou rapaBiadouv Arua pa N = 1 unepouppetpikr) Sewpia.

EAdattwon Adiwactatov Ilapapitpov

Mia AOE oxéon (6nAabdr) pia oxéon rou 6ev e§aptdtal arod v KAPAKA EMAVAKAVOVIKO-
roinong p) petagy ouleutenV gy, ..., g4 H1AG EMAVAKAVOVIKOTIO oINS dewpiag propel va
exppaotel ot poper) P(gr, -+ ,94) = const., n onoia mPEMeL va 1KAVOTTOLEL ) PEPIKT)
dragopikr) e§iowon (MAE)

A
e = > 0P
C=ve f = B = 1.1
ILLd[LL v /3 pt 5(1 aga 07 [ ]

orou 10 [, eivat n ouvaptnon P tou g,. To va Avcoupe autrv tnv MAE eivat 10oduvapo
He 1o va Auvooupe €va ouvolo arto ouvhfelg dapopikég elonoelg (ZAE), tig ESlomoeig
EAdattwong (EE) [12-14],

dga
Bgd_gzﬁaaazlv"'7"4a (12]

orou g kat 3, elvat n KUpla ougeudn Kat n ouvaptnon B g, avtiotoya Kat n apibun-
on a dev mepllapBavet 1o g. E@odocov mpoxkurttouv ouvodika (A — 1) aveSaptnroug AOE
«MEP1OPIOROUG» otov A-8tactato xopo napapétpev aro tug P,, prnopovpe Sewpnukd va
ERPPACOUPE OAeg TIG OULEUEEIS OUVAPTAOEL TG H1ag KUplag ougeudng g. Autr] ) mmAfpng
eddttoon (n oroia dtatnpetl ) H1ATAPAKTIIKI] EMAVAKAVOVIKOTIONOIOTNTA) PUITOPEL va ETTL-
teux0Oei pe pa Avon wwv EE os popen Suvapooeipdg,

ga=>_pi" g, (1.3)

A&ilet va onuelbel 611 n povadikotnta tng AUong autrg Propet va diepeuvnBei oe ertinedo
evog Bpoxou [12-14].

Ot 0UdeUtelg Pa UMEPOUPHETPIKNG Yempiag £€X0UV Vv 1810 ACUPITIOTIKTY) CUPITEPIPOPA.
Enopéveg, n avalninon plag Avong oe popdr) duvapooeipdg onwg 1 (1.3) oug EE (1.2)
etval Sikatodoynpévn.

H duvatdmta ya evoroinon napapétpev oneg meptypddetatl oty evotnta auvty eivat
adltapgobrnta moAv «yonteutikey, Kabog pla minpeg eAattopévn dempia £xel povo pia
ave§dpn rapdaperpo. Kdau tétoo, opweg, ouvnBng 6ev eival peadlotiko. XUg MEPLO-
00tepeg TeplTtwoelg draAéyoupe va emBaidloupe Atyotepoug AOE mepilopilopoug, emrtuy-
Xavoviag «pepikn eddattworn [85, 86]. Tédog, adidel va avagepbei 01 0Aa ta naparave
UTI06E1KVUOUV pla oUvleon PETa§yU G eAATIOONG MTAPAPNETPOV KAl TG UTTEPOUHHETPIAG.
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EAdttoon Iapapétpov Mn Mndsvirng Alactaong Maiag

Ag TIPOY®PTOOUIE OINV EAATIOON TApaPETpwv pe Sidotaon padag, diadikaoia capng pUn
TETPIPIPEVH, KaBwg Xperadovial apKeteg apxikeg ouvOnkeg [99]. ITlapoda autd, apyidovrag
amno v [100], £xel onpewbel peydadn npoodog os auvtr) v KateubBuvorn Kal Priopoupe
TeEAMKA va £10ayAyoupe apapérpoug padag kat oudeudelg pe Staotdoetg padag [101, 102]
e Tov 1610 Tpormo 10U yivetal yia 11§ adidotateg mapaperpousg. Ag Sewprjooupie 10 UTEp-
duvapiko
1 .. 1 ..

W=3u” c1>i<1>j+gcwkcbi<1>j Py (1.4)

Kat m Aaykpavdavn nruag rapabiaong vrepouppetpiag

~ Loy = W 0i00 + W0 9uy + 3 (7 670+ 5 MAN g, (L)
OTI0U Ta ¢; £ival o1 BaBpwtég ouviotOoeg Tov aviiotolxwv ureprniediov P; kar M eivar pala
eV gaugino.

Ag SunnBoupe pepikég YVOOTEG OXEOES:
(I) Ot ouvaptroelg B v ouletiewv Pabuidag oe eminedo evog Bpodxou divoviat amod tn
oxéon [91-95]

g = 99 _ g’

orou T'(R;) eivar o 8eiking Dynkin tng avanapdotaong R; mou avrkouv ta niedia UAng
kat Cy(G) eivat o tetpayevikog tedeotrig Casimir g ouduyoug avanapdotaong G.
(I) O1 aveopaieg Slaotdoelg 'y(l)é- -o¢ eminedo evog PPOXOU- £VOG XEIPAAIKOU UTtEPTIESIOU
divovtat og
. 1 . .

7(1); =392 [Clkl Cin — 2 ¢ C’Q(Ri)éﬂ . (1.7)
(I Ot ouvaptnoetg B v oudeviemv Yukawa ()i, -oe eninedo evog Bpoxou- ocupdpeva pe
10 Yewpnua pn enavakavovikonoinong [87, 88, 90] priopouv va eKGPACTOUV OUVAPTHOEL
IOV AVOUAA®V 100TACEDV TOV OXETIK®V TEdimV

ij dCijn
i dtj = CijtVe + Cin s + Cira s - (1.8)
Ag ipoxmprjcoupie urtobEtoviag ot ot EE €xouv Auoelg o popdpn duvapooeipdg:
C* =g pisg™ . (1.9)
n=0

ZInv mpoottdbeia va arnoKIirooupe arnoteAéopata o KAbe eminebo Ppoxmv orpedopacte
oT1g 0X€0E1G PETAdy Twv ouvaptroswv B. H texvikn "spurion” [90, 106-109] &ivel arote-
Aéopata oe kABe erinedo Bpoxwv petady v ouvaptroewy B tou TIIY [110-116]. Eneua,
unoPétoviag 6t 1 eAattoon tev OVF eival Suvatr) oe kGOe eninedo Ppoxav

dcijk— gk 1.10
a5, 119
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onwg kat yia ta hF
dcijk
dlng’

RL—— (1.11)

101e propel va arodeyBel [124, 125] ot eivar akoAoubeg oxéoelg eivat AOE oe kdabe
emiredo Ppoxwv

M = M, ig (1.12)
Rk = — M, 5”’“ (1.13)
b = —M0 B, (1.14)

, d
() = 5 M g iy (1.15)

du’

orou My eivat pia auvBaipetn avadopikr) napdperpog KAipaxkag (va onpetwbei ot kat otg
8U0 urobéoeig 6ev Baoilovial oe CUYKERPIHEVEG AUOELS TV E§I0M0ERV AUTAOV).

IMa 1o emopevo Pripa avukadiotovpe v tedevtaia eiowon g (1.15) pe évav mo yeviko
AOE 1ipooBetiko Kavova 1ou 10xUel oe Kabe eminedo Ppoxav [121]

1 dln C% 1 d?1n CIk }

2 —
i o+ m = M {1— P0G /(372 ding 2 d(ing)?

+Z ml (R)  dInCi* (1.16)
Co(G) — 872/g? dlng
Tou 0dnyel otnv akoAoubn oxéon (ermutedou evog Bpoxou)

m? +m? +mi = |M|[*. (1.17)

TéAog, tovidoupe ot, otV repintworn opadev Babuibag ywvopévou, n ediowon (1.12) naip-
VEL T popon
6 9i

)

M; =

My , (1.18)

010U 10 % oUPBoAilet v opdda tou yivopévou. H oxéon autr) epappoletal otny mepintoorn
tou EAdattopévou EYKII

IIepatotnta o N = 1 Ynepouppetpilrég Ocwpicg

H 186¢a 10V nenepacpévav Yemplov anattel onpepa napanave unobabpo yia va yivel aro-
dextr) ano 6co dtav rmPotddnKe yla mpwty @opd, Kabwg ta tedsutaia xpovia n Kowvotnta
EXEL XAAAPMOOEL TNV AVITHEIMITION TNG ATIEVAVTL 0TOUG arelpiopoug. Ot rep1ooodtepot Sewpn-
TIKO1 (PUOIKO1 TTIOTEVOUV OTL 01 Arelplopol anotedouv £vdedn yia v urapsn pa Sewpiag
o€ peyadutepn KAlpaka, oty onoia elodyoviat véot Badpoi eAeubepiag. AAAA aropa Kl av
dextoupe autod 1o 60yHRa, 0dnyoupaote UOIKA OTO CUPIIEPATHLA OTL TIEPA ATIO TV KAlpaka
evortoinong -6nAadn otav cuprniepiddBoupe 0Aeg 11§ aAAnAeTdpACELS O Eva EVOTTIOUNIEVO
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nAaiolo- n Yewpia Sa mpénet va eival mMAnpweg nenepacpévn. Auto eivat pdiiota 1o Baciko
KivTpo 10V Jempldv xopddv Kal 10V Jempldv oc P PETafeTKEG YEMPEIPIEG, Ol Oroieg
oupneptAapBavouv Kat ) Baputnta otnv evonoinon twv aAAnAemdpdacenv. [lapoda au-
1d, Yld TI§ AVAYKEG TOU TIAPOVIOG TIEPLOPI{OIIA0TE OTNV EVOTIOINOT TOV YVOOIOV Jemplov
Babnidag.

Ag Sewprjooupe pia N = 1 kaBoAikd uniepouppetpikr) dewpia Babuibag, n oroia eivat
XEPAAKT) Kat eAevbeprn avopadiaov, orou G eival n opada Babuidag kat g n avtiotoixn
ouleun Pabpidag. H dewpia autry €xet 1o uniepduvapiko ng e§iowong (1.4), eved ot ou-
vaptoelg B -oe erinedo evog PBpodxou- tov ouleuienv Babpibag Yukawadivoviat arnd tg
eClomoeig (1.6) kat (1.8) kat ot avepaleg H1a0TACES TOV XEIPAAMK®V UTEPTIESI®V ATIO TNV
eSlowon (1.7).

Anattgviag 1o pndeviopo 0AeV Tov ouvaptroenVv B o eminedo evog BpoxXou, KATAAnyoupe
OT1G OXEOELG

> T(R) =3C(G), (1.19)

CMCiy = 26L9°Ca(R;) . (1.20)

Ot ouvOnkeg niepatontag ya pa N — 1 uniepouppetpikn dewpia pe Sewpia Badbpidag
SU(N) priopouv va Bpebouv otnv [128], eve pta eKteviig oulftnor yia td mpoanaitovpe-
va yua va €xoupe dewpieg eAeubepeg avopadiov Bpioketal otnv [129]. Znpetdveral ot ot
ouvOnkeg (1.19) kat (1.20) eival avaykaieg Kat 1KAvég MOTe va §aoPpaliotel n mepatdtnta
¢ Sewpiag oto eninedo 6o PBpoxwv [91-95].

H anaitnon yua nepatdtnta, oe erminedo evog PBpoxou, oe nrmua napablaopéveg u-
MEPOUPHETPIKEG Jewpieg ermBAAAEL EMMITAEOV MEPIOPIOPOUS HETASU TOV AV 0PV TOU
TITY [130], eve kat rdAtl autég o1 ouvOnkeg e§acpadidouv nepatotta Kat oe erinedo dvo
Bpoxwv [131]. Ot ouvBrkeg autég emMBAAAOUV MTEPIOPIOIOUG OTIS U1 AVAY®YIOTHIEG avarta-
paotdoelg R; g opddag Babpidag G, adda kat oug oulevgelg Yukawa. T'a napddeypa,
epooov 1 U(1) 8ev eivar oupBaty) pe ) oxéon (1.19), to EYKII 8ev eivat mhaioto oto oroio
1A MAPAIIAvVE PUIopouv va Bpouv epappoyr). Enopéveg, pia ®@ME anatteitat, pe to EYKII
va arotedei 1o 0p1o g o Xapndég evépyeleg. Akopa, spooov n ouvOnkn (1.20) anayo-
pevEL TV endAvion g tetptppévng avariapactaong Babpidag (Co(1) = 0), n aubépunn
rapaBiaon g uriepoupperpiag turnou £ dev eival oupBatn pe v repatonta, aAdd oute
kat n napaBiaon twinou D, kaBog anatet pia opdda U(1).

Mua paypatikd pn telptppévn anaitnon ivat ot oxéoetg petadu 1wv ouleuiemv (Bab-
pidag kat Yukawa), ot oroieg ermiBaAAoviat aro tig ouvOrnkeg (1.19) kat (1.20), va woxvouv
oe KAOe evepyelakn KAipaka. H avaykaia kat ikavr) ouvOnKn eival va arnattrjooupe autég
01 oX€0e1g va sivatl Auoelg 1ov EE

dCiji
dg

By = Bijk (1.21)
oe 0Aeg TG Tagelg NG Yewpiag datapaxwv. TNHEIOVETAL AKOUN Hld @Opd OTL 1] VTIPS
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AUong oe emninedo evog Ppoxou oe popdr) Suvapooelpdg eyyudtat v urnapdn mg duvapo-
oe1pdg os KAOe eminedo Bpoxmv.

Zipédoupe, Aomov, v MPoooxr pag oto akodoubo Sevpnpa [134, 135], 1o omoio
UTIOOE1KVUEL TI§ avayKaieg KAl 1KAVEG OUVONKEG, WOTE va €Xoupe pia nertepaocpevn N = 1
UTIEPOUMHETPIKT dempia oe kAOe eminedo Bpoxwv. Ztg [134, 135, 139-143] anodeixbnke
ot yia pla N = 1 unepoupperpiky dewpia Yang-Mills ou Baociletat oe amdn opdda
Babnidag, £xoupe 1€00epelg OUVOTKEG TIOU ITPETIEL VA 1KAVOIIOOUVIAL:

(1) Na pnv uvnidpyxouv aveopalieg Babnidbag
(2) H ouvaptnon B g ouleuing Pabpibag va esivatr pndevikr oe erinedbo evog Bpoxou
ove-Aoort Age)

B =0 =S T(R) - 3G5(G). (1.22)

(3) H ouvbnkn pndeviopou tng avopaing daoctaong -oe eminedo evog Bpoxou- 1ov nediov
UArG,
. 1 . )
YV = 0= —= [C™Cjy — 2 g° Co(R)5Y], (1.23)

va €xel Auorn g popdng
Cijk = pijr9, piji € C . (1.24)

(4) 'Otav o1 mapanave Auoelg Yewpouvial wg AUOEIS TOV OUVONKOV PNdEVIOPOU TV oUuvap-
moenv B 1oV ouletienv Yukawa (ot eminedo evog Bpoxov), rux. Bijx = 0, tote va etvat
ATIOPOVOUEVEG KA1 1T EKPUAIOHEVEG.
Tote kaBe pa ano g Avoelg oy e§iowor (1.24) propouv va enektabouv Katd Povadiko
1poro oe pia Suvapooelpd oto g Kat 1o Yang-Millspoviédo 9a e€aptdtat amno pia otabepd
oUdeuing ¢ pe undevikn ouvaptnon B oe kKaOe tasn g Sewpiag dratapayxwv.

TéAog, eve 1a Ttapanave 6ev eivat uvatod va 10X U0oUV GE 11 UTIEPOUPHETPIKES Sewpieg,
TIPETIEL VA ONUEIROET OT1 1] EAATIOON TTAPAPETPOV KAl 1] TIEPATOTNTA gival U0 €vvoleg TToOU
ouvdéovtat otevd.
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1.3 <Pawvopevodoyirda Evérapépovra Moviéda pe EAat-
topéveg IIapapétpoug

Ze autnyv v evotnta divoviat o1 fAciKEG 1610T1eG TECOAP®V UTIEPOUHHETPIKGOV HOVIEAGDV,
ota ortoia epapPodeTal N apXr) NG EAATIOONG TIAPAPEIPRV, £T01 OTIOG AUTA AvaTITuXOnkav
1a tedeutaia xpovia anod pEAn g epeuvnuikng opddag. Ta mpwta tpia Xpnotpornotouv
Hua exktetapévn dour Babuibag wote va ermtuXouv v eAATIOon Mapapetpev (ta o &
aAuTeV £ival Kal MEMEPAOHEVA), EVO OTO TETAPTO 1 EAATIOOT) MIAPAPETIPRV ETTITUYXAVETAL 0T
mAaiowa ng opddag Badbpidag tou EYKII.

To EAayiotonoupévo N = 1 Ynepouppetpiko SU(H)

To mpwto poviedo oto oroio epappoloupe ) PEB0do NG €AATIOONG TTAPAPETIP®V €ival TO
EAayiotoromnpévo N = 1 unepouppetpikd poviedo nou Baoiletat oto SU(5) [18, 100].
Ta U (10) xat &/ (5) @rdofevouv Tig Tpe1g 01KOYEVeleg armd KOUApK Kat Aertévia (to [ oup-
BoAilel tov ap1Bpo owkoyévelag), pia ouduyng X(24) omast ty ®ME oty opada Babpidag
tou KIT SU(3)¢ x SU(2), x U(1)y xat ot H(5) xat H(5) meptypapouv ta &Uo ureprte-
6la Higgs tng mapabiaong nAskrpaobevoug ocuppetpiag (ITHE) [9, 10]. Movo éva oet amno
(5 + 5) xpnowornoeitat yia va neptypdwet ta unepnedia Higgs mou xpeiagdpaocte yia v
I[THE. Autd kabiotd v mapouca k60X TOU PHOVIEAOU ACUUITIOTIKA €AeUBepn (ApvnTIKO
8,).

To untepbuvapiko divetat ag [9, 10]

9t _apvysr @ -8 gx @ T7¢
W= Sen VOO H, + V29, 00w H” + 3 SaShES + gy H S0 Hy
Ly (1.25)

5 Sa T He

orou ta t, b xkat f eivat Seikteg tou avuoupperpikou tavuotr 10 kat tou ouduyoug 24, ta
a, B3, ... eivat deixteg SU(5), eve o1 ouletgelg Yukawa tev 6U0 IPOTOV OIKOYEVELWMV £X0UV
napalelpOei. H Aaykpaviavr) tou TITY eivat n)

Lo = iy B Ho 3y HLH 4 m3 S804 Y [y "

I=1,2,3
2~ ap 2 1 Za A AQA Z aa A~
+ m2 b G + {5 MM+ By o+ BsSiS, + by TS H; (1:26)
by ¢Beree M npysr (35 3) p sz 3 8
= BaSgs, + e T W H e + V2 @O (s H g}

o01I0U 10~ 0UPBoATlet TIG PaBNOTEG CUVIOTWOES TOV XEIPAAK®V UTtepTiediov. O1 ouvaptroelg
B kat y, padi pe pla avadutiky rapouoiaon tou poviédou, Ppiokoviat otig [18] kat [151,
152].

O gAdyiotog aplBpog Hmev opwv 1ou dev tapabiddouv tr dlatapaKTIKY EMAVAKAVO-
VIKOTTIOU OO TA Arattouvidatl oty edattopévn dewpia. H ouleudn Badbpidag g Sewpeitat
®S 1 KUP1d TTAPAPETPOG 000V adopd tn 1€B0d0 eAdTi®ong. Znpewwvetal 0Tt o adidotatog
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topéag €xel Avoeig v EE ave§dpinteg anod tov TITY. AU0O O£l AOUPITIOTKA €AEUOEP®V
AUOE®V ETITUYXAVOUV TV £VOIToinor tou topéa Babpidag pe tov topéa Yukawa o auto to
povtédo [18]:

2533 1491 560
a:g= WQ‘FO(Q?’)’ gb:\/mg—i—(’)(g?’), g =10, gf:\/ﬁg—kf)(g?’),

63
g+0(d*), o= \/@g+0(93) ,9n=0,9;=0.
(1.27)

Ot 6pot peyadutepng tagng oupBoAidouv povadikd urtodoyiopeg Suvapooelpég oto g. Au-
TG 01 AUOE1G TIEPLYPAPOUV TO OUVOPO P1aG ACUPHITIOTIKA eAeuBepng AOE erugaveiag otov
X®OPO MAPAPEIP®V, OTO OIMOI0 Ta gy Kal gy PImopouv va unv eivat pndevika. To yeyovog
auTo EMMITPETIEL P1a PEPTKT) EAATIOOT), OTNV OIoia Ta gy Kat gy eivat (pn pndevikég) avegdp-
Teg MAPAPETPOL XWPIG va KivduveUel 11 aoUpImtetiky edeubepia. H meploxn tou xowpou
MAPAPETPOU OV OIoia To POVIEAO €ival aodpadég ooov apopd T dlaormaon mP®Ioviou
euvoel ) Auon a. Enopéveg, ermAéyoupe va eipaocte akplBmg 0To oUVopo mou opidetal ano
1 Avon a’.

H eldattwon tev napapérpev pe didotaon padag yiveral onwg oty Evémnra 1.2, Ta
iy, g Kat M &ev priopouv va eAatt@Bouv otnv ermbupnt] popdr) Kat mapapévouyv ave-
Edpnteg apapetpotl. H Avorn tng eAdttwong ot XapnAoteprn tagn eivat:

1029 3100

By = ——puuM , By = ——— usM 1.28
H = oy Hudl, By rop M ( )

hy=—gM , hy=—g M, hy=—g; M, hy=0,

569 460 1550

2 _ vV 2 2 _ 2 2 2

T, = 521M > MHa = Tsort 0 T o ’ (1.29)
436 8 545 12
m?iﬁ = ﬁMz ) m?{)l,Z - EMQ s m?I,S = ﬁ]\/ﬁ s m\21,112 = FMQ .

H pada v gaugino, M, xapakinpidel tnv kAtpaka g rapabiaong g UEPOUPHETPIAg.
A%iel va onpelwdei 611 priopoupe va oupriepiddBouyie ta By kat By og ave§aptnteg na-
papétpoug Xwpig va adddfoupe ) Avorn (1.29) oe emninebo evog Bpoxou. Emiong, evo
£xoupe BPel OUYKEKPIIEVEG OXEOEIS HETASU TOV NIV Babuwtov palov kat g palag tov
gaugino, o pooHeTkog Kavovag e§akoloubel va 1oxUeL.

To Nenepaopévo N = 1 Ynepouppetpird SU(5H)

Y ouvéxela e€etaletatl pua I[enepaopévn @ewpiag Evoroinong (IIOE) -oe kaOe ertire-
8o Bpoxwv- pe Baon v opdada Babuidag SU(5), o oroia 1 €AdTioon mapapéipmv
epappodetal otV IPItn PEPUIOVIKY olKoyévela. Autn n IIOE Sexmpioe oto tapeAbov [26]

1To g\ = 0 eival acuvenég, addd 1o gy <~ 0.005 eivatl anapaitno Gote o1 MePIOPIoHOi TTOU MPOKVITIOUV
ano v anaitmon va etvat 1o poviedo aodparég ooov apopd tn Siaomnaon petoviou [250] va ikavorolovvat.
‘Eva pikpo gy ekupatat ot dev ennpeddet v poBAeyn evortoinong tou napapétpeov tou TITY.
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Aoy® NG oupdeviag tng pe Ta nepapatka dedopéva g emoxng Kat rmpoéBieye ) pada
tou prodoviou Higgs petadu 121-126 GeV oxeddv mévie xpovia mpv v MeEPAPATIKL] TOU
avakaAuyn.

To oopatidlakd meplexdlievo amotedeital and tpeig uneprioddariréteg (5 + 10), orou
KAGOe {eUy0g aviioTolyei oe 1a yevid and Koudpkg Kat Aertovia, téooepeig (5 + 5) kat pia
24, o1 onoieg propouv va Yewpnbouv wg unieprioddarnidéteg Higgs. 'Otav n MOE onaet,
1OTE 10 poviedo Oev eival ma rnerepacpévo kat kataAnyet oto EYKII [18-20, 153-155].

'Eva nieniepacpévo SU(5) Poviédo pe 1KavoronTiky) PoBAEITTiKY) 10U MPETEL va -

@Pavilel TG MAPAKATR 1010TNTEG:

1. Ot avopaleg draotdoeig oe emninedo evog Bpoxou mpénet va sivat draywvieg, SnAadn
(1) 4

Y7 o b7,
2. Ta @epuiévia otig avarapaoctdoeig b;, 10; (i = 1,2, 3) 6e oulevyvuvtat pe ) ouduyn
24.

3. Ot 6vo Higgs dutAéteg tou EYKII anotedouviatl kuping and €va {euyog and Higgs
MEVIATIALTEG KA1 AVIL-TIEVIATTAELTEG, O1 OIT0leg oueUyvuvtal pe Vv Tpitn okoyévela.

H eAdttoon nmapapétpov eMeKIEIVEL T CUPHETPia Kat To urepduvapiko divetat wg [105,
156]:

3
1 _
w=>"1 501 10,10, H; + 92105, H; | + g% 10,103 H, (1.30)
=1

A
+gg$ 10233[‘[4 —f—ggQ 10332 H4—|—ggH2 24H2+g3{H3 24H3+ %(24)3 .

Mta 1o Asmttopepn|§ oudrTnon yia T0 PoviEdo Kat Tig 1810tntég 1ou Ppioketat otg [18-20].
Ot artopovepéveg Kat Pn eKGUALOPEVEG AUOELS TG 72-(1) = 0 &ivouv:

6 4

U 8 u u
() =< 9%, ()" =z 0" (9)" = (9)" = < o°, (1.31)
d\2 2 _ S 9 w2 4 o d \2 iy _ S 9
(95)° = (g5) :59 , (923) :59 , (953)° = (952) :gg )
15 1
(6 =—¢", (22)" = (@)’ =5 ¢*, (6)* =0, (g)* =0.
ErmuAéov, éxoupe ) oxéon h = —MC, eve anod 1ov rpoodetikd Kavova naipvoupe:
M? 4M*
my; 4+ 2mi, = M?*, m%{d—2m%0:—?, mg + 3mi, = T (1.32)

Auto deixvel 611 £xoupie povo dUo eAelBepeg tapapérpoug myg kat M yua tov TITY.

H oupetpia tng ®ME onidet oto EYKII, omou 9¢Aoupe povo duo dimdéteg Higgs. Auto
ETUTUYXAVETAL € TNV £100Y®YT KATAAANA®V 0p®v Padag, o1 Oroiot EMITPETIOUV Hid OTPOOT)
otov topéa Higgs [19,20, 157-159], n ortoia pe ) oe1pd tng ertpénet povo oe éva {euyog
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Higgs SutAetwv (o1 omtoieg oudeuyvuvtal povo He TV Tpitn 01KOoYEVeLd) va Itapapeivouy eda-
(PPLEG KAl VA ATIOKINOOUV AVAPEVOUEVEG TIHEG 010 Kevo. Ot ouvr)Be1g Asmttég pubpioeig yia
va eruteuyBei 1o "doublet-triplet splitting” Bon6ouv to poviédo va arnoguyet ) ypryopn
61domaon mP®TIoviou (av Kat autog o PnNxaviopog dlapEpel amo autov Imou XP1OHOoTIoE -
tat oo EAayiotoroupévo SU(5) Adym tou extetapévou topéa Higgs tng menepaopévng
rnepintoong).

'Eto1l, kate and v kKAtpara evoroinong €xoupe to EYKII, oto omnoio ot §uo mpwieg
yevieg Hev meplopidovial, eve n tpitn divetal anod t1g cuvOnKeg MepaATOTTAG.

To Nenepaopévo N = 1 Ynepouppetrpiko SU(3) x SU(3) x SU(3)

Mropet kaveig va nipoomtadrjoel va kataokeudaoet pa [IOE pe cupperpia Babpidag pa o-
nada ywopévou. Ag 9ewpriooupe pia N = 1 uniepouppetpikr) Sewpia SU(N); X SU(N)a X

- xSU(N )i, xatny (rou etvat o apiBpog wv otkoyevelmv) urieprioAdaridéteg (N, N*, 1,..., 1)+
(LN,N* ....,1)+---+ (N*,1,1,...,N). Tote, o ouvtedeotig b oe erminedo evog Bpoxou
g ouvaptnong B mg ouleudng Babpidag kabe SU(4) eivai

11 2 2 1) (1
=(——=+4+Z)|N “+-](z)2N=-3N N. 1.
b ( 3+3> +nf(3+3> (2) 3N +ny (1.33)

H anapaitnu ouvlnkn nepatomtag eivat n b = 0, n omoia mpoxkurtet pévo yia v
ermdoyn ny = 3. Enopévaeg, eival guoiko va Semprjooupe TPEIg YEVIEG AMO KOUAPKS Katl
Aemiovia.

H @atvopevoloyikd ouvenr|g sermdoyr etvat to poviédo SU(3)e x SU(3), x SU(3)g,
10 omoio avaAvetal os Babog oy [27] kat otuig [160-163]. Ta Aemtovia KAl Td KOUAPKG
TOU POVIEAOU petacxnpatidovial g eEng:

—dy, —di —d} diy uy Di
Q= | ut w2 ud |~(3,31), ¢=|dE ug DZ| ~(31,3), (1.34)
D} D? D} d$ u$ DS
Hg HJ vy,
L=\|H; H er| ~(1,3,39, (1.35)

v €5 S
orou ta D eivat Koudpkg TUTOU d, Ta oroida Maipvouv PAdeg KOvid otnVv KA{paKa evortoi-
nong. 'Etot, oe autv v niepimeorn n ouvaptnon B g ouleudng Pabuidag pundevidetar,
Omote 1] MPATI oUVONKr repatotntag (1.19) ikavoroteitat. Auto pag 0dnyet otnv deutepn
ouvOnKr, dnAadn o Pndeviopo v avOPaA®v 51a0Ttdocermv OA®V TV urtepriediov (1.20). Ag
ypayoupe npwta to unepduvapiko, a pia owoyévela €xoupe povo U0 TPypapikoUg
avaAAoiewtoug 6poug, 01 OTTOI01 PUIMOPOUV va XPNotoronfouv oto urepSuvapiko oG :

1
fTr(LgQ) + gf/ €ijk€abe( LiaLjy Lke + Gin@ipGhe + QiaQipQhe), (1.36)
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orou ta f kat f’ eivat o1 ouleudelg Yukawa yia ka6e avaddoioto 6po. Ta Koudpkg Kat ta
Aerttévia anoxktouv pdda 6tav ot Babpwtég ouviotmoeg tov urepniediov (H, 3, H 3 ) aroktouv
AVAPEVOHEVEG TIHEG OTO KEVO,

ma = f(Hg), mu=f(Hy), me=[f{Hg), m,=f(H,). (1.37)

['a Tpelg 01KOYEVEIEG TO IO YEVIKO uTtepSuvapiko £xet 11 oulet€elg f kat 10 oulevgeg f.
E@ooov o1 avopaleg draotdoeig kaBe unepriediou pndevidoviat, 9 ouvOrkeg eruBadAoviat
OT1G OUCEUEEIS AUTEG:

. 2 . 16
E:ﬂﬂmﬂ)+§§:ﬂﬁﬁm)=*§f%, (1.38)
Jik Jik
orou
fijk = fjki = fkij> (1.39)
fie = Fiei = Jrig = Jing = Jgi = Fian- (1.40)

Ta KOUAPKG KAl Ta AETTTOVIA ATIOKTOUV PAEG 0Tav 01 BaOPTég OUVIOTOOES TRV UTIEPTIED IOV
(HY)123 kat (H?)1 .23 QrIOKTi00UV avapevoHEVES TIHEG OTO KEVO :

(Ma)ij = > Frig{((HD), (M) = Y Frag ((HDw), (1.41)
(Me)ij = Z féij((Hg)k% (M) = Z f,’m((HS)k> (1.42)
k k

‘Otav n IIOE ondet otnv kAipaka evonoinong, pévet 1o EYKIT?, 6nou kat ot U0 SiurAéteg
Higgs oudeuyvuvtatl katd péyloto Tporo pe v Ipitn owoyevela. Autég ot duréteg eivat
o1 ypappikoi ouvduaopol HY = Y. a;(HY); xav H) = >, b;(H?);. Twa mv ermdoyn v
OUYKEKPIIEVOV OUVOUAOH®V PITOPOUHE VA XPIOHOIO)00UNE TIS KatdAAnAeg padeg oto
uniepduvapiko [157], epooov dev eival meploplopéveg anod tig ouvlnkeg nepatottag. H
napaBiaon g I[IOE aprjvel cuvoplakég ouvOrKeg yia tig ouleuielg Babpidag kat Yukawa,
dndabdn v e§lowon (1.38), tn oxéon h = —M f xat tov mpooBetikd Kavova Aruev Pab-
HeTOV padov oty KAtpaka evortoinong. O teAeutaiog oto rtapov POVIEAO Taipvel TNV €§Ng
nopor):

my, +mi +mi =M =mj, +mi +m. (1.43)

Edav n Avon g e§iowong (1.38) eivat kat povadikr] Kat aropoveaPEv), TOTE T0 LOVIEAO givatl
nernepaocpévo oe Kabe tadn g Sswpiag diatapaxwov. Autd obnyet ta f/ oto pndeviopod kat

HEVOUPE PE TIG OXEOELS
16
f2:f1211:f2222:f??33:_9 92- (1.44)

2otV [61, 62] kat oe enopevn evotnta oudntdtal os Asrtopépeta 1 riapabiacn tou SU (3)3.
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E@ooov oAeg ot apapetpot f/ eival pndév oe eninedo evog Bpodxou, o1 Aemtovikeg padeg
etvatl pndév emiong. Aev puropouv va sppaviotouv anod 610p0woelg aktivoBoAiag (6rwg Sa
TEpipeve KAveig) A0Y® T@V oUuvONKoV mepatotnIag Kat mapapévouv pobAnpa yia peido-
VTIKY] PEAETN).

Edv n Auon eivat povadikn (aAAd ox1 artopovepévn, dnAadr) mapaperpiky), TOTE UIo-
poupe va éxoupe pn pndevika f’ kai va srmtuxoupe mepatdtna pEXEl Kat To erinedo
6U0 PBpoxwv. e autn v nepimoorn ot Aermtovikeg padeg dev pndevidovratl. Tote €xoupe
eAaPpwg S1aPopeTkoUg MEPIOPIOROUS Yia T1§ ouleuielg Yukawa:

fF=r (?) g, [P=010-r) (2) 9, (1.45)

OTIoU 10 7 efval eAeuBepo Kal apapeTporolel TG H1aPopetikEG AUOELG 0TS OUVONKeG Tie-
patotntag. Etvat onpaviko va onpet@bel 0t Xp1no1piornoloupe ToV MPOCHETIKO KAVOVA OG
OUVOP1aKI) OUVONKI yia 1§ Nrieg Pabpwteg padeg.

EAattoon Iapapétpwv oto EYKII

Tédog, Sa efetaotel pia epappoyr) tng pebodou g eAdTIOONG MAPAPEIPOV OTO MAAIC1O
tou EYKII, aAAd pe tnv uniéBeorn unaping piag MOE otig uywnlotepeg evépyeteg. H pepikn
€AATIOON TOU POVIEAOU autou €ylve KAl avadubnke otig [28, 164] kat meplopidetal otnv
tpitn @epepiovikn owoyevela. To unepduvapiko divetat wg:

W:YtHQth+}/bH1QbC+Y;—H1LTC+MH1H2, (146]

orou ta @, L,t,b, 7, Hy, Hy eival ta ouvnBn uneprniedia tou EYKII, eve n Aaykpaviiavr)
tou TITY &ivetal og:

—Lssp =Y mid o+
¢

+ [htfbé){c + hy HyQb° + hH,L7° + l’]-S-] ;

3
PSRN 1
i=1

(1.47)

OTT0U Ta qZ; oupBoAidouv TG Babuwtég ouVioTOoeg VARV TV Urepriediov, ta A avapépovat
ota gaugino, eve ta redia pe ~ eivat o1 PabPeIEG CUVIOTHOOES TV AVIIOTOLX®V UTtEPIESI®V.
O1 ouletelg Yukawa Y Kat ot Iptypappikeég ouleudels hyp , avagépoviat oy tpitn
yevid.

Ag Eexwvrjooupe aro tg adidotateg oulevgelg, Sndadn tg oulevdelg Padbpidag kat tig
Yukawa ouleuielg. Qg mpoto Bripa da Sswprjooupe povo v oxupr] ouleudn Kat ta
Yukawa tov top kat bottom koudpkg, eve ot aAdeg §uUo ouleuielg fadbpidag kat to Yukawa
tou tau koudpk Sa eloaxbouv apyotepa wg Sopbwoelg. EAlattwvoupe, Aorov,tg 6uo
ouleuielg Yukawa @G 1pog v 10XuUpr] oUEuin as;

—:Oéi:G?Oég, i:t,b,
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KA1, XPNOTHOIOIOVIAG TG E§1000E1G OPAdAg EMAVAKAVOVIKOITOINong yia tig oueudelg Yukawa,
raipvoupe

i=1t,b.

AuTo 10 edattepévo cuotnpa diEnetat (I) anod ) Stapopetikn e§€AEn (pe ) addayr) evep-
yelaknig rAipakag) tev ouletgewv yia tg SU(2) kat U(1) oe oxéon pe v 10xupr) ouleu-
&n [85] xat (II) tnv acupBatotnta g ePAPHOYNG TNG APAdve EAATIOONG Yid T oULeudn
Yukawa ToU tau Koudpk, epocov 1o avtiotorxo G? yivetat apvnuiko [28]. TIpooOétoviag
Twpa g ouleuelg ou ayvortnkav apxikd og dopbwoetg, maipvoupe

1 7 3 1 129 3 6
Gl=c+oem+opetozp,  Gi=54 ozpi+op2— oopr (1.48)

3 525 7 35 3 525 7 35
orou
Y2
2 g T
p172:gl_§:%’ T:g_"g':4_7r (1.49)
g3 a3 g3 (67}

Znpewvetal ot ot S1opbwoeig otnv (1.48) Sewpouvial otnv KATpaka svoroinong Kat uro

v unobeon ot
d (Y
el (%”) —0.
dgs \ 93

EmBdAAetal oe autd 1o onpeio €va oUvViopo oX0A10 yla v nmapdrndve unobeon, n o-
roia odnynoe oy (1.48). [paktukd, Yewpoupe 011 akopa Kat otav cupreptdaBoupie 1g
H810pOwoelg aro tig urdotreg ocUeUelg, oty KAlpaka evortoinong o Adyog v oUeuienmv
top xat bottom o j, ipog TNV 10xUVP1 cULeudn eival akopa otabepog, dnAadn 6t ) e§aptnon
TOUG amnod v KAlpaka eivat apeAntéa. Me aAda Adyla, n unobeson autr) prnopet va eppun-
veutel oG 1 anaitnorn oto ureptwdesg (6nAadr] kovtd otnv KAipaka evoroinong) o Adyog
autog va yivetal odogva Katl Atyotepo €uaiodntog otnv aAdayr] KATpHaKa £MAavakavoviko-
roinong. H amaitnon autn 9€tel 11ig cuvoplakeg ouvOrkeg otnv KA{j1aKa €voroinong, ot
ortoieg divovrat otnyv (1.48). Evadlakukd, priopel kaveig va akoAouBr|oet 1] OUCTHATIKY)
P€B0do eloaywyng 610p0woemv oe €va Jn TETPIPHEVO EAATIOREVO OUOTNA, ONIOG AUTH) d-
vartuxOnke otnv [86], Sewpaviag opwg HUo edattopéva ouotpatd : 10 IIPAOTO AToTeEAeital
aro tg oudeudelg top kat bottom kat to deUtepo and v woxuUpr Kat tnyv bottom ouleuin.

e eminedo 6o PBpoxwv unotiBetal 6t o1 H1opbwoelg ival tng popPng:
a; = Giag + Jla3, 1=1,b.

Tote, ot ouviedeotég J; Sivovrat anod

1 17
JP=—== i =1t,b
i o T
yla ) MePintoon mou dev €xoupe oupreplAdBet tig urodoirieg oUleUsels wg 510p0mOoES.
‘Otav 1§ ouprnieptddaBouyie, maipvoupe:
9 1 N 9 1 Ny

tT4x D P 4x5D
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ortou

Nt:_

Ny =

Ag mpoxmprjooupe twpa otg ouleudelg pe pun pndevikn diaotaon padag tou TIIY g
Aaykpav@iavng, dnAadn Tig tprypappikeég oueudels hyy - g (1.47).

D =257250(196000 + 44500p; + 205907 + 200250, + 225000, po + 50625035 —
333750, — 5955p1p, — 16875p2p, — 1350p2),

(—35714875000 — 103491675000, + 2107790370007 + 9057172327 p}+
481651575p7 — 555660000005 + 28576800001 py + 345888947257 po+
520271613007 pa + 391387500005 + 81045956251 p5 + 1149762150007 p5+
2704767187503 4 19779187500, p3 4 78025781255 + 3678675000,
126941850001 p, — 2827765710p7p, — 142049867102 p, + 755763750009, —
23781870001 pap, — 406690942502 pap, — 128401875050, — 10359731250, p3p-—
246417187505 p- + 123075750002 4 442136100p, p2 — 18642507002 p%+
1727460000202 + 7942320001 pop> + 9735187500507 —

3258045000 — 126334800p;p> — 41269500022 — 32724000p2),

— (—178574375000 — 717341625000, + 360554985007 + 130291944657+
977219931p* — 2778300000005 — 695236500001 s + 726213836252 pa-+
1064812635002 p5 + 1956937500002 + 130624593751 p2 + 252796725002 p2+
1352383593755 + 16587281250p; p3 + 390128906252 + 58460062500, +
35924411250p1 p, — 1354426132502p, — 21525094350%p, — 130508437502, +
458056462501 papr — 7588912502 papr — 24218578125p§pT + 17493046875p1p§pT—
115804687505 p, — 3635677500002 — 26724138000p1 p> — 400458705002 p% —
9786420000052 — 223598475001 pap? — 3978365625003 p2 + 25721797500p°+
365109750001 p° + 11282287500p20° + 92785500002 ).

PAItdve eAATIOOT], APXIKA eAATIOVOUNE TG hyp, eV 1) b, Sa mipootebei wg 610pOwon.

orou 1o M3 eival n pdda v ylouiveov. Xprnotporowwviag tig ouvaptnoeig B twv §vo h

hi = ¢;YiMs = ¢;G; M3gs, 1 =1,0,

raipvoupe

OTI0U £XOUHE XPTOTHOTIO0EL KAl T 0XE0T) -ermrédou evog Bpodxou- petadu mg padag tov

c=cp = —1,

gaugino kat mg ouvdptnong P g ouleuéng Pabuidag

dg; dM; .
on 29—, 20 — 12,3
a T !
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[TpooBEtoviag tig dAAeg dUo ouleutelg Babnibag aAAd kat v h, ©g d10pbwoetg, maipvoupe

o ApxApw + AwBp o AprAp + Ay Bp
- = ) b — — )
Y Ay Ay — ApAy Ap A, — Ap Ay
ortou
16 13 16 13
Ay =G — — —3p, — — Ajg = — 4302 + 222
tt b 3 P2 15P17 A 3 +op3 + 15/)1
16 7 16 7
Ay = G2 S~ —3py — — Bp— — 1324 ' 2 1/2 .
bb cter— 3 P2 = pPy B =5 4300+ 2o onepr (1.50)
h,
Atb:Gi? Abt:G?? ph‘r - 93M3

TéAog, Sewpoupie TG Nrueg Pabpwteg padeg mé g Aaykpavdiavrg tou TITY. H eAAdtwon)

TOUG TIaipVvel T Popedr)
m? :CiM??a i:Q,u,d, Hu,Hd. (151)

H ouvaptnon B oe eninedo evog Bpoxou yia 1g Pabpwntég padeg avayoviat oto akoAou-
90 adyeBpikd ouotnua (orou éxoupe oupriepiddBet g S1opBnoelg ard 1g Svo ouleuelg
Babpnidag, 1o Yukawa tou tau koudpxk kat v h,)

32 2 1
—12co = X; + Xp — = — 6ps — —ps + =p1.S
cQ ¢+ Xp 3 P2 15p1+5p1,
32 32 4
—12¢, = 2X, — = — —p¥ — —p,S
¢ LT3 T T 5
32 8 2
—12¢4 =2X, — = — —p> + Zp1S
Cd [ 15P1+5P1,
3 63 3
_12CHu = ?)Xt — 6p2 — 5,01 + 5,015,
6 3
—126Hd = 3Xb —|—X.,- — 6p§ — gpz{) — gpls,

ortou
X, =2G? (cy, + co+cu) + 2c2G2,
Xb = 2G§ (CHd + CqQ + Cd) + 2C§G§7
X =2p;chy, + 2Pi2w

S =cu, —cu, +cg —2¢c, + cq.

