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Resonances are the 99%

¢ Most hadrons are resonances

¢ Play a crucial role in a wide range of phenomenology




Why lattice?
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Why lattice?

¢ QCD-stable states are generated exactly
¢ N-body forces are incorporated exactly
¢ Resonances are generated and decay

¢ QED/weak sector can be treated perturbatively or non-perturbatively



Spectroscopy in LQCD

¢ Vanilla spectroscopy - 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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Spectroscopy in LQCD

¢ Vanilla spectroscopy - QCD stable states [non-composite states]

¢ the frontier of spectroscopy - hadronic resonances [composite states]
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A pseudo-quantitative definition

(bump in cross sections/amplitude - e.g., Tt scattering in go-channel)
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A pseudo-quantitative definition

(bump in cross sections/amplitude - e.g., Tt scattering in go-channel)
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A counter example

(Isoscalar, scalar mtmt scattering)
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A counter example

(Isoscalar, scalar mtmt scattering)
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Spectroscopy recap

Im[s] Infinite volume

first Riemann sheet

bound state

[

threshold

branch cut - where
scattering takes place
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Spectroscopy recap

Infinite volume

second Riemann sheet

O

narrow resondarice

broad resonance \




Lattice QCD

Correlation functions using:
¢  Wick rotation [Euclidean spacetime]: {3y — —il g
¢  Monter Carlo sampling
¢ lattice spacing: a ~ 0.03 — 0.15 fm
¢ finite volume

hys.
¢ quark masses: Mg — my

Have we mangled QCD too much?



Finite volume spectrum

lﬁnite volume

* *
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Finite vs. infinite volume spectrum

Ilnﬁnite volume lﬁnite volume

both pictures are QCD:

“Two analytic manifestations of QCD”



Experiment

poles

K analysis E partial wave @ continuation
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Liischer formalism

spectrum satisfy: det[F_l(EL7 L) M(EL)] — ()

finite volume spectrum scattering amplitude

E; = finite volume spectrum M = scattering amplitude

I, = finite volume

F' = known function



Liischer formalism

spectrum satisfy: det[F’_l(E'L7 L) M(EL)] — ()

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

¢ Rummukainen & Gottlieb (1995) [moving elastic scalar bosons]
¢ Kim, Sachrajda, & Sharpe/Christ, Kim & Yamazaki (2005) [QFT derivation]

¢ Bernard, Lage, Meifiner & Rusetsky (2008) [Nt systems]
¢ Gockeler, Horsley, et al. (2012) [Nt systems]

¢ RB, Davoudi, Luu & Savage (2013) [generic spinning systems]
¢ Feng, Li, & Liu (2004) [inelastic scalar bosons]

¢ Bernarda, Lage, Meifiner, and Rusetsky [inelastic scalar bosons in TBC]

¢ Hansen & Sharpe / RB & Davoudi (2012) [moving inelastic scalar bosons]

¢ RB (2014) / RB & Hansen (2015) [moving inelastic spinning particles]




Extracting the spectrum

Two-point correlation functions:

C2P% (¢, P) = (0|0 (t, P)O} (0, P)[0) = Zzbn ~Ent

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

¢ Use a large basis of operators with the same quantum numbers

.-

¢ ‘Diagonalize’ correlation function variationally
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[soscalar Tt scattering
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[soscalar Tt scattering
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[soscalar Tt scattering
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[soscalar Tt scattering
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Isovector tmt scattering
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Comparison with experiment
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The o vs mx
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The o vs mx

I ——— e e e i e — e I — A

m, =Re(E,)/MeV
800 900 1000 1100

O e M
1\ -/

ﬁ m, =536 MeV m, =700 MeV

>

b
2 50|
)

s
= KB m,=236 MeV f —‘W
o 2

||Q —100 i M(S ~ SO) ~ g
~ So — S

| E_l m, =140 MeV, Lattice QCD + UyPT ﬁz g(mz), so = So(mw)J

l—( m, =140 MeV, Roy Equation

Advantage over experiment:
¢ heavy quarks make broad resonances bound

¢ unambiguously track poles in complex plane




The o/£y(500) vs my
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The o/£y(500) vs my
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The o/£y(500) vs my
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Going higher in energy

§ Coupled channels: | det [F_l(EL, L)+ M(EL)| =0

Hansen & Sharpe / RB & Davoudi (2012)

180 RB (2014) / RB & Hansen (2015)
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Going higher in energy

§ Coupled channels: | det [F_l(EL, L)+ M(EL)| =0

Hansen & Sharpe / RB & Davoudi (2012)
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Going higher in energy

