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Introduction

despiteglobalwarming,thereis still snav atLes
Arcsin late March!!!

apartfrom skiing, we heardmary impressve
talkson avastvarietyof subjects

althoughQCD Is a mature eld, very signi cant
progresss still beingmade

understandin@CD Is not justanacademic
challengeput impactson almostall aspect®f
high-enegy physics
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precisemeasurementsf Standardvodel
parameters:

s, ,fermionmassesbosonmasses,
a vor-changingcouplings(CKM matrix),
CPviolation
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precisemeasurementsf Standardvodel
parameters:

s, ,fermionmassesbosonmasses,
a vor-changingcouplings(CKM matrix),
CPviolation

searche$or physicsbeyondthe StandardModel,
bothvia thedirectproductionof new particles
(enegy frontier) andusingprecision
measurementst low enegy (luminosityfrontier)

QCD s our playgroundfor exploring strongly
coupledgaugetheories lessondearnedwill help
In understanding@therstronglycoupledtheories
(almostany New Physicsmodel,andgravity)

Theoretical Summary — p.3/53



| will focusonthreesectorsof QCD research:

1. coreQCD (pQCD,resummationpower
correctionsfactorization)

2. multi-bodyprobleman QCD (saturation,
unitarization heavy ions)

3. searche$or New

Ratherthanrepeating

PhysicsandCP violation

all 39 theorytalksof this

conferencel will try to putthingsin perspecitie
andfocuson afew, recentdevelopments
(my personakelection).
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Part 1:
Hard-Core QCD (ratedR)



The Big Picture

Fixed-Order Calculations Physical Quantity

exactmulti-loop calculationsof Feynman
diagrams

state-of-theartis NLO, goalis NNLO
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The Big Picture

Fixed-Order Calculations > Physical Quantity

Resummations

all-orderssummatiorof largelogarithms
state-of-theartis DL andSL (controlscaleof )
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The Big Picture

Fixed-Order Calculations > Physical Quantity 4

Power Corrections

nonperturbatie effectsinlcudedvia OPE,
renormaloranalysis effective eld theories

oftenpower correctionsarefoundto diminish at
higherorderin perturbatiortheory but they can't
really vanish!
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Scattering Amplitudes at N"LO

Impressve progressn recentyears;
mary applicationsjetsin € e andhadron
collisions,Higgsproduction,Drell-Yan,...
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Scattering Amplitudes at N"LO

Impressve progressn recentyears;
mary applicationsjetsin € e andhadron
collisions,Higgsproduction,Drell-Yan,. ..

challengesioleari
. 2- Ioopdlagrams(mary')

- Self energy insertions such as

In ¢ — qq. q¢— gg and gg — gg scattering, the master integrals

Sset(s) 6— (s)

are:

Glass(s)
- Products of one-loop graphs such as

Tri(s)
Xtri(s)
- Genuine new topologies such as pl nd crossed double box Bbox(s, )

Dbox(s,t)
Pbox;(s,t)
Pboxy(s,t)

Xboxi(s,t)

47—4'7
e Xboxa(s,t)
qq—99

9999

Carlo Oleari Challenges in the calculation of NNLO scattering processes. 6 Carlo Oleari Challenges in the calculation of O scattering processes. 9
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Scattering Amplitudes at N"LO

Impressve progressn recentyears;
mary applicationsjetsin € e andhadron
collisions,Higgsproduction,Drell-Yan,. ..
challengesioleari

S Ioopdlagrams(mary')

=« NNLO splitting functions

» realemissiongsoftandcollinear
cancellations)

« partonicMonte Carlogeneratorsweinzierl]
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Scattering Amplitudes at N"LO

Impressve progressn recentyears;
mary applicationsjetsin € e andhadron
collisions,Higgsproduction,Drell-Yan,. ..

challengesioleari
. 2- Ioopdlagrams(mary')
=« NNLO splitting functions

» realemissiongsoftandcollinear
cancellations)

