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As we enter the LHC era the open questions in hard processes shift to the prospects
for discovery of physics beyond the Standard Model. In this talk I discuss the main
phenomenological questions that will need to be answered if we are to be able to
distinguish between the various suggestions for the nature of the new physics that may
be visible at the LHC.

1 Introduction.

In thinking about an appropriate choice for a talk on “Open Questions” I was influenced
by the fact that the LHC era is almost upon us and that it is time to think seriously about
the questions that will need to be answered if the LHC is to reveal the nature of the physics
“Beyond the Standard Model” that many think must be present if we are to answer the
questions left unanswered by the Standard Model (SM).

The LHC will open a new energy frontier and should reveal significant information about
what lies Beyond the Standard Model. The fact that the electroweak breaking scale is well
within the reach of the LHC means that we will be able to probe the origin of mass. In
particular we should be able to answer the first open question whether the spontaneous
symmetry breaking responsible for the masses of the weak gauge bosons and the quark and
lepton current masses is due to an elementary Higgs boson, as in the Standard Model, or
involves a composite Higgs bound by a new strong interaction alternatives as in technicolour.
The need to solve the hierarchy problem which arises because radiative corrections tend to
drive up the electroweak breaking to the scale of new physics strongly suggests that signals
for new physics will appear at an energy scale less than 1Tev and within the reach of the
LHC.

A second open question is whether the fundamental forces are unified, possible at a very
high scale. The precision with which the gauge couplings unify is remarkable, accurate to
better than 1%, and provides the best quantitative indication we have for such a unification.
However this precision only applies if the effective theory at a scale of 1Tev is supersym-
metric, consistent with the constraint following from the supersymmetric solution to the
hierarchy problem. The new supersymmetric partners of the Standard Model states should
be within the reach of the LHC but, even if found, it will require considerable effort to
establish their supersymmetric origin.

In seeking a unified theory it is natural to include gravity and the fact that the gauge
coupling unification scale is close to the Planck scale is some indication of this unification.
The best candidate for a quantum theory of gravity is the superstring and a further open
question is whether there will be evidence for strings at the LHC. If the string states are
at the Planck scale such indications will necessarily be indirect, leaving relations amongst
the parameters of the effective low energy theory such as the relations between the gauge
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couplings. For the case of low energy supersymmetry the superstring unification may give
relations between the soft supersymmetry breaking parameters, such as the squark and
slepton masses. Another possibility, which has been suggested as an alternative solution to
the hierarchy problem, is that new states associated with the additional space dimensions
required by the string, or indeed the string states themselves, are associated with a low scale
of O(1TeV ) and are accessible to discovery by the LHC. If such states are present it will
require much work to distinguish them from other possibilities such as a supersymmetric
origin.

Another important open question is the origin of dark matter. Many of the suggestions
for solving the hierarchy problem involve dark matter candidates; for example the lightest
supersymmetric particle (LSP) or the lightest KK mode associated with a new space dimen-
sion. To prove that any of these candidates is the source of dark matter will require that
its detailed interactions are determined in order to reliably compute the annihilation cross
sections and hence the relic abundance.

Given these questions what are the likely LHC answers? The search for new states largely
relies on missing momentum signals putting the questions firmly in the area of expertise
covered by this meeting and I will discuss some of the suggestions that have been made for
ways to determine the underlying physics origin of any new states found at the LHC. In this
talk I will start by considering the (pessimistic) possibility that the electroweak breaking is
associated with a Higgless model or a very heavy Higgs model. Such possibilities occur in
models with large extra dimensions or in technicolour models and can be very difficult to
test at the LHC. The second half of the talk will concentrate on the new physics associated
with a light Higgs boson, for example in supersymmetric theories or in little Higgs models.

