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1. Introduction

Today we face many fundamental questions, some of whichrarendby experimental data,
such as the question about the mechanism of electroweak gginetry breaking, the nature of
dark matter, and the physics associated with the vacuunggras well as questions that are driven
by theoretical curiosity and ambition, which are in essgmopelled by our hope that there is an
elegant structure behind what we observe in nature. Quastibthe latter type include why there
are three generations, what causes the hierarchy of fermémses and mixing, and how the strong
CP problem is resolved. While questions of the first type deeteadefinite answer, this is not
necessarily the case for the questions of the second typerefbine those might not even be the
right questions to ask. With the start of the LHC we feel thatare at a verge of big changes, the
depth of which we can not assess yet. Indeed, the LHC markstdahteof a long research program
and experiments at the LHC are expected to revolutionizeuaderstanding of the fundamental
forces and matter. The LHC will definitely explore the origihmass and the associated nature of
EW symmetry breaking. In the course of this, it might alsaniinate the nature of dark matter and
the origin of the matter-antimatter asymmetry. It may alsplare the physics that underlies the
evolution of the early universe. While it is clear that theCkill not answer all the fundamental
guestions that we have, the questions we ask now will moslylishange after the LHC era. It is
therefore really a great and unique time to be a particleipisgsand the “wind of change” was, |
believe, particularly strong at this conference.

Since the beginning of its run in 2010, the LHC has been reatdeksuccessful. ATLAS
and CMS collected around 45 pbin 2010, more than 1 fot by July 2011, the time of this
conference, and more than 5fbby the write-up of these proceedings. Lately, almost every
week has marked a new record in instantaneous luminosityh iMe 2010 and early 2011 data
remarkably, all major Standard Model (SM) processes haeady been re-established, including
single-top and di-boson production, challenging measargm(because of the small/large cross
sections/backgrounds) that have been performed at thar@evanly in recent years. By now,
we have entered a new territory in the search of physics lketiom SM (BSM) with sensitivities
already well exceeding those of LEP and the Tevatron.

One important question concerns the role of QCD for LHC mesmsants and new-physics
searches. Understanding how QCD works is essential in ¢oderake accurate predictions for
both the signal and background processes. This typicaljyires complex calculations to higher
orders in the perturbative expansion of the coupling canstdnderstanding QCD dynamics can
however also help reduce backgrounds and sharpen thauseatthe signal. This can for instance
be achieved by designing better observables, by employipmariate jet algorithms, by using jet-
substructure, or by exploiting properties of boosted kiates. Finally, once discovery is made,
QCD will be crucial to extract the properties (masses, sgind couplings) of the new states found.
Therefore, at the LHC, no matter what physics you do, QCD Ivglpart of your life.

It is interesting to first recall a recent measurement that thva origin of considerable excite-
ment. In April 2011, CDF reported the observation of a peathem;; distribution inW + dijet
events [1]. The first measurement had.ad3significance, and was based o34b—!. Subse-
quently, more data (3 fb~1) has been analyzed, leading to a significance of more toaf2}l
Since then, a large number of tentative BSM explanationgagal on the arXiv, along with a few
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SM analysis that address the question of whether this effatbe attributed to a mismodelling of
one of the SM backgrounds (in particular single top) [3, 4,Bje excitement was curbed shortly
before this conference, when DO announced that it did ndircothe excess seen by CDF [6]. It
is yet unclear what the reasons for the discrepancy betwBénadd DO findings are, if any. How-
ever, this example demonstrates that even in the case wherelentifies a mass peak in the tail
of a distribution (a scenario that was considered “an easyoslery”) a robust control of SM back-
grounds remains mandatory, in particular when the shapeedbackgrounds is one of the issues.
Currently we have a number of other recent measurementdlidec@xperiments that report a few
deviations from the SM predictions. This is for instance thse for the top forward-backward
asymmetry measured by both CDF [7] and DO [8], for the dimuuarge asymmetry measured by
DO [9], for W + b measured by DO [10], and a few more.

The important question becomes then what the tools at oposkd are to make precise pre-
dictions, and whether we have the solid control of backgdsuthat is needed in order to claim
discoveries. In the following, | will review the current &ia of our tools, and will discuss a few
recent ideas to further improve on the way we perform tectliyichallenging calculations.

