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J~) mesons in the PDG

isovectors

_ Mass m = 1720 + 20 MeV [A]
1 P(1700) Full width I = 250 + 100 MeV
. Mass m = 1688.8 + 2.1 MeV
3 m(lﬁw Full width I = 161 + 10 MeV

— Mass m = 1465 + 25 MeV [
1 P(1450) Full width I = 400 + 60 MeV [/l

1~ 770 Mass (Breit-Wigner) = 775.26 + 0.23 MeV
p( ) Full width (Breit-Wigner) = 149.1 &+ 0.8 MeV

strange mesons

-
3- s
-
[ r(a680) | ez

1-
1-

_ * K*(892)° mass m = 895.55 + 0.20 MeV
1 K (892) K*(892)0 full width I = 47.3 + 0.5 MeV

WILLIAM éép MARY J__ meson resonances I i QC D ‘J&Teh%f—n;ilﬂd’fgrsgnr)aﬁlo;aalAe:elerator Facility



J~) mesons in the PDG 3

isoscalars

— Mass m = 1854 + 7 MeV
3 ¢3(1850) Full width I = 8728 Mev
_ Mass m = 1667 + 4 MeV _ Mass m = 1680 + 20 MeV [/
3 W3(1670) Full width I = 168 + 10 MeV 1 ¢(1680) Full width I = 150 + 50 MeV [#]

- k Mass m = 1670 + 30 MeV [/

1 W(IGSO) [K] Full width I = 315 + 35 MeV [l
— [ Mass m = 1410 + 60 MeV [#]

1 w(1420) Ul Full width [ = 290 + 190 MeV [#l

— Mass m = 1019.461 + 0.016 MeV
1 ¢(1020) Full width T = 4.249 4+ 0.013 MeV

- Mass m = 782.66 + 0.13 MeV
1 w(782) Full width ' = 8.68 + 0.13 MeV
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phenomenology 4

qq quark model picture is simple

ey T
I°D; cE— 5 1°D,
2
23S, EE— 2 3
1°S, SE—
-

WILLIAM & MARY JefferSon Lab



phenomenology 5

1°D, o

p(1700

2°S,

1°5,

p(770)

1~ states could be 23S, 1°D,
admixtures in this model

iIsovectors

-| P3(1590)

3--

strange mesons

K>(1820) (]
| Kx(1770) lff1_|
— BN | K3(1780)
13D1 o | K*(1680) 13D2 1"D;
23S, W | K*(1410) 2- 3~

1S, —

|-
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phenomenology

ideal flavor mixing
w ~ uil + dd

O ~ s§

w, ¢ names typically assigned assuming OZI rule holds

OZI rule (generalized)

“connected diagrams favored over disconnected”
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phenomenology 7

w, ¢ names typically assigned assuming OZIl rule holds ideal flavor mixing
w ~ uil + dd

O ~ s§

OZI rule (generalized)

“connected diagrams favored over disconnected”
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phenomenology

ideal flavor mixing
w ~ uil + dd

O ~ s§

w, ¢ names typically assigned assuming OZI rule holds

OZI rule (generalized)
“connected diagrams favored over disconnected”

)
‘/ i 3 x S u _
H~—_ _—1 i > < il 5 —\<ﬁ v ¢->KK
S S S
—
’ 4 §> < ; X
§~~—__ _—35 u
U S ) <b_l
> < § x §> ?Z x ¢ — nrn
<
essentially empirical u
famous strong evidence: I'(¢(1020) — KK) > I'(¢(1020) — zrn)
M,770) = Migy(782)
but doesn’t work at all for pseudoscalars  # ~ uii + dd — 2s5 maybe axials not

ideally mixed either

n' ~ uii + dd + s3
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phenomenology 9

we shouldn’t assume ‘strangeonium’ is
how QCD chooses to manifest isoscalar

mesons in all J¥, and at all energies

it might, but we should establish it ...
(this talk is not going to achieve this)
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experimental evidence 10

L RON)

ete” annihilation 17~ only, absolute normalization (cross-section)
n, K,y
bl : all partial-waves, e.g. LASS (1980s)
periphera ' have to be separated -
production Krn"n
V4 p,n, A A... K—p N K_ﬂ p
K7tz n
K wp

" : Dalitz plot analysis
eavy flavor Jy,B... : e.g. LHCb

decays model multiple pairs
y ~_

simultaneously B — JIyK¢
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experimental evidence 11

but even the ‘simple’ cases prove to be tricky:

31 L ete” = no

o ks

1400 1500 1600 1700 1800 1900 2000 2100

published analyses of these data have in principle expect four resonances could
no resonances in common ! contribute to each of these final states

