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I—MSSM: good features and open questions

MSSM: good features and open questions

0 Many studies focus on the minimal supersymmetric
extension of the standard model (MSSM)

0 Why?

2 stabilization of hierarchies

MSSM gauge coupling unification
radiative electroweak symmetry breaking
dark matter candidate

©000O0

0 However:
® /By problem
& dimension four and five proton decay operators

© CP and flavor problems

O Supersymmetry alone seems not to be enough
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[] Introduction & Motivation v

[] A simple ZZ symmetry can explain
e suppressed u term
e proton stability

[] String theory realization

(] Summary
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I—Proh'.\n hexality and local grand unification

Proton decay operators

00 Gauge invariant superpotential terms up to order 4 include

W = nHyH, + r; LiH,
+ Yéj Linl_’:j Yg Qinﬁj + Y;J Q,Huﬁj

) Linl_)k + Ag’k Uil_)jl_)k

+ iy HobsHo Ly + R QiQQALe + iy, UiU;ULE

forbidden by matter parity

Farrar & Fayet (1978); Dimopoulos, Raby & Wilczek (1981)
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Proton decay operators

00 Gauge invariant superpotential terms up to order 4 include

W = nHyH, + r; LiH,
+ YV LH.EN Y9 Q:H,D; + YY QH,U;
+ A LiliEy + N LiQDy, + N[y, U;D;Dy
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< forbidden by proton hexality

Dreiner, Luhn & Thormeier (2006)

O Proton hexality = matter parity + baryon triality

lodhez & Ross (1992)
Dreiner, Luhn & Thormeier (2006)
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loénez & Ross (1992): Dreiner, Luhn & Thormeier (2006)
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@ not consistent with unification for matter d.e. inconsistent with universai

discrete charges for all matter fields)
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loénez & Ross (1992): Dreiner, Luhn & Thormeier (2006)

O Proton hexality Pg = matter parity Z* x baryon triality Bs
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O Appealing features
© forbids dimension four and five proton decay operators
© allows Yukawa couplings, Weinberg operator «\” H,L; H,L;
and p ferm
unigue anomaly-free symmetry with the above features

C

©

0 However:
® not consistent with unification for matter

© embedding into string theory not yet fully convincing

Forste, Nilles, Ramos-Sdnchez, Vaudrevange (2010)
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Local grond unification (using small extra dimensions)

Glt Gt Buchmiller, Hamaguchi, Lebedev, M.R. (2004-2006)
Lebedev, Nilles, Raby, Ramos-Sénchez,
M.R., Vaudrevange, Wingerter (2006)

standard
model

as an

effective theory i(;\ngSbeCéﬁtOg]t
& SO(10)

in G

large(r)
group

‘low-energy’

SM generation(s): Higgs doublets:
localized in region with PT——
SO(10) symmetry ive in the “bu
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I—Proh'.\n hexality and local grand unification

Proton hexality

O Disturbing aspects of proton hexality
© not consistent with (local grand) unification for matter
© embedding into string theory not yet fully convincing

© does not address 1. problem

v = nHzH, + r; LiH,
eij LinEj Yg QinEj + YZ{ QiHuUj

/
need to be strongly suppm
@eds fo be suppressed as D
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= Origin of discrete symmetries

Origin of discrete symmetries

O Where can the discrete symmetries come from?
O Possible answer: higher dimensions and strings

O What does string theory give us?
¢ unification with gravity
extra gauge symmetries
discrete symmetries
o Green-Schwarz anomaly cancellation
MSSM models with Local Grand Unification

0 Two prejudices from string model building:
@ Local Grand Unification

® anomalous’ discrete symmetries whose anomalies are
canceled the Green-Schwarz mechanism
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From anomaly freedom to anomaly universality

Dine & Graesser (2004); Araki, Kobayashi, Kubo, Ramos-Sanchez, M.R. & Vaudrevange (2008)

O Important lesson from explicit string-derived (MSSM) models

‘anomalous’ discrete symmetries:

Anomalies of discrete symmetries canceled by
Green-Schwarz mechanism

0 Anomaly freedom gets relaxed to anomaly universality

Example: anomaly coefficients for Zy [ sum over all
SU(3)¢ representations
Asuep-zy, = » D '
3

A = 1) . o) sum over all
SU@i ;q\/{ SU(2)1, representations
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From anomaly freedom to anomaly universality

