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Caveat Emptor

* I'm not a historian

* I'm a theorist

* | don’t promise to be “fair and balanced”
| was only “there” for the last 20 years
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The Times They Were A'Changing

* In the 1960s there was no QCD, no Lagrangian or
Feynman rules for the strong interactions.
* Instead there was a baffling array of
“elementary” hadrons:
p, N, A,2, = mnK,mn, p,o,..
* There were symmetries to group them:
- Isospin — SU(2)
- “the eightfold way” — SU(3) (approximate)
- PCAC — spontaneously broken axial SU(2) or SU(3)
leading to light Nambu-Goldstone bosons: &, K
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“Three quarks for Muster Mark” ¥ ﬁ7
>

- J. Joyce e

« Symmetries could be accounted for by
having an SU(3) triplet representation of
u,d,s quarks (aces), with

Yy Y
2@S
d u 3
baryons~ 3®3®3 &«
mesons ~ 3®3 3\/2“ et
2 % Ty
3| 8
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Quark model predictions confirmed

\Q=-1 \Q=0 \Q=+1 \Q=+2
S=0 /2 ) LA /o 1232Mev
A | At

\ 1385Mev

S=:1
S=-2 1530Mev
\1672Mev

But what about Fermi statistics?
A‘l“"(Jz — %) e |’UJTUTUT> M. Samios
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Where were the quarks?

* Why did only certain SU(3)
representations appear? (“triality zero”)

* Where was the triplet itself?
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Were quarks even real?

* “We construct a mathematical theory of the
strongly interacting particles, which may or may
not have anything to do with reality, find suitable
algebraic relations that hold in the model,
postulate their validity, and then throw away the
model. We may compare this process to a
method sometimes used in French cuisine: a
piece of pheasant meat is cooked between two
pieces of veal, which are then discarded.”

- M. Gell-Mann
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Quarks were real
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- xgj = momentum fraction of struck quark
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Fast forward 30 years
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Now one can easily “see” the struck quark QG
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Precision PDFs

 From HERA and other data, we now know where the quarks “are”
(in X) to a few percent

« Essential input for all LHC predictions
MSTW 2008 NNLO PDFs (68% C.L.)

L. Dixon
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L. Dixon

DIS @ SSI19, 1991

NINETEENTH ANNUAL
SUMMER INSTITUTE ON PARTICLE PHYSICS

LEPTON - HADRON SCATTERING

August 5% - 16, 1991

Stanford Linear Accelerator Center 10°
Stanford, California
PROGRAM
SUMMER SCHOOL (AUG 5-13) QZ(GeVZ)
R. Taylor Electron Scattering - In celebration of the 1990 Nobel Prize in Physics and in

Elastic to Deep Inelastic  anticipation of the start of physics studies with HERA at DESY,

the 1991 SLAC Summer Institute on Particle Physics will

S. Drell Theory of Lepton - review “Lepton-Hadron Scattering,” from the early results Q2
Hadron Scattering of 10! GeV? through Q2 to 10° GeV? available at HERA.

40 years of QCD SSI40  July 27, 2012
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‘/

At large Q?, slow evolution with Q?

= Bjorken scaling
« Justified by current algebra in infinite

momentum frame for proton (1969)

“A more physical approach into what is
going on is, without question, needed.”

L. Dixon

-J. Bjorken

40 years of QCD

SSI40

¢ Quarks were almost free

LO T T T rrrr—

L ¢ E=11.0 GeV
ol *E=135Gev

09+ #E=T70GeV
| 9 E=152 GeV

0.7

06
=05} | t ’
O"‘i‘ +£+ +

Q3

4 E=I7.7 GeV ’

0.2_— . g’
Ol
ol

04 (b)
of el
—53 O.E; .. &

oI+ ,@f

ol

July 27, 2012 12

1 B O T T R I
1 2 3 4 5678900 20 3040
w



Enter the Parton Model

At short distances, quarks and gluons (partons) in proton
are almost free. Sampled “one at a time”

& 1
.‘ - :

3 - 3 AN A

RN \ i if" = - J ‘: |

Drell - Yan 1970
e+
Parton distribution ) : .
functions The “femto-universe
(from experiment) © size'! = factorization scale [/

Short-distance cross section

5‘(043, MU E MR) < renorm. scale
predictable using perturbative QCD

L. Dixon 40 years of QCD SSI40  July 27, 2012 13



L. Dixon

First quantitative predictions
for hard pp collisions

17 T7T T 71

Data from Christenson, Hicks, Lederman et al.

