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Overview

Classes of discrete symmetries:

R vs. non-R

Abelian vs. non-Abelian GS mechanism

anomalous vs. non-anomalous
with or without CP

String origin of discrete symmetries:

R symmetry as discrete remnant of
higher dimensional Lorentz symmetry

Flavor groups from strings splitting & joining
(partial) gauge origin at R=1

Proton decay at mass dim. 4, 5 and 6
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* GUT?

For example: SU(5) : i'} 251

# Pati-Salam with U(1) or SO(12) Forste, Nilles, Ramos-
* Sanchez, PV. 2010

Flavor symmetry

+ non-Abelian discrete group D has reps of
various dimensions: 1,1, 2, ...

% assign three generations of quarks and
leptons to rep. of D

* Restrict couplings —— Yukawa matrices:
masses, mixings, phases

% (special) outer automorphisms of D < CP

see: all Talks of Bethe Forum on Discrete Symmetries

Z.X Proton decay and u problem

Lee, Raby, Rarz, Ross, Schieren, Schmide-Hoberg, PV, 2010

* W o QUH, + ODHy + puH,Hy,

+05D + %}Q‘Q’i
# Only R symmetries can address the g problem
field | matter | Higgs | W
chargel 1 | 0 | p)

* GUT? -
For example: SO(10) : 16

* Ef broken to matter-parity g ~ {W) ~ ms

non-Abelian R-symmetries
Address:

% Dim. 4 & 5 proton decay operators

#* u nrohlem




Proton decay

* W>QUH,+ QDH; + nH,Hy

~ - 1
L0DD + Rt
% For example: Proton Hexality Pg Dreiner, Luhn, Thormeier 2006

field O U E|\D L|v|H, Hy
charge|] O 1 1 1-1 218 -1 1

» GUT?
For example: SU(%): 10 & 501

% Pati-Salam with U(1) or SO(12) Forste, Nilles, Ramos-
X Sanchez, P.V. 2010
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Z.: Proton decay and p problem

Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg, P.V. 2010

* W >D>QUH,+ QODH,; + pHy,Hy

_ 1
M + w
% Only R symmetries can address the u problem

field matter | Higgs \'W
charge 1 o) 2

* GUT?
For example: SO(10): 16

* Zf broken to matter-parity wu ~ (W) ~ mj3),




Discrete Anomalies




Anomalies of
finite group D

I care, but how to

compute’
embed D into
gauge symmetry G; directly from D
depends on choice using Fujikawa
=== anomalous? €

ye sl no

cancel anomaly?

yes*

discrete
Green-Schwarz

v

(non-)universal

no

I don't care T pon-anomalous



e.g. Araki, Kobayashi, Kubo, Ramos-Sanchez, Ratz, P.V. 2008

Anomalies
Y¢ Symmetry D of classical action ¥ — exp (iga)¥  S[¥, V] = / d'z L[V, V]

3¢ Anomaly = path integral measure not invariant
/DlI!DlIJ exp (—S[V, U]) DYDY — J(a)DYDY  J(a) = exp (— /d49': ozA(a::))

¥ If D gauge group: current J#and A(zx) = (D, J*)

y¢ For general D:
n v 1 r- v
.A(SL“) ~ ASU(N)—SU(N)—D tIFEE(N)FSU(N) HY 4 EAU(l)—U(l)—D tI‘FEV(UFU(l) H

1 -
+ﬂAgrav.—grav.—D trRﬂvRuy = 0 & A.. - 0

Asuvy—sumy-p= Y LGP iy 2 L o suvy

rep.r(f) 2
2
Avy-u-p = ) (qg&)) ) Asrav—grav.—p = Z g\
ferm. f ferm. f
D continuous : « continuous
D discrete L o= % = A ~ 0mod N q(f) _ ﬂ,ln(det(U(f)))

. 71
Perfect groups: free of anomalies J(Cf) ~ 1o Chen, Fallbacher, Ratz, Trautner, PV. 2015



Green Schwarz mechanism
y¢ D not symmetry of classical action ¥ — exp (iga)¥ S[¥, V] = fd4$ L[V, V]

3¢ Path integral measure not invariant
/D\I!D\I! exp (—S[¥, ¥]) DUYDV s J(a)DY DV J(a) = exp ( /d%A(a:))

W Add terms: Lgg ~ &trFEE(N)ﬁSU(N) Y atrFEV(l)F’U(l) LG atrRWfﬂW

9 Field a shifts under D: a« = a+ adags
S[\D?\I},a] l2> S[@,@,a]+a/d4mA£GS(5GS)

X Path integral transforms as

/D\I!D\T!exp (—S[V, U,a]) & /D\IlleleXp (—S[U, U, a))
X exp (—a /d% Alz) — ALGS(CSGS))

A >
"

