Constraints on Supersymmetry

* Absence of sparticles at LEP, Tevatron

e Indirect constraints

» Density of dark matter
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Current Constraints on CMSSM
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The (m,, m,,) Planes 1n the

CMSSM and the NUHM 1
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Contributions to the Global 2

Observable
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Sensitivities to Constraints

(mOr ml,-'!)

Relative Change in Area [¥%]

gLFFFl#v-v."--ir.v-

ca 1 2 14
Relative Change in Uncertainty

. .

PR TN T S S




What Happens it g, - 2 Dropped?
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How Soon Might the CMSSM be
Detected?
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CMSSM with 1/tb of LHC Data
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How Soon Might the NUHMI1 be
Detected?
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NUHMI1 with 1/tb of LHC Data
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Spectra with likely Ranges
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Likelihood Function for Higgs Mass
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Likelithood Function for Neutralino Mass |
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Correlation between

Gluino & Squark Masses
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Correlation between
Neutralino & Stau Masses
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Likelihood Function for B, =
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Likelihood Function for g - 2
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How to Grand Unity?

o Combma 10N measurale at low enecreies.

2
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MSSM Calculation

* At one loop:
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Choice of GUT Group

 Should accommodate the known fermions:

(v.e)p € (1,2), (u,d)p €(3,2)., €7 €(1,1), u, df €(3.1)

e Need group with complex representations
¢ Preferably iITCdU.Cible: Z() =3Q,+3Q4+Q.=0

1

* List of candidate groups of rank 4:
Sp(8), SO(8), SO(9). Fjy.




Particles in SU(S)

e Gauge bosons:

e Matter particles: [
[

dy-




Higgs bosons in SU(5) GUT

* Adjoint 24-dimensional Higgs to break

SU(5) = SU(3) x SU2) x U(1) of SM

00: 0 0)
/(1) 1 0 : 0 0
< 0|®)0 >= 001 : 0 0 < Olmeur)

\0 0 (I ““5 —”—‘} :
* 5-dimensional Higgs to break SU(2) x U(1)— U(1)

< 0/0|0 >=(0,0,0,0,1) x 0(mw )

* Susy needed to prevent large GUT v.e.v. from
leaking — small electroweak Higgs v.e.v.




Particle Masses 1n SU(J)

Quarks and leptons in same GUT multiplet —

relations between their masses

Simple symmetry relations before renormalization

e.g., m, = m_1in minimal SU(S5) GUT

Renormalized analogously to gauge couplings:

non-susy case - [ln (_)]

o
lll_\-

m_ = 1.78 GeV used to predict m, ~ 5 GeV a few

weeks before its discovery!

Different formula, similar number in susy SU(5)
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Bigger GUT Models

First look at groups of with suitable
complex representations

Only suitable candidate 1s SO(10)

Each generation in irreducible

16 =10+ 5* + 1 of SU(5)
Next step 1s : B, hag suitable complex
27=16¢710+ 17.f SO(10)

Appears in Suitable for

String theory

right-handed neutrino «*

" P



New Interactions make Baryons Decay
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Proton Decay 1in Supersymmetric SU(S)

Increase in GUT scale:

my = 1016 GeV 0 T -
X, Y exchanges OK .

(tseru) 117+0.005

Beware GUT nggSIHOS 10 sin“@__=0.2317+0.0004

9 9 ,
;. ol A ! 0 : S ;
(.7_\' — ( 1( 5 - L 10" Lo -
DT 77Z]J3 ol 2 B GeV)

Preterred decay modes: Mssm
p— oKt ., n—oK", ... 0 T

Lifetime too short?

Suppressed in some models| |




Neutrino Masses and Mixing




Why? Why not?

There 1s no sacred symmetry to forbid m,

The only sacred symmetries are EXACT gauge
symmetries, €.g.,

Q.,, conserved

< massless photon

< U(1) gauge symmetry of SM
No candidate gauge symmetry to forbid m,
No massless gauge boson coupled to lepton # L
Expect m, # 0 1n extensions of SM: GUTs, string

- e |
T B :
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Models for Neutrino Masses

Could be generated in Standard Model: using
non-renormalizable interaction:

(0|H|0)?
M

Probably effective interaction due to exchange
of massive fermion N = ‘right-handed v’

myl/ -V : m, =

Should then consider seesaw mass matrix:

Does not need GUT, but M ~ 10'° - 10> GeV §
Add singlet N to SU(5)? automatic in SO(10) ;

;l ‘I'J



Bigger GUT Models

First look at groups of with suitable
complex representations

Only suitable candidate 1s SO(10)
Each generation in irreducible representation
16 =10+ 5* + 1 of SU(5)

Next step 1s . E¢ hag suitable complex
27=16+ 10+ 17.f SO(10)

Suitable for :
right-handed neutrino <




Quantum Gravity & String

&

a closed string

N\

an open string seen from far look like point particles




Some String History

1969: Discovery of string theory (Veneziano) |
1971: Superstring (Neveu + Scherk, Ramond)

1974: Possible quantum theory of gravity
(Scherk + Schwarz, Yoneya)
1984: Superstrings free of anomalies
(Green + Schwarz)
> 1985: Realistic string models (many)
1990: Large extra dimension? (Antoniadis)

‘4 —
.
e - e
hw

e~

(N §



Problems of Quantum Gravity

» Gravity grows with energy: [JeRemoayess

» Two-graviton exchange 1s infinite:

) ) ]
: ) — / d*r <—( ~ N — o
k- J1/A—0 x®

Would be incompatible with
conventional quantum mechanics




String Theory

Point-like particles = extended objects

Simplest possibility: lengths of string

— Open and/or closed

Quantum consistency fixes # dimensions:
— Bosonic string: 26, superstring: 10

Must compactity extra dimensions, scale ~ 1/m;?

Perturbative string unification scale:

R mp _ 17 <o
Moo = O(g) * L ~ few x 107 GeV

V O
. by 2" 4
.& Voh

Close to GUT scale, but larger?



Non-Perturbative String = M Theory

Solitonic ‘lumps’ = balls of string:

Appear with various dimensions:

Can regard string coupling as extra ‘dimension’

Includes different string models in various limits

New ways to get extra gauge symmetries




All Different String Theories are Related

SO(32)




Scenario for String Unification

grows faster with energy
 Unify at 10'° GeV?
* E.g., in M theory with

large 11% dimension




Extra Dimensions at Colliders?




How large could extra Dimensions be?

e 1/TeV?

e micron?

e Infinite?




And if gravity becomes strong at the TeV scale ...

Black Hole Production at LHC?

Multiple jets,
leptons from

Hawking
radiation




o L Pl ||

Identifying Graviton Resonance (@ LHC

Cambridge: al et Webber



Summary

The origin of mass 1s the most pressing in particle
physics
Needs a solution at energy < 1 TeV

Higgs? Supersymmetry? Extra Dimensions?

Lots of speculative 1deas for other physics beyond the
Standard Model

Grand unification, strings, branes, ...

Hints provided by neutrinos