WILLIAM & MARY JefferfonLab



experimental evidence 12

and it's not clear resonance identifications
are really consistent, e.g.

w(1420) WIDTH
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT
290+190 OUR ESTIMATE
4404125 267 LACHASOV 208 SND ete™ — wn— naly
104+ 35+ 10 824 2 AKHMETSHIN 174 CMD3 1.4-2.0 ete™ — wn
880+170 13.1k 3 AULCHENKO 15A SND 1.05-1.80 et e™ —
Tt
4804180 4 ACHASOV 10D SND 1.075-2.0 et e~ — 70«
130+ 504100 AUBERT 07AU BABR 106 et e™ — wrtn~
450+ 70+ 70 AUBERT,B 04N BABR 10.6 et e~ — nta— a0y
w(1650) WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT
315+ 35 OUR ESTIMATE
110+ 16 267 LACHASOV ~ 208 SND eTe™ = wn— naly
194+ 87T 1? 183k 2 ABLIKIM 19AQBES  J/op - KT K= 70
95+ 11 ACHASOV 19 SND ete™ = nta— a0y
113+ 9+ 10 824 3 AKHMETSHIN17A CMD3 1.4-20ete™ — wn
110+ 20 898  4ACHASOV 168 SND 1.342.00ete™ — wn
310+ 30 13.1k 2 AULCHENKO 15A SND 1.05-1.80 eTe™ —

Tt
222+ 25+ 20 AUBERT 07AU BABR 106 et e~ —» wrtn vy
114+ 14 13 AUBERT 06D BABR 10.6 et e~ — wny
2304+ 30+ 20 AUBERT,B 04N BABR 106 eTe™ — nta 0y
200T700+130 12M  OACHASOV 03D RVUE 0.44-2.00 ete™ —

T oo
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first principles QCD ? 13

lattice QCD
... using the physical light quark mass very challenging here

begin with a simpler case, still QCD but take m,, ; — m,

ensures an exact SU(3) flavor symmetry — mesons in either octet (8) or singlet (1) representations

p, wg, K* @
lightest pseudoscalar becomes heavy, m(y®) ~ 700MeV | . n°n°n®
2000 | <eeene-- %0’ _—
and only meson-meson decays kinematically accessible
to the resonances of interest -
3!
"""" 73w’
1500 [~
________ ¥y
1000 [~ —o®
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singlet 17,27, 37 14
: . 2|42
singlet case computed in 2021 Pt .
1+
just elastic 73%@? scattering
08 |
0.6
04
27 |pp
02F
0 “Or T T I ——
1700 1800 1900 2000 2100  Eem
1700 1800 1900 2000 2100
—On | | 1 :} | = I my
-50 | (@)p
PHYSICAL REVIEW D 103, 074502 (2021) + totally HOH-SUI’pI’iSiﬂg
-100 - 1 ‘two-pole’ situation in 1~
Excited J~ - meson resonances at the SU(3) flavor point from lattice QCD (a)l :
Christopher T. Johnson®,” and Jozef J. Dudek®' _1 50 [
(for the Hadron Spectrum Collaboration) +
-200 |-
I_‘R
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octet 17,27, 3™ 15

octet case is new, presenting here for the first time .
coupled-channel %%, %08, n%w! scattering | ... n°n°n®
2000 —  coeneee- oS0  _—
Bl T
"""" n8w®
1500 =
________ nSn8
1000 [~ — o®
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octet 17,27, 3™ 16

[ ]
octet case is new, presenting here for the first time :
. 8 8 8
coupled-channel %%, %08, n%w! scattering | ... nenn
2000 [~ -------- DAoL —
________ 73!
- T It 8 8
computed in five lattice volumes, n-w
hundreds of energy levels constraining 1500
the scattering amplitudes s 3
"""" nn
046 | i
044 044 | N\
0.44 \\ \\l( N \\i . AN
042 042 \ ;\\ ~~\§j\;~\\\;\\‘\;iﬁf\}§ 1000 — - a)s
042 F—1 \ BN A S h
bogo oo J
040 040 | o
0.40 \ . [ { §\\\§\ 7
038 0% 038 \\ [ }
— 036 0% \
036 ‘\\ g 1
- 03] S ol s
034 \ ’ ' S P N ;
03 - 032F 1 032 a {}
0.30 0.30 - o 0.30
1I4 1I6 1I8 2IO 2I4 1I4 1I6 IIS 20 2I4 1I4 1I6 1I8 2IO 2I4
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octet 17,27, 3™ 17

octet case is new, presenting here for the first time :
. 8 8 8
coupled-channel %%, %08, n%w! scattering | ... nenn
2000 [~ -----e-- 0Pw® _—
________ Bl T
Sw®
1500 =
________ n8n8
1000 [~ — o®
n very similar masses for octet and singlet vector mesons
"""" S 8 makes separation of these channels challenging in finite volume

finite-volume approach works via energy shifts

1500
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octet 3~ 18

plt]
| C.C-
L]
8 8 8 8 IU(S SR) -
gk n*n® = n®n SRS
— l
0.6 e
B 8 8 8 8
04 n'n" —>nw 1700 1800 1900 2000 2100 My
0 T T T T T
02 r
10 F
7308 — nde!
0 “eb .

