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Munich 1981

1981 - 1983: my postdoc years at the MPP in Munich (very
lively period, Fritzsch and Peccei younger than 40, ...)

Dominant topic in theory: compositeness of quarks,
leptons and W-bosons; fashionable at some places: Bjorken;
Hung, Sakurai; fermion-boson models: Abbott, Farhi; Barbieri,
Masiero, Mohapatra; ...; mainstream: electroweak theory

Munich LMU: Fritzsch-Mandelbaum model, ...

Munich MPP: quasi-Goldstone fermions, partners of
(pseudo-Goldstone bosons), makes use of supersymmetry
Peccei, Yanagida, VWB; Mohapatra et al,Veneziano et al...
(1981: book by Wess & Bagger appeared, supersymmetry
became “popular™)



Fritzsch-Mandelbaum Model

Fig. 1. The process vg +d = e~ + u.

M2 =MZ(1 -1,
where A is defined by:
(e/g) A = “sin?6,” ~ 0.23

composite quarks and leptons

as fermion-boson bound states;
QCD-like dynamics; W3 — ~
mixing yields structure of neutral
current; mixing parameter
dynamical

1983: discovery of W and Z,
confirmation of electroweak
theory; strong dynamics at
TeV energies still possibility

2021: proposal of dark matter
candidate in FM model



Caltech 1975

special place: Feynman, Gell-Mann, Scherk, Schwarz, Brink,
Fritzsch, Minkowski, ...

Dominant topics in theory: QCD, parton model and jets,
weak interactions, string theory (first theory of hadrons, then
QCD scale became Planck scale), symmetries, ...

1974: SU(5) grand unification by Georgi & Glashow;
quarks and leptons in reducible representation; prediction:
neutrinos are massless

1975: SO(10) grand unification by Fritzsch & Minkowski,
and Georgi; quarks, leptons and right-handed neutrinos
in single irreducible representation; prediction: neutrinos
are massive and Majorana
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It 1s suggested that a unifying description of leptons and hadrons can be obtained
within a nonabelian gauge theory where the gauge group is a symmetry group of a set
of massless elementary fermions (leptons, quarks). We investigate the consequences of
such an approach for the strong, electromagnetic, and weak interactions. We study both

gauge theories with and without fermion number conservation, e.g., theories based on
the groups SU, X SU, (n = 8, 12, 16) and SO, (n = 10, 14).



Structure of SO(10) models
matter fields: 16 = (q,1,u% e d, v°)

Higgs fields: 45, 10, 126 or 16

embedding of SM gauge group:
Ggp C SU(S)C X SU(Z)L X U(l)y X U(l)B_L C...C SO(IO)

Yukawa couplings: £y =h 16-16-10+h' 16-16 - 126

breaking of B-L/neutrino masses:

16 - 16 - (126) or 16 - 16 (16)(16)

seesaw mechanism, leptogenesis ...



Extensive literature on (SUSY) SO(10) models, see e.g. Raby’s 2017 review:

Table 10.6 Forty-five observables that we fit

Observable Exp. value Ref. | Program Th. error
My, 91.1876 £ 0.0021 GeV [47] | Input 0.0%
My 80.385 £ 0.015GeV [47] 'maton 0.5%
Qem 1/137.035999074(44) [47] |maton 0.5%
G, 1.1663787(6) X 10> GeV~—2 | [47] |maton 1%
a3(Mz) 0.1185 £ 0.0006 [47] |maton 0.5%
M, 173.21 £0.51 £0.71GeV | [47] |maton 0.5%
my,(my,) 4.18 4 0.03 GeV [47] |maton 0.5%
M, 1776.82 £ 0.16 MeV [47] |maton 0.5%
mp — me 3.45 £ 0.05GeV [47] |maton 10%
m.(m.) 1.275 £ 0.025GeV [47] 'maton 0.5%
m(2 GeV) 95 & 5MeV [47] |maton 0.5%
mg/mg (2 GeV) 17-22 [47] |maton 0.5%
Q 21-25 [47] 'maton 5%
M, 105.6583715(35) MeV [47] 'maton 0.5%
M, 0.510998928(11) MeV [47] |maton 0.5%
| Vs 0.2253 £ 0.0008 [47] |maton 0.5%

....T 31 observables; 25 parameters
quantitative description of data, BUT: many parameters (& assumptions), large

Higgs representations, doublet-triplet splitting (?) ... looks complicated ...



The "exceptional sequence”

Exceptional groups Dynkin diagrams Coset spaces E, 1 /E, X U()
E, = SU3) X SU(2) o—o0 °

o) (3,2) +c.c.
E, = SU(5) o—o-é

0 10 + c.c.
E, = SO(10) o—0—d~0

16(=5+10+1) +c.c.

