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Introduction
despiteglobalwarming,thereis still snow atLes
Arcs in lateMarch!!!

apartfrom skiing,weheardmany impressive
talksonavastvarietyof subjects
althoughQCDis amature�eld, verysigni�cant
progressis still beingmade
understandingQCDis not justanacademic
challenge,but impactsonalmostall aspectsof
high-energy physics
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precisemeasurementsof StandardModel
parameters:
� s, � , fermionmasses,bosonmasses,
�a vor-changingcouplings(CKM matrix),
CPviolation

searchesfor physicsbeyondtheStandardModel,
bothvia thedirectproductionof new particles
(energy frontier) andusingprecision
measurementsat low energy (luminosityfrontier)

QCDis ourplaygroundfor exploring strongly
coupledgaugetheories; lessonslearnedwill help
in understandingotherstronglycoupledtheories
(almostany New Physicsmodel,andgravity)
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I will focuson threesectorsof QCDresearch:

1. coreQCD(pQCD,resummation,power
corrections,factorization)

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

3. searchesfor New PhysicsandCPviolation

Ratherthanrepeatingall 39 theorytalksof this
conference,I will try to put thingsin perspective
andfocusona few, recentdevelopments
(my personalselection).
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Part 1:

Hard-Core QCD (ratedR)
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The Big Picture

Fixed-Order Calculations Physical Quantity

exactmulti-loopcalculationsof Feynman
diagrams
state-of-theart is NLO, goalis NNLO
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The Big Picture

Fixed-Order Calculations Physical Quantity Resummations

all-orderssummationof largelogarithms
state-of-theart is DL andSL (controlscaleof � s)
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The Big Picture

Fixed-Order Calculations Physical Quantity Resummations

Power Corrections

nonperturbativeeffectsinlcudedvia OPE,
renormalonanalysis,effective �eld theories
oftenpowercorrectionsarefoundto diminishat
higherorderin perturbationtheory, but they can't
really vanish!
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Scattering Amplitudes at NnLO
impressive progressin recentyears;
many applications:jetsin e+ e� andhadron
collisions,Higgsproduction,Drell–Yan,. . .

challenges:[Oleari]

2-loopdiagrams(many!)
p

NNLO splitting functions
realemissions(soft andcollinear
cancellations)
partonicMonteCarlogenerators[Weinzierl]

someissues:
doublecounting
negativeweightsin distributionsnear
boundaries
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Higgs Production at NNLO
InclusiveHiggsproductionathadroncolliders
increasesstronglywhengoingfrom LO to NLO, soa
NNLO calculationis requiredto obtaina reliable
prediction[Kilgore; Grazzini]:
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NNLO calculationis possibleafterintroducingan
effectivevertex for theH gg coupling(top loop
integratedout). Resultshows thatperturbationtheory
convergesbetterthanexpectedbasedonpartial
resummations[Kilgore]:

1
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100 120 140 160 180 200 220 240 260 280 300

σ(pp → H+X) [pb]

MH [GeV]

LO
NLO
NNLO

√s = 14 TeV

Theoretical Summary – p.9/53



Resummation
PhysicalquantitiesareIR-safe,but largelogarithms
canarisefrom incompleteIR cancellationsnear
phase-spaceboundaries

) breakdown of �x ed-orderperturbationtheory,
needfor resummation

While leadingdoublelogarithmsareundergood
control,theresummationof thenext-to-leadingsingle
logarithmsposessigni�cant challenges:

“non-global”observables,whichmeasuregluon
emissiononly in partof theevent[Salam]
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in thiscasetheapproximationof independent
emissionsimpliessuppressiononly of primary
emissionsin thecurrenthemisphere
) for correctresummationof SL, mustalso
suppressenergy-orderedlarge-anglesecondary
emissions

(H  )R (H  )C

q(x, Q )2

(H  )R (H  )C

q(x, Q )2

incorrect correct

accountingfor the“non-globallogs” needsa
changeof philosophy [Salam]
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semi-numericalmethodfor thecomputationof
SL effectsdueto multiplegluonradiation,giving
new predictionsfor thrustmajor, oblateness,3-jet
resolution[Zanderghiri]
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simultaneousresummationof recoil logarithms
� n

s ln2n−1(Q2=Q2
T ) andthresholdlogarithms

� n
s

ln2n � 1(1−z)
1−z in electroweakbosonproduction,

leadingto interplayof Sudakov suppressionand
enhancement[Kulesza]

