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LQCD: Issues

« Spectroscopy Recipe Book
« Spectroscopy
— Baryons, Mesons, flavor content of isoscalars
— Resonances in LQCD: Extraction of Phase Shifts
— To-do list - inelastic + multihadron decays
 Form factors of Stable Hadrons
— Pion form factor
— Nucleon Form factor
— In-medium effects....
» Transition form factors
— “Stable” Delta form factors
— Photo-couplings between mesons
— Form Factors of Resonances
— Time-like form factors - two-photon width?
— Asymptotic Form Factors - large Q?
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Low-lying Hadron Spectrum

Benchmark of LQCD
C(t) =) (0| N(Zt)N(0) |0) = } (0]eP*N(0)e”"P*|n)(n|N(0)|O)
T n,T
= [{n | N(0)|0) [* ™" =  Ane™™"
2000+
=0
| Y-
1500 i = Durr et al., BMW
A ~ s _
1 g A Collaboration
> | _._‘/!\‘ 2 $
= 1000- | N Science 2008
= ] =P Control over:
500 — experiment|| * Quark-mass dependence
] —K —— width « Continuum extrapolation
| i QCD » finite-volume effects
| 5 1L (pions, resonances)
0
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Variational Method

Subleading terms = Excited states
Construct matrix of correlators with judicious choice of operators

Capltito) = (0] O0a()O)(to) | 0)
— N znziteMali—to)
Delineate contributions usingnvariational method: solve
C(t)ult, to) = At to)C(to)u(t, to)
Ai(t, tg) — e Filt=10) (1 4 O (e~ A F(E=10)))

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

=) Resolve energy dependence - anisotropic lattice
= Judicious construction of interpolating operators - cubic symmetry
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Challenges

Anisotropic lattices

To appreciate difficulty of extracting excited states, need to understand
signal-to-noise ratio in two-point functions. Consider correlation function:

C(t) = (0| Ot)O0)" | 0) — e
Then the fluctuations behave as DeGrand, Hecht, PRD46 (1992)
o?(t) = ((0] |O)O0)]* | 0) = C(t)?) — e~
Signal-to-noise ratio degrades with increasing E - Solution: anisotropic lattice

with a: < as
Cubic symmetry of lattices

J irreps, A(dim) A

D R JoM
§ H(4) ® G2(2) Mg,
7 Gi(2)® H(4)® G2(2)

5 Gi(2)® 'H(4)® *H(4) >
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Morningstar, Peardon 97,99

Glueball Spectroscopy - |
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Glueball Spectrum - I

This is the pure Yang-Mills
12 — spectrum. Predicts existence of

I bound states.
! 2 w3~
10 2™ r—— 2 4
3 2+1 flavor staggered - can mix with
8 L two-pi states - not a smoking gun for
e — 13 _ gluonic excitations!
0| - >
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Anisotropic Clover
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Meson Operators

Aim: interpolating operators of definite (continuum) JM: O’V
(0] 0™ | T\ M')y = Z785.5: 00 000
Starting point zp(;y t)FD D zp(;c,t)

Introduce circular basis: D ,,__; = G (Dm — sz)
= =
Dyp—0o=1D,
= i (5
Dm——|—1 :—E (D$‘|‘7/D )

Straighforward to project to definite spin: J =0, 1, 2
1] \J,M e 2
(T x DY )M = N7 (1,my; 1, ma|J, M) 9T, D oy .

mq,Mm
Use projection formula to find suﬁ)duétion under irrep. of cubic group -
operators are closed under rotation!

d
ollle,z) = A 5 DIV (R)UROTM (¢, 7)U,
Jop ReOP T
_ J,M ~J,M
B ;‘S/\./\ O Action of R
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Meson Operators

Aim: interpolating operators of definite (continuum) JM: O’V
(0] 0™ | T\ M')y = Z785.5: 00 000
Starting point zp(;y t)FD D zp(;c,t)

Introduce circular basis: D ,,__; = G (Dm — sz)
= =
Dyp—0o=1D,
= i (5
Dm——|—1 :—E (D$‘|‘7/D )

Straighforward to project to definite spin: J =0, 1, 2
1] \J,M e 2
(T x DY )M = N7 (1,my; 1, ma|J, M) 9T, D oy .

mq,Mm
Use projection formula to find suﬁ)duétion under irrep. of cubic group -
operators are closed under rotation!

d
oMz = A v DV*(RyUzo?M (¢, m)U,
A JoP greoP T
L J,M ~J,M
Irrep, Row = ; *S/\,/\ O Action of R
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Meson Operators

Aim: interpolating operators of definite (continuum) JM: O’V
(0] 0™ | T\ M')y = Z785.5: 00 000
Starting point zp(;y t)FD D zp(;c,t)

Introduce circular basis: D ,,__; = G (Dm — sz)
= =
Dyp—0o=1D,
= i (5
Dm——|—1 :—E (D$‘|‘7/D )

Straighforward to project to definite spin: J =0, 1, 2
1] \J,M e 2
(T x DY )M = N7 (1,my; 1, ma|J, M) 9T, D oy .

mq,Mm
Use projection formula to find suﬁ)duétion under irrep. of cubic group -
operators are closed under rotation!