Avvoviag 10 apandave CUCTNHA Yid TOUG OUVIEAECTES CQ u.d,H,,, H,» TTAipvoupe

co=— C%\Tum’ Cu = _lcuNum’ g = _CdNum7
ey, =— ;CHZSNum’ ch, = _Cch;Num’
m m
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ortou

D, =4(6480 + 6480G; + 6480G; + 6300G;G; + p1(1836 + 1836G; + 1836G; + 1785G; Gy )+
pr [1080 + 540G} + 1080G; + 510G, G + 252p1 4+ 99G; p1 + 252G p1 + 92G; G} p1]),

coNum =2160Fg + G3(—360F,; — 360Fy, + 1800Fy) + G2 (—360Fy, + 1800Fy — 360F, )+
G2G2(—300F,; — 300Fy, — 300Fy, + 1500Fg — 300F, )+
p1(—36F; + 36Fy, — 36Fy, + 576Fg + 72F,)+
Gip1(—138F; — 66Fy, — 36 Fy, + 4TAFy + T2F, )+
G?p1(—36F; + 36Fy, — 138Fy, + 474Fg — 30F, )+
GiGip (—120F; — 50Fy, — 120Fy, + 390F, — 15F,)+
pr [360Fg + G (—60F, + 120Fg) + G;(—60Fy, + 300Fg — 60F, )+
G;G2(—=50F; — 20Fy, + 100Fy — 20F,) + pi(—6F; — 6Fy, + 78Fqg + 12F,)+
G2p1(—11F; + 22Fq) + G2py(—6F; — 20Fy, + 64Fg — 2F,)+
GrGip1(—9F, — AFy, +18Fy — 3F,)]

CuNum =6480F, + 6480F, G} + G7(—2160Fy, — 2160Fy + 4320F,)+
G;G2(360F; + 360Fy, — 2160Fy, — 1800F + 4140F, )+
p1(432F, — 432Fy, + 432Fy, + 432Fg + 972F, )+
Gip1(432F, — 432Fy, + 432Fy, + 432F + 972F, )+
G?p1(432F,; — 432Fy, — 180Fy, — 180Fy + 360F, )+
G2G2p1(522F,; — 318Fy, — 192Fy, — 90F, + 333F, )+
pr [1080F, + 540G} F, + G7(—360Fy, — 360Fg + 720F,)+
G7G2(60F; — 180Fy, — 120Fq + 330F,) + py(T2F, + 72Fy, + 72Fg + 108F, )+
Gip1(36Fy, +27F,) + 712G p1 (Fy — 12Fy, — 12F + 24F,)+
GyGip1(9F; + AFy, — 18Fg + 3F,)]

Canum =2160F; + G3(1440F,; — 720Fy, — 720Fy) + 2160 FyG7+
G;G?(1380F,; — 720Fy, + 120Fy, — 600Fg + 120F,)+
p1(540Fy + 72Fy, — T2Fy, — T2F, + 144F,)+
G3p1(336F,; — 132Fy, — T2Fy, — 276F + 144F,)+
G2p1(540F, + T2Fy, — T2Fy, — 72Fg + 144F,)+
G2G2p1(321F; — 134Fy, — 36Fy, — 240F, + 174F,)+
pr [360F, + G} (60F,; — 120Fg) + 360F,G} + G, G} (50F, + 20Fy, — 100Fg + 20F, )+
p1(T2F; — 12Fy, — 12Fo + 24F,) + Gip1 (11F; — 22Fg)+
Gip1(T2F; — 12Fy, — 12Fq + 24F,) + G;G; p1(9F, + AFy, — 18Fg + 3F,)] ,
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CrruNum =3240Fy, + 3240Fy, G5 + G2(1620Fy, — 1620F, — 1620F, )+
GFG2(270F, + 270Fy, + 1530Fy, — 1350Fg — 1620F, )+
p1(—=162F; + 162Fy, + 756 Fy, — 162F, + 324F,)+
Gip1(—162F; + 162Fy, + 756 Fy, — 162Fg + 324F, )+
G2p1(—=162F; + 162Fy, + 297Fy, — 621F, — 135F,)+
G3G2p1(—81F, + 234Fy, + 276 Fy, — 540Fg — 144F,)+
pr [540Fy, 4+ 270Fy, G; + G;(270Fy, — 270F, — 270F,)+
Gy GF(45F; + 120Fy, — 90Fg — 135F,) + p1(—27F; + 99Fy, — 27Fg + 54F,)+
Gip1(36Fy, + 27TF, — 27TF,;) + Gip1(36Fy, — 90Fy — 9F,)+
GyGip1(9F, + AFy, — 18Fq + 3F,)]

Crranum =2160F, + G2(—1080F; 4+ 1080Fy, — 1080F) + 2160Fy,G?+
G3G7(—1080F,; + 1020 Fy, + 180Fy, — 900F, + 180F, )+
p1(108F, + 504Fy, + 108Fy, + 108F, — 216F,)+
G2p1(—198F, + 198Fy, + 108Fy, — 198F, — 216F, )+
G;p108F,1 + 504Fy, + 108Fy, + 108Fg — 216F,)+
G7G2p1(—201F, + 184Fy, + 156 Fy, — 150Fg — 159F,)

Kdt

32 2
Fo = 2¢{G} + 26,Gy — 3 6p5 — 1—5P£1))>
32 32
Fu:4 2G2____ 3
Ct t 3 15p1’
32 8
F, =4 2G2 = - 3
d Gy 3 15917
6
Fu, = 6¢,G} = 6py = =pi,
6
Fiu, = 66;GE + 2p;, — 695 — =9},

EVQ Ta Gib, P12+ KAl pp_ €Xouv oplotet oug e§lonoetg (1.48,1.49,1.50) avtiotoxa. yua to
MANp®G eAattopévo ouotnua, dnAadr) to gs, Y;, Ys, hy, hy, 01 ouviedeotég tov Hruev Babpe-

TV palov yivoviat
2

ga

Kdl 1KAVOTIO10UV TOUG TIPOCOETIKOUG KAVOVEG

CQ=0Cy=C4= ey, = cu, = —1/3,

m% + mi + m%,u
2
M3

m% + mfl + m%{d
2
Mg

=cog+cy +cp, =1, =cg+cqgtceu, =1
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'‘Ocov adopd 1§ pades v gaugino, n oxéon Hisano-Shiftman (1.18) spappodetat
oe KaBe pala wg ouvopPlaKr OUVONKI otnv KATpaka evoroinong, Orou ot ouleuselg Pab-
pidag Sewpouvtat evoroinpéveg. Enopévmg, oe erinedo evog Ppoxou, kabe pada gaugino
eCaptatal povo amod toug ouviedeotég b g ouvdaptnong B Badbpidbag kat v auvbaipen
roocotnta My:

M; = b; M, . (1.52)

Auto onpaivel 0t propoupe va ermdggoupe pa My térola, wote n pdala v ylouiveov va
1oouTal PE TV eVOTIoPEVH) pada tov gaugino kat ot aAdeg duo va divoviat ano v pada
TV YAouivev erti tov KataAAnAo ouvieAeotr) b.

Zv avdduor) Tou PoviEAou (OTnVv enOPEVn evoTnTa) SEKIVANE P TNV eTAOYH T®V EAEU-
Sepav mapaprpev. Autr) n oudfjtnon ocuvdestal OTeEVA e TV TIPOBAE W TOV PEPHIOVIKOV
padov.
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1.4 AvdAuorn tov Moviédwv pe EAattopéveg Ilapapétpoug

H avdAuon kaBevog armod ta Poviédd rmou e§eTdotnKav otV Iponyoupevn evotnta mapd-
tifetatl £b6w. Qg amotédeopa naipvoupe PoBALYPelg yia 11§ HAleS TV KOUAPKG NG TPitng
yevidg, ) pada tou eAappou ocopatdiou Higgs, tnv kAipaka napabiaong g uriepouppie-
tpilag, Mg, 10 AN)PEG UTIEPOUNPETPIKO @ACHA Kat T Suvatotnta tautornoinong tou EYZ wg
oouatido Zkotewvhg 'YAng. XpnowporoloUpe v evoroupévn pada tov gaugino M avti
yua v Mg, ©g rmo evéettikn apdpetpo kAipakag. Tovidetat 0Tt yia 10 mpito 0KEAOG TG
avaduong (6nAadr) 1o okéAog ou apopd otig padeg 1wv ocopatdiov Higds kat tnv mpatn
ATIOTIELPA TIAPAYOYHS TOU UTIEPOUHPHETIPIKOU @ACHATOG) XPNOTHO0IIo0uUvVIal £vag KOS1Kag
PeA®V NG epesuvnTiKkng opadag Kat 1 tedevtaia ekdoyr) tou mpoypdppatog FeynHiggs
2.16.0 [74-77]. Z10 6eUtepo OKEAOG, TO OTTO10 £0TIALEL OTO TAT)PEG UTIEPOUPHETPIKO pAopa
Kat ) duvatdinta avakaAuyng T®V HOVIEA®V O PEAAOVIIKOUG ETTITAXUVIEG, XPIOH10ITOl-
ouvtal ta nipoypdappata SPheno 4.0.4 [78, 79] kat MadGraph [80] . T'a unoAoyiopoug
OXETKA P ) ZKotewvn) YA Xpnotwporoteitat to rpoypappa MicrOMEGAs 5.0 [81-83].

Parvopevoloyikoi Ilepropiopoi

Ztn @aivopevoAoyikr) avaAduon AapBavoupe oWy apKetd MeEpApatika opld. ZnHPeEIve-
Tatl 6Tl Ta Opld IoU ITaPOoUOo1Aadovial OInV UMOEVOTNTa auth Htav 0Ad 10XUovid KAtd TV
riepiodo tng apyikng dnpooicuong tng avaiuong.

Apxilovtag amno 1§ pdadeg 1wV KOUApKG, UroAdoyi{oupe 1 @uoikr pada tou top Kou-
ApK, eve 1 pada tou bottom koudpk urnodoyiletal oy KAtpaka My, oUteg OOt va pnv
e1oax0ouv otov urtodoylopd opddpata eyyeveog ouvdedepéva pe ) guoiky pada. Ot met-
PAMATIKEG TIHEG TOUG eivat [165]

my(Myz) = 2.83 +0.10 GeV . (1.53)

Kat
mS® = (173.1 + 0.9) GeV . (1.54)

H avaxkdAuyn evog copatidiou tunou Higgs ota nelpapata ATLAS kat CMS tov lovAto
tou 2012 [22,24] propet va eppunveutel g avakAaAuyn tou eAadpou (Katl dpTiou KAT® aro
) ouppetpia CP) prodoviou Higgs tou paopatog tou EYKII [166-168]. O melpapatikog
pé€oog 6pog yia t pada tou prodoviou Higgs (oto KII) eivar [165]

M =125.10 £ 0.14 GeV . (1.55)

H Sewpnuxkn akpiBeia [74,75,77], opwg, yla tnyv ipoBieyn tng M), oto EYKII, kuplapyel
0t0 OpAApa. Ltnv avdaduon 1mou aKoAouBel Xp1o1ortoloUpe ) véa eKO0XT TOU MPOYPA-
patog FeynHiggs [74-77] yia va untioAoyiooupe 1 pada tou oopaudiou Higgs. Autr n)
véa ek60XT) TOU IMPOYPAPHIATOG (TTEpA Ao Pia PETATOrion tng ung katda ~ 2 GeV mpog ta
KAT® O€ OXEOTN P& TIaAa1otepeg eKO0XEG) UTIOAOYIeL To opdaApa tng padag yia kabe onpeio
Sexwplotd. Autn ) T IPootifeTal YpapiKda OTo MEpapatiko opaipa g (1.55).
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ErumAéov, nmpoogata anotedéopata ano 1o neipapa ATLAS Sétouv 6pta ot pada tou
weuboBabuwtou prodoviou Higgs, M 4, ouvaptijoet tng tan. Ta poviéda pe tan § ~ 45—
55, OMeG auTd 1oU eEeTAOULE, TO KATAOTATO OP10 Y1a T QUOIKT) pada tou yeudoBabpwmtou
Higgs eivat

My 2 1900 GeV. (1.56)

Axona, Sewpoulie TE00EPELS TIEPIOPIOPOUG ATTO TOV TOPEA TNG PUOIKNG YEUOE®V, OTOUG
OIT010UG 1] UTIEPOUPHETPIA £XEL apleANTEa oUuveloPopd. LUYKEKPIPEVA, £lval o1 TIEPLOPlopol
rou rpokurttovv and ta kavddia BR(b — sv), BR(Bs — u*u~), BR(B, — 7v) rat
AMgp,.

e I'a o BR(b — sv) maipvoupe v tpn and o Heavy Flavor Averaging Group

(HFAG) [170,171]:
BR(b — s7)9P

BR(b — sv)SM

=1.089 £0.27 . (1.57)

e Tato BR(Bs — ' pu™) xpnowornoovpe évav ouvbuaopo and ta dedopéva twv CMS
xkat LHCb [172-176]:

BR(B, = utpu™) = (294 14) x 1077 (1.58)

e Ta ) &idoraon tou B, 0g TV Xpnotporolovuye to o6pto [171,177,178]:

BR(B, — Tv)®P

=1.39%+0.69 . 1.59
BR(B, — 7)™ (1.59)
e TI'ia to AMp, xpnoworooupe [179, 180]:
AMg,” =0.97+0.2 (1.60)
AMIS;E/[ =0. 2. .

TéAog, 6oov apopda otr Zkotewvr] 'YAn, epocov 1o EYE, edv eival neutralino, eivat évag
TOAAA uTtooyopevog urownelog XY [31], anattoupe 1o EYZ av eivat oviwg 1o eAapputepo
neutralino kat ayvooupe ta onpeia rmou divouv dagopetikd EYZ. To 6pio ng evaropeti-
vaoag rtukvotntag (relic density) divetat ano tg [181, 182] wg:

Qcpuh? = 0.1120 +0.0112 . (1.61)

'‘Opla og aAdeg mapapérpoug g XY dev ennpedldouv ta poviéda pag Kat yla auto dev
rieptAapBavovtatl otV avaduon autr.
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To EAayiotonoupévo N = 1 SU(5)

Apxka napatibetatl n avaiuon tou copatdlakou @Aaopuatog rou npobAémnetat aro o E-
Aayotornioipuévo N = 1 SU(5) yua o < 0 (aut) eivat ) povn @avopevoloyika arnodeKtr)
ermAOYT] 000V apopd otig PAdes 1wV Koudpkg). Kate and v xkAipaka evoroinong 0Aeg
o1 ouletgelg Kat o1 paleg g Yewpiag péxouv ocupPmva e tg ouvaptfoeig B tou EYKII.
Eropévag, egetdletat n e§€AEn tov mapapétpwyv avtov ot erminedo duo Bpoxav yia tg adi-
A0TATEG TTAPAPETPOUS KAl EVOG BPOX0U Ya TS UTIOAOLITEG, EPappodoviag Kat TG avtioTotXeg
OUVOPLaKEG OUVONKEG.

T T T T T T T T T T
Minimal SU(5) 177 + Minimal SU(5)
r All e 7 All e

v

BPO ok 176

mp(Mz) (GeV)
m (GeV)

169

I | 1 1 | I | I
1000 2000 3000 4000 5000 6000 7000 8000
M (GeV) M (GeV)

L ! I L I ! ! I
1000 2000 3000 4000 5000 6000 7000 8000

Zxnpa 1.1: H pada touv bottom wouvdpk otnu kiiuaxka My wai n euown pada tou to kovdpk
w¢ ovvaptroes g M ya 10 Efayxiotonomuévo N = 1 SU(5). Ta onueia pe mpaotvo
1KAvoToloUV KAl TOUG TTEPLOPLOUOUS TNG GUOIKNG YeUTewV. Ot moptokai (yadaveg) yoaupues
oupboAifouv ta opaiuata oe eminedo 20 (30), V@ Ol LAUPES OIAKEKOUUEVES YOAUUES OTO
aplotepo draypappa mpoodetouv éva Yewpntikd opaiua ~ 6 MeV.

Zto Zxnpa 1.1 g@aivoviat ot rpoBAéyelg @V Padwv T®V KOUAPKG NG TPitng Yevidag.
[vetat evkoAa avuAnIo OTt T0 POVIEAO MPOTIHA TV UPNAOGTEPT EVEPYELAKA ITEPLOXI] TOU
@aopatog. To opdApa @V ouvoplak@v ouvonNKkav yia tg ouleuielg Yukawa Sewpeital oto
7%. Ztov urnodoylopo tng padag tou bottom £xouv cuprneplAndOei S10p0woe1g anod bottom
squark-gluino kat top squark-chargino Bpoxoug [190]. Zto apiotepo didypappa PALnet
KaAVeig 011 povo Sempoviag oAa autd ta opdApata ouvduaoTika €XOUNE TIHES EVIOG OpimV
yla Vv uPnAotepn evepyelakn) reploxr). Me dAda Aoyla, ot padeg @V KOUAPKS OXedOV
ArtoKAEiOUV TO POVIEAO AUTO, adprjvoviag POVo v MEPUTIOOoN Pe oAU Bapiég padeg oto
UMEPOUUHETIPIKO (PAo|Id.
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132 T T
Minimal SU(5)
All e

130 | BPO ok

M, (GeV)
FH Uncertainty (GeV)

120

0.8

I I I I I I I I I
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1000 2000 3000 4000 5000 6000 7000 8000 My, (GeV)

M (GeV)

118

Zxnpa 1.2: Apwotepa: H pada touv eAagputepou uroloviov Higgs ouvaptrioet tng M yia 1o
Efayiwotonomuevo N = 1 poviéo SU(5). Ta onueia pe mpaotvo vcavonoovv ta opia anod
™M @UOKN yevoewv. Ag§ia: To Jewpntuo opaiua g padag tov efagpputepou oouartdiov
Higgs. [77].

H nipoBAeyn g M, yia pu < 0 ivetatl oto Zxrpa 1.2 (apiotepd). o 6l Siaypappa
divetat 10 Sewpnuko opaipa g padag tou prodoviou Higgs yia kabe onpeio, oniwg auvt)
urnodoyidetal pe 1o poypppa FeynHiggs 2.16.0 [77]. Tlapatnpoupe ot undpyet pe-
YAAn BeAtioon oto opdApa os CUYKPL0T HE TIPONYOUNEVEG avaAluoelg, KaBng £xel Pe1nbet
rieploodtepo aro 1GeV .

M,y M> M3 || b A, Ay A, tanp m%m
MINI-1 | 1227 2228 5310 4236 4012 4325 4772 1732 50.3 6171°
MINI-2 | 1507 2721 6376 5091 4962 5245 5586 2005 52.0 74452
MINI-3 | 2249 4019 9138 7367 12462 7571 8317 3271 50.3 107622
my, mi, mi,  omi .  mi m%l . m%s mg ., m
MINI-1 | 45482 37142 27672 59742 41812 54782 4177 41602 24912
MINI-2 | 54692 45212 33582 72062 50392 54782 49942 50702 30192

MINI-3 | 78902 66392 49342 104122 72332 94952 72112 74592 44642

Table 1.1: Tweg mou xpnowonomdnkav yia v Tapay®yr 10U UTEPOUUUETOIKOU gAOUATOq
oe kade onueio avagopag tou Efayiotonomusvov N = 1 poviéiov SU(5) (o GeV).

TMa v e&€taon mg duvatdtnrag avakaAuyng tou poviédou dewpouvial tpia onpeia
avagopdg, éva ya 1o xapndotepo EYX nmdve and ta 1200 GeV ta 1500 GeV kat ta
2200 GeV avtiototxa. Ot tipég tou Ilivaka 1.1 ypnowornow)Onkav yia va napayBei to
IMANPEG UTTEPOUPHETPIKO @aopa pe ) Bonbeia tou npoypdppatog SPheno 4.0.4 [78,79].
M; etvat o1 padeg tov gaugino kat ta urtodotra ivat freg Babpwetég pddeg, ot onoieg eivat
Slayovieg (m? = diag(m?, m3, m?2)), aAAd kat AITieg TPlypappikég ouesels, ot omoieg eivat
ertiong Stayovieg (A; = W3 A)).
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My | My| My=| M;| Mg | Mg| Mg| Mg| Mg]| Mg
MINI-1 | 2.660 | 2.660 | 2.637 | 5.596 | 1.221 | 2.316 | 4.224 | 4.225 | 2.316 | 4.225
MINI-2 | 3.329 | 3.329 | 3.300 | 6.717 | 1.500 | 2.827 | 5.076 | 5.077 | 2.827 | 5.078
MINI-3 | 8.656 | 8.656 | 8.631 | 9.618 | 2.239 | 4.176 | 7.357 | 7.358 | 4.176 | 7.359
Mo, | Mo, | M| My, | My, | M, | M| M, | M| M,
MINI-1 | 3.729 | 3.728 | 2.445 | 2.766 | 5.617 | 6.100 | 4.332 | 4.698 | 4.312 | 4.704
MINI-2 | 4.539 | 4.538 | 2.968 | 3.356 | 6.759 | 7.354 | 5.180 | 5.647 | 5.197 | 5.652
MINI-3 | 6.666 | 6.665 | 4.408 | 4.935 | 9.722 | 10.616 | 7.471 | 8.148 | 7.477 | 8.151

Table 1.2: Ot pualec v unoloviov Higgs kai emijleyuéva UmepoUupUETOIKA ooUatiola yia
kade onueio avapopdg v EAayiotoromusvou N = 1 povtédov SU(5) (oe TeV).

O1 pddeg tou TtapnxOnoav (kat sival oxeTIkEG pe Tov Kaboplopo g duvatotntag met-
papatikng avakaduyng) 6ivovial otov ITivaka 1.2. Ot 1peig poteg TIHEG ivatl ot Baplég
nades Higgs. H pdda tov yAouivev cupBodigetat M kat neutralino xat ta chargino oup-
BoAidovtat M)Z? Kat Mﬁ' O1 padeg tov Pabpontev Asmmtoviov kat verpivov oupBodidoviat

Mz, »,, Mz, ,,. O11ades tov BaBPRTOV KOUAPKS TRV IIPOTEV 600 yeveov divoviat wg M, dis
kat My, ,, eve o1 pades g tpig yeviag divovtat wg M;, |, xat My .
scenarios | MINI-1 MINI-2 MINI-3 scenarios MINI-1 MINI-2 MINI-3
Vs 100 TeV | 100 TeV | 100 TeV Vs 100 TeV | 100 TeV | 100 TeV
XOxY 0.04 0.02 WXy, diX? + hec. 1.00 0.35 0.03
pene 0.02 0.01 @iX, diXg +h.c. | 0.07 0.02
959 0.06 0.02 GX1 @ XY 0.38 0.14 0.02
370 0.03 0.01 @iXs. 4; X3 0.51 0.17 0.02
o0 0.02 0.01 i€}, U} E; 0.06 0.02
xS 0.05 0.02 Hbb 84.04 30.10 0.17
pey e 2.20 0.98 0.18 Abb 84.79 29.79 0.18
Perel 0.10 0.04 0.01 HYbt 4 Hth 33.24 12.76 0.1
pene 0.10 0.04 0.01 H~bb 0.04 0.02
I 7.76 2.02 0.11 Htt 0.03 0.01
ax? 0.28 0.11 0.01 Att 0.02 0.01
x5 0.34 0.12 0.01 Htb 0.01
axs 0.70 0.27 0.03 HA 0.03 0.01
G, Giq; | 21.15 7.44 0.74 HH* 0.06 0.02
XiXT 1.19 0.54 0.09 HYW- 6.50 2.96 0.03
XN, 0.05 0.02 HW+ 0.02 0.01
X3 Xy 0.05 0.02 HTH- 0.04 0.01
X3 Xo 0.06 0.02 AHT 0.06 0.02
&} 0.16 0.08 0.01 AW+ 0.02 0.01
G, q;d 30.57 9.33 0.66 HZ 1.38 0.58 0.01
i} 0.04 0.02 AZ 1.20 0.52 0.01

Table 1.3: Avauevdueveg evepyoi Srarousg (o€ fb) yia unepoupuetpica oopatidia ota onueia
avagopdag tou Efayiotorompuévou N = 1 uovigiouv SU(5). Aev undpyxouvv kavdaiia ue
evepyous Sratoués mou va Eemepvovv ta 0.01 fb ota /s = 14 TeV.

O mivakag 1.3 deiyvel 11§ avapevopeveg evepyol H1aToPEG yia eTHAEYHEVA KAVAAld GTOV
peAdovuko erutaxuvir) FCC-hh rou Sa tpéxet ota 100 TeV. H mubavotnta napatipnong

39



tou poviédou otov HL-LHC (rtou Sa tpéxet ota 14 TeV) eivat pndapvr), Kabwg ta urepoup-
Hepka oopatida sival moAu Papid oote va napaxbouv ava {suyn pe evepyol H1aTopEG
peyadutepeg tov 0.01 fb.

Zwov FCC-hh n napayeyn Bapéev priodoviov Higgs eivatl mepimou moAu peyaldutepn
anté ot otov HL-LHC ya kd6e onpeio avagopag, avtiotorya. Emopéveg, o apiBpog ye-
yovotev Sa eivatl katd moAu peyaldutepog. I'a ta mpota 6o onpeia avagopag (MINI-1,
MINI-2) ta Bapia copatibia Higgs Sa eivatl nmapamnprjopa [192, 193], evo 1o tpito (MINI-
3) Bpiloketatl ektog epBeAeiag. H evépyeia tov 100 TeV eival apketr] oote va riapayxbouv
UTIEPOUMETPIKA opatidia os {euyn. [Tapoda autd, ot evepyoi Siatopeg Hev eival Kat 1060
Kavorontukeg. Movo oto oevdplo tou MINSUS-1 o1 evepyoi diatopég tov {euywv squark
kat squark-gluino @tavouv kanoieg dexadeg fb. I'a ta MINSU5S-2 kat MINSU5-3 ot e-
vepyot Slatopeg eival aobnua xapndotepes. e autd ta oevapila ta squarks diaoneviat
oe quark+LSP (pue BR ~ 0.95), eve ta yAouiva oe f ®a1 bb +h.c pe BR ~ 0.33 o xdbe
ePinIon.

Kavéva onpeio dev ikavortoiel ta oAU auvotnpd opla g (1.61), kabmg £xoupe urep-
napayoyrn LY oto mpoipo oupnav, onwg @aiverat oto Lxnpa 1.3. To poviédo €xet éva
gdapputepo neutralino twnou Bino, pe < 5% ouvelopopd and Higgsino kat apeAntéa
ouvelopopd Wino. Eropéveg, xperadetal €va pnxaviopo Imou vd HEI®VEL TNV IApaAy®yT)
ZY oto mpaipo ouprav. Auto 1o TIPpOBANA PMOPEl va OUCYKETIOTEL Pe TG PAeg VETPivaV.
Ot pddeg autég d¢ yiverat va rmapayxBouv QUOIKA OTO OUYKEKPIHIEVO POVIEAO, av Kal TO
nieipapa g Bpiokel pun pndevikeg [178]. Oa pmopovoalie TapoAd auUTd vad EMEKTIEIVOUNE
10 poviedo, eloayoviag dypappikou opou nou napabiadouv myv R opotipia kat mapayouv
padeg verpivav [195, 196]. H napaBiaon tng R opotipiag Sa agpaipovos tov reploptopo tg
eCiowong (1.61) eviedng. AAdot pnxaviopoi, ot oroiot dev reptdapBavouv tétowa rapabia-
on aAAd apopoUV TV KOOHOAOYia TOU MP®110U CUHITIAVIOG UITOPOoUV va XP1otonotnfouy,
onwg ya tapaderypa n thermal inflation [198] kat ) late time entropy injection [199].

50

Mlmm‘éi SU(5’§é

A
40 -

30 |

Qcpmh?

20 |

10 -

AAA&

e %%?@A :

r i

BN o8
LAk

V-V

N Ap

A AgA@AAﬁ %

A
A

Zklgég )

I
2600

Zxnpua 1.3: H evanoueivaoa nukvotnta g Zrotetvrg 'YAng yia to EAaytotoromuévo N = 1
povtéio SU(5) ya onueia evtog tou unofoyopuévou opaiuarog mg uaag touv urnoloviou

L
2800

!
3000
M (GeV)

I
3200

I
3400

Higgs. Ilapouowaloviar uovo ta onueia pue tm xauniotepn tun.
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To Henepaopévo N = 1 SU(H)

L& auty v unoevotnta avadvetat to [enepaopévo N = 1 SU(5), mapayetat 1o oopatt-
d61ako tou pdopa kat kabopidetal n Suvatdinta napatrpnong tou poviedou. H ocuppetpia
Babnidag omdel aubopunta KAT® Ao v KATpaKa evoroinong, onote 01 oUVvONKeg repa-
1otntag Sev TIEP100PidoUV T1G 1610TNTEG TG EMTAVAKAVOVIKOITOINO0NG OTIS XAHNAEG EVEPYELEG.
Mag pévouv o1 cuvoplakeg ouvinkeg otlg ouleudelg Babuidag kat Yukawa (1.31), n oxéon
h = —MC xat o pooBetikdg Kavovag tewv Babpetav palwv oty Mgur. 'Oneg kat nptv,
10 OQAAPA TV CUVOPIAKOV oUVONKOV yia tig ouleutelg Yukawa stvat 7%.

o TxApa 1.4 ot padeg my(Myz) xat m; divovial @g oUVAPTHOEIS TG EVOTTOUIEVNG
pdadag v gaugino. Ta onpeia pe mpdovo ival autd ou 1KAVOIIo10UV TOUG MEPLOPIo0UG
MG QUOTKNG YeUoewv. 'Oneg e€nyeitat oe madaiotepeg dnpootevoelg g opddag ( [200-
202]), n povn gaivopevodloyikd anodektn nepimtoon eivat n ermdoyn p4 < 0. H pdada tou
bottom koudpk eivat xapndotepn aro nalaldtepeg aAvaAuoelg, YEYOVOG ITOU OTEAVEL TV
ETTITPETIOPEVT] EVEPYEIAKT] KATPaKaA uynAotepa.
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Zxnpa 1.4: H pada touv bottom kouvdpk otnu kiiuaxa My wair n euown pada touv to koudpk
w¢ ovvaptnoeig g M yia 1o Henepaopévo N = 1 SU(5), ue oupboiioud onwg oto Zxnua
1.1.

H pada tou edagppotepou oopatidiou Higgs Sivetat oto Zxnpa 1.5 (apiotepd). 'Onwg kat
OTtNV IPONYOUHEVH] UTIOEVOTNTA, T0 JempnTtiko opdaApa tng rpoBisyng avtng [77] diverat
oto Zxnua 1.5 (6e€1d). To opdadpa autd, 1o oroio urtodoyiletat yla kabe onpeio Sexmplotd
He 1o mpoypappa FeynHiggs, éxetl pewwbel aobnua ota 0.65 — 0.70 GeV ano ta 2-3
GeV nponyoupevav avadluoenv. Ot §1apopot rieplopiopol odnyouv v anodektr) KAtpaka
rapaBiaong urepouppetpiag mave aro ta ~ 4.5 TeV kat akoAoubwg 1o UEPCUUHETPIKO
@aopa sivatl apketd Papu. ZUYKPITIKA PE Iponyoupeveg avaiuoelg [200-205], o BeAtiwo-
Hévog urodoylopog g My, kat tou avtiototxou opdApatog, padi pe v mpoBAeyn piag
XapnAotepng padag tou top, 0dnyel oty mpotipnon Paputepou oePATIdAKOU PATHATOS.
ZUYKeEKPIPEVA, TIPOTIHAOVIAL TIOAU Bapld UTIEPOUPHETIPIKA oopatidia Xpopuatog, YEYOvog
tou oupBabiletl pe ) un napatrfpnor) toug otov LHC [206].

IMa tov éAeyyo tng duvatotntag va napatnpendet 1o PoviéAo oe PeAAOVIIKOUG ETTITAXU-
VIEG eTiAéyovial tpia onpeia avagopds. To kabBéva mapouotddet 1o eAapputepo EYZ nave
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Zxnpa 1.5: Apwotepa: H pada touv efagputepou uroloviou Higgs ovvaptioet tng M yia 1o
Iengpaopévo N = 1 povtéo SU(5). Aegia: To 9ewpntuco opdiua g palag tov elagpute-
pou owuautdiov Higgs.

ard ta 2100 GeV, 2400 GeV kat 2900 GeV, avtictotxa. Ot TIpEG TOU XP1O10ITotouvial 0to
npoypappa SPheno 4.0.4 [78,79] 6ivoviat otov ITivaka 1.4. Ta amotedéopata divovrat
otov ITivaka 1.5 (6rou o oupBoAilopodg oupBadiletl pe autov tou Zxnuatog 1.4).

M, M> M3 | ] b A, Ay A, tanp mQQ1 )
FUTSU5-1 | 2124 3815 8804 4825 854> 7282 7710 2961 499 81122
FUTSU5-2 | 2501 4473 10198 5508 1048> 8493 9023 3536 50.1 93872
FUTSU5-3 | 3000 5340 11996 6673 23612 10086 10562 4243 49.9 110307

my, mi,,  mi, omi ., mZ m%l i m%s mZ ., mZ
FUTSU5-1 | 66342 38692 31202 76842 50532 76352 4177% 30842 22412
FUTSU5-2 | 76692 45212 37472 88872 68652 88262 68932 36022 25512
FUTSU5-3 | 91162 53552 37452 104192 8170% 103622 77082 43292 34032

Table 1.4: Twyég mOU xpNoWOTOMANKAL Yia TNV TAPAy@yn TOU UTEPOUUUETOIKOU GAOUATOS
oe Kdde onueio avapopag tou Mengpaousvou N = 1 povtéidouv SU(5) (oe GeV).

My |  Ma| Mg | I w | Mg | Mg Mg Mga]| Mg
FUTSU5-1 5.688 5.688 5.688 8.966 2.103 3.917 | 4.829 | 4.832 | 3.917 | 4.833
FUTSU5-2 7.039 7.039 7.086 | 10.380 2.476 4.592 | 5.515 | 5.518 | 4.592 | 5.519
FUTSU5-3 | 16.382 | 16.382 | 16.401 | 12.210 2.972 5.484 | 6.688 | 6.691 | 5.484 | 6.691

Mé1,2 Mﬁ1,2 Mz Mf’r MJLQ ]\/‘[711,2 Min Mf)g Mf1 ]\/111:2
FUTSU5-1 3.102 3.907 2.205 3.137 7.839 7.888 | 6.102 | 6.817 | 6.099 | 6.821
FUTSU5-2 3.623 4.566 2.517 3.768 9.059 9.119 | 7.113 | 7.877 | 7.032 | 7.881
FUTSU5-3 4.334 5.418 3.426 3.834 | 10.635 | 10.699 | 8.000 | 9.387 | 8.401 | 9.390

Table 1.5: Ot padec twv uroloviov Higgs kat emijleyueva UmepOUUUETPIKA owuatiola yia
Kade onueio avapopag tou IMengpaousvou N = 1 povteiouv SU(5) (oe TeV).
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Ot avapevopeveg evepyoi Siatopég yla diagopeg tedkég kataotaoelg divovrial otov
ITivaka 1.6. Kavéva aro ta onpeia avagopdag tou Ilivaka 1.4 dsv priopouv va Hoxki-
paoctouv otov HL-LHC. 'OAa ta unepoupperpikd oopatidia sivatr moAu fapid wote va
napayxbouv oe {euyn, eve kapia dadikaocia rou neptdapbBavetl fapid ocopatidia Higgs dev
Serepva ta 0.01 fb.

scenarios | FUTSU5-1 | FUTSUb5-2 | FUTSU5-3 scenarios FUTSUb5-1 | FUTSU5-2 | FUTSU5-3
NG 100 TeV 100 TeV 100 TeV NG 100 TeV 100 TeV 100 TeV
XoX5 0.01 0.01 O, 0.02 0.01 0.01
XY 0.03 0.01 WXy diXy + hec. 0.15 0.06 0.02
OXT 0.17 0.08 0.03 Xy, @ xy 0.08 0.03 0.01
XoXs 0.05 0.03 0.01 a@xg, xS 0.08 0.03 0.01
XiXs 0.05 0.03 0.01 UiE, T E; 0.09 0.04 0.01
I 0.20 0.05 0.01 Hbb 2.76 0.85
%, 0.03 0.01 Abb 2.73 0.84
5% 0.03 0.01 H*bt + h.c. 1.32 0.42
axy 0.07 0.03 0.01 HYW- 0.38 0.12
@iy, G} 3.70 1.51 0.53 HZ 0.09 0.03
jene 0.10 0.05 0.02 AZ 0.09 0.03
X3 Xo 0.03 0.02 0.01
&’ 0.23 0.13 0.05
4i9,4; g 2.26 0.75 0.20

Table 1.6: Avapuevdueveg evepyoi Srarouss (o€ fb) yia unepovppustpica oopatidia ota onueia
avagopdag v Ienepaopusvou N = 1 poviéiou SU(5). Aev undpyouv kavaiia ue evepyous
Satoués mou va emepvovv ta 0.01 fb ota /s = 14 TeV.

Ztov emmitayuvtr] twv 100 TeV n napayeyr) Bapéwv copatidiov Higgs pe 6uo jets pro-
pel va £xel evepyoug dlatopég g taseng tov pepkav fb. Ta mpota dvo onpeia avapopdg
gxouv Bapia Higgs rmou avapévetal va apatnpndouv, eve 1o Tpito Pploketatl EKT0g eUPOUG
napatmpnong. H nmapatrpnon {euywv squark kat squark-gluino eivat emiong apdiBoAn),
KaBmg kat raAt ot evepyoi toug dratopég dev Senepvouv ta Atya fb. Autd eivat arotéde-
opa g UWPNAng evepyelakng KAipakag tou @dopatog tou poviedou. Ta Babpeta top
Kat ta yrkAouivo iowg eivat aviyveuowa, eve ta neutralinos/charginos avapévovtat va
dlagpuyouv ng mapatrpnong.

'‘Ocov adopd 1 LY, 10 poviédo mpoBAérnetl unepriapayeyn LY oOto mp@ipo ouprav,
onwg @aivetat oto Zxfpa 1.6. To neutralino (to omoio eivat to EYY) eivat toxupd turou
Bino, yeyovog arotpentiko yla Mepapatika arnodektr rapayeyrn XY. Ot evaAAaKTuKkeg
TTOU TIPOTAONKAV OTNV IPONYOUHEVI] UMOEVOTTA HUITOPOUV vd £papPoctouv Katl £d®. A-
&ldet va onpewdel o611 o1 Hrypappikoi 6pot rmou rapabialouv v opotipia R Siatnpouv 1
epAToOTTd.
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IZxnua 1.6: H egvanousivaca nukvomia g Zrotewng 'YAng ywa 1o Ienepaousévo N = 1
uovtéilo SU(5) yia onueia evtog tou umofoyiougvou opaiuarog mg ualag touv umoloviou
Higgs. Ilapouowaloviar uovo ta onueia pue tm xauniotepn tun.

To Henepaopévo SU(3) x SU(3) x SU(3)

®a eottidooupe otnv avaduon tou Ienepaocpévou (ot ertinedo 6Uo Bpoxwv) N = 1 poviédou
SU(3)®SU(3)®SU(3) oe auty) v untoevétnta. Ta dAAn pia @opd, Kate arno v KAtpaka
gvoroinong naipvoupe to EYKII. To odpdApa 1ov ouvoptakav ouvOnkov sivat 5% yia tig
ouleutelg Yukawa xat 1% yia v 1oxupr] oudeudn Kat Tig fIieg mapapétpous.

AapBavoupe uniowv U0 evepyelakd KATOPALA yia TG PALES TOV VEDV E§OTIKOV O®UA-
udiev ota ~ 10" GeV xat ~ 10* GeV. Auto odnyel oe évav eupUtepo @avopevoAloyKda
arodektd XOpo rnapapétpev [207]. Zuykekpipéva, éva and ta D anooculevyvutatl ota
10* GeV, eve ta unddowna amoouevyvuvtat ota 10* GeV.
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Zxnpa 1.7: Ot paleg twv koudapkg toitng otkoyevelag tou Ilenepaouévov N = 1 povtéaou
SU(3) ® SU(3) ®@ SU(3) yia u < 0, wg ouvapuijoeig tou r. O oupBoioudg givat Onwg oto
Zxnua 1.1.

Tuykpivoupe Tig TIPOBALWEIG TOU MOVIEAOU HE TIG TIEPARATIKEG TIHEG T@V 77, Kat
my P (Myz) Erudéyoupe xat idAt g < 0 g tv povadiky) @avopevoloyikda arodextr) erdo-

Y1) 600V apopd otig Nadeg T@V KOUAPKG TG Tpitng yevidg. Me v e10aynyr) 1oV KatodAiov
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ArtooUZeEUEng TOV E§OTIKOV OOMATIOIOV 0 ETUTPEMOPEVOS XMOPOG TTAPAPETP®V TIPOBALTIEL 1)
pada tou top eviog TV MEPAPATIKOV 0piov g &diowong (1.54), mou eival onpavikn
PO0d0g Ao TG MPONYOUHEVES EKBOXEG TOU povigdou [27,208-210], otig oroieg ta e§n-
TKda oopatidia 6ev AapBavoviav unoyv KATe Ao v KA{paka evoroinong. Wayvoviag
yla TG TG ITAPAPETPOU 7° TIOU 1IKAVOITOI0UV TG MEIPAPATIKEG PETPTOELS TG UTIOEVOTTAG
1.4 yua ug pages my(Mz) xat my, Bplokoupe -6rwg @aivetat oo ExApa 1.7- ot kat ot
U0 pdleg Ppiokoviatl eviog MEPAPATIKOV 0piev (ot ertinedo 20 ) yla TIHEG TOU 1 PETASU

0.65 xat 0.80.
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Zxnpua 1.8: Apwotepa: H pada wouv efagputepou uroloviou Higgs ovvaptioet tng M yia 1o
Ienepaousvo N = 1 poviéido SU(3) x SU(3) x SU(3). Ac&a: To 9ewpnuid opaiua tng
uadag tou efapputepou owouatidiov Higgs.

Zto Zxnpua 1.8 (aptotepd) diveral n pada tou edapputepou owpatidiou Higgs ouvap-
T0El NG EVOTIOHEVNS PAdag TV gaugino, eve 10 de@pnTiko opdaAipa avd onpeio mEPtet
KAt aro 1o 1 GeV [77] (Exfpa 1.8 (6e€idr. Kat mdAt, 1o meploplotikd opaApa tou prolo-
viou Higgs 6eiyvel pog €va Bapu oeopatidrako gacpa. ‘OAot o1 Epapatikoi reploptopot
1KAVOITto10uvIdl, YEYOVOg IouU Kab10td T0 HOVIEAO TTOAU ETUTUXEVO.

M, Mo M3 | ] b A, Ay A, tanf mQQ12
FSU33-1 | 1522 2758 6369 6138 10022 4520 4413 1645 46.2 55742
FSU33-2 | 2070 3722 8330 7129 1083%> 5841 5734 2357 455 72552
FSU33-3 | 2500 4484 10016 6790 9722 7205 7110 2674 49.7 8709
my, mi,,  mi, mz.,  my m%m m%g mZ ., m
FSU33-1 | 47052 23822  3754% 52342 55482 51972 70432 15582 30952
FSU33-2 | 72552 31362 41312 67492 72252 67452 85232 22382 33422
FSU33-3 | 90742 38312 54832 81522 72072 25582 86002 25072 40002

Table 1.7: Twég mou xpnowomomdnKav yia mv Tapayyn ToU UTEQOUUUETOIKOU eAOUATOq
oe kade onueio avagopdg tou Efayiotoromusvov N = 1 povigiouv SU(3) x SU(3) x SU(3)
(og GeV).
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IMa va kaBopiotel n duvatotnta avakaAuyng Tou POVIEAOU eriAéyoupe tpia onpeia
avagpopdag, €va yia to edapputepo EYZ neutralino nidve amo ta 1500 GeV, 2000 GeV kat
2400 GeV, avtiotoixa. Ta &edopéva mou xpnowpornoibnkav oto SPheno 4.0.4 [78, 79]
Bpiokovtat otov ITivaka 1.7, eve ta anoteAéopata divovrat otov [Tivaka 1.8.

My | My | Mge M; | My | Mg| My | My Mg ]| Mg
FSU33-1 | 7.029 | 7.029 | 7.028 | 6.526 | 1.506 | 2.840 | 6.108 | 6.109 | 2.839 | 6.109
FSU33-2 | 6.484 | 6.484 | 6.431 | 8561 | 2.041 | 3.817 | 7.092 | 7.093 | 3.817 | 7.093
FSU33-3 | 6.539 | 6.539 | 6.590 | 10.159 | 2.473 | 4.598 | 6.780 | 6.781 | 4.598 | 6.781

Me, | My, | M:| M, | My, | My, | M, | M, | M, | M,
FSU33-1 | 2.416 | 2.415 | 1.578 | 2.414 | 5.375 | 5.411 | 4913 | 5.375 | 4912 | 5.411
FSU33-2 | 3.188 | 3.187 | 2.269 | 3.186 | 7.026 | 7.029 | 6.006 | 7.026 | 6.005 | 7.029
FSU33-3 | 3.883 | 3.882 | 2.540 | 3.882 | 8.334 | 8.397 | 7.227 | 8.334 | 7.214 | 7.409

Table 1.8: Ot puadec twv unoloviov Higgs kai emijleyuéva UmepoUUUETOIKA OOUAtidla yia
Kade onueio avagopag wu Efayiotonomuévou N = 1 poviéiouv SU(3) x SU(3) x SU(3)
(oe TeV).

'OAa ta onpeia avagopdg tou SU(N)? etval extdg epBedeiag tou HL-LHC, xafdg ta
UTIEPOUHPPETPIKA oopatidia eival moAu Baptd ya va napaxBouv oe {euyn, addda kat ta
Bapia prodovia Higgs dev propouv va tapaxbouv pe evepyoug H1atopég peyautepeg 1oV
0.01 fb.

scenarios | FSU33-1 | FSU33-2 | FSU33-3 scenarios FSU33-1 | FSU33-2 | FSU33-3

NG 100 TeV | 100 TeV | 100 TeV NG 100 TeV | 100 TeV | 100 TeV
0 0.04 0.01 0.01 40,7 22.12 3.71 1.05
X5X5 0.04 0.01 7 0.10 0.03 0.01
e 0.58 0.16 0.07 WXy, diXT + hec. 1.22 0.25 0.08
XXy 0.02 0.01 0.01 XY, @ XY 0.55 0.13 0.05
Xixs 0.02 0.01 0.01 @GX9, arxS 0.60 0.13 0.04
it 2.61 0.30 0.07 Uie;, U7 E; 0.36 0.12 0.04
%) 0.20 0.05 0.02 Hbb 0.71 1.23 1.19
% 0.20 0.04 0.01 Abb 0.72 1.23 1.18
axy 0.42 0.09 0.03 H*bt + h.c. 0.37 0.75 0.58
Gdj, G4} 25.09 6.09 2.25 H*W~- 0.10 0.25 0.19
XXy 0.37 0.10 0.04 HZ 0.02 0.04 0.04
&if} 0.39 0.12 0.06 AZ 0.02 0.04 0.04

Table 1.9: Avauevdueveg evepyoi Srarousg (o€ fb) yia unepouuuetpica oopatidia ota onueia
avagopag wu Henepaouévou N = 1 povieiouv SU(3) x SU(3) x SU(3). Aev unapyouvv
Kavaia pe evepyoug biatoués mou va femepvovv ta 0.01 fb ota /s = 14 TeV.

Ztov FCC-hh, and v aAAn, n napaynyr Bapéov prnoloviov Higgs pe duo jets propet
va QTacel oe evepyoug Slatopég tng tasemg tou fb kat avapévovial va avixveubouv kat yia
1a pia onpeia avagopdg.

H napayeyn {euyov squark kat squark-gluino, n oroia propet va @tdoet ta ~ 20
fb yia to FSU33-1 kat ta Atya fb yia ta dAAa &Uo onpeia avapopdg, £xel KAAUTEPES
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mbavowteg. Ta xapndotepa squarks draoriovial (oxedov AMOKAEIOTIKA) 08 KOUAPKG TG
1pitng yevidg kat oe chargino/neutralino, eve ta ykAouiva £€xouv moAdd mbavd kavaila
didonaong oe {euyn quark-squark, 1o kaBéva pe Adyo daxAddwoong niepinou 1% kat to
Heyalutepo (oto oroio dracmdtat oe ty + h.c.) pe ~ 20%. Kai oe auty) v nepimeoon
1a Babpeta top kat ta ykAouivo iowg eivat avixveuolpa, eve ta neutralinos/charginos
avapévoviat va d1apuyouv g apatr)pnong.

