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Motivation



Our Goals

» Studying the spectrum of open fluxtubes in large N, limit and look for deviation
from string models.

» Looking for possible world-sheet axion states.
» Why large N.? how large? N. = 3,4,5,6.

Eight very excited spectra and one possible axion in SU(3) lattice gauge theory

Alireza Sharifian,” Nuno Cardoso,' and Pedro Bicudo®
CeFEMA, Departamento de Fisiea, Instituto Supevior Téenico |(Universidade de Lisboa),
Avenida Roviseo Pais, 1049-001 Lishoa, Portugal
{Dated: March 28, 2023)

We compuite the spectra of flux tubes formed between a static quark antiguark pair up to a signif-
icant number of excitations and for eight symmetries of the flux tubes. up to A, using pure SU/(3)
gange lattice QCD in 341 dimensions. To ymplish this goal, we use a large set of appropriate
operators, an anisotropic tadpole improved action, smearing techniques, and solve a generalized
eigenvalue problem. Moreover, we compare our results with the Nambu-Goto string model to evalu-
ate possible tensions which could be a signal for novel phenomena. Especially, we provide evidence
for the coupling of a massive particle 1 Land X077 Hux tube with approx-

> imate masses 2,257, 1857, 3.304/7, respectively.
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Nambu-Goto String model

S=-o / d?xy/—det hop, hap = 0 XX,

D—-2
ENC(R) = \/02R2 + 270 </v— - > )



Effective string models

Sest = oRT + % / A2x0, Xi. 0 X + . ..

b 7T3 o —
En(R) = ENS(R)+ t(’;ﬁ‘/); (BN— %

[Bonati et al.(2021)Bonati, Caselle, and Morlacchi]
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Symmetries of the open fluxtube

String states in term of eigenmode are expressed:

I (w3l - ) 0, (6)

m=1

N = Z rn(nm+ + nm—)a AN= | Z mt — Nm- a Nicp = (_1)N' (7)
m=1

m=1
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Table: Low-lying string states for an open string with fixed end Ref.
[Juge et al.()Juge, Kuti, and Morningstar]
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Action

» Wilson Anisotropic Action

Swisn = 6 | £ 30 Waw + €3 Wer |

x,5>s' X,S

> Wilson Loop
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Cji = (O)(r, 1) O(r, 0))

» O; operators are replaced by operators of desired symmetries.



How do operators look like?
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Figure: These operators were already sieved to have lower energy for the ground state, and less
degeneracy in the spectrum. arXiv:2303.15152

» The code is open source (https://github.com/nmrcardoso/sun) and runs on
GPUs.


https://arxiv.org/abs/2303.15152
https://github.com/nmrcardoso/sun

Generalized Eigenvalue Problem

C(r, t)Un = An(r, t)C(r, to)Un
An(r, t)

En=In-—2mlt
: )\n(f,t‘i‘ ].)

(10)

Es = 1.4192(79), x%/dof = 0.46 Ey = 1.0316(57), x%/dof = 0.19
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[e.9]

(W(r,0) =Y Ane B0 (11)
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Topological charge and critical slowing down

1
Q= 2 / X €40po Tr [Gu(X) Gpo(X)], We use Clover representation.  (15)
s

» The code is open source (https://github.com/nmrcardoso/sun) and runs on
GPUs.

SU(3),60 = 2, as\/o = 0.3049(17), asy/o = 0.1403(8) SU(6), &0 = 2, as\/o = 0.3107(15), ay/a = 0.1422(7)
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https://github.com/nmrcardoso/sun

Ensemble

Ensemble Nc B £o & lattice as\/o ai\/o (Plaquette) X1/4/\/3 #£config
Ws 5 3 59 2 21735 243 x 48  0.3049(17)  0.1403(8)  0.595665(6)  0.4239(4) 1000
W, 2 4 107 2 21825 243 x 48  0.3493(9)  0.1601(4)  0.571288(5)  0.4232(6) 1000
Ws 2 5 172 2 21830 243 x48  0.3006(5)  0.1377(2)  0.575065(4)  0.4021(5) 1000
Ws 2 6 249 2 21850 243 x 48  0.3107(15)  0.1422(7)  0.568885(3)  0.3943(6) 1000
Ws. 4 3 57 4 45385 243 x 06  0.4024(16)  0.0887(4)  0.617109(6)  0.4395(1) 1000
Wy 4 4 104 4 45663 243 x 96  0.4445(3)  0.0973(1)  0.599735(5)  0.4477(7) 1000
Ws 4 5 16.5 4 4.5766 243 x 96 0.4484(1) 0.0980(0) 0.593900(4) 0.4415(10) 1000
We 4 6 240 4 45811 243 x06  0.4333(2)  0.0046(0)  0.502002(4)  0.4434(10) 1000