E6 o—o—j--o-o

i_ 27(=16 + 10+ 1) + c.c.
E7 O0—0— 0~ (0—0—0

o 56(=27+27+1+1)+1+c.c.
Eg 0—0—d0m0—0—0

SO(10) is part of a sequence of exceptional groups whose coset spaces contain
the matter representations of GUT models; this picture emerges in string
theory, in the E8xE8 heterotic string as well as in F-theory ; first step: 5d
orbifold GUTs, S'/(Z, x Z5),SU(5) in bulk, GUT breaking at fixed point,

doublet-triplet splitting, [Kawamura; Hall, Nomura; Hebecker, March-Russell '01]



S0O(10) in six dimensions

Consider SO(10) GUT group in 6d, broken at orbifold fixed points to
standard SU(5)xU(1), Pati-Salam SU(4)xSU(2)xSU(2) and flipped SU(5)xU(I),
with SM group as intersection; bulk fields 45, 16, 16*, 10’s [Asaka, WB, Covi '01;
Hall, Nomura et al ’02; ...,WB, Dierigl, Ruehle, Schweizer ’|5]; gauge symmetries:

CGG Cﬁ

SO(10) x U(1) 4

Gr L A Cps

N 16’s from charged bulk 16-plet and N magnetic flux quanta:

16 [SO(10)] ~5*4+10+1 [SU(5)| ~ q,1,u®, e, d¢, v° [Gsm]



Higgs fields from uncharged bulk 10-plets, form split multiplets:
H >oH,, Hy>H;, Vv>O>D°N° WVY° DD N

Flux breaks supersymmetry [Bachas '95], soft SUSY breaking only for
quark-lepton families:

47 N
2 _ .2 _ 2 15 2
M* =mz=m; = : ~ (107 GeV)
m3/2~1014 GeV , mézm?>mg/2~m1/2>>mﬁ

Emerging picture of Split Symmetries (reminiscent of “split SUSY”,
Arkani-Hamed, Dimopoulos; Giudice, Romanino "04):
* supersymmetry breaking is large for scalar quarks and leptons
because they form complete GUT multiplets
* supersymmetry breaking is small for gauge and Higgs fields
because they form incomplete GUT multiplets (THDM)
flavour physics and proton decay OK, fine-tuning problem for Higgs;
phenomenology at LHC: SM + 2 Higgs doublets + light higgsinos



6d SO(10) F-theory vacua

[Vafa, Morrison '96; TASI lectures: Taylor ’I |, Weigand’ |17;VVB, Dierigl, Oehlmann, Ruehle ' | 7]

F-theory corresponds to version of 10d type-IlIB string theory with D7-branes;
complex axiodilaton is treated geometrically as modular parameter of 2-torus,
leads to 12d theory as starting point; supersymmetric compactifications
require Calabi-Yau (CY) manifolds; first step: compactification on CY 2-fold
K3, treated as fibration of torus over sphere.

Consider polynomial for torus in Weierstrass form:
F=—y4+a2°+fr+g=0
with dependence on base coordinates 2o, d;(29,21) ,

1
f :zg (—gdgdg + zoR1 + O(z%)) :

2
g =z (-2—74§df’; + zoRo + 0(z§)>



Torus is singular at point (z,y) if discriminant vanishes,

OF OF
F:—:—:
Oy

0
Ox ’

A=4f+27¢* =0

ord (f) | ord (g) | ord (A) | singularity | nonabelian symmetry
>0 >0 0 none none
0 0 n An—l SU(’I’L)
> 1] 1 2 none none
1 > 9 3 A SU(2)
> 2 2 4 A, SU(3)
2 3 n+ 6 D, 4 SO(8 + 2n)
>92 | >3 6 D, SO(8)
> 3 4 8 E, E,
3 > 5 9 E, E,
>4 5) 10 Eg Eyg

Table 1: Table of singularity types for elliptic surfaces and associated nonabelian symmetry groups.