-32 |- —
1

4 “The cross section varies smoothly ... and
exhibits no resonant structure.”

...33 —

_34 —

~35

Later: “Any apparatus that can
convert [a] towering peak into

LOG o dn:’:p (em2/Gev/c?}

e ¢ this mound of rubble should be

-37 tf 1 proscribed by SALT talks.”

i . - L. Lederman
w

39 C 1 2 3 4 5 6 7

V2 = mpplGev/c?) « .
peney We will not speculate here on the

Drell-Yan 1970 presence of such a bump.”
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Fast forward 40 years

Vs =7.5 GeV = 7000 GeV
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5 = b f 7
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= C1Z'(1250 GeV) 3
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102 - 10 .
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. Ll Lol ‘

L | L
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102
1 10 u*n mass (GeV/c?)

* Drell-Yan process still used to look for new particles at hadron colliders.
 Standards for theorists speculating about bumps have changed.
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But why were the quarks almost free?

| Y% M»*A

Gross, Wilczek, Politzer (1973)

£ Asymptotic Freedom

Quantum fluctuations of massless virtual particles polarize vacuum

QED: electrons screen charge (e larger at short distances, large )

e

r (O~ >0 >

a(pg)

a(p®) =

Non-Abelian gauge theory (Yang, Mills (1954)):
gluons anti-screen charge (g, smaller at short distances)

q

m@m>o

9

o Jo < 0

9

1 — z=a(ud) In(u?/p3)

as(u®) =

1

Oés(ﬂ%)

bo =

127

bo IN(u2/A2) 1+ boas(ug) In(u2/13)
11N{j - 27?,f

Gluon self-interactions make quarks almost free, make QCD calculable

at short dist

L. Dixon

ances: g2/(4n)=a,(w) 2> 0

40 years of QCD

SSI40

July 27, 2012

asymptotically as g —>

16




Fast forward 40 years

a, , and its running with Q, now known precisely
from many experiments (and high-order theory)
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Q [GeV]
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The Lagrangian

_ , 1
Locp = i7" (i0u — gst®Aj, — my)q; — ZFE}/F& e
F, = 0y A% — 0, A% — gs fO° AL AS o = 95
41
* n; spin ¥2 matter (quarks) in 3 of SU(3) color Fritzsch, Gell-Mann,

coupled to spin 1 vector fields (gluons) in 8 (adjoint) Leutwyler (1973)
* neglecting quark masses, only one dimensionless

parameter at classical level

» Gauge theories renormalized by ‘t Hooft and Veltman (1972)

L. Dixon 40 years of QCD | SSI40  July 27, 2012 18



QCD action soon defined
nonperturbatively on the lattice

Wilson, 1974
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Zanotti,
ICHEP2012

19



Fast forward 35 years (or 1 petaflop-year)

|
x...Q: BMW, MILC, PACS-CS,

QCD Hadron Spectrum _ ,
~ n-n': , , Hadron Spectrum (w);
Plot from A. Kronfeld [1203.1204] D, B: Fermilab, HPQCD, Mohler-Woloshyn

H H B B

g o H H B
.

2400 T T 3 ] T T ] .
2200 |- -
ool — - b-flavoured masses —4000 MeV -
1800
1600 |-
1400 |- o— T
> = — Som %& ] |
s L 1 Strong-coupling
100 e +— T s 1 QCD understood
i = 1 quantitatively (for
6005— ot SE nuMmMerous _E Stat|C quan“tleS)
400 quarkonium
200 omitted .
bl 10y | 1 ] “ena
TP K g M oy © ¢ N : = & y = o ICHEP2012
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"LETTERS 2 DECEMBER 1974
EW LETTERS 2 DECEMBER 197«
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n
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L. Dixon

s. The ca apn
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Aum in )

40 years of QCD

« Heavy quarks beyond any doubt
(well at least no doubt by 1976)

« Charm: a weak iso-partner for the
strange quark, needed for:

1) GIM mechanism to suppress
flavor-changing neutral currents

2) so Shelly Glashow did not have
to eat his hat

e Coronation of the Standard Model
(over the next few years)

