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[ hadron spectroscopy at JLab ]

CLAS I GlueX I

baryon resonance electroproduction meson resonance photoproduction
baryon spectrum meson spectrum

~ . 7 ) ~ . ’Y * )
transition form-factors N 2 s N* photocouplings g(m —m )

GlueX/Hall D Detector

[ plus BES I, PANDA, Belle ... ]
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[ hadron models ]

[quark model - mesons as bound states of ‘constituent quarks’ ] [e.g. gqina 2*'L, eigenstate ]
f V)
)~ [E7 )Y@ oo @ o -0) | B

rcp(q) is bound state wavefunction
[mq ~ 300 MeV] from solution of Schroédinger equation
with phenomenological potential

\

\ S

11)2 — 2—-|- 7T2(1670)
3D1,2,3 = (17 27 3)—— - ,03(1690)
P =1t b1(1235)
Poi2 = (0,1,2)7F a0(980) a1(1260) a2(1320)
36; = 17~ p(770)
'So =077 m(140) X

[ ? why is the effective degree-of-freedom so heavy ?

J

\

[ ? where is the dynamical glue ?

J
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[ hadron models ]

[following quantum numbers can't be made : 1__'_’ O_|__7 2+_ o ] [”exotics”]

[can arise via addition of ]

N [ )

% extra quark pairs || “multiquarks”

\ J \\ J

) )

% excited glue r”hybrids”

\ J \\ S
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[ lattice QCD formalism - the one slide summary ? ]

B [’path’integral ]

ZQCD — DIDDIEDAM 6iS[¢,¢,AM] [’sum’over possible field ]

quark field gluon
field

configurations

[discretise on a finite grid - in Euclidean space-time (t—i t) ]

T T TN B T N S P @D(:I?) — 1), quark fields on the sites

= Voo

O S T T S O S R T Au(x) — Uz, = e~ %=1 gauge-fields on the links

2 I

S| o
N 7 —S U
AR A /DWD%DDUJC(%%UW Ul
e @ rdothefermionintegral]

at \
a; ' ~5.6GeV

/ DU £(Q~[U], U)|det Q[U]e=S51)
probability, P [U ]

16°
{203} X 128 Np =261 @ ‘Monte Carlo ]
2 (u,d © s) ‘
L 2 2fm 1
| > HQ@ 7 UL.U)
230 MeV < m, < 700 MeV] U}
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[ where’s the approximation ? ]

[ﬁnite lattice spacing, a ] [repeat the calculations with smaller a & extrapolate ]

) ) . _ % finite volume will
[ﬁnlte box size, L ] [repeat the calculations with larger L & extrapolate ]
turn out to be useful %

\

r* use quark mass
[unphysical quark mass ] [not really an approximation - just not reality ] dependence to learn
about QCD %

é )

dneie2eeEeEze [results should agreeasa — 0 ]
actions Q[U], Sg[U] >

\ S
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[ two-point functions & the energy spectrum ]

[a two-point correlator : ] O
r.r(p;t,0)

/ Dy DYDU - / dye PV, Ty,

= (0] Ty VeI |0)

/de eiﬁ.f @Za:,OI‘/wx,O |

—_—
meson operator at mom p

r _ | g
wy,trfpy,t wai,OI‘,wx,O O <

t
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r two-point functions & the energy spectrum ]

relation to the spectrum : ] [complete set of QCD eigenstates*® ]

(0| Ty VoI 1ho|0) 1 = Z n)(n
Z <0Mt1“¢t |n><nw01"¢0 |O>

n

_ Z e_E”t<O|ZEoI‘¢0 n)(n|tol 10|0)

n
/
— E er]; erl: e Ent [in principle - contribution from all states with the right g.n’s ]
n

fitting a sum of exponentials is unstable
- noisy data
- possibly degenerate states

[* in a finite volume ]
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operator basis & variational solution

\

|

better - build a basis of operators, calculate a matrix of correlators

\

]

(0|010-/0)
(0]020-]0)

(0/010110)
(0]0201/0)

eigenvalues — energies

[diagonalising this matrix gives the optimal linear combination of operators for each state ] [

eigenvectors > Z

[optimal combinations are orthogonal - deals with degenerate states ]

our operators - built out of covariant derivatives ]

\

ruse Clebsch-Gordans to build the desired q.n’s,e.g. ]~ — ] 15’7@0

D=0-A

Dy g ~ {

<17 may; 17 m2‘17 m> &75\D/m1\D/m2w

1 )
E (Dw :tlDy)
D,

}

<17m3; 27mD‘]~7m>

(1,my;1,ma|2,mp) wfym?) D mi D m2¢
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[ meson spectrum ] [NF=3(S,S,S) My~ 700 MeV]

1.6

0.8

0.6

0.4

1.4 =

O—-I—

rr—="

.

