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1. Motivation: role of center vortices in lattice QCD
2. Model: features observed in simulations

3. The model vacuum state, degrees of freedom

4. Results: area law (known), gluon mass (here)

5. Conclusions & Perspectives

Work with D. Rosa Jr, L.E. Oxman and B.R. Soares
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Important gluon configurations

Center vortices seem to be responsible for most

of the nonpertubative long-range physics*.

Lattice QCD, removing them:

— Pure Yang-Mills: no flux tubes

— Dynamical quarks:
e no hadron mass generation

e spectral positivity violation

Difficult to model these configurations Fig. from D. Leinweber et al.

*'t Hooft, Greensite, Faber, Langfeld, Olejnik, Leinweber, Oxman, Reinhardt, Rosa Jr., ...



No vortices, no flux tubes*®

Pure Yang-Mills
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No vortices, no mass generation®
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Positivity violation (gluon prop.)*

0.8

0.6

0.2

0.0

—0.2

J deJ da ( ) Zpot:fwdaeatp(UQ)
P2+m2 0
[ ur
I vo
I I VR
I
P
I
II; I% iiiif;iiiiliv
”,;1‘”” e
1.0 1.5 2.0 2.5
t (fm)

*J. C. Biddle, W. Kamleh, D. B. Leinweber, PRD 107, 094507(2023)



Center vortices

Wilson loop
W(C) = TrPexp (i §, A'dz?)
Center vortex: W(C) — zW(C), z€ Z(N)
SU(2): W(C) - —W(C)

1 .
Vortex : Ag ~ — o3, thin vortex
r

Generic curve: 07 Fj;(x) = j;(z)

ji(x) = 0327 § do dﬁif;’) 3 (z — (o))



The Model*

— Formulated in Minkowski space

— Based on the Hamiltonian formalism

— Analytical calculation done in 3 + 1 spacetime dimensions

— Correlation functions computed with a vacuum functional

— Features and degrees of freedom observed in lattice simulations:

Abelian dominance, large vortices (percolating)
Mixed ensemble of oriented and nonoriented (monopoles) thin center vortices
Monopoles: flux orientation change

Open oriented lines matching at common end points (monopole-antimonopole)

— Describes Wilson loop area law

— Here: gluon mass generation
— Validity: (deep) infrared

*D. Rosa Jr., H. Reinhardt, L.E. Oxman, PRD 106, 114021 (2022)



Vacuum functional*®

— Example: magnetic field of an oriented vortex + monopole: B? = V x a4(~y) — V(9(v)

V x 54
a’(y) = ?2(7) and (=~

Jl(y) =4 J ds dfazl(s)(;(x —Z(s)) where ¢=1,---,N—1 « SU(N)
s
.

— Vacuum state:

Written as functional of the sum of all field configurations centered
at the thin vortex fields (a9(), (7)), weighted by the probability

amplitude ., of occurrence of a given configuration {~}

*D. Rosa Jr., H. Reinhardt, L.E. Oxman, PRD 106, 114021 (2022)



Vacuum functional (cont’'d)

The probability amplitude ).,

— by =Yy (K, 1, Ao, €0, Vo)
e 1/k: stiffness, p: tension  Ag: contact interaction strength < of vortex lines
e £&o: prob. ampl. of an N—matching point
® 9g: prob. ampl. of a monopole
— Prob. ampl. due to intrinsic properties of vortices: wfy““' = ¢ 50(1) =5t (7)
* So(v)=§,ds (i-a+p), z=x(s), =492, u:%
o Sin=2{dPxp(2), pla) =, dsd(@ - x(s))

— Complete prob. ampl.: for V matching points and M monopoles

by = &V 0T i
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Vacuum functional (cont’'d)

—  Work in electric field representation (Fourier transform):

Ve (B,n) = [[DAIDE] BN v (4,0)

= > 8(A—a({7}) 6(¢ — (A)T'Vb({1}) Py
{7}

— Sum/integration over configurations replaced by an effective field theory

~ —{d3xz| Tr|D(E,n)®)|?+V (@
Ve (Bn) = [[Dof[Da]e [ mmive)

V x E1 Ve
—V2 + —V2

D(E,n) = V —iC4 (

A
V(®) =3 Tr(®T® — aln)? — £ (det @ + det ®T) — 9 Tr(BT T4 DT 1)

Yo N —1 N
X = 9k2), a2:73:)\073’$§0 N §= (3026, ¥ =6xNJo .
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Wilson loop - area law”

For (A\,x) > 0 and p < 0: percolating vortices, large center vortices are favored

= SSB driven by the first term in V(®): 4 Tr(®'® — aly)?

String tension: <W(C)> ~ e 74 & determined by two parameters: v and ¥:

_ + 00 2
o= 21}27]\[ ! dz [69(z)}
N 0z

—o0

0%0(2) v
2

Py (2) =0, 0(—0) =0, 6(+w0) =2,

C in x —y plane

NZ -1
2AN (v? — a?) — 26NN =2 — 9 T 0, v? = {(®'®)2) ~ (p?) (density center vortex lines)

. Rosa Jr., H. Reinhardt, L.E. Oxman, PRD 106, 114021 (2022)
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Gluon mass

Magnetic field correlation function: (B¢ (k)B!(K')) = (V|B{ (k) BL(K')|¥)

o O(z) ~v+iT10(x)
e Expand action up to quadratic terms in 6

e Compute exactly the correlation function

e Result: kik;
(B (K)BL(K)) = 7 (2m)°5(K' — k) 87° Nv? <5”’ B in)
g
192
2
mg = 9

Value of my: determined by one of the parameters that determine the string tension
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Significance of the result

Compute correlation function with a naive “Gribov" action:

T(A) ~e —3 § a3z §dPy A%(x) w(z—y)A®(y)

w(k) = A/ k> +m¢/k?

° BZ GZJkF Ej = @A] — @Al + Zg[AZ, A]]
o« p'=k- B, (pl(k)p"(K)) — 6" 0(k + k') K
o p? correlation function vanishes in the infrared (as in center vortex model)
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Relevance in QCD: string breaking

Lattice results - static sources*

— Energy stored: E, = 1.1 GeV/fm

— Breaking distance r.:
e m, =280 MeV: r. =1.2 fm
e my = 460 MeV: r. = 1.3 fm

Nonstatic sources:

280 MeV

— <1
1.1GeV/fm <1/3m

my = 140 MeV — r, =
Breaking occurs within a hadron

* J. Bulava, B. Horz, F. Knechtli, V. Koch, G. Moir, C. Morningstar, M. Peardon, PLB 793, 493 (2019)
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Conclusion & Perspectives

1. Continumm model for center vortices in YM theory:
e Known: determine string tension

e Here: generate gluon mass
2. Input: oriented and nonoriented (monopoles) flux lines

3. Enough parameters to accommodate phenomenological values

4. Next:
e Go beyond quadratic action, positivity violation
o Generalize to thick vortices
e Couple quarks, string breaking

e Dynamical chiral symmetry breaking
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