2 Higgless (or very heavy Higgs) at the LHC.

The most pessimistic possibility for LHC physics is that the Standard Model is all there is
up to the limit of the LHC reach with a very heavy Higgs scalar or even no Higgs scalar at
all. Precision measurements at LEP argue against this possibility because they favour the
radiative corrections corresponding to a light Higgs[2]. However new physics at the TeV scale
could affect these corrections so a heavy Higgs is still a possibility. In perturbation theory one
may show that a Standard Model Higgs cannot be very heavy without violating perturbative
unitarity. The effect is strongest in processes involving the longitudinal component of the
W and Z bosons. For example in the Standard Model the graphs (a) to (d) of Fig 1 are the
tree level contributions to WL + ZL elastic scattering. If the Higgs is very heavy the graph
(d) is suppressed. In this case the remaining graphs will violate the unitarity bound at a
scale Λ ' 1.8TeV. Of course this does not mean that unitarity is violated but it does require
that higher order graphs restore unitarity, i.e. the interaction becomes strong. Recently
an alternative class of “Higgsless” models have been constructed which postpone the scale
at which the interactions become strong[4]. They are based on models with additional
space dimensions and in the four dimensional effective field theory there are the additional
contributions of graphs (e) and (f) involving the exchange of massive vector bosons, Kaluza
Klein excitations of the W. The effect of these contributions is to raise the scale at which
the unitarity bound is reached to Λ ' 5−10TeV, out of the reach of the LHC. What are the
prospects for measuring at the LHC the strong coupling behaviour in the heavy Higgs case
or the presence of the additional heavy vector bosons in the Higgsless case? From Fig 1 one
may see that in the SM case there is no s-channel resonance while in the Higgsless case there
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Figure 1: Feynman graphs contributing to WL + ZL elastic scattering.

Figure 2: WL+ZL elastic scattering (i) in the Standard Model without a Higgs boson (ii) in
the Standard Model with a 500GeV Higgs and (iii) in the Higgsless model with a 500GeV
heavy vector boson.

is a characteristic narrow resonance. In the SM case when the weak interactions become
strong there may be a s-channel resonance due to strong binding effects but it is expected
to be very wide and heavy, approximately 2TeV if the strong interaction is QCD-like. For
this reason the WL + ZL elastic scattering case provides a very good discriminator for the
Higgsless models.

The production of the initial W and Z is via bremsstrahlung off quarks, and the signal
is two forward jets plus a gauge boson pair giving a gold plated final state of two jets plus 3
leptons plus missing transverse momentum. The various cross sections are shown in Fig 2.

Figure 3 shows the number of events at the LHC to be expected in the SM with a 500GeV
Higgs and in the Higgsless model for a heavy vector of mass 700GeV for an integrated
luminosity of 300fb−1[15]. In addition are shown two estimates for the cross section for the
case the Higgs mass is well above the perturbative limit corresponding to the case the weak
interactions become strong at high energies. In this case it is necessary to include higher
order radiative corrections to preserve unitarity and this has been done in two ways, the
first using the K−matrix approach [5] and the second using Pade approximants [6]. The
most obvious feature of these graphs is that in all cases the signal is very small for the SM
with a Higgs of 500GeV or above. Given this small SM background the discovery reach for
the Higgsless model requires only of the order of 10 events corresponding to 10fb−1 of data.
By looking at various channels it is in principle possible to check this identification. In the
SM the Higgs can appear as a resonance in the WW → WW,ZZ channels but not as we
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Figure 3: The number of events at the LHC for an integrated luminosity of 300fb−1 with
the cuts indicated.

have seen in the WZ → WZ channel. For the case of the Higgsless models the resonance
appears in the WW →WW and WZ → WZ channels but not in the WW → ZZ channel.

For the very heavy Higgs case it is necessary to establish the corresponding existence
of strong interactions. However this requires the measurement of the excess of events of
the curves labeled K-matrix and Pade over the SM case. The total number of such events
for 300fb−1 is only 6 so the LHC will not be able to probe this possibility and it will be
necessary to wait for the SLHC upgrade with a luminosity increase of a factor of 10 before
one can measure the effect of a strongly interacting weak sector in the very heavy Higgs
limit. This will still be very difficult and will require a detailed understanding of the initial
parton distributions.

