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Heavy meson spectroscopy

Probe non-perturbative regime of QCD

Relevant degrees of freedom?




Heavy meson spectroscopy

Probe non-perturbative regime of QCD

Relevant degrees of freedom?

Exotic J/¢ (0-5, 0%, 1%, 2%, ..)
or flavour guantum numbers
— can’t just be a qq pair



Heavy meson spectroscopy

Charmonium

Wy &= PDG 2013
T Quark Model (G&l)

0" 17~ 0" 1" 1* 2*r 27— 277 3T 977




Heavy meson spectroscopy

Charmonium

7+(4430)

Y(4260)

7+(3900)

" X(3872)

@&® PDG 2013
Quark Model (G&I)

17— 277 27— 277 37

X(3872), Y(4260),

7+(4430), Z*(3900), ... 7

Also: D(2317),
light scalars, ...

Exoticl " ?



Heavy meson spectroscopy

J— Charmonium X(3872), Y(4260),

S Z+(4430) Z*(4430), Z*(3900), ... ?

— Also: D(2317),

== Y(4260) light scalars, ...

Exoticl " ?
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@&® PDG 2013
------ Quark Model (G&I)

IR I A A LA Need first-principles calculations in QCD



QCD on a lattice

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

Quarks fields

Gauge fields (gluons)



QCD on a lattice

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

Quarks fields

Gauge fields (gluons)

Path integral formulation _ _ & T
[ DyDIDU F(, B, 0)e S0

Euclideantime:t—=2 it

* Finite g and L
Numerical methods (Monte Carlo) (and reduced sym.)

* Unphysical m_



QCD on a lattice

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













Lattice setu P Hadron Spectrum Collaboration

Dynamical (unquenched) u, d and s quarks [N, = 2+1]. Relativistic c quark

Anisotropic — finer in temporal direction (a./a, = 3.5), a, = 0.12 fm

Two volumes: 163, 243 (L, = 1.9, 2.9 fm)

M_ ~ 400 MeV.
JHEP 07 (2012) 126 — Liuming Liu, Graham Moir, Mike Peardon, Sinéad Ryan, CT, Pol Vilaseca;
Jo Dudek, Robert Edwards, Balint Jod, David Richards

Only connected charm quark
contributions

JHEP 05 (2013) 021 — Graham Moir, Mike Peardon, Sinéad Ryan, CT, Liuming Liu



Lattice setu P Hadron Spectrum Collaboration

Dynamical (unquenched) u, d and s quarks [N, = 2+1]. Relativistic c quark

Anisotropic — finer in temporal direction (a./a, = 3.5), a, = 0.12 fm

Two volumes: 163, 243 (L, = 1.9, 2.9 fm)

M_ ~ 400 MeV.
JHEP 07 (2012) 126 — Liuming Liu, Graham Moir, Mike Peardon, Sinéad Ryan, CT, Pol Vilaseca;
Jo Dudek, Robert Edwards, Balint Jod, David Richards

Only connected charm quark
contributions

Large no. of ‘single-meson’ ops. of different structures
Sensitive to gluonic excitations

JHEP 05 (2013) 021 — Graham Moir, Mike Peardon, Sinéad Ryan, CT, Liuming Liu
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Charmonium 243, M_~400 MeV  JHEP 07 (2012) 126
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Charmonium 243, M_~400 MeV  JHEP 07 (2012) 126
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Large overlap with op ~ [D,, D;] ~ F;
qq in L=0, with gluonic 1*-,
scale~1.2-1.3 GeV

:
Els
=

s

c.f. light mesons (isospin =0, 1)
and baryons

17~ 27v 270 37 47t 4T QY 1ttt gttt 3t 3

JPC

Charmonium 243, M_~400 MeV  JHEP 07 (2012) 126
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qq in L=0, with gluonic 1*-,
scale~1.2-1.3 GeV

c.f. light mesons (isospin =0, 1)
and baryons

1= 27 27— 37 4+ 4 Qo+
JPC

Charmonium

1+— 1++ 2++ 3+—

243, M_= 400 MeV

3++

4++ 1—+

JHEP 07 (2012) 126
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qq in L=0, with gluonic 1*-,
scale~1.2-1.3 GeV

c.f. light mesons (isospin =0, 1)
and baryons

1= 27 27— 37 4+ 4 Qo+
JPC

Charmonium

1 +— 1-I- + 2++ 3-I-—

243, M_~ 400 MeV

3++

4+-l- 1—+ 0+— z-l-— |

JHEP 07 (2012) 126




Charmed (D/D,) mesons

Lattice (Mp~ 400 MeV) |
' Experiment

243, M_= 400 MeV JHEP 05 (2013) 021
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Lattice (Mp~ 400 MeV) “
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Charmed (D/D,) mesons

