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The MSSM

IS solves hierarchy problem, unification, ...

I > allows proton decay, ...; Solved by matter parity, but does not forbid

WD,UHUHd.

Why is the p term of the order of the electroweak scale?




The MSSM

IS solves hierarchy problem, unification, ...

I > allows proton decay, ...; Solved by matter parity, but does not forbid

WD,UHUH(].

Why is the p term of the order of the electroweak scale?

Giudice-Masiero (GM) mechanism can explain this ...

...but p term has to be absent in the first place.

Check for discrete symmetries that forbid 1 term and allow for
GM mechanism. J
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Giudice-Masiero

Giudice—Masiero mechanism

O Giudice—Masiero:

T

K O ky, H, Hg + h.c. ,

X
Hy 77 Mo
with spurion X = 66 Fx.

Giudice and Masiero [1988]

O For <Fx> ~ M3/ Mp

Effective superpotential term

F
Weg ~ VXHqu =: peft Hy Hq ,
P

Heft Of the order ms 5.
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Giudice-Masiero

p term has to be absent at tree—level

Find symmetries that forbid p term.

O Strong arguments against global symmetries.
cf. Banks and Seiberg [2011]

O Require unification
[0 symmetry should commute with SU(5).

O
O allow for Green—Schwarz mechanism.
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Giudice-Masiero

p term has to be absent at tree—level

Find symmetries that forbid p term.

O Strong arguments against global symmetries.
cf. Banks and Seiberg [2011]

O Require unification
[0 symmetry should commute with SU(5).

O
O allow for Green—Schwarz mechanism.

Check constraints for discrete ZF, symmetries. J
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Anomalies

Anomaly constraints

O Anomaly coefficients of the MSSM

R ._

A3 = Asy@E)c-Su@E)c-zk, -
R

Az = Asy(2),-SU@R)L-ZF -
R

AL = Au)y o)y -z, -

AF = A = AT = p mod 7 with 7 = { M/2, if M even,

M, if Modd.

O p indicates Green—Schwarz (GS) mechanism

0 p = 0 conventional
O p # 0 GS axion shift.

Green and Schwarz [1984]
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Anomalies

't Hooft anomaly matching

0 Only one anomaly coefficient at SU(5) level:
Asuep-zs, = Asi(sy—zs + Asu(sy_zz + 5 -

't Hooft et al. [1980], Cséaki and Murayama [1998]

O After GUT breaking (leaving ZF, unbroken)
0 mismatch of gaugino contributions to the anomalies.

SU(5) broken SU(5) broken !
ASU(3) o ASU(z)zL_zR = 0
Su(s) Su(s) 1
< Asu@)é-z@ — 29 — <ASU(2)i—Z,’& - 3‘79) = 0.
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Anomalies

't Hooft anomaly matching

0 Only one anomaly coefficient at SU(5) level:

_ tt t
Asu(sye—z8, = Asu(sie—zr T Asu(sie—zr 590 -

't Hooft et al. [1980], Cséaki and Murayama [1998]

O After GUT breaking (leaving ZF, unbroken)
0 mismatch of gaugino contributions to the anomalies.

ASU(S) broken ASU(S) broken ! 0
SU(3)3 -z Su(@2)z-zk

Su(5) SU(5) o
< Asu(3)§,—Z§, ~2a0 - <ASU(2)2L_ZQI - 3%) = 0.

Require split multiplets below the GUT scale. )
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Anomalies

ZR, symmetries

O Higgs fields are split multiplets, i.e. cancel mismatch:

(gH, + GHy — 299) = qo mod 1 < qu,+qH, = 2qy mod 27

N —
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Anomalies

ZR, symmetries

O Higgs fields are split multiplets, i.e. cancel mismatch:

1
> (gH, + GHy — 299) = qo mod 1 < qu,+qH, = 2qy mod 27

O Only R symmetries, i.e. gy # 0, can forbid y term.
Hall et al. [2002] , Lee et al. [2011b]

O No continuous R symmetries in MSSM.