H povn napdapetrpog rou Hev 1kavorolei Toug reploplopioug rnou tibsviat ano 1o neipapa
elvatl n evaropeivaca rukvotnta g XY (e€iowon (1.61», onwg @aivetat and to TxHua
1.9. To eAagpputepo neutralino eivar 10 EYZ kat Sewpeital onmoyngo ya copatidio
ZY, aAAd n evanopeivaoca rukvotnta tou dev kateBaivel katw and avotato opto .15,
ePoOoov eivat 1oxupd turnou Bino. A&idel va onpeiwdei 611, £dv o1 IEPLOPIONOL TG PUOIKIG
yéuoewv enetpenav eAaxiota eAadputepn KAipaka nmapabiaong g UepoUPpeETpiag, Tote
9a unnpyxe oupPavia pe ta nelpapatkda dsdopéva oocov agopd ) ZY.

5

Qcpmh?

N
T

0 L I I I I
2000 3000 4000 5000 6000 7000 8000
M (GeV)

IZxnua 1.9: H evanousivaca nukvoma g Zrotewng 'YAng ywa 1o Ilemepaousvo N = 1
povtéo SU (3) x SU(3) x SU(3) ywa onueia evtdg tov unofoyiougvov opaiuarog mg uaiag
Tou umoloviouv Higgs.

To EAattopévo EYKII

H tedeutaia avdduon agopd oty edattopévn ekdoxr) tou EYKIL. Ot oxéoelg petadu tov
EAATIOPEVOV TTAPAPETPOV OUVAPTAOEL TOV JepeAd1mdmv MapapEitpev £€X0UV €va TUN A TTOU
etvat AOE ki éva tunpa nou mpogpxetat ano 1g dopbwoelg kat apa dev eivat ave§aptnto
G KAlpakKag. Xinv mapouca avdaduon dewpoupe TS 510p0®oelg autég otnv KATpaka
evoroinong. 'Onwg avadépbnke mponyoupéveg, n oxéon Hisano-Shiftman opidetr pa
lepapyia peteady twv palwv v gaugino, kabiotoviag 1o Wino to sdapputepo peTaiyu
toug. Enopévag, £€xoupe neutralino tunou Wino.

Ytov adidotato topéa g dempiag, epocov 1o Y, dev edattwvetal wg ripog t depediodn
napdpetpo ag, 1 pada tou Asmroviou tau Sewpeital yveotr and to nelpapa KAt 0 p;
elval aveaptnun nmapdpetpog. g Xapndég evépyeleg ta p, Kat tan S maipvouv tipég
Xprotponolwviag v rietpapauky wph m,(My) = 1.7462 GeV. Eneua, ot pdieg tov top
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Kat bottom Bpiokovtat arno v tan 4 kat ta Gy, 6nwg avtd npoékuyav and g EE kat
116 610pOBwoELg TOUG.

Avtictoixa, ooov agopd TG rapapétpoug pe draotdoelg padag, w h, dev propet va
eKppaotei ouvaptroet tng pdadag v gaugino, adrjvoviag 1o pp,. eAetBepn napdperpo. To
p elvat emiong eAeuBepn mapdpetpog kat dev propei va eAdattobel og ripog 1o Mz. To m3
Sa prnopouvoe va edattwbel, addd edw ermAéyoupe va 1o aprjooupe edeubepo. 'Opwg ta [
Kat m% nieplopidoviatl ano tig anattroeilg g rapabiaong g nAekrpaocbevoug ouppepiag
Kdl povo 1o u propel va Sewpnbel wg eAeuBepn napapetpog. TeAog, n pada tou yeudo-
Babpwtou pnoloviou Higgs, M4, unodoyidetal amo to j, 1o m%{u Kat 1o m%]d, 1a ormoia
aroktevtat ano 1g EE. ZuvoAikd, petaBailoupe 11§ apap€pous p -, pp., M xat p.

3.2

T
Reduced MSSM
176 All . b

T
Reduced MSSM

m; (GeV)

mp(Mz) (GeV)

2.4
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
M (GeV) M (GeV)

Zxnpa 1.10: H pada touv bottom kouvdpk otnu kiiuaxa Mz kain euowkn uada touv to kovdpk
w¢ ovvaptnoeig g M yia 1o EAattopévo EYKII

H petaBolr) tou p, divel ug my(Myz) rat my, oneg @aivetat oto Lxnua 1.10, érou
Ta onpeia eKtog 20 Ao TG MEPAPATIKEG TIHEG £€xouv ayvonBei. Ot MEPAPATIKEG TIHES
g vroevotntag 1.4 oupBoAidovial pe tig 0pgoviieg ypappeg, e 1o opdaipa ota 20. Ta
onpeia pe ImPAcIvo 1KAVOTTOl0UV TOUG TIEPIOPIOHOUG TTOU TiBevial amo T QUOIKI] YEUCGEWDV.
H odpworn autr) ivel TtoAAd onpeia os TIOAU KaAr cupdevia pe ta reipapatikda dedopéva,
aAAd mieplopidetl Vv EMITIPENOPEVE TIEPIOXN Y1d TV evortoupévn) pada v gaugino, M.

Reduced MéSM Reduced IMSSM

132 Al g 0.82 I
BPO Ok  © : ,%1;,}5}3‘

0.8

128 - b

My, (GeV)

126 - B

FH Uncertainty (GeV)
o
S
o
T

124 b

0.7 .
122 1 i

0.68 ! L . . . .
120 : : - : - 124 1245 125 1255 126 1265 127  127.5 128
1000 2000 3000 4000 5000 6000

M (GeV)

M (GeV)

xnpa 1.11: Apiotepa: H pala tov efagputepouv uroloviov Higgs ovvaptioet thge M yia
10 Efattousvo EYKII. Acia: To 9ewpniino opaiua g ualag tov efapputepov Higgs.
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H nipdBAeyn tng M), divetat oto Zxfjpa 1.11 (aprotepd). Kat rdt, 1o 9ewpnuko opdipa
tou Zynpatog 1.11 (6e81d) £xet pewbei katww arnd to 1 GeV. H pda tou oopatudiov Higgs
etval péoa otnv neploxn rmou unodeikvueteat amno tov LHC, euvomviag oXeTikA PIKPES TIHEG
yia v M. To yeyovog auto 9€tet Eva ave Oplo OTIG UTIEPOUPHETPIKES PALES.

IMa ) duvatdinta avakaduyng tou poviedou n pébodog ermAoyng v onpeiov ava-
@opdg sivat kanwg diapopetikr. Epocov ot DR 11ddes tov Bapémv proloviev Higgs eivat
161 XapnAég Kat anetAovvial ano npoodpata anoteAéopata tou nepapatog ATLAS [169],
ermAéyoupe onpeia avagopag pe vynirn M 4. Ta tpia onpeia avadpopdg avilotoiouv otig
xapnddtepeg My nave ard ta 1900 GeV, ta 1950 GeV kat ta 2000 GeV. Ta debopéva
IoU Ypnotponow)fnkav yla to npoypappa SPheno 4.0.4 [78, 79] divoviat otov Iivaka
1.10 (oupBoAiopog onwg otov Ilivaka 1.4).

My Mo M3 || b A, Ay A, tanp mém
RMSSM-1 | 3711 1014 7109 4897 2842 5274 5750 20 449 59852
RMSSM-2 | 3792 1035 7249 4983 294> 5381 5871 557 44.6 61032
RMSSM-3 | 3829 1045 7313 5012 298> 5427 5942 420 45.3 61612
my, mi,, mi, my ., mZ m%m m%s mZ ., mZ
RMSSM-1 | 55452 21062 20692 6277% 53862 59892 51142 30512 44912
RMSSM-2 | 56562 21222 22902 63852 54762 61102 52192 31532 41812

RMSSM-3 | 57082 21062 22792 64272 55062 61722 52692 32292 35042

Table 1.10: Twég mou xpnowomomdnKkav yia tnv Tapay@yn toU UTEQOUUUETOIKOU GAOUATOS
oe kade onueio avagpopag v Efattousvov EYKII (os GeV).

'‘Ocov agpopd v rpoBAewn repi ZY, npéret va onueindet 011 n oxéon Hisano-Shiftman
6ivel éva EYZ tumou Wino, yeyovog Tiou XxapnAovetl v napayeyn XY oto mpoio ouprnav
KAT® aro ta opla g e§ionong (1.61). Auto gaivetatl oto Zxfpa 1.12. IMapoda auvtd, €av
SewpnOouv ermrpoobeteg nyeg LY, 1OTE P1OVO 10 Ave 0p10 g ediowong (1.61) AapBavetat
UTIOY1V KAl TO POVIEAO £lval AIVOPEVOAOYIKA ATIOGEKTO.

0.07 T T T T T T T
Reduced MSSM Agﬁél
0.06 B

0.05

0.04 -

Qcpmh?

0.03

0.02

A
0.0

1 | . . . . . L
2000 2500 3000 3500 4000 4500 5000 5500 6000
M (GeV)

Zxnpa 1.12: H gvanoucivaca nukvotnta g XY tov EAattouévov EYKII yia onueia evtog
Tou opaiuatog g uadag tov Higgs. 'Ojla ta onueia sival kate ano 1o mepauatiko oplo.
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O Ilivakag 1.11 &ivel ta anotedéopata yia 1§ QUOIKEG Pales v Bapémv proloviov
Higgs kat ermleypéva UMEPOUPHETPIKA oopatibia. Auctuxwg, Ady® tng peydAng tan [
ToU poviédou, 1 pada ou yeudoBabuwtou copatdiov Higgs, My, Pploketal kate anod
1a anodektd opla 1ou TiBeviat aro v [169] oe kaBe onpelo avapopag. Mropel kaveig
va 9ewprjoet Baputepo cwpatdiakd @dopa, orote da eixape My 2 1900 GeV, adda
10 TIEPLOPIOTIKO oPpAApa tou edadpou copatdiou Higgs Byadet i M) ektog anodektng
nieploxng. 'Etol, 1 mapovoa ekboyr) tou povieAdou mpéret va aroppldOet.

My | Ma| Mu=| M| My | My | My | My| Mg Mg
RMSSM-1 | 1.393 | 1.393 | 1.387 | 7.253 | 1.075 | 3.662 | 4.889 | 4.891 | 1.075 | 4.890
RMSSM-2 | 1.417 | 1.417 | 1.414 | 7.394 | 1.098 | 3.741 | 4.975 | 4.976 | 1.098 | 4.976
RMSSM-3 | 1.491 | 1.491 | 1.492 | 7.459 | 1.109 | 3.776 | 5.003 | 5.004 | 1.108 | 5.004
A{élﬂ ‘NL}L? Mz ‘]\Jﬁf A/[JLQ ‘]\/["21,2 AI& jwl}z Alfl ]wfz
RMSSM-1 | 2.124 | 2.123 | 2.078 | 2.079 | 6.189 | 6.202 | 5.307 | 5.715 | 5.509 | 5.731
RMSSM-2 | 2.297 | 2.139 | 2.140 | 2.139 | 6.314 | 6.324 | 5.414 | 5.828 | 5.602 | 5.842
RMSSM-3 | 2.280 | 2.123 | 2.125 | 2.123 | 6.376 | 6.382 | 5.465 | 5.881 | 5.635 | 5.894

Table 1.11: Ot padeg v uroloviov Higgs kat emiAsyuéva umepouppUETpika oopatida yia
Kade onueio avagopag tou EAattwousévov EYKII (o€ TeV).
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1.5 H Awactatiry EAdttwon oe Xopoug IInAikou

Ag Seswpriooupe pla Sswpia o Evav XOPOXPOVOo HE TIEPIOOOTEPES ATIO TEOOEPELS O1A0TATEG.
Mia tétola peyadodiaotatn Sewpia propet va katadnget oe pa tetpadidotatn Sewpia povo
HEo® NG 1eB060U g dractatikng edattoong. H mpatn mpooéyylon 1€101ag EAATIOONG £Y1-
ve ano toug Kaluza kat Klein [211,212]. H Baowkn 16¢éa apopouoe pia meviadiaotatn
Sewpia Papuntag, n daoctatikn eAdttwon nave otnv oroia Sa odnyouoe oe pia terpadil-
aotatn dewpia, oty oroia n Baputnta kat n nAekrpopayvhnukn aAAniAenidpaon Sa frav
ouleuypéveg. Mia dAAn evBapuvukr mtuyxr oAokAnpng tng pebodou ng dSraotaukng e-
Adttowong eivat OT1 1] EMEKTACT] TOU X®POXPOVOU 00nyel o pun aBediaveg dopég [213-215]
(beite ka1 [216-218]).

O apx1KOg X®POXPOVOS Ot Teplocotepsg diactdoelg, MY, propei va 9ewpndei wg
MP = M* x B, é6nou 10 B eival pia oupnayng Prpdvia moAAamAotnta pe 100peTpieg
Iov reptypdagoviat anod pia opdada S. Av n diactatikn eAdToon epappootel o pia peya-
Aobidotatn Sswpia, n evanopeivaca Jewpia Sa eivat terpadiactatn kat Ja meptypddet I
Bapuwmta kat pa dewpia Yang-Mills. H pn aBeAiavr) opdada g Yang-Mills Sa mepiéyxet
v opada oopetpiag tou B, nAadr to S, padi pe xkanowa Babpeta nedia. Extog arod
MV MPETIAPYIKI) 1810TTa TG napandave pefodou, 6nAadn) tnv evomoinon Pe YEOHUEIPIKO
1po10 TG Baputikng aAAnAenidpaong pe dAAeg rou ieprypdagoviat ano dewpieg fadbpidag,
1 PEB0BOG «piXVEL PG OTO YEYOVOG OTL KATIOlEG AAANAETIOPACELS EMMITPETIOUV TIEPLYPADT)
Sewpiag Babpidag.

AT v dAAn, n 6lactatiky eAdttoor Epxetatl padi pe karoieg 1610tnteg ou Sa 9edape
va arnoguyoupe. Katapydg, otav o peyalodidoratog xopog MP exppdletal wg yvope-
vo, T0te Hev PIMOPOUPE va £€XOUHE KAAO1KY Katdaotaor kevou. Eve o tavuotrg Ricci evog
1éto10u Xwpou B &g undevidetat, o1 nediakég e§lowoelg ng apxikng, D-diaotatng Baputt-
KNG Sewpiag divouv undeviko tavuotr] Ricei. Emopéveg, Sev pmopoupe va £€X0UE QUOIKY)
eppnveia tov emrmiéov daotdoenv. ErmumAéov, pla dAAn apvnukr) 1610tta yKettatl otnv
npoordfela va owkodourooupe peadilotika tetpadidotata poviéda. ‘Otav eAattovoupe
dlaotatika peyalodiaotateg Sempieg rou meplEXouv @eppuiovia, de yivetal va katadnioupe
oe a tetpadiactatn Sewpia pe xepadika eeppovia [219]. IMapoAda autd, autég ol du-
OKOAleg yivetal va rapakap@Bouv pe v emAoyr KatdAAnAou copatidlakou @Aacpuatog
ot peyalodidotatn Sewpia, edkdtepa pe ) Sewpnon nediov Yang-Mills [39, 220].

LV MePLOXT) XAUNAQV evepyelav «exvape» ta Baputikd gawvopeva, dpa n rneptypadr
Mg apX1Kng peyalodiaotaing Sewpiag yiverar anoxkAelotika Yang-Mills (Y-M). H epap-
poyn g draotatikng Adttoong propet va odnynoet oe pa terpadidotaty deswpia Y-M
(uBavdétata ®ME) rou cuvobevetat aro évav topéa Higgs. 'Evag apeArg tporog va yivet
pa trola eddtioon pag Y-M Sswpiag oplopévng mave oe xopo MP = M* x B eivat
va ermBdaloupe 1 ouvOrKkn ot Kabe oopatidio e§aptatal pévo amno Tg X®POXPOVIKEG OU-
vietaypéveg tou M?. 'Etol, av 9swpriooupe KaOe oopatidlo avefdptnto tev ermmAéov
ouvietaypévey, tote Kat n Aaykpaviiavr riukvotnta e Sa eSaptratat and avtég. Mia 1o
KOPWT| TPOCEYY10T] £lvatl va Se@prjooupe OT1 01 ETTUTAEOV CUVIETAYHEVEG TIEPTYPAPOVTAL ATTIO
10 Xwpo rndikou B = S/R. Me autdv tov tporo de xpetadetat va eruBaloupe avegaptnoia
eV nediov ano tg ermrdéov daoctaoelg. ITo ouykekpiéva, ta nedia pmopouv va egap-
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TOVIAL Ao TI§ CUVIETAYHEVES TOV EMUITAEOV S1A0TACE®V PE TETOL0 TPOIT0 WOTE 1] EPAPHOYH
£VOg S-PETacXNUATIoOpou va petacXnuatidet ) Aaykpavdiavr) Katd KAoda rmocotnta mou
AKUP®OVETAL ATIO €vav AamAo petacxnpatiopo Babpibag. Me daAda Adyia, n Aayrpavdiavr)
KATtaAfyet va eivat ave§dptntn aro Tig EMITAE0V CUVIETAYHEVES (AQUTEG TOU X®POU TNAIKOU)
eSattiag g avaddoioutag Pabpidag, kAt mou eivat eyyevrg 1610tta g pebodou kat
ox1 kamotla auvbBaipetn anaitnon. Auto eivat to mo Jepediddeg ermyeipnua nouv kabota
1 Awaotatuikr] EAdattwon oe Xopoug [InAikou (AEXII) pia roAu eviagpépouoa pebodo yla

1 draxeipion peyadodiaotatov Jemplodv KAl TV KATAOKEUT] TIOAAd UTIOOXOHEVQOV TETPad1l-
aotatev poviédav [34-36].
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1.6 Auactatiriy EAdtteon tng Fs oto SU(3)/U(1) x U(1)

Ze autn v evotnta 9a eotidooupe oty edpappoyr] g AEXIT ounv niepinmwon nou pag
evblagépetl. Ta pia exktevr) meplypadr] g YEOHUEIPIAG TOV XWP®V MNAIKOU PIopel Kaveig
va avatpe§et ot [35,221]. Emiong, n kevipikr) 16éa tng AEXII, n yevikeupévn pebodoAoyia
Kdt o1 §1apopot TEP10P101I01 TTOU TIPOKUITIOUV oulntovial otnyv [35].

'Eva mAéov xapaktnplotiko napadetypa epappoyng mg AEXII (pe to oroio Sa aocyo-
AnBoupe oto mapov) eivat n nepirmwon pag N = 1 unepouppetpikng Ey Sewpiag Y-M, 1
oroia gdattovetat S1aotatikd MAve oto PN CUPHETPIKO Xwpo indikou SU(3)/U(1) x U(1)
[35,64,70]. H tetpadiactatn 6pdon Y-M eivar:

X X . .
S=C / dztr [—éFWFW — 1 (Duga)(D"6%) +V(¢)+%¢F“Duw—%wrwaw, (1.62)
OITOU TAUTOIOI0UE :

V() = —égacgbdtr (fuZ bc — iglda, ou)) (fod" DD — iglde, dd)) (1.63)

rat tr(TVT7) = 26%, émou o1 T" etvat ot yevvritopeg g opddag Badpidag, C' eival o 6ykog
ToU X®pou rindikou, n D, = 0,—igA, eivai n tetpadidotatn cuvaddoiotn napdyeyos, n D,
etvatl n ouvadAoietn Mapay®yog Tou X®pou nnAikou Kat n PeTpikr) tou divetat (ouvaptroet
1OV aKTIiveVv Tou) ano my g.s = oway(R:, R?, R3, R3, R3, R3).

H tetpadiaotatn opada Babuidag kabopiletal and tov tpdro pe tov oroio 10 R =
U(1) x U(1) epBarttidetat oy Fg kat poxkurtet ano tov centralizer tou R = U(1) x U(1)
oto G = Eg, 6ndadr:

H=Cr(U(L)s x Ul)p) = Es x U(L)a x U(1)5. (1.64)

Emnpoobétmng, ermAuvoviag toug mePlopliopous, ta Pabpntd Kal @geppiovikd nedia mou
mapapévou oty tetpadlactactn) dewpia MPOKUIITOUV A0 TNV Artoocuvleon tng ouluyoug
avanapactaong 248 g Fg katw arnd o U(l)4 x U(1)g. Axdupa, yia va mapoupe Tig
avanapaoctacelg IV evarnopeivaviov nediov tng tetpadiactatng Sewpiag, eivat anapaitnto
va €§eTA00UE TIG ATTOOUVOEDELS TOV H1aVUOPATIKOV KAl OTTIVOPIAK®OV AVATIAPACTACEDV NG
SO(6) xatww ard 10 R = U(l)4 x U(1l)p Qerrtopépeieg oug [35, 61, 64]). Enopévag,
ol kavoveg g AEXIT urtodeikviouv otl ta evanopeivavia niebia Babpibag (6nAadn tng
opddag ywopévou Eg x U(1)4 x U(1)p) @logevouvratl oe tpeig N = 1 Savuopatikég
uneprioAAariAéteg otnv tetpadidotatn Sewpia. Ta media UANg tng tetpadiactatng Sewpiag
KataAnyouv oe €§1 xelpalikég noddardéteg. Ta arepidpiota nedia rmou petoyxnuati¢oviat
KAt and 1o Fg x U(1)a x U(1)p etvar:
o ~ 27(3,%)> Bi ~ 27(_3,%)7 Vi~ 27(0,-1), @~ 1(3,1)a G~ 1(_3,%)7 v~ Lo,

2
Q ~ 27(3,%), Bi ~ 27(73,%)7 Vi~ 270,-1), @~ 1(3,%)7 B~ 1(73,%)7 v~ Lo,-1
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Kat 1o (Yeuko) Babpwnto duvapiko g Sewpiag diveral wg:

2 i i i 2 (1
Ev(a>&76767777):5 (R_il+

. < 4R?
RIR

AR
T\ e
Ryl

4R
T\ e
R2R2

11
RN

8\ 4RT 8\ _
“r)r et (e w0
8 - 4R? 8\ =
s mﬁ( 2 _ )ﬁﬁ

R%) R%Rz
7y

8§\ ARZ
ﬁ 7Y + R2R2 -
RQ R3 2 R
80 el 7 280 h.
[f (RzRg R1R3+R2R1) a7 42 <R2R3+R1R3 RQR1>O‘57+ C}

2
i1 (o/(Ga)fOéj + BU(G)] 85 + ”Yi(Ga)ng>

6
2
+ % <Oéi(35g>06j +a(3)a+ B'(—38)8; + 5(_3)ﬁ>
2
+ 4—60 (ai(gdg')aj +ad)a+ B (L60)8; + BB+~ (~18)y + 7(—1>7)

+ 4004i5jdijkdklmoézﬁm + 405i7jdijkdklmﬁﬁm + 40ai7jdz‘jkdklmaﬁm
+40(aB)(aB) +40(87)(B7) + 40(7a) (va),

Zv napandve éKkppact tou Babuwtou duvapikou, 6pot D, F' kat 6pot rou rapabiaiouv
AIia Vv UMEPOUPPETpia prmopouv va tautortoinBouv. Ot opotl F' mpoxrurntouv amnod to

urepOUVANIKO

W(A', B7,C* A, B,C) = V40d;;;, A'BC* + V40ABC, (1.65)

omou ta A?, B/, CF eivat ta uniepniedia mou avrikouv otnv avanapdotaon 27 katwa A, B, C
etvat ta urneprniedia mou 6e petacynuati¢ovial Kate ano v Fg Kat £Xouv povo @optia tov
&uo U(1). Ot 6pot D Sopouviat g egng:

1 1 1
§DaDa + §D1D1 + §D2D2 s (1.66)

orou o1 rtoootnteg D urodoyidovial og:

D® = % <ai(Ga)faj + 5i(Ga)gﬂj + Vi(Ga)37j>v
Dy = /2 (ai(380)a + a3)a+ B(=381)8; + A(=3)5)

D, = \/Zgo(o/'(%éf)aj +a(3)a+ B (5608 + BB+ (—16] ), + 7(—1)7) :
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Extog tov opwv F kat D mou tautortolovviat oto duvapiko (1.65), ot unddoiriot 6pot
Hropouv va Sewpnbouv wg frieg Pabuwtég padeg Kat Arueg tplypappikeég ouleudelg. Ta
gaugino epgavidouv pa dlaitepn oupnepiPopd CUYKPITIKA PE TOUG UITOAOUTOUG 1)ITI0UG
dpOUG, OTIOG PATVETAl Ao TNV MAPAKAT® OXEon>:

R? + R3 + R3
8v/R?RIR2

To entdpevo Prjpa eivatl n eAaxiotornoinon tou duvapikou. Auto cupBaivel eav §Uo arno
1a tpia media mou de petacynuartidovial kate ano v Fg (6nAadn ta «, £, y) anoktjcouv
avapevopeveg TIREG Kevou otnv KAipaka ocuprayoroinong. Eméyoupe ta a xat § va
ATTOKTI|O0UV AVAPEVOEVEG TIPEG KEVOU, £V TO 7y Ttapapévetl apado. O Adyog eivat ot to y
etvatl to povo t€to1o 1edio mou Prmopel va embiwoet ano 1o pnxaviopo onaocipatog Wilson
flux (rmou meprypagetal otnv emopevy evotnta) Kat 9a 10 XPEIAOTOUHE OV KATAOKEUT
TeEAE0T®V UYPNAOTEP®V d1a0TACE®V.

To maparnave odnyet oy napabiacn wv 6vo U(1), peidvoviag étot v opdda Babd-
pibag an6 Fg x U(1)4 x U(1)p oe Eg. Ot 6U0 aBediavég opadeg mapapévouv, @otdoo, ©g
KaBoAkég ouppetpieg, yeyovog rou (onwg Sa doupe) eyyudtat ) dwatrpnorn tou Bapuo-
VIKOU ap1Bpou.

Y& auto 1o onpeio ag cuvoPiooupe T PEXPL OTYHNS KATAOKEUT] pag. EeKIVOVIAG aro
ma N = 1 unepouppetpikn, dekadiaotatn Eyg Sewpia Babpibag, oplopévn otnv moAlda-
rAotnta M4 x S/R, érou S/ R etvat o pun ouppetpikdg xopog rndikou SU(3) /U (1) x U(1),
n AEXII o8nyei oto miepiexopevo mia N = 1 unepouppetpikng ®@ME Fg x U(1)4 x U(1)g.
1) ouvéyela, ot duo opadeg U(1) omdve kat mapapetporioovvial g KaBoAkéG ouppie-
1pieg, apnvoviag €tot pa N = 1 unepouppetpikn Fg Sewpia. Ta va peiwooupe nepat-
€pw 1 oupperpia Babpidag (Sa douvpe ot tedikd Sa 0dnynboupe otrv opdda yivopévou
SU(3) x SU(3) x SU(3)), 9a mpémnet va XpnotHomotjooupe T0 PNXaviopo ornacipatog
Wilson flux.

M = (1+37) (1.67)

3H oyéon Oeixvel 611 ta gaugino amoktouv pada otnv KAipaka cupnayoroinong [35]. Autd, énpws,
AITOTPEIIETAL A0 TV £10AYWYT) G OTpéwng [64] kat eivatl n nepintwor) rou eetdlouyie.
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1.7 TIlapaBiaon pe Wilson Flux kat Emidoyn Ilapapétpwv

Zinv mpornyoupevn evotnta avamtuxOnke n nepimoon katd v ornoia 1 AEXII egap-
podetat o pia peyalodiaotatn Fg Sewpia Babuidag, n onoia sAattdveral mave oto XOPO
rindikou SU(3)/U(1) x U(1) rkar pévoupe pe v tetpadiaoctaty) ouppetpia Babpidag Fg.
'Opwg 1 Eg Sev propet va peinbei nepattépn pe ty rapouvoia piag 27 nodAardétag Higgs.
I"a auto 1o Aoyo xprnowpornotoupe 1o pnxaviopo Wilson flux [67-69]. H napakate 6ia-
d1kaola avarntuooetatl Aermtopepmg Kat otnv [61].

SU(3)? ané Wilson Flux

O pnxaviopog autog npoBaddetl ) Yewpia Katd T€T010 TPOIo Gote ta rnedia mou ermbi-
®vouv gival autd rou pévouv avaddoimta Kate anod t dpdon g freely acting diakpitng
ouppetpiag Zs otoug Ye@PETpkoug toug Seikteg, aAdd kat toug deikteg Pabuidag. H un
TeIpppévn 6pdaon g opadag Zs otoug deikteg Pabpidag tov Sidpopwv nediov mapape-
Tportoleitat amnod tov rivaxka [127]:

v3 = diag {13,wls, w?13}, (1.68)

6rou w = €3 . To tedeutaio 6pa ota media Pabpidag g Eg Sewpiag Pabuidag kat pia
un tetpapévn @daon dpa ota media UAng. Apxikd, ta nedia Babpibag rmou mepvouv aro
auto 10 PUATpAplopa g poBoAng £ival autd IoU 1KAVOIIOloUV 1) OXEoT) :

[Arr, 73] =0 = Ay = 73AM7§1 (1.69)

Kat 1 evarnopetvaoca ouppetpia Babpidag eivarn SU(3). x SU(3) L, x SU(3)g. H avtiotoixn
oxéon g (1.69) yua ta nedia UAng eivar:

&:w73&7 g:w273ga 72003/73/77 a = wa, ﬁ:w2ﬁ7 7:("}37 (170)

orovu ta a, 5 , 7 elvat ta urtepriebia UANG mou avrKouv otnv avarnapaoctacn 27 kat ta «, 3,y
etvat ta nebia mou éxouv povo goptia v 6vo U(1)4 5. Ot avanapactdoelg g opadag
rou erBinoe, 6nAadr) g SU(3). x SU(3)r, x SU(3)g, oug onoieg avikouv ta nmapandave
rnedia, IIPoKUIMIouV ePpOooV Je®POOUIE TOV Kavova aroouvieong g avarnapdotaong 27
g E kdte and ) véa opdda, (1,3,3) & (3,1, 3) @ (3,3,1). Enopéveg, éxoupe mhéov 10
etng oopatdlako eaopa:

az = U ~ (3, 1,3)(37%), Ba=Wy~(3,3,1) 31y, Nn=VY3~(1,3,3)0-1, 7=00-1),
OToU Ta tpia mpota £ivatl o,tt angueive ano ta «a, B , 7 Kat padi oxnuati¢ouv pia avara-
paoctaon 27 ng Fg, dndadn 6Aa padi tautorolovvial ®g pia (eeppiovikn) owkoyevela. a
va £X0UE OOUATIOAKO PACHA HE TPEIG OIKOYEVELEG, PITOPOULIE VA E10AYAYOULE I TETPI-
péva povorodkda goptia oug U(1) tou R, kataArjyoviag £tot oe tpia ouvodikd avtiypaga
1oV niapanave nediov (6rou o deiking | = 1, 2, 3 oupBoAilet TG TPEIS OIKOYEVELEG).
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To Babpeto duvapikd (1.65) g Es (kat tov erurdéov kaboAdikeov cuppetpiov U(1))
IOV MPOEKUYE arnd ) draotatky] eddttwon g Fg, propet méov va Savaypadtel otn
«wAonoow g SU(3). x SU(3)r x SU(3)r wg [61]:

271 1 1
V. = 3._<_ 1 _) Vo, 1.71
S m TRt T 2 7D
1=1,2,3
orou:
v = Visusy + Vot = Vo + Vi + Viops . (1.72)

Am6 €60 xat oto €§Ag 6e 9a xpnowporoovpe mAéov 1o Seikin owoyevelov (1), epooov
n avdduorn pag eotiddel otnv tpitn owoyévela, addda Sa ypdgetat avalutikd povo otav
antatteitat. ‘Ocov agopa toug 6poug D kat F', tautornolovviatl og:

1 a1 1
Vp = §;D D"+ 2 DDy + 5 DaDy, (1.73)
oW ow
Vi = Z |Fo,|” + |Fy|?, Fo, = T Fy = R (1.74)
i=1,2,3 ¢

O1I0U 01 6pot F' mporutouv amnod myv EKGPaor) :
W = V40d g VETVE WS | (1.75)

€V® ot opot D ypagpoviat avaAuTikd oG:
1
DA = —(0,|GA|T,), (1.76)
(e
/10
10 2
TéAog, ot f)ITot 6pot ypdpoviatl ©g:
4R? 8 4R2 8
Viort = | —= — — | (I |¥ —2 _ =\ {y, |
v = (g~ ) (0 + (g — ) (010

— — = Ws| W 0

Rl R2 RS b
80v2 oo VTS + h. 1.79
_'_ \/_ <R2R3 + R1R3 + R1R2) ( b 1¥2%¥3 + C) ( )

=mi(W1]V;) + m5(Vs|¥y) + mj (<\1;3|x1/3> + |0|2) + (Qape USUEWS + hoc) . (1.80)
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Ta (G4),! eivat ot otaBepég dourg ng opdadag ywonévou SU(3). x SU(3)L x SU(3)r
KAl OUVENQOG €ival aviloUPHETPIKA ota a Kat b. Tupgeva pe v [244], ta Savuopata
g avanapaotaong 27 g Fg priopouv va ypaptouv oe mo PBoAikr popdr o yAwood
SU(3). x SU(3) x SU(3)g, dndadr) oe piyadikoug 3 x 3 mivakeg. H tautoroinon

Uy~ (3,1,3) = (¢, ¥a~(3,3,1) = (QF), ¥3~(1,3,3) = Lp, (1.81)

P e}

odnyetl otov akdAoubo ernavaoplopo kat avabeon tou oopatdiakou gacpatog tou EYKIT
(aAAd kat ermirAéov nedimv) oty apamndve avarapdactaor) ToU POVIEAOU :

dcl ucl Dcl _dl —d2 _d3 HO HT v
R R R L L L d U L
c __ ch uc2 Dc2 Q _ ul u2 u3 L = HT HO e
¢ = R UYr Tr | W= L L L y M= d u €L

dg up D3 pi p: D v el S

Eivat mpogavég anod ta napanave ot twa dy, g, ur, g, D, g petacxnpati¢oviat ovppeva pe
TGS 3, 3 KAT® anod vy opada Xpopatog.

Emoyn ARtivov

@a efetdooupe TNV MEPIMIOON 6Mou 1] KAfpaka cupnayornoinong sivat ynAd* kat ouyke-
kpwpéva Mo = Mayr. Enopéveg, yua tig aktiveg woxvet R ~ @ , 1=1,2,3.

Xwpig e161kr) draxeipion, n ermAoyn autn 6ivel HIieg MAPAPETPOUS KOVIA OV KATpaKa
evortoinong. MrtopoUpe Opwg va ermAEEOUNE TV TPpitn aktiva eddyiota S1apopeTKL Ao
TG aAAeg dUo, pe Tpormo nou va diver:

mz ~ —O(TeV?), miQ ~ —O(MZyr),  Gape = Maur - (1.82)

~

Me aAAa Adyua, €xoupe unepBaptd Pabpwtd Koudpkg, eve ta Babpetd Aemtovia Bpioko-
vtat oty KAipaxka v TeV. 'Etol, n unepoupperpia ondst Arua fnén amnod tyv KAipaka
€VOII0iNONG, €KTOG Ao v napabiaoct| tng amnod toug opoug D kat F'.

Mepartépw Mapabiaon Suppetpiag tou SU(3)?

H auBopunt) napabiaon cuppetpiag tov SU(3), kat SU(3) g propei va riporAnOei otav
U0 okoyéveleg NG L AmOKI)OOUV avaPEVOHEVES TIIEG KEVOU KATA TOV akOAoubo Tporto:

00 0 000
L =100 o0 |, @ =10 00|,
00V V 0 o0

orou o deiktng s oupBodidetl tn Pabpwtn cuvictwoa tng moAdamiétag. O1 mapaAnAve
avapevopeg TIHEG KEVOU aviKOUV otnv tetpippévn avarapdaotaor g SU(3)., onote de
ortave v opada XpeOPaAtog. Av XproloTIO|COUE PUOVO TNV <Lg3)> naipvoupe

SU(3). x SU(3), x SUB)g — SU(3). x SU(2), x SU(2)r x U(1) , (1.83)

4% qutn v nepimeon o1 dieyépoeig Kaluza-Klein e AapBavovial unoytv. Atapopetikd Sa ypeialdpa-
otav ug 18otpég v tedeotv Dirac kat Laplace yia tov e§adidotato xopo cuprayornoinong.
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EV® AV XPNOTHOTIO|00UHE POVO TNV <L§2)> naipvoupe
SU(3). x SU(3), x SU(3)g — SU(3). x SU(2) x SU(2)x x U(1)" . (1.84)
O ouvduaopog toug ivel To erubupntd [245]:
SU(3), x SU(3)1 x SU(3)r — SU(3). x SU2)p x U(1)y . (1.85)

H popor) tou fabpwtou Suvapikou apéong petd v napabiaon Sivel avapevopeveg TIHEG
Kevou ota riedia rmou gépouv 1ovo goptia aro g dvo U(1) (6xt anapaitnta xkat ota tpia).
Ty nepiriwon mou efetadetat éxoupe (1G)) ~ O(TeV) , (012 ~ O(Mayr).

H napaBiaon tng HAektpaoBevoug ocuppetpiag akodoubei pe 1ig e§1g avapevopeveg TIHEG
Kevou [27]:

(%P 0 O
LY=1 0 v, 0
0 0 0

Acsnttovikég Tuleudelg Yukawa rat ‘Opot [

Av kat ot Vo U(1) éoracav mipwv v epappoyr) ou onacipatog Wilson, akopa ermBal-
Aovtat g kKaBoAkég ouppetpieg. Qg amotédeopa, oto AEmIoviko topéa dev prmopouvpe va
éxoupe avaddointeg ouleudelg Yukawa. 'Opumg KATe ard v KApaka evortoinong pro-
POUE va £XOUHE OPOUG ATIO TEAEOTEG UYPNAOTEPp®V Slaoctdoenv [61]:

L (K3
LeHa(77) (1.86)
orou 1o K eival n avapevopevn tpr Kevou g ouduyous Badbpwtng ouviotwoag evog €K

v SO, Vg) kat 0, fj orooudrmote CUVBUACHOY AUTAHV, HE T X0pig avapen yeuong.

Me avdloya emyelpAPaTa JPIopoupe va £xoupe opoug pddag kat yia ta S kat Vg), a
ortoia 9a ermAégoupe va eivat urnepBapid.

Ma aAAn anapaitntn noootntd mou Asimel and 1o Povieédo pag €ivatl o UTEpoUPHE-
TPIKOG 0pOG [, €vag yla Kabe owkoyévela Sutdetov Higgs. Opolotpoénwg, propoupe va
gxoupe:

HqgﬂHg,’)e(“% . (1.87)
Ot dudéteg Higgs tov U0 mpatev owkoyevelwv Sa €xouve unepBaptd [, VO 0 0POG [t TNG
Tping yeviag Sa eivat onv kAipaxka v 7'eV. Tia va arogeuxBei oroladnrote ouyyu-
orn, €lvatl XpPrjo11o o€ AUTO TO ONHEI0 va CUVOWIOOULIE TNV KATHAKA PEPIKAOV ONHAVIIKGOV

rocottev ([Tivakag 1.12).
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[Mapapetrpog KAtpaka
"Hrueg tprypappikég oudeudelg O(GUT)
Mdieg Babpetedv KOuapkg O(GUT)
Mdieg Babpwtov Asrttoviov O(TeV)
13 O(TeV)
p(12) O(GUT)
Evonoinpévn pala gaugino My | O(TeV)

[Tivakag 1.12: KAlpaka onpaviik®v mapapeérpov.
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1.8 <Paivopcvodoyikn Avaiuon tou SU(3)° pe Mikpég A-
rtiveg Xwpou IInAikou

'Oneg oe kABe ®ME, 10 poviédo auto Sempel o011 6Aeg o1 ouleuielg Babpidag exkvouv wg
pia ouleudn g otnv Mayr. Qotdoo, kabwg oto erinedo tng Fg urdpxet povo pia ouleudn,
yivetat eukoAda avuAnmo ot kat ot ouleuielg Yukawa eivatl ioeg pe g onv Mgyr. To
YEYOVOG auto Kabiotd tnv ermdoyn peyding tanf anapait. H evorownuévn ouleudn g
XPNOTHOTIOEITAL WG OUVOPIAKY] OUVONKY yia OAEG TI§ aparndave ouleudelg otnv Mayr.

Zinv nmapakdte avaiuon xpnolpornolovpe ouvaptioetg B oe eninedo evog Bpdxou ya
0Aeg TG eprAekopeveg rapapérpous. Kate amod v kAipaxka evoroinong e§edioocoviat
oupgeva pe 1ig ouvaptroeslg B tou EYKII, aAAd pe téooepeig emmdéov dutAéteg Higgs (kat
TIG UTIEPOUPHETPIKEG TOUG OUVIOTMOES), Ol OTI0ieg TIpoépxovtat arod TG L TToAAATIAETEG TV
U0 MPWT®V O1KOYEVEIWV, PEXPL Pia evdiapeon KATpaka M;,;. Kate amod autrv v KA{paka
o0Aa ta urepBapila copatidia (@AAd kat ot ruot IPLypappikoi 6pot) arnooudeuyvuviatl Kat
01 OUVAPTH OIS B avtiotolXouv os autég evog poviedou pe duo dumdéteg Higgs (kat pe ta
avtiotoiya Higgsinos), 1o omoio mepiExel kat ta Babpetda Aemtovia kat ta gaugino mou
rnaipvouv pada otnv rkAtpaka v T'eV. Télog, KAt® amd pia 1pitn KA{paka, tnyv omnoia
ovopaloupe Mypey, TPEXOUHE TIS OUVAPTNOELS B EVOG 1N UTEPOUNHETPIKOU POVIEAOU HE
duo dutAéteg Higgs.

Paivopevoloyikoi Ilepropiopoi

Zta m\aiowa g avaduorng pag AapBavoupe unioyv 51aPpopoug meEPLOPIoP0US ITOU IPOo-
KUTTIOUV arod Td Tielpapatikd Sedopéva, ot oroiot divovrat oe autr v vrnoevotnta.®.
Bexkivovtag arnod v 10Xupr] oUeun, XP1OHOIIOI0UHE TV MEPAPATIKY PN [246]:

as(Myz) = 0.1187 + 0.0016.. (1.88)

'Onwg KAt mptv, urnoAoyi{oupe v @uoikr pada tou top roudpk, eve 1 pada tou bot-
tom koudpk urodoyiletal oy KAipaka g My, oUteg ®OTE va ArOPUYOUHE EITAEOV
opalpata eyyevn ot @UOoKn) tou pada. Ot meppatiké toug tipég divoviat amo v [246]:

m® = (1724 +0.7) GeV,  my(My) = 2.8340.10 GeV . (1.89)

H pdda tou oopatidiou mou avakaAupOnke tov IovAto tou 2012 ané ta nelpapata ATLAS
kat CMS [22] tautonoteitat pe ) pdada tou edapputepou prodoviou Higgs tou unepoup-
petpwkou KII. H nelpapatiky tpn wmg eivat [246]:

M;? =125.10 £0.14 GeV . (1.90)

SKdaroteg amé Tig Melpapatikég Tipég ToU Sivoviatl e8d 81apEpouv sAappds amod Ti§ AvIioTolXeg Tiég
wmg Evotnrag 1.4. Autd ocupBaiver 61011, 0tav oAoKANPoONKe 1 avdaduorn OV POVIEA®V HE €AATIOUEVES
TIAPAPETPOUG, Ol AVAVEMHEVEG TIHEG AUTOV T®V IIOCOTAT®V dev elxav akopa dnpooteudei.

61



Evonoinon Luleticwv BadOpidag

H npotn nipdxkAnon oe €va té€tolo eyxeipnpa eivatl n mpoBeAyn g KA{pakag evoroinong
XOPIG an®Aela Pe TOUG MEPAPATIKOUG TEPIOPIOROUG OTig oUleuselg Padbpidag. Ot ouvap-
toelg B oe eninedo evog Bpoxou divovral arno:

21 3; = bias | (1.91)

OTTIOU Y1d T0 O0OPATISIaKO (PACHA TOU HOVIEAOU Ot KABE pia armo TG TPEIS EVEPYEIAKEG
rep1ox£g o1 ouviedeotég b Sivoviat otov ITivaka 1.13 (ota nmapaptijpata rapatibeviat ot
AN PELS UTIOAOY10101 yla 0Aeg Tig ouvaptroetg B).

K)\i]lClKCl bl bQ bg
Mgw-Mrey | % | 3| =7
Mrey-Miy | 5 | =% | =5
Mipi-Maur | 2 3| -3

[Tivakag 1.13: Ot ovvteAeotég b yia tig ouvaptroeig B v oulevewv Laduibag.

Ta a; 2 kKaBopifouv Vv KAlpaka evornoinong Kat 1o ag Xpnowpornoteitat yia va eruBeBat-
©Oo£1 6T 1 KApaka auty stvat ovieg anodextr]. Oswpoviag éva opdApa tg taéng tou 0.3%
yla I ouvoplakr) ouvOrkn oty KA{paka evoroinong, urtodoyi{oupe TG tpelg S1aPpOpeTIKES
KATPAKEG TOU HOVIEAOU, OTwG autég rapouotddoviat otov ITivaxka 1.14. H oxupr) ouleudn
POBAETIETAL £EVIOG 20 A0 TNV MEPAPATIKE TIPn g ediowong (1.88):

as(Mz) = 0.1218 . (1.92)
KAiipaka GeV
Mcur ~ 1.7 x 10
Mins ~9x 1013
Mrey ~ 1500

[Mivakag 1.14: Ot woeig kAiuakeg, Onwg mpoGAsmovtal and v eVomoinon TV OULEUSEDU
Baduibag.

A%iel va onpewwbel 6t, av kat n KAipaxka evoroinong urodoyiletat eAadppwg Xaun-
Adtepa amod o6co 9a mepipeve KAVEIG 08 Pla UTIEPOUPHETPIKY dewpia, dev umdpxel @oBog
taxeiag Siaonaong tou mpetoviou, kabwag 1 evaropeivaca kabodikr) cuppetpia U(1) 4
propei eUkoAa va tautornonBei © wg:

U(1)4 = —éB | (1.93)

orou B eivat o Bapuovikég apBpog. Emopéveg, n kAipaka evoroinong da Prmopouoe,
Katapyxnv, va Bploketal akopa xapnAotepa X®pig kavéva 1€to1o mpoBAnpa.