Dine & Graesser (2004); Araki, Kobayashi, Kubo, Ramos-Sanchez, M.R. & Vaudrevange (2008)

O Important lesson from explicit string-derived (MSSM) models

‘anomalous’ discrete symmetries:

Anomalies of discrete symmetries canceled by
Green-Schwarz mechanism

0 Anomaly freedom gets relaxed to anomaly universality

Example: anomaly coefficients for Zy
Asuaz-zy = Y 7
3

Asvep-zy, = Y V=g
2

Dynkin index

discrete chorges]
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all A coefficients vanish
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From anomaly freedom to anomaly universality

Dine & Graesser (2004); Araki, Kobayashi, Kubo, Ramos-Sanchez, M.R. & Vaudrevange (2008)

O Important lesson from explicit string-derived (MSSM) models

‘anomalous’ discrete symmetries:

Anomalies of discrete symmetries canceled by
Green-Schwarz mechanism

0 Anomaly freedom gets relaxed to anomaly universality

Example: anomaly coefficients for Zy anomaly freedom:
all A coefficients vanish

1
Asuep-zy = Y 0 -q¥ =+ mod N(/2)
i R R R R

= ") .q) L
Asu(2) -2y zz:é q y mod N(/2) anomaly universality:
all A coefficients equal
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I—Unique Zf symmetry

A unique Z£ symmetry

O Assumptions:
e anomaly universality
e universal charges for quarks and leptons
e 1 term forbidden at perturbative level

e Yukawa couplings and Weinberg neutrino mass operator
allowed

0 Want to prove:
There is a unique ZE symmetry in the MSSM with these
features
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I—Unique Zf symmetry

Claim T1: it has to be an R symmetry

O Anomaly coefficients for non-R symmetry with SU(5)
relations for matter charges

9 3
ASU(S)g—ZN = 561104-5%

9 3 1
Asuey -y = gd10+ 505+ 5 (9m, +am,)
00 Anomaly universality

Asu(ey—zmy —Asuez-zy = 0
1( +an) = 0 mod N  forN odd
o g \n TaH) = °Y 1 N/2 forN even

bottom-line:
non-R Zy symmetry cannot forbid p term
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I—Unique Zf symmetry

Claim 2: Higgs discrete charges have to vanish

O Assumption: quarks and leptons have universal charge r
0 u- and d-type Yukawas allowed requires that
2r+rg, = 2 mod N and 2r+ry, = 2 mod N

~ rg,—rg, = 0 mod N

O u-type Yukawa and Weinberg operator allowed requires
that

2r+ry, = 2 mod N and 2r+2ry, = 2 mod N

~ rg, = 0 mod N

boitom-line:
g, = r'H;, = 0 mod N
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Claim 3: The order has to be 4 (or 2)

O Anomaly coefficients for Abelian discrete R symnmetry

1
Asuey-zfy = 6r+g(rm, +rm,) =5

00 Anomaly universality

A _[however: there is no meaningful Z§ symmetry ]
SU2)f — 2y

cf. e.g. Dine & Kehayias (2009)

e o | N/2 forN even

O but we know already that rg, =rg, =0 mod N

bottom-line:
N=2or N=4
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O Anomaly coefficients for Abelian discrete R symnmetry

1
Asuey-zfy = 6r+g(rm, +rm,) =5

00 Anomaly universality

Asu(ey-ut ~Asu@p-zt = 0
N for N odd
~  ra,t+ra, =4 mod { N/2 forN even

O but we know already that rg, =rg, =0 mod N

boitom-line:
N = 4 unique
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I—Unique Zf symmetry

Unique ZE symmetry

0 We know:
o itis a ZE symmetry
¢ Higgs fields have charge rp, = ry, =0 mod 4

0 Yukawa couplings and Weinberg operator allowed ~
matter has R charger =1

[0 Consistent with anomaly universality

Agy@z gz = 6(r—1)+3 = 3 = 1 mod 4/2
1
ASU(2)§-Z§ = 3 (ra, +ra,—2)+2 = 1 mod 4/2

AU(I)%—Z% - cee = ]_ mod 4/2



"Anomalous" discrete symmetries Discrete symmetry for 1. and proton

I—Unique Zf symmetry

Unique ZE symmetry

0 We know:
o itis a ZE symmetry
¢ Higgs fields have charge rp, = ry, =0 mod 4

0 Yukawa couplings and Weinberg operator allowed ~
matter has R charger =1

[0 Consistent with anomaly universality

Agy@z gz = 6(r—1)+3 = 3 = 1 mod 4/2
1
ASU(2)§-Z§ = 3 (ra, +ra,—2)+2 = 1 mod 4/2
AU(I)%—Z% - cee = ]_ mOd 4/2

