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the Roper an outstanding 50yr puzzle

the Roper

the nucleon

The Roper is naïvely simple…
…but understanding its nature, requires us to face 
some of the major theoretical challenges in QCD.

to claim understanding, we need to convincingly 
reproduce experimental observables

we need a standard of measure
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the Roper

the nucleon

The Roper is naïvely simple…
…but understanding its nature, requires us to face 
some of the major theoretical challenges in QCD.

to claim understanding, we need to convincingly 
reproduce experimental observables

Volker Burkert 

“Accuracy of predictions should be commensurate 
with experiments, i.e. (few MeV)”𝒪

Volker Standard 

Corollary  
no theoretical study meets the “Volker standard” 
for the Roper!

we need a standard of measure
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the Roper an outstanding 50yr puzzle

The Roper is naïvely simple…
…but understanding its nature, requires us to face 
some of the major theoretical challenges in QCD.

What are the necessary features needed 
to be able to claim accuracy? 

broad resonance

this already disqualifies most 
if not all theoretical studies!
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the nucleon



non-trivial spin structure
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broad resonance

the Roper an outstanding 50yr puzzle

c

the Roper

the nucleon

Nππ ~ 25–50 %

Nπ

The Roper is naïvely simple…
…but understanding its nature, requires us to face 
some of the major theoretical challenges in QCD.

non-trivial spin structure

strongly coupled

three-particle system

“𝜎” + N

What are the necessary features needed 
to be able to claim accuracy? 



broad resonance

the Roper an outstanding 50yr puzzle

The Roper is naïvely simple…
…but understanding its nature, requires us to face 
some of the major theoretical challenges in QCD.

non-trivial spin structure

strongly coupled

three-particle system

structure of resonant states

c

the Roper

the nucleon

Nπ

γ⋆

What are the necessary features needed 
to be able to claim accuracy? 
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furthermore, most structural information 
cannot be accessed directly from experiments
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Scattering observables from  lattice QCD
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lattice spacing
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Scattering observables from  lattice QCD
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Wick rotation [Euclidean spacetime]:  

Monte Carlo sampling

quark masses: 

lattice spacing

finite volume

tM ! �itE

mq ! mphys.
q

never free
no asymptotic staes
no scattering

partial wave 
amplitudes

spectrum

all-orders mapping

Scattering observables from  lattice QCD
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Evaluate:  
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mπ=391 MeV

Interesting but “old-school spectroscopy”
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Evaluate:  
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C2pt.
ab (t,P) ⌘ h0|Ob(t,P)O†

a(0,P)|0i =
X

n

Zb,nZ
⇤
a,ne

�Ent

mπ=391 MeV

Interesting but “old-school spectroscopy”
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Isoscalar spectra: S-wave dominant
Spectrum including a large basis:
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analytic 
continuation

PW amplitudes

identification of 
states [masses & widths], 
 production/decay mechanisms

finite-volume  spectrum

lattice QCD

resonance poles

Im[s]

Re[s]

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

Im[s]

Re[s]

Sheet II

resonancesR = (ER � i
2�R)

2

bound state

lattice spectroscopy
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 Lüscher (1986, 1991)
 Rummukainen & Gottlieb (1995)

 Kim, Sachrajda, & Sharpe/Christ, Kim & Yamazaki (2005)

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

 RB (2014) 

two-particle 
spectrum satisfies:det[F�1(P,L) +M(P )] = 0

lattice spectroscopy



analytic 
continuation

PW amplitudes

identification of 
states [masses & widths], 
 production/decay mechanisms

finite-volume  spectrum

lattice QCD

resonance poles

 Lüscher (1986, 1991)
 Rummukainen & Gottlieb (1995)

 Kim, Sachrajda, & Sharpe/Christ, Kim & Yamazaki (2005)

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

 RB (2014) 

single channel: 
“easy”

two-particle 
spectrum satisfies:det[F�1(P,L) +M(P )] = 0

lattice spectroscopy
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The ρ vs mπ

