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Hadron spectroscopy

e Determination of hadron spectrum of Quantum Chromodynamics (QCD) a central goal in NP
e Several experiments worldwide

LHCb , BESII  KLOE2

SHH
ATLAS ~ CMS + others at 12 GeV JLab C pa ")d =

+ others at GSI ®

ELSA MAMI J-PARC Spring-8 Belle II
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Finite volume QCD & the hadron spectrum

o Compute correlation functions as an average over field configurations

e.g. [DYDFDA, Gry(t) §ry(0) ¢ [ Lacolvid)

¢ Y

sum ‘field correlation’ ‘probability weight’

Field integration within a finite, but continuous, hypercube

Need some kind of ultraviolet regulator....

e Spectrum from two-point correlation functions

C(t) = <0\0() ‘L( 0)[0)
Z e FWE(010(0)[n) (n|OT(0)]0)
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Lattice QCD & the hadron spectrum

o Compute correlation functions as a Monte Carlo average over field configurations

e.g. [DYDFDA, Gry(t) §ry(0) ¢ [ Lacolvid)

)

‘sum ‘field correlation’ ‘probability weight’

o ~ Discretize the action over sites
L Serves as an ultraviolet regulator

e Spectrum from two-point correlation functions

C(t) = <0\0() ‘L( 0)[0)
Z e FWE(010(0)[n) (n|OT(0)]0)
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Excited states from correlators

e how to get at excited QCD eigenstates ?

- optimal operator for state “I‘t> ; le ~ Zi Uz(n) Oj

for a basis of {Oz}

meson operators

- can be obtained (in a variational sense) from the matrix of correlators
..I.
Cij(t) = (0]O;(t) O} (0)]0)

- by solving a generalized eigenvalue problem diagonalize the

(n) — (n) eigenvalues
C(t)v C(tO)v An(t) )\gu(t) N e_En(t_tO)

correlation matrix’

- a large basis can be constructed using covariant derivatives :

O~gI'D ... Dy
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Glimpse of meson spectrum from lattice QCD

e Appears to be some gqg-like near-degeneracy patterns - isovectors
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Glimpse of meson spectrum from lattice QCD

» Appears to be some qqg-like near-degeneracy patterns - isovectors M ~ 391 MeV
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Glimpse of meson spectrum from lattice QCD

e ‘super’-multiplet of hybrid mesons roughly 1.2 GeV above the p

m / GeV

0.5

.{effegon Lab
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1 O+_ 2+—
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I m, ~391MeV |

| PRL 103; PRD 82, 88 |

o these states have a dominant overlap onto QEF[D, D]gb ~ [qq] 8. & B8c
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e Subtract the ‘quark mass’ contribution
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Glimpse of meson spectrum from lattice QCD

Multiple exotic mesons within range of GlueX EXOTIC MESONS
| - -
GLUEX \VAVAY or— 27

PRL 103; PRD 82, 88
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Major objective - exotic meson decays

EXOTIC JPC o LQCD suggests existence of exotic mesons
| _ e Expt. measurement in many decay channels
[ = « Present LQCD calculations missing this info
- D—
ot— 277
1—-+

m / GeV

Jeffegon Lab Chiral Dynamics 2015



Major objective - exotic meson decays

EXOTIC JPC o LQCD suggests existence of exotic mesons
| _ e Expt. measurement in many decay channels
[ = « Present LQCD calculations missing this info
- D—
o= 2 e Objective is to compute them ahead of expt.

» Guide expt. analysis

m / GeV

JLab expt. beam has started
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Can study many other channels

e Many come as a pre-requisite before tackling exotics
e In particular, low-energy sector of QCD

1000 - 7/ s ¢

m / MeV
&
|

500 r
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What pion mass?

e Getting to the physical pion mass not the most pressing concern here

e Need to establish feasibility of techniques for resonances

Jeffegon Lab Chiral Dynamics 2015
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What pion mass?

e Getting to the physical pion mass not the most pressing concern here

e Need to establish feasibility of techniques for resonances

- Hard to do with physical kinematics
e.g. Some of the simple low-lying resonances: f,(1270) M > 8my

ay(1320) M > 9my,

the number of open channels
is too large to start here
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What pion mass?

