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Meson Spectroscopy

@ H@ Exotic J°€ (0, 0%, 1-%, 2%, ..)

or flavour guantum numbers
— can’t just be a gq pair

X(3872), Y(4260), Z+(4430),
Z.*(3900), z,*, D(2317),

light scalars, ... (also baryons)
Gluonic excitations?

BESIII LHC JLab @ 12 GeV
Coyss_ koe  cuast2 Ke il el
* g

Can we understand these within QCD? = lattice QCD

Resonances or near threshold



QCD on a lattice

Discretise (spacing = a) — regulator
Finite volume -2 finite no. of d.o.f.

OIS

Gluons




QCD on a lattice

Discretise (spacing = a) — regulator
Finite volume -2 finite no. of d.o.f.

OIS

Gluons

Path integral formulation
Euclideantimet 2> it

f DYDIDU £ (3, B, U)e 2 18:U]

Numerical methods (Monte Carlo)

* Finite g and L (and reduced sym.)
* Unphysical m_













Light mesons (isospin =0 and 1)

my = 392 MeV

243 x 128
isoscalar [

1sovector

[Dudek, Edwards, Guo, CT, PR D88, 094505 (2013); update of PR D83, 111502 (2011)]
Anisotropic Clover [Nf= 2+1], a,~=0.12 fm, a./a,= 3.5; + other volumes and m_




Light mesons (isospin =0 and 1)

my = 392 MeV

243 x 128
isoscalar M

1sovector

[Dudek, Edwards, Guo, CT, PR D88, 094505 (2013); update of PR D83, 111502 (2011)]
Anisotropic Clover [Nf= 2+1], a,~=0.12 fm, a./a,= 3.5; + other volumes and m_







Scattering on the lattice

Imaginary time — can’t study dynamics (e.g. scattering) directly

Single hadron in a finite volume

periodic b.c.s
(torus)

L 2w
p= —(n:l}a Ny, nz)
(——) L







Scattering on the lattice

Two hadrons: non-interacting FE, p = \/mi + Ei + \/mQB + E%
Infinite volume Continuous spectrum

Finite volume

Discrete spectrum




Scattering on the lattice

Two hadrons: interacting

Infinite volume Continuous spectrum

Finite volume

Discrete spectrum

- 27
kA?B = f (nm,ny,ng)
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> C.f.1-dim: k=
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Elastic scattering 10 = Leidgin g,

P

det [9prdy,, + ip; t(l) (555’5?1?1’ + sz;;/E’n’(q??))] =0

Resonance: Breit-Wigner param.

O_ 1 A e

2
g
Mo(s) = =£

p(s) m% — s —iy/s0y(s) 6 4 mé(f—l)




The p resonance in twt I=1 scattering
T — p — T 3 volumes (L =2 -3 fm), a,~ 0.12 fm, M_ ~ 400 MeV
Ci;(t) =< 0]0;(£)21(0)]0 >

single-meson  ~ Yl D...%

and trops.  O(P) = > CA(P,p1,52) Ox(F1) Ox(52)
P1, P2

Dudek, Edwards, CT [PR D87, 034505 (2013)]
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The p resonance in twt I=1 scattering
T — p — T 3 volumes (L =2 -3 fm), a,~ 0.12 fm, M_ ~ 400 MeV
Ci;(t) =< 0]0;(£)21(0)]0 >

single-meson  ~ Yl D...%

and trops.  O(P) = > CA(P,p1,52) Ox(p1) Ox(p2]
P1, P2

Variationally
optimised m ops

Dudek, Edwards, CT [PR D87, 034505 (2013)]
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The p resonance in twt I=1 scattering
T — p — T 3 volumes (L =2 -3 fm), a,~ 0.12 fm, M_ ~ 400 MeV
Ci;(t) =< 0]0;(£)21(0)]0 >

single-meson  ~ Yl D...%

and trops.  O(P) = > CA(P,p1,52) Ox(p1) Ox(p2]
P1, P2

Variationally
optimised m ops

Assume 9, ;= 0 in this energy range — find no significant signal for 9, _ 5

Dudek, Edwards, CT [PR D87, 034505 (2013)]
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The p resonance in twt I=1 scattering