d
oMlt,s = A 3 DV (RURO M (1, 2)U,
A JoP greoP T
_ y,],)‘\/ .]J[
Irrep, Row = ;{: ‘S/\,/\ O Irrep of Rin A Action of R
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Identification of Spin

Hadspec collab. (dudek et al), 1004.4930, PRD82, 034508
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Isovector Meson Spectrum - |
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Interpretation of Meson Spectrum

J=0 (a1 x Dgll)Jzo (a1 x D!}D’] =2,J= )70

J=1 . le.alxDJIJl.prJQ‘]l.ﬁxD

J =2 . (a1 x DB” 1)J 2 . (p x D[J2]2 /=2 . (a1 % D!I]]3:2,J:3)J :
J=3 M=)~ W wx D5, @ = DS’

J=4 (a1 x DS _y ,_g)7"
il, ILz L I iL “ . EL J In each Lattice Irrep, state
0. 612 l 115 1. 188 1. 207 1 306 10 H60(7) 1. 084 12 1.620(12) 1. 648

dominated by operators of

Il I I particular J
T,
= .1

1.201(4 1.204(4) 1.554(25) 576(16 1.626(8

E~ AT

1.190(4) 1.565(25) 1.577(21) 1.603(26)
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Interpretation of Meson Spectrum

J=0 (a1 % Dgll)Jzo (a1 x D!}D’] =2,J= )70

J=1 . le.alxDJIJl.prJQ‘]l.ﬁxD

J =2 . (a1 x DB” 1)J 2 . (p x D[J2]2 /=2 . (a1 % D!I]]3:2,J:3)J :
J=3 MexDL,)= M (0xDj )" e xDj )"

J =4 (@ x DY, )71

Ll

0.612(1) 1.113(7) 1.188(4) 1.207(%

EL J In each Lattice Irrep, state

.m ) 1.584(12) 1.620(12)1.648(2 .
dominated by operators of

Il I I particular J
T,
= .1

1.201(4 1.204(4) 1.554(25) 576(16 1.626(8

E~ AT

1.190(4) 1.565(25) 1.577(21) 1.603(26)
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[Iook at the ‘overIaps’ZE = <nMI‘¢‘O>)

r ~
p °Sh

(px DFL)'=" 3p,

(r x D)7 hybria?
\ / y
Anti-commutator of covariant
derivative: vanishes for unit gauge!

Use lattice QCD to build
phenomenology of bound
states

Dudek, arXiv:1106.5515
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0.8}

0.6}

1.6}
1.4}
1.2}

1.0

04r

[Iook at the ‘overIaps’ZE = <nMI‘¢‘O>)
=
4 3S )
- P 1
4 __ 2nd excited state )
is dor?tlinantly i
2 J= 3
— with some
3
\Ii—sl/ 9] \J=1
(7T X D,[]]—l) " hybrid?
1st excited state \ - )
is dominantly _ )
3g Anti-commutator of covariant
1

I with some
3
| D1

ground state
is dominantly

3
KI i J

Dudek, arXiv:1106.5515

Use lattice QCD to build
phenomenology of bound
states

derivative: vanishes for unit gauge!



m/mgq
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Isoscalar Meson Spectrum

negative parity positive parity exotics
= ||
[ — -
2.5} L _— 47 = e . — o -
— — +— [}
_ = el — g+ 4t+ 3t 0 -
20} = .
> - o
v
O 15 —
~ p— — 2++
s -
10l ¢ e my = 396 MeV
= W—
[)1__ isoscalar ==
0.5 »Z_ » isovector
0 YM glueball
Diagonalize in 2x2 flavor space » Spin-identified single-particle spectrum:

states of spin as high as four
12 12 14
O — —C*+2D \/iD i ¢ Hidden flavor mixing angles extracted -
_ \/§Ds£ (55 4 D33 except 0%, 1** near ideal mixing

* First determination of exotic isoscalar
States: comparable in mass to isovector
J. Dudek et al., PRD73, 11502
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Isoscalar Meson Spectrum

negative parity positive parity exotics
[ — - .
[ ] —
L L - 4=+ I
2.5 = 4 = R = — ‘ ;_
= m=. = ot— == GlueX/Hall D Detector
. gt+ gt+ 3t+- -
— - _—
2.0t —_ = — L 9
- - 3 - = —+ -
> 5 . 9—— 27+ ! &
b — <
O 15t — — =
~— — 2++ Q
- >
. I g
10] — 1 my = 396 MeV G
n== -
'01—— isoscalar e
05 ; o isovector
(U YM glueball

Diagonalize in 2x2 flavor space

_C% + 92 DM \/ipﬁs
\/iDSE _ (58 L Dss

J. Dudek et al., PRD73, 11502

* Spin-identified single-particle spectrum:
states of spin as high as four

¢ Hidden flavor mixing angles extracted -
except 0-*, 1** near ideal mixing

* First determination of exotic isoscalar
States: comparable in mass to isovector

14 @@JSA
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Excited Baryon Spectrum - |

Construct basis of 3-quark interpolating operators in the continuum:
7

—\ 1 2 J=3
(NM ® (% )M ® D[L]:2,S>
Subduce to lattice irreps:

