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Dualibies and QCD

o The meaning of “du&ti&v” i physics
(Example: The Ising model)

o Quark-Hadron du&ié&y (experimen&at and
theoretical evidence)

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



Dualibies and QCD

| (Example: The Istng model)

o Quark-Hadron c&uaii&v (exper&mem&at and
.;, %keorehc:at evuo{evw:e)

o The AAS/CFT corresgomdev\ae (gauge/gravnﬁv
ciu,od.&v, halagraphw QCD)
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Challenge:
Analyze this using QCD and QED:

- g ,
> e

S - - |

" .‘ .:. -T -~ o - '. - ot |

' 2 By

~ 4 . . . . — - =

T8 L ada, : ST

£ - . oo Erirgny

- e . R AL - - A A P - Rt e s i P

. el . = L ] NS -
B Vs S e ° : o >

| imdé . ﬂfm-m 'bié.tau#téé&waj'@%‘: Licker



Challenge:
Amatvz.e this using QCD and QED:
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Challenge:
Analyze this using QCD and QED:

image from taosecurityblogspot.com



Challenge:
Analyze this using QCD and QED:
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The Rasic Queskiown:

Starting with the Standard Model,
how can we malke predictions ak
different lenqgth scales?



Whatb is du&l&v?

Pualibies exist where there are mu&&pte
descriptions of the same physical situation.

image from Jlab website



Dualities Abound in SUSY and
String Tkeorv




Al EXQW‘\F’L@. of ﬁuati&v:
The 2D Ising Model

(from Joel Moore’s Phys 212 course notes at Berkeley)
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A A Energy increase=23L(P).
L(P)= #broken bonds

M
" A ,r ‘L »l«T along closed path P
NN

------



Al Exampi& of ﬁuati’,&jz
The 2D Ising Model

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

A A Energy increase=23L(P).
L{(P)= #broken bonds

M
A T Jr JrT along closed path P
NN

------

#bonds Small @low T



The 2D Ising }MQd@i -

 swall @
high T

where s, appears an even
number of times survive.

JENEY |
AL Expand in tank K. Only terms
T



The 2D Ising Model
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The 2D Ising Model

SEMPL@.T’ at low T Z:26NbKZ€—2K€(P)
(Large K): P

Sam[pt@.r at high T
(small K):

The partition function ot 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 Llow T,



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 Llow T,

Critical temperature: singularities in K, K* al
same point.



What does Ehis have ko do
wikh par&&i.e Fkvsws?

There’s an amatogvz
QCD is aci&qu&%ei;v described ab high
energies by quarks and gluons.

However, at low energies a hadronic
description is “better

Definition: Better = Simpler/More weakly
c‘:oupted



The Running Coupling

A theory may be better described bj Varying
the couplings as the scale of interest
changes, by integrating out short-distance
fLuctuakions,

Renormalization of couplings can be thought
of as a type of duality,
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The Runing Coupling

A theory may be better described bv Varying
the couplings as the scale of interest
changes, by integrating out short-distance
fLuctuakions,

Renormalization of couplings can be thought
of as a type of duality,
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The gluon pro Pago&or




The quarw’ pro Faga&a»r




The QMQI‘M’*S Luoin
verkex




Asvm[p%a&c Freedom

Running of the QCD coupling takes into
account the renormalization of the gluon
propagator, the vertex, and the quark lines.

The resull is an effective description valid
around a speai{&ea& renormalization scale M.

B(g) = Mang(M)

qg° Jil 4 |
N (302@3 ot A “8)'

fermions scalars




Asvm[p%a&c Freedom

Running of the QCD coupling takes into
account the renormalization of the gluon
propagator, the vertex, and the quark lines.

The resull is an effective description valid
around a speai{&ea& renormalization scale M.

