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|hybrid mesons '
Iobserved meson state flavor & JP¢ systematics suggest qq ' l“constituent quarks” '
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‘hybrid mesons '
lobserved meson state flavor & JP¢ systematics suggest qq ' l“constituent quarks” '
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lexotic quantum numbers '

Ibut what if excited gluonic fields play a role - a hybrid meson, q@G ? '
possibly exotic J’¢ & extra ‘non-exotic’ states '

must be ‘*heavier’ or *harder to produce’? '




‘hybrid mesons - models '
lwith minimal quark content, ggG', gluonic field could be color singlet or octet '
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hybrid mesons - models

lwith minimal quark content, ggG', gluonic field could be color singlet or octet '
Q |‘constituent’ gluon ' | G ~ ]_g - ' ’

qqr—o) | (0,1,2)tF, 1~
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lhadron spectrum '
lspectrum extraction in lattice QCD '
lwrite down ‘any old’ set of interpolating fields with the right quantum numbers '
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lspectrum extraction in lattice QCD '
lwrite down ‘any old’ set of interpolating fields with the right quantum numbers '

lform the matrix of correlation functions '
I‘diagonalise’ this - find linear combinations of operators optimal for creation of each state '
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‘hadron spectrum '
lspectrum extraction in lattice QCD '
lwrite down ‘any old’ set of interpolating fields with the right quantum numbers '

form the matrix of correlation functions <O ‘ O j (O) ’ O>

I‘diagonalise’ this - find linear combinations of operators optimal for creation of each state '

7

C(t)v™ = Au(t, to)C(to)v™

(), = ij(n)(,) ”Q‘O |n|

Iany random ‘rotation’ of the operators won't affect the spectrum '
Idon’t need to use a basis which is close to diagonal '




‘hadron spectrum ' |What did we actually use ... '
l large basis of operators of fermion bilinear type '
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Yl Dy ~0,1,2 smeared quark fields '
| &Fﬁﬁw ~0,1,2,3 rgauge-covariant derivatives '
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‘isospin=1 meson spectrum '
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‘isospin=1 meson spectrum '

ldecreasing the (u,d) quark mass '
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negative parity
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|exotic JP¢ mesons '
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lisovector spectrum at m, =396 MeV '
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lunderstandlng & interpreting ? ' Isystematics of a 47 pair ' Iisovector spectrum '
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lunderstandlng & interpreting ? ' Isystematics of a 47 pair ' Iisovector spectrum ' T T
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‘understanding & interpreting ? '

I remarkable considering the caveats that Robert raised about resonances in finite volume ... '
I ... let’s roll with it and see if we can learn anything qualitative ? '




‘understanding & interpreting ? ' try (model-dependent) analysis of matrix elements
n p— E
[a |a (tiny) subset of operators used : ' ZZ - <ﬂ‘ OZ ‘ O>

PNR iz (1 —y0)1

(PNR X D?]zz)le DY, v = (1mas 1ma[2M) D, D,

(mxr x DZ)7=1 DYL = (1my; 1mo[1M) D, D,
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‘understanding & interpreting ? ' Itry (model-dependent) analysis of matrix elements '
n p— 5
[a |a (tiny) subset of operators used : ' ZZ - <n‘ OZ ‘ O>
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‘understanding & interpreting ? ' try (model-dependent) analysis of matrix elements
n — . >
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= ~»a chromomagnetic
~ €M b field strength
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n — . >
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‘understanding & interpreting ? ' try (model-dependent) analysis of matrix elements
n
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lunderstanding & interpreting ? ' Itry (model-dependent) analysis of matrix elements '
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lthe lightest hybrid supermultiplet ? '

lm,,~7oo MeV '



lsupermultiplets ? '
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lsupermultiplets ? '
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‘the lightest hybrid supermultiplet ? '
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‘hybrid mesons '
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lcharmonium ' Ithanks to Dublin group (Liu, Peardon, Ryan, Thomas ...) '
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‘balyon operators '
Ithree-quark field constructions, obeying permutation (anti-)symmetry '

care (D" 31 £999)" (D751 £0)9)” (D30 £4)0)

lderivative constructions '
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lattice QCD baryon spectrum