« partonicMonte Carlogeneratorsweinzierl]

somelssues:
» doublecounting

» negative weightsin distributionsnear
boundaries
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Higgs Production at NNLO

Inclusve Higgs productionat hadroncolliders
Increasestronglywhengoingfrom LO to NLO, soa
NNLO calculationis requiredto obtainareliable
predictionKilgore; Grazzini:

O &Jﬁﬁﬁﬁﬁﬁﬁﬁéﬁ&&ﬁ&&&&&@ O

q
q
q
q
q
a
q

(GG00000606&0.999090000 4

(660000000

Theoretical Summary — p.8/53



NNLO calculationis possibleafterintroducingan
effective vertex for theH gg coupling(top loop

Integratedout). Results

convergesbetterthanex
resummationsilgore]:

1100120 140 160 180 200 220 240 260 280 300
M., [GeV]

navs thatperturbatiortheory

pectedoasedon partial

Vs =14 TeV

Theoretical Summary — p.9/53



Resummation

PhysicalquantitiesarelR-safe,but large logarithms
canarisefrom incompletelR cancellationsear
phase-spackoundaries

)  breakdovn of x ed-ordemerturbatiortheory
needfor resummation

While leadingdoublelogarithmsareundergood
control,theresummatiorof the next-to-leadingsingle
logarithmsposessigni cant challenges:

“non-global”’ obsenables,which measuragluon
emissiononly in partof the event[salam;
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In this casethe approximatiorof independent
emissionsmpliessuppressiomnly of primary
emissionsn thecurrenthemisphere

)  for correctresummatiorof SL, mustalso
suppresenepgy-orderedarge-anglesecondary
emissions

accountingor the“non-globallogs” needsa
changeof philosoply [salam]
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semi-numericamethodfor the computatiorof
SL effectsdueto multiple gluonradiation,giving

new predictionsfor thrustmayjor, oblateness3-jet
resolutionzanderghiri]
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| |
.V do/dQqp (pb/GeV)

1 66<Q<116 GeV

simultaneousesummatiorof recoil logarithms
N In?2"-1(Q?=q2) andthresholdogarithms

™ _(1-2) in electraveakbosonproduction,

1—z
leadingto interplayof Sudalov suppressiomand
enhancemenkuleszaj

do/dQr (pb/GeV)
66 < Q <116 GeV
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Unfortunately physicsdoesnt stopwith partons...

Introduction (3): Matching theory with data

———— e —— — STime
Elektroweak Interaction  Perturbative QCD  Fragmentation Decays

O(a?), NLLA, combined O(a?)+NLLA Monte Carlo Generators
O(a?) Power Corrections

Daniel Wicke, Hadronic Event Structure, Power Corrections and ag XXXVIIth Rencontres de Moriond, 16-23 March 200 5
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Power Corrections
Leadingnonperturbatie effectsarepower suppressed

( =Q)"

In simplecasesthe operatomproductexpansion
providesa systematigarameterizatioof power
correctionsn termsof matrix elementsf local

operators:
(momentof) structurefunctionsialekhinj

subtractiorof gauge-dependeifid 4 =7
correctionin latticedeterminatiorof < [Quintero]
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But in mostcasesthereis no OPE!

thenstill no systematicheoreticaframework for
power correctionsexists, but therearemary
encouraginglevelopments

Exampleausingrenormalomanalysis:

eventshapesn € e annihilation:
! S(M Z), o( |) [Marchesini]

eventshapesn DIS (not a simpleextenstionof
ee .. .) [Marchesini, Salam]
universalityof o ;) ?

