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I Introduction
Building SUSY extensions of the Standard Model

IT SUSY searches at the LHC.
CMSSM, Gauge mediated models, GNMSSM, Non-universal gaugino mass

ITI LHC & BSM
Xtra-dimensions (c.f. Dudas), Composite Higgs, Little Higgs, SUSY Higgs

IV Implications of 125 GeV Higgs o
Vacuum stability, Higgs inflation, SUSY, Just the Standard Model



The Standard Model
SUB)XSUR)xU()

...a renormalisable, spontaneously broken, local gauge quantum fielo theory
of the strong, electromagnetic and weak tnteractions
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Precision tests of the Standard Model

Measurement Pull Pull

Gauge interactions detemined by m [GeV] 911875200021 05 B22-10123
multiplet structures I,[GeV] 24952400023  -.42
oy [Nb]  41.540 +0.037 1.62
R, 20.767 £0.025  1.07
Ay 0.01714 +0.00095 .75
A, 0.1498 +0.0048 .38
A, 0.1439 £0.0042  -.97
sin%gl" 0.2321 +0.0010 .70
R, 0.21653 +0.00069  1.09
R, 0.1709 +£0.0034  -.40
o 0.0990 +0.0020  -2.38
AL° 0.0689 +0.0035  -1.51
A, 0.922 +0.023 -.55
A, 0.631+0.026  -1.43
sin“0 Y 0.23098 +0.00026 -1.61
sin®e,, 0.2255 +0.0021  1.20
,y s , my [GeV]  80.452 +0.062 81
Sewnstitive to quantum corrections m, [GeV] 174.3 4 5.1 e

Ao (m,)  0.02804 +0.00065 -.29

3210123



Higgs discovery and exclusion - LHC July 2012
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"You're a nice guy and all that,
but I'm looking for somebody
more symmetrical.”



Beyond the Standard Model
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Gqrand unification SO(10)> SU(S) S SUR) @ SU2) @U(1)
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The Standard wmodel as awn effective field theory...

A renormalisable, spontaneously broken, local gauge quantum field theory

L, (¢Zighta‘//heavy» MaE) = Ly (¢Zighz’E) + 0(%)

O rRenormalisable D<4+0(1/ M) v



The Standard wmodel as awn effective field theory...

A renormalisable, spontaneously broken, local gauge quantum field theory
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O rRenormalisable D<4+0(1/ M) v
SM \ ./
Leffective - MXA‘H + meR MA ’ mf < MX ’ MPlanck
Fermions chiral v
Vector gauge bosons v

(Massless - vectorlike couplings; massive - chiral couplings)



The Standard wmodel as awn effective field theory...

A renormalisable, spontaneously broken, local gauge quantum field theory

Ly M), (00 ) 0]

O rRenormalisable D<4+0(1/ M) v
SM \ ./
Leffective - MXA‘LL + meR MA ’ mf < MX ’ MPlanck
Fermions chiral v
Vector gauge bosons v

(Massless - vectorlike couplings; massive - chiral couplings)
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The Standard wmodel as awn effective field theory...

A renormalisable, spontaneously broken, local gauge quantum field theory

L, (¢Zighta‘//heavy» MaE) = Ly (¢Zighz’E) + 0(%)

O rRenormalisable D<4+0(1/ M) v
SM u \ ./
Leffective - M/XA tm fMR MA ’ mf < MX ’ MPlanck
Fermions chiral v
Vector gauge bosons v
®  lightHiggs X The Hierarchy problem A<1TeV ??
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Solutions to the hierarchy problem A<1TeV ??

® composite: e.g. technicolour,

o A =~ 1TeV! Xtra dimensions

Jundamental

™2 p=4+d R M? =M (MR
_M2+de 14 ’ =atd, r< Planck_ *( * )

(or warped extra dimensions)

® Sywmmetry protectiow Nambu - Goldstone H 4®_ H

eg. SUB)—> SU(2) 8 — 3 5 Goldstone modes Symmetry broken by gauge interactions -
e pseudo Goldstone bosons

.. HY ...addresses little hierarchy problem only
H H° . ...little Higgs
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Supersymmetric extensions of the SM (N=1)



Supersymmetry (N=D) 1
: : € K T
Matter - chiral supermultiplets e, i, T, .
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Higgs - chiral supermultiplets

Gauge bosons - vector supermultiplets
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g° Gluons, gluinos

Anomaly free

V J=1 gauge bosons
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J=1/2 gauginos

W et W-bosons, Winos

B B-boson, Bino



Yukawa interactions - superpotential
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W =h"LH ,E+h"QH,D+h"QH U+ uH H,

+ALLE+A'LQD+xLH, +A"UDD
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Renormalisable terms allowed
by gauge symmetries

Proton decay




Discrete symmetries

W =h"LH ,E+h"QH ,D+h"QH U+ 1H H,
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R-parity: Z, H,H,+1 SUSY states odd
L,E,Q,D,U, 0 _1 Weinberg, Sakai




Discrete symmetries

W =h"LH ,E+h"QH ,D+h"QH U+ 1H H,

1 t
+— L +LLH H
(000 )
R-parity: Z, H, H,+1 SUSY states odd
L,E,Q,B,E, 6 _1 Weinberg, Sakai

but M >10°GeV =10"M,, !




