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1. Introduction

The timing of this presentation is rather awkward, sinceltHE has progressed slower than
anticipated. We cannot yet relish the excitement to dismesssurements of Standard Model cross-
sections at world record collision energies. On the othedhwe have the great fortune of breath-
taking theoretical developments, which have created grgagctations for the future, when high
quality LHC data will become available. A modern “theory okition” has arrived, with new
insights about the perturbative structure of gauge theaial theoretical predictions for collider
experiments. In this talk new methods for one-loop caltutat and their applications to multi-
particle production cross-sections at the Tevatron and_-H€ will be discussed. Experimental
measurements of precision observables from LEP, HERA, TER®@N and the LHC, for which
theory predictions at next-to-next-to-leading are atddawill also be analyzed. The outline of the
talk is as follows:

e One-loop amplitudes,

Final states with many particles at the Tevatron and the LHC,

Jet Algorithms,

NNLO theory,

Jet physics at LEP, and the determination of the strong caypl

Deep Inelasting Scattering at HERA,

Parton distribution functions for the Tevatron and the LHC,

e Drell-Yan and Higgs production at the Tevatron and the LHC.

Many other topics are worth to be added to the above list. THagg been ommitted due to lack of
time or the speaker’s ignorance.

2. One-loop amplitudes from trees and “masters”

Quantum field theories are tested for their mathematicékselsistency by studying loop ef-
fects. At a practical level, trustworthy quantitative thetecal predictions for the rates of particle
processes can only be derived when loop corrections are tatkeaccount. Almost all phenomeno-
logical comparisons between theory and data at moderrdeolixperiments are performed with
using at least the next-to-leading order approximationeriysbation theory.

For decades we believed that different and more complicaigitiematical structures emerge
at each higher order in perturbation theory. Consequehiymethods for tree level computations
would be insufficient for one-loop amplitudes. Recentlyeatmaordinary discovery has been made:
The one-loop integrals which are needed to determine arl@sgamplitude form a basis of master
integrals which has already been computed in a scalar fieddh The coefficients of the master integrals are sums ¢
The existence of a scalar basis of master integrals was piaveady three decades ago, by Pas-
sarino and Veltman [1]. The linear combinations which cgpmd to one-loop amplitudes re-
mained until recently mysterious.
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Symbolically, we write

%:m ) 7+03 Q +c §Q% +c1© 2.1

where on the right side of the equation appear scalar ifgegith one, two, three, and four propa-

gators (master integrals). Integrals with a number of pyapas greater than four never appear in
four dimensions, irrespective of the number of externat leigthe amplitude [2, 3]. Passarino and
Veltman and later other authors [4] presented algorithmiedace the tensor integrals emerging in
gauge theory one-loop amplitudes to scalar integralsym@teng the master integral coefficients

G.

These methods have been steadily improved over the yeararanery powerful [5]. How-
ever, they are very difficult to apply to one-loop amplitudésncreasing complexity, since their
computational cost scales als wheren is the external states of the amplitude. Not only the num-
ber of diagrams increases very rapidly with increasing tivalver of external legs, but, in addition,
each diagram requires a large number of integrals to be cmdpRecall the complexity of

e the Feynman rules in gauge theory

Ya99= 12 [y (P1 — P2)"3 + Oupui (P2 — P)ML + Qugyy (P3 — P12

e and the algebra off matrices, colour algrebra, etc.
Tr(y#1y#2) = 1 term

Tr(yH1...yH8) = 105 terms
Tr(yHL ... yH14) = 26931 terms

The large algebraic complexity of the problem is humbling.

At the Tevatron, we have an abundance of events with thresrgend number of jets. At LHC
energies, there is room in the phase-space for an even lawgaer of jets. Such processes will
be of special importance for the discovery of novel heavyiglas, which are pair produced. With
traditional methods, the evaluation of many of the requived-loop amplitudes is prohibitive.
Besides their practical limitations, traditional methddse a disturbing theoretical handicap. The
coefficientsc; emerge at the end of a long calculation as mysterious matiehquantities with
unclear physical meaning.

In the 90s, Bern, Dixon, Dunbar and Kosower developed angipidea. Tree amplitudes
should not only determine the leading order approximatiopdrtubation theory, but they can be
used also to obtain more complicated amplitudes at highgersr In their approach, they would
unravel the mathematical mechanism by which a gauge theopjitade satisfied the conditions
of unitarity, and turn it into a powerful method to simplifig ianalytic evaluation [6].

