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Introduction

In this node of NITheP we are concerned with

high energy physics, such as string theory or

particle physics (that is, the study of the

elementary constituents of matter, and the

interactions between them).

To date, all observed particles, and their

interactions, can be described by the standard

model, where ...





I shall now be more concerned with

phenomenology, that is, the search for new

phenomena, where we iterate this loop until it

converges

Build a Model

Compute Signal

Cross Sections

Compute Backgrounds
and Optimise Cuts

Identify Collider

Signatures

Confront with Data



This search can be through the making of
predictions for theories Beyond the SM:

• By searching for new particles, or other
signatures of new physics.

• Or by trying to explain any observed
discrepancies with the SM with BSM
theories.

Ultimately all phenomenology is connected with
experiments.



The Large Hadron Collider



As you should all know, the LHC, collides
protons with a collision energy potentially up
to 14 TeV.

In this collider, two beams, each containing
2808 bunches of 1.15 ⇥ 1011 protons (where
each bunch is spaced 25ns, or 7.5m, apart)
will be crossed at each of the detectors spaced
around the ring.

When two bunches meet, there will be about
23 proton-proton collisions, with about 1500
particles “born”.



Where can we search for new physics?

Armed now with these experiments, how and
where do we look for new physics?

• At energies beyond the current range of
accepted theories,

• or, looking at where our theories are most
poorly understood

As the LHC will collide protons, what does a
proton really look like?



Actually, QCD tells us it will look a little

something like this!
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So you can imagine what will happen when we

collide two protons!
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Well, a fairly low order guess would be

something like this!



As such, many of the fundamental constants

in QCD are poorly understood.

Therefore, using techniques such as

factorisation, a closer look at specific processes

may lead to some new physics
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The SM Higgs

One place we can look closer in the SM is at
the Higgs boson

In the SM though the EW gauge symmetry
SU(2)⇥ U(1) is fundamental, it is
spontaneously broken at low energies.



The SM explanation for EWSB is to postulate
a new particle, the Higgs boson. A spin-0
particle. Where the vacuum is thought to be
filled with a Higgs condensate, which breaks
the symmetry.

However, no elementary spin-0 particles are
known to have previously existed!

A major problem is that a scalar mass is
unstable with respect to radiative corrections.



In the SM V (H) = µ2H†H + �(H†H)2,

where v2 = µ2
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⇤ is the scale at which the loop integrals are

cut o↵ by new physics.

Note that “naturalness” arguments require

⇤ ⇠ 1 TeV (that is, we don’t want the

parameters to be too finely tuned), however,

if a theory were to include gravity (whose

energy scale is MPl ⇠ 10

19
GeV) we have a

big problem with the hierarchies of the

energies in our theory!



So what sorts of models have a light Higgs, which
addresses this issue of naturalness?

• Theories with new particles related to the SM by
symmetries. These provide new loop diagrams
which cancel with the SM loops (for example, SUSY,
Little Higgs models etc.)

• Theories where the Higgs is not elementary, but
a bound state resolved at TeV scales (for example
warped extra-dimensional models)

• Theories where point-like SM particles are resolved
as TeV-scale strings (eg, large XD models)



Alternatively, we could look for models
without a light Higgs, such as those which are
strongly coupled at the TeV scale (eg,
Technicolour or other Higgless models).

Or models that do not improve naturalness,
but have other interesting features or unusual
signatures (for example, unparticles etc.)



SUSY
In supersymmetric theories, we suppose the

existence of a new symmetry that relates

particles of one spin to another particle that

di↵ers by half a unit of spin and are known as

superpartners.

In other words, in a supersymmetric theory,

for every type of boson there exists a

corresponding type of fermion, and vice-versa.



To date there is no direct evidence that SUSY

exists. Since superpartners of the particles of

the SM have not been observed. SUSY, if it

exists, must be a broken symmetry allowing

the sparticles to be heavy.

If SUSY exists close to the TeV energy scale,

it allows a solution of the hierarchy problem.

SUSY is also a feature of most versions of

string theory, though it can exist in nature

even if string theory is wrong.



In the Minimal supersymmetric SM, there are

superpartners for each SM d.o.f., plus a

2nd Higgs doublet and its superpartners.

Names Spin PR Gauge Eigenstates Mass Eigenstates

Higgs bosons 0 +1 H0
u H0

d H+
u H�

d h0 H0 A0 H±

ũL ũR d̃L d̃R (same)
squarks 0 -1 s̃L s̃R c̃L c̃R (same)

t̃L t̃R b̃L b̃R t̃1 t̃2 b̃1 b̃2
ẽL ẽR ⌫̃e (same)

sleptons 0 -1 µ̃L µ̃R ⌫̃µ (same)
⌧̃L ⌧̃R ⌫̃⌧ ⌧̃1 ⌧̃2 ⌫̃⌧

neutralinos 1/2 -1 B̃0 W̃ 0 H̃0
u H̃0

d Ñ1 Ñ2 Ñ3 Ñ4

charginos 1/2 -1 W̃± H̃+
u H̃�

d C̃±
1 C̃±

2

gluino 1/2 -1 g̃ (same)
goldstino 1/2 -1 (same)

(gravitino) 3/2 -1 G̃ (same)



34 new particles waiting to be discovered!

