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The isoscalar, scalar sector
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The isoscalar, scalar sector
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The isoscalar, scalar sector
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The isoscalar, scalar sector
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The isoscalar, scalar sector

multichannel, multiparticle system!
hard, but not obviously impossible...
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QCD spectroscopy

Amplitude analysis

GOAL:

*Production and decay

QCD —>

*Exotic states

Possible outcomes:
*Source of masses
‘Role of glue

* Structure of excited states,‘]
.

Get insights to the governing patterns and rules of
QCD from emergent phenomena

Observables to test our understanding;:

E ‘ Experiments

... perhaps there is a hierarchy [.e.g. co>ci>cr>c3>c4]
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QCD spectroscopy

structure and
nature of states
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QCD spectroscopy

Part 1: Two-body physics

& formalism
& some results

Part 2: Three-body physics
& Maxim Mai
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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

( )
Dy = ( )I(L/af” x (T/a)
\ _J




Lattice QCD

€

Wick rotation [Euclidean spacetime]: tpy — —ttg

€

Monte Carlo sampling

€

hys.
quark masses: mg — my 2"

lattice spacing: a ~ 0.03 — 0.15 fm

€

€

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

—

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}

110] A, [111] A4,  [200] A,
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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: 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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¢ Spectrum including a larger basis: {mm, KK, nn, ({, s5}




Finite volume physics

finite-volume
spectrum
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& Liischer (1986, 1991)

& RB (2014)
-

& Rummukainen & Gottlieb (1995)
¢ Kim, Sachrajda, & Sharpe/Christ, Kim & Yamazaki (2005)
¢ Feng, Li, & Liu (2004); Hansen & Sharpe / RB & Davoudi (2012)




Toy theory

Consider a two-body scattering [infinite volume]

loticos

‘ trivial constant - no left hand cut ]




Toy theory

Consider a two-body scattering [infinite volume]
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Toy theory

Consider a two-body scattering [infinite volume]
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Toy theory

Consider a two-body scattering [infinite volume]

square root singularity.
the ie assures that

scattering takes place on
the first sheet.




Toy theory in a finite-volume

Consider the finite-volume two-particle correlator (E~2m).
Its poles coincide with the finite-volume spectrum



Toy theory in a finite-volume

Consider the finite-volume two-particle correlator (E~2m).
Its poles coincide with the finite-volume spectrum
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Toy theory in a finite-volume

Consider the finite-volume two-particle correlator (E~2m).
Its poles coincide with the finite-volume spectrum

cL<P>c@>+ b
T OO

— “smooth” IA B
th - —|— ./\/l

/

(& Liischer (1986, 1991) poles satisty: det [F_l (P, L) + M(P)] =0

& Rummukainen & Gottlieb (1995)

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

& RB (2014) y




Isoscalar spectra: S-wave dominant

( ) ( )
-
S S | Py
finite-volume : : @ partial wave \
spectrum i @il amplitudes / °
: Pansnnnnnnnnnns & ﬁ . )
P; e e e e —
h 000] AT [100] A,  [110] A,  [111] A,  [200] A,
AN N AN
“0.24 - \ - \ -\ \’\ - \§
| X i y
0.22 = = 5\ - { -
\"\\ X g N ;% M| ehr.
.0-20 R § D N \\§ 5. KK |in
“0.18— - - -
H ] \
— | : |
.0.14 .................... 5T S S i TT |thr.
i b
H oI E E O
o2t g ¢ - - ol
ool ']
O,lO_I | | | | | | | | | | | | | | I )
16 20 24 16 20 24 16 20 24 16 20 24 16 20 24 L / g



soscalar rtrt scattering: elastic region
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soscalar rtrt scattering: elastic region
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The o/ £o(500) vs mx
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Weinberg compositeness criterion for the o

¢ For the heavier ensemble, the o is a bound state, so we can apply Weinberg’s
criterion

o) 391 ~ \/E(+ b)) +V1I-Z

¢ Can relate Z to scattering information

21—Z 1 A 1
a = , r =
2 —7Z \/m,.Bg 1 —Z+/m.B,

& To obtain: Z ~ 0.3(1)

