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Foreword

® QCD isawell-established theory that describes the real world.
® Strongly coupled field theory at work.

® Large body of beautiful theoretical and experimental results, that are
classical by now.

® Many non-perturbative aspects are still only vaguely understood.
® QCD as aservice subject.
® Focus of thistalk: aspects of QCD relevant for the LHC.
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Introduction: challenges

® High luminosity and high energy of the LHC lead to large rates for multijet processes not
explored at the Tevatron and elsewhere.

® Multijet processes at the LHC are backgrounds to New Physics; their understanding is
essential for the successful LHC physics program.

® Accurate description of strong interactions is the goal of pQCD.

®  Various approaches:
©  parton shower event generators (PY THIA, HERWIG, etc.);
© resummations (RESBOS);
© fixed order computations (LO, NLO, NNLO);
© combinations of the above (CKKW, MC@NLO).
® Different domains of applicability:
parton showers (resummations) are valid at the edges of phase-space; fixed order
computations in the bulk of the phase-space;
® They differ in “user-friendliness’:
compare all-purpose, easy-to-use shower event generators to fixed order computations
performed case-by-case.
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Introduction: challenges

The user-friendliness of event generators makes them the default choice for many analysis
(experimental; New Physics backgrounds estimates).

® Significant part of recent research in pQCD for collider physicsis devoted to understanding
regions of applicability of various approaches.

® Thisisdone by

O tuning parameters in parton showers and/or merging them with LO and NLO
computations,

©  comparing LO and NLO computations to data;
® Other important topicsin pQCD for collider physics:
O extraction of parton distribution functions (CTEQ, MRST, Alekhin);
© NLO computations for higher multiplicity processes;
© NNLO computations: general algorithms and phenomenology.
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Introduction: jumping to conclusions

® Shower event generators should not be used beyond their region of applicability.

® LO + shower approach (CKKW) works quite well for the Tevatron data. The approachis
parametric; every reason to believe that it will be successful for the LHC.

® NLO works. We need better methods to deal with NLO QCD for high multiplicity
processes. We need better qualitative understanding of NLO effects: when are they large?
when do they change kinematic distributions?

® Realistic NNLO phenomenology is emerging.

®  For central rapidities and typical mass scales M ~ 100 GeV, we have reliable PDFs.
Many new measurements from the Tevatron will further constrain them.

® Intherest of thetalk, | will discussthose points and elaborate on them.

® 1 will not discuss (so far) pure theoretical developmentsin pQCD. For this reason, no
twistor-based or twistor-inspired methods for tree-level and loop computations, no SCET
applications for collider physics; no general techniques for NNLO computations.
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Parton showers and exact LO matrix elements

® All-purpose shower event generators such as PY THIA and HERWIG are default choices
for many studies. Are these studies reliable?

®  Parton showers are based on collinear emissions.
® Collinear emissions are independent = probabilistic description.

® Showers are good for processes dominated by soft/collinear radiation; typically this occurs
at the phase-space boundaries.

®  Showers generate large transverse momenta by emissions of many jets with moderate p |
= s Suppression of high p ; radiation.

® Showers do not change normalizations of total cross-sections

/dO'LQ X PS = OLO-

® An alternative: exact LO matrix elements. LO matrix elements should be a reasonable
description in the bulk of phase-space, away from kinematic boundaries. Exact kinematics;
good for high p | physics.
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Parton showers and exact LO matrix elements

~ 107 __1 * ALPGEN (Z—vv)+4j
3 || Tgw |
§ 107} i, ':i
J —| @ i
w ’t‘
& 107 & .
5 [ e 3.,
8 . _L_‘___g AL
o | =
Pythia ‘—-—__” e
ltBNLssear 1 Tl 4
o 1000 2000 4000
M, (Gal)
Meg = j{: Pl + l;j?iss VETiETs

jets
® ALPGEN: exact LO matrix elements; correct hard emissions built in.

® PYTHIA: emulates hard emissions by producing large number of softer jets.

® PYTHIA underestimates the background significantly.
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Parton showers and exact ME: isolated photons in DIS

® Production of isolated photonsin e® p collisions was studied by ZEUS collaboration.
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® HERWIG (PYTHIA) cross-section is smaller than experimental result by factor 7.9 (2.3).
® PYTHIA lacks photon emission off leptons; HERWIG lacks photon emissions off quarks.
® Simple LO computation gets both effects and leads to the correct description of data.
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Combining showers and LO matrix elements

® An N + 1-jet event is obtained from an IV-jet event either by
large angle hard emission or  shower.