0 Anomaly-free version of this Z£ with extra matter has been
discussed previous|y Kurosawa, Maru & Yanagida (2001)
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= Implications of Zf

Implications of 7

0 Gauge invariant superpotential terms up to order 4

W = pHgH, + k; LiH,
+ YV LH.E; + Y9 QH,D; + YY QH,U;
+ Nje LiLiEy + Ny, LiQ;Dy, + N}, U:D;Dy,
+ Iii(;)) H,L,H,L; + Iii(;e)e Q:Q;QrL, + ngi)z UUULE, + ...
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= Implications of Zf

Implications of 7

0 Gauge invariant superpotential terms up to order 4

v = nHyH, + r; LiH,

+ >\ijk LY E /"k Linﬁk + Ag’k Uiﬁjﬁk

< forbidden at the perturbative level




"Anomalous" discrete symmetries Discrete symmetry for 1. and proton

= Implications of Zf

Implications of 7

0 Gauge invariant superpotential terms up to order 4

v = nHzH, + x; LiH,

=+ /\ijk Li 'Ek + )‘l/‘jk Linﬁk + /\z/'J/'k Uiﬁjﬁk

- F‘l(/%e)é QiQ;QrL, + h‘,gﬁz)é UiUUkE¢ + ...

< appear at non-perturbative level >




"Anomalous" discrete symmetries Discrete symmetry for 1. and proton

= Implications of Zf

Implications of 7

0 Gauge invariant superpotential terms up to order 4

W = ,quHu + w; LiH,
+ Yéj LinEJ + Yfij QinEj + Y;J QiHuUj
+ A LiLjEk /\L/'jk Linﬁk + )\l{‘]/-k Uiﬁjﬁk
z(;e)é QinQ L, + ngi)z UinUkEg + ...

+ Iii(;))

also forbidden at
non-perturbative level by
non-anomalous Zg subgroup
which is equivalent
to matter parity




"Anomalous" discrete symmetries Discrete symmetry for 1. and proton

= Implications of Zf

Implications of 7

0 Gauge invariant superpotential terms up to order 4

W = pnHgH, + r; LiH,
Y L,H.E; + YY QH,D; + YV Q:H,U,
Er + Ny Li QJDk + N}, UiD; Dy
Li+ "ijke Q:QiQrL, + ngi)z UUUE+...

< non-perturbative generation of x solves the y problem

e




"Anomalous" discrete symmetries Discrete symmetry for 1. and proton

= Implications of Zf

Implications of 7

0 Gauge invariant superpotential terms up to order 4

W = pHgH, + k; L;H,
+ Yéj LinEj + Yliij QinEJ' + Ylitj QiH”Uj
—|— Al]k LZLJEk + )\{jk Lleﬁk + A;]/k Ulﬁ]ﬁk

+ /ii(;)) H,L;H,L; + ‘L/‘z(/%e)é Q:Q;QrL, + h‘,ﬁ)é U, UjUkEE + ...

\

ﬁon—per’rurbo’rively generated ferms hormm




An explicit
string-derived

example

... string theory allows us to understand the non-perturbative
‘violation” of ‘anomalous’ discrete symmetries
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I—The Zg orbifold plane

The Zg orbifold plane

2D space with SO(2) rotational symmetry
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"Anomalous" discrete symmetries
I—The Zg orbifold plane

The Z, orbifold plane

0 Orbifolds with Zgy plane have three important properties:

[ 7Lt symmmetry arises as a remnant of the Lorentz group in
compact dimensions

Ly



Explicit string theory example

"Anomalous" discrete symmetries
I—The Zg orbifold plane

The Z, orbifold plane

0 Orbifolds with Zgy plane have three important properties:

[] ZE symmetry arises as a remnant of the Lorentz group in
compact dimensions

bulk fields
have even
ZE charge

localized
fields have odd
ZE charge



"Anomalous" discrete symmetries Explicit string theory example

I—The Zg orbifold plane

The Zy orbifold plane

0 Orbifolds with Zgy plane have three important properties:

[ 7Lt symmmetry arises as a remnant of the Lorentz group in
compact dimensions

[ Orbifold GUT limit with SU(6) bulk symmetry gives us
gauge-top unification

P Hosteins, R. Kappl, M.R., K. Schmidt-Hoberg (2009)

