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1 Introduction

For more than a century, high energy collisions of particles have been the golden method of
investigating the ultimate structure of matter. Along with precision studies of heavy meson
decays, primarily at lower energy colliders, these experiments have led to consolidation of the
Standard Model (SM) as the theory of particle physics at energy scales up to O(102) GeV.
Recent results from high energy colliders HERA and the TeVatron, complemented by the
extraordinary precision measurements from the b-factories, display no significant deviations
from SM predictions.

2 The status of the Standard Model

2.1 Electroweak physics

2.1.1 Weak boson measurements at the TeVatron

The mass of the W boson is an important parameter of the Standard Model. Precise
knowledge of the W mass in combination with knowledge of the top quark mass results in
a significant constraint on the mass of the Higgs boson. CDF have recently performed a
new measurement of the W mass using Run II data [2]. The W mass is measured in the
W → eν and W → µν decay channels by performing a binned maximum-likelihood fit to
various kinematic distributions: lepton and neutrino pT and transverse mass (MT ). The fit
regions used are 65 < MT < 90 GeV and pT > 32 GeV, ET/ < 48 GeV. The combination of
all six fits gives MW = 80413± 34 (stat) ±34 (syst) MeV.

The width of the W boson has also been extracted by modelling the transverse mass
distribution over the range 50-200 GeV. The data in the region 50-90 GeV is used for
normalisation. A fit for the width in the high transverse mass region 90-200 GeV is then
performed. This tail region, separated from the bulk of the resolution effects that determine
the shape of the transverse mass distribution close to MW , is sensitive to the width of the
Breit-Wigner line-shape. The final measurement is ΓW = 2032± 71 MeV.
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Both of these measurements are the most precise single direct determinations of their
kind, the MW measurement is compared to other measurements in Fig. 1.
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Figure 1: Summary of mea-
surements of MW including
the current world average.

The MW and ΓW results were obtained using approx
200 pb−1 and 350 pb−1 data. With over 2 fb−1 data already
delivered in Run II, prospects for improvement are good. The
additional data are likely to yield not only an improvement of
the statistical errors but also smaller systematic uncertainty
due to the possibility of improving the precision to which, for
example, the momentum scale is determined.

Diboson production measurements at the TeVatron also
provide fertile ground for electroweak (EW) studies. The di-
boson cross-sections are sensitive to triple and quartic elec-
troweak gauge-boson vertices predicted by the non-Abelian
structure of the EW theory. Hence measurements of diboson
production at the TeVatron are an important test of this part
of the SM and provide a sensitive probe to any low energy
remnants of new physics at a higher scale. Various limits had been set on such processes in
Run I, new studies of WW , WZ, Wγ, Zγ and ZZ production have been performed by the
CDF and D0 collaborations using Run II data [3].

The D0 collaboration has reported evidence for associated WZ production, whilst the
CDF collaboration were able to declare the first observation (at the 5.9 σ level) for the
process. The CDF observation comes from 1.1 fb−1 of Run II data, 16 data candidates are
observed compared to an expected background of 2.7±0.28 (stat) ±0.33 (syst) ±0.09 (lumi)
events. The measured cross-section agrees well with the SM theoretical prediction.
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Figure 2: Comparison of the SM dis-
tribution and an anomalous WWγ
coupling distribution to the back-
ground subtracted charge-sign rapid-
ity difference in the D0 Wγ analysis.

Both D0 and CDF have performed measurements
of Wγ production using samples of approximately
1 fb−1. CDF only use the W → µν decay channel
whilst D0 also use the W → eν decay channel. In
both cases the production cross-section shows good
agreement with the SM predictions. In addition (see
Figure 2) D0 see the first hint of the “amplitude zero”
effect [4], where interference among tree-level dia-
grams creates zero amplitude in the centre-of-mass
distribution of the angle between the W and the in-
coming quarks. Anomalous WWγ couplings would
wash out this zero amplitude.

Measurements of the Zγ production cross-section
have been performed by both CDF and D0 using
1 fb−1 of Run II data . Good agreement with the
SM predictions is observed. D0 also sets the worlds
tightest limits on anomalous ZZγ and ZZγ couplings

which would arise in the case of some new physics scenarios.
The CDF collaboration has reported the first evidence for ZZ production from a search

performed on 1.5 fb−1 of Run II data. The search was performed using a combination of the
four charged-lepton and two charged-lepton two neutrino final states. A 3.0 σ signal was
extracted from a likelihood ratio fit. The measured cross-section σ(pp̄→ ZZ) = 0.75+0.71

−0.54 pb
is consistent with the NLO calculation of the SM expectation.
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2.1.2 Electroweak measurements at HERA

ZEUS

)2 (GeV2Q
310 410

A

-1

-0.8

-0.6

-0.4

-0.2

-0

0.2

0.4

0.6

0.8

1

)-1p (24 pb+ ZEUS NC e+A
)-1p (177 pb- ZEUS NC (prel.) e-A

 SM (ZEUS-JETS)+A
 SM (ZEUS-JETS)-A

Figure 3: Measurement of the
polarisation asymmetries A± by
the ZEUS collaboration.