—
| o014}

I R

| o2 g E

¢ Consistent with the large FV effects

0.10




The isoscalar, scalar sector

GWU efforts will be

reviewed by Maxim
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Multi-channel systems - the cutting edge!
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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
& Ansatz K '(s)=[ c+ds f g
e g h

u(.Stpectrum X°/Naot = 51;4—08 =0.90 57 energy levels
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Scalar poles: o and fo(980)

& Near poles: M ~ g
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Scalar poles: o and fo(980)

& Near poles: M ~
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The isoscalar, scalar sector
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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

i S e N S e R

. 28.9
~ “cross section” XQ/NdOf =31 9= 1.15 34 energy levels
1 - -
KK —- KK
0.8 T — T
0.6}
04
02
———a1 — KK

0:14 0.18: :0.22 0.26 0.30

s ___

& &3 Re(as\/s
o NI | | (a:v/s)
TS 0.15 0.20 0.25 0.30

< 2001} g .

5 2
\S/ 002}

003k 2

N s

F[
|
|
|
|
|
|

E?ﬂr 185%]
KK [12%)]




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

i S e S S e _

. 28.9
~ “cross section” XQ/NdOf =31 9= 1.15 34 energy levels
1 - -
KK —- KK
0.8 T — T
0.6}
04
02
———a1 — KK

0:14 0.18: :0.22 0.26 0.30

|

|

|

E I oﬁe“g | Relaes)

| | 0.5 020 025, gosﬂ \
> 0. f3
I

! E-o.oz- &:KK[QZ%]

H C\l -0.03F }_E_{\ nr [8%] /

p[
|
|
|
|
|
|
|
|

e



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

o—@™

Gg ag ag Ay as b \ag
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o ;

K KJ K,
r D
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)
-

had/spec




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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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 - - N
& ,
$ RB & Davoudi (2013) ¢ Mai, Doring (2017,"18)
$ Hansen & Sharpe (2014, '15) $ g’llg?lrés)en & Sharpe

& Hammer, Pang, Rusetsky (2017)
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more numerical - JLab

The team and some references

more numerical - Europe

more formal

Dudek Peardon Baroni Hansen
Winter Ryan Thomas Woss Sharpe

Meson Spectrum Baryon Spectrum Scattering Electroweak
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Status of the field

¢ Simple properties of QCD stable states [non-composite states]
¢ physical or lighter quark masses [down to m»~120 MeV] J
¢ non-degenerate light-quark masses: Ni=1+1+1+1 J
¢ dynamical QED
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Exp. - “slightly more precise”

MN/ MeV

Survey of different groups:
BMW, LHPC, RBC, & xQCD
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Status of the field

¢ Simple properties of QCD stable states [non-composite states]

¢ physical or lighter quark masses [down to m~120 MeV] J

¢ non-degenerate light-quark masses: Ni=1+1+1+1 J
¢ dynamical QED
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Status of the field

¢ Simple properties of QCD stable states [non-composite states]
¢ physical or lighter quark masses [down to m»~120 MeV] J
¢ non-degenerate light-quark masses: Ni=1+1+1+1 J
¢ dynamical QED
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New “old-school spectroscopy”

Evaluate: C-2" (¢, P) = (0|0y(t,P)O(0,P)|0) = Z Ly ns Fnt
...using distillation and a large number [10-30] of local ops, Op ~ql'pq
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New “old-school spectroscopy”

Evaluate: C’sft' (t, P) = (0|0 (t, P)OI (0, P)|0) = Z ZonZ Ent
...using distillation and a large number [10-30] of local ops, Op ~ql'pq
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New “old-school spectroscopy”

Evaluate: C-7"(t,P) =

(0|03 (¢, P)O! (0, P)|0) =

Zzbn

...using distillation and a large number [10-30] of local ops, Op ~ql'pq
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