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m Particle Physics has entered Fhe LHC eve,
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proton- proton colisions — NEW V PHYSICS
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AQCD HARD SCATTERI\NG
wm consider INCLUSIVE HARD scattering process
hard scale @= MIP-L,"“ 3 Muadron ~A GeV
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e QCD ‘:redicﬂbms reciuire :

specific (process-dependent) universal (brocess-independent )
Fheor. caleulations +  inputs

( - value O‘F °(.S
inputs :
z ~ partow densities f(xQ¢) (&'—'q,f.})
of @ scale Qo ~ Mg ~4GeV
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THE QCD RUNNING COUPLING
the MOST important PREDICTION of (perturbative) QD

s ASYHPTOT\C FREEDOM

distwnchive feahure
of non-sveliavy

gauge theories
ol (07) ~ - : QCD coupling is logarithmically
: / o tu -Q—: swmall af \arae scales Q
Noco (42nfro=44 N.-2Ng )

from perturbative

RENORMALIZATION {LL QD fundameuta\ scale
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expps. (LEP, SLC/ HERA,
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AF verified to kig\q accuracy ('v 2-,‘-3‘/0)
over aboult 2 ordevs of waguiFude
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from many difterent wmeasurements
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Summary of o (@) defervninations

0.5 - S.BethKe ,  apeii 2004
i Deep Inelastic Scattering A
0.4 [\ ete Annihilation o e
i | Hadron Collisions ° Y
\ Heavy Quarkonia " =
o M:EV --—-ﬂ;s?;ez;
T 031 L &i‘% 210 MeV —— .1182 | -
| T | 180 MeV — —0.1155
a factor
of &3
0.2+
|
~ 0.42
0.1} : :
' {
e 10 100
bR Gev] % ~aogu
" QIGev]
¥ pon-trivial “perturbalive physies
Qﬁuiwlenk ly; ols(r\!') ~ _ os (M) - eftective

=y 7 eXpansion
:f:ij" (5o s (He) o Hz/“; P’;P:av'v} etev
R
- (2}



PARTON DENSITY FUNCTIONS (pdt )
T {-Fk[x,(i’) }“?'H— describe how hWadron wmowmentum s
distributed av'ao\ag ‘,arhov\s at Hie resolulion scale @
wm though bd¥ originate from nom-perturbabive dywawmics,
scale evolubion bredicred [computable in pACD
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m deferminations of pdf : F(x,07)

e in principle, computsble by non-pert. methods
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e in practice, MRET
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e typical behaviour of parton densities of the proton

\
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bQCD THEORY ! FIXED-ORDER EXPAMNSION
m perturbative r_owpul-al-ion of partonic subprocess

power Series A part: n [A(o) Aty o A2) ]

expansion i oy (:_,.CTPZD ~ dg o + ﬂls G-T 4 dg G—T-f e
hard-sca Wihg Lo W0 : Nﬁl_o .
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PARTON EVOLUTION aF NMNLO
= scale evolution of pdf controlled Ly

P Kemel . ; -
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= NNLO : COw\gu{’aHov\ combleted in Spri\ns fDﬁ[
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aid of dedicated computer algebra +new wathe makics
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= E]uanfi{‘aﬂve_ effect of NNLO Keynels
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= NNLO evolution * vew quantum puenowena

besides ks quav\h'!-ai'we iwportance
NNLO evolution reveals new physical phenowmeuna

eq. strange -awTistrange

asyvnmo)rvy in the definite

4 (Pough qualitative)
hucleew prediction of QCD

S(x,0M) 4 s(x6?) Rodrigqo- de Floviaw - Vogelsaug +5.C.

/ NG
physical consequence of & f pECD charge + valence content
asymmetry © ot Hhe nucleon

a f
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T ] e new quaul'uwv effeck |
q‘:} tE 7L 49 + S\'ar'tivas from 3 (eo(,s /,/
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d gt _qq ‘H) AR % even ¥
As=90

As s s-3 Quz U-0)+f-a)
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As L dd Qv o few peveent )
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NNLO CROSS SECTIONS : DY PROCESS

w hadroproduction of lepton pairs ,
with high iwvariont mass & - hyth, -—3;3(&)+X

from decay of
Pari’ovﬁc S‘u\o\,v—ocess Vector bosow V= a’x} 'Z',w:

