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Abstract

T

We review efforts in string model building, focusing on the heterotic orbifold compactifications. We sur-
vey how one can, starting from an explicit string theory, obtain models which resemble Nature. These mod-
els exhibit the standard model gauge group, three generations of standard model matter, and an appropriate
Higgs sector. Unlike many unified models, these models do not suffer from problems such as doublet-triplet
splitting, too rapid proton decay, and the u problem. Realistic patterns of fermion masses emerge, which
are partly explained by flavor symmetries, including their modular variants. We comment on challenges and
open questions.
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Introduction
515

If string theory is to describe the real world, it has to reproduce our current established understanding of
physics. In particular, its low-energy description has to give rise to the standard model (SM). Generally, string

model building concerns the question of how the SM fits into string theory. In practice, one compactifies a



consistent string theory to a four-dimensional model which can be studied and confronted with observation.
One particularly important aspect of top-down model building is that the globally consistent models are com-
plete, that is, they do not only describe the SM but also include, say, the degree(s) of freedom driving cosmic
inflation and dark matter. That is, unlike in the bottom-up approach, one cannot add extra sectors to the

model at will.

NSEXBHCERIA B ST S, Bl E IEATH AT SRS 2R, BART S, BRIKRE
RRAIRREIE AT AR AR (SM), — SR, s AU ST A AR A L AN T i A\ 52 BRI Y R
TESERRRIE, BFRE 2K BIGHZEIS BB P 4ERAY M R R HRMIES SR LA, B
b AR — M HEERNR AR, 2R BIaREEZEER: R, BT RER
PRERERY RS T (bban) SRE05 5 R AR AR RS Y RN B B, X RS, fE N ER77ER
[, BFRE TCIERE R AR R ER &AL sectors,

Historically, the first attempts to construct realistic string models were based on the heterotic string. It
was noticed that the structure of SM is remarkably consistent with unification along the exceptional chain
SU(5) € SO(10) C E¢ C E; C Eg [75]. In this chapter we provide a brief overview of orbifold compactifica-

tions of the heterotic string which come close to the SM.

MPisE EE, MBS R R 2R RE TR, MREEMEED], FRERREEE S
B/MEERE SU (5) € SO (10) € Eg C E; C Eg [75] Gt —FS IR AMAEE . AR BEMHARE iR
HERAL ) 2% 4k5% orbifold BEUL.

Heterotic models come broadly in two classes, they can either be based on smooth compactifications [24]
or on orbifolds [28, 29], cf. Fig. 1. These classes are related as some smooth compactifications can emerge
from orbifolds via blowup (cf. e.g., [13]). Orbifolds have the advantage that their construction involves explicit
strings, which is why they will be our focus. Orbifolds can be constructed in the so-called free fermionic
approach, yet our focus will be the classical approach, in which the so-called symmetric orbifolds have a

geometric interpretation.

FARET R B S —2REETFEE BB [24], 5B —2KETF orbifold[28,29], S W& 1, XFH%
SEMHSCEHRNY: SR BB T DUEIT orbifold WRAKIS EI (Z WLEIUT [13]), Orbifold MIMLHATE T HA
EW R B, XUREBRIMTEEENAREM R E SRR, Orbifold AT DU AT IEH B H 28K 75 1%
i, EBENRERZETTTE, HAEIRFE orbifold BA JLATIER
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Fig. 1 An incomplete survey of heterotic models. The focus of this chapter is on the constructions that
are typeset bold

B 1 AR SE e, AR E ROGEANHRENAIE

The purpose of this chapter is to summarize the current status of heterotic model building. There are al-
ready excellent reviews of this subject such as [57]; however, our focus will be on more recent developments
and a clear account of the open questions. To this end, we will review the target of string model building, the
SM, and some of its extensions in section "What Do We (Believe to) Know?” before turning to the heterotic
string and its compactifications in section "Compactifying the Heterotic String.” In sections "Spectrum” and
”Symmetries of the Effective Action” we collect some facts about the spectra and symmetries of the construc-
tions, which will be the basis for the discussion of challenges in section "Challenges.” In section "Examples”
we provide some explicit examples. After briefly commenting on smooth heterotic compactifications in sec-
tion ”Smooth Compactifications,” we provide an outlook in section "Where Do We Stand?”.

AEKH IR S ERMEEIIART R, RTRX—RECEFIE S L ORZRE, Fli [57];
(EEATR BRI, FHEMRBEAF RO A TR, Ovitt, BATREE T8 (H
15) FIEfT 4?1 — TSGR HAR—ANERR, DICERIERMEM, ZJeHE NR%L
sE) — NI RS, BRATRTE T 5 TERERAERNFRIES P REEIX A
AT SXFRER SRR, DAfERy TRk — ek mEsR A, JISE THl5) —74
HETRAGF. £ DEBRRBL) —TRZEMNSRMZOLERBILE, BRINEE TRMNEATHER
anfaf?) — T HIRE,




What Do We (Believe to) Know?

BATT (AN ALE 22

Before delving into what string theory gives us, let us briefly survey what we expect to get out of string
model building.

FERAR N 2B HRIESIEZ /T, FRAJCR Z A — R AT 2 AR B 245 5R,

A Very Short Recap of the SM
PRUEBTR IR

First and foremost, we wish to obtain a quantum field theory (QFT) that is consistent with the SM (see,
e.g., [63] for a detailed description). The latter is based on the continuous gauge symmetry (Strictly speaking
we do not really know the gauge group of the SM but only its Lie algebra, a subtlety which we will, like most
of the literature, not discuss in detail.)

B, B EEE— D ERERT (SM) AR E 718 (QFT)(HE WSCHR [63]), PRI/ /E
BN PR B (MR, BAPFREIERMBRPREESRIRINITERE, SONEERZR AR, R
LR, BATASRT AT RITFEAIIE, )

Gsm = SUB)e X SU(2), X U(1)y. 1)

The matter content consists of three generations of quarks and leptons, left-chiral Weyl fermions which

transform as

PBRANARUE=RER 55T, IETFIVRECKT, BRI E

quarks : qr = (3,2), ¢, 8 = (5, 1)_2/3,df = (§, 1) (2a)

1/3°

leptons : €5 = (1,2)_;,,¢r = (1,1), (2b)

under Ggy . Here, f € {1,2,3} labels the generations. In addition, there is the so-called Higgs field, a
complex scalar carrying the quantum numbers h = (1,2), , . The Higgs acquires a vacuum expectation value
(VEV), (h) ~ 100GeV , which breaks Ggy down to SU(3). x U(1)
acquire masses which are given by the product of so-called Yukawa couplings Y,, 4. and (h) . In the SM, the

em » under which (2) are vector-like and
Yukawa couplings are input parameters which are adjusted to fit data. A curious fact about the SM is that the
combination of charge conjugation and parity, C2, is broken in the flavor sector, i.e., by the Yukawa couplings,
but seemingly not in the strong interactions. This mismatch gets referred to as the strong €% problem. The
neutrinos, which are part of the ¢ , are also massive, yet it is currently not known which operator describes

their mass. The most plausible options are the Weinberg operator, x, s (¢5h) (€f h) , or Dirac neutrino masses,



in which case one has to amend (2) by right-handed neutrinos v/ . The neutrino masses are much smaller

than the masses of the charged fermions.

1E Goy Fo ML f € {1,2, 3 hRIER. WAMNEBFTBmMETS, ER—MHER T L= (Q1,2),,1
Bhni, TS = HIE(E (VEV) (h) ~ 100GeV , ¥ Ggy BHH SUB), x UQ1),,, , TEIL R
(2) FIIRL TR AR, JHRSRE, REHRD)IREE V4. 5 (h) RTRRGH, fFEFREEEEIR, 5
NIFE ARG LREIRAMA S, MR - MEASTERNRAZ, BAHES TRNAS e
TERKTE TR 0457 ) | R S ek, (EL7ESEAE ELAE A s DI A e, IXMR JE PR 58 e A,
WMF1ER ¢ —E o WEAFE, HEMAMUINEREMRERENEIRM 40 REFIETT
TR ETT 1gp (€8h) (67 ), BRIAIHH TR, HREENFEERX Q) FhseaF iy
F ol o T BRI TR IR TR,

It is instructive to survey the continuous parameters of the SM. They comprise (i) 3 gauge couplings;
(ii) Oqcp 5 (iii) 2 Higgs parameters; (iv) 12 masses; (v) 8 or 10 mixing parameters, depending on whether
neutrinos are Dirac or Majorana particles. In a stringy completion, these parameters should be predicted
rather than adjusted, and, as we shall discuss in section "Challenges,” the requirement to reproduce these
observables remains one of the greatest challenges in string model building. Note also that currently the only
other parameters that we need to describe observation are the Planck mass My (or, equivalently, G yewion )» the
vacuum energy O vacuum - a0d the density to dark matter, ppy, - Thatis, currently the bulk of the (ununderstood)
parameters of Nature resides in the flavor sector of the SM.

FEPMER A ESES BURA B X IXES RS () 3 MG HEG (i) 6qcp 5 (i) 2 MNMRTEHT
28 () 12 DS (v) 88010 NMEGSE, BMBERRT MBI it 2 SEH R 1
TR, RESHV YRR UIER, MAEANBEH, EWRIHE “PRE” — T2
EHY, EPNXLERTLIN Y ER 5 SRE sa A i R e Rk R —o S9ANEETETR, HATRNAMNES
SR HASEOUE B B BUE M (BEFTH G newton ) BETRE 0 vacuum » PAKIEVIBTEE ppy
o WHLEVL, HilBARRPRZE (FARBIRARN) S LS P EAR R RIRIE BT 72

An important fact about the SM is that it does not only provide us with couplings and interactions that
have been confirmed in experiments, but it also comes with tight constraints on additional particles and in-
teractions. In particular, it is extremely hard to make extra states which are chiral w.r.t. Ggy; consistent with
observation. Also, while the Weinberg operator is a nonrenormalizable operator that is "good” in the sense
that it can describe neutrino masses, other higher-dimensional operators are highly constrained. For instance,

the suppression scale of the dimension-6 operators leading to proton decay has to exceed 10"°GeV .

PRI — PN EZER R, EMUEATH TEKRIGIERE S SHEER, ENHIML T SHEE
REGH T AR, BATS, 5IAMNT Goy FAERTHIINSHFLEERT & VMR L R AERT, AR,
REREAREFFE NN R AR ] DURGF A rh B, (EHAS4ERAF ™A 0, Bl
an, SBORFREER 6 HEFFIEMIRERLIAT 10°GeV .