1700 1800 1900 2000 2100 Eem

20 F .
] 1968(6) — i23(4)
0.2 8 8 8 8 2
7] (0))] —>7] [0))]
0.1 30
0 @ | |
1700 1800 1900 2000 2100 40 |
I'g
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octet 3~ P e n0® 1 o'} 19

pltl
Lr 1700 1800 1900 2000 2100 mg
0 T T T T T
0s n°n® = n®n®
-10
0.6
20 i
04l S — 8o 1968(6) — = 23(4)
-30
02
7378 = ndw! wl
0 “ed :
1700 1800 1900 2000 2100 Ecm |
0.2 n8w8 — n8w8
0.1
8 1
o L 1 1 oY)
1700 1800 1900 2000 2100 ()|
300 200
250 - 150 [4047)
bt ™
T P
200 }
parameterization variation + i =
50 | I \t{:
150 - —
0 . *.T;ﬂ«w. Co)
0 50 100 150 200

[ c®)|
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octet 2~

P, Pl |, ne® |, o’} 20

0 —=9p T T i T
1700 1800 1900 2000 2100
03 F
02 r
0.1
0 T i T
1700 1800 1900 2000 2100
02+ FF
0.1 F /
0 —=9p | i T
1700 1800 1900 2000 2100

WILLIAM & MARY

1700 1800 1900 2000 2100
0 T T T T T mR
220 +
40 + +
l
% 1966(6) — +51(7)
-60
-80
lﬂR
| cp(7Ph) | |cpnol) |
T T T T T T T T T T
500 P—Wave 500 F—wave s
400 400 .
300 ’ 300 23361 I ]
i
200 | 200 =T s
100 F — 100 .
0 . . . 86(51) 0 233(61) . .
0 100 200 300 400 500 0 100 200 300 400 500
| Cp(”lsws) | | CF(WSG)S) |

J f;?son Lab
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octet 1~

{1*n®1p. n*0® . nP0? |, ) 21

1700
1_

1800

1900

2000

2100

1700

1800

1900

2000

2100

;78’,’8 N 1/]80)8
n®n® — n®n®

,78;,]8 N ;,[80)1

1900

2000 2100

-20

-60 -

-80

-100

-120 | (0)18):

-140

| cn®n®),| = 233(19)

(Pl

587(28)
600

400

200

e,

0 200 400

[ c®)|
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Hy
587(28)

(@P)F

1957(8) — = 35(8)

1786(8) — 587(11)

| c(n®n®),| = 270(33)

|c(no?)|
8\ x
(@7)y
600
400
200 LT
177(51)|
0 | 1
200 400 600 s 8
|lc(®w®)|

J f;?son Lab

OTfiomas Jefferson National Accelerator Facility



SU(3) flavor point resonance spectrum in QCD 22

2100 |—
8 1
8,8 _ R — ey T(r®n®) = 18(2)
F(‘; g;g’@:ézg? M —_ FoPob) = 11¢4)
1900 —
L(®n®) = 193)
FoPo®h =62060 T
1700 — -
1500 |— this should be a solid prediction for the
spectrum in a version of QCD with m, = m; = m, ~ mP™*

up to probably modest discretization effects

or blunders

WILLIAM @ MARY ]__ meson resonances in QCD ‘;efjnétfesrsgnr)aﬁlo;aalAgelerator Facility



crude (?) extrapolation scheme 23

decompose SU(3) into (1,1, S) states

e,g,|8(]= O’Iz =0, = ()) — ﬁ <K+K*— +K_I?*+ _ KOg*0 _KOK*O)_% ( +p_ +7T_,0+ _ ﬂopo _ ’780)8)

assume ideally mixed w, ¢
assume n =g

assume couplings are constant with changing light quark mass |
apart from angular-momentum barrier:

use the PDG masses to set the kinematics

construct partial widths via I' = % lc|?

everything shown after this point is a MODEL,
not a direct result of a QCD calculation

WILLIAM @ MARY J__ meson resonances in QCD ‘g'%f—né:fesrs?nr)aﬁl;lgAgelerator Facility



extrapolation to physical kaons

2000

K=(1680) - kx(1780)

1500

K*(1410)

1000

K*(892)

500

WILLIAM & MARY

incomplete list
of thresholds

________ K*p
____________ K¢
------ Kz
Kp ====z=z=3==" Ka)
Knaceann-n
K*m -eeen---
Km--=------

.......

