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e ""'Supersymmetry Phenomenology’ by Hitoshi Murayama [[arXiv:hep-ph/0002232]

e "Physics beyond the Standard Model” by Gian Giudice, Lect. Notes
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e “Beyond the Standard Model” by John Iliopoulos
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e "Phenomenological guide to physics beyond the standard model”, by
Stefan Pokorski, [[arXiv:hep-ph/0502132]

e “Phenomenology beyond the Standard Model” by Joe Lykken,
[arXiv:hep-ph/0503148]
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T he purpose of these lectures |

I will try to describe:

e Why we believe the Standard Model is not the final (fundamental) theory
of the world

e What types of new physics at shorter distances theorists have guessed
during the past twenty years and why.

¢ This 1s an exciting period because It Is some
of this new physics that we are going to test at
LHC

& \We are also living in an era where similar, rev-
olutionary data are coming from cosmology and
they also probe the nature of the fundamental
theory
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A tentative plan |

e [ he Standard Model and its problems: Why do
we expect new physics?

e Supersymmetry
e Grand Unification
e Gravity and String T heory

e [ he physics of extra dimensions.
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The Standard Model: principles |

e [ he Standard Model of the Electroweak and Strong interactions has been
a very successful theory so far.

e It evolved from a continuous effort that goes back to the beginning of the
twentieth century, and was consolidated by the establishment of Quantum
Field Theory as the correct language for the associated physics.

QF T=Special Relativity+ Quantum Mechanics
e All interactions are based on the “gauge principle” (including gravity)
which postulates invariance under local (independent) symmetry transfor-

mations. (the first model for this was electromagnetism)

e Renormalizability was another principle, although as we will see, today’s
vision (due to Wilson) is broader and gives a clearer physical picture.

e Other principles are: Locality, Unitarity.
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The Standard Model: Ingredients I

A review of the ingredients
Gauge groups:

& Strong force: SU(3)color — three colors.

Carriers: gluons are spin-one octets
— (color/anti-color) combinations.
They are confined inside hadrons where they provide the “glue’.

& The electroweak force:SU(2)xU(1)y, it is spontaneously broken to
U(1)gps by the Higgs effect.

Carriers: W=, Z0 (massive),  ~ (massless)
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Standard Model: the quarks |

Left-handed:
Dy,

a

Right-handed: ( Ur ) :

(=)

WIN

Wi
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Standard Model: the leptons I

Left-handed: (”e) | (”“) | (”T>
€L/ ur ] L)

Right—handed( ER ) , ( HR ) , ( TR )
-1 —1 —1

and

(), L) ()

For the neutrino sector you will learn the recent developments from the
forthcoming lectures of J. Gomez-Cadenas

N =
N[
N =

All fermions come in three copies called families.

Beyond the Standard Model, E. Kiritsis

9



Standard Model: the Higgs I

e SO far we have seen the interaction carriers with spin-one and “matter”

with spin-%

e \We expect however to have a particle with spin-0 as well: the Higgs. It is
a (complex )-scalar SU(2) doublet with hypercharge % Its ‘“raison d'étre”
IS to break the electroweak symmetry spontaneously.

e [ hree of its components
HE* | Im(HY)
become the third components of the massive gauge bosons

after electro-weak symmetry breaking.

e The fourth, Re(H?9) is a physical neutral scalar that we expect to see at
LHC.
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Standard Model: Open problems \

The standard model was constructed as a renormalizable theory — the
low-energy interactions can give a good hint on its behavior at high energy.

Why do we believe that there is more to know
beyond the Standard Model?

There are by now three sets of data that are not accounted for by the SM.
Two of them come from cosmology:

& Neutrinos have masses and they mix.

& Thereis a lot ( 30% ) of dark (non-SM) matter in the universe. Neu-
trinos cannot account for it.

& There is another source of energy in the universe ( 70%) , known as
“dark energy’. It looks like vacuum energy. This gives |Vyae| ~ 10712  eVv4. In
the SM

Voae| = 10**  ev?
Beyond the Standard Model, E. Kiritsis
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Standard Model: Open problems II |

e Quantum Gravity is not part of the Standard Model. One of the deepest
questions of modern theoretical physics is:why the characteristic scale of
gravity 1

Mplanck = —F—=
VG N
IS so much higher than the other scales of particle physics?

~ 1019 Gev

e [ he Standard model alone cannot be a complete QF T since it contains
IR couplings.

e The SM has many unexplained parameters and patterns.

All the above indicate that the SM is an Effective Field Theory (EFT)
valid below 100 GeV. This theory must be replaced by a more fundamental

theory at a higher scale A.
How big is A7

e As we will explain later, A cannot be very big since gegeric QFTs suffer
from a technical (fine-tuning) problem: the hierarchy problem.
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SM patterns and parameters \

e The standard model group SU(3) x SU(2) x U(1) is not “unified”: the
three different coupling constants g2 ~ 1.5, g3, ~ 0.42, g¢ ~ 0.13 are
independent parameters. As we shall see, this can be improved if the fundamental
theory has a simple gauge group, like SU(5) that contains the SM gauge group.

e [ he matter content and representations seems not very ‘“regular’. Why
not higher representations? The hypercharges seem also bizarre, but up
to normalizations they are determined by the absence of gauge anomalies
(BIM)

e Why three families? (“Who ordered that?")

e \What decides the scale of Electroweak symmetry breaking

Vp X 174 GeV 7
What decides the mass of the Higgs?
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T he pattern of masses |

e [ he pattern of SM masses is mysterious at least:

M ups downs leptons
3rd

m, = 175 my = 4.2 me=1.7

2nd m,—=1.2 mg = 0.1 m, = 0.1

| st m,=3%x103m;=5x10"\m, =5x 10~*

e Taking into account that neutrino masses seem to be in the 10-12—-10-14
GeV range we see that SM masses span 16 orders of magnitude.
This is a question for the Yukawa couplings \;: m; = \; vp.