Early Universe

L8 R



The early universe provides us with important insights into high energy physics (see, e.g., [9]). For in-
stance, big bang nucleosynthesis (BBN) works very well within the SM, and extra particles may be inconsis-
tent with the primordial formation of the elements if they decay late or increase the Hubble expansion rate
too much. In addition, fractionally charged particles are often stable since they cannot decay into SM states,

and there are stringent constraints on their relic abundance (cf. e.g., [51, 67]).

BT E AR T e B E R W (S HN [9]). Blan, KRIEKERS AL (BBN) TEARIHEARSE
R (SM) HEZR R Is#e1S AR R 4F, anSREIML T R AL, BURid RIS PR, ARAIX2ERE
TRLATRE S TCRAVEAIE OSSR A — 2, teAh, 0 BMmPRL T i T ICIR =2 R (SM)
RFA, EHARRRE, BIENRERTFEZERLAR (S WHIN (51, 67]).

However, the early universe also requires physics beyond the SM. Most notably we need a field or sector
that drive inflation, or another ingredient which provides us with solutions to the so-called horizon and flat-
ness problems. In addition, there is very compelling evidence for dark matter which cannot be made of SM
particles. Furthermore, the baryon asymmetry of the universe requires physics beyond the SM, too.

SR, FHATH SR R AR (SM) R, BERTERNE, BRINTFE - EEE
DORIRBNRAK, 2025 I AHARSR D RAFRATE LR R85 P, 1A, HatEaEREbR
FIBUESE RIS ) SUC TR ARERTY (SM) KL 7 pl, SEE—2, FHAVE T ARt E ALK
AR (SM) BB,

Beyond the Standard Model (BSM) Scenarios

AR ERT (BSM) B 5t

Having seen that physics beyond the SM is required to accommodate astrophysics and cosmology, let us
spend some words on beyond the standard model (BSM) scenarios.

BERTACLANE, AR RIS 58 0, U7 AR R (SM) RUBTEE, R
BAPRAHEHARER R (BSM) HI752K 875,

The supersymmetric variants of the SM (see, e.g., [68] for an introduction), most notably the minimal
supersymmetric standard model (MSSM), have received substantial attention in the past decades. This is
because, assuming low-energy supersymmetry (SUSY), the electroweak scale gets stabilized against quantum
corrections. Of course, given the absence of clear signals for SUSY at the Large Hadron Collider (LHC), this
scheme has lost some of its popularity in the recent years, yet the MSSM is arguably still one of the best
motivated and well-defined BSM scenarios. The MSSM has a number of shortcomings which one may hope
to solve in ultraviolet (UV) completions, and the purpose of this chapter is to discuss these solutions in section
“Examples.” In order to understand some of these shortcomings, let us look at the Gg), invariant superpotential

terms up to order 4,



SM HIFEX FRAZAA (BI4H, TR [68] FITENATINNE), HA &R B/ NEX FRARERR
(MSSM), FEREJLHEZEN T 2K, RREN, RIZFEMIREEBXTR (SUSY), FIgRErRA] LA
FaE, PRZETBIERNPI, SR, BT RERHENL(LHC) £ RAIEM SUSY 55, &
FRXEHICHIRVE AT MR, HMSSM 528 A] LA Z SR FE 77, & 52 #E 8 BSM 752 —
MSSM A G AFEIRZERRE, A7 AT ITESRSH (UV) SERBIC i X L (), AFER) H itz
£ S — TR EMRRTT R, N T IR, FATREE 4 v K Ggy AREHIL,

Wgauge invariant = Mhghy +%;€ihy,
+Yegf€ghdéf + Y;lgfqghddf + Y,;gfqghuaf

1 2 R
g rhylehyly + Ké}kquqqueé + K;}keugufdke€’ 3)

where we, in a slight abuse of notation, denoted the superfields by the same symbols as the SM fields in
Equation (2). Note also that the MSSM has two Higgs doublets, h,, and h, . The couplings Y,,,Y 4, and Y, are
the Yukawa couplings which yield the masses of quarks and charged leptons. The R -parity violating terms
Ki» Agfk » Agpx » and Agpy have to be highly suppressed and get often forbidden by R (or matter) parity, the
origin of which is to be clarified in a UV completion of the model. The u term in the first line of Equation (3)
can a priori have any size, but in order to have proper electroweak symmetry breaking and sufficiently heavy
Higgsinos it should be of the order TeV or so, which is a common choice for the soft SUSY breaking masses.
Explanations of this fact comprise the Kim-Nilles [58] and Giudice-Masiero [45] mechanisms, and we will
see later in section ”Examples” both are realized in explicit stringy completions of the MSSM. Further, while
the x term in the last line of Equation (3) can describe neutrino masses, the x® terms have to be very small,
e.g., the coefficients K(111)21 and K(lll)zz have to be suppressed by more than 10® - Mp , where \/@MP =M planck =
1.2-10GevV. A proper understanding of this suppression arguably requires a solution within a consistent

theory of quantum gravity, such as the explicit string models we consider here.

AL S, KEZAX ) F SM BRHEFIRSE R, BHETEE, MSSM BEHm4D
WG —EE, h, M hgo ME Y, Yo MY, 227G, NMNERARETHRE, BIARF
PRI ac;, Ag i~ Agpxe 1 Ay gy OAZ BN RAR, JEH 2 R TR (SIBTHR) Z5L, 1ZFHRIN
LR R AR XA R SRS e s IS S R, X (3) B8 —ATHY w WU _E AT DABUER R/, {Hy
TSRERIER R RSN FRIER SR, HHS RS ENAIE T, RN RRFELE TeV £4, X2
BGREDN FR IR BT A P OZE R, X — MR B R 245 Kim-Nilles ML [58] 1 Giudice-Masiero 4l
il [45], BATSIEEX “LHI” —TFER], ZFHEAIDE MSSM W EAZXiese et Hhsiil, thab,
X (3) BF—1THI « TUA] AR IR &, T «© TLides/D, Bl 2% o), # «lL, By
AR 10% - My, HA\87Mp = Mpp =~ 1.2-10°GeV . T Y FRXFIENS, BEAHE R
FHl ISP A IEMRRTTZE, FlIanHeFATT e B Nox sy,

Another appealing feature of the MSSM with low-energy SUSY is that gauge couplings unify remarkably

well at a scale Mgy ~ few X10'°GeV [34]. This has led to the scheme of SUSY Grand Unified Theorys (GUTs)
(see, e.g., [83] for an extended discussion), in which a unified symmetry like SU(5) or SO(10) gets broken at

10



Mgyt down to Ggy . An arguably even stronger motivation for GUTs is the structure of matter since one

generation of the SM (cf. Equation 2) including the right-handed neutrino its into a 16-plet of SO(10),

HHRAE SUSY B9 MSSM % — 5| NEIMERE, MTEREE SRR Mgyr ~ (JL x10'°Gev ) &t
remarkably well 5t — [34], X TEMNFRAS —HIL (GUT) HEZE GRETHE R WLEIAN [83]), FEIX
KR, Gi—XFRMEL SU(S) 8L SO(10) 27E Mgyr ZeWEA Gy o FITRATE, GUT HIRASIHIR
ARG :SM I — YR (WX (2), M EAEFHMT, BT EUEA S0(10) 1 16 4EFRR,

16 = (3,2),5 + (3.1)_, ST@D (3, 1)1 5 T (L2 + (L1, )

=10 =5

where we also indicated the SU(5) representations in underbraces. While the GUT symmetries work
very well for the matter, they fail for the SM Higgs. The smallest SU(5) representations that contain the
MSSM Higgs doublets are 5 + 5, which combine to a 10-plet of SO (10) . The additional SU(3). 3-plets con-
tained in these representations pose major threats to the model as they typically mediate unacceptably large
proton decay unless their mass exceeds the Planck scale. This is one facet of the doublet-triplet splitting prob-
lems which haunt GUTs in 4D. On the other hand, as has been pointed out early on in the context of string
model building, in higher-dimensional, in particular stringy, models the same mechanism that breaks the
GUT symmetry can also split the doublets from the triplets [19,24].

BAE RRIZH AR T SU(5) e KRGE—HIS (GUT) MFRMEXN P FA IS SURAEF &7, B
FRIERIR (SM) Ak BT A AT, B & B/ NEXN FRFR IR (MSSM) At it — AR R/ SU(5)
ForN5+5, BAHEGHR T SO 10) [ 10 BA, XLEFRRPEIMILEN SUB), 3 BALRA
KT EARRE: BRAFEN SRS B R E, SNGEE S5 R N2 RIS =2, X
PSRRI RA G —ES-ZEHADRAEN— N, B—/H, FAERERN R
WIStEMIRAEE, fEmdE CUHZKICHEZR TAY) BAd ) TR GUT MR R — Lt AT DA —
HAS =ZEHADEIT [19,24],

What Do We Hope to Learn from String Model Building?

BN BNz Ry 2 2 2.2

Of course, it will be reassuring to find a compactification which reproduces the SM in great detail, re-
gardless of whether or not the underlying construction is unique. What is more, given such a model, we will

be in a unique position to answer some of the most popular questions of our time:

S8R, KB DREEEA M EIAREER (SM) RBL T RIS L ANLD, TIREMIER G
Me—, BHEZERE, WA, FAOTEE S IR LSS, M S RS2 R TR TR

1. What is the origin of flavor and CZ violation?
1. KA CP BRI 227

2. What is the nature of dark matter and what are the properties of the dark (aka hidden) sector?

11



2. VIR AU 4? B (BIBEHK) sector A MREEMERT?
3. What drives cosmic inflation?

3. BT 23K T RAK?

While these questions might be answered separately, the power of addressing them in explicit string

models is that the answers are much more specific and related in intriguing ways.