24
________ nsnsns
""""" MO
________ ol T
‘ 3w®
________ n¥n8
— 8

Jefg?son Lab

OTfiomas Jefferson National Accelerator Facility



extrapolated K™ resonances 25

I'(Kz) ~ 30 I'(Kn) ~ 13
I'Kp) ~9 T'(K*7n) ~ 14 T'(K*n) ~0 I'(Kw) ~3 I'(Kg) ~ 1

.~ 70 * Mass m = 1779 + 8 MeV
Z it 3(1780) Full width I = 161 + 17 MeV

|"%,(1780)"| T(Kp) ~ 55 T(K*m) ~ 74 T(K*n) ~3 T(Kw)~ 17 T(Kp) ~9

K3(1780) ‘

Ziri ~ 157 K2(1820) [ff] Mass m = 1819 + 12 MeV

Full width I 264 + 34 MeV

i

Mass m 1773 + 8 MeV
Full width I 186 + 14 MeV

| k(1770) 17

|k*(1410) | T(Km) ~ 19 T(Kn) ~ 9
['(Kp) ~41 T'(K*7n) ~95 TI'(K*n) ~0 I'(Kw) ~ 12

3 1~ 176 K*(1410) | M s i,

| k#(1680) | T(Kn) ~24 T(Ky) ~ 16
I'Kp) ~5 T'(K*z) ~7 TI'(K¥n) ~0 I'(Kw) ~2 TI'(K¢)~1

ZFiN56 * Mass m = 1718 + 18 MeV
; K (1680) ass m = e
Full width T = 322 + 110 MeV

WILLIAM & MARY J~~ meson resonances in QCD .th’ir"_nf/?son Lab

omas Jefferson National Accelerator Facility




extrapolation to physical isoscalars 26

incomplete list 8 8 8
-------- nnn
2000 S - w38 e
1650 e
$(1680) o ) _ ______!?*Kﬁf ................ .
KfK-oeoemeee 000000 78!
-] Hp=n e memme T 88
- V0
1500 |- -
— K*K .
blﬂ' S mREREER PRt 778}78
w(1420)
KKr--eue---
020) 1000 |- KK -======- 7 — o
TP =======-
(782) AARRT == =====~
500
TRTC =mmmmmm
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extrapolation to physical isoscalars 27

in this case states are superpositions of octet and singlet

SU(3) point calculation can't tell us the mixing angle — leave as a free parameter
|w™) = cos 0| wg) — sin 0| w,)

| ™) = sin O] wg) + cos | w,)

ideal flavor 8 = — 54.74°,
2

1 .
cosf = T sinf@ = — :

WILLIAM & MARY JefferfonLab



extrapolation to physical isoscalars — w;(1670), ¢,;(1850) 28

ideal flavor mixing: zz

[(@* — KK) ~ 6 ['(¢* — KK) ~ 29 [kK) D g*
[(w* — 7p) ~ 61 T(¢p* - mp) ~ 0 *

[N(w* - KK*) ~2 ['(¢* - KK*) ~ 20

[Nw* = nw) ~ 1 ['(¢p* - nw) ~0

[(@* — n¢) ~ 0 L™ — ngp) ~ 3

Y T,~170 Z,-FiNSl

Mass m = 1667 + 4 MeV Mass m = 1854 + 7 MeV
. . + 28
Full width I = 168 + 10 MeV Full width ' = 87 753 MeV

-80 -60 -40 -20 i
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extrapolation to physical isoscalars — "w,(1670), ¢,(1850)" 29

300 ¢ ¢*
ideal flavor mixing: =
200 -
o) =
Nw* = 7p) ~237,110 T(¢p* — np) ~ 6,6 = T x> 0"
Mw* —» KK*) ~ 38,2 [(¢* — KK*) ~ 102,35 o o0 0 20 0
[Nw* — nw) ~ 12,2 ['(¢p* = nw) ~ 0,0

[(w* — ng) ~ 0 [(¢™ — ne) ~ 28,6

> T~ 401 2. Li~184

I likely to be very broad !