66 < Q < 116 GeV

CDF 66 < Q < 116 GeV
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Unfortunately, physicsdoesn't stopwith partons. . .
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Power Corrections
Leadingnonperturbativeeffectsarepowersuppressed
� (� =Q)n

In simplecases,theoperatorproductexpansion
providesasystematicparameterizationof power
correctionsin termsof matrixelementsof local
operators:

(momentsof) structurefunctions[Alekhin]

subtractionof gauge-dependenthA2i =Q2

correctionin latticedeterminationof � s [Quintero]
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But in mostcases,thereis noOPE!

thenstill nosystematictheoreticalframework for
powercorrectionsexists,but therearemany
encouragingdevelopments

Examplesusingrenormalonanalysis:

eventshapesin e+ e� annihilation:
! � s(MZ ), � 0(� I ) [Marchesini]

eventshapesin DIS (notasimpleextenstionof
e+ e� . . . ) [Marchesini, Salam]

universalityof � 0(� I ) ?

“dressedgluonexponentiation”(x ! 1) [Gardi]
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Exampleusingtheb-spacemethod[Collins, Soper, Sterman]:

nonperturbativecontribution to resummation
formulaefor heavy bosonproduction,usinga
new extrapolationto thelarge-bregion [Qiu]

PQCD RESUMMED

� �� �� -DISTRIBUTION

�

� Fermilab CDF data on

�

at

�	 
 �
� �

TeV

QT (GeV)

dσ
/d

Q
T  (

pb
/G

eV
)

10
-2

10
-1

1

10

0 10 20 30 40 50 60 70 80 90

0
5

10
15
20
25

0 5 10 15 20

� Fermilab D0 data on

�

at

� 	 
 �
� �

TeV

QT (GeV)

dσ
/d

Q
T  (

pb
/G

eV
)

10

10 2

10 3

0 10 20 30 40 50 60 70 80

0
450
900

1350
1800
2250

0 5 10 15 20

�

J.Q. and X. Zhang, Phys. Rev. Lett. 86, 2724 (2001).

Theoretical Summary – p.17/53



Factorization Theorems
Factorizationformulaeprovideasystematic
separationof differentenergy scales(hard,collinear,
soft,ultrasoft)to all ordersof perturbationtheory

Traditionallyderivedby carefulanalysisof Feynman
diagrams(methodof regions),e.g.:

heavy-quarkfragmentation[Cacciari, Corcella]

� � �̂ 
 f 
 D

�̂ = partoncrosssection,f = PDF, D = fragmentationfunction

Theoretical Summary – p.18/53



Inclusion of non-perturbative effects

You observe, say, a

�

meson in an experiment

�
� � pQCD

�� ���

��

� �� �

npAn experiment

Arbitrary separation

You calculate

�

quark production in perturbative QCD and then convolute a
non-perturbative contribution to describe the

�
	 �

hadronization process

NB1: the separation between np and pQCD is arbitrary
NB2: after �tting the data, the details of np will depend on how
pQCD has been de�ned and its parameters

Matteo Cacciari 4 Moriond QCD - March 2002
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Example of non-perturbative shape function
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QCDfactorizationin hadronicB-mesondecays
[Beneke, Buchalla, MN, Sachrajda]
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π

π

π

π

) providesamodel-independentdescriptionof
hadronicB-decayamplitudes(includingtheirphases)
in theheavy-quarklimit
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Alternatively, factorizationformulaecanbederived
by constructingeffective �eld theories:

NRQCD[Zhang], pNRQCD[Vairo]

soft-collineareffective theory[Bauer, Pirjol, Stewart, . . . ]

) new development!

