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Lattice QCD
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> link variables U,,(z) = exp(i f;+aﬂ A, dat)
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> Wilson line U, (Z, ) = exp(i [ A,dx) = T U,
» path-ordered product of link variables, on-/off-axis
» plaquette, Wilson loop W (R, T'), static QQ pair
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Motivation

>
>

hybrid mesons (valence glue, exotics, XYZ), (hybrid) static-light

identify bound states using B-O approximation = Joan Soto,
Braaten et al. (2014) or EFT Brambilla et al. (2005)

observation of (hybrid) string breaking in QCD, e.g., Bali et al.
(2008), Bulava et al. (2019)

calculate the (hybrid) static potential with high resolution
on the lattice we have to work with off-axis separated quarks

the spatial part of the Wilson loop has to go over stair-like paths
through the lattice — not unique, computationally expensive

alternative operator which ensures gauge invariance of the
quark-anti-quark Q(Z)U(Z, §)Q(y) trial state

required gauge transformation behavior:
U(#,9) = G@)Us(Z,5)G"(7)
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Static potential

Laplace trial states

» adaptation of Neitzel et al. (2016) using SU(2)
» eigenvectors v(Z) of the 3D covariant lattice Laplace operator

» spatial Wilson line: U.(%, i) = G(Z)U4(Z, )G (7))
o' ()0"1(9) = G(@) (@) (9)GT ()
> Wilson loop of size (R = || = |7 — §]) x (T = |t1 —to|)
W (R, T) = (tr [Uy(#; to, t1)Us (&, 5 1)U} (5 to, 1)UL (7, 5 to)))
= (0 tr [Un(@) pj (11)v; (F, 01)0] (7, £0) UJ () pi (to)vi (7, to) v] (& o))

U 4,
1 : V(@) V(y)
U, uvi, —— U, u;
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Optimal trial state results

>
>
>
>
>

Ey(R,T)

Gaussian profile functions: p{* (\;) = exp(—\2/202)
define correlation matrix Wy, using 7 different oy, ;, SVD (uy )
GEVP: W (t)v(™) = pn™W (o)™, u™ give effective energies
optlmal profiles ~(”)(/\ ) = z/,(C Jup, exp(—A2/202)
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Static-hybrid potentials

Hybrid static potentials are characterized by the following quantum
numbers Aj, Bali et al. (2005), Bicudo et al. (2015):

» A=0,1,2,3,... =311, A, ..., the absolute value of the total
angular momentum with respect to the axis of separation of the
static quark-antiquark pair

» 5 =+4,— = g,u, the eigenvalue corresponding to the operator
P oC, i.e. the combination of parity and charge conjugation

» ¢ =+, —, the eigenvalue corresponding to the operator P,
which denotes the spatial reflection with respect to a plane
including the axis of separation (A > 0 degenerate)

= derived from the continuous group D, Which leaves a cylinder
along a chosen axis invariant

=- we can realize gluonic excitations via covariant derivatives

V(@) = %[Uk(.f)v(er k) — Ul(# - k)o(& - k)]
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Wilson loop static-hybrid states

standard construction with handles, e.g. ¥, Capitani et al. (2019)
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Laplacian static-hybrid states

Z,t0,%,7

> SHR,T) =
(b1 [Un(F;to, t1) p(Ag )0 (& 1) 0] (7, 1)U (3 o, t1) (N )o@ o ) o] (4, t0)] )

> N0 (R T) =35 iRz
(tr (U (&5 to, t1) o[V ;) (Z, fl)“}(ﬁ,tl)ivj (@, t) Vol (7, 1)}
U} (@ to, t1) pON){ [V vl (7t )v] (2, to)2Evi (7, £0) [V w1, 1) }])

> Tuyg(R,T) =1x(R,T) = Zi‘,to,i,j,ELF:g‘ff
(tr [U(2; antl)/’()\j){[v;;vj](fvtl)UT‘(g,tl)ivj(f,tl)[V”UJ]T(?/,h)}
UL (5 to, 1) pOM){ [V il (3. o) o] (. to) F0i (5, 10) [V i ] (7 1o

BERGISCHE
UNIVERSITAT
WUPPERTAL

R. Hollwieser, Hybrid static potentials from Laplacian eigenmodes



Laplacian static-hybrid states

To [ V(R) - 2Inps ]
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Optimal trial state profiles

Optimal profiles for X, (R=2a) on Em1 (48x24°> Optimal profiles for Z, (R=2a) on Em1 (48x24°
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Hybrid Mesons

Preliminary!!! Ny =3 + 1, m, = 420 MeV

Static-hybrid states on A2 light (128 x 48%)

0.7 1
0.6 1
0.5 1
N 0.4+
0.3 1
0.2
0.1
0.0+

R/a

\——d/—-——/ P
—— mpg+mg
— 2mpg
_|_ IT,
| Zg
0 5 10 15 20

e

BERGISCHE
UNIVERSITAT
WUPPERTAL

R. Hollwieser, Hybrid static potentials from Laplacian eigenmodes



Born-Oppenheimer Approximation

» solve the radial Schrddinger equation: EA;;L,R\I/A;;L,n(r) e

1 &> L(L+1) =20 4 Jpe (Jae +1)
p=mqgmg/(mq + mg), for m. = 1628 MeV or my, = 4977 MeV
> parametrization of potentials Vi (r) from Capitani et al. (2019)
Ver(r) =Vo—a/r+or
VH“, (’f) = Al/?" + A2 + A37"2

