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Three paths to QCD

* Development of Quantum Field Theory
* Experimental evidence
* Phenomenology of strong interactions



Quantum Field Theory

¢ Dirac equation 1928 (free fermions)

* quantum electrodynamics: Dirac ~1930
* weak interactions : Enrico Fermi 1933
* strong interactions : Yukawa 1935

After initial successes
serious difficulties:

* only perturbation theory
* infinities

~ 1950 general belief:

field theory is fundamentaly

false, in particular it cannot
used for strong interactions




Shelter Island Conference

2 — 4 June 1947, 24 participants:

Hans Bethe, David Bohm, Gregory Breit, Karl K. Darrow, Herman Feshbach,
Richard Feynman, Hendrik Kramer, Willis Lamb, Duncan Maclnne,

Robert Eugene Marshak, John von Neumann, Arnold Nordsieck,

J. Robert Oppenheimer, Abraham Pais, Linus Pauling, Isidor Isaac Rabi,

Bruno Rossi, Julian Schwinger, Robert Serber, Edward Teller, George Uhlenbeck,
John Hasbrouck van Vleck, Victor Frederick Weisskopf, John Archibald Wheeler
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Shelter Island Conference
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Pocono Mountain Confernce

30.3 -2.4.1948 + Niels Bohr, Paul Adrien Dirac
first day: strange particles + accelerator in Berkeley
second day: Schwinger's lecture on renormalization
until late afternoon, then Feynman




S e
EREEEER
l . .I .
e =

B Mt. Pocono

e

611
447,

J15

r
/48
angc 3
7 att
I A8 15
< :
31
"ashi‘n g
57,
31
Brid
LI
31
) ) ”6

#l

o o s )
o
- ll..’-=<.u. %.-

l-.-:- o .ll;:
¥ oo . ‘#.
B R B,




Renormalization in QED

Sin-Itiro Tomonaga published in 1943 a paper on
renormalization in QED

Freeman Dyson w 1948 r showed equivalence of schemes

By Schwinger, Feynman and Tomonaga, who received
. Noble Prize in 1965 r.




Renormalization in QED

Not everyone is convinced

it is commonly believd that renormalization is

the "dirty trick”,

Dirac never accepted renormalization,

Fermi and Yukawa's theories are not renormalizable

D.J. Gross, Nucl. Phys. B (Proc. Suppl.) 135 (2004) 193-211:

To quote Feynman, speaking at the 1961 Solvay conference:

“I still hold to this belief and do not subscribe to the philosophy
of renormalization.”

Field theory is not considered a serious theoretical tool.
Instead one uses:

S matrix theory, bootstrap,
current algebra, dual models, phenomenology



“My own feeling is that we have
learned a great deal from field the-
ory... that I am quite happy to discard
it as an old, but rather friendly, mis-
tress who 1 would be willing to recog-
nize on the street if I should encounter
her again. From a philosophical point
of view and certainly from a practi-
cal one the S-matrix approach at the
moment seems to me by far the most
attractive.”

Marvin Goldberger, konferencja Solvay, 1961
[D.J. Gross, Nucl. Phys. B (Proc. Suppl.) 135 (2004) 193-211]



Marvin Goldberger

Goldberger was a professor of physics at Princeton University 1957 - 1977.

He received the Dannie Heineman Prize for Mathematical Physics in 1961.

In 1963 was elected to the U.S. National Academy of Sciences.

In 1965 he was elected a Fellow of the American Academy of Arts and Sciences.
From 1978 through 1987 he served as president of Caltech.

He was the Director of the Institute for Advanced Study from 1987 to 1991.
From 1991 to 1993 he was a professor of physics at the University of California,
Los Angeles.

From 1993 until his death in November, 2014, he served on the faculty

of the University of California, San Diego,

Goldberger also served as Dean of Natural Sciences

for UC San Diego from 1994 to 1999.

In physics mostly known from so called Goldberger-Treiman relation:

and it is obeyed to 10% accuracy. gnNN F7r — GA MN



Yang-Mllls Theory (I954)




Yang-Mllls Theory (1954)

\IJ(ZC) — \IJI(ZC) — U(;L’)\I!(x) U($> — —i9m(a:)Tm

Al (z) = U(z)Au(x)U (z) )| U (2
A,(z) = T"AY ()

,photons” are selfinteracting, ”%H?f
it was not known if such theory

is renormalizable



Renormalization of YM theory

197 1:‘t Hooft, Veltman
student proves
renormalization

based on the method of
Feynman functional
integrals




Elementary particles?
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Quark Model
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Quark Model

p kwark gérny ,,up” [q=2/3]

‘ kwark dolny ,,down” [ g = - 1/3]

spin 1/2

antykwarki Q D

nheutron

Problems:
Why only these combinations!?
Statistics...