3 Light Higgs and the hierarchy problem.

Figure 4: The value of ∆χ2 as a function of the Higgs mass for a fit to precision observables
in the Standard Model[2]

However there is already evidence that just the SM with a very heavy Higgs is unlikely.
The evidence comes from the need to have a light Higgs to fit the precision electroweak data
from LEP. In Fig 4 the χ squared dependence of the precision electroweak fit to the Higgs
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mass is shown [2] and corresponds to a bound on the Higgs mass given by mH < 200GeV.
Given this I turn now to a discussion of the important questions that will need to be answered
in the light Higgs case. The driving force in constructing extensions of the Standard model
has been the requirement that it should solve the hierarchy problem, that is the need to
control radiative corrections to the Higgs boson mass that would normally drive it to the scale
of new physics such as the Grand Unified (GUT) scale or the Planck scale. As illustrated
in Fig 5 there are two options - the Higgs could be composite or elementary.

Figure 5: Competing explanations for the existence of a light Higgs scalar and the solution
of the herarchy problem.

In the former case the hierarchy problem is evaded if the scale of compositeness is low,
of O(1TeV ), because the radiative corrections are cut-off at virtual momenta of order the
composite scale. The achetypical example of a composite theory is technicolour. The need
to suppress flavour changing neutral currents and the need to be consistent with precision
electroweak tests have imposed strong constraints on technicolour showing that the strong
binding force must be quite different from QCD. The difficulty associated with calculating
strong interaction effects in such a theory makes it difficult to extract definite predictions
but there should be a zoo of composite bound states including many familon states, pseudo
Goldstone modes associated with the breaking of approximate family symmetries of the
extended technicolour model. Given the difficulty in making definite predictions I will not
discuss this possibility further here but refer the reader to a study of the signals to be
expected in some particular models and references therein[8].

For the case the Higgs is elementary perturbative calculations may be applicable, making
it possible to make more definite predictions for the signals to be expected at the LHC. This
is the case if supersymmetry is responsible for protecting the Higgs against large radiative
corrections to its mass[9]. Moreover the new supersymmetric states must be light, acces-
sible to production and detection at the LHC, if the hierarchy problem is to be avoided.
While many of the properties of the supersymmetric states are determined, being related to
the properties of their Standard Model partners, the spectrum results from supersymmetry
breaking and consequently is less well understood. In Fig 6 I show a variety of supersym-
metric spectra for various possible supersymmetry breaking mechanisms[10]. It is clear that
there are a wide variety of possibilities and one of the important tasks we need to address
is to identify the best ways to measure the mass spectra at the LHC. This will require the
development of techniques to measure both the masses and spins of the new states for the
case that the signals always involve missing momentum. This need for spin measurement is
particularly important because alternative explanations of the hierarchy problem can give
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Figure 6: The supersymmetric spectrum for various choices of supersymmetry breaking-
mechanisms [10].

Figure 7: One loop corrected mass spectrum of the first KK level in MUED for a character-
istic choice of parameters[11].

similar spectra. This is illustrated in Fig 7 [11] where one can see significant similarities
in the mass spectrum coming from an extra dimensional theory with Universal Extra Di-
mensions (UED)[12]. The reason for this is that the radiative corrections responsible for
splitting the states are similar simply because the gauge interactions responsible for much
of the splitting are the same. In the UED case the new states are the KK excitations of the
SM states while in the SUSY case the new states are the SUSY partners of the SM states;
in both cases they belong to the same representations of the SM gauge group as their SM
partners. Of course in the case of UED there will be a tower of KK excitations but the
splitting may be such tat only the first excitations are accessible to the LHC. However the
spins of the states differ in the SUSY and UED cases so the spin determination is crucial to
the identification of the nature of the new physics. There are more reasons why measuring
the spectrum in detail is important. In the case of supersymmetry the mass spectrum offers
a window on the high energy theory and on the possible unification of the fundamental
forces. This illustrated in Fig 8 where one may see that, like the gauge couplings, the soft
SUSY masses have radiative corrections that split them even if they are universal at a high
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scalea. As may be seen in the first panel the gauge couplings unify very precisely at a
scale of 2.106GeV [13] due to the inclusion of the supersymmetric states in the calculation
of the corrections. It is largely for this reason that so much attention has been paid to
the supersymmetric solution of the hierarchy problem. However given that the value of the
unification coupling at the unification scale is unknown as is the unification scale itself there
is only one prediction being tested by the gauge coupling unification and it would be very
important if further evidence of unification is found. Such evidence could be provided by
the unification of soft SUSY breaking masses as is illustrated in the second panel of Figure
8. The evidence for unification will be overwhelming if the masses as measured at low scales
should follow the pattern shown which follows if the masses unify at the same scale as is
found for the gauge coupling unification. In fact there is already some evidence for soft mass
unification because the Higgs scalars are also expected to unify. Due to the large top Yukawa
coupling radiative corrections systematically drive the mass squared of the Higgs negative,
triggering electroweak breaking[14]. The top squarks, which are the other scalar states to
feel the effects of the top Yukawa coupling, are coloured and hence have stabilising QCD
radiative corrections which drive the mass squared positive and dominate over the Yukawa
contribution. Thus mass unification leads to a natural explanation of why the Standard
Model gauge group breaks to SU(3)× U(1).