An ansatz for the integrand of one-loop amplitudes as a taafuwo tree amplitudes,

/
~ d 1 —
%‘f e ;C I (22)
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is consistent with the Cutkosky rules when two of the propagaare cut. Many advantages are
offered when tree amplitudes are used as input for the iategrUnlike expressions for one-loop
Feynman diagrams, gauge invariance is manifest. The esiprefor the input product of tree
amplitudes could be simple, by using spinor variables, @pitdentities, and tree-level recursion
relations. The task of integrating out the unitarity tagldrintegrands was often simple, leading to
impressive NLO computations [7].

An important issue in this approach was to ascertain thaitarity inspired integrand would
yield the full result for an one-loop amplitude. Some patdht missing terms could be captured
by considering all other double cuts of the amplitude,

%:]ddkm \;::{ 03

fA

Other terms which originated from a mismach of dimensionth@integrand, where tree ampli-
tudes were usually taken in four dimensions, and the integraneasure which, in dimensional
regularization, is required to be I dimensions. Clever theory input from the factorized linfit o
the one-loop amplitude in the limit of collinear externajdenvould provide additional information
to reconstruct the full result.

The advent of unitarity method in the 90s was constituted rg g@gnificant progress and
offered a largely orthogonal view of the promlem of calcmgtone-loop amplitudes. In this ap-
proach, tree amplitudes were an essential ingredient afékiorder in the perturbative expansion.
However, a direct relation of tree amplitudes to mastemjratiecoefficients was lacking. Such a
connection was first discovered by Britto, Cachazo and Fer&p04 [8]. They realized that the
coefficentcy of the box master integral in Eq. 2.1 is simply the productafrftree amplitudes,

evaluated at complex momenta:
Y\
Cqp =
'/x_ ,&

Two of the external momenta in the tree-amplitudes of thdfictent correspond to values of
the loop momenta for which all four propagators of the box teramtegral are on-shell. This

(2.4)
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discovery was suggestive that the coefficients of the reinimaster integrals, tadpoles, bubbles,
and triangles, could also be related to tree amplitudes. edewthe explicit relation remained for
a little longer uncovered and required an important bréakigh.

In aremarkable paper [9], Ossola, Pittau and Papadopordegipd a most general expression
for the integrand of arbitrary one-loop amplitudes in tewhs& small number of known rational
functionsf;, ﬁ of the loop momentum,

d
iﬁ -/ s [‘mk)*C3f3<k)+c2f2<k>+clf1<k>

Eafa(k) + E3fa(k) + & fa(k) + & fa(k) | (2.5)

The independent functions of the integrand are constraioeddsmall number by simple power
counting arguments. The functiofisintegrate to zero. The remaining functions integrate ttesca
master integralsf, integrates to the box master integréy yields the triangle master integral, and
so on. The knowledge of the basis functions for the integranders unnecessary any integration
or integral recurrence relations in order to find the coeffits of the master integrals. Thg¢;
can be determined algebraically by evaluating the inteyedra sufficient number of values for the
loop momentunk, and inverting a system of equations. In the same publicgéih Ossola, Pittau
and Papadopoulos suggested to choose values for the looemmhich set four, three, two, or
one propagator at a time on their shell. This results to sesysif equations for the coefficients
Gi, € which is very easy to diagonalize.

Ellis, Giele and Kunszt observed that the expression forothe-loop integrand becomes a
product of tree amplitudes when it is evaluated for momeniteres loop propagators are on-
shell [11]. The master integral coefficients are therefaredr combinations of products of tree
amplitudes which are derived by an easy to solve, almosbdelgab initio, system of equations.

A naive application of the above ideas leads to incompleselt® for the majority of one-
loop amplitudes which exhibit ultraviolet divergences. eTold problem of a mismatch in the
D-dimensional loop integration and tree amplitudes bewvajuated in four dimensions is present
here as well, and it results to missing some non-logarittgrims from the result of the amplitude.
These require a second calculation. A few approaches hame devised, deriving specialized
tree-like recursion relations [12] or Feynman rules [13]domputing the rational part of one-loop
amplitudes. Ellis, Giele, Kunszt and Melnikov developedcetegant method to reconstruct the full
dependence of an one-loop amplitudeDirdimensions [14, 15], by carrying out the evaluation of
its master integral coefficients from tree-amplitudes ie Bind six dimensions.