Chamseddine and Dreiner [1996]

Discrete Abelian R symmetries [ Z[, symmetries. )

0O Giudice—-Masiero: H, Hy has to be neutral
“~ qH, +qH, =0 mod M
— 2qgy = 4q9 = 0 mod M
— M = 4X integer and q, = M/4.
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Symmetries

Classification

Check for discrete symmetries that
[0 are flavor—universal and Abelian, i.e. Z,'\?ﬂ,
0 commute with SU(5),
O forbid p term,
O allow usual Yukawa couplings,

[0 are compatible with the Giudice—Masiero mechanism.

Differentiate between cases of Majorana and Dirac neutrinos. J

christian.staudt@tum.de (TUM) The p term and neutrino masses Bad Honnef 2013 9 /15



Symmetries

Majorana neutrinos

For Majorana neutrinos

0 allow Weinberg neutrino mass operator
0 2g5 +2gH, = 2g9 mod M~ g = qp — qu, mod M/2.
From up— and down—type Yukawa couplings, using [J,

® g0 = g9+ qH, — GH, mod M/2,
® gy, = qy, = 0 mod M/2.
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Symmetries

Majorana neutrinos

For Majorana neutrinos

0 allow Weinberg neutrino mass operator
0 2g5 +2gH, = 2g9 mod M~ g = qp — qu, mod M/2.
From up— and down—type Yukawa couplings, using [J,

® g0 = g9+ qH, — GH, mod M/2,
® gy, = qy, = 0 mod M/2.

All together: 19 = g5 = g9 mod M

Symmetry commutes with SO(10) == unique ZE.

Babu et al. [2003], Lee et al. [2011a]

Dangerous dimension—four and —five proton decay operators also forbidden.
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Symmetries

Dirac neutrino Yukawa couplings

O Effective Dirac neutrino couplings
X1 _
K D) kLHu,jM—I% LHUV+ h.C. s

with ¥ right—handed neutrino. Recall (Fx) ~ m3,, Mp.

Connection size of u term and small neutrino masses

Arkani-Hamed et al. [2001]

O L H, 7 has to be absent at tree-level = adjust g;.
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Symmetries

Dirac neutrinos

For Dirac neutrinos
[ forbid Weinberg neutrino mass operator,
O L H, v has to be neutral, i.e.

95 = —qH, — q. mod M.
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Symmetries

Dirac neutrinos

For Dirac neutrinos
[ forbid Weinberg neutrino mass operator,
O L H, v has to be neutral, i.e.

95 = —qH, — q. mod M.

Check for symmetries with [0 — [0 up to order M = 36:

15 Z&, symmetries

Inequivalence tested by comparing monomials of the Hilbert basis.

Kappl et al. [2011]
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Symmetries

Dirac Z, symmetries up to M = 36

30 14 22
24 10 26

M qu g5 qu, qu, Q0 P Go
4 0 0 2 2 1 1 2
4 2 2 2 2 1 1 0
8 1 5 2 6 2 2 1
12 1 9 4 8 3 3 11
2 2 6 2 10 3 3 4
2 4 0 10 2 3 3 2
16 1 13 6 10 4 4 13
24 1 21 10 14 6 6 17
28 1 25 12 16 7 7 19
28 2 22 10 18 7 7 24
286 4 16 6 22 7 7 6
32 1 29 14 18 8 8 21
36 1 33 16 20 9 9 23

2 9 9

4 9 9
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Symmetries
Z§ example

Hilbert basis:
O Superpotential terms (R charge = 2qy)

D = ///g) H (//Z(J)

D) with g eN.
j=1

O Inhomogeneous monomials (R charge = 2qy)
7*; LLED; LHyE; (LLE)" ; (LLE)® (LH.) ; (LH.)",

O Homogeneous monomials (R charge = 0)
7 LH, o (LH.)® ; (LLE) ; (LLE)" (LH4E
HyHa; (LLE) #°; (LHsE) 7*; ( (LHsE) (LH,)?
(LLE)® ; (LH4E)* ; (LLE) (LH4E) #; (LLE)* #*;
(LLE)® (LH.) ; (LHJE) (LH)" 5 (LLE) (LHu)® .

