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Lattice QCD calculations with multi-hadron states
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The isoscalar, scalar sector
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The isoscalar, scalar sector
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The isoscalar, scalar sector




The isoscalar, scalar sector

|
oosoy | R

E(K molecule ?]




The isoscalar, scalar sector
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Experimental manifestation

~ “cross section” CERN—I\/IuniCh, ANL, BNL\
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Experimental manifestation

~ “cross section” CERN—I\/IuniCh, ANL, BNL\
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Experimental manifestation

~ “cross section”
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Quantitative definition
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Sheets and composite states
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Sheets and composite states

unitarity: ,/\/l,;; X /C;; — 1Drn
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square-root singularity at each threshold.:
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Sheets and composite states
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Sheets and composite states
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Lattice QCD in a nutshell

¢  Wick rotation [Euclidean spacetime]: tpy — —lE

¢ Monte Carlo sampling

| hys.
¢ quark masses: mg — mg 7’
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Lattice QCD in a nutshell

¢  Wick rotation [Euclidean spacetime]: tjy — —lE
¢ Monte Carlo sampling

¢ quark masses: mqy — mghy&

¢ lattice spacing: a ~ 0.03 — 0.15 fm

é§ finite volume




Lattice QCD in a nutshell

Wick rotation [Euclidean spacetime]: tj;y —
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Monte Carlo sampling

quark masses: my —

phys.
mq

lattice spacing: a ~ 0.03 — 0.15 fm

finite volume

Never free!
No asymptotic states!
No scattering!
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Lattice QCD in a nutshell

¢ Wick rotation [Euclidean spacetime]: tpy — —itEg
¢  Monte Carlo sampling
¢ quark masses: mq — mP™®

¢ lattice spacing: a ~ 0.03 — 0.15 fm

¢ finite volume (t

FV spectrum

no continuum of states:
no cuts
no sheet structure
Nno resonances




Lattice QCD in a nutshell

¢  Wick rotation [Euclidean spacetime]: tjy — —lE
¢ Monte Carlo sampling

¢ quark masses: mqy — mShy&

¢ lattice spacing: a ~ 0.03 — 0.15 fm

é§ finite volume

¢ Correlation functions: spectrum, matrix elements




Scattering amplitudes

*
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...................

- artial wave
FV spectrum i .‘,.., _‘__—) P . :
amplitudes

--------------------

det[F~Y(E, L) + M(EL)] =0

¢ Liischer (1986, 1991) [elastic scalar bosons]

resonance

FE; = finite volume spec.
L = finite volume

F' = known function

M= scattering amp.

¢ Rummukainen & Gottlieb (1995) [moving elastic scalar bosons]

¢ Kim, Sachrajda, & Sharpe/Christ, Kim & Yamazaki (2005) [QFT derivation]

¢ Feng, Li, & Liu (2004) [inelastic scalar bosons]

¢ Hansen & Sharpe / RB & Davoudi (2012) [moving inelastic scalar bosons]
¢ RB (2014) [general 2-body result]




New “old-school spectroscopy”

Zan

...a large number [10-30] of local ops, Oy ~ q1'y g
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New “old-school spectroscopy”

Evaluate: C-"(¢,P) =
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New “old-school spectroscopy”

Evaluate: O (t,P) = (0|Oy(t, P) O} (0, P)|0) = Z Lo 2y e "
...a large number [10-30] of local ops, Oy ~ q1'y g
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Narrow width approximation

¢ Op. basis did not include multi-hadron ops: 7, K F, nn, Tww, ...
¢ Unstable nature of the states ignored

¢ Finite-volume states are not resonances

¢ Must use Liischer and its extensions

¢ Spectrum does suggest where some resonance might lie
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[soscalar spectra: S-wave dominant

¢ Multi-meson ops. are crucial

¢ Spectrum including a larger basis: {7?7?, KK, nn, 00, ss }

110] A,
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[soscalar spectra: S-wave dominant

¢ Multi-meson ops. are crucial

¢ Spectrum including a larger basis: {7?7?, KK, nn, 00, ss }
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[soscalar spectra: D-wave dominant

¢ Multi-meson ops. are crucial

¢ Spectrum including a larger basis: {7?7?, KK, nn, 00, s5 }




[soscalar spectra: D-wave dominant

¢ Multi-meson ops. are crucial

¢ Spectrum including a larger basis: {7?7?, KK, nn, 00, s5 }
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Elastic region

¢ Below 2my, one directly determine the tt amplitude
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¢ Clear evidence of bound state below 7t threshold

¢ This correspondence only holds if partial-wave mixing is negligible [checked]



Coupled-channels analysis

¢ Above 2mg, there is not a one-to-one correspondence

—1
F7T7T + M7T7T77T7T M’;TW,KE

det 1
M r KK P+ Mgx ki

=0

Feng, Li, & Liu (2004),
Hansen & Sharpe / RB & Davoudi (2012)

