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Gauge theories
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ool @l U(N) or SU(N) gauge group
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Feynman: how to calculate a process perturbatively:
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Gauge theories

Io bR
+ (LD Feynman diagrams
have taken us very far!
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Precision electroweak/pQCD: il
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Precision tests of QED 77
ge>P = 2.0023193043617 + 3
g™ = 2.00231930436...

Very important for the search of new physics! &



A big open problem

@ @ Confinement: -9
Quarks cannot be isolated in W =y
@ Nature, and cannot be directly b ¢ &
observed.
=D v L

Find an analytic proof that
guantum chromodynamics (QCD) should be confining.

Cannot be done pertubatively

Millennium Prize Problems ($1,000,000)
21st century analogue of Hilbert's problems
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Many big open problems

One big question

What is the correct description?

QCD: From quarks and gluons to baryons and mesons”?

Superconductivity: Cooper pair: high-T¢?

The Nobel Prize in Physic
1998 o

.........

ig g‘ \/" Hall effect: compOS|te fermions JellElot
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Emmy Noether

Symmetry = Conservation law

Use the Symmetry to solve the problem.

The more symmetry the easier it
is to solve the problem.

Gauge theories are very hard to understand:
Let’'s add Supersymmetry.

boson 4 fermion
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Adding supersymmetry

(7
.

Help understanding
and solving the problem




Supersymmetric Gauge theories in 4D

N = 4 Super Yang-Mills (SYM) More susy easier
No matter fields are allowed! Only “gluons”! to calculate

Conformal: A # A(E) ! —

b
7N
N =2 f f
" Y
b
Supersymmetric QCD (SQCD) Less susy more
realistic
N=1 b+ >

N =0 QCD The real world
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w Plan of attack ¥

Understand non-perturbative phenomena

X Add more symmetry: supersymmetry!

Xk N =4 SYM is the harmonic oscillator of our century!

X Remove supersymmetry (more realistic theories).



Before my
time




Symmetry alone

Can we uniquely fix the dynamics of QFT
by using only symmetry plus general principles?

1960’s S-matrix approach did not go far

1970sand 1980's  The Conformal Bootstrap!
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The Conformal Bootstrap

Conformal symmetry = the scale doesn’t matter!

A = A(E)

For conformal theories by using symmetry plus
general principles we can derive an

Infinite set of consistency relations
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Symmetry alone

Can we uniquely fix the dynamics of QFT
by using only symmetry plus general principles?

1960’s S-matrix approach did not succeed

1970sand 1980's  The Conformal Bootstrap!

Great success! Exactly solve 2D theories with Conformal symmetry.

No supersymmetry needed!
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Did success stop only in 2D?

What about 4D?

Supersymmetry + EM duality
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Duality

p
1 L T —
1D H= 2—292 T 55132 maps to itself vVmk
aemo 2 p — —vVmkx

Quantum mechanically: Fourier transform!

small fluctuations x «<—» large fluctuations p

R—

2D Theory A equivalent to theory B

i elementary field <« soliton solution

-

small QM ripple ..:'" big lump ‘

of energy

Two different descriptions of the same physics!

Intrinsically Quantum Mechanical phenomenon!



Electromagnetic Duality

V-E =20

V-B=0

VxE:—ﬁ—B
ot

VxB:a—E
ot
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Electromagnetic Duality
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Where are the magnetic monopoles?

Pmr <=» Pe
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Electromagnetic Duality

Where are the magnetic monopoles?
[Dirac 1931]

[tHooft,Polyakov 1974] consistent with QM. : e-m = 27 hn

— e ——

The magnetic monopoles are solitons!
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Electromagnetic Duality

[Montonen,Olive1977]
[Seiberg,Witten1994]

Together with supersymmetry it becomes powerful!

Theory A with coupling constant g
IS equivalent to
Theory B with coupling constant 1/g

Weak - strong coupling duality!

The elementary particles of A are
magnetic monopoles of B

We can use it to solve for the low energy spectrum

of theories with A/ = 4and AN = 2supersymmetry!
19



Electromagnetic Duality

[Seiberg 1994]

EM duality plus N =1 supersymmetry: phase structure of SQCD

14
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N Vig(r) ~ C
number of 8
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More can be done!

e

Yet another duality!
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AdS/CFT correspondence

['t Hooft 1993, Susskind 1995]

A relation: Gravity theories in d+1 and gauge theories d-dimensions.

[Maldacena 1998]
The 4D N = 4 SYM = 10D string theory on

A duality: AdSs

Use weakly coupled gravity: strongly coupled gauge theory.

5D bulk

Holographic models: strong coupling regime: geometry String

e Confinement e Ultrahot QuarkQluonPlasma/ Ultracold atoms
¢ Chiral symmetry breaking e Applications of Condensed matter systems

0

./I(/’ /;/4' 4D boundary
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Before the AdS/CFT

Transport coefficients in high 1 1

e )

temperature gauge theories S gélgM log 93_(1%4

Small viscosity: hydrodynamic modeling of data from heavy ion collisions.
In fact, maybe hydro wont work.

