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Disclaimers

References:

Sometimes | will put references to the original works,
sometimes to literature in which the things mentioned
are explained well. You can click on the references to
get dragged to the INSPIRE record. | apologize for
having to suppress references. My selection of
references does not imply a rating.




Disclaimers

Selection of topics:

Grand Unification is a vast field which is impossible to
completely survey. Since there is no explicit
experimental data on Grand Unification, many
statements and preferences are opinion—based.
Different researchers have different opinions on the
virtues and shortcomings of this scheme. | will present
my opinion and will make attempts to justify my
statements, yet I'd like to make you aware that there
are researchers whose opinion will differ from the
views presented in these lectures.




Grand Unification Outline & plan

Outline

© Introduction

@ Grand Unification in D = 4
® Grand Unification in D > 4
® Modular Flavor Symmetries

® Concluding remarks
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The
standard model

of particle phyics

is extremely successful in describing observation.
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There are reasons to go beyond the standard model (SM):

@ observational:

e cold dark matter
e baryon asymmetry of the universe
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There are reasons to go beyond the standard model (SM):

0 observational:

e cold dark matter
e baryon asymmetry of the universe

@ theoretical: in the ‘language’ of the SM, quantum field theory, it is hard
to describe gravitation

© aesthetical: the structure of the SM is very ‘peculiar’

| Quarks ‘ Leplons . Force particles



Unification of forces



Grand Unification Grand unification in 4d

Unification of all forces
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Grand Unification Grand unification in 4d

Unification of all forces

I(— experimentally confirmed )I( speculations _)I

= magnetism

electro-
VEW ~~ 100 GeV

magnetism SU(2), x U(1)y

= electricity

weak

interactions

strong Mpianck
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1019 GeV
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gravity
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Grand Unification Grand unification in 4d

Forces in Nature

invariance

under local

coordinate
transformations

weak force electromagnelism
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Grand Unification Grand unification in 4d

Forces in Nature

invariance

under local invariance

coordinate under local SU(3)
transformations rotations

ol acimmenn invariance
under local
U(1) rotation on
an ‘internal
circle’
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Grand Unification Grand unification in 4d

Forces in Nature

invariance

under local invariance

coordinate under local SU(3)
transformations rotations

(&
¥

strong force

sk s . invariance

invariance
under local SU(2) under local
rotations U(1) rotation on
an ‘internal
circle’
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Grand Unification Grand unification in 4d

Interactions

local U(1) rotation '
() = (Calischy o) (22)

U — explif(z)] ¥
e.g. electron

Ve — explif(x) ge] Ve

or
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Grand Unification Grand unification in 4d

Interactions

local SU(3) rotation : e.g. quark

(o * % %k ’qj“)q
Yq — * ok % Vg
Vq * ok ok Yq
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Grand Unification

Interactions

local SU(2) rotation : e.g. lepton

9 I D
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Grand Unification Grand unification in 4d

Interactions

local SU(5) rotation

’L;L'q ko ok ok ko ’U’q
Pq kook ok ok sk Yq
Vg | = [ * * * *x x g
Uy, * ok ok ok ok Py
Pe * % % % % Pe

i all known (gauge) interactions can be unified in SU(5)
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The structure

of the

standard model
hints at

unification



Grand Unification Grand unification in 4d

One generation of standard model matter

a ql q

at ab q

15 |eft—handed quark doublets: g1, = SU(2)y,

SU@3)c
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Grand Unification Grand unification in 4d

One generation of standard model matter

a ql q

at ab q

== |eft—handed quark doublets: ¢qp, =

4
15 |eft—handed lepton doublets: ¢, = ( ﬁi ) = ( VL ) ISU(2)L
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Grand Unification Grand unification in 4d

One generation of standard model matter

a ql q

@t at g

== |eft—handed quark doublets: ¢qp, =

"
1= |eft—handed lepton doublets: /1, = ( ﬁi ) = ( VL )

= right-handed u—type quarks: ug = ( Ur Uy Up )

SU@3)c
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Grand Unification Grand unification in 4d

One generation of standard model matter

Tt o
4y 44 4
1= |eft-handed quark doublets: ¢, = re b

S
= |eft—handed lepton doublets: ¢}, = ( ) ( )
= right-handed u—type quarks: ug = ( Ur Uy Up )
15 right—handed d-type quarks: dr ( d dg, db)
SU@B)c
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Grand Unification Grand unification in 4d

One generation of standard model matter

a ql q

at ab q

== |eft—handed quark doublets: ¢qp, =

= |eft—handed lepton doublets: ¢}, =

= right-handed u—type quarks: ug = ( Ur Uy Up )
15 right—handed d-type quarks: dr = ( d. d, dy )
(

1= right—handed lepton singlets: er =
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Grand Unification Grand unification in 4d

One generation of L-R symmetric matter

a ql q

@t at g

== |eft—handed quark doublets: ¢qp, =

"
1= |eft—handed lepton doublets: /1, = ( ¢ ) = ( VL )
o er
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Grand Unification Grand unification in 4d

One generation of L-R symmetric matter

Tt o
4y 44 4
1= |eft-handed quark doublets: ¢, = re b

@t at g
T

1= |eft—handed lepton doublets: /1, = (E ) = ( VL )
o er

= right-handed u—type quarks: ug = ( Ur Uy Up )
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Grand Unification Grand unification in 4d

One generation of L-R symmetric matter

a ql q

at ab q

left—handed lepton doublets: /1, = ( ) ( )

== |eft—handed quark doublets: ¢qp, =

=

&

1 right—handed u—type quarks: ug Up Ug Up )

15 right—handed d-type quarks: dr d. d, dy )
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Grand Unification Grand unification in 4d

One generation of L-R symmetric matter

a ql q

@t at g

"
1= |eft—handed lepton doublets: /1, = ( ﬁi ) = ( VL )

== |eft—handed quark doublets: ¢qp, =

q q} @

1

= right—handed quark doublets: qg =
qfi- (1‘# qp

SU@3)c
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Grand Unification Grand unification in 4d

One generation of L-R symmetric matter

Tt o
4y 44 4
1= |eft-handed quark doublets: ¢, = re b

S
T
1= |eft—handed lepton doublets: /1, = ( ¢ ) = ( VL )
o er
. a ql al
1= right—handed quark doublets: g = N 'lfwif'?'f'

= right—handed lepton doublets: /g = ( le/R )
R
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Grand Unification

...in 4 dimensions



Grand Unification Grand unification in 4d

The standard model of particle physics

0 [ 0 Higgs

Quarks ‘ Leplons . Force particles
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Grand Unification Grand unification in 4d

Gsm C SU(5) (1)

= SU(3)c and SU(2)y, ‘fit’ into SU(5)
*ox % ok % k%
ok % * ok % k%
* ok K =% x * x x
* * ok k%
(* *) ¥ % ok k%
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Grand Unification Grand unification in 4d

Gsm C SU(5) (1)

= SU(3)c and SU(2)y, ‘fit’ into SU(5)
*ox % ok %k %
ok % ok % k%
* ok K = |x x x % %
* * kK k%
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Grand Unification Grand unification in 4d

Gsm C SU(5) (1)

= SU(3)c and SU(2)y, ‘fit’ into SU(5)
*ox % ok % k%
ok % * ok % k%
* ok K =% x * x x
* % * ok k%
(* *) ¥ % ok k%

5 d—type quarks and lepton doublets can be combined to SU(5) 5—plet
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Grand Unification Grand unification in 4d

Standard model matter in SU(5) (1)

15 quark doublets, u—type quarks and lepton singlets can be combined to
SU(5) 10—plet

OC ul —1({2 a g
—uy 0 Uy q; qj

1 C C T
— (I 0 q qy
N Jf + T €

- —qt —qi €€ 0

10 = xij =

Michael Ratz, UC Irvine Invisbles23 School 17 / 46


https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Grand unification in 4d

Standard model matter in SU(5) (1)

15 quark doublets, u—type quarks and lepton singlets can be combined to
SU(5) 10—plet

0 u,c) —ug qI q;L
c .C
) —ui 0 oy q% q%
10 = x;; = u¢  —uf 0 Qg

e U

2 g

V2 - —q) —ql 0 €
- —qt —qi €€ 0

15 transformation of 10—plet
x—=>U-x-UT

SU(5) matrix
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Grand Unification Grand unification in 4d

Standard model matter in SU(5) (Il)

1= specialize to SU(5) transformations of the type

Us 0
U—
(5 o)
SU(3)¢ matrix SU(2)r, matrix
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Grand Unification Grand unification in 4d

Standard model matter in SU(5) (Il)

1= specialize to SU(5) transformations of the type
_(Us 0O
v=(% v)
== short—hand notation

1 u’ q)
10 =x =
X \/5 <_qT eC
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Grand Unification Grand unification in 4d

Standard model matter in SU(5) (Il)

1= specialize to SU(5) transformations of the type
Ao

1= short—hand notatiorzj
10=x= % <—un eqc)

= transformation of u—type quarks

4C e 4C —aC
0 Wy Uy 0 Uy, Uy .
—uy 0 uC | = Us- | —uf 0 u$ | U
c c c €
Ug — —Uy 0 Uy  —Up 0
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Grand Unification Grand unification in 4d

Standard model matter in SU(5) (Il)

1= specialize to SU(5) transformations of the type
Ao

1= short—hand notatiorzj
10=x= % <—un eqc)

= transformation of u—type quarks

4C e 4C —aC
0 Wy Uy 0 Uy, Uy .
—uy 0 uC | = Us- | —uf 0 u$ | U
c c c €
Ug — —Uy 0 Uy  —Up 0

= y—type quarks transform as 3—plets
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Grand Unification Grand unification in 4d

Standard model matter in SU(5) (111)

= transformation of quark doublets

a a a qf
0 @ | = Us-|d) a |- UF
@ a 9 a4
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Grand Unification Grand unification in 4d

Standard model matter in SU(5) (111)

= transformation of quark doublets

a a a qf
q% (1% — Us - q; q% Ur
Q@ 4G G

= quark doublets transform as (3,2) under SU(3)¢ x SU(2)y,
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Grand Unification Grand unification in 4d

Standard model matter in SU(5) (111)

= transformation of quark doublets

a a a qf
0 @ | = Us-|d) a |- UF
@ a 9 a4

= quark doublets transform as (3,2) under SU(3)¢ x SU(2)y,

== transformation of lepton singlets

0 eC 0 GC T
(L )= (e 5) 03
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Grand Unification Grand unification in 4d

Standard model matter in SU(5) (111)

= transformation of quark doublets

a a a qf
q) qé — Us- | ) q% Ut
(]Z qy qu 4y

= quark doublets transform as (3,2) under SU(3)¢ x SU(2)y,

== transformation of lepton singlets

0 eC 0 GC T
(L )= (e 5) 03

w ¢C transform as singlets
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Grand Unification Grand unification in 4d

Unification of matter

w= SU(5) representations 5 and 10 contain precisely one generation of
standard model matter

d< . q
, } —~5 and ) — 10
€
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Grand Unification Grand unification in 4d

Hypercharge (1)

1= hypercharge is SU(5) generator that commutes with the generators of the
SU(3)¢ and SU(2)y, subgroups
—1/3
—1/3
ty =N —1/3
1/2
1/2
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Grand Unification Grand unification in 4d

Hypercharge (1)

1= hypercharge is SU(5) generator that commutes with the generators of the
SU(3)¢ and SU(2)y, subgroups
—1/3
—1/3
ty =N —1/3
1/2
1/2

= (Ggy maximal subgroup of SU(5)
SU(5) D SU(3)C X SU(Q)L X U(l)y = GsMm
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Grand Unification Grand unification in 4d

Hypercharge (II)

15 infinitesimal ty transformations of 5—plet

df % dc Qv df
(Ig 5 d Qv (lg
—ty dlc) =N % dlc =N | Qy d%
a —% a Qy (1
Ias -3 o Qy 0+

normalization constant
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Grand Unification Grand unification in 4d

Hypercharge (II)

15 infinitesimal ty transformations of 5—plet

d; gdr Qy dg
(ZS 3 clg Qv (ZS
—ty dg =N 3 dg =N Qy dg
A f% A Qv A
A -3 A Qy ¢+

= jnfinitesimal transformation of 10—plet

C C C
U q U q u q
(—qT ec) "~ <—qT ec) A (—qT ec)

I
/T

=
= O
N~~~
/‘\
< S

N aQ
0
N~ +

+

=
/‘\

IS
Q a
N aQ
mQ,Q
"
/T
Ow\»—‘
= O
"
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Grand Unification Grand unification in 4d

Hypercharge (II)

15 infinitesimal ty transformations of 5—plet

d; gdr Qy dg
d;’ 3 (ZSC/, Qv (ZE/’
—ty dg =N 3 dl% =N Qy dg
A f% A Qv A
A -3 A Qy ¢+

= jnfinitesimal transformation of 10—plet

C C C
U q U q u q
(—qT ec) "~ <—qT ec) A (—qT ec)
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Grand Unification Grand unification in 4d

Hypercharge (II)

15 infinitesimal ty transformations of 5—plet

dS % dS Qy d
(Ig 5 dg Qv (lg
—ty dlc) =N % dlc) =N | Qy d%
VA _% o Qy Vi)
o+ -3 A Qv o4

C C C
u q u q u q
(qT 6(”) ~ (QT 6C> e (qT 6C>

with
uC Uc uC
A (_qT ch> =ty (_qT 6qc) + ( " eqc) ty
2. ¢ 1
NV - L LA < Qyu QY(I>
<—z T o1e€ Qv (—¢7) Qy €€
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Grand Unification Grand unification in 4d

Hypercharge (II)

15 infinitesimal ty transformations of 5—plet

dS % dS Qy d
(Ig 5 dg Qv (lg
—ty dlc) =N % dlc) =N | Qy d%
VA _% o Qy Vi)
o+ -3 A Qv o4

c c c
u q U q U q
(qT 6(”) ~ (QT 6C> e (qT 6C>
with
c c c
U qy\ _ u q u q T
A (_qT 6c> =ty (_qT 60) + (_qT ec) ty
1
G

qy _ Qy u® Qv q
¢ _N<QY(—QT) QY€C>

= standard model hypercharges get reproduced!
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Grand Unification Grand unification in 4d

Hypercharge (lII)

= SU(5) explains charge quantization
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Grand Unification Grand unification in 4d

Hypercharge (lII)

= SU(5) explains charge quantization
1= normalization for SU(5) generators

Tr (Ta Tb) = %éab
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Grand Unification Grand unification in 4d

Hypercharge (lII)

= SU(5) explains charge quantization
1= normalization for SU(5) generators

Tr (Ta Tb) = %éab

I impose

Tr(ty ty) = N?-(3/9+2/4) = N?.

[ N3
D)
z
Il

ot w
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Grand Unification Grand unification in 4d

Hypercharge (lII)

= SU(5) explains charge quantization
1= normalization for SU(5) generators

Tr (Ta Tb) = %éab

I impose
Tr(ty ty) = N?-(3/9+2/4) = N?.

~ N:\/E

= normalization can be absorbed in redefinition of the coupling strength g;

[N 3
DN =
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Grand Unification Grand unification in 4d

Extra gauge bosons

= SU(5) gauge bosons

X Xy
X G- 2B X% X%
A= 7 X} X3
X" X XU | Wi+ 5B wt
DealiD cold ¢ o w- — WP+ B
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Grand Unification Grand unification in 4d

Extra gauge bosons and group work

= SU(5) gauge bosons

X Xy
X G- 2B X% X%
A= NG X3 X3
X" X XU | Wi+ 5B wt
XXy Xy w- — WP+ B

== group work: what are the standard model quantum numbers of the extra

gauge bosons?
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Grand Unification Grand unification in 4d

Extra gauge bosons and group work

= SU(5) gauge bosons

X Xy
X G- 2B X% X%
A= NG X3 X3
X" X XU | Wi+ 5B wt
XXy Xy w- — WP+ B

== group work: what are the standard model quantum numbers of the extra
gauge bosons?
24 = (83 1)0 2] (13 3)0 S (1a 1)0 D (37 2)—5/6 D (§7 2)5/6
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Grand Unification Grand unification in 4d

Extra gauge bosons and group work

= SU(5) gauge bosons

X Xy
X G- 2B X% X%
A= NG X3 X3
X" X XU | Wi+ 5B wt
XXy Xy w- — WP+ B

== group work: what are the standard model quantum numbers of the extra
gauge bosons?
24 = (8 1)0 2] (13 3)0 S (1a 1)0 D (37 2)—5/6 D (§7 2)5/6

gluons
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Grand Unification Grand unification in 4d

Extra gauge bosons and group work

= SU(5) gauge bosons

X Xy
X G- 2B X% X%
A= NG X3 X3
X" X XU | Wi+ 5B wt
XXy Xy w- — WP+ B

== group work: what are the standard model quantum numbers of the extra
gauge bosons?
24 = (83 1)0 2] (1~ 3)0 S (1a 1)0 D (37 2)—5/6 D (§7 2)5/6

SU(2)L

Michael Ratz, UC Irvine Invisbles23 School 24 / 46
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Grand Unification Grand unification in 4d

Extra gauge bosons and group work

= SU(5) gauge bosons

X Xy
X G- 2B X% X%
A= NG X3 X3
X" X XU | Wi+ 5B wt
XXy Xy w- — WP+ B

== group work: what are the standard model quantum numbers of the extra
gauge bosons?
24 = (8,1)0 ® (L,3)o ® (1,1)0 ® (3,2) 56 D (3,2)ss

Ul)y
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Grand Unification Grand unification in 4d

Extra gauge bosons and group work

= SU(5) gauge bosons

X Xy
X G- 2B X% X%
A= NG X3 X3
X" X XU | Wi+ 5B wt
XXy Xy w- — WP+ B

== group work: what are the standard model quantum numbers of the extra
gauge bosons?