T — p — TT 3 volumes (L =2 -3 fm), a,~0.12 fm, M_~ 400 MeV

Ci;(t) =< 0]0;(1) 91(0)[0 >

= 243, P = [0,0,1] A,

Dudek, Edwards, CT [PR D87, 034505 (2013)]
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The p resonance in twt I=1 scattering

Breit — Wigner

mpr = 863.5(19)(6) MeV
g = 4.83(13)(2)

(2 3
Mg = =& —10.1(6)(1) MeV
6 m7,

aL=29fm
ol =24fm

oL =19fm

950 1000 1030  E,, /MeV

Mapped out in detail Dudek, Edwards, CT [PR D87, 034505 (2013)]




The p resonance in tt |=1 scattering

M, = 863.5(19)(6) MeV
I =10.1(6)(1) MeV

ol A NN S C

[M_ =~ 400 MeV]

c.f. experimentally
M, =775.49(34) MeV
I'=149.1(8) MeV

950 1000 1030  E,, /MeV

Mapped out in detail Dudek, Edwards, CT [PR D87, 034505 (2013)]




nK, nK (I=1/2) coupled-channel scattering

K, K,*(1430), ...

K,*(1430), ...

15



nK, nK (I=1/2) coupled-channel scattering

K, K,*(1430), ...

K,*(1430), ...

Jo Dudek, Robert Edwards, David Wilson, CT [arXiv:1406.4158]
single-meson  ~ YD ...

+ 7K ops. O(P) = ) CA(P,P1,P2) On(p1) Ok (72)
p1, P2

rmnops. OP) = > CA(P,p1,52) Or(51) Oy(2)
P1, P2

M, =391 MeV, M = 549 MeV, M, = 589 MeV; 3 volumes (L =2 -3 fm), a,~= 0.12 fm
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nK, nK (1=1/2) spectra P=1[0,0,0] A,*

=04 ..[£=0,4,..] [arXiv:1406.4158]




nK, nK (1=1/2) spectra P=1[0,0,1] A,

I =0%4,.. [£=0,1,2,3,4%..] [arXiv:1406.4158]




/2) spectra
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nK, nK (1=1/2): S-wave — only using P = [0,0,0] A,*

Neglect € > 4: only £ = 0 contributes [arXiv:1406.4158]




nK, nK (1=1/2): S-wave — only using P = [0,0,0] A,*

Up to K threshold

N.B. points assume
nK, nK decouple
(good approx.)

[arXiv:1406.4158]




K (1=1/2): P-wave near threshold  (well below nK threshold)

0.164 0.166 0.168

Relativistic Breit-Wigner; use S-wave from preuv. slide
[arXiv:1406.4158]




K (1=1/2): P-wave near threshold  (well below nK threshold)

o
x

0L mgr = (0.16530 +0.00011 + 0.00013) - a; " [1 —0.13]

gr = 5.2240.41 £ 0.09

XQ/A‘TdOf = 99_42 =0.54 .

1

0.162 0.164 0.166 0.168

Relativistic Breit-Wigner; use S-wave from preuv. slide
[arXiv:1406.4158]




K (1=1/2): P-wave near threshold  (well below nK threshold)

g, = 5.22(41)(09)
c.f. exp. = 5.52(16) :
M, = 937(1) MeV — s
c.f. exp = 892 MeV UkiEr [1 —0.13]

1
2 /A7, _ 9.24
X*/Naot = 1575 =

0.162 0.164 0.166 0.168

Relativistic Breit-Wigner; use S-wave from preuv. slide
[arXiv:1406.4158]




K, I’]K (|=1/2)Z S & P-waves (73 energy levels)

\ [5 nK

0

I T T a; Fem

0.26 0.28

. 24 2

20 —

. . 16

0.24 0.26 0.28
——F—"T T

X*/Naot = 73215 = 0.88

Up to nnK threshold, except [0,0,0] A,* up to ntnK
Assume € > 2 negligible in this region (see later) [arXiv:1406.4158]




K, I’]K (|=1/2)Z S & P-waves (73 energy levels)

