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Running of the gauge couplings in the MSSM

[Dimopoulos et al., 1981]
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This suggests

[Georgi and Glashow, 1974]
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at a scale Mgyt ~ 1016 GeV.
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Assume: precision gauge coupling unification is not an accident.
~Throughout this talk:

MSSM + GUT.
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What is an R symmetry?

“Internal symmetry that does not commute with SUSY”

SUSY:
Q |Boson) = |Fermion) 5 (:,::): i ,
Q |Fermion) = |Boson) =
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SUSY:

Q |Boson) = |Fermion) <:> oo B
Q |Fermion) =|Boson) bt

In general:
Qi (i =1...n) can be charged under any internal symmetry B, i.e.

(@i, B] = (0)]Q;.
If so, we call B an R symmetry.
- Superpartners charged differently.

- Maximal possible R symmetry: U(N).
Note: by assumption [Q, Gsar] = 0 in MSSM.
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What is an R symmetry?

“Internal symmetry that does not commute with SUSY”

SUSY:

9@ 9@
@ |Boson) = |Fermion) e SRS &
Q |Fermion) = |Boson) & ®m
In general:

Qi (i =1...n) can be charged under any internal symmetry B, i.e.
If so, we call B an R symmetry.
- Superpartners charged differently.

- Maximal possible R symmetry: U(N).
Note: by assumption [Q, Gsar] = 0 in MSSM.

throughout this talk: A =1 SUSY.

Andreas Trautner, TUM Non—Abelian discrete R symmetries, 9/30/13 7/ 35



Superspace Formalism for N/ = 1 theories

Andreas Trautner, TUM Non—Abelian discrete R symmetries, 9/30/13 8/ 35



Superspace Formalism for N/ = 1 theories

‘Chiral Superfields’ ® O (¢, v, F) living on ‘superspace’ (y*,6*,6}),
where 6%, GL (v = 1,2) are fermionic coordinates .

D(y,0,0") = d(y) + V20U (y) + 00F (y).
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L of a generic N’ = 1 field theory defined by three functions of the
superfields:

o K (®;,®*) Kihler potential € R

o fu(®;) Gauge kinetic function (holomorphic)

e WW(®;) Superpotential (holomorphic)
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Superspace Formalism for N/ = 1 theories

‘Chiral Superfields’ ® O (¢, v, F) living on ‘superspace’ (y*,6*,6}),
where 6%, GL (v = 1,2) are fermionic coordinates .

®(y,0,0") = d(y) + V200 (y) + 00F (y).
L of a generic N’ = 1 field theory defined by three functions of the
superfields:
o K (®;,®*) Kihler potential € R
o fu(®;) Gauge kinetic function (holomorphic)
e WW(®;) Superpotential (holomorphic)

In order to get back to £(x) in component fields, we have to
integrate out the superspace, e.g.

L(z) D /dZGW((I)i) + c.c..
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R symmetries in superspace

Example:
Consider a global U(1)g with generator Bpg, i.e. [Q, Br] = ¢ Q.
Then:

D —el1P, H WY,

Andreas Trautner, TUM Non—Abelian discrete R symmetries, 9/30/13 9/ 35



R symmetries in superspace

Example:
Consider a global U(1)g with generator Bpg, i.e. [Q, Br] = ¢ Q.
Then:
D —el1P, H WY,
implying Oy, 0.0") = o(y) + V200 (y) + 00F (y)

b — eiq‘f’o‘qb, v — ei(q‘f’_qe)aw.
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R symmetries in superspace

Example:
Consider a global U(1)g with generator Bpg, i.e. [Q, Br] = ¢ Q.
Then:
P 0P, el
implying

d— 9% o) — ellae—a)ay,

Note: For L to be invariant under the symmetry, the
superpotential W(®;) itself has to be charged, since:

L(x) D/ @ W(®;) +c.c..

_)e—i 2qg
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R symmetries in superspace

Example:
Consider a global U(1)g with generator Bpg, i.e. [Q, Br] = ¢ Q.
Then:
P 0P, el
implying

d— 9% o) — ellae—a)ay,

Note: For L to be invariant under the symmetry, the
superpotential W(®;) itself has to be charged, since:

L(x) D/ @ W(®;) +c.c..

—)e_i 29 :>ei 2qp @
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R symmetries in superspace

Example:
Consider a global U(1)g with generator Bpg, i.e. [Q, Br] = ¢ Q.
Then:
P 0P, el
implying

¢ — elde Oh g — el (%—qe)aw_

Note: For L to be invariant under the symmetry, the
superpotential W(®;) itself has to be charged, since:

L(x) D/ @ W(®;) +c.c..

—)e_i 29 :>ei 2qp @

This is a major difference to non—R symmetries.
Completely analogue also for discrete R Symmetries.
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Motivation for R symmetries
Why are R symmetries interesting?
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Motivation for R symmetries

Why are R symmetries interesting?
e Tight connection to SUSY breaking. [Nelson and Seiberg, 1994]
- SUSY broken = R symmetry exists.
- Spontaneously broken R sym. = SUSY broken.
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Motivation for R symmetries
Why are R symmetries interesting?
e Tight connection to SUSY breaking. [Nelson and Seiberg, 1994]
e ‘Natural’ solution to the MSSM p problem only with R

sym metries.(Demanding: GUT+anomaly freedom.) [Babu et al., 2003, Lee et al., 2011b]
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Motivation for R symmetries
Why are R symmetries interesting?

e Tight connection to SUSY breaking. [Nelson and Seiberg, 1994]
e ‘Natural’ solution to the MSSM g problem only with R
sym metries.(Demanding: GUT+anomaly freedom.) [Babu et al., 2003, Lee et al., 2011b]

This is: natural doublet-triplet splitting only with R symmmetries.
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Motivation for R symmetries
Why are R symmetries interesting?
e Tight connection to SUSY breaking. [Nelson and Seiberg, 1994]
e ‘Natural’ solution to the MSSM p problem only with R

sym metries.(Demanding: GUT+anomaly freedom.) [Babu et al., 2003, Lee et al., 2011b]
e R symmetries not available in 4D GUTs. [Fallbacher et al., 2011]
But:

- Very compelling soultion to doublet-triplet splitting from
higher-dim. GUTs. [Kawamura, 2001]

- Lorentz invariance of compact extra dimensions can lead to
(anomaly free, discrete) R symmetries in 4D effective theory.