T p(KK)

-80 -60 -40 -20 0
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extrapolation to physical isoscalars — w(1420), ¢(1680) 30

ideal flavor mixing: 20
_— r *
_ _ >0 )
[(w* — KK) ~ 7 [(p* — KK) ~ 25 I'(kk) "
T(@* = 7p) ~ 468 T(p* — 7p) ~ 10 T~ ¢
— _ -80 -60 -40 -20 : 9
[Nw* - KK*) ~2 ['(¢p* - KK*) ~ 191
[o* = nw) ~ 6 ['(¢* = nw) ~ 0
o™ = ng) ~ 0 (™ = nep) ~ 37 I'(zp)

Y T~ 482 2, Li~263

Mass m — 1410 + 60 MeV [#] Mass m = 1680 + 20 MeV [/}
Full width I = 290 + 190 MeV [*! Full width [ = 150 + 50 MeV [/

F(ne) 2
~

-80 -60 -40 -20
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extrapolation to physical isoscalars — w(1650), “¢(1850)"

ideal flavor mixing:

[(w* = KK) ~ 11
[(w* — 7p) ~ 28
[(w* — KK*) ~ 3
[Nw* = nw) ~ 1
(@™ — n¢) ~0

I'(KK)
[(¢p* — KK) ~ 28

['(¢p* = ap) ~0 80
[(p* — KK*) ~ 12
['(¢* = nw) ~ 0

40
30
20"
10
40

30

D) T, ~43

w(1650) [«

Mass m = 1670 + 30 MeV [#]
Full width I = 315 + 35 MeV (A

2.0

0 60 -40 -20
0 60 40 20

e

-80 -60

WILLIAM & MARY Jeffer

‘erson National Accelerator Facility

I
e, (7p)
Z I, ~44 _8 | | _ 200
_ kR
[(KK*) |
. - _40 -20 0
I'(nw)
80
60; ;
— 6}
. Ford) f\
om0 —— |
— -80 —60. _‘B_t _20 B 0 -
son Lab



conclusions 32

not sure | have any yet ... but | can summarize some observations :

SU(3) point calculation doesn't indicate any large deviations from OZ| expectations

27" isoscalars likely to be very broad (even before 2¥0~ decays are considered)

the lighter 17 state has large 071~ decay branches — can lead to a large total width

the heavier 17 state has modest 0707, 071~ decay branches
— if the PDG widths are right, there would need to be modes not considered here

WILLIAM @ MARY ]__ meson resonances in QCD ‘g'eﬂr—jnétfesrsgnr)aﬁlo;lgA?celerator Facility



possible next steps for these states in lattice calcs ... 33

depart from SU(3) symmetry point, by reducingm, ;:
— establish pattern of octet, singlet mixing
— investigate reasonableness of extrapolation scheme

compute amplitudes closer to those experimentally measured :

—in 177 case can compute (0| py*y | MM) to get A(eTe™ - MM)

— can calculate contributions to photoproduction treating exchange meson as stable and on-shell

/ M

previously done foryz — zx, yK — 7K
M

M PHYSICAL REVIEW D 93, 114508 (2016)
exch nir — ny* amplitude and the resonant p — zy* transition from lattice QCD

Rail A. Briceﬁo,l’z’* Jozef J. Dudek,l’2 Robert G. Edwards,l Christian J. Shultz,2
Christopher E. Thomas,” and David J. Wilson®
(Hadron Spectrum Collaboration)

PHYSICAL REVIEW D 106, 114513 (2022)

Radiative decay of the resonant K* and the
YK — Kz amplitude from lattice QCD

Archana Radhakrishnan ,1’2’* Jozef J. Dudek ,1’” and Robert G. Edwards®%*

(for the Hadron Spectrum Collaboration)
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34
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coupling extrapolation 35

This approach is motivated by observations made in
lattice calculations of the decays of b; = wz dominantly in
S-wave [68], p to zz in P-wave [46], K* to Kz in P-wave
[93] and f5, f decays to zz and KK in D-wave [66], which

appear to show quark-mass independence when treated this

way. For example in the b case, the coupling computed in m = Rey/so/MeV K*
[68] at m, ~391 MeV is |c| = 564(114) MeV, in good 50 200 o
agreement with the coupling |c[P™s = 556(17) MeV ol o o) — 160 eV
extracted from the experimental b; decay width. In the V55 = (909(4) — £13(2)) MeV

20
& Vo = (902(2) — £23(2)) MeV

P-wave p decay, an explicit factor of k is required for the
scaling to work, as presented in Ref. [46]. In addition, as
shown in Fig. 4 of Ref. [93], the K* coupling scaled in this
way is approximately constant for four different light-quark R

masses corresponding to m, = 239 to 391 MeV, even when i Y V= 803(1) - 456(2)

the K* is a shallow bound state, and is in agreement with

30 F

40 -

—I' = 2Im,/sg/MeV

-50 |

the experimentally measured coupling. Scaling the f,, f5 £ ) é
D-wave couplings computed at m, ~391 MeV in [66] < % -5 F
gives, in comparison to values extracted from the Particle 0 TR TyE— >
Data Group (PDG) review [90], my /MeV
Scaled PDG
c(fy, = nm)| 488(28) 453j2,
c¢(f, » KK)| 139(27) 132(7),
c(fy — nm)| 103(32) 33(4),
c(fy = KK)| 321(50) 389(12),

which is quite a reasonable agreement given the large
extrapolation in quark mass.”
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coupled 7z, KK scattering with m_ ~ 391 MeV 36