e Getting to the physical pion mass not the most pressing concern here

e Need to establish feasibility of techniques for resonances
- Hard to do with physical kinematics
e.g. Some of the simple low-lying resonances: f,(1270) M > 8my

ay(1320) M > 9my,

the number of open channels
is too large to start here

E.G., HANSEN & SHARPE,

° Development of three'bOdy formalism required BEANE/BRICENO/ RUSETSKY/ SAVAVGE, ... - PROGRESS
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Resonances

e Most hadrons are resonances
- E.g., N N

/T\\JJ'\ -

1100 1200 1300 1400 1500 1600 1700 E; ( \/I e —\/ )

- Formally defined as a pole in a partial-wave scattering amplitude

R

So — S

tl(S)N + ...

- Different channels should have same pole location
- Pole structure gives decay information

Jeffegon Lab Chiral Dynamics 2015
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Resonances

e Most hadrons are resonances
- E.g., N N

- Formally defined as a pole in a partial-wave scattering amplitude

R

So — S

tl(S)N 4+ ...

- Different channels should have same pole location
- Pole structure gives decay information

e Can we predict hadron properties from first principles?

Jeffegon Lab Chiral Dynamics 2015
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Isospin=1 i P-wave
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expand angular dependence
in partial waves

PARTIAL WAVE AMPLITUDE
1 Dis
— — e= vt — 1)
fe >; (W

n =1 elastic
n <1 inelastic
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Isospin=1 im P-wave
RESONANT PHASE SHIFT
180 —
2000 —mMmMmm™r—————— ———— f :
| p 135}
* —— < go:r
1500 . 5 ! :
’ i * : f
r ) 45[ y
| td l :
1000+ ’ t - 0
r } ! . L
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1 0’ % 1 L —— - R
500 : ’ Y . 1 ' |
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Finite-volume

e Where’s the meson-meson continuum ?
- there isn’t one !

J)effegon Lab Chiral Dynamics 2015
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Finite-volume

e Where’s the meson-meson continuum ?
- there isn’t one !

- in a finite-volume the spectrum is discrete

one-dim :
O ®
L 0
2 2

Jeffegon Lab Chiral Dynamics 2015
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Finite-volume

e Where’s the meson-meson continuum ?
- there isn’t one !

- in a finite-volume the spectrum is discrete

one-dim : :
e.g. a free particle
o 1pX
L 0 ) llj<x) ~e'P
2 2

> periodic boundary condition

P(x) = p(x+ L)

piPx _ eip(x——L)

1pL
e'P- =1
2T discrete
p — Tn energy
spectrum

J)effe20n Lab Chiral Dynamics 2015 17



Interacting particles in a finite-volume

« Two identical bosons interacting through a finite-range potential

l/J(Z) ~ COS [P‘Z| _|_5(p)] outside the range |Z| ~ R

of the potential,

Jeffegon Lab Chiral Dynamics 2015
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Interacting particles in a finite-volume

« Two identical bosons interacting through a finite-range potential

l/J(Z) ~ COS [P‘Z| _|_5(p)] outside the range |Z| > R

of the potential,

P(z > 0) ~ e~ Pz 4 p2i0(p) . pipz

V(z) - ¢'F?
J\/\ é e—ipz
P 7

0 R

Jeffegon Lab Chiral Dynamics 2015 18



Interacting particles in a finite-volume

« Two identical bosons interacting through a finite-range potential

P(z) ~ cos [plz| +8(p)]  Otmaetherange 7] > R

’P(Z > 0) ~ e Pz 4 6215(;9) . plPZ
- periodic boundary conditions |
V(z) -
. (_ e 1Pz
0 _ L) _ 0 L J\/\ ]
( 2) (2) | 0 =sin [%L+5(P)} 0 R >
dy <_;) _dy (g)
dz 2 dz \%2) ~

% +6(p) =nm

Jeffegon Lab Chiral Dynamics 2015
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Interacting particles in a finite-volume

« Two identical bosons interacting through a finite-range potential

P(z) ~ cos [plz| +8(p)]  Otmaetherange 7] > R

1,[)(2 > O) ~ e Pz 4 6215(;9) . plPZ
- periodic boundary conditions |
V(z) -
. (_ e 1Pz
0 _ L) _ 0 L J\/\ ]
( 2) (2) | 0 =sin [%L+5(P)} 0 R >
dy (_;) _dy (;)
dz 2 dz \%2) ~