REIRERFEVFA] DA THRE, BRI R e BET, [EINERARG 2,
HA M R £ AT DRI ER,

Compactifying the Heterotic String

AEEBUL

Heterotic String

A2,

In this section, we collect some basic facts on the heterotic string. For further details and a broader
overview see Chap. 47, A Lightning Introduction to String Theory”. The term “heterotic” derives from the
Greek word “hetero,” which translates as “other,” and in biology is related to “vigorous hybrid,” which ar-
guably reflects the nature of the heterotic string. The heterotic string theory [43] is the result of combining
a 10D superstring and a 26D bosonic string. The former can equip the theory with ' = 1 supersymmetry
in ten dimensions whereas the bosonic string provides us with a non-Abelian gauge group of rank 16 (The
nonsupersymmetric heterotic string can be obtained from this version, as we briefly describe in section "Ge-
ometric Orbifolds Without SUSY.”),

AT BATREIR I x ) — Lo B SL, H2A 5 E RMIANEART S WA 47 & LR IR, “Ie
(heterotic)” —IAlJR HAAEIE “hetero”, BN “TEM”, AWV FHE “THEMEZFN” MHIE, BIRAN
X —ARRIA R T 552 AR R, 55230 [43] 2 10 48525 26 e iz &Y, miE A%
HORIR T4~ v = 1BAFR, mIERNZE HR 16 AR DURMITERE (FATSTE “ToRNFR
JURIBUET” — RS0, RN AR AT HIX MRS E)),

Ghet = Eg X Eg or SO (32) . (S)

Note that the most general compactification can have continuous enhancements of these gauge symme-
tries, yet we will mainly focus on (5). The heterotic theories contain only oriented closed strings propagating

in ten dimensions.

12



ER, - BARA] DU PR A A e SeR, HEMEERE T (5), LB
EEEHYEPERRRTE A,

In light cone gauge, there are 8 right-moving bosonic string coordinates X} (¢t — o) and 8 right-moving
fermions ¥k (t — o) , where 2 < i < 9.t and o denote the world-sheet coordinates. There are in total 24 left-
moving coordinates X (¢ + o) . In symmetric compactifications they get decomposed into X! (t + o) with
2 < i <9 as in the right-handed sector, and X{ (t + o) with 1 < I < 16 . This decomposition gives rise eight
combinations of ordinary physical coordinates, X’ (7, 0) = X{ (t + o) + X} (t — o) . The additional left-moving

coordinates X{ (¢ + o) are responsible for the gauge symmetries G ¢, , cf. Equation (5).

FHERITE R, 174E 8 NMEITH % bR XL (t — o) F1 8 DMEITECK T vk (t—0), HF 2 <i< ot
o TRt R ABIR, BIHH 24 NEFTAIR XM (t + 0) o TEXTRE(H, AT R FIE FAE
sector MM X (t4+0) (2 <i<9) AN 1 <T <16 W X (t + 0) o ZIGEI T 8 4HI @Y
IR X (1,0) = X} (t+ 0) + Xk (t — 0) o BIAMOEATANR XE (¢ + o) W MATEXFME Gree , S
(5)o

For the sake of keeping this chapter short, we specialize on symmetric compact-ifications, cf. Fig. 1.
Interestingly, the so-called Free Fermionic Formulation (FFF) and Z, X Z, geometric orbifolds are related by
adictionary [4,35]. There are possibilities to go more general, and consider, e.g., asymmetric orbifolds [55,73]
or Gepner models [41,42], which is beyond the scope of this chapter.

NTHERIAZRE, BAOIEMTHESIRE L, 20E 1, AREENZ, BN HEB#EKTFRIR (FFF)
M 7, x 7, JUATHUEE 2 [BfEE X BN 781 [4,35], 4R AT DAHE B — ARG DL,  ERan=E AR xR
BT [55,73] BUMS SRR [41,42], XA T AZ TG

Heterotic Strings on Orbifolds

BTN (23

We will start our discussion with heterotic orbifolds [28, 29], which allow one to explicitly "see” the
strings. For simplicity, we focus on symmetric toroidal orbifolds, which emerge by dividing tori by some of
their symmetries. The tori are given by R"*/A or C™2/A , where A denotes a lattice, or, more precisely, the
group of lattice translations. We will be interested in n = 6 . Therefore, O = R"/S with S denoting the so-
called space group, which is comprised of lattice translations and additional operations such as rotations and
so-called roto-translations and forms a discrete subgroup of the n -dimensional Euclidean group. Crucially,
these operations are also embedded in the gauge sector, which breaks G.; down to a subgroup. Moreover,
they also break SUSY, which facilitates the construction of chiral 4D models with V' = 1 or no SUSY.
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PATR IR ACBIE T (28, 29] THAATIE, EREIEBATENM “F2” 5%, Nfakatr, BATRENR
PRHEETR, IXRPUEHERIES KA 2 PRS2, PR H R/A 8L CV2/A 45H,
H A FOoRHE, B, BMTER. BN REn=6, Hit, 0=R"YS, HFS
EFTBRRZZRRE, TR, e, BEE PRSI EHIMRIERIL, 2 n 400 LRSI — N EET
i, KREHET, XLEREHWRAMITTIIRDY, B Gho BELEI—DTRE, MO, ETESBHE
XK (SUSY), IXETHENA N = 1 BNFREAH A BRIP4 SR,

In more detail, in the geometric formulation elements of space group S are conveniently denoted by
g =", mye,),wherer,m, € Ny . The e, (1 < a < 6) are the basis vectors of the underlying torus. The set
of & € O (n) form a finite group, called the point group P, which determines the holonomy group, and thus
the amount of SUSY surviving the compactification. In fact, in order to classify the physically inequivalent
orbifolds, one only needs to find the different affine classes [40], but we refrain from spelling this discussion
out in detail. If PP is Abelian, it is either Zy or Zy X Zp, . If in addition ' > 1 SUSY is preserved, then a
given Zy transformation can be encoded in a so-called three-component twist vector v , which describes the

rotations of three complex coordinates. In general, g acts on string coordinates X as

HAMRHY, fEJLRES, SREE S BTRAl 77 EHIEN g = (8", mgey) , HF r,my € Ny o
eq (1 < a <6) BIKHENIELR, FiH ¢ € 0(n) WK—DMEREE, VOVRREP, BOE THIRE,
HMOUE 7 RBACERIRAEN IR, KRk, EXRE EAFEMRIUEE 2, BAITHTFEER
HAFERIHE0 2 [40], HAEBNIARITIEANIE, & P 2R VUREE, WEELR Zy E42
Zn X Zpg o WFGHE—BRE N > 1@XFR, AL ER Zy ZHn] DURFNERN =2 8RR v %
W, R T =R, —RRIFOLT, g XMRARR X KITERN

(8" mgeq)
Xo— X +mye,. (6)
The space group is to be embedded in the gauge degrees of freedom. Loosely speaking, the point group
elements get mapped to so-called shift vectors V' . This embedding has to preserve the order, i.e., if 3 € P
satisfies 9V = 1then NV € Ag,. »
orbifolds, if, say, the shifts of two models differ by lattice vectors 1 € Ag bt the resulting models are identical

where Ag4, ~ denotes the root lattice of G, , cf. Equation (5). In Zy

(cf. [44]). This is no longer true in Zy X Zy, orbifolds, where gauge embeddings differing by lattice vectors
may be inequivalent [79] and be related via what is known as discrete torsion [90]. Since Ag, is even and

self-dual, one can find an Euclidean basis in which the lattice vectors are given by

2 AR AR AR ARG B T, FHORVL, s TR A FrEI PR AR V o IXRRR AL
REABIEL, BIE 9 e PR oN =1, WINV eA,,, , Ho Ay, 2 Ghy WK, Z0RK(5), £
Zy BT, WRWMELRFREZES AR A € A,,, , BLEFINBELZENT (S0 [44]),
X —RUTE Zy X Zpy HUETHE AP FEAAL: FHZEAR AR RIS F] U [79], BAITAT DL
PTIEI B R RIS [90], HIT Ag,  RBER R, TATATDUREI— DI LEGE, (F545
CE=CIEEPs)

G het

p=(y,...,ng) or p=(n;+1/2,...,n5 +1/2), 7

d
where n; € Z,),n; € 2Z and d € {8,16} denotes the dimensions of the Lie algebras Eg or 80(32),

1
respectively. The gauge embedding of each translation e, is a so-called discrete Wilson line W, . The Wilson
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lines are constrained by geometry. In more detail, since lattice vectors get mapped onto each other by the

rotations, the analogous relations have to hold for the Wilson lines,

d
Hen, € 2,3 n; € 22 M1 d € {8,16} 73 AlIFRRZEREL Bg 1 80 (32) 4R, B FFE e, HIRITEHR

)\ﬁ%ﬁﬁﬁ%ﬁﬁﬁgﬁk&iﬁ<ﬁiéElb&o RIS UM, ERAARH, BT AR S PO A EL T, R
IR R IUK AR,

6 6
geq = aaﬁeﬁ > W, = Z aa’gWﬁ +4 with 1€ A4, - (8)
B=1 B=1
For instance, in a Z; orbifold plane one has 9e; = e, and Se, = —e; — e, . Therefore, W; = W, and
W, = =W, — W, , where ” = ” means "equal up to 4 € Aq, .7 Thus 3W; € A4, . This generalizes to

other geometries, i.e., for a given Wilson line W, there is an integer M, such that M, W, € A with no

Ghet ’
summation over « . As a consequence, the coefficients a,? in (8) are integer.

W’JQH, {_‘Eg/l\ Z3 ?hﬁngﬁq:‘ﬁ/@ 1961 =€ %D 1932 = —€;1—€3o0 lltﬂ'?%l: W1 = W2 ;FD Wz = _Wl —W2
ez B A e A, IS, B W, € A, o JXATDURS BRI LLEH, HIA
SRR W, | TR M, W MW, € Ay, K kAL [EE, 3% (8) PHIRM 0,8
NEEL

In addition, the orbifold parameters and their gauge embeddings must satisfy a series of constraints in
order to ensure world-sheet modular invariance, which guarantees the UV consistency of the model [29, 90]
. For Z ) orbifolds, these conditions take the form [79]

HAh, BUBS B IIEHR AR & — BRIV, DAGRIE TSN, X2 [29,90]
SO —BMERIRIE, X T zy U, XERARIE N [79]

N(V?—v?)=0mod 2, M,V - W, =0 mod 2,

MW7 =0mod 2, ged (Mg, Mg) Wy, - W g =0mod 2, )

where no summation over « nor 8 is implied.