¢ Coupled channels SS— w
¢ Beyond two particles: | ' X
Fy 0 Ko Kas > ] T
det |1+ =0
[ ( 0 F3 ) ( K32 Kat,3

Hansen & Sharpe (2014)

E— e
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Experiment

' amplitude analytic
/ analysis partial wave | continuation
——-———-—) : | oles
./' | amplitudes P

scattering data

: form factors

®
\1\4 %< transition

./' amplitude amplitudes analytic
electro/ photo-production data analysis continuation
Lattice QCD
J— " |
R Liischer analytic
S formalism partia] wave @ continuation
FV spectrum 'ﬁ, : i | poles
amplitudes



Experiment

K analysis E partial wave continuation
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Electroweak properties

—VH R H

finite volume matrix element electroweak amplitude

(2|7|1) 1 = finite matrix element H = electroweak amplitude

R = known function

RB, Hansen (2016)
RB, Hansen (2015)
RB, Hansen, Walker-Loud (2014)



Ty *-to-Tm o O
@

Exploratory my*-to-mtrt/ my*-to-o calculation: (@

e

¢ mn= 391 MeV

L m.= 391 MeV

900 1000 g__ / MeV

¢ Matrix element determined in 42 kinematic point: (E ., QQ)

¢ Lorentz decomposition:

H'u x — E'LW(XB PT(',I/ P7T7T,Oé 65(>\7T7T7 PT('T(') %Aww,ww*

nrt/p polarization nirt/p helicity




ry~-to-trt amplitude

Q° =0
Q? = 0.803 GeV*?

24 2.5

elastic T amplitude

2.5 E;W/mw




Form factor at o pole

evaluated at the @-meson pole, (853(2)-1 12.4(6)/2) MeV
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Experiment

K analysis E partial wave continuation
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Summary / outlook

¢ Coupled channels

formalism understood: few implementations to date by HadSpec

Hansen & Sharpe / RB & Davoudi (2012)

RB (2014) / RB & Hansen (2015)
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Summary / outlook

¢ Coupled channels

¢ Electroweak form factors | structure - tetraquarks, molecules, etc.

formalism understood:

RB, Hansen (2016)

RB, Hansen (2015)
RB, Hansen, Walker-Loud (2015)

first implementation: Ty*-to-mtmt/ y*-to-o

Q*=0
Q? = 0.803 GeV?

RB, Dudek, Edwards, Thomas, Shultz, Wilson (2015, 2016)
RB, Dudek, Edwards, Thomas, Shultz, Wilson (2015, 2016)
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¢ Coupled channels

¢ Electroweak form factors [ structure - tetraquarks, molecules, etc.

formalism understood:

RB, Hansen (2016)




Summary / outlook

¢ Coupled channels
¢ Electroweak form factors [ structure - tetraquarks, molecules, etc.

¢ Three-particle systems

formalism under construction:

Hansen & Sharpe (2014)
RB, Hansen & Sharpe (2016)




Summary / outlook

¢ Coupled channels

¢ Electroweak form factors | structure - tetraquarks, molecules, etc.

¢ Three-particle systems

¢ Physical point, chiral extrapolation?
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Summary / outlook

¢ Coupled channels

¢ Electroweak form factors | structure - tetraquarks, molecules, etc.

¢ Three-particle systems

¢ Physical point, chiral extrapolation?

¢ pole tracking
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The big picture!
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Collaborators & references

formalism

Hansen Walker-Loud

Sharpe

RB, Hansen, Sharpe - arXiv:1701.07465 [hep-lat] (2017)
RB, Hansen - Phys.Rev. D94 (2016) no.1, 013008 .

RB, Hansen - Phys.Rev. D92 (2015) no.7, 074509.
RB, Hansen, Walker-Loud - Phys.Rev. D91 (2015) no.3, 034501.
RB - Phys.ReV. D89 (2014) no.7, 074507.

Wilson

numerical

Thomas Bolton

HadSpec
Collaboration

Edwards

RB, Dudek, Edwards, Wilson - arXiv:1607.05900 [hep-ph].
Moir, Peardon, Ryan, Thomas, Wilson - arXiv:1607.07093 [hep-lat].

