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» Baryon excitation spectrum in quenched and full QCD

» Lattices for spectrum calculations

* Identifying the continuum quantum numbers: meson spectrum
 Electromagnetic properties of excited states
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Resonance Spectrum of QCD

« Why is it important?

What are the key degrees of freedom describing the
bound states?

What is the role of the gluon in the spectrum —
search for exotics?

What is the origin of confinement, describing 99% of
observed matter?

If QCD is correct and we understand it, expt. data
must confront ab initio calculations

« NSAC Performance Measures

.!effe?son Lab

“Complete the combined analysis of available data on single 1, n,
and K photo-production of nucleon resonances...” (HP3:2009)

“Measure the electromagnetic excitations of low-lying baryon
states (<2 GeV) and their transition form factors...” (HP12)

“First results on the search for exotic mesons using photon
beams will be completed” (HP15)
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Spectroscopy - |

* Nucleon Spectroscopy: Quark model masses and amplitudes —

states classified by isospin, parity and spin.

N to Ny, Nz, and 2K mode] amp]iitolksNr, and ZK model amplitudes

2200

q*>

= [ E:,b‘:lseen inlﬁm}{f
= — wiak orwisisisy
— = sl Y
2000 — % [— Emgjw%bﬁjﬁ' we\;”ﬁwm.
1900 |- — wt | = Nir amjNitnginks
== — o shmu
Mev Vi 12
1800 :b = — 1sw:hj%|%j 5K sy
1700 F 1m0E =K threshold EK‘___‘I\P e\?‘oﬁ:‘ﬁnm .
1600 : : I | I Eljj
1500 - %uwgfﬁ . = ‘q2q>
L ==
e ST < V- N T N Nl/igm ni NP s NeP wd NEZ wE Wi . .
N baryon model states N biyon model s e Are states |\/||Ss|ng, because
our pictures are not expressed
Capstick and Roberts, in correct degrees of freedom?
PRD58 (1998) 074011 « Do they just not couple to

probes?

Thomas Jefferson National Accelerator Facility

.!effe?son Lab

@&



Exotics - |

« Exotic Mesons are those whose values of JP© are in
accessible to quark model

— Multi-quark states: gqgqq
— Hybrids with excitations of the flux-tube

« Study of hybrids: revealing gluonic and flux-tube degrees of
freedom of QCD.
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GlueX aims to photoproduce
hybrid mesons in Hall D at JLab.

Lattice QCD has a crucial role in

both predicting the spectrum and
in computing the production rates

m1(1600) in pion production at
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Lattice QCD: Hybrids and GlueX - |

20 cryomodules

No evidence in
photoproduction at CLAS

Important goal for LQCD
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Low-lying Hadron Spectrum
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Variational Method

- Extracting excited-state energies described in C. Michael, NPB
259, 58 (1985) and Luscher and Wolff, NPB 339, 222 (1990)
« Can be viewed as exploiting the variational method

. Given N x N correlator matrix Cos = (0 | O (t)Os(0) | 0), one
defines the N principal correlators )\(t,t,) as the eigenvalues of
CH2(t)C()C™ M (o)
* Principal effective masses defined from correlators plateau to

lowest-lying energies

Ni(t,tg) — e~ Fill=t0) (1 4 O(e~AE(I710)))

Eigenvectors, with metric C(t,), are orthonormal and project onto the
respective states

) Thomas Jefferson National Accelerator Facili
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» Spectrum on lattice looks different — states at rest
classified by isospin, parity and representation under

Variational Method - Il

cubic group

Illustration

Name

Explicit form (|i| # |j] # |k|)
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Low-lying Baryon Spectrum
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A lattice theorist’s view

The nucleon spectrum as seen on
the lattice!

Challenges/opportunities:
— Compute excited energies
— Compute decays

signal-to-noise ~ ¢~ (mu—3mn)t

Anisotropic: a, < a.: exp (- m a, t)

.!effe?son Lab
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Resonance Spectrum - Quenched

Nucleon Mass

Spectrum (Exp)
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Basak et al., PRD76, 074504 (2007)

* Demonstration of our ability to extract nucleon resonance spectrum
* Hints of patterns seen in experimental spectrum
* Methodology central to remainder of project

* Do not recover ordering of P,, and S,
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Resonance Spectrum — Nf=2

N=2: Hadron Spectrum Collab., Phys.Rev.D79:034505 (2009)
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* First identification of spin-5/2 state in LQCD
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Roper Resonance - |

Roper (1440): lightest positive parity excitation of the nucleon —
lighter than the N(1535) negative-parity excitation. Hard to

reconcile with constituent quark model.
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Roper from Amplitude analysis

Reaction model developed to analyse pion-nucleon reaction data to W = 2

GeV, and pion production data from Jlab.
Analytic continuation method to extract parameters of nucleon resonances

within EBAC dynamical coupled-channel model.