HAARX o f1 g SKAH,

Classification of Toroidal Orbifold Geometries

e LT 7338

While early classifications of viable toroidal orbifolds focused on special kinds of lattices [15], more re-
cently a richer set of possibilities has been uncovered in the Z, X Z, orbifold [35] and generalized to other
point groups [39,40]. Loosely speaking, the new ingredient of the additional possibilities are space groups
which contain roto-translations (8", m,e,) € Sbut (8",0) ¢ S (cf. [52]). As a consequence, the fundamental
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group of the orbifolds (and not just the underlying tori) can be nontrivial. Among other things, this allows
for non-local, or Wilson line, breaking of the gauge symmetry, which is also being utilized in the context of
smooth compactifications [10]. Another innovation is the consistent construction of non-Abelian orbifolds
[39, 60]. In particular, there are 138 Abelian and 331 non-Abelian space groups [40] of toroidal symmetric
orbifolds preserving V' = 1 SUSY in 4D. These geometries have been shown to host many models with gauge
symmetry and chiral spectrum of the MSSM [74, 76, 81], yet their detailed phenomenological properties have

not been worked out so far.

RE RN AT B KRBT REIREAEREL [15], JRTE 72, x 2, B AL T2+
ERTRTRENE, FFUUE B HAMARE [39.40], TZIZME, XLEFSMTREMERH E R 2 TSI T
(8", meey) € SHIHIE (87,0) ¢ S HIZRIRE (B [52]). B, BUBRIEARE (MUK AT
AR A PUBARF A, BRItz A, X AVFRTE AR M A A AR s, BBURIBDEAER, %7575
WENH TR RLRIFTFRF [10], 7 —TIRIHTRATIE H BIEHAER DURBLE (39, 60]. BAATF,
P4 REE NV = 1 BN FREPAED AR LA 138 bl DURZ2 IR 331 FhERT IU/RZS [AIEE [40]
CAIUEIXLE T UA 77 R B B A S NER FRER BT AR A AR IR [74, 76, 81], {H
FIHATNIE, EMNEAER R ARG,

Anisotropic Compactifications

SR8t

Because of the gauge symmetries of the heterotic string, heterotic models comply well with the idea of
grand unification. Breaking the GUT symmetry via compactification allows one to elegantly avoid the major
shortcomings of 4D GUTs, most notably the doublet-triplet splitting challenge and its associated proton decay
problems. However, there is a tension between the scale of gauge coupling unification in the MSSM, Mgyt =
few -10°GeV , and typical compactification radii. This is because string theory also describes gravity, and the
effective 4D Planck mass is sensitive to the volume of compact space. In some more detail, Newton’s constant
Gy is related to the fine structure “constant” at the GUT/compactification scale, agyr , and the string tension,

a',via[91]

H T A2 B AT FRME, Zo2 BRI & R g — B, B BB K G — AR AR
P, A AT bR PY 4E K G — BRIC A T BIRAE, SO AR DS =287 4 R) R K A S B+
AR, H B NEXFRER R R A S —BERR Mgyr ~ few -10'°GeV 5 B S5 2213
ZETEER G, X AZEIC RS )y, PO4EA 350 B v R 2 BB A AR UK, A
AR, A Gy SRA—/BBULREIR NIREAZEH “EE agur ARTETEK T o B FAR
1% [91]

agurd “‘cl;/ST
Gy = 2 implying that Gy 2 v (10)

2
GUT

for a weakly coupled theory. This value of Gy is too large for typical values of Mgyt and agyr (cf. our ear-
lier discussion around Equation (4)). There are various proposals to fix this issue (see, e.g., [30]). The perhaps
most ingenious way to address this problem is M-theory [91]. However, the problem can also be ameliorated
in anisotropic compactifications [91, Footnote 3]. A detailed analysis [52] suggests that this solution barely

fails, but by the own admission of the authors the presented bound is too conservative. In fact, if one uses the
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appropriate volume of the orbifold for the analysis rather than the underlying torus, one finds that anisotropic
compactifications can work, even though the parameter space of solutions is not too generous. This implies
that there is an intermediate orbifold GUT symmetry (see, e.g., [82] for a review). However, this also means
that the smaller radii are of the order of the string scale, and as stressed in [91], one must use conformal field
theory (CFT) (rather than classical geometry) to analyze the model. This is one of the reasons why this chapter
focuses on orbifold constructions.

XZSSMEEICHIE L. N T Moyr M agyr FEVEE, % Gy HIETK GBI ZRIESTE (4)
HITIR). HATEA ZMIROUXIRERI T 5 (BIAIZ 0L [30]). AROEIX NSRS DRI T IREE M
BHIE [91]0 (ORI th A] DATE A6 S M X BUL FR S B2 (91, IAITE 3]0 — DA 0T [52] REAZT5
R KAL, BEE B RN AHATFIE TR, FEE, R R AP mm
JRINERTIE AR, st AP ES RN, St RBUehRalfT, XiEAEE
BT R GE— PR (SRAZ BN [82]), (HIXWERE /MRS RERIY, ELNSCHR
[91] FRaRIARY, HUEHITEIE (CFT) MARZ S LR T IZARR, X /g A 5 58 FR e i A 1
HIRAZ —,

Spectrum
i

Given a compactification of the heterotic string, one can determine its spectrum, i.e., the properties of
the massless and massive excitations of strings, see (Fig. 2). One usually proceeds in two steps, by first deter-
mining the spectrum “after compactification” and then the spectrum of deformation of the model in which
certain VEVs get switched on. In this section we focus on the former.

LARE TR RN AL, FRATTAT DA ELRE RS, BIsZRCB A RERARIMER, 20 (& 2), E%
IINPAE AT BEHE “RMET MIRENE, BEEWETTEREE RS R EE R EZREN, A
TRITRETHIE.

Massless Gauge Fields

TR

In general, only a subset of the G 1., gauge fields survive the orbifold projections. They can be determined

by finding the roots p € A i.e.,, p- p =2, which satisfy the projection conditions

Ghet ’

—M S, N Gue IVEZHN— N TFEEMELHNIERT, TATAT USR8 & AR
pPEANg,, , Mp-p=2, REXLEMEY

p-V=p-W=0(mod 1) (11)

with the p from Equation 7 for all shift V and Wilson line W vectors (cf. section "Heterotic Strings on
Orbifolds”).
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Hep p AKX (7), EATAHTAE T Vv HIBURBLE W RE (B0 “PuB_ERZRsz” —T0),

(3, e1 + e3)
(297 62) O (@)

' W

(9,0)  (Wer) O

Upstairs picture Downstairs picture

Fig. 2 Cartoon of an orbifold. Strings on orbifolds are in one-to-one correspondence with the conjugacy
classes of the space group $. Untwisted and twisted strings are associated with elements with trivial and
nontrivial rotations, respectively. In the depicted example of a T2/Z, orbifold, the fundamental domain is
half of the fundamental domain of the torus. The edges can be identified (or “glued together”) to obtain a
pillow in the downstairs picture, where the twisted strings T are localized at the corners. Untwisted strings

U are free to propagate in the bulk, and winding strings W wind around the torus

B 2 U REE, FUE LRSS 2SAEE $ BIFEH8—— X, ARHGZFIHTZ 5 B B FLER: TTAl
LR e, BRI —A T2/2, FUBHIGI T, HEARBUZIEEABKN—F, Rx5T (B0
“RiafE—iie” ) S8 FERPIME, 5% T REBEMA b, RH5Z U AIfElRH B HIEHRE, 85054
W IRGEIR I SE

Chiral Zero Modes

FAHEZ

The zero modes are solutions of the mass equation to vanishing mass. In all known examples they are
chiral w.r.t. some, possibly discrete, symmetry. The computation of the massless spectrum, i.e., gauge and
chiral zero modes, is straightforward though tedious if done by hand and can conveniently be performed with
dedicated tools such as the Orbifolder [70].

FHERE SRR RE N TN, ERECHGFH, S IEXN TR (ATREZ B A MR
TFAER), MR EERITEEAE S PIESEN B+ B, HPERETZH, ey S
% T E (Ekan orbifolder [70]) F5 @ 52 A% 1 E,

Explicit string models exhibit states beyond the SM or MSSM at some level. The additional states include
the moduli as well as the winding and Kaluza-Klein (KK) modes, which we will review in sections "Moduli”
and "Winding and KK Modes,” respectively. In addition, there are often vector-like states w.r.t. the SM gauge
group which are neither KK nor winding modes. Whether or not these vector-like states are massless often
depends on the point of moduli space under consideration. For instance, vector-like states may attain masses
when giving VEVs to blow-up modes that smoothen out orbifold singularities and break symmetries w.r.t.

which these states are chiral. However, it would be arguably wrong to refer to the smoothened out version
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as “cleaner” since it is really the same model. In fact, often important properties of a given construction are
much more directly accessible by studying the symmetry-enhanced point in field space, which is given by the
orbifold point in this example, even though the vacuum is away from this point.

BRI —RERR 2 I AR AT (SM) Bl N AR IR (MSSM) HAS, BANS
W, DARESHERTREIL-mORE (KK) 5, B0 alE "B F1 “EEeR S KK &L B ot
BT TR, Hoh, BR KK BRIZESHESN, SIS T SM ATERER R B2ES, RERE
REBOTE, EHBRTIEEBIRSE A, i, SARKENR T ESHEE (VEV), M
TP I PIE T &7 RO BRIX 2SR B AR AR IER,, RERSMSIRG PR, [ERFE R
Py “HETET RRIUHSOR N R, EOVEARR R E MR, H b, BMEES N ERNR
VeS8 b, PR MG RV E BRI, W22 AR EIZ R CRBIH BB T ) EEREE S
ED

Moduli
B

Virtually every supersymmetric string compactification contains fields which are classically flat direc-
tions, and this is in particular true for models that come close to the real world. Some of these so-called
moduli do not have any charge under G, , and comprise the Kdhler moduli J; , the complex structure mod-
uli U; and the dilaton S . Yet also some of the charged fields can attain VEVs because they are along D -flat
directions. The VEVs of these fields determine, among other things, geometric properties of compact space.
Classical flat directions can attain a nontrivial potential at the quantum level, in particular through nonper-
turbative effects. It is generally challenging to compute these potentials in full detail and thus determine the
VEVs at the minima, see Chap. 57, "Moduli Stabilization in String Theory” for more details of the analogous

discussion in other versions of string theory.