24 =(8,1)0®(1,3)0® (1,1)0® (3,2) 55 & (3, 2)s/6

extra gauge bosons
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Grand Unification Grand unification in 4d

Pati—Salam vs. Georgi—Glashow

15 Pati-Salam

4

q, q; qp vy,

(]TL- (1,% sz eL

B e

SU(3)c

SU2)L
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Grand Unification Grand unification in 4d

Pati—Salam vs. Georgi—Glashow

15 Pati-Salam
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R
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Grand Unification Grand unification in 4d

Pati—Salam vs. Georgi—Glashow

i Pati-Salam Gps = SU(4) x SU(2) x SU(2)

@ a4 v, a a q VR
4 q q ér, T q qi €R
(4,2,1)
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Grand Unification Grand unification in 4d

Pati—Salam vs. Georgi—Glashow

i Pati-Salam Gpg = SU(4) x SU(2) x SU(2)

@ a4 vy a @ q VR
4 q q ér, T q ai €R
(4,2,1) (4,1,2)
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Grand Unification Grand unification in 4d

Pati—Salam vs. Georgi—Glashow

i Pati-Salam Gpg = SU(4) x SU(2) x SU(2)

@ a4 vy, a @ q VR
Qi (1?, Qi €L @i« G,% d{ €Rr

1= Georgi—Glashow SU(5)

0 Uy *ﬁg (],T dy

10 = i, —u, 0 q) ¢
¢! —q) —¢ 0 €

T -
{l/fqb —e 0

—q¢ —q
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Grand Unification

Grand unification in 4d

Pati—Salam vs. Georgi—Glashow

i Pati-Salam Gpg = SU(4) x SU(2) x SU(2)

1

q7‘ qy

@ q; g

+

p

1

1= Georgi—Glashow SU(5)

10 =

Michael Ratz, UC Irvine

0
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Grand Unification Grand unification in 4d

Group work

1= find nontrivial outer automorphisms of the Pati-Salam group
GPS = SU(4) X SU(Q)L X SU(2)R
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Grand Unification Grand unification in 4d

Group work

1= find nontrivial outer automorphisms of the Pati-Salam group
GPS = SU(4) X SU(Q)L X SU(2)R

1 what are the conditions for the outer automorphism to be a possible
symmetry?
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Grand Unification Grand unification in 4d

Group work

1= find nontrivial outer automorphisms of the Pati-Salam group
GPS = SU(4) X SU(Q)L X SU(2)R

1 what are the conditions for the outer automorphism to be a possible
symmetry?

= can the outer automorphism be a gauge symmetry?

Michael Ratz, UC Irvine Invisbles23 School
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Grand Unification Grand unification in 4d

SO(10)

L. e (@' Asaka, Buchmiiller & Covi (2001)
1= smallest group containing both SU(5) and

Gps = SU(4) x SU(2) x SU(2) is SO(10)
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Grand Unification Grand unification in 4d

SO(10)

L. . @' Asaka, Buchmiiller & Covi (2001)
1= smallest group containing both SU(5) and

Gps = SU(4) x SU(2) x SU(2) is SO(10)

SO(10)
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Grand Unification Grand unification in 4d

SO(10

L. . @' Asaka, Buchmiiller & Covi (2001)
1= smallest group containing both SU(5) and

Gps = SU(4) x SU(2) x SU(2) is SO(10)
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Grand Unification Grand unification in 4d

SU(5)

SU(5) grand unified theory (GUT) ...

15 explains charge quantization

1 simplifies matter content
SM generation = 10 + 5
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Grand Unification Grand unification in 4d

SU(5) and SO(10)

SU(5) grand unified theory (GUT) ...
15 explains charge quantization
1 simplifies matter content
SM generation = 10 + 5

further simplification of matter sector @ Fritzsch & Minkowski (1975)
SO(10) D SU(5)
16=1005a1
= SM generation with ‘right—handed’ neutrino
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Grand Unification Grand unification in 4d

SU(5) and SO(10)

SU(5) grand unified theory (GUT) ...

15 explains charge quantization

1 simplifies matter content
SM generation = 10 + 5

further simplification of matter sector @ Fritzsch & Minkowski (1975)
SO(10) D SU(5)
16 =100501

= once there is an electron, SO(10) tells us that there are also u and d
quarks, i.e. protons and neutrons!
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Grand Unification Grand unification in 4d

SU(5) and SO(10)

SU(5) grand unified theory (GUT) ...
15 explains charge quantization
1 simplifies matter content
SM generation = 10 + 5

further simplification of matter sector
SO(10) D SU(5)
16 =1065®1

(& Fritzsch & Minkowski (1975)

= once there is an electron, SO(10) tells us that there are also u and d
quarks, i.e. protons and neutrons!

== However: coupling strengths are measured to be different
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Grand Unification Grand unification in 4d

SU(5) and SO(10)

SU(5) grand unified theory (GUT) ...

15 explains charge quantization

1 simplifies matter content

SM generation = 10 + 5
further simplification of matter sector @ Fritzsch & Minkowski (1975)
SO(10) D SU(5)
16 =1065®1
= once there is an electron, SO(10) tells us that there are also u and d
quarks, i.e. protons and neutrons!
== However: coupling strengths are measured to be different

= Rescue: in quantum field theory couplings depend on energy scale
(‘running couplings’)
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Grand Unification Grand unification in 4d

Running couplings

= naive picture: virtual particle—antiparticle—pairs screen charge

Michael Ratz, UC Irvine Invisbles23 School
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Grand Unification Grand unification in 4d

Running couplings

= naive picture: virtual particle—antiparticle—pairs screen charge

1= distance inversely proportional to energy
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Grand Unification Grand unification in 4d

Running couplings

= naive picture: virtual particle—antiparticle—pairs screen charge
1= distance inversely proportional to energy

w couplings depend on energy/distance
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Grand Unification Grand unification in 4d

Running couplings in the standard model

T T T T T T T T

12+ B

1.0+ B

(2] - 4
)

£ L i
a

3 08 -

© L 4

0.6 =

L //// ——

T T T S S S S O R S S  H Ll

2 4 6 8 10 12 14 16
log1o(1/GeV)

Michael Ratz, UC Irvine Invisbles23 School 30/ 46


https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Grand unification in 4d

Running couplings in the standard model
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== qualitatively nice: couplings approach each other
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Grand Unification Grand unification in 4d

Running couplings in the standard model

12+ B

1.0+ B

(2] 4
)

£ L i
a

3 08 -

© L 4

0.6 =

L //// ——

S S S S S RS RS SO B Ll

2 4 6 8 10 12 14 16

log1o(1/GeV)
== qualitatively nice: couplings approach each other

1= however: no (precision) unification
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Grand Unification Grand unification in 4d

Running couplings in the MSSM

gauge coupling unification in the (minimal) supersymmetric standard
model

CLET

T S BRI S L ;
2 4 6 8 10 12 14 16

log1o(p/GeV)

couplings

= interpretation: there is only one coupling at the fundamental level, the
numerical difference between the couplings is due to quantum effects

Michael Ratz, UC Irvine Invisbles23 School
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Grand Unification Grand unification in 4d

Accidents in Nature
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Grand Unification Grand unification in 4d

Why supersymmetry?

== gauge coupling unification
T T T T T T T T
121 _

0.8 B

couplings

0.6 B

logso(1/GeV)
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Grand Unification Grand unification in 4d

Why supersymmetry?

== gauge coupling unification

= supersymmetry stabilizes the electroweak scale against the GUT scale

Myt m~ solution of the hierarchy problem
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Grand Unification Grand unification in 4d

Why supersymmet

== gauge coupling unification

= supersymmetry stabilizes the electroweak scale against the GUT scale
McauTt  solution of the hierarchy problem

1 supersymmetry is the unique extension of the (Poincaré) symmetry of our
space—time
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Grand Unification Grand unification in 4d

Why supersymmetry?

== gauge coupling unification

= supersymmetry stabilizes the electroweak scale against the GUT scale
McauTt  solution of the hierarchy problem

1 supersymmetry is the unique extension of the (Poincaré) symmetry of our
space—time

1= supersymmetry provides the so—called lightest superpartner (LSP), a
plausible candidate for cold dark matter
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Grand Unification Grand unification in 4d

What is supersymmetry (SUSY)?

‘ ordinary particles ‘

superpartners
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Grand Unification Grand unification in 4d

Where is SUSY?
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Grand Unification Grand unification in 4d

Is SUSY for real?

...We may see ...
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Grand Unification Grand unification in 4d

Is SUSY for real?

...We may see ...

...or maybe not @
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Grand Unification Grand unification in 4d

Grand unification and neutrino mass

1= scale of grand unification ~ 10'¢ GeV
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Grand Unification Grand unification in 4d

Grand unification and neutrino mass

1= scale of grand unification ~ 10'¢ GeV
rather similar

1= najve see—saw scale ~ 1014 GeV
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Grand Unification Grand unification in 4d

Grand unification and neutrino mass

1= scale of grand unification ~ 10'¢ GeV
rather similar

1= najve see—saw scale ~ 1014 GeV

= question: is there a relation between these scales?
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Grand Unification Grand unification in 4d

SO(10

w SU(5)  SO(10)
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Grand Unification Grand unification in 4d

SO(10)

= SU(5) € SO(10)
1w 16-dimensional spinor representation of SO(10) contains full generation
SO(10) D SU(5) x U(1)y
16 — 10, $5_3 D 15

q+uC + e
£+ d°¢
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Grand Unification Grand unification in 4d

SO(10)

= SU(5) € SO(10)
1w 16-dimensional spinor representation of SO(10) contains full generation
SO(10) D SU(5) x U(1)y
16 — 10, $5_3 D 15

1 16—plet as the product of five two—dimensional spinors

Y = z/}(1) ® 1/,(2) ® w(3) ® w(4) ® 1p(x’i)

~(1)e(D)e(1)=(7)= (1)

(£ + £ + £)

Michael Ratz, UC Irvine Invisbles23 School 37/ 46


https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Grand unification in 4d

SO(10)

= SU(5) € SO(10)
1w 16-dimensional spinor representation of SO(10) contains full generation
SO(10) D SU(5) x U(1)y
16 — 10, $5_3 D 15

1 16—plet as the product of five two—dimensional spinors

Y = z/}(1) ® 1/,(2) ® w(3) ® w(4) ® 1p(x’i)

~(1)e(D)e(1)=(7)= (1)

(£ + £ + £)

i SO(10) is a so—called anomaly-safe group
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Grand Unification

SO(10) spinor

Michael Ratz, UC Irvine
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Grand Unification

Higgs sector

1= smallest SO(10) representation that contains the Higgs doublet: 10—plet
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Grand Unification Grand unification in 4d

Higgs sector

1= smallest SO(10) representation that contains the Higgs doublet: 10—plet

= get automatically two doublets (like in the MSSM)

Michael Ratz, UC Irvine Invisbles23 School 39 / 46


https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Grand unification in 4d

Group work: proton decay

= find the couplings of the standard model fermions to the extra gauge
bosons of SU(5), and discuss whether they mediate proton decay

24 = (8a 1)0 D (]-a 3)0 S5 (17 1)0 D (37 2)—5/6 D (ga 2)5/6

extra gauge boson
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Grand Unification Grand unification in 4d

Proton decay

15 couplings between standard model matter and extra gauge bosons
(3,2)1/6 (3.2) o6 (3, 1)ys ¢ €35 e uS 7" gj (XY
(3.2)ys (8,2)ess (1,1) -1+ 357" g} (X0
(1,2) 12 (3, 2)5s6 (8,1) s+ 255 d5 7" (X,),
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Grand Unification Grand unification in 4d

Proton decay

15 couplings between standard model matter and extra gauge bosons
(3,2) 176 (3,2) s (8, 1)ss = 2452 uG " 45 (X7),
(3,2)ye (8, 2)sso (1, 1)1 ¢ 245 7" gl (X1
(1.2)217, (3,2)y (8, 1)y ¢ 2 A5 € (Ko

[©)

u d

Michael Ratz, UC Irvine Invisbles23 School 41 / 46


https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Grand unification in 4d

Proton decay

15 couplings between standard model matter and extra gauge bosons
(3,2) 176 (3,2) s (8, 1)ss = 2452 uG " 45 (X7),
(3.2)y/6 (8,2)oss (1,1) 1+ 35 v 4} (Ko
(1,2) -y (8, 2)oss (8, 1)y = = A" 0 (XL),
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Grand Unification Grand unification in 4d

Proton decay

15 couplings between standard model matter and extra gauge bosons
(3,2) 176 (3,2) s (8, 1)ss = 2452 uG " 45 (X7),
(3.2)y/6 (8,2)oss (1,1) 1+ 35 v 4} (Ko
(1,2) -y (8, 2)oss (8, 1)y = = A" 0 (XL),
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Grand Unification Grand unification in 4d

Gauge boson mediated proton decay

15 process p — 70 4 e

w5 proton life~time 7, > 1033 years
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Grand Unification Grand unification in 4d

Gauge boson mediated proton decay

15 process p — 70 4 e

w5 proton life~time 7, > 1033 years

15 proton decay rate

m) 10'° GeV
r NaQ—p ~ 10_63' (
P My Mx
4
~ 10-37. (1015 GeV) 1
Mx
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Grand Unification Grand unification in 4d

Gauge boson mediated proton decay

15 process p — 70 4 e

w5 proton life~time 7, > 1033 years

15 proton decay rate

m) 10'° GeV
r NaQ—p ~ 10_63' (
P My Mx
4
~ 10-37. (1015 GeV) 1
Mx

1= supersymmetric grand unification
Mx ~2-10"%GeV  ~ 7, =~ 10%° years
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Grand Unification Grand unification in 4d

Supersymmetric grand unification

1= gauge symmetry: SO(10)
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Grand Unification Grand unification in 4d

Supersymmetric grand unification

1= gauge symmetry: SO(10)

15 matter: 3 16—plets v
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Grand Unification Grand unification in 4d

Supersymmetric grand unification

1= gauge symmetry: SO(10)
15 matter: 3 16—plets v

1= branching

s0(10) ~*4, su(s)
10 2%, 545
16 2, 100501

45 1%, 2401001001
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Grand Unification Grand unification in 4d

Supersymmetric grand unification

1= gauge symmetry: SO(10)
15 matter: 3 16—plets v

1= branching

s0(10) ~*4, su(s)

10 2%, 545

16 2, 100501

45 1%, 2401001001

15 representation content of some simple model

name v @ X X H

SO(10) irrep | 16 10 16 16 45
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Grand Unification Grand u

Fermion mass relations (1)

= at the renormalizable level there is only one type of Yukawa couplings

W = Y13 05 96

Yukawa

symmetric
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Grand Unification Grand u

Fermion mass relations (1)

= at the renormalizable level there is only one type of Yukawa couplings

W = Y18 05 96

Yukawa

w prediction at the renormalizable level

Y=Yy =Y. at Mqgur
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Grand Unification Grand unification in 4d

Fermion mass relations (1)

= at the renormalizable level there is only one type of Yukawa couplings

SO(10) _ - fg
WYukawa - YlO ’l/)f % (,25
= prediction at the renormalizable level

Y=Yy =Y. at Mqgur

1w consistent relation (large tan j3)

Yt = Yo = Yr at Mgur
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Grand Unification Grand unification in 4d

Fermion mass relations (1)

=

at the renormalizable level there is only one type of Yukawa couplings
SO(10) _ - fg

WYukawa - YlO ’l/)f % (,25

prediction at the renormalizable level

Yo =Ya =Y. at Mcur

consistent relation (large tan )

Yt = Yo = Yr at Mgur

SO(10) relations inconsistent for light generations
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Grand Unification Grand unification in 4d

Fermion mass relations (1)

= at the renormalizable level there is only one type of Yukawa couplings

W = Y18 05 96

Yukawa
= prediction at the renormalizable level
Yo =Ya =Y. at Mcur
1w consistent relation (large tan j3)

Yt = Yo = Yr at Mgur

1= SO(10) relations inconsistent for light generations

1w “good” GUT relations may be consequence of pseudo—anomalous U(1)

 Binetruy & Ramond (1995); &' Binetruy, Lavignac & Ramond (1996)
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Grand Unification Grand unification in 4d

Fermion mass relations (I1)

e.g. (@ Pati (2006)

15 potential rescue: higher—dimensional couplings
2 (9
Weg D Z@w ;|
€ — MP g ¥Yf
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Grand Unification Grand unification in 4d

Fermion mass relations (I1)

e.g. (@ Pati (2006)

15 potential rescue: higher—dimensional couplings
2 (9
Weg D Z@w ;|
€ — MP g ¥Yf

= neutrino couplings

—+(x)
Wﬂjﬂgf¢g¢f —>Mfgl/ fl/g—|—...

Michael Ratz, UC Irvine Invisbles23 School 45 / 46


http://inspirehep.net/search?p=Pati:2006nw
https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Grand unification in 4d

Fermion mass relations (I1)

e.g. 7 Pati (2006)
15 potential rescue: higher—dimensional couplings
Ve DY M% Vg ty ¢ H
i=1

= neutrino couplings

—+(x)
Wﬂjﬂgf¢g¢f —>Mfgl/ fl/g—|—...

5 effective mass terms

2
MP9 = g9/ LAZUT ~ 79101 GeV
P
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Grand Unification Grand unification in 4d

Fermion mass relations (I1)

e.g. (@ Pati (2006)

15 potential rescue: higher—dimensional couplings
2 (9
Weg D Z@w ;|
€ — MP g ¥Yf

= neutrino couplings

—(X)
Weﬂjﬂgf¢g¢f —>Mfgl/ fl/g—|—...

5 effective mass terms

2
MP9 = g9/ LAZUT ~ 79101 GeV
P

15 reasonable light neutrino masses via see—saw
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Grand Unification Grand unification in 4d

Neutrino masses in grand unification: see—saw

1= allowed coupling: 126 16 16 — (SM singlets) 77 + . ...

‘right-handed’ neutrino = SM singlet
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Grand Unification Grand unification in 4d

Neutrino masses in grand unification: see—saw

w= allowed coupling: 126 16 16 — (SM singlets) v + . ..
= Higgs VEV: (126) ~ mass term M 7D
= expect: (126) ~ Mgur ~ 2-10'6 GeV
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Grand Unification Grand unification in 4d

Neutrino masses in grand unification: see—saw

1= allowed coupling: 126 16 16 — (SM singlets) 77 + . ..
v Higgs VEV: (126) ~ mass term M v v
= allowed coupling: 101616 — H, LU+ ...
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Grand Unification Grand unification in 4d

Neutrino masses in grand unification: see—saw

©= allowed coupling: 126 16 16 — (SM singlets) v + . ..
v Higgs VEV: (126) ~ mass term M vv
1= allowed coupling: 101616 — H,, Lv + ...
w see—saw couplings: #seo—saw = Yo Hy LU+ M T
< T\ 4 & Minkowski (1977)

@ Gell-Mann, Ramond & Slansky (1979)
& Yanagida (1979)
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Grand Unification Grand unification in 4d

Neutrino masses in grand unification: see—saw

©= allowed coupling: 126 16 16 — (SM singlets) v + . ..
v Higgs VEV: (126) ~ mass term M v v

= allowed coupling: 101616 — H, LU+ ...