® Event generators can do a better job for multi-jet processesif both mechanisms are taken
into account.

® Catani-Krauss-Kuhn-Webber (CKKW) procedure:

© cadculate pp — m HARD jets, with m < N. Determine probability of an event
with m hard jets using the cross-section val ues,
Om

P, = ) Jm:Jm(ycut)-
oo +01+02+ ..0N

©  Generate hard jet configuration according to the probability distribution; shower it.
© Requires introduction of a measure to distinguish between hard jet and shower jet.

® This procedure has been recently implemented in major shower event generators, such as
PYTHIA and HERWIG.

® CKKW and similar procedures seem to be rather successful in describing data.
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ME + shower test: Z/~ + jets production Run II

® A test case study: Z/~ + n jets Tevatron, Run Il
®  Comparison of MCFM, PYTHIA and ME-PS (PY THIA with CKKW-like prescription).
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® MCFM and ME-PS describe data well, including kinematic distributions.

® PYTHIA predictstoo few jets, as can expected on general grounds.
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ME + shower: azimuthal correlations in Higgs + 2 jets

® One can study CP properties of the Higgs boson by looking at the azimuthal angular
correlations of thetwo jetsinpp — H + 2j.

® LOresult: CP-even < minimum at A¢ = 7 /2; C P-odd < maximum at A¢ = 7/2.

® Doesthisresult survive soft/collinear gluon emissions?
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® If two hardest jets are generated by HERWIG, the azimuthal angle distribution is more flat
than in ALPGEN + HERWIG analysis.
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LO uncertainties and NLO qualitative features

® Any leading order prediction has the renormalization and factorization scales uncertainty.

® Example: pp — v + N jets, p, > 80 GeV, |n| < 2.5, pu=

N | o(2u)pb o(u/2)pb | variation
6.47 13.52 70%
4 0.90 2.48 93%

® Large scale dependence = large NLO corrections.

M2+ 3 p3.

jets

® Typical NLO correctionsare 10 — 30% for quark-initiated processes and 50 — 100% for

gluon-initiated.

® NLO effects may be large because:

© 72 factors, typical for time-like processes;

©  new channels open up at NLO <« gluon density isvery large at small z;

©  color factors: the expansion parameter is N.as /7 ~ as, for No = 3.
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Next-to-leading order computations

® Typical background processes at the LHC are complex: (t£)™ (W Z)™ jets!, n,m,l > 0.
® NLO approximation is more reliable because of

1. controllable normalization;

2. (more) redlistic final states (jet = 1 or 2 partons);

3. reduced dependence on unphysical parameters (factorization/renormalization).
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Next-to-leading order computations

® Typical background processes at the LHC are complex: (t£)™ (W Z)™ jets!, n,m,l > 0.
® NLO approximation is more reliable because of

1. controllable normalization;

2. (more) redlistic final states (jet = 1 or 2 partons);

3. reduced dependence on unphysical parameters (factorization/renormalization).

® Current state of the art is2 — 3 processes. Established programs
© NLOJET++ pp— (2,3)j, ep— 3j, ete™ —3,4j,7*p— (2,3)j  Nagy;

© AYLEN/EMILIA pp — (W, Z) + (W, Z,~) deFlorian, Dixon, Kunszt, Signer ;
© MCFM pp — (W, Z) + (0,1,2)j,pp — (W, Z) + bb Campbell, Ellis;
© DIPHOX/EPHOX pp — v+ 14,pp — vv,v*p — v+ 1j Aurinche et. d ;
O

VBFNLO pp — (W, Z, H) + 23 Figy, Zeppenfeld, Oleari .
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Next-to-leading order computations

® Typical background processes at the LHC are complex: (t£)™ (W Z)™ jets!, n,m,l > 0.

® NLO approximation is more reliable because of
1. controllable normalization;

2. (more) redlistic final states (jet = 1 or 2 partons);
3. reduced dependence on unphysical parameters (factorization/renormalization).