1| JP _ 2—|—
o 0.8 mx = 391 MeV
= 06}
<
< 04
T — T
02 KK - KK
ol L o ar— KK
800 1000 1200 1400 1600 E.., /MeV
OI | O_CI | b | m
50} LY: f
_100 L . \KK 92% 3 L uti+dd fP~ ss
T iso) fig TS J: I
-200 s T 85% couplings from pole residue
SKEK 12% ]
a’t‘cﬂ'ﬂ'l a’t|CKK‘
(atknr)? (atkkr)?
20 71(4)  4.8(9)
PHYSICAL REVIEW D 97, 054513 (2018) fé) 10( 3) 55( 8)
Isoscalar 7z, KK, scattering and the o,f,,f, mesons from QCD Zero in IOZl' ||m|t
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coupled 7z, KK scattering with m_ ~ 391 MeV 37
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Isoscalar 7z, KK, scattering and the o,f,,f, mesons from QCD

Raul A. Bricefio,"*" Jozef J. Dudek,'*" Robert G. Edwards,"* and David J. Wilson*® -0.05+

(for the Hadron Spectrum Collaboration)
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coupled-channel resonances

38

most resonances can decay into more than one final state

p(770)
e.g. A~

" 3 elastic
: 0 resonance

]
$
. L E!
0.5 0.6 0.7 0.8 0.9 10 1.1

f2(1270) f2(1525)
nr, o, KK, nn o, KK, nn
onmm — T
! §
3
{ 3

coupled-channel
resonances

WILLIAM & MARY lattice QCD and the hadron spectrum | Jun 2021 | HUGS ‘!.%f,'—,,g'qeﬁgrs?,,r)aﬁl.;aau‘?celemmrFacm-ty



coupled 7z, KK scattering with m_ ~ 391 MeV 39

1k JV =07
m,. = 391 MeV
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Isoscalar 7z, KK, g scattering and the o,f,f, mesons from QCD

Raul A. Bn’ceﬁo,l’z’* Jozef J. Dudek,l’” Robert G. Edwards,l’i and David J. Wilson**

(for the Hadron Spectrum Collaboration)
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my,=mg=ms SU(3)r point 40

several stable mesons:

atE
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N
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0.20 |- 1 m— )
O 15 | 7]8 "‘700 MeV
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muy=mg=ms SU(3)r point

increase the light quark mass to the strange quark mass ...

(incomplete) lattice spectrum calculation

3000 |- ; ; ;
! Do :'-:‘: ! !
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2500_-'5=. | | 5 | | o
e e ol
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WILLIAM & MARY

decays of an exotic 1 hybrid | 13 Jun 2022 | JLab UGM 2022

PRD 88 094505 (2013)
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K* resonances (in LASS)

42

* Mass m = 1779 + 8 MeV
3(1780) Full width ' = 161 4+ 17 MeV

Knr

{
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0.6 [ ] © 400 |-
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) o 0
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0 | | i 8
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O
x ¢
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K* resonances (in LASS & ACCMOR)

43

27 not seen in LASS
(dominance of
pion exchange ?)

Mass m = 1819 + 12 MeV
Full width I' = 264 4+ 34 MeV

K>(1820) (]
K5(1770) (7]

Knn

ACCMOR 1981
(higher beam energy)

Mass m = 1773 + 8 MeV
Full width ' = 186 + 14 MeV

K*p - K*ntn~p

10007 T 27s0* (k**m)
800 —
600 —
400 —
200—
OzuﬁllllllllLLLlllll
140 160 180 200 2.20
1000 2750* (fK)
800 —
600:_
-
w00f—
200(—
= +4
. . (e . OLL’ll-LI—}’llllllilJJ_illl
ACCMOR data suggests significant branches into 0 160 180 200 220

K;‘w, K f, which are closed at the SU(3) flavor point

1000 27PO* (K1)

K*r
(A signal in 27 P(pK) is barely significant.)