= see—saw couplings: #ooe—saw = Yo Hy LU+ MDD

= see—saw mass matrix

H,—v _ 0 wyv v\ y2 02 e
Wico—saw ——— (V,V) (yy v M ) (I/) = vv+MvD
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Grand Unification Grand unification in 4d

Neutrino masses in grand unification: see—saw

©= allowed coupling: 126 16 16 — (SM singlets) v + . ..
v Higgs VEV: (126) ~ mass term M v v

= allowed coupling: 101616 — H, LU+ ...

= see—saw couplings: #ooe—saw = Yo Hy LU+ MDD

= see—saw mass matrix

N 2 2
Wico—saw Bl (v,7) ( 0 o L) (V) ~ Y, + Moy

yv M v

M

= expectation: m, ~ (100 GeV)?/10*¢ GeV ~ 1073 eV
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Grand Unification Grand unification in 4d

Neutrino masses in grand unification: see—saw

allowed coupling: 126 16 16 — (SM singlets) v + . ..
Higgs VEV: (126) ~ mass term M v v

allowed coupling: 101616 — H, LU + ...

see—saw couplings: #ee—saw = Yo H, LU+ MDD

see—saw mass matrix

Hy—v _ 0 Yy U v\ yﬁ v? P —
Wico—saw ——— (V,V) (yy v M ) (I/) = vv+MvD

expectation: m, ~ (100 GeV)2/1016 GeV ~ 1073 eV

note, however, that suitable 126—plets are not available in string theory

@ Dienes & March-Russell (1996)
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Grand Unification Grand unification in 4d

Neutrino masses in Nature: oscillation experiments

= strong experimental evidence for neutrino oscillation on astro—physical
scales
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Grand Unification Grand unification in 4d

Neutrino masses in Nature: oscillation experiments

= strong experimental evidence for neutrino oscillation on astro—physical
scales

w experiments: \/AmZ  ~ 0.04eV & /AmZ | ~ 0.008eV
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Grand Unification Grand unification in 4d

Neutrino masses in Nature: oscillation experiments

= strong experimental evidence for neutrino oscillation on astro—physical
scales

w experiments: \/AmZ  ~ 0.04eV & /AmZ | ~ 0.008eV

= neutrino masses hint at

@ see—saw
o GUT structures

w factor 10 discrepancy (...would need M ~ 10'5 GeV)
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Grand Unification Grand unification in 4d

Neutrino masses in Nature: oscillation experiments

= strong experimental evidence for neutrino oscillation on astro—physical
scales

w experiments: \/AmZ  ~ 0.04eV & /AmZ | ~ 0.008eV

= neutrino masses hint at

@ see—saw
o GUT structures

w factor 10 discrepancy (...would need M ~ 10'5 GeV)

= rough (although not perfect) agreement
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Grand Unification Grand unification in 4d

Grand unification: virtues & predictions

== GUTs explain charge quantization
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Grand Unification Grand unification in 4d

Grand unification: virtues & predictions

== GUTs explain charge quantization

1= in SO(10): understanding of the structure of SM matter
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Grand Unification Grand unification in 4d

Grand unification: virtues & predictions

== GUTs explain charge quantization
1= in SO(10): understanding of the structure of SM matter

1= gauge coupling unification (...with supersymmetry)
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Grand Unification Grand unification in 4d

Grand unification: virtues & predictions

== GUTs explain charge quantization
1= in SO(10): understanding of the structure of SM matter
1= gauge coupling unification (...with supersymmetry)

=g U%\\v/ﬂf(;[;'y: roughly the right scale of neutrino masses
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Grand Unification Grand unification in 4d

Grand unification: virtues & predictions

== GUTs explain charge quantization

1= in SO(10): understanding of the structure of SM matter
1= gauge coupling unification (...with supersymmetry)

=g U%\\v/ﬂf(;[;'y: roughly the right scale of neutrino masses

15 prediction: proton decay
+
e

35
Tp ~ 10°° years

for My ~ 2-10'6 GeV
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Grand Unification Grand unification in 4d

Grand unification: virtues & predictions

== GUTs explain charge quantization

1= in SO(10): understanding of the structure of SM matter
1= gauge coupling unification (...with supersymmetry)

=g U%\\v/ﬂf(;[;'y: roughly the right scale of neutrino masses

1= prediction: proton decay f. talk by Marciano (2011)
et

35
Tp ~ 10°° years

for My ~ 2-10'6 GeV

main prediction of GUTs:
matter unstable
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Grand Unification Grand unification in 4d

SO(10) breaking by Higgs mechanism

& Mohapatra & Pal (1998)

16

= GUT breaking by Higgs: need large Higgs representations (54, 126, 210)
~ lot of Junk (which, however, can be paired up)

Michael Ratz, UC Irvine Invisbles23 School 49 / 46


http://inspirehep.net/search?p=Mohapatra:1998rq
https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Grand unification in 4d

Doublet—triplet splitting

1= two triplets contained in ¢: ¢ = hy + hg +ty, + tg

(37 1)71/3 (57 1)1/3

Michael Ratz, UC Irvine Invisbles23 School 50 / 46


https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Grand unification in 4d

Doublet—triplet splitting

15 two triplets contained in ¢: ¢ = hy + hg +ty, + tg

1 triplet exchange diagram
i Ye

0
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Grand Unification Grand unification in 4d

Doublet—triplet splitting

15 two triplets contained in ¢: ¢ = hy + hg +ty, + tg

1 triplet exchange diagram
i Ye

u

74

//
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Grand Unification Grand unification in 4d

Proton decay

1= dimension 5 proton decay operator
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Grand Unification

p—>T+KT

1 constraint on triplet mass: M; > Mp
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Grand Unification

Proton decay

Grand unification in 4d

1= dimension 5 proton decay operator

p—>T+KT

1 constraint on triplet mass: M; > Mp

== possible loop—holes
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Grand Unification Grand unification in 4d

Doublet—triplet splitting vs. full generations

© gauge coupling unification: Mgyt ~ 10'6 GeV with SUSY
gaug g

121 ~

couplings

0.8 i

0.6 i

T T Y O O T S NSNS R NS R B
2 4 6 8 10 12 14 16

log1o(1/GeV)
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Grand Unification Grand unification in 4d

Doublet—triplet splitting vs. full generations

© gauge coupling unification: Mgyt ~ 1016 GeV with SUSY
© one generation of observed matter fits into 16 of SO(10)
SO(10) — SU(3) x SU(2) x U(1)y = Gsm
16 — (3,2)1/6® (3,1) 23D (3,1)13
©(1,1)1©(1,2)_1,2®(1,1)0
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Grand Unification Grand unification in 4d

Doublet—triplet splitting vs. full generations

© gauge coupling unification: Mgyt ~ 1016 GeV with SUSY

© one generation of observed matter fits into 16 of SO(10)
SO(10) — SU(3) x SU(2) x U(1)y = Gsu
16 — (3,2)16®(3,1)_2/3® (3,1)1/3

@®(1,1)1®(1,2)_12®(1,1)
© However: Higgs only as doublet(s):

10 = (1,2)12® (1,2)_109(3,1)_1/3® (3,1)13

doublets: needed triplets: excluded

Michael Ratz, UC Irvine Invisbles23 School

52 / 46


http://inspirehep.net/search?p=Kim:1983dt
http://inspirehep.net/search?p=Giudice:1988yz
https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Grand unification in 4d

Doublet—triplet splitting vs. full generations

© gauge coupling unification: Mgyt ~ 1016 GeV with SUSY

© one generation of observed matter fits into 16 of SO(10)
SO(10) — SU(3) x SU(2) x U(1)y = Gsm
16 = (3,2)16 @ (3,1) _5/5® (3,1)1/3
©(1,1):18(1,2)120(1,1)0
© However: Higgs only as doublet(s):
10 = (1,2)12® (1,2)_12®(3,1)_1/3® (3,1)13

1= a true solution to the problem requires a symmetry that forbids the 1
term in the MSSM
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Grand Unification Grand unification in 4d

Doublet—triplet splitting vs. full generations

© gauge coupling unification: Mgyt ~ 1016 GeV with SUSY

© one generation of observed matter fits into 16 of SO(10)
SO(IO) — SU(3) X SU(Q) X U(l)y = GSI\I
16 — (3,2)16®(3,1)_2/3® (3,1)1/3

@®(1,1)1®(1,2)_12®(1,1)
© However: Higgs only as doublet(s):

10 = (1,2)12® (1,2)_12®(3,1)_1/3® (3,1)13

1= a true solution to the problem requires a symmetry that forbids the 1
term in the MSSM

¥ an appropriate 4 term can then be generated by the Kim—Nilles and/or

GIUdICG—MaSIerO mechanlsm(s) & Kim & Nilles (1984); & Giudice & Masiero (1988)
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Grand Unification Grand unification in 4d

Dimension five proton decay

1= [nteresting solution: mass partner of triplet does not couple to SM matter

( .. requires extra Higgs multiplets)

(2 Babu & Barr (1993)
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Grand Unification Grand unification in 4d

Dimension five proton decay

1= [nteresting solution: mass partner of triplet does not couple to SM matter

( .. requires extra Higgs multiplets)
(2 Babu & Barr (1993)

Ye qi qe

@ 4j Cr

15 suppression of Q) QQ () L also possible due to flavor symmetries
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Grand Unification Grand unification in 4d

Doublet—triplet splitting in four dimensions

matter Higgs
in complete in split
multiplets multiplets
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Grand unification in 4d

Grand Unification

Doublet—triplet splitting in four dimensions

Higgs
in split
multiplets

matter
in complete
multiplets

there exist proposals

to solve the doublet—triplet splitting problem, e.g.

1 Dimopoulos—Wilczek mechanism @ Dimopoulos & Wilczek (1981)

== Missing partner mechanism @ Masiero, Nanopoulos, Tamvakis & Yanagida (1962)
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Grand unification in 4d

Grand Unification

Doublet—triplet splitting in four dimensions

Higgs
in split
multiplets

matter
in complete
multiplets

there exist proposals

to solve the doublet—triplet splitting problem, e.g.

1 Dimopoulos—Wilczek mechanism @ Dimopoulos & Wilczek (1981)

== Missing partner mechanism @ Masiero, Nanopoulos, Tamvakis & Yanagida (1962)

[L’gg_) PR
... however, a closer inspection shows that all of them have certain deficiencies
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Grand Unification Grand unification in 4d

Doublet—triplet splitting in four dimensions

== ‘natural’ solution of the doublet—triplet splitting problem requires

According to 't Hoofts ‘naturalness’ crite-
ria: explaining a (supersymmetric) Higgs
mass 1 < Mgyt requires a symmetry
that forbids /.
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Grand Unification Grand u ion in 4d

Doublet—triplet splitting in four dimensions

v superpartners have different charges .t splitting problem requires
symmetry that forbids Higgs mass 1

1= Only R symmetries can do the job

2 Hall, Nomura & Pierce (2002);...; &' Chen, MR, Staudt & Vaudrevange (2012)
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Grand Unification Grand unification in 4d

Doublet—triplet splitting in four dimensions

= ‘natural’ solution of the doublet—triplet splitting problem requires
symmetry that forbids Higgs mass 1

== Only R symmetries can do the job and & parity does not

(@ Hall, Nomura & Pierce (2002);...; &' Chen, MR, Staudt & Vaudrevange (2012)
= gauge coupling unification
= fermion masses only R symmetries
(Yukawa couplings & ~ can forbid the p term
neutrino mass operator) in the MSSM

...and R parity is not enough

= consistency with SU(5)
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Grand Unification Grand unification in 4d

Doublet—triplet splitting in four dimensions

= ‘natural’ solution of the doublet—triplet splitting problem requires
symmetry that forbids Higgs mass 1

== Only R symmetries can do the job and & parity does not

(@ Hall, Nomura & Pierce (2002);...; &' Chen, MR, Staudt & Vaudrevange (2012)
= gauge coupling unification
= fermion masses
(Yukawa couplings & N
neutrino mass operator)
= consistency with SU(5)

only R symmetries
can forbid the p term
in the MSSM

...and R parity is not enough

== However: R symmetries are not available in 4D GUTs

@ Fallbacher, MR & Vaudrevange (2011)
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Grand Unification Grand unification in 4d

Anomaly—free symmetries, 1 and unification

1= Working assumptions:
(i) anomaly universality (allow for GS anomaly cancellation)

if violated, gauge coupling unification will be spoiled

Age_gz,y = Zﬁ(f) ~q(f> . p modn forall G
f
m) !
Agravi-zy = Zq( ) = p mod n
| N for N odd
iy iz "= NJ/2 for N even
Michael Ratz, UC Irvine Invisbles23 School
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Grand Unification Grand unification in 4d

Anomaly—free symmetries, 1 and unification

1 Working assumptions:
(i) anomaly universality (allow for GS anomaly cancellation)
(ii) p term forbidden (before SUSY)

need to forbid the u term to be able to appreciate the Kim—Nilles and/or
Giudice—Masiero mechanisms
2 Kim & Nilles (1984); (& Giudice & Masiero (1988)

Michael Ratz, UC Irvine Invisbles23 School

56 / 46


http://inspirehep.net/search?p=Kim:1983dt
http://inspirehep.net/search?p=Giudice:1988yz
https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Grand unification in 4d

Anomaly—free symmetries, 1 and unification

1= Working assumptions:
(i) anomaly universality (allow for GS anomaly cancellation)

(ii) w term forbidden (before SUSY)

(iii) Yukawa couplings and Weinberg neutrino mass operator allowed
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Grand Unification Grand unification in 4d

Anomaly—free symmetries, 1 and unification

== Working assumptions:
(i) anomaly universality (allow for GS anomaly cancellation)

(ii) w term forbidden (before SUSY)

D)
(iii) Yukawa couplings and Weinberg neutrino mass operator allowed
(iv) compability with SU(5) or SO(10) GUT

SO(10) — SU(3) x SU(2) x U(1)y = Gsu

16 — (3,2)16@ (3, 1)_2/3® (3, 1)1y3
S(1,1)1®(1,2)_1,20 (1,1)0
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Grand Unification Grand unification in 4d

Anomaly—free symmetries, 1 and unification

1 Working assumptions:
(i) anomaly universality (allow for GS anomaly cancellation)
(ii) p term forbidden (before SUSY)
(iii) Yukawa couplings and Weinberg neutrino mass operator allowed
(iv) compability with SU(5) or SO(10) GUT
IS can prove:

1. assuming (i) & SU(5) relations:
~ only R symmetries can forbid the ;1 term
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Grand Unification Grand unification in 4d

Anomaly—free symmetries, 1 and unification

1 Working assumptions:
(i) anomaly universality (allow for GS anomaly cancellation)
(ii) p term forbidden (before SUSY)
(iii) Yukawa couplings and Weinberg neutrino mass operator allowed
(iv) compability with SU(5) or SO(10) GUT
IF can prove:
1. assuming (i) & SU(5) relations:
~ only R symmetries can forbid the ;1 term
2. assuming (i)—(iii) & SO(10) relations:
~ unique Z2% symmetry
qucdcfechuhdyc
zF 1111 1]0]o]1
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Grand Unification Grand unification in 4d

Anomaly—free symmetries, 1 and unification

1 Working assumptions:
(i) anomaly universality (allow for GS anomaly cancellation)
(ii) p term forbidden (before SUSY)
(iii) Yukawa couplings and Weinberg neutrino mass operator allowed
(iv) compability with SU(5) or SO(10) GUT
IS can prove:

1. assuming (i) & SU(5) relations:

~ only R symmetries can forbid the ;1 term
2. assuming (i)—(iii) & SO(10) relations:

~ unique ZE symmetry
3. R symmetries are not available in 4D GUTs

uneaten parts of the Higgs that breaks the GUT symmetry cannot be
paired up
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Grand Unification Grand unification in 4d

Z summarized

Wgauge invariant — M hghy + ki Lihy
+ VIl haeC p + Y qohadC ; + ¥ quhyu
+)\gfk€g£ft/c"‘+k‘ fkfanJLL”k—&-)\gfku d fdc .

+ kg hy,Yukawa couplings v ¢, + ’f(f)ke ucgu fdckP )

effective neutrino mass operator v/

1 allowed superpotential terms have R charge 2 mod 4
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Grand Unification Grand unification in 4d

forbidden by Z}

Wgauge invariant == [ hahay + ki Lihy
Y LghaeC s + Y quhadC p + Y9 goh,uC s

*a
+ Ak gl + N i LaqrdSr + Ny, uCgd€ pdy
1 2
+ Kgf hylyg holy + /@éf)ké Q9qrqrle + m;f)ke ucgucfdckecg

w71 has an unbroken Z, matter parity subgoup
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Grand Unification Grand unification in 4d

Z summarized
O(ms/2)

Wgauge invariant = 1 hahy + K5 £hy
+ Y UyhaeC s + Y quhadC s + Y qoh,uS
+ Agsr LylreCr + A;fk CaqrdCr + X gy u€ gd€ pdC),
+ Kgf hylyg holy + "qfkt Q9qrqrle + f(”?],u gU fdcke )

w71 has an unbroken Z, matt (’)( 3/2) goup

== R parity violating couplings forbidden

1= 1 term of the right size

order parameter of R symmetry breaking = (#') ~ ma/,

15 proton decay under control Planck units
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Grand Unification Grand unification in 4d

Discussion

1= 3 ‘natural’ solution of the 1 and/or doublet—triplet splitting problem
requires a symmetry that forbids 1
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Grand Unification Grand unification in 4d

Discussion

1= 3 ‘natural’ solution of the 1 and/or doublet—triplet splitting problem
requires a symmetry that forbids 1

1= we learned that:
@ only R symmetries can forbid the p term

@ anomaly matching requires the existence of split multiplets

© R symmetries are not available in 4D GUTs
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Grand Unification

Grand unification in 4d

Discussion

1= 3 ‘natural’ solution of the 1 and/or doublet—triplet splitting problem
requires a symmetry that forbids 1

1= we learned that:
@ only R symmetries can forbid the p term

@ anomaly matching requires the existence of split multiplets

© R symmetries are not available in 4D GUTs

Michael Ratz, UC Irvine

bottom-line:

‘Natural’ solutions to the
w and/or doublet—triplet splitting problems
are not available in four dimensions!

Invisbles23 School
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Grand Unification Grand unification in 4d

Discussion

1= 3 ‘natural’ solution of the 1 and/or doublet—triplet splitting problem
requires a symmetry that forbids 1

1= we learned that:
@ only R symmetries can forbid the p term

@ anomaly matching requires the existence of split multiplets

© R symmetries are not available in 4D GUTs

bottom-line:

‘Natural’ solutions to the
w and/or doublet—triplet splitting problems
are not available in four dimensions!

