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What are Flux Tubes:

® String-like objects, i.e. stretched between the quarks

® Crucial for gauge theory dynamics, responsible for
confinement

® For an effective field theorist - D-2 Goldstone bosons of

1SO(1,D — 1) — ISO(1,1) x SO(D — 2)
><i
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What are Flux Tubes:

® Effective 2D theory with cutoff 05 ~ Agep

® Action consists of geometrical invariants constructed from
hozﬁ — 77&5 —|— 604X285X']

Sytring = — / d2o\/= det haj (582 -

on-shell

® No one-loop counterterms on-shell, which makes
low-energy predictions more universal.

® Perturbatively:
1 - 1 . 1 . .
Satring = —L5° / d20§(6aX2)2 - §(a&X@)4 + Z(c’?aX"c?ng)Z + ...
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The spectrum

® We can calculate the spectrum of this theory on 51 X R

® From the bulk point of view it will be the spectrum of closed
flux tubes with w = 1 along some compact direction.

® Naive approach (Aharony and Klinghoffer 2010): reduce to
QM and do perturbation theory universal up to (¢,/R)"

® Wrong approach - quantize in Light Cone, don’t care about
Lorentz anomaly

. Am2(N — N)2  R?2  Arx . D-2
ELC(NaN)\/ (R2 )+€—4+ﬁ<N+N——>
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On the lattice: 4D SU@B) YM with one short direction

[ DA 00)01 () = (0(O) ) (IO (1)) ~ e

O = Pexp{i 7{ A} “Creates” a flux tube

Then deform the paths to get excited states

A
\ 4

X~X+R
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Ground and one-particle states

Data from Athenodorou, Bringoltz, and Teper 2010
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Need some smarter way to calculate

® | et’s see why perturbation theory fails on the example of

LC theory: R =
T ~ — 2
M (v - 222

4n(N + N) is a large number

®|n fact

b = Z;lg(pZ[S, ZS/R)

® Need to disentangle these two functional dependences
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2-step procedure:

|. Calculate the (infinite-volume) S-matrix

| |. Obtain spectrum from this S-matrix

Step I. we just do perturbation theory in p¢s

E = Zs_lg(pifs, KS/R)

Friday, June 6, 14



From S-matrix to the spectrum?

® Should be possible in general, but hard in practice

® Exact procedure - known for integrable 2D theories -
Thermodynamic Bethe Anzats (Zamolodchikov 1990)

® Fortunately, our theory is close to LC integrable theory - their
tree level lagrangians are the same

® Immediately explains why LC is close to the data

® Non-integrability shows up only at one-loop 6pt function

~ (p€8)6
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What is TBA:

First, Asymptotic Bethe Anzats:

Consider U(z;,xs) = (0| X" (1) X7 (22)[p}, p12)
| P for large R (ignoring wrapping interactions)

T1 > To \Il(xl,xg) — ¢ WPLT1 L WPRT2

J i x1 < T2 U(zq,3y) = e PLT1WPRT220(PLPR)

Periodicity of the wave function then implies

pr.rR+20(pr,pr) = 271 R
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ABA can be inverted to get S-matrix
from the spectrum

£2i6(s) _ ,—i((AE(N,N))—=2(AE(N,0)))R/2

ight-Cone quantized NG string:

ist? /4

524)2 — € + Factorizabllity




What is TBA:

Dorey, Tateo 96

7 / .

7 1 (4 1 - d25 p7p/ —Re% (p’
GL(p) — 4+ E Zza(pjpl({;?})%) | S /O dp/ d(p/ ) In (1 — € R R(p ))
7.k J=1
D—2 o0 d /
BR) = R+ 3 p0) + / %111(1_6 R0
J>k j=1""9

+right-movers
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Light-Cone quantized string

. .9
SLC __ 6225[,05?5; __ 6@868/45555;
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TBA for one-loop phase shift:

20 = 2610 + 261 _100p = P2 =

Ground and 1-particle
states

\T’
aa
<

Dashed - TBA

Solid - standard effective field theory expansion

Dotted - free theory (=ABA in this case)
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2-particle states: Naive expansion and TBA

L L
} \ Expansion |
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Phase shift from excited states
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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

) ) NXIT

S — L —_— ) — ‘

Y | ') l é . . l ) ) (} -2 _ e _ /)
;S - (/‘-(Tf(f) v ( )(ﬁ)(l('.) . f/]/—'( )- I (")(!()")(j . [\ [" | [\ / B
‘ (X 6 1‘} ()_/) i)

the resonant contribution to the phase shift is

5 = arctan (mf(s/ m>3>

m?2 — s
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AE ¢,

TBA with the resonance

N With axion
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3D SU(6), g=0 states
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3A-string in D=3 SU(6), g=0 states
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Worldsheet Axion

eijeo‘ﬁngKé7 ~ Fﬁ‘ws

/ dodre? e* K, K% ~ Self-intersection number
2

eo‘ﬁngng — V,J /dO‘JO ~ twisting
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To conclude

® Approximate integrability of world sheet theory allows to
calculate flux tube spectrum beyond perturbation theory

® Analysis of lattice data identified the first massive excitation
of QCD flux tube

® More lattice studies can reveal more particles

® Same methods can be applied to open strings and perhaps
make contact with real experiment
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Lorentz-invariantly quantized string

Integral equations reduce to algebraic:

T

R+ 26(py. — 97N
prR+20(pr,pR) 6Re, DL = 2N
. PR 7T
cr, = 14 R 6R2ch Same for ¢; pr
7T T

6RCL 6RCR
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Our prediction for the spectrum

Ly =

2 (2 2 ij _afB 171 77
— M9 — (00)” + ape’ " K, K3

Scalar

Pse

ensor

Jdoscalar

M=1.85
' =0.27
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