My~ 524 MeV

D~ QN
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lthree ‘quark’ baryons ' ICapstick—Isgurasan example '
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lthree ‘quark’ baryons ' ICapstick—Isgurasan example '
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lattice QCD spectrum

My~ 524 MeV
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lbalyon matrix elements '
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lbalyon matrix elements '
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llattice QCD spectrum '
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lattice QCD spectrum
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lhybl'id hadrons ' |‘subtract off’ the quark masses '
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‘hybl'id hadrons ' |‘subtract off’ the quark masses '
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‘summary '
lexcited state spectra of mesons and baryons extracted from lattice QCD '
rclear signals for hybrid hadrons in the excited spectra '
rgluonic excitation form appears to be common to mesons and baryons '

I might the gluonic excitation sector turn out to be relatively simple ? '
|this is definitely not the end of the story ... '

... just the beginning of exploring gluonic excitations

starting from QCD
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‘lattice QCD '

ac acton: Saco = [ % [§(w) (i) — m) v(z) + 3L Fu ™

O ldiscretise on a finite grid ' T

S[Qa(]ZD — Z@EwQ[U]wywy =+ Sg[U] I | 4

Z,y | U, (x) = e~ *4r(®)

QCD pathintegral: Z = /D@ED@DDAM @iSQCDWﬂPaAu]

O Ito Euclidean time '

Z[E] = /D’(ED’&DAM e_S([QEC]Dwa@baAM]




‘lattice QCD '

ac acton: Saco = [ % [§(w) (i) — m) v(z) + 3L Fu ™

O ldiscretise on a finite grid ' r

S[QaéD — Z @ZazQ[U]wywy + Sg[U]

& =)

QCD pathintegral: Z = /D@D@DDAM @"'SQCDWW’AM]

O Ito Euclidean time '
7 D _ — S, [U
Z[E = / DyDyDA, o—Saco %%, A,] |:'> Zig = Zdet Q[U] eVl

perform quark
iIntegration




‘isoscalar mesons '

lisovectorcorrelator: ' CZ'[Jl-Zl](tytsrc): O

tSI‘C
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lisovector correlator : ' CZ-[]I-_l] (¢, tere) = O (
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tSTC t

l isoscalar (with just light quarks) correlator: '

[[=0] _
C@J (ta tsrc) — O
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‘isoscalar mesons ' / |Q[U ]—1)
_ >
lisovector correlator : ' CZ-[]I-_l] (¢, tere) = O (
<

sre t
CI=0(t, tore) = O O
tSI‘C

t
4
=0 D
t t

SIrc’
lneed inversion from all t '
lGPUs ideal for the ‘grunt’ work '

l isoscalar (with just light quarks) correlator: '




isoscalar mesons

l isoscalar (with light & strange) : '

Y e @

Idiagonalising gives the £4, 85 mixing '



‘isoscalar spectrum '

lvery few results due to the difficulty of calculation '

C. Michael et al (UKQCD, 2001) [heavy quarks, 2-flavour theory]
found f./a., b./h: , p/w splittings consistent with zero

ETMC (2009) [2-flavour, extrap. to phys. quark mass]
p/w splitting of 27(20) MeV




‘isoscalar spectrum '
l RBC/UKQCD (2010) ' lvery few results due to the difficulty of calculation '

C. Michael et al (UKQCD, 2001) [heavy quarks, 2-flavour theory]
found f./a., b./h: , p/w splittings consistent with zero
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_ ETMC (2009) [2-flavour, extrap. to phys. quark mass]
20 p/w splitting of 27(20) MeV
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Isoscalar spectrum
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‘ parity doubling & chiral symmetry restoration ? '
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‘overlaps with decreasing quark mass '
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‘cubic complications ... '

linteger spin not a good quantum number '
Irestricted rotational symmetry of a cube '
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‘cubic complications ... '

linteger spin not a good quantum number '
Irestricted rotational symmetry of a cube '

E,

A—|——|— Tl—l——|— T—l"|- E—l——l—




‘cubic complications ... '
I‘solved’ by careful operator construction '
I L. : ' l JM '
construct operators of definite J in the continuum O

I“subduce" into the cubic group irreps ' /[\ ]A =D S . OQIM
Iand then ' <11(J) ’O,[\J | }0> [J] 01 |ifthe rotational symmetry is “restored” '

loperators respect cubic symmetry, but are ‘preconditioned’ to be J-diagonal '
l ... but does it work in practice ? '




1.6} i

lcubic complications ... ': | ! — \ I

1 584 12) 1.620(12)1.648(23)

1.4} I .

