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Motivation

@ Weak-scale Supersymmetry is a technical solution to the
hierarchy problem of the Standard Model.

@& But, B and L numbers are not guaranteed only by gauge
symmetry principle in SUSY.

@ The effective superpotential in MSSM up to dim-5
operators is
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® There are renormalizable B/L number violations and

dim-5 nucleon decay operators; The mu ferm is arbitrary.
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@ For soft mass parameters of weak scale,
phenomenological constraints are

EWSB : u~ 107'%Mp,
Neutrinomasses : u' <1072 Mp,

Préton stabilifie: ¥ A< 10730 A2 e 0307 X5 < 1078,

@ R-parity forbids the renormalizable B/L number
operators.

@ Baryon ftriality forbids both dim-4 B violating operators
and dim-5 nucleon decay operators. Dim-4 L violating

operators are also forbidden by the addition of R-parity:
Proton helxality.

[Ibanez, Ross(1992); Dreiner et al (2005); Foerste et al(2010)]
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@ Discrete symmetries compatible with quantum gravity should be
gauged or broken expl|C|’rly [N. Seiberg's talk]

@ Non-R discrefe gauged symmetries allow the problematic mu
term at tree level.

@ We consider discrete gauged R symmetries for solving the mu
problem as well as the proton stability problem for the MSSM.
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Discrete R symmetries

@ N=1 SUSY algebra contains a global U(1l) R-symmetry, under
which a chiral superfield ® = ¢+ 06y +6°F; transforms

B(B) ! °Ple ) ol 9%, p 1 elaley

@ Global U(l) R-symmetry can be promoted to gauged symmetry
In supergravity but it would be broken at Planck scale to
cancel the (quantized) Fayet-Iliopoulos term.

[Freedman(1977); Barbieri et al(1982); Ferrara et al(1983); HML(2008);
Seiberg, Komargodski (2009)]

@ Discrete R-symmetry is a remnant of Lorentz group of compact
dimensions in strings on orbifolds. A continuous limit to the U(1)
R-symmeftry is not necessary but anomaly cancellation is
relevant because of the local origin. [Blaszczyk et al(2009)]
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Discrete Green-Schwarz mechanism

® We consider the Green-Schwarz(GS) mechanism to cancel the
discrete R anomalies as for the anomalous U(1).

@ For anomalous U(l) From the dilaton shift, 'S = QIGSA the GS

terms, c.s = —(Ims) Zk Y(ref), cancel the quantum anomalies:

a="1

i\ - i
5/:"50’5 = —g (SGS' tI‘(FaFa) (FaFa) =)

1672
@ For level-1 gauge groups, universal anomaly cancellation
conditions are
1

1
2m?cs = ﬂtrq = §trq = tr(lg (r)q).

)
@ For discrete anomalies with A = %n and 05 = —Aas the

relevant conditions become

1
TNAgs = ﬂtrq — Sl o Iges =N (N 2).
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@ For discrete R symmeftries, gauginos also contribute fo gauge-
mixed discrete anomalies as

Agi a1 zr = tr(la(r)g) + l(adj) @, o = gaugino R! charge.

@ Gravity-mixed R anomaly does not necessarily require
additional light states because unknown states of SUSY
breaking scale contribute to the anomaly.

@ Cubic R anomaly:

@ Spotaneous breaking of continuous R symmeftry: it depends

on extra heavy states as Zy is embeddable into Zn p.
[Banks, Dine(1992)]
@ Explicit breaking of continuous R symmetry: embedding into

continuous R symmeftry is not necessary. Light twisted
states on string orbifolds transforming nontrivially under
discrete R symmetry appear only after orbifolding: no
continuous connection to U(1).
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The mu problem and R symmetry

@ Kahler potential has R-charge O and superpotential has R-
charge +2. -> Higgs bilinear H,H,; can be allowed in Kahler
potential but not in superpotential.

@ Discrete R anomalies for I\S/\SSM are
1

R = . = gl 4
Agie 5 Z(3Q1oz + g5;) — 3,
=1
I 1
Ay = 9 2(361107; {2l )b §(C]Hu SH) D,
i=1
P S
A{% = 9 Z(Sého@' 25 QSi) i v [§(qHu T qu) — 1],

=il

@& Universal Green-Schwarz condition A3 = A¥ modn leads to

qg, + g, =4 mod 2! :  mu term is forbidden for N>2.