After the AdS/CFT

The shear viscosity of strongly coupled n 1
S

N =4 supersymmetric Yang-Mills plasma
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qu Wilson Loop ...

Measures the strength of the

log W/(A) ~ Vag(r)  interaction between quark - antiquark

V4
5D bulk

With AdS/CFT can be computed via the strings

area of the string world sheet! 0
SIS > ouniery

0 A
>
SYM perturbation String perturbation
theory theory

QA Q -
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Modern
developments




Exact results

Everybody was doing AdS/CFT! There were two options:

sk Trying to check the AdS/CFT correspondence for ' = 4 SYM

%k Search for gravity duals for more realistic theories (less supersymmetry)
[EP PhD]

On the way we discovered that it is possible to obtain

Exact results for many observables

A+ o)X +aX+--=FQ\)

dueto: sk Integrability
%k Localization
%k 4D/2D relations
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Integrability =

conservations

l[aws as d.o.f.

N = 4 SYMis integrable in the planar limit for any coupling

sk Perturbation theory. mapped to an integrable spin chain

%k Strong coupling: integrable 2D theory on the string world-sheet ﬂﬁ
Powerful integrability toolkit H—M

* Exactly: all energies of all states tor any coupling!

Integrability now is applied to other observables.
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Removing supersymmetry

A long list of Observables in N/ = 2 theories is obtained [EP 2013]
from their A = 4 counterparts by replacing: A — f(\)

Relative renormalization:  Can calculate it with Feynman diagrams

FN) = A+ X(Zn=2 — Zn=s) _:f”g N\ _(;ﬁi\'_ _('gi‘\,_
\\~—// \\~’ 7 ‘\:g:/’

Also, compute it exactly using localization. And check with AdS/CFT. [Mitev,EP]

Lesson: Gauge symmetry is important: not supersymmetry!

Similar sector for N=1 theories [Carstensen,EP]
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Local izatio ) - ke saddee point

approximation but

Zet = / Do) e~ SIO1 — / da| Z(2)2

exact!

The path integral localizes to an ordinary integral
(Cancelations due to supersymmetry)

We can do an ordinary integral.
Compute the path integral exactly.
For any value of the coupling constant.

Example of exact observable
for planar N=4:

W(\) = 2 h(VA) _ <
I 3
\ \/%A—Zeﬁ oo, A>>1
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4D/2D relations

Breakthrough for theories with A/ = 2 supersymmetry

[Alday,Gaiotto, Tachikawa 2009] [Gadde,EP,Rastelli,Razamat 2009]

Study how different observables transform under EM duality.

Discover that this is the same as the bootstrap equation of a 2D theory.

4—13 observ&bte = Z‘D observabi.@. B

A Xl PG IIN i St 59 s ST PSS SR IO ISR T TN STl i nit

Enlarge the list of observables we can calculate exactly!
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Removing supersymmetry

Can we have 4D/2D relations for N = 1 theories?

M o o

4D observable = 2D obseyvqbtg |

¥ SN i

Developing a method for finding such relations.
A large class of N=1 theories

X 2D symmetry algebra and representations
[Coman,EP,Taki,Yagi 2015]
3k Exact results for N/ = 1 (instantons) [Mitev,EP 2017]

[Bourton, EP 2017]

3K More observables . [work in progress]



@ Summary (€9

Understand non-perturbative phenomena

X Add more symmetry: supersymmetry!
%k N =4 SYM is the harmonic oscillator of our century!

X Remove supersymmetry (more realistic theories).

O W(A) = Wa=4 (f(A))
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Vision for the future

SUSY QCD

Exact results for N' = 1 SQCD.

Vig(r) ~C

5

‘Quarks and Gluons

‘ Cri tcal‘p ‘
Hadrons / i’s

3 Exact results at finite temperature? ’ ,/ e N

Temperature T [MeV]
§

X No supersymmetry? With the bootstrap!

X Quantum gravity? Gauge theory provides a reformulationf QG!
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Back to the Bootstrap

Can we only by using symmetry plus general principles

1.4131

1.413 *
1.4129 *
1.4128 *
1.4127 *
1.4126 *
1.4125 *

1.4124 ©

uniquely fix the dynamics of QFT?

1980’s Exactly solved 2D theories

/ | Great success!

******************************* 2014 Solution of the 3D Ising model!
A [EI-Showk et al 2014]

0.51808 0.5181 0.51812  0.51814  0.51816  0.51818

In 4D only with supersymmetry for now!

What about QCD?

RRERREREEEEEEECEEE—ErE=BBBRLRDD

[work in progress]