The ZEUS collaboration has performed a measurement of
Neutral Current (NC) ep Deep Inelastic Scattering (DIS)
at HERA using polarised electron beams [5]. Figure 3
shows the asymmetry parameter A± ∝ aevq where ae
is the axial vector coupling to the electron and vq the
vector coupling to the quark for this e−p data and pre-
viously published [6] ZEUS e+p data. The results are in
good agreement with the SM and the asymmetry between
the cross-section in left- and right-handed polarisations
clearly shows the effect of parity violation as expected in
the SM. In addition an H1-ZEUS working group has been
set up to combine ZEUS and H1 data to produce the best
possible precision HERA measurements of structure func-
tions and electroweak parameters.

The H1 experiment, exploiting polarised electron and
positron beams, performed a combined QCD and electroweak fit to their NC and Charged
Current (CC) DIS data from the 1994-2005 running period [7]. This fit makes it possible
to extract the electroweak NC vector (vu, vd) and axial vector (au, ad) couplings of the Z
boson to the light quarks. Figure 4 shows the H1 constraints in the au-vu plane. Results
are in agreement with SM expectations and generally more precise than existing TeVatron
constraints. Ambiguities from LEP constraints on the signs of the couplings are resolved.

2.2 Top quark physics
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Figure 4: Results of the H1 com-
bined QCD and Electroweak fit
in the au-vu plane.

Until recently little was known about the top quark, what
information we had came from statistically limited direct
measurements at the TeVatron (Run I data) and indirect
constraints from low energy data. Tops will be copiously
produced at the LHC, but currently the only running ac-
celerator with access to real top production is the TeVa-
tron. With an order of magnitude more luminosity avail-
able in Run II than in Run I, it is now possible to perform
top measurements that are no longer statistically limited.
Many new measurements of top quark production and
properties have recently been made [8, 9, 10].

2.2.1 Top production cross-section at the TeVatron

At TeVatron top quarks are mainly produced in pairs via
the strong interaction, approximately 85% of the produc-
tion cross-section arises from qq̄ annihilation whilst the
remaining 15% comes from gluon-gluon fusion. Theoretical calculations [11, 12] yield a total
pair-production cross-section at TeVatron of order 7pb. Higher cross-sections could be ob-
served in the case of resonance or other non-SM production. The most recent measurements
of the total pair production cross-section from CDF and D0 have made use of different tt̄
decay channels in order to obtain independent results.
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The CDF collaboration has performed a measurement of the tt̄-pair production cross-
section in the dilepton final state using a lepton plus isolated track selection [8]. Although
the choice of requiring an isolated track rather than a fully identified lepton candidate
results in worse background, acceptance is significantly increased. Under the assumptions
Mt = 175 GeV and BR(W → lν) = 10.8% the measurement in this channel is translated
to a measurement of the total cross-section of σ(pp̄ → tt̄) = 9.0 ± 1.3(stat) ± 0.5(sys) ±
0.5(lumi) pb. This measurement is in good agreement with the SM prediction.

The D0 collaboration has recently performed measurements of pp̄ → tt̄ in lepton plus
jets final states using a neural network b-tagging algorithm and in dilepton final states [8].
The cross-section measured in the dilepton channel σ(pp̄ → tt̄) = 6.8+1.2

−1.1(stat)+0.9
−0.8(sys) ±

0.4(lumi) pb is the most precise measurement in this decay channel. A higher precision is
obtained in the `+ jets channel yielding σ(pp̄→ tt̄) = 8.3+0.6

−0.5(stat)+0.9
−1.0(sys)± 0.5(lumi) pb.

The precision of the CDF and D0 measurements is now approaching that of the theoretical
predictions.

Top quarks may also be singly produced via electroweak processes at the TeVatron. The
predicted NLO SM cross-section in the s-channel is σ(pp̄ → tb + X) = 0.88± 0.11 pb and
in the t-channel σ(pp̄→ tqb+X) = 1.98± 0.25 pb [13]. More recent calculations including
higher order soft gluon corrections are discussed in section 4.1. Single top quark events can
be used to study the Wtb coupling [14] and to measure the magnitude of the quark-mixing
matrix [15, 16] without assuming only three generations of quarks [17]. Although the single
top production cross-section is of a similar order to the top pair production cross-section,
the signal suffers from larger backgrounds (from W +jet, tt̄ and QCD multi-jet production).
As a result of this, sophisticated analysis techniques must be employed to extract a signal.

tb+tqb  Cross Section  [pb]
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Figure 5: Expected SM and measured
Bayesian posterior probability densities for
the tb + tqb cross-section obtained by the D0
collaboration. The shaded regions indicate
one standard deviation above and below the
peak positions.

The D0 collaboration has recently re-
ported evidence for single top production at
the 3.4 σ level [10]. Three different multi-
variate techniques were applied to 0.9 fb−1

of Run II data. The techniques used
were ‘boosted’ decision trees, the ‘matrix-
element’ method and Bayesian neural net-
works. The cross-section itself was ex-
tracted using a Bayesian approach based
on a binned likelihood over all bins and
channels of the discriminant variable from
each multivariate technique, separately for
tb+ tqb, tqb and tb analyses. All three mul-
tivariate techniques yield a non-zero cross-
section, however the decision tree measure-
ment is chosen for the main result since it
is able to rule out the background-only hy-
pothesis with greatest significance. The ex-
pected SM and measured posterior proba-
bilities for tb + tqb are shown in Figure 5. The total measured cross-section is σ(pp̄ →
tb + X, tqb + X) = 4.9 ± 1.4 pb. This measurement is used to extract 0.68 < |Vtb| ≤ 1 at
95% confidence level, without assuming CKM matrix unitarity.