MSSM, however, has some O(100) free

parameters a↵ecting spectrum, branching

ratios, etc

Models of SUSY breaking predict some

parameters (or relations among them),

reducing the freedom



But many such models (eg. gravity mediation,

gauge mediation etc.) each has strengths and

weaknesses

) WE NEED DATA!

Search strategies therefore need to be designed

with this in mind. That is, we need to search

120-dimensional parameter spaces, as well as

keeping experimental limitations in mind.



Generic SUSY predictions

In general we impose an extra discrete

symmetry, R-parity, to avoid rapid p decay.

SM states are R-even, superpartners R-odd

) lightest superpartner is stable

There are strong limits on charged relics in the

universe

) so we prefer a neutral LSP (also WIMP

dark matter candidate!)



So a generic signature would be missing energy

in every event with superpartner production

Also, NLSP may be stable on collider detector

time scales

) searches for charged object (eg. staus and

R-hadrons) are also well motivated

So an inclusive search for stable (neutral or

not) objects plus high-pT jets and/or leptons

is the best model independent strategy.



Note that the observed Higgs presents
significant problems for the MSSM, which
implies that if SUSY is realised, it may well
be a non-minimal version (which means extra
scalars coupled to the Higgs sector etc.)



Quantum Gravity at TeV

At the Planck scale, the SM has to be

embedded into a theory with quantum gravity

It is believed that that theory must be finite,

that is, all divergences are cut-o↵ at MPl

But if MPl ⇠ 1 TeV, there is

no hierarchy problem!



So in the ADD model we considered the SM on

a 4D brane inside a higher-dimensional space,

with the extra- dimensions compactified with

R ⇠ M�1
Pl

✓
MPl,4

MPl

◆2/n

� M�1
Pl

For E < MPl, we would have model-

independent missing energy signatures due to

graviton emission into the XDs.



But for E � MPl, the collision of two

partons would form a black hole

(and decay promptly)



Composite Higgs

But what if we were to now consider the Higgs
as not being fundamental. Afterall, we have
plenty of spin-0 mesons in the SM

In which case they are composed of spin-1
quarks bound by the strong force



Above the QCD confinement scale, the

good degrees of freedom are quarks

) no hierarchy problem!

This is an old idea, but it is di�cult to

build models, as this is

non-perturbative physics



Warped (RS) Extra dimensions

New insight: AdS/CFT duality, some

strongly coupled 4D models are dual to

weakly coupled, calculable models with an

extra-dimension

The original RS model had the SM on the TeV

brane ) solves the hierarchy problem

We also get new states: KK gravitons at the

TeV scale with couplings

L ⇠ 1

(TeV)

2
Tµ⌫G

µ⌫
KK



It was subsequently realised that models with

SM gauge fields and fermions in the bulk are

more interesting

This provides a natural solution to

• fermon mass hierarchy,

• suppression of FCNCs,

• and the possibility of gauge coupling

unification (as in the MSSM)



The good news is that all SM states now have
KK modes

Though they do not necessarily couple to
light quarks and leptons much.

Even worse, KK masses are large and
becoming more constrained.

Note that the KK gluon is probably the easiest
target at the LHC



Little Higgs Models
In this model, the basic idea is that the Higgs
field is a pseudo-Goldstone boson of a global
symmetry which is broken at some higher scale.

Quadratic divergences in the Higgs mass are
cancelled at one loop level with new particles

Higgs particle acquires mass radiatively at EW
scale



Three-scale model:

v ⇠ f/4⇡, f ⇠ ⇤/4⇡

v = 250 GeV ! ⇤ ⇠ 10 TeV

⇤: Global symmetry breaking,
new dynamics

f : Pseudo-Goldstone boson, extra bosons,
new fermions

v: Higgs, SM gauge bosons and fermions

O(10TeV )

O(1TeV )

O(250GeV )

H ! H0

H1 ⌦ G2 ! G0
2G1 ⌦H2 ! G0

1 [H1,H2] 6= 0

G1 ⌦ G2 ! SM

g1 on

g1 on

g2 on

g2 on



So in this model, we have an extended gauge
sector (G1 ⌦ G2 ! SM)

An enlarged global symmetry (extended Higgs
sector), and extended top sector

• So when we go from H ! H0 some
Goldstones are eaten ! WH , ZH , AH

• Some heavy (mass f ⇠ ⇤/4⇡) scalars

• Some light (mass ⇠ g1g2⇤/16⇡2) scalars
! Higgs candidate



1st gen. LH models were disfavoured by
precision EW data

So T-parity was introduced (a la R-parity),
and LHT pass the precision test without
significant fine-tuning

Note that the LHT has a T-odd particle which
is stable, typically neutral (such as the heavy

photon) and a good WIMP DM candidate

The symmetry structure introduces T-odd
partners for each SM fermion



Conclusions

• Since the SM became accepted

(⇠ 30 years ago), theorists have been

able to provide very precise guidance for

new physics searches

• This is not the case for BSM physics

hunts as the number of ideas is finite,

yet the implementation are essentially

infinite with large numbers of free

parameters



• As such inclusive (signature-based)

searches are the best bet

• where the model space will evolve very

quickly once there is some data!

• The mechanism which breaks the EW

symmetry remains a fundamental,

• All natural models of EWSB predict new

physics at the TeV scale