Anothernew development:
factorizationbeyondleadingpower (conjecture)[Gardi]

R
dx xN � 1 F2(x; Q2)

large � N
= H (Q2=� 2) J (Q2=N � 2) qN (� 2) JNP (N � 2=Q2)
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Other Topics
Otherinterestingtalksfor which I have no time:

large-s behavior of the� –N crosssectionfrom
�nite-energy sumrules[Igi]

semi-classicalquantizationof effectivestring
theoriesandReggetrajectories[Baker]

new generationof PDFswith uncertaintiesfrom
globalQCD�ts [Tung]

Fierztransformationsandbosonization[Jäckel]

constraintsonquarkenergy lossfrom Drell–Yan
data[Arleo]
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Part 2:

QCD in Many-Body Systems
(ratedPG-13)
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Nonpert. Effects in Structure Fns.
Structurefunctionsof nucleiarenot simplymultiples
of nucleonstructurefunctions[Kulagin]:

shadowing at smallx
nuclearbindingandoff-shell correctionsat
intermediatex
nuclearmotion(Fermimotion)at largex

At largex andlow Q2 (W2 < 2:5GeV2), structure
functionscanno longerbedescribedby standard
pQCDevolution: scaling/dualityviolations[Liuti]

introduce“semi-hard”clustermassdistribution
describingtherescatteringof theprotonremnant
(p ! cluster! partons)
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Very interestingeffectsoccurat low x and/orvery
largeA, wheresaturationandunitarizationbecome
important[Iancu]:

partondistributionsrisestronglyat smallx
linearevolution (BFKL, DGLAP) canexplain the
risebut leadsto inconsistencies(violationof
unitarity, IR diffusion)
athighdensity, non-lineareffectsshouldlimit the
growth: ) saturation
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CFKS Model
Capella,Kaidalov, Ferreiro,Salgadosuggestahybrid
approachto DIS anddiffraction,in whichRegge
theoryis combinedwith pQCD[Kaidalov; Ferreiro].
Unitarity is restoredby includingmulti-pomeron
exchange.

for instance,in epcollisionsthevirtual photon
dissociatesinto a (q�q) �uctuation, which for
smalltransversesizeis describedby pQCD
(colordipole),but for largesizeis describedby
Reggephenomenology
providesgooddescriptionof HERA datafor
F2(x; Q2) [Kaidalov]
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Gluon Saturation fr om Unitarity
Uni�ed descriptionof pp, 
 � p and
 
 reactionscanbe
obtainedin amodelbasedona functionalintegral
approach,which relatesthetransitionamplitudeto
correlationfunctionsof Wilson loops[Steffen]:
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The Color-Glass Condensate
An effective theoryfor (very)high-densitygluonic
systemsat (very) smallx, derivedfrom QCD
[Iancu; Itakura; Kharzeev]

Saturationoccurswhentheinteractionprobability
becomesO(1), i.e., for Q2 < Q2

S(x) with the
saturationscale:

Q2
S(x) = � sNc � x G(x;Q 2)

� R2

A

Crucialobservation[Iancu]:

Q2
S(x) � A1=3x� C� s ; C > 0

) perturbativescaleif A ! 1 and/orx ! 0
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semi-classicalregimeof weakcoulingandlarge
occupationnumbers
high-densitygluons $ classicalcolor �elds
radiatedby fast-moving partons,i.e., fastdof are
“frozen” in somerandomcolor con�guration
“color glass”(in analogyto spinglass)
“the oppositeof aplasma”
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Predictions of this Theory
Gluondistribution in transversephasespacesaturates
for smallk? andfallsoff overa region
QS < jk? j < Q2

S=� : ) geometricscaling[Itakura]:

� 
 � p
tot (x; Q2) ! f (Q2R2

0(x))

Scalingholdsoverawide region
0:045< Q2 < 450GeV2, sinceQ2

S=� � 5–20is a
largescale

Predictionsfor hadronproductionatRHIC
(multiplicity, rapiditydistributions)[Kharzeev]
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Muchcontroversyaboutthephenomenological
applicationsof theseideas,mainly relatedto thefact
thatthepredictedshadowing correctionsarelarger
thanthoseseenin thedata!Is it . . .