The CDF collaboration has also performed a search for single top production using three
different multivariate techniques. The techniques used by CDF were likelihood discrimi-
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nants, Bayesian neural networks and the ‘matrix element’ method. The largest signal that
can be extracted comes from the matrix element technique and corresponds to a significance
of 2.6 σ. Figure 6 shows constraints on the Higgs arising from the most recent Mt and MW

measurements from TeVatron and results from LEP and SLD.

2.2.2 Top quark properties

80.3

80.4

80.5

150 175 200

mH [GeV]
114 300 1000

mt  [GeV]

m
W

  [
G

eV
]

68% CL

∆α

LEP1 and SLD
LEP2 and Tevatron (prel.)

Figure 6: Constraints on the Higgs from mea-
surements of MW and Mt.

Measurements of the top quark mass to-
gether with the W mass provide constraints
on the mass of the SM Higgs boson. Several
measurements of the top mass have been
performed recently at the TeVatron [9], us-
ing samples of pp̄ → tt̄ events. Template
methods, where an observable strongly cor-
related to Mt is compared to simulated sig-
nals for different values of Mt, are com-
monly used. In addition matrix element
analyses based on calculating the per event
probability density as a function of the mea-
surement given Mt and the multiplying the
likelihoods from all measurements are used.

The most precise measurements of Mt

from CDF and D0 have both been obtained
using the matrix element method in the
l + jets channel. A relative uncertainty of
approximately 1.5% is achieved, with CDF
obtaining 170.9 ± 2.5 GeV and D0 obtain-
ing 170.5± 2.7 GeV. The present TeVatron
combined result which also includes fully

hadronic tt̄ decay channel results and dilepton channel results is Mt = 170.9± 1.8 GeV.

The top quark charge has not yet been directly determined. One possible scenario is
that the discovered top quark is an exotic quark of charge 4e/3 while the top quark with
charge 2e/3 has mass 270 GeV and has not yet been observed (XM) [18]. The CDF and
D0 collaborations have both attempted to measure the charge of tops in tt̄ production using
t → bW , (W → lν) decays. In this case the charge of the W -decay lepton is measured
directly and the charge of the b−jet is measured using the momentum-weighted sum of the
charges of the tracks in the jet. The charge of the lepton and jet are multiplied together
and this distribution is compared to predictions from the SM and the XM. Using differing
statistical methods both D0 and CDF obtain results strongly favouring the SM.

Measurements have also been made of the W -helicity in top decays and of the top
branching fraction R = Br(t → bW )/Br(t → qW ) [9]. In both cases measurements from
CDF and D0 are consistent with the SM prediction.

2.3 Standard Model Higgs searches

The experimental search for the SM Higgs boson has been ongoing since the 1970s. Direct
limits from LEP suggest that the Higgs mass MH is greater than 114.4 GeV at 95% confi-
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dence level. Indirect measurements from EW fits to measurements of Mt and MW suggest
MH = 76+33

−24 GeV. Combining the LEP direct search data with the EW fits derive an
upper limit of MH < 182 GeV. New searches for the Higgs have been performed at the
TeVatron [19].

The dominant decay modes for the SM Higgs boson are H → bb̄ for MH < 135 GeV and
H →WW (∗) for MH > 135 GeV. This leads to a twofold search strategy at the TeVatron.
For MH < 135 GeV associated WH and ZH production with subsequent H → bb̄ are the
processes of choice. For MH > 135 GeV, gg → H production with subsequent WW (∗) decay
is the process searched for. The cross-section for ZH (WH) production at the TeVatron is
expected to be between 0.1 (0.2) pb and 0.01 (0.03) pb, while for gg → H it is expected to
be between 0.8 and 0.2 pb depending on the Higgs mass. In all channels discovery of the
Higgs remains immensely challenging; a considerable amount of effort has been invested in
making sure to cover as many Higgs decay channels as possible over a wide phase space.
New triggers and trigger algorithms have been developed by D0 and CDF, a large amount
of effort has been devoted to improving b-tagging in order to reduce backgrounds, and jet
energy corrections have been significantly improved yielding final results that have improved
by more than just the factor expected by scaling luminosity.
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Figure 7: The D0 combined observed and ex-
pected cross-section limits on Higgs produc-
tion, normalised to the SM prediction.

A variety of analyses have been applied
to CDF and D0 data [19]. Cut-based anal-
yses have been employed as well as more
sophisticated matrix-element- and neural-
network-based searches. No evidence for
Higgs production has been observed and
limits on the production cross-section com-
pared to the SM have been set. The best
individual limits have come from H →
WW → lνlν searches where the CDF and
D0 limits extend down to 3 − 4 times the
SM prediction. The combined D0 limits
are presented in Figure 7, showing that the
strongest limits are set on Higgs masses
around 160 GeV. With about 8 fb−1 of data
expected to be taken by each experiment by
the end of TeVatron running, improved sta-
tistical precision alone may not be sufficient to discover the Higgs, however considerable
work is still being done to improve the reach of the TeVatron experiments. Improvements
currently being studied include increasing lepton acceptance, further improving jet resolu-
tion and b-tagging as well as making more use of advanced analysis techniques such as those
used in the TeVatron single top production searches.