= need to go to extra dimensions/strings

Michael Ratz, UC Irvine Invisbles23 School 58 / 46
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Grand Unification Orbifold GUTs

Kaluza—Klein compactification

15 start with a 4 + 1-dimensional Minkowski space—time IM?
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Grand Unification Orbifold GUTs

Kaluza—Klein compactification

15 start with a 4 + 1-dimensional Minkowski space—time IM?
1 extra direction compactified on $!

22 ~ 2’ + 27 R

radius
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Grand Unification Orbifold GUTs

Kaluza—Klein compactification

15 start with a 4 + 1-dimensional Minkowski space—time IM?

1 extra direction compactified on $!
2 ~2° +21R

> hb—dimensional metric

FA
gun = (I
A;L 1 gs5
4D vector 4D scalar
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Grand Unification Orbifold GUTs

Kaluza—Klein expansion

1= Fourier expansion of general field

1 = —inaz®
qb(xo,...ms,xS):m Z pM (20, ... 2% e /R

n=-—oo
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Grand Unification Orbifold GUTs

Kaluza—Klein expansion

1= Fourier expansion of general field

1 o5
E ¢(n)(x07.”x3).e—1na: /R
V2m R n=-—00

o2, .23 2%) =

v Kaluza—Klein (KK) action
5.1 5\ oM 5y M3 o 5

SKK: dxiahf(b(xwx)a ¢($,$)—7¢($,$)

2

5 9 (,2”) — (9s0(x,a%))”

= /d5;’% [augb(x, x°) " (x, 2°) —

2T R

/dsx = /d4:r /dx5

0
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Grand Unification Orbifold GUTs

Kaluza—Klein expansion of real scalar field

2T R
]_ . (m4+n) 5
S _ d4 d 5 i—fg—
KK / x Z / X (MR e
m,n 0

mn

2 [u0 @) 246 (@) + T 6 (2) 61 ()]

_1 / 4y Z [a S g _ T s ¢<n>}
2 2

- e % ]

n>0

[ ¢<n>) ) ‘qb(”)
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Grand Unification Orbifold GUTs

Kaluza—Klein expansion of real scalar field

2T R

]_ . (m4+n) 5
d4 d5 i—fg—
/ > [ a5

0

SKK

mn

5 [0u0m (@) 96 @) + T 6 (@) 6 )|

5/d%jz [aﬂd)( ) g1 )’ﬁd’( ) >}

fre % l

n>0

[ ( ¢<n>) ) ‘qb(")

15 orthogonality
27 R 27 R

/ da® ¢ * (25) ™ (°
0
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Grand Unification Orbifold GUTs

Kaluza—Klein tower

1> Kaluza—Klein action

SkK = /d4x Z {(8,@(”))* o™ — %22 ‘¢(n)

n>0

]
tower of 4D

states ¢(") (2) w/
masses n/R
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Grand Unification Orbifold GUTs

Kaluza—Klein tower

1> Kaluza—Klein action

SkK = /d4x Z {(8,@(”))* o™ — %22 ‘¢(n)

n>0

]
tower of 4D

states ¢(") (2) w/
masses n/R

1= generalization to higher dimensions with compactification radii Rs5, R . . .

2 2 2
n n n

2 2 5 6 d

m =mp+—=5+—5+ "+ =

n5,M6, " ,Nd D R2 R2 R2

5 6 d
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Grand Unification Orbifold GUTs

Graviton
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Grand Unification Orbifold GUTs

Graviton

5 zero—modes:

e 4D graviton
e a 4D vector
e a 4D scalar
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Grand Unification Orbifold GUTs

Graviton
= inD=25
|
dgMN = 7?”77‘7‘17
Ay o

5 zero—modes:

e 4D graviton
e a 4D vector
e a 4D scalar

= in D = (4 + d) dimensions:
e one KK tower of gravitons

o (d—1) KK towers of gauge fields
o [3d(d+ 1) — d] KK towers of scalars
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Grand Unification Orbifold GUTs

Clifford algebra in D dimensions (I)

= Clifford algebra in D dimensions: {I‘M,I‘N} = opMN

nMN = diag (1,—1,--- — 1)
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Grand Unification Orbifold GUTs

Clifford algebra in D dimensions (I)

= Clifford algebra in D dimensions: {I‘M,I‘N} = opMN
= in D=2

My =0, = ((1) é) and T3y = ioy, = (01 (1))

Michael Ratz, UC Irvine Invisbles23 School 65 / 46


https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Orbifold GUTs

Clifford algebra in D dimensions (I)

= Clifford algebra in D dimensions: {I‘M,I‘N} = opMN
= in D=2

My =0, = ((1) é) and T3y = ioy, = (01 (1))

= in D = 2k + 2 dimensions

, -1 0
ng-‘rQ)DFQMkD@(O 1) for0§M§2k71
0 1
F?gkw)D =1 ® (1 0) for M = 2k
rM = 1o ® 0 —i for M = 2k +1
(2k+2)D 2 {0

Michael Ratz, UC Irvine Invisbles23 School 65 / 46


https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Orbifold GUTs

Clifford algebra in D dimensions (II)

== analogue of 5 in four dimensions

. k
T (2k+2)p = 1% Doy oyp Dlaksayp - F%ki;)D
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Grand Unification Orbifold GUTs

Clifford algebra in D dimensions (II)

== analogue of 5 in four dimensions

. k
T (2k+2)p = 1% Doy oyp Dlaksayp - F%ki;)D
w Dirac matrices in D + 1 dimensions:
k
{F((J2k+2)D F%2k+2)D T F?ki%)D’ Tok+2)p}
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Grand Unification

Orbifold GUTs

Spinors in D dimensions

cf. @ Polchinski (1998)

D Weyl reality Majorana | Majorana—Weyl
8k v complex X X
8k +1 X real X X
8k + 2 v real v v
8k+3 X real v X
8k +4 4 complex v X
8k+5 X pseudo—real X X
8k + 6 v pseudo—real X X
8k + 7 X pseudo—real X X

Michael Ratz, UC Irvine

Invisbles23 School

67 / 46


http://inspirehep.net/search?p=Polchinski:1998rq
https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Orbifold GUTs

Chiral fermions

15 y—matrices become large in higher dimensions
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Grand Unification Orbifold GUTs

Chiral fermions

15 y—matrices become large in higher dimensions

= spinor representation becomes larger
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Grand Unification Orbifold GUTs

Chiral fermions

= y—matrices become large in higher dimensions
= spinor representation becomes larger

1= smallest spinor representation in 5D is a 4D Dirac spinor
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Grand Unification Orbifold GUTs

Chiral fermions

15 y—matrices become large in higher dimensions
= spinor representation becomes larger
1= smallest spinor representation in 5D is a 4D Dirac spinor

= no—go for chiral theories from simple compactification on circle
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Grand Unification Orbifold GUTs

(String) compactifications with local SO(10) GUTs
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Grand Unification Orbifold GUTs

(String) compactifications with local SO(10) GUTs

6D internal
space
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Grand Unification Orbifold GUTs

(String) compactifications with local SO(10) GUTs

6D internal
space
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Grand Unification Orbifold GUTs

Simplest example : the orbifold $!/7Z,
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Grand Unification Orbifold GUTs

Simplest example : the orbifold $!/7Z,

17,
= § /Zg (zz reflection breaks to N = 1 supersymmetry)

orbifold
identification

Michael Ratz, UC Irvine Invisbles23 School 70 / 46


https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Orbifold GUTs

Simplest example : the orbifold $!/7Z,

w $§1/7,

orbifold
identification

fundamental
domain
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Grand Unification Orbifold GUTs

Simplest example : the orbifold $!/7Z,

w $§1/7,

orbifold
identification

fundamental
domain
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Grand Unification Orbifold GUTs

Symmetry breaking in extra dimensions

©= Field theory on M* x interval

L ~ 1/]\1(;[71‘
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Grand Unification Orbifold GUTs

Symmetry breaking in extra dimensions

©= Field theory on M* x interval

L ~ 1/]\1(;[71‘

trivial

boundary
condition
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Grand Unification Orbifold GUTs

Symmetry breaking in extra dimensions

©= Field theory on M* x interval

L ~ 1/]\1(;[71‘

trivial
boundary
condition
nontrivial
boundary
condition
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Grand Unification Orbifold GUTs

Symmetry breaking in extra dimensions

©= Field theory on M* x interval

e 7
4D mass -
trivial T
boundary
condition 1/L ~ Mgup +—
. . O 7
nontrivial
boundary
condition b 4
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Grand Unification Orbifold GUTs

An example: Kawamura's model

' Kawamura (2000); &' Kawamura (2001)
SU(5) .
|

| |
0

|| =
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Orbifold GUTs

Grand Unification

An example: Kawamura's model

' Kawamura (2000); &' Kawamura (2001)

SU(5) .

P
| | | ]
| | | |
y=20 y=1L
—1
-1
15 choose P = 1 and P’ = —1
1

Invisbles23 School 72 / 46
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Grand Unification Orbifold GUTs

An example: Kawamura's model

' Kawamura (2000); &' Kawamura (2001)
SU(5) .
|

| |
0 y=1L

|| =

15 choose P = 1 and P’ =

= boundary conditions for gauge fields

Ap(0) = PAy(0) P! and  Ap(L) = P Ap (L) P
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Grand Unification Orbifold GUTs

An example: Kawamura's model

SU(3) x SU(2) x U
(5u6)) SU(s) (3)  SU() x U()

| | |
y=0 y=1L

15 choose P = 1 and P’ = —1

= boundary conditions for gauge fields
Ap(0) = PAy(0) P! and  Ap(L) = P Ap (L) P
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http://inspirehep.net/search?p=Kawamura:1999nj
http://inspirehep.net/search?p=Kawamura:2000ev
https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Orbifold GUTs

An example: Kawamura's model

SU(3) x SU(2) x U
(5u6)) SU(s) (3) x SU(2) x U(1)

P 54 D5u

| | |
y=20 y=1L

15 choose P = 1 and P’ = —1

= boundary conditions for gauge fields
Ap(0) = PAy(0) P! and  Ap(L) = P Ap (L) P

1> Higgs: 55 ® 5y in the bulk
H(0) = P H(0)

, = only doublet has zero-mode!
H(L)=P'H(L)
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Grand Unification Orbifold GUTs

Kawamura model: mode expansion

P 50 D5y

y=20

1= only nontrivial boundary condition at y = L = 7 R/2
¢y =1L)==+¢+(y=1L)
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Grand Unification

Orbifold GUTs

Kawamura model: mode expansion

P 54 ® 5y

y=20

1= only nontrivial boundary condition at y = L = 7 R/2
¢y =1L)==+¢+(y=1L)

= mode expansion
cf. & Barbieri, Hall & Nomura (2001)

(zu,y

Z m 6" (2,) cos (2?5)

n (2n+1)y
b1 (zp,y) = HZ:;) ﬁ 6" (z,) cos (2R
Michael Ratz, UC Irvine
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Orbifold GUTs

Grand Unification

Kawamura's model (cont'd)
' Kawamura (2000); &' Kawamura (2001)
SU(3) x SU(2) x U(1)

m P 50 ® by SU(5) j2%

y:]J

Features:
1= local gauge groups: SU(5) at y = 0 and Ggyy at y = L
= same mechanism breaks GUT and splits Higgs
Witten (1985)

this point has been stressed early in the string literature
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Grand Unification Orbifold GUTs

Kawamura's model (cont'd)

& Kawamura (2000); & Kawamura (2001)

@ SU(5) SU(3) x SU(2) x U(1)

P 54 D5y

3 SM generations

1= local gauge groups: SU(5) at y = 0 and Ggyy at y = L

Features:

1= same mechanism breaks GUT and splits Higgs

1= structure of SM matter: matter placed at SU(5) fixed points has to
appear in complete SU(5) representations
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Grand Unification Orbifold GUTs

Kawamura's model (cont'd)

& Kawamura (2000); & Kawamura (2001)

@ SU(5) SU(3) x SU(2) x U(1)

P 54 D5y

3 SM generations
Features:

1= local gauge groups: SU(5) at y = 0 and Ggyy at y = L
1= same mechanism breaks GUT and splits Higgs

1= structure of SM matter: matter placed at SU(5) fixed points has to
appear in complete SU(5) representations

1= Proton stability: Higgs triplets get a Kaluza—Klein mass whereby the
mass partner does not couple to SM matter

& Altarelli & Feruglio (2001); & Hall & Nomura (2001)
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Grand Unification Orbifold GUTs

Proton decay

= recall Babu—Barr mechanism
(£ Babu & Barr (1993)

qi qi qe

=/

3u 3y

q; q; / k
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Grand Unification Orbifold GUTs

Proton decay

= recall Babu—Barr mechanism
(£ Babu & Barr (1993)

qi qe qi qe

=/

3u 3y

q; gk qj ekr

15 this structure is automatic in orbifold GUTs
2 Altarelli & Feruglio (2001); Hall & Nomura (2001)
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Grand Unification Orbifold GUTs

Pr decay

= recall Babu—Barr mechanism
(£ Babu & Barr (1993)

qi qe qi qe

!/

3u 3y

q; gk qj ekr

15 this structure is automatic in orbifold GUTs
2 Altarelli & Feruglio (2001); Hall & Nomura (2001)

1= reason: the bulk fields come in hypermultiplets H = (¢, ¢°) and the
(bulk) mass marries a triplet 3 that couples to SM matter to an

antitriplet 37, that does not
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Grand Unification Orbifold GUTs

5D example & mode expansion

@ Burdman & Nomura (2003)

P = ding(1, 1 1,1,1, 1) SU6)  p — diag(1.1.1,-1,-1.1)
L | )
|

| |
0 V : 35, H : (20,20°) =

Y

y=1L
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Grand Unification Orbifold GUTs

5D example & mode expansion

@ Burdman & Nomura (2003)
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Grand Unification Orbifold GUTs

5D example & mode expansion

@ Burdman & Nomura (2003)

SUE XU D §U(6) ST X SUCL X VY

y=20 V : 35, H : (20,20°) UfL
G4t (T, T5) Z:: m 62 (2,.) cos (27?5)
b (2, w5) = i 1 @D (3 ) cos ((2n J;Zl):cg,)
b (@, 5) = i 45, s <(2n +Rl)x5>
6 (wp, w5) = Z _ 4, sin (<2n +Rz) m5>
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Grand Unification Orbifold GUTs

5D example & mode expansion

(2 Burdman & Nomura (2003)

y=20 V : 35, H : (20,20°)

1= adjoint scalar from 6D vector

® = Phi®T, =
(—) (-5 o) L=+ L g+
(8100 W‘DY +zr f¢<32>_o/b 2.1,
i 84 3 gl ) T e
722@2)s 0 (13 + v ® i V3T,
1o 1 g+ o)
V27 (8,1)y 5 V2 T (1,2) _q0 2F (1 1)o

= only SM Higgs fields have zero modes
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Grand Unification Orbifold GUTs

5D example & mode expansion

@ Burdman & Nomura (2003)

y=20 V : 35, H:(20,20°

= only SM Higgs fields have zero modes

1w group—theoretical intersection of SU(5) and SU(4) x SU(2)y, in SU(6) is
Gsm x U(1)
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Grand Unification Orbifold GUTs

2—dimensional orbifolds

@ start with R?
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Grand Unification Orbifold GUTs

2—dimensional orbifolds

® start with R?
@ compactify on a torus
@ choose basis vectors ¢,
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Grand Unification Orbifold GUTs

2—dimensional orbifolds

® start with R?
@ compactify on a torus

@ choose basis vectors ¢,
o define torus lattice A = {n, e,; n, € Z}

Michael Ratz, UC Irvine Invisbles23 School 77 / 46


https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Orbifold GUTs

2—dimensional orbifolds

® start with R?
@ compactify on a torus

@ choose basis vectors ¢,
o define torus lattice A = {n, e,; n, € Z}
o identify points differing by lattice vectors ¢ € A
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Grand Unification Orbifold GUTs

2—dimensional orbifolds

® start with R?
@ compactify on a torus
® mod out a Z, symmetry of the lattice
@ choose discrete rotation ¢ which maps A onto itself
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Grand Unification Orbifold GUTs

2—dimensional orbifolds

® start with R?
@ compactify on a torus
® mod out a Z, symmetry of the lattice

@ choose discrete rotation ¢ which maps A onto itself
@ identify points related by ¢
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Grand Unification Orbifold GUTs

imensional orbifolds

® start with R?

@ compactify on a torus

® mod out a Z, symmetry of the lattice

@ identify fixed points : 0 f = f+(, (€A
@ correspondence [ +> (0,()
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Grand Unification Orbifold GUTs

2—dimensional orbifolds

® start with R?
@ compactify on a torus
® mod out a Z, symmetry of the lattice
@ identify fixed points : 0 f = f+(, (€A
@ correspondence [ +> (0,()
e / is only determined up to translations A € (1 — ) A
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Grand Unification Orbifold GUTs

2—dimensional orbifolds

® start with R?