T KR TrTa Tb =0

A e 4
9 ( A iat b g0 Zus)-

Caud - ,
fermions SC(Il(lTS

¢



Asvm[p%a&c Freedom
9,

B(g) =M (M)

oM”
3

q 11 4 1
My (502(6’)5 Sl 2 “8)'

fermions scalars




Asvm[p%a&c Freedom
9,

B(g) =M (M)

By Co(SU(3)) = 3

3 AZ/
g B by 1
iy (?CQ(G)§ Sl 2 “8)'

fermions scalars




AsvaEoﬁc Freedom
9,

B(g) =M (M)

C5(SU(3)) = 3 L=
g [ 11 < o
e O gl P |

fermions scalars

oM*




As:jm[za%o&c: Freedom

0
a—Mg(M) CQ(SU(S)) =20 Yo = l

? o Z qu B

B(g) =M

fefrmzons



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

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



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

Hence, the QCD coupling decreases at high
energies. This is asymptotic freedom.
(Politzer; Gross, 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
ArXiv:0¥ 03,4119
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Where are bhe
resonances?

Perturbative QCD predicts smoothly-
varying cross sections down to some
scale Agcp. Ik does not (easitj) Précﬁc&
the resonances observed in scattering
experi;mam&s‘ Confinement in hadronic
skakes is a momyer%urb&&iv&
ermames«om



Confinement

There are no o\svmg&)&& colored skakes in
QCD. Color charge is confined.

SU(B)e

Proton [

SU(3). singlet:
&omple%etj
am&svmme&rw



Confinement

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

Probtown ]
/ U=3x3 uMLEer
SU(3> D Ez‘jkuiujdk nakrix

%\ L@.& E J
S H()eijk(Uizuz)(Ujmum)(Ukndn)

— (detU)elmnulumdn
=



Confinement

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

U=3x3 uhi&arv
nakrix

/

Boe €501 U O

o
Hink: det U = EijkelanilUijkn =}



Confinement

Meson interpolating operators can be made
from a quark and an am&iquarw* fleld




Confinement

Skakic qu&rw* POEQM&EQL

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, hepmpk/oaol,alz



Confinement

So, are quarks confined?
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Confinement

So, are quarks confined?

gluon flux tube




Confinement

So, are quarks confined?

The dowin quark has
been Liberated from
the pro&om!




Confinement

So, are quarks confined?

gluon flux tube

i masses were all much larger!
thawn the (emergv de.hsi&v)l/ &
i Eke gi.u.cm Afi.u,x Eube?

The clowm quark has
been Liberated from
the pro&om!




Confinement

| Clay Mathematics Institute
!I American Mathematical Society

The Millennium

Prize Problems

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

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].




Confinement

| Clay Mathematics Institute
!I American Mathematical Society

Whak thsicat

. ) evidence is
The Millennium  SETHI, for the

Prize Problems

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

WA SS gap 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
Poggio-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. qu&rwmko\clrom ciuo\ii;%sj‘



Quark—-Hadron ﬁu,ati;%j
Bloomw-Grilvwain ‘Du&t&&j -1970

Inclusive cross sections in
inelastic electron-proton
scattering follow scaling
relations (on average), even
A resonance reglon,

~F, structure ; kinematic

function variable o'



Quark-Hadron ﬁu,ati;%j

Bloom-Grilmain ‘Du&t&&j -1970

~F, structure ; kinematic
function variable o'



Quark-Hadron ﬁu,ati;%j

Bloom-Grilmain ‘Du&t&&j -1970




Quark-Hadron ﬁuaii;%v

Bloom-Grilmain 'Duad.i,&j -1970

Moderi |
ub%&ti;&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

vartable”

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




Quark-Hadron Bu&i&%v

Consider e e — Q3

O'( _I_ ey hadI'OIlS NCZQ

olete™ — utu~ :

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

R(u,d, s, c) ~10/3
kRd, s b))~ 11/3

RO0Y¥ PDC&



Quark-Hadron Duality
Consider elastic electron-positron scattering:

7\.
.-'.
i LA > TN /
: L £
)
.

1

B f ‘3; £\ ‘ ;;;;_’:‘ 8
&\ Vector mesons




Quark-Hadron ﬁuai.i;%v

Peskin & Schroeder, Ch 1%

O«F?R&ai. Theorem:

1

o(eTe” — anything) = Q—Im/\/l(e+e_ g
S

i g RS (P

(Final momenta,spins = Initial momenta,spins)
y e

e, e Tl g 4
£ V.