2.4 Flavour physics at the B-Factories

The B-factories at SLAC and KEK continue to perform strongly accumulating very high
statistics. Over 384 million BB events have been collected by the Babar experiment at
SLAC and over 535 million BB events by the Belle experiment at KEK. Both experiments
have made significant progress in studies of CP violation and rare decays.
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Figure 8: Constraints in the ρ-η plane from recent mea-
surements at B-factories

Recent measurements of the
angles [20] and sides of the uni-
tarity triangle [21] have improved
constraints in the ρ− η plane (see
Fig. 8). Not only has β(φ1) been
measured to a precision close to 1◦

and α(φ2) to around 10◦ but also
γ(φ3) angle, previously thought to
be beyond the reach of the B fac-
tories is already known to around
30◦. By the end of running the B
factories may be able to provide a

useful constraint on γ(φ3) .
Both Babar and Belle have studied a large number of rare B-decays as well as lepton

flavour violating and rare decays of the τ lepton [22], observing no deviations from the
SM and setting strong limits on new physics. Studies of τ → π−π0ντ indicate a difference
between the spectral function of the ππ system arising from tau decay compared to that
arising from e+e− → ππ. This is very interesting in the context of

gµ−2
2 measurements where

it is expected to be possible to evaluate the dominant part of hadronic vacuum polarisation
term in the theoretical calculation from the ππ spectral function in either e+e− or τ data.

On the theoretical side a new development has emerged by linking B and K physics
calculations with high-energy collider data. Particular examples are strong constraints on
Z-penguin dominated flavour-changing K and B decays, since the generic coupling Zdid̄j

of the Z boson to any kind of down-type quarks is related to the Zbb̄ coupling. The latter
mediates the Z → bb̄ decay so that severe limits can be derived from the LEP and SLC data
leading to significant suppressions of Z-penguin contributions [23].

3 Beyond the Standard Model

3.1 Model-independent searches

3.1.1 Events with isolated leptons and missing transverse momentum at HERA

Events with isolated leptons (electrons, muons and taus) and missing transverse momentum
were observed in the HERA I data (1994–2000) [24, 25, 26, 27]. The only SM process which
yields those events in ep collisions at HERA is single production of W bosons. Events
with large PXT , the transverse momentum of the hadronic final state, are of particular
interest. Although no significant deviation from the SM was found, some atypical events with
prominent jets have been observed in the electron and muon channels by the H1 collaboration
and in the tau channel by the ZEUS collaboration.

The H1 search for isolated leptons has been updated to include data from the whole
HERA I+II high-energy running 1994-2007 [28]. The overall yield of isolated leptons is in
agreement with the SM predictions, however at large values of PXT > 25 GeV, the region
sensitive to new physics, 21 electron or muon candidate events are observed in e+p data
where 8.9± 1.5 events are expected from the SM. No excess is observed in e−p data. In the
case of isolated tau leptons good agreement with the SM expectation is observed in all data
sets, however the sensitivity to new physics is less than in the muon and electron channel
due to the lower efficiency and purity.
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Figure 9: The efficiency of the H1 and ZEUS isolated
lepton searches for ep → eWX (left W → eνe, right
W → µνµ) events with PXT > 25 GeV as a function of
the lepton polar angle (θe,µ). The arrows in the figures
denote the H1 and ZEUS candidate events. The gen-
erated spectrum for ep → eWX Monte Carlo is also
shown.

The ZEUS collaboration has
performed a similar search to H1
in the electron and muon channels
on 432 pb−1 data from the 1996-
2007 running period [29]. Overall
the ZEUS data are in good agree-
ment with the SM predictions. For
PXT > 25 GeV no significant ex-
cess is observed in either e+p or
e−p data, a total of 6 (5) can-
didate electron (muon) events are
observed compared to a SM expec-
tation of 7.0± 0.7 (5.3± 0.6).

In order to understand the dif-
ferences between the ZEUS and
H1 searches a common H1-ZEUS
working group has been formed.
Comparisons of the efficiencies of

H1 and ZEUS searches as a function of PXT and as a function of the lepton polar angle θl
have been made. The comparisons of the efficiencies of the two searches as a function of PXT
show that the ZEUS and H1 have similar efficiency for selecting e±p → e±WX events at
high values of PXT . The more restricted phase space of the ZEUS search leads to a slightly
lower efficiency than the H1 search. Figure 9 shows that in regions of the lepton polar angle
θe,µ common to both analyses the efficiencies of the two searches are similar. The majority of
the H1 candidates lie within the ZEUS search acceptance, indicating that the ZEUS search
is also sensitive to physics which could be responsible for the H1 excess, such as R-Parity
violating supersymmetry [30].

3.1.2 Multi-lepton production at HERA

The main multi-lepton production mechanism at HERA is photon-photon collision. H1 has
performed a search for high transverse momentum ee, eee, µµ and eµµ topologies on the
full HERA I+II set of 456 pb−1 e±p data [31]. The invariant mass and summed scalar
transverse momentum distributions (ΣPT ), sensitive to new physics, for these classes of
events are observed to be overall in agreement with the SM. In the e+p data only, four
interesting events are observed with ΣPT > 100 GeV.