O?[@I\],r — ZST{/’XJ}{O[J’M] A = Grgpus Hypu, Gagu

20} 1 M

sl Hy: _ R.G.Edwards et al., arXiv:1104.5152

| == = = = 16% x 128 lattices m, = 524,444 and 396 MeV
g 4 ] Observe remarkable realization of rotational
B : : ' symmetry at hadronic scale: reliably determine

12— — '=' spins up to 7/2, for the first time in a lattice

calculation

101

08

o6l all J = 3 only J = 5 only J = Zonly |

Continuum antecedents
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Excited Baryon Spectrum - |

Construct basis of 3-quark interpolating operators in the continuum:
7

—\ 1 2 J=3
(NM ® (3 Ju® D[L]:2,5> “Flavor” x Spin x Orbital
Subduce to lattice irreps:

OL{\],T — ZST{/’XJ}{O[J’M] A = Grgpus Hypu, Gagu

20} 1 M

sl Hy: _ R.G.Edwards et al., arXiv:1104.5152

| == = = = 16% x 128 lattices m, = 524,444 and 396 MeV
g 4 ] Observe remarkable realization of rotational
B : : ' symmetry at hadronic scale: reliably determine

12— — '=' spins up to 7/2, for the first time in a lattice

calculation

101

08

o6l all J = 3 only J = 5 only J = Zonly |

Continuum antecedents
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Spectral Overlaps

3 ) 3 ;3
u (NM®(%+):A®D[EI—1 M) u (Nm®(%+)§®Dw—1 M) : . (NM®(% ):4@90[5]:2,5) : = (Nm®(% ) ®Df]=z,s) :
J=2 _ J=2 J=2
B (v ) oo, B (e enl,) B (e @) enl,:)
P
0 NM@(% ) ®D[Lzlzs ?

1.142(5) 1.193(6) 1.226(6) 1.590(11) 1. 552 11) 1.619( 11 1.621(10) 1.633(10)

G L _L i J

1.198(11) 1.529(14) 1.614(9) 1.572(23)
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Excited Baryon Spectrum - li

20F N* 1 A*
: = N Broad features of SU(6)x0O(3)
T = i b g symmetry.
16l = i =2 - o E = ? = = | Counting of states consistent
[ = = = . 1 with NR quark model.
| = = 1 ]
I - e e ™ | ] . . .
S ! = ! Inconsistent with quark-diquark
E | I . . .
e : (= picture or parity doubling.
; [ 5
I
I
| 4552 5607 [701]
l :
I I
06F 1+ 3+ s+ 7+1 I~ 8- Far 1+ 3+ 5+ 7+ 1= 3= 57 77
[ 2 2 2 2 1 2 2 2 2 2 2 2 2 1 2 2 2 2

N 772+ sector: need for complete basis to
faithfully extract states

: Thomas Jefferson National Accelerator Facilit
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Excited Baryon Spectrum - li

ot N* 1 *

| ) I n Broad features of SU(6)x0O(3)

18} < == _ i b g _ symmetry.

- =2 =2 = = = =] Counting of states consistent
[ - = o ] with NR quark model.

Inconsistent with quark-diquark
picture or parity doubling.

o

i53] 86,07 [70.1]
I

(SR
N
(VIR
N[
Nl
o
N~

707 O+]7 [567 2+]7 [707 2+]7 [207 1+]

N 772+ sector: need for complete basis to
faithfully extract states
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Hybrid Baryon Spectrum

Original analysis ignore hybrid operators of form Dz[2:]1 M

Apudek, Edwards, arXiv:1201.2349

N*
|
1+ 3+ 5+ 7+ 1 1t 3t 5+ 7t |
2 2 2 2 | 2 2 2 2
I I
I I
30f o | |}
& | -
@ !
2.5. — — s : ' —
% | 8 e = : = T = m=
~ 20} '
S - l
|
I
[ I
1.5F : =
L |
I
I
] |
I |
1.0F : i
[ ! mﬁ:396MeV:

: Thomas Jefferson National Accelerator Facili
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Putting it Together

. =
-z 5 -z
2000 | g | é i = Naws Ahyb
| ) | I —
- 8r 10 I — Nhyb Ahyb : I D I:|
_ &, | I = L~
> 1500 ® = LN o C]D : ] D D
=S = gy = Q
S = @ @ : = = L
o 1—t I |
S 1000-—0_+‘SI [S]D i i - ﬁ
A : :
E I : |
[ 1+ 3+ 5t 1+ 3+ 1t I
I 2 2 2 2 2 2 2 I [
500 | | !
My = Mg = Mg | .
ol My = T02MeV'! My = 524 MeV M = 396 MeV |
Subtract p Subtract N

: Thomas Jefferson National Accelerator Facilit
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Putting it Together

Common mechanism in meson and baryon hybrids: chromomagnetic
field with Eg -~ 1.2 - 1.3 GeV

" 2
-z 5 -z
2000 | g | é i = Naws Ahyb
| ) | [ —
E 8F ]-OF I — Nhyb Ahyb : I D D
& o = o~ ]
e s v == mm
S B @ = = L
E 1000 -é_+S E D i : =
1 : 14
E I : |
' 1+ 3+ 5+ 1+ 3t 1t st |
- 2 2 2 2 2 2 | |
500 : :
My = Mg = Mg | _
o L Mn =702 MeV | My = 524 MeV' Mx = 396 MeV |
Subtract p Subtract N
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Momentum-dependent | = 2 it Phase Shift