Kodaira classification of singularities in terms of torus polynomials




Tuning to singular K3

over zg = 0

Shioda map

0302
010

from fibration of torus over sphere to K3 with resolved SO(10) singularity



Resolution of singularities in terms of ‘spheres’ whose intersection numbers
can be computed [Bouchard, Skarke *03]; for SO(10) singularity one gets 5 Ps,
calculation of intersection numbers yields SO(10) Cartan matrix:

DZIP;:P,}DJ:—(CSOO()))”, Z,J:1,5,

2 -1 0 0 0
-1 2 -1 0 0
o -1 2 -1 -1
0 0 -1 2 0
0 0O -1 0 2

Cso(10) =

Hence, SO(10) algebra from geometry of elliptical vibration! Further
tuning can yield stronger singularities and enhancement to SO(12) and Eé
with 10 and |6’s as coset matter’



Intersection pattern at resolved SO(10) singularity and SO(12) enhancement:

E6 enhancement with |6 matter,
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8d SO(10) gauge theory;
matter localized at curves

(6d subspaces); Yukawa
coupling at 4d subspace

)

standard F-theory picture: 3 different matter curves intersecting at locus of
Yukawa coupling in CY 4-fold (property of base)



SO(10) & gravitational waves

Formation of topological defects generic feature of cosmological GUT phase
transitions[Kibble '76]: strings, monopoles etc. Hot topic after new PTA data in
June: evidence for stochastic gravitational background in nHz band - SMBHB or
cosmological origin, in particular cosmic strings! [Shafi et al, King et al, Antusch
et al, Ellis et al, ...,WB, Domcke, Schmitz (following slides)]. PTA data disfavor stable
strings but favor superstrings and metastable strings. Cosmic string networks
can form by Kibble mechanism and decay by nucleation of monopoles.

Decay rate per string unit length [Preskill,Vilenkin ’92, ...]:

2
[y = zﬁ; exp (—7Kk) , K= T%

determined by string tension and monopole mass



SO(10) breaking allows formation of monopoles and strings (one more U(I)
beyond SM needed, i.e. B-L); early example [Kibble, Lazarides, Shafi *82]:

S0(10) 23 SU(5) x U(1) &2 G x Zo

first breaking yields monopoles, second breaking yields stable strings,
non-trivial homotopy group 7 (M) = Z, ; similar example:

SO(10) 2 SU(5) x U(1) **8'° Geumr

first breaking yields monopoles, second breaking yields metastable strings,
trivial homotopy group n; (M) =1

Note: | 6-plet appears in exceptional sequence, |126-plet does not appear
in exceptional sequence! Homotopy group crucial in analyzing topological
defects; see [Vilenkin, Shellard ‘2000; Lazarides, Shafi, ...’ |8, ...; Murayama, ...21, ...]



Monopoles & metastable strings

Simplest example: supersymmetric breaking of SU(2)g x U(1)p_1;
embedding in SO(10):

Ggym CSU@B)e x SU(2), xSU(2)g x U(1)g_r C ... C SO(10)

fields U ~ (3,0), S~ (2,q), S. ~ (2,—q);Kahler and superpotential:

K =Ue2Vy + 51‘62(9\7+g’qv’)5 n SIE—Z(QV—FQ'QV')SC + ¢T¢ 4 ¢/T¢/ |

1 1 -
P = gt-,r[WW]+ZW’W’JFQhka;’jULS*
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singlets fields @ and @’ play role of inflatons in two stages of supersymmetric
hybrid inflation (dilution of monopoles, primordial density fluctuations)



symmetric breaking vacuum (SU(2) has to be broken first):

a _ Vu P
U —ﬂdag, S—Sc—vs(())

monopole mass and string tension:

mar , U 2TV
g
decay parameter: m2, 82
= —"""~ "5 2
K 9° Vs

analysis of early NANOGraph data: signal can be explained in terms of
metastable cosmic strings for \/x ~ 8 [WB, Domcke, Schmitz *20];
corresponds to similar symmetry breaking scales v,, ~ v4 [WB, 21];
before MCS were always considered as effectively stable!
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[WB, Domcke, Schmitz "21,23]

calculation of GWV spectrum complicated, several uncertainties; amplitude

and spectral index determined by vy, Vs:

Qplateau ~

128 t/2
B _TWBQT <@) ~ Vs, Ny =dInQg,/dIn f

I



5x 10715}
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5 x 1013} , . [WB, Domcke, Schmitz "23]

' | o Qg\,\l,h =10 175
0.5 1.0 1.5
Ny

recent PTA data: 10710 < QPTAh2 <1072, 05 n; <3 (ny~1);
for fixed QPTA MCS predlct dependence Vs (nt) upper bound from
LIGO- VIRGO KAGRA (LVK); sweet spot

= few x 10'*GeV, n; ~ 1
Hope: discovery of SGWB at LVK!



Summary

* Compositeness at TeV energies (LHC) (?)

* Hints for SO(10) grand unification of Fritzsch & Minkowski:
unification of matter
gauge coupling unification and proton decay
neutrino masses, seesaw mechanism, leptogenesis
SO(10) from geometry in string theory
Gravitational waves from cosmic strings (?)

Different pieces of a puzzle, more and more convincing,
likely to be lasting contribution to particle physics