JUP R N PRz BB AR B 5 e BRI 1P 3E 7718157, 6 T (LA St SRR RITT 5 A e
XEEPFTEAEE, B —ED1E Ghee NEMG, SRR 7. B u; DRIKT S . HE
EER i A RS H SR E, ROVENIAT D VT A b, BREAMEZRN, XEZRES
SRERE T 2B RBY LA, SR AERF RIS AR, THREE A
RN, FERETHRIX I I E R A B s (I 0 TR, S0 T HASZ AR
ARFPRERLINTE, RIS 57 B “XBISHIBARE”,

Winding and KK Modes

GRS KK B

The existence of winding and KK modes is one of the most important features of string compactifications
and required to make the theory UV complete. The properties of these modes are particularly accessible in

torus-based compactifications such as toroidal orbifolds.
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LS KK BRI PR R R B R E RN —, WRIEZEICERINX ISR E &
FERTIENZBUL (BIANREHIE) &, XERAPE B IME BT T,

Symmetries of the Effective Action

AR R

Heterotic compactifications lead to effective 4D theories exhibiting various symmetries [32], which largely

determine the phenomenological properties of the respective models. These symmetries include

IR BB EBA SRR PU4EA B [32], XEFRMEAEIR AR _EOE T HH RS
AR MERT, XL ARIE RS

1. Either V' = 1 or no supersymmetry
LV = 18R, sICERNTR

2. Continuous gauge symmetries, which mainly originate from the 10DG ., symmetries, i.e., the root
lattice of the 16 left-moving coordinates

2. EERTENFRME, FERIET 10DG o AFRME, Bl 16 NS AAFREARKE
3. R symmetries (in SUSY compactifications)

3. R XFRME (FFAE TR R E AL H)
4. Flavor symmetries

4. BRASFRIE
5. Modular symmetries

5. AR

6. Outer automorphisms which may be C2 or C2 -like transformations (It is important to distinguish
between proper C transformations, which map all particles to their own antiparticles, and C -like trans-

formations, which only send some of the particles to their antiparticles [23].)

6. SME AT DU e 22t e it (X7 AT E R 1 IR 21 H: B By SOkl FRIIESR CP i, 5
PR AL T RS B H SR T 1926 Cp ARt oy B 23], )

More recently, it has been pointed out that the symmetries 3-6 may be regarded as outer automorphisms
of the Narain lattice [17, 18] in the Narain formulation of toroidal compactifications of the heterotic strings
[69] (see also [49]). The gauge symmetries can go beyond G, if the compact space has special properties,
such as some radii equalling certain critical values (cf. e.g., [49]).
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IRE ARG, TEASXIRHE B LA Narain IR, 3-6 SXFRMEATHANN Narain SIS
BRI [17,18] [69](53 UL [49]), &R RIESRIAIER, HIANE 2T TRIEIRTYE (S WLH)
qn [49D), WIRVEXFRIERT DA G hee HITEH

SUSY

EDONFR (SUSY)

N = 1 SUSY (cf. section "Beyond the Standard Model (BSM) Scenarios”) has long been a standard
ingredient of string models. Whether or not V' = 1 SUSY is preserved by the compactification depends on the
holonomy group of the compact space [24]. In the case of a smooth compactification, the requirement that
the compactification preserves V' = 1 SUSY dictates that the manifold has to be of the Calabi-Yau (CY) type,
and in orbifolds it requires the twist to fit into SU(3), the holonomy group of CY manifolds.

N = 18N (S W “EHAER (BSM) =7 51 KEIDOR— B2 X B RIAR A AR 7). 5
BULRERE N = VEXIFR, BRTRBCE RN [24] M TOEERSM, ZREBUCRE
N =1 8NTREAE T i aUe k- (CY) Y, MTESUR N SRFLIERE SU3), BI-RAE
bb- EE IR AR

Continuous Gauge Symmetries

After compactification the residual continuous gauge symmetry, G g,,qe > Of a realistic model has to con-
tain the gauge symmetry of the SM (1). The gauge symmetry follows already from our discussion in section
"Massless Gauge Fields.” Apart from the obvious option that G gayge = Gy X Gpeyond Promising models may
also replace Ggy by the Pati-Salam [80] (PS) group Gps = SU(4) X SU(2); x SU(2)y , the so-called left-right
symmetry [87] G g = SU(3). X SU(2); X SU(2); x U(1)g_; , or the flipped SU(5) symmetry [8]. Other grand
unified symmetries are in principle possible but may be challenged by doublet-triplet splitting problems and
the lack of appropriate Higgs fields that break the larger symmetry to Ggy -

BHULG, MR R IESITENFRNE G gayge RAELEFRIERTY (1) BIRITERFRIE, TRATHE “T0
FREMIES” —WIHEESMHES I TATEN M. BR T 2M S WHTTE G guge = Gsm X G eyond
Z5h, ARTRAEAI AT DURE Goy B HONIET-FEhii [80](PS) B Gps = SU(4). X SU(2); x SU(2),
, BOATIEI A WARIE [87] Grg = SU3). X SU(2), X SUQ2), X UQ)p_; , BB SU(S) MFRE
[8]o JRWMI EEAMARG—MFREMZRIITH, ESEmRIGS- =7, Btz §1EMN A7
B REIFRER Goy o

Very often in geometric orbifolds with V' = 1 SUSY one U(1) factor appears anomalous, with the anomaly
being cancelled by the Green-Schwarz [50] (GS) mechanism. Asa consequence, the D -term potential contains

an Fayet-Iliopoulos [36] (FI) term, V D g?D%,,m , Where

21



FERA N = VEXFRRUIHUER AT, S@FEIEI—D Q) B2 RER, %R AT AEd %S
MR-HEELYK [501(GS) ALK, B, D TS & ZER-OHFINE E 7534 [36](FI) I Vp O g2Dinom
Hrp

8 Tr Lanom 12

19272 P (12)

. 2 .
Danom = Z qlanom |¢l| + 5 =0 with § =
i

g denotes the gauge coupling, and t ,,,, the generator of U(1)
D -term potential induces VEVs of U(1)

anom - LDe€requirement of a vanishing of the

charged fields ¢; that breaks U(1)

majority of cases further symmetries [37]. Clearly, in realistic models the fields ¢; acquiring large VEVs must

and in the overwhelming

anom anom

be SM singlets. Configurations with vanishing D -terms can be identified by constructing holomorphic mono-
[11,21,22].
A complete basis of such monomials can be obtained via the Hilbert basis [62]. In the vast majority of explicit
models, Trt,,,, ~ O(100), so that \/E /My is of the order of the Cabibbo angle, and, therefore, the VEVs

induced by (12) may conceivably play a role in explaining flavor hierarchies [20].

mials which are invariant under all gauge symmetries but carry nontrivial charge under U(1) , .

g FAMEIBE, taom TR U)o AR, Bk D TEANELES UQ) . #15 ¢; P12
S (VEV), TR UQL) . , TEAK SRR R 2t — SR O AR [37), B4R, 16
PSRRI, K15 KBS B o, R URRRIEBTR A, TR0 AT DOBI 38 1 AT A TG R
TR, BLE Q) (11,21, 22] FHEHHET LA RAATR, K D UV, Xk
DI 52 20T OB 7 /R R3] [62], 1EMAZHEME BB, Tre o, ~ 0(100)
. B VEM, BRHMA R, FI (12) B S E AR 5 2 A TR R R R R
[20]o

anom

The extra symmetry Geyong i usually partly broken by the VEVs that cancel the FI term. The residual
continuous part can conceivably provide us with a hidden sector leading to dynamical SUSY breakdown [31,
56]. There are also usually discrete symmetries, which can be determined systematically with the Smith

normal form [78].

HIINIFRYE G peyona 1B SBHRIH FI TR E 2 HIR(E R 0 Bk, FRAVESER 73 7] DO IZ {#E
—/NRROE, M5 A2 ) X FRABER [31, S6]o MBI AFAE MBONFRIE, IXSEFRIER] DS
i SRR R GEE (78]

Discrete Symmetries

O PRTE

Symmetries From a Narain Compactification

i R BB PR

The Narain formulation provides an alternative to the usual toroidal compactification of the heterotic

string discussed in section "Compactifying the Heterotic String.” Let us consider first scenarios in which the
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six extra dimensions are compactified in a T® . In the Narain formulation, the 6 right- and 6+16 left-moving
compact (bosonic) coordinates are considered independently, so that, taking into account also the gauge de-
grees of freedom, the T® compactification is specified in terms of an auxiliary (2 - 6 + 16) D torus according

to

MPLHRIRZE T RBAL” — TN BRI R R BULR TR BATEFIEN
PNSNMERETZHR T RBALITETE . EARRFRRT, 6 MEITH 6+16 DEATRE (B t) LAntidil
ST, IR EME B EE, T6 XBULRNEEH (2 - 6 + 16) D PRI N 0E X

S Do o T o
Y ~Y +EN, where Y = (Xk, X}, X)), N = (w,k,q)" € 726416,

(13)

Here, E is the Narain vielbein which spans the 28D even, integer, and self-dual Narain lattice I of signa-
ture (6,6 + 16) . Further, the integer vector N includes the winding numbers w', the KK numbers ki, and the
gauge momenta g’ discussed in section "Continuous Gauge Symmetries.” The properties of I' are encoded in
the condition

AL, E ZEKBFFSZER (6,6 +16) [ 28D i, ®&  EXHE Narain #% I Y Narain #7428, Ik,
Bag NS TEY EEITENTRE” hiHeMSH w . KK Bk FIETEshE ¢f o T AP
SRASTEQN R S&fFrh

0 1p O
EME=|1, 0 o0|=:%, (14)
0O 0 g

where 7 is the flat metric with signature (6,6 + 16), g denotes the 16D Cartan matrix of the heterotic
string, and we have defined the Narain metric 7 .

HATFEH (6,6 +16), g ) n B FHER, FoRRMIZH 16 45524, FANCLMRmIHE L TH
R R A o

It turns out that the group of outer automorphisms of I' , defined by

AIBAIERA, T B95h B R EEA] B R U8

05 (6,6 +16,2) = {i | iTni} with 5" € GL(2- 6 +16,2), (15)

describes all the discrete symmetries of the toroidal compactification. Hence, naturally 05 (6,6 +16,2)
contains the modular transformations of the compactification, including mirror symmetries and C2 -like

transformations of the moduli.