Dudek et al., Phys Rev D83, 071504 (2011)
Luescher: ener?(y levels at finite volume < phase shift at

corresponding

Operator basis O (|p])

Total momentum zero - pion
momentum *p

atE

.{effe?son Lab

ZS

0.40

0.35¢

0.30

0.25}

0.20

0.15¢

0.10¢

Zn

O (p)Or(—P)
A t ____ = T
AT - E* T,
L/as =20

Thomas Jefferson National Accelerator Facility

m, = 396 MeV




Energy Levels for Scattering States

Slide: J. Dudek
0.4} .
-]
0.35} - E
| . Z
o 0.3+ o 3
3 l 1! r = :
| o .
g‘ 0.25
o (&)
—>
o o
0.2}
0.15} o . - o®
16 18 20 22 24 26 /a, G0 10° 200 _30°
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Momentum-dependent | = 2 it Phase Shift

Dudek et al., Phys Rev D83, 071504 (2011)
Luescher: ener?(y levels at finite volume < phase shift at

corresponding
det [6226(]{) — Ur (k—QL )} —
7T
Matrix in [ 27

\ lattice irrep

4m at m, = 396 MeV

40—#%

30 | { f}l } §§ ° .| }[ l%f
:

do /°

524 MeV 444 MeV 396 MeV
163 —o—

524 MeV 444 MeV 396 MeV
163 —o—
20° —o—
243 —a—

60 3 3 ; ] 0s

160 —o— 160 —o—  ,p_ € Cohen

20° —o— 20° —o— 043 uruso l 16° —o 16% —o
70 L E— 5k 20 —o—  20° —o—

Thomas Jefferson National Accelerator Facility
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Momentum-dependent | = 2 it Phase Shift

« More sophisticated analysis = Dudek, Edwards, Thomas, arXiv:1203.6041
— Moving mrr system = far more momenta below inelastic threshold

— Optimized single-pion interpolating operators = more precise determination
of energies

— Investigation of thermal effects

0002 0004 0006 0.008 0.0 0012  0.014 2 0.002 0.004 0.006 0.008 0.01 0.012  0.014 2
T T T T T T T (atpcm) 5 T T T T T T T (atpcm)

20t

e ———————e T ‘7"““”E~—-*~—~»~—_
1 eff. range - -5t K]l;

scat. len. &

do/°

30+

-40 | -10}

5oL
5L

: Thomas Jefferson National Accelerator Facilit
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Resonant | = 1 itn Phase Shift

Avoided level crossings...

Eéi.n, Eém,r Eér_n,

7t 7 7

6! 6 6

5t 5 5t

4 4 4f

N 3= 3}

R A B e B T A A A e N N W A

Mohler, Lattice 2012

i Thomas Jefferson National Accelerator Facili
Jefferdon Lab Y » @&



Resonant | = 1 itn Phase Shift

180 o FE by ,ﬂii_;?_' ,_I}l—ﬁ—i HH
160+ Feng, Renner, Jansen, PRD83, 094505
140 PACS-CS, PRD84, 094505
° Breit — Wigner Alexandru et al
120}
= 7 — 863.5(19)(6) MoV | Lang et al., PRD84, 054503
& 100f g = 4.83(13)(2)
EI 80F Ip= 9 Ph 10.1(6)(1) MeV
< - 6mm% ‘
60+ &L, =29fm
40 - oL =24fm
20+ °L=19fm

800 850 900 950 1000 1050  E., /MeV

Dudek, Edwards, Thomas, Phys. Rev. D 87, 034505 (2013)

Extend to inelastic channels: Guo et al, Briceno et al.,

: Thomas Jefferson National Accelerator Facilit
.!effe?son Lab ' 26 @ €M



Paradigm: Pion EM form factor

) e S
= o4 I%{g fit (85%+157;)’ ‘‘‘‘‘‘
E 0.3 %I{
C: 0-2 ',’7) Amendolia et al.
> i ;‘m()‘> ’
0'Oo 1 2b®=2§2 eV)4 5
Q* (GeV?)
12 GeV —>
(m(Pr) | Vu(0) | m(pi)) = (pi +Pf)uF(Q2)
where
2 1 -
Vi, = gufyuu - gdfyud
-Q° = [Ex(py) — Ex(5:)]” — By — i)’

' Thomas Jefferson National Accelerator Facilit
.{effe?son Lab ! @ @JSA



Anatomy of a Matrix Element Calculation - |

e I
Vi.(x) = equ(x)y,u(x)+ eqd(x)y,d(z)
p=p*q T l P
T —- — 1T

Dot pnt (tr, 60, 7) = Y _{0|6(T,t£)V,u(7, t)0'(0,0)|0)e P Te*TY,

Zy
Spacelike form factor
Resolution of unity — insert states

(0] ¢(0) | m, 5+ @) (m, 5+ q | V. (0) | m,0)(m, 5| ¢T | 0y PPt o= Bty =)

: Thomas Jefferson National Accelerator Facili
.gefte;gon Lab Y @ QJSA



Pion Form Factor - |

L LHPC, Bonnet et al,

\5 i =738 060 )| | Phys.Rev. D72 (2005) 054506
O™ \ —

- _— = 888(56) MeV 1
| é O mgm =318/956 (MeV) i 2
N @ JLabE93-021 F Q —
«+«+ NLO pQCD: hep-ph/0405062 | _| 1 Q 2 /M 2

7

?\\\\é .
i - = 0 Qmax ‘2 —
_ % ] a
| e L. g
0’ (GeVy’ _ . . .
< Quark distribution amplitudes

Charge radius

dF(q?)
dg?