% +6(p) =nm

2T 9) discrete
p = —Nn — —5(}9) energy
L L spectrum
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Interacting particles in a finite-volume

« Two identical bosons interacting through a finite-range potential

P(z) ~ cos [plz| +8(p)]  Otmaetherange 7] > R

1,[)(2 > O) ~ e Pz 4 6215(;9) . plPZ
- periodic boundary conditions |
V(z) = /P>
—ipz
o (=LY = (L) M <«
( 2) (2) . — (0 = sin [pz—L—HS(p)} . A >
dy (-4) = dy (%)
dz 2 dz \2/)

% +6(p) =nm

2T 9) discrete
p = —Nn — —5(}9) energy
L L spectrum

discrete energy spectrum is determined
by the scattering amplitude

(or vice-versa)

Jeffegon Lab Chiral Dynamics 2015
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Scattering in a finite cubic volume

e Expect a discrete spectrum in a finite periodic volume

e.g. free particle

Pp(x+L) = p(x)

eip(x+L) _ pipX

quantized 27T

= —1n

momentum P L

» For an interacting theory ~ cOt 0y (E) = My (E, L)
elastic scattering known
phase-shift function

Discrete energies ¢ > Discrete values
in a finite-volume

Jeffegon Lab Chiral Dynamics 2015

LUSCHER ...

of the phase-shift
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Scattering in a finite cubic volume

e Experimental it I=1 P-wave scattering amplitude

10

09

08 e

E / GeV

05

04

03

07

06 |-

CUBIC BOX SPECTRUM /

N

1 1 1
100 150 200 250 300 350

% % % -
5, 5 L/ GeV
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P-WAVE PHASE SHIFT
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™~ 0
\um

D
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Coupled-channel scattering

HE, JHEP 0507 011
HANSEN, PRD86 016007

. . . . BRICENO, PRD88 094507
e Finite-volume formalism recently derived (multiple methods) Guo, PRD88 014051

det [([M(E)]i;l +ip;(E) ;) — (5ijj\/lg(pi(E)L)} =0
scattering phase known
matrix space functions matrices in

partial-wave space ..

« However, this is one equation for multiple unknowns (per energy level) ;N(N +1)
for N channels

- parameterize the energy dependence of ¢

— try to describe a spectrum globally

“Energy-dependent” analysis

Jeffegon Lab Chiral Dynamics 2015 21



Including multi-meson operators

e Form correlator matrix with both QEFQD and 7T 7T -like

e Include operators which resemble a pair of pions and also kaons

Jeffegon Lab Chiral Dynamics 2015
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Finite-volume spectrum - moving frames

. Non-interacting thresholds and energies as a function of my ~ 236 MeV

Momentum & lattice irrep labels: [k]A

[200] Aq
022} 022} 022} 022} 022} ‘
\\"""\Y\'\"'\'\?\‘
020} \ 020} . 020} 0.20 0201~
\\ ) N :\\
0.18} 0.18 0.18} 0.18} 0.18F
0.16 L 0.16 0.16L 0.16L 016
0.14} 0.14} 0.14} 0.14} 0.14} . KK
— T
0.12} 0.12} 0.12} 0.2 0.12 \
0.10 0.10 ~ 0.10f 0.10 010} a1 Eem
0.08F...... o ) 0.08F...... o ) 0.08F...... o ) 0.08F...... o ) 0.08k...... o ) |
24 32 40 24 32 40 24 32 40 24 32 40 24 32 40 L/a.
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it/ KK scattering

my ~ 236 MeV

0.22f
020F \ ™
0.18}
0.16|

0.14}

0.12}

0.10F

008L............. ,.
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it/ KK scattering

my ~ 236 MeV

» Consider size of +
operator overlaps <n|(9,~ |®>
0.22F

020f \ =
0.18 |
0.16

0.14}

0.12}

0.10F

008L............. ,.
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it/ KK scattering

My ~ 236 MeV
atEcm F
200~
» Consider size of + 0.20
(n|O7|2)
operator overlaps t o
0.150 _ F
0.10F l