We would like to explain both their ratios and their absolute normalizations,
as we can do it for the spectral lines of atoms.
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Other parameters |

There are others parameters, measured in the SM, whose values are not
explained:

e [ he elements of the Kobayashi-Maskawa matrix: three mixing angles and
a phase that controls CP violation.

e A non-perturbative parameter: the 6-angle of QCD. A non-zero value
breaks CP in the strong interactions. This is contrary to observations.
This is known as the ‘“strong CP-problem”

Experimentally

dp, <1072° ecm — 6<2x10°10
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How parameters affect us? I

How academic is the issue of such parameters?

Most of them are crucial to the exis-
tence of our universe as we know It,

and the existence of humans as we
know them.

e v — 0 then p is unstable to decay to neutrons — no Hydrogen.

e v >> 170GeV n-p mass difference is very large — nothing but hydrogen
in the universe.

e changing the aem — NO C12 resonance — no carbon in our universe.

etc.
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Running Couplings \

You have learned that coupling constants “run

IS . quantum effects

In electromagnetism we have ‘screening’: et — e~ pairs have the tendency
to screen lone charges. The higher the energy, the more et — e~ pairs pop
out of the vacuum, the more the charge is screened. Result: charge is a
function of the energy—= -~

with energy. The reason

distance:
2
e aem(m)
Qem = , E) ~
em = S he) emlB) & () og B2
37 m2
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e After taking into account these quantum effects on the coupling, we may

replace the EM interaction by its corrected value:

68~ e(E) [ Ay therHte

This is the effective interaction valid at energy E.
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The Fermi theory paradigm |

The Fermi theory described early-on the decay of neutrons:

n—p+e-+ e

via a four-fermion (dimension-6=non-renormalizable interaction )

n e
B Linteraction = GFr (@ v n) (Ve Yu €)
. N 1
With Gr >~ 3505 Gev)?
& v. This descriptions is very accurate for energies

E << 300GeV .
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However, we now know that if we look with a better magnifying glass the four-fermi
interaction we find that it comes from standard gauge interactions

n e
p v,
Effective interaction :
p=(uud) , n=(udd) , d—W 4+u— (e +0)+tu

95{/ 9w 2 2
_IW I g << M
p?+ M3 M g v

The effective interaction is dimension 6. It is the result of interactions with dimension 4
(renormalizable) interactions at higher energy.

Next, we would like to organize these observations using Wilson’s ideas on the renormal-

ization group.
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Effective Field Theory: Wilson's View I

& A Quantum Field Theory is defined ( by e.g. a Lagrangian) at a high
energy scale A, usually called the “cut-off’ scale.

In standard space-time, this means that it is defined at some minimum
distance, e.g. on a space-time lattice with a minimum length.

A

L1117
171
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& Once it is defined at this high scale we can compute its (quantum)
physics at any lower energy scale E.

This is done by “averaging’ over the quantum effects associated with all
energies between the cut-off A and the energy of interest E. in practice
and in perturbation theory this amounts of integrating the internal momenta of Feynman
diagrams between A and E

Let us take a simple example of a scalar theory that at the high energy
cutoff has a Lagrangian

1
Lp= 5(8¢)2 —+ >\2¢2 -+ >\1q53 -+ )\Oq54 + )\_1¢5 + ...
dim(¢) =1 = A ~ M"

Note that n > O corresponds to what we call renormalizable interactions.
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We now want to find the effective theory at a much lower energy scale
E << A. By doing the (quantum computations) we can determine the
interactions of the effective theory at the energy scale E:

1 N i ~ ~
L = 5(99)° + 32¢° + X16° + o¢* + X_16° + -
All possible terms are generated, compatible with the symmetries!

The A\, are functions of all the A\, and A, E. The transformation that brings
us from the high energy couplings to the low energy effective couplings
is called a renormalization group transformation. It is determined by the
dynamics of the high energy (short distance) theory.

Moreover, generically (exercise),
)\n N /\n
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Therefore et low energy E << A, high-dimension (non-renormalizable inter-
actions) are suppressed as inverse powers of the high energy scale A. For
N\ = o, ;\n<0 = 0.

On the other hand, (modulo exceptions), renormalizable interactions be-
come large.

The measurable (“physical” ) quantities are the low
energy ones: A\p.

Note an asymmetry in this picture:

e A high-energy theory determines all lower-energy theories.

e A low-energy theory DOES NOT determine the higher-energy theories.

There is a similarity between the irreversibility of renormalization group flow
and irreversibility in thermodynamics.

Beyond the Standard Model, E. Kiritsis
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Unfortunately, we are constrained to to try to built the theory starting from
low energy. And for this we built it step by step in energy.

We can equivalently phrase the problem as: We know the theory at energies
200 GeV (and below). What can we say about higher energies?

Beyond the Standard Model, E. Kiritsis
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Renormalization: the old view |

In the traditional approach:

e A\ = oc0o. The theory is defined to make sense at all possible energies.
g >‘n>0(oo) =0

Since

e Effective dimension> 4 interactions are insensitive to high energy physics.

e Effective dimension< 4 couplings are infinite. We must choose carefully
the A\p(oc0) so that this infinity cancels.