Figure 8: Renormalisation group flow of a) gauge couplings and b) scalar masses, with
unification at a high scale.

Another very important reason for measuring the spectrum and spin structure of the
new supersymmetric states is that only with this information will it be possible to determine
whether the lightest of such states (LSP) provides the answer to the dark matter problem[9].
The dark matter abundance is very sensitive to the LSP mass and the states to which it
couples, usually the sleptons, so it is particularly important to be able to measure them.

Given this motivation what are the prospects for being able to measure the masses of any
new states, given that identification of such states requires large missing momentum? As a
good example let us consider the possibility for slepton mass measurement. Direct slepton
production has large SM corrections due to WW and tt production. For this reason a more
promising channel is production of neutralinos, χ2, followed by cascade decay to the LSP,

aIt has recently been pointed out [?] that radiative corrections involving the hidden supersymmetry
breaking sector can significantly change the evolution of the soft scalar masses and obscure the unification
of masses. In many of the favoured SUSY breaking schemes these corrections are small and in any case the
unification of gaugino masses is unaffected by such corrections.
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χ1, which is sensitive to the slepton mass. The relevant Feynman diagrams are shown in
Fig 9. For the case that the decay occurs through a real Z this contribution dominates

Figure 9: Feynman diagrams contributing to neutraino decay.

and there is no mass information. For the case the decay is through a virtual intermediate
state the dilepton invariant mass distribution endpoint is given by

mll = mχ2 −mχ1

If the decay is through a real slepton the end point is

mll =

√
(m2

χ2
−m2

l )(m
2
l −m2

χ1
)

m2
l

Thus endpoint measurement can give one constraint on the SUSY mass spectrum. The full
invariant mass distribution gives some further information which can establish reasonable
upper and lower bounds on light slepton masses. A detailed study including detector effects
demonstrated that the signal can be distinguished from the background at the LHC with
10fb−1[?]. While the information thus obtained is important, it falls short of a complete
determination of the light neutralino and slepton spectrum. To obtain more information re-
quires studying additional processes, for example cascade decays involving longer chains and
additional final states. This gives more information because there are now several invariant
masses that can be measured and used to determine the masses of the particles involved in
the chain. However to access this information it will be necessary to fold in the detector
and background effects together with the ambiguities associated with misidentification of
the particle in the cascade chain that necessarily will be present in the multiparticle final
states that abound at the LHC. Doing this and identifying the most sensitive processes for
determining the mass spectrum remains one of the pressing open questions. Clearly, since
all such processes necessarily involves high transverse missing momenta in order to avoid
SM backgrounds, the expertise of calculating DIS processes will be crucial in this task.

An even more difficult task will be the development of efficient methods capable of mea-
suring the spin of the new particles; as emphasised above this is crucial to the identification of
the nature of the physics beyond the Standard Model. One promising method again involves
studying the invariant mass distributions associated with long cascade chains. Consider the
decay chain of Fig 10 which leads to a quark jet and a dilepton plus missing energy signal.
The lower state assignments correspond to the states involved in UED in the decay of a KK
quark excitation. The upper state assignments correspond to the states involved in SUSY in
the decay of a squark. The spins of the states in the decay chain for the UED case are 1/2, 1,
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1/2 and 1 while for the SUSY case they are 0,1/2,0.1/2. The question is can one distinguish
these two possibilities? In general there are in fact six possible spin assignments giving rise