Jeffe20n Lab Chiral Dynamics 2015 24



it/ KK scattering

my; ~ 236 MeV
atEcm F
Consider s f 020 !
onsider size o <n|07|@>
operator overlaps . o F
0.150 _ F
» Finite-V: ad-mixture of single & two-particle B ;
0.10+

JEferOI'I Lab Chiral Dynamics 2015 24



it P-wave phase-shift

« Restrict to elastic region below KK threshold

180 == = = m m m o
P = [000] @“{‘” 1
150 5 _(100  Mn~236MeV %@ H
P = [110] 3
120 P =[111] A
. Bl
5 P = [200 o
~—
s 90 |
60 |- e
Cia
30 -
[
i
oL o = | | .
0.0 0.10 0.12 0.14 0.16 a; B,

To appear very soon...
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it P-wave phase-shift

180

« Restrict to elastic region below KK threshold :
180 F—- - m m s e oo i S

135+

1.5

000

110]

120} 111]

. 200

~—
S 90 |
60 -
30 -
0L =
0.0

J)effegon Lab

Chiral Dynamics 2015

0.14 0.16 ¢ [

To appear very soon...
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it P-wave phase-shift

180 F- - - = - — m o f el
150 B mn’ s 236 MeV
120 F
o)
~—
S 90 -
BW: mg = 790 & 2 MeV
60 | ¢ = 5.69+0.07
30}
O I _ . u H | |
0.0 0.10 0.12 0.14 0.16 ¢,

To appear very soon...

Jeffegon Lab Chiral Dynamics 2015 26



p resonance as a coupled channel system

e Parameterize the t-matrix in a unitarity conserving way

TTIT T TUIT KK

KK~ “nm KK_ _KK

o Compute finite-volume spectrum
dTu

— —

Y C(A, P, ky, ko) (ky) 7t (Ky)
121/7%2
Y C(A, P, k1, ka)K' (k1)K (ky)
121/]%2

Jeffegon Lab Chiral Dynamics 2015



p resonance as a coupled channel system

e Parameterize the t-matrix in a unitarity conserving way

T T U7
o t-'(E) = K ' (E) + 6;; Li(E)
RK~ ~“mm KKZ KK / /

- Vary the parameters, solving

det [([t(g)(E)];l +ip;(E) (51']') — 51']' M (E, L)} =0
for the spectrum in each irreducible representation & momentum

Want pole mass and couplings of t-matrix

Jeffegon Lab Chiral Dynamics 2015 28



it/ KK scattering

e Data points (black) compared to parameterization (gold)

0.22

000] T

020L =X,

0.18

0.16

0.14

0.12

0.10

0.08 E.

J)effegon Lab
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0.22

0.20

0.18

0.16

0.14

0.12

0.10

0.08 E.

100] A,

--y -

30 32

34
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0.22

020

0.18

0.161

0.14

0.12

0.10

0.08 E.

--y -

30

32

34

my ~ 236 MeV

—KK
— 7T

atEcm

L/ag

29



p resonance as a coupled channel system

TTTT — 7T U KK

RK~ “mm RKZ KK

Phase shifts & inelasticity

180 - — — — — — =

150

120

90

60 |-

30 |

m, ~ 236 MeV

t-matrix pole location

O.|08 O.IIO O.|12 O.|14

I _Ca\
0.22 PN

.{effegon Lab

Small coupling to KK

Chiral Dynamics 2015
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p resonance as a coupled channel system

180 . . 1
- - - | |
TUTT JT7C  TUTT KK 135! *
90!
KK tr KK _ _ KK 5|
o
Phase shifts & inelasticity L S— |
180 - - & — L. - - —
! |
150 |- . “
1.0+
o m, ~ 236 MeV | T ‘
0.0 OTS 14.0 ﬁis
90 M(ntn™) GeV
60 |-
30 1
t-matrix pole location
1
S0 0.08 0.10 0.12 0.14 0.16 Re(arv/50)
008 000 012 014 016 018 020 022 7 N PN
ol um “ u 'O‘H:H a o (=] - a/tECm _0.0l -
008 010 012 014 016 018 020 022 53 i
o | | T | = 1) < 002
0o L S
0.8 - o 003)
0.7 |-
-0.04 -
Small coupling to KK