SMropei xaveig sukoAa va ouykpivel ta @optia kdOe Tediou xkate amnd v U(1) 4 pe tov Bapuoviké tou
apidpo.
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To Auvapiro Higgs

Ag sotiacoupe kat rdAt otnv tpitn owkoyevela. Metd v nnapaBiaon g ®ME, 1o duvapiko
Higgs urnoAoyiletat ano toug opoug D kat F', aAAd kat anod toug frioug 6pous. Kat evo
0 UITOAOY10H0G TRV IRV 0p®V £lval apKetd eubug, yia toug opoug D kat F' n diadikaoia
Xpeladetal iEP1o00TEPT] AETTIOPEPELAL.

ApX1Kd, ot 6pot {¢|GA|¢) 9a pndeviotovv, kKaBMg OTO Kevd Katl yid T CUYKEKPIHEVN
EMAOYI] AVAPEVOHUEVROV TIHMOV KEVOU, EPOOOV Ol OUVIEAEOTEG (G’A)Z elval avtiouppeTpikot
ota a kat b kat apa priopouv va ayvonbouv eviedog. Ot opot D eivat eriong pndév, epocov
bev mepiexouv kaveva niedio Higgs otig ekppdoeig toug. 'Onwg napouoialetal avaluukda
ota [Mapaptpata, vrodoyiloupe tedika toug 6poug Dy kat F':

V;ﬁggs = —20g? [FgHJ?SHJ + c.c.] (1.94)
Vi 2 (| + Vg | B+
2|Hg|*|Hy |* + 2| Hy [*| H,* + 2| Hg[*| H,f |* + 2|H3|2!HJ|2}
+ 20 [P HDP 4+ g P ] (1.95)
Madi pe tov 6po [ KAl TOUG 1)ITIoUg 0poug £Xoupe to duvapiko Higgs:
Vitiggs = (36 +m3) (IHOP + [Hz [2) + (31u® P +m3) (1HOP + |1 [2)
e [(H;Hg ~HOHO) + c.c}
+ ?gQ S+ | Hy |+ |+ | H [+
2Hg)?|Hy |* + 2| Hy [*| H,* + 2| Hg|*| H.f|* + 2Iz’jﬁﬂ)IQIILUIQ}
+ 200 [P HDP |y P P] - 2002 [BGH HOHS +cc] . (196
orou geivat n oudeudn Badbpidag otnv KAlpaka evortoinong kat 1 e§€AEN OV MapapETpv
OUVAPTNOEL NG EVEPYELAKIG KATpakag dev €xel akdpa apxiost. Xuykpivoviag 1o rmmapd-

nave duvapiko pe to ouvnOeg duvapiko evog poviédou pe duo dutdéteg Higgs [247-249],
TAUTOTIO0UNE :

/\1:)\2:)\3:?927 /\4:2092, /\5:)\6:)\7:0. (197]
H arnouoia t@v A5 g 7 efvat anmoAuteg avapevopevn oe Jia UIepouppetpikn Sewpia (axkdpa
Kdl OTNV TIEPITTIOON TIOU 1] UTIEpoUPpEeTpia £xel dn napabiaoctei). O1 mapamndve OXECEIS
(1.8) xpnoporolouvial @G CUVOPIAKEG CUVONKEG OTNV KAAKA €voroinong Kat KAt® d-
o auvtrv 0Aeg ot ouleuielg Higgs eSediooovial oupgpmva pe tig ouvaptioelg B toug (ota
[Mapaptrpata Ppiokovial ol avaAuTikEG EKPPACELS TOUG Yid KADe evePYELAKT) TTEPLOXT]), Ol
OTI0leG € T1 OE1PA TOUG TPOTIOTIOI0UVTAl KATAAANAa yia KAabe evepyelakr] TIEPIOXT], OTIOG
AUTEG TTAPOUCIACTNKAV IIPONYOUPEVRS.
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AnoteAéopata oc Eninedo Evog Bpoxou

Ot ouleutelg Higgs \; eSedioooviat ard v KAipaka evoroinong peéXPt v nAeKtpaocbevr)
KAfpaka padi pe ug oudeuielg Padbpidag kat g ouleuielg Yukawa tov @eppioviov top,
bottom kat tau oe eminedo evog Ppoxou. Eivar onpavuko os auto 1o onpeio va Suprn-
Soupe 6t o1 ouletelg Padbpidag kat o1 ouleutelg yia ta KOUAPKG XPNOTHOIIO0UV T0 § ©G
OUVOPLAKI] TIJI], VO 1] OULEUEN Yid TO AEMTOVIO tau IPOKUITIEL ATIO £évav TEAEOTY] UPNAOTE-
png draotaong kat £xet aodntd peyadutepn edeubepia. Xpnopornoovupe tyv Kabiepopévn
TN ya m pada tou tau [246].

Bewpoupe opdipata ya ta 6U0 onpaviikd ouvoplakd onpeia, dndadn tig kAipakeg
Moyt xatMpey, yia Adyoug mou ene§nyouviat avadlutikd oty [250]. Ta Adyoug arddtn-
1ag éxoupe 9eProel EKPUAIOHO PETASU ToV PadwV TV UTIEPOURHETPIKOV 0OPATISi®V TToU
AmOKTOUV Padeg otnv meploxn v 1eV . Ilaipvoupe 1o opdApa yla 1g ouleudelg tov top
kat bottom koudpkg oty xKAipaka svoroinong oto 6%, £ve 0t0 oUVOPIAKO onueio TV
TeV oto 2%. T ta A2 10 opddpa Jewpeitat oto 8% kat otig 6U0 KAIPAKES, VR yia ta
A3 4 €tvat 7% ov xAipaka evoroinong kat 5% owmv xkAipaka wv eV .

Ta KoudpKg NG TPITNG 01KOYEVELAS TIPOBAETIOVTIAL EVIOG 20 A0 TIG TIEIPAPATIKES TOUG
Tpég (1.89):

my(Myz) = 3.00 GeV | m; = 171.6 GeV (1.98)

eve 1 pada tou edagputepou prodoviou Higgs umoloyidetat eviog 1o amo v tprn g
eClowong (1.90):
my, = 125.18 GeV . (1.99)

To povtédo €xel peydAn tanf ~ 48. Auto eival anapaitnto, kabwg ot oulevdelg Yukawa
Sexivouv amo v id1a tur oy KAipaka evortoinong, ornote anatteital peyadn dagopa
HETady v SU0 avApPEVOPEVOV TIHOV KEVOU QOTE va avarapaxOel 1 yvootr) QepHIOVIKY
epapyxia. To weudoBabpwtd cwpatidio Higgs aroxtd pada mepirtou ota 2000 — 3000 GeV/,
TIJN TTOU 1KAVOTIOLEL T Un mapatrpnor) tou otov LHC [169].
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1.9 Zupnepaopata

H mapouoa dwatpiBn) eotialel oe UMEPOUPHETPIKEG dewpieg pe PikpO apOpod edeubepwv
TIAPAPETIPROV. LTO TMPETO HEPOG, HETA A0 Hld OUVIOUN avagopd otnv 18éa tng €Adt-
TOONG MAPAPEIP®V ETTAVAKAVOVIKOTIOWOIHI®V Jemplov KAl ota de@pntika gpyaleia mou
avantuxbnkav Oote va avipeInotouy ta iagopa avaduopeva mpoBArpata, addd Kat
otnv 16€a NG MePATOTNTAG UTIEPOUPHETPIKAOV demplav, TIapouctadovial véa arotedéopata
yla TE00gpa UTTEPOUPHEIPIKA POVIEAd, ota omoia epappodetal ) pébodog tng sAdti®ong
TIAPAPETIPROV. ZINHEIDVOVIAL APKETEG ONPAVTIKEG aAAayeég o€ OxEon Pe aAlalotepeg eKOO-
X£G TV POVIEA®V, ONg 1) BeATiopévn rpoBAeyn tng pdadag tou eAadpou oxpatidiou Higgs
(rtou yivetatl pe ) véa €kdoon tou mpoypdppatog FeynHiggs), oupneptdapBavopévou
Katl T0U BeATopévou opaApatog tng. AKOd, 01 UTTOAOYIOHO1 yid Tov €AeyX0 oupdeviag pe
1a nelpapatika dedopéva tng ZKotevhg YAng oe kabe poviédo yivovial pe 1o mpoypap-
pa MicrOMEGAS 5.0 . At @aivopevOAOY1KIG TIAEUPAG 1 EAATIOON MTAPAPETPOV TIAPEXEL
KAVOVEG €MAOYHG TTOU avadelkvUOUV pedAloTIKA HoviEda, eite epappodetal os pia OME
eite oto EYKII. Xe kdabe mepimmon o apiBpog tov eAeUBepnv MAPAPETPOV EAATIOVETAL
onuavika Kat 1 Sewpia £xet avdnuévn mpoBAemuKy 1Kavotntd.

H avdAuorn sotddel os 1€o00oepa poviéda, 1o edayiotoronpévo N = 1 urepouppetpt-
k06 SU(5), 1o Menepaopévo N = 1 unepouppetpiko SU(5H), to [enepaopévo (oe ertinedo
&uo Bpoxwv) N = 1 unepouppetpikd SU(3) ® SU(3) @ SU(3) xat to EAdattopévo EYKI],
ta ortoia potpddoviatl apretég 1810tteg. To mpwto mpoBAérnet TG padeg TV oopatdiev
top kat Higgs oe oupgwvia pe tg perprnoetg tou LHC, onwg Kat 1o mAnpeg UrepoUpe-
PO @dopa tou EYKIIL. 'Opwg n pdda tou bottom koudpk urnodoyidetal eAadppwg KAT®
arnod 10 MEPAPATIKO OPl0 KAl £XEl ATIOOEKTEG TIPEG OE eminedo 3 0 povo av Yewprjooupie
éva eruadéov ~ 6 MeV opddpa ot ouvoplakr) ouvlnkn tng KAlpakag evoroinong, o-
MoTe Kat naipvoupe éva modu Bapu urepouppetpiko @aopa. Ta Memepaopéva SU(5) kat
SU3) ® SU(3) ® SU(3) etvat oe @uolkyy oupgevia pe 0deg tig petprjoelg tou LHC kat
bivouv Bapld unepouppeTpika @dopata, eve 10 Edattopévo EYKIT -tou eivatl to povigdo
HE 10 Xapndotepo oopatidlakd @daopa Hetadl toug- €xel éva WeudoBabuwtd proddvio
Higgs pe pikpotepn pada aro 10 XapnAotepo EMmIpento 0plo, OM®G auto dl1apopp@VeTal
ard 1o nieipapa ATLAS (a&idet va onpetwBet 611 10 PoBAENOPEVO PACHA TOV COPATIHIOV
tou KII oupgpwvel pe ta nepapatka dedopéva). Ot tpeig ®@ME Sev éxouv umodoyioun
duvatotnta avakaduyng otov HL-LHC, aAAd n duvatotnta napatrpnorg toug otov FCC-
hh BeAuovetat onpaviukda. Ta 1pia mp®Ta PoviEAd £X0UV UTEPTIAPAY®YT] LKOTEWNS YANG
ot0 TIPQOIPo cupnav, eve 10 Edattopévo EYKII mapouoidadetl evarnopeivaca nmukvotnta pt-
KPOTeEPN NG amodeKking. YTapxouv 81a¢opotl TpOrol va AVIIPEIRIOTEL T0 TpoBANIa g
Zxotewng YAng oe kKaBe poviédo, onwg .. 1 £10aywyr Sypappikov opev rmou napabi-
alouv v opotpia R.

1o 8eutepo pépog g SratpiBrig Sewpeitat pa dexkadiactatn, N = 1 Fg Sewpia Bab-
pidag otov oupnayoroinpévo xopo My X By/Zs, 6riou to By eivat n nearly-Kéhler roA-
Aardotra SU(3)/U(1) x U(1) xat n Zs3 eivar pua freely acting Siaxkpitty ouppetpia oto
By. Tote n Eg ehattwvetal Staotatikd ot roAdanAdtnta auvty] Kat pe ) Borbsia tou
pnxaviopoy onacipatog Wilson flux xataAfjyoupe oe pia tetpadidotaty N = 1 SU(3)?
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Sewpia Babpidag pe 6Uo erurdéov kaborikég ouppetpieg U(1).

TV nepirteor) rmou PeAeTdTal 01 AKTiveg TOU XWPOU IINATKOU €MMAEYOVIAL PIKPEG, OOTE
N KA{pAKa OUPIIAYOIToinong va CUMPITIIIEL Pe TNV KATpaKa evornoinong. Autr] 1 ermoyr)
KaAnyetl oe éva oevaplo pe unepoupperpia tomnou split, orou ta gauginos, ta Higgsinos
(tng tping yevidg) kat ta sleptons naipvouv pada oy kAipaka v 7'eV, eve 1o urodotro
UTEPOUPPETPIKO @aopa raipvel pada otnv kAipaka evoroinong. H kaboAwkn U(1) 4 6ia-
mpel 1o Bapuoviko apiBpo, yeyovog rmou ermrpérnet otnv KAipaka evortoinong va KateBet
ota ~ 10 GeV. To povtédo 6o duthetov Higgs mou embiodvel KATo and v KAtpaka
evortoinong npoBAémnet ) pada tou edadppou prnodoviou Higgs evidg mepapatikov opiav,
EV® 01 PAdeg TV KOUAPKG NG Tpitng okoyevelag Bpiokovial evidg 20 amnod TG MEPAPATIKESG
toug Tpég. To weuboBabpwtd prodovio Higgs anoxktd pdala ota 2000 — 3000 GeV, evo to
edapputepo neutralino, 1o omoio Yewpeital 1o EYZ, arokta pada ota ~ 1500 GeV'.

To endpevo Prjpa os avtr) tv KateuBuvon nepldapBavet v nmapayyr) tou mAnpoug (e-
Aappou) UTIEPCUPHETPIKOU PACHATOG, TNV AvAAUoT) ot eTinedo SUo Bpoxwmv, TV epappoyr)
IEPIO0OTEP®V TEIPAPATIKOV ITEPLOPIOPMV, TOV UTIOAOYIONO TG evariopeivaocag mukvotn-
1ag g Xrotewvhg YAng Kat tov kaboplopd g duvatotntag napatpnong tou HoviéAou
and peAdoviikoug erutayuvies. AAAn kateubuvorn oto 1610 ewpnuiko mAaiolo eivat ) pe-
A€t tou duvapikou g dewpiag otig UYPNAEG evepyeleg, wote va diepeuvnBel n cuppavia
TOU POVIEAOU HE TG TEIPAPATIKEG TIHEG TNG KOOHMOAOYIKNAG otabepdg. Auth 1 oudftnon
etvat oteva ouvdebepévn pe ) otpéyn, av Kat n 1pn g dexetat nén auotnpoug meplo-
plopoug armo tg padeg twv gaugino. Mia ermtuxnpévn avaluon oe autn v Kateubuvorn
Ya propouoe va kabiep®oel 10 POVIEAO @G TO OPlO OTIG XAPNAES eveépyeleg tng heterotic
string, Serepvmviag €101 T PaKpoxXPovia MPOKANOT yld avArttudn evog mAaioiou oto oroio
povtéda dewpiag iediou ouvbudlovial pe Sewpisg Bapuntag.
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Chapter 2

Introduction

An essential direction of the theoretical efforts of the last decades in Elementary Particle
Physics (EPP) is to understand the free parameters of the Standard Model (SM) in terms
of few fundamental ones, i.e. to achieve reductions of couplings [1]. However, despite
the many successes of the SM in describing elementary particles and their interactions,
there is little to no progress when it comes to the plethora of free parameters. The
pathology of the large number of free parameters is deeply correlated to the infinities
that emerge at the quantum level. Renormalization removes the infinities, but only at
the cost of introducing counterterms that add to the number of free parameters.

Although the SM is a successful theory, the widespread belief suggests that it will
be proven to be the low energy limit of a fundamental theory. The search for physics
beyond the Standard Model (BSM) expands in various directions. One of the most
efficient ways to reduce the number of free parameters of a theory (and thus render it
more predictive) is the introduction of a symmetry. A celebrated application of such
an idea are the Grand Unified Theories (GUTs) [2-7]. Decades ago, an early version
of SU(5) reduced the gauge couplings of the SM (featuring an -approximate- gauge
unification), predicting one of them. It was the addition of an N = 1 (softly broken)
supersymmetry (SUSY) [8-10] that made the prediction viable. In the framework of
GUTs, the Yukawa couplings can also be related among themselves. Again, SU(5)
demonstrated this by predicting the ratio of the tau to bottom mass [11] for the SM.
Unfortunately, the introduction of additional gauge symmetry does not seem to help,
since new complications arise due to new degrees of freedom, i.e. the channels of
breaking the symmetry.

An alternative way to look for relations among seemingly unrelated parameters is the
reduction of couplings method [12-14] (see also refs [15-17]). This technique reduces
the number of parameters of a theory by relating either all or a number of couplings to
a single parameter, the “primary coupling”. This method can identify hidden symme-
tries in a system, but it is also possible to have reduction of couplings in systems with
no apparent symmetry. It is necessary, though, to make two assumptions: both the
original and the reduced theory have to be renormalizable and the relations among pa-
rameters should be Renormalization Group Invariant (RGI).
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A natural extension of the idea of Grand Unification is to achieve gauge-Yukawa
Unification (GYU), that is to relate the gauge sector to the Yukawa sector. This is
a feature of theories in which reduction of couplings has been applied. The original
suggestion for the reduction of couplings in GUTs leads to the search for RGI relations
that hold below the Planck scale, which are in turn preserved down to the unification
scale. Impressively, this observation guarantees validity of such relations to all-orders
in perturbation theory. This is done by studying their uniqueness at one-loop level.
Even more remarkably, one can find such RGI relations that result in all-loop finite-
ness. The above principles have only been applied in N = 1 supersymmetric GUTs
for reasons that will be transparent in the following chapters. The application of the
GYU programme in the dimensionless couplings of such theories has been very suc-
cessful, including the prediction of the mass of the top quark in the minimal [18] (see
also Chapter 6 for the latest update) and in the finite N = 1 SU (5) [19, 20] before
its experimental discovery [21].

In order to successfully apply the above-mentioned programme, SUSY appears to
be essential. However, one has to understand its breaking as well, since it has the am-
bition to supply the SM with predictions for several of its free parameters. Indeed,
the search for RGI relations has been extended to the soft supersymmetry breaking
sector (SSB) of these theories, which involves parameters of dimension one and two.
In addition, there was important progress concerning the renormalization properties
of the SSB parameters, based on the powerful supergraph method for studying super-
symmetric theories, and it was applied to the softly broken ones by using the“spurion”
external space-time independent superfields. According to this method a softly bro-
ken supersymmetric gauge theory is considered as a supersymmetric one in which the
various parameters, such as couplings and masses, have been promoted to external
superfields. Then, relations among the soft term renormalization and that of an un-
broken supersymmetric theory have been derived. In particular the S-functions of the
parameters of the softly broken theory are expressed in terms of partial differential
operators involving the dimensionless parameters of the unbroken theory. The key
point in solving the set of coupled differential equations so as to be able to express all
parameters in a RGI way, was to transform the partial differential operators involved
to total derivative operators. It is indeed possible to do this by choosing a suitable RGI
surface.

The application of reduction of couplings on N = 1 SUSY theories has led to many
interesting phenomenological developments, too. In past work, an appealing “uni-
versal” set of soft scalar masses was assumed in the SSB sector of supersymmetric
theories, given that apart from economy and simplicity (1) they are part of the con-
straints that preserve finiteness up to two loops, (2) they appear in the attractive dilaton
dominated supersymmetry breaking superstring scenarios. However, further studies
have exhibited a number of problems, all due to the restrictive nature of the “uni-
versality” assumption for the soft scalar masses. Subsequently, this constraint was
replaced by a more “relaxed” all-loop RGI soft scalar squared masses sum rule that
keeps the most attractive features of the universal case and overcomes the unpleas-
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ant phenomenological consequences. This arsenal of tools and results opened the
way for the study of full finite models with few free parameters, with emphasis given
on predictions for the SUSY spectrum and the light Higgs boson mass.

The Higgs mass prediction, which coincided with the LHC results (ATLAS [22,23] and
CMS [24,25]) - combined with a predicted relatively heavy spectrum of SUSY particles
- was a success of the all-loop finite N = 1 SUSY SU(5) model [26], while another
finite theory, namely the N = 1 (two-loop) finite SU(3) ® SU(3) ® SU(3) [27], also
confirmed the LHC results. Additionally, the above programme was also applied in
the MSSM [28, 29], with successful results concerning the top, bottom and Higgs
masses, also featuring a relatively heavy SUSY spectrum (a review of past analyses
can be found in [30]). Furthermore, it is a well known fact that the lightest neutralino,
being the Lightest SUSY Particle (LSP), is an excellent candidate for Cold Dark Matter
(CDM) [31].

On the other hand, apart from the efforts to reduce the arbitrariness in our descrip-
tion of Nature, the unification of all fundamental interactions has been - for more than
half a century- the theoretical physicists’ desideratum. The community sets this direc-
tion in high priority, and as a result several interesting approaches have been developed
over the past decades. Out of all of them, the ones that support and/or employ the
existence of extra dimensions are perhaps the most prominent. The extra-dimensional
scenarios are encouraged by a very consistent framework, the superstring theories [32],
with the most promising being the heterotic string [33] (defined in ten dimensions),
due to its potential experimental testability. Specifically, the phenomenological aspect
of the heterotic string is designated in the resulting GUTs, containing the SM gauge
group, which are obtained after compactifying the 10D spacetime and performing a di-
mensional reduction of the Fs X Is initial gauge theory. In addition, a few years before
the formulation of superstring theories, an alternative framework of dimensional re-
duction of higher-dimensional gauge theories emerged. This important undertaking,
which shared common aims with one of the many superstring theories, was initially ex-
plored by Forgacs-Manton (F-M) and Scherk-Schwartz (S-S) studying the Coset Space
Dimensional Reduction (CSDR) [34-36] and the group manifold reduction [37], respec-
tively.

In the higher-dimensional theory, the gauge fields unify the gauge and scalar sector,
while, after the dimensional reduction, the resulting 4D theory features a particle spec-
trum of the surviving components. This holds for both approaches (F-M and S-S).
Moreover, in the CSDR programme, inclusion of fermions in the higher-dimensional
theory gives rise to Yukawa interactions in the resulting 4D theory. Furthermore, for a
specific choice of initial dimensions, one can unify the fields even more if the higher-
dimensional gauge theory is N = 1 supersymmetric, in the way that both gauge and
fermionic fields are accommodated in the same vector supermultiplet. It is important to
note that the CSDR scheme allows the possibility of obtaining chiral 4D theories [38,39].

In the CSDR context, some notions inspired from the heterotic string were incor-
porated, specifically the dimensionality of the spacetime and the gauge group of the
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higher-dimensional theory. Therefore, taking into consideration that superstring the-
ories are consistent in ten dimensions, the extra dimensions have to be distinguished
from the four observable ones with a compactification of the metric and then the result-
ing 4D theory is determined. Furthermore, a suitable choice of compactification mani-
fold can lead to 4D, N = 1 supersymmetric theories, aiming for realistic GUTs.

When dimensionally reducing an N = 1 supersymmetric gauge theory, a very im-
portant and desired property is the amount of supersymmetry of the initial theory
to be preserved in the 4D one. Some very good candidates that preserve it are the
compact internal Calabi-Yau (CY) manifolds [40]. However, the moduli stabilization
problem that emerges led to the study of flux compactification in a wider class of
internal spaces, namely manifolds with an SU(3)-structure. In these manifolds a back-
ground non-vanishing, globally defined spinor is considered. This spinor is covari-
antly constant with respect to a connection including torsion, while, in the CY case,
this holds for a Levi-Civita connection. Here, the nearly-Kahler manifolds class of the
SU(3)-structure manifolds is considered [41-44] , [45-47], [48-51] , [52-54] , [55-63].
Specifically, the class of 6-d homogeneous nearly-Kahler manifolds includes the non-
symmetric coset spaces G5/SU(3), Sp(4)/SU(2) X U(1)non—maz>» SU(3)/U(1) x U(1)
and the group manifold SU(2) x SU(2) [63] (see also [41-62]). It is worth mention-
ing that, contrary to the CY case, the dimensional reduction of a 10D N = 1 su-
persymmetric gauge theory over a non-symmetric coset space, leads to 4D theories
which include supersymmetry breaking terms [64-66].

The above-mentioned framework has a very interesting application in the dimen-
sional reduction of an N — 1, 10D Ejy over the compactification space SU(3)/U(1) x
U(1) x Zs, where the latter is the non-symmetric coset space SU(3)/U(1) x U(1)
equipped with the freely-acting discrete symmetry Z3. This extra symmetry is needed
in order to employ the Wilson flux breaking mechanism ( [67-69]) to further reduce
the gauge symmetry of the 4D GUT. Specifically, the Fs GUT (along with two U(1)
global symmetries) is broken to the trinification group, SU (3)3 [35, 52, 61, 64] (see
also [70]). The potential of the resulting 4D theory contains terms that can be iden-
tified as F'-, D- and soft breaking terms, which means that the resulting theory is a
(broken) N = 1 supersymmetric theory.

The present thesis in organised as follows:

Starting from Part I, in Chapter 3 there is a brief review of the reduction of couplings
principle and method. In Chapter 4 the notion of finiteness is explained and the way
to obtain finite theories with dimensionless and dimensionful couplings is reviewed.
Chapter 5 reviews four phenomenologically promising models, namely the Minimal
N =1 SU(5), the all-loop Finite N = 1 SU(5), the two-loop Finite SU(3)®SU (3)®@SU(3)
and the Reduced MSSM. Their analysis follows in Chapter 6 (see the original publica-
tions [71-73]). Our analyses predict the top, bottom and light Higgs masses within ex-
perimental limits (with the exception of the bottom mass in the Minimal SU(5) model),
produce the full supersymmetric spectrum and the SUSY breaking scale, the CDM relic
density for the LSP and the cross sections and branching rations necessary to deter-
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mine the discovery potential of each model in (near) future colliders. While our analy-
sis is based on the Higgs sector results obtained with the new version of FeynHiggs
2.16.0 code [74-77], other software was used as well. In particular, SPheno 4.0.4
[78,79] was used for the calculation of branching ratios, MadGraph [80] for the calcu-
lation of the cross sections and the MicrOMEGAs 5.0 [81-83] code was used for the
calculation of the CDM relic density. As will be discussed in Chapter 6, none of the
models satisfy the experimental bounds of the relic density.

Proceeding to Part II, Chapter 7 reviews the CSDR scheme and the reduction of
a D-dimensional Yang-Mills-Dirac theory accordingly. In Chapter 8 the application
of the CSDR programme in the case of a N = 1, 10D FEjs group reduced over the
non-symmetric coset SU(3)/U(1) x U(1) in demonstrated. The necessary Wilson flux
breaking using a Z3 discrete symmetry is demonstrated in Chapter 9 and the SU(3)3
GUT is obtained. The radii of the coset are chosen to be small in a specific configura-
tion, while the compactification and unification scales coincide, leading to a split-like
supersymmetry scenario in which some supersymmetric particles are superheavy and
others obtain mass in the 7T'eV region, as described in Chapter 10. After the employ-
ment of the spontaneous symmetry breaking of the GUT, the model can be viewed
as a two Higgs doublet model (2HDM). The detailed phenomenological analysis of the
model is presented in Chapter 11 (see [84] for the original work). Finally, some closing
remarks can be found in 12.
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Part 1

Theories with Reduced Couplings -
Finite Theories
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Chapter 3

Reduction of Couplings

The basic idea of reduction of couplings should be the first to be reviewed, as first in-
troduced in [12] and consequently evolved and expanded over the next two decades.
The aim is to express the parameters of a theory that are considered free in terms of
one basic parameter called primary coupling. The basic idea is to search for RGI rela-
tions among couplings and use them to reduce the seemingly independent parameters.
It is first applied to parameters without mass dimension, then extended to parameters
of dimension one or two, i.e. the couplings and masses of the soft breaking sector of
an N = 1 supersymmetric theory.

3.1 Reduction of Dimensionless Parameters

Any RGI relation (i.e. which does not depend on the renormalization scale y explicitly)
among couplings ¢, ...,ga of a given renormalizable theory can be expressed in the
implicit form ®(g;,---,94) = const., which has to satisfy the partial differential
equation (PDE)

A
P Ve F=Y 8 =0 (3.1

0P
a du Ya

a=1 8
where (3, is the [-function of g,. Solving this PDE is equivalent to solving a set of
ordinary differential equations, the so-called reduction equations (REs) [12-14],

dga
@Eg:@ua=L~wA, (3.2)

where g and f3, are the primary coupling and its S-function, respectively, and the count-
ing on a does not include g. Since maximally (A — 1) independent RGI “constraints” in
the A-dimensional space of couplings can be imposed by the ®,’s, one could in prin-
ciple express all the couplings in terms of a single coupling g. However, a closer look
to the set of Egs. (3.2) reveals that their general solutions contain as many integra-
tion constants as the number of equations themselves. Thus, using such integration
constants we have just traded an integration constant for each ordinary renormalized
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coupling, and consequently, these general solutions cannot be considered as reduced
ones. The crucial requirement in the search for RGE relations is to demand power series
solutions to the REs,

Z Pl g2t (3.3)

which preserve perturbative renormalizability. Such an ansatz fixes the corresponding
integration constant in each of the REs and picks up a special solution out of the general
one. Remarkably, the uniqueness of such power series solutions can be decided already
at the one-loop level [12-14]. To illustrate this, we may assume [-functions of the form

Ba = 167r2 Z B g,9094 + Zﬁ "9y’
b,c,d#g bg (3.4)
1 1) 3

) bed,

Here - - - stands for higher-order terms, and Ba s are symmetric in b, ¢, d. We then as-
(r+1),

sume that the p(n) s with n < r have been uniquely determined. To obtain p, ’’s, we
insert the power series (3.3) into the REs (3.2) and collect terms of (’)( 2"Jr?’). Thus,
we find

Z M(r TH) = lower order quantities ,

d#g
where the right-hand side is known by assumption and

ri=33 A ol 4 B0 — (2r +1) BV 61 (3.5)
b,c#g
b,c,d#g d#g

Therefore, the ,0((1 ")s for all n > 1 for a given set of p( )’s can be uniquely determined if

det M(n)¢ # 0 for all n > 0. This is checked in all models that reduction of couplings
is applied.

The various couplings in supersymmetric theories have the same asymptotic be-
haviour. Therefore, searching for a power series solution of the form (3.3) to the REs
(3.2) is justified.

The possibility of coupling unification described in this section is without any doubt
very attractive because the “completely reduced” theory contains only one independent
coupling, but it can be unrealistic. Therefore, one often would like to impose fewer
RGI constraints, and this is the idea of partial reduction [85, 86].

All the above give rise to hints towards an underlying connection among the require-

ment of reduction of couplings and SUSY. As an example, one can consider a SU (N)
gauge theory with ¢(N) and ¢;(IN) complex scalars, 1*(N) and v;(N) left-handed Weyl
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spinors and \* (a = 1,..., N? — 1) right-handed Weyl spinors in the adjoint represen-
tation of SU(N).
The Lagrangian (kinetic terms are omitted) includes

L5 iV2{ gy AT — Gy AT +hoe. } — V(6,B), (3.7)
where
V(9,8) = P01 + (@b O+ 066066 T) + MG, 38

This is the most general renormalizable form in four dimensions. In search of a solution
of the form of Eq. (3.3) for the REs, among other solutions, one finds in lowest order:

gy =9y =9,
N-1,
>\1=>\2=—N g, (3.9)
1 1
N = g2, A= —=g
3 2Ng’ 4 297

which corresponds to a N = 1 SUSY gauge theory. While these remarks do not
provide an answer about the relation of reduction of couplings and SUSY, they cer-
tainly point to further study in that direction.

3.2 Reduction of Couplings in N = 1 SUSY Gauge Theo-
ries - Partial Reduction

Consider a chiral, anomaly-free, N = 1 globallysupersymmetric gauge theory that
is based on a group G and has gauge coupling g. The superpotential of the theory is:

1 1
W = 5 mij @i @ + 6 Cijk 0i &5 Or (3.10)

where m,; and C};;, are gauge invariant tensors and the chiral superfield ¢; belongs to
the irreducible representation R; of the gauge group. The renormalization constants
associated with the superpotential, for preserved SUSY, are:

i (1/2
o = (7)) o, . (3.11)
0 i 5!

By virtue of the NV = 1 non-renormalization theorem [87-90] there are no mass and cu-
bic interaction term infinities. Therefore:

o ! 73 (1/2) -1/ (1/2) 73 -1/
A (Z;, ) (ZJ., ) =0

3
i N (1/2) i\ (1/2) (1/2) g
7 k. 74// k// . 74// k,//
Zg¥ (z) (7)) (2 =
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The only surviving infinities are the wave function renormalization constants Zz-j , SO
just one infinity per field. The [-function of the gauge coupling g at the one-loop
level is given by [91-95]

s = 99 _ g’
9 dt 1672

: (3.15)

Y T(R;) —3C5(G)

i

where C5(() is the quadratic Casimir operator of the adjoint representation of the
gauge group G and Tr[T°T"] = T(R)6%, where T® are the group generators in the
appropriate representation. The 3-functions of (}j; are related to the anomalous di-
mension matrices 7;; of the matter fields as:

dOz]k

Bijk = 7 Ciji Vi + Cing ’Yé + Ciin o (3.16)

The one-loop 7} is given by [91]:

i 1 ; ;
1V} = 352 [C™ Ciu = 297 Co( R, (3.17)
where C7* = C7,. We take Cjj, to be real so that C7, are always positive. The

squares of the couplings are convenient to work with, and the C}j; can be covered by a
single index i (i = 1,--- ,n):

2 2
a:i—ﬂ,ai:i—;. (3.18)
Then the evolution of a’s in perturbation theory will take the form
da
E:ﬁ = —ﬁ(l)a2+... ,
i =0 = —@(1)%044‘2 5572)1604j04k+"' ;
j.k
Here, - -- denotes higher-order contributions and ﬁz k= ,62( k)] For the evolution equa-

tions (3. 19) we investigate the asymptotic properties. First, we define [12, 14, 16,96,97]
G=—,1=1,---,n, (3.20)

and derive from Eq. (3.19)

dog B 51-(1) -
ada——%’*ﬁ— g ) @

(3.21)



where BZ-(T)(&) (r = 2,---) are power series of @’s and can be computed from the r"-loop
B-functions. We then search for fixed points p; of Eq. (3.20) at « = 0. We have to solve
the equation

8" B
i i _
j.k
assuming fixed points of the form
pi=0fori=1,---,n; p >0fori=n"+1,--- n. (3.23)

Next, we treat &; with ¢ < n/ as small perturbations to the undisturbed system (defined
by setting &; with ¢ < n’ equal to zero). It is possible to verify the existence of the
unique power series solution of the reduction equations (3.21) to all orders already at
one-loop level [12-14,97]:

&i:pi+ngr)aT_17Zl:n/—i_lf“an‘ (324)
r=2

These are RGI relations among parameters, and preserve formally perturbative renor-
malizability. So, in the undisturbed system there is only one independent parame-
ter, the primary coupling a.

The nonvanishing &; with ¢ < n’ cause small perturbations that enter in a way
that the reduced couplings (&; with ¢ > n') become functions both of o and &; with
i < n'. Investigating such systems with partial reduction is very convenient to work
with the following PDEs:

(3.25)

These equations are equivalent to the REs (3.21), where, in order to avoid any confusion,
we let a,b run from 1 to n’ and 4, j from n’ + 1 to n. Then, we search for solutions of
the form

_ o™ Ly, - .
Gi=pit Y (2) SO i=n L, (3.26)
r=2

where fl-(r)(da) are power series of &,. The requirement that in the limit of vanish-
ing perturbations we obtain the undisturbed solutions (3.24) [86, 98] suggests this type
of solutions. Once more, one can obtain the conditions for uniqueness of fz-(T) in terms
of the lowest order coeflicients.

3.3 Reduction of Dimension-1 and -2 Parameters

The extension of the reduction of couplings method to massive parameters is not
straightforward, since the technique was originally aimed at massless theories on the
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basis of the Callan-Symanzik equation [12, 13]. Many requirements ave to be met,
such as the normalization conditions mposed on irreducible Green’s functions [99],
etc. ignificant progress has been made towards this goal, tarting from [100], where,
as an assumption, a mass-independent renormalization scheme renders all RG func-
tions only trivially dependent on dimensional parameters. Mass parameters can then be
introduced similarly to couplings.

This was justified later [101, 102], where it was demonstrated that, apart from
dimensionless parameters, pole masses and gauge couplings, the model can also in-
clude couplings carrying a dimension and masses. To simplify the analysis, we fol-
low Ref. [100] and use a mass-independent renormalization scheme as well.

Consider a renormalizable theory that contains (N + 1) dimension-O couplings,

(9o, g1, ---,gn), L parameters with mass dimension-1, (ﬁl,...,ﬁL>, and M parame-

ters with mass dimension-2, (m?, ...,m3,). The renormalized irreducible vertex function
I' satisfies the RGE

DI [@’s;go,gl,...,g]v;kl,.. hL,ml,...,m?M;u} —0, (3.27)

with

D= ua—+ZﬁzaA +Z% A2+Z mé@ (3.28)

where f; are the [-functions of the dimensionless couphngs g; and ®; are the mat-
ter fields. The mass, trilinear coupling and wave function anomalous dimensions, re-
spectively, are denoted by 73"02, 72 and 7¢§ and i denotes the energy scale. For a mass-
independent renormalization scheme, the «’s are given by

L
Yo = Z%If’b(gm Gis s g ) o,

b=l (3.29)

nya 907917‘ JgN mﬁ + Z 'Ym ab go,gl,...,gN)iLa;Lb .
a,b=1

m2,ab

The 7 , %l ™8 and o are power series of the (dimensionless) g’s.

We search for a reduced theory where
g = go, h, = h, forl <a <P, m25m2 forl<a<@Q
are independent parameters. The reduction of the rest of the parameters, namely

gzzgl(g>) (Z:]-?aN)a

P
hae =Y (9w, (a=P+1,..,L)

b=1 (3.30)
Q P

ml =Y _ellgymi+ > k(@ha,  (@=Q+1,.., M)
ps=1 a,b=1



is consistent with the RGEs (3.27,3.28). The following relations should be satisfied

09; .
= 5 =1,...N
Bg ag 517 (Z PIRERT) )a
Ohe = , Oha
Bga_g b a_hb Yas (CL—P—f—l,...,L), (331]

a g g -
ah = Omﬁ
to

Using Egs. (3.29) and (3.30), they reduce

i & L L
WA R | R SR BT
c=1

d=P+1

dG'B Q 2
263[% ’B+vaw] Z% o5 =0,

~=1 0=0Q+1

dkab P
gd; _1_2;( a Z,y(l}dfd>kcb+ze [mab Z mcdfafd

c,d=P+1

(3.32)

L -
49 Z 7%”27be3+ Z ,ygﬁ,dkgb [ m?2 ab+ Z m ,cdfézfs

e=P+1 5=Q+1

M
+2 Z T Y k| =0,

c=P+1 6=Q+1 J

(a=Q+1,..,M;a,b=1,..,P).

The above relations ensure that the irreducible vertex function of the reduced theory

I'r [<I>’s;g; hi,...,hp;m3, ...,mé;u} =

r [q),svgagl(g)mgf\/(g)a hla ) hPu ilP-&-l(g?h)? B ﬁL(Q? h)7 (3.33)

m%, ey m2Q, méﬂ(g, h, m2), s m?\/[(g, h, m2); u}

has the same renormalization group flow as the original one.
Assuming a perturbatively renormalizable reduced theory, the functions g;, fa, eg
and /{;gb are expressed as power series in the primary coupling:

Gi=g> p"g",  fr=g> nk™gm,
n=0 n=0

eg _ é-g(n) n) k’gb _ Z ng(n)g
n=0

n=0

(3.34)
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These expansion coefficients are found by inserting the above power series into Egs.
(3.31), (3.32) and requiring the equations to be satisfied at each order of g. It is not
trivial to have a unique power series solution; it depends both on the theory and the
choice of independent couplings.

If there are no independent dimension-1 parameters (iL), their reduction becomes

where M is a dimension-1 parameter (i.e. a gaugino mass, corresponding to the in-
dependent gauge coupling). If there are no independent dimension-2 parameters (11?),
their reduction takes the form

3.4 Reduction of Couplings of Soft Breaking Terms in
N =1 SUSY Theories

The reduction of dimensionless couplings was extended [100, 103] to the SSB dimen-
sionful parameters of N = 1 supersymmetric theories. It was also found [104, 105]
that soft scalar masses satisfy a universal sum rule.

Consider the superpotential (3.10)

1 .. 1 ..
W= u7 @0+ 2 CI* o, d; Oy (3.35)
and the SSB Lagrangian
L ik 15 Lo oy i 1
— »CSSB = 6 hj gbng]gbk + 5 b] ¢Z¢J + 5 (m )l gb ij + 5 ]\4/\1)\Z + h.c. (3.36]

The ¢;’s are the scalar parts of chiral superfields ®;, A are gauginos and M the unified
gaugino mass.
The one-loop gauge [-function (3.15) is given by [91-95]

dg _ ¢’
(1) = == ;) —
B’ =4 = 167 > T(R)-3C(G) | | (3.37)

whereas the one-loop Cjj;’s 3-function (3.16) is given by

ar dCus
¢t =2 = Cyi+ Cua}+ Cpunh (3.38)

and the (one-loop) anomalous dimension 7(1) 3 of a chiral superfield (3.17) is

. 1 . ,
AW [C™ Cja — 2 9% Co(Ry)SE] (3.39)

i 3972
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Then the N = 1 non-renormalization theorem [87, 88, 90] guarantees that the -
functions of C;j;, are expressed in terms of the anomalous dimensions.
We make the assumption that the REs admit power series solutions:

ij ijk 2n
C* =g > plhg™ . (3.40)
n=0

Since we want to obtain higher-loop results instead of knowledge of explicit 5-functions,
we require relations among S-functions. The spurion technique [90, 106-109] gives all-
loop relations among SSB [-functions [110-117]:

Bu =20 (%) , (3.41)
;’ij _ %z‘hljk + ,yljhilk + ,ylk:hijl
—2(m); C* =2 (p)] C™ = 2(m); C', (3.42)
i 91
(Bm2); = {A + Xa—g] Y (3.43)
where
0 0
O= (Mg~ — hm 3.44
0 0 ~ 0
A =200* 2M“— mn fmn 3.45
OO + | | + Cl 8Clmn + C ac’lmn ) ( ]
(1) = On;, (3.46)
Ck = (m?)iCY* 4 (m?)]C™* 4 (m?)FCt (3.47)
Assuming (following [112]) that the relation among couplings
g g dC'ik
wok = _y(ery = —p2979) (3.48)
dlng
is RGI and the use of the all-loop gauge [-function of [118-120]
ﬁNSVZ 9> [ T(R)(1 —m/2) = 3C(G) ’ (3.49)
1672 1 — ¢2Co(G) /872
we are led to an all-loop RGI sum rule [121] (assuming (m2)3 = m?éji-),
1 dinC%%  1d%InC4*
2 2 2 — |M]? —
i g = (M { PC(G)/(37) ding | 2 d(lng) } 550

m?T(R)  dlnCi*
+ZCg G) —8m2/g* dlng
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It is worth noting that the all-loop result of Eq. (3.50) coincides with the superstring
result for the finite case in a certain class of orbifold models [105, 122, 123] if dlcllllg:k =
1 [20].

As mentioned above, the all-loop results on the SSB [-functions, Eqgs.(3.41)-(3.47),
lead to all-loop RGI relations. We assume:
() the existence of an RGI surface on which C' = C(g), or equivalently that the expres-

sion

dC'iik ijk
_ rc (3.51)
dg By
holds (i.e. reduction of couplings is possible)
(b) the existence of a RGI surface on which
3 dC ()%
Bk — _M—(g) (3.52)
dlng

holds to all orders.
Then it can be proven [124, 125] that the relations that follow are all-loop RGI (note
that in both assumptions we do not rely on specific solutions of these equations)

M = M, @’ (3.53)
g
hik = — My BEF, (3.54)
b9 = — M, @jj , (3.55)
1 dvi
2\t _ 2 J
(m%); = 3 Mol 15 %, (3.56)
where )/, is an arbitrary reference mass scale to be specified shortly. Assuming
0 0
Co7=0C, 3.57
oC, “oCk ( )
for an RGI surface F(g, C7% C*i*) we are led to
d 0 0 dC 0 0
4 _ (0,50 dCN _ (0 B0 (3.58)
dg dg oC dg dg By OC

where Eq. (3.51) was used. Let us now consider the partial differential operator O in
Eq. (3.44) which (assuming Eq. (3.48)), becomes

1 d
=-M 3.59
O 2 dlng ( )
and ), given in Eq. (3.41), becomes
d j
=M =9 .
B (“ng( ) (3.60)

84



which by integration provides us [117, 124] with the generalized, i.e. including Yukawa
couplings, all-loop RGI Hisano - Shifman relation [113]

M = &Mo .
9
M, is the integration constant and can be associated to the unified gaugino mass M (of
an assumed covering GUT), or to the gravitino mass mj3/, in a supergravity framework.
Therefore, Eq. (3.53) becomes the all-loop RGI Eq. (3.53). )/, using Egs.(3.60) and
(3.53) can be written as follows:

d
Bar = Mo (By/9) - (3.61)
Similarly b
i i1
(’Yl)j = O’Yj = 2 M d_tj . (3.62)

Next, from Eq.(3.48) and Eq.(3.53) we get
hik — — My I (3.63)
while ij k, using Eq.(3.62), becomes [124]

ik — M, % k. (3.64)
which shows that Eq. (3.63) is RGI to all loops. Eq. (3.55) can similarly be shown to be
all-loop RGI as well.

Finally, it is important to note that, under the assumptions (a) and (b), the sum
rule of Eq. (3.50) has been proven [121] to be RGI to all loops, which (using Eq. (3.53))
generalizes Eq. (3.56) for application in cases with non-universal soft scalar masses, a
necessary ingredient in the models that will be examined in the next Sections. An-
other important point to note is the use of Eq. (3.53), which, in the case of product gauge
groups (as in the MSSM), takes the form

691‘

)

Mi:

My , (3.65)

where 7 = 1,2, 3 denotes each gauge group, and will be used in the Reduced MSSM
case.

85



86



Chapter 4

Finiteness

The principle of finiteness requires perhaps some more motivation to be considered
and generally accepted these days than when it was first envisaged, since in recent
years we have a more relaxed attitude towards divergencies. Most theorists believe
that the divergencies are signals of the existence of a higher scale, where new degrees of
freedom are excited. Even accepting this dogma, we are naturally led to the conclusion
that beyond the unification scale, i.e. when all interactions have been taken into
account in a unified scheme, the theory should be completely finite. In fact, this is one of
the main motivations and aims of string, non-commutative geometry, and quantum
group theories, which include also gravity in the unification of the interactions. The
work on reduction of couplings and finiteness reviewed in this chapter is restricted to
the unification of the known gauge interactions.

