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QCD (Quantum Chromo-Dynamics)

1973 1970 Rodaira’s
classification
Gross-Wilczek & Politzer 1973

Q ete jet Bjorken scaling

Q
QCD LO NLO
1980

QCD /

1990

Precision QCD LO NLO-NNLO



W. Heiseiberg and W. Pauli
Z.Phys.56(1929)1;59(1930)168

H. Yukawa
Proc.Phys.Math.Soc.Jap. 17(1935)48

Photos from Nobel
Committee Web page

R.P.Feynman ~1949
J. Schwinger ~1949
S.Tomonaga ~1943

D.J.Gross and F.Wilczek
Phys.Rev.Lett.30(1973)1343.

H.D.Politzer,
Phys.Rev.Lett.30(1973)1346.

Asymptotic Freedom
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QCD
2007  LHC (Large Hadron Collider)

e Higgs
. PDFs

—
, (ILC)

estimate



Infrared (IR)

( QZ) Asymptotic Freedom

VS

Lattice, ChPT, HQET, Skirmion,
Large N., QCD sum rule,

pQCD

Ultra-violet (UV)

long distance

—Q

short distance



Factorization Theorem

o ~ ( ) & ( )

short distance 1) long distance
convolution

Soft/collinear factorization

F-C® f=CQ® f
/ I N

Structure fn.  hard scattering PDF (Q?dep) scheme- dep

Q? dependence === DGLAP eq. or OPE+RGE



LO NLO

NNLO
# of
L . di
Splitting functions P (X) L0 |ag1r§ms
POX) +a, PO %)+’ PP (x) - " 350
LO NLO NNLO NNLO™ 9607
1-loop 2-loop 3-loop \
Coefficient functions MVV

C=C, +C1a +Ca +Ca + -

tree Ioop 2Ioop 3Ioop




3-loop splitting fn. Moch-Vermaseren-Vogt (MVV)

p(2)

Nucl.Phys.B688(2004)101;B691(2004)129
b 3-loop anomalous dims. 12
P®  C, == NLO pl0 C, = NKLO
P@ C, = NNLO T T
k+1loop Kk loop
& NNLO PDFs
To be done soon
3-loop coefficinet Moch-Vermaseren-Vogt (MVV)

functions C, to appear
3-loop coefficient fns. 100 !
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Factorization PDFs

high-energy QCD process:

A+B—->C+X
2
B—~— f, ' —— Q—SluRz,,qu,,uDz < 4Q°
\h 4

do = [ dxdx,dz, ,° (%, 22) ® 5" (%, 1)

®EjOA'(Xa, Xb’ Zc,luR’luF’:uD2® DcC (ZC’IUD)

DIS, ete - hX, Drell-Yan, hadron-hadron semi-inclusive



QCD

AG gluon pol. sqtransverse pol. Fn
chiral odd fragmentation fn. ... coto7s talk
small x physics BFKL vs. DGLAP eqs.T.okushuku’s talk

PDFs Factorization-Scale Dependence
NNLO factorization scale

QT < /URZUUFZUUDZ < 4Q°
QCD resummation mass scale
soft-gluon emission large log resummation
QCD@LHC Higgs QCD Kodaira’s talk

etc.



QCD low-energy

Lattice gauge theory Ukawa'’s talk

Chiral perturbation theory (ChPT)

Heavy quark effective theory (HQET) Kodaira’s talk
Skyrme model (Chiral soliton theory) pentaquark?
Quarkonium potential approach

QCD sum rule

hadron spectroscopy, B-physics, exotic states
(pentaquark?, X(3872)),



RHIC Heavy ION exp.

QC D cf. Sakaguchi’s

talk
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QCD

o AJS/CFT String on AdS.>=<S> N=4SCFT
Polyakov et al Maldacena
5 AdS semi-classical
boundary Yang-Mills
anomalous dimension large spin J
In J
o AdS/CFT DIS
Polchinski et al
string

« MHV Twistor Space
QCD n-gluon
Witten, Cachazo-Svrcek-Witten (CSW)



*Regge limit ( 0 — 0, E — o)
Amp oc s“Y
Regge traj. a(t)=a't+1
2 limit (@:finite, E — o)
Amp o exp[-a’s f (6)]

constituent



QFT

((jj—f(A, B—>C,D)~s " f(t/s)

n : total number of field (A,B,C, D)

i
- ~ S
dt TP->7TP

e
Y pp - pp

power law




AdS/CFT (Gauge/String)