[Kappl et al., 2011, Lee et al., 2011b, Cabo Bizet et al., 2013, Nilles et al., 2013]
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Motivation for R symmetries
Why are R symmetries interesting?
e Tight connection to SUSY breaking. [Nelson and Seiberg, 1994]
e ‘Natural’ solution to the MSSM p problem only with R

sym metries.(Demanding: GUT+anomaly freedom.) [Babu et al., 2003, Lee et al., 2011b]
e R symmetries not available in 4D GUTs. [Fallbacher et al., 2011]

e Gauged R symmetries? Imply supergravity.
[Freedman, 1977, Castafio et al., 1996]
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Motivation for R symmetries
Why are R symmetries interesting?
e Tight connection to SUSY breaking. [Nelson and Seiberg, 1994]
e ‘Natural’ solution to the MSSM p problem only with R
symmetries. (bemanding: GUT-+anomaly freedom.) [Babu et al., 2003, Lee et al., 2011b]
e R symmetries not available in 4D GUTs. [Fallbacher et al., 2011]
e Gauged R symmetries? Imply supergravity.
[Freedman, 1977, Castafio et al., 1996]
- Local U(1)r anomalous with standard field content.
[Chamseddine and Dreiner, 1996]
- Local U(1)g problematic, since the appearance of a
Fayet-llliopoulos term requires an exact global symmetry.
[Fayet and lliopoulos, 1974, Krauss and Wilczek, 1989, Komargodski and Seiberg, 2009,

Banks and Seiberg, 2011]
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Motivation for R symmetries
Why are R symmetries interesting?
e Tight connection to SUSY breaking. [Nelson and Seiberg, 1994]
e ‘Natural’ solution to the MSSM p problem only with R

sym metries.(Demanding: GUT+anomaly freedom.) [Babu et al., 2003, Lee et al., 2011b]
e R symmetries not available in 4D GUTs. [Fallbacher et al., 2011]

e Gauged R symmetries? Imply supergravity.
[Freedman, 1977, Castafio et al., 1996]

= This talk: focus on anomaly free, discrete R symmetries.

Andreas Trautner, TUM Non-Abelian discrete R symmetries, 9/30/13 10/ 35



Anomaly constraints for discrete R symmetries

® Anomaly calculation directly from the path integral measure:
[Fujikawa, 1980, Araki, 2007]

p B @2mic /My, A DyDy L JT2Dy Dy,
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Anomaly constraints for discrete R symmetries

® Anomaly calculation directly from the path integral measure:
[Fujikawa, 1980, Araki, 2007]

p B @2mic /My, A DyDy L JT2Dy Dy,

® For anomaly-freedom w.r.t. gauge group G we have to require

2 1 ~]
-2 i 2= 4 . =
J = exp{l iv; Achfzﬁi /d T s F F} 1,
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Anomaly constraints for discrete R symmetries

® Anomaly calculation directly from the path integral measure:
[Fujikawa, 1980, Araki, 2007]

p B @2mic /My, A DyDy L JT2Dy Dy,

® For anomaly-freedom w.r.t. gauge group G we have to require

2 1 ~]
_2 . 4 1
J = eXp{lﬁAG—G—Z@ /d :1:32ﬂ_2F-F} =1,

This is trivially fulfilled if

M
AG*G*Z%& =0 mod ? .
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Anomaly constraints for discrete R symmetries

® Anomaly calculation directly from the path integral measure:

[Fujikawa, 1980, Araki, 2007]

o By Priay /My, ~  DyDy B J 2Dy Dy,

® For anomaly-freedom w.r.t. gauge group G we have to require

2 1 ~]
_2 . 4 1
J = eXP{lﬁAcfcfzﬁ[ /d x32ﬂ_2F-F} =1,

This is trivially fulfilled if

M
AG*G*Z%& =0 mod ? .
This corresponds to the vanishing of the typical triangle diagrams

to (1)) focd
Q(d(f)) Q(dié))

t(r") Vil

Andreas Trautner, TUM Non—Abelian discrete R symmetries, 9/30/13
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Anomaly constraints for (non—)Abelian discrete (R)

symmetries

Chiral superfield ® transforming
® in representation d of a non—Abelian discrete R symmetry D,

for @ — U(d)® = 2™ MD/Mg
. M
we define 6 := tr[A(d)] = pn In det U(d) .
1

® with charge @ under Abelian factors of a gauge group G,
® in representation r under non—Abelian factors of G.

Anomaly coefficients of the a—generated subgroup Z; of D are given as

Ac_a_ ZM(a) = ZZ(T(S)). [5(5) _ dim(d(s))(s(e)] + £(adj G) - 50) 7
s s s . s [
Avy-vay-zl, = Z(Q( ))? dim(r()) - [5( ) — dim(d(®)) 6¢ )} ;
Agrav grav—ZE = 21 6(9) +5(9) Zdim(adj G)

M (a) Ie]

+3 dim(r®)) - [5<8> - dim(d(5>)5(9>] .

Andreas Trautner, TUM Non-Abelian discrete R symmetries, 9/30/13
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Discrete Green-Schwarz anomaly cancellation

Even if the anomaly coefficients AGi—Gz—Zf& #0 mod -, we can have an

anomaly-free theory if there is an axion a coupling to
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Discrete Green-Schwarz anomaly cancellation
Even if the anomaly coefficients AGi—Gz—Zf& # 0 mod % we can have an

anomaly-free theory if there is an axion a coupling to

and the axion shifts linearly under the discrete symmetry
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Discrete Green-Schwarz anomaly cancellation
Even if the anomaly coefficients AGi—Gz—Zf& # 0 mod % we can have an

anomaly-free theory if there is an axion a coupling to

and the axion shifts linearly under the discrete symmetry a — a+A
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Discrete Green-Schwarz anomaly cancellation

. . . M
Even if the anomaly coefficients AGi_Gi_ZIFC} #0 mod -, we can have an

anomaly-free theory if there is an axion a coupling to

and the axion shifts linearly under the discrete symmetry a — a+A such that there
is an extra contribution to J which cancels the anomaly

27 1 ~
—_92 . 2 4
J7% =exp {2 (— Ag—Gg-z,, —47 A) / d*z 3272 F- F} .
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Discrete Green-Schwarz anomaly cancellation

. . . M
Even if the anomaly coefficients AGi—G;—ZIF& #0 mod -, we can have an

anomaly-free theory if there is an axion a coupling to

and the axion shifts linearly under the discrete symmetry a — a+A such that there
is an extra contribution to J which cancels the anomaly

27 1 ~
—_92 . 2 4
J7% =exp {2 (— Ag—Gg-z,, —47 A) / d*z 3272 F- F} .

For this to work with multiple gauge groups G; (without spoiling gauge coupling
unification) we have to impose ‘anomaly universality’: [Chen et al., 2012a]

M .
Acupcupzf\?{ = p mod - v G,
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Abelian discrete R symmetries

e The MSSM i Problem
e Only R symmetries can control the p term

o 7% symmetry solution to the u Problem
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The MSSM 1 Problem

MSSM contains additional massive parameter //

W D nHyHyg,

which is SUSY invariant but gives contributions to my, mz.

