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Hadron spectrum

110 '
10.5 o**” 168 new hadrons at the LHC 02
Xb1(3P)
é -~
7.07 B(25)* T4(6900) T
o- ;.25
Q,(6350) - o 6600
Ap(6152)° Q(6340) ~
Eb(6227)i /\:(6146)0 2 :b(6227)0 .gbzgggggg
b
6.0 =p(5945)° _ A,(5920)° Z,(5955)~_ _ B,(5970)*° O g B, 6100)- I
' .Ab(5912)° = (5035)- @ B/(5840)"° zp(6097)* Ns(6070)° B/ (6114)°
b 35(6097) - B.(6063)°
NU [ ) b5
-~
>3507 e bg l
5 =G X(4700) X(4685)
S ® cc(qq) PN(4450)* ® x(4500) PN(4457)* @ x(4630)
A 0
4 ® ccqqg ™ X(4274) PN(4440)* @220y g s433®
© _ X(4140) PN(4380)+ ‘ Pcl[(4312)+ .Tgs A . .
=40q| ® ot w ¥5(3842) o= @ =0 |
’ 3
] - @ ® X(3960
@ o9 me T.3875) 000
® <¢qqq
0
m bgg ppwwrs e -
3.0 1 D(3000)° @ D,(2860)* A2860y* 110:(3066)° Z(2939) T00(2900)° T2o(2000)* |
E qu Df(2760)+ . . . Qc(3050)g :c(2923)0 .T551(2900)° ngg(2900)o
ol . Qc(3000) =
B cCqqq D2740° g D; (2760)° c ® .
D/(2580)° Ds0(2590)
I 1 1 1 1 1 1 1 1 1 1 1
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
patrick.koppenburg@cern.ch 2022-11-07 Date of arXiv submission

Plot from https://home.cern/news/news/physics/59-new-hadrons-and-counting



Confinement

* The potential between static quark-antiquark pairs must
be linear at large distances (before string-breaking)

* Wilson potential (from LQCD)

V(r)=A+§+ar & _:,;"”/D

r
* Many models for charmonium, bottomonium come from

this potential

* Problem: This gives no information about why quarks are
confined!



Why Coulomb Gauge Lattice QCD?

 LQCD is the only way to probe quark-level interactions
currently

* Need to fix the gauge to employ physical intuition/can 4 3
understand QCD through analogy to QED in Coulomb
Gauge

 Some questions remain about specifics of origin of
Cornell potential, and flux tubes 23 on the Lattice

* Remarkable feature of Coulomb Gauge: g4, in Q Q

Coulomb gauge is a renormalization-group invariant 4 /
y
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voy QCD Coulomb Potential vs Wilson Potential
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String tensions extracted from V(R,0)
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Wilson potential = potential of static quark antiquark
pair in ground state

Coulomb potential = potential of static quark antiquark
pair interacting instantaneously in Coulomb gauge

Both potentials parameterized by Cornell potential
B
V(ir) =4+ " + or

Confining behavior of Coulomb potential is
necessary for Wilson confinement?

[5] D. Zwanziger, Phys. Rev. Lett.90, 102001 (2003), arXiv:hep-lat/0209105 [hep-lat].

Plot from: J. Greensite and A. P. Szczepaniak,Phys. Rev. D91, 034503(2015).



Coulomb Gauge Hamiltonian:
HQCD — Hq + Hg ~+ Hqg +4HC

\ v
. R

(qq|Hocplqq) = Ve (R)

* The static quark-antiquark state which produces the coulomb potential is not the
ground state!

HQCD qc_ltrue> — UerqC_Itrue>
qQerue) = 19q) +1qqg) + 19Gg9)




rp=—(0-D) Coulomb Potential (Continuum)

Ve (@) = g°Tr{(App) " (=V?)(App) ™)

* Definition based off of IR behavior of ghost propagator
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* Linearly rising potential would diverge like p—14

Gribov
region

 Coulomb gauge not completely specified : ‘

by OiAl- =0

* Enhancement of Coulomb \_/

potential near boundary of FMR L

Gauge Orbit

Gauge—Fixing Hypersurface

Figure from “An Introduction to the Confinement Problem”, J. Greensite



Coulomb Potential (Continuum)
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* This definition suffers from Gribov copies!

bc, 3 =2.4 ——

* Unclear where the issue comes from
(Lattice discretization artifacts, insufficient
constraints, etc.)

p*V(p)/(8noy)

Ipl [GeV]

Plot from H. Reinhardt, G. Burgio, D. Campagnari, E. Ebadati, J. Heffner, M. Quandt, P. Vastag, and H. Vogt, Adv. High Energy Phys. 2018, 1 (2018).
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Coulomb Potential (Continuum)

G(r,t) = (Tr[LT(0,t)L(# t)])
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V(r,t) = — alog G(r,t)

t >0 =>V(rt) - Eground

t->0=>V(rt) »V.(r) =
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Plot from H. Reinhardt, G. Burgio, D. Campagnari, E. Ebadati, J. Heffner, M. Quandt, P. Vastag, and H. Vogt, Adv. High Energy Phys. 2018, 1 (2018).




Lattice Framework

* Anisotropic Wilson Action

ﬁ=2NC/g2
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1y o - Coulomb Potential (Lattice)
: : ar X T
? ! G(R,T) = (Tr|LT(0,T)L(R, T)])
® R o I
o 1 G(R,T)
rm V(R,T) = _logG(R T+ a;)

L(x,T) = 1_[ Uy(x,ma,)

1
Vo-(R) =V(R,0) = —a—logG(R, a;)
t

See J. Greensite and S. Olejnik, Phys.Rev. D67, 094503 (2003), arXiv:hep-1at/0302018.



Which Limit?

Ve(r) = }:in(} V(r,t) t=T X a,
P *T a) lim lim

a; atr—0T-0
- ¢ b) lim (finite T # 0)
)y { t ar—0
¢ ¢ ¢) lim lim

T—0 at—0

’ T d) lim (finite a, # 0)




Definition a) lim lim V(R,T) = V(R) = ——log G(R,a.)
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1 G(R,T)

VIR = o8 e v 4y
Problem: G(R, 0) = 1 discontinuously
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Definition b) lim (finite T #= 0) = V-(R)
SU(2) ar—0

Coulomb String Tension for 3 =2.5, V = 24%x96
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Summary

 Coulomb Gauge Physics is important for understanding hadron spectrum,
confinement

* Preliminary results show the Coulomb String tension is closer to the
Wilsonian string tension than previous calculations

* Be careful when you take limits!
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