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hybrid mesons 2

one hypothesis to go beyond the gq picture of mesons — add an excitation of the gluonic field qqG

— can give rise to JPC not allowed for qq
e.g. 07,177,277 ...

— constituent gluon
— bag model
— flux-tube model

long history of study within QCD-motivated models

all have exotic JP¢ mesons,
but spectra differ

a strong motivation for the GlueX experiment

but how do they decay ?

more recently studied in (incomplete) lattice QCD calculations ...
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QCD on a spacetime lattice 3
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lattice QCD is QCD under controlled approximations

discretisation choice / finite lattice spacing ~ relatively unimportant here
choice of quark mass value ~ a tool to explore QCD
finite spacetime volume ~ how we access scattering
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(incomplete) lattice QCD spectrum of mesons 4
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(incomplete) lattice QCD spectrum of mesons 5

clear signal for a lightest exotic hybrid meson
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experimental situation 6

a recent JPAC analysis of COMPASS data on np—nn p, np—nn’p
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a rather broad resonance

WILLIAM & MARY decays of an exotic 1 hybrid | 13 Jun 2022 | JLab UGM 2022 Je,f_a?son Lab

OThomas Jefferson National Accelerator Facility




a resonance in QCD ? 7

how would an unstable resonance appear in lattice QCD ?

the lattice has a finite-volume = spectrum is discrete

but the mapping discrete-spectrum <« scattering matrix is known
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a resonance in QCD ? 7

how would an unstable resonance appear in lattice QCD ?

the lattice has a finite-volume = spectrum is discrete

but the mapping discrete-spectrum <« scattering matrix is known

e I=1 JP=1-

PRD87 034505 (2013) Mmr ~ 391 MeV
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a resonance in QCD ? 7
how would an unstable resonance appear in lattice QCD ?
the lattice has a finite-volume = spectrum is discrete
but the mapping discrete-spectrum <« scattering matrix is known
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coupled-channel resonances M~ 391 MeV 8

isospin=1 mn, KK
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coupled-channel resonances

mr ~ 391 MeV 8

isospin=1 mn, KK
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f2 resonances Mr ~ 391 MeV  [PRD97 054513 (2018)] 9
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resonances decaying to hadrons with spin — b1~ wn

PRD100 054506 (2019) 10
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resonances decaying to hadrons with spin — b1~ wrn

PRD100 054506 (2019) 11
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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
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muy=mg=ms SU(3)r point

several stable mesons:
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lattice QCD spectrum computed in 6 volumes

14
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lattice QCD spectrum computed in 6 volumes

15
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an ‘eight’ channel scattering amplitude 16

describe scattering by a unitarity-preserving K-matrix featuring a pole

(11 free parameters) a; E.
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an ‘eight’ channel scattering amplitude

17
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‘eight’ channel scattering amplitudes — varying parameterization 18
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octet 1-* resonance pole & couplings 19
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a crude extrapolation to physical point 20

core assumption: couplings scale only with the relevant barrier factor k¢
use PDG masses & COMPASS/JPAC 1 mass

generates for a my at 1564 MeV:
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a crude extrapolation to physical point 21

core assumption: couplings scale only with the relevant barrier factor k¢
use PDG masses & COMPASS/JPAC 1 mass

generates for a 1 at 1564 MeV: Kopf et al analysis

JPAC/COMPASS analysis COMPASS + Crystal Barrel
Fror ~ 140-600 MeV Iror ~ 492(115) MeV lror ~ 455(200) MeV
r(mn) = 1 MeV NG/ _rrt21
r(mn’) = 12 MeV T'(7n) ~1.2

[(rnp) = 20 MeV
(nb1) ~ 140-530 MeV

if correct, suggests prior observations in nn, nn’, np
are in heavily suppressed decay channels
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summary & outlook 22

first ever calculation of an exotic hybrid meson as a resonance in QCD

simplified scattering system using exact SU(3)r and mz~700 MeV

flavor octet 1-+ state appears as a narrow resonance

crude extrapolation to physical kinematics
suggests a potentially broad resonance

what about other exotic JPC ?

