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but 1t 1s not that simple...
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hadrons...

*mesons

“baryons




how to QCD?

“ there are many methods to study QCD:  + lattice QCD:

+ effective field theories Mg, O
# Chiral Perturbation Theory * QFT
# quark models + systematically improvable

* AdS/QCD duality




KX QFT

+ UV regulated (a)
+ IR regulated (L)
+ quark fields (g(x))

o2 gauge fields (

)

lattice QCD

q(x)
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lattice QCD so far

0

o5 — ¥ coarse

¢ fine

00 -

7D =

100 -
* B=72

__ 125
+ bbud

<
~
1
Ebinding [MGV]

150
* tetraquark

175 =

200 ! | | |
0.00 0.05 0.10 0.15 0.20 0.25

m? [GeV?]

LL et al. 2019



PR (g?)

PR (¢?)

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

3.0

2.5

2.0

1.5

1.0

0.5

0.0

attice ()CD so far

TAIGIZOIZ]I- | I I I
fo average
f+ average
f+ HPQCD 14

f+ RBC/UKQCD 15
F+ FNAL/MILC 19

fo HPQCD 14

fo RBC/UKQCD 15
fo FNAL/MILC 19

H..|..ﬁ'.|...||....|.||.|.'_.’."H_'I-.Q4..

& 8.0
| | | | | | | | | | | | , 7.0
0 5 10 15 20
9 2 6.0
q° [GeV~©]
// 5-0
%
tT< 4.0
-
FIAG2021 - a0
fo average 20
f+ average
f+ HPQCD 13 = 10
f+ FNAL/MILC 16 o -
fo HPQCD 13 8-
fo FNAL/MILC 16 o 0.0

_IIII|IIIH|IIII|IIII|IIllll-l_-'ll_

o
o1

N
o

&
=
Q
T
4]
—

ﬁGllezll | T T T T T T T T T T T T T T T T—]

- fo average ]

- f+ average .

- £+ HPQCD 06 = ¢

- f+ FNAL/MILC 15 e -]

" f+ RBC/UKQCD 15 4 ]

- fo FNAL/MILC 15 o i

- fo RBC/UKQCD 15 & ]

- ot .

- n X s

B x ]

L & X |

[ I i i | I I I I | I I I I | I I I I | I I I | L]

0 5 10 15 20 25

¢* [GeV?]
&
=
~
/]\
4]
S—
and so much more....
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but most hadrons are resonances
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how do we study resonances?

unitary! A analytic!
1 = SST. S = (out|S|in) (poles and residues)
S=1 +121 T i
coto —1

Re(E)



and resonances on the lattce?

infinite volume: finite volume:
e J(3) symmetry e ), symmetry
einfinite irreps (J*) ¢ 10 irreps A

many-to-one mapping




spectrum 1n a finite volume

e QCD
* flavor quantum numbers
e irreducible representation




and resonances on the lattuce?

det [F~\(E) + T(E)] ‘ )
E=E,
resonant Ep | ==m=ns
_______ additional
- E level
no interaction —
_\s\\ Vs

repulsive



and resonances on the latuce

det [F~\(E)+T(E)] ‘E_E = 0

i ) [-2

ik
F () = 5 /5  + l -
e () 87rE[ e %:4 47(21' + 1) yLK+! \ L

Clebsch-Gordan coefficients the Liischer Zeta function

Bricefio et al. 2017 (but really a whole bunch of people)



and resonances on the latuce

det [F~(E)+T(E)| ‘
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the p(7'70) resonance
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the A(1232) resonance
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the K (700) and K*(892) resonances

Tl_1 — Kl_1 — O(s — 5;,,) 0;;

= K*(892):
* Breit-Wigner

]

B Kg( (700) =
+ 4 different K
parameterizations
+ 2 with Adler zero
+ 2 without

L~36,42fm
a~0.11,0.088 fm

LL et al. 2020
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the K (700) and K*(892) resonances
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how do we study transitions?
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fixes threshold behavior mismatch!

unitarity!

H(q*, E) =



transitions on the lattice?

‘ |j| — [E )~ AR, | op(E =




transitions on the lattice?

(n,E,|J,(q)|E’)
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transitions on the lattice?
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proof of concept
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prool of concept: ny — nix
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what about more complicated systems?
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what about more complicated systems?
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what about more complicated systems?

1.6- Q* = —2.4m7
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what is in the pipeline?
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R 7(6b)
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summary

bbiid tetraquark
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rrr scattering and the p(770)

K7 scattering and the KJ(700)
and K*(892)

Nr scattering and the A(1232)
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transitions 7y — 7w, toys
heavy meson transitions s 0T

chiral, continuum
extrapolations
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