2. Perturbativetools

The range of physics analyses that one can do at the LHC idveagl. It includes pure instru-
mental QCD studies, such as measurements of parton derssitienclusive jet cross-section mea-
surements, precision electroweak measurements, Higgghssadirect and indirect BSM searches,
B physics, top physics, diffractive studies and forward j¢s/sand heavy ions physics. Each of
these topics includes a vast number of measurements aridsstift, there are three things that
everybody involved in any of these analyses can not live auith Monte Carlos (MCs), parton
distribution functions (PDFs), and jets.

2.1 MCsand leading order matrix elements

The first thing “you can not live without” at the LHC are MC geat®rs. Apart from very few
exceptions, every analysis at the LHC uses a MC program &osithulation of the signal process,
for the backgrounds, for subtracting the underlying everat the non-perturbative contributions,
and/or for efficiency studies and modeling of the detectepoase. The current level of sophis-
tication is such that essentially not a single study reliePpt hi a/Her wi g alone. It is well
understood that in multi-parton processes it is importameascribe the multiple hard QCD radia-
tion at least using exact matrix elements, employing fotaimseAl pgen [11], Madgr aph [12],
or Sher pa [13].

Since experimental studies rely heavily on all these lepdimer (LO) tools, there is con-
tinuous progress in their development, and Heg wi g/Pyt hi a codes that we have today bear
little resemblance to their original version of the '80s. plarticular, inPyt hi a 8.1 [14] (a C++
code) there is a new fully interleavag-ordered multi-parton interaction (MPI), initial- and fi-
nal state evolution (the original mass-ordered evolutfndt supported any longer), a richer mix
of underlying event processeg, J/%, DY), the possibility to select two hard interactions in the
same event, ar-dependent proton size in the MPI framework, the full hagt@dron machinery
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Figure 1: The multiplicity of jets withpt > 55 GeV for events in & enriched control region at the LHC
(7 TeV). Figure taken from [16].

for diffractive systems, several hew processes in and lzeylom SM, and various other new fea-
tures.Her wi g++ [15] (the current version is 2.5.1) has new next-to-leadimder (NLO) matrix
elements, including weak boson pair production, a coloaomaection model, diffractive pro-
cesses, additional models of BSM physics, and new LO elesrienhadron-hadron, lepton-lepton
collisions, and photon-initiated processesher pa [13] (version 1.3) has improved integration
routines in Comix, a simplified kinematics reconstructidgodthm of the parton shower (PS),
leading to numerically more stable simulations, HepMC atfpr NLO events and various other
improvements/bug-fixedvadgr aph [12] (version 5) has a completely new diagram generation al-
gorithm, which makes optimal use of model-independentrinfion, has an efficient decay-chain
package, and a new library for the colour calculations. gédtber, there is continuous, fast progress
in various directions. So far, it is amazing how well thesalgavork, once the normalization is
fixed using data. A very recent comparison of data witlpgen up to six jets (a control region for
BSM searches) is shown as an illustration in Fig. 1 [16]. Het,devil is in the detail{ 20%): for
instance in general one expects matrix-element based M@grtobetter than pure PSs, but this is
not always the case (see e.g. [17]). Altogether, these L@ranas will undergo a stress test in the
coming years.

2.2 TheNLO revolution

Theorists like to advertise NLO computations by using tlduotion of scale uncertainties in
the predictions as an argument, which is meant to reflecethéction in the theoretical perturbative
uncertainty. However, the strongest argument in suppdildd calculations is their past success
in accurately describing LEP and Tevatron data. Becaudedfriportance of NLO corrections, an
industrial effort has been devoted in the last years to thesgutations [18]Recentevolutionary
ideas in the way NLO computations are performed include regwagether tree-level amplitudes
to compute loop amplitudes (using on-shell intermediasgest cuts, unitarity ideas, ...) [19],
the OPP algorithm, an algebraic way to extract coefficiehtmaster integrals by evaluating the
amplitudes at specific values of the loop momentum [20], Brdimensional unitarity, a practical
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Figure 2: The transverse momentum distribution of the leading fotg iilgW~ + 4-jet production at the
LHC (7 TeV) at LO and NLO. The lower panels show the LO and NL@lsadependence band&’M <
Ur = Hr < I—A|§) normalized to the central NLO predictiopg = pur = I—A|§/2). Figure taken from ref. [36].

numerical tool to evaluate full amplitudes, including théanal part, with unitarity ideas [21]. For
a pedagogical review on unitarity methods see [22]. Moraitdebn these techniques can be found
in the proceedings of Lance Dixon [23].