can we build a phenomenology of hybrid decays starting from QCD ?

challenge of reducing quark mass really the challenge of including three-meson decays
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summary & outlook 23

challenge of reducing quark mass really the challenge of including three-meson scattering
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summary & outlook 24

including three-meson scattering is starting to become practical

The energy-dependent 7777+ scattering amplitude from QCD

Maxwell T. Hansen,'> * Raul A. Bricefio,? 3: T Robert G. Edwards,?:* Christopher E. Thomas,* $ and David J. Wilson*>
(for the Hadron Spectrum Collaboration)
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extrapolation

26
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illustrative K-matrix form

27
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resonances in a finite volume ?

28

E (|| > R) ~ cos (p|z| + (p))

A A
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spectrum

applying the boundary conditions
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non-resonant elastic scattering — m*mr* (isospin=2)

PRD86 034031 (2012)| 29
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scattering phase-shifts

0.1 0.2 0.3 04 k?/GeV?

[000] [100] [110]

16 20 24 16 20 24 16 20 24 16 20 24

YO i
.Q/o 7/\ .Q/o
2 2 2
mr[l_ 4 5 6 0° T T T T 1
increasing total momentum N 10°l- el
20°+ —
30°+ ~
. ) e '(b‘) | .
[20]
-5° -
N I T I |
04 08 12
T T Mass (GeV)
WILLIAM & MARY decays of an exotic 1 hybrid | 13 Jun 2022 | JLab UGM 2022 J ff/?son Lab

Jefferson National Accelerator Facility



an elastic resonance — the p in mnrt (isospin=1) 30

PRD87 034505 (2013) mq ~ 391 MeV
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Tt1t isospin=0 PRL118 022002 (2017)| 31
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quark mass dependence of o meson

PRL118 022002 (2017)| 32

elastic part of the calculation also done on a lighter quark mass
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it isospin=0 33
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; . ST
i gaé? 2 2 §£§ %o °
sk - %@e;sﬁ'-i-- A Tt ottt g oso"’gvf ¢ 9 o0
L o ovf ’3§¢§°° 45q;oqooQ°
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o pole scatter from experimental phase-shift data

34

actually same problem using
experimental scattering data ... 400 500 600

700

800 900

180
150

120

0o 90r %
s % % ,
60+ LT T T 8 % expt.
.- o §§ ? % % %
30} ) ¢
ol ) . . . . . .
0.01 0.03 0.05 0.07 0.09 0.11 0.13
2/ GeV? __} .
200 |- e
| B T
- § FO' = —O
=
A
300~ A
~400 |-

Phys Rep 658 1 (2016)

J.R. Pelaez
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o bound state — elastic and subthreshold region 35

(a¢ k) cot dg
0.15 ¢

0.10 +

0.001

0.002

myr ~ 391 MeV

o 163
O 203
A 243

I

\\[a, r, Ps]
r—|
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some technical stuff — rotational symmetry 36

a finite cubic lattice has a smaller rotational symmetry group than an infinite continuum
simpler example of the problem: a rotationally symmetric two-dim system (r,8) = R,,(r) ™"

now considered on a square grid — minimum rotation is by /2
m and m+4n transform the same !

back in 3D — irreducible representations of the reduced symmetry group contain multiple spins

cubic A(dim) | Ay(1) T1(3) T5(3) E(2)  Ax(1)
symmetry J|10,4... 1,3,4... 2,34... 24... 3...