“A beautifultheory, which fails completelywhenappliedto present
data!?(Anonymous)”

Futurewill tell. In any case,onecannotoverestimate
theimportanceof having �rst-principles predictions
in somelimit of QCD,evenif this limit is not soclose
to reality!
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Chiral Phase Transition in χPT
Temperaturedependenceof chiral condensatecanbe
studiedin � PTusingthevirial expansionand
unitarization[Pelaez]:

h�qqi T = h�qqi 0

(

1 +
∑

i=� ;K ;�

c(q)
i

2mi f 2

� P
� mi

+ : : :
)

Results:
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observe “paramagneticeffect”
(reductionof Tc whengoingfrom nf = 2 to
nf = 3

observe “ferromagneticeffect”
(reductionof Tc for mq 6= 0)

resultsconsistentwith latticecomputations
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Other Topics
Otherinterestingtalksrelatedto heavy-ion physics
dealtwith:

screeningcorrectionsin numericalsimulations
[Pierog]

baryonnumbertransfer[Shabelski]

baryonandanti-baryonyieldsin thedualparton
model[Sousa]

constraintsfor nucleargluonshadowing from
DIS data[Salgado]

promptphotonproductionatRHIC andLHC
[Sarcevic]
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Part 3:

QCD in Flavor Physics and
New Physics Searches

(General Audience)
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A New Era in B Physics
BaBar, Belle (andCLEO)have presentedanew round
of exciting results,in particular:

updated,precisemeasurementsof sin2�
measurementsof mixing-inducedanddirectCP
violation in B ! � + � �

measurementsof directCPasymmetriesin other
hadronicdecays
updatedresultsfor rarecharmlessandradiative
decays
precisemeasurementsof CKM matrixelements
jVcbj, jVubj
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Unitarity Triangle
Theexperimentalknowledgeaboutthesmallest
entriesin theCKM matrix (Vub andVtd) canbe
summarizedby displayingtheunitarity relation

V �
ub Vud + V �

cbVcd + V �
tb Vtd = 0

asa trianglein thecomplex ( �� ; �� ) plane:

td~V
ub
*~V

βγ

(ρ,η)

(1,0)(0,0)

CP  Violation

α

CPviolation resultsfrom anon-vanishingarea!
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Standard Constraints on the UT
� K from CPviolation in K – �K mixing

jVub=Vcbj from semileptonicB decays

� md;s from Bd;s– �Bd;s mixing

sin2� from B ! J= K decays
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Measurements of sin2β
Most remarkableis thetime-developmentof these
measurements:

−0.2

0.2

0.4

0.6

0.8

1

0

.July ’00 Mar ’01 July ’01 Mar. ’02

sin2 β

BaBar
Belle
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Summary of Constraints
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The Future: “CP Triangle”
Measurementsof theangles� ; � ; 
 andjVubj allow a
(overdetermined!)constructionof theunitarity
trianglefrom B physicsalone,independentof B– �B
andK – �K mixing amplitudes:
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Muon Magnetic Moment (g � 2)

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

“The mostnaturalmeaningof this kind of indication,” Dr. Marciano
said,“wouldbesupersymmetry.” Theobservedchangein frequency, he
said,“�ts supersymmetrylike aglove.”

“It wouldmeanthatin describingtheworld, wewouldneedto addto
theequationsof theStandardModel,” Dr. Wilczeksaid.“And those
additionsmake thewholethingmuchprettier, moreuni�ed andmore
beautiful.”

“It couldleadto awholedeeperunderstandingof how reality is put
together”,Dr. Gabrielsesaid.
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Muon Magnetic Moment (g � 2)
If you type“ FITS LIKE A GLOVE” in Google,you �nd
this:

 
 

 

February 9, 2001 

Tiniest of Particles Pokes Big Hole in
Physics Theory

By JAMES GLANZ

PTON, N.Y., Feb. 8 - New
observations of subatomic particles

do not appear to fit into the standard
theories explaining the matter and forces
that shape the universe, scientists at
Brookhaven National Laboratory
reported today.

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.

Though the results announced today throw cherished ideas into
question, particle physicists have been waiting for such a
development for years because it opens a door into new worlds
of theory and experimentation.

The scientists, from a dozen institutions in Germany, Japan,
Russia and the United States, cautioned in interviews and at a
news conference here today that there was a slim chance the
results were a statistical fluke and that the Standard Model,
which has held up for 30 years, would remain unchallenged.