E)" (LHaE) ;
2%

LL
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Symmetries
Z§ example

Hilbert basis:
O Superpotential terms (R charge = 2qy)

D = ///g) H (//Z(J)

D) with g eN.
j=1

O Inhomogeneous monomials (R charge = 2qy)
7*; LLED; LH4E; (LLE)" ; (LLE)* (LH.)® ; (LH.)* .

00 Homogeneous monomials (R charge = 0)
P° i LHuo; (LH)® ; (LLE) 5; (LLE)" (LHJE) ;
HuHg; (LLE) #°; (LHsE) *; (LLE)® (LHq ) )
(LLE)® ; (LH4E)* ; (LLE) (LH4E) 7; (LLE)® &
(LLE)® (LH.) ; (LHJE) (LH)" 5 (LLE) (LHu)® .
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Symmetries
Z§ example

Hilbert basis:
O Superpotential terms (R charge = 2qy)

D = ///g) H (//Z(J)

D) with g eN.
j=1

O Inhomogeneous monomials (R charge = 2qy)
7  LHGE; (LLE)" ; (LLE)” (LH.)? 5 (LH.)* .

O Homogeneous monomials (R charge = 0)
7 LH, o (LH.)® ; (LLE) ; (LLE)" (LH4E
HyHa; (LLE) #°; (LHsE) 7*; ( (LHsE) (LH,)?
(LLE)® ; (LH4E)* ; (LLE) (LH4E) #; (LLE)* #*;
(LLE)® (LH.) ; (LHJE) (LH)" 5 (LLE) (LHu)® .

E)" (LHaE) ;
2%

LL
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Conclusions

Conclusions

O Giudice-Masiero (GM) mechanism creates effective p term:
.I.

F
= W ~ M—Hqu = et Hy Hy .
P
O p has to be absent before, only R—symmetries can do that.

O Check for , discrete R—symmetries compatible with
SU(5) GUTs and GM mechanism.

e For Majorana neutrinos unique ZF symmetry.
e Class of possible ZF symmetries for Dirac neutrinos.

O Size of Dirac neutrino Yukawa coupling related to yu term:

o~ (W) M3~ mz;p and Yy, ~ u/Mp .
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Conclusions

MSSM anomaly coefficients

O In the MSSM the anomaly coefficients AF := ASU(3)C—SU(3)C—Z§,'

AR = Asu(2),-su(2), 2k, and Af = Au(1)y —U(1)y —zF, read

1 3
AY = 52(3qfo+q§)—3qe,
=1

i

1
(305 + o) + 5 (an, + qn,) = 545 .

0y
Il
—

>

Ny
Il
N -
(]

1

3
(305 + o) + : [5 (g, + qn,) — 110

0y
Il
—

>

=X
Il
N —
(]
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Conclusions

Anomaly universality

O Couplings between superfield S|gy—g = s +ia and the supersymmetric
field strengths W(i),

gaxion D) Z/d29 % S Wo(zl) W(i)a ]

O Unequal ¢; will spoil unification after S acquires VEV.
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Conclusions

Anomaly matching [l

O One anomaly coefficient
t t
Asusp-zf, = Asusp—zk T Asu(sp—zr 590
with

23: <3qfo - qg) —6qp .

matter _
AS
g=1

UG-zl —

N —

O At the GUT level:
1
SU(5) _ Arsnatter Acxtra a8 +3qp + 5 22:2-qp,

ASU(3)20 ~ZR UE)%-z8 T AsuE),
SU(5) _ matter extra 1
Asu(z)i—zf;, - ASU(z)i—Zf;, - Asu(z)i—zf;, +2g0 + 2 2:3-4qp -

Bad Honnef 2013 19 /15

The p term and neutrino masses

christian.staudt@tum.de (TUM)



Conclusions
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