subduction |A, p) = Zm G

J, m>

for non-zero momentum it’s even worse

— in continuum have little group, those rotations which don’t change p = label by helicity

can subduce helicity states into irreps of the reduced cubic symmetry

PRD85 014507 (2012)
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some technical stuff — rotational symmetry 37

reduction of rotational symmetry is an important feature of the quantization condition too

for elastic scattering, what we previously presented as cot d;(E) = My (E(L), L)

should actually be 0 = det [cot 00 0007 O — MEm;E’m’i|

which when subduced becomes 0 = det [cot 8¢ 60,00 Oppmr — M. o }

features all € subduced into irrep A

what allows us to make progress is that §,(E) ~ k**™! at energies not too far from threshold

so higher angular momenta are naturally suppressed

in practice, truncate at some €max ...
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coupled-channel scattering in a finite-volume 38

the quantization condition generalizes to 0 = det [1 —+ ip -t - (1 -+ ZM)]
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coupled-channel scattering in a finite-volume 38

the quantization condition generalizes to 0 = det [1 —+ ip -t - (1 -+ ZM)]

e.g.in A" irrep (£=0, 4...)

Yt \ |
[0) L (0) 0 o dense in channel space |
12 722 @ L@ — infinite-volume dynamics mixes channels
t = 0 by 1o
(t&‘? té‘?)

: . , diagonal in angular momentum space
\ : : ) — ¢ good q.n. in infinite-volume
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coupled-channel scattering in a finite-volume 38

the quantization condition generalizes to 0 = det [1 —+ ip -t - (1 -+ ZM)]

e.g.in A" irrep (£=0, 4...)

4 \
[0) L (0) 0 o dense in channel space
12 %22 W — infinite-volume dynamics mixes channels
t = . (tli s )
s s

: . , diagonal in angular momentum space
\ : : ) — ¢ good q.n. in infinite-volume

AT AT
[ (Mg (k1) 0 Mg (k1) 0 \ diagonal in channel space
0 /\/15)401 (k2) 0 /\/15441 (k2) — no dynamics
+ +
M = (Mz:‘ol (k) 0 ) (M::tf (k1) 0 ) e i :
A A a ense in angular momentum
0 Mg (k2) 0 Mad (k2) — cubic symmetry lives here

k1 =

\/E2 — 4m%

\/E2 — 4m%
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excited states as unstable resonances 39

in the case of coupled-channel scattering it’s more challenging ...

e.g. some energy region where nrt, KK accessible

[x[x[

SB) = |7y serne| P EaD

[ )
[ )
- R [ )
04 |
03 |
02 TTTT\— K? I
0.1 }
T — T
0 ' '
600 800 1000 1200 1400 1600 latt.lce QCD
you want to gives you this
know this

an approach:
parameterize the energy dependence
of the scattering matrix

an important observation

— not like experiment

— can’t study ‘channel-by-channel’

— all channels contribute, have to solve the ‘whole problem’
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what do you calculate 40

calculate correlation functions

e.g <O‘(’)- NO. (0 ’O> where the operators are constructed from quark and gluon fields
' and have the quantum numbers of the hadronic system you want to study

(0]0:(H)0;(0)[0) = 3 (0[O |n) (n|O;|0) &= Fn

a superposition of the (finite-volume) eigenstates of QCD

powerful approach: e.g. [000] A+ 243
. %* ar b =
— use a large basis of operators t g
. . . 024 rr f "
— form a matrix of correlation functions I =
— diagonalize this matrix onf g 5,
0.20 |- E % .
MR EL operator basis
- —
0.16 |- —— ]
} — = E—
=.;H:H — wrw‘ua‘Fdd
0.14 - I
* could give a whole interesting talk on the . C—
construction of these operators on2p T KK
WILLIAM & MARY decays of an exotic 1 hybrid | 13 Jun 2022 | JLab UGM 2022 Jef f/?son Lab