0.09
0.08
a3
0.07
0.06
; @t
~ 005
0.04
@2
0.03
0.02 a

34567 8 91011121314151617
10g,(1/GeV)



"Anomalous" discrete symmetries Explicit string theory example

I—The Zg orbifold plane

The Zy orbifold plane

0 Orbifolds with Zgy plane have three important properties:

[ 7Lt symmmetry arises as a remnant of the Lorentz group in
compact dimensions

[ Orbifold GUT limit with SU(6) bulk symmetry gives us
gauge-top unification

P Hosteins, R. Kappl, M.R., K. Schmidt-Hoberg (2009)

[ Orbifold GUT limit with SU(6) bulk symmetry gives us the
proportionality between ;. ferm and expectation value of
the superpotential (#)

F. Brummer, R. Kappl, M.R., K. Schmidt-Hoberg (2009)



"Anomalous" discrete symmetries Explicit string theory example

I—The Zg orbifold plane

The Z, orbifold plane

0 Orbifolds with Zgy plane have three important properties:

[ 7Lt symmmetry arises as a remnant of the Lorentz group in
compact dimensions

[ Orbifold GUT limit with SU(6) bulk symmetry gives us
gauge-top unification

P Hosteins, R. Kappl, M.R., K. Schmidt-Hoberg (2009)

[ Orbifold GUT limit with SU(6) bulk symmetry gives us the
proportionality between ;. ferm and expectation value of
the superpotential (#)

F. Brummer, R. Kappl, M.R., K. Schmidt-Hoberg (2009)

[] Rest of this talk: discuss globally consistent string model with
these features



"Anomalous" discrete symmetries Explicit string theory example

I—Bluszt:zyk et al. model

'
Zo X 79 Orbifold example
M. Blaszczyk, S. Groot Nibbelink, M.R., F. Ruehle, M. Trapletti, P Vaudrevange (2009)

SU(5) SU(5)
®

® O
SU(5) SU(5)

O step: 6 generation Zs x Zs model with SU(5) sysmmetry



"Anomalous" discrete symmetries Explicit string theory example

I—Bluszt:zyk et al. model

'
Zo X 79 Orbifold example
M. Blaszczyk, S. Groot Nibbelink, M.R., F. Ruehle, M. Trapletti, P Vaudrevange (2009)

SU(5) SU(5) SU(5)
® ®

non-local
breaking
SU(5)
1
Gsm

@ ® O
SU(5) SU(5) SU(5)

O step: 6 generation Zs x Zs model with SU(5) symmetry

O step: mod out a freely acting Zg sysnmetry which:
e breaks SU(5) — SU(3)¢ x SU(2)L x U(1)y
e reduces the number of generations to 3

analogous mechanism in CY MSSMs Bouchard & Donagi (2005)
Braun, He, Ovrut, Pantev (2005)
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I—Bluszt:zyk et al. model

'
Zo X 79 Orbifold example
M. Blaszczyk, S. Groot Nibbelink, M.R., F. Ruehle, M. Trapletti, P Vaudrevange (2009)

SU(5) SU(5) SU(5)

non-local
breaking
SU(5)
1
Gsm

Note: this is just a cartoon
the geometric picture will be ex-
SU(5) . . .
plained in more detail elsewhere
0 step: 6 g

M. Fischer, M.R., R Vaudrevange (to appear) mme-h'y

O step: mod out a freely acting Zg sysnmetry which:
e breaks SU(5) — SU(3)¢ x SU(2)L x U(1)y
e reduces the number of generations to 3

for further discussion of this model see talks by M. Blaszczyk & S. Groot Nibbelink



"Anomalous" discrete symmetries Explicit string theory example

I—Blusu:zyk et al. model

Main features

[] GUT symmetry breaking non-locall
~ NO ‘logarithmic running above the GUT scale’
Hebecker, Trapletti (2004)
M precision gauge unification
with distinctive pattern of soft masses