- E?
Xo(E) = Ao + aA? 4+ bis log ~ +finite as A — oo

Choose 5

E
A = —aA? — bis log =

Beyond the Standard Model, E. Kiritsis
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Summary |

e [ he fundamental theory is defined at a high-energy scale.

e What we measure are effective interactions at low(er) energy (larger
distance)

e Knowledge of the high-energy (short-distance) theory defines completely
the low energy theory. It does not work the other way around!

e Generically, at low energy , all possible dimension interactions (allowed

by symmetries) are generated. Their effective couplings scale generically as

)‘d ~ /\4_d

e [ he conventional wisdom: a quantum theory must be renormalizable
translates thus: Only renormalizable theories are definable at A = .
(Exercise)
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T he hierarchy problem:introduction |

We are now ready to understand the nature of the hierarchy problem.

According to our previous discussion operators of dimension two and three (mass terms

for bosons and fermions) should have at low energy their coefficients scale as

miz ~ N = m; ~ N

If we want the SM to make sense up to A ~ 1018 GeV, then either:
e All masses are enormous (excluded from experiment)

or

e \We must fine-tune the high-energy masses and couplings (technically very
difficult)

However, there are exceptions to m; ~ A and these are due to symmetry.

Beyond the Standard Model, E. Kiritsis
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Fermion masses |

Consider the electron Lagrangian written in terms of the left- and right-
handed components of the electron,

1:|:’y5
2

eLjRZ €

S=ilegr(d+ Der+er(P+ ADer] +me(erer + erer)

The theory has the usual vector U(1) symmetry:

e R—€“err . eLr—e “ELR

When me = 0 there is more symmetry: chiral symmetry, ey — eieeL alone
(and the same for L <~ R).

Inversely:chiral symmetry forbids a mass.

Beyond the Standard Model, E. Kiritsis
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The quantum corrections to the fermion mass coming from the diagrams

———@——— p— ——> —I— —»-‘rﬁ:\?» —I— ¢ o o

CYe" E CYe! E
meff(E) = me + 4emm€ log X = me |1+ - log —

Therefore, it is very insensitive to the high-energy scale A. (~ 4% for
E =1 GeV and A = 101° GeV).

Beyond the Standard Model, E. Kiritsis
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Gauge boson masses |

Unbroken gauge symmetry forbids gauge bosons to have a mass. Upon

spontaneous breaking of the gauge symmetry gauge bosons acquire masses.

H Mz 2
Mg wt~guvp vp~—= V:_EH + \H*

VA

Dimensionless couplings run logarithmically ~ Iog% and therefore are not
very sensitive to A.

The important sensitivity comes from the renormalization of the mass-term
of the Higgs, u.

Beyond the Standard Model, E. Kiritsis
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The HIiggs mass term |

We have seen that the sensitivity of SM masses depends on the behavior
of a single parameter: the mass term [l of the Higgs scalar.

- -
L .~

virtual top quark
2 ﬂz l‘“s 7\, '::
JLlf{Ef — Ll Lk -+ L A A 4+ —----PA, NP ---- -+
m A / d*p N / d*p
162 p? 162 ) p?
2
y _ 2 A=A 0 D
:ueff(E) = pu° A2 (AN — E7)

The Higgs mass, and therefore many other SM masses depend quadratically
on the UV scale A.

Beyond the Standard Model, E. Kiritsis
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T he hierarchy problem |

We found that:

e All dimensionless couplings of the SM run logarithmically and are therefore
not very sensitive to the UV scale of the theory.

e T he Higgs quadratic term u = the Higgs expectation value vy = Fermion
and gauge-boson masses are quadratically sensitive to A.

e T he SM physics is therefore technically hard to calculate.

This is the hierarchy problem:It is very difficult in a theory where para-
meters run polynomially with the cutoff A to extend it to hierarchically
higher energies.

End of first act

Beyond the Standard Model, E. Kiritsis
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Avolding the hierarchy problem |

Very SPECIAL theories may avoid the hierarchy problem.

e One idea, known under the name of ‘“technicolor”, is to assume that all
particles in the fundamental theory except the gauge bosons are fermions.

e And the Higgs? It could be a bound state of two fermions (like mesons
are bound states of quarks and anti-quarks).

e This needs a new gauge interaction (technicolor) that becomes strong at
an energy Ap > vp.

e For co >> F >> Ap the theory is a theory of fermions and all masses run
logarithmically.

e For I/ << Ap the theory looks like the SM.

& Unfortunately detailed models that satisfy known experimental constraints
are very difficult to construct.

Beyond the Standard Model, E. Kiritsis
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Supersymmetry |

Another SPECIAL class of theories:

- -
L4 s

i y ;
2 . ‘~~ 'o'
]/teff— - = == - + - el m - -
A d*
- 2/ f
167 p

virtual top quark

If A\ = )\L? then the quadratic divergence will cancel. Fermion and boson

loops cancel each other.

The symmetry that imposes such relations is known as

supersymmetry (SUSY)
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Supersymmetry, Vol II I

dgysy (Boson) = € - (Fermion)

dsysy (Fermion) = e - 0 (Boson)

T herefore

OsSyUSY ' dsusy ~ O

and in this sense SUSY is a ‘“square root” of a translation.
Supersymmetry pairs a particle with spin 53 will another with spin 3 i%

Then the Higgs will have a fermionic partner (the Higgsino) whose effect
will be to cancel the quadratic terms in the running of the mass.