Drell-Yan wmechanism
>§f@3 qq owihilakion

- NNLO(par"Om‘c) crost Section Kvoww

total cross sechtion o Hawbev5 Vow Neevrvewn - Hatsuuve '$4

Harlauder- Kilsore 02,
ra‘aidiky destribution Avastasiou - Dixon - :
d“’/d_% —HelwiKov-Petriells 03
s Fig
wt W and Z ]:rodud‘ion
‘-tﬂ,‘ cal _ &1':?‘{? 5 -Frov;\dgi“cna*
eovy
uncerfainty @ 2,
Tevatrow  £3+4% +2:5h
LHC +4:2% +9:5%

h 3@06 candidate as
(parton) luminosity mowitor
at Hhe LHC Dittmar-Paus- Ziireher ‘ST




w Z production at the LHC: raPio\il'y disfribubion

bands from scale variations
Ma < M= pp < QMg
¢ A&

80

(1) scale dependence
at NNLO ~ 4%

() differences
NNLO vs. NLO
~EAL:22L%

d%g/dM/dY [pb/GeV]

[c) NLO vs. NNLO:
overlapping bawds

4

NICE CONVE RGENCE
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Avastasiou, Dixow
Melnixov, Petriello

NNLO baud
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NNLO

Vs = 14 TeV
HF“g
M/2 = p s 2M
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oF PERTURBATIVE EXPANSION

am W and Z produchHon:

cowparisow

hadvon collidev dats 4> NNLO predictions

SppS 2
Tevatvon (630 Gev) 2
Tevatvon Runl (l-ﬂ'fe\l) °
" RunT (146Tev)
NiCe
AGREE MENT 4

14

MRST 2002 pdf
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QCD a3t NNLO ¢ GENERAL METHODS
wm several qroups are achively working to develop
gevera (precess-independent ) wethods to compute

physical (IR fimte ) o aF HNLD Anastasiou-Helwilov-Petriello
( combine analyfically /\numer\'cally Ye Riddey - Gehrmawn - Glever

REAL radistion @ VIRTUAL 2-locp Terms) Heinyich- B[i:l.o!‘h
R ’J_/_H Kosowey, Wein zierl

: . TrivionQ - Fraz2inm
e - '
Sepavately TR divergent Bel Duts ~Somogyi-Trotsany

ey~ | J
Gl 2\eks ~ - ~+
) = (3 0 -1 30

Space  DOVBLE REAL 24o0p
wtegral ReaL 4-\oop VIRTURL

o ampltiudes o 2 LOOPS .

o no awplitude with 4 (or more) external legs
was Knowwn hetove 2000

. B\-eakl'hroug\a :
evaluation “of plonar

avnd nown-plauar double boxes z

__‘X Tausk 3¢

. IR0
S'MH'Y}U\J 5.‘3

tn Sﬂered infense acH\!.'\'y
+ fast awazing progress

Bern-Dixon - Ghineulov 04
alL  A-leq awplitudes Avastasiou - Glover.
et ~Oleari - Tejeda Yeomans
et Bern -Freitas -Dixon
[ 3 wmassless +4 maesless/wnsivel Garlawd - GeWrmawn - (rlover. ™
5 5 ~KouKeutsaks - Remiddi

FeF1y WAL Hock-Uwev -Weinzier!



= to evaluate mull’ileg 2-100P owmplitudes:
new wathewmatics has beewn
I'vediscovered ' , \nvented ’dweloped

exawplgs : : |

(£) Mellin-Barnes representation /_/—/_/1:\\ N-plane
A= (. Y PN A s
(‘M-—a)v ; 2ne wYHN T M>) ' TO f""-—?‘——‘_ P

G l <

e infroduced by Swmirnev
to evaluate (€ expansion ,d=4-2€ space-time dimeunsious)
2-loep Feynman integrals

o reloted to Sommerteld -Watson rvepreseutstion used
in od "’\'\MES (pat’{ialw;&v; gg‘,;“;ohlgegge Pdﬂ "“YSl‘C‘»)

(i,t}\ Harwmonic 'POI.Y Logari}'hms (avunl Senenluah’ous)
(x-) W = Oftd. index

g s, . K: weight

1

o basit of functions needed

to express vesulbs of

2 -locp inteqrals Genwrmann ~Rewmidd; ol

( their algelbya , HeH =2H,)
{-ul(y skudied

. 3ene.valizaﬁom (EXTENStON, it weight K3l )
of logarithms  pdylogarithms (Lizht),.. ’ L;ntﬂ,..))
Mielsen polylogarithwms Su,p %)