4.1 The idea behind finiteness

Finiteness is based on the fact that it is possible to find renormalization group invariant
(RGI) relations among couplings that keep finiteness in perturbation theory, even to all
orders. Accepting finiteness as a guiding principle in constructing realistic theories of
EPP, the first thing that comes to mind is to look for an N = 4 supersymmetric uni-
fied gauge theory, since any ultraviolet (UV) divergencies are absent in these theories.
However nobody has managed so far to produce realistic models in the framework of
N =4 SUSY. In the best of cases one could try to do a drastic truncation of the theory
like the orbifold projection of refs. [126, 127], but this is already a different theory than
the original one. The next possibility is to consider an N = 2 supersymmetric gauge
theory, whose [ function receives corrections only at one loop. Then it is not hard to
select a spectrum to make the theory all-loop finite. However a serious obstacle in
these theories is their mirror spectrum, which in the absence of a mechanism to make
it heavy, does not permit the construction of realistic models. Therefore, one is natu-
rally led to consider NV = 1 supersymmetric gauge theories, which can be chiral and in
principle realistic.

It should be noted that in the approach followed here (UV) finiteness means the
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vanishing of all the  functions, i.e. the non-renormalization of the coupling constants,
in contrast to a complete (UV) finiteness where even field amplitude renormalization
is absent. Before the work of several members of our group, the studies on N =1
finite theories were following two directions: (i) construction of finite theories up to two
loops examining various possibilities to make them phenomenologically viable, (ii) con-
struction of all-loop finite models without particular emphasis on the phenomenological
consequences. The success of their work was the construction of the first realistic all-
loop finite model, based on the theorem presented in the Sect. 4.2 below, realising in
this way an old theoretical dream of field theorists.

4.2 Finiteness in N=1 Supersymmetric Gauge Theories

Let us, once more, consider a chiral, anomaly free, N = 1 globally supersymmet-
ric gauge theory based on a group G with gauge coupling constant g. The superpoten-
tial of the theory is given by (see Eq. (3.10))

1 1
W = émij¢i¢j+écijk¢i¢j¢k : 4.1)

The N = 1 non-renormalization theorem, ensuring the absence of mass and cubic-
interaction-term infinities, leads to wave-function infinities. The one-loop [-function
is given by (see Eq. (3.15))

dg  ¢°
) = =2 — T(R;)) — 3Cy(G 4.2
9" = = 16m2 Z (F:) 2] (4.2)
the 8 function of C;;;, by (see Eq. (3.16))
dCijn,

Bijr = dt] = Cij Vi + Cing ’Yé + Cii 7! (4.3)

and the one-loop wave function anomalous dimensions by (see Eq. (3.17))

i 1 i i

Y5 = 5272 [C O — 297 Co(R)6; ] - (4-4)

As one can see from Egs. (4.2) and (4.4), all the one-loop (-functions of the theory
vanish if 8" and 7% vanish, i.e.

Z T(R;) = 3C2(G), (4.5)
Cilejkl = 25;9202(R1) y (4.6]
The conditions for finiteness for N = 1 field theories with SU(N) gauge symmetry are

discussed in [128], and the analysis of the anomaly-free and no-charge renormaliza-
tion requirements for these theories can be found in [129]. A very interesting result is
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that the conditions (4.5,4.6) are necessary and sufficient for finiteness at the two-loop
level [91-95].

In case SUSY is broken by soft terms, the requirement of finiteness in the one-loop
soft breaking terms imposes further constraints among themselves [130]. In addition,
the same set of conditions that are sufficient for one-loop finiteness of the soft breaking
terms render the soft sector of the theory two-loop finite [131].

The one- and two-loop finiteness conditions of Egs. (4.5,4.6) restrict considerably
the possible choices of the irreducible representations (irreps) R; for a given group G
as well as the Yukawa couplings in the superpotential (4.1). Note in particular that
the finiteness conditions cannot be applied to the minimal supersymmetric standard
model (MSSM), since the presence of a U(1) gauge group is incompatible with the con-
dition (4.5), due to C3[U(1)] = 0. This naturally leads to the expectation that finiteness
should be attained at the grand unified level only, the MSSM being just the correspond-
ing, low-energy, effective theory.

Another important consequence of one- and two-loop finiteness is that SUSY (most
probably) can only be broken due to the soft breaking terms. Indeed, due to the un-
acceptability of gauge singlets, F-type spontaneous symmetry breaking [132] terms are
incompatible with finiteness, as well as D-type [133] spontaneous breaking which re-
quires the existence of a U(1) gauge group.

A natural question to ask is what happens at higher loop orders. The answer is
contained in a theorem [134, 135] which states the necessary and sufficient condi-
tions to achieve finiteness at all orders. Before we discuss the theorem let us make
some introductory remarks. The finiteness conditions impose relations between gauge
and Yukawa couplings. To require such relations which render the couplings mutually
dependent at a given renormalization point is trivial. What is not trivial is to guaran-
tee that relations leading to a reduction of the couplings hold at any renormalization
point. As we have seen (see Eq. (3.51)), the necessary and also sufficient, condition for
this to happen is to require that such relations are solutions to the REs

dCZ'jk

59 dg Zﬁijk 4.7)

and hold at all orders. Remarkably, the existence of all-order power series solutions to
(4.7) can be decided at one-loop level, as already mentioned.

Let us now turn to the all-order finiteness theorem [134, 135], which states un-
der which conditions an N = 1 supersymmetric gauge theory can become finite to
all orders in perturbation theory, that is attain physical scale invariance. It is based
on (a) the structure of the supercurrent in N = 1 supersymmetric gauge theory
[136-138], and on (b) the non-renormalization properties of N = 1 chiral anoma-
lies [134,135,139-141]. Details of the proof can be found in refs. [134, 135] and further
discussion in Refs. [139-143]. Here, following mostly Ref. [143] we present a compre-
hensible sketch of the proof.

Consider an N = 1 supersymmetric gauge theory, with simple Lie group . The
content of this theory is given at the classical level by the matter supermultiplets S5;,

89



which contain a scalar field ¢; and a Weyl spinor ;,, and the vector supermultiplet V,,
which contains a gauge vector field AZ and a gaugino Weyl spinor \2.

Let us first recall certain facts about the theory:
(1) A massless N = 1 supersymmetric theory is invariant under a U(1) chiral transfor-
mation 2 under which the various fields transform as follows

A:L =A,, X, =exp(—if)A,

, 2 , 1 4.8)
& = oxp(=i20)6, ¥l = exp(—i50)a,
The corresponding axial Noether current .Ji(x) is
Jp(z) = PYVAD SR (4.9)

is conserved classically, while in the quantum case is violated by the axial anomaly
Oy =1 (e PE L Fop+---). (4.10)

From its known topological origin in ordinary gauge theories [144-146], one would ex-
pect the axial vector current Jj to satisfy the Adler-Bardeen theorem and receive
corrections only at the one-loop level. Indeed it has been shown that the same non-
renormalization theorem holds also in supersymmetric theories [139-141]. Therefore

r=hpY. (4.11)

(2) The massless theory we consider is scale invariant at the classical level and, in gen-
eral, there is a scale anomaly due to radiative corrections. The scale anomaly appears
in the trace of the energy momentum tensor 7,,, which is traceless classically. It has
the form

TﬁzﬁgFuuFuy—i_“' (412)

(8) Massless, N = 1 supersymmetric gauge theories are classically invariant under the
supersymmetric extension of the conformal group - the superconformal group. Exam-
ining the superconformal algebra, it can be seen that the subset of superconformal
transformations consisting of translations, SUSY transformations, and axial R trans-
formations is closed under SUSY, i.e. these transformations form a representation
of SUSY. It follows that the conserved currents corresponding to these transforma-
tions make up a supermultiplet represented by an axial vector superfield called the
supercurrent J,

J={J¥, Q1 Tk, ..}, (4.13)

where J}' is the current associated to R invariance, Q" is the one associated to SUSY
invariance, and 7/ the one associated to translational invariance (energy-momentum
tensor).

The anomalies of the R current J}'g, the trace anomalies of the SUSY current, and the
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energy-momentum tensor, form also a second supermultiplet, called the supertrace
anomaly

S=1{ReS, Im S, S,} = {T;;, 0,7 0" Q) + }

where T;’j is given in Eq.(4.12) and

Oy = B PFFyp+ -+ (4.14)
0@ = BN+ (4.15)

(4) It is very important to note that the Noether current defined in (4.9) is not the
same as the current associated to R invariance that appears in the supercurrent J in
(4.13), but they coincide in the tree approximation. So starting from a unique classical
Noether current Jg(class), the Noether current .Ji; is defined as the quantum exten-
sion of J g(class) which allows for the validity of the non-renormalization theorem. On

the other hand, J}, is defined to belong to the supercurrent .J, together with the
energy-momentum tensor. The two requirements cannot be fulfilled by a single current
operator at the same time.

Although the Noether current .Jj; which obeys (4.10) and the current Jg belonging
to the supercurrent multiplet J are not the same, there is a relation [134, 135] between
quantities associated with them

r=By(1+ xy) + Bijpa?* — yar (4.16)

where r was given in Eq. (4.11). The r4 are the non-renormalized coefficients of the
anomalies of the Noether currents associated to the chiral invariances of the superpo-
tential, and -like - are strictly one-loop quantities. The v4’s are linear combinations of
the anomalous dimensions of the matter fields, and z,, and 2% are radiative correction
quantities. The structure of Eq. (4.16) is independent of the renormalization scheme.
One-loop finiteness, i.e. vanishing of the S-functions at one-loop, implies that the
Yukawa couplings \;j;, must be functions of the gauge coupling g. To find a similar con-
dition to all orders it is necessary and sufficient for the Yukawa couplings to be a formal
power series in g, which is solution of the REs (4.7).
We can now state the theorem for all-order vanishing /3 functions [134].

Theorem:
Consider an N = 1 supersymmetric Yang-Mills theory, with simple gauge group. If the
following conditions are satisfied

1. There is no gauge anomaly.

2. The gauge (-function vanishes at one-loop

B =0= ZT(RO —3C%(G). 4.17)
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3. There exist solutions of the form
Cijk = pijrd; pijr €C (4.18)

to the conditions of vanishing one-loop matter fields anomalous dimensions

i 1 i i

Wi = 0= 33 [ C™ Ci — 2 g° Ca(R)SY]. (4.19)

4. These solutions are isolated and non-degenerate when considered as solutions of
vanishing one-loop Yukawa [ functions:

Then, each of the solutions (4.18) can be uniquely extended to a formal power series in
g, and the associated super Yang-Mills models depend on the single coupling constant
g with a f-function which vanishes at all-orders.

It is important to note a few things: The requirement of isolated and non-degenerate
solutions guarantees the existence of a unique formal power series solution to the re-
duction equations. The vanishing of the gauge /3 function at one-loop, Bél), is equivalent
to the vanishing of the R current anomaly (4.10). The vanishing of the anomalous di-
mensions at one-loop implies the vanishing of the Yukawa couplings ( functions at
that order. It also implies the vanishing of the chiral anomaly coefficients r“. This last
property is a necessary condition for having  functions vanishing at all orders.’

Proof:
Insert f3;;;, as given by the REs into the relationship (4.16). Since these chiral anomalies
vanish, we get for 3, an homogeneous equation of the form

0= 6,(1+O(h)). (4.21)

The solution of this equation in the sense of a formal power series in / is 3, = 0, order
by order. Therefore, due to the REs (4.7), ﬂijk = 0 too.

Thus, we see that finiteness and reduction of couplings are intimately related. Since
an equation like eq. (4.16) is lacking in non-supersymmetric theories, one cannot ex-
tend the validity of a similar theorem in such theories.

A very interesting development was done in ref [111]. Based on the all-loop relations
among the [ functions of the soft supersymmetry breaking terms and those of the
rigid supersymmetric theory with the help of the differential operators, discussed in
Sections 3.3 and 3.4, it was shown that certain RGI surfaces can be chosen, so as
to reach all-loop finiteness of the full theory. More specifically it was shown that
on certain RGI surfaces the partial differential operators appearing in Egs. (3.41,3.42)

IThere is an alternative way to find finite theories [147-150].
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acting on the beta- and gamma-functions of the rigid theory can be transformed to total
derivatives. Then the all-loop finiteness of the $ and ~ functions of the rigid theory can
be transferred to the 3 functions of the soft supersymmetry breaking terms. Therefore
a totally all-loop finite N = 1 SUSY gauge theory can be constructed, including the soft
supersymmetry breaking terms.
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Chapter 5

Phenomenologically Interesting
Models with Reduced Couplings

In this chapter the basic properties of phenomenologically viable SUSY models that
use the idea of reduction of couplings are reviewed, as they were developed over the
previous years by members of our group. The first three use a larger gauge structure
to achieve reduction of couplings (two of them also feature finiteness), while the fourth
can employs it within the MSSM gauge group.

5.1 The Minimal N = | Supersymmetric SU(5)

The first case reviewed is the partial reduction of couplings in the minimal N = 1 SUSY
model based on the SU(5) [18,100]. ¥/(10) and ®/(5) accommodate the three gener-
ations of quarks and leptons, I running over the three generations, an adjoint 3(24)
breaks SU(5) down to the MSSM gauge group SU (3)cxSU(2), xU(1)y, and H(5) and H (5)
describe the two Higgs superfields of the electroweak symmetry breaking (ESB) [9, 10].
Only one set of (5 + 5) is used to describe the Higgs superfields appropriate for ESB.
This minimality renders the present version asymptotically free (negative ;). Its su-
perpotential is [9, 10]

W= G WGV H 20, @O H 4 TR g HOSH
(5.1)
25 a o
+72227 +/LHH H, .
where t, b and f are indices of the antisymmetric 10 and adjoint 24 tensors, «, 3, ... are
SU(5) indices, and the first two generations Yukawa couplings have been suppressed.
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The SSB Lagrangian is

A KU~ Lok ~t ansf ~x (1
_'Csoft: m%{uH Ha+m?{dHaHa+m2225 Ea+ Z [mézq)a()

1=12,3

(i)(l)a

T (Dap = (1)

mig: Vsl +1{3 LN+ By, + BeSSSL + hy HOSLH, (62

:+%e°‘[’”57\ifiﬁ) Hy + V20 87700 ,H v he. )
where the hat denotes the scalar components of the chiral superfields. The § and v
functions and a detailed presentation of the model can be found in [18] and in [151, 152].
The minimal number of SSB terms that do not violate perturbative renormaliz-
ability is required in the reduced theory. The perturbatively unified SSB parameters
significantly differ from the universal ones. The gauge coupling g is assumed to be the
primary coupling. We should note that the dimensionless sector admits reduction so-
lutions that are independent of the dimensionful sector. Two sets of asymptotically free
(AF) solutions can achieve a Gauge-Yukawa Unification in this model [18]:

2533 1491 ; 560
; = =0
@90 =1\ 56059 T O(g%) 26059-+—¢Kg ) 9x 9=\l z79 O(g%) ,
89 63
b:g = %g+0@57%:: @g+0@%,w:0,w:ﬂ.

(5.3)

The higher order terms denote uniquely computable power series in g. These solu-
tions describe the boundaries of an AF RGI surface in the parameter space, on which
g» and gy may differ from zero. This fact makes possible a partial reduction where
g» and gy are (non-vanishing) independent parameters without endangering AF. The
proton-decay safe region of that surface favours solution a. Therefore, we choose to be
exactly at the boundary defined by solution a'.

The reduction of dimensionful couplings is performed as in Eq. (3.30). It is under-
stood that iy, g and M cannot be reduced in a desired form and they are treated as in-
dependent parameters. The lowest-order reduction solution is found to be:

1029 3100

S VAN : M. LU Ve 4
H = T5op HH ” 521 M (5.4)

hy =—g M, hy=—g M, hy=—g; M, hy=0,

569 460 1550

2 _ 2 _ 2 2 2

M. o1 ’”“@"_Eﬁﬂj sy = o ME (5.5)
, 436 , 8 545 . 12

— 2 2
y Mep12 = EM y Mys = y M1z = EM

521

lgx = 0 is inconsistent, but gy <~ 0.005 is necessary in order for the proton decay constraint [250]
to be satisfied. A small g, is expected not to affect the prediction of unification of SSB parameters.

Mo = 5oy
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The gaugino mass M characterize the scale of the SUSY breaking. It is noted that
we may include By and By, as independent parameters without changing the one-
loop reduction solution (5.5). Also note that, although we have found specific relations
among the soft scalar masses and the unified gaugino mass, the sum rule still holds.

5.2 The Finite N = | Supersymmetric SU(5)

Next, let us review an SU(5) gauge theory which is finite (Finite unified Theory - FUT)
to all orders, with reduction of couplings applied to the third fermionic generation.
This FUT was selected in the past due to agreement with experimental constraints at
the time [26] and predicted the light Higgs mass between 121-126 GeV almost five years
prior to the discovery.? The particle content consists of three (5 + 10) supermultiplets, a
pair for each generation of quarks and leptons, four (5 + 5) and one 24 considered
as Higgs supermultiplets. When the finite GUT group is broken, the theory is no
longer finite, and we are left with the MSSM [18-20, 153-155].

A predictive all-order finite GYU SU(5) model should also have the following prop-
erties:

1. One-loop anomalous dimensions are diagonal, i.e., ’y(l)j X 55 .

2. The fermions in the irreps 5;,10; (i = 1,2,3) do not couple to the adjoint 24.

3. The two Higgs doublets of the MSSM are mostly made out of a pair of Higgs quintet
and anti-quintet, which couple to the third generation.

Reduction of couplings enhances the symmetry, and the superpotential is then given
by [105, 156]:

1

W=>» §gy 10;10,H; + ¢ 10,5, H; | + g4 10,105 H, (5.6)

3
=1

A
+gg3 10253[‘[4 +9§l2 10332 H4+Q§H2 24H2+93{H3 24H3+ %(24)3 .

A more detailed description of the model and its properties can be found in [18-20].
(1)

The non-degenerate and isolated solutions to 7, = 0 give:
8 6 4
() =z ", (@) =50 ()" =(5)° =z 0" (5.7)
d\2 _ d2_§2 u2_é2 d\2 _ d2_§2
(95)° = (95)" = 5 9", (933)° = 5 9, (953)" = (95)" = 5 g
15 1
(6 = =", (0]’ = () =5 0*, (o))’ =0, (s])* =0.

2Improved Higgs mass calculations would yield a different interval, still compatible with current ex-
perimental data (see Chapter 6).
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Furthermore, we have the h = — M relation, while from the sum rule (see Sect. 3.4)
we obtain:
9 9 M? 4AM?

2 _ a2 2 _ 2 2 _
my, +2mig = M", my, —2mjg = ———, mg+3mjg = ——

5 3 (5.8)

This shows that we have only two free parameters m19 and M for the dimensionful sec-
tor.

The GUT symmetry breaks to the MSSM, where we want only two Higgs dou-
blets. This is achieved with the introduction of appropriate mass terms that allow
a rotation in the Higgs sector [19,20, 157-159], that permits only one pair of Higgs dou-
blets (which couple mostly to the third family) to remain light and acquire vacuum
expectation values. the usual fine tuning to achieve doublet-triplet splitting helps the
model to avoid fast proton decay (but this mechanism has differences compared to the
one used in the minimal SU(5) because of the extended Higgs sector of the finite case).

Thus, below the GUT scale we have the MSSM with the first two generations unre-
stricted, while the third is given by the finiteness conditions.

5.3 Finite SU(N)? Unification

One can consider the construction of FUTs that have a product gauge group. Let
us consider an N = 1 theory with a SU(N); x SU(N)y x --- x SU(N); and ny
copies (number of families) of the supermultiplets (N, N*/1,...,1)+ (1, N,N*,...,1) +
-+ 4+ (N*,1,1,...,N). Then, the one-loop (3 function coefficient of the RGE of each
SU(N) gauge coupling is

11 2 2 1 1
b ( 3—|—3> +7”Lf(3+3> (2) 3N +ny

The necessary condition for finiteness is b = 0, which occurs only for the choice n; = 3.
Thus, it is natural to consider three families of quarks and leptons.

From a phenomenological point of view, the choice is the SU(3)c x SU(3), x SU(3)r
model, which is discussed in detail in Ref. [27]. The discussion of the general well-
known example can be found in [160-163]. The quarks and the leptons of the model
transform as follows:

(5.9)

W & i DY
Q=1 vl v uw |~ (3,31, ¢¢=|d¥ up D% | ~(3,1,3), (5.10)
DI D? D} d$ ug DS
Hg qu_ vy,
L=|H; HY e,]| ~(1,3,3, (5.11)
v en S
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where D are down-type quarks that acquire masses close to Myr. We have to impose
a cyclic Z3 symmetry in order to have equal gauge couplings at the GUT scale, i.e.

Q—L—q¢ —Q, (5.12)

where () and ¢¢ are given in Eq. (5.10) and L in Eq. (5.11). Then the vanishing of the
one-loop gauge ( function, which is the first finiteness condition (4.5), is satisfied. This
leads us to the second condition, namely the vanishing of the anomalous dimensions
of all superfields Eq. (4.6). Let us write down the superpotential first. For one family we
have just two trilinear invariants that can be used in the superpotential as follows:

1
fTr(LgQ) + éf/ €ijk€abe( LiaLjv Lke + QiaQpQe + QiaQjpQke), (5.13)

where f and f’ are the Yukawa couplings associated to each invariant. The quark
and leptons obtain masses when the scalar parts of the superfields (HJ, H?) obtain vac-
uum expectation values (vevs),

mg = f<H3>, My = f<H3>7 Me = f/<Hc(l)>7 m, = f/<H3> (5.14)

For three families, the most general superpotential has 11 f couplings and 10 f’ cou-
plings. Since anomalous dimensions of each superfield vanish, 9 conditions are im-
posed on these couplings:

.2 ., 16
> finfur) + 3 > Fafl) = 39251'1, (5.15)
Ji.k Jik
where
fijk = fjki = fkij> (5.16)
fisn = Firi = Tiig = firj = Frji = Fiane (5.17)

Quarks and leptons receive masses when the scalar part of the superfields (Hg) 1,2,3 and
(H?)1 23 obtain vevs:

(Ma)i; = Z sz‘j<(H§)k>7 (My)ij = Z sz’j((HS)k>, (5.18)
k k

(Mo)i = > i (HDR), (Mg =D Fr((HDw). (5.19)
k k

When the FUT breaks at Mgy, we are left with the MSSM®, where both Higgs doublets
couple maximally to the third generation. These doublets are the linear combinations
H? = > a;(H?); and H) = >, b;(H);. For the choice of the particular combinations
we can use the appropriate masses in the superpotential [157], since they are not

3 [61,62] and refs therein discuss in detail the spontaneous breaking of SU (3)‘3
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constrained by the finiteness conditions. The FUT breaking leaves remnants in the
form of the boundary conditions on the gauge and Yukawa couplings, i.e. Eq. (5.15),
the h = —M f relation and the soft scalar mass sum rule at Mgyr. The latter takes the
following form in this model:

i = M = i+ 520

If the solution of Eq. (5.15) is both unique and isolated, the model is finite at all orders
of perturbation theory. This leads f’ to vanish and we are left with the relations

16
=l = [ = [ = ?92' (5.21)

Since all ' parameters are zero in one-loop level, the lepton masses are zero. They
cannot appear radiatively (as one would expect) due to the finiteness conditions, and
remain as a problem for further study.

If the solution is just unique (but not isolated, i.e. parametric) we can keep non-

vanishing f’ and achieve two-loop finiteness, in which case lepton masses are not
fixed to zero. Then we have a slightly different set of conditions that restrict the Yukawa

couplings:
rer(g)e -0 (3)e (5.22)

where 7 is free and parametrizes the different solutions to the finiteness conditions. It
is important to note that we use the sum rule as boundary condition to the soft scalars.

5.4 Reduction of Couplings in the MSSM

Finally, a version of the MSSM with reduced couplings is reviewed. All work is carried
out in the framework of the MSSM, but with the assumption of a covering GUT. The
original partial reduction in this model was done and analysed in [28, 164] and is once
more restricted to the third fermionic generation. The superpotential in given by

W =Y, HQt° + Y, H, Qb + Y, H, L7° + pH, H> (5.23)
where ), L,t,b, 7, H;, Hy are the usual superfields of MSSM, while the SSB Lagrangian

is given by

3
. 1
m§H1H2+§ 5 Mididi +h.e

i=1

—Lssp = Y m3e o +
s
+ [htﬁQQtAc + hy Hy Qb + h Hy L7¢ + h.c.} ,

(5.24)

where (/5 represents the scalar component of all superfields, A refers to the gaugino fields
while all atted fields refer to the scalar components of the corresponding superfield.
The Yukawa Y}, ; and the trilinear /; , couplings refer to the third family.
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Let us start with the dimensionless couplings, i.e. gauge and Yukawa. As a first
step we consider only the strong coupling and the top and bottom Yukawa couplings,
while the other two gauge couplings and the tau Yukawa will be treated as correc-
tions. Following the above line, we reduce the Yukawa couplings in favour of the strong
coupling as

Ye _
e

and using the RGE for the Yukawa, we get

2 .
a; = Gias, 1 =1,b,

This system of the top and bottom Yukawa couplings reduced with the strong one is
dictated by (i) the different running behaviour of the SU(2) and U(1) coupling compared
to the strong one [85] and (ii) the incompatibility of applying the above reduction for the
tau Yukawa since the corresponding G? turns negative [28]. Adding now the two other
gauge couplings and the tau Yukawa in the RGE as corrections, we obtain

S PR R PR (5.25)
t =3 525P1 7,02 35PT, b7 3 525P1 7P2 35PT .
where
Y2
9%2 1.2 92 4_T
g3 a3 g3 Q3

Note that the corrections in Eq. (5.25) are taken at the GUT scale and under the as-
sumption that
L)
— (=] =0
dgs \ g3

A comment on the assumption above, which led to the Eq. (5.25), is in order. In
practice, we assume that even including the corrections from the rest of the gauge
as well as the tau Yukawa couplings, at the GUT scale the ratio of the top and bot-
tom couplings oy, over the strong coupling are still constant, i.e. their scale depen-
dence is negligible. Or, rephrasing it, our assumption can be understood as a require-
ment that in the ultraviolet (close to the GUT scale) the ratios of the top and bottom
Yukawa couplings over the strong coupling become least sensitive against the change
of the renormalization scale. This requirement sets the boundary condition at the GUT
scale, given in Eq. (5.25). Alternatively, one could follow the systematic method to
include the corrections to a non-trivially reduced system developed in [86], but consid-
ering two reduced systems: the first one consisting of the “top, bottom” couplings and
the second of the “strong, bottom” ones.

At two-loop level the corrections are assumed to be of the form

o = Giag + Jla3, t=1,D.
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Then, the coefficients J; are given by

117
J2—— =L iy
i T qror Th

for the case where only the strong gauge and the top and bottom Yukawa couplings are
active, while for the case where the other two gauge and the tau Yukawa couplings are
added as corrections we obtain
2 1N 1N
" 4x D’ " Ax5D’
where
D =257250(196000 + 44500p; + 2059p% + 200250, + 225000, pa + 5062505 —

33375p, — 5955p1 pr — 16875p2p, — 1350p2),

N, = — (—35714875000 — 10349167500, + 210779037002 + 9057172327+
481651575p% — 5556600000005 + 2857680000, ps + 34588894725p%p2+
52027161300%ps + 391387500002 + 81045956251 p% + 1149762150002 2+
270476718752 + 19779187501 p3 + 7802578125p% + 36786750000, +
126941850001 p, — 2827765710p2p, — 1420498671 0% p, + T557637500pap, —
2378187000p1 papy — 406690942502 pap. — 1284018750p§pT 103597312501 p2p —
24641718750 p, + 12307575002 + 442136100;)1 P2 — 18642507002 p2+
1727460000202 + 7942320001 pap2 + 973518750p2p% —

32580450001 — 1263348001 p° — 41269500027 — 32724000p%),

N, = — (—178574375000 — 71734162500p; + 36055498500p> + 130291944650%+
977219931 p% — 2778300000005 — 69523650000, p2 + 726213836252 ps+
1064812635002 ps + 195693750002 + 130624593751 p + 25279672500° p2+
1352383593753 + 165872812500, p3 + 3901289062504 + 53460062500, +
35924411250p p, — 1354426132502p, — 21525094350%p, — 1305084375002, +
458056462501 papr — T588912502 pap, — 24218578125p%p, + 17493046875p1p§pT—
115804687505 p, — 3635677500002 — 26724138000p1pT — 40045870502 p2 —
9786420000022 — 2235984750001 pap? — 397836562502 p2 + 25721797500° +
36510975001 p> + 1128228750027 + 9278550002).

Let us now move to the dimensionful couplings of the SSB sector of the Lagrangian,
namely the trilinear couplings A , of the SSB Lagrangian, Eq. (5.24). Again, following
the pattern in the Yukawa reduction, in the first stage we reduce h,;, while h, will be
treated as a correction.

hi = ¢;YiMs = ¢;G; M3gs, i=1,0b,
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where Mj is the gluino mass. Using the RGE for the two h we get
a=c=—1

where we have also used the 1-loop relation between the gaugino mass and the gauge
coupling RGE

o gi?a
Adding the other two gauge couplings as well as the tau Yukawa /., as correction we
get

2M, i=1,2,3.

o — ApsApw + AwBp o — AprAp + AuBp
- 3 b — — s
" AyAp — ApAy Ap Ay, — Ay Ay
where
16 13 16 13
A, =G - =~ _ _ Af = — 43924 2,2
tt Gb 3 32 15017 A 3 + P2+15p1
16 7 16 7
A = G2 S~ —3py — — Brn— 19324 1 2 1/2 _
bb ;P 3 P2 15/?1, B 3 + 3p5 + 15p1—|—pthT (5.27)
h,
Ap =G}, Au=Gi, pp, = gsMs’

Finally we consider the soft squared masses mi of the SSB Lagrangian. Their reduc-
tion, according to the discussion in Sect. 3.3, takes the form

mi =c;Mj, i=Q,u,d, H, Hy (5.28)

The 1-loop RGE for the scalar masses reduce to the following algebraic system (where
we have added the corrections from the two gauge couplings, the tau Yukawa and h.)

—ﬂ%:&+&—%—%—%ﬁ+%ﬁ
4%mﬂx—%—%ﬁ—%ﬁ
—mwzmwﬁg—%£+%ﬁ,

—12¢y, = 3X, — 6p5 — gpzi + gplsv
-4%m=&n+xfw£—gﬁ—§m&

where
X, = QGf (cm, +co+cu)+ QCEG?,
Xy, = 2G5 (e, + cq + cq) + 2¢;G3,
X; =2p;ch, + QpiT,
S =cu, —cu, +cq — 2¢, + cq.
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Solving the above system for the coefficients cq . 4.1, 1, We get

- CQNum o 1 CyNum o CdNum
Q== Tp T T T3p, 4T Tp
m m m
c o 2 CHuNum c o CHdNum
H,, -5 ) Hy — — )
3 D, D,,

where

D,, =4(6480 + 6480G; + 6480G; + 6300G;G7 + p1(1836 + 1836G; + 1836G; + 1785G; Gy )+
pr [1080 + 540G2 + 1080G? + 510GZG? + 252p1 + 99G2py + 252G2p; + 92G3G2p1]),

conum =2160Fg + G3(—360F; — 360Fy, + 1800Fy) + G7(—360Fy, + 1800F, — 360F, )+
G3GZ(—300F,; — 300Fy, — 300Fy, + 1500Fg — 300F, )+
p1(—36F; + 36 Fy, — 36Fy, + 576F, + T2F,)+
G3p1(—138F; — 66Fy, — 36 Fy, + 474Fg + T2F,)+
G2p1(—36F; + 36Fy, — 138Fy, + 474Fg — 30F,)+
G;G2p1(—120F; — 50Fy, — 120Fy, + 390Fg — 15F,)+
pr [360Fy + G3(—60F; + 120Fy) + G (—60Fy, + 300Fg — 60F,)+
G3GE(=50F; — 20Fy, + 100Fg — 20F,) + p1(—6F; — 6Fy, + T8Fq + 12F,)+
Gipi(—11Fy; + 22Fg) + Gip1(—=6F; — 20Fy, + 64Fg — 2F,)+
GrGipi(=9F, — 4Fy, + 18Fy — 3F,)]

CuNum =6480F, + 6480F, G} + G7(—2160Fy, — 2160Fy + 4320F,)+
G;G2(360F; + 360Fy, — 2160Fy, — 1800F + 4140F, )+
p1(432F, — 432Fy, + 432Fy, + 432Fg + 972F, )+
Gip1(432F, — 432Fy, + 432Fy, + 432F + 972F, )+
G?p1(432F,; — 432Fy, — 180Fy, — 180Fy + 360F, )+
G3G2p1(522F,; — 318Fy, — 192Fy, — 90F, + 333F,)+
pr [1080F, + 540G} F, + G7(—360Fy, — 360Fg + 720F,)+
G7G2(60F,; — 180Fy, — 120Fq + 330F,) + p1(T2F,; + 72Fy, + 72Fg + 108F, )+
Gip1(36Fy, + 27F,) + 712G p1 (Fy — 12Fy, — 12F + 24F,)+
GyGip1(9F; + AFy, — 18Fg + 3F,)]
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CaNum =2160F; + G3(1440F,; — 720Fy, — T20Fg) + 2160 F,G7 +
G3G7(1380F, — T20Fy, + 120Fy, — 600Fg + 120F, )+
p1(540F, + T2Fy, — T2Fy, — T2F, + 144F,)+
G3p1(336F,; — 132Fy, — T2Fy, — 276F, + 144F,)+
G2p1(540F, + T2Fy, — T2Fy, — T2F + 144F,)+
GiG2p1(321F,; — 134Fy, — 36 Fy, — 240Fg + 174F,)+
pr [360F,; + G;(60F; — 120Fg) + 360F,G; + G G5 (50F; + 20Fy, — 100F + 20F, )+
p1(T2F; — 12Fy, — 12F5 + 24F,) + Gip1 (11F; — 22F)+
Gip1(T2F; — 12Fy, — 12Fg + 24F,) + G, G p1(9F, + AFy, — 18Fg + 3F,)] ,

ChuNum =3240Fy, + 3240Fy, G5 + G7(1620Fy, — 1620Fg — 1620F, )+
G2G2(270F,; + 270Fy, + 1530Fy, — 1350F — 1620F, )+
p1(—=162F; + 162Fy, + 756 Fy, — 162F, + 324F,)+
Gipi(—162F; + 162Fy, + 756 Fy, — 162Fg + 324F,)+
G?p1(—162F, + 162Fy, + 297Fy, — 621Fy — 135F,)+
GiG2pi(—81F; + 234Fy, + 276 Fy, — 540Fg — 144F,)+
pr [540Fy, + 270Fy, G; + G;(270Fy, — 270F, — 270F,)+
Gy GF(45F + 120Fy, — 90Fg — 135F,) + p1(—27F; + 99Fy, — 27Fq + 54F,)+
Gip1(36Fy, + 2TF, — 2TF,) + G;p1(36Fy, — 90Fg — 9F,)+
GyGyp1(9F, + AFy, — 18F + 3F,)]

CraNum =2160F 4, + G5 (—1080F; + 1080Fy, — 1080Fy) + 2160Fy,G+
G2G2(—1080F,; + 1020y, + 180Fy, — 900F, + 180F, )+
p1(108Fy + 504Fy, + 108Fy, + 108Fg — 216F,)+
G2p1(—198F,; + 198Fy, + 108Fy, — 198F, — 216F, )+
G7p108Fy1 + 504Fy, + 108Fy, + 108F, — 216F,)+
G3GFp1(—201F, + 184Fy, + 156 Fy, — 150F, — 159F,)

and
32 2
Fo =26/G} + 26,G — 3 6p5 — 1—5/)?7
32 32
Fu:4 2G2____ 3
32 8
F,=4 2G2 - |
d Gy 3 15/)17
6
FHu = GCfG? - 6p§ - gpifa
6
Fiu, = 66;G} + 20}, — 695 — =p},
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while Gf}b, P12, and p,_ has been defined in Egs.(5.25,5.26,5.27) respectively. For
our completely reduced system, i.e. g3, Y;, Y}, by, hy,‘the coefficients of the soft masses

become 5
CQ=0Cy=C1= 3 ey, = cp, = —1/3,

obeying the celebrated sum rules

mg +my, +my,
2
M

mg +mg +mi,
M;

=co+tcy+cep, =1, =cg+cgtey, =1

Concerning the gaugino masses, the Hisano-Shiftman relation (Eq. (3.53)) is applied
to each gaugino mass as a boundary condition at the GUT scale, where the gauge
couplings are considered unified. Thus, at one-loop level, each gaugino mass is only
dependent on the b-coefficients of the gauge S-functions and the arbitrary M:

This means that we can make a choice of M, such that the gluino mass equals the
unified gaugino mass, and the other two gaugino masses are equal to the gluino mass
times the ratio of the appropriate b coefficients.

In Sect. 6.6 we begin with the selection of the free parameters. This discussion is in-
timately connected to the fermion masses predictions.
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Chapter 6

Analysis of Phenomenologically Viable
Models

The analysis of each model reviewed in the previous chapter is presented here. It in-
cludes the predictions for quark masses, the light Higgs boson mass, the SUSY breaking
scale (defined as the geometric mean of stops), Mg, the full SUSY spectrum and the
Cold Dark Matter (CDM) relic density (in the case the lightest neutralino is considered a
CDM candidate), as well as the set of experimental constraints employed. Note that in
the examination of all four models we use the unified gaugino mass M instead of Mg,
as a more indicative parameter of scale. It should be noted that for the first part of the
analysis (regarding the light Higgs mass and the first attempt to generate a supersym-
metric spectrum) a homebrew code and the new FeynHiggs 2.16.0 code [74-77] are
used, while in the second part of the analysis, that focuses on the discovery potential,
the supersymmetric spectrum and its corresponding branching ratios are generated by
SPheno 4.0.4 [78,79]. The MicrOMEGAs 5.0 [81-83] code is used to calculate the
Cold Dark Matter relic density, while MadGraph [80] is used for the calculation of all
cross sections.

6.1 Phenomenological Constraints

In the phenomenological analysis we apply several experimental constraints, which
will be briefly reviewed in this section. It should be noted that the constraints presented
in this section are the ones that were valid at the time the original research was carried
out.

Starting from the quark masses, we calculate the top quark pole mass, while the
bottom quark mass is evaluated at M, in order not to encounter uncertainties inherent
to its pole mass. Their experimental values are [165],

my(Myz) = 2.83 +£0.10 GeV . 6.1)

and
mteXp = (173.1 + 0.9) GeV . (6.2)
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The discovery of a Higgs-like particle at ATLAS and CMS in July 2012 [22, 24] can be
interpreted as the discovery of the light CP-even Higgs boson of the MSSM Higgs spec-
trum [166-168]. The experimental average for the (SM) Higgs boson mass is [165]

M;P =125.10 £0.14 GeV . (6.3)

The theoretical accuracy [74, 75, 77], however, for the prediction of M} in the MSSM,
dominates the uncertainty. In our following analysis of each of the models described, we
use the new FeynHiggs code [74-77] (Version 2.16.0) to predict the Higgs mass.
FeynHiggs evaluates the Higgs masses using a combination of fixed order diagram-
matic calculations and resummation of the (sub)leading logarithmic contributions at all
orders, and thus provides a reliable evaluation of M}, even for large SUSY scales. The re-
finements in this combination (w.r.t. previous versions [76]) result in a downward shift of
M, of order O(2 GeV) for large SUSY masses. This version of FeynHiggs computes
the uncertainty of the Higgs boson mass point by point. This theoretical uncertainty is
added linearly to the experimental error in Eq. (6.3).

Furthermore, recent results from the ATLAS experiment [169] set limits to the
mass of the pseudoscalar Higgs boson, M4, in comparison with tan . For models
with tan 3 ~ 45 — 55, as the ones examined here, the lowest limit for the physical

pseudoscalar Higgs mass is
M, 2 1900 GeV. (6.4)

We also consider four types of flavour constraints, in which SUSY has non-negligible
impact, namely the flavour observables BR(b — sv), BR(Bs — pu*p™), BR(B, — Tv)
and AMp, . Although we do not use the latest experimental values, no major effect
would be expected.

e For the branching ratio BR(b — s7) we take a value from the Heavy Flavor Aver-
aging Group (HFAG) [170,171]:

BR(b — s7)°P
BR(b — sv)SM

=1.089 £0.27 . (6.5)

e For the branching ratio BR(Bs; — p"p~) we use a combination of CMS and LHCb
data [172-176]:
BR(B, = utpu™) =(294+14) x 1077 (6.6)

e For the B, decay to 7v we use the limit [171,177,178]:

BR(B, — Tv)>®

BR(B, = )™ =1.39=%0.69 . (6.7)

e For AMp, we use [179, 180]:

exp

B
= =097+0.2. 6.8
NS 6.8)
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Figure 6.1: Flow of information between used computer codes (see text for details).

We finally consider Cold Dark Matter (CDM) constraints. Since the lightest neu-
tralino, being the Lightest Supersymmetric Particle (LSP), is a very promising candidate
for CDM [31], we demand that our LSP is indeed the lightest neutralino and we discard
parameters leading to different LSPs. The current bound on the CDM relic density at
20 level is given by [181, 182]

Qepvh? = 0.1120 + 0.0112 . (6.9)

For the calculation of the relic density of each model we use the Mi crOMEGAs code [81-
83]) (Version 5.0). The calculation of annihilation and coannihilation channels is also
included. It should be noted that other CDM constraints do not affect our models
significantly, and thus were not included in the analysis.

6.2 Computational setup

The setup for our phenomenological analysis is as follows. Starting from an appropriate
set of MSSM boundary conditions at the GUT scale, parameters are run down to the
SUSY scale using a private code. Two-loop RGEs are used throughout, with the excep-
tion of the soft sector, in which one-loop RGEs are used. The running parameters are
then used as inputs for both FeynHiggs [74-77] and a SARAH [183] generated, custom
MSSM module for SPheno [78,79]. It should be noted that FeynHiggs requires the
my(my,) scale, the physical top quark mass m; as well as the physical pseudoscalar bo-
son mass M4 as input. The first two values are calculated by the private code while M 4
is calculated only in DR scheme. This single value is obtained from the SPheno output
where it is calculated at the two-loop level in the gaugeless limit [184, 185]. The flow of
information between codes in our analysis is summarised in Fig. 6.1.

At this point both codes contain a consistent set of all required parameters. SM-like
Higgs boson mass as well as low energy observables mentioned in Sec. 6.1 are evaluated
using FeynHiggs. To obtain collider predictions we use SARAH to generate UFO [186,
187] model for MadGraph event generator. Based on SLHA spectrum files generated by
SPheno, we use MadGraph5_aMC@NLO [80] to calculate cross sections for Higgs boson
and SUSY particle production at the HL-LHC and a 100 TeV FCC-hh. Processes are
generated at the leading order, using NNPDF31_1o_as_0130 [188] structure functions
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interfaced through LHAPDF 6 [189]. Cross sections are computed using dynamic scale
choice, where the scale is set equal to the transverse mass of an event, in 4 or 5-flavor
scheme depending on the presence or not of b-quarks in the final state. The results are
given in Sec. 5.1, 5.2 and 5.3.

6.3 The Minimal N =1 SU(5)

Let us begin by analysing the particle spectrum predicted by the Minimal N = 1 SUSY
SU(5) as discussed in Sect. 5.1 for u < 0 as the only phenomenologically acceptable
choice (in the © > 0 case the quark masses do not match the experimental measure-
ments). Below Mgy all couplings and masses of the theory run according to the RGEs
of the MSSM. Thus we examine the evolution of these parameters according to their
RGEs up to two loops for dimensionless parameters and at one-loop for dimensionful
ones imposing the corresponding boundary conditions.

. ‘ ; . : ; : -
Minimal SU(5) 177 | Minimat su(s)
Al e ] Al e

v

BPO ok 176 L

mp(Mg) (GeV)
m (GeV)

169

I I I I L I L I
1000 2000 3000 4000 5000 6000 7000 8000
M (GeV) M (GeV)

I I I I I ! ! I
1000 2000 3000 4000 5000 6000 7000 8000

Figure 6.2: The bottom quark mass at the Z boson scale (left) and top quark pole
mass (right) are shown as a function of M for the Minimal N = 1 SU(5). The green
points are the ones that satisfy the B-physics constraints. The orange (blue) dashed
lines denote the 20 (30) experimental uncertainties, while the black dashed lines in the
left plot add a ~ 6 MeV theory uncertainty to that.

In Fig. 6.2, we show the predictions for m; (M) and m, as a function of the unified
gaugino mass M. The green points include the B-physics constraints. The AMp,
channel is responsible for the gap at the B-physics allowed points. One can see that,
once more, the model (mostly) prefers the higher energy region of the spectrum (espe-
cially with the admission of B-physics constraints). The orange (blue) lines denote the
20 (30) experimental uncertainties, while the black dashed lines in the left plot add
a ~ 6 MeV theory uncertainty to that. The uncertainty for the boundary conditions of
the Yukawa couplings is taken to be 7%, which is included in the spread of the points
shown. In the evaluation of the bottom mass we have included the corrections coming
from bottom squark-gluino loops and top squark-chargino loops [190]. One can see in
the left plot of Fig. 6.2 that only by taking all uncertainties to their limit, some points at
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very high M are within these bounds. I.e. confronting the Minimal N = 1 SUSY SU(5)
with the quark mass measurements “nearly” excludes this model, and only a very heavy
spectrum might be in agreement with the experimental data.

The prediction for M, with p < 0 is given in Fig. 6.3 (left), for a unified gaugino
mass between 2 TeV and 8 TeV, where again the green points satisfy B-physics con-
straints. Fig. 6.3 (right) gives the theoretical uncertainty of the Higgs mass for each
point, calculated with FeynHiggs 2.16.0 [77]. There is substantial improvement to
the Higgs mass uncertainty compared to past analyses, since it has dropped by more
than 1 GeV.
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Figure 6.3: Left: The lightest Higgs mass, M, as a_function of M for the Minimal N = 1
SU(5) model. The B-physics constraints allow (mostly) higher scale points (with green
colour). Right: The lightest Higgs mass theoretical uncertainty [77].

