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Abstract: <span>\We propose a new

approach for the calculation of the spectrum of excitations of QCD flux tubes.
It relies on the fact that the worldsheet theory isintegrable at low energies.
With this approach, energy levels can be calculated for much shorter flux tubes
than was previously possible, allowing for a quantitative comparison with
existing lattice data. The improved theoretical control makes it manifest that
existing lattice data provides strong evidence for a new pseudoscalar particle
localized on the QCD fluxtube - the worldsheet axion.</span>
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Two faces of the story:

¥ QCD (4D, pure glue today

*Gravity (2D, integrable)
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[Fieure 4: Lightest flux tube energies for longitudinal momenta g = 0, o, ¢ [, o and g = 2

in SU(3) at 7 = 6.0625. The four ¢ = 2 states are J O (x), 15(0o), 27(), 2 (e). Lines
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What is being measured?
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What is being measured?
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Puzzle #1: Remarkable agreement with a theory
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Puzzle #2: The theory is known to be wrong
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Dashed --- light cone quantized bosonic string
Solid --- standard ¢, /R effective field theory expansion

Pirsa: 13030109 Page 9/51



Puzzle #3: More is going on for some levels
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(Long) String as seen by an Effective Field Theorist

Xi

Theory of Goldstone Bosons

1SO(1,D — 1) — ISO(1,1) x SO(D — 2)

590X = (80 4 X1 X)
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CCWZ construction
X* = (0% X"(0)) hap = 0,X"0pX,

Ostring = — / d*o \/— det hqp ((52 + = ([\'r"l,ﬂ,.i)}3 + .. )

Yp

Perturbatively:

a ' w Lie oa T ey
Satring = —4;* / ([”rr;(()w\' ") 4+ c2(0n X ’)'l + c3(0,.X'03 X7 )" + ...

i

Interacting, in fact non-renormalizable, healthy
effective field theory with cutoft 14 g
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Why D=26 is special?

Theory is renormalizable (in some sense)
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Nambu-Goto Spectrum
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Comes from quantization in the light cone gauge
3 +winding

Crucial property: no splittings between different
SO(D-2) multiplets
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NMO Spectrum

“Light Cone” or GGRT

- 42(N — N)2  R?2  4x D9
EIJ('(*/\PHN)\/; ikl — 4+ — (z\'+N— _ )

Comes from quantization in the light cone gauge
173 +winding

Crucial property: no splittings between different
SO(D-2) multiplets

Consistent with target space Lorentz symmetry only
at D=26. What it has to do with D=4 spectrum?
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NMO Spectrum

“Light Cone” or GGRT
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General SO(D-2) invariant amplitude:

M -|- B0y + C010,

annihilation
A(s,t,u) = A(s,u,t) = B(t,s,u) = C(u,t,s)

Tree level:

No annihilations for Nambu-Goto!

Pirsa: 13030109 Page 18/51



~18 diagrams

Finite part:
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gives rise to annihilations!
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One-loop:

Finite part: ~18 diagrams

3 3 3
Mkl = —4 80530kt + 0041 + U 57;1531:)
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167

gives rise to annihilations!
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Explains the ground state data
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Need to work harder for excited states!
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GGRT spectrum:

; 1“)\ N2 R D -2
LoV '* (! 1 12

¢,/R expansion breaks down for the excited states

because 277 is a large number!
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GGRT spectrum:

A 4n2[N — N)2 R? D -2
Erc(N,N) % ) 22 T /4 _ 19 )

¢,/R expansion breaks down for the excited states

because 277 is a large number!

for excited states:

Let’s try to disentagle these two expansions
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GGRT spectrum:
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Finite volume spectrum in two steps:

1) Find infinite volume S-matrix

2) Extract finite volume spectrum from the S-matrix

1) is 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!
O v O
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Luscher’s Prescription

Consider a two-particle state on a cylinder
at R — o¢
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We find

€2L5GGRT(.5) L 61/.568/4

*Polynomially bounded on the physical sheet

xAgrees with tree-level and one-loop results

ne can reconstruct the entire string spectrt

sing thermodynamic Bethe Ansatz

*No poles anywhere. Acut all the way to infinity
with an infinite number of broad resonances
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We find
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Some properties of the theory

*¥No UV fixed point.
*No UV central charge.
¥ No local off-shell observables.