SSI140  July 27, 2012 21



The New Spectroscopy*

*Title of H. Harari and G. Trilling SSI 1975 lectures

Crystal Ball E. Bloom, SSI 198 ) (4.04)
M . S g i AP Ly e
Ml i W — yx1 (W T DD :
R ' = vxo “®se0 700
L  (Mev) 4 vl £ .
5000 ‘1— 2 rlc_
,\: 10000 =i
F. Porter, SSI 1981 b
5000 . N "M N M
=0 I=1 =2

1 Dine, Sapirstein
| in M. Chanowitz
lectures at

» The hydrogen atom of the strong interactions |
ol |1 SSI11981

» Theorists could imagine using old-fashioned
nonrelativistic potential techniques
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D

D

BELLE

4,75
450 b
4,25
4,00
3,75 E
3,50
3,25

3,00

L. Dixon
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Fast Forward 30 years
The New New Spectroscopy

L 09(4666)
=¥ 7(4430)*
) ? 4360 A
-)((41681415) ' ' Y426O A 2(4250)
::%I ); 940 AS Z(4050)*
(4040) i(v 4008) A
940 L(2P)

0t 1-— 1t- oft 1+t 2ttt 2=t 1 2= 3——JPC

® ® (Recently observed) Charmonia with conventional properties

all states below DD threshold are observed

not all states confirmed

X(3872) also
CDF, DO,
LHCb, CMS

Mizuk,
ICHEP2012

@ XYZ states with anomalous properties NOL from cc potential models!

40 years of QCD

SSI40
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4

G. Hanson et al. (1975) i 52Gev | |
400 al
i § 300 - o® JRET R “q.t.. .:
£ 200 - -
40 8 ot | | | | [ %
ol § 1000 |- 7.4 GeV ()
0 pttt Y 800 |- o
“f o4 6.2GeV g Moo, o0
. 600 .....“ -
z 0oL | L | i
&E 100 © O. 45 90 | 135 180 [Of W’ W’ T’ D fame]
s AZIMUTHAL ANGLE OF JET AXIS
%’ 0 B (degrees)
{‘ g : due to transverse
T ;g beam polarization You would never
T ey recognize ajetin
S 3 the event display!
A
S= 3 = @i
X A, A, A; = eigenvalues of EM tensor
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Fast forward 35 years

Jets very visible everywhere at hadron colliders
CATLAS!

L EXPERIMENT |

V. Sharma

2 jets 8 jets
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Jets span a massive dynamic range

pp = jet + X Tevatron

> 10"F D@, 0.70 b o |yl<0.4 (x32)
O 10f o 0.4<|y|<0.8 (x16)
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T 102
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\s = 1.96 TeV
10-2 Rcone =0.7
10° — NLO pQCD

104 g +non-perturbative corrections

10°g CTEQ6.5M  pg =p-=p; ‘
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Y 1 I
10750 60 100 200

LHC
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T T T T 1T

pp =2 jet + X
CMS L= 34 pb

IIIITI[

= 10" . |y|<0.5 (x3125)
(H10'"° o 0.5<|y|<1 (x625
Q 10° = 1<|y|<1.5 (x125)
2.8 o 1.5<|y|<2 (x25)
>10 s 2<|y|<2.5 (x5)
5 107

A s 2.5<|y|<3
%%10
= 10°
C\Ib 4
- 10

10°

— NLO®NP
(PDF4LHC)

[ 1Exp. uncertainty
Antl k; R=0. 5

20 30 I 111

A
JAIJIIIII

100 200 1000

» Excellent agreement with NLO QCD predictions (Ellis, Soper 1990)
« But NNLO would be even better (anticipated breathlessly)

L. Dixon 40 years of QCD
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LHC Data Dominated by Jets

proton - (anti)proton cross sections

10 Ell'l T L) LI | ||||| :‘ T T |||:||! E T 10
10° 10°
, F Ot E ; E .
0 F Tevatron LHC 10
10° | 5 N 10°
10° | 10°
10° F % 10*
10° F 10°
o jet |
o b o, (> s/20) .
:a\ C

c 10k Oy 10'
10° | _ %z 1 ; 10°

G (E>100GeV)
107 | : 10"
107 / 102
10° k s, 107

F o (E™>1s/4) !
. 107 E OBy 10
new physics -2 o =120 cev) )
10 3 Higgs H _,"I 10
. 200 GeV .
10° E 10
, F usoe 000 GeV .
107 Lol 0l 10

0.1 1
Vs (TeV)

L. Dixon 40 years of QCD SS140

events / sec for £ = 10> cm™s™

July 27, 2012

Jets from quarks
and gluons.