But they said the experiments, which involved painstaking
measurements of about a billion rare particles called muons
(pronounced MEW-ons), had so far determined with 99 percent
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Unfortunately . . .
Supersymmetristshaveonceagain to �nd a reason
why SUSYdoesnotgiveasizeablecontribution to an
observable,sincetheanomalyhasdisappearedwith a
signmistake!

As everybodyknows, thecontractionof two � -tensors
is proportionalto thedeterminantof thespace-time
metric:

� �� �� � �� �� = 24det(g�� ) = 24� (� 1)d−1

In FORM, thisquantityis +24 (asexplainedonp. 14
of theTutorial),andtherethetroublebegins. . .
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What is Left . . .
. . . is ahardQCD problem,sincethemainuncertainty
in thecalculationof (g � 2) comesfrom hadronic
contributionssuchaslight-by-light scattering:
[Czarnecki]

µ µ
γγ γ

γ

π

γγ γ

γ

π

standing giraffe walking giraffe
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correspondinguncertaintyis � ahad
� ' 100� 10� 11

comparethiswith
aexp

� � ath
� = (202� 151exp � 100th ) � 10� 11

while doubleandsinglelogsin this estimateare
sortof undercontrol,thenon-logarithmic
contribution to light-by-light scatteringis largely
modeldependent,andintroducesanuncertainty
of ordertheobserveddifference[Ramsey-Musolf, Wise]

to improve thesituationwould requireabetter
controlover the� 
 � 
 � form factor
[Dorokhof; Praszalowicz]
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Black Holes at Future Colliders
Somespeculationsunrelatedto QCD [Landsberg]:

99Rencontres de Moriond 2002Rencontres de Moriond 2002 Greg Landsberg Greg Landsberg -- Black Holes at Future Colliders & BeyondBlack Holes at Future Colliders & Beyond

Our Approach & AssumptionsOur Approach & Assumptions
Based on the work done with Savas 
Dimopoulos last summer [PRL 87, 
161602 (2001)]
Also, a related study by Giddings/ 
Thomas [PRD 65, 056010 (2002)]
Extends previous theoretical studies 
to collider phenomenology
Big surprise: BH production is not an 
exotic remote possibility, but the 
dominant effect!
Main idea: when the c.o.m. energy 
reaches the fundamental Planck 
scale, a BH is formed; cross section is 
given by the black disk approximation:

Fundamental limitation: our lack 
of knowledge of quantum gravity 
effects close to the Planck scale
Consequently, no attempts for 
partial improvement of the 
results, e.g.:

� Grey body factors
� BH spin, charge, color hair
� Relativistic effects and time-

dependence
The underlying assumptions rely 
on two simple qualitative 
properties:

� The absence of small couplings;
� The “democratic” nature of BH 

decays
We expect these features to 
survive for light BH
Use semi-classical approach
strictly valid only for MBH » MP; 
only consider MBH > MP

RS

parton

parton

M2 = ŝ

� ~ � RS
� ~ 1 TeV �� ~ 10��� m� ~ 100 pb
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LHC as a Black Hole FactoryLHC as a Black Hole Factory

Drell-Yan γ+X

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

Spectrum of BH produced at the LHC with subsequent decay into final states 
tagged with an electron or a photon

n=2
n=7

Black-Hole Factory
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Fromages et Desserts
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Three 3σ Effects
NuTeV anomaly:sin2 � W = 0:2277� 0:0016
deviatesby 3� from theglobalEW �t
) gL too low, gR aboutright
Belleanomalyno.1: hugedirectCPasymmetry
ACP = 0:94+0 :25

� 0:31 � 0:09 in B ! � + � � decays,a
factor3 largerthanevenoptimistictheoretical
predictions
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Belleanomalyno.2: hugedirectCPasymmetry
ACP = 0:46� 0:15� 0:02 in B � ! � � K S
decays,while in theStandardModel:

ACP ' 2sin� C

∣

∣

∣

∣

Vub

Vcb

∣

∣

∣

∣

sin
 sin� strong < 3%

Perhaps,Moriond2002will berememberedasthe
Conferencewhere theStandard Model

startedto collapse!
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