
The Hierarchy problem

• This fine-tuning of parameters, this strong
dependence of physics at the weak scale on the
physics at (presumably) some much higher
scale, is the hierarchy problem.

• If the loops are cut off at the scale of gravity, why
is the scale of EW SSB so very different from the
scale of gravity? Why is MW << MPl ?

• Equivalently, why is gravity so weak?
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Possible solutions to the Hierarchy problem

• Some new physics appears at
energy scales not far higher than
the EW scale, to cut off (or
otherwise “protect” against) the
quadratic divergences. The
“desert” between the EW and
GUT/Planck scales is not empty!

• New physics changes the running
of the couplings, bringing the GUT
scale closer to the EW scale.

• Gravity is not as weak as we
think, it’s only diluted in our 4D
world but it’s EW-strong in, eg, 5
or more dimensions; MW ~ MPl

5D.
• Fine-tuning is required; the theory

is not natural. Theorists don’t
accept this solution!



SUSY and the Hierarchy problem
• In SUSY, the loop diagrams that are

quadratically divergent cancel, term
by term, against equivalent diagrams
involving superpartners.

• The cancellation is perfect if the
particles and superpartners have the
same mass.

• Else, the cancellation leaves residual
contributions of order

• If mH is of order 100 GeV, then the
masses of the superpartners must be
only a little larger (any smaller and
we would have detected them
already), and definitely less than
1000 GeV.

• With these masses, some of them
will be detected at the next
accelerator, the LHC!
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Supersymmetry

Primary sources:

Drees, Godbole and Roy, Theory and Phenomenology of Sparticles,
World Scientific Press (2004)

Stephen Weinberg, Quantum Theory of fields,
Cambridge University Press (2000)

Song-Ming Wang, SLAC Summer Institute (SSI04),
http://www.slac.stanford.edu/econf/C040802/lec_notes/Wang/default.htm

Klaus Desch, SLAC Summer Institute (SSI04),
http://www.slac.stanford.edu/econf/C040802/lec_notes/Desch/default.htm

Joseph Polchinski, http://www.slac.stanford.edu/pubs/confproc/ssi85/ssi85-001.html

Joe Lykken,  http://arxiv.org/abs/hep-th/9612114

Jonathan Feng,  http://www.slac.stanford.edu/gen/meeting/ssi/2001/feng1/feng1.pdf



Supersymmetry
• SUSY is the latest in a long tradition of

“unifications”:
– Particles+waves (QM);
– matter+energy (E=mc2);
– space+time (relativity);
– E & M ⇒ EM ⇒ EW theory
– strong & EW ⇒ Grand Unified Theories
– matter-energy and space-time

(General Relativity)
• SUSY connects matter (fermions, Pauli

Exclusion)
 and forces (bosons) in a fully relativistic and
quantum-mechanical way.

• SUSY predicts that for every fermion in the
SM,
there is a boson “partner”,
and each boson has a fermion partner.

• Breaks down the rigid classification:
matter ⇔ fermions,   forces  ⇔ bosons

• There are many new particles out there
to be discovered!



Symmetries in the Standard Model
The known symmetries of the Standard Model, and related conserved

currents and charges:
• Poincare invariance: [P µ,H] = 0, [M µν,H] = 0

– spatial translations (momentum conservation),
– time translation (energy conservation),
– rotations (angular momentum conservation),
– Lorentz boosts (invariant mass conservation)

• Internal global and gauge symmetries
– isospin (approximate)
– electroweak gauge symmetry (electric charge, EM current, CVC)
– color gauge symmetry

• Discrete symmetries
– P: Parity (conserved in strong and EM interactions)
– T: time reversal (conserved in strong and EM interactions)
– C: charge conjugation (conserved in strong and EM interactions)
– CPT: conserved in all field theories
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Are there other symmetries?
• The Coleman-Mandula theorem (1967) says that the above are the only

possible symmetries of the Lagrangian for a free field, or a collection of
interacting fields (ie, the Lagrangian of the universe), assuming the symmetry
operators and generators obey commutation rules.

• But our theory involve Dirac spinors, and the Dirac and Pauli matrices obey
anticommutation rules.

• Spinors and the matrices that operate on them have one or two spinorial indices
α=(1,2).

• So let’s consider operators which have one spinorial index: Qα, obeying
anticommutation relations. – supersymmetry operators.

• When one operates on, eg, a scalar state (a boson), the result is a state with a
spinor index: a spin-1/2 fermion.

• In general, such operators will change the spin of a free-particle state by ½ unit.
• If [Qα,H]=0, the theory is supersymmetric, and mϕ = m ψ .
• Under some reasonable assumptions, Supersymmetry is the only possible

extension of the known spacetime symmetries of particle physics.
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Supersymmetry algebra
• Because of the spinor indices, the anticommutator must be

proportional to the Pauli matrices.
• But there are four Pauli matrices, which form a space-time 4-vector  

σµ .
• The anticommutator has no spacetime index, so the result must be

a Lorentz scalar.
• So we need to take the dot product of σµ with some other 4-vector

(with no spinor index). The only one in the theory is Pµ .

• This completely defines supersymmetry!
• Note that the forced presence of Pµ , the generator of space-time

translations, means that supersymmetry is related to an external
property of a particle; it’s position.

• Apply a supersymmetry transformation twice, and because of the
Pauli exclusion principle, you have translated it!

• This suggests (correctly) that supersymmetry is somehow related to
gravity  ⇒ SUGRA.
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Conserved supercurrent
• We are familiar with conserved quantities that

transform as spacetime 4-vectors; eg, EM:

• There are also conserved quantities with two
spacetime indices, eg, the stress-energy tensor
and the EM field strength tensor

• The conserved supercurrent has one spacetime
index and one spinor index.
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Conserved supercharge
• The conserved charge associated with a conserved

current is the spatial integral of the time component.