Lattice (M~ 400 MeV) “
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Charmed (D/D,) mesons — mixing

Z

My /2 (MeV)

1000

M -

4

A) = +cosH \1LJ:L> + sin ¢ \BL'J:L>
|B) = —sinb |'Lj_p) +cosb [°Ly_p)

O+

. Lattice (Mn~ 400 MeV) |
Experiment

17 (hybrid)

~ (p—p2)
60.9(0.6)
64.9(1.9)
59.9(1.7)

10]/°

~ TT9
66.4(0.4)
70.9(1.8)
67.3(0.9)

Heavy-quark limit
54.7 or 35.3
50.8 or 39.2

243, M_~ 400 MeV

JHEP 05 (2013) 021




Exotic (1*) photocoupling

Cyj(ts,t,t;) =< 0|0;(ts) P(E)vH(t) O;(t;)|0 >

n,—=Jyy
M (n.1 — J/vy) = 115(16) keV

%

Older quenched calc.
PR D79 094504 (2009)

11



Exotic (1*) photocoupling

Cii(ts,t, 1) =< 0]0;(ty) P(t)yH4(t) O;(¢;)]0 >

n,—=Jyy
M (n.1 — J/vy) = 115(16) keV

%

Older quenched calc.
PR D79 094504 (2009)

Large for an M, transition

F(J/3 — ney) ~ 2 keV

Spin-triplet hybrid?
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Charmed baryons

Padmanath et al (Had Spec
Collab) [arXiv:1307.7022]
Excited ccc baryons

Hybrid baryons (non-exotic
qguantum numbers)

163, N¢=2+1, M, ~ 400 MeV

12



Charmed baryons

Padmanath et al (Had Spec
Collab) [arXiv:1307.7022]
Excited ccc baryons

Hybrid baryons (non-exotic
qguantum numbers)

Padmanath et al (Had Spec
Collab) PRELIMINARY
Excited cc baryons

(also excited c baryons)
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Summary and outlook

Summary

 Significant progress in studying excited spectra
— exotics, gluonic excitations, degrees of freedom

e Charmonium, charmed, light (1=0,1) mesons, baryons
* Lots of experimental interest

Outlook

* Scattering — resonances, decays, ...
[PR D83 071504, D86 034031, D87 034505]

 Transitions

e Lighter pion masses, larger volumes, ..., glueballs
e Can understand puzzles in the near future?
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Resonances on the lattice

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

Infinite volume

Continuous spectrum

Infinite Volume
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Resonances on the lattice

. . , Finite Volume
Imaginary time — can’t study

dynamics (e.g. scattering) directly

Infinite volume

Continuous spectrum

Finite volume

Quantised momenta = discrete spectrum

17



Resonances on the lattice

Understanding unstable mesons —
need energies of multi-hadron states

Lischer: (elastic) energy shifts in finite vol.

- infinite vol. scattering phase shift

AFE(Ls) — 6(F, Ls)

18



Resonances on the lattice AE(Ls) — 6(E, Ls)

Understanding unstable mesons —
need energies of multi-hadron states

Lischer: (elastic) energy shifts in finite vol.
- infinite vol. scattering phase shift

€.g. Tm — p — W

" > (r/2)2
o1(E) ocsin®§;(E) = (E — ER)2 + (I'/2)2

Extract phase shift at discrete E_

Map out phase shift = resonance parameters etc
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The p resonance in tt scattering

a,=29fm
ol,=24fm

L =19fm

0 ] l ] ! I
800 850 900 950 1000 1050 F,/MeV

Mapped out in detail




The p resonance in tt scattering

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

[M_ =~ 400 MeV]

Mapped out in detail




The p resonance in tt scattering

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

[M_ =~ 400 MeV]

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

Mapped out in detail
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