Beyond the Standard Model, E. Kiritsis
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The Supersymmetric Standard Model |

particles

quarks (Zi) ug  dg

leptons (eL> ex

VL

Higgs

H; (hypercharge = —1)
doublets H, (hypercharge = +1)

‘%]%— ]J‘F

Z v, H  (i=1,2,3)

g

Sparticles

squarks (uf> ir  dg

sleptons (\ff) ox

. H
Higgsinos '
H,

charginos %%

neutralinos %o (a=1,2,3,4)

~

gluino g

Exercise: show that a full doubling of the spectrum is necessary.
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R-parity \

SUSY constrains severely the interactions of SM particles and their Sparti-
cles. Moreover, to avoid problems with fast proton decay we must assume
the existence of an extra Z> symmetry

R — parity = (_1)number of Sparticles

e Sparticles can only be produced or annihilated in pairs.
e The lightest Sparticle (LSP) is absolutely stable.

e It is almost always a neutralino — it has only weak interactions — it is
not directly visible in experiments — missing energy.

This is a characteristic SUSY signal at LHC.

VWhat is the origin of R-parity?

Beyond the Standard Model, E. Kiritsis
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Missing Energy I

This is an example of possible event that can be seen at LHC:

where:

= squark

q =

x = LSP

Beyond the Standard Model, E. Kiritsis
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Missing Energy (Atlas simulation)

——
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Supersymmetry breaking |

So far we have neglected the fact that exact supersymmetry forces the

superpartners to have the same mass as the SM particles, e.g.

me =mg , €tcC.

It is unavoidable to conclude that:

. Supersymmetry must be slightly broken

Mass

MsuUsyY } sparticles

mz ¢

particles

Beyond the Standard Model, E. Kiritsis
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Supersymmetry breaking, II |

We must ensure that SUSY breaking does not destroy the good properties
of SUSY:

e Like gauge symmetry breaking, supersymmetry breaking must be spon-
taneous (soft). Then the Higgs mass runs logarithmically like that of the
fermions!

e Mgysy must not be very far from vp. It should be 1 — 10 TeV.

If Msysy >> vp the hierarchy problem resurfaces.

e [ herefore, naturalness tells us that the superpartners must be in the TeV
range.

e If this idea is correct, most probably the superpartners will be found at
LHC.

Beyond the Standard Model, E. Kiritsis
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A liInk to the dark matter of the Universe |

e As you know or will learn in the subsequent cosmology lectures (J. Les-
gourgues) the universe contains an important fraction ( 30%) of non-
relativistic, non-SM matter. This is known as Dark Matter.

e Its presence is crucial for structure formation in the universe.

e It is mostly composed of Weakly Interacting (very) Massive Particles:
WIMPS.

e [ he supersymmetric LSP, is an excellent candidate for forming the dark
matter of our universe.

Beyond the Standard Model, E. Kiritsis
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Grand Unification: The idea |

As mentioned, the Standard Model gauge group is not “fully unified”. A
natural idea is that at higher energy, the symmetry is larger and at lower
energies it breaks spontaneously to the standard model group: SU(3) x
SU2) xU(1l)y

SU3) == UsUL =1 , det(U3) =1
SU(R) == UsUl =1 , det(Us) =1

We can include SU(3) x SU(2) x U(1)y inside SU(5)

SU(5) == UsUs =1 , det(Us) =1

Beyond the Standard Model, E. Kiritsis
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subgroups of SU(5)

0 0
(UE 88\_ U3 0
SUB) 0700l N0 1pxn
\0 0 0.0 1)
1 0 0.0 0
(01000\_ 1.3 O
sU(2) 001000 = {707 g,
o o o U2)
(200 0 0)
O 20 O O
1
UMy ~-]002 0 0
O 00 -3 O
\0 00 0 -3

Since dim(SU(5))=24, there are 12 extra gauge bosons apart from the SM
ones.
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SU(5): the matter I

W
|

T here should also be a singlet to accommodate vp.

The new, larger symmetry mixes quarks and leptons:We expect baryon and
lepton number to be violated by the new gauge interactions.
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Proton decay I

U e_ [ e
X
gy
! d U d
As with the Fermi example this four-fermion effective interaction has a
2
: g
coupling ~ M—E;Q(

From experiment we obtain that 7, > 2.6 x 1033 years. This implies

My > 10 GeVv

Beyond the Standard Model, E. Kiritsis
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Coupling unification I

We have coupling unification at the scale A =_MX

5
93292:\§QY295

This seems in good aareement with the data if we allow for the renormalization group
running 60

2 4 6 8 10 12 14 16 18
Log,,(Q/1 GeV)
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1T he gravitational coupling I

The coupling of gravity, Newton’s constant GGy has dimensions M~—2. This
IS how we define the Planck Mass : Gy = Mlglgnck'

Gravitational force:

My Mo Eq1 E5

F = GN R2 GN R2
The dimensionless gravitational coupling runs fast with energy:
2
_ y L
Oégra/u p— GN ) — M2
Planck
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Gravity versus other interactions |

Strength
_ & i
Sfl’Ong o, = 4 whe I
. 32
Electromagnetic o, =1+ ==
Weak G.m;, 107"
Gravitational ~ G,m, [ 107"

Therefore until now gravity has been safely neglected in particle physics.
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The running of all couplings I

10° 10° 10" Gev
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Gravity and the SM I

T he existence of gravity is the most solid argument that the SM is not the
final theory.

e Gravity interacts with SM fields.
e At some high energy scale, Ap gravity will become strong, and quantum
effects must be incorporated. This scale could be Mp ~ 1019 GeV but (as

we will see later) it could also be much lower.

e [ his fundamental theory, would |look like classical gravity plus the SM at
energies £ << Ap.

e In this sense the SM is an effective theory, valid (at most) up to Ap.

e Things look bad, since classical gravity (general relativity) is a non-
renormalizable theory.