RB, Dudek, Edwards, Thomas, Shultz, Wilson - Phys.Rev. D93 (2016) 114508.
RB, Dudek, Edwards, Thomas, Shultz, Wilson - Phys.Rev.Lett. 115 (2015) 242001
Wilson, RB, Dudek, Edwards, Thomas - Phys.Rev. D92 (2015) no.9, 094502




Back-up slides



The o/£y(500) vs my
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Going higher in energy
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Qualitative understanding

Im[s] omeewe = first Riemann sheet
= second Riemann sheet
o
o
o
o

Re[s |

Hanhart, Peldez, and Rios (2008)



Qualitative understanding

Im[s] omeewe = first Riemann sheet

e = second Riemann sheet

my ~ 350 MeV /

Re[s |

Hanhart, Peldez, and Rios (2008)




Qualitative understanding

Im[s] omeewe = first Riemann sheet

e = second Riemann sheet

my ~ 350 MeV j

Re[s |

Hanhart, Peldez, and Rios (2008)




Determining spectrum
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Parametrization
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ry~-to-rtrt amplitude



Correlation functions

Contractions:
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ry~-to-trt amplitude
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ry~-to-trt amplitude

P, =[111] By, n=0
E* /m, = 2.205(20)
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ry~-to-trt amplitude
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ry~-to-trt amplitude
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ry~-to-trt amplitude
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Comparison with
phenomenology



Tty-to-TtTt Ccross section
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non trivial quark-mass
dependence!
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=1 Hoferichter, Kubis, & Sakkas (2012)




TUY-tO-TITU Cross sect1on
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On determining correlation function
using small basis of operators



Extracting the spectrum

Two-point correlation functions:
Cat" (£, P) = (00y(t, P)OL (0, —P)[0)
= ) _(0[04(t, P)[n, L) (n, LIO} (0, ~P)|0)

=Y (0letTecr 0, (0, P)e~tH2er |n, L) (n, L|O] (0, —P)|0)

n
n

spectrum

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



Extracting the spectrum

Two-point correlation functions:
CZPh(t,P) = (0|0 (¢, P)OI(0, —P)|0) = Zan

¢ Use a large basis of operators with the same quantum numbers

correct spectrum!
Q¢ Ecm {

o

¢ Diagonalize correlation function

0.20F |~

0.15-

3 operators -

i?
PF

YTy

19 operators, =1

30 operators 6 operators, [=3
P wrw

NI@}“"'T“"'V"'Vlﬁ

101
=

1 operator, [=4

s

1 operator

i

TUTT
KK

Awis

| Wilson, RB, Dudek, Edwards & Thomas (2015)

A



Isovector tmt scattering

H my = 236 MeV
120+
@)
~~ 90
™
o
| ool
‘ 30
i O I | = = I I
| 400 500 600 900 1000 £, /MeV

Dudek, Edwards & Thomas (2012)
Hadspec . Wilson, RB, Dudek, Edwards & Thomas (2015)
Collaboration Bolton, RB & Wilson (2015)
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a0(980) poles

rin-KK-mn" in I=1, m»=391MeV
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Unitarized xPT

S =14+ 2icM
M = (Re(M™1) —iog)™*
1
M= M = M4 (1= Mpd Mo +- - -

L01+M£(1)MNLQ+...
Re(./\/l_l) = Micl) (1 — ./\/licl) Re(MnLo) + .. )

Dobado and Pelaez (1997)
Oller, Oset, and Pelaez (1998)
Oller, Oset, and Pelaez (1999)



LL-factor

Relationship between amplitude and “form factor”:
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The o/£y(500) vs my

) 2 2 .
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UxPT - Nebreda
& Pelédez (2015)




The o/£y(500) vs my

so = (B, — iT',)?, 2 = lim (sg — s) t(s)
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Dn—Dn—D,K Scattermg

(I=1/2 channel)

Increasmgly
complex systems
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Dn—Dn—D,K Scattering

(I=1/2 channel)

e R e ————— e R R e I

kpx cot 65T

5/°
atEcm
, : = R R I I 180 |-
035——036 037 038 039 == 04l 0.42
—0°02 150
120 -
004
W o 90
§ B W
B b i
& b @
e 60 L
A
B
f bq B
G 4 5 30
o fof 51
o & s
< | .
& 0.42
g 5
3 D
00004 | K cot 07"
n
aF, :
_______ | . | tem 0.42
0.35 0.36 037 : 039 0.4 0.41 0.42
= | 098 | \!

e




UxPT expectation
for o/ fo(500)



o/ fo(500) vs my

Im|[s]

o=en = first Riemann sh

eet
o= = Second Riemann sheet
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Sketch of Liischer



Two particles in a box

Onto two particles:

EAC D)

After some massaging..
d P
iy Pf{ WP

=17 [ S { OB - AP e P (P)}

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



Chiral fits



Chiral fit

S (A (A — )T
X1 = _261 —|—€2, o — 64

a1 (770 MeV) = 14.7(4)(2)(1) x 1073
az(770 MeV) = —28(6)(3) (}1) x 1077

| m, =782(2)MeV
I, =85(2)MeV




m, dependence
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I m, =236 MeV, fit
[CT1 m_=140 MeV, postdiction
| 135 =3 m_ =391 MeV, postdiction