* 0,9 from decay of
new particles?

e Or from old QCD?

« Every process shown
also with one more jet
at ~ 1/5 the rate

* Need accurate
production rates for

X+ 1,23,...]ets
In Standard Model

27



XXIV SLAC SUMMER INSTITUTE ON PARTICLE PHYSICS

W r W E - E THE STRON( : SUMMER SCHOOL (August 19-27)
QCD: Questions, Challenges, and

o INTERACTION, [
th e g I u O n ) FROM HADRONS Basics of QCD Peruabaton Theon

TO PARTONS "
* First SightingS: August 19-30, 1996 T

Stanford Linear Accelerator Center

° e+e_ 9 Y(g . 46 G eV) 9 ggg Stanford, California, U.S.A. Plecibion Tln;k.':.ll;‘].':x:.)f;;f) T
PLUTO at DORIS/DESY (1979) uwimmyiad s

electron-proton, and hadron-hadron colliders now probe
quark and gluon scattering at distance scales where the

— - strong coupling is weak, and probe proton structure at
Y e + e - 2 O - 3 O G ev 9 9 t momentum fractions where parton densities become
large. A more complete determination of heavy quark

properties requires a fuller understanding of their QCD
interactions. At large distances, the hadronization

process and the light hadron spectrum pose theoretical s
TASSO, PLUTO, MARK J, JADE ettt
] ] b) TOPICAL CONFERENCE (.v\ugu\l 28-30)
Invited talks will be presented on recent

experimental and theoretical results
PLUTO e*te~—=qQqg

3

1 2
cal conterence

but not ex

and theoretical phy

students ai

i ¢
W

6 A registration feec of §
X e for non-stu

4
6 .

5 12

B3 \

| ¥

obtain their own travel and

The SLAC Summer Ins ored
y U.S. Department of Ene 1 Stanford Unive
For more inf v application forms, please
. write hefore to
1 DePorcel, Conference Coordinate g
i Stanford, CA 94309
/ INTERNET:
SSI@SLAC.STANFORD.EDU
13
World Wide Web URL:
{ http: nford.cdu
H 3 gen/mec
0 N§ TELEFAX
= ) - (415} 92

Courtesy of SLD Experiment
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Fast forward 25 years

« Still hard to tell gluons from quarks

* Do it statistically using width of jets,

“jet shape” w(r/R) - fraction of energy
in smaller cone with » < R

 Kinematics (p;) selects

gluon-rich or gluon-depleted samples

Works in pp using p{¢ as tag And in ep at fixed p{°t using p; order

Qi\ N Midpoint Algorithm (R=0.7) Of Jet as tag A o ‘Z‘EUS(2007)
Y 0.35 :, 73% gluon E - E
S b ® DATA = kyalgorithm ., .— -
S osf ! — PYTHIA Tune A F oot e E
I e gluon—jet v 0.8 3 ’ 3
“~o25L W e quark—jet F 3
[ ) 0.7 ZEUS (prel.) 368 pb™ -
L 0.1<I1Y"1<07 E . ]

0.2 - 0.6 * one jet
F . ) 20% gluon 0.5 = = two jet (lowest EI —_
R e 0.4 F — NLO (onejet)
E 27%quark "o T E " B
01k L, 0.3 e NLO (two jet) ]
F 02 ° A1en®<25 —f
> CDF (2005) 0.1} D=25 H<EF<17GeV |

L B80% quark C
0 5|0 130 1;0 2(‘)0 25‘>0 ; J(l)O 35‘>O 0.1 0.2 03 0.4 05 0.6 0.7 0.8 09 1

Py (GeV/c) r
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Yet heavier quarks:

Jet

Y(9.46 GeV) > utur o7
\ )f’owir '
.p P 9 W9 O O O g)
Jet O*’:._ﬂo\: b

Jet
Jet

60

b, t

Fermilab (1994) ¢ - cpF > 2 tag events
S sl —}— Data
8 I Fitted ti
2 Fitted Bkg
[ L
[T} L
> L
. 30— ¥2INdof = 19.4 / 21
E Prob = 0.561
20—
: b I : : 10:—
Mass GeV E J_ri?
0 L= T |
100 150 200 300

Lederman et al. (Fermilab, 1977)

m{e“ [GeVicT]
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Fast forward 18 years

« Copious top (and bottom) samples at LHC

« Theoretical challenge: Describe top quark production
cross section at hadron colliders at NNLO in QCD.