Large parts of the predicted particle spectrum are in agreement with the B-physics ob-
servables and the lightest Higgs boson mass measurement and its theoretical un-
certainty. In order to test the models discovery potential, three benchmarks are se-
lected, marking the points with the lightest SUSY particle (LSP) above 1200 GeV (MINI-
1), 1500 GeV (MINI-2) and 2200 GeV (MINI-3), respectively. The mass of the LSP can go as
high as ~ 3800 GeV, but the cross sections calculated below will then be negligible and
we restrict ourselves here to the low-mass region. The values presented in Tab. 6.1 were
used as input to get the full supersymmetric spectrum from SPheno 4.0.4 [78,79]. M;
are the gaugino masses and the rest are squared soft sfermion masses which are diag-
onal (m? = diag(m?, m%, m?)), and soft trilinear couplings (also diagonal A; = F3,3A,).

The resulting masses of all the particles that will be relevant for our analysis can be
found in Tab. 6.2. The three first values are the heavy Higgs masses. The gluino mass is
Mj, the neutralinos and the charginos are denoted as My, 0 and M = while the slepton
and sneutrino masses for all three generations are given as Mz, , 4, Mg, ,,. Similarly,
the squarks are denoted as M ; 4, and My, , for the first two generations. The third
generation masses are given by MgLQ for stops and M51,2 for sbottoms.

Table 6.3 shows the expected production cross section for selected channels at the
100 TeV future FCC-hh collider. We do not show any cross sections for /s = 14 TeV,
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My Mo Ms || b A, Ay A, tanp mZ—h )
MINI-1 | 1227 2228 5310 4236 401> 4325 4772 1732 50.3 61712
MINI-2 | 1507 2721 6376 5091 4962 5245 5586 2005 52.0  7445°
MINI-3 | 2249 4019 9138 7367 1246 7571 8317 3271 50.3 107622
my, mi,, mi, omi ., m m%l . m%S mz ., mZ
MINI-1 | 4548% 37142 27677 59742 41812 54782 4177% 4160% 24912
MINI-2 | 54692 45212 33582 72062 50392 54782 49942 50702 30192

MINI-3 | 78902 66392 49342 104122 72332 94952 72112 74592 44642

Table 6.1: Minimal N = 1 SU(5) predictions that are used as input to SPheno. Mass
parameters are in GeV and rounded to 1 GeV.

My | Ma| My= | M| Mg | Mg » o | Mg | My
MINI-1 | 2.660 | 2.660 | 2.637 | 5.596 | 1.221 2.316 | 4.224 | 4.225 | 2.316 | 4.225
MINI-2 | 3.329 | 3.329 | 3.300 | 6.717 | 1.500 | 2.827 | 5.076 | 5.077 | 2.827 | 5.078
MINI-3 | 8.656 | 8.656 | 8.631 | 9.618 | 2.239 | 4.176 | 7.357 | 7.358 | 4.176 | 7.359
Mz, | Ms, | Mz | M | My _| May, b | Mg, | M | M
MINI-1 | 3.729 | 3.728 | 2.445 | 2.766 | 5.617 | 6.100 | 4.332 | 4.698 | 4.312 | 4.704
MINI-2 | 4.539 | 4.538 | 2.968 | 3.356 | 6.759 7.354 | 5.180 | 5.647 | 5.197 | 5.652
MINI-3 | 6.666 | 6.665 | 4.408 | 4.935 | 9.722 | 10.616 | 7.471 | 8.148 | 7.477 | 8.151

Table 6.2: Masses of Higgs bosons and some of the SUSY particles for each benchmark of
the Minimal N = 1 SU(5) (in TeV).

since the prospects for discovery of MINI scenarios at the HL-LHC are very dim. SUSY
particles are too heavy to be produced with cross sections greater that 0.01 fb. Con-
cerning the heavy Higgs bosons, the main search channels will be H/A — 7777. Our
heavy Higgs-boson mass scale shows values 2, 2500 GeV with tan 3 ~ 50. The corre-
sponding reach of the HL-LHC has been estimated in [191]. In comparison with our
benchmark points we conclude that they will not be accessible at the HL-LHC.'

The situation changes for the FCC-hh. Theory analyses [192, 193] have shown
that for large tan 8 heavy Higgs-boson mass scales up to ~ 8 TeV may be accessible,
both for neutral as well as for charged Higgs bosons. The relevant decay channels are
H/A — 7t7~ and H + — 7v,,tb. This places our three benchmark points well within
the covered region (MINI-1 and MINI-2) or at the border of the parameter space that can
be probed (MINI-3).

The energy of 100 TeV is big enough to produce SUSY particles in pairs. However,
the cross sections remain relatively small. Only for the MINI-1 scenario the squark pair
and squark-gluino (summed over all squarks) production cross sections can reach tens

IThe analysis presented in [191] only reaches M4 < 2000 GeV, where an exclusion down to tan 8 ~ 30
is expected. An extrapolation to tan 8 ~ 50 reaches Higgs-boson mass scales of ~ 2500 GeV.
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of fb. For MINI-2 and MINI-3 scenarios the cross sections are significantly smaller.
In these scenarios squarks decay preferentially into a quark+LSP (with BR ~ 0.95),
gluino into ¢ and bb +h.c with BR ~ 0.33 each.

The SUSY discovery reach at the FCC-hh with 3ab~! was evaluated in [194] for
a certain set of simplified models. In the following we will compare these simplified
model limits with our benchmark points to get an idea, which part of the spectrum
can be covered at the FCC-hh. A more detailed evaluation with the future limits im-
plemented into proper recasting tools would be necessary to obtain a firmer statement.
However, such a detailed analysis goes beyond the scope of our paper and we re-
strict ourselves to the simpler direct comparison of the simplified model limits with our
benchmark predictions.

scenarios | MINI-1 MINI-2 MINI-3 scenarios MINI-1 MINI-2 MINI-3
NZ 100 TeV | 100 TeV | 100 TeV NG 100 TeV | 100 TeV | 100 TeV
WY 0.04 0.02 WXy, diX{ + h-c. 1.00 0.35 0.03
WXy 0.02 0.01 WXy, diXyg + h.c. | 0.07 0.02
Xy 0.06 0.02 axy, Xy 0.38 0.14 0.02
98 0.03 0.01 X%, G X3 0.51 0.17 0.02
XY 0.02 0.01 Ui, U} E; 0.06 0.02
XY 0.05 0.02 Hbb 84.04 30.10 0.17
X 2.20 0.98 0.18 Abb 84.79 29.79 0.18
e 0.10 0.04 0.01 H*bt+ H tb 33.24 12.76 0.1
XS 0.10 0.04 0.01 H~bb 0.04 0.02
aq 7.76 2.02 0.11 Htt 0.03 0.01
%) 0.28 0.11 0.01 Att 0.02 0.01
s 0.34 0.12 0.01 Htb 0.01
axy 0.70 0.27 0.03 HA 0.03 0.01
Gidj, 4iG; 21.15 7.44 0.74 HH™ 0.06 0.02
Xy 1.19 0.54 0.09 HT*W~— 6.50 2.96 0.03
Xy 0.05 0.02 HW* 0.02 0.01
X4 X1 0.05 0.02 HTH- 0.04 0.01
X4 Xy 0.06 0.02 AH* 0.06 0.02
&i€; 0.16 0.08 0.01 AWt 0.02 0.01
Gid,q: 9 30.57 9.33 0.66 HZ 1.38 0.58 0.01
i} 0.04 0.02 AZ 1.20 0.52 0.01

Table 6.3: Expected production cross sections (in fb) for SUSY particles in the MINI
scenarios. There are no channels with cross sections exceeding 0.01 fb at \/s = 14 TeV.

Concerning the scalar tops, the mass predictions of MINI-1 and MINI-2 are well
within the anticipated reach of the FCC-hh, while MINI-3 predicts a too heavy stop
mass. On the other hand, even for MINI-1 and MINI-2 no 50 discovery can be expected.
The situation looks more favorable for the first and second generation squarks. All
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the predicted masses can be excluded at the FCC-hh, whereas a 50 discovery will be
difficult, but potentially possible (see Fig. 19 in [194]). Even more favorable appear the
prospects for gluino searches at the FCC-hh. All three benchmark points may lead to a
5o discovery (see Fig. 13 in [194]). On the other hand, chances for chargino/neutralino
searches are slim at the FCC-hh. The Next-to LSP (NLSP) can only be accessed for
myo < 1 TeV (see Fig. 21 in [194]), where all our benchmark points have mgo > 1 TeV.
Taking into account that our three benchmark points represent only the lower part of
the possible mass spectrum (with LSP masses of up to ~ 1.5 TeV higher), we conclude
that even at the FCC-hh large parts of the possible SUSY spectrum will remain elusive.

No point fulfills the strict bound of Eq. (6.9), since the relic abundance turns out to
be too high, as it can be seen in Fig. 6.4. The model features a Bino-like neutralino,
which proves too heavy to give an acceptable relic density. It is < 5% Higgsino-like and
the Wino contribution is negligible. Thus, our model needs a mechanism that can re-
duce the CDM abundance in the early universe. This issue could be related to the prob-
lem of neutrino masses. These masses cannot be generated naturally in this particular
model, although a non-zero value for neutrino masses has been established [178].
However, the model could be, in principle, extended by introducing bilinear R-parity vi-
olating terms and introduce neutrino masses [195, 196]. R-parity violation [197] would
remove the CDM bound of Eq. (6.9) completely. Other mechanisms, not involving R-
parity violation, that could be invoked if the amount of CDM appears to be too large,
concern the cosmology of the early universe. For example, “thermal inflation” [198]
or “late time entropy injection” [199] can bring the CDM density into agreement with

WMAP measurements.
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Figure 6.4: The plot shows the CDM relic density of the Minimal N = 1 SU(5) model for
points with Higgs mass within its calculated uncertainty. Only the points with the lowest
relic density are displayed.
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6.4 The Finite N =1 SU(5)

This section contains the full particle spectrum predicted in the Finite N = 1 SUSY
SU(5) model, as discussed in Sect. 5.2. The gauge symmetry breaks spontaneously
below the GUT scale, so conditions set by finiteness do not restrict the renormaliza-
tion properties at low energies. We are left with boundary conditions on the gauge and
Yukawa couplings (5.7), the h = —MC(C relation and the soft scalar-mass sum rule at
Mgyr. Again, the uncertainty for the boundary conditions of the Yukawa couplings is
at 7%, which again is included in the spread of the points.

In Fig. 6.5, my(Mz) and m; are shown as functions of the unified gaugino mass
M, where the green points satisfy the B-physics constraints with the same color cod-
ing as in Fig. 6.2. Here we omitted the additional theoretical uncertainty of ~ 6 MeV.
The only phenomenologically viable option is to consider ;1 < 0, as is shown in ear-
lier work [200-202]. The experimental values are indicated by the horizontal lines
with the uncertainties at the 20 and 3 o level. The value of the bottom mass is lower
than in past analyses, sending the allowed energy scale higher. Also the top-quark
mass turns out slightly lower than in previous analyses.
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Figure 6.5: my(My) (left) and m; (right) as a function of M for the Finite N = 1 SU(5), with
the color coding as in Fig. 6.2.

The light Higgs boson mass is given in Fig. 6.6 (left) as a function of the unified
gaugino mass. Like in the previous section, these predictions are subject to a the-
ory uncertainty [77] that is given in Fig. 6.6 (right). This point-by-point uncertainty
(calculated with FeynHiggs) drops significantly from the flat estimate of 2 and 3 GeV of
past analyses to the much improved 0.65 —0.70 GeV. The B-physics constraints (green
points) and the smaller Higgs uncertainty drive the energy scale above ~ 4.5 TeV. Older
analyses, including in particular less refined evaluations of the light Higgs mass, are
given in Refs. [200-202]. It should be noted that, w.r.t. previous analyses the top-quark
mass turns out to be slightly lower. Consequently, higher scalar top masses have to
be reached in order to yield the Higgs-boson mass around its central value of Eq. (6.3),
resulting in a correspondingly heavier spectrum. Compared to our previous analy-
ses [200-205], the improved evaluation of M), and its uncertainty, together with a lower
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prediction of the top-quark mass prefers a heavier Higgs and SUSY spectrum. In par-
ticular, very heavy coloured SUSY particles are favoured (nearly independent of the M},
uncertainty), in agreement with the non-observation of those particles at the LHC [206].
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Figure 6.6: Left: M), as a function of M. Green points comply with B-physics con-
straints. Right: The lightest Higgs mass theoretical uncertainty calculated with
FeynHiggs 2.16.0 [77].

For the purpose of testing the discovery potential we choose three benchmarks,
each featuring the LSP above 2100 GeV, 2400 GeV and 2900 GeV respectively. Again,
they are chosen from the low-mass region. Although the LSP can be as heavy as
~ 4000 GeV, but in such cases the production cross sections even at the FCC-hh
would be too small. The input and output of SPheno 4.0.4 [78,79] can be found in
Tab. 6.4 and Tab. 6.5 (with the notation as in Sect. 5.1).

M,y Ms M3 | ] b A, Ay A, tanp mél )
FUTSU5-1 | 2124 3815 8804 4825 8542 7282 7710 2961 49.9 81122
FUTSU5-2 | 2501 4473 10198 5508 1048% 8493 9023 3536 50.1 93872
FUTSU5-3 | 3000 5340 11996 6673 23612 10086 10562 4243 49.9 110302

my, mi,, mi, mi ., mZ m%l . m%g mg ., mZ
FUTSU5-1 | 66342 38692 31202 76842 50532 76352 41772 30842 22412
FUTSU5-2 | 76692 45212 37472 88872 68652 88262 68932 36022 25512
FUTSU5-3 | 91162 53552 37452 104192 8170% 103622 77082 43292 34032

Table 6.4: Finite N = 1 SU(5) predictions that are used as input to SPheno. Mass
parameters are in GeV and rounded to 1 GeV.

The expected production cross sections for various final states are listed in Table

6.6. At 14 TeV HL-LHC none of the Finite N = 1 SU(5) scenarios listed in Table
6.4 has a SUSY production cross section above 0.01 fb, and thus will (likely) remain
unobservable. All superpartners are too heavy to be produced in pairs. Also the heavy
Higgs bosons are far outside the reach of the HL-LHC [191].
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My My | My My [ My [ My | My | My | Mg | Mg
FUTSU5-1 | 5.688 | 5.688 | 5688 | 8966 | 2.103 | 3.917 | 4.829 | 4.832 | 3.917 | 4.833
FUTSU5-2 | 7.039 | 7.039 | 7.086 | 10.380 | 2.476 | 4.592 | 5.515 | 5,518 | 4.592 | 5.519
FUTSU5-3 | 16.382 | 16.382 | 16.401 | 12.210 | 2.972 | 5.484 | 6.688 | 6.691 | 5.484 | 6.691

M, | M, M: | My | My, | M, | M, | M, | M| M,
FUTSU5-1 | 3.102 | 3.907 | 2.205 | 3.137 | 7.839 | 7.888 | 6.102 | 6.817 | 6.099 | 6.821
FUTSU5-2 | 3.623 | 4.566 | 2.517 | 3.768 | 9.059 | 9.119 | 7.113 | 7.877 | 7.032 | 7.881
FUTSU5-3 | 4.334 | 5.418 | 3.426 | 3.834 | 10.635 | 10.699 | 8.000 | 9.387 | 8.401 | 9.390

Table 6.5: Masses for each benchmark of the Finite N = 1 SU(5) (in TeV).

At the FCC-hh the discovery prospects for the heavy Higgs-boson spectrum is sig-
nificantly better. With tan/ ~ 50 the first two benchmark points, FUTSU5-1 and
FUTSU5-2, are well within the reach of the FCC-hh. The third point, FUTSU5-3, how-
ever, with M, ~ 16 TeV will be far outside the reach of the FCC-hh. Prospects for
detecting production of squark pairs and squark-gluino pairs are also very dim since
their production cross section is also at the level of a few fb. This is as a result of a
heavy spectrum in this class of models (see [194] with the same Figures as discussed
in Sec. 5.1).

scenarios | FUTSUb5-1 | FUTSU5-2 | FUTSU5-3 scenarios FUTSUb5-1 | FUTSU5-2 | FUTSU5-3
Vs 100 TeV 100 TeV 100 TeV N 100 TeV 100 TeV 100 TeV
X5X3 0.01 0.01 0,0 0.02 0.01 0.01
X3X9 0.03 0.01 WXy, dixy + hc. 0.15 0.06 0.02
berel 0.17 0.08 0.03 Xy, Xy 0.08 0.03 0.01
X9X5 0.05 0.03 0.01 @x9, @ %8 0.08 0.03 0.01
beres 0.05 0.03 0.01 i€}, U}, 0.09 0.04 0.01
34 0.20 0.05 0.01 Hbb 2.76 0.85
%) 0.03 0.01 Abb 2.73 0.84
ax9 0.03 0.01 HbE + h.c. 1.32 0.42
axs 0.07 0.03 0.01 HYW- 0.38 0.12
G, 4} 3.70 1.51 0.53 HZ 0.09 0.03
XXy 0.10 0.05 0.02 AZ 0.09 0.03
X4 Xy 0.03 0.02 0.01
éié} 0.23 0.13 0.05
43,9 2.26 0.75 0.20

Table 6.6: Expected production cross sections (in fb) for SUSY particles in the FUTSU5
scenarios.

Concerning the stops, the lighter one might be accessible in FUTSU5-1. For the squarks
of the first two generations the prospects of testing the model are somewhat better. All
three benchmark models could possibly be excluded at the 20 level, but no discovery
at the Ho can be expected. The same holds for the gluino. Charginos and neutralinos
will remain unobservable due to the heavy LSP. As in the previous section, since only
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the lower part of the possible mass spectrum has been considered (with LSP masses
higher by up to ~ 1 TeV), we have to conclude that again large parts of the possible
mass spectra will not be observable at the FCC-hh.

Concerning DM, the model exhibits a high relic abundance for CDM, as it can be
seen in Fig. 6.7. Again, the neutralino is strongly Bino-like, not allowing for a relic
density within experimental limits. The CDM alternatives proposed for the Minimal
SU(5) model can also be applied here. It should be noted that the bilinear R-parity
violating terms proposed in the previous section preserve finiteness, as well.

Qcpmh?
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4000 4500 5000 5500 6000 6500 7000 7500 8000 8500
M (GeV,

Figure 6.7: The plot shows the CDM relic density of the Finite N = 1 SU(5) model for
points with Higgs mass within its calculated uncertainty. Only the points with the lowest
relic density are displayed.

6.5 The Two-Loop Finite N =1 SU(3) ® SU(3) ® SU(3)

The analysis of the two-loop finite N = 1 SUSY SU(3) ® SU(3) ® SU(3) model, as
described in the Sect. 5.3, is the focus of this section. Again, below Mgyt we get the
MSSM. We further assume a unique SUSY breaking scale Mgysy and below that scale
the effective theory is just the SM. The boundary condition uncertainty is at 5% for the
Yukawa couplings and at 1% for the strong gauge coupling and the soft parameters.

We take into account two new thresholds for the masses of the new exotic parti-
cles at ~ 10! GeV and ~ 10'* GeV. This results in a wider phenomenologically viable
parameter space [207]. Specifically, one of the down-like exotic particles decouples at
10'* GeV while the rest decouple at 10'* GeV.

We compare our predictions with the experimental value of m;*", while in the case
of the bottom quark we take again the value evaluated at M, see Eq. (6.1). We sin-
gle out the ;© < 0 case as the most promising model. With the inclusion of thresh-
olds for the decoupling of the exotic particles, the parameter space allowed predicts
a top quark mass in agreement with experimental bounds (see Eq. (6.2)), which is an
important improvement from past versions of the model [27,208-210]. Looking for the
values of the parameter r (see Sect. 5.3) which comply with the experimental limits
(see Sect. 6.1) for m,(Mz) and m,, we find, as shown in Fig. 6.8, that both masses are
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Figure 6.8: Bottom and top quark masses for the Finite N = 1 SU(3) ® SU(3) ®
SU(3) model, with 11 < 0, as functions of r. The color coding is as in Fig. 6.2.

in the experimental range for the same value of r between 0.65 and 0.80. It is important
to note that the two masses are simultaneously within two sigmas of the experimental
bounds.
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Figure 6.9: Left: M, as a function of M for the Finite N = 1 SU(3)®SU(3)®SU(3). Right:
The Higgs mass theoretical uncertainty [77].

In Fig. 6.9 (left) the light Higgs boson mass is shown as a function of the unified
gaugino mass, while with the point-by-point calculated theoretical uncertainty drops
below 1 GeV [77] (Fig. 6.9 (right)). As in the previous models examined, the B-physics
constraints (green points in Fig. 6.9 (left) satisfy them) and the new, more restrictive
Higgs mass uncertainty exclude most of the low range of M, pushing the particle spec-
trum to higher values.

Again, we choose three benchmarks, each featuring the LSP above 1500 GeV, 2000 GeV
and 2400 GeV respectively (but the LSP can go as high as ~ 4100 GeV, again with too
small cross sections). The input and output of SPheno 4.0.4 [78, 79] can be found in
Tab. 6.7 and Tab. 6.8 respectively (with the notation as in Sect. 5.1).

It should be noted that in this model the scale of the heavy Higgs bosons does not
vary monotonously with mg, as in the previously considered models. This can be un-
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M, Mo M3 | b Ay Ay A, tanp mQQ1 )
FSU33-1 | 1522 2758 6369 6138 10022 4520 4413 1645 46.2 55742
FSU33-2 | 2070 3722 8330 7129 10832 5841 5734 2357 45.5 72552
FSU33-3 | 2500 4484 10016 6790 9722 7205 7110 2674 49.7 8709
my, mi,,  mi, my.,  mZ m%l . m%s mz ., mg,
FSU33-1 | 47052 23822 37542 52342 55482 5197% 70432 15582 30952
FSU33-2 | 72552 31362 41312 67492 72252 67452 85232 22382 33422

FSUS33-3 | 90742 38312 54832 81522 72072 25582 86002 25072 40002

Table 6.7: Finite N = 1 SU(3)? predictions that are used as input to SPheno. Mass
parameters are in GeV and rounded to 1 GeV.

derstood as follows. The Higgs bosons masses are determined by a combination of
the sum rule at the unification scale, and the requirement of successful electroweak
symmetry breaking at the low scale. Like in the finite scenario of the previous section,
there are no direct relations between the soft scalar masses and the unified gaugino
mass, but they are related through the corresponding sum rule and thus vary corre-
latedly, a fact that makes the dependence on the boundary values more restrictive.
Furthermore (and even more importantly), the fact that we took into account the two
thresholds at ~ 10" GeV and ~ 10'* GeV (as mentioned above), allows the new parti-
cles, mainly the Higgsinos of the two other families (that were considered decoupled at
the unification scale in previous analyses) and the down-like exotic quarks (in a lower
degree), to affect the running of the (soft) RGEs in a non-negligible way. Thus, since at
low energies the heavy Higgs masses depend mainly on the values of m%,u m%{d, u| and
tan (3, they are substantially less connected to myo than in the other models, leading to
a different exclusion potential, as will be discussed in the following.

FSU33-1 | 7.029 | 7.029 | 7.028 6.526 | 1.506 | 2.840 | 6.108 | 6.109 | 2.839 | 6.109

FSU33-2 | 6.484 | 6.484 | 6.431 8.561 | 2.041 | 3.817 | 7.092 | 7.093 | 3.817 | 7.093

FSU33-3 | 6.539 | 6.539 | 6.590 | 10.159 | 2.473 | 4.598 | 6.780 | 6.781 | 4.598 | 6.781

M, , | M; M- | M, M My | M, | M | M

1,2 1,2 di.o 1,2 to

FSU33-1 | 2.416 | 2.415 | 1.578 2.414 | 5.375 | 5.411 | 4.913 | 5.375 | 4.912 | 5.411

FSU33-2 | 3.188 | 3.187 | 2.269 3.186 | 7.026 | 7.029 | 6.006 | 7.026 | 6.005 | 7.029

FSU33-3 | 3.883 | 3.882 | 2.540 3.882 | 8.334 | 8.397 | 7.227 | 8.334 | 7.214 | 7.409

Table 6.8: Masses for each benchmark of the Finite N = 1 SU(3)? (in TeV).

Scenarios of Finite SU(3)* are beyond the reach of the HL-LHC. Not only superpart-
ners are too heavy, but also heavy Higgs bosons with a mass scale of ~ 7 TeV cannot
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be detected at the HL-LHC. At 100 TeV collider (see Tab. 6.9), on the other hand, all
three benchmark points are well within the reach of the H/A — 777~ as well as the
H* — 7Tuv.,tb searches [192, 193], despite the slightly smaller values of tan 5 ~ 45.
This is particularly because of the different dependence of the heavy Higgs-boson mass
scale on my, as discussed above. However, we have checked that M, can go up to
to ~ 11 TeV, and thus the heaviest part of the possible spectrum would escape the
heavy Higgs-boson searches at the FCC-hh.

Interesting are also the prospects for production of squark pairs and squark-gluino,
which can reach ~ 20 fb for the FSU33-1 case, going down to a few fb for FSU33-2
and FSU33-3 scenarios. The lightest squarks decay almost exclusively to the third
generation quark and chargino/neutralino, while gluino enjoys many possible decay
channels to quark-squark pairs each one with branching fraction of the order of a
percent, with the biggest one ~ 20% to tt; + h.c..

We briefly discuss the SUSY discovery potential at the FCC-hh, referring again
to [194] with the same Figures as discussed in Sec. 5.1. Stops in FSU33-1 and FSU33-
2 can be tested at the FCC-hh, while the masses turn out to be too heavy in FSU33-3.
The situation is better for scalar quarks, where all three scenarios can be tested, but
will not allow for a 50 discovery. Even more favorable are the prospects for gluino.
Possibly all three scenarios can be tested at the 50 level. As in the previous scenario,
the charginos and neutralinos will not be accessible, due to the too heavy LSP. Keeping
in mind that only the lower part of possible mass spectrum is represented by the
three benchmarks (with the LSP up to ~ 1.5 TeV heavier), we conclude that as before
large parts of the parameter space will not be testable at the FCC-hh. The only partial
exception here is the Higgs-boson sector, where only the the part with the highest
possible Higgs-boson mass spectra would escape the FCC-hh searches.

scenarios | FSU33-1 | FSU33-2 | FSU33-3 scenarios FSU33-1 | FSU33-2 | FSU33-3

Vs 100 TeV | 100 TeV | 100 TeV NZ 100 TeV | 100 TeV | 100 TeV
X7 0.04 0.01 0.01 49,4, 9 22.12 3.71 1.05
X9X5 0.04 0.01 D} 0.10 0.03 0.01
X7 0.58 0.16 0.07 WXy, dixy + hec. 1.22 0.25 0.08
ey 0.02 0.01 0.01 @xy, Xy 0.55 0.13 0.05
b 0.02 0.01 0.01 aixXs, xS 0.60 0.13 0.04
g3 2.61 0.30 0.07 i€, U], 0.36 0.12 0.04
axy 0.20 0.05 0.02 Hbb 0.71 1.23 1.19
axs 0.20 0.04 0.01 Abb 0.72 1.23 1.18
axy 0.42 0.09 0.03 H*bt + h.c. 0.37 0.75 0.58
Gij> Gid; 25.09 6.09 2.25 HTW~- 0.10 0.25 0.19
e 0.37 0.10 0.04 HZ 0.02 0.04 0.04
€€} 0.39 0.12 0.06 AZ 0.02 0.04 0.04

Table 6.9: Expected production cross sections (in fb) for SUSY particles in the FSU33

scenarios.
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The only observable that fails to comply with the experimental bounds is the CDM relic
density (see Eq. (6.9)), as evident in Fig. 6.10. The lightest neutralino is the LSP and
considered as a CDM candidate, but its relic density does not go below 0.15, since it is
strongly Bino-like and would require a lower scale of the particle spectrum. It should
be noted that if the B-physics constraints allowed for a unified gaugino mass ~ 0.5 TeV
lower, then agreement with the CDM bounds as well could be achieved.

5
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Figure 6.10: The plot shows the CDM relic density of the two-loop Finite N =1 SU(3) ®
SU(3)® SU(3) model model for points with Higgs mass within its calculated uncertainty.

6.6 The Reduced MSSM

The last analysis is the one for the reduced version of the MSSM. The relations among
reduced parameters in terms of the fundamental ones derived in Sect. 5.4 have an RGI
part and a part that originates from the corrections, and thus scale dependent. In the
present analysis we choose the unification scale to apply the corrections to all these
RGI relations. As noted earlier, the Hisano-Shiftman relation sets a hierarchy among
the gaugino masses, rendering Wino the lightest of them. As such, we have a Wino-like
lightest neutralino.

In the dimensionless sector of the theory, since Y, is not reduced in favour of the
fundamental parameter a3, the tau lepton mass is an input parameter and, conse-
quently, p, is an independent parameter, too. At low energies we fix p, and tan [ using
the mass of the tau lepton m,(My) = 1.7462 GeV. Then, we determine the top and
bottom masses using the value found for tan S together with G;;, as obtained from
the REs and their corrections.

Correspondingly, concerning the dimensionful sector, i, cannot be expressed in
terms of the unified gaugino mass scale, leaving p;_ a free parameter. p is a free
parameter as well, as it cannot be reduced in favour of Mj as discussed above. On
the other hand, m3 could be reduced, but here we choose to leave it free. However,
u and m?) are restricted from the requirement of EWSB, and only p is taken as an
independent parameter. Finally, the other parameter in the Higgs-boson sector, the

122



3.2

T T
Reduced MSSM Reduced MSSM
All . [ All .

i

176

31 gpook o 1 BPO ok

3F 175

29 |
174

28 |

my (GeV)

173 F
2.7

mp(Mz) (GeV)

26 [ b 172

25 |
171

2.4 L L L L L I I I I I
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000

M (GeV) M (GeV)

Figure 6.11: The left (right) plot shows the bottom (top) quark mass for the Reduced MSSM,
with the color coding as in Fig. 6.2.

C’P-odd Higgs-boson mass M4 is evaluated from /i, as well as from m%{u and qud, which
are obtained from the REs. In total, we vary the parameters p,, pp,., M and pu.

As it has been already mentioned, the variation of p, gives the running bottom quark
mass at the Z boson mass scale and the top pole mass, where points not within 20 of
the experimental data are neglected, as it is shown in Fig. 6.11. The experimental values
(see Sect. 6.1) are denoted by the horizontal lines with the uncertainties at the 2 o level.
The green dots satisfy the flavour constraints. One can see that the scan yields many
parameter points that are in very good agreement with the experimental data and give
restrictions in the allowed range of M (the common gaugino mass at the unification
scale).
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Figure 6.12: Left: The lightest Higgs boson mass, M}, in the Reduced MSSM. The green
points is the full model prediction. Right: the lightest Higgs mass theoretical uncertainty
[77].

The prediction for M), is shown in Fig. 6.12 (left). Once again, one should keep in
mind that the theory uncertainty given in Fig. 6.12 (right) has dropped below 1 GeV [77].
The Higgs mass predicted by the model is in the range measured at the LHC, favoring
this time relatively small values of M. This in turn sets a limit on the low-energy
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SUSY masses, rendering the Reduced MSSM highly predictive and testable.

The M), limits set a limit on the low-energy supersymmetric masses, which we briefly
discuss. The three selected benchmarks correspond to DR pseudoscalar Higgs boson
masses above 1900 GeV, 1950 GeV and 2000 GeV respectively. The input of SPheno
4.0.4 [78,79] can be found in Tab. 6.10 (notation as in Sect. 5.1).

My My  M; wl b A, Ay Ao tanf mg
RMSSM-1 | 3711 1014 7109 4897 2842 5274 5750 20 449 59852
RMSSM-2 | 3792 1035 7249 4983 2942 5381 5871 557 44.6 61032
RMSSM-3 | 3829 1045 7313 5012 2982 5427 5942 420 45.3 61612
C (5 m%l . m§3 mZ ., mZ
RMSSM-1 | 55452 21062 20692 62772 53862 59892 51142 30512 44912
RMSSM-2 | 56562 21222 22902 63852 54762 61102 52192 31532 41812

RMSSM-3 | 57082 21062 22792 64272 55062 61722 52692 32292 35042

2 2 2
me, mL1,2 mg, M

Table 6.10: Reduced MSSM predictions that are used as input to SPheno Mass param-
eters are in GeV and rounded to 1 GeV.

Concerning the DM predictions, it should be noted that the Hisano-Shiftman rela-
tion imposes a Wino-like LSP, which unfortunately lowers the CDM relic density below
the boundaries of Eq. (6.9). This can be seen in Fig. 6.13. This could render the model
viable if Eq. (6.9) is applied only as an upper limit and additional sources of CDM are
allowed. This is in contrast to the other three models discussed previously.
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Figure 6.13: The plot shows the CDM relic density of the Reduced MSSM for points with
Higgs mass within its calculated uncertainty. All points are below the experimental limits.

Table 6.11 shows the resulting masses of Higgs bosons and some of the lightest
SUSY particles. In particular, we find M, < 1.5 TeV (for large values of tan 3 as in
the other models), values substantially lower than in the previously considered models.
This can be understood as follows.
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My | Ma| Mpz | M| Mgy | Mgy 0 @ | Mg | Mg

X2

RMSSM-1 | 1.393 | 1.393 | 1.387 | 7.253 | 1.075 | 3.662 | 4.889 | 4.891 | 1.075 | 4.890

RMSSM-2 | 1.417 | 1.417 | 1.414 | 7.394 | 1.098 | 3.741 | 4.975 | 4.976 | 1.098 | 4.976

RMSSM-3 | 1.491 | 1.491 | 1.492 | 7.459 | 1.109 | 3.776 | 5.003 | 5.004 | 1.108 | 5.004

Mél,z M; Mz My | M; My Mf1 MfQ

1,2 di o 1,2

RMSSM-1 | 2.124 | 2.123 | 2.078 | 2.079 | 6.189 | 6.202 | 5.307 | 5.715 | 5.509 | 5.731

RMSSM-2 | 2.297 | 2.139 | 2.140 | 2.139 | 6.314 | 6.324 | 5.414 | 5.828 | 5.602 | 5.842

RMSSM-3 | 2.280 | 2.123 | 2.125 | 2.123 | 6.376 | 6.382 | 5.465 | 5.881 | 5.635 | 5.894

Table 6.11: Masses for each benchmark of the Reduced MSSM (in TeV).

In this model, we have direct relations between the soft scalar masses and the uni-
fied gaugino mass, which receive corrections from the two gauge couplings ¢g; and g,
and the Yukawa coupling of the 7 lepton. As mentioned above, in the absence of these
corrections the relations obey the soft scalar mass sum rule. However, unlike all
the previous models, these corrections make the sum rule only approximate. Thus,
these unique boundary conditions result in very low values for the masses of the heavy
Higgs bosons (even compared to the minimal SU(5) case presented above, which also
exhibits direct relations which however obey the sum rule). A relatively light spectrum
is also favored by the prediction for the light CP-even Higgs boson mass, which turns
out to be relatively high in this model and does not allow us to consider heavier spec-
tra. Thus, in this model, contrary to the models analyzed before, because of the large
tan § ~ 45 found here, the physical mass of the pseudoscalar Higgs boson, My, is ex-
cluded by the searches H / A — 77 at ATLAS with 139/1b [169] for all three benchmarks.
One could try considering a heavier spectrum, in which we would have M4 2 1900 GeV,
but in that case the light Higgs mass would be well above its acceptable region. Partic-
ularly, it would be above 128 GeV, a value that is clearly excluded, especially given the
improved (much smaller) uncertainty calculated by the new FeynHiggs code). Thus,
the current version of this model has been ruled out experimentally. Consequently, we
do not show any SUSY or Higgs production cross sections.
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Part 11

Trinification from Coset Space
Dimensional Reduction
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Chapter 7

The Coset Space Dimensional
Reduction

Consider a unified theory that is built on a spacetime in higher than four dimen-
sions. Such a higher-dimensional theory can lead to a four-dimensional theory through
the dimensional reduction procedure. The very first approach of such reduction of a
unified higher-dimensional theory to a four-dimensional one was made by Kaluza and
Klein [211,212]. The main idea was to begin by considering a pure five-dimensional
gravitational theory and perform a dimensional reduction which would lead to a four-
dimensional theory, specifically a theory of electromagnetism coupled to gravity. More-
over, an appealing aspect of the whole dimensional reduction scheme is that the exten-
sion of the spacetime naturally leads to non-Abelian group structures [213-215] (for
reviews see [216-218]).

The initial spacetime in high dimensions, M?, can be considered as M? = M* x B,
where B is a Riemannian manifold which is compact and its isometries are described by
a group S. If a dimensional reduction is applied on the higher-dimensional the-
ory, the resulting theory would be a four-dimensional one describing gravity and a
Yang-Mills theory. The non-Abelian gauge group of the Yang-Mills part of the four-
dimensional theory would include the isometry group of B, that is S, accompanied by
scalar fields. Besides the main and most important aspect of the above scheme, namely
the unification of the gravitational interaction with others that are described by gauge
theories in a geometric way, it is also very welcome that the above scheme sheds light
on the fact that some interactions admit a description of a gauge theory.

On the other hand, there are also some unwelcome features that emerge after
performing the above dimensional reduction. First, expressing the higher-dimensional
space M” as a product does not allow for a classical ground state. Although the Ricci
tensor of a space like the one considered, B, is non-vanishing, the field equations of
the initial, pure D-dimensional gravitational theory yield that the Ricci tensor is equal
to zero. Thus, it is deduced that the extra dimensions cannot be interpreted in a
physical way. Additionally, another serious drawback in the attempt to result in real-
istic four-dimensional models is that performing a dimensional reduction of a higher-
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dimensional theory in which fermions are accommodated does not allow to end up with
chiral fermions in the resulting four-dimensional theory [219]. Nevertheless, it is pos-
sible to overcome the above problems by choosing an appropriate spectrum of particles
in the higher-dimensional theory, specifically involving Yang-Mills fields [39, 220].

Putting aside gravitational phenomena in the low-energy regime implies the con-
sideration of the initial higher-dimensional theory to be purely Yang-Mills (Y-M). Per-
forming a dimensional reduction could lead to a (probably unified) four-dimensional
Yang-Mills theory accompanied by a Higgs sector. A naive way way to perform such a
reduction on a Y-M theory defined on M” = M*x B is to impose the condition that every
particle of the spectrum depends only on the M* spacetime coordinates. Therefore, con-
sidering every particle independent of the extra coordinates implies that the Lagrangian
density would also not depend on them. A less crude approach is to consider that the
part of the space related to the extra dimensions is described by a coset space B = S/ R.
The elegance of this approach lies in the fact that one does not have to impose any inde-
pendence of the fields on the extra dimensions. More specifically, the fields are allowed
to depend on the coordinates of the extra dimensions in such a way that an application
of an S-transformation would transform the Lagrangian by some quantity that would
be cancelled by a simple gauge transformation. In other words, the Lagrangian ends
up to be independent of the extra (coset) coordinates because of its gauge invariance,
which is a built-in property, and not because of an arbitrary demand. This is the most
fundamental argument that renders the Coset Space Dimensional Reduction (CSDR) a
very appealing scheme for the treatment of higher-dimensional theories and the con-
struction of promising four-dimensional theories [34-36].

7.1 Coset Space Geometry

Before we proceed to the description of the CSDR scheme, it is useful to recall some
basic information about the geometry of coset spaces. This section includes the pre-
requisite geometrical aspects of coset spaces needed in order to understand the CSDR
scheme. For an extended (and more complete) discussion of the geometry of coset
spaces see [35,221].

In the CSDR scheme one starts by considering a Yang-Mills-Dirac (YMD) action
with a gauge group G. The action is defined on a spacetime of D dimensions, M” and
its metric is ¢™". The spacetime M gets compactified to the spacetime M* x S/R,
with S/R a coset space. The metric of the compactified space has the following block

diagonal form:
mun _ | 70
9 - l 0 _gab 1 ) (7.1)

where 1"’ = diag(1,—1,—1,—1) and g is the metric of the coset space. The above
compactification of the initial spacetime points to further exploration of the geometry of
coset spaces S / R, where S is a compact Lie group and R is compact Lie subgroup of S.
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It is useful to divide the set of the generators of the group S, ()4, into two subsets,
one including the generators of R, @); (i = 1,...,dimR) and another including the
generators of S/ R, ., where a = dimR+1...,dimS, with dim(S/R) = dimS —dimR =
d. Therefore, their commutation relations can be written in the following form:

[Qi7 Qy] = fzijk )
Qi Qa] = [’ Qs
[Qaa Qb] = fabiQi + fachc . (7-2)

The second commutation relation demonstrates the fact that the coset space S/R is
reductive (since R is compact) and, in general, non-symmetric’.

Now, let us denote the coordinates of the compactified space M?* x S/R as zM =
(™, y*), where « is a curved index of the coset space and y is a parametrization of an
element of S, which is actually a coset representative, L(y). Latin indices a,b, ... will
denote the coordinates of the tangent space. The vielbein and the IR-connection are
defined by the Maurer-Cartan form which takes its values in the Lie algebra of S :

L7 (y)dL(y) = efQady” . (7.3)

At the origin it holds that y = 0, ¢, = §,* and e, = 0. In general, a connection form 6%
on S/R consists of both curvature and torsion. In the case that the torsion vanishes,
the calculation of the torsionless part w“ takes place by setting the torsion form, 7, to
Zero:

T“:de“—i—w“b/\eb:(), (7.4)

while using the Maurer-Cartan equation
a 1 a _b c a b )
de :§fbce Ne+ fhe” Ne', (7.5)

one obtains the following expression for the connection

;1 1
wh = —f9e — s fhe” — =z K%, (7.6)

2 2
where K%, is symmetric under the exchange of the lower indices b, ¢, thus K¢%_eAe® = 0.
The expression of the K9, can be obtained by taking into consideration that w9 is

antisymmetric, that is w%g® = —w® g°%

Kabc = gad(ngfdce + gcefdbe> . (7.7)

In turn, replacing the above expression for K¢ in the expression for w9, (7.6), one
obtains the following form of the connection:

wab - _fa;lbel - Dabcec, (7.8)

'In case f,,© = 0 in Eq. (7.2), the coset space is called symmetric.
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where .
D, = §gad[fdbegec + f Gde — fodbe] - (7.9)

According to [35], the D’s can be related to the structure constants by a rescaling:
Dabc - ()\aAb/AC) %c )

where the \’s depend only on the radii of the coset. It should be noted that, in general,
the rescaling factors affect the antisymmetry properties of the structure constants.
Also, in the case that the radii are equal, it holds:

1

Dy =5 F% (7.10)

Moreover, the connection form w? is S-invariant, meaning that a parallel transport
commutes with the S action [221]. Consequently, the most general expression of an
S-invariant connection on S/ R is:

wh = fet + J% el (7.11)
with J being a tensor that is R-invariant, namely:

0J4" = = fi "I + fia" o’ = [ T = 0.

K3 C

It can be easily shown -using the Jacobi identity- that the D tensor, given in Eq. (7.9),
satisfies the above condition.
Then, for the case of non-vanishing torsion the expression is:

T = de* + Q% Ne’ (7.12)
where the connection 2% is expressed as a decomposition of two parts:
Qab - wab + Tai) .

The first is the connection of the torsionless case mentioned above and the second is
given by:

1
7Y = —§Z“bcec, (7.13)

where ¥, is the contorsion, expressed as
Eabc = Tabc _'_ Tbca — Tba (7.14)

C

in terms of the torsion components 7%.. Therefore, putting all the expressions of the
connections together, the general connection form 609 is written as:

. 1 ;
@y = =S’ — ( be T 5%) ¢ = —fe" = Glhee” (7.15)
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In the case of equal radii, it is possible to express 7%, as 1. = nf9.. where 7 is a
parameter [43, 44,222-224]. A natural generalization of the expression of 7%, in the
case of unequal radii would be 7%, = 27D¢ ., where 7 is another parameter. The latter
was obtained after taking into consideration and generalizing the expression of D
for equal radii, Eq. (7.10). However, generalizing the case of equal radii to the relation
T4, = 27 D%, for different radii turns out to be insufficient, as the D¢ fail to have the
appropriate symmetry properties. In order to ameliorate this drawback, the X is defined
as a combination of D%, in such a way that it is rendered completely antisymmetric
and, at the same time, S-invariant:

Z"abc = 2T<Dabc + Dbca - cha) . (716]

Furthermore, the curvature two-form is given by the following expression [35], [223,
224]:

1 o1 1
RY% = _ifibafdel - §Gcbafdec + §<GdcaGebc — G Gyf)| et et (7.17)
while the Ricci tensor, R,, = R% ;. is obtained as:
Ry = Gbachcd - GbchdaC - C:cadfdbC - fiadfdbi : (7.18)

If we choose 7 to vanish, then the corresponding connection is called Riemannian

connection, €1¢,. Another special case worth mentioning is the canonical connection,

which is obtained by adjusting both the radii and 7 in such a way that the connection

form is Q4 , = —f4.¢', that is an R-gauge field [43, 44]. Also, the adjustments of the

parameters are such that satisfy G,,. = 0. In the case of SU(3)/(U(1) x U(1)) with

metric g,, = diag(a, a,b,b, ¢, c), one needs to set a = b = ¢ and therefore consider that
1

T=—3 Similar adjustments can cause the Ricci tensor [43, 44] to vanish, with the

corresponding connection called Ricci flattening connection.

