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The isoscalar, scalar sector
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The isoscalar, scalar sector
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Lattice QCD

Wick rotation [Euclidean spacetime]: tpy — —ttg

Monte Carlo sampling

mphys.

quark masses: my — m,

lattice spacing: a ~ 0.03 — 0.15 fm

finite volume
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Dy = ( )I(L/af” x (T/a)
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Lattice QCD
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Wick rotation [Euclidean spacetime]: tpy — —ttg
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Monte Carlo sampling
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quark masses: mg — my 2"

lattice spacing: a ~ 0.03 — 0.15 fm
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finite volume

Never free!
No asymptotic states!
No scattering!




Lattice QCD
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Wick rotation [Euclidean spacetime]: tpy — —ttg

Monte Carlo sampling

quark masses: mqy — m

phys.
q

lattice spacing: a ~ 0.03 — 0.15 fm

finite volume
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FV spectrum

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




The isoscalar, scalar and tensor sectors
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We present the first lattice QCD study of coupled isoscalar 7m, KK,nn S- and D-wave scattering
extracted from discrete finite-volume spectra computed on lattices which have a value of the quark
mass corresponding to m, ~ 391 MeV. In the J P — 0% sector we find analogues of the experimental
] o and fo(980) states, where the o appears as a stable bound-state below w7 threshold, and, similar
to what is seen in experiment, the fo(980) manifests itself as a dip in the 7w cross section in the

as

inté : vicinity of the KK threshold. For J* = 2" we find two states resembling the f2(1270) and f3(1525),
O observed as narrow peaks, with the lighter state dominantly decaying to w7 and the heavier state to

sca N K K. The presence of all these states is determined rigorously by finding the pole singularity content

to | an of scattering amplitudes, and their couplings to decay channels are established using the residues of

o O - Y



Isoscalar spectra: S-wave dominant

¢ Multi-meson ops. are crucial

¢ Spectrum including a larger basis: {mm, KK, nn, ({, s5}
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Isoscalar spectra: S-wave dominant

¢ Multi-meson ops. are crucial

¢ Spectrum including a larger basis: {mm, KK, nn, ({, s5}
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Isoscalar spectra: D-wave dominant

¢ Multi-meson ops. are crucial

¢ Spectrum including a larger basis: {mm, KK, nn, ({, s5}
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Isoscalar spectra: D-wave dominant

¢ Multi-meson ops. are crucial

¢ Spectrum including a larger basis: {7’(‘7‘(‘, KK,m, 0, ss }

- ____________________________
mr=391 MeV




soscalar spectra: D-wave dominant

¢ Multi-meson ops. are crucial

¢ Spectrum including a larger basis: {7T7T JKK,nn, 0, s5 }
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Two-body scattering

Unitarity using all orders perturbation theory:

- ><+>O< X X OG-

{><+ZZ+Z)>+ RRSSEtl

non-perturbative kernel including
all diagrams not shown...

“yep, the left hand cut is there”

IR limit of QCD, only interested in
hadronic d.o.f.




Two-body scattering

Unitarity using all orders perturbation theory:

KOO
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Two-body scattering

Unitarity using all orders perturbation theory:
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Two-body scattering

Unitarity using all orders perturbation theory:

resonance J




Two-particle in finite volume

Consider the finite-volume two-particle correlator (E~2m):




Two-particle in finite volume

Consider the finite-volume two-particle correlator (E~2m):
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Two-particle in finite volume

Consider the finite-volume two-particle correlator (E~2m):

Cy’ (P)

.
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“smooth” A BJr
th” + -1+ M

{poles satisfy: det[};‘_l(P7 L) —+ M(P)] — O}

-
& Liischer (1986, 1991)
& Rummukainen & Gottlieb (1995)

¢ Kim, Sachrajda, & Sharpe/Christ, Kim & Yamazaki (2005)
¢ Feng, Li, & Liu (2004); Hansen & Sharpe / RB & Davoudi (2012)

¢ RB (2014)
\_ J




Multi-channel systems - the cutting edge!