These methods led in the past 2 to 3 years to a humber-of 2 calculations at hadron
colliders. These include/ + 3 jets [24, 25]Z + 3 jets [26] ttbb [27], tt — W+W~bb [28], WW+
+ 2 jets [29],WTW~ + 2 jets [30],tt + 2 jets [31], and a few other ones.

Feynman diagram methods have also been applied successfll— 4 calculations, this
is for instance the case for quark- indudaizbb [32], ttbb [33], WTW~bb [34] production, and a
number of VBF processes which are available in the publi@cdBFNLO [35]. Note that only
a few years ago, performing this type of calculation with agan diagrams was considered an
impossible task.

Given that both Feynman diagram and unitarity based methibalsed us to compute 2> 4
processes at NLO in QCD, it might be unclear where the reimludvocated in the heading of
the subsection lies in. The revolution, | believe, is notipethe applications that we see today,
rather in the prospect for low-cost fully computer-autoeadalLO calculations even beyond-2 4
in the near future. Indeed, two-2 5 processes have already been computed at NLO, namely
+ 4 jets [36] andZ + 4 jets [37]! Fig. 2 illustrates in the case W~ + 4 jets the typical effect of
including NLO corrections: one obtains a considerable c&dn of the scale uncertainty, and, for
some distributions, a change in shape. As far as the fulhaation is concerned, let me highlight
only two interesting approaches. The first one [38] is a ntiased on Feynman diagrams, it uses
the OPP procedure for the virtual calculation, and the FKfsraation of divergences, together with

Lin both cases the leading colour approximation has been asddsix-quark processes have been neglected. Both
approximations are expected to give rise to very small @#jacorrections only.
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Figure 3: Comparison of NLO andPONHEGH+PYTHI A results for theHt tor distribution in the process
WTWT+ 2 jets at the LHC (7 TeV), when all jets are included in the d&din of Hr tor (left pane), and
when only the three hardest jets are included (right parigiré taken from ref. [43].

clever and efficient procedures to deal with instabiliti®re improvements and refinements are
to be expected soon. At present there is no public code,adgtes idea is to providbl-tuples.
The second approach, HELAC-1LOOP [39], is a program thauates numerically QCD virtual
corrections to scattering amplitudes. It is based on the @&thique and the HELAC framework.
The public program is part of the HELAC-NLO framework thadbals for a complete evaluation
of QCD NLO corrections.

2.3 Merging NLO and Parton Showers

While NLO predictions provide relatively accurate res#ittsinclusive cross sections, they do
not furnish an exclusive description of the final state ttzat lbe compared with actual particles in
the detectors, as MC programs do. It is therefore useful mobiae the best features of both ap-
proaches. Two public frameworks exist for this purpose, elgmC@NL O[40] andPONHEG [41].
These tools are almost 10 years old now, and since their ptionea long list of processes has
been implemented in both frameworks.

In particular, recently th€OWNHEG BOX was released [42], which is a general framework for
implementing NLO calculations in shower MC programs actaydo the PONMEG method. The
user only needs to provide a simple set of routines (Bormuretorrelated Born, virtual, real, and
phase space) that are part of any NLO calculation.

The first 2— 4 process that has been implemented inRB¥HEG BOXis pp— W W'+ 2
jets [43]. This is a relatively simple 2> 4 process since the cross section is finite without any cut
on the jets. As expected, for inclusive observables thexeoaly minor differences between pure
NLO andPOMHEGHPS, but for exclusive observables, depending on the daihthe observable
definition, there can be important differences. This is showFig. 3 for two different definitions
of Hrror = 3 ptj, the transverse energy of the event. From the figure it i ¢k if only the
three hardest jets are included in the definitioief the corrections from the PS are very moderate
(right pane), but if all soft jets present in the event arduded, then additional radiation from the
PS can alter the distribution substantially (left pane).

aMCNLO s a novel approach to a complete event generation at NLCadtheen used for
the calculation of scalar and pseudo-scalar Higgs prooludti association with & pair [45],
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Figure4: Invariant mass of the pair of the two leadibgets forw bb, Zbb, W H(— fvbt_)), ZH(— £te~ bl:_))
at the LHC (7 TeV), the latter two are rescaled by a factor of tfegure taken from ref. [44].