¢ In general, must constrain (1/2) [N? + N] functions of energy
¢ Need that many energy levels at the same energy

¢ Alternatively, parametrize scattering amplitude and do a global fit



Coupled-channels analysis

¢ S-wave above 2m 2mg, and 2mn

a+bs c+ds e
¢ Ansatz K '(s) = ( c+ds f g )

e g h

ur.Stpectrum X*/Naot = % =0.90 57 energy levels
(000] AT [100] A;  [110]A;  [111]A;  [200] A1




Coupled-channels analysis

¢ S-wave above 2m 2mg, and 2mn

a+bs c+ds e
¢ Ansatz K '(s)=| c+ds f g
e g h
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Coupled-channels analysis

¢ D-wave above 2m 2mg, and 2mn
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Coupled-channels analysis

¢ D-wave above 2m 2mg, and 2mn

¢ Ansatz K;;(s)
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Scalar poles: o and £(980)

¢ Near poles:AM ~

g
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Tensor poles: the f,’s
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Tensor poles: the f,’s
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Tensor poles: the f,’s
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Tensor and scalar nonets

¢ First complete determination of the scalar and tensor nonets from LQCD :
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2
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r )
nirt, KK, nn: RB, Dudek, Edwards - PRL (2017)
RB, Dudek, Edwards - arXiv (2017)
Km, Kn: Dudek, Edwards, Thomas, Wilson - PRL (2015)
Wilson, Dudek, Edwards, Thomas - PRD (2015)
nn, KK: Dudek, Edwards, Wilson - PRD (2016)
-

had/spec




Tensor nonet
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Remaining questions:

Operator basis:
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€«
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tetraquarks? on it!
471?
glueballs? harder
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Tetraquark operators in lattice QCD and exotic
flavour states in the charm sector

Gavin K. C. Cheung,® Christopher E. Thomas,” Jozef J. Dudek,’“ Robert G. Edwards’
(For the Hadron Spectrum Collaboration)
*DAMTP, Unwersity of Cambridge, Centre for Mathematical Sciences, Wilberforce Road, Cam-
bridge CB3 0WA, UK
®Thomas Jefferson National Accelerator Facility, 12000 Jefferson Avenue, Newport News, VA
23606, USA
¢Department of Physics, College of William and Mary, Williamsburg, VA 23187, USA
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Remaining questions:

Operator basis: Amplitude analysis:
¢ tetraquarks? on it! ¢ 3 particles or more? on it!
¢ 477?
¢ glueballs? harder

RB, Hansen & Sharpe (2017)



Remaining questions:

Operator basis: Amplitude analysis:
¢ tetraquarks? on it! ¢ 3 particles or more? on it!
¢ 4m? ¢ dispersive techniques?

¢ glueballs? harder




Remaining questions:

Operator basis: Amplitude analysis:
¢ tetraquarks? on it! ¢ 3 particles or more? on it!
¢ 4m? ¢ dispersive techniques?

¢ glueballs? harder
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Leptons:
¢ transition processes
Ty *-to-mT
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Q? = 0.803 GeV?
¢ a0}
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RB, Dudek, Edwards, Thomas, Shultz, Wilson (2015)




Remaining questions:

Operator basis: Amplitude analysis:
¢ tetraquarks? on it! ¢ 3 particles or more? on it!
¢ 4m? ¢ dispersive techniques?
¢ glueballs? harder

Leptons:

¢ transition processes? on it!
¢ elastic processes (the future)? on it!

RB & Hansen
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A review /introduction

(

Scattering processes and resonances from lattice QCD
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Weinberg compositeness criterion for the o

¢ The o is a bound state, so we can apply Weinberg’s criterion

07)391 ~ \/E(Jr +o) +V1-Z

¢ Can relate Z to scattering information

5 1—2Z 1 A 1

) r =
2 — 7 \/m,.B, 1 —Z \/m,Bg,
¢ To obtain: Z ~ 0.3(1)
¢ Consistent with the large FV effects
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Complex momentum plane
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Extracting the spectrum
C2Ph (¢, P) = (0|0 (t, P)OI (0, P)|0) = ZZM Ept

¢ Use local and multi-hadron ops ~ 20-30 ops

¢ Evaluate all Wick contraction: distillation [Peardon, et al. (2009)]

¢ Variationally optimize operators [Michael (1985), Liischer & Wolff (1990)]
¢ extract ~ 30 - 100 energy levels

¢ e.g., isoscalar it below the 2mk threshold h a Sp e C
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[soscalar 7t scattering

‘ 1L
|
H 05 m, = 236 MeV \O
> St
O Q0 F O = expt.
~— 0 O :
"é: 1 e M -
F 8 m,. = 391 MeV }_%_{ X i
H  -0.5
: _1 _
F —O.IO6 —O.IO3 0 O.IO3 O.IO6 O.IO9 O.I12
2 2
p° / GeV
16mE o

pcot 0g — ip RB, Dudek, Edwards, Wilson - PRL (2017)




The o/£y(500) vs mn
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