• They transform, under Lorentz transformations, as
scalars, 4-vectors, and spinors, respectively.

• These charges define “good quantum numbers” which
do not change over time.

• As operators, when they act on a state, they produce a
new state with the same energy.
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Why Supersymmetry?
• The above discussion emphasizes how naturally and compellingly

supersymmetry arises in quantum field theories.
• because of this, SUSY is truly beloved amongst particle theorists, even

through there’s not a shred of experimental evidence for it.
• SUSY predicts that for every known fermion, there is a boson, and vice versa.
• If SUSY were an exact symmetry, the fermion/boson pairs would have the

same masses; since we don’t see the partners, their masses must be much
higher; SUSY is a “broken” symmetry, manifest only at high energies.

• The doubling of the SM particle spectrum automatically resolves one of it’s
most fundamental mathematical inconsistencies (the “hierarchy problem”).

• Fermions and bosons differ in the way they behave under Lorentz
transformations. They are an intrinsic property of particles that relates to the
extrinsic properties of space-time.

• SUSY transformations from fermion → boson → fermion can effect spacetime
translations, and thus connect quantum mechanics with General Relativity.



Exact and broken symmetries



SUSY and the Hierarchy problem
• In SUSY, the loop diagrams that are

quadratically divergent cancel, term
by term, against equivalent diagrams
involving superpartners.

• The cancellation is perfect if the
particles and superpartners have the
same mass.

• Else, the cancellation leaves residual
contributions of order

• If mH is of order 100 GeV, then the
masses of the superpartners must be
only a little larger (any smaller and
we would have detected them
already), and should be less than
1000 GeV to give a natural solution
to the hierarchy problem.

• With these masses, some of them
will be detected at the next
accelerator, the LHC!
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SUSY solution to Higgs mass divergence



Analogy with the electron
• The Higgs couples to itself; it is a repulsive force, tending to blow it

apart. It’s self-energy to the other fields act in the same way.
• It requires a lot of energy to contain itself and keep it small (pointlike?).
• If its internal structure is constrained to be within a size L, it is sensitive

to physics at energy scales as high as  Λ ~ (hbar c)/L, and its mass
(self-energy) must be of order Λ.

• The electron has the same problem! It requires more than 109 eV of
energy to keep the electric charge packed into a ball of < 10-19 m.

• In the early days of quantum mechanics, this was seen as a
fundamental breakdown of the theory!

• But the electron creates a force to counteract this intense repulsion: by
polarizing the vacuum, creating virtual e-e+ pairs.

• The oppositely-charged antimatter cancels some of the repulsion,
allowing the electron to hold itself together with only 5×105 eV of self-
energy.

• To solve the problem of the electron’s self-energy, we needed to invent
antimatter, doubling the number of particles in the universe.

• Superpartners do (more-or-less) precisely the same thing to keep the
Higgs mass << Planck mass.

• Theorists love it when history repeats itself!

H. Murayama, 2001



The SUSY spectrum





SUSY couplings are strongly
constrained



R Parity

All interactions involve an even number of sparticles



Unification of gauge couplings



Neutralino dark matter

Interacts only via the Weak interaction



Supersymmetry
Supersymmetry is a very beautiful, idea, well motivated by general symmetry

considerations.

It is highly developed theoretically, and has several important consequences:

• Predicts a light Higgs mass (mass divergences cancel)
• Predicts that the Higgs field condenses (breaking EW symmetry), if the top

quark is heavy (coupling to a heavy top drives µ2 < 0).
• In a unified theory, can explain the values of the standard-model coupling

constants
• Predicts cosmological cold dark matter (the LSP)

• But the symmetry is broken, presumably by a new set of Higgs mechanisms
and particles, at some higher mass scale (~ a few hundred GeV, to fix the
hierarchy problem). Other symmetry-breaking mechanisms (“soft symmetry
breaking”) exist, but

• We generically get a NEW hierarchy problem: why is the SUSY scale <<
Planck scale? higher order corrections to SUSY SSB parameters (Higgs
masses) will diverge, just like EW SSB Higgs mass does!

• These hierarchy problems will go on until we have a theory that works all the
way up to, and including, the Planck scale!



Desperately seeking SUSY

• The discovery of Supersymmetry (at LHC in
2007-08?) would profoundly change our
understanding of matter/energy/space/time –
if it is found, it would certainly rank as one of the
greatest discoveries in the history of science!



Indirect search for SUSY in loops

u,c,t

W-

 γ

b  → s γ

• Flavor-changing neutral currents (FCNC) like b  → s γ  are forbidden in the Standard
Model at “tree” level.
• But they do occur as 2nd order weak transitions, with loops.
• Even then, they are suppressed (GIM suppression), because the three quarks in the loop
contribute with different signs; in the limit that the masses of the up, charm, top quarks are
equal, the rate is 0 in the SM.
• But the top quark is quite massive; the rate is very sensitive to mt.
• Now that we know mt very well, we can predict the SM rate well: B(b  → s γ) ~ 3×10-4

• But loops are sensitive to high-mass virtual particles!
• Any deviation from SM prediction is a sign of new physics running around the loop …
harder to tell what it is.
• Experimental branching fraction agrees well with theory, excluding light sparticles.



Search for SUSY at colliders
• Produce SUSY particles directly.
• Controlled environment,

predictable cross-sections,
depending only on (unknown)
mass of sparticles.

• Energetic quark-quark collisions
produce squarks with strong-
interaction coupling.

• But sparticles are very massive, so
the production cross sections at
Tevatron (2 TeV) are pretty low.

• For masses ~< 500 GeV,  much
higher cross sections at the LHC
(14 TeV).

LHC


