Andreas Trautner, TUM Non-Abelian discrete R symmetries, 9/30/13

15/ 35



The MSSM 1 Problem

MSSM contains additional massive parameter //

W D nHyHyg,

which is SUSY invariant but gives contributions to my, mz.

e Expectation: ;1 ~ Mp,

e Phenomenologically: /1 S mgpsy
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The MSSM 1 Problem

MSSM contains additional massive parameter
W D H,Hy,

which is SUSY invariant but gives contributions to my, mz.
e Expectation: ;1 ~ Mp,
e Phenomenologically: /1 S mgpsy

To avoid the hierarchy problem this must have a natural, i.e. symmetry
based, explanation.
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The MSSM 1 Problem

MSSM contains additional massive parameter
W D H,Hy,

which is SUSY invariant but gives contributions to my, mz.
e Expectation: ;1 ~ Mp,
e Phenomenologically: /1 S mgpsy

To avoid the hierarchy problem this must have a natural, i.e. symmetry

based, explanation.
Will show:

— Only R symmetries can control the ;. term (assuming: GUT +
anomaly universality)

— Discrete R symmetry allows for an explanation of /1 ~ mgp sy

Andreas Trautner, TUM Non-Abelian discrete R symmetries, 9/30/13 15/ 35



Only R symmetries can control p

Anomaly constraints for (discrete) non-R symmetries (+SU(5) relations):

Agu@yr—z, =

ASU(2)2*ZM

Andreas Trautner, TUM

3
1
f=1
1< 1
3 Z (3q%) + qéf)) +t3 (qm, +am,) -
f=1

Non—Abelian discrete R symmetries, 9/30/13
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Only R symmetries can control p

Anomaly constraints for (discrete) non-R symmetries (+SU(5) relations):

3
1
b n = 53 (3 +i)
f=1
1< 1
ASU(2)27ZM = 5 Z (3Q§](;) + qéf)) + 5 ((1“H + q”d) .
=1

1= Anomaly universality: Agu(s)2—7z,, — Asu(2)2-z,, =0 mod %
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Only R symmetries can control p

Anomaly constraints for (discrete) non-R symmetries (+SU(5) relations):

3
1
b n = 53 (3 +i)
f=1
1< 1
ASU(2)27ZM = 5 Z (3Q§](;) + qéf)) + 5 ((1“H + q”d) .
=1

1 Anomaly universality: Agy(s)2—7z,, — Asvu2)2-z,, =0 mod

M
(917, +qr,) =0 mod -

DN | =

Non-R symmetry cannot forbid p term!
[Babu et al., 2003, Lee et al., 2011a, Lee et al., 2011b]
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R symmetry solution to the ;1 Problem
The MSSM superpotential, with effective B—L violating terms up
to mass dimension 5:

W = puHyHg+ k;L; Hy,
+Y I HyLE; + Y"deQiE- + Y H,Q:U;

NN LiL By + A5 LiQ; Dk + AU D; Dy

gk
+HijleinQkLl + ’{gj])clUinDkEl
+HE?£Q¢Q;‘Q1€H¢ + HE;LQinEkHd + 555)LiHuHqu

489 L Hoy L Hy.

ijk
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R symmetry solution to the ;1 Problem
The MSSM superpotential, with effective B—L violating terms up
to mass dimension 5:

-
d B €
W = puHyHg+ k;L; Hy, o
I .. P .. p+ u AYI‘Z A’llZ u*

+YH HyLEy + Y”HinD- +Y¥H| |, 2 b

)L:Q; Dy + N\ U, D, Dy,

M)
AN L LB+ AP A

gk
+"€ijMQinQk:Ll + ’{Ej))clﬁiﬁjDkEl
+HE?£Q¢Q;‘Q1€H¢ + HE;LQinEkHd 1
489 L Hoy L Hy.

ijk

e Severely constrained by absence of proton decay.
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R symmetry solution to the ;1 Problem
The MSSM superpotential, with effective B—L violating terms up
to mass dimension 5:

W = puHyHg + k; L Hy
VY HyLiEj + Y} HiQiD; + Y, HuQ,U,
A0 LiL By + A2 LiQ Dy + AT D; D,
+41QiQs QL + v, U, Di By
+K'$26QinQkHd + HE;I)chUjEkHd + i LiHu HuHg

489 L Hoy L Hy.

e Severely constrained by absence of proton decay.
e Prohibited by MSSM R parity.
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R symmetry solution to the ;1 Problem
The MSSM superpotential, with effective B—L violating terms up
to mass dimension 5:

W = puH,Hj+ ki LiHy
+YI HL:B; + Y, HiQiDj + Y,  HuQiU;

AD LB + A

i 2V LiQ; Dy + N\ U D, Dy,

ijk
Hh0 ), QiQ QL+ 5, U U DL E,
+HiijinQkHd + HiijiﬁjEkHd + "37(;5)LiH'u,Hqu

489 L Hoy L Hy.

e Severely constrained by absence of proton decay.
e Prohibited by MSSM R parity.
e Unexplained small.
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R symmetry solution to the ;1 Problem
The MSSM superpotential, with effective B—L violating terms up
to mass dimension 5:

W = puHyHg+ k;L; Hy,
+Y I HyLE; + Y"deQiE- + Y H,Q:U;

NN LiL By + A5 LiQ; Dk + AU D; Dy

gk
+HijleinQkLl + ’{gj))clUinDkEl
+HE?£Q¢Q;‘Q1€H¢ + KE;LQinEkHd + 555)LiHuHqu

489 L Hoy L Hy.

ijk

v Require an anomaly-free discrete R symmetry which:
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R symmetry solution to the ;1 Problem
The MSSM superpotential, with effective B—L violating terms up
to mass dimension 5:

W = pH, Hy+ ki Li Hy,
Y Hy LBy + Y"deQiﬁ + Y, HuQiU;

NN LiL By + A5 LiQ; Dk + AU D; Dy

gk
+HijleinQkLl + ’{gj))clUinDkEl
+HE?£Q¢Q;‘Q1€H¢ + KE;LQinEkHd + 555)LiHuHqu

489 L Hoy L Hy.

ijk

v Require an anomaly-free discrete R symmetry which:
e Prohibits /i,
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R symmetry solution to the ;1 Problem
The MSSM superpotential, with effective B—L violating terms up
to mass dimension 5:

W = pH,Hy+ kiLi Hy,
+Y, /H(]Lb +Y, 7H({Q D +Y, U H, (7(

)L:Q;Di + A5 T

M
AN L LB+ AP A

gk
+HijleinQk:Ll + ngLlUinDkEl
+HE?£Q¢Q;‘Q1€H¢ + HE;;)CQinEkHd + H§5)L1HuHqu

(€
+fi§jJLz HyLjH,.

ik U,D;Dy

v Require an anomaly-free discrete R symmetry which:
e Prohibits /.,
e Allows for Yukawa couplings and an effective Neutrino mass,
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R symmetry solution to the ;1 Problem
The MSSM superpotential, with effective B—L violating terms up
to mass dimension 5:

W = puH,Hj+ ki LiHy
+YJH L E; + Y’ HiQ;D; + Y, H,Q;U;

NS LiQ; Dy, + N\ UD; Dy,

ijk
+’€ijleinQk:Ll + '{f(ijl)clUinDkEl
+H$;>CQ1:QJ'Q;;H¢ + HE;iQinEkHd + KZES)LiH’U,H’lLHd

(€
+ry) LiHyLjHy.