Beyond the Standard Model, E. Kiritsis
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Gravity at short distances? I

N2 E2

/N N
00090009 QQ
a) b)
The classical gravitational theory is non-renormalizable
E? A
b) ~ 7 dp p
MPIanck 0

At higher orders it gets worse and worse.

No clue as to what the short distance theory is.

This has been an open problem for more than 50 years.

Beyond the Standard Model, E. Kiritsis
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Gravity and String [ heory I

e String theory is a different framework for describing and unifying all
interactions.

e It has become popular because it always includes quantum gravity, without
UV problems ( divergences)

e Moreover it also includes the other ingredients of the SM: Gauge inter-
actions, chiral matter (fermions) and if needed, supersymmetry.

e It offers some conceptual features that are appealing to physicists:

(a) String theory ALWAYS contains gravity

(b) The existence of fermions implies supersymmetry at high energy.

(c) It has a priori no fundamental parameters but only one dimensionfull scale: the size
of the strings. All dimensionless parameters of a given ground state of the theory are
“dynamical” (expectation values of scalar fields).

(d) It contains solitonic extended objects (known as branes) that provide an incredible
richness to the theory as well as a deep link between gauge theories and gravity.
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String [ heory: the down side I

Although String theory has attracted the interest of most theorists for the
past 20 vears, it is fair to say that it still has some down sides:

e It turns out to be an extremely complicated theory, much more than
QFT. Finding ground states in the theory, with specific characteristics
(gauge group, particle spectrum etc) is very complicated.

e [ his partly explains that although there are several vacua that come close
to the SM, there is none yet that matches perfectly in the details at low
energy.

e There is no fundamental/non-perturbative formulation of the theory as
we have for most QFTs.
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VWhat Is String T heory? I

Shift in paradigm: from point particle to a closed string.

o In QFT fields are “point-like”. In string theory, they depend not on
a point of space-time but a loop in space-time (the position of a closed
string).

What is the difference between a closed “fundamental’” string and a loop
of wire?

(A) The fundamental string is much smaller: its size is definitely smaller than 10~1® m.
This would explain why we have not seen one so far.

(B) Apart from the usual degrees of freedom (their coordinates in space-time), funda-
mental strings have also fermionic degrees of freedom. There a kind of supersymmetry
relating the coordinates to such fermionic degrees of freedom.

Since the smallest length we can see today (with accelerators) is approx-
imately 10718 m strings would appear in experiments so far as point-like
objects.
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String Theory, Vol I I

e Fundamental strings, like the analogous classical objects, can vibrate in
an infinite possible number of harmonics.

e Upon quantization, these harmonics behave like different particles in
space-time. Therefore a single string, upon quantization, describes an
infinite number of particles with ever increasing mass.

e It is the presence of this infinity of particle that is responsible for the
unusual properties of string theory and its complicated structure.

e Lorentz invariances implies that strings must live in 941 dimensions.
Although this seems to contradict common experience it can be compatible
under certain circumstances. How do we see the 6 extra dimensions? More
on this later .....
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String T heory, Vol III I

e In perturbation theory, standard QFT Feynman diagrams are replaced
with string diagrams (two-dimensional surfaces)

. . O
NS
/N

~-O— —
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String perturbation theory I

& In QFT perturbation theory is formulated using Feynman diagrams.

& In string theory we have Riemann surfaces. For closed strings, each
order contains a single diagram. At low energy, they reduce to the (many)
QFT Feynman diagrams.

e

e String theory diagrams, when appropriately defined, give finite amplitudes
in the UV. This implies in particular that quantum gravity, which is part of
string theory is essentially finite. You will here more about this during the
upcoming lecture of Gabriele Veneziano.
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Extra space dimensions I

e [ he idea that space has extra, hitherto unobservable dimensions goes
back to the beginning of the twentieth century, with Nordstrom (1914),
Kaluza (1925) and Kilein (1926).

e It comes naturally in string theory.
How come they are not visible today?

(A) Because they compact and sufficiently small.
(B) Because we are ‘“stuck” on the four-dimensional world.

(C) Because they are of a more bizarre kind (for example, they are dis-
cretized appropriately)

Beyond the Standard Model, E. Kiritsis

59



“Small’ compact dimensions I

A compact, sufficiently small extra dimension is not visible !

A simple example of a space with one compact (circle) and one non-
compact (real line) dimension: a hose of infinite length and radius R.

There are two regimes:

(A) At distance << R the space looks like an (infinite) two-dimensional

R
.
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(B) At distance >> R the compact direction of the hose is invisible.
The hose looks one-dimensional.

R~

We will now make this intuition more precise.
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Kaluza-Kleln states |

Consider the usual 341 dimensional space-time and a fifth dimension that is a circle of
radius R. Consider also a free massless scalar field in this 5d space-time.

e From QM: the momentum on a circle is quantized.

