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Are flux tubes strings?

In QCD quarks are confined in bound states called flux-tubes

Long flux tubes behave pretty much like thin strings
* Energy increases with separation: V = or, /o ~ 440 MeV
e At some point the string breaks — String breaking —
* We need dynamical fermions to observe string breaking
* We work in pure gauge theory

There are D -2 massless Goldstone modes from broken
translation invariance in the D-2 directions

There should be a Low Energy Effective String Theory model
describing the energy spectrum of the flux tube

Questions to be addressed
* What is this effective string theory?
* How good an approximation such an effective string theory is?
* Are there additional massive excitations along the flux-tube?
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Are flux tubes strings?

J. Bulava et al, Phys.Lett.B 793 (2019), 493-498
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How to investigate

Questions:

* Isthere a theoretical description in agreement with Lattice data for the flux-tube?
* |sthere a group of lattice data in striking disagreement with the theory?
* What does this disagreement teach about the theory? Can it be extended?

Choose a flux-tube set up:
Open Flux-Tube Closed Flux-Tube (Torelon)

Periodic boundaries

)

Compactification

[Caselle, Bicudo, Sharifian, Brandt, Kuti, AA] [Teper, AA, Caselle]
® One needs to deal with the boundary terms ® No boundary terms
® Computationally not so expensive ® Computationally expensive (length=lattice extent)

. - - ® Richer spectrum due to flux-compactification
Effective string theories cannot capture pure gauge phenomena

We extracted the spectrum of closed flux-tubes in the Large—N limit



The effective string theory of long strings

e Universal properties of the QCD string studied extensively [Dubovsky, Gorbenko, Aharony]

* Re-parametrisation invariance and D-dimensional target space Poincaré symmetry

Xi
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e First non-trivial subleading correction starts at £2 level

* Hence, the perturbative perspectives of the theory are universally determined by
Nambu-Goto action

Sna = —é";g f dga\/— det ho3 hop = 0, X"05X,,



The Goddard-Goldstone-Rebbi-Thorn spectrum

* We quantize the Closed bosonic string (Nambu-Goto)

Sna = —68_2 f dga\/— det hop X

£51=\/a (string tension)

e The spectrum of a closed bosonic string compactified around a torus is
given by:

o aw2(Np, — Np)? | R? 4z D2 21\’

‘M

e The spectrum is deseribed by

l. The winding momentum p)| = 27q/I? with ¢ = 0, £1, 42, ...
2. The total contribution of Ny, = 37, np(k)kand Ny EA_,_____,“ np(k"E

3. Level matching Constrain: Ny, — N — g



The expansionin 1/RI; 1!

* Topic received contributions since the early 80s

[M. Luscher ’81, J. Polchinski & A. Strominger ‘90, M. Lischer & P. Weisz ‘04, O. Aharony et al ‘07 — 11, S. Dubovsky et al ’12 — 19]

B.lR) = YR Linear Confinement

4mi;t D —2

T (RITY) = 21 Lischer 1980, Polchinski&Strominger 1991
Q.-27—1 -

_ 8 o D-2 Lischer&Weisz 2004, Drummond 2004
(RI;1)3 24

+ 32n7l," (n D= 2)3 N ( 1 ) Aharony&Karzbrun 2009
(RI; 1) 24 (RIZH)T

* Relation to the GGRT spectrum:
]-1,GGRT  |-1.GGRT  |—1,.GGRT 1
En R _ Z_l Rl:l + s 1 + s 2 4+ S 3 ( )
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The expansionin 1/RI;1 -the D = 2 + 1 case

NL,NR | q | P String State S. Dubovsky et al. NNLO
1o L Phys. Rev. Lett., 111(6):062006, 2013.
Np=Nr=0 I 0 | + I |0) ———— Expand 5 L
pt’s " ts/R
Ny =1,Np =0 | 1 | — || a1 |0) .
Ny = Np =1 ” 0 | + || ata_1|0)
— _ ‘ + ajal|0)
Ny, =2,Nrp =0 2 N as|0) Els 6 L
_ - _ + aga_1|0)
Np=2Np=1 ! - ataya_1|0) 1
+ agai|0)
N, =3,Np =0 3 - ag|0)
- ajajay|0) R
+ aga_o|0)
AL AL o IE ajaja_qa_110
I‘II—I'I{ — . aga_.la__Il[])
- atala_o|0) 0 5
1 GGRT ;-1 1 2
i i [ T = 87 —— ] An2(N, — Ng)2 R 4nr /(. _ D-2
Expansion valid for Rl " >> RZ7 87 n T Beosr (N, Ng) = ( = r) B (e -2