LiL;Ex + A0

v Require an anomaly-free discrete R symmetry which:
e Prohibits /.,
e Allows for Yukawa couplings and an effective Neutrino mass,
e Contains R parity as a subgroup.

Andreas Trautner, TUM Non—Abelian discrete R symmetries, 9/30/13 17/ 35



R symmetry solution to the ;1 Problem

Search for anomaly-free discrete R symmetry which:

- prohibits s
- Yukawa couplings
and Neutrino mass

- R parity subgroup
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R symmetry solution to the ;1 Problem

Search for anomaly-free discrete R symmetry which:

- prohibits s
- Yukawa couplings
and Neutrino mass

- R parity subgroup

[Babu et al., 2003, Lee et al., 2011a, Lee et al., 2011b, Chen et al., 2012b]
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R symmetry solution to the ;1 Problem

Search for anomaly-free discrete R symmetry which:

- prohibits /
- Yukawa couplings i ) R
= in SO(10) GUT : unique Zj'.

and Neutrino mass

- R parity subgroup

[Babu et al., 2003, Lee et al., 2011a, Lee et al., 2011b, Chen et al., 2012b]
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71 symmetry solution to the z Problem
e Pheno: Z must be broken since /1 # 0.
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71 symmetry solution to the z Problem

e Pheno: Zf must be broken since ;1 # 0. There are several
mechanisms to re-introduce /::
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71 symmetry solution to the z Problem

e Pheno: Zf must be broken since ;1 # 0. There are several
mechanisms to re-introduce /::

.. . i
- from Kéahler-potential K D K:]\);ipHqu’ [Giudice and Masiero, 1988]
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71 symmetry solution to the z Problem

e Pheno: Zf must be broken since ;1 # 0. There are several
mechanisms to re-introduce /::
. . T
- from Kéahler-potential K D K:]\);ipHqu’ [Giudice and Masiero, 1988]
- from Superpotential W D CQMi%Hqu,, [Kim and Nilles, 1984]

Andreas Trautner, TUM Non—Abelian discrete R symmetries, 9/30/13 19/ 35



71 symmetry solution to the z Problem

e Pheno: Zf must be broken since ;1 # 0. There are several
mechanisms to re-introduce /::
. . T
- from Kéahler-potential K D HJ\)/([—PHqu, [Giudice and Masiero, 1988]
- from Superpotential W D CQM&%Hqu,, [Kim and Nilles, 1984]

e Note: The Zf is anomaly-free only by Green-Schwarz (GS)
mechanism
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71 symmetry solution to the z Problem
e Pheno: 7 must be broken since /: # 0. There are several
mechanisms to re-introduce
- from Kéahler-potential K D HJ\)/([—;Hqu, [Giudice and Masiero, 1988]
- from Superpotential W D CQ%Hqu,, [Kim and Nilles, 1984]
P
e Note: The Zf is anomaly-free only by Green-Schwarz (GS)

mechanism
- GS axion a contained in superfield S|p—o = s + ia
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71 symmetry solution to the z Problem

e Pheno: 7 must be broken since /: # 0. There are several
mechanisms to re-introduce

.. . T

- from Kah|er—potent|a| K D) H%Hqu, [Giudice and Masiero, 1988]

- from Superpotential W D CQM%Hqu,, [Kim and Nilles, 1984]
P

e Note: The Zf is anomaly-free only by Green-Schwarz (GS)
mechanism
- GS axion a contained in superfield S|p—o = s + ia
- Clear from GS cancellation: S enters gauge kinetic function

LD [d2SW,We
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71 symmetry solution to the z Problem

e Pheno: 7 must be broken since /: # 0. There are several
mechanisms to re-introduce

.. . T

- from Kah|er—potent|a| K D) H%Hqu, [Giudice and Masiero, 1988]

- from Superpotential W D CQM%Hqu,, [Kim and Nilles, 1984]
P

e Note: The Zf is anomaly-free only by Green-Schwarz (GS)
mechanism
- GS axion a contained in superfield S|p—o = s + ia
- Clear from GS cancellation: S enters gauge kinetic function
LD [d*0SW W
- a =Im S|p—o performs the linear shift under the Zf
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71 symmetry solution to the z Problem

e Pheno: 7 must be broken since /: # 0. There are several
mechanisms to re-introduce

.. . T

- from Kah|er—potent|a| K D) H%Hqu, [Giudice and Masiero, 1988]

- from Superpotential W D CQM%Hqu,, [Kim and Nilles, 1984]
P

e Note: The Zf is anomaly-free only by Green-Schwarz (GS)
mechanism
- GS axion a contained in superfield S|p—o = s + ia
- Clear from GS cancellation: S enters gauge kinetic function

LD f d?0 SW, W«
- a =Im S|p—o performs the linear shift under the Zf

p— b . .
= Be #° H, H; terms allowed in superpotential.
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71 symmetry solution to the z Problem

e Pheno: 7 must be broken since /: # 0. There are several
mechanisms to re-introduce

.. . T

- from Kah|er—potent|a| K D) H%Hqu, [Giudice and Masiero, 1988]

- from Superpotential W D CQM%Hqu,, [Kim and Nilles, 1984]
P

e Note: The Zf is anomaly-free only by Green-Schwarz (GS)
mechanism
- GS axion a contained in superfield S|p—o = s + ia
- Clear from GS cancellation: S enters gauge kinetic function

LD f d?0 SW, W«
- a =Im S|p—o performs the linear shift under the Zf

—_ b . .
= Be #° H, H; terms allowed in superpotential.
= ZF broken by non-pertubative (instanton) effect!
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e Pheno: 7 must be broken since /: # 0. There are several
mechanisms to re-introduce

.. . T

- from Kah|er—potent|a| K D) H%Hqu, [Giudice and Masiero, 1988]

- from Superpotential W D CQM%Hqu,, [Kim and Nilles, 1984]
P

e Note: The Zf is anomaly-free only by Green-Schwarz (GS)
mechanism
- GS axion a contained in superfield S|p—o = s + ia
- Clear from GS cancellation: S enters gauge kinetic function

LD f d?0 SW, W«
- a =Im S|p—o performs the linear shift under the Zf

—_ b . .
= Be #° H, H; terms allowed in superpotential.
= ZF broken by non-pertubative (instanton) effect!

o Size? Order parameter for ZJ breaking is (W), hence
~ Wh)/ME ~ my )
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71 symmetry solution to the z Problem

e Pheno: 7 must be broken since /: # 0. There are several
mechanisms to re-introduce

.. . T

- from Kah|er—potent|a| K D) H%Hqu, [Giudice and Masiero, 1988]

- from Superpotential W D CQM%Hqu,, [Kim and Nilles, 1984]
P

e Note: The Zf is anomaly-free only by Green-Schwarz (GS)
mechanism
- GS axion a contained in superfield S|p—o = s + ia
- Clear from GS cancellation: S enters gauge kinetic function

LD f d?0 SW, W«
- a =Im S|p—o performs the linear shift under the Zf

—_ b . .
= Be #° H, H; terms allowed in superpotential.
= ZF broken by non-pertubative (instanton) effect!

o Size? Order parameter for ZJ breaking is (W), hence
~ Wh)/ME ~ my )
= 1 problem solved.