Figure 10: Cascade decays for a KK quark excitation in a UED model and for a squark
decay in a SUSY model.

to the same visible final state which can arise in SUSY and UED models. These are shown
in Fig 11. A discriminant that can differentiate between these cases is given by[16, 17]

Figure 11: Six possible spin assignments giving rise to a quark jet plus a charged lepton
antilepton pair.

dP

dm
=

1

Γ

dΓ

dm

where Γ is the total decay rate of the chain and m2
ab = (pa + pb)

2 is the invariant mass
squared of particles a and b. For example, consider the invariant mass distribution of the
lepton pair. Consider also a choice of masses given by the benchmark SPS1a for the SUSY
case and by inverse radius R−1 = 800GeV and higher dimension Planck mass Λ given by
ΛR = 20 for the UED case. For these choices the distribution for the two possibilities given
in Fig 11 are shown in Figure 12[17]. One may see that the distributions do distinguish
between several of the possible spin chains. To quantify this the authors of [17] determined
the number of events that are needed if the SUSY decay chain of Fig 11 is true to establish
that it is 1000 times more likely than each of the other possibilities. This is shown by the
light gray entry in Fig 13. While the numbers are encouragingly small for this case some
caveats are in order. In particular in a multiparticle final state there will be ambiguities
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Figure 12: The m2
ll distribution for SUSY and UED spin chains.

Figure 13: The number events needed to establish that a given spin chain assignment is
1000 tme more likely than the other possibilities. The light entry corresponds to the case
that the SUSY case of Fig 11 is true.

in identifying the relevant lepton momenta when forming the invariant mass. Furthermore
the discriminant is dependent on the masses within the cascade and these masses may be
poorly determined (the examples above assumed definite, but not identical, mass spectra for
the SUSY and UED cases). Indeed, as emphasised by [18], one may adjust the parameters
of the UED model so that the mass spectra actually coincides with the SUSY case and
then the lepton mass squared distribution are so similar for the SUSY and UED cases
that they are not be distinguishable once the background, radiative corrections and the
detector simulation are taken into account. The authors of reference [18] studied in some
detail the jet-lepton invariant mass distribution as a way to resolve this ambiguity. The
spin information comes from the asymmetry between the positive and negative charged
lepton pairings with the quark jet. The result is shown in Fig 16. The errors are calculated
assuming 10fb−1 luminosity and a 10% jet energy resolution. One may see that it is possible
to distinguish the SUSY chain from the UED chain. However no account has been taken yet
of the uncertainty associated with misidentifying the jets. Furthermore it relies on a charge
asymmetry which may be very small if the initial production mechanism is dominated by
gluons.

In summary, the LHC will probe the energy regime relevant to electroweak breaking
and should shed light on the origin of mass. Many possibilities have been identified for the
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Figure 14: The lepton-jet charge asymmetry plotted versus the lepton-jet invariant mass for
the case of SUSY and UED disucssed in the text. The quantity fq gives the proportion of
squarks or KK quarks compared to the antiparticles.

physics Beyond the Standard Model relevant to the LHC, mostly motivated by the need to
avoid the hierarchy problem. What has become clear is that it will need detailed information
on the masses, spins and interactions to distinguish between these possibilities. Searches
for new states rely on missing momentum signals to separate them from Standard Model
backgrounds and so the expertise developed for studying perturbative processes in Deep
Inelastic Scattering will be invaluable in the analysis of these signals. Obviously the parton
distribution functions at the LHC will be an essential input to the calculation of these
signals. So too will be the calculation of higher order radiative corrections for processes
involving massive states preliminary studies as we know these can significantly modify the
cross sections. In addition it is very important to develop precise methods to determine the
mass and spin of new states. preliminary work has been carried out studying the possibility
of measuring masses and spins in cascade decay chains. The results suggest that while mass
and spin discriminants based on invariant mass distributions are viable they are going to be
very difficult to achieve due to the many uncertainties associated with the overall rate, the
backgrounds, the particle identification and the detector simulations. Alternative methods
are being developed which may offer complementary information based on studying the
dependence of the cross section on angular variables[19]. Clearly much work remains to be
done in establishing the optimum methods and in doing a complete Monte Carlo simulation
of the events.
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