W/Zb5[44] andW-+dijet production [46]. Fig. 4 shows an application to Higg=arches of the
W/ZbBcaIcuIation: the invariant mass of the pair of the two legdifets, for the processéd bh
Zbb, WH, andZH. The figure illustrates a case where signals and irredutibtdgrounds are
computed with the same accuracy. As yet, no public code itale, instead the idea is to provide
ready-to-shower events.

2.4 MENLOPS and LoopSi m

MENLOPS [47, 48] is a method to further improve on NLO+PS predictiovith matrix ele-
ments involving more partons in the final state. For examiple\V production it includes, as in
MC@NLOor PONHEG, W production at NLO, the PS, but algé+1,2,3,... jets using exact matrix
elements. Roughly speaking, it uses a jet-algorithm to defiro different regimes, and then cor-
rects the 1-jet fraction using exact matrix elements and@tfet fraction using the NL-factor.
This achieves NLO quality accuracy for inclusive quangitiit an improved sensitivity to hard
radiation and multi-parton kinematic features.

A further recent theoretical developmentisopSi m If one considers the proce®é+ 1 jet,
the three observables z, pij, andHr jets = 3 j prj are identical at LO. However, as illustrated in
Fig. 5, at NLOpz has a moderatk-factor (S 2), ptj has a largé&k-factor (~ 5) andHr jets has a
giantK-factor (~ 50). The very larg&K-factors in the last two observables is due to the fact that
the NLO result is dominated by configurations where therehasicehard jets and a soft/ (these
are enhanced by electroweak logarithms), additionallyetiean important enhancement coming
from incomingqqg channelsLoopSi m[49] is a procedure that uses a sequential algorithm, close
to the Cambridge/Aachen one, to determine the branchirigrizisloops” over soft particles (i.e.
they are removed from the event and the residual event istaedjy and it uses a unitary operator
to cancel divergences. In essence, this is a way to exterid@at#on that is exact at a given order
in perturbation theory, in an approximate way to higher mdé& he procedure is expected to be
more accurate the larger the correspondiipctor is. One might expect other extensions of the
MLM/CKKW matching procedure along the same linesMENLOPS and LoopSi min the near
future.
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2.5 Drell Yan

Drell Yan is the best known process at the LHC: it has been cbedpthrough NNLO in
QCD, fully differential in lepton momenta including spielations, EW corrections, finite-width
effects, and/* /Z interference. State-of the art codes are described in [H0,Galculations to all-
orders also exist, for instance the NNLL transverse monmmesummation [52] and soft gluon
resummation are also available [53]. These precise patiuebcalculations have been available
for some time, and now that precise LHC data has been compauthdse predictions, one can
not but praise the impressive agreement between NNLO theathexperiment (see e.g. Fig. 6 and
[54]). In particular, not only cross sections have been mneak but alséV /Z properties have been
probed, as well as anomalous couplings in di-boson praalu¢tiee e.g. [55]). More details can be
found in the proceedings of Juan Alcaraz [56].

2.6 Top Quark

The top is the most interesting SM quark. Its large mass @spdi large Yukawa coupling,
which causes the top to be a prominent decay product in mamy B8dels. LHC data have
already been successfully compared to approximate NNL@igirens [58, 59], however vari-
ous approximate NNLO predictions, based on a thresholdwestion, do not fully agree within
guoted uncertainties [60, 61, 62, 63]. Therefore a full NNtalrulation is highly desirable. A bet-
ter perturbative control of the top-quark pair productionss section is also important to further
constrain gluon PDFs, to have an accurate extraction ofdjpeniass from the cross section, and
to improve our perturbative control over thieforward-backward asymmetry. In fact, an almost
30 deviation from the SM is observed by CDF, which becomes2a £ffect in the high-mass
region,Mi > 450 GeV [7]. The large inclusive asymmetry has been seenldyo@DF and DO [8],
while the rise in the spectrum of the asymmetry is not confitrhg DO. One also has to bear
in mind thattt production is a difficult measurement given the presenceeafrimos in the final
state, the combinatorics in the reconstruction of the tapd,the limited statistics at the Tevatron.
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Figure 6: Comparison of NNLO theory and CMS data for Drell Yan obselsab Figure taken from
ref. [57].