EAEIR T IR BUCHIFTH BRI, RIL B, O (6,6 + 16, 2) WE RELAURASHL, WIS
BOWMFRPERIAS R CP 2838 L,

From this compactification, it is easy to arrive at the symmetries of a toroidal orbifold. In this formalism,

an orbifold is obtained by modding out a subgroup of I". Let us consider, for simplicity, the case of an Abelian
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orbifold without roto-translations. Treating left- and right-moving coordinates as independent, as before, the

orbifold identification is given by

XS, FATRT DURE 5 S 2R orbifold(HUE) RIMFRME, TEHTERAFR, orbifold
BEEBEE T DFREEL NI, JINBERA L FRRIR UUR orbifold i, MIZHl
—FER AT S ET AR IZ R, orbifold AYIARIZRA N

Y ~ @'Y + EN (16)
with the Narain twist
HrA FHBIA L K 5%
© = diag (9,91, 9,), where 8,9, € O(6) and §, € O(16). 17)

We can further impose the orbifold to be of order N by demanding ®~ = 1. The Narain twist must leave
the chosen Narain lattice invariant, i.e., ®' = ', which ensures that the moduli remain invariant under the
orbifold action. Hence, some of the moduli of the original toroidal compactification are hereby fixed. Note
that the possibility 9; # 9y defines an asymmetric orbifold. Limiting ourselves to 9; = 9z = 9, we recover

the geometric picture of the symmetric orbifolds introduced in section "Compactifying the Heterotic String.”

FATRT DA — Pl R ON =1, FRAE orbifold HIMT A N o Az R B 6 A RS T e A AhL X1 A%
A2, BNl Or =T, IXRIE T HAE orbifold fEA NRFFAAL, [EIHIRFA T SH BT ER AR 4
[EE, TR 8y # Ox HIATREMRA BIAKIFR orbifold, MFREN 8, = 9z =9 I, FATEREFRN T “T%
R ZBUL” — T R ARIXFR orbifold AYJLITIE A,

The discrete symmetries of the orbifold include then the subgroup of rotational outer automorphisms of
the toroidal compactification, 2 € O3 (6,6 + 16,2) , that are left unbroken by the orbifold, i.e., which satisfy

A1t orbifold F9BS BN Bk (L & BRI K BRAL FR A orbifold REBRAYBERE SN E MM TRE 5, €
0;5(6,6 +16,2), Rl 2 N zUA) H A4

~—1 o~
Z @kz = O, wherek, k' =1,...,N, (18)

and ® = E~1OF is the Narain twist in the Narain lattice basis. In addition, now there are translational
outer automorphisms of the orbifold (The Narain twist combines with the translations of the Narain lattice to
build the Narain space group S nanin - Formally, it is the outer automorphisms of Sy, that we refer here

as the automorphisms of the orbifold.) given by

H © = E7'OF BRI NIEE FIAHI M EL, A, orbifold JETETEFR A AR (MBI H 5
SRR IR AT SAURIADIN 2 FIFE S Narain o TP, BATTHALATBLRY orbifold B FIFRHEZ
S Narain FISMEFIME, ) IR AH

Y ~Y + ET, with T ¢ z26+16, (19)
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In order to be compatible with the orbifold, the translations must fulfill

AT 5 orbifold tHHZ, EREAZH E

(126416 —O%)T €T, 1<k <N. (20)

Note that these translations build a normal subgroup of the full group of outer automorphism of the
orbifold.

TERIX LA R T orbifold BN B RIAGEER (EALFH#Fo

These discrete residual transformations give rise to R , flavor, modular, and outer-automorphism sym-

metries, which we will discuss separately in what follows.

IXEFIRBE ARG R . BRAFRME, BOSIRMUASE FFTRFREE, BATRAEES AL,

R Symmetries

R XFRPE

Supersymmetric orbifold compactifications usually do not break the Lorentz symmetry of the compact
six dimensions completely but leave discrete remnants which act as R symmetries in the effective description.
Since the superpotential has a nontrivial modular weight, modular transformations, which we will discuss
in more detail below in section "Modular Symmetries,” are generically R symmetries. As we shall see in an
explicit example in section "Geometric Orbifold with V' = 1 SUSY,” certain R symmetries can be instrumental

in resolving some of the phenomenological issues.

EXFRPIE ZBLIBH N 22NN KRR AR, MRS NEBORR, K&K
REARAEIRFEN R AFERIFEEM, BTEESBAAREUEEE, BATRAE I BT
NIRRT IE R L, —BORUARE R MFRME. [EWMIRATKRE “BA N = 1BXFRE LA
B NIRRT B BIRIREE, REERY R XAFRIERT DAH B ol o ME S A Rl

Flavor Symmetries

R R TE

The repetition of families in the SM begs for an explanation. Flavor symmetries may address this ques-
tion. String compactifications can give rise to non-Abelian discrete symmetries in which the three generations
of the SM transform as a 3-plet, or two generations as a 2-plet. Such symmetries may arguably play a role in

understanding the flavor structure of the SM (see, e.g., 53] for references).
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KT PERAMEER R oK T RN R B A AR IR AERE, DR FRIEEF AT DARREIX NS, 52 AT
DA AR DUR B RO FRIE, PR R A = MRA] DA — D =B F, MO — D E A
XA AR AT DA BE AR RS R A RS A A B S F (RHOG S 12 DB AN SRR [53])o

In the geometric approach, flavor symmetries can be obtained from the replication of matter states at
different yet equivalent orbifold singularities in the compact dimensions [79]. The emerging permutations
combine with additional symmetries from the string selection rules to non-Abelian discrete symmetries.
These rules act on matter fields as Abelian symmetries of the effective theory, which can be understood as an
Abelianization of the space group of the orbifold [85]. It has been verified in explicit examples that the above-
mentioned non-Abelian symmetries emerge from continuous gauge symmetries [14] are hence gauged, as

one would expect.

FEJUA TR, BRFRIE AT DRI T S B4 i RE SO R HUE A R A PSR EE S R [79],
F AR ) B S S M SR BN AR IS &, TR AR R DURE RO AR, IX LI MR
N EICHI R DUR AR E eV B b, v DABRARON BIE 22 [IRERI R DURTE [85], EH BAAHGI
FIGUE, IR DURGNARIRIR T ES IO AR [14], B EARUHZ SRERT,

In the Narain formalism, these symmetries are identified with the subgroup of translational outer auto-

morphisms of the orbifold.

£ Narain R, XEXIFRIEXS B T8 P50 B R E) 78,

Modular Symmetries

BN PRt

Modular symmetries are ubiquitous in string compactifications. They are symmetries of certain loop dia-
grams and the partition function. Moreover, toroidal orbifold compactifications exhibit modular symmetries.

It is important to distinguish between the two.

BRI R R B A7, BT VRREE I A AR, IHeoh, SRRt R
HR AR, XXM AR+ 2,

World-sheet modular invariance has far-reaching implications for the UV consistency of the theory, the
comprehensive discussion of which is beyond the scope of this chapter. In particular, modular invariance
conditions constrain the choices of the geometrical data of the models [29, 90]. Among other things, they
ensure that the models are free of anomalies.

TS ERE AP BEC R SRS —BUEIMIRIZ, keIt AT, BAZRERALER
LIS TLATEURAIEEE (29, 90), IERELRUEIENRA K,

Target-space modular invariance provides us with important constraints on the Kdhler potential and

couplings of the theory [64]. These modular symmetries contain crucial information on the couplings of the

theory [38] and even provide us with an alternative to the CFT computation [26].
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HOS R N BRI B AT S 40 T EHLH [64], XL FRIET SEICHSHICHE
B [38], EEA]PUNHEIeTH R ITE [26].

In the geometric approach of toroidal orbifold compactifications, the properties of target-space modular
symmetries have been explored. Among other features, these symmetries are free of anomalies thanks to the
GS mechanism. Further, the transformation of matter fields under these symmetries have been determined.
Denoting by (Here, we adopt the convention T = i (B + i\/M) , where B is the nontrivial component of
the antisymmetric B -field and G the metric of the 2D orbifold sector, respectively.) T the Kédhler modulus of
a T2/Zy orbifold sector, by y any transformation from the corresponding SL (2, Z) modular group, the p th
multiplet @, of twisted matter fields of the orbifold transform according to [65, 66]

FENE L B LA 535, AMTESRS 7S EREDN PR, XL PR R sz —
i, (BB ELRNUEIEER TR, AN, YIFAE XN TR Rt E&E, 12T =
i (B + i\/M) (W FATTRAZL €, H B Z2RAH B HNAEELD R, G 2ilE 4
sector FYERL) H T 8 T2/ZN BUE sector BIFLENEEL, ¥ XTI SL (2, 2) BEEFRVER A, PUEHidh
YIBAR p B @, I [65, 66] Al

q>p.1>(cT+d)”Pp(y)q> , y=< ¢ Z )eSL(Z,Z). (21)
Cc

Here p (y) is a representation of y in a finite (double cover) modular group I; = SL(2,2Z)/I'(A) with A
depending on the order N of the orbifold, and n, is the (possibly fractional) modular weight carried by the
twisted fields [54].

AL o () 2 y TEARR VB R) BifF I = SL(2,2) /T (A) PIFRR, A KBTHIRNM N, n, 24
i HEHT ) (AT REDN 720 1) BRANER [54],

The 4D effective supersymmetric field theory of such a model is governed by these symmetries. In par-

ticular, the modular transformation of the associated Kihler potential reads at leading order

XY PULE S RGBS FRIATE HIX LR RIS, MBS AR AE UK A AT

K = —In(~iT +iT) + 3 (T +iT) ™ |®,|. (22)
p

This transformation is cancelled by a Kéhler transformation of the superpotential provided that the su-
perpotential terms of order m are given by

RE m h@EETH NAH, RS R ARG

WOY(T)D, - (23)

Pm

and have total modular weight -1 per complex orbifold plane, where Y (T) is a modular form.

HEPNEHFEN M ERENEN-1, H v (T) 2EE R,
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In the Narain formalism, the modular symmetries are identified with the subgroup of rotational outer
automorphisms of the orbifold. Note that the R symmetries (cf. section ” R Symmetries”) may also be un-
derstood as remnants of the target-space modular transformations of the complex structure moduli of the
orbifold. This implies a relation between the R charges of matter fields and their so-called modular weights
[72].

YR RIEAA R T, BORFRIEBEE R TR IR S B R 7R, T8 R MR (S UET R
XFRPE” ) AT DABRAR N BT 52 S5 M IR S22 [ RO AR T, IXRERE VI BRI R 52
TR PIERREE Z A7 TR SRER [72]

Outer Automorphisms

¢NENELG]

The effective action can exhibit certain outer-automorphism symmetries. These symmetries contain fun-
damental transformations like charge conjugation C , parity 7 , and time reversal J.CP has to be broken in
the flavor sector order to describe the real world, a criterion that already some of the first explicit string models
turn out to satisfy [71]. Further outer automorphisms comprise the left-right parity of the left-right symmetric

model, which may emerge as discrete remnants of the continuous gauge symmetries after orbifolding [16].