* InD = 2 + 1 only string like states have been observed so far
e D =34 1 caseis more complex and interesting to look for such states



Spectrum from world-sheet scattering

 Thermodynamic Bethe Ansatz (TBA)

— finite volume spectrum of a (1 + 1) — D integrable theory from 2 - 2 scattering
* Leading spectrum is given by integrable theory of D — 2 scalars with phase shift:

2id(s) isl? /4

€ = €
* Using TBA leads to the GGRT spectrum

* Phonon scattering amplitudes can be calculated with perturbation theory

* Diagonalization of the S —matrix:

?s 11042 A—B . .
25‘3"TH=L_ - + €6.=3+0c4 +
> 4 1927 25672 *° (5°) — 2
Ps  11/%s2 A+ B . .
26&-‘:’:,1' = = + = - ﬁﬁc 3 + O b 4 -
CT T T 1920 956m2 o0 (5) e—— 0
05 _ (%s N 11435 N 3A— B
| 1927 25672

s +0O(s") — 0t




Spectrum from world-sheet scattering

TBA formulates with the generalized quantization condition around the circle:

dq d26,, it
th + Z 2(50, ;aj phapr}) Z/ q ’ (Ep! Q) (1 - e—Re?.(q)) — Qﬂ-*’?VI?L:

priR + Z 20a,a; (Pri> Prj) + 1 Z/U g 02000, Zp” Dy (1 _ e—Re?(q)) — 27N,
The pseudo-energies Ef(,,.)satisfy:

€'(q) =q+ ]i_ﬂ Z%abi (q, —ipri) + T Z/ dq ;d25ab q q) n (1 _ e—Rei(q’))

q) = ¢ — % Z 26, (¢ ipis) + Z / d2obu (qa q), (1 B e—Re?(q’))

The energy of a state is written as

> . 1 % i
AE = pri+z Drit Z][; dq In (1 — G_Ret (Q))-l—% Z‘/OV dq In (1 — e_Rfr(Q))

+ ApprOX|matlons




Spectrum from world-sheet scattering

* TBA formulates with the generalized quantization condition around the circle:

> dqg d20,., (ipy;,
/ dg d20a (ipissq) | (1 _ e—Rei(q)) — 27N,
o 2T dgq

/ ' @d?ébai (_Zpu" Q) In (1 _ e_RE?(Q)) = 27{'1)\/;“;;;
0 2T dgq

th + Z 2(50,1'(1.;; (pl'ia pr}) _

J

ABA
p'r'.iR + Z 2(50,3:&1' (pu* pf,ﬂ) + 1
J

* The pseudo-energies €, satisfy:
i | J,dzfsa i
ej‘(q):q+1—3226abi (q, —ipys) 27TRZ_/ dq b q q) In (1—6 RT(Q))
i . d2ou , i
EE(Q)=Q—EZQ(5M¢1(Q;3P& Z/ b (Q‘ Q) (1_6 R;(Q))

* The energy of a state is written as
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Spectrum from world-sheet scattering

TT simplifies TBA because the undressed theory is free in the leading order
2

B(R.) = o (R + S B(R.1))E (Ro.0) + 25;0 (R)P (Ry)

We neglect all the winding corrections in the undressed spectrum

Momentum Quantization Condition becomes the Asymptotic Bethe Ansatz (ABA)

We can investigate the spectrum of phonons — massive excitations using ABA + TT
deformations. [Chen, Conkey, Dubovsky, Hernandez-Chifflet 2018]

Recipe
» Start with a world-sheet theory of free phonons (phonons can interact at subleading order in low
energy limit) and massive particles.
 Compute the finite volume spectrum of this theory using ABA.

« Deform the theory by TT operator to the string scale, which will automatically incorporate the
axion-interaction at leading order.

