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The major underlying question:

What is SU(oc) Yang-Mills?

Old, fascinating and famously hard. Will try to
convince you that it may be the right time to
attack it.



QCD 1is a theory of strings I
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Bissey et al, hep-lat/0606016

Large N QCD is a theory of free strings

Can we solve this free string theory? I




SETUP |

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

v Large N —
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Looks hopeless to solve without experimental data

all the data from the papers by

O = Pexp{i 7{ A} Athenodorou, Bringoltz and Teper




(Long) String as seen by an Effective Field Theorist |

Liischer 81
a 1 Liischer, Weisz ‘04
Aharony et al ‘'07-11

SD,Flauger, Gorbenko’12

Theory of Goldstone Bosons I

1SO(1,D — 1) — ISO(1,1) x SO(D — 2)

84 X1 = —¢(§0™ + X'9*X7)
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higher order non-universal terms start at ¢



Explains the ground state data |

Ey(R) =

R (D—2) (D —220%2 (D - 2)3x3e

cIass:caI Q

Liischer term

AE ¢

0.0f

-0.2¢

—0.4}

—0.61

T2R3 432R5

-0.8}:

+ non-universal terms



Explains the ground state data |

R _2) (D )2 262 (D )3 364 |
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sounds as a bad news: very hard
to extract non-trivial information




Excited states are more promising l
Left-movers only: |

: : R/ . :
Solid --- universal terms in 4;/R expansion

Dashed --- light cone quantized bosonic string



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

spin 2

scalar

pseudoscalar

Solid --- universal terms in 4;/R expansion
Dashed --- light cone quantized bosonic string



Goddard,Goldstone,Rebbi,Thorn’73

Light Cone (GGRT) spectrum:

- Aw2[N — N)2 R? /r N D —2
Buct. ) = [ B W@ 12 )

¢,/R €xpansion breaks down for excited states

because 277 is a large number!




Goddard,Goldstone,Rebbi,Thorn’73

Light Cone (GGRT) spectrum:

ELC(NaN): - |

(a2 N - N2 R N D -2
- ) (N4 N )

¢,/R €xpansion breaks down for excited states
because 277 is a large number!

for excited states:

E = é;lg(piés, fS/R)

Let’s try to disentangle these two expansions



Finite volume spectrum in two steps: I

1) Find infinite volume S-matrix

2) Extract finite volume spectrum from the S-matrix

1) 1s a standard perturbative expansion in p#,
2) perturbatively in massive theories (Luscher)

exactly in integrable 2d theories through TBA

Relativistic string is neither massive nor integrable

But approaches integrable GGRT theory at low energies.



Thermodynamic Bethe Ansatz

Zamolodchikov’o1
Dorey, Tateo ‘96
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The leading order phase shift reproduces all of the
GGRT spectrum




Thermodynamic Bethe Ansatz

Zamolodchikov’o1
Dorey, Tateo ‘96

Asymptotic Bethe Ansatz finite size corrections
(~Luscher's formula)

~(2 ~(2 ~ dpd25zﬁ(),p)
LR+ 32508 N z / /M

+right-movers

The leading order phase shift reproduces all of the
GGRT spectrum




Improve your appearance with TBA: I
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Colliding left- and right-movers |
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Colliding left- and right-movers |
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spin 2
after

scalar
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Red points:
A new massive state appearing as a resonance in the
antisymmetric channel!
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SD, Flauger, Gorbenko, 1301.2325



Alternative and Equivalent View on TBA: |

Use finite volume spectrum to reconstruct S-matrix



Alternative and Equivalent View on TBA: |

Use finite volume spectrum to reconstruct S-matrix

GGRT spectrum

~

~ Am?(N — N)?  R* Am - D=2
ELC(NaN)\/ R? | /4 | /2 <N+N 19 >

corresponds to an integrable theory with

0210(s) _ is0? /4 \

*Time delay proportional to the collision energy
*Scale survives all the way to the UV'!



Could QCD string be integrable for pure glue?
NO

; Xi

-2 / P [~det(as + DX 05X7) + O(12)

*Integrable at tree level

* Universal one-loop particle production if D # 26@

All these one-loop amplitudes can be explicitly calculated



A simple option to restore integrability:

Sstring = —6;2/d20\/—det(na5 + 0, X103 X" + 009p050) + Q/d20¢R[X] + ...

25 — D
Q_\/ 48T

0210(s) _ is0? /4

This is also known as a linear dilaton background




Another simple option to restore integrability:

Sstring = —L3 2 / d20\/ —det(Nas + 0o X 05X + 000050) + Q / dPopKK + ...

SD, Gorbenko, 1511.01908

25 — D 7
Q) = \/ e =\ 16 © 0.373176. ..
0210(s) _ is0? /4

Compare to

Qiattice ~ 0.382 £ 0.004
277



What this could mean?

*kNumerology

*1In the planar limit axion becomes massless and the

planar QCD string is integrable

* This is the UV asymptotics of the planar QCD string
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To conclude:

(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

62@'5(3) isl? /4

— €

*Future checks: confront with lattice data for winding

strings and glueball spectra