“dressedgluonexponentiation”(x ! 1) [Gardi]
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Exampleusingthe b-spacanethodcollins, Sopersterman]

nonperturbatie contribution to resummation
formulaefor heary bosonproduction,usinga
new extrapolationto thelargebregion Qiu]
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Factorization Theorems

Factorizationformulaeprovide a systematic
separatiorof differentenegy scaleqhard,collinear
soft, ultrasoft)to all ordersof perturbatiortheory

Traditionallydervedby carefulanalysisof Feynman
diagramgmethodof regions),e.g.:

heavy-quarkfragmentationcacciari, Corcella]

ANt D

A = partoncrosssectionf = PDF D = fragmentatiorfunction
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Inclusion of non-perturbative effects

You observe, say, a B meson in an experiment

| Arbitrary separation

An experiment

You calculate b quark production in perturbative QCD and then convolute a
non-perturbative contribution to describe the b— B hadronization process

the separation between np and pQCD is arbitrary
after tting the data, the details of np will depend on how
PQCD has been de ned and its parameters

Matteo Cacciari Moriond QCD - March 2002
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Example of non-perturbative shape function
D" (z;0) = (2+3a+a?)z*(1 —z) — one-parameter function
Mellin moments: D3P = fol eN=1D"P(g) dz = (a+2]¢f’(alj’rgiN)
Convolve with NLO+NLL pQCD prediction, X « from (zg)exp: o =~ 27.5:

TT{TTTT‘TTTT{TTTT{TTTT‘TTT 4 TTT{TTTT{TTTT{TTTT{TTT
F pQCD + np, a = 27.45 E [ Q=912 GeV 7
1 [ my, = 4.75 GeV
L A® = 0.226 GeV

. 1 Predict (?)

N =2 moment oo | xg Shape

{}f}}}} ]
b

NB. This is a power correction! Replace a—2m/A, expand for

DR,P—1—(N_1)A+Z(N_1)N<A>2+O<N_A>3

m m m

and A ~ 0.5 GeV

Matteo Cacciari Moriond QCD - March 2002
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QCD factorizationn hadronicB -mesondecays
[Benele, Budhalla, MN, Sadrajda]

)  providesamodel-independerttescriptionof
hadronicB -decayamplitudegqincludingtheir phases)
In the heavry-quarklimit
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Alternatwvely, factorizationformulaecanbederved
by constructingeffective eld theories:

N RQCD [Zhang], pN RQCD[Vairo]

soft-collineareffective theory[gauer Pirjol, Stewart, . ..]
)  new development!

Anothernew development:
factorizationbeyondleadingpower (conjecture)cardi

large N

R
dx xN 1 F,5(x; Q%)

H(Q*= %) J( “Yan () Ine (
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Other Topics

Otherinterestingalksfor which | have notime:

large-s behaior of the —N crosssectionfrom
nite-energy sumrulesigi

semi-classicatfjuantizatiorof effective string
theoriesandReggetrajectoriessaker]

new generatiorof PDFswith uncertaintiegrom
globalQCD ts [Tung]

Fierztransformationandbosonizationisckel

constrainton quarkenegy lossfrom Drell-Yan
datajarieo]

Theoretical Summar y — p.23/53



Part 2:

QCD in Many-Body Systems
(ratedPG-13



Nonpert. Effectsin Structure Fns.

Structurefunctionsof nucleiarenot simply multiples
of nucleonstructurefunctionsikulagini:

shadeving atsmallx

nuclearbindingandoff-shell correctionsat
Intermediatex

nucleamotion (Fermimotion)atlarge x

At largex andlow Q¢ (W? < 2:5Ge\?), structure
functionscannolongerbedescribedy standard
PQCD evolution: scaling/dualityviolations|Liuti

Introduce“semi-hard”clustermassdistribution
describingtherescatteringf the protonremnant
(p! cluster! partons)
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Very interestingeffectsoccuratlow x and/orvery
large A, wheresaturatiorandunitarizationbecome
Importantiancu:

partondistributionsrise stronglyat smallx

linearevolution (BFKL, DGLAP) canexplainthe
rise but leadsto inconsistenciegviolation of
unitarity, IR diffusion)

at high density non-lineareffectsshouldlimit the
growth: ) saturation
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Low Energy