[Lee et al., 2011a, Lee et al., 2011b, Chen et al., 2012b, Chen et al., 2012a], cf. ‘Retrofitting’ in [Dine et al., 2006]
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71 symmetry solution to the z Problem

Further features:
© R parity contained as unbroken Zs subgroup of the ZZ,

© Automatic: Proton decay by dimension-5 operators under

control:
msy/2

> ~ D)
Mg

(dominant p decay: dimension-6 operators).

© There are explicit models of orbifold compactifications of the
heterotic string, featuring a MSSM spectrum + discrete R
symmetry at low energy. [Kappl et al., 2011]
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Connection of the R symmetry to other discrete Symmetries?

e Interlude: Non—Abelian discrete flavor symmetries

~ Non—Abelian discrete R symmetries
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Interlude: Non-Abelian discrete flavor symmetries

e Popular: Non—Abelian discrete symmetries as flavor
symmetries G, e.g. Sg, Aq, T/, A(27),...
to explain fermion masses and mixing pattern.
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Interlude: Non-Abelian discrete flavor symmetries

e Popular: Non—Abelian discrete symmetries as flavor
symmetries G, e.g. Sg, Aq, T/, A(27),...
to explain fermion masses and mixing pattern.
[Kaplan 1994, Frampton 1995, Dermisek 1999, Aranda 2000, Carr 2000, Ma 2001, Ma 2002, Babu 2003,
Kubo 2003, Kubo 2004, Kubo 2006, Chen 2004, Lavoura 2005, Dermisek 2005, Caravaglios 2005,
Caravaglios 2005, Grimus 2006, Koide 2006, Teshima 2006, Haba 2006, Tanimoto 2006, Koide 2006,
Morisi 2006, Picariello 2006, Mohapatra 2006, Kaneko 2007, Koide 2007, Chen 2008, Feruglio 2007,
Grimus 2004, Adulpravitchai 2009, Blum 2004, Blum 2008, Everett 2009, Mohapatra 2004, Hagedorn
2006, Cai 2006, Zhang 2007, Ma 2007, Bazzocchi 2008, Ishimori 2009, Meloni 2009, Dutta 2009, Ding
2010, Morisi 2010, Hagedorn 2010, Ishimori 2010, Hirsch 2004, Ma 2004, Chen 2005, Altarelli 2005, Ma
2005, Hirsch 2005, Babu 2005, Zee 2005, Ma 2006, He 2006, Adhikary 2006, Altarelli 2006, Lavoura 2006,
Ma 2007, Hirsch 2007, Luhn 2007, de Medeiros-Varzielas 2007, Altarelli 2007, Yin 2007, Bazzocchi 2008,
Bazzocchi 2008, Honda 2008, Brahmachari 2008, Adhikary 2008, Hirsch 2008, Frampton 2008, Csaki
2008, Altarelli 2008, Morisi 2009, Lin 2009, Altarelli 2009, Morisi 2007, Grimus 2008, Ciafaloni 2009,

Bazzocchi 2009, King 2009, Bazzocchi 2008, delAguila 2010, Kadosh 2010, Antusch 2010, ......... ]
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Interlude: Non-Abelian discrete flavor symmetries

e Popular: Non—Abelian discrete symmetries as flavor
symmetries G, e.g. Sg, Aq, T/, A(27),...
to explain fermion masses and mixing pattern.
Quarks(CKM) Leptons(PMNS)
012 = 13.04° £0.05° 013 ~34° £ 1°
023 = 2.38° £+ 0.06° 023 ~ 40° + 3°
613 = 0.201° +£0.011° 613 ~ 9° £ 0.5°
§ =120+008rad & =5257515 rad

[Beringer et al., 2012, Gonzalez-Garcia et al., 2012, King and Luhn, 2013]

m* m?
- VC

&

solar~7x10-%eV?>

GUT 2
m g

‘ <
T e
L

symmetr] symmetry

~> 9 ;
/ 9 3 \
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Interlude: Non-Abelian discrete flavor symmetries

Example: Lepton sector mixing from Ay (= (Za x Z2) % Z3).
[Altarelli and Feruglio, 2006]

Ay | e T T2 S
1 1 1 1 1
1 |1 w W 1
1 |1 W w 1
3 3 0 0 —1
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Interlude: Non-Abelian discrete flavor symmetries

Example: Lepton sector mixing from Ay (= (Za x Z2) % Z3).

charge assighment:
(D1, L1)
(D2, L2)
(Ds, Ls)g

o

o

Andreas Trautner, TUM

[Altarelli and Feruglio, 2006]

Ay | e T T2 S
1 1 1 1 1
1 |1 w W 1
1 |1 W w 1
3 3 0 0 —1

(Q1,U1,E1) ) 1
3. (QQ)UQaEQ)IO } 1,
(Q3,U3,E3),, } 1”7

Non—Abelian discrete R symmetries, 9/30/13

23/ 35



Interlude: Non-Abelian discrete flavor symmetries

Example: Lepton sector mixing from Ay (= (Za x Z2) % Z3).
[Altarelli and Feruglio, 2006]

Ay | e T T2 S
1 |1 1 1 1
1 |1 w  Ww? 1
1”7 |1 W w 1
3 |3 0 o0 -1
charge assignment:
(D1, Li)g (Q1U1E1)yq 1
(b%L?)E 3. (Q U2’E2)10} 1
(E37L3)3 (Q U3’E3)10} 1"
Extra: ‘Flavons’ o7 : 3, v5:3,: 1, and a Z3 symmetry.
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Interlude: Non-Abelian discrete flavor symmetries

Example: Lepton sector mixing from Ay (= (Za x Z2) % Z3).
[Altarelli and Feruglio, 2006]

Ay | e T T2 S
1 1 1 1 1
1 |1 w W 1
1 |1 W w 1
3 3 0 0 —1

charge assignment:
(D1, L) (@101, F)yp } 1
(D>, L) (@272, F2), ) 1
(E37L3)3 (Q3’U3’E3)10 } 1"
Extra: ‘Flavons’ o7 : 3, v5:3,: 1, and a Z3 symmetry.
Will = (erL) By + (¢rL) Bz + (prL)" Es + ¢ (LL) + (psLL) .

lept

o

o
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Interlude: Non-Abelian discrete flavor symmetries
Example: Lepton sector mixing from Ay4. [Altarelli and Feruglio, 2006]

Andreas Trautner, TUM Non—Abelian discrete R symmetries, 9/30/13 24/ 35



Interlude: Non-Abelian discrete flavor symmetries
Example: Lepton sector mixing from Ay4. [Altarelli and Feruglio, 2006]
spontaneous breaking of G by
<90T> = (UT7070)
(ps) = (vs,vs,vs)
(€ =u

crucial: ‘vacuum alignment'!