@ compactify on a torus

® mod out a Z, symmetry of the lattice

@ identify fixed points : 0 f = f+(, (€A

fundamental domain 1 fundamental domain
( of the orbifold > =N ( of the torus )
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Grand Unification Orbifold GUTs

Z.5 orbifold pillow

= starting point: torus
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Z.5 orbifold pillow
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Grand Unification Orbifold GUTs

Z.5 orbifold pillow
N\ '’

7 N\

15 an orbifold is a space which is smooth/flat everywhere except for special
(orbifold fixed) points
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Grand Unification Orbifold GUTs

Z.5 orbifold pillow

Gy @ ® G

;bl O O C;b]'

1= an orbifold is a space which is smooth/flat everywhere except for special
(orbifold fixed) points

= ‘bulk’ gauge symmetry G is broken to (different) subgroups (local GUTs)
at the fixed points
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Grand Unification Orbifold GUTs

Z.5 orbifold pillow

Gy @ ® G

;bl O O C;b]'

1= an orbifold is a space which is smooth/flat everywhere except for special
(orbifold fixed) points

= ‘bulk’ gauge symmetry G is broken to (different) subgroups (local GUTs)
at the fixed points

s Iow—energy gauge group : Glowfcncrgy = Gbl N Ghr N GLI N Ct,r
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A 6D example

(7 Asaka, Buchmiiller & Covi (2001); &' Asaka, Buchmiiller & Covi (2002); &' Asaka, Buchmiiller & Covi (2003)
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Grand Unification Orbifold GUTs

A 6D example

(7 Asaka, Buchmiiller & Covi (2001); &' Asaka, Buchmiiller & Covi (2002); &' Asaka, Buchmiiller & Covi (2003)

Pag = diag(oz, 02,02, 02,02)
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A 6D example

(7 Asaka, Buchmiiller & Covi (2001); &' Asaka, Buchmiiller & Covi (2002); &' Asaka, Buchmiiller & Covi (2003)

(

Gpg = SU(4> X SU(Z)L X SU(Z)R
@
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A 6D example

(7 Asaka, Buchmiiller & Covi (2001); &' Asaka, Buchmiiller & Covi (2002); &' Asaka, Buchmiiller & Covi (2003)

(

Vl Gpg = SU(4> X U(Z)L X SU(Z)R
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Grand Unification Orbifold GUTs

SO(10)

L. e (@' Asaka, Buchmiiller & Covi (2001)
1= smallest group containing both SU(5) and

Gps = SU(4) x SU(2) x SU(2) is SO(10)
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SO(10
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1= smallest group containing both SU(5) and
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Grand Unification Orbifold GUTs

Matter in the ABC model

(2 Asaka, Buchmiiller & Covi (2001); &' Asaka, Buchmiiller & Covi (2002); (&' Asaka, Buchmiiller & Covi (2003)

hypermultiplet
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Matter in the ABC model

(2 Asaka, Buchmiiller & Covi (2001); &' Asaka, Buchmiiller & Covi (2002); (&' Asaka, Buchmiiller & Covi (2003)

1 generation
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Grand Unification Orbifold GUTs

Matter in the ABC model

(2 Asaka, Buchmiiller & Covi (2001); &' Asaka, Buchmiiller & Covi (2002); (&' Asaka, Buchmiiller & Covi (2003)

Gps = SU(4) x SU(2)L, x SU(2)x
®

1 generation

(4,2,1) + (4,1,2)

1 generation

Michael Ratz, UC Irvine Invisbles23 School
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Matter in the ABC model

(2 Asaka, Buchmiiller & Covi (2001); &' Asaka, Buchmiiller & Covi (2002); (&' Asaka, Buchmiiller & Covi (2003)

(2)L X SU(Z)R

)

1 generation 1 generation

10+5+1

(4,2,1) + (4,1,2)

1 generation
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Grand Unification Orbifold GUTs

Matter in the ABC model

(2 Asaka, Buchmiiller & Covi (2001); &' Asaka, Buchmiiller & Covi (2002); (&' Asaka, Buchmiiller & Covi (2003)

(2)L X SU(Z)R

)

1 generation 1 generation

10+5+1

(4,2,1) + (4,1,2)

1 generation

only 2 SU(2) doublets

survive projections
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Grand Unification Orbifold GUTs

Lessons from 6D orbifold GUTs

= nontrivial gauge group topography

Y
G'bl Tbr
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Lessons from 6D orbifold GUTs

Gy NG Gy NGy

G'bl Gbr
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Grand Unification Orbifold GUTs

Lessons from 6D orbifold GUTs

= nontrivial gauge group topography
15 |low—energy gauge group is the

intersection of local gauge groups

G(low—energ;y =
(;Tl N Gtr N (;b] N (;hr

= |ocalized matter comes in
complete representations of the
local gauge group

Y
G'bl Tbr
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Grand Unification Orbifold GUTs

Lessons from 6D orbifold GUTs

= nontrivial gauge group topography
15 |low—energy gauge group is the

intersection of local gauge groups

G(low—energ;y =
(;Tl N Gtr N (;b] N (;hr

= |ocalized matter comes in
complete representations of the
local gauge group

= bulk fields appear in split
Gbl ;b]- multiplets
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Grand Unification Orbifold GUTs

(Many) open questions

? is there an explanation for the representations?

... anomalies are not that constraining
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what are the couplings?
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? to which extent can we trust the higher—dimensional field-theoretical (i.e.
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?

is there an explanation for the representations?

-~

what are the couplings?

-~

to which extent can we trust the higher—dimensional field-theoretical (i.e.
nonrenormalizable) calculations?

-~

why do we observe matter in the form of complete 16—plets?
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Grand Unification Orbifold GUTs

(Many) open questions

?

is there an explanation for the representations?

-~

what are the couplings?

-~

to which extent can we trust the higher—dimensional field-theoretical (i.e.
nonrenormalizable) calculations?

-~

why do we observe matter in the form of complete 16—plets?

15 possible answer
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Orbifold GUTs

7?77 what is the field content of states living at the fixed points

i K
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Orbifold GUTs

777 what is the field content of states living at the fixed points

Field—theoretic method :

@ replace conical singularities by smooth

manifolds with the same asymptotic
behavior

@ calculate zero-modes (via index theorem)

... technically quite challenging ...
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Grand Unification Orbifold GUTs

Why strings?

777 what is the field content of states living at the fixed points
Field—theoretic method :

S @ replace conical singularities by smooth
manifolds with the same asymptotic
behavior

@ calculate zero-modes (via index theorem)
... technically quite challenging ...
, String—theorist’s method
@ consider strings ‘encircling’ the fixed points
@ calculate their spectrum
m ... (technically) rather simple ...
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Grand Unification Orbifold GUTs

Why strings

777 what are the fields sitting at the fixed points?
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Grand Unification Orbifold GUTs

Why strings

777 what are the fields sitting at the fixed points?

1w stringy and index methods (seem to) yield the same results

2 Walton (1988); (£ Erler (1994)
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Grand Unification Orbifold GUTs

Why strings

777 what are the fields sitting at the fixed points?

1w stringy and index methods (seem to) yield the same results

2 Walton (1988); (£ Erler (1994)

= ‘string theory as a tool’
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Grand Unification Orbifold GUTs

Why strings

777 what are the fields sitting at the fixed points?
1w stringy and index methods (seem to) yield the same results
2 Walton (1988); (£ Erler (1994)

= ‘string theory as a tool’

@ many important features:

e consistency
o calculability
o ...
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Grand Unification Modular flavor symmetries

Tori

5 torus=donut
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15 two cycles
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5 torus=donut

15 two cycles
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Grand Unification Modular flavor symmetries

Tori

\ \

1= torus can be thought of as a parallelogram (which emerges by cutting the
torus open along the red and blue cycles)
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Grand Unification Modular flavor symmetries

Tori

\ijentify

identify

15 opposite edges get identified
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Grand Unification Modular flavor symmetries

Tori

€2

\ A\

15 edges define basis vectors of a lattice
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Grand Unification Modular flavor symmetries

Tori

w= torus is T? = R?/Z?: two points in the plane get identified if they differ
by a lattice translation
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Grand Unification Modular flavor symmetries

Tori

[ ] L] ® [ ]
€
[ ] 62‘ “*l--llllllll‘l"
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1 fundamental domain is not unique
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Grand Unification Modular flavor symmetries

Tori

€

1 fundamental domain is not unique

= we can build linear combinations of the basis vectors
()= ()= ()= ()
1 €1 C €1 €1
a,b,c,d € Z
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Grand Unification Modular flavor symmetries

Tori

[ ] L] ® [ ]
€
[ ] 62‘ “‘*l--lllllll:‘l’.
% 2e ve®
. .
.® "
2 [ 3
[ ] o P [ ]
0 €1
L] L] [ ] [ ]

1 fundamental domain is not unique

= we can build linear combinations of the basis vectors
!
€s e a b e e
()= ()=o) @)= ()
1 €1 & €1 €1

1= volume of fundamental domain stays the same < dety =1
v € SL(2,7Z) (there is a superfluous sign, so v € I' = SL(2,Z)/Z>)
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Grand Unification Modular flavor symmetries

Group work: order of I

= how many elements does I' = SL(2,7Z)/Z5 have?
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Grand Unification Modular flavor symmetries

Group work: order of I

= how many elements does I' = SL(2,7Z)/Z5 have?

" answer:
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Grand Unification Modular flavor symmetries

up work: order of I

= how many elements does I' = SL(2,7Z)/Z5 have?

= answer: infinitely many
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Grand Unification Modular flavor symmetries

SL(2, Z)

15 two basic transformations
/ 1 1
T : ear—~e5=ex+e ~r=1y 1 =T
1
0

0
S i e1—el=e and ey el =—¢ m*y-(
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Grand Unification Modular flavor symmetries

SL(2, Z)

15 two basic transformations

T:egn—>e’2:eg+61 mfy:(l 1)::T
I / 0 ].
S :e—e=e and ey ey =—€e Y= =: S

= S and T generate SL(2,Z) and
S?=(ST)* =1
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Grand Unification Modular flavor symmetries

SL(2,7) and modular flavor symmetries

15 two basic transformations
, 1 1
T : ear—~e5=ex+e Ay = =T
S f = d ! = = 1
P e e =e2 an €y = €9 = —e€1 Ny = 0

= S and T generate SL(2,Z) and
S?=(ST)* =1

Modular flavor symmetries:

identify finite groups with generators satisfying
S2=(ST)® =1
and additional relations
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Grand Unification Modular flavor symmetries

Modular flavor symmetries

1= finite subgroups I'y := I'/T'(IV) where

T(N) = {(i Z) € SL(2,7)/Z> ; (‘z Z) = ((1) (1)) mod N}

level
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Grand Unification Modular flavor symmetries

Modular flavor symmetries

1= finite subgroups I'y := I'/T'(IV) where

T(N) = {(i Z) € SL(2,7)/Z> ; (‘z Z) = ((1) (1)) mod N}

ww eg I's ~ Ay (symmetry of tetrahedron)
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Modular flavor symmetries

1= finite subgroups I'y := I'/T'(IV) where

T(N) = {(i Z) € SL(2,7)/Z> ; (‘z Z) = ((1) (1)) mod N}

ww eg I's ~ Ay (symmetry of tetrahedron)
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Grand Unification Modular flavor symmetries

Modular flavor symmetries

1= finite subgroups I'y := I'/T'(IV) where

T(N) = {(i Z) € SL(2,7)/Z> ; (‘z Z) = ((1) (1)) mod N}

ww eg I's ~ Ay (symmetry of tetrahedron)

2
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Grand Unification Modular flavor symmetries

Modular flavor symmetries

1= finite subgroups I'y := I'/T'(IV) where

T(N) = {(i Z) € SL(2,7)/Z> ; (‘z Z) = ((1) (1)) mod N}

ww eg I's ~ Ay (symmetry of tetrahedron)

2
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Grand Unification Modular flavor symmetries

Modular flavor symmetries

1= finite subgroups I'y := I'/T'(IV) where

I'(N) = {(‘Z Z) € SL(2,Z)/Z ; (‘; Z) = ((1) (1)) mod N}

ww eg I's ~ Ay (symmetry of tetrahedron)
\0 S
G
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Modular flavor symmetries
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Grand Unification Modular flavor symmetries

Modular flavor symmetries

1= finite subgroups I'y := I'/T'(IV) where

T(N) = {(i Z) € SL(2,7)/Z> ; (‘z Z) = ((1) (1)) mod N}

ww eg I's ~ Ay (symmetry of tetrahedron)

1 complex coordinates: R? ~ C
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Grand Unification Modular flavor symmetries

Modular flavor symmetries

1= finite subgroups I'y := I'/T'(IV) where

T(N) = {(Z Z) € SL(2,7)/Z> ; (‘; Z) = ((1) (1)) mod N}

ww eg I's ~ Ay (symmetry of tetrahedron)
1 complex coordinates: R? ~ C
= modular transformations in complex coordinates

-1
T'i>— and TL>T—|—1
T
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Grand Unification Modular flavor symmetries

Modular forms

15 traditional modular forms

flyr) = (er +d) " f(7)

v = (‘é Z) € SL(2,Z)/Z:
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Modular forms

15 traditional modular forms
FOyr) = (er +d) " f(7)

k € Q modular weight
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Grand Unification Modular flavor symmetries

Modular forms & modular flavor symmetries

15 traditional modular forms

flyr) = (er +d) " f(7)

== modular forms of level NV
fi(yr) = (er+d)7F lon (V)] f5(T)

representation matrix of I'x
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Grand Unification Modular flavor symmetries

Modular forms & modular flavor symmetries

15 traditional modular forms

fOyr) = (et +d)™"f(7)

== modular forms of level NV
fi(yr) = (er +d)* [pn (V)] £5(7)

Modular flavor symmetries:
What if Yukawa couplings are modular forms?

& Feruglio (2019)
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Grand Unification Modular flavor symmetries

An explicit example

@ Feruglio (2019)

1w |epton sector of the (supersymmetric) standard model

(EfvEngg) L Hd Hu ¥

SU(2)L X U(l)y 11 2,1/2 2,1/2 21/2 10
Ts (1,17,17) 3 1 13

% gy by k) | k| ka | ku || ko
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Grand Unification Modular flavor symmetries

An explicit example

1= |epton sector of the (supersymmetric) standard model

(B, E5.B) | L | Ha [Ha | o]
SU(Q)L X U(].)y 1 2 1/ | 2247 | 21y 19
T; (1,17,17) 3 1 1|3
k kg kg ki) | ko | ka | ku | Ko

== charged fermion masses are obtained by adjusting three parameters
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Grand Unification Modular flavor symmetries

An explicit example

& Feruglio (2019)

1w |epton sector of the (supersymmetric) standard model

(EfvEgaEg) L Hd Hu ©

SU(Q)L X U(l)y 11 2 . 2 2 . 2 2, 2 10
T (1,17,17) 3 1 1|3

k (kElvkEza kEd) kL kaq ky kga

= charged fermion masses are obtained by adjusting three parameters

1
S DY (H, D),

uniqueness of modular forms:
if modular forms at a given level are regular at the cusps they are unique

== Weinberg operator: %, =
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Grand Unification Modular flavor symmetries

An explicit example

& Feruglio (2019)

1w |epton sector of the (supersymmetric) standard model

(B, E5.By) | L | Ha [Ha | o

SU(Q)L X U(].)y 1 2 1/ | 2007 | 21y 19
T; (1,17,17) 3 1 1|3

& kg kg ki) | ko | ka | ku | Ko

== charged fermion masses are obtained by adjusting three parameters

C(H, L)Y (H,- L),

1= \Weinberg operator: %, = X

Y = (¥1,Y2,%3)" w/ Y
modular functions (unique)
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Grand Unification Modular flavor symmetries

An explicit example

@ Feruglio (2019)

1w |epton sector of the (supersymmetric) standard model

(EfvEngg) L Hd Hu ¥

SU(2)L X U(l)y 11 2,1/2 2,1/2 21/2 10
Ts (1,17,17) 3 1 13

% gy by k) | k| ka | ku || ko

== charged fermion masses are obtained by adjusting three parameters

1
X [(Hu : L) Y (Hu ' L)}l
v Kihler potential of charged leptons: K = (—i7 +i7) " (LL),

= Weinberg operator: %, =
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Grand Unification Modular flavor symmetries

An explicit example

& Feruglio (2019)

1w |epton sector of the (supersymmetric) standard model

(Ef7E§7E§) L Hd Hu ©

SU(Q)L X U(l)y 11 2 . 2 2 . 2 2, 2 10
T (1,17,17) 3 1 1|3

k (kElvkEza kEa) kL kaq ky kga

= charged fermion masses are obtained by adjusting three parameters
1
X [(Hu . L) Y (Hu : L)}l
w Kahler potential of charged leptons: K = (—i7T+i7) " (LL),
15 peutrino mass in traditional A4 models
02 2a —c —b
m, = K" —c 2b —a (old)
-b —a 2c

== Weinberg operator: %, =
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Grand Unification Modular flavor symmetries

An explicit example

@ Feruglio (2019)

1w |epton sector of the (supersymmetric) standard model

(EfvEngg) L Hd Hu ¥

SU(2)L X U(l)y 11 2,1/2 2,1/2 21/2 10
Ts (1,17,17) 3 1 13

% gy by k) | k| ka | ku || ko

== charged fermion masses are obtained by adjusting three parameters

1
X [(Hu : L) Y (Hu ' L)}l
v Kihler potential of charged leptons: K = (—i7 +i7) " (LL),

= Weinberg operator: %, =

15 peutrino mass in “modular” A4 models
w2 [ 2a(r) =Ys(r) —Ya(7)

m, = X" -Y3(r) 2Ya(r) -Yi(7)
=Ya(r) =Yi(r) 2Ya(7)
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Grand Unification Modular flavor symmetries

An explicit example

@ Feruglio (2019)

1w |epton sector of the (supersymmetric) standard model

(EfvEngg) L Hd Hu ¥

SU(2)L X U(l)y 11 2,1/2 2,1/2 21/2 10
Ts (1,17,17) 3 1 13

% gy by k) | k| ka | ku || ko

== charged fermion masses are obtained by adjusting three parameters

1
X [(Hu : L) Y (Hu ' L)}l
v Kihler potential of charged leptons: K = (—i7 +i7) " (LL),

= Weinberg operator: %, =

15 peutrino mass in “modular” A4 models
w2 [ 2a(r) =Ys(r) —Ya(7)

m, = X" -Y3(r) 2Ya(r) -Yi(7)
=Ya(r) =Yi(r) 2Ya(7)

1 3 free parameters A, Re7 and Im 7 ~ 9 predictions: three mass
eigenvalues, three mixing angles and three phases
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Grand Unification Modular flavor symmetries

Too good to be true?

1= 3 free parameters A, Re7 and Im 7 ~ 9 predictions: three mass
eigenvalues, three mixing angles and three phases
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Grand Unification Modular flavor symmetries

Too good to be true?

1= 3 free parameters A, Re7 and Im 7 ~ 9 predictions: three mass
eigenvalues, three mixing angles and three phases

1= why is this a big deal?
o we know two Am? and three angles so it is nontrivial that this works.
e predictions of the absolute mass scale, the Dirac phase and the Majorana
phases.
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Grand Unification Modular flavor symmetries

Too good to be tru

1= 3 free parameters A, Re7 and Im 7 ~ 9 predictions: three mass
eigenvalues, three mixing angles and three phases

1= why is this a big deal?
o we know two Am? and three angles so it is nontrivial that this works.

e predictions of the absolute mass scale, the Dirac phase and the Majorana
phases.

= jncrease in predictivity because multi-component flavons got replaced by
7, which has only two degrees of freedom
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Grand Unification Modular flavor symmetries

Too good to be true ©

1= 3 free parameters A, Re7 and Im 7 ~ 9 predictions: three mass
eigenvalues, three mixing angles and three phases

1= why is this a big deal?
o we know two Am? and three angles so it is nontrivial that this works.

e predictions of the absolute mass scale, the Dirac phase and the Majorana
phases.