*Maximal achievable (Hagedorn) temperature.

*Minimal length.
*Integrable cousins of black holes.
*Big Bang cosmological solutions.

A new type of RG flow behavior:
Asymptotic Fragility

Theory of gravity rather than conventional QFT
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Classical Origin of the Time Delay

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

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

0
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exactly reproduces the quantum answer
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Free string spectrum circa 2012

Thermodynamic Bethe Ansatz

in thermodynamic (large L) limit

-l Z{T, L) = g LB L) _ o= LT E
T

I +

Asymptotic Bethe Ansatz

i)
})A hL + Z / )pi(p)dp = )T“if
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Asymptotic Bethe Ansatz

W (xy, x2) = (0|X" (2 )"Y'j('172)“}(]5)"1)(/‘;) )
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DT o 216 DR
r1 > T2 Wiy, Ty = g™ Pt gt Rtide (PL:PR)

periodicity: e ®L.rR = 2i0(PL:PR)

pL.r +20(pL,PRr) = 27N R

NB: particles are getting softer!

Page 37/51



Pirsa: 13030109

after taking the continuum limit
minimization of the free energy results in

)T

€' (p) =p (]p 111 ] — e~ R /1)

a=] *

where
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reproduces the correct ground state energy
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Excited States TBA

general idea: excited states can be obtained by analytic
continuation of the ground state
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+right-movers

Exactly reproduces all of the light cone spectrum
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Excited States TBA

general idea: excited states can be obtained by analytic
continuation of the ground state

Asymptotic Bethe Ansatz
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Exactly reproduces all of the light cone spectrum
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Excited States TBA

general idea: excited states can be obtained by analytic
continuation of the ground state

finite size corrections

Asymptotic Bethe Ansatz

N (i) w2 1)
(p/ L !ur :’:)‘\'m R

Z)/ dp’ d20( r/;
27

i ! 38 A (F) y ar(d) l i
) . ]
€ (p)=pH n g 20(p, —ip; ) N R g /
J

+right-movers

Exactly reproduces all of the light cone spectrum
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Colliding left- and right-movers

ABA phase shift from 1-loop *
O(p*) computation
with GGRT TBA for windings 3

ply < 1.8 Tt N 4

trace

¢ - t

| anti-symmetric tensor

) otmimd et e
9 3 4 5 6 7 8

‘ Rr‘:
What are the red points!
A new massive state appearing as a resonance in the
antisymmetric channel!
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How do we include this massive state?

Contributes to scattering of Goldstone’s and changes the
phase shifts. In particular, it appears as a resonance in the
antisymmetric channel. We can calculate contributions from

' 1 1 Qv . » “
W R NPV ST S aBe. i I
N = /(l (75()(,,(/)() O — 5m O + E(/)F F,"}'[\(w]\ﬁ

Including the resonant
s-channel contribution ‘

‘ mI(s/m 3
d(s) = arctan (m (‘)s/m) )

mé — s

NN
m~ 18560 T ~04070 5 N
; No19 Lo ~ U.aL, - t trace
as well as perturbative - i
non-resonant contributions in crossed
ﬂnCI-S)/ﬂ'HﬂC‘U'IC tensor
channels
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Reverting the logic: S-matrix from finite
volume spectrum
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Is this the lightest massive state, or there is a
hidden valley?
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A massive particle contributes
into the Casimir energy
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Ax“ ~ 21 for one new parameter. Remains to be seen

whether this is due to “new physics” or systematics
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Conclusions

¥ Even though the flux tubes studied on the lattice
are not very long, at least some of their energy levels
are under theoretical control.

¥ More to be undersood about pseudoscalar state.

¥ Good chances to know more about the worldsheet
theory of the QCD string very soon.

¥Would be good to understand how to include
corrections into TBA windings.

¥ This is not unique to closed strings. One could
extend this to open strings and perhaps make
contact with real world data.
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