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Excited lattice QCD spectroscopy

Finite-volume energy eigenstates from:

Ci;(t) = (0]0;(1)01(0)| 0) .

Large bases of interpolating operators and
variational method (GEVP)

Ci; (00§ = A () Ty (to)v ™
A (1) o g Enlt=to) .

Liischer method (and extensions): relate finite-volume energy
levels to infinite-volume scattering t-matrix.

Talk by Dave Wilson earlier
Recent review: Briceno, Dudek, Young [arXiv:1706.06223]



Reduced symmetry

Finite cubic lattice, ¥ = O

Broken sym: 3D rotation group = octahedral (cubic) group OEL)

Finite number of irreps A:
A,A,T,T,E

(+ others for

half-integer spin)
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Variationally optimised meson ops

For each i, A: variational analysis with large basis of fermion-bilinear ops

QT o Zv,i(n)O;f

n‘th eigenvector = optimal operator for n’th state
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Variationally optimised meson ops

For each i, A: variational analysis with large basis of fermion-bilinear ops

Q(n)T - Z,UZ(TL)O:f

n‘th eigenvector = optimal operator for n’th state
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Hadron-hadron (or multi-hadron) operators

Oh (P)= 3 3 C(P.A ik, Ay p1i ko, Ag, o) O, (K1) O (ko)
HLH2 B Fo

[PR D86, 034031 (2012)]



Hadron-hadron (or multi-hadron) operators

@I\’“(ﬁ) — Z Z 0(155 A,,UJ, ElvAlnu‘l; E23A25#2)[@11#1(El) ©I\2H2(E23
HIH2 By oo

Could be: simple fermion-bilinears, optimised ops, multi-hadron ops, ...

[PR D86, 034031 (2012)]



Hadron-hadron (or multi-hadron) operators

Oh (P)= 3 3 C(B,A k1, M, n1i B2, Ag, o) @Lm(%’l)@km(ﬁzj
HLE2 B o \\

Could be: simple fermion-bilinears, optimised ops, multi-hadron ops, ...

‘Generalised Clebsch-Gordans’” A1 & Ao — A
A1 € LG(kp), Ao € LG(k2), A € LG(P)

(calculate using induced representation)

[PR D86, 034031 (2012)]



Hadron-hadron (or multi-hadron) operators

o\ ,;.;(P) = > > C(P,A, p; k1, A1, 115 ko, Ao, p12) @A ,ul(kl) @I\zﬂz(%i
B1,82 3 k1, k‘g

Could be: simple fermion-bilinears, optimised ops, multi-hadron ops, ...

‘Generalised Clebsch-Gordans’” A1 & Ao — A
A1 € LG(kp), Ao € LG(k2), A € LG(P)

(calculate using induced representation)

— — —

Sum over all kl, kg related by allowed lattice rot. such that P = k1 + k>
Rkljg VREeE LG(P)

[PR D86, 034031 (2012)]



Hadron-hadron (or multi-hadron) operators

KLH2 K K,

Could be: simple fermion-bilinears, optimised ops, multi-hadron ops, ...

‘Generalised Clebsch-Gordans’” A1 & Ao — A

A1 € LG(ky), N € LG(k2), A € LG(P)

(calculate using induced representation)

Sum over all 121, EQ related by allowed lattice rot. such that P = El + 122
REk1> VRE LG(P)

Why this approach?

* Don’t mix different A,

e Can use optimised single-hadron ops

e Can iteratively construct >2 hadron ops [PR D86, 034031 (2012)]






Operators and energy levels I=1 nr scattering (p resonance)
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m_~ 400 MeV [PR D87, 034505 (2013)]

7




Operators and energy levels I=1 nr scattering (p resonance)

Energy levels if only
include fermion-
bilinear operators

m_~ 236 MeV [PR D92, 094502 (2015)]







l N- i [Woss, CT, Dudek, Edwards,
pT[ ISOSpIn 2 Scatterlng Wilson, JHEP 1807, 043 (2018)]

Different partial waves with same J” can mix dynamically
E.g. JP =1+ (351’ 3D1), JP=2- (3p2’ 3|:2)
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Different partial waves with same J” can mix dynamically
E.g. JP =1+ (351’ 3D1), JP=2- (3p2’ 3|:2)

t=| ot o
t(°S1|°D1) t(°D1| °Dn1)

Finite-volume lattice QCD
calculations: reduced symmetry
—additional ‘mixing’
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l N- i [Woss, CT, Dudek, Edwards,
pT[ ISOSpIn 2 Scatterlng Wilson, JHEP 1807, 043 (2018)]

Different partial waves with same J” can mix dynamically
E.g. JP =1+ (351’ 3D1), JP=2- (3p2’ 3|:2)

Q9 2

t(,)srl .,)511) 1(3511 3D1)

t — 2~ 13 . 3} 2 -
t("“bl ")Dl) t("“Dl ")Dl)

Finite-volume lattice QCD
calculations: reduced symmetry
—additional ‘mixing’

t(*S1)%1) t(3S1°D1) 0
t = |t(®S1|°Dy) t(°D1|*Dy) 0

0 0 t(*D3|*D3)
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PTT ISOspin-2 scattering

[JHEP 1807, 043 (2018)]
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[JHEP 1807, 043 (2018)]

PTT iISospin-2 scattering — spectra
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pT isospin-2 scattering — spectra PHER 807, 043 (2018
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pT isospin-2 scattering — amplitudes PHEPASET 043 (2018
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[JHEP 1807, 043 (2018)]

PTT isospin-2 scattering — amplitudes




Summary

e General multi-hadron operator constructions

 Example of recent progress:

e pmisospin-2 scattering with dynamically-coupled
3S,, 3D, partial waves

* Work in progress on other channels and different m_

* Also matrix elements, transitions
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PTT ISOspin-2 scattering
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