——_ 1.356(10)
— - —
1.2+
SC} — | _1_.207g5) |
~— L
S 1.0t -=;il
1188(4)
clear dominance of a
' L L113(7) single spin for each state
0.8
- N
0.6F - 9 _
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‘balyon operators '
Ithree-quark field constructions, obeying permutation (anti-)symmetry '

care (D" 31 £999)" (D751 £0)9)” (D30 £4)0)

lderivative constructions '

Dl — (200 - DY) - D)

V6
Dl = (DY — D)
2 1 1 1 1
DL = (i 1| 01) 3 (DU, DB o+ Dk DBk ) 1o
2 1 1 1 1
DI, 5y = {1 | 1) 35 (DR, DB — DIk, DI )

Diygs. 1 ar = (Lm; 1’| LM)
Dyanorar = (1m; 1m/|LM)

1 1 1 1
( - DI[\/I] Dl[\/I]S,m’ + DI[\/IL\,mDI[\/IL\,m’)

S,m

1 1 1 1
(Datsm Puaamr + Diia i Dis )

S,m

L=0,1,2

S-Sl
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I but we can’t be satisfied with this ... '




*
‘real* resonances ' [Lplex)

l but we can’t be satisfied with this ... '

lthe spectrum should not be this simple '
excited states should be resonances '
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enhancements in the meson-
meson scattering continuum
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l but we can’t be satisfied with this ... '

lthe spectrum should not be this simple '
excited states should be resonances '

7

enhancements in the meson-
meson scattering continuum

I in finite volume only discrete meson-meson states '
l but we aren‘t seeing them ! '
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‘real * resonances ' (xcomiex ) (20) 7
lbut we can’t be satisfied with this ... ' _ (2%) n
16 (17—
lthe spectrum should not be this simple ' -

excited states should be resonances ' '
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lbut we can’t be satisfied with this ... ' _ (2%) n
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lthe spectrum should not be this simple ' -

excited states should be resonances ' '
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Iin finite volume only discrete meson-meson states ' § 1.0F \\____ w7 1100
lbut we aren’t seeing them ! ' -
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Iour operators closely resemble single hadrons ... ' wI'D ... 0.6
167 20°

|and not meson-meson pairs ~ ' > s €PE (YTY)z - 3 - TDT (YI)y
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‘mr I=2 scattering '
Iﬁnite-volume analysis - “"LUscher” '

(7T7T)13AL==: :E:: (2(23[\;;51,;52)7T(251)7T(z23)

E17E2
04 : P = [100]] A,
035 < .
3 £ [200], [210]
5& 03} = H 2 = [111], [211]
S o = [110], [210
S 025 . ° 110, [111]
. 100], [200]
0.2} 100], [110]
SH | | - —— [000], [100]
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E17 E2

10t

20 -

do/°
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do /°
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-15L
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lelastic S-wave scattering '
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lelastic D-wave scattering '
Imn~396 MeV '




Idistillation '

novel method for correlator construction

essentially a (very) smart choice of quark field smearing

Ismeared quark field : @D'

|meson correlation function '

<¢t tLeUpy - ol 0¢0>
N

I“distillation”: ' — E é'n&'; Iasimplechoice: ' —v2§n — Angn
mn

|meson correlation function '
_gngQLtgn ) g;r;,:[‘tfm ) f;rn%?;ofp ) g;I‘qu

Tgn(0,8)  @pp(t)  Tinp(t,0)  Ppq(0) ‘E?&Z?ﬁ?tﬂ

I“perambulator” '