S I1StI A=) g Tad = BT T
tatistics X g AR < A

>

0 =gT47T8T = &ETeTsatT
Global symmetry (as isospin) — only ,,white” states allowed

Geenberg, Nambu, Han, Gell-Mann, Fritzsch, ...



Quark Model

Murray Gell-Mann 1972 (!):

“Let us end by emphasizing our main
point, that it may well be possi-
ble to construct an explicit theory of
hadrons, based on quarks and some
kind of glue, treated as fictitious, but
with enough physical properties ab-
stracted and applied to real hadrons
to constitute a complete theory. Since
the entities we start with are ficti-
tious, there is no need for any con-
flict with the bootstrap or conven-
tional dual parton point of view.”




SLAC

SLAC built in1967
Length ~ 2 miles
Energy: 20 GeV
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Deep inelastic scattering

29 /

¢* = —2ww'(1 — cos§) = —4ww'sin 5

In elastic case vand Q are not independent:

2 2 2 1 QQ
6((p+ 0 = M) = (20 — @) = 55 (v = 22

(for the proton at rest: p = (M,0,0,0))



Deep inelastic scattering

Bjorken 5 —
Ir —
variable - 2M v

7TC22

4w W' sin?

7, 0
{ WQ(QQ, V) cos’ 5 + 2W1(Q2, V) sin’ 5}

N D



Deep inelastic scattering

q-p=Mw-—uw)=Mv

Bjorke Q2
jorken g

variable ‘ = 2M v

SN 5} - ELASTIC




Bjorken scaling

Bjorken 5
=
variable - 2M v




|968: convinced by James Bjorken
analysis of has been made DIS

Interpretation was given by
Richard Feynman

Nobel 1990:

Jerome Friedman (MIT)
Henry Kendall (MIT)
Richard Taylor (SLAC)
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* Are partons quarks!?
* Why are they free!

Feynman parton model

neglecting masses

(Ep+9)° =0




Parton spin

Callan — Gross relation for spin 1/2:

do Ta? 0 0
— Wa(Q?, v) cos® = + 2W1(Q%, v sinz—}

dQ%*dy  4wdw'sin*Z { 2(Q%v) 2 (@) 2

61 ?i:@:.«i-u‘,rv’ ]\[Wl(QQ, l/) == Fl (117)

: 1;«.:'0 I/WQ(QQa I/) — FQ(I)

‘i Bj scaling goes unnoticed,
interest in ep scattering is negligible.
Vienna 1968: Friedman's talk at the
parallel session attended onlyby a few people,
'+ . ___ also Panofski's plenary paper goes
~ unnoticed

22



Vacuum polarization

* Are partons quarks? - yes
* Why are they free!? dees(r)

; ' de.g r
-CQQ A B / Blew) "o

B > 0 — eeg(ro) > e(r)

B < 0 = eel(ro) < eeg(r)

G. Ecker

For the parton model to make sense

charge screening in QED beta function should be negative



Asymptotic freedom

1973: Gross & Wilczek at Princeton and Politzer (student of
Coleman, on sabattical in Princeton) at Harvard
calculated beta function for Yang-Mills th.

Gross:

For me the discovery of asymptotic freedom
was totally unexpected. Like an atheist who has
just received a message from a burning bush, I
became an immediate true believer. Field theory Nobel
wasn’t wrong-instead scaling must be explained 2004
by an asymptotically free gauge theory




Asymptotic freedom

quark-guon vertex corrections
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Asymptotic freedom
(prehistory)

11 2
R

* |965 Mikhail Terentyev & Vlasimir Vanyashin (ITEP)
error: | | x 2 =22, they had= 21|

Bansiuun B C, Tepenrbes M B JKOT® 48 565 (1965) [Vanya-
shin V S, Terentyev M V Sov. Phys. JETP 21 375 (1965)]

* 1969 losif Khripovich (Novosibirsk)
(Coulomb gauge)

Xpumiosuy U B A 10 410 (1969) [Khriplovich I B Sov. J. Nucl.
Phys. 10 235 (1970)]

e 972 Gerald ‘t Hooft
at the conference in Marseille discussion after
Kurt Symanzik’s lecture (not in proceedings)




AT =yt utut - ututut
A~ =dtdtdt — dtdtdt
 =gTISTET = FTeTET

Geenberg, Nambu, Han, Gell-Mann, Fritzsch, ...