Nevertheless, various suggestions have been made retemtiplain the asymmetry in terms of
BSM physics, but all proposals face the problem that theye liavpreserve the good agreement
with the symmetridt observables, respect dijet bounds and/or must evade thgesit limits on
like-sign top production. Fervid activity is therefore mmtly devoted towards a complete NNLO
calculation oftt production (see [64] and references therein).

2.7 A few theoretical issuesin Higgs production

Possibly the most awaited result at this conference coadettme status of Higgs searches at
the LHC. Results from the first 13 of data, presented at EPS 2011, were rich of hints of excesses
Unfortunately, the second 1fb analyzed since then seems to be lacking any excess. Therfer
analyses of the next 3} already collected this year are awaited very eagerly. @tlyteATLAS
and CMS are able to individually exclude the regidd5— 460) GeV (with an island around 300
GeV that is not formally excluded yet, but close to beingalistired), and the next focus will be
on the(114— 145) GeV region.

Atthe LHC, the Higgs is mainly produced via an intermediaie [bop in gluon-gluon fusion.
The urge to understand the EW symmetry breaking led in the yeas's to the computation of
the most advanced theoretical predictions for this proc&ss instance we now know the main
gg — H production mechanism including NLO corrections with exiaqt and bottom quarks in
the loop [65], NNLO corrections in the largs limit [66, 67, 68], electroweak corrections [69],
mixed QCD-EW corrections [70], and resummation of largeafithms possibly with RLO soft
effects [71, 72, 73, 74]. Furthermore, the most advance@s b, 76] allow for fully exclusive
decays of the Higgs tpy, WrW~ — e*ve v, andZZ — 4l. A similar accuracy has been reached
recently also in associatadH production where, because this process is an importantfdahe i
Higgs is light, the decay of the Higgs inbb has been considered [77].
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Given the high accuracy with which gluon-gluon-fusion hasitocomputed, it is interesting to
ask what is the actual theoretical uncertainty on this mecEnfortunately, there is today no con-
sensus on this question. Some more conservative estimatés errors of the order of 40% [78]
(at the Tevatron) and similar uncertainties at the LHC, /bither studies suggest that the pertur-
bative uncertainty is considerably smaller. Assigning aeaxi theoretical error is very important
when claiming an exclusion or an excess, and, at a later,stdgn making measurements of the
Higgs-boson couplings, which is the only way to identify fliecise nature of the Higgs boson and
EW symmetry breaking. Yet, even for the main Higgs-producthannel there are still some con-
troversies and subtleties. Most controversies have to ttolvaw different sources of errors should
be combined, others concern the question of how to assigrgiet the perturbative uncertainties.
| will illustrate here just two of these issues.

The soft logarithms appearing in cross sections can be msahusing an effective theory
approach. Performing such a calculation requires an intti@h of a matching scale, where the
full and effective theory amplitudes must agree. It is vikglbwn that choosing a time-like (i.e.
complex) matching scale effectively resums enhanced terms. In [79] it is suggested that this
procedure improves the convergence of the perturbativareipn significantly, and reduces the
uncertainty of the perturbative (NNLO) prediction. Thispapach is criticized in [80] with the
arguments that® are just numbers, so that there is no formal limit in whichytdeminate, and
that only one class of? terms is resummed (those that arise from the gluon form fachmit
not all of them. In this context, one has to mention that pbetive QCD is often about pushing
approximations beyond their formal limit of validity, arldat a given approach should be judged
by seeing how well it fares in practice.

The second issue | would like to mention here has to do witl-ag® in Higgs searches. As

10
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can be seen from Fig. 7, in Higgs searches one needs to impetsesdo to get rid of the large top
background. Higgs production is then studied in 0-, 1-,tjas separately in order to maximize
the sensitivity. Currently, ATLAS usgs veto = 25 GeV, while CMS employ$ veto = 30 GeV in
their Higgs searches.

In [82] the inclusive, NNLO Higgs production cross sectiothe Tevatron is split into 0-,1-jet
exclusive, and 2-jet inclusive components

doiot
Otot

— 66.5% go0(0—jet) + 28.6% 5a0(1—jet) + 4.9% 150> 2—jets) = [~14.3%+ 14.0% .