¢ the necessary formalism for doing coupled-channel scattering of

~

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

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

J

¢ to date, the Hadron Spectrum collaboration is the only one to have

extracted coupled-channel scattering amplitude information from QCD

r717'(, KK, nn [isoscalar]: RB, Dudek, Edwards, Wilson - PRL (2017) )
RB, Dudek, Edwards, Wilson - PRD (2018)
K, Kn: Dudek, Edwards, Thomas, Wilson - PRL (2015)
Wilson, Dudek, Edwards, Thomas - PRD (2015)
rin, KK: Dudek, Edwards, Wilson - PRD (2016)
Dm, Dn, DsK: Moir, Peardon, Ryan, Thomas, Wilson - JHEP (2016)
ka, KK [isovector]: Wilson, RB, Dudek, Edwards, Thomas - PRD (2015)
J

had/spec



Coupled-channels analysis

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

—1
F7T7T + M7T7T,7T7T Mﬂ'ﬂ',K?

det 1
M KR e+ My

=0

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

¢ In general, must constrain (1/2) [N2 + 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
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Scalar poles: o and fo(980)

& Near poles: M ~ g
So — S
‘ 0.8}
‘ 0.6 Tw — T
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N PATRINGY
& § T Re(ans)
" 0 BRAS | —o—+-0— |
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H § -0.02 - o: Sheet I pole O
‘ 8 ',‘:_ f0(980): Sheet II pole
20 parametrizations




Scalar poles: o and fo(980)
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Coupled-channels analysis

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

(1) (1)

(2) (2)

o 9; 9, 9i 9, Yo 7 0
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Coupled-channels analysis

(1) (1) (2) (2)
< 9 9; | 99 T 70
¢ Ansatz KZJ(S) — 77;% _‘7 S + T;L% _] S + Yij vi; = 0 otherwise
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Coupled-channels analysis

(1) (1) (2) (2)
< 9 9; | 99 T 70
¢ Ansatz KZJ(S) — 77;% _‘7 S + T;L% _] S + Yij vi; = 0 otherwise
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Coupled-channels analysis

¢ Ansatz  K;(s)
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Tensor and scalar nonets

¢ First complete determination of the scalar and tensor nonets from LQCD :

0 + K3Y
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nirt, KK, nn: RB, Dudek, Edwards - PRL (2017)
RB, Dudek, Edwards - PRD (2017)
Km, Kn: Dudek, Edwards, Thomas, Wilson - PRL (2015)
Wilson, Dudek, Edwards, Thomas - PRD (2015)
nn, KK: Dudek, Edwards, Wilson - PRD (2016)
-
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Tensor nonets
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Scalar nonets
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Scattering of spinning particles - pz scattering

&the formalism: RB (2014)

0

¢ first and only calculation: 10

pr scattering in [=2 ~20

Woss, Thomas, Dudek, Edwards, Wilson (2018) | —*
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. THE FUTURE IS OURS TO CREATE.
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Structure of states:

f N
finite-volume .. gt lect k\ ® .
matrix \X electrowea elastic form
elements / e amplitudes / ° > factors
- WV,
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kv- THE FUTURE l&BURS T0 CREATE.
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Structure of states:

ﬁmifl-e:{cgil;(l me electroweak‘\ ¢ elastic form > g <
elements KT amplitudes / > factors

o, O

Beyond two particles

( )

finite-volume | (X partial wave é
spectrum Q - amplitudes /

4 A
¢ RB & Davoudi (2013) ¢ Mai, Doring (2017,"18)
& Hansen & Sharpe (2014, '15) ¢ RB, Hansen & Sharpe (2016,"18)
& Hammer, Pang, Rusetsky (2017)
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more numerical - JLab

Dudek

The team and some references

more numerical - Europe

more formal

Winter Ryan Thomas Woss Ortega Sharpe
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Scattering amplitudes

*
.
*
.
.
“
*

...................

@ partial wave
amplitudes

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

E;, = finite volume spec.

det[F_l(E[”L) —|— M(EL)] — O L = finite volume

F' = known function

M = scattering amp.

¢ Liischer (1986, 1991) [elastic scalar bosons]
¢ Rummukainen & Gottlieb (1995) [moving elastic scalar bosons]

¢ Kim, Sachrajda, & Sharpe/Christ, Kim & Yamazaki (2005) [QFT derivation]
¢ Feng, Li, & Liu (2004) [inelastic scalar bosons]

¢ Bernard, Lage, Meifsner, Rusetski (2011) [Twisted BCs]

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



Coupled-channels analysis

&€ D-wave above 2m, 2mg, and 2mn

1 1 2 2
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