Discrete symmetries

W =h"LH ,E+h°QH ,D+h"QH U+ uH H,
+ALLE+A'LOD+xLH,

1 -
+ ﬁ( +QUEH, +LLH H,)
R-parity: Z, SUSY states odd
Weinberg, Sakai
Baryon "parity™: z, 2! LSP unstable
D,H, «
L.EUH, o

Discrete gauge symmetry
-anomaly free

Ibanez, GGR



Discrete symmetries

W =h"LH ,E+h°QH ,D+h"QH U+ uH H,
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Proton hexality:
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Discrete symmetries

W =h"LH ,E+h°QH ,D+h"QH U+ uH H,
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R-parity: Z,

Baryon "parity”: Zz,

Proton hexality: Z, =ZfxZ"

H term,
GUTs?
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Dreiner, Luhn, Thormeier



Discrete symmetries

W =h"LH ,E+h”QH ,D+h"QH U +

1
+—( +LLH H,)
M
R-parity: Z, SUSY states odd
Baryon “parity”: Z, LSP unstable
Proton hexality: Z, =ZfxZ7" LSP stable
Zy R-symmetry N=4.6,8,12,24 LSP stable

1
—LLH H,
M

Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg, Vaudrevange
Babu, Gogoladze,Wang



R-symmetry

Ly = /d29 W (®;) + h.c. Lk :/d49K

0—e0, W—e W

O(y") = p(y") + V20n(y") + 6°F(y")

goee"ﬁgo, n%ei(mﬁ)n, F%ei(2a+ﬁ)F




A unique solution: Z; discrete R symmetry

MSSM spectrum
No perturbative p term N1 4o |G |qu, |9, | 9n
Commutes with SO(10) 21111 o od 2

Anomaly cancellation

Green Schwarz term
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A unique solution: Z; discrete R symmetry

MSSM spectrum
No perturbative p term N
Commutes with SO(10)
Anomaly cancellation

Go | 495 | 9u, | 9u, | 9n

up and down Yukawas allowed

D=5 operators /
30+ 495 +4qu, +945, =4 ModN = 3q,+¢:=0 ModN = ﬁQQQL ﬁLLHuHM

Weinberg operator

SUSY breaking

(W).(AA) R=2 non=perturbative breaking Z,. = Z% R-— parity
m
Domain walls and tadpoles safe Abel H~my,, OC-3000L)

Mhiggs ~ MSUS\/

w B X



SUSY breaking (Qu. QL) = 25" P,.

{Qa: @p} =0, {QL.QLr=0
Global supersymmetry

H=7pP"= i(Q1QI + QIQ1 +QaQ) + QQQQ)

T *7 1 a \a R ]. k.
- a

c.f. Martin, Shirman reviews

Local supersymmetry
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Gaugino condensation:
(Al)o< A°, A*=A]

Compactification
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1 . S .
LMISM -3 (Mggg + MoWW + M,BB + c.c.)
— (%au QHH — ﬁad éHd — Eag ZHd — c.c.)

—CNQTmzqé—f'm%L—umg_T—gm d —¢ %e
—my, HiH, — m%IdeHd — (bH,Hy +c.c.).

"Gravity” mediation (Planck scale messengers) (MSUGRA)
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"Gauge” mediation
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GMSB scenario with 7 NLSP

(SPS 7 benchmark scenario):

Typical hierarchy bertween
strongly/weakly interacting
particles:

o, 0,0

1000

m [GeV]

900

800

700

600

500

400

300

200

100

7
dr




Anomaly mediated supersymmetry breaking

...anomalous violation of classical conformal (scale) invariance

M,
M,

M;

1672 5 7!
Fd> 2
167272
F,
__16;2393
|[F|?
(1672)2
__FsP (29,4
(1672)2 \ 272
B |F¢>|2 19894
(1672)2 25 !

(8g§+..

),

99 ,
5071

)

—



AMSB scenario characterized by

maux, mg, tan 3, sign(u)

maux. overall scale of SUSY particle masses

mo. phenomenological parameter: 140

universal scalar mass term m [GeV]
12004
H'\ A" e H* - i
1000 X4r X3 X3
AMSB spectrum (SPS 9): w0
600 |

typical feature: very small
neutralino—chargino mass difference 4w}
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Mixed gravity (modulus) - anomaly mediation (Mirage mediation)

M, = M, [a + b, gg]
m; = M [a®—4+2a(T+T)orv] ,
Aiji. = Ms Ba—vi—v — %l -
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