= jncrease in predictivity because multi-component flavons got replaced by
7, which has only two degrees of freedom

== However: Kahler potential not fixed by symmetries

(@ Chen, Ramos-Sanchez & MR (2020)
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Grand Unification Modular flavor symmetries

Too good to be true ©

1= 3 free parameters A, Re7 and Im 7 ~ 9 predictions: three mass
eigenvalues, three mixing angles and three phases

1= why is this a big deal?
o we know two Am? and three angles so it is nontrivial that this works.
e predictions of the absolute mass scale, the Dirac phase and the Majorana
phases.

= jncrease in predictivity because multi-component flavons got replaced by
7, which has only two degrees of freedom

== However: Kahler potential not fixed by symmetries

(@ Chen, Ramos-Sanchez & MR (2020)

= many more parameters

Michael Ratz, UC Irvine Invisbles23 School

95 / 46


http://inspirehep.net/search?p=Chen:2019ewa
https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Modular flavor symmetries

Problem with kinetic terms

@ Chen, Ramos-Sénchez & MR (2020)

= EFT expansion of the Kahler potential
7
K =ag (—ir+i7) " (LL), +Y ax(-iT+i7) (YLY L), , +
k=1

k

canonical (up to overall factor)
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Grand Unification Modular flavor symmetries

Problem with kinetic terms

' Chen, Ramos-Sanchez & MR (2020)

= EFT expansion of the Kahler potential
7
K =ag (—ir+i7) " (LL), +Y ax(=iT+i7) (YLY L), , +
k=1

k

extra terms on the same footing
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Grand Unification Modular flavor symmetries

Problem with kinetic terms

@ Chen, Ramos-Sénchez & MR (2020)

= EFT expansion of the Kahler potential
7
K =ag (—ir+i7) " (LL), +Y ax(=iT+i7) (YLY L), , +
k=1
1= since modular flavor symmetries are nonlinearly realized there is no
control over the Kahler potential
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http://inspirehep.net/search?p=Chen:2019ewa
https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Modular flavor symmetries

Problem with kinetic terms

@ Chen, Ramos-Sénchez & MR (2020)

= EFT expansion of the Kahler potential
7

K =ag (—ir+i7) " (LL), +Y ax(=iT+i7) (YLY L), , +
k=1

1= since modular flavor symmetries are nonlinearly realized there is no
control over the Kahler potential

= more parameters than predictions in bottom—up approach
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Grand Unification Modular flavor symmetries

Example of corrections in modular A4 model

@ Chen, Ramos-Sénchez & MR (2020)

1= e.g. sensitivity to the ag coefficient

40F 1
i 612 ]
30 .

& 20; 013 6023 7

10} :

0.0 0.2 0.4 0.6 0.8 1.0

@
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Grand Unification Modular flavor symmetries

Modular flavor symmetries from strings

1= in order to make reliable predictions we need more ingredients
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Grand Unification Modular flavor symmetries

Modular flavor symmetries from strings

1= in order to make reliable predictions we need more ingredients

= yltimately we want to embed these models in a more complete framework
anyway
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Grand Unification Modular flavor symmetries

Modular flavor symmetries from strings

1= in order to make reliable predictions we need more ingredients

= yltimately we want to embed these models in a more complete framework
anyway
== powerful tool: eclectic flavor symmetries

@ Nilles, Ramos-Sanchez & Vaudrevange (2021); & Baur, Kade, Nilles, Ramos-Sanchez & Vaudrevange (2020)
@ Nilles, Ramos-Sanchez & Vaudrevange (2020); (' Nilles, Ramos-Sanchez & Vaudrevange (2020)
' Nilles, Ramos-Sanchez & Vaudrevange (2020)
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Grand Unification Modular flavor symmetries

Modular flavor symmetries from strings

1= in order to make reliable predictions we need more ingredients

= yltimately we want to embed these models in a more complete framework
anyway

== powerful tool: eclectic flavor symmetries

@ Nilles, Ramos-Sanchez & Vaudrevange (2021); & Baur, Kade, Nilles, Ramos-Sanchez & Vaudrevange (2020)
@ Nilles, Ramos-Sanchez & Vaudrevange (2020); (' Nilles, Ramos-Sanchez & Vaudrevange (2020)
' Nilles, Ramos-Sanchez & Vaudrevange (2020)

15 one can also obtain modular flavor symmetries from field theories on tori
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Metaplectic

flavor

symmetries



Grand Unification Metaplectic

Magnetized tori

(2 Cremades, Ibafiez & Marchesano (2004)
= torus with magnetic flux carries chiral zero modes
; (40 4
PIM (2, 7,¢) = Ne™ 1M (z4+¢) ﬁ[ﬂd(M(z—l—C),MT)
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Grand Unification Metaplectic

Magnetized tori

(@' Cremades, Ibafiez & Marchesano (2004)

= torus with magnetic flux carries chiral zero modes

w]’,]\,{(z7 7.() = N e™ 1M (z+0) mete) 19[ 1 } ( (z+Q),M )

flux parameter ~ # of zero modes
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Grand Unification Metaplectic

Magnetized tori

 Cremades, Ibafiez & Marchesano (2004)

= torus with magnetic flux carries chiral zero modes

WM (2,7,¢) = N ™ 1M (40 s 19[%1} (M (z+¢), M)

“Wilson line”
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Grand Unification Metaplectic

Magnetized tori

 Cremades, Ibafiez & Marchesano (2004)

= torus with magnetic flux carries chiral zero modes

Im(z+¢) k }( (s4+0), M )

WM (2, 7,¢) = N ™ 1M (40 BT [ 4

Jacobi Y—function
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Grand Unification Metaplectic

Magnetized tori

 Cremades, Ibafiez & Marchesano (2004)

= torus with magnetic flux carries chiral zero modes
Im(24¢)

PPN (2,7, €) = A em MEF B g 3| (M (= + ), M 7)

5 normalization

oM Tm7\/*
v- ()

area of torus
A= (2rR)?Im T
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Grand Unification Metaplectic

Flux

= Flux in U(N) gauge theory w/ N = N, + N, + N,

ri %: ]lNaXNa 0 0

F = 0 LTS P 0
Imr 0 0 meq
N. ¢ c
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Grand Unification Metaplectic

Flux

= Flux in U(N) gauge theory w/ N = N, + N, + N,

ri %: ]lNaXNa 0 0

F = 0 LTS P 0
Imr 0 0 meq
N. ¢ c

w Assumption: s, = R € Z
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Grand Unification Metaplectic

Flux

= Flux in U(N) gauge theory w/ N = N, + N, + N,

ri %: ]lNaXNa 0 0

F = 0 LTS P 0
Imr 0 0 meq
N. ¢ c

w Assumption: s, = R € Z

1= Differences between fluxes: Zo3 = s — s3
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Grand Unification Metaplectic

Flux

= Flux in U(N) gauge theory w/ N = N, + N, + N,

ri %: ]lNaXNa 0 0

F = 0 LTS P 0
Imr 0 0 meq
N. ¢ c

w Assumption: s, = R € Z
1= Differences between fluxes: Zo3 = s — s3

= “Sum rule”
Iab +Ibc +Ica =0
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Grand Unification Metaplectic

Yukawa couplings

15 Yukawa couplings are given by overlap integrals
}/ijk(g T) = g Oabc
/d2z wi,lab (%7, Cab) wjlm (2,7, Cca) ('(/)klab (2,7, ch)) "
T2

gauge coupling sign
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Grand Unification Metaplectic

Yukawa couplings

15 Yukawa couplings are given by overlap integrals
}/ijk(g T) = g 0abc
/d2z wi,lab (2,7, Cab) wjlm (2,7, Cca) ('(/)klab (2,7, ch)) "
T2

“Wilson lines”
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Grand Unification Metaplectic

Yukawa couplings

7 Cremades, Ibafiez & Marchesano (2004)
== Yukawa couplings be expressed as a sum of ¥—functions

= H(¢T)
}/ijk(C7T) = Nabce 2 Z 6k7i+]’+zabm

meZIhc

Zeai=Zapj+TapTeam]
9 |: - al):(z)-bcIca ] (C7T |IathcIca,|)

1/4
ZopZea /
Tpe

2Im 7 1/4
Nabc = 9 0abc ( JZ‘I;T)
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Grand Unification Metaplectic

Yukawa couplings

(' Cremades, Ibafiez & Marchesano (2004)
== Yukawa couplings be expressed as a sum of ¥—functions

= H(¢T)
}/;.779(4.77—) = Nabce 2 Z 5k7i+]’+1abm

meZIhc

Zeai=Zapj+ZavLeam]
Y |: B abébclm :| (C* T ‘Iabzbc:zcaD

“collective” Wilson line
¢ = —TZopZca (Cca - Cab) = d*#7 Sa Ca I,ny
1 if {o, 8,7} is even perm. of {1,2,3}

w/ dAY =
0 otherwise
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Grand Unification Metaplectic

Yukawa couplings

(' Cremades, Ibafiez & Marchesano (2004)
== Yukawa couplings be expressed as a sum of ¥—functions

= H(¢T)
}/ijk(C7T) = Nabce 3 Z 5k7i+]’+1abm

mGZIhC

Zeat=ZavJtZavTea™m]|
v |: - abébclm :| (<7 T ‘Iabzbc-z-ca”

H(C, T wi
% = m (Iab Cab Im Cab + Tpe Cbc Im Cbc +Zea Cca Im Cca)
i . CIm(
- |Iab Ibc Iab| ! g
Im 7 Im 7
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Grand Unification Metaplectic

Yukawa couplings

Z Cremades, Ibafiez & Marchesano (2004)
== Yukawa couplings be expressed as a sum of ¥—functions

= H(¢T)
Yvi.ik(C7T) = Nabce 2 Z 6k7i+47’+zabm

mGZzbC

Zeai=Zapj+ZapZeam|
qg[ — abébczm ](<7T|Iabzbczca|)

1 Yukawa couplings also describe intersecting brane models

(' Cremades, Ibafiez & Marchesano (2004)
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Grand Unification Metaplectic

Yukawa couplings

Z Cremades, Ibafiez & Marchesano (2004)
== Yukawa couplings be expressed as a sum of ¥—functions

= H(¢T)
Yvi.ik(C7T) = Nabce 2 Z 6k7i+47’+zabm

mGZzbC

Zeai=Zapj+ZapZeam|
qg[ — abébczm ](<7T|Iabzbczca|)

1 Yukawa couplings also describe intersecting brane models

(' Cremades, Ibafiez & Marchesano (2004)

= Also related to couplings on heterotic orbifolds

' Abel & Owen (2004)
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Grand Unification Metaplectic

Yukawa couplings

Z Cremades, Ibafiez & Marchesano (2004)
== Yukawa couplings be expressed as a sum of ¥—functions

Yir(C,r) = Napee 2 D Okitjrzam
mGZzbC
Zeat—Zapj+ZapLeam .
.ﬂ[ — abébczm ] (<7T|Iabzbczca|)

1 Yukawa couplings also describe intersecting brane models

(' Cremades, Ibafiez & Marchesano (2004)

= Also related to couplings on heterotic orbifolds

' Abel & Owen (2004)

= Qbviously no sum for Z,. = 1
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Grand Unification Metaplectic

Yukawa couplings

Z Cremades, Ibafiez & Marchesano (2004)
== Yukawa couplings be expressed as a sum of ¥—functions

= H(¢T)
Yvi.ik(C7T) = Nabce 2 Z 6k7i+47’+zabm

mGZzbC

Zeai=Zapj+ZapZeam|
qg[ — abébczm ](<7T|Iabzbczca|)

1 Yukawa couplings also describe intersecting brane models

(' Cremades, Ibafiez & Marchesano (2004)

= Also related to couplings on heterotic orbifolds

' Abel & Owen (2004)

= Qbviously no sum for Z,. = 1

1= There might still be a sum for ged(Zap, Zea, Zpe) = 1

' Almumin, Chen, Knapp-Pérez, Ramos-Sanchez, MR & Shukla (2021)
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Grand Unification Metaplectic

Yukawa couplings for general flux parameters

@ Almumin, Chen, Knapp-Pérez, Ramos-Sanchez, MR & Shukla (2021)

== Using elementary number theory one can reduce the Yukawa coupling to
a single ¥—function

H(7)

}/ijk(gv T) = Nabce 2 Agi)j’k

10, i1 11, (20,) %) iy | ([
-9 N =, AT
0 d

>\ = ]- Ia ) Ica ) Ic
Euler ¢—function cm(| ohs Zeal, [Zo |)
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Grand Unification Metaplectic

Yukawa couplings for general flux parameters

@ Almumin, Chen, Knapp-Pérez, Ramos-Sanchez, MR & Shukla (2021)

== Using elementary number theory one can reduce the Yukawa coupling to
a single ¥—function

H(7)

}/ijk(gv T) = Nabce 2 Agi)j’k

1, -2, 5+, (2,) 0T (emimi] (€
¥ by ) AT
0 d

0, otherwise
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Grand Unification Metaplectic

Yukawa couplings for general flux parameters

' Almumin, Chen, Knapp-Pérez, Ramos-Sanchez, MR & Shukla (2021)

== Using elementary number theory one can reduce the Yukawa coupling to
a single ¥—function

H(7)

}/ijk(gv T) = Nabc e 2 Agi)j’k
T,y i-Thy 470 (T) (%) -i=p) | (€
0, p) g, AT

A
QO

Zi; = Lij/d
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Grand Unification Metaplectic

Yukawa couplings for general flux parameters

' Almumin, Chen, Knapp-Pérez, Ramos-Sanchez, MR & Shukla (2021)

1 Using elementary number theory one can reduce the Yukawa coupling to
a single ¥—function

~ H(C,T) d
}/ijk(<7 T) = Nabc € »E+)j’k
T i=T0y 4Tl (o) U7 (hmimi) ¢
X, by ) AT
0 d

= Only lem(|Zap|, [Zeal, |Zoe|) independent coupling, e.g. a model with
(Zabs Zea, Ine) = (1,2, —3) has as many independent couplings as a
model with (Zap, Zeq, Zoe) = (3,3, —6)
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Grand Unification Metaplectic

Yukawa couplings for general flux parameters

' Almumin, Chen, Knapp-Pérez, Ramos-Sanchez, MR & Shukla (2021)

== Using elementary number theory one can reduce the Yukawa coupling to
a single ¥—function

~ H(C.m)
}/ijk(C7T) = Nabce 2 Agi)j’k

7L, =24, 547 (2,,) (%) Wﬂ')} (5 m)

X
0

= Only lem(|Zap|, [Zeal, |Zoc|) independent coupling

1 This expression allows us to determine the metaplectic flavor symmetries
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Grand Unification Metaplectic

Yukawa couplings for general flux parameters

' Almumin, Chen, Knapp-Pérez, Ramos-Sanchez, MR & Shukla (2021)

== Using elementary number theory one can reduce the Yukawa coupling to
a single ¥—function

H(7)

}/ijk(gv T) = Nabc e 2 Az('i)j,k
1, -2, 5+ 10, (2,) 0T (emimp] (€
A ga AT

0

= Only lem(|Zap|, [Zeal, |Zoc|) independent coupling

1 This expression allows us to determine the metaplectic flavor symmetries

bottom-line:

Magnetized tori with A\ = lem(# of flavors) exhibit a
T'sx modular flavor symmetry
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Grand Unification Metaplectic

Metaplectic transformations

cf. also &' Liu, Yao, Qu & Ding (2020)

1= Double cover of SL(2,7Z): the so—called metaplectic group T = Mp(2,7Z)

Michael Ratz, UC Irvine Invisbles23 School 105 / 46


http://inspirehep.net/search?p=Liu:2020msy
https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Metaplectic

Metaplectic transformations

cf. also &' Liu, Yao, Qu & Ding (2020)

1= Double cover of SL(2,7Z): the so—called metaplectic group T = Mp(2,7Z)

w Generators S and T of I’ satisfy the presentation
S8 =(ST)® =1 and S°T =T5?

1= Qur choice
S=(S,—/=7) and T =(T,+1), STeTl
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Grand Unification Metaplectic

Metaplectic transformations

cf. also &' Liu, Yao, Qu & Ding (2020)

1= Double cover of SL(2,7Z): the so—called metaplectic group T = Mp(2,7Z)

w Generators S and T of I’ satisfy the presentation
S8 =(ST)® =1 and S°T =T5?

1= Qur choice
S=(S,—v/=7) and T =(T,+1), S,TeTl

&

== Metaplectic group

T ={7=(e0nm) |7 €T, @(r,7) = T +d)*}
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Grand Unification Metaplectic

Metaplectic transformations

cf. also &' Liu, Yao, Qu & Ding (2020)

1= Double cover of SL(2,7Z): the so—called metaplectic group T = Mp(2,7Z)

w Generators S and T of I’ satisfy the presentation
S8 =(ST)® =1 and S°T =T5?