7.2 Main Features and Constraints of CSDR

We continue with the description of the main aspects of the CSDR that will be necessary
in the next sections. Consider a Y-M theory in D dimensions with gauge group by G.
The action will be:

1 7 -
S = /d%ddy\/—g [—ZTr(FMNFKA)gMKgNA + §¢FMDMQ/J , (7.19)

in which it is evident from the last term that fermionic fields have been introduced in
the theory. the metric tensor of the D-dimensional spacetime is denoted g,y 2 and Dy,
is the covariant derivative expressed as

1
DM = 8M - 9]\/[ - ZgAM, where HM = EQMNAZNA (720)

2Upper case latin middle-alphabet letters refer to the D-dimensional spacetime.
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is the spin connection of the spacetime. Furthermore, 1) is a spinor representing the
fermionic fields of the theory, which can be assigned into an arbitrary representa-
tion F' of G. Nevertheless, in a supersymmetric version of the theory, the fermions
should be accommodated in the adjoint representation along with A,;, which is the
gauge field related to (G, forming a vector supermultiplet. Subsequently, Fj;y is the
field strength tensor of A,;:

FMNzﬁMAN—aNAM—zg[AM,AN] (721)

Now, let the Killing vectors of S/R be denoted as %, where A = 1,...,dimS and
a = dimR + 1,...,dimS. Let us also consider a gauge transformation, W,, which is
related to the Killing vector £ 4. The condition that all kinds of fields (scalars ¢, spinors 1
and vectors A,) that live on the coset space are symmetric is translated to the following
constraints:

040 =E4 0.0 = D(Wa)o, (7.22)

0ada =05 A0 + 0a4 Ag = 0aWa — W, Au), (7.23)
1

dath = € 0a1) — §GAchbc¢ =D(Wa). (7.24)

In the above, D(WW,) is the gauge transformation W, in the appropriate representation
of the group according to the representation in which the various fields are assigned.
The transformation W4, no matter the representation, depends only on the coordinates
of the coset space. The above equations of the constraints (7.22)-(7.24) are particu-
larly important, since their solutions determine both the gauge group and the spec-
trum of the reduced, four-dimensional theoryS [34, 35]. Let us now work through
the above constraints in some detail. First, the gauge field A;; defined on the D-
dimensional spacetime can be written explicitly in the split form A, = (A4, A,), since
MP = M* x S/R. Under an S-transformation the four-dimensional part A, follows the
transformation rule of a scalar field, which is obviously accommodated in the adjoint
representation of the initial gauge group, G. The first constraint, (7.22), leads to two
enlightening results:

e The gauge group of the four-dimensional theory is H = Cg(Rg), that is the
centralizer of R in G.

e The first part of the (A4,, A,) is identified as the four-dimensional gauge field A,
and does not depend on the coordinates of the coset space. Regarding the second
component of the initial gauge field, A,, it is identified as a set of scalar fields in
the four-dimensional theory, assuming the role of intertwining operators among
the representations of R in G and in S. The latter is obtained by solving the
second constraint, (7.23). The following decomposition of the initial gauge group

SAfter the reduction the fields are no longer considered constrained.
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GG, along with the decomposition of S under its subgroup R, give insight on the
representation of the produced scalars in the four-dimensional theory:

GDRexH, adiG=(adjR,1)+ (LadjiH)+ Y (rih), (7.25)

SOR, adjiS=adiR+ ) s;. (7.26)

Given that the irreducible representations r; and s; of I? are identical, the repre-
sentation h; of H accounts for a scalar multiplet. Any scalars that are not included
in h; vanish.

In turn, the third constraint in (7.24) is related to the spinorial part and its form and
properties in the four-dimensional theory. The line of reasoning is similar to the one
described above about the scalars [35, 38, 39,225-228]. By solving the third constraint
it becomes apparent that the four-dimensional spinors, 1, depend exclusively on the
coordinates of the four-dimensional part. In addition, similarly to the scalar fields, 1
relates the induced representations of R between SO(d) and G as an intertwining op-
erator. The representation of the four-dimensional gauge group/{ in which fermions
are assigned, denoted by f;, is determined by the decomposition rule of the representa-
tion F' of GG, that is the fermionic representation in the higher-dimensional theory, with
respect to Rg X H and the spinorial representation of SO(d) under R:

G D RG X H, F= Z(T’i, fz)a (7.27)

SO(d)DR, o4=)Y oj. (7.28)

Similarly to the scalar case examined above, the r; and o; representations are effectively
the same and for each pair of those an f; multiplet of four-dimensional spinors exists.

At this point a few comments on the nature of the fermions before and after the
dimensional reduction are in order. If the fermions introduced in the theory in higher
dimensions are considered to be Dirac-type, then the surviving ones in the four-
dimensional theory will not be chiral, which is surely a most unwelcome feature. How-
ever, considering the higher-dimensional theory defined on an even-dimensional space-
time and imposing the Weyl condition, the fermions of the resulting four-dimensional the-
ory will have the property of chirality. In particular, fermions that are assigned to the
adjoint representation of a gauge group of a higher-dimensional theory defined on
a spacetime of D = 2n + 2 dimensions and also obey the Weyl constraint, eventually
result to two sets of chiral fermions in the four-dimensional theory with the quantum
numbers being identical for the components of the two sets. If the condition imposed
on the fermions of the higher-dimensional theory is extended to include the Majorana
condition, then the doubling of the fermionic spectrum does not appear in the four-
dimensional theory. Imposing both the Weyl and the Majorana conditions is possible
when the dimensions of the initial theory are D = 4n + 2.
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7.3 The action of the reduced four-dimensional theory

Let us now focus on the action of the four-dimensional theory, obtained after the di-
mensional reduction. First, consider that the higher-dimensional spacetime, M7, is
compactified as M* x S /R, where S/ R is a compact coset space. This kind of compact-
ification induces the following modification on the form of the metric:

MN nt 0 >
= a ) (7.29)
g < 0 —g b

where the upper left block is the (mainly negative) four-dimensional Minkowski metric,
while the lower right is the coset space metric tensor. Introducing the above metric
in the Y-M action of the higher-dimensional theory given in Eq. (7.19) and taking into
account the constraints (7.22)-(7.24), the reduced action of the four-dimensional theory
is:
4 1 v 1 a i i - a
S=C | dxtr —gFWF“ — Z(Dﬂqba)(D’% )|+ V(o) + §1M‘“D#w — 51/}F Dy,
(7.30)

in which:

e (' denotes the coset space volume

e D, =0, —1gA, is the covariant derivative in four dimensions

e D,=0,—0,—1g¢, is the covariant derivative of the coset space, 6, = %Gabchc its
connection and ¢, = A,

e V(¢) is the four-dimensional scalar potential which can be explicitly written as:

L o , .
V(¢) = _gg gder(fabC¢C - Zg[¢a7 ¢b]>(fcdD¢D - Zg[¢07 ¢d]) ’ (7.31)
inwhich A = 1, ...,dimS and f,,°, f.,© are the structure constants of the algebra of
S, which is the group of isometries of the coset.

Furthermore, the constraints (7.22) - (7.24) imply that for the scalars ¢, we have:

fuiP 0D —ig[da, 0] =0, (7.32)

in which ¢; denote the generators of the subgroup R. The scalar fields that survive the
dimensional reduction are identified as the Higgs sector of the four-dimensional theory.
The vacuum of the theory is obtained by the minimization of the scalar potential V' (¢)
written down in (7.31) and eventually the corresponding gauge symmetry is obtained
[229-236]. In general, the procedure above is not straightforward and is indeed difficult
to carry out. Nevertheless, in the very special case in which the isometry group of
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the coset space, S, has an isomorphic image (denoted as Sg) into G, then the four-
dimensional gauge group H breaks spontaneously in a subgroup of H, denoted /K. The
subgroup K is obtained by the centralizer of the isomorphic image of S in G in the gauge
group G of the higher-dimensional theory [35,229-236]. The latter gets well-understood
by the following scheme:

GDOSgx K
U N
G DRgx H. (7.33)
In case of a symmetric coset space (this means f_,° = () the four-dimensional scalar po-

tential always takes a form which allows the spontaneous symmetry breaking [35].
Although an unwelcome feature of the application of the above theorem is that the
fermions of the four-dimensional theory appear to become supermassive [237] (sim-
ilarly to the Kaluza-Klein case), there is an exceptional case in which fermions are
prevented form acquiring superheavy masses.

Examining the fermionic part of the effective four-dimensional action, one has to
focus on the last two terms of (7.30). The first term is identified as the fermionic
kinetic term, while the second is related to Yukawa interactions. Since the fermions of
the higher-dimensional theory are considered to be satisfying the Weyl and Majorana
conditions, then they it is possible to assign them in a real representation of the initial
gauge group. In particular, the last term (Yukawa term) of the Lagrangian of Eq. (7.30)
can be expressed as:

7 - 1 , 1 (- -
Yy = —§¢Fa(aa - Efibcezregzbc 2 Gape X" — Ga) = §¢Fava¢ +PVy, (7.34)

in which it is implied that
_ 1 T'\ybe
V(z — aa + Efzbcere z + (ba? (735)

V= %F“GabCE’”, (7.36)

making use of the complete connection, that is the one including torsion [223,224]. As
mentioned in Sect. 7.2, the third constraint Eq. (7.24) implies that they do not depend
on the coordinates of the coset space. Moreover, due to the invariance of the Lagrangian
under S-transformations, it is equivalent to work with the Lagrangian in the special
case in which y = 0 and eli. Under these conditions, (7.35) is reduced to the following
form:

Va=¢a (7.37)

The fermionic fields are independent of the coset space coordinates (i.e. J,70 = 0)
since they are symmetric fields, satisfying the constraint equation Eq. (7.24). Further-
more, we can consider the Lagrangian at the point y = 0 due to its invariance under S-
tranformations and e& = 0 at that point. Therefore, Eq. (7.35) becomes just V, = ¢,
and the term %@ZF“VG@Z) of Eq. (7.34) is identified exactly as a Yukawa term.
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Further examining the last term of Eq. (7.34), one can easily show that VV and the
six-dimensional operator of helicity are anticommutative [35], while, on the other hand,
Vand T; = —% eV are commutative quantities. Taking into consideration Schur’s
lemma, it is deduced that the surviving terms of /' are those that are present in the
decomposition of 4 and 4 irreducible representations of SO(6), namely the singlets.
Due to their geometric origin the singlets will obtain masses in a very large scale, a
fact that most likely leads to problematic phenomenology. In particular, the gauginos
that appear in the four-dimensional theory after the application of the CSDR theme
on a supersymmetric higher-dimensional theory will obtain masses at the order of the
compactification scale. However, such an outcome is prevented by the inclusion of the
torsion. This will be tha case considered in the following construction.

7.4 CSDR and the Einstein-Yang-Mills Theory

Finally, consider the case of the Einstein-Yang-Mills (EYM) theory in 4+d dimensions, in
which a cosmological constant is present. Such a system is described by the following
Lagrangian density:

1

1
-~ J/—gRP - —_ /—gF"“ aMN
L= 167G 9B A2 gE Nt V—gA\. (7.38)

The corresponding equations of motion are obtained:

1
RMN_§R9MN = —81GTun,
Dy FMN = . (7.39)

in which the energy-momentum tensor, 7y, of Eq. (7.39), has been identified as:
1 a a P 1 a aPS
TMN = gF]\/[PFN — JMN 6_2 PSF + A (740)

At first, Cremmer and Scherk suggested that the above theoretical system admits a
spontaneous compactification, in other words, they observed that there exist solutions
if the EYM equations that correspond to manifolds of the form M* x B. Regarding the
cosmological constant included in the 4 + d-dimensional theory, it ceases to appear in
the four-dimensional theory since its role is restricted on counterbalancing the vacuum
energy of the gauge fields. In the specific case in which the higher-dimensional theory
is defined on a spacetime of the M* x S/R form, meaning that the extra dimensions
are described by a coset space, the corresponding metric is of the following form:

_ ( Gwl=) 0 ) 7.41

4The T generators close the R-subalgebra of SO(6).
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where the coordinate 2 of the higher-dimensional spacetime has been considered as
a decomposition on the coordinates z* of the four-dimensional Minkowski spacetime
and the extra-dimensional coset space ones, y®, namely 2 = (z*,y%). In general,
the gauge symmetry of the emerging four-dimensional theory is at least S x H, where
H = Cc(R).

Nevertheless, the gauge group of the four-dimensional theory cannot include the
whole isometry of the coset space [238], [239]. Also, particularly for non-symmetric
coset spaces, the modification -due to the extra scalar fields- on the potential of the four-
dimensional theory is already known [239].

Let us consider a theory that is defined on a higher-dimensional spacetime and
compactification leads to a spacetime in which the extra dimensions form a coset man-
ifold, S/R. In such a case, by making use of S-symmetric gauge fields it is possible to
result with exact solutions of the field equations. Due to the product structure of the
spacetime MP = M* x S/R the expression of the curvature tensor, RY,, comprises of
Ruv and R,g (the four-dimensional and the coset space curvature tensors respectively)
and is thus expressed as RY = R* + R? (up to some index regulation through viel-
beins). Making the assumptions that the four-dimensional part of the gauge fields is
independent of the coordinates of the coset space, i.e. Ay = (4,(z), Aa(z,y)) and that
the coset space component of the gauge field, A,(z,y), is symmetric, namely:

Au(z,y) = i (y)palz), (7.42)

in which A is an S-algebra index and the generalized vielbein is written as el — (e2, ¢?,),

the expression of the mixed component of the field strength tensor is found to be:
Fuo=e"Dyoa, (7.43)

from which, evidently, the kinetic term of ¢4 will emerge. Moreover, the corresponding
component related to the coset space will be:

Fop = eel (faf oo — [6a, 08]) = eaef Fap, (7.44)

an expression that will be associated to the potential. As mentioned above, in the case
of interest the field equations can be obtained. Their explicit form is:

e(V)Du(vV=gF*") + \/—g(x)Dale(y) F*) =0 (7.45)
e(y)Du(vV=gF"?) + \/—g(x) Da(e(y)C*?) = 0, (7.46)

in which e(y) is the determinant of the veilbeins of the coset space. Now, replacing
Egs. (7.43) and (7.44) into Eq. (7.46), it is found that:

e(y) D (vV—gF"™) + v/ —g(x){0a(e(y)e%) DY ¢ + e(y )eAeﬁBgo‘ﬂ[gbA,D“qSB]} =0. (7.47)

Demanding that the Y-M equations in the vacuum:
D,(v/—gF") =0 (7.48)
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are in effect and also that ¢4 have constant classical values, it follows that:
[Ays ¢a] = 0. (7.49)

Moreover, Eq. (7.44) leads to the following requirements:

Fyp = fibc¢c - [Qﬁi, ¢b] =0,
1

3 Y — [y, F*] =0. (7.50)

The obtained solutions above, Eq. (7.50), lead to the conclusion that consistency of
the solutions of Eq. (7.46) and the CSDR constraints is achieved. Next, let us turn to
the Einstein equations of the D-dimensional spacetime after the compactification takes
place. Making use of Egs. (7.48), (7.49) and (7.50) the equations become:

1

1
Ry, — EgWR(‘” = G [§R<d> +67G (FapF?) + A] , (7.51)

9

Considering the Minkowski spacetime, M*, as the four-dimensional solution, the Eq. (7.51)
yields:

1 1 1
Rup — 5R<d> = Gaop {—R(ﬂ‘) + 871G (ZTr(FagF"‘ﬁ) + A)} — 81GTr(Fon Fy).  (7.52)

9
RY = —167G [ZTr(FaﬁFaﬁ) - A} (7.53)
and the Eq. (7.52) becomes:
R.s = —SWGTI(FOWFﬁW) . (7.54)

Last, calculating and then replacing the trace of Eq. (7.54) into R of (7.53), it is
obtained that:

1
A= ZTr(FaﬁW) : (7.55)

Concluding, consideration of a suitable cosmological constant in the initial theory leads
to a compactified classical solution for the EYM system of a M* x S / R spacetime, where
the four-dimensional fields obey the CSDR constraints. The cosmological constant has
to be equal to the minimum of the potential of the theory, which in general is not
zero, except in the case where S is in G which is the case that will be examined
in the following. As a final remark, it should be noted that the gauge couplings of a
four-dimensional theory produced by the reduction of a higher-dimensional one should
depend, in general, on spacetime coordinates. For instance, the gravitational and gauge
couplings are of the following form:

co_9 w_9 (7.56)
Vi

where Vg denotes the volume of the space B.
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Chapter 8

Dimensional Reduction of [/ over
SU3)/U(1) x U(1)

An illustrative example of the CSDR scheme is the case of an N/ = 1 supersymmet-
ric £ YM theory that is dimensionally reduced over the non-symmetric coset space
SU(3)/U(1) x U(1) [70,240,241]. The four-dimensional gauge group is determined -
in accordance with Eq. (7.25), Eq. (7.26)- by the way the R = U(1) x U(1) is embedded
in Fg according to the following decomposition:

EgDEﬁXSU(3)DE6XU(1)AXU(1)B. (8.1)

As mentioned earlier in Sect. 7.2 (first CSDR constraint), the gauge group of the four-
dimensional theory after the coset space dimensional reduction of Eg under SU(3)/U(1) x
U(1) is obtained as the centralizer of R = U(1) x U(1) in G = Eg, that is:

H:CES(U<1)AXU(l)B):EGXU(l)AXU(l)B (8.2)

Moreover, the second and third constraints of Sect. 7.2 imply that the scalar and
fermion fields that remain in the four-dimensional theory are obtained by the decom-
position of the representation 248 -adjoint representation- of Es under U(1)4 x U(1)p:

248 = 1(0’0) + 1(0’0) + 1(3’%) + 1(737%) + 1(07_1) + 1(0’1) + 1(73771) + 1(3’7%)‘}‘
T80+ 27 1)+ 27y 1)+ 20 + 27y 1)+ 27 1+ 2w (8.3)

37_5)

In order to result with the representations of the surviving fields of the four-dimensional
theory, it is necessary to examine the decompositions of the vector and spinor repre-
sentations of SO(6) under R =U(1)4 x U(1)p:

(3,3) +(=3,3) + (0,—1) + (=3,—3) + (3,—3) + (0,1)

and
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respectively. Therefore, the CSDR rules imply that the surviving gauge fields of the
initial gauge theory (Es x U(1)4 x U(1)p) are accommodated in three N' = 1 vec-
tor supermultiplets in the four-dimensional theory. Also, the matter fields of the
four-dimensional theory end up in six chiral multiplets. Three of them are Ejg sin-
glets carrying U(1) 4 x U(1) g charges, while the rest are chiral multiplets, let us denote
them as A°, B" and C?, with i = 1,...,27 an Fj index.

In turn, the decomposition S O R, where S = SU(3) and R = U(1) x U(1), namely
SU3) D U(1) x U(1):

8 =(0,0)+(0,0) + (3,3) + (=3,3) + (0,—=1) + (=3, —3) + (3, —3) + (0,1). (8.4
implies the introduction of the following set of generators for the SU(3):
QSU(?)) = {Q07Q67Q17Q27Q3aQ17Q27Q3}' (8.9)

The above generators obey non-trivial commutation relations which can be found in
[242]. The above notation of the generators suggests to denote the scalar fields as:

<¢I7I = 1778> — (¢07¢67¢17¢17¢27¢27¢37¢3>' (86)

Adopting the above notation of the scalar fields, the scalar potential of any theory that
results from the reduction under the SU(3)/U(1) x U(1) is:

%V((b) —(3A2 4 A" )Gﬁ}%) +%§
F T+ am T0n?) -  Th0n?)
+ L2 Qufon ') — Yo (@ 67) — o T Qulon, )
T Q01, 1)+ THQU03. ) — Tl )

22 2f 2\/_

+ [ (Galon.6a) + g Tr(0alon 6]) + e Tr(6nl6m 0u]) + b
5T (100 + g5 (0267 + 0.6

- {16,007 — T T ulle’ )

- e T (0. 01 7). 87

where R;, Ry, R3 are the radii of the coset space!. The real metric tensor® of the

The potential is expressed in this form making use of (A.22) of [35] but also the equations (7),(8) of
[243]. . .
2The complex metric tensor that was used is g'! = R%\, g% = Ri%, 9% = 4=
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coset space with respect to the radii is:
Gab = dng(R%,RiRg,R%,R%,R%) : (8.8)

It is now meaningful to write down the generators of the initial group, Ejg, in accordance
to the decomposition of Eq. (8.3), as follows:

Eg — {QO)QE)?QlaQ2aQ37Q17Q27Q3aQaaQlinZiaQSiaQan%vQSi} ) (89]

where the indices take thevaluesa =1, ..., 78 and ¢ = 1, ..., 27. According to the Eq. (7.32)
the redefined fields obey the following constraints:

(61, ¢ = V301, (63, ¢o] = 0, (01, d) = o1,
(P2, do] = V3, (P2, ¢E)] = ¢, [¢3,¢,o] = —2¢3. (8.10)

Solving the above constraints in terms of the genuine Higgs scalar fields and Eg gen-
erators, (8.9) corresponding to the embedding of R = U(1) x U(1) in the Eg, (8.3)
are ¢y = AQp and ¢, = A'Q,, with A = A" = \/% and

¢1 = R1a'Qq; + RiaQy, P2 = Rof3'Qa; + RafSQo, ¢3 = R3v' Q3 + RayQs,

with the unconstrained fields transforming under Eg X U(1)4 x U(1)p as:
a;~ 2751y, B~ 2T 51y, i~ 270-1, a~lgy, B~1C
the potential of Eq. (8.7) is expressed as:

2 ) ) )

g_QV(azacuﬁlvﬁafYZ?fY) =

2 1 1 1

R4 TR R R4

(432 ) +(4Rf 8)
RR2 }# RR R
4R2 4R? 8
2p2 -3 |5 Bz 2 22 T 2 B

RR2 R R

AR l. AR 8\ _
mm_m Vi \ReRr T )

) v 1(0,—1) ’

l\)\)—l

Qi

«

+
@

+

+

( RZ RS R1 Rg R2 R1

|:\/_ R2 Rg Rl Rg R2 Rl
1

5 (G + 58, + (G )

(o)

1 . , _ 2

+ 5 (a'Ba, + alla -+ (305, + (-3)9)

4/ . . . o _ . o 2
+ 5 (a0 + ahla-+ H8B + B35 + (181 +3(-1n )
+ 4004i6jdijkdklmalﬁm + 406i7jdijkdklm517m + 40ai7jdijkdklma17m

+40(af)(ap) +40(57)(B7) + 40(3a)(va) , (8.11)
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which is positive definite as well. In the above expression of the scalar potential the
F—, D— and soft supersymmetry breaking (SSB) terms are identified. The F'-terms
emerge from the superpotential:

W(A', B7,C* A, B,C) = V40d;;;, A'B*C* + V/40ABC, (8.12)

while the D-terms are structured as:
1 1

1
—-D*D*+ —-DD —DsD 8.13
5 +2 1 1+2 o)y, ( )

where the D quantities are calculated as:

1 . . . . . .
D = = (0'(G Yoy + 1G5, + (G ) 8.14)
Dy = /5 (2'300)a; + aB)a + 5(-38))8; + A(-3)5) 8.15)

D, = \/Zf(a"(%éf)aj +ad)a+ B (3618 + BB+ (—16])v; + ?(—Uv) . (8.16)

Apart from the terms of the potential of Eq. (8.11) identified as F'- and D- terms, the re-
maining ones admit the interpretation of soft scalar masses and trilinear soft terms.
Last but not least, in order to complete the description of the (emerging) SSB sector,
one has to determine the gaugino mass. This is done by calculating the 1/ operator of
Eq. (7.36), using App. B. Moreover, using the [' matrices given in App. A we calculate
Y — %[F“Fb] and then G, ['*T'*. The combination of all leads to the gaugino mass:

R? + R3 + R3
8v/R?RIR2

Thus, since there is a contribution from the torsion of the coset space®, the gaugino
mass can in principle be at a different energy scale than the rest of the soft terms, since
they do not receive any contribution from torsion. This is due to the fact that gauge
fields, contrary to fermions, do not couple to torsion.

The next step is the minimization of the potential. This happens if two of the three
singlets (o, 3,7) acquire vevs at the compactification scale. For the purposes of the
current work we choose the singlets a and [ to acquire vevs, while 7 remains massless.
The reason is that v is the only singlet that will survive the Wilson breaking described in
the next chapter and we will needed in the construction of higher-dimensional operators
as we will see in Chapter 10.

This results in the breaking of the two U(1), reducing our gauge group from Eg X
U(1)4 x U(1)p to Es. The two abelian groups remain, however, as global symmetries,
which, as it will also be discussed in Chapter 10, will be very useful in conserving

M

(1+37) (8.17)

31t should be noted that the adjustment required to obtain the canonical connection leads to vanishing
gaugino masses.
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Baryon number. This does not come as a surprise, as in our case S D G, so the gauge
group H further breaks to K = SU(3)3.

It is useful at this point to make a brief recap: starting with an N’ = 1 supersymmet-
ric, 10D Ey theory defined on a M* x S/R manifold, where S/R is the non-symmetric
coset spaceSU(3)/U(1) x U(1), the CSDR leads to the content of an N = 1 supersym-
metric Eg x U(1)4 X U(1) g GUT. Subsequently, the two U(1) groups are broken and end
up parametrizing global symmetries, leaving an N = 1 Ey theory. In order to reduce
our gauge symmetry to a simpler one (which will turn out to be SU(3) x SU(3) x SU(3)),
we have to break our theory using the Wilson flux mechanism.
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Chapter 9

Wilson Flux Breaking

In the above section the case in which the CSDR scheme is applied on a higher-
dimensional Eg gauge theory which is reduced over an SU(3)/U(1) x U(1) coset space
and leads to a four-dimensional Fg gauge theory was examined in detail. However,
the Es group cannot be broken exclusively by the presence of the 27 Higgs multi-
plet. For this reason, that is to further reduce the resulting gauge symmetry, the
Wilson flux breaking mechanism is employed [67-69]. First, some information about
the mechanism is given and then its application on the above model follows.

9.1 Wilson Flux basics

In the above sections the dimensional reduction occurs over a simply connected mani-
fold, i.e. a coset space, By = S/R. Instead, there is an alternative choice in which the
manifold can be chosen to be multiply connected, namely the B = B,/F*/f, where F S/R
is a freely-acting discrete symmetry of the manifold B,. For an element g € F¥%, an
element U, in H is corresponded, which may be considered as the Wilson Loop:

Uy = Pexp (—z]{ T“A]\‘jdxM> , 9.1)
Vg

where A;} are the gauge fields, 7 the generators of the group, 7, is a contour repre-
senting the element ¢ of '/ and P standing before the integration denotes the path
ordering. In case that the considered manifold is simply connected, considering the
field strength tensor to be vanishing implies that the gauge field could be set to zero by
a gauge transformation. Choosing ~y, to be non-contractible to a point leads to U[y] # 1
and is also gauge covariant. In this case, it is understood that the vanishing of the
vacuum field strength does not lead to U, = 1 and also the gauge field cannot be gauge
fixed to zero. Therefore, a homomorphism of the discrete symmetry F**/% into H is in-
duced, with image denoted as 77, which is actually the subgroup of H generated by U,.
Moreover, consider a field f(x) on By. It is obvious that f(z) is equivalent to another
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field on B, for which it holds that f(g(x)) = f(x) for every g € F5/E. Nevertheless, the
presence of the gauge group H generalizes this statement to the following:

flg(x)) =U,f(x). (9.2)

Now, about the gauge symmetry that remains by the vacuum: in the vacuum state
it holds that A7, = 0, and also consider a gauge transformation by the coordinate-
dependent matrix V' (z) of H. In order to maintain A . = 0 and preserve the invariance
of the vacuum, the V(x) must be chosen to be constant. Furthermore, f — V f is
consistent with Eq. (9.2) only in case that:

V.U, =0 9.3)

forevery g € F S/ Therefore, the subgroup of H that remains unbroken is the central-
izer of TH in H. As for the surviving matter fields of the theory, i.e. the matter fields
satisfying Eq. (9.2), they must be invariant under the combination:

FS/R g H

Last, the freely-acting discrete symmetries, F’ S/E | of the coset spaces By = S /R are the
center of S, Z(S) and W = Ws/Wg, where Wy and Wg are the Weyl groups of S
and R, respectively. In the case examined in the present thesis the coset space is the
By = SU(3)/U(1) x U(1), therefore it holds:

FSR =7, CW = Ss. (9.4)

9.2 SU(3)’ produced by Wilson Flux

The Wilson flux breaking mechanism projects the theory in such a way that the surviv-
ing fields are those which remain invariant under the action of the freely acting discrete
symmetry, the Zs, on their gauge and geometric indices. The non-trivial action of the
Z;5 group on the gauge indices of the various fields is parametrized by the matrix [127]:

Y3 = diag{13, w13, w213} s (9.5)

where
27

w=¢e3 . (9.6)

The latter acts on the gauge fields of the Fjs gauge theory and a non-trivial phase
acts on the matter fields. First, the gauge fields that pass through the filtering of
the projection are those which satisfy the condition:

[Apr, 78] =0 = Ay = 3Am73 " 9.7)
and the remaining gauge symmetry is

SU(3). x SU(3) x SU(3) - 9.8)
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The matter counterpart of Eq. (9.7) for is:
a= w’73d;7 5 = W2’73ga /7 = w3’73’77 a = wao, 6 = w26a Y= w37 . (99]

where @, 5 ,7 are the matter superfields which belong to the 27 representation and
a, 5,7 the singlets that only carry U(1)4 p charges. The representations of the rem-
nant group, SU(3). x SU(3), x SU(3)r, in which the above fields are accommodated,
are obtained after considering the decomposition rule of the 27 representation of Fjg
under the new group and are given as

(1,3,3) ® (3,1,3) & (3,3,1) . (9.10)
Therefore, in the projected theory we are left with the following matter content:

a3 =0y~ (3,1,3)31), f2=Ty~ (3,3, 1)(_3,%)’ 1=~ (1,3,3)0-1, 7=00-1),

4
where the three former are the leftovers of @, 5 ,7 and together they form a 27 represen-
tation of Ejg, that means that the leftover content can be identified as one generation. In
order to obtain a spectrum consisting of three generations, one may introduce non-
trivial monopole charges in the U(1)s in R, resulting in a total of three replicas of the
above fields (where an index [ = 1,2, 3 can be used to specify each of the three families).

The scalar potential of the Fjg (plus the global abelian symmetries) that was ob-
tained after the dimensional reduction of Eg, Eq. (8.11), can now (that is after the
adoption of the Wilson flux breaking mechanism and the projection of the theory) be
rewritten in the SU(3). x SU(3). x SU(3)r language as [61]:

2/1 1 1
Vsc:S-—(— A _) v 9.11
S\m R TR 2 o1
1=1,2,3
in which:
VO =V + Viopr = Vo + Vi + Viope - 9.12)

From now on, we give up on the generation superscript (/), since our analysis will
be focused on the third generation, and it will only be written explicitly when required.
Regarding the D- and F'-terms, they are identified as:

1 a1 1
Vp = 52/4217 D* + 2 D1Dy + 5 DD, (9.13)
oW oW
WZE]%fH%HEwiﬁ,ﬂzﬁn (9.14)
i=1,2,3 ¢

where the F'-terms derive from the expression:

W = VA0d 1y DETE S | (9.15)
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while the D-terms are written explicitly as:

1
DA = ﬁ<\1/,»|GA|\IIZ->, (9.16)

Dy = 3\/?(<\111I\D1> — (2] T)), (9.17)
D, = \/?(@1\\1;1} + (Uy|Wy) — 2(W3]W5) — 2[60]%). (9.18)

where

<\I/Z|GA|\I]Z> B Z \Ij?(GA)Z\I’iIN

i=1,2,3

(W[ W;) = > W00,

i=1,2,3

The (G?)} are the structure constants of the SU(3). x SU(3); x SU(3)r and there-
fore antisymmetric in ¢ and b. Their explicit calculation can be found in App. C. The
soft supersymmetry breaking terms are written down as:

4R? 8 4R
Viost = <R§}%§ - R2> <‘1}1|\I’1> + (Rzéz - RQ) <\I’2|‘1]2>

4R3 8
<R2R32 - R2> <\II3|\I/3> +10]%)
80 Aapc VIV WS 4 . 9.19
+ 80v2 (R2R3 Ty + Rle) (dap + h.c) ( )

=mi (W1 W) + my(Us|Ws) +m3 <<xp3|x1/3> + |9|2) + (@ VS WHVE + hoc) . (9.20)

According to [244], the vectors of the 27 of Fg can be written in a more convenient form in
the SU(3).x SU(3) x SU(3) g language, that is in complex 3 x 3 matrices. Identification
of:

Uy~ (3,1,3) = (¢°),", W~ (3,3,1) —» (Q), Y3~ (1,3,3) = LJp, (9.21)
leads to the following relabeling and assignment of the particle content of the MSSM
(and more) in the above representation of the model:

&l u Dl I | HY HY w,
c __ c2 c2 c2 _ 1 2 3 _ — 0
g u$ DS D D? D3 v, e S

It is evident from the above that dj g, ur r, Dy g transform as 3,3 under the colour
group.
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In turn, as suggested in [244], the following expressions are taken into account:

. 1 0I3 A 1 0I3 - 1 013
C\ p — _ o —_— e — L a = —— 9.22
( )a 3 a(qc)pa7 Qa 3 aQaa7 P 3 aLap Y ( )
where I3 is an Fj trilinear invariant:
I3 = dgpe A"APAC I3 = d™ A, ALA, (9.23)

where A is a vector of the 27 representation of Fs. The I3 invariant quantity can be
written as a decomposition under SU(3) x SU(3) x SU(3) as:

I3 = det[Q] + det[g°] + det[L] — tr(¢°- L- Q). (9.24)

The (¥,;| ;) that appear in the calculation of the D-terms, may now be written in terms
of the above matrices as:

(U|01) = tr(gTg%), (Wa|Us) = tr(Q'Q), (Ws|T3) = tr(LTL) (9.25)
and also:

I3 = dap VOV = detq® + det@ + detL — tr(¢°QL)
[_3 = dabc\pla\IIZb\IJ3c = detch + detQT + detLT — tr((qC)TQTLT) .

The expression of the potential due to the F'-terms in terms of the 3 X 3 complex matrices
is:

Vi = 40daped*™ (U§ U501 g Wo + WGWEW5 U5, 4+ USWEW 4T, ) (9.26)
and may now be written in terms of the above hatted quantities as:
Vi = 360tr(¢° ¢ + QTQ + LTL) . 9.27)

The explicit calculation of the above, including D-, F'- and soft terms, can be found in
App. D.
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Chapter 10

Selection of Parameters and GUT
breaking

With the above-mentioned theoretical framework fully in place, it is time to specify the
compactification scale of the theory, as well as other (resulting) quantities, in order to
proceed to phenomenology.

10.1 Choice of radii

We will examine the case where the compactification scale is high', and more specifi-
cally Mo = Mgyr. Thus for the radii we have ) ~ @ L 1=1,2,3.

Without any special treatment, this results in soft trilinear couplings and soft scalar
masses around Mqgyr. However, we can select our third radius slightly different than
the other two in a way that yields:

mi ~ —0(TeV?), miy,~—-0Méyr), aae 2 Maur - (10.1)

In other words, we have supermassive squarks and 7'eV -scaled sleptons. Thus, super-
symmetry is softly broken already at the unification scale, in addition to its breaking
by both D-terms and F'-terms.

10.2 Further gauge symmetry breaking of SU(3)*

The spontaneous breaking of the SU(3), and SU(3)r can be triggered by the follow-
ing vevs of the two families of L’s.

&
~
I
coo
coo

0 0
0 ], @&)=| o
Vv V

o O O
o O O

n this case Kaluza-Klein excitations are irrelevant. Otherwise one would need the eigenvalues of the
Dirac and Laplace operators in the 6D compactification space.
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where the s index denotes the scalar component of the multiplet. These vevs are singlets

under SU(3),, so they leave the colour group unbroken. If we use only (Lg?’)> we get the
breaking

SU(3). x SU(3), x SUB)gr — SU(3). x SU(2)p x SU2)g x U(1) (10.2)

@ ) we get the breaking

while if we use only (L;
SU(3). x SU3)p x SU(3)gp — SU(3). x SU(2)L x SU(2), x U(1)". (10.3)
Their combination gives the desired breaking [245]:

SU(3). x SU(3); x SU(3)r — SU(3). x SU(2) x U(1)y - (10.4)

Let us examine this unusual breaking in more detail. The breaking of the gauge sector

of the theory comes from the term Tr|D, L )|2 where
D,L, = 8,Ly —ig (AT LS —iL{ g BOT" (10.5)
SJ(E)L SIF(E)R

with 7 the Gell-Mann matrices with v = 1,....8 (T" = —T**) and A, and B} the gauge
bosons of each group.?
For simplicity we abandon (temporarily) the x indices:

1 A2 3
11 1 01 A 0 22 2 i 0 373 1 A 03 0
ATt ==[A' 0 0], A’T?= ZA 0 O,AT:—O—A 0],
2\ 0 o0 o 2\o0 0 o
L [0 0 A 0 —ZA5 1 (0 0 0
ATr==-0 0 0], A7T° = 0 0 L AT =210 0 A%,
2\4t 0 o 0 2\0 45 o
L (0 0 0 A8 0 0
AT"==-10 0 —iAT|, AT®=—10 4% 0 (10.6)
2\0 a7 0 \f 0 0 —248

and similarly for B*T*. Thus:

. AP AP AN A2 AT A

Ay = AT = - AV 4iA? AR AT AS AT (10.7)
4 ;A5 6 | ;AT 2 48

A* +1iA A% 4+ 1A —7§A

B*+ -B® B'+4iB? B'+iB°

f
B, = BT = % B! -'iB LBS—B% BS4iB (10.8)
4 _ ;b 6 _ ;7 2 n8
B* —iB B® —iB —7§B
and we (temporarily) redefine
—ig ALY +iL$ g B, = —iA, LY +iLVB, | (10.9)

2At the last (SU(3) ) term, L is placed before T, as T acts on the rows and not the columns of Lg.
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First Breaking

First, we attempt to use only one of the two multiplets that get a vev. For simplicity we
drop the Lorentz indices, as they We use L((]S) first:

—iA(LG") + (L") By =

W
v 0 At —id’
= —i— 0 0 AS — A7
2 0 0 ~2 A8
V3
0 0 0
n Z% ( 0 0 0
4_ ;D5 pR6 7 2 P8
B*—1B°> B®—1iB —753
v 0 0 At i A°
= —z‘E 0 0 AS — AT
—(B*—iB%) —(B°—iB") Z(B*- A
Then the relevant part of its square is:
f V2 0 0 _(l? - “}:3 °)
DLP=—| 0 0 —(B°—iB)
At — A% A5 — AT \%(BS — A8
0 0 At A°
X 0 0 AS — AT

—(B*—iB%) —(B®—iB") %(BS — A%)
(BS — iB7)x (BS — iB7)x

|B* — iB®? x(B* — iB") x(B* —iB°)
v | (B°+iBT)x ) ) (BS +iB")x
- x(B* +iB°) |BS —iB7|? x(B* +iB%)
- N - At ifl5|2+
2 (A% — B%)x 2(A% — B%)x |A” -
\/g(~4 .~2 \/§<~6 ‘~Z +|A6_ZA7|2+
x(B* —iB?) x(B® —iB")

and (the relevant part of) its trace will be

. V2 ~ - ~ ~
Tr|D, L == (A1) 4+ (A7) + (A% + (A7)?
+ (B + (B + (B + (B")? (10.10)
4 omsve  Aiase dasps dasgs
+3(BY) 4+ 3(A%) - o A°B 3BA>



V2
4
+

g7 (A" + (A)2 4 (A%)2 4 (A7)
g (B2 + (BY + (B + (B)Y)
e

4 \3 3 3

Concerning A® and B8, we have:

1.2 _1 A8
V2 (A8 B8 ( 391 gngR) ( )
( ) —39L9r 9% B3

1,2 _1 8
_ V2 (A8 BS) Pl—lf)1 (_fgL SlgggR) P1_1P1 (A )
39LYR 39R

=V (K K?) (8 %(9%1912%)) Gg) |

where

Kl . 1 gLBS +QRA8
K? VI + g% \9rB® —grA%)

4 4
SGR(B®)? + Sgh (A% — g gn(A°B® — BEAY)) .

(10.11)

(10.12)

(10.13)

(10.14)

(10.15)

(10.16)

We see that A*, A%, A% A" B* B5 B°® B and K? acquired mass. So we are left

with:

Al AT A — SU(2);
B, B, B* — SU(2)r
K' — UQ1)

Counting in the 8 gauge bosons of SU(3)c we have 15 massless gauge bosons.

Second Breaking

We will now use L[(JQ) instead:
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and in a similar way:

2
‘DuL62)|2 = VIX
| AT — i AP + |AS — i AT24 - B'4iB)x —(B'+iB%)x
+(B% + %BS + %AS)2 x (B3 + jL%B8 + %AS) x (B3 + +%B8 + %Ag)
- —(BYiBY)x (B* +iB%)x
X (B + + =B + L A%) |B! +iB?? x(B' —iB?)
B* —iB%)x B! +iB?)x 54 L 552
x(33++%38+%ﬁ8) x (B — iB®) B +iB7]
Its trace will be:
(2))2 V2 74\2 5\2 7612 A7\2
Tr|D, L == (A% + (A7) + (A% + (A7)
+ (34)2 + (35)2 + (Bl)2 + (BQ)2
N 1 - 4 -
4 (33)2+ 5(38)24—5( 8)2
1 554 ~ 2 - .
+ —=(B*B® + B*B*) + —=(B*A® + A*B®
\/g( ) \/g( )
2 .. o
+ g(BE‘AS + ASB8)) (10.20)
2
=0 (AN 4 (A7) + (A% + (47)?)
V2 _ _ _
+ gk ((BY2 4+ (BY)? + (BY)? + (B)?)
V2 1 4
+ - (gR(BY)? + SoR(BY) + Sgh (4)?
1 2 3 P8 8 P3 2 3 48 8 3
+ —gr(B°B°*+ B°B°) + — B°A°+ A°B
\/ggR( ) \/gngR( )
2
+ gngR(BE‘A8 + ASBS)> (10.21)
Concerning A%, B® and B?, we have:
597 GULIR 5y59LIR\ [ AS
vi(4s BS B | so9r  w9%  s9% | | B (10.22)
2

1 1 2
waILIR TE9R
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%g% %gLQR ﬁgngR A8
—V2(48 B* BY)P'Py| §99r w9k 19k | PR | B (10.23)
i 3
5 3ILIR ﬁggé tn B
0 0 0 K3
=V?(K* K* K°) [0 0 0 K|, (10.24)
00 Lot +gh) \K°
where
gL B® __\/3gpA3
K? Vitish  2Vsitidk
4| _ 9B _ __9m
§5 N /s \/g%Jrigfa 28\/g%+ig}23 \ : (10.25)
3g9rB grB gr A

2oiton  2eitah  Veitah
We see that A%, A5 A® A" B'. B?, B* B’ and K® acquired mass. So we are left
with:

Al A2 A - SU(2); (10.26)
B® B", K* — SU(2), (10.27)
K* — U1y (10.28)

Again, counting the 8 gauge bosons of SU(3)c as well we have 15 massless gauge
bosons.

Combined Breaking

However, in order for our gauge group to become SU (3).x SU(2), x U(1)y we want both
breakings to happen simultaneously. This way, B!, B? BY BT all acquire masses,
so we do not have any of the two SU(2)r groups of the above isolated scenaria. Fur-
thermore, only one linear combination of A%, B®, B3 remains massless (and will be
identified as B, of U(1)y), so we can only have one U(1) gauge group.

Thus, we have the masses

1 1 1 1 22
§m2A4 = §m,245 = émio = §m?47 :gLT (10.29)
1 1 22
§m234 _ §m235 :_9R2 (10.30)
1 1 1 1 22
§m2B1 = §m232 = 57’)7,%6 = §mQB7 —gR4 5 (1031)
while for A%, B%, B3 we have
%9% —%QLQR ﬁgngR A8
V2 (A% B BY) | —goi9r  B9r  1m9% | | B (10.32)
1 12 9r B3
2v3ILIR 1 39R 1
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%9% - %QLQR ﬁgngR A8

—V2(A8 B® B3 P'P| —g99r 9% 1s9% | PP B (10.33)
2 3
wiILIR  TR9R R B
0 0 0 B,
—V2(B, C' ?) i 0 ot (10.34)

0 =
0 0§97 +gr)/ \C”

where the rotation matrix is

1 —9R —gL \/ggL
b= Nl B BAg + g% 3V + gk (10.35)
gr, T 9r 201 _%QR \/ngR
and
B, A8 1 V3grB? — g, B® — grA®
C =P B | = | pYih g Vi | (0,30
C? B3] V49l + gk

BopB? — 1gpB® + 29, A®

It is understood that C' are two physical massive gauge bosons that do not correspond
to any of the unbroken symmetries. It is useful to also write down

A8 B, ) —grBy +2¢,.C*
BS| =P C | = —— | 1B, — 2C* + L /162 + 2C' | (10.37)

7 . 2
B3 C? VAL IR \ /39, B, + B2+ 1 /47 + g O
Thus, the masses of C" will be
1 212 1 1

Restoring the Lorentz indices, we see that now we have 12 massless gauge fields:

e the 8 SU(3)¢ bosons
o A, A2 A} that form SU(2), and

e B, that is identified as the U(1)y gauge boson:

3 8 A8
9By — %BM B i]/_RgAu
VA9L + 9%

Electroweak (EW) breaking then proceeds by the vevs [27]:

B,=V3

(10.39)

Ud 0 0
(L =10 v, 0
0 0 0
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10.3 Electroweak Currents and sin 6y,

Now one can determine the relation between the gauge couplings of SU(3);, x SU(3)g,
g1, and gg, and the gauge coupling of SU(2);, x U(1)y, g2 and gy. The way to do that is
by comparing the currents of the theory with the electroweak currents. For the sake of
simplicity only one of the generations will be considered. The chiral multiplets can be
written once more (in a colour-implicit way):

*1 *1 *1
dp up Dy

U =q¢=|dif uif DiF|=(dy uy D) ~(3,1,3)z12 (10.40)
a3 i D*3
—dl —d? —d3 —dy,

Uo=Q= | ut i v |=|[ u ~(3,3,1)(31/2) (10.41)
DI D? D} Dy,
Hg HJ vy,

U, =L=|H; H e ~(1,3,3)0,-1) » (10.42)

* *
v, €r S

where the first parenthesis has the representation each one belongs under the three
SU(3)’s and the index parenthesis the charges under the two U(1)’s
We consider the generic Dirac kinetic term

Wy (0, — igG W (10.43)

where ¢ is the coupling constant, G, are the normalized generators of the gauge group
and Wﬁ‘ are the corresponding gauge bosons. Ignoring SU(3)¢, we have the following
expressions® (we discard the 0, term as it is not of interest at the moment):

. (—22)@7“9LTZ-AMQ , 1=1,2,3 (10.44)

o (—*)Ir[Ly"g T,A L], i=1,23 (10.45)

o (—i*)QV"gLTsANQ (10.46)

o (—i*)Tr[gy gRqCTB’] 1=3,8 (10.47)

o (—*)Tr[Ly"grLT;B;|, i=3,8 (10.48)

o (—)Tr[l"g TRAGL] . (10.49)
SWe use T; = —T; instead of T; when we are in the 3 rep instead of 3.
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Weak Currents
Expanding Eq. (10.44) and Eq. (10.45) we get:
o % [@L’Y“uL + ﬂL’Y“dL)Ai +i(dpy*ug, — ﬂL’Y“CZL)A;QA + (@ ur — aL’y“dL)Ai]
(10.50)
. % |:(5L7“VL +vy'er)A), +i(epy v — vryter) Al + (Tt — ELWHGL)A?‘] ’
(10.51)

where we omit the Higgsino currents as they are irrelevant to the present discussion.
Re-expressing the above, we have:

L= gj" AL+ grj"* A2 + grj* A3 (10.52)
where
gH :% <€L7“VL +Uyter +dpytur + ﬂL’YMdL> (10.53)
i :% <€L’Y“VL —vyter + dpytur — ﬂL’Y“dL) (10.54)
gH3 :% (DLV“VL —eYer +urpytur — aL’Y“dL) (10.55)

exactly match the (supersymmetric) SM weak currents. We can thus really identify
Al*? as the W;»? of the weak interaction and g, as g,.