OTHomas Jefferson National Acceler: rator Facility



operator basis — /=0 nirt, KK, nn 4

operator basis:  ‘single-meson’ +  ‘meson-meson’
YT Y C(p1,p2;p) Mi(p1) Ma(p2)
( & if you like P1,P2 maximum momentum
g ’ guided by non-interacting
tetraquark & ... ) :
__ 27 energies
P=7 [nwa Toy nz]
2 2 2 2
mi -+ p7 + \/m +p
[000] Aq+ 243 \/ 1 1 2 2
. ""; solutions of the det equation
T oE whent=0
022 §
0.20 |- 8 %* ~
0.18 |- “j?
0.16 |- ————— .
} == operator basis
0.14 | AN E (g
YIy|

e ] L
ol B '% — uii-+dd
0.10 | atr mn=0.069 o

ar mg=0.097 — L [
as mp= 0.104 | 7777
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operator basis

42

operator basis:

[000] A+ 243

ar .a*E-_‘
0.24 B
o |="
022 -y
e
[l
0.20 EN
T =
0.18 =
j‘__: =
A
0.16 (—
==
=5
0.14 —
B —
[
0.12 —
-
0.10 atr mq=0.069
a: mg = 0.097
ar mp=0.104
WILLIAM & MARY

‘single-meson

)

+  ‘meson-meson’

T Z C(p1,P2; P

f)laf)2

Zx eipl-x "ZXI‘@DX Zy eipz-y @ByI‘,@by

sampling the whole
lattice volume

operator basis
prefer to use

optimized single-meson operators ...

|
s

QZI‘w‘uu—{—d&

L
=
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‘dropping’ OpS in p—> T{TT PRD92 094502 (2015)| 43

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 [ 38T
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what’s happening here ? 44

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 -
or 0.10F
0.10 | \ J ol
Ze3]
oL T e . . . 0'08'_"r"'|'"'1"'
0.08 0.10 0.12 0.14 0.16 ¢, E_,, 30 32 3

an avoided level crossing
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coupled-channel Riemann sheet structure 45

for each new channel, each sheet splits in two = 2N sheets for N channels

Im[ ko] Im[ kkk ]
e.g. two channels

sheet | - o
Im[s]
A sheet Il - +
sheet |
sheet Il - -
: :> J?\\ Re[s] sheet IV -+ —
sheet Il sheet Il
Im[ Kkk ]
A
Im[s]
A @
sheet IV sheet || sheet |

sheet | lower half-plane upper half-plane
Re[s]

)
/
\ 4

Re[ kkk ]

sheet IV sheet Il

upper half-plane lower half-plane
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f2 resonances — decay couplings & OZI PRD97 054513 (2018) | 46

1k JP:2—|—

0.8} m, = 391 MeV
0.6}

OZl ‘allowed’ 04}

\ 02_ T — T

pipj’tijfz

KK — KK
ol I ar — KK

800 1000 1200 1400 1600 E.ny /MeV

O T O—O

S0} f3g
_100 L SKE 92%
I'r 150 L an@ NSsTT 8%
| 200 - S—
D OZ| ‘forbidden’ KK 12%

fa3 ~ut +dd fo~ss

couplings from pole residue

at|Cror| at|cx |
(atkﬂﬂ)2 (atka{)Z

fs5 7.1(4) 4.8(9)
o 1.0@)  5.5(8)
zero in ‘OZI’ limit
— requires ss annihilation
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Luescher finite-volume functions 47

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

Megm,egme =¥ (lmg Img|Jm) (€'mi; 1mg|J'm’)

me,my,mg

(471')3/2
k,‘£+1

g Ko D) (42 Y, Vi Yoo
{,my

to respect the lattice symmetries,
need to subduce into irreducible representations

—n, A * J )% —n 7 \/
M gm0 g ONNOp = Z SJA D( ! A (R) M g gm0 grm SJ’;)L\n’ D) ';\'(R)

“spinless” Luescher functions

m ,)\’
e.g. My
o : : : '
sk I I I I |
1ok I I I I I
5| l I I I I
0 : ] : : ] : A : L (k}_L>2
. %) 05 1;o 15 2:.0 25 3;0 35 4; 45 2m
£ e e e e
st : : : :
20k ' ! | ' '
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zeroes of the determinant 48