» Encinn contain the self-energies of the static quarks
= Macctn = Eaciin = Egripg,—q +0

with 72 the spin averaged mass Workman et al. [PDG] (2022)
me = (mnc(ls)@xp -+ SmJ/\I,(ls)’exp)/Zl = 3069(1) MeV BERGISCHE

UNIVERSITAT

My = (M, (15),exp T 3MT(15),exp) /4 = 9445(1) MeV OREERAS
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Born-Oppenheimer

Born-Oppenheimer Approximation

L =0, mg =m.= 1628 MeV: Braaten et al. (2014)

state | n=1 n=2

e 4347(24)
mJ/\I/ (nS) | 3096.900(6 3674(1)
I, 4490(23)

L =1, mg=my=4977 MeV:
n=2 n=3 n=4

state | n=1

S - 10401(18) 11032(32)  11741(42)

T(nS) | 9460.4(1) 10023.4(5) 10355.1(5) 10579.4(1.2)

I, | 11023(22 11563(35))
M, — mys = 932(20) & BE(2S) — B (1S) = 2397(1) MeV B
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Static-light meson operators

Z,to,0
= — Z <tI‘ c,d <0 D(f, to + t; f, to)’)/4 O Ut(f, to, to + t)P_ ) >
to light propagator static propagator
| 0 L J7 | J7 [[On]not |

V55 V57V 0~ [17] | (1/2)~ || Ar | S
1, vV, ot [11] | (1/2)F P_
v1V1 — v Vs (and cyclic) 2V 1] | 3/2)T || E | Py
v5(71 V1 — 12 V2) (and cyclic) 2= [17] | (3/2)~ Dy
1 VaV3 +7ViVi +93V1Vy 37127] | (5/2)” || A2 | D+
Y5(11VaVs +12VsVi +13ViVy) || 31 [21] | (5/2) Fy

Cp ()==> <tr cd (D(ﬁ to + ;2 t0)va P U (T3 20, to + t)

Z,lo
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Static-light

Static-light meson operators

Clp ()=~ s, <p<Ai>p<Aj>Trd{[v3 D Yysv)(t0 + 1, 1) P}
Zf U;(f, to)Ut(f; to,to + t)U,‘(f, to + t)>

» light perambulators uj(tl)D;éMuj(to) from distillation
framework Peardon et al. (2009), Knechtli et al (2022)

» static perambulators vf (7, o) U, (; to, to + t)v(Z, to + 1)

» Gaussian profiles p, SVD, GEVP =- optimal profiles...
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Static-light

Static-light meson states

ensemble | N3 x N, | Ny M ms (P-) - mys (S) [MeV]

Em1 243 x 48 | 2 | 22GeV | 2394 - 1765 = 629(2)
AOheavy | 243 x 72 | 3+1 | 800 MeV | 1432 - 1062 = 370(5)
Al heavy | 323 x96 | 3+1 | 800 MeV | 1427 - 1059 = 368(3)

Allight || 323 x96 | 3+1 | 420 MeV | 1412 - 1123 = 289(5)

4000 Static-light S-wave (ys) on Al light ) Static-light S-wave (ys) on Al light
---- 1122.7(5.2)
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Static-light

String breaking and tetra-quark operators

» combine static and light(charm)-quark perambulators
» building blocks for observation of string breaking
| = 0T (0)Uv(t) — P, evie = UT(t)D;6174v(O) — D

| [l

C(t)
ml w1}
Cut) — P@PH) P =7~ 7|, Pr = (1£71)/2
Cia(t) — \ﬁTrNﬂ? P_")/TD(I it )PT(H)
Cor(t) —  —/NTr o P(Z)PT(§) PyvyiDI (7, 7, 0)
Can(t) — NyTreaP(&)Py (:c,y, P P-DN(E.7,0) [ S
—6i; Tt a[P(£) Py D} (7,0, 1) Tro o[ P (5) P_D; (4,0, ¢
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Motivation

Static potential Hybrid Mesons Born-Oppenheimer Static-light Conclusions

Conclusions & Outlook

alternative operator for a static quark-anti-quark potentials
based on Laplacian eigenmodes, replacing Wilson loop

improved Laplace trial states (optimal profiles) give earlier
effective mass plateaus and better signal

computational advantage for high resolution of the potential
energy as off-axis distances basically come “for free”

hybrid static potentials (hybrid meson masses), instead of
"gluonic handles”(excitations) use derivatives of v

implementation of static-light (charm) correlator using
"perambulators™(t;) D~ 'v(t,) from distillation framework

putting together building blocks for string breaking
in QCD (mixing matrix of static and light quark propagators)

more (hybrid) static(-light) and multi-quark potentials
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Conclusions
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