The ZEUS collaboration has performed a search for ee and eee topologies on 446 pb−1

e±p HERA I+II data [32]. The ZEUS search suffers from a higher background, mainly
arising from QED Compton events, than the H1 search. In both the ee and eee channels
the ZEUS data are in agreement with the SM expectation.

3.1.3 General BSM search at HERA

A model-independent search for deviations from the SM was previously performed by H1 [33],
using HERA I data. This search has been updated to the full HERA II data set [34],
corresponding to 178 pb−1 (159 pb−1) e+p (e−p) data. High PT final state configurations
involving electrons (e), muons (µ), jets (j), photons (γ) or neutrinos (ν) are considered.
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All final state configurations containing at least two such objects with PT > 20 GeV in the
central region of the detector are investigated and classified into exclusive event classes.
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Figure 10: The yields for the different event
classes in the H1 general search, on e+p, data
compared to the SM predictions.

The yields for the different classes for
the e+p data are shown in Figure 10. Data
events are found in 21 event classes each for
e+p and e−p data and good agreement is
observed between data and the SM expecta-
tions in most event classes. The largest dis-
agreement in yield is in the µ−j−ν topology
for the e+p data, corresponding to the ex-
cess discussed in section 3.1.1. A non-biased
statistical method is used to search for de-
viations of the data with respect to the SM
in the summed scalar transverse momentum
(
∑
PT ) and total invariant mass (Mall) dis-

tributions, sensitive to new physics, and to
quantify their significance. Good agreement
is observed in all event classes.

The data from the H1 general search has been added to QUAERO [35], providing a
public interface to H1 and D0 data. With this interface, it is possible to quickly test any
new physics models to data. The fact that the H1 general search covers all final states at
HERA makes it ideal for this purpose. The performance of QUAERO on H1 and D0 data
has been tested with example models such as leptoquark production and R parity violating
SUSY. New data from H1 can now be easily added.

3.1.4 Model-independent searches at the TeVatron

Several model independent searches have been performed at the TeVatron [36]. The CDF
collaboration has searched for Z bosons with high PT in 0.94 fb−1 of data. New physics
models to which the search is sensitive include right-handed heavy quarks, technicolor par-
ticles, gauginos, squarks and excited states resulting from large extra dimensions. High PT
Z bosons are searched for inclusively and in Z +X or Z + Y +X final states, where X and
Y can be leptons, photons, missing energy or large total transverse energy (HT ). For each
signature the observed PT (Z) spectrum and other distributions are compared with the SM
expectations. No significant variation from the SM is observed.

The CDF collaboration has also searched for heavy objects decaying into high PT dilep-
tons using 929 pb−1 of Run II data. Acceptance is maximised by including all three genera-
tions of leptons, loosening fiducial requirements and using loose PT requirements. b-tagging
is required in order to distinguish new physics involving the third generation quark. Dilep-
tons are searched for in association with X , where X may be large HT , high ET jets, b tags,
third leptons or large missing ET . The results show good agreement with the SM. To test
the reach of the search a cross-section limit on a 300 GeV right handed down type quark [37]
is set using the electron and muon channels only. The limit is 1.4 σQ where σQ = 0.289 pb
is the expected SM cross-section.
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3.2 SUSY searches

Supersymmetry (SUSY) is a popular extension of the SM. SUSY associates supersymmetric
partners (sparticles) with the known particles and unifies internal symmetries with Lorentz
invariance. Supersymmetric models provide solutions to many problems of the SM, such
as fine-tuning, unification and hierarchy, and predict spectacular final states in high-energy
particle collisions. Despite extensive studies at colliders and elsewhere, no trace of SUSY
has yet been found. Many new searches for signatures of SUSY have been performed at the
TeVatron [38]. Two of the most popular scenarios for searches are the minimal supersym-
metric extension of the SM (MSSM) and minimal Supergravity (mSUGRA).

Figure 11: Partially reconstructed
di-tau mass in the A → ττ CDF
search. The normalisation of back-
grounds and signal (MA = 160 GeV)
correspond to fit results for the signal
exclusion.

MSSM is the simplest realistic SUSY theory. It
requires two Higgs doublets resulting in a Higgs sec-
tor with two charged and three neutral scalar bosons.
Assuming CP -invariance, one of the neutral bosons
(A) is CP -odd, and the other two (h, H) are CP -
even. The Yukawa couplings of A to down-type par-
ticles (e.g. τ lepton or b quark) are enhanced by a
factor tanβ relative to the SM. The leading decay
modes of A and the corresponding degenerate CP -
even Higgs boson are φ → bb̄ (∼ 90%) and φ → ττ
(∼ 10%). Both CDF and D0 have searched in the ττ
decay channel, where the QCD background is lower.
The results of the CDF search in the τeτhad and
τµτhad channels combined are shown in Fig. 11. No
evidence for MA = 90−250 GeV is observed, a small
excess of events exists with a significance less than
2 σ when the entire mass range is considered. No ex-
cess above the expected backgrounds is observed in
the D0 search. The two experiments have set limits
within the framework of the MSSM for Higgs masses
in the range 90 to 250 GeV.