Gluon
Density

Grows

High Energy
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CFKS Model

CapellaKaidalov, Ferreiro,Salgadosuggest hybrid
approacho DIS anddiffraction,in which Regge
theoryis combinedwith pQCD [kaidalov; Ferreiro].
Unitarity Is restoredoy including multi-pomeron
exchange.

for instancejn epcollisionsthevirtual photon
dissociatesnto a(qg) uctuation, whichfor
smalltrans\ersesizeis describedy pQCD

(co

Reg

ordipole),but for largesizeis describedy
gephenomenology

providesgooddescriptionof HERA datafor
Fo(X; Q?) [Kaidalov]
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Gluon Saturation from Unitarity

Uni ed descriptionof pp, pand reactionsanbe
obtainedn amodelbasedn afunctionalintegral
approachwhichrelateshetransitionamplitudeto
correlationfunctionsof Wilson loops|steffent:

Total Cross Sections

Jn 1 - 2 y
(T(t‘(;Jt(.'a‘) = :IH]T(St:O) = 2 /‘d“b_L o s. |b )
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The Color-Glass Condensate

An effective theoryfor (very) high-densitygluonic
systemst (very) smallx, dervedfrom QCD
[lancu; Itakura; Kharzeev]

Saturatiormoccurswhentheinteractionprobability
become®(1), i.e.,for Q% < Q5(x) with the
saturatiorscale

Cruclalobsenationiancu):
Qi(x) Ax © s C>0

) perturbawvescaleif A! 1 and/orx! O
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semi-classicalegime of weakcoulingandlarge
occupatiomumbers

high-densitygluons $ classicalkolor elds
radiatedby fast-mwing partonsj.e., fastdof are
“frozen” in somerandomcolor con guration

“color glass”(in analogyto spinglass)
“the oppositeof aplasma’
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Predictions of this Theory

Gluondistributionin trans\ersephasespacesaturates
for smallk, andfalls off overaregion

Qs < Jko] < Q5= : ) geometricscalingiitakural:

ot (6 Q%) 1 T (Q*RE(x))

Scalingholdsoverawide region
0:045< Q%< 450GeV~, sinceQi=  5-20isa
large scale

Predictiondor hadronproductionat RHIC
(multiplicity, rapidity distributions) kharzeev]
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ZEUS BPT 97

ZEUS BPC 95

HL low Q° 98

ZEUS+H1 high Q° 94-98

E66S
<01

all Q°

| photon-protor

g variable T =
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Much controversyaboutthe phenomenological
applicationsof thesadeas mainly relatedto thefact

thatthe predictedshadaeving correctionsarelarger
thanthoseseenn thedatalls it ...

Theoretical Summary — p.34/53



Much controversyaboutthe phenomenological
applicationof thesadeas mainly relatedto thefact
thatthe predictedshadaving correctionsarelarger
thanthoseseenn thedatallsit ...

“A beautifultheory whichfails completelywhenappliedto present
data!?(Anonymous)

Theoretical Summary — p.34/53



Much controversyaboutthe phenomenological
applicationof thesadeas mainly relatedto thefact
thatthe predictedshadaving correctionsarelarger
thanthoseseenn thedatallsit ...