- 4 2 ' 4 n
From the mass-less condition in 5 dimensions: R
2 2 2 2 2 2 2 2 2 n?
B —p1—p53—p3—p3=0—FL —PI P27 P35

Compare with four-dimensional relation for massive particles:

E? — p? —p5 —p3 = M?
This is equivalent to an infinite tower of four-dimensional particles (KK

states) with masses
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This result is generic and applies also to massive fields or fields with spin.
(Exercise: Derive the KK masses for a massive 5d scalar. Derive the analogous result for
a 5-dimensional gauge field. What is the spin of 4-dimensional fields that are obtained
and what are their masses?)

& If at low energy, our available energy in accelerators is

r < X
~ R
none of the massive KK-states can be produced (‘“seen”). The extra

dimension is invisible!

& When E >> % several KK states can be produced and studied. When
many have been seen the extra compact dimension can be reconstructed.

{ The fact that till today in colliders we have not seen such states (with
SM charges) gives a limit on R:

1
— > 300 GeV
R

In LHC, there will be searches for KK states.
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e Since a circle is translationally invariant, ps is conserved. n is therefore
like a conserved KK U(1) charge.
e [ herefore KK-states must be pair produced, so the threshold for their

production is %.

\

’Y)ZO \

KK
e [ here are cases where the extra dimension is not translationally invariant.
(e.g. a finite interval) Then KK-charge is not conserved, KK states can be

singly produced and the threshold for production is 1

SM i
S|\/| > /

KK
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Kaluza-Klein states In string theory I

In string theory the KK spectrum is more complex: beyond the usual KK
states, the string can wind around the circle, m times. This gives an extra
contribution to the energy:

1
~T (2erm R) , meZ T_27r£§
The spectrum of KK masses now becomes
2 712 712
M? =+ (27T R)’m? = =5+ (*R°m? |, m,neZ

e [ he spectrum of stringy KK states is invariant under T-duality

£

m <—mn — —

There is no circle with R < ¢5 in string theory!
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Branes and large extra dimensions |

The collider bound on R: 1/R > 300 GeV can be simply evaded if the KK
states carry no SM charges. In the simplest case they couple gravitation-
ally. This setup is possible using the idea of branes.

Consider M4 x (SH)N, with all circles of radius R.

A 3-brane is a (hyper)-membrane with 3 spacial dimensions. We can imag-
ine such a 3-brane embedded inside our (44N)-dimensional space. Such
branes are part of string theory. They have fluctuating fields that live on
them.

Such localized fields are typically gauge fields, fermions and scalars. We
may therefore arrange that the SM fields live on such a 3-brane and cannot
propagate in the rest n dimensions (the “bulk™)

The gravitational field on the other hand can propagate in all (4+N) direc-
tions.
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Consider the Newton constant and Planck mass in the (44-n)-dimensional
theory:

—(N+42
G ~ M2

e At distances | << R gravity is effectively (44+N)-dimensional.

e At large distances | >> R gravity is four-dimensional with effective Newton

constant
1 2
G—4 ~ Mp
This can be easily seen from the gravitational action

MNT2 [ @* TNy /g Ryany ~ MNT2RN [ d*x /9 Ry
_|_

By choosing appropriately the size of extra dimensions

~ ]VL§DJ4‘2)]%H/

32 32 32
R ~ 108 Tev!l ~ 1012 ev1 w1071 mm

we may arrange that the quantum gravity scale of the full theory M. is as
low as 1 TeV while Mp = 1019 GeV.
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In this setup, SM particles have no KK descendants, since they cannot

propagate in the bulk. They do not directly feel the extra dimensions. The
collider bound on R is not valid here.

The graviton has KK descendants, with the usual masses %‘. However they
couple to SM matter gravitationally.

Each KK graviton couples with strength MISQ which is very weak.

SM

/ >
smM—  1/M>

{
\
\
\
\

N\
\

\ K K-graviton

However, the existence of many KK-gravitons enhances this coupling (more
later).
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For two extra dimensions their size can be 0.1 mm !l How come we have
not seen such a “large dimension’ ?

e It cannot be seen at accelerators because of the weak coupling of KK
gravitons. (It becomes substantial at 1 TeV).

e For distances smaller than 0.1 mm gravity becomes five-dimensional :

F ~ 1/7“3. ( Exercise: [The compact Newton's law] F' = G M? ZﬁEZN |7:>+27TRlﬁj|(N+2) )

Surprisingly, until recently the gravitational law has been measured only up
to distances of 1 mm! Today, the limiting distance has gone down to 10
©um.

Where can we see signals for all this?

(A) From tabletop short distance experiments
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(B) At LHC. The signal is missing energy due to brehmstralung into KK
gravitons that escape undetected in the bulk.

For B >> %
1 (# of KK itons) 1 (ER)N 1 (EMHN
o ~ —F= (0] ravictons ~N — ~n —
M2 J M3 M?2 i

(Exercise: calculate the number (ER)" of KK states that can contribute to this process.)

Further reading:[arXiv:hep-ph/0503148]
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Figure 3: The total jet + nothing cross-section at the LHC integrated for all Fp e > lﬂﬁi;
with the requirement that || < 3.0. The Standard Model background is the dash-dotted
line, and the signal is plotted as solid and dashed lines for fixed M,, = 5TeV with 6 = 2 and
4 extra dimensions. The a (b) lines are constructed by integrating the cross-section over
§ < M% (all 8).

From Giudice, Rattazzi and Wells [arXiv:hep-ph/9811291]
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Conclusions !

We have seen that we already have experimental data that cannot be explained in the
context of the Standard Model,

e Neutrino masses and mixings.
e Dark matter.

e Dark Energy.