* Recently achieved for Tevatron (gq initial state easier)

10

coF 1—aem’ —— | cuts theor. uncert. in half

DO, L=5.4fb" —s—

Stot [PD]

NNLO+NNLL
{t+Xi(Tevatron)
MSTW2008NNLO(68c.1.)

Barnreuther, Czakon,
Mitov (2012)

5

164 166 168 170 172 174 176 178 180 182
mmp[GeV]
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QCD and Higgs

« Dominant Higgs production cross section is a QCD loop effect:
Georgi, Glashow, Machacek, Nanopoulos (1978)

1000 T T T
:s g t ]
300 - =r
s, — - H 3 = (_i?
-8
100 - _
3 i E
e ]
g 30 \/E = 400 GeV T l

L bt aatil

My (GeV)

Fast forward 34 years:. Lectures by F. Petriello, V. Sharma, M. Peskin, ...
L. Dixon 40 years of QCD SSI40  July 27, 2012 32



QCD Monte Carlos

G. Fox, SSI 1981

PARAMETERIZED

PARTON >, HADRON
e EVOLUTION FORMATION
_-‘-'\\.\.\ ,1’ ~
'\__\\\_‘-\'\\- ; -:; ,.’:’
-"s-." S
—— =0 ,(_—__"‘::::i
47 PERTURBATIVE V. W
- PARTON EVOLUTION/ ">~
T,
f

Thrust (Ecys = 91.2 GeV)

F. Krauss
~2009

* Have also come avery S o [T T R
long way since ~ 1977 N
* Indispensable tool for ok e s
experimental analysis b — MR 2
. F " MENLOPS u/2...2u

* Now regularly incorporate o Meano -
LO and even N1 O QCD 1_4?5:%5HHHHHHHHIHH'?
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Computational perturbative QCD begins

gg = ggg at tree level (LO)

Squared-amplitude technique & Feynman diagrams
Gottschalk, Sivers (1979)
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FIG, 14, The ten distinot out diagrams used to eval- FIG. 18, Complete ghost-loop expension for €. Each FIG. 19. Complete ghost-loop expansion for @y .
uate [3* for VIV —=VVV, ghost loop can have two directlons, Each ghost loop can have two directions,

L. Dixon 40 years of QCD SSI40  July 27, 2012 34



Now compute helicity amplitudes directly

 Remarkably simple QCD tree amplitudes found in 1980s
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Parke-Taylor formula (1986)

... simplicity was secretly due to N=4 SYM

* Now recycle this simplicity at loop level in QCD
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Back to the1960’s: . %?L
Revenge of the Analytic S-Matrix K j

Bootstrap program for strong interactions: Reconstruct scattering
amplitudes directly from analytic properties: “on-shell” information
Landau; Cutkosky;

P20 Chew, Mandelstam;
) Eo!en, Lano_lshoff,
P Olive, Polkinghorne;
Veneziano;
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Virasoro, Shapiro;
... (1960s)
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Analyticity fell out of favor in 1970s with the rise of QCD & Feynman rules

Now resurrected in on-shell methods for computing amplitudes in
perturbative QCD — as alternative to Feynman diagrams!
Perturbative information now assists analyticity.
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On-shell methods
- many more processes @ NLO

NLO timeline

G. Salam, La Thuile 2012
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Conclusions

QCD Is a remarkable theory:

It is ultraviolet complete, with a nonperturbative definition
and no parameters in need of fine tuning (save 6)

It gives us a new way of thinking about the structure of
matter: constituents that can never be isolated

Many of its principles have been copied in theories of
physics beyond the Standard Model

The boundaries of QCD in kinematics and precision are
continually being pushed, experimentally and theoretically

Our improved understanding of QCD has been, and will
remain, essential to Higgs studies and in the search for
new physics at the LHC and beyond
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L. Dixon

Happy 40% Birthday
QCD and SSI!
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