“A beautifultheory whichfails completelywhenappliedto present
data!?(Anonymous)

Futurewill tell. In any case pnecannotoverestimate
theimportanceof having rst-principles predictions
In somelimit of QCD, evenif thislimit is notsoclose
to reality!
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Chiral Phase Transition in yPT

Temperaturelependencef chiral condensateanbe
studiedin PT usingthevirial expansionand
unitarizationpelaez]:

©)
o = b (14 Y S0 )
= ;K; | |

Results:

<gg> condensate
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obsenre “paramagnetieffect”
(reductionof T, whengoingfromns = 2to
N = 3

obsenre “ferromagneticeffect”
(reductionof T, for my 6 0)

resultsconsistentvith lattice computations
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Other Topics

Otherinterestingtalksrelatedto heavy-ion physics
dealtwith:

screeningorrectiongn numericalsimulations
Pierog]

paryonnumbertransfernshabelski

paryonandanti-baryonyieldsin thedual parton
mOde|[Sousa]

constraintdor nucleargluonshadaeving from
DIS datajsalgado]

promptphotonproductionat RHIC andLHC

[Sarcevic]
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Part 3:

QCD in Flavor Physics and

New Physics Searches
(Geneanl Audience



A New Era in B Physics

BaBar Belle (andCLEO) have presented new round
of exciting results,in particular:

updatedprecisemeasurementsf sin 2

measurementsf mixing-inducedanddirectCP
violationinB ! *

measurementsf direct CPasymmetriesn other
hadronicdecays

updatedesultsfor rarecharmlesandradiatve
decays

precisemeasurementsf CKM matrix elements
jVCd! JVUbJ
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Unitarity Triangle

Theexperimentaknowledgeaboutthe smallest
entriesin the CKM matrix (Vyp andVig) canbe
summarizedy displayingthe unitarity relation

asatrianglein thecomple<( ; ) plane:
(p.)

(0,0) (1,0)

CPviolation resultsfrom anon-\vanishingarea!
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Standard Constraints on the UT

k from CPviolationin K—-K mixing
|Vub=Vey from semileptonidB decays
Mg:s from By.s—B 4. mixing
sin2 fromB ! J= K decays
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Measurements of sin2(

Mostremarkablas thetime-developmentof these
measurements:

July’00  Mar 01 July 01 Mar. 02
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Measurements of sin2(

Most remarkablas thetime-darelopmentof these
measurements:

July '00  Mar '01July '01 Mar. '02
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Summary of Constraints

fitter

Notelargetheoreticalincertaintiegexceptfor sin2 )!
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The Future: “CP Triangle”

Measurementef theangles ; ; and|V,y allow a
(overdetermined!ronstructiorof the unitarity

trianglefrom B physicsalone,independentf B-B
andK K mixing amplitudes:

experimental results theoretical uncertainties

-06 -04 -02 O 0.2 04 06

P
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Muon Magnetic Moment (¢ 2)
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Muon Magnetic Moment (¢ 2)

If youtype“FITSLIKE A GLOVE” In Google,you nd
this:

e

H N TN
Science The New dork Times

NERTEL
E-MAIL THIS ARTICLE | =5 PRINT THIS ARTICLE | = MHETWORKS'

February 9, 2001

Tiniest of Particles Pokes Big Hole in
Physics Theory

By JAMES GLANZ

PTON, N.Y., Feb. 8 - New

observations of subatomic particldelated Articles
do not appear to fit into the standard 7 Issue in Depth: Physics
theories explaining the matter and forcengn"éil :gﬁgce Home
that shape the universe, scientists at
Brookhaven National Laboratory Forum
reported today. * Join a Discussion on

Science in the News

The unexpected findings, made with a
particle accelerator at the laboratory, may be the first glimpse
of a previously unseen kind of matter. If the findings are
confirmed, the heart of subatomic theory, called the Standard
Model, will be "insufficient to describe our universe," said Dr.
Thomas B. Kirk, Brookhaven's associate director for high
energy and nuclear physics.