] , B . — my = 300 MeV
e.g. a two-channel Flatte form — [000] A+* irrep in L=2.4 fm box M = 500 MeV
det |1 +ip(FE) -t(E)- (1+iM(FE,L
1+ip(E) H(E)- (L+IMED)] o o
(&Q &
O \\Q\
&9 A
Re[det]
| E / MeV
% ! /%0
[ Im[det]
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excited J~~ meson resonances — my~700 MeV PRD103 074502 (2021) | 49
exact SU(3) flavor symmetry  w} — n3w® e
1~ 3~
L. [ooo)7 [000] B~ [000] T~ [000] A 1 (\
H t
046 | { F } 046 } { } 046 j 046 |
| it } o /|
044] } } f 044] i T oowl } { & 044 ] % }
i} 1 0.6
042 { i % E 042 } { 042 I } 042} } } E
, } { , ; £ ; } .
[} [
; 3 3 04 B
0.40-{ 040 i 040 040 2 ’PP
B : :
038 } I 038 038 038} 0.2 B
27 |pF
T D S S N 0 Loy . , , :
14 16 18 20 24 14 16 18 20 24 14 16 18 20 24 14 16 18 20 24 1700 1 800 1900 2000 2 100 Ecm
e [100] 4, [100] B [100] By 110) A, [111] A, 0000 2 WD D0 MEOAVBOM TEDEIIEEINEEIRIER GRS o0 Do w0
: TERAY § 1700 1800 1900 2000 2100
046 b ot ¥ { ! 046 % T : 046 : 046 | —O R
] i } ; 3 }; “ T T T '—{" T Y T €4/ S0
50 |
A R T
i ] ! H ! i j }{ I \% 100 | o
i ¥ SENIRNE :
042+ ; 042+ i I } 042+ I ; 042+ 042+ } H
: : . I i | ~ -150 b 3
3 g i (’Fp)
M,.}{ ) L) £ }} Wl 00l e L8 0
i
} I I 1 } i } } i :
038 038 038 038 } i 038 { }
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coupling resonances to currents

mm

A(Err, Q%)

Briceno et al | u,d,s | m:~391 MeV

PRL115 242001 (2015)

Q%2 =0
Q? = 0.803 GeV?

23 24 25 E*_/m.,

p— Y

m, ~ 700 MeV ]

My ~ 400 MeV

0 02 04 0.6 08

y* = mm y*'m
*
* T[ y
y F7r (ET('TF) T
T
T
T
%% Feng et al | u,d,s | mz~290 MeV
PRD97 054513 (2018)
6.0t
g
i 5 <
o HH——————— -
S
KO g
| | | | |
07 08 09 1.0 1.1
Enn / GeV
T 100f
5 50r
Bulava et al | u,d,s | m:~280 MeV %_0 2',1 2'.2
+ conf. proc. LAT ‘15
—[:'_:_%q :Q 0:08*
- - !
—ALO_' A &
! ! ! ~+ E 0
2.5 3.0
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coupling scattering systems to external currents 51

e.g. consider the process in which

. _ YT — T
a pion absorbs a photon* to become two pions

it state can be projected

in infinite volume, described by a matrix element (77 (Ecm, P)|*(0)|7(p)) into a partial wave, ©.g. £=1

2
x F(Eem, Q7)
after the current produces nt ... nmm will rescatter strongly
y*
T I /) !
( ) = the matrix element is proportional to t,(Ecn)
I ! \_/ T
T
y*
2 2 14
. C c f(Q res.
if there’s a resonance ty(s ~ sg) ~ and F(s~ sp,Q%) ~ O
Sop— S S0 — S It
It

resonance transition form-factor f(Q?)
rigorously defined at the complex pole position

e.g. p—my

but what changes in a finite volume ... ?
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coupling scattering systems to external currents — fin. vol. 52

e.g. consider the process in which

a pion absorbs a photon to become two pions

infinite volume
Ecm

A

I
y*

It

can transition
to any energy
in the i continuum

WILLIAM & MARY

— M| thr.