We have also seen many ideas that attempt to unify the forces, make a UV stable theory,
incorporate gravity, and try to explain the data above.

No theory so far can successfully accommodate all three data above.

& We must think harder!

& We need input from experiments!

Happily, data are still flowing in from cosmological observations, and ac-
celerators like LHC are expected to provide complementary views of the

fundamental physical theory.
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The (old) quest for understanding
nature is still on!
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Exercise: the compact Newton's [aw I

Assume 341 non-compact dimensions, and a single compact direction of radius R (ac4 —
z* 4+ 27R). The Newton’s law, obtained by the method of images is

M1 Mo Z 1

M3 [(21)2 4 (22)2 + (23)2 + (24 + 27nR)2]:

F =

r = \/(1131)2—|— (332)2_|_ (263)2
iS the usual distance in 3+1 dimensions.
e When r» << R, all other images n # 0 are far away and can be neglected. Therefore we
have 5d gravity.
M1 M>

F(r << R) ~ VERE

e \When r» >> R all images give equally important contributions. The result can be obtained
by a Poisson resummation

S =i o)

vz 2+ (% + 27TnR)2]g wRr? T
F(r >> R)_WMER’I“_Q , Mp=mM’R
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VWhat I1s the origin of R-parity? I

e Any supersymmetric theory has a U(1) symmetry known as R-symmetry
that rotates the superpartners but leaves the other (original) fields invariant.

e Althoufh some times we call R-parity a Z> subgroup of this symmetry,
the R-parity of the SSM is not a special case of this U(1) R-symmetry

e Supersymmetry alone cannot prohibit some cubic terms in the superpo-
tential which generically lead to very fast proton decay.

e R-parity must be imposed in order to avoid these dangerous terms.

e It must also be assumed that the breaking of supersymmetry does not at
the same time imply a breaking of R-parity.
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T he supersymmetric interactions I

e In the SSM we have vector multiplets containing a vector (gauge boson) and a Majorana
fermion (gaugino) in the adjoint of the gauge group — (AZ,A“).

e \We also have chiral multiplets containing a complex_ scalar and a Weyl fermion, in some
appropriate representation of the gauge group — (¢, ¥?").

In the SSM we have such multiplets for each quark and lepton as well as two conjugate

multiplets H, ?, H2+5 for the Higgs.

e [ he renormalizable interactions of a gauge theory are encoded in gauge couplings,
Yukawa couplings and the potential for the scalars.

e In a supersymmetric renormalizable theory, the interactions are encoded into the gauge
couplings and the super-potential W, a gauge-invariant function of the scalar fields, (but
not of their complex conjugates). For renormalizability it must be at most cubic.

e T he kinetic terms of the fields and their couplings to the gauge bosons are standard and
determined by the representations/charges and the gauge couplings.

e The Yukawa couplings are as follows:

Lo = V2 g s X'(T"6) + hee] = | s G + e
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e Finally there is the scalar potential
2
— * g_ a na
V = E F'F;, + 5 Ea D*D* >0

oW
=35

D® = ¢;(T)";¢’

?

e The most general cubic, gauge invariant superpotential is (exercise)
W =hY QU°H> + h? QD°H1 + h* LE°H, + pHiHo+
+AQDL + NLLE®+ /LH> + \N'U°D¢D¢

e 1/ has one family index (hY, RP, h*) have two such indices and (X, X, \") have three.

e [ he last four terms violate baryon and lepton number. Imposing the R-parity symmetry
defined as R = (—1)25t3B+L they are odd, and are set to zero.

Exercise: why such offending terms are absent in the SM?
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1T he soft supersymmetry breaking terms I

We can parameterize all possible extra terms that can appear because of supersymmetry
breaking (d < 4) These are scalar masses, gaugino masses, and cubic scalar interactions
proportional to the ones present in the superpotential:

1 .
_ ~21 12 | Ay A
Lsott = E i il" + 5 §A MaX N+
+ (RYAY QU°Hz + WP A” QD°Hy + h" A" LE°H1 + m3 H1H> + h.c.)

e Since A' are matrices in flavor space, we have a large number of parameters. For generic
values of such parameters there are phenomenological problems.

e There are several simple choices of soft parameters that are motivated by (i) simplicity
(ii) some concrete Susy-breaking mechanism.

The tree-level MSSM potential is then

2 2 2 >
V = m2|Hu|? 4 m2|Hol? + m2(HiHo + h.c.) + %2 (ngHQ + HI&Hl) + %’ (|Ha? = |HL )

2 _ 2 =2 2 _ 2 =2
mi = p°+my, , Mmp=pu°+my,
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Without any extra input, there are no UV constraints on the MSSM parameters. There
IS however a simple ansatz that is compatible with data so far and can arise for certain
patterns of symmetry breaking (from supergravity/string theory). These are imposed at
some UV scale A that I will leave open for the moment.:

Gaugino masses and soft scalar masses are universal
Mz = Mz = My =mq)>
ﬁ@Q)ZZ ﬁ@Lﬁ == ﬁ@[ﬁ == ﬁ@L ::'ﬁigy :=‘ﬁif{ :=/ﬁ@[{ = mMo
So are the soft scalar couplings
AV = AP = AF = A

If we now include the u-term coefficient, u and the soft breaking term ms3 we end up with
5 extra parameters on top of the SM ones:

MO ) m1/2 ’ mo ’ AO 5 m3

2

e After minimization of the Higgs potential with (H;) = (%), (Ho) = (f) we can trade p
and mz with sign(u) and tang = 3.