Rewmidd;i- Vermase ren '99%

« related fo "Multiple Pol\flogarimw\s;'
independently introduced
by v_!\_:_;ihemaﬂciaus

Gonecwarov 'S8




p@CD THEORY : SOFT-GLUON RESUHHATION

recall :  perturbation theory at fived ovder(Lo,NLo,NNLE,.. )
is not alwavys sufficient /relialo[e,

w hard processes ave often multiscale processes:
swo.ra.k hard Scoles . Q= ¥
&, 8z, - »Agep 3 8~ G,

of W*Z Higgs,..

when hard scales

Sre very o ferent lavge double (ogs

(due to soft Sluoas:

Q> 0O, A(n) i ,
Lst @ 54 — S~ ds Spoil comvargsnce
ap > '8-"’" L»4 ot fo.
eXpbansion
(d,L%om

* L4 L>>i)

parturbative sumwatien
o ——
to o\l ordevs is necessary



m resumwalbion studies

started in the e.fshhes _
dokstzer Dyakonov, Tveian,
Parisi , Petronzio, Awmatt,

in many ( because of BassetHo, Ciafslont,
cases, 39‘}33‘1“\"“"‘““‘; Harchesing, Veneziano, Cuve],
double ':L“"'éft‘“Y: Crreco,Srivastave, Huellew,
loss th(USlV‘E“QSS ) CO“I:WS l gObe‘f r S{'ETWIQW :
exponentish kodaivas , Treutadue,
) S*‘v\(ng ,WQ\:\-EY‘, S-Co, » 88y
A A0)

0 ~Q e)x\o{ L 1(dgL)+%?_(d:L)+d, 3b(dgL)+... B

3
Ato) i n! 15} n -}
G‘Loe,x\, 5h=.[m’d:]— #Baa L e CuaL *]S
s A~ e~

at fixed dsl ! 2‘ A ; \_*

C(D systewmalic 0(4y) 004 )
e,rpausiou
as in f.0 LL

NLL NNLL
(leading  next-to-leading

logs *) (ogs ) \

feasible with < — Today's presently a¥ailable

geveral wetheds: sbandsed only in few Casess
Kidowal(is Oderda, Sterman, Laeven ‘47 needed 3'0\‘
Bonciaw, HawgamO,Nawm;S.C. LY hig\vpreusiom
Bawnfi Salawm ,Zahdev '.S"‘; 02 aco

Harchesini  DoKswitzer /05



NNLL CROSS SECTIONS : HIGGS PRODUCTION

= production of Stondavd Hodel Higgs Lesew

at hadron celliders
consider gluon fusion;
dominan l'*pmduch‘ow mechanism
LO 4 bop My QL 3t theTevatron ond the LHC

:]})}? ¥ other production mechanisws,
& ' with high S/F ratio  ave

3lso relevent $or Higqs
boson search

parfenic subprocess

o NNLO results available for
Cror (ihc.lud{vtj h.o. sott-gluown e-ffec,h) A

Harlandey -Kilgove ‘02
nastasiou-Helniov ‘02
ond rapidity distribution Ravindvan-mith VowNeerven 0]
deFlorian- Grazain: -Masens 8.0, 03
Aunastasiou-HelniKoy -Petrielle 'ol'?(
- Q distrcbution :
i 2
when Qu<c My, refuwwmation of lerge (ogs L= fu Ma /@f
is needed ( wandatory ) :

brésewuy . NMLL + NLO Bozzi-deForian -lrvazzini + 5.0,
(swall @y ) ( (3vqe 8y ) 03
T ~ LT
[ . jonL (.643.—1. )NHLL-}NLO & (“W)NHLO ] AAS D -}-(3 :

= quanhifefive results:
() well-behaved results a5 G120,
(ii) stable perturbative predictions,
with uniform dccuracy ( ~ ‘.*:*10"/.)

from swall to intermediste &

& Y

(~ 0 Gev ) ( ~806eV )