finite volume

can only transition
to one of the discrete
f.v. eigenstates

YT — T

finite-volume matrix element

L<7T7T(En(L), P) ’jM(O) ’ﬂ-(p)>L

single hadron state

7(p)), = |7(p)), +O(e™™")

hadron-hadron state

77 (B (L), P)), ~ /Ry |77(EBcm=En(L),P)) _

effective f.v.
normalization

- 2
1
R, = 2B, lim (E — E,) (F—l(E, P.L)+ M(E))
E—FE,
F=i—ip(l+4+iM)
M = 1671

effective f.v. normalization depends

on the hadron-hadron scattering amplitude
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nK elastic scattering at four light quark masses

53

180 P R
o) - Q

01/°
150
120
90
60
30

]
1100
Ecm/MeV
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nK elastic scattering at four light quark masses 54

mr[ ~
m = Rey/sg/MeV K* 239 MeV
880 900 920 oy, 940 960 284 MeV
| | | Voo = 934(2) MeV 327 MeV
= -10 - ~ Vso = (914(2) — £6(1)) MeV 391 MeV
< o |
= V0 = (909(4) — £13(2)) MeV
~_ 20 |
@ Lol Vso = (902(2) — £23(2)) MeV
30 F
=
|
N
[
—~
0T expt. + UFD [50)
L ' VS0 = 893(1) — £56(2) pole
> coupling
§ 10
<2
~ 08} o RS
140 239 284 327 391
m. /MeV
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nK elastic scattering at four light quark masses 55

_ my = 239 MeV
skl ]y l e e 0ms 0 My ~
ost [ |3 " 239 MeV
T — [ 1 284 MeV
T e 327 MeV

o2 __ 391 MeV

-0.02 0.02 0.04 0.06 0.08 0.10 0.12 0.14

m, = 284 MeV
[ mra =0.91(8)
mya =0.79(13) m,r =—0.32(29) [0.84]

2002 002 004 0.06 008 0.10 0.12

my = 327 MeV
mya = 0.78(7)

\FQ i maa = 0.65(14) myr = —1.10(110) [0.95]
I e |

|
-0.02 0.62 0.04 0.06 0.08 0.10 0.12

my, = 391 MeV
mya = 1.29(10)

06 ]L + mya = 1.31(11) myr = 0.20(41) [0.43]
- — g%_ KL TJ_— %A
| o 2
- 0{ 1 o ﬂ f
o T 002 00d 006 008 010 2 GeVE
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nK elastic scattering at four light quark masses 56

my = 239 MeV
Eem/  0tEem [()()()]A;L [000]7 [000]E* [100] A4 [110] 44 [111] A [200] A4 [100] E [110]B; [110] B2 [111]E5 [200] B2
MeV 0.18 ¢ r r r f \ r r r r \
1000 +
0.16 ¢ < r F r F
900 + <
0.14 ¢
800 |
o2t = vt v Lt vttt L
L/as
24 32 32 40
m, = 284 MeV

1200 02¢ \
1100 4%7
0.18 |

1000

0.16 |
ko3
900 f
0.14 |
10T el i il ol Sl Sl it il Sl i il el
o
. . . L/ag
20 24 24 28
my = 327 MeV
1200 |
o2t N F N F N F P> T BA\\ P~ N PN B .
[
1100 | AN NS N NS
0.18 |
1000 |
0.16 |
o
900
e e e e e Bl S e e EEEEEES
0.14 |

