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Cutline

| (Example: The Tsing model)

o Quark-Hadron duality (experimen&at and |
i theoretical evidence) |

o Electric-Magnetic Dualiby (momopote
condensation and confinement)

o The AAS/CFT correspondence (gauge/gravity
duality, holographic QCD)



Whatb is dual&v?

Pualibies exist where there are mul&pi.e
descriptions of the same physical situation.

image from Jlab website



Challenge:
Analyze this using QCD and QED:
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Pualities Abound th SUSY and
Skring Tkeorj




Al Exam!ﬂe of ﬁuati&v:
The 2D Ising Model

(from Joel Moore’s Phys 212 course notes at Berkeley)

A A Energy iherease=2IL(P).
L(P)= #broken bonds

M1
A A ,r J{ \LT along closed path P
L1

------

#bonds Small @low T



The 2D Ising Model

small @
high T

where s, appears an even
number of times survive.

N F |
TJ,TJ”L’I‘ Expand in tanh K. Only terms
TV



The 2D Ising Model
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The 2D Ising Model

7 — 9, NpK Z £ s
P

Simpter at low T

SimF.'Ler at high T: Z = 2"+ (cosh K)o 3 (tanh K )P

P

The partition function at low T and high T
are the same up to an overall rescaling if we

identify

! 1
e 8" —tanh K = K* = —5 log tanh K




The 2D Ising Model

" 1
e 28" —tanh K = K* = —§1ogtanhK

This is called Kramers-Wannier duality,
It is a strong-wealk coupling duality:

When K is large (small), K'is small
(Large). One description is simpler at
high T, and the other at Low T,

Question: What s the eriktical %Qmper&%ure?



What does Ehis have ko do
wikh par&ai.e Fhvsias?

There’s an amatogv:
QCD is adequaEeiv described ab high
energies by quarks and gluons,

However, at low energies a hadronic
description is “better!

Definition: Better = Simpler/More weakly
€OMFL€d



QCD Refresher

QCD is defined as a %hearv of fermions
(quarks) and SU(3) gauge fields (gluons).

|

i

Fo, = A% g SEE R el
RSU(B) Structure Comnst,



The Running COMPLEMS

A theory may be better described bv Varying
the couplings as the scale of interest
changes, by integrating out short-distance
fluctuations. (Wilson)

Renormalization of couplings can be thought
of as a type of duality,




The gluon pro Pagaﬁor




The qu&rw pro Faga&ar




The qu&ﬂwg Luoin
verbex




Asvm!ﬁo&a Freedom

Runhiing of the QCD coupling takes into
account the renormalization of the gqluon
propagator, the vertex, and the quark lines.

The resull is an effective description valid
around a spe&iﬁeci renormalization scale M.

GRS e S el TrTa Tb L e

3.4 Fl % 4
9 ( By w20 D L Zus)-

(47)% \ 3 ,
fermions scala’r’s

¢



Exercise: The one-loop beta function is
neqgative i QCD.

Hence, the QCD coupling decreases abt high
energies. This is asymptotic freedom.
(Politzer; Grross, Wilczelke - 1973)

Question: What about SU(Z)W?



July 2009

s a Deep Inelastic Scattering
oe e'e” Annihilation
0® Heavy Quarkonia

JLab CLAS

JLab PLB 650 4 244

o, ]/J'E world data
£

o ,../T

s,F3
GDH limit

pOCD evol. eq.

o 1/71: OPAL

from CLAS spin structure function
data-Deur, Burkert, Chen, Korsch
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Where are bthe
resonances?

Perturbative QCD predicts smoothly-
varying cross sections down to some
scale Agep. Ik does not (easitj) predﬁa&
the resonances observed in scattering
experiments. Confinement in hadronic
skates is a monper%urba&ive
Pkemamemam



Confinement

There are no o\svmgb&& colored skakes i
QCD. Color charge is confined.

SU(3)c

Proton [

SU(3). singlet:
&ompl.@.&ebj
am&&svmmeﬁrm



Confinemenk

Interpolating op for protown:
Only keeping track of color
(Ignoring spinor structure)

U=3x3 uhi&arj
naakrix

/

s eijk(Uilul) (U]mum)(Ukndn)

P = eijkuiujdk

.
Hunk: det U = EijkelanilUijk:n =



Confinement

Meson interpolating operators can be made
from a quark and an antiquark fleld




Confinement

Skakic qu&rt«f’ POEQM&E&L

Linear pa&ev\&mt
> constant force

3
2
1
0
SR
2
3
4

0.5 1 1.5 2 2.5 3
r'rg

The quenched Wilson action SU(3) potential, normalised to V' (rg) = 0.

gluon flux tube
Bali, hepwpk/oaolé’slz



Confinement

So, are quarks confined?

gluon flux tube

i masses were all much larger!
thawn the (emergv de.v\si,&v)l/ =%
i &he_ giuan fi.ux Eu,be?

The clowm quark has
been Liberated from
Fhe Pro&ov\!