) =6

q?=0

: Thomas Jefferson National Accelerator Facili
Jefferdon Lab Y @ &



11

Pion Form Factor - |l

1.05

0.95
09
0.85
08
0.75
0.7

fnn

PACS-CS

PACS-CS (Ne=2+1) m =411 MeV —o—
sz:2+1 m?g% MeV —e—

ETMC (N=2) physical point —=—

UKQCD (Ng=2+1) m_ =330 MeV r-—¢—

N5y—&—1

1.02
1.01

Twisted
boundary ‘

conditions 0.99
0.98

0.97

=
—_

—

0.96
0.95

Brandt, Jutter, Wiftigl

T

PACS-CS (N=2+1) m =411 MeV o
PACS-CS Nf32+1§ m,"nge MeV —eo— |

ETMC (Ng=2) physical point —=—
[ S UKQCD (Ng=2+1) m =330 MeV +—¢— |
Vea N5 —a—
“Avﬁ F6 —v»—
*% . A5 —e—
A
X .T ? N
1 Ct o1 e
T

0 002 004 006 008 01 012 014

arXiv:1109.0196 o
/ (a0
22 T T T N T — VMD: m =770 MeV
experiment +-—— T T T T T v+ NLO pQCD: hep-ph/9812280
2 o _]_ pACS'CS gf(=N2+; '_9_1 N ° ,J-\lnl'urlldn!l;lvllul.
' '_B_‘ S::l:u::'-;::).zimmu\/c )
i UKQCD (N=2+1) +-—¢— | Bikicr ol ol
1.8 N A JLab E01-004 (projected)
o~ 1 6 % 4‘( E F JLab 12 GeV (projected)
o L ] v - ,4
= ’ , A —e— 5
Ngg 14 ¢ % me N _
o]
2 t *{) $ R e SURN| S ————— ]
1 | iCD +1 & ]
08 1
0 05 1 15 2 25 D ’
xr \2
(M"To)

.gefigon Lab

Thomas Jefferson National Accelerator Facility

@



Isovector Form Factor

L L L L R |
I o m_ =293 MeV
0.8} e m_=495MeV
' a m =597 MeV
L i = m_= 688 MeV
e 0o N Experiment [J.J.Kelly 2004]
< F R -
0.4+ R
[ | ;
) — a
0.2 iz 3 4
ol Lo b b b
0 0.2 0.4 0.6 0.8 1 1.2
Q [GeV]
1 \ ‘ \ ‘ \
0.9- ° 20°x64, m_= 356 MeV
i - 28°x64, m_=356 MeV| |
0.8+ T
%\ 0.7
>
w 06+
0.5+~
i ¢
0.4
\ ! \ ! \ ! \ \
0'30 0.2 0.4 0.6 0.8
QZ[GeVZ]

.geffe;Zon Lab

DWF valence/Asqtad sea

J.D.Bratt et al (LHPC),
arXiv:0810.1933

Data well described by dipole form - but
example of notable finite-volume effect:

Thomas Jefferson National Accelerator Facility

> 20°x64, m_= 356 MeV/| -
- 28°x64,m_=356 MeV/| -

‘ N R B ‘ ‘
02 04 06 08 1 1.2 1.4

QZ[GeVZJ



<rf> [i fm’ ]

Isovector

Isovector Charge Radius

* Experiment
SSE fit

— CBChPT fit

e Dipole fits

(] ()
‘ Il ‘ Il ‘ Il ‘ Il ‘ Il ‘ Il
0 100 200 300 400 500 600 700
m_ [MeV]
0.7 . . . . T :
PDG 2012 o Fine Wilson 32° x 64 +——
upLambshift +  Coarse Wilson 487 x 48 +—a—
0.6 Mixed 20° x 64 i Coarse Wilson 32> x 48 +—e—i 1
Mixed 283 x 64 —— Coarse Wilson 24 x 48
0.5 Fine DW 323 x 64 +—«— Coarse Wilson 32% x 96 +——
: Coarse DW 243 x 64 Coarse Wilson 243 x 24
04
0.3 E 3 I ‘ 1
ﬁ . | =
ES = -
0.2
0.1
0.0 \ ; . \ ; . \
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
m2 (GeV?)

.geffe;Zon Lab

—~
o

£

S
~
a
—
&~
~—

=

0.7

0.6 +
05
04 |
—-03
02

0.1 |

0.0

0.00

LHPC, arXiv:1001.3620

Dipole fits at each pion mass

Towards physical quark masses

Green et al, arXiv:1211.0253

P

summation
PDG 2012 o«
b shift

iy

24348 243,24

0.06 0.08
m;'-r (GeVZ)

0.02 0.04

Thomas Jefferson National Accelerator Facility
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Medium modification of structure

« How is the structure of a hadron modified “in medium”
- EMC effect?