1= Qur choice
S=(S,—v/=7) and T =(T,+1), S,TeTl

== Metaplectic group

T ={7=(e0nm) |7 €T, @(r,7) = T +d)*}

1 Multiplication rule
(71, (11, 7)) (2, (72, 7)) = (M72, P(71,72 T)(V2, 7))
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Grand Unification Metaplectic

Metaplectic flavor symmetries from magnetized tori

= Yukawa couplings transform nontrivially under modular transformations
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Grand Unification Metaplectic

Metaplectic flavor symmetries from magnetized tori

= Yukawa couplings transform nontrivially under modular transformations

== Naive expectation: zero-mode wavefunctions get mapped to a linear
combination of zero-mode wavefunctions
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Grand Unification Metaplectic

Metaplectic flavor symmetries from magnetized tori

= Yukawa couplings transform nontrivially under modular transformations

== Naive expectation: zero-mode wavefunctions get mapped to a linear
combination of zero-mode wavefunctions

1 However, not true for odd flux parameters M

(2 Ohki, Uemura & Watanabe (2020); (&' Kikuchi, Kobayashi, Takada, Tatsuishi & Uchida (2020)
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Grand Unification Metaplectic

Metaplectic flavor symmetries from magnetized tori

= Yukawa couplings transform nontrivially under modular transformations

== Naive expectation: zero-mode wavefunctions get mapped to a linear
combination of zero-mode wavefunctions

1 However, not true for odd flux parameters M

(2 Ohki, Uemura & Watanabe (2020); (&' Kikuchi, Kobayashi, Takada, Tatsuishi & Uchida (2020)

15 Yet this does not indicate an inconsistency. Rather, the true
transformation involves either Scherk—Schwarz phases or equivalently a
shift of the so—called Wilson line parameter ¢

@ Kikuchi, Kobayashi & Uchida (2021); & Almumin, Chen, Knapp-Pérez, Ramos-Sénchez, MR & Shukla (2021); &' Tatsuta (2021)
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Grand Unification Metaplectic

Connection to bottom—up model building

= Metaplectic flavor symmetries have been studie in bottom—up model
building

& Liu, Yao, Qu & Ding (2020); &' Ding, Feruglio & Liu (2021)

Michael Ratz, UC Irvine Invisbles23 School 107 / 46


http://inspirehep.net/search?p=Liu:2020msy
http://inspirehep.net/search?p=Ding:2020zxw
http://inspirehep.net/search?p=Almumin:2021fbk
https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Metaplectic

Connection to bottom—up model building

= Metaplectic flavor symmetries have been studie in bottom—up model
building

& Liu, Yao, Qu & Ding (2020); &' Ding, Feruglio & Liu (2021)

1= Torus—derived metaplectic flavor symmetries are first and so far only
example in which the bottom—up postulated symmetries have been
derived from some explicit setting

' Almumin, Chen, Knapp-Pérez, Ramos-Sanchez, MR & Shukla (2021)
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Grand Unification Metaplectic

Connection to bottom—up model building

= Metaplectic flavor symmetries have been studie in bottom—up model
building

& Liu, Yao, Qu & Ding (2020); &' Ding, Feruglio & Liu (2021)

1= Torus—derived metaplectic flavor symmetries are first and so far only
example in which the bottom—up postulated symmetries have been
derived from some explicit setting

' Almumin, Chen, Knapp-Pérez, Ramos-Sanchez, MR & Shukla (2021)

= Realistic fits of the neutrino masses have been achieved in the bottom—up
approach. ..
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Grand Unification Metaplectic

Connection to bottom—up model building

= Metaplectic flavor symmetries have been studie in bottom—up model
building
& Liu, Yao, Qu & Ding (2020); &' Ding, Feruglio & Liu (2021)
1= Torus—derived metaplectic flavor symmetries are first and so far only

example in which the bottom—up postulated symmetries have been
derived from some explicit setting

' Almumin, Chen, Knapp-Pérez, Ramos-Sanchez, MR & Shukla (2021)

= Realistic fits of the neutrino masses have been achieved in the bottom—up
approach. ..

== .. but only at the expense of introducing representations and fixing their
modular weights at will
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Grand Unification Metaplectic

Connection to bottom—up model building

= Metaplectic flavor symmetries have been studie in bottom—up model
building
& Liu, Yao, Qu & Ding (2020); &' Ding, Feruglio & Liu (2021)
1= Torus—derived metaplectic flavor symmetries are first and so far only

example in which the bottom—up postulated symmetries have been
derived from some explicit setting

' Almumin, Chen, Knapp-Pérez, Ramos-Sanchez, MR & Shukla (2021)
= Realistic fits of the neutrino masses have been achieved in the bottom—up
approach. ..

== .. but only at the expense of introducing representations and fixing their
modular weights at will

= More efforts required to endow phenomenologically promising bottom—up
constructions with a UV completion

Michael Ratz, UC Irvine Invisbles23 School 107 / 46
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Appendix



Discrete symmetries

and

Grand Unification

@ anomaly cancellation
@ consistency with unification
@ unique Z symmetry

@ no—go theorems in 4D



Grand Unification Anomaly—free discrete symmetries & uni

Prejudices and assumptions

Assumptions:

e SO(10) unification of matter is not an accident
1= 4, term is forbidden by a symmetry

1= symmetries need to be anomaly—free

Important ingredient :

1 Green—Schwarz anomaly cancellation
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Grand Unification Anomaly—free discrete symmetries & unification

Anomaly freedom

Anomaly freedom
+
Gauge unification
Jr
Green—Schwarz
anomaly cancellation
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Grand Unification Anomaly—free discrete symmetries & unification

Anomaly freedom

Anomaly freedom
+
Gauge unification
Jr
Green—Schwarz
anomaly cancellation

— “Anomaly universality”
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Grand Unification Anomaly—free discrete symmetries & unification

Anomaly freedom

Anomaly freedom
+
Gauge unification
Jr
Green—Schwarz

Exampleoradmaly adefficients for Z

— “Anomaly universality”

symmetry
Age_zyy = S 10 gD
f
AgravszN = Zq(m)
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Grand Unification Anomaly—free discrete symmetries & unification

Anomaly freedom

Anomaly freedom

+
Gauge unification

—  “Anomaly universality”

Green— sum over all
Exampleoanome representations of G
symmetry

Agr gy = SO g
-

Agrav2 —ZNn — Zq(m)
m

sum over all fermions
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Grand Unification Anomaly—free discrete symmetries & unification

Anomaly freedom

Anomaly freedom
+
Gauge unification

+
Green—Schwar Dynkin_index

Exampleoanomaly @defl 0 Lol

symmetry
Aga_gy = 3 0. gD
f

Agrav2 I = Zq(m)
m

— “Anomaly universality”

discrete charges
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Grand Unification Anomaly—free discrete symmetries & unification

Anomaly freedom

Anomaly freedom
+
Gauge unification
_|_
Green—Schwarz
Exampleorndmeady cdefficients for Z
symmetry traditional anomaly

Ac2_z, = Zé(f) g 20 mod n
f

—  “Anomaly universality”

freedom:

all A coefficients vanish

m) !
Agravi—zy = E q( )=0 mod n {N for N odd
m n =

N/2 for N even

' Ibafiez & Ross (1991)

@ Banks & Dine (1992)
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Grand Unification Anomaly—free discrete symmetries & unification

Anomaly freedom

Anomaly freedom

+
Gauge unification . . -
" — “Anomaly universality
Green—Schwarz s;iléegsuael to
Examplaorndymaly cdefficien
xampleo v ! GS saxion

symmetry

traditional anomaly

freedom:
Ao _ () . () ;\ mod
G2—Zn Ef: q p U all A coefficients vanish

!
Agrav?—ZN qu(m) =p mod 7 y ¥ 3 ¥ ¥

anomaly “universality”:

Asu@)z-zy = Asu(2)2-zy
if SU(3) x SU(2)
C SU(5) or Eg
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Grand Unification Anomaly—free discrete symmetries & uni on

Anomaly—free symmetries, 1 and unification

1 Working assumptions:
(i) anomaly universality (allow for GS anomaly cancellation)
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Grand Unification Anomaly—free discrete symmetries & uni on

Anomaly—free symmetries, 1 and unification

1 Working assumptions:
(i) anomaly universality (allow for GS anomaly cancellation)

(i) p term forbidden at perturbative level
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Grand Unification Anomaly—free discrete symmetries & uni on

Anomaly—free symmetries, 1 and unification

1 Working assumptions:
(i) anomaly universality (allow for GS anomaly cancellation)
(i) p term forbidden at perturbative level

(iii) Yukawa couplings and Weinberg neutrino mass operator allowed
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Grand Unification Anomaly—free discrete symmetries & unification

Anomaly—free symmetries, 1 and unification

1 Working assumptions:
(i) anomaly universality (allow for GS anomaly cancellation)
(ii)
(iii) Yukawa couplings and Weinberg neutrino mass operator allowed
(iv) compability with SU(5) or SO(10) GUT

1 term forbidden at perturbative level
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Anomaly—free symmetries, 1 and unification

1 Working assumptions:
(i) anomaly universality (allow for GS anomaly cancellation)
(i) p term forbidden at perturbative level
(iii) Yukawa couplings and Weinberg neutrino mass operator allowed
(iv) compability with SU(5) or SO(10) GUT
= Will prove:

1. assuming (i) & SU(5) relations:
~ only R symmetries can forbid the ;1 term
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Anomaly—free symmetries, 1 and unification

1 Working assumptions:
(i) anomaly universality (allow for GS anomaly cancellation)
(i) p term forbidden at perturbative level
(iii) Yukawa couplings and Weinberg neutrino mass operator allowed
(iv) compability with SU(5) or SO(10) GUT
= Will prove:
1. assuming (i) & SU(5) relations:
~ only R symmetries can forbid the ;1 term
2. assuming (i)—(iii) & SO(10) relations:
~ unique ZE symmetry
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Grand Unification Anomaly—free discrete symmetries & unification

Anomaly—free symmetries, 1 and unification

1 Working assumptions:
(i) anomaly universality (allow for GS anomaly cancellation)
(i) p term forbidden at perturbative level
(iii) Yukawa couplings and Weinberg neutrino mass operator allowed
(iv) compability with SU(5) or SO(10) GUT
= Will prove:

1. assuming (i) & SU(5) relations:

~ only R symmetries can forbid the ;1 term
2. assuming (i)—(iii) & SO(10) relations:

~ unique Z2% symmetry

3. R symmetries are not available in 4D GUTs
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Grand Unification Anomaly—free discrete symmetries & unification

It has to be an R symmetry

(@ Hall, Nomura & Pierce (2002); &' Lee, Raby, MR, ); @ Lee, Raby, MR, Ross, Schieren et al. (2011b)
charge of
. th =_ i
= Anomaly coefficients for non—R < & O7PIEE 1 SU(5) relations for matter
charges 5
1 N
Asu@z-zy = 5 > (3(ﬁo + qg)
g=1 Higgs charges
1o 1
_ g g
Agu(2)2—zy = B} Z (3<110 + qg) + 3 (qm, +aqm,)
g=1
charge of
g™ 10-plet
Michael Ratz, UC Irvine Invisbles23 School
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Grand Unification Anomaly—free discrete symmetries & uni

It has to be an R symmetry

(' Hall, Nomura & Pierce (2002); (' Lee, Raby, MR, Ross, Schieren et al. (2011a); &' Lee, Raby, MR, Ross, Schieren et al. (2011b)

1= Anomaly coefficients for non—R symmetry with SU(5) relations for matter

charges 5

1 g g
Asu@z-zy = 5 > (3Qfo + qg)

g=1

1o 1

Asuz2-zy = 5 > (3<1§7o + qg) + 5 (qm, + )
w Anomaly universality: Asu(2)2—zy — Asu@)z—zy =0
N for N odd

1
~  —=(qu, +qu,) =0 mod

2 N/2 for N even
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Grand Unification Anomaly—free discrete symmetries & unification

It has to be an R symmetry

@ Hall, Nomura & Pierce (2002); ' Lee, Raby, MR, Ross, Schieren et al. (2011a); ' Lee, Raby, MR, Ross, Schieren et al. (2011b)

1= Anomaly coefficients for non—R symmetry with SU(5) relations for matter
charges

Asu@y-zy = 5 (3fﬁo + qg)

1 1
Asuz2-zy = 5 > (3<1§7o + qg) + 5 (qm, + )
w Anomaly universality: Asu(2)2—zy — Asu@)z—zy =0

N for N odd
N/2 for N even

bottom-line:
non—R Z, symmetry cannot forbid p term

Michael Ratz, UC Irvine Invisbles23 School
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Grand Unification Anomaly—free discrete symmetries & uni

nly discrete R symmetries may do the j

1= Obvious: if anomaly—free discrete non—R symmetries cannot forbid the p
term, this also applies to continuous non—R symmetries

= There are no anomaly—free continuous R symmetries in the MSSM

&' Chamseddine & Dreiner (1996)

= Only remaining option: discrete R symmetries
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Grand Unification Anomaly—free discrete symmetries & unification

't Hooft anomaly matching for R symmetries

@ 't Hooft (1976); &' Csaki & Murayama (1998)

= Powerful tool: anomaly matching
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't Hooft anomaly matching for R symmetries

@ 't Hooft (1976); &' Csaki & Murayama (1998)

= Powerful tool: anomaly matching extra

1= At the SU(5) level: one anomaly coefficicnt

_ matter extra
Asu)2-z, = ASLT(5)2—Z§4 + ASU(B)?—Z@ + 540

matter gauginos
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Grand Unification Anomaly—free discrete symmetries & unification

't Hooft anomaly matching for R symmetries

@ 't Hooft (1976); &' Csaki & Murayama (1998)

= Powerful tool: anomaly matching

1= At the SU(5) level: one anomaly coefficient

Asutsye-zg, = ASUGR_zn, + A2 zn, + 540
SM gauginos
1= Consider the SU(3) and SU(2) subgroups
ASL'(S) _ Amatter r Aextra r +3q0 + 1 -2-2-qp
SU(3)2-z%, SU(3)2-Z% SU(3)2-zL, )
N 1
A5[<)> — Ar{lat‘ter Ae‘xtra 19 = 2 . 3 .
SU(2)2-ZE SU(2)2-Z% + Asu(2)2 universalﬂe + 40
extra
gauginos
from X,Y
bosons
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Grand Unification Anomaly—free discrete symmetries & unification

't Hooft anomaly matching for R symmetries

@ 't Hooft (1976); &' Csaki & Murayama (1998)

= Powerful tool: anomaly matching

1= At the SU(5) level: one anomaly coefficient

_ matter extra
Asu(s)2-zr, = Asrow-z@ + Asu(s)?—zﬁ + 540

1= Consider the SU(3) and SU(2) subgroups
SU(5) __ jpmatter extra
Asy(sy2—zn = ASTE2-zr, + ASuE)2-zs 3% + M
SU(5) __ Am T xtre
Agyoyr—zr = ASSESLZ@ + Agut(g)tzﬁ +2g0 + M

1 Assume now that some mechanism eliminates the extra gauginos
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't Hooft anomaly matching for R symmetries

@ 't Hooft (1976); &' Csaki & Murayama (1998)

= Powerful tool: anomaly matching

1= At the SU(5) level: one anomaly coefficient

_ matter extra
Asu(s)2-zr, = Asuav-z@ + Asu(s)?—zﬁ + 540

1= Consider the SU(3) and SU(2) subgroups
ASLC’) _ Amatter + onLra _|_ 3( + — . .
SU(3)2—ZR, ~ “ISU(3)2-ZE SU(3)2—21, q6 9o
SU(5) _ Am r extra
Asv(z)tzgf = Asﬁ?&%—zﬁ + ASL}(Q)LZ{QI +2g0 + M

1 Assume now that some mechanism eliminates the extra gauginos

= Extra stuff must be non—universal (split multiplets)
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Grand Unification Anomaly—free discrete symmetries & unification

't Hooft anomaly matching for R symmetries

@ 't Hooft (1976); &' Csaki & Murayama (1998)

= Powerful tool: anomaly matching

1= At the SU(5) level: one anomaly coefficient

_ matter extra
ASL'(S)LZﬁ - Asuav-z;{; + Asu(s)?—zﬁ + 540

1= Consider the SU(3) and SU(2) subgroups

SU(5) _ tt extra ‘
Asnt(:s)zfzgj = A;‘nt?(:sgfzﬁ + A;‘UE;)Z—Z{Q +3qs + M

bottom-line:

't Hooft anomaly matching for (discrete) R symmetries implies the
presence of split multiplets below the GUT scale!

= Extra stuff must be non—universal (split multiplets)
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Grand Unification Anomaly—free discrete symmetries & unification

SO(10) implies unique symmetry

@ Lee, Raby, MR, Ross, Schieren et al. (2011a); & Chen, Fallbacher, Omura, MR & Staudt (2012)

w Consider Z1, symmetry which commutes with SO(10)
i.e. quarks and leptons have universal charge ¢

Michael Ratz, UC Irvine Invisbles23 School 19 / 46


http://inspirehep.net/search?p=Lee:2010gv
http://inspirehep.net/search?p=Chen:2012pr
https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Anomaly—free discrete symmetries & unification

SO(10) implies unique symmetry

(2 Lee, Raby, MR, Ross, Schieren et al. (2011a); &' Chen, Fallbacher, Omura, MR & Staudt (2012)

v Consider Z%, symmetry which commutes with SO(10)
i.e. quarks and leptons have universal charge ¢
15 existence of u- and d-type Yukawas requires that
2q+ qm, = 2qp mod M and 2¢+qp, = 2qp mod M

R charge of superpotential
superspace has R charge 2¢y
coordinate 6 /dze"/ﬂ c.