(2.1)
The errors denote the scale uncertainty that is obtainedabying the renormalization and the
factorization scale together around a central vatye= 160 GeV by a factor of two. In an NNLO
calculation of inclusive Higgs production, only the O-jen lis known at NNLO, while the 1-jet
bin is know at NLO and the 2-jet bin is computed at LO only. Hifere is it not surprising that
the relative errors increase with the number of jets. In [@#& can also find a detailed discussion
of why it is not appropriate to use the standard scale variation as an éstohéhe perturbative
uncertainty for the 0-jet bin cross section (Fig.1 of [83akhows that for a particular choice of
P veto ONE Obtains a vanishing scale uncertainty band in the Okj¢t Bhe numbers in eq. (2.1)
were updated by Campbaedt al. in [84] who evaluated the 2-jet bin contribution at NLO. The
effect of this addition was a slight change in all relativaniners, and, mainly, a decrease in the
perturbative uncertainty of the 2-jet bin,

— 60%' 500(0 — jet) 4+ 29%" 25001 — jet) + 11% 305> 2jets) = [~15.5%+ 13.8%]. (2.2)

From eqg. (2.2), it is evident that the scale uncertainty ialknfor theexclusivemeasurement with
0-jets, than the one of the fulinclusivemeasurement. To explain this feature, Stewart and Tack-
mann recall that there are two mechanisms at work in the €-gsts section [85]: there is a larife
factor from perturbative higher orders, as well as largeatieg logarithms-asCa/ min? Mu / Prveto

that become more important the smalBe(eto is. They therefore suggest that the error on the O-jet
bin should be computed taking into account the correlatietwben jet-bins, i.e. the error from
the O-jet cross section is computed from the relatign= Gine — 0>1-jet. One obtains then sim-
ply A%0y = A?0ing +A%0>1-jer. The effect of this is illustrated in Fig. 8. While this praitee

is certainly more conservative than a conventional scat@tan, it is clear that to reduce the
uncertainty on the jet-veto cross section, a resummatidarge logarithms involving the ratio
Prveto/ My is required. Currently, only resummation for quantitielsted to the jet-veto exist, e.g.
for pr Higgs [86] or for the beam-thrust [87]. Both observables are h@wvewt the ones used in
current Higgs searches. Furthermore the beam thrust hakdidack that it receives very large
non-perturbative corrections, as can be easily seen byingranPS program at parton or hadron
level.

3. Parton distribution functions and as

PDFs are the second thing you can not live without, if you woankLHC physics. Huge
effort is devoted today in understanding differences angraving the theoretical and statistical
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Figure8: Fixed-order perturbative uncertainties ém— H + 0 jets at NLO and NNLO for the LHC (7 TeV).
On the left, the uncertainties are obtained from the naiaéeseariation inop(p$™t) betweery = my /4 and

¢ = my. On the right, the uncertainties are obtained by indepethdevaluating the scale uncertainties in
Otot and o1 (pSU) and combining them in quadrature. Figure taken from ref}.[85

treatment of PDFs. This activity is reflected in new PDFskseiisg released by various groups [88].
The main focus of all groups is now directed towards NNLO PBé&s, an improvement in the
treatment of heavy quarks, an introduction of flexible pataimations, a more dynamic tolerance,
and, of course, towards the inclusion of more data in the fitsscussions are ongoing that try
to clarify whether discrepancies between different PDIEsdaie to the inclusion of different data
sets. For instance, there is no full consensus on what ingdloe Tevatron jet data has on gluon
distributions at the LHC.

Fig. 9 shows the uncertainty on three LHC benchmark prosdgs#/*, andtt from the left to
the right) coming from using different PDFs or a differentueaof as, at NLO and at NNLO. Dif-
ferences are due to the inclusion of different data in thediie to a different methodology (e.g. the
parametrization), due to a different treatment of heavykgjand due to a different default value of
the coupling constant. In particular, it is remarkable houctnbenchmark processes depend on the
value ofas. The preliminary 2011 average valueafis as = 0.1183+0.0010 [89]. Itis interesting
to note that the value barely changed compared to the 2008erum = 0.184+ 0.0007) [90], but
that the uncertainty on it increased. This is due to the Bichuof new data in the fits which tend
to move the average value in opposite directions. An opereitzday, in the combination of the
various measurements to produce a world averagedas the treatment of outliers that have very
small errors. This is the case for the extractiomgfrom thrust computed at3LL including power
corrections using SCET [91], for the number obtained frodtecays in [92], and for the hadronic
event shapes ia"e~ collisions at OPAL using NNLO+NLLA theoretical predictisri93], just to
guote the most important cases.