Raby, M.R., Schmidt-Hoberg (2009)



"Anomalous" discrete symmetries Explicit string theory example
I—Bluszt:zyk et al. model

Main features

[] GUT symmetry breaking non-locall

[1 No localized flux in hypercharge direction
~ complete blow-up without breaking SM gauge
symmetry in principle possible
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Main features

[] GUT symmetry breaking non-locall
[1 No localized flux in hypercharge direction

[] 4D gauge group:
SU(3)e x SU(2)r, x U(1)y x U(1)5 1, x [SU(3) x SU@)2 x U(1)7]
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I—Blusu:zyk et al. model

Main features

[] GUT symmetry breaking non-locall
[1 No localized flux in hypercharge direction

[] 4D gauge group:
SU(3)e x SU(2)r, x U(1)y x U(1)5 1, x [SU(3) x SU@)2 x U(1)7]

[] massless spectrum

spectrum = 3 x generation + vector-like

[] various appealing features:
e vacua where exotics decouple at the linear level in SM
singlets
e non-trivial Yukawa couplings
° gouge_fop UniﬁCOTiOh P Hosteins, R. Kappl, M.R., K. Schmidt-Hoberg (2009)
° SU(5) relation Y+ 2 Yp (out also for light generations)

for further discussion of this model see talks by M. Blaszczyk & S. Groot Nibbelink
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I—‘Anomulous’ Zf from the Blaszczyk et al. model

‘Anomalous’ Z& from the Blaszczyk et al. model

[ We succeeded in finding vacua with the *‘anomalous’ Z%
...e.g. by switching on the fields

{¢i} = {X5,X4.X5,X4,X5,Y1,Y,Z1,Z2,N1,N3, N,
N11,N17,Na5,Na6, Nog, N35, N37, Na5, N4z, N4g, N51, N53, N55}
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O This gives us a vacuum with the remnant symnmetry
Gsm x 75 x 753V
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‘Anomalous’ Z& from the Blaszczyk et al. model

[ We succeeded in finding vacua with the *‘anomalous’ Z%
...e.g. by switching on the fields

{#i} = {X5,...}

O This gives us a vacuum with the remnant symnmetry
Gsm x 75 x 15V

© Unfortunately we cannot get rid of the extra Z5**%, which
leads to rank 2 Y, and Y, Yukawa couplings
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I—‘Anomulous’ Zf from the Blaszczyk et al. model

‘Anomalous’ Z& from the Blaszczyk et al. model

[ We succeeded in finding vacua with the *‘anomalous’ Z%
...e.g. by switching on the fields

{oi} = {X5,...}
O This gives us a vacuum with the remnant symnmetry
Gsm x 75 x 753V

m

© Unfortunately we cannot get rid of the extra Z5**%, which
leads to rank 2 Y, and Y, Yukawa couplings

)

[ Nevertheless: successful string embedding of 74 possible!



"Anomalous" discrete symmetries Explicit string theory example

I—‘Anomulous’ Zf from the Blaszczyk et al. model

‘Anomalous’ Z& from the Blaszczyk et al. model

[ We succeeded in finding vacua with the *‘anomalous’ Z%
...e.g. by switching on the fields

{oi} = {X5,...}
O This gives us a vacuum with the remnant symnmetry
Gsm x 75 x 753V

™

© Unfortunately we cannot get rid of the extra Z5**%, which
leads to rank 2 Y, and Y, Yukawa couplings

)

[ Nevertheless: successful string embedding of 74 possible!

O Why can we call the field configuration a ‘vacuum’?
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I—‘Anomulous’ Zf from the Blaszczyk et al. model

‘Anomalous’ Z& from the Blaszczyk et al. model

[ We succeeded in finding vacua with the *‘anomalous’ Z%
...e.g. by switching on the fields

{#i} = {X5,...}

O This gives us a vacuum with the remnant symnmetry
Gsm x 75 x 753V

' Unfortunately we cannot get rid of the extra z5*%, which
leads to rank 2 Y, and Y, Yukawa couplings

@

[ Nevertheless: successful string embedding of 74 possible!
O Why can we call the field configuration a ‘vacuum’?