Michael Ratz, UC Irvine Invisbles23 School
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Grand Unification Anomaly—free discrete symmetries & uni

SO(10) implies unique symmetry

@ Lee, Raby, MR, Ross, Schieren et al. (2011a); & Chen, Fallbacher, Omura, MR & Staudt (2012)

w Consider Z1, symmetry which commutes with SO(10)
i.e. quarks and leptons have universal charge ¢
== existence of u- and d—type Yukawas requires that
2q+ qm, =2q90 mod M and 2¢+qu, = 2qp mod M

~  qu, —qu, =0 mod M
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Grand Unification Anomaly—free discrete symmetries & unification

SO(10) implies unique symmetry

@ Lee, Raby, MR, Ross, Schieren et al. (2011a); & Chen, Fallbacher, Omura, MR & Staudt (2012)

w Consider Z1, symmetry which commutes with SO(10)
i.e. quarks and leptons have universal charge ¢

== existence of u- and d—type Yukawas requires that
2q+ qm, =2q90 mod M and 2¢+qu, = 2qp mod M

~  qu, —qu, =0 mod M

15 y—type Yukawa and Weinberg operator requires that
2q+qm, =2q90 mod M and 2¢+ 2qy, = 2q9 mod M

Michael Ratz, UC Irvine Invisbles23 School
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Grand Unification Anomaly—free discrete symmetries & unification

SO(10) implies unique symmetry

@ Lee, Raby, MR, Ross, Schieren et al. (2011a); & Chen, Fallbacher, Omura, MR & Staudt (2012)

w Consider Z1, symmetry which commutes with SO(10)
i.e. quarks and leptons have universal charge ¢

== existence of u- and d—type Yukawas requires that
2q+ qm, =2q90 mod M and 2¢+qu, = 2qp mod M

~  qu, —qu, =0 mod M

15 y—type Yukawa and Weinberg operator requires that
2q+qm, =2q90 mod M and 2¢+ 2qy, = 2q9 mod M

~ gy, =0 mod M
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Grand Unification Anomaly—free discrete symmetries & unification

SO(10) implies unique symmetry

@ Lee, Raby, MR, Ross, Schieren et al. (2011a); & Chen, Fallbacher, Omura, MR & Staudt (2012)

w Consider Z1, symmetry which commutes with SO(10)
i.e. quarks and leptons have universal charge ¢

== existence of u- and d—type Yukawas requires that
2q+ qm, =2q90 mod M and 2¢+qu, = 2qp mod M

~  qu, —qu, =0 mod M

15 y—type Yukawa and Weinberg operator requires that
2q+qm, =2q90 mod M and 2¢+ 2qy, = 2q9 mod M

~ gy, =0 mod M

bottom-line:

qr, = qu, =0 mod M & g = qp mod M
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Grand Unification Anomaly—free discrete symmetries & unification

Unique Z symmetry

@ Lee, Raby, MR, Ross, Schieren et al. (2011a); ' Chen, Fallbacher, Omura, MR & Staudt (2012)

q = 4o

=
We know already that 0. = qu, = 0 mod M
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Grand Unification Anomaly—free discrete symmetries & unification

Unique Z symmetry

@ Lee, Raby, MR, Ross, Schieren et al. (2011a); ' Chen, Fallbacher, Omura, MR & Staudt (2012)

L} (1 = q(}
=
We know already that { . gy = qu, =0 mod M

& Babu, Gogoladze & Wang (2003)

i Simplest possibility: M =4 & ¢ = g9 = 1 ~ Z symmetry
M = 2 does not work since this is not an R symmetry
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Grand Unification Anomaly—free discrete symmetries & unification

Unique Z symmetry

@ Lee, Raby, MR, Ross, Schieren et al. (2011a); ' Chen, Fallbacher, Omura, MR & Staudt (2012)

L] q = q(}
=
We know already that { . gy = qu, =0 mod M

& Babu, Gogoladze & Wang (2003)

i Simplest possibility: M =4 & ¢ = g9 = 1 ~ Z symmetry

i Alternatives: ZE  symmetry with ¢ = ¢p =m & m € N
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Grand Unification Anomaly—free discrete symmetries & unification

Unique Z symmetry

@ Lee, Raby, MR, Ross, Schieren et al. (2011a); ' Chen, Fallbacher, Omura, MR & Staudt (2012)

L] q = q(}
=
We know already that { . gy = qu, =0 mod M

& Babu, Gogoladze & Wang (2003)
i Simplest possibility: M =4 & ¢ = g9 = 1 ~ Z symmetry
i Alternatives: ZE  symmetry with ¢ = ¢p =m & m € N

= HOWeVer: these are Only tI’IVIa| extenSiOr‘IS (as far as the MSSM is concerned)

@ Chen, MR & Takhistov (2014)
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Grand Unification Anomaly—free discrete symmetries & unification

Unique Z symmetry

@ Lee, Raby, MR, Ross, Schieren et al. (2011a); ' Chen, Fallbacher, Omura, MR & Staudt (2012)

L} q = q(}
=
We know already that { . gu. = qum, =0 mod M

& Babu, Gogoladze & Wang (2003)

i Simplest possibility: M =4 & ¢ = g9 = 1 ~ Z symmetry
i Alternatives: ZE  symmetry with ¢ = ¢p =m & m € N

L= HOWeVer: these are Only tI’IVIa| eXtenSiOr‘IS (as far as the MSSM is concerned)

@ Lee, Raby, MR, Ross, Schieren et al. (2011a)

bottom-line:

unique symmetry : Z¥ w/ g=qy =1 & qu, = qu, =0
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Grand Unification Anomaly—free discrete symmetries & unification

Unique Z1 symmetry & GS anomaly cancellation

= Anomaly coefficients

Agy(s)2—zr = 6¢ — 3¢ = 1gp  mod 4/2

1
Agu(2)2-zr = 6¢ + 3 (qm, +qm,) —5q0 = 1gp mod 4/2

= Consistent with anomaly universality

bottom-line:

7% is anomaly—free via non-trivial GS mechanism
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Grand Unification Anomaly—free discrete symmetries & unification

Automatic absence of () () () L operators

w= Consider family-independent ZZ%, symmetry
== Conditions for usual MSSM Yukawa couplings

2¢10 +qu, = gw mod M

qio + a5 +qu, = qy mod M
~ 3qi0 + g5 +qu, + 9, = 2qy mod M =0 mod M
—_———

=0

bottom-line:

= compatibility w/ SU(5)
= Giudice—Masiero term ~
= anomaly freedom

imension fi
on de
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Grand Unification Anomaly—free discrete symmetries & unification

GS anomaly cancellation vs. nonperturbative terms

1= GS axion a contained in superfield S (w/ S|gp=o = s +1ia)
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Grand Unification Anomaly—free discrete symmetries & unification

GS anomaly cancellation vs. nonperturbative terms

1= GS axion a contained in superfield S (w/ S|gp=o = s +1ia)

5 As a = Im S|g—¢ shifts under the Z¥, transformation, non—invariant

superpotential terms can be made invariant by multiplying them by e=*°
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Grand Unification Anomaly—free discrete symmetries & unification

GS anomaly cancellation vs. nonperturbative terms

1= GS axion a contained in superfield S (w/ S|gp=o = s +1ia)

5 As a = Im S|g—¢ shifts under the Z¥, transformation, non—invariant

superpotential terms can be made invariant by multiplying them by e=*°

15 main example
w H, H,; forbidden

but
Be %% H, H, allowed (for appropriate b)

R chevie 2
R charge 0
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Grand Unification Anomaly—free discrete symmetries & unification

GS anomaly cancellation vs. nonperturbative terms

1= GS axion a contained in superfield S (w/ S|gp=o = s +1ia)

5 As a = Im S|g—¢ shifts under the Z¥, transformation, non—invariant

superpotential terms can be made invariant by multiplying them by e=*°

15 main example
w H, H,; forbidden

but
Be "% H, H, allowed (for appropriate b)

bottom-line:

holomorphic e~ terms appear to violate Z%, symmetry
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Grand Unification Anomaly—free discrete symmetries & unification

R symmetry breaking vs. supersymmetry breaking

1= The order parameter of R symmetry breaking is the expectation value of
the superpotential (#')

Michael Ratz, UC Irvine Invisbles23 School 24 / 46


https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/

Grand Unification Anomaly—free discrete symmetries & unification

R symmetry breaking vs. supersymmetry breaking

1= The order parameter of R symmetry breaking is the expectation value of
the superpotential (#')

= But m3/2 = <W>/Mlg
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Grand Unification Anomaly—free discrete symmetries & unification

R symmetry breaking vs. supersymmetry breaking

1= The order parameter of R symmetry breaking is the expectation value of
the superpotential (#')

= But m3/2 = <W>/Mlg
= Cancellation of the vacuum energy

F—terms
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Grand Unification Anomaly—free discrete symmetries & unification

R symmetry breaking vs. supersymmetry breaking

1= The order parameter of R symmetry breaking is the expectation value of
the superpotential (#')

= But m3/2 = <W>/Mlg

= Cancellation of the vacuum energy
2 7|? 2
EIDW\ —35m =0

bottom-—line:
R symmetry breaking tied to supersymmetry breaking
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Grand Unification Anomaly—free discrete symmetries & unification

Proton hexality

@ Dreiner, Luhn & Thormeier (2006); (&' Dreiner, Luhn, Murayama & Thormeier (2008)

1= combine ZI and baryon triality B

| laf[wa] ¢ []h[hafsf]
z¥ J1] 1] 11 [1]o]o0]1
By |0 —-1] 1 |-1|2|1/|-1]0
Ps |O] 1 | —1|-2|1/|-1|1]3
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Grand Unification Anomaly—free discrete symmetries & unification

Proton hexality

@ Dreiner, Luhn & Thormeier (2006); (&' Dreiner, Luhn, Murayama & Thormeier (2008)

1= combine ZI and baryon triality B

L

‘uc‘dc‘ l ‘ec‘hu‘hd‘uc‘

q
z¥ J1] 1] 11 [1]o]o0]1
By |0 —-1] 1 |-1|2|1/|-1]0
Ps |O] 1 | —1|-2|1/|-1|1]3

= good and not so good features

© forbids dimension—4 & 5 proton
decay

© allows Yukawa couplings & effective
neutrino operator

© anomaly—free
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Grand Unification Anomaly—free discrete symmetries & unification

Proton hexality

@ Dreiner, Luhn & Thormeier (2006); (&' Dreiner, Luhn, Murayama & Thormeier (2008)

1= combine ZI and baryon triality B

L

‘uc‘dc‘ l ‘ec‘hu‘hd‘uc‘

q
z¥ J1] 1] 11 [1]o]o0]1
Bs 0] —1 1 -1 2 1 -1 0
Py 0 1 —-1]| =2 1 -1 1 3
= good and not so good features
© forbids dimension—4 & 5 proton ® not consistent with grand
decay unification

© allows Yukawa couplings & effective © does not address the i problem
neutrino operator

© anomaly—free
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Grand Unification Anomaly—free discrete symmetries & unification

71 summarized

(2 Babu, Gogoladze & Wang (2003); (&' Lee, Raby, MR, Ross, Schieren et al. (2011a)

1 unique symmetry that probibits proton decay operators and is consistent
with grand unification

L la [ d ] e b ha] ]
[z J1[t]1Jt[1]oJo]1]
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71 summarized

(2 Babu, Gogoladze & Wang (2003); (&' Lee, Raby, MR, Ross, Schieren et al. (2011a)

1 unique symmetry that probibits proton decay operators and is consistent
with grand unification

L la [ d ] e b ha] ]
[z J1[t]1Jt[1]oJo]1]

1= requires Green—Schwarz anomaly cancellation ~ broken
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Grand Unification Anomaly—free discrete symmetries & unification

71 summarized

(2 Babu, Gogoladze & Wang (2003); (&' Lee, Raby, MR, Ross, Schieren et al. (2011a)

1 unique symmetry that probibits proton decay operators and is consistent
with grand unification

L la [ d ] e b ha] ]
[z J1[t]1Jt[1]oJo]1]

1= requires Green—Schwarz anomaly cancellation ~ broken

i order parameter of ZZ% breaking: gravitino mass ms3 /o
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Grand Unification Anomaly—free discrete symmetries & unification

71 summarized

(2 Babu, Gogoladze & Wang (2003); (&' Lee, Raby, MR, Ross, Schieren et al. (2011a)

1 unique symmetry that probibits proton decay operators and is consistent
with grand unification

L la [ d ] e b ha] ]
[z J1[t]1Jt[1]oJo]1]

1= requires Green—Schwarz anomaly cancellation ~ broken

&

i order parameter of ZZ% breaking: gravitino mass ms3 /o

w71t C 71 remains unbroken
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Grand Unification Anomaly—free discrete symmetries & unification

R
Z4

=

summarized

(2 Babu, Gogoladze & Wang (2003); (&' Lee, Raby, MR, Ross, Schieren et al. (2011a)

unique symmetry that probibits proton decay operators and is consistent
with grand unification

L la [ d ] e b ha] ]
[z J1[t]1Jt[1]oJo]1]

requires Green—Schwarz anomaly cancellation ~ broken
order parameter of ZJ breaking: gravitino mass ms3 /o
75 c ZZE remains unbroken

can be explained as discrete remnant of the Lorentz group in extra
dimensions
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Grand Unification Anomaly—free discrete symmetries & unification

Z summarized

Wgauge invariant = b hahu + ki bihy
+ Y lyhae p + VI qghad® £ qgh u®
+ Ag i Lol € + N i Logpd s + Xy gy uC gdC pdCy,
+ Ky s o, Yukawa couplings 3, ¢, + f)klu € $dre

effective neutrino mass operator
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Grand Unification Anomaly—free discrete symmetries & unification

Z summarized

Wgauge invariant = 1 hahy + K €hy
+ Y bghae€  + Y qohad® s + Y9 quhyu
+ Ak LglpeC i+ Ny LgardS i + Ny u€ gd pdCp
+ tigs huly huls + 8 fo agranle + 4 u gul sd e

forbidden by Z}
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Grand Unification Anomaly—free discrete symmetries & unification

71 summarized
4 O(m3/2)

Wgauge invariant — M hahy + ki Lihy

+ Yegf éghdecf + ngf 4 O (ﬂms/z j ‘?f qghuucf
+ )\gfk Eggfeck + )\;Jck / My ;fk ucgdcfdck

+ Kgf hulyg holy + *vil/)u Q995 qile + hﬁk( ucgucfdckecg

== R parity violating couplings forbidden

== 1, term of the right size and proton decay under control
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Grand Unification Anomaly—free discrete symmetries & unification

R symmetries vs. 4D GUTs

1= \We have seen that only R symmetries can forbid the p term

only R symmetries
can forbid the ;i term

= anomaly freedom }
~
in the MSSM

= consistency with SU(5)
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Grand Unification Anomaly—free discrete symmetries & uni

R symmetries vs. 4D GUTs

1= \We have seen that only R symmetries can forbid the p term

only R symmetries
can forbid the ;i term

in the MSSM

= anomaly freedom ~
= consistency with SU(5)

1= However: 1R symmetries are not available in 4D SUSY GUTs

£ Fallbacher, MR & Vaudrevange (2011)
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Grand Unification Anomaly—free discrete symmetries & unification

R symmetries vs. 4D GUTs

1= \We have seen that only R symmetries can forbid the p term

only R symmetries
can forbid the ;i term

= anomaly freedom }
~
in the MSSM

= consistency with SU(5)

1= However: 1R symmetries are not available in 4D SUSY GUTs
£ Fallbacher, MR & Vaudrevange (2011)
15 Assumptions:
(i) GUT model in four dimensions based on G' D SU(5)

(i) GUT symmetry breaking is spontaneous
(iii) Only finite number of fields
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Grand Unification Anomaly—free discrete symmetries & unification

R symmetries vs. 4D GUTs

1= \We have seen that only R symmetries can forbid the p term

only R symmetries
can forbid the ;i term

= anomaly freedom }
~
in the MSSM

= consistency with SU(5)

1= However: 1R symmetries are not available in 4D SUSY GUTs

£ Fallbacher, MR & Vaudrevange (2011)

15 Assumptions:
(i) GUT model in four dimensions based on G' D SU(5)
(i) GUT symmetry breaking is spontaneous
(iii) Only finite number of fields
= One can prove that it is impossible to get low—energy effective theory
with both:
1. just the MSSM field content

2. residual R symmetries
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Grand Unification Anomaly—free discrete symmetries & unification

The basic argument

i Consider SU(5) model with an (arbitrary) R symmetry and
a 24-plet breaking SU(5) — Gsm

24 — (8,1)o® (1,3)0® (3,2) s/ ® (3,2)s5, ® (1,1)o
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Grand Unification Anomaly—free discrete symmetries & unification

The basic argument

i Consider SU(5) model with an (arbitrary) R symmetry and
a 24-plet breaking SU(5) — Gsm

24 — (8,1)o® (1,3)0® (3,2) s/ ® (3,2)s5, ® (1,1)o

R charge 0
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Grand Unification Anomaly—free discrete symmetries & unification

The basic argument

i Consider SU(5) model with an (arbitrary) R symmetry and
a 24-plet breaking SU(5) — Gsm

24 — (8,1)0®(1,3)0® (3,2) 55 ® (3,2)55 @ (1,1)o

get eaten
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Grand Unification Anomaly—free discrete symmetries & unification

The basic argument

i Consider SU(5) model with an (arbitrary) R symmetry and
a 24-plet breaking SU(5) — Gsm

24 — (8,1)0®(1,3)0® (3,2) 55 ®(3,2)55® (1,1)o

extra massless states
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Grand Unification Anomaly—free discrete symmetries & unification

The basic argument

i Consider SU(5) model with an (arbitrary) R symmetry and
a 24-plet breaking SU(5) — Gsm

24 — (8,1)0®(1,3)0® (3,2) 5/ ® (3,2)55 @ (1,1)o

1= Introducing extra 24—plets with R charge 2 does not help because this
would lead to massless (3,2)_s/, & (3, 2)s/; representations
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Grand Unification Anomaly—free discrete symmetries & unification

The basic argument

i Consider SU(5) model with an (arbitrary) R symmetry and
a 24-plet breaking SU(5) — Gsm

24 — (8,1)0®(1,3)0® (3,2) 5/ ® (3,2)55 @ (1,1)o

1= Introducing extra 24—plets with R charge 2 does not help because this
would lead to massless (3,2)_s/, & (3, 2)s/; representations

1= [terating this argument shows that with a finite number of 24—plets one
will always have massless exotics
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Grand Unification Anomaly—free discrete symmetries & unification

The basic argument

i Consider SU(5) model with an (arbitrary) R symmetry and
a 24-plet breaking SU(5) — Gsm

24 — (8,1)0®(1,3)0® (3,2) 5/ ® (3,2)55 @ (1,1)o

1= Introducing extra 24—plets with R charge 2 does not help because this
would lead to massless (3,2)_s/, & (3, 2)s/; representations

1= [terating this argument shows that with a finite number of 24—plets one
will always have massless exotics

1 Loophole for infinitely many 24—plets

of. & Goodman & Witten (1986)
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Grand Unification Anomaly—free discrete symmetries & unification

Generalizing the basic argument

15 |t is possible to generalize the basic argument to
e arbitrary SU(5) representations
o larger GUT groups G D SU(5)
e singlet extensions of the MSSM

for details see (' Fallbacher, MR & Vaudrevange (2011)
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Grand Unification Metaplectic flavor symmetries (details)

Modular vs. metaplectic flavor symmetries

== The zero modes have halfinteger modular weights
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Grand Unification Metaplectic flavor symmetries (details)

Modular vs. metaplectic flavor symmetries

== The zero modes have halfinteger modular weights

1
Kﬁ XX v
Im) internal = 4D
object PpIMo M QI My W
modular weight & 12 —1/ 0 -1
QM = PM(a) @ Y (2, 7)
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Grand Unification Metaplectic flavor symmetries (details)

Modular vs. metaplectic flavor symmetries

== The zero modes have halfinteger modular weights

1
KﬁO(i

object PpIMo @M QEM YW
modular weight & 12 —1/ 0 o -1

= One has to be careful with signs in modular transformations: metaplectic
symmetries
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Grand Unification Metaplectic flavor symmetries (details)

Transformation laws for 4D superfields (for odd M)

e

iT /2 M—1
5, M 27,0 S 4 (_ T) o2 Lk/M kM 27,0
W eno = (o) X YR (27, 0)

= () ] o

Il

wj,M (z,T, O) T einM;;f;;T el i/ M+1) wj,]\l(z . 1/27 T, 0)

= M (D)) M (e =2 0)

15 Representation matrices of generators

im/4 Imiik
» _ e wij
[p(S)MLk vt ( M )

[P(T)%Lk = exp {iﬂj (]‘\74 + 1)} Jik
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Grand Unification Metaplectic flavor symmetries (details)

Transformation laws for Yukawa couplings

Va(r) v s Va3 m) = %er +d)'" pa[@)a5 V5(r)

1= Representation matrices of generators

~ oim/4 oriap
p)\(S)&E - - \/X exXp ( 2

~ ima?
=0 ()

bottom-line:

Magnetized tori with A = lem(# of flavors) exhibit a
I'sx modular flavor symmetry
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