@ Cf. For non-R discrete symmetry, gu, + qa, =0 mod 7 : tree-level
mu term is allowed.
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Unique Z,° symmetry

@ We impose the following conditions,
@ Universal Green-Schwarz mechanism
@ SO(10) compatibility
@ Quark and charged lepton masses
@ Neutrino masses by Weinberg operator

® The zI symmetry is the unique one satisfying all the
constraints with R-charges: ¢o=¢=1, ¢, =gqs,=0.

[See also, Babu, Gogoladze, Wang(2003)]
@ Z; forbids all the R-parity violating terms and dim-5 B/L terms

in MSSM. The MSSM with z% is derived from heterotic string
on T6/ZQ X Lo with a Freely GCﬂng /o . [Blaszczyk et al(2009);

Kappl et al (2011)]
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SU(5)-compatible R symmetry

@ For SU(5) GUT, A% = AF mod  leads to six discrete R
symmetries with N being a divisor of 24: N=3, 4, 6, 8, 12, 24.
(Note that N=6 is anomaly-free without Green-Schwarz
mechanism.)

@ They are reduced to N=4, 6, &, 12, 24 under the conditions,

@ Yukawa couplings (10105g,, 1055g,)

o

@ Weinberg operator for neutrino masses (555x,5x,)

@ No R-parity violation (1055)

@ Yukawa couplings and A¥ = A mod n automatically forbid dim-5
proton decay operator:
3q1q T 9si=id 7 gms = 40u, = 0" "mod 7y



@ R-charges for good discrete R symmetries

N | 90 | 95 | 4H. | 9H, Q%}rlu q;}fd Ac? Aéav
4 1 ] O O |#ley| 16 1 1
6 5 3 4 Qi 26 1241, 0 1
3 1 5 O 4 | 24 | 28 | 1 3
12517 9 4 O | 28724 | 3 1
24 |95 e o A WSO e 0 A L 7
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Non-perturbative mu term

o ZJ discrete symmetry is anomalous, Af =1 mod 2, requiring
the dilaton to shift under Z;'

AR 1+ 20

o S

Qo= %Ags, AGS = R integer.
@ Non-perturbative superpotential from a hidden gaugino
condensate depends on the dilaton,
ARSNGB s 24n
detM o) TR

Wan(Nc—Nf)<

3 3 i’ ; 4
® Gaugino condensate for ;4 — .5, With integer n can couple

to the Higgs bilinear, generating the effective mu term:

& C<Wnp>

W = M—%<Wnp>Hqu e

@ Dim-5 nucleon decay operator suppressed: %QQQLN 1]?4;5 000L.
/%
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Perturbative mu term 1

@ For N=4 and 8, the NMSSM model with a singlet S is possible:

W = ASH,H; + xS°.

® The tadpole problem for the singlet is absenft, following the
structure that “odd” terms in Kahler potential and “even”
terms in superpotential are forbidden. [S.Abel (1996)]

@ For N=4, non-perturbative corrections with Y = B,e~"” can give
rise to a general form of the NMSSM,
AW =Y +Y*S+YS*+YH,H,
~ mg o Mg +m3 oS + mg 25° + mg o Hy Hy.
@ For N=8, the model is the NMSSM with a linear tferm.
AW =Y o o (SIS S e v

3 )
™m
32 3/ 2
gt

M2 VE

m

~ ma o M5 +m3, .S + HyHy.
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Perturbative mu term I1I

@ The mu term can be obtained from intermediate-scale VEV of
singlet X,

W o 2ieEes Mizx B

Mp P
@ For a negative soft scalar mass for X, the singlet vevs are
(X)*
Vs
@ The axion coming from the singlet X has the right properties
to solve the strong CP problem.

<X> P \/msoft Mp, <Z> o

@ Ensuring that higher dimensional operators do not spoil the
axion solution, i.e. ém>! 107°m&“P 1 107°eV, Z& R-symmetry
provides the solutions to both the mu problem and the strong
CP problem at the same fime.
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Conclusion

@ We have obtained the unique Z;' symmetry compatible with
SO(10) GUT in MSSM. It solves the mu problem and the proton
decay problem at the same time.

@ Z; is derivable from heterotic string as a remnant of Lorentz
symmetry in compact dimensions.

® SU(5)-compatible and phenomenologically favored discrete
symmetries are N=4, 6, 8, 12, 24.

@ The mu ferm can be generalized by non-perturbative
mechanism (Z;') or singlet vev as in the NMSSM (7., Zg").

@ Z%, can solve the strong CP problem by the axion as well.
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