® .. and recent progress:

© pp—t— Wb, Ellis, Campbell;
© pp — Hbb, Htt, Dawson, Jackson, Wackeroth, Reina, Spira, Kramer;
© pp—WTW—(ZZ) + 25, [VBF Jager, Oleari, Zeppenfeld.
© pp — H — 2 jets, Zanderighi, Campbell, Ellis;
© pp — W + bb, my # 0, Wackeroth, Reina;
© pp—tt+ 7, Uwer, Dittmaier

® First complete 2 — 4 computation: et e~ — 4 fermions, Denner, Dittmaier et al.
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Next-to-leading order

® Traditional analytic methods turned out to be not very successful for multijet processes.
®  Fully numerical approaches become the focus.

® The problem isin combining numerical techniques developed for extracting soft/collinear
singularities with numerical techniques developed to deal with branch point singularities of
Feynman diagrams.

® Many new approaches

1. Médlin-Barnes transform Anastasiou, Daleo;
2. IBFP's, sector decompozition, numerics Binoth, Heinrich;
3. Numerical solutionsof IBP's Glover, Giele;
4. Unitarity/twistor based methods C. Berger, Dixon, Bern, Kosower
5. Contour deformation Soper, Nagy;
6. Residues Catani,
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Next-to-leading order: Higgs in WBF

® Higgs production in WBF checks HW W — and H Z Z couplings, but H 4 2j isa

background. Zeppenfeld, Oleari, Figi, Berger, Cambpell
B0 06000
Z/W S
H c—>— H
Z/W :
T 00000

®  Separation of the signal and the background: two forward tagging jets that are well
separated in rapidity. Specifically:

py >40GeV, |n;| <45, Rj; >0.8, |nj —nj,|>4.2, njn, <O.

L1568, 40Ge

® pp — H in WBFisknown through NLO; QCD effectsare 400 5
small but the background estimates (L O) are uncertain. % 300 E
~ ]
‘§ 200 ]
% 100 :_ Hjj bkg uncert. :
— WBF signar uncert.
OO 2 4
0]

Perturbative QCD for collider physics — p. 16/-



Next-to-leading order: Higgs in WBF

da/din(jet)l

® QCD correctionsto H + 25 were recently computed.

Campbell, Ellis, Zanderighi

® Full cross-sections (pb) for m = 115 GeV with/without WBF cuts:

oLo = 0.271/3.50, onLo = 0.346/4.03,

owprF = 0.911/1.77.

® QCD correctionsto H + 25 are amost independent of the kinematics.
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¢ Could the kinematics-independence have been guessed?
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NLO: azimuthal de-correlations in inclusive jet events

® DO collaboration measured the rel ative azimuthal angle distribution between two hardest
jetsin pp — jets in Run I, Tevatron.

® At LO, two jets are back-to-back, A¢ = 7, but additional QCD radiation reduces this
correlation.

® NLOJET++ computes up to pp — 3 jets at NLO.
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® NLO essential for the correct description of the shape. HERWIG does fine; default
PYTHIA does not do agood job.
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NLO: bottom production

® Bottom production in hadron collisions: pp — B + X was along-standing problem for
pPQCD with discrepancy often quoted as a factor 2-4.

® New Physics explanations, e.g. light gluinos, sbottoms,

NLO QCD prediction for p¥ is non-trivial: gmf R
& Pt
O s s . NG
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- D@ RN
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NLO: bottom production

® Bottom production in hadron collisions: pp — B + X was along-standing problem for
pPQCD with discrepancy often quoted as a factor 2-4.

® New Physics explanations, e.g. light gluinos, sbottoms,

-
o
[N

NLO QCD prediction for p¥ is non-trivial:

-
o
o

© b — B fragmentation function;

O uncertainties due to PDFs; | Curves: FONLL

E o(pg(3/¥)>1.25 GeV) BR: o
I 19.9732 nb (CDF) ™
- 18.3723 nb (FONLL)

1071
©  dependence on the b-quark mass;
©  large NLO QCD corrections;

da/dp(J/¥) BR(I/y->uu) (nb/GeV)

._.
3
[A"]

0O . . E Solid histogram: MC@NLO, 17.2 nb,
otot ISdominated by p | ~ my. " Dashed histogram: MCBNLO, 16.4 nb
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® Excellent agreement of the total cross-sections

oGnr = 1991533 nb, o5 = 183137 nb.

®  Large £50% theory uncertainty remains.
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Event generators and higher orders

®  Shower event generators and perturbative cal cul ations are complimentary:

©  Showers: universal, reaistic jets, automatic resummations, hadronization;

O PT: correct rates, correct description of hard emissions, improvable errors.