30
I 5 ( P-wave

¢ = 0 parameterization

m = (0.2346 £ 0.0011 £ 0.0018) - at_l 1 0.2 -02 02 0.0 —-0.17

gric = (0.1068 = 0.0039 = 0.0047) - a; ! 1 —0.1 —0.5 —0.1 —0.1
gnic = (—0.013 £ 0,009 £ 0.006) - a; ! 1 00 05 —01
Yrkmi = 0.443 £ 0.045 % 0.051 1 —02 —01
Yok i = —0.541 %+ 0.033 £ 0.067 1

£ — 1 parameterization

m = (0.16537 + 0.00010 +0.00012) - a;* [1 —0.3 02 —03 02 0.2]
gric = 0.379 =+ 0.047 + 0.033 1 —08 09 —08 —0.8
gnic = 0.2940.38 +0.07 1 -08 09 09

Yok = (7.84£29+33) . a 1 —09 —0.9
VeKomi = (31 412+ 14) - a2 1 09
oKk = (33£20+11) - a2 1

X*/Naot = 73215 = 0.88

Up to nnK threshold, except [0,0,0] A,* up to ntnK
Assume € > 2 negligible in this region (see later) [arXiv:1406.4158]




nK, nK (I1=1/2): D-wave

Only irreps where J =2
is lowest 2 24 levels

Assume € > 3 negligible

Up to K threshold;
neglect coupling to mnK

Points assume 7K, nK
decouple (good approx)
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[arXiv:1406.4158]
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nK, nK (I1=1/2): D-wave

Only irreps where J =2
is lowest 2 24 levels

Assume € > 3 negligible

Up to K threshold;
neglect coupling to mnK

Points assume 7K, nK
decouple (good approx)

m = (0.2758 4 0.0010 + 0.0003) - a; !
gric = (1.080 % 0.080 & 0.057) - a;
gnx = (0.19 £ 0.63 £+ 0.40) - a;
Yok, ik = (11 £15+£10) - af
Yok, ni = (53 £ 104 £ 95) - af
Yoic.qic = (—63 £ 30 £24) - af

XQ;/ j\"rdof = 2243_.65 =1.31.

[arXiv:1406.4158]
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nK, nK (1=1/2): t-matrix poles

m = Re /sg / MeV

=

[aB]

=

—~
&

2 Im

r

[arXiv:1406.4158]




nK, nK (1=1/2): t-matrix poles

m = Re /sg / MeV

Narrow resonance
c.f. K,7(1430)
(exp. B.R. to mntK ~ 50%)

=
[aB]
i
=
—~
|§
@w
—
=
—_
o™

r

Broad resonance
c.f. KO*(143O)

[arXiv:1406.4158]




nK, nK (1=1/2): t-matrix poles

m = Re /sg / MeV

Bound state just below Narrow resonance
threshold c.f. K’(892) B c.fK,"(1430)

(exp. B.R. to mntK ~ 50%)

=
[aB]
H
=,
—~
|§
@w
—
=
—_
o™

I =

Broad resonance
c.f. KO*(143O)

[arXiv:1406.4158]




nK, nK (1=1/2): t-matrix poles

m = Re +/s¢ /I\I(‘\"T
1400 Vso

Bound state just below

threshold c.f. K*(892) Narrow resonance

c.f. K,7(1430)
(exp. B.R. to mntK ~ 50%)

Virtual bound state
(pole below threshold
on unphysical sheet)

I'=2Im+/sg /MeV

Broad resonance
c.f. KO*(143O)

c.f. unitarised ypt
[Nebreda & Pelaez,
PR D81, 034035 (2010)]

[arXiv:1406.4158]
PAS)



Summary and outlook

Summary
* Map out energy dependence of scattering in detail
* i1t I=1: p resonance (also ntxt I=2 in S and D-wave)
* tK, nK I=1 = first coupled-channel scattering from LQCD

— broad & narrow resonances, bound state, v.b.s.
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Summary and outlook

Summary
 Map out energy dependence of scattering in detail
* i1t I=1: p resonance (also ntxt I=2 in S and D-wave)
* tK, nK I=1 = first coupled-channel scattering from LQCD
— broad & narrow resonances, bound state, v.b.s.

i E:m o8 N
910 920 930 940 950 960 ,Mev O7F \*/Nuo = 131

Outlook
* Many other interesting cases to consider using methodology

e >2 hadrons is challenge. Lighter 1 = lower 3-hadron thresh.
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