Muon Magnetic Moment (¢ 2)

In this New York Timesarticlefrom Feb 9, 2001,we
can nd thefollowing modesistatementdy some

leadingphysicists:

“The mostnaturalmeaningof this kind of indication’; Dr. Marciano
said,“would besupersymmetrty Theobseredchangan frequeng, he
said,” ts supersymmetriike aglove’
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In this New York Timesarticlefrom Feb 9, 2001,we
can nd thefollowing modesistatementdy some
leadingphysicists:

“The mostnaturalmeaningof this kind of indication’; Dr. Marciano
said,“would besupersymmetrty Theobseredchangan frequeng, he
said,” ts supersymmetriike aglove’

“It would meanthatin describingghe world, we would needto addto
theequationf the StandardModel; Dr. Wilczek said.“And those
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Muon Magnetic Moment (¢ 2)

In this New York Timesarticlefrom Feb 9, 2001,we
can nd thefollowing modesistatementdy some
leadingphysicists:

“The mostnaturalmeaningof this kind of indication’; Dr. Marciano
said,“would besupersymmetrty Theobseredchangan frequeng, he
said,” ts supersymmetriike aglove’

“It would meanthatin describingghe world, we would needto addto
theequationf the StandardModel; Dr. Wilczek said.“And those
additionsmalke thewholething muchprettier moreuni ed andmore
beautiful’

“It couldleadto awholedeepemunderstandingf how reality is put
together”,Dr. Gabrielsesaid.
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Unfortunately ...

Supersymmetristsave onceagainto nd areason
why SUSY doesnot give a sizeablecontrilutionto an
obsenable,sincetheanomalyhasdisappearewith a
signmistale!

As everybodyknows, the contractionof two -tensors
IS proportionalto the determinanof the space-time
metric:

= 24def(g )= 24 ( 1)4!

In FORM, this quantityis +24 (asexplainedonp. 14
of the Tutorial), andtherethetroublebegins. ..
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What iIs Left ...

...IsahardQCD problem,sincethe mainuncertainty
In thecalculationof (g 2) comesfrom hadronic

contributionssuchaslight-by-light scattering:
[Czarnecki]

standing giraffe walking giraffe
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correspondingincertaintyis a"4' 100 10 %

compareghis with
a®P g = (202 151y, 10Q,) 10

while doubleandsinglelogsin this estimateare
sortof undercontrol,the non-logarithmic

contrikbutionto light-by-light scatterings largely
modeldependentandintroducesanuncertainty
of orderthe obsereddifferencgramsg-Musolf Wse]

to Improve the situationwould requirea better
controloverthe form factor
[Dorokhof; Praszalowicz]
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Black Holes at Future Colliders
Somespeculationsinrelatedo QCD [Landsberg]:

perties:
The absence of small couplings;

The “democratic” nature of BH
decays

expect these features to
ive for light BH

2 semi-classical approach

tly valid only for Mg, » Mp;
consider Mg, > M,

Future Colliders & Beyond 9
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LFIC as a Black Hlole Faciory

[Dimopoulos, GL, PRL 87, 161602 (2001)]

o f— f—
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7

Spectrum of BH produced at the LHC with subsequent decay into final states

tagged with an electron or a photon
Renconires de Moriorid 2002 Greg Landsberg - Black Holes at Future Colliders & Beyond

12
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Fromages et Desserts
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Three 30 Effects

NuTeV anomaly:sin® = 0:2277 0:0016
deviatesby 3 fromtheglobalEW t

) g toolow, gr aboutright

Belle anomalyno. 1: hugedirect CP asymmetry
Acp = 0:94"022 0:09inB! * decaysa
factor3 largerthanevenoptimistictheoretical
predictions
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Belle anomalyno. 2: hugedirect CPasymmetry
Acp= 046 015 002iInB | Ks
decayswhile in the Standardvodel:

Vub

cb

Acp' 2SIn ¢ Sin < 3%

Theoretical Summary — p.53/53



Belleanomalyno. 2: hugedirect CPasymmetry
Acp= 046 015 002iInB | Ks
decayswhile in the Standardvodel:

Vub

cb

Acp' 2SIn ¢ Sin < 3%

Perhaps,Moriond 2002will berememberdasthe
Confeencewhere the Standad Model
startedto collapse!
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