Associated χ̃±1 χ̃
0
2 production can lead to clean

multi-lepton final states when pp̄→ χ̃±1 χ̃
0
2 is followed

by χ̃0
2 → llχ̃0

1 and χ̃±1 → lνχ̃0
1. The CDF (D0) col-

laboration has performed 14 (6) searches respectively
for such final states each using up to 1.0 (1.1) fb−1 of
Run II data. No evidence for SUSY is observed and
limits have been set on the production cross-section
multiplied by the branching ratio to three leptons of 0.2 (0.08) pb for M(χ̃) = 140 GeV,
compared to expected limits of the order of 0.1 pb.

The D0 collaboration has also updated their search for scalar quark, q̃, and gluino, g̃,
production using their 1 fb−1 data set. An exclusion region as function of Mq̃ and Mg̃ was
derived, yielding lower mass limits of Mq̃ > 375 GeV and Mg̃ > 289 GeV, respectively.

3.3 Leptoquarks

Leptoquarks (LQs) are hypothetical bosons which couple to a lepton and a quark via a
Yukawa coupling (denoted λ). In the SM, both quarks and leptons occur in left-handed
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SU(2) doublets and right-handed SU(2) singlets. The symmetry between quarks and lep-
tons leads to the cancellation of triangle anomalies which make the SM renormalizable.
Leptoquarks appear in theories in which this symmetry is more fundamental.

Leptoquarks are colour triplets which would be pair-produced in either qq̄ or gg interac-
tions at pp̄ or pp colliders. Since LQs carry electroweak charge, they would also be produced
in e+e− collisions. Only SM gauge couplings are involved in pair-production of scalar LQs.
Therefore the cross-sections depend neither on the quark-lepton-LQ Yukawa coupling nor on
the quark and lepton generations to which the leptoquark couples. In contrast, leptoquarks
would be singly produced via the Yukawa coupling in lepton-quark collisions. Searches at
ep colliders are sensitive only to LQs which couple to electrons and the sensitivity to LQs
which couple to the second and third generation quarks is far below that of first-generation
LQs. Leptoquarks are usually (but not always) assumed to be generation diagonal. Mod-
els in which LQs couple to more than one generation of quarks or leptons would induce
flavour-changing neutral currents or lepton flavour violation (LFV), respectively.

LQs can be classified into 14 types with respect to the quantum numbers spin, isospin
and chirality within the framework of the Buchmüller-Rückl-Wyler (BRW) model [39]. Lep-
toquarks carry both lepton (L) and baryon (B) quantum numbers. The fermion number
F = L+ 3B is assumed to be conserved.

100 150 200 250 300 350 400
-310

-210

-110

1

100 150 200 250 300 350 400
-310

-210

-110

1

100 150 200 250 300 350 400
-310

-210

-110

1

100 150 200 250 300 350 400
-310

-210

-110

1

Exc
lud

ed
 at

 95
%

 C
L

H1

u)+ (eL
1/2S

u,d)+ (eR
1/2S

d)+ (e
L
1/2S~

 (GeV)LQm

1
eqλ= 1qτλ

F=0

Figure 12: Limits on the coupling con-
stants λτq1 = λeq1 as a function of the LQ
mass MLQ for F=0 scalar LQs. Regions
above the lines are excluded at 95% CL.
The notation q1 indicates that only pro-
cesses involving first generation quarks
are considered.

A search for pair-production of second gener-
ation leptoquarks has been performed by the D0
collaboration in the µνqq final state using 1 fb−1

of Run II data [36]. No evidence for leptoquark
production is observed, and a lower limit on the
leptoquark mass, MLQ > 214 GeV is set at 95%
confidence level for the scenario where β, the
branching fraction of the LQ to µq, is set to 0.5.

The H1 and ZEUS collaborations have previ-
ously searched for production of first generation
LQs [40, 41] in HERA I data, dominated by e+p
collision data. A new H1 search has been per-
formed on 92 pb−1 of e−p data from the 2004-05
running period [42]. No evidence for LQs is ob-
served, and limits have been set in the λ−MLQ

plane. For λ = (4πα)2 = 0.3 lower limits on
MLQ ranging from 276− 304 GeV have been set
for F = 2 LQs.

The H1 collaboration has searched for LFV
in ep collisions at HERA [43]. The LFV pro-
cesses ep→ µX and ep→ τX can be attributed
to LQs produced predominantly by electron-
quark fusion. The fermion number takes values

of F = 2 for e−q processes and F = 0 for e+q processes. ForMLQ well below the ep centre-of-
mass energy, the s channel production dominates. For MLQ greater than the centre-of-mass
energy the s and u channel processes become of equal importance. The BRW model assumes
lepton flavour conservation such that the LQs produced in ep collisions decay only to eX
or νeX final states. A general extension of the BRW model allows for the decay of LQs to
final states containing a lepton of different flavour (µ or τ) and a jet. Non-zero couplings to
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an eq pair and to a µq or τq pair are assumed.
In the H1 analysis, high PT muon and tau signatures are searched for and no evidence

for LFV is found. Limits on couplings to 14 different LQs as a function of MLQ are derived.
An example of the limits under the assumption that the tau- and electron-first generation
quark couplings are equal is shown in Figure 12. The H1 results are directly comparable
to previous limits set by ZEUS [44] and are found to be similar. Lower mass limits on the
first and second generation leptoquarks from hadron-hadron collisions extend up to about
250 GeV [45, 46], lower mass bounds from e+e− annihilation reach values of 100 GeV [47].