J)effegon Lab
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p resonance at different pion masses

e BW couplings nearly constant in pion mass (will come back to this later...)
180
Ha:@ =
150 F
120 F
] my = 236 MeV iia mr = 391 MeV
~—_ B
= g = 790 2 MeV ! my = 855+ 1 MeV
L ®) I
¢ = 5.69+0.07 #j g = 570=0.10
60
30+
| B
0 I I = I I _ | |
400 500 600 700 800 900 1000 p__ / MeV

PRD 87 034505
Jeffegon Lab Chiral Dynamics 2015 3]



nK/nK scattering & kaon resonances

o Example of coupled-channel scattering

nK~— ~nK nK~ " yK

nK~— —nK nK_ _yK

e Compute finite-volume spectrum

ul's
Z C(A, 1_5,' El,Ez) 7(1-(%1) K+(E2)
121/7%2
Y C(A, B;ky, ko) n'(ky) K'(ky)
i%l/i%?.
PRL 113 182001
PRD 91 054008
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nK/nK scattering & kaon resonances

o Example of coupled-channel scattering

K K

K 7K~

nK— —“nK nK_ _7K

e Compute finite-volume spectrum

ul's
Z C(A, 1_5,' El,Ez) 7(1-(%1) K+(E2)
121/7%2
Y C(A, B;ky, ko) n'(ky) K'(ky)
i%l/i%?.
PRL 113 182001
PRD 91 054008

Jeffegon Lab Chiral Dynamics 2015
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nK/nK scattering
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nK/nK scattering
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nK/nK scattering

6.40

2 _ _ My ~ 391 MeV
X /Ndof = 15— 6 0.71
at Eem Ail_
@ ) - ;
028 i . N - n[011] K[011]
- = ) :.
- . = (011 K[011]
e - n[001] K[001]
024 + i i
E =
- = _ ) 7[001) K [001]
020 k- T SRR SR < HE— SR S — - S . -nfqthr. n[000] K [000]
WK‘
............................................................................ thr. 7[000] K [000]
0.16 | - - - o i i s
16 20 24 L/ag
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nK/nK scattering

6.40

2 _ _ my ~ 391 MeV
X /Ndof = 15— 6 0.71
a/tEcm " - P Ai|_
028 | . - . T n[011] K[011]
- = i -
a - o w(011] K [011]
e - n[001] K (001
0.24 + _ ] | |
E - =
- o _ ) 7[001) K [001
020 k>~ o8 S SRR SR S CUN— S — == S i -U-I?‘thr. n[000] K [000]
nK
WK‘
........................................................................... thr. (000} K[000)
0.16 | T T T s
16 20 24 L/ag
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nK/nK scattering

atEcm

K

0.28

0.24

0.20

Al

0.16 -

"111111111‘\

" "'Ulhulr | Ilmﬂ‘ |‘

u!lullll[

RhIEN B

-I!mullﬂ

16

..!effe»Zon Lab

24 L/ag
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n[011] K[011]

w[011) K'[011]
n[001] K001]
K
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nK/nK scattering e ~ 391MeV

e Describe all the finite-volume spectra

2i57TK
’ 491 SrknKk =1e
S-WAVE mK/nK SCATTERING
180 |-
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o5
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60 |-
30 |-
0 .\
nK
30 | 0y
| | | | | I | atEem
0.16 0.18 0.20 0.22 0.24 0.26 0.28
& “ ‘e ‘@” °°° ° ° 024 «
© & ° “® e e o 20 <
° ° ° 16
0.16 0.18 0.20 0.22 0.24 0.26 0.28
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09 |-
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0.7
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Versus experimental scattering

¢s

J)effegon Lab
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nK/nK scattering

my ~ 391 MeV

e Are the result parameterization dependent ?

- Try a range of parameterizations ...

J)effegon Lab

S-WAVE nmK/nK SCATTERING

180 |
150 |-
571'K
120 |- 0
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60 |-
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- gross features are robust
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nK/nK scattering amplitudes

P-WAVE nK SCATTERING

- Use a Breit-Wigher with
X

10k K |ge [ 163 a subthreshold mass

o 203 67T+/S
K ;23 k> cotdy = (m% —s) 2\/—

05 gR

R —

S

S

> — ¢ =15.93(30)

S

0.162 0.164 0.166 0.168 QtLcm

Vector (shallow) bound-state Quark mass accident that it lies
so close to threshold ...