= Higas boson &y-Spectrum gt the LHC

bawds : L%H < M Me € Ay Boz2i-deFlorian - Grazzini +3.C,

; Lo = +D
NLO-> -a0) |, 8,0
a0 /e

NLO : unphysical peak dueto
compensation befween
dominant and subdomivant (ogs

A) fixed -ovdeyr E
expansion (Qy#o) \
i

1.0

rur—r—|—|—‘1',_‘

T l =0 40 | T T 7T
MRST2004 -
My=125 GeV -

P swmall .Q_L :

ﬂ,NLor. :
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B) zesummed

¥pansion e physical e NNLL slightly

behaviour havdeyr Hhan
NNLL vs. NLL f

o scale dependeuce : 1.0_.J =
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NEW METHODS IN QCD AND
PERTURBATIVE &ARUGE THEORIES

-m o 3re:’r deal of recent ach{\'Y higaero_d Ly
Witten's paper on ! Fopological string Fheory

n twastor space
hep-tn /o349 474

e new interpretation of sattering
awblitudes in Fwistor space

o proposal of wealk-weak duality
between a (to\aological) string
theory and QCO (w=l Susy YH )

2 years
aud 3 half

\
® ~ 460 papers So fav (\ra\'&: ~2 papers pev \aUee,K)
(O\nl\/ ~ 40 LY oxd)) PQOP(P_U )

® Mmany new results

= would deserves a fully dedicated talk

* in He following,
3 very brief "QCO-st" sverview of the +ield

See
wtrodu c\‘Ory lecture wotes

Cachazo-SvrcieK
hep-th /050448



GAVGE THEORY AMPLI\TUDES
m navely, very combersome expressions of their

hegl colours o,

. deqrees of
—:ﬁ? -Ferieéom momeats b
(S\rmi&ies ) hi=td

h expressions simplify by using "right variables"

(1) (2)

E ¢ olour decomposiﬁ on'” ‘g hc\(cil‘y bas(s

(S‘\'rir off colouy )

(1)6% n gluown, free leVe\, Hawgawno-Payke-Xu '#¥
tree &1 a“
M, el m 2 Tr'( : ) by R,
L=4,. K how- cyclie
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£% 1 SUCN,) t ;h:;_:‘?;h“ colour su\aamﬁﬂ-udc
s : ¢/ geneysiors a Y v 1’
4w fundaweutsl open string (dEW“dS.O.h'Mﬂhtn 3

representation theory and helicihies )

(9 Shinor helici!‘y Formalism
. Xu-Z’AaV(j—r_h.w‘(‘ lf"

use Dirac (weyl. .) Shinevs Beveuds -lcless ~ CousmaecKer
- Gastmans - Wy ' #4
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w eventually vesults *u\lz expressed iw terwms of
"ange - bracket " <0y> = iy wTy) = €7 ), 05)
"Square-\orac,ke!—" ftJ] — Et:;;) U‘?ﬁ) - Ed(s a; ).-, (’;J ){5
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/"‘-"‘\:/"\
A, (4,25 nt) =0 a\l-plus helicities but one

(Va.hish becsuse of hw-lml)

Wellathy comnservation

s —~ 4 Parke -Taylow ‘K€
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=b hamﬁd . A n

very simple !
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awd not on X;

=D "lno\ow«orph'c, function'
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TWISTOR SPACE AND GAUGE THEORY AMPLITUDES
w Sfart in Spinor (helicity) awplitude

Space : A({Pé,hi's)'-: A({%f/%})

h Twistor transforw = "hal¥ Fouvier transform "

twistor space Odetained \w\/ Fourey Transform

want. positive heliciYies 'X ( but not N )

Penrose '6F

Shinor & hoaastor
spoce >\ )\ — )\ ); Space
A(MIP"'):SE d’ AK QI‘KPI( Z}’J Jd} A(\"‘p‘ik)

Gy
wx Witten's observation
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spimorial
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m tywistor spinoffs :
Withen 's comjecture has lead to HIGHLY SIMPLIFIED
’TFeynman rules' fov tree-level swmplitudes
e RECURSIONY FORMULAE FOR 2 diﬁevenﬁ'/a_“‘crnah've
ON-SHELI® AMPLITUDES - set of ruleg

A) ﬂHV rules Gatwazo-SvrceK -Witten '04

effective ver\'i(es(ﬁ\”w) joined by scalay propagatfors
non-MHY

. simple scalar

: :;Z R F’—H”_/./ propagator - —"'{;
rees
/‘/_/,9 \ }ﬂ'orerly defined on-shell P"i““‘m