4

+

<



Quark-Hadron ﬁuai.i;%v

Peskin & Schroeder, Ch 1%

0[@&&&{ Theorem:

1
o(ete” — anything) = Q—Im/\/l( eTe” —ete)
i d
(mv\ai momenta spms = Initial momenta,spins)
re
M i ,. £
¢ ?‘ Q_"‘



Quark-Hadron ﬁuai.i;%v

Peskin & Schroeder, Ch 1%

O«F?R&ai. Theorem: ;

o(eTe” — anything)= —ImM(eTe? S eTe )
28 o
(Final momenta,spins = Initial momenta,spins)
. D €+
{ A
—1 —1




Quark-Hadron ﬁuai.i;%v

Peskin & Schroeder, Ch 1%

O«F?R&ai. Theorem:

1

o(eTe” — anything) = Q—Im/\/l(e+e_ g
S

i g RS (P

(Final momenta,spins = Initial momenta,spins)
g i V. €+

’ ¥ 3 % i ';4 | S T q

iM = (—ieVo(K Pyeu(k) — (TP (q)) (k) v(k

T () — / a9 (O[T {74 ()7 (0)} |0)



Quark-Hadron ﬁuai.i;%v

Peskin & Schroeder, Ch 1%

Optical Theorem: :
Te~ — anything) = Q—SIm/\/l(eJre_/—;’eJre_)

(Final momenta,spins = Initial momenta,spins)

o(e

il (a) = [ d*ze'*(0|T {J*(2)J*(0)} |0)

= (¢°¢" — ¢*¢”) I1(¢°)

|
ey



Quark-Hadron “Du,ai.i;%v and bthe
Operaéor Produck Exyamsiam
Shifwan, “The Quark-Hadron ‘Bu&i&j” - 2003

i (q) = [ d'a et OIT{I" () (0)}0)
= (9" — ¢"¢") TI(¢%)
At shork distances we can kry ko expamd
Per&urba&i;vebj in Local operators.

Gperaﬁor Produck Expamsww

J#(z)J¥ (0) ~ C () - 1+ CLY (2)gg(0) + Cls () (F25)%(0) + - - -

Fourier transform, expand IT in powers

of 1/9%



Quark-Hadromn Bu&i.i;%j
T () — / dh €9 (0| {77 () J7 (0)} |0}

— (¢7g"* —ife ) 1l(q)

Perburbakive QCD:

II(s) = 1]2\:;2 ) ...

Resonance model: ;
F
7

\3'; v ot ‘. ‘ A o Z RS 2 ]

A
Vecktor mesons



Quark-Hadron ﬁuai.i;%v

LB

bv Cauchy’s

o
theorem ~=g i ' ‘ H(S)
from dis«com&mm&v n! ds 6= (it
across cuk | d 1
AT ina / ; —_9ImTI(s)
bv Optical Theorem 2T (3 i Qo)n—l—

™ 1 /0 E o



Quark-Hadron ﬁuai.i;%v

N

bv Cauchy’s

theorem \i L
from disaom&mm&v n! ds” s:; <
across cuk | d 1
T —47Toz/ . o AT
bv Optical Theorem 2 (5 i Qo)n

T /O A . SQ)MU(S)



Quark-Hadron ﬁuai.i;%v

£y S

bv Cauchy’s

theorem ‘\} L
from disaom&mm&v n! ds” s:; <
across cuk | d 1
T —47Toz/ . o AT
bv Optical Theorem 2 (5 i Qo)n

\_ Lsof " S
LV /0 s g

o(et

e~ — hadrons)



Quark-Hadron Bu&i.i;%j

The resulting relations between o(e"e” — hadrons)
and perturbative OPE coefficients are called
ITEY Sum Rules
(Novikov,Shifman Vainshtein Voloshin, Zakharov)

At swfﬂfiaiemf:i.j high s, the OPE is relatively
accurate,

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



Dualities Lecture 1 Summary

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

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

One can understand aspects of quark-hadron
ciu&i.i;%j bv way of the Operator Product
Expansion, which also helps to identify
sources oﬂf c&u&ii&v violations.