* First attempt - momentum fraction carried by quarks in
Bose-condensed pion gas.

1.6
Z ] | W Detmold, H-W Lin,
1A 1 arXiv:1112.5682
e | } ] | | | || Proof of concept

0. 8 1 1 1
2

Thomas Jefferson National Accelerator Facilit
.{effe?son Lab d @ @JSA



Transition Form Factors

Form factors of excited states, and transition form factors to excited states, provide
additional insight into nature of QCD. Precise electro-production data

Program of computations looking at A form factor, and Ny — A transition form factors
N.B. A — N is p-wave decay, suppressed at zero momentum.

Admits three multipoles: magnetic dipole, electric quadrupole and Coulomb
quadrupole: G, Gro, Geoo

‘ ‘ ‘ | | Alexandrou et al, DIWF + DWF valence/Asqtad sea
jj HYB, m, = 353 MeV —
DWF, m, = 330 MeV A

DWF, m, = 297 MeV
—O
E A
» [\® 1 N

w

on

Experiment (various sources)

Free of disconnected contributions

: Thomas Jefferson National Accelerator Facilit
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Transition Form Factors

Form factors of excited states, and transition form factors to excited states, provide
additional insight into nature of QCD. Precise electro-production data

Program of computations looking at A form factor, and Ny — A transition form factors
N.B. A — N is p-wave decay, suppressed at zero momentum.

Admits three multipoles: magnetic dipole, electric quadrupole and Coulomb
quadrupole: G, Gro, Geoo

‘ ‘ ‘ | | Alexandrou et al, DIWF + DWF valence/Asqtad sea
jj HYB, m, = 353 MeV —
DWF, m, = 330 MeV A

DWF, m, = 297 MeV
—O
E A
» [\® 1 N

w

on

Experiment (various sources)

Free of disconnected contributions

: Thomas Jefferson National Accelerator Facilit
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N-A Transition Form Factor

2 - 2
R _ Opa(@) oo _ 171 Gea(@?)
G (Q?) 2ma Gar1(Q?)
: | 1 ) |
——lee —l_
0 % . - 1
o I T _ (]
BN S 3 ] 9 I ]
I | []
o -4 _
S T = N
6 — —
& % N
Q| HYB, m, = 353 MeV  [] _ |  ara
s DWF, m, =297 MV M § - YBime =853 MV —
Batoe OOPS 4 DWF, m, = 297 MeV
€ Bates-OOPS A
0 = JLab-CLAS _ VAV
MAMI-A1 10 MAN N
o JLab-CLAS 1
MAMI-A1
! R P L 0 02 04 06 08 1
Q* (GeV?) Q2 (GeV2)

Non-zero values: sphericity in either N or A - zero quadrupole moment for
spin-1/2 system

: Thomas Jefferson National Accelerator Facili
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P11-N Form Factors

0.4—7""|""|""|""|'"'l"-

i 1 } 1 Lin, Cohen et al., PRD78,
ook : ] 114508 (2008)
< i = -
A * s
<N ok - ﬁ B =
o o (Pu|Vu|p) o Exp.
0 m 1 X O:l.vy.lpu)l 1 -

- 3 1
= o # .
a8 - h
Iy s o (Pu|Vy|p) :

_0_4:_ f °(P|VII|P11) _
- o Exp. ]
o - -
_0_8....1....1...0.?....1....1.
-1 0 1 2 3 4
0% (GeV?)

Thomas Jefferson National Accelerator Facility
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Matrix Elements for Scattering States

Slide: J. Dudek
0.4} i
[+
0.35} o E
1 .
- 0.3} o =
= e
] o
> 0.25
o o
—>
0.2} .
015} ) ) .
16 18 20 22 24 26 1 /a. Oo < T

-10° -20° -30°
General formalism: Bernard, Hoya, Meisner, Rusetsky, arXiv:1204.4642

Thomas Jefferson National Accelerator Facilit
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Radiative Transitions in Mesons

Thomas Jefferson National Accelerator Facili
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Radiative Transitions in Mesons - 11

Look at radiative decays in charmonium - wealth of
experimental data. Lots of transitions below threshold!

1 (_’ 9 3 2
— [(xeo — J/9py) = 4| 2 (2¢.)? | E1(0) |2

——————————— i S R 37 mé
' Quenched, anisotropic Wilson-fermion

= ) action a;mg < O(1)

Lattice spacing from static quark potential

E1

E1,M2,E3 £0.05 T T T ~ T T T T T T T T T
o spal p,=(000) JAp_. | ]

’ = (1 Ay
o1l x spal. p, = (100) JAp_, N

o Sm’p':(m)'/mw
spal. p, = (100) %00 s 4
* PDG phys. mass

M1 =
0.15 *  PDG lat. mass
- ! « CLEO phys. mass
k] « CLEO lat. mass
w 02I - =
0" 1 1 g+ 1t g o !
. |
0.25 | o T 74 .