R ~ o(eTe~ — hadrons) vz !
ete” = olete~ — ptu)

q

N; 2Nc =2, (N; =3 : wuyd,s)
Rete- ~Ng ) Q3 =< YNo=1 (Nf=4 : u,d,s,c)
f=1 1—91N0:13—1, (Ny=5 : u,d,s,c,b)
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Quantum Chromodynamics

It became clear that a good theory to describe the strong
interactions is Yang — Mills theory based on local SU(3)
mentioned in an article from|1973 by Gross and Wilczek

CALT 68-409
AEC RESEARCH AND
DEVELOPMENT REPORT

. | .
Advantages of the Color Octet Gluon Picture

HARALD FRITZSCHT, MURRAY GELL-MANN and HEINRICH LEUTWYLBRfT

California Institute of Technology, Pasadena, California 91109

The name QCD first appeared in the review by Marciano i Pagels (1978),
where it is attributed to Gell-Mann.



Corrections to Bjorken scaling
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Running coupling constant

05 I April 2012
o (Q) \". v ‘[rdecays.(Nj‘LO)
\ @ Lattice QCD (NNLO)
04 '_\:\\ & DIS jets (NLO)
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G. Ecker



Running coupling constant

April 2012

v T decays (N3LO)

@ Lattice QCD (NNLO)

DIS jets (NLO)

Heavy Quarkonia (NLO)

e'¢ jets & shapes (res. NNLO)
Z pole fit (N*LO)

N pp —> jets (NLO)
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031

0.2
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G. Ecker



Confinement

For long distances, the coupling constant increases.

Quark-gluon string

R



Confinement

For long distances, the coupling constant increases.

Quark-gluon string

=g




Confinement

For long distances, the coupling constant increases.

Quark-gluon string

L@ =@




Confinement

For long distances, the coupling constant increases.

Quark-gluon string

L@ =@

New nonperurbative techniques in field theory:

* FT on the lattice (Kenneth Wilson, 1974)

* Classical solutions (eg. instantons, 1975:
Belavin, Polyakov, Tyupkin, Schwarz,‘t Hooft, )

* Sum rules

* Effective models
* AdS/CFT correspondence




Lattice QCD

Wilson 1974, first simulations Creutz 1981
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Phase trasition
confinement — deconfinement

} Critical Point

Crossover |
transition

-—-.~

g3
<8

Decons, | Quark-Gluon Plasma
’ S, '
First order 2

Temperature (T)

Baryon Chemical Potential (up)



Phase trasition
confinement — deconfinement

Literature: discrepancies between 7.

Bielefeld-Brookhaven-Riken-Columbia Collaboration:

T from x 7, and Polyakov loop, from both quantities:

T.=192(7)(4) MeV
Bielefeld-Brookhaven-Riken-Columbia merged with MILC: ‘hotQCD’

Wuppertal-Budapest group: WB

chiral susceptibility: T-=151(3)(3) MeV
Polyakov and strange susceptibility: T.=175(2)(4) MeV



Evolution egs.
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Effective QCD

up and down masses are of the order of a few MeV,
why proton mass is ~ 1000 MeV, requiring quark
masses to be of the order of 350 MeV!?

Sponteneous chiral symmetry breaking.

In short: proton mass if fully generated by strong
interactions, not by the Higgs mechanism quark mass.

Effective QCD is a realization of the chiral symmetry
breaking in terms of effective degrees of freedom:
Goldstone bosons, i.e. pseudoscalar mesons



Saturation, geomerical scaling

Geometric scaling for the total y* p cross-section in the low x region.
A.M. Stasto, K. J. Golec-Biernat , J. Kwiecinski PRL 86 (2001) 596-599



Saturation, geomerical scaling
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Saturation, geomerical scaling




Summary

Trimumph of Quantum Field Theory
Dedidaced experiments”

Progress - fighting prejudices and habits
New tools: computers

What was once a discovery is part of today "engineering"
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