Table: Details of the ensembles generated using the anisotropic Wilson action. &, is the
renormalized anisotropy factor, computed using the method described in

Ref. [Garcia Perez and van Baal(1997)]. All ensembles have undergone 100 times multihit
smearing in the temporal direction and APE smearing (o = 0.3, ns = 20) in the spatial
directions. For SU(3) the value of topological suceptibility [Athenodorou and Teper(2021)]
reported as x'/*/\/o = 0.4246(36).
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Spectra
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Figure: SU(6) spectra, [Sharifian et al.(2025)



Axions

AV(R)/VE
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Axions
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> In T, — Maxion//T = {2.058(61), 2.065(15)}
> In £ — Maxion/v/0 = {1.721(46), 1.694(34)} , Masxion//T = 3.054(293)

> In literature Muxion/v/o = 1.65(2)
[Athenodorou et al.(2024)Athenodorou, Dubovsky, Luo, and Teper].



Boundary term

Wi, V/\/G = /r +2r(N — 1/12) + 22 (4 — 1/30) Wi, V//G = /12 2r(N — 1/12) + 22 (4 — 1/30)
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Figure: Reported values for b, = 0.020(3),0.025(5),
[Bonati et al.(2021)Bonati, Caselle, and Morlacchi]



Conclusions

» Open flux-tube spectra for SU(3-6) at two anisotropies: small a-effects; clean
N.— .

» Ergodic ensembles up to N. = 6 from topological charge histories.

> Large-R: Nambu—Goto/Arvis describes most states; no significant O((Ry/o)™*)
boundary term seen.

> %, L clear non-NG behaviour = massive worldsheet modes persisting at large
N.

P> Lightest “axion” mass matches closed-string excitation.

» Interpretation: worldsheet axion(s) or longitudinal wave.



Open questions & next steps

» Develop TBA for open strings to count/characterize massive modes.
» Shorter R; non-perturbative anisotropy;
» Broader operator basis; systematic study of topology effects.

» Explore finite-temperature flux-tube spectra.



Roadmap

Acknowledgment



Acknowledgment

AS was supported by CEFEMA UIDB/04540,/2020 Post-Doctoral Research Fellowship.
AA acknowledges support by the “EuroCC" project funded by the “Deputy Ministry of
Research, Innovation and Digital Policy and the Cyprus Research and Innovation
Foundation” as well as by the European High-Performance Computing Joint
Undertaking (JU) under grant agreement No 101101903. We thank CeFEMA, an IST
research unit whose activities are partially funded by FCT contract UIDB /04540 for
R&D Units.



References

E

) & W &

K. J. Juge, J. Kuti, and C. Morningstar, in Proceedings of Wako 2003, Color
Confinement and Hadrons in Quantum Chromodynamics (2004), 221,
arXiv:hep-lat/0312019 .

M. Garcia Perez and P. van Baal, Phys. Lett. B 392, 163 (1997),
arXiv:hep-lat/9610036 .

A. Athenodorou and M. Teper, JHEP 12, 082, arXiv:2106.00364 [hep-lat] .

A. Sharifian, A. Athenodorou, and P. Bicudo, The spectrum of open confining
strings in the large-nc limit (2025), arXiv:2506.16342 [hep-lat] .

A. Athenodorou, S. Dubovsky, C. Luo, and M. Teper, (2024), arXiv:2411.03435
[hep-th] .

C. Bonati, M. Caselle, and S. Morlacchi, Physical Review D 104,
10.1103/physrevd.104.054501 (2021).


http://dx.doi.org/10.1142/9789812702845_0017
http://dx.doi.org/10.1142/9789812702845_0017
https://arxiv.org/abs/hep-lat/0312019
https://doi.org/10.1016/S0370-2693(96)01530-4
https://arxiv.org/abs/hep-lat/9610036
https://doi.org/10.1007/JHEP12(2021)082
https://arxiv.org/abs/2106.00364
https://arxiv.org/abs/2506.16342
https://arxiv.org/abs/2506.16342
https://arxiv.org/abs/2506.16342
https://arxiv.org/abs/2411.03435
https://arxiv.org/abs/2411.03435
https://doi.org/10.1103/physrevd.104.054501

	Motivation
	String Theory
	Lattice QCD Methodology
	Results
	Acknowledgment
	Acknowledgment