600 {
&
Approximate branching
ratios

Mass (GeV) Width (MeV) K**n fK K*7

One resonance 1.82 ~ 200 0.6 0.16 0.24
Two resonances 1.78 ~210 0.03 0.74 0.23
1.84 ~ 230 0.77 0.18 0.05
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20

slight y? improvement here is the main

evidence for two 2~ resonances

COMPASS data to make two 2~ states firm?
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K™ resonances (in LASS) 44
K*(1680) | Masm =118 £ 18MeV  205(16)(34)in Kz, 423(18)(30) in Kzz  compatible ?

K* 1410 Mass m = 1414 + 15 MeV . ‘
( ) Full width T = 232 + 21 MeV 176(52)(22)in Kz, 240(18)(12) in Knx

Kn

|P|tot2
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'Y

-

H #H ! J’ # 4

. 1

Q
1.2 1.4 1.6

400

- MAGNITUDE

PRODUCED EVENTS/(0.020 Gevrc2)
(@]

a 200 800 | (p) - _ no 17 signal
4
£ 150 Kw
D
= 100 400 ambiguous 1~ wave
W (only in a thesis)
a
g 50 .
0
0 1.2 : ACCMOR 1981
08 1.0 1.2 14 16 1.8 (higher beam energy)
no K*(1410) in Kp ? K*p - K*ztn p
very weak contribution from K*(1410) has no 1~ waves
. K*(1680) — T(Kp)
br(K*(1410) — K1) ~ 0.07(1) ~ 0.97(10)

br(K*(1680) — Kx) ~ 0.39(3) k*(1680) — I'(K*n)
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K* resonances (in D-decays) 45

Belle Dalitz plot analysis of D’ — K~z

1410 1680
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other contributions smaller than combinatoric background
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K* resonances (in y’-decays) 46

BES Dalitz plot analysis of ' — K"Ky

. -$-data 50 N

" 50 lenbm=0'95—totalfit 4 data 50F 4 data

I sideband o __total fit (b) o [ — total fit (c)

O N
% 40 ---$(1020) S 40 Bl sideband | x2/nbin = 1.22 § 40 | M sideband x2/nbin = 1.25
= O -~ Ky*(1980) . [ © [ --K,*(1980)
0 30 g 30F ---K;*(1780) g 30 - Ks(1780)
g ....... S e S
q>> > > -
o 10 w 10 W qof
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claim of rather small K3 (1780) contributing in Ky
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@;(1670) inzp (and @,(1850)7) 48

VES np— 7z'+]z'_7z'0 n @36 GeV only ‘modern’ high statistics evidence for this state
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,, could there be a weak ¢;(1850) presentinzp ?  ¢*° - N
g a) ¢(3F1+)—p(2'D1+)
1 1.5 2myg, ]
< 100 o
2* wave fit only has a,(1320) and not any a,(1700) 2 } | |l-| H
400 so unclear what to conclude from this good fittothe 3 ¢ | Mﬂhli
300 phase difference } ” | UH”WH
200 -100 l * i*
100 5: '\N‘ no sharp feature in the phase, but the ¢; coupling ( I
A |17 could be small -200 | !
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S I

WILLIAM & MARY J~~ meson resonances in QCD Je f/Jﬁ?or,)tLa’Ab N



49

LASS Kp — KJK*n¥ A
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E852 77 p - nwn 50

Events: 1~ 1P
could thls be gb(1680) a)

in a gingle bin ?

1500}

Events/50 MeV/c 2

500
Events:2 1 P Events: 3 0O F
R B 21500 1500 |
1.4 1.6 1.8 ( S 1000 ’ 1000 | }
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m = 1649(24), T = 220(35) L‘g \ | \ { ) l . | \ 1 \
') I t 0 .
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W 1650 [k] N:, wi 16_70 - 30 MeV (4] could this be ,
R R R a (1850) 2 nothing here
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eTe” production of 17~ mesons 51

can access [ = 1,1Z =0(p)and I =0, I, = 0(w, @)

WILLIAM & MARY JefferfonLab



ete”™ = nmnn 52

in principle expect four resonances

Measurement of the ete " —>n 7 7' and ete wwn*n~ G=—-— = [=0 could contribute here

reactions in the energy interval 1350-2400 MeV

DM2 Collaboration

5- T T T T ] T T T 7T ]—I' T T lij T T T T l T T B
: ]
4 _
: ]
i ]
'_
o 8 -
£ | |
3 i 1
5 2l ]
- ]
15— —
X ++ ]
S I LR Ak A
1260 1500 1750 2000 2250 2500

Vs (MeV)
Fig. 3. eTe” — pn cross section. The solid and dotted lines refer
respectively to the fits to a single or two Breit Wigner functions

Study of ete~ — w7 process using initial state radiation with BABAR

appears to be a significant tension
+ between BaBar cross-section and DM2
above 1.5 GeV