Slgn(:u) ) my/2 ) mo ) AO ) tanﬁ
is known as the mSUGRA parametrization of the MSSM.

e T he parameters, ml/Q,mo,Ao, must be evolved to low energy using the RGE equations
and eventually compared to data. tan g is already a low energy parameter.
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Supersymmetry breaking,IIl I

Spontaneous supersymmetry breaking is a major problem. And there are many different
models. It is also fair to say that there is no model yet that is perfect.

e Global supersymmetry breaks spontaneously, when (V) > 0. Since V ~ |F;|° + |D??,
this implies that if some (F;) or (D%) are non-zero susy is broken.

3 Like sta'ndard global symmetries, there is a massless fermion, the Goldstino,
G = (F)y' 4 (D4) A%, associated with spontaneous global supersymmetry breaking.

e Supersymmetry can be promoted into a local symmetry. The appropriate theory then
contains also gravity and is known as supergravity.

e In particular, the "gauge-field” associated to local supersymmetry is a spin-3/2 fermion
known as the gravitino. It is the supersymmetric partner of the graviton. Like the graviton
it is massless when supersymmetry is unbroken.

e \When supersymmetry breaks spontaneously, the gravitino acquires a non-zero mass ms/o.
It becomes massive by combining with the Goldstino field.
This is the super-Higgs mechanism.
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e [ he supersymmetry breaking scale Ag is related to the gravitino mass in
a universal fashion:

Ng = \/3 mg/> Mp

e [ he superpartner mass splittings depend on the sector I of the theory
as:

(Am?); ~ Ar A%

where A\ is the (renormalized) Goldstino/gravitino coupling to sector I.
There are two rough avenues to arrange for Am ~ TeV:

(A) Heavy gravitino mass — large Ag, but very small ;.

(B) Light gravitino mass, and A\; ~ 1.
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Heavy gravitino mass I

e Here the supersymmetry breakings happens in a “hidden sector’.

e It is communicated to the observable sector by the gravitational interac-
tion

/\2
Af ~ M—f% . As~\(Am)Mp ~ 1010 — 1011 Gev |, mgp~1 TeV
Taking the limit Mp — oo to recover the EFT, we obtain the MSSM with

typically universal soft terms.

e Such breaking can be realized for example in supergravity and in super-
string vacua where susy is broken by hidden gaugino condensation.

e The EFT is MSSM and is valid up to close the Planck scale.

® T here is another “mechanism” in this class: Anomaly Mediated Susy Breaking.

Further reading: http://doc.cern.ch/cernrep/1998/98-03/98-03.html|

Beyond the Standard Model, E. Kiritsis

83


http://doc.cern.ch/cernrep/1998/98-03/98-03.html�

Light gravitinoO mass I

This may be realized when supersymmetry is broken in a hidden sector, and
IS communicated to the observable sector by gauge or Yukawa interactions.
Here \; ~ O(1).

e To obtain the desired mass splittings, Ag ~ TeV and therefore
mzsp ~ 103 —107° eV,

e A class of models realizing this supersymmetry breaking pattern are known
as messenger or gauge mediated supersymmetry breaking models. They
contain apart from the observable sector, the “messenger’ sector and the “hidden’ sector.

® Here the gravitino is part of the low energy spectrum and its Goldstino component
couples to the low energy fields with strength that ranges from order the gauge couplings
to several orders smaller.

e Such theories have new physics well below the Planck scale.

e The LSP is the gravitino.
Further reading: http://doc.cern.ch/cernrep/1998/98-03/98-03.html|
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MGMSRB |

e There is a source of supersymmetry breaking due to a vev (X) = M + 6% F in a hidden
(secluded) sector.

e There are messenger superfields in complete SU(5) reps (not to upset gauge coupling
unification) @®; that couple as \;; ®; X &, both to the secluded and the SSM sector. They
modify the GUT scale coupling as

N M,
(5045(le = —2—|09 GUT , N = Z n;

e Diagonalize and absorb \'s into (M, F) — (M;, F;). Then the gaugino and scalar masses
are given by

(077} FZ 5
Ma — ka_A 9 /\ p— Z_ 9 k —_ — 9 k p— k p— 1
an C ¢ Z " y—=3o 2T RS
3 . 2 2
5 - ; 2(0) (.5 5 _ ka az(t) > F
mi(t)—QE C! k (W)Q[/\ S+ haNe| ha_b—all—&Q(o) , Ng=N—
a=1 a

e The MSSM soft parameters are here parameterized by (M, N, Aq,tan 8,sign(u))
Further reading: [arXiv:hep-ph/9801271]
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MAMSB |

e [ heidea of anomaly mediated supersymmetry breaking comes from brane
realizations of the SM.

e [ he "hidden"” sector where supersymmetry breaks spontaneously is lo-
calized on a brane different from the SSM-brane.

e [ he breaking of supersymmetry is communicated to the SSM via the
Weyl anomaly.

e [ he form of the gaugino and scalar soft masses is of the form

My=08s M , m?=md—C* 3, M?

s =
where M is a characteristic energy scale and mg a phenomenological pa-
rameter and 3, the gauge g-functions.

e [ his mechanism is still in its infancy and has many obscure points. It is
known as mMAMSB and characterized by the parameters (mg, M, tan 3,sign(u))

Further reading:|arXiv:hep-th/9810155], |arXiv:hep-ph/9810442]
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