0 Two conditions:

e vanishing F ferms (no fime to discuss)
e vanishing D terms
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0 Non-perturbative terms can be written down
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0 We find: charges of the monomials are quantized in a way
that a = integer - 872

R. Kappl, B. Petersen, M.R., R. Schieren & R Vaudrevange (to appear)
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I—‘Anomulous’ Zf from the Blaszczyk et al. model

Excursion: FI monomial quantization

O D-flat directions < holomorphic invariant monomials

O Practically all MSSM models obtained so far have an
‘anomalous” U(1)

0 Need invariant monomials .2 = ¢}* - - - ¢} which carry net
negative charge under the ‘anomalous’ U(1)

0 Non-perturbative terms can be written down

M e’“s = ¢! ---(_‘)X;\’ -e’“S

0 We find: charges of the monomials are quantized in a way
that a = integer - 872

R. Kappl, B. Petersen, M.R., R. Schieren & R Vaudrevange (to appear)

bottom-line:
FI monomials consistent with t"Hooft instantons
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= Non-perturbative violation of Zf

Non-perturbative violation of Z&

R. Kappl, B. Petersen, M.R., R. Schieren & P Vaudrevange (to appear)

0 Instanton couplings ‘violate” Z%

1 e nN . e_87T2 S
1 N
—_—

R
Z® charge 0 %4 charge 2
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0 The model has an hidden sector with gauge group
SU(N, = 3) and Ny = N, — 1 = 2 massless pairs in the 3 and
3 representation
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= Non-perturbative violation of Zf

Non-perturbative violation of Z&

R. Kappl, B. Petersen, M.R., R. Schieren & P Vaudrevange (to appear)

0 Instanton couplings ‘violate” Z%

1 e nN . e_87T2 S
1 N
—_—

R
Z® charge 0 %4 charge 2

0 The model has an hidden sector with gauge group
SU(N, = 3) and Ny = N, — 1 = 2 massless pairs in the 3 and
3 representation

0 We find that the Affleck-Dine-Seiberg potential

meson determinant )

is also ZE covariant



Explicit string theory example

"Anomalous" discrete symmetries
= Non-perturbative violation of Zf

u from w

F. Brummer, R. Kappl, M.R., K. Schmidt-Hoberg (2009)

0 Higher-dimensional gauge invariance ~ Kdhler potential

Antoniadis, Gava, Narain & Taylor (1994); Choi et al. (2003)

K = -In|(T5+7%) (247) - (H+Hy) (Ho+H,)]

complex
structure
modulus

Kd&hler
modulus
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= Non-perturbative violation of Zf

u from w

F. Brummer, R. Kappl, M.R., K. Schmidt-Hoberg (2009)

0 Higher-dimensional gauge invariance ~ Kdhler potential

K = —ln[(T3+73) (Z+Z)— 1, IT“)}

Higgs fields
= extra components
of gauge fields




F. Brummer, R. Kappl, M.R., K. Schmidt-Hoberg (2009)

0 Higher-dimensional gauge invariance ~ Kdhler potential

K = —ln[(T3+73) (Z+Z)—(Hu+17d) (Hd+ITu):|

~ —ln[(T3+?) (z+7)]

" (n4T) (2+2)

[|H.[? + |Hal? + (H,Hg + C.C.)]




F. Brummer, R. Kappl, M.R., K. Schmidt-Hoberg (2009)

0 Higher-dimensional gauge invariance ~ Kdhler potential

K = —ln[(T3+73) (Z+Z)—(Hu+17d) (Hd+ITu):|

~1n [(Ts +?) (z+7)]

(T3+T_3) (Z+Z)
—ln[(Tg +73) (Z+Z)} + JH, 2 +Hq? + ﬁﬁd+c.c.)]

1

+ [|H.|* + |Hg” + (H,Hg + c.C.)]

normalized

Higgs
fields
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= Non-perturbative violation of Zf

u from w

F. Brummer, R. Kappl, M.R., K. Schmidt-Hoberg (2009)

0 Higher-dimensional gauge invariance ~ Kdhler potential

K ~ _1n[(T3+T_3) (Z+Z)} + [|ﬁu|2+|ﬁd|2+(ﬁuﬁd+c.c.)}

O Consider now superpotential R
W = Q = independent of the monomial H, H,
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= Non-perturbative violation of Zf