Andreas Trautner, TUM Non—Abelian discrete R symmetries, 9/30/13 24/ 35



Interlude: Non-Abelian discrete flavor symmetries
Example: Lepton sector mixing from Ay4. [Altarelli and Feruglio, 2006]
spontaneous breaking of G by
<90T> = (UT7070)
{ps) = (vs,vs,vs)
(€ =u

crucial: ‘vacuum alignment'!

Ye
vs
M, = vdx ( Yu )
Yr

<a+2b/3 —b/3 —b/3 )
M, = —b/3 26/3 a—1b/3

>

—b/3  a—b/3 2b/3
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Interlude: Non-Abelian discrete flavor symmetries
Example: Lepton sector mixing from Ay4. [Altarelli and Feruglio, 2006]
spontaneous breaking of G by
<90T> = (UT7070)
{ps) = (vs,vs,vs)
(€ =u

crucial: ‘vacuum alignment'!

Ye
M, = vdUXS ( Yu ) UTM,U = diag (m1, ma2,m3)
yr 2/3  1/V3 0
p2 [a+26/3  —b/3 —b/3 UpmNs = (1/\/6 1/V3 1/\/5)
M, = Xu —b/3 2b/3 a—>b/3 —1/v6 1/V3 1/V2
—b/3  a—b/3  2b/3
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Interlude: Non-Abelian discrete flavor symmetries
Example: Lepton sector mixing from Ay4. [Altarelli and Feruglio, 2006]

spontaneous breaking of G by
<90T> = (UT7070)
{ps) = (vs,vs,vs)
(&) = u

crucial: ‘vacuum alignment'!

2% Tri-Bi-Maximal mixing (TBM) [Harrison et al., 2002]
M Leptons(exp.) TBM UTM,U = diag (m1,m2, m3)
912 ~ 34° £ 1° 912 ~ 35.3° 2/3 1/\/3 0
923 ~ 40° 4 3° 923 = 45° UpmNs = 71/\/6 1/\/§ 71/\/5
M 63 =9°4£0.5° 613 =0° -1/V6 1/V/3  1/V2
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Interlude: Non-Abelian discrete flavor symmetries
Example: Lepton sector mixing from Ay4. [Altarelli and Feruglio, 2006]

spontaneous breaking of G by
<90T> = (UT7070)
{ps) = (vs,vs,vs)
(€ =u

crucial: ‘vacuum alignment'!

2% Tri-Bi-Maximal mixing (TBM) [Harrison et al., 2002]
M Leptons(exp.) TBM UTM,U = diag (m1,m2, m3)
912 ~ 34° £ 1° 912 ~ 35.3° 2/3 1/\/3 0
923 ~ 40° 4 3° 923 = 45° UpmNs = 71/\/6 1/\/§ 71/\/5
M 63 =9°4£0.5° 613 =0° -1/V6 1/V/3  1/V2

However: Additional symmetries and fields needed to explain
® Vacuum alignment: U(1)g,

® |arge mass hierarchies: U(1)pn. [Froggatt and Nielsen, 1979]
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Interlude: Non-Abelian discrete flavor symmetries

Dynamical explanation of vacuum alignment. [Altarelli and Feruglio, 2006]
Ingredients:
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Interlude: Non-Abelian discrete flavor symmetries

Dynamical explanation of vacuum alignment. [Altarelli and Feruglio, 2006]
Ingredients:

e Additional symmetry: U(1)r with g = 1 ~ gy = 2qp = 2,
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Interlude: Non-Abelian discrete flavor symmetries

Dynamical explanation of vacuum alignment. [Altarelli and Feruglio, 2006]
Ingredients:

e Additional symmetry: U(1)r with g = 1 ~ gy = 2qp = 2,
e All matter fields: ¢,, = 1, Higgs fields: g, =0,
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Interlude: Non-Abelian discrete flavor symmetries

Dynamical explanation of vacuum alignment. [Altarelli and Feruglio, 2006]
Ingredients:

e Additional symmetry: U(1)r with g = 1 ~ gy = 2qp = 2,
e All matter fields: ¢,, = 1, Higgs fields: g, =0,
e Flavon fields: q,5 = qpr = q¢ =0,
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Interlude: Non-Abelian discrete flavor symmetries

Dynamical explanation of vacuum alignment. [Altarelli and Feruglio, 2006]
Ingredients:

Additional symmetry: U(1)r with g9 = 1 ~ gy = 2qg = 2,

All matter fields: ¢,,, = 1, Higgs fields: ¢q;, = 0,

Flavon fields: quq = qp = q¢ = 0,

o New: ‘Driving fields’ ol ¢, &9 with Qps = QT = Q&0 = 2,

0
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Interlude: Non-Abelian discrete flavor symmetries

Dynamical explanation of vacuum alignment. [Altarelli and Feruglio, 2006]
Ingredients:
e Additional symmetry: U(1)r with g = 1 ~ gy = 2qp = 2,

All matter fields: ¢,,, = 1, Higgs fields: ¢q;, = 0,

Flavon fields: quq = qp = q¢ = 0,

o New: ‘Driving fields’ ol ¢, &9 with Qps = QT = Q&0 = 2,

0
= No coupling of matter and driving fields.
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Interlude: Non-Abelian discrete flavor symmetries

Dynamlcal eXpIanatiOn Of . [Altarelli and Feruglio, 2006]
Ingredients:
e Additional symmetry: U(1)r with g = 1 ~ gy = 2qp = 2,

All matter fields: ¢,,, = 1, Higgs fields: ¢q;, = 0,

Flavon fields: quq = qp = q¢ = 0,
e New: ©b 00, <o with Qps = QT = g = 2,
= No coupling of matter and driving fields.

= Only linear coupling of driving fields to flavon fields.
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Interlude: Non-Abelian discrete flavor symmetries

Dynamlcal eXpIanatiOn Of . [Altarelli and Feruglio, 2006]
Ingredients:

e Additional symmetry: U(1)r with g = 1 ~ gy = 2qp = 2,
e All matter fields: ¢,, = 1, Higgs fields: g, =0,
e Flavon fields: q,5 = qpr = q¢ =0,
e New: ©b 00, <o with Qps = QT = g = 2,
= No coupling of matter and driving fields.
= Only linear coupling of driving fields to flavon fields.

