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Abstract: <p>I will review recent progress in understanding the dynamics of confining stringsin pure Y ang-Mills theory.</p>
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The major underlying question:

What is SU(cc) Yang-Mills? |

Old and famously hard. The main goal of this
talk is to convince you it is an interesting one
and worthwhile to revisit now.
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Somewhat restricted and ambitious
definition of an interesting question:

1) One cares about the answer

2) Sufficiently sharply posed, so that the answer
exists

3) There is a path to find the answer, or at least to
make progress
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One sharp version of the question:
Calculate these masses and quantum numbers
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QCD is a theory of strings

o s v ) I ho At /4 y 1
bissey et al, hep-lat/ 0606016

Large N QCD is a theory of free strings

Can we solve this free string theory?
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Let’s divide the question into two parts:

1)What is the worldsheet theory of an infinitely long
string?

2)If we know the answer to 1) what can we say
about short strings?

I will mostly talk about recent progress
as far as 1) goes
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SETUP

v Confining gauge theory with a gap A
v Unbroken center symmetry

Enerqgy

oD theory
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SETUP |

v Confining gauge theory with a gap
v Unbroken center symmetry

v Large N .
X
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(Long) String as seen by an Effective Field Theorist|

I sienhor 'Q
r.uscner ol
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Aharony et al ‘'07-11

SD,Flauger, Gorbenko’12

Theory ot Goldstone Bosons

ISO(1,D — 1) — ISO(1,1) x SO(D — 2)|

50 X7 = —e(§90% + X1 XY)
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Can a theory like that be integrable? |

=no particle production

why this question?

v'To get an idea of what one might expect

v' By now we have a few examples of integrable
higher dimensional conformal theories (N=4).
This looks as a natural definition of an integrable
confining theory

v'One may expect QCD string to be somewhat
simple in the UV. Simple=Integrable?
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Can a theoryv like that be integrable?
Yy 24

Yes, at D=3 or 26
Ward identities of non-linearly realized Poincare
plus integrability determine:

: .
6225(3) _ 61368/4

Finite volume spectrum from TBA

- 472(N = N)2 R2 4 . D—2
E(N:N)z\/w( L +7T(N+N— )

R? ¢ 12

At D=26 this a critical boson string
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Integrable QG rather than QFT

Gravitational shock waves: Drav.’t Hooft ‘85

- My TS { [ y ¥ £ 7Y (
\maht, Ciafalont,Veneziano 88
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Eikonal phase shift: : | 92
p 6@25(3@;@(8) _ ezE s/4

2 x Gyb*°
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Time Delay

1
2
At(:'m,s = §£,5-E(:'ms
cf. Aty =0pE>  for Hawking evaporation in 4d

Equivalence Principle at work
At 1s the same for a single hard particle and for a bunch of soft ones

String uncertainty principle

p o 2
A.LLA.L R 2 (}H

. . (0!

. . g - ’ 2 o ’ 2 'S
for identical packets Az? , = Ax; + A2
“an
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This is a scaleful theory:

No conformal/scale invariant fixed point in the UV.
Memory of £, stays forever.
Related to that no local observables.
New type of asymptotic behavior:
Asymptotic Fragility

I

QCD strings provides a good opportunity to study
a non-integrable theory like that. |
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Looks hopeless to make progress without
experimental data
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(Long) String as seen by an Effective Field Theorist|

Theory of Goldstone Bosons |

1SO(1,D — 1) — ISO(1,1) x SO(D — 2)
\
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Huge amount of universality:

b
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Huge amount of universality: |
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sounds as a bad news: very hard
to extract non-trivial information

0.8} ;

Page 20/42



Pirsa: 16100042

Excited states are more promising

Left-movers only: |

..........................

o}

TR Y TS e T
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Solid --- universal terms in 4,/R expansion

Dashed --- light cone quantized bosonic string
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Excited states are more promising

Colliding left- and right-movers:
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Excited states are more promising
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Excited states are more promising |

Left-movers only: |
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critical string spectrum:

' AN — N)?2 R? D -2
EL(‘(*N~N) - ) R2 + (A 12 )

(/R expansion breaks down for excited states

because 277 is a large number!

for excited states:

E=10"E(pils,ls/R)

Let’s try to disentangle these two expansions
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Thermodynamic Bethe Ansatz
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Thermodynamic Bethe Ansatz

Zamnlardonhil- 1y 1
Zamolodcnikov 9l

Dorey, Tateo 96

Asymptotic Bethe Ansatz finite size corrections
(~Luscher's formula)
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Improve your appearance with TBA:
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Colliding left- and right-movers
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Colliding left- and right-movers

spin 2

scalar

pseudoscalar

A new massive state appearing as a resonance in the
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Colliding left- and right-movers
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A simple option to restore integrability:

Sstring = —L3 2 / (/%\/ —det(Nag + 0o X05X" + 000030) + Q / dopR[X] + ...

| 125 — D
Q) =4/ ——
2 487

. .29
6226(3) - ezsf /4

This is also known as a linear dilaton background
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Another simple option to restore integrability:

Setning = —hz* / (lzrr\/—(l(’f.(n,m + 00 X0 X" + 00905¢) + Q / d’cdKK + ...

22[”_D

£ 7
=4/ — =~ 0.373176...
487 167

: -
6215(3) - ezsf /4

Compare to
Qiattice ~ 0.382 £ 0.004
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What could this mean?

¥ Numerology

¥In the planar limit axion becomes massless and the

planar QCD string is integrable

¥ This tells us about UV asymptotics of a planar QCD
string
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Athenodorou, Teper, to appear

W) T T T T

Q R
ok L A L L L

0 0.05 0.1 0.15 0.2 0.25 0.3
l "’,i" ‘."\:“ 2

the second option is excluded
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(Strawman) proposal for the structure
of the QCD string in D=3,4:

¥ Matter content:

Goldstones+massive antisymmetric O(D-2) tensor

¥Integrable UV asymptotics with

: )
6225(8) _ ezsﬁ /4

¥ Future checks: confront with lattice data for longs

strings and glueball spectra
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Non-critical strings as the Higgs mechanism? |
Two problems with bosonic strings:
1) Tachyon

2) Massless vector (open strings), graviton and B-field
(closed strings)

Closed = Openy, @ Openp

of O(D-2) should become a full O(D-1) multiplet

linear dilaton \

O(D-2) 0O(D-1) O(D-2) 0O(D-1)
O+1=0 H+O=H
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Conclusions:

*Being a phenomenologist, 'm somewhat disappointed by
what happened to a 750 Gev boson (this still may change!).

¥ Being a theorist, I always hoped that new physics at the
LHC will bring in new interesting hard puzzles to solve.

¥ Absence of this new physics definitely appears to be such
a puzzle.

*But there are existing puzzles at lower energies (such as a
750 MeV boson), which are also quite fundamental and
may be easier to approach. I will feel ashamed if people will
do it, say 20 years from now, while we don’t even give it a
fair try.

*In the QCD string case, definitely people gave it a proper
try in the past. Right now we have an additional advantage
of having a massive amount of high quality data.
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