Cross section (nb)
[«
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|
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FIG. 18: The ete™ — ntn n° cross section measured in this work (filled circles), by SND (open circles), and DM2 (open
triangles).
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ete™ - wnr

53

Measurement of the ete —>n* 7 n’and ete »wn*tn~

reactions in the energy interval 1350-2400 MeV

DM2 Collaboration

4_T]llllTTlll]l!T!IIlll—t"l'1lIll
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o w
l—r*lll1—"r|rl1ll|—]—rr

IlllllllLLLJ

1400 1600 1800 2000 2200 2400

Vs (MeV)

Fig. 6. e"e” > wn " n~ cross section. The line refers to the single
Breit Wigner fit
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Theete™ — 2w w )7, 2(m 7 )n, K" K 7t w° and K" K~ 7" 7w~ 7 cross sections

measured with initial-state radiation

g i
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'|'g i

3 |
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© I
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V]t e —— .14.1'. RCINC

1.5 2

FIG. 16. The e*e™ — wm™ 7~ cross section excluding
®f,(980) contribution (points). The curve shows the resul
the fit of the w(1420) and w(1650) resonances described in

text (Fit 3 in Table VI).
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FIG. 14 (color online). The ete™ — w#@™ 7~ cross section as
a function of c.m. energy obtained via ISR at BABAR. The direct
measurements from DM1, DM2, and CMD2 are also shown.
Only statistical errors are shown.
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150 | 1 I 1 || 1 I 1 1 T I 1 1 1 I 1 1 ||
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FIG. 5. The ete~ — 2% cross section measured in this work
(SND@VEPP-2000) in comparison with the previous mea-
surements: SND@VEPP-2M [4], and CMD-2 [5]. The solid
curve is the result of the VMD fit with two excited resonances, V’
and V”. The dashed curve represents the result of the fit with
Oy’ — Oy = 0.
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JP = 0" IS = 1~ (yz, KK) JE =171 = 17 (nw, nep)
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production amplitudes 56

can also couple to an external current, e.g. electroweak production

compute three-point functions with a current insertion
correct for the finite-volume

a recent example of the approach ...

YK — nK
020
a;Q” =0
0.15F
H .
T E’ 0.10- resonance transition form-factor K* — Ky
fr(Q?)
0.05 m, ~ 283 MeV 0.25
0 7 —— 0.20
0.140 0.150 0.160 0.170 B
1 2+ 0.15
oMl 1L
—— 0.10
0 0.170
0.05
PRD 106 114513 (2022) 000F i "
0.0 02 04 06 03 Q| Gev?
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excited J~~ meson resonances — m;~700 MeV PRD103 074502 (2021) | 57

exact SU(3) flavor symmetry  w} — n3w® 21
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unprecedented number of energy levels
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operator basis — I=0 nn, KK, nn

58

operator basis:

‘single-meson’

YTy

( & if you like,
tetraquark & ... )

[000] A+ 243

CLtE
0.24

0.22

0.20

0.18

0.16

0.14

0.12

0.10

at mr=0.069
a: mg= 0.097
ar mp=0.104

operator basis

|
s

&quwdci

KK
1

U

‘meson-meson’

Z C(p1,P2;P) M1(p1) M2(p2)

f’l)f)Q

p:

27

L

[n:va Toy, nz]

maximum momentum
guided by non-interacting
energies

\Jm?+ 3+ \/m3 + p3

solutions of the det equation
whent =0
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nn, KK scattering

m_ =391 MeV |PRD 93 094506 (2016)

59

S-wave amplitudes
pip;ltij|”
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YK — K and the K* resonance from lattice QCD

pole singularities
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T, KK, nn Scattering m, = 391 MeV PRD 97 054513 (2018) | ©0

S-wave amplitudes pole singularities

Pz‘ﬂ"tz’"Q
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coupled-channel scattering from lattice QCD 61

b, = nw, ng
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’dropping’ OpS in p — AT PRD92 094502 (2015) | 62

0,200 F — = — E
0.15 |- F
0.10 |- } )
exclude the exclude all exclude
— KK operator meson-meson all wry
mn=0.039 , _
my=0.083 -~ 3-81m
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what's happening here ? 63

focus on the lowest two states

O. 1 5 [ ( ) 180 ; = = = = o o o o oo
- : b
P = [000]
- — — - 150 ]3:[100] . 0.14
T[001) 7[00 -1] P = [110) =
L ) 120 P =[111] mu
(—) 5t
e ~ o P =[200] - 0.12
S 90 -
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0.10 | \ J ol
Ze3]
oL T e . . . 0'08'_"r"'|'"'1"'
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an avoided level crossing
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