Requiring SUSY to be unbroken at the flavor scale we have:

oW OW _ aW |

add 0
oot 00y 0%

Solving those (o), (ws), (&) to directions.
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Discrete symmetries of the superpotential

W = uHyHg + r;L;Hy
Y HyL;Ej + Y HyQ:D; + Y7 H,Q;U;
AN LiL By + A5 LiQ; Dk + A3\ UiD; Dy,
+HijleinQkLl + ngl)clU'U DiE;
Ejsl)chQJQkHd + H”szU BxHa+ k") LiHy HyHy
i LiHy Ly H,.
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Discrete symmetries of the superpotential

W = puHyHg + ki Li Hy
Y HaLiE) + Y HaQ,Dj + Y7 HuQiU,
+)\’E]])CL L;Ey +>\”kL Q; Dy, +)\§ l)cU D, Dy,
+:‘iijleinQkLl + ngl)clU'UjDkEl
Ejsl)cQzQJQkHd + H”kQZU EHg + ,{( )1, SHyHoH,y
w0 LiHy Ly H,.

e Mainly affected by discrete flavor symmetry.
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Discrete symmetries of the superpotential

W = pHy Hy+ i Li I
Y HyLiEj 4+ Y HyQ:D; + Y7 H,Q;U;
+0) LiQ; Dy, + A\ UD; Dy,
+Hijk:lQiQ.7'Qkf L+ nglz:lﬁ‘ﬁfl' Dy.E,

+HSI)€Q7‘QJ'Q1<H(1 + hE;iQ:E;EAHd + K/ES)LiH'u HyHg

Lili B+ A7)

680 L Hoy L H.

e Mainly affected by discrete flavor symmetry.
e Mainly affected by discrete R symmetry.
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Discrete symmetries of the superpotential

W = puH,Hy + ki Li Ho,
Y HyLiEj 4+ Y HyQ:D; + Y7 H,Q;U;
AL
+r4301 Qi@ Qu Ly + w3, UiU DBy

+"‘S;Z(2/(2](2]\Hd + hE;ZQITIELHd + /ﬁ'/E:S)Ly HyH,Hyg

LiLiEy, + M2 LiQ; Dy + Affjﬁfjjﬁk

680 L Hoy L H.

e Mainly affected by discrete flavor symmetry.
e Mainly affected by discrete R symmetry.
? Can we combine the discrete symmetries ?

Non—Abelian discrete

) = Non—-Abelian discrete R symmetry.
+ discrete R

[Chen,Ratz,AT]
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Discrete symmetries of the superpotential

W= pH,Hg+ riL; H,
+YJ H L E; + Y’ HiQ;D; + Y, H,Q;U;

AN LiLi By + ) LiQ Dy, + A0\ U D; Dy,

//;/QQ QA[/+/’"

S
,AT U; Dy,
i QiQ QO o+ QU B Hy i Lo H o H

+r ) LiHyL; .

e Mainly affected by discrete flavor symmetry.

e Mainly affected by discrete R symmetry.

? Can we combine the discrete symmetries ?
Non—Abelian discrete

discrete R

Non—Abelian discrete R symmetry.

[Chen,Ratz,AT]

Intriguing fact: Discrete R, non-Abelian discrete, as well as non-Abelian discrete R
symmetries all can originate from extra compact dimensions.

[Kobayashi et al., 2007, Araki et al., 2008, Nilles et al., 2012], Ratz and Vaudrevange 2013 (PC)

Non—Abelian discrete R symmetries, 9/30/13 26/ 35

Andreas Trautner, TUM



Non—Abelian discrete R symmetries

o We require the symmetry to:

Andreas Trautner, TUM Non—Abelian discrete R symmetries, 9/30/13 27/ 35



Non—Abelian discrete R symmetries

o We require the symmetry to:
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Non—Abelian discrete R symmetries
o We require the symmetry to:

- Contain the succesfull Z solution of the // problem,
- Act non-trivially in flavor space.
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Non—Abelian discrete R symmetries

o We require the symmetry to:

- Contain the succesfull Z solution of the // problem,
- Act non-trivially in flavor space.

e In order not to break SUSY at the flavor scale, the R

symmetry needs to overstay the flavor symmetry breaking.
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Non—Abelian discrete R symmetries

o We require the symmetry to:
- Contain the succesfull Zf solution of the ;. problem,
- Act non-trivially in flavor space.
e In order not to break SUSY at the flavor scale, the R
symmetry needs to overstay the flavor symmetry breaking.

- From mixing phenomenology: unbroken ZZ% cannot be family
dependent.
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Non—Abelian discrete R symmetries

o We require the symmetry to:

- Contain the succesfull Zf solution of the ;. problem,

- Act non-trivially in flavor space.
e In order not to break SUSY at the flavor scale, the R

symmetry needs to overstay the flavor symmetry breaking.
- From mixing phenomenology: unbroken ZZ% cannot be family
dependent.
= Only possible way: ZZ£ lies in the center of the non—Abelian

group!

Andreas Trautner, TUM Non-Abelian discrete R symmetries, 9/30/13

27/ 35



Non—Abelian discrete R symmetries

o We require the symmetry to:
- Contain the succesfull Zf solution of the ;. problem,
- Act non-trivially in flavor space.
e In order not to break SUSY at the flavor scale, the R
symmetry needs to overstay the flavor symmetry breaking.
- From mixing phenomenology: unbroken ZZ% cannot be family

dependent.
= Only possible way: ZZ£ lies in the center of the non—Abelian
group!
GAP scan:
0@ | Gr
24 Zg X Zg
24 Sg X Z4
32 (Zg X Zg) A Zg
32 (Z4 X Z4) X ZQ
32 Zg X Z4
[Chen, Ratz, AT]
Andreas Trautner, TUM Non—Abelian discrete R symmetries, 9/30/13
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A Z3 x 7ZE minimal example model

The group Zs3 x Zs:

[Chen, Ratz, AT]

1 v v u v? veooowE o vt vl ouv®

1 3 1 1 2 3 3 1 2 2 3 2
FanZg | la 8a 4a 2a 3a 8b 8 4b 12a 6a &1 12b
1, 1 1 1 1 1 1 1 1 1 1 1 1
1, 1 -1 1 1 1 -1 -1 1 1 1 -1 1
1, 1 -1 -1 1 1 i -1 -1 -1 1 i —1
14 1 i -1 1 1 —i i -1 -1 1 -1 -1
1: 1 -7 i -1 1 T T —i i -1 -7 =
1s 1 T -1 =1 1 -7 -7 1 -1 -1 T 1
1; 1 -~ -1 -1 1 T T 1 -1 -1 -7 i
1q 1 T 1 -1 1 - -1 - 1 —1 T -1
2 2 0o -2 2 -1 0 0o -2 1 -1 0 1
25 2 0 2 2 -1 0 0 2 -1 -1 0 -1
24 2 0 =21 -2 -1 0 0 21 i 1 0 -
2y 2 0 21 -2 -1 0 0 =21 = 1 0 i

Andreas Trautner, TUM
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A Z3 x 7ZE minimal example model
The group Zs3 x Zs: [Chen, Ratz, AT]
e 8 singlet and 4 doublet irreps 11_g, 21_4.
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A Z3 x 7ZE minimal example model
The group Zs3 x Zs: [Chen, Ratz, AT]
e 8 singlet and 4 doublet irreps 11_g, 21_4.
e Assignment of fields is fixed by the underlying Z%.
- ZZE charges: 6 and matter: 1, Higgses: 0. [Chen et al., 2012b]
0 Matter  Higgses

=
15/18 15/18/24 11/12
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A Z3 x 7ZE minimal example model

[Chen, Ratz, AT]

The group Zs3 x Zs:
e 8 singlet and 4 doublet irreps 11_g, 21_4.
e Assignment of fields is fixed by the underlying Z%.