Lin et al. (2009)
Dudek, Edwards, Guo & Thomas (2013)
Dudek, Edwards & Thomas (2012)
Wilson, RB, Dudek, Edwards & Thomas (2015)
Bolton, RB & Wilson (2015)



The ρ vs mπ

Lin et al. (2009)
Dudek, Edwards, Guo & Thomas (2013)
Dudek, Edwards & Thomas (2012)
Wilson, RB, Dudek, Edwards & Thomas (2015)
Bolton, RB & Wilson (2015)

not a fit,
just a sketch
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πK scattering - (I=1/2 channel)
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πK scattering - (I=1/2 channel)
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multi-channel systems - the cutting edge!

ππ, KK, ηη [isoscalar]:             RB, Dudek, Edwards, Wilson - PRL (2017)
                                                      RB, Dudek, Edwards, Wilson - PRD (2018)

Kπ, Kη:                                       Dudek, Edwards, Thomas, Wilson - PRL (2015)
                                                      Wilson, Dudek, Edwards, Thomas - PRD (2015)

πη, KK:                                       Dudek, Edwards, Wilson - PRD (2016)
Dπ, Dη, DsK:                              Moir, Peardon, Ryan, Thomas, Wilson - JHEP (2016)
ππ, KK        [isovector]:            Wilson, RB, Dudek, Edwards, Thomas  - PRD (2015)

spec

 the necessary formalism for doing coupled-channel scattering of  

 to date, the Hadron Spectrum collaboration is the only one to have 
extracted coupled-channel scattering amplitude information from QCD

Feng, Li, &  Liu (2004) [inelastic scalar bosons]
Hansen & Sharpe / RB & Davoudi (2012)  [moving inelastic scalar bosons]
RB (2014)  [general 2-body result]



 Above 2mK, there is not a one-to-one correspondence

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

det


F�1
⇡⇡ +M⇡⇡,⇡⇡ M⇡⇡,KK

M⇡⇡,KK F�1
KK

+MKK,KK

�
= 0

infinite volume:
- coupled, scattering amplitude
- branch cuts

finite volume:
- power-law finite-volume effects

multi-channel systems - the cutting edge!



 Above 2mK, there is not a one-to-one correspondence

 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

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

det


F�1
⇡⇡ +M⇡⇡,⇡⇡ M⇡⇡,KK

M⇡⇡,KK F�1
KK

+MKK,KK

�
= 0

multi-channel systems - the cutting edge!



coupled-channels analysis 
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20 parametrizations

f0(980): Sheet II pole

M ⇠ g2

s0 � s
 Near poles: 

σ: Sheet I pole
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gKK
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2

= 1.4(3)

scalar ππ-KK
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tensor ππ-KK
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analytic 
continuation

PW amplitudes

identification of 
states [masses & widths], 
 production/decay mechanisms

finite-volume  spectrum

lattice QCD

resonance poles

HansenSharpe Szczepaniak

inside the box

Romero-López

outside the box

Hansen & Sharpe (2014, 2015)

 RB, Hansen & Sharpe (2017, 2018) 

 Romero-López, Sharpe, Blanton, RB, & Hansen (2019)

 RB, Hansen, Sharpe, & Szczepaniak (2019)

three-particle spectrum satisfies:

det[F�1
3 +Kdf,3] = 0
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lattice spectroscopy



analytic 
continuation

PW amplitudes

identification of 
states [masses & widths], 
 production/decay mechanisms

finite-volume  spectrum

lattice QCD

resonance poles

three-particle spectrum satisfies:

det[F�1
3 +Kdf,3] = 0
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Hörz and Hanlon (2019)

Romero-López, Blaton, & Sharpe (2019)
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structure and nature of states
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broad resonance

the Roper an outstanding 50yr puzzle

non-trivial spin structure

strongly coupled

three-particle system

structure of resonant states

What are the necessary features needed 
to be able to claim accuracy? 

formalism 
the Roper

exploratory study

!

!