<«— nN,mt N nN

Single bare state in P,, channel gives rise to®°
three poles: two around the Roper N*(1440), A1357.76) I

and the other around the N*(1710). 1100 | /\ s
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Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL (2010) to appear
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Challenges

 Lattices with two light and strange quark

* Identification of spin

« Seeking two-particle states in spectrum of energies —
region where states unstable.

) Thomas Jefferson National Accelerator Facilit
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Anisotropic Clover Generation - |

« “Clover” Anisotropic lattices a, < a.: major gauge generation
program under INCITE and discretionary time at ORNL designed

for spectroscopy
10—
Challenge: setting scale and strange-quark mass
08
2 21, 2 2
sx = (9/4)[2mf —mZ]/m%x ¢ | J= e
/ 049 o '3
Omega 0l mg = 00540 |
Express physics in (dimensionless) 7~ =700
(I,s) coordinates 00 02 04 06 08 10

lo
Ix = (9/4)m3 /m%

H-W Lin et al (Hadron Spectrum Collaboration),
PRD79, 034502 (2009 )
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Anisotropic Clover - I

N,=2+1 Hadron Spectrum: NN Leading Order Extrapolation
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Discovering the continuum quantum
numbers: low-lying meson spectrum
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Identification of Spin - |

 We have seen lattice does not respect symmetries of

continuum: cubic symmetry for states at rest

. A
Problem: requires data at several

Lattice spacings — density of states _—— Mg
in each irrep large. M, Mr,

Solution: exploit known continuum
behavior of overlaps >

 Construct interpolating operators of definite (continuum) JM: O/M
O[O T M) = 2765601
 Use projection formula to find subduction under irrep. of cubic group

o,z = S DMV (ryugo?M (¢, U,
gOh REOD

_ ZSJMOJM
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Identification of Meson Spins

Hadspec collab. (dudek et al), 0909.0200, PRL
Overlap of state onto subduced operators
O1O0"M | J M > = Z107550mm Common across irreps.,

up to O(a)
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Dudek et al. (HadSpec Collab), in preparation

15
14
12
10
08
08

04

.geffe‘gon Lab

Nf = 3 Spectrum

1156

P
:346

4 04

Thomas Jefferson National Accelerator Facility

16} |

14

12}

10

08}

Exotic quantum numbers
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Nf =2 + 1 Spectrum

Spectrum of light isovector mesons: m_=520 MeV

Thomas Jefferson National Accelerator Facility
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Whence the multi-hadrons?
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Non-interacting two
-particle energies:
volume-dependent for
P-wave
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Quark bilinears insensitive
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Low-lying Exotic Spectrum

High-precision calculation of mesons spectrum, and those with exotic
- quantum numbers e

o
IR |
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HadSpec Collaboration (J. Dudek et al.), preliminary
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Decays

Multi-hadron States and Strong

See also talk of Nilmani

Thomas Jefferson National Accelerator Facility
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Multi-hadron Operators

Need “all-to
-all”’

~d_

. -\

Usual methods give “point-to-all”

' Thomas Jefferson National Accelerator Facilit
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Strong Decays

Thanks to Jo Dudek
* In QCD, even p is unstable under strong interactions —
resonance in s~ scattering (Qquenched QCD not a theory —
won'’t discuss).
« Spectral function continuous; finite volume yields discrete set of
energy eigenvalues

Momenta quantised: known set of free-energy eigenvalues

B, — 2\/m7% n (2%)2

. Thomas Jefferson National Accelerator Facili
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Strong Decays - I

» For interacting particles, energies are shifted from their free-
particle values, by an amount that depends on the energy.

« Luscher: relates shift in the free-particle energy levels to the

phase shift at the corresponding E.

Breit-Wigner fit SE(L) < 6(F) ®
CP-PACS, arXiv:0708.3705
e *___ Mp (Lat) <>
Mg (Cont) —e— QCDSF, 20082 ————— ————
e e e e e e - yd
109 ; "."/\ | AN i //
N ,',' : 1 15 I—i/,
: \ Sl : i
10 L ' = e ] o i s
: I ’ < f
i [ ] < I
10% sin § 3 05| // ; g:ggg
*‘ A /@/ B=5.40
ool iev o1 UlfMeissneretal—. . . .
0.7 0.8 0.9 1,0 1.1 0 0 !
Vs kr,
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EM Properties of Excited States

Example: Single-pion photoproduction

Radiative transition amplitudes ‘S\

Example: Photoproduction at GlueX Axial-vector Couplings?