N

J




Theory — The Axionic String Ansatz (ASA)

Lattice calculations demonstrate that there is one massive resonance

We add a massive resonance [Dubovsky et al 2013]

5 — / Pov/—h (—%(8(,@3)2 _ %m%g + %haﬁemﬁatwaﬁt%)

B

Vh

¢ is a pseudoscalar — the world-sheet axion " =

00 X "5 X"

From Monte-Carlo data of 4D SU(3) Yang-Mills: Q4 ~ 0.38 £0.04, m ~ 1.85"

Integrable coupling: Qintegrable = \/7/(167r) ~ (0.373

Can we describe all statesin D = 3 + 1 with the worldsheet fields only?
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Lattice Calculationin D = 3

* The spectrum is extracted using torelon correlation functions

(T (t = any)p(0))

t-tifxa |(x)|2f3__(1l50?1t

* Using the effective mass

<¢T8—Hant @) _ Z |Ci|2e—aEint

Provides the ground state

1 — Extracting the spectrum

’’’’’

|
[\[\ LA
‘||\

L
i
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0.8

lim

* For excitation spectrum we use GEVP

[—ln ( C(t) )] — wF, Example of effective masses :
t— 00 C(t — a)

rtE,J-I—(m) 0.6 %

N 1

---------

0 2 ! 6 3 10




Lattice Calculationin D = 3 + 1 — The Quantum Numbers

Quantum numbers

 SpinJ: oL( Z “n3e nZ Example ¢ (J =1) :Tr{ﬂ_ﬁJr”i -/ == ‘LFL—"’: %}

P
* Parity: ”

ﬂﬂ

We build operators described by the quantum numbers of /, PL,P”

 We use a large basis of operators with transverse deformations:

— LI - I L %M% =

_ID_
B TR Do o o7 e




Results: the absolute ground state
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Results: the GGRT state with N; = Np =1

Results for SU(3) and B = 6.0625
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Results: the GGRT state with N; = Np =1
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The Axionic States
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Results: the 0™~ state and the axion

Results for SU(3) and f = 6.338
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Results: the 0% *states and the axion

Results for SU(3) and f = 6.338
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Results: the 17, 1~ ground states

Results for SU(3) and f = 6.338
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Results: The |

=1,q = 1 ground, 15t and 29 excited states

N Ne T

String State

—
'_\-l
—
v]

Ne=LNe=0]

(uI’ + al'} |ﬂ} I

(a;u:l + u;:::]} |0)
(aTa—, — ri-?u:_,} 1)

(afata”, + ayaya’,)|0)

Np=2,Np=1

(:xl‘ul‘u:, + :IL_uI':I:]} |ﬂ}

(aza, +aja”,) [0}
(aza®, —aza”,)|0)

Calba b == 2 O =l
o TS U [ (R I

[::Ifuf:lzl + rlful_u:l} |ﬂ} I

Neln (DI P]P]

String State

Ne=Ng=1]0]-1]-] Agl0)

N2 N 0 - !11|U>
- Ayt 1 + Ag (a'L" q:a.l_] |0) |

0 + + /1.n!1(]|[]>

0| - |- /)ln (afaZ, +a7a®,)|0)

o oA 1| £ |+ Ai (afy FaZ,) — Ay (af Fay)]]0)

Ne=2Ne=2| | | L |_ Ay Eafl Fa_,)+ A (af Fay)]|0)

2 |+ | - Ay (afat, —ajaZ,)|0)

2 | — | = Ay (afat, +aya”))|0)

AEY,

] 472(Ny, — Np)?2
Ecarr(Nr, Nr) = \/ ( ??2 7) +

R? Arm . D-2
7“73(””“ -‘T)*(

8 ]

2mq

2
7)

Results for SU(3) and § = 6.338

NL=21NR=1

NL=1,NR=O



Results: The 07, g = 1 ground and first excitations
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Outlook

Low-lying spectrum is given by an effective theory with one massive axion
The interaction involving axions can be approximated by the TT deformation
We observe two towers of states — (phonon) + (axions + phonon) states
There is an axion in 4D SU(N) Gauge Theories

We have obtained the spectrum of closed flux-tubes in 4D SU(N) Gauge
Theories for all configurations of {J, P,, Py} using LGTs

So far there is no effective string theory describing the open flux tube
With collaborators we investigate the open flux tube [A. sharifian poster]
TBA Analysis is needed for the open flux tube
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