u from w

F. Brummer, R. Kappl, M.R., K. Schmidt-Hoberg (2009)

0 Higher-dimensional gauge invariance ~ Kdhler potential

K ~ _1n[(T3+T_3) (Z+Z)} + [|ﬁu|2+|ﬁd|2+(ﬁuﬁd+c.c.)}

O Consider now superpotential R
W = Q = independent of the monomial H, H,

0 K & 7 inleading order in ﬁuﬁd equivalent to

K' = —In[(Ts+Ts) (Z2+Z)] + [|Hal + Haf?]
#' = exp(H,Hy)Q = QH,Hy+...
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= Non-perturbative violation of Zf

u from w

F. Brummer, R. Kappl, M.R., K. Schmidt-Hoberg (2009)

0 Higher-dimensional gauge invariance ~ Kdhler potential

K ~ _1n[(T3+T_3) (Z+Z)} + [|ﬁu|2+|ﬁd|2+(ﬁuﬁd+c.c.)}

O Consider now superpotential R
W = Q = independent of the monomial H, H,

0 K & 7 inleading order in ﬁuﬁd equivalent to

K' = —In[(Ts+Ts) (Z2+Z)] + [|Hal + Haf?]
#' = exp(H,Hy)Q = QH,Hy+...

bottom-line:
w term proportional fo (£2)




"Anomalous" discrete symmetries Explicit string theory example

= Non-perturbative violation of Zf

Non-perturbative violation of Z (cont'd)

0 Since H, H, is proportional to (#) we will get a
holomorphic contribution to the ;. ferm of the right order

o)

M3

Kim & Nilles (1983); Casas & Munoz (1992)
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= Non-perturbative violation of Zf

Non-perturbative violation of Z (cont'd)

0 Since H, H, is proportional to (#) we will get a
holomorphic contribution to the ;. ferm of the right order
g Kim & Nilles (1983); Casas & Munoz (1992)
7)
Mg

o~ = mg)2

[ Whatever gives us (%) will be the order parameter for 7%
breaking

. forinstance, one may replace/describe hidden sector
superpotential by gaugino condensate

Nilles (1982)

Wy ~ (AN =~ A3

« this is consistent with a non-perturbative breaking of 7%

o this assumes that the dilaton is fixed somnehow (Kéhler
stabilization .. .)
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Non-perturbative violation of Z (cont'd)

0 Since H, H, is proportional to (#) we will get a
holomorphic contribution to the ;. ferm of the right order

<%/> Kim & Nilles (1983); Casas & Munoz (1992)
M2
P

o~ = mg)2

[ Whatever gives us (%) will be the order parameter for 7%

breaking

0 Dimension 5 proton decay operators will have highly
suppressed coefficients

o Povorn ~ " Looor - 105 L
7 qqaL M{%,QQQL My MPQQQL 10 MPQQQL
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= Non-perturbative violation of Zf

Non-perturbative violation of Z (cont'd)

0 Since H, H, is proportional to (#) we will get a
holomorphic contribution to the ;. ferm of the right order

)

M3

Kim & Nilles (1983); Casas & Munoz (1992)

o~ = mg)2

[ Whatever gives us (%) will be the order parameter for 7%
breaking

0 Dimension 5 proton decay operators will have highly
suppressed coefficients

o Povorn ~ " Looor - 105 L
7 qqaL M{%,QQQL My MPQQQL 10 MPQQQL

0 No R parity violation because ZE has a non-anomalous
subgroup which is equivalent to matter parity



Summary
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"Anomalous" discrete symmetries Summary

Summary — bottom-up

[] A simple ‘anomalous’ ZE symmetry can

e provide a solution to the 1 problem
e suppress proton decay operators

universal anomaly coefficients

universal charges for matter
forbid ;1 @ tree-level » ~ unique ZF

allow Yukawa couplings

allow Weinberg operator

dim. 4 proton decay operators completely forbidden
ZE ~ dim. 5 proton decay operators highly suppressed
1 Appears non-perturbatively
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"Anomalous" discrete symmetries Summary

Summary — top-down

[] Embedding into string theory allows us to understand
where the Z{ symmetry comes from: it may arise as a
discrete remmnant of Lorentz symmetry in extra dimensions

[] Such symmetries are on the same footing as the
fundamental symmmetries C, P and T

[] Guided by the (unique) ZF symmetry we have constructed
a globally consistent string model with:

e exact MSSM spectrum

e non-trivial Yukawa couplings

exact matter parity
e W~ mg/2

e dimension five proton decay operators sufficiently suppressed
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