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hadron spectroscopy 2/25

spectroscopy from first-principles is a hard problem
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many puzzles - new and old
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models can be useful, but what does QCD say?



lattice QCD 3/25

provides a rigorous approach to hadron spectroscopy

- as rigorous as possible

- all necessary QCD diagrams are computed

- excited states appear as unstable resonances in a scattering amplitude
- minimal inputs (quark masses)

tremendous progress in recent years

but not yet ready for precision comparisons
physical pions are very light

most interesting states can decay to many pions
control of light-quark mass is a useful tool

small effects not considered in general:

finite lattice spacing, isospin breaking, EM interactions

goal: what does QCD say about the excited hadron spectrum?
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simple hadrons in experiment
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resonances in a finite volume
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resonances in a finite volume 8/25
m. = 239 MeV
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poles
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Coupled-channel resonances 11/25
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Isoscalar twt scattering
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m. = 391 MeV
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Isoscalar it scattering 13/25

my = 391 MeV
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local gg & 2-hadron operators
conservatively 57 energy levels
dominated by S-wave interactions
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extracting the scattering amplitude 15/25

det[1 +ip(E) - t(E) - (1 +iM(E,L))] = 0

LUscher et al

£ — Tm — T mr — KK
“\ KK 5 KK — KK

determinant condition:

- several unknowns at each value of energy

- energy levels typically do not coincide

- underconstrained problem for a single energy

one solution: use energy dependent parameterizations
- Constrained problem when #(energy levels) > #(parameters)
- Essential amplitudes respect unitarity of the S-matrix
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e neglects left-hand cut



given some scattering amplitude 16/25
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example S-wave spectrum fit 17/25
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S-wave amplitudes 18/25
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scattering amplitude poles
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light scalars
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scattering with spinning particles

stable vector w scattering
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A.J. Woss et al, PRD103 (2021) 5, 054502 arXiv:2009.10034

- first computation of the decays of an exotic hybrid
- talk today: J. Dudek 14.00 papblta|” my, = 700 MeV
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G. Cheung et al, JHEP 02 (2021) 100 arXiv: 2008.06432 - talk C. Thomas today 15.50
L. Gayer, N. Lang et al, arXiv:2102.04973 - talk N. Lang today 16.10

_4DK

sk
BDSO

ﬁjDW

P2t m = Rey/so/MeV
10 2100 2200 2300
my,=239 MeV m,=391 MeV
Dﬂ-‘thr. Dw‘thr.
0 It
08 | T, =391 MeV
>
5}
=
~
06 @ 200 F
E
(o]
04t 400
L”‘ My = 239 MeV
021 600 |
0 my; = 239 1\/IIeV My = 391 MeV |
34 foi =] e o
" H ”Mﬁ fo : ety
L 1 ” |O||O||O| 1 @‘ 1 '_°_| °
2100 2200 2300 2400 0 500 1000 1500 2000 2500
Ecnm/MeV lc|/MeV
2400 DK
*
o DsO
% 2300 -
=
. . * . * S T
suggestive of a much lighter Dy compared with the Dqg @
O
2200 *
a Q D,
I
S
—~IDm
2100
|
239

391 my/MeV



Summary & outlook 25/25

Lattice QCD provides a first-principles tool
to do hadron spectroscopy

These methods are widely applicable

- coupled-channel scattering

- baryons

- charm quarks, beauty quarks

- form factors, radiative transitions (incl. resonances)

Control of 3+ body effects needed for
- lighter pion masses
- higher resonances
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lattice QCD 27/25
3000 - +
[ ] = [
- gm ] -
ol = T owm a m —
2500 _ = 4=~ 4=F i I L — - 1 : .
g = = o oy = - e
I | [ 1] __ — 2 o
| . (] B — = grr AT ge- - ot
o
2000 t . — g J— B - s
i [ — o — 37~ o 1_+
- H — 277 2~ +
1500 + " - T S +
1t— o++
1—|——|—
1000 [ pf me O 1 My = 392 MeV
W i
P 243 x 128
1 (s
P isoscalar
00 -_77— I isovector |
O_+ |\ J

J. Dudek et al, Phys.Rev.D 88 (2013) 9, 094505, arXiv:1309.2608
for a recent example with b-quarks see also S. Ryan and DW, JHEP 02 (2021) 214, arXiv: 2008.02656
- talk on Weds 14th @ 13.30




28/25

A. J. Woss, et al, PRD100 (2019) 5, 054506, arXiv: 1904.04136
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S-wave amplitude variation

20 amplitudes
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Scalar f0 poles

Near a t-matrix pole
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Scalar fO resonance poles
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Tensor resonance poles

Near a t-matrix pole
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Tensor resonance poles
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Just for fun...
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The lightest tensors of QCD at m=391

MeV

K K3
az a2 CiCj
tij ~
So— S
I'r
K3 K3 V80 =mp — 27
VSo/MeV mpr = Rey/sg
1450 1500 1550 1650
HoH
as fb
% 2
m
—~ “\‘ +
| K
50 L

-100

fzc’%

pins It |-
0.8
0.6
0.4

0.2 |

d

§/°

180

150
120
90

30 -

71— KK

0.28 atEcm

™
52

aa

180 -

150

120

90 |-

60

30 |

230 -




Tensor f2 resonance poles

Near a t-matrix pole
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Tensor f2 resonance poles
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a0 resonance poles
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amplitudes
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resonance poles

scattering-amplitude poles & spectroscopic content
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