- ZZE charges: 6 and matter: 1, Higgses: 0.
0 Matter  Higgses

=
15/1s 15/15/2, 11/1,

e Spontaneous breaking:

[Chen et al., 2012b]

No alignment necessary

Andreas Trautner, TUM Non—Abelian discrete R symmetries, 9/30/13
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A Z3 x 7ZE minimal example model

Minimal example model: [Chen, Ratz, AT]

0: 15 (:> 4% 14:15®15)

(D1, L) } 0 (Q1,U1,E1),, } 15
(Da, Ly)¢ (Q2,U2,E2),, } 15
(D3, L)z | 15 (Q3,Us3,E3),, } 18

Hui 11 HdZ 12
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A Z3 x 7ZE minimal example model

Minimal example model:
0: 15 (:> 4% 14:15®15)

[Chen, Ratz, AT]

R P
(D2, L2)g (@202, F2) 9 } 15
(E37L3)§} 15 (Q37U37E3)10 } 1s
H,: 1, H;: 1o
Spontaneous breaking sector: o 1o X 29.
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A Z3 x 7ZE minimal example model
Minimal example model: [Chen, Ratz, AT]

0: 15 (:> 4% 14:15®15)

R P
(D2, L2)g (@202, F2) 9 } 15
(E37L3)§} 15 (Q37U37E3)10 } 1s

H,: 1, H;: 1o
Spontaneous breaking sector: o 1o X 29.

e Neutrino masses from (effective) Weinberg operator.
e Spare ‘shaping’ symmetries (commonly used to generate
hierarchies and split quarks & leptons).
e Focus discussion on general issues:
- Consistent assignment of fields to representations,
- Symmetry breaking,
- Possible mass matrix structures,
- Anomaly cancellation.

Andreas Trautner, TUM Non-Abelian discrete R symmetries, 9/30/13 29/ 35



A Z3 x ZE minimal example model
Spontaneous symmetry breaking:
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A Z3 x ZE minimal example model
Spontaneous symmetry breaking:
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sin 0,

e ‘Generate' VEVs ~ include field £ : 14 (recall W : 14)
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— No coupling to matter sector .
& =Driving field!

— Only linear coupling to flavon fields
° VEV = G — ng with family dependent Zf.
= Alignment has to be avoided for realistic CKM/PMNS mixing
and the possibility of CP!
ow

|
F-Term condition for &1 0 = i

M2

~ LO :v%(0y) =
(0x) 9 'ri + g2 (2cos2(6y) — 1)
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A Z3 x ZE minimal example model
Spontaneous symmetry breaking:

W= o (Gn) @) = v,

e ‘Generate' VEVs ~ include field £ : 14 (recall W : 14)

— No coupling to matter sector

. . : & =Driving field!
— Only linear coupling to flavon fields

° VEV = G — ng with family dependent Zg.
= Alignment has to be avoided for realistic CKM/PMNS mixing
and the possibility of CP!
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A Z3 x 7ZE minimal example model

e Identify terms consistent with all symmetries (W charged!)
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A Z3 x 7ZE minimal example model

e Identify terms consistent with all symmetries (W charged!)
e SSB with small mis—alignment (x) oc (1,6)T
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A Z3 x 7ZE minimal example model

e Identify terms consistent with all symmetries (W charged!)

e SSB with sma
~ Yukawa coupli

YENYdTN(

Andreas Trautner, TUM

Il mis— (x) o< (1,6)T
ng (mass) matrix structures

€ —€6 €Ty 1 1
e —€d ery | ,Yur 1 1

—€d € 1 ETy ETH

1+e €d —€d
M, ~ €d —1+4+e 5 .

—€d 5 1
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A Z3 x 7ZE minimal example model

e Identify terms consistent with all symmetries (W charged!)
e SSB with small mis— (x) o< (1,6)T
~ Yukawa coupling (mass) matrix structures e:=v/A

€ —€6 €Ty 1 1 ETg
YENYdTN e —€d ery | ,Yur 1 1 erg |
—€d € 1 ETy ETH 1

1+e €d —€d
M, ~ € —1+4+e e .
—€d 5 1

Model features:
e Can accomodate reality (with 28 parameters),

Anomaly free by Green—Schwarz mechanism,
Contains successfull Z£ solution to /i and

problem,
° without enlarging the symmetry,
e Natural mass hierarchy requires additional symmetry e.g.
U(l)FN.
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Structure of the soft SUSY breaking terms

xXtx XFx 02 _

JatoS5m Qi 22 g (1)
X X—Fyx 02 :

/d29KyQ3L>qu3, (2)
X 2

/dQGKWaW“ Elnik LG VAPV 3)

® |f matter fields Q are irrep of non-Abelian discrete symmetry ~ LO breaking (1)
is flavor diagonal (+» MFV).

® |f SUSY spurion X is R-charged: (2) and (3) not allowed (but pheno: M, # 0).

® If X is higher-dim. irrep of a NA discrete flavor symmetry: if F'x and (Flavons)
are not aligned ~ dangerous flavor violation via (2)

® However, if NA flavor symmetry is also R, we can prohibit (2) and have the
possibility to break flavor and SUSY with one single hidden sector.
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Conclusion

® Have discussed MSSM GUTs with R symmetries to solve ;. and
problem,

® Assuming GUT relations and anomaly freedom we have seen that only R
symmetries can solve the ;. problem.
® Requiring

(i) anomaly freedom (allowing for GS anomaly cancellation),
(i) w term prohibited perturbatively,
(iii) Yukawa coupling and Weinberg effective neutrino mass allowed,

~ discrete Z£ can do the job (unique in SO(10)).

- unbroken R parity subgroup (dim. 4 proton decay absent),
- dim. 5 proton decay operators highly suppressed,
- non-perturbative reintroduction of /i ~ m3/s.

® In UV complete (heterotic orbifold) models, such symmetries have a
geometrical origin,

® This also applies to non-Abelian discrete flavor symmetries, which we
have shown to be useful in engineering specific flavor mixing patterns (i.e.
reducing the number of free parameters of the flavor puzzle).
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Conclusion

® Combining discrete R with non-Abelian discrete flavor symmetries, we
have introduced non—Abelian discrete R symmetries in the framework of
N =1 SUSY GUTs.
® A search for viable symmetries that include
- solution to the ;. and problem of the MSSM,
- possible explanation of the flavor structure,
reveals Zs x ZE as the smallest possible group with non—trivial
embedding of the R symmetry.
e A Zs x ZE toy model shows generic features of such models:
- the Abelian R symmetry lies in the center of the group,
- VEV (mis) , which is neccessary to explain family mixing
and P, can be obtained w/o enlarging the symmetry group.

Outlook:

® There is no obstacle for the construction of possibly realistic models with
non—Abelian discrete R symmetries. In such models, it will be interesting

to investigate:
- Implications for SUSY, i.e. scalar sector soft masses,
- Possible UV origin of the symmetry.
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Thank You!
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