New processes added to the world average since 2009 inchafigsive jets at the Teva-
tron [95], thee™ e~ 3-jet rate which is know to NNLO [96], anel e~ — 5 jets, which is now known
at NLO [97]. The use of the Tevatron jet data in this contexgasticularly interesting: while the
error onas from this extraction is not particularly small, this measuent and the sensitivity of
benchmark processes on the valuggghown in Fig. 9 raises the question of whether it is possible
to make competitive measurementsogfat the LHC. The extraction of the value of the coupling
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Figure 9: The total cross-section fat, W', andtt, at the LHC (7 TeV) for NNPDF2.1 witlas(Mz) =
0.119 (NLO and NNLO),as(Mz) = 0.120 (NLO) andas(Mz) = 0.114,0.117 (NNLO), MSTWO08 with
as(Mz) = 0.1202 (NLO) andas(Mz) = 0.1171 (NNLO), and ABKMO09 withas(Mz) = 0.1135+ 0.0014
(NNLO). Uncertainties shown correspond to one sigma. Thellwarresponds to the combination of CMS
and ATLAS measurements. Figure taken from ref. [94].

constant at hadron colliders must take into account thatsRBd#mselves do depend ag A viable
possibility then is to consider appropriate ratios (8W.(Z+ (n+ 1) jets)/(Z/(W + njets))).

4. Jet algorithms

Jet algorithms are the third thing you can not live withofiyau do LHC physics. For a long
time, infrared (IR) unsafe algorithms were used at the Tewatvith several “patches” to minimize
the effect of the IR-unsafety. At the LHC, both ATLAS and CM&/h adopted as default the anti-
k. algorithm [98]. Given that this algorithm was proposed otlyee years ago, it shows how
flexible experimentalists are today in adopting new, susfoésdeas’ Using this algorithm both
collaborations have already explored scales up to 4 TeV anttl place constraints on various
BSM models, in particular those models that would give risa tesonance in thd;; distribution
(such as massive coloured bosons, black-holes, ...).

Other IR-safe algorithms like the Cambridge-Aachen or ®i$€Care in use as well. These are
particularly useful for studies which exploit the fact thatien a massive boosted object decays,
it gives rise to a “fat jet” with a non-trivial jet-substruge. Looking at the internal structure of
these jets using jet-grooming techniques like filteringinimg or trimming has a huge potential for
making discoveries “easier” [99]. These techniques havigg @&in in sensitivity over traditional
methods, but one might lose many events when imposing &irietatical cuts and requiring a
boosted regime. The potential of these studies has beenndérated in several examples [99].
However sophisticated jet studies are still a young field, @an of now there are no precise rules
on how to make discoveries easier. What is impressive, iseben these very new techniques
are already being used at the LHC. At this conference we samstance a study of the single
hadronic jet mass in a boosted regime, an observable rel@rall H(— bb). In Fig. 10 theZ peak
coming fromW Z(— bb) is evident and so these very first results seem very promising

2A minor downside to this is that ATLAS and CMS use a differeatius — the choices for ATLAS are 0.4 and 0.6,
while for CMS they are 0.5 and 0.7.
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Figure 10: Jet mass iV + jets for a jet with substructure compatible wihz(— bb) or WH(— bb) events.
Figure taken from ref. [100].

5. Conclusions

QCD is a dynamic field — there has been a spectacular progressent years. This includes
amazing technical achievements (higher multiplicitied/anloops), clever merging procedures to
catch the best features of different calculations, inggnini refining observables, sophisticated
techniques for looking inside jets, and spectacular foresklopments (IR/UV structurebsl = 4
or N = 8 super Yang-Mills calculations, twistors development® tonnection between Wilson
loops and amplitudes, symbols, ...), which | did not havesttoomention.

Impressive results have already come out of the LHC, butishigrtainly only the tip of the
iceberg. We are well prepared to make the most out of the edisens at the LHC. The challenge
we however face is vast, so that it is more important than &vehoose the right observables and
tools for a given physics analysis.
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