3.4 Other non-SUSY BSM models

The proliferation of fermions can naturally be explained if the SM fermions are composite,
in which case excited states may exist. A minimal extension [48, 49, 50] of the SM can incor-
porate excited fermions such as excited leptons (l∗). Considering only EW gauge mediated
interactions (GMI), the excitation part of the Lagrangian is:

LF∗F =
1

2Λ
F ∗Rσ

µν

[
gf
−→τ
2

−−→
Wµν + g′f ′

Y

2
Bµν

]
FL + h.c.,

where the new weights f and f ′ multiply the SM coupling constants g and g′ corresponding
to the weak SU(2) and electromagnetic U(1) sectors respectively. The corresponding gauge
boson fields are denoted by W and B, the matrix σµν = (i/2)[γµ, γν ], τ are the Pauli
matrices and Y is the hypercharge. The compositeness scale Λ reflects the range of the new
confinement force and, together with f and f ′, determines the production cross-section.
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Figure 13: H1 limits on the coupling as func-
tion of excited electron mass.

The H1 collaboration has recently per-
formed a search for excited leptons at
HERA using 434 pb−1 e±p data [51]. Both
excited neutrinos (ν∗) and excited electrons
(e∗) have been searched for. Sensitivity to
ν∗s is much higher in e−p collisions due
to helicity enhancement specific to CC like
processes and only the e−p data was used
to search for ν∗s. The search was performed
for the decay channels ν∗ → νγ, ν∗ → νZ
and ν∗ → We, using six subsequent de-
cay channels, covering approximately 90%
of the total branching fraction. No evidence
for ν∗s is observed and limits on the cross-
section are set and translated to limits in
the f/Λ–Mν∗ plane, with Mν∗ the mass of
the excited neutrino. The limits are set for
two scenarios: f = f ′ (no γν∗ν coupling)
and f = −f ′ (maximal γν∗ν coupling). For f = −f ′ and f/Λ = 1/Mν∗ , a lower limit of
Mν∗ > 211 GeV is obtained. These limits explore new domains and significantly improve
on previous LEP limits.

The full HERA I+II 434 pb−1 e±p data set was used in the e∗ search. The decay
channels e∗ → eγ, e→ eZ and e→ νW with subsequent hadronic decay of the weak bosons
were studied. In the case of f = −f ′ (no γe∗e coupling) the production cross-section is
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suppressed, therefore only the maximal γe∗e coupling case (f = f ′) was considered. No
excess over the SM is observed in the data and limits are set in the f/Λ-Me∗ plane. For
f/Λ = 1/Me∗ a lower bound of Me∗ > 273 GeV is set. Figure 13 shows these results in
comparison with limits obtained at the TeVatron assuming that the excited electrons are
only produced via GMI.

At the TeVatron production of excited leptons is dominated by contact interactions
rather than GMI. A search for e∗ → eγ has been performed by the D0 collaboration [36]
using 1.0 fb−1 of Run II data. Limits have been set in the Λ-Me∗ plane, yielding a lower
mass limit of Me∗ > 756 GeV for a compositeness scale of Λ = 1 TeV.
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Figure 14: ZEUS limits on the quark radius
obtained using the CI search. The points show
the ratio of the data to the SM predictions in
bins of Q2. The expected deviation for the
derived quark radius limits are also shown.

The ZEUS collaboration has exploited
the precision of their high Q2 NC DIS mea-
surements to search for new physics within
the framework of four-fermion contact inter-
actions (CIs) [52]. The addition of CIs adds
new terms to the NC SM Lagrangian. By
comparing the deviations of the data from
the SM predictions and parametrising pos-
sible effects using the CI formalism limits
are set on contact interactions themselves
and various other specific models, such as
heavy leptoquarks, large extra dimensions
and finite-radius quarks. An example of the
limits expressed in terms of the quark ra-
dius is shown in Figure 14, an upper limit
of 0.67× 10−4 fm is set.

A host of other BSM searches too numerous to cover in detail here has been performed
at the TeVatron [36]. Models such as fourth generation quarks, extra gauge bosons (W ′ and
Z ′) and extra dimensions have all been tested and no evidence for new physics has been
found.

4 A theoretical perspective

4.1 Single top production and top decay

Recent calculations for single top production at the LHC and TeVatron [53] have applied
NNNLO soft-gluon corrections, leading to corrections of the order of 3 − 3.5% relative to
NNLO calculations. For all channels at TeVatron the cross-sections for single top and single
anti-top production are identical, whereas at the LHC the cross-section in the s and t
channels is larger for single top production than for anti-top production.

Single top production and top decay including spin correlations have been recently im-
plemented in the event generator MC@NLO [54]. For this implementation the NLO single
top production had to be computed using the FKS subtraction method [55] and MC counter
terms had to be calculated. Studies of spin correlations in (single) top decay can determine
the handedness of the electroweak coupling of the top. The top-spin is very strongly corre-
lated to the decay lepton production making it possible to measure the coupling. Angular
correlations in top decay were implemented in MC@NLO precise to NLO for real (hard)
emissions and LO for soft or collinear emissions. The effect of the spin correlations on the
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lepton decay angle relative to the hardest jet which does not contain a stable b hadron is
shown in Figure 15.