Radiative transition amplitude M

) Thomas Jefferson National Accelerator Facili
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Anatomy of a Calculation - |

« Lattice QCD computes the transition between
Isolated states

p’=p+q T

—

| q
§ Y

1o Fz(qz)
vqv
TR M, F My,

N,

—1q- x

upn, (p)e
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.!effe?son Lab ! @ @JSA



Isovector Form Factor

L B B L B L B
- o m. =293 MeV J.D.Bratt et al (LHPC),
T .
08 e m_=495MeV arXiv:0810.1933
O T
B 4 rnn=597 MeV
I = m_= 688 MeV
= 0.6 Experiment [J.J.Kelly 2004]
Sw [ :
2 oal 1 Euclidean lattice: form
[ ] factors in space-like
[ — 1 region
0.2+ * 9
: A
O_I 1 1 | | Il | 1 Il | 1 Il | 1 I | 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 l_
0 0.2 0.4 0.6 0.8 1 1.2
2 2

Q [GeV ]

Extension to higher Q2
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EM Properties of Delta

" o quenched Wilson, m_= 410 MeV Alexandrou et al., PRD79, 014509 (2009)
1 @ hybrid, m_ =353 MeV

* dynamlcal Wilson, m_ = 384 MevV |

Electric form factor

4 T 1 1 I 1
A Quenched
3:: 5| o NF=2 Wilson i
I * Hybrid
2
0 05 T 1'5 2 25

Q2in GeV? ‘

I nn " no nz 0.4 0.5
2 —
A N (I ql _lq’* B ].
- A = [ e ™ o
s x<P+.%.w | TH(0) | PH, =T s1)

=15 -1 .35 0 05 1 1.5
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Nucleon Radiative Transition - |

N=0 exploratory: P11->Nucleon transition . 1inetal.,
Phys.Rev.D78:114508 (2008).

Proton-P,, 720 MeV Pion Neutron-P,,
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Spectrum and Properties of Mesons in LQCD

Initial studies in charmonium

YK J Dudek, R Edwards, C Thomas, Phys.
| Rev. D79:094504 (2009).

02

1
1

a,|E,(Q))

Use of variational method, and the optimized

meson operators, to compute radiative
transitions between excited states and

——O——is

o exotics.
02 Lo I I 1 1 N 1 Ll
o 05 1 1.5 2 25 3 Q?}SQV
02 —— considerable phenomenology developed from
i N0~ Jyy the results - supports non-relativistic models
ors | (ne1 — J/vy) ~ 100 keV and limits possibilities for form of excited glue
5 M7
N ! ——— .
&r Radiative width of hybrid comparable to
T conventional meson — important for
A GlueX
s : {
(: — OAIS — ll — 1AI5 — ; — Z.IS — 3 HP 1 5
Q@/GeV
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Conclusions

» Lattice calculations evolving from studies of properties of ground-state

hadrons to those of resonances

« Lattices with correct spectrum of flavors

— Variational method to precisely determine energies

— ldentification of spin both for mesons and for baryons

— New correlator construction methods: many operators, high precision

» Properties of lowest-lying resonances studied
— Delta form factor and charge distribution
— “Roper” transition form factor
— Radiative transitions between mesons
« Challenges:
— ldentifying the multiparticle states
— Entering regime of strong decays
— Transition Form Factors at higher Q2
— Mapping to Chiral Perturbation Theory

' Thomas Jefferson National Accelerator Facilit
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N-A Transition Form Factor - |

 Transition between lowest lying T
1=3/2, J=3/2 (A), and 1=1/2, J=1/2 o j
(N) ol X |
« Comparison between different Tk tae !
lattice calculations and expt. 001 T — e

[ ] N,=2 m =0.61 GeV

— Milder Q? dependence than . »*

experiment but . :
" °Ca

— Quark masses corresponding ™ ° A ga .
. 0.5 e 4 ® - a2 =
to pion masses around 350 { % - °® e
Mev 3.04 * N=0 m =041 GeV L J Jc;dl;r i
2.5 X 8. h“leiu i
— Q? range up to around 2 GeV?  :- 2 B S |
1.: * B -g . B B Beck i
1.0 4 Gﬂ o 0w c L
5 - ® %e*" g @ -
- . _ %‘j @ > s

Alexandrou et al, arXiv:0710.4621 s g (cevd)
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N-A Transition Form Factor - ||
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Delta Form Factors
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Interpretation of Parameters
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Roper Resonance
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Axial-vector Charges

* The axial-vector charges g,N1N2 can provide
additional insight into hadron structure

« Recent calculation of axial-vector charges of two lowest-lying 72-
states, associated with N(1535) and N(1650).
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Correlation functions: Distillation

. Use the new “distillation” method. Eigenvectors of
Laplacian
e QObserve
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* Truncate sum at sufficient i to Capture relevant physics modes —
we use 64: set “weights” f to be unity

« Meson correlation function

Cr(t, ') = (0| d(t)TP (¢ )u(t)u(t)D4(t)d(t)[0)
T A r 4

« Decompose using “distillation” operator as

/ Includes displacements
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:0905.2160
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7 = ()T (t)ys]asr P ()
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Distillation Results
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