U(1)y currents

Having identified the weak currents, Egs. (10.46),(10.47),(10.48) and (10.49) must be
matched to the U(1)y currents:

° %(HLW“UL +EL7”dL>BM (10.56)
° —%<5L7“VL+€L7“6L>BM (10.57)
o —gverY'erB, (10.58)
° ggyﬂRy"uRBu (10.59)
. —‘%YC_ZRWOZRBM (10.60)

We will substitute Ai, BZ, Bf: from Eq. (10.37), keeping only the (relevant) ~ B, part.
Again, we will ignore Higgsino currents and exotic particle currents as they are not
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relevant. Matching Eq. (10.46) with Eq. (10.56) we get:

gr (_ = —9R
Ty ur + dpytd >A8 :——<u YHuy 4+ dpytd ><—>B
2\/—( LYy uL Ly ar 23 LY ur Ly ar 1+ 0

1 V3gLgr <_ L =
! d1y"dy) B

6 4g%—|—g?% ury up +apytar ) by
:%<EL’}/“’U,L +EL’)/MCZL)B# . (10.61]

From the above we identify
V3gL9R

gy = —JLIR (10.62)
V497 + g%

Matching Eq. (10.47) with Egs. (10.59),(10.60) and Eqgs. (10.48),(10.49) with Egs. (10.57),(10.58)
we confirm Eq. (10.62):

g?R (ﬂR’)/MUR — C_ZR’)/MdR> Bi—g—R (ﬂR’)/MUR + E}:{Y“d}g) Bﬁ + ... =

2V/3
_ 2 V3gigr (ﬂm“uR> B, -\ V3gigr ( e dR> B
3 /491 + g% - 3\/ig7 + g7,
(10.63)

_ _ gR _ gL 48 3 9gr
viytvp +€ “e)[ } (e “e)[ A8 _IRp } =
(LVL L7L2\/§u\/§u RVR\/—HQHQ\@#

1 V3grgr V39L9r

=..= ( Y v +EL’Y”€L>Bu -
2 49L+9R

Now we can use Eq. (10.62) to see that at Mgy where go = g;, = gr (remember that
gL = g2):

92 3%%91222 3 3

2 _ Y _ 497 +9r M = Mcur 441 9

sin“(Oy) = PR T Y =3 1- 3% (10.65)
Yook g TIL A

10.4 Lepton Yukawa couplings and ;; terms

The configuration of the scalar potential just after the breaking (for details see App. E)
gives vevs to the singlet of each family (not necessarily to all three). It should be
reminded that, from the three singlets (for each family) only one, namely -, survived
the Wilson breaking. In our case we have (0®)) ~ O(TeV) , (11?) ~ O(Mgyr). The
fact that one of them is at the 7'eV scale and the other two are superheavy is crucial for
the phenomenological viability of the model, as it will become apparent in the following.
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Although the two U(1)s were already broken before the Wilson flux breaking, they
still impose global symmetries. As a result, in the lepton sector we cannot have invari-
ant Yukawa terms. However below the unification scale, an effective term can occur
from higher-dimensional operators [61]:

K\3
LeHd<M) , (10.66)
where K is the vacuum expectation value of the conjugate scalar component of either
S, I/g) or #), or any combination of them, with or without mixing of flavours. Using
similar arguments, one can also have mass terms for S @) and V](%i), which will then be
rendered supermassive.

Another much needed quantity that is missing from our model is the ; term, one for

each family of Higgs doublets. In the same way, we can have:

N (i) A K
HO O 2 10.67
u d M ( ]

The first two generations of Higgs doublets will then have supermassive ;4 terms, while
the ;1 term of the third generation will be at the T'el scale.

Before proceeding to the phenomenological analysis of the next chapter, it is useful to
sum up the scale of some important parameters in Tab. 10.1 in order to avoid confusion.

Parameter Scale
soft trilinear couplings O(GUT)
squark masses O(GUT)
slepton masses O(TeV)
13 O(TeV)
p(h2) O(GUT)
unified gaugino mass My | O(TeV)

Table 10.1: Approximate scale of parameters.
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Chapter 11

Phenomenological Analysis of SU(3)°
with Small Coset Space Radii

Like every GUT, this model considers all gauge couplings to start as one coupling g at
Mgyr. However, since at the Fjg level there is only one coupling, it is clear that the
(quark) Yukawa couplings are equal to g at Mgy as well (for a discussion on Yukawa
couplings from CSDR see the last part of Sect. 7.3). This makes the selection of a large
tanf necessary. The unified coupling ¢g is used as a boundary condition for all the
above-mentioned couplings at Mqyr.

In the following analysis 1-loop [ functions are used for all parameters included.
Below the unification scale they run according the RGEs of the MSSM (squarks in-
cluded) plus the 4 additional Higgs doublets (and their supersymmetric counterparts)
that come from the two extra L. multiplets of the first and second generations, down to
an intermediate scale M;,;. Below this scale, all supermassive particles and parameters
are considered decoupled, and the RGEs used include only the 2 Higgs doublets that
originate from the third generation (and their respective Higgsinos), the sleptons and
the gauginos. Finally, below a second intermediate scale that we call M.y, we run the
RGEs of a non-supersymmetric 2HDM.

11.1 Constraints

In our analysis we apply several experimental constraints, which we briefly review in
this subsection’.
Starting from the strong gauge coupling, we use the experimental value [246]:

as(Mz) = 0.1187 + 0.0016 . (11.1)

We calculate the top quark pole mass, while the bottom quark mass is evaluated at
My, in order not to induce uncertainties that are inherent to its pole mass. Their

!Some of the experimental values shown here are slightly different from the constraints considered in
Part I. This happened because, at the time of the original analysis of Part I, most of the values of this
section were not yet published.
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experimental values are [246]:
my P = (172.4 £ 0.7) GeV , my(Myz) = 2.83 £0.10 GeV . (11.2)

We interpret the Higgs-like particle discovered in July 2012 by ATLAS and CMS [22]
as the light CP-even Higgs boson of the supersymmetric SM. The (SM) Higgs boson
experimental average mass is [246]:

MgP =125.10+0.14 GeV . (11.3)

11.2 Gauge unification

A first challenge for each unification model is to predict a unification scale, while main-
taining agreement with experimental constraints on gauge couplings. The 1-loop gauge
B fuctions are given by:

213 = bia? | (11.4)

where for our field content in each of the three energy regions the b coefficients are
given in Tab. 11.1 (see App. F for the calculation of each [ function).

Scale bl bQ b3
Mpw-Mrey | 2| =3 -7
Mrey-Miy | 5 | =% | =5
Min-Mcur | 2 3|3

Table 11.1: b coefficients for gauge RGEs.

The a, ; determine the unification scale and the a3 is used to confirm that unification
is indeed possible. Using a 0.3% uncertainty at the unification scale boundary, we
predict the different scales of our model (shown on Tab. 11.2), while the strong coupling
is predicted within 20 of the experimental value (Eq. (11.1)):

as(Myz) = 0.1218 . (11.5)

Scale GeV
Mcyr | ~ 1.7 x 10
M ~ 9 x 1013
Mrey | ~ 1500

Table 11.2: Scale predicted by gauge unification.
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It should be noted that although the unification scale is somewhat lower than ex-
pected in a supersymmetric theory, there is no fear of fast proton decay, as the U(1)4
remaining global symmetry can be immediately recognised? as:

1
where B is the baryon number. Therefore, the unification scale could, in principle, lie

even lower without such problems.

11.3 Higgs potential

We once again turn our focus on the third family. After GUT breaking, the Higgs scalar
potential is calculated from the D-, F'- and soft terms of Sect. 9.2. While the soft terms
are extracted in a very straightforward way at this point, the D- and F'- terms are
somewhat more involved.

First, the D4-terms ($|G*|¢) will eventually vanish identically at the vacuum for
our choice of vevs, since the coefficients (GA)Z are antisymmetric in a and b, so we can
ignore them. The D;-terms are also zero, since they do not contain any of the Higgs
fields in their expressions. With help from App. D the D,- and F'-terms are calculated:

V995 — _ 904 [@H;Fgf[; + c.c.] (11.7)
v/ Hiags _ 10, [|H0|4 FHT [ [HO | H
Do - 3 g d d u u
21Hg|*|Hy |* + 2| Hy PIH? + 2| Hg P H | + 2| Hy P H P
20
- g (ORI + |Hg P P (11.8)
Together with the p term of Eq. (10.67) (see Sect. 10.4) and the soft terms (see App. D)
we have the Higgs potential:
Vitiggs = (316 +m3) (IH31 + [H [2) + (31u® P +m3) (1HOP2 + |1 2)
+ b [(H;Hg — HYHY) + c.c}
10 o7
+ 5 | [Hal + [H 1+ [+ [H
2\ H 2 Hy |* + 2/ Hy PIHJ? + 2\ B2 HE 4 2| HOP P

+ o[ HOPIHS + |y 2| H | - 209° | HSH HOHS +cc] . (19)

20ne can simply compare the charges of each field under U (1) o with its respective Baryon number,
see Eq. (9.21).
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where g is the gauge coupling at the unification scale and it is understood that the RG
running has not yet taken place. One can easily compare the above potential with the
standard 2 Higgs doublet scalar potential [247-249] and identify:
20 4 9

)\1:)\2:)\3:39, Ay = 209~ , A =X=A7=0. (11.10)
The absence of A5 7 is expected in a supersymmetric theory (even in the case it is
a broken one). The above relations are used as boundary conditions at GUT scale,
then all the Higgs couplings run using their RGEs (see App. F for the full expressions
for each energy regime), which in turn change appropriately for each energy interval
explained above.

11.4 1-loop results

The Higgs couplings ); are evolved from the GUT scale down to the EW scale together
with the gauge couplings, the top, bottom and tau Yukawas, all at one loop. It is useful
to recall that all gauge and quark Yukawa couplings use g as boundary condition, while
the tau Yukawa emerges from a higher-dimensional operator and has significantly wider
freedom. We use the standard tau lepton mass [246] as an input.

We consider uncertainties on the two important boundaries we consider, namely Mgy
and M.y, because of threshold corrections (for a more comprehensive discussion
see [250]). For simplicity we have considered degeneracy between all supersymmetric
particles that acquire masses at the T'eV scale. The uncertainty of the top and bottom
Yukawa couplings on the GUT boundary is taken to be 6%, while on the T'eV boundary
is taken to be 2%. For )\ » the uncertainty is 8% on both boundaries and for A3 4 is 7%
at GUT and 5% at TeV'.

Both top and bottom quark masses are predicted within 20 of their experimental
values (Eq. (11.2)):

my(Mz) = 3.00 GeV m; = 171.6 GeV (11.11)
while the light Higgs boson mass is predicted within 1o of Eq. (11.3):
my, = 125.18 GeV . (11.12)

The model features a large tanf3 ~ 48. This is necessary, since the Yukawas begin
from the same value at the GUT boundary, so a large difference between the two vevs
is needed to reproduce the known fermion hierarchy. The pseudoscalar Higgs boson
is considered to have mass between 2000 — 3000 GeV/, in agreement with its non-
detection [169] at the LHC.
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Chapter 12

Conclusions

This thesis focuses on supersymmetric theories that have only a few free parameters.
In the first part, after a brief discussion on the ideas concerning the reduction of cou-
plings of renormalizable theories and the theoretical tools which have been developed
to confront the problem, as well as a review of the concept of finiteness in supersymmet-
ric theories, updates and new results were given for four specific models, in which the
reduction of parameters has been theoretically explored and tested against the experi-
mental data. Important updates w.r.t. previous analyses are the improved Higgs-boson
mass predictions as provided by the latest version of FeynHiggs (version 2.16.0),
including in particular the improved uncertainty evaluation. Furthermore, the CDM
predictions of each model have been evaluated with MicrOMEGAs(version 5.0). From
a phenomenological point of view, the reduction of couplings method described in the
thesis provides selection rules that single out realistic models, whether applied to GUTs
or directly to the MSSM. In each case the number of free parameters is decreased sub-
stantially and the model becomes more predictive.

The analysis is focused on four models, namely the Minimal N = 1 SU(5), the Finite
N =1 SU(5), the Two-Loop Finite N = 1 SU(3) ® SU(3) ® SU(3) and the Reduced
MSSM, which all share similar features. The Minimal N = 1 SU(5) model predicts
the top quark mass and the light Higgs boson mass in agreement with LHC mea-
surements, as well as the full SUSY spectrum of the MSSM. However, concering the
bottom-quark mass predictions, relatively small values are obtained, and agreement
with the experimental data can be found at the 3 o level only if additionally a ~ 6 MeV
theory uncertainty is included, favoring an extremely heavy supersymmetric spectrum.
The Finite N = 1 SU(5) model and the Finite N = 1 SU(3) ® SU(3) ® SU(3) model
are in natural agreement with all LHC measurements and searches and feature heavy
spectra as well, while the Reduced MSSM - which is the model whith the lightest su-
persymmetric spectrum among the four - has a low pseudoscalar Higgs boson mass
M4 that is ruled out by the recent ATLAS results. The three GUTs evade detection at
HL-LHC, while their discovery potential at FCC-hh is determined as well. Concern-
ing the DM predictions, the three former models have an excess of CDM w.r.t. the
experimental measurements, while the latter has a lower relic density than required by
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experimental searches. In the case of the Reduced MSSM the situation can be amelio-
rated if additional sources of CDM are allowed, in order for the experimental value to
be applied only as an upper limit. If not, bilinear R-parity violating terms (that preserve
finiteness) should be introduced in each model.

In the second part of the thesis an N = 1, 10D FEjs is considered on a compactified
spacetime M, x By/Zs3, where B is the nearly-Kéhler manifold SU(3)/U(1) x U(1) and
Zs is a freely acting discrete group on By. Then FEjg is dimensionally reduced on this
manifold and the Wilson flux breaking mechanism is employed, leading in four dimen-
sions to an N = 1 SU(3)? gauge theory with two extra global U(1)s.

In the case considered the radii of the coset space are small, in order for the com-
pactification scale to match the unification scale. This choice results in a split-like
supersymmetric scenario, where gauginos, Higgsinos (of the third generation) and slep-
tons all acquire masses at the TeV scale, and the rest supesymmetric spectrum is su-
perheavy (~ Mgyr). The global U(1)4 conserves Baryon number, a fact which allows
for the predicted unification scale to be ~ 10> GeV. The 2 Higgs doublets model em-
ployed below GUT breaking predicts a light Higgs boson mass within the experimental
boundaries, while the top and bottom quark masses are also in (20) agreement with ex-
perimental measurements. The pseudoscalar Higgs boson is considered to have mass
between 2000 — 3000 GeV and the neutralino, which is expected to be the LSP, acquires
mass at ~ 1500 GeV'.

The next step in this direction includes the prediction of the full (light) supersym-
metric spectrum, a 2-loop analysis of the model, the application of more experimental
constraints (i.e. B-physics observables), the calculation of the CDM relic density and
the model’s discovery potential from present and/or future colliders. This is already
planned for future work [253]. Another direction in the same framework would be
the examination of the high energy potential of the theory, in order to test the model’s
agreement with the observed values of the cosmological constant. The torsion of the
model is heavily involved in this endeavour, although its value is already constrained
by the gaugino masses. A success in this direction could establish this theory as the
low energy limit of the heterotic string, thus achieving the long-term challenge of the
development of a framework in which the above successes of the field theory models
are combined with gravity.
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Appendix A

Reducing the 10-dimensional
32-spinor to 8-spinor by
Majorana-Weyl Condition

Here the reduction of the Dirac spinor with 2°/2 = 32 components to a Weyl-Majorana
spinor with 8 components in the case of a N = 1 theory in 10D is demonstrated, in
order to have the same degrees of freedom as the gauge fields. We choose the following
representation for the [’ matrices:

M=y"®ly, n=0,1,2,3. (A.1)

The Dirac spinor can be written as

¥ = (Pr.baxixa) (A.2)

where all ¢;, x; (@ = 1,...,4) transform as SO(1, 3) Dirac spinors. The rest I" matrices
are presented:

P4:75®0'1®O'2®0'2 ’ F5:’)/5®O'2®O'2®0'2,
=70 hLed s I =y"®L s, (A.3)
I =+7"®d¢ 0’ =10 Lo ®o?
and hence
FH:FO...F9:—75®12®12®03:75®<_OI4 ?) : (A.4)
4

The spinor 1) is reducible, 'y, = 41/, where ¢, =
condition I'''1) = 1) selects 1., where

$(1 £ I')y. Then the Weyl

Uy = (Lpy. LpsRxy . Rxa) ", (A.5)

171



where L = %(1 — ~°) (left-handed) and R = %(1 + %) (right-handed). The 1); form the
4 and the y; the 4 representations of SO(6). Imposing further the Mayorana condition

on the 10-dimensional spinor
Y = Ciply* (A.6)

where C1p = Uy ® 03 ® 092 ® I, we are led to the relations x; 3 = C"ymﬂ;A and Y24 =
—C0Y7 3. Therefore, by imposing the Weyl and Majorana condition in 10D, we obtain
a Weyl spinor in 4 dimensions transforming as the 4 representation of SO(6):

W= (Lpy Lipy Laby Lapy Riby Riby Rips Riby )T 4y = (—=1)'Cryot); . (A.7)

In addition, we need the v matrices in the coset space SU(3)/U(1) x U(1). The metric

is given as g, = diag(R?, R}, R3, R3, R2, R2), ¢° dzag(——iii— ) and therefore

the [' matrices are given by

1 1
F4:R—17 ®o' ®o?® o’ , = R17 ®oP®o®o”
1 1
= — "8 Lo ® o> T ==r0Lod, (A.8)
R2 R2
1 1
M=_—2dc®c®dc P =—"eLoc ®d?
R3 R3
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Appendix B

Useful relations for the gaugino mass
calculation

We use the real metric of the coset, g, = diag(R3, R?, R3, R3, R%, R?). Using the struc-
ture constants of SU(3), fiy = 2. fis = f; = V3, fay = fli=—fis = —fh = fu=1

(where the indices 3 and 8 corresponfto U(1) x U(1) and the rest are the coset indices),
we calculate D,.:

Ds23 = D13 = D24 = Dsa1 = —Ds14 = —Ds32 = —Deg1 = —De2a = 1(C —a—1b)
Dass = Di3s = D2ga = Di1sa = —Dias = —Das3 = —Die3 = —Daes = l(a —b—c)
D352 = D3g1 = Dagz = Dais = —Das1 = —D3as = —Dgi6 = —Daz = }(b —c—a)
From the D’s we calculate he contorsion tensor
Yabe = 27 (Dape + Dpea + Depa)
and then the tensor

1
Gabc = Dabc + ézabc )
which is
1
G523 = Ge13 = Geaz = Goa1 = —Gs14 = —Gs32 = —Ge31 = —Geaz = 5[(1 —T)c—(1+7)a— (1+7)b

1
Ga3s = G136 = G246 = G154 = —G145 = —G253 = —G163 = —Ga64 = 5[—(1 —7T)a+ (1+7)b+ (14 7)c]

1
G352 = Gze1 = Gas2 = Ga1s = —Gas1 = —G3za5 = —G316 = —Gaze = 5[—(1 +7)a+ (1 —=7)b— (14 7)]
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Appendix C

Calculation of D' terms

Here the explicit calculation of the D4 terms of Eq. (9.16) is given.'

Decomposition of 27 and 78 of Iz under SU(3). x SU(3); x SU(3)g
The decomposition of 27 and 78 of Fs under the trinification gauge group is given as:

27 =(1,3,3) @ (3,3,1) @ (3,1,3) (C.1)
78 = (1,8, 1)@ (1, 1,8) & (8,1,1) @ (3,3,3) & (3,3,3) (C.2)

First, for bookkeeping, we study the Fg group as seen under its SU(3)? maximal sub-
group. A vector, v, = 1,...,27, of the fundamental representation of Fjg, i.e. the
27, can be expressed as a triple, (W, ¥, U3), of the three complex 3 x 3 matrices, H;,
which transform under the maximal subgroup as:

e (1,3,3) is related to W3 — L7
e (3,3,1) is related to ¥y — Q.

e (3,1,3) is related to ¥; — (¢°),"

In addition, the corresponding v, vector of 27 is expressed as (\I/J{, \Ilg, \I/Jg) In the
L, @), ¢¢ notation the indices are:

o a,3,v=1,...3: SU(3). indices
e abyc=1,...,3: SU(3), indices
e p,q,r=1,...3: SU(3)g indices

The 78 generators of Eg written in the SU(3). x SU(3), x SU(3)r meaningful notation
are:

1 [244)]
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t5 ~ (8,1,1)
thi~(18,1)

th ~(1,1,8)

taap ~ (3,3,3)
o 2~ (3,3,3),

where the index A is referring to the octet, A = 1,...8, of each SU(3). The commutation
relations of the generators written in the above form are:

[tA7tB} ifaBctc [tﬁaté] = ifABOté> [tf,tg] = ifABCtg> (C.3)
[t9.t5] = [th.t5] = [ti.t5] = 0, (C.4)
[tA> ozap} = __O‘A) tBap » [tﬁvtaap] = _%()‘A)abtabp’ [titaap] = _%(AA)pthéaq (C.5)
(5.5 = QST [H5 ) = S0 FY L [ = S0, (CH)
[taaps tavg) = €apry€abcepgrt’™ s [T, Lang] = eameabcepqrt,ycr, (C.7)
[E° g = (Aa) 26,6, ptA + 58 (M) S, 4 025,2(\a) FEE. (C.8)

where fapc are the standard SU(3) structure constants:
fil =2, [ = Ja = V3, (C.9)
]‘1246 = fl47 = f257 = _f367 = _f156 = _f345 =1 (C.10)

and A4 are the eight Gell-Mann matrices. Also, the action of the various tensors
(generators) on the multiplets is given as follows:

19Q =2Q, t9L=0, t5¢° =—3¢\, (C.11)

thQ = —1Q 4, thiL=3IML, th¢ =0, (C.12)

thQ =0, tiL=—3LA\a, t4q° =3 aq", (C.13)
Zfozap@bb = Ea,@'yéab(qc)py g taapQﬁb abc(SgaL P (C.14)
taapLy! = €abe00 Q. TOPL = —"75,%(¢%)," (C.15)
taap(@°)y = a0 Lo, 1°7(q°)) = =0 Q." . (C.16)

So, as mentioned above, the 78 generators are written in the following set:

Gs = {t%, th, t5, taap, 17} . (C.17)
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Study of the subgroup after the Wilson flux mechanism

Performing the breaking with the Wilson flux, the resulting gauge group is SU(3). X
SU(3)r, x SU(3)g and therefore its generators are given by the following set:

5 ={t5,t5, %Y, s=c,R, L, (C.18)

where A = 1,...,8. Therefore, we keep in mind the commutation relations and ac-
tions of the generators on the triplet only for the 24 generators that remain unbroken,
neglecting everything that involves the ¢,,, and {*.

At this point, everything that is necessary for the calculation of the 24 Ds is settled
(where we lowered the A index for more clarity). The starting point of the calculations
is:

DS = ﬁ@ 5, (C.19)
1

Dh = ﬁ@ D) (C.20)
1

Dj = ﬁ@iltiwi) : (C.21)

From now on, we make use of the renamed H;, that is the (), L, ¢° and use the matrix
notation instead of the Dirac one. In particular, the above relations become:

D, = % [Q(5Q)% + ()P (t50), + LA(5L),7] C.22)
Dﬁ:jg[@a (t5Q).2 + (@) (t5¢"),® + LA(t5L) 7] (.23
DE = L 1025008 + ()2 (8¢ + LA(t8L) 7] (.24

V3

Acting with the generators on the multiplets, according to the corresponding rules given
above, the above equations turn into:

Dz:%[cz OEQE — (@), ()] (.25)
Dk = %[ Qo QL) + L, (A1) L] (C.26)
DR — 2\1[ (@) 20,269, — LI ] (C.27)

Let us now demonstrate the way the above terms are obtained through the example of
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Dk, taking into consideration that A3 = diag(1, —1,0):

1
D= —_
3 2\/§
1
23 L
1
23 L
1

— 5|

—0,°Q.!
—0,°Q.!
-0.'Q,

[_éaaQab()‘3>ba + Zpa()\:ﬂ)abpr}

+ GQQQO? + Zpl[/lp - Z1)2‘[’2pj|

+zllL11 +ZQIL12 +531L13 - ZI2L21 - z221122 -

2\/_[

—diuy — di Dy + updy + wsus + uy D3

- -1 - 2
()\3)11 - QQ Qo?()\3)22 + Lp ()\3)11L1p + Lp ()\3)22L2p:|

Q) -0 Q) 0, Q2+ Q. Q2 +Q, Q)

—2
Ly Ly |

+HYH) + Hy H + vpv, — HfHy — HOH,) — égey)

(C.28)

(C.29)

(C.30)

(C.31)

(C.32)
(C.33)

(C.34)

Accordingly, the rest of the Ds are calculated and their results are listed as follows:

The DSs

Dy =

D =

D =

D =

D5 =

Dg =

2\/3

2
2V/3

——[djuj +upui + Dids +did; + usuy + Didy

didy — ﬂRdé - D%d% - cﬁzuR

“RUR

D RUR]

+ dydy + U5hd% + Dady — J}%u}%

1
2V/3

[did; +diup + Dpd; — diup —

“RUR

7202
uruy —

1
2V/3

2f
+

1
2V/3

didy, — tpdp — Dypdy, — dpDp

DRUR]
Dj LuL

+D RuR]

[d}.d3, + u; D3 + DiDi +didy +usd; + Didy

— 2

DyDy]

——[~did% —u; D3 — D} D} +d3d; +usd: + Did

didy + wpdp + Ddj, — dpDp

[d2 D} +u3 D37 + DiD3 +diuj

177

= 2

—3 9
+ uruy

DyDy]

—i—DLuL

(C.35)

(C.36)

(C.37)

(C.38)

(C.39)



~ @l — ot — Dy, — &D — 74D} — DY (C.40)

D; = [~di D} — w3 D3 — D3 D} + diuy + usu7 + Diuj

2f
+dRuR+uRuR+DRuR Jf%D}%—ﬁ%D%—D%Df’%] (C.41)

(C.42)
L
The Ds
1
DlL = ﬁ[_aLdL upuy, — Dy — dpdj — diui — d; D}
+ HYH; + H; H? + vgey, + HI H) + HYH;" + érvg] (C.43)
Dy = ZZ%WIL% +afup +uy Dy — dpdy — diui — dy D7
— HYH; — H; H? — vger, + H H) + H H + egvg] (C.44)
1
DE = 2\/_[ did; — djuy — di Dy + apds + ujui + u) D}
+ HYHY + Hy HY + vpvy, — HYH; — HYH? — épey) (C.45)
1 _
Df 2\/—[ DLdL DLUL D%Di - Jkdi - c?%u?i - @Di
+ Hvg + Hyep + 0rS + 0 Hy + e  H + Svy) (C.46)
D} = 2\/§[DLdL + D}up + D} Dy — dpdj — diuj — dy Dy
— Hvg — Hjep — 9pS + v, HY + e H," + Svg) (C.47)
1 _ .
D = 5 \f[ Did: — Diui — D} D3 — updy — usui — a3 D}
+HJUR—FF[SQR—FERS—FT_)LHJ+éLH3+§€L] (048]
i _
D= — Did: + Diuj + D} D7 —apd; — ujus — uy D}
7 2\/5[ L L™L L~L LYL LYL L~L
— Hivg — Hlep —erS + 0 Hy +é H) + Sey) (C.49)
1
DE = 6[_6&‘& — d2u} — 3Dy —apd: — usut — s D2 +2Djds +2D%u3 +2D3 D3
+ HSHS + I:Id_HJ + T)RUL + ﬁu Hd_ + HuHO + éReL - 277LUR - ZéLeR - QSS]

(C.50)

178



The Dfs

Dft =

R _
2

Dit =

R _
D4—
R _
5
R

6

R _
7

Dff =

1

7

=3

=50

23

; \/g[d}%d?% + dut 4 dn D% + Ugdy + Usug + %Dy,
— H;HY) — HH; —épvp — HYH — HMHY — vyep]

[—dpdsy, — dfuy, — dy Dy, + Updy + Ugug, + 5Dy,

+ H;Hy + HYH; + éervp — HYH — HI H) — vpeg]
1
2v/3
— HYH) — HIH; —vpvp+ Hy HF + HYH? + épep]
1 _ _ _
NG [dydy + dsut, + d3,D% + Dpdy + Diup + DDy
— ﬁRHg — éRHJ — S'UR — Hg’UL — HJ@L — @LS]

]

(drdy, + dpug + dp Dy — tpdy — Ugup — Up D

[~ dydy, — dpuy, — dp Dy, + Dydy, + Dyug, + DDy,

+ T_JRHC? + éRH(; + SUR — HgUL — EJ&L — T_JLS]
1

= ——[apd}, + upuy, + uy D3, + Dypdy, + Diuy, + Dy D5,

2v/3
- T)RH;— - éRHS - 56}{ - Hd_?JL - HSBL - éLS]

i

+ ’DRHJ + éRHS + gCR — Hd_UL — H,BGL — éLS]
1
6

[—updy, — uput, — u} D}, + Dpdy, + Dyuy, + DD,

(C.51)

(C.52)

(C.53)

(C.54)

(C.55)

(C.56)

(C.57)

[dpdy + dyup + dy Dy, + Updy, + Wpuy, + 03Dy — 2Dpdy — 2Dju}, — 2D3,D,

— HYH) — HIH; —vpvog — Hy HI — H H) — éreg + 20gvy, + 2eger, + 2585]
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Appendix D

Calculation of scalar potential terms

Here the expressions of the /-, D- and soft terms are calculated, following the results
of Sect. 9.2.

Potential due to F-terms 1/

First, we need to calculate the following derivative:

ow oW
Fo, =20 Fo=—0 W= VAldu V10305, W= V404" W1, Uy W5 (D.1)
ow oWt
Fllll aqjm =V dabc5a \Ilb\:[fg , F\IT/T — a\pl — 1/ dabcém\Dqujgc
Fu, = ggy = VA0 V10,05 Py = a% = VA0d" V1467 U,
F\IJS 8\111) - V dabc\Ifa\I/b F\LT = 8H3p — \/4Odabc\Ijla\D2b6§

Therefore, since Fy = 0, the Vi of Eq. (9.14) will be:

3
Vi =2 |Ful’
i—1

:\/40dd€f531\112e\1/3f\/ 0d 402 W WS

+ VA0dUT U 4670 31V 40d 4 U 67 W

+ V40d™ W W5 85 v/ A0d g1 U5 W07,

= 40 (d" Woe U3y dope U505 + A U1 g3 pdope UITG + d¥U1qUaedp VTS (D.2)
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For convenience, the three terms of the above equation will be studied separately.
Interchanging the various indices produces:

A" Woe W5 dope Vo UG = doped®™ WU Woq Vs, = diped WS WEWo Vs, = degpd™ UGS Wo Vs,
= doped“ VGV U5 V3,

A Aoy V10V 3, UGV = doepd™ U1 U5 UGG = dgped UG5, U3,

A" dope V1 Vs VUG = doepd™ WUV Wop = dped ™ VTTE T4y,

Taking into consideration the above relations and putting them back together into
Eq. (D.2), we obtain the potential of the F-terms Eq. (9.26):

Vi = 40dgped™™ (UEUEW1 0o, + UGWSWoqUs, + UUST 1, Ts, ) (D.3)

Now we want to express the above potential in terms of 3 x 3 matrices, (¢%, @, L), which
compose an alternative description of the vectors of Fjg, i.e. the various H;s that live
in representation 27. First, we consider the following cubic invariant along with its
hermitian conjugate:

Iy = dp VIUSUS | I3 = d®°0,, Uy, Vs, (D.4)

Taking into account [244], the above expressions of the cubic invariants convert to the
following ones:

I = detq® + detq@ + detqL — Tr(¢°QL) , I = detq®" + detqQ' + detqL" — Tr(¢“'QTLT)

(D.5)
The invariants of Eq. (D.4) are actually the superpotential W' (and W] of Eq. (D.1). In
order to obtain the potential due to the F-terms, Vp, in terms of ¢, (), L, one needs
to calculate the derivatives Iy, of (D.1) in terms of them:

28 — e i T ~ct
Fy, = Fpe = 4oa—qc:\/4o3q A 8qT _\/ 403§
Fy, — Fo = 028 — V403Q, Fl = Fl =10 Ol = /4030
277G 0Q r 8QT
oly _ 2 t - I3 _ 24
Fy, — Fi = VA0 = V403L | Py = Fli = 40ﬁ = V403L",

where the definitions Eq. (9.22) were used. Therefore, in accordance with (D.2), the
potential Vr will be written as:

Ve=|Fu2 — Vp=Tr (FTCTFQC + Fl o+ F F£> — 40Ty (9chT §°+901Q + 9oL ﬁ)

— 360Tr (ACT ©+ 00 + LTL) , (D.6)

181



which is that of Eq. (9.27). Moreover, the explicit expressions of the hatted quantities,
which will be of importance after the vev is considered, are ( [244]):

~c\ « 813 1 « c c\ ¢ a
3(q )a = a(qc)a = 56(11)(:€ 67((] )Bb(q )'y - Qapr
A a 6‘[3 1 abc r a(.c\ a
SQp = aQap = §€pqr€ b quQc - Lp (q )a
s ol 1 T c\ a
LY =5 L?’a = S€ap e LPLY — (¢°)LQF . (D.7)

The above expressions are the ones from which we will obtain the matrix elements and
then use their explicit expressions. Since we will only calculate these terms at the
vacuum, only L will be non-zero. Thus, we can re-write (D.6) as:

Vi = 360 (Tr( i°16¢) + Tr(QT0°) + Tr(ETEC)) — 360Tr(LL) | (D.8)

In 01:der to calculate the trace of (D.8), we need to calculate the matrix elements of

the L, in this case of the vacuum state. The calculations begins with the expression

mentioned in (D.7), which in this case becomes:

0l 1

T aeamem%qﬁm. (D.9)
P

We calculate straightforwardly the matrix elements:

~

1 , 1 1
L' = iemelq’ LPL" = 3 (€124€""L2LY + €13, "L LY) = 3 (1236 LS L + €136 L L,?)

1
12r 7 273 13r7 273 12r 7 37 2 13r7 372
= 5 (61236 L2 Lr + €123€ L3 Lr + €132€ L2 LT + €132€ L3 Lr)

1
= 5 (61236123[/22[/% + 61236132[/32[/% —+ 61326123L23L32 + 61326132[/33[/%) (D ].O]

and similarly

f/ % (61236213L12L§ + 61236231L32L:1‘) + 61326213[113@32 + 6132623 3L2) (D.11)
ﬁ % (61236312L12L§ + 61236321[/22[/? + 61326312L13L22 + 6132632 ) (D.12)
% (62316123L L1 + 62316132L L2 + 62136123L L + 62136132L L3 ) (D.13)
% (62136213L L3 + 62136231L L3 + 62316213L L + 1€ L 3L}) (D.14)
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bw

62136312L L2 + 62136321L L3 + 62316312L L + €93 16321L 3L ) (D15)

bw

631261231121[/% + 61326321[/31[/% + 63216123L22L31 + 63216 L ) (D 16]

63126213L11L§ + 63126231[131[/% + 63216213L12L31 + 63216 L ) (D 17)

MIHMI'—MIHI\DIH

(63126312L L2 + 63126321L L2 + 63216312[/ L + €39 16 2[&) (D18]

Potential due to D-terms /)

The potential due to the D-terms is given in Eq. (9.13). Each term of this potential is
given in Eqgs. (9.16)-(9.18). The first equation is set to zero when at a vacuum, due to
the fact that the coefficients G* are antisymmetric on their gauge indices. Therefore,
we will not deal with it any more. The second and third expressions of the above are
written in terms of the redefined quantities as:

Dy = 3\/? (Tr(qq") = Tr(Q'Q))

D, = \/? (Tr(gtq") + T(Q'Q) — 2Te(LIL) — 216P) . D.19)

where we have made use of the fact that (U,|U;) = Tr(¢¢%), (U,|¥,) = Tr(Q'Q) and

Potential due to soft terms V,,

The potential due to the soft terms, Vi, is given in Eq. (9.20). It can be re-expressed
in terms of the three matrices as:

Vsoft — (4_R% _ 8 >T1“( ct C> + (4_R% _ i) TI"(QTQ)

RIR? R? R2R?  R2

4R2 8 R, Rs

— 3 ) (Tx(L'L) + |0 80 Is+ I
+<R%R§ R%) ( r( ) +10] )+ \/_<R R3 R1R3+R1R2><3+ l5)

(D.20)
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Appendix E

Trinification supersymmetry breaking
terms at the vacuum

The GUT breaking of Sect. 10.2 is performed by considering the following vevs:

00 0 000
Y=(oo0oo0o ], =0 00 (E.1)
00V V 0 0
We calculate the useful quantities:
Te (L) = () L) =v (E.2)
det (Lg3>) — det (Lg?’”) -0, (E.3)
det (L((f)) = det (Lé”*) —0 (E.4)

It is also obvious that I35 = I3 = 0 for each generation.

Because of the way the vevs are placed in the two multiplets in Eq. (E.1), no element
of Eq. (D.8) survives. This means that every F'-term vanishes, but so do the D;-terms,
since they only contain fields that do not acquire any vev:

vev 1 10 1 C c 2
Vi = SDR =3/ 2 (Tr(el?) — (@' Q) = 0. (€.5)
However, from Dfl’R of App. C and from Eq. (D.19) of App. D:
vev 1 V4
vev 1 2
VD2 :§D2 -
1 /10 , , . 2 2 2
— §[<—2Tr(L<3>TL<3>) . 2]9&‘)?) + <—2Tr(L<2>TL<2>) - 2\952>|2> - (2]93“]2> } -
20
2002 0P (V4 1027 + 680 &7
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Accordingly, beginning from (D.20), we obtain the corresponding result for the potential
due to the soft terms, again making use of the LT[, (E.2), along with Tr(¢'¢°) =

TH(Q'Q) = 0:

2
ren ( i i) (Tr(LTLE) 4 (672 + Tr(LOTLO) + |65 + 165717)

It O\RIRS R
Ry ) Rs .
3-80v2 I3+ 1
* f(RgRg TR, T R1R2) (1s+5)
_ (4R} 8 2 @2 4 @2 4 )2
~ (e~ ) (22 + 0+ 07 + ) &8

Therefore, restoring the coupling constant, the scalar potential for all generations at
the vacuum just after the GUT breaking will be:

2 or 6(1 1 1\ Vi
gg‘/scalar_ 5 (R% + R% + R%) + 9
20
+ 2[R (v 00+ (0]
AR 8 2 g2 4 @2 g2
+ (- ) (VPP ) m9
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Appendix F

Analytical expressions for [ functions

Here the calculation of the 1-loop [ functions used in Part Il is carried out. The general
gauge [ function expression can be found in [251], while the general \; § functions can
be found in [252].

Gauge [ functions

For the gauge structure Gy ® G with couplings ¢g; and g, respectively, the 1-loop [, is
given by [251]:

@f{um%1@@Tg@«3ﬂ+§Twm%%%¥§@KM]=<wﬁ>w%«

The fermion multiplets transform according to the R; representation for G; and accord-
ing to the R, representation for (G5, while the bosonic multiplets transform according
to the S; representation for (G; and according to the S, representation for G.

C5(R) is the quadratic Casimir operator, while G is the adjoint representation. We
have:

RR™ = Co(R)IT ,
Tr[R*, R°] = T(R)§*" , (F.1)
Co(R)d(R) = T(R)r

where R is a matrix representation of the generators of the group, r» the number of
generators of the group and d(R) the dimension of the representation. For non-abelian
groups we have

Cy(G) =N, (F.2)

where the convention is selected,

1
T'(fundamental) = 3 (F.3)
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while for the abelian U(1):

S
E
I
N

(R)=Y?, (F.4)

where Y is the hypercharge (in the appropriate formalism). Moreover, it is worth noting
that we have taken the scalar representations to be complex and the fermion represen-
tations complex and chiral, as in the theories of interest left- and right- handed projec-
tions of a field often transform differently.

For the Standard Model gauge group SU(3) x SU(2) x U(1) we have:

by %T(Rl)d(Rz)d(Rg) + %T(Sl)d(Sz)d(Ss) - %Cs(Gl) !
b =27 (o )(Ra)d(Ry) + ST(S0)d(5)d(S5) — SLCL(G) F.5)
%:%u@ﬂ&mmﬂ+gﬂ&w&mwﬁ—%@“@,

which, after the insertion of gauginos (and the rest of the supersymmetric spectrum)
and the substitution of each field, become:

4 32 8 4 8 1 2 4 2 4
bi =cng + N+ gna+ gnp + gne+ sng + —na+ ongt+ onp + one+ Sne + Sng

9 9 9 3 3 9 9 9 3 3 3 3
) SRS SRS SR S 2(11 9 )
=N —N —NA —MNy —Nn —MNg — — — —MNi
27N gL T QT gL T gt T g 3 3 W
9 1 1 1 1 1 11 2
b3 :§”Q+gnu+§nd+§né+6na+gnd_3(§_5”5)v (F.6)

where n; is the number of the fields that belong to the same multiplet, () being the
quark doublet, u,d the quark singlets (possibly also counting any exotic particles of
the theory, such as the superheavy D in the trinification model), L and e the lepton
doublet and singlet respecitively, H the Higgs doublet and their "tilded" versions their
supersymmetric counterparts. W and g are the Winos and the gluinos, respectively.
Therefore, one can now construct the 1-loop gauge [ functions of any supersymmetric
version of the Standard Model, even a split-like one. It should be noted that in the
U(1) coefficient we use the SM formalism. The GUT formalism can be easily achieved
by multiplying with a 3/20 factor.

Yukawa [ functions

The easiest of the 3 functions needed in this thesis are the (third generation) Yukawa 3
functions, since they are not very sensitive in changes at the supersymmetric con-
tent. Thus we only have to differentiate between their supersymmetric and non-
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supersymimetric versions:

9., 3 9., 17
167287 =y, byf + §y§ +y2 — 895 — 195 - 2—09?] :
9, 3 9 . 1
16728, =y, [53/2 + §y? + 42 — 8¢5 — 193 — Zg%] :
5 9., 9
167282 =y, [—93 +3y7 +3y; — ~ g5 — —gﬂ
2 1927
16 13
16787 M =y, [6?;? +yp + —393 — 3¢5 — 1—59?] ,
1672855M —y (642 2_&2_32_12
By =y |6y, + Y 5 93 =30 — 201
9
1672325 =y, [493 + 3y; — 393 — 59?}

The above expressions are given in GUT formalism.

Higgs couplings [ functions

The general expressions for these  functions can be found in the Appendix A of [252].
Here their expressions for the three energy regions (and with the appropriate field
content) explained in Chapter 11 are listed. Since )5 7 vanish in the model examined,
only \; 234 are listed. The below expressions are in Standard Model formalism.

Maur — My

; 3
167280 = 633+ 23+ (A + )2+ 2 i + (63 + 6]

8
1 1 1
=2+ (y7 = 590)° +yp — 59 (=0l + 95) + 592 + 9)
1 1 1,1 1, 1
+ 3[ = 20y + (v — 90)" 50+ Y — SU 59T+ 93) + gl + 59?)]
5 1, 1
— 392~ 919 — 591 — M [993 +3g7 — 4y — 12y§}
; 3 1 1
1672837 = 6A5+ A5+ (s +M)* + 2 [93 + (g5 + g?ﬂ +(590)° + 392 + 91)
4 1 2\2 2 1 2\2 4 1 2 1 2 2 1 4 1 4
+ 3[ =2y, + (o) + (W = 290)" + 4 + 54 (591 — 92) + (g2 + —91)}
6 3 273 8279
5 1, 1
— 5% 9195 = 501 — 3 [993 + 397 — 123/?]
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1623, = (M + A2) (3 + M) + 205 + AT+ g 208+ (63— 63)?))
+ %gf(yf - %9?) - %yf(gf +93) + %(93 - 91)
+3| = 2yt + égf(yz? - %gf) + %gf(y? - %gf) +YLY + Y
- iyf(égf +93) + }Lyf(%gf —g3) + é(gé - %gf)}
— 293 + 9195 — %gi‘ - i)\s [2(993 + 391 — 695 — 297) — 4y? — 12y; — 12yf}
1672839 = Ay(M + Ao + 403 +20) + ggggf + %93 (y7 — %gg)
+ 3207y — yivs — (U7 — %93)@2 - %gg)]
+ 295 — 29795 — ikg [2(993 + 37 — 695 — 297) — 4y; — 12y; — 12y?]
Mint - MT@V
168" = 6AT + A5+ (A3 + Aa)* + Z [93 + (g5 + gf)2]
— 297 + (y7 - %gf)z +yr - %yf(—gf +93) + %(93 +g1)
— 6y, — 293 — 9195 — %gf - %Al [993 + 397 — 4y} — 12y§}
L6m?B3"" = 65+ A3+ (A3 + A)* + g [gé + (g5 + 9?)2] + (%9?)2 + é(gg + 1)
— 6y} — ggﬁ ~ 9195 — %gi‘ - %,\2 [993 +3g7 — 12y; ]
167° B = (A1 + A2)(BAs + Aa) + 2X5 + A% + g [2g§ + (g5 — gg)ﬂ)
+ %gf(yf - %gf) - iyf(gf +92) + %(93 — g1)
~ 64207 — 308+ G — 501 — 1 [20963 + 39 — 6% — 267) — 497 — 1247 — 1247
167783 = Aa(M + Ag + 43 4+ 20y) + gggg% + %gg(yf - %gg)
+ 6y Yy + 295 — 29195 — ikg [2(993 + 397 — 695 — 297) — 4y> — 12y; — 12y?]
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MT@V - MEW

3 -
167237 = 6A7 4+ A3+ (A3 + A\)” + 3 [93 + (92 + 91)°)

1 -
— 2y, — 6y, — S [9g§ +3g7 — 4y2 — 12y;

3 -
1672807 = 633+ X3+ (s +A)* + < g8 + (4 + g2’

1
— 6yt = 5ha[903 + 397 — 120

3
16m2B" = (1 + da)(3h + A) +2X + X+ 3| 208 + (95 — 637

1 r -

— Gyys — 7 s | 20993 + 3g7) — 47 — 1255 — 127
167261 = A(As + Ag + 4 + 20) + Sgdg?
Ao T M 2 3 4 29291

1 r -

+6yiyy — s 20963 + 3g7) — 4u7 — 1245 — 12y
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