Figure 15: Effect of spin correlations on the
lepton decay angle θ relative to the hardest
jet which does not contain a stable b hadron
for single t/t̄ production at the TeVatron.

Single top studies have also been
preformed using the Monte Carlo code
MCFM [56]. MCFM has been extended to
include the three single top channels and
correctly deal with the full spin correlation
of the leptonic decay of the top. Soft and
collinear divergences were treated accord-
ing to the subtraction method of Catani,
Dittmaier, Seymour and Trócsányi [57].

5 Future colliders

5.1 LHC physics prospects

With the LHC-era fast approaching, many
studies have been performed on the physics-
reach of the LHC experiments using the
first two years of data [58]. It is reason-
able to expect data sets of approximately
5 fb−1 providing machine schedules are ad-
hered to. Although the initial emphasis of

LHC physics will be on understanding detector performance and SM processes there will
be sensitivity to new physics. In the case of high mass di-lepton resonances, Z ′(W ′), where
the background is low the prospects of an early discovery are good for new physics in the
TeV mass region. Both ATLAS and CMS could start to probe SUSY at 1 − 2 TeV and
there would be high potential for BSM physics discoveries such as Majorana neutrinos and
technicolor. It is possible that the H → WW channel will allow evidence of a SM Higgs
boson at MH ∼ 165 GeV with 1 fb−1 luminosity, while the H → ZZ channel will allow
discovery in the mass range 190− 450 GeV with 4 fb−1. At least 10 fb−1 would be required
for a MSSM Higgs 5 σ discovery.

The sensitivity of the LHC searches are affected by the precision to which the proton par-
ton distribution functions (PDFs) are known [59]. Uncertainties on the PDFs lead directly
to uncertainties on both SM processes such as W , Z, t and H production and BSM processes
such as hH+ and aH+ production in the MSSM. The new CTEQ6.5M PDF shifts the total
cross-section, σtot relative to CTEQ6.1M by similar magnitudes to the PDF uncertainties,
cross-sections for specific new physics processes are also modified by up to 20%. With this
in mind it is clear that further precision measurements of the PDFs will be of significant
value to searches at the LHC.

Electroweak and top quark measurements will be amongst the first studied by both
ATLAS [60] and CMS [61]. Large W and Z boson samples should be accrued in early
running offering valuable tools for the understanding of the performance of the detectors.
With sufficiently precise PDFs the W and Z production processes could be used to check
luminosity measurements. tt̄ production will provide useful samples for jet energy scale and
b-tagging efficiency. Early and basic W , Z and top measurements could be made using
100 pb−1 to 1 fb−1 of data. Indeed with only 1 fb−1 of data, CMS expect their precision to
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already be dominated by systematics in their measurements of W and Z production.

5.2 ILC physics prospects

A future high energy linear e+e− collider such as the ILC could complement results from
the LHC [62]. If one considers a scenario where EW symmetry breaking is realised through
the Higgs mechanism and where low energy SUSY exists, then the prospective measure-
ments from the ILC would greatly enhance knowledge obtained from LHC measurements.
In such a scenario the LHC experiments would likely discover the Higgs and explore the
strongly-interacting SUSY sector (squarks and gluinos) and make measurements of moder-
ate precision that many of which will be model-dependent. The ILC would then be able
to make high precision measurements of the Higgs sector and a detailed exploration of the
electroweakly interacting SUSY sector (sleptons and gauginos). In addition there would be
possible discoveries in regions of parameter space to which the LHC would not be sensitive.

There are several examples of possible measurements at ILC which will not be possible
at the LHC. The ILC can detect the Higgs boson independent of the decay mode even if
it decays into invisible particles, using the recoil mass spectrum in ZH → (ee, µµ)X . The
ILC can also establish the spin of the Higgs. The sensitivity to the electroweakly interacting
SUSY sector with clean signatures and low backgrounds makes precise SUSY spectroscopy
possible at the ILC. The physical observables within the LHC and ILC reach would make it
possible to constrain the SUSY Lagrangian. With many other possible physics topics to be
searched for at the ILC, it is clear that the ILC is likely to greatly increase our knowledge
of the electroweak sector and possible BSM scenarios.

6 Conclusion and outlook

This is an exciting time for EW and BSM physics. With high energy HERA running finished
the H1 and ZEUS collaborations are beginning to produce their final statements on many
searches for new physics, so far the SM is holding up well. The polarised running of HERA II
has been a success, resulting in increasingly precise constraints from the HERA experiments
on EW parameters. The performance of the TeVatron in Run II has been excellent and
this has been reflected in a clutch of impressive results. The high precision measurement of
MW together with improving Mt determination is reflected in stronger constraints on the
SM Higgs boson mass. Direct searches for the SM Higgs boson an new physics are showing
ever improving sensitivity. With an order of magnitude more data statistics expected by
the end of Run II, TeVatron data could yet yield the discovery of the Higgs. We await the
imminent start of the LHC-era. Though early work will focus on detector-commissioning
and calibration using standard candles, it will be possible to search previously unexplored
regions of phase-space for new physics with the first two years of LHC data.
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