Dudek, Edwards, DGR - 2006
Chen et al (TMQCD), 2011

J& feron iah Thomas Jefferson National Accelerator Faciity™*" @ gﬁA
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Transitions from Excited States?

L~y Y
of /,‘__{_\ Many of these radiative widths have been
. / measured...
o fe . Can Access time-like form factors!
op Lidassassssnsannata ;w n.::n“(l gy
Lhe i3 ;,
\_\n ; . r§ n - 1
' e l re ’
? . v.!":'w . :-4‘0' E ;
Q ac 1A | at 0'/(:0"’/
[(ney — J/1b) = 115(16) keV
“ Large for M1 transition - large production of
t exotics at JLab if true in light-quark sector

Thomas Jefferson National Accelerator Facili
.geferm Lab g

Catiirrdavs liimes DK D544



Time-Like Form Factors

Ji and Jung, PRL86, 208 (2001) and PRD64, 034506;
Dudek and Edwards, Phys.Rev.Lett. 97, 172001 (2006);
Cohen and Lin, arXiv:1302.0874; Meyer, arXiv:1303.0138

Photon Structure function and two-photon decays of
neutral mesons - defined in Minkowski space:

(v(q1, A )7v(g2, A2)|[M (p)) = — lim €;(q1, M1)€} (g2, A2)
q1—q

9a—qa

Xq'l'zqg2 /J’Id‘iy o1 .y+iQ-'2-I<O|T{Au (y)A"(l)} \M(p)),

Analytically continue to Euclidean space providing photons not sufficiently off-shell to

produce on-shell hadrons QQ :’ J’Q —w? > —m%{

First example: two-photon with in
charmonium - Dudek, Edwards

] Thomas Jefferson National Accelerator Facilit
.geffe?son Lab d 41 @ @JSA



Time-Like Form Factors - 11

0.5

_ —
ak Mo —> YVE || A
AN — Time-like pion form factor: H. Meyer,
5T =g } 1 PRL 107, 072002 (2011)
s 5y
g S
0.1} $ L -
o ! ’ a’/?;ev" ’ )
one pole fit
Xcog —2 YVY* |2l
o F reoe 1]
5 i
& [
02~ I -
Br: -
SEEE

] Thomas Jefferson National Accelerator Facilit
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Form factors at High Q2

« For exclusive processes at sufficiently high Q2, can describe
processes in terms of quark distribution amplitudes, e.g. for N(*)

N1 = v [ 5 e (s () 1) ) ().

« Can compute low moments of quark distribution amplitudes

CDSF, arXiv:1112.0473
'™ = [ [ B p (a1, 0, x5).  ACPSF arXiv

00410

00 02 04 _\"1 06 08 10 00 04 Yl 06 08 10

N N*(1535)

‘ Thomas Jefferson National Accelerator Facili
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Form factors at High Q2

0I5

0l

AQ)

' L l L I ] I ] I L) I L L)

*  JLab Hall C 2007 7
o CLAS

+ Commlaton by Stoler

— A Q)
1
—= 5,Q) —

_ 8,Q)

.gefig’gon Lab

Helicity amplitudes from DA

Thomas Jefferson National Accelerator Facility

V.Braun, arXiv:1008.5228
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SUMMARY

 Remarkable progress at understanding the excited-state
spectrum of QCD - resonance properties

* In principle, extension to EM properties of resonances
straightforward, but need to do the work

e [ haven’t discussed chiral extrapolations - focus is on
understanding decays at calculated masses

* FEuclidean-space at finite volume 1s a blessing, not a curse

: Thomas Jefferson National Accelerator Facilit
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16010

Hybrids - lattice + expt

140_- 'P
0120:-
100:-

a,(1320)

=0 ”H'P-al‘

12 14 16 18 2

M(r*n*) (GeV)

m1(1600) in pion production at

BNL

Events/40 MeV
=R R R

x10°

{1600)?

a8

+ %r M"}Jf H‘+ mr{' -}'H—

No clear evidence in

photoproduction at CLAS

.geffeﬂgon Lab

Thomas Jefferson National Accelerator Facility
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160r
140_-
0 120F
100:-

Hybrids - lattice + expt

510°
a,(1320)
Gy
..P% ‘I&' 'y%‘,.yﬁ_‘ #H"‘*LP_:}

172 74 16 18 2

M(r*n*) (GeV)

Events/40 MeV
=R R R

x10°

{1600)?

a8

+ by M++ Hﬂ" $ mﬁr JﬂLlL

1

12 14 16 18 2
M(r*r*’) (GeV)

m1(1600) in pion production at
BNL

.geffeﬂgon Lab

No clear evidence in
photoproduction at CLAS

Thomas Jefferson National Accelerator Facility

Beyond “bump hunting”!
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Glueball Spectroscopy - |

Improved anisotropic pure-gauge action Morningstar, Peardon 97,99

5 4 1 !
— PSS Ps — —RSS/ T Rs
S\U] = B¢ { 3U4 + 3&2uu? "12u8 1262 utug t}

S

S S S t

S t S S

Operators: closed Wilson loops . :
P P ¢ is bare anisotropy as/at

4l |
AT Ij [ J/] Obtain renormalized anisotropy by
L’ I’ 0 " "

comparing different Wilson Loops

L'—’ 4—’/ “ _/ _/‘_+ ' Wre(las, Jay) -y Z:zC_JO'Vl“IGD'O"O)a

, . J—eo _
“‘..Ty(lasf_]as) b Z‘IyC Ja;[V(Iaz,0,0)+V,]