AR R AT IR E RIS B A AR, XSRS A IE ¢ . FHR P IXFIEMA R,
TR 8] 5278 7.C.P A IRAE R X AR REFRIR B SC 5, X — AR Shr b 0 i 9 Ut 2
R [71], HAMAME R R A NI A AR, AT URHIE R BUL G ST AR
B ORAYE RO FRIE [16],

Note that in the Narain formalism some outer automorphisms of the orbifold can also be considered C
-like transformations. It remains to be seen whether there is a connection between such transformations and
the physical €2 .

{ER, fE Narain JERARN, PUBHEIATHIINE R HATEALY cp K0H, XRTHM S cp
Z AR B A E R A R 5E,

Approximate Symmetries and Hierarchies

IO PRI S R AT

Starting at a symmetry-enhanced point has various benefits compared to analyzing generic points in mod-
uli space. The models reviewed in this Chapter give rise to a variety of mildly broken, and thus approximate,
symmetries. As already mentioned above, the latter may conceivably explain the observed hierarchies in the
flavor sector [20]. They may also provide us with solutions to the 4 and/or strong C problems (cf. [25,59]).
They may explain the scales in models of dynamical supersymmetry breaking (such as [56], which requires

an explicit mass for some pairs of vector-like states) or the messengers of gauge mediated SUSY breaking [33].

28



5ot — MR, MWRFRIEE SR R R BRE 20, AEIFRRIEAR R B
BREREEOS FR M IEQHRTSCRTA, XN AR A BEAFRERR sector FRALINEIRYZREEH [20], tHAT
N p TR /E5E CP BRI TT 58 (B U [25,59]), IEA]fRRES ) St FRR A RS Hh A BEAR
(i [56], IZAEEIESRER I R B KAELE explicit JFR), BRI SN PR %1% F EbR
[33].

Challenges

HhAk

Modern days model building faces various challenges. Bottom-up models usually can accommodate
observation but the shear abundance and flexibility of the emerging constructions make it appear unlikely
that these activities alone will provide us with unique answers. This chapter focuses on top-down models,

which come with their own challenges. They include:

SO ZEINT R G 2Pk, B T L ARELE R ] AT S WIMEE R, (HIX ISR 3
%, RIGMAGR, NEEXEPFROEAKATREATATHRME—RE R, AREREE LM FAOEA,
XA AR 5 S RIPAR, R

C1. Obtain the correct gauge symmetry.

CL. 1S FERRIALIEX PR

C2. Obtain the correct spectrum, i.e., the three generations of quarks and leptons without any other states

which are chiral w.r.t. Ggy -
C2. [REIEMRIE, BI=RETEMETF, TREEX Goy FAERIHAMBINS,

C3. Avoid dangerous operators such as those leading to too fast proton decay or too large flavor changing

neutral currents (FCNCs).
C3. MUBHERRBEAT, BII1TBUR TR PReIRSEZE F MR (FCNC) I RHIELT,
C4. Provide a consistent cosmological history.
Ca. Zath BAHY T8 AT,

C5. Reproduce the observed values of continuous parameters of the SM, i.e., the gauge and Yukawa

couplings.
Cs. EHIFMERIESSRAIIME, BIREESIZ) RS,

The first challenge, C1, has been mastered successfully in heterotic model building early on. Compact-
ification breaks the gauge symmetry of the 10D heterotic string, and it is fairly straightforward to obtain the

SM gauge symmetry, or a symmetry that can be broken to Ggy .
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F Pk C1, RAERMZAERI R PR L RRR, BB R HER AR RTE X AR,
SEFRERTIRTE SR E, B2 AT DARER S Goy AUXSFRPEEAH S B,

Obtaining the correct spectrum, i.e., C2, has been a bigger challenge since string models may yield the
wrong number of generations or give rise to chiral exotics. Nonetheless, extensive scans accompanied with
appropriate search strategies have enabled the community to identify a large number of compactifications
that exhibit the chiral spectrum of the SM at low energies (However, the number of chiral generations at
low energies and at the compactification scale may be different [84], so some care needs to be taken not to
prematurely discard models.). Notice that this often involves the appearance of extra, vector-like states which
acquire masses below the compactification scale. While there are some constraints on such states, e.g., from
the requirement that the gauge couplings remain perturbative, they also may play an important role in the
phenomenology of the model, cf. our discussion in section “Chiral Zero Modes”. Another concern stems
from so-called fractionally charged exotics. As already mentioned in section "Early Universe,” there are tight
experimental constraints on their relic abundance (cf. e.g., [51,67]), so the appearance of such states in the
spectrum leads to the requirement that they are not produced copiously in the early universe.

BEIEMIN, AR C2, —EREAMINA, FOALBEARGRMRORIE, SR ET
AESMES, RV, P A OGO AN K AU L ORI AR (e LA Rt ey
FAERIERA CRUL, (RRERIEBILAER PO TAERBTAERR [84], FULHEER R 5
BB, REERIVR, KRR ARSMURRS, TNRERBILERN T RERRE, &
SRR {E— L0, BUNERITEAR O (RSO, (T AT RELE UL R R IR
fER, BRBAME “FAEFE — e, 5—MRERE PRI BErIS, E R
W EGHREIN, SRAHERFREAHAR (IS [51,67)), RIS
RENVR LA R AR,

The offending operators mentioned in C3 include the so-called R -parity violating couplings of the MSSM,
cf. our discussion below Equation (3). Forbidding this couplings requires additional symmetries, the simplest
option being R - or matter parity. This shows, in particular, that it is not sufficient to obtain models with three
generations and the SM gauge symmetry, one necessarily needs additional symmetries. The offending oper-
ators also often get induced by extra states. For instance, SU(3) triplet partners of the MSSM Higgs doublets
may mediate proton decay at an unacceptably large rate [89]. This problem haunts 4D models of grand unifi-
cation but is absent in certain higher-dimensional variants [3]. Nonetheless, it may get reintroduced through
other vector-like states.

C3 IR fE R BT EAG i/ VB FRPR R (MSSM) HAMBRIBEA R FHRHIME S, Z WA
1 3) WL, ZEMIXLRES T ZHINS IR, M AR RS R FAREM TR, IXTCHBE, X
152 BA =ACHAR R ALTEX FRIE R B A GEE), IER05 | NSNS IR, BB tEs =
BEINETE S =4 BlgH, MSSM fs il — B SUR) =B AMKHATRER 5 R RN I HE5%
AR F3R2% [89], XM PLE PHAER G — B, (HIERLE M4 R AE 3], KRB, &
{7y AT REIET HoAth % & RS T H T

While string cosmology is an active field (see Chap. 57, "Moduli Stabilization in String Theory” for more
details), only limited attention has been given to the performance of otherwise promising models, which
overcome C1 to C3. It remains a task for the future to see whether, say, inflation can be realized and a realistic

baryon asymmetry can be generated.
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BT WA — MR CEZ T2 57 8 “sXehiEEE” ), HEXREE LR
T C13|C3, BERREATRAEE, AMISHMHERERIRERE R, FINGEGCIRK, fE
BB E AR, X EER A REAR RIS,

Challenge C5 is major and has not been completely mastered in any known construction so far, let alone
in remotely realistic models. Part of the problem is that the couplings depend on the VEVs of certain scalar
fields, the moduli (cf. section "Moduli”), and possibly other fields (The precise definition of what a modulus is
varies over the literature. In some parts D -flat combinations of the other fields are referred to as moduli.). This
means that mastering challenge C2 requires stabilizing all moduli. This is a topic on its own, which is covered
in Chap. 57, "Moduli Stabilization in String Theory”. Within the examples given in section "Examples,” we

will comment on the extent to which realistic couplings are obtained.

Phik C5 BEREEN, €5 NIEENTH EAMIEFER G e 2R, BRI T,
FR 73 IR REAE TR & R T S Lobr 37 BRI B 1 BEE (S 00 “BE” —1), IERTREMRE T HAthdz (X
BRI AR ARSI E SOF NG —, RISk, HAthz ) D FHA SN, XEWE, W
RPEAL C2 WEREFTAR, RXAGHRE—MEIRE, B 578 “2ePRBREE” L11Tie,
£ KB —HARHEIBIT T, BTGRP SRR TITE,

Examples

N/l

Geometric Orbifold with V= 1 SUSY

HA N =1 8N LHE

Rather than reviewing extensive model scans, let us focus on a particular example, the model of [61].
The orbifold has noncontractible cycles (cf. section "Classification of Toroidal Orbifold Geometries”) which
allow one to break an SU(5) grand unified symmetry nonlocally down to Ggy . This type of GUT breaking
avoids fractionally charged exotics. The spectrum consists of three chiral generations of quark and leptons
plus additional states which are vector-like w.r.t. Ggy but massless at the orbifold point, see Table 1. Like the
majority of models of this type, there is an FI term which has to be cancelled consistently with vanishing of
the F - and (other) D-terms. The corresponding VEVs break the gauge symmetry at the orbifold point down

to

BATAHERERBIVBALH, TRRET R [61] A A — DNRMABRL, ZHEAFEA ] i e it
EUW HEPIEI U 23" —T), XLEHAREARFRNTR SU(5) RGE— TR RIS Ggy,
o XM GUT ki 75 ZUE S 7 0 BT AT R S A =AU i TR, DARES
AR T Gou WRERUBAEPIE RAETEREIIA, IR 1, FIRZSBUISER —FE, iR —
ANFLIA, ZIUAE F WFIH AL D IO ZRIATER M BARiH. MM ESARERHE R4
ALY AR PR
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G residual = Gsm X ZE X SU(Z) hid * (24)

where Ggy and SU(2) ,,; stem from two different Eg factors, and none of the SM matter is charged under
SU2) 14 -

Hrt Goy W SUQ) ., REFMRRN Eg BT, HFFE IR R SUQ),,, B

These VEVs also provide mass terms for all SM charged exotics, yet the Z§ symmetry forbids the mass of
one linear combination of Higgs fields, which gets identified with the MSSM Higgs pair. This pair acquires
a mass after ZX breaking. The order parameter of R symmetry breaking is the gravitino mass, i.e., of the
order of the soft terms, which are assumed to be not too far above the electroweak scale. That is, the Z% ,
which is a discrete remnant of the Lorentz symmetry of compact space, can provide us with a solution to the
u problem along the lines of [7]. In addition, this Z¥ suppresses dimension-5 proton decay operators enough

to be consistent with observation.

xRS B E O AT A PR AT B AR TR T, H Z§ XARIEES R T s T —
MNRMHEGIRG IR, HHEBINE R/ INERNFRIRERT (MSSM) FIFRHEHTN . X AIEHNTE Z§
BEREIRTS R, R NRERERIVF SRR M TR, MESOVIIIES, —MRERRIA
RELHEISIRE SR, WHURD, (FNRBE BRI PRI R remnant () ZF , 7T DA SCER
[7] LR N BAT R B p RV — MERTTR, 1AL, % 28 FTUAFERAR S 4T =R RN, f#H
EWMEER 2

Table 1Z¥ charges of the (a) matter fields and (b) Higgs and exotics. The index i in (a) takes values
i=1,2,3. The ¢; and h; as well as the d; and 5,- are distinguished by their Z% charges.