The discovery of an explicit cross-order relation for thepéitades at the leading order and the
next-to-leading order in perturbation theory is breakiegviground. As we shall describe shortly,
it gives great promise for performing precise simulatiohgamplicated collider processes. An
important promise for a deeper understanding of the streiafithe perturbative series in gauge
theories is also made. The follow up theoretical breaktjinsucould be equally or even more
important.
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Tree amplitudes in gauge theories can be obtained veryegftigifrom simpler amplitudes
of smaller multiplicity with recursion methods (Berendsel® [16]; Britto, Cachazo, Feng, Wit-
ten [17]). With the discovery of cross-order relations veh&ree amplitudes and known master
integral functions make up the full result for one-loop aitules, the same recursion relations
enable the computation of extraordinarily difficult onejoamplitudes. Powerful programs have
been written which are able to compute one-loop amplitudeshie scattering of as many as 20
or more gluons [18—-20]. Such complicated mathematicalotdjeequired computations that they
could last longer than the age of the universe with trad#ionethods.

For the needs of the LHC a number of24 and even 2- 5 processes are required with next-
to-leading order accuracy. A list of processes of interastlieen identified by the theoetical and
experimental community in a series of conferences at Leshiai[21]. A few years ago, the Les
Houches NLO wish-lists appeared to be an enormous chalteniipe theory community, leaving
most theorists sceptical about the feasibility of the uateng. In a recent “proof of principle”
paper, numerical results for all one-loop amplitudes ofltee Houches 2- 4 processesgf] —
ttbb, bbbb, WHW—bb, ttgg, g — W gggZggg were published [22].

3. Final states with many particles at the Tevatron and the LHC

A significant amount of work and further development of nempater programs are required
to obtain NLO cross-sections for fully automated crosgisas of so complicated processes. The-
oretically well understood ingredients of NLO calculasiprsuch as the cancelation of infrared
divergences from real radiation, need optimization andraatization. It is clear, however, that a
complete automatization of NLO calculations is at sight taasible.

Currently some of the challenging processes in the wiglatesticked out! A beautiful demon-
stration of the power of the new techniques has been the &iedorce” evaluation, by two groups
(the BlackHat and Rocket collaborations), of the crossi@edor the production of &/-boson in
association with three jets at the Tevatron and the LHC [2]3, 2

The front of 2— 4 NLO computations for hadron colliders has been first crdakith tradi-
tional methods which evaluate Feynman diagrams and areaseton unitarity. In a spectacular
computation, Bredenstein, Denner, Dittmaier and Pozzodmputed the NLO cross-section for
the procespp — ttbb [25]. This calculation demostrates the maturity of tramtitil methods and
the level of sophistication that they have reached.

What can we hope for in the future? Obviously we will never ble o compute more com-
plicated processes at NLO than what we can achieve at leaddey, currently processes with
seven or eight particles in the final state. It is realistiexpect that forthcoming NLO programs,
based on either unitarity methods or more traditional Feamuliagramatic methods, will be able
to evaluate all interesting cross-sections fer2l processes at the Tevatron and the LHC. Itis very
unlikely that Feynman diagram methods can be extended tegses with higher multiplicity.
Nevertheless, unitarity methods are very promising to tmxoapable in the future of-2 5 and,
perhaps 2— 6 processes. We are just at the start of a new era of preciseetival predictions for
multiparticle production at the LHC.

The importance of these NLO calculations for phenomenolegyeat. Leading order cross-
sections for high multiplicity processes are very uncartdue to their dependence on the strong
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coupling at a high power. 1t is first at NLO, where a quantiatestimate of the cross-section
may be attained. The magnitude of NLO radiative correctiomgs out to be often rather large,
as for example in the procegm — ttbb [25]. With new results at hand for NLO cross-sections
it has become more obvious that a guesswork of higher ordezatons is extremely dfficult and
unreliable. K-factors can be variable in phase-space [23, 24]. Novel No@putations will be

a theoretical cornesrtone for the estimation of the sizeaskbround processes in comparison to
new physics signals at the LHC.

4. Jet algorithms and Infrared safety

Perturbation theory is the only method available to descpbenomena at high energy colli-
sion experiments. However, its applicability is restritte a small set of observables which are
“infrared safe”. Higher order calculations rely on a deicaancelation of infrared singularities in
virtual corrections against real radiation configuratiohshe same perturbative order which have
an indistinguishable final state below a certain resoluti@t algorithms in a perturbative calcula-
tion cluster partons into jets. Virtual and real configurasi which have opposite singularities must
be clustered under the same jet multiplicity for a finite teube obtained.