{L' 7: A Ratio at large J gives ¢

Morningstar, 96

Thomas Jefferson National Accelerator Facilit
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Challenges - |l

« States at rest are characterized by their behavior
under rotations - SO(3)

Lattice does not possess full symmetry of the continuum -
allowed energies characterised by cubic symmetry, or the
octahedral point group Oy

e 24 elements
e 5 conjugacy classes/d irreducible representations
e On X Is: rotations + inversions (parity)

J irreps

0 Ai(1) =

i Fi _— Mg
2

To(3) © E(2) — M, M,

3 Ti(3) & Ta(3) & Aa(1)
4 Ai()eTi(3) e T2(3)® E(2) >
q2
49 ffé?son Lab Thomas Jefferson National Accelerator Facility
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Anisotropic Clover Generation - |

Tuning performed for three-flavor theory

1o

0.8;
Challenge: setting scale and strange-quark mass i

Lattice coupling fixed 06/ o
s | g«m & -

sx = (9/4)2m% — m2]/m  0dp.gppom

7

— * my = ~0.0540 |

Omega 0.2-
i i ) : | mg = —0.0743 |
Express physics in (dimensionless) .,/ .. . .. .. .. . . .
(I,s) coordinates 00 02 04 06 08 10

lo
Ix = (9/4)m7/m%

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

i Thomas Jefferson National Accelerator Facili
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Anisotropic Clover Generation - |

Tuning performed for three-flavor theory

Challenge: setting scale and strange-quark mass

Lattice coupling fixed
Proportional to ms to LO ChPT

sx = (9/4)[2m% — m2]/m¥

7

__

Omega

Express physics in (dimensionless)
(,s) coordinates

1o

0.8

0.6
s j g«m &

0.2+

ms = —0.0540 |

mg = —0.0743

0.0\\\\\\\\\\\\\\\\\\\

0.0 0.2 0.4

lo

0.6

0.8 1.0

Ix = (9/4)m2/m%

H-W Lin et al (Hadron Spectrum Collaboration),

PRD79, 034502 (2009 )

.geffe;Zon Lab
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Anisotropic Clover Generation - |

Tuning performed for three-flavor theory

1o

0.8;
Challenge: setting scale and strange-quark mass i

Lattice coupling fixed 06 o
Proportional to ms to LO ChPT s | 48 @ '

sx = (9/4)2m% — m2]/m  0dp.gppom

7

— * my = ~0.0540 |

Omega 0.2-
i i ) : | mg = —0.0743 |
Express physics in (dimensionless) .,/ .. . .. .. .. . . .
(I,s) coordinates 00 02 04 06 08 10

lo
Ix = (9/4)m7/m%

H-W Lin et al (Hadron Spectrum Collaboration),
PRD79, 034502 (2009 ) Proportional to m; to LO ChPT

i Thomas Jefferson National Accelerator Facili
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Anisotropic Clover - i

o]

S

(=]
\
"4

- N =2+1 Hadron Spectrum: NN Leading Order Extrapolation

Low-lying spectrum:
experiment to 10%

.{effe?son Lab

FTTTTTTTTTT
=
Q
o
o

T I
=
I T I I Y

agrees with

XD N W = O =Wk N - ®

FTTTTTTTTTI

Percent error deviation from exp

~
O
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Correlation functions: Distillation

Eigenvectors of

Use the new “distillation” method. )
/ Laplacian

Obsee 11 2 (1~ Eay = 3 f(r0 5 0

Truncate sum at sufficient i to capture relevant physics modes — we use
64: set “weights” f to be unity

Meson correlation function / Includes displacements

Car(t,t") = (0| dt")TB(t)u(t)a(t)[4 (t)d(t)|0)

Decompose using “distillation” operator as

M. Peardon et al., PRD80,054506 Cu(t, 1) = Tr(oA ()T, )DB (), 1), )
where

I’;‘;I — H | [IwK ] ilv‘(‘”(:f’)

Perambulators > T(if{_,;(t,l‘) = * '( M3 (t',t)vVY (2).

Thomas Jefferson National Accelerator Facilit
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Correlation functions: Distillation

Eigenvectors of

 Use the new “distillation” method. )
J Laplacian

(] ObserVe Ll]l = J. o —A Z f /\ L III 1 +|1':|

« Truncate sum at sufficient i to capture relevant physics modes — we use
64: set “weights” f to be unity

 Meson correlation function ‘/ Includes displacements
Cyr(t, ') = (0 | d(")TP (" )u(t')u(t)T4 (t)d(t)[0)
b p O
« Decompose using “distillation” operator as
M. Peardon et al., PRD80,054506 Cu(t, 1) = Tr(oA ()T, )DB (), 1), )
(2009)
where
I’;‘;] — H | [1—4 ] ilv‘(])(:f’)
Perambulators > T(i{,}(t,f) = * '( M3 (t',t)vVY (2).

' Thomas Jefferson National Accelerator Facilit
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