FHLEHT () PIFIAA (b) s S 3 7N 128 fif, (2) PIFERR i BUEN i = 1,2,3. €;. h; DA
K d; . 6 B ENH Z8 X 57,
@ @ di ¢ & h hy, hy hy hs hg hy hy hy hy hs hg & 8 & & &, 0
Z8% 1 1111728 0202000200 220272200
(a) Quarks and leptons (b) Higgs and exotics

() R EET (b) ST 7A

It has been checked that qualitatively realistic fermion masses arise, i.e., the Yukawa couplings have full
rank, exhibit hierarchies, and lead to nontrivial flavor mixing, and neutrino masses are see-saw suppressed.

However, this is not to say that they are fully realistic, cf. our discussion of C5.

CAWIUEZER ] DSEEEISC TR T, Bl EwRk. FERRME. P EARFREwRER
A, Hr i@ s gUst. (HXAERE B2/ e, SUEN C5 BT
o

Altogether this example shows that explicit string models can successfully address some of the most
pressing questions of (traditional) unified model building, including the ¢ and proton decay problems. How-
ever, it also illustrates that there is still a long way to go before we can claim to have found ”the” stringy SM.

Apart from the question whether or not low-energy SUSY is realized in Nature, one has to successfully fix the
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moduli. While this is a topic on its own, which is covered in Chap. 57,”"Moduli Stabilization in String Theory”,
the ZX symmetry and charges can be used to show that generically there are no flat directions. States with
odd Z® acquire masses because the mass terms carry Z§ charge 2 (mod 4), and the fields of Z¥ charge 2 pair
up with linear combinations of Z§ charge 0 fields. Of course, generic statements do not always lead to the
correct conclusions, and one has to verify explicitly that there are no flat directions, what the possible VEVs

of the Z& charge 0 fields are, and whether they lead to phenomenologically viable couplings in the SM sector.

ZBIERRA, BTSRRI RENS IR (1R 50) Rt — 1AM rp — Lo iR R0A AT ), B4 7]
B R R, EERN MR, HEERIMEVE A" e e RS A IR KA EAE,
bR T RREEX P2 A 1E B RS IX — S, IETRZ AN EIER, REXA SRR — MHE IR
i, TTES 57 2 “RBEIeHRIBERE” thitie, BOWIAIAA Z§ AFEAEIER, —BEL TR
FAEPIETTIA, WA Z§ MNSSRERE, ROABRIUER Z8 fi 208 4), HZR R 2%
5 Z§ #i 0 KR HERN . SR, —REICH LRSI IEMSER, LIMRIESF1E
ST, BHE Z§ 0 0 AT RER E S RE R (4, DU EN R S RETEPRIERTATUS™ AL 7
BMER AL E RS,

Geometric Orbifolds Without SUSY

T XIFR) LT EhE

There is a consistent nonsupersymmetric heterotic string [5, 27, 29] , which can be understood as a freely
acting Z, orbifold of a V' = 1 heterotic string [27,29] . Given the absence of evidence of supersymmetry at
colliders, this version of the heterotic string deserves increasing attention, even though it does not exhibit the
protection that SUSY offers against the appearance of tachyons, quadratic divergences, and a large cosmolog-
ical constant [47].

FHE—D BIRAEREXN AR A% [5,27,29], ‘ER] ASERERA N = 1 Z4(ki% [27,29] BB HIEH Z,
M, BTN EEE R IENFREERIEE, XMz A EEEZ e —REERE&
XS FRAT T, IREBRIK =8 H B R E A (47,

The massless spectrum of this theory comprises three components: the gravitational part includes the
graviton, the antisymmetric 2-form B, , and the dilaton; the gauge bosons of SO (16) x SO (16) arise in the
gauge sector; and the charged matter states build the representations (128, 1) + (1, 128) + (16, 16).

IZIC I TE RIS LS =580 5 I 1B & 51 1. RNFR 2-TE 3K Byy 1 dilation; BT sector
FEAET S0 (16) x SO (16) FUMTEI 1 5 FEYBSHMIAE R (128, 1) + (1, 128) + (16, 16),

Applying similar compactification techniques such as orbifolds as in the super-symmetric case, there
has been some effort to study the phenomenology of compactifications of this string theory in 4D, including
models with a tachyon-free GUTs or SM massless spectrum [1, 2, 12, 77]. Although the progress does not yet
compare to the supersymmetric case, some general features in SM-like models are known. In particular, the
following properties of the massless spectrum are found: (i) at perturbative level, tachyons can be avoided,;
(ii) models with only one SM Higgs exist, but most of them exhibit a larger number of Higgs fields; (iii) there
appear many fermion and scalar exotic states although there are models with a very small exotic spectrum;
(iv) among the exotics, there are @ (100) right-handed neutrinos; (v) leptoquark scalars are present in different
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amounts; and (vi) the number of fermions and bosons can coincide, yielding the possibility of an exponentially

suppressed one-loop cosmological constant.

TN TR —HE N AL X R RS E, EF NP TR FRIZZIe I 4E X BLRIMER 7, |
IR T KRG —FIC BRI T PR IR AR [1, 2, 12, 77], R HATHRIE TR S @A RIEY
MEE, NMIEZ T RSP ERAARA ) — 23w RHIE, BARSIUTC RIS A7 £ DA M EB3) kF
NRTBOB R T (i) A0S — DMRER IR AT AR, (B2 BRI T R % (il
BRI TR RS, PEBAETREREIER; (v) RSP ES 0 (100) G
FHWMT; ) FESRRENRES AR, (vi) BOR T B G RSEAT DHSE, Rt ETEHE
LT DABHE AR,

As an example, let us focus on the model 2 of [77], based on an Abelian orbifold compactification of
the ' = 0 string (in the bosonic formulation). It includes the SM gauge group and additional SU(2) and
U(1) factors. In the fermionic sector, there are only three SM generations arising from twisted sectors and
119 right-handed neutrinos. In the scalar sector, besides 9 Higgs doublets and 9 scalar leptoquarks, there are
30 SM singlets, which may be considered flavons of a traditional A (54) flavor symmetry. The modular flavor

features of this kind of models are not known.

BT, TAPRE SR [77] PRIER 2, BET N = 0 9% BRERIAT) KR IURPUE R E L, %
BRI E SFRMERTERE, DAAEIIMG SU2) #1 U(L) Al BKF sector 1, A =FCRBEH# sector
FIPMERIRIBOR X, DA 119 NME T . i sector HF, BRT 9 DAAS T —E M 9 M
BEw, 6 30 MMEBRIRE, Al IAINIESE A (54) BRNFRPERTBRI 7o IXAEBLRIRER L
RHATER B,

Smooth Compactifications

Jei R

As already mentioned, one can obtain smooth compactifications of the heterotic Eg X Eg theory in ten
dimensions. If the compactification is to preserve V' = 1 supersymmetry in four dimensions, the compact
space has to be a CY manifold [24]. Models with the chiral spectrum of the MSSM have been found in this
approach, see, e.g., [10]. Notice that, a priori, it is not clear that every supergravity compactification of this type
has a stringy origin [48] but is expected that a substantial fraction of the models in the literature correspond
to string models. Machine learning techniques have been utilized to efficiently find models with the gauge
symmetry and chiral spectrum of the SM [86]. It will be interesting to see if the absence of certain terms [6,
88] can be understood in terms of ordinary symmetries as is the case in the orbifold models discussed here, or
if novel mechanisms are at play. In the latter case, this may provide us with new ways of overcoming C3. In
passing, let us mention that a significant amount of smooth models can be obtained from orbifolds via blow-
up (cf. e.g., [46]). In particular, giving VEVs to fields that are massless at the orbifold point often amounts to
resolving the orbifold singularities. A detailed discussion of these interesting topics is, however, beyond the

scope of this chapter.
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Where Do We Stand?

BATT E iridk e ug?

The aim of heterotic model building is to reproduce and interpret particle physics in the heterotic string.
This can be achieved by identifying appropriate compact-ifications. As we have discussed, various approaches
have led to large sets of semi-realistic models that exhibit the matter spectrum of the standard model, its
minimal supersymmetric version, as well as certain gauge extensions such as GUTs. Using various techniques,
the effective symmetries of these constructions have been studied, which has yielded interesting implications

for flavor physics, G2 violation, proton stability, supersymmetry breaking, among other features.

AR BB G2 EIHe R TR, X 0] OB HE SR R B SLH, ik
AT, Z2MITREARE T REFISEAE S, KRB AL, N FrbriE
IR, thElS RGBSR MY R, FIF#2ET7T%, BNEEMR TREMIER
AROSFRME, B2 THXRYEL, e BIA, FTiEtt, BIFREREIE 2 MR E R,

However, a clear, let alone unique, picture has not yet emerged. The gauge and Yukawa couplings are,
in principle, consistent with observation in a subset of the models. However, solid and precise predictions of
the latter have remained largely elusive so far. This is hardly surprising. To see why, recall that we believe
to know the Lagrange density of QCD in great detail but it remains a challenge to precisely compute basic
quantities like the proton mass. In string phenomenology, the analogous analyses are even more challenging
as the computation of many observables requires, among other things, a precise, quantitative understanding
of moduli stabilization, which has not yet obtained. However, one can turn this around by saying that the
explicit models provide us with a framework in which progress in these open questions can lead to testable
predictions for the many parameters of the SM as well as BSM physics. We expect that this framework will
also deliver a picture to address some of the pressing puzzles in cosmology.
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