Unfortunately, jet measurements at hadron colliders wehg rarely performed with infrared
safe algorithms. It is remarkable that the prediction ofhe3jets rate as measured at the Tevatron
cannot be compared with the recently obtained NLO the@etimss-sections due to the use of
infrared unsafe algorithm. Programs for jet observabldiat order perturbation theory literally
return NAN when the cancelation of infrared singularitiesot achieved. It is crucial that at the
LHC era infrared safe algorithms are used.

In the last couple of years, Cacciari, Salam, and Soyez geodva fast implementation of re-
combination algorithms, which are infrared safe, and dged an infrared safe cone algorithm
(SIScone) [26—29]. Cone algorithms have the advantage efyasimple geometry for jets, allow-
ing easier estimates of the underlying event and hadtdoizaffects. However, the fast implemen-
tation of recombination algorithms allows for Monte-Camethods to estimate jet areas. Recently
a new recombination algorithm has been developed by the aathers, the anti algorithm, with
“perfect cone” jet geometry.

A jet algorithm can be more useful than a mundane definitiowltdt a jet is. A felxibility
to employ diverse infrared safe algorithms is necessargedilifferent algorithms may have varied
diagnostic for the discovery of new physics.

A beautiful example is shown in a recent paper by Butterwd@tvison, Rubin and Salam [30].
The discovery of a Higgs boson in association with electakvgauge bosons

pp— VH — Vbb

has been considered to be very difficult at the LHC. Theseoasigexploit that a heavy jet from the
decay of a Higgs boson with high transverse momentum hasraathéstic substructure, contain-
ing bothb—quarks, with a different angular dependence than the veguint QCD splitting of a
gluon to b-quarks. In that case, the Aachen-Cambridge rbtwtion algorithm captures best the
differences of the QCD versus the Higgs splitting. Now, wiitis method, this channel is a realistic
discovery channel of the Higgs boson at the LHC.
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5. The NNLO front

The precision of measurements at collider experimentsténaxcellent. On the other hand,
perturbation theory is often slow at work, with the first @mtion after the leading order being too
large and too uncertain. This necessitates the evaluati@uiative corrections at the next-to-next-
to-leading order.

The task of computing NNLO cross-sections is herculean. mdd therefore need to con-
sider carefully their utility. What is then an NNLO wishf’stModern collider experiments al-
low for superb determinations of production rates of sinugticles or particle pairs. All these
measurements need to be confronted with accurate predictibor hadron colliders, almost all
cross-sections for 2» 1 and 2— 2 processes must be computed at NNLO. The LEP, HERA, the
TEVATRON and the LHC call for NNLO phenomenology.

Methods for the evaluation of two-loop amplitudes are pdwegrlthough such calculations
remain a formidable task. A much more challenging task at ®N& the cancelation of infrared
divergences of real and virtual radiation. Gehrmann-ded&idGehrmann, Glover and Heinrich
developed a universal method for the cancelation of maexaent singularities through NNLO
for lepton collider processes [31, 32]. This method wasr letgiewed by Weinzierl where an
intricate correction was made [33].

This effort produced the most spectacular calculationsenupbative QCD, where the three-
jet rate and event shapes at LEP are evaluated through NNL-€343. Jet LEP data is described
excellently with a synthesis of fixed order QCD and electrakveorrections, resummation of log-
arithms and taking into account hadronization effects. aesof the art extraction of the value of
the strong coupling by comparing LEP data with the new NNL&uleand NLL resummation, by
Dissertori, Gehrmann-de Ridder, Gehrmann, Glover, Heintiuisoni and Stelzer [35]. This leads
to the value

as(My) = 0.1224+ 0.0009 stat) + 0.0009exp) + 0.0012had) + 0.0035theg)  (5.1)

A very precise determination afs has also been performed by Becher and Schwartz from the
NNLO fixed order calculation of the thrust distribution anery accurate resummation methods
based on soft collinear effective theory [36].

6. The legacy of HERA and parton densities for the Tevatron ad the LHC

HERA experiments made tremendous contributions in unaledgtg QCD and the proton.
The corresponding theory has been pushed to extreme recislitarelli-Parisi parton evaluation
kernels have been computed thgrough NNLO, and structuiiéuns thgrough NNNLO, in heroci
calculations by Moch, Vogt and Vermaseren [37—-40]. An expental highlight at the end of the
HERA era was the measurementrpfwhich is directly sensitive to the gluon density.