_______

17727737747 27Hy+
T P P2P3P4 T2T4

1.6

1.4

1.2

1.0

0.8

0.6

0.4

[ PRL 103:262001,2009 ]

—==
I 1
1 1
1
L)
PY  —
f=——=
1 b
° [
. co5) S -
- =
e [
1
1 | 1
C LH ———
=
=___'\
"
"""

1.2

1.6

1.4

1.0

0.8

. exotics .

[ two volumes ] ..... .

N
S
vy

!

0t+ 1ot gtt 3+—t

dp a1 agdzdy

b3 -

0.4

-----

Friday, March 12, 2010



[ reducing the quark mass ]
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[ reducing the quark mass ]
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[ 1 vector mesons]
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[ reducing the quark mass ]
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[ the competition ][Nr=2(u,d) mn~500MeV]

3.0t
2.5¢

20+

m |/ GeV

(mmmma @
_|_

1.0}
| 3 .1 Graz (arXiv:0910.2802)

[— -

0.5r -

?

¢ — calculated but not reported

0.0

Friday, March 12, 2010



[ the competition ][Nr=2+1(u,d,s)

My ~520MeV V=163 ]

3.0t

m |/ GeV

0.0

2.5¢

20+

|

1.0+

2++ 1+~
1++ O
++41T+
:)3:) — D
- &

exotic

0.5¢

\

\

Dudek et al. (unpublished)
.1 Graz (arXiv:0910.2802)

4 N\ |
Graz: i hadspec:
—> isotropic lattice | |[= anisotropic lattice
= small operator basis |, |—> large operator basis
—> variational fitting | | = variational fitting
— Jow statistics i — high statistics

|

|
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[ exotics - world summary ]

2.9
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[ exotics - world summary ]
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[ patterns in the meson spectrum ? ] [NF=3 (s,s,5) Mp~700 MeV]
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[ interpretation of the meson spectrum ] [NF=3 (s,5,5) Myp~700 MeV]

[ 1__ ] {Iookatthe ‘overlaps’ ZF <n‘¢1‘¢‘0>]
non-rel.
quark model
p Py °S1
J=1 ms;2, mpll, m
(’0 X D([]2]:2) a (1, m21 1 nli\Q mp) wfym?) D mi Dmgw SDl
2 J=1 _ =
(ﬂ- X D([]]Zl) <17m1;17m2‘17m>¢V5Dm1Dm2¢ x
' [D,D] ~ F

non-exotic hybrid ?
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[ interpretation of the meson spectrum ] [NF=3 (s,5,5) Myp~700 MeV]

] is dominantly
= hybrid?

- with some
I= 394 4 A

1.4} /; < 0 39,
: ~ 2nd excited state
is dominantly

"D, (px DYL,)"™" *Dy

with some

351

[ 1__ ]1_6 [ 4 _ 3rd excited state\ {Iookat the‘overlaps’ ZTIL‘ — <n‘?7ZI‘¢}O>]

1-2_ o) ———

(:)\/

II-
.
[

/ J=1
N (r x D) hybrid?
e

1st excited stat L )

is dominantly

3
S1
with some

3D1

é )

™\ build a bound state model phenomenology
comparable to the quark model

ground state using non-perturbative QCD calculations
is dominantly ! )

067 T T |I ,

0.8
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[ patterns in the meson spectrum ? ] [NF=3 (s,s,s) My~700 MeV]
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[ baryons ? ]
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[ baryons ] [NF=2+1(u,d,s) My~ 520 MeV V=163]

1.8 18}
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-
. = ] -
- L] ]
ey O
1.6 16}
O ]
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D‘:’D
G
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S —
c
1.07 1.0F
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[ baryons ] [NF=2+1(u,d,s) My ~ 520 MeV V:163]

1.8 18}
| Z \/ x = | A*‘[ i
]
| nn —m O -
= - =
[]
Ly O (]
1.6 16}
O ]
| S m -
i i -
| NEEEE
1.4 4
B —
G
S = =
 —
1.2} = 1.2} =
S )
CJ _ “missing resonance problem”
“Roper” physics clearly ;this res(;JIt sugge;ts a spekctrur(r; alt
not reproduced east as dense as the quark-mode
1.0 1.0 _ L )
[but perhaps this changes as mz— mpPhys ? ]
8F 0.8
08 it3tstrt 17375777 1t3+s5+t7+  1-3- 57—
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M