=1

FSE(N)E'SU(N) v FEU(I)I?'U(I) pv

1
A(x) ~ Asu(n)—su(v)—p tr + s Av)-v@-ptr



Z.: Proton decay and p problem

Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg, P.V. 2010
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_ 1
M + w
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Anomalies of Z;and 4D GUTs

7ZR, and GUTs:

. assume SU(5) x Z};

. break SU(5) but keep R symmetry

. basic obstruction:

24, = (8,1)00 (1,3)0 ® (1,1)0®(3,2) _5/6 ® (3,2)s/s
N N’ N\ ~ - N, e’
52 T2 T, X2 Y2

. Gr(240) = 0 mod M= 7Z§,
.gr(W)=2mod M =S¢ and Ty massless
. add mass partner S; and T», i.e. 24,

= X> and Y> massless
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non-Abelian R-symmetries

Address:

% Dim. 4 & 5 proton decay operators

% 1 problem

¥ flavor structure

More studies needed...
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Origin from
String Theory?

Part 1: non-R




Strings splitting & joining

closed strings

Wa)
W3)

W)

V1) [Wa) —— [U3)

Strings live in 10D — compactification

closed strings on orbifolds
P 25(255] 5, |
\Ifl) 1 0
1112) 1 1 =2+1 3
V1) Ta) 1 | 2
fromlstring

e.g. 'Origin of family symmetries’ by Nilles, Ratz & P.V. 2012




Gauge origin for 7% /Z;

Beye, Kobayashi, Kuwakino 2014

radius R Biermann, Ratz, P.V. unpublished

special T?torus:

2 massless bulk
strings
6 massive winding
strings
at R=1: massless

SU(3) X Zs
radius R
T? )7+

120° rotation
U(1)* x Sy

Summary: SU(3) x Z, —» U(1)? x S3 — (Z3 x Z3) x S3 = A(54)
change R






Gauge origin for 7% /Z;

Beye, Kobayashi, Kuwakino 2014

radius R Biermann, Ratz, P.V. unpublished

special T?torus:

2 massless bulk
strings
6 massive winding
strings
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SU(3) X Zs
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L . 2
Gauge origin for T /73
Beye, Kobayashi, Kuwakino 2014
Biermann, Ratz, PV. unpublished

radius R

special T? torus:

2 massless bulk
strings

6 massive winding
strings

at R=1: massless

SU(3) X Lio

radius R

T? /7
120° rotation
U(l)2 X S3

Summary: SU(3) x Zy — U(1)2 x S5 — (Zs x Z3) @ S5 = A(54)
change R

Representation content: trivial singlet and 3, 3



Origin from
String Theory?

Part 2: R




L R g

Lorentz symmetry in D>4

Strings in 10D
Lorentz group SO(1,9): 10D fermions vs. 10D vector
Compactification SO(1,9) —» SO(1,3)x SO(6)

SO(6) breaks to rotational symmetry of compact space

xﬁ'\/

X5
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L R g

Lorentz symmetry in D>4

Strings in 10D
Lorentz group SO(1,9): 10D fermions vs. 10D vector
Compactification SO(1,9) —» SO(1,3)x SO(6)

SO(6) breaks to rotational symmetry of compact space
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Dimension 6

Proton Decay




Grand Unified Theories in 4D
Dimension 6 Operators

LD g ZFE_, o R di i.e. extra gauge boson exchange

+

. Decay mode: p — e

Smoking gun signature of GUTs = No!
. Attempt: i i

Localize X boson wavefunction in extra dimension, n = 0,1, 2,5, 20
X |°

Hebecker, Unwin 2014
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Non-local GUT breaking and dimension 6 proton decay:

. Matter 5-plets:
Vi(x,y) & Wi(x,y+7) = PWUy(x,y)

. T—invariant combinations
Ux,y) = Z5[t(x,y) — (x,y)]
J(Xay) — \% [al(xay) + C?Q(X, .y)]

. Orthogonal combinations projected out
(N xy) = F5lalx,y) + t(x,y)]

A0 y) = 5 [dilx,y) = dalx,y)]

. ¢ = 6 = 3 generations

. X boson exchange
Leg D [dygsp [E(X;y)’w” Xu(x,y) d'P(x,y)

+ID(x, y) ¥ Xu(x, ) d(x, y)
. Leg D€~4" X, d = No X boson exchange!

Mitter, Ratz and P.V. 2016



Summary

Classes of discrete symmetries:

R vs. non-R

Abelian vs. non-Abelian GS mechanism

anomalous vs. non-anomalous
with or without CP

String origin of discrete symmetries:

R symmetry as discrete remnant of
higher dimensional Lorentz symmetry

Flavor groups from strings splitting & joining
(partial) gauge origin at R=1

Proton decay at mass dim. 4, 5 and 6
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