20 24 28 24 28 24 28 24 28 24 28 24 28 24 28 24 28 24 28 24 28 24 28 24 28
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resonances aren’t always bumps 57

pip; [tij]
| ' | | | ' | '
= i |
144 |1
c L,.il \ .
O li - [{Tel
) i
O Nl
.—1
wn
n | ¢
n T
o | \
5 il u )
| |
,;!... nn—KK ! i
? T ..'." - "u. %% |
0 | A “‘1 25y ”i“ E BB
04 06 08 10 4 - 90
5 M (Gev, T . -
> J—
O » KK
O > 1n
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“production” of it (as opposed to scattering) 58

BO—-J/y m*m-

C
. //E
, W 5
s s
not partial-wave
projected
®e
°
o &
iy ~"'M. LHCb 2012
° ."‘
. | . | Py
1.0 2.0 3.0 mys / GeV

06

04+

0.2

0]

WILLIAM & MARY
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J/gy—->@ mm
T .|. BES Il 2005
not partial-wave
1 projected
t
H
Hy t
ity ++ ++ h
+ 1
+ +++ H * 'H'++‘|'
. +++ IH I++++ I-|++'++ +++
0.5 1.0 1.5 mgr / GeV

can ‘look’ drastically different to scattering !
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“production” of it (as opposed to scattering)

59

BO—-J/y m*m-

: //

06

04+

0.2

0]

WILLIAM & MARY

°
not partial-wave
projected

®e
°
o @
L
- s, LHCb 2012
° | | “M
1.0 2.0 3.0 myr/GeV

M (éeV)
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J/gy—->@ mm
T .|. BES Il 2005
not partial-wave
1 projected
t
H
Hy t
++++++ S ++ h
taat H * i
. +++ + + I++++ I-|++'++ +++

... same poles (o, f0(980))

1.0 1.5 mgr / GeV

— different couplings ...

Im[E]

O »Re[E]
® f0(980)



fo(980) as a peak in “ss”

production

60

BO o J/y mem-

C
o W S
3 s
. (]
o
o @
o ~"’M. LHCb 2012
([ .“
. | | Pootseorosssnmenny
1.0 2.0 3.0
My | GeV
WILLIAM & MARY

J/y—-@(mm,KK)

BES Il 2005

It +

note the rapid turn-on
of KK at threshold
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f0(980) as ?

61

pp—p(nm,KK)p

WA102 1999

+
+++

s central production at p = 450 GeV

S-wave
projected

++_|_+++
-
b e ]

gt

1.0 1.5
fo(980) as a shoulder on
a large o ‘background’

WILLIAM & MARY
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S—wave nrt production

62

m-p—nuondn

40 o 0.01 < —t < 0.10
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dominated by m exchange
— looks like the the 1970s
elastic phase-shift data —» os
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rn, KK scattering with mz~391 MeV PRD 93 094506 (2016)| 63

S-wave amplitudes pole singularities
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do resonance at my~391 MeV 64

pole couplings
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nirt, KK, nn scattering with mz~391 MeV SRD 97 054513 20787 65
S-wave amplitudes pole singularities
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i, KK, nn scattering with m;~391 MeV

PRD 97 054513 (2018) | 20
S=WEL@ ElMPpL @ pole singularities
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i, KK, nn scattering with m;~391 MeV

PRD 97 054513 (2018) | &/
>-wave amplitudes pole singularities
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i, KK, nn scattering with mp~391 MeV ST oTTT GoTeT 68

S=WEL@ ElMPpL @ pole singularities
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pole counting & Jost amplitudes 69
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fo, ao similarities ? 70

masses similar widths a little different
mg(fo) = 1166(45) MeV, I'r(fo) = 181(68) MeV,
mg(ag) = 1177(27) MeV, I'r(ag) = 49(33) MeV.

but channel couplings quite similar ?
lc(lao = KK)| = |c(fo = KK)| ~ 850 MeV
lc(ag = m)| = |e(fo — 7m)|  ~ 700 MeV.
main difference is the larger phase-space for mm compared to nin
can explore the effect using the simple Flatté amplitude
Flatté denominator  D(s) = mg — s — igs p1(s) — ig3 p2(s)
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