HERA's heritage of parton distribution functions is of pa@unt importance for both the
Tevatron and the LHC. Several collaborations have puldisipelated parton densitites providing
valuable input for precise hadron collider phenomenoldggcently, new ideas have emerged on
the extraction of parton densities from experimental dasing Artificial Neural Network meth-
ods [41]. In addition, several improvements have been madihe theoretical treatment of the
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error estimation, leading to more realistic uncertaintiéé& should note that in the course of the
last few years, changes in parton densities were in somerieraases rather significant [42].

7. From the Tevatron to the LHC

The Tevatron has single handedly carried out experimemtati the highest energies during
the last decade. A large number of studies of extraordinagjity have been performed, preparing
solid ground for the anticipated discoveries of the comiagadie. Indicatively, we shall discuss two
processes that have preoccupied the Tevatron experimahisith undoubtely be of high interest
at the LHC.

The Drell-Yan process of W and Z boson production has a clegralswhich allows for high
precision measurements at a hadron collider environmehts grocess is a valuable source of
information. Already at the Tevatron, it has been used irotd determine the luminosity. At the
LHC, it is anticipated to be the main method for luminositymtoring. Tevatron data for Drell-
Yan production is used in global analyses for the deternanaif parton densities. The Drell-Yan
process is our window to electroweak physics at a hadroideglland can be used to determine
electroweak parameters such as the W-mass and the Winbgley @&mazingly, the Tevatron has
produced one of the most accurate determinations of the ¥&méanich is comparable in precision
with the one of the LEP experiments.

The Drell-Yan process can be simulated very accurately by ®IRQCD theory. Fully differ-
ential cross-sections are computed at this perturbativerdd3, 44], with a typical scale variation
of less than 2%. We remark that a future calculation of mix&D@nd QED corrections, is desired
for the W-mass measurement.

The Tevatron experiments have embarked into a vigorousiséar the Higgs boson. Exclu-
sion limits on the cross-section are close to the StandamdEMaredition, and in a very small mass
region around twice the mass of the W-boson they are smalle.sensitivity in this mass range
is almost entirely due to the gluon fusion process. Somlaittd experimental analyses, exploiting
efficiently kinematic differences of signal and backgroyrdcesses with multivariate statistical
methods, have been developed and implemented by both CDB@&nd

The exclusion of the Higgs boson fox, ~ 2myy, relies substantially on signal theory predic-
tions. Total and fully differential cross-sections are goed through NNLO. Unlike Drell-Yan
production, NNLO theory is not as precise. The perturbatemes converges rather slowly, and the
magnitude of the corrections is sensitive to selection whigh limit to small transverse momenta
associated jet radiation in central detector regions.

The gluon fusion cross-section is very sensitive to themhllistribution function of the proton.
Only the MSTW pdf sets have an NNLO evolution and fit TEVATR@dtl glata, which constrains
the gluon partons at high Bjorken-Essentially, these two conditions render MSTW pdfs the onl
available choice for parton densities to be used for thergfusion cross-section [42]. During the
last few years, these sets have changed significantly intarsgtic effort to estimate realistically
the uncertainty of the parton densities. Recently, it bec@ssible to estimate consistently the
additional error due to the uncertainty on the value of tmenst coupling constant [45]. This
enlarges the uncertainty in comparison to the estimatied usthe experimental analysis.
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The differential nature of multivariate techniques neitatss a very careful study of the sta-
bility of experimental acceptances with higher order odioms. It is found that Jet-veto and lepton
isolation efficiencies can vary with the use of differenttparshower Monte-Carlo programs for
the Tevatron setups [46]. In the experimental analysiemi@l Higgs signal events are subjected
to different selections according to the number of cenetd jn the event. Separate theoretical
predictions for each jet multiplicity are required, sintede cannot be deduced from the total
cross-section and parton showers reliably. We remark,vitngt detailed neural network studies
which are very close to the experimental setup can be peeirat NNLO [46]. These studies
need to be adopted as part of the official analysis from thatfew collaborations in the future.

8. Outlook

Our abilities in simulating precisely collider processesdgrown tremendously. New com-
putational methods at NLO are extremely powerful. A clagiéce of theoretical work has been
made in calculating one-loop amplitudes in gauge theofiéss work will become part of future
field theory books. Phenomenology has moved to a preciseregen at the most difficult condi-
tions which prevail at hadron collider experiments. Theiemeady to take on the big challenge of
finding new physics signals convincingly in hadron collideta.
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