® Combining parton showers and perturbative computations is a good (old) idea.
® The most advanced implementation is called MC@NL O (based on HERWIG shower):

MC@NLO = MC (1 + as[NLO — MCaq,]) .

i (Gev) |
——l

103

" Solid: MCONLO "]}

Dashed: Herwig
Dotted: NLO

o/bin (ub)

1
500

L e
1000 1500 2000
B (Gev)

2
logo(FF) /GeV)

Features:

outputs unweighted events;

no double counting;

total rates are accurate through NLO.
Processes included:
H,W,Z,VV,HZ,tt, bb and single top.

Alternative implementations would be most
useful
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NNLO

® NNLO calculations are desirable for:
O processes where good estimate of the uncertainty is required;
O processes with large NLO corrections.

® Thisleavesuswith H, W, Z, 2 jets, heavy quarks.

® What is known through NNLO for hadron colliders:
© W,Z,g9g — H, g9 — A,bb — H production; total cross-sections;
van Neerven, Matsuura, Kilgore, Harlander, Anastasiou, K.M., Ravindran, Smith
O W, Z,~* rapidity distribution;
Anastasiou, Dixon, K.M., Petriello
© gg — H,Z, W production, fully differential with spin correlations;
Anastasiou, K.M., Petriello

® Generalization to 2 — 2 processes (jets, heavy quarks) is highly non-trivial.
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NNLO: PDFs

® A consistent implementation of NNLO calculations requires NNLO PDFs and NNLO
evolution kernels.

® NNLO Altarelli-Parisi splitting kernels known. Vermaseren,Moch,Vogt
® NNLO PDFs extractions exist. MRST, Alekhin.
® Broad measure of PDFsfits reliability:

oMekbin oy — 0.114(1),  of (My) = 0.121(1).

NNLO effects increase the disagreement.
®  For hard processes at the LHC, PDF uncertainty is

5
7 ~5%, M ~100GeV, |Y]< 2.
o)

® For larger |Y

, In(1/x) terms may require resummations (BFKL, saturation)
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NNLO: Z and W rapidity distributions

® Usethe Z, W production to measure L.

®  Partonic luminosities < rapidity of gauge bosons

do
dMdY

® NNLO results: scale stability and PDF sensitivity

~ q1(x1)g2(x2),
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NNLO: Z and IV production, fully exclusive

® Exclusive NNLO QCD computation of Z — [T~ and W — [ + i; isavailable.

LHC y+7

® Fully realistic: T T
O cuts on the charged lepton and/or missing energy. ot

200 —

O gpin correlations;
© finite widths effects;
© Z-~ mixing for the neutral current. e e,

100 (—

a [pb]

86 < M; < 116 GeV ]
Pr1 > 25 GeV

10 I T
0.5

® Redistic acceptances for Z, W production at the Tevatron and the LHC.

® Example: pp — W~ centra/forward cross-sections ratio (CDF, preliminary).

Central : |n| < 1.2, E; >25GeV, ET > 25GeV.
Forward : 1.2 < |n| < 2.8, E, >20GeV, FEPS > 25GeV.

® Observableis potentially useful to constrain shapes of PDFs

Ry =0.925(33), R(° =0.940(12), RY3 =0.9266(19),
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NNLO: Higgs boson signal at the LHC

® QCD effectsincrease the inclusive gg — H production cross-section by a factor two.
® For H — ~+, thefollowing cuts on the final photons are imposed (ATLAS,CMS):

o pV > 25GeV, p'P > 40 GeV, 12| < 2.5.
© Isolation cuts, €9. BT padr < 15 GeV, R = /602 + §¢2 < 0.4.

® Do the conclusions based on inclusive cal cul ations change when those cuts are imposed?
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50 [~ T T
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Re-weighting MC@NLO and PYTHIA to double differential
distribution in Higgs p | and rapidity.
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Conclusions

®  Good understanding of pQCD is very important for the successful LHC physics program.

® Recent developmentsinclude
©  showers become more redistic (CKKW, MC@NLO);
© large-scale NL O computations;
©  emerging NNLO phenomenology (computations, NNLO PDF fits).
® Wewould like to see further progressin
© dternativesto MC@NLO;
© numerical techniques for NLO computations;
©  PDF determinations (uncertainties);
©  NNLO techniques (2 — 2 processes).
® There areinteresting challenges, room for new ideas and unorthodox approaches.

® We will benefit from significant progress that occurred in pQCD in the last few years once
the LHC turnson.
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