P — T

[ coupling to photons ]

V(@)

<OWI‘¢tf by - T e)4,|0)

can use the optimal operator combinations from the spectrum study ]

] [transition form-factors ]

o p,=000

4
Q?/GeV

06 [F
o p,=000

project excited states from correlators

\

[don’t have light-quark results yet - some results in charmonium : ]

w///

=

[ o p=000
06 1 Ao p=100
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[ coupling to photons ]

<OWI‘¢tf ' ZE’Y“% ' ZZI‘/@%

7

can use the optimal operator combinations from the spectrum study ]

\

project excited states from correlators

] [transition form-factors ]

1.8

1.6

1.4

V(Q?)

1.2

0.8

0.6

V(@)

CLEO 08

o p,=000
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J/ — ney

A

V@)

v

QO =
_

) — Ny

o p=000

4
Q?/GeV

0.6 |-
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o p,=000

Q*/GeV
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[ coupling to photons ]

<0‘@2F¢tf ' ZZ’Y“% ' ZZI‘/@%

7

can use the optimal operator combinations from the spectrum study ]

\

project excited states from correlators

] [transition form-factors ]

0.6

0.5
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0.3
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Y — ey

3]

o p,=000
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V@)

-0.1

v

) — Ny
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4
Q?/GeV

0.6 |-

04 |-

o p,=000

Q*/GeV
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[ coupling to photons ]

<OWI‘¢tf ' ZE’Y“% ' @51"%

0)

7

can use the optimal operator combinations from the spectrum study ]

\

project excited states from correlators ] [transition form-factors ]

06 -

" — ey

04 =

V(Q?)

o p,=000

M

n

— Ny

V@

v
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[ coupling to photons ] }

N ~
(2 - 77<i )i

<OWI‘¢tf ' ZE’Y“% ' %Zrllbti

0)

can use the optimal operator combinations from the spectrum study ]

o p,=000

4
Q?/GeV

0.6 |-

project excited states from correlators ] [transition form-factors ]

\

o p,=000

04 |-

o = ey

0.5
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7

0.3

V(Q?)

0.2
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0.1

Q*/GeV

IIIIIIIIIIIIIIIIIII
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[ back to the spectrum ]

. P = I I 1 e ] . )
‘-6_':.' 20 :"‘::\1._5 w1 e % §0 D ror [ @ [beautlful results - but we're not content ]
o | 1 & e || o
14} b 114t . o5 s e gl
| T Tl [ By eem L ‘ .
= | %—’5 | [ j there are states missing that we know
| i 19 '_ should be there
¢ [ 1 ] |
E o = 1 1.0 1 10k
S . _ _

the ‘continuum’ of meson-meson

i 1% [l scattering states !
0.6- - 0.6- 0.6-
0'4__ OT:r 177277374 2—+4*+__ 0'4_' 1= oFt 1ttot+tgtty+r+ 3+f'_ 0'4_' 1—tot— ot
(a) infinite volume (b) finite volume e.g. a free particle SO(x) — e’ipa:
\,

periodic boundary conditions

p(r+ L) = p(z)

2my g 2my £ . 2T
g ) g ) |quantised momenta p = nf
in infinite volume, a continuous L

in finite volume, a discrete

spectrum of rimt states spectrum of states

E(p) = 2y/m2 + p?

\ J
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[ spectrum of finite volume field theory ]

( )

(a) infinite volume (b) finite volume e.g. a free particle Sp(x) — ezpsv

\ J

( )

periodic boundary conditions

p(r+ L) = ¢(x)

\ J

( )

2my, g 2my £ . 2T
g ) g ) |quantised momenta p = nf
mm?mtevol:me, atc?ntlnuous I e, & dleaaE e g )
spectrum ot ta e2s : spectrum of states

E(p) =2v/m2 +p

\

non-interacting two-particle
. . states have known energies

() E(p)zQ\/m%—l—n(%r)Q

\ J

rAE(L) < O(E) : Lischer method]

\

\

[ deviation from free energies
depends upon the interaction
and contains information about
the scattering phase shift

\ J

2My
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[ reverse engineer ] [use known phase shift - anticipate spectrum ]

e.g. just a single elastic resonance

0

I e.g.
T — p — T
Tr
y N — A —- 17N
0 E
rLiischer method ‘

- essentially scattering in a periodic cubic box (length L)
- finite volume energy levels E(6,L)

\ S
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[ reverse engineer ] [use known phase shift - anticipate spectrum ]