Sphys. = 5-5(2) PDG
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nK/nK scattering

e Clear narrow resonance in D-wave scattering

D-WAVE nK/nK SCATTERING

180 |-
65K
150
120 |
90
60 [
30 |
0 o —0 5 nkK
52
30 b
T T T T T T T T atEcm
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my ~ 391 MeV
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Singularity content

e extract t-matrix poles from partial waves

m = Rey/sg / MeV

600 800 1000 1200 1400 1600
______ ] D I__________o)____________O____________________________________.
ccl%.n K* 77“4»/ ?4»/
“y. 2 ]
100 L scalar vector ‘ | K3 narrow tensor
> ir resonance
< virtual bound-state
= bound-state
£
g -300 t
~
I
—
J=0
500 | J=1
J=2 - broad scalar
°  resonance
my, ~ 391 MeV PRL 113 182001

PRD 91 054008
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nK/nK S-wave resonance

« t-matrix pole position under variation of parameterization

0.20 0.22 0.24 0.26
I~

1 Re(at/s0)

-0.02 |-

-0.04 |-

-0.06

-0.08 -

2 - Im(at\/%)
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-0.14
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K*rntK coupling with changing quark mass

e Unitarized SU(3)r chiral perturbation theory
NEBREDA & PELAEZ
PRD81 054035 (2010)

i K* = Kt
1.1 |

g/gphys.

0.9 8phys. = 5-5(2) PDG

0 05 1 15 2 25 my/mbV®
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K*rntK coupling with changing quark mass

e Unitarized SU(3)r chiral perturbation theory
NEBREDA & PELAEZ
PRD81 054035 (2010)

i K* = Kt
1.1 |

g/gphys.

0.9 8phys. = 5-5(2) PDG

0 05 1 15 2 25 my/mPkY®

At m, ~ 391 MeV we have shallow bound state: ¢ = 593 x0.26
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Varieties of poles

e Multi-sheet structure around a cut: single channel case

1
Kem = ii\/Egm 42

Ecm /fcm
A = A 5
@
o L SUUTTUTIIT >

Bound state
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Varieties of poles

e Multi-sheet structure around a cut: single channel case

1
Kem = ii\/Egm 42

A |Ecm A |ﬁ:m
O
IR T T T IV TV INIIREET S o b .
®
o

Bound state
Resonance

.{effegon Lab Chiral Dynamics 2015
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Varieties of poles

e Multi-sheet structure around a cut: single channel case

1
Kem = ii\/Egm 42

cm /fcm
A £ A =
@
g L SUUTTUTIIT >
® ®
®

Bound state

Resonance -
Familiar examples:

N-N 35, deuteron

0
N-N 1S,

Virtual Bound state
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k (kappa) pole with changing quark mass

« Unitarized SU(3)r chiral perturbation theory

e Resonance poles become virtual
bound states somewhere near
mr[ ~ 2.5 mr[phys

e At higher pion mass virtual
bound-state becomes bound

DESCOTES-GENON

VS0 = 660(20) + £ 550(25) MeV

J)effegon Lab

n
SN

<
Qe
=
~
=
=

hvs.
T, /TR

1.4

NEBREDA & PELAEZ _ 1
PRD81 054035 (201 Vo =m+ ;1

0 05 1 1.5 2 25 mg/my

Chiral Dynamics 2015

“f.it I”
“fit 11”

phys.
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k (kappa) pole with changing quark mass

« Unitarized SU(3)r chiral perturbation theory

e Resonance poles become virtual
bound states somewhere near
mr[ ~ 2.5 mr[phys

e At higher pion mass virtual
bound-state becomes bound

DESCOTES-GENON

VS0 = 660(20) + £ 550(25) MeV

J)effegon Lab

n
SN

<
Qe
=
~
=
=

hvs.
T, /TR

1.4

NEBREDA & PELAEZ _ 1
PRD81 054035 (201 Vo =m+ ;1

0 05 1 1.5 2 25 mg/my

Chiral Dynamics 2015

“f.it I”
“fit 11”

phys.
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Summary

e LQCD spectroscopy program maturing. First phase:
- With only “single-hadron” operators obtain sketch of hadron spectrum
- Suggests rich spectrum of mesons & baryons - exotic & non-exotic hybrids