MHV awplitude ot otf-shell momentum %
= wmulti-particle TH P g M
ver\‘ef (¥~ 454 )
B\ ON-SHELL rules arsued { RoiLa\f\"gPradl{'n ~Volovich o
- ciwgler than HHV rules ) : Britto-(achszo ~Feng
tre e
A*:e A K : A,"‘"‘ Britto -Cachazo -Feng - Withey ‘o

:li.‘ PROOF : simply tollows fvow

L - 2
o ”{\ ANALYT\CITY
K . properl (no twastors exotics )
3 de%iue!
°V""§‘d-l scalar wowmentuwm I-——' .
e bropaqater  (shitted by e this
of oft -shell cowplex : :
WO eu Fu avgow” (i) has the correct
residue ot
(%) KEY SIMPLYFICATION any

muLhparticle

2y F .
(w-rt Feywwman graphs) ble s

on-shell awplitudes direetly
obtained Arom on-shell amp\iholes Lﬁi) is unrque |

wiHy fewer exterwal legs N




w recursion formulae (MHV rules /on-shell rules)

at the tvee level extewnded

fo include

fermions, vector besows

Georqiou- Glovey - Khoze o4
Wu - Zhu

Dixon - Glover -Khoze - Badger

Bern-Forde -Yosower-Hastrolia
Luo ~-Wew '0S

Badger -trlover- khoze- Sweek

Hi 99 bosons

0 \OOP a’mpl‘i*‘udes.!_ Par\‘ia[ st of Hhe wmany
mucth ongoing achivity cow*r’.buﬂns e
Brandhuber Spence Travaglivni,
Cac\,\a'z.fa, Svreek Withen,
Britto , Feng  Bidder,
Bierruw -Bowr, Dixon Duubar,
PerKing, Bern Keipwer,

Del Ducd ; »-

to generslize
bwistor ~inspired methods
ot \oo\a level

(mosf promising roufe Seems:
leop recursion formulae,

i-e. get loops from trees
via UNITARITY / DisPersioN
RELATIONS )
== much progress expected

rewark .

besides Hieiy prachical SP;mf% (scaHeri\ng awplikudes )/
Hais researehr achivity way revesl

new general properties, features hidden sywmef'n'es/...
of perfurbative gauge field theories



ayolog{es for nof \nav{nﬁl discussed
recent progress on wany othey ’ropics '

m Theory / phenomenology of heavy-~ quark
(ts\pecia\{.h b-qu;\rk) production
Cacciavi  Nason, Mawngano, Frixione Ridolti
He\hi\(o\f, Hi!—ov, Corcella, S5

m BFKL, small-x &Cp, hiah-cner”r Lehaviour
Ciafsloni, Colferai, Salom, Stasto, Altove Il
Ball, 'F-or|‘e., -

- QCD P\f\yslcs ond (impl&htufa*'\'bﬂ th\)
Honte (avlo event qeneratovs
Kvrauss | Ruh\n{ \WQUOQV‘, s.C. Frixione,
Nasow, Mangawo , Hoveth, 'Picc(m'n.', Pittau,
Mrewns Richavrdsow : Colliv\s, Houtwmaonn,
Soper , Kvdwer, Nagy «...

we interface perf. /nen-pert. &Co, power corvections

reworw a[oui) O
pokshiFzer, Harchesini, Wekber, Korchemsiey
Si‘ewma\n, Salam, Dasgupta, Benele, Z‘G\Kl/\arov}

Mueller, Gavdi, Magmes, ....



SUMMARY

as T[heoretical progress ow
ACd af wigh wmomentum +ranster
ic HﬁRD/SLow but STEADY

_—— ]

C; sometimes boosted : S'Peeded up

€.%: in this felk
= high - preccsion QCD
= new wmethods in BCD and
perturbative gqauge theeovies
two topics on which progress
has beewn /iS expected fto be
fastreyr

= cav\c\ud{\n3 remarK :
owing to
e intewnse theov. ach'v{\'f , New 10eas
o continuous intevactions ( inpubs Joutputs )

with expeciments at high ~evergy colllolevs
[ Tevatvow, HERA RHIC,..)

* M3y new , YOUN & P&O\al&
in Me Field

QCD 15 on *racK For the LHC