20 . . .
° [
° ° ®
° * ..
i o ¢ ]
[
1.5¢ ° .o °.
[ ] .. [ ] .
N ° . °e finite volume QCD
° ° .
> " ., . energy eigenvalues
[ ] .. ..
1.0' .0 .. ...
0. .. ..
’.. ... .. ..
[ [
....°0000.. ....’Ooo T
oooo...... oooo...
oo.....
[ ...’0000
05 . . )
2 3 4 L(fm)
‘o
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[ using the Luscher method ]

20 . .
15} . " )
= : - ..
O ° ° °
Q/ ° E °. ® .
Lﬂ ] ... E ... ..0.
10} ... “e., e,
‘!.. ‘o.. .‘o.. ¢
....,000‘0.. .....00
0.5 - i - N
e.g.
Lo
L~29fm

[excited state spectrum at a single volume ]

V

[discrete points on the phase shift curve ]

[do more volumes, get more points ]

energy
levels
L~29fm
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[ the interpretation ]

“non-interacting basis states”

4q)

E(GeV)

20

1.5t

1O}

0.5

finite volume QCD
energy eigenvalues

7T7T100>
TT110)
TT111 )

E(GeV)

20¢

1.5}

10}

0.5

7

\

non-interacting two-particle
states have known energies

E(p) = 2y/m2 +n ()

\

r(11l)7(—-1—-1-—1)

r(110)7(—1 — 10)
7(100)7(—100)

4 L(fm)
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[ the interpretation ]

E(GeV)

7(110)7(—1 — 10)
7(100)7(—100)

“non-interacting basis states”

7T7T100>
}CIQ_> TT110 )
TT111 )
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[ the interpretation ]

“non-interacting basis states”

4q)

TT100 )
TT110)
TT111 )

level repulsion - just like
guantum mechanical pert. theory
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20

E(GeV)

0.5
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1.0}

i [N ’7T7T111>
~ ‘7‘(‘7‘(‘ > energy
110 . levels

\[N \/j‘q@ - .9 ‘7?77100>]\—
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[ ... SO just get on with it ... ]

there’s a limitation in our current calculations ]

\

we don’t see the meson-meson states in the spectrum ]

\

7

should we ? where will they be (roughly) ? ]

\

[plot the non-interacting meson levels as a guide ]

[‘A(@B(—ﬁ» mmgz\/fm?4 +ﬁ2+\/m2B 12 ]

G

£
:

1.6
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0.8
0.6

0.4

-_l___:-l:: ___I_
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[ s ] —
— \“E_
163 203

0~ T17~
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ottt

0~ "1~
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[why aren’t you seeing them ?]

(0|0 Tty oI 1hg|0) = Z€_E”t<0WOI‘¢0|n><n|¢orlwo‘0>

n

(cﬁnite—volume QCD eigenstates ? J

[yes, but what if the operator can't make part of the eigenstate ? ]

(qq |toTo|0) # 0
(MM |i)oT0|0) ~ (qdqq |oTbo|0) =0

[don’t have orthogonal overlap onto multi-meson states ]

[solution is to compute correlators including meson-meson like operators ] i.e. QZOI‘awo QZOI‘prO
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[ T isospin=2 ]

[construct multi-meson operators, e.g. ] Z e_iﬁ'f[zﬁ75¢] (Z) - Z 6_i(_ﬁ)'gw’75¢] (%)

T ]

“looks” like a pair of pions with back-to-back momenta ]

basis of operators from different values of ’ﬁ‘ ]

\

. . L AT A Al A Al A f A
[few Wick contractions, but no annihilation ] Q EZ 4 A
B B Be____eB Bi B pi

el

[ using the Lischer method ]

[excited state spectrum at a single volume ]

@ [do more volumes, get more points ]

[discrete points on the phase shift curve ] [computed 163 and 203 ]
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[ T isospin=2 ] [NF=2+1(u,d,s) My ~ 400 MeV ]

200 500 700 900
MeV MeV MeV MeV
O | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1
0 0.005 0.010 0.015 . 0.020 0.025
xe) :
20 F

[Liischer method seems to be practical ? ]

i PP inelastic

- 9203
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[ summary ]

7

national supercomputing resources

\

\

[high performance computing necessary but not sufficient for progress ]
USQCD managed resources

\

[have a unique program of gauge field generation designed specifically for spectroscopy ]

[have developed technology to extract multiple excited states ] [world leaders in this ]

[need to do more to study resonances ] [include two-hadron operators ] [use Lischer method ]

[technology can be extended easily to study electromagnetic properties of hadrons ]

[use the full set of non-perturbative information to “build a better model” ] [variation with quark mass ? ]
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