Jeffegon Lab Chiral Dynamics 2015
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Summary

e LQCD spectroscopy program maturing. First phase:
- With only “single-hadron” operators obtain sketch of hadron spectrum
- Suggests rich spectrum of mesons & baryons - exotic & non-exotic hybrids

e Goal is to compute resonance information - decays & branching fractions
- Including multi-hadron operators leads to richer spectrum
- Demonstrated viability of finite-volume methods
- S-matrix formalism increasingly important
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Summary

e LQCD spectroscopy program maturing. First phase:
- With only “single-hadron” operators obtain sketch of hadron spectrum
- Suggests rich spectrum of mesons & baryons - exotic & non-exotic hybrids

e Goal is to compute resonance information - decays & branching fractions
- Including multi-hadron operators leads to richer spectrum
- Demonstrated viability of finite-volume methods
- S-matrix formalism increasingly important

e Ultimately, determine underlying structure
- Besides exotics - disentangle scalar spectrum (in progress)

- Consider external currents coupled to resonances (in progress)
SHULTZ 2015
BRICENO & HANSEN 2015
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Spectrum - light meson experiments

.geffe20n Lab Chiral Dynamics 2015
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Scattering with external currents ?

e E.g. my— it in P-wave : the p appears as a resonance

e The observables are the amplitudes Ag (Enn, QZ)

e Can be obtained from correlation functions in finite-volume

(0] x (£7) (1) 2% (0)[0)

£.9. 180
150

120 -

J)effegon Lab

90 |-

my = 391 MeV

PHYSICAL REVIEW D 91, 034501 (2015)
Multichannel 1 — 2 transition amplitudes in a finite volume

Raiil A. Bricefio,"”" Maxwell T. Hansen,”' and André Walker-Loud'**

First results to appear soon...

300

850

< ()x = Zi i [lprl/JL ™ Z]' bf [7T7‘C]j

900 950
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1-- operator overlaps

» Consider the relative size of operator overlaps <n| Oj ‘@> - 7 [351}
— i
-
.
20T
> -
2 T .
S 15} -
1.0 b — . [351} 28
- |
17~ (=)

Jeffegon Lab Chiral Dynamics 2015 52



1-~ operator overlaps

~[3
 Consider the relative size of operator overlaps <n| Oj ‘@> B s
B "
e
[
20T
% I
J - .
S 15} -
(=)
1.0 t o
1=~ =)
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1-~ operator overlaps

o Consider the relative size of operator overlaps <u| Oj ‘@> - 7 [351}
B
-
.
20T
% I
2 T .
S 15} -
.
D
- — 7§
1.0 ¢
b (=)
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1-~ operator overlaps

o Consider the relative size of operator overlaps <u| Oj ‘@> - 7 [351}
— i
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.
20T
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=
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volume dependence

e meson spectrum using large 1/}I“D ce Dl[) operator basis (no meson-meson-like)
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little volume dependence - probably picking out narrow resonances
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Roy-Steiner & the k (kappa)

. scattering data: nK—nK, nm—KK
+ analyticity, unitarity, crossing-symmetry

o dispersive representation

J)effegon Lab

K nK Rels]

Im[s] ¥

o
K

VS0 = 660(20) + 4 550(25) MeV

DESCOTES-GENON & MOUSSALLAM,
EPJC48 553 (2006)

e resonance pole, but deep in the complex plane

Chiral Dynamics 2015
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p resonance - comparison
M~ 230MeV Stochastic method wof
1 I I_E_l 0.2 0.7 1.2
08} L/as — 32 —ot }—}_
_ 1
<06} T nE
@\
c
.u‘.—q3 L |74
04+ i—_|
+H— = o
02+ =]
n -l:
— —— »—T
g
0L Su= E—% : ' ' —e— I
0.0 0.10 0.12 0.14 0.16
atEcm

Jeffegon Lab Chiral Dynamics 2015

Fahy, et.al. arXiv:1410.8843
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p resonance - comparison

my ~ 230 MeV

Full distillation method

1.0F o}

0.8+ g B

Sin2 51
=T

04}

0.2F HF% %

@ . @_L %
0.0L ol o . .

0.0 0.10 0.12 0.14 0.16

atEcm

PRELIMINARY ... to appear soon

Jeffegon Lab Chiral Dynamics 2015 56