Confinement

Clay Mathematics Institute

American Mathematical Society

What thsiaai.
. ) evidence is
The Millennium there for the

Prize Problems

J. Carlson, A. Jaffe, and A. Wiles, Editors

WA SS ga[p LA
QCD? \

Yang—Mills Existence and Mass (Gap. Prove that for any compact stmple gauge

group G, a non-trivial quantum Yang—Mills theory exists on R* and has a mass gap

A > 0. FEzistence includes establishing axiomatic properties at least as strong as
those cited in [45, 35].




Quark-Hadron Dualiby
Poqgio-Quinn-Weinberqg (1976):

Arqued that certain inclusive hadronic
cross sections, averaged with appropriate
weighting factors over appropriately high
energy ranges, could be calculated
perturbatively in terms of quarks and
gluons,

This is called gi.obai, quo\ﬂf-ﬂk&clrom c&u&ii%v.



Quark-Hadron ﬁu,ati;%v
Bloomwm—CGrilman ‘Du,od.i;&j -1970

Inclusive cross sections in
thelastic ei.et%ravaro%om
scattering follow scaling
relations (on average), even
L resonaince reglon,

~F, structure : kinemakic

function variable o'



Quark-Hadron Bu,ati;%v

Bloom-Grilmain ‘Duod.iij -1970

Moderi |
‘DMQLE‘&v ‘DQ&Q ) . . 2;3.((;;&;

=2.4 (GeV/c)

?=2.1(GeVie)

?=1.7 (GeVie)

v Q*=14(GeVie)
A Q*=0.85(GeVie)
B Q%=045(GeVic)

?=0.2 (GeV/e)

0.06 < Q> < 0.09 (GeV/c)

“Nachbtmainin
scaling

variable”

JLab Hall C e
Niculescu et al. - 2000 at large g2




Quark-Hadron ﬁu&i&%v

Consider ¢ e — q3

olete” — hadrons
= I\ Z e

olete™ — uTpu- :

Exercise:
R(u,d,s) ~ 2

R(u,d, s, c) ~10/3
B, 'd gs, c,b) ~ 11/3

RO0Y PDC



Quark-Hadron Duality
Consider elastic electron-positron scattering:

7\.
.-\.
= L 3, W A
: L £
)
.

1

' F ,3; ,' Apme {;:::-_x.,!  ’ PPN
&\ Vector mesons




Quark-Hadron Bu&i.&%v

Peskin & Schroeder, Ch 1%
Ophﬁat Theorem:
1

o(eTe” — anything) = Q—Im/\/l(eJre— —ete)
S

T

(Final momam&a,sp&ms = Inikial mamam&&,spims)

=

Y - B
iM = (—ie (K yyeu(k) — (TP (q) (k) v(k)
(a) =

S

I (a d*z e’ T*(0|T {J*(x)J"(0)} |0)

= (¢*y =g Bl



Quark-Hadron “Duai.i;%v and bthe
Opero&or Produck Exyamsiam
Shifman, “The Quark-Hadron Duality” - 2003

T () = / a9 (O[T {77 () J7 (0)} |0}
= (¢°g" — ¢"¢") (¢?)
Al shortk disktances we can kry ko expamd
P@.r&urbaﬁvetv it local operators,
OF?@.T&&C}T' Produck Expams&am:

JH(2)J7(0) ~ C4 (z) - 1 + CE¥(x)gq(0) + Cs (z) (Fis)2(0) + - -

Fourier transform, expand II in powers

of 1/9%



Quark-Hadromn Bu&i.&%v
T () = / dh 9 (O[T {77 (2)J7 (0)} |0}

= (%" = gia”) THq)

Perbturbative QCD:

s) = 1]2\:; lm W)+

Resonance model: \
F
V.

\3'; v ot ‘. ‘ : T Z herns 2 .

A
Vecktor mesons



Quark-Hadron Bu&i.&%v

ds 1

Lo = dra $ ot )
n+1
by Cauchy’s 271 (8 +0)5)
e & I1(s) — Expand in OPE coeffs
from disc:ov\&imm&j n! ds”

across cuk \ :
\L: _47”)‘/ ; 2Im I1(s)

bj O-Fe&wat Tkeorem 2T (3 -+ Q(Q))n—l—l

N .
— —/O ds(s 2)n+10é8)

T

“7(€+€_ — hadrons)



Quark-Hadron Bu&i.&%v

The resulting relations between o(e¢ e — hadrons)
and Fer%urba&iv& OPE coefficients are called
ITE? Sum Rules
(Novikov,Shifman Vainshtein Voloshin, Zakharov)

At su{fi&ﬁen&tv high s, the OPE is relatively
accurate.

At swmaller s, resonances dominate buk
over resonances still agree roughly
with the perturbative resulks.



Dualikies Lecture 1 Summar:j

Dualities exist when there are multiple
descriptions of the same physics.

The high-energy (>2 GeV) guark/gluon regime
and low-energy (2 GeV) resonance regime
can sometimes be connected by guark-hadron
duality,

One can understand aspects of quark-hadron
du,&i.i;%j bv way of the Operator Product
Expansion, which also helps to identify
sources off duati&v violations.



