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What I hope to cover

Motivation for new physics at the LHC and 
specific motivation for supersymmetry

The construction of the supersymmetric standard model

Specific models of supersymmetry 

Some basic useful supersymmetric formalism

The phenomenology of supersymmetry



What these lectures are NOT

No textbook derivation and description of supersymmetry

No string-theory ‘predictions’ for supersymmetry

No sales pitch for (or derision of) supersymmetry

No history of supersymmetry

No numerical accuracy - only rough estimates of 
cross sections, branching ratios, etc. will be shown

References will be given at the end for most of these
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Motivation
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Beyond the Standard Model:

Particles we’ve seen, their 
interactions, and the Higgs.

Anything else

“Weak Scale Physics”



New Physics at (around) 1 TeV

The Higgs:

Beyond the Standard Model:

★ The Unitarity Bound
★ Electroweak Precision

★ Naturalness (the Hierarchy Problem)
★ Dark Matter
★ Why Not?
★ (Unification)
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The Higgs Completes the 
Standard Model

W+

W! W!

W+

Higgs

With the inclusion of the 
Higgs particle, the theory
remains predictive.

Theory requires a Higgs mass < 1 TeV



Status of the Standard Model

! ! MW

MZ cos "w
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The Standard Model predicts:

1983:
!exp = 1.0± 0.2

W and Z bosons mediate forces:

Ratio of the strength of the weak force to the
electromagnetic force: sin2 !w
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= 1
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The Standard Model predicts:
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Status of the Standard Model

Z Z

Quantum effects:
e

e

+

- !E!t ! h̄

!exp = 1.014± 0.002
2006:

The Standard Model predicts:
! = 1.017± 0.003



Precision electroweak
tests confirm the
standard model (with
a Higgs!) up to 
a few parts per mil.

Measurement Fit |Omeas!Ofit|/"meas

0 1 2 3

0 1 2 3

#$had(mZ)#$(5) 0.02758 ± 0.00035 0.02766
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
%Z [GeV]%Z [GeV] 2.4952 ± 0.0023 2.4957
"had [nb]"0 41.540 ± 0.037 41.477
RlRl 20.767 ± 0.025 20.744
AfbA0,l 0.01714 ± 0.00095 0.01640
Al(P&)Al(P&) 0.1465 ± 0.0032 0.1479
RbRb 0.21629 ± 0.00066 0.21585
RcRc 0.1721 ± 0.0030 0.1722
AfbA0,b 0.0992 ± 0.0016 0.1037
AfbA0,c 0.0707 ± 0.0035 0.0741
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1479
sin2'effsin2'lept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.392 ± 0.029 80.371
%W [GeV]%W [GeV] 2.147 ± 0.060 2.091
mt [GeV]mt [GeV] 171.4 ± 2.1 171.7

Summer, 2006



The mass of the
Higgs can even
be fit.
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Higgs: Direct Search

Dominant bound from LEP II

SM: mh > 114.4 GeV

e!

e+
Z!

Z

h

b, τ

b̄, τ̄



Decay modes of the Higgs

mf = !v

mW = gv

!h!ff̄ ! !2mh, 2mf " mh

h = v + !hH = !hff̄ + . . .



Decay modes of the Higgs
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Naturalness
(the Hierarchy Problem)

mh2  =  mcl2 + mqt2



e+

e-
vac

Quantum Instability
A spin 0 particle in a “dirty” quantum vacuum:

classical quantum

Doing perturbation theory in a quantum field theory
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e+

e-

Quantum Instability
A spin 0 particle in a “dirty” quantum vacuum:

classical quantum

!H

!H

In quantum mechanics, we sum over intermediate states

!

n

|n><n|

!!! !



e+

e-

Quantum Instability
A spin 0 particle in a “dirty” quantum vacuum:

classical quantum

In field theory, we sum over the 
intermediate energies of the particles in 
the loop... and get infinity.

!!! !



Regulating the Theory 
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Regulating the Theory 

e+

e-

Whatever makes this finite becomes 
important at energies of order !

f(p/!)

momentum-dependent couplings 
(compositeness)

! !



Regulating the Theory 

Whatever makes this finite becomes 
important at energies of order !

X

X

mx ! !

New particles in the loop

! !



Regulating the Theory 

e+

e-

Whatever makes this finite becomes 
important at energies of order !

m! ! !!

, and so the cutoff is 1/3 > ! > 1/10 ! ! 1 TeV

! !



Regulating the Theory 

e+

e-

If the cutoff is >> 1 TeV, you are ‘fine tuning’ 

! !



Regulating the Theory 
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Model Independent: 
Weak Coupling
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Model Independent: 
Weak Coupling

h hT

! 3
8!2

"2
T M2

T
!mh(t) + !mh(T )

MT ! 5mh

(about 8x and 12x for gauge and Higgs)



Measurement Fit |O
meas

!O
fit
|/"

meas

0 1 2 3

0 1 2 3

#$had(mZ)#$
(5)