J.Polchinski and M.Strassler, Phys.Rev.Lett.88(2002)031601
do

—~s " A:conformal dimension N
dt T =rT/R?
AdS; =< S, R=(47gN)"*a™* AdS
r2 R2 Power-law
ds® = ?nwdx“dxv +r—2dr2 +R%ds;, @
~ R Warp factor  W(r) =R
P 0dim) = " P (adim)
_ r % L T = =
p~R™ < pr—5

R2



Gauge theory with string dual

* gN — twist-2 scattering from weekly Int.

partons twist-2 op.
M -

. — scattering from entire hadron

double-trace op.

x=0(1) supergravity states

x=small  excited strings produced



D I S J.Polchinski and M.Strassler
JHEP05(2003)012

Spin0 (dilaton)
J Dman _O

iy IR
A,=n, giay AT : K(CIRZ/r)

W
X
W RY
/\J Arzlq.nequKO(qR /r)
lini ErOzARZ

= 1o rLoo min

o ® =e™w(r,Q) :dilaton
A° -A
F =0 Fzz(?j X (1-x)" w( )~ (Lj Y Q)

o




n-gluon

o Witten  Commun.Math.Phys.252(2004)189
N=4 Fourier
twistor space

o Cachazo-Svrcek-Witten (CSW) JHEP09(2004)006

(MHV) vertex
MHV helicity



n-gluon QCD amplitudes

e gluon+gluon - ngluons

Numbers of tree-level Feynman diagrams

n 2 13| 4 5 6 I 8
4 125|220 (2485 |[34300 |5595405 |10525900
Mangano&Parke

Phys. Rept.




GRACE n=5 gluons - 2485 Diagrams!

Graph 1 Graph 13 Graph 77

Graph 125 Graph 149 Graph 2485
g g &
g
g
g
g g

by Kurihara@KEK
ghost — 7245



Helicity amplitudes )

= ):O

Maximally Helicity Violating amp
MHYV amp

J J)

Y Y

2 h (n-2)+h
|\/In :Tn A\]ﬂ

<1 1 fullamp § kinematic amp
r?

A (9, , QS_)zig”_2 - s color factor
[T<4. 4> Bi-spinor

177141
i=1 IR
Parke-Taylor, Pas = 44y (P°=0)
Phys.Rev.Lett.56(1986)2459 <A A >=e, A0 /Isb




CSW Cachazo,Svrcek&Witten, JHEP09(2004)006

MHV amp —> MHYV vertex

) on-shell off-shell
A, Fourier
¥
1t ()
A
twistor space MHV 1 MHV
TN \
N— _/
—
non-MHV amp



n-gluon amplitudes SUSY

o Tree-level QCD = effectively supersymmetric

Q). g°(p) |=F"(p,m)AT | Agluino

i . Supersymmetry
Q). A*(p) | =T (p.m)g"
Supercharge Q annihilate

0=(0]| QAT 8, 65 -9, |0)=-T" (P, A)A(9; 8, 8 - 9,)
+T7(p, DA (A A9y -0, )+ +T7 (P DA (A 9, G5 -+ A,)

SN— -
——

massless gluino  helicity <
Interaction




CSW

Georgiou-Khoze JHEPO5 (2004) 070 mmm)p MHV
A9 95 ) A9 A AS) AATAT AL AL)
« Higgs+gluons Dixon-Glover-Khoze JHEP12 (2004) 015

e Higgs+quarks+gluons Badger-Glover-Khoze hep-ph/0412275

1-loop

massive



Parton Shower Event Generator
GRACE
* Monte Carlo Parton Shower PS)

Q2evolution/x /Soft-collinear jets — LL/NLL PS
NLL PS <=> 2-loop Splitting fns.

 Factorization —

e Hard QCD ME)
PS) double counting
==> CKKW etc

kr clustering, virtuality ordering
« ME Sudakov form factor modify



Event Generator Parton Shower

cf. Tsuno’s talk

ST
(PYTHIA)

it el 'C.Grﬁputef _I'Sy.étefn' o

[llustration by Kurihara@KEK



. Event generator
GRACE etc.

Feynman

Lattice QCD

KEK



Summary

QCD

New Physics
QCD

e.g CSW
collaborationeLHC,ILC...
Young generation



“QCD old boys” invite young people
to join the QCD research!

“QCD old boys” should also work!