0.02758 ! 0.00035 0.02768

mZ "GeV#mZ "GeV# 91.1875 ! 0.0021 91.1874

%Z "GeV#%Z "GeV# 2.4952 ! 0.0023 2.4962

"had "nb#"
0

41.540 ! 0.037 41.479

RlRl 20.767 ! 0.025 20.741

AfbA
0,l

0.01714 ! 0.00095 0.01645

Al(P&
)Al(P&
) 0.1465 ! 0.0032 0.1481

RbRb 0.21629 ! 0.00066 0.21573

RcRc 0.1721 ! 0.0030 0.1723

AfbA
0,b

0.0992 ! 0.0016 0.1038

AfbA
0,c

0.0707 ! 0.0035 0.0742

AbAb 0.923 ! 0.020 0.935

AcAc 0.670 ! 0.027 0.668

Al(SLD)Al(SLD) 0.1513 ! 0.0021 0.1481

sin
2
'effsin

2
'

lept
(Qfb) 0.2324 ! 0.0012 0.2314

mW "GeV#mW "GeV# 80.425 ! 0.034 80.383

%W "GeV#%W "GeV# 2.133 ! 0.069 2.092

mt "GeV#mt "GeV# 174.3 ! 3.4 175.1

Preliminary

New particles 
must abide by 

the 
experimental 
constraints



Z !

Few Per Mil Corrections...
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MZ’  > 1 - 2 TeV



Few Per Mil Corrections...

Z Z
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X

MX   > 100 GeV



Scalar field exchange

f

X

f

f

f

Can mediate flavor-changing neutral 
currents, or even proton decay.

Eliminating single field couplings again
can avoid these problems.



Low Energy Tests 
-> A New Parity?

Single couplings can be avoided if a parity exists under which some 
or all new fields are “odd” under this symmetry.

FORBIDDED ALLOWED

The lightest parity odd particle cannot decay.
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Weak Coupling Solution:
Implications

New particles include fields that carry SU(3) color charge. 

New particle masses at 100s of GeV

Some or all of the new particles must be pair produced.

Large missing transverse momentum.

Dark Matter Particle?



Naturalness
(the Hierarchy Problem)

It all starts with the Higgs being a 
scalar particle (spin 0)



The Standard Model
We have never seen 
a fundamental 
spin-0 particle



The Standard Model

Spin 1/2

Spin 
1

Spin 0 
(Unseen)

We have never seen 
a fundamental 
spin-0 particle



“Scalar” - Spin 0

E/!
This is the energy scale where the theory breaks down.
Expansion parameter:

When we have the energy to produce the Higgs, we
are already probing the underlying theory.

m! ! !

vac !!



Non-zero Spin Particles

What about other SM particles?

And there is nothing new happening right above 
the electron mass 

Why is the electron mass much
smaller than the cutoff?

(mµ = 106 MeV)

me = .511 MeV



Spin 1/2

RH

e!



Boost LH
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Spin 1/2

RH

e!



Boost LH

e!

Spin 1/2
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e!

If the electron was massless, it would travel the speed
of light and the two would be independent states.
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If the electron was massless, it would travel the speed
of light and the two would be independent states.

If , then one can use perturbation theoryme ! !

vace,LH e,RH

me



Boost LH

e!

Spin 1/2

RH

e!

“Chiral Symmetry”

If , then one can use perturbation theoryme ! !

vace,LH e,RH

me



Boost LH

e!

Spin 1/2

RH

e!

“Chiral Symmetry”

If , then one can use perturbation theoryme ! !

!me ! "me ln! (dimensional analysis)



The Photon

vac
Quantum corrections, 
yet massless!

Something dramatic happens in the vacuum to add an
additional degree of freedom.

A massless photon has 2
polarizations (left- and right-circular)

A massive photon (spin-1 particle)
Has 3 spin states:

!

""#

k
0
0
k

$

%%&

!

""#

m
0
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$

%%&
sz = +1, 0, !1



The Photon

vac
Quantum corrections, 
yet massless!

Something dramatic happens in the vacuum to add an
additional degree of freedom.

“Gauge Invariance”



Symmetries for the Spinless

  Extending spacetime symmetries (2 possibilities)

  Spontaneous symmetry breaking (Goldstone’s Theorem)



Symmetries for the Spinless

  Extending spacetime symmetries (2 possibilities)

  Spontaneous symmetry breaking (Goldstone’s Theorem)

Supersymmetry is one of these.



Symmetries Between Particles 
with Different Spins

Spin 1/2Spin 0

Chiral 
Symmetry



Symmetries Between Particles 
with Different Spins

Spin 1/2Spin 0
Supersymmetry

Chiral 
Symmetry



Symmetries Between Particles 
with Different Spins

Spin 1/2Spin 0
Supersymmetry

Chiral 
Symmetry

Bosons Fermions



How to Add Supersymmetry

! e!

! !

! q

! h

!W

e!

W

h

!

q



Simple Example

Invariant under:



Simple Example

Invariant under:



Implications
complex - two bosons, spin 0

Weyl spinor - two fermions, spin 1/2

All particles of mass m - degenerate

y y

y2

couplings related

*



Canceling contributions

! ! ! !!

!

!!

+

+ = 0 (at zero momentum)

y y y y

y2
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Lagrangian
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Getting a supersymmetric 
Lagrangian“Superpotential”



Getting a supersymmetric 
Lagrangian“Superpotential”

fermion 
partner of 
phi



The Superpotential

You pick a superpotential W, generate the potential V using the rules 
below, and you have a supersymmetric theory.
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The Superpotential

You pick a superpotential W, generate the potential V using the rules 
below, and you have a supersymmetric theory.



Homework
Two pairs of particles, A and B, with superpotential:

with M>>m

What are the Feynman rules (in terms of couplings only)? 

How does the B-fermion decay?  How does the B-boson 
decay?  Extra credit:  are the widths the same?



The Superpotential
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The Superpotential



Constructing the Supersymmetric SM


